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Abstract 25 

Zeolite crystal growth mechanisms are not fully elucidated owing to their complexity 26 

wherein the formation of a particular zeolite can occur by more than one crystallization 27 

pathway. Here we have conducted time-resolved dissolution experiments of MFI-type 28 

zeolite crystals in an ammonium fluoride medium where detailed structural analysis 29 

allowed us to extrapolate and elucidate the possible mechanism of nucleation and crystal 30 

growth. A combination of electron and scanning probe microscopy shows that dissolution 31 

initiates preferentially at lattice defects and progressively removes defect zones to reveal a 32 

mosaic structure of crystalline domains within each zeolite crystal. This mosaic 33 

architecture evolves during the growth process, reflecting the changing conditions of 34 

zeolite formation that can be retroactively assessed during zeolite crystal dissolution. 35 

Moreover, a more general implication of this study is the establishment that dissolution 36 

can be used successfully as an ex situ technique to uncover details about crystal growth 37 

features inaccessible by other methods. 38 

 39 

 40 

 41 

 42 

 43 

Introduction 44 
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Zeolites are a family of crystalline microporous tectosilicates that are extensively used as 45 

heterogeneous catalysts, molecular sieves, sorbents, and ion exchangers. The large-scale 46 

production of synthetic zeolites already has more than a half-century history. At present, 47 

the annual production is above 3 million tons per year (1). About ten different types of 48 

zeolites are being used on a large industrial scale, and the number of zeolites used in niche 49 

markets is larger. These figures demonstrate the maturity of large-scale production of 50 

zeolites. Nevertheless, there are certain aspects of zeolite formation mechanism(s) that 51 

remain to be clarified.   52 

The difficulty in understanding zeolite crystallization is mainly due to the heterogeneity of 53 

the growth mixtures containing solid and liquid components and the presence of a myriad 54 

of different species (i.e., precursors) (2). The complex interactions between these species 55 

and condensation steps leading to the formation of aluminosilicate frameworks around an 56 

inorganic and/or organic structure-directing agent are also difficult to be traced and 57 

unambiguously determined. Further uncertainty is compounded by the fact that the 58 

formation of a particular zeolite could occur by more than one crystallization pathway (3-59 

5). Different methods providing information about the short- and long-range order in 60 

aluminosilicates, their chemical composition, and molecular interactions have been 61 

employed to shed light on the events preceding zeolite nucleation and the subsequent 62 

growth process (2-11). Thus, zeolite formation has been studied by a variety of scientific 63 

approaches to gain a more complete picture of the factors guiding the growth of a 64 

particular zeolite. For instance, snapshots of a particular stage of zeolite formation were 65 

obtained by in situ analysis using specially designed equipment (3, 4, 12). Molecular 66 

modeling has also been used to decode zeolite formation in combination with 67 

experimental analyses (13-15). These continuous efforts have resulted in a generally 68 

accepted mechanism that describes the major stages of crystallization without, however, 69 

being able to provide a basis for zeolite synthesis by design (10, 16).   70 

Studies focused on characterizing local zeolite structure have allowed for identification of 71 

the nucleation and growth of zeolites. Still, even these studies have not provided 72 

molecular-level information on the various pathways involved in zeolite crystal growth (3, 73 

4, 6, 7). Understanding the growth history and establishing a detailed picture of each stage 74 

of zeolite formation would advance efforts to obtain a product with desired 75 

physicochemical properties; however, such a thorough, comprehensive analysis of the 76 

growth process for a single crystal is difficult to acquire with the currently available 77 

methods.   78 

In this study, we employ a non-traditional approach to study crystallization mechanisms: 79 

dissolution in an ammonium fluoride medium. Dissolution offers a route to identify 80 

defects or irregularities in crystals that form during growth where the chemical bonds that 81 

break first would be corresponding to the weak bonds in the crystal. Following the critical 82 

aspects of aluminosilicate dissolution, as summarized in detail by Crundwell (17-20), it is 83 

considered that during dissolution experiments, the domains corresponding to stable, 84 

viable nuclei should dissolve last. Hence, the dissolution of the zeolite structure can be 85 

used to reveal information about the critical steps during nucleation and growth. Such an 86 

approach allows for valuable insights of the growth process to be disclosed by identifying 87 

regions with a high density of defects in the crystal and their role in various stages of 88 

crystallization, i.e., the temporal trajectory of zeolite formation. The above presumption 89 

could be correct only when the etching agent is not chemically selective and will not react 90 

preferentially with the chemically inhomogeneous zones in the crystal (i.e. preferential 91 
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removal or Si or Al in aluminosilicates). This differs from the vast majority of processes 92 

reported in literature where dissolution has been employed. For instance, etching is largely 93 

used for the post-synthesis modification of zeolite properties (21-23). Steaming is a 94 

commercial method for increasing the Si/Al ratio in zeolites (24, 25). Such a study 95 

performed on a single zeolite particle level, using ZSM-5 as a model material, revealed 96 

that the steaming renders its surface rough and generates mesoporosity (26). This greatly 97 

improved the accessibility, but at the same time the strength of the Brønsted acid sites 98 

decreased. Mineral acids are also used to extract Al from zeolite frameworks, while 99 

caustic solutions are employed to preferentially remove Si (27-30); however, these 100 

chemically selective etchants cannot be used to study the crystal growth of a zeolite.    101 

