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Abstract

:

The use of metal–organic frameworks (MOFs) as templates or precursors in the manufacture of heterogeneous catalysts is highly attractive due to the transfer of MOFs’ inherent porosity and homogeneous metallic distribution to the derived structure. Herein, we report on the preparation of MOF-derived Ru@ZrO2 catalysts by controlled thermal treatment of zirconium-based MOF UiO-66 with ruthenium moieties. Ru3+ (3 or 10 mol%) precursor was added to UiO-66 synthesis and, subsequently, the as-synthesized hybrid structure was calcined in flowing air at different temperatures (400–600 °C) to obtain ZrO2-derived oxides doped with highly dispersed Ru metallic clusters. The materials were tested for the catalytic photo-thermal conversion of CO2 to CH4. Methanation experiments were conducted in a continuous flow (feed flow rate of 5 sccm and 1:4 CO2 to H2 molar ratio) reactor at temperatures from 80 to 300 °C. Ru0.10@ZrO2 catalyst calcined at 600 °C was able to hydrogenate CO2 to CH4 with production rates up to 65 mmolCH4·gcat.–1·h–1, CH4 yield of 80% and nearly 100% selectivity at 300 °C. The effect of the illumination was investigated with this catalyst using a high-power visible LED. A CO2 conversion enhancement from 18% to 38% was measured when 24 sun of visible LED radiation was applied, mainly due to the increase in the temperature as a result of the efficient absorption of the radiation received. MOF-derived Ru@ZrO2 catalysts have resulted to be noticeably active materials for the photo-thermal hydrogenation of CO2 for the purpose of the production of carbon-neutral methane. A remarkable effect of the ZrO2 crystalline phase on the CH4 selectivity has been found, with monoclinic zirconia being much more selective to CH4 than its cubic allotrope.
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1. Introduction


Anthropogenic emission of greenhouse gases is causing an extraordinary increment of atmospheric CO2 levels, leading to the rise of global temperature in a very short period of time [1]. During the last two decades, enormous efforts have been carried out for decarbonizing transportation and industrial processes in order to mitigate carbon dioxide emissions, so the development of technologies able of recycling CO2 into value-added products is highly desired [2,3,4,5]. Carbon-neutral fuels obtained from CO2 directly captured from air or other sources, such as biomass or organic wastes, is considered a very promising way of mitigating overall carbon emissions, while at the same time, taking advantage of the use of existing infrastructures and technologies [6]. For this purpose, one of the most interesting processes for recycling anthropogenic CO2 is the Sabatier reaction, first reported in 1902 [7,8], which consists of the exothermic hydrogenation of carbon dioxide to produce methane and water.



Photo-thermal catalysis is the synergistic combination of photo- and thermochemical processes that occur under broad solar spectrum illumination of the catalyst, resulting in the promotion of the chemical reaction [9,10,11,12]. The photo-thermal effect holds promising features for the valorization of CO2 into solar fuels using green hydrogen as a chemical vector and solar light as the sole energy input [13,14]. The photo-thermal CO2 methanation can be conducted under light using noble metals nanoparticles (NPs) based mainly on Pd, Rh and Ru as active catalysts, though the more abundant and less costly transition metals such Ni or Co [11,15,16,17,18] can be also used. The good performance of the catalytic system depends not only on the properties of the metallic nanoparticle, but also on the physical and chemical characteristics of the support (large light absorption band, high surface area, thermal conductivity, etc.) that plays key roles in the CO2 adsorption and activation processes. The distribution and size of the metallic nanoparticles on the support and the interface between them are also crucial for proper activity and selectivity [19,20,21,22]. Looking for these convenient properties, in recent years, the use of metal–organic frameworks (MOFs) as templates or precursors for the manufacture of heterogeneous catalysts has gained attention due to the MOFs’ inherent porosity and homogeneous metallic distribution, which is also transferred to the derived structure [23,24,25]. MOFs-derived materials can be obtained upon thermal treatment under inert gas atmosphere to produce carbonaceous solids [26], or under oxidizing atmospheres to obtain metallic oxides [27,28,29]. In both cases, the selection of the conditions, i.e., temperature and time of the thermal treatment, is crucial to obtain active materials. It is necessary to guarantee the complete degradation/removal of the parent organic ligands while avoiding large particle growth to minimize aggregation and loss of surface area.



