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Probing the Location and Speciation of Elements in
Zeolites with Correlated Atom Probe Tomography and
Scanning Transmission X-Ray Microscopy

Joel E. Schmidt,”™ Xinwei Ye,” " lIse K. van Ravenhorst,” Ramon Oord,” David A. Shapiro,™
Young-Sang Yu,'” Simon R. Bare, Florian Meirer,”’ Jonathan D. Poplawsky,** and

Bert M. Weckhuysen*®

Characterizing materials at nanoscale resolution to provide new
insights into structure property performance relationships
continues to be a challenging research target due to the
inherently low signal from small sample volumes, and is even
more difficult for nonconductive materials, such as zeolites.
Herein, we present the characterization of a single Cu-
exchanged zeolite crystal, namely Cu-SSZ-13, used for NOy
reduction in automotive emissions, that was subject to a
simulated 135,000-mile aging. By correlating Atom Probe
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Multiscale material complexity and heterogeneity is one of the
key drivers for ever more advanced characterization re-
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Tomography (APT), a single atom microscopy method, and
Scanning Transmission X-ray Microscopy (STXM), which produ-
ces high spatial resolution X-ray Absorption Near Edge Spectro-
scopy (XANES) maps, we show that a spatially non-uniform
proportion of the Al was removed from the zeolite framework.
The techniques reveal that this degradation is heterogeneous at
length scales from micrometers to tens of nanometers, provid-
ing complementary insight into the long-term deactivation of
this catalyst system.

search.™ Zeolites are heterogeneous catalysts that exhibit
such complexity, spanning several orders of magnitude from
their catalytic active site (sub-nanometer) to large industrial
reactors (tens of meters), and even within single crystals they
contain compositional gradients and defects spanning sub-
nanometer to micrometer length scales” There are many
characterization techniques that provide spatially resolved
information, with varying degrees of chemical information
content, but there are few characterization techniques that
provide the necessary high spatial resolution and chemical
information content. Additionally, many provide only 2D or
near-surface information.**

Two characterization techniques that provide high spatial
resolution information are Atom Probe Tomography (APT) and
Scanning Transmission X-ray Microscopy (STXM).'>?" APT is a
single atom 3-D microscopy that is able to reconstruct the 3-D
position and chemical identity of all atoms with sub-nanometer
resolution from a needle shaped specimen with dimensions of
tens to hundreds of nanometers, making it the highest
resolution technique to provide 3-D elemental identifica-
tion."*""137% STXM relies on a zone plate to focus soft X-rays
emitted by a synchrotron onto a small spot on the sample,
through which the sample is scanned, and by measuring the
total transmitted intensity of the beam as a function of energy
it can give information about local chemical environment and
abundance. STXM (especially in combination with ptychogra-
phy) is one of the highest resolution techniques capable of
providing this information (possible resolution <50x50 nm?
pixel size, and even in the range of 10 nm and below when
using ptychography®*?®) that is also non-destructive to zeolites

as it uses soft X-rays.?%?"
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Both APT and STXM have been applied to zeolite-based
catalysts by a number of research groups, resulting in a
significant body of accumulated knowledge.”***>** However, to
the best of our knowledge, there are no reports that correlate
results of the two characterization techniques. Herein, we have
applied APT and STXM in an integrated fashion to study the
same single crystal of a laboratory aged (135,000 mile
simulation) sample of copper-exchanged zeolite SSZ-13 (Cu-
$5Z-13, CHA framework topology), which is the same sample as
we previously studied with APT alone.” We chose this sample
as the ~4 um crystal size makes spatially resolved character-
ization studies meaningful, and as the sample was previously
studied any potential beam damage can be assessed, a known
problem when probing zeolites with electron beams.® Further,
the ion exchange with Cu-ions makes this a difficult material to
characterize with conventional Al Magic Angle Spinning solid-
state Nuclear Magnetic Resonance (MAS ssNMR) spectroscopy
due to interference from paramagnetic Cu, motivating us to
explore other characterization methods. Our results indicate
that it is possible to correlate the results of these two high-
resolution techniques, and thereby gain information on the
location and local environment of the elements present to
construct a more complete understanding of how the material
resists deactivation under demanding tailpipe conditions.

a) Pulsed laser heating
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Results and Discussion