Here we examine the unbiased dissolution of MFI-type zeolite crystals in a fluoride 102 

medium at both macroscopic and molecular levels. Our recent results have shown that 103 

upon dual hydrolysis, the compound NH4F forms species that dissolve Si and Al at similar 104 

rates (31). Etching by NH4F was used to obtain hierarchical materials with retained 105 

framework composition (32). In the present study, we have employed unbiased chemical 106 

etching to reveal evidence of the zeolite crystallization mechanism. This process also 107 

provides insights into the intimate structure of a crystal on the basis of molecular 108 

reversibility since the weak bonds break first, and the stable, coherent domains dissolve 109 

last, which allows for the facile detection of defects within the structure. This study is 110 

performed on large crystals of ZSM-5 (Si/Al=91) and its siliceous isostructural form 111 

silicalite-1, which allows for clearer visualization of any particularity in the growth 112 

process. The use of a siliceous and Al-containing sample was necessary to evaluate the 113 

impact of aluminum on the growth and respectively on the dissolution process. For the 114 

sake of comparison, a low silica ZSM-5 material (Si/Al=21) synthesized in a basic 115 

medium was also included in the study.116 
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Results  117 

From powder XRD analysis, the sharp peaks in XRD spectra showed that all employed 118 

MFI samples are highly crystalline (Fig. S1A). The N2 adsorption-desorption isotherm 119 

(Fig. S1B) is type I, which is characteristic of microporous materials. The micropore 120 

volume of MFI-type materials, calculated using the t-plot method, is ca. 0.16 cm
3
/g, a 121 

value typical for highly crystalline MFI-type materials. SEM inspection revealed that the 122 

ZSM-5(91) crystals are uniform in size and approximately 100-120 µm in length (i.e., the 123 

c-direction, Fig. S1C). Silicalite-1 crystals synthesized in fluorine medium are a little bit 124 

shorter, ranging between 80 and 100 µm. ZSM-5(21) sample also exhibits well-shaped 125 

crystals with a size of about 5 µm. The majority of crystals have well-defined morphology 126 

with the typical coffin shape, and a few agglomerates can be observed. 127 

 128 

The surface features of ZSM-5(91) crystals from SEM are shown in Fig. 1A. Different 129 

levels of crystal etching, from the as-synthesized sample until later times when the initial 130 

crystal morphology is indiscernible, are presented in Fig. 1C-F. After 30 min treatment in 131 

NH4F, only the interface between twinned zeolite crystals is dissolved, as can be seen in 132 

Fig. 1B, showing the dissolved interface between two contact twins oriented at 180° 133 

relative to each other. Fig. 1C shows the dissolution of the interface between an 80 µm 134 

long crystal and surface twins rotated at 90°. After 60 min treatment, deeper dissolution 135 

reveals interior features building the apparent “single” crystals (Fig. 1D); and after 120 136 

min etching, only fragments of the original crystal remain where cavities with angular 137 

outlines can be seen (Fig. 1E, F). These observations show that the dissolution process is 138 

steered by distinct crystallographic zones with a clear hierarchical organization. Namely, 139 

at the micron scale, the interfaces between the twin crystals are preferentially dissolved 140 

(Fig. 1B-D), and on a nanometer scale, the dissolution follows particular crystallographic 141 

directions since dissolution pits exhibit well-defined straight facets, with pseudo-142 

hexagonal shape (Fig. 1 and 3). Furthermore, we observe that the crystal core is more 143 

extensively dissolved than the peripheral regions of the crystals. In order to better 144 

understand the phenomenon controlling the dissolution process, complementary imaging 145 

methods were employed. 146 

 147 
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Fig. 1. Scanning electron micrographs of parent ZSM-5(91) and partially-dissolved 149 

crystals obtained after different periods of etching. (A) Parent crystals used for the 150 

dissolution experiments; (B) morphology and features of reaction products after 30 min 151 

dissolution; (C) representative crystal subjected to 60 min treatment; (D) higher 152 

magnification view of the (010) facet of a crystal after 60 min treatment; (E) 153 

representative crystal subjected to 120 min treatment; and (F) high magnification view of 154 

the (010) surface of a crystal after 120 min etching. 155 

 156 

Atomic force microscopy (AFM) was used to examine time-resolved changes in surface 157 

topography during crystal dissolution. Conducting in situ measurements was challenging 158 

due to the debris generated at the interface; therefore, we employed an ex situ protocol 159 

(Scheme S1) wherein the same surface of a zeolite crystal was imaged after various 160 

intervals of NH4F treatment (Fig. S2). After each interval of the treatment, a series of 161 

AFM images were taken over an entire (010) surface and combined into a composite 162 

figure (Figs. S2 and S3A), where specific regions could be evaluated to track distinct 163 

changes in surface features with time. There were three general types of features observed 164 

in AFM images: crevices, etch pits, and spheroidal domains. The generation of crevices 165 

(Fig. 2A – C) seem to originate at (100) edges of the crystal and propagate inward with 166 

temporal increases in crevice width and depth (Fig. 2D). Multiple ex situ images of the 167 

crystal surface were compiled in Movie S1 where periodic snapshots during 60 min of 168 

treatment (Fig. 2E – J) reveal significant changes in surface topography. The initially 169 

rough surface of the untreated crystal becomes relatively smooth after 10 min of treatment 170 

due to the removal of large features present on as-synthesized substrates; and with 171 

prolonged treatment, AFM images reveal the emergence of crevices and etch pits. Similar 172 

to FE-SEM images in Fig. 1, we observe heterogeneous surface topographies with 173 

prolonged dissolution time. Some regions remain relatively smooth with less evidence of 174 

dissolution, whereas other regions develop highly roughened or pitted surfaces (Fig. S2). 175 

Images after 45 min of treatment (Fig. 2I) show the presence of spheroidal domains and 176 

etch pits that become enlarged with further treatment (Fig. 2J). The size distribution of 177 

etch pits after 60 min of NH4F treatment is shown in Fig. S2. The AFM analysis 178 

demonstrates the inequivalent spatial dissolution of the zeolite crystal surface, which is not 179 
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related with the framework composition since this series of experiments was performed on 180 

silicalite-1 crystals. Thus, surfaces exhibiting disproportionately high rates of dissolution 181 

is attributed to zeolite crystal imperfections (i.e., defect zones present on crystal facets). 182 

