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Architecture-Dependent Distribution of Mesopores in Steamed
Zeolite Crystals as Visualized by FIB-SEM Tomography**
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Martyn R. Drury, and Bert M. Weckhuysen*

Zeolites are one of the major pillars of the petrochemical
industry. Their precisely defined porous system, resistance
towards harsh reaction conditions, and excellent acidic
properties make them indispensible in many catalytic pro-
cesses.l"® A handful of industrially relevant zeolites, includ-
ing zeolite Y and ZSM-5, are extensively used in processes
such as hydrocarbon cracking, isomerization, and alkyla-
tion. Therefore, as the unique catalytic properties of
zeolites rely to a great extent on molecular diffusion and
accessibility of acid sites, a great number of studies has
focused on the improvement of these properties.'*!!! Exam-
ples include the synthesis of nanocrystals and exfoliating
layered zeolites.">¥ Although the above-mentioned meth-
ods allow the fine tuning of the material accessibility, the
synthesis complexity and related costs most probably exceeds
the costs of industrially applicable materials.

In contrast, cheap and efficient dealumination by steam-
ing and alkali-based desilication has become an efficient
approach in boosting the molecular uptake of zeolites.'> %!
While both methods are fairly simple in terms of enhancing
the molecular diffusion, until now not much is known about
the uniformity and the size variations of the obtained
mesopores. The main direct approach makes use of electron
tomography (ET) and is still limited to materials not exceed-
ing a few hundred nanometers,"*?") while N, physisorption
measurements only provide average information on the
mesopore volume.” Furthermore, as known from our
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previous study on the molecular diffusion barriers in ZSM-5
zeolites, the crystal’s morphology and internal architecture
define areas where straight and sinusoidal channels are open
to the surface. Consequently, individual zeolite crystals differ
in their overall material accessibility and related catalytic
behavior.>>

Here, we describe for the first time the powerful
combination of focused ion beam (FIB) and scanning electron
microscopy (SEM) tomography to characterize porous solids,
such as zeolites. As will be shown below, the approach leads to
new quantitative insight into the type of mesopores (length,
width, and morphology) generated in steamed zeolites. For
this purpose, we have focused our attention on individual
coffin-shaped ZSM-5 crystals with dimensions of 100 x 20 x
20 um®, in which mesoporosity has been introduced by
steaming.

In a first set of experiments the FIB milled cross-sections
of three distinct regions of the ZSM-5 parent crystal (denoted
as crystal ZSM-5-P) were prepared. The blue and red areas
shown in Figure 1a correspond to the parts of the crystal with
straight and sinusoidal channels open to the surface, respec-
tively, whereas the green rectangle refers to the region where
straight channels are covered by the 90° rotational barrier. As
expected, non-steamed ZSM-5-P does not show any damage
of the different regions of the crystal or the presence of
mesopores, proving that zeolite pretreatment does not
influence the characteristics of the material (Figure 1b). On
the contrary, a study of the near surface regions of the
steamed crystal (ZSM-5-S) depicted in Figure 1¢ shows a
significant influence of the steaming post-treatment resulting
in the presence of vast areas of mesoporosity (yellow
contours).

Examination of the collected images provides clear
evidence of the non-uniform mesopore distribution present
in the three areas of the steamed ZSM-5 sample. More
specifically, region A originating from the tip of the ZSM-5
crystal contains a smaller number of mesopores than regions
B and C. As the cross-sections collected from the near-surface
regions prove the successfulness of the steam treatment, it is
relevant to study mesopore distribution in the center of the
dealuminated crystal in detail. For this purpose, a second
steamed ZSM-5 crystal was investigated. The results are
summarized in Figure 2.

