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ABSTRACT: Understanding the 3-D distribution and nature of
active sites in heterogeneous catalysts is critical to developing
structure−function relationships. However, this is difficult to
achieve in microporous materials as there is little relative z-
contrast between active and inactive framework elements (e.g., Al,
O, P, and Si), making them difficult to differentiate with electron
microscopies. We have applied atom probe tomography (APT),
currently the only nanometer-scale 3-D microscopy to offer
routine light element contrast, to the methanol-to-hydrocarbons
(MTH) catalyst SAPO-34, with Si as the active site, which may be
present in the framework as either isolated Si species or clusters
(islands) of Si atoms. 29Si solid-state NMR data on isotopically
enriched and natural abundance materials are consistent with the
presence of Si islands, and the APT results have been complemented with simulations to show the smallest detectable cluster
size as a function of instrument spatial resolution and detector efficiency. We have identified significant Si−Si affinity in the
materials, as well as clustering of coke deposited by the MTH reaction (13CH3OH used) and an affinity between Brønsted acid
sites and coke. A comparison with simulations shows that the ultimate spatial resolution that can be attained by APT applied to
molecular sieves is 0.5−1 nm. Finally, the observed 13C clusters are consistent with hydrocarbon pool mechanism intermediates
that are preferentially located in regions of increased Brønsted acidity.

■ INTRODUCTION

Catalysts are ubiquitous in our everyday lives with ever
expanding applications as an integral part of increasingly
sustainable technologies to more efficiently and cleanly utilize
limited resources.1,2 Heterogeneous catalysts are applied
industrially in enormous quantities, and understanding their
active site, which is commonly a metal (e.g., Pt, Pd, Cu, Ni,
and Fe), is of utmost importance for rational improvements.2,3

In microporous materials, it is difficult to study the active site
using electron microscopies as none of the framework elements
(e.g., Al, O, P, Si) offer significant relative z-contrast, and these
materials are also susceptible to beam damage.4 SAPO-34
(CHA framework, 3-D system of 8-membered rings and larger
internal cages, Figure 1) is a microporous material that has
been applied commercially since 2010 in the methanol-to-
hydrocarbons (MTH) process.5,6 The incorporation of Si4+

into its framework is a complex process governed by bonding
rules as well as crystal structure (section S2), and Si can only
exist as isolated species, Si(OAl)4 coordination, or in islands of
discrete sizes (Figure 1).7 This is commercially vital to control
as it dictates catalyst performance, and the bulk Si speciation is
typically characterized using 29Si magic angle spinning (MAS)
solid-state nuclear magnetic resonance (ssNMR) spectroscopy,
which provides a powerful method to sensitively and
quantitatively probe Si speciation.5,8−18 After surveying all
remaining techniques, the only possibility to image Si islands is
atom probe tomography (APT), which is a 3-D microscopy
technique that produces element-specific reconstructions with
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nanometer-scale resolution, and has been applied to micro-
porous materials in a few previous studies.19−25

Herein, we have studied seven distinct SAPO-34 samples
(Table 1), two of which are prepared with 29Si isotopically

enriched Si to enhance the 29Si MAS ssNMR signal and
simplify Si identification in the APT data analysis. The SAPO-
34 phase was confirmed using powder X-ray diffraction
(Figures S1−S4). One-dimensional 29Si ssNMR spectra
suggested that all materials contained Si islands (section S6,
Figures S5−S9), surprisingly even those with a low Si
content.26 Samples 3−7 were studied using APT as samples
1 and 2 were for NMR comparisons. APT data collection and
interpretation was challenging for SAPO-34 due to the
presence of organics and larger than ideal mass spectral

thermal tails, discussed in sections S7 and S8. All needle
compositions (Table S4) are consistent with what would be
expected for SAPO-34, and the coke contents are similar to our
previous APT study of MTH reacted zeolite ZSM-5, with some
variation between needles.19 Our group has previously studied
MTH coking in both of these catalysts in detail, especially
using UV−vis (micro)spectroscopy, and found that both
contain occluded methylated benzenium cations, while ZSM-5
also contains extended conjugated aromatic species, which are
too bulky to be occluded within the cages of SAPO-34.27,28

