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Abstract 

Heterogeneous catalysis for the synthesis of raw and fine chemicals has become indispensable in 

the chemical industry. Not only is the composition of the catalyst itself a critical factor for its 

productivity, but its shape also has a significant impact on critical process parameters. This 

includes for instance reactor bed pressure drop, as well as heat and mass transfer processes. To 

overcome the existing limitations of traditional techniques for catalyst shaping, this work 

investigates Direct Ink Writing (DIW), an extrusion-based additive manufacturing process, as a 

modern shaping method for heterogeneous catalysts. Two different approaches are used, the direct 

printing of an active material, or a precursor thereof, and the printing of a support material that is 

subsequently loaded with the active species. In the first case, a titanium-based metal-organic 

framework is printed as precursor of the active component, which is then converted thermally to 

titanium oxide and thus tested as a photocatalyst for hydrogen evolution by water splitting. In this 

reaction, the 3D printed monolithic structures show an approximately five-fold increase in 

hydrogen release compared to unformed powder. This increase is attributed to the improved 

illumination by UV-Vis light for the 3D structures. Additional loading with platinum further 

improves the activity of the catalyst. Moreover, the recyclability of the 3D printed structure is 

demonstrated successfully. 

Furthermore, the influence of the geometric outer and inner surface on the impregnation behavior 

of alumina catalyst supports is investigated. The dehydrogenation of perhydro-dibenzyltoluene, a 

so-called hydrogen storage molecule, serves as a test reaction. Overall, it is shown that increasing 

the surface-to-volume ratio reduces the penetration depth of platinum as active component. This 

makes it more accessible to the reactant and increases the productivity of the catalyst. In a batch 

reactor test setup, it is demonstrated that the catalyst volume can be reduced by almost two-thirds 

using the monolithic structures compared to a packed bed while maintaining approximately the 

same productivity, which reduces process costs.  

Since different 3D printing techniques offer various advantages and disadvantages, their impact 

on the application in catalysis is investigated. Therefore, the DIW process is compared in detail 

with powder bed Binder Jetting as a method for forming catalyst supports. Catalysts printed by 

Binder Jetting result in significantly higher (macro-)porosities regardless of the sintering 

temperature. After impregnation with platinum, DIW shows a significantly lower depth of 

platinum penetration as well as an overall lower loading. However, regardless of the differences 

in the catalyst supports in terms of platinum penetration depth, particle size or loading, both 

catalysts are equally productive in the dehydrogenation of perhydro-dibenzyltoluene, 

independently if they are tested as powders or as shaped monoliths. This shows that both methods 

are suitable for printing catalyst supports, and thus other characteristics such as scalability or cost 

of the printing technique should be considered when selecting the appropriate technique. Overall, 

the potential of DIW as a catalyst shaping method is evaluated and detailed characterizations are 

added in this work. 
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Zusammenfassung 

In der chemischen Industrie ist die heterogene Katalyse zur Synthese von Roh- und 

Feinchemikalien heutzutage nicht mehr wegzudenken. Dabei ist nicht nur die Zusammensetzung 

des Katalysators selbst ein entscheidender Einflussfaktor auf dessen Produktivität, auch seine 

Form spielt eine essenzielle Rolle, da diese kritische Prozessparameter wie den Druckverlust der 

Reaktorschüttung aber auch Wärme- und Stofftransportprozesse beeinflusst. Um die bestehenden 

Limitierungen der traditionellen Katalysatorformgebungstechniken zu überwinden, wird im 

Rahmen dieser Arbeit Direct Ink Writing (DIW), ein extrusionsbasierter additiver 

Fertigungsprozess, als Formgebungsmethode für heterogene Katalysatoren detailliert untersucht. 

Dabei werden zwei unterschiedliche Vorgehensweisen genutzt: einmal der Direktdruck eines 

Präkursors der Aktivkomponente sowie das Drucken von Trägermaterial, welches im Anschluss 

mit der aktiven Spezies beladen wird. Als Vorstufe der Aktivkomponente wird im ersten Fall eine 

titanbasierte metall-organische Gerüstverbindung verdruckt, welche im Anschluss thermisch zu 

Titanoxid umgesetzt wird. Dieses wird als Photokatalysator für die Wasserspaltung zu 

Wasserstoff getestet. Dabei weisen die 3D-gedruckten monolithischen Strukturen verglichen mit 

ungeformtem Pulver eine etwa fünffach erhöhte Wasserstofffreisetzung auf, welche auf die 

verbesserte Beleuchtung durch Licht im UV-Vis Bereich zurückgeführt werden kann. Eine 

zusätzliche Beladung mit Platin verbessert die Aktivität des Katalysators weiter, wobei auch 

dessen Rezyklierbarkeit gezeigt wird.  

Weiterhin wird der Einfluss der geometrischen äußeren, sowie der inneren Oberfläche auf das 

Imprägnierverhalten von Aluminiumoxid Katalysatorträgern untersucht. Als Testreaktion dient 

hierbei die Dehydrierung von Perhydrodibenzyltoluol, einem sogenannten 

Wasserstoffspeichermolekül. Insgesamt zeigt sich, dass bei einem erhöhten Oberflächen-zu-

Volumenverhältnis die Eindringtiefe des Platins als aktive Komponente verringert wird. Dieses 

ist dadurch für die Reaktion leichter zugänglich und die Produktivität des Katalysators steigt. In 

einem absatzweise betriebenen Rührkessel als Testaufbau kann zudem gezeigt werden, dass bei 

annähernd gleicher Produktivität das Katalysatorvolumen bei der Nutzung der monolithischen 

Strukturen verglichen mit einer Zylinderschüttung um knapp zwei Drittel reduziert werden kann, 

was sich positiv auf die Prozesskosten auswirkt.  

Da verschiedene 3D-Drucktechniken unterschiedliche Vor- und Nachteile bieten, werden ihre 

Auswirkungen auf die Anwendung in der Katalyse untersucht. Dafür wird das DIW-Verfahren 

detailliert mit dem pulverbettbasiertem Binder Jetting als Formgebungsmethode für 

Katalysatorträger verglichen. Durch das Binder Jetting wird unabhängig von der Sintertemperatur 

eine deutlich erhöhte (Makro-) Porosität erreicht. Bei der Beladung mit Platin zeigt sich für das 

DIW eine deutlich geringere Eindringtiefe des Platins sowie eine insgesamt geringere Beladung. 

Unabhängig von Unterschieden der Katalysatorträger hinsichtlich Platineindringtiefe, innerer 

Oberfläche, Partikelgröße oder Beladung sind jedoch beide Katalysatoren bei der Dehydrierung 

von Perhydrodibenzyltoluol sowohl als Pulver als auch als Formkörper gleich produktiv. Dies 

zeigt, dass beide Methoden geeignet sind, um Katalysatorträger zu drucken und für die Auswahl 

der geeigneten Technik weitere Charakteristika wie Skalierbarkeit oder Kosten der Drucktechnik 

berücksichtigt werden sollten. Insgesamt wird im Rahmen dieser Arbeit das Potential von DIW 

als Katalysator-Formgebungsmethode evaluiert und um detaillierte Charakterisierungen ergänzt.  



1. Introduction 

1 

1 Introduction  

For spherical, uniform particles, cubic close-packed (face-centered cubic) and hexagonal close-

packed structures have been shown to be the two close-packings with a packing density of around 

74 %. On the other hand, the packing densities of randomly packed monodisperse spheres are 

around 62 %, as determined from experimental and computational data. However, Donev et al. 

showed 2004 that ellipsoidal particles, such as those found in M&M's candies, surprisingly have 

packing densities of 68 to 71 %, which are significantly higher than the ones of random packings 

of equal spheres. Depending on the shape of the ellipsoid, they can even reach 74 % and are thus 

in the range of the close-packing of equal spheres.1 The authors attribute this to the higher number 

of degrees of freedom per particle, which increases from 6 for spheres to about 10 for the studied 

ellipsoids. Accordingly, the number of particle contacts also increases in order to eliminate the 

corresponding local and collective degrees of freedom and to ensure jamming which results in 

such high densities.1,2 Thus, in areas where high particle densities are to be achieved, ellipsoidal 

instead of spherical particles could be used to approach densities of the close-packing. A 

difference between spherical and ellipsoidal particles was also investigated by Yunker et al. in 

2011. They showed that the so-called coffee-ring effect, the deposition of suspended particles in 

a ring-like fashion during drying of a drop of liquid, depends on the shape of the particles. While 

spherical particles exhibit this effect, it is suppressed in the case of ellipsoidal particles, resulting 

in uniform particle deposition on the surface.3,4 

Geometric shape as a characteristic plays a role not only in the field of particle technology, but in 

almost all areas of life. For example, the shape of the endoplasmic reticulum plays an important 

role, since morphology defects can be linked to the pathology of several diseases.5 But also in 

technical applications, shape and corresponding design are important influencing factors, for 

example in aeronautics with optimized aircraft geometries in terms of aerodynamics.6 Since 

manufactured shapes vary considerably in geometric complexity as well as in size, it is important 

to know the plethora of available shaping processes also with regard to advantages and limitations. 

Furthermore, the used molding processes have a non-negligible influence on the properties of the 

shaped material, such as its stability or homogeneity.7 

Traditionally, four broadly classified shaping categories can be distinguished, namely casting, 

manipulative processes, powder techniques, as well as cutting and grinding operations.7 In 

casting, a liquid is poured into a prefabricated mold and cured. Manipulative processes include 

the plastic deformation of the corresponding material, for example through the extrusion of 

polymers. Powder techniques describe the shaping of powders via compacting, such as tableting. 

Cutting and grinding are so-called subtractive manufacturing techniques in which the desired 

object geometry is achieved by removing superfluous material. Meanwhile, additive 

manufacturing is another shaping category that builds up the desired object in a layer wise fashion. 

The respective shaping techniques employed depend on the materials to be shaped as well as the 

desired geometries and properties of the corresponding object. Consequently, shaping is relevant 

in many industrial processes today, and ranges from the simple shaping of the product or its 

precursors via corresponding packaging to optimization of product properties by varying the 

respective shapes.7,8 
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A subject area in science in which shaping does not play an overriding role at first glance is 

chemistry. However, shaping does play an important role in technical, industrial chemistry. The 

shaping of catalysts in heterogeneous catalysis is the subject of industrial research and is of 

essential importance, which is reflected for example in the various patented geometries.9 

Traditionally, tableting, extrusion and granulation are the primary shaping methods employed, 

although these are limited in terms of possible shape variation. To overcome these limitations, 

additive manufacturing as a shaping method in heterogeneous catalysis has been increasingly 

investigated in recent years. Various catalyst and support materials have already been additively 

manufactured in literature, demonstrating improved catalytic performance in the corresponding 

test reactions.10,11 In the context of this work, the shaping of heterogeneous catalysts with the 

extrusion-based additive manufacturing technique Direct Ink Writing is investigated. Both 

alumina-based support materials and subsequent impregnation as well as direct printing of active 

material are investigated regarding the printing thereof. The obtained shapes are characterized 

subsequently, and the catalysts examined in corresponding catalytic test reactions. Ultimately, the 

influence of advanced shaping of catalysts for heterogeneous catalysis is to be investigated.  
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2 Theoretical background 

2.1 Heterogeneous Catalysis 

In chemical industry, catalysis and especially heterogeneous catalysis play a crucial role for the 

fabrication of basis and fine chemicals. It is said that about 80 to 90 % of all industrial processes 

are heterogeneously catalyzed, even though they often lose regarding selectivity or activity 

compared to homogeneous catalysis.12–14 However, one of the main benefits when having catalyst 

and reactant/products in different phases is the improved separation of the catalysts, thus 

facilitating its recyclability, a huge factor influencing the process costs.12–14 Due to its importance 

for large-scale industrial applications, a lot of research is carried out in the field of heterogeneous 

catalysis. University research usually focuses on improving the activity of the material itself. For 

example, optimized porosities or skillful doping are used to improve selectivity and/or turnover. 

The example of zeolites shows that the design of catalysts must be adapted over several orders of 

magnitude. At the atomic level (0.1 nm), the nearest neighbors in the structure play an important 

role, as they influence acidity, for example. The size of the zeolite pore structure, which is in the 

nanometer range, is a decisive factor influencing the residence time of reactant and product 

molecules. In addition, via so-called reactant, product, or reaction selectivity, an influence on the 

selectivity of the reaction itself is possible through corresponding pore systems.15,16 Ideally, the 

catalyst materials produced in this way form larger crystallites of 5 to 5000 nm in size. The shape 

of the resulting particles and crystallites in turn influence the porosity of the catalyst and, for 

example, its mechanical stability. The resulting catalytic powder will then be shaped to various 

geometries of a few millimeters to centimeters. These will then be tested in laboratory-scale test 

reactors before the catalyst is applied in large-scale industrial plants on a scale of up to a hundred 

tonnes.16,17 In general, the characteristics of the different stages should be preserved throughout 

the whole process and the final industrial reaction. The shaping of catalysts is a key step in the 

transition from catalyst research to technical production and an important step in up-scaling. In 

most cases, the transition from the laboratory to technical application is tested using appropriate 

pilot plants, although this step is usually no longer part of academic catalyst research. The aim in 

shaping is to adapt the geometries to the corresponding process designs in order to reduce the 

pressure loss, for example, and thus save operating costs.12,18  

Considering heterogeneous catalysts and their shape, one must take into account two different 

regimes, the micro- and the macroscopic structures, which will be briefly discussed in the 

following sections. Additionally, selected catalytic systems which are prone to influences by 

catalyst shaping will be presented. 
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2.1.1 Macrostructure and shaping of catalysts 

Depending on the shaped materials and the target reactions, different shaping methods are used 

in heterogeneous catalysis. The most important are extrusion and tableting as well as spray drying 

and granulation. All techniques differ in terms of the geometries and macroscopic sizes that can 

be obtained, but also, for example, mechanical stability, uniformity, and porosity are influenced 

by the shaping method. An overview of some technically applied catalyst geometries is given in 

Figure 1.12,19,20 

 

Figure 1: Selection of typical catalytic shapes applied in industry, namely cylinders, hollow cylinders, 

tablets, spheres and multi-lobe structures.9,13  

 

Spray drying produces uniform, spherical particles of about 20 to 100 µm in size, which are then 

used in fluidized bed reactors and slurry reactors. In this application, the uniformity of the 

particles is important, so simple crushing of larger particles is not suitable as a shaping method in 

this case. In spray drying, a particle slurry is finely atomized through a nozzle and the aerosol is 

dried by hot air.12,19 The decisive factor influencing the particle size is the droplet size, which is 

influenced by the feed rate, film-forming characteristics, and gas velocity, among other factors. 

