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ABSTRACT 

A new methodology for preparing 3D printing molybdenum carbide-based catalysts with direct 

ink writing is presented. CO2 conversion experiments through the reverse water gas shift 

reaction showed that the catalytic behavior of 3D-MoxC/Al2O3 catalysts is controlled by the 

crystallite size and crystalline phase, which in turn were dependent on the Mo loading. The 

formation of cubic δ-MoC and hexagonal η-Mo3C2 was prevalent in small crystallite sizes at 

low loading of Mo, and α/β-Mo2C in larger crystallite sizes at high loading of Mo. Operando 

DRIFTS experiments points out that hydroxyl species present on the surface of Al2O3 play a 
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major role in bicarbonate formation that leads to the formation of formates, which eventually 

decomposes to CO and H2O. The produced structures were mechanically stable and kept their 

structural and textural properties after reaction. Therefore, this work introduces new 

perspectives for scaling-up 3D printed structures based on molybdenum carbide.  
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1. Introduction 

Over the past decades, CO2 utilization has received renewed attention from researchers due to 

the CO2 emissions rising. Converting CO2, from detrimental greenhouse gas into value-added 

chemicals and fuels, provides an alternative to the transition to a low carbon economy, and a 

way to store renewable energy in the form of chemical bonds [1-4]. CO2 can be first reduced 

to CO via the Reverse Water Gas Shift (RWGS) reaction (CO2 + H2 → CO + H2O; ∆𝑟𝐻𝑜 = 

41.2 kJ mol-1 at 298 K), and subsequently CO can be used as feedstock to produce different 

chemicals and fuels [5,6]. Transition metal carbides (TMCs) have been used as alternative to 

conventional noble metal-based catalysts due to their similar catalytic properties [7,8]. Several 

TMCs can activate CO2 and split H2 considering them as feasible catalysts for CO2 

hydrogenation reactions [9-12]. Experimental and theoretical investigations demonstrated that 

molybdenum carbide shows the best catalytic behavior among the TMCs for the RWGS 

reaction [12-14]. MoC and Mo2C have been the most studied TMCS for CO2 reduction [15-

18], where the Mo:C ratio has been claimed as being a critical aspect in surface chemistry and 

catalysis [19]. Moreover, it has been shown that the presence of carbon vacancies in TMCs can 

play a key role in the RWGS reaction [20]. On the other hand, the deposition of the appropriate 

TMC active phase onto a support can be an interesting approach to improve the catalytic 

behavior of bulk TMCs materials, which usually show low surface area values [14-18]. Many 

investigations, in a laboratory scale, have been reported using powdered molybdenum carbide-

based catalysts [14,16-18,21]. However, when the scale-up of a catalyst is contemplated, the 

powdered form is not appropriate and the manufacturing of catalysts with scalable methods 

and using low-cost materials is a main issue. After the optimal catalytic material is selected, 

engineering considerations related to the catalyst’s incorporation into a reactor remain; more 

specifically the shaping of the catalytic material such as granules, pellets, extrudates or 

honeycomb monoliths are considered as established techniques [15]. Additive manufacturing 

or 3D printing of catalysts has only taken off in the last years as an attractive alternative to 

these conventional shaping technologies [22-26]. For the 3D structuring of catalysts, this 

technology holds a great potential, providing a very high degree of freedom in the design of 

catalysts, which allows the tailoring of 3D structures with specific operating windows and 

overcomes the limitations of conventional shaping methods. The 3D structures obtained from 

printing technology provides a better control of crucial process parameters such as minimizing 

mass transfer limitations and pressure drop in the reactor [24,25]. Moreover, they mitigate the 

formation of hot spots that are often found in conventional packed catalytic beds [26]. Recently, 
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some investigations have reported the use of 3D printing for the manufacturing of catalysts for 

different applications showing the obtained 3D-structures a better performance, higher 

stability, productivity, and selectivity to the desired compound [23,24]. So far, only few 

investigations in 3D-printing technology using 2D-TMCs (MXenes) have been reported for the 

fabrication of supercapacitors and electrodes [27-30]. To our knowledge, the use of 3D-printing 

technology for the fabrication of TMCs-based catalysts for thermochemical catalytic 

applications have not yet been reported. In this work, we present for the first time, the 

preparation, characterization, and catalytic application in the RWGS reaction of 3D printed 

catalysts based on molybdenum carbide. Additionally, we evidenced that the crystallization of 

molybdenum carbide particles and the phase transition are bounded to the Mo loading in 

samples, which determine the behavior of catalysts in the RWGS reaction, and the hydroxyl 

species present on the surface of Al2O3 play a major role in the reaction mechanism. 

 

2. Experimental Section 

2.1. Preparation 

Preparation of MoO3/Al2O3: Samples were prepared using (NH4)6Mo7O24.4H2O (Alfa Aesar®, 

99%) and γ-Al2O3 (Sasol®, Puralox TH100/150) as Mo precursor and support, respectively, 

using a wet impregnation method in a rotary evaporator. The amounts of Mo precursor and 

Al2O3 for all samples were calculated based on the final loading of desired Mo (1-30 wt.%). 

Total Al2O3 corresponds to the amount of Al2O3 support (Puralox) and Al2O3 resulting from 

AlOOH (Sasol®, Disperal P2) dehydration, the latter was utilized as binder for the preparation 

of paste (next step). After impregnation, the samples were dried overnight and placed in an 

oven for calcination up to 623 K for the MoO3/Al2O3 formation. Five samples were prepared 

(1MoAl, 5MoAl, 10MoAl, 20MoAl and 30MoAl with ca. 1, 5, 10, 20 and 30 Mo wt.%, 

respectively) using an optimized amount of Mo precursor, support, binder and HNO3. 

 

Preparation of pastes: The MoO3/Al2O3 samples were milled and placed on a plastic flask. 

Then HNO3 (0.63 M), methylcellulose (MC, 3.5 wt.%), and AlOOH (Disperal P2), used as 

binders, were added carefully. Weight ratio of Puralox/Disperal P2=4.1 was kept for all pastes. 

Weight ratios of (MoO3/Al2O3+Disperal P2)/MC=3 and (MoO3/Al2O3+Disperal 

P2)/HNO3=1.4 were optimized for 20MoAl and 30MoAl pastes. The optimization of the paste 

corresponding to 5MoAl and 10MoAl was reached by increasing the amount of MC, 

(MoO3/Al2O3+Disperal P2)/MC=2.2. For 1MoAl and 3D-Al2O3, the successful preparation 
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was reached by decreasing the amount of liquid phase, HNO3, (MoO3/Al2O3+Disperal 

P2)/HNO3=2.1 and keeping the weight ratio of (MoO3/Al2O3+Disperal P2)/MC=2.2. The exact 

amount of material used for the preparation of pastes is listed in Table S1. The pastes were 

stirred at 2000 rpm until a homogeneous paste was obtained using a planetary centrifugal mixer 

(ARE-250, Thinky Corp.). The pastes were kept at 273 K for 2 days to ensure a complete 

gelation and avoid water evaporation. Before printing, the rheology of the pastes was 

characterized. 

 

Direct ink writing of the MoO3/Al2O3 monoliths: The pastes were placed in a cylindrical 

container, then attached to a 3D-clay printer (Lutum 4.3, Vormvrij) (Figure S1). The design of 

the MoO3/Al2O3 monolith can be found in Figure S2. In short, a standard design of (1-1) [22] 

was implemented in which layers were stacked on top of each other resulting in straight 

channels in the direction of the gas flow. A printing nozzle of 840 µm and compressed air (1-

5 bar) were used. A demonstration of the 3D-printing procedure can be found in Supporting 

Movie. After the printing process, the MoO3/Al2O3 monoliths were dried at room temperature 

for 3 days. 3D-Al2O3 monoliths were prepared for comparison according to the procedure 

described above followed by a thermal treatment up to 823 K (2.5 K min-1) for 3 h under air in 

absence of Mo precursor. 

