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Raul Ocampo-Pérez, and Esther Baildn-Garcia*

Additive manufacturing (AM) presents a promising opportunity for the
innovative design and production of structured catalytic materials. Given the
critical role of catalysts in industrial catalytic processes, AM has the potential
to contribute to the development of improved catalysts by reducing activation
energy and enhancing selectivity. Conventional synthesis methods limit the
choice of structural materials and composition for producing monoliths.
Additionally, the deposition of catalytic compounds is also restricted by
commonly applied techniques that may require prior coverage or treatments
to improve adherence or do not achieve a homogenous coat. Moreover,
production is limited to monoliths with straight and parallel channels.
However, this format drives to laminar regime flow thus restricting the radial
mass and heat transfer. Conversely, AM allows the production of a wider
variety of compositions and more complex structures that have proven to rise

processes contain at least one catalytic
step,3] the generation of catalysts that
decrease the reactions activation energy
and increase the selectivity of target
products is of major necessity to benefit
the processes efficacy. In this sense,
the versatility to obtain complex struc-
tures designs, non-achievable through
conventional methods but through ad-
ditive manufacturing, represents an
advantage in catalytic improvement.
Consequently, AM is freshly being ap-
plied to produce reactors, monolithic
catalysts, mixers, and ancillaries.*”]

On the other hand, the advancement
in the production of structured catalysts

their effectiveness by increasing reagents-catalyst interaction, making
catalytic processes more cost-effective. Therefore, in this review an outline of
the recent progress of AM methods in the development of monolithic
catalysts is presented focusing on the requirements, advantages, and
disadvantages of each technique, hence providing a practical overview of their
novel opportunities to overcome current limitations in catalyst synthesis.

1. Introduction

Recently, additive manufacturing (AM) has opened new oppor-
tunities in the catalysis field.'?] Since ~85-90% of industrial
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made of a 3D support coated by catalyt-
ically active species and their use in cat-
alytic processes, is considered as an excel-
lent alternative to traditional packed and
fluidized bed systems. This is due to the
fact that using structured catalysts like
monoliths not only reduces the process-
ing costs by avoiding the filtration stage,
but also involves a lower pressure-drop

and better thermal and mechanical stability regarding pow-
ders or pellets, especially for high flow rates.®-11] Besides, mono-
liths offer lower axial dispersion, reduction of the diffusion path
length, and flow resistance, as well as easy cleaning of particu-
lates accumulated on the channel walls, improving regeneration
and recyclability of the catalyst.[*!!] The deposition of highly ac-
tive catalytic phases with suitable thickness, homogeneity, and
adhesion to the support, determines the stability of the coating
as well as the catalytic activity. In this respect, wash-coating tech-
nique is reported as the most popular and adaptable way to de-
posit catalysts on structured supports, using slurries or sols pre-
pared from catalysts previously synthesized.!*]

The monolithic structures geometry, as previously mentioned,
has been restricted by the technology available for their fabri-
cation and the techniques feasible to support the active phases.
Honeycomb monoliths are usually produced by extrusion, corru-
gated sheets, compression, or injection molding; and the catalyti-
cally active phases are subsequently incorporated, usually by dip-
coating.[1%12-15] Nevertheless, those fabrication procedures limit
the design of monoliths to aligned regular channels. This con-
figuration implies that although the flow of the feed gas is turbu-
lent, it becomes laminar as it passes through the monolith due to
viscous forces within the narrow channels. Hence, the enforced
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laminar flow results in its lack of uniformity and radial mass and
heat transfer limitations, impeding an appropriate usage of the
active phases.['®! Thus, the progress of monoliths manufactur-
ing techniques that enhance: the complexity of the designs, ac-
tive phases deposition, and the interaction between reactants and
catalysts represent an advancement opportunity at the industrial
level to diminish costs of commonly expensive catalytic materi-
als and increase their efficiency. Thus far, various AM technolo-
gies have been applied to catalysis to simplify the monolithic cat-
alyst preparation and active phase loading process. Moreover, 3D
printing techniques have been used to analyze the performance
of several materials (such as zeolites, metals, metal oxides, and
polymers) in many processes. Along with the generally used dip-
coating method (which can be applied to deposit the catalytic
active phase on a printed object), this synthesis technique also
allows to integrate the active phase in the monolithic structure
while printing, as some studies have shown.['’-23] In this regard,
the innovation of AM technology is demonstrating to be an excel-
lent implement that helps to obtain specific, different, and com-
plex structures, that are otherwise unattainable with conventional
methods.[?%"] Moreover, the use of 3D printing techniques in
combination with fluid and chemical simulation, could be taken
into advantage to optimize heat and mass transfer*] and hence
catalytic processes.

The broad diversity of techniques and materials available make
the AM technology an advantageous prospect for exploring and
enhancing the catalysts production. Monolithic catalyst manufac-
ture through AM can be done following two strategies, obtain-
ing them directly by 3D printing, or through the generation of
templates used in succeeding processing (filling, loading, or coat-
ing). Thus, the chemical composition, physicochemical proper-
ties, and monolithic structure of 3D printed catalyst materials can
be customized for specific reactions or experiments. Therefore,
this work presents a comparative assessment of the 3D print-
ing techniques, materials, potential, and limitations to produce
monolithic catalysts, according to different printing methods, in
order to offer a useful review of the innovative possibilities in cat-
alysts fabrication.

2. Additive Manufacturing Overview

The additive manufacturing (AM) is a technology developed by
Charles Hull in 1986,1%%) which consists in the successive addi-
tion of material, printing one layer at a time, to build up a fi-
nal product. The additive manufacturing process starts by gen-
erating a 3D computer-aided-design (CAD) of the desired object.
This model is sliced into a stack of flat layers of patterned areas,
which are printed with diverse materials and, afterwards, solid-
ified (or crosslinked) into a structure. There is a wide variety of
raw materials that can be used depending on the additive man-
ufacturing process, among them can be mentioned: polymers,
ceramics, composites, powders, glass, building materials, bioma-
terials, metals, and carbonaceous materials (with binder matrix).
This technology has reduced manufacturing limitations by allow-
ing the development of a vast range of simple and complicated
geometries, with design freedom and excellent dimensional ac-
curacy even in small-scale. Furthermore, due to the advantages
offered by AM, such as ease of access, high-speed productions,
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minimization of materials wastage, and, therefore, cost-effective
products,?! its applications are constantly expanding.

There are several ways to classify AM processes, for example,
according to their baseline technology or the type of raw material
employed. Nonetheless, most accepted classification is given by
ASTM/ISO (Figure 1), and consists of seven process categories:
vat photopolymerization, powder bed fusion, material extrusion,
material jetting, binder jetting, sheet lamination, and direct en-
ergy deposition.3"]

According to ASTM definition, vat photopolymerization, pow-
der bed fusion, and direct energy deposition processes, solidify
the raw material either disposed in a vat container or provided
from a material feeder, following each layer pattern. On the other
hand, techniques grouped in the material extrusion, material jet-
ting, and binder jetting categories, deposit the building material
by means of a nozzle in a build platform to be cured afterwards,
while in the sheet lamination technique the printing material
links without curing. Table 1 shows a comparison of the AM cat-
egories in terms of their advantages, disadvantages, and applica-
bility. Hereunder, an outline of the main additive manufacturing
methods that have been applied so far to produce monolithic cat-
alysts is given, therefore, giving relevant and useful references in
the field.

3. Vat Photopolymerization

Vat photopolymerization (VPP) was the first introduced additive
manufacturing process, which employs a light source to cure lig-
uid photosensitive materials contained in a vat. There are some
general characteristics required in the light curing materials in-
cluding good stability, low viscosity, suitable transmission, fast
curing speed, and low curing shrinkage.®!! By means of a lens
system, the scanning path is controlled to perform selective light-
activated polymerization, from which the liquid photopolymer is
solidified according to a pre-programmed pattern.3233] The main
characteristics of vat photopolymerization printing are the high
precision and rapid prototyping, moreover, the active phases can
be dispersed in the raw material to be used in these techniques.
There are several vat polymerization techniques differentiated
by the light source and mechanism used for polymerization.**]
These techniques are: Stereolithography (SLA), Digital Light Pro-
cessing (DLP), Continuous Liquid Interface Production (CLIP),
and Volumetric Printing.

3.1. Stereolithography

In the stereolithography (SLA) process a beam of ultraviolet (UV)
light emitted from a laser is used to react and cure photopoly-
mer resins. The low viscosity photocurable material is deposited
in a vat and a movable platform, onto which the final product
is fabricated and hold, is placed inside. The UV beam scans
the surface of the vat in the X-Y axes following a predefined
layer cross-section selectively curing the resin. After completing
a layer, the build platform moves in the Z axis a layer thickness,
either in bottom-up approach (Figure 2a) or top-down approach
(Figure 2b), filling it with more photopolymer resin. Then, the
process is repeated several times creating successive layers un-
til the entire object is finished. Finally, the structure is removed
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Figure 1. Additive manufacturing technologies classified according to type of process.

from the platform, cleaned, and put in a UV oven for further
curing.?23>#1 Compared to other techniques, the SLA process
offers higher resolution and better surface quality since the resin
curing does not depend on the particle size and nozzle character-
istics such as in material extrusion-based technologies.
Nonetheless, research utilizing the SLA technique to prepare
monolithic structures for directly applying them in catalysis is
limited due to the characteristics of the raw materials that restrict
their use to low temperature and pressure operational conditions
(Table S1, Supporting Information). Among these studies, those
realized by Chaparro et al.[****¢] who printed monoliths with non-
conventional structure using the Visijet FTX Green resin, can be
mentioned. After a stabilization treatment, the polymer resulted
stable up to 270 and 300 °C in oxidizing and inert atmospheres
respectively, which establishes the maximum working tempera-
ture. Therefore, the catalytic performance of the monoliths was
tasted in the CO-PrOx reaction at atmospheric pressure with tem-
peratures up to 250 °C. Similar maximum operating temperature
was set by Franchi et al.,[*’] who produced catalytic substrates
for H, oxidation with a high temperature resin, Formlabs FLH-

®,

Laser source

Cured resin

Build platform

Reservoir with

photopolymer resin

TAMO1 High Temp V1, which has a heat distortion temperature
(HDT) of 289 °C at 0.45 MPa.

Furthermore, the use of polymers also implies some trouble
to disperse and anchor the active phase on its surface. There-
fore, some pre- or post-treatments have been made to improve
the deposition of the active phase, though, this implies ad-
ditional stages in the obtention of catalytic monoliths. Differ-
ent strategies have been tried to increase the loading of active
phase including: i) thermal treatments; ii) attacking the poly-
mer with different solvents such as ethanol or isopropyl al-
cohol before the impregnation; iii) attacking the polymer dur-
ing the impregnation by using different solvents for the cata-
lysts suspension; iv) doping the resin liquid before the print-
ing process; and v) structures of advanced designs containing
cavities.

For instance, the previously mentioned 3D printed structures
produced by Franchi et al.l*’! were loaded with the active com-
pound (Pd/CeO,) by spin coating at 2500 rpm followed by a
treatment at 200 °C in air for 3 min to consolidate the washcoat.
Due to the HDT, to stabilize and activate the catalytic coat a

Laser source

Figure 2. Schematic representation of SLA process: a) bottom-up approach; b) top-down approach.
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Figure 3. SEM images of the channels of a polymeric monolith loaded with CuO/CeO, active phase: a,b) after a thermal stabilization treatment in N,;
¢,d) and after a subsequent thermal treatment in air to increase accessibility of CuO/CeO,. Reproduced with permission.[4°]

two-steps in-situ activation procedure was performed. First a
heat treatment under N, atmosphere at 260 °C for 6 h, further
cooled to room temperature, and then a second step of reduction
also at 260 °C for 6 h in a flow of 2.5% H, in N,. Repeated tests
were performed on these supports, and results suggested that
the deposition and activation procedures led to stable washcoat
layers at the conditions employed. Besides, the treatment of the
resin with ethanol or isopropyl alcohol was studied by Chaparro
et al.®) Results showed that chemical attack, either before or
during the dip-coating process, interferes the active phase incor-
poration to the monoliths reducing the active phase anchored
~70% regarding impregnation without chemical attack. Accord-
ing to SEM-EDX analysis, the active phase forms a layer on the
surface and does not diffuse into the polymeric walls. On the
other hand, thermal treatment favors the anchoring but embeds
part of the catalytic phase as shown in Figure 3a,b, hence making
necessary a cleaning treatment in air to burn part of the polymer
and let the active phase accessible to reagents (Figure 3c,d). The
authors also investigated the effect of doping the liquid resin
with different amounts of carbon and SiO, in the active phase
anchoring and thermal stability of the polymeric structures. The
addition of the inorganic material did not lead to changes in the
thermal stability. Furthermore, the presence of both inorganic
materials generated anchoring points by changing the chemistry
and rugosity of the resin, thus slightly increasing the attaching
capacity, especially with SiO,. However, they also proved that
the use of non-conventional monoliths with grooves along the
structure augmented the active phase attachment and retained
similar amount of active phase regarding doped monoliths but
requiring fewer steps. This represents a great alternative and ad-
vantage considering that when using traditional monoliths (e.g.,
cordierite materials) the addition of inorganic materials such as
the SiO, or Al,O,, the use of binders or additives in repetitive

Adv. Mater. Technol. 2024, 2400064 2400064 (6 of 39)

dipping processes, and chemical or thermal treatments, are
generally applied to improve active phase loading.[*6-53

To overcome the restrictions imposed by polymers when print-
ing catalysts directly with commercial resin (Figure 4a), this AM
technique can be used to create templates to fill with other ma-
terials (Figure 4b). Such is the case of the study realized by Davé
et al.,®* who produced ceramic monoliths with different ge-
ometries to analyze the effect of their configuration on the ox-
idation of CO. They employed the SLA technique with Visijet
FTX green polymer to print two templates for monoliths with
symmetrical and asymmetrical channels, maintaining the same
total area in both cases. Templates were filled with cordierite
paste, and then they were removed by combustion in static air
at 500 °C for later sintering of the cordierite. The CuO/CeO,
active phase for CO oxidation was loaded by dip-coating and
no differences on the coating between the monoliths were ob-
served. The asymmetrical design favored turbulent regime im-
proving the reaction rate and the radial diffusion of molecules
in comparison with the symmetrical one enhancing the catalytic
performance.

An alternative to using monolith templates produced by
this technique, is the modification of the resin employed for
improving its characteristics for catalysis (Figure 4c). How-
ever, this may result challenging for the attainment of a pho-
tocurable resin with low viscosity which allows dipping and
recoating for its layer-by-layer treatment, and able to solid-
ify rapidly by light-initiated polymerization. One option is
the use of a photosensitive resin mixture containing: pre-
polymers which are polymerized by a photoinitiator under
light, reactive diluents to adjust the properties of the mix-
ture, and additives.?"%5] Ceramic structures have been ob-
tained by adding ceramic or glass particles to SLA resins,
which after the printing process, followed thermal treatments

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Methodologies followed to produce monolithic catalyst applying SLA technique: a) directly printing with commercial resin; b) using the 3D
printed object as a template; and c) directly printing with a modified commercial resin or a prepared one.

to burn out the cross-linked polymer binder and sinter the
ceramics.>®’] In this context, Hensleigh et al.’®! developed
a graphene oxide-based resin (XGO) to print complex de-
signed graphene monoliths by micro-stereolithography. To ob-
tain the XGO resin, GO was first crosslinked to form a hydro-
gel, which was further dispersed by sonication and added with
acrylates and a photoinitiator, using N,N-dimethylformamide
(DMF) as solvent. The acrylates and initiator serve to trap the
XGO in the desired 3D shape, while the DMF was used to
get high quality GO dispersions and eliminate amorphous car-
bon. Once printed, the structures were kept in solvent until
dried by supercritical or freeze-drying for conserving the sur-
face area. The 3D structures achieved ~10 um resolution with
a GO successfully reduced, showing good characteristics for
catalysis.

Two-Photon Lithography (TPL) is a promising way to pro-
duce 3D printed electrodes where a substrate is covered with
a photoresist which is polymerized via laser lithography. Only
certain voxels polymerize where the two lasers coincide, emit-
ting photons at the same location; hence, the spatial resolu-
tion reaches ~1 pm. However, after washing away the unpoly-
merized photoresist, the resulting structure lacks electroactivity,
thus, an annealing treatment is required to transform into py-
rolyzed glassy carbon through high-temperature heating to ob-
tain and electroactive surfacel® Using this technique, C. Yang
et al.l% fabricated free-standing microelectrodes with a car-
bon electroactive surface to be used as implantable neural mi-
crosensors by two-photon nanolithography followed by pyrol-
ysis. Spherical and conical electrodes where printed and elec-
trochemical characterized. Spherical 3D-printed microelectrodes
detected dopamine in a brain slice and in vivo, demonstrat-
ing they are robust enough for tissue implantation. While TPL
presents itself as a highly adaptable and promising method
for creating intricate 3D structures, it has not yet reached a
stage of commercial scalability due to several limitations: (1)
slow processing speed, (2) absence of commercial Two-Photon
Polymerization Resins (TPPRs), (3) limited processing volume,
(4) constrained dynamic range resulting from a higher writing
threshold, and (5) a low two-photon absorption cross-section of
TPPR.I!]
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3.2. Digital Light Processing

The digital light processing technique (DLP) works on a simi-
lar principle as SLA but employing a digital micro-mirror device
(DMD) instead of a moving laser, therefore avoiding the restric-
tion of curing a single spot at a time. It is a bottom-up process
that begins with the build platform placed one layer thickness
above the vat floor (Figure 5). By means of the DMD set beneath
the tank, a 2D image is projected into the build platform, curing
the whole coat at once within a few seconds, it is even possible to
simultaneously print more than one monolith, thus reducing the
printing time while improving the precision.[*+6263] The method
continues by tilting the vat to separate the cured resin from the
vat floor and then rising the platform one layer depth to print next
layer, and so on until the object is finished. Besides, DLP allows
controlling the light intensity distribution within the 2D image
to attain heterogeneous cross-linking density along the layer.??
Due to its advantages, DLP has been used for manufacturing
polymers and ceramics monolithic structures,[® and some of
these works are mentioned below according to the strategy used,
direct manufacturing or template production (see Figure 6).

