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1. List of Movies

Movie S1. Analysis of heterogeneities in the coke distribution after the methanol-to-hydrocarbons (MTH) reaction with *C labelled methanol for
needle 20. Views of all Si ions, all *C ions along with 7% 3C isosurfaces in gray and *C clusters. Bounding box dimensions of 84 x 63 x 62 nm?®.
These movies are of the needles from Figure 1.

Movie S2. Reconstruction of a representative SAPO-34 needle (needle 8). Bounding box dimensions 281 x 79 x 78 nm?. These movies are of the
needles from Figure S11.

Movie S3. Selected results of atom probe simulations as a function of Si island size (Ns;) and delocalization (o). Each panel containsa § x § x § nm?
view of all atoms that was removed from the center of the larger simulated data set, as well as a view only the Si atoms, with O in gray, tetrahedral
atoms in green and Si in red. These samples are the same as those in Figure 2 and S21.

2. SAPO-34 Literature Survey

Microporous materials (MMs), also termed molecular sieves, are a compositionally diverse family of crystalline, heterogenous catalysts
including zeolites (aluminosilicate composition) and aluminophosphates (AIPO4’s)."* AIPO, materials contain a framework structure of al-
ternating AI** and P** oxide tetrahedra, to form a charge neutral framework, but the substitution of Si** into framework positions can create
charge imbalances, leading to Brensted acidity or ion exchange sites in the silicoaluminophosphate (SAPO) material. These materials have a
long and rich history, though shorter than zeolites, as AIPO4’s were first reported in 1982° and SAPO’s in 1984.* In zeolites, the substitution
of AP** into framework positions is governed by Lowenstein’s rule, but Si** substitution is much more complex in SAPO-type materials. Gen-
eral bonding rules are that Si-O-Si, Si-O-Al, and Al-O-P bonds are allowed, and Al-O-Al, P-O-P, and Si-O-P bonds are not allowed, leading to
a situation where Si islands of discrete sizes are formed, governed not only by bonding rules, but by the crystalline framework structure itself."
There are a few defined mechanisms of Si** substitution, where Si** can replace a single P** to form an isolated Si site (SM2 mechanism), or a
Si-O-Si pair can substitute for an Al-O-P pair (SM3 mechanism), but this must happen in combination with the SM2 mechanism to form a Si
island as Si-O-P bonds are forbidden.* These mechanisms were first established in the late 1980’s, and much of the early understanding of Si
substitution mechanisms came from SAPO-5 (AFI framework), SAPO-37 (FAU framework) and SAPO-34 (CHA framework).** While the
basics of Si substitution were solved decades ago, more recent work has shown that this is a frustratingly complex process with heterogeneities
that span length scales from an atomic bond (sub-nanometer) to zoning in a single crystal (microns), with influences on material perfor-
mance.>'** The smallest island that can be formed is 5 Si atoms, and there is theoretically no upper limit to their size, and islands will form in
discrete sizes dictated by the framework structure.*!%!82023263233 The gubstitution of Si has important catalytic implications as it influences the
strength of the acid sites, as the Brensted acid site strength decreases in the order of Si(OAI)(OSi)s> Si(OAl)2(OSi). > Si(OAl)s(OSi)>
Si(OAl)4, though not over a very wide range; additionally, the strength of the acid sites generally increases with increasing island size, and is
also influenced by the location, distribution, accessibility and Si content.®'%*** This is difficult to control, and is a poorly understood func-
tion of organic template (structure directing agent), Si content, synthesis conditions, source of reagents, etc., but it is commercially vital as it
dictates catalyst performance.?>**3%%+-3

Although many SAPO-type catalysts have been reported, perhaps the most studied is SAPO-34 (CHA framework topology which contains
a 3-D system of 8-membered rings (MRs) that limit accessibility to larger internal cages). It has been applied commercially since 2010 in the
methanol-to-hydrocarbons (MTH) process, even though the material was first reported in 1984, showing there may be several decades be-
tween material discovery and commercial use.****** While the material is seemingly simple as the ideal CHA framework contains only a sin-
gle T-site (triclinic R3m symmetry, space group No. 166)*, the AIPO, and SAPO compositions have a number of reported symmetries that
depend on the template, calcination, use of fluoride, Si content or degree of hydration, including P1%%, P1* R3* and R3*. From a practical
perspective, one of the most important characteristics of the material is the active site distribution as this will have consequences on material
performance. At the atomic scale, the Si*" distribution is governed by bonding rules, and Si** can only exist as isolated species, Si(OAl)4, or in
islands of discrete sizes of S, 8, 11, 14, and larger, Si atoms, as a consequence of the specific CHA framework structure.”® At larger length scales
a non-uniform distribution of Si has also been observed, with an increasing Si content from the crystal core to surface in a synthesis using di-
ethylamine.” Additionally, sporadic Si zoning in the lamellar precursor to SAPO-34 synthesized using a dry gel conversion (DCG),® and po-
tential aluminosilicate (zeolite) domains in the material have also been reported to contribute to a non-uniform Si distribution, but it is not
clear if these findings can be generalized to all SAPO-34 materials as they have only been reported in very specific cases of SAPO-34 and large
crystals of SAPO-5.%** All of these complications highlight the complexity of SAPO-34, and a recent report from the Dalian Institute of
Chemical Physics describes the tremendous amount of work that went into catalyst optimization before commercial application.*

Understanding the islands in SAPO-34 is vital to explaining its catalytic performance.*** *Si magic angle spinning (MAS) solid-state nu-
clear magnetic resonance (ssNMR) spectroscopy provides a powerful method to characterize isolated Si and Si islands as it is able to sensi-
tively and quantitatively probe the local environment of Si and distinguish between Si(OSi)s, Si(OAL) (OSi)s, Si{ OAL)2(OSi),, Si(OAl)s(OSi)
and Si(OAl)4connectivities, and has been the default method to study and quantify isolated Si and Si islands in SAPO catalysts for dec-
ades.""* However, ssNMR typically provides only averages over an entire sample, so no direct information about the 3-D spatial distribution
of islands will be gained. Additionally, as *Siis < 5% of earth abundant Si it can be challenging to probe Si-Si correlations. Electron microsco-
pies may be capable of resolving Si islands, however, to the best of our knowledge, these techniques have only been applied to monitor ex-
changed heteroatoms (e.g. Cu, Pt, Sn) or mesopores in SAPO-34.~* Additionally, beam damage to MMs materials is common with these
techniques, further complicating their application, though future advances in instrumentation may decrease beam damage.”*
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3. Synthesis of SAPO-34

