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Introduction

Zeolites are a family of crystalline microporous tectosilicates that are extensively used as heterogeneous catalysts, molecular sieves, sorbents, and ion exchangers. The large-scale production of synthetic zeolites already has more than a half-century history. At present, the annual production is above 3 million tons per year (1). About ten different types of zeolites are being used on a large industrial scale, and the number of zeolites used in niche markets is larger. These figures demonstrate the maturity of large-scale production of zeolites. Nevertheless, there are certain aspects of zeolite formation mechanism(s) that remain to be clarified.

The difficulty in understanding zeolite crystallization is mainly due to the heterogeneity of the growth mixtures containing solid and liquid components and the presence of a myriad of different species (i.e., precursors) [START_REF] Harvey | Structure and Properties of Aluminosilicate Solutions and Gels[END_REF]. The complex interactions between these species and condensation steps leading to the formation of aluminosilicate frameworks around an inorganic and/or organic structure-directing agent are also difficult to be traced and unambiguously determined. Further uncertainty is compounded by the fact that the formation of a particular zeolite could occur by more than one crystallization pathway [START_REF] Lupulescu | In Situ Imaging of Silicalite-1 Surface Growth Reveals the Mechanism of Crystallization[END_REF][START_REF] Kumar | Transient modes of zeolite surface growth from 3D gel-like islands to 2D single layers[END_REF](5). Different methods providing information about the short-and long-range order in aluminosilicates, their chemical composition, and molecular interactions have been employed to shed light on the events preceding zeolite nucleation and the subsequent growth process [START_REF] Harvey | Structure and Properties of Aluminosilicate Solutions and Gels[END_REF][START_REF] Lupulescu | In Situ Imaging of Silicalite-1 Surface Growth Reveals the Mechanism of Crystallization[END_REF][START_REF] Kumar | Transient modes of zeolite surface growth from 3D gel-like islands to 2D single layers[END_REF](5)[START_REF] Smaihi | Investigation of the Crystallization Stages of LTA-Type Zeolite by Complementary Characterization Techniques[END_REF][START_REF] Eilertsen | NMR and SAXS Analysis of Connectivity of Aluminum and Silicon Atoms in the Clear Sol Precursor of SSZ-13 Zeolite[END_REF][START_REF] Melinte | 3D Study of the Morphology and Dynamics of Zeolite Nucleation[END_REF][START_REF] Mintova | Mechanism of zeolite A nanocrystal growth from colloids at room temperature[END_REF][START_REF] Aiello | Influence of cations on the physicochemical and structural properties of aluminosilicate gel precursors. Part 1. Chemical and thermal properties[END_REF][START_REF] Valtchev | Gel evolution in a FAU-type zeolite yielding system at 90 °C[END_REF]. Thus, zeolite formation has been studied by a variety of scientific approaches to gain a more complete picture of the factors guiding the growth of a particular zeolite. For instance, snapshots of a particular stage of zeolite formation were obtained by in situ analysis using specially designed equipment [START_REF] Lupulescu | In Situ Imaging of Silicalite-1 Surface Growth Reveals the Mechanism of Crystallization[END_REF][START_REF] Kumar | Transient modes of zeolite surface growth from 3D gel-like islands to 2D single layers[END_REF][START_REF] Ren | UV-Raman and NMR spectroscopic studies on the crystallization of zeolite A and a new synthetic route[END_REF]. Molecular modeling has also been used to decode zeolite formation in combination with experimental analyses [START_REF] Petry | Connectivity Analysis of the Clear Sol Precursor of Silicalite: Are Nanoparticles Aggregated Oligomers or Silica Particles?[END_REF][START_REF] Slater | Insights into the crystal growth mechanisms of zeolites from combined experimental imaging and theoretical studies[END_REF][START_REF] Cubillas | AFM and HRSEM Invesitigation of Zeolite A Crystal Growth. Part 1: In the Absence of Organic Additives[END_REF]. These continuous efforts have resulted in a generally accepted mechanism that describes the major stages of crystallization without, however, being able to provide a basis for zeolite synthesis by design [START_REF] Aiello | Influence of cations on the physicochemical and structural properties of aluminosilicate gel precursors. Part 1. Chemical and thermal properties[END_REF][START_REF] Dokter | Homogeneous versus Heterogeneous Zeolite Nucleation[END_REF].

Studies focused on characterizing local zeolite structure have allowed for identification of the nucleation and growth of zeolites. Still, even these studies have not provided molecular-level information on the various pathways involved in zeolite crystal growth [START_REF] Lupulescu | In Situ Imaging of Silicalite-1 Surface Growth Reveals the Mechanism of Crystallization[END_REF][START_REF] Kumar | Transient modes of zeolite surface growth from 3D gel-like islands to 2D single layers[END_REF][START_REF] Smaihi | Investigation of the Crystallization Stages of LTA-Type Zeolite by Complementary Characterization Techniques[END_REF][START_REF] Eilertsen | NMR and SAXS Analysis of Connectivity of Aluminum and Silicon Atoms in the Clear Sol Precursor of SSZ-13 Zeolite[END_REF]. Understanding the growth history and establishing a detailed picture of each stage of zeolite formation would advance efforts to obtain a product with desired physicochemical properties; however, such a thorough, comprehensive analysis of the growth process for a single crystal is difficult to acquire with the currently available methods.

