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Abstract: Zeolites are becoming more versatile in their
chemical functions through rational design of their frame-
works. Therefore, direct imaging of all atoms at the atomic
scale, basic units (Si, Al, and O), heteroatoms in the frame-
work, and extra-framework cations, is needed. TEM provides
local information at the atomic level, but the serious problem
of electron-beam damage needs to be overcome. Herein, all
framework atoms, including oxygen and most of the extra-
framework Na cations, are successfully observed in one of the
most electron-beam-sensitive and lowest framework density
zeolites, Na-LTA. Zeolite performance, for instance in catal-
ysis, is highly dependent on the location of incorporated
heteroatoms. Fe single atomic sites in the MFI framework have
been imaged for the first time. The approach presented here,
combining image analysis, electron diffraction, and DFT
calculations, can provide essential structural keys for tuning
catalytically active sites at the atomic level.

Introduction

Zeolites are formed by TO, units (T, Si or Al-atoms)
tetrahedrally coordinated through O bridges, and they can
generally be described as M"*,,[Si,_,A1,0,], where M is an
exchangeable counter cation with valence m* to balance the
negative framework charge, and the range of x is equal to or

less than 0.5 and can be as low as 0.0 for pure silica
polymorphs. Historically, zeolite science ranged from natural
to synthetic materials, in terms of composition from Si/Al =1
(x=0.5) to Si/Al = 0o (x =0.0), and according to the nature of
the T-elements, has been extended from Si and Al to P, B, Ge
and some transition metals. Functions of zeolites have been
widely discussed as a function of structural geometry (sizes of
cavities/channels, pore-opening and connectivity/ dimension-
ality), composition (especially Si/Al ratio) of the framework,
distribution of Al or transition metals and vacancies in the
framework.

Using powder or single-crystal X-ray diffraction (XRD),
most previous work has focused on determining crystal
structures of novel zeolites averaged over a large volume,
often including occupation probabilities as refined parame-
ters. Electron diffraction (ED) patterns give structural
information averaged over the electron-irradiated volume,
which is around few hundred of nanometers, onto a unit cell in
momentum space, while electron microscopy (EM) images
give pinpoint structural information in real space, although
this information is still averaged over the crystal thickness
along the electron beam (e-beam) direction.

For a long time, zeolite structure analysis through
HRTEM imaging has been restricted to the observation of
pores (not at the atomic level) in terms of size, shape, and
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their periodic arrangement in the crystals. The limitations
mainly originated from the spatial resolution of EM and from
the e-beam damage (highly associated to the Si/Al ratio).l!

Electron diffraction is not restricted to the same extent by
e-beam sensitivity, as the electron dose is tenths of magnitude
lower than in high-resolution imaging, allowing the solution
of very complicated novel zeolite structures (SFE), which was
solved solely from a set of ED patterns.”) However, many
basic zeolite framework structures have been determined
using 3D ED data by assuming single scattering of electrons.”!

With the implementation of spherical aberration (C,)
correctors in both scanning/transmission electron micro-
scopes, (S)TEM,™ sub-Angstrom lateral atomic resolution
has been achieved for e-beam stable inorganic materials.””) To
date, most results have been acquired using annular dark field
(ADF) or high-angle annular dark field (HAADF) detectors,
which are sensitive to the atomic number of the components
(Z-contrast), as the appearance of artefacts in the images is
strongly reduced compared to TEM. Alternatively, annular
bright field (ABF) can simultaneously provide complemen-
tary information on light elements® a technique that is
equivalent to the hollow cone illumination imaging ap-
proach.”) According to these studies, the contrast transfer is
expected to give better resolution than conventional BF and
HAADF STEM. The major drawbacks of this approach to be
applied over beam sensitive materials are the higher suscept-
ibility to aberrations in the microscope that affect the
potential higher resolution, the low signal-to-noise ratio as
a result of the low-dose conditions and small collection area
and the larger influence on the image of small focus
variations.®

One motivation for applying this technique to zeolites
relates to their widespread use as supports for metallic species
either in their pores or on their external surfaces. Metal
nanoclusters of high atomic number (such as Au, Ir, or Pt)
within zeolites have been successfully imaged through
HRSTEM; however, location of the clusters and determina-
tion of their sizes were not clear, since T-atoms of the
framework were not resolved.® A good example of the
minimum requirements for the next generation of functional
porous materials concerning the analysis of all T-atoms (Al
and P) in an e-beam sensitive AIPO, (STA-20), which were
directly observed by C,-corrected STEM-ADF imaging.”)