Two different SAPO-34 samples were synthesized with both low and high Si contents from the following procedures.
High-Si SAPO-34

Following Karawacki and coworkers*’, high-silica SAPO-34 was prepared by mixing 0.80 g of Catapal B Alumina with 5.78 g of water and
stirring for S min. Then 0.356 g of Cabosil M-5 fumed silica was added and the mixture was homogenized by magnetic stirring. Next, 1.34 g of
85% phosphoric acid was added and the solution homogenized, followed by 1.00 g of morpholine, and the resulting solution was mixed for 4
h, and had the following molar ratios: 1A1:03:1.08S5i0,:1P>0s:2.09Morpholine:66H>O. The mixture was transferred to a 23 mL Teflon lined
Parr autoclave and held at 200°C for 24 h, after which time the reactor was quickly cooled in cold water and the product recovered by centrifu-
gation and evaluated by PXRD (Figure S1), confirming the CHA phase.

Low-Si SAPO-34

Low-silica SAPO-34 was synthesized following the procedure of Marchese and coworkers,”” and adding a small amount of SiO.. First, 0.80
g of Catapal B Alumina were mixed with 4.3 g of water and stirred for S min. Then 0.025 g of Cabosil M-S fumed silica was added and the
mixture was homogenized by magnetic stirring. Next, 1.27 g of 85% phosphoric acid was added and the solution homogenized, followed by
the addition of 1.2 g of morpholine, and the resulting solution was mixed for 1 h. Finally, 1.4 g of 2 2.76 M solution of HF was added (Cau-
tion: Use all necessary safety precautions when working with HF) to obtain a mixture with the following molar ratios:
1AL03:0.0758i0::1P,05:2.5Morpholine:0.7HF:66H,O, and the solution was mixed with magnetic stirring for 1 h. The mixture was trans-
ferred to a 23 mL Teflon lined Parr autoclave and held at 200°C for 24 h, after which time the reactor was quickly cooled in cold water and the
product recovered by centrifugation and evaluated by PXRD (Figure S2), confirming the CHA phase.

2Si enriched samples

Samples enriched in *’Si were prepared following the procedures above except that 99.69% *Si enriched *SiO. (Isoflex USA) was used
instead of Cabosil M-S with no further modification. PXRD patterns are shown in Figures S3 and S4, confirming the CHA phase in each syn-
thesis.

Calcination

All samples were calcined in a tube furnace under flowing air (100 mL / min) with the following program: Ramp to 150°C at 1 K/min and
hold for 1.5 h, then ramp to 580°C at 1 K/min and hold for 6 h followed by cooling to room temperature.

4. Methanol-to-Hydrocarbons (MTH) reaction

Large crystals of SAPO-34 are the same as those reported by Karawacki and coworkers.** The crystals were calcined in a Linkam cell under
a flow of pure O, with the following program: Ramp to 400°C at 15 K/min and hold for 30 min. Then ramp to 550°C at 5 K/min and hold for
210 min. The MTH reaction was then performed by first cooling the crystals to 500°C and switching to N, atmosphere. The nitrogen flow
(20 mL/min) was then switched to a bubbler containing *C labeled methanol at room temperature (99 at. %, Sigma Aldrich, vapor pressure
of ~100 mm Hg) and the reaction was run for 60 min. After the reaction finished the flow was switched back to only nitrogen and the reaction
cell cooled to room temperature.
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5. Powder X-ray Diffraction

PXRD was used to confirm phase purity of all as-made samples. Diffraction patterns were collected using a Bruker D2 Phaser (2nd Gen)
using a cobalt radiation source, Co ka = 1.789 A. Powdered samples were rotated at 15 revolutions/min. All diffraction patterns were normal-

ized to the highest peak.

Offset normalized intensity

5 10 15 20 25 30 35 40 45 50
Degrees 2 Theta

Figure S1. Powder X-ray diffraction patterns of sample 1 as-made (bottom) and calcined (top).

Offset normalized intensity

5 10 15 20 25 30 35 40 45 50
Degrees 2 Theta

Figure S2. Powder X-ray diffraction patterns of sample 2 as-made (bottom) and calcined (top). Note that the change in the diffraction pattern after
calcination and rehydration from ambient humidity is due to the known reduction in symmetry to space group P1.*
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Figure S3. Powder X-ray diffraction patterns of sample 3 as-made.

Intensity

5 10 15 20 25 30 35 40 45 50
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Figure S4. Powder X-ray diffraction patterns of sample 4 as-made.
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6. #Si Magic Angle Spinning (MAS) Solid-State Nuclear Magnetic Resonance (ssNMR) Spectroscopy
Deconvolutions

The materials were studied using °Si magic angle spinning (MAS) solid-state nuclear magnetic resonance (ssNMR) spectroscopy and all
experiments were performed on a Bruker S00MHz wide-bore magnet with an AVANCE-III console and equipped with a 3.2 mm HXY probe
in double channel 'H, **Si mode. All experiments were performed at room temperature (298 K) and at a MAS frequency of 15 kHz. Referenc-
ing was done externally to TMS. *Si spectra were recorded using direct excitation (DE) and '"H-*Si cross polarization (CP) experiments. An
RF field of 60 kHz was used for *Si DE spectra, acquired with 1024 scans and T was used to determine the delay. For the *Si enriched sam-
ples, T1 was 58 s and 16 s for the low and high Si samples, respectively, so delay times of 300 s and 90 s were used. For the unenriched samples
a delay of 300s was used. The "H-*’Si CP spectra were recorded using Ss recycle delay and an accumulation of 8192 scans. Cross-polarization
was achieved using a 54 kHz *Si field and 70% ramp during 3ms contact time. 'H field strength during 90" pulses was 90 kHz and for
SPINALG4 proton decoupling was 65 kHz.*® Spectral processing was performed using 100Hz line broadening. All spectra were processed and
analyzed with Bruker Topspin_3.5.

