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1. Summary of research results. 

The Max-Buchner project has focused on the development of hierarchically porous cobalt-based 

Fischer-Tropsch catalysts uniting a high selectivity toward liquid (C5+) olefin products with a 

negligible activity for the water-gas-shift reaction, responsible for the production of CO2 

byproduct. The development of automated FIB-SEM tomography routines revealed how 

different soft- and hard-templating synthesis routes enable the  tuning of parameters such as 

macropore volume, macropore size and connectivity, while preserving a similar mesoporous 

backbone in the catalysts. Freeze cast methods were additionally developed to assemble meso-

macroporous micromonolith catalysts with hybrid Al2O3/carbon nanotube (CNT) backbones. 

Highly interconnected and trimodally organized porosities, integrating two levels of 

macroporosity, provided the highest intrapore transport rates, as reflected by a low degree of 

secondary processing of the olefin primary products under synthesis gas conversion conditions 

and thus unusually high selectivity to C3-C10 olefin products. Furthermore, the incorporation of 

CNTs into the catalyst backbone, served to achieve higher thermal conductivities, inhibiting the 

development of hotspots within the catalyst structure, and thus preserving the high olefin 

selectivity in a wider range of temperatures (453-513 K). Selectivities to C5-C10 olefins up to 

>30% at CO conversion levels of >20% could be achieved with optimized catalysts, remarkably 

while keeping CO2 selectivity <1.5%. The project results realized the single-pass conversion of 

synthesis gas with high selectivity to liquid olefins an essentially no CO2 production and open 

the door to tandem catalytic processes in which the olefinic product fraction is processed in situ 

in a wide range of operation temperatures. 
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5. Major activities and results. 

 

In the course of this 1-year fellowship, we have first developed an automated, unsupervised 

routine for a Helios Nanolab dual‐beam microscope, in cooperation with the Lorke group 

(CENIDE, Duisburg-Essen University). This routine has enabled automated collection of FIB-

SEM data, and thus increased notably the data throughput for tomographic reconstructions of 

hierarchically porous catalyst materials. (Publications 1-3). 

 

In parallel, various synthesis routes have been explored to introduce various types of 

macroporosity in Al2O3-supported catalysts for the Fischer-Tropsch reaction. Soft-templating 

routes were based on the combination of non-ionic liquid surfactants and nanosized pseudo-

boehmite precursors for Al2O3. Hard-templating routes relied on, first, the controlled synthesis 

of nanometer- and micrometer-sized polymer beads and their subsequent incorporation into 

synthesis gels containing nanosized pseudo-boehmite precursors for Al2O3. Thermal calcination 

treatments rendered gamma-Al2O3 catalyst support materials with mesoporous and macroporous 

networks. (Publication 1, another publication in preparation). 

 

We have applied FIB-SEM tomography, coupled to quantitative 3D image analysis, to visualize 

and quantify the internal architecture of high-surface area, multi-modal meso-macroporous 

RuCo/γ-Al2O3 catalysts for synthesis gas conversion. The spatial resolution offered by FIB-

SEM tomography is particularly suitable to image macroporous networks. The 3D 

reconstruction of the tomograms allowed a precise visualization of the internal macropore 



networks in the catalysts, overcoming limitations of alternative Hg intrusion porosimetry 

methods which probe exclusively unconstrained macropores connected to the outer surface of 

the particles. Access to the internal structure of the materials made it possible to identify 

composition ranges for the synthesis gels suitable to prepare catalyst materials with either bi-

modal meso-macroporous or tri-modal meso-macro-macroporous structures. In addition, several 

structural parameters of relevance for molecular diffusion could be quantified by image analysis 

after tomogram segmentation. The skeleton of the macropore system was computed through a 

morphology-preserving thinning algorithm. Macropore connectivities were quantified using an 

algorithm based on the Euler characteristic of the corresponding set of voxels, while a local 

trabecular thickness algorithm was applied on the set of voxels corresponding to the 

mesoporous Al2O3 phase to quantify the diffusion distances for primary reaction products 

through the mesoporous network towards the connected macropores (Fig. 1). 

 

Figure 1: a) SEM micrographs of the outer particle surface, b) cross-sectional SIB-SEM micrographs, c) 

cross-sectional TEM micrographs, d) reconstructed FIB-SEM tomograms, e) 3D contour maps for the 

maximum mesopore transport distance to nearest macropore and f) histograms for the maximum 

mesopore transport distance to nearest macropore for Co-based Fischer-Tropsch catalysts supported on 

hierarchically porous meso-macroporous gamma-Al2O3 carriers. Top three materials obtained through 

soft-templating methods and bottom material synthesized using a hard-templating approach. 