Spherical geometries can also be produced by granulation. The snowball effect is used to spray 

the small particles with a cohesive slurry, which causes the particles to grow. Uniform particle 

growth is aimed at by rotating the particles, consequently more or less spherical particles are 

obtained.12,19 By means of tableting, respective tablet-shaped catalysts can be produced. Dry 

powder is densified under pressure ranging from 450 to 2000 MPa in a compression mold, so that 

the corresponding tablets are obtained.13 As a rule, tableting is used to produce mechanically very 

stable molded bodies, whereby, depending on the material used, various lubricants and binders 

must be added in order to obtain the corresponding properties. In addition, it must be taken into 

account that the macroporosity in particular is greatly reduced at high tableting pressures.19,21–23 

Geometry variations can be achieved on a limited scale by modifying the compression mold, 

although these are often associated with high costs.12 During extrusion, a highly viscous ceramic 

slurry is forced through a die. The resulting extrudate is then cut according to requirements to 

obtain geometries with defined lengths. Shape variation is possible during extrusion by modifying 

the cross-section. In addition to the cylinders obtained in this way, multi-lobe structures or hollow 

cylinders are available, for example. As a further development of the latter, so-called monolithic 

catalysts can be seen. In cross-section, these have a large number of channels that run through the 

molded part along the extrusion direction with thin walls inbetween.24,25 In general, extrusion is 

one of the most frequently used shaping techniques in heterogeneous catalysis, whereby additives 

are often added, similar to those used in tablet pressing, to enable processing and to obtain the 

corresponding geometries.12,26 
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The variety of shaping methods as well as shapes employed is a good indication that the shape of 

a catalyst is an important influencing factor in heterogeneous catalysis. The geometry influences 

various process parameters such as pressure drop and bulk density, but also fluid dynamics and 

thus has an influence on the conversion and selectivities of the reaction.14 In a fixed-bed reactor, 

the bulk density of the catalyst shapes and the resulting bed porosity ε play a major role, as they 

have a decisive influence on the pressure drop Δp in the reactor bed. This pressure difference is 

caused by frictional forces of the fluid both on the wall and on the inner shaped bodies. The Ergun 

equation is usually used to estimate the pressure loss in catalyst beds, whereby the relationship 

between bed porosity and pressure loss becomes clear. Basically, the higher the bed porosity, the 

lower the pressure drop. Since powders generally have the lowest bed porosity, fixed-bed reactors 

with powders are not used on an industrial scale, but the catalysts are shaped. When comparing a 

cylindrical pellet with a ring of similar length and diameter, the ring reduces the pressure drop by 

50 % and offers a 20 % increased external surface area than the pellet.16 Monolithic systems are 

known to have one of the lowest pressure losses in their application especially with respect to the 

available surface area.13,27 

In addition to the pressure drop, transport phenomena within the chemical reactor and the catalyst 

material are also of great importance. Both mass and heat transport processes are relevant, the 

latter being linked to the former by convection. In the case of mass transport, the residence time 

at the active center is particularly relevant. The corresponding catalytic reactions must be feasible, 

whereby blocking of the active centers should be avoided by means of sufficient diffusion. In 

addition, if the products are removed too slowly, consecutive reactions forming undesired by-

products can take place, which consequently reduces the selectivity of the reaction. Heat transport 

is important in catalysis for both endothermic and exothermic reactions. In endothermic reactions, 

it is necessary to ensure the availability of sufficient heat of reaction to allow the reaction to take 

place, whereas in exothermic reactions, the heat of reaction generated must be removed. The latter 

is particularly important to avoid the formation of so-called hot spots, local temperature increases. 

These can have a negative effect on selectivity and thermally deactivate the catalyst. In addition, 

uncontrolled hot spot formation also affects reactor safety.28 Accordingly, a homogeneous 

temperature profile over the entire reactor bed is desired. In general, sufficient radial and axial 

mixing by turbulent flow is useful here to ensure corresponding mixing and homogeneity. Since 

the fluid flow and correspondingly convective processes also depend on the bed porosity and the 

available channels, the catalyst shape is also an influencing factor in this respect.12,20  

To further facilitate mass transfer to the active centers, the active geometric surface can also be 

increased. Spheres, cylinders, and simple tablet structures have the worst surface-to-volume 

ratios, whereas monolithic structures have the highest values. When increasing the active surface 

area, however, it must be considered that the geometry also always influences the mechanical 

stability of the catalyst. Particularly the stability during loading and unloading of a catalyst bed, 

as well as the stability under its own weight in meter-high reactors, should be fulfilled with the 

corresponding catalyst geometries to avoid abrasion of the catalyst. Not only is active component 

lost, but the resulting powder also increases the pressure loss in the catalyst bed and must be 

avoided accordingly. Figure 2 shows an overview of the most important process parameters 

factors which are influenced by the catalyst geometry.18,29 
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Figure 2: Schematic overview of important process characteristics influenced by the shape of the 

heterogeneous catalyst used.18,29 

 

Recently, fluid dynamic simulations and machine learning are increasingly used to optimize 

catalyst geometries. This saves time-consuming test reactions if the number of geometries to be 

tested can be limited. However, when using traditional shaping techniques, the corresponding 

limitations must be taken into account, which may conflict with improved geometries.30 This was 

shown, for example, by Jungreuthmayer et al. using computational fluid dynamics (CFD) 

simulations. They found alternation of wide and narrow channels for monoliths beneficial, which 

cannot be produced with any of the traditional shaping methods.31  

As detailed before, however, not only the macroscopic geometry is decisive for the catalytic 

activity, but also the internal (micro) structure of the catalyst influences the reaction. This will be 

investigated further in the following. The structure of supported catalysts, which can presumably 

be assigned to the intermediate area between macroscopic shaping and catalytic microstructure, 

will also be discussed. 
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2.1.2 Microstructure of catalysts 

In order to save usually more cost intensive active components and to achieve higher stability, 

not only uniform catalysts are used in technical applications, in which the entire body consists 

homogeneously of the corresponding material, but also supported catalysts are used. In this case, 

a mechanically stable, inexpensive carrier, usually oxidic materials such as silica or alumina, is 

shaped according to the requirements and then loaded with the active component e.g. Pt, Cu, Fe, 

or Ni.16 This loading is typically carried out by means of coating or impregnation processes.12 

Hereby, the characteristics of both the carrier material and the species to be loaded are relevant, 

as they influence the subsequent dispersion of the active component. In general, a distinction is 

made between different approaches. In incipient wetness impregnation, the desired amount of 

active species is dissolved in a solvent, whose volume equals the pore volume, and distributed on 

the carrier material. Since the pore volume is taken into account, the carriers are never completely 

wet. In so-called wet impregnation, an excess of impregnating solution is used. The substrates are 

immersed in the impregnation solution before it is removed either by evaporation or filtration. 

The impregnation can take place either without interaction between the carrier and the active 

component, for example, where the solubility of the materials is the decisive 

characteristic.14,16,17,32  

In impregnation processes with interactions, these are mostly of a physical nature. In wet 

impregnation, and especially in the variant in which the overflowing impregnating solution is 

filtered off, ion exchange plays an important role. In this process, the charged active components 

are exchanged with the corresponding surface charges, with thermodynamics being the driving 

force here. In order to ensure the corresponding surface charges, the isoelectric point of the 

support material is important and should be precisely adjusted by changing the pH value.32,33 Ion 

exchange as an impregnation method is an equilibrium process, which, however, does not lead to 

uniform results, since the concentration of active components at the edge is usually higher than 

in the pores, where diffusion processes are limited. In general, however, a catalyst is obtained in 

which the active component is located only on the outer layer of the geometry and the inner part 

of the shaped body remains a porous carrier structure.16,17 Such supported catalysts are generally 

referred to as egg-shell catalysts. A reduced amount of expensive active component is the reason 

for considering such a production. A large proportion of noble metal catalysts are manufactured 

by this technique accordingly. Especially in areas such as automotive exhaust catalysis, where the 

feed steam traditionally contains unavoidable catalyst poison, it can be advantageous if the 

catalytically active component is not located on the outside of the catalyst carrier but further 

inside. This is produced by competitive adsorption, in which more strongly adsorbing components 

attach themselves to the outside of the catalyst and the active component thus diffuses further 

inward. Depending on the depth of impregnation, this leads to so-called egg-white or egg-yolk 

catalysts (Figure 3).34 In wet impregnation, it also plays a role whether the substrate is already 

moistened before the active material is added or whether the substrate is dry. In the former case, 

all pores are already filled with solvent, which means that diffusion processes are the only decisive 

factor for the penetration depth of the catalytically active species. In the impregnation of dry 

material, in addition to diffusion processes, capillary forces also play a role, drawing the 

impregnating solution deeper into the pores in the first step. For complete impregnation, however, 
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it must be considered in both cases that air may still be entrapped in the micropores, which reduces 

the volume of the catalysts to be impregnated. After successful impregnation, the resulting 

catalyst is subsequently dried and activated by calcination and reduction.35 

 

Figure 3: Schematic illustration of an uniform and the different egg-type catalyst.32,34  

 

The surface charges mentioned are not only dependent on the selected support material but are 

also influenced, for example, by the sinter temperature with which the support material was 

treated. In general, a distinction is made between Lewis and Brønsted acid centers with regard to 

surface acidity. While the latter can donate protons as acid centers of surfaces, the former are non-

protic acid centers. They act as electron acceptors at the catalyst surface (Figure 4). The 

calcination temperature has an influence on the acidity of carrier materials. Freshly precipitated 

alumina, for example, is completely hydroxylated at the surface up to 100 °C and has 

corresponding Brønsted centers. If the temperature is increased, water is removed and Lewis acid 

sites are formed, which are present next to the Brønsted acid sites. From temperatures above 

900 °C, the carrier is quasi-dehydroxylated, so that only Lewis centers are present.9,20 The 

distribution and ratio of the two centers can influence the product distribution and is characterized 

in heterogeneous catalysis, for example, by IR spectra of adsorbed pore molecules such as 

pyridine or carbon monoxide.36–38 

 

 

Figure 4: Lewis and Brønsted acid sites in zeolite catalysts.16,20,39 

 

Furthermore, the pore structure of the catalyst is also important since it influences essential 

diffusion processes and the inner surface. Depending on their size, protruding pores are divided 

into micropores (< 2 nm), mesopores (2 – 50 nm) and macropores (> 50 nm). While micropores 

and mesopores are normally accessible via gas adsorption and corresponding evaluation of the 

adsorption isotherms, mercury porosimetry is still used for the detection of macropores.40 The 

pore structure is a material-specific component and is influenced by thermal sintering processes. 

For example, from the highly porous γ-Al2O3 with surface areas between 5 – 300 m2⸱g-1, the 

metastable δ- and θ-Al2O3 phases and finally the α-Al2O3 (corundum) are formed by thermal 

treatment between 1000 – 1200 °C, the latter usually having a surface area of only 3 – 5 m2⸱g-1.12 

 niform  gg shell  gg white  gg yolk
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In this process, the thermal treatment usually sinters the small pores first, with the porosity 

generally decreasing.41 Usually, support materials have high porosities, and the pore structure is 

adapted to the reaction in each case. Especially with large reactants, it can be advantageous if the 

pores are not too small and cannot be reached by the reactant. Zeolites, crystalline aluminosilicate 

compounds are well-known catalysts and support materials in this respect, as they have different, 

highly defined porosities depending on their type. Recurring blocks of formation form a network 

of channels and voids. The selectivities of the reaction can be influenced and tuned by selecting 

the appropriate zeolite structures.15,16 

 

When describing the course of a catalytic reaction, the following seven different process steps are 

usually distinguished:12,42  

1. Diffusion of the reactants through a boundary layer surrounding the catalyst  

2. Intraparticle diffusion of the reactants into the catalyst pores to the active sites 

3. Adsorption of the reactants on the active sites 

4. Surface reactions from reactant to product, possibly including surface diffusion steps 

5. Desorption of products from the active sites 

6. Intraparticle diffusion of the products through the catalyst pores 

7. Diffusion of the products through the boundary layer surrounding the catalyst particle. 

The first two steps (1.-2.) and the last two steps (6.-7.) are transport processes, which 

consequently, among other, depend on the catalyst geometry, the porosity, and the pore structure, 

whereas the adsorption (3.) and desorption (5.) to the surface as well as the surface reaction (4.) 

depend on the catalyst material itself (Figure 5). 

