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A B S T R A C T

This work presents the implementation of ceramic stereolithography 3D printing to generate catalytic supports to 
investigate the influence of the structured reactor design on its conversion efficiency for CO2 methanation. 
Alumina monolithic supports were fabricated by stereolithography using a non-linear channel geometry formed 
by an array of twisted elements, which was compared to the conventional monolith design. The catalytic per
formance of the 3D printed monoliths, functionalized with Ni as a catalyst material, was evaluated and com
plemented by CFD simulation, showing the strong correlation between the support design selection and CO2 
conversion rates. A maximum CO2 conversion of 84 % at 400 ◦C was achieved owing to the three-dimensional 
monolith design, which increased the catalytic activity of the system under high gas flow rates by creating a non- 
uniform reactant flow distribution with higher turbulence kinetic energy. Therefore, this work demonstrates the 
potential of ceramic 3D printing technologies to boost the catalytic device efficiency by implementing novel 
designs, not reproducible by conventional ceramic manufacturing approaches.

1. Introduction

Given the growing environmental concerns and the urgent necessity 
to prevent climate change, the development of innovative solutions for 
sustainable energy management is becoming essential. In this context, 
power-to-gas (PtG) processes offer a promising method for chemical 
energy storage, based on the reduction of carbon dioxide emissions by 
their use as a feedstock to produce synthetic fuels. Typically, the process 
starts with generation of green hydrogen through water/steam elec
trolysis, which is followed by the catalytic reaction of the produced 
hydrogen with captured carbon dioxide to be converted to synthetic 
hydrocarbons. One of the prospective applications of this process is CO2 
methanation, described by Sabatier reaction (1), where green hydrogen 
is used to obtain a synthetic natural gas (SNG), primarily consisting of 
methane with residual hydrogen and CO2 content [1]. The performance 
of catalytic reactors is highly influenced by process conditions such as 
temperature, pressure, volume and ratio of the reactants, as well as 
residence time and flow regime [2]. Typically, catalytic methanation 
devices operate within temperature range of 200 – 550◦C and at 

pressures ranging from 5 to 25 bars [3]. Although CO2 methanation is 
the thermodynamically favored process, it requires the presence of 
catalyst materials, to overcome the kinetic barrier and reach high con
version levels [1,3]. 

CO2(g)+ 4H2(g) ⇌CH4(g)+ 2H2O(g) ΔH◦
298K= − 165kJ⋅mol− 1          (1)

CO2 methanation is sensitive to the structure of the catalyst and its 
preparation methods [4,5]. The efficiency of the process could be 
significantly affected by the selection of the catalyst material and the 
design of the reaction system. Currently, nickel-based catalysts are 
widely applied for CO2 methanation due to their high activity, selec
tivity, and cost-effectiveness [2,6]. In addition to selecting the appro
priate catalyst material, a practical challenge in the reactor design is 
related to the heat distribution management during system operation, 
which is highly affected by the exothermic nature of the methanation 
process leading to a generation of hot spots or quenching the reaction 
[3]. To address these issues and maximize the CO2 conversion rates, the 
design of structured catalysts was developed as an alternative for other 
types of standard reactor configurations, such as fixed-bed systems filled 
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with Ni pellets and spheres [7,8]. The structured reactors are based on a 
3D shaped support covered with a layer of active material, which allows 
pressure drop reduction, heat and mass transfer enhancement, and 
generally offers superior catalytic performance compared to fixed-bed 
systems [4]. In this context, honeycomb monoliths represent one of 
the most common and efficient structured catalyst configurations used 
for the CO2 methanation. Conventionally designed monoliths, featuring 
thin-walled, narrow and parallel channels, enhance the catalytic per
formance of the system due to low pressure drops, variable catalytic 
layer thickness, excellent heat and mass transfer, and potential to 
operate under high gas flow rates [9–11]. Conventionally, monoliths 
produced by extrusion are constituted by an array of straight and par
allel channels, which results in a laminar flow distribution of the re
actants during the methanation. Therefore, the kinetics and overall 
efficiency of the catalytic process are affected by diffusion limitations 
arising from the geometrical simplicity of the monolith design, which 
constrains further enhancement of the catalytic performance [12]. Thus, 
advanced design modifications beyond the capabilities of the conven
tional manufacturing techniques are essential to improve the flow dis
tribution and boost the performance of the methanation devices [6,8,9].