 183 
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 184 

Fig. 2. AFM analysis of silicalite-1 (010) surface dissolution for the area marked in 185 

Fig. S3A. (A and B) Time-elapsed images between 10 to 30 min of treatment showing the 186 

development of a crevice. (C) 3-dimensional rendering of overlapping height and 187 

amplitude images showing the crevice after 40 min of treatment. (D) Height profiles along 188 

the green lines in A and B showing the increased depth and width of the crevice with 189 

treatment time (data are normalized to the baseline). (E – J) Height images of a different 190 

surface between 5 to 60 min of treatment at a fixed imaging area (highlighted in Fig. 191 

S3A). The full sequence of time-resolved images is compiled in Movie S1. 192 

 193 

Later stages of dissolution, when etch pits became too deep for analysis by AFM, were 194 

studied using a combination of SEM, TEM, and STEM. Representative images of ZSM-195 

5(91) and silicalite-1 crystal dissolution after 30 and 60 min are shown in Fig. 3A-C and 196 

Fig. 3D-F, respectively. The backscattered-electron (BSE) image of ZSM-5(91) (Fig. 3A) 197 

and TEM bright-field image of silicalite-1 (Fig. 3D) both reveal zonal growth patterns. In 198 

particular, the hour-glass feature (Fig. 3D) suggests sectorial growth starting from the 199 

crystal core, consistent with previous studies of large MFI-type crystals (33). Electron 200 

micrographs showed that the dissolution along the interface between the 90° and contact 201 

twins in ZSM-5(91) crystals is due to the presence of highly strained zones between the 202 

individual crystals; however, the origin of small etch pits with pseudo-hexagonal shape 203 

formed deep within the core of the crystals is not immediately obvious. It is revealed (Fig. 204 

3C and F) that the facets outlining the etch pits are parallel to low index atomic planes, 205 

such as (001) and (101); clearly exhibiting crystallographic control of dissolution on the 206 

unit cell level. 207 

 208 
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 209 

Fig. 3. Dissolution uncovers the history of ZSM-5(91) and silicalite-1 crystallization. 210 

(A) Zonal growth structure in the later growth stages is revealed by BSE imaging of ZSM-211 

5(91) crystal treated for 30 min. (B) SEM image of ZSM-5(91) crystal treated for 60 min 212 

highlighting dissolution pits on the {010} face with pseudo-hexagonal shapes and straight 213 

edges parallel to low index atomic planes, such as {001}, {101}, and {10 }. (C) HAADF 214 

HR-STEM image along the <010> axis of the same specimen shown in (B). The dark 215 

spots in the structural images correspond to the channels in the structure, and the bright 216 

lines are the SiO4 tetrahedral chains. (D) TEM bright-field image of a silicalite-1 crystal 217 

treated for 60 min. (E) SEM image of the {010} face of a silicalite-1 crystal treated for 30 218 

min revealing the pseudo-hexagonal shape of dissolution pits that appear more irregular 219 

than those of ZSM-5(91). (F) Corresponding HR-TEM image down the <010> axis from 220 

the same specimen in (E). The bright spots here correspond to the open channels of the 221 

zeolite structure and the dark areas to the framework. The orientation of the traces of the 222 

{001} and {101} planes are marked with red lines in (C) and (F). 223 

In a previous study, we suggested that the mosaic of pseudo-hexagonal etch pits might be 224 

due to the dissolution of misoriented crystalline domains. Here, this hypothesis is verified 225 

by HRTEM imaging down the c-axis of ZSM-5(91) crystal. As shown in Fig. 4, thin 226 

electron transparent lamellas were cut perpendicular to the c-axis by focused ion milling 227 

from two different regions of the same crystal. The first lamella was cut from the 228 

peripheral region of the crystal close to the apical tip (Fig. 4A, C, and D), labeled as “I” in 229 

the inset of Fig. 4. The second was cut from the central part of the crystal (Fig. 4B, E, and 230 
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F) and is labeled “II”. The crystal structure and order in lamella I appears perfect with no 231 

significant defects or distortions (Fig. 4A), also confirmed by the sharp, bright spots in the 232 

corresponding fast Fourier transform (FFT) pattern (Fig. 4C). In contrast, closer inspection 233 

of HRTEM images of lamella II (Fig. 4B) reveals the existence of a mosaic structure in 234 

the center of the crystal that is comprised of fine domains slightly misoriented with respect 235 

to each other by minor mutual rotation within the plane of imaging. The fine domains are 236 

confirmed by both dark-field contrast imaging (Fig. 4E) utilizing (020) reflections as well 237 

by the shape and size of the (010), (020) and (200) reflections in the FFT pattern (Fig. 4F). 238 

The diffuse character of the spots in Fig. 4F can be attributed to misorientation between 239 

the fine domains in this region of the crystal. A comparison between the same type of 240 

reflections (marked by white arrows in Fig. 4C and 4F, respectively) demonstrates the 241 

difference in crystalline ordering of the peripheral and central parts of the crystal. The 242 

sharp character of the FFT spots in Fig. 4C is clear evidence of a defect-free structure as 243 

opposed to the mosaic domain structure revealed in Fig. 4F.   244 

 245 
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 246 

Fig. 4. TEM images of FIB thin sections cut perpendicular to the c-axis from an as-247 

synthesized ZSM-5(91) crystal not subjected to dissolution treatment. HRTEM 248 

images down the c-axis of foils from the periphery (A) and the central part (B) of the 249 

crystal. (C and F) FFTs from the lattice images in (A) and (B), respectively, with marked 250 

(020) reflections. (D) Low magnification image of one of the FIB foils. (E) Low 251 

magnification TEM dark-field image from the foil cut from the central part of the crystal. 252 

