Capturing Ultrasmall EMT Zeolite from Template-Free Systems

Eng-Poh Ng, 1,2 Daniel Chateigner, 3 Thomas Bein, 4 Valentin Valtchev, 1 Svetlana Mintova 1 * Small differences between the lattice energies of different zeolites suggest that kinetic factors are of major importance in controlling zeolite nucleation. Thus, it is critical to control the nucleation kinetics in order to obtain a desired microporous material. Here, we demonstrate how careful investigation of the very early stages of zeolite crystallization in colloidal systems can provide access to important nanoscale zeolite phases while avoiding the use of expensive organic templates. We report the effective synthesis of ultrasmall (6-to 15-nanometer) crystals of the large-pore zeolite EMT from template-free colloidal precursors at low temperature (30°C) and very high yield.

Z eolites are metastable crystalline aluminosilicate molecular sieves with uniform pores of molecular dimensions that are widely applied in catalysis, separations, and adsorption (1)[START_REF] Breck | Zeolites and Molecular Sieves System[END_REF][START_REF] Choi | [END_REF](4). The EMT-type zeolite has one of the lowest framework densities for a microporous material [START_REF] Ch | Atlas of Zeolite Framework Types[END_REF] and is a hexagonal polytype of the cubic FAU-type zeolite that plays a very important role in catalysis, for example, in fluid catalytic cracking (FCC) of hydrocarbons [START_REF] Vaughan | Properties and Applications of Zeolites[END_REF]. Similar to the FAU-type material, the EMT framework topology has a three-dimensional large (12-membered ring) pore system. The cubic FAU polymorph features only one type of supercage (with a volume of 1.15 nm 3 ), but a different stacking of faujasite sheets creates two cages in the EMT zeolite: a hypocage (0.61 nm 3 ) and a hypercage (1.24 nm 3 )( 7). The EMT material shows interesting catalytic properties different from FAU as an FCC catalyst, but the very high price of the product so far precludes practical uses (8,9).

In addition, several EMT-FAU intergrown phases (CSZ-1, ECR-30, ZSM-20, ZSM-3) have also been reported (9)(10)(11)(12)(13)(14). The synthesis of pure EMT-type zeolite is possible by templating with the expensive 18-crown-6 ether and using tightly controlled synthesis parameters [START_REF] Dougnier | [END_REF]. Many studies have been carried out to reduce the consumption of the crown ether template, for instance, by recycling after the synthesis (15) or using the socalled "SINTEF" tumbling approach (16,17), steam-assisted crystallization (18), surfactants (19), or other organic and inorganic auxiliary additives (20)(21)(22). Although the cost of producing EMT has been reduced, all attempts toward a synthesis of EMT-type zeolite without an organic structure-directing agent (OSDA) have been un-successful thus far. Moreover, the 18-crown-6 ether template stimulates the crystallization of micrometer-sized EMT crystals, and no attempts for the preparation of nanosized crystals have been reported.

Certain nanosized molecular sieves have been obtained at moderate (60°to 130°C) and low temperatures (25°to 50°C) (23)(24)(25)(26). Low-temperature synthesis techniques for discrete zeolite nanocrystals from organic-free precursor systems are highly desired, as they would reduce cost and hazardous wastes, save energy, and possibly alter the properties of the materials (26,27). Here, we describe a template-free Na 2 O-Al 2 O 3 -SiO 2 -H 2 O precursor system as a foundation for the preparation of a nanosized EMT molecular sieve, where the ratios between different compounds, nucleation temperature and times, and type of heating have been adjusted to avoid phase transformations (e.g., to FAU and SOD) and to stabilize the EMTtype crystals at a small particle size. We report the synthesis of ultrasmall hexagonal EMT nanocrystals (diameter of 6 to 15 nm) at the low temperature of 30°C without using any organic template; that is, from Na-rich precursor suspensions. Strikingly, this synthesis strategy requires no organic Fig. 1. Ultrasmall EMT crystals with hexagonal morphology synthesized from template-free precursor suspension at 30°C for 36 hours. The individual crystals are schematically presented with asizeof10to15nmand a thickness of 2 to 3 nm. Scale bars, 10 nm. template. Moreover, the absence of an organic template implies that no high-temperature calcination step is required for opening up the pore system for the intended applications.

Typically, a high concentration of OSDA is needed to prepare nanosized zeolites to achieve a high degree of supersaturation by which the crystal size can be controlled and the resulting nanoparticles can be stabilized. We synthesized the ultrasmall (6-to 15-nm) and nanosized (50-to 70-nm) EMT crystals at near ambient conditions within a very short time; that is, 36 hours under conventional heating and 4 min under microwave irradiation, respectively (see supporting online material,fig. S1).Weusedthese"soft" conditions to avoid the formation of the more stable and denser phase hydroxysodalite (SOD) and the formation of a FAU-type phase observed in precursor suspensions with slight changes of the oxide ratios and water content (fig. S2).