In recent years, three-dimensional (3D) printing technologies have 
demonstrated remarkable potential for the design and fabrication of 
catalytic monoliths with advanced geometries, offering significant en
hancements in performance compared to conventional support struc
tures [13,14]. The researchers have highlighted the benefits attained in 
varying designs for support geometry on the CO2 methanation conver
sion performance by studying structured catalysts with non-traditional 
designs [15–17]. Danaci et al. [18,19] used 3D fiber deposition tech
nology to produce linear and zig-zag structures used as supports for CO2 
methanation. The study demonstrated the successful operation of the 3D 
printed monoliths with Ni-Al2O3 catalyst dip coated on their surface, 
while 3D structuration of the geometry led to an increase of CO2 con
version about 40 % at 300◦C owing to synergistic improvements in both 
mass and heat transfer. Baena-Moreno et al. [20] and Gonzalez-Castano 
et al. [21] have demonstrated the superior catalytic performance of 3D 
printed metallic supports with gyroid-based geometry with respect to 
the monoliths with conventional design. In particular, the application of 
advanced geometry of gyroid structures, characterized with high 
surface-to-volume ratio, led to an increase of heat and mass transfer 
rates, along with the generation of turbulent flow within the channels, 
which significantly enhanced the efficiency of CO2 methanation 
processes.

However, most of the studies were focused on the development of the 
catalytic systems based on 3D printed metallic structured supports, 
which present several drawbacks with respect to ceramics, including 
low porosity and high thermal expansion coefficients, which could result 
in poor adhesion of the catalyst to the monolith surface [22]. Therefore, 
the development of a reliable 3D printing approach to produce ceramic 
monoliths is still required. On this frame, recent studies present pio
neering applications of ceramic-based 3D printing technologies for 
manufacturing of structured supports for different catalytic processes, 
focusing on creating intricate geometries to enhance catalytic activity 
[23,24]. One example is provided by Liu et al. [25,26] by 3D printing 
NiMo/Al2O3 monoliths with a wall thickness of ~1 mm for hydro
desulfurization process. Further advancements were demonstrated by 
Zhang et al. [27] by stereolithography (SLA) 3D printing of alumina 
topologically structured monoliths for dry methane reforming with 
Ni-based catalysts. This method enabled the production of advanced 
support structures with intricate features of ~700 µm, resulting in 
excellent catalytic performance.

Specifically addressing CO2 methanation processes, Chaparro- 
Garnica et al. [28] reported the fabrication of carbon monoliths by in
direct 3D printing and sol-gel methods. The complex ceramic structure 
loaded with Ni/CeO2 catalyst was characterized by enhanced catalytic 
activity compared to the conventional reactor geometries owing to 
turbulent flow distribution promoted by 3D structuration of the support 

design. However, the performance improvement was constraint by the 
resolution and dimensional accuracy of the selected 3D printed tech
nology. Therefore, further studies are needed for engineering of inno
vative monolith designs, which offer high surface quality and 
reproducibility. Another approach was presented by Hajimirzaee et al. 
[29], who used liquid deposition modelling (LDM) for 3D structuration 
of cordierite monoliths applied for methane oxidation creation. The 
enhanced catalytic activity of the system with the 3D printed substrate 
was attributed to an increase of the turbulence kinetic energy within the 
reactor owing to the advanced geometry of the 3D printed monolith. 
Similarly, the design freedom provided by LDM is significantly affected 
by nozzle diameter, resulting in monolith wall thickness limited to a 
minimum of 0.59 mm. Zakeri et al. [30] studied the stereolithography 
3D printing of alumina-ceria monoliths with straight and twisted hex
agonal channels. The study was primarily focused on the feedstock 
formulation, while no assessment of the catalytic performance was 
provided. Nevertheless, the research highlighted the capabilities of SLA 
for the fabrication of innovative self-supported catalytic devices with 
intricate high-aspect-ratio features and high surface quality. Thus, SLA 
provides the opportunity for miniaturization of the monolith geometry 
owing to its high geometrical resolution [31]. Therefore, the application 
of SLA 3D printing holds an outstanding potential to produce new 
generation of ceramic structured supports for CO2 methanation, which 
was explored and exploited in this work.

This study presents the SLA 3D printing of alumina honeycomb 
monoliths with advanced design, which were successfully applied for 
CO2 methanation using the Ni catalyst. This work investigates the cor
relation between the geometrical complexity of the 3D printed ceramic 
support structures and their catalytic efficiency using two distinct 
monolith types featuring extruded and twisted channel geometry. The 
influence of support design on reactor performance is further examined 
with computational fluid dynamics (CFD) analysis, demonstrating the 
enhancement of the flow distribution achieved by 3D structuration of 
the monolith geometry. Thus, this work provides a significant contri
bution to advancing the use of 3D printing technologies in the produc
tion of highly efficient catalytic devices, from the modelling to the 
experimental characterization.

