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3D Printing of Functional Mesoporous Silica Monoliths with
Embedded Metal and MOF Components

Thomas Gaillard, Arianna Bertero, Christine Joly-Duhamel, Christine Biolley,
Bartolomeo Coppola, Nicolas Brun, Anne Galarneau, and Tangi Aubert*

The advent of 3D printing has transformed the field of manufacturing,
offering unprecedented opportunities to create complex structures. Digital
light processing (DLP)-based stereolithography has been widely adopted by
material scientists, and DLP printers are now commonly available. However,
despite its innovative nature, 3D printing remains limited in terms of material
compatibility, which has largely been restricted to organic polymers and their
composite derivatives. The direct printing of inorganic and functional
structures remains challenging. To expand the potential of 3D printing to a
broader spectrum of emerging materials, a new type of inks based on
photo-cross-linkable nanoparticles is developed. Specifically, silica nanocages
functionalized with methacrylate ligands enable the direct printing of
mesoporous silica monoliths, eliminating the need for additional organic
binders or calcination. Innovative functionalized inks are further developed by
adding metal salts (Co, Ni, Cu, and Pd) into the silica inks allowing the
selective positioning of different metallic zones along a monolith. In addition,
a complementary strategy is presented for the in situ growth of microporous

1. Introduction

As scientific literature continues to report
an increasing variety of materials that can
be processed using 3D printing, the field
has been thriving in recent years."?] This
innovative additive manufacturing tech-
nique enables the creation of highly in-
tricate structures with unparalleled free-
dom of design, while offering numerous
advantages over conventional manufactur-
ing methods and generating tremendous
opportunities in materials science. As a
result, a wide range of complementary
3D printing technologies are being devel-
oped for various applications, from biomed-
ical devices to energy materials.**] Among
these techniques, stereolithography by dig-
ital light processing (DLP) is a highly ver-
satile method, allowing for the fast and

metal-organic frameworks (HKUST-1) within printed mesoporous silica
monoliths. These fabrication strategies pave the way for designing hierarchical
architectures suitable for a wide range of catalytic and environmental
applications, including reactors for cascade reactions and CO, capture.
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simultaneous printing of multiple parts,
with resolutions ranging from tens of mi-
crometers for commonly available printers,
down to few micrometers only for high-
resolution ones.’! In the classic approach,
a DLP printer utilizes a digital micromir-
ror device (DMD) to project UV light pat-
terns toward a resin vat, locally inducing
polymerization and formation of a solid layer with programmed
shape. Multiple layers are then printed successively on top of each
other by moving the printing platform until the desired 3D struc-
ture is obtained. As illustrated in Figure 1d, most commercially
available DLP printers use a so-called bottom-up configuration
where the light patterns are projected upward from under the
vat, which has a transparent bottom made of a non-sticky fluori-
nated polymer film. In this configuration, the layers are printed
on the platform facing down and moved upward, which allows
printing parts with heights exceeding the level of resin in the vat.
In a commercial DLP printer, this process of successive pattern
projection and platform movement is fully automatized, allowing
for the fabrication of objects made of large numbers of very thin
layers, typically 50 pm, with well-defined macrostructures.
While this method is primarily developed for polymeric
materials,[®7] its great versatility has motivated the development
of a number of composite resins for the fabrication of advanced
parts from a variety of inorganic materials, including ceramics,
glass, as well as complex metamaterials.®'!l In this compos-
ite approach, organic monomers and cross-linkers are used as

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) Synthesis schematic and b) TEM image of methacrylate-functionalized silica nanocages (inset: illustration of a silica nanocage). c) Picture
of a silica nanocage ink solution. d) Schematic of DLP printing. Pictures of a 4 cm tall cylinder e) after printing and f) after drying. g) Pictures of printed

parts with varying shapes.

binders for the inorganic filler to provide mechanical support
to the printed structure. However, the resulting polymer matrix
typically shows limited thermal stability, restricting their use in
high-temperature environments. This approach therefore often
involves a debinding or calcination step to remove the majority
organic fraction, which can compromise the structural features
of the object. In this context, the 3D printing of porous mate-
rials offers significant potential for a range of applications, in-
cluding tissue engineering, insulating materials, catalysis, and
environmental remediation,['2%] but also comes with its own
set of challenges. In particular, 3D printing could be highly
valuable for the manufacturing of hierarchically porous mono-
lithic reactors used in flow catalytic, sensing, or environmen-
tal applications.['*18] This fabrication strategy allows for the di-
rect integration of fully programmable macro-channels within
these reactors, enhancing fluid transport, preventing pressure
drop, and improving surface accessibility. This advanced reac-
tor design can be further enhanced with the addition of acid
sites, metals, or hybrid metal-organic frameworks (MOFs) to se-
lectively perform reactions or capture species.['>2°l However, con-
trolling the porosity at multiple scales while maintaining struc-
tural and functional integrity remains a delicate task. Using
large fractions of polymer binder would strongly hinder pore
accessibility and any calcination or sintering process should be
avoided to preserve the smallest pores and potential organic
functions of interest. Thus, new printing formulations, compat-
ible with standard stereolithography printers are needed to un-
lock the full potential of 3D-printed hierarchical and functional
monoliths.
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In alternative to this composite resins, an innovative approach
is emerging for the printing of advanced functional materials
from inks of colloidal photo-cross-linkable nanoparticles.[?1-23]
In particular, nano-inks of ultrasmall (=10 nm) silica nanocages
functionalized with photosensitive methacrylate ligands have en-
abled the direct printing of intrinsically porous parts.?* This
approach contrasts significantly with the conventional compos-
ite approach by reducing the organic fraction to its bare mini-
mum, that is the photosensitive ligands. As a result, the poros-
ity and large surface area of the material are readily accessi-
ble without any calcination step required. The direct printing
of mesoporous materials from methacrylate-functionalized silica
nanocages inks therefore constitute a promising platform for the
fabrication of hierarchical monolithic reactors. However, the ini-
tial proof-of-concept relied on a manually run UV DLP projector
operating in a top-down configuration, i.e., with the light pattern
projected from above the vat, which severely limited the fabrica-
tion process to a small number of layers with poorly controlled
thickness.[>*]

