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Abstract

:

The fixation of carbon dioxide with epoxides is one of the most attractive methods for the green utilisation of this greenhouse gas and leads to many valuable chemicals. This process is characterised by 100% atom efficiency; however, an efficient catalyst is required to achieve satisfactory yields. Metal–organic frameworks (MOFs) are recognised as being extremely promising for this purpose. Nevertheless, many of the proposed catalysts are based on ions of rare elements or elements not entirely safe for the environment; this is notable with commercially unavailable ligands. In an effort to develop novel catalysts for CO2 fixation on an industrial scale, we propose novel MOFs, which consist of aluminium ions coordinated with commercially available 1,4-naphthalene dicarboxylic acid (Al@NDC) and their nanocomposites with gold nanoparticles entrapped inside their structure (AlAu@NDC). Due to the application of 4-amino triazole and 5-amino tetrazole as crystallization mediators, the morphology of the synthesised materials can be modified. The introduction of gold nanoparticles (AuNPs) into the structure of the synthesised Al-based MOFs causes the change in morphology from nano cuboids to nanoflakes, simultaneously decreasing their porosity. However, the homogeneity of the nanostructures in the system is preserved. All synthesised MOF materials are highly crystalline, and the simulation of PXRD patterns suggests the same tetragonal crystallographic system for all fabricated nanomaterials. The fabricated materials are proven to be highly efficient catalysts for carbon dioxide cycloaddition with a series of model epoxides: epichlorohydrin; glycidol; styrene oxide; and propylene oxide. Applying the synthesised catalysts enables the reactions to be performed under mild conditions (90 °C; 1 MPa CO2) within a short time and with high conversion and yield (90% conversion of glycidol towards glycerol carbonate with 89% product yield within 2 h). The developed nanocatalysts can be easily separated from the reaction mixture and reused several times (both conversion and yield do not change after five cycles). The excellent performance of the fabricated catalytic materials might be explained by their high microporosity (from 421 m2 g−1 to 735 m2 g−1); many catalytic centres in the structure exhibit Lewis acids’ behaviour, increased capacity for CO2 adsorption, and high stability. The presence of AuNPs in the synthesised nanocatalysts (0.8% w/w) enables the reaction to be performed with a higher yield within a shorter time; this is especially important for less-active epoxides such as propylene oxide (two times higher yield was obtained using a nanocomposite, in comparison with Al-MOF without nanoparticles).
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1. Introduction


The increase in CO2 emission from anthropogenic sources is one of the crucial reasons for the climate change observed throughout the last few decades. Global warming, related to the increasing concentration of greenhouse gases in the atmosphere, is responsible for decreasing glaciers’ surface, increasing desert areas, rising ocean levels, climate anomalies, and many other alarming phenomena [1]. Carbon dioxide from anthropogenic sources has the most considerable contribution among greenhouse gases. In 2022, it was calculated that the combustion of fossil fuels released 36.1 ± 0.3 Gt of CO2, which accounted for 70% of its global emission into the atmosphere [1,2].



Carbon capture and utilization (CCU) is recognised as the most recommended strategy for decreasing anthropogenic CO2 emission [3]. While capture from exhaust gases and storing methods have been well developed, the utilisation of CO2 for useful products is still a challenge [4], due primarily to the high thermodynamic and kinetic stability of this compound [5]. To activate CO2, reactive substrates such as hydrogen, amines, or epoxides should be used, which decrease the thermodynamic limitation; meanwhile, an effective catalyst is required to lower the kinetic barrier [6].



The fixation of CO2 using epoxides leading to cyclic esters, also called cycloaddition of CO2, runs with 100% atom efficiency, meaning all substrates’ atoms are built into the product molecule (Scheme 1).



Cyclic organic esters (COEs) are a broad group of compounds with many applications; among others, they can be used as electrolytes in lithium-ion batteries, polar high-boiling-point solvents, components of cosmetics, and monomers for the production of polymers (polycarbonates, polyurethanes); their present world annual production is ca. 600 thousand tons [5]. Most often, COEs are liquids with high dielectric constants; they are non-toxic, soluble in water, biocompatible, and biodegradable into safe compounds, and they are recognised as green solvents. Currently, COEs are produced using technologies based on highly toxic phosgene [2]. Implementing the reaction cycloaddition CO2 to epoxides into new technologies of COEs production is an attractive alternative based on sustainable development rules [7].



The addition of CO2 to epoxides requires the use of a catalyst that can be employed in a homogeneous or heterogeneous system [8,9,10,11], whereas the last, although usually gives a lower yield, enables easy separation and reuse of the catalyst. Thus, heterogeneous catalysts are especially desired. Among heterogeneous catalysts, metal–organic framework materials (MOFs) are up and coming for the fixation of CO2 [12,13,14,15]. MOFs are crystalline and porous nanostructures in which metal ions are coordinated by organic molecules (bifunctional ligands) [16,17]. Importantly, MOFs with an adequately designed morphology and composition can adsorb CO2 inside the pores and contain active catalytic centres with Lewis acid behaviour due to the presence of not fully coordinated metal ions [18,19,20]. Usually, MOFs are employed in the cycloaddition of CO2 to epoxides with co-catalysts, providing the nucleophilic moieties necessary to form the halo-alkoxy transition form between CO2 and epoxide molecules. Most often, tetramethylammonium bromide (TBAB) plays this role [13,21].



Recently, a few reports revealed that the composite materials built of MOFs with catalytically active substances whose molecules are entrapped inside their pores can be more effective than their application separately [7,22,23,24]. In 2018, Ding and Jiang showed that the incorporation of poly(ionic liquid) built of imidazole moieties inside of MOF structure (chromium ions coordinated by terephthalic acid ligand MIL-101) gives heterogeneous effective and selective catalyst for the cycloaddition CO2 to epoxides [25]. However, the preparation of this material is rather complicated and consists of a multistep procedure using expensive chemicals, making it difficult to employ on an industrial scale. Furthermore, the high toxicity of chromium(III) ions causes the production and application of this type of MOF material to pose a risk to the environment.



Baumick and co-workers [26] proved that the cerium(III) based MOF with 1,4-naphthalene dicarboxylic acid (1,4-NDC) as a linker is an efficient catalyst for the cycloaddition of CO2 to epoxides. The authors also showed that 4-amino triazole or 5-amino tetrazole during the MOF crystallisation causes the formation of a more ordered structure during the MOF crystallisation whilst not being incorporated into the MOF’s network (crystallisation mediators). The fabricated Ce-MOF works well as a heterogeneous catalyst for CO2 cycloaddition to several epoxides. Nonetheless, cerium is a rare element, and its concentration in Earth’s crust is only 0.0004%; thus, applying such a catalyst on a larger scale would be costly.



Very recently, novel cobalt-based MOFs with abundant O/N species were reported to be highly effective at catalysing the cycloaddition of CO2 to epichlorohydrin as a model epoxide [27]. A specially designed ligand that is not commercially available was used to synthesise this material. It is worth pointing out that materials with cobalt must be carefully used on a larger scale because of the toxicity of this heavy metal.



So far, only a few papers report the successful application of nanostructural gold for the fixation of CO2. At the same time, gold nanoparticles (AuNPs) and other noble metal nanoparticles are extensively studied because of their unique properties and exceptional effectivity in the heterogeneous catalysis field [28,29,30,31,32,33]. In 2021, Yang et al. [34] proved that gold nanoclusters (AuNPs with diameter < 2 nm) could catalyse the cycloaddition of CO2 to propylene oxide using dimethyl aminopyridine (DMAP) as a co-catalyst. Importantly, they also showed weak adsorption of CO2 onto the gold surface, which may explain the low yields obtained in the cycloaddition [28]. Based on these insights, we hypothesised that immobilising nanostructural gold into the MOF with a high capacity to adsorb CO2 should improve its catalytic performance.



