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ZEOLITE STRUCTURE

Three-dimensional inhomogeneity of zeolite
structure and composition revealed by

electron ptychography
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Structural and compositional inhomogeneity is common in zeolites and considerably affects their
properties. Thickness-limited lateral resolution, lack of depth resolution, and electron dose-constrained
focusing limit local structural studies of zeolites in conventional transmission electron microscopy
(TEM). We demonstrate that a multislice ptychography method based on four-dimensional scanning
TEM (4D-STEM) data can overcome these limitations. Images obtained from a ~40-nanometer-thick
MFI zeolite exhibited a lateral resolution of ~0.85 angstrom that enabled the identification of
individual framework oxygen (0) atoms and the precise determination of the orientations of adsorbed
molecules. Furthermore, a depth resolution of ~6.6 nanometers allowed probing of the three-dimensional
distribution of O vacancies, as well as the phase boundaries in intergrown MFI and MEL zeolites.
The 4D-STEM ptychography can be generally applied to other materials with similar high

electron-beam sensitivity.

eolites are aluminosilicate microporous

crystals with regular intracrystalline cavi-

ties and channels of molecular dimen-

sions. The molecular sieving ability of

zeolites renders highly desirable size
and shape selectivity for adsorption, separa-
tion, and catalysis (I-4). However, the com-
plexity of zeolite structures makes them prone
to structural and compositional inhomoge-
neity that can profoundly affect their proper-
ties. For example, the precursors and synthetic
conditions affect the location and distribu-
tion of functional sites (such as Al pairs and
heteroatoms) in the zeolite framework (5).
Postsynthesis calcination generates oxygen
(O) vacancies to render Lewis acid sites in an
uncontrolled manner (6, 7). The intergrowth
of multiple polymorphs and various phases
is common in zeolite crystals (8-10). The prev-
alence of inhomogeneity explains why zeo-
lites with the same topology and composition
prepared from different batches often exhibit
variability in applications (71, 12).

Although inhomogeneity in zeolites has been
widely recognized, the precise determination
of the related local nonperiodic structures re-
mains challenging given the lack of suitable
characterization techniques. For instance,
the electron-beam sensitivity of zeolites limits
the use of transmission electron microscopy
(TEM) to study their structures (13-15) because

the low-electron doses required to prevent
structural damage to zeolites often result in
images with limited resolution and poor signal-
to-noise ratios. New imaging methods that use
electron doses more efficiently are needed to
mitigate this issue (16, 17).

Among emerging low-dose TEM techniques,
integrated differential phase-contrast scan-
ning TEM (iDPC-STEM) has proven effective
for imaging zeolite structures, especially for
studying guest species located in the micro-
pores (I18-20). Despite the demonstrated suc-
cesses, iDPC-STEM has limitations. First, the
image resolution of iDPC-STEM is severely
limited by the specimen thickness. For zeo-
lites, iDPC-STEM can only resolve framework
T atoms (where T is Si or Al) (strictly speaking,
atomic columns) but not the O atoms between
them unless the specimen thickness is within
a few unit cells (<10 nm), which is extremely
rare in actual samples. Second, like other con-
ventional TEM imaging modes, iDPC-STEM
lacks resolving power along the projection
direction and cannot identify longitudinal
structural inhomogeneity inside the specimen.
Third, iDPC-STEM requires precise focusing
of the electron beam to achieve high resolu-
tion, which could lead to a lower success rate
for beam-sensitive materials because struc-
tural damage may occur during the fine-tuning
of the focus.

Here, we demonstrate that electron ptychc

achieve subangstrom resolution to resolve in-
dividual O atomic columns in various zeolites
with specimen thicknesses up to ~40 nm,
which has not been reported with other direct-
imaging techniques. Electron ptychography
is a that
uses a series of convergent-beam electron
diffraction patterns, commonly referred to as
four-dimensional STEM (4D-STEM) data, to
generate high-resolution images. The identifi-
cation of O atoms enabled a semiquantitative
analysis of the three-dimensional (3D) distribu-
tion of O vacancies throughout the zeolite spec-
imen. Furthermore, 4D-STEM ptychography
provided ~6.6-nm depth resolution to reveal
the growth mode of MEL zeolite domains along
the b axis of the MFI zeolite. In addition, acquir-
ing a 4D-STEM ptychography dataset did not
require precise focusing of the electron probe,
which considerably improved the efficiency of
obtaining atomic-resolution phase-contrast
images of zeolites and other beam-sensitive
materials.