To overcome these limitations, in this work, we demonstrate
the automated printing of large structures (cylindrical meso-
porous silica monoliths) with a virtually unlimited number of
layers using a standard bottom-up DLP printer, by optimizing
the silica nanocage inks and printing parameters. We further
showcase the high versatility of the process and added value of
the 3D printing process for the implementation of functionali-
ties within the material, capitalizing on their intrinsic porosity,
either through further modification of the inks or through post-
printing processes. These strategies allowed in particular the
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localized positioning of various metallic sites (Co, Ni, Cu, and
Pd) or the in situ growth of MOFs (HKUST-1) within the silica
monoliths, which pave the way for functional applications such
as one-pot cascade reactions in heterogeneous catalysis and CO,
capture technologies.

2. Results and Discussion

2.1. Formulation of the Silica Nanocage Printing Inks

Although the bottom-up configuration of typical DLP print-
ers enables the fabrication of large 3D structures from shal-
low ink levels in the vat, a substantial ink supply remains
highly desirable, particularly for compatibility with printers fea-
turing large vats and print platforms. To this end, the syn-
thesis of silica nanocages and the ink formulation process
were modified from previous work!?*l to make them relevant
for large-scale and automated printing. First, the synthesis
of the methacrylate-functionalized nanocages around hexade-
cyltrimethylammonium bromide (CTAB) micelles swollen with
mesitylene (TMB), illustrated in Figure 1a, was seamlessly scaled
up to the liter scale (see Experimental Section). This process
yielded uniform nanoparticles with an average size of 13 nm and
exhibiting the same structure as the nanocages synthesized in
smaller batches (Figure 1b), which were demonstrated to fea-
ture a dodecahedral symmetry.[?’! In line with the scale-up of
the synthesis, the purification method also had to be adapted.
In the original synthesis method, the CTAB micelles were re-
moved through a lengthy dialysis process, involving very large
volumes of solvent and thereafter of waste, which was not suited
for large-scale syntheses. Here, the as-synthesized methacrylate-
functionalized nanocages were first precipitated from the reac-
tion medium by the addition of ethanol, and could then be eas-
ily collected by standard centrifugation. Once separated from the
aqueous liquid phase, the nanocages could then be dispersed in
ethanol, forming a clear and stable suspension. The ability to first
precipitate the nanocages with ethanol and then disperse them
in that same solvent is a strong indication that the CTAB mi-
celles have been effectively removed during the process. Adding
ethanol to the reaction mixture dissociates the micelles, causing
the methacrylate-functionalized nanocages to become unstable
in the aqueous phase due to the methacrylate ligands, whereas
after centrifugation the nanocages remain stable in pure ethanol.
This precipitation step hence considerably helped in reducing the
process time and waste generation. The silica nanocages were
further concentrated and washed with ethanol using centrifugal
concentrators. The removal of the structuring micelles was con-
firmed through Fourier transform infrared spectroscopy (FTIR)
(Figure S1, Supporting Information).

For the formulation of the printing inks, propylene carbon-
ate was used as the solvent, which was found to be suit-
able for the dispersion of the methacrylate-functionalized sil-
ica nanocages. Propylene carbonate offers greater safety!?®l com-
pared to other solvents used in previous work, such as alco-
hols and toluene, which are flammable and toxic. It is also
non-volatile, which prevents solvent evaporation during long
print jobs, and its high boiling point allows to easily transfer
the silica nanocages from ethanol to propylene carbonate us-
ing a rotary evaporator. The photoinitiator, mainly diphenyl(2,4,6-
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trimethylbenzoyl)phosphine oxide (TPO) in this work, is then
dissolved directly in the propylene carbonate solution contain-
ing the nanocages, yielding clear nano-inks ready for printing
(Figure 1c). All the ink compositions investigated in this work,
with varying nanocage or photoinitiator concentrations, exhib-
ited excellent colloidal stability with long shelf life when stored
in the dark.