Herein, we report the synthesis of novel highly porous aluminium-based MOFs with 1,4-naphthalene dicarboxylic acid as a linker and their composites with nanostructural gold. The successful application of all these materials in the cycloaddition of CO2 to a series of model epoxides (glycidol, epichlorohydrin, styrene oxide, propylene oxide) is also presented. We employed 4-amino triazole and 5-amino tetrazole in the materials synthesis as mediators of crystallisation, and two types of Al-MOFs have been obtained differing slightly in morphology labelled as Al4@NDC, Al5@NDC, respectively. So far, Al-based MOFs with NDC as a linker have been obtained using the solvothermal method in water solutions [35,36,37].



The composite materials (AlAu@NDC) were fabricated through the “ship in a bottle” strategy using ultra-small gold nanoparticles AuNPs (with a diameter of ca. 3 nm), which were introduced during the MOFs’ crystallisation processes.



The fabricated Al-MOFs and their composites with AuNPs show good and excellent results in the cycloaddition of carbon dioxide to tested model epoxides. They seem perfect candidates for catalysts in the sustainable fixation of CO2 on an industrial scale.




2. Results and Discussion


The Al-MOFs were synthesised using 1,4-naphthalene dicarboxylic acid as the organic linker and 4-aminotriazole (4-Atz) or 5-amino tetrazole (5-Atrz) as mediators of crystallisation. Baumick et al. [26] employed this linker and mediators to prepare the cerium-based MOFs. In this case, only one type of material for both mediators was obtained. However, we observed significant differences in the morphology of the materials obtained using 4-aminotriazole and 5-aminotetrazole (Al4@NDC and Al5@NDC, respectively). Figure 1 shows the selected SEM images for Al4@NDC and Al5@NDC samples (for more SEM images, see ESI Figure S3). The synthesised Al-MOFs are perfectly homogeneous and are built of nano cuboids with an average size of their edge of 151 nm for Al5@NDC and 75 nm for Al4@NDC. Thus, in the presence of 5-aminotetrazole, crystallisation during the growth of MOF led to nano cuboids two times bigger than we used 4-aminotriazole. Furthermore, the size distribution of the nano cuboids is wider when the last is used as a crystallisation mediator. The obtained differences in morphology of the synthesised nanomaterials are not a consequence of embedding 5-amino tetrazole or 4-aminotriazole in the crystallography structure of MOFs, as composition analyses proved.



The composite nanomaterials were fabricated via embedding gold nanoparticles (AuNPs) in the structure of Al-based MOFs during the crystallisation. Firstly, AuNPs were prepared using a slightly modified Brust−Schiffrin procedure, producing ultra-small monodispersive nanoparticles (see ESI Figure S4). The growth of MOFs occurred in the presence of dissolved AuNPs and as earlier crystallisation mediators, 4-aminotriazole, or 5-amino tetrazole. The morphologies of the obtained nanocomposites, Al4Au@NDC and Al5Au@NDC, respectively, differ significantly from the MOFs fabricated without AuNPs. Figure 2 displays the selected SEM images for Al4Au@NDC and Al5Au@NDC composites. As shown in Figure 2, in the presence of AuNPs, the growth of MOFs leads to nanostructures with flake shape. These nanoflakes are more homogeneous when 5-amino tetrazole is used as a crystallisation mediator; they are bigger than those obtained using 4-aminotriazole.



The results of TEM analyses are consistent with those obtained from SEM and confirmed the nano cuboid structure of Al4@NDC and Al5@NDC and the nanoflakes morphology of their composites with AuNPs (see Figure S4 in the ESI). Additionally, it is visible in the composite material’s image that nanoparticles are embedded inside the nanocrystal structure.



The fabricated Al-MOFs and their composites with AuNPs have been analysed to determine their composition using a series of techniques: SEM with electro-dispersive spectroscopy (SEM-EDS), elemental analysis (E.A.), an inductively coupled plasma mass spectrometry (ICP MS), 1H NMR spectroscopy. Table 1 displays the content of elements determined from these techniques and the empirical formulas calculated.



ICP MS and SEM-EDS were used to determine aluminium and gold content, and notably, the results obtained are consistent, indicating that the materials are homogeneous. From E.A., the contents of carbon, hydrogen, nitrogen, and sulphur were determined. Although SEM-EDS also allows for determining carbon, nitrogen, and sulphur concentrations, results from E.A. are more accurate and were used to calculate empirical formulas.



The determined nitrogen content in the fabricated materials is low, 0.5–2.2% (w/w), indicating that the crystallisation mediator molecules are probably not built into the structures. Such ambiguities were unquestionably resolved by recorded 1H NMR spectra.



2.1. 1H NMR Spectroscopy


1H NMR spectra were recorded after the decomposition of MOFs in D2SO4 and dissolving in d6-DMSO. The spectra for both Al5@NDC and Al4@NDC are identical. There is a lack of proton signals from 4-aminotriazole and 5-amino tetrazole. There are visible signals from the linker, namely 1,4-naphthalene dicarboxylic acid. The signals in the range of 3.5–3.20 can be explained by DMF and water molecules coordinated in the MOF structure.



1H NMR (300 MHz, d6-DMSO) δ = 12.78 (s, COOH, 2H), 8.72–8.69 (m, CH, naphtalene ring 2H), 8.10 (s, CH, naphtalene ring, 2H), 7.67–7.64 (m, CH, naphtalene ring 2H), 3.54 (s, H2O), 3.35 (s, NH w (CH3)2NH), 3.20 (s, CH3, 6H).



While Al5@NDC and Al4@NDC do not differ in elemental composition there are minor differences in the measurement error range. There are slightly higher differences between Al5Au@NDC and Al4Au@NDC, especially in sulphur content (deriving from gold nanoparticles coating) and also for nitrogen and oxygen. However, the difference in catalytic activity of these materials (see further in the manuscript) cannot be explained based on their different compositions. In Table 1, empirical formulas are given and calculated based on their elemental composition. For all the materials, there is 1 mol of ligand per 1 mol of aluminium ions (NDC). Férey and co-workers [38] proved that hydroxyl ions are coordinated with metal ions in aluminium terephthalate MOF material (MIL-53). Our results of composition analyses indicate that in the aluminium-based MOFs linked with NDC, hydroxyl ions are also coordinated with aluminium ions in the same molar ratio (1:1 OH−:NDC2−). This conclusion is also consistent with the results from the structural investigation performed by Comotti et al. [35] for Al-based MOF with NDC obtained via the hydrothermal method.



From the nitrogen content, the molar content of DMF was calculated per 1 mol of aluminium ions. In the composite materials, the content of gold is 0.01 mol per 1 mol Al3+ ions.




2.2. Catalytic Assays


Scheme 2 shows formulas of epoxides tested in the cycloaddition of CO2 using the fabricated nanomaterials as catalysts and for the corresponding planned products.



Table 2 presents the results of catalytic assays performed for the model epoxides with all fabricated nanomaterials in the role of catalysts.



Employing the fabricated nanomaterials as catalysts in the cycloaddition of CO2 enables cyclic carbonates to be obtained for all tested epoxides under mild conditions (90 °C, 1 MPa CO2). The highest conversions and yields were obtained for glycerol carbonate (Gly-CO3), slightly smaller for reactions with epichlorohydrin and significantly lower for styrene and propylene oxide. For Al5@NDC, 100% conversion of glycidol was obtained within 4 h of conducting the reaction; extending the time to 22 h increases the reaction yield from 83% to 93%. This indicates that whole glycidol partially reacted to the transition product after 4 h, and can react further to the desired product. The embedded AuNPs in the structure of Al5@NDC allowed us to obtain a higher yield of Gly-CO3 for a significantly shorter reaction time. After 2 h of reaction, Gly with Al5Au@NDC conversion of the substrate is 91%, wherein the yield of Gly-CO3 is 89%, which indicates that the nanogold in the catalyst already at very low concentration (0.8%) allows for increasing selectivity. Kinetic measurements revealed that the reaction rate constant of cycloaddition CO2 to glycidol at 90 °C in the presence of Al5Au@NDC is 30% higher than with Al5@NDC (see Figure S2 in ESI).



