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Analytical characterization and evaluation of performance of zeolite catalysts are normally done under the
assumption of a homogeneous batch. However, it is known that in the same batch particles of the zeolite ZSM-5
can be very different one from another, regarding their aluminum content and catalytic performance. Here, we
quantify the extent of this heterogeneity within a singular synthesis batch of nanocrystalline ZSM-5, through the
analysis of single crystalline individua. We found that the overall aluminum content was distributed unequally
between two kinds of crystal populations. Cornered crystals contained three times more aluminum than round-

shaped crystals. This observation connects morphological differences to the chemical composition of each zeolite
crystal for the first time. This finding could provide a means for performance optimization in zeolite synthesis.

1. Introduction

Large batches of particles comprising heterogeneous catalysts, like
zeolite crystals, are mostly regarded as a unity with respect to their
chemical composition and morphology. Most characterization methods
provide bulk information and fail to provide data on individual crystals
[1-7]. However, much more knowledge about zeolite catalysts could be
gained if individual crystals would be examined by dedicated techniques
[8]. Single zeolite crystals were examined by X-ray [9,10] and electron
radiation [11] to yield structural information. Energy dispersive X-ray
spectroscopy (EDX) coupled with focused ion beam milling, visualized
the spatial distribution of elements along the crystal body [12]. Fluo-
rescence microscopy enabled the evaluation of the reactivity, accessi-
bility and structural features of individual zeolite crystals [13]. Former
techniques observed large chemical differences between individual
zeolite crystallites of a single batch, an observation attributed with the
term heterogeneity between particles [14]. A more recent study found
heterogeneity between particles for the varying catalytic activity of
steam-treated ZSM-5 crystals of a single batch [15]. This could be
correlated with the different mesoporosity development and associated
acidity variation of individual crystals. Since the investigated ZSM-5
catalyst is one of the workhorses in the processing of various bulk

chemicals, heterogeneity between particles of this zeolite becomes
industrially relevant. It might also apply to other catalysts used in in-
dustry, which are not investigated thoroughly particle by particle [16].

Here we exploit various tools of modern TEMs for an in-depth single
particle analysis of a zeolite synthesis batch. We discovered that het-
erogeneity between particles regarding the morphology of grains co-
incides with their Si:Al ratio and therefore with their catalytic activity
[17]. The grains are single crystalline individuals, which makes the
observation unbiased from aggregation or intergrowth phenomena
during synthesis [18]. The heterogeneity between particles manifests
itself in different morphologies, including round, cornered and a single
cross-shaped crystal.

2. Experimental
2.1. Sample

The zeolite was synthesized as following [19]. 12 g of a tetrapro-
pylammonium hydroxide (TPAOH) solution (25 wt% in water) were
added to a Teflon reactor containing 12.5 g tetraethyl orthosilicate
(TEOS) and 45 g deionized water. The mixture was then gradually
heated to 80 °C and stirred for 24 h at 500 rpm. After cooling down to
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room temperature, a solution of sodium hydroxide (0.24 g), aluminum
nitrate nonahydrate (0.46 g) and deionized water (4 g) was added
dropwise to this mixture while stirring vigorously. The resulting zeolite
precursor gel had a composition of 0.01 Al;O3: 1 SiOy: 0.25 TPAOH:
0.05 Nay0: 50 Hy0. After homogenization, the obtained precursor was
transferred to a 100 ml stainless steel autoclave equipped with Teflon
inlets and heated to 170 °C for 48 h under static conditions. The inlet
features a conical, tube-like geometry. Images of the reactor are given in
the SI [Fig. S6]. The pressure under these conditions corresponds to 7
bars. Resulting zeolites were separated by centrifugation for 15 min at
15,000 rpm, washed three times with deionized water, dried overnight
at 100 °C and calcined for 10 h at 550 °C.

2.2. Particle size analysis

The zeolite powder was ground gently with an agate mortar.

The resulting powder was taken up by a paint brush and knocked off.

So the dust generated, was taken up by a PureC 300 mesh Cu TEM
grid (Ted Pella).

A JEM 2200FS microscope (JEOL) was used, equipped with a
Schottky FEG and a TVIPS camera. According micrographs were taken at
30,000 fold magnification.