2. Experimental method

2.1. Fabrication of 3D printed monoliths

The monoliths with a total diameter of 12 mm and a height of 10 mm 
were fabricated by stereolithography. For this purpose, CATIA (Dassault 
Systèmes, France) software was employed to create computer-aided 
design (CAD) of two types of complex hierarchical structures formed 
by hexagonal channels with a diameter of 0.5 mm and 1.15 mm sepa
rated by 0.3 mm-thick walls. The traditional honeycomb structure with 
the straight channels (Type I), which could be fabricated by conven
tional extrusion technology, was reproduced to enable the comparison 
with the complex monolith design. An advanced structure with the non- 
straight channels (Type II) was produced as a vertical array of 1 mm- 
thick elements twisted by 20◦C with respect to each other as shown in 
the Fig. 1a. Fig. 1b presents both types of monolith designs coded 
regarding their channel size (0.5- or 1.15-) and shape: extruded (EXT) 
and twisted (TW).

The monoliths were fabricated by CERAMAKER® C900 SLA 3D 
printing machine (3DCERAM-Sinto, France) using commercial 3DMIX- 
AL alumina paste (3DCERAM-Sinto, France) composed of a photosen
sitive resin and alumina ceramic powder loading. The paste was 
distributed on the printing platform by two doctor blades (calibrated 
with 50 mm and 150 mm offset) to create thin and homogeneous layer 
with a thickness of 50 µm, which was photocured using a UV laser 
emission (355 nm) according to the CAD design pattern. The laser power 
was adjusted prior to each printing aiming to achieve a sufficient cure 
depth value (200 µm), which is essential to ensure the quality of the 
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process. After the photopolymerization of the current layer, the printing 
platform was lowered, and a new paste layer was delivered to the 
printing platform by the doctor blade system. The procedure was 
repeated until the designed geometric shape is fully formed, as 
explained in detail in the previous works [32–34]. After the printing, the 
parts were cleaned from the uncured paste with a wax-based solvent 
(Ceracleaner®, 3DCERAM-Sinto, France), and thermally treated within 
a single thermal cycle combining debinding and sintering stages. The 
organic components, which are present in the feedstock formulation, 
were thermally removed from the as-printed (green) alumina parts 
during the debinding process under nitrogen atmosphere performed at 
temperatures below 800◦C, while the dwelling stage for 2 hours was 
conducted at 800◦C to ensure the decomposition of the polymeric ma
trix. The sintering was performed under synthetic air atmosphere at the 
temperatures varied from 1200 to 1500◦C for 4 h, which was selected as 
optimal conditions to ensure the sufficient porosity and mechanical 
stability of the 3D printed support structure.

2.2. Functionalization of the printed monolith alumina supports

In this work, Ni is selected as the active metal, because it is 
commonly applied as a catalyst owing to its high activity and relatively 
low price [35]. The deposition of the nickel active phase on the surface 
of the sintered alumina monoliths was performed by wet impregnation 
method. The alumina supports were immersed in a 4 M Ni(NO3)2⋅6H2O 
aqueous solution for 2 h and dried in an atmospheric oven at 100◦C 
overnight. Subsequently, the catalyst underwent calcination at 450◦C 
for 1 h with a heating ramp of 3◦/min in air. The quantification of NiO 
attached to each 3D printed monolith was determined by weighing the 
supports before impregnation and after the calcination stages [36,37]. 
Solid surface area attributed to each monolith design was estimated 
using CATIA CAD software [38].

2.3. Material characterization

XRD analysis of a monolith was performed on a Bruker D8 diffrac
tometer (Bruker Corporation, USA) (Cu Kα, λ = 1.5406 Å) at 40 kV and 
40 mA, scanning 20◦ to 80◦ in θ/2θ geometry with a 0.020◦ step size. 
The microstructural characterization was made using a Scanning Elec
tron Microscope Auriga (Zeiss, Germany) with Schottky emitter, 30 kV 
FESEM column equipped with an energy dispersive X-ray (EDX) detector 
(Oxford Instruments, UK). The samples were sputter-coated with a thin 
layer of gold before imaging. Nitrogen adsorption/desorption analysis 
(BET) was carried out on a Tristar II 3020 analyzer (Micrometrics In
strument Corporation, USA) at 77 K. The Brunauer-Emmett-Teller (BET) 
method was applied to calculate the BET surface area (see 

supplementary information section S1), and the average pore size was 
determined using the Barrett-Joyner-Halenda (BJH) method. The 
porosity of 3D printed and sintered supports was estimated considering 
their bulk density and theoretical density of alumina.

