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Abstract
Zeolites often act as host materials to encapsulate guest molecules to enrich their functions
and applications, particularly in heterogeneous catalysis. Unfortunately, directly imaging guest
molecules residing in the intact microporous structure of a zeolite has long been a challenge.

microscopy (iDPC-STEM) is capable of directly probing guest molecules in zeolites, due to its
sufficient and interpretable image contrast for both heavy and light elements under low-dose
conditions. We first demonstrate this unique ability by imaging volatile organic compounds
adsorbed in zeolite Silicalite-1; we then use iDPC-STEM to investigate molybdenum supported on
various zeolites including Silicalite-1, ZSM-5, and mordenite. We observe isolated single-Mo
clusters in the micropores of ZSM-5, and demonstrate the crucial role of framework Al in driving
Mo atomically dispersed into the micropores. Importantly, the specific one-to-one Mo-Al
interaction makes it possible to locate Al atoms, i.e. catalytic active sites, in the ZSM-5 framework
from the images, according to the positions of Mo atoms in the micropores. Our results indicate
the feasibility of directly imaging guest components in fragile crystals at atomic resolution, paving
the way to investigate host-guest interactions in nanoporous materials in unprecedented detail.
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Introduction
Zeolites contain ordered intra-crystalline micropores that are often used to encapsulate various
guest components (ions, molecules, and clusters) for specific catalytic applications. [1] The welldefined microporous structure is ideal for investigating the interaction between the confined

relationship between the host and guest components.[2] However, although aberration-corrected
electron microscopy has the ability to resolve single atoms, imaging guest components
encapsulated in zeolites remains a considerable challenge, mainly because the crystalline
structure of zeolite can be easily damaged by the electron beam. High-resolution transmission
electron microscopy (HRTEM) performed with ultra-low doses of electron largely avoids the
structural damage issue, but it is tricky to recognize or locate guest components with this
technique because the image contrast obtained with HRTEM is difficult to interpret, as a result
of the complicated effect imposed by the contrast transfer function of the objective lens. [3]
Another commonly used imaging technique, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), is also a poor choice, despite its easily interpretable image
contrast, due to the fact that it only uses a very small fraction of the incident electrons (those
scattered to high angles), producing insufficient signals under the low-electron-dose conditions
required to preserve the fragile structure of zeolites.[4] Consequently, guest components in
zeolites are mostly invisible by HAADF-STEM, unless they are composed of heavy elements with
a high loading. [2a, 5]
Molybdenum (Mo)- supported on aluminosilicate zeolite ZSM-5 (Mo-ZSM-5) is an effective
bifunctional catalyst for the methane dehydroaromatization (MDA) reaction that allows a direct
conversion of methane into aromatics and hydrogen without the participation of oxygen. [6] The
catalytic roles of Mo and ZSM-5 in MDA have been extensively studied, and the most widely
accepted reaction mechanism is the following: during the reaction, the C-H bonds in CH4 are
activated on the Mo sites to yield C2Hx species that are further oligomerized and cyclized on the
acid sites of ZSM-5 to form aromatics. [7] As a standard procedure of preparing the Mo-ZSM-5
catalyst, the mixture of (NH4)6Mo7O24·4H2O (Mo precursor) and ZSM-5 is heated at 700 oC for
several hours to yield Mo (IV) oxide species dispersed in the micropores of ZSM-5. Previous
3

This article is protected by copyright. All rights reserved.

Accepted Manuscript

guest component and the zeolite framework, allowing a better understanding of the synergetic