Comparison of iDPC-STEM and

4D-STEM ptychography

Image simulations were first performed to
demonstrate the superiority of 4D-STEM
ptychography over iDPC-STEM, the state-of-
the-art technique for zeolite imaging. A series
of 4D-STEM datasets were simulated for [010]-
projected zeolite ZSM-5 by varying the specimen
thicknesses and convergence angles (see mate-
rials and methods for details). Ptychography
and iDPC-STEM images were calculated from
each dataset. Regardless of the convergence
angle, when the sample thickness exceeded
12 nm, iDPC-STEM images started to deviate
from the structural model and became diffi-
cult to interpret. By contrast, ptychography
images were robust, displaying substantial
tolerance for variation of up to 40 nm in spec-
imen thickness (Fig. 1A and fig. S1).

We verified the advantage of ptychography
experimentally using specially synthesized
ZSM-5 zeolite crystals. These ZSM-5 crystals
had a highly uniform thickness of 30 to 40 nm
along the b axis, as evidenced by multiple
characterizations (fig. S2), which allowed
a reasonable comparison between iDPC-
STEM and ptychography. The iDPC-STEM
images were acquired using conditions
optimized for zeolite imaging (convergence
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semiangle: 15 mrad; probe current: 2 pA; dwell
time: 10 ps; pixel size: 0.380 A by 0.380 A),
with a total electron dose of ~900 e /A% The
4D-STEM datasets were collected by using a
high-performance hybrid electron microscope
pixel array detector (EMPAD) with a probe
current of ~0.09 pA, scan step of 0.399 A,
and 256-by-256 probe positions. Limited
by the EMPAD frame rate (1000 frames/s),
the specimen was subjected to an electron
dose of ~3500 e”/A? during data acquisition.
However, this dose was still low enough to
preserve the structure of ZSM-5. The iterative
ptychographic reconstruction used the maxi-
mum likelihood (ML) method to update the
exit wave function and the linear least squares
(LSQ) method to update the object and probe
functions (27, 28). Multislice (29) and mixed-
state (30) algorithms were implemented to
address the multiple scattering associated
with thick specimens and the partial inco-
herence of electron probes, respectively. Suc-
cessful reconstruction at low-dose conditions
relies on the best possible initial guess for
the probe function, which can be facilitated
by minimizing aberrations using the data ac-
quisition strategy described in fig. S3.
Unambiguous identification of O in the zeo-
lite framework requires a resolution near 1 A
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and good image contrast, which is rarely achiev-
able with iDPC-STEM, given its sensitivity to
sample thickness and time-constrained fo-
cusing unless the specimen is extremely thin
(20). The iDPC-STEM image taken from ~40-nm-
thick ZSM-5 did not match the [010]-projected
structural model and is difficult to interpret
(fig. S4), which is consistent with the simu-
lation. When the imaging was performed on
the crystal periphery, where the thickness was
~10 nm, the acquired iDPC-STEM image re-
vealed 5-, 6-, and 10-membered rings (MRs)
surrounded by T atoms; however, the O atoms
located between the T atoms remained un-
resolvable (Fig. 1B).

In the ptychographic phase image of ~40-nm-
thick ZSM-5 (Fig. 1C), all of the framework
atoms, including O atoms, are unequivocally
resolved. This image exhibited high precision
in matching the projected structural model
(Fig. 1D) with structural information trans-
ferred up to 0.85 A, as determined from its
Fourier transform pattern (fig. S5). By com-
parison, the highest resolution achieved in
the STEM imaging of zeolites in the past
was ~1 A (3I). Notably, the 4D-STEM data
were collected at a high magnification
after only coarse focusing at low magni-
fication. Ptychography reconstruction re-

Fig. 1. Comparison of iDPC-STEM
and 4D-STEM ptychography.