As illustrated in Figure 2¢ and d, dealumination of the
ZSM-5 crystals led to the generation of mesoporosity in the
entire crystal volume. More specifically, regions III and IV
originating from the cross-sections dissected from the middle
depths of the crystal center and tip provide clear proof of the
occurrence of mesopores. Thus, the steaming treatment
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Figure 1. a) Schematic of a ZSM-5 individual crystal from which the FIB cross-sections were milled. Studied areas A—C are highlighted as blue,
green, and red rectangles, respectively. Straight and sinusoidal pores open to the surface are indicated by the orange and light blue areas,
respectively. b) SEM images of the three studied cross-sections (A-C) belonging to the parent crystal, together with the 16x digitally zoomed-in
insertions. Scale bar is 300 nm. c) Same as (b), but for steamed crystal. Recorded mesopores are highlighted in the SEM insertions with the

yellow contours.

employed ensures a successful steaming of the entire pm-
sized ZSM-5 crystals (see Figure S1 in the Supporting
Information for magnifications of regions I-IV) enabling us
to investigate in detail the influence of the internal architec-
ture of the zeolite crystals on the generation and three-
dimensional distribution of mesopores.

In this respect, it is important to note that the cross-
sections collected from the near surface regions (I and II)
exhibit differences in the mesoporosity distribution as com-
pared to the middle depth of the crystal (IIT and IV). In
particular, the SEM image of area I in Figure 2 c demonstrates
the presence of mesopores parallel to the milled crystal
surface. This behavior has been found to be common for the
near-surface areas of the crystal’s center and is observed in
both studied samples (region C in Figure 1¢ and area I in
Figure 2¢). A possible explanation of the above-mentioned
presence of two-dimensional mesoporosity is the damage of
the straight channels open to the zeolite exterior. From
previous studies®?! it is known that the surface of large
ZSM-5 crystals is not atomically flat, but rather consists of
unit cells formed in steps, kinks, and terraces, leading to the
variations of surface height. Therefore, upon steaming the
straight channels parallel to the crystal surface and open to
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the crystal exterior will be susceptible towards aluminum
extraction and translate into mesopores parallel to the crystal
surface in the first few hundred nm of the crystal volume.

To obtain statistical information about the pore size
distribution, both steamed ZSM-5 crystals were imaged with
SEM. A statistical analysis of the two different crystals is
presented in Figure 3a and Table S1, which allow us to
compare the average pore size distribution within the studied
regions A-C.

As shown in Figure 3 a, analysis of the materials revealed
a significant dependency between the crystal region and the
amount and diameter of the generated mesopores. The
dominating mesopores sizes in region A vary between
5.2 nm and 7.8 nm with an average size of all mesopores of
about 6.2 nm. However, a few mesopores up to 20 nm can be
found. Similar analysis of regions B and C reveals that the
average diameter of all mesopores increases to 8.2 and 8 nm,
while the maximal diameters of the mesopores were found to
be 50 nm and 35 nm, respectively. Statistical analysis of the
two steamed crystals revealed that region A contains about
23 % of the overall number of mesopore channels found in all
three studied regions, whereas regions B and C have 40 % and
37% of all mesopores, respectively. Strikingly, as can be seen
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Figure 2. a) Schematic of a dealuminated ZSM-5 crystal with FIB cross-section areas chosen for the SEM imaging near the surface of the material and SEM
images of areas | and Il showing the different stages of the FIB cross-sections milling. Scale bar=5 um. b) Same as (a), but for the cross-sections dissected
from the center of the crystal and areas Il and IV. ¢,d) SEM images of the studied cross-sections of the ZSM-5 crystal tip and the crystal body. Areas
indicated as |-V refer to the location and depth of the cross-sections as shown in (a) and (b). Insertions are 64 x zoomed-in areas indicated by the black
rectangles. Scale bar =400 nm. Recorded mesopores are highlighted in the SEM insertions with the yellow contours.
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Figure 3. a) Normalized diameter of the pores for regions A-C in
Figure 1 showing the dominating population of pores in the 5-50 nm
region. Insertion: zoom-in into the pores above 13 nm. b) An average
length of the mesopores based on approximately 750 reconstructed
mesopores from the volume of steamed ZSM-5 crystal discussed
further (Figure S4). Insertion: zoom-in into the pores longer than

100 nm. The error range for each pore length data point equals =5 nm
(i-e. a slice thickness equal to 10 nm). See Supporting Information for
details on the measurements accuracy.

in Table S1 and Figure S2, the distribution of mesopores sizes
in all regions reveals that more than 84 % of all recorded
mesopores do not exceed 10 nm in diameter.

