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Metal-organic frameworks (MOFs), such as HKUST-1, are highly promising for carbon capture and storage due to
their exceptional porosity and tunable properties. However, integrating MOFs into scalable, hierarchical struc-
tures, especially via 3D printing, has been challenging. Traditional 3D printing methods often rely on polymeric
binders that block pore accessibility and require high-temperature processing, which degrades MOFs and limits
their functionality. This work introduces a novel approach using digital light processing (DLP) 3D printing to
fabricate MOF-containing monoliths with multiscale porosity. By replacing polymeric binders with methacrylate-
functionalized silica nanocages, printable MOF/SiO; inks were obtained while preserving the microporosity and
functionality of HKUST-1. Optimizing ink formulations enabled the printing of complex geometries, such as
Gyroid structures, with high MOF content and high CO, affinity. The resulting MOF@SiO, composite materials
have a hierarchical structure that combines the readily available micropores of the MOF with the mesopores of
the silica scaffold and the macropores resulting from the geometrical design. This architecture ensures high
accessibility to active sites, making the material ideal for flow-based application. Additionally, the method allows
for post-printing functionalization, such as an additional in situ MOF growth, to further enhance porosity and
sorption performance. This versatile approach overcomes the limitations for the printing of MOF-based materials,

offering a transformative tool for designing advanced porous monolithic reactors.

1. Introduction

Human activities have been recognized as a major driver of disrup-
tion for several environmental markers through the emission of various
pollutants. As a result, the development of effective technologies for
environmental mitigation has become a critical priority. Material sci-
ence plays an important role in this matter, enabling the development of
catalytic materials for cleaner production processes [1], and sorbent
materials for post-process remediation strategies [2]. In the last decades,
scientific research on porous structures able to capture and/or separate
pollutants has seen a significant rise, exploring materials such as acti-
vated carbons [3], mesoporous silica materials [4], and zeolites [5]. The
performance of these materials strongly relies on a precise control of
their porous architecture, which directly influence key parameters,
including flow resistance and diffusivity to active sites [6]. Achieving
this level of control requires a tailoring of the pores across several length
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scales, from micropores (< 2 nm) to macropores (up to several hundreds
of um). However, mastering such hierarchical structures remains chal-
lenging as most micro- and mesoporous materials are typically obtained
as bulk powders. For practical applications, e.g. in continuous flow
systems, these materials would strongly benefit from integration into
monolithic structures featuring large (> 100 um), interconnected mac-
ropores to limit potential pressure drops.

Among porous materials, metal organic frameworks (MOFs) have
gained significant attention, as recently highlighted by a Nobel prize in
chemistry [7]. These materials offer highly porous and tunable archi-
tectures that make them valuable for a wide range of applications,
including in medicine [8], catalysis [9], separation technologies [10],
and environmental applications [11,12]. For instance, HKUST—1, a
copper-based MOF, exhibits very high specific surface areas and shows
good affinity with the quadrupole moment of CO, thanks to its copper
sites, making it suitable for carbon capture and storage technologies

E-mail addresses: bartolomeo.coppola@polito.it (B. Coppola), tangi.aubert@umontpellier.fr (T. Aubert).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.apmt.2026.103295

Received 18 March 2026; Received in revised form 19 May 2026; Accepted 31 May 2026

Available online 5 June 2026

2352-9407/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0008-7467-1129
https://orcid.org/0009-0008-7467-1129
https://orcid.org/0000-0003-2167-2132
https://orcid.org/0000-0003-2167-2132
https://orcid.org/0000-0003-0905-3822
https://orcid.org/0000-0003-0905-3822
mailto:bartolomeo.coppola@polito.it
mailto:tangi.aubert@umontpellier.fr
www.sciencedirect.com/science/journal/23529407
https://www.elsevier.com/locate/apmt
https://doi.org/10.1016/j.apmt.2026.103295
https://doi.org/10.1016/j.apmt.2026.103295
http://creativecommons.org/licenses/by/4.0/

T. Gaillard et al.

[13]. MOFs have attracted extensive research due to their exceptional
potential, resulting in major advancements that position them as strong
candidates for addressing key technological challenges. These break-
throughs are now driving the development of scalable production routes
to enable their deployment in functional applications at industrial
quantities [14]. However, MOF powders, typically made of
sub-micrometric particles, pose significant limitations for practical
implementation, causing in particular significant back-pressure drops or
uneven fluid transport pathways in flow applications [14]. There is
therefore a need to shape MOF-based materials into more practical and
better-performing macroscopic structures for industrial applications.
Various strategies have been reported for the integration of MOFs into
hierarchical monoliths, including the synthesis of MOF gels featuring
meso/macroporosities [12,15,16]. However, in this approach the pro-
duced monoliths often lack multiscale control over porosity, as both
MOF and monolithic structure are synthesized simultaneously, and
macroporosity is typically limited to a few micrometers with little
structural control at the > 100 um to millimeter scale. An alternative
approach involves growing MOFs on the surface of pre-existing meso
and/or macroporous monolithic supports [17,18]. In such case, the
macroporosity can be tailored independently from the MOF synthesis,
but the volume of these supports often do not contribute to the overall
sorption properties, as the MOF can only grow on its external surface.
Therefore, the development of new approaches for the processing of
MOFs with high control over multiscale porosity would significantly
enhance pore accessibility and sorption performances. In that regard,
the emergence of 3D printing for the engineering of advanced materials
offers compelling opportunities.

