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Using heavy-atom labeling in conjunction with electron microscopy,
we here visualize the distribution of point defects, i.e. internal silanol
groups, in silicalite-1 zeolites at the single crystal level.

Defect sites are among the dominant factors defining the activity,
functionality and stability of heterogeneous catalysts.'”> Among
the manifold catalysts with crystalline structures, zeolites are
a fundamental pillar of the refining and petrochemical
industries.®® These microporous materials find utilization in
catalysis and separation. The type and the density of structural
defects strongly influence the catalytic activity.”" For example,
in the methane to hydrocarbon process, such defects can accom-
modate coke molecules which leads to a more pronounced
deactivation of catalysts.'" In addition, the distribution of struc-
tural defects is also important, since it has an impact on the
structural stability. This is of particular industrial interest as
simple base leaching has been shown to be an effective means to
produce mesoporous or hollow zeolites.'*"* Studies suggest that
the dissolution and thus mesopore formation are mainly driven
by inherent inhomogeneous aluminum distribution'*"* and/or
appearance of defect sites.'®'” The formation of mesopores
preferentially commences at the location of defects, as such an
area is easily attacked and eliminated.

Silicate zeolites attract lots of attention due to their high
thermal stability and hydrophobicity.'®'® Such materials, built
from corner-sharing SiO,- tetrahedra, possess two types of
silanol groups, either located on the outermost surface of the
crystals or within their interior in the micropores. The internal
silanol groups or nests, originating due to the absence of
silicon atoms in the framework, are regarded as a specific type
of point defect of zeolites.>**' Unlike intergrowth and stacking
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faults that have been identified by electron microscopy,?*™>* a

direct observation of local defects with electron microscopy is
rather difficult. This is due to the required spatial resolution,
the low atomic number of silicon, the associated lack of image
contrast, and the sensitivity of zeolite materials to the electron
beam. Fourier-transform infrared (FT-IR) spectroscopy and nuclear
magnetic resonance (NMR) spectroscopy are mainly used to
identify the presence and the density of the silanol groups,>>°
but they do not provide the needed spatial resolution to locate
defects. Moreover, measuring the bulk material that has
numerous crystals only gives an average result, and different
crystals may possess different distributions of silanol defects.
What still remains unsolved is how to visualize the location and
distribution of these defects at the single crystal level. Recently,
with the help of fluorescent or fluorescently labeled species, the
location of real active sites was spatially identified in one zeolite
crystal by fluorescence microscopy (FM).””2° The strategy of
labeling may help to identify silanol defects if we can increase
the contrast between the defective and the defect-free areas
under electron beam conditions.

Herein, we make use of well-defined chemistry and reactivity
of defect sites to visualize the distribution of silanol groups
within individual crystals of silicalite-1 zeolites, and further
disclose the relationship between defects and mesopore forma-
tion. This was made possible by grafting an organic moiety with
an amino functional group onto the silanol defect.**>*" Expo-
sure to a suitable gold precursor resulted in heavy-atom labeled
silicalite-1 with a sufficient image contrast to be observed using
electron microscopy.

Fig. 1a and ¢ show electron micrographs of the S1 (defect-
rich silicalite-1) crystals which were synthesized in basic media.
The crystals have a hexagonal shape of size between 200 and
300 nm. Taking advantage of hybrid pixel detectors in electron
crystallography with a rotation method, our recent work shows
that the S1 crystals are single crystals and not intergrown.*?
After mild leaching in a 0.1 M NaOH solution, mesopores were
introduced (Fig. 1b and d). The preferential dissolution of the
inner part was observed from both TEM and SEM. Furthermore,
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Fig.1 TEM and SEM images of (a and c) the defect-rich silicalite-1 and
(b and d) the corresponding crystals leached in 0.1 M NaOH for 10 h. Scale
bars represent 50 nm (a and b) and 500 nm (c and d). The TEM image in (b)
was recorded in strong underfocus to enhance the pore visibility.

base leaching under more severe conditions leads to the
formation of a hollow-like structure, manifesting a higher
stability of the rim of crystals (Fig. S1, ESIT).>* The crystallinity
increased by 20% after mild leaching (Fig. S2a, ESIT). Regarding
the -OH groups, three main peaks were observed from the
infrared spectrum (Fig. S2b, ESI}), i.e., which can be ascribed to
the external silanols, the internal silanols and the silanol nests.**
The presence of silanol nests and the high intensity ratio between
3726 cm™ " and 3745 ecm ™! (I3756/I3745 & 8.7) implied the existence
of a significant number of defects. The mild leaching eliminated
most defects as the peak intensity at 3726 cm™* and 3500 cm™*
decreased significantly. The 2°Si MAS NMR result also confirmed
the diminution of silanol groups. The Q* (HO-Si-[(0Si);]) group
decreased much upon leaching (Fig. S2c, ESIT).

