Hollow Beta zeolite single crystals for the design of selective catalysts
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We present a Pt@Beta catalyst with a unique, well-controlled location of metal nanoparticles that allows more efficient use of this rare, expensive metal in catalysis. The zeolite crystal has an inner cavity, leaving a thin zeolite shell where the metal nanoparticles are encapsulated, thereby ensuring a relatively small diffusional path length and high selectivity. Hollow Beta is obtained by a controlled dissolutionrecrystallization method. The location of the particles was not only revealed by electron tomography 3D reconstruction but was further confirmed by a model hydrogenation reaction of aromatics.

Zeolites are microporous materials with molecular sized pore dimensions 1 . Thanks to chemical and physical properties of these aluminosilicate crystals, zeolites have been widely used in petrochemical and oil refining industry as catalysts, adsorbents and molecular sieves. ZSM-5, Y and Beta zeolites with MFI, FAU and *BEA framework topologies, respectively, are amongst the most studied ones 2 . In particular, *BEA is a large pore zeolite, that can be easily synthesized with different Al contents, which makes this zeolite particularly attractive as catalyst in petrochemical industry. 3 The diffusion of molecules through the microporous network of the zeolite can be extremely slow, which would tend to reduce reaction rates and the useful fraction of crystals for catalysis, i.e., the volume of zeolite that is actually used 4 . In the case of zeolites containing precious group metal (PGM) within the zeolite framework, the result is that a considerable fraction of expensive metal is wasted 5 .

New classes of zeolite crystal morphologies have been developed in order to decrease transport limitations: zeolites with a shorter critical length such as nanosized zeolites 6,7 , or hierarchical micro-mesoporous zeolite, in which the mesopores work as "molecular highways" 8 . For both approaches, the diffusional path length is smaller, which is as expected. Conversely, the external surface increases, usually in association with the mesoporous specific surface area. Hollow zeolite single crystals are a new class of zeolite morphology consisting in a bulk zeolite containing a very large inner cavity 9 . The morphology of hollow single crystal zeolites departs from nanosized and hierarchical porous zeolites because the critical length (which corresponds to the shell thickness) is reduced while the external surface remains the same (Figure 1e). Note that state-of-the-art hollow zeolites are generally made of an aggregation of small seed crystals (Figure 1d) resulting in a polycrystalline micro-mesoporous shell. 9,10 Figure 1 -a) bulk zeolite, b) nanozeolites, c) hierarchical porous zeolite, d) hollow polycrystalline zeolite, e) hollow zeolite single crystal, and f) metal nanoparticles encapsulated within a hollow zeolite single crystal.

There are several protocols for encapsulating metal nanoparticles within zeolites while leaving no nanoparticles on the external surface of the crystal 5,[11][12][13] . This encapsulation approach has been shown to be particularly efficient against sintering by coalescence, while improving reaction selectivity 14 . In cases with fast reaction kinetics, we can assume that the nanoparticles located in the center of the crystal do not participate in the catalytic conversion because of internal diffusion limitations. Therefore, the effectiveness factor is impaired 15 . A catalyst that would not contain metal nanoparticles too far away from surface or in the center of the crystal would be an appropriate design to address the waste of expensive metals. Nonetheless, to the best of our knowledge, the synthesis of encapsulated nanoparticles with such a spatial gradient has not been achieved. Encapsulating metal nanoparticles within a hollow zeolite single crystal (Figure 1f) provides an alternative design in which all nanoparticles are located close to the surface as compared to a bulk crystal with nanoparticles encapsulated throughout the entire volume of the crystal. So far, only metal nanoparticles encapsulated in hollow MFI single crystals have been reported 5,16 . As expected, these catalysts have shown remarkable size-and diffusion-driven selectivity as well as sintering resistance. 9,[15][16][17] In the case of the hydrogenation of toluene on Pt nanoparticles encapsulated in an extremely thin zeolite shell, the effectiveness factor was demonstrated to have reached 100% versus 10% for the corresponding classic bulk impregnated zeolite 15 .

The formation of the hollow zeolite single crystal requires a bulk crystal with a spatial concentration gradient, for example Al zoning, in which the center of the crystal is richer in Si and can be preferentially removed by desilication, leaving a hollow zeolite structure. 18 Such a spatial gradient with an Al-rich surface is generally observed in ZSM-5 crystals prepared with TPA + cations as the template, but as far as we are concerned, it is not usually observed for other zeolites, such as *BEA. A typical alkaline desilication treatment over Beta zeolite creates a disorganized mesoporous pore system, but not an internal cavity 4 .