In the reactions of cycloaddition CO2 to epichlorohydrin with the designed catalysts, 100% selectivity was obtained; however, the influence of gold in the catalysts on the course of reactions was not observed.



The reactions with styrene and propylene oxide occur with lower yields than with Gly and EPI. The lack of electron-withdrawing substituents in their molecules can explain the lower activity of these epoxides. For St-O, the highest conversion and comparable yield of St-CO3 were obtained using Al4@NDC (after 22 h reaction conducting conversion 28%, yield 27%). We do not observe the influence of gold in the catalysts on the yields of obtained St-CO3. In contrast, a significant impact was observed on the reaction with propylene oxide (Pr-O). In the presence of Al5@NDC, the yield of adding CO2 to Pr-O after 48 h is 18%; for Al5Au@NDC, the result is almost two times higher (34%).



The reaction conditions were optimised for the reaction of CO2 cycloaddition to glycidol, leading to primarily industrial product glycerol carbonate (Gly-CO3), and catalytic cycles were performed to evaluate the possibility of recycling the developed catalysts. Figure 3 shows the results of these assays for Al5@NDC, of which performance among the fabricated was most versatile.



Based on results obtained for glycidol, 90 °C was chosen as the optimal temperature in the cycloaddition reactions (Figure 3). At 70 °C, after 1 h of reaction, the conversion of Gly is three times smaller than at 90 °C; meanwhile, we compare 60% of conversion at 90 °C and 80% at 110 °C. The selection of a lower temperature is more economically justified, especially since this conversion after 1 h is satisfied.



Notably, the fabricated nanocatalysts can be easily separated from the post-reaction mixture (via centrifugation) and reused. This was proved by catalytic cycles performed for Al5@NDC for the cycloaddition reaction leading to Gly-CO3 (Figure 3). Over the course of five catalytic runs, we did not observe the deterioration of the conversion of Gly and the yield of obtained Gly-CO3. The minor differences are in the range of determination error.



The kinetic studies performed for the cycloaddition of CO2 to glycidol (relationships glycidol conversion and ln[Gly]t vs. time), using the fabricated catalysts, showed that the first-order kinetic described this process very well (see Figure S2 in ESI). The determined reaction constant rates at 90 °C for the reaction using first-order kinetic simulations are given in Figure S2 (ESI).



In all catalytic assays, tetrabutylammonium bromide (TBAB) was used as a co-catalyst. We analysed the influence of the fabricated catalyst (Al5@NDC) and this co-catalyst (TBAB) separately and together on the cycloaddition of CO2 to glycidol, leading to glycerol carbonate. As it turned out, the reaction does not run without TBAB and Al5@NDC (conversion of the substrate was 0%); only 0.5% of conversion was obtained in the presence only Al5@NDC, 30% is achieved when TBAB is only used and almost two times higher when Al5@NDC and TBAB are used together (see Figure S5 in ESI).




2.3. Porosity Analyses—Isotherms of N2 and CO2 Adsorption


Figure 4 shows isotherms of N2 adsorption recorded at 77 K for fourth fabricated nanocatalysts in adsorption and desorption cycles. Firstly, according to Brunauer classification [39], the perfectly reversible type II isotherms were recorded and indicated the microporous structure of the nanomaterials. The shape of curves is similar for all materials; nevertheless, significant differences in values of capacity for the adsorption of N2 given in volume per mass unit correlate with their ability to catalyse cycloaddition of CO2 to epoxides. All the studied materials are microporous with very high Brunauer–Emmett–Teller (BET) surfaces and an average pore diameter of 1 nm (Table 3). The most developed BET surface is for Al4@BDC and equals 741 m2 g−1; the lowest for Al4Au@NDC is 421 m2 g−1. Characteristic adsorption energy has been calculated for Al5@NDC (29 kJ mol−1). The isotherms of Al4@NDC and Al5@NDC are slightly different, consistent with results from SEM in their morphologies (see Figure 1). Al5@NDC is built of bigger nanocrystals, and its pores are smaller than in the case of Al4@NDC. For composite materials, namely Al5Au@NDC and Al4Au@NDC, porosity is lower than MOFs without gold nanoparticles, SBET 526 m2 g−1 and 421 m2 g−1, respectively. It indicates that the nanoparticles occupy part of the pores inside the MOF structure, but these materials can still be classified as microporous (pore size up to 2 nm). Notably, the adsorption of N2 at 77 K is significantly higher for all fabricated materials than reported by Comotti et al. [35] for Al-based MOFs linked with NDC obtained via the solvothermal method. The difference in adsorption capability can be explained by bigger pores inside materials obtained from the DMF synthesis compared to the solvothermal process. As a result of the solvothermal procedure, pores with a width below 1 nm are formed (cross-sections 3 × 3 and 7.7 × 7.7 Å2). Meanwhile, in the MOFs fabricated according to our procedure are significantly bigger (see Figure S7 in ESI).



Table 3 shows characteristic parameters calculated on the base of N2 adsorption–desorption isotherms using the BET model and density functional theory (DFT).



The very high porosity of the fabricated nanocatalysts and small pore sizes in their structures enable more effective permeation of gases, which is crucial for achieving high yields in the cycloaddition of CO2.



Figure 5 displays the CO2 gas adsorption isotherms measured at 273 K for the synthesised nanomaterials. The results correlate perfectly with their catalytic activity in the cycloaddition of CO2 to epoxides.



Adsorption of CO2 increases with increasing pressure with steadily ascending slope patterns in the range of 50–800 mmHg for all synthesised nanomaterials. It indicates very strong adsorption of this gas on fabricated MOFs. For Al5@NDC, the CO2 adsorption capacity is highest and measured to be 3.125 mmol g−1 at 273 K and under normal pressure and is more than two times higher than recently reported for Co-MOFs with high catalytic performance in the cycloaddition of CO2 to epoxides [27]. Furthermore, the fabricated composite materials adsorb CO2 with lower capacity, and for Al4Au@NDC, the lowest adsorption among all the materials is 1.562 mmol g−1. Nevertheless, compared with others reported in the literature, composite materials of this type have high capacities. Importantly, considering the obtained results, the increased catalytic activity of Al5Au@NDC in cycloaddition CO2 to propylene oxide compared with Al5@NDC cannot be explained by higher gas adsorption by the first mentioned catalyst. It proves that the participation of gold nanoparticles in the catalytic process is responsible for the observed differences between Al5@NDC and Al5Au@NDC. Meanwhile, the better catalytic performance of Al5Au@NDC compared to Al4Au@NDC may be explained by the higher CO2 adsorption capacity of the first.




2.4. Thermogravimmetric Analyses (TGA)


TGA allowed us to evaluate the fabricated nanocatalysts’ thermal stability and analyse their composition changes under heating.



Figure 6 shows TGA curves recorded during the heating up to 1000 °C under a nitrogen atmosphere with a heating ratio of 10 K min−1.



Two weight losses are observed in the TGA curve measured for Al5@NDC and Al4@NDC. First, small in the range of 150–200 °C corresponding with residue DMF molecules releasing from the structure of these MOFs (is ca. 7% of starting mass in both cases, which corresponds very well with 6% of DMF predicted for the materials from composition analyses, see in Table 1) and significantly higher in the range of 500–600 °C related to thermal decomposition of these materials. The thermal decomposition of Al4@NDC begins at a lower temperature than Al5@NDC and leads to a lower residue mass (15% of the starting mass). This residue mass is aluminium and carbon from the decomposition of organic matter under anaerobic conditions.