The STXM experiments were performed at the Advanced Light
Source (ALS, Berkeley, California, USA) beamline 11.02 and the
sample preparation and APT experiments were conducted at
the Center for Nanophase Materials Sciences (CNMS) at Oak
Ridge National Laboratory (ORNL, Oak Ridge, Tennessee, USA).
Prior to the STXM experiment, a single crystal of aged zeolite
Cu-SSZ-13 was attached to a Mo Omniprobe® Lift-Out Grid (Mo
was used to prevent any contamination from a more typical Cu
grid), and thinned to ~0.5 um using Focused lon Beam (FIB)
milling to allow for sufficient X-ray transmission through the
material, as is shown in Figure 1c to f.*¥ The aged zeolite Cu-
SSZ-13 is the same as reported in reference [29], with a bulk Si/
Al ratio of ~20, and was aged using the industry standard
simulation for a 135,000 mile vehicle-aged catalyst.?” After
being mounted on the grid and thinned, the zeolite crystal had
an asymmetrical Pt coating deposited on the crystal surface
(Figure 1e, FIB Pt was deposited on the crystal surface to
protect the material during milling), which served as a marker
for the correlated experiments. Careful examination of Figure 1f
shows that the crystal thickness is not uniform and it is thinner
at the top near the Pt strip, this was a consequence of the FIB
milling step with the Ga ion source normal to the top of the
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Figure 1. Overviews of characterization techniques and sample preparation for Atom Probe Tomography (APT) and Scanning Transmission X-ray Microscopy
(STXM). (a) Schematic of an APT instrument, including approximate sizes of the various components. (b) Schematic of a STXM instrument with important
components: Soft X-ray beam, zone plate, Order Sorting Aperture (OSA), sample holder and detector. (c—f) Picking up a single crystal of zeolite Cu-5S5Z-13
using a Kleindiek nanomanipulator and then attaching the crystal to a Mo Omniprobe® Lift-Out Grid using Focused lon Beam (FIB) Pt and subsequently
thinning the crystal to ~0.5 um using a Ga FIB milling after applying a protective Pt layer shown in e. (g-j) After the STXM measurements the cross section is
attached to the tungsten needle on the Kleindiek nanomanipulator where it is shaped into a needle for the APT experiment which was performed on the

tungsten needle instead of the typical Si micro-tip array.
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crystal, and the top was thinner as it was more exposed to the
Ga ion beam. After the zeolite crystal was mounted at CNMS it
was transferred to ALS for the STXM experiment.

The cross section was loaded into the STXM instrument and
a transmission image was first recorded at the Al pre-edge
energy of 1561.0 eV and is compared to the SEM image in
Figure 2a and b. The STXM measurement was conducted with
the soft X-ray beam going through a 45 nm zone plate (ZP),
resulting in a 50 x50 nm? beam spot size. The Pt deposited to
protect the sample during FIB milling is evident in the trans-
mission image due to its stronger absorption caused by its high
density, and the non-symmetrical Pt deposition then acts as a
marker for the crystal edge. The bulk XANES from combining all
data collected for the cross section is shown in Figure 2h along
with the references for tetrahedral and octahedral Al, which
were zeolite ZSM-5 and a-Al,O;, respectively. The linear
combination fitting (Figure 2h and Table 1) shows that the cross
section contains ~90% tetrahedral Al (framework) and ~10%
octahedral Al (extra-framework). This relatively small proportion
of framework Al removal to form octahedral Al is consistent
with the results of previous studies, and is expected from our
previous study of this material and is also consistent with the
catalyst retaining its activity after aging.?>**"
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Table 1. Linear combination fitting of Al K-edge XANES of the bulk and
clusters employing ZSM-5 and a-Al,O; as references for tetrahedral Al (Al
framework) and octahedral Al (Al extra-framework) respectively.

