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Abstract

Additive manufacturing (AM) is a rapidly evolving production method, as evidenced
by the multitude of printing techniques available today and the swift progression from
laboratory-stage processes to market-ready concepts. For many industrial sectors such as
aerospace and medical technology, 3D printing has already become an integral part of
prototype manufacturing. However, in the chemical industry, especially in catalyst man-
ufacturing, the application of AM is still in its early stages. Considering the objective of
developing more resource-efficient chemical processes, 3D printing is gaining increasing
attention as an innovative manufacturing technology. It enables the fabrication of catalyst
geometries that are unattainable using conventional methods. This thesis explores the
potential of the binder jetting (BJ) technology for manufacturing aluminum oxide-based
heterogeneous catalysts.

The first part of the thesis focuses on establishing a reproducible printing process for
the production of Al,O5 supports. The material and process development must meet the
contrasting requirements of a catalyst support, being mechanically stable while provid-
ing high surface area and porosity for subsequent application. Stable test cylinders of
6 mm height and diameter were printed using a compatible combination of transition
alumina powder and a water-based ink with colloidally dispersed boehmite particles.
Polyvinylpyrrolidone in powdered form in the print bed was used as a binder, with its
complete burnout at 600 °C confirmed through TGA and XRD analysis. The significant
decrease in stability after debinding needs to be compensated for by subsequent infiltra-
tion with a 20 wt.% aqueous boehmite slurry, followed by calcination. The 3D-printed
Al,O5 supports can be employed in a chemical reactor considering their range of specific
surface area, porosity, and side crushing strength.

Printed supports were tested as P/Al,O5 catalysts for the dehydrogenation of a liquid
organic hydrogen carrier (perhydro-dibenzyltoluene). Catalysts printed with the direct ink
writing method were used as a comparative system. Both printing methods are suitable
for catalyst fabrication, but the products differ in platinum penetration depth, available
surface area, and porosity. The metal particle size and dispersion are comparable as well as
the catalytic performance in the semi-batch experiment. This underscores the significance

of considering the specific potentials of each printing technique.



The successful elaboration and application of the powder-based printing process for
fabricating support structures provide the groundwork for the further developments of
this concept in the second part of this thesis. Because binder jetting is built upon the
interplay between powder and ink, these constituents can be modified to formulate diverse
strategies for the direct printing of catalysts with an active phase. One strategy involves the
fabrication of Ni-Al catalysts for CO, methanation using co-precipitated Ni-Al powder
for printing. The Ni-Al catalysts with molar Ni/Al ratios ranging from 1/1 to 5/1 exhibit
a comparable phase composition, nickel particle size, and dispersion to unshaped catalyst
powder. Initial methanation tests in a single pellet string reactor demonstrated significant
CO, conversions and CH, yields.

Another strategy for the production of nickel catalysts involves the printing of Ni(NOj),-
laden ink onto Al,O5; powder, thereby constituting a simultaneous impregnation and
shaping process. Device-specific limitations allow for a maximum nickel loading of ap-
proximately 3 wt.%, leading to a high dispersion of nickel. Due to the fine distribution
and resulting small metal particles, the calcination process mainly yields nickel aluminate
spinel with NiO with a ratio of 3:2, as confirmed by XPS, XAS, and XANES. Further-
more, initial CO, methanation tests exhibited catalytic activity in the in-situ impregnated
samples, although the reaction rate was relatively low due to the low nickel loading,
resulting in the primary product being CO.
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Kurzzusammenfassung

Die additive Fertigung ist ein sich rapide entwickelndes Formgebungsverfahren, was
durch die hohe Anzahl an heutzutage verfiigbaren Druckverfahren und der schnellen Pro-
zessentwicklung vom Laborstadium zu marktreifen Konzepten deutlich wird. Fiir viele
Industriebereiche wie der Luft- und Raumfahrt als auch der Medizintechnik ist der 3D-
Druck bereits fester Bestandteil der Prototypenfertigung. In der chemischen Industrie,
besonders im Bereich der Katalysatorherstellung, steht die Anwendung der additiven Fer-
tigung allerdings noch in ihren Anfingen. In Anbetracht des Ziels, ressourcenschonendere
chemische Prozesse zu entwickeln, erregt der 3D-Druck als innovative Fertigungstechno-
logie zunehmendes Interesse. Er ermoglicht die Herstellung von Katalysatorgeometrien,
die mit herkmmlichen Verfahren nicht realisierbar sind. In der vorliegenden Arbeit wird
das Potential des Pulver-Binder-Verfahrens (Binder Jetting (BJ)) fiir die Herstellung von

aluminiumoxid-basierten heterogenen Katalysatoren untersucht.

Im ersten Teil der Arbeit steht die Etablierung eines reproduzierbaren Druckverfahrens
zur Herstellung von Al,O5-Trégern im Fokus. Die Material- und Verfahrensentwicklung
muss die gegensitzlichen Anforderungen an einen Katalysatortriger erfiillen, mechanisch
stabil zu sein und gleichzeitig eine hohe Oberflache bzw. Porositit fiir die nachfolgende
Nutzung bereitzustellen. Stabile Testzylinder wurden gedruckt, indem eine kompatible
Kombination aus Ubergangsaluminiumoxidpulver und einer wasserbasierten Tinte mit
kolloidal dispergierten Bohmitpartikeln entwickelt wurde. Als Binder dient Polyvinyl-
pyrrolidon in Pulverform im Druckbett, dessen vollstindiger Ausbrand bei 600 °C mittels
TGA und XRD-Analyse bestitigt wurde. Die signifikante Stabilititsabnahme nach dem
Entbindern muss durch nachtrdgliches Infiltrieren mit einer 20 wt.% wéssrigen Bohmit-
Slurry und anschliefendem Kalzinieren ausgeglichen werden. Die 3D-gedruckten Al,O5-
Trager konnen hinsichtlich des Groenbereich der spezifischen Oberfldche, Porositit und
Seitendruckfestigkeit in einem chemischen Reaktor verwendet werden.

Gedruckte Trager wurden als Pt/Al,O5-Katalysatoren fiir die Dehydrierung eines fliissi-
gen organischen Wasserstofftrigers (Perhydro-Dibenzyltoluol) getestet. Als Vergleichs-
system wurden Katalysatoren, die mit dem Direct Ink Writing-Verfahren hergestellt wur-
den, herangezogen. Beide Druckmethoden sind fiir die Herstellung geeignet, unterschei-

den sich jedoch in der Eindringtiefe des Platins, nutzbaren Oberflache und Porositit.
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Die Metallpartikelgroe und -dispersion sind vergleichbar, ebenso die katalytische Per-
formance im Semibatch-Versuch. Dadurch wird die Relevanz deutlich, die spezifischen

Potentiale der einzelnen Druckverfahren zu beriicksichtigen.

Die erfolgreiche Ausarbeitung und Anwendung des pulverbasierten Druckverfahrens fiir
das Drucken von Trédgerstrukturen bietet die Grundlage fiir die Weiterentwicklungen die-
ses Konzepts im zweiten Teil dieser Arbeit. Dadurch, dass BJ auf dem Zusammenspiel
zwischen Pulver und Tinte aufbaut, konnen diese Bestandteile modifiziert werden, um
unterschiedliche Strategien fiir das direkte Verdrucken von Katalysatoren mit aktiver
Phase auszuarbeiten. Eine Strategie beinhaltet die Herstellung von Ni-Al-Katalysatoren
fiir die CO,-Methanisierung, indem fiir das Drucken ko-gefilltes Ni-Al-Pulver verwendet
wird. Die Ni-Al Katalysatoren mit molaren Ni/Al-Verhéltnissen zwischen 1/1 und 5/1
weisen eine vergleichbare Phasenzusammensetzung, NickelpartikelgroBe, Dispersion auf
wie ungeformtes Katalysatorpulver. Erste Methanisierungstests in einem Single Pellet
String-Reaktor zeigten deutliche CO,-Umsitze und CH,-Ausbeuten.

Eine weitere Strategie fiir die Fertigung von Nickelkatalysatoren beinhaltet das Verdru-
cken von Ni(NOj),-haltiger Tinte auf Al,O5-Pulver, wodurch das Verfahren ein simul-
tanes Imprignier- und Formgebungsverfahren darstellt. Geritespezifische Limitierungen
lassen eine maximale Nickelbeldaung von ca. 3 wt.% zu, was zu einer hohen Nickeldi-
spersion fiihrt. Durch die feine Verteilung und dadurch kleinen Metallpartikel entsteht
infolge des Kalzinierprozesses hauptsichlich spinellférmiges Nickelaluminat mit NiO im
Verhiltnis 3:2, was durch XPS, XAS und XANES besitigt wird. Des Weiteren ergaben
erste CO,-Methanisierungstests eine katalytische Aktivitét der in situ-imprégnierten Pro-
ben, wenngleich die Reaktionsgeschwindigkeit aufgrund der niedrigen Nickelbeladung
relativ gering war und als Hauptprodukt CO entstand.
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1 Introduction

1.1 Motivation

Achieving the ideal geometric design of a reactor packing is essential to ensure effective
external mass and heat transfer, particularly for exothermal reactions. This envolves min-
imizing pressure loss, short diffusion paths inside the catalyst particle and the availability
of active sites for sufficient reactant conversion. Furthermore, these parameters directly
correlate with the size of a pellet, specific surface area, pore size distribution, voidage
and abrasion resistance of the ceramic material [1, 2]. Therefore, a plethora of studies,
particularly fluid dynamic simulations, have covered the influence of catalyst shape in
packed beds [3, 4]. Scientific research has notably explored the effect of catalyst shape
on systems for methane steam reforming [5-7], hydrolysis of COS and CS, in a Claus
converter [8], natural gas reforming [9], &rﬁal oxidation of methanol [4] or Fischer-
Tropsch synthesis for hydrocarbons production from synthesis gas [10]. The examined ge-
ometries encompassed simple cylinders, spheres, hollow cylinders, trilobes, quadrilobes,
daisy shaped bodies, multi-channel cylinders, multi-channel cubes and monoliths with
varying channel geometry. Consensus is evident across all the aforementioned studies,
indicating that variation of the catalyst geometry significantly affects the overall perfor-
mance of a reactor. The conventional methods for shaping catalysts include pelleting,
granulation, and extrusion. [11, 12]. Although these methods are well-developed, they
generate relatively basic forms that are predominantly modified versions of the standard
cylinder or spherical shapes. Therefore, additive manufacturing (AM) of catalysts or their
support could unlock new possibilities in the shaping of packings in fixed bed reactors for

improved catalytic performance [13].

Additive Manufacturing stands as a pivotal element within the latest industrial revolution,
known as Industry 4.0, which unites advanced manufacturing techniques with innovative
information technology to revolutionize industrial processes and systems. Within this
transformative landscape, AM introduces invaluable components that have the potential to

greatly elevate chemical process design, spanning material science, process optimization,
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and innovative design methodologies [14, 15]. Nowadays, chemical science and engi-
neering must face challenges regarding process and reactor design in order to transition
to more sustainable production. The relevance of 3D printing for structured catalysts
emerges from the perspective of advanced manufacturing. This approach enables the
creation of intricate custom shapes, leading to the optimization of various factors such as
pressure drop, heat and mass transfer capabilities, fluid and particle movement dynamics,
along with reaction thermodynamics. Hence, through the utilization of AM, it becomes
possible to rapidly manipulate and tailor catalyst performance, reactor design, and overall
efficiency to align precisely with the requirements of individual chemical systems [16,
17].

1.2 Outline

This work focuses on the utilization of the BJ AM technology to generate active, alumina-
based heterogeneous catalysts. Incorporation of active material at different process stages
during or after the printing process enables varying catalyst distributions and therefore

catalytic properties.

 Chapter 2 introduces the theoretical background, fundamentals and state of the art

on additive manufacturing in the context of heterogeneous catalysis.

» Chapter 3 describes the basic principles of catalyst synthesis and characterization

techniques used in this work.

 Chapter 4 focuses on the development of a fundamental AM strategy using binder
jetting which generates porous alumina catalyst supports for heterogeneous catal-
ysis. The presented 3D printing process steps provide the foundation on which the

upcoming BJ catalyst printing strategies are based on.

This chapter is based on: H. M. Bui, R. Fischer, N. Szesni, M. Tonigold, K. Achter-
hold, F. Pfeiffer, O. Hinrichsen, "Development of a Manufacturing Process for
Binder Jet 3D Printed Porous Al,O5 Supports Used in Heterogeneous Catalysis",
Additive Manufacturing, 2021, 50, 102498, DOI: 10.1016/j.addma.2021.102498.

* Chapter 5 compares the two AM techniques direct ink writing (DIW) and binder
jetting (BJ) regarding their advantages and drawbacks for the preparation of wet im-
pregnated Pt/Al, O catalysts for the dehydrogenation of perhydro-dibenzyltoluene,

a liquid organic hydrogen carrier (LOHC). Catalyst characterization and catalytic


https://www.sciencedirect.com/science/article/abs/pii/S221486042100645X
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testing in a semi-batch reactor setup revealed differing physicochemical properties
due to 3D printing while the Pt productivities are similar for both DIW and BJ.

This chapter is based on: H. M. Bui, P. F. GroBmann, A. Berger, A. Seidel, M.
Tonigold, N. Szesni, R. Fischer, B. Rieger, O. Hinrichsen, "Comparison of Direct
Ink Writing and Binder Jetting for additive manufacturing of Pt/Al,O5 catalysts for
the dehydrogenation of perhydro-dibenzyltoluene", Chemical Engineering Journal,
2023, 141361, DOI: 10.1016/j.cej.2023.141361.

Chapter 6 investigates the fabrication of spherical nickel catalysts by admixing of
co-precipitated Ni-Al precursor to the alumina powder bed. Thorough characteri-
zation reveals similar catalyst properties compared to conventional Ni-Al catalysts
as well as significant CO, conversion and CH, selectivity during CO, methanation

tests in a single pellet string reactor (SPSR).

This chapter is based on: H. M. Bui, P. F. Gromann, T. Gros, M. Blum, A. Berger,
R. Fischer, N. Szesni, M. Tonigold, O. Hinrichsen, "3D Printed Co-Precipitated
Ni-Al CO, Methanation Catalysts by Binder Jetting: Fabrication, Characterization
and Test in a Single Pellet String Reactor", Applied Catalysis A: General, 2022,
118760, DOI: 10.1016/j.apcata.2022.118760.

Chapter 7 focuses on the preparation and characterization of Ni/Al,O5 catalysts
by BJ whgre the Ni precursor Ni(NO;), -6 (H,O) is incorporated into the aqueous
printing liquid, facilitating simultaneous impregnation and shaping of catalysts by
3D printing. Comparison with conventional wet impregnated Ni/Al,O catalysts
reveals the presence of different Ni species depending on the preparation method

and respective post-processing.

This chapter is based on: H. M. Bui, T. Kratky, I. Lee, R. Khare, M. Hiller, S. Wedig,
S. Giinther, O. Hinrichsen, "In situ impregnated Ni/Al,O5 catalysts prepared by

binder jet 3D printing using nickel nitrate-containing ink", Catalysis Communica-
tions, 2023, 106738, DOI: 10.1016/j.catcom.2023.106738.


https://www.sciencedirect.com/science/article/pii/S138589472300092X
https://www.sciencedirect.com/science/article/abs/pii/S0926860X22002836
https://www.sciencedirect.com/science/article/abs/pii/S221486042100645X




2 Theoretical and Technological
Background

2.1 Additive Manufacturing

In contrast to subtractive and formative manufacturing methods, additive manufacturing
is based on a layer-wise building principle which slices an object is into layers. Fig.
2.1 visualizes the general AM concept scheme which is universally valid for all of the
numerous additive manufacturing techniques. The basic principle of AM is the creation

of a physical three-dimensional model by direct conversion of computer-aided design
(CAD) data [18].

D
" (s)-[ll:l — Virtual level

STP : :
Generation of mathematical

SR R [ e omaion

CAD model Export to 3D file Slicing
I

! —— @ Real level
Production of
— — :
physical part
z
. Part removal

b (+ Post-processing)
Additive manufacturing

Finished part

Figure 2.1: General concept of additive manufacturing, adapted from [18].

Firstly, a virtual model is created by 3D CAD. Subsequently, the designed model is ex-
ported in order to obtain a STL (standard triangle language/standard tesselation language
[19]) data set of the part surface which is approximated by triangles. The mathematical
generation of layers (of equal thickness) is called slicing. The STL file is then transferred
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to the printer together with information regarding tool path generation, machine parame-
ters, part orientation, size, etc. The aforementioned process steps on the virtual level are
the basis for the AM process. On the real level, the sliced model is physically printed
by joining single cross sections in the xy-plane with the preceding one in z-direction.
After part removal from the print bed after finishing the print job, post-processing, which
comprises any processing steps necessary to obtain a functional part after printing, might
be executed. Possible post-processing steps include infiltration, support removal, surface
smoothing, coating, painting, sanding, thermal treatment, etc., depending on the used
printing technique and the requirements of the technical application. If no more finishing

steps are necessary, the 3D printing process is complete.

Since Chuck Hull patented the first 3D printing technology called stereolithography in
1986 [20], 100 different AM machines working with significantly varying fusing mech-
anisms have been developed and introduced to the market [18]. Fig. 2.2 classifies the
most relevant AM technologies according to their used starting material and layer fusing

mechanism. The entirety of the machines presented in Fig. 2.2 will not be detailed in
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2.1 Additive Manufacturing

this work. Whether the material feedstock is solid, powdery or liquid, affects how the
single layers can be stacked onto each other and connected. Ludwig et al. evaluated
the applicability of four different AM techniques for the preparation of Al,O; carriers
with elevated BET surface area [21]. They identified that stereolithography (SLA), fused
filament fabrication (FFF), direct ink writing (DIW) as well as binder jetting (BJ) are suit-
able for catalyst manufacturing and can possibly generate bodies with high porosity (thus
high surface area) and mechanical robustness simultaneously. SLA printers selectively
polymerize monomeric liquid precursor layer by layer. The extrusion-based FFF contin-
uously presses a strand of heated thermoplastic material through one or more nozzles and
deposits it in a defined path onto the printing platform. In contrast to FFF, DIW involves
the extrusion of pastes made from materials such as metals, composites, and ceramics
without a temperature-induced phase transition. Since the focus of this work lies on the

usage of BJ, chapter 2.1.1 thoroughly details its functional principle.

2.1.1 Binder Jetting Technology

In order to satisfy the demand for robust as well as porous catalyst particles, binder jetting
is a possible 3D printing method according to Ludwig et al. [21]. Since parts emerge from
a powder bed made of loosely cumulated particles, inherently porous particles are gener-
ated with this printing method in comparison to other AM methods. A bed of granules or

powder is provided which is exposed to an inkjet printhead. The particles are selectively

Inkjet print head

~ Excess powder
Leveling roller container

Powder bed

Powder feed supply

Build piston

Powder feed piston

Figure 2.3: Main components of a binder jetting printer.

conglutinated with a liquid binder which is ejected from the printhead in fine droplets that
penetrate and simultaneously spread into the powder bed, see Fig. 2.4. After ink depo-
sition, a new powder layer is spread over the preceding one. After layer-wise repetition
of the aforementioned steps, a powder bed containing the component arises. Thus, no
support structures are necessary as the loose powder surrounding the bound part supports
the component, facilitating printing of relatively complex structures. After printing and

curing of the binder, if required, the green part must be separated from the surrounding
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Imbibition Drainage Equilibrium

Figure 2.4: Binder penetration steps into the powder bed.

powder. The binder which holds together the green part is fully removed in a debinding
step which completely burns off all organic and volatile compounds in the binder. Due
to the inherent fragility of BJ printed objects induced by a greater amount porosity in
contrast to other 3D printing techniques, post-processing by thermal treatment (sintering)
and/or infiltration is often necessary to establish sufficient mechanical strength.

Powder properties Relevant powder properties are the particle size distribution, sur-
face area and porosity which affect the powder flowability, powder bed density and
spreadability. It was investigated that smaller powder particles facilitate the expansion of
ink droplets due to smaller interparticle voids, leading to a decreased geometrical accuracy
[22]. In general, the usage of smaller particles leads to a increased surface quality of
the component, however, at the expense of powder flowability. Larger voids generated
by larger powder particles facilitate vertical liquid penetration into the powder bed by

increased powder bed permeability [23].

Ink properties Ink characteristics are affected by a set of physical parameters, such
as the viscosity, surface tension and liquid density. The ink formulation influences the
processibility by the printhead and must be adjusted accordingly when new materials
are used for binder jet printing. A set of dimensionless numbers containing the Reynolds
number Re, the Weber number We and the Ohnesorge number Oh describes the ejectability
of a droplet [24]:
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2.1 Additive Manufacturing

u, p, I, n, o are the mean jetting velocity, ink density, characteristic length (in most
cases the drop diameter), dynamic viscosity, and surface tension, respectively. The inverse
Oh number is defined as Z. Fig. 2.5 plots the Weber number vs. Reynolds number and
visualizes the regimes of droplet behavior valid for drop-on-demand inkjet printheads.
Reis and Derby performed numerical simulations of drop formation and proposed that for
10 > Z > 1 stable formation is possible, whereas at low values of Z, ink viscoisity is too

high and prevents drop generation by viscous dissipation [25]. Fig. 2.5 furthermore illus-
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Figure 2.5: Regimes of droplet ejectability for a drop on demand printhead,
adapted from [26].

trates that at high Z values (Z > 10) the main drop ejected from the nozzle is accompanied
by smaller satellite drops, resulting in a decreased feature resolution. Moreover, a region
exists where due to a too low We number, the energy provided is insufficient to form a

drop.

Powder-ink interaction Ultimately, the interaction between the ink (or binder) and
the powder determines the final accuracy and mechanical strength of the green part. The
ability of the ink to penetrate and wet the powder bed in terms of binder penetration time
and depth defines relevant printer parameters such as the minimal layer thickness which
is related to the binder saturation, see Eq. 2.5:

Total amount of binder

Binder saturation = . (2.5
Total pore volume

An excess amount of binder leads to bleeding of the ink into the surrounding powder,

leading to dimensional inaccuracy, while insufficient amounts of ink causes weak layer
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cohesion. Binder jetting requires an optimum interaction between the powder and binder
in order to form a workable part for further processing. Methods to investigate the pen-
etration characteristics are by sessile drop goniometry [27, 28], X-ray imaging [29] or

prediction of the spreading behavior by numerical simulations [30, 31].

2.2 Additive Manufacturing and Catalysis

The continuous increase in detailed comprehension of chemical reactions and further
development of large-scale chemical processes is depicted by the timeline in Fig. 2.2
which illustrates several crucial milestones in catalysis. The end of the 19th century until
the 1920s was marked by the birth of industrial catalysis facilitating the production of
basic, bulk inorganic chemicals such as HZSO4, NH3 and HNO3 for the first time [32,
33]. The emerging transportation industry in the ongoing 20th century drove the need for

Steam reforming

NH3; synthesis Industry 4.0
Berzelius Van't Hoff Langmuir| poc HDS AM & catalysis
1800 1850 ‘ 1900 ‘ 1950 ‘ 2J00
‘ |
MTO
Le Chatelier

Hinshelwood

Fischer Tropsch

Figure 2.6: Temporal evolution and milestones of heterogeneous catalysis.

refined petroleum products so that catalytic fuel processes such as the Fischer-Tropsch
process, steam reforming, catalytic cracking (and fluid catalytic cracking (FCC)) pro-
duced highly needed fuel feedstock [33]. From the 1960s and still ongoing, environmental
(emission) catalysis gains relevance due to awareness of air-born pollutants, resulting in
vehicle and stationary engine emission control (hydrodesulfurization (HDS), (Pd) three-
way catalyst, NO, reduction). Considering the current concerns regarding environmental
protection, "green chemistry" will continuously matter and pose new challenges, e.g. new
catalysts and reactor technologies for the synthesis of clean fuel components, further
sulfur reduction, reduction of heavy metals from crude oil by (bio-)demetalization, green

H, production etc. [ﬁ].
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Figure 2.7: Development of number of scientific publications and citations for the
combined topics of additive manufacturing and catalysis over time (Source: Web of
Science [39]).

Since the early 2010s, the term "Industry 4.0" introduces the fourth industrial revolution
which encourages the integration of intelligent production systems for enhanced manu-
facturing efficiency and performance, design flexibility and innovation [14, 35]. Additive
manufacturing is an essential element of Industry 4.0 to achieve these goals. While the au-
tomotive, aerospace, biomedical industries have quickly adopted AM to reap the benefits
of the new manufacturing possibilities [36-38], the chemical industry lags behind due to
lack of agility and adaptability [16]. Nevertheless, in the last decade, the combination of
AM and heterogeneous catalysis has attracted significant interest which is manifested in
the exponential increase in number of scientific publications addressing the combined
topics using search key words such as "additive manufacturing”, "3D printing", and
"catalysis", see Fig. 2.7. The increasing number of published and cited papers emphasizes
the growing effort to improve existing catalytic processes using innovative methods and

establishing AM as a means to facilitate more sustainable chemical engineering [16].

2.2.1 State of the Art in Catalyst 3D Printing

The overall challenge underlying the printing of heterogeneous catalysts is the mainte-
nance of the catalyst particle structure during material preparation to prevent decompo-
sition of the active species as well as maintenance of physicochemical properties such
as the pore structure and the specific surface area. Simultaneously, adequate mechanical
and thermal stability for usage of printed catalyst particles in a chemical reactor must
be ensured. Therefore, feedstock preparation and post-processing steps necessary can

11
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vary drastically depending on the additive manufacturing technique applied for catalyst
printing. Although basic processing material processing and post-processing steps can
be derived from conventional ceramic 3D printing, differing material requirements for

catalysts demand for modification of existing manufacturing protocols.

In recent years, numerous reviews on the application of 3D printing in catalysis or
chemistry in general have been published. Most of them provide an overview and a
classification of currently used AM techniques for catalytic purposes [40—45]. Current
perspectives on (catalytic) process intensification by 3D printing are addressed with re-
views by Rosseau et al. [46], McDonough [47], Bracconi [15] and Lawson et al. [48]. Li
et al. [49] reviewed 3D printed photocatalytic materials, Alimi et al. assessed future trends
of AM for catalysts and other applications in chemistry [50], and Maleki and Bertola [51]
present recent advances of inkjet printing for heterogeneous catalysis.

Table 2.1 presents an exhaustive overview of existing scientific studies regarding 3D
printing of catalysts, therefore describing the current possibilities using AM in hetero-
geneous catalysis. First of all, the printing strategies are divided into direct and indirect
printing methods. The former method uses the catalyst precursor material as printing
feedstock straight away, whereas the latter method uses a polymer 3D printer to generate
a sacrificial template which is subsequently filled with liquid or pasty support material.
In almost all cases, catalysts with an alumina support were prepared [17, 52-57]. The
polymer mold must be removed completely in the end. Since the indirect printing strategy
does not require any further AM process development die to usage of a conventional
polymer printer, the direct printing method poses significant challenges in respect to raw
material requirements and adaptation of the used AM technique for catalytic purposes.
Hence, this work will focus on direct 3D printing strategies. Table 2.1 divides printed
catalysts into different types of support. Metal monoliths are printed by direct metal laser
sintering (DMLS) [58-60] or extrusion-based direct ink writing (DIW, also known as
Robocasting) [61, 62] and mostly washcoated with the active component. The resulting
specimens are especially attractive for catalytic exhaust gas after-treatment applications.
Zeolite catalysts were prepared by DIW using zeolite-containing pastes (e.g. ZSM-5)
[63—66] or stereolithography (SLA) where a resin support was printed which was dip
coated in CuO/CeO, [67]. Numerous studies fabricated metal oxide-supported catalysts.
Al,O5-supported structures were most commonly printed, such as Ni/Al,O5 for CO,
methanation [68], Pd—Pt/Ale3 [69] and Rh/CeOz/Ale3 [70] for CH4 oxidation, and
other catalysts_ystems for Variousjlpplications [71-73]. Cogerning the direct additive
manufacturing of metal oxide-supported catalysts, exclusively DIW was put to use. DIW
generates three-dimensional objects by layer-wise extrusion of a viscoelastic ink through a
deposition nozzle. Due to its ability to fabricate relatively complex structures and process
a wide range and mixture of material classes as long as the precursor ink exhibits ade-

quate rheological properties (e.g. loss and elastic moduli) [74], it is plausible that DIW

12



2.2 Additive Manufacturing and Catalysis

garners attention for the manufacturing of monolithic catalyst structures. Additionally,
DIW emerged as a printing method for intricate ceramic structures, first patented in
1997 by Cesarano and Calvert [75, 76], so that particular suitability for processing of
ceramic/metal oxide feedstock is provided. Chen et al. just recently presented the current
progresses of DIW for mass transfer improvement in gas-phase adsorption and catalysis
[77] and GroBmann et al. investigated the effect of the surface-to-volume ratio on the

wet impregnation of DIW printed Pt/Al,O5 monoliths [78], indicating the development

process of catalyst printing evolving from feasibility studies to exhaustive parameter
studies on the effects on mass and heat transfer.

13
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Table 2.1: Literature research of the state of the art on additive manufacturing of

heterogeneous catalysts.

Support Printing technique Printed structure Catalyst Reaction Reference
DIW cordierite monolith BaMnZAI]OO 19 /Y—AIZO3 CH, combustion [71]
Q DIW Cordierite/o—Al, 05 monolith Pt/y-Al, 05 washcoat CO oxidation [172]
§ DIW Monolith Cu/Al,O4 Ullmann reactions [173]
8 DIW Monolith Ni/Al,O4 CO, methanation [168]
> DIW SiO, monolith Pd/SiO, 1,2,3-triazoles assembly [[79]
-—5 DIW Cordierite monolith Doped Pd—Pt/A1203 / HY washcoat CH, oxidation [169]
% DIW CeO,, A1203 monolith Rh/CeOz/A1203 Partial CH, oxidation [[70]
D DIW TiO, monlith / Au/TiO, monolith ~ Au/TiO, H, photoproduction [180]
= DIW Fe/SiC monolith Fe/SiC Wet peroxide oxidation [181] =
DIW a—Al,O5 monolith a-Al, 05 Biginelli and Hantzsch reactions  [82] g
DIW Cu monolith N i/Ale3 washcoat CO, methanation [61] j;:;
= DMLS Stainless steel monolith Ni/CeO,~ZrO, washcoat CH, dry reforming [158] 2
g DMLS Al monolith Pt NO oxidation 1591 a)
= DIW Ti6Al4V monolith Fe-ZSM-5 N, O decomposition 62]
DMLS Stainless steel monolith Cu/Zn/AlV/Zrx MeOH steam reforming 60]
DIW Monolith ZSM-5 MTO 63]
5 DIW HZSM-5, HY monolith SAPO-34 n-hexane cracking 64]
53 DIW (Doped) ZSM-5 monolith doped ZSM-5 MTO 65]
DIW Carbon monolith NiMo/C CO hydrogenation 66]
SLA Polymer resin monolith CuO/CeO, Preferential CO oxidation 67]
2 FFF PLA template Al,O4 Tar hydroconversion [152] %0
8 DLP Polymeric resin template Mn/Al, 04 Oxidative coupling of CH4 [153] =
'2, SLA Polymeric resin template CuO/CeOZ/cordierite CO oxidation [154] oy
é DLP Polymeric resin template Mn-Na, WO,/Al, 05 Oxidative coupling of CH, [155] g
2 FFF PLA templates Ni-Al,0,/C Syngas methanation [[17] g
< FFF PLA template Pd/y-Al, 04 Cross-coupling ractions [156, |57] =

punoisSyorg [eo1S0[0UYIJ], pUL [BOIQIOY], T
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2.3 Macroscopic Catalyst Design

A multitude of parameters must be accounted for regarding heterogeneous catalytic reac-
tor operation in order to achieve optimized reactor performance, e.g. cooling temperature,
reactor dimension, feed composition, heat exchange area etc. In addition to the afore-
mentioned variables, catalyst design including the morphology (size, shape, active phase
distribution) must be considered prior to reactor design. In academia, research catalysts in
form of fine powder are normally used in order to ensure good accessibility of active sites
and to avoid heat and mass transfer limitations. However, in industrial reactors, shaped
catalyst pellets or structured (monolithic) catalyst packings are used. Different catalyst
shapes can be ranked according to their pressure drop: Monolith < rings < pellets < extru-
dates < powders [12]. The shaping process is a compromise between the minimization of
pore diffusion effects (small particles) and pressure drop along the catalyst packing (large
particles) [83]. Moreover, technical catalysts should reproduce the performance achieved
under laboratory conditions and additionally provide mechanical and chemical stability

for implementation in industrial catalytic reactors.

2.3.1 Conventional Catalyst Shaping

The two main catalyst manufacturing method for supported catalysts are (co-)precipitation
and impregnation. Oftentimes, more attention is attributed to the chemical composition of
a catalyst. Nevertheless, the size and shape of a catalyst are decisive for the avoidance
of internal and external mass transport limitations and for heat transfer. Furthermore,
surface area, stability towards heat, poisons, variable process conditions and the mechan-
ical robustness are critically affected by catalyst forming [11, 84]. The industrially most
commonly used methods to shape precipitates or support material are pelleting, extrusion
and granulation. Table 2.2 summarizes the particle sizes producible by each method and

the main properties of their output.

Pelleting generates relatively dense and therefore mechanically robust cylindrical shapes
by compression of dry and free-flowing catalyst powder in a die with a force of 50 to
80kN. Liquid or solid additives to improve compaction, lubrication or to prevent dust
formation can be introduced simultaneously, e.g. water, graphite, talc or waxes [11]. An
inexpensive material such as clay is often added as binder. In case migration of sodium
from the clay into the catalyst (or ion exchange with other alkali metals in the catalyst)
at increased reactor temperature is undesired, alternative binders such as hydrated or

hydroxide forms of alumina or silica-alumina can be used [83].
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2 Theoretical and Technological Background

Table 2.2: The three most commonly used industrial catalyst shaping methods [83—85].

Shaping method Size Properties

Cylindrical, simple shapes
Pelleting 3—-15mm High mechanical strength
Porosity (< 30 %) and pore texture hardly controllable

Broader variety of cylindrical, longer shapes
Extrusion 1-30mm Larger external surface area than by pelleting
Flexible porosity (30-60 %)

Only spherical shapes

Granulation 1=20mm Lower crushing strength than by pelleting/extrusion

A suspension or paste with a high solid content is passed through a profiled die when
catalysts are shaped by extrusion, the most economic and commonly used forming
method for catalysts. The emerging ribbon is either cut to size directly after extrusion
or dried and then broken into pieces of adequate length [84]. Thermal treatment in form
of calcination or firing transforms the binder to strong, porous matrices of oxidic particles
or/and is necessary to burn off organic additives. Since the paste’s rheological properties
play an important role for the final part stability, shaping agents are added. Besides the
aforementioned binders, HNO; and citric acid are admixed to deagglomerate particles.
Moreover, porogens such as carbon black and differently shaped or sized starch (corn,
rice) generates interparticle porosity [85].

Granulation is a size enlargement process which creates roughly spherical catalyst par-
ticles. Dry powder is tumbled together with a cohesive liquid binder which is sprayed on
in a rotating disc, drum or pan. The granules grow by continued contacting similar to a
rolling snowball and eventually reach an equilibrium particle size [86]. Particle size and

texture are controlled by the process parameters granulation time, inclination angle of the

equipment, stirring speed, type and concentration of binder [85].

2.3.2 Active Phase Distribution in Catalyst Pellets

The macroscopic distribution of the active phase within a catalyst pellet influences the
catalytic performance as well as reactor design. The Thiele modulus is used to estimate

the degree of mass transfer limitations in such a catalyst pellet

Y [k

= (2.6)
Ap \| Deft

¢
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where Vj, is the pellet volume, Ay is the external surface area of the pellet, & is the rate
constant of the first order reaction and D¢ denotes the effective diffusion coefficient.
Depending on the reaction rate, reaction network (elementary, parallel, consecutive),
intraparticle diffusion characteristics or thermal conditions, different metal distributions
are preferred, as visualized in Fig. 2.8. A homogeneous catalyst distribution (Fig. 2.8a) is
preferential for simple, reversible and relatively slow reactions in the absence of diffusion
limitations under isothermal conditions where the reactant is given sufficient time to
diffuse to the active sites [87, 88] and the risk of thermal runaway is low. Roth and
Reichard [89] reported that an uniform Pt distribution on Al,O5 improves activity of
the dehydr(genation reaction of n-dodecane to linear dodecenes in comparison to an egg-
shell distribution. When dealing with large ¢ (fast reaction, diffusional control), high

(a) Uniform. (b) Egg-shell. (c) Egg-white. (d) Egg-yolk.

Figure 2.8: Different active phase distributions across a spherical catalyst pellet.

catalyst prices or when the intermediate product of a consecutive reaction is desired, an
outer distribution (egg-shell, see Fig. 2.8b) is favorable to minimize diffusion resistance
under absence of selectivity and poisoning considerations, as outlined by multiple studies
[90-95]. An egg-white distribution (Fig. 2.8¢c) might be useful if the pellet material is
either prone to attrition or intrapellet diffusion resistances lead to unfavorable stability
characteristics such as isothermal multiplicities, as investigated by Kunimori et al. for the
CO oxidation over Pt/Al, 05 [96, 97]. If diffusion-limited poisoning occurs in the outer
layers of the pellet, the active c?mI;nent may be deposited into the inner layer (egg-yolk
distribution, see Fig. 2.8d) so that the inert outer support layer can adsorb the catalyst
poison. Fig. 2.9 presents a chart of the preferred active phase distribution based on the

Thiele moduli of the main reaction @, and of the poisoning reaction Pppison-

Varying activity profiles within a catalyst pellet are generated either during shaping or
applied on the already shaped support. Deposition of metals on pre-formed carriers is
typically achieved by impregnation methods. The adsorption kinetics of the metal precur-
sor on the support depends on their physical and/or chemical interaction, affected by the
pH of the impregnation solution [98], isoelectric point [99] of the support surface, salt
solution viscosity [100] or usage of additives such as surfactants [101]. Further prepara-
tion conditions such as the type of impregnation (capillary/diffusional/melt impregnation
[102-104]), contact time between support and metal salt solution [105, 106], aging time
and drying conditions [104, 107] affect the final penetration depth and metal coverage.
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Figure 2.9: Catalyst selection in dependence of the Thiele moduli of the main reaction
®main and of the poisoning reaction @poison Where the critierion is the longest catalyst life
(effectiveness factor n > 0.4). Based on Becker and Wei [90].

