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Abstract

The catalyst industry generates approximately $20 billion every year globally and plays a

major role in the energy production sector. Traditional industrial catalysts (e.g., pellets)

typically have mass and heat transfer limitations, and cause a pressure drop in continuous-

flow reactors, lowering the efficiency of the catalytic processes. 3D printing technology has

evolved rapidly over the past decade, and the 3D printing of catalysts with desired geometries

can address many of the above-stated challenges with traditional catalysts. However,

challenges remain to be addressed and opportunities remain to be explored before the full

potential in the design and 3D printing of novel catalysts can be realized. This article reviews

the recent development in the 3D printing of catalysts. It summarizes the 3D printing design,

dimension, property, and performance of 3D printed catalysts. The applications of 3D printed

catalysts, such as reforming, wastewater treatment, and CO2 capture and removal, are

discussed, with a techno-economic analysis and life cycle analysis. Future research directions

and opportunities for 3D printing of catalysts are also highlighted.

Keywords: 3D printing, additive manufacturing, catalyst, energy, geometry
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1. Introduction

3D printing, or additive manufacturing, has rapidly evolved into a burgeoning field due to

its broad range of applications. This technology allows for fast prototyping of virtual models

by accumulating materials layer by layer [1-4]. Traditional catalyst manufacturing techniques

involve several steps and processes to produce a final catalyst material that can be used in

various chemical reactions. Some common synthesis techniques include impregnation,

precipitation, sol-gel, spray drying, hydrothermal synthesis, and plasma spray [5]. Compared

with traditional catalyst manufacturing techniques, 3D printing offers great flexibility to

fabricate micro/macrostructure catalysts with highly complex geometries by controlling key

printing parameters, such as fabrication speed, nozzle diameter, and layer thickness [1]. Most

of the current 3D printed catalysts are synthesized through a material extrusion [6, 7].

However, this approach does not provide a satisfactory resolution, accuracy, or surface finish

for the 3D printed objects [8]. It has been reported that stereolithography and digital light

processing can improve the 3D printing quality of catalysts. Other approaches, such as

selective laser sintering, and selective laser melting are potentially viable techniques for

catalyst manufacturing [6, 9].

A catalyst is a substance that can speed up a chemical reaction without consuming itself.

There are multiple forms of catalysts, including atoms, molecules, enzymes, and zeolites.

They can interact with reactants in gas, liquid (pure, diluted in a solvent or molten salt

media), and occasionally solid phases, or a combination of them [10, 11]. There are three

known types of catalysts: homogeneous catalysts, heterogeneous catalysts, and bio-catalysts

[12]. Specifically, heterogeneous catalysts relate to systems wherein the reaction occurs in

different phases, whereas homogeneous catalysts and their reactants are coupled in the same

phase. Biocatalysts are of natural origins, such as an enzyme, that can be utilized in the

transformation of organic compounds [13].
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Catalyst synthesis is defined as the process of fabricating catalytic materials, and the most

common catalysts are made of metal oxides. Currently, several catalyst synthesis methods

exist, including impregnation, strong electrostatic adsorption, and deposition precipitation

[14, 15]. The most common method of synthesis is impregnation, which can be further

separated into sequential and co-impregnation [16]. In general, impregnation is carried out by

contacting an oxide support with a solution of a salt or another soluble compound of the

desired metal [16]. Strong electrostatic adsorption is an improved method of impregnation, in

which electrostatic interactions are induced to control the pH of the impregnation [17].

Deposition precipitation, like impregnation, is also carried out in the presence of oxide

support. However, the new compound concentration is increased to prevent bulk phases from

forming in the solution [18]. The overall behavior and characteristics of a catalyst are

influenced by the method of preparation, as this can influence factors such as metal-support

interactions, activity, and reagent accessibility [16].

Traditional synthesis techniques restrict the complexity of the catalyst structure and,

therefore, limit its properties and application scope [19]. 3D printing methods are among the

most influential technologies that enable the manufacturing of catalysts with complex

geometries that are otherwise impossible to produce using traditional synthesis methods.

Geometrically customizable catalysts have many advantages in reactions where diffusion,

mixing, and/or heat transfer restrict reactivity performance [2,3]. Certain geometric designs

of catalysts can effectively mitigate hot spots (e.g., more consistency) that are often found in

conventional packed bed reactors [20]. Being 3D printing can also help address known

overheating challenges in hypersonic aircraft while providing other property tuning solutions

[21]. Additionally, 3D printing can enable the manufacturing of catalytic systems with

characteristics tailored precisely to match any type of feedstock, scale, and process that may

be needed at a specific time and location [22]. These flexibilities can promote the local
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processing of waste or feedstocks that are difficult to transport, or where transportation is

limited. 3D printing of catalysts can also facilitate interactions with other disciplines such as

chemistry, materials science, and computer science. For example, fluid simulation and

chemical engineering simulation can provide direct guidance on digital design and property

optimization of catalysts without repetitive experimental efforts [5]. Integration of new

technologies, such as cloud computing and artificial intelligence can enable wireless, smart,

and highly accessible 3D printing of next-generation catalysts.

The application of 3D printed catalysts has attracted significant research interest due to

their flexibility and efficiency [23]. 3D printing enables the design and production of

heterogeneous monolith catalysts with advanced and nonconventional shapes that

conventional manufacturing methods have not achieved [8, 22]. Hydrogenation and metallic

catalysts with three-dimensional porous architectures via 3D printing techniques have also

been proposed, whereas previous synthesis methods are limited by a narrow range of pore

sizes [24-26]. There are also various potential applications in continuous flow catalysts and

electrocatalysts with the use of suitable 3D printed design devices that allow for finer control

of the customized geometry [27]. Despite these advantages, the 3D printing of catalysts poses

certain challenges. Firstly, the number of materials that can be used for 3D printing is

relatively limited in comparison to the vast number of materials currently used in traditional

catalytic synthesis [28]. This is because the materials used in 3D printing are restricted to

those that can withstand high strains while still performing their original function [29]. The

link between the structure and performance of catalysts is not well understood or

documented. A great deal research effort is required to establish meaningful structure-

property-processing relations for the 3D printing of catalysts [30].