For *Si ssNMR the chemical shift determines the local Si environment, ze. the number of Al or Si neighbors, and the generally accepted
chemical shifts for SAPO-type materials and Si(OSi), Si(OAL) (OSi)s, Si(OAl1)2(OSi)s, Si(OAl)3(OSi) and Si(OAl)snearest neighbors are
approximately -110, -10S, -100, -95 and -92 ppm, respectively, with small changes dependent on the state of the material (template contain-
ing, calcined, rehydrated, reacted, etc.), and an additional peak around -115 ppm is also commonly assigned to Si(OSi).>****% The *Si DE
ssNMR spectra of samples 3-5 are shown in Figure SS, with a normalized comparison to the *Si and "H-*Si CP spectra given, and these were
the samples subsequently studied with APT. In Figure S7 to Figure S9 the absolute values of the **Si DE MAS spectra shown in Figure SS are
plotted so that the number of counts can be compared along with a deconvolution of the ssNMR spectra, with results in Tables SI to S3. As is
expected in the "H-*Si CP spectra, the signal for Si(OAl). is significantly enhanced as it will be near a proton to compensate for the charge
imbalance. From the deconvolutions, it is apparent that all samples contain isolated Si as well as Si islands. Interestingly, all samples contain a
majority of Si(OSi)s+ and Si(OAl)senvironments, with only a few edge sites.

The signal enhancement gained by using isotopically enriched **Si is shown in Figure S6, which gives a comparison of the *Si DE spectra of
natural abundance and enriched samples (samples 1-4). As this shows there is over an order of magnitude increase in signal intensity at an
equal number of scans with isotopic enrichment. The *Si ssNMR spectra highlight the advantage and importance of using labeled Si to study
SAPO-type materials, especially with low-Si contents. In the natural abundance sample the *Si MAS ssNMR spectra took over SO0 h (21
days) to acquire to achieve a high signal to noise ratio, and a collection time this long would be impractical in most situations. However, once
enriched *’Si was used a spectrum with a superior signal to noise ratio could be collected in only 26 h, and even with the low-Si sample the
measurement time was 85 b, still much less than 500 h (equal numbers of scans were used for both labeled materials but the relaxation delay
times differed). In order to have a more direct comparison and highlight the advantage of ’Si isotopically labeled Si, we compared syntheses
of both high and low Si SAPO-34, with the only difference being the use of natural abundance fumed silica or **Si isotopically enriched silica.
Samples 1-4 were studied using *’Si DE ssNMR, with an equal number of scans used for each sample, and the results shown in Figure S6. The
spectra show the expected increase in signal intensity due to the labelling, and simplify differentiating the Si environments.

a) b) c)

Normalized Intensity
Normalized intensity
Normalized intensity

T T T T T T T T T T T T
60 -B0 -100 -120 -140 -60 -80 -100 -120 -140 -60 -80 -100 -120 -140

*Si chemical shift / ppm *si chemical shift / ppm i chemical shift / ppm
SI(OAl),  SI(OAN,(0S)) SI(OAI)(Osi); SI(OAIOSI),

28 Direct Excitation (DE) 1H-#5i Cross-Polarization (CP)

Figure SS. Normalized »Si direct excitation (DE, red traces) and 'H-*Si cross polarization (CP, black traces) magic angle spinning (MAS) solid-
state nuclear magnetic resonance (ssNMR) spectra, along with highlighted regions corresponding to local Si bonding environments with a color
legend at the bottom. Note that regions are deconvoluted as Gaussian functions so there will be overlap, which is why region widths are not uniform
in this figure. For deconvolutions see Figures S7 to S9. a) Template containing large crystals of SAPO-34 (sample §). For the DE spectra $984 scans
were collected with a relaxation delay time of 300 s. For the CP spectra 8192 scans were collected with a relaxation delay time of 4 5. b) Calcined *°Si
isotopically enriched high-Si SAPO-34 (sample 3). For the DE spectra 1024 scans were collected with a relaxation delay time of 90 s. For the CP
spectra 8192 scans were collected with a relaxation delay time of § s. c) Calcined Si isotopically enriched low-Si SAPO-34 (sample 4). For the DE
spectra 1024 scans were collected with a relaxation delay time of 300 s. For the CP spectra 8192 scans were collected with a relaxation delay time of 5
5.
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Figure S6. Demonstration of the signal enhancement of the »°Si direct excitation (DE) solid-state nuclear magnetic resonance (ssNMR) spectra,
from using ?Si isotopically labeled *Si. For all samples 1024 scans were collected.
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Figure S7. Deconvolution of #°Si direct excitation (DE) solid-state nuclear magnetic resonance (ssNMR) spectrum of enriched high Si SAPO-34

(sample 3).

Table S1. Parameters for the deconvolution of *Si direct excitation (DE) solid-state nuclear magnetic resonance (ssNMR) spectrum of en-

riched high Si SAPO-34 (sample 3).

Coordination Peak Area % of area
Si(OSi)4 -114.3,-109.4 2.10E+06 18.5%
Si(OAl)s(0OSi) -93.7 1.7SE+06 15.4%
Si(OAl), -90.1,-87.3 7.51E+06 66.1%
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Figure S8. Deconvolution of #°Si direct excitation (DE) solid-state nuclear magnetic resonance (ssNMR) spectrum of enriched low Si SAPO-34
(sample 4).

Table S2. Parameters for the deconvolution of *Si direct excitation (DE) solid-state nuclear magnetic resonance (ssNMR) spectrum of en-
riched low Si SAPO-34 (sample 4).

Coordination Peak Area % of area
Si(OSi)4 -111.22 8.37E+05 44.8%
Si(OAl)s -88.6,-84.4 1.03E+06 55.2%
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Figure S9. Deconvolution of #Sj direct excitation (DE) solid-state nuclear magnetic resonance (ssNMR) spectrum of large crystals of SAPO-34

(sample 5).
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Table S3. Parameters for the deconvolution of *Si direct excitation (DE) solid-state nuclear magnetic resonance (ssNMR) spectrum of large
crystals of SAPO-34 (sample S).

