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Abstract—New composite materials containing metal-organic framework (MOF-5) particles were manufac-
tured by 3D printing. The optimal composition of the photopolymer formulation and printing conditions
ensuring the highest quality of printing were selected. Retention of the metal-organic framework (MOF)
structure in the resulting composite objects was demonstrated by powder X-ray diffraction. The distribution
of MOF-5 particles over the whole bulk of the 3D product was studied by X-ray computed tomography. In
the future, composite materials of this type containing catalytically active MOFs, with their structure and
properties being controllable at the micro and macro levels, could find application as catalysts of various

chemical processes.
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INTRODUCTION

Metal-organic frameworks (MOFs) [1] possess a
number of unique properties (first of all, low density
and high porosity [2]) and, hence, they are actively
used for gas storage [3] and separation [4] and as mate-
rials for nonlinear optics [5], sensorics [6], magnetism
[7], medicinal chemistry [8], and catalysis [9]. Despite
the wide variety of MOF-based catalysts, virtually
each of them can be classified into one of three types,
in which the catalytic site is (a) located on the metal
ion in the metal-containing unit, (b) bound to an
organic linker, or (c) encapsulated inside the pores.

In view of a number of advantages of such catalysts
over conventional catalytic materials (first of all, the
absence of a dead volume, which accounts for excep-
tionally efficient diffusion of substrate molecules in
the MOF pores), in recent years, numerous attempts
have been made to switch from the use of MOF-based
catalysts in research laboratories to their practical use
in modern industrial plants. However, despite the
progress attained in scaling-up of synthetic
approaches, which made some MOFs commercially
available, the crystalline nature of these products
hampers their application as catalysts of real industrial
processes. Indeed, the use of polycrystalline powders
in industry is faced with difficulties such as the high
pressure loss for a fluid flow across a dense layer, gen-
eration of dust, attrition, and fouling [ 10]. For this rea-
son, the fabrication of products with a desired shape

containing porous MOF particles is a challenging
problem, which is tackled by numerous research teams
[11, 12]. In particular, approaches to manufacturing
MOF-containing products as granules [ 13], films [14],
hollow microspheres [15], blocks [16], gels [17], foams
[18], paper sheets [19], and solid blocks [20] have
been developed to date. However, particular catalytic
applications impose stringent requirements on the
micro- and macrostructures of catalytic materials,
which cannot be formed, in some cases, by conven-
tional methods.

One of the methods suitable for manufacturing
arbitrarily shaped products with high spatial resolution
is 3D printing [21], implemented as two most popular
versions: fused deposition modeling (FDM) and ste-
reolithography (SLA). In the FDM technique, a 3D
object of a desired shape is formed via layer-by-layer
extrusion of thermoplastic filament according to a
digital model, while SLA is based on layer-by-layer
polymerization of a light-sensitive formulation under
the action of a laser beam or using a conventional dig-
ital projector or a light-emitting diode array as the light
source (so-called digital light processing (DLP) tech-
nique).

In most cases, MOF particles were introduced into
3D-printed products by one of the three possible
approaches: deposition of MOF particles on already
printed objects, direct printing with MOF using a
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binder, or printing with a composite material contain-
ing MOF particles.

Metal-organic framework deposition on already
printed objects to fabricate a composite product has
been reported previously [22—31]. For example, lig-
uid-phase epitaxial growth of HKUST-1 MOF parti-
cles on FDM-printed acrylonitrile/butadiene/styrene
templates gave rise to objects capable of reversible
adsorption of methylene blue from solutions [22]. In a
series of studies, the research team headed by Fer-
nando Maya proposed and successfully tested a
method for attaching various particles (ranging from
adsorbents for extraction of uranium(IV) [23], chro-
mium(VI) [24], and other pollutants [25] to porous
MOF particles [26]) on DLP 3D-printed objects. The
method is based on direct deposition of desired parti-
cles on freshly manufactured products, the surface of
which bears the residual photopolymer composition,
followed by UV irradiation, which results in ultimate
polymerization and sticking of deposited particles on
the surface (stick & cure method). However, manu-
facture of objects with a complex inner geometry using
this approach is faced with some difficulties.

