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Abstract: Three-dimensional (3D) printing has recently been introduced into the field of chemistry 

as an enabling tool employed to perform reactions, but so far, its use has been limited due to 

material and structural constraints. We have developed a new approach for fabricating 3D catalysts 

with high-complexity features for chemical reactions via digital light processing printing (DLP). 

PtO2-WO3 heterogeneous catalysts with complex shapes were directly fabricated from a clear 

solution, composed of photo-curable organic monomers, photoinitiators, and metallic salts. The 

3D-printed catalysts were tested for the hydrogenation of alkynes and nitrobenzene, and displayed 

excellent reactivity in these catalytic transformations. Furthermore, to demonstrate the versatility 

of this approach and prove the concept of multifunctional reactors, a tungsten oxide-based tube 

consisting of three orderly sections containing platinum, rhodium, and palladium was 3D printed. 

Keywords: 3D printing; digital light processing; chemical reaction; catalyst; WO3; PtO2; 

multi-catalytic species 

 

1. Introduction 

Three-dimensional (3D) printing, also known as Additive Manufacturing (AM), is a bottom-up 

fabrication technique based on the sequential layer-by-layer deposition of a material, in which 

physical objects are assembled from digital models. In the past decade, this technique, which was 

proposed in the mid-1980s, has been rapidly developed: Not only have categories of printing paths 

based on different basic principles, such as extrusion [1], jetting [2,3], fusion [4–6], stereolithography 

[7,8], etc. flourished [9], but its innovative application domain has been exploited and extended in 

several fields, such as biology [10,11], medicine [12,13], electronics [14–16], fabricating complex parts 

[17,18], and more [19,20]. Therefore, 3D printing is regarded as a vital part of the fourth industrial 

revolution due to its potential capabilities for fabricating customized and personal products on site, 

as well as its numerous benefits, including rapid prototyping, a high efficiency, and cost-time 

saving, etc. [21,22]. Furthermore, 3D printing has recently been introduced into chemistry and 

chemical engineering to control chemical processes [23] due to its advantages, such as its ability to 

significantly enhance the feasibility of controlling fluid dynamics during a reaction and validate the 

benefit of complex 3D shapes with computationally optimized geometries. For example, Leroy 

Cronin et al. made use of 3D printing to create reaction-ware and thus to adjust the reaction outcome 

by altering controllable architectures, as well as the composition [24,25], to conduct hydrothermal 

synthesis with sealed reactors [26]. They demonstrated a strategy in which a piece of custom 

software is used to control the synthesis parameters via 3D-printed robotic equipment [27]. 

Additionally, 3D printing has been combined with the advantages of flow chemistry for the 

synthesis of organic compounds [28,29].  
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More specifically, 3D printing has been utilized to control catalysis reactions [30], especially for 

heterogeneous catalytic materials based on ceramic materials [31,32], for which the key properties 

are highly dependent on the fabrication method (e.g., morphology and dimensions of the system 

and loading levels of the catalyst), besides the intrinsic features of its catalytic species and solid 

supports. Catalytic species were previously introduced into 3D matrices by the dispersion of 

reactive particles into the inks of solid supports [33,34] or by post-printing treatment of 3D-printed 

solid supports, such as chemical surface modification [35]. However, although, in principle, 3D 

printing offers the possibility to control chemical reactions with accurate performances, it is not easy 

to precisely control the catalytic reaction of heterogeneous catalysis processes. The complexity and 

resolution of 3D-printed structures are restricted according to the specific limitations of the 3D 

printing methods. The most-reported method for shaping heterogeneous catalysts is Direct Ink 

Writing, which is an extrusion-based technique employed for fabricating 3D objects by extruding the 

ink of powders through a nozzle (generally, scaled at hundreds of micrometers). However, complex 

architectures are difficult to produce using this technique.  

3D printing based on stereolithography enables the fabrication of 3D objects with a high 

complexity and resolution. This approach recently led to the formation of ceramic objects, such as 

those composed of alumina, zirconia, silica, and barium titanate [36]. The ink formulations mainly 

had a photo-polymerizable composition with dispersed ceramic particles. Very recently, SiOC, SiC, 

Si3N4, and SiO2 structures with a high resolution were prepared with inks without particles, while 

the inorganic material was formed from a preceramic polymer or precursors of sol-gel reactions 

[7,8]. The feature dimensions can be tens of microns and even in the submicron range. For example, 