Inset: schematic of the sites for cutting sections I (periphery) and II (center) from the as-253 

synthesized crystal. 254 

 255 

The above interpretation is further corroborated by cutting a thin FIB section 256 

perpendicular to the c-axis from the middle of another ZSM-5(91) crystal (Fig. S4). The 257 

misorientation between adjacent domains is minor and difficult to discern directly from 258 

HRTEM images. As such, the same digital processing was applied to the images taken in 259 

the middle and the periphery of the foil (cut from the central part of untreated ZSM-5 260 

crystal) to enhance the contrast. First, FFT was applied to the HRTEM images to obtain 261 
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the patterns shown in Fig. S4C and D, then a circular filter was applied to select only the 262 

reflections up to (200) and (020) in the FFT patterns (insets in Fig. S4C and D). Inverse 263 

FFT processing of the aforementioned filters resulted in the images shown in Fig. S4A and 264 

B. The uniform appearance of the filtered inverse-FFT image in Fig. S4B (i.e. the lack of 265 

contrast variation across the lattice fringes), in comparison to the nonuniformity of the 266 

image of the central part (Fig. S4A), confirms the defect-free nature of the peripheral parts 267 

of the ZSM-5(91) crystals. This is consistent with the sharp reflections seen in the FFT 268 

pattern from the periphery (Fig. S4D) compared to the more diffused appearance of the 269 

FFT reflections (Fig. S4C) from the HRTEM image of the central region. Fine domains 270 

between 10 and 25 nm in diameter are visualized by HRTEM imaging after processing in 271 

the central part of the thin foil (Fig. S4A and C), revealing the mosaic structure of the 272 

central region of ZSM-5(91) zeolite crystals due to minor misorientation of neighboring 273 

domains. Such domains are missing in the periphery of the foil (Fig. S4B and D), 274 

indicating this region possesses little to no defects.   275 

The difference in the dissolution of the peripheral and central parts of the crystal is also 276 

observed by chemical mapping via time-of-flight secondary ion mass spectrometry (ToF-277 

SIMS) of untreated silicalite-1 crystals (Fig. S5A-D) compared to those after 60 min of 278 

treatment (Fig. S5E-H). The trace quantity of the organic structure-directing agent 279 

(tetrapropylammonium, TPA) provides a high contrast wherein the tracking of TPA ion 280 

fragments (C3H8N
+
) in the crystal before and after treatment (Fig. S5B and Fig. S5F, 281 

respectively) reveals distinct regions of dissolution. Similar information with less 282 

sensitivity can be gleaned from ToF-SIMS mapping of SiO
+
 (Fig. S5 C and G) and 283 

Si2OH
+
 (Fig. SD and H) ions, which reveal a difference in Si-O bonds and terminal silanol 284 

groups between the peripheral and central regions of the silicalite-1 crystals. In addition, 285 

we used ex situ AFM to monitor the evolution of spheroidal domains during NH4F 286 

treatment of a silicalite-1 (010) surface. High-resolution images of a fixed area on the 287 

crystal surface (Fig. 5A-D and Movie S3) reveals the progressive appearance of small 288 

spheroidal domains that seemingly dissolve at a much slower rate than the surrounding 289 

regions (Fig. 5G). Similar features were observed in multiple regions of several crystals 290 

during AFM measurements (e.g., Fig. 2I and Movie S1). Analysis of height images for 291 

several crystals in a single dissolution experiment reveals a distribution of spheroidal 292 

feature sizes (Fig. 5F) with an average diameter of 15 nm. This is consistent with the 293 

domain sizes determined by HRTEM imaging (Fig. S4) corresponding to interior regions 294 

of the crystal, where more defects are observed. The classification of spherical domains as 295 

either amorphous or crystalline cannot be gleaned from AFM images; however, we 296 

surmise these features are predominantly crystalline on the basis of several observations. 297 

First, the size of spheroidal features is much larger than those of amorphous precursors 298 

typically encountered in MFI synthesis, which range from 1 to 6 nm (34). Previous in situ 299 

AFM measurements (3) have shown that the attachment of amorphous precursors to MFI 300 

crystal surfaces is followed by a disorder-to-order transition wherein precursors become 301 

integrated into the underlying crystal interface. It is possible that a fraction of amorphous-302 

to-crytalline transformations are incomplete, leading to the occlusion of disordered 303 

domains as defects within zeolite crystals. We posit these events are rare, and do not 304 

account for the large population of 15 nm spheroidal domains observed in AFM images 305 

(Figs. 2 and 5). This is consistent with HRTEM images (Figs. 3 and 4) that lack evidence 306 

of amorphous domains, which would be expected to extend well beyond that of a single 307 

particle to encompass the large areas observed in AFM images (e.g. Fig. 5J) with high 308 

densities of spheroidal features. As such, these spheroidal features are likely crystalline 309 
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nanoparticles that incorporate into zeolite crystals via a mechanism of (nearly)oriented 310 

attachment. 311 

 312 

Fig. 5. AFM analysis of the dissolution of silicalite-1. (A – D) AFM height images of a 313 

fixed area on a silicalite-1 (010) surface between 10 and 25 min of treatment. The images 314 

were taken from the region highlighted in Fig. S3A, and the full compilation of time-315 

resolved images is compiled in Movie S2. (E) Height profiles of a feature in AFM images 316 

(marked with a black line) after the following treatment times: 10 min (blue), 15 min 317 

