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Abstract: In this work, a 3D printing methodology based on the robocasting of catalytic ink pastes
was applied to obtain structured matrix-like cylinders as innovative materials for an effective uti-
lization of carbon dioxide. The influence of three different binders (i.e., PEI, HPMC and MC) on
the physio-chemical, mechanical and catalytic properties of multi-channel monoliths was studied
against a reference binder-free powdered system in order to envisage the effectiveness of the printing
procedure in realizing hybrid advanced materials at a higher control and reproducibility than from
traditional preparation techniques. In terms of textural and structural properties, the micro-extruded
3D cylinders only evidenced a slight difference in terms of relative crystallinity, with minor effects
on the surface area exposure in relation to the specific binder used during the direct ink writing
process. More importantly, the typology of binder significantly affected the rheological properties of
the catalytic ink, with the need of a controlled viscosity to ensure a suitable thixotropic behaviour of
the extrudable pastes, finally determining an optimal mechanical resistance of the final 3D monolith.
The experimental validation of the hybrid multi-channel cylinders under conditions of CO2 hydro-
genation demonstrated the great potential of additive manufacturing in the realization of catalyst
architectures characterized by unique features and fidelity scarcely reproducible via conventional
synthetic techniques.

Keywords: additive manufacturing; direct ink writing; 3D printing; robocasting; hybrid catalysts;
energy materials; CCU

1. Introduction

Due to the overexploitation of fossil sources, the release into the atmosphere of green-
house gases, such as carbon dioxide, causes environmental issues and dramatically influ-
ences climate change. In addition, the progressive depletion of fossil fuel reserves makes
their procurement increasingly problematic and expensive [1,2]. Therefore, creating a
new energy scenario established on the green transition from traditional fossil fuels to
alternative e-fuels with a net-zero carbon footprint may help determine a more sustainable
and efficient energy economy in the short–medium term.

On this road to decarbonization, the technologies based on Carbon Capture and
Utilization (CCU) are currently attracting particular attention, considering their potential to
realize an effective way of recycling carbon dioxide via its catalytic conversion into valuable
alternative fuels in the presence of renewable hydrogen [3–6].

An increasing effort is currently being delivered in the design of effective catalytic
materials for the CO2 hydrogenation into methanol or dimethyl ether, pointing out how
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the development of innovative multi-functional systems can really ensure a long-range
synergy among sites of a different nature, as superior to the random mixing of preformed
catalysts only holding a unique functionality. Nevertheless, a consensus too limited on the
key features of effective multi-site systems operating under CO2 hydrogenation conditions
still demands further optimization of the catalyst design, considering that the conventional
procedures adopted for their synthesis allow neither a perfect control over site distribution
or fine tuning of the physio-chemical properties or catalyst reproducibility, always requiring
the experimental validation of the prepared samples followed by factitious normalization
of data in an attempt to rationalize the catalytic behaviour. All of these aspects assume
particular relevance if looking at the recent interest in hybrid catalysis as a viable solution
for integrating equilibrium-limited cascade reactions in one single reactor, so to deliver new
process chains at a higher conversion rate and productivity than conventional multi-step
processes. For instance, in the case of dimethyl ether synthesis, the one-pot combination of
the two catalytic steps related to primary methanol synthesis and secondary methanol dehy-
dration can overcome the thermodynamic restrictions behind the CO2 conversion rate [7–9],
necessarily resulting in the development of hybrid formulations, integrating metal-oxide(s)
and acidic sites at the local level in order to reach a high catalytic performance [10,11].