(A) Simulated iDPC-STEM (top) and
4D-STEM ptychography (bottom)
images of ZSM-5 along the [010]
axis with varying thicknesses, as
indicated, under a convergence
semiangle of 15 mrad. (B) iDPC-
STEM image of ZSM-5 along the [010]
axis, with a specimen thickness of
~10 nm. (C) 4D-STEM ptychography
image of ZSM-5 along the [010]
axis, with a specimen thickness of
~40 nm. (D) The [010]-projected
structural model of ZSM-5. The
yellow arrows in (C) and (D) indicate
several O atomic columns in the
framework, which are not resolved
in (B).

vealed that the electron probe was ~35-nm
defocused (fig. S6), which could not provide
atomic resolution using conventional STEM
modes. For beam-sensitive materials, an advan-
tage of 4D-STEM ptychography is not needed
to fine-tune the beam focus.

Similar results were obtained when ZSM-5
was imaged along the [100] axis. Thin speci-
mens in this orientation were obtained by
crushing commercial micrometer-sized ZSM-5
crystals into small fragments. Although the
exact specimen thicknesses were unknown,
we selected the highest-quality iDPC-STEM
and ptychographic images obtained for com-
parison (Fig. 2, A and B). In this projection,
four closely spaced T atomic columns (T-T
distances: 0.8 to 1.8 A; Fig. 2C) were indis-
cernible in the iDPC-STEM image (Fig. 2A) but
were clearly separated in the ptychographic
image (Fig. 2B), owing to the higher resolution
achieved by ptychography compared with

iDPC-STEM (fig. S5). The SEpATGHOMOHIESe)
four atomic columns had not previously been
(@SHieveabyAmaging When used for other types

of zeolites—such as(ENINER) which has unusual
11-MR channels—4D-STEM ptychography also
demonstrated higher resolution than iDPC-
STEM and the ability to identify framework
O atoms (Fig. 2, D to F).

2 of 6

€202 ‘2 ReIN U0 SeD 'SOBAUd [eaIWsYD JO 8INHISU| Leled Te BI0'8ous oS Mmmy/SARY WO} Papeo|UMOQ


w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮

w11
高亮


RESEARCH | RESEARCH ARTICLE

a0

LA s
RS R

IR I

TR
TILEETE R
2

Resolving adsorbed molecules

and oxygen vacancies

We used 4D-STEM ptychography to image ZSM-5
with adsorbed p-xylene (PX) molecules. The
reconstructed ptychographic image displays
rod-like and dot-like contrasts within the
straight 10-MR channels (Fig. 2G), which are
typically interpreted as adsorbed aromatic
molecules in vertical and nearly horizontal
configurations, respectively (19, 32). However,
the dot-like contrast is likely caused by the
projection effect that results from the presence
of multiple vertically adsorbed PX molecules
with varying in-plane orientations. Whereas
previous studies have reported similar obser-
vations using iDPC-STEM (19, 32), the ultrahigh
spatial resolution of 4D-STEM ptychography
allows for more precise determination of the
molecular orientations. As shown in Fig. 2G,
the PX molecules pointing to the T atom, the
O atom, and the middle of the T-O bond were
all identified. The diverse orientations of ad-
sorbed molecules imply the presence of com-
plex host-guest interactions in zeolites that
are caused by their inhomogeneous chemi-
cal environments.
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Interestingly, we observed that the 10-MR
channels with rod-like contrast displayed a
more elongated shape (higher ellipticity) com-
pared with those with dot-like contrast (fig.
S7). This finding suggests that ZSM-5 has a
flexible framework that can undergo local defor-
mation in response to guest-molecule adsorp-
tion. However, we also noted the coexistence of
10-MR channels with markedly different ellip-
ticities in pristine ZSM-5 without any adsorbates

in ZSM-5 is in-
triguing, a definitive causal relationship between
channel shape and molecular orientation has
yet to be established.

