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HIGHLIGHTS

• Challenges and future directions for 3D-printed metal-organic frameworks (MOFs) monoliths in environmental applications are discussed.

• Various strategies for fabrication of 3D-printed MOF monoliths are summarized.

• Advancements in 3D printing enable customizable and high-performance MOF monoliths.

• 3D orienting of MOFs opens avenues for applications in water treatment and gas adsorption.

ABSTRACT Metal–organic frameworks (MOFs) 
have been extensively considered as one of the most 
promising types of porous and crystalline organic–inor-
ganic materials, thanks to their large specific surface 
area, high porosity, tailorable structures and composi-
tions, diverse functionalities, and well-controlled pore/
size distribution. However, most developed MOFs 
are in powder forms, which still have some technical 
challenges, including abrasion, dustiness, low packing 
densities, clogging, mass/heat transfer limitation, envi-
ronmental pollution, and mechanical instability during 
the packing process, that restrict their applicability in industrial applications. Therefore, in recent years, attention has focused on techniques to 
convert MOF powders into macroscopic materials like beads, membranes, monoliths, gel/sponges, and nanofibers to overcome these challenges.
Three-dimensional (3D) printing technology has achieved much interest because it can produce many high-resolution macroscopic frameworks 
with complex shapes and geometries from digital models. Therefore, this review summarizes the combination of different 3D printing strategies 
with MOFs and MOF-based materials for fabricating 3D-printed MOF monoliths and their environmental applications, emphasizing water treat-
ment and gas adsorption/separation applications. Herein, the various strategies for the fabrication of 3D-printed MOF monoliths, such as direct ink 
writing, seed-assisted in-situ growth, coordination replication from solid precursors, matrix incorporation, selective laser sintering, and digital light 
processing, are described with the relevant examples. Finally, future directions and challenges of 3D-printed MOF monoliths are also presented 
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to better plan future trajectories in the shaping of MOF materials with improved control over the structure, composition, and textural properties of 
3D-printed MOF monoliths.

KEYWORDS MOFs; 3D-printing; Environmental remediation; Shaping; Monoliths

Abbreviations
131I  Radioiodine
3D  Three-dimensional
ABS  Acrylonitrile butadiene styrene
ALD  Atomic layer deposition
AO  Auramine O
ASV  Anodic striping voltammetry
BDC  1,4-Benzenedicarboxylate
BET  Brunauer–Emmett–Teller
BTC  1,3,5-Benzenetricarboxylic acid
CA-GE  Calcium alginate and gelatin
CE  Counter electrode
COFs  Covalent organic frameworks
DIW  Direct ink writing
DLP  Digital light processing
DN  Double network
DR31  Direct red 31
EDS  Energy-dispersive X-ray spectroscopy
FDM  Fused deposition modeling
FESEM  Field emission scanning electron microscopy
GCE  Glassy carbon electrode
GP  Graphite paste
GPG  Gel-print-grow
HKUST  Hong Kong University of Science and 

Technology
Hmim  2-Methylimidazole
HPC  Hierarchical porous ceramics
IAST  Ideal adsorption solution theory
Ln-MOFs  Lanthanide-organic frameworks
MB  Methylene blue
MG  Malachite green
MMFs  Mixed matrix films
MMMs  Mixed-matrix membranes
MOFs  Metal-organic frameworks
MV  Methyl violet
NPs  Nanoparticles
PA  Polyamide
PCPs  Porous coordination polymers
PDMS  Polydimethylsiloxane
PEI  Polyethylenimine
PEO  Polyethylene oxide
PIM-1  Polymer of intrinsic microporosity
PLA  Poly(lactic acid)
PSA  Pressure swing adsorption
PVA  Poly(vinyl alcohol)

PVDF  Polyvinylidene fluoride
PVDF-HFP  Poly(vinylidene 

fluoride-co-hexafluoropropylene)
PVP  Poly(vinylpyrrolidone)
R6G  Rhodamine 6G
RB  Rodamine B
RE  Reference electrode
ROS  Reactive oxygen species
SA-GE  Sodium alginate and gelatin
SLS  Selective laser sintering
STP  Standard temperature and pressure
TEA  Triethylamine
ted  Triethylenediamine
TEM   Transmission electron microscopy
TEPA  Tetraethylenepentamine
TFC  Thin-film composite
TMPPTA  Trimethylolpropane propoxylate triacrylate
TOCNF  2,2,6,6-Tetramethylpiperidine-1-oxylradical-

mediated oxidized cellulose nanofibers
TPU  Thermoplastic polyurethane
UiO  University of Oslo
UV  Ultraviolet
WE  Working electrode
WHO  World Health Organization
XRD   X-ray diffraction
XRPD  X-ray powder diffraction patterns
ZIF  Zeolite imidazole framework

1 Introduction

Metal–organic frameworks (MOFs) (also known as porous 
coordination polymers (PCPs)) are an attractive family of 
organic–inorganic hybrid and crystalline porous materials that 
are constructed through coordination bonds of metal ions/clus-
ters and organic ligands [1–3]. This emerging class of porous 
materials has garnered much attention since 1995, when Yaghi 
initially described MOFs [4] and further developed them in 
the 2000s [5]. In general, the MOFs framework, functionality, 
and pore structure and environment could be accurately tuned 
by elaborately selecting favorable metal salt and organic linker 
precursors, post-synthetic modification of MOF skeletons, and 
logical design of topological structures [6]. Therefore, they 
show outstanding physiochemical characteristics like abundant 
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active sites, remarkable specific surface area, low density, per-
manent porosity, and different topological structures [7, 8].

Owing to their fascinating properties, MOFs have found 
several applications in different fields, including adsorption/
separation, sensors, energy storage, nonlinear optics, drug 
delivery, chromatography, supercapacitors, catalysis, etc. 
[9–15]. In particular, MOFs encourage the use of porous 
materials for water purification owing to their exceptional 
properties and precisely defined apertures that can be well 
controlled over a wide range to allow shape and size selec-
tivity toward different water pollutants [16–19]. Moreover, 
the complex pores in the structure of MOFs provide active 
sites for isolation, coupling, and cooperation functionalities, 
which lead to the high catalytic activity of MOFs [20]. The 
emergence of a highly water-stable MOF family, Zr-based 
MOF family, specifically UiO-66 (University of Oslo), has 
opened up a new window in the design and practical water 
treatment applications of MOFs [21].

Until now, most of the reported MOFs have been in powder 
form and usually prepared in a small scale [22]. Most cur-
rent MOF manufacturing methods are costly, time-consuming, 
environmentally hazardous, and energy-intensive due to need-
ing a large volume of hazardous and high-boiling point organic 
solvents and producing waste by-products [23]. Thus, develop-
ing new synthetic methods is essential to transfer small-scale 
production to large-scale [24]. For instance, Crawford et al. 
[25] reported that extrusion methods are able to produce MOFs 
on large-scale under solvent-free or low-solvent conditions. 
This strategy was also applied to synthesis many MOFs via a 
green, continuous, and large-scale method [26].

On the other hand, the applicability of MOF powders 
in industrial and large-scale applications is limited by 
different challenges, including abrasion, dustiness, low 
packing densities, clogging, mass/heat transfer limitation, 
environmental pollution, and mechanical instability during 
the packing process [27, 28]. Moreover, the major chal-
lenge of these materials is their low chemical, thermal, 
and mechanical stability compared to other typical porous 
materials [29]. For example, it was reported that the mass 
transfer resistance increased with increasing column time 
when using packed HKUST-1 powder for  CH4 capture due 
to the significant decrease in pressure [30]. Moreover, the 
MOF powder as a catalyst or adsorbent showed various 
disadvantages like dust formation, secondary pollution, 
difficulty separating from the reaction environment, and 
difficulty in regeneration and recycling [31, 32].

1.1  Shaping of MOF Powders

MOF powders must be incorporated into or immobilized 
onto packed objects with predetermined dimensions and 
sizes to address the aforementioned obstacles [33, 34]. 
Individual crystallites are compacted into millimeter-
sized objects during this process, referred to as shaping 
[35]. Compared to pure MOF powders, the shaping or 
densification of MOF powders into an object shows dif-
ferent advantages, such as improved mechanical stability, 
enhanced structural stability, and increased packing density 
[36]. More importantly, it was reported that shaping MOF 
powders into millimeter-sized objects suitable for industrial 
applications is an essential process towards the commer-
cialization of this kind of porous material [37, 38]. Previ-
ous studies have reported several techniques for shaping 
MOF powders into granules, beads, pellets, monoliths, etc. 
[39–41]. Every shaping method imparts distinct proper-
ties to the final structures regarding size, morphology, and 
manifestation for a particular purpose [42].

To date, different approaches, such as in situ growth, direct 
mixing, palletization, and deposition of MOF powders with 
various polymer matrices, foams, cotton, or other porous 
substrates, have been applied to convert MOF powders into 
macroscopic materials like beads, membranes, gel/sponges, 
and nanofibers [43, 44]. For instance, granulation or palleti-
zation is frequently used to convert MOF powders to macro-
structures, in which the need for high-pressure for pressing 
is a critical challenge of this strategy. The pressing pressure 
of this strategy may reduce the porosity of MOFs and their 
active sites, thereby reducing their performances in differ-
ent applications. Solvents or binders (e.g., organic binders, 
inorganic binders, etc.) can be used during the palletization 
process to overcome these challenges and reduce the press-
ing pressure. It was found that binders remarkably improve 
the mechanical stability of resulting pellet, while they can 
block the pores of MOFs and decrease their surface areas. 
Accordingly, different review papers have been reported that 
summarized the shaping methods of MOFs in view of funda-
mental and technical aspects and their limitations [38, 45].

1.2  3D Printing Technology

Three-dimensional (3D) printing technology, as an additive 
manufacturing bottom-up technology, has received much 
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attention as an attractive and innovative technology since it 
can create numerous high-resolution structures using digital 
models [46–48]. This strategy can shape MOF powders into 
adjustable 3D MOF structures, which significantly increases 
their applicability in industrial applications [49, 50]. Com-
pared to the conventional shaping techniques, 3D printing 
has the following advantages: (i) the specific monoliths with 
complex shape and structures could be simply designed 
through many computer-aided modeling softwares, (ii) the 
adaption of the 3D-printed monoliths can be simply achieved 
through the printer parameters and design model, making it 
an attractive and versatile process, (iii) extending the appli-
cations of MOFs in large-scale practical applications, (iv) 
unlike other shaping methods, the fabricated 3D-printed 
MOF monoliths via this strategy usually have interconnected 
channels, which facilitates the transfer of heat and mass dur-
ing the operation conditions, (v) in comparison to the granu-
lation process, 3D printing technology can produce regulated 
channels within the fabricated monoliths, which decreases 
the pressure drop as well as lower energy consumption, (vi) 
more uniformly combined different materials, resulting in the 
presence of more active sites on the surface of 3D-printed 
monoliths, and (vii) preserving the MOFs’ active sites for 
better interactions with different materials in specific applica-
tions like environmental remediation [51–53].

So far, 3D printing has been applied to convert MOF-based 
materials into tailorable shapes for various applications, includ-
ing water treatment [54], gas separation [55], drug delivery 
[56], pollutant detection [57, 58], gas storage [59], moisture 
sensing [60], catalysis [61], batteries [62], and biomedicine 
[63]. Excellent review papers summarize the recent advances 
of 3D printing technology in different applications like sepa-
ration processes and catalytic applications [52, 53, 64]. For 
example, Zhu et al. [52] summarized the details of different 
3D printing strategies, including vat photopolymerization-
based, extrusion-based, and powder-based strategies that can 
be applied in catalytic applications. Subsequently, they classi-
fied different 3D printing technologies based on the printing of 
various adsorption-based materials. Then, the effect of different 
influencing parameters on the structure of resulting 3D-printed 
monoliths as well as the influence of 3D-printing structures 
on the adsorption process, were comprehensively discussed 
[53]. Moreover, Liu et al. [64] comprehensively discussed the 
influencing parameters on the structure of resulting 3D-printed 
metal/covalent organic frameworks (M/COFs) monoliths. Then 
introduced the recent progress for preserving the favorable 

microstructure properties of M/COFs in resulting 3D-printed 
M/COFs that are very important in their applications.

However, a comprehensive review of the characteristics 
and challenges of 3D printing technology for shaping MOFs 
has not been reported. Therefore, the current review presents 
general reports on recent developments in designing and fab-
ricating various kinds of 3D-printed MOF monoliths. This 
review discusses the specific details of the whole fabrication 
strategy for converting MOF powders into 3D-printed MOF 
monoliths, including the impact of ink rheology on the tex-
tural properties of the final object and the appropriate choice 
of a MOF, binder, plasticizer, and solvent for printing. Then, 
each 3D printing technology’s advantages and disadvan-
tages are summarized per their requirements. Subsequently, 
we reviewed the environmental remediation applications of 
the 3D-printed MOF monoliths regarding gas separation and 
water purification. Ultimately, the challenges and future pros-
pects of this area are described in order to suggest a direction 
for future research. We hope that this review will provide 
deep and novel insights into the relationship between the per-
formance and microstructure of 3D-printed MOF monoliths, 
thus hastening the evolution of this hierarchical porous mate-
rial in large-scale industrial applications.

2  Strategies for Converting MOF Powders 
into the 3D‑Printed MOF Monoliths

Based on the technical processes, 3D printing technology 
can be classified into different categories, including (i) extru-
sion of materials (e.g., direct ink writing (DIW) and fused 
deposition modeling (FDM)), (ii) vat polymerization (e.g., 
selective laser sintering (SLS) and digital light processing 
(DLP)), (iii) powder bed fusion (e.g., SLS, electron beam 
melting, and selective laser melting (SLM)), (iv) laminated 
object manufacturing, (v) material jetting (e.g., aerosol jet 
printing, inkjet printing, and electrical field driven jetting), 
(vi) directed energy deposition, and (vii) binder jetting [55, 
65–68]. For instance, da Luz et al. [67] reported printing pho-
toluminescent Lanthanide-Organic Frameworks (Ln-MOFs) 
over the foils of paper and plastic via a typical inkjet printer. 
Therein, Ln-MOF ink was applied to create color images that 
could only be seen when exposed to ultraviolet (UV) light. 
The authors reported that this fabrication strategy can open 
up a new window to explore the applications of Ln-MOF 
materials in technological uses like optical devices (e.g., 
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lab-on-a-chip) and optical document authentication. Inspired 
by this work, different research groups prepared 3D-printed 
MOF monoliths via this strategy and applied them for vari-
ous applications, including electrocatalysts [69], sensors [70], 
bio-related applications [71], etc.

Reactive inkjet printing is a new manufacturing method 
for decorating the substrate surface with MOFs, in which the 
desired MOFs were prepared in situ by jetting the precursor 
solutions of MOFs onto a substrate (Fig. 1a). This manu-
facturing strategy dissolves different challenges of prepar-
ing inks/suspensions, including stability, nozzle-clogging, 
and life-time [72, 73]. For the generation of droplets in this 
strategy, the surface tension of near-liquid ink and its viscos-
ity must be precisely controlled. Due to the dissipation of 
viscous kinetic energy at the nozzle, the droplet cannot be 
ejected when the ink viscosity is too high. Conversely, the 
surface tension of droplets is a key parameter that can control 
the formation of separate droplets from the ink. Accordingly, 
the final diameter of the droplet deposited onto the substrate’s 
surface determines the resolution limit of this 3D printing 
strategy [69].

Aerosol jet printing is another emerging contactless direct-
write method that was applied to directly deposit a thin layer 
of MOFs onto the surface of substrates from the aerosol of 
aqueous MOF precursor solutions (Fig. 1b) [74]. Although 
this strategy has most of the advantages of the inkjet printing 
strategy, the viscosity of ink does not play the key role, so no 
ink optimization is required. Unlike other printing strategies, 
this strategy can be applied to form a specific pattern on any 
substrate directly. The resolution of printed patterns via this 
strategy significantly depends on the jet shape and applying 
efficient aerodynamic focusing can reach down to 50 µm [75].

The DIW strategy is usually applied for printing different 
materials like ceramics, gel, polymers, carbon-based materi-
als, plastics, etc. [76]. This strategy demands that the printing 
ink has suitable fluidity in the extrusion process to guarantee 
smooth extrusion and adequate viscosity after printing to 
retain the shape. Accordingly, a viscoelastic ink with appro-
priate rheological properties such as yield stress, viscosity, 
elastic/storage (G′), and viscous/loss (G″) moduli must first 
be produced. For instance, ink with extremely high viscos-
ity can block the nozzle, thereby needing higher printing 

Fig. 1  Schematic illustrating a preparation of  Cu3(BTC)2 MOF onto a substrate via reactive inkjet printing strategy. Reprinted with permission 
from Ref. [72].  Copyright 2023, John Wiley & Sons. b Aerosol jet printing setup applied to deposit UTSA-280 onto a substrate. Reprinted with 
permission from Ref. [74]. Copyright 2022, American Chemical Society
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pressures. The resolution of printed structures via this strat-
egy is controlled by a combination of applied pressure, the 
properties of extrusion ink, and the nozzle diameter [77]. 
Thus, an ink with optimized elastic behavior and viscosity 
is desirable for DIW strategy, particularly showing shear-
thinning behavior, in which the viscosity reduces as the shear 
rate increases [50].

An ideal ink is usually produced by mixing the active 
materials (herein MOFs) with a solvent, binder, and plas-
ticizer, in which the added binder bonds the active materi-
als during the printing process, while the plasticizer is used 
to regulate the rheological properties of ink to facilitate the 
printing process [78]. This strategy has the advantages of low 
cost, simple operation, and operating at room temperature, 
while its main disadvantage is the relatively poor accuracy. 
Although a self-standing 3D structure is usually fabricated 
via this strategy, post-processing steps (e.g., drying, heating, 
and sintering) are generally required to improve its mechani-
cal and functional properties.

The FDM strategy was invented in 1989 [79] and gradu-
ally developed; it is currently one of the most widespread and 
popular 3D printing technologies. It operates by heating the 
thermoplastic filaments to a semi-molten state, in which the 
filaments enter the heating chamber, melt at a relatively high 
temperature, and then extrude from the nozzle tip. Finally, 
the extruded materials are quickly cured to produce a uni-
form solid layer. The desired 3D structure was constructed 
through a layer-by-layer deposition mechanism by repeating 
these processes [80].

Compared to DIW, this strategy restricts using only a 
few printable polymer-based materials with relatively low 
melting temperature and suitable thixotropic characteristics 
to meet the requirements for FDM strategy. To date, differ-
ent thermoplastic polymers such as poly (lactic acid) (PLA), 
acrylonitrile butadiene styrene (ABS), thermoplastic poly-
urethane (TPU), polyamide (PA), and polycarbonate were 
printed via this strategy [81]. Moreover, applicable materi-
als for this strategy must be a solid filament with a specific 
length and width. Like DIW, the fabricated 3D structures 
via FDM strategy need post-printing treatment processes to 
improve their mechanical and functional properties. Never-
theless, this 3D printing strategy is independent of the rheo-
logical characteristics of filament/ink, however, it depends 
on the fabrication of the thermoplastic composite filaments 
instead [82]. Although the printing accuracy was better than 

DIW strategy, its operating temperature was higher, and the 
material printability was narrow [83].

In contrast to the example of MOF coating grown onto 
the external surface of 3D-printed monoliths using DIW 
strategy [84], the FDM strategy has been applied to produce 
3D-printed monoliths with the complete incorporation of 
MOF nanoparticles inside a melting matrix of PLA, ABS 
[54, 85], or TPU [86]. Nevertheless, the porosity loss in FDM 
processable thermoplastic/MOF composites usually calls 
into doubt their further applicability for up-scaling. Unlike 
the FDM strategy, the DIW strategy has produced robust 
3D-printed monoliths with easily accessible interior poros-
ity that are suitable for various applications such as catalysis 
and adsorption. Additionally, up to now, several representa-
tive examples of 3D-printed MOF monoliths with high MOF 
contents appropriate for catalysis [61, 87], gas separation and 
storage [88, 89], energy storage [90], sensors [57, 58, 91], 
biomedicine [56, 63, 92], toxic materials degradation [93], 
and water treatment [94] have been reported.

According to the current literature, several well-known 
techniques for manufacturing of 3D-printed MOF mono-
liths have been developed in recent years, whose details have 
been comprehensively summarized in different review papers 
[50, 52, 53, 64]. However, this section discusses some of 
these strategies including (i) DIW, (ii) seed-assisted in situ 
growth, (iii) coordination replication from solid precursors, 
(iv) matrix incorporation, (v) SLS, and (vi) DLP. These tech-
niques are usually classified by their material loading pro-
cedures, paste fabrication methods, and the physiochemical 
properties of the final monoliths; their advantages and disad-
vantages are summarized in Table 1. As a result, this section 
is focused on these fabrication strategies and summarizes 
some of the highlighted studies in this field.

2.1  Direct Ink Writing

The direct ink writing (DIW) strategy was the first and most 
important technique for producing 3D-printed monoliths. The 
3D-printed monoliths are typically generated by synthesizing 
the MOF particles or using commercial MOF powders and 
suspending them in a paste containing a binder, co-binder, 
solvents, and plasticizer. Following the fabrication of suitable 
ink, the ink is normally rolled at room temperature over 1–2 
days in the binding process to guarantee appropriate inter-
facial interaction among the different ingredients and yield 
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great homogeneity [95]. Subsequently, in the densification 
step, the prepared ink is gradually heated to 313–333 K for 
several hours to completely remove the solvent and form a 
printable paste rheology [55, 56, 61, 63, 94]. However, it 
is important to note that this strategy is not always the best 
choice for fabricating 3D-printed MOF monoliths because 
some reported MOFs partially disintegrate during the binding 
and densification processes [96].

DIW strategy has attracted great consideration as it can 
form many 3D-printed structures from digital models [94, 
97, 98]. However, one of the most important challenge of 
this strategy is accurate controlling the rheology of prepared 
ink to be printable and maintain its structure and shape after 
printing [99]. Moreover, the prepared filaments after extru-
sion also need adequate mechanical properties (e.g., storage 
modulus, yield stress, etc.) to allow for overhanging structure 
[100]. To date, different materials have been used as rheology 
modifiers to prepare suitable 3D-printed MOF monoliths, 
some of which were listed in Table 2. For instance, Rezaei 
and coworkers [55] have used bentonite clay as rheology 
modifier to prepare ink with appropriate viscoelastic proper-
ties for DIW of UTSA-16(Co) and MOF-74(Ni) into cylin-
ders with a size of 15 mm, in which the fabricated 3D-printed 
MOF monoliths showed superior gas adsorption performance 
and structural stability than their powder counterparts. Simi-
larly, Bouzga and coworkers [84] reported the preparation of 
3D-printed UTSA-16 monoliths via a novel non-aqueous ink 
formulization using boehmite and hydroxypropyl cellulose 
as the rheology modifiers. It was reported that the existence 
of a binder matrix (boehmite and hydroxypropyl cellulose) 
not only regulated the rheology of the ink as well as its print-
ability but also improved the dispersion of UTSA-16 nano-
particles in the fabricated 3D-printed monoliths. Based on 
the obtained results, the authors proposed that the fabricated 
3D-printed UTSA-16 structure is an efficient  CO2 capture 
adsorbent, as it showed high  CO2 uptake and relatively good 
structural stability (negligible degradation) in the presence 
of humidity or water, mainly due to the presence of hydro-
phobic hydroxypropyl cellulose plasticizer, which repelled 
water molecules from the MOF center [101].

It was reported that the chemically active MOF nano-
particles would be appropriate rheological modifiers. For 
instance, Young et al. [61] have demonstrated a UiO-66 ink 
with good printability, in which the MOF particles were 
employed as the rheological modifier without using fur-
ther rheological modifiers like bentonite clay. Therein, the 

MOF nanoparticles in a solution containing acrylates and 
trimethylolpropane propoxylate triacrylate (TMPPTA) were 
3D-printed via DIW strategy. After that, to increase the pore 
accessibility of MOF nanoparticles, the polymer matrix was 
selectively removed by thermal degradation. The fabricated 
3D-printed MOF monoliths have a UiO-66 content of about 
74 wt%, and a high BET surface area of 633  m2  g−1, which 
exhibited excellent activity in the catalytic degradation of 
methyl-paraoxon.

Similarly, Lim et al. [103] prepared a self-standing MOF 
monolith via DIW strategy, using colloidal gels containing 
only MOF (HKUST-1) nanoparticles and solvent (ethanol) 
without using any binder, then evaluated its methane adsorp-
tion performance performance (Fig. 2). The prepared MOF 
gel exhibited good printability (Fig. 2d–f), and excellent rheo-
logical features for 3D extrusion-based printing (Fig. 2g–i), 
indicating the applicability of this strategy for the fabrication 
of further monoliths that contain MOF particles and can form 
gels. More interestingly, it was reported that the pore vol-
ume and accessible porosity of the HKUST-1 nanoparticles 
were maintained unchanged after shaping. Accordingly, the 
3D-printed HKUST-1 monolith showed a relatively high spe-
cific surface area (1134  m2  g−1), a high mesoporous volume, as 
well as a high methane uptake (64  cm3 (STP)  cm−3 at 65 bar).