Current literature has focused on highlighting potential 3D fabrication methods for catalyst

synthesis on commercial scales. Reviews such as those by Zhu et al. introduce various 3D
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2. 3D printed catalysts, characterization, and performance

2.1 3D printed catalysts

Heterogeneous catalysis is the foundation of the chemical industry. For close to a century,

researchers have focused on developing catalysts with better selectivity, higher yield of

desired products, and less deactivation. Although the catalysis community still strives for

better chemical reactivity, the past couple of decades have seen greater attention placed on

energy efficiency, reduced noble metal utilization, and better resource utilization for

significant reduction of byproducts and waste generation. Furthermore, whereas the chemical

industry has traditionally relied on economies of scale, resulting in large-scale chemical

plants, the recent thrust of work on distributed manufacturing relies heavily on state-of-the-

art smaller compact reactors, with higher efficiencies. 3D printing has been explored to meet

these distributed manufacturing goals. Though it has seen more implementation/adoption in

the fields of biological and physical sciences, the scope of the catalysis community is still at

the research scale.

3D printing also has promising benefits in terms of rapid prototyping, better

reproducibility, and better, more complex catalyst structure design. The separation of

catalysts from the reaction mixture is energy intensive. 3D printing catalysts can address

known problems of leaching and loss of catalysts. However, the field is developing the

capability of manufacturing catalysts of many currently used and desired materials,

expanding its material capabilities. Here we showcase some of the key advances in this

evolution. There have been significant developments in printing transition metal catalysts,

costly noble metals, metal oxides, and complex multi-component mixed metal oxides to

better support structures, monoliths, and potentially the futuristic designs of self-catalytic

reactors. The different 3D printed catalysts and their applications are summarized in Table 1.

Various 3D printed catalysts have been explored and their major applications include oxygen
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reaction. The strategic development of 3D printed catalyst supports with noble metal

impregnations has demonstrated greater durability and superior reaction performance. A

highly complex PtO2/WO3-based catalyst has been synthesized by the digital light processing

[35]. The catalyst showed excellent activity toward the semi-hydrogenation of alkynes. Lind

et al. [36] also demonstrated methods to prepare hybrid catalysts with better reaction

properties. Platinum impregnations on 3D printed intricate iso-reticular Al foam proved

efficient for NO oxidation. Bulatov et al. [37] reported selective laser sintering 3D printing of

Pd/SiO2 catalysts that exhibit better usability of catalysts for Suzuki-Miyaura cross-coupling

reaction. Moreover, multicomponent heterogeneous catalysts with immobilized copper and

palladium on 3D printed SiO2 architectures have been designed by Diaz-Marta et al. [38].

These catalysts exhibit reduced metal leaching, thereby extending the reusability by 10 times.

2.1.2 Transition metal catalysts

One of the main challenges of catalytic reactions in large industrial settings is the scale-up.

Although a great deal of lab-scale work on novel catalyst synthesis has been performed,

economically feasible and efficient large-scale production is a current limitation. Single-atom

catalysis is probably one of the best examples to demonstrate this challenge. Advances in 3D

printing technologies can enable the use of such catalysts at a large scale, as shown in Figure

3 [39]. Traditionally synthesized catalysts not only suffer from reproducibility, but they also

involve complex, convoluted steps. 3D printing can improve the production of digitally

designed complex catalyst structures at a large scale.
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Figure 3. The 3D printed single-atom catalysts for industrial applications [39].

Catalyst immobilization is another important research area that has drawn attention in

pursuit of a way to avoid catalyst leaching or loss. Tubio et al. demonstrated 3D printing of

Cu catalysts on an Al2O3 matrix [19]. The woodpile structured catalyst showed high

mechanical strength, high surface-to-volume ratio, and better porosity. This Cu/Al2O3 system

was tested for Ullmann reactions and demonstrated no catalyst leaching issues. In addition,

we previously successfully 3D printed zeolite and Ni-based zeolite monolith catalysts (cross

3 × 3) with superior mechanical strength [48]. However, the nozzle diameter of the 3D printer

is limited to 1.2 mm because the smaller nozzle can block the material flowing. Lucentini et

al. showcased the formation of woodpile-structured Ni/CeO2, demonstrating excellent

ammonia decomposition catalytic activity [40]. Waste-water treatment via advanced

oxidation processing demands highly robust, efficient catalytic systems. Yang et al.

developed Cu-doped metallic glass-based 3D hierarchical porous architectures, shown in

Figure 4 [24]. It allowed for a 620 times higher RhB dye (one common organic pollutant in

wastewater) degradation rate than that achievable via conventional nano zero-valent iron
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Figure 5. Multicomponent mesoporous metal oxide synthesis and catalytic activity

(SDA: structure-directing agent) [50].

Zeolite frameworks also serve as great catalysts. Rapid 3D prototyping of metal/metal

oxides on zeolite frameworks will enable better integration of 3D printing and catalysis.

Magzoub et al. used direct ink writing of oxides (Ga2O3, ZrO2, and V2O5) with ZSM-5 for

methanol to dimethyl ether [44]. The use of 4 wt% Ga2O3 alongside ZSM-5 produced the best

results: 85% methanol conversion as well as 74% dimethyl ether selectivity. Even 3D printed

catalyst supports can be helpful. High-precision Gamma-Al2O3 structured catalysts were 3D

printed, and excellent hydrogen production rates were observed from methanol, much higher

than those of alumina pellets [45]. This finding represents a huge possibility for tuning acid

sites via 3D printing.

In summary, the 3D printing of catalysts and catalytic reactors are promising pathways for

conducting chemical reactions at higher efficiencies, often attributed to higher surface areas,

complex geometries, and reduced catalyst loss. These methods also allow for better

integration of sequential catalytic reactions, and the development of modular reactors that are

well-suited for feedstock-dependent chemical manufacturing. High-throughput catalyst
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screening can be conducted more efficiently due to the accelerated synthesis of 3D printed

catalysts and rapid prototyping of support and microreactor geometries.

2.2 3D printing design

2.2.1 Advantages and disadvantages

We previously utilized the traditional methods (including wet impregnation, and

conventional extrusion) to synthesize different types of catalysts [51-54]. However, 3D

printed catalysts can have many benefits in comparison to traditional catalyst synthesis

methods such as wet impregnation and the one-pot sol-gel method. Table 2 presents a

comprehensive comparison between 3D printing and alternative fabrication methods. The

most important advantage of 3D printing is its capability to design and fabricate

sophisticated, three-dimensional, precisely controlled designs of different catalytic materials.