For a ZSM-5 with such an Al-rich surface, the treatment with an alkaline reagent such as Na2CO3 solution generates an inner cavity thanks to the selective desilication of the center of the crystal. Alternatively, desilication can also be performed with alkaline TPAOH solution at higher temperatures, which enables not only the desilication of the center but also the recrystallization of the dissolved species on the outer surface of the crystal (dissolution-recrystallization method), thereby improving the regularity of the zeolite walls. 15 The latter method is very appropriate for the encapsulation of nanoparticles inside the inner cavity 5 .

To the best of our knowledge, hollow Beta zeolite single crystals with encapsulated nanoparticles have never been reported. Indeed, in the case of Beta zeolite, the absence of Al zoning (or of any other property with a spatial gradient) prohibits the use of the dissolution-recrystallization strategy employed in the synthesis of the aforementioned hollow zeolite single crystals with encapsulated nanoparticles.

Herein, we present the synthesis of hollow Beta zeolite single crystals (Pt@Beta) in which Pt nanoparticles are encapsulated in the cavity and inside the zeolite shell. The Pt nanoparticles are demonstrated to be accessible only through the *BEA zeolite by means of a model catalytic hydrogenation test. The novel synthesis consists indeed in a dissolution-recrystallization process, but over CIT-6 (zincosilicate with *BEA structure) containing Pt nanoparticles, instead of using the same bulk crystal type, as in the methods presented before for MFI zeolite. In this final step, Beta zeolite is formed during the recrystallization stage around the CIT-6 surface, which is subsequently dissolved (Figure 2). The synthesis of Pt@Beta is inspired by a seed-assisted synthesis approach described by the literature 19 , which used CIT-6 crystals as Beta seeds (Figure 2). CIT-6 is a zincosilicate microporous material with the same *BEA framework topology as Beta. The preparation of the CIT-6 crystals is performed according to a procedure described in the literature 20 . A synthesis mixture is prepared with the following composition: SiO2 : 0.05 LiOH : 0.65 TEA : 0.03 Zn(CH3CO2)2 : 30 H2O (check Supplementary information for more details). After preparing an aqueous solution of LiOH, TEAOH and Zn(CH3CO2)2, Ludox HS40 colloidal silica is added dropwise. The resulting mixture is stirred for 1h at 40°C, to yield a clear solution. Crystallization is performed in a 48 ml Teflon-lined stainless-steel autoclave, under static conditions at 145°C for 4 days. The X-ray powder diffractogrammes of the as-synthesized samples show a typical *BEA pattern as expected, with neither impurities nor other crystalline phases (see Figure S1). SEM images of bulk CIT-6 crystals show a homogeneous distribution of crystals with tetragonal pyramidal morphology and sizes between 0.5 and 1.1 µm (Figures 3a andS2.

a) b)

Figure 3 -SEM images of bulk CIT-6 crystals (on the left) and Pt@Beta crystal (on the right). Because these samples were not coated with a metal layer, as in classic SEM sample preparation, one can obtain information on the inside of the crystals. The white/grey color depends on the density of atoms perceived by the electon beam, and therefore the number of electrons detected. This contrast directly informs on the hollow nature of the crystals.

As a second step of the process, these as-made bulk zincosilicate CIT-6 crystals are impregnated with a Pt precursor solution and then reduced by a NaBH4 solution. This sample is referred to as Pt/CIT-6. XRD results show that after impregnation, Pt/CIT-6 is highly crystalline. The two small peaks at 40° and 46° for Pt/CIT-6 are attributable to platinum nanoparticles; ICP analysis reveals a final Pt content of 2.6 wt.%. The location and size of platinum nanoparticles impregnated on the surface of CIT-6 were investigated by TEM (Figure S3), which shows that the platinum nanoparticles (particle size between ~10-20 nm) are successfully anchored on the external surface of the crystals. Nitrogen adsorption/desorption (77 K) performed on the calcined Pt/CIT-6 solid presents a type I isotherm typical of a purely microporous crystal (Figure S8).

As described before, in the case of hollow MFI crystals with encapsulated nanoparticles, the impregnation is carried out on the calcined bulk MFI crystals, followed by an H2 reduction, and finally the dissolution-recrystallization method to create the cavity. This process, however, cannot be applied to the CIT-6 crystals. Actually, if CIT-6 crystals are calcined before the hollow Beta synthesis, the CIT-6 is dissolved during the hydrothermal treatment before any Beta crystallization can occur on its surface. As-made CIT-6 crystals containing the organic template present the advantage of being more stable in alkaline medium, thereby allowing the crystallization of Beta zeolite on the surface before its complete dissolution.