 

Carburization of the MoO3/Al2O3 monoliths: The MoO3/Al2O3 monoliths were placed in a 

tubular furnace for thermal treatment under a CH4/H2/He=1/4/5 (molar ratio) atmosphere up to 

1073 K (2.5 K min-1) for 4 h, then cooled down to room temperature under He and exposed to 

air at this temperature without passivation; for Al2O3-supported molybdenum carbide catalysts, 

a detrimental effect of passivation with O2 on the CO2 hydrogenation has been reported [31]. 

 

 

2.2. Characterization 

Characterization of powder: Prior characterization of samples, the 3D-structures were crushed 

and milled. Powder X-Ray diffraction patterns were scanned at room temperature in the 2θ 

range of 4º-100º, with a step width of 0.04o and counting 4 s at each step, using a PANalytical 

X’Pert PRO MPD diffractometer with a graphite monochromator and Cu Kα source (λ=1.5406 

Å) at 40 kV and 40 mA. Phase identification was carried out using ICDD Powder Diffraction 

database. The Scherrer equation was utilized to calculate the crystallite size of the 

nanocrystallites of molybdenum carbide. The Mo and Al content in samples was determined 
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by inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent Technologies 

5100). Transmission Electron Microscopy (TEM) images and energy dispersive X-ray analysis 

(EDX) were collected employing a JEOL J2010F microscope operated at an accelerating 

voltage up to 200 kV. Raman spectroscopy was performed with fHR-640 and iHR320 Horiba 

Jobin Yvon spectrometers coupled to a Raman probe detector and a CCD detector (cooled to 

203 K). An excitation wavelength of 532 nm was employed in backscattering configuration. 

An excitation power of 1.7 mW was utilized to inhibit any thermal effects in the samples. The 

Raman shift was calibrated using a Si monocrystal reference and imposing the Raman shift for 

the main Si band at 520 cm-1. X-ray photoelectron spectroscopy (XPS) analysis was performed 

using a Perkin Elmer PHI-5500 Multitechnique System (Physical Electronics) with an Al X-

ray source (hν=1486.6 eV and 350 W). Samples were kept in an ultra-high vacuum chamber 

during acquisition (5.10-9-2.10-8 Torr). The C 1s BE of adventitious carbon was determined in 

the same equipment and conditions using Au as reference. The BE values were referred to the 

mentioned above C 1s BE at 284.8 eV. The CasaXPS software was used for the component 

peak fitting. A Shirley-type background function was used to determine background 

contribution. The peak fitting was done using a few major constraints. The Mo 3d was 

deconvoluted into 4 doublets (Mo 3d5/2 – Mo 3d3/2) by fixing the Mo 3d5/2/Mo 3d3/2 area ratio 

to 1.5 and the Mo 3d5/2 – Mo 3d3/2 BE splitting at 3.1 eV. All the full width half maximum 

values of components were constrained. Gaussian-Lorentzian curves were used to fit all peaks 

and components. 

N2 adsorption-desorption isotherms were recorded at 77 K using an autosorb iQ2 MP 

instrument (Quantachrome GmgH). Prior to the measurements, the samples were outgassed at 

473 K for 16 h to remove all adsorbed water from the samples. The specific surface area (SBET) 

was calculated by multi-point BET analysis of N2 adsorption isotherms. The pore size 

distribution was calculated applying the BJH method. H2-Temperature Programmed Reduction 

(H2-TPR) and CO2-Temperature Programmed Desorption (CO2-TPD) experiments were 

carried out using a Micromeritics AutoChem II 2920 chemisorption equipment. For H2-TPR, 

the samples were pretreated at 363 K under He. After cooling to room temperature, the samples 

were exposed to a H2/Ar (12 %v/v) flow and the temperature was increased up to 1073 K at 10 

K min-1. During reduction, the TCD signal was registered. For CO2-TPD, the samples were 

first treated under a He flow for 15 min at 363 K and then with a H2/Ar flow (12 %v/v) for 2 h 

at 573 K. Then, the temperature was cooled down to 308 K under a He flow and was maintained 

for 1 h at this temperature. After, the samples were contacted with a CO2/He (10 %v/v) mixture 

for 1 h at 308 K and then purged under flowing He for 2 h. Finally, the CO2-TPD profile was 
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recorded from 308 to 1073 K at 5 K min-1 under a He flow. During desorption, the TCD signal 

was also registered. 

 

Characterization of 3D structures: Hg intrusion porosimetry was performed using two 

Thermo-Finnigan porosimeters (Pascal 140 and Porosimeter 2000 for the 4-100 um and 0.008-

15 um diameter range, respectively). Measurements starts at vacuum up to 0.2 MPa, followed 

by measurement from 1 to 200 MPa. The density of samples was calculated using a 

Micromeritics AccuPyc II 1340 gas pycnometer. Morphological homogeneity and the infill 

patterns of the printed structures were examined by optical microscopy (OM). To do so, the 

fiber diameter was measured in different sections of each monolith. The images were acquired 

using a Zeiss Discovery V12 stereomicroscope, equipped with a Plan Apo S 1.0xFWD 60 mm 

objective and image collection performed using an Axiovision MRx digital camera connected 

to the microscope. Scanning electron microscopy (SEM) images, cross-section analysis, and 

energy dispersive X-ray (EDX) mapping were collected using a FEI Nova NanoSEM 450 

instrument operating at an accelerating voltage up to 20 keV equipped with a Bruker 

QUANTAX 200 EDX system and an XFlash 6160 SDD detector. For cross-section SEM 

analysis, the structures were cut out in the middle and embedded under vacuum using a mixture 

of epoxy resin solutions (EpoFix Resin/Hardener). The mechanical strength of the 

manufactured structures was determined by crushing samples of 10.5 mm x 16.7 mm (w x h). 

A 100 kN measuring cell was used to detect the force needed to collapse the structures (model 

5582, INSTRON). 

 

Operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy: To investigate the 

nature of the surface intermediates formed during CO2 hydrogenation reaction, diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were performed 

over Al2O3, 5MoAl, 10MoAl and 30MoAl at 523, 573, 623 and 673 K. The 3D structures were 

crushed and pelletized to obtain granules of size 75-125 μm. DRIFTS experiments were 

performed in Bruker Tensor 37 Fourier Transform infrared (FT-IR) spectrometer equipped 

with liquid nitrogen cooled MCT detector. To perform the measurements, the Harrick’s in situ 

DRIFTS cell was filled with the catalyst granules and was fitted in the Praying Mantis 

accessory, which was connected to the IR spectrometer. An internal thermocouple was installed 

in the catalyst bed to accurately control the temperature. Prior to the measurements, the catalyst 

was heated in 70 mL min-1 He flow at a ramp rate of 10 K min-1 to 673 K and reduced at this 

temperature under 70 mL min-1 H2/He for 1 h; this pretreatment was done to reduce oxy-
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carbides into carbides species before DRIFTS experiments. Afterwards, the sample was cooled 

to 523 K at 10 K min-1 and IR spectra were collected in 70 mL min-1 CO2/H2/He (1/3/3) flow 

for 30 min to ensure steady state operation, hereafter the CO2/H2/He (1/3/3) flow was stopped 

and IR spectra were recorded in H2/He (3/4) flow for 30 min to identify the active and spectator 

species: the active species will react with H2 and/or desorb, while spectator species will remain 

on the surface. The temperature was then raised in He flow to repeat the measurement at 573, 

623 and 673 K. Additionally, IR measurements were also performed under 70 ml min-1 CO2/He 

(1/4) and CO/He (1/4) flow at 308 and 523 K over 5MoAl to identify the surface adsorbates 

associated with adsorption of CO and CO2. 