(Unpublished results). 

 

Hard-templating approaches based on directional freeze casting of micromonolithic bodies were 

also explored to synthesize hierarchically porous catalysts for synthesis gas conversion. 



Profiting from the high material compatibility of the synthesis method, which is amenable to 

synthesize not only single-component materials but also bodies with hybrid backbones, catalysts 

were synthesized with hybrid Al2O3/CNT backbones. A honeycomb-shaped and axially oriented 

macroporous architecture was achieved through the use of zirconium acetate as ice growth 

modulator. As revealed by X-ray tomography, coupled to quantitative image analysis (Fig. 2) 

the macrochannel size and wall thickness, but also the extent of axial heterogeneities in 

macropore diameter and spatial orientation, depended on the axial temperature gradient rate 

during casting.  

 

Figure 2: a,c) Surface-rendered 3D reconstructed X-ray tomograms and b,d) local thickness 3D contour 

maps for the macropore diameter for CNT-ZrAlOx micromonoliths freeze cast at cooling rates of -0.5 K 

min-1 (a,b) and -10 K min-1 (c,d). e) Evolution of the volume-averaged macropore diameter and 

macropore wall thickness with the cooling rate applied to freeze cast CNT-ZrAlOx micromonoliths. f) 

Relationship between the volume-averaged macropore diameter and the cooling rate applied during freeze 

casting for CNT-ZrAlOx micromonoliths. Error bars correspond to the standard deviation of the average. 

(Publication 2). 

 

Next, the RuCo/Al2O3 catalysts were tested for the Fischer-Tropsch conversion of synthesis gas 

into synthetic hydrocarbons under industrially relevant reaction conditions. Catalysts 

synthesized on hierarchically porous alumina carriers afforded a much higher olefin-to-paraffin 

ratio than those based on conventional, strictly mesoporous supports (Fig. 3). Moreover, 

research has been performed on promoters to further enhance the selectivity to liquid olefins. 

Optimal promotion conditions were identified, which resulted in higher olefin-to-paraffin ratios 

and selectivities to C5-C10 olefins up to >30% at relevant CO conversion levels of >20%,  

notably while keeping CO2 selectivity <1.5% (carbon basis, unpublished results). Hybrid 

CNT-Al2O3 backbone micromonolith catalysts showed also a high selectivity to liquid olefins, 

owing to the fast evacuation of these primary reaction products from the metal active sites 

through the directional macropore system. Remarkably, the high olefin selectivity could be 

maintained up to higher operation temperatures compared to those catalysts based on all-oxide 



supports, due to a higher effective thermal conductivity which inhibits the development of 

hotspots under industrially relevant operation conditions (Publication 2). 

 

Figure 3. a) Anderson-Schulz-Flory hydrocarbon chain-length distribution plots, and b) olefin-to-paraffin 

molar ratio for hydrocarbon products in the carbon chain length range from C2 to C8, for different Co-

based Fischer-Tropsch catalysts at 463 K. c) Evolution of the metal-specific Fischer-Tropsch reaction rate 

(cobalt-time yield) with the reaction temperature for different Co-based Fischer-Tropsch catalysts. d) 

Olefin-to-paraffin molar ratio for hydrocarbon products in the carbon chain length range from C2 to C8, 

for different Co-based Fischer-Tropsch catalysts at 483 K. WHSV=1.44 gCO gCo
-1

 h
-1

, P=20 bar, 

H2/CO=1.0. 

 

The results illustrate how a multipronged catalyst design, integrating the tuning of hierarchical 

porosities (assisted with 3D imaging and image analysis) and the adjustment of the chemical 

composition at the active site level, enables the single-pass conversion of synthesis gas with 

high selectivity to liquid olefins and essentially no CO2 production (Publications 1 and 4).  

 

6. Collaborations established and potential industrial usage of the results. 

 

In the course of this project, the following scientific cooperations have been established: 

1. With the group of Prof. Axel Lorke (CENIDE, Duisburg-Essen University) in the field of 

FIB-SEM tomography. 

 

2. With the group of Dr. Marco Haummann (Friedrich-Alexander-Universität, Erlangen-

Nürnberg), in the field of catalysts in ionic liquids confined to hierarchically porous hosts. 

 

3. With Dr. Joos (KIT, Karhsruhe) in the area of high-resolution X-ray tomography.  

 

The results of the project bear potential technological interest and thus a patent application has 

been filed (see above, section 4). 