 

Figure 5: Schematic overview of the transport processes taking place in heterogeneous catalysis on catalyst 

carriers.12,42  

 

While the previously discussed macro- and microstructure are generally considered in 

heterogeneous catalysis on a technical scale, each reaction comes with its own specific 

requirements with respect to reaction parameters, influencing factors and behavior in terms of 

technical process development. In the following paragraph, selected catalytic systems that are 

important for the context of this thesis are discussed. 
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2.2 Selected catalytic systems 

Joseph Prisley was one of the first researchers describing heterogeneous catalysis in the 

decomposition reaction of ethanol to ethylene and water on alumina in 1783. Other such 

phenomena were reported in the late 18th to early 19th century. Louis J. Thénard recognized the 

decomposition of ammonia and hydrogen peroxide on heated metals while Johann W. Döbereiner 

discovered in 1823 the ignition of hydrogen in the presence of a platinum sponge.13,43 The latter 

discovery led to the production of the Döbereiner lighter, which became widely known as 5 years 

later already 20 000 lighters were in use.43,44  

Nevertheless, it took until 1835 for the word "catalysis" to be introduced by Jöns J. Berzelius as 

a terminology for what had hitherto been known as "contact phenomena". The modern definition 

of catalysis as we know it today was introduced almost 60 years later by Wilhelm Ostwald, who, 

on the basis of comparative investigations of different reaction rates, concluded in 1894 that 

"catalysis is the acceleration of a slow process by the presence of a foreign substance".45 Based 

on his research in the field of catalysis and the study of chemical equilibria and reaction rates, 

Ostwald was awarded the Nobel Prize in Chemistry in 1909.46 In addition to the Deacon process 

for the synthesis of chlorine gas from hydrochloric acid and oxygen via a mixed oxide of copper 

and manganese oxide, which was patented in 1868,47–49 the contact process for the production of 

sulfuric acid is one of the first large-scale applications of heterogeneous catalysis.48 In this 

process, which was first industrially applied at BASF in 1888, sulfur dioxide was oxidized over 

a Pt on asbestos catalyst whereas nowadays, vanadium pentoxide is used as catalyst.50,51  

Another important heterogeneous catalytic process is the synthesis of ammonia from hydrogen 

and nitrogen, which Fritz Haber first achieved in a significant quantity in 1909 using osmium 

catalysis.16 The realization of a high-pressure process on an industrial scale was developed by 

Carl Bosch thereafter and the first plant at BASF produced up to 30 tons ammonia per day in 

1913.52 At about the same time, Alwin Mittasch carried out more than 6500 experiments trying 

to replace osmium and thus developed the iron-based catalyst promoted with aluminum and 

potassium oxides, which is used almost unchanged today.52,53 Both Fritz Haber (1918) and Carl 

Bosch (1931) were awarded the Nobel Prize in Chemistry for this work.16 Another related Nobel 

Prize was awarded in 2007 to Gerhard Ertl for his research on chemical processes on solid 

surfaces, including the Haber-Bosch catalyst.54–56 According to current estimates, fertilizers based 

on the Haber-Bosch catalyst have fed about 27 % of the world's population in the 100 years since 

its development, which is equivalent to four billion people born since 1908.57 Today, the Haber-

Bosch process still dominates, producing up to 90 % of the ammonia consumed worldwide.52 

However, since the energy for the Haber-Bosch process still comes largely from fossil fuels, about 

1 – 2 % of global CO2 emissions can be attributed to ammonia synthesis.58 In addition, the origin 

of the hydrogen is important, as Smith et al. calculated that ammonia production with hydrogen 

from electrolysis produces 0.38 – 0.53 tons of CO2 per ton of NH3, whereas 1.67 tons of CO2 per 

ton of NH3 are produced when hydrogen is used from methane reforming.59 On the other hand, 

there is the consideration to use ammonia in the future for long-term energy storage.59 Since 

renewable energies are not always and everywhere available, the energy must be stored and 

transported in the form of a transportable and commercially usable commodity. One possibility 

under investigation is the conversion of hydrogen to ammonia and the subsequent decomposition 
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of ammonia. However, hydrogen purification has to be considered as well as the endothermicity 

of this reaction.60 Direct usage of ammonia e.g. in solid oxide fuel cells or in internal combustion 

engines and gas turbines is also possible.60,61 Nevertheless, ammonia is a toxic and corrosive 

chemical whose safety and health hazards should be considered.62 Another method of chemically 

storing and transporting hydrogen is the use of liquid organic hydrogen carriers (LOHC), organic 

components that can also be reversely hydrogenated and dehydrogenated.63,64 

 

2.2.1 Pt/Al2O3 as catalyst for the dehydrogenation of perhydro-

dibenzyltoluene 

LOHCs are liquid organic compounds that can be used for the transport and storage of hydrogen. 

The reversible hydrogenation of such systems was first discussed in Harry G. Oswin's patent letter 

in 1968 and in the following years researched as a source of hydrogen for powering automobiles.65 

In this context, the Swiss Paul Scherrer Institute built the first prototype of such a truck in the 

1980s.66,67 Starting especially in the end of the 2000s, LOHC systems have been increasingly 

researched again as a storage medium to compensate for the local and temporal discrepancy 

between energy generation and energy demand against the background of current environmental 

problems. Further possible usage could be solely as hydrogen transport media as well as heat 

storage.68–71 

The concept of LOHC storage is one possibility to overcome the drawbacks of established 

hydrogen storage methods such as compressed or liquefied hydrogen. The high pressure storage 

always requires extremely robust tanks, however still bears the risk associated with an 

inflammable gas stored under high pressure.63,72 Cryogenic storage requires temperatures 

of -253 °C at least, as well as insulated vessels to reduce heat transfer to a minimum. In general, 

high volume-to-surface ratios reduce heat transfer and thus the boil-off effect associating larger 

reservoirs.64,73–75 Further combinations of cryogenic and liquefied storage, so called cryo-

compressed hydrogen storage have been examined, where hydrogen is stored as a super critical 

cryogenic gas - compressed at -233 °C with typically < 300 bar, no liquefaction takes place. It is 

told to have the potential of good gravimetric and volumetric capacity while reducing the 

hydrogen dormancy loss. Still, the respective infrastructure for cooling and pressurizing as main 

requirements are also hurdles to its usage.72,76 Physical storage of hydrogen in metal-organic 

frameworks has also become part of research nowadays, however, it often requires either low 

temperatures or high pressures to store reasonable amounts of hydrogen thus leading to 

comparable disadvantages as pressurized or cryogenic storage methods.77–79 On the other hand, 

chemical hydrogen storage as metal hydrides as well as in small molecules such as ammonia and 

methanol often correlate with safety issues alongside with drawbacks of high weight or volume 

or the state of aggregation of the respective storage material.61,64,80 Further, the targeted 

application must be considered when examining different storage systems and the decision criteria 

as well as their weighting have a significant impact on the result.81 For mobility applications the 

ideal storage medium should allow high volumetric and gravimetric energy densities as well as 

quick and easy uptake and release of fuel.82,83 Further ambient operation conditions and little or 

no safety issues are required while maintaining a certain cost-effectiveness. Therefore, Rivard et 
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al. stated hydrogen storage under pressure, even though not perfect, might be the best option.73 

Lee et al. on the other hand compared lithium-ion battery based storage systems and concentrated 

solar power to the use of LOHC or compressed hydrogen gas in combination with an electrolyzer 

and fuel cell as energy storage technology. When evaluating the energy stored on investment 

values, the storage in LOHC was much better for monthly (< 1000 h) and seasonal energy storage 

than any other energy storage technology due to the low embodied energy cost of LOHC materials 

proofing the benefit of long-term energy storage using electrolyzer, LOHC and fuel cell.63 

Furthermore, LOHCs offer advantages in handling through their liquid aggregate state. Due to 

their compatibility with existing infrastructure, they can be transported through pipeline systems 

already present. The requirements for storage sites are also correspondingly lower than for other 

hydrogen storage methods.61,70 

In general, a LOHC medium is recycled between an energy-rich and an energy-poor form by 

means of hydrogenation and dehydrogenation. In this process, catalytic hydrogenation takes place 

when there is a hydrogen surplus or when hydrogen can be obtained from renewable sources for 

example by splitting water. The hydrogen-rich form can then be stored or transported before being 

catalytically dehydrogenated to release hydrogen. The dehydrogenated species can then be 

hydrogenated again (Figure 6).70 

 

Figure 6: Schematic overview of the LOHC concept.70 

 

Several different aromatic and heteroaromatic compounds such as benzyl, toluene, naphthalene, 

N-ethylcarbazol or dibenzyltoluene have been discussed in literature as possible LOHC 

systems.84–91 In general, to be suited as a hydrogen storage and carrier molecule, the following 

requirements should be met:80,90 

• favorable reaction enthalpies for reversible hydrogenation and dehydrogenation, 

• both volume and weight based high storage densities, 

• liquid state throughout the range of use and low viscosity for good pumpability, 

• low vapor pressure to ensure high hydrogen purity, 

• high cycling and temperature stability, 

• environmental compatibility and low toxicity, and 

• low cost and wide availability.  

             

               

L HC system

        

  

         

          

        
            

  
 

  
 

        



2. Theoretical background 

13 

Based on these prerequisites, it can be concluded that the much-studied systems dodecahydro-N-

ethyl carbazole/N-ethyl carbazole and perhydro-dibenzyl toluene/benzyl toluene are the most 

promising candidates. Although N-ethyl carbazole has the more efficient process, dibenzyltoluene 

is probably one of the best solutions due to its other properties (melting point, low vapor pressure, 

and availability/cost).80,90 It is therefore chosen for this work and thus presented here in more 

detail.  

The perhydro-dibenzyl toluene/dibenzyl toluene system was first presented by Brückner et al. in 

2014.92 The advantage is that the low-hydrogen component is already used as a heat transfer oil 

under the brand names Marlotherm SH and Jarytherm DBT and is therefore cheap and readily 

available, as well as having suitable properties (Table 1).93,94 Perhydro-dibenzyltoluene is often 

referred to as 18H-DBT whereas the hydrogen lean component is named 0H-DBT. The system 

consists of a mixture of six regioisomers and, according to the reaction equation (Figure 7), can 

absorb 9 mol of hydrogen per mole of carrier, which corresponds to a weight-related hydrogen 

storage of 6.2 wt.%. Furthermore, using the physical data, the hydrogen storage density can be 

calculated to be 56.4 kg∙m-3.and the energy density is 1.9 kWh∙L-1. The reaction enthalpy for the 

hydrogenation is -65.4 kJ∙molH2
-1 related to the hydrogen and thus lies between the values for 

small aromatics and heteroaromatic systems.80,95 

 

 

 

Figure 7: Catalytic perhydro-dibenzyl toluene/dibenzyl toluene cycle.80,95 

 

The catalytic hydrogenation of 0H-DBT is usually carried out under a hydrogen pressure of 20 to 

50 bar at temperatures reaching from 140 to 250 °C. Different catalysts have been used within 

this process such as Ru/Al2O3
96–98, Rh/Al2O3

99, Pt/Al2O3
100, Pd/Al2O3

99 or Ni101,102 based ones. The 

dehydrogenation on the other hand is carried out at low pressure of 1 to 5 bar and due to the 

endothermicity of the reaction at 200 to 320 °C using platinum catalysts with various support 

materials such as Al2O3
103–105, CeO2

98, TiO2
106and C92. 
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Table 1: Physico-chemical properties of dibenzyltoluene und perhydro-dibenzyltoluene.84,93–95,105,107 

 Dibenzyltoluene Perhydro-Dibenzyltoluene 

Molecular formula C23H28 C23H46 

Molar mass / g∙mol-1 272.40 290.05 

Density (20 °C) / kg∙L-1 1.04 0.91 

Dynamic viscosity (20 °C) / mPa∙s 49 424 

Vapor pressure (100 °C) / Pa < 10.0 < 3.9 

Surface tension (25 °C) / mN∙m-1 42 35 

Melting point / °C ≤ -32 < -50 

Boiling point / °C ≈ 390 ≈ 354 

Flash point / °C ≈ 212 175 

 

To boost the dehydrogenation activity of Pt/Al2O3 catalysts, Auer et al. added sulfur in form of 

ammonium sulfate to the catalyst. It was revealed that sulfur compounds gradually block the low-

coordinated defect sites while weakening the adsorption of the dehydrogenated products on the 

catalyst through modification of the electronic properties of Pt. Further, catalysts with sulfur 

modification show reduced formation of heavies as side products. However, high sulfur loadings 

decrease the dehydrogenation activity, as S then occupies the Pt terraces. Therefore, the ratio of 

Pt to S has to be adjusted carefully.103 This is in correspondence with the findings from Jo et al. 

proofing 0.21 wt.% of sulfur to lead to the best results.108 The mean Pt particle diameter should 

be smaller than 1.5 nm to make best use of this selective catalyst poisoning with sulfur.104 

To monitor the degree of hydrogenation during the catalytic reaction, usually 1H-NMR and 

GC-MS or HPLC are used. Dürr et al. also found 13C-NMR as well as GC-FID measurements 

suiting to determine the degree of hydrogenation.109 As GC and NMR are not viable for industrial 

application, Müller et al. found refractive index measurements the most promising method as its 

accuracy is high while temperature dependencies and deviations between different isomers are 

small. Further, Raman as well as UV-Vis spectroscopy are also suited, contrary to viscosity 

measurements as the latter one is highly temperature dependent as well as influenced by the 

isomers present.110  

Do et al. examined the hydrogenation pathway and proved the two side phenyl rings to be 

hydrogenated prior to the middle ring.96 During the dehydrogenation, the central ring is 

dehydrogenated first, as determined via DFT calculations of the 3,5-isomer by Huynh et al. The 

rate determining step was calculated to be the dehydrogenation from 12H-DBT to 10H-DBT, 

which is the first dehydrogenation in the side ring. Additionally, calculations of the 

dehydrogenation enthalpy as well as the hydrogen capacity were performed when the methyl 

group was replaced by electron-donating and withdrawing groups. It was found that perhydro-

lithium 3,5-dibenzyl phenolate had almost the same hydrogen capacity while the reaction enthalpy 

is slightly smaller (11.5 kcal/mol vs. 12.6 kcal/mol for 18H-DBT) thus suggesting the OLi 

derivate for experimental research.111 

To further improve the reaction, Jorschick et al. added 20 wt.% of perhydro-benzyltoluene 

(12H-BT) to perhydro-dibenzyltoluene. This reduced the mixture’s viscosity by 80 % and 

increased the dehydrogenation productivity by 12 to 16 % compared to pure 18H-DBT at 
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otherwise identical conditions. This can be attributed to the fact that the partial pressure is reduced 

because 12H-BT has a higher vapor pressure. Furthermore, 12H-BT can be dehydrogenated more 

easily due to better diffusion, and hydrogen transfer between the systems occurs.112 The lower 

viscosity of such a mixture improves the pumpability of such a system and is particularly 

advantageous in winter or in cold regions.107 

In the large-scale application of 18H-DBT as a storage system for LOHC, the purity of the 

hydrogen obtained is also important, especially for use in proton exchange membrane fuel cells. 