Aloy +/— Ay +/— R- R-fac-  Reduced
square  tor chi-
square

Bulk 0.092 0.108 0908 0.136 0.786 0.036 0.079
XANES

Cluster 1 0.159 0.225 0.841 0.284 3.408 0.102 0.341
Cluster 2 0.065 0.110 0935 0.138 0.812 0.037 0.081
Cluster 3 0.000 0.160 1.000 0.202 1.727 0.147 0.173

In the transmission image at 1561.0 eV in Figure 2b a pixel
size of 50x50 nm? was used. For further analysis the trans-
mission image was first converted to display absorption, i.e. the
X-ray absorption coefficient. Then, the 52 images of the X-ray
energy scans were spatially aligned followed by removal of the
region which did not contain zeolite resulting in a 3.4x2.4 pm?
scan area. Once the XANES of each pixel were examined it was
evident that the absorption was not sufficient to give enough
signal for the single pixel X-ray absorption spectra to be
meaningfully analyzed. Therefore, the images were binned to
combine 4 (2*2) pixels into one. Then there were 34 x 24 pixels
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Figure 2. (a) Scanning electron microscope (SEM) image of the cross section mounted for the Scanning Transmission X-ray Microscopy (STXM) experiment. (b)
Transmission image of the entire cross section recorded at 1561.0 eV. The red rectangle indicates the scanning area in STXM, which was collected with a field
of view (FOV) of 4x4 um? or 80 x 80 pixels (pixel size: 50x 50 nm?). Area shown in figure c-g is part of the scanning region that was designated for STXM-
XANES analysis with a FOV of 3.4x 2.4 um? or 34 x 24 pixels (pixel size 100x 100 nm?, binning 0.5). (c) STXM optical density of the cross section at 1566.2 eV,
which was converted from the as-recorded transmission image, showing the maximum absorption contrast. The scale bar indicates the X-ray absorption
intensity. (d) Average STXM optical density of the cross section in pre-edge region after applying a mask to remove all data except the crystal, showing the
thickness difference within the crystal. The scale bar indicates the absorption intensity of X-rays. (e) Edge-jump map based on XANES representing Al amount.
The scale bar reports the values of the absorption edge jump, defined as the difference between the average intensity value in the XANES post-edge region
and the average intensity value in the XANES pre-edge region. (f) Thickness-corrected edge jump map based on XANES representing Al concentration. The
scale bar indicates the absorption intensity of X-ray. (g) The result of segmentation based on PCA and clustering analysis of the cross section showing the
spatial distribution of the three clusters, with XANES for each cluster in (i). (h) Linear combination fitting of XANES of the bulk employing zeolite ZSM-5 and a-
AlLO; as reference for tetrahedral Al and octahedral Al, respectively. (i) Bulk XANES for the entire cross section along with the XANES for the three clusters

isolated by PCA and clustering analysis.
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remaining, and after filtering out the region that did not
contain zeolite or had Pt deposition using a mask (details in
experimental section), 538 pixels remained for analysis. After
binning and applying the data mask, the absorption map based
on the average absorption in the pre-edge region (1557-
1563 eV) is shown in Figure 2d. This figure shows that the
absorption increases from the top to the bottom of the sample
as expected due to the increasing sample thickness; the X-ray
absorption in the pre-edge region is a good measure for
sample thickness as it is not (or only very little) influenced by
relative changes in Al concentration.

The amount of Al within the cross section was evaluated by
studying the absorption edge jump map, shown in Figure 2e.
The data in the figure are consistent with a gradient in Al with
the lowest amount near the top of the crystal. At first
consideration, this would appear to indicate Al zoning across
the cross section. However, closer examination of the side view
of the cross section by SEM (Figure 1f) shows that the FIB
milling used to thin the zeolite crystal left the cross section
thinner at the top than the bottom, which is a common
occurrence as the milling ion beam source was normal to the
top of the crystal. To exclude the absorption difference due to
varying thickness, the edge jump map is divided by the average
pre-edge absorption in each pixel to obtain the thickness-
corrected edge jump map (Figure 2f), which then shows the Al
concentration in each pixel. This figure shows that there is a
higher thickness-corrected absorption in the center of crystal
compared to both edges, which would mean the Al concen-
tration is lower near the crystal edge (~100-300 nm) than the
rest of the crystal. However, we want to further explore this
result due to any possible influence of the protective Pt layer
applied to the material. Though, it is certainly shown that the Al
concentration is homogeneous within the central region of the
crystal at the scale of 100x 100 nm? pixels that were analyzed,
though not in the first ~100-300 nm near the crystal surface.