3D photonic crystal structures with 220 nm diameter rods [37] and YAG miniature light emitters [38] 

were fabricated by Two-Photon Polymerization (TPP), which is a subcategory of 3D printing based 

on stereolithography. Therefore, with the help of this approach for 3D shapes with a much higher 

complexity and resolution, the possibilities of using 3D printing for controlling chemical reactions 

could be further expanded. This work introduces a general concept for fabricating 3D catalytic 

reactors by an approach based on stereolithography, with a solution composed of functional 

inorganic salts and photo-curable organics, dissolved in solvents, without any particles. This 

strategy provides a much higher resolution than existing approaches, and unlike reports on 3D 

printing with silicon-based pre-ceramic polymers or sol-gel, this new approach is very simple, 

because the precursors of target materials are simply dissolved salts. Moreover, this approach 

provides the possibility of producing multifunctional 3D architectures, for which several materials 

play a role as catalytic species by using several inorganic salts in the inks, while the geometries are 

defined by the intrinsic features of 3D printing (e.g., a sandwich honeycomb architecture of catalysis 

devices with heterogeneous pores where the ingredients of each layer are different and designed for 

the sequential catalytic reaction). Therefore, this approach provides a manufacturing method for 

fabricating high-complexity and -resolution multifunctional 3D reactors with simultaneous control 

of the chemical activity.  

Herein, we demonstrate the feasibility of 3D printing catalysts with high-complexity structural 

features. PtO2-WO3 heterogeneous catalysts were fabricated with a solute-based ink, via digital light 

processing (DLP), which is a subcategory of stereolithography-based 3D printing, followed by 

pyrolysis of the object to obtain the functional 3D catalyst. The catalytic properties of 3D-printed 

architectures were tested in the hydrogenation of alkynes and nitrobenzene. The 3D-printed 

catalysts exhibited excellent reactivity in these catalytic transformations. Furthermore, to prove the 

concept of multifunctional reactors that enables sequential catalysis, a tungsten oxide-based tube 

consisting of three orderly sections containing platinum, rhodium, and palladium was 3D printed. 

2. Results and Discussion 

2.1. Preparation of 3D PtO2-WO3 Catalysts  

The ink was prepared by dissolving the precursor of the catalyst (tungsten and platinum salts) 

and photo-curable organics consisting of acrylic acid as a monomer and polyethylene glycol 
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diacrylate (PEGDA) as a crosslinker, in triple distilled water (TDW). Before printing, a 

2,4,6-trimethylbenzoyl-diphenylphosphine oxide (TPO) photoinitiator was added. The printing 

process is schematically presented in Figure 1a, along with an example of a 3D-printed PtO2-WO3 

catalyst at various stages of the fabrication process. The resulting translucent objects contained about 

32% water and uncured acrylic acid (Figure 1(b-2) and (c-2)) that had to be removed by evaporation. 

After pyrolysis at a high temperature, a black-color catalyst with three-dimensional features was 

obtained (Figure 1(b-3) and (c-3)). The drying was performed by keeping the 3D object at room 

temperature for 3 days, while the pyrolysis was carried out by heating the objects at 450 °C for 60 

min. 

 

Figure 1. Schematic presentation of the printing process and examples of printed objects of catalysts 

obtained via 3D printing; (a) 3D printing schematic presentation; (b-1) and (c-1) present wet 3D 

objects; (b-2) and (c-2) display dried 3D objects; (b-3) and (c-3) show pyrolyzed 3D objects. The scale 

bars are 1 mm. 

The precursors were initially dissolved in the ink, and gradually precipitated out during 

printing and drying, before finally existing in the form of particles trapped within the organic 

network formed during photo-polymerization. During the pyrolysis step, the precursors were 

transferred from salt into an oxide, with the simultaneous burning out of the organic materials. The 

decomposition of ammonium metatungstate hydrate had three stages (Figure S1): Losing absorbed 

water and crystal water below 180 °C; releasing ammonia gas between 180 and 380 °C; and 

gradually forming tungsten oxide above 380 °C. The weight losses in each stage was 2.7%, 4.65%, 

and 1%, respectively (Figure S1), in agreement with the literature [39,40]. As shown in Figure S1, the 

organic material without the salt completely degraded at temperatures above 450 °C. Meanwhile, 

potassium tetrachloroplatinate was converted into platinum oxide during heating [41]. Therefore, 

pyrolysis of the 3D object was almost completed at the same temperature, for which the weight loss 

was approximately 20%. The high-temperature treatment process resembles previous work [42–44] 

on the polyacrylamide-gel method [45] for making nano-powder, i.e., utilizing pyrolysis of the 

polyacrylamide xerogel containing inorganic salt to prepare powders of single elements, such as 

Al2O3 [46], ZrO2 [47], or multiple-element nanopowder, e.g., 2SiO2–3Al2O3 (mullite) [48] and 

La0.85Sr0.15Ga0.85Mg0.15O2.85 [49]. The difference from the polyacrylamide gel method is that, here, the 

formed product retained its 3D structure and was not obtained as a powder. The main reason for 

keeping the 3D shape is that the degradation of polyacrylic acid-PEGDA gel in this work is more 

moderate than that of polyacrylamide gel; the complete decomposition temperature of the former is 

 (a) 

Mixing Printing Drying Pyrolysis 

(c-1) (c-2) (c-3) 

(b-1) (b-3) (b-2) 
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450 °C, which is much lower than that of the polyacrylamide, with a value of 600 °C [42,43]. 