2.4. Catalytic performance evaluation

Catalyst activity, selectivity and stability tests were carried out in a 
laboratory scale fixed-bed catalytic reactor with an internal diameter of 
13 mm and 305 mm length. The reaction temperature was controlled 
with a K-type thermocouple placed above the sample inside of the 
reactor. The reactant gases H2 (99.999 %, Linde Gas España, Spain) and 
CO2 (99.999 %, Linde Gas España, Spain) were regulated using mass 
flowmeter controllers (MFC, Bronkhorst, Netherlands).

Prior to starting the methanation test, the catalysts deposited on the 
monolith samples was reduced in-situ under H2 flow (100 N mL/min) at 
500◦C with a ramp of 1 ◦C/min for 3 h and, subsequently, cooled down 
to 50◦C. After that, methanation tests were carried out under a gas flow 
of H2:CO2 with stoichiometric molar ratio of 4:1. The operating condi
tions included a pressure of 5 bar⋅g and gas flow rates (F) ranging from 
25 to 200 N mL/min. The catalyst screening was performed within a 
temperature range of 300–475◦C, at intervals of 25◦C, starting from the 
lowest temperature. Following the reaction, the output gases were 
separated from water with the help of a cold liquid gas separator (5◦C), 
enabling dry flow measurement with a mass flow meter (MF, Bronk
horst, Netherlands). Then, the composition of this dry gas was deter
mined using a 490 micro chromatograph (Agilent Technologies, USA) 
analyzing the presence of CH4, H2, CO, CO2 and C2H6 in the product 
mixture. An average value of three measurements was taken at each 
temperature, with a relative error of ± 2 %. Stability tests were carried 
out at a constant temperature of 400◦C, a pressure of 5 bar⋅g, and F 
= 300 N mL/min, with the output composition monitored every hour 
for 24 hours.

The CO2 conversion and CH4 selectivity were calculated using the 
Eqs. (2) and (3): 

XCO2 = 1 −
FCO2 , out
FCO2 , in

.100 (2) 

SCH4 =
FCH4 , out

FCH4 , out + FCO, out
.100 (3) 

where FCO2 , in and FCO2 , out are the molar flow rates of CO2 at the reactor 
inlet and outlet, respectively, FCH4 , out is the outlet molar flow rate of 
CH4, detected by MFC and MF, respectively.

Fig. 1. a) Schematic representation of twisted monolith design concept; and b) Final geometries of Al2O3 monoliths with Type I: traditional structure with the 
straight channels and Type II: advanced structure with the twisted channels at top and cross-sectional views.
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2.5. CFD simulation

To investigate the effect of design on fluid dynamics, turbulence and 
velocity profile were analyzed, using ANSYS Fluent software, 2022.R2 
version. A CFD study was performed using a three-dimensional domain 
that replicates the design of a single channel of each monolith type 
(Fig. 2). The symmetric nature of both geometry and boundary condi
tions allowed to approximate an entire monolith structure as an indi
vidual channel. In this case, the model accurately captures the flow 
characteristics of the system, while enabling high-resolution simulations 
to be performed within a reasonable computational time. The hexagonal 
channels with the size of 0.5 mm were selected for the simulation of the 
flow behavior for both types of the monolith designs. The geometry 
employed for the simulation of the reference Type I monolith repre
sented a 10 mm-long straight hexagonal channel. The monoliths of the 
Type II were simulated with a single 10 mm-long channel formed by an 
array of ten 1 mm-thick hexagonal elements twisted by 20◦ with respect 
to each other. Thus, the selection of the model geometries allows the 
deep exploration of differences in flow characteristics specifically 
attributable to the channel design.

The single twisted and extruded shape tubes were plotted in the XY 
plane, and the fluid flowed along the Z axis. The CFD analysis was 
performed using the realizable k-epsilon model with default constants. 
This model is particularly suitable for predictions of different flow 
conditions, such as spreading rates, rotational flows, and complex 
structures [39]. The behavior of the flow was simulated using transport 
equations for turbulent kinetic energy (k) and turbulence dissipation 
rate (ϵ) as outlined in the study by Hajimirzaee et al. [29]. Gas mixture of 
a H2:CO2 with stoichiometric molar ratio of 4:1 was used as the fluid, as 
required for Sabatier. The simulation was carried out with an inlet gas 
velocity of 0.0295 m/s (corresponding to Gas Hourly Space Velocity 
(GHSV) of 10620 h− 1), an outlet gauge pressure of 0 Pa, and at the 
temperature of 400◦C, selected as boundary conditions [40]. The reso
lution of the mesh was selected according to the channel design to 
maintain the high accuracy of the simulated results, which included 
more than 74000 and 280000 finite elements for the extruded (Type I) 
and twisted (Type II) geometries, respectively.