Coordination Peak (ppm) Area % of area
Si(OSi)4 -114,-109.0 1.7S6E+08 53.3%
Si(OAl)(OSi)s -104.8 2.2231E+07 6.7%
Si(OAl)2(0Si)2 -99.7 7.638E+06 2.3%
Si(OAI)3(OSi) 95 1.282E+07 3.9%
Si(OAl)4 -90.1 1.1112E+08 33.7%
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7. Atom Probe Tomography (APT)

APT was performed using a LEAP 4000X HR local electrode atom probe equipped with laser pulsing capabilities and an energy compen-
sating reflectron lens located within the center for nanomaterials science (CNMS) at Oak Ridge National Laboratory (ORNL). The speci-
mens were run in laser pulse mode with a laser energy of 200 pJ, base temperature of 40 K, pulse repetition rate of 200 kHz, and a detection
rate of 1 atom per 200 pulses. The detector has an efficiency of ~37%. Data analysis is described in Section S8, following our previous publica-
tions, and includes a detailed discussion of error analysis.”** Needles were prepared for APT analysis using a standard lift-out and needle
preparation were performed using standard specimen preparation techniques utilizing Si micro-tip arrays purchased from CAMECA.* The
LEAP 5000 XS analyses were run at the Cameca factory (Madison, Wisconsin, USA) with the following parameters: detector efficiency 80%,
base temperature 40 K, pulse repetition rate of 125 kHz, 50 pJ laser power and a detection rate of 1 atom per 200 pulses.

Data collection and mass spectral interpretation

In our recent review manuscript, we discuss many of the challenges in accurately interpreting APT MS data for MMs and will not reiterate
them here, besides discussing SAPO-34 specific challenges.” Representative MS of the S samples are shown in Figure S10, and it is apparent
that these samples generate a large number of peaks, in a similar fashion to what we reported with ZSM-5. The reason for the large number
of peaks is that even the calcined material contains Al, H, O, P, Si and molecular fragments of these elements along with all their isotopes in
the MS. The complexity becomes more severe with *C and its molecular fragments in the *CHs;OH reacted material, and increasingly com-
plex for the template molecular fragments for the as-made material. C, N, O and H add a significant amount of complexity in the MS because
these ions tend to field evaporate as complex molecular species. Having a diverse range of samples: as-made, calcined, "CHs;OH reacted, and
two *Si enriched samples, allowed us to assign the MS peaks with confidence because we could analyze the changes in the MS when different
elements and isotopes were present. Representative MS from the SAPO-34 samples are shown in Figure S10. It is apparent from this figure
that many mass species exist, particularly for the template containing material, with some unable to be identified with confidence, but these
species only accounted for a small number of the total ions as the counts are in log scale. The importance of the isotopic enrichment for
properly interpreting the MS cannot be understated as it allowed us to distinguish between several key, overlapping peaks, as can be seen in
Figure S10, which is very important for accurate quantification of APT data.
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Figure S10. Representative log-scale mass spectra (MS) from atom probe tomography (APT) experiments, with ions of interest indicated and 0.01
Da bin widths. The two upper images are expanded regions with many species.
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8. Atom Probe Tomography (APT) Data Analysis

All error analyses were calculated from counting statistics using the method described in reference [65]. In all subsequent discussions, con-
sistent with the terminology used in APT work, ‘bulk’ refers to the entire needle, ‘matrix’ refers to the atoms that remain after clusters are re-
moved, and solute refers to the element(s) of interest in cluster analysis. See reference [66] for further details and definitions. In all APT anal-
yses, a small amount of gallium was found to be present due to the FIB-cutting process, and our treatment of this potential influence is dis-
cussed in the subsection “Assessing Ga damage.” All compositional percentages referred to in this work are atomic percentages. The non-
conductive nature of the materials used in this study complicates the data collection. The pulsed laser heating helps to overcome these diffi-
culties. Sample heating creates issues with processing the sample mass spectra as it creates thermal tails in the data. Due to this issue, not all
collected data sets gave reliable, quantitative results, and only data sets that gave reliable results are presented. It is known that there are diffi-
culties in quantitatively detecting oxygen or oxides as these tend to field evaporate as double detector hits, which will be registered as a single
hit, and there is also evidence that molecular ions can dissociate after field evaporation, such that one ion becomes deionized and does not hit
the detector within the appropriate time-of-flight window and is registered as background (even though we attempted to keep the detection
rate low, 1 ion per 200 pulses).®"**” These issues can cause deviations from the actual composition, and hard to control experimental parame-
ters can influence the severity of these artefacts. The Local Range-Assisted background estimate embedded in IVAS was used, which esti-
mates the background based on the number of counts before and after the ranged peak.

Isoconcentration surface analysis

Isoconcentration surface analysis is extensively discussed in reference [66] and the references contained therein. The isoconcentration
surface analysis is initiated by creating a 3-D grid in concentration space. After this grid is created, 3-D surfaces connecting points of equal
elemental concentration can be generated, so called isoconcentration surfaces. These surfaces allow internal features to be identified, and may
be defined by a single element or multiple elements. The 3-D grid is created by defining a voxel size and delocalization, with the tradeoff that
smaller voxels will give a higher spatial resolution but a greater amount of noise. Once the 3-D grids are generated, relevant isoconcentration
surfaces can be found using concentration thresholds. The importance of the isoconcentration surface analysis comes in evaluating the result-
ing proximity histograms, which allow the border between concentration regions to be quantitatively evaluated. The exact boundary value
chosen is not important as it can change with voxel size and delocalization, what is important is that the proximity histograms allow regions
that are poor or rich in specific ion(s) to be identified and separated. We generally used the default settings in IVAS (3 x 3 x 3 nm delocaliza-
tion and 1 nm voxel size). However, there were instances in which the voxel size was reduced to create a higher polygon density to increase
the signal to noise ratio because the edge polygons are not included in the proximity histogram analysis. The delocalization remained the
same, so the shape of the interfaces was not significantly altered with the reduced voxel size.

Radial distribution function

The radial distribution function (RDF) is a powerful tool to examine affinity between small numbers of atoms and test homogeneity, and it
was applied using CAMECA’s IVAS software. The method is extensively discussed in references [68] and [69]. The RDF is conducted by
normalizing the local concentration of a selected ion by the bulk concentration, and this is done radially outward from the center of the ion(s)
of interest. Error analyses were conducted using counting statistics; because few ions will be counted near each ion of interest, the error bars
are high for the first few data points. As the RDF is shown as a bulk normalized concentration, values between pairs of atoms will not be equal.
The number of counts is equal for both pairs, but not the bulk normalized concentrations since they are defined over different volumes.