In the present work, we demonstrate that two fundamen-
tal challenges in the direct atomic-level imaging of zeolites
have now been solved: First, observing all framework atoms,
including O-atoms, in one of the most e-beam sensitive and
lowest framework density zeolites, Na-LTA (with Si/Al~1).
For this analysis, an annular bright field detector (ABF) was
employed for the first time in the study of zeolites. To
corroborate the feasibility of this approach, silicalite-1 (MFI-
type) was also imaged clearly observing the O-atoms. Direct
observation of O-atoms is very important, since their
positions are very sensitive to the presence of cationic species
such as H*, which play a crucial role in the catalytic
performance of zeolites. Second, direct observation of single
transition-metal (Fe) heteroatoms in silicalite-MFI zeolite,
showing clear evidence of a non-periodic distribution of Fe
within the framework. MFI has one of the highest framework
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density and is thermally and chemically very stable; thus, it is
one of the most extensively used zeolites in academia and
industry. Replacement of Si by transition metal heteroatoms
provides enhanced catalytic activity. MFI isomorphously
substituted with iron, for instance, is active in the selective
oxidation of methane to methanol, with the extraction of iron
from framework positions to extra-framework positions
yielding the active iron species.'”! Framework iron species
in Fe-MFI were shown to be much more active than extra-
framework species for dehydrogenation of propane.™! Con-
sidering that Fe has much smaller Z-number than the
traditional noble metals studied by EM, this study is the first
direct observation of single transition-metal atoms in a zeolite
framework.

Furthermore, the sensitivity of ED for analysis of the local
structure of Na-LTA and Fe-MFI is discussed, and compar-
ison of the experimental data with DFT calculations is
reported.

Results and Discussion
Direct Observation of the Na-LTA and Fe-MFI Structures

The structure of Na-LTA (ideal formula NagSiggAlgsOss4)
determined from single-crystal XRD by Pluth and Smith is
well accepted.'” Based on the space group Fm3c (no. 226)
with lattice parameter a =24.555 A, the structure was refined
by introducing occupation probabilities (OPs) for Na*
cations: 62 Na(1) in a 64-fold position (along 3-fold axes at
the center of single 6-rings (S6Rs)) with OP =0.972;23 Na(2)
in a 96-fold position with OP =0.240 inside single 8-rings
(S8Rs), and 6 Na(3) in a 96-fold position with OP =0.066
close to the double 4-rings (D4Rs). The authors claimed that
Al and Si atoms strictly alternate throughout the framework.
However, the Si/Al ratio was slightly greater than unity and
five reflections violating the systematic absences of the space
group were observed. Such a well-studied material is there-
fore a very good candidate for further characterization, not
only because deep studies were already performed, but also
due to its importance in industry.™® This zeolite is one of the
most e-beam sensitive, as Si/Al =1 and the framework density
is 12.9/1000 A*.

The best projection for S/TEM observation of the entire
framework is (100), since many T-O-T bonds as well as S8Rs
are perpendicular to the incident e-beam, although Si and Al
overlap in almost all projections along the principal zone axes.
This direction of incidence is also the best to distinguish the
three secondary building units (SBUs), a-, 3-cages and D4Rs,
in the structure. The model (with O-, Al-, and Si-atoms shown
by spheres in red, light blue, and dark blue, respectively), is
shown in Figure 1a. The structure can be explained as either
Pm3m (a~=12.3 A) without taking into account the Si and Al
distribution or Fm3c (a~24.6 A), if two elements alternate,
Na(1) and Na(2) positions reported by Pluth and Smith are
marked on the Fm3c model (Figure 1b), while Na(3) was
omitted for clarity owing to its low occupation probability.