Lyu et al. [62] demonstrated the printing of 3D cobalt-
based MOF (Co-MOF) monoliths from an ink containing 
a high amount of Pluronic F127 as a surfactant, which was 
further annealed to produce a Co-carbon porous framework 
to be used in Li–O2 batteries (Fig. 3). Figure 3a displays 
how of fabricating the designed cathode of a 3D-printed Co-
MOF-derived structure via DIW strategy by employing an 
extrusion-based 3D printer. Accordingly, a suitable ink with 
good printability was prepared by dissolving Pluronic F127 
and the Co-MOF nanoparticles in water at a low temperature 
(≈ 277 K) and poured into a syringe. Then, the prepared 
F127/Co-MOF ink was printed as high-resolution filament 
via layer-by-layer DIW to prepare the 3D-printed MOF mon-
olith at ambient conditions, showing a gel-like behavior. Sub-
sequently, the fabricated 3D-printed Co-MOF monolith was 
heated under nitrogen atmosphere, but the 3D structure was 
well maintained unchanged. As a result, the fabricated porous 
structure consisted of numerous micropores created between 
the MOF-derived carbon flakes and micro- and mesopores 
created within these flakes, which altogether remarkably 
improved the particle deposition of  Li2O2 and facilitated their 
dissociation because of the restriction of insulating  Li2O2 
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Table 1  Comparison of the advantages and disadvantages of different 3D printing strategies

3D printing strategies Advantages Disadvantages Most reported 
3D-printed MOF 
monoliths

Direct ink writing Simple
Operating at room temperature
Low cost
Wide range of printable materials
Fast production rate

-Clogging of printing nozzle
-Possibility to partially disintegrate MOFs 

during the binding and densification 
processes

-Pore blockage of MOFs
-Needing a laborious procedure to form an 

ink suitable for printing
-Low mechanical properties
-Particle agglomeration in high MOF load-

ings
-Need for rheological modifiers
-Relatively poor accuracy
-Needing post-processing steps

-UTSA-16(Co)
-MOF-74(Ni)
-UiO-66
-HKUST-1
-Co-MOFs
-ZIF-8
-ZIF-67

Seed-assisted in situ growth Producing 3D structure with good functional-
ity

Good interaction between MOFs and matri-
ces

Uniform distribution of MOFs within the 
matrices

Good control over the nucleation and growth 
of MOFs

-Not suitable for high MOF loadings
-Production of MOF phase with relatively 

poor crystallinity
-Relatively time consuming
-More waste production
-Not very suitable for scale-up

-Cu-BTC MOFs
-MOF-74
-Ln-MOFs
-UTSA-16(Co)
-HKUST-1
-ZIF-8
-Ce-MOFs

Coordination replication 
from solid precursors

Good control over the nucleation and growth 
of MOFs

Good interaction between MOFs and matri-
ces

Uniform coatings of MOF particles
Formation of homogeneous and continuous 

layers of MOFs with controlled thickness
Exposure of more MOFs’ active sites on the 

surface of monoliths

-More waste production
-Relatively time consuming
-Low stability of some printable polymers 

under MOF synthesis condition
-Not suitable for high MOF loadings
-Low production rate
-Production of MOF phase with relatively 

poor crystallinity

-ZIF-8
-Ca-MOFs

Matrix incorporation Good interaction between MOFs and matri-
ces

Uniform distribution of MOFs within the 
matrices

Good mechanical properties
Low rheological limitations
Low cost
Fabricating MOF monoliths via a simple 

solvent-casting process

-Not suitable for high MOF loadings
-Possibility of partial decomposition of the 

MOF crystals
-Low production rate
-Pore blockage of MOFs

-MOF-5
-MOF-74
-HKUST-1
-UiO-66

Selective laser sintering High resolution
Good control over the construction of MOF 

monoliths
Good control over the physical characteristics 

of the fabricated monoliths
Formation of micro-voids between MOFs 

and polymer powders
High surface area
Improving the exposure of MOF nanoparti-

cles to the external ambient

-Narrow range of applicable materials
-High cost
-Low production rate
-Operating at relatively high temperature
-Low stability of some MOFs under laser 

sintering condition
-Poor interfacial interactions between MOF 

and matrices

-HKUST-1
-NH2-MIL-101(Al)
-MOF-801
-ZIF-67
-ZIF-8

Digital light processing High resolution
Good control over the construction of MOF 

monoliths
Fast production rate
Good control over the layer’s thickness
Suitable for rapid fabrication of MOF-

MMMs

-Limited to photosensitive resin
-High cost
-Needing photoinitiators
-Needing a light source
-Low mechanical properties

-MIL-53(Al)-NH2
-HKUST-1
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within the porous structure and in the existence of cobalt 
electrocatalysts. Thus, the fabricated self-standing structure 
with porous frameworks dramatically enhanced the cell’s 
practical specific energy, leading to high values (up to 798 
Wh  kgcell

−1).
One of the challenges in the 3D-printing of MOFs with 

high loading via DIW is particle aggregation. Recently, 

Catarineu et al. [109] formulated an aqueous ink composed 
of cellulose nanocrystals (CNC) and ZIF-8 to produce a high-
loading 3D-printed hydrogel (Fig. 4). They employed CNC 
as a surfactant to help with the deagglomeration of ZIF-8 
particles. In addition, CNC acted as a binder and gelation 
agent to form hydrogen bonding with water molecules and 
hydroxyl groups of CNCs themselves in the hydrogel. The 

Table 2  Summary of chemical composition of different reported 3D-printed MOFs monoliths

PVP poly(vinylpyrrolidone), PVDF-HFP poly(vinylidene fluoride-co-hexafluoropropylene), MMA methacrylic anhydride, PLA poly(lactic acid), 
ABS acrylonitrile butadiene styrene, TPU thermoplastic polyurethane, PVA poly(vinyl alcohol), TMPPTA trimethylolpropane propoxylate tria-
crylate, PA12 polyamide 12, SA-GE gelatin and sodium alginate, CA-GE calcium alginate and gelatin
a Used as the rheology modifier
b MOF particles act as the rheological modifier
c CPL-1, UiO-66-NH2, ZIF-8, and HKUST-1
d MOF = MOF-801, ZIF-67, ZIF-8, HKUST-1, and  NH2-MIL-101(Al)

Monoliths Fabrication strategy Binders Additives Applications References

UTSA-16 DIW Boehmite Isopropyl alcohol (as a 
solvent) hydroxypropyl 
 cellulosea

CO2 adsorption [84]

ZIF-67 Stereolithography PVDF Acetone/DMF (as 
solvents)

Dye degradation [102]

Ca-MOF FDM PLA – Detection of Hg(II) [85]
Cu-BTC/ABS FDM and seed assisted 

in situ growth
ABS – Dye adsorption [54]

Ca-MOF/ABS/TPU Coordination replication 
method

ABS/TPU CaSiO3 (as a precursor 
of Ce-MOF)

Dye adsorption [86]

UTSA-16(Co) DIW Bentonite clay PVA (as a plasticizer) CO2 adsorption [55]
MOF-74(Ni) DIW Bentonite clay PVA (as a plasticizer) CO2 adsorption [55]
UiO-66b DIW TMPPTA Photoinitiator Catalyst [61]
HKUST-1b DIW Without using any 

binder
– CH4 adsorption [103]

Co-MOF DIW – Pluronic F127 as a 
surfactant

Batteries [62]

ZIF-8 DIW Bentonite/methylcel-
lulose

– Recovery of n-butanol [104]

MOF/CA-GE DIW SA-GE matrix Ca(II) (as a crosslinking 
agent)

Dye adsorption [94]

MOFsc DIW 2-hydroxyethyl cellulose PVA (as a plasticizer) Gas storage and separa-
tion

[105]

MOF@torlon Seed-assisted in situ 
growth

Torlon PVP (as a pore former) CO2 adsorption [96]

Semiflex/ZIF-8/PVDF-
HFP

FDM and seed assisted 
in situ growth

Semiflex PVDF-HFP (as a pore 
former)

Just fabrication [106]

HKUST-1 SLS Nylon-12 – Just fabrication [107]
MOF/PA12d SLS PA12 – Dye adsorption [108]
MIL-53(Al)-NH2/MMA DLP Photopolymerizable 

oligomers
Photoinitiator Gas separation [65]

Cu-BTC@polymer DLP Photopolymerizable oli-
gomers (e.g., SR-339 
and SR-610)

Photoinitiator Just fabrication [66]
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authors studied the influence of ZIF-8 loadings on the rheo-
logical properties, which is another characteristic decisive in 
the printability of the resulting ink. They realized that with 
increasing the ZIF-8 mass loading, the viscosity and internal 
stress increase, resulting in improved printability and preser-
vation of the cohesion in the printed sample without the need 
for any rheological modifiers. Notably, the mass fraction of 
the MOF must be > 50 wt% to minimize shrinkage. Neverthe-
less, ZIF-8 loadings of > 77 wt% results in a dilatant solution, 
which is not extrudable because of the high yield through-
out the flow. Thus, the 3D-printed sample with 77 wt% of 
ZIF-8 was introduced as the optimum specimen. The authors 
eventually pyrolyzed the printed ZIF-8 lattice to produce an 
electrically conductive and microporous structure with 660 
 m2  g−1 specific surface area to use as a hybrid supercapacitor 
cathodic electrode. Due to the high loading of ZIF-8, the 3D 
structure was well retained with minimal shrinkage (less than 

10%) after the pyrolysis. The pyrolyzed sample consisted of 
micropores preserved from ZIF-8 template and mesopores 
formed in the graphitic carbon resulting from pyrolysis. As 
a result, the final fabricated zinc-ion hybrid supercapacitor 
demonstrated an areal capacitance of 16.9 F  cm−2 caused by 
microporosity, high specific surface area, and good attractive 
interactions with ions present in the electrolyte thanks to the 
ZIF-8 template.

In other interesting work, Denayer and coworkers [104] 
prepared different types of 3D-printed ZIF-8 monoliths via 
DIW strategy employing either 600 or 250 µm diameter cells, 
then investigated their performances for dynamic recovery 
of n-butanol at different flow rates. It was found that among 
the two structured ZIF-8 monoliths, the smaller (250 µm) 
monoliths showed a wider breakthrough front in comparison 
to the larger one, largely because of the inappropriate distri-
bution of the gas velocity throughout the width of smaller 

Fig. 2  a Photo images of HKUST-1gel and various 3D-printed monoliths. SEM images of b one filament of 3D-printed HKUST-1 monolith and 
c MOF nanoparticles within that. Photoimages of monolith with d square- and e circular-shape. f Side and top views of a monolith with a high-
profile mesh-like structure. g Apparent viscosity profile against shear rate. h Storage modulus G′ and the loss modulus G″ as a function of angu-
lar frequency. i G′ and G″ as a function of shear stress-amplitude at a constant frequency of 6.283 rad  s−1. Reprinted with permission from Ref. 
[103].  Copyright 2019, American Chemical Society
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monolith channels, resulting in the inadequate exposure time 
for the adsorbate molecules to penetrate the pores of mono-
liths. Accordingly, the authors proposed that the 3D-printed 
ZIF-8 frameworks with larger porous and open structures are 
better for industrial n-butanol recovery applications.

Moreover, it was reported that the DIW strategy could 
produce favorable monoliths suitable for customization and 
modulation of components of hybrid solid-state electrolytes 
[110]. Inspired by this, Li et al. [111] prepared novel den-
derit-inhibited PEO/MOFs hybrid solid-state electrolytes 
through the room-temperature DIW strategy (Fig. 5). It was 
observed that incorporating MOF particles within the poly-
ethylene oxide (PEO) matrix can significantly accelerate 
the transport of lithium ions  (Li+), promote the homogene-
ity of lithium deposition, and improve the cyclic stability 
of resulting electrolytes via inhibiting the lithium dendrite. 
Meanwhile, pure PEO membranes don’t have the ability 

to inhibit dendrite growth, thereby leading to a shortened 
battery life. The authors believed that this strategy is a uni-
versal method that can produce several electrolytes con-
taining different MOFs, including ZIF-8, ZIF-67, UiO-66, 
and MOF-74, promoting solid-state battery performances.

2.2  Seed‑Assisted In Situ Growth

Analogous the DIW strategy, 3D printing of monoliths fab-
ricated via this strategy starts by condensing a printable ink, 
usually containing solvents, inert binders, and plasticizers. 
But, contrary to the DIW strategy, the structured monoliths 
fabricated by this strategy do not need a large amount of 
the active material to produce functionality. However, in 
this strategy, the 3D-printed substrate acts as a nucleation 
site that contains different metal oxides or MOF precursors 
(e.g., metal salts and organic ligands), which enables the 

Fig. 3  Fabrication and characterization of the 3D-printed Co-MOF-derived monolith. a Schematic representation of the fabrication processes. 
b–d Rheological behavior of the fabricated F127/Co-MOF ink exhibiting that the prepared ink is solid-like at rest and showed shear-thinning 
behavior by rising shear. b Apparent viscosity profile against shear rate. c, d Oscillatory frequency sweep results: c G′ and G″ profiles as a func-
tion of angular frequency. d G′ and G″ profiles as a function of stress-amplitude at a constant frequency of 6.28319 rad  s−1. e–g Usual characteri-
zation of the fabricated 3D-printed Co-MOF. e, f SEM images. g TEM image. h–j Usual characterization of the fabricated 3D-printed NC-Co. 
Reprinted with permission from Ref. [62].  Copyright 2019, John Wiley & Sons
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coordinate of the active MOF layer after primary densify-
ing [112]. As a result, the monoliths can be fabricated by 
secondary growth using chemical precursors and a template, 
and subsequently by in situ growth to prepare the chemically 
active samples [113].

This strategy has usually not led to relatively high MOF 
loadings or has resulted in the production of MOF phase 
with relatively poor crystallinity. For instance, Liu and cow-
orkers [54] tried to synthesize Cu-BTC MOF onto the sur-
face of 3D-printed ABS matrix and was impotent to produce 
a 3D-printed MOF monolith with MOF content of more 
than 15 wt%. Similarly, Lawson et al. [96] demonstrated 

the interfacial synthesis of MOF-74 onto the surface of 
3D-printed MOF-74/torlon monoliths. To promote the phase 
separation process and produce solid monoliths, the MOF 
nanoparticles were 3D-printed into a dope of torlon solu-
tion in contact with a non-solvent. However, the crystalline 
structure of the MOF-74 nanoparticles was degraded during 
the solvent extraction process. But, when these MOF-74/
torlon monoliths were exposed to the MOF precursors, the 
collapsed MOF-74 particles successfully acted as growth 
seed, resulting in the fabrication of monoliths with 40 wt% 
MOF-74 loading. Although this strategy could produce the 
active monoliths, it is relatively time consuming and leads to 

Fig. 4  Schematic illustrating the preparation of a ZIF-8 particles and b ZIF-8 ink. Photoimages of c 3D-printed ZIF-8 and d pyrolyzed 
ZIF-8 (scale bar = 1cm). Rheological characterization results: e apparent viscosity and f loss and elastic modulus as a function of shear stress. 
Reprinted with permission from Ref. [109].  Copyright 2023, Elsevier
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the production of extra waste, demonstrating that this strategy 
is not very suitable for scale-up.

Integrating the benefits of the 3D-printing technology with 
the favorable properties of the seed assisted growth strat-
egy, encouraged Lawson et al. [114] to prepare 3D-printed 
MOF structure, which enhance MOF content, mechanical 
strength, and gas adsorption performances. Therein, for 
fabrication of 3D-printed MOF monolith, at first, the pastes 
containing metallic precursor and inert substrate were 
printed. The related MOFs were synthesized by transform-
ing the incorporated metallic precursor into MOFs via a 
secondary solvothermal synthesis technique. Accordingly, 
the 3D-printed monoliths containing zeolite 13X, bentonite 
clay, mesoporous silica, and kaolin synthesized the related 
MOFs. However, this strategy was found to be only efficient 
for producing UTSA-16(Co) using 3D-printed kaolin mono-
lith. As a result, the fabricated MOF-based monolith with 
90 wt% UTSA-16(Co) loading showed the same physical 
properties and gas adsorption performances as its powder 
form whereas upgrading its structural integrity. The fabri-
cated 3D-printed UTSA-16-kaolin structure showed a nearly 
similar  CO2 uptake to the MOF powder (3.1 vs 3.5 mmol 
 g−1 at room temperature and 1 bar), related to the amount of 

MOF loading. Moreover, this adsorbent exhibited excellent 
separation selectivity of 3725, 238, and 49 toward  CO2/H2, 
 CO2/N2, and  CO2/CH4, respectively, indicating exceptional 
separation performances of the 3D-printed MOF monoliths 
for different mixtures of gases.

In another study, Liu et al. [115] demonstrated a novel 3D 
printing strategy to prepare a tough and stretchable MOF-
hydrogel composite with adjustable mechanical characteris-
tics. As shown in Fig. 6a, they formulated an efficient print-
able ink by mixing pre-polymers of a flexible double network 
(DN) hydrogel of alginate and acrylamide, the organic link-
ers of MOF, and a shear-thinning agent. Therefore, due to 
concurrent cross-linking of alginate and in situ synthesis of 
HKUST-1 crystals onto the surface of hydrogel using copper 
ions, a composite with high MOF dispersity and high pore 
accessibility would be prepared. The fabricated 3D-printed 
HKUST-1 hydrogel was shaped in various morphologies for 
further characterization (Fig. 6b). They also investigated the 
adsorption performance of this MOF hydrogel for organic 
dye removal, which showed excellent performance of the 
MOF hydrogel for selective dye adsorption (Fig. 6c). Simi-
larly, Huang and Wu [116] demonstrated that by immersing a 
3D-printed skeleton containing organic ligands in a solution 

Fig. 5  Schematic illustrating the preparation of hybrid solid-state electrolytes via the universal room-temperature DIW strategy towards den-
drite-free solid-state lithium metal batteries. Reprinted with permission from Ref. [111].  Copyright 2023, John Wiley & Sons
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containing the related metal ions, the in situ synthesis of Ln-
MOFs can quickly occur, leading to macroscopic assemblies 
and adjustable fluorescence abilities.

A challenge in 3D printing MOFs is their limited compat-
ibility with binders, leading to unfavorable rheological prop-
erties. To increase the interfacial interaction between MOF 
nanoparticles and binder, an MOF construction was formu-
lated by Rezaei and coworkers [117] through 3D printing of 
gelated chemical precursors and their in situ synthesis. To 
overcome the MOFs’ rheological limitations, they developed 
a new fabrication strategy named gel-print-grow (GPG), in 
which the 3D-printed monolith was printed by DIW strategy. 
In this novel strategy, the as-prepared sol–gel should have 
the following properties: (i) show low spreading behavior, 
(ii) exhibit a suitable self-standing rheology, and (iii) be 
stable under operating conditions to guarantee the complete 
coordination of the crystalline phase. Thus, to successfully 
fabricate a 3D-printed monolith via this strategy, selecting 
gelation agents and secondary MOFs growth conditions is 
very important.

As shown in Fig. 7a, for the synthesis of a sol–gel with 
good printability, a mixture of related MOF precursors was 
produced, followed by sonication, then poly(vinyl alco-
hol) (PVA) and bentonite clay were added into it, which 
resulted in the formation of the gel. Usually, the benton-
ite clay can improve the rheological characteristics (self-
standing rheology) of the prepared ink. As a result, they 
synthesized a sol–gel with good printability that contains 
approximately 70 wt% of MOF precursors and optimized 
the in situ synthesis situations by altering the temperature 
of desolvation and activation solvents. Accordingly, it was 
found that the desolvation temperature played a critical role 
in the synthesis of MOF crystals, as the HKUST-1 crystals 
were completely formed at 393 K. Additionally, the activa-
tion solvent led to the differences in the textural properties 
of the fabricated monoliths in which using solvents with 
lower volatility like ethanol or 2-propanol may result in 
the formation of a structure with smaller pore space. While 
utilizing solvents with higher volatility, including methanol 
and acetone, may result in higher  CO2 uptakes at room tem-
perature and 1 bar (Fig. 7b). However, among acetone and 
methanol solvents, methanol resulted in the decomposition 
of crystalline structure of HKUST-1 particles, so acetone 
was considered superior solvent for activating this MOF. 
More importantly, the MOF monoliths fabricated through 
the sol–gel printing and coordination strategy usually 

exhibited quicker mass transfer characteristics in compari-
son to an equivalent 3D-printed MOF monolith prepared 
by DIW strategy, thanks to the formation of extra pores 
in the gelated samples, thereby enhancing the molecular 
transportation.

Recently, the formation of nanocomposite inks that utilize 
nanocellulose networks to encapsulate various nanoparticles 
and functional materials has attracted great attention [118]. 
For this goal, post-treatments, like cross-linking are usually 
applied to improve the mechanical integrity or fulfill the 
requirements of the application [119]. For example, Sultan 
et al. [120] demonstrated a one-step synthesis of 3D printable 
hydrogel ink composed of ZIF-8 nanoparticles attached to 
anionic 2,2,6,6-tetramethylpiperidine-1-oxylradical-mediated 
oxidized cellulose nanofibers (TOCNF) (Fig. 8). Therein, 
 Zn2+ ions were dispersed into the TOCNF solution under 
vigorous stirring, which coordinated to the –COOH groups 
of nanofibers and consequently controlled MOF crystal 
growth [121]. Additionally, triethylamine (TEA), as an effi-
cient nucleation agent, was dissolved into the solution, which 
led to the creation of ZnO nanoparticles. After the addition 
of the related organic ligands (Hmim = 2-methylimidazole), 
the crystals of ZIF-8 would be formed due to the successful 
conversion of ZnO nanoparticles into the ZIF-8 nanoparti-
cles. Accordingly, they believed that the synthesis strategy 
of ZIF-8@TOCNF (CelloZIF8) hybrid ink is facile, rapid, 
environmentally friendly (using water as a green solvent), 
usually takes place at ambient conditions, and allow facile 
encapsulation of small molecules like methylene blue (MB) 
and curcumin. The shear-thinning behavior of the fabricated 
hydrogel composite inks facilitated the 3D printing of porous 
monoliths with exceptional shape loyalty, in which the final 
monolith showed pH controlled release of encapsulated cur-
cumin molecules [120].

The same research group developed a similar approach 
for preparing a Cellulose-ZIF-8 (CelloZIF-8) hydrogel. 
In this regard, Abdelhamid et al. [122] introduced Hmim 
into an aqueous solution containing TOCNF to create a 
printable ink (Fig. 9). The authors mentioned that, besides 
serving as the precursor for ZIF-8 growth, Hmim also acted 
as a suitable gelation agent for TOCNF. Following the 3D 
printing of the ink, the resulting object was immersed in 
a saturated solution containing  Zn2+ to trigger the in situ 
growth of ZIF-8 particles. Hmim molecules interacted 
with the carboxylic groups of TOCNF through coordina-
tion or hydrogen bonding. This process paved the way for 
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the creation of stable 3D objects without the use of any 
binders. Nevertheless, XRD analysis revealed a hydrolyzed 
form of ZIF-8 particles, indicating that this method could 

not yield completely pure ZIF-8 crystals. Morphological 
studies showed a porous structure with pores measur-
ing approximately 1 mm. ZIF-8 particles were uniformly 

Fig. 6  a Schematic representation for the composition and 3D printing procedure for fabrication of MOF hydrogels. (I) Chemical composition 
of precursors of various phases: (left) hydrogel ink, (middle) UV-cured hydrogel phase, and (right) the MOF hydrogel. (II) Schematic illustration 
of the three main stages (printing, UV curing, and ionic cross-linking) in the 3D printing process. b Fabricated 3D-printed HKUST-1 hydrogel 
composites in various forms. (I-III) (top) 3D rendering, (middle) photoimages of 3D-printed hydrogel phase, and (bottom) 3D-printed MOF 
hydrogel composites in various forms printed by a nozzle with a diameter of 0.8 mm. (I) dumbbell, (II) pyramid, and (III) grid. c Organic dye 
adsorption efficiency of the fabricated 3D-printed MOF hydrogels. Photoimages for different organic dye solutions at the beginning and after 
the adsorption process for (I) MB, (IV) R6G, and (VII) a mixture of MB and R6G dyes. The UV–Vis spectra of (II) MB, (V) R6G, and (VIII) 
MB + R6G solutions as a function of contact time. The concentration of various dyes in (III) MB, (VI) R6G, and (IX) MB + R6G mixture as a 
function of contact time. Reprinted with permission from Ref. [115].  Copyright 2020, American Chemical Society
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distributed within the CelloZIF-8 structure, with sizes 
ranging from 100 to 250 nm. CelloZIF-8 was employed 
in various applications, including  CO2 adsorption, heavy 
metal adsorption, and the removal of organic dyes through 
adsorption and catalytic degradation.

In a recent study, Chen et al. [123] reported the devel-
opment of a multifunctional hydrogel containing cerium-
based MOF for treating and monitoring diabetic wounds. 
The hydrogel comprised a dual network of Ce-MOF con-
nected to a sodium alginate network and polyacrylamide 
(PAAm), with these two networks forming an interpenetrat-
ing polymeric network. To prepare the bioink, the authors 
introduced a solution of TEA and the organic linker to the 
polymer mixture, neutralizing the carboxylic acid groups of 
the organic linker via TEA to achieve ligand dehydrogena-
tion at room temperature. UV curing was employed during 
3D printing and subsequent formation of the 3D structure 
to ensure the polymerization of acrylamide and promote 
cross-linking. The prepared hydrogel was immersed in a 
cerium nitrate solution for dual purposes. Firstly, it resulted 
in the formation of crosslinked sodium alginate with Ce(III). 