Bulgarin et al. were able to show that water as well as oxygenate impurities in perhydro-

dibenzyltoluene promote the formation of CO, CO2 and methane (from the CO). However, by 

drying and purifying the reactant, high purity hydrogen (> 99.999 %; CO < 0.2 ppm) can be 

obtained. The same effects are achieved by recycling the system several times, which reduces the 

amount of impurities and correspondingly increases the quality of the hydrogen.113 

Due to the rather large size of the 18H-DBT/0H-DBT and the resulting mass transport limitations, 

the dehydrogenation reaction is also strongly dependent on the catalyst support.98 It has been 

shown that pore diameters between 25 and 43 nm and layer thicknesses of 20 to 100 µm are 

advantageous for egg-shell catalysts.104,105 In addition to a small specific surface area, a reduced 

acidity of the support material leads to reduced by-product formation and must be taken into 

account when selecting the catalyst support.104 While LOHC systems show huge potential in terms 

of hydrogen storage, the production of hydrogen as important resource chemical from 

(photocatalytic) water splitting is another important example for heterogeneously catalyzed 

reactions which will be discussed in the following section.   
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2.2.2 NH2-MIL-125 (Ti) derived catalyst for photocatalytic water splitting 

Metal-organic frameworks (MOFs) are crystalline porous solids, which were first synthesized in 

the 1990s.114,115 Generally, MOFs consist of metal ions/clusters and organic linkers connected 

through coordination bonds thus forming networks. A broad variety of metals and linkers are 

being explored dictating the reticular structure and hence specific properties of the respective 

MOF. In general, crystallinity and high surface area alongside of tunable size and shape of 

micro/mesopores are main characteristics of MOFs.116,117 Since last 20 years, a huge variety of 

MOFs and MOF derived materials are being explored in many application fields, such as gas 

storage/separation118–120, (optical/electro)-chemical sensors121,122, drug delivery systems123,124, 

wastewater treatment, water harvesting125–127, or as battery materials128,129. Their use in catalysis 

is also being under investigation, with applications ranging from polymerization catalysis to fine 

chemical production and photo-/electrocatalysis.130–135  

While in electrocatalysis a catalyst participates in an electrochemical reaction and the reaction 

rate at the electrode surface is changed,12,136 in photocatalysis a catalyst absorbs light energy and 

thus accelerates the surface reaction of the reactants. The process generally takes place in three 

steps. First, photons of light are absorbed by the catalyst. Then, photoexcited electrons migrate 

from the valence band (VB) to the conduction band crossing the catalyst's band gap thus forming 

holes in the valence band and are transferred to the catalyst's surface. Third, reduction and 

oxidation (redox) of the reactants are initiated by the excited electron-hole pair (Figure 8).136,137 

 

 

 

Figure 8: Schematic illustration of the band structure of a photocatalyst during reaction.137,138 

 

MOFs and/or MOF derived materials are exploited in various photochemical reactions. The most 

common reactions are CO2 reduction, photooxidation, pollutant degradation and water 

splitting.139–142 In the photocatalytic water splitting into hydrogen (hydrogen evolution reaction 

(HER)) and oxygen (oxygen evolution reaction (OER)), solar energy is used as a renewable 

energy source to produce green hydrogen. This reaction is endothermic, requiring a Gibbs energy 

of ΔG = + 238 kJ⸱mol-1 to be overcome. Accordingly, the energy of the incident photons must be 

higher than 1.23 eV but must not exceed the maximum bandgap 3.26 eV. In general, the valence 
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band of the catalyst should be more positive than the oxidation potential of O2/H2O (1.23 eV vs. 

normal hydrogen electrode (NHE)), whereas the conduction band should be more negative than 

the reduction potential of H+/H2O (0 eV vs. NHE).115,138,140,142,143 

For MOFs to be suitable as photocatalysts, they must ensure an appropriate charge separation 

across the bandgap, ideally by means of visible light. As UV light makes up only up to 4 % of the 

solar energy, usage of visible light, which makes up to 46 % is more desirable.116,140 At the same 

time, a good charge migration as well as a sufficiently long lifetime thereof has to be achieved. 

Due to the variety of metals and linkers, the bandgap or the structure of the respective MOF can 

be modified and optimized.116,138,142 Furthermore, the use of co-catalysts has proven useful. 

Doping with platinum, which serves as a reservoir for electrons and can react with the protons of 

water, has proven beneficial.140 Due to the tunable porous structure, such co-catalysts in the form 

of nanoparticles can also be introduced selectively into the cavities to effect improved 

interaction.116,143–147 

In 2009, Dan-Hardi et al. introduced a Ti-based MOF with the formula Ti8O8(OH)4-(O2C-C6H4-

CO2)6 named MIL-125, where MIL is an abbreviation for Materials from Institute Lavoisier. It is 

prepared by solvothermal synthesis from terephthalic acid (1,4-benzenedicarboxylic acid, BDC) 

and titanium tetra-iso-propoxide. A suitable choice of solvent and temperature is important to 

ensure that a highly porous white solid crystallizes.148–150 Structurally, MIL-125 consists of cyclic 

octamers (Ti8O8(OH)4), which are edge sharing octahedral titanium units. These octamers are 

connected via BDC linkers to twelve other cyclic octamers. The resulting porous three-

dimensional, quasi-cubic tetragonal structure has two types of cages. Both the octahedral (12.5 Å) 

and tetrahedral (6 Å) cages are accessible through narrow triangular windows of about 6 Å 

(Figure 9).151 MIL-125 has a bandgap of about 3.6 eV which corresponds to light in the UV 

region at around 345 nm. By replacing the BDC linker with a monoaminated BDC linker 

(2-amino benzenedicarboxylic acid H2BDC-NH2), the absorption band can be shifted into the 

visible light region to about 2.6 eV or 475 nm.134,149,152,153 Thus, the MOF NH2-MIL-125, which 

is isostructural to MIL-125, shows a corresponding activity in visible light for photocatalytic 

HER, for example.116,154 In general, both MOFs show comparable BET surfaces, but only NH2-

MIL-125 is stable in aqueous solution.149,151 Further modification strategies for MIL-125 include 

metal doping, functional group modification, addition of composite materials, structural 

regulation or photosensitive modification.155  

 

Figure 9: Synthesis and structure of NH2-MIL-125. Adapted with reprint permission from 151. 
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However, when using molecular photocatalysts such as organic molecules or metallic complexes, 

their inevitable degradation due to their intrinsic properties is a major drawback. MOFs in 

particular are prone to be degraded during a photocatalytic reaction due to their weak coordination 

bond as well as oxidative degradation or reactions of linker.116,138 Metal oxides as inorganic 

semiconductors on the other hand are durable as well as stable but rather difficult to tune and 

control their photochemical properties. Since in 1972 Fujishima and Honda showed that TiO2 is 

able to generate hydrogen from water, TiO2 especially in anatase phase has become one of the 

most widely used photocatalyst.116,156 While being affordable, non-toxic, highly durable and 

robust, a high photocatalytic activity is observed upon irradiation under UV light.140 However, 

TiO2 can be solely used in the UV-region as it has a rather larger bandgap. In pure metal oxides, 

other factors which limit their photocatalytic activity are charge recombination (due to the 

difference of timescales of charge generation and catalytic reactions) and particle agglomeration 

(inaccessibility of catalytic active sites).  

In addition to the material composition, the morphology and the particle size of the catalyst also 

influence its photocatalytic activity. Small particle sizes (in the nanometer range) with a 

correspondingly large surface area for good light absorption improve the transport of 

photoinduced electrons and holes from the bulk to the surface. Targeted, e.g. one-dimensional 

structures such as nanotubes, nanowires or nanorods also enhance the charge transport in the 

vertical direction.116,142,157,158 

One possibility to fabricate targeted semiconductor structures is based on corresponding MOFs. 

In general, MOFs can be used in photocatalysis not only as catalysts themselves, but also as 

photosensitizers, for example in hybrid compounds with TiO2.137,142,143,159–161 As an alternative 

approach, MOFs can be used as precursor and sacrificial template to produce materials with 

unique morphologies, and controlled topography and microstructures. Depending on the MOF 

used and the corresponding pyrolysis, a wide range of metals, metal oxides, metal oxide-carbon 

hybrid or pure carbon materials can be obtained.142,143,159,162–164 Especially in hybrid materials of 

metal oxides in a carbon matrix, the homogeneous distribution of the metal compounds resulting 

from the precursor is advantageous. It offers a high surface area with tailored porosity and 

corresponding microstructures. In such MOF derived composites, metal compounds are in situ 

doped with anions, and the porous carbon matrix (from organic linker) keep them from 

agglomeration, benefitting the photocatalytic application thus becoming an important research 

area.138,155,158,163,165–169 

In the literature, various MOFs are being exploited as sacrificial templates such as Fe-based 

MIL-101 or MIL-88, Mn-based MIL-100 or Mn-MOF-74, Cr-based MIL-101 and Co-

MOFs.138,143,167,168,170–172 As TiO2 is in general an efficient photocatalyst, Ti-MOF derived 

structures have aroused widespread interest as they are a simple and effective way to prepare TiO2 

based porous hybrid materials.173–175 Hussain et al. investigated the NH2-MIL-125 (Ti) pyrolysis 

in detail at different temperatures in an inert atmosphere and distinguished three decomposition 

steps. Firstly, up to 300 °C the pure, crystalline, and highly porous NH2-MIL-125 is present. 

Between 350 and 550 °C, an intermediate is present which is amorphous and does not have any 

accessible porosity as the dissociation of the organic (H2BDC-NH2) linker and the Ti oxo-cluster 

takes place. Lastly, above 500 °C, recrystallization of Ti species starts forming anatase 



2. Theoretical background 

19 

nanoparticle and upon further temperature increase to 650 °C produces the rutile phase. However, 

the overall 3D tetragonal disk-like morphology of the MOF remains preserved in the derived 

TiO2/C composites.163 When pyrolyzing a bimetal-organic framework NH2-MIL-125(Ti/Cu) in 

steam at 700 °C, TiO2 and CuxO are formed in a heteroatom-doped carbon matrix. This leads to 

a phase junction between nitrogen/carbon co-doped anatase and rutile TiO2 and the respective 

CuxO. These multi-heterostructures develop a good efficiency in HER as the charge migration, 

access to the catalytic active sites and visible light absorption are increased.165,176 In general, 

constructing phase junctions either between two phases of the same material (e.g. TiO2) or 

between different metal and/or non-metal compounds enhances separation of photogenerated 

electrons and holes thus increasing the photocatalytic activity.165 

Still for multi-heterostructures, pyrolysis is crucial, as shown by Hussain et al. When calcining 

NH2-MIL-125(Ti/Cu) at low temperatures of around 550 °C, only poorly crystalline anatase and 

Cu2O are obtained whereas at temperatures above 800 °C TiO2 is present in the rutile phase 

alongside CuO. An appropriate pyrolysis temperature of 700 °C resulted in well-crystalline 

anatase and rutile TiO2 phase that can interact with Cu2O and CuO. Hereby, as well as through 

anionic in situ doping with N and C formed from the organic linker decomposition the 

photocatalytic activity for HER is enhanced.165 Beside the temperature, the pyrolysis time is also 

a decisive factor. It determines the crystallinity of the metal oxides, the anatase to rutile ratio and 

the porous carbon matrix. At short pyrolysis times, the amount of crystallinity is poor, whereas at 

longer calcination times, the amount of C is reduced due to CO2 formation.173,177 Therefore, well-

chosen pyrolysis conditions can greatly influence the obtained photocatalytic properties of the 

resulting MOF-derived catalysts.155 
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2.3 Additive manufacturing as a novel shaping technique 

Nowadays, the term additive manufacturing (AM) is used virtually synonymously with the word 

3D printing. In contrast to subtractive manufacturing techniques such as milling, cutting, or 

grinding, in which material is removed to obtain the targeted object, AM builds up the object layer 

by layer. This reduces the material wastage and often allows more complex designs and structures 

in one step process, as e.g. gluing parts together is not necessary.178 The first 3D printing 

technology was developed in the 1970s/1980s.179 Charles Hull patented his "apparatus for the 

production of three-dimensional objects by stereolithography" in 1984, in which a 

photoresponsive polymer is selectively cured by UV light.180 Through further layers of polymer 

and their curing steps, the object is built based on a corresponding 3D model.  

 

Figure 10: Schematic overview of the general process of additive manufacturing.178,181  

 

Generally, AM processes always follow the same steps, regardless of the 3D printing method 

employed (Figure 10). It usually starts with a digital model of the corresponding object, which is 

usually in the form of a so-called computer aided design (CAD). For use in 3D printing, the 

computer model is then converted into a STL file format (standard tessellation language), in which 

the object is subdivided into triangles that are defined using their normal vectors. This STL format 

is then cut into two-dimensional layers (slices) in a process known as slicing, and the commands 

required for 3D printing are written together in the so-called g-code. The g-code is naturally 

dependent on the printing technique used, but also on print-specific details such as positions or 

temperatures are included. The g-code generated in this way then controls the 3D printer in the 

AM process and the object is built up layer by layer. Depending on the technology used, post-

processing steps such as sintering or removal of superfluous material may follow.178,182  

Although the first 3D printing process was developed so early, it took until the turn of the 

millennium before AM experienced its current boom. This can be attributed to the cheap 

availability of computers and computing power, but also to the expiry of key patents and the 

introduction of Arduino an open access open and easy programmable microcontroller.183 

However, its application changed from rapid tooling/rapid prototyping towards rapid 

manufacturing with a variety of applications ranging from dental184,185, automotive and 

aerospace186,187, construction188,189, and food190,191 to health/medical industry192 as well as within 

the private sector.193 Also the range of possible materials is now wide including ceramics, 

polymers, metals, electrical and biomaterials. The ISO/ASTM DIS 52900:2018 standard attempts 

to classify the various 3D printing processes and divides the existing processes into seven process 

categories based on their printing technology (Table 2).194 
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Table 2: Overview over commonly known 3D printing techniques based on their process categories 

according to ISO/ASTM DIS 52900:2018 alongside their technology and materials typically 

used.178,182,193-197 

Category Technology Techniques Materials Used 

Binder Jetting 

Selective deposition of 

liquid binder on 

powdery material 

Binder Jetting (BJ) 
Polymers, ceramics, 

metals 

Directed Energy 

Deposition 

Usage of focused 

thermal energy to 

connect materials right 

after deposition 

 

Laser Metal 

Deposition, Electron 

Beam Melting 

Metals 

Material Extrusion 
Selective deposition of 

extruded material 

Direct Ink Writing 

(DIW), Fused 

Deposition Modeling 

(FDM), Fused Filament 

Fabrication 

Polymers, ceramics, 

biomaterials, metals 

Material Jetting 
Selective, dropwise 

deposition of material 
Inkjet Printing 

Polymer, resins, 

biomaterials 

Powder Bed Fusion 

Selective melting of 

powder in powder bed 

by means of thermal 

energy 

Selective Laser 

Sintering (SLS), 

Selective Laser 

Melting (SLM) 