In this study, we employ a non-traditional approach to study crystallization mechanisms: dissolution in an ammonium fluoride medium. Dissolution offers a route to identify defects or irregularities in crystals that form during growth where the chemical bonds that break first would be corresponding to the weak bonds in the crystal. Following the critical aspects of aluminosilicate dissolution, as summarized in detail by , it is considered that during dissolution experiments, the domains corresponding to stable, viable nuclei should dissolve last. Hence, the dissolution of the zeolite structure can be used to reveal information about the critical steps during nucleation and growth. Such an approach allows for valuable insights of the growth process to be disclosed by identifying regions with a high density of defects in the crystal and their role in various stages of crystallization, i.e., the temporal trajectory of zeolite formation. The above presumption could be correct only when the etching agent is not chemically selective and will not react preferentially with the chemically inhomogeneous zones in the crystal (i.e. preferential removal or Si or Al in aluminosilicates). This differs from the vast majority of processes reported in literature where dissolution has been employed. For instance, etching is largely used for the post-synthesis modification of zeolite properties [START_REF] Milina | Mesopore quality determines the lifetime of hierarchically structured zeolite catalysts[END_REF][START_REF] Qin | Mesoporous zeolites by fluoride etching[END_REF][START_REF] Linares | Surfactant-templated zeolites for the production of active pharmaceutical intermediates[END_REF]. Steaming is a commercial method for increasing the Si/Al ratio in zeolites [START_REF] Van Donk | Generation characterization, and impact of mesopores in zeolite catalysts[END_REF][START_REF] Almutairi | Influence of Steaming on the Acidity and the Methanol Conversion Reaction of HZSM-5 Zeolite[END_REF]. Such a study performed on a single zeolite particle level, using ZSM-5 as a model material, revealed that the steaming renders its surface rough and generates mesoporosity [START_REF] Aramburo | Porosity, Acidity, and Reactivity of Dealuminated Zeolite ZSM-5 at the Single Particle Level: The Influence of the Zeolite Architecture[END_REF]. This greatly improved the accessibility, but at the same time the strength of the Brønsted acid sites decreased. Mineral acids are also used to extract Al from zeolite frameworks, while caustic solutions are employed to preferentially remove Si [START_REF] Barrer | Molecular sieve sorbents from clinoptilolite[END_REF][START_REF] Tromp | Influence of the Generation of Mesopores on the Hydroisomerization Activity and Selectivity of n-Hexane over Pt/Mordenite[END_REF][START_REF] Ogura | Alkalitreatment techniquenew method for modification of structural and acid-catalytic properties of ZSM-5 zeolites[END_REF][START_REF] Wardani | Highly crystalline mesoporous SSZ-13 zeolite obtained via controlled post-synthetic treatment[END_REF]; however, these chemically selective etchants cannot be used to study the crystal growth of a zeolite.

Here we examine the unbiased dissolution of MFI-type zeolite crystals in a fluoride medium at both macroscopic and molecular levels. Our recent results have shown that upon dual hydrolysis, the compound NH 4 F forms species that dissolve Si and Al at similar rates [START_REF] Qin | The Mosaic Structure of Zeolite Crystals[END_REF]. Etching by NH 4 F was used to obtain hierarchical materials with retained framework composition [START_REF] Qin | Preparation of Single-Crystal "House-of-Cards"-like ZSM-5 and Their Performance in Ethanol-to-Hydrocarbon Conversion[END_REF]. In the present study, we have employed unbiased chemical etching to reveal evidence of the zeolite crystallization mechanism. This process also provides insights into the intimate structure of a crystal on the basis of molecular reversibility since the weak bonds break first, and the stable, coherent domains dissolve last, which allows for the facile detection of defects within the structure. This study is performed on large crystals of ZSM-5 (Si/Al=91) and its siliceous isostructural form silicalite-1, which allows for clearer visualization of any particularity in the growth process. The use of a siliceous and Al-containing sample was necessary to evaluate the impact of aluminum on the growth and respectively on the dissolution process. For the sake of comparison, a low silica ZSM-5 material (Si/Al=21) synthesized in a basic medium was also included in the study.

Results

From powder XRD analysis, the sharp peaks in XRD spectra showed that all employed MFI samples are highly crystalline (Fig. S1A). The N 2 adsorption-desorption isotherm (Fig. S1B) is type I, which is characteristic of microporous materials. The micropore volume of MFI-type materials, calculated using the t-plot method, is ca. 0.16 cm 3 /g, a value typical for highly crystalline MFI-type materials. SEM inspection revealed that the ZSM-5(91) crystals are uniform in size and approximately 100-120 µm in length (i.e., the c-direction, Fig. S1C). Silicalite-1 crystals synthesized in fluorine medium are a little bit shorter, ranging between 80 and 100 µm. ZSM-5 [START_REF] Milina | Mesopore quality determines the lifetime of hierarchically structured zeolite catalysts[END_REF] sample also exhibits well-shaped crystals with a size of about 5 µm. The majority of crystals have well-defined morphology with the typical coffin shape, and a few agglomerates can be observed.