Angewandte Chemie International Edition

10.1002/anie.201909834

studies suggest that there is one-to-one correspondence between the single-Mo oxide cluster
(Mo(=O)2(OH)+) and the [AlO4]- site in the zeolite framework, when the Si/Al and Al/Mo ratios are
proper. [8] However, these studies are all based on the spectroscopic analysis of X-ray absorption,
Raman, and ultraviolet-visible diffuse reflectance, [9] and a more direct evidence of the presence

far unavailable. On the other hand, if the specific Mo-Al charge interaction, presumably leading
to Mo off center of the micropore, can be visualized by direct imaging, it would be possible to
locate Al atoms in the ZSM-5 framework, according to the positions of the Mo atoms. This has
important implications for understanding zeolite-catalyzed reactions, given that Al atoms in
zeolite framework correspond to catalytic active, Brönsted acid sites, where the reactions take
place. Nuclear magnetic resonance spectroscopy, X-ray diffraction refinement, and atom probe
tomography have been used to probe the distribution of Al among the crystallographically
distinct T-sites in zeolites. [10] However, identifying Al from the surrounding Si atoms in a zeolite
framework by direct electron microscopy imaging has not been achieved in the literature.
In this study, we demonstrate that integrated differential phase-contrast STEM (iDPC-STEM),
[11]

which makes full use of electron beam and has easily interpretable image contrast, is a

powerful tool for imaging guest components in zeolites. Using iDPC-STEM, we successfully
observe volatile organic compound (VOC) molecules adsorbed in zeolite Silicalite-1, and
atomically dispersed, off-center Mo in 10-member-ring micropores in the Mo-ZSM-5 catalyst. In
combination with theoretical modeling, the iDPC-STEM images allow us to locate Al atoms in the
framework of ZSM-5 with a high Si/Al ratio.

Results and Discussion
As an emerging atomic-resolution imaging technique, iDPC-STEM makes use of almost all the
electrons that interact with the specimen to form phase-contrast images, using a segmented
detector (Supporting Information, Figure S1). [11a, 12] It has been established that iDPC-STEM
shows the best contrast and signal-to-noise ratio (SNR), in comparison with standard bright-field
and dark-field STEM modes for the same probe conditions. [11a, 13] The contrast of iDPC image can
4
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be easily interpreted, as it approximately corresponds to the local electrostatic potential field of
the thin specimen being probed. Moreover, iDPC-STEM allows the simultaneous imaging of heavy
and light elements. [11b]
The advantages of iDPC-STEM outlined above make this technique, in principle, an excellent

verify this hypothesis, we first perform low-dose STEM (beam current: 1 pA; total dose: 1128 e/Å 2) to observe freshly calcined Silicalite-1, a pure-silica zeolite with a MFI-type framework, along
its [010] zone axis, and acquire HAADF and iDPC images simultaneously for comparison purposes
(Figures 1a-1b). Note that the employed low-dose condition is necessary to preserve the
structural integrity of zeolites during the observation. The rather ‘noisy’ HAADF-STEM image
(Figure 1a) only shows clearly the primary 10-member-ring (MR) straight channels of MFI;
however, the structural details of the framework (e.g., 6-MR and 5-MR secondary building units)
are blurred, due to the poor SNR associated with the low electron dose. By comparison, the iDPC
image formed by the same electron probe (Figure 1b) shows remarkably stronger signals and
thus sharper contrast, allowing each individual Si atom in the framework to be clearly resolved.
The better resolution of the iDPC image, compared to the HAADF image (1.2 Å vs. 1.6 Å), is
confirmed by Fourier transforms (FTs) of the images (Supporting Information, Figure S2). This
result demonstrates the importance of SNR to the resolving power of the image under low-dose
conditions.
After exposing the Silicalite-1 sample to air for two weeks, we observe it again with STEM,
using identical imaging conditions. Very interestingly, we note that the iDPC-STEM image (Figure
1d) shows a strong contrast in the 10-MR channels. This is strikingly different from the freshly
calcined sample that shows clear and clean channels, without any contrast inside (Figure 1b). The
contrast observed in air-exposed silicalite-1 varies in shape and orientation in different channels
(Figure 1d), ruling out the possibility of imaging artifact. More interestingly, this contrast
disappears from the iDPC-STEM image (the channels return to be “empty”) when we re-calcine
the sample in air at 823 K before STEM imaging (see Figure 1f), suggesting that the contrast is
related to organic compounds that can be removed by calcination. HAADF-STEM images of airexposed and re-calcined Silicalite-1 samples are presented in Figures 1c and 1e, respectively.
5
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Figure 1c shows no sign of guest molecules existing in the 10-MR channels. Taken together, these
observations indicate that Silicalite-1 adsorbs molecules of volatile organic compound (VOC) into
the 10-MR channels when exposed to the air, and that these guest molecules can be directly
imaged by iDPC-STEM but not by HAADF-STEM. Note that the observed image contrast