As the single pixel XANES is too noisy to provide useful
edge energy information, which could be used to distinguish
tetrahedral versus octahedral Al, the data was further analyzed
using Principal Component Analysis (PCA). The influence of
sample thickness was excluded in the PCA by using normalized
data (edge jump set to one). Furthermore, PCA is conducted
without any a priori knowledge of the data, so it is an unbiased
method of analysis. PCA of the XANES maps indicated two
main components, and further clustering analysis demonstrated
three significantly different clusters in the cross section, as
shown in Figure 2i, with the deconvolutions and resulting
amounts of tetrahedral and octahedral Al in each cluster given
in Figure 3 and Table 1. The fitting procedure is described in
the experimental section, and is very sensitive to the absorption
edge shift, so the differences between the curves are subtle,
but significant, as the use of PCA and clustering analysis was
necessary to extract three different clusters from the data. The
three clusters have an increasing amount of octahedral Al, from
none in cluster 3, which is near the edge of the crystal, to
~15% octahedral Al near the center. Based on the PCA and
clustering analysis of the Al map it appears that steaming
causes a more significant fraction of framework Al to be

ChemCatChem 2019, 11, 488-494 www.chemcatchem.org
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Figure 3. Linear combination fitting of XANES of the three clusters identified
using PCA and clustering analysis, and employing zeolite ZSM-5 and a-Al,O;
as references for tetrahedral Al and octahedral Al, respectively. The results
are given in Table1. Note that the shoulder for octahedral Al in cluster 1 is
especially prominent relative to clusters 2 and 3.

removed near the center of the crystal compared to the edge
of the crystal. As the thickness corrected edge jump map
showed a lower Al concentration near the edge it may mean
that in the Al rich central region the Al was more easily
removed from the framework. This nanoscale identification of
an increasing amount of framework Al removal with increasing
Al concentration is consistent with the general macroscale
trend in zeolite catalysts, that materials are less stable to
hydrothermal treatment when they have a higher amount of Al
that is, a lower Si/Al ratio.""

After the successful STXM data collection the lift-out was
returned to ORNL's CNMS for the APT experiment. As shown in
Figure 1, a single needle could be extracted from the cross
section, and instead of being attached to a standard,
commercially produced Si microtip array, the APT experiment
was performed on a tungsten wire that had been sharpened by
electropolishing. This is the more traditional method of running
APT experiments, and while it is more labor-intensive than
using a Si microtip array, the small size of the cross section
would have made it difficult to use a microtip array.***¥ The
APT experiment was successful, and 1.3 million ions were
collected. This is a sufficient data set for analysis. Views of all Al
and Cu atoms are shown in Figure 4a and Movie S1, and, as
expected from our previous study, the Al distribution appears
to be visually heterogeneous.” The distributions of Cu and Al
were analyzed using the Nearest Neighbor Distributions (NNDs)
and Radial Distribution Functions (RDFs), shown in Figure 4. For
the NNDs, the 4th NND is shown as it led to a better separation
between the collected and randomized data, and for Cu there
is clearly a non-random distribution, while for Al there appears
to be a small difference between the collected and randomized
data. The Al RDF (Figure 4c) indicates an Al-Al and Al-Cu
affinity, consistent with previous findings. Interestingly, in the
Cu RDF there is a clear Cu—Cu affinity, but no Cu—Al affinity, and
this result contrasts with the two needles we previously studied

491 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 4. Results of the Atom Probe Tomography (APT) experiments and data analysis. (a) Distributions of all Al ions (blue) and all Cu ions (red) as well as 5.6 %
Al isosurfaces (blue) and 2% Cu isosurfaces (red), bounding box dimensions 143 x48x 49 nm?>. (b) Al fourth nearest neighbor distribution (4NND). (c) Al radial
distribution function (RDF). (d) Proximity histogram across the 5.6 % Al isoconcentration surface shown in (a), with bulk normalized concentrations shown. (e)
Cu 4NND. (f) Cu RDF. (g) Proximity histogram across the 2% Cu isoconcentration surface shown in (a), with bulk normalized concentrations shown.

from this sample. The heterogeneous distributions of both Al
and Cu were then analyzed using isosurface analysis, and 2%
Cu and 5.6% Al isoconcentration surfaces are shown in Figure 4
along with proximity histograms. The proximity histograms
indicate Cu—Cu and Al-Al affinity, but not a significant affinity
of Cu—Al or Al—Cu. This is similar to what we previously found
and is in line with the robust stability of zeolite Cu-SSZ-13, as
we have not been able to identify any regions with a
composition similar to copper aluminate spinel (i.e., CuAl,O,),
which could be quantitatively identified in aged zeolite Cu-
ZSM-5.%7 Overall, the APT analysis of this needle gave results
consistent with our previous study, except for not finding a
significant Cu—Al affinity in the RDF. We do not know if this is
due to damage to the material or variations in the material,
though we believe the latter is more likely as beam damage
generally causes aggregation of chemical elements, which is
opposite to our findings here.