The surface features of ZSM-5(91) crystals from SEM are shown in Fig. 1A. Different levels of crystal etching, from the as-synthesized sample until later times when the initial crystal morphology is indiscernible, are presented in Fig. 1C-F. After 30 min treatment in NH 4 F, only the interface between twinned zeolite crystals is dissolved, as can be seen in Fig. 1B, showing the dissolved interface between two contact twins oriented at 180° relative to each other. Fig. 1C shows the dissolution of the interface between an 80 µm long crystal and surface twins rotated at 90°. After 60 min treatment, deeper dissolution reveals interior features building the apparent "single" crystals (Fig. 1D); and after 120 min etching, only fragments of the original crystal remain where cavities with angular outlines can be seen (Fig. 1E,F). These observations show that the dissolution process is steered by distinct crystallographic zones with a clear hierarchical organization. Namely, at the micron scale, the interfaces between the twin crystals are preferentially dissolved (Fig. 1B-D), and on a nanometer scale, the dissolution follows particular crystallographic directions since dissolution pits exhibit well-defined straight facets, with pseudohexagonal shape (Fig. 1 and3). Furthermore, we observe that the crystal core is more extensively dissolved than the peripheral regions of the crystals. In order to better understand the phenomenon controlling the dissolution process, complementary imaging methods were employed. Atomic force microscopy (AFM) was used to examine time-resolved changes in surface topography during crystal dissolution. Conducting in situ measurements was challenging due to the debris generated at the interface; therefore, we employed an ex situ protocol (Scheme S1) wherein the same surface of a zeolite crystal was imaged after various intervals of NH 4 F treatment (Fig. S2). After each interval of the treatment, a series of AFM images were taken over an entire (010) surface and combined into a composite figure (Figs. S2 andS3A), where specific regions could be evaluated to track distinct changes in surface features with time. There were three general types of features observed in AFM images: crevices, etch pits, and spheroidal domains. The generation of crevices (Fig. 2A -C) seem to originate at (100) edges of the crystal and propagate inward with temporal increases in crevice width and depth (Fig. 2D). Multiple ex situ images of the crystal surface were compiled in Movie S1 where periodic snapshots during 60 min of treatment (Fig. 2E -J) reveal significant changes in surface topography. The initially rough surface of the untreated crystal becomes relatively smooth after 10 min of treatment due to the removal of large features present on as-synthesized substrates; and with prolonged treatment, AFM images reveal the emergence of crevices and etch pits. Similar to FE-SEM images in Fig. 1, we observe heterogeneous surface topographies with prolonged dissolution time. Some regions remain relatively smooth with less evidence of dissolution, whereas other regions develop highly roughened or pitted surfaces (Fig. S2).

Images after 45 min of treatment (Fig. 2I) show the presence of spheroidal domains and etch pits that become enlarged with further treatment (Fig. 2J). The size distribution of etch pits after 60 min of NH 4 F treatment is shown in Fig. S2. The AFM analysis demonstrates the inequivalent spatial dissolution of the zeolite crystal surface, which is not related with the framework composition since this series of experiments was performed on silicalite-1 crystals. Thus, surfaces exhibiting disproportionately high rates of dissolution is attributed to zeolite crystal imperfections (i.e., defect zones present on crystal facets). and TEM bright-field image of silicalite-1 (Fig. 3D) both reveal zonal growth patterns. In particular, the hour-glass feature (Fig. 3D) suggests sectorial growth starting from the crystal core, consistent with previous studies of large MFI-type crystals [START_REF] Karwacki | Morphology-Dependent Zeolite Intergrowth Structures Leading to Distinct Internal and Outer-Surface Molecular Diffusion Barriers[END_REF]. Electron micrographs showed that the dissolution along the interface between the 90° and contact twins in ZSM-5(91) crystals is due to the presence of highly strained zones between the individual crystals; however, the origin of small etch pits with pseudo-hexagonal shape formed deep within the core of the crystals is not immediately obvious. It is revealed (Fig. F) and is labeled "II". The crystal structure and order in lamella I appears perfect with no significant defects or distortions (Fig. 4A), also confirmed by the sharp, bright spots in the corresponding fast Fourier transform (FFT) pattern (Fig. 4C). In contrast, closer inspection of HRTEM images of lamella II (Fig. 4B) reveals the existence of a mosaic structure in the center of the crystal that is comprised of fine domains slightly misoriented with respect to each other by minor mutual rotation within the plane of imaging. The fine domains are confirmed by both dark-field contrast imaging (Fig. 4E) utilizing (020) reflections as well by the shape and size of the (010), ( 020) and ( 200) reflections in the FFT pattern (Fig. 4F).