Pt@Beta is obtained by hydrothermal treatment of the as-made Pt/CIT-6 in the presence of an organic-free aluminosilicate gel (SiO2 : 0.01 Al2O3 : 0.3 NaOH: 20 H2O) in which CIT-6 represents 10 wt.% of the total amount of silica source. Firstly, an aqueous solution of NaOH and NaAlO2 is prepared. Then, CIT-6 crystals are added to the solution, which is gently stirred until the dispersion becomes homogeneous. Finally, Aerosil 200 is slowly added with vigorous stirring. The hydrothermal treatment is performed at 150 °C for 22 h. During this time, Beta zeolite starts to recrystallize on the CIT-6 surface, which afterward is dissolved, leading to hollow single crystals.

As revealed by XRD and electron microscopy images (Figures S1,S2, S4, and Figure 3b and Figure 4), after hydrothermal treatment a highly crystalline hollow Beta crystal is obtained, in which the Pt nanoparticles are encapsulated inside the cavity and/or in the zeolite shell. The Pt@Beta presents a crystal size between 0.6 and 1.2 µm. The size of the cavity corresponds approximately to that of the dissolved CIT-6 crystal, leaving an average shell thickness of 90-190 nm. The observed crystal shape is a truncated tetragonal pyramidal morphology, pine tree shaped on each sides, which is typical for Beta zeolite crystal morphology 4 .

HRTEM images and STEM images over sliced hollow Beta crystals also clearly reveal the presence of mesopores in the internal part of the microporous wall (see Figure S6) with an average size between ~5 and 15 nm. Nonetheless, it must be noted that the external part of the hollow zeolite is entirely microporous, because the mesopores are not connected to the external surface. The homogeneity of the synthesis can be validated by SEM observations (Figure 3b and Figure S2). Specific sample preparation was used to highlight the hollow nature of the crystals (SI). When comparing SEM images of bulk CIT-6 and hollow *BEA under identical conditions, it is obvious that all *BEA crystals possess a large internal cavity, as evidenced by the contrast between the center and extremities of the crystal.

The N2 physisorption isotherm of Pt@Beta at 77 K (Figure S7) presents a type I adsorption branch at low pressure, which is typical of a microporous material, and a type IV branch with a hysteresis that closes at p/p° =0.53, which can be associated with condensation phenomena in bottle-neck pores [21][22][23] . Indeed, as mentioned above, HRTEM and STEM images over sliced hollow Beta crystals clearly show the presence of mesopores in the internal part of the microporous wall (see Figure S6). These results show that this material consists of a hollow single crystal in contrast to a polycrystalline aggregation such as published elsewhere 24 .

Chemical analysis of the Pt@Beta crystals gives Si/Al and Si/Zn molar ratios of 8 and 237, respectively. The remaining Zn concentration is very low, clearly indicating that the dissolution of CIT-6 during the hydrothermal treatment is almost complete. The remaining fraction of Zn could result from Zn species reincorporated either in the hollow Beta framework or in the pores as extra-framework species to compensate for the charge of the aluminum atoms.

The Pt loading on the Pt@Beta is 1 wt.%, and its dispersion is around 3%, as calculated from the particle size distribution determined from TEM images. TEM observations over a large population of Pt@Beta crystals, consistently show the presence of Pt NPs inside each crystal, and the absence of visible Pt NPs on the external border of the crystals, (see Figure 4 and Figure S4 for example). This is an evidence of the internal location of the Pt NPs. Transmission electron tomography with corresponding 3D reconstruction was carried out on an isolated hollow crystal, confirming the absence of visible Pt nanoparticles on the external surface (Figure 5 and Figure S7). On the other hand, the nanoparticles are clearly observed on the inner surface of the cavity, and inside the zeolite wall, in the mesoporous region, with an average diameter of 28 nm (Figure 5-b). Pt@Beta crystal show to be resistant to calcination at 750°C for 10 hours. The particle size distribution of the Pt NPs remains very similar regarding the as-made Pt@Beta (Figure S4 andS5).