2.3. 3D electron diffraction

3D ED measurements were performed at the Center for Nanotech-
nology Innovation@NEST with a Zeiss Libra TEM operating at 120 kV
and equipped with a LaBg filament [20].

3D ED acquisitions were done in STEM mode after defocusing the
beam in order to have a pseudo-parallel illumination on the sample. A
beam size of about 150 nm in diameter was obtained by inserting a 5 pm
C2 condenser aperture.

3D ED was performed with a precessing beam obtained by a Nano-
megas Digistar P1000 device. The precession semi-angle was kept at 1°
with acquisition tilt ranges up to 120° and tilt step of 1°. A camera length
of 180 mm was used. 3D ED data were recorded by an ASI Timepix
detector.

Structures were solved with direct methods as implemented in the
software SIR2014 [20]. Fourier mapping and least-squares refinement
were performed using the software SHELX suite [21]. For both the ab
initio structure determination and the structure refinement, data were
treated with the kinematical approximation (Ihkl proportional to F?hkI),
using scattering factors for electrons that are present in the SIR2014
database. The cif files were deposited with CCDC 1892345 (round
crystal) and CCDC 1892346 (cornered crystal) entries [22].

2.4. Energy dispersive X-ray spectroscopy

Sample were prepared as for the particle size analysis. The zeolite
powder was brushed on a LaceyC 300 mesh Cu TEM grid (Ted Pella).

For EDX measurements a Talos F200X (FEI now ThermoFisher) mi-
croscope equipped with a X-FEG field emission gun operated at 200 keV
was used.

The instrument possesses a Super-X EDS system, deploying 4 de-
tectors with an energy resolution better than 136eV.

The measured area of the individual zeolite crystals was chosen from
the middle and the rim region of the crystals.

Background subtraction, that also considered the Si content of the
detector, and integration was executed by a MATLAB routine.

For calibration of the data a halloysite nanoclay with the chemical
composition AlySioO5(OH)4 - 2 H0 (Si/Al = 1) was chosen.

The silicon-aluminium Cliff-Lorimer k-value obtained here was Si/
Al =1.3006 [14].
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Fig. 1. Morphological heterogeneity between particles. (a) SEM micro-
graph of the heterogeneous ZSM-5 batch with the ‘Round’ crystal type
(magenta) and the ‘Cornered’ crystal type (blue). (b) HAADF-STEM image of
the ‘Cross’ crystal (c). Particle-size distribution of the ‘Round’ (magenta) and
‘Cornered’ (blue) crystal population as obtained from electron micrographs.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

2.5. Chemical mapping

Chemical Mapping was executed with the same Talos microscope at
200 keV.

Data for the elements silicon and aluminium were acquired and
processed by the Velox™ software. Noise in the shown micrographs
(Fig. 3) was reduced by applying MATLABs Wiener Filter function.

3. Results and discussion

ZSM-5 nanocrystals were prepared by conventional hydrothermal
treatment of the reaction mixture for 48 h (for details, see supporting
information). The successful synthesis of zeolites is confirmed by com-
parable properties to their analogues (Figs. S1-S3) [23]. An average Si:
Al ratio of 53 was determined with atomic absorption spectroscopy.
Scanning and transmission electron microscopy observed that the whole
ZSM-5 batch was composed of two different crystal populations (Fig. 1
(a)) and a minor species (Fig. 1(b)). The first population was made up of
ZSM-5 nanocrystals with a rice-corn shape, here denoted as ‘Round’
type. Coffin-shaped crystals with well-defined facets resemble the sec-
ond population, hence called ‘Cornered’. Latter crystal population was
prone to form agglomerates on the sample support and was found as
isolated particle rarely (Figs. S4-S5). Beside the two crystal population a
third, scarce crystal type was found, resembled by one cross-shaped
ZSM-5 nanocrystal, here referred to as ‘Cross’ type. The ‘Cross’ type
appeared with equal site lengths of the cross beams, which inter-
penetrated each other and were twinned by 90°. A particle size analysis
was undertaken by measuring 318 crystals of the batch on transmission
electron micrographs. The synthesis resulted in ZSM-5 nanocrystals with
an overall size range between 50 and 270 nm (Fig. 1(c)). The majority of
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Fig. 2. Morphology is linked to aluminium content. (a) HAADF-STEM micrograph of a ‘Cornered’ (C) and ‘Round’ (R) ZSM-5 nanocrystal. (b) On the left, an EDX
spectrum near the Al K,-edge (1486 eV) and the Si K, -edge (1739 eV) of the ‘Cornered’ ZSM-5 crystal in micrograph (a) indicating aluminium. On the right, the
corresponding EDX spectrum of the ‘Round’ type ZSM-5 in (a) barely showing any aluminium.