To attempt to correlate results of the two nanoscale
chemical imaging techniques, Figure 1h-j shows that the needle
was removed from nearer the center of the region measured by
STXM as shown in Figure 2a and b. This is the portion of the
needle that contained ~15% octahedral Al from the XANES
cluster analysis. The APT analysis found heterogeneities in the
Al distribution, which would be consistent with damage from
the material due to steaming. This has been established in
studies of pristine and steamed zeolite ZSM-5 crystals, where
heterogeneities in the Al distribution were only found by APT
after steaming.”” In the present study the Al distribution is only
slightly heterogeneous, consistent with the preserved catalytic

ChemCatChem 2019, 11, 488-494 www.chemcatchem.org

activity after the simulated aging, and the relatively small
fraction of octahedral Al identified using STXM.

This study has provided new information regarding the
deactivation of Cu-SSZ-13 under tailpipe conditions. Of special
importance is the zoning identified in the removal of framework
(tetrahedral) Al to form extraframework (octahedral) Al. These
species are not desirable as they can lead to the nonselective
oxidation of ammonia, such that the NO, is not efficiently
reduced. Finding that framework Al is preferentially removed
near the center of the zeolite crystal shows that it may be
important to better engineer zeolite catalysts to avoid this. It
also shows that bulk studies may underestimate the severity of
material damage as we found that the majority of the
degradation occurred near the center, which means NH,-SCR
reactants may never see the damaged region as they must
diffuse through the undamaged region first, where the NOy
reduction reaction can occur, allowing even damaged crystals
to show high activity.

Correlating APT and STXM experiments has been demon-
strated to be possible, though it should be clear that it remains
technically challenging. Some of the unique advantages of
using this correlated characterization approach are: i) APT can
resolve the 3-D location of all elements, but gives no
information about their local bonding environment which can
be gained from STXM. ii) Since STXM uses soft X-rays it has
been estimated that radiation damage effects are two orders of
magnitude lower than for Electron Energy Loss Spectroscopy
(EELS) measured in a TEM, another technique capable of giving
high spatial resolution spectral information.?** As we
previously studied this sample we could compare the results,

492 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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and did not find evidence of significant damage from the STXM
experiment. Some of the disadvantages to this correlated
approach are: i) The (current) spot size of STXM used (i.e.,
50 nm) is similar to the diameter of the needle measured for
APT, making it difficult to find any STXM spatial resolution
within an APT needle, though the heterogeneities found using
cluster analysis were larger regions, making some correlation
possible. ii) Specific to our experiment, zeolite samples need to
be >0.5 pm thick for sufficient X-ray absorption, but this is
much larger than the dimensions of a typical APT needle,
making spatial correlations difficult because the STXM informa-
tion gives 2-D maps, so it can be difficult to correlate the two
characterization techniques. Therefore, it may be more practical
to study a material with a smaller absorption length which may
enable a more meaningful, spatially resolved correlation to be
made between the two techniques. This would likely be a
dense metal, and it may allow for further advances in
correlating these techniques and further technical develop-
ments. In any case, we have clearly demonstrated that
correlative STXM-APT is feasible, opening new directions in
nanoscale chemical imaging of solid catalysts.