The diffuse character of the spots in Fig. 4F The above interpretation is further corroborated by cutting a thin FIB section perpendicular to the c-axis from the middle of another ZSM-5(91) crystal (Fig. S4). The misorientation between adjacent domains is minor and difficult to discern directly from HRTEM images. As such, the same digital processing was applied to the images taken in the middle and the periphery of the foil (cut from the central part of untreated ZSM-5 crystal) to enhance the contrast. First, FFT was applied to the HRTEM images to obtain the patterns shown in Fig. S4C andD, then a circular filter was applied to select only the reflections up to (200) and (020) in the FFT patterns (insets in Fig. S4C andD). Inverse FFT processing of the aforementioned filters resulted in the images shown in Fig. S4A andB. The uniform appearance of the filtered inverse-FFT image in Fig. S4B (i.e. the lack of contrast variation across the lattice fringes), in comparison to the nonuniformity of the image of the central part (Fig. S4A), confirms the defect-free nature of the peripheral parts of the ZSM-5(91) crystals. This is consistent with the sharp reflections seen in the FFT pattern from the periphery (Fig. S4D) compared to the more diffused appearance of the FFT reflections (Fig. S4C) from the HRTEM image of the central region. ) reveals the progressive appearance of small spheroidal domains that seemingly dissolve at a much slower rate than the surrounding regions (Fig. 5G). Similar features were observed in multiple regions of several crystals during AFM measurements (e.g., Fig. 2I and Movie S1). Analysis of height images for several crystals in a single dissolution experiment reveals a distribution of spheroidal feature sizes (Fig. 5F) with an average diameter of 15 nm. This is consistent with the domain sizes determined by HRTEM imaging (Fig. S4) corresponding to interior regions of the crystal, where more defects are observed. The classification of spherical domains as either amorphous or crystalline cannot be gleaned from AFM images; however, we surmise these features are predominantly crystalline on the basis of several observations. First, the size of spheroidal features is much larger than those of amorphous precursors typically encountered in MFI synthesis, which range from 1 to 6 nm [START_REF] Kumar | Aggregative Growth of Silicalite-1[END_REF]. Previous in situ AFM measurements (3) have shown that the attachment of amorphous precursors to MFI crystal surfaces is followed by a disorder-to-order transition wherein precursors become integrated into the underlying crystal interface. It is possible that a fraction of amorphousto-crytalline transformations are incomplete, leading to the occlusion of disordered domains as defects within zeolite crystals. We posit these events are rare, and do not account for the large population of 15 nm spheroidal domains observed in AFM images (Figs. 2 and5). This is consistent with HRTEM images (Figs. 3 and4) that lack evidence of amorphous domains, which would be expected to extend well beyond that of a single particle to encompass the large areas observed in AFM images (e.g. Fig. 5J) with high densities of spheroidal features. As such, these spheroidal features are likely crystalline nanoparticles that incorporate into zeolite crystals via a mechanism of (nearly)oriented attachment. AFM imaging (Fig. S2) also confirms the presence of non-uniform regions (micron-size areas) where dissolution is more prevalent in some locations, whereas others are less affected by the treatment. Time-resolved analysis of the silicalite-1 (010) surface during dissolution also reveals dynamic sequences of emerging and disappearing features leading to either smooth or rough surface topography. For example, AFM height images of a fixed area over a 60-min period of dissolution (Figs. 5G-L) and corresponding amplitude images (Fig. S6) reveal the initial presence of large protrusions (highlighted by the dashed oval) that disappear with treatment time to yield an interface with either flat regions or spheroidal features.

Discussion

The applied approach has allowed us to reveal critical details about the zeolite dissolution process and, in turn, about the intimate structure of the studied MFI-type materials. The following conclusions can be drawn regarding the dissolution process. Dissolution is selective for regions with higher densities of defects, which are non-uniformly distributed throughout the crystal. The etching agent attacks predominantly the central parts of the MFI-crystals and affects the periphery of crystals to a significantly lesser extent, which corresponds to their relative concentration of defects (Figs. 4 andS4).

Our analyses have shown that the crystals are chemically homogeneous and structurally, on a micron-scale level, are well crystallized with some degree of twining. The dissolution advances parallel to low-index atomic planes with small reticular density, which seemingly follows a reciprocal Bravais-Friedel-Donnay-Harker (BFDH) growth law [START_REF] Donnay | A new law of crystal morphology extending the Law of Bravais[END_REF] at a localized level. The BFDH growth law stipulates that the morphological importance of crystal faces is reciprocally proportional to the reticular density of the atomic planes, expanded later by Hartman and Perdok (36), relating the reticular density to the crystal bond strength between building constituents. The crystal periphery appears to be the most stable, which accounts for our observation that this region dissolves at a much slower rate. In the late stages of zeolite formation, the growth rate is relatively slow and likely accounts for the presence of fewer defects in peripheral crystal zones, thereby leading to higher structural order in these regions (Figs. 3, 4, and5).

Our previous study of zeolite LTA showed that nucleation occurs within agglomerates of amorphous (alumino)silicate precursors [START_REF] Smaihi | Investigation of the Crystallization Stages of LTA-Type Zeolite by Complementary Characterization Techniques[END_REF]. The latter species coalescence with synthesis time into larger particles with a crystalline structure and an overall size of a few to tens of nanometers, forming stable nuclei that can interact and fuse with other nuclei throughout the crystallization process. A similar process for MFI-type zeolite was reported (37) using cryo-TEM to track various stages of nucleation to confirm growth by a nonclassical multistep mechanism [START_REF] De Yoreo | Crystallization by Particle Attachment in Synthetic, Biogenic, and Geologic Environments[END_REF]. Following the above observations as well as those from this study, our interpretation of the nucleation and crystallization process is summarized schematically in Fig. 6. The initial incubation period is marked by the formation of fine crystalline proto-particles (Fig. 6A, step I). During the coalescence of these particles, the formation of domain boundaries (marked by red dashed lines in Fig. 6A, step II) is proposed where the fast fusion between them creates a mismatch between the crystalline structure of each particle. The process is statistical in nature; some of the discrepancies and distortions that have higher interface energy are eliminated by minor re-arrangements;