In the last few years, additive manufacturing, commonly known as 3D printing, has
been proposed as the silver bullet in the field of preparation of advanced materials, due to
the possibility of developing multi-faceted architectures at controlled geometry and features
scalability. Unlike subtractive manufacturing, where an item is realized via computer
numerical control (CNC) machining with the removal of materials from a bulk structure,
additive manufacturing is a novel 3D technique that can realize complex geometries from
the base upwards, by adding successive layers to create the final product [12]. Among
the various types of strategies behind additive manufacturing, direct ink writing (DIW)
uses a material at controlled rheological properties as an ink to be squeezed out through a
syringe nozzle at a regulated flow rate [13], resulting in a flexible and powerful approach
for the prototyping of advanced functional materials, composites and structures with
unique shapes and applications in the field of polymers or resins [14–17], electrodes [18],
ceramics [19], sensors [20] and reactive inks [21], usable in all technological fields of
science, included biomedical applications [22,23]. In the field of catalysis, the extrusion-
based method is widely utilized for obtaining a catalyst with tailored structures, with a
specified shape and a suitable size for minimizing pressure drops, preserving uniform flow
distribution and improving mass and heat transfer phenomena [24–26]. Among all the
different additive manufacturing techniques, the direct ink writing (DIW) method takes
advantage due to a higher simplicity and lower cost, also allowing promotors or active
components to be directly added to the appropriate printing paste or ink [27–29].

The main purpose of this study is to define an adequate methodology of additive
manufacturing of hybrid multi-channel cylinders for catalytic purposes, considering the
lack of detailed information on the specificity of binder typology on the physio-chemical,
mechanical and catalytic properties of 3D catalysts prepared via robocasting. Indeed, the
addition of a specific binder in the ink recipe can modify the rheology of the ink, with
direct effects on the textural, structural or surface properties of a 3D catalyst. As a result,
the rheological properties of a printing ink, as adjustable through the use and/or loading
of a specific binder, definitely play a crucial role in the performance of 3D structures for
catalytic purposes.

As a powdered base for the preparation of the ink material, a previously optimized
catalytic formulation for the one-pot hydrogenation of CO2 into dimethyl ether was selected,
to be combined with three different binders (i.e., PEI, HPMC and MC), well known as
hydrogels and characterized by viscoelastic properties suitable for robocasting where a
good shape retention capacity is a fundamental feature [30–32].

Indeed, apart from the parameters related to shape and scale of the printed material
as well as the diameter of the syringe nozzle, precise manufacturing requires the right
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typology of binder controlling the slurry density of the ink paste, with clear effects both on
the rheology of the paste and on the mechanical properties of the final material.

2. Results and Discussion
Design and Synthesis of Hybrid Monoliths

After the micro-extrusion process was performed, the monolith shrinkage was in-
vestigated through digital microscopy to evaluate diameter, height, and row size. These
measurements were conducted for the monoliths as printed, after drying and after calcina-
tion (see Table 1). First of all, it is observable that the robocasting of the catalytic ink pastes
allows a perfect control on the final size of the monolith, considering that all multi-channel
structures exhibit perfectly identical dimensions immediately after printing, according to
the design.

Table 1. Shrinkage of monoliths as printed, after drying and calcination: (a) top view; (b) side view.

Sample Status
Diameter

(mm)
Height
(mm)

Row
(mm)

(a)
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HYB-MC As printed 17.00 32.00 1.12
HYB-MC Dried 15.69 27.27 1.05
HYB-MC Calcined 15.35 27.05 1.01

All samples exhibited a total mass loss of about 34–36%, with the main loss occurring
at 320 ◦C, due to the removal of oxalate species. At 360 ◦C, the removal of the organic
binder occurred, suggesting a temperature of 350 ◦C as sufficient for a complete calcination.
As expected, after air drying, a decrease in size along the three dimensions caused by
water evaporation was observed for all samples. After calcination, the further shrinkage
was caused by the removal of COx species of the oxalate coprecipitated phase. This was
also confirmed by the TG/DSC study performed over the dried monoliths in air flow to
determine the suitable calcination temperature for achieving complete decomposition of
both the precursors and of the organic binder. The temperature was raised from room
temperature to 1000 ◦C at a heating rate of 10 ◦C/min, and the mass loss was recorded as a
function of temperature (see Figure 1).
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Figure 1. TG/DSC curves of the dried binder-containing powders: (a) HYB-PEI; (b) HYB-HPMC;
(c) HYB-MC.
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Regarding the textural properties, Table 2 reports a comparison of the main surface area
(SALang) and pore volume (PV) determined for the 3D monoliths and the bare hybrid sample
(HYB). It can be stated that the printing technology certainly allows a good control of the
catalyst properties, considering that the micro-extrusion procedure only determined a slight
decrease in the surface area exposure (≈5%) with respect to the powdered hybrid sample
(HYB), with the pore volume remaining almost unchanged in all samples, irrespective of
the binder used. In any case, it is to be underlined that XRF analysis (not shown for sake
of confidentiality) revealed the presence of other elements in the printed samples (around
2 wt.%) ascribable to impurities of the inorganic co-binder, which is nevertheless necessary
for the consistency of the final monolith.