The numerous studies regarding control of the active phase distribution indicate that
precise catalyst immobilization presents a challenge. Hence, additive manufacturing poses
a profoundly different catalyst preparation strategy concerning the targeted distribution of
catalyst precursor compared to the aforementioned traditional impregnation methods by
offering alternative pathways for metal deposition.

2.4 Investigated Catalytic Reactions

Binder jetting was used to manufacture heterogeneous catalyst geometries for use in
various chemical reactions. Nickel catalysts were fabricated for the CO, methanation
and Pt/Al,O5 catalysts were printed for the hydrogen release reaction of liquid organic
hydrogen carriers (LOHC).

2.4.1 COX Methanation

Current environmental challenges such as increasing energy consumption and resulting
depletion of fossil fuels accompanied by global warming call for economically viable
solutions for the utilization of renewable energy. However, the inherent intermittency
and uneven geographical distribution of renewably generated power requires efficient

and cost-effective storage and transportation of surplus energy. Power-to-gas (PtG) is
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one strategy to convert excess electricity (power) from renewable sources into chemical
energy (gas) by decentralized sector-coupling. Fig. 2.10 gives a schematic overview of
the PtG concept. Water is decomposed into hydrogen and oxygen via electrolysis of water
using the excess renewable elctricity which preferably stems from wind-, hydro- or solar
power plants. The produced green hydrogen is converted to methane in a methanation
reactor together with carbon dioxide which is harvested from biomass, biogas or industrial

CO, waste streams or even carbon air capture. The product gas methane is injected
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Figure 2.10: Schematic overview of the power-to-gas concept.

into the existing gas distribution infrastructure and used in the industrial, transportation,
commercial and residential sector as a source for heat, fuel and material feedstock for the
chemical industry. Thus, the PtG concept can provide a pathway to balance the energy
supply-demand equation.

The effectiveness of a PtG plant depends heavily on the efficiency of the methanation
process. The CO, methanation process, also known as the Sabatier reaction [108], is
described by the CO methanation R1 and CO, methanation R2, which is a linear combi-
nation of R1 and the reverse watergls shift reaction R3: o

kJ

CO+3H, == CH, +H,0 ARH® =-206.3 — (R1)
mo
kJ

CO, +4H, == CH, +2H,0 ARH® =-165.1 — (R2)
mo
kJ

CO+H,0 — CO, +H, ARH® =412 — (R3)
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Thermodynamically, CO as well as CO, methanation are exothermic and volume con-
tracting reactions. Therefore, elevated pressures and low temperatures generally favor
the production of the product gas methane. The typical temperature ranges from 200 to
400 °C. Above 500 °C carbon deposition and mechanical destabilization of the catalyst
take place [109]. Ultimately, the optimum operating conditions to achieve the highest
possible conversion of carbon oxides, CH, selectivity and yield and low carbon deposition
depend on the combination of feed gas composition (H,/CO, H,/CO, ratio) [110], inital
CH, concentration in the gas mixture [109], temperature, pressure, gas ho?ly space
velocity (GHSV) [111] and type of catalyst used.

Methanation Catalysts During the last 50 years, a plethora of catalytically active
materials have been screened for application in CO, methanation [112, 113]. Ru is the
most active and selective noble metal at low loadings and temperaturﬁe?its ability to
dissociate H, effectively. Furthermore, Rh and Pd are other thoroughly investigated noble
metals for CO, methanation. Among the non-noble metals, Ni is the most widely investi-
gated one due to its availability, low price and satisfactory catalytic performance although
higher reaction temperatures are necessary compared to noble metal catalysts. Combined
with the considerable exothermicity of the methanation reactions R1 and R2, Ni particles
are prone to sintering and agglomeration coupled with catalyst deactivation and activity
loss [114, 115]. Alternatively, Co is the most active group VIII metal [116-118]. More-
over, Fe-based catalysts pose a lower toxicological concern than nickel and are more eco-
nomically convenient [119]. Notwithstanding the various investigated metals, the catalyst
performance also strongly depends on the properties of the support material. Common
supports for the aforementioned metal particles are A1203, zeolites, TiOz, SiOz, CeO,,
Zr0,, Ce-Zr0O, [120-122]. Gac et al. investigated the effect of support composition on
Ni catalysts for Camganation and revealed that reducibility, active metal surface area
sintering resistance as well as the CO, conversion are influenced by the type of support
[123]. Lastly, hydrotalcite-derived catalysts promise a combination of high metal loading
as well as dispersion while being less prone to sintering. These layered double hydroxides
(LDHs) are mixed hydroxides of divalent and trivalent metals in a stacked brucite octa-
hedra configuration with the general structure [M%fo)%J’(OH)Z][A”_] x/n -y HyO where
M2* is any divalent metal cation (Ni%*, Fe2*, Cu*), M2* any trivalent metal cation (A13*,
Mn3*, Sn3*), x the mole fraction of trivalent cation, A™~ the exchangeable interlayer anion
(e.g. CO32_, Cl17) and y the amount of crystalline or physisorbed water. Hydrotalcite-
derived catalysts offer good CO, adsorption and conversion and are easily customizable

due to their exchangeable laminate metal ions and interlayer ions [124].
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Reactor Concepts Main concern of the methanation process is temperature control
which directly affects the synthetic natural gas (SNG) quality and the cost-efficiency of the
process design. The reaction can be carried out in an adiabatic fixed-bed reactor. Due to
lack of integrated cooling, high-temperature hot spots and high reactor outlet temperatures
occur in this type of reactor. Therefore, established reactor concepts connect two or more
adiabatic fixed-bed reactors parallel or serial with intermediate cooling and gas recircu-
lation for temperature control. Commercially available systems were developed by Air
Liquide/Lurgi [125], Haldor Topspge (TREMP process) [126, 127], ICI, Johnson Matthey
and MAN among others. Linde developed a cooled fixed-bed reactor concept with an
integrated heat exchanger and a second adiabatic reactor [128]. In cooled FBRs lower
temperature hot spots form with moderate product gas temperatures of about 300 °C.
Methanation in fluidized-bed [129, 130] and three-phase methanation reactors [131] is
carried out ideally isothermally at moderate temperatures ensuring complete CO/CO,
conversion. Drawbacks include limited reaction rates and increased catalyst consumption

due to catalyst attrition.

More recent developments focus on (micro-)structured reactors to overcome the hot spot
and pressure drop formation in adiabatic fixed-bed reactors [132, 133]. The well-designed
internal structure in the form of catalyst-coated packings made of ceramic, metallic or
carbon-type support materials promises improved radial heat transport by full access of
reactant gas to the catalyst paired with lower pressure drop and mass transfer limitations.
Lately, 3D printing comes into focus for the manufacturing of complex geometries for
structured reactor internals. AM was applied by Gonzélez-Castaiio et al. to generate novel
three-dimensional gyroid-based structured Ru-Ni catalysts which showed enhanced CO,
conversion [134, 135]. Robocasting/DIW was used by Danaci et al. [61] to print stainless
steel and copper structured supports which were subsequently loaded with Ni/Al,O5 cat-
alyst. Middelkoop et al. [68] compared 3D printed monolithic/multi-channel Ni-alumina-
based catalysts with their conventionally fabricated counterparts and packed beds and

discovered excellent methanation activity.

2.4.2 Dehydrogenation of Liquid Organic Hydrogen Carriers

A strategy to store and transport hydrogen yielded from electrolysis, reforming, gasifica-
tion or pyrolysis is via hydrogenation and dehydrogenation of liquid organic hydrogen
carriers (LOHC). Conventional H, storage by physical methods include compression
(CGH2) and liquefaction (LH2). However, CGH2 faces challenges such as safety con-
cerns due to compression between 200 and 700 bar, a relatively low volumetric storage
density and the necessity for cylindrical storage vessels. High energy consumption for H,
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liquefaction to —253 °C and loss by evaporation are drawbacks of LH2 [136]. Hydrogen
storage and transport with LOHC is a two-step cycle as detailed in Fig. 2.11 and ultimately
enables easy handling and storage of chemically bound hydrogen since LOHC has similar
properties to crude oil based liquids and therefore can be handled at ambient conditions

using the known infrastructure for fuels such as gasoline and diesel.
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Figure 2.11: Schematic LOHC infrastructure using the pair perhydro-dibenzyltoluene /
dibenzyltoluene.

Hydrogenation
> 20 bar, 150-320 °C
-65.4 kJ/mol H,
[Pt, Ru etc.]

1.) H, is loaded/stored by covalent binding to the hydrogen-lean LOHC molecule. The
exothermic catalytic hydrogenation reaction is carried out at elevated H, pressure
(pH2 > 20bar).

2.) The loaded LOHC can be transported to a location of demand after hydrogenation.
Release of gaseous hydrogen is realized via dehydrogenation of the hydrogen-rich
LOHC compound. The endothermic dehydrogenation reaction is carried out close
to atmospheric pressure (1 bar < PH, < Sbar) and elevated temperatures from 200 to
450°C [137].

LOHC materials The prerequisites that a LOHC must meet include having a low melt-
ing point to minimize the energy needed for heating during transportation or for utilization
in colder climates. Furthermore, the liquids should have a low hazard profile. In the
category of aromatic hydrocarbons the following LOHC systems have been investigated
and applied so far [138]: toluene / methylcyclohexane, naphthalene / tetralin / decalin,

benzyltoluene (HO-BT) / perhydrobenzyltoluene (H12-BT), dibenzyltoluene (HO-DBT) /
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perhydro-dibenzyltoluene (H18-DBT). The systems containing benzyltoluene and diben-
zyltoluene or mixtures thereof are promising LOHCs due to their attractive property
profile. HO-DBT remains liquid between —34 °C and 390 °C, is thermally robust, hardly
flammable and has a favorable toxicological profile. Furthermore, HO-DBT has already
been in use commercially as a heat transfer oil under the trade name "Marlotherm" for
decades and therefore provides industrial acceptance and availability.

Other LOHC systems are N-heteroaromatics, including N-ethylcarbazole / dodecahydro-
N-ethylcarbazole, indole / indoline, 1,2,3,4-tetrahydroquinoline / quinolone among oth-

€rsS.

H18-DBT Dehydrogenation Catalysis Since the LOHC pair HO-DBT/H18-DBT is
an inexpensive option and therefore used for the experiments conducted in this work, the
focus lies on the dehydrogenation of H18-DBT. In general, common catalysts used for
the dehydrogenation of cycloalkanes to their respective aromatic compound are the noble
metals Pt and Pd in small quantities supported on porous carriers such as Al,O;, Si0O,,
TiO, or V,0s. Egg-shell Pt/Al,O5 is the most thoroughly investigated catalyst system
for the dehydrogenation of H18-DBT [139-141]. Various influencing parameters on the
dehydrogenation activity have been studied such as the Pt loading [142] and Pt mor-
phology [143, 144]. Moreover, Auer et al. have discovered that modification of Pt/Al,O4
with a sulfTr-caaining compound in a distinct molar S/Pt ratio improves the catalytic
activity and reduces the formation of side products [145]. Pt/CeO, was synthesized by a
combustion method and differences in reaction kinetics were revealed due to differences
in metal dispersion and pore size [146]. The dehydrogenation is a liquid-phase reaction.
The maximum expansion of the H18-DBT molecule is about 1.4 nm and the average pore
size diameter of an alumina-supported catalyst is 10 nm. Therefore, diffusional limitations
affect the reaction rate. Auer [147] studied the effect of pore size and concluded that
a minimum pore diameter of 28 nm is necessary to minimize diffusional limitations.
Further studied catalyst systems are PUTiO, [148], PUHAP, Pt/SBA-15 and Pt/C [149].
The dehydrogenation reaction is typically carried out at temperatures between 270 °C and
320 °C. Interestingly, the hydrogenation reaction can be conducted in the same tempera-

ture range.
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3 Methodology

Basic principles of the utilized preparation and characterization methods are detailed in
this chapter. The specific procedures including the experimental parameters are given in

the respective chapters.

3.1 Conventional Heterogeneous Catalyst Preparation

The conventional catalyst preparation methods co-precipitation and impregnation were
utilized in order to synthesize catalytic precursors for further use in 3D printing or for

subsequent impregnation of additively manufactured alumina supports.

3.1.1 Co-precipitation

Co-precipitation was used to prepare mixed metal oxide precursor powder which were
admixed to the printing feedstock, resulting in the formation of bulk catalysts by 3D
printing. In general, co-precipitation involves the mixing of two or more highly soluble
metal salts, e.g. nitrates, chlorides, or sulfates with basic reagents such as NaOH, NaZCO3
or mixtures thereof. The support material can be precipitated simultaneously in one single
step [11]. Since the fraction of support can be low, high metal loadings of up to 80 % are

attainable in contrast to less than 30 % by impregnation methods. The main processes

comprise

* liquid mixing: The order in which the reactants are mixed affects the chemical
composition as well as the catalyst’s structural and textural properties. In a batch-
wise operation, forward (base to acid) or reverse (acid to base) precipitation po-
tentially lead to inhomogeneous product mixtures. Therefore, precipitation at a
constant pH in a semibatch operation mode by simultaneous addition of acidic
metal solution and alkaline precipitation agent is oftentimes preferred to achieve

a more homogeneous mixture.
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* nucleation: the rate of nucleation is mainly dependent on the concentration and
temperature, see Eq. 3.1:

dN -A
— = — ], 3.1
dr ﬁexp<1n23> ( )

where f is a pre-exponential term, A the interfacial energy parameter and s the
supersaturation. A critical extent of supersaturation must be overcome to initiate

fast nucleation.

* crystal growth: the crystal size is affected by the ratio of the nucleation rate and
crystal growth.

Other processes are aggregation and recrystallization (Ostwald ripening) [11]. Subsequent
aging, which includes continued stirring of the precipitate in its mother liquor under
constant pH and temperature, can significantly change the precipitate’s properties by
converting the primary amorphous to a crystalline phase, support dissolution/redeposition
or counterion displacement [11, 150].

3.1.2 Wet Impregnation

Due to its ease of application and the possibility to generate metal gradients, the im-
pregnation method is industrially well-established. During dry or incipient wetness im-
pregnation, the amount of solution is limited to the pore volume so that no excess liquid
remains outside the pores, meaning that capillary action draws the solution into the pores.
In this work, wet impregnation was applied, which is executed in diffusional conditions by

immersing the support in an amount of solution in excess of the support pore volume.

3.2 Catalyst Preparation Using Binder Jetting

The custom-built binder jetting printer system used for this study (3d-figo GmbH, Ger-
many) comprised a build platform with the print bed dimensions of 74 x 74mm and a
total print height of 100 mm. The general scheme of the binder jetting printer setup is
depicted in Fig. 3.1. Depending on the used catalyst printing strategy, the component of
the powder reservoir can vary between metal oxide or catalyst precursor powder among
others. All prints were conducted with a print head moving speed of 44.2 mm/s and a

counter-rotating leveling roller distributing the fresh powder from the powder feed supply
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chamber over to the print bed. The printing liquid reservoir was connected to the drop-on-

i1

Figure 3.1: General scheme of the binder jetting setup with its main components. 1: Excess
powder collector, 2: Build platform, 3: Powder supply chamber, 4: Printhead, 5: Spreading
roller, 6: Ink supply.

demand (DOD) shear-mode piezo inkjet print head (508GS, Seiko Instruments GmbH,
Japan) which conveyed the ink via hydrostatic pressure, while slight underpressure had
to be maintained during print jobs by manual height adjustment of the supply tank. The
print head is operable with water-based as well as solvent-based inks. Furthermore, it is
possible to use particle-loaded ink. All test bodies were printed with a layer thickness of
40 um. The print head nozzle plate was repeatedly purged and cleaned with distilled water

after 40 layers to prevent nozzle clogging during the print job.

The resulting green parts were subsequently cured in an drying oven to set the binder.
Thermal treatment follows to remove all containing binder (debinding) and in order
to calcine the catalyst precursor. After debinding, post-processing by slurry-infiltration
introduces additional particles for part stabilization. The last step comprises another cal-

cination step.

3.3 Catalyst Material Characterization

Various characterization techniques were used in this work in order to elucidate material
properties such as the elemental composition, reducibility, sorption characteristics, mor-
phology, metal particle size and mechanical stability of the catalyst in its precursor state

and after 3D printing.
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3.3.1 X-ray Powder Diffraction

X-ray powder diffraction (XRD) allows the investigation of catalyst materials in their
powdered form, providing information about their crystal structure, phase composition,
and crystallite size. When X-rays interact with a crystal, they are diffracted by the crystal
lattice structure. The atoms in the crystal cause constructive and destructive interference
of the X-ray waves, resulting in a unique diffraction pattern. This pattern contains infor-
mation about the arrangement of atoms within the crystal. By analyzing the angles and
intensities of the diffracted X-rays, the positions of the atoms within the crystal lattice,

the unit cell dimensions, and other structural parameters can be determined.

Bragg’s law states that when X-rays strike a crystal lattice at a specific angle, constructive
interference occurs between the X-ray waves scattered by parallel crystal planes. This
constructive interference leads to the formation of reflexes in the XRD pattern. Mathe-

matically, Bragg’s law is expressed as:
nA =2dsin0, (3.2)

where n is the order of the diffraction peak, A is the wavelength of the incident X-rays, d
is the distance between the crystal planes and 6 is the angle between the incident X-ray
beam and the crystal planes.

The Scherrer equation is a widely used equation in XRD to estimate the average particle
size of crystalline materials based on the broadening of diffraction peaks. The crystallite
size is determined d¢ using the full width at half maximum (FWHM) of a reflex:

_ K-2
C_ﬁ-cose

(3.3)

The shape factor K of the spherical crystallite is typically 0.9 [151], B is the FWHM in
radians, A the wavelength of the X-rays (A =0.15406nm) and 6 the diffraction angle in
radians. It is important to note that in addition to particle size, other factors like strain,
microstrain or instrumental effects can also contribute to the broadening of diffraction
peaks in XRD patterns. Therefore, the crystallite size determined by the Scherrer equation
is a lower bound for the size of the scattering domain and is typically smaller than the

particle diameter.
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3.3.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique that uses
photoelectrons excited by X-ray radiation (usually Mg K-a or Al K-) and released from

the material into vacuum, see Fig 3.2. XPS is based on the photoelectric effect, which

X-ray Energy level

— @ —— 2p

2s

/ Photoelectron

— 00— — s

Figure 3.2: Diagram of the ejection of a photoelectron from a carbon atom. Reprinted with
permission from John Wiley and Sons [152].

states that when soft X-rays of sufficient energy irradiate a material’s surface, valence or
core electrons are ejected. XPS is a surface-sensitive analysis method with a penetration
depth into the sample of 2 to 10 nm. The electrons have a characteristic binding energy
Ey, dependent on the element of origin. UHV conditions (107 to 108 Pa) are necessary
due to the high surface sensitivity of the measurement. The XPS process is governed by

Einstein’s relationship

where Eyj, is the measured kinetic energy of the ejected electron with respect to the Fermi
level, hv is the photon energy and ¢sp is the the instrument dependent work function of
the spectrometer [152]. Apart from chemical identification, the chemical environment
can be deduced from XPS spectra by analyzing the shifts in binding energy according to
the atomic environment. Electrons which are excited and escape without loss of energy
contribute to the characteristic peaks in the spectrum. Electrons which undergo inelastic
scattering contribute to the background of the spectrum. As a result of relaxation after
excitation, the ionized atom either undergoes X-ray fluorescence (emission of a X-ray

photon) or ejects an Auger electron as a consequence of the XPS process [153].

3.3.3 X-ray Absorption Spectroscopy

When light is absorbed through the photoelectric effect at an energy range between 500 eV
to 500keV, an X-ray photon is absorbed by an electron in a tightly bound quantum
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core level of an atom. The absorption coefficient u gives the probability that X-rays are
absorbed according to Beer’s law [154]:

I=Iye M (3.5)

where [ is the incident intensity of the X-ray, ¢ is the sample thickness and [ is the
transmitted intensity through the sample. XAS measures the energy dependence of the
absorption coefficient ((E) at and above the absorption edge of a certain element as a
function of the X-ray energy E. (E) is strongly dependent on the sample density p, the

atomic number Z and atomic mass A:

pZ*

B (3.6)

W(E) =

An absorption edge is a sharp rise in absorption when the incident X-ray energy equals

the binding energy of a core-level electron.

Since hard X-rays penetrate deeply, X-ray absorption spectroscopy (XAS) is a bulk tech-
nique. The spectra are linear combinations of all chemical forms of the element contained
in the sample. XAS includes two regimes, namely X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine-structure (EXAFS) as detailed in Fig. 3.3.
The near-edge XANES gives information about the oxidation state, coordination chem-
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Figure 3.3: Exemplary XAS spectrum depicting the XANES and EXAFS regions as well as
the pre- and post-absorption edge regions [155].

istry and orbital occupancy of the absorbing atom, while EXAFS elucidates the radial
distribution (bond distance and number and type of atomic neighbors). The EXAFS is
understood as the wave behavior of the photoelectron during absorption, thus visible as
oscillations y (k) which quickly decay with increasing wavenumber k.

U(E) can be measured either in transmission as

W(E) =log(Io/I) (3.7)
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or in fluorescence as
U(E) o< If/lo. (3.8)

Transmission measurements can be suitable for concentrated samples whereby the correct
sample thickness, uniformity of the sample and a grain size not bigger than the absorption
length must be ensured. Fluorescence measurements are better suited for thick samples or

samples with a low concentration [154].

3.3.4 N, Physisoption

Nitrogen physisorption refers to the adsorption of N, gas onto the surface of a solid
material through weak Van der Waals forces to characterize their porosity and surface
area. The measurement is carried out at the temperature of liquid nitrogen (77 K). When
carried out discontinuously, successive amounts of adsorptive gas are introduced at a
controlled pressure and given time to equilibrate. At each pressure step, the corresponding
equilibrium pressure is recorded and correlated to the respective point on the adsorption
isotherm. Prior to measurement, sample outgassing must be performed to remove any
unwanted species adsorbed on the sample surface. Samples can be degassed using vacuum
or under gas flow. Sample elutriation, which mostly affects low-density samples, must be

prevented by using an adequate degassing procedure.

For surface area determination, the most widely used procedure is the Brunauer-Emmett-
Teller (BET) method which involves the BET theory. It incorporates the Langmuir ad-
sorption isotherm concept regarding the monolayer uptake which assumes homogeneous,
independent and energetically equivalent adsorption sites. Furthermore, the Langmuir
model assumes a finite number of adsorption sites and reversibility of the adsorption
process [156]. The BET theory is an extension of the Langmuir theory but assuming

multilayer adsorption. The monolayer volume V) is described by the linearized BET
equation (see Eq. 3.9),

1 | -1
= e <£) (3.9)
Viads - (I%_ 1) VmL-C o VML Po

where V, is the volume adsorbed, p/p( the relative pressure, V1, the monolayer volume
and C the BET constant. The specific BET surface area Sggt can be calculated using Eq.
3.10:

Varr -Na - G
SBET:ML—AGI (3.10)

Vi - mcat
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Ny denotes the Avogadro constant, o; the molecular cross-sectional area of the adsorbate

molecule, Vi, the molar volume and mcy the catalyst mass. The BET equation is only

applicable between 0.05 > p/pg > 0.3 in the region of complete monolayer adsorption

[157]. Adsorption isotherms are grouped into six types by IUPAC as shown in Fig. 3.4a.

Reversible Type I: Also termed Langmuir isotherm. Microporous solids with small

external surface. Uptake limited by accessible micropore volume.

Reversible Type II: normal S-shaped isotherm attained with nonporous or macro-
porous samples. Point B indicates the transition from monolayer to multilayer

coverage.

Reversible Type III: Convex to the p/pg axis. Heat of adsorption is less than the
adsorbate heat of liquefaction. Thus, addidtional adsorption is facilitated.

Type IV: Well-defined mesoporous materials. Hysteresis loop caused by delayed

desorption compared to uptake.

Type V: Low adsorbate-adsorbate interactions, porous materials with wide pores.
Incomplete monolayer formation.

Type VI: Stepwise multilayer adsorption on an uniform nonporous surface. Each

step represents the monolayer uptake for each layer.

Adsorption hysteresis is usually associated with capillary condensation in mesoporous

solids and connected to specific pore structures. The IUPAC classifies four different

hysteresis loop types (see Fig. 3.4b):

32

* Type H1: Porous materials with cylindrical pore channels or agglomerates of uni-

form spheres in a regular array, hence narrow pore size distribution.

* Type H2: Poorly defined, disordered pore size and shape. Often found in porous

adsorbents.

* Type H3: No limiting adsorption at high p/p, forced closure of hysteresis loop

due to tensile strength effect. Found in aggregates of plate-like particles, slit shaped
pores.

* Type H4: Associated with narrow slit pores, but including microporosity due to the

Type I isotherm character.
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Figure 3.4: Gas adsorption data evaluation according to the IUPAC classification. Reprinted
with permission from John Wiley & Sons [158].

The pore size distribution of mesopores can be determined iteratively with the Barrett-
Joyner-Halenda (BJH) method using the Kelvin equation and assuming cylindrical pore
geometry. The method is based on the principle of capillary condensation whereby the
pore volume is calculated from the capillary volume upon liquid desorption during a de-
crease of relative pressure. The area of each pore is a constant and can be calculated from
the pore volume. Usually, the desorption branch is used for the BJH method. However,

depending on the hysteresis loop, using the desorption branch could be unreliable [158].

3.3.5 H, Chemisorption

H, chemisorption refers to the process by which hydrogen molecules are adsorbed onto
the surface of a solid material, forming a chemical bond with the surface atoms. Un-
like physisorption, where the bonding is primarily due to weak intermolecular forces,
chemisorption involves a stronger interaction and leads to the formation of new chemical
species. However, isotherm generation follows a pattern similar to that of physical ad-

sorption isotherms. The aim is to determine the number of active sites present on a given
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sample, yielding the metal surface area, metal dispersion on the catalyst surface and the
average crystallite size.

Prior to the actual surface characterization, sample-pretreatment includes the steps out-
gassing and/or calcination, reduction, inert gas flow to remove the reducing gas and
sample cooling to the desired adsorption temperature under inert gas flow. Chemisorption
measures the sample’s chemisorption capacity at different adsorptive pressures. Subse-
quently, the monolayer chemisorbed volume V) can be estimated. The Extrapolation to
p =0 method requires only the combined (physical/weak and chemical/strong) adsorption
isotherm to determine V1 . Hereby, a straight line is constructed across the high-pressure
region of the isotherm and extrapolated to zero pressure. The value of the y-intercept
describes Vyr.. The molar amount chemisorbed nyy, can be used to calculate the number

of surface metal atoms Ny:
NMm =nm-S-Np (3.11)

where § is the adsorption stoichiometry. The specific H, uptake UH2 in pmol/g can be
used to calculate the specific metal surface area in mz/g using the cross-sectional area
occupied by a surface atom oy and the catalyst mass mcgy¢:

_Nm-om

Mcat

SMm (3.12)
The metal dispersion Dy is defined as the fraction of metal atoms found on the surface of
active metal particles expressed as a percentage of all metal atoms present in the sample
and is calculated with Eq. 3.13

_ Un,-S-Mw

Dy = (3.13)

wM

where M1 denotes the molecular weight of the metal and wy the metal loading.

3.3.6 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is used to investigate the changes in mass of a sample
as it is subjected to controlled temperature conditions. The instrument consists of a
balance or microbalance that measures the weight of the sample, a furnace or heating
system that controls the temperature, and a data acquisition system for recording the
weight changes. TGA involves measuring the weight of a sample as it is heated or
cooled over a defined temperature range, typically in an inert atmosphere. During a

TGA experiment, the sample undergoes thermal decomposition, phase transitions, or
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other reactions, leading to changes in its mass. The instrument continuously records the

sample’s weight as a function of temperature or time.

TGA can be used to determine the degree of reduction in a sample by conducting the
measurement under hydrogen flow and recording the resulting weight loss. Subsequently,
the reduced sample mass is compared with the weight of the unreduced sample. The
degree of reduction d,¢q is calculated according to the following equation:
Amp(t)
drog = —22 (3.14)
MQinitial
with Amq(7) being the weight of removed oxygen at the time ¢ and mg jpjia) denoting the
total weight of removable oxygen [159].

3.3.7 Temperature Programmed Reduction

Temperature Programmed Reduction (TPR) is a technique used to study the reduction
properties of catalysts or materials by subjecting a sample to a controlled increase in
temperature while a reducing gas, such as hydrogen, is passed over it. The temperature is
gradually increased, typically at a constant rate, to allow for the observation of different
reduction steps that occur at specific temperature ranges. The resulting TPR curve rep-
resents the relationship between the degree of reduction and temperature. The location,
intensity, and shape of the peaks provide insights into the nature and distribution of the
reducible species. Additionally, the temperature at which a peak occurs can indicate the
strength of the interaction between the reducing gas and the material. The progress of
reduction is monitored by measuring a physical property that changes with the degree of
reduction. This property could be the concentration of the reducing gas before and after
passing over the sample, or it could be a spectroscopic signal associated with the reduced
species. Commonly used techniques include thermal conductivity detection (TCD) and
mass spectrometry (MS).

Monti and Baiker [160] conducted parametric sensitivity studies to determine how certain
operating variables, such as the H, concentration, flow rate or the amount of sample
influence the TPR profile. They defined a characteristic number K which facilitates the
selection of an adequate set of operating variables.
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3.3.8 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is used to visualize and analyze the atomic-
scale arrangement of atoms or nanoparticles, for example the size, shape, distribution,
crystal structure or grain boundaries. In a conventional TEM, a thin specimen is irradiated
with an electron beam of uniform electron density emitted by an electron gun. This beam
is accelerated using a high voltage, usually in the range of 100 to 200kV. The electrons
interact with the specimen by elastic scattering, inelastic scattering, and absorption. A lens
system composed of of three to eight lenses images the electron-intensity distribution
behind the sample onto a fluorescent screen. The transmitted electrons are detected by
either a fluorescent screen or a solid-state detector, such as a charge-coupled device (CCD)
camera or a scintillator coupled to a photomultiplier tube (PMT). These detectors capture
the intensity of the transmitted electrons, and the resulting signal is converted into a visible

image or a digital image [161].

The metal dispersion Dy can be determined using TEM. Dy is indirectly proportional to
the average crystallite size dy; and is determined according to Eq. 3.15 with the volume
of the bulk metal atom Vg and the area occupied by one surface atom o). Moreover,
the degree of reduction d..q must be considered.

VB.M My
“dreg =K -

Dy=K-
dv - om dv- oM Na - PMm

~dred (3.15)

VB,Mm can be calculated with the molar mass of the metal My, the Avogadro constant Ny
and the bulk metal density py. For spherical particles, the shape factor K is 6.

3.3.9 Inductively Coupled Plasma Optical Emission Spectroscopy

ICP-OES combines the principles of inductively coupled plasma (ICP) and optical emis-
sion spectroscopy (OES) to measure the emission of light from excited atoms in the
plasma in order to determine the elemental composition of a sample. The plasma is created
by ionizing an argon gas using a radiofrequency (RF) coil. The RF coil induces a rapidly
oscillating electromagnetic field that ionizes the argon gas, creating a high-energy plasma
consisting of charged ions and electrons and a temperature of around 10000 K. Once
introduced into the plasma torch, the high temperature of the plasma atomize the sample.
The high-energy environment of the plasma excites the atoms, causing the outermost
electrons to move to higher energy levels. As the excited atoms return to their ground
state, they emit light in the form of photons. The emitted light consists of characteristic
wavelengths or frequencies specific to each element. The emitted light is collected and
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directed into a spectrometer which disperses the light into its constituent wavelengths
using diffraction gratings or prisms. This separation allows analysis of the individual
wavelengths. The dispersed light is then detected using a photomultiplier tube or a CCD

camera.

The intensity of the emitted light at specific wavelengths is proportional to the concentra-
tion of the corresponding element in the sample. By comparing the observed intensities
at specific wavelengths with known standards or calibration curves, the concentration of

various elements in the sample can be determined.

3.3.10 Laser Diffraction Particle Size Analysis

The scattering of light is one of the most widely used techniques for measuring the particle
size distribution (PSD) of particles. The method involves the analysis of the patterns of
scattered light produced when particles of different sizes are exposed to a monochromatic
beam of light, typically generated by a helium-neon laser or a diode laser. Since most
materials exhibit strong absorption in the infrared and ultraviolet regions, visible light of
wavelengths from 350 to 900 nm is used. The scattering intensity is a function of refractive
index ratio between the material and its surrounding medium and is inversely proportional
to the fourth order of the light wavelength. That means, the shorter the wavelength, the
stronger the scattering. The scattered light is collected by a detection system positioned
around the sample cell. Subsequently, a series of detectors positioned at various angles
relative to the incident laser beam measure the intensity of the scattered light at specific
angles.

The analysis software uses an iterative process to fit the scattering data to the theoretical
models and calculates the PSD. The scattering pattern is analyzed using mathematical
algorithms, such as the Mie theory or Fraunhofer diffraction theory. The result is typically
presented as a cumulative or differential particle size distribution graph.

The PSD can be extracted from solid samples dispersed in liquid or as dry powder. In the
former case dry powder is suspended in a liquid medium before analysis. The choice
of diluent is governed by factors such as solubility, reactivity, suspendibility and end
use of the sample material. Furthermore, the color and refractive index of the sample
should not be similar to the color of the diluent since the instrument may not be able to
see the sample. Physical (e.g. sonication, adjusting the dilution, heat), chemical methods
(e.g. wetting agents, surfactants) or a combination of both can aid to achieve a stable

dispersion. Dependent on the end use, dry powder suspended in air might be adequate. In
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that case, factors to consider are flowability, anti-caking and anti-clogging properties of
the powder.

3.3.11 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) is based on the intrusion of a non-wetting fluid
(mercury) into porous structures under increasing pressure. Today, the measurable pore
size ranges from 2nm to 1 mm [162]. If the wetting liquid is non-wetting, meaning a
contact angle 6 >90°, an external pressure pp must be applied to penetrate the pores.

Simplified, the pore pressure can be formulated as

pp=7-C (3.16)

where 7 is the surface tension of mercury and C is the curvature of the meniscus. Assum-

ing cylindrical pores, the curvature is defines as

Co 2cos(0)
r

(3.17)

where r is the capillary radius. The combination of Eq. 3.16 and 3.17 gives the Washburn
equation [163]. It relates the pore diameter dp with the pore pressure pp:

dp = —M (3.18)

Pp

Generally, a surface tension for mercury Yo = 0.480N/m at 25 °C and a contact angle of
0 = 140° is used for calculations.
The MIP sample is placed into a dilatometer and degassed. A MIP unit is usually com-
posed of a low- and a high-pressure unit. Furthermore, the sample amount is limited
by the dilatometer size. It must be considered that MIP can only access pores which
are interconnected and accessible from the outside. Moreover, MIP measures the pore
entry size so that the ink-bottle effect could lead to an overestimation of small pores and

underestimation of big pores.

3.3.12 Uniaxial Compression Test

The uniaxial compression test is a method to characterize the (side) crushing strength of
a particle, commonly a cylinder. The test specimen is placed between two brackets and is
loaded with a continuous load at a certain speed until fracture occurs. Using a cylindrical
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test object, the maximum tensile stress is located at the center of the sample, in the plane
passing through the upper and lower contacting lines [164]. The maximum side crushing
strength Ocomp 1s given by Timoshenko and Goodier [@]:

2F
Ocomp = Tdh (3.19)

where F is the load at failure, d and & are the diameter and height of the cylinder.
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Abstract

A complete preparation route for the direct 3D printing of Al,O5 supports made from
boehmite and bayerite was established using the binder jetting (BJ) technology. The ap-
plication of the ceramic supports as reactor packing material employed in heterogeneous
catalysis requires high porosity but simultaneously a certain robustness which has not
been thoroughly investigated for powder-based 3D printing technologies before. With
a calcination temperature of only 600 °C, sufficient consolidation by sintering does not
occur as it would be the case for conventional BJ procedures so that the post-processing
step of ambient slurry infiltration after debinding binds the particles after calcination
at relatively low temperatures and significantly stabilizes the alumina framework while
keeping the surface area and open porosity at catalytically relevant values of up to
223 m2/g and 80 %, respectively. Uniaxial compression tests, density measurements and
N, physisorption elucidated the chemical composition, size accuracy, shrinkage behavior,

side crushing strength, density, porosity and specific surface area of the green body as
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well as post-processed parts. Additionally, uCT scans offered a method to analyze the
3D printed character of the alumina carrier structure, effect of post-processing and an

alternative way to assess part shrinkage next to size measurement.

4.1 Introduction

Additive manufacturing (AM) has established itself as an innovative and economic fabri-
cation technique in many different fields of daily life and research. However, the applica-
tion of AM in the chemical sciences has not been as intensively investigated in comparison
to the automotive [166], aerospace [36] or biomedical [38] fields. The application of AM
in catalysis, the driving force of the chemical industry, has only started to be appreciated
during the last decade [44], but following the need of chemical process intensification,

AM is slowly being incorporated into catalyst development processes.

4.1.1 State of Knowledge - 3D Printing of Al,0,-based Catalysts

The application of AM in heterogeneous catalysis, especially the use of the BJ technology
to generate porous ceramic parts, is still in its early stages as an industrial solid catalyst
must generally fulfill numerous requirements. The BJ technology generates inherently
macroporous parts due to the powder-based working principle. Moreover, the stability of
a part correlates directly with its porosity [167] so that studies of printed alumina parts not
intended for use in heterogeneous catalysis would aim at high part densities above 90 %
as well as a low percentage of porosity [168—171].

Broadly defined, catalysts can either entirely consist of an active material (bulk catalyst)
or a metal oxide support (e.g. Al,05, TiO,, ZrO,, SiO,) on which the active component
is homogeneously dispersed by a coating method of choice (supported catalyst). So far,
there are two AM approaches to achieve this.