Herein, we present the synthesis of a CO2 methanation catalyst from a well known Zr(IV)-based MOF UiO-66 (Zr-BDC (Benzene-1,4-dicarboxylic acid)) [30] through the addition of controlled amounts of Ru3+. It is possible in this way to keep the MOF porous structure while containing the active metal fully dispersed within the framework [31,32]. The incorporation of addenda atoms to a stable MOF structure provokes defects in the crystalline network, resulting in unstable structures [33]. Subsequent controlled calcination yields zirconium oxide doped with highly dispersed Ru clusters. To achieve this non-trivial target (high metal dispersion and controlled support properties), the use of MOFs as catalyst precursors constitutes a very appealing approach.




2. Results and Discussion


2.1. Synthesis and Characterization of Ru-Loaded UiO-66


Ru-loaded UiO-66 (RuxUiO-66, where x is the nominal Ru-to-Zr molar ratio) was prepared following the procedure described in the literature [31], substituting part of the bulk Zr by Ru in the MOF synthesis gel. The materials will be referred to as Ru0.03UiO-66 (0.3 Ru to 9.7 Zr mol ratio) and Ru0.10UiO-66 (1 Ru to 9 Zr mol ratio). After the hydrothermal synthesis at 100 °C, a nanoparticulated (mean size of 590 ± 20 nm) solid was obtained, as revealed by scanning electron microscopy (SEM) (Figure 1a). Powder X-ray diffraction (XRD) (Figure 1b) patterns of the as-synthesized MOFs revealed that the addition of Ru does not affect the structure of the parent UiO-66, as evidenced by the coincidence with the simulated characteristics diffraction peaks. In addition, no diffraction peaks corresponding to Ru species can be observed, though the low Ru loading can explain their absence. On the other hand, the Fourier-transform infrared (FTIR) spectra of the RuxUiO-66 nanocomposites (Figure S1) showed peaks for the Zr−O mode and Zr−O−C symmetric stretching, proving that Zr is the coordination center in the organic framework. Ru vibrational peaks were not detected by FTIR, suggesting that Ru is not coordinated to the UiO-66 skeleton [32,34]. Thermo-gravimetric analyses (TGA) (Figure 1c and Figure S4) were conducted in air to evaluate the thermal stability of RuxUiO-66 samples. The weight loss at temperatures below 100 °C is attributed to water desorption, and the loss at around 220 °C is attributed to the presence of residual solvent. Meanwhile, decomposition of the framework organic linker (corresponding to a total weight loss of around 65%) took place at 420 °C for Ru0.10UiO-66, at 510 °C for Ru0.03UiO-66 and 520 °C for UiO-66. This result can be attributed to a weakening of the interation between the organic linker and Zr4+ due to the presence of Ru moieties, thus facilitating the decompositon of the hybrid material [32], though a catalytic effect of Ru on the linkers degradation cannot be ruled out. N2 adsorption-desorption analyses provided very high specific surface areas of 1220 m2·g−1 and 1247 m2·g−1 for Ru0.10UiO-66 and Ru0.03UiO-66, respectively, which are only slightly lower than that of pristine UiO-66 (1380 m2·g−1). This reduction of superficial area for the hybrid materials suggests the presence of Ru clusters inside the porous network without seriously affecting the textural features of the pure UiO-66.




2.2. Preparation and Characterization of MOF-Derived Ru@ZrO2 Catalysts


500 mg of as-synthesized RuxUiO-66 materials were treated under air flow at three different calcination temperatures (400, 500 and 600 °C) to obtain the catalysts. Calcined MOF-derived composites (denoted as Ru@ZrO2-X, where X indicates the calcination temperature, 400 °C, 500 °C, or 600 °C, were characterized by TEM, XRD, TGA, and N2 adsorption–desorption. As expected, after calcination, the samples presented a large loss of weight and bulk density due to the elimination of the organic ligand. Their color turned dark; the darker they were, the more Ru in the framework, and they also possessed improved light absorption in the visible range, as evidenced by UV-Vis reflectance spectroscopy (Figure 2c) [35]. Ru content of the materials was determined by inductively coupled plasma atomic emission spectrometry (ICP-AES). The Ru incorporation to the MOF during the synthesis was much lower than expected (0.37 wt.% for the as-synthesized Ru10UiO-66 vs. the nominal value of 5.84 wt.%), resulting in catalysts with very low Ru loads. The ruthenium incorporation could be favored by increasing the synthesis temperature. Results also showed that the calcination treatment caused a slight change in the ruthenium content from 0.34 wt.% in Ru0.10@ZrO2-400 °C to 0.26 wt.% and 0.24 wt.% for samples Ru0.10@ZrO2-500 °C and Ru0.10@ZrO2-600 °C, respectively. In the case of the lowest Ru to Zr molar ratio, the Ru content diminished to 0.04 wt.% for Ru0.03@ZrO2-600 °C.