3D printing stands out by enabling the realization of any conceivable geometric design with a

certain resolution and freedom of material selection. In contrast to traditional manufacturing

technology, the focus of 3D printing technology is oriented toward complexity,

customization, precision, and optimization of catalyst structure to shorten the development

cycle of products. With augmented architecture, the catalytic performance can be enhanced,

allowing for speedier, large-scale production and the synthesis of specific products,

facilitating on-site and on-demand production of chemicals [55].
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Table 2. Comparison of process parameters of 3D printing with respect to other fabrication

processes.

Process parameter Pelletization Wet impregnation Sol-gel Extrusion 3D printing

Structure resolution Low Low Low Medium High

Processing time Fast Slow Medium Medium Slow to fast

Material selection

adaptability

High High Medium Medium High

Freedom of geometry Low Low Low Medium High

3D printing of heterogeneous catalysts can be leveraged to customize metal-support

interaction which is a very critical feature for a catalytic system through the reduction of

metal and hindering metal sintering [55]. Micro-structured Au/TiO2 catalyst was fabricated

by Elkoro et al. [56], where a filamentous titania support structure was fabricated by 3D

printing, followed by an Au nanoparticle impregnation for photo-catalytic production of H2.

This method was more advantageous compared to the wet impregnation and sol-gel method

because the Au nanoparticles were deposited exclusively on the surface of the support

structure. This technique resulted in a 2-3 order higher production of H2. Furthermore, 3D

printing has been shown to provide the advantages of tailoring the population and the nature

of active sites. Sun et al. [57] used an iron-containing polylactic acid matrix for 3D printing

of an impeller-shaped catalyst structure followed by an H2O2 etching step to expose Fe active

sites for the Fenton reaction. Active reaction sites can also be customized for 3D printed

catalysts via a post-treatment.

2.2.2 Printing parameter selection

3D printing parameters can be divided into four major categories to control the robustness

and activeness of the scaffold: rheological, physiochemical, mechanical, and geometric, as
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had more active phase anchored in them than did the traditional design (flat walls). The

developed non-channeled advanced monolithic supports, which are made up of numerous

transversal discs also showed that changing the geometry of the monoliths can also optimize

the catalysts. In comparison to the powdered or channeled monolith sample, the temperature

range in which the active phase may operate under chemical control is 31% larger in non-

channeled advanced monolithic support [22].

Figure 10. Conventional and nonchanneled monolith design. (a) Conventional

honeycomb monolith with straight channels and (b) nonchanneled design composed of

several transversal discs and slits: (i) overview of the part, (ii) top view, and (iii) bottom

view; geometry for (c) a conventional honeycomb monolith and (d) a nonchanneled monolith

[22].
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2.3 3D printed catalyst geometry, characterization, and catalytic performance

Although 3D printing can create any form of complex shape and structure, the final

catalyst form should be compatible with the mechanical and thermal properties, topology,

desired micro-and macrostructural properties, and catalytic functionality of the target

application. While the focus here is on thermochemical applications, 3D printing finds

various applications in electrochemical [27, 33, 34] and photochemical areas [35, 82]. The

3D printing of electrocatalysts is rather limited due to limitations in material processing in 3D

methods. Whether it is fused deposition modeling or stereolithography technique, 3D printing

requires addicting additive materials for processing that are often non-conducting polymers.

Also, 3D printing of solid-state electrolytes does not bring advantages compared to

conventional routes. After 3D printing, the material still requires post-processing such as

thermal annealing and carbonization. Even limited, lab-scale measurements show increased

electrochemical reactivity due to the superior mass transport and high surface area of 3D

printed catalysts compared to conventional catalysts. A detailed review of the 3D printing of

electrocatalysis can be found elsewhere [31, 83]. 

2.3.1 Shape and dimension

3D printing can create much more complex structures that are beyond the range of

conventional techniques. Customized geometries can be created in a simple, fast, and low-

cost manner. 3D printing also offers high accuracy. A printing layer as thin as, for example,

16-micron can be achieved [68]. Thus, compared to the conventional mass production

techniques, 3D printing offers much more control at both micro and macro scales. A uniform

metal dispersion, pore size, and pore network can be created that can improve catalytic

activity and selectivity. With no limitation in shape, form, and precise control in thickness,
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3D printing expands the possibilities for innovative reactor designs for the process

intensification [84-87].

Despite the manifold advantages, some challenges exist for 3D printing that can limit its

widespread usage. 3D printing offers fast prototyping, but the printing rate can be slow for

mass-volume production. Most advanced engineering materials require multi-material

manufacturing. Although 3D printing of single materials can be fast and well-practiced,

multi-material processing is much better understood in the context of conventional techniques

[88]. It is important to note that these hurdles are not technical limitations but, rather, require

significant time and effort investments to develop protocols and methods enabling the

widespread use of 3D printing.

Although any shape and design can be created with almost every catalytic material or

support, 3D printing requires that a material be suited for process parameters such as

temperature, viscosity, and plasticity. Thus, additional additives such as binders and

plasticizing agents are required [89]. The use of binders, polymerization agents, process

temperature, and the speed of 3D printing can alter the mechanical and catalytic properties of

the final form.

Most of the literature reviewed herein compares the 3D printed structure against the lab-

scale powder form catalysts. However, it is important to note that the lab-scale powder form

catalysts do not include binders; for that reason, the powder formula is not readily scaled up.

Most powder catalysts are commercialized in the form of pellets, which contain binders as

well. Lab-scale powder form catalyst properties can significantly change when it is upscaled

and mass-produced in pelletized forms. On the other hand, because the 3D printed catalyst

does contain binders and plasticizing agents, the formula of a 3D printed catalyst can be

upscaled directly from the lab-scale to the commercial scale. The change in the microscopic

properties in 3D printed catalysts is due to the binders and plasticizing agents used, not
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porous open cellular structure designs in the form of porous metal foams [90].

Figure 11. Various shapes and forms of porous open cellular structures [90].

Porous open cellular structures with tunable properties and a micron range channel cross-

section, as well as controlled wall thickness, can improve the heat and mass transfer within

and through the channel walls [87, 91]. Compared to fixed-bed reactor applications with the

powder form, monoliths offer reduced pressure drops and better heat conduction, along with

efficient utilization of catalysts. Traditional packed-bed reactors are on the orders of 10×

meters running with the 1000× kg scale catalyst at temperatures as high as 1000 °C.

Microchannel reactor approaches enable the creation of small and compact systems that

improve process safety.