For direct manufacturing of monoliths by DLP, most re-
searchers have developed their own resin from zero or doped a
commercial one. In this sense, among the works realized using
DLP to directly produce monoliths that of Zhakeyev et al.?] can be

o Vat
Build platform
Printed structure
Liquid photocurable resin
<— UV Lighting
Lens —
<+——Light source

Digital Mirror Device (DMD) —* N

Figure 5. lllustrative diagram of the Digital Light Processing performance.
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mentioned. They integrated a 2,1,3-benzothiadiazole-based pho-
tosensitiser (St-BTZ) with a commercial resin to produce photo-
catalytic monoliths for furoic acid degradation. The DLP printer
projected each pattern at 385 nm to cure the resin, which was
later washed with isopropanol and post-cured under UV light
for 1 h. The St-BTZ was selected due to its compatibility with
acrylates, moreover, it also absorbs at 385 nm which helps to re-
duce over-irradiation and improve printing resolution. The opti-
mal St-BTZ loading, 0.19 wt%, allowed the obtention of mono-
liths of different shapes without defects, and a uniform emission
observed when they were irradiated with a UV lamp as presented
in Figure 7.

Notwithstanding, the elaboration of light curing resins in-
volves several factors to be considered, such as those previously
mentioned in SLA section: rapid solidification with light-induced
polymerization, and low viscosity to facilitate immersion and re-
coating. Furthermore, when adding the catalytic compounds sed-
imentation should be avoided and an appropriate solid loading
must be ensured since it influences the physical properties of
the resin. Too low solid content may lead to loose slurries, as
well as cracking problems due to failed sintering. In contrast,
too high solid content may result in viscous and heavy mixtures,
long curing time, or deficient curing.[®?! For example, Cu,O mi-
croparticles (0.05 — 0.5 wt%) were dispersed by Xie et al.[?} in a

a) 0.19 wt St-BTZ

P
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Figure 6. Approaches employed for manufacturing monolithic catalyst using DLP: a) straightly printing with commercial, commercial resin modified or
a prepared one; and b) using the printed structure as a template.

previously prepared mixture of ionic surfactant Teric G9AG, iso-
propanol, and a commercially available photocurable resin. The
resin mixture composition was established looking for a stable
formulation without perceptible phase separation for up to 24 h
at room temperature, which allows its use in DLP printing. This
modified resin was employed to print heterogeneous Cu,O cat-
alytic monolith with meshed geometry, to use it in the degrada-
tion of ofloxacin by sulfate radical-based advanced oxidation pro-
cesses. After printing, the monolith was calcined at 200 °C for
2 h under N, atmosphere showing structural integrity without
shape changes or cracking. According to SEM images, the active
phase was homogeneously distributed along the structure and
the particle size remained unchanged. Besides, XRD and XPS
analyses corroborated that the main component of the mono-
liths was Cu,O. Gyak et al.[®! generated their own resin to pro-
duce catalysts for ammonia cracking. To obtain the resin they
mixed pre-modified polyvinylsilazane (PVSZ), MEK-EC-2130Y
solution containing silica nanoparticles, photoinitiators, and a
UV absorber. The amount of silica nanoparticles was optimized
to achieve a balance between the increase of ceramic yield and
viscosity of the resin to get acceptable resolution of the print-
ing. Projected patterns of UV light (405 nm) were used to cure
each layer within 11 seconds of UV exposure. Once the catalyst
was printed, it was washed with isopropyl alcohol, followed by a

Figure 7. Directly DLP printed monoliths: a) cured photo-active monoliths with 0.19 wt% of St-BTZ; and b) image of the blue radiance observed owing
to the St-BTZ monomers by lighting the monoliths with long-wave UV irradiation. Reproduced with permission.[?]
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Figure 8. Ceramic monolithic catalyst obtained by means of DLP printed templates: a) scheme of production; b) EDS images showing the homogeneous
elemental distribution within the monolith channel. Adapted with permission.[¢]

post-curing with UV light, a heat treatment under argon atmo-
sphere (up to 1000 °C), and finally, a washcoating with Ru. Cat-
alysts exhibited high thermal stability (up to 1000 °C) and me-
chanical strength (78 GPa) after pyrolysis, and chemical stability
after the reaction in corrosive conditions usinga 2 mL min~! flow.
Likewise, Zhaojing et al.[?] prepared a resin to produce electro-
catalysts for hydrogen evolution reaction. They formulated the
resin with a mixture of acrylate monomers (TMPTA, TPGDA,
and PUA), NiO powders (up to 56.4 wt%), TiC or Co or Fe,O,
powders (4.4-5.6 wt%), and additives such as stabilizer (YSZ),
dispersant (BYK-111), and BYK-410 and KH-570 to reduce the
viscosity and increase light curing efficiency. The slurry required
also microwave ultrasound for 1h and vacuum defoamation to
get low viscosity, stability, and good dispersion properties. The au-
thors found that a resin with ~55 wt% solid loading presented the
most proper characteristics for printing with a UV wavelength of
405 nm. They printed four samples at a time, and after printing,
the structures were ultrasonically cleaned with ethanol to remove
residues, followed by degreasing in a muffle to remove organics,
a heating treatment in a tubular furnace, and finally reduced in
H, 5%/Ar atmosphere, observing a 15% volume shrinkage. The
process led to surface with gluten-like cubic structure, and metals

a) Template ~ Template  Mn + Na,WO,
filling~ “\burning ™ ™\ coating” ™\

added in an amorphous state. This method generates a close con-
nection between the catalyst and substrate, improving the elec-
tron transfer and stability during electrolysis without significant
morphological or compositions changes.

On the other hand, the DLP-printed templates reported so
far have been filled with ceramic precursors (basically a-Al,0;),
thermally treated, and finally covered and/or loaded with active
phases (as shown in Table S2, Supporting Information). By in-
stance, Bogdan et al.l[%! printed templates using DLP for obtain-
ing conventional honeycomb monoliths with different cell den-
sities (Figure 8a). The templates were filled with a mixture of
a-Al, 05, Mn,O;, water, and sodium silicate solution, then they
were dried and calcined at 850 °C for 8 h in air flow. The cata-
lysts were nonporous materials and SEM-EDS analysis (shown
in Figure 8b) corroborated homogenous distribution of Mn, Si,
and Na on alumina particles. Mn, O, partially transformed into
Mn,0, during thermal treatment as was confirmed in XRD pat-
terns. Some of the authors!®’! followed the same procedure using
a double impregnation (Figure 9a), first with an aqueous solu-
tion of Na,WO,, and then with Mn(NO;), realizing a drying and
calcination process after each impregnation. The elemental map-
ping showed a better distribution of W compared to that of Mn.
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Figure 9. Double impregnated ceramic monolithic catalyst manufactured using DLP printed templates: a) scheme of production; b) conversion and
selectivity obtained in the oxidative coupling of methane (OCM) process catalyzed with both monoliths (GHSV = 4400 cm? g_,,~' h~"). Adapted with

permission.[67]
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Figure 10. Alumina-based catalyst coated with cobalt-modified MFI zeolite for toluene combustion: a-c) SEM micrographs and elemental mapping of
the ceramic monolith; and d-e) cross-section and top view of the MFI zeolite layer covering the monolith. Reproduced with permission.[°]

The catalysts exhibited CH, conversion that varies between 20
and 30%, and the channel size resulted to have an impact on the
performance of the catalyst, mainly in the products distribution
for which the smaller channels led to greater selectivity especially
CO,/CO (see Figure 9b).

Hedrzak et al.[%®) used B9R-4-Yellow resin to obtain a mold for
conventional honeycomb monolith synthesis. The template was
filled with a paste of a-Al,O; and sodium silicate, subsequently
dried and calcined at 850 °C for 4 hours. After the template was
removed by calcination, a layer of zeolite type MFI was deposited
on monoliths by one-pot hydrothermal process, to increase the
porosity of the materials (up to 73 m? g!), followed by an ion-
exchange with ammonium nitrate solutions at room tempera-
ture. SEM images showed that zeolite crystals grew randomly
on the surface without any preferred orientation, and the pres-
ence of alumina in the zeolitic layer observed by EDS suggests
that some alumina from the monolith could be dissolved due
to hydrothermal conditions taking part of the zeolite synthesis.
Alumina also controlled the acidity, since acid sites were reduced
with the increase in Si/Al. Catalytic performance of those mono-
liths was tested in the gas phase isomerization of a-pinene, ob-
taining the highest conversion in the monolith with the highest
amount of Al (95%). However, conversion and selectivity over all
materials decreased gradually with the time on stream, which is
attributed to the deposition of conjugated by-products.

Similar procedure was followed by Rokicifiska et al.,[*?! who
prepared a ceramic monolith covered with MFI zeolite modified
with cobalt to use it in the combustion of toluene. A conventional
honeycomb monolith template, made of BOR-4-Yellow resin, was
filled with a-Al,O, powder and sodium silicate. After removing
the template by calcination, the structure was covered with MFI
zeolite by means of a hydrothermal treatment to provide a higher
surface area (~64 vs 0.1 m? g~') and ion exchange capacity. Later,

Adv. Mater. Technol. 2024, 2400064 2400064 (10 of 39)

some monoliths were also ion-exchanged in an ammonium ni-
trate solution and, finally, both monoliths were modified with
a Co-containing active phase by ion-exchange or impregnation.
SEM analysis corroborated that alumina particles and sodium
silicate were linked, and that all elements were homogenously
dispersed (Figure 10a—c). The grown MFI zeolite crystals did not
exhibit any specific orientation forming a coat of 40-50 um thick-
ness as presented in Figure 10d,e. The ion-exchange method re-
sulted in a lower Co load but a higher dispersion since Co species
occupy mainly extra-framework sites in the zeolite. The mono-
liths showed excellent catalytic performance (~68% conversion
and x99% selectivity to CO,) and stability (up to 2000 min) in
the combustion of toluene.

Volumetric 3D printing and continuous liquid interface pro-
duction (CLIP) are other vat photopolymerization techniques. Al-
though they offer advantages such as higher resolution and speed
printing, they have not yet been employed in the production of
monolithic catalysts since SLA and DLP are much simpler and
easier to use giving good enough prints.

On the other hand, compared to commonly used methods
for preparing polymer monoliths (for instance, polymerization
and induced phase separation processes!’®’!l), vat photopoly-
merization techniques present different advantages. While tra-
ditional methods may control the porosity characteristics of the
materials prepared, the structural configuration and design can-
not be controlled.”>7*] Conversely, SLA and DLP methods are
characterized by versatility and high resolution, leading to a
wide possibility of shapes and configurations. The use of poly-
mers, in general, is associated with a restricted maximum opera-
tion temperature. Therefore, polymer monoliths prepared so far
have been employed principally in separations processes,!’7>7¢]
and barely in low temperature reactions!””7°! and photocat-
alytic processes.®8!l Consequently, when using VPP, some

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 11. General scheme of Powder Bed Fusion printing processes.

alternatives have been proposed for increasing structure stability,
including thermal treatments of printed objects, doping commer-
cial resins or formulation of new ones, and the production of tem-
plates filled with different materials (mostly ceramics). Thermal
treatments have shown to lightly increase the stability and allow
to work up to 250 °C, while dopants addition and template fillers
enable superior temperatures (up to 850 °C depending on ma-
terial composition), far surpassing conventional materials. Per
contra, the preparation and use of own resins may result chal-
lenging since it implies: i) requirement of different techniques
to ensure well mixing and dispersion of solid compounds, ii)
necessity of adjusting the consistency of the samples also avoid-
ing sedimentation,[®?! and iii) application of post treatments that
may include washing and debinding to remove residues and or-
ganic compounds, post curing, and heat treatments to stabilize
the materials. At the same time, the active phase loading has been
approached with different methodologies: thermically or chemi-
cally attacking the structure surface either before, during, or af-
ter washcoating, adding the catalytic compound within the resin
prior to AM, and using advanced designs that produce more an-
choring cavities. First two approaches increase the loading but let
it embed within the structure and no accessible for the reagents.
Thus, the use of complex designs seems to be the best option for
arising the catalyst deposition. Moreover, the use of templates
seems to be more useful to achieve high resolution of complex
structures of a specific non photocurable material.

4. Powder Bed Fusion

Powder bed fusion (PBF) processes continue with the principle
of the additive manufacturing techniques, layer-by-layer produc-
tion based on a 3D CAD. In powder bed fusion the raw material
(such as metals, polymers, and ceramics) is in the form of pow-
der, and a heat source (laser or electron beam) is used to consol-
idate the material. A rolling pin disposes a powder bed onto the
build platform with a certain thickness (see Figure 11). Then, the
heat source is applied to the cross section of the powder bed ac-
cording to the CAD. The build platform moves down as the layer
is finished, and the roller spreads more powder from a supply
chamber to prepare next layer.[¥2#] This process must be done
inside a chamber with inert atmosphere to avoid the oxidative

Adv. Mater. Technol. 2024, 2400064 2400064 (11 of 39)
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degradation of the material.[®l Laser sintering (LS), Laser Melt-
ing (LM), and Electron Beam Melting (EBM) are some of the
widely used PBF processes.!®]

4.1. Laser Sintering and Laser Melting

Selective Laser Sintering and Laser Melting are PBF processes
based on sintering technique that uses high power carbon diox-
ide laser as a tool to fabricate patterns. The laser beam selectively
scans the powder which tends to sinter or melt when the en-
ergy source is applied.®®! Sintering occurs when particles fuse
only on the surface, generating pieces with inherent porosity,
while in melting a liquid state is reached where all the particles
fuse completely, resulting in pieces with almost zero porosity.
Among its advantages can be mentioned that no support struc-
tures are required and the unsintered material can be reused, re-
ducing wastage.!®’] Besides their high precision, both techniques
allow the use of catalytically active metal materials during print-
ing, making possible the attainment of catalysts with harsh re-
action conditions. However, they present some drawbacks: i) in-
ternal stress caused by temperature gradients,®® ii) roughness
of the surfaces obtained because of the unsintered/unmolten
particles added on the structure depending on the process pa-
rameters used,®) iii) necessity of a post treatment or coating to
enable the attachment of active phases, and iv) requirement of
an inert atmosphere to protect metals from oxidation.®*-!l To
date, few works are reported for the LS or LM printing of mono-
lithic supports for catalysis. Notwithstanding, due to the gen-
erally metallic nature of raw materials used in PBF processes,
the structures obtained may be used directly as catalyst using
this metal base as the active phase. Moreover, it also provides
them with great heat transfer, thus, being advantageous for re-
actions that are fast and very exothermic or endothermic.°?! This
was demonstrated by Fratalocchi et al.,[?3! who improved Fischer-
Tropsch process by enhancing heat transfer with periodic cellu-
lar monoliths 3D-printed in AlSi7Mg0.6 by LM. Conversions of
~80% were achieved due to the management of Fischer-Tropsch
exothermicity. This characteristic of PBF methods signifies a
valuable advantage over conventional synthesis, which typically
involves coating commercial monoliths with metals such as Fe,

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 12. Comparison of fuel selectivity obtained from Fischer-Tropsch synthesis using monoliths with three different channel configurations. Adapted

with permission.[*°]

Ni, Pd, etc.*%! In this sense, Qinhong et al.*? printed metallic
monoliths through LS to directly serve as catalyst for the conver-
sion of C1 molecules into high value-added fuels. Fe, Co, and Ni
alloys were used to obtain the monoliths with different channels
configurations. In order to enable them as catalyst, they were ac-
tivated by calcination (at 873-1073 K for 24—60 h) and reduced in
H, (40 mL min~" at 673-1073 K for 6-10 h), and in the case of
the Co-catalyst an acid treatment was done prior to the reduction
to boost the catalytic centers activation. As result, Fe and Co cat-
alysts exhibited good performance in Fischer-Tropsch synthesis
and CO, hydrogenation, while Ni-catalyst proficiently produces
syngas by CO, reforming of CH,. The characterization analyses
revealed that element distribution and surface chemical states
were maintained after de LS process, therefore, we can assert
the technique does not affect the chemical surface properties.
Moreover, thermal conductivity and temperature tolerance (1000
K) were superior to other reported materials. To analyze the ad-
vantage of design freedom, Co-catalysts of several inner geomet-
ric configurations were applied in the Fischer-Tropsch synthe-
sis. Results revealed that, although monoliths presented similar
CO conversion, their structure increased and influence the liquid
fuel products selectivity, as exhibited in Figure 12.