Cluster analysis (maximum separation method)

The purpose of cluster analysis is to identify regions where the spacing between solute atoms in APT data is smaller than that in the bulk,
effectively determining regions that are locally enriched in a specified element. For a detailed discussion of the procedure the reader is referred
to reference [66]. As a summary, cluster analysis is initialized by choosing a N value, which is the minimum number of solute atoms that can
form a cluster. With Nui set, different values of Dinex can be evaluated. Dnax defines the maximum distance in which another solute atom must
be found to form a cluster (one additional solute atom must be found for order = 1, higher orders are also possible with more than one solute
atom required to fall within Diax). A minimum value of Dia is established such that clusters containing at least Nain atoms are identified.
There are additional parameters that are used in the analysis, and matrix atoms contained in the cluster can also be identified. The key ele-
ment of cluster analysis is how the parameters are determined and significant clustering is identified. The significance test is accomplished by
first taking the number of solute atoms and volume being considered, and randomizing their position using a normal distribution in space.
Then, the same cluster analysis is carried out on the randomized data. Once these two data sets are established, the cluster parameters are
determined using an iterative process where N is first set and then the cluster count is plotted as a function of D If the solute data is
found to be significantly separated from the randomized data (normally chosen as a point where clusters exist in the collected data and zero,
or a very minimal amount, such that >95% of the clusters would be non-random, exist in the randomized data), then D can be fixed. A fixed
Dinax can then be used to plot cluster count versus cluster size to set an optimal Nuin. By iterating through these parameters, the optimal cluster
Dinaxand Niin can be determined, where significant clusters can be found relative to the randomized data. This iterative process as applied
through the cluster count distribution (CCD) and cluster size distribution (CSD) as applied to the data sets in this manuscript are shown
with the analyses for each individual parameter along with the other parameters determined for each specific cluster analysis.

A simple method that is useful in identifying if clusters are present and a cluster analysis should be initiated, is by directly comparing the
nearest neighbor distributions (NNDs) of the solute and randomized data.” In doing this, the number of counts is plotted as a function of the
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atom pair distance. For the randomized data this will, by definition, give a normal distribution. However, if clustering is present, then the so-
lute NNDs will be shifted to a smaller atom pair distance. The NND for the solute data is then described best by at least two Gaussians, one
centered at a smaller atom pair distance, representing the clusters, and a second centered at an atom pair distance greater than the normal
distribution of the randomized data, representing the matrix ion spacing. This makes plotting the NNDs an invaluable tool in cluster analysis.

Assessing Ga damage

It is well known in APT that Ga damage can be problematic as it may influence the position of ions, making any findings the result of needle
fabrication rather than an actual material property, potentially leading to incorrect conclusions. In order to minimize this during zeolite sam-
ple preparation, we coated the samples with Pt using FIB deposition. A 30 kV beam was used for the initial milling, leaving an ~250 nm wide
needle with several hundred nm’s of Pt remaining on the surface. A 2 kV final milling step was used to remove the Pt cap. The zeolite mate-
rial mills much faster than the Pt cap, and therefore, the tip shape was finally a very sharp needle with a shank angle. We were also careful to
minimize the ebeam exposure to the material because zeolites also suffer from damage resulting from the ebeam. Potential Ga damage has
been an issue that we were also concerned with when analyzing the data, so we used a Ga isoconcentration surface to remove the Ga rich por-
tions of the needle (normally the needle tip and surface) prior to any analyses by exporting the low gradient side of a Ga interface. The figures
show the full datasets for aesthetic purposes.

APT data analysis workflow

The processing and analysis of the data obtained in an APT experiment is far from trivial and is the subject of active research and de-
bate.%”'-7* Below is a brief outline of the normal workflow used in the processing of APT data as performed for the experiments described
herein. This is not meant to be an exhaustive or definitive guide, but rather a brief overview in order to give the reader an idea of the process
used, and the reader is referred to our previous manuscript for further details.*

1. Data collection with an APT instrument.

2. Data processing and reconstruction: When processing zeolite samples it is especially important that all peaks are ranged cor-
rectly. The 3-D distribution of all ions can then be generated.

3. Determining if there exists segregation of elements: Nearest neighbor distributions (NNDs), frequency distribution analysis
(FDA) and radial distribution functions (RDFs) are used to examine compositional heterogeneities.

4.  Identification of isoconcentration surfaces: Isoconcentration surface analysis is used to separate large compositional heterogene-
ities. The isoconcentration surfaces are quantified using proximity histograms.

S.  Cluster analysis: The identification of clusters is an iterative process between comparing the cluster count distribution (CCD)
and cluster size distribution (CSD) after determining a starting dmacusing the NND. Therefore, statistically relevant clusters can
be identified.

Error analysis

[65,74,75]

Error analyses in APT are based on counting statistics, and the method as applied to APT is discussed in references . From counting

cx(1-c
statistics, the standard error in the concentration of species X, defined as Cy = :;—X, can be calculated as sy = ’¥ This standard error
t t
defines a 95% confidence interval or a 20 threshold by the conventional definition. This allows the error in concentration to readily be deter-
mined. Because of the method used for error determination, when only small numbers of an ion of interest are detected the error will be large.
This is evident in the RDF plots where the error bars at small distances from the species of interest are large due to the small number of
counts. In order to calculate the propagation of error for atomic ratios, the general variance formula was used.”

o= [ @ o (-

Where oy represents the standard deviation of the functionf, g represents the standard deviation of x, etc.

. Si . . . Csi . . . e
Applied to — , which is equivalent to ——=——, but concentrations will be used as the error from counting statistics is for the concen-
Si+Al+P Cgi+Cp1t+Cp

tration. Similar error propagation formulas can also be derived for Al and P.

2 2

0(csi+gill+cp) , 6(csi+€ill+cp) , 6(csi+gill+cp) o

o si =0 ¢y = ||————=] i + o? +
STRATTP CsFCarTCr 9Cs; Csi aCy ca 9Cp F
Where
Csi
a (CSi+CAl+CP) _ CAl + CP
dCs; (Csi + Cay + Cp)?
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0Cy T (Csi + Cqy + Cp)?
Cs;
a (CSL+CALZ+CP) _ CSi
aCp © (Csi + Cay + Cp)?