Metals, ceramics, 

polymers 

Sheet Lamination 
Layer wise joining of 

material 

Laminated Object 

Manufacturing 

Paper, polymer, 

ceramics 

Vat 

Photopolymerization 

Layer wise UV induced 

polymerization of 

liquid photopolymer 

Stereolithography 

(SLA), Digital Light 

Processing (DLP), 

Continuous Liquid 

Interface Production 

UV sensitive polymers  

(eventually with 

dispersed ceramics) 

 

Due to their variety, the different AM techniques are not explained in detail here, but reference is 

made to the corresponding overviews in the literature.178,182,193,195,196 Based on the different 3D 

printing techniques, there are different process characteristics such as the materials used, the 

resolutions of the geometries, and the required printing times. Post-processing is also strongly 

dependent on the printing technique used. For example, in the case of powder bed-based 

techniques such as Binder Jetting or selective laser sintering this necessarily involves a 

depowdering step. The respective advantages and disadvantages of the different printing 

techniques are crucial decision criteria when it comes to the application.178 Accordingly, several 

techniques can be considered for printing ceramics,198–201 but since this work is mainly concerned 

with Direct Ink Writing, this will be presented in more detail below.   
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2.3.1 Direct Ink Writing/Robocasting  

The Direct Ink Writing technique is classified as material extrusion according to ISO/ASTM DIS 

52900:2018.194 This process was developed and patented in the late 1990s in the USA by Cesarano 

et al. for printing ceramics.202,203 The term DIW was subsequently predominantly coined by the 

research work of Lewis et al. They distinguished between "droplet-based DIW", such as BJ and 

ink-jet printing, and "filament-based DIW", to which they assigned "robocasting" and FDM, for 

example.204–207 In the meantime, the terms robocasting and DIW are used quasi synonymously in 

the literature, although terms such as direct write fabrication or robot assisted deposition are also 

sometimes used.208–210  

 

Figure 11: Schematic illustration of the Direct Ink Writing process using a syringe-piston system.183,211 

 

Generally, in DIW, a so-called paste or ink is extruded through a fine nozzle with typical sizes of 

0.15 – 0.5 mm.207,212,213 In the technical design, the extrusion is realized using the syringe-piston 

principle, pneumatically or with a screw, whereby combined solutions are also used.211 The print 

head moves relative to the print bed, so that the object is built up layer by layer according to the 

g-code and thus the CAD model (Figure 11).211 Since, unlike FDM, there is no temperature-

induced phase transition due to melting in the print head and curing after printing, the rheological 

properties of the paste are crucial for a good printing result.206,214,215 The requirements for the paste 

itself are correspondingly rather high. On the one hand, it must be low viscosity enough to be 

extruded through the nozzle during printing process, and on the other hand, the paste must be stiff 

enough to ensure that the printed object is stable and does not flow or deform under its own weight 

or gravity. It follows that the viscoelastic paste must be shear-thinning to have a low viscosity 

under increased shear rate during printing, which increases again accordingly after printing and 

on the print bed under reduced shear rate. Due to the slight drying or evaporation of solvents, the 

paste also undergoes a transition from pseudoplastic to dilatant, which further helps to maintain 

the printed shape.211,216 To ensure uniform printing results, the paste used must also be free of air 

bubbles or agglomerates, with homogeneity remaining throughout the printing process and 

subsequent drying.208,209,211,216 To achieve ceramic pastes with these properties, two main 

approaches are used, namely colloidal suspensions and gel-embedded suspensions. Depending on 

the solvent, the latter can be further divided into (aqueous) hydrogel ink and organogel 
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(Figure 12). These are based on the main mechanisms for particle stabilization namely steric, 

electrostatic and combined electrosteric mechanisms, whereas in gel-embedded suspensions 

additional polymers stabilize the ink.208,211,216,217 

 

Figure 12: Schematic illustration of stabilization mechanisms of ceramic particles (top) and ink types 

typically employed in Direct Ink Writing.208,211,217 

 

In general, most pastes in the literature are water-based, with a high proportion of powdered 

material and a low proportion of organic or inorganic additives. High solids content enables the 

robocasting of parts with high green density, low shrinkage and quick drying after printing, so 

that appropriate dimensional stability is achieved.211,216 Low organic content facilitates the binder 

burnout by reducing the risk of cracking during debinding and also enables high densities of the 

part.216,217 In this context, typical organic binders in the DIW of ceramics are hydroxypropyl 

methylcelluloses218–220, polyvinyl alcohol220,221, polyethyleneimine222, polyethylene glycol223,224 or 

polyvinylpyrrolidone209. Additives such as iso-propanol223 or ethanol208 are also used to improve 

the general wettability and optimize the drying behavior. The hydrogel-forming additive most 

commonly used in robocasting is the commercially available Pluronic®F127. It is an ABA-type 

triblock copolymer with polyethylene oxide as block A and a polypropylene oxide B block in a 

rough 2:1 ratio. Below the gelation temperature, the polypropylene oxide block is hydrophilic, 

and water is a good solvent for Pluronic®F127, at increasing temperature hydrophobicity of the 

polypropylene oxide increases and thus the solubility decreases. This temperature-dependent 

hydrophobic association causes the gelation of the hydrogel and thereby enables the stability of 

the object at the appropriate temperature after printing.210,225 For example, bentonite220,221,226–228, 

colloidal silica227 or sodium metasilicate229 can be used as inorganic additives. Here, it should be 

considered that the proportion of inorganic additives is still present after sintering and 

correspondingly reduces the percentage of compressed ceramic. In addition to the rheological 

properties, which are important for the DIW per se, the drying of the components on the print bed 

is also important for achieving optimum yields. Uniform, slow drying and good release from the 
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print bed are important to avoid inhomogeneities and cracks. This is usually achieved by a non-

stick surface and an increase in humidity (> 65 %) in the build chamber.216 There are also attempts 

to print in a (paraffin) oil bath instead of air to further improve drying.230 However, Feilden et al. 

were able to show that the pressure in the so-called oil causes oil to be entrapped between the 

ceramic strands, resulting in voids in the components. These are not present in the case of pressure 

in air.216 

Compared with other, non-extrusion-based techniques, DIW usually has poorer layer resolution 

due to the minimum nozzle diameter. DIW is also limited in terms of printable shapes since strong 

overhangs or so-called bridges are only possible to a restricted extent. On the other hand, DIW is 

a comparatively simple 3D printing technique that enables comparably low-cost production. In 

addition, the process is flexible in terms of the materials that can be printed, and the low organic 

binder content is advantageous for high-density structures.209 Furthermore, post-processing is 

simplified, as e.g. no de-powdering is necessary compared to powder bed-based techniques. 

Considering the corresponding advantages and disadvantages, DIW is now being investigated in 

various applications. The main fields thereof include the use of biomaterials such as for bone 

tissue engineering213,231–234, structural components such as refractory products216,235–237, 

electronics including energy storage and piezoelectric components213,238–240, and optics241,242. 

Hence, typical materials printed via DIW include titanium243,244, hydroxyapatite245, graphene238, 

zirconia-toughened alumina232, and alumina212,230,246–248.  

Since the introduction of DIW, there have also been various further developments of the process. 

For example, to reduce the dependence on rheological properties and ensure that the shape 

remains maintained, Faes et al. developed pastes containing a photocurable monomer. After 

printing, the shapes are then cured using UV light to maintain their stability.217,249 Meanwhile, 

multi-material printing also plays a role. On the one hand, there are systems with different print 

heads, each with different materials, and on the other hand, there are print heads with mixing 

chambers that are fed by different materials. In the latter case, mixing before printing makes it 

possible to print material gradients, but on the other hand it is not possible to switch between 

materials without a corresponding mixing fraction. Nevertheless, this makes it possible to print 

several materials with different properties, such as different harnesses, solubilities or porosities, 

together to form one multi-functional object.217,250,251 
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2.3.2 3D printing in catalysis 

Taking advantage of the relative freedom of shape of 3D printing and considering the influence 

of the macroscopic shape of a catalyst on the reaction, research in this area has increased in recent 

years to combine additive manufacturing and catalysis. This is also reflected in the number of 

publications that are published on this topic (Figure 13) as well as in the number of patents filed. 

In general, research in the field of additive manufacturing has been steadily increasing for about 

two decades, whereas the use of 3D printing in chemistry and especially the application in 

catalysis are only slowly increasing in recent years.10,183,252 In the latter, different approaches are 

being pursued. To produce catalyst shapes, either catalyst supports are printed, like traditional 

shaping techniques, and subsequently loaded with active component, or active material or the 

corresponding precursors are printed directly. Techniques for these two approaches range from 

extrusion-based techniques such as FDM and DIW to powder bed-based BJ, SLM, SLS, and 

SLA.10,11,253–255  

 

Figure 13: Number of publications including the terms “3D printing”, “3D printing and chemistry” and 

“3D printing and catalysis” per year from 2000 to 2022 based on literature research using Scopus.183 

For example, Li et al. fabricated two types of monoliths via FDM printing of Al2O3 polymer 

filaments, one with only monoaxial channels and the other with radial and axial channels. After 

coating with Mn-Co nanospheres, the non-thermal plasma catalytic degradation of toluene 

showed that the monoliths with radial and axial channels have significantly improved energy 

efficiency compared to the uniaxial monoliths thus demonstrating the significance of radial 

channels.256 Sangiorgi et al. immobilized TiO2 nanoparticles in a polymer composite. FDM 

printing was then used to print monoliths that were studied as filter media with respect to methyl 

orange degradation.257 Car et al. also fabricated monolithic catalysts via FDM of TiO2 composites. 

Thereby, they showed that with increasing TiO2 content, the brittleness of the printed objects also 

increases. Furthermore, they demonstrated that inert catalyst supports can be fabricated using 

SLA and subsequent binder burn off, but they exhibit shrinkage of 14 – 20 % and mass loss of 

about 32 % after thermal post-treatment.258 

Bui et al. showed that through tailored post-processing including infiltration, both, alumina 

supports could be printed using BJ that are stable at calcination temperatures as low as 600 °C 

and, by minor process modification, also Ni-Al based catalysts for the methanation of CO2 could 

be produced by direct printing.259,260 Via SLM of γ-Al2O3 monolithic structures using epoxy resin 

as sacrificial binder and pore forming additive, Huo et al. formed carriers with highly complex 
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and regulated pores that can act as catalyst carriers in future.261 By means of SLS, Agueniou et al. 

fabricated monoliths of stainless-steel, which were loaded with Ni/CeO2-ZrO2 via wash coating. 

In dry reforming of methane, the catalysts produced in this way showed comparable conversions 

and H2/CO ratios to equivalently loaded commercial cordierite monoliths with similar geometric 

characteristics. Another advantage herein is that the 3D-printed monoliths required no activation 

time, which the authors attribute to improved heat transport. It should be noted, however, that the 

stainless steel monoliths also exhibit a certain intrinsic activity based on the nickel content.262,263 

While all techniques offer specific advantages and disadvantages, only Ludwig et al. have 

attempted to compare the techniques with regard to the manufacture of catalyst supports. In 

particular, BJ, DIW, fused deposition of ceramics (FDC) and SLA were discussed and the two 

extrusion-based techniques were investigated in terms of surface area obtained and stability in 

dependence on calcination temperature.254 

Furthermore, catalyst shapes can also be produced indirectly via 3D printing, for example when 

polymer-based sacrificial templates are printed. These are subsequently filled with the 

corresponding ceramic and then the organic material is removed by thermal post-treatment so that 

only the catalyst body remains (Figure 14). This allows the indirect fabrication of geometries that 

cannot be produced by direct printing whereas on the other hand, at least one additional step in 

catalyst shaping is required. In 2016, Michorczyk et al. presented such an approach in which they 

used digital light processing (DLP) to fabricate monolithic templates with rod sizes of 0.6 mm 

and 0.3 mm. These were subsequently filled with a ceramic paste of α-Al2O3 and the template 

was thermally removed. The resulting α-Al2O3 monoliths were impregnated with first Na2WO4 

and then Mn(NO3)2, and then investigated for in the oxidative coupling of methane.264 

 

Figure 14: Fabrication of monolithic catalysts using polymeric templates.264 

 

Alimi et al. used FDM printed polylactic acid as sacrificial template to fabricate γ-Al2O3 

monoliths onto which palladium nanoparticles are immobilized via deposition precipitation. The 

resulting shaped bodies were investigated in Mizoroki-Heck, Suzuki-Miyaura and copper-free 

Sonogashira-Hagihara cross-coupling reactions and showed better performance than the 

powdered reference samples. This is since the spatial separation of the Pd nanoparticles within 

the monolith reduces agglomeration, leaching and catalyst loss. Furthermore, the monoliths show 

excellent stability and reusability.265 Similarly fabricated monoliths embedded in a 

polypropylene-based flow reactor printed via FDM could also catalyze the selective oxidation of 

styrene.266 Another example is shown by Rokicińska et al, who generate a corresponding template 

via DLP, which is used to produce a corundum monolith. It is subsequently covered with an MFI 

zeolite before the monolith is impregnated with a Co3O4 precursor. In the catalytic combustion of 

toluene, excellent catalytic activities as well as high turnover frequencies values could be 

achieved.267 
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Since the template strategy and the simple polymer pressure can be used to change the geometries 

in a comparable way, this strategy is also used to compare different shapes. Thus, Li et al. print 

different templates that yield cylinder, tetrahedron and tetrakaidecahedron periodic structures as 

channels in the final monolith. The resulting phenol-formaldehyde based hierarchical monolith 

was subsequently covered with Al2O3 and then impregnated with Ni(NO3)2. During CO 

methanation, the tetrahedron-based monoliths thereby showed the strongest reduction in pressure 

drop, a low temperature gradient, and the highest catalytic activity of the 3D printed catalytic 

shapes.268 For comparison with conventional monoliths, which have a constant cross-section, 