In the same manner, Komendové et al.!%] realized a treatment
to enable the application of a 3D printed object. They carried out
an oxidation process, at 600 °C in air during 6 h, of a monolithic
structure LM-printed from Ti-6Al-4 V alloy, to form a reactive
layer of titanium oxide. Likewise, powder of stainless steel was se-
lectively laser sintered under nitrogen atmosphere by Agueniou
etal.? to fabricate metallic honeycomb monoliths with excellent
heat transfer properties. This technique allowed to obtain a wall
thickness of ~270 ym and a cell density of 230 cpsi. The mono-

lith underwent a calcination process in N,, and an aqueous slurry
of Ce/Zr nickel and alumina was added with polyvinyl alcohol as
binder to enhance the washcoating of the structure. A last calcina-
tion step was performed to finally achieve a load of 0.39 mg cm—2
of active phase. The metal structure got a good roughness that
allowed an acceptable adherence without any extra surface treat-
ment as also observed by other authors®! (Figure 13a,b). XRF
and SEM-EDX results showed signals of Ni-Ce-Zr in the same
locations suggesting an adequate interaction between those ele-
ments. Also, the catalytic activity of the bare and coated monoliths
was evaluated in the methane dry reforming. Monoliths did not
show relevant deactivation after long time, and activation time
was not necessary because of their great heat transfer. Due to its
intrinsic nickel content, the bare monolith exhibited conversions
~40% and 20% for CO, and CH, at 900 °C respectively, increas-
ing to 95% and 75% in the case of the coated one. This fact high-
lights the opportunity of choosing an appropriate raw material
that includes the active phase, thus obviating the need of its later
deposition.

In contrast, other authors have pointed out the necessity of car-
rying out different surface pretreatments to enhance the active
phase fixing (Table S3, Supporting Information). For instance,
Lind et al.[®? 3D-printed a AlSi10Mg support for Pt and used it as
catalyst in NO oxidation. They employed laser sintering to obtain
a cubic iso-reticular channeled monolith, which was further
electrolytically anodized to high surface alumina for allowing the
final Pt deposition. Direct anodization advantage is the chemical
attachment of the oxide layer to the metal body, nonetheless,
the process resulted challenging owing to the content of silicon
(10%) of the alloy used, and the complexity of the design. The
conditions leading to an acceptable alumina layer (3—4 pm)

Figure 13. SEM images showing the roughness of metallic monoliths printed by PBF techniques. a) stainless-steel piece obtained by LS; b) SEM images
of a LM printed copper monolith unpolished and polished. Reproduced with permission.[8%0]
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Figure 14. 3D printed catalysts for CO, methanation based on pseudo-gyroid geometries: a) illustration of a fluid guiding unit (FGU); b) arrangement
of FGUs connected in series and parallel giving a different flow pattern; c) printed structures varying the number and size of the constituting channels;
and d) Comparison of the CO, conversion at 120 L g,h)~" and a H,/CO, ratio of 4 achieved with 3D printed and honeycomb-parallel channel (HC-PC)

monoliths. Adapted with permission.[102]

with minimum SiO, formation (30%) were sulfuric acid (15%),
potential (15 V), time (15 min), and equilibrium current density
(1.5-3.5 A dm™2). Deposition of platinum was realized by wet
impregnation, further dried, calcined (at 300 °C for 6 h in He
atmosphere) and reduced with H, (300 °C for 3 h). SEM images
revealed that Pt was homogeneously distributed through the
surface and the porous layer. During the reaction, the outlet
temperature only increased ~1 K thanks to the high heat trans-
fer coefficient of the catalyst. Moreover, the catalyst exhibited
~50% NO conversion. Lapp et al.['% developed a monolith
with non-intersecting straight radial and axial channels to use
as solar receiver/reactor for the dry reforming of methane. For
which, they realized LM process using a high temperature alloy
Inconel 618 as the raw material. This technique allowed them to
fabricate a dense material, however, an acid etching procedure
was needed to provide roughness to the surface for the catalyst to
adhere. In addition, the 3D printed structure demonstrated good
thermal properties and stability allowing its use up to 1200 °C.
Alternatively, the catalytic phase deposition may be improved by
including additives that augment adhesion of the washcoating
slurry. This is the case of the procedure followed by Gonzalez et
al.,[192] who prepared monolithic catalysts for the methanation of
CO,. They configured the channels as an arrangement of fluid
guiding elements that subdivide the flow and exchange their
positions along the channel (Figure 14a), returning to its initial
position after going through three fluid guiding units (shown
in Figure 14b). Different monoliths were produced by changing
the number and size of the fluid guiding units as function of
the polar radius and orientation angle of gyroid (Figure 14c). To
obtain the monoliths, authors used a LM printer with stainless
steel powder and realized an annealing post treatment (900 °C in
air for 12 h). Slurries of 15% Ni and 0.5% Ru MgAl, O,-supported
were prepared along with deionized water, colloidal alumina,
and PVA to adequate their properties for the washcoating.
Finally, the catalysts were calcined at 500 °C during 4 h, and the
load achieved with this method was around 0.220 g. Further,
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the improved design showed to benefit the turbulence, mixing,
and heat transfer along the monolith, therefore increasing the
conversion up to 75% regarding a conventional honeycomb with
parallel channels monolith (see Figure 14d).

Contrary to commonly used washcoating method, Cheng
et al.l’!! proposed a strategy to synthesize 3D graphene (3DG) by
LM printing a porous copper structure in which graphene was
further in-situ grown through chemical vapor deposition (CVD).
The raw material was micron-sized copper powder, mainly of
spherical shape which increases the fluidity and packing density
compared to polyhedral ones. For the PBF, a Nd:YAG fiber laser
of wavelength of 1060 nm was employed, allowing to produce
20 um thick walls, under nitrogen atmosphere. Moreover, the
authors looked for the most effective parameters of laser power
and scanning speed to produce a continuous and stable melting
to avoid cracks, and deficient or excessive sintering (presented
in Figure 15a—d), observing good results for 350-450 mm s~! and
180-200 W.

For the CVD growth of graphene, monoliths were heated
to 1000 °C under Ar and H, for five minutes, then a
30 cm® min~! CH, flow was introduced into de reactor at
ambient pressure over 20 min, and finally the CH, flow was
stopped, and the system was rapidly cooled to room temper-
ature. XRD patterns of the printed monoliths kept similar to
those of the raw material, with a light shift of the diffrac-
tion peaks to higher angles because an enhanced residual
stress. Also, SEM images (Figure 16) showed good bonding
of copper powder, EDS and Raman results confirmed the suc-
cessful growth of graphene with even distribution, and the
monoliths exhibited electromagnetic interference and thermal
conductivity.

The authors followed similar methodology to produce copper
monoliths coated with a grown in-situ diamond film.[®! Before
the CVD, some samples were polished by abrasive flow with load-
ing of 90 kg for 12 min to analyze the effect of surface rough-
ness on the coating film. Diamond growth was performed under
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Figure 15. Morphology of copper samples fabricated by LM with various input energy, from excessive to low energy: a) 3000 ) mm~3; b) 857 | mm~3;

€)285 | mm™3; and d) 128 | mm™3. Reproduced with permission.[°]

CH, and H, at 2000 °C for five hours. Results showed that the
surface roughness benefits the diamond nucleation. Raman and
SEM analysis confirmed high density of diamond on unpolished
samples. Moreover, excellent thermal conductivity was achieved
in all materials, and a maximum compressive strength of 78 MPa
was obtained.

4‘ T o 3 o
L
Q0w T3mm x30 LM(UL) 11/27/2019 16:05

500 um

4.2. Electron Beam Melting

Another PBF technique is the Electron Beam Melting (EBM)
process which follows the same steps that LS and LM, with the
difference that it employs an electron beam at sufficient speed
to work as a large area heat source to melt the powder material

500 um

Figure 16. a,b) SEM micrographs of the 3DG/Cu structure; and c,d) EDS analysis of Cu and C, correspondingly. Reproduced with permission.[°]
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Figure 17. lllustration of Electron Beam Melting (EBM) system.

(Figure 17). It is considered more energy efficient since the
electron beam has higher plug efficacy regarding the laser beam
system.[103]

Nevertheless, EBM has some disadvantages such as the need
to operate in a vacuum to prevent air-electron interaction, the
powder should be electrically conductive leading to fewer mate-
rial options in comparison to LS and LM, and the coarse pow-
der need to be pre-sintered.[21% These factors lead to rougher
surfaces and generally larger minimum feature size compared to
laser processing. Besides, it is important to mention that the ne-
cessity of removing the non-melted powder may limit the mono-
lithic geometric design and cell density, making it disadvanta-
geous regarding other AM techniques.!'%]

EBM technique has scarcely been used to prepare monolithic
catalysts, probably, due to its higher requirements. Among the
works published in literature (Table S3, Supporting Informa-
tion), mainly focused on hydrogenation reactions, that realized
by Peters et al.l'%! may be cited. The authors prepared a Pt on
alumina-coated catalyst through EBM for the dehydrogenation of
perhydro-N-ethylcarbazole. The electron beam melting process
was applied to a gas atomized Ti-6Al-4 V alloy powder under He
atmosphere and 2x1073 mbar. Once printed, the excess metal
powder adhered to the exterior surface of the structure was re-
moved by “sand” blasting with the same metal powder. For coat-
ing, a solution prepared with commercial boehmite powder, dis-
persal, nitric acid, and a commercial active phase containing Pt
was used to immerse the monolith, which was further calcined
in air at 500 °C for 6 h reaching a 3.5 g loading. Tests showed a
hydrogen release capacity of 1.75 kW with up to 1.12 g;;, min™
gp, !, as well as a good reproducibility and stability at least for
48 h.

In the same manner that in LS and LM techniques, structures
obtained through EBM should undergo pretreatments to prepare
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their surfaces for the active phase deposition. Such is the case of
studies realized by Nguyen et al.[1%1%7 who have produced differ-
ent catalysts for continuous flow hydrogenation processes. First,
structures were printed by electron beam melting of pre-sintered
316 L stainless steel at 850 °C, and later loaded with Ni or Pd by
cold spraying or electroplating, correspondingly. In this case, be-
fore the electrodeposition, materials were cleaned and activated
to assure even adhered layers of metallic palladium (done by stan-
dard galvanostatic procedures). In the other side, nickel powder
was sprayed onto the 3D printed monoliths through a plasma
Giken PCS-1000 cold spray system, providing a high and uniform
surface coverage on the accessible surfaces of the structures.
Catalysts exhibited an optimum operating temperature around
120 °C (12 - 20 bar) at which excellent catalytic activity for the re-
duction of vinyl acetate to ethyl acetate was displayed. In general,
produced catalysts resulted efficient and versatile since they also
showed good performance in other reaction such as the reduc-
tion of alkenes, alkynes, carbonyls, nitriles, and imines.

Kundra et al.l’! 3D printed catalyst from nickel alloys and
treated them either with chemical etching or leaching processes
to activate their surfaces and use them in hydrogenation of alka-
nes, aldehydes, and nitro-groups. Inconel and Monel were used
as the raw materials (pre sintered at 1050 and 600 °C, respec-
tively) and, after the electron beam melting, they were subjected
to etching with Marble’s reagent (Figure 18a—c) and leaching
in ammonium sulphate (Figure 18d-f), respectively, to rise the
porosity and partially oxidate Ni and other metals within the
alloy. After a further treatment to reduce the oxides obtained,
those monoliths were suitable for hydrogenation reactions. As
expected, the longer the chemical etching the higher the sur-
face change, which kept the metal ratios the same but increased
the oxygen amount due to the oxides formed. On the contrary,
the Monel-catalyst resulted with a surface layer richer in nickel
(Ni/Cu ratio between 4 and 8) after the leaching process that se-
lectively removed copper, thus in a higher catalytic activity and
selectivity toward unsubstituted double bonds.

Using a similar methodology to that followed by Chengetal.l
in LM, Knorr et al.l'%] combined EBM of Ti-6Al-4 V with chemi-
cal vapor deposition and carbide-derived carbon approach to ob-
tain a metallic catalyst covered with microporous carbon, which
was further impregnated with platinum, for the hydrogenation of
ethene. Nevertheless, prior to SiC deposition an oxidation process
(550 °Cin air for up to 2 h) was needed to favor the coating. Chem-
ical vapor deposition of SiC was carried out at 950 °C with methyl-
trihlorosilane as precursor, leading to a surface area of 32 m? g1
Later, the structures with the carbide layer were chlorinated to
obtain carbide-derive carbon layer (800 °C for 10 — 30 min), and
finally, wet impregnated with a hexachloroplatinum solution to
get the 1.83 wt% Pt loaded in the Pt/EBM catalyst. High thermal
and electrical conductivity were observed inherent to material na-
ture, as well as high surface area of the carbon coating. Compar-
ing the catalytic activity of the synthesized material with that of
a commercial one, the Pt/EBM catalyst presented ~50% more
conversion attributed to the different diffusion length, and to the
dispersion and accessibility of platinum.

As shown in the cited studies, PBF techniques allow the
direct attainment of metallic structures, which due to their
nature exhibit great thermal characteristics and stability, and it
is possible to conform them in more complex shapes than those

91]
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Figure 18. SEM micrographs of nickel alloys catalysts chemically treated: a) untreated Inconel sample; Inconel samples etched with Marble’s reagent
for b) 2 h, and c) 48 h; d) untreated Monel sample; Monel sample treated with e) 0.2 M ammonium persulfate, and f) T M ammonium sulfate. Adapted

with permission.[¢]

limited by conventional production methods. The principal raw
materials used so far are stainless steel and Al, Ni, or Ti alloys. In
some cases, it is also feasible to activate the metals after printing
and applied them directly in catalytic processes. However, when
the loading of an active phase is required, the incorporation
procedure is often arduous implying in most of the cases more
than one step, therefore, a cost-benefit analysis may be useful
to establish its convenience. On the other side, traditional
production of metal-based monoliths may include corrugating
metal foils, extrusion, or pressing under high pressure which
limit the configuration and shape of channels, often with a
reduced porosity;[19110] Likewise, other strategies such as sol-gel
process, foaming, and coating over pre-synthesized templates
may offer the opportunity to adjust porosity but lack control over
the structural configuration.'''"1%1 Conversely, PBF methods
have shown their versatility to generate a wide range of designs
that enhance their catalytic activity and selectivity.[1:9%102]

5. Material Extrusion

One of the most popular additive manufacturing processes
are the material extrusion techniques, which present advan-
tages like low material wastage, simple operation, and cost-
effectiveness.'1117] These extrusion-based technologies are suit-
able for employing viscoplastic materials such as ceramic pastes,
hydrogels, and thermoplastics, as well as composites as raw
material.[1'8] The printing filaments or semiliquid materials are
fed through a nozzle (when using filaments, the nozzle most be
pre-heated in order to melt them), and then selectively dispensed
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onto a support, layer upon layer. These materials are commonly
used owing to their low melting temperature and melt viscosity
that allow its uniform extrusion.l"! Once the extruded material
cools it solidifies again resulting in the final print.

5.1. Direct Ink Writing

Direct ink writing (DIW), also known as direct write fabrication,
robocasting, or robot-assisted shape deposition, consists of ex-
truding a paste—known as “ink”—through a fine nozzle that
moves in the X-Y direction in a controlled manner to generate
patterns for each slice of a CAD model (see Figure 19). As the
object is built in a layer-by-layer manner, the extruded paste im-
pinges on the previously deposited part and fuses with it due to
surface tension. This is a versatile technique that allows to work
with a broad range of materials, such as ceramics, polymers, met-
als, alloys, and composites. Nevertheless, there are some aspects
that must be taken into consideration, such as the conditions
and characteristics of the ink and the conditions of the print-
ing and drying procedures. Principally, rheological properties of
the ink are critical as it needs good fluidity to obtain a smooth
and constant extrusion and avoid ink clogging, for which, it must
lower its viscosity under the pressure applied during extrusion.
Though, it must also recover its viscosity after the deposition to
have enough consistence to conserve the shape, prevent struc-
tural deformation and the printed structure collapse.[31120]

The rheological control of the slurry can be achieved by
choosing the appropriate binder-material ratio, additives, but
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Figure 19. Schematic illustration of Direct Ink Writing process.

also using external stimulus (such as pH, temperature, and
magnetic fields).'?!] In this sense, additives not only function
to obtain the appropriate rheological properties of the slurry but
can also provide useful characteristics to the final printed object.
Contrary, the binder has been associated to a porosity blockage,
therefore, when binders are added in the printing paste there
is commonly a calcination step to remove them.[!820122-124]
The 3D structures are obtained by the disposal of the printing
paste through a nozzle by air pressure or mechanical devices,
in a layer-by-layer mode, while moving according to a CAD
by a robotic arm. The restrictions for the minimum possible
print size, and thus cell density, depend not only on the nozzle
diameter but on the rheology and ink particle size to avoid nozzle
obstruction—this must be at least an order of magnitude smaller
than the nozzle diameter to avoid its blockage—.!120125:126] Once
the printing has finished, the structure must be carefully dried
to avoid shrinkages, breakages, or deformations. The drying
technique, along with the printing speed, diameter of the nozzle,
and viscosity of the ink, are the principal parameters that have an
impact on the final properties and surface finish.[121127] Tt i im-
portant to consider that after the drying process, there is usually
a shrinkage that change the desired dimension of the 3D object.