 

Characterization of paste: Rheological characterization of the paste was made in a Thermo 

Haake MARS 60 instrument with 35 mm diameter parallel plates for oscillatory experiments, 

and 2o angle cone and plate for the steady state experiments. For oscillatory experiments, the 

measurements were made by conditioning the paste for 10 min at a shear stress of 0.001 Pa 

using 2 % strain, followed by a shear stress swap between 0.001 Pa and 1000 Pa with 2 % 

strain. Steady state experiments were performed by conditioning the samples for 5 min with a 

shear rate of 0.01 s-1. The shear rate was varied between 0.001 s-1 and 100 s-1. 

 

2.3. RWGS Catalytic tests 

RWGS tests were performed in a quartz tube fixed bed reactor (i.d.=1.1 cm) placed in a 

Carbolite® furnace and connected to the steel tubing with the inlet capillary of the gas 

chromatograph. The printed structures were positioned in the center of the reactor with a 

thermocouple in direct contact. In all cases, one monolith (0.75-0.90 g) of catalyst was used. 

No pretreatment was performed prior to catalytic testing. The catalytic behavior in the RWGS 

reaction was studied in the temperature range of 523-873 K at 0.1 MPa. The fresh catalyst was 

heated from room temperature up to 523 K under N2 flow and then exposed to a reactant gas 

mixture of CO2/H2/N2=1/3/3 or 1/1/3 (molar ratio) with a total flow of 70 mL min-1 referred to 

a Gas Hourly Space Velocity (GHSV) of 4000 h-1.  

A long-term catalytic test (5 days) was carried out with the most performant catalyst at 873 K, 

using 0.75 g of catalyst, 0.1 MPa and a GHSV of 4000 h-1, then the catalyst was characterized. 

In separate experiments, the RWGS was studied during 5 days at 4000 h-1, and then the GHSV 

was increased to 8000, 12000 and 16000 h-1, keeping a given GHSV value for 2 h. The variation 

of the GHSV was carried out by increasing the total inlet flow and keeping the reactant mixture 
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of CO2/H2/N2=1/3/3 or 1/1/3 (molar ratio); 140, 210, and 280 mL min-1 of total inlet flow were 

used for values of GHSV of 8000, 12000 and 16000 h-1, respectively. 

The products were analyzed online with a gas chromatograph (Trace 1300 GC, Thermo Fisher 

Scientific), equipped with two TCDs and one FID detectors. Only CO and CH4 were found as 

products. The carbon balance between the outlet gas and the reactant inlet was ≤ 1%. CO2 

conversion and product distribution were determined at each temperature by the average of 5 

different analyses. The CO2 conversion (𝑋𝐶𝑂2
) and the selectivity to the i product (𝑆𝑖) were 

defined and obtained as follows: 

 

𝑋𝐶𝑂2
(%) = (1 −

(𝐶𝐶𝑂2
)𝑜𝑢𝑡𝑙𝑒𝑡

(𝐶𝐶𝑂2
)𝑜𝑢𝑡𝑙𝑒𝑡 + ∑(𝐶𝑖)𝑜𝑢𝑡𝑙𝑒𝑡

) · 100 (1) 

 

𝑆𝑖(%) =
(𝐶𝑖)𝑜𝑢𝑡𝑙𝑒𝑡

∑(𝐶𝑖)𝑜𝑢𝑡𝑙𝑒𝑡
· 100 

 

 

(2) 

  

where (𝐶𝑖) and 𝐶𝐶𝑂2
 are the molar concentration of the i product (CO or CH4) and CO2, 

respectively. 

 

3. Results and Discussions 

In order to study the formation of molybdenum carbide, pure (NH4)6Mo7O24.4H2O and MoO3 

were carburized at 973, 1073 and 1173 K for 4 h (2.5 K min-1) using a CH4/H2/He=1/4/5 (molar 

ratio) flow. The XRD patterns showed that a carburizing temperature of 973 K for both Mo 

precursors was not enough to obtain a pristine MoxC phase (Figure S3); in both cases the 

presence of MoO2 (JCPDS 00-032-0671) can be inferred. However, samples prepared at 1073 

and 1173 K only show the XRD peaks corresponding to the presence of Mo2C (Figure S3). 

Although it is difficult to discern between orthorhombic α-Mo2C (JCPDS 01-071-0242) and 

hexagonal β-Mo2C (JCPDS 35-0787) due to the overlapping of their most intense XRD peaks, 

the orthorhombic α-Mo2C phase can be deduced by the presence of low intensity peaks 

throughout entire range recorded (2θ=10-100o) (Figure S3); however, the simultaneous 

presence of β-Mo2C cannot be ruled out. No other MoxC crystalline phases were detected. 

Additionally, the crystallite size of Mo2C increased with the increase of carburization 

temperature.  
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The MoxC/Al2O3 monoliths were successfully synthesized by the 3D-printing approach 

described in the experimental section and Figure 1a; a carburizing temperature of 1073 K was 

used, which was established as optimum temperature for the molybdenum carbide preparation 

based upon the results above. The 3D-printed monoliths were prepared using a direct ink 

writing method in which a paste is passed through a thin nozzle which movement is controlled 

to deposit a pre-programmed fiber pattern (Supporting movie). The prepared pastes must flow 

easily through the nozzle and preserve their shape immediately after deposition [32,33].  

Five samples were prepared as described in experimental section. All the prepared pastes 

showed similar viscosities and the desired shear thinning behavior spanning 4 decades in 

viscosity (Figure S4). An increase of the amount of liquid phase (HNO3) was required for 

samples with higher MoO3 loading to optimize the viscosity of pastes (Table S1); the pH of the 

pastes decreased with the increase of MoO3 loading. A pH<5 accelerates the peptization of 

AlOOH [34,35]. This results in the formation of a gel of AlOOH that crosslink the particles of 

Al2O3 making a robust final 3D structure. Both, the storage modulus and the yield point of the 

10MoAl and 30MoAl pastes, are higher compared to the Al2O3 reference (Table S2); this 

illustrates the modification of the characteristic of pastes when MoO3 is incorporated into 

Al2O3. 

The different pastes were all successfully printed through an 840 µm nozzle in the desired 

shape as shown in Figure S5. No deformation occurs during the subsequent drying process of 

the printed structures before the samples were carburized. After the carburization process of 

the printed MoO3/Al2O3 structures, dark colored structures (w x h=10.5 mm x 16.7 mm) were 

obtained (Figure 1a,b and S5). OM analysis showed the architecture of the monoliths (Figure 

1c and S6-S10), which were composed by fibers of a diameter consistent with the nozzle 

diameter used of the 3D-printer (840 µm), with homogeneous inter-fiber distance. The non-

homogeneity within the fibers and throughout the monoliths could lead to an inhomogeneous 

gas flow of the reactants, hence a direct implication on the catalytic performance of the 

structures could be expected [22,36,37]. SEM analysis evidenced macropores and the presence 

of some cracks in the structures (Figure 1d and S6-S9). Important to note is that Al2O3 

monoliths do not present any macropores or cracks (Figure S10). The presence of cracks and 

macroporosity might be the result of the carburization process of the structures during the 

preparation of MoxC/Al2O3 monoliths. SEM-EDX mapping analysis also showed the 

distribution of MoxC particles on Al2O3 (Figure 1e). The density of the structures increased 

with the presence of MoxC, due to the higher density of MoxC compared to Al2O3 (Table 1). 