3. Results and discussion

3.1. Characterization of 3D printed monoliths

The performance of catalytic systems, which consist of an active 
metallic phase and a support structure, is affected by different factors, 
such as the selection of the materials and geometry of the reactor. From 
this perspective, the monolith is considered as a substrate for the catalyst 
layer, which defines the gas and heat distribution inside the system. In 
this regard, the microstructure of ceramic monoliths is a key factor to 
ensure the attachment of the catalyst to the substrate surface, which is 
essential for high catalytic activity of the reactor. Uniform dispersion of 
the catalytically active component on the monolith should be achieved 
by controlling the surface quality, the deposition process, and the sur
face chemistry of the support. At the same time, the support structure 
should exhibit sufficient mechanical stability to be placed in the reactor 
and operate under a fixed pressure [10,41].

The influence of the sintering temperature on the microstructure and 
surface quality of the 3D printed alumina-based structured supports was 
studied by sintering at different temperatures. For this goal, the porosity 
and BET surface area of 3D printed parts sintered at 1200◦C, 1300◦C and 
1500◦C were evaluated, while specific attention was paid to the pore 
distribution characterization in terms of the amount, size, and volume. 
The minimum density of 2.5 g/cm3 was achieved on the sample sintered 
at 1200◦C, while a gradual increase of the value to 2.6 and 3.0 g/cm3 

was obtained by increasing the temperature to 1300◦C and 1500◦C, 
respectively. It was shown that 3D printed ceramics sintered at lower 
temperatures exhibited higher porosity values (37.7 % at 1200 ◦C and 
34.5 % at 1300◦C) compared to the monoliths sintered at 1500◦C 
(24.6 %). A similar trend was observed for the N2-physisorption results, 
where BET surface area decreased from 2.35 m2/g at 1200 ◦C, to 1.80 at 
1300 ◦C and 0.92 m2/g at 1500 ◦C, respectively. Moreover, the pore 
volume was reduced by ~33 % and ~67 % owing to the corresponding 
increase of the sintering temperature. The structural properties of the 3D 
printed alumina ceramics are summarized in Table 1. Overall, a balance 
between reasonable porosity and mechanical robustness necessary for 
the device operation was found at 1300 ◦C.

After the sintering, defect-free structured catalysts of both design 
types were produced, while all geometrical elements could be clearly 
distinguished, which demonstrates the reliability of the developed 
approach based on SLA 3D printing. Moreover, the hexagonal cells 
appear to be well-connected to each other, with no crack formation 
detected on the internal walls of the monoliths (Fig. 3a).

The molarity of the impregnation solution was optimized to achieve 
the amount of catalyst, which could be sufficient for the efficient reactor 
operation (~10 wt% regarding the literature [42,43]), which was ho
mogeneously distributed on the monolith surface without the channel 
blockage. A 4 M concentration was chosen to meet all the mentioned 
requirements. After the impregnation process, the surface of the sup
ports is uniformly covered with catalyst material as shown in Fig. 3b.

The presence of NiO phase on the surface of all 3D printed monoliths 
after the infiltration and calcination procedure is confirmed by XRD 
analysis (see supplementary information section S2). Table 2 shows 
geometrical surface area of the 3D printed monoliths and the NiO 
amount, which is present at the substrate surface after the impregnation, 

Fig. 2. Fluid domain mesh for CFD analysis of the catalytic system based on 
different monolith designs: a) Type I – extruded channel with the size of 0.5 mm 
(0.5-EXT), b) Type II – twisted channel with the size of 0.5 mm (0.5-TW).

Table 1 
Microstructural properties of sintered alumina monolith samples.

Sintering 
Temperature 
(◦C)

Sintered 
bulk 
density (g/ 
cm3)

Calculated 
porosity (%)

BET 
surface 
area (m2/ 
g)

Pore 
volume 
(cm3/g)

Pore 
size 
(nm)