To date, this technique is the most extensively used AM tech-
nology to directly print monolithic catalysts due to the wide range
of possible raw materials, some of them are listed in Table S4
(Supporting Information). Among the large list of materials, ce-
ramics have been largely used for the DIW. Such is the case of the
work realized by Hossain et al.,[128] who prepared an amorphous
silica monolith by depositing an ink paste made of template-
impregnated silica particles, ether solvent, and dispersant. To
increase dispersity and homogeneity, the mixture was milled at
2000 rpm, and further centrifuged also at 2000 rpm to drive out
the trapped air bubbles. Silica particles adsorbed a considerable
amount of water owing to its hygroscopicity; therefore, the op-
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timal solid loading was ~27 wt%. Printed monoliths were cal-
cined (500 °C for 2 h) and partially sintered (600 °C for 2 h), lead-
ing to the formation of micro and mesopores and a Sgp; up to
981 m? g~! due to elimination of solvent and template, as well as a
volume shrinkage of 22.6%. The materials compressive strength
was ~0.48 MPa.

Other broadly used materials are the zeolites, which have been
applied not only as coating,['?! but, unlike conventional meth-
ods, they have also been employed to conform the structure alone
or doped with metal oxides. For instance, Li et al.'3% 3D printed
HZSM-5 monoliths. The authors also studied the incorporation
of SAPO-34 to control their porosity and the density of acid sites
and tested them as catalysts for the conversion of methanol to
dimethyl ether. The conventionally shaped 3D-HZSM-5 mono-
liths were obtained by directly writing an ink prepared with
HZSM-5 powder, bentonite clay powder, methylcellulose, and
water on a Teflon substrate, which were further dried and cal-
cined. The SAPO-34 was grown via secondary growth method
by immersing the HZSM-5 monoliths in a water suspension of
SAPO-34 and then treating them hydrothermally. The character-
ization results showed the agglomeration of HZSM-5 caused for
the use of binder and the calcination step. The conformation into
the monolithic structure promoted a diminution in total surface
area regarding powder form due to the addition of less porous
binder and pore clogging with the SAPO-34 crystals grown on
the HZSM-5. Moreover, whereas the use of binder during the
production of the HZSM-5 monolith also affected the accessibil-
ity to acid sites, the SAPO-34 growth raised ~40% the strong acid
sites. As result of the reduction of acid sites and the pore clogging,
a lower methanol conversion over the monoliths was observed,
however, the monolithic configuration helps to increase the se-
lectivity toward dimethyl ether. Authors also employed similar
method to incorporate SAPO-34 crystals but changing the zeolite
monolith composition and used it as catalyst for n-hexane crack-
ing reaction.®!) To synthesize the conventional honeycomb like
zeolite monoliths, HZSM-5 and HY zeolites were used together
with the above-mentioned additives to prepare inks for DIW.
Then, monoliths went through the same secondary growth proce-
dure. Since the pores of HY are bigger and more accessible to the
SAPO-34 solution than those of the ZSM-5, a higher growth of
SAPO-34 crystals and decrease of porosity for pore blockage were
observed. The XRD analysis showed both, the peaks correspond-
ing to the zeolites ZSM-5 and HY, and the peaks attributed to the
CHA framework of SAPO-34. In both cases, the coated mono-
liths exhibited greater amounts of strong acid sites. Although the
monolithic configuration increased the selectivity to light olefins
because of a better diffusion of intermediate products, the acid-
ity enrichment boosts the aromatization to benzene, toluene,
and xylene (BTX) and diminishes light olefins. Additionally, Li
et al.20124] gynthesized bare and metal-doped zeolite monoliths
for methanol transformation. The authors prepared pastes with
ZSM-5 powder, deionized water, bentonite binder, methylcellu-
lose as plasticizer, and, in the case of the doped monoliths, metals
(Ce, Cr, Cu, Ga, La, Mg, Y, or Zn) in its nitrate form. Conventional
honeycomb monoliths were printed on an alumina substrate,
dried, and finally calcined to remove the plasticizer, enhance the
mechanical strength, and immobilize the metal atoms. The struc-
ture and crystallinity of the zeolite were kept, nevertheless, its
surface area was reduced, mainly due to the addition of binder.
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It was observed some mesopore formation in bare ZSM-5 mono-
lith which was attributed to the decomposition of methylcellulose
during calcination, therefore existing a wide size distribution and
shapes. However, mesopores clogging with the metal dopants
was also detected. By element mapping, homogeneous distribu-
tion of metal oxide nanoparticles was confirmed. A better per-
formance of the 3D printed monolith catalyst in methanol con-
version regarding its ZSM-5 powder counterpart was correlated
to its structure, in which the coke species were fewer generated.
Moreover, the Cr, Mg, and Y doping led to higher improvement
of methanol conversion, being the catalyst doped with 10 wt%
Mg the best catalyst (methanol conversion ~95%, selectivity to
ethylene and propylene of 24% and 33%, correspondingly).
Metal oxide/ZSM-5 or H-ZSM-5 catalysts have been elabo-
rated by several authors following a similar strategy. Lawson
et al.[132713] gynthesized this type of catalysts through DIW as
an alternative to incipient impregnation for the dehydrogena-
tion of propane, n-hexane cracking, and methanol conversion.
ZSM-5 and H-ZSM-5 were selected as catalyst supports owing
to their high surface area, pore volume, and acid site density;
whilst Ga,0;, V,0s, Zr0,, and Cr,0, were chosen as dopants
because of their oxidation states and redox properties. For this
purpose, the authors prepared several ink pastes including the
zeolite ZSM-5/H-ZSM-5 (up to 85 wt%), different amounts and
combinations of metal oxides (3.8-30 wt%), bentonite clay as
binder, methylcellulose like plasticizer, and distilled water as sol-
vent. After printing, the structures were left to dry at 25 °C and
calcined either at 550 or 750 °C for 6 h. XRF spectra demon-
strated the control of the loading amounts and good disper-
sion of the metal oxides. Likewise, XRD spectra exhibited that
the crystalline structure of zeolite was not affected by the pro-
cedure followed, however, concentrations of V,0; over 2 wt%
may cause dealumination of zeolite. The N, physisorption results
showed the greater loss in textural properties for vanadium and
mixed oxides, which has been attributed to a ZSM-5 dealumi-
nation during calcination by high concentrations of V,0Os. Cata-
lysts probed to have excellent activity in the different reactions:
the mixed metal oxides monolith produced ~40% propane con-
version, ~50% CO, conversion, and 91% propylene selectivity;
Cr-doped catalyst led to 85% n-hexane conversion with high se-
lectivity to olefins and no BTX production; and Ga, O, doped cat-
alyst produced great methanol conversion with dimethyl ether
selectivity while the other oxides were more selective to aromatic
carbon. Same methodology was followed using CaCO; combined
with V,0s, NiO, TiO,, or Ga,0;, to obtain ~10 wt% metal-CaO
doped H-ZSM-5['%¢]. As previously seen with vanadium, results
also suggested a possible interaction between titania and the ze-
olite, but it exhibited a better dispersion of the metal oxide phase.
Though, the crystalline structure of H-ZSM-5 was retained to
some degree in all samples, as well as the metal dopants. Those
materials, particularly the V-CaO/ZSM-5 presented excellent per-
formance in combined CO, capture/oxidative dehydrogenation
of ethane (ODHE) conversion (65.2% CO, conversion, 36.5%
C,H, conversion, with 98% C,H, selectivity). In the same man-
ner, Farsad et al.'3] prepared 3D printed mixed metal oxides-
HZSM-5 monolithic catalysts for the oxidative dehydrogenation
of propane (ODHP). To do this, they also mixed HZSM-5, ben-
tonite, methylcellulose, water, and different amounts of the metal
oxides Ga,0,, V,0s, and ZrO, for obtaining extrudable pastes
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which were employed in the printing of cylindrical monoliths
with woodpile shaped layers. In the case of the paste contain-
ing V and Zr oxides the viscosity was low during printing thus
the monolith had some imperfections. According to XRD analy-
sis, interactions between Si-OH group and oxides during calcina-
tion led to structural changes in the zeolite. Propane conversion
was in the same range for all monoliths (30-40%), showing good
performance for ODHP reaction (90% selectivity to propylene)
thanks to the null affectation of the catalytic activity of the ZSM-5
and a great active sites distribution. The authors noticed the im-
portance of selecting the metal oxides mixture since, for example,
the use of the three oxides led to the worst performance as their
interactions affected their redox capabilities.

On the other hand, the DIW method has also been applied
to some metallic materials. For example, stainless steel (316 L)
was used as raw material for producing monolithic catalyst for
methanol conversion. The monoliths with different shape con-
figurations produced by Lefevere et al.l'?] were evaluated in the
methanol to olefins reaction, and they showed a better perfor-
mance in comparison to packed bed, achieving %#20% higher con-
version. Tubio C.R. et al.[13®] proposed a strategy to fabricate a
palladium-alumina (Pd°/Al,0;) cermet monolithic catalyst for
microwave assisted organic synthesis (MAOS) employing DIW
to control composition, surface area (33.2 cm? cm™3), shape, and
dimensions. The Pd° catalyst resulted permanently active, did
not show leaching, was stable, and reusable up to 200 reaction
cycles. The ink used was prepared by mixing PdCl, with Al,O,
(for thermal and mechanical stability) in deionized water, then
adding hydroxypropyl methylcellulose (HPMC) and polyethylen-
imine (PEI) to adjust the characteristics of the paste for print-
ing. Later, the samples were sintered at 1500 °C to attain a cer-
met material in which Pd® metallic species were obtained inside
and in the surface of the ceramic matrix. SEM, EDS, XRD, TPR,
and CO-chemisorption confirmed Pd metal already reduced was
well distributed and integrated in the alumina matrix. Monoliths
proved to be efficient in organic synthesis because of the syner-
gistic effects of the metal-oxide interfaces. Besides, nanoporous
gold catalysts for selective oxidation of methanol to methyl for-
mate were prepared by Zhu et al.['?%! following printing, anneal-
ing and dealloying processes. Ag-Au composite inks were pre-
pared by mixing Ag and Au clays with organic solvent, and poly-
meric binder (atomic ratio Ag/Au = 70:30) in a planetary cen-
trifugal mixer for 1 min. To form homogeneous Ag-Au alloys, the
printed structures were annealed at 850 °C in air for 12 h. Solvent
evaporation creates microporosity (1-10 pm), whereas the deal-
loying process creates nanoscale porosity (10-100 nm), therefore,
the porosity can be adjusted by changing the solvent and poly-
mer binder content. SEM confirmed the uniform nanoporous
structure, and EDS showed a ~2 atomic% of residual Ag. The
high frequency leading to good capacitance (10 times larger than
powder catalyst), low pressure drop achieved for all tested flows
(less than 6.8 kPa), and great catalytic activity (up to 90% methyl
formate selectivity) corroborated that the configuration of the
printed nanoporous metals improved the mass transport and re-
action rate for liquid and gases.

Metal organic frameworks (MOFs) can be listed as usable
structural materials of directly ink written monoliths. In this
sense, a zirconium-based MOFs monolithic catalyst was elabo-
rated by Young et al.l'?)] who dispersed UiO-66 (52 wt%) into
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Figure 20. Synthesis procedure of porous carbon catalyst prepared as a replica of SiO, template (diameter of 200 nm). Adapted with permission.[13°]

a mixture of polymer binders (44 wt%, TMPPTA and EBECRYL
8413), and a photoinitiator blend (4 wt%). Monoliths were UV
crosslinked upon extrusion, and further thermally treated at
280 °C for 30 min. With this procedure the final MOF content was
~74 wit%. Although, heat treated catalyst presented a lower activ-
ity in catalytic hydrolysis of methyl paraoxon attributed to a partial
degradation of surface active-sites, they have an easier reusability
compared to non-structured UiO-66. Also, Salazar et al.l?!l pre-
pared cuboidal and cylindrical monoliths with 90° rotated lay-
ers of iron-based MOF/SiC which exhibited good performance
in the hydroxylation of phenol with H,O,. The paste used in the
DIW process was obtained with a pre-prepared MOF:SiC powder
mixture (2.5:97.5 and 1.0 wt% Fe) combined with high and low
molecular weight polyethylenimine, hydroxypropyl methylcellu-
lose, ammonium polyacrylate, and water. After printing, a heat
treatment in air 250 °C for 1 h was realized to rise their thermal
stability. The MOF/SiC monoliths showed slight electrical con-
ductivity (7 S m™"). Although, the monolith got less conversion
of phenol with relation to the powder form due to a low H, O, de-
composition rate, this led to a reduced over-oxidation of phenol,
therefore, a good selectivity (80%) and yield (20%) to dihydroxy-
benzene.

Carbon monoliths have also been synthesized through DIW,
either by carbonization of templates and precursors, or by intro-
ducing carbonous materials within the printing pastes. As an ex-
ample of the former case, Zhou et al.l'*] prepared porous car-
bon catalysts with adjustable pore sizes by means of DIW struc-
ture templates of carbon sources and SiO, spheres. A carboniza-
tion process at 1100 °C for 2 h in N, atmosphere was held to
get the carbon replicas. Additionally, washing with NaOH was
needed to complete remotion of the SiO, templates (process
shown in Figure 20). SEM images of carbon catalysts showed
precise replicas of the SiO, templates. This results, together
with low shrinkages obtained, suggest that the pore size and
structure of the printed replica can be controlled by the SiO,
template. Selective liquid phase oxidation of benzyl alcohol was
used to analyze the activity of carbon catalysts, which reached
up to 96% conversion. On the contrary, Jianhua et al.'*"l made
a printing ink with graphene oxide. They printed a monolith,
with woodpile layers, from an aqueous solution of large-sized
graphene oxide (20 mg mL™") which can be well disperse in wa-
ter thus presenting a good viscoelasticity without the need of ad-
ditives. The resulting monolith maintained the designed shape,
had low density (12.8 mg cm™), and high electrical conductiv-
ity (41.1 S m™!). Other graphene monolith was synthesized by
Quintanilla et al.l'1], however, they required the use of additives
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to get a printable slurry. The inks were formulated by adding
to deionized water, 36.6 wt% graphene nanopowder (GNP00S8),
8.8 wt% sodium polynaphthalenesulfonate, 2.3 wt% of polyethy-
lene glycol, and 2.8 wt% of polyehtylenimine. It is important to
mention that the characteristics obtained with this paste allowed
that, once printed, the structure did not collapse due to an im-
mediate increment in viscosity of about two orders of magni-
tude. After the printing process, a spark plasma sintering (SPS)
treatment was made to increase mechanical integrity. The mono-
liths resulted with a diminution of the surface area of about 62%,
but with a good compression strength (0.1 MPa), which allows
to operate them in the reaction conditions. Besides, the crys-
talline structure of the GNP remained after the synthesis pro-
cess. These monoliths were evaluated in the catalytic wet peroxide
oxidation (CWPO) of phenol, achieving high phenol conversion
(85%) but low TOC conversion (around 20%) due to the presence
of condensation species. Similarly, Middelkoop et al.['??] printed
an advanced catalyst for CO, conversion into cyclic carbonates
from CeZrLa/graphene mixed oxide nanocomposites. The au-
thors mixed an aqueous solution of methylcellulose (54 wt%),
CeZrLa or CeZrLa/GO nanopowders (42 wt%) and a lubrica-
tion additive (4 wt%) to obtain an ink for 3D printing. They
printed woodpile layered monoliths which were cautiously dried
for several days, and heat treated in inert atmosphere at 500 °C
to remove binder and keep mechanical and thermal stability.
The printed catalysts presented higher conversion and selectiv-
ity compared to their powder counterpart, which was attributed
to the higher surface area with an improved distribution of the
nanoparticles. According to XRD and XPS, it was confirmed that
the phases of Ce, Zr, La oxides and CeZrLa were not modified
by the deposition method, printing procedure nor by the ther-
mal treatment. Moreover, the catalyst supported on GO showed
greater amount of weak and medium acid sites that can be at-
tributed to the GO. Those weak acid sites contributed to a better
performance regarding the unsupported catalyst.

As a clear example of the versatility of DIW, the study realized
by Long et al.'*?] can be mentioned. The authors immobilized
composites of e-E. coli/Au (engineered recombinant Escherichia
coli/Au nanoparticles) into a biopolymer matrix through DIW.
Sodium alignate and gelatin were added with e-E. coli/Au (5.6 —
13.8 wt% Au) to obtain a homogenous and smooth ink slurry
for printing monoliths with squared straight channels. Once
printed, the monolithic catalysts were introduced into a CaCl,
solution to complete crosslink reaction, and the drying process
was realized by freeze-drying at —80 °C. SEM images (Figure 21)
showed homogeneous distribution of e-E. coli/Au on the surface
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Figure 21. SEM images of 3D printed structure showing the uniform distribution of e-E. coli/Au into the biopolymer matrix. Reproduced with

permission.[142]

and confocal laser scanning microscope images (CLSM) exhib-
ited live-cells in the catalyst. Nevertheless, during the application
no live-cells were found because of lack of nutrients. This proce-
dure led to a material with a compressive stress of 2 MPa, which
was further used in liquid-phase batch reduction of 4-nitrophenol
with excellent activity and stability, being useful up to 7 cycles.
Despite the capability of using a vast list of materials and com-
positions, as mentioned before, the inks rheological properties
play a crucial role, not only during the printing process but in the
successful conformation of 3D structures (Figure 22a). If the for-
mulated slurry does not present the needed characteristics, after
its deposition some object deformation can occur (Figure 22b),
as noted by Mendez et al.[l who fabricated TiO, square-lattice
double-diagonal structures by means of robocasting with a paste
made of TiO, P25 and deionized water. Although the consistency
of the paste allows the proper extrusion to form the catalyst, after
the deposition a pronounced smash between layers may be ob-
served because of the material self-weight (Figure 22¢). Addition-
ally, the porosity highly decreased due to compaction. These ma-
terials were evaluated in the photocatalytic degradation of acesul-
fame under UV-vis irradiation. Although photocatalysts worked
for the degradation of acesulfame, they presented a lower reactiv-
ity regarding powder form due to a decrement in the active sites
that are illuminated since the smashing of the layers. Therefore,
the particle size and solid content are taken into consideration, as

well as some binders, plasticizers, and other additives are com-
monly used to adjust the slurry characteristics.