Additionally, the shrinkage of the 3D objects was low, at around 25%, since the salt was 

homogeneously dispersed within the objects and the salt concentration in this work was higher. 

2.2. The Microstructure of the Printed PtO2-WO3 Catalyst 

The microstructures and constituents of the pyrolyzed PtO2-WO3 catalysts are presented in 

Figure 2a,b. It is clear that the 3D structures retained their primary morphology compared to that 

obtained after printing and drying (as shown in Figure 1), although it was sintered and pyrolyzed at 

a high temperature (450 °C). Moreover, the layered feature of the 3D structures is very obvious, 

which stemmed from the layer-by-layer 3D printing process. In addition, the distribution of 

elements, including oxygen, carbon, tungsten, and platinum, was investigated by an Energy 

Dispersive Spectrometer (EDS) and is presented in Figure 2c. These elements were homogeneously 

dispersed in the structures. This is due to the major advantage of the presented approach, which 

utilizes a solution-based ink. The elements that are homogeneously mixed in the form of ions in the 

ink are trapped in the pores of the organic networks generated during the photopolymerization and 

are nailed in their position during the following process of sintering and pyrolysis. This resembles 

that of the polyacrylamide gel route for nanopowder [40,42], as aforementioned in Section 2.1. 

Interestingly, the particles of platinum oxide are nano-sized (Figure S2), which should result in a 

benefit for the catalytic properties of 3D structures. 

 

Figure 2. The microstructure and element distribution of the printed catalyst: (a) and (b) scanning 

electron microscopy (SEM) images; (c) element distribution (Energy Dispersive Spectrometer (EDS)). 

2.3. Composition of the Obtained PtO2-WO3 Catalyst 

Figure 3 shows the XRD patterns of the obtained catalyst, which indicates that it is composed of 

pure tungsten trioxide (WO3). However, the WO3 is composed of two phases—h-WO3 (JCPDS 

72-0677) and m-WO3 (JCPDS 85-2460)—which are 15.1% and 84.9%, respectively, as calculated by the 

RIR method. The phase of WO3 depends on its synthesis route. The phase of h-WO3 is a hexagonal 

(c) 
  

(a) (b) 
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crystal, which is labile and generally synthesized by the hydrothermal method [50,51]. The phase of 

m-WO3 is a monoclinic crystal [52], which is much more stable than that of h-WO3 due to its 

synthesis route based on high-temperature calcination being prone to crystallization [53]. Moreover, 

the broadened diffraction peaks observed also indicate that the crystalline size of the sample is very 

small, in agreement with the nano-sized particles observed in Figures 2 and S2. However, no 

platinum compound was detected in the XRD analysis, probably due to its very low content, which 

cannot be detected by this method. 

 

Figure 3. X-ray diffraction pattern of the pyrolyzed 3D object. 

2.4. Properties of the Printed Catalyst 

The obtained PtO2-WO3 3D catalyst was tested in the semi-hydrogenation of alkynes as a model 

reaction. This catalytic transformation is of great importance in organic synthesis and industrial 

processes. It is considered a simple and straightforward method for preparing alkenes from 

readily-available alkynes. Alkenes are applied as starting materials in numerous significant organic 

transformations, such as polymerization, epoxidation, and hydroformylation. The catalytic 

semi-hydrogenation of alkynes was performed in 1,2-dimethoxyethane under 400 psi of hydrogen 

and the Pt:substrate ratio was 1:1330. The results of these reactions are presented in Table 1. 

The 3D catalyst was very active in the hydrogenation of phenylacetylene as full conversion was 

obtained after 6 h (Table 1, entry 1). The selectivity toward styrene was 82%. The catalyst showed 

excellent reactivity when other derivatives of phenyacetylene with electron-withdrawing or 

electron-donating substituents were applied. Therefore, the hydrogenation of 

1-ethynyl-4-fluorobenzene under the same conditions gave full conversion with a lower selectivity 

toward the alkene product—4-fluorostyrene (Table 1, entry 2). The substrates 

1-ethynyl-4-methoxybenzene and 1-ethynyl-4-methylbenzene could be efficiently hydrogenated 

with 100% conversion (entries 3 and 4, Table 1, respectively). The selectivity in the case of 

1-ethynyl-4-methoxybenzene substituted with a strong electron-denoting group was better than 

1-ethynyl-4-methylbenzene, which has a moderate electron-donating group. However, there was no 

effect of the substituents on the selectivity of the hydrogenation, as 1-ethynyl-4-fluorobenzene with a 

strong electron-withdrawing group and 1-ethynyl-4-methylbenzene with electron-donating groups 

exhibited similar selectivity values.  