3D printing has been thriving in the recent years, allowing the cre-
ation of highly complex architectures. Among these techniques, digital
light processing (DLP) stands out as a versatile method, allowing the
printing of structures with resolutions down to few tens of micrometers
from a variety of materials, including ceramics, conductive materials or
porous frameworks [19-21]. This method also allows for the parallel
fabrication of multiple parts without increasing printing time. A major
advantage of additive manufacturing is its virtually scale-independent
production cost [22]. Additionally, its minimal waste generation
makes the process environmentally friendly, giving it a sustainability
edge over conventional manufacturing. Thus, additive manufacturing
through DLP printing has moved beyond prototyping and is now a
relevant approach for the production of advanced and highly engineered
materials. Nevertheless, despite the potential synergy, reports on DLP
printing of highly porous MOF materials remain scarce. 3D printing of
MOF-based materials has mostly been achieved through direct ink
writing techniques [23,24]. While this approach can produce structures
with high readily accessible porosity, it suffers from limited resolution
and restricted geometric freedom. Some highly detailed structures
containing MOFs have been achieved through DLP approaches [25,26].
However, these structures typically consist of MOFs embedded in
polymers, which significantly hinder pore accessibility. Currently, the
integration of functional materials with DLP is typically achieved by
formulating composite resins in which active fillers are dispersed within
photosensitive organic binders. Upon UV/blue light irradiation, these
binders polymerize into a dense matrix. For porous materials, this
organic matrix must thereafter be removed to restore pore accessibility
through a debinding or calcination step, which generally requires tem-
peratures above 400 °C to be effective. However, MOFs, which also
contain an organic component, cannot withstand such elevated tem-
peratures and instead undergo complete degradation, resulting in the
loss of their functional properties. The development of a new approach
for DLP printing of MOFs that preserves pore accessibility would
therefore represent a significant advancement. It would enable the
creation of a large variety of advanced sorbents, leveraging the extensive
library of MOFs available in the literature.

In alternative to conventional polymer-based strategies for DLP
printing of functional materials, UV-activated nano-inks composed of

Applied Materials Today 51 (2026) 103295

cross-linkable nanoparticles were developed. In particular, colloidal
silica nanocages functionalized with methacrylate ligands enable the
direct 3D printing of hierarchically porous silica structures [27,28]. This
approach circumvents the issue related to polymer-containing formu-
lations in 3D printing by replacing them with photo-sensitive surface
ligands, thus reducing the organic content to its bare minimum. As a
result, the printed materials exhibit intrinsic mesoporosity without
requiring any calcination step. This makes such nano-inks an ideal
platform to create 3D printed porous matrices, using the silica nanocage
as porous binder for otherwise non-printable porous materials such as
MOFs.

Herein, it is demonstrated that such silica nanocages can replace
polymeric binders in composite resins, thereby enabling the direct DLP
printing of MOF-containing materials with readily accessible micropo-
rosity throughout the entire 3D structure. To this end, novel MOF/SiO,
inks were developed by combining methacrylate-functionalized silica
nanocages with pre-synthesized HKUST—1 crystals. The effect of MOF
loading on printability was systematically investigated, and both ink
formulation and printing parameters were optimized to maximize the
active component content while ensuring reliable and accurate printing.
Using these inks, monolithic MOF@SiO, structures with complex ge-
ometries were successfully fabricated. These composite structures
showecase a highly hierarchical architecture, featuring macropores from
the 3D printing process, mesopores from the silica framework, and mi-
cropores from the MOF. It is also demonstrated how the intrinsic
porosity of the printed material can be used for the in situ growth of
additional MOF within the monolith, highlighting the complementarity
of this strategy with other existing approaches. Finally, the potential of
these material for carbon capture and storage technologies is evidenced
through CO, sorption measurements. By reducing the risk of back
pressure drop, the shaping of these MOF-based materials into monolithic
Gyroid structures make them particularly relevant for in flow
application.

2. Results and discussion
2.1. Formulation of the functional MOF/SiO2 inks

This work introduces a novel ink formulation designed to enable the
direct 3D printing of MOF-containing monoliths. In this ink design,
HKUST-1 crystals are incorporated alongside silica nanocages (Fig. 1a),
where the nanocages act as a porous hybrid binder to immobilize the
functional MOF within the printed structure. To formulate these inks,
13 nm silica nanocages (Fig. 1b) were first synthesized through a micelle
templated sol-gel process [29], and functionalized with methacrylate
ligands based on previously reported protocols [27,28]. These nanoc-
ages were dispersed in propylene carbonate, a non-toxic and
non-volatile solvent well-suited for DLP 3D printing, yielding a clear and
scatter-free solution (Fig. 1c). In parallel, HKUST—1 crystals were syn-
thesized separately based on a previously reported ethanol-water
mixture protocol, which avoids harmful organic solvents [30]. This
synthesis method produces micrometric octahedral crystals, as observed
via scanning electron microscope (SEM) (Fig. 1d). Their crystalline
structure, consistent with HKUST—1, was confirmed by XRD analyses
(Fig. S1 Supporting Information). After drying overnight at 120 °C to
remove any adsorbed moisture, the MOF crystals were dispersed in the
silica nanocage solution via magnetic stirring, resulting in homogeneous
suspensions with a deep blue color, characteristic of HKUST—1 (Fig. 1e).
The ink formulation was completed with phenylbis(2,4,
6-trimethylbenzoyl)phosphine oxide (BAPO, 20 mM), which has
proven to be an efficient photoinitiator for DLP printing with silica
nanocage inks [27].