(yellow), 20 min (orange), and 25 min (red). (F) Analysis of AFM images over the entire 318 

crystal surface after 60 min of treatment reveals a distribution of spheroidal feature 319 

diameters (n = 17 measurements). The diameters are median values (±2 nm) adjusted to 320 

account for the AFM tip curvature (see Scheme S1B). (G – L) AFM height images of a 321 

fixed silicalite-1 (010) surface area between 10 and 60 min of treatment. A full 322 

compilation of time-resolved images (5 min intervals) is shown in Movie S3. The color 323 

gradient, which correlates to height (nm) is constant for all images. Several features (white 324 

oval, i) during dissolution alternate between smooth to rough topographies as spheroidal 325 

features progressively emerge from the dissolving interface. These images also show a 326 

crevice (double white dashed lines, ii) that becomes less prominent with prolonged 327 

treatment as the difference in height between the depth of the crevice and the crystal 328 

surface decreases. A corresponding set of amplitude images is included in Fig. S6. The 329 

area selected for analysis is marked in Fig. S3A. 330 
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 331 

The crystal growth pattern of MFI-type zeolite is clearly revealed by dissolution 332 

experiments. As shown in Figs. 3 and S5, the interior regions of the crystal dissolve much 333 

more rapidly than the periphery. Furthermore, TEM imaging clearly reveals an “hour-334 

glass” feature in the center of the majority of partially-dissolved crystals. This hour-glass 335 

zone is overgrown by zonal features (Fig. 3A and D). The above observations are 336 

evidence of multi-stage crystal growth, where the growth mechanism changes from 337 

sectorial to zonal growth over the course of crystallization.  338 

The characteristics of late-stage zonal growth are further exhibited by a closer 339 

examination of temporal changes in surface topography of facets during the final growth 340 

stages. The growth terraces visualized in SEM images (Fig. S7) demonstrates, first, that 341 

the growth at this stage proceeds by the layer-by-layer zonal growth mechanism. Second, 342 

it shows that the growth most probably takes place by agglomeration of viable globular 343 

proto-crystals with sizes between 5 to 25 nm in diameter, rather than direct incorporation 344 

of dissolved ionic or molecular species from the solution.  345 

AFM imaging (Fig. S2) also confirms the presence of non-uniform regions (micron-size 346 

areas) where dissolution is more prevalent in some locations, whereas others are less 347 

affected by the treatment. Time-resolved analysis of the silicalite-1 (010) surface during 348 

dissolution also reveals dynamic sequences of emerging and disappearing features leading 349 

to either smooth or rough surface topography. For example, AFM height images of a fixed 350 

area over a 60-min period of dissolution (Figs. 5G-L) and corresponding amplitude images 351 

(Fig. S6) reveal the initial presence of large protrusions (highlighted by the dashed oval) 352 

that disappear with treatment time to yield an interface with either flat regions or 353 

spheroidal features. 354 

 355 

Discussion  356 

The applied approach has allowed us to reveal critical details about the zeolite dissolution 357 

process and, in turn, about the intimate structure of the studied MFI-type materials. The 358 

following conclusions can be drawn regarding the dissolution process. Dissolution is 359 

selective for regions with higher densities of defects, which are non-uniformly distributed 360 

throughout the crystal. The etching agent attacks predominantly the central parts of the 361 

MFI-crystals and affects the periphery of crystals to a significantly lesser extent, which 362 

corresponds to their relative concentration of defects (Figs. 4 and S4).  363 

Our analyses have shown that the crystals are chemically homogeneous and structurally, 364 

on a micron-scale level, are well crystallized with some degree of twining. The studied 365 

MFI-type samples are essentially built up by SiO4 tetrahedra, where all oxygen atoms are 366 

shared. Hence, there is no significant structural anisotropy in the bond strength across 367 

individual tetrahedra, which can affect the dissolution process (17-20). The main factor 368 

that would affect Si-O bond strength is protonation; however, since the crystal is 369 

compositionally homogeneous, protonation should not affect the dissolution process 370 

selectively. Consequently, the primary cause of dissolution is the presence of defects on 371 

atomic and unit cell levels, which can introduce inhomogeneity and selective bonding 372 

among the SiO4 tetrahedral framework. Different types of defects in crystalline materials 373 

are presented in Scheme 2. Our observations suggest that dissolution starts at defect sites 374 

with strained T-O bonding, such as point defects, dislocations, twin boundaries, and low-375 
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angle grain boundaries. It proceeds by expanding around initially formed dissolution pits. 376 

The dissolution advances parallel to low-index atomic planes with small reticular density, 377 

which seemingly follows a reciprocal Bravais-Friedel-Donnay-Harker (BFDH) growth 378 

law (35) at a localized level. The BFDH growth law stipulates that the morphological 379 

importance of crystal faces is reciprocally proportional to the reticular density of the 380 

atomic planes, expanded later by Hartman and Perdok (36), relating the reticular density to 381 

the crystal bond strength between building constituents. The crystal periphery appears to 382 

be the most stable, which accounts for our observation that this region dissolves at a much 383 

slower rate. In the late stages of zeolite formation, the growth rate is relatively slow and 384 

likely accounts for the presence of fewer defects in peripheral crystal zones, thereby 385 

leading to higher structural order in these regions (Figs. 3, 4, and 5).  386 

Our previous study of zeolite LTA showed that nucleation occurs within agglomerates of 387 

amorphous (alumino)silicate precursors (6). The latter species coalescence with synthesis 388 

time into larger particles with a crystalline structure and an overall size of a few to tens of 389 

nanometers, forming stable nuclei that can interact and fuse with other nuclei throughout 390 

the crystallization process. A similar process for MFI-type zeolite was reported (37) using 391 

cryo-TEM to track various stages of nucleation to confirm growth by a nonclassical multi-392 

step mechanism (38). Following the above observations as well as those from this study, 393 

our interpretation of the nucleation and crystallization process is summarized 394 

schematically in Fig. 6. The initial incubation period is marked by the formation of fine 395 

crystalline proto-particles (Fig. 6A, step I). During the coalescence of these particles, the 396 