Table 2. Textural properties of the investigated hybrid sample (HYB) after extrusion with the different
binders.

Sample SALang
(a) PV (a)

(m2 g−1) (cm3 g−1)

HYB-PEI 217 ± 3.4 0.21
HYB-HPMC 219 ± 2.8 0.21

HYB-MC 220 ± 3.1 0.22
HYB 235 ± 3.0 0.24

(a) From N2 ads/des isotherms at −196 ◦C.

In Figure 2, the XRD patterns of the parent hybrid catalyst HYB and the multi-channel
hybrid cylinders upon calcination treatment are shown.
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As observed, not only the reflections of the zeolite structure (JCPDS 38–0246), but also
the main oxide phases of the parent hybrid system were fully retained after the printing
procedure. Instead, in terms of crystallinity, with respect to the basic reference structure,
the printed samples displayed a partial loss of crystallinity, mainly associated with the
typology of binder used for manufacturing of the 3D cylinders and then removed via
calcination, which evidently caused more or less disordered crystalline forms, according to
the following trend:

HYB (100%) > HYB-MC (95%) > HYB-HPMC (89%) > HYB-PEI (84%)



Catalysts 2024, 14, 101 5 of 12

Considering that not only the composition, but also the wettability or flow behaviour
represent crucial factors in the formulation and managing of ink solutions, the rheological
properties of the ink must be thoroughly tailored to control the shape and span gaps of the
final 3D multi-channel cylinders. If not properly prepared, the ink paste during extrusion
can suffer from shear localization induced through a sudden contraction at the syringe
nozzle and depend both on the extent of pressure drop at the nozzle and on the time
of extrusion.

On this account, the shear stress (τ) as a function of the strain rate (γ) was determined
and is shown in Figure 3.
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Figure 3. Shear stress–strain rate curves for the prepared catalytic ink pastes: HYB-PEI, HYB-HPMC
and HYB-MC.

For all samples, the lack of a direct proportionality between the shear stress and the
strain rate mirrors a pseudo-plasticity that is typical of non-Newtonian fluids, as associated
to a shear thinning behaviour wherein the “apparent” viscosity is strictly dependent on the
flow velocity.

In particular, the HYB-PEI sample displayed the highest yield stress, resulting about
20 and 40 Pa higher than HYB-MC and HYB-HPMC, respectively. This observed behaviour
for the used ink pastes, which is typical for pseudo-plastics (or shear-thinning fluids), was
also analysed using the Bingham equation (Equation (1)) over the linear high-shear region
of τ versus γ curves:

τ= τ0 + ηpl · γ (1)

where ηpl is the apparent plastic viscosity (kPa·s), and τ0 is the Bingham yield stress
(Pa), which represents the point beyond which the flow rate steadily increases with the
shear stress.

As shown in Figure 4, the apparent viscosity decreased rapidly for all samples while
increasing the shear rate until about 5 s−1, then slowly decreasing the shear rate until the
maximum shear rate of 100 s−1. As a rule, high viscosity at low shear forces, then decreasing
with an increase in shear rate is a characteristic feature for ink pastes undergoing pressure-
regulated flows, allowing the material to flow through the nozzle until the layer-by-layer
geometry is completed.
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To determine the mechanical resistance of the monoliths as induced by the three
binders initially utilized, some compression tests were carried out on the calcined 3D
multi-channel monoliths in order to evaluate possible issues preventing application in
catalytic processes typically operated at both high temperature and pressure. In Figure 5,
the obtained stress–strain curves are presented.
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markedly of PEI, the cross-linkable networks at too-high hydrophilicity play a negative
effect on the microstructure of the solid after the thermal treatment, therefore depressing
the “ultimate stress” with a decrease of about 40% (≈0.4 MPa) and 70% (≈0.2 MPa), respec-
tively, with respect to the value recorded on HYB-MC (≈0.7 MPa). Moreover, the slope of
the stress–strain curves in the elastic region (below 1.5% of strain) was used to derive the
compression modulus (Mc). The obtained values in Table 3 confirm the great influence of
the binder on the monolith stiffness.
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Table 3. Mechanical properties of 3D hybrid monoliths prepared with different binders.