Indirect printing requires a mold, printed with a commercial polymeric 3D printer,
therefore making novel material research for catalyst AM unnecessary. After filling the
template with a ceramic paste, the mold is thermally treated to burn off the template
and consolidate the ceramic support structure. If needed, the catalytic active material is
loaded on afterwards. All reported studies on indirect printing have used an Al,O5 paste
to generate monolithic support structures, loaded with Mn and Na,WO, for oxidative
coupling of CH, [55], Cu/Ceria for CO oxidation [54], Ni for CO methanation reactions
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[172] or Pd for several cross-coupling reactions [56]. Indirect printing will not be subject
of discussion for this study.

Direct printing includes the catalyst or any precursor material within the printing material
formulation. Until now, direct ink writing (DIW) is by far the most commonly used tech-
nique for catalyst printing, most of them using alumina-based formulations. Successful
printing of catalytic structures has been achieved using DIW for the production of Ni-
Al,O5-based monolithic multi-channel systems for CO, methanation [68], Cu/Al,O;
woodpile porous structures for different Ullmann reactions [73], barium hexaaluminate
washcoated on Al,Oj5 for catalytic combustion of CH, [71], Cu and Pd on supported on
SiO, for multicatalytic multicomponent reactions [79],ii/CeOz—ZrO2 washcoated on
printed stainless-steel honeycomb monoliths for CH 4_dry reforming [58] or Pt on printed
Al,O5 monoliths tested for the oxidation of CO. o

Powder-based techniques for direct catalyst printing have been explored as well, but in
comparison to the numerous aforementioned examples using DIW, there are no scientific
studies on catalytic structures dealing with binder jetting (BJ). There are comprehensive
reviews on the topic of 3D printing in catalysis by Hurt et al. [40], Parra-Cabrera et al.
[41], Bogdan and Michorczyk [42] and most recently, Laguna et al. [44]. If BJ is men-
tioned as a manufacturing option at all, no specific examples are listed. Only two industrial
catalyst manufacturers are known to have attempted a powder-based printing approach.
Johnson Matthey patented a manufacturing strategy for shaped alumina-silica catalysts
which were calcined at 1000 °C, offering a greater geometric surface area than conven-
tional catalysts [173]. BASF patented a o—Al,O5 structure which was fired at 1600 °C.
The monolithic structures with a cross-channel geometry were similar to Montz or Sulzer
structured packings for distillation columns [174]. Both patents either do not accomplish
pure alumina bodies or sinter at very high temperatures to achieve a mechanically stable
final part. Huo et al. [175] fabricated y-Al,O5 catalyst carriers with hierarchical porosity
and a relatively high Eciﬁc surface area by using the powder bed fusion technology.
Very similar to BJ, this powder bed-based technology generates inherently porous parts
with weak mechanical properties. Adjusting the printing parameters and impregnating
the green part with colloidal silica enabled the fabrication of highly porous (72.9 %) and
mechanically stable catalyst carriers while reducing the sintering temperature to 1100 °C
to maintain a relatively high specific surface area of 56 m2/g.

Summarizing the existing knowledge on Binder Jet-printed alumina-based catalysts or
catalyst supports, there is a lack of information which can be extracted from studies so
far. The multidisciplinary BJ technology requires knowledge about powder deposition, ink
rheology, powder-liquid interaction and post-processing methods [176] so that a multitude
of variables have to be considered simultaneously. Since the printed outcome relies heav-

ily on the utilized starting materials, the thorough selection and characterization thereof
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is crucial [21]. These demands combined with the physico-chemical requirements of a
catalyst complicate the development a generic process for catalyst or catalyst support
printing via BJ, potentially explaining the limited knowledge in comparison to other

printing techniques.

4.1.2 Motivation

Alumina supports manufactured in this study are intended for use in heterogeneous cat-
alytic fixed bed reactors which are among the most commonly used and most important
types of chemical reactors utilized for the large-scale production of basic chemicals
[1]. The tubular reactor is either filled with small catalyst pellets (random packing) or

monolithic structures (structured packing).

Catalytic steps solely occur on the surface of a catalyst and include diffusion of the
reactants from the bulk fluid phase through the macro- and micropores to the catalyst
surface, chemisorption on active centers, the reaction and back-diffusion into the outer
fluid phase. It is important to mention that not only the interparticle voids between single
particles play an important role in catalysis but also the surface area that correlates
with micro- and mesoporous pores within a particle. As an example, binder jet printed
orthopedic scaffolds are highly porous ceramic structures, but only on a macroscopic
scale. The recommended minimum pore diameter is 100 um for successful bone tissue
regeneration and even 250 um for bone formation [177, 178]. Solid catalysts require pores
in the micropore (dp <2nm) and mesopore (2nm < dp < 50nm) region to offer a sufficient
surface area for the catalytic surface processes, so that additive catalyst manufacturing
requires a fabrication strategy different from already existing ones to obtain desired

material properties.

Optimum geometric design of the reactor packing is crucial in order to assure good
external mass and heat transfer (especially for exothermal reactions), low pressure loss,
short diffusion paths inside the catalyst particle in and out of accurately sized pores
and the availability of active sites for sufficient reactant conversion. Furthermore, these
parameters directly correlate with the size of a pellet, specific surface area, pore size
distribution, voidage and abrasion resistance of the ceramic material [1, 2]. Therefore,
multitudinous studies, particularly fluid dynamic simulations, have covered the influence
of catalyst shape in packed beds. Scientific studies have exemplarily covered the effect of
catalyst shape on systems for methane steam reforming [5-7], hydrolysis of COS and CS,
in a Claus converter [8], natural gas reforming [9], part_ial_oxidation of methanol [4] or

Fischer-Tropsch synthesis for hydrocarbons production from synthesis gas [10]. Analyzed
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shapes included simple cylinders, spheres, hollow cylinders, trilobes, quadrilobes, daisy
shaped bodies, multi-channel cylinders, multi-channel cubes and monoliths with varying
channel geometry. There is agreement across all mentioned studies that a more or less
complex geometry significantly affects the overall performance of a reactor.

The conventional catalyst shaping techniques are pelleting, granulation and extrusion [11,
12]. Although these methods are well-developed, they produce relatively simple shapes
that are mostly modified versions of the standard cylinder or spherical shapes. Therefore,
additive manufacturing of ceramic supports could enable new possibilities for the shaping

of packings in fixed bed reactors for improved catalytic performance.

Apart from the geometric aspects, selecting suitable feedstock material and adjusting the
processing steps poses a substantial challenge for the development of a new BJ procedure.
In the case of Al,O; carriers, requirements such as high porosity and specific surface area
prohibit the application of temperatures well above 1200 °C which are usually applied to
sinter transition aluminas to the thermodynamically stable but catalytically undesirable
a-Al,O5 phase due to its low surface area. Transition aluminas are broadly employed
in heterogeneous catalysis [68, 179-181] due to their favorable combination of surface
area, pore volume, pore size distribution, acid/base characteristics as well as chemical
and hydrothermal stability [182, 183]. The contradictory properties of high porosity and
mechanical robustness were already addressed for 3D printed monolithic catalysts by
Quintanilla et al. [81] where increasing sintering temperature increases the robustness but

progressively decreases the porosity.

Another important aspect is chemical suitability of the used materials which implies that
potential catalyst poisons such as alkaline and alkaline earth metals, sulfuric compounds
etc. would impede the catalytic activity if present in the final product. Consequently, an

additional motivation for this study is to source chemically suitable raw materials.

The aim of this paper is to establish a route for the 3D printing of sufficiently porous and
high surface area alumina carriers for use in heterogeneous catalysis via the binder jetting
technology as so far, little effort was done to produce high surface area catalysts supports

out of pure transition phase alumina coupled with sufficient mechanical strength [21].
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4.2 Materials and methods

4.2.1 General Process Chain

Fig. 4.1 gives an overview of the process steps in a flow chart, leading to the finished

printed Al,Oj5 catalyst support structure. The first step, namely the layer-by-layer printing

Ea-Al(OH)g, AIOOH powder + ink]

Depowdering

Green part

Debinding/calcination at 600 °C

Debinded part

Drip infiltration
- Partly repeated
- Drying at 50 °C between repetitions

Infiltrated part

Calcination at 600 °C

s FE

Al>O3 support

D

Figure 4.1: Flowchart of the process chain for generating a catalyst
support via binder jetting.

process itself, is described in section 3.2 and generates a green part. The test bodies for

this study were cylinders with a diameter of d = 8 mm and a height of # =8 mm. The entire

Figure 4.2: Debindered alumina cylinders placed on a stainless steel grid
before post-processing.

powder volume of the build platform was then removed from the printer and transferred
into a drying oven for at least 3h at 75 °C to further solidify the cylinders which were
still surrounded by unbound, loose powder. After curing the freshly printed part in the

oven, unbound powder was removed by gently blowing it off with compressed air. The
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depowdered green parts (Fig. 4.2) were transferred to a calcination oven for debinding
in stagnant air. Fig. 4.3 provides the exact temperature program which includes three
1sothermal stages at 60 °C, 120 °C and 600 °C. The first two were held for 30 min and the
last one for 1h. The heating rates were kept slow at 1 K/min for the first two stages.
Between 120 °C and 600 °C the rate was increased to 5 K/min. After the calcination
procedure, all in-bed binder is supposed to be burnt off, leaving a relatively unstable
and porous part, not stable enough for further handling. Therefore, additional particle
introduction by infiltration followed the debinding process, in which an aqueous boehmite
slurry was slowly dripped onto the debinded part with a pipette until pore saturation.
This infiltration step might be repeated one or two more times. If the infiltration step

600

400

T(°0)

200

0 100 200 300
¢ (min)

Figure 4.3: Temperature program for debinding as well as calcination.

is repeated, the dripped parts were dried in an oven at 50 °C between two dripping
procedures until most of the liquid had evaporated and the infiltration was reiterated. The
infiltration step cannot be performed before the binder burnout as the in-bed binder PVP
is water soluble and consequently dissolves after contact with the water-based infiltration
slurry, resulting in disintegration of the green part. After the drip infiltration, the last
step included the calcination to consolidate the subsequently introduced particles with the
already existing body and transform boehmite to y-Al,O5. The temperature program for
the final calcination step was identical to the one used for debinding (Fig. 4.3).

4.2.2 Raw Materials

4.2.2.1 Printing Liquid

The particle-loaded ink was water-based and contained dispersed boehmite particles for
additional particle introduction during printing and part densification [184]. The aqueous

printing liquid was prepared by mixing distilled water with 10 wt.% isopropyl alcohol
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and 10 wt.% 1,4-butanediol (Merck KGaA, Germany) for surface tension and viscosity
adjustment, respectively. Water-dispersible boehmite Dispal 14N4-80 (Sasol Chemicals,
USA) was added to the solution and stirred thoroughly with a magnetic stirrer for 30 min
to ensure sufficient dispersion of the particles. At the end, a stable colloidal dispersion
was attained, where the particles were dispersed homogeneously in the liquid. Table 4.1
shows relevant measured parameters for the used ink. Particle loading was kept at 7 wt.%

Table 4.1: Physical parameters for used printing liquid.

Printing liquid property Value
Particle loading w (wt.%) 7.0

Surface tension ¢ (mN/m) 354
Dynamic viscosity 7 (mPas) 1.99
Density p (g/cm?) 1.03

to maintain the weight percentage of particles in a range that permits continuous ejection
of droplets from the printhead without clogging during nozzle plate cleaning cycles.

Surface tension and dynamic viscosity were mainly adjusted by adding isopropyl alcohol
and 1,4-butanediol (Merck KGaA, Germany), respectively. Measured values were ¢ =
35.4mN/m for the surface tension and 1 = 1.99mPas for the dynamic viscosity. The
value for 1 significantly deviates from the printhead manufacturer’s recommendation of
9mPas <1 <11 mPas and the viscosity 7 partly deviated from the recommended range of
o =23 to 30mN/m. However, the ink was ejectable and generated a subjectively defect-
free print image on the powder bed, so that no in-depth analysis, such as optical droplet

observation of the printing liquid was conducted.

4.2.2.2 Powder Bed

The powder mixture used for all print jobs consisted of three powders, two of them being
Al,O5 transition phases and one being the solid in-bed binder (Table 4.2). Pural BT (Sasol
GmbH, Germany) is a bayerite and Actilox S40 (Nabaltec AG, Germ_any) an amorphous
transition aluminum oxide. Solid polyvinylpyrrolidone (PVP) Sokalan K17P (BASF SE,
Germany) was used as in-bed binder. Having positive effects on the drop penetration
behavior and green part stability due to its hygroscopic properties, PVP was a suitable
binder for this application. The powder blend was prepared by weighing each component
(see Table 4.2) and mixing the blend in a SpeedMixer (Hauschild GmbH & Co KG,
Germany). The blend was mixed in 4 cycles with 1000rpm for 1 min each, manually

shaking the container in between cycles to loosen up the powder.
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Table 4.2: Composition of used powder blend.

Component Compound Amount (wt.%)

Pural BT o—Al(OH); 73
Actilox S40 AIOOH 7
PVP (CcHgNO), 20

4.2.2.3 Post-processing

The infiltration substance for additional particle introduction into the porous debinded

parts consisted of an aqueous slurry. Stirring together distilled water and 15 wt.% water-
dispersible boehmite particles (Dispal 14N4-80, Sasol Chemicals, USA), a stable col-
loidal dispersion formed and was slowly dripped onto the debinded parts with a pipette

under atmospheric pressure conditions. The dripping process was performed as long as the

part absorbed the infiltration slurry. Placing the parts on a stainless steel grid beforehand

made sure that excess slurry which was not held inside the body due to over-saturation

could drip down onto a collection pan (cf. Fig. 4.2).

4.2.3 Characterization and Analysis

Table 4.3 gives an overview of the characterization methods used to obtain all relevant

measuring data to analyze the raw materials (powder bed and ink) as well as the product

after the printing process.

Table 4.3: Overview of methods used for material characterization and analysis.

Parameter

Method

Particle size distribution (PSD)

Laser diffraction

Binder burnout Thermogravimetric analysis (TGA) T%
Elemental analysis 2
X-ray diffraction (XRD) £
Surface tension o Stalagmometric method 5
Dynamic viscosity 1 Rheometer
Phase determination XRD
Size accuracy Size & hardness tester
X-ray microtomography (uCT)
Caliper (for debinded parts) =
Side crushing strength Gcomp Uniaxial compression test =
Powder bed density ppeq Measurement with density cups E
Part densities p Archimedes buoyancy method E

Porosity and void fraction €

Specific surface area SggT

N, physisorption (BJH)
Archimedes buoyancy method
uCT

N, physisorption (BET)
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4.2.3.1 Characterization of Raw Materials

The PSD of the powder mixture for the powder bed (fresh and used powder after printing)
as well as the particles in the printing liquid were measured with a laser diffraction particle
size analyzer (LS 13 320 Particle Size Analyzer, Beckman Coulter, USA). Hereby, the
powder bed material was measured as dry powder with the Tornado Dry Powder System
module. The PSD of the dispersed particles in the ink were measured with the Universal
Liquid module of the same device, using suspended particles as the sample feed.

The extent of binder burnout after calcination was determined with TGA (TGA Q5000,
TA Instruments, USA). Approximately 10 mg were placed in an open Pt pan and measured
under a synthetic air flow of 25 mL/min. The heating ranged from ambient temperature
to 1000°C (1 K/min to 60°C, 5K/min to 1000 °C). The temperature program was chosen
accordingly to represent the actual conditions during calcination and debinding. TGA

measurements were conducted for pure PVP powder as well as a thermally cured green
body.

Additionally, elemental analysis (CHNS) was accomplished by combustion analysis
(Euro EA, HEKAtech GmbH, Germany) to determine the percentage carbon residue after
debinding, indicating possible incomplete PVP removal. The sample was analyzed by
dynamic spontaneous combustion at 1800 °C and chromatographic separation. The result

was determined by means of a thermal conductivity detector.

For the rheological characterization of the ink, the surface tension ¢ was measured
using a Traube stalagmometer (Neubert-Glas GbR, Germany) with 2.5 mL capacity and a
mountable needle valve for drip rate adjustment. The dynamic viscosity 7 was determined
using a rotational rheometer (Kinexus Lab+, Netzsch, Germany) with a 40 mm plate-plate
geometry and a sample gap of 0.1 mm. As the ink was already known to show Newtonian
behavior, 7 measurement was carried out for Smin at a constant shear rate of 801/s,
capturing one data point every 5s. Surface tension and viscosity measurements were both

conducted at ambient conditions.

4.2.3.2 Characterization of Printed Parts

Aside from TGA, binder burnout was analyzed using powder XRD (Empyrean, Malvern
Panalytical, UK), operating with Cu-K, radiation and a monochromator. The powders
were scanned with a stepsize of 0.007° and 70steps/min. XRD analysis was also used
for alumina phase determination at different Al,O5 support fabrication stages (green part,
debinded, infiltrated).
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Dimensional accuracy of the print job and associated linear shrinkage of the cylinders
after debinding, calcination and infiltration, d and 4 were measured for parts at all process
stages (green part, debinded, infiltrated). These geometrical values were obtained using a
tablet hardness testing system with an integrated option for length measurement (Multi-
Test 50, Dr. Schleuniger Pharmatron, Switzerland). The part to be tested is placed in the
measuring area between two stainless steel brackets, one moving towards the other with
a constant moving speed of 2 mm/s. Once a certain resistance from the inserted test body
is recognized, the diameter or height, depending on the testing orientation, is recorded.
All samples were tested with the tablet hardness tester, except for parts directly after
debinding. Insufficient part stability due to binder burnout did not permit measurement
with the hardness tester. Therefore, height and diameter were manually measured with a
digital caliper for freshly debinded samples.

Side crushing strength was measured with the MultiTest 50, which was also used for
above described size measurement. Uniaxial compression on the lateral surface of the
samples between two opposite metal plates was performed, characterizing the cylinder’s
response to loading perpendicular to its length, until fracturing occurs. One of the plates
moved towards the other with a constant velocity of 2 mm/s. The fracture load F' was
automatically collected and used in equation 3.19, yielding the side crushing strength

Ocomp-

Powder bed density was determined by employing a methodolgy that uses density cup
samples [185]. Hereby, a density cup is fabricated via BJ under regular printing con-
ditions, where only the contour of the cup is printed, thus leaving a cavity containing
unbound powder. After curing, the density cup was gently brushed to remove unbound
powder outside of the cup. The mass and volume of the loose powder were correlated to
determine the powder bed density. The cup was designed so that the cylindrical cavity has
a diameter of 10 mm and height of 10 mm. For later density calculation, perfect cylinder
volume according to the computer aided design (CAD) file was assumed. The mass of
the loose powder inside of the cup was weighed with a balance by subtracting the mass
of bound powder of the cup contour from the total mass comprising bound and unbound
powder.

Densities and void fractions of the printed and post-processed samples were acquired
using the Archimedes buoyancy method according to DIN EN 623-2 [186]. Because the
printed specimens are highly porous, open voids, which are accessible from the sample
surface, have to be considered when measuring the part density, requiring full impregna-
tion with a fluid of known density [187]. In this case, distilled water was chosen as the

fluid. The specimen was degassed at 25 mbar in a rotary evaporator before distilled water
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was added, following repressurization to atmospheric pressure. For density calculations,
the sample was weighed in its dry, water-impregnated and submerged state.

Further porosity analysis, especially regarding the catalytically relevant pore size distri-
bution, was conducted with N, physisorption (Nova 4200e, Quantachrome Instruments,
USA) using the method of Barrett, Joyner, Halenda (BJH) for calculations. Outgassing
prior to adsorption at 120°C for 120min ensured removal of any physisorbed species.

Adsorption and desorption isotherms were measured in the range 0.001 < p/pg < 1.

Specific surface area SggT and pore size analysis were performed simultaneously by
N, physisorption, thus using the same experimental procedure. Sggr was determined
according to the method of Brunauer, Emmett, and Teller (BET) and calculated between
0.05 < plpg <0.3.

Structural analysis of the printed parts, namely qualitative porosity characterization and
relative particle distribution for different process stages, was accomplished by uCT (ver-
saXRM 500, Zeiss, Germany). The X-ray source is a transmission tube with a Tungsten
target (NT100, Nordson Dage, UK). The peak voltage was set to 80 kVp and the power
to 6 W for every scan. The detector is a CCD camera (iKon-L, Andor, UK) with 2048 x
2048 pixels and a detector pixel size of 13.5 um. The versaXRM has a two stage detection
system. First, a geometrically magnified X-ray projection of a specimen is converted to
visible light in a scintillator. Afterwards, the scintillator light is imaged with an objective
onto the CCD detector. With a geometric magnification by a factor of 7.47 and a 0.3971 x
demagnifying objective, the resulting effective voxel size was 4.55 pm.

4.3 Results and Discussion

4.3.1 Raw Materials

4.3.1.1 Powder Analysis

Generally, the maximum particle diameter predefines the minimum thickness of a powder
layer [188], as one layer should be at least as thick as the biggest particle diameter or,

preferably, three times the particle size [189]. Therefore, the main interest for the powder
bed analysis lies in the PSD assessment as it also significantly influences the powder bed
density, thus affecting the printed part density and stability in the end. Laser diffraction

analysis resulted in the PSD seen in Fig. 4.4. The PSD of all single components as well
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Figure 4.4: PSD of the printing powder (PP) and its single components, measured with
laser diffraction. The vertical line marks the layer thickness of 40 um.

as the mixed powder "PP" (for "printing powder") which is ultimately used in the printer
were measured. As for the single components, all three powders have a for the most part
unimodal PSD. Pural BT has a median particle size of 16.78 um with small fractions of
fine and coarse particles. Actilox S40 has a unimodal PSD with d5g = 5.32 ym. The in-bed
binder PVP is relatively coarse in comparison to the two transition alumina powders.
Actilox S40 with its finer PSD is added, as bimodal powders are observed to show a
higher packing density and thus lower shrinkage during post-processing in comparison
to monodisperse powders. The fine powder particles would fill interstitial voids between
the larger particles, creating more particle-particle contact points and yielding a greater
powder bed density and part integrity overall [190]. Thus, a high percentage of Actilox
S40 1s desirable. However, depositability and spreading become more difficult due to
increasing cohesive forces between very small particles. Moreover, the liquid penetration
behavior was affected negatively with increasing amounts of Actilox S40. This behavior
is either caused by the hydrophobic surface property of Actilox S40 or the fact that finer
powders generally aggravate fluid migration in z-direction through the powder bed due to
smaller pores and higher saturation capillary pressures [23, 191]. Therefore, the amount
of Actilox S40 was limited to 7 wt.% in this study (see Table 4.2).

The powder blend PP shows a broad multimodal PSD with several local maxima, caused
by the different PSDs of the individual components of the blend (blue solid line in Fig.
4.4). Larger particles, mainly stemming from PVP, facilitate spreading with the rotating
roller, whereas the smaller particles offer the aforementioned benefits.

The layer thickness for all print jobs was 40 um, as described in section 3.2. As Fig. 4.4
indicates, the particles of PP exceed 40 um. A too small layer thickness could result in
rough layers, as the spreading roller pushes bigger particles across the build platform,
not incorporating them into to the build bed. This could also lead to a filter effect, as
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increasing amounts of particles with a diameter above the layer thickness would remain

in the leftover loose powder, reducing the recyclability of the utilized powder blend.

In order to validate if this filter effect occurs, Fig. 4.5 compares the PSD of fresh powder
with used PP after reuse in three print jobs. Under optimum conditions, fresh and recycled
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Figure 4.5: PSD of fresh PP powder blend (blue, solid) and recycled powder after 3 print
cycles (blue, dotted).

PSD plots should exhibit congruence. In this case, the PSD of recycled printing powder
shifts slightly to larger diameters. Furthermore, volume percentage of particles in the
range between 7um < dp < 50um exhibit a decline. The fine fraction up to dp = 7um
remains unaffected, suggesting uniform incorporation of fines into the print bed. The find-
ings hint an overall coarsening of the recycled powder. Incomplete integration of particles
above 40 um into the print bed and additional agglomeration affects could explain this

outcome.

The described combination of the layer thickness and PP powder composition was main-
tained during the experiments despite the identified deficiencies as parameter variation
was partially limited. Increasing the layer thickness led to insufficient vertical binder
permeation into the powder bed, resulting in collapsing green bodies. A more detailed
analysis of the PSD of PP and its components is listed in Table 4.4. Most of the particles
in the mixture are sized smaller than 40 um, so that the small percentage of oversized
particles is tolerated in this case. Moreover, the main contribution to the oversized par-
ticles stems from the PVP powder, as fresh Pural BT and Actilox S40 marginally cross
the size threshold. Subsequent burnout of the in-bed binder regardless of its particle size,
visually smooth spreading with the leveling roller after repeated print cycles and satisfying
ink penetration caused to maintain the formulated powder composition and neglect the

flaws.
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Table 4.4: PSD (d5q and dg() of the starting materials and the fresh powder blend PP.

Powder material ds5g (um) dgo (um)

Pural BT 16.78 36.36
Actilox S40 5.32 13.30
PVP 42.23 82.61
PP 18.66 66.32

4.3.1.2 Ink Characterization

Key variables for the ink formulation are the surface tension, viscosity and the PSD of
the dispersed boehmite particles. Table 4.1 lists all measured printing liquid properties. In
order to prevent nozzle clogging during printing, especially to be considered for particle-
loaded ink, the permitted maximum particle diameter for this printhead was 1 um. This
condition is fulfilled, as the largest particle with a size of dp =0.21 um, remains well below
the allowed threshold (Fig. 4.6). The PSD also suggests a well dispersed and colloidal

system, as the PSD is very narrow around the median value of dsg = 0.13um. Useful
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Figure 4.6: PSD of the dispersed boehmite particles Dispal 14N4-80 in the water-based ink,
measured by laser diffraction.

observations of drops and jets emerging from a nozzle using a camera and stroboscopic
techniques can give evidence for the actual drop size and jetting velocity [192]. This
analysis method was not available for this study, so that the quantitative printability of the
developed ink could only be vaguely estimated.

The drop forming behavior is complex and the physics behind it has been thoroughly
investigated, but not unequivocally clarified yet [192, 193]. The printability of a liquid can
be characterized by a set of dimensionless numbers consisting of the Ohnesorge number
Oh [24], the Weber number We and the Reynolds number Re [26] (Eq. 2.1, 2.2 and 2.3).
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The mean jetting velocity was assumed to be Sm/s and the drop diameter /, was calculated
for a mean drop volume of 14pL, assuming a spherical droplet. The values for u and [
are determined by the printhead vendor under inspection conditions. Calculations give
Re=T77.4, Oh=0.060, We =21.7, and Z = 16.6. In the context of the We-Re plot [26], the
operating point is located slightly outside of the zone for printable liquids. According to
the diagram, the used ink would be prone to satellite drop formation. This effect could be
mainly caused by high viscosity, corroborating the hypothesis that viscosity adjustment
could improve jetting performance for this ink. Aforementioned estimations give a vague
orientation for the drop forming behavior. However, for this printing process, mostly
visual assessment was applied. The ink was deemed suitable due to constant streak-free

and homogeneous images during prints without frequent nozzle clogging.

4.3.1.3 Binder Burnout

The in-bed binder PVP must fulfill the prerequisite of complete burnout after debinding
of the green part. For usage as a catalyst or catalyst support, the sample must not contain
impurities or traces of elements that could lead to catalyst poisoning. Depending on the
intended technical application, alkaline or alkaline earth metals could potentially impede
the catalytic activity by decreasing the number of active sites and acidity on the alumina
surface [194]. The extent of binder burnout was analyzed with three methods, i.e. TGA,

XRD and elemental trace analysis.

The weight loss curves in Fig. 4.7 demonstrate complete evaporation of PVP after 600 °C.
100 % weight loss was obtained by TGA for pure PVP powder. Liquid ink additives, water
and PVP are the only compounds that are expected to evaporate during debinding, so that,
according to the weight loss curve, debinding the green body leaves pure Al,O5 behind.
The TGA curve of the green part corroborates this assumption as the weight loss curve for
the printed part also stagnates at 600 °C. Combining the TGA curve of pure PVP with the
one for the green part indicates that the residue after debinding, which constitutes about
50 % of the original mass, is presumably entirely composed of Al,O5. Fig. 4.8 compares
the XRD patterns of two debinded parts. Both samples were debinded at azmperature
of 600 °C, the difference being the holding time in the calcination oven (1 h and 2h).
Normal debinding follow the routine depicted in Fig. 4.3 with a 1h holding time. The time
variation clarifies whether 1h suffices to remove all PVP or if phase changes still occur
after that. The vertical dashed lines denote the diffraction peaks of pure PVP, located at
about 11° and 21° (20) [195, 196]. Neither one of the measured XRD patterns display
peaks matching the reference pattern for pure PVP, indicating that no binder was left after

debinding. Moreover, the patterns for dwell times of 1 h and 2 h resemble each other to a
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Figure 4.7: TGA curves for pure PVP powder (blue) and a green body (dotted) under
synthetic air.
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Figure 4.8: XRD patterns of a debinded part, heated until 600 °C, held for 1 h (blue) and 2h
(orange). The vertical dashed lines correspond to the reference pattern of pure PVP.

great extent. This leads to the conclusion that holding the debinding temperature of 600 °C
for 1 h is sufficient for complete binder removal.

CHNS analysis revealed that 0.11 wt.% of C was left after debinding at 600 °C for 1 h.
This value is sufficient to assume complete binder removal and affirms the suitability of
the temperature program used for debinding (Fig. 4.3). The debinding duration of 1 h was
adequate for complete evaporation of PVP in the relatively small test cylinders. Debinding
time should be adapted to the size of the sample so that bigger parts will require an
extended holding time in the oven. Nitrogen and sulfur were not present in the sample,
suggesting no introduction of impurities or catalyst poisons through PVP.
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4.3.2 Printed Part Analysis

4.3.2.1 Alumina Phase ldentification

Phase identification of debinded samples via powder XRD (Fig. 4.9) confirmed that the
remains after debinding consist of pure alumina. Fig. 4.9 includes a matching reference
pattern from the International Center for Diffraction Data database (ICDD 04-0875).
Every reference reflection data can be matched with the measured XRD pattern of the
debinded part regarding location and intensity, so that the presence of alumina without
unwanted impurities is guaranteed with the current manufacturing procedure. The XRD
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Figure 4.9: Comparison of the XRD pattern of a debinded part, heated until 600 °C and
held for 1 h with a reference pattern for Al,O, (ICDD 04-0875).

pattern in Fig. 4.9 distinctly displays the diffraction pattern of meta-stable transition alu-
mina phases [197, 198]. Although unequivocal differentiation between transition alumina
phases via XRD is generally challenging [199], it is reasonable to presume that the diffrac-
tion patterns can be assigned to a mixture of 1—-Al,O5 and y-Al,O5. These are the widely
suggested thermal decomposition products at 600 °C of the starting materials bayerite
and (pseudo)boehmite, respectively [200-202]. Unless the sample is highly crystalline,
N-Al,O5 and y-Al,O5 are hardly distinguishable because both are spinel type and due
to their only difference being the defect sites on the tetrahedral and hexagonal sites, re-
spectively [199, 203]. At some point, the extent of similarity even justified the assumption
that 1- and y-Al,O5 were identical [204]. For a more elaborate alumina transition phase
differentiation, solid state 27 Al NMR has been proposed to observe the coordination of Al
cations in more detail [199, 205] and elucidate the structural differences. Considering the

applied powder bed composition, the calcined samples should mainly consist of -Al,O5
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and to a minor extent of y—Al,O; which evolves from AIOOH in the powder mix and from
Dispal 14N4-80 in the ink.

4.3.2.2 Dimensional Accuracy

The target value for the cylindrical test specimens was 8mm for both the height and
diameter. Table 4.5 presents the dimensional deviation of the test samples from the value
initially specified by CAD. Green part dimensions barely differ from the target value.
Especially axial measurements, with an average deviation of zero, conform to the set
value. Green part dimensions smaller than expected could arise from abrasion by powder
removal after curing or handling. This oftentimes signals poor ink penetration into the
powder, thus insufficient liquid saturation to adequately bond the particles. Depowdering
then tends to blow off weakly bound powder, leading to a reduced part size.

Increased size could stem from incomplete depowdering, when pressurized air flow is too
little to blow off a particularly cohesive powder blend. More likely, powder-ink interaction
shows radial oversaturation, causing binder bleeding (not required binding of surrounding
support powder). However, the green part radial dimension exceeds the set value by only
0.2 %, a satisfactory and reasonable value, also considering the standard deviation of the

values.

Table 4.5: Deviation of cylinder height and radius from the target value of 8 mm. For the
infiltrated parts (ilc, i2¢ and i3c) the deviation as compared to the debinded part is shown
additionally. Sample number for each measurement n > 7.

Axial (%) Radial (%)
Green part 0.0£0.5 0.24+0.7
Shrinkage (%)

Axial from Radial from

Axial total - Radial total = ;0 14 part debinded part

Debinded 4.2+1.1 29+1.0 0.0 0.0

ilc 53+04 44+£0.38 1.2+0.5 1.6+0.8
12¢ 44+09 5.2+£0.7 0.0£0.1 24+£09
13¢c 44+£0.7 47£1.6 0.2+£0.7 1.9£1.6

Debinding reduced the cylinder height by 4.2 % and the diameter by 2.9 %. PVP makes up
20 wt.% of the total powder blend (see Table 4.2), so that debinding creates a considerable
mass loss after burnout, as discussed in section 4.3.1.3. The main powder components
boehmite and bayerite transform to the thermodynamically most stable form o—Al,O4
at ca. 1050°C [202, 206]. The debinding temperature of 600 °C lies well below the
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common sintering temperature for Al,O5 between 1400 °C and 1650 °C (50-80% of the
melting temperature) [207]. Consequently, intermediate or final stage sintering in terms
of substantial densification is not induced under these conditions. Binder burnout even
reduces part density hereby. Initial stage sintering which includes particle neck growth
by diffusion along and to grain boundaries causes slight part shrinkage. Additionally, cal-
culations by Zheng et al. [208] suggest that sintering shrinkage is inversely proportional
to the green density for highly porous materials. The low-density test specimens could
correspond to these findings, reinforcing a proportionality between the amount of pores

and shrinkage.

Table 4.5 shows unequal reduction of axial and radial dimensions for the debinded
samples, although the shrinkage could be considered very similar for both directions,
regarding the small magnitude. The layer-wise fabrication inevitably generates more voids
between layers than within a layer because particle consolidation in z-direction is less
enhanced than it is in x- and y-direction due to limited mass transport of the ink into
the powder [209]. Therefore, the hereby observed anisotropic shrinkage of the debinded
samples with more pronounced decrease in z-direction could be inherent to the powder-

based layering process.

The influence of gravity on sintering has been studied before, where height decrease due
to gravity has been reported [210-212]. Gravity imposes an axial load gradient which
increases from top to bottom, causing height reduction during calcination. Higher linear
shrinkage in z-direction of Binder Jet printed parts has been observed in previous studies
[213, 214]. This effect probably affects bigger specimens to a greater extent and can be
neglected in this case. For the small test objects in this study, the anisotropy of shrinkage

plays a minor role but should be considered in general during part creation via CAD.

The names ilc, i2¢ and i3c¢ in Table 4.5 denote post-processed specimens which were
infiltrated one, two and three times, respectively. Axial and radial shrinkage of the infil-
trated parts appear to be of similar magnitude in comparison to the green body shrinkage,
but more isotropic. Infiltration increases the particle packing density of the debinded
part which notably affects the shrinking behavior [215, 216]. Drip infiltration introduces
particles where voids have been generated by binder burnout, stabilizing the weakened
alumina structure. The added grain boundaries consolidate after the second calcination
step, ultimately forming a more durable part. Higher particle density is possibly the main
reason for more uniform shrinking as a reduced number of voids and cavities mitigates the
vertical collapse of the alumina scaffold during calcination. Similar total shrinkage values
for debinded and infiltrated specimens lead to the conclusion that, in this case, infiltration

does not fulfill the function of shrinkage prevention but structural stabilization.
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Size reduction of the infiltrated parts after the second calcination step was max. 2.4 %,
thus significantly reduced as compared to shrinkage after the first calcination. Previously
calcined parts undergo less shrinkage after repeated heat treatment due to an already

consolidated structure which is less prone to deformation.

4.3.2.3 Part Density and Void Fraction

Density and associated void fraction within a printed specimen are closely related to the
side crushing strength as well as catalytic properties. The hereby used term "void" refers to
the macroscopically scaled interparticle free space caused by particle arrangement within
the examined sample. Voids can again be differentiated into open and closed voids. Closed
voids denote isolated cavities inside the sample, whereas open voids are channels or air
pockets with an exit to the outside at the sample surface.

Table 4.6 presents the density of the powder bed and of the parts after all infiltration
stages. Part stability of the debinded green parts was insufficient for density measurement
with the Archimedes buoyancy method, thus corresponding density values in Table 4.6
are denoted with "n.d." (not determined). Bulk density ppyx is the mass divided by
the external volume, i.e. the volume of the solid including open and closed voids. The
apparent solid density papp,s is the mass divided by the volume of the solid including
closed voids. The fraction of open voids €pen describes the ratio between the volume of
open voids and the bulk volume. The powder bed density is the lowest out of all bulk

Table 4.6: Measured bulk density py,x, apparent solid density papp.s and open void fraction
€open for the powder bed and post-processed specimens.

Powder bed Debinded 1ilc 12¢ 1i3c

Poulk(g/cm?) 0.57 n.d. 0.61 0.72 0.82
Papp.s(g/em?) n.d. nd. 301 2.88 2.75
Eopen 0.80 nd. 080 075 0.70

densities, as it consists of loose powder, compacted only by the powder roller during
printing. After debinding, bulk density is expected to decrease even more due to binder
removal. However, the value could not be measured. Infiltrated part densities expectedly
increase in bulk density because particle content increases while part volume remains
constant (Table 4.5). A steady improvement of bulk density from the powder bed stage to

13c proves the positive impact of infiltration.