Organic functionalization of ordered mesoporous materials
has seen significant progress.>>>° Studies have proved that
coupling agents of large molecular size can be more efficiently
grafted than their smaller counterparts.*®™*> However, their graft-
ing onto the internal surface of zeolites is inhibited by the limited
micropore size. To functionalize the internal surface of silicalite-1
crystals efficiently, the size of the coupling molecule should be
tuned to fit zeolite micropores. 3-Amino-1-propanol is selected
here due to its linear structure and reactivity to silanol groups
(Scheme 1).>' The ~-OH group condenses with the silanol group to
form a C-O-Si linkage, fixing the molecule onto the defect site.
The amino group is subsequently used to anchor heavy atoms as
labels. Gold is selected as the marker due to its strong interaction
with the amino groups.****

The main grafting work strictly followed a published paper.**
The weight loading of the organic moiety was measured by
thermal gravimetric analysis (TGA) (Fig. S3a, ESIt). For S1, the
weight loss before 150 °C (1 wt%) can be assigned to the
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Silicalite-1 Functionalized silicalite-1

Scheme 1 An illustration of the functionalization process of silicalite-1.
The silanol groups react with 3-amino-1-propanol, forming a covalent
bond and realizing the introduction of amino groups for subsequently
anchoring gold atoms. Color scheme: brown (Si), red (O), white (H), blue
(N) and gray (C).

removal of water, whereas, the decrease after 550 °C was caused
by the condensation of neighboring silanol groups to form
Si-O-Si linkages.*>*® A significant weight loss (4.7 wt%) was
observed for the functionalized S1 between 250 and 550 °C,
caused by the removal of the organic moiety. The total organic
loading is nearly 0.82 mmol g~ *. The external surface grafting is
inevitable but that part can be estimated to be as much as
0.11 mmol g~ (see the ESIt). The *°Si MAS NMR spectrum shows
a significant reduction of the Q* groups after grafting (Fig. S3b,
ESIY). This is more obvious from the *°Si CP MAS NMR spectrum
since the signals of silicon nuclei bonded to OH groups can be
enhanced by the protons in proximity."” The Q*/Q” ratio decreased
from 3.55 to 0.33 after grafting and the Q” groups in S1 were
eliminated completely (Fig. S3c, ESIT).

To introduce gold, the functionalized S1 was mixed with an
aqueous solution of HAuCl, at a pH of 2.5 (10~° mol L™"). Then,
the solid was washed thoroughly and dried at room tempera-
ture. The defect-labeled S1 presents a light yellow color. The
gold loading determined by atomic absorption spectroscopy
(AAS) was 0.7 wt%, nearly 0.036 mmol g, much lower than the
amount of the organic moiety. This indicated that not all
labeled silanols were accessible by gold. One reason could be
the blocking of the accessibility of the gold precursor species to
the more interior part by the organic moieties that are located
on or close to the external surface. The significant decrease in
the micropore volume (~45%) and the external surface area
(~80%) confirmed the existence of diffusion limitation for the
functionalized S-1 (Table S1, ESIT). Adding the gold precursor
into pristine S1 did not show the presence of any gold in the
material, which suggested that the introduced amino groups
did play a role in the attraction of gold atoms. Fig. 2a and b
present the electron micrographs of the defect-labeled S1. Overall,
the original shape of the crystals was preserved. A closer look at
the individual crystals shows small white spots with a size
between 0.8 and 1 nm (Fig. 2c—f), which were gold clusters
(Zz-contrast). The small sizes of gold clusters were also con-
firmed by XRD with no gold peak visible (Fig. S5, ESIT).
Well-resolved diffraction peaks also indicated that the intro-
duction of amino groups and gold clusters did not create new
and obvious defects. The size of the clusters was larger than the
pore diameter (0.55 nm), but close to the size of the channel
intersection (1 nm).*” Interestingly, the gold clusters were more
heterogeneously distributed. Their concentration was high in
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Fig. 2 (a) Secondary electron STEM and (b-f) HAADF-STEM images of
defect-labeled S1. Scale bars represent 50 nm (a and b), 5 nm (c—e) and
2 nm (f). The red dashed line indicates a defect-starved rim with about
10 nm thickness.