While the silica nanocages themselves show excellent colloidal sta-
bility in propylene carbonate, the micrometric MOF crystals on the other
hand gradually sedimented over time, resulting in non-homogeneous
suspensions after one hour without stirring (Fig. S2 Supporting
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Fig. 1. (a) Illustration of the MOF/SiO, ink formulation. (b) TEM image of the methacrylate-functionalized silica nanocages and (c) picture of their suspension in
propylene carbonate. (d) SEM image of HKUST—1 crystals. (e) Picture of a MOF/SiO, ink.

Information). This sedimentation effect can be problematic for standard
vat-based DLP systems as the ink typically remains static for several
hours during the printing process, making such formulations unsuitable
for conventional DLP devices. To address this limitation, we used a DLP

3D printer equipped with a rolling foil (Admaflex 130, Admatec). Unlike
standard DLP systems that rely on a static vat, this printer spreads the
ink from an ink reservoir onto the printing bed using a moving foil
(Fig. S3 Supporting Information). The mechanical movement, occurring
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Fig. 2. (a) Viscosity of the ink as a function of MOF loading. (b) Picture of MOF/SiO, ink deposited onto the 3D printer rolling foil. (c) Picture of a typical
checkerboard pattern printed to evaluate print accuracy and curing depth. (d) Layer thickness (mean value and standard deviation of three independent experiments)
and (e) stereomicroscope images of printed layers as a function of the light dose and MOF loading. For all these experiments, the silica nanocage concentration was

set to 100 mgemL >,
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between each printed layer helps mitigating sedimentation. Addition-
ally, this setup can also be used with an external ink tank to ensure
continuous homogenization during extended printing jobs.

2.2. Influence of the MOF loading on ink printability

Given the substantial size disparity between the silica nanocages
(13 nm) and the MOF crystals (several tens of micrometers), it was
essential to first assess how incorporating micrometric MOF crystals
would affect printability. To this end, different MOF/SiO, inks were
therefore prepared by adding 10 and 20 wt% of HKUST—1 to a silica
nano-ink with an initial nanocage concentration of 100 mgemL ™!, This
MOF loading is defined as the weight fraction in the entire ink, i.e.
including the solvent, so it differs from the loading in the final dried
material, which is discussed later in the text. Attempts at increasing the
MOF loading in the ink to 25 wt% yielded a very thick mixture, un-
suitable for 3D printing. In contrast, the integration of 10 and 20 wt% of
MOF only had a moderate impact on the ink rheology (Fig. 2a). The inks
maintained their shear-thinning behavior, with viscosities at 150 s’l,
the shear rate value corresponding to the employed operative conditions
of the Admaflex 130 printer, increasing from 32 mPaes for a plain silica
nanocage ink to 37 and 49 mPaes for inks with MOF loadings of 10 and
20 wt%, respectively. While those viscosities are relatively low when
compared to typical resin-based printing formulations, which often
exceed 1000 mPaes [31], they are particularly well suited for printing
with silica nanocage inks. Indeed, for these nano-inks, it is crucial to
maintain a low viscosity, as the printed parts remain fragile during the
printing process, and excessive ink viscosity typically increases the risk
of breakage during fabrication [27].

The effect of MOF loading on the curing depth and print accuracy
was then investigated using these inks. To this end, a thick deposit of ink
was manually spread onto the rolling foil (i.e. printing bed) of the 3D
printer, as shown in Fig. 2b, and a checkerboard light pattern was pro-
jected. The sample was rinsed with ethanol to remove uncured ink, air
dried overnight (Fig. 2c¢), and the thickness of the printed layer was
measured using a digital micrometer to estimate the curing depth.
Figs. 2d and 2e show that a minimum light dose is required for effective
material curing. Specifically, ink with 20 wt% MOF loading yielded well
printed layers at 90 mJecm 2, whereas ink with 10 wt% MOF loading
required a significantly higher dose of 560 mJecm 2. Furthermore, the
layers corresponding to 10 wt% MOF loading showcased poor resolu-
tion, as parts of the printed pattern were washed away during the
ethanol rinsing (Fig. 2e). In contrast, the 20 wt% ink achieved complete
layers with a well-defined pattern at 90 mJecm ™2, although overcuring
effects emerged at much higher light doses. These findings suggest that
MOF positively influences the printability of the functional inks by
lowering the energy threshold required for effective printing. Previ-
ously, it was demonstrated that inks containing 100 mgemL ™! of silica
nanocages alone were insufficient for effective printing using a standard
DLP printer [27], likely because at such a concentration the silica
nanocages are too distant from each other for the formation of a solid 3D
network. The addition of MOF in this case may help by compensating for
the insufficient volume fraction of the nanocages. Increasing the MOF
concentration hence decreases the interparticle distance, which pro-
motes their cross-linking. Fig. 2d further shows that, beyond the printing
threshold, the layer thickness initially increases with the light dose but
eventually reaches a plateau at ca. 150 pm. Therefore, for subsequent
experiments, the 20 wt% MOF-containing inks were selected, as this
formulation both maximizes active component loading and facilitates
printing with good resolution.