The parameters Papp,s and Expen help to assess how infiltration affects the general void dis-
tribution. From ilc to i3c, apparent solid density declines from 3.01 g/cm3 to 2.75 g/cm3.
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A downward trend for papp,s can only be induced by decrease of sample mass or increase
of the apparent solid volume which includes closed voids and the solid material. Table
4.7 presents the percentage mass increase for each infiltration stage, which implies that a
decrease in apparent solid density must be a direct consequence of infiltration. Particles
penetrate from the outside to the center during infiltration, causing open surface voids to
be sealed. Open voids with previous access to the outside are closed by infiltration and
become closed voids inside the sample. As a result, solid volume and fraction of closed

voids increase with the number of infiltration steps.

Table 4.7: Mass increase of all stages between part debinding and
third infiltration step. Amgepind—i3c denotes the total mass increase
achieved by slurry infiltration.

Step Mass increase (%)
AMgebind-ilc 14
Amiice_ine 16
Amipe_ize 6
AmMgebind—i3c 40

Complementary to the hypothesis that the number of closed voids increases due to inward
motion of the infiltration slurry, the volume fraction of open voids decreases from 80 %
for ilc to 70 % for 13c. Mass increase is generally a measure for the effectiveness of the
infiltration process as more particle introduction into the specimen leads to a higher bulk
density and final part strength. The results in Table 4.7 suggest that the last infiltration
step between i2¢ and i3c 1s less effective than the first two starting from the debinded
part to i2c. The fraction of open voids declines by 5 % after every step, whereas the
mass increase between the second and third infiltration is only 6 % in comparison to 16 %
between ilc and i2c. During the first infiltrations, voids already become saturated to such
an extent that less particles are incorporated into the body afterwards. The mass difference
Amgepind-ilc = 14 % is similarly high as Amj;._j>. (Table 4.7), indicating that infiltration
after debinding adds a significant amount of boehmite particles into the printed cylinder

structure.

4.3.2.4 Side Crushing Strength

Fig. 4.10 displays the crushing strength development of Binder Jet printed parts along the
process chain from the green body up to three times infiltrated parts. A debinded part is

approximately one third as robust as a green part, as binder burnout removes the majority
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of particle coherence. Infiltration restores and even increases the crushing strength mas-
sively, so that O¢pgh j1¢ 18 20 times greater than Ogpygh debinded» Proving the indispensabil-

ity of an infiltration procedure after debinding. The trend of calculated crushing strengths
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Figure 4.10: Side crushing strengths of printed parts at different process stages.

accords with the results for the mass increase in Table 4.7. The significant increase in
Ocomp by 130 % between ilc and i2¢ agrees with a relatively steep mass increase of 16 %.
In contrast, Gcomp merely improves by 9 % from i2¢ to i3¢ and corresponds to the small
mass growth of only 6 %. Combining the findings from density and crush strength mea-
surements, the effectiveness of infiltration declines with additional infiltration steps, so
that the necessity of the third infiltration stage is debatable. Little improvement in Gcomp
is traded for a decrease in open voids. High &open provides utilizable surface area and
access to active sites on the catalyst. Ultimately, depending on the technical application,

side crush strength and sufficient void fraction have to be balanced out.

4.3.2.5 Structural Analysis With uCT

Nondestructive structural analysis of the Binder Jet printed parts were conducted by uCT
analysis. The scan results for the green part, ilc and i2c are depicted in Fig. 4.12 and Fig.
4.14. For each sample, cross-sectional views perpendicular to each coordinate axis were
recorded. For ease of visualization, Fig. 4.11 shows the analyzed planes in different colors
which can be correlated to the images in Fig. 4.12 and 4.14. No uCT scan of the debinded
part was performed due to lack of part stability, similar to the bulk density measurement.
Analysis of the sample 13¢ was omitted due to the intention to only test the feasibility
of uCT for the printed samples which can already be deduced from the green part to the
sample i2c.
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Figure 4.11: Coordinate system used for uCT analysis with colors for easier visualization. y
is the printing direction. Gray cross-sections in Fig. 4.12 are perpendicular to the cylinder
axis. Blue and red cross-sections in Fig. 4.14 go through loose and dense planes,
respectively, parallel to the cylinder axis. Green cross-sections run through the cylindrical
center of rotation and perpendicular to the red and blue slices.

The overall structure of the green part (Fig. 4.12a) shows a fine and even void structure.
Fig. 4.12b and 4.12c display samples ilc and i2c, respectively, which seem to develop

a coarser and more porous structure due to post-processing measurements. The bottom
row of Fig. 4.12 displays the averaged pixel values of the top row figures over 1000
vertical slices, elucidating an overall structural pattern. For all three samples, the Binder
Jet printed character becomes clear as a periodical stripe pattern is visible, stemming from
the printhead movement in y-direction and the nozzle spacing. The print density variation
attributed to the printhead nozzle distance has also been observed by others for Binder Jet

printed parts [214, 217] but is in this case clearly visible via CT analysis.

Binder burnout leaves voids where the PVP powder was located, generating a fragile
part. Overall mass and bulk density increase (Table 4.6 and 4.7) prove the effective
introduction of boehmite particles via the infiltration slurry. However, in section 4.3.2.3 it
has been discussed that the main purpose of the infiltration process in this study is more
the structural stabilization of the porous scaffold due to debinding than actual density
maximization. This assumption is confirmed by the uCT scan of the sample ilc (Fig.
4.12b). It shows larger voids compared to the green part but is evidently stronger (Fig.
4.10) than the green part. Fig. 4.12b and 4.12¢ demonstrate how repeated infiltration

affects the particle arrangement. The averaged images in Fig. 4.12 reveal a visual effect of
infiltration inside the samples of ilc and i2¢c. Both samples show a light circle, caused by
infiltration from outside to the center whereas the green part does not show such an effect.
Appearing in the averaged images implicates that the circle is featured in every slice in
vertical direction. These observations lead to the assumption that atmospheric pressure
infiltration does not fill the voids of the entire sample with the particle suspension but
slurry uptake is somehow limited, e.g. by capillary forces. With progressing repetitions
of infiltration, sealed voids hinder penetration from the outside and therefore make the
light ring more visible due to increased particle accumulation up to this region. It is

assumed that the size of the circle in sample ilc and i2c¢ does not correlate to the number
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(a) Green body (b)ilc (¢)i2c

Figure 4.12: Cross-sectional views of uCT scans of printed cylinders perpendicular to the
z-axis of the green body, ilc and i2¢ samples (top row). The bottom row shows the
respective averaged pixels over 1000 slices. The orientation corresponds to the gray
cross-section in Fig. 4.11. The horizontal direction is along the x, the vertical direction is
along the y axis depicted in Fig. 4.11.

of infiltration repetitions. Due to slightly different liquid uptake behaviors and the nature
of manual infiltration slurry addition with a pipette, the ring formation can differ between
the samples to a certain extent. Nevertheless, the uCT scans clearly show the migration of
particles of the infiltration slurry to the center of the bodies. In this case, uCT can provide
a method to assess the effectivity or completeness of infiltration for Binder Jet printed
parts.

Discrete Fourier Transform (DFT) of the cross-sectional views in Fig. 4.12 allows an
independent assessment of the part shrinkage next to the one performed in section 4.3.2.2.
Due to the periodically repeating pattern originating from nozzle spacing, particle shrink-
age should be observable by CT through decreasing line distances in x-direction. The
periods per inch by Fourier analysis of the cross-sectional views in Fig. 4.12 are calculated
considering the pixel distance D from the center and the detector pixel distance p, which
is 4.55 um in this case. Alternatively, analyzing the gray values of the same profiles within
a distance of 7mm (Fig. 4.13) and averaging the pixel distances over the number of
density maxima observable from the gray value profiles yields results congruent with DFT
analysis (Table 4.8). As the printhead resolution is 180 dpi, greater values for periods per
inch after post-processing indicate part shrinkage. Radial shrinkage from Table 4.5 and
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results yielded from puCT are compared in Table 4.8 and match partly. Taking into account
the standard deviations and that uCT analysis was conducted for one sample of each
infiltration step only, the shrinkage results are relatively similar, so that CT interestingly

poses a method for shrinkage analysis.
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Figure 4.13: Gray value profiles along x-direction through the averaged
cross-sectional views of Fig. 4.12, bottom row. The number of density
maxima within a distance of 7 mm are 49, 54 and 52 for GP, ilc and i2c,
respectively.

Table 4.8: Calculated values for periods per inch according to the DFT and gray value
methods and resulting shrinkage, compared to measured radial shrinkage.

Periods per inch (1/inch) ‘ Radial shrinkage (%)

DFT  Gray value profile CT  Size measurement

GP 178.8 178.6 -0.7 0.2+0.7
ilc 195.0 194.4 8.2 44+0.8
i2c  189.8 189.6 54 52407

Fig. 4.14 shows three cross-sectional views of each of the three samples, one being

perpendicular to the y- and two to the x-axis. It was observed that slices in the yz-plane
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show alternating loose and dense layers, visible in Fig. 4.14 (middle and bottom row),
therefore matching the pattern in Fig. 4.12 caused by the nozzle arrangement.

Oftentimes, 3D printed parts show distinctly visible layers in build direction as observed
in other reconstructed CT scans of powder-based additively manufactured bodies [217,
218]. Vertical slices through the printed cylinders in Fig. 4.14 do not show these periodic
density differences in z-direction. In conclusion, the layer thickness of 40 um and a
sufficient binder saturation generate a seamless linking of alumina particles in build
direction.

(a) Green Body (b)ilc (¢)i2c

Figure 4.14: Cross-sectional views with identical grayscaling of the green body, ilc and
i2c. Green frame (top row) = xz-plane, red (middle row) = slice of dense yz-plane, blue
(bottom row) = slice of loose yz-plane. The colors correspond to the cross-sections depicted
in Fig. 4.11. The vertical direction of all 9 images is along the z-direction.

The physical limitations of capillary infiltration have been addressed before and become
more visible with repeated infiltration. Pressure infiltration is in most cases preferred over
pure capillary infiltration for BJ objects [219, 220] due to above discussed reasons. It was
explored that water molecules even require a certain critical external pressure to overcome
the energy barrier at the entrance of a small pore [221, 222]. However, pressure application
tended to overly destabilize the fragile debinded parts in this case, leading to part defor-
mation or even complete disintegration. Therefore, infiltration slurry adjustment regarding
the surface tension, viscosity, particle loading could improve the infiltration effectiveness
greatly. Increasing the infiltration slurry temperature from ambient temperature to more
elevated temperatures could influence the surface tension or viscosity towards increased
infiltration depths. Nevertheless, the currently applied procedure already substantially
strengthens the debinded parts (Fig. 4.10) by consolidation of the established scaffold.

For the hereby tested cylinder samples it was decided that two infiltration steps achieve
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a sufficiently stable alumina support, so that i2c would be the final stage of the produc-
tion process. Differently shaped and sized bodies may require more or less infiltration
repetitions, depending on the wall thickness and powder volume to be penetrated by the
infiltration slurry.

4.3.2.6 Specific Surface Area

Besides the durability and mechanical strength, the surface area and pore size distribution
also determine the practical suitability of a catalyst support. In contrast to the previously

used term "void" in sections 4.3.2.3 and 4.3.2.4, the hereby used term "pore" corresponds

to the nano- and mesopore sized intraparticle vacancies which play an important role
for the catalytic application. Fig. 4.15 compares the bulk density py,x and the specific
surface area SggT of fabricated samples at various stages of the printing process. The
thermally untreated mixture of bayerite and (pseudo)boehmite used in the powder bed
has a relatively low Sggt of 61 mz/g. Upon debinding (calcination) at 600 °C the spe-
cific surface area increases considerably to a value of 223 m2/g. After debinding, SBET
seems to have reached a maximum. Infiltrated specimens, which were each calcined
one more time, show a declining surface area with increasing infiltration steps. While
SgeT of ilc drops marginally to 221 mz/g, i2c and i3c show a reduced surface area

of 179 m%g and 169 m%g, respectively. The surface area and morphology of thermally
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Figure 4.15: Bulk density pyyx and specific surface area Sgg at various stages of catalyst
support fabrication via binder jetting. ppy,x could not be determined for the debinding stage
but is assumed to decrease due to burnout of the in-bed binder.

decomposed AIO(OH) and Al(OH); have been thoroughly studied before, where a strong
dependence of pore structure and surface area on the calcination temperature has been
observed [223, 224]. Crystalline aluminum hydroxides usually have a small surface area

[225] that increases up to a certain value upon heating. This is caused by the rapid
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expulsion of adsorbed water. Dehydration generates an extended porous network inside
the particle while the external dimensions of the aluminum hydroxide particles remain
constant, leading to an increase in SggT [200, 225]. Upon reaching the maximum surface
area, ST decreases with further or additional heating due to internal reorientation of
the metastable material system, causing progressive particle shrinkage and collapse of
the crystalline network [225]. Generally, further increase of the calcination temperature
would lead to a continuous decrease of the specific surface area due to formation of a

more thermodynamically stable structure.

Concomitant with the surface area decrease because of aforementioned pseudomorphic
transformations, the bulk density of i1c samples increases. This behavior is clearly observ-
able in Fig. 4.15. Interestingly, the declining SggT of i2¢ and i3¢ can only be attributed to
the rising amount of alumina particles in the specimen by infiltration. If the reduction of
surface area was influenced by the second calcination after infiltration, SggT would have
been expected to show a similar value compared to ilc. Apparently, infiltration occludes
canals and pores which were accessible from the outside prior to particle introduction.
Added boehmite particles are transformed to y—Al,O5; which contains newly generated
surface area, but this process is likely outweighed by the blockage of previously accessible
space. SBgT decrements between ilc, i2¢ and i3c agree with the findings from section

4.3.2.3 and 4.3.2.4 regarding the decreasing effectiveness of infiltration with each itera-

tion. A relatively small specific surface area reduction between i2c and i3c concurs with
an analogically minor increase in mass and crushing strength (Table 4.7 and Fig. 4.10,

respectively).

4.3.2.7 Pore Size Analysis With N, Physisorption

Surface area and porosity of a solid material are usually strongly related. The pore
structure of the catalyst support determines whether reactants and products can sterically
adsorb on and desorb from the surface. The analysis of the detailed pore geometry goes
beyond the scope of this paper. However, Fig. 4.16 compares the pore size distribution of
infiltrated samples in reference to different infiltration repetitions from N, physisorption
measurements. Fig. 4.17 represents the pore size distributions of a debinded sample and
samples which were infiltrated one to three times. The pore size distribution of the one
time calcined part (regular procedure) in Fig. 4.17 seems to follow a narrow unimodal
distribution, peaking at a pore diameter of d, = 3.6nm. This indicates a relatively regular
and fine pore structure of the alumina support after debinding. After infiltration, the
general pore size distribution shifts to a bimodal mode, seen in all samples regardless
of the number of infiltrations (Fig. 4.16). The bimodality is attributed to the infiltration
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Figure 4.16: Pore size distribution of one to three times infiltrated samples compared to the
debinded (calcined) part.
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Figure 4.17: Pore size distribution of a one time calcined green part (according to normal
preparation procedure) and a three times calcined specimen.

process and not to the second calcination step, as Fig. 4.17 shows that samples which were
calcined three consecutive times without infiltration maintain the unimodal distribution

type.

The major pore volume of infiltrated parts is associated with pores in the small mesopore
region at around dp = 3.6nm, similar to the distribution of the debinded parts. Addition-
ally, pores with dp = 12nm seem to form. A clear trend of declining small mesopores at
3.6nm and a simultaneous increase in pore volume at 12 nm is observed from ilc to i3c,
while the total pore volume stays approximately constant. This effect must be associated
with repeated infiltration procedures and thus, increased particle introduction, as thermal

treatment was equal for all infiltrated specimens.
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Pressureless drip infiltration was chosen for its simplicity and the preservation of the
dimensional accuracy of the samples. Infiltration at atmospheric pressure is governed
by two forces, namely gravity and capillarity. Due to the small scale of the pores and
channels, it is assumed that capillary action dominates the permeation process in this
case. Moreover, it is understood that the relationship between capillary filling of pores
and pore size is not trivial [226, 227]. Diminishing smaller pores and growing volume
of larger mesopores as seen in Fig. 4.16 could be a result of incomplete propagation of
the infiltration slurry through the capillary systems. Small air pockets are consequently
trapped which transform to closed pores after calcination. This theory complies with
the decreasing papp,s values in Table 4.6 which indicate an increasing volume of closed
porosity from ilc to i3c. The spontaneous infiltration of confined pores and resulting
errors thereof are caused by an interplay of different parameters such as the particle size
[227], pore dimensions, fluid properties and fluid-solid interaction. The hysteresis loop
obtained by gas adsorption (Fig. 4.18) displays a H2 type hysteresis, typically indicative
of disordered pores associated with pore blocking, percolation phenomena and ink bottle
pore shapes [228]. The same hysteresis type was observed for the debinded sample and
the other two infiltrated samples ilc and 13c. Thus, an irregular pore network is assumed,
promoting an uneven permeation of the particle slurry through the narrow pores. The
following paragraph discusses possible reasons for irregular imbibition of the printed

samples. Ceratti et al. [226] investigated the effect of pore characteristics on capillary
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Figure 4.18: N, physisorption isotherms of the sample i2c.

infiltration and observed that in the case of pores < 50nm, the presence of bottle neck
pores impedes the infiltration rate and that larger pores are filled faster in general. The
existence of bottle neck pores is suspected (Fig. 4.18) so that a gradient in the filling rate
could cause trapped air. It has also been reported that gradients in fluid concentration

could hinder complete saturation over a certain length. Produced locked air pockets
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may block the permeation path of the infiltration slurry due to alteration of the flow
pattern which again reduces the permeability [229]. Furthermore, assuming a random
capillary model, small-diameter capillaries can experience a pinch-off mechanism where
small air bubbles are trapped inside the pores while large diameter pores are bypassed
[230]. The mechanism of aqueous liquid infiltration was investigated by Si et al. [221].
Chun et al. [231] investigated the relation between the pore size distribution and the
infiltration efficiency in the context of BJ. The results suggest that the surface pore
volume is proportional to the initial capillary pressure. As a result, small pore volumes
relate to reduced capillary pressures and accordingly decreased liquid penetration into
the pores. Other parameters on the infiltration efficiency have been discussed by Si et al.
[221], who outlined that nanopores strongly interact with the solid phase. The smaller the
pore dimension, the more is the fluid progression prevented by frictional forces by the
solid. Moreover, for pore diameters smaller than 5Snm, which were detected for the tested
specimens (Fig. 4.16), the pore length may play an important role insofar as inherent
parameters such as the liquid-solid contact angle and the surface energy raise the energy

barrier which has to be overcome.

4.4 Conclusions

In summary, a process for the powder-based additive manufacturing of porous but robust
alumina supports applied in heterogeneous catalysis was developed and analyzed. The
powder bed consisted of boehmite, bayerite and the in-bed binder PVP, indispensable
for green part stability. The calcination temperature of 600 °C was sufficient to fully
remove the PVP as well as to transform the transition alumina phases to presumably
1n- and y-Al,O5. Drip infiltration with a boehmite slurry and subsequent calcination led
to a significantly increased side crushing strength while the surface area remained in a
catalytically relevant range.

Considering the absence of scientific studies on the powder-based 3D printing of catalyst
supports consisting of pure transition phase alumina with a catalytically relevant specific
surface area and porosity, this paper presents a viable procedure that generated ceramic
parts stable enough for operation as a packing in a catalytic fixed bed reactor. Ceramic
bodies 3D printed with a powder-based technology have not been reported to be fabri-
cated under the hereby described thermal conditions so that the presented manufacturing
routine poses a general and novel procedure for Binder Jet-printed alumina supports. As
the first calcination step at 600 °C resulted in a fairly unstable part due to insufficient
particle consolidation at such a low temperature, the key step is the drip infiltration which

significantly reinforces the part due to particle introduction and binding properties of the
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infiltration slurry, facilitating the production of porous and high surface area bodies in the
first place. Besides the porosity and specific surface area, the final printed part consisted
of pure 17- and y-Al,O5 without any potential catalyst poisons. The combination of the
hereby presented low temperature thermal treatment and post-processing infiltration strat-
egy could offer new manufacturing possibilities by decreasing the necessary calcination
temperature for sufficient particle consolidation. Transferring the findings of this study to
other applications, low porosity parts which still have a low bulk density after sintering

could still be manufactured with the BJ technique.

The performance of the printed alumina supports could be optimized by further ad-
justments of the BJ process. A finer PSD of the powder materials would increase the
green part stability and lessen shrinkage. Tweaking the ink composition regarding surface
tension and viscosity and development towards a higher particle loading could enable
stronger parts and finer structural details which could affect the catalytic activity and fluid
dynamics inside a reactor positively. Adjusted surface tension and viscosity values of the
boehmite slurry could greatly improve the liquid penetration behavior towards complete

wetting.

The successful design of this BJ procedure for an alumina support paves the way for the
preparation of impregnated printed supports applied in random packings or geometrically
more challenging monolithic structures. Additionally, if a binder with a lower boiling
point than PVP is used, an even lower debinding and overall calcination/sintering temper-
ature is possible. This point could be important in the further development of 3D printing
strategies for other catalyst types which do not permit high calcination temperatures due to
catalyst deactivation induced by high temperatures. Moreover, the findings of this study
can be used to develop a method for the direct printing of heterogeneous catalysts by
already including active metal components into the printing powder, thus modifying and
further developing the procedure presented in this work.
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Abstract

Two additive manufacturing (AM) techniques, namely extrusion-based direct ink writing
(DIW) and powder-based binder jetting (BJ) were thoroughly compared to assess their
respective advantages and drawbacks for catalyst shaping. The 3D printed monolithic
Al,O5 supports were wet impregnated with H;Pt(SO5),(OH) and tested for the dehy-
drogenation of perhydro-dibenzyltoluene (H18-DBT), a liquid organic hydrogen carrier
(LOHC). The supports were analyzed regarding their specific surface area, compression
strength, shrinkage behavior and pore size distribution with calcination temperatures rang-
ing from 600 to 1200 °C as well as 3D print specific characteristics. Benefiting the liquid
phase reaction, pore diameters below 26 nm were diminished above 7., = 1050°C,
revealing a BET surface area of 26 mZ/g for BJ and 11 mz/g for DIW printed supports.
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Furthermore, increasing the impregnation duration from 0.5h to 12 h showed increased
Pt loading, larger metal particles, and a deeper penetration into the support. Most notably,
for BJ the Pt loading is generally higher due to higher meso- and macroporosity of the sup-
port. Catalytic H18-DBT dehydrogenation with powder and monolithic catalysts showed
equal dehydrogenation rates with both 3D printing methods, respectively. The achieved
Pt productivity was about 4.3 gHzgl_)% min~! for powder tests and 2.7gy, gl_)% min~! for

monolithic pellets.

5.1 Introduction

Since the first additive manufacturing (AM) concept was patented 1986 by Charles W.
Hull [20], numerous AM technologies have been introduced using a wide range of ma-
terials [232, 233] for different applications ranging from the (bio)medical [234], dental
[235], to automotive [37, 236] and aerospace [237, 238] industry. The chemical industry,
including heterogeneous catalysis, has been hesitant due to its relatively low agility and
adaptability of its oftentimes large scale productions [16, 40]. However, AM increasingly
finds its way into the chemical engineering sciences to facilitate process intensification,
e.g. for gas adsorption [15, 46, 239, 240].

From an advanced manufacturing viewpoint, 3D printing of structured catalysts becomes
relevant since it facilitates the design of complex tailor-made shapes, optimizing pressure
drop, heat and mass transfer properties, fluid and particle flow, as well as reaction thermo-
dynamics. Therefore, the catalyst performance and overall reactor design and efficiency
can be rapidly manipulated and customized to the need of each chemical reactor system
by AM [16, 17].

Several review and research articles have already outlined the current state of the art of
AM for catalytic applications [40, 42, 44, 45]. Not all AM methods are suitable for cat-
alyst manufacturing since processing of ceramic material poses certain challenges due to
the material’s inherent brittleness and low toughness [74, 241]. Direct Ink writing (DIW)
is the most commonly used printing method to generate catalysts such as Fe/y—Al,0O4
monoliths for the hydroxylation of phenol [242], doped HZSM-5 zeolite for n-hexane
cracking [48] or Ni/Al,O5 for CO, methanation [68] as examples of studied catalytic sys-
tems. FurtErmore, Stuecker et al. compared robocasted woodpile-structured monoliths to
conventional honeycomb ceramic structures and discovered enhanced catalytic methane
combustion activity of 3D printed structures [71]. Binder jetting (BJ) has only been used

by Bui et al. for fabrication of precipitated NiAl catalysts for CO, methanation in a single

pellet string reactor [243], necessitating further studies on the use of BJ in catalysis.
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Ludwig et al. [21] investigated the suitability of different 3D printing methods for the
generation of pure Al,O; parts for catalytic purposes. Among the evaluated printing

techniques, BJ and DIW were chosen as suitable methods.

Direct ink writing, or so-called robocasting, is categorized as Material Extrusion by ISO
[244] and can further be distinguished in discontinuous (droplet based) and continuous ex-
trusion [245, 246]. The latter operating mode is used in this work. Hereby, high-viscosity
slurries are used as printing material and extruded through a thin nozzle [246-248]. The
process occurs at ambient temperature and no chemical reactions take place. Therefore,
solely the rheological, shear thinning properties of the ink determine the solidification
process after printing [247, 249, 250]. After successful printing, post-processing in form

of binder removal or calcination can be necessary to obtain required material properties

[251, 252].

Binder jetting is a powder-based 3D printing technology, which uses a roller to distribute
and spread a thin powder layer over a print platform. An inkjet print head selectively jets
a printing liquid over each powder layer in order to glue the powder particles together to
form a three-dimensional part. After printing, the so-called green part is still embedded
in unbound powder, which has to be removed. BJ creates inherently porous parts, making
post-processing steps such as infiltration crucial for sufficient mechanical stability [253].
Moreover, BJ offers a relatively high build rate and easier scalability as the duration of
a print is mainly determined by the height of the print job and the number of printable
object is limited by the print bed area. Nevertheless, the powder-ink interaction regarding
powder wetting [254], adequate powder flowability [255], and rheological properties of
the ink needs to be considered when developing new material combinations [28, 29].
Different powdery materials such as metal, polymers, ceramics and biomaterials can be
processed with BJ [176], making it a versatile alternative to conventional manufacturing
methods.

The additively manufactured Pt/Al,O5 catalysts in this study were tested for the dehy-
drogenation of perhydro-dibenzyltoluene, the hydrogen-rich form of the liquid organic
hydrogen carrier pair perhydro-dibenzyltoluene/ dibenzyltoluene (HO-DBT). In contrast
to the conventional hydrogen storage technologies, LOHC poses an attractive method for
the decentralized storage of renewable excess energy. LOHCs can be handled, transported
and stored using the existing fuel infrastructure [138, 256, 257]. HO-DBT, which has been
commercially used as a heat transfer oil, is hydrogenated to H18-DBT at about 140 °C.
Subsequent dehydrogenation takes place at 270 to 320 °C, mostly catalyzed by Pt/Al,O5
egg-shell catalysts [145, 258], see Fig. 5.1. The reaction is endothermic with a reaction
enthalpy for HI8-DBT of 65.4 kJ/moly, [256, 259] and is a the key step for the release of
hydrogen in this LOHC system. -
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Figure 5.1: Schematic representation of the H18-DBT dehydrogenation.

This paper aims to directly compare the two 3D printing techniques BJ and DIW re-
garding the fabrication of a monolithic alumina support for Pt/Al,O5 catalysts for the
dehydrogenation of H18-DBT. To the best of our knowledge, this study is the first to
comprehensively compare two AM methods with profoundly different functional prin-
ciples in order to assess their potential for a specific catalytic application regarding e.g.
shrinkage, and stability alongside physicochemical properties such as BET surface area
and pore size. With respect to these properties, impregnation experiments were carried
out which point out differences based on the printing method used. The more commonly
used technique DIW is compared to BJ which lacks insights regarding catalytic appli-
cation. Consequently, the findings from this study help to further the utilization of AM
in catalysis and provide manufacturing guidelines for preparation of catalysts involving
3D printing. Generating more insights into the dehydrogenation step of a liquid organic
hydrogen carrier (LOHC) additionally contributes to the application of 3D printing to
improve the performance of chemical hydrogen storage and release and helps to face the

future demand thereof.

5.2 Experimental

Fig. 5.2 gives an overview of the general experimental outline of this work. Two different
shaped alumina supports were additively manufactured by BJ as well as DIW. First, alu-
mina cylinders with a target height and diameter of 6 mm were fabricated with both print-
ing methods and calcined at different temperatures 7,i.. Cylinders were used for charac-
terization regarding their specific surface area SggT, pore size distribution (poreSD), part
shrinkage and compression strength Gcomp. Based on the findings of the characterization
experiments, the optimum 7). of 1100 °C was chosen for further support preparation.

Subsequently, monolithic structures were printed by BJ and DIW and calcined at 1100 °C.
Monolithic structures were used for impregnation experiments and the catalytic tests. The
monolith design is displayed in Fig. 5.3 and is a cylindrical base body with seven holes
located in the corners of an equilateral triangle. This shape was chosen based on the
fact that it is equally printable with DIW as well as BJ, neglecting the advantages of
each printing technique. Based on the previously determined shrinkage of the calcined
3D printed parts, the CAD model of the monolithic structure was adjusted so that the
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Figure 5.2: Overview of the experimental outline.
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Figure 5.3: Front (left) and isometric view (right) of the monolith CAD file.

resulting parts after printing and calcination at 1100 °C had a diameter of 18 mm and
a hole diameter of 3 mm. The distance between two holes was 2 mm. The surface-to-
volume ratio of the supports after thermal treatment was S/V = 1.27 mm™!. The effect of
impregnation time on the Pt loading, particle size and penetration depth was investigated
using the alumina monoliths. Ultimately, catalytic tests were performed on monolithic
Pt/Al,O5 catalysts calcined at 1100 °C and wet impregnated for 3 h.

5.2.1 Catalyst Preparation

DIW and BJ vary significantly in feedstock preparation and post-processing steps. The
studied alumina supports were calcined under identical thermal conditions. Moreover, the
final outer part dimensions of the monolithic shapes were identical taking as different
shrinkage behaviors of both printing methods were taken into account.
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5.2.1.1 Alumina Support Fabrication by BJ

The additive manufacturing process for the Binder Jet printed alumina supports generally
followed the procedure reported by Bui et al. [13] and only differed in the second ther-
mal treatment step where different calcination temperatures were applied in this study.
The powder feedstock consisted of 73 wt.% bayerite Pural BT (Sasol Chemicals, USA),
7wt.% Actilox S40 (Nabaltec AG, Germany), and 20wt.% of the solid binder polyvinyl
pyrrolidone (PVP) Sokalan K17P (BASF SE, Germany). All powder components were
homogeneously mixed in a SpeedMixer (Hauschild GmbH & Co KG, Germany). The
powder bed was selectively wetted with an aqueous particle-loaded printing liquid con-
sisting of 7wt.% finely dispersed pseudo-boehmite Dispal 14N4-80 (Sasol Chemicals,
USA), 10 wt.% isopropyl alcohol and 10 wt.% 1,4-butanediol (Merck KGaA, Germany).

A general scheme of a BJ printer setup is depicted in Fig. 5.4a.
Piston

Ink

/ Nozzle
l’ Print bed
l:-axis

(a) Binder jetting. (b) Direct ink writing.

Print bed

Figure 5.4: General schemes of the printing techniques used in this study.

The green parts were cured at 75 °C for at least 2 h after printing and debindered at 600 °C
for 3 h in a muffle furnace (witeg Labortechnik GmbH, Germany) until PVP decomposed
completely. The debindered parts were infiltrated with a boehmite slurry (see Ref. [13])
and calcined at varying temperatures (600, 800, 1000, 1050, 1100 and 1200 °C). The first
step of the temperature program included heating to 120 °C with a ramp of 2 K/min held
for 2 h followed by heating to the desired calcination temperature with a ramp of 3 K/min
held for 3 h.

5.2.1.2 Alumina Support Fabrication by DIW

The paste composition for the alumina support obtained via DIW has already been
published elsewhere [21]. 45.5wt.% Disperal 60 and 19.5 wt.% Pural SB (both Sasol

Germany GmbH) were mixed two times with 35 wt.% acetic acid (pH 3, Sigma Aldrich,
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Germany) by means of a SpeedMixer at a maximum of 3500 rpm for 2 min with 3 min
cooldown time in between. The paste was then filled into a syringe and installed in a
self-constructed DIW printer that was equipped with a 0.41 mm nozzle. A general setup
of a DIW printer is shown in Fig. 5.4b. To improve removal of the printed monolithic
structures from the printbed, it was covered with a thin layer of Formentrenndl C (Clariant
Produkte Deutschland GmbH). The printed parts were dried on the printbed for 24 h
prior to calcination at different temperatures. Similar to the BJ procedure, a two step
calcination in a muffle furnace (witeg Labortechnik GmbH, Germany) was performed
with an isothermal step at 120 °C and final temperatures of 600, 800, 1000, 1050, 1100
and 1200 °C. The first step was held for 2 h, the second one for 3 h with heating rates of
2 K/min and 3 K/min, respectively.

5.2.1.3 Wet Impregnation with H;Pt(SO,),(OH)

Monoliths used for impregnation time variation experiments were impregnated with a
target Pt loading of 0.3 wt.% for both 3D printing methods. The monoliths were immersed
while hanging in a constant volume of bidistilled water. Subsequently, H;Pt(SO5),(OH)
solution was weighed and added. The platinum sulfite acid solution was stirred at 500 rpm
for 0.5, 1, 3,6 and 12 h.

Monoliths used for the LOHC dehydrogenation test were wet impregnated ensuring that
BJ and DIW printed monoliths contained the same total Pt loading per shape, as the weight
per calcined shapes varied significantly between BJ and DIW. Thus, BJ printed monoliths
were impregnated for 3 h with a target loading of 0.4 wt.% Pt and DIW printed parts with
a target loading of 0.2 wt.%.

After wet impregnation, the monoliths were calcined in a muffle furnace (witeg Labortech-
nik GmbH, Germany). The temperature program comprised heating to 60 °C with a rate
of 1 K/min held for 1 h, then a second drying step at 120 °C heated with a rate of 1 K/min
and an isothermal phase of 3 h, followed by heating with 2 K/min to 400 °C which was
held for 3 h.

The calcined monoliths were then reduced in a tube furnace (Nabertherm GmbH, Ger-
many) under a constant flow of 10 % H,/N, (Westfalen GmbH, Germany) at 400 °C for
3 h using a heating rate of 1 K/min.
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5.2.2 Catalyst Characterization

5.2.2.1 Variation of Calcination Temperature

Height and diameter of the printed test cylinder before and after calcination were obtained
using a tablet hardness testing system with an integrated option for length measurement
(MultiTest 50, Dr. Schleuniger Pharmatron, Switzerland). The part to be measured was
placed in the measuring area between two stainless steel brackets, one moving towards the
other with a constant moving speed of 2 mm/s. Once a certain resistance from the inserted
test body is recognized, the diameter or height, depending on the testing orientation, is

recorded.

The compression strength was measured with the MultiTest 50, which was also used for
above described size measurement. Uniaxial compression on the lateral surface of the
samples between two opposite metal plates was performed, characterizing the cylinder’s
response to loading perpendicular to its length, until fracturing occurs. One of the plates
moved towards the other with a constant velocity of 2 mm/s. The fracture load F' was

automatically collected and used in Eq. 3.19 to yield the compression strength Gcomp.

The poreSD of the test cylinders calcined at 1100 °C was determined by mercury in-
trusion porosimetry (MIP) (AutoPore 9600, Micromeritics Instrument Corporation). Per
measurement, two cylinders were added to the penetrometer comprised of a 5 mL bulb
volume and 0.392 mL stem volume. To reduce the influence of the hydrostatic pressure
of mercury in the low pressure region, the pressure range of 0.5 to 45 psi was measured
in a horizontal penetrometer position, while the pressure range from 45 to 61 000 psi was
obtained in vertical penetrometer position. The pressure steps were chosen to achieve
an even spacing on the logarithmic scale with 25 points per decade in a pressure range
between 0.5 and 4000 psi and with 40 points per decade in a pressure range between
4000 and 61 000 psi. The latter pressure range with higher resolution correlates to pore
diameters of 3.5 to 53.3 nm, respectively. The pressure at each pressure step was held
constant until the intrusion rate was below 0.01 uL/(gs). To convert the pressure p to a
pore diameter dpore, Washburn’s equation (Eq. 3.18) was applied.

N, physisorption at 77K (Nova 4200e, Quantachrome Instruments) was used to deter-
mine the specific surface area Sggr. Sample pretreatment comprised degassing under
vacuum at 120 °C for 3h. SggT was determined according to the method of Brunauer,
Emmett, and Teller (BET) and calculated between 0.05 < p/pg < 0.3. Moreover, the
Barrett, Joyner, Halenda (BJH) method was applied to analyze the poreSD using the
desorption branch of the isotherm. Data points were collected from p/pg =0.01-0.999.
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Phase determination of the alumina supports was obtained via XRD analysis (Empyrean,
Malvern Panalytical, UK). Cu-K, radiation (A = 1.54056 A) and a monochromator were
employed to scan the samples applying a step size of 0.007° and 70steps/min from
26 =5 to 90°.

5.2.2.2 Variation of Impregnation Time

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements
were performed on an Agilent 700 Series ICP Optical Emission Spectrometer to investi-
gate the amount of platinum loaded on the different carriers. Ground catalyst powder of
the respective catalysts was dissolved in aqua regia overnight consisting of hydrochloric
acid and nitric acid (both Sigma Aldrich, Germany) at a ratio of 3:1 vol.%. The sample
was then diluted with bidistilled water and filtered with a 0.45 um syringe filter (VWR,
Germany). A platinum standard (AAS grade, Sigma Aldrich, Germany) was used for
calibration. Furthermore, the wavelength of 214.42 nm was used to calculate the platinum
loading.

Transmission electron microscopy (TEM) was carried out on a JEOL JEM 1400 plus
instrument at an acceleration voltage of 120 kV to determine the metal particle diameter
dy and the resulting metal dispersion Dy;. The samples were finely ground, suspended in
absolute ethanol (Sigma-Aldrich) and finely dispersed by ultrasound. After sedimentation
of larger particles, two drops of the suspension were deposited onto a Holey Multi A
copper grid (Quantifoil Micro Tools GmbH) and left to dry. The metal particle diameter
dy was determined using the image processing software imageJ. For each sample, a
minimum of 460 particles was counted on several micrographs taken on different zones

of the TEM grid. Dy is indirectly proportional to dy; and is determined with Eq. 3.15.