Another approach to obtaining products with
embedded MOF particles is direct printing with a
paste-like material, which is prepared by mixing MOF
with various binders and which is extruded into the
shape of the desired object. In some cases, a photo-
polymer is incorporated into the binder, which allows
curing of the product to be conducted immediately
after extrusion. The most interesting examples are
compositions containing UiO-66 particles in the pho-
topolymer for the catalytic conversion of the pesticide
methyl paraoxon [27], ZIF-8 mixed with cellulose
nanofibers for printing of a curcumin-adsorbing gel
[28], ZIF-8 with methylcellulose and bentonite for the
isolation of biobutanol [29], and materials for liquid
chromatography based on MOFs entrapped by poly-
saccharide or gelatin matrices [30]. Mention should
also be made of direct printing of HKUST-1 in the
absence of any binder [31]. Although this method
allows fast fabrication of MOF-containing composite
products, their spatial resolution is very low. This is
related to the nature of paste-like binder used as the
matrix for MOF particles.

Finally, one more approach implies the use of a 3D
printing technique characterized by relatively high
spatial resolution such as FDM or SLA with expend-
able materials (thermoplastic filaments or light curing
resins) that already contain MOF particles. FDM 3D
printers are used most often (in particular, in the
chemical scientific community for the manufacture of
chemical ware [32, 33], photoreactors [34], electro-
Iytic cells [35], and other laboratory equipment [36,
37]) due to their accessibility and easy operation.
However, their use for the fabrication of 3D objects
from composite materials containing porous MOF
particles is complicated, because it is difficult to pre-
pare the initial composite filament and because 3D
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printing must be performed at high temperature at
which MOF can decompose. Conversely, SLA is free
from the indicated drawbacks and, hence, it is suitable
for manufacturing arbitrarily shaped 3D products,
including those made of composite materials. How-
ever, currently, there is only one published example of
successful application of SLA technique for 3D print-
ing with composite materials containing MOF parti-
cles [38]. In the reported study, it was demonstrated
that controlled photopolymerization of a formulation
containing, apart from acrylic monomers, the well-
known metal organic framework HKUST-1 may gen-
erate the desired distribution of polymer particles in an
intricately shaped 3D object without a noticeable loss
of adsorption capacity and with simultaneous increase
in its stability, in particular, to hydrolysis. In the pres-
ent study, we made an attempt to use a similar
approach for another popular MOF representative—
MOF-5.

EXPERIMENTAL

Synthesis of MOF. Micro-sized MOF-5 particles
were prepared by a known procedure [39] by the reac-
tion of terephthalic acid with zinc(II) acetate mono-
hydrate in DMF in the presence of triethyamine. The
obtained particles were separated on a filter, dispersed
in DMF (250 mL), kept for 24 h, separated on a filter
once again, dispersed in dichloromethane (350 mL),
and kept for 12 days, with the solvent being replaced
every 3 days. The precipitate that formed was sepa-
rated on a filter and dried at reduced pressure (10 mm
Hg) for 24 h. The phase composition of the obtained
MOF was confirmed by powder X-ray diffraction.

Powder X-ray diffraction. X-ray diffraction patterns
of MOF samples and manufactured composite sam-
ples were measured on a Bruker D8 Advance diffrac-
tometer (Cuk,, radiation, A = 1.5406 A) equipped
with a Ge220 monochromator, a fixed slit aperture,
and a position-sensitive Lynx Eye detector. Phase
analysis was performed using the DIFFRAC.Topas
program [40].

Thermogravimetric (TG) analysis was carried out
ona NETZH TG 209 F1 Libra instrument in the tem-
perature range from 30 to 550°C at a heating/cooling
rate of 10 K min~! in a argon atmosphere.

The scanning electron microscopy (SEM) images
of samples placed on a 25-mm aluminum stage and
attached with a conductive carbon tape were recorded
in the secondary electron mode at an accelerating
voltage of 15 kV on a Phenom ProX instrument.

A full-size sample (10 X 10 X 4 mm) was placed on
the sample holder of a Bruker SkyScan 1172 X-ray
micrograph (Belgium). The set of shadow projections
of the sample was obtained in the micro-CT scanning
mode (voltage of 40 kV, current of 100 mA, resolution
of 1.5 um, rotation step of 0.05 deg, exposure time of

No. 5 2021



COMPOSITE MATERIALS MANUFACTURED BY PHOTOPOLYMER 3D PRINTING

ol
1

321

(b)

Fig. 1. 3D models of parts used for modification of the 3D printer: (a) glass fixing elements and resin bath; (b) whole assembly.