Secondly, excess Ce(III) ions reacted with the linker, gener-
ating Ce-MOF within the porous network of the hydrogel. 
XRD analysis demonstrated that the crystal structure of the 
grown MOF resembled its powdered form. Morphological 
studies revealed that the prepared scaffold fully retained its 
porous structure. Additionally, it was observed that Ce-MOF 
exhibited a cauliflower-like morphology, which was attrib-
uted to the split growth of the MOF during crystal forma-
tion. Ce-MOF improved the mechanical properties of the 
hydrogel, providing physical protection for the wound. The 
fabricated MOF nanozyme hydrogel exhibited remarkable 
catalytic activity towards various oxygen-free radicals (pro-
viding reactive oxygen species (ROS) scavenging properties). 
It showed dependency on the glucose concentration, owing to 
the conversion between different valences of cerium.

2.3  Coordination Replication from Solid Precursors

MOF growth from solid precursors (e.g., metal oxides) via 
coordination replication strategy has been explored as a 

Fig. 7  a Schematic illustration of HKUST-1 monoliths prepared by gel-print-grow strategy. b  CO2 adsorption capacities of all synthesized sam-
ples at room temperature and 1 bar as a function of activation solvents. c Fractional adsorption capacities of  CO2 in a  CO2/N2 (10:90) mixture at 
room temperature for HKUST-1 powder and its monoliths fabricated via different strategies. Reprinted with permission from Ref. [117].  Copy-
right 2020, American Chemical Society
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simple and efficient approach to deposit MOF coating on 
substrates [124]. The conversion of zinc oxide (ZnO) layer 
to ZIF-8 crystals under mild conditions has been achieved 
in various supporting materials including fibers, beads, and 
monoliths [125]. For instance, by FDM strategy, Waheed 
et al. [126] prepared a chemically reactive ZnO nanoparti-
cle (NP)/ABS composite filament for 3D printing. After 3D 
printing with the ZnO-NP/ABS filament, the ZIF-8 particles 
were in situ synthesized via a moderate chemical conver-
sion mechanism at ambient conditions, in which the incor-
porated ZnO-NP converted into the ZIF-8 particles that were 
consequently located on the external surface of 3D-printed 
monoliths. The fabricated 3D-printed MOF monolith was 
used to extract malachite green (MG) from aqueous solu-
tions, which showed exceptional extraction performance 
compared to a monolith prepared from net ABS, or the fab-
ricated ZnO-NP/ABS monoliths. To better understand the 
benefit of this strategy for 3D-printed monolith fabrication, a 

ZIF-8/ABS monolith was prepared by directly incorporating 
ZIF-8 nanoparticles within the ABS matrix. As a result, the 
in situ growth of ZIF-8 nanoparticles via coordination rep-
lication strategy exhibited enhanced extraction performance 
compared to the monoliths containing pre-synthesized ZIF-8 
nanoparticles, with a high enhancement (up to 48%) in the 
extraction of MG.

The surface modification of 3D-printed monoliths with 
MOF particles usually requires an efficient substrate seeding 
with nanocrystals of various MOFs [127]. However, uniform 
dispersion of seeds within the complex 3D structures is usu-
ally challenging; thereby, it is difficult to uniformly grow a 
layer of MOF crystals on the external surface of a substrate. 
In this regard, Pellejero et al. [128] reported a new coordi-
nation replication strategy based on reactive substrate seed-
ing that involves the deposition of metallic (metal oxides) 
precursors by atomic layer deposition (ALD) [129], and its 
solvothermal conversion to the related MOFs. According 

Fig. 8  Schematic representation for the preparation and 3D printing of CelloZIF8 composite inks with and without adding curcumin molecules. 
The printed monoliths with orange color exhibit the existence of curcumin molecules in the prepared composite ink. Reprinted with permission 
from Ref. [120].  Copyright 2019, John Wiley & Sons
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to this synthesis strategy, ALD is able to functionalize the 
ABS membranes with a homogeneous layer of ZnO crys-
tals, thereby producing a uniform distribution of metallic 
precursor for uniformly growing the crystals of ZIF-8 on the 
surface of ABS matrix. The SEM images of fabricated mono-
liths showed that the homogeneous and continuous layer of 
ZIF-8 nanoparticles was present in the inner surface of the 
3D-printed ABS/ZIF-8 monoliths. The fabricated 3D-printed 
ABS/ZIF-8 monoliths showed an encouraging adsorption 
performance for dimethyl methylphosphonate (≈ 20.4 mg 
 g−1), as a famous G-series nerve agent simulant, indicating 
their great potential for toxic gas removal applications.

Although directly growing MOF particles onto the external 
surface of 3D-printed frameworks appears to be a possible 
alternative strategy, most of the fabricated 3D-printed MOF-
based monoliths were derived from Cu, Zn, and Co metals 
and possess different disadvantages because of the complex 
operation, long reaction time, and additional contamination 
produced by the metal ion solutions. Lately, calcium-based 
salts have been used as metallic precursor to synthesize 
MOFs due to their low-cost, nonpoisonous, abundant, and 

suitable bio-melting characteristics [130]. For instance, Kita-
gawa and coworkers [131] used calcium carbonate  (CaCO3) 
as a metallic precursor and transformed it into a Ca-based 
MOF via the coordination replication. Based on this strategy, 
Liu et al. [86] fabricated a 3D-printed MOF-based mono-
lith to efficiently remove MB dye from wastewater. Therein, 
 CaSiO3, as a metallic precursor, was incorporated into the 
ABS/TPU alloy using a twin-screw extruder, and then the 
 CaSiO3/ABS/TPU filaments were extruded on a mini fila-
ment structure for further 3D printing process. The Ca-based 
MOF crystals were directly deposited onto the external sur-
face of the acetone-etched 3D structure via an in situ MOF 
synthesis technique. The fabricated 3D Ca-MOF/ABS/TPU 
structure showed good adsorption performance toward MB 
removal, in which its removal efficiency reached 88% for 
100 ppm MB solution. Additionally, the removal efficiency 
was still at 70% after six consecutive adsorption–desorption 
cycles, indicating the high MB removal efficiency as well as 
good reusability of Ca-MOF/ABS/TPU structure.

Fig. 9  Schematic illustrating the one-pot preparation of 3D CelloZIF-8 monolith. Reprinted with permission from Ref. [122].  Copyright 2023, 
Elsevier
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2.4  Matrix Incorporation

Matrix incorporation strategy is simply explained as the 
dispersion of chemically active materials (e.g., polymeric 
matrix and filler particles) within an inert stabilizer [132]. 
This fabrication strategy has usually been applied to over-
come the rheological limitations and upgrade the mechani-
cal properties of the 3D-printed frameworks or to modulate 
their hierarchical porosity and the accessibility to their active 
sites. As shown in Fig. 10a, for preparation of 3D-printed 
MOF structures via this strategy, the pre-synthesized MOF 
particles were firstly dispersed into a mixture containing 
polymer, solvent, pore former, and non-solvent to produce 
a liquid-phase dope with a desirable printability and rheol-
ogy. Subsequently, a non-solvent is added on the printed 
layer to promote phase separation and form a solid phase. 
These processes are repeated several times until the favorable 
height monolith has been fabricated. Finally, the solvents are 
extracted from the fabricated 3D-printed MOF monoliths in 
exchange for increasingly volatile solvents [96, 133].

Kreider et al. [59] used this strategy for the first time to 
prepare 3D-printed ABS-MOF-5 composites with different 
geometries (Fig. 10b) by the solvent casting of an ABS mix-
ture containing 10 wt% of MOF-5 particles. The obtained 
result for energy dispersive X-ray spectroscopy (EDS) analy-
sis affirms the uniform dispersion of zinc as well as MOF-5 
particles within the ABS matrix (Fig. 10b(V)). The authors 
believed that their fabrication strategy was an efficient and 
successful technique for fabricating MOF monoliths via sim-
ple solvent casting. However, they found that the MOF con-
tent cannot be enhanced by more than 10 wt% because the 
fabricated ink above that threshold showed shear thickening 
behavior and could no longer be printed. Thus, the proposed 
strategy would not be a successful and effective strategy for 
structuring MOF materials with high particle loadings, so 
it is essential to develop new alternatives to overcome this 
challenge.

With a similar strategy, Lawson et al. [96] prepared a 
series of 3D-printed MOF@torlon monoliths via suspend-
ing MOF nanoparticles (e.g., HKUST-1 and MOF-74) into 
a polymer solution and employing a phase separation pro-
cess to prepare the favorable MOF monoliths. This effort 
was carried out to significantly improve the rheological 
properties of directly printed MOF monoliths because the 
liquid mixture of polymers shows better printability and 
shear-thinning behavior than the MOF inks prepared from 

DIW strategy. Therein, HKUST-1 and MOF-74 monoliths, 
with a polymer composition of 60 wt% polyamide (imide) 
(Torlon) and 40 wt% MOFs, were printed and investigated 
their adsorption performances toward  CO2. It was found 
that only HKUST-1 monoliths showed complete crystalline 
preservation of MOF particles, while the polymer solvent 
slightly decomposed MOF-74. However, the preserved MOF 
particles were further employed as growth seeds to produce 
MOF-74-decorated monoliths. Accordingly, it was found that 
the secondary growth of MOF-74 particles on the external 
surface of monoliths significantly increased the  CO2 uptake 
of MOF-74@torlon. Based on the results, the authors pro-
posed that the direct 3D printing of MOF precursors that act 
as seeds and the use of secondary MOF crystal growth are 
suitable and attractive strategies for manufacturing polymer-
based MOF monoliths. However, despite several advantages 
of this strategy, it is not optimal because it does not produce 
MOF ink with favorable rheological behavior, which may 
lead to the decomposition of the MOF crystals. Therefore, 
this strategy should be further developed to overcome the 
abovementioned challenges.

In an interesting study, Evans et al. [106] proposed that a 
3D-printed MOF monolith fabrication via a simple solution 
blending method and then casting into solid phases prior to 
extrusion into printing monoliths is very important to attain 
a continuous and homogeneous dispersion of MOF particles 
even at high MOF contents (50 wt%). In that study, ZIF-8 
nanoparticles were homogeneously incorporated into PLA 
and TPU matrices at high MOF loadings (more than 50 wt%), 
then extruded into solid filaments, and finally utilized to form 
3D-printed ZIF-8 monoliths by FDM strategy. The fabricated 
3D-printed PLA/ZIF-8 monoliths showed a large specific sur-
face area of 531  m2  g−1 and a hierarchical porous structure, in 
which its hierarchical porosity originated from a combination 
of the retained crystalline structure of ZIF-8 particles, micro- 
and mesopores, and huge micro-voids in the structure of fabri-
cated composites that were observed at 40 wt% ZIF-8 loadings.

In the case of flexible TPU/ZIF-8 composites, the huge 
voids are disappeared, and micropores are usually blockaged 
at a relatively high loading of MOF particles. Accordingly, the 
printed binary composite of Semiflex/ZIF-8 (50 wt% ZIF-8) 
showed a low specific surface area of 68  m2  g−1, slightly higher 
than that of monolith prepared from pure Semiflex. Therefore, 
the fabrication of flexible TPU/ZIF-8 composites with higher 
surface area was achieved by a new strategy in a sacrificial fluo-
ropolymer (poly(vinylidene fluoride-co-hexafluoropropylene) 
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(PVDF-HFP)) was doped in, preserved throughout the printing 
process, and finally separate from the fabricated monoliths via 
chemical treatment (Fig. 11c). Accordingly, to further enhance 
the specific surface area of the 3D-printed MOF composites 
and exposure of the pores within the incorporated ZIF-8 parti-
cles in the flexible Semiflex matrix, PVDF-HFP was employed 
to produce a ternary mixture (Fig. 11a). The PVDF-HFP was 
completely preserved in every part of processing and printing 

and subsequently eliminated from the composite via solvent 
treatment method to fabricate internal pores without chang-
ing the macrostructure of the final composite (Fig. 11c). As a 
result, the fabricated 3D-printed flexible Semiflex/ZIF-8 com-
posites achieved a high surface area of 706  m2  g−1 (Fig. 11d), 
much more than that of the printed binary composite. This 
fabrication strategy was also extended to other MOFs (e.g., 
UiO-66) to exhibit the universality of this technique for fab-
ricating highly porous MOF monoliths. However, the use 

Fig. 10  a Schematic representation for the 3D-printed MOF monolith formulation via the matrix incorporation strategy. Reprinted with permis-
sion from Ref. [113].  Copyright 2021, American Chemical Society. b Photoimages of the ABS-MOF-5 filament and the 3D-printed structures: 
(I) 3D-printed block prepared with various MOF-5 loadings. (II) Photo image of the filament utilized in the printing process. (III) 3D-printed 
structure shows scale with corresponding (IV) SEM and (V) zinc maps. Reprinted with permission from Ref. [59]. Copyright 2018, John Wiley 
& Sons
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of polymeric additives as sacrificial agents as well as using 
chemically active fillers to enhance the porosity, is an approxi-
mately unexplored field, which needs further investigation in 
the future.

2.5  Selective Laser Sintering

Selective laser sintering (SLS) is the other critical 3D-print-
ing strategy, in which the 3D solid phase is usually manu-
factured via the layer-by-layer sintering of hot-melt pow-
dered materials (e.g., ceramics, metals, and thermoplastic 
polymers) utilizing a program-controlled laser beam [134]. 
During this fabrication strategy, the powdered precursors 
are slightly sintered together, by which the degree of this 
phenomenon could be controlled by accurately adjusting 
the printing factors, including exposure time, laser power, 
cooling rate, and operating temperature in the printing pro-
cess, thereby regulating the physical characteristics of the 
fabricated monoliths like porosity [135]. As the operating 
conditions of the printing process are exactly optimized, the 
polymeric powders are not fully melted after the sintering 
process but still maintain their particle-like structure, which 
resulted in the fabrication of a porous, solid, and powder-like 
monolith that contains facile accessible spaces between the 
partially sintered polymer powders [136].

During the SLS process, micro-voids might be created as 
the powdered particles melt or sinter quickly using transient 
laser heating. When MOF nanoparticles and polymer pow-
ders are mixed for SLS process, the created micro-voids can 
produce open and free channels to the MOF nanoparticles 
incorporated in the polymer phase and significantly improve 
the exposure of MOF nanoparticles with the external ambi-
ent. Accordingly, the size and number of these micro-voids 
could be controlled by fine-tuning the sintering factors such 
as scanning speed, power, and hatching space of the laser. As 
a result, this relatively porous architecture permits liquids to 
pass through the fabricated monoliths even if no certain open 
channels are embedded in the porous structure of monoliths. 
In this regard, Lahtinen et al. [107] used SLS strategy to print 
highly porous membranes containing HKUST-1 as highly 
porous filler and nylon-12 as printable polymer phase. It was 
found that the MOF nanoparticles were tightly connected 
to the external surface of partially fused polymer powders, 
allowing liquids to pass through the membranes. Finally, the 
authors believed that this work displays that SLS strategy can 

open up a new window to use MOF nanoparticles by attach-
ing them to an adjustable polymeric matrix.

With such approach, a series of polymer-based MOF 
mixed matrix films (MMFs) has been prepared by Li et al. 
[108] utilizing thermoplastic polyamide 12 (PA12) powder 
as the printable polymer matrix and five kinds of powdered 
MOFs such as MOF-801, ZIF-67, ZIF-8, HKUST-1, and 
 NH2-MIL-101(Al) as the porous fillers (Fig. 12a). Therein, 
single-layer MMFs with lacing structure were printed uti-
lizing all kinds of MOFs with various MOF contents to 
evaluate their mechanical properties (free-standing), BET 
surface area, thickness, water permeability, hydrophobia, 
and structural stability. The SEM images of the prepared 
samples displayed that their sizes were in the range of ≈ 
0.2–100 μm (Fig. 13a1–f1). Moreover, it was found that most 
of the printed MOF-PA12 MMFs can be shaped or folded, 
indicating their good flexibility and excellent mechanical 
stability (Fig. 13a2–f2). The fabricated single-layer MMFs 
with appropriate mechanical properties and high porosity 
can be applied as adsorbent materials for removing MB dye 
from aqueous solutions. The experimental adsorption results 
demonstrated that the  NH2-MIL-101(Al)-PA12 MMF with 
the lacing structure and the smallest pore size can be used 
as an efficient adsorbent material with easy-to-collect abil-
ity, suitable adsorption kinetic, and high adsorption capac-
ity. Moreover, the reusability of the adsorbents was evalu-
ated by cyclic adsorption/desorption tests, in which after the 
adsorption process, the adsorbents were soaked in methanol 
for desorption of the MB molecules (Fig. 12b). As shown in 
Fig. 12c, after five consecutive adsorption–desorption cycles, 
the removal efficiencies of this adsorbent toward MB were 
still at acceptable value (≈ 83%), indicating its recyclability 
as well as durability.

2.6  Digital Light Processing

The digital light processing (DLP) approach generally 
involves localized photopolymerization of monomers or oli-
gomers with appropriate photoinitiators. On the other hand, 
DLP printing uses photoinduced cross-linking to solidify 
liquid resins containing monomer or oligomers on locally 
illuminated regions, replicating a 3D structure sequentially 
or layer-by-layer [137]. Therefore, this strategy enables 
rapid prototyping and provides control over the layer’s thick-
ness resolution, which is an important consideration when 
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working with 3D-printed MOF monoliths or MOF-based 
mixed-matrix membranes (MOF-MMM). For instance, Pus-
tovarenko et al. [65] demonstrated using digital light pro-
cessing to prototype several MOF-MMMs rapidly. Therein, 
MOF-based printable ink has been formulated from post-
synthetically modified MIL-53(Al)-NH2 with methacrylic 

functionality (MIL-53(Al)-NH2/MMA) and commercially 
available acrylate oligomers. Accordingly, the inks made 
with MIL-53(Al)-NH2/MMA could be rapidly converted 
into free-standing composite membranes with favorable 
shape and thickness. The superior gas separation efficiency 
of the fabricated 3D-printed MOF-MMMs in  H2 and  CO2 gas 

Fig. 11  a Schematic illustration of the solution processes to produce binary (Semiflex) and ternary mixtures. b Semiflex-ZIF-8 composite mon-
oliths cut, fed into a heated barrel, compressed to prepare extrusion, and produced feedstock materials via extrusion. c Schematic illustration of 
the flexible ternary ZIF-8 composite after 3D printing where PVDF-HFP blockages the porous structures of ZIF-8 particles, then acetone treat-
ment removes PVDF-HFP to enhance the exposure of the incorporated ZIF-8 nanoparticles, while Semiflex is maintained as the foundation of 
polymer monolith. d Nitrogen adsorption–desorption isotherms of ternary Semiflex/ZIF-8/ PVDF-HFP 400 µm stands as printed and after sol-
vent leaching. Reprinted with permission from Ref. [106].  Copyright 2018, American Chemical Society
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mixture with a 1:1 molar ratio demonstrated the enhanced 
permeability of the MIL-53(Al)-NH2/MMA-containing 
composite compared to the gas separation efficiency of the 
pure polymer. However, the relatively low  H2/CO2 separation 
selectivity of these membranes compared to previously pub-
lished MMMs indicated the existence of non-selective micro-
voids for penetration of gas molecules surrounding the MOF 
nanoparticles [138]. The authors believed this strategy might 
be effectively used for rapid prototyping of MOF-MMMs and 
provide a new opportunity for future research in this area.

The DLP strategy allows the fabrication of 3D polymeric 
flexible monoliths incorporating MOF nanoparticles while 
keeping their functionality and significantly improving their 
hydrolytic stability. To highlight the benefits of this method, 
Halevi et al. [66] used the water-sensitive HKUST-1 MOF, 
in which its dye adsorption efficiency was carried out in 
water to determine the change of MOF’s functionality in 
3D-printed monolithic structures. Therein, the HKUST-1 
nanoparticles were dispersed within a photopolymerizable 
composite containing 2-phenoxyethyl acrylate (Sartomer 
SR-339), polyethylene glycol (600) diacrylate (SR-610), 
and two photoinitiators (Irgacure-184 and Irgacure-819), to 
allow the fabrication of a composite capable of supporting 
the MOF nanoparticles (Fig. 14a). Accordingly, the DLP 

printer successfully produced the formulated ink containing 
HKUST-1 nanoparticles, monomers, and photoinitiators. As 
a result, 3D-printed MOF structures with the characteristic 
blue color of the HKUST-1 could be created (Fig. 14b). The 
addition of HKUST-1 nanoparticles with the 3D-printed 
MOF monoliths dramatically improved the MB adsorption 
capacity compared to the simple incorporation within the 
polymer matrix. Moreover, as shown in Fig. 14c(I), the MB 
adsorption capacity nearly equaled that of the pure HKUST-1 
nanoparticles, with the same adsorption kinetics during the 
early stages of the adsorption process.

The stability and durability of the fabricated adsorbent 
were further studied by dye adsorption measurments over an 
extended period of time (≈ 9 h). As observed from Fig. 14c 
(II), after 30 min, the pure HKUST-1 nanoparticles adsorbed 
MB molecules. At later times, the adsorbed MB molecules 
were released back into the solution. The release of MB mol-
ecules in this experiment may be due to the structural decom-
position of HKUST-1 nanoparticles via hydrolysis [139]. 
In contrast, the MB molecules adsorbed by the 3D-printed 
HKUST-1 monoliths stayed adsorbed during the whole dura-
tion, owing primarily to the increased structural stability of 
3D-printed HKUST-1 in water. The authors believed that 
this strategy for direct 3D printing of functional monoliths 

Fig. 12  a Schematic representation for the manufacturing processes of 3D-printed MOF-PA12 MMFs with different lacing structure and pho-
toimages of the PA12 film and MOF-PA12 MMFs containing different MOFs. b Recycling experiment of the  NH2-MIL-101(Al)-PA12-10–1 × 1 
MMF. (I) Photoimages exhibiting the adsorption–desorption processes. (II) Removal performance of  NH2-MIL-101(Al)-PA12-10–1 × 1 MMF 
towared MB during 5 consecutive adsorption–desorption cycles. Reprinted with permission from Ref. [108].  Copyright 2019, American Chemi-
cal Society
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incorporating MOFs represents a major step forward in devel-
oping functional devices using MOF-based materials [66].

Inspired by Halevi et al.’s work, Cherevko et al. [140] 
produced a composite consisting of MOF-5 through DLP 
method. For the composite formulation, they utilized the 

Fig. 13  a1–f1 SEM images of the fabricated samples. a2–f2 photographs, a3–f3 top surfaces, and a4–f4 cross-sectional SEM images of the fab-
ricated samples. Reprinted with permission from Ref. [108].  Copyright 2019, American Chemical Society
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commercially accessible Wanhao Industrial Blend resin, 
and the blending of resin and MOF particles occurred at 
room temperature for 10–15 min using an ultrasonic homog-
enizer. To find the optimal composition of the composite, 
they gradually increased the particle concentration in the 
photopolymer resin, starting from 1 wt%, to determine the 
optimal content of MOF particles that resulted in acceptable 

quality of the 3D printing. At the 10 wt% of MOF-5, the 
manufactured 3D objects showed good spatial resolution and 
uniformity of 3D printing. The XRD analysis revealed that 
integrating MOF-5 particles into the composite during the 3D 
printing process did not lead to any crystalline structure loss 
or phase composition alterations. It was found that despite a 
good distribution, MOF-5 particles form some aggregated 

Fig. 14  a Schematic illustration of the DLP strategy with the chemical structure of the used materials. b Photoimages of 3D-printed MOF mon-
oliths: (I) Different 3D-printed models of HKUST-1@polymer. (II) 3D-printed nets of HKUST-1@polymer. (III) Illustration of the flexibility of 
the 3D-printed MOF monoliths before, during, and after pressing. c Dye adsorption performance of the fabricated adsorbents: (I) MB adsorp-
tion performance of HKUST-1 nanoparticles and polymer over short periods. (II) MB adsorption performance of pure HKUST-1 nanoparticles, 
3D-printed HKUST-1@polymer monoliths, and polymer over long periods. Reprinted with permission from Ref. [66].  Copyright 2018, John 
Wiley & Sons
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clusters whose degree depended on the time spent for homog-
enization. Incorporating MOF-5 particles into the photopol-
ymer matrix reduced their ability to adsorb molecules, as 
evidenced by initial experiments involving the adsorption 
of fluorescein and eosin from aqueous solutions. Thus, the 
authors proposed thermal annealing of the final composite to 
remove a portion of the photopolymer resin and better expose 
MOF-5 particles to the environment.

Chaudhari and Tan [91] fabricated a white light-emitting 
diode (LED) by combining a dual-guest@MOF compound 
with a light-emitting polymer, integrating them into various 
3D-printed structures using the DLP technique. They blended 
the "A + B@ZIF-8" powder, where A represents fluorescein 
and B signifies rhodamine B, with a blue-emitting photopoly-
mer resin to form a composite material. This composite was 
subsequently employed to fabricate diverse objects via digital 
light processing. These objects were designed to emit white 
light when subjected to UV irradiation. Among the dem-
onstrated creations were disc-shaped pellets, which emitted 
warm white light upon exposure to a 400 nm UV LED. Fur-
thermore, they demonstrated the ability to adjust the chroma-
ticity of the emitted light by methodically altering the thick-
ness of the 3D-printed pellets. This enabled the creation of 
various color temperatures ranging from cool to warm white 
light. The authors suggested that the light emission capability 
arises from the structural relaxation of the "A + B@ZIF-8" 
compound when it disperses within the photopolymer resin. 
The capability to adjust the emitted light’s color by modify-
ing the thickness of the 3D-printed pellets paves the way for 
designing photonic sensors, optoelectronics, and forthcom-
ing metamaterials. This study also showcases the prospect 
of improving the durability and light resistance of functional 
devices by producing 3D-printed composite objects.