Also, the coke is able to penetrate further into ZSM-5 than into
SAPO-34 due to the larger pores, although clear internal
diffusion barriers exist, which are consistent with the range of
coke contents observed by APT.29

■ RESULTS AND DISCUSSION
The search for heterogeneities in APT data was begun by eye
to look for large segregations of elements to later quantify
using isosurface analysis or cluster analysis (maximum
separation method). A reconstruction of a MTH reacted
needle (20) is shown in Figure 1 and movie S1, and a template
containing needle is shown in Figure S11 and movie S2. In all
needles, we were unable to observe any heterogeneities in
framework elements or template elements. Isosurface analysis
(details in section S8) of the distribution of 13C, which was
visually heterogeneous, found a 7% 13C isosurface (Figure 1e
and movie S1, bulk 13C content is 3.5%), indicating a noneven
coke distribution as a result of the MTH reaction in SAPO-34,

Figure 1. (a) Scanning electron microscope images of SAPO-34 and a needle removed by focused ion beam (FIB) milling prior to the atom probe
tomography (APT) experiment. (b) CHA cage of SAPO-34 with an 8-membered ring pore highlighted in yellow, and element colors as shown in
(e), with a potential occluded organic highlighted, and different Si environments shown in (c), which is a 2-D schematic of possible Si substitutions
into an aluminophosphate framework with Si island sizes consistent with those found in the CHA crystal structure, which are indicated with α, β,
and γ, corresponding to (b). (d) Schematic of an APT instrument with representative sizes indicated. (e) Reconstruction of a methanol-to-
hydrocarbons (MTH) reacted SAPO-34 catalyst needle (20), separated by element. In the 13C needle, 7% 13C isosurfaces are shown, and clusters
are highlighted in the adjacent needle (details in section S16). Maximum dimensions of 84 × 63 × 62 nm3. (f) Coking from MTH reaction
observed in zeolite ZSM-5 (MFI framework) with a 1% 13C isosurface (needle 3 from ref 19) as well as 13C clusters. Maximum needle dimensions
of 185 × 68 × 66 nm3. (g) Nearest neighbor distribution (NND) for 13C (top) and Si (bottom) in needle 20. (h) Radial distribution function for
13C in needle 20 and for Si for the combined data of needles 17−22. (i) Proximity histogram across the 7% 13C isosurfaces shown in (e) with an
increase in carbon content in the coke-rich regions, as well as an increase in the Si content (error bars are discussed in section S8).

Table 1. Description of Samples and Needles

sample
number description

APT needle
numbers

1 high-Si SAPO-34, calcined
2 low-Si SAPO-34, calcined
3 29Si enriched, high-Si SAPO-34,

calcined
1−3

4 29Si enriched, low-Si SAPO-34,
calcined

4, 5

5 large crystals SAPO-34, fresh 6−11
6 large crystals SAPO-34, calcined 12−16
7 large crystals SAPO-34, MTH reacted 17−22
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but not with the same coke depleted regions as we previously
reported for ZSM-5.19 The heterogeneity in the 13C
distribution is also apparent from the 13C nearest neighbor
distribution (NND, Figure 1g) and 13C radial distribution
function (RDF, Figure 1h), both of which indicated a 13C−13C
affinity. Therefore, a cluster analysis of the 13C was performed
(section S16), but identified only a few more 13C clusters than
would be expected in a random distribution (Figure 1e, movie
S1, and Table S6). The Si/(Si+Al+P) ratio was found to be
higher in the carbon clusters than in the bulk (section S16),
indicating a relationship between coke deposition and
Brønsted acidity. This is consistent with the 13C RDF as it
also shows an increase in the Si/(Si+Al+P) ratio. However,
both the 13C clusters and the 13C RDF show that while the Si/
(Al+P+Si) ratio increases, the P/(Al+P+Si) ratio increases and
Al/(Al+P+Si) ratio decreases (Table S6 and Figure S17), and
this finding is counterintuitive as Si should first replace P in the
SAPO-34 framework. Therefore, we have found a preliminary
indication of a relationship between Brønsted acidity and coke
deposition, although additional investigations are necessary to
further explore this nanoscale relationship.
The MTH reaction coking behavior in SAPO-34 and ZSM-5