others are sealed and preserved as fine-size domains through the subsequent stages of crystal growth. Some of these intergrowing domains give rise to twin relationships and likely serves as a starting point for twin growth; others have mismatch that leads to lowangle domain boundaries, dislocations, and point defects. The vacancies between crystalline domains can be sealed by the addition of low molecular weight (alumino)silicates (i.e. monomers or oligomers) through crystallization by particle attachment involving the addition of amorphous precursors. The central region of the zeolite crystal forms fast due to a high initial supersaturation (including amorphous precursors and soluble species) and a large number of crystallites present, which tends to concentrate a high level of defects, which is an anticipated for crystallization by particle attachment [START_REF] De Yoreo | Crystallization by Particle Attachment in Synthetic, Biogenic, and Geologic Environments[END_REF]. Moreover, nonclassical pathways involving the addition of amorphous precursors can also lead to defects if the disorder-to-order transition is either incomplete or results in misoriented crystalline domains.

Many of the observations from the study of MFI dissolution are consistent with the processes of zeolite crystallization outlined above. Preferential dissolution at the center of the crystal agrees with the higher number of defective zones created during the early stages of zeolite formation via the agglomeration of MFI nanocrystallites. Consequently, the central part of the crystal is more vulnerable to etching and dissolves more rapidly. It is apparent that zeolite formation in the studied system is a complex multistage process, as the mechanism of growth is a function of the supersaturation, which differs in the early and late stages. It can be speculated that the initially formed nuclei rapidly assemble into a skeletal structure along the <101> directions (stage 1 in Fig. 6B), setting up the growth process of the subsequent stage 2 that proceeds by sectorial growth originating from the skeletal structures formed in stage 1 (stage 2 in Fig. 6B and3D). This is facilitated further by the high concentration of nuclei present in the solution. The final stage is marked by a lower concentration of reactive species and a slower growth rate, leading to peripheral regions with fewer defects that exhibit slower rates of dissolution. The large size of the crystallites formed already predetermines zonal layer-by-layer growth (39) following rapid nucleation and growth in the crystal core. The participation of the pre-formed particles, which we evaluated to be in the range of 5 to 25 nm (Fig. 3C and F, 5F, S4A), is limited during the late stage of zeolite growth. growth and dissolution are competing processes resulting in the final crystal form, which is faceted by low index slow-growing faces. The reported results were obtained by studying large zeolite crystals grown in a fluoride medium. The validity of the findings was verified by a study on conventional ZSM-5 [START_REF] Milina | Mesopore quality determines the lifetime of hierarchically structured zeolite catalysts[END_REF] crystals synthesized in a basic medium. The small crystals size (ca. 5 µm) is not appropriate for an AFM investigation. Thus the dissolution process was followed by a combined SEM-TEM analysis. Representative SEM and TEM micrographs of the crystals subjected to 20, 40, and 60 min 40 wt. % NH 4 F solution etching are shown in Figure S8.

After 20 min etching, the twin crystals were separated (Figure S8B). Also, the extremity of the crystals, which are formed during the slower zeolite growth in the later stages, were often separated from the core (Figure S8 D). After 40 min etching, the central part of the crystals, which forms during the period of high supersaturation and abundant nucleation (see Figure 6A) and thus containing a higher number of defective zones, was deeply etched Figure S8 C,E. It should be noted the exceptional etching resistance of the surface layer (Figure S8 C,E) formed during the zonal growth (see Figure 6, stage III). However, the thickness of this layer, which is a result of the zonal overgrowth, was only about 50 nm, while in the case of fluoride medium-grown crystals, it was several microns (Figure 3A). Deeply etched ZSM-5(21) crystals exhibit a mosaic of rectangular dissolved domains (Figure S8E). Similar dissolution profiles were observed in the large fluoride medium synthesized ZSM-5 crystals Figure 1F. Thus the comprehensive electron microscopy study revealed that the conventional ZSM-5 [START_REF] Milina | Mesopore quality determines the lifetime of hierarchically structured zeolite catalysts[END_REF] grown in basic medium exhibit the same dissolution profile as the high silica ZSM-5(91) and all-silica (silicalite-1) counterparts synthesized in fluoride medium. This is unambiguous proof of the general dissolution mechanism, which allows recovering the zeolite's growing history, reported in the present study.

Conclusion

This study has shown that studying dissolution reactions can be used successfully as a powerful tool to reveal the processes of nucleation and crystal growth down to the atomic level, which are difficult processes to assess in hydrothermal systems by the presently available in situ methods. Furthermore, the vast majority of available in situ methods are, in principle, either of bulk nature or only capable of providing resolution at micron or larger scale, which prevents direct assessment of the growth process.

The dissolution of MFI-type crystals revealed defects of different types; however, the dominant form of defects and its corresponding concentration and spatial distribution are highly dependent upon the "history" of the growing crystals. The stochastic nature of zeolite nucleation and crystal growth leads to particles containing disparate populations of structural defects. The initial period of rapid nucleation in highly supersaturated media generally increases the probability of high defect density within the interior of zeolite crystals, whereas slower growth rates occurring by classical crystallization at later stages of synthesis (i.e., when the nutrient pool is depleted) leads to fewer defects. Thus, the memory of the growth process is coded in the crystal, and the method employed in this study using dissolution enables the recovery of a zeolite's growth history.