As it can be seen in the TEM images depicted in Figure 2a and Figure S2, polycrystalline nanoparticulated solids were obtained. The crystallinity of the particles (encircled in the images) increased with the calcination temperature. No Ru nanoclusters could be observed in the micrographs, probably due to the low incorporation of Ru and its high dispersion, as confirmed by EDS (Energy Dispersive Spectroscopy) analysis (Figure S2). X-ray patterns in Figure 2b and Figure S3 reveal the presence of monoclinic ZrO2 in the Ru@ZrO2-600 °C samples. Meanwhile, Ru@ZrO2-400 °C and Ru@ZrO2-500 °C contain cubic ZrO2 [36,37,38]. Lippi et al. [31] demonstrated, by operating XRD, the importance of the monoclinic ZrO2 phase transitions during thermal treatment to stabilize Ru and obtain active CO2 methanation catalysts. In our case, Ru species could not be detected by XRD, mainly due to the low Ru content of the bulk materials. Although all treated samples exhibited crystallinity, materials calcined at 400 and 500 °C still contained low amounts of organic residue or non-degraded MOF, as observed by TGA (Figure S4) and FTIR (Figure S1), confirming an incomplete removal of the organic linker.




2.3. Catalytic Tests


Firstly, all the UiO-66 MOF-derived catalysts were tested for the CO2 methanation in a temperature-controlled Harrick HVC-MRA-5 reaction chamber. An amount of 30 mg of the catalysts were deposited on the chamber mesh placing a thermocouple directly in contact with the catalyst sample. Prior to the methanation tests, an in situ reduction pre-treatment with pure H2 at 150 °C for 3 h was carried out to assure the presence of Ru in the metallic state. A stoichiometric mixture of H2 and CO2, according to a 4:1 molar ratio, was fed to the reactor at a space velocity of 10,000 N mL gcat.−1 h−1, after which the temperature was increased at a controlled rate of 3 °C·min−1 from 80 to 300 °C (see Figure 3a). As pointed out before, the temperature of the thermal treatment was crucial to obtain active materials and achieve good CH4 yields.



The CH4 yields and selectivities (see Figure 3b) achieved by the different catalysts demonstrated that the materials treated at 600 °C present excellent methanation performance, meanwhile those treated at lower temperatures exhibit clearly lower activity and higher selectivity to CO. These results can be attributed to the presence of monoclinic ZrO2 in the catalyst obtained after calcination at 600°C of the RuxUiO-66 precursors, while the samples calcined at lower temperatures contain cubic ZrO2. It is remarkable that, whereas the Ru0.03@ZrO2-600 °C shows only improved CH4 selectivity, Ru0.10@ZrO2-600 °C exhibits both improved activity and selectivity, thus suggesting a cooperative effect of both Ru and monoclinic ZrO2. Indeed, Ru0.10@ZrO2-600 °C catalyst was able to hydrogenate CO2 to CH4 with a production rate at 300 °C as high as 65 mmolCH4·gcat.−1·h−1, CH4 yield of about 80% and nearly 100% selectivity. The CH4 production rate achieved with Ru0.03@ZrO2-600 °C decreased to 20 mmolCH4·gcat.−1·h−1 due to the low amount of Ru, and the selectivity to methane was 90%. In spite of their comparatively low activity, both Ru0.03@ZrO2 and Ru0.10@ZrO2 calcined at 400 °C and 500 °C exhibited high selectivities to CO, similar (low activity and high selectivity to CO) to those achieved with bare ZrO2 supports for calcined UiO-66 without Ru (Figure S5).



The higher activity and selectivity of the monoclinic ZrO2 materials obtained after calcination at 600 °C in comparison with their cubic ZrO2 counterparts reveals a key role of the allotropic form of zirconia on the CO2 methanation selectivity, indicating that the support is involved in the reaction pathway. Different studies reported in the literature also highlight the importance of the crystalline phase [39], the presence of dopants [40], and the nature of the metallic phase [41] on the CO2 methanation over Ru/ZrO2 systems. Ilsemann et al. [42] performed in operando DRIFTS studies with a Ru/ZrO2 catalysts and found that the formate pathway is predominant at temperatures below 300 °C, at which this species would be formed after C–O bond cleavage of a bidentate carbonate adsorbed on the ZrO2 surface. These authors also suggested that the formation of formate species is related with the presence of Lewis basic oxygen vacancies that could be a possible reason for the higher activity of monoclinic zirconia.