The hydrogenation of prop-1-yn-1-ylbenzene, which is an alkyne with an internal triple bond, 

proceeded with the conversion of 72% and selectivity of 83% toward the alkene products cis and 

trans-prop-1-en-1-ylbenzene (entry 5, Table 1). The decrease in reactivity of the catalyst in this case is 

perhaps due to steric effects. A decrease in the reactivity and selectivity of the 3D catalyst was also 

observed in the hydrogenation of aliphatic alkynes, such as 1-octyne (entry 6, Table 1).  
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Table 1. Semi-hydrogenation of alkynes. 1. 

Entry Alkyne Catalyst Conversion (%) 2 Selectivity of Alkene (%) 2 

1 

 

PtO2-WO3 100 82 

2 

 

PtO2-WO3 100 72 

3 

 

PtO2-WO3 100 70 

4 

 

PtO2-WO3 100 82 

5 3 

 

PtO2-WO3 72 83 

6  PtO2-WO3 75 67 

7 

 

Pt/C (10%) 100 0 

8 

 

PtO2 100 0 

1 Reaction conditions: alkynes (1.5–2.5 mmol), catalyst (1.1–2.1 µmol), 2 mL 1,2-dimethoxyethane, 400 

psi H2, 60 °C, 6 h; 2 determined by 1H-NMR; 3 the ratio of cis:trans is 4:1. 

Importantly, the printed catalyst showed excellent selectivity compared to commercially 

available platinum-based heterogeneous catalysts such as Adams catalyst, PtO2, and Pt/C (10%). 

While the 3D catalyst could catalyze the hydrogenation of phenylacetylene with 82% selectivity, the 

catalysts Pt/C (10%) and PtO2 were not selective and led to the formation of the non-desired product 

ethylbenzene (entries 7 and 8, Table 1, respectively). We believe that the selectivity of the PtO2-WO3 

3D catalyst in the hydrogenation of alkynes is probably related to electronic metal-support 

interactions and/or steric effects caused by the WO3 support around the active sites. It should be 

mentioned that the PtO2 is most likely actually converted in the metal Pt, but due to its very low 

concentration, this could not be verified.  

The 3D catalyst was also tested in the hydrogenation of another functional group—the nitro 

group. Therefore, the hydrogenation of nitrobenzene in dichloromethane under 400 psi hydrogen 

yielded 100% aniline after 6 h. However, the Pt/C (10%) and PtO2 catalysts also showed the same 

reactivity in the hydrogenation of nitrobenzene.  

2.5. WO3-Based Catalyst with Multi-Catalytic Species 

As aforementioned, we developed a simple approach for fabricating 3D catalysts with high 

structural complexity. Furthermore, this approach could be designed and branched out for 

performing sequential chemical reactions, i.e., designing a reactor containing multiple elements for 
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catalytic reactions, e.g., a kit-catalyst with a special architecture. A tungsten oxide-based tube 

containing three catalysts—platinum, rhodium, and palladium—at separate locations within the 

tube (Figure 4), was printed via combining DLP printing with vat exchange, i.e., using vats with 

dissolved salts of tungsten Pt, Rh, or Pd, respectively. The different colors shown in Figure 4a,b 

confirm that the three-species catalyst was printed successfully. Figure 4 also shows that the 3D 

catalyst kept its shape while converting from the wet object to the pyrolyzed one, although some 

cracks were formed during its pyrolysis (Figure 4c). The three different colors shown in Figure 4a,b 

suggest that three elements were capped as our design and printed, which is also proven by the SEM 

observation (Figure S4). Interestingly, the microstructures of the three sections in the object are 

different from each other, as shown in Figure S4. These differences might be due to the fact that (1) 

the photopolymerization behavior is affected by the salts; (2) the diffusion of elements and 

crystallization behavior in wet gels is different for each precursor; and (3) the pyrolysis of each salt is 

different. This interesting result will be further studied in our future work.  

 

Figure 4. Images of the printed tube with three sections containing Pt, Rh, and Pd, successively: (a) 

Wet tube; (b) dried tube; and (c) pyrolyzed tube. The scale bars are 1 cm. 

3. Materials and Methods 

3.1. Materials 

Ammonium metatungstate hydrate (H40N10O41W12•xH2O, MW 2956.3) was purchased from 

Alfa Aesar (Heysham, UK). Potassium tetrachloroplatinate (Cl4K2Pt) was obtained from ACROS 

Organics (Belarus, Belgium). Acrylic acid was purchased from Sigma Aldrich (Merck, Germany). 

Polyethylene glycol diacrylate (PEGDA) was obtained from Sartomer-Arkema (Colombes Cedex, 

France). 2,4,6-trimethylbenzoyl-diphenylphosphine oxide (TPO) was obtained from BASF 

(Ludwigshafen, Germany). Triple distilled water (TDW) was used throughout all experiments. All 

alkynes and nitrobenzene were purchased from Aldrich and used without further purifications. 