2.2. Automated DLP Printing of Large Monolithic Structures

These silica nanocage inks were made compatible with standard
bottom-up DLP printers, enabling the automated fabrication of
large monoliths composed of hundreds of layers (Figure le). Af-
ter solvent removal by critical point drying, the printed parts show
slight scattering (Figure 1f), which already indicates substantial
intrinsic porosity. This streamlined 3D printing process using sil-
ica nanocages enables the fabrication of complex objects with di-
verse geometries, including sharp edges, inclined surfaces, and
rounded features (Figure 1g). To achieve this result, a number of
printing parameters had to be optimized. Despite the many ad-
vantages of bottom-up configurations in DLP printing, they also
present certain technical challenges. Under these conditions, the
printed structure must have sufficient mechanical cohesion to
withstand the peeling forces generated during the separation of
each layer from the bottom of the vat. To prevent part break-
age during printing due to such peeling forces, the lift speed
of the platform was here limited to 1 mm min~' during print-
ing. The platform was also raised by 1 mm between each layer
to allow for ink recoating, resulting in print times of 20 min
per millimeter. Another key factor in the printing process is the
light dose received by each layer, which, in combination with
the photoinitiator concentration, are the primary parameters gov-
erning the cross-linking of the methacrylate-functionalized silica
nanocages and, consequently, the macroscopic cohesion of the
printed part. On one hand, insufficient light exposure or pho-
toinitiator concentration can result in poor mechanical resistance
and eventually in part breakage during printing. On the other
hand, excessive light exposure and unrestricted photo-reaction
can cause overcuring, i.e., solidification of the ink outside of
the intended pattern. To find the balance between these param-
eters, a series of small 6 mm tall cylindrical monoliths were
printed at varying photoinitiator concentrations and light doses
(Figure 2). For these prints, the silica nanocage concentration was
set to 200 mg mL~!, which was determined by parallel experi-
ments (outlined below) to be a good concentration for printing.
Figure 2 shows that the limiting conditions to obtain complete
prints with well-defined shapes are either a combination of [TPO]
=30 mm with alight dose of 10 m] cm~2, or [TPO] = 20 mm with a
light dose of 15 m] cm™2. For the remainder of this work, the lat-
ter option was chosen as an optimal balance between chemical
usage and print quality. For TPO concentrations below 20 mw,
we could not identify satisfying printing conditions, as increas-
ing the light dose above 15 m] cm™? typically resulted in over-
curing. Interestingly, however, we also observed that a high pho-
toinitiator concentration (e.g., [TPO] = 30 mwm in Figure 2) can re-
duce lateral overcuring. Considering the low light scattering from
13 nm silica nanocages, it is believed that lateral overcuring ob-
servable atlow TPO concentration is rather due to the diffusion of
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Figure 2. Pictures of cylindrical monoliths printed at different photoinitiator (TPO) concentrations and light doses. The printing model is a 5X6 mm
cylinder. Good printing conditions are highlighted in green and bad ones in red.

photo-generated radicals. The reduced overcuring at high
TPO concentration can therefore be explained by a con-
comitant increase in radical deactivation probability.!?”] TPO
was initially chosen as the photoinitiator based on prior
work,[?l but it is worth noting that alternative photoinitiators
can also be employed. Inks formulated with phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO) for instance, which
has absorption properties comparable to TPO at 385 nm (Figure
S2, Supporting Information), yielded similar results (Figure S3,
Supporting Information), including the reduced overcuring at
higher photoinitiator concentrations. BAPO actually offers an
even broader range of good printing conditions, with success-
ful prints starting from [BAPO] = 20 mwm and light dose = 10
m] cm~2. Thus, while not the primary photoinitiator used in this
study, BAPO could prove to be a more effective choice in future
work.

2.3. Influence of the Silica Nanocage Ink Concentration

Next to the photoinitiator concentration and light dose, an-
other parameter of high importance for printability is the silica
nanocage concentration. We therefore prepared inks with varying
silica nanocage concentration, ranging from 100 to 250 mg mL™?,

Adv. Funct. Mater. 2025, 35, 2509897 2509897 (4 of 11)

to print 40 mm tall cylindrical monoliths while keeping the other
parameters constant ([TPO] = 20 mw, light dose: 15 m] cm™).
Attempts to further increase the concentration resulted in the so-
lidification of the ink after a few days, likely due to the condensa-
tion of residual silanol groups between nanocages, making such
formulations non-suitable for 3D printing applications. Figure 3a
shows that the structure could be successfully printed all the way
using formulations with nanocage concentrations between 150
and 200 mg mL~!. Atlower concentrations, the structure typically
broke off early in the printing process due to a lack of mechanical
cohesion in the formed object, similar to the issue observed for
insufficient light dose or photoinitiator concentration (Figure 2).
For inks with silica nanocage concentrations above 200 mg mL™",
however, the structure could be partially printed but eventually
broke off after about a centimeter. To explain this breakage behav-
ior at late stage of the printing process, the rheological properties
of the different formulations were analyzed, revealing a steep in-
crease in the ink viscosity for nanocage concentrations exceeding
200 mg mL~! (Figure 3b). Structure breakage observed for high-
concentration inks may then be attributed to this abrupt change
in the ink rheology, which could hinder the ink recoating be-
tween layers or induce important dragging forces on the printed
part during printing platform movement. At a given nanocage
concentration, however, the ink rheological properties also