TGA curves registered for composite materials, namely Al5Au@NDC and Al4Au@NDC, are very similar. Thermal decomposition begins at a slightly lower temperature than Al5@NDC and Al4@NDC, which do not contain AuNPs. The decay of the ligand coating AuNPs (1-octadecanethiol) is probably visible as the step before the MOFs network decomposes.



TGA showed high thermal stability for Al-MOFs and their nanocomposites with gold nanoparticles; they are stable up to 450 °C, making them good candidates for catalysts that also work at high temperatures.




2.5. Powder X-ray Diffraction (PXRD) Analyses and Crystal Structure Simulations


Powder X-ray diffraction (PXRD) patterns of the MOFs shown in Figure 7 (black curves) indicate a high degree of crystallinity despite the fine microstructure revealed by the SEM and TEM imagining (Figure 1 and Figure S4). Al4@NDC (Figure 7a,b) and Al5@NDC (Figure 7c,d) lattices, as indicated by a high-level similarity of their diffraction patterns, regardless of the presence of AuNPs, conform to the same tetragonal P4/nmm crystallographic system with unit-cell parameters listed in the Table S1 (ESI). We note that high-temperature or extended period room-temperature drying of the MOFs leads to the emergence of (110) reflexes absent in the as-synthesized materials (Figure S8). It also helps in matching the powder patterns to previously reported MOF whose crystallographic structure has been resolved from synchrotron data [35]. Miller indices of the most prominent MOF reflexes are shown above the experimental patterns, while the red curves at the bottom of each panel in Figure 7 show the best fit to the data, along with predicted reflexes positions (blue ticks). The presence of gold nanoparticles in MOF Al4Au@NDC (Figure 7b) and MOF Al5Au@NDC (Figure 7d) is manifested by the presence of weak reflex at 38.5° (2Θ) originating from (111) face-centred cubic lattice planes of Au marked with an asterisk. We note that these reflexes likely originate from the largest nanoparticles present in the samples.




2.6. Small-Angle X-ray Scattering (SAXS) Analyses of AuNPs


Small-angle X-ray scattering patterns of thiol-coated gold nanoparticles dispersed at 1 wt. % in toluene were acquired. The analysis of scattering profiles indicated bimodal size distribution model consisting of small and large nanoparticles (see Figure S6 in ESI) with an average diameter of 3.7 nm and 22.1 nm, respectively. It indicates the presence of the main fraction of very small nanoparticles visible in the TEM images (see Figure S4 in ESI) and the second, minority fraction of larger nanoparticles or particle aggregates. However, considering the pore size in the fabricated MOF materials (see discussion 2.3), only the fractions of smaller N.P.s can be incorporated into the voids of the composite and larger nanoparticle particles, detectable in PXRD, are likely present on the outside or in the defects of MOF crystalline lattice.





3. Materials and Methods


3.1. Materials


Al(NO3)3 • 9H2O (Merck, Warsaw, Poland), ACS reagent, ≥98% (Merck, Poland), 1,4-naphtalene dicarboxylic acid (1,4-NDC), 98% (AmBeed Inc., Arlington, IL, USA), HAuCl4 • 3H2O), ACS reagent, ≥49.0% Au basis (Merck, Poland), 1-octadecanethiol ≥98% (Merck, Poland), tetraoctylammonium bromide [CH3 (CH2)7]4NBr TOAB, 98% (Merck, Poland), tetrabuthylammonium bromide ([CH3 (CH2)3]4NBr) TBAB, 98% (Merck, Poland), NaBH4, powder ≥ 98% (Sigma Aldrich, Poznań, Poland), glycidol, (Gly) 96% (Thermo Scientific, Bionovo, Legnica, Poland), Epichlorohydrine (EPI), 99% (Thermo Scientific, Bionovo, Poland), Styren oxide (St-O) ≥ 97% (Thermo Scientific, Bionovo, Poland), (+/−) Propylene oxide (Pr-O), ≥99% (Thermo Scientific, Bionovo, Poland), dimethylformamide DMF (>95%) (Chemat, Gdansk, Poland), dichlormethane (DCM) > 95%, (Chemat, Poland), ethyl acetate > 95%, (Chemat, Poland), toluene (>95%) (Chemat, Poland), ethanol anhydrous (≥99%) (Chemat, Poland), 4H-1,2,4-triazol-4-amine (4-Atrz), 95% (AmBeed, Inc., Arlington, USA), 5-amino-1H-tetrazole (5-Atz), 95% (Angene Chemical, Hyderabad, India), anizole anhydrous, 99.7%, (Merck, Poland), propylene carbonate, anhydrous 99.7%, (Merck, Poland), 4-(Hydroxymethyl)-1,3-dioxolan-2-one, ≥98%, (Merck, Poland), methanol anhydrous, 99% (Merck, Poland).




3.2. Synthesis of Al4@NDC/Al5@NDC


An amount of 92.4 mg of Al(NO3)2 • 9H2O (0.25 mmol), 16.8 mg (0.2 mmol) of 4-Atrz (in the case of Al4@NDC) or 17 mg (0.2 mmol) of 5-Atz (in the case of Al5@NDC), and 86.5 mg of 1,4-NDC (0.4 mmol) were placed in a vial and dissolved in 10 mL of DMF. The solution was stirred for 10 min using a magnetic stirrer; after this, the solution was completely clear. The closed vial was heated in an oven for 72 h at 110 °C.



Afterwards, the precipitated crystals were filtered, thoroughly rinsed with methanol and dried under an argon atmosphere. The dried crystals were transferred to the vial, anhydrous methanol was added (10 mL), and the tightly closed vial was shaken using an open-air lab shaker for 24 h (100 rpm). After this time, the mixture was centrifuged (1000 rpm, 10 min), the supernatant was discarded and solid dried in an oven for 24 h at 165 °C. White, fine crystalline products (60 mg of Al5@NDC and 55 mg of Al4@NDC) were obtained.




3.3. Synthesis of AuNPs


AuNPs stabilised by 1-octadecanethiol were synthesised according to the Brust−Schiffrin [40] procedure, wherein it was modified to obtain the product in a scale of grammes.



The solution, which was obtained by dissolving 100 mg of HAuCl4 • 3H2O (5 mmol) in 120 mL of ultra-pure water, was extracted with a solution of TOAB in toluene (1.53 g of TOAB in 180 mL) three times. The toluene layer became deep orange, and the aqueous layer was discarded. The toluene solution was transferred to the flask placed on a magnetic stirrer, 673 mg of 1-octadecanethiol dissolved in 25 mL of toluene was added, and when the obtained solution was mixed very intensively, the solution of NaBH4 in methanol (400 mg NaBH4, 100 mL MeOH) was added dropwise. After the first several drops of NaBH4 solution, the mixture became black. The mixture was stirred for 20 h at room temperature.



Afterwards, the post-reaction mixture was extracted with ultra-pure water (2 × 200 mL), water layers were discarded, the organic layer was concentrated using a rotary vacuum evaporator to ca. 10 mL and 50 mL of cooled down ethanol (96%) was added to precipitate the obtained nanoparticles. The suspension was centrifuged (15,000 rpm, 5 min), the supernatant was discarded, and the solid product was dried in a vacuum oven for 24 h (40 °C, 10 mbar). The final product (1.0342 g) was a black powder soluble in most organic solvents.




3.4. Synthesis Al5Au@NDC/Al4Au@NDC


Syntheses of composite materials with MOFs were performed following a strategy called “ship in a bottle” [41]. The MOF network is built around the nanoparticles dissolved in the solution.



An amount of 26 mg AuNPs (0.05 mmol Au3+), 92.4 mg (0.25 mmol) Al(NO3)3 • 9H2O, 16,8 mg (0.2 mmol) 4-Atrz (in the case of Al4Au@NDC) or 17 mg (0.2 mmol) 5-Atz (in the case of Al5Au@NDC), and 86.5 mg 1,4-naphthalene dicarboxylic acid (1,4-NDC) (0.4 mmol) were dissolved in 10 mL of DMF. The solution was stirred for 10 min using a magnetic stirrer; after this, the solution was completely clear. The closed vial was heated in an oven for 72 h at 110 °C.