The binders employed for the preparation of inks affect not
only the rheology of the paste, but the drying and calcination
processes requirements, and the properties of the final structure.
This was corroborated by Lefevere et al.l'?’ who analyzed the ef-
fect of the binder system in the 3D printed structure properties
using ZSM-5 as raw material. They studied the bentonite, col-
loidal silica, and aluminophosphate binders, within a mixture of
binder with water (35 wt% single or binary binder system 50/50)
and zeolite (65 wit%). Bentonite resulted to give better shear-
thinning behavior regarding aluminophosphate and silica (low
viscosity at high shear rates and vis versa). In general, the poros-
ity of the zeolite was reduced after its conformation in the mono-
lithic structure due to pore blocking with the binders. Moreover,
the results obtained suggest that pore size distribution is related
to the particle size of the binder used and the smaller the particle
size, the smaller the pores. The mechanical strength and acidity
are also dependent of the binder, achieving superior properties
with the aluminophosphate. Lefevere et al.['*}] used the methanol
to olefins reaction to study the importance of binder and 3D print-
ing architecture on catalytic properties without changing the ba-
sic zeolite starting material. Even though all the 3D printed cata-
lysts showed lower activity regarding the pure zeolite, bentonite
and silica single binder systems achieved good conversion of

Figure 22. Comparison of the printing result from: a) an adequate ceramic printing ink, and b) an ink with non-adequate rheological properties;
c) smashing during the layer deposition because of the self-weight of the catalyst (TiO, monolith). Adapted with permission.23127]
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~90%. This decrease in activity is related to a diminution of area,
diffusivity to the active sites due to porosity, and acid strength.
The selectivity of the reaction was influenced by the active sur-
face and acidity whereas the stability and activity were affected by
composition as well as porosity, fiber thickness, and stacking of
the layers. For this reason, the fewer strong acid sites and lower
micro/mesoporosity acquired with the aluminophosphate binder
led to a better selectivity toward the desired products. In relation
to the binary binder system, all sample exhibited almost full con-
version at high temperatures, but they present differences in se-
lectivity and stability.

Within this context, the mainly used binders are bentonite, alu-
mina, and polymeric binders—such as polyester acrylates—(as
presented in Table S4, Supporting Information). However, the
former turns out to be the most employed owing to its ability to
provide mechanical strength and thermal stability. On the other
hand, methylcellulose is the most widely used plasticizer due to
its ability to improve viscosity and impart pseudoplasticity to the
inks. Nevertheless, viscosity has been also adjusted by adding
hydroxypropyl methylcellulose, polyethylenimine, or polyethy-
lene glycol. Even when binders are necessary/useful to form the
monolithic structures, their incorporation leads to a reduction of
the surface area compared to powder raw material.[131-135137.144]
Furthermore, agglomeration of particles, blockage, and diminu-
tion of accessibility to active sites has been also associated to
the binders.[**"] Conversely, some mesopore formation has been
ascribed to the methylcellulose decomposition during thermal
treatments.[20:124]

In addition to the incorporation of binders, the inks rheological
characteristics may be also adjusted by applying different exter-
nal stimulus including temperature, pH, and light. This alterna-
tive was implemented by Elkoro et al.[1*] who corrected the slurry
characteristics by changing the pH and the printing temperature.
To obtain a nanotitania monolith for photocatalytic degradation
of acetaldehyde, printable slurries were prepared by adding ti-
tanium (IV) oxide powder to water (different solid/liquid ratios)
and adjusting the solution pH between 0 and 7. Maximum ti-
tania content was achieved when pH was =0.3. This decreasing
pH tendency is ascribed to a rise of the number of protons ad-
hered to nanotitania surface. Materials prepared at pH <1 and
T >150 °C did not present appreciable degeneration, whereas for
pH >2 or T <150 °C some cracking, and disaggregation were ob-
served. The use of thermal treatment increases the rutile content
and particle size being greater for acid pastes. Ultraviolet-visible
absorbance spectra showed a shift to higher wavelengths that,
along with a decrease in band gap, suggested the acid treatment
improves the visible light absorption of materials. This method
was selected since the absence of binder avoids the decrease in
surface area and leads to a better interaction of light with the cat-
alyst, which is fundamental for photocatalysis. Likewise, Lawson
et al.[132-135137] employed temperature increase to formulate their
inks. They mixed zeolite (ZSM-5 or H-ZSM-5 < 85 wt%), with
aqueous solutions of various proportions of metal oxides (from
3.8 to 30 wt%), methylcellulose, and bentonite clay. The mixtures
were shaken, then rolled at 20 rpm for 48 h at 25 °C to homoge-
nize, and later densified at 400 rpm at 60 °C for ~3 h to achieve
a printable rheology. In some cases, this external stimulus needs
to be applied together with additives. For example, Zhou et al.['3]
prepared a DIW slurry by ultrasonic dispersion and magnetic stir-
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ring at 90 °C of a mixture of carbon sources, monodispersed SiO,
spheres, starch, gelatin, and distilled water. Once the mixture was
completely gelatinized, it was cooled down to 70 °C for the print-
ing process. The SiO, spheres were employed since they acted
as a hard template, but also increased the viscosity of the slurry,
and augmented the strength and reduced the shrinkage of ma-
terials (x16%). In this regard, the printing conditions must be
also controlled to maintain the desired characteristics and ensure
the final product stability. In the previously mentioned example,
Zhou et al.['*T held the extrusion process at 70 °C to keep the de-
sired rheological characteristics of the slurry, obtaining structure
templates for carbon monoliths.

Light has been applied during printing for curing pastes
containing photoinitiators. As an example, monoliths produced
from a mixture of UiO-66 particles, polymer binders, and pho-
toinitiator, were crosslinked with a 365 nm UV light source
upon extrusion.'?3] This treatment provided structure retention
for their immersion in different solvents. To further improve
their stability and porosity, monoliths went through a thermal
treatment at 280 °C during 30 min that degraded the poly-
meric binder and photoinitiator. Therefore, N, physisorption
analysis showed the expected microporosity of UiO-66. Simi-
larly, De Hazan et al.[1*®! synthesized 3D ceramic structures for
photocatalytic decomposition of formaldehyde. The ink pastes
were made by milling a-Al,O, or hydroxyapatite powders with
monomers used to achieve high solid loading and adjust viscosity
(4-hydroxybutyl acrylate, polyethylene glycol diacrylate, bisphe-
nol A diacrylate, and/or polyethylene glycol methacrylate), to-
gether with surfactant 2-[2-(2-Methoxyethoxy) ethoxy] acetic acid
(TODS) to enhance particles dispersion, and photoinitiator, un-
til homogeneous mixture was achieved. Those pastes were used
to print monolithic catalysts and, for curing the resin, every two
layers the deposition was stopped, and the piece was exposed to a
100 W UV lamp for two minutes. To evaluate the effect of the cur-
ing atmosphere, some materials were cured under air and some
other under argon, being the latter in which structures presented
less cracks and smoother surfaces after sintering. Monoliths un-
derwent subsequent thermal treatments to remove additives and
densify the structure. Later, monoliths were dip-coated with a
TiO,-surfactant solution and heated to 500 °C to remove the sur-
factant. Authors observed that, besides of the ink characteristics,
the printing velocity and fiber to fiber spacing influence the fiber
deformation during/after deposition, thus the higher velocity and
the lower spacing lead to fewer deformation. The structures were
shaped after printing by rolling the flexible Al,O,/polymer lat-
tices. The printed materials showed similar photocatalytic activity
to that of the TiO, powder in formaldehyde decomposition, there-
fore, the conformation in 3D structure did not affect its proper-
ties.

Besides, DIW is generally utilized for directly producing cata-
lysts, often including the active phase into the slurry for printing
the structure without the need of additional steps.[*!2>*7] There-
fore, DIW technique allows to rise the loading of active material
per volume regarding coated monoliths (65 vs 33.5 wt%) as
pointed out by Lefevere et al.'®] In this case, Ni/Al,O;-based
monoliths for CO, methanation were developed by Middelkoop
et al."® To get the active phase within the structure, Ni/Al,O,
catalyst was mixed with bentonite and alumina-based binders
to produce the ink pastes. Those pastes were extruded to form
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Figure 23. SEM images of the surfaces and cross sections of the Au/TiO, monoliths. a) surface of a pre-impregnated Au/TiO, monolith (Au 1 wt%);
b) cross section of the pre-impregnated Au/TiO, monolith (with Au 1 wt%); c) surface of a post-impregnated Au/TiO, monolith (Au 0.1 wt%);
d) cross section of a post-impregnated Au/TiO, monolith (with Au 0.1 wt%). Insets correspond to the same sample areas obtained using a backscattered
electrons detector, revealing Au NPs as bright dots. Reproduced with permission.l'’]

tetragonal monoliths with mesh pattern which, after a 500 °C
treatment, presented an increase of ~30% in specific surface
area. The peaks corresponding to y-Al,O, phase were not clearly
observed within the XRD diffractograms as they overlapped
with the nickel aluminate NiAl,O, phase present because of the
nickel oxide-support interaction. Compared to Ni-alumina pellets
and beads, structured catalyst in monolithic shape resulted in a
greater CO, conversion (~80%, ~20% more than beads, and sim-
ilar to pellets), and methane selectivity (%86%, ~5 and 11% more
than beads and pellets, correspondingly) showing that the cat-
alyst configuration is of high importance in their performance.
Nonetheless, upon long exposure to high temperatures (450 °C)
catalysts exhibited some shrinkage affecting their surface area.
In like manner, metal-doped ZSM-5 monoliths for methanol
to olefins conversion were prepared by including 10 wt% of
metal precursors into zeolite, methylcellulose, and bentonite
clay mixtures.2%1241 The incorporation of metal precursors—that
were the nitrate form of Ce, Cr, Cu, Ga, La, Mg, Y, or Zn—in the
printing inks eliminates the additional step of ion-exchange or
impregnation commonly used for doping zeolite.

Moreover, Elkoro et al.l'”l produced Au/TiO, monoliths by
means of the DIW technique following two different strategies,
impregnating the TiO, with Au nanoparticles (Au NPs) before or
after the printing process. For the post-printing strategy, an ex-
trudable paste was prepared by mixing P90 TiO, with HCL. After
printing, the structure was dried, calcined, and impregnated with
an Au NPs toluene suspension for a later thermal treatment. On
the other hand, for the pre-printing method, the P90 TiO, was im-
pregnated with the Au NPs toluene suspension, followed by the
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same thermal treatment and procedure for obtaining the printing
paste and monolithic structure. As observed by SEM (Figure 23),
the TiO, dimensions were similar for both materials. Neverthe-
less, the materials impregnated pre-printing presented a homo-
geneous distribution of the Au NPs both in the surface and cross
section (Figure 23a,b), while in the post-printing monolith a de-
crease of the Au NPs concentration along the cross section was
observed (Figure 23c,d). This diminution is attributed to the pore
size between TiO, nanoparticles that reduced the Au NPs suspen-
sion diffusion during impregnation, hence the Au NPs remained
concentrated in the surface. Also, according to XPS analysis, to at-
tain a similar Au/Ti surface ratio the Au content needs to be more
than one order of magnitude higher in the pre-printing method.
Considering that the photocatalytic reaction occurs mainly at the
surface, the impregnation post-printing route turns out to be the
best for a good performance and to save materials.

Aslam et al.'®] also compared both methodologies for ob-
taining zeolite-based catalysts for syngas to alcohols conversion.
In the first case, ZSM-5 zeolite powder was impregnated with
ammonium molybdate tetrahydrate, cobalt (II) nitrate, and
potassium nitrate prior to the preparation of the ink with silica
and bentonite binders. Nevertheless, the monolith had low sur-
face area and collapsed before achieving the reaction conditions.
In the second case, zeolite was mixed with the binders and the
viscosity of the slurry was adjusted with starch. Once printed,
the monolith was dried, calcined, and immersed in a solution of
metal precursors with glucose for hydrothermal synthesis, which
was further dried and calcined. In this approach, the inorganic
binders allow to uniformly structure a zeolite monolith that
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Figure 24. Effect of the drying process on the deformation of porous ZSM-5 materials: structures containing bentonite binder after a) fast drying with
heating lamp, b) freeze drying, and c) slow drying in controlled atmosphere (80% relative humidity, RH, and 20 °C); structures containing single silica
binder after d) fast drying with heating lamp, and e) slow drying within a regulated environment (80% RH and 20 °C). Reproduced with permission.[12’]

remained intact after the hydrothermal treatment. The metal
precursors growth homogeneously and a synergism between
molybdenum and cobalt active sites was corroborated. Also, the
diffusional limitations were reduced over monoliths regarding
powder, since they provide better access to catalytic active sites,
leading to higher CO conversion.

Once printed, 3D structures must go through a drying process
before being subjected to further post treatments. Special atten-
tion should be paid to this step due to its relevance in avoiding
cracks, imperfections, or breaks in the materials, as exhibited in
Figure 24. Nevertheless, the drying procedure varies according
to the raw material and composition of the inks. In this regard,
Lefevere et al.'°] noted that the drying method depends on the
characteristics of the binder system used, as they observed in the
fabrication of ZSM-5 structures with three different binders (ben-
tonite, aluminophosphate, and silica). In the case of bentonite,
since it adsorbs high amounts of water, a fast drying led to rup-
tures in the structure thus a slow controlled drying at 20 °C helps
to avoid defects (Figure 24a—c). On the other hand, aluminophos-
phate and silica pastes had low viscosity and needed speedy dry-
ing to quickly lose water and, therefore, increase their viscosities
to retain their geometry without cracks (Figure 24d,e). However,
regarding aluminophosphate and silica, bentonite binder leads
to a greater shrinkage due to the water lose after drying.

Several drying methods have been used to avert defects in
the monoliths. For instance, drying at room temperature usu-
ally between 12 and 48 h has been used for materials based on
zeolites, ceramics, and some metals.[20:126132137.138148-151] Tepy.
peratures over 80 °C have been used to dry monoliths com-
posed of carbonous materials and some metal oxides within
few hours.[23128145.152] Contrary, longer drying was required for
3D printed structures containing Ni/Al,O, which were placed
in a humidity chamber for a week maintained at 85% RH and
25 °C.["8 In some other few cases, such as the e-E. coli/Au and the
SiO, template for carbon monolith, the authors applied a freeze-
drying procedure with temperatures between —80 and —50 °C, to
prevent damage within the fragile structures.[3%1%2 Along with
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the drying method, choosing adequately the build platform ma-
terial is also important for conserving the 3D printed objects
without defects. Glass, 1723152 alumina substrate,[21:125:141.153] g]y,.
minum foil, '] and Teflon[130134136.154] 3re some examples of the
build platform materials used for the deposition during DIW,
which facilitate the removal of 3D structures, allow a homoge-
neous drying, thus avoid cracking. Different materials such as sil-
icon and polytetrafluoroethylene (PTFE) films are barely utilized
to prevent slippage and ease post-treatment without manipula-
tion of soft pastes, for example those of titania and Au NPs.[12014]

Asresult of drying and applying some stabilization treatments,
most of the authors have noticed a certain shrinkage percent-
age which is normally around 10%. However, it depends on the
whole fabrication process, therefore shrinkage values from ~0.4
to almost 40% have been reported.!'?>15°] In that respect, Roman-
Manso et al."*] synthesized silicon carbide monoliths by means
of the DIW technique, analyzing the effect of the paste composi-
tion in the final structure. They employed three different ceramic
powders (submicron-#-SiC: 20 and f7; and nano-g-SiC: N20) to-
gether with Al,O; and Y,0; as sintering additives, polyethylen-
imine aqueous solution as solvent, methylcellulose as viscosifier
and ammonium polyacrylate as flocculant. The smaller the parti-
cle of the raw material the fewer solid content in the ink. Despite
the difference in solids content, the three inks had a highly shear
thinning rheology allowing its extrusion in the shear rate region
of 30-70 s~ and keeping its shape after deposition due to its great
strength. Results also suggested a relation between solid content
and shrinkage, the lesser content of solids the bigger shrinkage
(28% in N20 regarding 19% of p7 particles). Thus, shrinkage is
an important factor to take into consideration when designing
the monoliths so, once finished the whole process, the catalyst
can be obtained with the desired dimension.