The most active material, Ru0.10@ZrO2-600 °C, was selected to carry out the photo-thermal CO2 hydrogenation (Figure 4). The temperature was increased with the internal heater up to 230 °C, and then, the reaction chamber was illuminated with an ultra-high power visible-range LED. Under an irradiance of 8 Sun, the temperature raised to 250 °C, provoking an increment of the production of CH4 from 17 mmolCH4·gcat.−1·h−1 in dark conditions to 23 mmolCH4·gcat.−1·h−1, which corresponded to an increase in the CO2 conversion from about 15% to almost 25%. Then, the lamp was switched off for 70 min, and the CH4 production and temperature values came back to those of the dark conditions. The procedure was repeated at higher irradiance (24 Sun) that led to a temperature rise up to 310 °C, as well as an increase in the CO2 conversion up to about 38%. CH4 production jumped to 32 mmolCH4·gcat.−1·h−1. Methane selectivity during the whole process was above 99% under dark or illuminated conditions. The conversion enhancement is mainly attributed to the increase in the catalyst temperature, resulting from the absorption of the radiation received. More specific conversion vs. light intensity experiments should be carried out to separately determine both thermal and photocatalytic effects of light as pointed out by Mateo et al. [43,44]. In addition, the temperature increase resulting from light absorption occurs only in the exposed part of the catalytic bed, so a relatively large temperature gradient can be established [45], causing the actual mean temperature, and hence the CO2 conversion, to be lower than that expected from the whole bed operating isothermally at the temperature read by the thermocouple. Specifically designed catalytic chambers have to be developed for better control of the reaction temperature.





3. Materials and Methods


3.1. Materials


Terephthalic acid (98%), anhydrous zirconium (IV) chloride (ZrCl4), ruthenium (III) chloride hydrate (RuCl3·xH2O), and hydrochloric acid (HCl, 37%) were supplied by Sigma Aldrich. N,N-dimethylformamide (DMF), ethanol (96%), and methanol were purchased from Scharlab. Calibrated reaction gas mixture 17.9 vol. % CO2, 71.9 vol. % H2 and 10.1 vol. % N2 was provided by Nippon Gases. All reactants were used without further purification.




3.2. MOF Synthesis


Ru-loaded MOF RuxUiO-66 (x stands for the nominal Ru/Zr molar ratio) were synthesized following well established procedures for its pristine counterpart UiO-66 (ZrBDC) with a metal to organic ligand molar ratio of 1:2 [30]. Ru was introduced by replacing 3% or 10% of the initial Zr precursor by the Ru salt. A typical synthesis procedure was as follows: for the synthesis of Ru0.10UiO-66, ZrCl4 (9 mmol) and RuCl3·xH2O (1 mmol) were added to a mixture of DMF (60 mL) and 37% HCl (2.4 mL) [31]. Afterwards, H2BDC (20 mmol) was added to the solution and stirred at room temperature until complete dissolution. The mixture was heated at autogenous pressure at 100 °C for 20 h. The product was recovered by centrifugation and washed with distilled water, ethanol, and methanol. Finally, the Ru-loaded MOF was dried at 70 °C overnight.




3.3. Thermal Treatment


The MOF-derived catalysts were obtained by controlled calcination of the Ru-loaded MOF precursors in a flow-through tubular oven (Hobersal) for 3 h under 20 N mL·min−1 air flow (Nippon Gases, 99.9%). The influence of the temperature of calcination on the catalytic properties of the final product was studied by calcination at 400, 500, and 600 °C. The heating ramp was kept, in all cases, at 10 °C·min−1.




3.4. Characterization Techniques


Scanning electron microscopy (SEM) analyses (CSEM-FEG Inspect) were performed on Ru-loaded MOF precursors to assess crystal morphology and chemical composition. For the MOF-derived oxides, transmission electron microscopy with energy-dispersive X-ray spectroscopy (TEM-EDX) analyses (FEI TECNAI F30) were performed for the same purposes. Purity and crystallinity of both the MOF-precursors and final oxides were evaluated by powder X-ray diffraction (XRD, RIGAKU Ru2500). The XRD patterns were compared to simulated patterns calculated using the software VESTA. Thermal stability of the synthesized compounds was evaluated by differential thermogravimetric analysis (DTGA) over 6 mg of sample with a heating rate of 5 °C·min−1 from room temperature to 700 °C under air flow (TGA/DSC 3+ Mettler Toledo). Textural properties were assessed by N2 physisorption at 77 K (Micromeritics GEMINI V 2380), and surface area was evaluated applying the Langmuir model. Degree of oxidation after calcination of the MOF precursor was further assessed by Fourier-transform infrared spectroscopy (FTIR) with a high throughput monolithic diamond attenuated total reflectance (ATR) (Jasco FT/IR-4700 Spectrometer), accumulation of 50 scans, resolution of 1 cm−1. Light absorption properties were analyzed with a flame spectrometer (Ocean Optics) in the 200–800 nm range with a UV-visible reflection probe. Finally, the Ru content of the catalysts precursors was analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Varian Vista MPX Radial). The digestion of the ruthenium containing materials was carried out following the fusion method reported by T. Suoranta et al. [46].