Afterwards, the precipitated crystals were filtrated, thoroughly rinsed with methanol and dried under an argon atmosphere. The dried crystals were transferred to the vial, anhydrous methanol was added (10 mL), and the tightly closed vial was shaken using an open-air lab shaker for 24 h (100 rpm). After this, the mixture was centrifuged (1000 rpm, 10 min), the supernatant was discarded, and the solid dried in an oven for 24 h at 165 °C. Slightly pink, fine crystalline products were obtained (80 mg of Al5Au@NDC and 85 mg of Al4Au@NDC).




3.5. Catalytic Assays


The reactions of cycloaddition CO2 in the presence of the fabricated catalysts were performed in the pressure reactor constructed in our lab using commercially available elements made of stainless steel. The reactor has a manometer and valve system to introduce CO2 at proper pressure. Reagents were placed in a Teflon vessel inside the reactor, and CO2 was introduced from a cylinder to start pressure 1 MPa. The reactor was immersed in a thermostated (±2 °C) oil bath on a magnetic stirrer (see Figure S1 in ESI).



The reactions were performed in two systems:




	
I. In solution with DCM



	
II. Without a solvent on a four times bigger scale than I.













	I.

	
In a teflon vessel, 10 mg of catalyst was placed, and the solution which was obtained by dissolving 4 mmol epoxide, 29 mg TBAB (0.09 mmol) and ca. 80 mg of anisole (internal reference for G.C. analysis) in 6 mL DCM. The vessel was closed in the reactor. Next, CO2 was introduced to the reactor to start pressure 1 MPa. The reactor was immersed in a thermostated oil bath set at a temperature on a magnetic stirrer.




	II.

	
In a teflon vessel, 30 mg of catalyst was placed, and the solution which was obtained by dissolving 15 mmol epoxide in the case of Gly (ca. 1 mL), 20 mmol in the case of EPI, 200 mg TBAB (0.732 mmol) and ca. 280 mg of anisole (internal reference for G.C. analysis). The vessel was closed in the reactor. Next, CO2 was introduced to the reactor to start pressure 1 MPa. The reactor was immersed in a thermostated oil bath on a magnetic stirrer.









After a selected time, the reactor was cooled down using ice water, degassed, and the post-reaction mixture was mixed with 7 mL of ethyl acetate (this made it easier to separate the catalyst). Afterwards, the obtained suspension was filtrated using a syringe filter (200 µm) or, in the case of catalyst recycling experiments, the catalyst was centrifuged from the post-reaction mixture (10 min, 10,000 rpm), allowing the catalyst to be reused. The recovered catalyst was washed with methanol, dried at 50 °C for 24 h, and reused. The mixture obtained after catalyst separation was directly analysed using gas chromatography (G.C.). Analyses of the substrate conversion and product yields were performed using an internal standard procedure with anisole as the internal standard added to the reaction mixture; for the selected post-reaction mixture, product identity was confirmed by 1H NMR spectroscopy.




3.6. Techniques


3.6.1. Gas Chromatography (G.C.)


G.C. analyses to determine yields and conversions of reactions with CO2 were performed using a Shimadzu GC2010 Plus gas chromatograph (Shimadzu Corp., Kyoto, Japan) equipped with a split-mode capillary injection system and flame ionisation detector (FID) using capillary column: HP-5 (30 m × 0.320 mm, 0.25 μm, (Shimpol, Warszawa, Poland).



Chromatography conditions: carrier gas—nitrogen (~80 kPa); split ratio: 50; injector temperature 250 °C; detector temperature 280 °C.



G.C. analysis method for the reaction of styrene oxide or propylene oxide with CO2:



Pressure: 80.9 kPa; Column flow: 2.43 mL/min; oven temperature: initial temp. 80 °C hold for 2 min; ramp rate 40 °C/min to 280 °C; final temp. 280 °C hold for 5 min (12 min total).



G.C. analysis method for the reaction of glycidol or epichlorohydrin with CO2:



Pressure: 77.3 kPa; column flow: 2.54 mL/min; oven temperature: initial temp. 60 °C hold for 2 min; ramp rate 40 °C/min to 280 °C; final temp. 280 °C hold for 5 min (12.5 min total).




3.6.2. Scanning Electron Microscopy with Electron Dispersive Spectroscopy (SEM-EDS)


The JEOL-JSM-5600 microscope with OXFORD Link–ISIS–300 spectrometer (Zeiss, Jena, Germany) was used to image the morphology and elemental composition of the fabricated nanocatalysts. For imaging, the samples were coated with a thin layer of Au–Pd alloy to improve conductivity.




3.6.3. Transmission Electron Microscopy (TEM)


Transmission electron microscopy (TEM) observations have been carried out using a JEM 1400 JEOL Co. microscope (Zeiss, Germany) at 120 kV acceleration voltage. The samples were obtained by casting the DMF solutions of materials onto a carbon-coated copper microgrid (200 mesh) and air-dried overnight.




3.6.4. Porosity Analyses


The adsorption–desorption of nitrogen (N2) and carbon dioxide (CO2) isotherms were measured, and the specific surface area and pore volume using Micrometrics ASAP 2020 (Norcross, GA, USA). Before measuring, each sample was heated at 200 °C for 6 h; next, pressure was decreased to achieve <1 µm Hg. The measurements of N2 adsorption were conducted at 77 K, while the adsorption of CO2 was at 273 K. The Brunauer–Emmett–Teller (BET) equation was used to calculate the surface area. The pore volumes and their surfaces were calculated using density functional theory (DFT) methods.




3.6.5. Thermogravimetric Analyses (TGA)


T.G. analyses were conducted under an N2 atmosphere with a heating rate of 10 °C min−1 using a T.A. Instruments Q50 V20.10 Build 36 (T.A. Instruments, New Castle, DE, USA) thermogravimetric analyser.




3.6.6. NMR Spectroscopy


1H NMR spectra of the fabricated MOFs were recorded after decomposition in deuterated sulphuric acid (100%) and dissolving in DMSO-d6.



1H NMR spectra of post-reaction mixtures were recorded in CDCl3.



All spectra were recorded using Bruker Corporation 300 MHz spectrometer.



The samples of MOFs with mass ca. 3 mg were first dissolved in 20 µL D2SO4 (100%), 600 µL DMSO-d6 was added, and the suspension was sonicated for 10 min before recording a spectrum.




3.6.7. Powder X-ray Diffraction (PXRD) and Small-Angle X-ray Scattering (SAXS)


Diffractograms of MOFs deposited on <911>-cut zero-background silicon wafers were collected using a powder X-ray diffractometer (D8 Discover, Bruker Inc., Billerica, MA, USA) equipped with a line-shaped collimated Cu Kα radiation (0.154 nm) source in 3–60° 2θ range in a locked-coupled mode. The position and relative intensities of the 20 most prominent reflexes were used to determine the most plausible space group and unit-cell parameters of the material using the Expo2014 PXRD data analysis software (https://www.ba.ic.cnr.it/softwareic/expo/) [42].



Small angel X-ray scattering patterns were collected over 1200 s period using a 2D gas-wire detector (Vantec 2000, Burgebrach, Germany) in 0.1–5° 2θ scattering angle range and, subsequently, azimuthally integrated using silver behenate as a calibrant to obtain the scattering intensity dependence on the scattering vector q = 4π/λ sinθ, where λ = 1.542 nm is the X-ray wavelength. All SAXS patterns were radially averaged and corrected for background scattering. The data were analysed with SasViev software (https://www.sasview.org/) [43].




3.6.8. Elemental Analyses


The elemental UNIcube apparatus was used to analyse the MOF samples and composite materials (C, H, N, S).