2.3. Influence of the nanocage concentration on ink printability
After evaluation of the impact of HKUST—1 loading, the influence of

the silica nanocage concentration at high MOF loading was then
examined. Curing tests were performed for MOF/SiO; inks containing
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20 wt% of HKUST—1 and silica nanocage concentrations of 100, 150
and 200 mgemL . Fig. 3a shows that higher silica nanocage concen-
trations reduce the minimum light dose required for effective curing. In
addition, while the layer thickness still increased with higher light doses,
as already observed with varying MOF loadings, Fig. 3b reveals that
layer thickness also increases with nanocage concentration. This
enhanced curing depth can be attributed to the higher concentration of
photosensitive methacrylate groups present in the ink. However, light
doses above 375 mJecm 2 led to significant lateral overcuring (Fig. S4
Supporting Information), regardless of the ink concentration. Fig. 3c
further indicates that at a nanocage concentration of 200 mgemL ™, the
ink viscosity rises to 90 mPa-s (shear rate = 150 s’l), which remains
compatible with 3D printing using the Admaflex 130. In contrast,
increasing the nanocage concentration to 250 mgemL ™! resulted in a
sharp viscosity increase (Fig. 3c), similar to what was observed for plain
silica nanocage inks [27], rendering the formulation unsuitable for 3D
printing. Consequently, 200 mgemL ™ was identified as the upper limit
of nanocage concentration that enables high curing depths while
maintaining printability.

2.4. Large 3D printed MOF@SiO2 composite structures

Guided by previous findings, 6 mm tall MOF@SiO2 monoliths with a
Gyroid structure were printed using an ink containing 200 mgemL ™!
silica nanocages and 20 wt% MOF (Fig. 4a). A light dose of 90 mJecm 2
per layer was employed, as this value provided an optimal balance be-
tween sufficient curing depth, high printing accuracy, and a low risk of
lateral overcuring. After printing, the structures were thoroughly
washed with ethanol and methanol before being dried using supercrit-
ical CO5 at 35 °C, 80 bar. The material exhibited a blue coloration and a
granular surface with faceted light reflections (Fig. 4b), consistent with
the characteristic morphology of the HKUST—1 crystals. SEM observa-
tions of a fractured piece of the Gyroid structure confirmed the presence
of well-preserved MOF crystals embedded in the matrix of silica
nanocages (Fig. 4c). XRD analyses of the printed composite material
further displayed sharp peaks consistent with HKUST—1 structure
(Fig. S5 Supporting Information), confirming that the MOF crystallinity
is not altered throughout the printing process. EDX analyses indicated a
Cu:Si atomic ratio of 0.26, corresponding to a MOF content of approx-
imately 40 wt% in the final printed material, that is after drying. This
MOF content was estimated from the Cu:Si atomic ratio by accounting
for the stoichiometries of SiOy (Mw = 60 gomol’l) and C1g8H12Cu3015
(Mw = 659 gemol™}) for silica and HKUST—1, respectively. The calcu-
lation also takes into account that the methacrylate ligands typically
constitute 36 wt% of a plain 3D printed silica nanocage monolith, as
previously determined [27]. From an ink containing 200 mgemL " sil-
ica nanocages and 20 wt% MOF, a maximal MOF loading of 60 wt% in
the final material (after solvent removal) could have been expected,
suggesting that some MOF might be washed out from the silica frame-
work during cleaning with alcohols after printing. Nevertheless, no
significant leaching of the MOF was observed after the first solvent ex-
changes, suggesting that the MOF fraction that remain in the printed
part is firmly trapped in the material.

The textural properties of the printed parts were characterized by
nitrogen sorption at 77 K. The MOF@SiO, composite material exhibited
a combination of type I and IV isotherms (Fig. 4d), characteristic of the
microporosity of HKUST—1 and of the mesoporosity of the silica scaf-
fold, respectively [32], underlining the highly hierarchical material
structure. Capillary condensation occurs at P/Py = 0.98, followed by a
corresponding desorption at P/Py = 0.95, forming a hysteresis loop
similar to that of a plain silica monolith. A BJH analysis of the isotherms
suggests an increase in the pore size distribution, from 50 nm for the
plain silica monolith to ca. 100 nm for the MOF@SiO2 composite
monolith (Fig. S6 Supporting Information). This relatively large meso-
porosity arises from the dominant interparticle porosity formed during
printing [27], which is likely further enlarged by the incorporation of
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Fig. 3. (a) Pictures of checkerboard patterns printed at different light doses and different silica nanocage concentrations. (b) Thickness of printed layers as a function
of light dose (mean value and standard deviation of three independent experiments). (¢) Viscosity as a function of shear rate of inks with different silica nanocage

concentrations.