The crush testing indicated good mechanical resistance of the structures for practical uses in 
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catalytic processes, where they are constantly subjected to stress and flow changes (Figure S11 

and Table 1). It is noted that, the mechanical resistance of samples increases with the increasing 

of MoxC from 5MoAl (0.74 MPa) to 30MoAl (3.60 MPa), this might be associated to the higher 

crystallization of MoxC particles in the structures (Figures 1d and S7-S9). 1MoAl showed the 

highest mechanical resistance (3.68 MPa), this might be due to a lower presence of macropores 

and cracks compared to the other samples (Figure S6). 

The N2 adsorption-desorption isotherms and the corresponding pore size distributions of the 

prepared monoliths are shown in Figure S12. The SBET values obtained for all structures were 

in the range of 102-160 m2 g-1 (Table 1). As observed, all MoxC/Al2O3 monoliths showed a 

lower SBET and higher pore volume values than Al2O3 monolith, this might be associated to the 

carburization process and the incorporation of MoxC particles onto the support. For 5MoAl-

30MoAl samples, a higher incorporation of Mo produced a lower SBET value, which was also 

reflected in the pore volume values (Table 1). All catalysts are mesoporous materials with 

average pore widths of 5.0-6.2 nm. However, as observed by SEM analysis, the samples 

showed a certain macroporosity as well. Therefore, Hg intrusion porosimetry tests were 

performed to analyze the macro/mesoporosity of samples in the pore range of 0.01-100 μm 

(Table 1 and Figure S13). All samples presented macro/mesopores in the range 0.01-0.1 μm. 

However, 5MoAl and 10MoAl clearly showed a bimodal pore distribution having also 

macropores in the range of 1-20 μm (Figure S13). The pore volume, measured by Hg intrusion, 

decreased with the increasing Mo loading from 5MoAl (0.81 cm3 g-1) to 30MoAl (0.42 cm3 g-

1) samples, a similar trend as observed for the pore volume determined by N2 isotherms detailed 

above (Table 1).  

The XRD patterns of the MoxC/Al2O3 samples show a series of broad peaks at 2θ=31.9, 37.6, 

39.5, 45.8, 60.5, 66.8 and 77.8o, which correspond to the support, cubic γ-Al2O3 (JCPDS 29-

0063) (Figure 2a). For samples with a low loading of Mo, 1MoAl and 5 MoAl, it is difficult to 

discern the existence of crystalline MoxC phases; however, the presence of a shoulder at lower 

angles in the peak at 2θ=77.8o, might evidence the presence of a cubic δ-MoC phase (JCPDS 

04-001-2968) in these two samples. For 10MoAl, the appearance of a broad peak at 2θ=41-44o 

and 72-77o could evidence the co-existence of cubic δ-MoC and hexagonal η-Mo3C2 (JCPDS 

04-007-1465) phases. For 20MoAl and 30MoAl, the coexistence of δ-MoC, η-Mo3C2 and α/β-

Mo2C can be deduced. A higher intensity of the peaks corresponding to α/β-Mo2C phase was 

observed when the Mo loading increased from 20MoAl to 30MoAl. Due to the low intensity 

and broad XRD peaks of MoxC in 1MoAl, 5MoAl and 10MoAl and the overleaping of Al2O3 

XRD peaks; the crystallite size of MoxC was calculated only for 20MoAl and 30 MoAl, using 
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the peak at 2θ=52.1o of α/β-Mo2C. A crystallite size of 12.7 and 19.0 nm was deduced for 

20MoAl and 30MoAl, respectively. Finally, no crystalline MoOx species were detected in any 

of the carburized samples.  

TEM analysis of the MoxC/Al2O3 monoliths confirmed the presence of MoxC phases (Figure 

1f and S6-S9). The mean particle size increased with the loading of Mo in samples. For 1MoAl, 

a small number of particles with size lower than 1 nm was observed (Figure S6), which can 

suggest the presence of δ-MoC: the formation of the cubic δ-MoC phase is thermodynamically 

favored at small particle sizes [15,16,38]. For 5MoAl, the mean particle size was 1.8 nm and 

only the δ-MoC phase was found (Figure S7). For 10MoAl, a mean particle size of 2.5 nm and 

the presence of δ-MoC and η-Mo3C2 were determined (Figure 1f), this is in well agreement 

with that deduced from XRD analysis. A bimodal particle size distribution is observed in 

20MoAl (Figure S8) and 30MoAl (Figure S9). The second mode with a mean particle size of 

11.9 nm and 18.5 nm for 20MoAl and 30MoAl, respectively, can be related to the presence of 

α/β-Mo2C phase, which agrees well with the crystallite size of α/β-Mo2C phase measured by 

XRD (Table 1). However, the first mode for both samples at lower particle size range, dp=4.6 

nm for 20MoAl and dp=6.4 nm for 30MoAl, might be associated to the presence of δ-MoC and 

η-Mo3C2 phases. These observations are consistent with available literature concerning the 

preparation of different molybdenum carbide phases and theoretical predictions about the 

relationship between phase stability and MoxC crystallite size; the δ-MoC and η-Mo3C2 phases 

are prevalent in particles with small size and α/β-Mo2C tend to predominate in large particles 

[17,38]. In addition to TEM analysis, STEM-EDX analysis showed a homogeneous 

distribution of Mo along the support (Figure 1g and S6-S9). SEM cross-section analysis of the 

samples with the lowest Mo loading (1MoAl) and the highest Mo loading (30MoAl) was 

performed to observe the distribution of elements into the structures (Figure 1h,i). In both cases, 

MoxC and Al2O3 coming from the binder dehydration (AlOOH) form a well disperse network 

around the Al2O3 puralox particles. This network likely makes the structure mechanically stable 

and robust. Moreover, the presence of macropores into the structure is observed. 

H2-TPR experiments (Figure 2b and Table S3) revealed a small H2 consumption in the 519-

632 K range corresponding to the reduction of oxy-carbide species [16-18]. The small peaks 

around 715-744 K indicated that MoO3 is present in very low amount [39]. The presence of 

oxy-molybdenum species can be due to the exposition of the structures to air after the 

carburization. The peaks at higher temperature (1008-1040 K) can be associated to the 

reduction of molybdenum carbide species [40,41]. The H2 consumption at this high 

temperature increases with the higher presence of MoxC from 0.002 (1MoAl) to 0.042 
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(30MoAl) molH2
 gcat

-1. However, when H2 consumption is referred to Mo loading (molH2
 

molMo
-1), 5MoAl showed the highest value of 0.048. This higher value can be attributed to a 

higher dispersion of MoxC on the support, which was determined by XPS as shown below. 

The samples were further characterized by XPS. Figure 2c shows the Mo 3d core level spectra 

of the samples. The 3d5/2 peaks at low BE region, centered at 228.4-228.6 eV, are attributed to 

Mo2+ and/or Mo3+ in MoxC species [14-18]. From 5MoAl to 30MoAl, the Mo2+,3+/Mon+ ratio 

increased with the Mo loading, according with the increase of the presence of Mo2C (Table 2). 