To acquire experimental data, crystals were tilted onto the
required zone axis in TEM mode to minimize e-beam
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Figure 1. Framework structure of LTA, and ADF, and ABF images. a) Representation of the framework structure, with three SBU components of
the o-cage, B-cage, and D4R, and the LTA unit cell (green square) of Pm3m (a=12.3 A). b) Fm3c (a=24.6 A), ADF and ABF images, c), g) raw
images, d),h) Fourier filtered images, e),i) p1 symmetry-averaged images, f),j) pAmm symmetry-averaged images.

damage. There have been some approaches for obtaining
atomic-resolution data of bare LTA and ion-exchanged LTA
by C,-corrected STEM!" and C,-corrected TEM.[™ Among
them, Yoshida et al. have observed the T atoms (T=Si and
Al) and, to some extent, located extra-framework cations (Cs
and Na) in ZK-4, which has the same LTA framework type
but Si/Al=1.67. However, imaging both light cations
(NaH)**1 and O atoms remains so far inaccessible. In the
present study, STEM mode was used for imaging, as it is
advantageous over conventional TEM mode in terms of
direct image interpretation, minimizing the presence of
artefacts,'”” and the possibility of acquiring different types
of images in only one scan.

Figure 1c—j presents a set of ADF and ABF images,
starting from the observed raw data to the systematic
processed images, specifically Fourier-filtered, projection
(plane group: PG) symmetry of pl averaged, and pdmm
averaged. Both averaged images were obtained from an area
of 7 nm, which is proved sufficiently large to increase the SNR
to retrieve images with improved spatial resolution. Fig-
ure 1 c—f shows the ADF images while Figure 1g—j shows the
ABF images. From the Fourier diffractograms (FDs) in the
inset of the raw images (Figure 1b and g), ABF gives a higher

www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

transfer information limit (1.26 A) and finer details than ADF
(1.56 A). The signal to noise ratio (SNR) which is low in the
raw data, is greatly enhanced by Fourier filtering as shown in
Figure 1d,h, which already show all T atoms of the frame-
work. Furthermore, plane group symmetry averaging signifi-
cantly improves the detectability, especially for the ABF
image even by pl symmetry average, which is just a transla-
tional average of the unit cell along [100] and [010]. It allows
the observation of all T atoms, sodium in the 6SRs of the 8-
cages and even oxygen bridges of the S4Rs; additionally,
a faint contrast at the central part of the S8Rs can be also
identified (Figure 1i). When plane group symmetry pdmm
(supporting information Figure S1 to see how this plane group
was derived) is imposed, 4 sites which would be in agreement
with the existence of Na™ in the S8Rs are revealed (Figure 1j).
Although the existence of image artefacts cannot be ruled
out, the data obtained by this observation would be com-
parable to the report by Pluth and Smith (Figure 1b). The
validity of this symmetry will be discussed later.

An enlarged ABF observation of the 3-cage, extracted
from the pdmm symmetry averaged image (Figure 1j), is
shown in Figure 2a together with a schematic model. The
excellent match between the experimental data and the
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Figure 2. C,-corrected STEM ABF images, corresponding framework structures, and intensity profiles. a) Enlarged ABF image of the (3-cage
structure, with O and Na marked with orange circles. b) Experimental pAmm symmetry averaged ABF image of an LTA unit cell, with the same f3-
cage as marked by a blue square, and Na cations marked by a yellow circle. c) Representation of the LTA model. d) Simulated ABF image.
e) Intensity profile along the red dashed line in (b). f) Intensity profile along the red dashed line (d). Notations for atomic sites follow Pluth and

Smith.