the micrometric MOF crystals within the silica matrix. The MOF@SiO»
monolith also shows a steady increase in gas uptake at very low relative
pressure (P/Py < 0.01), a signature feature of type I isotherms that
reflect the high microporosity of the MOF. Because the BJH method only
applies to mesopores and small macropores, DFT or NLDFT methods
would be needed to estimate the MOF micropore size distribution [32].
While dedicated models are not readily available for MOF@SiO, com-
posite materials, a generic DFT model was applied to the N, adsorption
isotherms of the MOF alone, and the MOF@SiO, composite materials,
indicating in all cases the presence of pores in the expected range for
HKUST-1 around 1 nm (Fig. S7 Supporting Information). However, due
to the limited validity of the model these analyses could not be discussed
in further details. In addition, the specific surface area concomitantly
increases from ca. 500 m2eg ™! for plain silica monoliths to 1200 m2eg !
for MOF@SiO;, composite monoliths. Interestingly, the as-synthesized
HKUST—1 powder exhibits a specific surface area of only 850 m2eg~!
(Fig. S8 in the Supporting Information). During fabrication, the MOF
powder is dispersed in propylene carbonate, and the printed materials
are washed with ethanol, soaked in methanol for at least three days, and
finally dried with supercritical CO,. These steps can enhance the specific
surface area of MOF materials. In particular, supercritical CO5 has been
reported as highly effective for MOF activation, leading to significant
increases in specific surface area values [34]. It outperforms conven-
tional activation (heating under vacuum) or solvent exchange activation
methods, as supercritical CO- efficiently removes guest molecules and
impurities from MOFs after synthesis. To illustrate this, some of the
as-synthesized HKUST—1 powder was subjected to the same treatment
as the printed material, resulting in an increase in specific surface area
from 850 to 1800 m2eg ™! (Fig. S8 Supporting Information). While this
value does not fully account for the 1200 m2eg ™! specific surface area of
the MOF@SiO; material considering the MOF:SiO3 = 0.4:0.6 composi-
tion, we hypothesize that the supercritical CO5 activation mechanism
may be even more efficient when the MOF is homogeneously dispersed

and supported on the porous silica scaffold. These findings confirm that
the MOF microporosity remains greatly accessible even when embedded
within the silica nanocage matrix. This highlights the critical role of the
silica nanocages as a porous binder for the MOF crystals, without
compromising their pore and surface accessibility.

The CO3 sorption performances of the printed MOF@SiO;, parts were
evaluated at 298 K (Fig. 4e). The composite material exhibits a high
affinity for CO,, reaching a total sorption capacity of 0.98 mmoleg ™ at
1 bar as compared to 0.33 mmoleg ! for the plain silica structure. This
property is directly enabled by the efficient integration of HKUST—1,
making the resulting composite 3D structures highly valuable for carbon
capture technologies.

2.5. Additional post-printing in situ MOF growth

In previous studies, we demonstrated that MOFs could also be
directly grown on 3D printed substrates through a post-printing process
[27,33]. These approaches often required repeated growth steps and
were limited to MOF loadings of only a few wt% for non-porous sub-
strates and 30 wt% for porous substrates. In contrast, the approach
presented here enables substantially higher MOF loadings, with up to
40 wt% of MOF in the dried material, achieved directly during the
printing process. Notwithstanding this advancement, the intrinsic
porosity of the silica nanocage matrix provides additional free volume
that can accommodate further MOF formation. On this basis, we
investigated a post-printing in situ MOF growth strategy to further in-
crease the sorption capacity of the 3D printed MOF@SiO2 monoliths.
This additional growth was performed directly after printing (i.e. before
drying) and was adapted from a previously reported MOF growth on 3D
printed inorganic scaffolds (see Experimental Section for details) [33].
The process leverages the available multiscale porosity from the printed
Gyroid structure, allowing the MOF precursors to diffuse throughout the
material. After a subsequent thermal treatment at 120 °C for 6 h, the
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Fig. 4. (a,b) Stereomicroscope images at different magnifications of a 3D printed MOF@SiO, composite Gyroid. (¢) SEM image of a fractured piece, showing the
inside of the composite Gyroid. (d) Nitrogen sorption (77 K), and (e) CO sorption (298 K) isotherms of 3D printed plain silica and composite materials before and
after an additional in situ MOF growth. (f) Isosteric heat of CO, adsorption of the composite materials compared to the as-synthesized MOF powder.