Experimental Section

The aged zeolite Cu-SSZ-13 is the same as reported in reference
[29], with a bulk Si/Al ratio of ~20, and was aged using the industry
standard simulation for a 135,000 mile vehicle-aged catalyst, as
described in our recent manuscript. Crystals of aged zeolite Cu-SSZ-
13 were attached to Omniprobe® Lift-Out Grids and thinned to
0.5 um, as shown in Figure 1, using a Ga Focused lon Beam (FIB)
and Kleindiek nanomanipulator.”” For the STXM experiment the
grid was attached to the sample holder using double sided tape.
The sample chamber was evacuated and then backfilled with He to
a pressure of 200 Torr. The STXM measurements on the cross
section were performed at the Advanced Light Source (ALS)
beamline 11.0.2 of Lawrence Berkeley National Laboratory, Berkeley,
California, USA.¥*® The soft X-ray beam focused on the sample
with a 50 nm spot size after going through a 45 nm Zone Plate (ZP)
and sequentially an Order Sorting Aperture (OSA) with a 90 um
pinhole. The focused X-ray beam reached the sample to form a
point-by-point image by moving the sample plate step by step,
resulting in an X-ray absorption spectrum at each pixel. A stack of
transmission images with a 4 x 4 pmz Field of View (FOV) and 50 x
50 nm? pixel size, was obtained by varying the incident X-ray
energy in the energy region of 1557-1585eV for Al K-edge
imaging. Because the Cu concentration was too low to detect we
did not perform STXM on Cu L-edge of the cross section.

STXM-XANES data of the cross section was analyzed using the
aXis2000 (http://unicorn.mcmaster.ca/aXis2000.html) and TXM-Wiz-
ard“” software packages. A stack of transmission images, recorded
in energy sequences, was aligned in aXis2000 to ensure the cross
section position remained stable. The aligned transmission images
were then converted to absorbance mode represented as Optical
Density (OD), by defining the Absorbance (A) as A= —In(l/ly), where
lo and | are X-ray intensities before and after going through the
sample.”"” The stack of OD images was subsequently loaded in the
TXM-Wizard software to obtain detailed analysis on chemical
composition and spatial distribution of Al. The stack of images was
cropped and binned by combining 2x2 pixels’ into one to
enhance the signal to noise ratio in XANES through lowering spatial
resolution, resulting in images with a 3.4x2.4 um? FOV and 100x

ChemCatChem 2019, 11, 488-494 www.chemcatchem.org
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100 nm” pixel size. To analyze the area without any interfering
absorption from deposited Pt, a mask was created using Principal
Component Analysis (PCA) of the raw data, which clearly separated
the zeolite from background and Pt. Subsequently, the mask was
used to filter the background area and deposited Pt in the cross
section. Therefore, only pixels showing an edge jump at the Al K-
edge were left to conduct further analysis.

The bulk spectrum was obtained after employing this mask and
the edge jump filter, which was employed to filter pixels with
extremely low energy jump, i.e. pixels dominated by noise. The
bulk XANES was taken as the average spectrum of all remaining
single pixel spectra in the image. Energy calibration of the Al K-
edge XANES was carried out by shifting the white line maximum of
the bulk spectrum to 1566.2 eV, referring to the Al K-edge XANES
of ZSM-5 used as a standard and measured previously by our
group.” The local chemical environment of Al in the cross section
was analyzed by Least Square Linear Combination (LSLC) fitting of
the bulk XANES, taking zeolite ZSM-5 and a-Al,O; as references for
tetrahedral Al and octahedral Al, respectively. The fitting range
covered the edge region from 1563.20 eV to 1568.70 eV.

An edge jump filter was employed to remove the noisy pixels
based on the noise level of the pre-edge region and the difference
between the pre-edge and the post-edge, followed by applying a
normalization filter and removing pixels with distorted a pre-edge
or post-edge. PCA and k-means clustering were then performed to
pool pixels into different clusters based on the similarity of their
XANES. According to the eigenspectra and the scree plot, the first
two Principal Components (PCs), which could explain more than
95% of data variance, were chosen. Next, the data was projected
onto this 2-dimensional PC space and upon inspection of the
resulting score plot classified into three clusters (k=3) via k-means
clustering using the average solution of 10 k-means replicates.
Using this result as an initial solution the clustering was further
refined by an Expectation Maximization (EM) algorithm for Gaussian
Mixture Modeling (GMM) to achieve a point density clustering in
PC space, which often improves the clustering for noisy XANES
data. Species of Al were determined by LSLC fitting of the XANES
of the clusters using the same procedure as for the bulk XANES.

After STXM measurements, a needle shaped specimen was carefully
removed from the cross section using Ga FIB milling and then
studied with APT using the LEAP 4000XR local electrode atom
probe equipped with laser pulsing capabilities and an energy
compensating reflectron lens and data analysis was performed
using CAMECA's IVAS software. We have previously reported both
in detail."*?*%*% The APT experiment was performed on a tungsten
wire instead of a Si micropost array, which is the more historical
method of conducting APT experiments.*2*
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