Davó-Quiñonero et al. fabricated cordierite monoliths in which one has constant symmetrical 

channels, whereas the second has tapering asymmetrical channels. After loading with Cu/CeO2, 

the monoliths were studied in CO oxidation in different atmospheres. The improved geometries 

showed higher conversions than their symmetric counterparts. This can be attributed to the fact 

that the asymmetric channels fit better to the equation rates and increase the reaction rate 

accordingly, and to the fact that they favor turbulent flow.269 A similar approach to this was chosen 

by Xu et al., who used DIW to print a hollow cylinder using a Al2O3 ink that is later filled with a 

ceramic paste. After thermal treatment, to improve stability and increase porosity by burning off 

polymeric microspheres present, the ceramic tube is loaded with Pd and tested for the reduction 

of 4-nitrophenol.270 

Apart from this, 3D printing also finds application in catalysis in the fabrication of (micro-) flow 

reactors.252,271,272 Wei et al. additively fabricated reactors from metal using SLS where the reactors 

themselves are catalytically active. Depending on the alloy used, this involves, for example, 

Fischer-Tropsch synthesis and CO2 hydrogenation (Fe, Co) or producing syngas by means of CO2 

reforming of CH4 (Ni). Investigations of different reactor geometries further show that this can 

also influence and optimize the product distribution.273 In 2016, Kitson et al. present composite 

catalyst-silicone materials incorporated into 3D-printed reaction ware device. The reaction ware 

device thus presented, a closed mold built on aligned cubes with two different catalytically active 

sites and a silica column, enables multistep organic synthesis (Figure 15) by tilting and passing 

the reactant through the reactor step by step.274  

 

Figure 15: Design and function of catalytic active reaction ware presented by Kitson et al.. Adapted with 

reprint permission from 274. 
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To derive improved geometries, especially in combination with experimental data, simulations 

also become more important. In an experimental and simulative comparison of pressure drop and 

temperature profile of commercial cordierite monoliths versus woodpile structures fabricated via 

DLP by Kovacev et al. it was shown that the axial temperature gradient is lower in the printed 

lattice structure. This is probably due to higher heat transfer based on more tortuous flow and 

exchange in both axial and radial directions. Pressure drop is also significantly reduced for the 

3D printed beam (by 38 – 45 % compared to the commercial monolith), although this is 

independent of grid size. Still, this also translates to a reduced surface area.275 

 

However, since the focus of this work is Direct Ink Writing of catalyst support and catalytically 

active material directly, the state of the art in this area will be investigated in more detail. To 

illustrate the same, Table 3 summarizes additively manufactured catalyst support materials 

studied in the literature, along with the impregnation technique of the active component and target 

reaction studied. When looking at the printed shape, it is noticeable that almost always a so-called 

woodpile or lattice structure is printed, consisting of adjacent strands, each layer rotated. There 

are various ways of arranging these layers in relation to each other. An overview thereof is given 

in Figure 16. First, the offset angles of the different layers to each other can be changed 

influencing the geometry of the channels (Figure 16a). Furthermore, the offset of the layers to 

each other can also be changed if the angle remains constant (usually 90 °C). This allows 111, 

131 and 135 stackings, which affect the reactant flow along the monolith axis (Figure 16b). In 

addition, the strand thickness of the strands and the distance between them can generally be 

changed as well (Figure 16c).9 

 

Figure 16: Different woodpile patterns accessible by varying a) stacking angle, b) stacking orientation 

and c) size and spacing of the strands.10,224,276 
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Table 3: Overview of DIW printed catalyst support structures, the respective loading of the active 

component, the shapes investigated and the test reaction in literature. 

Printed 

Carrier 

Active Component Loading Method  Shape Printed Target 

Reaction 

Ref. 

Al2O3 BaMn2Al10O19-α 

 

Washcoat Woodpile (131) Methane 

combustion 

277 

α-Al2O3 γ-Al2O3, Pt Washcoat, 

impregnation 

Woodpile  

(131; 111; 135) 

CO oxidation 276 

Ti6Al4V Fe-MFI Zeolite Coating,  

ion exchange 

Woodpile  

(111; 135) 

N2O 

decomposition 

278 

Stainless 

steel 

ZSM-5 Washcoat Woodpile  

(131; 111) 

Methanol-to-

olefin 

218 

SiO2 Cu, Pd Activated with 

H2O2, silanized, 

wet impregnation 

Woodpile Cycloaddition, 

Cross-Coupling 

223 

Cu, 

Stainless 

steel 

Ni/Al2O3 Washcoat Woodpile (131) CO2 

methanation 

279 

Cordierite 

precursor 

 

γ-Al2O3, TiO2, CeO2, 

ZrO2, HY Zeolite, Pd, 

Pt 

Washcoat Woodpile  

(diff. stacking 

angles) 

Methane 

oxidation 

224 

CeO2 Ni, Ru Impregnation Woodpile NH3 

decomposition 

280 

 

One of the first DIW fabricated catalysts was presented in 2004 by Stuecker et al. Commercially 

extruded cordierite monoliths (washcoated with Al2O3) and printed Al2O3 woodpile structures 

were washcoated with barium manganese hexaaluminate. In addition, a purely BaMn2Al10O19-α 

based woodpile structure was 3D printed, ensuring that all three shapes had the same outer surface 

area. During methane combustion as catalytic test reaction, the woodpile structures were shown 

to perform significantly better than the commercial shaped monoliths, as the 3D printed lattice 

structures promotes turbulence over the straight channels, which accordingly increases mass 

transport. This was reflected in an approximately six-fold increase in methane conversion at 

600 °C. Higher catalyst quantities, through a higher loading or the direct printing of active 

components, were able to further increase the conversion.277 For application in copper alkyne-

azide cycloaddition & palladium catalyzed cross-coupling reactions, Díaz et al. fabricated SiO2 

woodpile monoliths. These were subsequently surface activated with hydrogen peroxide, 

silanized and metalated with Cu and Pd. Test reaction proved efficient and easily reusable 

monoliths with negligible amounts of metal leaching.223 The influence of sintering temperature, 

atmosphere, and technique on Cu woodpile structure (131) were investigated by Danaci et al. A 

five-hour sintering at 1000 °C under H2/N2 (1:1) in a conventional furnace was identified as the 

optimal condition. Although pulsed electrical current sintering is significantly faster than 

conventional furnace sintering, it was not considered useful because of the resulting surface 

oxidation of the support material. After loading with Ni/Al2O3, the catalyst moldings were tested 

in CO2 methanation. Thereby, the printed shaped bodies were better than corresponding powder 

measurements and no significant deactivation could be observed within 80 h.279 
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Ferrizz et al. printed various woodpile structures (111 and 131) from α-Al2O3. The resulting 

shapes were then washcoated with γ-Al2O3 and impregnated with H2PtCl6 to obtain Pt/ γ-Al2O3 

catalysts for the oxidation of CO. All printed shapes performed better than commercial monoliths. 

The woodpile 131 structure showed good conversions and a three times higher Sherwood number, 

but the pressure drop is comparable to a packed bed catalyst and thus significantly increased 

(1000-fold) compared to commercial monoliths. Another woodpile structure with 135 stacking, 

smaller strands and an increased bulk porosity was able to increase the Sherwood number by a 

factor of about 1.5 relative to the commercial geometry while only having a quadrupled pressure 

drop. These results clearly show that with a clever choice of geometry, reaction parameters can 

be optimized for specific reactions.276 Working with 111 and 135 woodpile structures and strands 

of Ti6Al4V alloy equal size diameter, Noyen et al. showed that after washcoating with MFI-type 

zeolite and subsequent ion exchange with Fe for N2O decomposition, the 135 stacking exhibited 

the most promising behavior in terms of pressure drop and activity per catalytic site.278 Lefevre 

et al. investigated how woodpile 111 and 131 structures of stainless steel with washcoated ZSM-5 

affect methanol-to-olefin conversion. Here, 131 structures show the highest yields of light olefins 

at high weight hourly space velocities due to increased tortuosity and improved heat and mass 

transport.218  

For methane oxidation, Hajimirzaee et al. printed cordierite precursors, changing the offset angle 

of the different layers in the printed woodpile patterns (Figure 16a). After washcoating with HY 

zeolite, γ-Al2O3 various promoters, and after doping with Pd and Pt as active components, it was 

also shown by simulation that increasing the complexity of the catalytic structures in the support 

improves the activity of the catalysts. The conversion of methane at e.g. 510 °C was 12.6 % for 

commercial monoliths, 72.6 % for an offset angle of 90 °, 80.1 % for both 30 ° and 45 °, and with 

89.6 % for the 60 ° oriented structures. This is also attributed to the change in the fluid mechanics 

and the corresponding improvement in the mass transport.224 Thus, in addition to the offset, the 

offset angle can also be varied to influence the flow behavior and activity. To investigate the 

influence of geometry, Lucentini et al. fabricated several CeO2 based monoliths, which differed 

in the number of channels, their size and wall thickness. These were loaded with Ni and Ru and 

studied in catalytic ammonia decomposition for hydrogen production. In addition, the 

corresponding performances were simulated using a one-dimensional mathematical model, 

showing good agreement with the experimental data. Based on the results, an optimized 

monolithic shape was presented, which had 14.5 mm in diameter, 76 channels, a channel width 

of 0.78 mm, wall thickness of 0.46 mm, and length of 6 mm. The optimized structure exhibited 

superior catalytic performance, both on a weight and volume basis, and showed good stability.280 

When comparing the examples of catalyst support DIW described in the literature, it becomes 

apparent that woodpile structures are usually printed, with the stacking of the different layers to 

each other being varied in some cases in order to optimize the flow behavior. Also, these examples 

demonstrate that more turbulent flow, such as that created by the use of 3D printed woodpile 

structures, improved performance of the catalysts, through appropriate shape variation. However, 

mostly few different shapes have been compared so far experimentally. With regard to the 

impregnation method, it is noticeable that washcoating was used almost exclusively. Compared 

to support printing, direct printing of catalytically active material or its precursors has the 
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advantage that no further loading step including possible post-processing is necessary. Although 

the catalytically active component is homogeneously distributed over the entire shape body, 

almost all the monolithic or lattice structures investigated already have a high surface-to-volume 

ratio, so that the amount of inactive material in the inside of a catalyst shape is low, compared to 

e.g. cylinders or pellets. In order to achieve a correspondingly good activity of the catalyst and to 

avoid, for example, sintering processes, the thermal post-treatment must be adapted to the 

respective material as a critical step. Table 4 lists examples of DIW printed catalysts from the 

literature. 

 

Table 4: Overview of DIW printed catalyst material, the shapes investigated and the test reaction in 

literature. 

Catalyst Material Shape Printed Target Reaction Ref. 

BaMn2Al10O19-α Woodpile (131) Methane combustion 277 

Cu/Al2O3 (CuO/CuAl2O4) Woodpile Ullman reactions 219 

Al2O3 Woodpile Biginelli and Hantzsch 

reaction 

222 

NiMoO2/C Woodpile, honeycomb Syngas conversion to 

alcohols 

281 

Fe/SiC Woodpile Wet peroxide oxidation 

processes. 

282 

ZSM-5 doped with various 

metals 

Woodpile Methanol to olefins 283 

ZSM-5 Woodpile Methanol to olefin 227 

Ni/Al2O3 Woodpile Methanation 228 

TiO2 Solid square-lattice double-

diagonal (SLDD) structures 

UV degradation of 

acesulfame 

284 

ZSM-5 Woodpile Methanol to hydrocarbon 285 

C Woodpile, different lattice 

spacing 

Benzyl alcohol oxidation to 

benzaldehyde 

286 

Fe/SiC Different pattern for 

comparison 

Phenol hydroxylation 287 

MOF-Fe/SiC Woodpile Phenol hydroxylation 288 

Fe/SiC Different pattern for 

comparison and CFD 

Phenol hydroxylation 289 

ZSM-5 doped with various 

metals 

Woodpile n-Hexane cracking 290 

Mn–Na2–WO4/SiO2 Woodpile Oxidative coupling of 

methane 

291 

Fe/Co/Al2O3; Fe/Pd/Al2O3; 

FePd/Graohene 

Woodpile (111, 131) Benzyl alcohol oxidation to 

benzaldehyde 

292 

α-Al2O3 Woodpile, honeycomb; 

different fill percentage  

(40 and 50 %) 

Ethanol to acetaldehyde 293 

 

By printing acetoxy silicone polymer paste doped with Pd/C, catalytically active reaction ware 

could be printed. The catalyst was tested in the hybridization of styrene to ethylbenzene using 

Et3SiH as hydrogen source. Quantitative conversions of styrene were observed after 30 minutes 
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at room temperature. Based on their findings, Symes et al. proposed the printing of active reactors 

that can control the mixture of reactants, flow behavior and purification methods, thereby forming 

a low-cost, easily tunable, and highly accessible format.294 

Similar to the literature on printed support material, Azuaje et al. presented 3D printed Al2O3 

woodpile monoliths. However, these were not loaded with active component, but the alumina was 

directly used as Lewis acid in Biginelli and Hantzsch reactions. The catalysts not only produced 

good yields of a wide range of reactants with short reaction times, but also showed good 

performance with up to ten times recycling.222 Lefevre et al. investigated various factors 

influencing the 3D printing and activity of ZSM-5 in methanol-to-olefin conversion. It was shown 

that the selectivity of the reaction depends primarily on the active surface and acidity. This in turn 

can be attributed primarily to the various inorganic binders used for printing (more precisely 

bentonite, colloidal silica and aluminophosphates). Regarding the selectivity towards the desired 

products, aluminophosphate is the most promising binder as it promotes high ethene and propene 

selectivity alongside a low formation of methane and alkanes than for the other binders. The 

activity of the catalyst on the other hand, as well as its mechanical stability, was primarily 

influenced by porosity, strand diameter and layer stacking. Smaller strand diameters improved 

the activity and stability of the catalyst. In addition, a woodpile structure with a 131 stacking 

showed increased performance compared to a 111 stacking due to the higher tortuosity of the 

flow.227 

In-house synthesized and commercial (Octolyst, Evonik) Ni/Al catalysts were printed by 

Middelkoop et al. and investigated for methanation. They were evaluated in-situ under typical 

conditions for CO2 hydrogenation to methane using X-ray diffraction computed tomography to 

compare the activity of powder and pellet. The DIW printed commercial catalyst showed the best 

performance with conversions close to the thermodynamic equilibrium. This was attributed to the 

more homogeneous Ni distribution compared to the in-house fabricated catalyst. In general, the 

3D printed geometries showed the highest activities, followed by the pellet shapes, therefore 

further confirming the advantage of 3D printing in catalysis.228  

For wastewater treatment via catalytic wet peroxide oxidation, Quintanilla et al. presented Fe/SiC 

monoliths that, in addition to good performance in wastewater treatment, also exhibit high long-

term stability of over 350 h on stream and are mechanically stable up to 3.5 MPa.282 3D printed 

structures also have advantages in the field of photocatalytic pollutant degradation. In particular, 

the access to structures with increased surface-to-volume ratios as well as optimized light 

pathways with a better contact interface and mass transfer for reactions under UV-Vis light should 

be mentioned. The TiO2 monoliths printed by Mendez-Arriaga et al. also showed no loss of 

activity during reuse in the degradation of acesulfam as a model pollutant.284 

Konarova et al. printed NiMo ions embedded in polyvinyl alcohol and starch in both woodpile 

and honeycomb monoliths. After thermal treatment, three-dimensional Ni/Mo oxide structures on 

porous carbon framework were used in the conversion of syngas to alcohols. Especially at high 

gas hourly velocities, the 3D printed catalysts forced significantly higher CO conversions 

alongside higher selectivities to alcohols compared to their pellet shape counterparts.281 Zhou et 

al. printed a paste consisting of starch/gelatin as carbon source and SiO2 as hard template. After 

carbonization, the SiO2 template was washed out to obtain macroporous monolithic carbon 
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structures as oxidation catalysts for the conversion of benzyl alcohol to benzaldehyde. It was 

shown that the increased macroporosity due to the use of templates has a positive effect on the 

conversion. Similarly, a structure with larger channels (Figure 16c) was shown beneficial 

regarding the benzyl alcohol conversion. Both effects were attributed to enhanced mass transfer 

within these systems. In addition, for the structures with large channels, the catalyst bed volume 

is larger for the same catalyst mass, which increases the contact between reactant and catalyst. 