3  Water Treatment Applications 
of 3D‑Printed MOF Monoliths

Water contamination due to growing urbanization has 
become a major global issue in the last century [141, 142]. 
Moreover, the need for potable water has increased sig-
nificantly as the impacts of global warming have become a 
serious concern to civilization. Emerging water pollutants 
such as organic dyes, heavy metal ions, persistent organic 
pollutants (POPs), pesticides, fluoride, pharmaceuticals and 

personal care products (PPCPs), phosphate, endocrine-dis-
rupting chemicals (EDCs), etc. are typically found in sec-
ondary effluent from wastewater treatment plants and more 
importantly in natural water sources [10, 141, 143, 144]. 
Therefore, water treatment systems have become increas-
ingly crucial for recovering and recycling available unusable 
water sources. Environmental nanotechnology can help meet 
the requirement for clean, drinkable water, because of the 
exceptional adsorption, catalytic/photocatalytic, and detec-
tion properties of functionalized materials [53, 145].

3.1  Heavy Metal Ions Detection

Heavy metal ions are regarded as one of the most signifi-
cant cancer-causing substances and non-biodegradable con-
taminants due to their high toxicity, stability, and tendency 
to accumulate in human organs, mostly via the food chains 
[146]. Therefore, for environmental and health protection, 
developing sensitive and routine techniques appropriate for 
on-site monitoring of hazardous heavy metal ions and other 
water pollutants [147]. Various spectrometric methods are 
used to measure the concentration of heavy metal ions in 
water. Still, they need bulky and expensive instrumentations 
and require expert and well-trained technicians, which limits 
their on-site applications [148]. Anodic stripping voltamme-
try (ASV), with its simple operation protocols, reasonably 
high sensitivity, and low price, is viable for heavy metal 
ion identification. However, conventional ASV, particularly 
because of modifying electrodes and designing devices, suf-
fers from the long-lasting pre-electrolysis procedure, huge 
consumption of sample solutions, and poor reproducibility 
[58].

Nowadays, materials that have dual functionality of 
adsorption and sensing of heavy metal ions are quite appeal-
ing, and MOFs have lately been widely investigated in this 
area. However, the application of MOFs as electrode materi-
als/modifiers for heavy metal detection can be considered 
undiscovered since just a few studies addressing the volta-
metric identification of heavy metal ions have been reported 
in the published papers, mainly due to their poor water stabil-
ity and electronic conductivity [130, 149]. MOF-based elec-
trodes are typically made in a multi-step process that begins 
with the drop-casting of MOFs onto the surface of a glassy 
carbon electrode (GCE) [149]. Before each test is performed, 
the surface of each bare GCE must be polished and washed 
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in various solutions via sonication. Eventually, the MOFs are 
dripped onto the GCE and let to dry naturally. Thus, these 
MOF electrodes made via drop-casting cannot be considered 
ready-to-use or stand-alone devices.

To address the abovementioned challenges, 3D printing 
was adopted as a fabrication tool to prepare a novel detect-
ing system. 3D printing is an environmentally benign and 
cost-effective technology that offers tremendous potential 
for device standardization and mass manufacturing. Based 
on this strategy, Hong et al. [58] employed a 3D printing 
technique to create a microfluidic electrochemical sensor for 
real-time determination of heavy metals (e.g.,  Cd2+ and  Pb2+) 
from water (Fig. 15a). Therein, Mn-based MOF (Mn-MOF) 
was effectively synthesized and used as a precursor for the 
fabrication of porous  Mn2O3, which significantly enhanced 
the active electrochemical surface and the real-time stripping 
detecting characteristic of heavy metal ions. In conclusion, 
the manufactured system had a detection limit of 0.2 µg  L−1 
for  Pb2+ and 0.5 µg  L−1 for  Cd2+, which was roughly 50 and 
6 times smaller than the World Health Organization’s (WHO) 
recommendation limits [150].

Moreover, it was reported that the procedure of combining 
a tiny quantity of MOF particles with graphite paste (GP) 
to form a working electrode (WE) is much easier than the 
drop-casting strategy because the surface of the fabricated 
WE is regenerated using a syringe plunger sliding pressure, 
leading to the stand-alone sensors [85, 151]. Accordingly, 
Kokkinos and coworkers created a new integrated lab-in-a-
syringe system for the quantitative designation of  Pb2+ [151] 
and  Hg2+ [85] in bottled water and spiked fish oil samples 
utilizing an extremely effective MOF (Ca-MOF) as an elec-
trode modifier and 3D printing method (Fig. 15b). The lab-
in-a-syringe gadget is made up of a tiny cell printed from a 
non-conductive PLA filament (PLA/F) and two electrodes 
printed on the edges of the vessel from a conductive carbon-
based PLA/F, such as counter (CE) and pseudo-reference 
(RE). This system also includes a tiny detectable 3D-printed 
syringe made of non-conductive PLA/F and modified with 
Ca-MOF/GP, which acts as the WE. The conductive plunger 
produces the electrical contact between the WE and the 
potentiostat, which is produced from conductive PLA/F. The 
high adsorption performance of the Ca-MOF toward  Hg2+ 
ions enhanced the sensitivity of the fabricated electrode for 
determination of  Hg2+ ions with a small detection threshold 
of 0.6 µg  L−1, which was similar to or less than other sensors 
(e.g., gold, plastic 3D-printed, and MOF-based electrodes) 

[149]. Additionally, this sensor exhibited a small detection 
threshold of 0.26 µg  L−1 for  Pb2+ ions. The authors believed 
that the proposed sensor is a promising sensor for on-site 
monitoring of heavy metal ions mainly due to its desirable 
chemical activity, the facile renewal of the electrode surface, 
and the quick and low-cost 3D-printed production technique.

3.2  Oil/Water Separation

Pollution from oil has a high cost to the environment world-
wide because a large amount of oily wastewater is produced 
by commercial, ever-increasing industrial, domestic dis-
charge, and frequent oil spill accidents [152]. Therefore, 
developing environmentally friendly, energy-efficient, 
and sustainable oil/water separation methods is critical for 
removing the oil from the environment [104, 153]. In past 
years, super-hydrophobic and subaqueous superoleophobic 
membranes have received a lot of interest for their efficacy 
in treating oily wastewater. Compared to the adsorption pro-
cesses, the membrane separation technique usually provides 
better reusability for the recycled oil and membranes [154]. 
Although several strategies have been applied to fabricate 
such membranes, 3D printing is the best solution to over-
come the drawbacks of conventional manufacturing methods 
[155]. Li et al. [154] introduced an innovative oil recycling 
approach that recycles oil based on weight via an oil-selective 
membrane. As a result, without the need for any solvents or 
wet procedures, functional superhydrophobic graphene can 
be directly printed as an additive on the surface of porous 
nickel foams. As observed in Fig. 16, the superhydropho-
bic/oleophilic membrane could stay afloat on the wastewater 
surface. Thus, the nearby oil may spontaneously diffuse into 
the membrane due to gravity, whereas water molecules are 
unable to penetrate due to the superhydrophobic confine-
ment’s surface tension.

Yuan et al. [156] used a similar technique to create a hier-
archically micro/nanoscale structured surface with superhy-
drophobic and underwater superoleophobic properties using 
an easy two-stage design of a novel 3D multi-scale ZIF-L on 
a 3D-printed membrane. This strategy entails synthesizing 
two ZIF-Ls, one of which was created by employing an aque-
ous solution containing a high amount of 2-methylimidazole 
linker (Hmim) and  Zn2+ ions, resulting in a 3D leaf-crossed 
MOF. While the second one was synthesized by growing tiny 
needle-shaped and rod-like ZIF-Ls on the top of leaf-crossed 
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ZIF-L (Fig. 17). An ideal multi-scale micro/nanostructural 
membrane is produced due to a two-step depositing of that 
multi-scale ZIF-Ls on a coarse 3D-printed PA membrane. 
The manufactured membranes displayed exceptional super-
hydrophobicity after being coated with polydimethylsiloxane 
(PDMS), with a small water contact angle of 1.56° and a 
static water contact angle of 158.6°. Both fabricated mem-
branes showed an excellent separation performance toward 
oil/water separation, with over 99% oil rejection and over 
24,000 L  (m−2  h−1) oil flux. The authors expected that this 
work would provide a novel way for fabricating a superhydro-
phobic membrane for oil/water separation using 3D printing 
and the creation of micro/nanostructural ZIF-Ls.

3.3  Organic Dye Removal Via Adsorption Processes

The 3D-printed MOF-based nanocomposites have also 
showed exceptional adsorption performance toward water 
pollutants. For instance, Wang et al. [54] modified an ABS 
framework with a coating of Cu-BTC MOF (BTC = benzene 
tricarboxylic acid) porous structure via an efficient step-by-
step in situ synthesis method. A 3D printer was used to make 
MOF-coated polymer composites more flexible. The fabri-
cated Cu-BTC/ABS composite was applied as an adsorbent 

material to remove MB dye from water. The Cu-BTC/ABS 
composite could occupy most of the tubular reactor’s avail-
able area, allowing for successful MB adsorption without 
any need for stirring. As observed from Fig. 18a, MB was 
eliminated from water solutions in a short period, which 
its removal efficiencies reached 93.3% and 98.3% for the 
solutions containing 10 and 5 ppm MB, respectively, only 
after 10 min. Accordingly, Cu-BTC/ABS-8 had maximal 
adsorption capabilities of 64.3 and 33.9 mg  g−1 for 10 and 5 
ppm of MB dye solutions, respectively (Fig. 18a(III)). This 
composite also has the advantage of being easily regenerated 
by washing with diluted HCl solution and being used for 
more than five cycles with a 65%–95% removal efficiency 
of MB (Fig. 18b).

In another study, Shi et al. [157] established a new tech-
nique for the fabrication of Cu-MOFs/PLA film to remove 
MG dye from wastewater. Therein, a simple method of fab-
ricating the Cu-MOFs/PLA composites was used, including 
the in situ gradual growth of porous Cu-based MOF on the 
external surface of a 3D-printed PLA structure (Fig. 19). This 
strategy not only makes the Cu-MOFs/PLA composites more 
stable but also makes it easier to reuse and recycle them. 
Instead of separating and regenerating MOF-based adsorbent 
materials, this strategy avoids these time-consuming steps. 

Fig. 15  a Schematic illustration of the detecting system for heavy metal ions. Reprinted with permission from Ref. [58].  Copyright 2016, 
American Chemical Society. b Photoimage of (I) the main parts of the 3D-printed monolith and (II) the complete 3D-printed monolith. 
Reprinted with permission from Ref. [85]. Copyright 2020, Elsevier
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The removal performance of the manufactured Cu-MOFs/
PLA composites toward MG adsorption was thoroughly stud-
ied, with a high efficiency of > 90% after just 10 min. Fur-
thermore, following a simple acetone wash, the Cu-MOFs/
PLA composites were shown to be reusable more than five 

times. Accordingly, as observed in Fig. 19c, the removal effi-
ciency of Cu-MOFs/PLA composites for MG was maintained 
at over 80% after three consecutive adsorption–desorption 
cycles. Even after five cycles, this parameter was found to be 
more than 60%. Because of the chemical adsorption of dye 

Fig. 16  3D-printed superhydrophobic/oleophilic oil recycling system schematic. a Bending of the membrane to tube form, b rolled membrane, 
recycling tube, and thermoplastic printed floating device, c self-floating oil recycling device, and d oil recycling process of the device. Reprinted 
with permission from Ref. [154].  Copyright 2019, John Wiley & Sons

Fig. 17  SEM images of the fabricated materials. a Bottom and b cross-sectional SEM images of the 3D PA membrane. c Leaf-crossed ZIF-L, 
d flower-like ZIF-L, and e synthesis of leaf-crossed ZIF-Ls with different reaction times. Reprinted with permission from Ref. [156].  Copyright 
2019, Royal Society of Chemistry
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molecules onto MOFs, the removal efficiency of composites 
toward MG may be reduced. This chemical adsorption is dif-
ficult to remove by acetone washing.

Usually, 3D-printed MOFs can be molded into various 
shapes using the DIW approach, which avoids the high-pres-
sure drop and instability of MOF powders in water treatment 
applications. Zhan and coworkers [94] fabricated 3D-printed 
skeleton adsorbents based on calcium alginate/gelatin as a 
biocompatible binder and Cu-BTC MOF as a porous filler 
via DIW strategy. Therein, the Cu-BTC MOF with differ-
ent morphologies and sizes was firstly synthesized, and then 
the resulting MOFs were combined with gelatin and sodium 
alginate (the SA-GE matrix) to produce a printable ink for the 
subsequent 3D printing process. Consequently, three designs 
were created: circle, hexagon, and square, and the printed 
skeletons were instantly cross-linked with  CaCl2 solution 
for mechanical stability (Fig. 20a). Finally, the effects of the 
Cu-BTC loadings, the printing geometry, and the size/mor-
phologies of Cu-based MOF on the adsorption efficiency of 
MOF/calcium alginate and gelatin (CA-GE) samples toward 
different dyes (e.g., MB, MG, methyl violet (MV), auramine 

O (AO), and rhodamine B (RB)) were systematically investi-
gated. As a result, it was proposed that the Cu-BTC intrinsic 
microporous structure and the 3D matrix’s meso/macropo-
rous morphologies led to the high adsorption efficiency of 
MOF/CA-GE samples toward the aforementioned organic 
dyes and their mixtures. Compared to other existing solids, it 
was discovered that the square solid showed a comparatively 
sluggish adsorption efficiency (Fig. 20b). While the hexago-
nal sample exhibited the best adsorption efficiency towards 
these organic dyes, mainly due to its highest porosity and 
smallest swelling ratio (Fig. 20c) [158]. More importantly, 
the fabricated MOF/CA-GE monoliths could be recovered 
by soaking them in HCl solution for 60 min, allowing them 
to be utilized for at least seven times after that regeneration.

Radionuclides are used extensively in hospitals for medical 
imaging and radiotherapy. Among them, radioiodine (131I) is 
widely utilized in nuclear medicine, particularly for treating 
thyroid cancer and hyperthyroidism [159]. Therefore, fol-
lowing its medical use, radioiodine-containing wastewater is 
usually held in storage vessels till its radioactivity decreases 
to acceptable levels. However, the frequent usage of this 

Fig. 18  a Adsorption performance results: UV–Vis spectra of (I) 10 and (II) 5 ppm MB solutions during the adsorption process using the Cu-
BTC/ABS-8 composite (insets show the photographs of 10 and 5 ppm MB solution before and after adsorption process). (III) MB adsorption 
capacities as a function of time. (IV) MB removal efficiency as a function of time. b Photoimages of the regeneration process of Cu-BTC/ABS 
composite during MB removal. Reprinted with permission from Ref. [54].  Copyright 2014, Nature Publishing Group
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material in hospitals increases the expense and time required 
for waste handling. Moreover, a considerable quantity of 
medically produced 131I has been discovered in wastewater, 
necessitating the development of adequate analytical methods 
for its detection and treatment [160].

As a representative work, del Rio et al. [161] synthesized 
a porous silver-functionalized UiO-66 (UiO-66-So3H@Ag) 
framework with uniform Ag distribution via a facile one-pot 
solvothermal method. The fabricated functionalized MOF 
exhibited exceptional extraction capacity (≈ 1 MBq  g−1) 
toward 131I, which was much higher than that of the pristine 
UiO-66-SO3H framework, owing mostly to the strong affin-
ity of Ag particles for iodide. Furthermore, the synthesized 
MOF particles were combined into a 3D-printed structure for 
actual extraction procedures, employing polyvinylidene fluo-
ride (PVDF) as a matrix. The resulting 3D UiO-66-So3H@

Ag/PVDF monolith with exceptional performance and reus-
ability extracted 131I from hospital waste and polluted water 
samples with recoveries over 90% in all tests, indicating that 
it possesses unique properties for treating actual wastewater 
samples.

More recently, Shahriyari Far et al. [162] prepared a 
series of 3D-printed MXene/UiO-66 monoliths with various 
shapes of honeycomb, star, and grid through DLP strategy, 
then applied them as adsorbent to eliminate different organic 
dyes from water efficiently. Due to the excellent structural 
stability and hydrophilic surface of MXene nanosheets, 
along with the high porosity and large surface area (1215 
 m2  g−1) of UiO-66 MOFs, the resulting 3D-printed MXene/
UiO-66 monoliths exhibited good adsorption performances 
toward both cationic and anionic dyes. Accordingly, the 
3D-printed MXene/UiO-66 monolith with honeycomb 

Fig. 19  a Schematic representation for the preparation processes of Cu-MOFs/PLA composite. b Photo images of the fabricated Cu-MOFs/
PLA-x (x = 1–8) composites with various layers of the Cu-MOFs particles. c Removal performance of the regenerated Cu-MOFs/PLA compos-
ites after regenerating with acetone treatment. Reprinted with permission from Ref. [157].  Copyright 2017, Royal Society of Chemistry
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geometry showed the highest removal efficiencies of 88.95% 
and 76.98% toward MO and direct red 31 (DR31), respec-
tively (Fig. 21). Moreover, these monoliths exhibited easily 
recoverable properties, good reusability, and excellent sta-
bility after four consecutive adsorption–desorption cycles, 
indicating their capability for long-term water treatment 
applications.

3.4  Pollutant Degradation Via Catalytic/Photocatalytic 
Processes

Recently, MOF-based materials have received great attention 
for water purification. However, costly and time-consuming 
separation processes are one of the main important chal-
lenges of MOF-based catalysts/photocatalysts employed for 
wastewater purification [163]. Therefore, the fabrication of 
hybrid materials based on MOF photocatalysts and support-
ing materials can overcome the abovementioned challenges 

[61]. In particular, immobilizing heterogeneous MOF cata-
lyst/photocatalyst materials on porous supporting materials 
can significantly improve their separation after reactions 
[102]. It was reported that using polymers as substrates for 
the immobilization of MOF crystals offers numerous advan-
tages. Usually, polymers are lightweight, resistant to oxida-
tion, chemically inert, largely UV transparent, and inexpen-
sive. Additionally, the recent progress in 3D printing makes it 
possible to form various polymeric supports with controlled 
and adjustable topographies and morphologies. For instance, 
3D printing technology is used to fabricate fractal materials, 
which is a novel and emerging technique in polymeric sub-
strate formation [164]. This technique aims to create a sub-
strate with a chemically active surface area, which can attach 
more catalyst crystals on its external surface and increase the 
interfacial interaction between catalyst crystals and substrate 
[165].

Fig. 20  a Fabrication processes of 3D-printed MOF/CA-GE samples with three different structures. b MB adsorption performances of fabri-
cated samples with different structures as a function of time. c Characterizations of the 3D-printed MOF/CA-GE samples with various struc-
tures: (I) the photoimages of three printed structures in a wet (top) and dry (bottom) state, (II) the equilibrium swelling degree of samples with 
three different printed structures, and (III) the porosity of different samples with three printed structures. Reprinted with permission from Ref. 
[94].  Copyright 2020, Elsevier
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Based on this strategy, Li et al. [166] demonstrated a novel 
method that enables to immobilization 100% of the catalyst 
crystals onto the external surface of the polymeric substrate. 
A series of 3D-printed hybrid photocatalysts were prepared 
through plasma grafting of  TiO2, ZnO, and Fe-BTC MOF 
crystals onto a fractal-inspired 3D-printed substrate. The 
photocatalytic performance of the fabricated hybrid pho-
tocatalysts was investigated through the photodegradation 
of ciprofloxacin antibiotic for Fe-BTC MOF, and RB dye 
for ZnO and  TiO2 under simulated sunlight irradiation. The 
fabricated PLA/Fe-BTC MOF hybrid showed good removal 
efficiency (≈ 75%) toward ciprofloxacin antibiotic, associated 
with its adsorption ability and photocatalytic degradation 
performance. It was found that the Fe-BTC MOF remains 
active after being covalently attached to the PLA substrate 

via the plasma-induced grafting method, confirming that both 
pre-functionalization and the plasma grafting stages do not 
change the functionality as well as the crystalline and porous 
structures of MOFs. The authors believed that the plasma 
grafting process could be employed for other MOFs.

In addition, 3D-printed porous ceramics would be the 
other promising substrate for immobilizing MOF crystals. 
For example, a pioneering work garnished 3D-printed porous 
ceramics with different MOF nanoparticles by a facile hydro-
thermal process (Fig. 22a) [167]. It demonstrated a versatile 
approach for fabricating chemically reactive 3D-printed hier-
archical porous ceramics (3DP-HPC) garnished with different 
MOF particles. In this respect, hierarchical porous ceramic 
monoliths with adjustable porosity were created using a 
fumed silica  (SiO2)-based ink with superior rheological and 

Fig. 21  Removal efficiencies of 3D-printed MXene/UiO-66 monoliths with different geometries of a grid, b star, and c honeycomb toward MO 
and DR31. d Digital images of dye solution before and after adsorption. Reprinted with permission from Ref. [162].  Copyright 2023, Taylor & 
Francis
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thixotropic characteristics. Various MOFs, such as HKUST-1 
and MIL-100(Fe), were loaded by in situ method onto the 
framework of 3D-printed ceramics to increase their catalytic 
activity. The fabricated 3D-printed catalysts with hierarchi-
cal features exhibited excellent performance for degrading 
several organic dyes (e.g., MB, MG, RB, and CV) based on 
the Fenton reaction, mainly due to their high surface area, 
hierarchical channels, and abundant active sites in spongy 
systems. Additionally, the fabricated 3DP-HPC@MOFs 
catalysts displayed superior cyclical stability and manipulat-
ing properties, allowing them to be directly separated from 
treated water without requiring a lengthy and complicated 
separation process, demonstrating their suitability for sus-
tainable wastewater treatment applications. Accordingly, 
the 3DP-HPC@HKUST-1 catalyst showed the highest deg-
radation rate and removal efficiency of 0.2709  min−1 and 
99.68%, respectively, toward MG dye. More importantly, the 
dynamic catalytic device showed higher removal efficiency 
toward organic dyes.

Based on the proposed degradation mechanism (Fig. 22b), 
the ·OH radicals are the main highly reactive species that 

degrade hazardous organic dyes into smaller molecules. 
Additionally, they fabricated another 3D-printed continuous 
dynamic catalytic reactor-agitating impeller (Fig. 22c), in 
which the impeller skeleton was fabricated by FDM strategy 
and merged with three large-scale 3DP-HPC@MOFs sup-
ported catalysts. Accordingly, as shown in Fig. 22c(III), this 
device was able to degrade RB efficiently over time, and the 
contaminated water almost became colorless after 3 h.

4  Gas Adsorption/Separation Applications 
of 3D‑Printed MOF Monoliths

Compared to other traditionally shaped adsorbent materi-
als like pellets or beads, monolith frameworks result in less 
pressure loss during adsorption processes and better heat 
and mass transmission [133]. Accordingly, these materials 
allow higher gas velocities, leading to substantially shorter 
adsorption–desorption cycle durations. Therefore, mono-
lithic structures are becoming increasingly essential in 
gas adsorption due to the necessity for short cycles [168]. 

Fig. 22  a Chematic illustration for the fabrication of hierarchical porous ceramics by DIW and in situ MOF growth methods. b Proposed cata-
lytic degradation mechanisms for the removal of various organic dyes by the fabricated catalysts. c Model of sewage treatment with 3D-printed 
impeller agitator: (I) Schematic of 3DP-HPC@MOFs impeller agitator for the catalytic degradation of RB dye. (II) All-3D-printed impeller 
agitator with DIW printed 3DP-HPC@MIL-100(Fe) and fused deposition modeling printed top fixture. (III) Photoimages of the RB solution 
contain the fabricated catalyst as a function of time. Reprinted with permission from Ref. [167].  Copyright 2020, Elsevier
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More importantly, monolithic contactors exhibited great 
potential for practical gas adsorption applications, mainly 
due to the exceptional geometry and parallel channels, 
resulting in high gas throughput, uniform flow pattern, 
attrition-free systems, and low-pressure drop [169]. As a 
result, many articles on 3D-printed adsorbent materials 
for gas storage have been written in the previous decade, 
demonstrating the increased interest in this area of study 
[88, 170–172].

4.1  CO2 Capture

Carbon dioxide  (CO2) is the most common greenhouse gas 
produced by human activity, with an average concentration 
of around 400 ppm [173]. Moreover, even if  CO2 emissions 
remain unchanged for the next three decades, the atmospheric 
concentration of  CO2 is predicted to reach 550 ppm by 2050. 
Generally, the increase in the atmospheric concentration of 
 CO2 may increase global average temperature, changes in 
snow and ice cover, and a reduction in the upper ocean pH. 
Therefore, the capture and storage of this greenhouse gas 
from its primary emission sources are very important in con-
trolling its atmospheric concentration [174, 175].