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Pictures of cylindrical monoliths printed at different silica nanocage concentrations. b) Viscosity of the ink as a function of nanocage
concentration (temperature: 30 °C, shear rate: 13 s7'), and as a function of temperature (silica nanocage concentration: 200 mg mL~", shear rate:
13 s71). c) Stereomicroscopy image of a monolith featuring a Gyroid structure printed from an ink with a silica nanocage concentration of 300 mg mL™"
and stabilized with Disperbyk-168 TF (inset: picture of the whole monolith). d) Apparent density and linear shrinkage of cylindrical monoliths after drying
as a function of silica nanocage concentration. For all these experiments, the TPO concentration was set to 20 mm and the light dose to 15 m) cm™2

depend on the temperature. Figure 3b shows that, for a
200 mg mL™! ink, decreasing the temperature leads to an in-
crease in viscosity. This relationship between temperature and
rheological properties underscores the importance of thermal
control. To prevent printing issues related to ink viscosity, espe-
cially in colder winter conditions for instance, the ink vat was
therefore maintained at a constant 30 °C for all printing jobs, us-
ing a controlled heating band applied directly on the vat. This en-
sured that fluctuations in ambient temperature did not affect the
ink performance. To alleviate the limit in nanocage concentration
due to the ink viscosity, a dispersant, namely Disperbyk-168 TF,
was added to the ink formulation. The addition of 36 mg mL™" of
Disperbyk-168 TF allowed to increase the silica nanocage concen-
tration to 300 mg mL~!, while maintaining good colloidal stability
over time and suitable viscosity. This optimized ink enabled the
successful printing of a monolith with an intricate Gyroid macro-
porous structure (Figure 3c).

2.4. Structural and Textural Properties of Printed Silica Monoliths

For inks without dispersant, small cylindrical monoliths
(5 x 6 mm) could be printed from silica nanocage concen-

Adv. Funct. Mater. 2025, 35, 2509897 2509897 (5 of 11)

trations ranging from 150 to 250 mg mL~!. The weight of the
silica monolith after drying appeared to increase with the ink
concentration, even though it was printed from the same 3D
model. However, while the dimensions of all printed silica
monoliths showed high fidelity to the model right out of the
printer, isotropic shrinkage was observed after drying with super-
critical CO,. This shrinkage depended on the ink concentration
(Figure 3d), from 15% at high concentration (250 mg mL™) to
30% at low concentration (150 mg mL™). Interestingly, all the
printed silica monoliths after drying actually exhibit a constant
apparent density of 0.4 g cm~3, regardless of the ink concentra-
tion (Figure 3d), meaning that the shrinkage compensates the
initial difference in density. The organic fraction (i.e., mainly the
methacrylate ligands) of the silica monoliths after drying was
estimated to 36 wt.% by TGA analyses (Figure S4, Supporting
Information). Assuming standard densities of 2.2 and 1.2 g
cm~? for the amorphous silica and organic ligands, respectively,
this apparent density suggests that the porosity (Vjoe/Vio) of
the silica monoliths is close to 0.8. The mechanical properties of
such 3D-printed porous monoliths were evaluated through com-
pressive testing and compared with those of more conventional
porous monoliths fabricated via sol-gel synthesis combined with
spinodal decomposition,[!®l which are developed for continuous

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Structural characterization of a monolith printed with a nanocage concentration of 200 mg mL~", including a,b) SEM images showing the
inside of the fractured monolith at different magnifications, ¢) TEM image of a microtome section of the printed material, and d) N, sorption isotherms
(inset: pore size distributions as determined by the BJH method from the adsorption branch).

flow processes. The 3D-printed monolith demonstrated signif-
icantly higher resistance (Figure S5, Supporting Information),
exhibiting a compressive strength of nearly 1 MPa for a sample
printed with a silica nanocage concentration of 200 mg mL!,
in contrast to 0.4 MPa for the sol-gel-derived monoliths. The
elastic modulus was also estimated from the linear section of
the stress-strain curves (Figure S5, Supporting Information),
resulting in values of 10 and 27 MPa for the 3D-printed and
sol-gel monoliths, respectively.

The low apparent density of 3D-printed monoliths originates
from the intrinsic porosity of the nanocages, as well as from
the interparticle porosity formed between the nanocages dur-
ing printing. Indeed, while low magnification scanning elec-
tron microscopy (SEM) images of a fractured silica monolith evi-
dence a largely homogeneous structure without defects or cracks
(Figure 4a), higher magnification SEM images (Figure 4b)
show significant interparticle porosity. Transmission electron mi-
croscopy (TEM) observations of microtome sections (Figure 4c)
further evidence that the intraparticle porosity of the nanocage is
also preserved.

The textural properties of the silica monoliths were fur-
ther characterized by nitrogen sorption at 77 K. The isotherms
(Figure 4d; Figure S6, Supporting Information) are of type IV
with a capillary condensation at ca. P/P, = 0.95 and a desorp-
tion at ca. P/P, = 0.90, typical of mesoporous materials with
large mesopores. All silica monoliths exhibited a specific surface
area Sy comprised between ~400 and 500 m? g~!, and a meso-
pore volume between 1.3 and 2.2 mL g~! (Table S1, Supporting
Information) with no clear correlation with the ink concentra-
tion and Sy values. For example, the silica monolith printed
with a silica nanocage concentration of 200 mg mL™!, features
a Sppr of 450 m? g7 and a mesopore volume of 2.1 mL g~!
(Figure 4d). From the SEM and TEM images (Figure 4b,c), it
is clear that the monolith porosity consists of highly constricted
pores. In this case, pore sizes are better estimated by applying the
Barrett-Joyner-Halenda (BJH) model to the adsorption branch of
the isotherms.[?®] The results indicate mesoporosity with a broad
distribution in the 30-60 nm range (inset Figure 4d; Figure S6,
Supporting Information). The BJH method relies on assump-
tions about pore geometry that may not accurately represent our
system. Nevertheless, this result suggests that the pore volume
is predominantly influenced by interparticle porosity. While the
internal porosity of the nanocages may contribute to the specific
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surface area, it does not add significantly to the overall pore vol-
ume.