While the conversions are each dependent on macroporosity and structure of the monoliths, it 

should be noted, however, that the selectivity to benzaldehyde remains the same.286 

Apart from the variation within the woodpile stacking, Vega et al. varied the overall cell 

geometry. They printed Fe/SiC monoliths that exhibited woodpile, troncoconical and triangular 

cell geometries with parallel channels presenting staggered or faced interconnections. Using 

Mössbauer spectroscopy, the iron silicides Fe3Si and α-FeSi2, the catalytically active species in 

the phenol hydroxylation reaction to dihydroxy benzenes (such as catechol and hydroquinone), 

were detected. The products obtained show that with increased cell density and high number of 

not-facing inter-connected channels and correspondingly altered flux with increased tortuosity, 

the selectivity to dihydroxy benzenes increases. Accordingly, the inter-connected triangular cell 

channels with internal staggered pattern show the highest selectivities. Compared with traditional 

slurry reactors, the 3D printed reactors exhibit significant advantages. Both the weight loss (slurry 

~30 wt.%) and the reduction in surface area (slurry 50 % after 3 h) are greatly reduced (2 wt.% 

loss, no reduction in surface area) by using the monolithic catalysts. Thus, it can be shown that 

3D printing provides fundamental advantages in catalysis and that, despite the much-studied 

woodpile structures with its variations, other shapes can also provide advantages.287 The same 

monolithic shapes (square, troncoconical, and triangular) of Fe/SiC were also investigated in 

combination with CFD simulations. These also show that the triangular cell monoliths with a 

smaller hydraulic channel diameter and not-facing interconnections lead to a higher internal 

macrotortuosity. The resulting oscillatory flow of the liquid phase in the channels allows 

additional transverse flow between the respective channels. This increases the reactant mixing as 

well as the contact time. Since this is not possible with the other two shapes, the triangular 

geometry shows the best performance both in terms of reaction rates and product selectivity.289 

 

Using DIW printing of a paste of alumina and copper nitrate, followed by sintering at 1400 °C, 

Tubío et al. prepared a woodpile monolith of Cu/Al2O3. The catalyst thus prepared showed high 

efficiency as well as good recyclability in various Ullmann reactions for the synthesis of 

imidazoles, benzimidazoles, and N-aryl-amides. The embedding of Cu in the Al2O3 matrix also 

prevented the leaching of active component into the reaction medium.219 The effect of various 

metal doping of ZSM-5 monoliths by adding the appropriate metal nitrates during the printing 

process was analyzed by Li et al. In methanol-to-olefins test reactions, Cr, Mg and Y were shown 

to increase methanol conversion, with Mg and Zn promoting the production of light olefins. While 

targeted doping can improve selectivities and conversions, an integration of doping into the 3D 

printing process is a facile and rapid method.283 Comparably prepared monoliths of ZSM-5 doped 

by the addition of metal nitrates to the paste were also used in the methanol to hydrocarbon 

reaction. Experiments in the presence or absence of CO2 showed that the absence of CO2 has a 
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positive effect on the yield of light olefins, especially ethylene. A detailed investigation of the 

catalysts showed that the changed physicochemical properties due to the incorporation of metal 

dopants affect the product selectivity by increased acidity or basicity.285 Regarding the DIW 

printing of porous material with metal nitrates to obtain the corresponding oxides, the metal 

loadings are usually limited to below 10 wt.%, otherwise the rheological properties do not allow 

robocasting. To overcome this limitation, Lawson et al. directly printed a mixed paste consisting 

of H-ZSM-5 and the corresponding metal oxides such as V2O5, ZrO2, Cr2O3, and Ga2O3. The 

resulting bifunctional metal oxide/zeolite catalysts with metal loadings of 15 wt.% were tested in 

n-hexane cracking to light olefins. The 15 wt.% Cr/ZSM-5 monolith showed the best performance 

with both high conversion and selectivities towards light olefins. Overall, the proof-of-concept 

was established that it is possible to achieve metal loadings above 10 wt.% by printing mixed 

pastes of metal oxide and zeolite catalysts.290 

Karsten et al. printed Mn-Na-W/SiO2 catalysts for the oxidative coupling of methane. In test 

reactions, they compared the performance of powders and structured bodies. At laboratory scale, 

with millimeter reactors, the 3D printed monoliths and their powder measurements show similar 

performance, beside the powder measurements showing a 40 % increase in conversion. 

Nonetheless, the decreased pressure drop of the 3D printed monolithic reactors compared to the 

respective powder measurements is a major advantage that should not be overlooked.291 FeCo and 

FePd-supported alumina monoliths have been printed by Jacquot et al.. Tested in the selective 

oxidation of benzyl alcohol to benzaldehyde, stackings of 111 and 131 were compared with 

conventional technologies, namely batch and packed bed reactors. The 3D printed monoliths 

showed higher TOF and conversions than their packed bed counterparts, with the alternating 

stacking of 131 achieving the best results. Mixed stacking of Fe/Al2O3 and FePd/graphene oxide 

monoliths also significantly improved the performance compared to the FePd/graphene oxide 

batch analogous. Furthermore, the authors were able to describe the mixed gas-liquid flow regime 

in the reactor satisfactorily by a dispersion model. Overall, the study highlights the importance of 

the reactor concepts, their configuration, and the operation conditions in achieving best 

performances.292 Targeting the ethanol conversion to acetaldehyde using an alumina catalyst, 

Álvarez et al. optimized paste composition and post-processing of the respective monolithic 

structures. The paste developed with 70 wt.% ceramic content and a sintering temperature of 

1550 °C resulted in the best trade-off in terms of rheological properties, stability, microstructure, 

and shrinkage. In total, woodpile (111) and honeycomb structures, each with an infill of 40 % and 

50 %, were printed. In contrast to the woodpile structures, the honeycomb structures have no 

interconnections between the channels. In gas flow simulations, this leads to shorter residence 

times for honeycomb monoliths compared to their rectilinear counterparts. In the case of the 

woodpile structures, the less filled structures (40 %) show better conversions in test reactions, 

since the residence time is also increased. These results clearly show that optimized geometries 

with controlled flow behavior, surface-to-volume rations and catalysts mass for improved 

catalytic performance can be fast and easy developed combination with CFD simulations, as they 

reduce the required amount of prototypes to be tested.293  
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By printing of Fe-BTC MOF/SiC mixed pastes, after heat treatment a MOF-Fe fully integrated 

into the monolithic scaffolds was obtained. These woodpile structures were slightly electrical 

conductible, highly stable and showed a good catalytic performance for hydroxylation of phenol. 

Due to a lower number of absorbed species, the printed structures had higher selectivities towards 

the desired dihydroxy benzene compared to the pure powder, even though the powder’s activity 

was higher.288 Another application of 3D printed monoliths with active component was presented 

by Thakkar et al.. Thus, they printed zeolites (13X and 5A)220, MOFs (MOF-74(Ni) and UTSA-

16(Co)221, and presented different approaches to fabricate aminosilica adsorbents226. All of these 

materials were successfully used in CO2 capture, each achieving performances comparable to or 

just below those of pure powdered comparable materials.220,221,226 

In summary, optimized catalyst geometries, which are accessible through 3D printing, can 

improve both the turnover and the selectivity and yield of the respective catalytic reaction. 

Improved mass and heat transport, particularly in the radial direction, play a major role here since 

radial flow is not possible in traditionally extruded monoliths due to unconnected channels. 

Although various techniques and printing methods are used in the field of 3D printing of catalysts, 

DIW is one of the most studied techniques, also because it is technically very close to the extrusion 

already used. Although the possible shapes are more limited than with other techniques, DIW also 

allows many different geometries (Figure 16). However, depending on the targeted reaction, 

optimized geometries must be found, with reaction simulation becoming a more important tool 

therefore in the future. Apart from this, further development with regard to the printing process, 

post-processing and, if necessary, loading with active components are important fields of research 

in order to be able to use 3D printing in catalysis in future on a larger scale. 
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3 Aim of this thesis 

In the course of this work, direct ink writing as an additive manufacturing technique for 

heterogeneous catalysts is to be further investigated. The aim is to research the direct printing of 

catalytically active material on the one hand and the printing of catalyst carriers on the other hand. 

For the printing of catalytically active material, different test reactions are considered. Among 

others, a Ni/Al based precursor for the methanation reaction is investigated. In addition to intrinsic 

powder measurements, full particle measurements are to be carried out as well, for example in a 

single pellet string reactor. As a further catalytic precursor, NH2-MIL-125(Ti), an organometallic 

framework compound, is to be printed. After decomposition to TiO2, test reactions with powder 

and full particles for photocatalytic water splitting are performed. It should be noted that sufficient 

illumination in the incident is important for photocatalytic reactions, for which 3D printing can 

provide complex shapes. In addition to the test reactions themselves, the optimization of the 3D 

printing process itself is an important consideration with regard to the direct printing of 

catalytically active material. Among other things, rheological measurements are to be used to 

enable and improve the printability of the materials themselves by adding suitable additives. 

These include for example hydroxypropyl methylcelluloses, alcohols and inorganic additives. 

However, it has to be taken into account that the additives either completely decompose during 

the sintering process or do not interfere with the respective catalytic reactions. In addition, the 

calcination step is to be optimized for each material in order to achieve optimum activity and, for 

example, an ideal pore structure and sufficient mechanical stability.  

 

In addition to the printing of the active component, the printing of the catalyst support material is 

also investigated. Alumina is selected as support material because of its distinct advantages like 

high tunability in terms of its properties, is comparably cheap and facilitates good printing results. 

After loading with platinum as active component, the catalysts are then to be used for the 

dehydrogenation of perhydro-dibenzyltoluene. This subprocess in chemical hydrogen storage 

using perhydro-dibenzyltoluene/dibenzyltoluene as a liquid organic hydrogen carrier is chosen 

for several reasons. On the one hand, the respective test system is three-phased, due to the solid 

catalyst, the liquid reactant, and the gaseous product. On the other hand, the reaction itself is 

highly endothermic, which is why good heat transfer as well as mass transport must be ensured. 

For the fabrication of the corresponding catalysts, the pore structure of the aluminate supports 

should be characterized first and, potentially improved by appropriate pore-forming additives in 

order to be suitable for the subsequent application. Sufficient mechanical stability should of 

course be ensured. The supports should then be impregnated with platinum sulfite acid solution, 

whereby, for example, the influence of the different geometries with different surface-to-volume 

ratios on the impregnation process should be investigated. The catalysts produced in this way is 

tested both semi-batchwise and in continuous operation for dehydrogenation. Among other 

things, different geometries should be tested to highlight the benefit of combining AM and 

catalysis. Furthermore, guidelines for deriving optimized geometries should be found and 

experimentally proven in combination with CFD simulations.  