In addition, more general implication of our observations concerns the mosaic structure in crystals that has been known for a long time [START_REF] Darwin | The reflexion of X-rays from imperfect crystals[END_REF], but no direct correlation of its effect on the growth mechanism of microcrystals has been demonstrated until now.

Materials and Methods

Zeolite synthesis

ZSM-5 was synthesized from a gel with molar composition 0.13 TPABr : 1.12 NH 4 F : 0.015Al 2 O 3 : 1.0 SiO 2 : 57.87 H 2 O. First, aluminum sulfate octadecahydrate (98 wt%, Sigma-Aldrich) and tetrapropylammonium bromide (98 wt%, Sigma-Aldrich) were dissolved in half of the above molar amount of deionized water to get a clear solution.

After that tetraethyl orthosilicate (98 wt%, Sigma-Aldrich) was added under stirring. The resultant mixture was hydrolyzed overnight at room temperature to get a clear monophasic solution. Then the NH 4 F was dissolved in the second half of the molar amount of the deionized distilled water, and the resultant solution was added slowly into the monophasic solution under mechanical stirring. The resultant gel was vigorously stirred for 1 h, and transferred to a 1000 mL Teflon-lined stainless steel autoclave. The synthesis was conducted at 150 °C under static conditions. After 7 days of heating, the autoclave was taken out from the oven and quenched immediately in cool tap water. The solids were recovered by vacuum filtration and subsequently washed with deionized water. The solid cake was then recovered and dried at 100 °C overnight. The template was removed by calcination at 550 °C for 12 h with a ramp of 6 °C / min. The Si/Al ratio of the ZSM-5

samples is 91 and the samples was denoted ZSM-5(91).

Silicalite-1 was synthesized using the same initial reactants and preparation procedure.

The molar composition of the initial system was 0.13 TPABr : 0.94 NH 4 F : 1.0 SiO 2 :

19.29 H 2 O. The synthesis was performed at 170 °C for 10 days. A post-synthesis treatment similar to the one applied to ZSM-5 was applied.

A lows silica ZSM-5 sample synthesized in basic medium was included in the study to evaluate the impact of synthesis medium and the high alumina content on the dissolution process. The sample was provided by Clariant. The Si/Al ratio was 21 and the sample was denoted ZSM-5 [START_REF] Milina | Mesopore quality determines the lifetime of hierarchically structured zeolite catalysts[END_REF].

Fluoride medium etching

Fluoride medium etching of MFI-type material was carried out in NH 4 F (98.0%, Sigma-Aldrich) aqueous solution using the following procedure: collected by moving the cantilever in the x and y-direction on the crystal at set increment.

The obtained images were reassembled by overlapping segments to compose an image of a significant portion of the crystal (Scheme S1, Supporting Information), which allows for ex situ tracking of feature changes as treatment progressed.

Time of flight secondary ion mass spectroscopy (ToF-SIMS)

Sample preparation: The top mount holder is typically used to handle samples that are very thick (few mm) or large (few cm). Samples are held in place using double-face carbon. The sample holder was attached to the transfer arm by means of a bayonet fitting, and then the latter is introduced in the load lock chamber until the vacuum pumping reaches a vacuum of 5.0 10-5 mbar, ensuring an appropriate detection limit (few ppm).

Mass Spectroscopy: Positive and negative high mass resolution spectra were performed using a TOF-SIMS NCS instrument, which combines a TOF-SIMS instrument (ION-TOF GmbH, Münster, Germany) and an in situ scanning probe microscope (NanoScan, Switzerland) at Shared Equipment Authority from Rice University. A bunched 30 keV Bi 3+ ions (with a measured current of 0.15 pA) was used as a primary probe for analysis (scanned area 300 × 300 µm 2 ) with a raster of 128 × 128 pixels. A charge compensation with an electron flood gun has been applied during the analysis. An adjustment of the charge effects has been operated using a surface potential of -120 V and an extraction bias of 0 V for the positive polarity and a surface potential of 90 V and an extraction bias of -20 V for the negative polarity. The cycle time was fixed to 90 µs (corresponding to m/z = 0 - 737 atomic mass unit (a.m.u) mass range).

2D imaging: A bunched 60 keV Bi 3+ ions (with a measured current of 0.3 pA) was used as primary probe for analysis (scanned area 50 × 50 µm 2 ) with a raster of 2048 × 2048 pixels and then binned to enhance the signal-to-noise ratio. Same conditions of charge compensation have been applied in imaging and in spectroscopy. The number of scans has been limited to 5 for preventing the damage induced by a high dose of bismuth ions.

The same areas have been analyzed before and after the treatment. Each localized regions of interest have been marked by reference points to provide the highest analysis accuracy in the comparison.

Electron microscopy

Electron beam imaging and analysis were performed at the Central Facility for Advanced

Microscopy and Microanalysis at the University of California at Riverside.

Scanning/transmission electron microscopy (S/TEM) imaging was performed at 80 and 300 kV accelerating voltages in a ThermoFisher Scientific Titan Themis 300 instrument, fitted with X-FEG electron source, 3 lens condenser system and S-Twin objective lens.