MOFs have also gotten much attention in gas adsorption, 
particularly  CO2 capture, because of their huge surface area, 
high porosity, good chemical and thermal stability, low den-
sity, and high adsorption capacity [176]. However, for prac-
tical gas adsorption applications, powdered MOFs must be 
converted into a robust structure, including foams, beads, 
monoliths, pellets, etc. [177]. For instance, Hong et al. [178] 
demonstrated the fabrication of MOF-based monoliths and 
investigated their gas adsorption performance, particularly 
emphasizing biogas upgrading applications. MIL-101(Cr) 
was chosen as porous adsorbent due to its stability in ambient 
situatian, liquid water, and different chemical solvents [179]. 
Moreover, this MOF exhibited an excellent  CO2 adsorption 
capability, ranging from 22.9 mmol  g−1 at room temperature 
and 30 bar to 40 mmol  g−1 at room temperature and 500 bar 
[180]. The experimental adsorption isotherms demonstrated 
that the  CO2 adsorption capacity for purified MIL-101(Cr) 
monolith (0.91 mmol  g−1) was significantly lower than that 
of the purified MIL-101(Cr) nanoparticles (1.44 mmol  g−1), 
mainly due to the existence of bentonite in the monolith’s 
structure which acts as a binding agent. More interestingly, 
the adsorption flow breakthrough studies revealed that this 

MOF monoliths could be entirely regenerated at 423 K for 
several adsorption runs with no change of adsorption effi-
iency [178].

Rezaei’s group, as a pioneer research group in this field, 
fabricated various kinds of 3D-printed MOF-based mono-
liths and then examined their  CO2 adsorption performance 
[55, 96, 181]. For instance, they manufactured two types of 
these structures using UTSA-16(Co) and MOF-74(Ni) as 
porous adsorbents and evaluated their adsorption capabil-
ity for  CO2 capture from air. The UTSA-16(Co) and MOF-
74(Ni) monoliths with high particle loading of up to 85% and 
80%, respectively, were prepared via a simple two-solution-
based method (Fig. 23) [55]. The results demonstrated that 
the fabricated MOF monoliths retain their mechanical integ-
rity and physical properties. However, their surface areas 
reduced significantly, as about 30% (from 631 to 444  m2  g−1) 
for UTSA-16(Co) and 38% (from 1180 to 737  m2  g−1) for 
MOF-74(Ni) monoliths, which may be related to the inclu-
sion of different compounds (e.g., PVA and bentonite clay) 
employed to form these monoliths. This phenomenon may 
also be due to the component’s contact with the aqueous solu-
tion during the paste preparation. The  CO2 adsorption results 
showed that the 3D-printed UTSA-16(Co) and MOF-74(Ni) 
monoliths can adsorb  CO2 molecules at room temperature 
and 500 ppm (0.5%) with adsorption capacities of 1.31 and 
1.35 mmol  g−1, respectively (Fig. 23b), which are 87% and 
79% of the adsorption capacities of their pure MOFs at the 
similar situations.

In a subsequent study, they fabricated 3D-printed amine- 
(polyethylenimine (PEI) and tetraethylenepentamine (TEPA)) 
impregnated MOF monoliths and systematically investigated 
their  CO2 adsorption performances for the elimination of 
this gas from a confined space [181]. The MOF monoliths 
were functionalized via pre- and post-synthetic approaches, 
in which for pre-functionalization the MIL-101 particles 
were immersed with TEPA or PEI and printed to create the 
monoliths. In post-functionalization strategy, the MOF pow-
der was directly printed and then impregnated the monoliths 
with PEI or TEPA. The experimental  CO2 adsorption results 
revealed that all amino MOFs-impregnated monoliths had 
increased  CO2 adsorption capabilities compared to untreated 
monoliths. In particular, the pre-functionalization strategy 
yielded higher  CO2 adsorption capacities than post-function-
alization. However, despite high  CO2 adsorption capacities 
of 3D-printed amino functional MIL-101 monoliths, they 
showed relatively slow adsorption kinetics, particularly for 
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the pre-functionalization monoliths, since the rate of adsorp-
tion was restricted with the penetration of  CO2 molecules into 
the monolith’s surfaces.

In the last decade, the MOF containing MMMs have 
received much interest in gas separation, mainly due to their 
facile processability and tremendous separation performance 
[182]. This improvement in the gas separation performance 
of MMMs can be further enhanced by the fabrication of thin-
film composite (TFC) membranes because the thin mem-
branes showed higher gas permeation without reducing the 
gas selectivity [183]. However, fabricating defect-free and 
continuous MOF-based TFC MMMs is a significant issue. 
Compared to the traditional TFC MMMs fabrication tech-
niques (e.g., interfacial polymerization, spin coating, knife 
coating, dip coating, bar coating, and slot-die coating), the 
design, thickness, structure, and roughness of the manufac-
tured membranes might be more precisely controlled using 
the 3D printing technology. Additionally, 3D membrane 
printing could present more highly favorable advantages for 
fabrication and commercialization, including quality, preci-
sion, speed, consistency, and cost [184].

Based on this strategy, Elsaidi et al. [185] fabricated a 
series of 3D-printed TFC MMMs that included HKUST-1 
as a highly porous filler and a microporous polymer (PIM-1) 
as a continuous matrix employing the electrospray printing 
method (Fig. 24a). They systematically investigated the influ-
ence of electrospray cycle number and casting concentration 
on the  CO2 separation efficiency and membrane thickness. 
Accordingly, a low concentration of the PIM-1/HKUST-1 
solution (0.1 wt%) was used to fabricate TFC membranes 
with a thickness smaller than 500 nm that exhibited poor 
 CO2/N2 selectivity. However, by increasing the solution 
concentration (≈ 0.5 wt%), it was possible to fabricate TFC 
MMMs with a thickness of 2–3 µm that demonstrated not 
only greater  CO2 permeation than pure PIM-1 membranes 
but also exhibited notable increases in  CO2/N2 selectivity 
compared to the thinner membranes.

4.2  H2 Adsorption/Separation

Hydrogen  (H2) has been regarded as a green and renew-
able fuel source and is often used as a precursor in various 

Fig. 23  a Schematic illustration of the manufacturing procedure of 3D-printed UTSA-16(Co) and MOF-74(Ni) monoliths. b  CO2 adsorption 
capacities of the fabricated 3D-printed MOF monoliths and their corresponding MOF nanoparticles under (I) 3000 and (II) 5000 ppm  CO2/N2 
at room temperature and 1 bar. c SEM images of the 3D-printed (I-III) MOF-74(Ni) and (IV–VII) UTSA-16(Co) monoliths. Reprinted with per-
mission from Ref. [55].  Copyright 2017, American Chemical Society
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industrial petrochemical processes [186]. Additionally, due to 
its big energy density and the possibility of producing it in a 
renewable manner, it is very appealing as a clean transporta-
tion fuel [187].  H2 can be produced via different methods, 
one of which is using solar energy to turn liquid water into 
 H2 gas. However, the main drawback of developing this tech-
nology is the need for specialized  H2 storage devices [188]. 
Therefore, developing new adsorbent materials for  H2 storage 
with high adsorption uptake is critical.

Adsorbent materials to store  H2 for mobile applications 
have been widely investigated over the past years. It has 
been reported that some MOFs show excellent  H2 storage 
capacities [189]. MOF-5 with formula unit of  Zn4O(BDC)3 
(BDC = benzodicarboxylate), is among the earliest MOFs 
whose adsorption performance toward  H2 storage has been 
well characterized [190]. However, the main drawback of 
this MOF for  H2 storage applications is its complicated 
processability. Therefore, extensive efforts have been made 
to fabricate new MOF-based composite materials with 
improved  H2 storage capacity and processability [189, 
191]. Kreider et al. [59] incorporated MOF-5 into an ABS 
composite through a conventional thermoplastic 3D printer 
to address this challenge. 3D-printed ABS-MOF-5 com-
posites could be printed into various geometries at MOF-5 
loadings of 10% or less (Fig. 10b). It was observed that 
some of the MOF-5 nanoparticles were degraded in the 
mixing procedure, mostly owing to moisture during the 
purifying and solvent-casting steps. However, despite this 
partial degradation, the MOF-5 particles maintain their 
ability to  H2 storage, in which the  H2 storage capacities of 
ABS-MOF-5 composites are relatively higher than that of 
the pure ABS matrix.

The other main way for  H2 production is steam reform-
ing of different hydrocarbons [192]. Generally, this process 
creates a mixture of  H2,  CO2, and CO, which contains inert 
gases that can decrease its market value and energy den-
sity.  CO2, as an inert gas, is utilized in catalytic reactions 
to a smaller extent and is typically more difficult to employ, 
thereby, its content in exhaust steams is normally larger than 
that of CO. Thus, separation of  CO2 from  H2 is a critical step 
in  H2 upgrading. Among numerous reported MOFs, MOF-
74(Ni) is one of the promising candidates for  H2 upgrading 
via  CO2/H2 separation due to its negligible affinity toward 
 H2 molecules and large micropore volume, which allow it 
to store a large amount of  CO2 molecules without compro-
mising the  H2 recovery [193]. However, before utilizing this 

MOF in pressure swing adsorption (PSA) processes, parti-
cle shape should be engineered into contactors to decrease 
the amount of scattering, enhance heat/mass transfer, and 
improve column packing. In this regard, Lawson and Rezaei 
[194] structured this MOF into honeycomb monoliths via 
3D printing. They investigated the  CO2/H2 separation per-
formance of the fabricated monoliths at different superfi-
cial velocity, adsorption time, adsorption pressures, and 
feed compositions. The breakthrough experiments revealed 
that the higher pressure improves the amount of  CO2/H2 
wavefront separation while raising the superficial velocity 
results in a wider range of breakthrough profiles. Addition-
ally, it showed that enhancing the CO concentration results 
in greater competitive adsorption with  CO2 molecules and 
wider wavefronts. This research revealed a basic perspective 
into the adsorption efficiency of 3D-printed MOF-74(Ni) 
monoliths for  CO2/N2 separation, which could benefit future 
scale-up gas separation applications.

4.3  Adsorption/Separation of Other Gases

Light olefins like ethylene and propylene are critical precur-
sors for numerous vital chemicals and products. However, 
for the synthesis of special chemicals or polymers from 
olefins, olefin must be produced with extremely high purity 
(> 99.9%). Therefore, in the chemical industry, efficient tech-
niques to separate olefins from paraffins are very important 
[195]. Since ethylene and ethane have comparable volatilities 
and dimensions, they are normally separated from the off-gas 
stream using a very energy-consuming cryogenic distillation 
process [196]. In recent years, adsorption separation of light 
olefins from related paraffin using MOF-based adsorbent 
materials has received a lot of interest [197].

As a representative study, Dhainaut et al. [105] used a 
3D printer approach to manufacture a series of MOF-based 
adsorbent materials with regulated morphologies using shear-
thinning inks including 2-hydroxyethyl cellulose as binder 
and PVA as plasticizer. Four different MOF-based adsorbent 
materials with controlled macroscale morphology were pre-
pared using four benchmark MOFs, including CPL-1, UiO-
66-NH2, ZIF-8, and HKUST-1. All the fabricated 3D-printed 
MOF-based adsorbent materials were physically stable dur-
ing uniaxial compression of up to 0.6 MPa and extremely 
porous, with specific surface areas decreased by 0 to -25%. 
Moreover, these adsorbent materials were used for high-pres-
sure adsorption of certain hydrocarbons (e.g.,  C2H6,  CH4, 
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Fig. 24  a Schematic illustration of the electrospray 3D printing method. Reprinted with permission from Ref. [185].  Copyright 2021, Royal 
Society of Chemistry. b Ethane/ethylene adsorption isotherms of (I) Ni(bdc)(ted)0.5 and (II) ZIF-8 monoliths and their particles at room tempera-
ture from 0 to 1 bar. Fractional uptake curves for ethane and ethylene over (III) Ni(bdc)(ted)0.5 and (IV) ZIF-8 monoliths at ambient conditions. 
Reprinted with permission from Ref. [97]. Copyright 2018, American Chemical Society
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and  C2H4), and some of them (e.g., ZIF-8, HKUST-1, and 
UiO-66-NH2) showed great methane storage ability, and the 
other (CPL-1) exhibited an excellent ethane/ethylene separa-
tion performance.

In another effort, Thakkar et al. [97] employed DIW strat-
egy to produce MOF monoliths that include 80 wt% Ni(bdc)
(ted)0.5 (ted = triethylenediamine) and 85 wt% ZIF-7, then 
have subsequently examined their adsorption performance 
toward ethane/ethylene separation. Because of the gate-
opening action of ZIF-7 framework, it enables to selective 
and dynamic separation ethylene and ethane at relatively low 
pressure (Fig. 24b(I)). While the Ni(bdc)(ted)0.5 monolith 
exhibited higher selectivity toward ethane than ethylene at 
higher pressures. This observation may be due to the pore 
window of this MOF, which is sufficiently broad to adsorb 
ethane molecules but does not impart sufficient electrostatic 
interactions to adsorb the relatively smaller ethylene mol-
ecules (Fig. 24b(II)). Accordingly, the maximum adsorption 
capacities of ZIF-7 monolith for  C2H4 and  C2H6 gases were 
found to be about 2.75 and 2.8 mmol  g−1, respectively, at 
room temperature and 1 bar. The Ni(bdc)(ted)0.5 monolith 
exhibited relatively greater uptakes of 2.9 and 4.2 mmol  g−1 
toward  C2H4 and  C2H6 gases, respectively.

As observed from Fig. 24b (III and IV), both fabricated 
3D-printed monoliths exhibited higher breakthrough times 
for ethane than ethylene in the dynamic tests, demonstrating 
that both adsorbents were capable of separating the paraffin/
olefin mixture with good selectivity. These distinctions in 
breakthrough time for ethylene and ethane were larger for 
Ni(bdc)(ted)0.5 monolith. Moreover, the ideal adsorption 
solution theory (IAST) approach was used to estimate  C2H6/
C2H4 selectivity for Ni(bdc)(ted)0.5 and ZIF-7 monoliths, 
which were in the range of 1.2–2.0 and 1.9–11.8, respec-
tively. Furthermore, it was found that these two monoliths 
exhibited higher breakthrough fronts compared to their 
pure MOF, indicating that structuring MOF particles by 
DIW method can be applied to improve their mass transfer 
capabilities.

5  Conclusion and Perspective

The shaping of MOF powders into MOF-based macroscopic 
materials is an essential way to promote their industrial 
practicability. Also, it is needed to overcome the challenges 
related to their powders (e.g., abrasion, dust formation, 

clogging, toxicity, pressure drop, agglomeration, and difficult 
separation and recycling). Nowadays, many shaping tech-
nologies, including palletization, granulation, and convert-
ing powders into thin films, are existed for shaping MOFs. 
For a certain application, each shaping procedure delivers 
distinct features to the finished items in terms of size, mor-
phology, and appearance. However, these shaping methods 
still have disadvantages, including significant surface area 
reduction and pressure drop issues when applied as adsorbent 
for adsorption/separation applications.

3D printing technology has been extensively applied to 
convert MOF powders into robust 3D-printed MOF mono-
liths with tunable morphology for favorable applications. 
This review summarizes the recent progress associated 
with 3D-printed MOF monoliths, including the selection 
and optimization of the fabrication conditions and excellent 
performance improvement compared to those of the pow-
dered forms. Hence, we have summarized the main impor-
tant fabrication strategies such as direct ink writing (DIW), 
seed-assisted in situ growth, coordination replication from 
solid precursors, matrix incorporation, selective laser sinter-
ing (SLS), and digital light processing (DLP) for the con-
struction of 3D-printed MOF monoliths. Accordingly, for a 
specific MOF, it is very important to select and optimize 
the suitable fabrication strategy based on its inherent prop-
erties and practical application requirements to manufacture 
appropriate 3D-printed MOF monoliths for applications in 
various industrial fields, including detection of water pollut-
ants, removal of heavy metal ions and organic dyes, separa-
tion of oily compounds from contaminated water, serving as 
catalyst/photocatalyst for degradation of organic dyes,  CO2 
capture, and adsorption/separation of other gases.

These requirements stimulate the development of 
3D-printed MOF monoliths because of structure, morphol-
ogy, composition, and functions concerning the following 
aspects: low fabrication cost, moderate to low toxicity, easy 
handling of the final objects, high specific surface area as 
well as high porosity, sufficient compression resistance, high 
adsorption capacity as applied as adsorbent, good perfor-
mance in various fields, high chemical/thermal/mechanical 
stability, high MOF loading capacity, facile regeneration, and 
excellent recyclability. Therefore, by focusing on various fab-
rication strategies, we have presented deep insights into the 
structures and textural features of 3D-printed MOF mono-
liths. Moreover, the relationship between the microscopic 
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structure of 3D-printed MOF monoliths and their macro-
scopic performances has also been explored.

Although many advances have been achieved in the 
shaping of MOF powders via 3D printing technology, the 
3D-printed MOF monoliths are still in their infancy, and 
some technical obstacles must be overcome in future works 
to realize their practical applicability. (i) MOF toxicity: 
although the metal ions or organic ligand leaching from 
MOFs has been significantly reduced after converting them 
into 3D-printed MOF monoliths, secondary water pollution 
because of the poor stability and durability of MOFs is still 
a main issue in water treatment processes. Thus, MOFs with 
good structural stability are needed to overcome this chal-
lenge. (ii) MOF structural stability remains unsatisfactory, 
particularly mechanical, thermal, and chemical stability. 
(iii) At present, several well-known MOFs, including ZIF-8, 
HKUST-1, UiO-66 family, and the MIL-n family, are exten-
sively reported 3D-printed MOF monoliths. However, many 
kinds of MOFs have developed in recent years, which will 
make progress in the field of 3D-printed MOF monoliths. (iv) 
The cost of precursors and fabrication method of 3D-printed 
MOF monoliths: the large-scale application of 3D-printed 
MOF monoliths requires the design of low-cost, simple, 
sustainable, rapid, and highly efficient fabrication methods. 
New synthesis techniques using low-priced raw materials and 
green solvents like water will reduce the overall cost. A novel 
fabrication strategy using stable MOFs capable of regenera-
tion and recycling can also reduce costs. The rational design 
and synthesis of polymers and MOF particles with low-cost 
materials and without using a solvent, which resulted in 
the fabrication of robust 3D-printed MOF monoliths, is a 
promising area where attention can be focused in the future. 
(v) At present, most of the MOF shaping strategies are still 
in the laboratory stage, while the large-scale production of 
3D-printed MOF monoliths is a critical step in their com-
mercialization and practical applications. (vi) Until recently, 
various manufacturing processes for 3D-printed MOF mono-
liths have been devised and tested; however, the synthesis 
mechanism remains unclear. Therefore, further studies on 
the exploration of synthesis mechanisms and the relation-
ship between the microstructure and activity of 3D-printed 
MOFs are needed for mass production. Consequently, the 
fabrication of 3D-printed MOF monoliths and their potential 
applications still involves many challenges and opportuni-
ties. However, we strongly believe that the 3D-printed MOF 

monoliths should present an encouraging future with persis-
tent efforts toward these challenges.

Acknowledgements The authors would like to thank the Research 
Deputy of Institute for Advanced Studies in Basic Science (IASBS) 
for providing financial support for this work.

Author contribution We acknowledge that all authors contrib-
uted to this review paper, including investigation, resource col-
lection, conceptualization, literature research and review, results 
processing, research rationale, writing, review and editing of the 
manuscript. Corresponding authors, Hossein Molavi and Mashallah 
Rezakazemi guided our research direction and writing, supervision, 
writing-review, and editing of the original draft. Authors: Kamyar 
Mirzaei, Mahdi Barjasteh, Seyed Yahya Rahnamaee, Somayeh 
Saeedi, and Aliakbar Hassanpouryouzband participated in data 
curation, results analysis, investigation, and writing – original draft. 
All authors read and approved the final manuscript.

Declarations 

Conflict of interest The authors declare no interest conflict. They have 
no known competing financial interests or personal relationships that 
could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or for-
mat, as long as you give appropriate credit to the original author(s) 
and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. F. Ahmadijokani, S. Ahmadipouya, M.H. Haris, M. Rezaka-
zemi, A. Bokhari et al., Magnetic nitrogen-rich UiO-66 metal–
organic framework: an efficient adsorbent for water treatment. 
ACS Appl. Mater. Interfaces 15, 30106–30116 (2023). https:// 
doi. org/ 10. 1021/ acsami. 3c021 71

 2. S. Tajahmadi, A. Shamloo, A. Shojaei, M. Sharifzadeh, 
Adsorption behavior of a Gd-based metal-organic framework 
toward the quercetin drug: effect of the activation condition. 
ACS Omega 7, 41177–41188 (2022). https:// doi. org/ 10. 1021/ 
acsom ega. 2c048 00

 3. M. Barjasteh, M. Vossoughi, M. Bagherzadeh, K. Pooshang, 
Bagheri MIL-100(Fe) a potent adsorbent of Dacarbazine: 
Experimental and molecular docking simulation. Chem. Eng. 
J. 452, 138987 (2023). https:// doi. org/ 10. 1016/j. cej. 2022. 
138987

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acsami.3c02171
https://doi.org/10.1021/acsami.3c02171
https://doi.org/10.1021/acsomega.2c04800
https://doi.org/10.1021/acsomega.2c04800
https://doi.org/10.1016/j.cej.2022.138987
https://doi.org/10.1016/j.cej.2022.138987


Nano-Micro Lett.          (2024) 16:272  Page 41 of 48   272 

 4. O.M. Yaghi, H. Li, Hydrothermal synthesis of a metal-organic 
framework containing large rectangular channels. J. Am. 
Chem. Soc. 117, 10401–10402 (1995). https:// doi. org/ 10. 
1021/ ja001 46a033

 5. O.M. Yaghi, M. O’Keeffe, N.W. Ockwig, H.K. Chae, M. 
Eddaoudi et al., Reticular synthesis and the design of new 
materials. Nature 423, 705–714 (2003). https:// doi. org/ 10. 
1038/ natur e01650

 6. M. Barjasteh, S.M. Dehnavi, S.A. Seyedkhani, S.Y. 
Rahnamaee, M. Golizadeh, Synergistic wound healing by 
novel Ag@ZIF-8 nanostructures. Int. J. Pharm. 629, 122339 
(2022). https:// doi. org/ 10. 1016/j. ijpha rm. 2022. 122339

 7. S.M. Dehnavi, M. Barjasteh, S. Ahmadi Seyedkhani, S.Y. 
Rahnamaee, R. Bagheri, A novel silver-based metal-organic 
framework incorporated into nanofibrous chitosan coatings 
for bone tissue implants. Int. J. Pharm. 640, 123047 (2023). 
https:// doi. org/ 10. 1016/j. ijpha rm. 2023. 123047

 8. H.V. Doan, H. Amer Hamzah, P. Karikkethu Prabhakaran, 
C. Petrillo, V.P. Ting, Hierarchical metal-organic frameworks 
with macroporosity: synthesis, achievements, and challenges. 
Nano-Micro Lett. 11, 54 (2019). https:// doi. org/ 10. 1007/ 
s40820- 019- 0286-9

 9. M. Barjasteh, M. Vossoughi, M. Bagherzadeh, K. Pooshang 
Bagheri, Green synthesis of PEG-coated MIL-100(Fe) for 
controlled release of dacarbazine and its anticancer potential 
against human melanoma cells. Int. J. Pharm. 618, 121647 
(2022). https:// doi. org/ 10. 1016/j. ijpha rm. 2022. 121647

 10. K. Mirzaei, E. Jafarpour, A. Shojaei, H. Molavi, Facile syn-
thesis of polyaniline@UiO-66 nanohybrids for efficient and 
rapid adsorption of methyl orange from aqueous media. Ind. 
Eng. Chem. Res. 61, 11735–11746 (2022). https:// doi. org/ 10. 
1021/ acs. iecr. 2c009 19

 11. S. Tajahmadi, H. Molavi, F. Ahmadijokani, A. Shamloo, A. 
Shojaei et al., Metal-organic frameworks: a promising option 
for the diagnosis and treatment of Alzheimer’s disease. J. Con-
trol. Release 353, 1–29 (2023). https:// doi. org/ 10. 1016/j. jconr 
el. 2022. 11. 002

 12. C. Li, Y. Ji, Y. Wang, C. Liu, Z. Chen et al., Applications of 
metal–organic frameworks and their derivatives in electro-
chemical  CO2 reduction. Nano-Micro Lett. 15, 113 (2023). 
https:// doi. org/ 10. 1007/ s40820- 023- 01092-8

 13. D. Feng, L. Zhou, T.J. White, A.K. Cheetham, T. Ma et al., 
Nanoengineering metal-organic frameworks and derivatives 
for electrosynthesis of ammonia. Nano-Micro Lett. 15, 203 
(2023). https:// doi. org/ 10. 1007/ s40820- 023- 01169-4

 14. H. Xu, G. Zhang, Y. Wang, M. Ning, B. Ouyang et al., Size-
dependent oxidation-induced phase engineering for MOFs 
derivatives via spatial confinement strategy toward enhanced 
microwave absorption. Nano-Micro Lett. 14, 102 (2022). 
https:// doi. org/ 10. 1007/ s40820- 022- 00841-5

 15. Y. Gao, J. Wang, Y. Yang, J. Wang, C. Zhang et al., Engineer-
ing spin states of isolated copper species in a metal-organic 
framework improves urea electrosynthesis. Nano-Micro Lett. 
15, 158 (2023). https:// doi. org/ 10. 1007/ s40820- 023- 01127-0

 16. S. Ahmadipouya, S.A. Mousavi, A. Shokrgozar, D.V. 
Mousavi, Improving dye removal and antifouling performance 

of polysulfone nanofiltration membranes by incorporation of 
UiO-66 metal-organic framework. J. Environ. Chem. Eng. 10, 
107535 (2022). https:// doi. org/ 10. 1016/j. jece. 2022. 107535

 17. K. Mirzaei, A. Mohammadi, E. Jafarpour, A. Shojaei, A.L. 
Moghaddam, Improved adsorption performance of ZIF-8 
towards methylene blue dye by hybridization with nanodia-
mond. J. Water Process. Eng. 50, 103254 (2022). https:// doi. 
org/ 10. 1016/j. jwpe. 2022. 103254