probe along the projection direction. The imaging conditions used in this study render a “depth
of field” of ~ 16 nm, as calculated from the convergence angle and the wavelength of the electron
beam.[14] Therefore, we do not claim single-molecule-level sensitivity for our images. We
alternatively probed the absence or presence of guest species in large MFI zeolite crystals by
powder X-ray diffraction (PXRD); the derived difference electron density maps show that the airexposed sample has extra electron density in the 10-MR channels, in comparison with the freshly
calcined sample (SI, Figure S3). This result is in good agreement with our iDPC-STEM observation,
confirming the adsorption of VOC by MFI zeolite. The attempt to identify the exact adsorbed VOC
species with combined thermogravimetry and mass spectrometry is unsuccessful due to their
low contents (SI, Figure S4).
The aforementioned experiments demonstrate the unique ability of iDPC-STEM to visualize
guest molecules in the micropores, under low-dose conditions, inspiring us to use it to investigate
Mo species in a fresh Mo-ZSM-5 catalyst. To do so, we first synthesize a Mo-ZSM-5 catalyst with
Si/Al40 and Al/Mo1 (see Experimental section for synthetic details and Table S1 for specific
compositions), which is supposed to have single-Mo oxide clusters (Mo(=O)2(OH)+) dispersed in
the micropores and bonded to single-Al sites ([AlO4]-) in the framework, according to the
systematic spectroscopic study by Gao et al. [9b] For comparison purposes, we prepare another
sample, Mo-Silicalite-1, following the same procedure except that the support material is puresilica (Al-free) zeolite Silicalite-1. All the peaks in the powder X-ray diffraction (PXRD) pattern of
Mo-ZSM-5 can be indexed to the MFI structure, revealing the absence of a bulk crystalline phase
of Mo in this sample; in contrast, the PXRD pattern of Mo-Silicalite-1 shows additional peaks at
2 = 12.7 and 27.3o that correspond to the (020) and (021) reflections of the MoO 3 phase,
respectively (Figure 2a). The PXRD results indicate that despite the same loading amount (~2.5
wt%), Mo oxide species is highly dispersed (or in the form of small clusters) in Mo-ZSM-5, but
6
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forms bulk MoO3 crystals in Mo-Silicalite-1. The different forms of Mo in the two samples are also
evidenced by Raman spectroscopy. As shown in Figure 2, Mo-Silicalite-1 has two intense Raman
bands at 995 cm−1 and 818 cm−1 that are characteristic of the bulk crystalline MoO3 phase, [9b, 15]
whereas Mo-ZSM-5 gives several broad bands, among which the ones at 969 cm−1 and 982 cm−1