Zeolites have Bronsted and Lewis acidity,
both of which play vital roles in catalysis. The
O vacancies generated by framework dehydra-
tion during high-temperature calcination is gen-
erally considered to be a major source of Lewis
acidity, whereas direct observation of O vacan-
cies in zeolites has not been realized to date.
The ability of 4D-STEM ptychography to image
O atomic columns in the zeolite framework
also enabled the identification of O vacancies.
To demonstrate this application, we collected

(fig. S8). Thus, although the the (GBSEIVAtIONOD
‘inhomogeneous channel shape
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Fig. 2. Subangstrom imaging
of zeolites and adsorbates
using 4D-STEM ptychography.

o &

'” { ;:-é‘—c? { :ﬁ;‘c {. (A and B) iDPC-STEM (A) and
‘e ' c?‘?'f{"(@‘:b '13,‘:?"32','“:‘ 1 b';h 4D-STEM (B) ptychography images
l) \a-)?qio‘ \51?64' of ZSM-5 along the [100] axis.
- bysaedy Aard, Spsde | (C) The [100)-projected structural
B ALY T ML T T H NS model of ZSM-5. The orange
4 Yo bl oA Lo N . . "
A RN b ellipses in (A) to (C) highlight the

same positions, where four closely
spaced columns of T atoms are
resolved in (B) but not in (A).

(D and E) iDPC-STEM (D) and
4D-STEM (E) ptychography images
of EMM-17 along the characteristic
11-MR channel direction (i.e., the
[001] axis). (F) The [001]-projected
structural model of EMM-17. The
yellow arrows in (E) and (F) indicate
several O atomic columns in the
framework, which are not resolved
in (D). (G) 4D-STEM ptychographic
image of ZSM-5 with adsorbed PX
molecules along the straight 10-MR
channel (i.e., the [010] axis). The
square regions labeled |, II, and Ill are
enlarged on the right to reveal

the subtly different orientations

of the PX molecules, as reflected
by the rod-like contrast in the
channels. The arrows are used as
visual guides.

4D-STEM data from a ZSM-5 sample with a
Si/Al ratio of ~100 along the [010] axis and
reconstructed its phase image using the multi-
slice ptychography method described above.
The reconstruction result consists of seven
slices, each with a thickness of 4 nm (two unit
cells); thus, the imaged area is ~28 nm thick.
‘We precisely identified the T and O atomic col-
umns in each slice using an image-recognition
software (see fig. S9), which were subsequently
used for intensity analysis.

The intensity distribution of T columns
plotted from the experimental ptychographic
image was consistent with the simulation based
on the defect-free ZSM-5 structure, both of
which displayed a 3% coefficient of variation
(Fig. 3A). By contrast, the O columns in the ex-
perimental ptychographic image exhibited a
more pronounced intensity fluctuation than
the simulation result (coefficient of variation:
7 versus 5%; Fig. 3B), GlEScstnNBNCIDICSeNce
(CEIONEEAHEESNin the actual sample.

To explore the effect of O vacancies on the
intensity of O columns, we performed image
simulations using a series of [010]-projected
ZSM-5 structural models, which were 4 nm
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L1

MFI/MEL

Fig. 3. Identification of O vacancies in ZSM-5.
(A and B) Intensity histograms of T columns (A) and
0 columns (B) in the experimental (green) and
simulated (orange) ptychographic phase images; ¢ is
the standard deviation, and u is the mean. The
intensities are normalized by u. The statistics are
based on more than 1000 atoms. (C) Intensity variation
of 36 O columns in the experimental ptychographic
images. The image with the atomic index is presented
in fig. S10. The intensity of each column is normalized
by the maximum intensity in the 1-nm range. The
light green region represents the intensity range of the
0 columns in the simulated ptychographic image using a
vacancy-free model. The light yellow and red regions
mark the intensity ranges of O columns that contain one
and two O vacancies within a thickness of 4 nm,
respectively. The model used for simulation is presented
in fig. S11, and the intensity data are listed in table S1.
In the experimental images, the columns with an intensity
less than than the lower bound of the red region are
identified as vacancy-containing columns. (D) Distribution
c of O vacancies identified by this method throughout
Y. the investigated region. The red dots represent identified
~  columns containing O vacancies. L1 to L7 refer to

layer 1 to layer 7.