 18. F. Ahmadijokani, A. Ghaffarkhah, H. Molavi, S. Dutta, Y. Lu 
et al., COF and MOF hybrids: advanced materials for waste-
water treatment. Adv. Funct. Mater. (2023). https:// doi. org/ 10. 
1002/ adfm. 20230 5527

 19. X. He, Fundamental perspectives on the electrochemical water 
applications of metal–organic frameworks. Nano-Micro Lett. 
15, 148 (2023). https:// doi. org/ 10. 1007/ s40820- 023- 01124-3

 20. M. Liu, Y. Peng, W. Chen, S. Cao, S. Chen et al., Metal-
organic frameworks for carbon-neutral catalysis: state of the 
art, challenges, and opportunities. Coord. Chem. Rev. 506, 
215726 (2024). https:// doi. org/ 10. 1016/j. ccr. 2024. 215726

 21. Y. Bai, Y. Dou, L.-H. Xie, W. Rutledge, J.-R. Li et al., Zr-
based metal–organic frameworks: design, synthesis, structure, 
and applications. Chem. Soc. Rev. 45, 2327–2367 (2016). 
https:// doi. org/ 10. 1039/ C5CS0 0837A

 22. M. Chafiq, A. Chaouiki, Y.G. Ko, Recent advances in 
multifunctional reticular framework nanoparticles: a para-
digm shift in materials science road to a structured future. 
Nano-Micro Lett. 15, 213 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01180-9

 23. H. Molavi, M.S. Salimi, Green synthesis of cerium-based 
metal-organic framework (Ce-UiO-66 MOF) for wastewater 
treatment. Langmuir 39, 17798–17807 (2023). https:// doi. org/ 
10. 1021/ acs. langm uir. 3c023 84

 24. D. Chakraborty, A. Yurdusen, G. Mouchaham, F. Nouar, C. 
Serre, Large-scale production of metal–organic frameworks. 
Adv. Funct. Mater. (2023). https:// doi. org/ 10. 1002/ adfm. 
20230 9089

 25. D. Crawford, J. Casaban, R. Haydon, N. Giri, T. McNally 
et al., Synthesis by extrusion: continuous, large-scale prepara-
tion of MOFs using little or no solvent. Chem. Sci. 6, 1645–
1649 (2015). https:// doi. org/ 10. 1039/ C4SC0 3217A

 26. H.U. Escobar-Hernandez, Y. Quan, M.I. Papadaki, Q. Wang, 
Life cycle assessment of metal–organic frameworks: sustain-
ability study of zeolitic imidazolate framework-67. ACS Sus-
tain. Chem. Eng. 11, 4219–4225 (2023). https:// doi. org/ 10. 
1021/ acssu schem eng. 2c072 76

 27. B.B. Shah, T. Kundu, D. Zhao, Mechanical properties of 
shaped metal-organic frameworks. Topics in current chemistry 
collections (Springer International Publishing, Cham, 2019), 
pp.339–372

 28. F. Ahmadijokani, H. Molavi, M. Amini, A. Bahi, S. Wuttke 
et al., Waste organic dye removal using MOF-based elec-
trospun nanofibers of high amine density. Chem. Eng. J. 
466, 143119 (2023). https:// doi. org/ 10. 1016/j. cej. 2023. 
143119

 29. K. Mirzaei, E. Jafarpour, A. Shojaei, S.S. Khasraghi, P. 
Jafarpour, An investigation on the influence of highly acidic 

https://doi.org/10.1021/ja00146a033
https://doi.org/10.1021/ja00146a033
https://doi.org/10.1038/nature01650
https://doi.org/10.1038/nature01650
https://doi.org/10.1016/j.ijpharm.2022.122339
https://doi.org/10.1016/j.ijpharm.2023.123047
https://doi.org/10.1007/s40820-019-0286-9
https://doi.org/10.1007/s40820-019-0286-9
https://doi.org/10.1016/j.ijpharm.2022.121647
https://doi.org/10.1021/acs.iecr.2c00919
https://doi.org/10.1021/acs.iecr.2c00919
https://doi.org/10.1016/j.jconrel.2022.11.002
https://doi.org/10.1016/j.jconrel.2022.11.002
https://doi.org/10.1007/s40820-023-01092-8
https://doi.org/10.1007/s40820-023-01169-4
https://doi.org/10.1007/s40820-022-00841-5
https://doi.org/10.1007/s40820-023-01127-0
https://doi.org/10.1016/j.jece.2022.107535
https://doi.org/10.1016/j.jwpe.2022.103254
https://doi.org/10.1016/j.jwpe.2022.103254
https://doi.org/10.1002/adfm.202305527
https://doi.org/10.1002/adfm.202305527
https://doi.org/10.1007/s40820-023-01124-3
https://doi.org/10.1016/j.ccr.2024.215726
https://doi.org/10.1039/C5CS00837A
https://doi.org/10.1007/s40820-023-01180-9
https://doi.org/10.1007/s40820-023-01180-9
https://doi.org/10.1021/acs.langmuir.3c02384
https://doi.org/10.1021/acs.langmuir.3c02384
https://doi.org/10.1002/adfm.202309089
https://doi.org/10.1002/adfm.202309089
https://doi.org/10.1039/C4SC03217A
https://doi.org/10.1021/acssuschemeng.2c07276
https://doi.org/10.1021/acssuschemeng.2c07276
https://doi.org/10.1016/j.cej.2023.143119
https://doi.org/10.1016/j.cej.2023.143119


 Nano-Micro Lett.          (2024) 16:272   272  Page 42 of 48

https://doi.org/10.1007/s40820-024-01487-1© The authors

media on the microstructural stability and dye adsorption per-
formance of UiO-66. Appl. Surf. Sci. 618, 156531 (2023). 
https:// doi. org/ 10. 1016/j. apsusc. 2023. 156531

 30. T. Tian, Z. Zeng, D. Vulpe, M.E. Casco, G. Divitini et al., A 
Sol–gel monolithic metal–organic framework with enhanced 
methane uptake. Nat. Mater. 17, 174–179 (2018). https:// doi. 
org/ 10. 1038/ nmat5 050

 31. C. Duan, Y. Yu, J. Xiao, Y. Li, P. Yang et al., Recent advance-
ments in metal–organic frameworks for green applications. 
Green Energy Environ. 6, 33–49 (2021). https:// doi. org/ 10. 
1016/j. gee. 2020. 04. 006

 32. A. Tati, S. Ahmadipouya, H. Molavi, S.A. Mousavi, M. 
Rezakazemi, Efficient removal of organic dyes using electro-
spun nanofibers with Ce-based UiO-66 MOFs. Ecotoxicol. 
Environ. Saf. 266, 115584 (2023). https:// doi. org/ 10. 1016/j. 
ecoenv. 2023. 115584

 33. F. Al-Ghazzawi, L. Conte, C. Richardson, P. Wagner, Reactive 
extrusion printing for simultaneous crystallization-deposition 
of metal-organic framework films. Angew. Chem. Int. Ed. 61, 
e202117240 (2022). https:// doi. org/ 10. 1002/ anie. 20211 7240

 34. W.-Q. Ding, L. Xu, X.-Y. Li, M.-L. Fu, B. Yuan, 3D-printed 
MOFs/polymer composite as a separatable adsorbent for the 
removal of phenylarsenic acid in the aqueous solution. ACS 
Appl. Mater. Interfaces 15, 49181–49194 (2023). https:// doi. 
org/ 10. 1021/ acsami. 3c107 66

 35. B. Yeskendir, J.-P. Dacquin, Y. Lorgouilloux, C. Courtois, 
S. Royer et al., From metal–organic framework powders to 
shaped solids: recent developments and challenges. Mater. 
Adv. 2, 7139–7186 (2021). https:// doi. org/ 10. 1039/ d1ma0 
0630d

 36. F. Lorignon, A. Gossard, M. Carboni, Hierarchically porous 
monolithic MOFs: an ongoing challenge for industrial-
scale effluent treatment. Chem. Eng. J. 393, 124765 (2020). 
https:// doi. org/ 10. 1016/j. cej. 2020. 124765

 37. H. Yang, H. Zhou, G. Zhang, X. Guo, H. Pang, Recent pro-
gress of integrating MOFs into printed devices and their 
applications. Sci. China Mater. 66, 441–469 (2023). https:// 
doi. org/ 10. 1007/ s40843- 022- 2226-6

 38. Q. Ma, T. Zhang, B. Wang, Shaping of metal-organic frame-
works, a critical step toward industrial applications. Matter 
5, 1070–1091 (2022). https:// doi. org/ 10. 1016/j. matt. 2022. 
02. 014

 39. J. Hou, A.F. Sapnik, T.D. Bennett, Metal–organic frame-
work gels and monoliths. Chem. Sci. 11, 310–323 (2020). 
https:// doi. org/ 10. 1039/ c9sc0 4961d

 40. A.H. Valekar, K.-H. Cho, U.-H. Lee, J.S. Lee, J.W. Yoon 
et al., Shaping of porous metal–organic framework gran-
ules using mesoporous ρ-alumina as a binder. RSC Adv. 7, 
55767–55777 (2017). https:// doi. org/ 10. 1039/ C7RA1 1764G

 41. X. Yu, B. Li, L. Wu, D. Shi, S. Han, Review and perspectives 
of monolithic metal–organic frameworks: toward industrial 
applications. Energy Fuels 37, 9938–9955 (2023). https:// doi. 
org/ 10. 1021/ acs. energ yfuels. 3c008 58

 42. G. Cai, P. Yan, L. Zhang, H.-C. Zhou, H.-L. Jiang, Metal-
organic framework-based hierarchically porous materials: 

synthesis and applications. Chem. Rev. 121, 12278–12326 
(2021). https:// doi. org/ 10. 1021/ acs. chemr ev. 1c002 43

 43. Y. Dou, W. Zhang, A. Kaiser, Electrospinning of metal–
organic frameworks for energy and environmental applica-
tions. Adv. Sci. 7(3), 1902590 (2020). https:// doi. org/ 10. 1002/ 
advs. 20190 2590

 44. X. Huang, J. Wei, Y. Zhang, B. Qian, Q. Jia et al., Ultralight 
magnetic and dielectric aerogels achieved by metal-organic 
framework initiated gelation of graphene oxide for enhanced 
microwave absorption. Nano-Micro Lett. 14, 107 (2022). 
https:// doi. org/ 10. 1007/ s40820- 022- 00851-3

 45. X.-M. Liu, L.-H. Xie, Y. Wu, Recent advances in the shaping 
of metal–organic frameworks. Inorg. Chem. Front. 7, 2840–
2866 (2020). https:// doi. org/ 10. 1039/ c9qi0 1564g

 46. L.D. Tijing, J.R.C. Dizon, I. Ibrahim, A.R.N. Nisay, H.K. 
Shon et al., 3D printing for membrane separation, desalination 
and water treatment. Appl. Mater. Today 18, 100486 (2020). 
https:// doi. org/ 10. 1016/j. apmt. 2019. 100486

 47. N.H. Mohd Yusoff, L.-R. Irene Teo, S.J. Phang, V.-L. Wong, 
K.H. Cheah et al., Recent advances in polymer-based 3D 
printing for wastewater treatment application: an overview. 
Chem. Eng. J. 429, 132311 (2022). https:// doi. org/ 10. 1016/j. 
cej. 2021. 132311

 48. W.Y. Lieu, D. Fang, K.J. Tay, X.L. Li, W.C. Chu et al., Pro-
gress on 3D-printed metal-organic frameworks with hierar-
chical structures. Adv. Mater. Technol. 7, 2200023 (2022). 
https:// doi. org/ 10. 1002/ admt. 20220 0023

 49. H. Zhou, S. Gu, Y. Lu, G. Zhang, B. Li et al., Stabilizing  Ni2+ 
in hollow nano MOF/polymetallic phosphides composites for 
enhanced electrochemical performance in 3D-printed micro-
supercapacitors. Adv. Mater. (2024). https:// doi. org/ 10. 1002/ 
adma. 20240 1856

 50. G. J. H. Lim, M. Srinivasan, A. Suwardi, D. Zhang, in Emerg-
ing 3D printing of MOFs and their derivatives. ed., Elsevier, 
367–389, (2024)

 51. Y. Wang, S. Lin, M. Li, C. Zhu, H. Yang et al., Boosting  CO2 
hydrogenation of Fe-based monolithic catalysts via 3D print-
ing technology-induced heat/mass-transfer enhancements. 
Appl. Catal. B Environ. 340, 123211 (2024). https:// doi. org/ 
10. 1016/j. apcatb. 2023. 123211

 52. J. Zhu, P. Wu, Y. Chao, J. Yu, W. Zhu et al., Recent advances 
in 3D printing for catalytic applications. Chem. Eng. J. 433, 
134341 (2022). https:// doi. org/ 10. 1016/j. cej. 2021. 134341

 53. J. Yu, J. Zhu, L. Chen, Y. Chao, W. Zhu et al., A review of 
adsorption materials and their application of 3D printing tech-
nology in the separation process. Chem. Eng. J. 475, 146247 
(2023). https:// doi. org/ 10. 1016/j. cej. 2023. 146247

 54. Z. Wang, J. Wang, M. Li, K. Sun, C.-J. Liu, Three-dimensional 
printed acrylonitrile butadiene styrene framework coated with 
Cu-BTC metal-organic frameworks for the removal of meth-
ylene blue. Sci. Rep. 4, 5939 (2014). https:// doi. org/ 10. 1038/ 
srep0 5939

 55. H. Thakkar, S. Eastman, Q. Al-Naddaf, A.A. Rownaghi, F. 
Rezaei, 3D-printed metal–organic framework monoliths for 
gas adsorption processes. ACS Appl. Mater. Interfaces 9, 

https://doi.org/10.1016/j.apsusc.2023.156531
https://doi.org/10.1038/nmat5050
https://doi.org/10.1038/nmat5050
https://doi.org/10.1016/j.gee.2020.04.006
https://doi.org/10.1016/j.gee.2020.04.006
https://doi.org/10.1016/j.ecoenv.2023.115584
https://doi.org/10.1016/j.ecoenv.2023.115584
https://doi.org/10.1002/anie.202117240
https://doi.org/10.1021/acsami.3c10766
https://doi.org/10.1021/acsami.3c10766
https://doi.org/10.1039/d1ma00630d
https://doi.org/10.1039/d1ma00630d
https://doi.org/10.1016/j.cej.2020.124765
https://doi.org/10.1007/s40843-022-2226-6
https://doi.org/10.1007/s40843-022-2226-6
https://doi.org/10.1016/j.matt.2022.02.014
https://doi.org/10.1016/j.matt.2022.02.014
https://doi.org/10.1039/c9sc04961d
https://doi.org/10.1039/C7RA11764G
https://doi.org/10.1021/acs.energyfuels.3c00858
https://doi.org/10.1021/acs.energyfuels.3c00858
https://doi.org/10.1021/acs.chemrev.1c00243
https://doi.org/10.1002/advs.201902590
https://doi.org/10.1002/advs.201902590
https://doi.org/10.1007/s40820-022-00851-3
https://doi.org/10.1039/c9qi01564g
https://doi.org/10.1016/j.apmt.2019.100486
https://doi.org/10.1016/j.cej.2021.132311
https://doi.org/10.1016/j.cej.2021.132311
https://doi.org/10.1002/admt.202200023
https://doi.org/10.1002/adma.202401856
https://doi.org/10.1002/adma.202401856
https://doi.org/10.1016/j.apcatb.2023.123211
https://doi.org/10.1016/j.apcatb.2023.123211
https://doi.org/10.1016/j.cej.2021.134341
https://doi.org/10.1016/j.cej.2023.146247
https://doi.org/10.1038/srep05939
https://doi.org/10.1038/srep05939


Nano-Micro Lett.          (2024) 16:272  Page 43 of 48   272 

35908–35916 (2017). https:// doi. org/ 10. 1021/ acsami. 7b116 
26

 56. P. Pei, Z. Tian, Y. Zhu, 3D printed mesoporous bioactive glass/
metal-organic framework scaffolds with antitubercular drug 
delivery. Microporous Mesoporous Mater. 272, 24–30 (2018). 
https:// doi. org/ 10. 1016/j. micro meso. 2018. 06. 012

 57. R. Singh, G. Souillard, L. Chassat, Y. Gao, X. Mulet et al., 
Fabricating bioactive 3D metal–organic framework devices. 
Adv. Sustain. Syst. 4, 2000059 (2020). https:// doi. org/ 10. 
1002/ adsu. 20200 0059

 58. Y. Hong, M. Wu, G. Chen, Z. Dai, Y. Zhang et al., 3D printed 
microfluidic device with microporous  Mn2O3-modified screen 
printed electrode for real-time determination of heavy metal 
ions. ACS Appl. Mater. Interfaces 8, 32940–32947 (2016). 
https:// doi. org/ 10. 1021/ acsami. 6b104 64

 59. M.C. Kreider, M. Sefa, J.A. Fedchak, J. Scherschligt, M. 
Bible et al., Toward 3D printed hydrogen storage materials 
made with ABS-MOF composites. Polym. Adv. Technol. 29, 
867–873 (2018). https:// doi. org/ 10. 1002/ pat. 4197

 60. N. Maldonado, V.G. Vegas, O. Halevi, J.I. Martínez, P.S. 
Lee et al., 3D printing of a thermo- and solvatochromic 
composite material based on a Cu(II)–thymine coordina-
tion polymer with moisture sensing capabilities. Adv. Funct. 
Mater. 29, 1808424 (2019). https:// doi. org/ 10. 1002/ adfm. 
20180 8424

 61. A.J. Young, R. Guillet-Nicolas, E.S. Marshall, F. Kleitz, A.J. 
Goodhand et al., Direct ink writing of catalytically active 
UiO-66 polymer composites. Chem. Commun. 55, 2190–2193 
(2019). https:// doi. org/ 10. 1039/ C8CC1 0018G

 62. Z. Lyu, G.J.H. Lim, R. Guo, Z. Kou, T. Wang et  al., 
3D-printed MOF-derived hierarchically porous frameworks 
for practical high-energy density Li–O2 batteries. Adv. 
Funct. Mater. 29, 1806658 (2019). https:// doi. org/ 10. 1002/ 
adfm. 20180 6658

 63. L. Zhong, J. Chen, Z. Ma, H. Feng, S. Chen et al., 3D print-
ing of metal–organic framework incorporated porous scaf-
folds to promote osteogenic differentiation and bone regen-
eration. Nanoscale 12, 24437–24449 (2020). https:// doi. org/ 
10. 1039/ D0NR0 6297A

 64. X. Liu, D. Zhao, J. Wang, Challenges and opportunities in 
preserving key structural features of 3D-printed metal/cova-
lent organic framework. Nano-Micro Lett. 16, 157 (2024). 
https:// doi. org/ 10. 1007/ s40820- 024- 01373-w

 65. A. Pustovarenko, B. Seoane, E. Abou-Hamad, H.E. King, 
B.M. Weckhuysen et al., Rapid fabrication of MOF-based 
mixed matrix membranes through digital light processing. 
Mater. Adv. 2, 2739–2749 (2021). https:// doi. org/ 10. 1039/ 
d1ma0 0023c

 66. O. Halevi, J.M.R. Tan, P.S. Lee, S. Magdassi, Hydrolyti-
cally stable MOF in 3D-printed structures. Adv. Sustain. 
Syst. 2, 1700150 (2018). https:// doi. org/ 10. 1002/ adsu. 
20170 0150

 67. L.L. da Luz, R. Milani, J.F. Felix, I.R.B. Ribeiro, M. Talhavini 
et al., Inkjet printing of lanthanide–organic frameworks for 
anti-counterfeiting applications. ACS Appl. Mater. Interfaces 

7, 27115–27123 (2015). https:// doi. org/ 10. 1021/ acsami. 5b063 
01

 68. S. Shi, Y. Jiang, H. Ren, S. Deng, J. Sun et al., 3D-printed 
carbon-based conformal electromagnetic interference shield-
ing module for integrated electronics. Nano-Micro Lett. 16, 
85 (2024). https:// doi. org/ 10. 1007/ s40820- 023- 01317-w

 69. C.-H. Su, C.-W. Kung, T.-H. Chang, H.-C. Lu, K.-C. Ho et al., 
Inkjet-printed porphyrinic metal–organic framework thin 
films for electrocatalysis. J. Mater. Chem. A 4, 11094–11102 
(2016). https:// doi. org/ 10. 1039/ c6ta0 3547g

 70. P. Goel, S. Singh, H. Kaur, S. Mishra, A. Deep, Low-cost 
inkjet printing of metal–organic frameworks patterns on dif-
ferent substrates and their applications in ammonia sensing. 
Sens. Actuat. B Chem. 329, 129157 (2021). https:// doi. org/ 
10. 1016/j. snb. 2020. 129157

 71. M. Hou, H. Zhao, Y. Feng, J. Ge, Synthesis of patterned 
enzyme–metal–organic framework composites by ink-jet 
printing. Bioresour. Bioprocess. 4, 40 (2017). https:// doi. org/ 
10. 1186/ s40643- 017- 0171-7

 72. D.A. Gregory, J. Nicks, J. Artigas-Arnaudas, M.S. Harris, 
J.A. Foster et al., Controlling the composition and position of 
metal–organic frameworks via reactive inkjet printing. Adv. 
Mater. Interfaces 10, 2300027 (2023). https:// doi. org/ 10. 1002/ 
admi. 20230 0027

 73. J. Kim, J. Choi, J. Hyun, In situ synthesis of single layered 
metal–organic frameworks via inkjet printing on a cellulose 
nanofiber film. ACS Appl. Mater. Interfaces 16, 15617–15631 
(2024). https:// doi. org/ 10. 1021/ acsami. 4c007 79

 74. D.E. Kravchenko, A. Matavž, V. Rubio-Giménez, H. Vanduf-
fel, M. Verstreken et al., Aerosol jet printing of the ultrami-
croporous calcium squarate metal–organic framework. Chem. 
Mater. 34, 6809–6814 (2022). https:// doi. org/ 10. 1021/ acs. 
chemm ater. 2c009 47

 75. E.B. Secor, Principles of aerosol jet printing. Flex. Print. Elec-
tron. 3, 035002 (2018). https:// doi. org/ 10. 1088/ 2058- 8585/ 
aace28

 76. H. Chen, J. Wang, S. Peng, D. Liu, W. Yan et al., A general-
ized polymer precursor ink design for 3D printing of func-
tional metal oxides. Nano-Micro Lett. 15, 180 (2023). https:// 
doi. org/ 10. 1007/ s40820- 023- 01147-w

 77. T. Xue, Y. Yang, D. Yu, Q. Wali, Z. Wang et al., 3D printed 
integrated gradient-conductive MXene/CNT/polyimide aero-
gel frames for electromagnetic interference shielding with 
ultra-low reflection. Nano-Micro Lett. 15, 45 (2023). https:// 
doi. org/ 10. 1007/ s40820- 023- 01017-5

 78. A. Masud, C. Zhou, N. Aich, Emerging investigator series: 3D 
printed graphene-biopolymer aerogels for water contaminant 
removal: a proof of concept. Environ. Sci. Nano 8, 399–414 
(2021)

 79. S.S. Crump, Apparatus and method for creating three-dimen-
sional objects. United States Patent 5121329 (1992).

 80. M. Zhou, M. Li, J. Jiang, N. Gao, F. Tian et al., Construction 
of bionic porous polyetherimide structure by an in situ foam-
ing fused deposition modeling process. Adv. Eng. Mater. 24, 
2101027 (2022). https:// doi. org/ 10. 1002/ adem. 20210 1027

https://doi.org/10.1021/acsami.7b11626
https://doi.org/10.1021/acsami.7b11626
https://doi.org/10.1016/j.micromeso.2018.06.012
https://doi.org/10.1002/adsu.202000059
https://doi.org/10.1002/adsu.202000059
https://doi.org/10.1021/acsami.6b10464
https://doi.org/10.1002/pat.4197
https://doi.org/10.1002/adfm.201808424
https://doi.org/10.1002/adfm.201808424
https://doi.org/10.1039/C8CC10018G
https://doi.org/10.1002/adfm.201806658
https://doi.org/10.1002/adfm.201806658
https://doi.org/10.1039/D0NR06297A
https://doi.org/10.1039/D0NR06297A
https://doi.org/10.1007/s40820-024-01373-w
https://doi.org/10.1039/d1ma00023c
https://doi.org/10.1039/d1ma00023c
https://doi.org/10.1002/adsu.201700150
https://doi.org/10.1002/adsu.201700150
https://doi.org/10.1021/acsami.5b06301
https://doi.org/10.1021/acsami.5b06301
https://doi.org/10.1007/s40820-023-01317-w
https://doi.org/10.1039/c6ta03547g
https://doi.org/10.1016/j.snb.2020.129157
https://doi.org/10.1016/j.snb.2020.129157
https://doi.org/10.1186/s40643-017-0171-7
https://doi.org/10.1186/s40643-017-0171-7
https://doi.org/10.1002/admi.202300027
https://doi.org/10.1002/admi.202300027
https://doi.org/10.1021/acsami.4c00779
https://doi.org/10.1021/acs.chemmater.2c00947
https://doi.org/10.1021/acs.chemmater.2c00947
https://doi.org/10.1088/2058-8585/aace28
https://doi.org/10.1088/2058-8585/aace28
https://doi.org/10.1007/s40820-023-01147-w
https://doi.org/10.1007/s40820-023-01147-w
https://doi.org/10.1007/s40820-023-01017-5
https://doi.org/10.1007/s40820-023-01017-5
https://doi.org/10.1002/adem.202101027