3.6.9. An Inductively Coupled Plasma Mass Spectrometry (ICP MS)


An inductively coupled plasma mass spectrometer, ICP-MS, NexION 300D (Perkin Elmer, Boston, MA, USA), equipped with a quartz cyclonic spray chamber and Meinhard nebuliser, was used for Al and Au concentration measurements.






4. Conclusions


Novel aluminium-based MOF materials were fabricated using 1,4-naphthalene dicarboxylic acid as a linker and 4-aminotriazole and 5-aminotetrazole as crystallisation mediators. The composite materials of Al-based MOFs with embedded gold nanoparticles (AuNPs) were also prepared using the “ship-in-a-bottle” strategy.



Al-based MOFs form cube/cuboid-shaped nanostructures, wherein the composite materials form nanoflakes. Both structures characterise narrow size dispersity. PXRD studies proved the fabricated materials’ high degree of crystallinity with the same tetragonal P 4/nmm crystallographic system with slightly differing unit-cell parameters.



The synthesised materials are highly porous (SBET in the range 421 m2 g−1 for Al4Au@NDC do 735 m2 g−1 for Al5@NDC), homogeneous, and thermal stable up to 450 °C. They exhibit high CO2 adsorption capacity of up to 3.125 mmol g−1 at 273 K and under normal pressure.



The fabricated materials, in combination with TBAB as a co-catalyst, give good and excellent catalytic activity for the carbon dioxide cycloaddition with a series of model epoxides: epichlorohydrin, glycidol, styrene and propylene oxide. Applying the synthesised catalysts enables the reactions to be performed under mild conditions (90 °C, 1 MPa CO2) for a short time with high conversion and yield (91% conversion of glycidol towards glycerol carbonate with 89% yield within 2 h). The developed nanocatalysts can be easily separated from the reaction mixture and reused several times without deteriorating performance.



The presence of AuNPs in the synthesised nanocatalysts (0.8% w/w) enables the cycloaddition of CO2, leading to cyclic esters with higher yields for a shorter time. This phenomenon is evident for less-active epoxides like propylene oxide, for which a two times higher yield of propylene carbonate was obtained using nanocomposites compared to Al-MOF without nanoparticles.



The designed Al-MOFs and their composites with AuNPs give good and excellent results in the cycloaddition of carbon dioxide to tested model epoxides. Considering the prices and commercial availability of reagents needed for their preparation, ease of obtaining, the safety of these materials for the environment and thermal stability, they seem perfect candidates for catalysts for the sustainable fixation of CO2 on an industrial scale.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms25021020/s1. References [42,44] are cited in the Supplementary Materials.





Author Contributions


Conceptualisation, E.M., P.K. and P.W.M.; methodology, G.K., K.W., M.K., E.M. and P.W.M.; software, E.M. and P.W.M.; validation, E.M.; formal analysis, E.M.; investigation, K.W., G.K., E.M., M.K., P.W.M. and P.K.; resources, E.M.; data curation, E.M.; writing—original draft preparation, E.M.; writing—review and editing, E.M.; visualisation, E.M., P.W.M.; supervision, E.M.; project administration, E.M.; and funding acquisition, E.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the University of Warsaw grant IDUB 501-D112-20-1004310 (IDUB POB I). The University of Warsaw funded the APC grant from IDUB Open Access support.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Acknowledgments


We thank Professor Rafał Jurczakowski and Rafał Rutkowski, MSc, University of Warsaw, Faculty of Chemistry for designing of reaction sets for catalytic assays.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, Z.; Deng, Z.; Davis, S.; Ciais, P. Monitoring global carbon emissions in 2022. Nat. Rev. Earth Environ. 2023, 4, 205–206. [Google Scholar] [CrossRef] [PubMed]

	



Yan, T.; Liu, H.; Zeng, Z.; Pan, W. Recent progress of catalysts for synthesis of cyclic carbonates from CO2 and epoxides. J. CO2 Util. 2023, 68, 102355. [Google Scholar] [CrossRef]

	



Leung, D.Y.; Caramanna, G.; Maroto-Valer, M.M. An overview of current status of carbon dioxide capture and storage technologies. Renew. Sustain. Energy Rev. 2014, 39, 426–443. [Google Scholar] [CrossRef]

	



Kočí, V.; Rocha, J.L.; Zakuciová, K. The concept of circular economy applied to CCS, waste and wastewater treatment technologies. In Proceedings of the 5th Annual International Conference on Sustainable Energy and Environmental Sciences (SEES 2016), Global Science & Technology Forum (GSTF), Singapore, 22–23 February 2016; pp. 22–23. [Google Scholar]

	



Kamphuis, A.J.; Picchioni, F.; Pescarmona, P.P. CO2-fixation into cyclic and polymeric carbonates: Principles and applications. Green Chem. 2019, 21, 406–448. [Google Scholar] [CrossRef]

	



Alper, E.; Orhan, O.Y. CO2 utilization: Developments in conversion processes. Petroleum 2017, 3, 109–126. [Google Scholar] [CrossRef]

	



Pescarmona, P.P. Cyclic carbonates synthesised from CO2: Applications, challenges and recent research trends. Curr. Opin. Green Sustain. Chem. 2021, 29, 100457. [Google Scholar] [CrossRef]

	



Li, Z.J.; Sun, J.F.; Xu, Q.Q.; Yin, J.Z. Homogeneous and heterogeneous ionic liquid system: Promising “ideal catalysts” for the fixation of CO2 into cyclic carbonates. ChemCatChem 2021, 13, 1848–1866. [Google Scholar] [CrossRef]

	



Ishida, H.; Machan, C.; Robert, M.; Iwasawa, N. Molecular Catalysts for CO2 Fixation/Reduction. Front. Media SA 2020, 8, 59. [Google Scholar]

	



Song, X.; Wang, J.; Yang, L.; Pan, H.; Zheng, B. The transformation strategies between homogeneous and heterogeneous catalysts for the coupling reactions of CO2 and epoxides/olefins. Inorg. Chem. Commun. 2020, 121, 108197. [Google Scholar] [CrossRef]

	



Appel, A.M.; Bercaw, J.E.; Bocarsly, A.B.; Dobbek, H.; DuBois, D.L.; Dupuis, M.; Ferry, J.G.; Fujita, E.; Hille, R.; Kenis, P.J. Frontiers, opportunities, and challenges in biochemical and chemical catalysis of CO2 fixation. Chem. Rev. 2013, 113, 6621–6658. [Google Scholar] [CrossRef]

	



Singh Dhankhar, S.; Ugale, B.; Nagaraja, C. Co-Catalyst-Free Chemical Fixation of CO2 into Cyclic Carbonates by using Metal-Organic Frameworks as Efficient Heterogeneous Catalysts. Chem.—Asian J. 2020, 15, 2403–2427. [Google Scholar] [CrossRef] [PubMed]

	



Pal, T.K.; De, D.; Bharadwaj, P.K. Metal–organic frameworks for the chemical fixation of CO2 into cyclic carbonates. Coord. Chem. Rev. 2020, 408, 213173. [Google Scholar] [CrossRef]

	



Hazra Chowdhury, I.; Hazra Chowdhury, A.; Sarkar, P.; Islam, S.M. Chemical fixation of carbon dioxide by heterogeneous porous catalysts. ChemNanoMat 2021, 7, 580–591. [Google Scholar] [CrossRef]

	



Liang, J.; Huang, Y.-B.; Cao, R. Metal–organic frameworks and porous organic polymers for sustainable fixation of carbon dioxide into cyclic carbonates. Coord. Chem. Rev. 2019, 378, 32–65. [Google Scholar] [CrossRef]

	



Peng, X.; Chen, L.; Li, Y. Ordered macroporous MOF-based materials for catalysis. Mol. Catal. 2022, 529, 112568. [Google Scholar] [CrossRef]

	



Ma, S.; Han, W.; Han, W.; Dong, F.; Tang, Z. Recent advances and future perspectives in MOF-derived single atom catalysts and their application: A review. J. Mater. Chem. A 2023, 11, 3315–3363. [Google Scholar] [CrossRef]