28 nm

Fig. 4. Intergrowth of MFI and MEL phases in three
dimensions. (A) 4D-STEM ptychography image displaying
extra T atoms (indicated by the magenta arrows) relative

to the typical MFI framework. The yellow dashed rectangle
indicates the region analyzed in Fig. 5A. (B) Structural
projections of straight 10-MR channels of MFI and MEL and
their superposition. The letters i and m denote inversion and
mirror symmetry, respectively. (C and D) Second (C) and
fourth (D) slices of the multislice ptychography reconstruction
result. Raw images are provided in fig. S16. The entire
reconstructed volume is presented in movie S1 to display
slice-by-slice structural changes. (E) At the top is an enlarged
image from the region in (D) outlined by the yellow dashed
rectangle, which shows the interface of MFI and MEL within
the pentasil chain. The middle and bottom panels show a
structural model of the interface that is viewed along different
orientations, in which T atoms of MFI and MEL are all kept at
the interface to demonstrate minimal mismatch. The ellipses
highlight the columns at the interface. (F) Structural model

of MFI-MEL intergrowth projected along the c axis. (G) The
region enclosed by the magenta rectangle in (F) projected
along the a axis, displaying the disconnected silanol-terminated
interface perpendicular to the b axis. In (F) and (G), red

and pink spheres represent O and H atoms, respectively. Green
and orange spheres represent T atoms in MFI and MEL,
respectively.
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Fig. 5. Depth resolution achieved by 4D-STEM ptychography imaging of
zeolites. (A) Slice-by-slice analysis of the region highlighted by the yellow dashed
rectangle in Fig. 4A. Each slice is 4 nm thick. The green and orange circles mark
the T columns in MFI and MEL, respectively. (B) Depth resolution estimation based
on intensity profiles. Normalized intensities at the two locations indicated by

the green and orange circles in (A) were extracted from seven successive slices and
plotted as a function of their depth positions. The intensities were normalized by
their mean values. The intensity variations at the two locations, represented by green

thick and contained eight O sites in each O
column, with varying degrees of O vacancy. The
results indicated that one O vacancy within
a thickness of 4 nm could not be reliably de-
termined because the intensity reduction it
caused was within the intrinsic intensity fluc-
tuation of ZSM-5. When two or more aligned
O vacancies were within a thickness of 4 nm,
the resulting intensity reduction was sufficient
for a reliable assignment (Fig. 3C).

We analyzed the ptychographic image of
the ~28-nm-thick ZSM-5 slice by slice to ren-
der a 3D distribution of O vacancies within
the crystal (Fig. 3D and fig. S12). Based on the
simulation results (Fig. 3C), we established a
relative intensity threshold of 81% to identify
O vacancies. The result revealed that the im-
aged region of the zeolite contained a O va-
cancy concentration of ~51 pumol/g, with 58%
of these O vacancies exposed to the straight
10-MR channels (table S2). It should be noted
that the concentration of O vacancies obtained
using this method needs to be treated with
caution and preferably confirmed by other
characterization techniques because the re-
sult is sensitive to the choice of intensity
threshold. For instance, if a relative intensity
threshold of 80% is chosen, the concentra-
tion of O vacancies is ~24 umol/g (fig. S13).
Probe-assisted nuclear magnetic resonance
(83-35) and infrared spectroscopy of adsorbed
pyridine (Py-IR) (36, 37) are commonly used
techniques for identifying and quantifying
Lewis acid sites in zeolites that are closely
related to O vacancies. The Py-IR method was

Zhang et al., Science 380, 633-638 (2023)
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used to determine the concentration of Lewis
acid sites in the investigated ZSM-5 sample.
The resulting value was ~35 umol/g (fig. S14;),
which is in reasonable agreement with the
concentration of O vacancies determined by
4D-STEM ptychography.