in ZSM-5 channels and bound to surface Si sites, respectively, in the literature. [9b] Our Mo-ZSM5 sample shows a very weak Raman band at 992 cm−1, which is assigned to the Mo-O stretching
mode of single-Mo cluster anchored on double-Al (Al pair) sites. [9b] This result suggests the lack
of adjacent Al atoms in the ZSM-5 sample, which is consistent with its relatively high Si/Al ratio.
Energy dispersive spectroscopy (EDS) elemental mapping performed under STEM shows that
Mo species are concentrated and form large particles (tens of nanometer in size) on Silicate-1
(Figure 2c), but are highly dispersed on ZSM-5 (Figure 2d), confirming the conclusion drawn from
PXRD and Raman spectroscopy. The higher degree of Mo dispersion on ZSM-5 must be related
to its Al species, as this is the only difference between the two support materials. Elemental
mapping also reveals that Al is not uniformly distributed over the entire ZSM-5 crystal, but more
enriched at the crystal periphery, in agreement with other previous studies. [16] Interestingly, the
distribution of Mo is found to coincide with that of Al, indicating a close correlation between Mo
and Al (Figure 2d), and thus the crucial role that the framework Al plays in promoting the Mo
species to atomically disperse into zeolite crystals.
Figure 3a shows an atomic-resolution iDPC-STEM image of freshly prepared Mo-ZSM-5, in
which a weak, yet clearly identifiable, contrast is observed in most 10-MR channels. In
comparison with the case of air-exposed Silicalite-1 (Figure 1d), the contrast observed here is
weaker in intensity but more focused, suggesting a different guest species from VOCs. In fact,
freshly prepared Mo-ZSM-5 (loading Mo on ZSM-5 by heating at 700 C in air) should not contain
VOCs, according to our aforementioned study (Figures 1b and 1f). Moreover, unlike the case of
air-exposed Silicalite-1 where the extra contrast appears at the center of channels (Figure 1d),
the contrast observed in Mo-ZSM-5 is apparently off center of the channels (Figure 3a). In
addition, the iDPC-STEM image of the Mo-Silicalite-1 acquired under exactly the same conditions
shows clean 10-MR channels (Figure 4a). On the basis of these observations and considerations,
7
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we assign this extra contrast in the channels of ZSM-5 to atomically dispersed Mo oxide species
(Mo(=O)2(OH)+) and attribute the “off center” characteristic to its binding to a single [AlO4]- site
in the surrounding framework. This is the first time that a single-atom Mo species has been
directly observed and that its interaction with the zeolite framework been visualized.

channel per unit cell in average. The low Al content combined with the fact that atomic-resolution
image is acquired from ultra-thin area of the specimen increases the probability of seeing only
one Mo cluster in each projected 10-MR channel (Figure 3a). Under such a situation, the one-toone Mo-Al correspondence allows the identification of the single Al site out of 10 T atoms that
comprise the channel, according to the position of Mo. Figures 3b-3d show enlarged images of
three representative channels: empty channel (Fig. 3b), and channels containing a Mo cluster
bound at the T8 site (Fig. 3c) and T1 site (Fig. 3d). The intensity profiles analysis (Fig. 3e) indicates
a marked separation (0.79 Å) in the Mo position between the two channels shown in Figs. 3c and
3d, illustrating that the single-Mo oxide clusters anchor on different T-sites. Therefore, we use
Mo as a probe to locate Al around the 10-MR channel, and make a simple statistic based on the
observations of one hundred channels. Results show that Al most preferentially occupies the T1
site (40%), followed by the T2 and T5 sites, and disfavors the T3 and T6 sites (Fig. 3f). Because the
two opposing T sites around the 10-MR ring (e.g., T1 vs. T7, T2 vs. T8) are overlapping to each other
along the projected [010] direction, they are combined in the statistical analysis. The T sites
preferred by Al in the framework of ZSM-5 have been investigated in the literature, mainly by
single-crystal or powder X-ray diffraction refinement.[10c, 17] Several independent works based on
Cs-exchanged ZSM-5 consistently conclude that Al most preferentially occupies the T7 site.[17] This
conclusion is in agreement with our observation that unfortunately cannot distinguish T7 and T1
sites.
The DFT calculations indicate that the Mo species selectively anchor on the Al sites when
placed in the 10-MR channels of ZSM-5. For a given T site, the calculated binding energy (BE) of
a single-Mo cluster (Mo(=O)2(OH)+) at AlO4 is always higher than that at SiO4 (for instance, BE(Al)
vs. BE(Si) = -2.90 eV vs. -1.35 eV, at the T1 site; BE(Al) vs. BE(Si) = -2.61 eV vs. -1.59 eV, at the T8 site).
The DFT-optimized structural models of empty channel, and channels with the single-Mo cluster
8
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anchored at the T8 and T1 sites are used to simulate the projected electrostatic potential maps,
which show a good match with the corresponding experimental iDPC-STEM images (Fig. 3b).
These results validate the hypothesis that Mo can act as a marker to locate Al in the framework
of ZSM-5.