Rhodium trichloride and palladium acetate were obtained from Strem Chemicals. All organic 

solvents were purchased from Biolab.  

3.2. Ink Preparation 

The ink for printing PtO2-WO3 catalysts was prepared by dissolving tungsten salt (36.37% w/w), 

platinum salt (0.34% w/w), acrylic acid (27.3% w/w), PEGDA (2.73% w/w), and TPO (0.55% w/w) in 

the TDW (32.71% w/w) with magnetic stirring. The weight ratio between acrylic acid used as the 

monomer and PEGDA used as the crosslinker was 10. The weight percentage of platinum in the 

PtO2-WO3 catalyst was 0.46%. The ink for printing a tungsten oxide-based reactor-tube contained 

three species of Pt, Rh, and Pd, which is almost the same as that for the PtO2-WO3 catalyst; only the 

salt contents of catalysts (Pt, Rh, and Pd) are different. The weight percentages of Pt, Rh, and Pd in 

each section of the tungsten oxide-based tube were 0.46%, 0.5%, and 0.5%, respectively. 

3.3. Ink Printing 

3D printing was performed by using a DLP 3D printer (Pico 2, Asiga, Alexandria, Australia) 

equipped with a UV-LED light source of 385 nm. The curing time of each layer, 200 μm thick, was 

(a) (b) (c) 
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2−10 s. To print the tungsten oxide-based reactor-tube containing three species, the vat loading inks 

with Pt, Rh, and Pd were successively changed.  

3.4. Drying and Pyrolysis Process 

The obtained structures were dried in air at room temperature over approximately 3 days and 

subsequently decomposed in a tube furnace (Kejia Furnace, Zhengzhou, China) by heating to 450 °C 

for 60 min at the heating rate of 1 min/°C in air. The decomposition temperature of the dried 3D 

structure and heating rate was set according to the TG curve of dried 3D objects, tungsten salt, and 

purely organic material, as shown in Figure S1. The shrinkage was determined by measuring the 

dimensions of the printed structure after drying and of the final structure after heating at 450 °C, as 

shown in Figure S3.  

3.5. Catalysis Reactions  

The obtained PtO2-WO3 catalyst containing 1.1–2.1 µmol Pt and 1.5–2.5 mmol substrate in 2 mL 

solvent was transferred to a 15 mL glass-lined autoclave. The autoclave was sealed, purged with 

hydrogen (3X), and pressurized with hydrogen to 400 psi. The autoclave was heated at 60 °C for 6 h. 

Upon completion of the reaction, the pressure was carefully released and the conversion and 

selectivity were determined through 1H NMR analysis of the reaction mixture.  

3.6. Characterization 

The crystalline phase of the final PtO2-WO3 catalyst was determined by an X-ray diffractometer 

D8 ADVANCE (Bruker AXS, Karlsruhe, Germany). Ultrahigh-resolution scanning electron 

microscopy (SEM) imaging and EDX were performed by Magellan XHR SEM field emission 

instruments (FEI, Hillsboro, OR, USA), without a conductive coating; ESEM imaging was 

accomplished by employing a Quanta 200 FEG (FEI, Hillsboro, OR, USA). 1H-NMR spectra were 

recorded with a Bruker DRX-400 instrument. 

4. Conclusions 

A versatile approach was developed to print 3D catalysts with high structural complexity by 

the digital light processing of solutions combined with pyrolysis. The inks were clear solutions 

produced by simply mixing photocurable monomers, PI, and metallic salts, which is extremely 

beneficial for fabricating complex shapes. This 3D catalyst maintained its architecture, even after a 

series of post-treatment processes, including drying at ambient temperature and pyrolyzing under a 

high temperature (450 °C), which is due to its controlled shrinkage resulting from the high salt 

concentration in the inks. The 3D-obtained catalysts tested in the hydrogenation of alkynes and 

nitrobenzene showed excellent reactivity in these catalytic transformations.  

A tungsten oxide-based tube that consisted of three successive sections containing platinum, 

rhodium, and palladium was successfully 3D printed, indicating that the approach reported in this 

paper is feasible for multifunctional reactors, e.g., kit-catalysts. The possibility of designing new 

catalytic materials with new structures and controlling their mechanical and chemical properties is 

feasible with 3D printing and this can enable facile tuning of the reactivity and selectivity of 

catalysts.  

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/10/8/840/s1: Figure 

S1. Thermogravimetric analysis of tungsten salt, ammonium metatungstate hydrate, a dried 3D object, and a 

pure organic substance without salt, which were fabricated in the same route as that for the 3D object; Figure S2. 