monoliths were further washed and dried using supercritical COo,
following the same protocol previously described. EDX analyses indi-
cated a Cu:Si molar ratio of 0.42, corresponding to an increase in the
MOF loading from the initial 40 wt% in the dried, printed material to ca.
50 wt%. The impact on textural and functional properties was also
evaluated through Ny and CO; sorption measurements. The N5 sorption
isotherms exhibit a very similar shape to that of the initial MOF@SiO,
material (Fig. 4d), indicating that mesoporosity is preserved. Notably,
the gas uptake at low relative pressure (P/Py < 0.01) is increased,
indicating an enhancement of the microporosity. This observation aligns
with the increase in MOF loading within the material. Consequently, the
specific surface area also increased from 1200 m2?eg~! to 1600 m2eg~!
after additional MOF growth. The specific total pore volume decreased
from 2.0 cm®eg ! to 1.8 cm®eg !, but this does not reflect a reduction in
the absolute total pore volume of the monolithic structure, as this
variation accounts for the weight increase from the additional MOF
growth. In addition, a BJH analysis of the pore size distribution
confirmed that mesoporosity remained mostly unchanged (Fig. S6
Supporting Information), which indicates that it was not completely
filled with MOF and remains available to facilitate fluid transport
through the material. The CO; sorption capacity at 298 K and 1 bar
further increased to 1.21 mmol-g‘1 (Fig. 4e). Given that the material
contains 50 wt% MOF, this COy sorption capacity corresponds to
approximately 2.4 mmol per gram of MOF. This value falls within the
typical range for HKUST—1, which has been reported with sorption
capacities of 1-4 mmol/g under comparable temperature and pressure
conditions [35]. Prior to the additional in situ MOF growth, the material
also exhibited a CO5 sorption capacity of about 2.4 mmol per gram of

MOF. Thus, while the in situ growth step does not change the sorption
capacity of embedded MOF, the increased MOF loading enhances the
material overall performance. We note however, that the as-synthesized
MOF exhibits a sorption capacity of 3.4 rnmolog*1 (Fig. S9 Supporting
Information). While this observation is not fully understood yet, it
could indicate that the beneficial effect of supercritical CO5 activation
on the MOF specific surface area could actually have a slightly detri-
mental effect on its CO sorption capacity. On the other hand, we also
measured the CO2 adsorption kinetics at 298 K under atmospheric
pressure using a dynamic vapor sorption system (Fig. S10 Supporting
Information). In this case, all the samples, including as-synthesized
MOF and the MOF@SiO, materials, exhibited rapid and virtually iden-
tical CO, adsorption rates, reaching 90% of equilibrium uptake within
5 min under CO; flow. The high similarity in adsorption rate confirms
that the CO4 adsorption sites remain fully accessible in the MOF@SiO»
materials. These adsorption kinetics data were best fitted with a
pseudo-first-order model rather than with a pseudo-second-order model
(Fig. S10 Supporting Information), suggesting a direct proportionality
between adsorption rate and the number of possible adsorption sites
[36]. Thus, the new MOF processing approach reported here readily
produces materials with high sorption capacity and remains compatible
with other post-printing functionalization and in situ growth approaches
developed separately, hence offering high complementarity for the
fabrication of advanced porous and functional monolithic reactors.

2.6. Isosteric heat of CO2 adsorption

CO3 sorption analyses were also conducted at 283 and 273 K (in
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addition to the 298 K measurements in Fig. 4e) for the MOF@SiO,
materials and the as-synthesized MOF powder (Fig. S9 Supporting
Information). From these analyses, the isosteric heat of adsorption was
calculated using the Clausius-Clapeyron equation (Fig. 4f) [37]. For all
systems, the isosteric heat remained nearly constant with increasing CO5
uptake, indicating homogeneous MOF structures with equivalent
adsorption sites. For the as-synthesized MOF powder, the zero coverage
isosteric heat was estimated to ca. 30 kJemol ™!, consistent with typical
values reported for HKUST—1 [38] and highlighting its strong CO, af-
finity. Incorporating the MOF in the silica matrix significantly increased
this value to ca. 50 kJemol ™! (Fig. 4f), demonstrating an enhanced CO4
affinity in the composite material. This significant increase in isosteric
heat may reflect another consequence of the MOF activation with su-
percritical CO,. While a similar high zero coverage value has been re-
ported for another MOF@SiO, material [39], in this system the heat
value was sharply decreasing with increasing amounts of adsorbed CO».
Here, the 3D printed MOF@SiO, materials maintained a stable isosteric
heat, suggesting a uniform distribution of the MOF crystals within the
porous silica matrix and consistent accessibility of the adsorption sites
throughout the material. The additional in situ HKUST—1 growth step
performed on the MOF@SiO,; structure, on the other hand, induced a
reduction of the isosteric heat of adsorption, with a zero-coverage value
estimated to ca. 40 kJemol .. It is noteworthy, however, that at high
CO5 uptake both composite MOF@SiO, materials, with and without in
situ MOF growth, exhibit similar isosteric heats of adsorption, indicating
comparable adsorption behavior under near-saturation conditions.