9. Needle Compositions

During the course of this project 36 atom probe data sets were collected, and of those 22 produced reliable and useable data, i.e. the collec-
tion of a significant number of ions prior to needle failure and high MS quality.® Table S4 presents the compositions of the 22 different nee-
dles. Examining this table reveals several important features about the materials and the ability to quantify the elements present. In the sam-
ples made with enriched *’Si (needles 1 to 5), the Si contents are fairly uniform within all samples, and there is a significant difference in com-
position between the high and low Si materials, as expected. In the template containing large crystals of SAPO-34 (needles 6-11) the >C/N
ratio ranges from ~2-3, which is lower than the stoichiometric value expected for morpholine(C/N=4), however the difficulties in quantifying
complex organic molecules were already discussed, and the MS in Figure S10 reveals the abundance of organic peaks, making the analysis
difficult, especially as '*C, '*N and 'O only vary by 2 Da, so they could easily be confused with H present as part of any ion, and certain peaks
could be identified with varying combinations of the 3 elements. For the rest of the needles, the ratios of Al, P and Si are consistent, except for
some of the *CH3;0H reacted materials that have a higher Si content. This may be due to either overlapping peaks of coke species with frame-
work elements or preparing APT needles from areas within the crystal with slightly higher Si contents.

Al Al () _ P _ Si _ c N

Figure S11. Reconstruction of a representative SAPO-34 needle (needle 8). Bounding box dimensions 281 x 79 x 78 nm?. These images are also
included as Movie S2.
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Table S4. Compositions of all APT needles as well as total number of ions collected and ratios of the tetrahedral atoms (Al P, Si). The notation
(S#) following the needle number indicates the sample number the needle was taken from.

Al

(6}

Si

P

12C

N

13C

Total Ions
Si/ (Si+Al+P)
Al/(Si+Al+P)
P/(Si+Al+P)

Al

(6}

Si

P

12C

N

13C

Total Ions
Si/(Si+Al+P)
Al/(Si+Al+P)
P/(Si+Al+P)

Al

(0]

Si

P

12C

N

13C

Total Ions
Si/(Si+Al+P)
Al/(Si+Al+P)
P/(Si+Al+P)

1(S3) 2 (83) 3(83) 4(84) 5(83) 6 (85) 7 (85) 8 (85)

19.6% 20.0% 20.9% 19.1% 19.6% 16.1% 16.0% 16.8%

62.4% 62.1% 61.8% 63.0% 62.2% 53.1% 53.7% 54.0%

5.0% 5.4% 5.1% 0.2% 0.1% 2.1% 2.3% 2.4%

12.9% 12.6% 12.2% 17.7% 18.1% 11.3% 9.8% 11.4%
11.5% 12.5% 9.3%
5.9% 5.7% 6.2%

4,604,424 4,989,301 1,125,870 758,812 935,805 21,718,149 3,557,736 5,631,896

0.13 0.14 0.13 0.0048 0.0018 0.07 0.08 0.08

0.52 0.53 0.55 0.52 0.52 0.50 0.57 0.55

0.34 0.33 0.32 0.48 0.48 0.43 0.35 0.37

9 (85) 10 (S5) 11 (S5) 12 (S6) 13 (S6) 14 (S6) 15 (S6) 16 (S6)

14.3% 12.2% 15.3% 18.8% 18.6% 17.6% 17.7% 17.9%

54.0% 56.5% 55.2% 61.9% 62.1% 63.6% 63.0% 62.9%

2.2% 1.7% 2.1% 5.3% 5.4% 4.8% 5.0% 5.1%

8.8% 10.3% 9.2% 14.0% 13.8% 13.9% 14.2% 14.1%

15.1% 13.5% 12.6%

5.5% 5.8% 5.7%

1,773,553 1,902,033 3,005,334 9,383,511 1,538,012 5,085,337 5,906,828 2,662,452

0.09 0.07 0.08 0.14 0.14 0.13 0.13 0.14

0.56 0.50 0.58 0.49 0.49 0.49 0.48 0.48

0.35 0.43 0.35 0.37 0.37 0.38 0.38 0.38

17 (S7) 18 (S7) 19 (S7) 20(87) 21(S7) 22(87)

17.7% 18.0% 15.4% 14.1% 15.3% 14.9%

63.7% 62.3% 64.2% 65.2% 64.2% 64.8%

4.3% 4.7% 5.9% 5.8% 6.2% 6.0%

13.8% 13.3% 10.5% 10.8% 11.4% 10.9%

0.2% 0.5% 0.5% 0.5% 0.4% 0.5%

0.2% 1.2% 3.5% 3.5% 2.5% 2.9%

5,890,504 1,565,144 919,844 869,898  1,018950 786,724

0.12 0.13 0.19 0.19 0.19 0.19

0.50 0.50 0.48 0.46 0.47 0.47

0.39 0.37 0.33 0.35 0.35 0.34
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10. Si Nearest Neighbor Distributions (NNDs)
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Figure S12. Silicon nearest neighbor distributions (NNDs) for all samples (order =1).

S18



11. Template Nearest Neighbor Distributions (NNDs)
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Figure S13. Template (C, N) nearest neighbor distributions (NNDs) for samples 6-11 (order =1).
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12. Coke Nearest Neighbor Distributions (NNDs)
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Figure S14. Coke (*C) nearest neighbor distributions (NNDs) for samples 17-22 (order =1).
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13. Si Radial Distribution Functions (RDFs)
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Figure S15. Si radial distribution functions (RDFs) for all samples. In samples 17-22 13C is not shown as its heterogeneous distribution makes it ap-
pear that there is a Si-**C affinity, further discussed in Figure S18.
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Figure S16. Combined Si radial distribution functions (RDFs) for APT experiments from the same sample. The *C has been removed from the com-
bined RDFs for the coked materials, samples 17-22, as the heterogeneous *C distribution skews the result, as is further discussed in Figure S18. The
combined RDF for 17-22 shows the strongest Si-Si affinity, and in all the other needles there was a small Si-Si affinity present in the RDFs, though not
as strongly as in the coke containing needles. There two strong explanations for this: i) The complexity of the template containing MS increases the
probability of CwN:OyH. peaks to overlap with Si containing peaks. ii) The methanol-to-hydrocarbons (MTH) reaction may lead to Si migration into
larger islands, making them easier to detect (note this sample is the same as in needles 6-22, but is MTH reacted after calcination). While it is impos-
sible to determine the exact reason why this sample shows the most significant Si-Si affinity, it is exciting to find this correlation as it is a significant
challenge to find atomic-level affinities between light elements.
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14. 3C Radial Distribution Functions (RDFs)
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Figure S17. 1*C radial distribution functions (RDFs) for samples 17-22 as well as the combined RDF for samples 17-22.
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neously distributed, but still shows an affinity with *C. Overall, this makes it impossible to determine if a significant Si-**C affinity is present.
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15. Template Radial Distribution Functions (RDFs)
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16. Coke Cluster Analysis of Needle 20