types of zeolites, using iDPC-STEM. When zeolite mordenite that has larger pores and a higher Al
content (Si/Al6) than ZSM-5 is used as the support (SI, Table S1), Mo is also highly dispersed
throughout the zeolite crystal without the formation of bulk MoO 3 phase, as determined by EDS
elemental mapping and PXRD characterizations (SI, Figure S5). In the high-resolution iDPC-STEM
image, an extra weak contrast is also observed in the 12-MR straight channels (Figure 4b).
Interestingly, the observed contrast is more diffuse and elongated, compared to that obtained
with Mo-ZSM-5. This may be because of the increased pore size and Al content, which favors the
formation of bigger Mo clusters (e.g., Mo2O52+) interacting with Al pairs or leads to the presence
of multiple single-Mo clusters residing in the channels along the projection direction.
It is worth noting that in principle, the Al sites can also be identified by imaging commonly
used basic probe molecules, such as ammonia (NH3) and pyridine, because the basic molecules
specifically bind to the Al sites through acid-base interactions. However, our attempts of imaging
NH3- or pyridine-adsorbed ZSM-5 reveal that NH3 is difficult to identify even using iDPC-STEM,
while chemically adsorbed pyridine molecules can be observed, but their diffuse and blurred
contrast leads to inconclusive assignments of Al sites (SI, Fig. S6).

Conclusions
In this paper, we report the successful imaging of guest components, including physically
adsorbed VOC molecules and chemically bound single-Mo oxide clusters, in the micropores of
various zeolites by iDPC-STEM. Our images provide the first direct evidence of the atomic
dispersion of Mo species, in a Mo-ZSM-5 catalyst. Through control experiments, we demonstrate
that it is the framework Al that promotes the Mo species to disperse into the 10-MR channels of
ZSM-5 through specific Mo-Al interactions. This specific interaction drives Mo off the center of
9
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the channel towards the single Al site, making it possible to distinguish Al atoms from Si atoms,
in the framework, based on the positions of Mo determined from the atomic-resolution images.
Given that the framework Al atoms correspond to Brönsted acid sites, our study provides a
method to locate catalytic active centers in zeolite-catalyzed reactions. We also find that the

encapsulated Mo species. The use of iDPC-STEM opens new opportunities for directly studying
host-guest interactions in real space; its high imaging performance, under low-dose conditions,
is particularly valuable for investigating materials that are unstable under electron beams.

Experimental Section
Preparation of samples
Zeolites Silicalite-1, ZSM-5 (Si/Al40) and Mordenite (Si/Al6) were synthesized following
previously reported procedures. [18] After the synthesis, the zeolite samples were all calcined at
550oC for 6 h to remove organic structural directing agents.
The calcined Silicalite-1 was exposed to air, in ambient conditions, for two weeks, and the
obtained sample referred to as ‘air-exposed Silicalite-1’. The air-exposed Silicalite-1 was calcined
in air at 550 oC for 6h again to remove the adsorbed VOCs, and the obtained sample referred to
as ‘re-calcined Silicalite-1’.
The Mo-ZSM-5 catalyst was prepared by incipient wetness impregnation, using ammonium
heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O) as the Mo precursor. Typically, 0.074 g of
(NH4)6Mo7O24·4H2O was dissolved in 2 mL of distilled water; 1g of calcined ZSM-5 powder was
added into the solution (Al/Mo=1; in molar). After stirring for 2h, the mixture was dried in an
oven, overnight, at 110°C. The obtained powder was dried at 350 oC for 24 h, in flowing air, and
then heated at 10 oC/min to 700 oC and hold at 700 oC for 2h. Mo-Silicalite-1 was prepared
following the same procedure, except that ZSM-5 was replaced by the same amount of Silicalite1 as the support material. Mo-Mordenite was also prepared using the same method, while the
amount of (NH4)6Mo7O24·4H2O was adjusted to achieve Mo/Al=0.20 (in molar).
Electron microscopy imaging conditions
10
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STEM experiments were performed using a double Cs-corrected microscope (FEI Titan Cubed
Themis Z), operated at 300 kV. The microscope was aligned prior to each experiment, using a
cross-grating standard sample. Specimen searching and zone axis alignment were carried out at
a 13000× magnification, under the TEM mode. After alignment of the crystal zone axis, the