A very common form of porous open cellular structures is that of monoliths in which the

flow does not mix and is divided in the channels. They can be used in electrocatalysis,

photocatalysis, and thermal catalysis. The monolith supports can be 3D printed following the

active phase deposition, or the monolith itself can be made from active catalysts such as

zeolites. Figure 12 shows a 3D printed Cu/Al2O3 catalyst before and after the sintering [19].



31

Figure 12. Optical images of the Cu/Al2O3 structure: dried (a and b) and sintered (c and d)

[19].

3D printed monolith structures can be Al2O3 [19, 92, 93], SiO2 [38, 94, 95], zeolite [58,

71], MOF [96], even the cement or cement containing Al2O3 [97], and metal [90]. In 2003,

the 3D monolith structures were already made of Al2O3 and fabricated through a robocasting

technique [98]. The use of Al2O3 as a support or monolith is very common and practiced at

commercial scales [99]. Thus, there is a great need and opportunity for Al2O3 3D printing in

the use of CO2 methanation, CO oxidation, and cross-coupling reactions.

2.3.3 Mechanical integrity

Whether 3D printed or conventionally produced, mechanical integrity is a challenge in

catalyst production technologies at commercial scales. The trade-off between producing

highly porous materials with high surface area and enhanced mass transport and mechanical

strength tests catalyst design. High pressure and high reaction temperature require

mechanically and thermally stable catalysts. The binders are known to decrease the
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mechanical strength of the catalysts. Moreover, the use of binders in 3D printing technology

is crucial to sustaining strong extrusion behavior to adjust volumetric flow and the speed of

the nozzle movement. High viscosity is maintained during extrusion to avoid collapsing the

printing. Therefore, high binder content is necessary. The amount and the type of the binder

can certainly affect the morphology and the final mechanical strength of the structure. One

class of catalysts that exemplifies weak mechanical strength is zeolites. 3D printed zeolite

catalysts are known to have poor mechanical strength due to their highly porous structures

and the use of binder weakens the mechanical strength [58, 60]. In 3D printed composites,

the mechanical integrity is typically addressed by including supporting fibrous material

within the bulk of the structure (e.g., chopped carbon fiber and silicon carbide fiber). This

concept can be adapted for 3D printing of brittle and low-strength catalysts or to enforce

larger sizes of monolithic catalysts.

Lefevere et al. [60] developed a 3D printing technique for the ZSM-5 monolith. Their

study highlighted the importance of the binder system in improving mechanical strength.

They optimized the binder system for the ZSM-5 catalyst and concluded that the use of a

multiple-binder system could help improve the mechanical strength. They have suggested

using an aluminophosphate/bentonite combination as a binder system for zeolites to improve

their mechanical strength.

Wang et al. [100] tried to eliminate the use of binders for 3D printing zeolite to improve its

mechanical integrity. They have developed a binder-free (ZM-BF) 3D printing technique for

commercial NAX zeolite powders that are designed for CO2 adsorption (Figure 13a,b).

Instead of a binder, halloysite nanotubes were used as a printing ink additive (ZM-WB).

Following the high-temperature calcination, a hydrothermal crystallization technique was

used to remove the halloysite nanotubes and produce a binder-free 3D printed zeolite

monolith. Mechanically stable monoliths with very high channel density (645 channels per
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microns, which is challenging using 3D printing techniques. The washcoat layer should be

well-attached to the monolith walls to avoid any mechanical and chemical degradation during

the catalytic process. The final structure should be mechanically and thermally stable under

the target reaction conditions. If annealing or sealing is needed, the catalyst should be stable

under the process temperature.

Konarova et al. [41] 3D printed a catalyst on a metal microchannel reactor in the form of

counterflow heat exchangers. The Chevron heat exchangers were used as the microchannel

reactor and MoS2 nano-powders were 3D printed on the metal heat exchanger plate. The

reactor was assembled by vacuum brazing and was tested for the syngas to ethanol process.

The authors reported a lower ethanol yield compared to their earlier 3D printed structures

which used single-step 3D printing of a NiMoO2 monolith catalyst. They speculate the

catalyst deactivation and sintering during brazing. They also report the change in byproduct

composition (CH4 and CO2) that requires optimization in the catalyst integration.

Recently, Cannio et al. [102] developed a 3D printing technique for Polymer Electrolyde

Membrane Fuel Cell (PEMFC) electrodes. They have used the microextrusion technique but

replaced the extruder with a peristaltic pump that makes the catalytic ink flow onto a flat 50 ×

50 × 0.5 mm substrate to form a Pt/Nafion layer. They reported homogenous deposition

layers with good adhesion and cell performances comparable to the standard

electrodeposition technique. The difference in the cell performance was attributed to the

different morphology caused by the different deposition techniques used. No long-term

thermal or mechanical stability was reported.

Although the 3D depositing of a catalyst layer remains a challenge, one alternative

approach is the use of the two-step process to deposit catalysts on a 3D printed structures [42,

90]. The spin-coating, wet impregnation can be applied to the 3D printed structures to deposit

desired catalyst washcoat layer.
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Konarova et al. [41] created a 3D printed NiMoO2 catalyst based on extrusion and

compared it with the traditional pellet catalyst; this was then tested for CO hydrogenation to

form alcohols. By modifying the fabrication techniques, they were able to create cellular

carbon structures with open porosity, uniformly dispersed across the carbon scaffold. 3D

printing enables micro/macro interconnected pores. When compared with the traditional

pellet forms, the 3D printed catalyst showed superior catalytic properties and a 100%

increase in CO conversion.

Lawson et al. [73] 3D printed metal oxide (V2O5, ZrO2, Cr2O3, and Ga2O3) doped zeolite

catalysts in monolith form. Evenly distributed open channels with no structural defects were

presented. Their N2 physisorption analysis showed no change in the pore size and structure

between 3D printed and powder zeolite catalysts. A surface area reduction of approximately

20% was noted in the 3D printed zeolites. A more drastic pore size and shape change was

recorded on the V2O5 samples due to the high process temperature where the Si-OH hydrates

the V2O5 into VO2+. When compared against the powder form, the 3D printed monolithic

catalyst showed prolonged catalytic stability, enhanced metal-oxide reducibility. However, a

3% decrease in propane conversion and a 5-15% decrease in propylene selectivity were

observed in 3D printed structures.

Qi et al. [96] studied 3D printed MOF monoliths. They have observed improved robustness

benefitting from substrates and 3D printing; enhanced reusability facilitated by integrity;

additional pores and active sites for accommodating more guest molecules; and enhanced

processabilities. These features enabled the transition of commercial scalability rather easily

compared to conventional techniques.