The particles of platinum oxide in the obtained catalyst, which is nano-sized; Figure S3. SEM images of the 

pyrolyzed object; Figure S4. SEM imagines of the pyrolyzed tube. (a) and (b) the interface between sections with 

Pd and Rh; (c) the section with Rh; (d) the section with Rh; (e) the interface between sections with Pt and Rh; (f) 

the section with Pt, which is similar to that shown in Figure 2. 



Catalysts 2020, 10, 840 9 of 11 

 

Author Contributions: Conceptualization, X.W., R.A.-R., and S.M.; methodology, X.W., W.G., R.A.-R., and 

S.M.; formal analysis, R.A.-R. and S.M.; investigation, X.W., W.G., and R.A.-R.; resources, R.A.-R. and S.M.; data 

curation, R.A.-R. and S.M.; writing—original draft preparation, X.W. and S.M.; writing—review and editing, 

X.W., R.A.-R., and S.M.; supervision, R.A.-R. and S.M.; project administration, S.M.; funding acquisition, R.A.-R. 

and S.M.. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by joint funding of The Hebrew University (HU) and Central South 

University (CSU), HUCNN-CSU-2019, and by the Israel Ministry of Science and Technology. 

Acknowledgments: We thank the Israel Ministry of Science and Technology for the partial financial support. 

X.W. gives thanks for the financial support from CSC, the Chinese Scholarship Council of the Ministry of 

Education, China. We also thank Sartomer-Arkema and their agent in Israel, Eltra, for providing the PEGDA 

sample. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Lewis, J.A. Direct ink writing of 3D functional materials. Adv. Funct. Mater. 2006, 16, 2193–2204. 

2. Meteyer, S.; Xu, X.; Perry, N.; Zhao, Y.F. Energy and material flow analysis of binder-jetting additive 

manufacturing processes. Procedia Cirp 2014, 15, 19–25. 

3. Sachs, E.; Cima, M.; Williams, P.; Brancazio, D.; Cornie, J. Three dimensional printing: Rapid tooling and 

prototypes directly from a CAD model. CIRP Ann. 1990, 39, 201–204. 

4. Anitha, R.; Arunachalam, S.; Radhakrishnan, P. Critical parameters influencing the quality of prototypes 

in fused deposition modelling. J. Mater. Process. Technol. 2001, 118, 385–388. 

5. Han, W.; Jafari, M.A.; Danforth, S.C.; Safari, A. Tool path-based deposition planning in fused deposition 

process. J. Manuf. Sci. Eng. 2002, 124, 462–472. 

6. Sood, A.K.; Ohdar, R.K.; Mahapatra, S.S. Parametric appraisal of mechanical property of fused deposition 

modelling processed parts. Mater. Des. 2010, 31, 287–295. 

7. Layani, M.; Wang, X.; Magdassi, S. Novel materials for 3D printing by photopolymerization. Adv. Mater. 

2018, 30, 1706344. 

8. Cooperstein, I.; Shukrun, E.; Press, O.; Kamyshny, A.; Magdassi, S. Additive manufacturing of transparent 

silica glass from solutions. ACS Appl. Mater. interfaces 2018, 10, 18879–18885. 

9. Lee, J.Y.; An, J.; Chua, C.K. Fundamentals, and applications of 3D printing for novel materials. Appl. Mater. 

Today 2017, 7, 120–133. 

10. Bose, S.; Ke, D.; Sahasrabudhe, H.; Bandyopadhyay, A. Additive manufacturing of biomaterials. Prog. 

Mater. Sci. 2018, 93, 45–111. 

11. Jammalamadaka, U.; Tappa, K. Recent advances in biomaterials for 3D printing and tissue engineering. J. 

Funct. Biomater. 2018, 9, 22. 

12. Akmal, J.S.; Salmi, M.; Makitie, A.; Bjorkstrand, R.; Partanen, J. Implementation of industrial additive 

manufacturing: Intelligent implants and drug delivery systems. J. Funct. Biomater. 2018, 9, 41. 

13. Dehghanghadikolaei, A.; Ibrahim, H.; Amerinatanzi, A.; Hashemi, M.; Moghaddam, N.S.; Elahinia, M. 

Improving corrosion resistance of additively manufactured nickel–titanium biomedical devices by 

micro-arc oxidation process. J. Mater. Sci. 2019, 54, 7333–7355. 

14. Lewis, J.A.; Ahn, B.Y. Device fabrication: Three-dimensional printed electronics. Nature 2015, 518, 42–43. 

15. Fantino, E.; Chiappone, A.; Roppolo, I.; Manfredi, D.G.; Bongiovanni, R.M.; Pirri, C.; Calignano, F. 3D 

printing of conductive complex structures with in situ generation of silver nanoparticles. Adv. Mater. 2016, 

28, 3712–3717. 

16. Ahn, B.Y.; Duoss, E.B.; Motala, M.J.; Guo, X.; Park, S.; Xiong, Y.; Yoon, Y.; Nuzzo, R.G.; Rogers, J.A.; Lewis, 

J.A. Omnidirectional printing of flexible, stretchable, and spanning silver microelectrodes. Science 2009, 

323, 1590–1593. 