1200 2.47 37.7 2.35 0.006 11.7
1300 2.61 34.5 1.80 0.004 11.6
1500 3.01 24.6 0.92 0.002 10.0
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as it was estimated by weighting the catalytic support before and after 
the catalyst deposition. The 1.15-EXT (Type I) and 1.15-TW (Type II) 
designs are characterized with the surface area of 3015 mm² and 
3428 mm², respectively, alongside NiO percentages of 7.9 wt% and 
8.5 wt%, which is close to the target value of 10 wt%. The reduction of 
the channel size to 0.5 mm led to an increase of the surface area for both 
extruded and twisted monolith geometries (3655 mm² and 4048 mm², 
respectively). Therefore, the design strategy that combines both the 
twisting of the monolith geometry and the reduction of the channel size 
represents an efficient way to increase the surface area for ~34 %, 
considering the simplest (1.15-EXT) and intricate (0.5-TW) designs. 
These results suggest that increasing the geometric complexity of the 
monolith can enhance the surface area available for catalytic reactions, 
addressing the limitations of low porosity, which are associated with 
poor dispersion of active sites. A moderate decrease of the catalyst 
loading detected for 0.5-EXT and 0.5-TW monoliths (5.1 % and 5.9 %, 
respectively) was considered as a result of the channel size reduction 
from 1.15 to 0.5 mm, affecting the interaction between the active phase 
and support material.

The microstructures of the 0.5-EXT and 0.5-TW monoliths after the 
methanation and stabilization test are presented in Figs. 4a and 4b, 
respectively. Both types of the 3D printed supports exhibited distinct 
0.5-mm hexagonal elements with no defect formation after the opera
tion. The surface of the alumina substrates was uniformly covered with 
Ni particles with an average size of ~300 nm, while no agglomeration of 
Ni particles was detected. The EDX element mapping (Fig. 4c) proved a 
homogeneous distribution of active metal particles on the 3D printed 
substrates. The uniform distribution of Ni particles across the surface of 
the 3D printed monoliths indicates good metal-support interaction, 
which is crucial for catalyst stability and longevity.

To examine the crystalline phases of the catalyst active phase, XRD 
analysis was performed for the monoliths before and after Ni reduction, 
as shown in Fig. 5 for the 0.5-EXT monolith. The deposited catalyst 
material presents the characteristic peaks of NiO at 37◦, 43◦, and 63◦

corresponding to the (111), (200), (220) diffraction planes (Fig. 5a). The 
active material is fully reduced to Ni after the reduction process carried 
out prior to the methanation test, which is confirmed by the detection of 
the characteristic peaks of metallic Ni at 44.5◦, 51.8◦ and 76.3◦ attrib
uted to the (111), (002), (220) diffraction planes (Fig. 5b). Note that the 
major presence of α-alumina in the phase composition of the 3D printed 
support, which is less favorable for catalytic applications compared to 
γ-alumina, could indicate the necessity of CeO2 addition to the compo
sition of the catalyst active layer (Ni-CeO2) for further enhancement of 
the catalytic performance of the system [42].

3.2. Study of the catalytic performance of the printed monoliths

The catalytic performance of extruded and twisted 3D-printed 
monolithic devices, with varying honeycomb element sizes, was evalu
ated by measuring CO₂ conversion in the methanation reaction. Fig. 6a 
presents the results depending on the temperature in the range of 300 – 
475 ◦C under a fixed flow rate of 200 N mL/min. The curve presents a 
typical behavior attributed to the exothermic CO2 methanation process 
[44]. An increase in CO2 conversion is observed with the increase of the 
temperature up to 400 ◦C, where the control of the reaction is controlled 
by kinetic factors. At the temperatures beyond 425 ◦C the equilibrium 
conditions of the reactions are reached, where the process is thermo
dynamically limited [45].

All studied monolith designs present high CO2 conversion values, 
above 70 %, at 400 ◦C. The reduction of the hexagonal element size from 
1.15 to 0.5 mm results in the enhancement of the catalytic performance 
for both design types (from 73 % to 80 % for extruded monoliths, and 
from 80 % to 84 % for the twisted ones).

Note that the reduction of the Ni content, detected after the depo
sition and calcination of the catalyst layer, does not hinder the perfor
mance of the supports. In this regard, the reduction of the hexagonal 
element size offers the possibility to reduce the utilization of the valu
able catalyst material, while maintaining high catalytic performance. 
This could be beneficial for the manufacturing of large-scale devices, 
which require an optimization of the production cost and responsible 
resource utilization, while decreasing the environmental impact of the 
toxic material usage.

Twisting of the geometry leads to an improvement of the catalytic 
activity. In particular, an increase of ~9 % is reported for the CO2 
conversion using the 1.15-TW monolith with respect to the 1.15-EXT 
support. The same trend is observed for the substrate designs with 
smaller hexagonal elements, which results in an increase from 80 % to 

Fig. 3. Top view of 3D printed extruded and twisted honeycomb monoliths: a) Sintered and b) After the catalyst deposition.

Table 2 
Structural and physical properties of the 3D printed monoliths.