Magzoub et al. [71] 3D printed ZSM-5 zeolite monoliths and doped them with Ga2O3,

Cr2O3, CuO, ZnO, MoO3, and Y2O3. They have studied the methanol to hydrocarbon

chemistry with and without CO2. The 3D printing allowed them to create monoliths with
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Figure 14. 3D printed ZSM-5 monolith catalysts with high selectivity toward monomeric (a)

aromatics and (b) olefins [70, 71].

Thakkar et al. [58] 3D printed zeolite monoliths with channel diameters of 750 microns

and wall thickness of ~650 microns and used them in direct CO2 capture from air. By tuning

zeolite, binder, and plasticizing agent, they were able to 3D print up to 90 wt% zeolite

microchannels with high CO2 sorption capacity. The microchannel CO2 adsorption capacities

were comparable to that of the powder catalyst, and the adsorption capacity is directly

proportional to the zeolite/binder ratio.

The 3D printed catalysts have good prospects due to their controllability in size, porosity,

pressure drop, mechanical strength, and other physical and chemical properties. Therefore, an

increasing amount of work in recent years has further advanced the application of 3D printing

technology in catalysis. The preparation methods summarized in the previous section have all

been reported, each of which has its advantages and disadvantages.

Direct ink writing is an extrusion-based 3D printing technique, which is both easy and

inexpensive. This 3D printing technology can be applied to most catalysts, as long as it can

be directly incorporated into a rheologically suitable printing paste system. After the removal

of the solvent or polymer by drying or calcination, the residual catalyst retains a three-

dimensional structure with good mechanical strength. 3D printed catalysts have the same

reaction sites as powder catalysts, whereas their 3D structure provides better mass and heat

transfer properties as well as lower pressure drop. These properties improve the activity of

3D printed catalysts without affecting their reaction selectivity and stability, and thus this

technology has received increasing attention in the catalytic community.

Direct ink writing can be used for catalysts made from metal [34, 82], metal oxide [19,

106-109], zeolite [71, 110, 111], and carbon. For example, Biener et al. [34] prepared a three-
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dimensional alloy structure with Ag-Au ink, and after further removal of Ag, a highly porous

Au 3D printed catalyst was prepared. In the compressed test, the resulting catalyst showed

excellent mechanical strength even at porosities up to 96%. In the pressure drop experiment,

it shows orders of magnitude lower pressure drop than the Au nanoparticles indicating an

improved mass transfer property. As a result of the high porosity, the catalyst shows twice the

reaction rate of the Au nanoparticles in the methanol oxidation reaction. In the potential jump

experiment, the catalyst (t1/2 = 0.38 s) charges about two times faster than nano-porous Au

(t1/2 = 0.67 s) showing its potential in the field of batteries and electrocatalysis as well.

Similarly, Baker et al. [82] reported that the porous 3D printed Ni catalyst mitigates the gas

bubble traffic and improves the reactivity for both hydrogen evolution and oxygen evolution

reactions. Macak et al. [109] fabricated a Ti mesh with a porosity of 70% and further

anodized it to form a TiO2 nanotube layer. Compared with the TiO2 nanotube on the regular

2D Ti mesh, the TiO2 nanotube on the 3D Ti mesh was shown to be up to 5 times faster in the

photodecomposition of the methyl blue. The catalysts prepared by the direct ink writing

approach possess better mass and heat transfer properties and thus exhibit higher reactivity

than the reference powder catalysts in thermal catalysis, photocatalysis, and electrocatalysis.

However, due to the use of various solvents and polymeric materials in the direct ink writing

process, this method often requires post-treatment steps such as drying and calcination,

adding to the complexity of the process.

Selective laser sintering and selective laser melting are also popular for synthesizing 3D

printed catalysts. Since the un-sintered powder can support the target structure, this process

does not require an extra support structure, which improves printing accuracy and simplifies

the post-processing steps. In addition, the un-sintered powder can be recycled, which

improves the efficiency of the material used. The low cost and the easy process make

selective laser sintering and selective laser melting promising for industrial applications.
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Selective laser sintering and selective laser melting are suitable for catalysts made from

metals [26], ceramics [112], and zeolite [113]. Compared with the powder catalyst, the 3D

printed catalysts produced via selective laser sintering and selective laser melting methods

have relatively lower surface areas. As a result, instead of exhibiting higher reactivity, they

usually show comparable reactivity with the corresponding powder catalyst. Several

innovative works have been carried out to overcome the disadvantages of this method.

For example, Tsubaki et al. [49] used selective laser sintering to produce a SCR for the

direct conversion of C1 molecules to value-added products. Although the Fe-SCR has a

lower surface area (1.6 m2/g) than the Fe powder (13 m2/g), it still has a 69% CO conversion

rate in the Fisher-Tropsch reaction (300 °C, 10 bar) with 80% selectivity towards the

hydrocarbons; this rate is closer to that of the Fe powders (74% CO conversion rate). The

SCR can be prepared by other metals such as Co and Ni, which exhibit high activity in the

formation of hydrocarbon and methane from CO2 hydrogenation, respectively. This work

demonstrates a simple and low-cost way of using the 3D printing technique to integrate

catalyst and reactor. Hornung et al. [114] used stainless steel powder to print the 3D

structured scaffolds and further coated a layer of catalyst on the surface, which is another

method to maintain a relatively higher catalyst surface area. This method can be used to coat

catalysts made from metal oxides [114] and metals [115] on 3D printed scaffolds.

Other 3D printing methods such as fused deposition modeling [116], stereolithography

[117], and digital light projection [110] have also been used to synthesize 3D printed

catalysts. However, these methods have common disadvantages such as low surface area and

low thermal and mechanical stability. Coating catalysts on these 3D structures can overcome

these drawbacks.

In summary, 3D printed catalysts show great potential for applications using the direct ink

writing method, which significantly improves mass and heat transfer and thus increases
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reactivity without sacrificing selectivity; the selective laser sintering method significantly

simplifies the preparation process for industrial applications. The 3D printed catalysts show

good prospects, and the following works can be pursued for further development: (1)

optimization of the micro-and mesoscopic structures to enhance the heat and mass transfer

properties, (2) optimization of the distribution of the loaded catalysts on the 3D printed

materials based on theoretical predictions, and (3) standardization of the step-by-step process

of the 3D printing basis to further promote the industrial application of the 3D printed

catalyst.