In another aspect, a post treatment is often carried out on
monoliths to stabilize them. For example, during the synthesis
of graphene monoliths Jianhua et al.'*%) realized a reduction
process with hydroiodic acid to avoid cracking during thermal
treatment caused by rapid liberation of volatile gases (1000 °C in
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nitrogen). Moreover, calcination or sintering processes are used
either to stabilize the material, enhance its mechanical strength,
or foster its catalytic activity. This is the case of the 3D printed
Al, O, catalyst prepared by Azuaje et al. to act as Lewis acid in
Biginelli and Hantzsch reactions in the absence of solvents.[’%]
The authors directly produced a woodpile layered monolith by
extruding a paste made of Al,O, powder, water, dispersant Dar-
van 821A, hydroxypropyl methylcellulose, and polyethylenimine.
The structure was dried and then sintered at 1500 °C in air to
remove solvents and polymers of the ink, improve its mechanical
strength, and increase its catalytic activity by increasing its Lewis
acid character. The morphology and composition remain the
same after 10 use cycles as corroborated by SEM and XRD. The
monolithic catalyst displayed a 15-23% yield increment regard-
ing alumina powder and 20-35% comparing to catalyst-free
conditions, and this activity remained after ten usage cycles. In
addition, monoliths led to a complete consumption of the reac-
tants in short times (20% the time of uncatalyzed system) with-
out side products generation despite a lower porosity. Similarly,
Tubio et al.l'* synthesized Al,O, structures with immobilized
cooper for different Ullmann reactions. The synthesis consisted
of printing by DIW a paste made with Al,O, powder dispersed in
an aqueous solution of copper (II) nitrate, polyethylenimine, and
viscosity adjusted by adding hydroxypropyl methylcellulose. The
woodpile structure was dried and sintered at 1400 °C to obtain a
high mechanical strength monolith. The sintering process led to
the transformation of Cu(NO,), to CuO and CuAl,O, which was
visible with the color change and corroborated in XRD patterns.
A portion of the metal is lost during the sintering because it
diffuses through the structure and remains adsorbed on the sup-
porting plate, hence a final copper load of 2.3 wt% was attained.
The SEM images showed a dense group of alumina crystals
without open meso or microporosity, and a laminar structure of
the copper oxide phases. Despite its low copper loading (regard-
ing 5-10% used in analogous systems) complete conversion was
observed in short time (2 h), therefore, the catalyst presented an
excellent activity, no leaching, and stability after 10 usage cycles.

In the same manner, Quintanilla et al.'*¥] studied the immo-
bilization of metals (Fe nanoparticles) within the structure of ce-
ramic (SiC) honeycomb monoliths. They printed on alumina sub-
strate an ink composed of Fe/SiC particles, deionized water, and
organics for adjusting pseudoplastic behavior. After the printing
process, catalysts were heat treated at 600°C in air for 2 h to
completely burn-out the organics. Later, a spark plasma sinter-
ing (SPS under Ar at 1000-1500 °C) was applied in some sam-
ples to increase mechanical integrity and induce differences of
porosity. The results showed that the SPS was crucial to diminish
Fe leaching, nonetheless, as the SPS temperature increased the
porosity decreased thus the accessibility of Fe, reducing the cat-
alytic activity. Danaci et al.l>!l manufactured copper monoliths
by 3D printing a paste made of copper powder (14-25 pm) and
hydroxypropyl. After drying and calcining at 550 °C the printed
samples, authors followed two methodologies: 1) conventional
sintering at 880-1000 °C for 5 hours in N, or N,:H, atmospheres;
or 2) spark plasma sintering in vacuum of 100 Pa. Later, sintered
copper structures were coated with a solution of polyvinyl alcohol
(PVA), acetic acid, water, silica and Ni/Al, O, active phase, and fi-
nally calcined at 500 °C for 2 h. When using temperatures close
to the melting temperature of copper strong bonds were attained
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together with a reduction in porosity. The reducing atmosphere
used during sintering helped to minimize oxide content in the
fibers and to obtain denser copper fibers. The copper oxides layer
on the surface led to a reduction of coating adhesion. All mono-
lithic samples showed a CO, conversion as high as that of the
powder catalyst (50%) at 400 °C with a slightly higher selectivity
(~98%), and higher stability for 80 h time-on-stream.

Apart from calcination and sintering processes, some materi-
als needed different treatments in preparation for the subsequent
catalyst loading. As an example, prior to the growth of MOFs
through hydrothermal reaction, ceramic monoliths fabricated by
Liu et al.'® underwent an alkaline etching to withdraw SiO,
nanoparticles from the surface and, thereby, creating additional
pores. Then, monoliths were coated with polydopamine via self-
polymerization of dopamine and treated through hydrothermal
process for in situ MOFs growing.

When the catalytic compound was not included in the ink, it
was mostly deposited on the structure by dip-coating. In some
cases, usually for metals with smoother surface, within the coat-
ing solution different additives (particularly polyvinyl alcohol, sil-
ica, and methylcellulose) were included to increase adherence of
active phase.l'22150.1511 Tp give an example, the ZSM-5 coating of a
stainless-steel monolith was attained by adding 1 wt% methylcel-
lulose and 1 wt% colloidal silica to an aqueous coating slurry con-
taining 30 wt% ZSM-5.1'2%1 The sintered structures underwent
a washcoating procedure, followed by drying and calcination at
550 °C to remove organic compounds. The addition of silica was
necessary to increase viscosity and reduce the weight loss of the
coating from 47 to 5 wt%, moreover, the deposition of zeolite
augmented 80% due to an increase in contact between particles
and support. The particle size of the zeolite also influenced in the
loading, the smaller the particle the higher the load.

Notwithstanding, in addition to washcoating different active
phase deposition techniques including electrodeposition, hy-
drothermal reactions, and chemical surface modifications, have
been tried. For instance, Lin et al.l'*?] produced electrocatalyst by
3D printing polyethyleneimine cross-linked oxygenated carbon
nanotubes (O-CNT) with further nickel electrodeposition. The
ink slurry containing the O-CNT, PEI, and acetic acid was de-
posited at room temperature onto glass wafers. After printing,
samples were dried at 100 °C and calcined under nitrogen atmo-
sphere (450-650 °C) for 1 h, then the nickel was electrodeposited,
and samples were again dried but at 70 °C in vacuum. Element
mapping confirmed uniform distribution of C, O, and Ni in the
outer surface (Figure 25a). FTIR showed CNT were cross-linked
with PEI in the monolith, whereas XPS, XRD, and Raman results
showed that this loading methodology acquired nickel deposited
in form of Ni and Ni(OH),. Moreover, D and G bands were ob-
served in the Raman spectra, and I,/I; ratios confirmed more
defective carbon generation with higher temperature annealing.
The monolithic catalyst thermal treated at 650 °C presented more
carbon defects which acted as active sites for alkaline hydrogen
evolution reaction.

Fumed SiO,-based thixotropic inks were used in direct ink
writing by Liu et al.'* to further in situ growth of MOFs for
catalytic degradation. Once printed materials were left to dry at
ambient temperature for 12 h, then further dried and heated
at 900 °C to form hierarchical porous ceramics (HPC). Before
the MOFs growth, monoliths went through a basic etching
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Figure 25. Images of active phases incorporated in 3D printed supports following different strategies: a) Elemental mapping of carbon monolithic
catalyst loaded with nickel by electrodeposition (named as 3DPC-650@Ni/Ni(OH),; b;) SEM, and b,) EDS images of hierarchical porous ceramic
structure hydrothermally treated to in situ MOFs growth; c;) lateral and c,) top view images of the load of SAPO-34 grown through hydrothermal
treatment—SAPO-34 cubic crystals on 3D-HZSM5 monolith surfaces, marked with red frames—; d;) EDS and d,) SEM images of PI-Pd composite
deposited on silica monolith surface by chemical modification. Adapted with permissionl130:152.154.155] “ Additionally, Sanchez et al.[?’] also realized a
similar procedure to generate monoliths with immobilized cooper and palladium. In this case, the functionalization consisted of a surface activation with
H,0,, followed by a silanization with (3-aminopropyl)trimethoxysilane (APTS) or [3-(2-aminoethylamino)propyl] trimethoxysilane (AAPTS) to modify
the material surface preparing it for the final metalation to immobilize Cu or Pd, respectively. It was also corroborated that the Cu and Pd loaded (0.6 mg
and 1.6 mg, respectively) were present only on the surface of the monoliths with a homogeneous distribution. The leaching of Cu and Pd was negligible,

representing less than 0.07%.

to remove some SiO, nanoparticles of the surface and form
more pores and coated (by dopamine self-polymerization) with
polydopamine (PDA). Finally, a modified hydrothermal reaction
using a MIL-100 (Fe) precursor solution was carried out to form
the 3D printed HPC-MOFs. The successful growth of MOFs on
HPC was confirmed by XRD analysis. SEM images confirmed
that the structural integrity was maintained after sintering and
hydrothermal treatment, whereas C, O, Si, Fe, and Al elements
were evenly distributed into the architectures, according to EDS
results (Figure 25b,,). The HPC-MOFs displayed excellent cat-
alytic degradation efficiency (x%97%) and reaction rate constants
(0.16 — 0.29 min~!) for different organic dyes. In same manner,
Li et al.l13%131] investigated the integration of SAPO-34 in the
surface of 3D printed monoliths of HZSM-5 using the secondary
growth technique. This methodology consisted of dipping the
HZSM-5 supports in an aqueous SAPO-34 suspension and
then apply a hydrothermal treatment. A homogeneous and
dense growth of SAPO-34 crystals over the HZSM-5 surface was
confirmed by SEM (Figure 25c, ,).

In another way, a chemical surface modification was used to
obtain monolithic catalysts with immobilized palladium to test
in the Suzuki reaction. Sanchez et al.l'*®] employed the DIW
technique to print a silica monolith whose surface was further
chemically modified. The silica monolith was generated from
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a paste of SiO,, poly(vinyl butyral-co-vinyl alcohol-co-vinyl ac-
etate) (PVB-PVA-PVAc, 80 wt% vinyl butyral), polyethylene gly-
col and 2-propanol. Posterior to printing, the monoliths were
dried, deagglomerated (400 °C) to remove solvent and polymers,
and sintered (1500 °C) to attain mechanical and chemical sta-
bility. Later, the monolith underwent a chemical surface modi-
fication via submersion in a solution containing polymide resin,
Pd(AcO),, and anhydrous N,N-dimethylformamide (DMF). The
authors selected this strategy to deposit the catalytic species only
in the surface of the monolith since metal introduction inside
the mass of the support (without porosity, 0.3 m? g~!) would not
be accessible to the reagents, thus representing an unnecessary
expense. As confirmed by SEM, PI-Pd composite was deposited
on the monolithic silica surface and carbon from the resin and
Pd (1.6 mg Pd) were present exclusively on the monolith surface
(presented in Figure 25d,,). The catalyst was stable with almost
no changes in its activity after 10 cycles of use, moreover, negli-
gible leaching of Pd was detected.

The DIW technique has demonstrated its advantages com-
pared to traditional methods for directly producing monolithic
catalysts. Among these advantages, its compositional versatility
expands its capability to generate a large range of materials not
achievable through usual extrusion, pressing, or corrugating
foil techniques. In this regard, the technique allows for the
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Figure 26. Schematic illustration of the fused deposition modeling (FDM)
technique.

incorporation of additives, thus altering the characteristics of
the catalysts produced (e.g., porosity, chemical or mechanical
strength, etc.). The incorporation of active phases within the ink
paste is another alternative presented in this method and may
be considered depending on the porosity and availability they
will have for the reagents during its application. Additionally,
the generation of complex structures, a general benefit of AM
technology, is also proved.

5.2. Fused Deposition Modeling

Fused deposition modeling (FDM), also named as fused fil-
ament fabrication (FFF), is one of the most employed AM
techniques.['*®] In FDM the raw material filament is unwound
from a reel and then supplied to an extrusion nozzle. The fila-
ment reaches its melting point as it passes through the nozzle,
which accurately extrudes and deposits it on the print bed. The
extruder moves in the X-Y direction over the build platform ac-
cording to the required geometry while extruding the plastic to
form each layer (Figure 26 presents a schema of FDM system).
It should be mentioned that the printing speed and printing
chamber temperature have been proven to significantly impact
in the 3D printed object features.['>®] Too high speeds lead to
structures malformation and nozzle clogging, therefore moder-
ated speeds are preferred to acquire consistent and quality struc-
tures. Moreover, keeping the printing chamber temperature aids
to avoid the structure to bend from the platform during print-
ing. When deposition has finished, the fused material cools and
solidifies on the heat bed which is maintained at a lower tem-
perature to ease this process.!'®l Nevertheless, the temperature
difference between the extruder end and the print platform is re-
duced to avoid imperfections in the printed structure, such as
breaks or warping due to the change in temperature.!'*!] The ex-
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truder temperature is fixed depending on the properties of the
filament but is usually set around 220 °C; instead, the build plat-
form temperature depends also on its material—including glass,
adhesive foils, and Teflon—, values ranging from 70 and 120 °C
have been reported.!'62-16]

On the other hand, for FDM technique thermoplastic fila-
ments of polylactic acid (PLA), acrylonitrile butadiene styrene
(ABS), polyester, and polyurethane are commonly used. Nonethe-
less, these thermoplastic polymers have low glass transition tem-
perature and low surface area, and their properties may be af-
fected by heat, which reduces its catalytic applications.[3*1** Con-
sequently, the use of commercial filaments for producing mono-
lithic catalyst has been poorly studied (see Table S5, Supporting
Information). In particular, FDM was applied by Hock et al.[*¢3]
to fabricate advanced polymeric monoliths which were further
functionalized to act as acid catalysts in sucrose hydrolysis. The
authors employed a commercial high impact polystyrene (HIPS)
filament to print monoliths with orthogonal orientation of wood-
pile pattern layers. For printing, the nozzle was heated to 220 °C
to extrude the filament, while the build platform was kept at 90 °C
for assuring adhesion. Once printed, the HIPS monoliths were
immersed in a 96 wt% H,SO, solution at 22 °C for times vary-
ing between 1 h to 7 days to introduce sulfonic acid groups. Af-
ter this time, they were washed with water until reaching a neu-
tral pH. This functionalization method was chosen due to its
reproducibility and the larger mechanical strength achieved re-
garding other treatments at higher temperatures. No structural
changes were observed in the monoliths even after 7 days of sul-
fonation, from which a sulfonation degree above 0.7 mmol g™
was attained. Optimal treatment was set for three days in which
the sulfonation degree was 0.48 mmol g~!. Functionalized mono-
liths showed better catalytic performance in the hydrolysis of su-
crose regarding a commercial reference catalyst sulfonic acid-
functionalized by ion exchange even though commercial catalyst
has ~7-10 times more sulfonic acid groups. This improvement
has been ascribed not only to the better mass transfer which
boosts the reaction kinetics, but to a greater availability to the
sulfonic acid groups. Authors corroborated the increased mix-
ing when using complex channel structures compared to straight
channeled monoliths, this based on the Reynolds number.

To extend the chemical functioning of commercial thermo-
plastics for catalytic reactions, some researchers have opted for
modifying them to prepare their own filaments. For example,
Hock et al.l'%] synthesized nanoporous hyper-crosslinked poly-
mers which were further mixed with different thermoplastics
(PLA, PVA, PS, or a mixture) to extrude a filament of 3 mm of
diameter. The filament extrusion was realized at ~200 °C, how-
ever, the higher content of hyper-crosslinked polymers the higher
the temperature required. The fused deposition was realized at
around 220 °C, over an adhesive foil at 120 °C to assure the adhe-
sion of deposited material during printing. With this procedure, a
40 wt% loading of nanoporous solid materials, together with spe-
cific surface area of #171 m? g~'was attained. Besides, the chan-
nel geometry proved to be significant for reaction purposes due to
hydrodynamic properties, pressure drop, and residence time dis-
tribution. In a similar manner, an alumina-based filament was
extruded by Li et al.l'®] The filaments were prepared by mix-
ing thermoplastic elastomer (TPE), grafted polyolefin, and alu-
mina. The authors used these filaments to print monoliths with

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

BSUS017 SUOWILWIOD BA 11D 3|t dde 3y Ag peueob a1e saoile YO BsN JO SaINI 0} Akeiq 17 8uluO A8|1A O (SUOIIPUOI-PLE-SLLLBYWI0D" AS | 1M Ale1q 11 IUO//SANY) SUONIPUOD PUe Swid L 8U) 39S *[Z02/70/TT] uo Ariqiauluo As|im epeueld aa pepseAIUN AJ ¥9000¥Z0Z WUPE/Z00T OT/I0p/W0D" A8 1M Ateiq 1 Ul UO//SANY WO} PAPEO|UMOQ ‘0 X60.LS9EZ


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de

(g) Reactants

Axial

Reactants

Radial and axial

Figure 27. Mn-Co nanospheres coated Al,O; monolith with axial and radial channels for plasma-catalytic oxidation of toluene. a—c) Photograph and SEM
micrographs of the 3D printed Al,03; monolith (radial channels); d—f) Photograph and SEM micrographs of the Mn-Co nanospheres coated structure;
and g) Effect of radial channels in high-energy electrons transport. Adapted with permission.['6%]

conventional straight channels and biaxial channels (Figure 27a),
which were evaluated in the plasma-catalytic oxidation of toluene.
Once the monoliths were printed, they were submerged into cy-
clohexane to remove binders, later subjected to a sintering treat-
ment and an immersion reaction to load Mn-Co nanospheres.
Some defects were observed within the structures because of
clogging of the nozzle and an irregular extrusion since a vari-
ability in the filament dimensions.