To better understand the non-uniform dealumination of
the ZSM-5 crystals, local Al distribution has to be discussed.
As the synthesis of the large and well-defined zeolite crystals
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is difficult to control on the chemical composition level,
numerous studies have reported the presence of the Al zoning
within the zeolite material.””! A gradient in the Al (or Si)
content within the material volume would have a significant
impact on the zeolite’s local susceptibility towards the steam
treatment and obscure the understanding of the micropore
orientation influence on the dealumination of ZSM-5. There-
fore it is important to underline that the parent ZSM-5
crystals discussed here contain an equal amount of Al
throughout the crystal,®” allowing the mesoporosity to be
related to the crystals intergrowth architecture.

According to the obtained pore size distribution, meso-
pore generation by steaming is highly influenced by the
orientation of the micropores and thus the internal architec-
ture of the crystal. More specifically, the interior of the
straight channels (open to the surface in the orange regions of
the crystal in Figure 1a; area A) seem to be much more
resistant towards dealumination than the sinusoidal channels
(light blue regions in Figure 1a) exposed to the crystal’s
exterior in region C.?>* Remarkably, region B, being the
area with straight channels sheltered in the parent ZSM-5 by
the 90° rotational barrier (Figure 1a) is not only the part of
the crystal that presents the highest number of mesopores, but
also contains the most heterogeneous mesopore size distri-
bution as compared to the other crystal regions.

Apparently, extraction of the debris originating from
zeolite dealumination is much more hindered within the
straight pores than in the sinusoidal channel, leading to the
varying pore size distribution. Interestingly, upon steaming,
the 90° rotational barrier starts acting as the preferential path
for diffusion and facilitates the debris removal through the
straight pores beneath it. This behavior can be seen by
comparing regions II and IV in Figure 2¢ and d. Here, the
image of the cross-section collected from the near-surface
region consists of a small amount of mesopores (region II),
however, the image recorded from the middle of the same
crystal proves clearly the presence of a high number of
mesopores (regions B in Figure 1a and IV in Figure 2d).
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Figure 4. a) Individual steamed ZSM-5 crystal during FIB-SEM tomog-
raphy. Focused ion beam (top) subsequently removes (10+2) nm
thick cross-sections from the plane normal to the crystal’s surface,
while the electron-beam images of 5x5 um are indicated with the red
square. Insertion shows a steamed crystal after FIB cross-section
milling. b,c) SEM images illustrating the beginning and the end of the
volume studied by FIB-SEM tomography. The difference between the
thickness of the material in images (b) and (c) is 1.5 um. d,e) SEM
images of the first and the last cross-section collected from the
analyzed volume of the steamed ZSM-5.

In view of obtaining 3-D information on the length and
morphology of the mesopores generated in the steamed ZSM-
5 crystals, FIB-SEM tomography was applied as a novel
method for characterization of porous materials. Figure 4
presents the combination of the subsequent FIB milling and
SEM imaging of the crystal. This approach allowed subse-
quent milling and imaging of the steamed crystal’s volume
and visualization of mesopores in 3-D.

Subsequently, a stack of 150 consecutive cross-sections
separated from each other (10 £2) nm with the surface area
of about to 5x 5 um?* was collected (red square in Figure 4a).
Next, the digital SEM images were aligned, and the clearly
visible mesopores were manually identified in all the layers,
leading to the reconstruction of a studied zeolite volume. This
is shown in Figure S3. Following this methodology a 5 x5 x
1.5 um? volume of an individual steamed ZSM-5 crystal was
reconstructed in 3-D, illustrating the presence of approxi-
mately 750 mesopores of length exceeding 10 nm. The result
is given in Figure S4.

However, before the reconstructed volumes will be
analyzed, it is important to point out that mesopores with a
diameter smaller than 10 nm could not be visualized in two
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consecutive micrographs. Therefore, approximately 84 % of
the overall population of mesopores (Table S1) cannot be
resolved by the FIB-SEM tomography and are not included in
the 750 pores discussed further on. Nevertheless, it is
important to mention the impact of the sphere-like meso-
pores with a diameter below 10 nm. Owing to the nature of
their morphology they are only connected through the
micropores and therefore do not significantly enhance the
molecular diffusion.