3. Conclusions

In this work, a novel strategy for the processing of MOFs via digital
light processing 3D printing is introduced. Using porous silica nanocages
instead of polymers as structural binder, a printable formulation
allowing the direct printing of MOF-based materials with readily
accessible microporosity was developed. Printing parameters optimi-
zation allowed the fabrication of complex, self-supporting architectures
such as Gyroid structures. This triply periodic minimal surface geometry
is particularly well suited for flow-based applications that can exploit
the intrinsic properties of MOFs. Gas sorption analyses confirmed the
multiscale porosity and high specific surface area of the printed struc-
tures. Notably, the composite MOF@SiO5 materials demonstrated high
CO4, storage capacity, which could be further enhanced through a sec-
ondary MOF growth step. Since the HKUST—1 synthesis employed in
this work follows a simple and widely adopted protocol, this strategy can
be easily adapted to other MOF systems. Preliminary experiments
replacing HKUST—1 with MIL—101(Cr) in the MOF/SiO, ink formula-
tion confirmed its printability, with a similar relationship between light
dose and curing depth (Fig. S11 Supporting Information). This versa-
tility therefore opens opportunities to design a broad range of MOF@-
SiOy composite materials tailored to meet specific needs in catalytic,
adsorption or environmental applications. The successful use of micro-
metric MOF powders suggests that this strategy is not constrained by
strict granulometric requirements. It can be extended to various func-
tional materials, broadening the potential of 3D printing across diverse
fields where tailored material architectures are essential, including in
catalysis, energy storage, separation technologies, and beyond. This
work paves the way for the advancement of the design and application of
next-generation porous materials and monolithic reactors.

4. Experimental section
4.1. Materials

Tetramethyl orthosilicate (TMOS, 98%), 1,3,5-trimethylbenzene
(TMB, 98%), ammonia solution (28-30% in water), hexadecyl-

trimethylammonium bromide (CTAB, >99%), 3-(trimethoxysilyl)propyl
methacrylate (TPM, 98%), propylene carbonate (99%), phenylbis(2,4,6-
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trimethylbenzoyl)phosphine oxide (BAPO, 97%), copper(Il)nitrate hemi
(pentahydrate) (98%), and benzene—1,3,5-tricarboxylic acid (BTC,
95%) were purchased from Sigma-Aldrich. Ethanol (96%) was pur-
chased from Carlo Erba, and methanol (98.5%) from VWR. Deionized
water with a resistivity of 18 MQ was used throughout this work.

4.2. Synthesis of silica nanocages

The synthesis of the silica nanocages and their functionalization with
methacrylate ligands was performed following a previously reported
protocol that enabled the scaling of this synthesis to the liter scale [27].
Briefly, 12.5 g of CTAB was dissolved in 1 L of deionized water under
gentle heating using a heat gun until a clear solution was obtained.
240 pL of ammonia solution and 10 mL of TMB were then added under
magnetic stirring. After 4 h at room temperature, 10 mL of TMOS was
added dropwise, and the reaction mixture was stirred overnight. 10 mL
of TPM was subsequently added, and the synthesis was kept under
stirring for an additional day. The resulting nanocages were precipitated
by adding 2L of ethanol and collected by centrifugation (5 min,
2000 g). The precipitate was redispersed in 200 mL of ethanol, yielding
a stable and transparent suspension. This suspension was further washed
twice with ethanol using centrifugal concentrators (Vivaspin 20,
100 kDa MWCO) and concentrated to a final volume of about 50 mL.
The final concentration of silica nanocages was determined by drying
and weighing a known volume of the resulting solution. This procedure
yields about 6 g of methacrylate functionalized silica nanocages, and
was typically performed twice to produce sufficient material for the
formulation of a 75 g ink batch with 200 mgomL*1 nanocages.

4.3. Synthesis of HKUST—1 crystals

HKUST-1 crystals were synthesized following a previously reported
protocol [30]. For a typical synthesis, 0.7 g of trimesic acid (BTC) was
dissolved in 20 mL of ethanol under gentle magnetic stirring. Concur-
rently, 1.44 g of copper(Il) nitrate hemi(pentahydrate) was dissolved in
20 mL of water. After 10 min, the copper solution was added dropwise
to the BTC solution. The mixture was kept under stirring for an addi-
tional 30 min. The reaction medium was then transferred to an 80 mL
Teflon-line autoclave, which was sealed and placed in an oven at 120 °C
for 6 h. The synthesis yielded typical blue HKUST—1 crystals, which
were collected from the bottom of the autoclave. The MOF crystals were
recovered by filtration on a Buchner, washed three times with water and
ethanol and dried in an oven at 120 °C overnight before being stored in
an airtight container. Prior to their use in printing formulations,
HKUST-1 crystals were further dried overnight in an oven at 120 °C to
eliminate residual moisture and prevent water incorporation in the inks.
This procedure yields about 1 g of HKUST—1, and was typically per-
formed 15 times using several autoclaves in parallel to produce suffi-
cient material for the formulation of a 75 g ink batch with 20 wt% MOF.