is compared in Figure 1e and f, with two main differences: (1)
ZSM-5 contains significant coke depleted regions found in two
of five studied APT needles (Figure 1f), which were not found
in any of the six studied SAPO-34 APT needles, although
SAPO-34 does contain variations in the coke content (Figure
1e). However, overinterpretation of these differences should be
cautioned due to the low volumes APT is able to sample
relative to bulk materials. (2) In ZSM-5, numerous, large coke
clusters could be isolated, but in SAPO-34 only a few, small
clusters. These differences can be attributed to material
differences: (1) The SAPO composition leads to a wider
range of Brønsted acid site strengths than are found in ZSM-5.

(2) SAPO-34 is a small-pore material with cages while ZSM-5
contains larger pores of intersecting 10-membered rings, so the
spatial constraints of SAPO-34 only allow smaller coke
molecules, which may not be detected by APT due to spatial
blurring.25,27 Overall, APT analysis of coke deposition from the
MTH reaction in SAPO-34 has shown that larger coke species
(clusters) form near areas of increased Brønsted acid site
density, providing a catalyst design criterion to help avoid
these large species that block pores and cause deactivation.
Therefore, the APT findings provide an even higher resolution
picture that reinforces significant nanoscale differences
between ZSM-5 and SAPO-34, which is below the resolving
power of many techniques.
The Si distribution was first examined using isosurface

analysis, and while isosurfaces could be drawn, none were
significant. As isosurfaces can always be defined around
random fluctuations in the data their significance must be
rigorously evaluated, especially by comparing to randomized
data, the same as for cluster analysis.23 The Si NNDs do not
show deviation from a random distribution (Figures 1g and
S12), so the Si RDFs were then examined to look for small
length scale affinities between elements (Figures 1h, S15, and
S16). In many of the Si RDFs it appears that a small Si−Si
affinity is observed, which would be consistent with the
existence of Si islands, and it was the most pronounced in the
coked materials. It is possible this is due to Si migration, which
has been shown before with high temperature steaming, and
could also occur during the MTH reaction as water is a
byproduct.30 We combined RDF data sets within each sample
to reduce counting errors (Figures 1h and S16), which led to a
more apparent Si−Si affinity. Also apparent in this figure is that
P decreases near Si as compared to Al, which is expected as Si
first replaces P (Figure 1), and observing it shows we obtained
high spatial resolution data. It is difficult to assess if a Si−13C

Figure 2. Selected results of atom probe simulations for the largest island sizes simulated (NSi = 31) for 100% detector efficiency (ε) and two
different spatial resolutions (σ). Each panel contains a 5 × 5 × 5 nm3 view of all atoms that were 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. Full results for all values of NSi, σ, and ε can be found in Figures S21 and S22. (a) NSi =
31, σ = 0 nm, and ε = 100%. (b) NSi = 31, σ = 1.0 nm, and ε = 100%. Note in (a) the view with only Si atoms has been slightly rotated as compared
to the view with all atoms, so all Si atoms within the region of interest are visible. Movies of the ion distributions for the simulations are included as
movie S3.
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affinity can be found as the heterogeneous 13C distribution
skews this analysis, and is further discussed in Figures S16 and
S18. In the template containing crystals, C and N affinities
were examined as the template molecule, morpholine, contains
both C and N. The NNDs (Figure S13) do not show any
deviation from random, but in the RDFs (Figure S19) there
are clear C−C, C−N, N−C, and N−N affinities, as well as a
decrease in the content of framework elements near C and N.
In addition, CxNyOz molecules were found in the mass
spectrum (Figure S10). These affinities would be expected as
these elements are contained in the template, but finding them
is encouraging for isolating heterogeneities.
The ability of APT to isolate Si islands as statistically

