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Noninvasive Nanoscopy Uncovers the Impact of the
Hierarchical Porous Structure on the Catalytic Activity of
Single Dealuminated Mordenite Crystals
Alexey V. Kubarev,[a] Kris P. F. Janssen,[b] and Maarten B. J. Roeffaers*[a]
Spatial restrictions around catalytic sites, provided by molecular-sized micropores, are beneficial to reaction selectivity but
also inherently limit diffusion. The molecular transport can be
enhanced by introducing meso- and macropores. However, the
impact of this extraframework porosity on the local nanoscale
reactivity is relatively unexplored. Herein we show that the
area of enhanced reactivity in hierarchical zeolite, examined
with super-resolution fluorescence microscopy, is spatially restricted to narrow zones around meso- and macropores, as observed with focused ion-beam-assisted scanning electron microscopy. This comparison indicates that reagent molecules efficiently reach catalytic active sites only in the micropores surrounding extraframework porosity and that extensive macroporosity does not warrant optimal reactivity distribution
throughout a hierarchical porous zeolite.

Nanoporosity1 ensures an optimal interaction between a heterogeneous solid catalyst and a reaction mixture.[1] The resulting
large specific surface area, in combination with a high density
of active sites, enables the effective use of the entire catalyst
1

Porosity-describing terms are used according to IUPAC recommended classification: “micropores” for pore sizes up to 2 nm, “mesopores” for sizes of 2–
50 nm, and “macropores” for pores larger than 50 nm.[2] “Nanopores” is used
as an overarching term for all pores with a size in the nanometer range (up
to 100 nm). Extraframework porosity refers to meso- and macropores that
are not part of the zeolite’s crystal structure and that, in this case, are introduced by postsynthetic zeolite modification.
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particle volume. Depending on their diameter, pores can play
several important roles in the heterogeneous catalytic process.
Molecular-sized micropores provide spatial restrictions for reagent and/or product molecules around the catalytic active
site, and this gives rise to the unique ability to control the reaction outcome on the basis of molecular dimensions. Ideally,
these pores are an inherent feature of the crystalline framework ordering, as this would lead to reproducible and uniform
pore dimensions, as in the case of zeolites. Such shape-selective zeolite catalysts are widely employed in numerous industrial processes.[3, 4]
However, an inherent drawback of these molecular sieve catalysts is restricted diffusion, which often leads to suboptimal
crystal volume utilization and accelerates catalyst aging.[5]
These intracrystalline diffusion limitations can be overcome
through the introduction of larger extraframework meso- and
macroporosity into the solid catalyst, which enhances the effectiveness.[6] Perturbation of the periodic crystal structure
during creation of a hierarchical porous catalyst can, however,
also cause undesired changes in the catalyst’s properties or
affect the catalytic reaction conditions. For example, at the
level of the catalyst’s properties, decreased structure density
and modifications of the chemical composition can lead to
a decrease in the density of active sites. At the reaction level,
there is a possibility of side reactions occurring on active sites
in the larger extraframework pores, which leads to partial loss
of micropore-induced shape selectivity. Whereas the overall
effect of meso- and macropore introduction on catalytic performance has thoroughly been investigated at the ensembleaveraged scale level,[6] the direct impact of extraframework porosity on the local, nanoscale reactivity remains relatively unexplored.[7] Nonetheless, small-scale, microscopy-based investigations seem especially essential in view of several recent studies, which revealed the major impact of structural and compositional heterogeneities on the catalytic performance within
and between individual catalyst particles.[7–15]
Dealuminated mordenite zeolites are well-known and widely
used hierarchical porous catalysts.[16, 17] In addition to the intrinsic unidimensional framework microporosity of the mordenite
zeolite structure,[18, 19] postsynthetic dealumination can further
introduce extraframework meso- and macroporosity.[20, 21] It is
commonly assumed that such extraframework porosity provides more efficient access to the inner micropore volume.
However, single-crystal studies of these materials are few, and
none have made the direct link between extraframework pore
structure and local catalytic activity.[22–25] For these reasons,
dealuminated mordenite can be considered an ideal model
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system for the nanoscale study of hierarchical porous systems.
To reveal the effect of the extraframework porosity on the
local catalytic activity, we opted to apply two complementary
microscopy techniques. Direct extraframework porosity visualization inside a zeolite crystal was performed by scanning electron microscopy (SEM) assisted by focus ion-beam (FIB) milling;
this approach is particularly suited for detailed structural characterization of catalyst particles not transparent to the electron
beam.[7, 26, 27] Next, the local catalytic activity was imaged by
confocal and super-resolution fluorescence microscopy at the
single crystal and single catalytic turnover levels.
For this study, we employed an industrially produced dealuminated synthetic acid mordenite sample. High-resolution SEM
is in its nature a surface characterization technique that does
not allow the direct exploration of the dealumination-induced
extraframework porosity inside a zeolite crystal. For this
reason, we resorted to focused ion-beam milling to slice the
zeolite crystal in a very precise way, thus exposing the interior
of the material for SEM observation (Figure 1). A diagonal section of the crystal was made with a beam of Ga + ions (Figure 1 B). Magnification of the freshly uncovered crystal interior
reveals an extensive system of macropores running throughout
the crystal (Figure 1 C, D).