4.4. Formulation of MOF/SiOg inks

For ink preparation, a calculated volume of silica nanocages sus-
pension was mixed with propylene carbonate, and ethanol was removed
using a rotary evaporator. The resulting mixture was transferred to
graduated glassware, and its volume was adjusted with propylene car-
bonate to achieve the target concentration. BAPO was then added to
reach a concentration of 20 mM. Finally, a weighted amount of dried
HKUST-1 crystals was introduced to the solution to obtain the desired
MOF wt% in the final formulation. The inks were kept under magnetic
stirring overnight before use. To study the influence of MOF concen-
tration, MOF were added to silica nanocage suspensions at
100 mgemL ! until reaching MOF loadings of 10, 20 and 25 wt%. To
study the influence of silica nanocage concentration, different suspen-
sions with 100, 150 and 200 mgomL’1 were tested, and MOF were
added to reach 20 wt% of the final ink.
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4.5. DLP 3D printing

3D printing was carried out using an Admaflex 130 DLP printer
(Admatec), equipped with a 405 nm LED and featuring a pixel size of
approx. 50 um. The optical power density of the 3D printer was set to 30
mWeem 2 and the light dose was controlled by changing the exposure
time, from 1 to 25 s. For the printing of large Gyroid structures, the layer
thickness was set to 30 um and the lift and down speeds of the printing
platform were both set to 120 mmemin . After printing, the parts were
rinsed with ethanol and stored in ethanol until drying or an eventual
secondary growth step was performed.

4.6. Secondary in situ growth of MOF in printed monoliths

3D printed MOF@SiO; parts were immerged in a solution of 70 mg
of BTC dissolved in 20 mL of ethanol. After 10 min, a solution of 144 mg
of copper(Il) nitrate hemi(pentahydrate) dissolved in 20 mL of water
was added dropwise, and the mixture was kept under gentle stirring for
an additional 30 min. The reaction medium as well as the printed parts
were then carefully transferred to an 80 mL Teflon-line autoclave, which
was sealed and placed in an oven at 120 °C for 6 h. The printed struc-
tures were rinsed with ethanol and kept in the alcohol until drying. The
synthesis also produced a small quantity of blue HKUST—1 crystals at
the bottom of the autoclave, which were not collected.

4.7. Drying of 3D printed structures

Before drying, the printed structures were transferred to methanol,
which was replaced at least three times over three days. Finally, drying
was performed using a Leica EM CPD300 critical point dryer under su-
percritical CO5 conditions.

4.8. Characterization techniques

Rheological measurements were carried out using a Kinexus Pro +
(Netzsch) equipped with 20 mm wide stainless steel parallel plates with
a 1 mm gap. The temperature was maintained at 25 °C through the
analysis using a Peltier module. Stereomicroscopy images were acquired
using a Leica EZ4 W microscope. Transmission electron microscopy
(TEM) images were acquired using a Jeol JEM—1400 Plus microscope
operating at 100 kV (MEA platform, Université de Montpellier). Scan-
ning electron microscopy (SEM) images were acquired using a Hitachi
S4800 microscope operating at 5 kV. EDX analyses were performed
using a Zeiss Sigma 300 microscope equipped with a X-Max" 50 SDD
detector (Oxford Instruments). Powder X-ray diffraction (XRD) analyses
were performed using a D8 Advance (Bruker) diffractometer equipped
with a Lynx eyes detector operating at 40 kV and 40 mA, and using a Cu
radiation source. Gas sorption analyses were conducted at 77 K for Ny
and at 273, 283 or 298 K for CO; gases. For plain silica monoliths, prior
to analyses the samples were degassed for 6 h at 50 °C and analyzed with
a Tristar II Plus (Micromeritics). The as-synthesized HKUST—1 powder
and composite monoliths containing MOF were analyzed by nitrogen
sorption using a 3Flex (Micromeritics), which allowed characterizing
the microporosity, and using a Tristar II Plus for CO2 sorption. In this
case, the samples were degassed at 150 °C during 24 h at a pressure
below 1 Pa using a Smart Vac Prep bench (Micromeritics). For plain
silica monoliths, the specific surface area (Sggr) was calculated using the
Brunauer Emmett and Teller (BET) theory with five points. For
HKUST—1 powder and MOF@SiO, composite monoliths, the specific
surface area was estimated following the Rouquerol criteria, in accor-
dance with the IUPAC recommendation for combination of type I and IV
isotherms [32]. For pore width estimation in the mesoporous range, the
Barrett-Joyner-Halenda-Broekhoff and de Boer (BJH-BdB) model was
used on the adsorption branch of the isotherms, which is more suited for
such materials with highly constricted pores [40]. For pore width esti-
mation in the microporous range, a DFT model (MicroActive, N2 - DFT
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Model) was applied on the N5 adsorption branch up to P/Py = 0.01. The
isosteric heat of adsorption was determined from CO; sorption iso-
therms measured at 273, 283 and 298 K. Experimental data were fitted
using the MicroActive software (Micromeritics) to obtain equilibrium
pressures for the three isotherms at 15 identical relative pressures, and
the isosteric heat of adsorption was calculated using the
Clausius-Clapeyron equation by plotting In(P) as a function of 1/T. The
CO4 adsorption kinetic data were obtained using Dynamic Vapour
Sorption (DVS, SMS Resolution) instrument with a microbalance sensi-
tivity of 0.1 pg. After activation at 150 °C for 12 h under nitrogen flow,
the sample was cooled down to 25 °C and exposed to a constant COz flow
at (at a rate of 200 mLemin ).
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