Only a few statistically significant '*C clusters were identified (those beyond the amount in a random distribution in the cluster count dis-
tribution), with the cluster analysis parameters in Table S5 along with a comparison of the composition of the bulk and clusters in Table S6.
Fourteen clusters were identified that range in size from 7-18 *C atoms (Nmin=7), with an average size of 8.9 *C atoms per cluster and a me-
dian size of 7 atoms per cluster, making these on average small clusters, close to Nuin for the analysis. Additionally, within the clusters the
Si/(Si+Al+P) ratio is 0.3 while it is 0.2 in the bulk of the needle, illustrating that these coke clusters may form near Si, the Bronsted acid site.
Table S6 shows the error analysis for atomic ratios, and the increase in acid site density (Si fraction) within the clusters is beyond the 20 meas-
urement error (95% confidence interval).

In our cluster analysis of ZSM-S we were able to identify on the order of 100 clusters per needle (Nmin=10 for cluster size), while in SAPO-
34 we could only identify 14 clusters with Nmin=7 in one needle. Additionally, in SAPO-34 the largest cluster was only 18 *C atoms (median
size of 7 °C ions) while in ZSM-5 clusters of hundreds of "*C ions were identified. These differences in the coke clusters are consistent with
the material frameworks as the larger pores in ZSM-5 will allow for the formation of large polycyclic coke species, while the small pores and
cages in SAPO-34 will not allow such large coke agglomerations to form. These observations are in line with our group’s (Utrecht University)
previous findings on the significant differences in coking in ZSM-5 and SAPO-34, using primarily UV-Vis (micro-)spectroscopy, to probe
different types of coke species present in each material, especially regarding differences in the size of coke molecules between the two frame-
works, which in this case can be considered to be indicated by cluster size. ””-* Additionally, as the coke species in SAPO-34 should only con-
tain around 10 carbon atoms they would be difficult to identify with cluster analysis, by extending the simulation results for Si cluster identifi-
cation.

Table S3. Custer analysis parameters and cluster sizes for the analysis of coke in needle 20.

Ton(s) BC BCO BCO,
d-max (nm) 0.37
Order (ions) 1
N-min (ions) 7
L (nm) 0.37
d-erosion (nm) 0.3
Cluster Count 14

SoluteIons RangedIons TotalIons
Matrix 33969 561249 1488815
Cluster 1 7 17 24
Cluster 2 7 13 18
Cluster 3 7 16 22
Cluster 4 9 12 22
Cluster S 7 12 22
Cluster 6 7 10 17
Cluster 7 18 33 52
Cluster 8 13 19 33
Cluster 9 7 9 15
Cluster 10 10 17 25
Cluster 11 10 14 23
Cluster 12 7 10 16
Cluster 13 8 11 23
Cluster 14 7 10 16
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Table S6. Bulk versus cluster composition for the *C clusters extracted from needle 20 along with the atomic ratios of tetrahedral elements and
error calculations (error analysis reported below). As the number of counts in the clusters is low the error will be high. The Si content in the
clusters is significantly higher than in the matrix (bulk), however this is only a preliminary result and a more comprehensive and dedicated
study would be required to reduce the uncertainty in these measurements. The high oxygen content is anticipated as the majority of the *C
was detected as *CO;. The error calculation for the ratio is discussed in Section S8.

Matrix (bulk) Cluster
Ion Type Count Atomic % Error  Ion Type Count Atomic% Error
Al 123094.8 14.15% 0.04% Al 12.2 2.51% 0.73%
(0] 564569.8  64.88% 0.11% O 315.2 64.61% 4.67%
Si 521914 6.00% 0.03% Si 14.4 2.95% 0.79%
P 93773.7 10.78% 0.04% P 16.0 3.29% 0.83%
BC 30398.78  3.49% 0.02% BC 122.2 25.05% 2.53%
Ratio o Ratio o
Si/(Si+Al+P)  0.194 0.00079 Si/(Si+Al+P) 0337  0.073
Al/(Si+Al+P) 0457 Al/(Si+Al+P)  0.286
P/(Si+Al+P)  0.349 P/(Si+Al+P)  0.376

S29



17. Influence of Detector Efficiency

The LEAP 4000X HR local electrode atom probe equipped with laser pulsing capabilities and an energy compensating reflectron lens has a
detector efficiency of ~37%. The recently released LEAP 5000 XS has a detector efficiency of ~80%, and we were able to access this instru-
ment at the CAMECA factory to test how the higher efficiency influences APT’s ability to detect Siislands. Needles 10 and 11 are from the
LEAP 5000 XS study, which was done on the template containing SAPO-34. Compared to the other template containing needles studied
with the LEAP 4000X HR (needles 6-9), a similar composition is observed with the LEAP S000 XS (Table S4). The Si NNDs for needles 10
and 11 were fit with a Gaussian function, and the peak maximum was at 0.53 nm for both needles, showing good agreement between two
different experiments on that instrument. Needle 6 (run on a LEAP 4000X HR with a ~37% detector efficiency) showed a Gaussian Si NND
centered at 0.63 nm, larger than the data collected with a LEAP 5000 XS. The larger value for the NND is expected due to the lower detector
efficiency. A direct comparison of the Si NND from needle 6 from the LEAP 4000X HR and needle 11 from the LEAP 5000 XS is shown in
Figure S20, highlighting the shift to lower Si-pair distances with increased efficiency, though there was no significant deviation from a random
distribution in either case. The Si RDFs were also combined for needles 10-11, and are compared with the combined RDFs of needles 6-9 in
Figure S12, but no significant difference can be found between these. The main manuscript discusses that this is likely due to the fact that
spatial blurring dominates any contribution of increased detector efficiency in the range studied when clusters of small numbers of ions are
considered in a matrix containing a significant solute concentration.
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£ 0.8 1 '
5 ]
o ]
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T |
e 0.4 4 ]
5 |
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Si-pair distance / nm

Figure $20. Comparison of Si nearest neighbor distributions (NNDs) for the LEAP 4000 (needle 6) and LEAP 5000 (needle 11). The maximum of
the Gaussian distribution is indicated for both instruments to illustrate the shorter Si-pair distance with higher detection efficiency.
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18. Atom Probe Tomography Simulations

In our recent review article, we presented simulations to show that we believe the spatial resolution of APT could be no better than 0.25 nm
when applied to MMs, much lower than the often-quoted values of 0.04 nm in depth and 0.20 nm laterally, and this is likely due to molecular
evaporations, non-conductivity and nano-porosity of the material®**'%° We then extended the simulation method to incorporate different
tetrahedral (Ta) atoms. The simulation workflow was as follows:

1. The composition used for the simulations was such that 20% of all T4 atoms were Si, with all other T atoms representing Al or P. Is-
lands of §, 8, 14, and 31 Si atoms were inserted into 3*1*1, 2*2*1, 2*2*2, 3*3*2 packings of the unit cell of CHA, respectively, Si islands
were inserted such that 25% of the silicon was in islands and 75% was isolated, regardless of island size and consistent with the NMR
results.