Figure 1. SEM images of A) the intact dealuminated mordenite crystal and
B) the side view, C) the front view (white rectangle indicates area of
panel D), and D) a highly magnified front view of the FIB-cut dealuminated
mordenite crystal. Note that some curtaining effect of the FIB sectioning is
visible as straight lines running from the top to the bottom of the crystal
section.

In contrast to multiple earlier single-crystal studies, for
which a random and irregular orientation of meso- or macropores in hierarchical zeolites was seen,[22–25, 28–30] in this crystal
the similarly highly and randomly porous core is complemented by distinct radial pores extending from the center of the
crystal to its edges. Next, 10 consecutive images were acquired
by shaving approximately 3 nm per slice of the exposed zeolite
surface by using the FIB, which allowed evolution of the local
3 D extraframework porosity to be traced and represented (Figure S1, Supporting Information). The observed bimodal poresize distribution is likely a result of uneven dealumination conditions for different parts of the crystal.
ChemCatChem 2015, 7, 3646 – 3650
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One could expect extended extraframework macroporosity
to result in an improved catalytic performance of the zeolite
crystals’ interior as a result of strongly enhanced molecular
transport. However, depletion of framework aluminum might
offset this beneficial effect, as a loss in the associated acid sites
could result in a reduction in catalytic performance. Moreover,
the observed bimodal pore distribution might give rise to
a more complicated situation, such as limited accessibility of
the potentially active core by diffusion of the reagent through
radial pores.
To investigate the effects of dealumination and the resulting
extraframework porosity on catalytic performance at a scale
compatible with the previous SEM nanoscopy, we relied on
super-resolution fluorescence microscopy. The local activity
inside catalyst particles can be resolved by monitoring the
fluorescence signal originating from the conversion of fluorogenic reactants into fluorescent reaction products.[8, 14, 31–40] Furfuryl alcohol was used as reactant because it fits inside the
mordenite framework micropores and because acid-catalyzed
oligomerization leads to the formation of fluorescent oligomers.[32, 41] We focused on the initial reactivity, as we were interested in the impact of the enhanced molecular transport in
the extraframework porosity on the catalytic performance; all
fluorescent microscopy observations were performed within
the first 20 min after reagent addition. Further, this minimized
the effect of pore blocking by formed reaction products. Confocal laser-scanning microscopy (CLSM) allows the fluorescence
intensity in a 1 mm thick layer of a crystal to be measured and,
hence, allows the local catalytic performance to be evaluated
(Figure 2).
The measured activity profile closely matches the porosity
pattern observed with FIB-SEM. Stepwise shifting of the focal
plane allows the intracrystal activity distribution throughout
the whole crystal volume to be observed. The uncovered 3 D
reactivity profile also shows similar activity patterns throughout the entire crystal (Figure 2 A). According to previous research, we know that acid site distribution in such crystals
does not follow the observed fan-shaped linear pattern.[10]
Therefore, these results clearly show that the entire crystal
volume is not available for reactant molecules despite the extensive extraframework porosity. Although the observed elongated zones of catalytic activity follow the same pattern as the
extraframework pores, the resolution of the CLSM is diffraction
limited and prohibits accurate zone size estimation. Furthermore, the registered fluorescent intensity is not linearly dependent on the chemical reaction rate owing to uneven accumulation of fluorescent product and variance in the number of
emitted photons per molecule.
To address these issues, we applied nanometer accuracy by
stochastic chemical reactions (NASCA) microscopy, which is
super-resolution fluorescence microscopy that enables direct
reactivity quantification. NASCA microscopy relies on the mathematical localization of single fluorescent reaction products to
circumvent the diffraction-limited resolution of typical far-field
fluorescence microscopy.[41–43] This localization enables accurate
pinpointing of the reaction product molecule down to a precision of 10 nm. By registering the exact locations of successive,
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Figure 2. Confocal laser-scanning microscopy microphotograph of furfuryl
alcohol oligomers obtained and accumulated within the mordenite crystal.
A) Fluorescence image slice (middle of the crystal, depth of field is approximately 800 nm). B) Transmission image. C) Optical sectioning of the crystal.
Z-scan was performed with a step size of 1 mm in the axial direction. The
white border outlines the slice presented in large in panel B. False color
scale shows the observed fluorescence intensity, scale bar: 3 mm.