model is highlighted by orange circles and arrows, visualizing
for the first time directly the O bridges of the S6Rs and S4Rs
together with the Na* cation. A symmetry-averaged unit cell
(Fm3c) is shown in Figure 2b, with the projected atomic
arrangement of the unit cell reported by Pluth and Smith
(Figure 2¢) and the simulated data (for a thickness of 20 nm
under the same experimental conditions used in the measure-
ments, Figure 2d). The intensity profiles from the experimen-
tal and simulated ABF images determined over the red
dashed lines are shown in Figure 2e,f. The intensity profiles
clearly reveal the signal owing to the O bridges forming the
S4Rs and S6Rs as well as the Na' cations in the S6Rs.
Furthermore, a weaker signal is observed in the S8Rs that is
also in agreement with the model proposed by Pluth and
Smith, who reported the existence of Na' cations at four
equivalent positions with approximately '/, occupancy. Such
a low amount of Na* is in agreement with the lower intensity
of the signal from these cations, which are highlighted in
Figures 2b and d by yellow circles. An aspect that cannot be
completely ruled out is that at such a low g value artefacts
may exist, that could influence this signal. Thus, the similar-
ities between the experimental and simulated data suggest the
existence of Na' at those S8Rs, but further conclusions cannot
be extracted due to the low Na* occupancy.

To confirm the validity of this image analysis, a closer
comparison was made between experimental raw images in
ADF/ABF modes and the simulated images under the same
conditions of electron-dose per unit area, 3000 e~ A2 (Sup-
porting Information, Figures S2-S4). The results obtained
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confirm that even images taken at such low SNR contain
a significant amount of information in terms of spatial
resolution and atomic sensitivity.

In the present work, Na-LTA was used as a proof of
concept, but in general terms the direct observation of O-
atoms in the framework is of paramount importance in
catalysis, not only for distinguishing distances between Si—O
and Al-O in the tetrahedra, but also for giving information on
the interaction between the framework O atoms and cations
responsible for catalytic performance. Since this can be
achieved with very high local resolution (even under symme-
try averaging conditions), the information obtained extends
substantially beyond what can be obtained by XRD or 3D-
EDT. Additional information was also recorded along
another main crystallographic axis. The STEM-ADF and
ABF images recorded along the [110] incidence are shown in
the Supporting Information, Figure S5. Although O bridges
are not seen in this case, the presence of Na(1) in the S6Rs is
clearly observed.

The structure of ZSM-5 (MFI structure type) was solved
by Kokotailo et al.'® as an orthorhombic structure with space
group Pnma and lattice parameters a =20.09 A, b=1973 A,
and ¢=13.14 A. Projection along the b-axis allows the best
visualization of the framework exhibiting: 1) two types 5-
membered rings (SRs) of different size; a large SRa and
a small SRb, which are alternately arranged along the c-axis;
2) single 6-membered rings (S6Rs), and 3) the largest pores
formed by 10-membered rings (10Rs) (Figure 3a,b; Support-
ing Information, Figure S6). MFI contains a three-channel
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Figure 3. a) Drawing of the MFI projected structure along [010].
Arrows point to the large, 5Ra and small, 5Rb membered rings. L and
S correspond to the long and short distances between the T atoms.
The star denotes a center of inversion. b) 3D structure with a straight
channel along [010] and sinusoidal channels in the a-c plane. ¢) C-
corrected STEM- ABSF (average background subtraction filtered im-
age) taken with the [010] incidence. d) p1 symmetry averaged image,
e) p2gg symmetry-averaged image, f) p1 symmetry-averaged C,-correct-
ed STEM-ADF image.

system: one straight channel along the b-axis, and sinusoidal
channels in the ac-plane (Figure 3b), marked by a dashed
black line in Figure 3a. The S6Rs have long and short edges
marked by bright and dark green lines with L and S characters
and the center of inversion is marked by a star. The projection
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along [010] is the most appropriate direction to observe all the
framework atoms, although two T-atoms in different sites are
almost overlapped, as shown in Figure 4.

Before C-corrected STEM became available, individual
T-atomic columns could not be observed separately, therefore
S5Ra and 5Rb could be recognized only as large and small
pores, together with a center of inversion at the center of the
S6Rs, ! making further analysis impossible for single atom
replacement in the framework.