17. Chen, Z.; Li, Z.; Li, J.; Liu, C.; Lao, C.; Fu, Y.; Liu, C.; Li, Y.; Wang, P.; He, Y. 3D printing of ceramics: A 

review. J. Eur. Ceram. Soc. 2019, 39, 661–687. 

18. Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.; Hui, D. Additive manufacturing (3d printing): A 

review of materials, methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172–196. 

19. Yang, Y.; Song, X.; Li, X.; Chen, Z.; Zhou, C.; Zhou, Q.; Chen, Y. Recent progress in biomimetic additive 

manufacturing technology: From materials to functional structures. Adv. Mater. 2018, 30, 1706539. 



Catalysts 2020, 10, 840 10 of 11 

 

20. Attaran, M. The rise of 3D printing: The advantages of additive manufacturing over traditional 

manufacturing. Bus. Horiz. 2017, 60, 677–688. 

21. Dilberoglu, U.M.; Gharehpapagh, B.; Yaman, U.; Dolen, M. The role of additive manufacturing in the era 

of industry 4.0. Procedia Manuf. 2017, 11, 545–554. 

22. Mehrpouya, M.; Dehghanghadikolaei, A.; Fotovvati, B.; Vosooghnia, A.; Emamian, S.S.; Gisario, A. The 

Potential of Additive Manufacturing in the Smart Factory Industrial 4.0: A Review. Appl. Sci. 2019, 9, 3865. 

23. Capel, A.J.; Rimington, R.P.; Lewis, M.P.; Christie, S.D. 3D printing for chemical, pharmaceutical and 

biological applications. Nat. Rev. Chem. 2018, 2, 422–436. 

24. Symes, M.D.; Kitson, P.J.; Yan, J.; Richmond, C.J.; Cooper, G.J.; Bowman, R.W.; Vilbrandt, T.; Cronin, L. 

Integrated 3D-printed reactionware for chemical synthesis and analysis. Nat. Chem. 2012, 4, 349–354. 

25. Kitson, P.J.; Glatzel, S.; Chen, W.; Lin, C.G.; Song, Y.F.; Cronin, L. 3D printing of versatile reaction ware for 

chemical synthesis. Nat. Protoc. 2016, 11, 920–936. 

26. Kitson, P.J.; Marshall, R.J.; Long, D.; Forgan, R.S.; Cronin, L. 3D printed high throughput hydrothermal 

reactionware for discovery, optimization, and scale-up. Angew. Chem. Int. Ed. 2014, 53, 12723–12728. 

27. Kitson, P.J.; Glatzel, S.; Cronin, L. The digital code driven autonomous synthesis of ibuprofen automated 

in a 3D-printer-based robot. Beilstein J. Org. Chem. 2016, 12, 2776–2783. 

28. Dragone, V.; Sans, V.; Rosnes, M.H.; Kitson, P.J.; Cronin, L. 3D-printed devices for continuous-flow 

organic chemistry. Beilstein J. Org. Chem. 2013, 9, 951–959. 

29. Kitson, P.J.; Symes, M.D.; Dragone, V.; Cronin, L. Combining 3D printing and liquid handling to produce 

user-friendly reaction ware for chemical synthesis and purification. Chem. Sci. 2013, 4, 3099–3103. 

30. Zhou, X.; Liu, C.J. Three-dimensional printing for catalytic applications: Current status and perspectives. 

Adv. Funct. Mater. 2017, 27, 1701134. 

31. Parra-Cabrera, C.; Achille, C.; Kuhn, S.; Ameloot, R. 3D printing in chemical engineering and catalytic 

technology: Structured catalysts, mixers and reactors. Chem. Soc. Rev. 2018, 47, 209–230. 

32. Corma, A. Heterogeneous catalysis: Understanding for designing, and designing for applications. Angew. 

Chem. Int. Ed. 2016, 55, 6112–6113. 

33. Tubío, C.R.; Azuaje, J.; Escalante, L.; Coelho, A.; Guitián, F.; Sotelo, E.; Gil, A. 3D printing of a 

heterogeneous copper-based catalyst. J. Catal. 2016, 334, 110–115. 

34. Zhu, C.; Qi, Z.; Beck, V.A.; Luneau, M.; Lattimer, J.; Chen, W.; Friend, C.M. Toward digitally controlled 

catalyst architectures: Hierarchical nanoporous gold via 3D printing. Sci. Adv. 2018, 4, eaas9459. 

35. Díaz-Marta, A.S.; Tubío, C.R.; Carbajales, C.; Fernández, C.; Escalante, L.; Sotelo, E.; Coelho, A. 

Three-dimensional printing in catalysis: Combining 3D heterogeneous copper and palladium catalysts for 

multicatalytic multicomponent reactions. ACS Catal. 2017, 8, 392–404. 