2400 ms, and scanning time of 8.5 h) using the Sky-
Scan software.

The 3D printing was carried out with a commercial
Wanhao DUPLICATOR 7 PLUS photopolymer DLP
3D printer modified for reducing the consumption of
MOF. Solving of current problems did not require
complete redesign of the printer; therefore, it was
decided to change the design of some parts. A modular
design was chosen, which made it possible to rapidly
replace single parts in the case of failure and to test
various prototypes and soon use them if necessary.
This approach was suitable for fast evaluation of par-
ticular engineering solutions. Models of the parts used
to modify the commercial 3D printer are depicted in
Fig. 1. The models in the stl format are available from
the authors on request.

For manufacturing the above parts of the 3D
printer, frequently used 3D printing materials were
chosen, namely, ABS (acrylonitrile/butadiene/sty-
rene) and PET-G (polyethylene glycol terephthalate).
The latter demonstrated high stability to all photo-
polymer resins used in the study. The bottom of the
bath for the photopolymer was made of readily avail-
able fluorinated ethylene/propylene film, which well
transmits ultraviolet light in the range above 351 nm
and virtually does not decrease the printing quality.
Instead of polished aluminum, which is used in the
commercial 3D printer as the support for the first
printed layer, a glass plate requiring no additional
treatment and exhibiting excellent adhesion properties
was chosen in this case. The design of all parts was per-
formed in the Autodesk Fusion 360 system according
to educational license.

The photopolymer formulation was based on com-
mercially available Wanhao Industrial Blend resin.
The resin and MOF particles were mixed using a
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UZD2-0.1/22 ultrasonic homogenizer (15—5 kHz
vibration frequency) at room temperature for 10—
15 min. The obtained suspensions did not show visual
phase separation for 48 h. For determining the maxi-
mum content of MOF particles in the photopolymer
resin that provided a satisfactory quality of 3D print-
ing, the particle concentration was gradually increased
starting from 1 wt %. For each particular composition,
the optimal conditions for 3D printing were selected.
Combinations of simple geometrical figures were used
as visual 3D printing objects, which allowed for fast
calibration of printing. Table 1 summarizes the key
printing parameters that ensured the best quality of
printing for the obtained photopolymer formulations.

RESULTS AND DISCUSSION

The 3D printer modification markedly accelerated
the DLP 3D printing of three-dimensional objects

Table 1. Parameters of printing of three-dimensional objects
with a photopolymer resin filled with MOF-5 particles

Content of MOF-5 | Exposure | Exposure |Number
in the photopolymer [time of one |time of initial | of initial
resin, % layer, s layers, s layers
1 20 28 10
2 20 28 10
3 23 29 10
4 22 28 10
5 17 24 10
10 16 10
15 8 16 10
20 16 10
Vol.47 No.5 2021
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Fig. 2. Photographs of the three-dimensional objects containing MOF-5 particles: (a) 5, (b) 10 wt %. The dimensions of the

object base is 10 X 10 mm.

with considerable decrease in the consumption of
expendable materials. This enabled thorough adjust-
ment of the optimal composition of the photopolymer
resin and 3D printing conditions. In particular, for
decreasing the consumption of photopolymer and
composite formulation components, the resin bath
was modified. The dimensions of the initial bath were
90 x 147 x 30 mm, which resulted in an unreasonably
large consumption of photopolymer resin components
and, what is more important, MOF particles. This
problem was solved by manufacturing a smaller bath
(25 x 25 x 30 mm). As a result, the consumption of
expendables per printing cycle decreased more than
20-fold.

During selection of optimal 3D printing parame-
ters, it was found that the shortest exposure time
required for each layer in the presence of 10 wt %
MOF-5 particles in the composition was 9 s. The 3D
objects demonstrated good spatial resolution and uni-
formity of 3D printing, which made it possible to
manufacture products of a rather complex shape
(Fig. 2). Thus, the presence of MOF-5 particles did
not cause a pronounced increase in the exposure time
of each layer due to light scattering by the particles.