Sample Mc
(MPa)

σmax
(MPa)

HYB-PEI 0.125 ± 0.002 0.27

HYB-HPMC 0.169 ± 0.002 0.41

HYB-MC 0.201 ± 0.001 0.73

While the HYB-PEI sample exhibited a compression modulus as low as 0.125 MPa, the
HYB-MC sample was characterized by the highest value (0.201 MPa), also mirroring the
highest value of compression strength (σmax, 0.73 MPa).

To understand how the viscosity of the paste influenced the mechanical resistance, the
σmax was then plotted as a function of the viscosity of the starting catalytic paste. It can be
seen from Figure 6 that an intermediate paste viscosity leads to a greater mechanical resis-
tance; in contrast, too high or too low viscosity values decrease the mechanical resistance
of the final monolith.
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Regarding the catalytic behaviour, in Figure 7, the comparison of the performance
between the powdered hybrid sample (HYB) and the HYB-MC sample, as representative for
the 3D-printed cylinders, is reported in terms of CO2 conversion (XCO2, %) and selectivity
(Sx, %) to dimethyl ether (DME), methanol (MeOH) and carbon monoxide (CO), obtained
at 3.0 MPa, 220 ◦C and a space velocity of 1000 NL/kgcat/h.

Under the adopted conditions, for both samples, the CO2 conversion attained similar
values close to 10–11%, with the slightly lower value on the multi-channel HYB-MC sample
being contained within the experimental error and, in any case, resulting almost identically
if normalized in terms of the active phase, net of the binder concentration. In terms of
selectivity, considering the absence of hydrocarbons in the reaction stream, on both catalysts,
the DME represented the main product with comparable values at around 52–53%. Instead,
the main differences were observed on the relative distribution of MeOH-CO, since on the
3D-printed cylinder, the MeOH selectivity resulted to be significantly higher (18.8%) than
the amount formed on the powdered system (12.5%), accordingly determining a specular
effect on CO selectivity, which reached a maximum value of 36.3% on the reference HYB
sample and a lower value of 29.6% on the 3D sample.
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Figure 7. Activity–selectivity data during the one-pot hydrogenation of CO2 to DME (PR, 3.0 MPa;
TR, 220 ◦C; CO2/H2/N2, 3/9/1 v/v; GHSV: 1000 NL/Kgcat/h).

It is argued that, under similar physio-chemical properties of the investigated samples
as well as similar fluid–dynamic conditions applied during the experimental runs, the ob-
served differences recorded in the selectivity to methanol and carbon monoxide are mainly
ascribable to the catalyst architecture, which in the specific case of the 3D multi-channel
cylinders are also less susceptible to water deactivation, being characterized by a drainage
behaviour that favours an extension of catalyst lifetime; thus, retarding the oxidation of
the metallic phase that is claimed as responsible for the reforming/decomposition paths
of methanol into CO [7]. Without considering additional effects (if any beneficial), on
the whole, these data demonstrate the effectiveness of 3D-printed systems, with a large
potential for applications in catalytic processes where only a fine optimization achievable
through means of unconventional techniques (like additive manufacturing) can make their
features superior than conventionally used powdered systems.