formation of domain boundaries (marked by red dashed lines in Fig. 6A, step II) is 397 

proposed where the fast fusion between them creates a mismatch between the crystalline 398 

structure of each particle. The process is statistical in nature; some of the discrepancies 399 

and distortions that have higher interface energy are eliminated by minor re-arrangements; 400 

others are sealed and preserved as fine-size domains through the subsequent stages of 401 

crystal growth. Some of these intergrowing domains give rise to twin relationships and 402 

likely serves as a starting point for twin growth; others have mismatch that leads to low-403 

angle domain boundaries, dislocations, and point defects. The vacancies between 404 

crystalline domains can be sealed by the addition of low molecular weight 405 

(alumino)silicates (i.e. monomers or oligomers) through crystallization by particle 406 

attachment involving the addition of amorphous precursors. The central region of the 407 

zeolite crystal forms fast due to a high initial supersaturation (including amorphous 408 

precursors and soluble species) and a large number of crystallites present, which tends to 409 

concentrate a high level of defects, which is an anticipated for crystallization by particle 410 

attachment (38). Moreover, nonclassical pathways involving the addition of amorphous 411 

precursors can also lead to defects if the disorder-to-order transition is either incomplete or 412 

results in misoriented crystalline domains.   413 

Many of the observations from the study of MFI dissolution are consistent with the 414 

processes of zeolite crystallization outlined above. Preferential dissolution at the center of 415 

the crystal agrees with the higher number of defective zones created during the early 416 

stages of zeolite formation via the agglomeration of MFI nanocrystallites. Consequently, 417 

the central part of the crystal is more vulnerable to etching and dissolves more rapidly. It 418 

is apparent that zeolite formation in the studied system is a complex multistage process, as 419 

the mechanism of growth is a function of the supersaturation, which differs in the early 420 

and late stages. It can be speculated that the initially formed nuclei rapidly assemble into a 421 

skeletal structure along the <101> directions (stage 1 in Fig. 6B), setting up the growth 422 

process of the subsequent stage 2 that proceeds by sectorial growth originating from the 423 

skeletal structures formed in stage 1 (stage 2 in Fig. 6B and 3D). This is facilitated further 424 

by the high concentration of nuclei present in the solution. The final stage is marked by a 425 
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lower concentration of reactive species and a slower growth rate, leading to peripheral 426 

regions with fewer defects that exhibit slower rates of dissolution. The large size of the 427 

crystallites formed already predetermines zonal layer-by-layer growth (39) following rapid 428 

nucleation and growth in the crystal core. The participation of the pre-formed particles, 429 

which we evaluated to be in the range of 5 to 25 nm (Fig. 3C and F, 5F, S4A), is limited 430 

during the late stage of zeolite growth. growth and dissolution are competing processes 431 

resulting in the final crystal form, which is faceted by low index slow-growing faces.  432 

 433 

 434 

Fig. 6. Schematic drawing of the interpretation of the growth process in the studied 435 

MFI-system. (A) The incubation process involves two steps: (I) formation of proto-436 

particles with MFI structure; (II) fusion of these particles to form nuclei. Structural 437 

discrepancy boundaries are marked with broken red lines. The shaded central part of the 438 

nucleus corresponds to the enlarged inset, and the structural discrepancy boundaries are 439 

marked in yellow. (B) The growth process has three distinct stages: (I) skeletal growth, 440 

(II) sectorial growth, and (III) final zonal overgrowth. Each phase is correlated with the 441 

crystal growth period in the crystallization curve depicted in the top part of the scheme. 442 

 443 

The reported results were obtained by studying large zeolite crystals grown in a fluoride 444 

medium. The validity of the findings was verified by a study on conventional ZSM-5(21) 445 

crystals synthesized in a basic medium. The small crystals size (ca. 5 µm) is not 446 

appropriate for an AFM investigation. Thus the dissolution process was followed by a 447 

combined SEM-TEM analysis. Representative SEM and TEM micrographs of the crystals 448 

subjected to 20, 40, and 60 min 40 wt. % NH4F solution etching are shown in Figure S8. 449 

After 20 min etching, the twin crystals were separated (Figure S8B). Also, the extremity 450 

of the crystals, which are formed during the slower zeolite growth in the later stages, were 451 

often separated from the core (Figure S8 D). After 40 min etching, the central part of the 452 

crystals, which forms during the period of high supersaturation and abundant nucleation 453 

(see Figure 6A) and thus containing a higher number of defective zones, was deeply 454 

etched Figure S8 C,E. It should be noted the exceptional etching resistance of the surface 455 

layer (Figure S8 C,E) formed during the zonal growth (see Figure 6, stage III). However, 456 
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the thickness of this layer, which is a result of the zonal overgrowth, was only about 50 457 

nm, while in the case of fluoride medium-grown crystals, it was several microns (Figure 458 

3A). Deeply etched ZSM-5(21) crystals exhibit a mosaic of rectangular dissolved domains 459 