3. Applications to environmental catalysis and TEA/LCA

3.1 CO2 capture and removal

Nowadays, energy production from fossil fuels has led to a rapid increase in greenhouse

gas (GHG) emissions. GHG plays a vital role in sustaining the climate and life on Earth.

However, the increasing GHG can change the equilibrium temperature of the Earth. Carbon

dioxide (CO2), as one of the most critical GHGs, has been used as an index to understand

weather change. CO2 emission has significantly increased since 1900, which causes global

warming. The consequences of global warming are arctic sea ice melting, resulting in an

increase in the global sea level, more frequent wild-land fires, and others. Therefore, CO2

capture and removal (CCR) is becoming one of the most critical problems to be addressed

[118].

Currently, the most understood post-combustion CCR technology is solvent-based

absorption. However, the biggest challenge to CCR technology is the high energy penalty

combined with any other CCR process, except for the high corrosion rate and low CO2

capacity. A potential solution to this challenge is a 3D printed packed-bed device with

enhanced mass and heat transfer made for use in multiphase-flow systems [119]. These
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commercially available packing elements are compatible with the multi-functional device,

which can be used to effectively contact liquid-liquid or gas-liquid systems. Moreover, this

multi-functional device can be easily positioned along a packed bed, leading to the removal

of excess heat or thermal energy supply to the reactive system. This multi-functional device

has been investigated in the intensification process of CO2 absorption by aqueous amines.

Due to the higher heat capacity of water, the cooling effect was more dramatic in the air-

alone system than in the irrigated system. Nonetheless, the cooling process still brought a

measurable impact and could reduce the water temperature by up to 11 °C.

3D printing has offered new strategies for the design and fabrication of advanced

functional equipment. Compared to traditional manufacturing processes, 3D printing is

becoming a powerful tool for automotive, aerospace, catalysis, and gas separation

applications. In this review, several 3D printing technologies based on solid adsorbent

materials are discussed. Examples include novel designs for solid adsorbents containing

zeolites [120-123], MOFs [124-126], and carbonates [120].

3.1.1 3D printed zeolite monoliths

The popular state-of-the-art technologies for cabin CCR utilize fixed beds of adsorbent

beads or pellets. Most of these adsorbent materials are zeolite molecular sieves (5 Å or 13 X),

which have been widely used as benchmark adsorbents for CCR from flue gas streams [127].

To enhance the reliability and efficiency of CCR processes and overcome the limitations

correlated with the conventional configurations, solid adsorbent particle materials could be

structured into other forms such as monolithic structures. These monolithic structures offer

various advantages over current packing systems such as beads, pellets, or granules. With the

comparatively new 3D printing, there is an opportunity to increase the capture efficiency of

packed columns. The accuracy of the 3D printing technique allows for crafting more precise
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design features.

Motivated by the aforementioned potential, Rezaei and co-authors employed the 3D

printing technique to prepare four novel amino-silica monoliths in the CCR processes [120].

The performance of the 3D printed monoliths was then investigated in CO2 capture. Notably,

the CO2 capacity of PD-silica and 3-aminopropyltrimethoxysilane (PD-APS) increased from

1.1 mmol/g to 1.6 mmol/g, whereas the pseudo-equilibrium capacity increased from 1.2

mmol/g to 2.0 mmol/g for PD-silica and poly(ethylenimine) (PD-PEI). On the other hand, the

attrition of solid adsorbent particles may give rise to serious health risks to astronauts. For

this reason, 3D printing technique, particularly the robocasting technology, was used by

Harshul Thakkar et al. [123], to produce 3D printed adsorbent monoliths for CO2 absorption

from the spacecraft. The 3D printer utilized in this research has high productivity. The self-

standing structures were initially prepared from zeolite 13 X, followed by the addition of

binders and plasticizers in the paste. Compared to other printers, this work resulted in printed

monoliths with high catalytic efficiency and good recyclability.

3.1.2 3D printed MOF monoliths

As alternative materials to zeolite, MOFs, structures made up of organic building units

and metal nodes with tunable properties, are deemed promising 3D printing adsorbent

materials as they can exhibit greater capacities than zeolite due to their well-ordered

structures [128]. Recently, Rezaei group successfully employed the robocasting (3D printing)

technique to obtain shaped monoliths for CO2 capture, which are available for various gas

separation applications [126]. The adsorbent materials, Ni-MOF-74, and Co-UTSA-16

powders were prepared as solid adsorbent materials, as shown in Figure 15. The SEM results

indicated a uniform particle structure of the 3D printed Ni-MOF-74 and Co-UTSA-16

monolith, similar to their MOF powders. Similarly, some mesopores in the MOF powder
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form were generated in the MOF monoliths during printing. This could be attributed to the

moisture effect during the preparation. Additionally, the additives (bentonite clay and

poly(vinyl alcohol)) used to shape the printed monoliths gave rise to a remarkable reduction

in the surface area for Co-UTSA-16 of up to 30% (from 631 to 444 m2/g) and for Ni-MOF-74

up to 38% (from 1180 to 737 m2/g). The CO2 capacities of 3D printed Co-UTSA-16 and Ni-

MOF-74 monoliths were tested to be 1.3 and 1.4 mmol/g, respectively, about 87% and 79%

of those powder forms. However, the decrease in porosity of the 3D printed Co-UTSA-16

monolith did not affect its CO2 capture capacity.

Figure 15. Schematic of the 3D printed MOF monolith preparation procedure (PVA:

poly(vinyl alcohol)) [126].

3.1.3 3D printed polymer composites

Recently, Stolaroff and co-workers demonstrated a range of 3D printing solid adsorbent

materials in which polymer composites of dispersed sodium carbonate (Na2CO3) in designed

silicone support were successfully printed into various geometric structures utilizing direct
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desorption. Scale bar is 5 mm. (D) Influence of the filament size on the CO2 absorption rate.

The absorption rate increases as the filament size decreases [129].

In summary, the above research showed that 3D printing can play a critical role in the

CCR process. Moving away from traditional absorbent materials towards new absorbents

with engineered structured geometries could result in a significantly enhanced CO2 capture.

3D printing thus represents a promising protocol for shaping porous adsorbent materials into

practical monoliths that can be easily applied to large-scale CCR processes. Therefore,

research into fully printing powerful adsorbents distributed over designed support is expected

to be performed in the area of CCR processes at the crossroads of chemical and mechanical

engineering. Furthermore, 3D printing technology could be used to develop other designs

with functionalities, such as capturing NH3, SO2, and NO2 from the flue gas streams [130,

131].