Intergrowth of MFI and MEL zeolites

Diffraction-based characterizations have re-
vealed that ZSM-5 and ZSM-11 often coexist in
synthetic products because they are similar in
topology (MFI and MEL, respectively) (38, 39).
However, it is challenging to determine the
exact coexistence state, such as whether they
are mixed or intergrown, and how the minor
(PHESENSIGISRBHIEd relative to the major phase.
The only direct evidence for the intergrowth
of MFI and MEL by electron microscopy was
obtained from a 2D single-unit cell-thick zeo-
lite membrane, in which the two phases were
interconnected along the a axis of MFI, form-
ing an interface parallel to its ¢ axis (40). How-
ever, conventional electron microscopy imaging
has insufficient resolving power in the depth
direction to explore the 3D intergrowth of
zeolite crystals.

‘We demonstrate that electron ptychography
provides a solution to this problem through
the use of a zeolite material containing a pri-
mary phase, MFI, and concomitant phase, MEL,
with an overall Si/Al ratio of ~90 (see mate-
rials and methods for the synthesis method).
A comparison between experimental powder
x-ray diffraction (PXRD) and PXRD simula-
tion based on random-stacking disorder (41)

and orange dots, are fitted with the error function. The full width at half
maximum of the derivative (dashed lines) of the fitted error function is defined
as the depth resolution. (C) Lateral and depth resolution reported for various
3D electron microscopy imaging methods. Tomo, Sectioning, Ptycho, and
Ptycho-Tomo denote tomography, high-angle annular dark-field STEM depth
sectioning, ptychography, and ptychographic tomography, respectively. The red
dashed circle indicates the depth resolution of the ptychographic phase image
that was reconstructed from a simulated 4D-STEM dataset.

indicated that MEL constitutes 10 to 20% in
the material (fig. S15). The 4D-STEM ptycho-
graphic image of this material revealed subtle
deviations from the typical structural pro-
jection along the MFI b axis, where there
appeared to be some extra T atoms in the
pentasil chain (Fig. 4A). The identification of
(EXEAIIIAIGHS indicated the presence of an-
other structure besides MFI in the projection
direction. Based on the PXRD results, we spec-
ulated that the imaged zeolite crystal con-
tained MFI and MEL structures along the MFI
b axis. The two structures of the pentasil fam-
ily differ only in how the pentasil layers are con-
nected (inversion symmetry for MFI versus
mirror symmetry for MEL), and their stacking
along the b axis resulted in a perfect match of
the structure projection to the ptychographic
image (Fig. 4B).

Because the reconstructed ptychographic
image consisted of seven 4-nm-thick slices,
o CAICHIISHCEBYSIEEAMAIYSIS 2110 wed us to
confirm the (fifSEEIOWERICHIVENGHANIED
along the b axis while probing their interfaces
in the a-c plane at atomic resolution (movie
S1). In the first two slices, a narrow MEL do-
main consisting of only two pentasil chains
was observed, sandwiched by MFI domains
(Fig. 4C). In the fourth slice, the MEL domain
expanded, resulting in the EETCIationNoia
OSVIMIFEMVIERNRTEIAce within the pentasil

chain (Fig. 4D). These observations confirmed
that MEL and MFI structures were (e

Figure 4, C and D, displays how MFI and MEL
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structures were interconnected in the a-c plane.
Along the a axis, the two structures were per-
fectly interconnected by sharing a pentasil
chain without generating strain or defects,
which was consistent with the previous obser-
vation (40).