(Figure S8E). Similar dissolution profiles were observed in the large fluoride medium 460 

synthesized ZSM-5 crystals Figure 1F. Thus the comprehensive electron microscopy study 461 

revealed that the conventional ZSM-5(21) grown in basic medium exhibit the same 462 

dissolution profile as the high silica ZSM-5(91) and all-silica (silicalite-1) counterparts 463 

synthesized in fluoride medium. This is unambiguous proof of the general dissolution 464 

mechanism, which allows recovering the zeolite's growing history, reported in the present 465 

study. 466 

 467 

Conclusion  468 

This study has shown that studying dissolution reactions can be used successfully as a 469 

powerful tool to reveal the processes of nucleation and crystal growth down to the atomic 470 

level, which are difficult processes to assess in hydrothermal systems by the presently 471 

available in situ methods. Furthermore, the vast majority of available in situ methods are, 472 

in principle, either of bulk nature or only capable of providing resolution at micron or 473 

larger scale, which prevents direct assessment of the growth process.  474 

The dissolution of MFI-type crystals revealed defects of different types; however, the 475 

dominant form of defects and its corresponding concentration and spatial distribution are 476 

highly dependent upon the “history” of the growing crystals. The stochastic nature of 477 

zeolite nucleation and crystal growth leads to particles containing disparate populations of 478 

structural defects. The initial period of rapid nucleation in highly supersaturated media 479 

generally increases the probability of high defect density within the interior of zeolite 480 

crystals, whereas slower growth rates occurring by classical crystallization at later stages 481 

of synthesis (i.e., when the nutrient pool is depleted) leads to fewer defects. Thus, the 482 

memory of the growth process is coded in the crystal, and the method employed in this 483 

study using dissolution enables the recovery of a zeolite’s growth history.  484 

In addition, more general implication of our observations concerns the mosaic structure in 485 

crystals that has been known for a long time (40), but no direct correlation of its effect on 486 

the growth mechanism of microcrystals has been demonstrated until now. 487 

 488 

 489 

Materials and Methods 490 

Zeolite synthesis 491 

ZSM-5 was synthesized from a gel with molar composition 0.13 TPABr : 1.12 NH4F : 492 

0.015Al2O3 : 1.0 SiO2 : 57.87 H2O. First, aluminum sulfate octadecahydrate (98 wt%, 493 

Sigma-Aldrich) and tetrapropylammonium bromide (98 wt%, Sigma-Aldrich) were 494 

dissolved in half of the above molar amount of deionized water to get a clear solution. 495 

After that tetraethyl orthosilicate (98 wt%, Sigma-Aldrich) was added under stirring. The 496 

resultant mixture was hydrolyzed overnight at room temperature to get a clear monophasic 497 

solution. Then the NH4F was dissolved in the second half of the molar amount of the 498 

deionized distilled water, and the resultant solution was added slowly into the monophasic 499 

solution under mechanical stirring. The resultant gel was vigorously stirred for 1 h, and 500 

transferred to a 1000 mL Teflon-lined stainless steel autoclave. The synthesis was 501 

conducted at 150 °C under static conditions. After 7 days of heating, the autoclave was 502 

taken out from the oven and quenched immediately in cool tap water. The solids were 503 

recovered by vacuum filtration and subsequently washed with deionized water. The solid 504 

cake was then recovered and dried at 100 °C overnight. The template was removed by 505 
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calcination at 550 °C for 12 h with a ramp of 6 °C / min. The Si/Al ratio of the ZSM-5 506 

samples is 91 and the samples was denoted ZSM-5(91).   507 

 508 

Silicalite-1 was synthesized using the same initial reactants and preparation procedure. 509 

The molar composition of the initial system was 0.13 TPABr : 0.94 NH4F : 1.0 SiO2 : 510 

19.29 H2O. The synthesis was performed at 170 °C for 10 days. A post-synthesis 511 

treatment similar to the one applied to ZSM-5 was applied.   512 

 513 

A lows silica ZSM-5 sample synthesized in basic medium was included in the study to 514 

evaluate the impact of synthesis medium and the high alumina content on the dissolution 515 

process. The sample was provided by Clariant. The Si/Al ratio was 21 and the sample was 516 

denoted ZSM-5(21).  517 

 518 

Fluoride medium etching  519 

Fluoride medium etching of MFI-type material was carried out in NH4F (98.0%, Sigma-520 

Aldrich) aqueous solution using the following procedure: 7.5 g of the parent, calcined 521 

ZSM-5 zeolite was dispersed in 200 g of 40 wt.% NH4F aqueous solution and was allowed 522 

to react at 50 °C for 20, 40 and 60 min under mechanical stirring and ultrasonic radiation 523 

(USC 600 TH, 45 kHz, VWR). Intermediate samples were taken out after a set period of 524 

reaction time. The etched products were thoroughly washed with deionized water after the 525 

fluoride medium treatment.  526 

  527 

Characterization 528 

X-ray diffraction (XRD) measurements were performed on an X'pert Pro PANalytical 529 

Diffractometer using Cu Kα radiation (λ = 1.5418 Å, 45 kV, 40 mA). The samples were 530 

studied in the 5-50° 2θ range with a scanning step of 0.0167° s
-1

.   531 

Nitrogen adsorption-desorption experiments were performed with a Micromeritics ASAP 532 

2020 automated gas adsorption analyzer. Prior to analysis, the samples were outgassed at 533 

100 °C for 1 h and 300 °C for 12 h.   534 

 535 

The Si and Al contents were determined by inductively coupled plasma optic emission 536 

spectroscopy (ICP-OES) on an OES 5100 VDV ICP from Agilent; all samples are 537 

digested in aqua regia and HF prior to the analysis.  538 

 539 

Ex situ scanning probe microscopy 540 

Atomic force microscopy (AFM) measurements of the MFI samples were performed on 541 

an Asylum Research Cypher ES Environmental instrument (Santa Barbara, CA) equipped 542 

with a liquid sample cell. The silicalite-1 crystals were dispersed on quickset Loctite 543 

Epoxy (Henkel Corporation), which was affixed on a 15 mm specimen disc (Ted Pella, 544 

Inc.). The epoxy was cured in an oven at 50 °C, and after 24 h, the sample disc was 545 

removed, cooled to room temperature, and sonicated in deionized water (DI) to remove 546 

loosely bound crystals. The sample disc was then placed in a closed liquid cell. A drop of 547 

DI water was deposited on the sample substrate, which in contact with the AFM cantilever 548 