the crystal core and on the outermost layer, whereas fewer gold
clusters were detected within a 10 nanometer rim measured from
the surface of the crystal. It indicated that the 10-nanometer-area
from the edge possesses fewer defects than the core part. To
further decrease the size of gold clusters or obtain gold single
atoms, we also applied another more dilute gold solution
(10~* mol L™"). However, after careful examination we were not
able to find any trace of gold though elemental analysis indicated
its existence (Fig. S6, ESIT). The reason was possibly the presence
of the atomically dispersed gold within a thick crystal, which did
not provide enough contrast for visualization. The formation of
clusters was due to the aurophilicity of gold, i.e. the tendency to
form Au-Au bonds.*® This should happen on the defect site or at
least close to the defective area as amino groups provided the
anchoring site for landing initial gold atoms. The uneven spatial
distribution of defects may be related to the crystallization
process, as a slower growth rate at the later stage can lead to
a better crystallized structure with fewer silicon vacancies and
therefore a lower concentration of silanol defects.***°

The defect-poor silicalite-1 sample with monoclinic sym-
metry (S2) was also prepared and investigated here. The pristine
sample had two size populations, one with crystals between
150 and 250 nm and the other one with particles between
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20 and 30 nm. The small particles may be metastable silica
nanoparticle precursors since most were attached on the big
ones (Fig. S7, ESI1).>" Leaching in the 0.1 M NaOH solution
eliminated most of the small particles, and a harsher treatment
in the 0.2 M NaOH solution gave rise to the formation of
mesopores in the big crystals. Unlike the leached S1 crystals,
the mesopores were randomly distributed in the leached S2
crystals, suggesting that S2 did not have a preferential location
of the defects. The intensity of the external silanols was much
higher than that of the internal silanols (Fig. S8b, ESIt). The
Q’ signal was not observed in the *°Si MAS NMR spectrum
(Fig. S8c, ESIt). Such a relatively defect-poor framework struc-
ture was further confirmed as its NMR signals can be attributed
to 24 inequivalent T sites within the monoclinic symmetry
(Fig. $8d and Table S2, ESIt).>> The labeling of the defects for
S2 was carried out following the above described method. The
lower gold loading (0.29 wt%) confirmed a low concentration of
silanol groups. Fig. 3 shows the distribution of gold clusters,
and the typical size of the clusters was between 1.0 and 1.5 nm,
larger than that in the previous case. Such clusters were mainly
located on the outermost layer of crystals. This distribution is
expected since S2 has more external silanols and fewer inner
defects.

The inhomogeneous aluminum distribution, such as
Al-zoning, can be probed by electron microscopy and associated
energy-dispersive X-ray (EDX) spectroscopy.'>>® However, any
distribution of point defects in zeolites has been so far only
postulated. Creating a new method to visualize the distribution
of such defects is necessary, since this enables getting a more
direct insight into defect chemistry. Regarding the defect-rich
silicalite-1, i.e. S1, a defect-starved rim with about 10 nm
thickness was identified. As a result, the rim part was robust
while more pores formed in the core during base leaching. Such
a consistency was further confirmed for the defect-poor sample
(S2) since it showed a much lower concentration and a random
distribution of markers, and consequently a non-preferential
mesopore formation.

In summary, we present a new labeling method to make the
point defects visible in silicalite-1 at the single crystal level. The
feasibility of the procedure is confirmed by base leaching
experiments and related characterization. However, there is
still a lot of space to improve this work in future studies. For
example, labelling all silanols as well as visualizing atomically
dispersed gold within a thick crystal will be very challenging.

Fig. 3 STEM images of the defect-labeled S2. Scale bars are 10 nm (a) and
5 nm (b and c). Typical gold clusters on the same one crystal are indicated
by red circles.
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