The Mo 3d5/2 features centered at 230.0-230.5, 231.3-232.0 and 233.1-233.4 eV can be 

assigned to Mo4+, Mo5+ and Mo6+, respectively, which can be associated to molybdenum oxide 

and/or oxy-carbide species [14-18]; note that in H2-rich conditions, such as RWGS reaction 

(CO2/H2=1/3), the surface molybdenum oxide and oxy-carbide species start reducing at 

temperatures above 593 K [42]. Figure S14 shows the spectra of C 1s, O 1s and Al 2p core 

levels of samples. The C 1s spectra of all samples (Figure S14a) show a broad peak with 

maximum at 284.8 eV associated to C-C bonds. The features at 283.5-283.7 eV are associated 

to C-Mo species, the shoulders at BE higher than 284.8 eV are related to the presence of carbon-

oxygen species [16-18]. In O 1s spectrum of all samples (Figure S14b), a main peak with 

maximum located at 531.2 eV, associated to Al2O3, was found [16]. The bands at lower BE 

(529.5-530.0 eV) can be attributed to molybdenum oxy-species and that with BE higher than 

531.2 eV to different oxygen-carbon bonded species [16-18]. In all cases, Al 2p spectrum 

corresponds well with the presence of Al2O3 (Figure S14c). 

Table 2 shows the Mo content of catalysts and the Mo/Al molar ratio determined by ICP 

((Mo/Al)ICP), and XPS ((Mo/Al)XPS). The Mo content obtained was near to the nominal value 

used for the preparation of the catalysts. (Mo/Al)ICP and (Mo/Al)XPS values increased from 

1MoAl to 30MoAl due to the increase of Mo loading. From these parameters, a qualitative 

dispersion factor (D) can be calculated as follows [43].  

 

𝐷 =
(Mo/Al)𝑋𝑃𝑆

(Mo/Al)𝐼𝐶𝑃
     (3) 

 

1MoAl, 5MoAl and 10MoAl showed a dispersion factor higher than 1 (Table 2), this means a 

higher relative presence of Mo on the surface than in the bulk. For samples 20MoAl and 

30MoAl, a dispersion factor lower than 1 reflects a poorer dispersion of Mo on the surface 

(Table 2). This can be related to the higher crystallite size of MoxC in 20MoAl and 30MoAl, 
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compared to 1MoAl, 5MoAl and 10MoAl samples. The highest dispersion factor calculated 

for 5MoAl agrees with the H2-TPR results shown above. 

All samples showed low intensity Raman bands centered at 1343 and 1604 cm-1 (Figure S15), 

characteristic of carbonaceous species (D and G bands). Bands in the zone 100-1000 cm-1 due 

to the presence of MoOx species were not found [16-18]. 

CO2-TPD experiments were performed to analyze the basic properties of MoxC/Al2O3 

structures. Figure S16 shows the CO2 desorption profiles; for comparison, Al2O3 and pristine 

α-Mo2C phase were also analyzed. All MoxC/Al2O3 samples exhibited a CO2 desorption peak 

centered at 378 K, related with the presence of weak basic sites, which might be associated to 

δ-MoC and in a minor extension to Al2O3 [13,44,45]. At this low temperature, CO2 desorption 

possibly can be related with the formation of functional groups such as carboxylic acid sites 

formed on surface [46]. The amount of desorbed CO2 (mmolCO2
 molMo

-1) at this temperature 

decreases with increasing Mo loading (Table S4). 

The peak in the CO2-TPD profiles of 20MoAl and 30MoAl in the range of 920-1073 K can be 

ascribed to strong basic sites and associated to the presence of Mo2C [44]. The higher CO2 

uptake corresponding to 30MoAl (34.0 µmolCO2
 molMo

-1) with respect that of 20MoAl (3.0 

µmolCO2
 molMo

-1) can be related to the presence of a higher amount of α/β-Mo2C in the former, 

according with XRD results. These results agree with the stronger adsorption of CO2 onto 

Mo2C than onto MoC, where adsorbed CO2 undergo dissociation into CO and O at above 920 

K. [44,46] 

Figure 3 shows the catalytic performance of the MoxC/Al2O3 structures in the RWGS reaction 

at 0.1 MPa and 523-873 K, using a CO2/H2/N2=1/3/3 (molar ratio) and GHSV of 4000 h-1 as 

described in experimental section. All MoxC/Al2O3 catalysts were active under the reaction 

conditions and showed a higher CO2 conversion than the Al2O3 monolith. Surprisingly, the 

latter was active above 673 K. 10MoAl was the best performing catalyst reaching a CO2 

conversion value of 54 % at 873 K (Figure 3a). All catalysts were highly CO selective (near 

100 %) above 573 K (Figure 3b). Besides CO, only very small amounts of CH4 were formed. 

The maximum CO yield per mass of catalyst, was gained at 873 K on 10MoAl, reaching about 

17.6 molCO kgcat
-1 h-1 (Figure 3c). However, 1MoAl showed the highest CO yield based on Mo 

content (molCO molMo
-1 h-1) in the whole temperature range studied (Figure 3d). The values of 

molCO molMo
-1 h-1 produced at 873 K were the following: 1MoAl (100.3) > 5MoAl (35.6) > 

10MoAl (19.4) > 20MoAl (7.9) > 30MoAl (4.5). However, we must consider the contribution 

of the support in these catalysts which produces CO at high temperatures (Figure 3a). 



15 
 

In order to avoid thermodynamic equilibrium limitations, a GHSV of 12000 h-1 was used to 

determinate the apparent activation energy (Ea), which was carried out for 10MoAl and 

30MoAl (Figure S17). The different characteristics of 10MoAl and 30MoAl are also reflected 

in the apparent activation energy (Ea), being 27 ± 1 and 22 ± 1 kJ mol-1 for 10MoAl and 

30MoAl respectively. Both apparent Ea values are much lower than that reported in literature 

for different type of catalysts (powdered form) (Table S5). The slightly lower apparent Ea value 

obtained for 30MoAl compared to 10MoAl might be associated to the presence of Mo2C phase 

in the former. Mo2C can adsorb CO2 more strongly, and thus lower the activation energy barrier 

with respect to δ-MoC and η-Mo3C2. However, the higher CO yield obtained over 10MoAl, 

can be related to other factors such as a small crystallite size and a higher dispersion of MoxC 

phases on the support. 

10MoAl was also tested using a stoichiometric reactant mixture CO2/H2/N2=1/1/3 (molar 

ratio). As expected, the CO2 conversion values were lower compared to those obtained when a 

CO2/H2=1/3 (molar ratio) was used (Figure S18a). At 873 K, a CO2 conversion value of 26 % 

was reached (lower than that of 54 % obtained using a CO2/H2=1/3). The CO selectivity was 

slightly higher in all temperature range when CO2/H2=1/1 instead of CO2/H2=1/3 was 

employed (Figure S18b), being the difference higher for lower reaction temperatures.  

Post-reaction MoxC/Al2O3 monoliths did not show relevant structural and textural changes 

according to XRD and N2 adsorption-desorption isotherms (Figure S19-S21 and Table S6). 

MoxC crystallite sizes of used MoxC/Al2O3 catalysts remain similar to those of the 

corresponding fresh catalysts. No modifications of the textural properties of the 3D printed 

monoliths after reaction were observed. 

In order to check the stability of the most performant catalyst, 10MoAl, a long-term catalytic 

test was performed at 873 K, using a CO2/H2=1/3, for 5 days (Figure 3e). A gradual and slight 

deactivation was observed in the first 60 h, CO2 conversion decreased from 50 % (1 h) to 41 

% (60 h). Afterwards, no significant changes in the catalytic behavior of 10MoAl were found 

during the next 65 h. The CO selectivity remained steady near 100 % during the 5 days. The 

characterization of 10MoAl after the long-term catalytic test using XRD, N2 adsorption-

desorption isotherms and SEM indicated the structural and textural stability of the catalyst 

(Figure S22).  