Layers from the FDM printing are clearly observable in the
SEM images of the radial channels (Figure 27b) as well as the
porosity among sintered alumina nanoparticles (Figure 27¢c). A
bigger amount of Mn-Co loaded in the advanced design (0.234 vs
0.102 wt%) was attributed to a higher specific surface area and
better mass transfer during the immersion reaction. SEM im-
ages of axial channels of a coated monolith are presented in
Figure 27d—f showing Mn-Co nanospheres of ~680 nm covering
the AL, O, surface. The conventional design reduced up to 95%
the by-products obtained by the powder counterpart, whereas
the radial channels increased the energy efficiency with a neg-
ligible raise in by-products. Radial channels were more rele-
vant at lower input power because they provide a conduit for
high-energy electrons, thus increasing the catalytic oxidation of
toluene (Figure 27g).

Contrasting, some studies have been realized with the incor-
poration of active compounds into the filaments, thus obviat-
ing a second step to deposit them after printing. Among those
studies, the one carried out by Evans et al.,['®l in which they
synthesized catalyst of Zeolitic-based MOFs with chemically ac-
tive porous surface, can be pointed out. Zeolitic-based MOFs
were evenly integrated into poly lactic acid (PLA) and thermo-
plastic polyurethane (TPU) matrices with high loadings close
to 50 wt%. Those composites were extruded at 185 °C into fil-
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aments (1.6 mm diameter) and used in the FDM process. Af-
ter printing, the structures underwent a solvent exchange either
in CH;OH or acetone, followed by an activation step at 75 °C,
which did not generate any morphological changes. Besides, this
activation led to an increase in thermal stability in accordance
with the reduction in mass loss from 100 to 200 °C observed
in TGA measurements. Thus, these materials are also limited
to work under this temperature. XRD results confirmed the re-
tention of the ZIF-8 crystallinity after the fabrication procedure,
while N, isotherms show the high surface areas achieved, 531-
706 m? g~!. Although some MOFs particles remained embedded
in the plastic matrices, they conserved their characteristic ability
to perform chemical interactions. Filaments of TiO, nanoparti-
cles incorporated in ABS thermoplastic were developed by Sko-
rsi et al.l®%% to be used in photodegradation. ABS polymer was
chosen since it has higher stability and less propensity to decom-
pose during extrusion in comparison to other commercial poly-
mers. The filaments were created by dispersing mixtures of ABS
and TiO, nanoparticles (0-10 wt% TiO,, larger contents led to
printing difficulties) in acetone during several hours at 35 °C and
sonication. Later, the solution was placed in a Teflon substrate at
80 °C to evaporate the solvent, so it could be fed to an extruder
for getting the 1.75 mm-wide filaments. These filaments were
used to 3D print photocatalyst for the degradation of rhodamine
6G, in which the presence of TiO, was confirmed by XRD. Al-
though, FTIR results exhibited that TiO, interacts with polymer
and increases its degradation during processing, the larger TiO,
contents presented increased mechanical strength. Additionally,
TiO, within the printed matrix was able to quench the intrin-
sic fluorescence of the rhodamine 6G up to 22% after 4 h of
sunlight exposure. Martin de Vidales et al.'! also made their
own TiO, doped filaments to 3D print floating photocatalysts for
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degradation of methylene blue (MB). To prepare the filament they
mixed granulated low-density polyethylene (LDPE) and TiO, with
a dispersing agent. Then the mixture was extruded, and the fil-
aments were used in the FDM printer to obtain square meshed
structures. The 3D printed structure resulted with an increased
in degradation since a higher active surface is available to oxidize
the MB and, compared to TiO, powder, the structure has the addi-
tional benefit of not requiring a separation step. Carbon materials
have also been integrated into filaments for FDM. This is the case
of the study reported by Gnanasekaran et al.'l who prepared
their own filaments of polymer and nanocomposites of carbon
nanotubes (CNT) and graphene. To formulate their filaments,
they dispersed CNT or graphene in isopropanol by sonication.
Then, a certain amount of thermoplastic polybutylene terephtha-
late (PBT) was added, and later the isopropanol was let to evapo-
rate at 90 °C. After drying, the melt mixed composite was fed to
an extruder to get filaments of 3 mm diameter. Those filaments
were used in a FDM printer in which the nozzle was heated be-
tween 200 and 260 °C for the deposition and, to prevent the mate-
rial warping, double-sided tape was set as printing substrate over
the platform at 70 °C. TEM images showed that the graphene
platelets were perfectly dispersed without agglomeration when
printing at low temperatures. Contrary, for higher temperatures
some voids are generated driving to surface roughness. In rela-
tion to their functioning, CNT-based materials presented better
conductive and mechanical characteristics and performance re-
garding the graphene-based structure. The preparation of these
conductive polymers is very interesting for electrochemical appli-
cations where conductivity of the 3D printed electrodes is manda-
tory for the final application. Thus, the preparation of good con-
ductive filaments in which the polymeric matrix does not affect
the conductive properties of the conductive materials used is a
hot topic theme of study. C.Y. Foo et al.['”] studied the prepa-
ration of printable graphene-based conductive filament to create
a range of 3D printed electrodes (3DEs) for its use as superca-
pacitors and photochemical sensors. This 3D printed electrode
showed a promising capacitive performance (98.4 F g7!) and sta-
ble cycling stability (up to 100 charge/discharge cycles) as well
as a good sensing behavior with a photocurrent response that
exceeded expectations (x~724.1pA) and a lower detection limit
(0.05 um) than a conventional ITO/FTO glass electrode. In turn,
Z. Rymansaib et al.l'®! prepared new conductive blends suitable
for 3D printing by adding CNFs and graphite flake microparti-
cles to thermoplastic polystyrene. For that, the polystyrene was
first dissolved in the appropriate solvent and the conductive addi-
tives added. Once the solvent has completely evaporated, the solid
thermoplastic composite is extruded into composite conductive
filament using a heated aluminum barrel at 220 °C equipped
with a 2 mm orifice. A compromise of good electrical conduc-
tivity and excellent electrode surface properties with good me-
chanical and printing characteristics was achieved with 80 wt%
polystyrene, 10 wt% carbon nanofibers, 10 wt% graphite flakes.
The electrode obtained with this formulation was used in the de-
tection of trace metals obtaining a good performance comparable
to results achieved with other types of conventional electrodes.
Despite the possibility of this methodology to be applied to
diverse active compounds, the combination with thermoplastics
maintains the limitation of the operational temperature More-
over, results suggest that a big part of the particles remains
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embedded in the plastic matrix together with the porosity block-
age, also reducing its activity and cost-effectiveness. In addition to
this methodology, there are other alternatives to structure novel
catalytic materials: printing with more than one material—when
using a FDM printer with double head—to produce a composite
product;® and use the FDM to create templates of the desired
structure for filling them with appropriate materials, and then
eliminate the template through thermal treatment. The latter op-
tion has already been studied for the synthesis of carbonous and
ceramic catalyst. In this regard, Chaparro et al.['®19170] proposed
a strategy that combines the FDM and sol-gel polymerization
processes, which has enabled the obtention of integral carbon
monoliths with complex channel architecture and tailorable
porosity. The influence of the channel geometry and carbon
porosity on CuO/CeO, catalytic performance was identified with
the CO-PrOx reaction. The synthesis methodology consisted of
printing polymeric templates from FDM of Co-polyester (CPE+,
selected owing to its high chemical stability) which served
as negative of complex interconnected channels. Later, those
printed templates were put into glass tubes and filled with a so-
lution of resorcinol, formaldehyde, and water in different ratios
(R/W). The controlled polymerization process was held at room
temperature 1 day, at 50 °C for 1 day, and at 80 °C for the subse-
quent 5 days. Once this process had finished, the organic gel was
unmolded and dried for its further slow carbonization (in N, at-
mosphere at 900 °C for 2 h). The selected active phase, Cu/CeO,,
was loaded via dip-coating in an ethanolic solution, achieving a
deposition of #110 mg. Drying and a thermal treatment at 250 °C
in air were also realized. According to TGA analysis, thermal
stability was affected by active phase distribution, however, all
supported catalysts exhibited stability up to 500 °C in oxidizing
conditions, thus being useful in a wide range of reactions and
overcoming the limitations imposed by previous methodology.
The pore size distribution and macropore volume are related to
the size and interconnection of primary particles, which can be
controlled by varying the water content for polymerization. The
higher the water content, the greater the particle size and lower
their interconnection leaving larger pore size and macropore
volume. As the pore size and macroporosity increase, the active
phase distribution along the carbon improves thus the catalytic
activity as well. Nevertheless, too high-water content generates
heterogeneous pore size distribution and leads to preferential
flow pathways. High and stable CO conversion (~98%) and CO
selectivity (299%) were achieved at 104 °C. Authors followed
same procedure to produce carbon monoliths but employed
them as support for Ni/CeO, catalyst for CO, methanation.'”?!
The textural and chemical properties of carbon can be tuned
to improve the dispersion and attaching of active phases. They
noted that their novel design forced turbulent flow regime within
the channels, thus enhancing the CO, methanation rate ~#25%
at 300 °C. This approach allowed the fabrication of pure and
integral carbon monoliths with specific and complex designed
channels not attainable by conventional methods, as well as a
controlled porosity. Similarly, Li et al.l'7!l combined template
printing by FDM and polymerization process to generate carbon
monoliths. In this case, the authors employed a PLA filament to
print templates made of cylinder, tetrahedron, and tetrakaideca-
hedron periodic units. Those templates were filled with a phenol-
formaldehyde paste to later follow polymerization, calcination,
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and wash-coating processes. High structural integrity, precise
replica of the templates, but a high shrinkage of about 67% were
obtained in the fabricated monoliths. The tortuous channels in
the monoliths synthesized with tetrahedron units led to a CO
conversion increase of ~#32% regarding straight channels, which
is related to the reactant and products transport enhancement
between the catalyst surface and fluid, as well as the heat release.

In relation to the use of ceramic fillers, equivalent method-
ology was followed by Alimi et al.®! to obtain alumina mono-
liths with immobilized palladium for its use in the epoxidation of
styrene. Polylactic acid (PLA) filament was fused to print the con-
ventional monolithic template that was further filled with y-Al, O,
and sodium silicate, dried, and calcined, for the final immobi-
lization of palladium nanoparticles by deposition-precipitation
method. The XRD analysis confirmed the obtention of ordered
silica since the characteristic peaks of Al,O, were observed,
though, those peaks were reduced after the addition of palladium
nanoparticles. In terms of porosity, an increment in the surface
area from the powder to the monolith was observed probably due
to the incorporation of SiO,, however, this area was later reduced
because of pore blockage with Pd. The authors observed that the
lower the flow rate the greater the conversion, and that a low res-
idence time prevents the formation of side products. As expected
for its endothermic nature, the styrene conversion raised (58%)
with the increment in temperature (>85 °C) with a good selectiv-
ity (70%) to styrene oxide. Also, the high surface area to volume
ratio between the substrate and the catalyst helped to improve
the conversion. It is important to highlight the effectiveness of
the deposition method since the samples presented only 0.3% of
the Pd leached after 7 cycles.

This methodology has been proven to enable the synthesis of
monoliths of different geometries with an excellent replica of the
templates. The use of filler materials such as carbon precursors
and ceramics have improved the catalysts chemical properties
and stability, Additionally, compared to other synthesis methods
which required the use of binders and plasticizers, the absence of
additives in the fillers allows to keep unchanged the desired char-
acteristics of the precursors (e.g., surface area and active sites).
Also, the need of some additional steps like polymerization, car-
bonization, or sintering, is compensated by the increase in their
possible catalytic applications. Notwithstanding, authors have re-
ported the existence of shrinkage in the final structure (varying
from 10 to 67% depending on the materials and process condi-
tions) which must be taken into consideration while designing
the monoliths.

6. Binder Jetting

The binder jetting (BJT) technology consists of the injection layer-
by-layer of a liquid binder agent on a powder bed to build the
object (Figure 28). The process begins with the deposition of a
powder coat of a certain thickness on a build platform. Then, by
means of a print head, the binder is injected to selectively join or
fuse the material according to the CAD pattern. Later, the build
platform is moved, and a new powder coat is disposed to continue
with the printing process.[®*! Due to the residual powder and the
binder, no support structure is needed.['”?] Once the printing is
finished and the binder is completely set, the so-called “green
object” is removed from the printing bed and excess powder is

Adv. Mater. Technol. 2024, 2400064 2400064 (29 of 39)

www.advmattechnol.de

/ Liquid adhesive supply

- R
- \
> \
e

feed supply )

Inkjet print head
Part

Build piston
piston Build chamber

Figure 28. Schematic of the binder jetting (BJT) printing process. Repro-
duced with permission.[174]

withdrawn by compressed air. In order to grant mechanical prop-
erties, the curing of the binder, and sintering are done.['”3]

Compared to powder bed processes such as LM and LS, a
wider range of materials can be used since there is no restric-
tion of melting point.[34172173] Nevertheless, several factors such
as materials used (the relationship of the properties of pow-
ders and binders), layer thickness, and delay time of spreading
a new layer must be taken into account to prevent defects in the
printed object.'”>] Because of those drawbacks, the binder jetting
methodology has practically not been used in the production of
3D structures for supporting catalysts.

In this regard, Bui et al.['7®177] have reported the use of the BJ
technique to produce catalysts, initially in pellet configuration,
but later in monolithic shape. In their first approach, the authors
applied the binder jetting technique to print spherical and cylin-
drical pellets of Ni-Al catalyst for CO, methanation. Later, the au-
thors also leveraged this procedure to obtain monolithic shaped
catalyst and compared it to the DIW process.['”®] In this case, alu-
mina monolithic supports were fabricated by both DIW and BJ
and later loaded with Pt by dip-coating to test them in the de-
hydrogenation of perhydro-dibenzyltoluene. For the BJ process,
authors prepared the bed material mixing boehmite and bayerite
powdered binders with polyvinylpyrrolidone (PVP) to bind the
powder upon contact with the printing liquid. On the other hand,
the printing liquid formulation consisted of boehmite, isopropyl
alcohol, and butanediol. After printing, the sample is depow-
dered, dried, and calcined (600 °C for 2—4 h) to remove PVP
binder. Then, a further infiltration with an aqueous solution of
boehmite to introduce additional particles into the porous parti-
cle framework and increase stability, was realized. In compari-
son, the DIW ink was formulated just with boehmite and acetic
acid. A calcination step was carried out in the same way for both
techniques (1100 °C for 3 h), followed by the dip-coating with
H,Pt(SO;),(OH). While DIW creates smoother surfaces, the B]J
process produced more porous and rougher surfaces. In this re-
spect, porosity of BJ catalyst seems to be affected by the addition
of binders, therefore, with the debinding treatment the surface
area increased, whereas from the calcination step a reduction is
observed probably due to some Ni sintering. Also, the B printed
structure exceeded the designed dimensions which is caused by

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

BSUS017 SUOWILWIOD BA 11D 3|t dde 3y Ag peueob a1e saoile YO BsN JO SaINI 0} Akeiq 17 8uluO A8|1A O (SUOIIPUOI-PLE-SLLLBYWI0D" AS | 1M Ale1q 11 IUO//SANY) SUONIPUOD PUe Swid L 8U) 39S *[Z02/70/TT] uo Ariqiauluo As|im epeueld aa pepseAIUN AJ ¥9000¥Z0Z WUPE/Z00T OT/I0p/W0D" A8 1M Ateiq 1 Ul UO//SANY WO} PAPEO|UMOQ ‘0 X60.LS9EZ


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

—

Laser

Heated roller

Material —p

sheet T

—_

Fabricated part and
support material

Material
supply roll

Platform

Figure 29. Schematic of the sheet lamination (SHL) printing process. Reproduced with permission.

hardware related printing inaccuracies or bleeding (which is a
macroscopic flow of binder caused by high ink saturation level).
Besides, shrinkage is 3 times higher than that of the DIW sup-
port for low calcination temperatures and are almost the same
for 1000-1200 °C calcined structures (~12%). At calcination tem-
peratures above 1000 °C compressive strength of DIW increases
almost four times regarding BJ, though, for both materials this
treatment led to a drastic surface area reduction. The Pt loading
resulted higher for the B] monolith since it contained more meso
and macropores, however, both catalysts showed equal dehydro-
genation rates of 2.7 gH, g, “'min~'.

Taking this case, the achievement of the desired design and di-
mensions is apparently harder with the binder jetting technique
since the deposition of the binder ink is not as precise as other
AM technologies above presented. Moreover, the use of binders,
as usually observed with other techniques, implies a porosity
blockage and thus a post treatment to eliminate them from the
structures is needed. Nevertheless, the liquid ink properties are
not as challenging as those required for preparing inks for DIW
or resins for vat photopolymerization processes. Therefore, when
controlling the printing hardware and ink level, binder jetting
may be an attractive option for producing monolithic catalysts
with rough surface. This characteristic can be used as an asset by
avoiding the necessity of pre-treatments that are often required to
facilitate the deposition of active compounds on other materials.

