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Zeolites are commonly known as crystalline porous aluminosilicates with
highly organized and regular arrangements of cavities and channels with
molecular size pore openings. They are constructed by basic building units
TO, (T=Al or Si) through corner-sharing oxygens. They have been extensively
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utilized as the industrial adsorbents and catalysts. Such unique and signifi-
cant properties are closely associated with their crystallographic structures at
the atomic structure. Initially, structural investigations primarily were focused
on the diversity of intriguing zeolite frameworks, including pore openings,

Figure 1. Schematic illustration of inhomogeneous zeolite structure revealed by electron ptychography.

channel dimensionalities, unique composite building units, etc. Traditionally,
such crucial structural information can be extracted from three-dimensional
(3D) diffraction data in reciprocal space (such as X-ray diffraction and elec-
tron diffraction). The average information is then manifested in one single

unit cell. However, in real cases, variations in the composite contents and fine
structures within one single unit cell can be observed. When these inhomo-
geneities are present in the small quantities, they are challenging to detect
using the conventional diffraction methods. Furthermore, these inhomo-
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geneities have a significant impact on the specific properties of zeolites.' For
instance, the intergrowth of multiple polymorphs, where two-dimensional
zeolite layers stack disorderly in the third dimension, can greatly influence the
catalytic performance. Another important type of inhomogeneity is reflected
in the presence of extra-framework Al atoms generated during post-synthe-
sis calcination, resulting in the formation of Lewis acid sites.

The emerging integrated differential phase-contrast scanning transmis-
sion electron microscopy (iDPC-STEM) is considered as the state-of-the-art
imaging technique for zeolites and other beam-sensitive materials. Utilizing
this unique technique, complex stacking disorders of zeolites, fine structures
at the zeolite boundary, guest species within zeolite channels, and the evolu-
tion of structural dynamics in zeolite frameworks can be visualized at the low-
electron dose condition."” However, this technique still suffers from a
requirement for precise electron beam focusing, limited image lateral resolu-
tion due to specimen thickness, and a lack of resolving power along the
projection direction. Therefore, it will lead to a reduced success rate of imag-
ing, the challenges in detecting oxygens within the zeolite framework, and
unsuccessful capture of structural features along the projection direction
using the iDPC-STEM technique, respectively.

Very recently, a research work published in the journal Science, led by Prof.
Zhang and Prof. Han, has revealed that the hidden world of perplexing inho-
mogeneities in zeolite structures can be unraveled using low-dose electron
ptychography based on four-dimensional (4D) STEM data.® Although the
concept of ptychography emerged in 1969 for tackling the crystallographic
phase problem, electron ptychography was hindered by the hardware and the
computing ability. The advent of innovative TEM infrastructures, high-perfor-
mance pixelated electron detectors, and significant advances in computing
power enables researchers to acquire the high-quality 4D STEM data for the
further utilization in the electron ptychography. The Science work conducted
by Prof. Zhang and Han demonstrates that ptychography reconstructed by
maximum likelihood (ML) method combined with multislice and mixed-state
algorithms enables the sub-angstrom resolution with the excellent tolerance
of specimen thickness and defocus values, while also achieving resolving
power along the projection direction, even for the beam-sensitive zeolite
materials. Therefore, inhomogeneities of composite contents and fine struc-
tures in zeolites including orientations of guest species, the deviation of
framework oxygens (O) from the crystallographic sites, and 3D boundaries of
complex intergrowth structure can be visualized through multislice ptychog-
raphy. We would like to highlight three specific applications illustrated in their
work:

1) Due to its remarkable tolerance to specimen thickness and focusing
conditions, multislice ptychography offers ultrahigh lateral resolutions, which
enables the precise determination of orientations of guest species within
zeolite channels (Figure 1). Three orientations (pointing to the T atoms, O
atoms, and middle of the T-O bonds) of p-xylene (PX) were identified in ~40-
nm-thick PX-adsorbed MFI-type zeolite ZSM-5, implying the inhomoge-
neous chemical environments in this sample. In addition, the inhomoge-
neous channel shape in PX-adsorbed and pristine ZSM-5 was also observed.

2) The capability to resolve O atoms within the zeolite framework allows for
analysis of the intensity of O columns (Figure 1). The observed abnormal
intensity fluctuation of O columns suggests that certain O atoms deviate
from their average crystallographic positions. The deviation is likely associ-
ated with the generation of extra-framework Al atoms during the calcination

process. It is important to note that while the term "oxygen vacancy” was
used to describe this deviation in the original contribution, it does not neces-
sarily mean the complete removal of O atoms from the zeolite framework.
Benefiting from the depth resolution, the O vacancies and their distributions
throughout a zeolite were directly observed.

3) ZSM-5 (MFI) and ZSM-11 (MEL) share an identical pentasil 2D layer, but
they stack in a different manner along the third direction. The mirror symme-
try applied to this layer generates ZSM-11, while the inversion center yields
ZSM-5. They frequently exhibit the complex intergrowth within a
nanodomain. Hence, understanding the spatial distribution of ZSM-5 and
ZSM-11 has become an important research topic. Using multislice ptychog-
raphy, the intergrowth manner of ZSM-5 and ZSM-11 along the b-axis was
revealed and the interfaces between ZSM-5 and ZSM-11 in the ac-plane
were also identified at the atomic level. As illustrated in Figure 1, MEL-type
zeolite ZSM-11 domain consisting of only two pentasil chains presents in
slice 2, while such domain expands, generating a new ZSM-5/11 interfaces in
slice 4. Based on the observed information, a structure model with dangling
silanol groups was built to explain the intergrowth of ZSM-5 and ZSM-11.

The groundbreaking research conducted by Prof. Zhang and Han demon-
strates that multislice ptychography is an efficient low-dose 3D imaging
approach for the atomic-resolution structural characterization of beam-
sensitive zeolite materials. It has been successfully utilized to investigate the
inhomogeneity of composite contents and fine structures in zeolites. Notably,
two additional independent studies on this topic were coincidentally
published around the same time.*” The further structural explorations by
multislice ptychography of higher beam-sensitive materials, such as metal-
organic frameworks (MOFs), covalent-organic frameworks (COFs), and hybrid
perovskites, will hold promise. Moreover, with the continuous development of
related algorithms and hardware, the improved depth resolution along the
projection is also expected, which would enable the discovery of even finer
structural features in 3D. Furthermore, While the present time-consuming
electron ptychography is unsuitable for in-situ studies of dynamic processes,
it is anticipated that this limitation will be overcome as data acquisition and
processing capabilities continue to improve.
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