High-resolution TEM images were recorded at a resolution of 2048 × 2048 pixels with a ThermoFisher CETA-16M CMOS digital camera with beam convergence semi-angle of about 0.08 mrad. STEM imaging was performed at 300 kV accelerating voltage in the Titan Themis 300 instrument. STEM images were recorded at probe convergence of 10 mrad with a probe current of 150 pA, using Fischione Instruments Inc. Model 3000 High Angle Annular Dark Field (HAADF) detector at a frame size of 2048 × 2048 pixels, dwell time of 15 µsec/pixel, and camera length of 245 mm.

TEM sample preparation: For the S/TEM analyses, a small amount of dry reaction powder samples was dispersed in distilled water and ultrasonicated for 5 mins to break apart any formed aggregates. A droplet of the resulting suspension was deposited on a TEM grid covered with a thin holey carbon support film.

Thin foils for S/TEM imaging were prepared from individual MFI crystals by cutting thin sections perpendicular the c-axis, following established ion milling procedures in a scanning electron microscope/focused ion beam (SEM/FIB) instrument using Ga ion source (Quanta 200i 3D, ThermoFisher Scientific). First, a strap of 5 µm thick protective Carbon layer was deposited over a region of interest using the ion beam. Subsequently, approximately 80 nm thin lamella was cut and polished at 30 kV and attached to a TEM grid using in situ Oxford Instrument Autoprobe200 manipulator. To reduce surface amorphization and Gallium implantation final milling at 5 kV and 0.5 nA was used to thin the sample to electron transparency.

Scanning electron microscopy (SEM): a ThermoFisher Scientific Co. NovaNano SEM450

was used to study the morphology of the samples. SEM images were acquired using the secondary and backscattered electron mode with a dedicated detector at 2, 5, and 15 kV accelerating voltages.

Fig. 1 .

 1 Fig. 1. Scanning electron micrographs of parent ZSM-5(91) and partially-dissolved crystals obtained after different periods of etching. (A) Parent crystals used for the dissolution experiments; (B) morphology and features of reaction products after 30 min dissolution; (C) representative crystal subjected to 60 min treatment; (D) higher magnification view of the (010) facet of a crystal after 60 min treatment; (E) representative crystal subjected to 120 min treatment; and (F) high magnification view of the (010) surface of a crystal after 120 min etching.

Fig. 2 .

 2 Fig. 2. AFM analysis of silicalite-1 (010) surface dissolution for the area marked in Fig. S3A. (A and B) Time-elapsed images between 10 to 30 min of treatment showing the development of a crevice. (C) 3-dimensional rendering of overlapping height and amplitude images showing the crevice after 40 min of treatment. (D) Height profiles along the green lines in A and B showing the increased depth and width of the crevice with treatment time (data are normalized to the baseline). (E -J) Height images of a different surface between 5 to 60 min of treatment at a fixed imaging area (highlighted in Fig.S3A). The full sequence of time-resolved images is compiled in Movie S1.

Fig. 3 .

 3 Fig. 3. Dissolution uncovers the history of ZSM-5(91) and silicalite-1 crystallization. (A) Zonal growth structure in the later growth stages is revealed by BSE imaging of ZSM-5(91) crystal treated for 30 min. (B) SEM image of ZSM-5(91) crystal treated for 60 min highlighting dissolution pits on the {010} face with pseudo-hexagonal shapes and straight edges parallel to low index atomic planes, such as {001}, {101}, and {10 }. (C) HAADF HR-STEM image along the <010> axis of the same specimen shown in (B). The dark spots in the structural images correspond to the channels in the structure, and the bright lines are the SiO 4 tetrahedral chains. (D) TEM bright-field image of a silicalite-1 crystal treated for 60 min. (E) SEM image of the {010} face of a silicalite-1 crystal treated for 30 min revealing the pseudo-hexagonal shape of dissolution pits that appear more irregular than those of ZSM-5(91). (F) Corresponding HR-TEM image down the <010> axis from the same specimen in (E). The bright spots here correspond to the open channels of the zeolite structure and the dark areas to the framework. The orientation of the traces of the {001} and {101} planes are marked with red lines in (C) and (F).

Fig. 4 .

 4 Fig. 4. TEM images of FIB thin sections cut perpendicular to the c-axis from an assynthesized ZSM-5(91) crystal not subjected to dissolution treatment. HRTEM images down the c-axis of foils from the periphery (A) and the central part (B) of the crystal. (C and F) FFTs from the lattice images in (A) and (B), respectively, with marked (020) reflections. (D) Low magnification image of one of the FIB foils. (E) Low magnification TEM dark-field image from the foil cut from the central part of the crystal. Inset: schematic of the sites for cutting sections I (periphery) and II (center) from the assynthesized crystal.

  Fine domains between 10 and 25 nm in diameter are visualized by HRTEM imaging after processing in the central part of the thin foil (Fig.S4A and C), revealing the mosaic structure of the central region of ZSM-5(91) zeolite crystals due to minor misorientation of neighboring domains. Such domains are missing in the periphery of the foil (Fig.S4B and D), indicating this region possesses little to no defects.The difference in the dissolution of the peripheral and central parts of the crystal is also observed by chemical mapping via time-of-flight secondary ion mass spectrometry (ToF-SIMS) of untreated silicalite-1 crystals (Fig.S5A-D) compared to those after 60 min of treatment (Fig.S5E-H). The trace quantity of the organic structure-directing agent (tetrapropylammonium, TPA) provides a high contrast wherein the tracking of TPA ion fragments (C 3 H 8 N + ) in the crystal before and after treatment (Fig.S5Band Fig.S5F, respectively) reveals distinct regions of dissolution. Similar information with less sensitivity can be gleaned from ToF-SIMS mapping of SiO + (Fig.S5 C and G) and Si 2 OH + (Fig. SD and H) ions, which reveal a difference in Si-O bonds and terminal silanol groups between the peripheral and central regions of the silicalite-1 crystals. In addition, we used ex situ AFM to monitor the evolution of spheroidal domains during NH 4 F treatment of a silicalite-1 (010) surface. High-resolution images of a fixed area on the crystal surface (Fig. 5A-D and Movie S3

Fig. 5 .