Sample name Surface Area (mm2) NiO (wt%)

1.15-EXT 3015 7.9
1.15-TW 3428 8.5
0.5-EXT 3655 5.1
0.5-TW 4048 5.9
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84 % (0.5-EXT and 0.5-TW, respectively). The obtained CO2 conversion 
efficiency exceeds the values reported for the state-of-the-art reactors 
based on the conventionally fabricated monoliths [19,46–48]. In 
particular, Vita et al. [46] developed a catalytic system using cordierite 
monoliths coated with a Ni catalyst supported by gadolinia-doped ceria, 

achieving ~70 % CO2 conversion at 400 – 450 ◦C (GHSV: 10000 h− 1). 
Similarly, Navarro et al. [49] demonstrated a reactor based on FeCrAlloy 
monolith coated with a Ru-Ni/MgAl2O4 catalyst, which achieved a 
~60 % CO2 conversion at 400 ◦C (gas flow rate: 200 NmL/min). In this 
context, the 3D printed alumina monoliths with the twisted geometry 
and 0.5 mm channels exhibits a 20 % and 40 % improvement in CO2 
methanation performance with respect to conventional ceramic and 
metallic monoliths, respectively, under similar operation conditions. 
Thus, the 0.5-TW structured support, which exhibits the highest CO2 
conversion values of 84 % at 400 ◦C and 89 % at 425 ◦C, highlights the 
strong relationship between the design complexity and catalytic effi
ciency for the 3D printed alumina monoliths. The improvement in the 
catalytic performance achieved for the structured supports with the 
twisted channel geometry could be associated with an improvement of 
the flow distribution, achieved due to the non-linear shape of the hex
agonal channels. Fig. 7a presents a simulated profiles of the gas velocity 
magnitude distribution along the straight and twisted monolith channel, 
while the pressure distribution along the channel is shown in the sup
plementary information section (S3). It is shown that the here-proposed 
modification of the channel geometry leads to an increase of the velocity 
gradient of the reactants compared to the conventional extruded shape, 
which improves the diffusion of the reactants from the bulk to the active 
sites [50], and, thus, could facilitate the mass transport across the sys
tem. In this sense, the formation of heterogeneous gas flow leads to a 
decrease of the near-wall boundary layer thickness, as it is detected for 
the monoliths with the twisted channels, which enhances the reactant 
diffusion to the catalyst surface [51]. Moreover, twisting of the channel 
geometry promotes the formation of turbulences distributed along the 
non-straight reactant gas path, as shown in the Fig. 7b. In this regard, the 

Fig. 4. SE-SEM images of a) 0.5-EXT, b) 0.5-TW monoliths at different magnifications after the catalyst reduction, and evaluation of the catalytic performance of the 
system, c) EDX elemental mapping images of the 0.5-TW monolith.

Fig. 5. XRD patterns of 0.5-EXT monolith after a) Ni impregnation and calci
nation; b) Reduction at 500◦C. JCPDS-card number: NiO (00–022–1189), Ni 
(00–001–1260), α-Al2O3 (01–082–1467).
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turbulence in the reactant flow promoted by the monolith geometry, not 
only improves the mass transport of the reactants, but also favors the 
heat release from the system, preventing the formation of hot spots [16, 
52,53]. In total, the twisting of the honeycomb channels significantly 
enhances the interaction of the reactants with the active catalyst phase 
deposited on the monolith walls, which results in an increase of the 
catalytic efficiency of the system compared to the conventional 
geometries.

The CH4 yield above 80 % is obtained in the investigated tempera
ture range, which is considered a relatively high value with respect to 
conventional Ni-Al2O3 catalytic systems [6]. The CH4 selectivity in
creases with temperature and a maximum of 100 % is reached at 425 ◦C 
for all designs, showing high catalytic efficiency of the system based on 
the 3D printed alumina monoliths (Fig. 6b).

Fig. 8 presents the CO2 conversion values at 400◦C at different flow 
rates ranging from 25 to 200 NmL/min. A clear dependence between the 
reactant flow, monolith design, and catalytic efficiency is proved. An 
increase of the CO2 conversion corresponds to a decrease of the flow 
rate, reaching a maximum at 25 N mL/min, which could be associated 
with a lower residence time at higher velocities [49].