3. Materials and Methods
3.1. Catalyst Powders Synthesis and 3D Monoliths Design

Three-dimensional structures with a cylindrical shape were manufactured, starting
with a hybrid metal-oxide/zeolite dry powder (herewith generally indicated as HYB), pre-
pared by gel-oxalate coprecipitation as elsewhere described [8]. This dry powder, mechani-
cally mixed with a suitable amount (<5 wt.%) of bentonite (Thermo Scientific, Waltham,
MA, USA) as an additive for proper consistency of the slurry paste, was used as the basis
for the catalytic ink undergoing micro-extrusion. Three catalytic ink pastes were prepared
by mixing the catalytic powders with three different organic binders: (1) polyethyleneimine
(PEI, Merck; 18,000–40,000 cP); (2) hydroxy-propyl-methyl cellulose (HPMC, Merck; vis-
cosity 2600–5600 cP); (3) methyl cellulose (MC, Thermo Scientific, Waltham, MA, USA;
viscosity 4000 cP). Then, each paste was diluted by 50 wt.% with distilled water, finally
constituting with bentonite up to 14 wt.% of the final 3D hybrid composition.

All pastes were grinded through a planetary ball mill (Powteq BM40, Beijing, China)
within zirconium oxide jars for 1h at 250 rpm until a good homogeneity of particles size
was obtained to be extruded through the nozzle (diameter 1.1 mm). The extrusion was
carried out using a customized robocasting machine (E.O.I. Tecne, Milan, Italy) equipped
with a software-controlled mechanical arm where a Preeflow Eco-Pen450 syringe (Viscotec,
Töging Am In, Germany) was installed, moving on an x,y,z (300 × 300 × 300 mm) stage and
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connected to a precision dispenser (Techcon TS250/255, Cypress, CA, USA) to control the
paste flow rate (a pressure of 4 bar at a print velocity of 12 mm s−1). Based on preliminary
trials, a cylindrical geometry (17 mm diameter and 32 mm height) was adopted for the
manufacturing of the 3D systems, constituted using 90◦ alternating layers upon layers, at a
row spacing of 2 mm and a row diameter of 1.1 mm, with a precise control of the interface
between the extruded lines and without any issue related to possible overflow. The pastes
were printed in air with a relative humidity of 60% and a temperature of 23 ◦C. Finally,
the obtained 3D-printed monoliths were air-dried at room temperature for 24 h and then
calcined at 550 ◦C for 2 h (1 ◦C/min) to remove the organic binder.

3.2. Characterization

In order to individuate the adequate calcination temperature of the catalytic pastes,
a thermogravimetric analysis coupled to differential scanning calorimetry (TG-DSC) was
performed using a Netzsch STA 409 thermo-balance (Selb, Germany), operating at a heating
rate of 10 ◦C min−1 from 40 to 1000 ◦C in static air.

The elemental composition of the samples was determined using X-ray fluorescence
analysis, using a Bruker S8 TIGER spectrometer (Rheinstetten, Germany), equipped with
a rhodium anode tube (power 4 kW and 75 µm Be window and LiF 220 crystal analyser).
The samples were analysed as loose powders, considering the emission transitions of the
main components of the catalyst.

The diffraction patterns of the prepared samples were analysed, upon crushing and
sieving in the 40–70 mesh fraction, using a Bruker D8 Advance diffractometer (Rheinstetten,
Germany), operating with a Ni β-filtered Cu-Kα radiation (λ = 1.5406 Å) in the 2θ range
5–80◦ at 40 kV and 40 mA and a scan step of 0.03◦ s−1. The crystallinity was calculated by
considering the area of the crystalline peaks for a specific sample in relation to the reference
hybrid sample.

The surface morphology and the shrinkage of the printed monoliths after drying and
calcination were measured using a fully automated digital VHX-7000 optical microscope
(Keyence, Milan, Italy), provided with calibrated 2D scales and high-quality 3D models at
accurate point heights and profiles. The detection of possible artefacts on the structure of
the investigated architectures was made using 4K CMOS high-resolution lenses (Keyence,
Milano, Italy) and high-performance lighting, which enabled minute surface details to be
observed and analysed, in a magnification range of 20x to 6000x using a motorized turret.

The textural properties of the samples were determined using physical adsorption
measurements of nitrogen to its boiling point (−196 ◦C), using a Micromeritics ASAP
2020 gas-adsorption device (Norcross, GA, USA). All calcined materials were previously
crushed and sieved, with the fraction ranging from 40 to 70 mesh and collected for the
measurements. The samples were first evacuated at 180 ◦C for 3 h, while the isotherms for
the assessment of surface area (SA) were elaborated according to the Langmuir method
and the micropore volume was determined using the t-plot approach.