The penetration depth of the Pt layer after wet impregnation for varying durations was
measured with a light microscope MZ8 (Leica, Germany) equipped with a MicroCam II
(Bresser, Germany). The monoliths were fragmented at different locations with a scalpel
and microscopically examined. The penetration depth was manually determined with the

corresponding software at at least 35 locations and averaged arithmetically.

5.2.3 LOHC Dehydrogenation

The catalytic performance of the BJ and DIW printed Pt/Al,O5 catalysts was investi-

gated using the dehydrogenation of perhydro-dibenzyltoluene. The experimental setup
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was a semi-batch reactor, consisting of a heated three-neck round-bottom flask with
flow breakers connected to a reflux condenser, an overpressure valve and a Type K
thermocouple for temperature regulation of the endothermic reaction. The reaction was
carried out under an inert Ar atmosphere at ambient pressure. HI8-DBT (Hydrogenious
LOHC Technologies GmbH, Germany) was preheated to 325 °C before the catalyst was
added to the liquid and stirred at a constant speed of 500 rpm. After complete insertion
of the catalyst into the HI8-DBT, the temperature was immediately regulated down to
the reaction temperature of 310 °C. Catalytic tests with monoliths were performed using
two monoliths for each measurement. The 3D printed catalysts were stacked on top of
each other on a mesh made of stainless steel and immersed into the liquid reactant. For
catalyst powder tests, two monoliths were ground and added to the H18-DBT once the
start temperature was reached. The catalyst powder was not pressed and sieved to ensure
the usage of the complete egg-shell catalyst during reaction without sorting out Pt-rich or
Pt-lean parts of the monolith. The average particle size of 89 um was determined via laser
diffraction (see Supporting Information, Fig. 5.15). The weight ratio of Pt/H18-DBT =
0.08 mgpi/gH18-pBT Was kept constant. Consequentially, the amount of used H18-DBT

was adjusted for each reaction.

To determine the degree of dehydrogenation (DoD) during the reaction, 24 samples were
withdrawn with a syringe at certain time points during the total reaction time of 9 h. The
aliquots were analyzed using proton nuclear magnetic resonance spectroscopy ('H-NMR)
on a Bruker Ascend spectrometer at 400 MHz. All spectra were referred to the residual
proton signal of the solvent acetone-dg. The DoD was calculated using the ratio x of the
integral of the aromatic to the integral of all protons based on the '"H-NMR data according
to Do et al. [257] and Preuster [260]:

DoD = 1.3945-x0-4.9037 - x> +5.6287 - x*=5.207 - x> +4.00985 - x> =2.9217 - x+1 (5.1)

The Pt productivity P is introduced for better comparison between measured dehydro-
genation activities. P describes the ratio between the released amount of hydrogen per
amount of Pt and time [147, 261]:

ADoD M, i)
my, oL} MY, -DBT M DBT ~ VH,(-DBT
pP= — (5.2)
mpy - 1 Mcat - Wpt - At

MH,» MH —DBT and mcy represent the mass of evolved H,, mass of HI8-DBT and cata-
lyst mass, respectively. My, and My g_ppr are the respective molar masses of hydrogen
and Pt while VH, and VH,,-DBT are the stoichiometric coefficients. wp; is the platinum
loading. P was determined in the range ADoD = 10 to 60 % while using the corresponding
time difference At.
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5.3 Results and Discussion

5.3.1 3D Printed Catalysts

Fig. 5.5 displays the printed alumina supports as well as the reduced Pt/Al,O5 catalysts
for BJ and DIW next to each other. For both parts, different surface structure character-

istics can be observed that are closely related to the respective printing techniques. DIW

Reduced

Figure 5.5: Photos of monolithic alumina supports (first row) and reduced Pt/Al,O5
catalysts (second row) fabricated by DIW (first column) and BJ (second column).

creates smoother surfaces with a partially visible printing pathway due to the extrusion-
based layering technique. The BJ printed parts are substantially more porous as can
be seen by the rough surface texture. Furthermore, the printing and print head moving
direction can be detected for the BJ printed based on the parallel line pattern caused by
the print head moving back and forth in one direction during printing.

5.3.2 Calcination Temperature Variation

5.3.2.1 Shrinkage

Due to differing printing methods, feedstock properties and post-processing procedures,
shapes produced via binder jetting and direct ink writing differ in the dimensions of the
final part. Fig. 5.6a and 5.6b compare the shrinkage behavior of the two printing methods
with increasing calcination temperature T,).. Hereby, Fig. 5.6a displays the absolute
height and diameter of the printed test cylinders of the green bodies as well as after

calcination.
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Figure 5.6: Size change of BJ and DIW printed alumina test cylinders in dependence of
calcination temperature.

Apart from the green part, both BJ and DIW show the same trend towards decreasing
dimensions. For BJ, the green part dimensions exceed the target value of 6 mm for the
height and diameter. This is caused by hardware related printing inaccuracies or bleeding,
which is macroscopic flow of binder caused by slight oversaturation of the powder bed
due to high ink saturation levels [176, 262]. Because DIW printed parts are left to dry at
room temperature on the print bed immediately after the print job has finished, the green
parts are smaller than the target dimensions due to shrinking (see Fig. 5.6a). Fig. 5.6b

depicts the shrinkage of both printing methods relative to the green part dimension. While
shrinkage for DIW amounts to about 3 % until 1100 °C, BJ printed parts exhibit larger
relative shrinkage of up to 9 % due to a more porous particle framework and the generation
from a loose powder bed. Within the ink used for DIW and due to the drying the solid
components are more tightly packed, therefore generally inhibiting extensive shrinkage
of the printed structure compared to BJ. Furthermore, it has to be taken into account
that both green parts, on which the shrinkage is based, vary in height and diameter.
Significant shrinkage occurs for BJ and DIW after 1100 °C, visible by a steep decline
in cylinder height and diameter (Fig. 5.6a) and a relatively sharp increase in relative
shrinkage (Fig. 5.6b). The transition to the thermodynamically most stable phase o-
Al,O5 starts at this temperature range and induces pronounced sintering and particle
shrinkage [263] followed by part densification and mechanical stabilization. Between
1100 °C and 1200 °C part dimensions do not change considerably as further heating does
not alter the alumina morphology any more. These differences regarding the shrinkage

behavior should be taken into account for accurately sized final parts.
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5.3.2.2 Compression Strength

The effect of T,)c on the compression strength Ocomp is reflected in the uniaxial compres-
sion strength test results summarized in Fig. 5.7. The threshold of 1100 °C is also visible
here, where especially DIW printed cylinders gained significant stability compared to
shapes calcined below 1100 °C. While cylinders calcined at 1050 °C show a compression
strength of 1.4 MPa, Ocomp increases less than four times to 5.2MPa at 1100 °C and
reaches 6.0 MPa at 1200 °C.
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Figure 5.7: Comparison of DIW and BJ compression strengths of printed
alumina supports calcined with varying calcination temperatures.

Except for the green part, BJ printed test cylinders show a similar robustness as DIW
printed parts until 1000 °C. Green parts produced by DIW are more stable by default
because of the already consolidated structure after drying at ambient conditions, whereas
the particles of the green parts generated by BJ are relatively weakly connected.

The distinct stability increase at 1100 °C is observable for BJ as well, but the absolute
Ocomp reaches slightly lower values. Calcined at 1050 °C, Ocomp is located at 0.5 MPa
and stagnates at 1.2 MPa above 1100 °C. In accordance with constant part dimensions
at high calcination temperatures in Fig. 5.6a and 5.6b, further increase of T, does not

improve the part stability due to no more densification by sintering.

At 1100 °C, the compression strength of DIW exceeds the stability of BJ printed parts by a
factor of 4.3 and even a factor of 5 at 1200 °C. Again, this effect originates from print tech-
nique related part properties, which were previously discussed for the shrinkage behavior
and specific surface area. The similar compression strength values of BJ and DIW until

1000 °C stem from minor sintering activity in this temperature range so that densification
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by thermal processing is equally low for both AM techniques. However, above 1100 °C
the more densely packed alumina particles in the pasty printing feedstock come into effect
by providing a larger number of contacting points, resulting in more effective densification
by sintering leading to improved sintering and compression strength.

5.3.2.3 Specific Surface Area

The above discussed part shrinkage and increase in compression strength with increasing
T¢q)c correlates directly with a decline in specific surface area Sggr (see Table 5.1).
Calcined at 600 °C, BJ and DIW printed alumina cylinders have a specific surface area
of 166 mz/g and 102 rnz/g, respectively. In accordance with the observations in Fig. 5.6a
and 5.6b SggT decreases sharply above 1100 °C due to sintering processes, diminishing
micro- and mesoporous structures.

Table 5.1: Specific surface area SggT of 3D printed alumina
supports calcined at varying calcination temperatures.

SpET (M7g)
Teae °C) B  DIW

600 166 102
800 92 69
1000 65 57
1050 70 36
1100 26 11
1200 9 9

At low calcination temperatures below 1200 °C, BJ printed parts generally possess a
larger SggT than DIW. Again, the printing principle inherently causes BJ to generate more
porous shapes which manifests itself in higher surface areas. Still with the declining trend,
the values of SggT converge more and more and above 1200 °C the final sintering state
is reached where the majority of pores detectable by N, physisorption were eliminated,

resulting in the same low final specific surface area of 9 m?/ g for both printing methods.

5.3.2.4 Pore Size Distribution

In order to assess the optimal calcination temperature for catalysts for application in
the dehydrogenation of perhydro-dibenzyltoluene, the poreSD was analyzed via N, gas
adsorption. Studies regarding diffusional phenomena during LOHC dehydrogenation on
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Pt/Al,O5 by Seidel [@] and Auer [14_7] revealed that a minimum mean pore diameter

of 26 nm is necessary in order to avoid reduced activity due to restricted diffusion of the
reactant during the dehydrogenation of H18-DBT. The poreSD of DIW and BJ printed test

cylinders are summarized in Fig. 5.8 and agree with each other such that below T, =

1100°C a bimodal poreSD is present in both cases. According to general consensus

[264], pores enlarge and eventually disappear during the heating process. Moreover,

the correlation between specific surface area and pore size is inversely proportional,

noticeable in Fig. 5.8.
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Figure 5.8: Pore size distribution of the 3D printed alumina supports from (a) DIW and (b)
BJ calcined at varying calcination temperatures, determined by N, physisorption.
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Below 1100 °C, DIW printed parts show two major pore sizes (Fig. 5.8a). The larger
pores were located at about 33 nm, while the smaller pore sizes shift from 7 nm at 600 °C
to larger pore sizes of about 11 nm at 1050 °C. Within this temperature range, BJ printed
parts display a similar trend (Fig. 5.8b). Larger pores are found between 15 to 20 nm,
while the smaller pores also shift to larger sizes ranging between 4 to 10nm as the
calcination temperature rises. Gas adsorption measurements revealed that upon exceeding
Tca1c = 1100°C 3D printed parts made by both printing techniques show almost no inher-
ent porosity, visible by the flat curves for the poreSD for T, = 1100°C and 1200 °C.
This finding is consistent with the previous observation of declining specific surface area
(Table 5.1) and increasing compression strength with increasing calcination temperature
(Fig. 5.7).

Based on the pore size analysis by nitrogen gas adsorption it was determined that the
calcination temperature of 1100 °C was most suitable for the preparation of H18-DBT
dehydrogenation catalyst supports in this study. This way, mean pore diameters be-
low 26 nm could be diminished so that diffusional restrictions during the reaction were
avoided. T, < 1100°C were therefore excluded for further investigations. Furthermore,
the mechanical stability already increased tremendously at 1100 °C (see Table 5.7) which
also favors this choice. Ty > 1100°C would lead to slightly higher Gcomp values, but
also correlates with a reduced specific surface area and consequently, reduced activity,

making higher 7. unideal.

Additionally, the poreSD was measured by mercury intrusion porosimetry for the printed
samples. Fig. 5.9 compares BJ and DIW alumina supports calcined at 1100 °C regarding
their poreSD. In contrast to N, physisorption, larger interparticle pores, hereafter referred
to as "voids", are detected by MIP due to its large measurement range spanning from
3 to 500000 nm in comparison to gas adsorption, which can theoretically detect pores
between 0.3 to 300 nm. However, in this case, pores greater than 100 nm could not be
recorded with gas adsorption. N, physisorption does not reveal any pores in the micro
and mesopore region in Fig. 5.8, whereas MIP does show a small percentage of pores at 4
to 5nm (less than 0.3 cm?/ g), see Fig. 5.9. This difference might be caused by the different

measuring methods.

Voids originate from the random powder particle arrangement of specific size and shape
and their agglomeration within the paste (DIW) or powder bed (BJ) and the resulting
particle framework after thermal treatment. The most prominent difference between BJ
and DIW depicted in Fig. 5.9 is the percentage of very large voidages at about 30 000 nm

for BJ alumina supports. These voids do not exist in DIW printed parts.
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Figure 5.9: Pore size distribution of 3D printed alumina supports calcined at 1100 °C,
determined by MIP.

In general, the data highlights structural differences due to the additive manufacturing
method and underlines the coarser pore size structure generated from a powder-based
printing method, also indicated by a porosity of 77 % for BJ and 56 % for DIW, deter-
mined directly by MIP.

5.3.3 Impregnation Time Variation
5.3.3.1 Metal loading

The fabricated monoliths calcined at 1100 °C were impregnated with a target Pt loading
of 0.3 wt.%. The duration of immersion in the impregnation solution was varied to in-
vestigate the reached loading, impregnation depth and Pt particle size. As expected, the
platinum loading rises with increased impregnation time. However, Fig. 5.10a suggests
that neither BJ nor DIW monoliths reach the calculated wp; but achieve a maximum Pt
loading of 0.21 wt.% and 0.15 wt.%, respectively after 12 h.

The reason for incomplete impregnation of monoliths printed with both methods could
be given by the comparably small external surface area due to the geometric design.
Choosing another monolith shape with an extended outer surface area would facilitate
a higher metal loading. Furthermore, the internal surface area Sggr (see Table 5.1),
controllable by certain parameters including the calcination temperature, plays a role for
the impregnation efficiency. At a calcination temperature of 1100 °C, Sggt of BJ and
DIW alumina supports drops to 26 mz/g and 11 mz/g, respectively. Reducing 7,,;. would
lead to a larger specific surface area available for Pt impregnation but in this case would

interfere with the minimum requirement for the mean pore diameter of 26 nm.
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Figure 5.10: Pt loading and penetration depth in dependence of the wet impregnation
duration fjy,. Supports were calcined at 1100 °C and impregnated with a target Pt loading
of 0.30 wt.%.

The difference in obtainable Pt loading between the two printing methods is caused by the
pore size and surface area characteristics of each technique. As already discussed in the
previous sections, BJ printed objects are significantly more porous (Fig. 5.9) and possess
a larger specific surface area (Table 5.1). Therefore, a higher amount of Pt can adsorb
on the surface in comparison to a DIW printed support with an identical external surface

area.

After an impregnation time of 12h, wp; does not increase substantially, so that the
achieved loading after 12h approximates the highest possible Pt loading. Fig. 5.10a
corroborates this by asymptotically approaching a wp; maximum.

5.3.3.2 Metal Particle Size and Dispersion

TEM was used to determine the particle size distribution and the resulting metal dis-
persion of the Pt particles on the alumina support (Table 5.2). The detailed particle size
distributions are displayed in the Supporting Information (see Figs. 5.16 and 5.17). The
data shows that prolonged impregnation time leads to increasing metal particle size dp.
Moreover, dp, is similar for BJ and DIW, taken into account the relatively high standard
deviation, which is in the same range for both printing methods. After 0.5h, BJ cata-
lysts have a particle size of 1.10 +0.27 nm which grows to 1.50 £ 0.32 nm after 12 h.
Similarly, the Pt particle size increases from 1.05 +0.23 nm to 1.48 +0.33 nm for DIW
printed catalysts. However, with diameters ranging from 1.05 to 1.50 nm overall, the metal
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particle size is very small in general for all prepared catalysts, resulting in relatively high
Pt dispersion (see Table 5.2).

As the dispersion is inverse proportional to the platinum particle diameter dp, DIW and BJ
catalysts show a similar dispersion for the same impregnation duration, suggesting that the
crystalline structure of the alumina supports is comparable. Previous studies suggest that
metal particle size and dispersion of Pt/Al,O5 catalysts are more strongly affected by the
crystalline phase of the support than the BET surface area [159, 265]. The available data
corroborates this statement, as the specific surface area of BJ printed alumina supports
is more than double the DIW printed ones (Table 5.1) but the dispersion of BJ supports
is not superior to DIW. The DIW feedstock consists of boehmite (y—AIOOH), whereas
the BJ powder feedstock is mainly bayerite (a—Al(OH)5). At 1100 °C, both bayerite and
boehmite undergo a similar transformation to late transition alumina phases, which could
be either 6-Al,O5 or possibly already o—Al,O5 [199, 201]. Nevertheless, the transition
pattern is similar for boehmite and bayerite at thisEnIElture range, so that the similar
surface morphology of the printed alumina support explains the comparable Pt particle

sizes and dispersion.

Increasing impregnation times decrease the metal dispersion, as after 12 h, Dp; is below
70 % in comparison to over 90 % after 0.5 h of impregnation. Numerous studies confirm
that at lower loadings (< 1wt.%) the amount of Pt per anchoring site on the alumina
support is lower so that a high dispersion, even atomical dispersion, is possible [159,
266-268]. Increasing the amount of Pt in the dispersed phase favors the formation of
Pt clusters as the Pt loading tends to exceed the number of anchoring sites. However,
TEM images of the wet impregnated alumina monoliths (Fig. 5.12) still give evidence
for highly dispersed Pt species on the support surface as no severe agglomerates are
visible. dp increases with increasing impregnation time. Still, the overall particle size
is very small, so that the wet impregnation technique is suitable to immobilize Pt species

finely dispersed on the printed alumina supports.
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Table 5.2: Overview of characterization data for monoliths calcined at 1100 °C: Pt loading
wpy, average particle size dpy, resulting Pt dispersion Dp¢ and Pt penetration depth dpen of
BJ and DIW printed samples depending on the impregnation time fjp,.

wpt (Wt.%) dp? (nm) Dp (%) dpen‘ (pm)
fimp (W) | BJ™ DIW BJ DIW B] DIW| BJ DIW

0.5 0.06 0.05 | 1.10£0.27 1.05£0.23 | 91.9 96.0 | 165£56 107126
1.0 0.10 0.07 | 1.19£030 1.10+0.24 | 847 91.6 | 191£46 126+25
3.0 0.13 0.12 | 1.21£0.28 1.324+0.28 | 83.5 764 | 248+33 188+28
6.0 020 0.13 | 1.28+0.33 1.39£0.29 | 789 727 | 279£59 223+29
120 021 0.15 | 1.50+£0.32 1.48£033 | 67.4 683 | 274£55 293126

¢ Determined by ICP-OES. Target loading: wp; = 0.3 wt.%
b Determined by TEM.
¢ Measured with incident light microscope.

5.3.3.3 Platinum Penetration Depth

Table 5.2 indicates that the penetration depth of Pt varies with impregnation time. Pene-
tration depth for DIW printed samples with a target Pt loading of 0.3 wt.% increases from
107 um to 293 um when left in the impregnation solution for 0.5 h and 12 h, respectively.
Analogous, the smallest penetration depth of 165 um for BJ catalysts was achieved after
0.5 h whereas the layer thickness grew to 274 um after 12 h.

By applying the wet impregnation method, the printed supports were prewetted with
bidistilled water before the platinum sulfite salt solution was added, so that the only
driving force moving the impregnation front inwards is diffusion [269, 270]. Fig. 5.11
shows light microscopic images of the impregnated catalysts where an egg-shell structure
is discernible for all samples, meaning adsorption was faster than diffusion in general
and/or relatively strong during wet impregnation. Fig. 5.11 shows the resulting sharp
border visible in the prepared catalysts in this study. The impregnation front moves further
inward with increasing impregnation duration (Table 5.2) because a longer equilibration
time for diffusion of the solvated metal species towards the center is provided [87].
Thus, theoretically there is the possibility that the metal eventually approaches a uniform
distribution. However, the large pellet size presumably prevents complete penetration into

the center in this case.

The trends in Fig. 5.10b suggest that the impregnation front still has the potential to
move further inward for DIW, implied by the continuously rising trend until 12 h in Fig.

5.10b. Contrary to this, dpen for BJ reaches its maximum after 6 h at a thickness of about

280 nm. Factors leading to dissimilar penetration depths between BJ and DIW despite an
identical impregnation routine are the surface morphology of the support and the porous
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(a) BJ, fimp = 0.5h. (b) DIW, fiy, = 0.5h.

- .|
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(€) B, fimp = 121, (@) DIW, fipy, = 12h.

Figure 5.11: Light microscopic images of printed Pt/Al,O5 catalysts used for Pt
penetration depth analysis in dependence of the wet impregnation times jy,;, for BJ and
DIW printed supports calcined at 1100 °C. Target Pt loading wpy target = 0.3 wt.%.

structure of the printed supports. DIW shows a higher penetration depth at 12h due to
a lower BET surface area available for Pt deposition. Thus, Pt diffuses deeper into the
catalyst center. Additionally, the catalyst loading is calculated mass based. As the DIW
supports are double the mass of BJ parts, the amount of Pt per monolith is higher for DIW
which is another reason for the deeper penetration at 12 h. These effects are ruled out at
lower impregnation times, as the considerably higher macroporosity of BJ parts enables
faster penetration. The impregnation front is much sharper for DIW catalysts, see Figs.
5.11b and 5.11d than for BJ. The higher voidage generated by BJ (Fig. 5.9) offers a less

obstructed diffusion pathway for the dissolved Pt species, therefore resulting in a deeper

impregnation with a frayed impregnation front (Figs. 5.11a and 5.11c). This effect is also

visible in the higher standard deviations for dpen of BJ samples, see Table 2
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5.3.4 Characterization of Catalysts Used for Testing

Pt/Al,O5 catalysts which were eventually used for the catalytic tests were prepared by
impregnation of printed monolithic supports which were calcined at 1100 °C. Phase de-
termination of the alumina supports via XRD (see Supporting Information, Fig. 5.14)
reveals that BJ printed supports consist of o—Al,O5 only, and DIW printed supports
also contain mainly o—Al,O5 but include weak reflexes assigned to 9-Al,O5. Due to
slightly differing feedstock compositions, namely bayerite for BJ and boehmite for DIW,
the final alumina phase composition after calcination at 1100 °C can slightly vary but
is assessed to be very similar. Furthermore, the observed alumina phases correspond to
reported transition temperatures found in literature [199]. Moreover, the alumina lattice
structure is unaffected by 3D printing as no shifts in diffraction angle are visible.

For all dehydrogenation reactions, the total amount of platinum per monolith was held
constant, independent of the printing technique. One calcined monolith fabricated via
DIW has an average weight of 0.81 g whereas calcined BJ monoliths weigh 0.41 g. Based
on the previous results regarding the specific surface area and weight, a target Pt loading
of 0.2 wt.% for DIW and 0.4 wt.% for BJ was chosen. The Pt impregnation time of 3 h
was selected such that the difference between the characterization data (see Table 5.3
was minimized or a compromise was found. Ultimately, a Pt dispersion Dp; > 90 % and
small metal particle sizes of about 1.1 nm were targeted for both catalysts.

Table 5.3: Characterization data for Pt catalysts fabricated with DIW and BJ which were
used for the catalytic tests. Impregnation time fjy, = 3h.

AM Method wp (Wt.%)  dpy (hm)  Dpy (%) dpen (um)  Sper (m7g) € (%)

BJ 0.217 1.12+0.26 904 361 £36 26 77
DIW 0.11¢ 1.06£0.26  95.0 200£22 11 56

¢ Porosity determined by MIP
b Target loading wp gj = 0.4 wt.%
¢ Target loading wp prw = 0.2 wt.%

Similar to previous Pt loading determination by ICP-OES (see Section 5.3.3.1), the tar-
get values were again not met. Instead of 0.4 wt.% for BJ and 0.2 wt.% for DIW, only
0.21 wt.% and 0.11 wt.% were reached, respectively. However, for both printing methods,
the loading is lower than intended by almost the same factor, so that the prerequisite of

same total Pt amount of approximately 0.88 mgp¢/monolith was ensured.

The metal particles were equally well distributed on supports produced by both AM meth-
ods. The particle size is approximately 1.1 nm (dp; gy = 1.12nm and dp; prw = 1.06 nm),
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Figure 5.12: TEM images of the ground Pt/Al,O; monoliths used for catalytic testing,
calcined at 1100 °C and wet impregnated for 3 h, including respective metal particle size
distribution.

with a similar standard deviation of 0.26 nm (see Figs. 5.12a and 5.12b), indicating similar

and fine Pt particle sizes achieved by wet impregnation. TEM image analysis resulted in
a dispersion of 90 % and 95 % for BJ and DIW, respectively.

5.3.5 Catalytic test

Catalytic tests with Pt impregnated monoliths as well as ground monoliths were carried
out for BJ and DIW. Fig. 5.13 compares the degree of dehydrogenation for each reaction
while the productivity P for each catalyst between DoD = 10 to 60 % is displayed in Table

5.4.

5.3.5.1 Test With Powder Catalysts

For the activity test with catalyst powder, the impregnated and reduced monoliths fab-
ricated with both printing methods were ground. Powder tests were carried out as a
reference to investigate the catalytic activity under exclusion of mass transfer limitations.
Fig. 5.13 reveals that powder samples fabricated with both techniques show the same DoD
trend and overall similar values for the DoD, suggesting that the powder catalysts perform
equally well regardless of the 3D printing method used for support fabrication. Until about
2 h, a steep initial dehydrogenation rate is visible. At this point, a DoD of about 66 % is
reached. After 2 h the DoD curve flattens and reaches a plateau at an apparent maximum
DoD of 92 % after a reaction time of 9 h.
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Figure 5.13: H18-DBT dehydrogenation over BJ and DIW printed Pt/Al,O; catalysts in a
semi-batch reactor setup, tested with monolithic and powder catalysts, respectively. For
each reaction, two monoliths were used.

The almost congruent dehydrogenation rates are confirmed by the results tabulated in
Table 5.4 which show similar productivity values for both powder catalysts. The ground
catalyst fabricated by BJ shows a productivity Ppowder 0of 4.4 gH2g§t] min~! and the
DIW printed sample 4.2 gy, gIStlmin_l. Due do differences regarding the reactor setup
(batch/continuous), catalyst particle size and molar ratio of Pt/H18-DBT, direct com-
parison of the precious metal productivity from this study with previously conducted
dehydrogenation experiments involving Pt/Al,O5 catalysts [94, 140, 144, 261] is hardly
possible. Nevertheless, the hereby determined Pt productivityaoﬁsﬁegnilar dehy-

drogenation activities of the catalyst powders stemming from differing AM processes.

5.3.5.2 Test with Monolithic Catalysts

Besides catalytic tests with powder, activity tests with monoliths were conducted (Fig.
5.13). After a reaction time of 2h, DoD reaches 53 %, in contrast to 66 % which are
achieved by the powder catalyst. However, after 9 h, powder and monolith samples reach
a similar DoD of about 90 %. Nevertheless, the overall lower catalytic activity of the
monolith samples is attributed to the mass transfer limitations affecting larger catalyst
particles more significantly due to longer diffusion pathways within the catalyst particle.
This explains the expected lower activity of the monolithic samples. The platinum pro-
ductivity data in Table 5.4 corroborates this observation as the average productivity of
the monolith samples Ppyonolith = 2.7 8H, gl‘)% min~! reaches 63 % of Ppowder- Analogous
to the powder tests, BJ and DIW printed monoliths show the same catalytic activity for
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H18-DBT dehydrogenation. Consequently, differences resulting from the usage of two
3D printing methods such as varying penetration depths and specific surface areas (Table

5.3) do not affect the dehydrogenation rate significantly in this case.

Table 5.4: Platinum productivities of powder (Ppowder) and monolithic catalysts (Pmonolith)»
determined for the dehydrogenation reaction between DoD = 10 to 60 %.

Catalyst P (gu, gf‘,t1 min~1)
BJ 4.4
Powder  prw 4.2
. BJ 2.7
Monolith DIW 2.7

The active layer thickness dpen = 361 um for BJ is larger than for DIW printed parts where
the depth is 200 um. Auer [147] examined the influence of active layer thickness on the
reactivity for H18-DBT dehydrogenation where the Pt containing layer was washcoated
onto an 0—Al,O5 core. Decreasing layer thicknesses from over 200 um to 92 ym increased
the Pt productivity, while layer thicknesses below 92 um lead to a productivity plateau due
to the absence of mass transport limitations for very thin layers. 90 um was chosen to be
the optimal layer depth, making a compromise between high activity and mechanical
stability of the coating. Peters et al. [94] reported how different active layer thicknesses
between 24 and 88 um affect pore diffusion on washcoated Pt/Al,O5 catalysts. The kinetic
regime of the dehydrogenation of perhydro-N-ethylcarbazole was limited even at very
thin catalyst layers of 24 um so that it was concluded that pore diffusion affects the
dehydrogenation in nearly all commercial catalyst pellets. Transferring those findings to
the penetration depths measured in this study, the relatively deep advancement of the
impregnation front for the 3D printed catalysts, especially the BJ printed parts (see Table
5.3), could negatively affect the catalytic activity of the monolith tests due to mass transfer
limitations as the reactant has to travel far into the pore system or does not reach certain
regions of the pellet at all. Since the catalytic performance of monolithic DIW and BJ
catalysts are congruent, the deeper Pt penetration for BJ does not seem to be an influencing
factor. The drawbacks caused by a larger dpen are possibly compensated by a greater
void fraction and macroporosity in comparison to DIW printed supports (€gy = 77 %
vs. éprw = 56 %, see Fig. 5.9 and Table 5.3), leading to improved pore diffusion of
the reactant. Nevertheless, dpen Was relatively deep for both 3D printed catalysts so that
adjustment of the support properties regarding the poreSD, specific surface area as well
as the impregnation duration and Pt loading could alleviate mass transfer limitations and

therefore further increase catalytic activity.
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5.4 Conclusions

Alumina supports were successfully fabricated with the extrusion-based AM technique
DIW and the powder-based method BJ. Subsequently, the 3D printed supports were
impregnated to obtain Pt/Al,O5 catalysts, which were tested for the dehydrogenation of

the liquid organic hydrogen carrier HI8-DBT in a semi-batch reactor setup.

Until a calcination temperature of 1100 °C, the mechanical stability is similar for both
printing methods. However, DIW parts are almost six times more robust than BJ parts
when calcined at T ;. > 1100°C which is attributed to the paste extrusion principle and
the feedstock preparation from a ceramic paste, whereas BJ inherently generates larger
intraparticle voids. Further catalyst characterization revealed finely dispersed Pt particles
in all cases. Increasing impregnation duration led to deeper penetration of Pt into the
monolith of up to 293 ym for DIW based carriers after 12 h. Despite the differences,
catalytic tests revealed that both catalysts perform equally well, regardless of the cho-
sen printing method and the resulting structural variations as the Pt productivities of

2.7 gn, gl;tl min~!

were almost equal for BJ and DIW.

This study demonstrates the importance of catalyst shape and showcases how the ad-
vantages of two different additive manufacturing techniques can be exploited to generate
tailor-made monolith or pellet geometries, benefiting individual process requirements.
Insights from lab-scale catalytic tests using 3D printed catalyst packings can be used
to derive improvements for larger industrial-scale chemical reactors. As an outlook, the
potential of AM for catalysis can be further exploited by combining it with CFD tools
to investigate the influence of differing pellet geometries which can be rapidly realized
by 3D printing, enabling quick process adaptations. DIW generally facilitates lattice- or
woodpile-like structures with a high surface-to-volume-ratio for enhanced metal deposi-
tion, whereas BJ is more suitable to generate complex channel geometries for improved
fluid flow. Since AM of catalysts is still in its early stages, the characterization results
provide practical comparative AM guidelines for alumina-based catalysts in terms of
surface area, porosity, stability, and impregnation behavior. Moreover, findings in this
study generate additional insights into adequate additive processing steps and conditions
to achieve active catalysts, which paves the way for smart chemical process development

and reactor design by rapid prototyping.
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5.5 Supporting Information

5.5.1 Alumina Phase Determination

Phase determination of the 3D printed alumina supports was obtained via XRD anal-
ysis (Empyrean, Malvern Panalytical, UK). Cu-K radiation (A = 1.54056 A) and a
monochromator were employed to scan the samples applying a step size of 0.007° and
70steps/min from 26 =5 to 90°. Fig. 5.14 compares the diffraction pattern of DIW and
BJ printed supports calcined at 1100 °C, as used for the LOHC dehydrogenation test. The
reflex patterns reveal that the BJ printed support contains only o—Al,O5 whereas the DIW
support consist of mainly a—~Al,O5 with weak reflexes of 9-Al,O5 phase. The two applied
additive manufacturing techniques do not result in an alteration of the alumina structure,
since the preparation of the raw materials only involve powder mixing. Moreover, thermal
treatment in form of calcination and reduction was equal to conventional catalyst prepara-
tion, meaning that the alumina lattice structure is unaffected by processing by 3D printing
which is also visible by no shifts in diffraction angle.
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Figure 5.14: XRD diffraction pattern of alumina supports, printed by BJ (blue) and DIW
(black). (Reference patterns: a—Al,O5: ICSD 01-075-1862, 9-Al,O5: PDF 00-023-1009).
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5.5.2 Particle Size of Catalyst Powder for LOHC Dehydrogenation

Fig. 5.15 shows the particle size distribution of the used powder material. The particle
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Figure 5.15: Particle size distribution of powder used for LOHC dehydrogenation, prepared
by grinding of whole monoliths.

size distribution of the ground monoliths used for the LOHC dehydrogenation test was
determined by a laser diffraction particle size analyzer (LS 13 320 Particle Size Analyzer,
Beckman Coulter, USA). The sample was measured after dispersion in distilled water as
this represents the reaction conditions best (solid catalyst particles in liquid reactant). d;¢,
dsq, dgg values of the powder are 11.82 ym, 81.51 pm and 167.50 um, respectively. The
mean diameter is 89.20 um.

5.5.3 Pt Particle Size Distribution by TEM
5.5.3.1 Binder Jetting

Figs. 5.16 and 5.17 show the particle size distribution of the Pt nanoparticles on the
3D printed P/Al,O5 catalysts. A minimum of 460 particles was counted on several
micrographs taken on different zones of the TEM grid.
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Figure 5.16: Pt particle size distribution by TEM of BJ printed Pt/Al,O5 catalysts which

were wet impregnated for varying durations.
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5.5.3.2 Direct Ink Writing
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Figure 5.17: Pt particle size distribution by TEM of DIW printed Pt/Al,O5 catalysts which
were wet impregnated for varying durations.
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Abstract

The binder jetting 3D printing technique was used to fabricate spherical Ni-Al CO,
methanation catalysts from co-precipitated catalyst precursor powder. Catalysts with dif-
ferent nickel loadings were prepared by varying the molar Ni/Al ratio (1/1, 2/1, 3/1, 5/1)
during precipitation or the amount of admixed precursor powder (10, 20, 30 wt.%) for
printing. XRD and TG analysis revealed phase composition and reducibility characteris-
tics analogous to conventionally prepared Ni-Al catalysts. TEM displayed nickel particle
sizes as small as 3.9 nm with a Ni dispersion of up to 13.4 % determined by H, chemisorp-
tion. Moreover, meso- and macroporous catalyst pellets were generated with a specific
surface area of up to 192 mz/gcat. The catalysts NiAl11-20, NiAl21-20 and NiAl51-20

were exemplarily tested in a single pellet string reactor where CO, conversions of up
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to 99 % and a high selectivity towards CH, was observed at pior = 9bar upon reaching

thermodynamic equilibrium.

6.1 Introduction

The intermittency of renewable energy sources and seasonal as well as regional changes in
human energy demand brings the focus to the issue of finding reliable, flexible and large-
scale storage systems for surplus electricity to balance out a mismatch between power
supply and demand. While numerous mechanical, electrical, electrochemical and thermal
storage technologies already exist, chemical storage of renewable energy is another viable
alternative. Power-to-X (PtX) technologies, in this particular case Power-to-Methane, is a
promising option which has gained increased attention due to the possibility to exploit an
already existing gas grid and distribution network while simultaneously contributing to
the reduction of CO, emissions [271-273]. Electricity generated from surplus renewable
energy produces H, via water eﬁr(gsis. Hydrogen is subsequently converted to the
value-added chemical CH, using CO, which can be ideally recovered from industrial

process streams [274], power plants or biomass processes [275].

Key component for the efficiency of the PtX technology is the catalyst design for the
methanation step. Sabatier and Senderens discovered the methanation reactions in 1902
[108] where CO (Reaction R1) and CO, (Reaction R2) were converted to methane over
aTickel catalyst. The watf;gas shift reaction (Q)_connects the two aforementioned
methanation reactions, converting CO to COz. All three reactions are exothermic at
standard conditions. The morphology and dispersion of the active species as well as the
catalyst support selection along with the preparation route substantially affect the stability,
selectivity and activity of the catalyst. Moreover, an adequate catalyst packing geometry
assures advantageous mass and heat transfer for reaction systems on an industrial scale, a

pivotal factor particularly for exothermic reactions.

This study uses binder jetting (BJ) as a novel technology to 3D print Ni-Al catalysts
and characterizes the fabricated catalysts in order to assess their suitability for CO,
methanation. Like all additive manufacturing techniques, BJ uses a layer-wise working
principle. Layers of loose powder are distributed on top of each other, while an inkjet
print head deposits a printing liquid in between the layering steps in order to selectively
bind the particles together. This way, a three-dimensional body is generated [276]. The
layer height has to be chosen such that a sufficient liquid saturation between the layers
is achieved for layer adhesion. An inappropriate choice in layer thickness can lead to

insufficient part stability when defined too large, or to dimensional inaccuracy due to
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blinder bleeding into the surrounding powder when the layer height is defined too small
[277].