	



Ghanbari, T.; Abnisa, F.; Daud, W.M.A.W. A review on production of metal organic frameworks (MOF) for CO2 adsorption. Sci. Total Environ. 2020, 707, 135090. [Google Scholar] [CrossRef]

	



Zulkifli, Z.I.; Lim, K.L.; Teh, L.P. Metal-Organic Frameworks (MOFs) and their Applications in CO2 Adsorption and Conversion. ChemistrySelect 2022, 7, e202200572. [Google Scholar] [CrossRef]

	



Rehman, A.; Farrukh, S.; Hussain, A.; Pervaiz, E. Synthesis and effect of metal–organic frame works on CO2 adsorption capacity at various pressures: A contemplating review. Energy Environ. 2020, 31, 367–388. [Google Scholar] [CrossRef]

	



Beyzavi, M.H.; Stephenson, C.J.; Liu, Y.; Karagiaridi, O.; Hupp, J.T.; Farha, O.K. Metal–organic framework-based catalysts: Chemical fixation of CO2 with epoxides leading to cyclic organic carbonates. Front. Energy Res. 2015, 2, 63. [Google Scholar] [CrossRef]

	



Saleh, T.A. Nanomaterials and hybrid nanocomposites for CO2 capture and utilization: Environmental and energy sustainability. RSC Adv. 2022, 12, 23869–23888. [Google Scholar] [CrossRef] [PubMed]

	



Gulati, S.; Vijayan, S.; Kumar, S.; Harikumar, B.; Trivedi, M.; Varma, R.S. Recent advances in the application of metal-organic frameworks (MOFs)-based nanocatalysts for direct conversion of carbon dioxide (CO2) to value-added chemicals. Coord. Chem. Rev. 2023, 474, 214853. [Google Scholar] [CrossRef]

	



Li, B.; Ma, J.G.; Cheng, P. Integration of metal nanoparticles into metal–organic frameworks for composite catalysts: Design and synthetic strategy. Small 2019, 15, 1804849. [Google Scholar] [CrossRef] [PubMed]

	



Ding, M.; Jiang, H.-L. Incorporation of Imidazolium-Based Poly(ionic liquid)s into a Metal–Organic Framework for CO2 Capture and Conversion. ACS Catal. 2018, 8, 3194–3201. [Google Scholar] [CrossRef]

	



Das, S.K.; Chatterjee, S.; Bhunia, S.; Mondal, A.; Mitra, P.; Kumari, V.; Pradhan, A.; Bhaumik, A. A new strongly paramagnetic cerium-containing microporous MOF for CO2 fixation under ambient conditions. Dalton Trans. 2017, 46, 13783–13792. [Google Scholar] [CrossRef] [PubMed]

	



Ullah, N.; Ramiere, A.; Raza, W.; Ye, P.; Liu, W.; Cai, X.; Peng, Z.; Kim, K.-H. Cobalt-based MOF nanoribbons with abundant O/N species for cycloaddition of carbon dioxide to epoxides. J. Colloid Interface Sci. 2022, 623, 752–761. [Google Scholar] [CrossRef] [PubMed]

	



Cai, X.; Li, G.; Hu, W.; Zhu, Y. Catalytic Conversion of CO2 over Atomically Precise Gold-Based Cluster Catalysts. ACS Catal. 2022, 12, 10638–10653. [Google Scholar] [CrossRef]

	



Krogul-Sobczak, A.; Pisarek, N.; Cieciórski, P.; Megiel, E. Silver Nanoparticles Densely Grafted with Nitroxides as a Recyclable Green Catalyst in the Selective Oxidation of Alcohols. Nanomaterials 2022, 12, 2542. [Google Scholar] [CrossRef]

	



Megiel, E. Surface modification using TEMPO and its derivatives. Adv. Colloid Interface Sci. 2017, 250, 158–184. [Google Scholar] [CrossRef]

	



Swiech, O.; Bilewicz, R.; Megiel, E. TEMPO coated Au nanoparticles: Synthesis and tethering to gold surfaces. RSC Adv. 2013, 3, 5979. [Google Scholar] [CrossRef]

	



Zawada, K.; Tomaszewski, W.; Megiel, E. A smart synthesis of gold/polystyrene core–shell nanohybrids using TEMPO coated nanoparticles. RSC Adv. 2014, 4, 23876–23885. [Google Scholar] [CrossRef]

	



Kaim, A.; Szydłowska, J.; Piotrowski, P.; Megiel, E. One-pot synthesis of gold nanoparticles densely coated with nitroxide spins. Polyhedron 2012, 46, 119–123. [Google Scholar] [CrossRef]

	



Yang, D.; Song, Y.; Yang, F.; Sun, Y.; Li, S.; Liu, X.; Zhu, Y.; Yang, Y. Distinct chemical fixation of CO2 enabled by exotic gold nanoclusters. J. Chem. Phys. 2021, 155, 054305. [Google Scholar] [CrossRef]

	



Comotti, A.; Bracco, S.; Sozzani, P.; Horike, S.; Matsuda, R.; Chen, J.; Takata, M.; Kubota, Y.; Kitagawa, S. Nanochannels of Two Distinct Cross-Sections in a Porous Al-Based Coordination Polymer. J. Am. Chem. Soc. 2008, 130, 13664–13672. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Zhu, H.; Zhao, J.; Pan, L.; Dai, P.; Gu, X.; Li, L.; Liu, Y.; Zhao, X. Synthesis of mesoporous γ-Al2O3 with spongy structure: In-situ conversion of metal-organic frameworks and improved performance as catalyst support in hydrodesulfurization. Materials 2018, 11, 1067. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Hori, A.; Kusaka, S.; Hosono, N.; Li, M.; Guo, A.; Du, D.; Li, Y.; Yang, W.; Ma, Y.; et al. Microwave-Assisted Hydrothermal Synthesis of [Al(OH)(1,4-NDC)] Membranes with Superior Separation Performances. Chem.—Asian J. 2019, 14, 2072–2076. [Google Scholar] [CrossRef] [PubMed]

	



Loiseau, T.; Serre, C.; Huguenard, C.; Fink, G.; Taulelle, F.; Henry, M.; Bataille, T.; Férey, G. A Rationale for the Large Breathing of the Porous Aluminum Terephthalate (MIL-53) Upon Hydration. Chem.—A Eur. J. 2004, 10, 1373–1382. [Google Scholar] [CrossRef] [PubMed]

	



Brunauer, S.; Deming, L.S.; Deming, W.E.; Teller, E. On a theory of the van der Waals adsorption of gases. J. Am. Chem. Soc. 1940, 62, 1723–1732. [Google Scholar] [CrossRef]

	



Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D.J.; Whyman, R. Synthesis of thiol-derivatised gold nanoparticles in a two-phase liquid–liquid system. J. Chem. Soc. Chem. Commun. 1994, 7, 801–802. [Google Scholar] [CrossRef]

	



Wang, Y.; Ling, L.; Zhang, W.; Guo, J.; Ding, K.; Duan, W.; Liu, B. “Ship-in-Bottle” Strategy to Encapsulate Shape-Controllable Metal Nanocrystals into Metal–Organic Frameworks: Internal Space Matters. Chem. Mater. 2019, 31, 9546–9553. [Google Scholar] [CrossRef]

	



Altomare, A.; Cuocci, C.; Giacovazzo, C.; Moliterni, A.; Rizzi, R.; Corriero, N.; Falcicchio, A. EXPO2013: A kit of tools for phasing crystal structures from powder data. J. Appl. Crystallogr. 2013, 46, 1231–1235. [Google Scholar] [CrossRef]

	



Breßler, I.; Kohlbrecher, J.; Thünemann, A.F. SASfit: A tool for small-angle scattering data analysis using a library of analytical expressions. J. Appl. Crystallogr. 2015, 48, 1587–1598. [Google Scholar] [CrossRef] [PubMed]

	



Doucet, M.; Cho, J.H.; Alina, G.; Bakker, J.; Bouwman, W.; Butler, P.; Campbell, K.; Gonzales, M.; Heenan, R.; Jackson, A.; et al. SasView Version 4.1. Zenodo. 2017. Available online: http://www.sasview.org (accessed on 15 September 2017).