The rheological properties of the catalytic pastes were carried out at 18 ◦C using a
home-made rotational rheometer operated in a laminar flow, according the shear rate- and
the shear stress-controlled protocols. Prior to the measurements, the binder-containing
hybrid ink pastes were pre-sheared at 50 s−1 for 1 min to obtain a homogeneous paste,
followed by a resting time of 5 min, and finally sheared at a low shear rate of 0.1 s−1 for
1 min until reaching the onset value of the curve, representing the static yield stress. Then,
the paste was measured under a varying shear rate for 10 min, by changing the rate from
0 to 1000 s−1. The plastic viscosity was determined via the intersection and slope of the
shear rate curves with the shear stress. All rheological tests were carried out at a constant
temperature of 18 ◦C, maintained constant using a water bath.

The compressive strength of the monoliths was determined using a servo-hydraulic
testing machine (Italsigma, Forlì, Italy) equipped with a 12.5 kN load cell. The compression
plates were mounted on the machine. The tests were performed in displacement control
with an actuator speed of 1 mm/min. The trend of the force and the position of the
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crosshead during the test were recorded. The highest compressive force value recorded
during the test was assumed as the maximum force value. After this value, yielding occurs
in the component, which leads to a reduction in the compressive force. These tests were
performed over 10 specimens for each sample in order to produce statistical reliable data.

3.3. Catalytic Testing

The catalytic behaviour of the differently shaped samples was evaluated under a
similar residence time and using two different fixed-bed reactors, located within rounded
bars to operate in isothermal conditions and characterized by a same length of 400 mm but
an internal diameter of 6.4 (for the powdered samples) or 12.8 mm (for the 3D cylindric
samples,) respectively. Prior to the measurements, the investigated samples were pre-
reduced in situ at 300 ◦C under “pure” hydrogen, flowing at atmospheric pressure for
1 h. The catalytic measurements were performed under CO2 hydrogenation conditions by
feeding over the catalytic bed a reaction mixture CO2/H2/N2 at a molar ratio of 3/9/1,
at 30 bar, 220 ◦C and a space velocity of 1000 NL/kgcat/h, also preventing possible mass
or heat control by diffusion resistances. The reaction stream was analysed with a double-
column GC 8000 system (Fisons, Ipswich, UK) connected to a flame ionized detector
(EL980, Fisons, Ipswich, UK) and a hot wire detector (Fisons, Ipswich, UK), respectively.
For the calculation of conversion–selectivity data, both internal standard and mass-balance
methods were adopted, with an accuracy of ± 3% and a carbon balance close to 100% [8].

4. Conclusions

The influence of three different organic binders (i.e., PEI, HPMC and MC) on the
physio-chemical, mechanical and catalytic properties of 3D multi-channel hybrid monoliths
as catalytic samples for CCU applications was investigated against the basic properties
of a binder-free reference powdered hybrid sample. Entering into the composition of the
final monolith, a minimum addition of bentonite (<5wt.%) was also necessary to ensure the
proper consistency of the slurry during printing, and was also fundamental for preventing
surface cracking upon drying.

On the whole, the typology of the binder was seen to influence not only the rheological
properties of the catalytic inks (like yield stress and plastic viscosity) but especially the
mechanical resistance of the final 3D structures. A superior behaviour was recorded in
the case of the methyl cellulose (MC), displaying the need for a paste viscosity comprised
between 1.20 × 105 and 1.50 × 105 cP to ensure a compression strength as high as 0.73 MPa.

Overall, this study demonstrates the successful preparation of advanced materials
for catalytic purposes using additive manufacturing, considering that the use of a spe-
cific binder entering into the catalyst composition significantly controls the mechanical
properties of the final material, while retaining its key physio-chemical properties and
without depressing its activity–selectivity pattern in respect of conventional reference
powdered systems.

As a final message, these results can be extended to many other areas of research and
development of 3D hybrid materials, so to pave the way for scaling up and industrial use
against reference powdered materials.
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