The structure and properties of the resulting 3D
composite products were studied by powder X-ray dif-
fraction, SEM, X-ray computer tomography, and TG
analysis.

Figure 3 shows the X-ray diffraction patterns of
MOF-5 and the obtained nanocomposite. The poly-
mer base of the composite does not form a crystalline
phase and gives rise to a wide amorphous halo. The
crystallite size of this phase calculated in terms of the
column height distribution from the integral broaden-
ing was 133(18) nm [41]. According to powder X-ray
diffraction data, the incorporation of MOF-5 particles
into composite materials did not result in the loss of
crystallinity or in some changes in the phase composi-
tion during 3D printing, as shown in Fig. 3.
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The surface structure of the composites containing
MOF-5 particles was characterized by SEM. Exam-
ination of the MOF-containing 3D objects showed the
presence of particles of different size distributed rather
uniformly over the object surface (Fig. 4). The bright
surface areas were assigned to MOF-5 particles on the
basis of energy dispersive spectroscopy data (Fig. 5).

The MOF-5 particle size distribution in the poly-
mer matrix after completion of the 3D-printing was
studied by X-ray computed tomography. A detailed
representation of the tomography data is given in the
video available on the Internet [https://tinyurl.
com/mof-dlp]. Although the particles are distributed
rather uniformly throughout the bulk of the 3D
printed products, there is some clustering, the degree
of which depends on the time of ultrasonic homogeni-
zation of the sample. It is noteworthy that this is not
the optimal distribution for the intended application
of the manufactured composite products, because it
hampers the access of reactants to catalytically active
MOF particles. Indeed, in the preliminary experi-
ments on the adsorption of fluorescein and eosin from
aqueous solutions, the data of electronic spectroscopy
showed that incorporation of MOF-5 particles into
the photopolymer matrix considerably decreases their
adsorption capacity, this effect being less pronounced
for 3D products with fine structure.

Thus, despite the fact that photopolymer 3D print-
ing can effectively manufacture composite 3D prod-
ucts containing MOF particles, a significant propor-
tion of these particles is not exposed to the environ-
ment. This deteriorates the prospects for practical use
of these materials in catalysis, and any successful engi-
neering application of these materials is impossible
without preliminary removal of a considerable part of
the photopolymer or its conversion to the porous
form. A possible solution to this problem is prelimi-
nary annealing of the objects in order to induce selec-
tive transformation of the photopolymer. According to
thermogravimetric analysis, the obtained composite
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Fig. 3. X-ray diffraction patterns of the (a) initial MOF-5 mixture and (b) sample of the 3D-printed composite material.

Fig. 4. Fragments of the surface of the object made of the composite material with embedded MOF-5 particles (2 wt %) shown on dif-

ferent scales (a) 200 and (b) 50 pm.

3D objects are fairly thermally stable and retain 95% of
their weight up to 264°C. On heating above this tem-
perature, intense decomposition of the photopolymer
starts, leading to 90% weight loss at 450°C (Fig. 6).
Since the thermal stability of MOF-5 is above this
temperature [42], thorough selection of the conditions
for low-temperature pyrolysis may allow MOF parti-
cles to be retained in the carbon matrix formed during
this heat treatment.

As a result of this study, we developed approaches
to the fabrication of new MOF-based hybrid materials
with controlled micro- and macrostructure. Using
these approaches, composite photopolymer formula-
tions incorporating MOF-5 particles were manufac-
tured. The compositions were used for 3D printing of
intricately shaped objects and were characterized by a
set of modern physical investigation methods.

The developed approaches to 3D-printing with
photopolymer formulations can be used to manufac-
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ture new composite materials possessing catalytic
activity in various chemical processes (including
potentially industrial ones), the structure and proper-
ties of which could be controlled at both micro and
macro levels. Nevertheless, the application of these
materials, although possible, does not seem appropri-
ate today due to the uniform distribution of MOF par-
ticles throughout the polymer matrix and, accord-
ingly, shielding of most particles from the environ-
ment. A possible solution to this problem is thermal
decomposition of the photopolymer resin, which
would leave MOF particles unaffected. Our research
team is performing studies along this line.
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