 5 Fig. 5. AFM analysis of the dissolution of silicalite-1. (A -D) AFM height images of a fixed area on a silicalite-1 (010) surface between 10 and 25 min of treatment. The images were taken from the region highlighted in Fig. S3A, and the full compilation of timeresolved images is compiled in Movie S2. (E) Height profiles of a feature in AFM images (marked with a black line) after the following treatment times: 10 min (blue), 15 min (yellow), 20 min (orange), and 25 min (red). (F) Analysis of AFM images over the entire crystal surface after 60 min of treatment reveals a distribution of spheroidal feature diameters (n = 17 measurements). The diameters are median values (±2 nm) adjusted to account for the AFM tip curvature (see Scheme S1B). (G -L) AFM height images of a fixed silicalite-1 (010) surface area between 10 and 60 min of treatment. A full compilation of time-resolved images (5 min intervals) is shown in Movie S3. The color gradient, which correlates to height (nm) is constant for all images. Several features (white oval, i) during dissolution alternate between smooth to rough topographies as spheroidal features progressively emerge from the dissolving interface. These images also show a crevice (double white dashed lines, ii) that becomes less prominent with prolonged treatment as the difference in height between the depth of the crevice and the crystal surface decreases. A corresponding set of amplitude images is included in Fig. S6. The area selected for analysis is marked in Fig. S3A.

Fig. 6 .

 6 Fig. 6. Schematic drawing of the interpretation of the growth process in the studied MFI-system. (A) The incubation process involves two steps: (I) formation of protoparticles with MFI structure; (II) fusion of these particles to form nuclei. Structural discrepancy boundaries are marked with broken red lines. The shaded central part of the nucleus corresponds to the enlarged inset, and the structural discrepancy boundaries are marked in yellow. (B) The growth process has three distinct stages: (I) skeletal growth, (II) sectorial growth, and (III) final zonal overgrowth. Each phase is correlated with the crystal growth period in the crystallization curve depicted in the top part of the scheme.

  7.5 g of the parent, calcined ZSM-5 zeolite was dispersed in 200 g of 40 wt.% NH 4 F aqueous solution and was allowed to react at 50 °C for 20, 40 and 60 min under mechanical stirring and ultrasonic radiation (USC 600 TH, 45 kHz, VWR). Intermediate samples were taken out after a set period of reaction time. The etched products were thoroughly washed with deionized water after the fluoride medium treatment.CharacterizationX-ray diffraction (XRD) measurements were performed on an X'pert Pro PANalytical Diffractometer using Cu Kα radiation (λ = 1.5418 Å, 45 kV, 40 mA). The samples were studied in the 5-50° 2θ range with a scanning step of 0.0167° s -1 .Nitrogen adsorption-desorption experiments were performed with a Micromeritics ASAP 2020 automated gas adsorption analyzer. Prior to analysis, the samples were outgassed at 100 °C for 1 h and 300 °C for 12 h.The Si and Al contents were determined by inductively coupled plasma optic emission spectroscopy (ICP-OES) on an OES 5100 VDV ICP from Agilent; all samples are digested in aqua regia and HF prior to the analysis.Ex situ scanning probe microscopyAtomic force microscopy (AFM) measurements of the MFI samples were performed on an Asylum Research Cypher ES Environmental instrument (Santa Barbara, CA) equipped with a liquid sample cell. The silicalite-1 crystals were dispersed on quickset Loctite Epoxy (Henkel Corporation), which was affixed on a 15 mm specimen disc (Ted Pella, Inc.). The epoxy was cured in an oven at 50 °C, and after 24 h, the sample disc was removed, cooled to room temperature, and sonicated in deionized water (DI) to remove loosely bound crystals. The sample disc was then placed in a closed liquid cell. A drop of DI water was deposited on the sample substrate, which in contact with the AFM cantilever (Oxford Instrument, non-coated silicon nitride), generates an aqueous interface for scanning zeolite surfaces. Images of selected untreated crystals were first collected. The sample disc was then treated in 40 wt% NH 4 F solution (NH 4 F salt, Sigma-Aldrich 98%) at room temperature. At 5 min intervals, the sample disc was removed from the NH 4 F solution, washed with DI water, and scanned by AFM. Due to possible debris on crystal surfaces after each treatment, the selected crystals were cleaned in contact mode before the cantilever was exchanged with a new one for actual imaging. Between treatment intervals, the sample disc was kept submerged in DI water. As initially tracked crystals became unbound from the epoxy after a sequence of treatments, multiple crystals were tracked during the first 60 min of treatment. Images (2 x 2 µm 2 or 3 x 3 µm 2 ) were
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