acquire iDPC- and HAADF-STEM images simultaneously. The probe current was ~1 pA, pixel size
is 0.2576 Å, and the dwell time is 12 µs/pixel, corresponding to a total electron dose of 1128 e/Å 2. iDPC-STEM images were acquired using a 4-quadrant DF4 detector with a high-pass filter
applied on to reduce the low frequency information, and HAADF-STEM images were acquired
using a HAADF detector. The collection angle of iDPC was set as 5-21 mrad, and the collection
angle of HAADF detector at this experimental condition was 22-135 mrad.
Calculations and simulations
Plane-wave based DFT calculations were carried out on a ZSM-5 unit cell with 96 T atoms and
192 oxygen atoms using the CASTEP code. For Mo-free (zeolite framework alone) geometries, a
single Al site was embedded in the framework at T1 site with a charge-balancing proton at atop
site of the neighboring bridge oxygen. For Mo-containing geometries, monovalent [MoO3H]+
species was included inside the 10-membered ring (MR) in the vicinity of either T1 or T8 site. The
binding energy (BE) of [MoO3H]+ on a T site of the ZSM-5 framework was calculated as BE =
([MoO3H]-ZSM-5 ‒ ([MoO3] + H-ZSM-5). Calculations were based on the Perdew–Burke–
Ernzerhof exchange-correlation functional using generalized gradient approximation. Only the
gamma-point of the first Brillouin zone was sampled due to the large zeolite cells. The geometries
were relaxed upon the convergence tolerances for electronic energy and maximum force of 5 
10-5 eV/atom and 0.1 eV/Å, respectively. The projected electrostatic potential were simulated by
the QSTEM software [19], with point spread function width of 1.8 Å.
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Figure 1. Simultaneously acquired HAADF-STEM (top) and iDPC-STEM (bottom) images of different
silicalite-1 samples: (a, b) freshly prepared (calcined); (c, d) air-exposed; (e, f) re-calcined silicalite-1. The
scale bars represent 1 nm.
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Figure 2. (a) PXRD patterns of ZSM-5, Mo/ZSM-5 and Mo/Silicate-1. Dotted lines indicated diffraction
peaks associated with MoO3 phase, which only appear in the pattern of Mo/Silicalite-1. (b) Raman
spectra of ZSM-5, Mo/ZSM-5 and Mo/Silicate-1. (c-d) HAADF-STEM image (the left panel) and the
corresponding EDS elemental maps (the rest panels, in which the element type is labelled at the upper
right corners) of Mo/Silicate-1 (c) and Mo/ZSM-5 (d).
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Figure 3. (a) A representative iDPC-STEM image of Mo/ZSM-5, showing the presence of off-center contrast
in many 10-MR channels. (b, c, d) Zoomed-in areas 1, 2, and 3 of (a), respectively, corresponding to three
scenarios: empty channel (b), and channels containing a MoO3H cluster bound at the T8 site (c) and at the
T1 site (d). Each panel includes the raw image (top), the calculated structural model (middle), and the
simulated projected electrostatic potential (bottom). Atom color code in structural models: Si, blue; O,
red; Al, green, Mo, pink; H, white. (e) Intensity line profiles of the images in (b), (c), and (d), across the
areas as represented by the red dashed rectangle. (f) Statistics of Al occupancy at different T sites, based
on the results of one hundred channels. The labels “E” and “C” represent empty channels and channels
with an on-center extra contrast, respectively.
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Figure 4. iDPC-STEM images of Mo/silicate-1 (a), and Mo/mordenite (b). No extra contrast is observed in
the 10-MR channels in (a), indicating the absence of atomically dispersed Mo species in Silicalite-1; diffuse
and elongated weak contrast is observed in some 12-MR channels in (b), suggesting the presence of Mo
species in mordenite that are different from those in ZSM-5.
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Guest components encapsulated in the micropores of zeolites can be directly imaged by integrated
differential phase-contrast scanning transmission electron microscopy. This offers an opportunity to
locate Al atoms that represent catalytic active sites in the zeolite framework, based on the positions of
guest molecules determined from the atomic-resolution image.

Keywords: electron microscopy, host-guest systems, heterogeneous catalysis, zeolites
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