 Nano-Micro Lett.          (2024) 16:272   272  Page 44 of 48

https://doi.org/10.1007/s40820-024-01487-1© The authors

 81. L. Ritzen, V. Montano, S.J. Garcia, 3D printing of a self-heal-
ing thermoplastic polyurethane through FDM: from polymer 
slab to mechanical assessment. Polymers 13, 305 (2021). 
https:// doi. org/ 10. 3390/ polym 13020 305

 82. D. Popescu, A. Zapciu, C. Amza, F. Baciu, R. Marinescu, 
FDM process parameters influence over the mechanical prop-
erties of polymer specimens: a review. Polym. Test. 69, 157–
166 (2018). https:// doi. org/ 10. 1016/j. polym ertes ting. 2018. 05. 
020

 83. V. Vancauwenberghe, V.B. Mbong, E. Vanstreels, P. Verboven, 
J. Lammertyn, B. Nicolai, 3D printing of plant tissue for inno-
vative food manufacturing: Encapsulation of alive plant cells 
into pectin based bio-ink. J. Food Eng. 263, 454–464 (2019). 
https:// doi. org/ 10. 1016/j. jfood eng. 2017. 12. 003

 84. C.A. Grande, R. Blom, V. Middelkoop, D. Matras, A. Vam-
vakeros et al., Multiscale investigation of adsorption prop-
erties of novel 3D printed UTSA-16 structures. Chem. Eng. 
J. 402, 126166 (2020). https:// doi. org/ 10. 1016/j. cej. 2020. 
126166

 85. C. Kokkinos, A. Economou, A. Pournara, M. Manos, I. Spa-
nopoulos et al., 3D-printed lab-in-a-syringe voltammetric 
cell based on a working electrode modified with a highly 
efficient Ca-MOF sorbent for the determination of Hg(II). 
Sens. Actuat. B Chem. 321, 128508 (2020). https:// doi. org/ 
10. 1016/j. snb. 2020. 128508

 86. Z. Liu, X. Xia, W. Li, L. Xiao, X. Sun et al., In situ growth of 
 Ca2+-based metal-organic framework on  CaSiO3/ABS/TPU 
3D skeleton for methylene blue removal. Materials 13, 4403 
(2020). https:// doi. org/ 10. 3390/ ma131 94403

 87. R. Xing, R. Huang, R. Su, J. Kong, M.D. Dickey et  al., 
3D-printing of hierarchical porous copper-based metal–
organic-framework structures for efficient fixed-bed catalysts. 
Chem. Bio. Eng. 1, 264–273 (2024). https:// doi. org/ 10. 1021/ 
cbe. 4c000 01

 88. S. Lawson, Q. Al-Naddaf, K. Newport, A. Rownaghi, F. 
Rezaei, Assessment of  CO2/CH4 separation performance of 
3D-printed carbon monoliths in pressure swing adsorption. 
Ind. Eng. Chem. Res. 60, 16445–16456 (2021). https:// doi. 
org/ 10. 1021/ acs. iecr. 1c017 41

 89. K. Mori, T. Fujita, H. Hata, H.-J. Kim, T. Nakano et al., 
Surface chemical engineering of a metal 3D-printed flow 
reactor using a metal–organic framework for liquid-phase 
catalytic  H2 production from hydrogen storage materials. 
ACS Appl. Mater. Interfaces 15, 51079–51088 (2023). 
https:// doi. org/ 10. 1021/ acsami. 3c109 45

 90. Y.-P. Chuang, C.-H. Shen, H.-J. Hsu, Y.-Z. Su, S.-C. Yang 
et al., Cerium (IV)-based metal–organic framework nano-
structures grown on 3D-printed free-standing membranes 
and their derivatives for charge storage. ACS Appl. Nano 
Mater. 6, 19701–19709 (2023). https:// doi. org/ 10. 1021/ 
acsanm. 3c035 08

 91. A.K. Chaudhari, J.-C. Tan, Dual-guest functionalized 
zeolitic imidazolate framework-8 for 3D printing white 
light-emitting composites. Adv. Opt. Mater. 8, 1901912 
(2020). https:// doi. org/ 10. 1002/ adom. 20190 1912

 92. M.A.F. Maghsoudi, R.M. Aghdam, R.A. Asbagh, A. 
Moghaddaszadeh, A. Ghaee et al., 3D-printing of alginate/
gelatin scaffold loading tannic acid@ZIF-8 for wound heal-
ing: in vitro and in vivo studies. Int. J. Biol. Macromol. 265, 
130744 (2024). https:// doi. org/ 10. 1016/j. ijbio mac. 2024. 
130744

 93. S.D. Perera, R.M. Johnson, R. Pawle, J. Elliott, T.M. Tran 
et al., Hierarchically structured metal–organic framework 
polymer composites for chemical warfare agent degradation. 
ACS Appl. Mater. Interfaces 16(8), 10795–10804 (2024). 
https:// doi. org/ 10. 1021/ acsami. 3c194 46

 94. R. Pei, L. Fan, F. Zhao, J. Xiao, Y. Yang et al., 3D-Printed 
metal-organic frameworks within biocompatible polymers 
as excellent adsorbents for organic dyes removal. J. Hazard. 
Mater. 384, 121418 (2020). https:// doi. org/ 10. 1016/j. jhazm 
at. 2019. 121418

 95. A. Anvari Kohestani, F. Pishbin, 3D printing of bone scaf-
folds based on alginate/gelatin hydrogel ink containing bio-
active glass 45S5 and ZIF-8 nanoparticles with sustained 
drug-release capability. Adv. Eng. Mater. 25, 2300563 
(2023). https:// doi. org/ 10. 1002/ adem. 20230 0563

 96. S. Lawson, M. Snarzyk, D. Hanify, A.A. Rownaghi, F. 
Rezaei, Development of 3D-printed polymer-MOF mono-
liths for  CO2 adsorption. Ind. Eng. Chem. Res. 59, 7151–
7160 (2020). https:// doi. org/ 10. 1021/ acs. iecr. 9b054 45

 97. H. Thakkar, Q. Al-Naddaf, N. Legion, M. Hovis, A. 
Krishnamurthy et al., Adsorption of ethane and ethylene 
over 3D-printed ethane-selective monoliths. ACS Sustain. 
Chem. Eng. 6, 15228–15237 (2018). https:// doi. org/ 10. 
1021/ acssu schem eng. 8b036 85

 98. C.-G. Lin, W. Zhou, X.-T. Xiong, W. Xuan, P.J. Kitson et al., 
Digital control of multistep hydrothermal synthesis by using 
3D printed reactionware for the synthesis of metal-organic 
frameworks. Angew. Chem. Int. Ed. 57, 16716–16720 (2018). 
https:// doi. org/ 10. 1002/ anie. 20181 0095

 99. H.N. Abdelhamid, S. Sultan, A.P. Mathew, 3D printing of 
cellulose/leaf-like zeolitic imidazolate frameworks (Cel-
loZIF-L) for adsorption of carbon dioxide  (CO2) and heavy 
metal ions. Dalton Trans. 52, 2988–2998 (2023). https:// doi. 
org/ 10. 1039/ d2dt0 4168e

 100. M.R. Sommer, L. Alison, C. Minas, E. Tervoort, P.A. Rühs 
et al., 3D printing of concentrated emulsions into multiphase 
biocompatible soft materials. Soft Matter 13, 1794–1803 
(2017). https:// doi. org/ 10. 1039/ c6sm0 2682f

 101. D. López-Velázquez, A.R. Hernández-Sosa, E. Pérez, Effect 
of the degree of substitution in the transition temperatures 
and hydrophobicity of hydroxypropyl cellulose esters. Car-
bohydr. Polym. 125, 224–231 (2015). https:// doi. org/ 10. 
1016/j. carbp ol. 2014. 12. 086

 102. A. Figuerola, D.A.V. Medina, A.J. Santos-Neto, C.P. 
Cabello, V. Cerdà et al., Metal–organic framework mixed-
matrix coatings on 3D printed devices. Appl. Mater. Today 
16, 21–27 (2019). https:// doi. org/ 10. 1016/j. apmt. 2019. 04. 
011

 103. G.J.H. Lim, Y. Wu, B.B. Shah, J.J. Koh, C.K. Liu et al., 
3D-printing of pure metal–organic framework monoliths. ACS 

https://doi.org/10.3390/polym13020305
https://doi.org/10.1016/j.polymertesting.2018.05.020
https://doi.org/10.1016/j.polymertesting.2018.05.020
https://doi.org/10.1016/j.jfoodeng.2017.12.003
https://doi.org/10.1016/j.cej.2020.126166
https://doi.org/10.1016/j.cej.2020.126166
https://doi.org/10.1016/j.snb.2020.128508
https://doi.org/10.1016/j.snb.2020.128508
https://doi.org/10.3390/ma13194403
https://doi.org/10.1021/cbe.4c00001
https://doi.org/10.1021/cbe.4c00001
https://doi.org/10.1021/acs.iecr.1c01741
https://doi.org/10.1021/acs.iecr.1c01741
https://doi.org/10.1021/acsami.3c10945
https://doi.org/10.1021/acsanm.3c03508
https://doi.org/10.1021/acsanm.3c03508
https://doi.org/10.1002/adom.201901912
https://doi.org/10.1016/j.ijbiomac.2024.130744
https://doi.org/10.1016/j.ijbiomac.2024.130744
https://doi.org/10.1021/acsami.3c19446
https://doi.org/10.1016/j.jhazmat.2019.121418
https://doi.org/10.1016/j.jhazmat.2019.121418
https://doi.org/10.1002/adem.202300563
https://doi.org/10.1021/acs.iecr.9b05445
https://doi.org/10.1021/acssuschemeng.8b03685
https://doi.org/10.1021/acssuschemeng.8b03685
https://doi.org/10.1002/anie.201810095
https://doi.org/10.1039/d2dt04168e
https://doi.org/10.1039/d2dt04168e
https://doi.org/10.1039/c6sm02682f
https://doi.org/10.1016/j.carbpol.2014.12.086
https://doi.org/10.1016/j.carbpol.2014.12.086
https://doi.org/10.1016/j.apmt.2019.04.011
https://doi.org/10.1016/j.apmt.2019.04.011


Nano-Micro Lett.          (2024) 16:272  Page 45 of 48   272 

Mater. Lett. 1, 147–153 (2019). https:// doi. org/ 10. 1021/ acsma 
teria lslett. 9b000 69

 104. B. Claessens, N. Dubois, J. Lefevere, S. Mullens, J. Cousin-
Saint-Remi et al., 3D-printed ZIF-8 monoliths for biobutanol 
recovery. Ind. Eng. Chem. Res. 59, 8813–8824 (2020). https:// 
doi. org/ 10. 1021/ acs. iecr. 0c004 53

 105. J. Dhainaut, M. Bonneau, R. Ueoka, K. Kanamori, S. Furu-
kawa, Formulation of metal–organic framework inks for the 
3D printing of robust microporous solids toward high-pressure 
gas storage and separation. ACS Appl. Mater. Interfaces 12, 
10983–10992 (2020). https:// doi. org/ 10. 1021/ acsami. 9b222 
57

 106. K.A. Evans, Z.C. Kennedy, B.W. Arey, J.F. Christ, H.T. Schaef 
et al., Chemically active, porous 3D-printed thermoplastic 
composites. ACS Appl. Mater. Interfaces 10, 15112–15121 
(2018). https:// doi. org/ 10. 1021/ acsami. 7b175 65

 107. E. Lahtinen, R.L.M. Precker, M. Lahtinen, E. Hey-Hawkins, 
M. Haukka, Selective laser sintering of metal-organic frame-
works: production of highly porous filters by 3D printing onto 
a polymeric matrix. ChemPlusChem 84, 222–225 (2019). 
https:// doi. org/ 10. 1002/ cplu. 20190 0081

 108. R. Li, S. Yuan, W. Zhang, H. Zheng, W. Zhu et al., 3D printing 
of mixed matrix films based on metal–organic frameworks and 
thermoplastic polyamide 12 by selective laser sintering for 
water applications. ACS Appl. Mater. Interfaces 11, 40564–
40574 (2019). https:// doi. org/ 10. 1021/ acsami. 9b118 40

 109. N.R. Catarineu, D. Lin, C. Zhu, D.I. Oyarzun, Y. Li, High-
performance aqueous zinc-ion hybrid capacitors based on 
3D printed metal-organic framework cathodes. Chem. Eng. 
J. 465, 142544 (2023). https:// doi. org/ 10. 1016/j. cej. 2023. 
142544

 110. J. Li, M. Li, J.J. Koh, J. Wang, Z. Lyu, 3D-printed biomimetic 
structures for energy and environmental applications. DeCar-
bon 3, 100026 (2024). https:// doi. org/ 10. 1016/j. decarb. 2023. 
100026

 111. C. Li, S. Deng, W. Feng, Y. Cao, J. Bai et al., A universal 
room-temperature 3D printing approach towards porous MOF 
based dendrites inhibition hybrid solid-state electrolytes. 
Small 19, e2300066 (2023). https:// doi. org/ 10. 1002/ smll. 
20230 0066

 112. E. Hędrzak, A. Węgrzynowicz, R. Rachwalik, B. Sulikowski, 
P. Michorczyk, Monoliths with MFI zeolite layers prepared 
with the assistance of 3D printing: characterization and per-
formance in the gas phase isomerization of α-pinene. Appl. 
Catal. A Gen. 579, 75–85 (2019). https:// doi. org/ 10. 1016/j. 
apcata. 2019. 04. 017

 113. S. Lawson, X. Li, H. Thakkar, A.A. Rownaghi, F. Rezaei, 
Recent advances in 3D printing of structured materials for 
adsorption and catalysis applications. Chem. Rev. 121, 6246–
6291 (2021). https:// doi. org/ 10. 1021/ acs. chemr ev. 1c000 60

 114. S. Lawson, Q. Al-Naddaf, A. Krishnamurthy, M.S. Amour, C. 
Griffin et al., UTSA-16 growth within 3D-printed co-Kaolin 
monoliths with high selectivity for  CO2/CH4,  CO2/N2, and 
 CO2/H2 separation. ACS Appl. Mater. Interfaces 10, 19076–
19086 (2018). https:// doi. org/ 10. 1021/ acsami. 8b051 92

 115. W. Liu, O. Erol, D.H. Gracias, 3D printing of an in situ grown 
MOF hydrogel with tunable mechanical properties. ACS 
Appl. Mater. Interfaces 12, 33267–33275 (2020). https:// doi. 
org/ 10. 1021/ acsami. 0c088 80

 116. J. Huang, P. Wu, Controlled assembly of luminescent lan-
thanide-organic frameworks via post-treatment of 3D-printed 
objects. Nano-Micro Lett. 13, 15 (2020). https:// doi. org/ 10. 
1007/ s40820- 020- 00543-w

 117. S. Lawson, A.-A. Alwakwak, A.A. Rownaghi, F. Rezaei, Gel–
print–grow: a new way of 3D printing metal–organic frame-
works. ACS Appl. Mater. Interfaces 12, 56108–56117 (2020). 
https:// doi. org/ 10. 1021/ acsami. 0c187 20

 118. R. Ajdary, S. Huan, N. Zanjanizadeh Ezazi, W. Xiang, R. 
Grande et al., Acetylated nanocellulose for single-component 
bioinks and cell proliferation on 3D-printed scaffolds. Bio-
macromol 20, 2770–2778 (2019). https:// doi. org/ 10. 1021/ acs. 
biomac. 9b005 27

 119. W. Xu, X. Wang, N. Sandler, S. Willför, C. Xu, Three-
dimensional printing of wood-derived biopolymers: a review 
focused on biomedical applications. ACS Sustain. Chem. Eng. 
6, 5663–5680 (2018). https:// doi. org/ 10. 1021/ acssu schem eng. 
7b039 24

 120. S. Sultan, H.N. Abdelhamid, X. Zou, A.P. Mathew, Cello-
MOF: nanocellulose enabled 3D printing of metal–organic 
frameworks. Adv. Funct. Mater. 29, 1805372 (2019). https:// 
doi. org/ 10. 1002/ adfm. 20180 5372

 121. J.-L. Zhuang, D. Ar, X.-J. Yu, J.-X. Liu, A. Terfort, Patterned 
deposition of metal-organic frameworks onto plastic, paper, 
and textile substrates by inkjet printing of a precursor solution. 
Adv. Mater. 25, 4631–4635 (2013). https:// doi. org/ 10. 1002/ 
adma. 20130 1626

 122. H. Nasser Abdelhamid, S. Sultan, A.P. Mathew, Binder-free 
Three-dimensional (3D) printing of Cellulose-ZIF8 (Cel-
loZIF-8) for water treatment and carbon dioxide  (CO2) adsorp-
tion. Chem. Eng. J. 468, 143567 (2023). https:// doi. org/ 10. 
1016/j. cej. 2023. 143567

 123. Z. Chen, S. Song, H. Zeng, Z. Ge, B. Liu et al., 3D print-
ing MOF nanozyme hydrogel with dual enzymatic activities 
and visualized glucose monitoring for diabetic wound heal-
ing. Chem. Eng. J. 471, 144649 (2023). https:// doi. org/ 10. 
1016/j. cej. 2023. 144649

 124. I. Stassen, M. Styles, G. Grenci, H. Gorp, W. Vanderlinden 
et al., Chemical vapour deposition of zeolitic imidazolate 
framework thinfilms. Nat. Mater. 15, 304–310 (2016). 
https:// doi. org/ 10. 1038/ nmat4 509

 125. M. Mar del Darder, S. Salehinia, J.B. Parra, J.M. Herrero-
Martinez, F. Svec et  al., Nanoparticle-directed metal–
organic framework/porous organic polymer monolithic 
supports for flow-based applications. ACS Appl. Mater. 
Interfaces 9, 1728–1736 (2017). https:// doi. org/ 10. 1021/ 
acsami. 6b109 99

 126. S. Waheed, M. Rodas, H. Kaur, N.L. Kilah, B. Paull et al., 
In-situ growth of metal-organic frameworks in a reactive 3D 
printable material. Appl. Mater. Today 22, 100930 (2021). 
https:// doi. org/ 10. 1016/j. apmt. 2020. 100930

https://doi.org/10.1021/acsmaterialslett.9b00069
https://doi.org/10.1021/acsmaterialslett.9b00069
https://doi.org/10.1021/acs.iecr.0c00453
https://doi.org/10.1021/acs.iecr.0c00453
https://doi.org/10.1021/acsami.9b22257
https://doi.org/10.1021/acsami.9b22257
https://doi.org/10.1021/acsami.7b17565
https://doi.org/10.1002/cplu.201900081
https://doi.org/10.1021/acsami.9b11840
https://doi.org/10.1016/j.cej.2023.142544
https://doi.org/10.1016/j.cej.2023.142544
https://doi.org/10.1016/j.decarb.2023.100026
https://doi.org/10.1016/j.decarb.2023.100026
https://doi.org/10.1002/smll.202300066
https://doi.org/10.1002/smll.202300066
https://doi.org/10.1016/j.apcata.2019.04.017
https://doi.org/10.1016/j.apcata.2019.04.017
https://doi.org/10.1021/acs.chemrev.1c00060
https://doi.org/10.1021/acsami.8b05192
https://doi.org/10.1021/acsami.0c08880
https://doi.org/10.1021/acsami.0c08880
https://doi.org/10.1007/s40820-020-00543-w
https://doi.org/10.1007/s40820-020-00543-w
https://doi.org/10.1021/acsami.0c18720
https://doi.org/10.1021/acs.biomac.9b00527
https://doi.org/10.1021/acs.biomac.9b00527
https://doi.org/10.1021/acssuschemeng.7b03924
https://doi.org/10.1021/acssuschemeng.7b03924
https://doi.org/10.1002/adfm.201805372
https://doi.org/10.1002/adfm.201805372
https://doi.org/10.1002/adma.201301626
https://doi.org/10.1002/adma.201301626
https://doi.org/10.1016/j.cej.2023.143567
https://doi.org/10.1016/j.cej.2023.143567
https://doi.org/10.1016/j.cej.2023.144649
https://doi.org/10.1016/j.cej.2023.144649
https://doi.org/10.1038/nmat4509
https://doi.org/10.1021/acsami.6b10999
https://doi.org/10.1021/acsami.6b10999
https://doi.org/10.1016/j.apmt.2020.100930


 Nano-Micro Lett.          (2024) 16:272   272  Page 46 of 48

https://doi.org/10.1007/s40820-024-01487-1© The authors

 127. D. Nagaraju, D.G. Bhagat, R. Banerjee, U.K. Kharul, In situ 
growth of metal-organic frameworks on a porous ultrafil-
tration membrane for gas separation. J. Mater. Chem. A 1, 
8828 (2013). https:// doi. org/ 10. 1039/ c3ta1 0438a

 128. I. Pellejero, F. Almazán, M. Lafuente, M.A. Urbiztondo, M. 
Drobek et al., Functionalization of 3D printed ABS filters 
with MOF for toxic gas removal. J. Ind. Eng. Chem. 89, 
194–203 (2020). https:// doi. org/ 10. 1016/j. jiec. 2020. 05. 013

 129. M. Weber, A. Julbe, A. Ayral, P. Miele, M. Bechelany, 
Atomic layer deposition for membranes: basics, challenges, 
and opportunities. Chem. Mater. 30, 7368–7390 (2018). 
https:// doi. org/ 10. 1021/ acs. chemm ater. 8b026 87

 130. A.D. Pournara, A. Margariti, G.D. Tarlas, A. Kourtelaris, 
V. Petkov et al., A  Ca2+ MOF combining highly efficient 
sorption and capability for voltammetric determination of 
heavy metal ions in aqueous media. J. Mater. Chem. A 7, 
15432–15443 (2019). https:// doi. org/ 10. 1039/ c9ta0 3337h

 131. K. Sumida, M. Hu, S. Furukawa, S. Kitagawa, Structurali-
zation of  Ca2+-based metal-organic frameworks prepared 
via coordination replication of calcium carbonate. Inorg. 
Chem. 55, 3700–3705 (2016). https:// doi. org/ 10. 1021/ acs. 
inorg chem. 6b003 97

 132. C. Xu, T. Liu, W. Guo, Y. Sun, C. Liang et al., 3D printing 
of powder-based inks into functional hierarchical porous 
 TiO2 materials. Adv. Eng. Mater. 22, 1901088 (2020). 
https:// doi. org/ 10. 1002/ adem. 20190 1088

 133. H. Thakkar, S. Lawson, A.A. Rownaghi, F. Rezaei, Develop-
ment of 3D-printed polymer-zeolite composite monoliths 
for gas separation. Chem. Eng. J. 348, 109–116 (2018). 
https:// doi. org/ 10. 1016/j. cej. 2018. 04. 178

 134. S. Yuan, F. Shen, C.K. Chua, K. Zhou, Polymeric compos-
ites for powder-based additive manufacturing: materials and 
applications. Prog. Polym. Sci. 91, 141–168 (2019). https:// 
doi. org/ 10. 1016/j. progp olyms ci. 2018. 11. 001

 135. T. Stichel, T. Frick, T. Laumer, F. Tenner, T. Hausotte 
et al., A Round Robin study for selective laser sintering of 
polymers: Back tracing of the pore morphology to the pro-
cess parameters. J. Mater. Process. Technol. 252, 537–545 
(2018). https:// doi. org/ 10. 1016/j. jmatp rotec. 2017. 10. 013

 136. E. Lahtinen, M.M. Hänninen, K. Kinnunen, H.M. Tuononen, 
A. Väisänen et al., Porous 3D printed scavenger filters for 
selective recovery of precious metals from electronic waste. 
Adv. Sustain. Syst. 2, 1800048 (2018). https:// doi. org/ 10. 
1002/ adsu. 20180 0048

 137. R. Zhou, Y. Wang, Z. Liu, Y. Pang, J. Chen et al., Digi-
tal light processing 3D-printed ceramic metamaterials for 
electromagnetic wave absorption. Nano-Micro Lett. 14, 122 
(2022). https:// doi. org/ 10. 1007/ s40820- 022- 00865-x

 138. L. Cao, K. Tao, A. Huang, C. Kong, L. Chen, A highly 
permeable mixed matrix membrane containing CAU-1-NH2 
for  H2 and  CO2 separation. Chem. Commun. 49, 8513–8515 
(2013). https:// doi. org/ 10. 1039/ C3CC4 4530E

 139. J.B. Decoste, G.W. Peterson, M.W. Smith, C.A. Stone, 
C.R. Willis, Enhanced stability of Cu-BTC MOF via per-
fluorohexane plasma-enhanced chemical vapor deposition. 