7. Sheet Lamination

The sheet lamination (SHL) technique, also named as laminated
object manufacturing (LOM), consists of laminating a sheet of
printing material with the help of rollers, then bonding and cut-
ting (or vice versa depending on the configuration of the equip-
ment) consecutive layers of the material until the construction
of the piece is completed (Figure 29). To bond layers different
thermal and mechanical sources of energy are used, involving
bonding mechanisms such as adhesive bonding, thermal bond-
ing, sheet metal clamping, and ultrasonic welding.'”! The cut-
ting is made with a laser (usually CO,) or a blade (mechanical
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cutting), with a depth of the thickness of a layer following a pat-
tern generated by a computer program. (8]

This is a hybrid additive manufacturing process, which al-
lows the construction of larger parts at higher production speeds,
also avoiding defects caused by solidification process, however, in
some cases a final processing is required to improve the surface
quality. Moreover, traditional SHL is not able to produce multi-
material structures and the capability for obtaining complex ge-
ometries is not comparable with other AM techniques since it
is not adapted to finely detailed structures and depends on the
shape and thickness of the sheets.!17%18%] In consequence, the lim-
itations of laminated object manufacturing have inhibited its ap-
plication in catalysts synthesis.

Scarcely, the work realized by Lei et al.'82] can be pointed
out, who have proposed the combination of LM and laminated
object manufacturing to obtain a novel catalyst for hydrogen
production via methanol steam reforming. 316 L stainless steel
sheets were produced by laser melting, subsequently cleaned
and coated with an aqueous solution of Cu(NO;),, Zn(NO,),,
Al(NO;);, Zr(NO;),, and AL O, to strength the adhesion. Later,
multiple hexahedral mesh sheets were bonded through sheet
lamination to conform a structure with periodic units. This ma-
terial had large specific surface area and connectivity, and some
surface roughness that favored the active phase adhesion was also
observed. Additionally, catalyst displayed a good performance in
methanol steam reforming (reaching up to 90% methanol con-
version), which also resulted superior compared to a commer-
cial stainless-steel fiber sintered felt (%10% higher). Whereas the
structure of commonly used metal foams for this catalytic process
cannot be entirely controlled or reproduced,*®3-18°] the procedure
proposed by Lei et al. allows to obtain reproducible materials with
a high exposed surface area for depositing the active phase.

8. Structure Geometry Effect

Thus far, the research of additive manufacturing applied as an
innovative tool in monolithic catalysts synthesis has been fo-
cused on the modification or generation of new materials—either
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Figure 30. Examples of novel and non-straight channels designs: a) prismatic cavities along the channels(*]; b) asymmetrical channels®*l; c) incor-
poration of axial and radial channels!'®l; d) stacked zigzag channels['*%]; e) periodic lattices of different shapes!®l; f) interconnected crisscrossed
channelsl'®]; g) stacked woodpile-like layers!'3]; and h) Gyroid and Voroni periodic units.[?] Adapted with permission.[16:43:54,143,150,165]

resins, inks, or filaments—, adjustment of printing techniques,
and/or implementation of post printing treatments to modify
the structure or load it with other compounds. Notwithstanding,
most works report the use of additive manufacturing to prepare
monoliths of conventional configuration of straight and parallel
channels, and few studies have been realized to analyze the ef-
fect of channel geometries on catalytic performance. Though, it
is important to point out that additionally to the properties pro-
vided by the diverse available materials and additive manufactur-
ing techniques, 3D printing offers the possibility of designing the
channel geometry, therefore, exceeding the limit of straight con-
figuration imposed by conventional synthesis methods. This may
result in a huge advantage in reactions where diffusion, mixing,
and/or heat transfer limit the performance, regardless of the base
material (either polymer, ceramic, carbon, metal, etc.).

In regard to the scarce non-traditional monolithic struc-
tures developed so far the following modifications can be men-
tioned: i) addition of circular or square grooves lengthwise the
channels (Figure 30a), ii) asymmetrical channels with reduc-
tion of the cross section (Figure 30b), iii) combination of ax-
ial and radial channels (Figure 30c), iv) zigzag shaped channels
(Figure 30d), v) pseudo-random and periodic lattices (Figure 30e),

Adv. Mater. Technol. 2024, 2400064 2400064 (31 of 39)

and vi) interconnected channels—either by crisscrossed chan-
nels (Figure 30f), stacking woodpile like layers with different off-
set angles (Figure 30g), or use of periodic units or fluid guiding el-
ements (Figure 30h)—. One of the benefits of using complex de-
signs is the amelioration of the deposition of active phases, as cor-
roborated by Chaparro et al.[*] The authors used SLA technique
to print two non-conventionally shaped monoliths with hollows
through the structure (Figure 30a). They explored and compared
the effect on the active phase anchoring of those grooves and the
doping of the liquid resin with inorganic materials. The results
demonstrated that the use of the advanced design leads to load
similar quantities of active phase in relation to doped monoliths
while necessitating a reduced number of steps.

Furthermore, some authors have reported the advantages of
their novel and sophisticated monoliths designs in comparison
to conventional honeycomb like structure. The principal effect
of non-straight channels has been proven to be the generation
of turbulence within them due to tortuous paths, contrary to
conventional straight channels which force laminar flow creating
radial diffusion limitations.[>*1%%] This, in turn, boosts the inter-
action between reagents and catalyst, increases the fluid diffusion
and mass transfer, as well as improves the heat transfer.'3] In
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Figure 31. a) Geometry of conventional honeycomb monolith (CM) with straight channels (i) and advanced non-channeled (NCM) design composed
by several transversal discs containing deposits for the active phase loading and slits through which the gas circulates (i), and velocity profiles inside
of NCM, adapted from[“®l; b) General structure and cross sectional view of 3D printed ceramic substrates utilizing different offset angles between
meshed layers from[128]; and c) Four geometry designs used for FDM of polymeric monoliths: straight channels (1), orthogonal mesh layers (11}, shifted
orthogonal mesh layers (111), and diamond structure in which each channel connects to three other channels in a tetrahedral node (V) from.['62], Adapted

with permission.[46:126.162]

relation to catalytic activity, the transfer improvement is as-
sociated to a better and faster transportation of reactants and
products between the catalyst surface and the fluid, consequently
resulting in an augment of reaction rates and conversions.[216:%]

In that respect, Chaparro et al.'*! compared a carbon mono-
lith of interconnected crisscrossed channels (that split and join
successively along the structure as shown in Figure 30f) with
a carbon monolith of conventional straight channels to analyze
the influence of the channel geometry on their catalytic perfor-
mance. The carbon monoliths were used as supports of Cu/CeO,
active phase in the preferential oxidation of CO in the presence
of H,. Due to their porosity, the active phase was loaded both in
the surface and carbon matrix. Results showed that the gas dif-
fusion through the channels and carbon matrix is influenced by
the design. The tortuous path in the advanced design favors the
turbulent flow regime, despite the flow rate employed. This im-
plies an improvement of the gas diffusion through the carbon
network which, in turn, increases the active phase accessibility
and its interaction with the reactants. Together with the activity
and availability of the Cu/CeO,, the catalytic efficiency enhanced
with the non-straight channels as observed in the T, (Tempera-
ture to achieve the 50% of CO conversion) that decreased around
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13 °C (using 240 mL min~') regarding the conventional straight-
channeled monolith.

Utilizing the flexibility offered by 3D printing, C. Chaparro-
Garnica et al.[*’! reimagined the conventional concept of chan-
neled monoliths for catalysis, creating advanced non-channeled
monolithic (NCM) supports (Figure 31a-;). These supports are
constructed from multiple transversal discs featuring active
phase deposits, with strategically placed slits allowing gas cir-
culation. The advantages of this new NCM were evaluated in
the CO-PrOx reaction. Remarkably, this material exhibited supe-
rior catalytic activity compared to traditional channeled mono-
liths (Figure 31a-), showcasing the potential of this innovative
approach for enhanced catalytic processes. Turbulence manifests
within the fluid pathway in the NCM, facilitating the transfer
of reagents and products to and from the active sites within the
fluid bulk, thereby promoting the rate of chemical reactions. Ad-
ditionally, the non-channeled monolith enhances heat dispersion
through its convoluted pathways, thereby reducing local temper-
atures at the active sites. Consequently, the transportation of re-
actants and products within the monoliths plays a pivotal role,
with the inner geometry of the monoliths exerting a significant
influence on this process.
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Hajimirzaee et al.l'?] prepared cordierite non-linear channel
catalysts washcoated with a Pd:Pt/Al, O, active phase for the ox-
idation of methane. Cordierite was obtained by a solid-state re-
action at 1200 °C after 3D printing a paste made with cordierite
precursors, water, and ethylene glycol. The structure was printed
using diverse offset angles between meshed layers (Figure 31b),
nevertheless, the walls obtained were 70% thicker than a com-
mercial monolith due to limitations for extruding the paste.
Therefore, less open area is achieved, especially for lower offset
angles, leading to a higher backpressure compared to commer-
cial straight channels cordierite monoliths. On the positive side,
turbulence is induced causing irregular fluctuations and mixing
so a better catalytic activity is reached. At moderate and high
inlet temperatures, in which the reaction rate is controlled by
mass transfer, the turbulence produced within the non-straight
channels also increases reaction rates, despite the fact it had a
minor cell density and lower amount of precious metal in re-
lation to conventional diesel oxidation catalyst, making it more
cost-effective. Besides, the same methodology was followed by
the authors using a commercial porcelain paste fixing the off-
set angle between layers in 90°.*1 The nozzle blockage with
the highly viscous ink difficulted the use of a nozzle smaller
than 0.7 mm in diameter, thus limiting the cell density that re-
sulted fourfolds lower than a conventional diesel oxidation cata-
lyst (DOC) employed as reference. The catalyst was also evaluated
in the methane oxidation but in a dual fuel system. Similar con-
clusions were attained since the 3D structure induces internal
turbulence, thus improving internal and external mass transfer
which increases the reaction rate.

The effect of the channel geometry in the hydrodynamic prop-
erties, pressure drop, and residence time distribution was an-
alyzed by Hock et al.['®?] They obtained cylindrical monoliths
with varying geometries of transport channels by a fused depo-
sition modeling (FDM) 3D printer from thermoplastic polymers
(Figure 31c). The hydrodynamic properties, pressure drop, and
residence time distribution are affected by the monolith design.
Monoliths with less complex structures (I and II) present minor
pressure drop whereas monoliths with significantly higher tor-
tuosity of the pore channels results in higher pressure drops (III
and IV). However, the effect of the channel geometry in the cat-
alytic performance was not analyzed.

Moreover, the heat transfer also helps in exothermic reactions
to the heat release, thus avoiding the generation of hot spots
within the material. In that context, Gonzalez et al.!%?] prepared
advanced-designed monolithic catalysts for CO, methanation us-
ing stainless steel powder in LM printing. The channels config-
uration was based on different sized flow guiding elements used
to bifurcate the stream and switch its position throughout the
catalyst. The obtained results evidenced the highest sized chan-
nels performed better regarding the others. This was attributed
to a favored radial heat transfer, mixing, and turbulence estab-
lished, which enhanced the catalytic activity and obtained almost
75% conversion at 400 °C. Moreover, there was not possible to es-
tablish a linear relation between the channels size and their cat-
alytic activity, however, all of them presented better performance
and selectivity regarding parallel straight channels used as refer-
ence. Lefevere et al.['% used DIW to obtain ZSM-5-coated stain-
less steel (316L) monoliths with woodpile-like layers of straight
or zigzag channels. Monolithic catalyst achieved higher conver-
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sions of methanol compared to its powder counterpart (~20%),
while maintaining the selectivity over 99%. These results were
attributed to better diffusional transport and, since the dehydra-
tion of methanol to dimethyl ether is an exothermic reaction, the
structures could help to remove the heat of the reaction. Addition-
ally, the monolith with “zigzag” tortuous channels favors turbu-
lence, thus raising the yield of light olefins. Similar procedure but
with a different coat (Ni/alumina) was realized to test the catalytic
activity in CO, methanation.!’® In which the improvement of
CO, conversion (x30%) over the “zigzag” channeled monoliths
due to a higher contact reagent-catalyst was also confirmed.

Likewise, other benefits of advanced designs have been ob-
served: enlargement of the temperature region in which chem-
ical control is maintained since transport limitations imposed
in straight channels are overcomel*®l; possibility of adjusting
the catalytic product distribution due to material selectivity!®’;
smaller pressure drop compared to powder counterpart(¢®17!]
even with fewer amount of active phase, the dispersion together
with the promoted turbulence allow greater conversions regard-
ing conventional catalyst, thus resulting more cost-effective; and
the higher cell density, the higher catalytic activity due to distri-
bution and accessibility of active sites.[¢]

)

9. Perspectives and Future Directions

Recently, the inclusion of additive manufacturing in the produc-
tion of novel catalysts has proven to be an excellent approach.
AM technology has overcome limitations in monolithic manu-
facturing by allowing the development of a wide range of compo-
sitions, geometries, and configurations with exceptional dimen-
sional precision. Numerous materials, including polymers, met-
als, ceramics, carbon, zeolites, composites, and biopolymers, ac-
cording to their characteristics, have been processed through dif-
ferent AM techniques (mainly SLA, FDM, and DIW), to success-
fully produce valuable monolithic catalysts for distinct reactions.

Nevertheless, some constraints have been encountered in the
application of these technologies or the catalysts obtained. For
instance, the use in catalysis of certain polymer monoliths ob-
tained by VPP of resins is restricted to low maximum operational
temperatures due to their thermal stability. Therefore, research
on resin modification/preparation to enhance resultant stability,
and/or improve active phase loading, would be of great interest.
Similarly, the use of some raw materials in extrusion techniques
has presented difficulties. Exploration of inks/filaments prepa-
ration, as well as the use of external stimuli for improving the
conformation of these materials during 3D printing without af-
fecting the final properties may be helpful to wider their appli-
cation. In this sense, the incorporation of the active phase could
also be improved to attain homogeneous distribution and high
accessibility, hence avoiding further processing steps. Addition-
ally, the use of metals in PBF which can be activated after printing
to be used directly in catalytic reactions is another feasible fabri-
cation improvement worthy of further study to avoid active phase
loading steps.

Although it is known that traditional synthesis methods re-
strict monolithic structure geometry to parallel straight channels,
which, in turn, impose laminar flow and present heat and mass
transfer limitations, the potential for surpassing these issues
through AM has not yet been extensively explored. The feasibility
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offered by AM in achieving diverse unconventional, sophisti-
cated, and complex monolithic designs, may be an opportunity
to create tortuous paths for avoiding or diminishing the laminar
flow regime. Thus, investigating and assessing the impact of
novel non-straight designs on fluid dynamics, catalyst-reagent
interaction, and ultimately catalytic performance represents a
path toward the breakthrough in monolithic catalyst develop-
ment. Moreover, enhancing fluid-catalyst interaction through
intricate pathways may not only boost reaction rates and increase
flow rate processed, but also optimize the utilization of active
phases, typically costly, thereby offering cost benefits.

Overall, the accessibility, high-speed production, reduction
of material wastage, and consequent cost-effective products
achieved through AM are continuously expanding its applica-
tions, study, and significance in the catalytic field.

10. Conclusions

Due to the diversity of printing methods and materials, 3D print-
ing has become a powerful tool for advanced manufacturing of
monolithic catalyst. This review includes the AM technologies ap-
plied so far in this field. Nonetheless, it is important to mention
that some other AM techniques have not been explored yet in the
synthesis of monolithic catalyst—Material Jetting (MJT) and Di-
rected Energy Deposition (DED)—. Those technologies present
several drawbacks, such as limitation of materials due to oper-
ating temperatures, expensive and detrimental powders (DED
process), expensive equipment, poor accuracy, thick layers, null
recyclability of materials, and slow building time.[*8¢187] Despite
that, owing to their mechanism these 3D printing technologies
are suitable for coating on complex surfaces, hence having po-
tential for their use in the preparation of catalyst. The implemen-
tation of MJT and DED, not to conform monolithic supports but
to cover them and deposit catalytically active compounds, results
interesting for attaining highly developed catalysts.

Regarding the most used methods, each one has its advan-
tages and drawbacks in terms of resolution, applicable materi-
als, printing speed, or operational conditions. Therefore, the se-
lection of the additive manufacturing technique depends on the
properties that are sought to be obtained in the 3D printed cat-
alyst as well as the printing requirements. However, regardless
of the chosen method, there is an opportunity to explore dif-
ferent materials and novel configurations/shapes non attainable
with traditional methods. The latter remarkably distinguishes the
benefit of this alternative technology since complex designs have
proven to promote turbulence within the catalysts. Contrary to
traditional straight channels that force laminar flow of the fluid
with radial diffusion limitations, the turbulence generated in ad-
vanced designs further leads to better mass and heat transfer, en-
hanced reactant-active sites interaction, thus increasing reaction
rate, conversion, and selectivity.

Likewise, the active phase charging procedure must be ade-
quately selected. It could be carried out either before, during, or
after the printing process, and is also associated to the material
nature, printing method, and accessibility of active sites after de-
position. On the other hand, an important aspect to consider dur-
ing the design, mainly when requiring thermal post treatments,
is the possible shrinking of the structure. Taken the shrinkage
into account, we can assure the obtainment of the catalyst with
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the desired dimensions at the end of the manufacturing process.
Once all these aspects are covered, specifically designed mono-
lithic catalyst with outstanding characteristics that exceed the per-
formance of conventional catalyst in terms of activity, stability,
reusability, and ease of manipulation may be attained. Based on
all the above, it can be stated that 3D printing versatility is an
alternative that enables outperform conventional catalysis.
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