The ultrasmall EMT crystals prepared at 30°C for 36 hours under conventional heating are shown in Fig. 1. Nearly 63% of the amorphous aluminosilicates were transformed into ultrasmall hexagonal EMT zeolite (Si/Al = 1.14). The particles were single crystals with a size of ~6 to 15 nm, and they contained channels in a highly ordered hexagonal arrangement. The x-ray diffraction (XRD) pattern of this sample (fully crystalline EMT-type zeolite) exhibited broadened Bragg peaks, which suggests the presence of very small crystallite sizes (Fig. 2D). The pattern was indexed using the hexagonal EMT structure in the P6 3 /mmc space group, with a reliability factor as low as weighted R w =1 . 5 % ,B r a g gR B = 1.12%, and experimental R exp = 0.62%, which gave rise to a goodness-of-fit of 6. In addition, zeolites X and Y (FAU-type structures) were considered in the modeling; however, they did not fit the first three peaks characteristic of the EMT zeolite, nor the anisotropic line broadening (fig. S3). The refined cell parameters, a = 1.7616(1) nm and c = 2.838(2) nm, correspond very well to the EMT-type structure [START_REF] Ch | Atlas of Zeolite Framework Types[END_REF]. Moreover, the refined shape of the particles was a hexagonal crystal with mean sizes of 10 nm along the [100] direction, 15 nm along [110], and 2.0 nm along [001]. The refined shape of the crystallites matched the size and shape of the EMT crystals measured with high-resolution transmission electron microscopy (HRTEM) (Figs. 1 and2D). Moreover, the fitting of this XRD pattern (sample synthesized at 30°C for 36 hours) with isotropic and platelike EMT crystals did not provide better fitting results (fig. S3 and table S1).

We investigated the entire process of nucleation and growth of the ultrasmall EMT crystals in the system subjected to conventional heating for a total period of 36 hours. HRTEM images of the solid particles extracted at different crystallization times revealed the presence of amorphous gelafter8to14hoursandfullycrystallineEMT particles after 36 hours of heating at 30°C (Fig. 3). We did not observe any difference between the TEM pictures of samples heated for 8 and 14 hours. Amorphous objects of about equal size with a diameter of 2 to 10 nm were seen in these samples (Fig. 3A); some of these particles had a size and morphology similar to the final EMT crystallites. The XRD pattern of the sample heated only for 8 hours did not exhibit any Bragg peaks, confirming the amorphous nature (Fig. 2A), whereas analysis of the diffraction pattern for the sample heated for 14 hours (Fig. 2B) resulted in nonsatisfactory fitting based on the use of one phase only (either amorphous or crystalline). Thus, we used a mixture of amorphous and nanocrystalline EMT-type zeolite for the fitting. On the basis of this refinement (Fig. 2B), the relative amount of the crystalline phase calculated is ~30%. More developed anisotropy of both unit-cell (c/a = 1.44) and mean crystallite shape ( 2 . 1×2 . 3×1 . 0n m 3 ) was calculated for this sample based on the XRD. Although the XRD pattern corresponds to an entirely amorphous sample, based on the Rietveld refinement, we concluded that the particles had anisotropic shapes with mostly developed hexagonal platelike morphology (fig. S4 andtable S2) (28). Moreover, the refined crystallite volume was comparable to the unit-cell volume, which is a signature of the starting of EMT growth (fig. S5). After 24 hours of heating, ultrasmall crystallites of zeolite EMT appeared in the amorphous matrix (Fig. 3B). The XRD pattern of this sample contains amorphous matter and low intense Bragg peaks (Fig. 2C). The size of the crystalline domains calculated based on XRD is 5.5 × 2.0 × 5.1 nm 3 (table S3). Moreover, the crystalline particles existing in the aluminosilicate system after 14 and 24 hours heating at 30°C already exhibited the hexagonal shape (insets in Fig. 2, B andC).

As the crystallization proceeded, the intensity of the Bragg peaks increased, but they were still broad because of the small crystalline domains. After 36 hours of heating, the amorphous particles were turned entirely into crystalline matter, as demonstrated with HRTEM and XRD (Figs. 2D and3C). In the fully crystalline sample, we detected well-formed hexagonal particles with crystalline fringes. A closer look at these nanocrystals (Fig. 1) revealed that the apparent size and the hexagonal arrangement of the micropores corre-spond to the EMT-type zeolite. Further evidence for the high crystallinity of the samples was pro-videdbyN 2 sorption and spectroscopic data (infrared and nuclear magnetic resonance spectroscopy) (figs. S6 to S9 and table S4). The nitrogen sorption measurement of the fully crystalline sample (36 hours) revealed a type I sorption isotherm; micropores of 7.3 Å were observed in addition to textural mesoporosity (pores of 2 to 50 nm) attributed to the random packing of the ultrasmall nanocrystals. The Brunauer-Emmett-Teller surface area for the ultrasmall and nanosized EMT materials was 578 and 562 m 2 /g, and the pore volume was 0.78 and 0.84 cm 3 /g, respectively (table S4).