The lengths of the reconstructed mesopores vary in the
range of 10 to 260 nm, while their width is between 10 and
50 nm. From the visualized population of mesopores (Fig-
ure S4) approximately 630 of them (85 %) are in the range of
10 to 100 nm, while only 1% rises above 200 nm (Figure 3b).
Considering that even the longest recorded mesopores are
enclosed within 250 nm, therefore not longer than the 1.25%
of the average width of the crystals, it is important to
underline the uniformity of the steaming process and
distribution of the mesopores across the whole crystal, as
shown in Figure 2.

To better understand the porous distribution and assess
the average morphology of the studied mesopores, Figure 5
shows a reconstructed representation of the 750x 750 x
200 nm’ subset of the aforementioned volume of the steamed
ZSM-5. Here 11 resolved mesopores with a width ranging
from 15 to 20 nm and a length below 60 nm are shown. As
shown in Figure S3, overlaying of the subsequent FIB-SEM
tomography images allows visualization of the external
contour of the mesopores recorded in the ZSM-5 steamed
crystals. However, to assess the 3-D morphology of the
mesopores, digital meshing of the pores surface is required.
This is illustrated in Figure 5b and c, in which the shape and
form of two examples of mesopores are shown.

From the close investigation of the reconstructed meso-
pores, it becomes apparent that both the position and
morphology are random. However, the long axis of the
mesopores always aligns with the direction of the pores open
to the crystal’s surface (normal to the cross-section plane).
Figure S5 illustrates the above-mentioned relation. Strikingly,
out of the 750 mesopores found in the steamed ZSM-5
crystal’s volume (between 10 and 250 nm), more than 87 %
(blue data points) do not deviate more than 50 nm from the
direction of the sinusoidal micropores opened to the surface,
while only 12 % (green data points) and 1% (red data points)
vary between 50-100 and 100-150 nm, respectively. This
suggests that the majority of the large mesopores are 1-D and
follow the sinusoidal micropores open to the zeolite surface.
Therefore, upon dealumination, the shortest path for debris
removal is chosen.

Summarizing, we have shown the presence, length/width
distribution and morphology of mesopores in steamed ZSM-5
crystals by FIB-SEM tomography. Our novel approach
allowed the visualization of the 3-D distribution of mesopores
and it has been found that sinusoidal zeolite channels are
much more susceptible towards dealumination than the
straight zeolite channels, resulting in an internal architec-
ture-dependent distribution of mesopores within steamed
ZSM-5 crystals. It has been experimentally visualized that the
90° rotational barrier facilitates the dealumination debris
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Figure 5. a) A reconstructed distribution of mesopores in the

750x 750 200 nm’ sub-volume of steamed ZSM-5 crystal. Plane xy is
shown; the upper right corner insertion indicates the orientation of the
xy, xz, and yz planes as green, red, and blue rectangles, respectively.
The x2 zoomed-in area of the section shown in the right bottom
corner of the xy plane shows a group of 11 reconstructed mesopores.
Scale bars =60 nm. Surface of indicated (traced) mesopores is not
rendered allowing visualization of their overlay. b, c) Projection of the
mesopores to the xz and yz planes, respectively. Each layer indicates
the consecutive cross-sections plane recorded by SEM tomography.
Zoomed-in area focuses on two pores with rendered surface. Scale
bars are 50 nm. For more detailed information about the 3-D pores
distribution we refer to Figure S2 and Movie ST.

removal, opens the straight micropores, and enhances the
mesoporosity generation. The long axis of the mesopores
always correlates with the axis of the micropores open to the
crystal’s surface, thus indicating that the shortest path for the
removal of dealuminated material residues is preferred. In
addition, the FIB-SEM tomography method does not call for
lamella preparation and is generally applicable to porous
materials with a thickness beyond hundreds of nanometers.
The method resolution, however, is currently limited to
approximately 5.2 nm, but it can be expected that in the near
future the visualization of smaller mesopores will become
within reach.
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