It should be noted that while the porosity and large surface area
are readily accessible after printing and drying, the material can
be calcined without affecting their textural properties. After calci-
nation at 550 °C for 6 h, the overall shape of nitrogen isotherms
is similar to the one of as-dried silica monoliths (Figure S7, Sup-
porting Information) with higher surface area and pore volume
due to the elimination of the organics. Indeed, specific surface
area and pore volume are expressed per mass of materials and not
per mass of silica, which will be the case for a calcined monolith.
For example, a surface area of 450 m? g~! for the previous dried
silica monolith expressed per mass of material will correspond to
~700 m* g~ per mass of silica. This value agrees with the Sp;;
determined from the nitrogen isotherms of calcined silica mono-
liths (Table S1, Supporting Information) and is consistent with
previous work.[?]

2.5. 3D-Printed Functional Monoliths

In previous sections, we have demonstrated the 3D printing of
monolithic structures from silica nanocages. These silica mono-
liths possess high porosity and their macroscopic size and shape
can be fully tailored thanks to the 3D printing capabilities. These
structures might hold important potential for catalytic or environ-
mental applications. However, for such applications it is essential
to integrate active sites or specific functionalities. To achieve this,
we have successfully developed two distinct yet complementary
approaches for the implementation of functionalities in silica, ei-
ther directly during the 3D printing process or through a post-
printing modification method.

First, mesoporous silica is a valuable support material for cat-
alysts such as metals (Cu,!?) Ni,3% Pd,1..)). Herein, we devel-
oped a straightforward approach to integrate metals into our
3D silica structures directly from the printing step, simply by
dissolving metal salts, namely cobalt(II) chloride, palladium(II)
acetylacetonate, nickel(II) chloride or copper(II) nitrate trihy-
drate in the silica nanocage ink. The silica nanocage synthe-
sis and ink preparation were unchanged except that 1-methyl-2-
pyrrolidinone (NMP) was used as the solvent instead of propy-
lene carbonate in order to allow for higher salt concentrations
in the inks (see Experimental Section). These inks could be
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Figure 5. Pictures of functional silica monoliths printed from nanocage inks containing metal salts, including a) Pd, b) Co, c) Ni, and d) Cu salts.
Pictures of a Cu-silica monolith e) dried as-is, and f) with in situ reduction before drying. g) Picture of a silica monolith with alternating inks of plain
silica nanocages, silica nanocages with cobalt salt, and silica nanocages with nickel salt.

seamlessly used with the same printing parameters as described
above for the fabrication of Pd, Co, Ni, or Cu containing mono-
liths (Figure 5a—d). While positively charged metal ions are eas-
ily adsorbed by silica gel materials due to the presence of silanol
groups,??] some leaching of the metal ions was observed dur-
ing the successive washing and drying steps of the monolith
fabrication process (Figure 5e). To prevent this, the metal ions
can be reduced in situ immediately after printing by immers-
ing the monolith in a solution of sodium borohydride in ethanol.
Figure 5f shows the picture of a Cu containing monolith exhibit-
ing a dark coloration, which suggests the formation of Cu-based
particles that remain trapped in the porosity and are not leached
out from the monolith during washing and drying steps. This
allowed to increase the copper loading from 0.7 wt.% for mono-
liths dried as-is (Figure 5e) to 1.8 wt.% for monoliths dried af-
ter reduction (Figure 5f), as determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). These mono-
liths were printed from inks containing 200 mg mL™' of sil-
ica nanocages and 6.4 mg mL~! of elemental Cu. Therefore, a
loading of 1.8 wt.% is reasonably close to the theoretical maxi-
mum of 3 wt.% Cu in the dried material. These Cu-based parti-
cles in the silica monolith were observed by dark-field scanning
transmission electron microscopy (DF-STEM), revealing homo-
geneously dispersed nanoparticles of typically 2-3 nm in size
(Figure S8, Supporting Information). X-ray photoelectron spec-
troscopy (XPS) analyses revealed a shift of the Cu 2p;, peak to
lower binding energies, along with the disappearance of its satel-
lite feature at #942 eV following immersion of the Cu containing
monolith in a NaBH, solution (Figure S9, Supporting Informa-
tion). These changes are characteristic of the reduction of Cu(II)
to a lower oxidation state. However, XPS alone could not differ-
entiate between Cu(I) and Cu(0), as both species exhibit simi-
lar Cu 2p;, peak positions. Moreover, metallic Cu is readily ox-
idized upon exposure to air, meaning that applications requir-
ing Cu(0) would necessitate an activation step under reducing
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conditions. To address this, temperature-programmed reduction
(TPR) experiments were conducted on the Cu containing mono-
lith, demonstrating that the Cu species could be effectively re-
activated at 500 °C under a 3% H, atmosphere, resulting in the
formation of Cu(0) as confirmed by X-ray diffraction (XRD) anal-
yses (Figure S10, Supporting Information).