With the aim of observing the entire framework, including
bridging O-atoms, ABF conditions were chosen since the
signal from lighter elements can be enhanced in this mode
compared to the traditional BF,* as already presented for
LTA. Figure 3¢ shows the average background subtraction
filtered (ABSF) image of a Fe-MFI crystal. Despite the low
SNR, it is possible to identify the four types of rings, SRa,
5Rb, S6R, and 10R. Furthermore, many O bridges are also
observed, indicated by yellow arrows (with no further data
treatment except for ABSF). Nevertheless, in order to further
enhance the SNR, the image was symmetry averaged by pl
(Figure 3d) and p2gg (Figure 3¢), which is the projected
symmetry along the [010] orientation for Pnma. As expected,
and especially for p2gg, all T atomic columns are located
together with sharper definition of the oxygen positions. For
clarity, O bridges are only marked in Figure 3c and e and T
atoms are marked by red spheres in Figure 3d, while the unit
cell is indicated by a blue rectangle.

0.03
0.025
0.02
0.015
0.01

0.005

0.03
0.025
0.02
0.015
0.01

0.005

Figure 4. C-corrected STEM ADF images and EEL spectrum of Fe-MFI. a) High-resolution ADF image. b) EEL spectrum. c)—e) Enlarged images
corresponding to the three regions marked by rectangles in (a) together with surface plots of 2d-intensity distribution map, where bright dots in
(a), (c), (d), and (e) are marked by arrows with T-site symbols. f) Simulated images of Fe-MFI, where two single Fe atoms are located at T2 and
TS sites corresponding to two Fe atoms per unit cell, under the conditions of probe size: 1.0 A and specimen thickness: 105 A.
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Among the many advantages of working in STEM mode,
it is possible to simultaneously record information on light
elements with an ABF detector and elements with different
atomic number (Z-contrast) with an ADF detector, using only
one scan. All T-sites are clearly observed (marked by red
dots) in the p1 averaged ABF image (Figure 3d), confirming
that all T-sites and their geometrical arrangement exactly fit
those shown in Figure 3 a. If Fe atoms would replace Si atoms
at certain preferential crystallographic positions, it would
then be possible to distinguish bright dots for these sites in the
pl averaged ADF image (Figure 3 f). Although it is possible
to recognize slight intensity fluctuations among the T-sites in
Figure 3f, it is still necessary to have solid experimental
evidence in order to corroborate the presence of Fe atoms and
their location without any symmetry averaging.

For this reason, C,-corrected STEM-ADF analysis was
carried out over the raw data for very thin regions of Fe-MFI
crystals (Figure 4). In this case, there is evidence of bright
spots in the raw ADF image (Figure 4 a). Considering that this
image is Z-dependent, Fe is expected to produce a stronger
signal in comparison with Si, thus Fe atoms would be detected
as brighter dots at different T sites. To corroborate the
presence of Fe that isomorphously substituted the Si (as no
particles, iron aggregates/precipitates, were observed), elec-
tron energy loss spectroscopy (EELS) analysis was carried out
on every crystal analyzed, with two clear distinct signals from
the O-K edge observed from the zeolitic framework and the
Fe-L;, edge (Figure 4b). Furthermore, infrared (IR) spectra
for Si-MFI and Fe-MFI exhibit significant differences (Sup-
porting Information, Figure S7), with a signal at 3725 cm™!
corresponding to Si—OH bonds present for Si-MFI, which
appears almost at the same value for Fe-MFI, 3723 cm™'.
Furthermore, for Fe-MFI, another strong band appears at
3617 cm™!, assigned to bridging OH groups Si—OH—Fe.