(Oxford Instrument, non-coated silicon nitride), generates an aqueous interface for 549 

scanning zeolite surfaces. Images of selected untreated crystals were first collected. The 550 

sample disc was then treated in 40 wt% NH4F solution (NH4F salt, Sigma-Aldrich 98%) at 551 

room temperature. At 5 min intervals, the sample disc was removed from the NH4F 552 

solution, washed with DI water, and scanned by AFM. Due to possible debris on crystal 553 

surfaces after each treatment, the selected crystals were cleaned in contact mode before 554 

the cantilever was exchanged with a new one for actual imaging. Between treatment 555 
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intervals, the sample disc was kept submerged in DI water. As initially tracked crystals 556 

became unbound from the epoxy after a sequence of treatments, multiple crystals were 557 

tracked during the first 60 min of treatment. Images (2 x 2 µm
2
 or 3 x 3 µm

2
) were 558 

collected by moving the cantilever in the x and y-direction on the crystal at set increment. 559 

The obtained images were reassembled by overlapping segments to compose an image of 560 

a significant portion of the crystal (Scheme S1, Supporting Information), which allows for 561 

ex situ tracking of feature changes as treatment progressed.   562 

  563 

Time of flight secondary ion mass spectroscopy (ToF-SIMS)  564 

Sample preparation: The top mount holder is typically used to handle samples that are 565 

very thick (few mm) or large (few cm). Samples are held in place using double-face 566 

carbon. The sample holder was attached to the transfer arm by means of a bayonet fitting, 567 

and then the latter is introduced in the load lock chamber until the vacuum pumping 568 

reaches a vacuum of 5.0 10-5 mbar, ensuring an appropriate detection limit (few ppm).  569 

Mass Spectroscopy: Positive and negative high mass resolution spectra were performed 570 

using a TOF-SIMS NCS instrument, which combines a TOF-SIMS instrument (ION-TOF 571 

GmbH, Münster, Germany) and an in situ scanning probe microscope (NanoScan, 572 

Switzerland) at Shared Equipment Authority from Rice University. A bunched 30 keV 573 

Bi
3+

 ions (with a measured current of 0.15 pA) was used as a primary probe for analysis 574 

(scanned area 300 × 300 µm
2
) with a raster of 128 × 128 pixels. A charge compensation 575 

with an electron flood gun has been applied during the analysis. An adjustment of the 576 

charge effects has been operated using a surface potential of -120 V and an extraction bias 577 

of 0 V for the positive polarity and a surface potential of 90 V and an extraction bias of -578 

20 V for the negative polarity. The cycle time was fixed to 90 µs (corresponding to 579 

m/z = 0 – 737 atomic mass unit (a.m.u) mass range).  580 

2D imaging: A bunched 60 keV Bi
3+

 ions (with a measured current of 0.3 pA) was used as 581 

primary probe for analysis (scanned area 50 × 50 µm
2
) with a raster of 2048 × 2048 pixels 582 

and then binned to enhance the signal-to-noise ratio. Same conditions of charge 583 

compensation have been applied in imaging and in spectroscopy. The number of scans has 584 

been limited to 5 for preventing the damage induced by a high dose of bismuth ions.  585 

The same areas have been analyzed before and after the treatment. Each localized regions 586 

of interest have been marked by reference points to provide the highest analysis accuracy 587 

in the comparison.  588 

  589 

Electron microscopy  590 

Electron beam imaging and analysis were performed at the Central Facility for Advanced 591 

Microscopy and Microanalysis at the University of California at Riverside. 592 

Scanning/transmission electron microscopy (S/TEM) imaging was performed at 80 and 593 

300 kV accelerating voltages in a ThermoFisher Scientific Titan Themis 300 instrument, 594 

fitted with X-FEG electron source, 3 lens condenser system and S-Twin objective lens. 595 

High-resolution TEM images were recorded at a resolution of 2048 × 2048 pixels with a 596 

ThermoFisher CETA-16M CMOS digital camera with beam convergence semi-angle of 597 

about 0.08 mrad. STEM imaging was performed at 300 kV accelerating voltage in the 598 

Titan Themis 300 instrument. STEM images were recorded at probe convergence of 10 599 

mrad with a probe current of 150 pA, using Fischione Instruments Inc. Model 3000 High 600 

Angle Annular Dark Field (HAADF) detector at a frame size of 2048 × 2048 pixels, dwell 601 

time of 15 µsec/pixel, and camera length of 245 mm.  602 

 603 

TEM sample preparation: For the S/TEM analyses, a small amount of dry reaction powder 604 

samples was dispersed in distilled water and ultrasonicated for 5 mins to break apart any 605 
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formed aggregates. A droplet of the resulting suspension was deposited on a TEM grid 606 

covered with a thin holey carbon support film.   607 

 608 

Thin foils for S/TEM imaging were prepared from individual MFI crystals by cutting thin 609 

sections perpendicular the c-axis, following established ion milling procedures in a 610 

scanning electron microscope/focused ion beam (SEM/FIB) instrument using Ga ion 611 

source (Quanta 200i 3D, ThermoFisher Scientific). First, a strap of 5 µm thick protective 612 

Carbon layer was deposited over a region of interest using the ion beam. Subsequently, 613 

approximately 80 nm thin lamella was cut and polished at 30 kV and attached to a TEM 614 

grid using in situ Oxford Instrument Autoprobe200 manipulator. To reduce surface 615 

amorphization and Gallium implantation final milling at 5 kV and 0.5 nA was used to thin 616 

the sample to electron transparency.  617 

 618 

Scanning electron microscopy (SEM): a ThermoFisher Scientific Co. NovaNano SEM450 619 

was used to study the morphology of the samples. SEM images were acquired using the 620 

secondary and backscattered electron mode with a dedicated detector at 2, 5, and 15 kV 621 

accelerating voltages. 622 

 623 

 624 
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