3. Aim of this thesis 

37 

In a last step, a detailed comparison of the AM techniques Binder Jetting and Direct Ink Writing 

will be carried out. The aim is to compare 3D printing characteristics such as pore structure and 

mechanical stability alongside any post-processing steps that may be required. The aim is not only 

to work out the advantages and disadvantages of the respective printing techniques, but also to 

evaluate them to assess their potential in heterogeneous catalysis. To ensure a good comparison 

of the test results, same test reactions as for the aim of the investigation in Direct Ink Writing are 

selected, namely printing catalyst carriers for LOHC dehydrogenation reaction and Ni/Al 

catalysts for methanation. In the case of printing catalyst carriers, the influence of the print-

specific characteristics on the impregnation behavior of the catalyst carriers will also be 

investigated. In the case of direct printing of active material, investigations are particularly 

relevant with regard to post-processing and stability since high calcination temperatures cannot 

be realized. In the catalytic test reactions, comparable geometries of both 3D printing techniques 

as well as geometries that cannot be realized with the other technique are to be compared with 

each other. This aims to draw conclusions as to which AM technique is better suited for use in 

heterogeneous catalysis and which advantages or limitations direct ink writing or Binder Jetting 

have. 
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4.3 Content 

In the course of this publication, a photocatalyst was 3D printed and its activity in photocatalytic 

water splitting was tested. To produce this catalyst, the precursor, a NH2-MIL-125(Ti) metal-

organic framework compound with boehmite dispersal, was printed into monolithic structures via 

DIW. The monoliths thus produced were subsequently calcined in an argon atmosphere. The 

resulting catalysts, consisting among others of TiO2, Al2O3 support and C and N from the MOF, 

were subsequently thoroughly characterized and tested in their powder form as well as in their 

monolithic form for the hydrogen evolution reaction from water. Thereby, the shaped bodies with 

a value of 71 µmolH2⸱gcat
-1⸱h-1 showed a fivefold increased performance compared to the 

respective powder (14 µmolH2⸱gcat
-1⸱h-1). This could be attributed to the improved interaction 

between incident light and catalyst, as the maximum amount of catalyst is exposed to the incident 

UV-Vis light. Due to its co-catalytic properties, the monoliths were also loaded with platinum as 

active component via atomic layer deposition. The uniformly distributed Pt/PtOx species in 

monoliths increased the activity by about 30 % (100.6 µmolH2⸱gcat
-1⸱h-1) compared to the 

platinum-free samples. In addition, experiments were carried out on the recyclability and 

structural stability of the catalyst. The platinum-loaded monolith showed the same photocatalytic 

activity even when repeated five times. Investigations with XRD, SEM and optical light 

microscopy showed that neither the phases, nor the disc-like inner morphology, nor the outer 

shape changed. In contrast to the powdered samples, the monoliths could also be separated more 

easily from the reaction solution, which improved their handling. In general, the proof-of-concept 

demonstrated the benefits of 3D printed photocatalysts. 
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5.3 Content 

When using additive manufacturing as a shaping technique for carriers in heterogeneous catalysis, 

not only the shaping itself is important, but also the loading of the support material with (metal) 

active components following 3D printing. In this context, the characteristics of the impregnation 

such as penetration depth, metal particle dispersion or loading are important factors influencing 

the subsequent reaction. Since the impregnation of 3D printed support materials has been little 

studied in previous literature, this work investigated the influence of the outer geometric and inner 

(BET) surface on the impregnation of catalyst carriers. For this purpose, two different alumina 

supports, namely cylindrical and monolithic structures with lateral holes, were fabricated using 

DIW. The monoliths exhibited a surface-to-volume ratio about five times greater than the 

corresponding cylinders. Two different calcination temperatures were chosen which resulted in 

substrates with two different microstructures. Calcination at 1000 °C led to a bimodal pore 

distribution and a surface area of 55 m2⸱g-1, while a calcination temperature of 1100 °C resulted 

in a monomodal pore distribution and reduced surface area of 22 m2⸱g-1 due to sintering of the 

smaller pores. After wet impregnation with platinum sulfite acid solution, optical light 

microscopy showed that at higher loading (0.9 wt.% versus 0.3 wt.%) and reduced surface-to-

volume ratio, the Pt penetrates more into the shaped body. This behavior could also be confirmed 

by µCT scans, where the platinum concentration, corresponding to the mean gray value, decreases 

with penetration depth. Due to the increased porosity and BET surface area, the samples at 

1000 °C also showed a lower penetration depth compared to the higher calcined samples. The 

catalysts were then studied in the dehydrogenation of perhydro-dibenzyltoluene in a semi-batch 

reactor at a constant Pt/reactant ratio. To rule out diffusion limitations of the catalysts per se 

powder measurements were carried out first, followed by full-particle measurements. In the full 

particle measurements, the monolithic structures always showed higher productivity than the 

analogously produced cylinders, since the former had a significantly larger outer surface area as 

well as lower Pt penetration. Conversely, shapes with higher loading exhibited lower activity at 

constant Pt/reactant ratio, due to lower outer surface area and deeper Pt penetration. With same 

loading and shape, the carriers calcined at 1100 °C showed higher productivity because perhydro-

dibenzyltoluene is relatively large as a reactant molecule and, accordingly, can penetrate poorly 

into the small pores present at 1000 °C. When highly loaded monoliths were compared with low-

loaded cylinders, the latter show comparable productivity based on platinum. However, the 

monoliths occupied only one-third of the catalyst volume. This clearly showed that the 

combination of 3D printing and catalysis is advantageous, as expensive active components, 

reactor volume or reaction time can be saved with comparable productivities. In addition, further 

insights into the impregnation behavior of the 3D-printed catalyst supports were gained, in 

particular through the µCT scans, which provide knowledge for further investigations. 
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6.3 Content 

Although various 3D printing methods have been used in heterogeneous catalysis to date, the 

question naturally arises as to how the different printing techniques affect catalytic activity for 

subsequent application. To address this question, extrusion-based Direct Ink Writing was 

compared with powder bed-based Binder Jetting for the production of alumina catalyst supports. 

First, cylinders with the same dimensions were printed and the influence of the printing method 

and calcination temperature on porosity, shrinkage and lateral compressive strength was 

investigated. It was shown that BJ shapes exhibit a significantly increased (macro-) porosity and 

correspondingly increased BET surface area, even though the latter effect decreases with 

increasing calcination temperature. The bimodal pore distribution decreases with increasing 

calcination temperature, until from 1100 °C, a monomodal, mesoporous support is present. 

Irrespective of the 3D printing technique, the calcined substrates exhibit a strong, abrupt shrinkage 

from 1100 °C onwards, with the DIW shapes generally being somewhat smaller. This increase as 

a function of the calcination temperature can also be observed in the compressive strength. Here, 

however, it should be emphasized that the DIW parts are, by almost a factor of 5, more stable 

than the BJ parts. Taking into account the literature prerequisites regarding the test reaction, 

1100 °C was set as the calcination temperature for the further tests and the CAD templates of the 

monoliths were adapted so that, after the shrinkage, DIW and BJ shapes had the same dimensions. 

These shapes were then wet impregnated with platinum sulfite acid solution. With increasing 

impregnation time, the platinum loading and the platinum particle size increased. In general, the 

BJ parts exhibited significantly higher loadings and lower penetration compared to the DIW parts. 

Finally, catalytic test reactions were carried out for the dehydrogenation of perhydro-

dibenzyltoluene. Here, the shapes were loaded to have the same amount of platinum per monolith. 

Overall, the DIW and BJ shapes each showed equal productivities, although the penetration depth 

is greater for the BJ parts. However, presumably the greater macroporosity also provides easier 

diffusion of the reactant. In summary, in the production of the catalyst supports the 3D printing 

techniques employed, namely BJ and DIW, show differences in terms of physicochemical 

properties, but in the dehydrogenation of perhydro-dibenzyltoluene they are equally productive. 

Other differences, such as scalability, costs or shape variations, can also be taken into account 

when deciding which printing technique is more appropriate for an application. 
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7 Summary and  utlook 

Throughout this thesis, Direct Ink Writing was employed as an AM technique for heterogeneous 

catalysts. With respect to direct printing of catalytically active material, the MOF NH2-MIL-

125(Ti) was successfully printed. The MOF paste was rheologically optimized with alumina as 

an inorganic binder, which also provides stability after thermal treatment, and hydroxypropyl 

methylcellulose as an organic additive and successfully printed into monolithic structures. The 

decomposition to TiO2 as the active component with C and N from the organic linker as 

synergistic effects was also successfully carried out. The catalyst presented in this way was 

subsequently used in photocatalytic water splitting to hydrogen and, as a monolith, showed almost 

five times the hydrogen evolution compared with corresponding powder measurements. This 

could be attributed to the improved illumination with incident UV-Vis light. Additional coating 

with platinum via atomic layer deposition increased the activity by a further 30 %. In addition, 

the recyclability of the catalyst and its stability in terms of both the internal structure and the 3D 

printed form were demonstrated. For the direct printing of a methanation catalyst, rheological 

optimization was also carried out and corresponding monolithic geometries were printed. Due to 

technical difficulties, test reactions are still to be carried out.  

The targeted alumina support materials for the dehydrogenation of perhydro-dibenzyl toluene 

were successfully printed and characterized during the course of the work. The loading via wet 

impregnation with platinum sulfite acid solution and the analysis of the catalysts, for example by 

means of µCT and TEM measurements, were also successfully carried out and provided new 

insights into the impregnation behavior of additively manufactured catalyst supports. The 

catalysts obtained in this way were subsequently tested in a semi-batch setup for their 

dehydrogenation activity. It was shown that monolithic geometries with a significantly increased 

surface-to-volume ratio exhibit comparable productivity to a packed cylinder bed, even though 

the required catalyst volume was only about 1/3 for the monoliths. It can be concluded that by 

means of the advanced geometries accessible via AM, either reactor volume, reaction time or 

active component can be saved for the same productivity, each of the factors being considered 

advantageous. Unfortunately, no detailed shape optimization could be carried out for a continuous 

reactor. Alongside this, the above results, the comparison of a cylinder bed and monolithic 

geometries, were derived from semi-batch setup measurements. 

A comparison of the two AM techniques Binder Jetting and Direct Ink Writing showed that the 

substrate structures obtained do exhibit 3D printing-specific differences. For example, the 

substrates produced by BJ are significantly more macroporous, whereas DIW printed carriers 

feature superior lateral compressive strength, especially at calcination temperatures above 

1100 °C. The latter is also due to a higher density of the DIW printed moldings. With regard to 

the impregnation behavior, both substrates behave similarly, although the penetration depth of the 

platinum is significantly increased in the case of BJ, which can be attributed to the corresponding 

macroporosity. In the catalytic test with the same geometries and comparable platinum per 

monolith loadings and a constant platinum to reactant ratio, both shapes showed the same 

productivity in powder tests and as full particle test reactions. This shows that in principle both 

techniques are equally suitable for the production of carriers for LOHC dehydrogenation.  
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3D printing of active components using both techniques was possible, but due to technical 

problems no comparative catalytic test reactions could be carried out.  

In general, however, it must be pointed out that the shapes examined in the comparison are very 

simple geometries that can be formed well with both techniques. Accordingly, the outlook should 

also be used to compare shaped bodies that go to the respective limits of the techniques. In the 

case of DIW, for example, these are woodpile structures with very small channels, whereas in the 

case of BJ there is significantly greater freedom of shape variation especially regarding the 

printability of lateral or oblique channels. CFD simulations and the guidelines derived from them 

with regard to optimized shapes could also be advantageous. Particularly in comparison with 

traditional manufacturing techniques such as extrusion and pelletizing, the focus should be on 

lateral holes and geometries that are only accessible via AM. These should then be optimized in 

terms of flow profile, mixing and pressure loss in the catalyst bed. Subsequently, catalytic tests 

could verify the simulated results. However, the corresponding test reaction and its specific 

requirements/characteristics should be taken into account. In general, it would make sense to carry 

out various other test reactions (including methanation) both in the comparison of the two 3D 

printing techniques and in Direct Ink Writing per se, since, for example, other systems and 

viscosities place significantly different requirements on the AM of the catalyst and its geometries. 

For the reactions already tested, it would make sense in a next step to print different geometries 

to obtain further insights into the reactions and correspondingly optimized geometries. 

Specifically, this could be 3D printing of aluminate carriers for the dehydrogenation of LOHC 

carriers with the same outer surfaces and surface-to-volume ratios but different channels. In 

addition, further test reactions should also be carried out in this respect in a continuous setup, as 

is used industrially, since here the flow profiles once again exhibit significant differences.  

Experiments with multi-material printing using DIW could also be interesting. This involves 

printing either with several print heads next to each other, each with a different material, or with 

a print head with a mixing chamber that is fed with different materials. In this way, for example, 

a stable carrier can be printed directly next to a thin layer of the corresponding active component 

without sacrificing stability or activity. Combined printing then allows a loading step with active 

components to be omitted, saving time and costs. This provides a multitude of possibilities to 

further develop DIW printing, especially since multi-material printing is not so easy to realize 

with all AM techniques.  

Furthermore, for a technical application, it should be considered that current margins and 

production speeds are very slow, and up-scaling is urgently needed for industrial applications. 

For example, parallel print heads with interchangeable print beds in an ideally automated 

laboratory are conceivable. In addition, further rheological adjustments are conceivable for the 

corresponding automation in order to run the process error-free and repeatable. In general, 3D 

printing as a shaping method for catalysts should rather be used for small scale and special 

reactions, where transport processes can be improved via the AM. Especially considering that 

both Binder Jetting and Direct Ink Writing show equally good catalytic activity for fabricated 

alumina supports, a combination of the two 3D printing techniques could also be conceivable for 

an industrial application. DIW could be used primarily for testing different geometries, since 3D 

printing via DIW is simpler and closer to the previously known inductive knowledge, while up-
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scaling is carried out using BJ, since this process requires more development, but has some 

advantages in terms of up-scaling. However, this is under the assumption that optimized 

geometries of the two printing techniques also show equally good activities in other test reactions. 

In summary, and also in view of the active research in this area, it can be said that there is a high 

potential for innovation here, with a great deal of potential also based on the rapid progress in the 

area of 3D printing in general. 
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8 Appendix 

8.1 Additional information for Chapter 4 “3  Printed M  ‐

 erived Composites for  nhanced Photocatalytic 

Hydrogen Generation” 

8.1.1 Reprint permission 

The contents for Chapter 4 and the corresponding supporting information in Chapter 8.1.2 for the 

manuscript titled “3D Printed MOF‐Derived Composites for Enhanced Photocatalytic Hydrogen 

Generation” have been published in Solar RRL (Wiley-VCH Verlag GmbH & Co. KGaA) under 

the terms and conditions of the Creative Commons Attribution CC BY license. The authors 

possess the copyright of the reprinted material. Manuscript and supporting information have been 

reprinted from ref. [295]. 
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8.2 Additional information for Chapter 5 “Influence of internal 

and external surface area on impregnation and activity of 

3  printed catalyst carriers” 

8.2.1 Reprint permission 

The contents for Chapter 5 and the corresponding supporting information in Chapter 8.2.2 for the 

manuscript titled “Influence of internal and external surface area on impregnation and activity of 

3D printed catalyst carriers” have been published as Open Access in Catalysis Communications 

(Elsevier B. V.) under the terms and conditions of the Creative Commons Attribution CC BY-

NC-ND 4.0. The authors possess the copyright of the reprinted material, manuscript and 

supporting information have been reprinted from ref. [296]. 
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8.3 Additional information for Chapter 6 “Comparison of 

 irect Ink Writing and Binder Jetting for additive 

manufacturing of Pt/Al  3 catalysts for the 

dehydrogenation of perhydro dibenzyltoluene” 

8.3.1 Reprint permission 

The contents for Chapter 6 and the corresponding supporting information in Chapter 8.3.2 for the 

manuscript titled “Comparison of Direct Ink Writing and Binder Jetting for additive 

manufacturing of Pt/Al2O3 catalysts for the dehydrogenation of perhydro-dibenzyltoluene” have 

been published in Chemical Engineering Journal (Elsevier B. V.). The authors possess the 

copyright of the reprinted material, manuscript and supporting information have been reprinted 

from ref. [297]. 
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