Following the T-site notation adopted by the Structure
Commission of the International Zeolite Association, three
regions are marked with rectangles in Figure 4a: 1) for T2/T8
and T5/T11, 2) for T2/T8, and 3) for T4/T10, where the
brightest spots (atomic columns) are indicated by arrows.
Intensity analysis was carried out over these three regions
(Figures 4c,d,e) using Imagel] software® to create the
intensity surface plot, in which the stronger signals are more
clearly identified with respect to the framework. For this
analysis, very small regions were chosen to minimize the
possible effect of thickness variations. For the three cases, the
experimental ADF data are presented, with arrows marking
specific T sites that have a more intense signal, suggesting that
Fe may preferentially occupy these sites. In each case,
a thermally colored 3D surface plot is also shown, extracted
from the rectangles (top plot), together with the perpendic-
ular observation (bottom plot), it is clear that the maxima
observed correspond to the brightest spots. In every case,
there is unambiguous evidence of a more intense atomic
column that, assuming the thickness can be taken as constant
in such a small area, may be interpreted as the partial
substitution of Si by Fe along those columns. To corroborate
this observation, image simulations were carried out by
building a supercell of 39.886 x 26.048 x 198.710 A3, with one
Fe atom per column/unit cell introduced at the T2 and T5
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sites. Different collection angles were tested, but to match the
experimental conditions, an inner angle of 30 mrad was
chosen. Figure 4 f top corresponds to a thickness of 105 A and
a probe size of 1 A, the effect of the crystal thickness on the
simulated images is presented in the Supporting Information,
Figure S8, observing no detectable variations in the intensity
plots. The two brightest sites, where the Fe atoms were placed,
are marked by two arrows in the top image. The surface plot,
based on thermal coloring is presented in Figure 4 f middle,
and the perpendicular observation (similar to the experimen-
tal data) appears in Figure 4 f bottom. For reference, a rec-
tangle that corresponds to a unit cell is marked in the three
images. Direct comparison between the experimental and
simulated surface plots proves the presence of at least one Fe
atom replacing a silicon per unit cell, with the zeolitic
framework remaining intact. The possible influence of the
location of Fe atoms at different depths along the same
column was also evaluated observing no significant variations
on the intensity profiles (Supporting Information, Fig-
ure S8c). An additional simulation without the presence of
Fe is displayed in the Supporting Information, Figure S8c
exhibiting a much more homogeneous intensity in contrast to
those where Fe is present.

After analysis of several images, it is not possible to
identify any preferential sites for Fe incorporation, as differ-
ent T sites were found to be occupied by Fe. On the other
hand, if preferential siting would exist (as may be achieved by
different synthesis protocols), the data show that it would be
possible to directly detect this and then correlate such
preferential siting with specific catalytic behavior. The data
suggest that silicon substitution by iron atoms occurs rather
statistically for this specific example. This will be further
discussed in the Supplementary information that includes de
DFT calculations (Supporting Information, Figures S9-S14
and Tables S1-S3).

Structural Study of Na-LTA and Fe-MFI by Electron Diffraction

Three-dimensional electron diffraction tomography (3D-
EDT) data, selected area electron diffraction (SAED) and
precession electron diffraction (PED) patterns were recorded
for nano-crystals (obtained by deeply crushing the parent
material) of Na-LTA in the volume range of (100-400 nm)’.

By analyzing such a small volume, it was intended to
observe any possible deviations from the theoretical Fm3c
symmetry that could be hidden by a general averaging of
larger crystallites. This concern was raised due to impossibility
of placing all Na* with occupation probability=1 in the
framework and still keeping cubic symmetry (see the
Supporting Information, Figure S15 for the 3D-EDT data).

Based on cubic symmetry with a~25.1 A (as we have
observed three-fold symmetry in ED patterns taken from the
large volume mentioned above along two independent
incidences corresponding to cubic (111)) the following
reflection conditions were obtained: hkl: h+k=2n, k+1=
2n, h+1=2n;0kl: k,l=2n; hhl: h,l =2n h00: h =2n, where h,
k, and [ are permutable, and the possible extinction symbol
would be F_ _c. The corresponding possible space groups
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were F43c¢ (No. 219) and Fm3c¢ (No. 226). A few weak extra
reflections at odds with Fm3c, such as 111 and 131, were
observed in the 3D-EDT and in the SAED patterns in
different crystals (Supporting Information, Figures S15-S17).
However, both disappeared by tilting along the —hh—h axis
and they were not observed using PED (Supporting Informa-
tion, Figures S18). Therefore, both reflections can be ex-
plained by multiple scattering. Other possibilities than cubic,
including a mixture of very small oriented domains with
different variants of tetragonal or orthorhombic symmetries,
need to be carefully checked in future. In the DFT calcu-
lations, tetragonal cases with a=b=c~25.1 A were dis-
cussed.