[image: Ijms 25 01020 sch001] 





Scheme 1. Scheme of cycloaddition of CO2 to epoxides. 
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Figure 1. SEM images and histograms determined on the base of these images for Al-MOF nanocubes obtained using 5-amino tetrazole (Al5@NDC) and 4-amino triazole (Al4@NDC) as crystallisation mediators. 
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Figure 2. SEM images and histograms determined on the basis of these images’ composites: Al-MOF with AuNPs obtained using 5-amino tetrazole (Al5Au@NDC) and 4-amino triazole (Al4Au@NDC) as crystallisation mediators. 
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Scheme 2. The formulas and abbreviations for the epoxides and products of their reaction with CO2 lead to the corresponding cyclic carbonates. 
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Figure 3. Scheme of CO2 cycloaddition to glycidol, (A); the influence of temperature on this reaction (1 h, Al5@NDC), (B); results for this reaction in five catalytic cycles with reused Al5@NDC (3 h, 90 °C, 20 mg of Al5@NDC used for the first cycle), (C). 
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Figure 4. Porosity analyses of the fabricated nanocatalysts—N2 adsorption–desorption isotherms at 77 K. 
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Figure 5. CO2 adsorption isotherms recorded for the fabricated nanocatalysts at 273 K. 
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Figure 6. TGA curves recorded for the fabricated nanocatalysts. 






Figure 6. TGA curves recorded for the fabricated nanocatalysts.



[image: Ijms 25 01020 g006]







[image: Ijms 25 01020 g007] 





Figure 7. Powder X-ray diffraction (PXRD) patterns of MOF nanomaterials (a,c) and their composites with AuNPs (b,d) after drying (the reflex originating from Au is marked with an asterisk). Experimental patterns and the corresponding fits to the tetragonal P4/nmm crystallographic system are shown in black and red, respectively. 
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Table 1. The fabricated nanomaterials’ elemental composition (given in % w/w) and calculated their empirical formulas.
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Al

	
C

	
N

	
S

	
H

	
O

	
Au






	
Al5@NDC




	
8.65 a

8.04 d

	
50.1 b

54.5 d

	
0.99 b

2.24 d

	
-

	
3.96 b

	
36.3 c

35.2 d

	
-




	
Formula

	
Al (OH)(C12H6O4) • 0.22 (CH3)2NC(O)H • 2 H2O

AlOH (NDC) • 0.22 (DMF) • 2H2O




	
Al5Au@NDC




	
8.57 a

8.33 d

	
50.8 b

57.5 d

	
0.61 b

1.64 d

	
0.57 b

0.71 d

	
3.97 b

	
35.5 c

30.9 d

	
0.82 a

1.17 d




	
Formula

	
Al (OH)(C12H6O4) • 0.14 (CH3)2NC(O)H • 0.05 S • 0.01 Au • 2 H2O

AlOH (NDC) • 0.14 (DMF) • 0.05 S • 0.01 Au • 2 H2O




	
Al4@NDC




	
8.76 a

4.38 d

	
50.3 b

53.0 d

	
1.12 b

2.21 d

	
-

	
4.07 b

	
35.7 c

40.4 d

	
-




	
Formula

	
Al (OH)(C12H6O4) • 0.25 (CH3)2NC(O)H • 2 H2O

AlOH (NDC) • 0.25 (DMF) • 2 H2O




	
Al4Au@NDC




	
8.59 a

7.08 d

	
51.6 b

59.5 d

	
0.57 b

1.73 d

	
1.02 b

1.09 d

	
4.05 b

	
34.2 c

27.5 d

	
0.85 a

0.59 d




	
Formula

	
Al (OH)(C12H6O4) • 0.13 (CH3)2NC(O)H • 0.1 S • 0.01 Au • 2 H2O

AlOH(NDC) • 0.13 (DMF) • 0.1 S • 0.01 Au • 2 H2O








a ICP MS; b EA; c calculated as 100%—(Al% a + C% b + N% b + H% b); d SEM-EDS, NDC—1,4-naphtalene dicarboxylic acid (deprotonated), DMF—dimethyloformamide.













 





Table 2. Results of cycloaddition CO2 to epoxides using the fabricated nanocatalysts (formulas given in Scheme 2) a.
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Substrate

	
Product

	
Time [h]

	
Conversion [%]

	
Yield [%]

	
TON






	
Al5@NDC




	
Gly

	
Gly-CO3

	
22

20 b

4

2

	
100

87

100

82

	
94

79

83

70

	
117

114

100

84




	
EPI

	
EPI-CO3

	
18

6

2

	
91

62

22

	
91

62

22

	
63

42

15




	
Pr-O

	
Pr-CO3

	
48

	
n.d.

	
18

	
14




	
St-O

	
St-CO3

	
22

	
11

	
7

	
5




	
Al5Au@NDC




	
Gly

	
Gly-CO3

	
18

4

2

	
100

100

91

	
88

88

89

	
102

103

104




	
EPI

	
EPI-CO3

	
18

	
91

	
90

	
61




	
Pr-O

	
Pr-CO3

	
22

48

	
n.d.

n.d.

	
17

34

	
7

10




	
St-O

	
St-CO3

	
22

	
19

	
16

	
11




	
Al4@NDC




	
Gly

	
Gly-CO3

	
19

4

2

	
100

91

84

	
80

77

73

	
95

95

82




	
EPI

	
EPI-CO3

	
2

6

20 c

	
22

62

93

	
22

62

93

	
15

42

166




	
Pr-O

	
Pr-CO3

	
48

	
n.d.

	
14

	
11




	
St-O

	
St-CO3

	
22

	
28

	
27

	
15




	
Al4Au@NDC




	
Gly

	
Gly-CO3

	
18

	
100

	
89

	
103




	
EPI

	
EPI-CO3

	
18

	
94

	
94

	
65




	
Pr-O

	
Pr-CO3

	
22

	
n.d.

	
5

	
2




	
St-O

	
St-CO3

	
22

	
24

	
23

	
16




	
AuNPs




	
St-O

	
St-CO3

	
24

	
19

	
9

	
n.c.








a Reaction conditions: 90 °C, 1 MPa CO2, 6 mL DCM, 10 mg of catalyst, 29 mg of TBAB (co-catalyst), b without solvent in a scale 15 mmol of Gly, 32 mg of Al5@NDC and 200 mg of TBAB, c without solvent in a scale 19.8 mmol of EPI, 33 mg of Al5@NDC and 250 mg of TBAB, n.d.—not determined due to the high volatility of propylene oxide; thus, it was not possible to analyse this compound using G.C., TON—the turnover number defined as nproduct/ncatalyst (molar mass of catalyst was calculated on the base of the formula given in Table 1), n.c.—not calculated as the molecular weight of AuNPs has not been determined.













 





Table 3. Porosity parameters calculated from N2 adsorption–desorption isotherms at 77 K using the BET model and density functional theory: SBET—surface area from BET, SDFT—surface area from QSDFT, Lo—pore size according to Stoecklicky, E0—Dubinin energy of adsorption.
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	SBET [m2 g−1]
	SDFT [m2 g−1]
	Lo [nm]
	Eo [kJ mol−1]





	Al5@NDC
	736.5
	834.9
	0.61
	29.02



	Al4@NDC
	741.3
	827.6
	0.72
	26.38



	Al5Au@NDC
	526.4
	595.7
	0.84
	24.20



	Al4Au@NDC
	421.0
	463.5
	1.05
	21.70
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