3.2 Biofuel production, and methane reforming

Biofuel is a representative environmentally friendly energy source, formed mainly from

biomass and waste oil. Over recent years, the production of biofuel has received significant

attention due to its potential to reduce waste and dependence on fossil fuels. 3D printed

materials, as a means of producing heterogeneous catalysts, can not only achieve high

conversion rate and catalytic efficiency of chemical reactions, but they can also be easily

recovered and recycled. Esparza and coworkers reported biodiesel production from low-cost

renewable feedstock by loading potassium on an amorphous aluminum silicate that was

micro-structured via 3D printing technique [132]. A catalytic stirring system with a high

mechanical strength and catalytic efficiency was achieved to minimize the damage to the

catalyst in the continuous stirring process. The yield of producing fatty acid methyl ester
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3.3 Other catalytic applications

3.3.1 Wastewater treatment

Wastewater management systems are under pressure to manage a variety of refractory

contaminants and consistently meet the discharge criteria due to the increasing amount of

wastewater generation and the demand for clean water [137]. Among different physical,

chemical, and biological treatments, the advanced oxidation process is considered a highly

competitive technology for the elimination of organic pollutants that are bio-recalcitrant, and

also for the inactivation of pathogen microorganisms not treatable by traditional methods

[138]. An advanced oxidation process is one that results in the production of reclaimed

effluents in sufficient quantities of reactive oxygen species such as hydroxyl radicals.

Titanium dioxide (TiO2) and iron species catalysts are most common; however, the recycling

and recovery of suspended TiO2 particles and the severe aggregation as well as the surface

contamination during the advanced oxidation process limit the recycling and recovery of

these catalysts [24].

The application of 3D printing technology provides an efficient route for designing and

fabricating robust catalysts with a good balance of activity and reusability for the advanced

oxidation process [139]. Table 3 provides a summary of the properties of 3D printed

materials and their uses in various physicochemical wastewater treatment methods. To date, a

range of materials, including chitosan [140], polymers [141], ceramic [142], metallic powder,

and metallic glasses [24, 143], have been employed in the creation of scaffolds and structures

using 3D printing technology. The catalytic ability of 3D printed catalysts is reflected in the

treatment effect of synthetic wastewater containing dyes and antibiotics. Results show that

3D printed catalysts generally have good mechanical strength, adjustable high area/volume

ratios, elasticity, and greater or equal catalytic ability compared with those of conventional
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Zr-based bulk metallic

glass

Zr55Cu30Ni5Al10

amorphous powder

Methyl orange being removed

within 15 min

[144]

3.3.2 Methanol to olefin conversion

Methanol to olefin is one of the most significant reactions in C1 chemistry. It has

become the most successful route for the production of value-added light olefin products

from renewable and fossil fuel resources [145]. Microporous zeolites are widely used in

methanol-to-olefin catalysis due to their excellent selectivity in light olefin production. Many

research efforts in the field aim to improve the product yield of methanol-to-olefin

conversion over ZSM-5 by either modifying catalyst components or changing catalyst design,

as shown in Figure 19. The former method is generally accomplished by introducing

heteroatoms and optimizing the SiO2/Al2O3 ratio, whereas the latter is achieved by varying

particle size and porosity and fabricating the structured catalyst [8, 146]. In this sense, 3D

printing enables faster synthesis and more customized designs in the zeolite monoliths with

variable compositions and hierarchical porosity (macro-meso-micro). In comparison to the

traditional monolithic catalysts prepared by the extrusion process, 3D printed catalysts

contain interconnected channels, which boost the surface-to-volume ratio and the exposure of

the active sites to the reactant flow [98]. Thus, 3D printed catalysts have greater mass and

heat transfer capabilities that will improve their catalytic effect on methanol to olefin [147].
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Figure 19. The 3D printed ZSM-5 monolith catalysts. (a) Optical image of the catalysts

with various dopants, (b-c) cross-sectional and side-sectional views of the catalysts [148].

ZSM-5 is more frequently used because of its reduced coke deposition compared with

that of SAPO-34, which has a higher olefin production [149]. A secondary growth technique

in 3D printing was studied by introducing amorphous silica to the HZSM-5 monolith for the

SAPO-34 coating formation. The transformation of zeolite paste into the monolith structure

could increase the mesopore volume and temper the acidity of the structures [150].

Additionally, the technique can employ various metals as promoters in the ZSM-5 type

zeolite for the methanol to olefin process. The physicochemical properties of ZSM-5 were

modified by the incorporation of metal dopants, which further affected the product

distribution, according to the characterization of metal-impregnated monolith catalysts [71].

Li et al. also synthesized Cr, Cu, Ga, La, Mg, Y, and Zn doped 3D printed ZSM-5 zeolite
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3D printing technology also provides pathways and a scientific foundation for the

removal of volatile organic compounds from industrial applications. Yao et al. took

advantage of 3D printing and applied it to the production of MOFs. By developing a one-

layered ordered mesoporous template that can encapsulate active Co-MOFs species in a

confined way, they achieved the goal of a monolithic catalyst and found that the catalyst

showed excellent catalytic performance, water resistance, and thermal stability in the

combustion of toluene, a volatile organic compound [95].

Another area of 3D printing worth mentioning is its potential role in combinatorial

chemistry. Material discovery and optimization have been a slow process. The one-test-at-a-

time approach is time-consuming and inefficient for the discovery of new materials and

catalysts. Zeng et al. [154] have developed a high throughput 3D printing methodology using

aerosols that allows changing the composition of the printed matter. Changing the

composition of the printed matter uncovers possibilities for discovering new catalysts more

quickly than possible using the conventional methodology.

The utilization of 3D printing in various catalytic applications, such as CO2 capture and

removal, biofuel production, methane reforming, and wastewater treatment, presents a

promising avenue for innovation. 3D printing revolutionizes catalytic processes, unlocking

multiple benefits such as customized catalyst designs, faster synthesis, improving mass and

heat transfer capabilities, and decreasing health risks. However, it also poses new challenges

emphasized by the need for material optimization and precise printing techniques, especially

in the application of CO2 capture and removal.