In separate experiments, fresh 10MoAl was tested at 873 K under different GHSV (4000, 8000 

12000 and 16000 h-1) and 1/3 or 1/1 CO2/H2 molar ratios, following the experimental procedure 

described in experimental section. Results obtained are depicted in Figure 4. As expected, for 

both reactant molar ratios, CO2 conversion decreased when GHSV increased. However, the 
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CO production increased with the increase of GHSV. Values of 27.9 and 23.1 molCO kgcat
-1 h-

1 were obtained for a CO2/H2 molar ratio of 1/3 and 1/1, respectively, at a GHSV of 16000 h-1. 

The CO selectivity was maintained near 100 % after 5 days under all reaction conditions used. 

To gain insights into the RWGS reaction mechanism over molybdenum carbide-based 

catalysts, operando DRIFT spectra were acquired under RWGS conditions (CO2/H2/He=1/3/3 

and 523–673 K) over Al2O3, 5MoAl, 10MoAl and 30MoAl catalysts (Figure 5 and S23). 

Additionally, similar DRIFTS measurements were also performed over α/β-Mo2C and δ-MoC 

to understand the reaction mechanism over the different MoxC phases; results are shown in 

Figure S23e and f, respectively. Figure 5 shows DRIFT spectra corresponding to Al2O3 and 

5MoAl under RWGS conditions, IR bands from adsorbed species were observed in the region 

1200-1800 cm-1. These bands were attributed to the O-C-O vibrations and indicated the 

presence of majorly three types of surface species: i.e. carbonates (νas(OCO) =1471 cm-1, 

νs(OCO) = 1361 cm-1), bicarbonates (νas(OCO) =1650 cm-1, νs(OCO) = 1440 cm-1) , δ(O-H) = 

1230 cm-1),  and formates  (νas(OCO) =1590 cm-1, νs(OCO) = 1375 cm-1, δ(C-H) = 1390 cm-1) 

[47-50]. It should be noted that no carbonyl (COads) bands were observed in the region above 

1800 cm-1 for any of the samples, consistently with the high selective production of CO(g) -

(Figure 3b); CO is preferentially desorbed instead of reacting further via hydrogenation 

pathways (to e.g. CH4). To confirm this, DRIFT spectra of 5MoAl under CO2 and CO flow 

were recorded at 308 and 523 K (Figure S24). The formation of bicarbonate species was 

observed at 308 K under CO2 flow; however, no surface species were observed over 5MoAl 

under CO flow. At 523 K, a small distortion in the CO band was observed at ~ 2118 cm-1, 

however, it disappears at the same rate as CO(g) when was purged with He and hence, it may 

be associated with physisorbed CO species.  

In the case of Al2O3, under RWGS at low temperatures (523–573 K), only bicarbonate species 

were observed (Figure 5a). These species were formed by the reaction of CO2(g) with surface 

hydroxyls on Al2O3 surface. At 623 K, the presence of formate species was also determined, 

indicating the partial conversion of bicarbonates to formates. This conversion was further 

promoted at 673 K, where formates were the most abundant species on the surface of Al2O3. 

This can be related with the activation of H2 over Al2O3, which is hindered at low temperature 

(573 K) [50]; however, as the temperature was raised, the increase in H2 dissociation rate led 

to reduction of bicarbonates to formates. This was confirmed by experiments in which the gas 

composition was switched from CO2 + H2 to H2 at different temperatures, where the 

bicarbonate signals were completely removed under H2 at 623 K (Figure 5a).  
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Operando DRIFT spectra of 5MoAl in CO2 + H2 flow showed different spectral features in 

comparison to Al2O3 (Figure 5 and S25). Over 5MoAl, formates were formed at all 

temperatures, while bicarbonates species were observed only at low temperature, see the 

shoulder on the formate bands around 1650 cm-1 (Figure 5b). The broadness of the 1550–1700 

cm-1 band reduced upon switching from CO2 + H2 to H2 (Figure 5b), indicating the conversion 

of bicarbonates to formates [49] already at 523 K. This is consistent with the low barrier for H2 

activation over MoxC, which promotes bicarbonate hydrogenation [10]. At 673 K, a significant 

reduction in formate bands was observed upon switching from CO2 + H2 to H2 flow indicating 

instability or conversion of formates at this temperature. Additionally, some carbonates species 

(band at 1471 cm-1) were observed on 5MoAl surface at 523 K, which vanished as the 

temperature was raised and also decreased in concentration upon switching to H2 flow (Figure 

5b). We propose that the carbonate species formed on molybdenum oxy-carbide, and they 

decomposed as the temperature was increased. Operando DRIFTS experiments indicated that 

the formation of carbonates over 5MoAl under CO2 + H2 mixture, was more pronounced when 

a He pretreatment was carried out with respect to a H2 pretreatment, as shown in Figure S26 

(See supplementary material for further discussion). 

Notably, both on Al2O3 and 5MoAl, the formation of formate species was accompanied with 

the evolution of CO(g), indicating that formates were either involved in the rate determining 

step of the reaction, or formed as spectator species in a side reaction which was also activated 

by H*. Additionally, 5MoAl, 10MoAl and 30MoAl showed a higher evolution of CO(g) band 

with respect to Al2O3, being 10MoAl the most performant (Figure S27). Moreover, the pristine 

δ-MoC showed a higher CO(g) band than α/β-Mo2C. This information is consistent with the 

higher catalytic activity of 10MoAl where the δ-MoC phase is predominant (Figure 3a). Figure 

S28 depicts the change in the surface species over 5MoAl under CO2 and CO2+H2 flow at 523 

K. During CO2 flow, the surface of 5MoAl is primarily covered by bicarbonate species and 

upon switching to CO2+H2 flow, the conversion of bicarbonates to formates can be clearly 

seen. It is also interesting to note the difference in the asymmetric and symmetric OCO 

stretching of bicarbonate species over Al2O3 and 5MoAl under CO2+H2, which can be due to 

the change in the nature of active site on loading MoxC on Al2O3. 

Previous studies reported formates to be both spectator and reactive species in the RWGS 

reaction [50,51]. However, since the formate species were (i) not removed under H2 on Al2O3, 

(ii) remained unchanged with temperature over 5MoAl, and (iii) were only removed in H2 at 

673 K, we suggest that the observed formates are spectator species in the reaction at 

temperatures below 673 K. Our observations highlight the role of bicarbonate as an active 
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reaction intermediate in RWGS over MoxC/Al2O3 and suggest that the rate determining step of 

this reaction mechanism is either the hydrogenation of bicarbonates to highly reactive formates, 

which further decompose to CO, or the spillover of H* to the bicarbonate species (Figure 6).  

Moreover, Figure S23 indicates that no surface intermediates were observed in α/β-Mo2C, δ-

MoC as well as over higher-loading 10MoAl and 30MoAl catalysts under the RWGS reaction 

conditions. This might indicate that the decomposition rate of formates will increase on higher 

MoxC loading samples leading to higher CO production as the availability of H* increases 

(Figure S27). However, a decrease in catalytic activity was observed when the MoxC loading 

was increased beyond 10 wt.%, which can be due to a lower amount of precursor for 

bicarbonate formation i.e. a diminution in the number of Al2O3 surface hydroxyl groups is 

expected for MoxC/Al2O3 with high MoxC loading. On the other hand, over high MoxC loading 

catalysts, mainly the redox mechanism could take place, such as has been found by DFT 

calculations for bulk MoxC systems [18,31,52-54]. 