veals that these highly active zones have a characteristic width
of (110  40) nm (Figure 3 B).
This size is larger than the localization precision, which
ranges from 10 to 50 nm, and this indicates that active zones
might correspond to either the macropores or to the microporous zones of the crystal that border the mesopores. Therefore,
the question as to where the reaction happens—in the extraframework macropores or in the original micropores of the
mordenite structure—remains unanswered. In an effort to distinguish between both possibilities, we used polarization-resolved fluorescence microscopy measurements, which yield
direct insight into the spatial orientation of the product molecules with respect to the underlying pore system. To this end,
we used linear polarized excitation light instead of typical circular polarization (Figure 4). Compared to the situation for
which the excitation light polarization was perpendicular to
the micropores direction (Figure 4 E, F), linearly polarized light
parallel to the crystal’s micropores could excite 4.1 times more
molecules (Figure 4 C, D). Thus, most of the fluorescent reaction
product molecules are observed in the micropores, in which
they are highly aligned. In contrast, reactivity inside the extraframework pores, in which molecular orientation is more
randomized, is limited (Figure 4 B, D, F). This observation agrees
well with the previously reported results of polarization-resolved fluorescence microscopy investigation of other dealuminated mordenite crystals.[10] However, it was never shown that
the observed activity takes place along the micropores directly
outlining the distinct extraframework pores. Additionally, it can
be seen that circularly polarized light of the same intensity excites molecules less efficiently than linearly polarized light parallel to the micropores because of the reduced probability of
absorption (Figure 4 A, B).
Our results show that the reagent molecules can only reach
catalytic active sites in close vicinity of the extraframework po-

individual reaction events, it becomes possible to distinguish
between active and inactive
zones at the nanoscale on the
basis of differences in their observed catalytic activity.
The reactivity map, obtained
from this NASCA approach, is
presented in Figure 3 A for a representative crystal sample, along
Figure 3. Optical microscopy investigation of furfuryl alcohol conversion inside a mordenite crystal. Scale bars:
with the bright-light transmis- 3 mm. A) NASCA reactivity map obtained for 50 Õ 50 Õ 800 nm3 voxels (xyz) for the duration of 500 s; false color
sion image of the same crystal in scale shows the observed relative reaction rate; white rectangle indicates area enlarged in panel B. B) MagnificaFigure 3 C. These reactivity maps tion showing the scatter plot with locations of individual reaction events; yellow lines indicate distances taken for
are 2 D histograms of the distri- region width estimation. C) Corresponding bright-field optical transmission image.
butions of the localized emitters,
reconstructed in 50 Õ 50 nm2 bins. Additional examples can be
rosity. The results prove that the common belief that the exisfound in Figure S2. Similar to the CLSM measurements, the
tence of macropores will invariably result in full accessibility to
spatial reactivity pattern matches the extraframework porosity
the inner microporous structure is not always correct. Even a hipattern observed by FIB-SEM. Precise analysis of the scatter
erarchical porous structure with seemingly extensive macroplot of localized catalytic turnovers inside the zeolite crystal reporosity can lead to suboptimal reactivity distribution throughChemCatChem 2015, 7, 3646 – 3650
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Figure 4. Excitation polarization resolved wide-field fluorescence microscopy
investigation of furfuryl alcohol conversion inside a mordenite crystal. Scale
bars: 3 mm. NASCA reactivity maps obtained for 50 Õ 50 Õ 800 nm3 voxels
(xyz) for the duration of 150 s; false color scale indicates observed relative
reaction rate. A) NASCA reactivity map obtained with circular polarization of
excitation light. C, E) NASCA reactivity maps obtained with linear polarization
of excitation light; white arrows indicate the light polarization. B, D, F) Schematic representation of light-fluorophore interaction in the experiments presented in A, C, and E, respectively. Cyan and magenta waves indicate photons with different orientation of polarization plane, green/gray arrows
stand for excited/not excited fluorophore molecules.

out a crystal. This degree of insight into the catalytic activity
can only be obtained by correlating detailed structural information, for example, from electron microscopy, with high-resolution molecular insight generated by super-resolution fluorescence microscopy. Such single-crystal-level studies provide
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