The connection of the two structures along
the ¢ axis (that is, within the pentasil chain)
could adopt three possible configurations (fig.
S17), of which the one with the least interfacial
mismatch was observed (Fig. 4E). Although
the MFI-MEL interface perpendicular to the
b axis could not be directly observed from
ptychography given the limited depth reso-
lution, it could be deduced based on the de-
termined orientation relationship. When viewed
along the c¢ axis, the interface displayed alter-
nating “connected” and “disconnected” re-
gions along the a axis, each with a width of
one-half the unit cell parameter a (Fig. 4F
and fig. S18). The disconnected interface could
not accommodate additional TO, tetrahedra
and should be terminated by dangling silanol
groups (Fig. 4G).

Depth-resolution analysis

The depth resolution of 4D-STEM ptychography,
which is affected by imaging conditions and
reconstruction parameters, must be determined
explicitly for a given system. Using the 4D-
STEM data acquired in this study and the
LSQ-ML multislice algorithm, the minimum
slice thickness for stable reconstruction was
4nm, which defined the upper limit of depth
resolution. The distinct structures of the two
slices separated by 8 nm demonstrate a depth
resolution better than 8 nm. To more precisely
determine the depth resolution, we analyzed the
intensity variation of two T atomic columns in
seven consecutive slices spanning from one
side of the MEL-MFI interface to the other,
where the two studied columns were from
MEL and MFI (Fig. 5A). In the interface re-
gion (i.e., slices 3 and 4), the two columns
interfered in intensity because of the limited
depth resolution (Fig. 5A). The two intensity
profiles were fitted with error functions and
their derivative curves were then derived (Fig.
5B). The full width at half maximum of the
derivative curve, which is generally defined as
the depth resolution, was measured as ~6.6 nm
(Fig. 5B). By using a 4D-STEM dataset simu-
lated at a total electron dose of ~3500 e’/AZ, a
better depth resolution of ~3.5 nm could be
achieved based on the same determination
method because of the absence of experimen-
tal errors (fig. S19).

‘We compared the results of 4D-STEM ptycho-
graphy in this study with previous results ob-
tained using various 3D imaging methods in
terms of lateral resolution, depth resolution,
and consumed electron dose (Fig. 5C). Elec-
tron tomography can provide atomic resolution
in three dimensions (42, 43). Optical section-

Zhang et al., Science 380, 633-638 (2023)
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ing with high-angle annular dark-field STEM
can generate subnanometer depth resolution
with dense focal series (44). However, these
two methods require very high electron doses,
typically millions of e /A2, and are unsuitable
for beam-sensitive materials (Fig. 5C and table
S3). Ptychographic tomography exhibited ~2-nm
resolution in three dimensions at low-dose
conditions (Fig. 5C) (45).

Discussion

This study demonstrated that 4D-STEM multi-
slice ptychography represents an efficient
low-dose 3D imaging technique that exhibits
excellent tolerance to the specimen thickness
while not requiring precise focusing. These
advantages make 4D-STEM multislice ptycho-
graphy broadly applicable and particularly
useful for imaging beam-sensitive materials.
The lateral and depth resolutions achieved in
this study are ~0.85 A and ~6.6 nm, respectively,
using a total electron dose of ~3500 e /A%
This performance has enabled an investiga-
tion of the intrinsic structural and composi-
tional inhomogeneity in zeolites, including
guest-molecule orientations, O vacancies,
and multiphase intergrowth. The simulations
indicate that under the imaging conditions
that were used, the depth resolution can, in
principle, be improved to ~3.5 nm. We be-
lieve that combining multislice ptychography
with tomography is worth exploring be-
cause of its potential to further enhance 3D
resolution.
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Editor’'s summary

Zeolite structures are prone to structural and compositional inhomogeneities that can cause batch-to-batch variations
in applications. However, imaging these variations is difficult in transmission electron microscopy (TEM) because
zeolites are prone to electron beam damage at the doses needed for atomic resolution. Zhang et al. found that
electron ptychography based on low-dose four-dimensional scanning TEM data could achieve subangstrom resolution.
The authors resolved individual oxygen atom columns in various zeolites with specimen thicknesses of up to 40
nanometers and mapped the distribution of oxygen vacancies throughout a zeolite. Complex intergrown structures
between different zeolite phases were also imaged. —Phil Szuromi
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