DFT studies on Mo4C2 cluster suggested that the formation of formates by reaction between 

CO2* and H* exhibits higher activation energy compared to redox pathway, wherein the 

dissociative adsorption of CO2 results in the CO* and O* formation by producing the 

corresponding oxy-carbide species, subsequently hydrogenation of this surface oxy-carbide 

species results in MoxC and H2O formation [53] However, the effect of surface hydroxyls on 

reaction mechanism was not investigated in the DFT study. In the present study, it is 

demonstrated from DRIFTS operando studies that the surface hydroxyl species present on the 

surface of Al2O3 play a major role in bicarbonate formation that leads to the formation of 

formates, which eventually decomposes to CO and H2O. In this context, we could propose that 

for small particles of MoxC the extent of interface between MoxC and Al2O3 would be higher 

compared to that of larger MoxC particles, and thus could favor the associative pathway. The 

redox mechanism would be favored over large MoxC particles, as has been shown for bulk 

Mo2C [18] (Figure 6). Although adsorbed CO species over higher-loading 10MoAl and 

30MoAl catalysts, were not observed in the present study, the redox mechanism cannot be 

disproved. Future studies should focus on understanding the role of H* spillover in RWGS on 

molybdenum carbide-based catalysts, by varying the extent of the MoxC/Al2O3 interface, the 

MoxC interparticle distance and the OH population of the support.  

 

Conclusions 

The manufacturing of 3D-printed catalysts based on molybdenum carbide is presented for the 

first time. MoxC/Al2O3 monoliths with Mo loadings (1-30 wt.%) were successfully prepared. 
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The obtained 3D MoxC/Al2O3 structures were robust, meso/macro-porous, had large specific 

surface areas and showed high catalytic activities and CO selectivity in the RWGS reaction. 

Different phases and crystallite sizes of MoxC were obtained according to the Mo loading in 

the 3D structure. XRD and TEM analysis revealed that the formation of cubic δ-MoC and 

hexagonal η-Mo3C2 is prevalent in small particle sizes and α/β-Mo2C in larger particle sizes. 

The MoxC/Al2O3 prepared with a ~10 wt.% of Mo (10MoAl), which presented a mixture of δ-

MoC and η-Mo3C2 phases, showed the highest CO production (17.6 molCO kgcat
-1 h-1 at 873 K, 

0.1 MPa and a GHSV of 4000 h-1) and displayed a high stability after 5 days under reaction. 

Moreover, we investigated by operando DRIFTS the RWGS reaction mechanism over 

MoxC/Al2O3 systems, where reactive intermediates involved in the associative pathway 

(formate formation) were observed playing a key role in the CO formation. The 

characterization of the structures after reaction did not show significant changes respect to the 

fresh structures proving one of the advantages of this 3D-printed shaping technology. 

Therefore, this work offers new insights into the manufacturing of 3D printed structures based 

on molybdenum carbide and it opens new perspectives for scaling-up this kind of catalysts for 

CO2 reduction processes on an industrial scale. This strategy can be extended to other TMCs 

by choosing appropriate metal precursors as starting materials, and for other catalytic 

applications. 
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Figure S3. XRD patterns of samples prepared from the thermal treatment of 

(NH4)Mo7O24 and MoO3 at different temperatures (973, 1073 and 1173 K) under a 

carburization atmosphere, CH4/H2/He=1/4/4, for 4 h (2.5 K min-1) (a) XRD patterns of 

samples prepared using (NH4)Mo7O24. (b) XRD patterns of samples prepared using 

MoO3. (c) XRD reference patterns of hexagonal β-Mo2C and orthorhombic α-Mo2C 

(Intensity multiplied by 100). 

Figure S4. Rheological behavior of the pastes. (a) Viscosity of the different inks 

determined from rotational measurement between 0.01 and 100 s-1. (b) Rheological 

behavior of the different pastes determined using an amplitude sweep at 1 Hz, storage 

modulus (G’) and loss modulus (G’’). Only rheology tests of Al2O3, 1MoAl, 10MoAl 

and 30MoAl pastes were plotted for a better visualization. 

Figure S5. General scheme of the preparation of 3D-MoxC/Al2O3 monoliths. 

Figure S6. Microscopy and EDX analysis of 1MoAl. (a) OM images and fiber 

measurement. (b) SEM images. (c) TEM and HRTEM images, and particle size 

distribution (inset). (d) STEM image, EDX spectrum and mapping analysis. Cu EDX 

peaks correspond to the TEM grid. 

Figure S7. Microscopy and EDX analysis of 5MoAl. (a) OM images and fiber 

measurement. (b) SEM images. (c) TEM and HRTEM images, and particle size 

distribution (inset). (d) STEM image, EDX spectrum and mapping analysis. Cu EDX 

peaks correspond to the TEM grid. 

Figure S8. Microscopy and EDX analysis of 20MoAl. (a) OM images and fiber 

measurement. (b) SEM images. (c) TEM and HRTEM images, and particle size 

distribution (inset). (d) STEM image, EDX spectrum and mapping analysis. Cu EDX 

peaks corresponds to the TEM grid. 

Figure S9. Microscopy and EDX analysis of 30MoAl. (a) OM images and fiber 

measurement. (b) SEM images. (c) TEM and HRTEM images, and particle size 

distribution (inset). (d) STEM image, EDX spectrum and mapping analysis. Cu EDX 

peaks corresponds to the TEM grid. 

Figure S10. Microscopy and EDX analysis of Al2O3 monolith. (a) OM images and fiber 

measurement. (b) SEM images. (c) SEM cross-section image. (d) Representative EDX 

spectrum. 

Figure S11. Stress-strain characterization of MoxC/Al2O3 monoliths. (a) Stress-strain 

curves. (b) Setup used for the stress tests. 
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Figure S12. N2 adsorption-desorption isotherms and porous size distribution (inset) of 

MoxC/Al2O3 monoliths and Mo2C. 

 Figure S13. Characterization of MoxC/Al2O3 monoliths by Hg porosimetry. 

Figure S14. XPS analysis of MoxC/Al2O3 monoliths. (a) C 1s XPS level. (b) O 1s XPS 

level. (c) Al 2p XPS level. 

Figure S15. Raman spectra of MoxC/Al2O3 monoliths. 

Figure S16. CO2-TPD of MoxC/Al2O3 monoliths and Mo2C sample. The intensities 

were normalized by the catalyst mass. 

Figure S17. Catalytic results in the RWGS reaction over 10MoAl and 30MoAl. (a) 

CO2 conversion (b) Arrhenius plot in the 673-823 K range. Reaction conditions: 

mcat=0.75 g, CO2/H2/N2=1/3/3, GHSV=12000 h-1 and P=0.1 MPa. 

Figure S18. Catalytic behavior of 10MoAl in the RWGS reaction using a 

CO2/H2/N2=1/3/3 and 1/1/3 molar ratio. (a) CO2 conversion. (b) CO selectivity. 

Reaction conditions: P=0.1 MPa, mcat=0.75 g, GHSV=4000 h-1 and T=523-873 K. 

Figure S19. XRD patterns of spent MoxC/Al2O3 monoliths after RWGS reaction 

(CO2/H2/N2=1/3/3, P=0.1 MPa, T=523-873 K and GHSV=4000 h-1). 

Figure S20. XRD pattern of spent 10MoAl sample after RWGS reaction 

(CO2/H2/N2=1/1/3, P=0.1 MPa, T=523-873 K and GHSV=4000 h-1). 

Figure S21. N2 adsorption-desorption isotherms and porous size distribution (inset) of 

spent MoxC/Al2O3 monoliths (CO2/H2/N2=1/3/3, T=523-873 K, P=0.1 MPa and 

GHSV=4000 h-1). 10MoAl_5days: 10MoAl after 5 days at 873 K under RWGS reaction 

(CO2/H2/N2=1/3/3, P=0.1 MPa and GHSV=4000 h-1). 10MoAl_1/1: 10MoAl after 

RWGS reaction (CO2/H2/N2=1/1/3, T=523-873 K, P=0.1 MPa and GHSV=4000 h-1). 