The location of the nanoparticles inside the wall and cavity was also confirmed by a model hydrogenation reaction using reactants with different diffusion rates. The catalytic hydrogenations of toluene and mesitylene were chosen as model reactions to demonstrate that there are no particles at the zeolite surface. Toluene and mesitylene hydrogenations were carried out using a tubular quartz plug flow reactor placed in a tubular furnace at atmospheric pressure. A mass of 10 ± 0.1 mg of catalyst, held between quartz wool plugs, was used. Each substrate was fed separately using a saturator maintained at 0 °C for toluene and 17 °C for mesitylene, leading to partial pressures of 0.91 kPa and 0.20 kPa, respectively. The reactor effluent was analyzed in a 10-cm path length gas cell fitted in a Bruker Tensor 27 FT-IR spectrophotometer. The activity of Pt@Beta in the hydrogenation of these two substrates was compared with that obtained over a conventional Pt catalyst supported on silica (Pt/SiO2), for which all Pt nanoparticles are accessible without any diffusion constraints (Figure 6). The Pt/SiO2 data were reported in an earlier paper 16 and are reused here for the sake of comparison.

Figure 6 -Activity (turnover frequency) of Pt/SiO2 catalyst (black symbols) and Pt@Beta catalyst (red symbols), in the hydrogenation of toluene (circles) and mesitylene (triangles). Toluene pressure = 0.9 kPa, balance H2. Mesitylene pressure = 0.06 kPa and 0.2 kPa, for Pt/SiO2 and Pt@Beta respectively, balance H2.

The Pt/SiO2 catalyst was active for the hydrogenation of both toluene and mesitylene, showing very similar turnover frequencies (Figure 6). The turnover frequency and apparent activation energy values (e.g., TOFPt/SiO2 = 6 x 10 -2 s -1 at 80 °C and 55±3 kJ/mol for toluene, Figure S11) are consistent with the literature data for both reactions 16 .

Catalytic activity of Pt@Beta for toluene hydrogenation shows similar TOF values to those observed in the case of Pt/SiO2 (e.g., at 80 °C, TOFPt@Beta = 4 x 10 -2 s -1 ). Similarly, the value for the apparent reaction activation energy (Ea = 47 kJ/mol) is consistent with those reported in the literature for Pt/SiO2 16,25 (Figure S10). On the other hand, mesitylene conversion was negligible (conversion in the error range of ca. 0.01%), and the corresponding TOF is therefore essentially nil over Pt@Beta, in contrast to Pt/SiO2. Even though the mesitylene pressure used was slightly different for the two catalysts, this should not affect the TOF values since the reaction order with respect to the aromatic on Pt-based catalysts is typically zero or close to zero 25,[START_REF] Bond | Metal-Catalysed Reactions of Hydrocarbons[END_REF] .

The TOF values of Pt/SiO2 and Pt@Beta are similar. Based on our latest studies 15,16 , we can rationalize that no significant diffusional limitation occurs in the toluene hydrogenation (i.e., effectiveness is high) thanks to the small shell thickness. In contrast, we can conclude that severe diffusional limitation occurs for the bulkier mesitylene for Pt@Beta. Although mesitylene is able to enter into the *BEA pore system, its diffusion in the microporous framework is significantly slower than that of toluene due to its larger kinetic diameter, which is 0.86 nm compared to 0.61 nm for toluene (Figures S12-S13). The fact that toluene (but not mesitylene) is readily hydrogenated clearly demonstrates the absence of nanoparticles on the external surface. It also evidences the single crystal nature of this material, as well as the absence of a mesopore network connecting the external surface and the inner cavity. A mesopore system would allow the diffusion of mesitylene through the zeolite shell, and as consequence its hydrogenation.

Figure 2 -

 2 Figure 2 -Multistep synthesis of Pt@Beta starting from CIT-6

Figure 4 -

 4 Figure 4 -TEM images of Pt/CIT-6 (left) and Pt@Beta zeolite with Pt nanoparticles encapsulated inside the wall and inside the cavity (right).

Figure 5 -

 5 Figure 5 -3D models of a Pt@Beta zeolite crystal reconstructed from electron tomography. The zeolite is represented in grey and Pt nanoparticles are represented in yellow. External view (left), transparent view (right).
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Herein we have presented a Pt@Beta catalyst with a unique, well-controlled location of metal nanoparticles in the zeolite shell. This novel catalyst design makes it possible to use a greater portion of metals involved in the catalytic reaction, reducing the waste of expensive metals and improving the effectiveness factor.
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We present a Pt@Beta catalyst with a hollow morphology and encapsulated metal nanoparticles (NPs) inside the zeolite shell, ensuring a small diffusional path length and high selectivity. Materials were obtained by a controlled dissolution-recrystallization method. The location of the NPs was not only revealed by electron tomography 3D reconstruction but was further confirmed by a model hydrogenation reaction of aromatics.