6.1.1 Additive Manufacturing of Heterogeneous Catalysts

In a packed bed reactor, the catalyst shape significantly influences the overall perfor-
mance. Short diffusion paths within the catalyst particle, low pressure loss and appropri-
ate mass and heat transfer properties directly correlate with the size, surface area, and
voidage of a catalyst packing. Conventional catalyst shaping techniques include pelleting,
extrusion and granulation [11, 12] which are limited regarding shape complexity. Thus,
additive manufacturing (AM) is an emerging fabrication technology which has gained

increased attention in the field of catalyst development during the last decade [44].

In this study, catalysts were manufactured using a direct 3D printing approach. In contrast
to indirect printing strategies where a polymeric mold is printed which is subsequently
filled with catalytic material and burnt off [54-56], direct printing straightforwardly pro-
duces shapes without a mold. On top, the hereby applied approach does not fabricate
a support for subsequent impregnation [58, 71, 79, 278] but includes the active species
directly in the printing feedstock, therefore saving the post-printing deposition of cat-
alytically active species. In so far published studies extrusion-based principles (Direct Ink
Writing/Robocasting) have been the method of choice to fabricate solid catalyst structures
due to the relatively straightforward development process [68, 73, 82, 279]. Until now, the
powder-based printing technology has rarely been exploited to print metal oxide catalyst
supports [13, 173-175] while no study has been published for directly printed active
catalysts via Binder Jetting. This study expands the printing procedure developed by Bui
et al. [13] where porous alumina supports were printed under low-temperature conditions

by adding an active catalytic component into the printing powder.

6.1.2 Single Pellet String Reactor

On a laboratory scale, in most cases intrinsic catalytic testing for preliminary screening
is done in an isothermal plug flow reactor (PFR) where very small catalyst particles are
measured [280]. A critical factor in catalyst testing is collecting data while excluding
transport phenomena due to the flow, the catalyst and the reactor type [281]. Oftentimes it
is desirable to evaluate the catalytic performance in a commercial or large scale context at
a small scale [282]. In this case, direct scale up from lab-scale testing of real-sized catalyst

shapes without having to crush the pellet is the main objective. At the same time, identical
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space velocity, temperature, pressure, feed composition should be maintained while the
catalyst bed is significantly downscaled. In the 1970s, Scott et al. [283] proposed the
concept of a single pellet string reactor (SPSR) in which uniform spherical pellets are
stacked on top of each other in a tube with a inner diameter only slightly larger than
the particle diameter. It was concluded that the SPSR closely approximates the behavior
of a fixed bed reactor (FBR) due to similar axial dispersion and external mass transfer
coefficients. In the past, the SPSR concept was employed for the determination of mass
transfer coefficients [284—287]. SPSRs attracted moderate attention temporarily but seem

to gain increased interest as a topic of research [288-290].

6.1.3 Motivation

This study applies a powder-based 3D printing technology to fabricate tailor-made solid
catalysts where the active material is directly integrated in the printing feedstock in con-
trast to first printing a metal oxide support for subsequent impregnation with catalytically
active material. The binder jetting technique was employed to manufacture Ni-Al CO,
methanation catalysts on the basis of co-precipitated mixed metal oxides. Co-precipitation
was exploited because high metal loadings and dispersion can be achieved [291, 292].
The emphasis of this study lies on the fabrication and characterization of the printed
Ni-Al catalysts. A catalytic test with spherical Ni-Al catalysts was conducted in a single
pellet string reactor as a proof-of-concept in order to assess the feasibility of the hereby
developed direct 3D printing strategy for heterogeneous catalysts. The concept combines
the freedom of catalyst shape design offered by additive manufacturing and the possibility
to test the fabricated product in a reactor setup which enables destruction-free testing of
whole catalyst pellets.

6.2 Experimental

6.2.1 Co-precipitation of Ni-Al Catalyst Precursor

Co-precipitated nickel-alumina precursors with varying Ni/Al molar ratios were prepared
according to a synthesis route already described elsewhere [293-295]. 1L of distilled
water was placed in a 3 L double-walled glass vessel with flow breakers which was heated
to 30 °C and stirred at 150 rpm. The precipitating agent consisting of an equimolar mixture
of 1 M Na,COj5 (Sigma-Aldrich) and 1 M NaOH (Merck KGaA) was continuously added
by an autotritator (716 DMS Titrino, Metrohm GmbH & Co. KG) to maintain pH 9 during
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the entire precipitation process. 300 mL of an aqueous solution of 1 M Ni(NO;), -6H,0
(Merck KGaA) and 1M AI(NO5)5-9H,0 (Merck KGaA) was mixed according to the
desired Ni/Al molar ratios and dosed dropwise into the vessel by a peristaltic pump
(medorex TL, MDX Biotechnik GmbH). After complete dosing of the metal nitrate
solution, the precipitate was aged in the mother liquor for 18 h at 30 °C under constant
stirring. The slurry was subsequently filtered and washed repeatedly with distilled water
until pH 7 was reached. The resulting filter cake was dried overnight at 80 °C. Precursors
with the molar Ni/Al ratios of 1/1, 2/1, 3/1 and 5/1 were prepared, denoted as NiAll1_p,
NiAlI21_p, NiAl31_p and NiAl51_p, respectively.

6.2.2 Catalyst Preparation

The feedstock preparation and printing procedure followed the procedure presented in
a previously published paper [13]. The bayerite component in the printing powder was

hereby partly substituted by the priorly prepared Ni-Al precursor.

6.2.2.1 Printing Feedstock

The Ni-Al precursor was thoroughly ground with a pestle and mortar. The final print bed
material consisted of 7 wt.% Actilox S40 boehmite (Nabaltec AG), 20 wt.% polyvinylpyrroli-
done (PVP) binder Sokalan K17P (BASF SE, Germany) as well as varying amounts
of Pural BT bayerite (Sasol GmbH) and Ni-Al precursor. The ground Ni-Al precursor
powder could not be used on its own as printing feedstock due to its cohesiveness, so
that Pural BT bayerite powder was used to dilute the catalyst material so that sufficient
flowability for printing was given. Actilox S40 boehmite was used to increase the powder
bed density due to its relatively fine particle size distribution (PSD). Fine particles are
supposed to fill the interstitial voids between coarser particles to achieve a greater packing
density in comparison to a unimodal PSD [190]. PVP acted as the solid in-bed binder
which binds the powder bed components upon contact with the aqueous printing liquid.
Due to its hygroscopic and binding properties PVP in combination with the printing liquid
was suitable to generate an acceptable green part stability.

The total Ni loading was varied by changing the Ni/Al molar ratio during co-precipitation
but also by adding different amounts of precursor powder. For example, a sample con-
taining 20 wt.% NiAl21_p is denoted as NiAl21-20. In total, six catalysts were fabricated.
Four of the six samples differ in the molar Ni/Al ratio but all contain 20 wt.% precursor
powder (NiAl11-20, NiAl21-20, NiAl31-20, NiAl51-20). Three samples differ in the
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amount of added precursor powder (10, 20 and 30 wt.%) but contain the same precursor
NiAl51_p (NiAl51-10, NiAl51-20, NiAl51-30). The printing powder composition of each
prepared catalyst is broken down in Table 6.1. All powdery materials were prepared by
blending them to a homogeneous mixture in a SpeedMixer (Hauschild GmbH & Co KG)
in four one-minute cycles with 1200 rpm.

Table 6.1: Prepared catalysts and their printing powder composition. wajumina 1S the total
amount of bayerite and boehmite powder in the mixture.

WPrecursor  WAlumina WBinder

Catalyst (Wt.%) (wt.%)  (wt.%)

NiAl11-20 20 60 20
NiAI21-20 20 60 20
NiAl31-20 20 60 20
NiAl51-20 20 60 20
NiAl51-30 30 50 20
NiAl51-10 10 70 20

The printing liquid formulation was identical to the prepared particle-loaded ink in refer-
ence [13]. The aqueous ink consisted of 7 wt.% colloidally dispersible boehmite particles
and rheological additives, namely 10 wt.% isopropyl alcohol and 10 wt.% 1,4-butanediol
(Merck KGaA). The main rheological parameters for a flawless and defect-free ejection
of ink from the inkjet printhead are surface tension and viscosity. The former is adjusted
by addition of isopropyl alcohol and the latter by 1,4-butanediol. The described ink com-
position generated a surface tension of 35.4 mN/m and a dynamic viscosity of 1.99 mPas

which works well with the used piezo printhead.

6.2.2.2 Printing Procedure

All parts were printed with a layer height of 40 um. Fig. 6.1 shows the general genera-
tive manufacturing process of the 3D printed Ni-Al catalysts. The steps in Fig. 6.1 are
explained hereafter:

1.) A digital model of the catalyst pellet is generated with a CAD software and con-
verted to an stl file which can be processed by the 3D printer.

2.) After printing, the printed body is still embedded in the print bed (Fig. 6.1, step 2).
The complete print bed is extracted from the 3D printer and transferred to a drying

oven to establish the solidifying effect of the PVP binder. The resulting green part
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Figure 6.1: Catalyst manufacturing scheme for Ni-Al catalysts via Binder Jetting.

(pre-calcined state) is subsequently removed from the surrounding unbound powder

by blowing with compressed air to expose the actual printed part.

The depowdered green body still contains the PVP binder which has to be removed
completely. The debinding process, which at the same time acts as a first calcination
step, decomposes the PVP by thermal treatment at 600 °C for 2h in a muffle
furnace.

Debinding significantly destabilizes the printed part by generating additional poros-
ity. Infiltrating the debinded parts with an aqueous boehmite slurry is a crucial step
to restore and increase part stability by introducing additional particles into the

porous particle framework.

A second calcination step is needed to transform the introduced boehmite in the
infiltrated parts to y—Al,O5 at 600 °C for 4 h in a tube furnace.

Per Ni-Al sample, two print jobs were executed. The first one comprised 24 cylindrical

pellets (d = h = 6mm) and the second one 42 spherical pellets with a green part diameter

of 9.2 mm. All prints were done on a custom-built binder jetting printer (3d-figo GmbH,

Germany) equipped with a drop-on-demand shear-mode piezo inkjet printhead (508GS,
Seiko Instruments GmbH) moving with a speed of 44.2 mm/s.
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6.2.3 Catalyst Characterization

The Ni loading of the precursor, printed green part, debinded and calcined samples were
determined by atom absorption spectroscopy (AAS) (AA280FS, Varian) by dissolution in
concentrated H,SO, and HNO;.

The particle size distribution (PSD) of the printing powder was analyzed via laser diffrac-
tion using the dry powder module (LS 13 320 Particle Size Analyzer, Beckman Coulter)
where dry powder is dispersed in a vacuum-induced stream of air on the way to the

analysis chamber in order to avoid particle agglomeration during analysis.

Mechanical stability of the cured green parts and the calcined samples were tested with
a hardness tester with integrated size measurement (MultiTest 50, Dr. Schleuniger Phar-
matron) by uniaxial compression tests. The tested geometries were cylinders measuring
6 mm in diameter and height because for crushing strength calculation a defined geometry
was required. Testing direction was perpendicular to the cylinder axis, the bracket moving
speed was set to 2 mm/s. The compressive strength ocomp Was calculated based on the

fracture load F' using equation 3.19.

Phase determination of the co-precipitated precursor material as well as the calcined
and reduced samples were obtained via XRD analysis (Empyrean, Malvern Panalytical,
UK). Cu-K, radiation (A = 1.54056 A) and a monochromator were employed to scan the
samples applying a step size of 0.007° and 70steps/min from 26 =5 to 90°. The printed
cylindrical catalyst pellets were ground prior to the XRD measurement. XRD analysis of
the previously in the H, chemisorption instrument reduced samples was executed under
inert atmosphere by preparation in a glovebox using Kapton tape sample holders for
air-sensitive samples and otherwise identical measuring parameters. Furthermore, the Ni
crystallite size d¢c was estimated from the full-width at half-maximum (FWHM) values
using the Scherrer equation (see Eq. 3.3) for the (200) Ni reflex at 260 = 51.8 to 51.9°
[296].

N, physisorption at 77K (Nova 4200e, Quantachrome Instruments) was used to deter-
mine the specific surface area SggT of the Ni-Al catalyst after every fabrication step.
Sample pretreatment comprised degassing under vacuum at 120 °C for 3 h. SggT was de-
termined according to the method of Brunauer, Emmett, and Teller (BET) and calculated
between 0.05 < p/pg < 0.3. Moreover, the Barrett, Joyner, Halenda (BJH) method was
applied to analyze the pore size distribution (poreSD) using the desorption branch of the
isotherm. Data points were collected from p/pg = 0.01-0.999. No degassing was carried
out prior to the measurement of reduced samples as they were handled in the glovebox

and transferred under inert conditions.
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H, chemisorption was carried out on an autosorb iQ (Quantachrome Instruments) at 35 °C
after activation for Sh in 5% H, in Ar with a linear heating rate of 2 K/min to 480 °C.
Both spherical and cylindrical Ni-Al pellets were used for this analysis. The active metal
surface area Sy and the Ni dispersion were calculated by extrapolating the adsorption
isotherm to zero pressure. A dissociative H, adsorption mechanism was assumed where
one H atom adsorbs on one Ni atom. The metal dispersion Dy was calculated according
to Eq. 3.13 with the adsorption stoichiometry S = 2.

In addition to the pore size measurement with N, physisorption, the poreSD of the printed
spherical calcined samples was determined with mercury intrusion porosimetry (MIP)
(AutoPore 9600, Micromeritics Instrument Corporation). Per measurement, one spherical
catalyst pellet of 175 to 200 mg was added to the penetrometer comprised of a SmL
bulb volume and 0.392 mL stem volume, resulting in a stem usage of 46 to 57 %. To
reduce the influence of the hydrostatic pressure of mercury in the low pressure region, the
pressure range of 0.5 to 45 psi was measured in a horizontal penetrometer position, while
the pressure range from 45 to 61 000 psi was obtained in vertical penetrometer position.
The pressure steps were chosen to achieve an even spacing on the logarithmic scale with
25 points per decade in a pressure range between 0.5 and 4000 psi and with 40 points per
decade in a pressure range between 4000 and 61 000 psi. The latter pressure range with
higher resolution correlates to pore diameters of 53.3 to 3.5 nm, respectively. The pressure
at each pressure step was held constant until the intrusion rate was below 0.01 uL/(gs).

To convert the pressure p to a pore diameter dp, Washburn’s equation was applied (Eq.

3.18).

Transmission electron microscopy (TEM) measurements were performed on a JEOL JEM
1400 plus instrument at an acceleration voltage of 120 kV to determine the mean metal
particle diameter dy; and the resulting metal dispersion. Before analysis, the reduced
Ni-Al samples were prepared in a glovebox. The sample material, which was recovered
from the TGA reduction experiment using spherical pellets, was finely ground, suspended
in absolute EtOH (Sigma-Aldrich) and finely dispersed. After sedimentation of larger
particles, two drops of the suspension were deposited onto a Multi A copper grid (Quan-
tifoil Micro Tools GmbH) and left to dry. The metal particle diameter dy; was manually
measured using the image processing software imagelJ. For each sample, a minimum of
100 particle size measurements were performed on several micrographs taken on different
zones of the TEM grid. The metal dispersion Dy is indirectly proportional to dyf and is
determined according to Eq. 3.15.

The degree of reduction d,.q with varying Ni loading was calculated based on thermo-
gravimetric analysis (TGA, SENSYS evo TG-DSC, SETARAM Instrumentation) [159].
The spherical calcined catalyst pellet was ground and about 50 mg placed in the TGA

113



6 3D Printed Co-Precipitated Ni-Al CO, Methanation Catalysts by Binder Jetting: Fabrication,

Characterization and Test in a Single Pellet String Reactor

crucible. In a first step, the sample was heated at 480 °C for 5h in pure N, and then
cooled down to room temperature. The second step comprised heating to 480 °C with a
rate of 2 K/min and the subsequent in-situ reduction in 5 % H, in N,. The temperature was
held for 5h to replicate the conditions during catalytic testing in the SPSR. The degree
of reduction d.q was subsequently calculated using Eq. 3.14. It was assumed that the
entirety of Amq(?) and mq jpitia) Stemmed from NiO.

6.2.4 Catalytic Test

Three test reactions were conducted in a SPSR setup as a proof-of-concept to analyze the
catalytic activity of Binder Jet 3D printed Ni-Al catalysts from co-precipitated powder
feedstock. The samples NiAll11-20, NiAl21-20 and NiAl51-20 were exemplarily chosen
and tested to investigate the CO, conversion and CH, yield with increasing Ni/Al ratio.

Fig. 6.2 illustrates the general scheme of the SPSR used for the tests. The setup consisted

Inlet

Quartz wool

Spherical Binder Jet printed
NiAl catalyst pellets

Thermocouple

Quartz wool

|

Outlet

Figure 6.2: Scheme of the SPSR setup, packed with 12
printed spherical Ni-Al catalyst pellets.

of a glass-lined stainless steel tube reactor with an inner diameter of 9.5 mm. 12 spherical
calcined catalyst pellets with an average diameter of 8.2 mm and weighing 2.4 g in total

were stacked on top of each other to give a catalyst bed with a length of approx. 10 cm.

The pellet string was fixated at both ends with a plug of quartz wool. The stoichiometric
feed gas mixture composition of CO,/H,/Ar/N, = 2/3/9/1 (purity of all gases 5.0) was

supplied by a gas mixing unit, adjusted by calibrated mass flow controllers and enters
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the reactor at the top. A K-type thermocouple contacts the pellets at the bottom closely
monitoring the temperature in the reactor. N, served as an internal standard for later quan-
titative analysis. The product gas stream was analyzed by a gas chromatograph (Agilent
7820A, Agilent Technologies) comprising two thermal conductivity detectors, a packed
molecular sieve 5 A column (Sigma-Aldrich) for H,, Ar, N,, CH 4 and CO quantification
and a Porapak-N column (Sigma-Aldrich) for CO, and H,O quantification.

Prior to the activity test, reduction of the catalyst with 5% H, in Ar was performed.
With a heating rate of 2 K/min the reducing environment was held at 480 °C for 5h.
Subsequently, the reactor was cooled down to 250 °C and flushed with Ar until further
testing was conducted. For catalytic testing, the reactor was flushed with feed gas (V =
125 sccm) and pressurized to 9 bar. The catalyst performance was then measured in the
range from 175 to 480 °C with a repeating measurement at 250 °C to rule out catalyst

deactivation.

6.3 Results and Discussion

6.3.1 Particle Size Distribution of Printing Powder

The PSD of the printing powder plays a crucial role for the feasibility of the 3D printing
process as well as the final part integrity. The volumetric percentage of the PSD for
the synthesized Ni-Al precursor, the printing powder composition without the precursor
(bayerite + binder) and the resulting combination of both materials (printing powder =

Ni-Al precursor + bayerite + binder) is shown in Fig. 6.3. Most of the catalyst precursor

6
~ - -- Ni-Al precursor
> ----- Bayerite + binder
§ 4 SN —— Printing powder
g
=
g 2
=
S

0

1,000

dp (um)

Figure 6.3: PSD of the co-precipitated Ni-Al precursor powder (red, dashed), alumina and
binder powder (blue, dashdotted), and final printing powder material (black, solid line).
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particles range at a diameter of about dp = 6um. The printing layer thickness of 40 um
should not be exceeded excessively as powder particles would not be incorporated into
the print bed completely. Thus, the precursor material was ground fine enough for use
in the printing process. Combined with the remaining solid components, the resulting
PSD curve becomes multimodal with main peaks at about 9 um, 11 um and 40 um. The
powder spreaded smoothly with the leveling roller, yielding a smooth printing surface.
A single layer ink deposition gave adequate liquid saturation so that single layers adhere
to each other sufficiently. Therefore, the powder composition fulfills the requirements for

successful Binder Jetting.

The nickel loading of the printed catalyst could be maximized by omitting the admixing
of alumina powder. This way, the binder PVP would be the only additional compound so
that the final catalyst consists of pure co-precipitated Ni-Al catalyst material. However,
poor flowability due to the agglomeration of the very fine precipitate particles prevented
the application of this strategy. Therefore, adjustment of the precursor particle size distri-

bution is necessary to facilitate printing without additional alumina powder.

6.3.2 Nickel Loading

The Ni and Al weight percentages of the as-synthesized Ni-Al precursors and the resulting
Ni/Al molar ratios are presented in Table 6.2. The same table displays the Ni loading of
the 3D printed samples in their debinded and calcined state. Expectedly, the Ni loading
of the precursors as well as the subsequently fabricated catalysts increases from NiAll1l
to NiAI51 so that in summary, the Ni loadings after the final fabrication stage of catalyst
calcination range from 6.39 to 16.35 % (NiAl11-20 - NiAlI51-30, respectively). Measured

Table 6.2: Elemental compositions (waj, wyi) and Ni/Al ratios nyji/na; of prepared Ni-Al
precipitates as well as Ni loading wy;; of the 3D printed catalysts in their debinded and
calcined states, all values determined by AAS.

Precursor Debinded Calcined
nNi/nal () wal (Wt.%)  wyi (Wt.%) | wni (Wt.%) | wNi (wt.%)
NiAll11-20 1.0 12.7 27.7 9.82 6.39
NiAl21-20 2.0 8.4 36.3 12.17 7.77
NiAl31-20 3.0 6.2 40.7 13.79 9.24
NiAl51-20 5.0 3.8 41.3 15.11 9.79
NiAl51-30 5.0 3.8 41.3 18.15 16.35
NiAl51-10 5.0 3.8 41.3 5.83 5.10

molar ratios nyj/na; of all precursors agree very well with the calculated ratios, which
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means that the ratios in the mixed metal salt solution and after precipitation are the same.
Table 6.2 gives an overview of the Ni loading development with ongoing fabrication
stages. During printing powder preparation the precursor is mixed with mainly transition
alumina powder so that "dilution" of Ni results in notably decreased Ni loadings for
the debinded samples. Ni loading again decreases transitioning from the debinded to
the calcined state as the infiltration step introduces additional alumina particles into the
catalyst, again reducing the overall Ni percentage but to a lesser extent than between the

precursor and debinded state.

6.3.3 XRD Analysis
6.3.3.1 Ni-Al Precursor

Overall, the XRD reflexes of the co-precipitated Ni-Al precursors in Fig. 6.4 agree with
the reference pattern of the hydrotalcite takovite (JCPDS 015-0087). Beside the takovite
reflexes, no other crystalline phases are observed. Sharp and symmetric reflections of the
(003), (006), (110) and (113) planes at 6 = 11.3°,22.9°, 61.2° and 62.6°, respectively are
characteristic for the hydrotalcite-like takovite phase [297, 298] whereas the remaining
ones are more asymmetric and broad. This coincides with the XRD pattern in Fig 6.4.
The crystal structure of the precipitate strongly depends on various synthesis parameters
such as the pH, reactant concentration, time and temperature setting so that a difference
in reflex sharpness within a sample could be attributed to layer disorder phenomena
[299]. The reflex intensity is the highest for NiAl31_p, indicating that NiAl31_p shows
the highest degree of crystallinity. NiAl31_p resembles the stoichiometry of the natural
takovite the most, potentially explaining why the sample is the best crystallized one. In
comparison to the other samples, the main reflexes at 260 = 11.3° and 22.9° are flat and
broad for sample NiAlll_p. Furthermore, the (015) reflex at 26 = 39.7° is not clearly
visible anymore. Where a doublet of reflections is observed at 26 = 61.2° and 62.6°,
NiAlll_p only displays a single reflex which is associated with low crystallinity and
poorly ordered cations within the brucite layers [300].

Conforming with previous XRD studies of synthetic Ni-Al layered double hydroxides
with varying Ni/Al ratios, reflexes shift towards smaller angles with increasing Ni load-
ing [301-304]. Due to the larger ionic radius of Ni’* compared to AI**, electrostatic
interaction decreases, resulting in an expanded lattice. As a result, reflexes are shifted to

lower 20 values the more Ni is incorporated into the precursor.
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Figure 6.4: XRD pattern of the as-synthesized Ni-Al precursors with varying Ni/Al molar
ratio. (Reference pattern: Takovite, JCPDS 015-0087.) Reflexes are shifted to smaller angles
with increasing Ni loading due to lattice expansion.

6.3.3.2 Printed Calcined Catalysts

The XRD pattern of all printed and calcined Ni-Al spheres are compared in Fig. 6.5. The
samples consist of the calcined Ni-Al precursor next to mainly 1-Al,O5 as the alumina
component stems from bayerite which is converted to the 1) form at 600 °C [199, 305]. The
XRD patterns verify the expectation that the calcined form should contain the phases NiO
(bunsenite) and 11-Al,O5. Generally, the reflex intensity of NiO decreases with decreasing
Ni loading which is caused by reduced crystallinity. The sample NiAl51-30 and NiAl51-
20 which were both synthesized with the catalyst precursor containing the highest amount
of Ni, as well as NiAl31-20 do not indicate the presence of any other crystalline Ni
containing phases but NiO, corroborating earlier findings that co-precipitated samples
with higher Ni/Al ratios decompose more readily and show hardly any deviation from
pure NiO [304, 306]. It is known that the structure strongly depends on the molar Ni/Al
ratio of the co-precipitate [307, 308]. The XRD patterns of NiAl21-20 and NiAll11-20
show reflexes which cannot be assigned unambiguously to NiO or Al,O5 anymore. It is
assumed that in combination with the calcination temperature of 600 °C, metastable mixed
oxides NiAlXOy develop. The reflections of the intermediate oxides are partly situated
between the reflexes of 11-Al,05, NiO and NiAl,O,. For example, the XRD pattern of
NiAl11-20 and NiAI21-20 show a reflection situated between the signal of the (220) plane
of NiO at 26 = 62.9° and the (440) plane of nickel aluminate N 1A1,0, at 20 =65.5°. De
Korte et al. [308] reported another intermediate oxide reflection between the (440) plane
of NiAl,O, (26 = 65.5°) and the (440) plane of alumina (26 = 66.8°) for samples with a
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Ni content below 50 %. This observation cannot be confirmed for the samples presented
here. In general, the formed intermediate phases are declared as NiO rich and/or Al,O4

#n-AlL,0, o NiO <«NiAlLO,
<« # o «# «a# o a# o #0o #
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Figure 6.5: XRD pattern of the 3D printed and calcined Ni-Al catalysts with varying Ni/Al
molar ratio. (Reference patterns: 1-Al,O05: JCPDS 04-0875, NiO: 01-078-0429, NiAl,O,:
10-0339)

rich phases caused by diffusion of Ni2* to alumina-rich regions [308] and diffusion of
AIP* to NiO-rich phases [306], respectively. It is reported by various studies that these
intermediates could be a disordered spinel intermediate phase [307, 309, 310]. The XRD
patterns in Fig 6.5 illustrate that the formation and composition of these mixed oxides
depend on the molar Ni/Al ratio of the used co-precipitate.

Concerning the XRD patterns in Figs. 6.5 - 6.7, bulk characterization was executed where
the whole pellet was ground and analyzed. In order to examine whether mass and heat
transfer limitations would affect the Ni species within a catalyst pellet during drying or
calcination, XRD measurements of the shell and core region of a spherical pellet were
conducted. XRD results of three Ni-Al samples (see Supporting Information, Fig. 6.15)
revealed that no significant effects on the generation of differing Ni species in radial
direction were observed for the calcined 3D printed Ni-Al pellets. Therefore, it can be
assumed that the chemical composition is mostly homogeneous throughout the calcined

catalyst.
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6.3.3.3 Printed Reduced Catalysts

Fig. 6.6 and 6.7 present the XRD patterns of reduced 3D printed samples prepared with
different precursors (while the amount of precursor is 20 wt.%) and varying amount of

precursor powder (while nyj/naj = const. = 5), respectively.
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Figure 6.6: XRD pattern of the 3D printed and reduced Ni-Al catalysts with varying Ni/Al
molar ratio. (Reference patterns: n—A1203: JCPDS 04-0875, NiO: 01-078-0429, NiA1204:
10-0339, Ni: 01-087-0712.)

The patterns in Fig. 6.6 reveal that the molar Ni/Al ratio affects phase formation during the
reduction process. Compared with the XRD pattern of the calcined catalysts in Fig. 6.5,
the 1-Al,O; reflexes are unchanged and appear equal in intensity for all Ni/Al ratios
so that alumina does not perform any further phase transformation after calcination.
NiO is clearly reduced to pure Ni, manifested in the vanishing NiO reflexes and the
emerging Ni reflexes at 20 = 65.5° (111), 26 =51.9° (200) and 260 = 76.4° (220) for all
analyzed samples. Where the reflex intensity of the calcined samples at about 26 = 37°
increases with increasing Ni content (Fig. 6.5) the crystalline phases were not clearly
distinguishable due to NiAl,O,, NiO and Al,O5 having reflexes at approximately the
same position. Observing the same reflex position in Fig. 6.6 reveals that the NiO reflex
at 20 = 37.3° flattens out due to being converted to pure Ni upon reduction so that the
remaining reflex is attributed to alumina. Increasing the Ni loading by greater Ni/Al
ratios correlated directly with increasing Ni reflex intensity. The basal Ni (111) reflex at
260 =44.5° is partly superpositioned with the (400) reflex of Al,O5 at 26 = 46.0°. While
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Figure 6.7: XRD pattern of the 3D printed and reduced Ni-Al catalysts with varying
amounts of admixed Ni-Al precursor. (Reference patterns: 1-Al,O5: JCPDS 04-0875, NiO:
01-078-0429, NiAl,0,: 10-0339, Ni: 01-087-0712.)

the Ni reflex appears as a shoulder of the alumina reflex in sample NiAll1-20 and NiAI21-
20, the remaining samples NiAl31-20 and NiAl51-20 show an evident Ni reflex, although
still paired up as a doublet reflex with alumina. The NiO reflex at 26 = 62.9° completely
vanished in all catalyst samples and discloses a small reflex for all samples between
260 =62.9° (NiO) and 260 =65.5° (NiAl,O,), respectively. The observed reflex has already
been detected for the calcined samples (Fig. 6.5) and was declared as an intermediate
NiAlO, species which is now present in the reduced sample, potentially generated during
the reduction process by ionic migration processes between NiO, NiAl,O, and Al,O;.
The (511) nickel aluminate reflex is distinctly visible at 20 = 59.7° which is also the case
for the calcined state in Fig. 6.5. This NiAl,O, type phase as well as mixed NiO/Al,O4
phases are generally more difficult to reduce to metallic Ni. Therefore, fractions could
remain unreduced.

Fig. 6.7 shows the three XRD patterns for printed Ni-Al catalysts with varying amounts
of added precursor powder, ranging from 10 to 30 wt.%. The integral intensity of a
XRD reflex correlates proportional to the amount of a phase in the powder mixture.
The reflexes show an increasing intensity for Ni from NiAlI51-10 to NiAl51-30 so that
the increasing amount of Ni is represented with powder XRD. Zielinski [311] assumed
that the increasing presence of nickel aluminate-like species induces coverage of Ni
crystallites with nonreduced residues.
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6.3.4 Degree of Reduction

Prior research generally agrees that decreasing Ni content in co-precipitated catalysts
aggravates catalyst reducibility [304, 307, 310, 312, 313]. d,q calculated from TG mea-
surements also confirms this behavior for printed Ni-Al catalysts with varying molar
Ni/Al ratios (Fig. 6.8). The final degree of reduction achieved at 480 °C in 5% H, in N,
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Figure 6.8: Calculated degrees of reduction d,.q from TG analysis for 3D printed Ni-Al

catalysts.

rises steadily from 37 % (NiAl11-20) to 91 % (NiAl51-20). In conformity with the XRD
analysis of the calcined specimens (Fig. 6.5), increasing occurrence of nonstoichiometric
nickel aluminate phases with increasing Al content inhibits the reduction process [311].
Bulk NiA1204 (Fig. 6.5, 6.6, and 6.7) could contribute to incomplete reduction which
was found in the calcined as well as reduced samples, agreeing with Li and Chen [314]
who found three different NiO species and NiAl,O, in all precipitated Ni/Al,O5 cata-
lysts. NiA151-20 achieved the highest degree of reduction among all examined samples
with 91 %. Fig. 6.8 shows that the molar Ni/Al ratio significantly affects the reducibility
whereas variation of admixed precursor powder amount does not influence the degree
of reduction as considerably. The values for NiAl51-10, NiAI51-20 and NiAI51-30 do
not follow an upward order according to their Ni loading but range similarly between
91 % and 81 %. Therefore, Ni loading adjustment by admixed amount of precursor is
not as decisive for the reduction behavior as the Ni/Al ratio of the precursor. The molar
Ni/Al ratio impacts the phase composition of the reducible species (as observed by XRD
analysis, see Figs. 6.4 and 6.5) and the resulting morphology of the reduced species (as
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observed by TEM analysis, see Fig. 6.9) more significantly than the amount of admixed

precursor.

The ease of reduction clearly increases with higher Ni/Al ratios, so that the samples
containing the precursor NiAl51_p nearly reach their sample-specific maximum degree
of reduction. The other samples have not yet reached a stagnant d,.q after completion of
the holding time of 5h. Various TPR studies revealed that precipitated Ni-Al catalysts
show a first reduction peak at 400 - 500 °C, attributed to the more easily reducible NiO.
The presence of difficult to reduce NiAlXOy species causes another reduction peak at
600 - 720°C [292, 301, 314]. Li et al. found that the maximum degree of reduction
was reached at 870 °C [301]. Consequently, at a reduction temperature of 480 °C the 3D
printed catalysts have most likely not reached their maximum degree of reduction due to
remaining unreduced NiAlXOy. Fig. ﬁ provides evidence for the increased presence of
NiAley in samples with a lower Ni/Al ratio due to lower degrees of reduction. For ease
of calculation, the Ni loading of the samples analyzed with TGA was assumed to stem
from NiO. Considering the amount of unreduced NiAlXOy would improve the accuracy
of reducibility determination. Nevertheless, the values presented in Fig. 6.8 demonstrate

the general tendency to a sufficiently relevant extent.

The results from TGA show that for complete reduction, a higher reduction temperature
should be applied if a catalyst with a low molar Ni/Al ratio is chosen. Adjusting the
chemical nature of the Ni species by careful tweaking of the co-precipitation conditions

could offer another option to improve the reducibility of the Ni-Al catalyst.

6.3.5 Sorption Properties
6.3.5.1 Metal Particle Size

The morphology and structure of the reduced Binder Jet printed Ni-Al catalysts were
observed by TEM analysis. Fig. 6.9 presents the TEM images of all Ni-Al catalysts where
the distribution of Ni particles is mapped for each molar Ni/Al ratio. All samples show
a mostly nodular nanoparticle structure. Moreover, the TEM images suggest growing Ni

particle sizes with increasing Ni loading.

TEM measurements were used to determine the metal particle size distribution and the
resulting average metal particle diameter dy; Tgpm- The results for the mean Ni particle
sizes are presented in Table 6.3. Confirming the visual impression when observing the

TEM images in Fig. 6.9a to 6.9f, the Ni particle size steadily grows with increasing
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Table 6.3: Nickel particle size dyj determined by TEM, XRD line broadening analysis and
H, chemisorption.

Catalyst dyi;TEM® (nm)  dni xR (M) di© (nm)
NiAll11-20_r 39+0.6 n.d. 7.9
NiAl21-20_r 5.3+0.5 6.4 7.5
NiAI31-20_r 7.2+0.5 8.0 9.9
NiAlIS1-20_r 1044+1.2 11.0 17.0
NiAlS1-30_r 10.1£0.9 10.5 15.1
NiAlS1-10_r 99+1.0 10.1 17.7

¢ Measurement of at least 100 particles per sample.

b Determined using the Scherrer equation with FWHM of the Ni (200)
reflex.

¢ Determined by H, chemisorption.

Ni/Al molar ratio. NiAl11-20_r displays small Ni nanoparticles with dn; TEm = 3.9 £
0.6 nm while particles of NiAl51-20_r increased by a factor of almost three to a size of

10.4 £+ 1.2 nm. However, the amount of admixed precursor powder does not affect the

(d) NiAI51-10 (f) NiAI51-30

Figure 6.9: TEM images of 3D printed and reduced Ni-Al catalysts.

particle size, as all reduced N1AI51 samples show a similar particle size of about 10.1 nm,
with respect to the consistent standard deviation values. This observation corroborates
the findings from TGA regarding the degree of reduction where all three samples based
on the NiAl51 precursor showed a similar di.q (Fig. 6.8). The standard deviations for
dni,TeM in Table 6.3 imply decreasing metal dispersion with increasing molar Ni/Al ratio

as the particle size distributions for the samples NiAll1l - NiAl31 are more narrow than
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for NiAl51, suggesting a more homogeneous Ni distribution over the catalyst support.
NiAl51 reduces readily (see section 6.3.4) and exhibits more pronounced sintering, thus
generating bigger metal particles and clusters. Therefore, more diversely sized Ni particles
double the standard deviation value of all NiAl51 samples in comparison to samples with
a lower Ni loading (Table 6.3).

Additionally, the crystallite size was calculated by line broadening analysis of the XRD
patterns in Fig. 6.6 and Fig. 6.7 using the Scherrer equation 3.3. The crystallite size could
not be determined for the sample NiAll1-20_r due to insufficient reflex intensity of the Ni
reflex of the (200) plane at 260 = 51.9°, see Fig. 6.6. A reason is the very small nanocrys-
tallite size of dyj TEm = 3.9 £0.6 nm, leading to large specimen broadening in contrast
to the instrumental broadening, producing a weak diffraction signal below the detection
limit for XRD of 2 to 5nm [315, 316]. Nevertheless, the remaining values for dnj XRD
are consistent with the ones determined by TEM, following the same trend. Moreover,
line broadening analysis is subject to errors since it applies simplifications including
the assumption of spherical crystallite shape, a narrow unimodal size distribution and
neglects lattice defects such as microstrain or stacking faults [317]. Hence, it is safe to
conclude that the metal particle sizes determined by TEM agree well with the crystallite
size determined by line broadening analysis and therefore low crystallite agglomeration

occurred in the samples.