J. Am. Chem. Soc. 134, 1486–1489 (2012). https:// doi. org/ 
10. 1021/ ja211 182m

 140. A.I. Cherevko, G.L. Denisov, I.A. Nikovskii, A.V. 
Polezhaev, A.A. Korlyukov et al., Composite materials man-
ufactured by photopolymer 3D printing with metal-organic 
frameworks. Russ. J. Coord. Chem. 47, 319–325 (2021). 
https:// doi. org/ 10. 1134/ s1070 32842 10500 2x

 141. H. Molavi, K. Mirzaei, E. Jafarpour, A. Mohammadi, M.S. 
Salimi et al., Wastewater treatment using nanodiamond and 
related materials. J. Environ. Manag. 349, 119349 (2024). 
https:// doi. org/ 10. 1016/j. jenvm an. 2023. 119349

 142. H. Wang, J. Zhao, Y. Li, Y. Cao, Z. Zhu et al., Aqueous 
two-phase interfacial assembly of COF membranes for water 
desalination. Nano-Micro Lett. 14, 216 (2022). https:// doi. 
org/ 10. 1007/ s40820- 022- 00968-5

 143. M. Zamani, M. Aghajanzadeh, H. Molavi, H. Danafar, A. 
Shojaei, Thermally oxidized nanodiamond: an effective 
sorbent for separation of methotrexate from aqueous media: 
synthesis, characterization, in vivo and in vitro biocompat-
ibility study. J. Inorg. Organomet. Polym. Mater. 29, 701–
709 (2019). https:// doi. org/ 10. 1007/ s10904- 018- 1043-0

 144. A. Mohammadi, E. Jafarpour, K. Mirzaei, A. Shojaei, P. 
Jafarpour et al., Novel ZIF-8/CNC nanohybrid with an inter-
connected structure: toward a sustainable adsorbent for effi-
cient removal of Cd(II) ions. ACS Appl. Mater. Interfaces 
16, 3862–3875 (2024). https:// doi. org/ 10. 1021/ acsami. 
3c155 24

 145. X. Huang, L. Li, S. Zhao, L. Tong, Z. Li et al., MOF-like 3D 
graphene-based catalytic membrane fabricated by one-step 
laser scribing for robust water purification and green energy 
production. Nano-Micro Lett. 14, 174 (2022). https:// doi. org/ 
10. 1007/ s40820- 022- 00923-4

 146. O. Halevi, T.-Y. Chen, P.S. Lee, S. Magdassi, J.A. Hriljac, 
Nuclear wastewater decontamination by 3D-Printed hierar-
chical zeolite monoliths. RSC Adv. 10, 5766–5776 (2020). 
https:// doi. org/ 10. 1039/ C9RA0 9967K

 147. Y. Cao, R. Wu, Y.-Y. Gao, Y. Zhou, J.-J. Zhu, Advances of 
electrochemical and electrochemiluminescent sensors based 
on covalent organic frameworks. Nano-Micro Lett. 16, 37 
(2023). https:// doi. org/ 10. 1007/ s40820- 023- 01249-5

 148. P.O. Vicentino, R.J. Cassella, D. Leite, M. Resano, Extraction 
induced by microemulsion breaking as a novel tool for the 
simultaneous determination of Cd, Mn, Pb and Sb in gasoline 
samples by ICP-MS and discrete sample introduction. Talanta 
206, 120230 (2020). https:// doi. org/ 10. 1016/j. talan ta. 2019. 
120230

 149. M. Lu, Y. Deng, Y. Luo, J. Lv, T. Li et al., Graphene aerogel-
metal-organic framework-based electrochemical method for 
simultaneous detection of multiple heavy-metal ions. Anal. 
Chem. 91, 888–895 (2019). https:// doi. org/ 10. 1021/ acs. analc 
hem. 8b037 64

 150. W. H. Organization, WHO, WHO Staff. Guidelines for Drink-
ing-water Quality. (World Health Organization; 2004).

 151. E. Vlachou, A. Margariti, G.S. Papaefstathiou, C. Kokkinos, 
Voltammetric determination of Pb(II) by a Ca-MOF-modified 

https://doi.org/10.1039/c3ta10438a
https://doi.org/10.1016/j.jiec.2020.05.013
https://doi.org/10.1021/acs.chemmater.8b02687
https://doi.org/10.1039/c9ta03337h
https://doi.org/10.1021/acs.inorgchem.6b00397
https://doi.org/10.1021/acs.inorgchem.6b00397
https://doi.org/10.1002/adem.201901088
https://doi.org/10.1016/j.cej.2018.04.178
https://doi.org/10.1016/j.progpolymsci.2018.11.001
https://doi.org/10.1016/j.progpolymsci.2018.11.001
https://doi.org/10.1016/j.jmatprotec.2017.10.013
https://doi.org/10.1002/adsu.201800048
https://doi.org/10.1002/adsu.201800048
https://doi.org/10.1007/s40820-022-00865-x
https://doi.org/10.1039/C3CC44530E
https://doi.org/10.1021/ja211182m
https://doi.org/10.1021/ja211182m
https://doi.org/10.1134/s107032842105002x
https://doi.org/10.1016/j.jenvman.2023.119349
https://doi.org/10.1007/s40820-022-00968-5
https://doi.org/10.1007/s40820-022-00968-5
https://doi.org/10.1007/s10904-018-1043-0
https://doi.org/10.1021/acsami.3c15524
https://doi.org/10.1021/acsami.3c15524
https://doi.org/10.1007/s40820-022-00923-4
https://doi.org/10.1007/s40820-022-00923-4
https://doi.org/10.1039/C9RA09967K
https://doi.org/10.1007/s40820-023-01249-5
https://doi.org/10.1016/j.talanta.2019.120230
https://doi.org/10.1016/j.talanta.2019.120230
https://doi.org/10.1021/acs.analchem.8b03764
https://doi.org/10.1021/acs.analchem.8b03764


Nano-Micro Lett.          (2024) 16:272  Page 47 of 48   272 

carbon paste electrode integrated in a 3D-printed device. Sen-
sors 20, 4442 (2020). https:// doi. org/ 10. 3390/ s2016 4442

 152. R. Wang, X. Zhao, N. Jia, L. Cheng, L. Liu et al., Superwet-
ting oil/water separation membrane constructed from in situ 
assembled metal–phenolic networks and metal–organic frame-
works. ACS Appl. Mater. Interfaces 12, 10000–10008 (2020). 
https:// doi. org/ 10. 1021/ acsami. 9b220 80

 153. J. Lefevere, B. Claessens, S. Mullens, G. Baron, J. Cousin-
Saint-Remi et al., 3D-printed zeolitic imidazolate framework 
structures for adsorptive separations. ACS Appl. Nano Mater. 
2, 4991–4999 (2019). https:// doi. org/ 10. 1021/ acsanm. 9b009 34

 154. G. Li, X. Mo, Y. Wang, C.-Y. Chan, K.C. Chan, All 3D-printed 
superhydrophobic/oleophilic membrane for robotic oil recy-
cling. Adv. Mater. Interfaces 6, 1900874 (2019). https:// doi. 
org/ 10. 1002/ admi. 20190 0874

 155. V.H. Ng, C.H. Koo, W.C. Chong, J.Y. Tey, Progress of 3D 
printed feed spacers for membrane filtration. Mater. Today 
Proc. 46, 2070–2077 (2021). https:// doi. org/ 10. 1016/j. matpr. 
2021. 03. 241

 156. S. Yuan, J. Zhu, Y. Li, Y. Zhao, J. Li et al., Structure architec-
ture of micro/nanoscale ZIF-L on a 3D printed membrane for 
a superhydrophobic and underwater superoleophobic surface. 
J. Mater. Chem. A 7, 2723–2729 (2019). https:// doi. org/ 10. 
1039/ c8ta1 0249j

 157. Z. Shi, C. Xu, F. Chen, Y. Wang, L. Li et  al., Renew-
able metal–organic-frameworks-coated 3D printing film 
for removal of malachite green. RSC Adv. 7, 49947–49952 
(2017). https:// doi. org/ 10. 1039/ C7RA1 0912A

 158. V.V. Panic, S.J. Velickovic, Removal of model cationic dye 
by adsorption onto poly(methacrylic acid)/zeolite hydrogel 
composites: Kinetics, equilibrium study and image analysis. 
Sep. Purif. Technol. 122, 384–394 (2014). https:// doi. org/ 10. 
1016/j. seppur. 2013. 11. 025

 159. X. Yi, K. Yang, C. Liang, X. Zhong, P. Ning et al., Imaging-
guided combined photothermal and radiotherapy to treat sub-
cutaneous and metastatic tumors using iodine-131-doped cop-
per sulfide nanoparticles. Adv. Funct. Mater. 25, 4689–4699 
(2015). https:// doi. org/ 10. 1002/ adfm. 20150 2003

 160. D. Esparza, M. Valiente, A. Borràs, M. Villar, L.O. Leal 
et al., Fast-response flow-based method for evaluating 131I 
from biological and hospital waste samples exploiting liquid 
scintillation detection. Talanta 206, 120224 (2020). https:// 
doi. org/ 10. 1016/j. talan ta. 2019. 120224

 161. M. del Rio, M. Villar, S. Quesada, G. Turnes Palomino, L. 
Ferrer et al., Silver-functionalized UiO-66 metal-organic 
framework-coated 3D printed device for the removal of 
radioactive iodine from wastewaters. Appl. Mater. Today 
24, 101130 (2021). https:// doi. org/ 10. 1016/j. apmt. 2021. 
101130

 162. H. Shahriyari Far, M. Najafi, M. Hasanzadeh, R. Rahimi, 
Designing a novel porous  Ti3C2Tx MXene/MOF-based 
3D-printed architecture as an efficient and easy recoverable 
adsorbent for organic dye removal from aqueous solution. 
Int. J. Environ. Anal. Chem. (2023). https:// doi. org/ 10. 1080/ 
03067 319. 2023. 22718 50

 163. V.T. Huong, B. Van Duc, N.T. An, T.T.P. Anh, T.M. Amin-
abhavi et al., 3D-Printed  WO3−UiO-66@reduced graphene 
oxide nanocomposites for photocatalytic degradation of sul-
famethoxazole. Chem. Eng. J. 483, 149277 (2024). https:// 
doi. org/ 10. 1016/j. cej. 2024. 149277

 164. J. Duan, Q. Li, W. Xu, X. Hu, Y. Wang et al., Mechanically 
flexible and weavable hybrid aerogel fibers with ultrahigh 
metal–organic framework loadings for versatile applica-
tions. ACS Appl. Polym. Mater. 6, 1900–1910 (2024). 
https:// doi. org/ 10. 1021/ acsapm. 3c027 34

 165. Y. de Rancourt, K. de Mimérand, J.G. Li, Photoactive hybrid 
materials with fractal designs produced via 3D printing and 
plasma grafting technologies. ACS Appl. Mater. Interfaces 
11, 24771–24781 (2019). https:// doi. org/ 10. 1021/ acsami. 
9b069 82

 166. K. Li, Y. de Rancourt, X. de Mimérand, J. Jin, J.G. Yi, Metal 
oxide (ZnO and  TiO2) and Fe-based metal–organic-frame-
work nanoparticles on 3D-printed fractal polymer surfaces 
for photocatalytic degradation of organic pollutants. ACS 
Appl. Nano Mater. 3, 2830–2845 (2020). https:// doi. org/ 10. 
1021/ acsanm. 0c000 96

 167. D. Liu, P. Jiang, X. Li, J. Liu, L. Zhou et al., 3D printing 
of metal-organic frameworks decorated hierarchical porous 
ceramics for high-efficiency catalytic degradation. Chem. 
Eng. J. 397, 125392 (2020). https:// doi. org/ 10. 1016/j. cej. 
2020. 125392

 168. S. Wojtyła, P. Klama, K. Śpiewak, T. Baran, 3D printer as 
a potential source of indoor air pollution. Int. J. Environ. 
Sci. Technol. 17, 207–218 (2020). https:// doi. org/ 10. 1007/ 
s13762- 019- 02444-x

 169. F. Rezaei, P. Webley, Optimum structured adsorbents for 
gas separation processes. Chem. Eng. Sci. 64, 5182–5191 
(2009). https:// doi. org/ 10. 1016/j. ces. 2009. 08. 029

 170. H. Thakkar, S. Eastman, A. Al-Mamoori, A. Hajari, A.A. 
Rownaghi et al., Formulation of aminosilica adsorbents into 
3D-printed monoliths and evaluation of their  CO2 capture 
performance. ACS Appl. Mater. Interfaces 9, 7489–7498 
(2017). https:// doi. org/ 10. 1021/ acsami. 6b167 32

 171. H. Thakkar, S. Eastman, A. Hajari, A.A. Rownaghi, J.C. Knox 
et al., 3D-printed zeolite monoliths for  CO2 removal from 
enclosed environments. ACS Appl. Mater. Interfaces 8, 27753–
27761 (2016). https:// doi. org/ 10. 1021/ acsami. 6b096 47

 172. C.A. Grande, A. Kaiser, K.A. Andreassen, Methane storage in 
metal-organic framework HKUST-1 with enhanced heat manage-
ment using 3D printed metal lattices. Chem. Eng. Res. Des. 192, 
362–370 (2023). https:// doi. org/ 10. 1016/j. cherd. 2023. 03. 003

 173. D. Nguyen, M. Murialdo, K. Hornbostel, S. Pang, C. Ye et al., 
3D printed polymer composites for  CO2 capture. Ind. Eng. 
Chem. Res. 58, 22015–22020 (2019). https:// doi. org/ 10. 1021/ 
acs. iecr. 9b043 75

 174. H. Molavi, A. Shojaei, S.A. Mousavi, Photo-curable acrylate 
polyurethane as efficient composite membrane for  CO2 separa-
tion. Polymer 149, 178–191 (2018). https:// doi. org/ 10. 1016/j. 
polym er. 2018. 06. 074

 175. Y. Wang, Y. Ren, Y. Cao, X. Liang, G. He et al., Engineer-
ing HOF-based mixed-matrix membranes for efficient  CO2 

https://doi.org/10.3390/s20164442
https://doi.org/10.1021/acsami.9b22080
https://doi.org/10.1021/acsanm.9b00934
https://doi.org/10.1002/admi.201900874
https://doi.org/10.1002/admi.201900874
https://doi.org/10.1016/j.matpr.2021.03.241
https://doi.org/10.1016/j.matpr.2021.03.241
https://doi.org/10.1039/c8ta10249j
https://doi.org/10.1039/c8ta10249j
https://doi.org/10.1039/C7RA10912A
https://doi.org/10.1016/j.seppur.2013.11.025
https://doi.org/10.1016/j.seppur.2013.11.025
https://doi.org/10.1002/adfm.201502003
https://doi.org/10.1016/j.talanta.2019.120224
https://doi.org/10.1016/j.talanta.2019.120224
https://doi.org/10.1016/j.apmt.2021.101130
https://doi.org/10.1016/j.apmt.2021.101130
https://doi.org/10.1080/03067319.2023.2271850
https://doi.org/10.1080/03067319.2023.2271850
https://doi.org/10.1016/j.cej.2024.149277
https://doi.org/10.1016/j.cej.2024.149277
https://doi.org/10.1021/acsapm.3c02734
https://doi.org/10.1021/acsami.9b06982
https://doi.org/10.1021/acsami.9b06982
https://doi.org/10.1021/acsanm.0c00096
https://doi.org/10.1021/acsanm.0c00096
https://doi.org/10.1016/j.cej.2020.125392
https://doi.org/10.1016/j.cej.2020.125392
https://doi.org/10.1007/s13762-019-02444-x
https://doi.org/10.1007/s13762-019-02444-x
https://doi.org/10.1016/j.ces.2009.08.029
https://doi.org/10.1021/acsami.6b16732
https://doi.org/10.1021/acsami.6b09647
https://doi.org/10.1016/j.cherd.2023.03.003
https://doi.org/10.1021/acs.iecr.9b04375
https://doi.org/10.1021/acs.iecr.9b04375
https://doi.org/10.1016/j.polymer.2018.06.074
https://doi.org/10.1016/j.polymer.2018.06.074


 Nano-Micro Lett.          (2024) 16:272   272  Page 48 of 48

https://doi.org/10.1007/s40820-024-01487-1© The authors

separation. Nano-Micro Lett. 15, 50 (2023). https:// doi. org/ 10. 
1007/ s40820- 023- 01020-w

 176. S. Liu, L. Wang, H. Zhang, H. Fang, X. Yue et al., Efficient  CO2 
capture and separation in MOFs: effect from isoreticular double 
interpenetration. ACS Appl. Mater. Interfaces 16, 7152–7160 
(2024). https:// doi. org/ 10. 1021/ acsami. 3c166 22

 177. B. Verougstraete, D. Schuddinck, J. Lefevere, G.V. Baron, J.F.M. 
Denayer, A 3D-printed zeolitic imidazolate framework-8 mono-
lith for flue- and biogas separations by adsorption: influence of 
flow distribution and process parameters. Front. Chem. Eng. 2, 
589686 (2020). https:// doi. org/ 10. 3389/ fceng. 2020. 589686

 178. W.Y. Hong, S.P. Perera, A.D. Burrows, Manufacturing of metal-
organic framework monoliths and their application in  CO2 
adsorption. Microporous Mesoporous Mater. 214, 149–155 
(2015). https:// doi. org/ 10. 1016/j. micro meso. 2015. 05. 014

 179. G. Férey, C. Mellot-Draznieks, C. Serre, F. Millange, J. Dutour 
et al., A chromium terephthalate-based solid with unusually 
large pore volumes and surface area. Science 309, 2040–2042 
(2005). https:// doi. org/ 10. 1126/ scien ce. 11162 75

 180. Q. Liu, L. Ning, S. Zheng, M. Tao, Y. Shi et al., Adsorption of 
carbon dioxide by MIL-101(Cr): regeneration conditions and 
influence of flue gas contaminants. Sci. Rep. 3, 2916 (2013). 
https:// doi. org/ 10. 1038/ srep0 2916

 181. S. Lawson, C. Griffin, K. Rapp, A.A. Rownaghi, F. Rezaei, 
Amine-functionalized MIL-101 monoliths for  CO2 removal 
from enclosed environments. Energy Fuels 33, 2399–2407 
(2019). https:// doi. org/ 10. 1021/ acs. energ yfuels. 8b045 08

 182. S.H. Ding, P.C. Oh, H. Mukhtar, A. Jamil, Nucleophilic substi-
tuted  NH2-MIL-125 (Ti)/polyvinylidene fluoride hollow fiber 
mixed matrix membranes for  CO2/CH4 separation and  CO2 per-
meation prediction via theoretical models. J. Membr. Sci. 681, 
121746 (2023). https:// doi. org/ 10. 1016/j. memsci. 2023. 121746

 183. D.L. Zhao, F. Feng, L. Shen, Z. Huang, Q. Zhao et al., Engineer-
ing metal–organic frameworks (MOFs) based thin-film nano-
composite (TFN) membranes for molecular separation. Chem. 
Eng. J. 454, 140447 (2023). https:// doi. org/ 10. 1016/j. cej. 2022. 
140447

 184. Z.-X. Low, Y.T. Chua, B.M. Ray, D. Mattia, I.S. Metcalfe et al., 
Perspective on 3D printing of separation membranes and com-
parison to related unconventional fabrication techniques. J. 
Membr. Sci. 523, 596–613 (2017). https:// doi. org/ 10. 1016/j. 
memsci. 2016. 10. 006

 185. S.K. Elsaidi, M. Ostwal, L. Zhu, A. Sekizkardes, M.H. 
Mohamed et al., 3D printed MOF-based mixed matrix thin-
film composite membranes. RSC Adv. 11, 25658–25663 (2021). 
https:// doi. org/ 10. 1039/ D1RA0 3124D

 186. B. Hu, K. Huang, B. Tang, Z. Lei, Z. Wang et al., Graphene 
quantum dot-mediated atom-layer semiconductor electrocatalyst 

for hydrogen evolution. Nano-Micro Lett. 15, 217 (2023). 
https:// doi. org/ 10. 1007/ s40820- 023- 01182-7

 187. C. Liu, F. Li, L.-P. Ma, H.-M. Cheng, Advanced materials for 
energy storage. Adv. Mater. 22, 0903328 (2010). https:// doi. org/ 
10. 1002/ adma. 20090 3328

 188. L. Ren, Y. Li, N. Zhang, Z. Li, X. Lin et al., Nanostructuring 
of Mg-based hydrogen storage materials: recent advances for 
promoting key applications. Nano-Micro Lett. 15, 93 (2023). 
https:// doi. org/ 10. 1007/ s40820- 023- 01041-5

 189. M.S. Denny Jr., S.M. Cohen, In situ modification of metal–
organic frameworks in mixed-matrix membranes. Angew. 
Chem. Int. Ed. 54, 9029–9032 (2015). https:// doi. org/ 10. 1002/ 
anie. 20150 4077

 190. D.J. Tranchemontagne, J.R. Hunt, O.M. Yaghi, Room tempera-
ture synthesis of metal-organic frameworks: MOF-5, MOF-74, 
MOF-177, MOF-199, and IRMOF-0. Tetrahedron 64, 8553–
8557 (2008). https:// doi. org/ 10. 1016/j. tet. 2008. 06. 036

 191. Z. Zhang, H.T.H. Nguyen, S.A. Miller, S.M. Cohen, polyMOFs: 
a class of interconvertible polymer-metal-organic-framework 
hybrid materials. Angew. Chem. Int. Ed. 54, 6152–6157 (2015). 
https:// doi. org/ 10. 1002/ anie. 20150 2733

 192. Y. Zhao, W.W. Ho,  CO2-selective membranes containing steri-
cally hindered amines for  CO2/H2 separation. Ind. Eng. Chem. 
Res. 52, 8774–8782 (2013). https:// doi. org/ 10. 1021/ ie301 397m

 193. Q. Al-Naddaf, A.A. Rownaghi, F. Rezaei, Multicomponent 
adsorptive separation of  CO2, CO,  CH4,  N2, and  H2 over core-
shell zeolite-5A@MOF-74 composite adsorbents. Chem. Eng. 
J. 384, 123251 (2020). https:// doi. org/ 10. 1016/j. cej. 2019. 123251

 194. S. Lawson, F. Rezaei, Effects of process parameters on  CO2/H2 
separation performance of 3D-printed MOF-74 monoliths. ACS 
Sustain. Chem. Eng. 9, 10902–10912 (2021). https:// doi. org/ 10. 
1021/ acssu schem eng. 1c034 43

 195. R.B. Eldridge, Olefin/paraffin separation technology: a review. 
Ind. Eng. Chem. Res. 32, 2208–2212 (1993). https:// doi. org/ 10. 
1021/ ie000 22a002

 196. N. Lamia, M. Jorge, M.A. Granato, F.A. Almeida Paz, H. 
Chevreau et al., Adsorption of propane, propylene and isobu-
tane on a metal–organic framework: molecular simulation and 
experiment. Chem. Eng. Sci. 64, 3246–3259 (2009). https:// doi. 
org/ 10. 1016/j. ces. 2009. 04. 010

 197. P.-Q. Liao, W.-X. Zhang, J.-P. Zhang, X.-M. Chen, Efficient 
purification of ethene by an ethane-trapping metal-organic 
framework. Nat. Commun. 6, 8697 (2015). https:// doi. org/ 
10. 1038/ ncomm s9697

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-023-01020-w
https://doi.org/10.1007/s40820-023-01020-w
https://doi.org/10.1021/acsami.3c16622
https://doi.org/10.3389/fceng.2020.589686
https://doi.org/10.1016/j.micromeso.2015.05.014
https://doi.org/10.1126/science.1116275
https://doi.org/10.1038/srep02916
https://doi.org/10.1021/acs.energyfuels.8b04508
https://doi.org/10.1016/j.memsci.2023.121746
https://doi.org/10.1016/j.cej.2022.140447
https://doi.org/10.1016/j.cej.2022.140447
https://doi.org/10.1016/j.memsci.2016.10.006
https://doi.org/10.1016/j.memsci.2016.10.006
https://doi.org/10.1039/D1RA03124D
https://doi.org/10.1007/s40820-023-01182-7
https://doi.org/10.1002/adma.200903328
https://doi.org/10.1002/adma.200903328
https://doi.org/10.1007/s40820-023-01041-5
https://doi.org/10.1002/anie.201504077
https://doi.org/10.1002/anie.201504077
https://doi.org/10.1016/j.tet.2008.06.036
https://doi.org/10.1002/anie.201502733
https://doi.org/10.1021/ie301397m
https://doi.org/10.1016/j.cej.2019.123251
https://doi.org/10.1021/acssuschemeng.1c03443
https://doi.org/10.1021/acssuschemeng.1c03443
https://doi.org/10.1021/ie00022a002
https://doi.org/10.1021/ie00022a002
https://doi.org/10.1016/j.ces.2009.04.010
https://doi.org/10.1016/j.ces.2009.04.010
https://doi.org/10.1038/ncomms9697
https://doi.org/10.1038/ncomms9697

	3D-Printed MOF Monoliths: Fabrication Strategies and Environmental Applications
	Highlights
	Abstract 
	1 Introduction
	1.1 Shaping of MOF Powders
	1.2 3D Printing Technology

	2 Strategies for Converting MOF Powders into the 3D-Printed MOF Monoliths
	2.1 Direct Ink Writing
	2.2 Seed-Assisted In Situ Growth
	2.3 Coordination Replication from Solid Precursors
	2.4 Matrix Incorporation
	2.5 Selective Laser Sintering
	2.6 Digital Light Processing

	3 Water Treatment Applications of 3D-Printed MOF Monoliths
	3.1 Heavy Metal Ions Detection
	3.2 OilWater Separation
	3.3 Organic Dye Removal Via Adsorption Processes
	3.4 Pollutant Degradation Via CatalyticPhotocatalytic Processes

	4 Gas AdsorptionSeparation Applications of 3D-Printed MOF Monoliths
	4.1 CO2 Capture
	4.2 H2 AdsorptionSeparation
	4.3 AdsorptionSeparation of Other Gases

	5 Conclusion and Perspective
	Acknowledgements 
	References