2. Theisland-containing cells of SAPO-34 were packed using the diffpy python package® to build a supercell that contains around one
million atoms. In the supercell, randomly selected T4 atoms from regions not defined by Si islands were converted to isolated Si such
that isolated Si made up around 15% of all the T4 atoms.

3. Each atom was randomly displaced in space based on a Gaussian probability density function centered at its original position to simu-
late the delocalization in 3-D space. The standard deviations of the Gaussian function used were 0, 0.0S, 0.1, 0.25, 0.5, and 1 nm.

4. Atoms were then randomly selected and eliminated from the data to simulate APT detection efficiencies of 33%, 80%, and 100%.
Note that the efficiency was applied to the same displaced data set. This is why the normalized RDFs are similar for the same island
sizes and displacements (the absolute values differ by amounts consistent with the simulated efficiencies).

5. After the simulations, the data sets were processed using CAMECA’s IVAS software in the same manner as experimentally collected
atom probe data, but with the simplification that only 3 species were present in the MS: O, Si and T4, where Tais either Al or P as the
tetrahedral elements besides Si. Due to this, the simulations do have an advantage over experimental data as there are no ambiguities
in the MS identification and no background, which is a distinct challenge in analyzing the experimental data. Results are in Figure S21
and S22.

Previously, we demonstrated how quickly crystallographic information will be lost for zeolite catalysts due to spatial resolution limita-
tions.”® As Figure S21 shows, when 0=0 nm the complete crystallographic data is conserved (note the views of the Si atoms are slightly rotated
so that all Si ions can be seen). The other o shown in this figure is 1 nm, though the ability to visualize pores is lost well before this. The real
importance of these simulations is the NNDs and RDFs for Si in order to determine at which values of Ns;, o and ¢ that indications of Si is-
lands disappear. When NNDs and RDFs are examined, it is apparent that € has the least significant influence on the results. It serves to shift
the NND maximum to slightly larger values, as would be expected due to fewer atoms per unit volume, as well as reducing the number of
counts for the NND, besides this € does not significantly affect the ability to detect Si islands. This observation is consistent with the experi-
mental results of comparing the LEAP 4000X HR and LEAP 5000 XS instruments, where the higher collection efficiency of the LEAP 5000
XS leads to a shorter Si-pair distance (Figure $20), though does not lead to much of an increased ability to detect Si islands, at least for the
efficiencies simulated. When comparing the RDFs of each instrument for =0 nm and all island sizes there is no difference in the bulk normal-
ized concentration as a function of distance from Si as the data sets have a large number of ions. The ¢ and Ns; values are the most influential
parameters for determining Si-Si affinity detection, outweighing the influence of e. For all 0=0 nm data sets both the RDFs and NNDs show
crystallographic ordering, which would be expected as this is a perfect crystal lattice. When examining Figure S21a and b, it is clear that the
crystallographic information is retained, especially in the RDFs, as the nearest neighbor is always O, followed by Si or Ty, and then a slightly
higher Si-Si affinity at longer distances for the 31 atom islands, though not for distances much longer than 1 nm as any affinity will be quickly
averaged over a large volume in 3-D space. It is important to note that the randomized NNDs will also show crystallographic order as the ran-
domization is done by species and not by position. At 6=0.05 and 0.1 nm the RDFs still show crystallographic ordering as O is seen as the
nearest neighbor, but at greater values of o information regarding the crystallographic nearest neighbor is lost, and the normalized O concen-
tration becomes its bulk value throughout, regardless of island size or ¢. At these values of 0=0.05 and 0.1 nm the NNDs also reflect the heter-
ogeneous Si distribution. At ¢=0.25 nm, a clear Si-Si affinity is still observed in the RDFs at all island sizes, but it is more pronounced for larger
islands. However, the NNDs no longer show a clear separation between the collected and randomized data, illustrating that even at 0=0.25
nm one of the key markers of heterogeneity no longer indicates Si-Si affinity. At 0=0.5 nm, a Si-Si affinity is still present in the RDFs, though is
much lower in magnitude than at lower values of 6, and is more pronounced with larger islands, as expected, and the NNDs do not show any
deviation from random. The highest value of o simulated, 1 nm, leads to the loss of any Si-Si affinity in the RDFs except for the largest simu-
lated island size, 31 atoms, yet even this is nearly insignificant in magnitude.
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Figure S21. Selected results of atom probe simulations as a function of Si island size (Ns;) and delocalization (). Each panel containsa § x § x § nm®
view of all atoms that was removed from the center of the larger simulated data set, as well as a view of only the Si atoms, with colors as shown in the
radial distribution function (RDF) graph. Also shown are the nearest neighbor distributions (NNDs) for Si and the RDF for Si. Only 100% detection
efficiency (¢) is shown as this parameter did not have a considerable influence on the results. Full results for all values of Ns;, 6 and € can be found in
Figure $22. a) Nsi=5, 0=0 nm and £=100%. b) Ns=31, 0=0 nm and e=100%. c) Ns=5, 0=1.0 nm and £=100%. d) Ns=31, 6=1.0 nm and £=100%.
Note in a and b the views with only Si atoms have been slightly rotated compared to the view with all atoms so all Si atoms within the region of inter-
est can be seen. Movies of the ion distributions for the 4 simulations are included as Movie S3.
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Figure $22. Analysis of the data from the simulation of SAPO-34 as a function of island size (Ns:), delocalization (¢) and efficiency (&).
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