3.4 TEA/LCA of catalytic applications

3D printing has been recognized as a revolutionary technology that enables major

advancements in cost reduction of catalyst preparation, customized design of catalytic
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devices, and functional integration of catalytic systems benefiting the �Çchemical, energy, and

environmental processes [49, 155]. Although extensive research efforts have demonstrated

the novel material development and associated performance enhancements to date, little

emphasis has been placed on the feasibility and sustainability of the 3D printed catalysts

composed of metallic material. In other words, commercialization of the 3D printing

technology is still in an early stage, and it has not been adopted in industrial catalytic

processes. In this section, we focus on understanding the key metrics and drawbacks at

laboratory scale �Çthat influence the future commercial viability and potential environmental

impact of the 3D printed catalyst.

Commercial implementation of 3D printing technology for chemical synthesis and analysis

depends on production costs, process scalability, and product yield relative to the

conventional counterparts [156]. Apart from this, the 3D printed catalysts must adhere to

environmental regulations and greenhouse gas emission intensities [157]. TEA and LCA are

invaluable in simulating the economic performance and the environmental impacts,

respectively, associated with a particular technology at a commercial scale. By employing

consistent and reproducible models, these analyses allow comparison with the existing

manufacturing processes and other competing technology [158]. In the 3D printed catalyst

manufacturing and application, TEA estimates the feasibility and sensitivity considering the

various cost items, such as capital cost of the equipment, raw material cost, and utility cost;

and LCA encompasses the multifaceted environmental impact involving raw material, energy

consumption, and catalyst regeneration.

Few studies have thoroughly assessed the economic and environmental aspects of the 3D

printed catalysts [156]. According to Ong et al., economic, and environmental benefits in

terms of scale-up and investment were attained by adopting 3D printing technology in the

mass production of an MOF-supported nickel catalyst. This catalyst is employed in
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commercial level [158]. As for the manufacturing of those catalysts, extensive TEA studies

are indispensable to project the viability of scaling up from the laboratory to the industry. The

cumulation of TEA studies is important for directing progressive engineering design of the

3D printed catalysts, as well as for increasing competitiveness with the existing

manufacturing approaches. Additionally, economic analysis and process simplification of the

different 3D printing techniques must be fully accomplished to harness their advantages in

the industrialization of novel catalytic processes that are otherwise too expensive and

inefficient [156, 159].

Although the technological transformation of manufacturing by 3D printing is foreseeable,

the lack of environmental assessments impedes our understanding of the sustainability of 3D

printed catalysts and their readiness level for commercialization. To be specific, �Ç3D printing

is only used in catalyst synthesis that solely relies on the sustainable elements intrinsic to the

catalyst type [159], and the systematic LCA studies on 3D printed metallic scaffolds or

monolithic catalyst supports are underdeveloped. Hence, the collective environmental risks

from the raw material utilization to the application of 3D printed catalysts need to be

evaluated critically with an eye toward increasing the attractiveness and circularity of 3D

printed catalyst manufacturing and application. A handful of reports have recently raised

concern about the release of hazardous gas and particle contaminants [160, 161]. It is

suggested that the use of biopolymers and renewable resources is the environmentally

responsible outlook for 3D printed catalysts to reduce pollutant emissions that are harmful to

human health and the environment [162, 163]. In summary, the integrated analysis of

multiple technological and economic metrics, in addition to environmental sustainability,

must be highlighted alongside the accelerating growth of 3D printed catalyst manufacturing

and applications.
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direct ink writing method, which significantly improves mass and heat transfer and thus

increases reactivity. Moreover, the selective laser sintering method significantly simplifies

the preparation process for industrial applications. Multiple 3D printing catalysts have been

well developed in the energy conversion area and petrochemical industry. For example, 3D

printed metallic honeycomb monolith catalysts deposited with ceria-zirconia-nickel exhibit

95% and 75% conversion of CO2 and CH4 in the dry reforming of methane reaction.

3D printing technology can swiftly create complicated structures that are difficult to

construct, or that cannot be created using conventional methods (e.g., pelletization, extrusion

through a shaped die opening). Structural 3D printed catalysts, such as membrane, structured

and monolithic catalysts, offer benefits in overcoming the apparent shortcomings of

conventional powder catalysts: the significant pressure drop in the catalyst bed, an uneven

distribution of reactants on the surface of the catalyst particles, and the significant

temperature gradient at each location in the catalyst bed.

4.2 Challenges and future directions

Over the past decade, many kinds of 3D printers have been used to create various

monolithic structures, including ceramic and zeolitic monoliths, metallic monoliths, carbon

monoliths and polymeric monoliths. The 3D printed materials' catalyst activity has been

investigated in various processes, such as the conversion of hydrocarbons and the synthesis

of organic chemicals. There are known challenges with 3D printing method used for

catalysis. These challenges mainly include a limited choice of materials, printing resolution,

printing rate (can be slow for mass-volume production), tradeoff between high porosity and

high mechanical strength of the 3D printed catalysts, and the control of the surface activity of

the 3D printed catalysts. To leverage the advantages of 3D printing in the catalyst production

field and find new strategies to overcome the difficulty in designing catalysts, we make the



62

following suggestions.

(1) 3D printing in catalyst design. The integrated structure and active site distribution design

of monolithic catalysts may be further improved with auxiliary computation. The structure

and dimension design of 3D printing could incorporate fluid and chemical engineering

simulation to make up for the lack of engineering applications. The integrated structure and

active center distribution of catalytic materials may be optimized based on the findings of

fluid and chemical engineering simulation. It will be helpful to optimize the micro- and

mesoscopic structures to enhance the heat and mass transfer properties, as well as to optimize

the distribution of the loaded catalysts on the 3D printed materials based on theoretical

predictions. The topology and molecular composition of the 3D printed catalysts can be tuned

to help control their surface activity.

(2) Lab production. The 3D printed structure would ideally exhibit adequate mechanical

strength, as well as thermal and chemical resistance. By making the most of printing raw

materials and addressing the issue of binder obstructing pores and wrapping active

components, the condition of concurrently printed monoliths, porous support, and active

phase should be enhanced. While preserving the entire 3D printed structure, monolithic

catalyst performance can be increased when combined with chemical post-synthesis

processing (e.g., coating the structured part using cerakoe solution to improve the mechanical

strength). 3D printed metal-, metal oxide-, silicate-, and zeolite-based catalysts require post-

treatment to remove binder or unfused particles, potentially damaging the sample.

Additionally, the post-treatment can cause cracking and lead to defective parts with

compromised mechanical properties. The sizes of particles and nozzles can be adjusted to

reduce the warpage of the structure.

(3) Industrial production. Standardization is required for printing supplies, formulas, and

procedures for catalytic applications. Standardization of the step-by-step process of the 3D
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