Thanks to the additive nature of the fabrication process the
position of the metallic sites can further be controlled along the
printed structure. Figure 5g shows the picture of a monolith in
which specific sections of the structure are loaded with Co and Ni.
This monolith was printed through a process of ink substitution,
by alternating between a standard silica nanocage ink and Co or
Ni-containing inks during printing. This 3D printing approach
hence allows the deliberate positioning of various metallic sites
in series along the monolith for cascade or sequential catalytic re-
actions requiring different active sites.**) While the potential cat-
alytic activity of these metallic sites remains to be demonstrated,
we believe that, when integrated with macroporous networks
such as the Gyroid structure shown in Figure 3c, these monoliths
could serve as effective reactors for flow applications. The design
of such functional heterostructures, hardly doable with conven-
tional monolith fabrication approaches, is hence made possible
by the additive manufacturing strategy.

Functionality can also be introduced in the monolith post-
printing. In this other approach, we took advantage of the read-
ily available mesoporosity of silica monoliths to infiltrate them
with precursors for the in situ growth of an active phase. As a
first example, a MOF (HKUST-1), was chosen as active phase.
MOFs are crystalline structures with specific copper catalytic
functions.®*! In addition, their well-defined microporosity offers
good sorption capacity toward gases such as CO,, making them
highly valuable for carbon capture and storage technologies.?!
However, MOFs are often synthesized as powders, and need to
be supported for potential applications (catalysis, adsorption) as
reactors under continuous flow. The protocol for MOF in situ
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Figure 6. a) Illustration of the in situ growth of HKUST-1 in 3D-printed mesoporous silica monoliths. b) Picture, c) stereomicroscopy image, and
d) SEM image of a HKUST-1 containing monolith after three successive in situ growths. e) CO, sorption isotherms of a plain silica monolith and after

one, two, and three in situ successive HKUST-1 growths.

crystallization, illustrated in Figure 6a, was adapted from a pre-
vious report on the solvothermal synthesis of HKUST-1 crys-
tals on ceramic substrates.!'8] The as-printed silica monoliths
were immersed in a solution of Cu(NO;), and trimesic acid in
a Teflon lined autoclave, and the mixture was heated to 120 °C
for 6 h (see Experimental section for details). This procedure
was repeated twice on the same monolith, resulting in a total
of three consecutive MOF growths. MOFs were hence grown di-
rectly inside printed silica monoliths. The final structure exhib-
ited a deep blue coloration that turned to a lighter blue upon con-
tact with humidity (Figure 6b), resembling the behavior of regu-
lar HKUST-1 powder. Stereomicroscope images evidenced a ho-
mogeneous distribution of the blue MOF crystals within the sil-
ica monolith (Figure 6¢). SEM observations further revealed the
presence of some larger octahedral crystals (~15 pm), character-
istic of the HKUST-1 structure, embedded within the silica ma-
trix (Figure 6d). The HKUST-1 crystal phase was also confirmed
through XRD analyses performed on crushed monoliths (Figure
S11, Supporting Information). The HKUST-1 loading was esti-
mated to account for ~30 wt.% of the resulting monolith after
three growth steps. This was determined by comparing the typ-
ical weights of a plain silica monolith with that of one contain-
ing the MOF. This in situ growth of a secondary material in the
porous monolith did not alter its mesoporosity, as proven by ni-
trogen sorption at 77 K. The isotherms of the MOF/silica com-
posite monoliths (Figure 4d) showed a similar overall shape as
compared to the monolith before MOF growth. Additionally, N,
adsorption at low relative pressure (P/P, < 0.05) increased sub-
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stantially, which is attributed to the filling of the micropores of
the MOF. As a result, the specific surface area increased sig-
nificantly from ~400-500 to 800 m? g~! and the total pore vol-
ume increased to 2.5 mL g~!. This high increase in Sy, is at-
tributed to the high microporosity of the HKUST-1 crystals. In-
deed, pure bulk HKUST-1 materials typically feature high S,
up to 2000 m? g=1.11833] Thus, the in situ growth of MOF in-
troduces an additional level of porosity to the monoliths, which
now include micro- and mesoporosity. The potential of these
MOFsilica composite monoliths for functional applications was
demonstrated through CO, adsorption experiments. The CO,
sorption isotherms of the 3D-printed structures were measured
after one, two, and three successive in situ growth steps, result-
ing in a more than threefold increase in CO, sorption capacity
(Figure 6e). Incorporating MOF crystals into the silica mono-
lith increased the CO, uptake from 0.33 mmol g=! (pure sil-
ica) to 1.0 mmol g~! (composite) at 100 kPa. Under our condi-
tions, attempting to further increase the MOF loading through
additional growth steps did not lead to a significant increase in
CO, sorption capacity, which levels off after three growth steps
(Figure S12, Supporting Information). We also found that suc-
cessive growths at relatively low precursor concentration is more
effective than a single growth at higher concentration. For in-
stance, a single growth at [Cu] = 150 mm (as compared to three
growths at [Cu] = 15 mwM in Figure 6e) resulted in an inhomo-
geneous distribution of larger MOF crystals within the mono-
lith and a lower CO, sorption capacity (Figure S13, Supporting
Information).
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3. Conclusion