Table 6.3 also shows the average Ni crystallite size determined by H, chemisorption so
that th;:rystallite size was analyzed by three different analysis methods. The general
trend towards bigger crystallite size with increasing molar Ni/Al ratios is confirmed with
H, chemisorption as well, but crystallite sizes analyzed on the basis of H, chemisorp-
tion are shifted to slightly larger particles than calculated by TEM and line broadening
analysis, ranging from dyj ¢ =7.9nm to 17.7 nm. dy; TEm and dyj ¢ were calculated from
reduced spherical pellets. dnj xrp Was determined from cylindrical samples which were
reduced during H, chemisorption measurement. Table 6.3 shows that the particle sizes
determined by all three methods are similar so that a certain degree of reproducibility is
deducible from the BJ 3D printing process. Especially the similarity of dn; Tem (from
spheres) and dy; xrp Vvalues (from cylinders) indicate that the printing process produces

consistent results.

6.3.5.2 H, Chemisorption

Table 6.4 includes the Ni surface area Sn; and dispersion Dy determined by H,

chemisorption. Sy; is overall declining with increasing molar Ni/Al ratio due to the
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increasing Ni particle size (see Table 6.3). The Ni surface area of the samples NiAl51-
10, -20 and -30 increases in this order from 1.9 up to 7.4 mz/gcat due to the increasing
available Ni amount per gram catalyst.

Dy ¢ decreases with increasing molar Ni/Al ratio which agrees with the results for parti-
cle size determination in section 6.3.5.1. Over all samples, the Ni dispersion ranges from
5.7 to 13.4 %. The dispersion drops due to the formation of larger Ni particles at higher
Ni/Al ratios. Furthermore, TEM images suggest that metal cluster formation or agglom-
eration is more prominent in highly loaded Ni catalyst samples (Fig. 6.9), lowering the
ratio of exposed number of metal atoms to the total number of metal atoms. Sintering of Ni
nanoparticles could be limited for low Ni/Al ratios because of the strong and Ni stabilizing
interaction between nickel and alumina, hindering the migration and diffusion of Ni to
form clusters, thus explaining the increasing dispersion from NiAl51-20 to NiAI11-20. In
conformity with the unchanged Ni particle size of the samples NiAl51-10, -20 and -30,
the dispersions of 5.7 %, 6.0 % and 6.7 %, respectively are very similar and consequently

do not correlate with the amount of added alumina surrounding the catalyst material.

To verify Dyj  determined by H, chemisorption, the dispersion Dy; Tgm Was additionally
calculated using the Ni particle size dyjgm obtained from TEM (see Table 6.3). The
results are also displayed in Table 6.4. The numbers show the same trend as Dyj ¢ with
slightly differing values. Considering the parameters in Eq. 3.15 used for dispersion
calculation, the assumption of particle sphericity, the standard deviation of dy; TEm and
uncertainty regarding the determination of the degree of reduction via TGA, Dyj; TEm

agrees with the dispersion values obtained by chemisorption.

Table 6.4: Active metal surface area Sy, metal dispersion Dy;; of reduced samples and
specific surface area Sggt of printed Ni-Al catalysts at varying process stages.

Catalyst SzNii Dnic"  DnNi,TEM SET (M7gcat)
(m7gear) (%) (%) Precursor Debinded Calcined Reduced

NiAl11-20 5.4 12.7 9.3 117 240 192 131
NiAlI21-20 7.0 13.4 11.6 74 209 131 140
NiAlI31-20 6.3 10.2 11.2 85 166 133 149
NiAl51-20 3.9 6.0 8.8 74 182 161 147
NiAl51-30 7.3 6.7 8.9 74 176 136 140
NiAl51-10 1.9 5.7 8.1 74 199 154 171

@ Determined by H, chemisorption.
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6.3.5.3 N, Physisorption

The specific surface area of the 3D printed samples were determined by nitrogen ph-
ysisorption. Table 6.4 summarizes the measured SggT of the pure as-synthesized takovite-
like precipitate as well as the printed samples in their debinded, calcined and reduced
state. The precursors show a declining specific surface area with increasing Ni content
which agrees with other studies [310].

The debinded sample is a mixture of alumina and a calcined Ni-Al catalyst. This means
that the Sggpt of the admixed alumina compound influences the result as it makes up
to 80 wt.% of the total powder mixture. According to a prior study [13], the surface
area of the pure debinded alumina in the used mixture is 223 m2/gcat. The surface area
of the debinded Ni-Al catalysts should therefore be an intermediate value of the pure
calcined Ni-Al precursor and the alumina component. The results in Table 6.4 confirm
that decreasing the Ni content increases the surface area, both by varying the molar Ni/Al

ratio and the amount of admixed precursor after debinding.

The Sggt of the calcined specimens follow a similar trend as the debinded samples
but with overall decreased values. Calcination is executed under the same conditions as
debinding, namely at 600 °C for 3 h. The lowering in surface area is caused by sintering
of the Ni species upon calcination and particle shrinkage of the admixed alumina.

Pure reduced Ni-Al catalysts prepared by co-precipitation normally exhibit a decrease in
SBET upon reduction [293, 301, 307, 310]. Printed Ni-Al catalysts also show decreased
surface areas (Table 6.4) but the results partially do not deviate much from the samples

in their calcined state. The weight percentage of admixed alumina powder is relatively
high so that the development of surface area predominantly follows that of alumina. SggT
of the utilized alumina after two rounds of infiltration and calcination was reported to
be 179 mz/gcat [13]. Due to the reduction temperature of 480 °C being lower than the
calcination temperature of 600 °C, the alumina part presumably does not undergo any
phase transformation and therefore change in surface area. Nevertheless, Table 6.4 shows
a change in SggT which means that the reduction in surface area of the precipitated nickel
catalyst does influence the total surface area. Overall, the surface areas of the reduced
and calcined Ni-Al catalysts do not differ significantly. Consequently, it is assumed that a
greater variance in surface area would only be noticeable with an even greater difference

in admixed precursor in the printing powder mixture.
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6.3.6 Mechanical Stability

The results for the compressive strength ogomp of the spherical Ni-Al 3D printed catalyst
pellets obtained by uniaxial compression tests are displayed in Fig. 6.10. The plot com-
pares the compressive strength of the green part directly after printing and the calcined
part to emphasize the significance of the infiltration step to achieve sufficient mechanical
strength for application of the pellets in a fixed bed reactor. The compressive strength
of a finished calcined part is 0.21 MPa on average, which is about 20 times more robust
than a green part with only 0.01 MPa. The infiltration with alumina slurry significantly
stabilizes the ceramic scaffold and enables the powder-based AM of highly porous bodies
and a simultaneously low calcination temperature which retains catalytically relevant
physico-chemical properties. It is believed that the variation in chemical and quantitative

0.35 || MGreen part |
030 | Hcalcined i

0.25
0.20
0.15
0.10 |- :
0.05 | 8
0.00

Ocomp (MPa)

NiAll11-20 NiAI21-20 NiAI31-20 NiAl51-20 NiAl51-30
Figure 6.10: Compressive strength 6comp of green and calcined printed Ni-Al catalysts.

composition in this study is not influential on the final compressive strength of the printed
part. Although the texture of the Ni-Al precursor becomes softer with increasing molar
Ni/Al ratio, an effect on the final Gcomp thereby is minimal. Moreover, comparing Gcomp
for N1Al51-20 and Ni1AI51-30, a significant difference in compressive strength by varying
the amount of admixed precursor powder is not observed. In this study, the variance of the
compressive strengths for the calcined samples is more likely caused by user or printer
induced inconsistencies during the printing process than by powder material properties.
Consequently, Ocomp 1s similar for all investigated samples so that all 3D printed pellets
show suitability for the use in a fixed bed reactor without experiencing detrimental effects

concerning attrition or mechanical disintegration.
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6.3.7 Pore Size Analysis

In contrast to lab scale experiments where small particles are used and the reaction con-
ditions are chosen in order to avoid diffusion limitations, the application of larger catalyst
geometries induces mass and heat transfer restrictions. Internal diffusion restriction of
the reactant significantly affects catalyst performance and is determined by the pore size

distribution and particle size so that porosity characterization is crucial.

6.3.7.1 Pore Size Analysis by N, Physisorption

The poreSD of debinded and calcined samples are presented in Fig. 6.11. The individual
poreSDs in Fig. 6.11a all follow a slightly bimodal distribution with a relatively sharp
peak at about 3.6nm and a broad peak at about 12nm. Due to the printing powder
preparation, the mixture is a homogeneous mixture but ultimately consists of alumina
particles located next to catalyst precursor material. The pure alumina compound without
Ni-Al precursor (NiAlO1) displays a unimodal poreSD after debinding peaking at 3.6 nm,
see Fig. 6.11a. The poreSD of pure Ni-Al precursor powder is also unimodal but features a
broader distribution between 9 - 10 nm. The separate poreSDs combined result in the plots
observed in Fig. 6.11a in so far as the most distinct peak is located at the same position
as NiAlO1 and the pore sizes attributed to the Ni-Al compound show up at the respective
size range. However, the magnitudes of the volumetric fractions do not seem to correlate
closely with either the molar Ni/Al ratio or the powder composition. Nevertheless, the
general pore size characteristic is similar for all examined samples. After infiltration and
calcination, the poreSD transforms from the one in Fig. 6.11a to the one depicted in
Fig. 6.11b. The bimodal poreSD is significantly more distinct after calcination. The two
peaks are located again in the small mesopore region at ca. 3.6nm and 12 nm with the
former peak now being lower than before but the latter becoming more pronounced. The
sample NiAlO1 also shows this behavior which was reported to stem from the infiltration
procedure which occludes small and open pores with alumina particles, resulting in a
greater fraction of larger sized pores [13]. It is assumed that the reason for the bimodal
poreSD of the calcined Ni-Al catalysts arises from a combination of the pore-occlusive
effect by slurry infiltration and the fact that the pores of the Ni-Al component are situated
in a similar pore region. The fusion of both pore size distributions generate a relatively

broad peak with pore sizes ranging from 8 - 20 nm, see Fig. 6.11b.
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Figure 6.11: Pore size distribution of 3D printed Ni-Al catalysts, determined by N,
physisorption using the BJH method on the desorption branch.

6.3.7.2 Pore Size Analysis by Mercury Intrusion Porosimetry

The pore size distribution obtained by gas adsorption (Fig. 6.11) presents the intraparticle
porosity as the N, physisorption technique measures pores from approximately 0.3 to
300 nm. However, for a complete characterization of the porous sample structure includ-
ing the interstitial voids between the catalyst particles within a pellet, the poreSD of
the spherical printed catalysts were analyzed by mercury intrusion porosimetry (MIP) to
obtain pore sizes neglected by gas adsorption. MIP covers a wide range of measurement
from 500000 nm down to 3nm while gas adsorption offers analysis of an additional
decade of very small pores down to 0.3nm [318]. Fig. 6.12 presents the poreSD of all
3D printed and calcined Ni-Al catalysts determined by MIP.

Comparison of gas adsorption and MIP results are only valid for the overlapping region of
measurement from 3 to 300 nm. Comparing the pore size distributions in this range in Fig.
6.11b with Fig. 6.12, the bimodal character is also clearly visible by MIP measurement.
Fig. 6.13 illustrates the high level of concurrence between N, physisorption and MIP for
the ealple of the calcined sample of Ni1AI21-20, especially for the peak at 12 nm. The
small mesopores at 3.6 nm are recognized by MIP and gas adsorption equally. In general,
both methods determine principal occurrences of pores at the same size range where
the measuring range of gas adsorption and MIP coincide. Furthermore, the Washburn
equation (Eq. 3.18) used for MIP as well as the BJH method assume cylindrical pore

geometry, reinforcing the comparability of the two methods of measurement.
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Figure 6.12: Pore size distribution of calcined Ni-Al catalysts, determined by MIP.
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Figure 6.13: Comparison of pore size distributions obtained by gas adsorption (black) and
mercury porosimetry (blue) for the calcined sample NiAl11-20.

However, MIP additionally reveals large voidages of about 2 - 10* nm found in all ex-
amined samples (Fig. 6.12) induced by the powder-based AM process. These voids are

not included in the range of measurement of gas adsorption. The binder jetting process

inherently generates macroporous parts due to its building principle of selectively joining

loose powder layers with a liquid binder. Therefore, the presence of large interparticle
voids revealed by MIP aids characterizing the Binder Jet 3D printed character of the
catalysts. The fabrication of highly porous meso- as well as macroporous shapes with an
average porosity of 77.7 £ 2.0 % could offer advantageous catalytic properties regarding
fluid permeability, pressure drop behavior, and mass transfer limitations which are not

feasible with other 3D printing techniques. A similar size range of the large interstitial
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voids for all Ni-Al samples (see Fig. 6.12) implies that the pore size structure is repro-
ducible for printed Ni-Al catalysts with the described material composition and printing

parameters.

As a consequence, variation of the powder feedstock or binder material which acts as a
pore-forming agent, depending on its particle size, allows control of the catalyst porosity

during the printing process.

6.3.8 Catalytic Test in a SPSR

A proof-of-concept experiment was conducted to check the successful fabrication of ac-
tive Ni-Al CO, methanation catalysts via Binder Jetting. The Ni-Al catalysts NiAl11-20,
NiAl21-20 and NiAI51-20 were exemplarily chosen to be tested in a single pellet string
reactor in order to investigate the influence of different Ni/Al ratios on the catalytic perfor-
mance. Fig. 6.14 illustrates the results of the catalytic tests and indicates a clear increase in
CO, conversion and CH,, yield with increasing Ni loading. Therefore, the tested samples
adequately represent the activity trend for the 3D printed Ni-Al catalysts with increasing
molar Ni/Al ratio. Fig. 6.14a compares the CO, conversion for the three catalysts. Ther-
modynamic equilibriumTreached with all three tested catalysts. NiAll11-20, NiAl21-20
and NiAl51-20 achieved maximum conversions of 96 %, 97 % and 99 %, respectively at
the corresponding reaction temperatures of 367 °C, 318 °C and 303 °C. Correspondingly,
the temperature necessary to obtain about 50 % CO, conversion decreases with rising
Ni/Al ratio so that the activity rises in the order NiAl11-20 (280 °C) < NiAlI21-20 (240 °C)
< NiAlI51-20 (220 °C). Until approx. 200 °C the CO, conversion rate of NiAI21-20 and
NiAl51-20 improves slowly with rising reaction temperature. Starting at 200 °C, rising the
reaction temperature leads to a steep increase until conversion approaches the equilibrium
value. The same conversion development is shifted to higher temperatures for NiAll1-20
due to its lower Ni loading and resulting lower catalytic activity. Differences between the
measured data compared to the calculated thermodynamic equilibrium curve could stem
from slight deviations of the feed gas composition from the stoichiometric CO,/H, (1/4)

ratio, catalyst poisoning effects or hot spot formation within the catalyst pellet string.

The CH, and CO yields are compared in Fig. 6.14b. No CO is produced until 420 °C when
the CO formation increases, following the trend of the equilibrium curve. Nevertheless,
the CO yield remains below 1 % for all tested catalysts. Carbon monoxide is presumably

formed due to the reverse water-gas shift reaction taking place, the backward reaction of
Reaction (R3).

132



6.3 Results and Discussion

100 s POrSCE 3 W E Ty T 100 s L e e o T
0Ty [ E ’*h » gt v AT L .
, PealiERe R = & _ / FY B2 NI { &'
80| , / : sof  e— 1 %

= ; n * - h 115

S Lo , ;1 ,

= . , | / § .’ ! (| Thermodynamics ;\0\
.% 60 |- ® / I,‘ a = 601 Do ! ~ a- NiAll1-20 =
g T Loy /! - m- NiAl21-20 I 3
= = / = ’ | n L2
g ! A ~ ! " P - o- NiAl51-20 >
S 40f f . I 40f s g o
) i O L O
e} Som e Thermodynamics Som os

00 o 4 -4~ NiAl11-20 200 & X —
. p ~m- NiAI21-20 S T
g - o- NiAl51-20 o e R
£ 34 . . 0 Bt 5o oo oo aaesssase
200 250 300 350 400 450 200 250 300 350 400 458
T (°C) T (°C)

(b) CH, (filled marker) and CO (unfilled marker)

(a) CO, conversion vs. reaction temperature.
yield vs. reaction temperature.

Figure 6.14: Results of the catalytic tests of the Binder Jet 3D printed Ni-Al catalyst
NiAI11-20, NiAI21-20 and NiAl51-20. Reaction conditions: CO,/H,/Ar/N, = 2/8/9/1, total

pressure piot = 9bar.

The 3D printed Ni-Al catalysts are highly selective towards CH, for reaction temperatures
below 420 °C. The methane yield increases significantly with higher Ni/Al ratio, see Fig.
6.14b. In general, Fig. 6.14 shows a clear relation between the Ni loading adjusted by the
Ni/Al ratio during precipitation and CO, conversion as well as methane yield.

Direct performance comparison of the Binder Jet printed catalysts with data from other
existing studies of Ni-Al catalysts for CO, methanation is difficult due to the special
arrangement and the fact that whole spherical pellets were tested. Although the single
pellet string reactor configuration is vastly different compared to the usually conducted
intrinsic test reactions with powdery catalyst material, the general trend regarding con-
version and yield (Fig. 6.14) agrees with those of other methanation studies [303, 319-
321]. Moreover, the activation energy of all three tested catalysts, which ranges between
86 to 96kJ/mol and was determined by linearization of the Arrhenius equation, is in
good agreement with other literature values reporting activation energies between 71
to 109 kJ/mol [180, 294, 322-324]. Catalytic performance measurement was repeated
two times at 250 °C. Fig. 6.14a and 6.14b show that CO, conversion and CH, yield,
respectively, coincide after repeated measurement at 250 °C, so that catalyst deactivation
can be ruled out for the duration of this experiment. Considering that co-precipitated
hydrotalcite-like Ni-Al catalysts can reach Ni loadings over 70 % [319, 320], Ni loadings
of NiAll11-20, NiAl21-20 and NiAI51-20 range between 6.4 to 9.8 wt.% due to dilution
with admixed alumina powder (see Table 6.2). Nevertheless, the total catalyst mass of
2.4 g inside the reactor should be taken into account. Hence, the feasibility of a novel

direct 3D printing strategy combining co-precipitated Ni-Al catalyst material and Binder

Jetting is demonstrated hereby.
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6.4 Conclusions

The binder jetting AM technology was successfully employed to establish a fabrication
routine for mixed oxide Ni-Al CO, methanation catalysts with varying nickel loadings.
So far, the strategy for Binder Jet printed catalysts included printing of the metal oxide
support followed by subsequent immobilization of the active species by impregnation. In
contrast, the hereby presented method produces catalysts where the catalyst precursor
material is directly incorporated into the printing feedstock, therefore facilitating the
omission of an additional impregnation step. In general, 3D printing enables the design
of more complex catalyst shapes in contrast to the presently industrially used shaping
techniques. Furthermore, using co-precipitation for catalyst synthesis presents the advan-
tage to generate precursors with well-dispersed metal species and to achieve a high metal

loading, providing more opportunities for parameter variation during printing.

XRD and TGA analysis revealed that the prepared catalysts display characteristics anal-
ogous to conventionally prepared Ni-Al catalysts regarding the phase composition and
reducibility with varying molar Ni/Al ratios despite the modified post-processing includ-
ing slurry infiltration and several thermal treatments. For the catalyst NiAll11-20, a Ni
particle size as small as 3.9 nm was achieved so that a sufficient metal dispersion can be
accomplished with a powder-based 3D printed method and the concomitant processing
parameters. Total surface area evaluation with N, physisorption revealed specific surface
areas up to 192 m% gcat and pore size analysis disclosed a highly porous catalyst structure
comprising meso- and macropores so that the examined physico-chemical qualities cover

a catalytically relevant area.

The catalysts NiAl11-20, NiAI21-20 and NiAl51-20 were successfully tested for their
CO, methanation activity in a SPSR as a proof-of-principle. Increasing Ni/Al ratio posi-
tively affected the CO, conversion and methane yield. All three catalysts reached conver-
sions between 96 to 99 % without significant CO formation. Furthermore, thermodynamic

equilibrium was reached during this experiment.

To elucidate the detailed correlations between the additive manufacturing method, the
physicochemical properties of the catalyst and the SPSR configuration, further investiga-
tions should be conducted. Due to a limited number of experimental studies on methana-
tion reactions in a SPSR, the influence of pellet size, amount of pellets, catalyst shape,
as well as heat and mass transfer on the catalytic performance is not entirely clarified.
Computational approaches such as computational fluid dynamic (CFD) simulations could

provide further insights into this matter. Furthermore, future experiments could address
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drawbacks induced by the use of AM for catalyst manufacturing. A comparison of addi-
tively and conventionally manufactured nickel catalysts, e.g., by incipient wetness or wet
impregnation could reveal differences in the metal distribution between various prepara-
tion techniques. More detailed activity tests and kinetic studies which can further clarify
the influence of the processing steps related to 3D printing on the catalyst properties need
to be conducted in order to investigate whether catalyst effectiveness is negatively affected

by AM due to mass transfer limitations to the core of the pellet.

The binder jetting method offers a high freedom in design as no support structures are
needed, and co-precipitation enables highly loaded and finely dispersed catalytic material
for use as printing feedstock. In addition, the combination of additive manufacturing and
SPSR experiments offers a holistic way to generate custom three-dimensional catalyst
shapes which can be assessed as a whole in a lab-scale reactor setup. Furthermore, Binder
Jetting introduces flexibility for catalytic parameter studies regarding the development
and modification of physicochemical qualities combined with varying catalyst geometry,

enabling fast assessment and optimization of catalytic performance measurements.

6.5 Supporting Information

6.5.1 Ni Species in Relation to the Distance from the Pellet Core

In order to analyze whether Ni exists in different species within the spherical 3D printed
pellet as a function of the distance from the pellet core, XRD measurements were per-
formed on a Rigaku MiniFlex of the pellet shell (outer) and the pellet core (inner) of the
calcined Ni-Al catalysts (see Fig. 6.15). The outer shell material was scraped off with
a scalpel whereas the inner core material was obtained by cutting a sphere in half and
removing the core material for analysis. The powder samples were placed on a Si waver

for XRD measurement.

Different Ni species could arise from temperature gradients within the pellet during the
drying or calcination process or from mass transfer limitations during the burnout of the
PVP binder material. Fig. 6.15 exemplarily compares the XRD patterns of the inner and
outer pellet material of the calcined samples NiAll1-20_c, NiAl31-20_c and NiAl51-

20_c in order to reveal possible differences in phase composition.

Overall, the XRD patterns of the inner and outer Ni-Al pellet material are mostly con-

gruent for each sample. Differences would be expected for the occurence of NiO after
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calcination. NiAI5S1-20_c reflexes of the inner and outer pellet material are almost iden-
tical, whereas marginal differences in reflex intensity are observed for NiAll1-20_c and
NiAlI31-20_c. The (200) plane at 26 = 43.3° shows slightly more intensive reflexes for
the inner core material than the outer shell material, but the remaining NiO reflexes are
mostly similar for the two samples. The slight differences could stem from different PVP
burnout behavior and resulting temperature maldistribution (hot spots) in the pellet core

as the (200) reflex seems more intensive in the pellet core. However, no other Ni species
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Figure 6.15: Exemplary XRD patterns of NiAl11-20_c, NiAl31-20_c and NiAl51-20_c.
The spherical 3D printed catalysts were used where the outer shell layer material (manually
removed with a scalpel) was measured. The inner core material was measured separately.

which were not already existent in the bulk XRD measurements (see Fig. 6.5) are detected
in Fig. 6.15. Conclusively, due to the absence of major differences, no significant effects
on the generation of differing Ni species within pellets were observed in radial direction
for the calcined spherical 3D printed Ni-Al pellets so that it can be assumed that the
chemical composition is mostly homogeneous throughout the calcined catalyst.
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6.5 Supporting Information

6.5.2 Particle Size Distribution by TEM
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Figure 6.16: Particle size distributions of all Ni-Al catalysts determined by TEM analysis.
Measurement of at least 100 particles per sample.

137



6 3D Printed Co-Precipitated Ni-Al CO, Methanation Catalysts by Binder Jetting: Fabrication,

Characterization and Test in a Single Pellet String Reactor

6.5.3 Pore Size Distribution Analysis by Mercury Intrusion
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Figure 6.17: Comparison of pore size distributions obtained by gas adsorption and MIP for
all 3D printed Ni-Al catalysts.
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Abstract

The binder jetting printing technique enables in situ impregnation of alumina using a
Ni(NOj;),-containing ink (NI), facilitating omission of impregnation. NI was compared
to wet impregnation (WI). Full characterization by quasi-in situ XPS, XAS and TPR
revealed the presence of Ni as NiAl,O, spinel. TPR analysis identified surface NiO and
NiAl,O, species with facilitated reduction by NI, in addition to the respective species in
bulk form. Post-processing affects active site accessibility by coverage. 3D printing lim-
ited the Ni loading, but XPS revealed higher metal dispersion by NI. CO, hydrogenation
confirmed active Ni/Al,Oj5 catalysts with enhanced activity by NL
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7.1 Introduction

Supported catalysts are the most common form of heterogeneous catalysts prepared by
depositing small crystallites of an catalytically active component on a porous support
[325]. The method of catalyst immobilization influences the catalyst performance since
the resulting metal-support interaction controls crucial properties such as active phase
dispersion and long-term stability. Apart from co-precipitation and the sol-gel method
[326], wet or incipient wetness impregnation are the most relevant and frequently used
preparation methods. In this process, the support is immersed in the impregnation solu-
tion, dried and subsequently reduced by calcination and/or reduction [325]. Numerous
studies have extensively explored and compared the influence of mentioned catalyst
immobilization methods on metal speciation, particle size, dispersion, reducibility and
associated catalyst activity and deactivation behavior [180, 266, 301, 327-329] and they

have proven correlations between the preparation technique and catalyst performance.

The usage of powdered catalysts is a standard approach for most academic questions.
However, catalyst shaping is essential for the application of heterogeneous catalysts on
a technical scale, especially in fixed bed reactors. Good abrasion resistance, mechanical
durability, ease of separation from the reactants, and decreased pressure drop inside the
reactor necessitate forming techniques such as agglomeration, spray granulation, tableting
or extrusion to enlarge the size of the catalyst [330]. The latter two methods are well-
established and represent the most commonly used catalyst shaping techniques on an
industrial scale [331]. Related thereto, the active phase distribution in a formed catalyst
(e.g. uniform, egg-shell, egg-white, egg-yolk) influences the performance of a catalytic

reactor by varying accessibility of the active sites [87, 332, 333].

Based on the growing number of publications, additive manufacturing (AM) or 3D print-
ing has been increasingly exploited for catalyst shaping to meet the growing interest in
intensification of industrial and environmental heterogeneous catalysis [15, 42, 45, 46, 50,
334].

In general, catalysts can be 3D printed indirectly by manufacturing a template with a
polymeric 3D printer. This mold is filled with a paste of ceramics or catalytic material and
thermally treated to burn off the polymer to expose the monolithic catalyst structure [54—
56]. Direct printing involves 3D printing without removable templates, namely printing
of catalyst support for further impregnation or incorporation of the active phase into the

printing feedstock.
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Several printing techniques from the plethora of AM technologies available nowadays
have been applied for printing of predominantly monolithic catalyst geometries. Direct
Ink writing (DIW/robocasting) or fused deposition modeling (FDM) are extrusion-based
principles and most commonly used due to their relatively intuitive material design, es-
pecially regarding processing of metal oxide feedstock [335-340]. Powder-based tech-
niques oftentimes require more detailed material and process development. Selective
laser melting (SLM) has been used to generate monolithic metal frameworks which are
subsequently washcoated with catalytically active material [134, 341, 342]. The printing
technique used in this paper is binder jetting (BJ), a powder-based AM technique. BJ al-
lows for fabrication of highly porous ceramic bodies for catalysis [13, 21] while enabling

relatively complex structures without support structures.

Previous studies on catalyst manufacturing strategies utilizing binder jetting exist. One of
them includes printing of the metal oxide support which has to be followed by impreg-
nation with the active phase [13]. The second strategy integrates powdery co-precipitated
catalyst precursor into the printing powder [243]. This paper explores the preparation
of binder jet 3D printed Ni/Al,O5 catalysts by deposition of nickel containing ink onto
Al,O5 powder, therefore resembling impregnated Ni/Al,O catalysts regarding their
physicochemical properties. The nickel precursor is dissolved in the printing liquid which
is deposited selectively and layer-by-layer onto the alumina print bed by the inkjet print
head. This method constitutes an in situ impregnation of the support during 3D printing,
thus omitting the successive impregnation step. Due to the ejection of fine liquid droplets,
this method could influence the morphology of the active phase applied onto the support
surface. Combined with the extensive freedom for catalyst forming provided by AM, the
new manufacturing strategy could add improvements to conventional catalyst preparation
procedures by offering tailor-made catalyst shapes coupled with effective active phase
distribution.

7.2 Experimental

7.2.1 Catalyst Preparation by Binder Jetting with Ni-Containing
Ink

The general manufacturing strategy is based on a previously presented method for alumina
supports printed by binder jetting [13]. Fig. 7.1 depicts the setup of the printer used for
catalyst printing. The powder reservoir and the print platform were filled with the printing
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Powder reservoir

(transition alumina + 20 wt.% PVP) Piezo print head

Ni(NOs),

Leveling roller R
containing ink

/

Print platform

Figure 7.1: Schematic of the binder jetting printer used in this study.

powder consisting of 73 wt.% bayerite Pural BT (Sasol Chemicals, USA), 7 wt.% Actilox
S40 (Nabaltec AG, Germany), and 20wt.% of the solid binder polyvinyl pyrrolidone
(PVP) Sokalan K17P (BASF SE, Germany). The aqueous printing liquid consisted of
distilled water, 10 wt.% isopropyl alcohol, 10 wt.% 1,4-butanediol and varying amounts of
nickel nitrate Ni(NO;), -6 H,O (all purchased from Merck KGaA, Germany), depending
on the desired Ni loading. The powder was selectively bound layer-by-layer with the
Ni containing printing liquid which is conveyed from an ink reservoir by a drop-on-
demand (DOD) shear-mode piezo inkjet printhead (508GS, Seiko Instruments GmbH,
Japan) via hydrostatic pressure. After printing, the light green Ni nitrate impregnated
alumina supports (diameter d = height 7 = 6 mm) were transferred to a drying oven to
cure the PVP binder for at least 2h (Fig. 7.2a) at 75 °C. Subsequently, the green parts

o

—

(a) Green part after curing at 70 °C. Light green (b) Calcined at 600 °C. Light blue coloration due
color indicates deposition of nickel nitrate ink on  to predominant conversion of Ni precursor to
alumina powder. nickel aluminate spinel.

Figure 7.2: Test cylinders at different processing stages printed by Ni ink deposition.

were debindered in a muffle furnace for 3 h at 600 °C in order to fully remove the binder,
resulting in highly porous debindered samples. Subsequently, an aqueous boehmite slurry
was slowly dripped onto the debindered parts until pore saturation for additional particle
introduction by infiltration. Another calcination step (600 °C, 3 h) followed, resulting in a
mechanically stable 3D printed nickel catalyst (Fig. 7.2b).
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7.2.2 Catalyst Preparation by Wet Impregnation

Wet impregnated Ni catalysts were prepared using binder jet printed cylindrical alumina
supports which were subsequently impregnated in an excess of nickel nitrate solution
of adequate concentration. The Al,O5 carriers were printed using the same powder
mix as described in section 7.2.1 but using ink without any nickel nitrate. The detailed
manufacturing procedure for porous alumina supports is described in a previous study
[13]. Printed supports were immersed in an aqueous solution of Ni(NO5), -6H,0 with
V;ying Ni concentration for 2 h under constant stirring. The liquid was then fully removed
using a rotary evaporator. After drying, the precursors were calcined in a muffle furnace
(450°C/600 °C, 6 h).

7.2.3 Sample Nomenclature

Table 7.1 summarizes all samples characterized in this study. The novel nickel ink depo-

Table 7.1: Sample nomenclature of catalysts prepared by Ni ink deopsition (NI) and wet
impregnation (WI) with respective nickel loading wyj;, calcination T, and reduction
Temperature Tyeq-

Sample wNi(Wt.%)?  Teqie (°C)  Treq (°C)  Preparation method

Calcined samples

NI_d_c600 34 600 - Ni ink deposition, debindered
NI i ¢c600 2.5 600 - Ni ink deposition, infiltrated
Reduced samples

NI_d_c600_r480 3.4 600 480 Ni ink deposition, debindered
NI _d_c600_r600 34 600 600 Ni ink deposition, debindered
NI i c600_r480 2.5 600 480 Ni ink deposition, infiltrated
WI_c600_r480 1.6 600 480 Wet impregnation
WI_c450_r480 1.8 450 480 Wet impgrenation

sition 3D printing method (NI) was compared to the well-established wet impregnation
(WI) method. The letters "d" and "i" denote debindered or infiltrated samples, respec-
tively. The precursors were either calcined at 450 °C (c450) or 600 °C (c600) and reduced
with H, at 430 °C (r480) or 600 °C (r600).
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7.2.4 Catalyst Characterization
7.2.4.1 Elemental Analysis

Ni loading was determined by graphite furnace atomic absorption spectroscopy (GFAAS),
using an ICE 3500 AAS by Thermo Fisher Scientific. Ground samples were dissolved in
boiling, fuming sulfuric acid and diluted with distilled water. Subsequently, 5 to 20 uLL of
the diluted sample was inserted into the GFAAS and analyzed.

7.2.4.2 Compressive Test

Mechanical stability of the 3D printed catalysts were tested with a hardness tester with
integrated size measurement (MultiTest 50, Dr. Schleuniger Pharmatron) by uniaxial
compression test. Sample size for each measurement was 10. The tested geometries were
cylinders measuring 6 mm in diameter and height. Testing direction was perpendicular to
the cylinder axis, the bracket moving speed was set to 2 mm/s. The compressive strength
Ocomp Was calculated with Eq. 3.19 based on the fracture load F using the equation given
by Timoshenko and Goodier [165].

7.2.4.3 Archimedes Buoyancy Method

Densities and void fractions of the printed and post-processed samples were acquired
using the Archimedes buoyancy method according to DIN EN 623-2 [186, 187]. Distilled
water was chosen as the fluid. The sample was degassed at 25 mbar in a rotary evaporator
at ambient temperature before distilled water was added, following repressurization to
atmospheric pressure. For density calculations, the sample was weighed in its dry, water-

impregnated and submerged state.

7.2.4.4 X-ray Photoelectron Spectroscopy and CO, Hydrogenation Activity

X-ray photoelectron spectra (XPS) were recorded on a Leybold-Heraeus LHS 10 spec-
trometer using a non-monochromatized Al K¢, source (1486.7 V). 3D printed cylindrical
catalysts were ground prior to measurement. The obtained powders were pressed into
cavities and measured as pellets (~ 50mg). All spectra were recorded in an ultra-high vac-
uum chamber at a pressure below 5 - 10~8 mbar. The analyzer was operated at a constant
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pass energy of 100 eV leading to an energy resolution with a full width at half-maximum
(FWHM) of ca. 1.1 eV. The energy scale of the spectra was corrected for sample charging
by using the Al 2s signal at 120.0eV.

Reduction of the catalyst samples (50 mbar H,, 400 °C, 5 sccm, > 2h) and in situ CO2
hydrogenation (2 mbar CO,, 8 mbar H,, 1 mbar Ar, 300 °C) were carried out in a prepa-
ration chamber directly attached to the XPS analysis chamber enabling sample transfers
without exposing the catalyst to air. The composition of the gas phase was analyzed
by a differentially pumped Pfeiffer Vacuum PrismaPro QMG 250 M3 quadrupol mass
spectrometer which was operated at pressures below 10~ mbar. The intensity of all traces
were scaled to the intensity of Ar (m/z = 40) to account for volume contraction upon CO,
hydrogenation. m/z = 15 was used as characteristic fragment for the partial pressure of
CH,. The intensity of m/z = 28 indicating the partial pressure of CO was corrected for
the fraction resulting from CO, fragmentation by subtracting the intensity of m/z = 44
multiplied by the fragmentation ratio. The fragmentation ratio was determined by the
intensity ratio of m/z = 28 to m/z = 44 in the initial feed gas as the entire m/z = 28 intensity
is caused by CO, fragmentation only. Details of the experimental setup and the activity

measurements are given in the Supporting Information.

7.2.4.5 Ni K-edge X-ray Absorption Spectroscopy

Ni K-edge X-ray absorption spectroscopy (XAS) measurements were carried out on
beamline P65 at PETRA III of DESY in Hamburg, Germany. Reduced samples were
reduced ex situ at 480 °C or 600 °C. Furthermore, samples were kept under inert con-
ditions after reduction and transferred to a glovebox, where the samples were ground
and filled into a quartz capillary with a diameter of 2mm. A double-crystal Si(111)
monochromator was used to adjust the incident photon energy, and the spectra were
recorded with ionization chambers in transmission and in total fluorescence yield using a
passivated implanted planar silicon (PIPS) detector. ATHENA software was used for the
background processing. XAS normalization followed standard protocol used within the
Athena software [343].

7.2.4.6 Temperature Programmed Reduction

Temperature programmed reduction (TPR) was measured on a Micromeritics Autochem
IT analyzer equipped with a thermal conductivity detector (TCD). Pre-treatment by de-
gassing at 300 °C for 2 h under inert gas flow had no influence on the TPR signals so that
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no outgassing was necessary. About 300 mg of sample was heated at a rate of 5 K/min
until 1100°C. 5% H,/Ar was used as reducing gas with a flow of 30 mL/min [160].
Evolving H,O was frozen out in a cold trap using an isopropyl alcohol/liquid N, frigorific
mixture.

7.3 Results

7.3.1 Proof of Concept by Preliminary Printing Tests

The feasibility of the Ni ink deposition method was verified by preliminary tests. Ni
containing inks with varying molar concentrations of nickel nitrate were used as printing
liquid and deposited on the alumina print bed (see Table 7.2). The final Ni loading can
be adjusted by the concentration of nickel nitrate in the ink or the amount of deposited
nickel ink during the printing process. Naturally, a higher concentration of Ni(NO;),
in the printing liquid increases the final Ni loading wy; of the catalyst. However, the
permitted ink pH range declared by the hardware manufacturer needs to be considered.
The ink pH decreases with increasing nickel nitrate concentration so that the print head
compatibility poses an upwards limitation regarding nickel salt concentration in the ink.
Moreover, the liquid drop size generated by the print head as well as the required amount
of ink for adequate powder bed saturation determines the final metal loading of the 3D
printed catalyst.