We compared the ultrasmall EMT crystals synthesized under conventional heating (Fig. 4, A and B) with nanosized EMT crystals synthesized under microwave heating (Fig. 4, C andD) at 30°C. The HRTEM images of the sample prepared with microwave treatment revealed the presence of small EMT crystals with the characteristic hexagonal platelike morphology (Fig. 4C). The crystalline solids showed a uniform par-ticlesizeof50to70nm(Fig. 4Dandfigs.S1and S10). The selected-area electron diffraction (SAED) pattern of the nanosized EMT exhibits sixfold symmetry, which is indicative of the EMT structural features (Fig. 4F and table S5). The distance between two fringes based on the TEM measurement is 1.3 nm. The ABABAB stacking of the faujasite sheets is observed in the EMT nanocrystals; this stacking gives the hexagonal crystal shape and EMT topology (Fig. 4E). Unlike high silica micrometer-sized EMT zeolite, the nanosized EMT grow favorably in the a direction, rather than in the c direction, thus resulting in the thin hexagonal-plate form due to the limited crystal growth via the layer-by-layer mechanism along the c direction (29).

The homogeneity of the two samples, ultrasmall (6-to 15-nm) and nanosized (50-to -70 nm) EMT crystals, is illustrated at two different magnifications in Fig. 4, A to D. The hexagonal morphology of both samples is evident. Moreover, their colloidal stability was examined by measuring the zeta potential values, which are equal to -45 mV. This negative charge leads to electrostatic stabilization of the hexagonal nanoparticles.

Why has EMT never been observed in organic-free synthesis solutions? The reason may be surprisingly simple. When the same synthesis solutions as described above were heated at the same temperature for extended times or at higher temperatures, the nanoscale EMT materials converted into the well-known FAU and SOD structures (fig. S2). We propose that under appropriate conditions the EMT is the first kinetic, metastable product in this synthesis field, followed by conversion into the more stable cubic FAU and more dense SOD structures. This hypothesis is strongly supported by several reports on EMT/FAU intergrowths (9)(10)(11)(12)(13)(14). Indeed, we suggest that it may be possible to capture other important zeolite phases that occur as intergrowths by exploiting the very early stages of synthesis and thus avoiding the use of organic reagents that are commonly needed to stabilize the desired phases.

From an environmental perspective, the synthesis of EMT zeolite presented here is extremely attractive, as the nanocrystals can be easily synthesized at very high yield at near ambient temperature without using any organic templates, suggesting that scale-up of an energy-efficient synthesis would be easily feasible. These nanoscale EMT materials offer exciting opportunities for both fundamental study and potential industrial applications. The possible green mass production of EMT-type zeolite provides excellent opportunities for applications in catalysis, adsorption, and separations involving larger molecules and for designing thin films, membranes, or nanoscale devices.
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 2 Fig.2. XRD patterns representing the evolution of ultrasmall EMT crystals from template-free precursor suspensions at 30°C under conventional heating for (A)8hours,(B)14hours,(C)24hours,and (D)3 6h o u r s .V e r t i c a lt i c k sc o r r e s p o n dt ol i n ei ndexing of the EMT phase. The difference diagram between calculated and experimental points is shown at the bottom of each XRD pattern. (Insets) Crystallite sizes and shapes calculated based on the XRD data. The whole pattern was fitted using the combined analysis formalism[START_REF] Chateigner | Combined Analysis: Structure-Texture-Microstructure-Phase-Stresses-Reflectivity Determination by X-ray and Neutron Scattering[END_REF] implemented in the MAUD program[START_REF] Lutterotti | MAUD (Material Analysis Using Diffraction): A User Friendly JAVA Program for Rietveld Texture Analysis and More,i nTextures of Materials[END_REF], based on the Rietveld analysis approach. Fourier analysis was applied to deconvolute the instrumental-and sample-broadening parts from the measured XRD lines. The instrumental contribution to the line broadening was calibrated with an LaB 6 standard powder from the National Institute of Standards and Technology. The Popa formalism was then used to describe anisotropic crystallite sizes and shapes[START_REF] Popa | [END_REF], and an arbitrary texture correction model (31)wasusedtoaccountforthemoderate preferred orientations introduced in the EMT powder in a flat sample holder. a.u., arbitrary units.
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 3 Fig. 3. TEM images of (A) amorphous-shaped particles in the template-free precursor suspension after 8 to 14 hours, (B) birth of ultrasmall EMT nuclei after 24 hours, and (C) fully crystalline ultrasmall EMT after 36 hours of conventional heating at 30°C. Scale bars, 10 nm.
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 4 Fig. 4. TEM images of ultrasmall EMT crystals at different magnifications with scale bars of (A)10nmand(B) 500 nm, as well as nanosized EMT single crystals with scale bars of (C)2 0n ma n d (D)5 00n m .( E)Magnified TEM image and corresponding schematic diagram of the framework structure (ABABA stacking of faujasite sheets highlighted in purple and blue). (F) SAED pattern of a nanosized EMT single crystal, projected along [100].
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