Moreover, the support geometry has a clear impact on the catalytic 
performance. Both structured supports with smaller size of the hexag
onal elements exhibit higher CO2 conversion in the entire range of the 

flow rates, since the optimal velocity distribution could be achieved by 
the reduction of the monolith channel width below 1 mm [54]. The 
study shows that the combination of channel size reduction with the 
twisting of the monolith geometry leads to a significant increase in the 
catalytic activity. The 0.5-TW monolith design consistently presents 
higher CO2 conversion values compared to other investigated geome
tries, which is associated with an increase of contact time due to the 3D 
structuration of the geometry. The difference is especially pronounced at 
higher velocities by reaching ~84 % CO2 conversion at 200 N mL/min. 
Therefore, the application of advanced structured catalytic support 
produced by 3D printing particularly well-suited for large-scale indus
trial systems, which operate at higher flow velocity values [30]. Overall, 
the CO2 conversion of the 3D printed 0.5-TW monolith exceeds 90 % at 
the flow rates below 100 NmL/min, representing a significant 
enhancement compared to the conventional systems based on ceramic 
monoliths operating under similar conditions. Particularly, Ricca et al. 
[55] presented a reactor based on a SiC monolith functionalized with 
Ni/Al2O3 or Ni/CeO2 catalysts, which exhibited a CO2 conversion of 
~70 % (Ni/Al2O3) and ~80 % (Ni/CeO2) at 400 ◦C under a flow rate of 
30 L⋅gcat⋅h− 1, which corresponds to 50 NmL/min used in the present 
study. Parra-Marfil et al. [56] developed a system based on a cordierite 
monolith coated with a Ni/CeO₂ catalyst, reaching ~80 % efficiency at 
400 ◦C under a flow rate of 100 NmL/min. Thus, the 3D structuration of 
the monolith geometry via additive manufacturing improves reactor 
catalytic efficiency by more than 15 % compared to state-of-the-art 
devices operating at low gas flow rates.

Stability tests were carried out for the catalytic systems with the 0.5- 
TW and 0.5-EXT 3D printed monoliths. For this purpose, the CO2 con
version values are monitored at 400 ◦C and a flow rate of 300 N mL/min 
for 24 hours (Fig. 9). The catalytic activity does not present any signif
icant differences during the investigated period of the continuous 
operation, while the conversion values remain around 62 %, reflecting 
high stability of the system based on the 3D printed alumina structured 
supports. In total, the application of 3D printed alumina monoliths 
demonstrated an outstanding potential to enhance the performance of 
the CO2 methanation reaction. The increase of geometrical complexity 
by twisting the honeycomb structure and reduction of the hexagonal 
element size represents a promising way to improve CO2 conversion, 
particularly at high flow rates.

4. Conclusions

Stereolithography 3D printing was successfully used to fabricate 
alumina structured supports for CO2 methanation. Two types of mono
lith designs based on the extrusion and twisting of the honeycomb ge
ometry with 1.15-mm and 0.5-mm hexagonal elements were produced 
by SLA and sintered at 1300 ◦C. The twisted-shaped monoliths exhibited 
an increase of the surface area, resulting in higher Ni load compared to 
the extruded designs. The implementation of narrower channels 
(0.5 mm) led to a decrease of the Ni load for both designs. Therefore, the 
proposed monolith designs allow the reduction of the Ni load while 
maintaining a high methane yield, benefiting both material usage and 
reactor production costs. The highest CO2 conversion of 84 % and 89 % 
at 400 and 425 ◦C, respectively, was obtained for the twisted monolith 
design with 0.5 mm hexagonal cells. The geometrical complexity of the 
support had a critical impact on the catalytic activity of the system when 
operating at high gas flow rates, as higher CO2 conversion is achieved 
owing to the advanced monolith geometry. The corresponding 
improvement was attributed to the enhancement of the flow distribution 
by turbulence formation and facilitation of mass transport achieved by 
the 3D structuration of the reaction channels, as confirmed by CFD 
analysis. The continuous operation of the catalytic system is reported for 
24 h at 400 ◦C, proving the overall stability of the 3D printed monoliths 
to CO2 methanation process. These results demonstrate a direct perfor
mance enhancement as a result of the application of additive 
manufacturing technology for catalytic support fabrication.

Fig. 6. a) CO2 conversion vs. temperature and b) CH4 selectivity vs. tempera
ture for the catalytic systems based on the 3D printed alumina monoliths. F 
= 200 N mL/min.
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Thus, the developed innovative approach represents a significant 
advancement in the field of catalyst design and fabrication for CO2 
methanation. This method allows for the direct production of intricate 
catalyst structures in a single step, overcoming limitations of previously 
developed multi-step processes or substrate-focused approaches. 
Therefore, this study opens a new pathway for the fabrication of the 
structured catalytic supports by means of 3D printing tailoring the 
design of the monoliths for the potential application in large-scale or 
high-throughput systems.
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