Table 7.2: Molar nickel nitrate concentration CNi(NO,), of used ink, its pH, resulting Ni
loading of the catalyst wy;; and sample densities p after final post-processing.

CNi(NOy), (mol/L) pHofink wNj(Wt.%) Papp,s (&/ Cm3) €open

3.0 L.5 34 3.2 0.74
2.0 2.5 1.8 3.1 0.74
1.0 32 1.0 3.0 0.74
0.5 39 0.5 3.1 0.76

Fig. 7.3 presents the results of compression tests for samples conducted after the de-
binding step and in their final state after second calcination. The compressive strength of
debindered samples is low in general with values below 0.08 MPa since the evaporation of
PVP leads to high porosity and voidage, decreasing the number and strength of contacting
points between the alumina particles. However, their 6comp indicates a trend towards

increased mechanical stability with increasing pH of the ink. Therefore, we can infer that
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Figure 7.3: Compressive strength 6comp of debindered (blue) and calcined
(gray) test cylinders for varying pH values of the Ni ink (see Table 7.2).

decreased ink pH impairs the binding ability of PVP to consolidate the green part, the
unprocessed geometry formed immediately after 3D printing. After drip infiltration with
boehmite slurry and subsequent calcination, compression strength increases significantly
for all samples. Considering the relatively large standard deviation of Ocomp for calcined
parts, the final mechanical stability is similar for all investigated samples, ranging between
0.24 +£0.07 MPa and 0.40 4+ 0.18 MPa. Therefore, the infiltration step is crucial for the
binder jetting procedure and decisive for mechanical robustness and practical applicability

of the catalyst inside a chemical reactor.

The catalytically relevant open porosity €pen and the apparent solid density papp,s in
dependence of the nickel nitrate concentration and the ink pH are tabulated in Table 7.2.
Papp,s 18 defined by the sample mass divided by the total volume of the solid including
closed voids. papp,s and Eopen remain nearly constant throughout all four studied samples
(Table 7.2), meaning that the catalytically accessible surface area is similar regardless
of the pH of the ink. Thus, the NI method allows fabrication of catalysts with a con-
sistent pore structure. Moreover, the porosity and specific surface area values agree with
results determined in a previous study which introduced the basic catalyst support printing
process this paper is based on [13] so that the reproducibility of the printing process is

given. Results for the specific surface area can be taken from Table 7.4 in the Supporting

Information.
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7.3.2 XPS Analysis

Fig. 7.4 displays the Ni 2p core level spectra of the catalysts synthesized by Ni ink depo-
sition before (NI_d_c600) and after post-processing (NI_i_c600) as well as the samples
obtained by conventional impregnation after calcination at 450 °C and 600 °C (WI_c450
and WI_c600, respectively). The intensity of the spectra is scaled to the Al 2s peak

— NI_d_c600

------ NI_d_c600_r400
— NIL_i_c600

------ NI_i_c600_r400
— WI_c450

------ WI_c450_r400
— WI_c600

------ WI_c600_r400

Intensity (a.u.)

870 865 860 855 850
Binding energy (eV)

Figure 7.4: XPS Ni 2p spectra of NI_d (debindered), NI_i (infiltrated), and
WI samples, calcined at 450 °C (c450) and 600 °C (c600, solid line) and
reduced at 400 °C (r400, dotted line).

intensity as well as the Ni loading so that the intensity reflects the amount of Ni present
on the sample surface. The binding energy of the Ni 2p main peak and its satellite is
centered around 857.3 eV and 863.4 eV, respectively, regardless of the synthesis method
and calcination temperature. Both binding energy and peak shape are characteristic for
Ni2* and expected for Ni/Al, O catalysts after calcination [180]. Drip infiltration of the
printed catalysts with a boehmite slurry physically covers the Ni surface species, leading
to an attenuation of the Ni 2p signal as observed by the surface sensitivity of XPS. Thus,
the intensity of the Ni 2p core level of NI_d_c600 exceeds the one of NI_i_c600 by a
factor of almost 2, indicating an influence of the AM post-processing on the calcined
samples (see Fig. 7.5a). The Ni ink deposition method reveals an up to three times
higher Ni 2p intensity compared to conventional Ni wet impregnation after calcination
at the same conditions (see Fig. 7.5a). The increased signal intensity proves a higher Ni
coverage on the oxidic support structure. As intensity correction for slightly differing
metal loadings was executed, a higher coverage of Ni can be derived from smaller Ni

oxide particles and, thus, a higher metal oxide dispersion on the catalyst surface. The
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Figure 7.5: Ni 2p intensities of calcined and reduced samples.

increased Ni dispersion might be introduced by the binder jetting 3D printing process as
small ink droplets are generated when Ni nitrate solution is jetted through the fine nozzles

of the printhead.

Surprisingly, Fig. 7.5a also shows that lowering the calcination temperature from 600 °C
to 450 °C results in a three times higher Ni 2p intensity for the WI catalysts. Note that a
calcination temperature of 600 °C is required for entire removal of the binder materials in
NI samples and cannot be decreased [13]. As the preparation by wet impregnation creates
Ni(NOy), particles on the alumina support, calcination converts the nitrate to an oxide.
Although sintering of NiO particles upon calcination at a higher temperature cannot be
ruled out entirely, the lower Ni coverage on the surface at elevated temperatures is likely
explained by Ni bulk diffusion. The formation of NiAl,O, spinel structures instead of
NiO/Al, 05 is thermodynamically favored [344]. This could occur by diffusion of nickel
and oxygen ions through the aluminate [345],?)unterdiffusion of NiO and Al,O5 through
the spinel layer or counterdiffusion of NiZ* and AI3* [346]. Huang et al. reported on the
formation of different nickel species as a function of the Ni loading in wet impregnated
Ni/Al,O5 systems and found the exclusive formation of NiAl,O, at weight loadings
below 1 % while both NiO and NiAl,O, are formed at higher Ni loadings [327]. This goes
in line with our spectroscopic results; the fairly low Ni loading of 1.7 wt.% on average
favors predominant formation of NiAl,O,. The preceding diffusion of Ni into the alumina
structure reduces the amount of Ni surface species leading to a strongly diminished Ni 2p
signal. At lower calcination temperatures, Ni bulk diffusion is kinetically hindered so that
the metal oxide remains on the catalyst surface as observed by a significantly higher Ni
2p intensity after calcination at 450 °C. Those findings are supported by quasi-in situ XPS
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analysis after reduction of all samples in 50 mbar of hydrogen at 400 °C (see dotted lines
in Fig. 7.4).

While Ni 2p peak shape and intensity remain constant for the WI_c600 catalyst, the
intensity of WI_c450 is decreased by ~55 % compared to the calcined state (see Fig.
7.5b). The low amount of Ni species on the WI_c600 surface is presumably incorporated
in a nickel aluminate spinel structure and, hence, hard to reduce. In contrast, NiZ+ species
on the WI_c450 surface are strongly affected by the reductive treatment as can be deduced
from the change in signal intensity. However, no metallic Ni 2p component is found in
XPS. This might originate from the formation of metallic particles which do not contribute
to the Ni 2p peak intensity if they cover a negligible surface fraction of the support. It
is well known that reduction of co-precipitated nickel aluminum mixed oxides reveals
metallic nanoparticles on a Ni-poor mixed oxide surface [306, 347]. As the Ni? particles
contribute less to the overall surface area than homogeneously distributed Ni%* in the
mixed oxide, a lower Ni 2p intensity is observed. Considering the loss in Ni 2p intensity
during reduction of WI_c450, the expected intensity of the metallic component might be

below the detection limit due to the low Ni loading.

Reduction of NI_d_c600 and NI_i_c600 leads to a decrease of the Ni 2p signal of 30 %
and 20 %, respectively (see Fig. 7.5b), which corresponds to the portion of Ni? particles in
coexistence with NiZ* species. Since the NiZ* species exclusively cause the Ni 2p photoe-
mission yield, the XPS data show that in both cases, the NiZ* present at the catalyst surface
cannot be reduced completely under typical activation conditions used for Ni/Al,O5 cat-
alysts. This confirms the formation of nickel aluminate spinel structures upon calcination
at 600 °C, which are barely reducible (see TPR studies discussed in section 7.3.4 further
below). The higher reducibility of the samples before AM post-processing (NI_d_c600)
corroborates blocking of the Ni species by infiltration with boehmite slurry. Covering
the surface Ni by alumina inhibits the accessibility by the reductive gas atmosphere and,
thus, formation of metallic Ni particles significantly. Nonetheless, 20 % of the Ni is still
reduced under mild conditions, proving the successful fabrication of Ni/Al,O5 catalysts

by the novel Ni ink deposition method.

7.3.2.1 CO, Hydrogenation Activity

After reducing the NI and WI samples, their catalytic activity for the hydrogenation of
CO, was studied by converting a gas mixture of CO, and H, (p = 10 mbar, CO,/H, = 1/4)
at 300 °C in a batch-type reaction cell (for experimental details, see Supporting Informa-

tion). The mass traces of the reaction products CH, and CO are depicted in Fig. 7.6. The
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methanation rate is slow for all analyzed samples while CO is the main product. Com-
parison with a co-precipitated Ni-Al benchmark catalyst reveals that the most active 3D
printed catalyst exhibits a CO, methanation rate that is more than two orders of magnitude
slower (see Fig. 7.13 in the supplementary materials). Wet impregnated WI_c600 shows
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Figure 7.6: Quadrupol mass spectrometry signal intensities of the CO, hydrogenation
reaction products methane and carbon monoxide. Feed gas composition:

CO,/H,/Ar = 2/8/1.
negligible activity in general, producing almost no CH, (Fig. 7.6a) and only a minor
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amount of CO (Fig. 7.6b). The activity of the corresponding WI_c450 is significantly
higher, which conforms with the XPS findings. The higher amount of surface Ni and
enhanced reducibility improve the catalytic activity of the wet impregnated sample cal-
cined at lower temperatures. Catalysts fabricated with Ni ink deposition yield the highest
activities. While the debindered sample NI_d_c600 favors CH,, the selectivity is driven
towards CO after infiltration with boehmite slurry and subsequent calcination. Based on
the XPS surface analysis, this might originate from a lower Ni coverage combined with
an inferior reducibility after AM post-processing. The CO/CH, selectivity and reaction
pathway have been proven to be highly sensitive to the Ni particle size or dispersion [348].
Wu et al. [349] studied the CO, hydrogenation on Ni/SiO, catalysts with a Ni loading of
0.5wt.% and 10 wt.% and revealed that the selectivity towards methane is significantly
enhanced on large Ni particles (high Ni loading), whereas CO formation was preferred at
low Ni loadings. Co-adsorbed CO, and H, on Ni¥ particles form the key intermediate m-
HCOO which is subsequently decomposed to CO and may follow a consecutive reaction
pathway to CH,. However, due to the low coverage of the active centers by H, at low

metal loadings, CO formation is favored [349, 350].

7.3.3 Ni K-edge XAS Analysis

Samples reduced at two different temperatures (480 °C and 600 °C) were analyzed regard-
ing the chemical form and oxidation state of Ni to investigate the presence of nickel alu-
minate by 3D printing. Furthermore, the preparation methods NI and WI were compared

as well as the influence of post-processing.

7.3.3.1 Calcined State

Ni K-edge XANES spectra of the calcined samples show a pre-edge peak at around
8335eV (see exemplary spectrum Fig. 7.7a, all other spectra see Fig. 7.10), which is
attributed to dipole forbidden 1s to 3d transitions, thus confirming the Ni%* character
of the sample [351, 352]. Furthermore, the white line area strongly resembles that of
the reference samples, indicating the dominant presence of nickel as NiZ* [353]. The
pre-edge feature as well as the edge energy of all calcined samples notably match with
NiAl,O,, substantiating the surface analysis by XPS that not only the catalyst surface
but also the bulk material mainly contains Ni aluminate species. Fig. 7.7a presents
the Ni K-edge XANES of NI_i_c600. The spectra of the remaining calcined samples
NI_d_c600, WI_c600 and WI_c450 can be accessed through the Supporting Information

(Fig. 7.10). The strong nickel aluminate character of all samples indicates that calcination
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at 450 °C as well as 600 °C is sufficient to induce growth of nickel aluminate spinel due
to incorporation of nickel particles into the alumina lattice. Despite the overall similar-
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Figure 7.7: Ni K-edge XANES spectrum of (a) NI_i_c600 (infiltrated, calcined at 600 °C)
and references NiAl,O, and NiO and (b) NI_i_c600_r480 (reduced at 430 °C) and
corresponding references NI_i_c600 and Ni foil.

ity to NiAl,O,, the effect of calcination temperature is visible comparing the samples
WI_c450 and WI_c600 (see Fig. 7.10c and 7.10d, respectively). WI_c450 shows a more
pronounced NiO character at about 8348 eV, distinguishing it from the wet impregnated
sample calcined at 600 °C (WI_c600) which matches with Ni aluminate across the entire

energy range. This observation suggests that at a calcination temperature of 450 °C NiO
is preferably formed than at 600 °C and T, affects the Ni speciation on the catalyst
support surface. Fig. 7.8 shows the kz—weighted Fourier-transformed EXAFS at the Ni
K-edge of calcined NI_i_c600 and its reduced form NI_i_c600_r480. Both samples show
a prominent peak at ca. 1.5 A, which corresponds well to backscattering from oxygen,
directly bonded to Ni. This feature is in good agreement for first shell M-O metal oxide
bonds, which are expected to be located between 1 to 2 A. Furthermore, the prominent
peak at ca 2.5 A is associated to Ni-Ni scattering paths of metal oxides. The mentioned
features of calcined NI_i_c600 show approximately the same positions compared to the
NiO reference, reconfirming a Ni2* character of the calcined samples.

7.3.3.2 Reduced State

All calcined samples were reduced ex situ at 480 °C and kept under inert conditions after-
wards. NI_d_c600 was additionally reduced at 600 °C to examine the effect of reduction
temperature. Ni foil was the metallic Ni standard and the corresponding calcined sample
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acted as the fully oxidized reference sample. Fig. 7.7b presents an exemplary Ni K-edge
XANES spectrum of a reduced sample. Remaining plots are displayed in the Supporting
Information (Fig. 7.11). The extent of reduction to metallic nickel is low in general
since the character of the calcined sample is mostly maintained, as seen in Fig. 7.10.
The existence of the pre-edge feature at 8333 eV for all samples confirms an incomplete
reduction of Ni%* to metallic nickel which does not display this pre-edge peak.

Although XANES shows small signs of reduced Ni, the kz—weighted Fourier-transformed
EXAFS at the Ni K-edge of different NI prepared samples exhibits different features.
After reduction, NI_i_c600_r480 shows a decrease and broadening of the Ni-Ni scattering
paths, see Fig. 7.8. The broadening is interpreted as partial reduction of Ni(II) species to
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Figure 7.8: Comparison of k2-weighted Fourier-transformed EXAFS of
different NI prepared samples at the Ni K-edge. Bottom: Debindered samples
reduced at 480 °C and 600 °C. Middle: Infiltrated samples, calcined and
reduced. Top: References.

metallic Ni. As seen in Fig. 7.8, Ni metal foil shows the first shell Ni-Ni at ca. 2.1 A.
In fact, NI_i_c600_r480 exhibits a broadening towards 2.1 A, indicating a certain extent
of reduction to metallic nickel. This phenomenon is even more distinct for the sample
NI_d_c600 which is also illustrated in Fig. 7.8. Upon increase of reduction temperature
from 480 to 600°C, the broadened Ni-Ni peak of the metal oxide shifts about 0.7 A

towards a distinct Ni-Ni feature at ca. 2.1 A, corroborating that reduction takes place.
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7.3.4 TPR Analysis

Fig. 7.9a compares the normalized H, consumption by TPR of two Ni catalysts prepared
by Ni ink deposition, one being debindered and the other infiltrated (d/i). Degrees of
reduction ranging from 95 to 100 % indicate that TPR conducted until 1100 °C fully
reduces all present Ni species to metallic Ni¥ (see dred,TPR 10 Table 7.3).
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Figure 7.9: TPR profiles with normalized H, consumption of (a) catalysts printed by nickel
ink deposition (NI) after infiltration/debindering (i/d) and calcination at different

temperatures (c450/c600), and (b) wet impregnation (WI), calcined at different
temperatures (c450/c600).

Both NI samples reveal four reduction peaks with the first and the last two ones over-
lapping, thus representing two regions. NiO contributes to the first two peaks and Ni
aluminate species are associated with the last two peaks, corroborating previous findings
that multiple Ni species can coexist, depending on the preparation conditions (calcination
temperature, duration of calcination, Ni loading) [311, 314, 354, 355]. It is generally
known that NiO can already start interacting with Al,O5 at about 400 °C and that the
amount and crystallinity of NiAl,O, grows with increasing Tcy)c and feqic [354].

The two NiO signals can be divided into a relatively sharp low temperature peak at 330
to 350 °C and a broad higher temperature peak at 420 to 460 °C. The low temperature
NiO peak is assumed to stem from 3D printing with nickel ink which finely disperses
small Ni particles onto the alumina support. This "surface NiO" (sNiO) is weakly bound
and therefore easily reducible at temperatures below 350 °C. The second broad peak is
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matched to bulk nickel oxide (bNiO). Comparison of the TPR signals in Figs. 7.9a and
7.9b confirms the prevalence of sNiO by nickel ink deposition via binder jetting in contrast
to conventionally wet impregnated samples. Table 7.3 lists the fraction of present Ni
species determined by peak fitting of the TPR signal and reveals that sNiO represents 26
to 30 % of NI samples whereas WI samples contain half of the amount of sNiO (WI_c450)
or even none (WI_c600). The set of two broad reduction peaks above 780 °C match the

Table 7.3: Ni loading wyj;, degree of reduction dpeq Tpr Of NI and WI samples determined
by TPR analysis weight percentage of nickel oxide (surface NiO: sNiO, bulk NiO: bNiO)
and Ni aluminate determined by peak fitting of H, consumption determined by TPR.

Sample  wyj (Wt.%) droqTpr (WE%) NiO (Wt.%) sNiO (wt.%) bNIO (wt.%) NiAl,0, (wt.%)

NI_i_c600 3.0 108 43 28 15 65
NI_d_c600 35 100 43 28 14 57
WI_c600 25 99 17 0 17 82
WI_c450 24 95 22 12 10 73

reduction temperature of nickel aluminate species since sufficient energy is provided for
integration of Ni ions into the alumina lattice. Analogous to NiO, the signal at 780 to
830°C could stem from weakly bound NiAl,O, and the high temperature peak at 910
to 940 °C results from bulk crystalline NiAl,O,. TPR profiles of NiAl,O, featuring two
high-temperature peaks were reported before [356-359]. Furthermore, pure bulk NiO and
NiAl,O, were additionally analyzed by TPR as reference (see Supporting Information,
Fig. 7.12) and confirm the presented regions of reduction temperature in Figs. 7.9a and
7.9b. The bulk reference samples only feature the reduction peaks for bNiO and bulk
NiAl,O, at about 550 °C and 900 °C, respectively and therefore confirm the presence of
surface Ni species with facilitated reduction behavior when catalysts are prepared by NI.
Nevertheless, with a fraction of about 60 %, nickel aluminate is overall predominantly
formed in contrast to nickel oxide.

Although the NI samples differ in post-processing stage (d/1), the ratio of NiO to NiAl,O,
unchangingly approximates 40:60 (see Table 7.3), indicating that under the studied con-
ditions, NI binder jetting generates Ni/Al,O catalysts with a consistent Ni species
composition. The different post-processing conditions shift the TPR signals of the NI
catalysts as shown in Fig. 7.9a. Comparing NI_i_c600 and NI_d_c600, infiltration shifts
the reduction temperature to higher temperatures. Since the in situ impregnation with Ni
nitrate containing ink facilitates fine dispersion of nickel (as shown with XPS), and a low
Ni loading, nickel aluminate is formed easily, even at relatively low 7, which would
normally yield less spinel phase [360].
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7.4 Conclusion

This work advances heterogeneous catalyst preparation by introduction of a fabrication
method for supported nickel catalysts utilizing the powder-based AM technique binder
jetting. Preliminary tests provided a proof of concept for the feasibility of printing me-
chanically stable Al,O5-supported Ni catalysts via BJ where the nickel precursor is di-
rectly integrated into the printing process, therefore omitting a subsequent impregnation
step.

The 3D printed catalysts were characterized thoroughly using XPS, XAS and TPR. All
three methods complemented each other by providing insights into the simultaneous
formation of NiO and NiAl,O, with varying ratios considering the underlying preparation
conditions such as the preparation method (NI/WI) and thermal preparation conditions.
NI generated Ni catalysts with similar characteristics as conventionally wet impregnated
samples prepared under comparable conditions. Due to Ni loadings of max. 3.5 wt.%,
facilitated incorporation of nickel into the alumina support resulted in the formation of
about 60 wt.% nickel aluminate spinel for in situ impregnated catalysts printed by BJ. XPS
analysis evidenced a finer nickel dispersion using the NI method than wet impregnation
due to the deposition of nickel nitrate through fine printhead nozzles onto the alumina
powder. Moreover, a superior CO, hydrogenation activity using NI catalysts was observed
in comparison to WI catalysts treated under the same thermal conditions. The post-
processing infiltration step, which distinguishes the preparation from conventional ones,
covers active centers after nickel immobilization by introduction of alumina particles and
aggravates reduction, observable by XPS, XAS and TPR.

This proof of concept enables further developments regarding the usage of AM in catalyst
preparation, especially by incorporating catalyst precursor into the printing liquid in the
context of BJ. A potential advancement is the usage of more than one metal salt solution
to yield multi-metal catalysts by multi-component in situ impregnation. In addition, the
nickel loading could be improved by repeated deposition of Ni ink onto a single powder
layer or increasing the amount of metal per layer by process parameter optimization. In-
vestigating the point of zero charge (PZC) may offer valuable insights into the interaction
between the ink and (transition) alumina surface, leading to enhanced metal dispersion.
Moreover, this knowledge could aid in optimizing the selection of material feedstock
for 3D printing. At a later development stage, it becomes pertinent to conduct long-
term stability tests to enhance catalyst performance and gain insights into its deactivation

behavior.

157



7 In Situ Impregnated Ni/Al,O5 Catalysts Prepared by Binder Jet 3D Printing Using Nickel

Nitrate-containing Ink

7.5 Supporting Information

7.5.1 Specific Surface Area

N, physisorption at 77K (Nova 4200e, Quantachrome Instruments) was used to deter-
mine the specific surface area SggT of the catalysts. Sample pretreatment comprised
degassing under vacuum at 120 °C for 3 h. SggT was determined according to the method
of Brunauer, Emmett, and Teller (BET) and calculated between 0.05 < p/pg < 0.3. Tab.
7.4 presents the physisorption results.

Table 7.4: Specific surface area Sggr determined by N, physisosorption.

Catalyst SBET (m2/ gcat)

NI_d_c600 190
NI_i_c600 161
WI_c450 142
WI_c600 131

7.5.2 Ni K-edge XAS

7.5.2.1 Preparation of XAS References

The NiAlL,O, reference for XAS measurements was prepared by calcination of co-
precipitated stoichiometric Ni-Al precursor at 1100 °C for 6 h to ensure complete forma-
tion of nickel aluminate spinel. The NiO reference was prepared by diluting NiO (Sigma-
Aldrich) with cellulose at a ratio of 1:15. All references samples were filled into capillary

glass tubes for beamline measurements.

7.5.2.2 Calcined Samples

Fig. 7.10 depicts the Ni K-edge XANES spectra of all prepared NI and WI samples
including the reference samples NiO and NiAl,O, which were plotted simultaneously

to provide a qualitative comparison to the measured sample.

158



7.5 Supporting Information

2.0

1.5

1.0

0.5

Normalized absorption (a.u.)

0.0

—— NIL_i_c600

8320 8330 8340 8350 8360 8370

Energy (eV)

(a) NI_i_c600

2.0

1.0

0.5

Normalized absorption (a.u.)

0.0

L5}

— WI_c450

8320 8330 8340 8350 8360 8370
Energy (eV)

(c) WI_c450

Normalized absorption (a.u.)

Normalized absorption (a.u.)

2.0

1.5

1.0

0.5

0.0

—— NI_d_c600

8320 8330 8340 8350 8360 8370

Energy (eV)
(b) NI_d_c600

2.0

L5}

1.0

0.5

0.0

—— WI_c600

8320 8330 8340 8350 8360 8370

Energy (eV)
(d) WI_c600

Figure 7.10: Ni K-edge XANES of calcined samples, including reference samples NiAl,O,
and NiO.

7.5.2.3 Reduced Samples

Fig. 7.11 depicts the Ni K-edge XANES spectra of NI and WI samples including Ni foil

and the respective calcined sample as reference.
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Figure 7.11: Ni K-edge XANES of reduced samples, including Ni foil and
the respective calcined sample as reference.
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7.5.3 TPR Reference Samples

Reference samples were prepared in order to compare the H, reduction profile of the
analyzed samples to pure bulk material. The NiAl,O, reference was prepared by calcina-
tion of co-precipitated Ni-Al precursor at 1100 °C for 6 h to ensure complete formation
of nickel aluminate spinel. The NiO/Al,O5 sample was prepared by calcination of co-
precipitated Ni-Al precursor with a molar Ni/Al ratio of 1.0 at 450 °C for 6 h which should
yield predominantly NiO/Al,O;. Fig. 7.12 clearly demonstrates the differing temperature
regions where the reduction of NiA1204_and NiO takes place. Furthermore, these results
agree with the reduction profiles of NI and WI samples.
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Figure 7.12: H, consumption of NiAl,O, and co-precipitated Ni-Al catalyst (calcined at
450°C).

7.5.4 Activity Measurements

Measurements of the CO, hydrogenation activity were conducted in a preparation cham-
ber which is directly attached to the XPS analysis setup. Printed cylindrical catalysts in
crushed form (m ~ 50 mg) can be exposed to reaction mixtures up to 1 bar at temperatures
of up to 450 °C. After removal of the gas phase, the catalyst is transferred to the XPS setup
without exposure to moisture or air. It is reasonable that the surface present under reaction

conditions is preserved in UHV.

The preparation chamber operates as a batch-type reaction cell, enabling static investi-
gation of the CO, hydrogenation activity. Gases are introduced by leak valves (2 mbar

CO,, 8mbar H, and 1 mbar Ar). The pressures are monitored by capacitive gauges.
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The gas phase composition is analyzed by a differentially pumped quadrupole mass
spectrometer attached to the XPS analysis chamber. A fraction of the gas phase in the
preparation chamber is introduced into the analysis chamber using a leak valve, adjusting
the pressure in the analysis chamber to papalysis = 10~ mbar. Assuming a pumping speed
of S =~ 100L/s for the turbomolecular pump in the analysis chamber, the pV flux removed
from the preparation chamber can be calculated:

L barLL
dpV = Panalysis * S = 10 % mbar-100==10"* mbat
S

(7.1)
S

Considering the volume of the preparation chamber (V = 5.5L), the pressure change in

. . d .
the preparation chamber per time % is given by:

dpprep  4pv __10‘4 mbarL/s
dt 1% 55L

5 mbar

=-1.8-10" (7.2)
Thus, the gas phase analysis induces a pressure decrease of 0.15 mbar over the reaction
time of 8000 s. Compared to the initial total pressure of 11 mbar, the pressure loss falls
within the range of 1% and does not affect the thermodynamics of the reaction network.

Fig. 7.13 presents quadrupole mass spectrometry signal intensities of CO and CH,, the
reaction products of CO, methanation. The plots additionally include results obtained
from a co-precipitated Ni-Al catalyst with a nickel loading of approximately 40 %.
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Figure 7.13: Quadrupole mass spectrometry signal intensities of the CO, hydrogenation
reaction products methane and carbon monoxide. Feed gas composition:

CO,/H,/Ar =2/8/1.
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8.1 Summary

This thesis delved into the exploration of binder jetting, a powder-based 3D printing tech-
nique, as an innovative approach to integrate additive manufacturing into heterogeneous
catalysis. While other oftentimes extrusion-based printing strategies for catalysts exist,
binder jetting has been used rarely since the material and process development is relatively
elaborate, especially regarding the trade-off between part stability and surface area needed
for catalysis. Because the powder bed material and the printing ink are adaptable compo-
nents, there exist multiple opportunities to devise a catalyst printing approach using binder
jetting. In contrast, in extrusion-based methods, the ultimate catalyst composition must be
exclusively present within the paste. Starting from an initial process development which
included a selection of material feedstock and exploring appropriate printing and post-
processing conditions, generation of alumina catalyst supports marked the first milestone
of this study. To provide a comprehensive understanding of catalyst 3D printing, this
study compared Al,O5 supports manufactured using both binder jetting and direct ink
writing techniques. These supports were further evaluated as Pt/Al,O5 catalysts in the de-
hydrogenation of LOHC, yielding valuable insights into their respective physicochemical
properties and performance. In order to expand the potential of the additive manufacturing
approach, transitioning from using pure alumina as powder feedstock to co-precipitated
Ni-Al precursor opened the possibility to fabricate bulk-like nickel catalysts where the
metal precursor is integrated into the printing powder. Lastly, the in situ impregnation of
transition alumina powder was achieved through the ejection of nickel nitrate-containing
ink onto an alumina powder bed during the 3D printing process, presenting an additional
approach for catalyst printing. Through the strategic inclusion of the metal precursor at
different stages of the printing process, precise engineering of active phase distributions

can be achieved, enhancing the overall catalyst performance.

The development of a manufacturing strategy for porous 1/y-Al,O5 supports revealed
that the powder-ink interaction as well as the suitability for application in catalysis regard-
ing specific surface area, porosity and catalyst poisons limits the choice of raw materials
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so that the basic procedure contains a bayerite powder bed combined with water-based
ink. PVP as an in-bed binder must be burnt off completely at 600 °C for at least 3 h.
Infiltration with alumina slurry is a indispensable step to restabilize the porous, but fragile
debindered part structure for further handling, improving the side crushing strength by a
factor of 20. Bulk porosities of approximately 75 % and a specific surface area of up to
223 m? g provide a suitable support for further impregnation.

Extrusion-based direct ink writing and binder jetting were thoroughly compared regard-
ing their respective benefits and drawbacks for monolithic alumina support printing and
subsequent wet impregnation to obtain egg-shell Pt/Al,O5 catalysts for 18H-DBT dehy-
drogenation. At a calcination temperature of 1100 °C binder jetting provides significantly
more surface area (26 m% gvs. 11 m% g) and mercury intrusion porosimetry detected large
intraparticle pores at about 0.03 mm, caused by the powder layering technique. Other
observed differences include greater Pt penetration depths for BJ due to increased porosity
but similar Pt dispersion. 18H-DBT dehydrogenation tests in a semi-batch reactor setup
revealed equal catalytic performance of DIW and BJ Pt monoliths, reaching Pt productiv-
ities of 2.7¢gy, gf,tl min~!. The results indicate the suitability of both printing techniques
for alumina catalyst support manufacturing, while also highlighting that substantial en-
hancement of catalyst properties can be achieved through geometry alterations. The extent
and nature of improvement may vary between the two tested AM techniques since they
significantly differ in their printing principle and the resulting output, e.g. printing speed,

print resolution, scalability of print jobs.

Unlike printing the support and subsequently performing wet impregnation, the integra-
tion of co-precipitated Ni-Al precursor powder into the powder bed enables the direct
printing of Ni-Al catalysts with a uniform Ni distribution throughout the pellet. The
examined catalysts exhibited a Ni loading ranging from 6.4 wt.% to 16.4 wt.%. XRD
phase composition analysis of the as-prepared, calcined, and reduced 3D printed catalyst
samples with varying molar Ni/Al ratios unveiled takovite-like, oxidic, and metallic Ni
species, respectively, akin to conventionally prepared Ni-Al samples. Likewise, metal
particle size distribution analysis by TEM, XRD, and H, chemisorption, demonstrates
consistent findings, showing average particle sizes ranging from 4 to 18 nm. These sizes
increase with a higher Ni/Al ratio. Selected 3D printed spherical Ni-Al catalysts pellets
were tested for their CO, methanation activity in a single pellet string reactor. CH,

conversions of up to 99 % are reached with nearly no CO formation.

An additional aspect of exploring the binder jetting printing technique involves incor-
porating the nickel precursor in the form of a nickel nitrate solution within the printing
liquid. The metal salt solution is finely distributed on selective areas of the powder bed.

In this process, the powder is impregnated in situ while printing. XPS examination of
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alumina cylinders treated with in situ impregnation and traditionally wet impregnation
techniques indicates that the former approach results in a greater dispersion of nickel.
XPS, XAS and TPR analysis confirm the prevalent presence of nickel aluminate spinel
after calcination at 600 °C due to the low Ni loading and concomitant high dispersion.
Moreover, subsequent treatment involving alumina drip infiltration limits the accessibility
of active sites, as evidenced by observations from XPS, TPR, and XAS analyses. Verifica-
tion of catalyst effectiveness was obtained through CO, methanation tests. Nevertheless,

the hydrogenation rate is comparatively slow, with CO being the primary product.

8.2 Outlook

The results presented in this thesis showcase the potential of binder jetting as a way to
manufacture tailor-made catalysts with customized catalyst geometries, metal distribu-
tions within the monolith/pellet and the suitability of the 3D printed catalysts for various
reactions. Apart from (transition) alumina powder, different commonly used metal oxide
powders and mixtures thereof such as SiO,, TiO,, CeO,, MgO or zeolites could be used
as powder bed feedstock to facilitate manufacturing of catalyst supports. Accordingly,
various metal salts dissolved in the printing liquid offer diverse possibilities for catalysts
other than nickel catalysts or mixed metal catalysts featuring highly dispersed metal
particles and homogeneous active phase distribution combined with complex geometries.
(Co-)precipitated catalysts offer a high degree of customization regarding the catalyst
composition, mixed-metal synergy and tailored morphology. These advantages can be
used to prepare further precipitates in powder form for binder jetting to expand the range
of 3D printed catalysts. Furthermore, catalyst support material could be impregnated (e.g.
via incipient wetness or wet impregnation) prior to loading the powder into the BJ printer’s
reservoir. This offers a new possibility for processing powder that incorporates the cat-
alyst precursor. Depending on the used raw material combinations, (post-)processing
parameters must be adapted to suit the new feedstock and requirements of the chemical

reaction.

Improvements regarding the printing process lie in the debindering process since the
temperature at which the binder is burnt off determines the subsequent catalyst calcination
or reduction conditions. Further investigations on the decomposition pattern of PVP could
bring benefits for catalyst preparation. For example, reducing the debindering temperature
offers the possibility to prevent catalyst deactivation by particle sintering during thermal
treatment. Moreover, widening the portfolio of usable in-bed binders, or even binders
soluble in the printing liquid, increases the flexibility towards usage of other alternative

raw materials.
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8 Summary and Outlook

Additive manufacturing harbors the inherent potential to create intricate geometrical
structures. Since this thesis addresses basic printing process development and proof of
principles regarding the general printability of investigated catalyst materials, possible
upcoming steps could involve exploring geometric variations beyond the simple cylinders
or spheres that have been examined thus far. Like this, it becomes possible to derive new
insights into how the shape of the catalyst affects heat and mass transfer, consequently
impacting the catalyst performance. Especially further utilizing the potential of the sin-
gle pellet string reactor, geometrical parameter studies such as variation of outer shape,
internal canal structures, size of the pellets etc. and their effect on hot spot formation and
gas flow dynamics through the catalyst bed can be investigated for the CO, methanation
(or other chemical reactions) in detail. A useful tool is CFD simulation for the screening
of possible catalyst geometries modeled by CAD. Flow simulations combined with heat
transport validated through experiments with printed catalysts aid in developing new
design guidelines for catalyst shaping.
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Dynamic viscosity
Effectiveness factor
Diffraction angle
Wavelength

Density

Surface tension
Compressive/ side crushing strength
Molecular cross-sectional
Thiele modulus

Work function

apparent

bulk

determined by chemisorption
crystal

calcination

catalyst

debindered

effective

N/m
Pas
nm
g/m

N/m
Pa
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Nomenclature

ilc, i2¢, 13¢c
imp

kin

m

M

ML

p
red

Abbreviations

3D

uCT
AAS
AM
BET

BJ

BJH
bNiO
CAD
DFT
DIW
DLP
DOD
DoD
EXAFS
FBR
FCC
FFF
FWHM
GHSV
GP
HO-DBT
H18-DBT
HDS
ICP-OES
LOHC
MIP

one, two, three times infiltrated
impregnation

kinetic

molar

metal

monolayer

pore, particle

reduction

solid

Three-dimensional

X-ray microtomography

Atom Absorption Spectroscopy
Additive Manufacturing
Brunauer-Emmett-Teller
Binder jetting
Barrett-Joyner-Halenda

Bulk nickel oxide species
Computer-aided design
Discrete fourier transform
Direct ink writing

Digital Light Processing
Drop-on-demand

Degree of dehydrogenation
Extended X-ray absorption fine structure
Fixed-bed reactor

Fluid catalytic cracking

Fused Filament Fabrication
Full width at half maximum
Gas hourly space velocity
Green part

Dibenzyltoluene
Perhydro-dibenzyltoluene
Hydrodesulfurization
Inductively coupled plasma atomic emission spectroscopy
Liquid organic hydrogen carrier

Mercury intrusion porosimetry
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Nomenclature

NI Prepared by 3D printing via nickel ink deposition
PIPS Passivated Implanted Planar Silicon
poreSD Pore size distribution

PSD Particle size distribution

PtG Power-to-Gas

PtX Power-to-X

pPVPpP Polyvinylpyrrolidone

pPZC Point of zero charge

SLA Stereolithography

sNiO surface nickel oxide species

SPSR Single pellet string reactor

STL Standard tesselation language

TCD Thermal conductivity detector
TEM Transmission electron microscopy
TGA Thermogravimetric analysis

TPR Temperature programmed reduction
UHV Ultra-high vacuum

WI Prepared by wet impregnation
XANES X-ray absorption near edge structure
XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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