In this work, we have developed and optimized the formulation
of silica nanocage inks that are compatible with standard bottom-
up DLP printers. Further optimization of the printing parame-
ters enabled the automated fabrication of large monolithic struc-
tures, with readily available large mesoporosity and large sur-
face area. We also demonstrated how these nano-inks offer ver-
satile opportunities for the functionalization of the silica mono-
liths toward potential catalytic reactors, e.g. through the precise
positioning of metals (Co, Ni, Cu, and Pd) along the monoliths.
For environmental applications, the in situ growth of MOF crys-
tals in mesoporous silica monoliths resulted in composite ma-
terials combining meso- and microporosity, and showing high
potential for CO, capture technologies. In future developments,
these materials could leverage the design flexibility of 3D printing
technologies to incorporate programmed macroporosity, enhanc-
ing their suitability for flow-based applications. We also spec-
ulate that thanks to the very small size of the employed silica
nanocages and their low light scattering, these photosensitive
nano-inks could be made compatible with other stereolithogra-
phy techniques such as two-photon polymerization,** which of-
fers very high printing resolutions. Thanks to their high modu-
larity, materials printed from such nano-inks may therefore open
anumber of opportunities toward the fabrication of complex and
functional structures with largely inorganic compositions beyond
those showcased in this work.

4. Experimental Section

Materials: Tetramethyl  orthosilicate ~ (TMOS,  98%), 1,3,5-
trimethylbenzene (TMB, 98%), ammonia solution (28-30% in wa-
ter), hexadecyltrimethylammonium bromide (CTAB, >99%) and 3-
(trimethoxysilyl)propyl methacrylate (TPM, 98%), propylene carbonate
(PC, 99%), 1-methyl-2-pyrrolidinone (NMP, 99%), diphenyl(2,4,6-
trimethylbenzoyl)phosphine  oxide (TPO, 97%), phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO, 97%), cobalt(ll) chloride
(97%), palladium(ll) acetylacetonate (99%), nickel(ll) chloride (98%),
copper(l1) nitrate trihydrate (99%), sodium borohydride (99%), copper (1)
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. Disperbyk-168
TF was provided by IMCD. Deionized water with a resistivity of 18 MQ
was used throughout this work.

Silica Nanocage Synthesis and Ink Formulation: The synthesis of the
silica nanocages and their functionalization with methacrylate ligands for
the formulation of printing inks was adapted from previously published
protocols!?42°] with minor modifications. In a typical synthesis, 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. Subsequently, 240 pL of
ammonia solution and 10 mL of TMB were added under magnetic stir-
ring. After 4 h at room temperature, 10 mL of TMOS was slowly added to
the reaction mixture, which was then kept under stirring overnight. 10 mL
of TPM was then added and the synthesis was kept under stirring for an-
other day. The resulting nanocages were precipitated by adding twice the
volume of ethanol and collected by centrifugation for 5 min at 2000 g. At
this point, the nanocages could be redispersed in 200 mL of ethanol, yield-
ing a clear and stable suspension. The dispersed nanocages were further
washed twice with ethanol using centrifugal concentrators (Vivaspin 20,
100 kDa MWCO) and concentrated to a final volume of ~50 mL of sil-
ica nanocages in ethanol solution. The silica nanocage concentration was
determined by drying and weighing an aliquot of this solution. For the for-
mulation of printing inks, a calculated volume of the nanocages in ethanol
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solution was mixed with propylene carbonate, depending on the targeted
ink concentration and volume, and the ethanol was extracted using a rotary
evaporator. With this protocol, #30 mL of silica nanocage ink in propylene
carbonate at 200 mg mL~" could typically be obtained in a single batch. Fi-
nally, a calculated amount of TPO or BAPO was dissolved in the solution
depending on the targeted photoinitiator concentration to complete the
ink formulation. These inks were stored in the dark at room temperature
and could be used for several months without noticeable change.

DLP 3D Printing: ~ All the parts were printed using a Micro DLP printer
from microSLA, with a pixel size of 15 um, and equipped with a 385 nm
UV LED. For all the prints, the layer thickness was set to 50 um and the vat
temperature was maintained at 30 °C. The lift and down speeds of the print
platform were set to 1and 100 mm min~", respectively, with a lift height of
1 mm between layers for ink recoating. These parameters were identified
as good compromises for the printing of parts from different inks with
varying concentrations. The optical power was systematically set to 50 mW
cm™2 and the light dose per layer was varied between 5 and 30 m) cm™2
by adjusting the exposure time between 0.1 and 0.6 s. After printing, the
parts were washed with ethanol to remove residual liquid ink and then
immersed in methanol. The methanol was replaced at least three times
over the course of three days to remove all propylene carbonate from the
parts. Finally, the printed parts were dried using either a Quorum E3100 or
a Leica EM CPD300 critical point dryer under supercritical CO, conditions.