As there have been some reports of zeolites with the same
LTA framework-type with Si/Al> 1,”"! symmetry deviations
from Fm3c were also studied through 3D-EDT by using as
small a crystal as possible down to 40 (unit cell)’, which is
currently the minimum size to obtain structure solution from
Na-LTA, because of weak intensities for hkl reflections with
high g (¢ =4msin6/1). However, no apparent deviations were
observed (Figures 5; Supporting Information, Figure S15).
From the ED approach, a possibility of small oriented
domains with tetragonal P4/ncc (no three-fold axes) and a =
b=c~25.1 A cannot be completely eliminated; although, at
the current state, due to a limitation in the precision in
determining the positions of the diffraction spots in such
a small volume do not allow further conclusions. If space
group P4/ncc with a=~25.1 A was assumed, all Na cations can
be explained without introducing occupation probabilities;
however, the Si/Al ratio will be 3/1 to avoid Al-O—Al
bonding.

The structure of Fe-MFI was determined through 3D-
EDT, SG Pnma with lattice parameters of a=20.6 A, b=
206 A, c=139A, a=90.3°, f=90.7°, y=90.3° from the
observed reflections and the extinction rules. The structure
was solved and all framework atoms were identified. From the
electrostatic potential map, no preferential occupancies of Fe
on different T-sites were observed (Supporting Information,
Figure S19) from the high-quality ED data obtained from
rather large volume, in agreement with the STEM analyses.

T[Rhﬁ]

Figure 5. 3D-EDT data, SAED patterns, and structure solution of Na-
LTA. a) Projected diffraction pattern along [010], b*. b)—d) Three slices
containing h0l, h1l, and h3l reciprocal planes. e),f) Selected-area
electron diffraction (SAED) patterns with [112] incidence and slightly
tilted along —h, h,—h. g),h) Electrostatic potential map and crystal
structure with OPs.
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Conclusion

Through C-corrected STEM coupled with ADF and ABF
image modes, oxygen atoms and Na® cations are directly
observed, together with all framework T-atoms, in zeolite Na-
LTA. This atomic resolution is highly remarkable, since Na-
LTA has Si/Al ratio of about 1.0 and is one of the lowest
framework density zeolites, making it one of the most e-
beam-sensitive materials. Direct oxygen visualization repre-
sents a substantial increase in the information limit in terms of
sensitivity as well as spatial resolution. It also points the way
to the analysis of the local structure around heteroatoms in
a zeolite framework, including the distortion of the oxygen
tetrahedron. In Fe-MFI, oxygen bridges are also clearly
located, proving the feasibility of the ABF method as an
improved technique for the analysis of e-beam sensitive
materials.

An ongoing discussion on whether and under what
circumstances Fe is indeed located in zeolite frameworks or
present as extra-framework species can be concluded. Under
the right synthesis conditions, iron can be incorporated into
the framework, and in future work it will be able to clearly
follow the pathways for the formation of extra-framework
species. This has highest relevance for important catalytic
reactions, as it has been claimed the framework and extra-
framework species have rather different catalytic properties.
Our data provide clear evidence of Fe on tetrahedral sites
within the zeolite structure which are clearly distinguished as
single atoms by the ADF technique. This extends substan-
tially the limits of resolution and sensitivity that can be
achieved with electron microscopy techniques for this im-
portant class of materials.

These results represent crucial progress in zeolite science
for the analysis of structural defects down to single hetero-
atoms or point defects, which are responsible for the creation
of catalytic sites and/or enhanced thermal stability. The
present study provides the blueprint for how to achieve this
level of information for other members of the technically very
relevant classes of zeolites. With such a high level of atomic
visualization, new structures which have been computation-
ally modelled and that contains different kinds of defects or
intergrowths will be able to be elucidated.
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