significant features in 3-D was examined as a function of Si
island size (NSi), spatial resolution (σ, applied as a dislocation
in 3-D space subject to a 3-D Gaussian distribution), and
detector efficiency (ε), using an extension of our recently
reported method (section S18).23 With σ = 0 nm the complete
crystallographic data are conserved, and with σ = 0.25 nm all
crystallographic ordering is lost (see Figure S22). The NNDs
and RDFs for the simulated data (Figures 2, S21, and S22)
allow determination of the values of NSi, σ, and ε at which
indications of Si islands disappear. It is apparent that ε has the
least significant influence on the results, and only 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. This observation
is consistent with our experimental results 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 S20), although this does not
lead to a significantly increased ability to detect Si islands
(section S17). However, it needs to be emphasized that the
three simulated ε’s are high, consistent with modern LEAP
detector efficiencies. It is such that at low ε there would be a
significant impact, although the σ and NSi values are the most
influential parameters for determining the capability to detect
Si−Si affinity, outweighing the minor influence of ε in the
range studied (ε ≥ 33%). For all σ = 0 nm data sets, both the
RDFs and the NNDs show crystallographic ordering as the
nearest neighbor is always O, followed by Si or a different
tetrahedral atom (Td, which will be Al or P), although ordering
is not retained over long distances as any affinity will be quickly
averaged over a large volume in 3-D space (randomized NNDs
will also show crystallographic order as the randomization is
done by element, not position). At σ = 0.05 and 0.1 nm, the
RDFs still show crystallographic ordering as O is the nearest
neighbor. Information is lost regarding the nearest neighbor at
greater values of σ, and the normalized O concentration
becomes its bulk value at all NSi and ε, and the NNDs also
reflect the heterogeneous Si distribution. A clear Si−Si affinity
is still observed in the RDFs at all island sizes with σ = 0.25
nm, but it is more pronounced for larger islands. The NNDs
no longer show a clear separation between the simulated and
randomized data, illustrating that even at σ = 0.25 nm one of
the key markers (the NND) no longer indicates Si−Si affinity.
At σ = 0.5 nm, Si−Si affinity is still present in the RDFs,
although much lower in magnitude, but still increasing with
NSi. The highest value of σ simulated, 1 nm, leads to the loss of
any Si−Si affinity in the RDFs except for the largest simulated
island size, 31 atoms, although even this is nearly insignificant
in magnitude (Figure 2b).

While comparing the experimental and simulated data, the
potential island sizes must be considered. ssNMR shows a
Si(OSi)4 environment as a maximum of about 50% of all Si
species, meaning that large islands would be possible. In all of
our experimental data, no significant deviation from a random
distribution was found in the NNDs, so the APT spatial
blurring must be greater than 0.25 nm. The majority of the
experimental RDFs show, at best, a minor Si−Si affinity, with
the combination of all coke containing materials giving the
strongest indication. Therefore, we believe that the spatial
resolution of APT as applied to zeolite catalysts is 0.5−1 nm,
although it may be poorer in materials with a significant
organic content, such as the template containing microporous
materials. This spatial resolution makes it impossible to isolate
Si islands in 3-D space with cluster or isosurface analysis, but it
is important to emphasize that we do observe a significant Si−
Si affinity in the RDFs.

■ CONCLUSION
In SAPO-34, we have been able to isolate statistically
significant heterogeneities at multiple scales: (1) coke clusters
of a size consistent with known coke species, (2) an affinity
between Brønsted acidic Si and coke, (3) affinities between
template elements, (4) a Si−Si affinity, and (5) a decrease of P
near Si, consistent with the known Si substitution mechanism
into the SAPO-34 framework. Simulations show that Si islands
cannot be isolated in 3-D primarily due to instrument spatial
resolution and Si cluster size within the APT needles studied,
which makes it impossible to isolate small clusters with
certainty. This work has broader implications toward catalysts,
as well as inorganic solids and inorganic/organic hybrid
materials, as it suggests that the ultimate resolution of APT
with these materials is poorer than it is for the highly
conductive, single-crystal metals used to determine APT’s
resolution specification. Further, spatial resolution has been
shown to be more vital than detector efficiency (for modern
instrument efficiencies) for cluster detection by APT in a
reasonably high solute containing matrix, such as SAPO-34.
Therefore, future APT developments should prioritize the
improvement of spatial resolution to obtain the highest quality
data.
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