36. Rosental, T.; Magdassi, S. A new approach to 3D printing dense ceramics by ceramic precursor binders. 

Adv. Eng. Mater. 2019, 21, 1900604. 

37. Houbertz, R.; Fröhlich, L.; Popall, M.; Streppel, U.; Dannberg, P.; Bräuer, A.; Serbin, J.; Chichkov, B. 

Inorganic–Organic Hybrid Polymers for Information Technology: From Planar Technology to 3D 

Nanostructures. Adv. Eng. Mater. 2003, 5, 551–555. 

38. Cooperstein, I.; Indukuri, S.R.K.C.; Bouketov, A.; Levy, U.; Magdassi, S. 3D printing of micrometer-sized 

transparent ceramics with on-demand optical-gain properties. Adv. Mater. 2020, 32, 2001675. 

39. Sun, P.; Shao, G.Q.; Duan, X.L.; Shi, X.; Zhou, F. Low temperature synthesis of tungsten carbide by 

embedment-direct reduction carburization process. Solid State Phenom. 2007, 121–123, 171–174. 

40. Hunyadi, D.; Sajó, I.; Szilágyi, I.M. Structure and thermal decomposition of ammonium metatungstate. J. 

Therm. Anal. Calorim. 2014, 116, 329–337. 

41. ThermoFisher Scientific. Available online: 

https://www.fishersci.com/store/msds?partNumber=AC195360010&productDescription=POTASSIUM+T

ETRACHLOROPLA+1GR&vendorId=VN00032119&countryCode=US&language=en (accessed on 9 June 

2020). 

42. Wang, X.; Wang, R.; Peng, C.; Li, T.; Liu, B. Polyacrylamide gel method: Synthesis and property of BeO 

nanopowders. J. Sol-Gel Sci. Technol. 2011, 57, 115–127. 

43. Wang, X.; Wang, R.; Peng, C.; Li, T.; Liu, B. Growth of BeO nanograins synthesized by polyacrylamide gel 

route. J. Mater. Sci. Technol. 2011, 27, 147–152. 

44. Wang, Z.; Peng, C.; Wang, R.; Wang, X.; Liu, B. Influence of calcining process on optical properties of 

Al-doped-ZnO powders. J. Inorg. Mater. 2013, 28, 171–176. 



Catalysts 2020, 10, 840 11 of 11 

 

45. Sin, A.; Odier, P. Gelation by acrylamide, a quasi-universal medium for the synthesis of fine oxide 

powders for electroceramic applications. Adv. Mater. 2000, 12, 649–652. 

46. Wang, H.; Gao, L.; Li, W.; Li, Q. Preparation of nanoscale α-Al2O3 powder by the polyacrylamide gel 

method. Nanostruct. Mater. 1999, 11, 1263–1267. 

47. Tahmasebpour, M.; Babaluo, A.A.; Aghjeh, M.K.R. Synthesis of zirconia nanopowders from various 

zirconium salts via polyacrylamide gel method. J. Eur. Ceram. Soc. 2008, 28, 773–778. 

48. Douy, A.; Odier, P. The polyacrylamide gel: A novel route to ceramic and glassy oxide powders. Mater. 

Res. Bull. 1989, 24, 1119–1126. 

49. Liu, N.; Yuan, Y.; Majewski, P.; Aldinger, F.  Synthesis of La0.85Sr0.15Ga0.85Mg0.15O2.85 materials for SOFC 

applications by acrylamide polymerization. Mater. Res. Bull. 2006, 41, 461–468. 

50. Rajagopal, S.; Nataraj, D.; Mangalaraj, D.; Djaoued, Y.; Robichaud, J.; Khyzhun, O.Y. Controlled growth of 

WO3 nanostructures with three different morphologies and their structural, optical, and 

photodecomposition studies. Nanoscale Res. Lett. 2009, 4, 1335–1342. 

51. Anukorn, P.; Oranuch, Y.; Titipun, T.; Thongtem, S. Hydrothermal synthesis of hexagonal WO3 nanowires 

with high aspect ratio and their electrochemical properties for lithium-ion batteries. Russ. J. Phys. Chem. A 

2017, 91, 2441–2447. 

52. Hidayat, D.; Purwanto, A.; Wang, W.; Okuyama, K. Preparation of size-controlled tungsten oxide 

nanoparticles and evaluation of their adsorption performance. Mater. Res. Bull. 2010, 45, 165–173. 

53. Nogueira, H.I.S.; Cavaleiro, A.M.V.; Rocha, J.; Trindade, T.; Jesus, J.D.P.D. Synthesis and characterization 

of tungsten trioxide powders prepared from tungstic acids. Mater. Res. Bull. 2004, 39, 683–693. 

 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