Figure S22. Characterization of 10MoAl after 5 days at 873 K under RWGS reaction 

(CO2/H2/N2=1/3/3, P=0.1 MPa and GHSV=4000 h-1). (a) XRD pattern. (b) OM image. 

(c) and (d) SEM images. (e) Representative EDX spectrum. 

Figure S23. DRIFT spectra of samples recorded under RWGS conditions after a H2 

pretreatment at 723 K: (a) Al2O3, (b) 5MoAl, (c) 10MoAl, (d) 30MoAl, (e) δ-MoC and 

(f) α/β-Mo2C. Conditions: 70 mL min-1, CO2/H2/He=1/3/3, 523–673 K. 

Figure S24. DRIFT spectra of 5MoAl under CO2 and CO flow at (a) 308 K and (b) 523 

K. Conditions: 70 mL min-1, CO2/He=1/4 or CO/He=1/4, 523–673 K. 

Figure S25. Comparison of DRIFT spectra of 5MoAl (solid line) and Al2O3 (dotted 

line) under (a) CO2 + H2 and (b) followed by H2 flow at different temperatures. The 

shaded areas correspond to the main types of intermediates observed: bicarbonates 
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(HCO3
-*), carbonates (CO3

2-*), and formates (HCO2
-*). Conditions: 70 mL min-1, 

CO2/H2/He=1/3/3 or H2/He=3/4, 523–673 K. 

Figure S26. Effect of the pretreatment, H2/723 K (solid line) or He/673 K (dotted line) 

on the evolution of surface species over 5MoAl under (a) CO2 + H2 (b) followed by H2 

flow. The shaded areas correspond to main types of intermediates observed: 

bicarbonates (HCO3
-*), carbonates (CO3

2-*), and formates (HCO2
-*). Conditions: 70 mL 

min-1, CO2/H2/He=1/3/3 or H2/He=3/4, 523–673 K. 

Figure S27. Area of CO(g) bands from DRIFTS spectra at different temperatures for (a) 

Al2O3, 5MoAl, 10MoAl, 30MoAl, α/β-Mo2C and δ-MoC, (b) 5MoAl – effect of 

pretreatment conditions. For the determination and comparison of area of CO band, the 

spectra were normalized with the maximum absorbance and then the CO(g) bands were 

integrated between 1997-2228 cm-1 to determine the area at different temperature. 

Conditions: 70 mL min-1, CO2/H2/He=1/3/3 or H2/He=3/4, 523–673 K. 

Figure S28. DRIFT spectra of 5MoAl under CO2+H2 and CO2 flow at 523 K, the 

spectrum of Al2O3 under CO2+H2 flow at 523 K is also shown for comparison. 

Conditions: 70 mL min-1, CO2/H2/He=1/3/3 or CO2/He=1/4. 

Supplementary Tables 

Table S1. Total amount (g) of materials used for the preparation of pastes 

Table S2. Rheological data and pH values for the different pastes 

Table S3. H2 consumption during H2-TPR experiments in Figure 2b 

Table S4. Amount of desorbed CO2 from CO2-TPD experiments of MoxC/Al2O3 

Table S5. Apparent activation energies (Ea) of different catalysts used in the RWGS 

reaction 

Table S6. Textural characteristics of spent MoxC/Al2O3 monoliths. Reaction 

Conditions: (CO2/H2/N2=1/3/3, P=0.1 MPa, T=523-873 K and GHSV=4000 h-1) 
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Figure 1. Preparation and microscopy characterization of 3D-printing MoxC/Al2O3 monoliths. 

(a) Preparation. (b-g) Microscopy characterization of 10MoAl: (b) Images; (c) OM images; (d) 

SEM images; (e) SEM-EDX mapping; (f) HRTEM image and particle size distribution (inset); 

(g) STEM image, EDX mapping and spectrum. (h) and (i) SEM cross-section images, EDX 

mapping and spectrum of 1MoAl and 30MoAl, respectively. 
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Figure 2. Characterization of MoxC/Al2O3 monoliths. (a) XRD patterns. (b) H2-TPR profiles. 

(c) Mo 3d XP level spectra. 
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Figure 3. Catalytic behavior of MoxC/Al2O3 monoliths in the RWGS reaction. (a) CO2 

conversion. (b) CO selectivity. (c) and (d) CO production. (e) Long-term catalytic test of 

10MoAl in the RWGS reaction at 873 K for 5 days. Reaction conditions: P=0.1 MPa, mcat=0.7-

0.9 g, CO2/H2/N2=1/3/3 and GHSV=4000 h-1. 
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Figure 4. Catalytic behavior of 10MoAl under RWGS reaction at 873 K and different GHSV 

using a CO2/H2/N2=1/3/3 & 1/1/3 molar ratio. The catalyst was first under reaction at 4000 h-1 

during five days. Reaction conditions: P=0.1 MPa and mcat=0.75 g. Gray and blue bars 

correspond to the CO2 conversion using a CO2/H2=1/3 & 1/1, respectively. Gray and blue lines 

correspond to CO production using a CO2/H2=1/3 & 1/1, respectively. Red Line corresponds 

to CO selectivity for both CO2/H2=1/3 & 1/1. 
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Figure 5. Operando DRIFT spectra of (a) Al2O3 and (b) 5MoAl, under CO2 + H2 flow (solid 

line) followed by H2 flow (dotted line). Conditions: 70 mL min-1, CO2/H2/He=1/3/3, or 

H2/He=3/4, 523–673 K. 
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Figure 6. Proposed mechanism of RWGS reaction for MoxC/Al2O3 systems. 
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Table 1. Different characteristics of MoxC/Al2O3 monoliths. 

1Mean particle size in 1st mode.2Mean particle size in 2nd mode. 
 

 
 

Table 2. Chemical analysis (ICP) and surface characterization (XPS) of MoxC/Al2O3 monoliths. 

 
 
  
 
 
 
 
 
 
 

Catalyst 

Crystallite size 

of Mo2C (XRD) 

(nm) 

Particle size of 

MoxC (TEM) 

(nm) 

SBET 

(m2 g-1) 

Pore Volume (cm3 g-1) Main Pore 

size - BJH 

(nm) 

Density 

(g cm-3) 

Stress 

 (MPa) N2 

sorption 

Hg 

intrusion  

1MoAl - <1 131 0.60 0.58 6.2 3.24 3.68 

5MoAl - 1.8 153 0.70 0.81 6.2 3.27 0.74 

10MoAl - 2.5 147 0.68 0.78 5.2 3.37 1.00 

20MoAl 12.7 4.61 and 11.92 116 0.63 0.53 5.1 3.60 2.10 

30MoAl 19.0 6.41 and 18.52 102 0.58 0.47 5.0 3.85 3.60 

Al2O3 - - 160 0.58 0.42 5.0 3.13 2.60 

Mo2C 40.0 - 3 0.01 - 18.1 - - 

Catalyst 
Mo Content 

(wt.%)ICP 
(Mo/Al)ICP  (Mo/Al)XPS 

Dispersion 

factor 
(Mo2+,3+/Mon+

total)XPS 

1MoAl 1.0 0.006 0.009 1.6 0.09 

5MoAl 4.4 0.028 0.069 2.5 0.06 

10MoAl 8.7 0.061 0.065 1.1 0.08 

20MoAl 17 0.133 0.074 0.6 0.23 

30MoAl 25 0.227 0.096 0.4 0.30 