Fabrication of Metal Containing Monoliths:  For the formulation of inks
containing metal ions, NMP was used as solvent instead of propylene car-
bonate, allowing to reach higher concentrations. The corresponding metal
salt, namely palladium(ll) acetylacetonate, nickel(ll) chloride, cobalt(ll)
chloride, or copper(ll) nitrate trihydrate, was dissolved in NMP and mixed
with the ethanol nanocage solution before rotary evaporation. The quan-
tity of salt was adjusted to reach a metal ion concentration of 100 mm in
the cases of Co, Ni, and Cu species and 18 mm in the case of Pd. For the
in situ reduction of metal ions, the monolith was immersed immediately
after printing (i.e., before exchanging the solvent with methanol) in a so-
lution of sodium borohydride in ethanol (0.1 m) until the bubbling had
stopped. The rest of the procedure for drying was identical.

Fabrication of HKUST-1/Silica Composite Monoliths:  The in situ growth
of HKUST-1 crystals inside already printed monoliths was adapted from
previously published protocols.['®] The monoliths were immersed imme-
diately after printing (i.e., before exchanging the solvent with methanol)
in a solution containing 70 mg of trimesic acid in 20 mL of ethanol. After
10 min under gentle stirring, a solution containing 144 mg of copper ni-
trate in 20 mL of water was added and the mixture was kept under stirring
for another 30 min. The reaction medium, including the monoliths, was
then transferred to a 80 mL Teflon-lined autoclave, which was sealed and
placed in an oven at 120 °C for 6 h. The parts were washed with ethanol to
remove crystals formed outside of the monoliths and the same procedure
was repeated several times for the successive growth of HKUST-1 crys-
tals. After the last growth step, the solvent was exchanged for methanol
and the monolith was dried under supercritical CO, conditions following
the same protocol as described above.

Characterization Methods: ~ Gas sorption analyses of plain silica mono-
liths were conducted at 77.3 K and 298 K for N, and CO, gases, respec-
tively, using a Tristar Il Plus (Micromeritics). Prior to analyses, the sam-
ples were degassed for 6 h at 50 °C and 250 °C for as-printed and calcined
parts, respectively. Silica monoliths containing HKUST-1 crystals were an-
alyzed by nitrogen sorption using a 3Flex (Micromeritics), which allowed
characterizing the MOF microporosity. In this case, the samples were de-
gassed at 80 °C during 24 h at a pressure below 1 Pa using a Smart Vac
Prep bench. For plain silica monoliths, the specific surface area (Sggy)
was calculated using the Brunauer Emmett and Teller (BET) theory with
five points. For HKUST-1/silica composite monoliths, the Sggr was es-
timated following the Rouquerol criteria, in accordance with the IUPAC
recommendation for combination of type | and IV isotherms.[*] Barrett-
Joyner-Halenda-Broekhoff and de Boer (BJH-BdB) model was used on the
adsorption branch of isotherms for pore width estimation. Thermogravi-
metric analyses (TGA) were performed using a Perkin Elmer instrument
under air atmosphere (O,:N, = 20:80) with a heating rate of 10 °C min~"
in the temperature range from 35 to 800 °C. Rheological analyses were
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performed using an HAAKE MARS 60 rheometer (Thermo Scientific) with
a cone and plate geometry (35 mm diameter, 2° angle, 0.100 mm gap).
Unless specified, the temperature was maintained at 30 °C with a Peltier
module. Mechanical properties were evaluated through uniaxial compres-
sive tests using an Instron 3366 tensile tester. Stereomicroscopy images
were acquired with a Zeiss Stemi 508 microscope. Bright field transmis-
sion electron microscopy (TEM) images were acquired using a Jeol JEM-
1400 Plus microscope operating at 100 kV, and dark field scanning trans-
mission electron microscopy (DF-STEM) images were acquired using a
Jeol 2200FS microscope operating at 200 kV, both from MEA platform, Uni-
versité de Montpellier. Scanning electron microscopy (SEM) images were
acquired using a Hitachi S4800 microscope operating at 5 kV. 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. FTIR spectra were acquired us-
ing a PerkinElmer Spectrum Two spectrometer. UV-vis absorption spectra
were acquired using a Jasco V-670 spectrophotometer. Elemental analyses
by inductively coupled plasma optical emission spectroscopy (ICP-OES)
were performed using a Thermo Scientific iCAP 7400 analyzer. Prior to
analysis, the samples were mineralized in a mixture of HF and HNO; (1:1),
which was subsequently heated to 200 °C until complete evaporation. X-
ray photoelectron spectroscopy (XPS) analyses were performed using a
Thermo Electron ESCALAB 250 spectrometer equipped with a monochro-
matic Al Ka (1486.6 eV) X-ray source. The binding energy scale was cali-
brated using the C 1s peak at 284.8 eV. Temperature-programmed reduc-
tion (TPR) of Cu-containing silica monolith was performed using a Mi-
cromeritics Autochem 11 2920 analyzer. Prior to analysis, the sample was
heated to 300 °C under a 50 mL min~" flow of helium and then cooled to
room temperature. For the analysis, the sample was heated to 800 °C at a
rate of 10 °C min~" under a gas flow of 50 mL min~" (H,:Ar = 3:97).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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