3.5. Catalytic Tests


The CO2 hydrogenation tests were carried out in temperature-controlled Harrick HVC-MRA-5 reaction chamber. The reactor temperature was measured by means of a type K thermocouple placed on the catalyst surface [45] Reaction gases were analyzed with an online gas chromatograph (Agilent 990 Micro GC System provided with a molecular sieve 5A column for permanent gases and PPU column for CO2 determination). Stoichiometric mixture of H2 and CO2 according to a 4:1 molar ratio (17.9 vol. % CO2, 71.9 vol. % H2 and 10.1 vol. % of N2 as internal standard) was fed to the reactor at a space velocity of 10,000 mL g−1 h−1. Prior to any experiments, the Ru-based catalysts (30 mg) were subjected to an in situ reduction pre-treatment with pure H2 for 2 h at 150 °C. Then, for the direct experiments, the reaction mixture was introduced into the reactor, and the temperature was increased with a rate of 3 °C·min−1 from 80 to 300 °C, and it was kept constant for 50 min at 300 °C.



To evaluate the photo-thermal activity, the most active catalysts were placed into the reactor, and the temperature was increased up to 230 °C and kept at this temperature for 60 min. Subsequently, the catalyst was illuminated with an ultra-high power (30 W) visible-range LED (Figure S6) (LEDM-5500 White HP—Pyroistech S.L.) placed 1 cm above the catalyst surface. Position of the LED-lamp and its luminous flux can be controlled to regulate the irradiance received by de sample. Maximum irradiance received corresponds to 2.4 W·cm−2 (1 Sun = 0.1 W·cm−2). The temperature on the surface of the catalyst was continuously registered during the process.



The CO2 conversion (X, %), CH4 selectivity (SCH4, %), and yield (YCH4, %) were calculated as follows:


   X  C  O 2      =    F  C  O 2     (  i n  )    −  F  C  O 2     (  o u t  )       F  C  O 2     (  i n  )      × 100 %  



(1)






   S  C  H 4      =    F  C  H 4     (  o u t  )       F  C  H 4     (  o u t  )    +  F  C O         (  o u t  )      × 100 %  



(2)






   Y  C  H 4      =  X  C  O 2      ·  S  C  H 4      × 100 %  



(3)




where FCO2 (in) and FCO2 (out) are the molar flows of CO2 at the reactor inlet and outlet, respectively. Similarly, FCH4(out) and FCO(out) are the molar flows of CH4 and CO at the reactor outlet.





4. Conclusions


The use of MOFs as catalyst precursors has resulted in an interesting approach to achieve high metallic dispersion all over the catalyst surface, as well as good control of the support properties. Small quantities of Ru were incorporated during the hydrothermal synthesis of the Zr-based UiO-66 MOF, and subsequently, MOF-derived Ru@ZrO2 catalysts were obtained via controlled calcination. Calcination at 600 °C was crucial to tune the crystalline phase (monoclinic) of ZrO2 that provided the most outstanding methanation results (in terms of conversion and selectivity). The most active material, Ru0.10@ZrO2-600 °C, with a final amount of Ru around 0.24 wt. %, was tested under high power visible LED illumination. A CO2 conversion enhancement from 18% to 38% was observed under 24 Sun irradiance as a result of the increase in the catalyst temperature due to the absorption of the radiation received.
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Figure 1. Characterization of RuxUiO-66 samples: (A) SEM images, (B) XRD patterns, and (C) Differential TGA curves. 
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Figure 2. Characterization of the MOF-derived catalysts obtained via controlled calcination at 400, 500, and 600 °C of RuxUiO-66 materials. (A) TEM images; (B) XRD patterns of the Ru0.10@ZrO2 catalysts; and (C) UV-Vis reflectance measurements. 
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Figure 3. CO2 methanation performance of MOF-derived materials. (A) Evolution of the CO2 conversion with the reaction temperature for the catalysts calcined at 600 °C. (B) Effect of the calcination temperature on the reaction yield and selectivity to CH4 (selected data recorded at 300 °C). 
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Figure 4. Effect of the visible LED irradiation (8 and 24 Sun) on the photo-thermal hydrogenation of CO2 with the catalyst Ru0.10@ZrO2-600 °C. 
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