Fig. 3. Intraparticle heterogeneity. (A-C)
HAADF-STEM images of three differently ori-
ented ZSM- 5 crystals, which were investigated
by chemical mapping below (a—c). (a) Chemical
mapping of aluminium in {010} orientation of a
ZSM-5 nanocrystal, (b) Chemical mapping of
aluminium in {100} orientation of a ZSM-5
nanocrystal, (c) Chemical mapping of
aluminium in a random oriented ZSM-5 nano-
crystal, showing local high aluminium concen-
trations at the outermost edges of the crystal.
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the batch, being 70%, consisted of the ‘Round’ type and the other 30% of
the batch were based on the ‘Cornered’ type. On average ‘Round’ type
were 132 nm and ‘Cornered’ type crystals 181 nm in size. Gaussian fits of
the size frequencies of both crystal populations show that the ‘Round’
type crystals had a narrower size distribution than the ‘Cornered’ type.
We collected 3D electron diffraction data from two crystals, a ‘Round’
and a ‘Cornered’ type crystal. The diffraction shows in both cases that
neither crystal is intergrown along the crystallographic c-axis, in
accordance with former results [18]. Resulting EDX measurements of
single crystals again confirmed a heterogenisation of the ZSM-5 batch,
that was linked to the habit of the crystals (Fig. 2(a),(b)). All together 20
crystals were measured. The ‘Round’ type crystals had an average Si:Al
ratio of 79 in the center part and 69 in the rim part, which is slightly
higher than the overall observed Si:Al ratio of 53 in the whole batch. A
significant decrease of the Si:Al ratio was found for the ‘Cornered’ type
crystals. Here the central part showed an average Si:Al ratio of 24 with a
rim part having an average Si:Al ratio of 16, which is threefold,
respectively twofold more than the overall measured Si:Al ratio of 53.
EDX investigation of the ‘Cross’ crystal revealed a Si:Al ratio of 27.
According to our observations, the overall Si:Al ratio of 53 is only the
average of two quite different populations with a Si:Al ration of about 20
and about 70 respectively.

Latter finding, which confirmed Al zoning for the ‘Cornered’ type,
led to the investigation of the intraparticle heterogeneity of these crys-
tals. Chemical mapping was applied on three different orientations of
the ‘Cornered” ZSM-5 crystals. The ‘Cornered’ crystals showed
aluminium zoning (Fig. 3(a)) [24,25]. It revealed that most of the
aluminium was located at the edges of the crystal facets (Fig. 3(b)). The
aluminium did not cover certain facets as a hole, rather it terminated the
edges of the facets with a rising aluminium gradient (Fig. 3(c)). No
obvious Al zoning was found for the ‘Round’ type crystal species.

Heterogeneity between particles was observed in a batch of single
crystalline H-ZSM-5 individua. A round-shaped and a cornered crystal
population comprised the synthesized batch, in a relative ratio of 2:1.
Cornered crystals contained three-fold more aluminium than round
shaped crystals. In addition to the two types of populations of cornered-
and round-shaped crystals, we found a single particle with a ‘cross-
shape’. We suspect this crystal to be an intergrowth of two ‘Cornered’
type crystals. For the ‘Round’ type and the ‘Cornered’ type crystal
population different chemical compositions of the H-ZSM-5 crystals
coincided with their shape.

The reasons for this might be associated with the growth of the
particles. The formation of ZSM-5 crystals depends on the system under
investigation [26-31]. Recently it has been observed that the here pre-
sented system forms amorphous alumosilicate particles first, which
already possess an aluminium rich rim [32]. According rim is the
starting point of the following MFI framework crystallization, pointing
to aluminium as the driving force of the crystallization. So the hetero-
genisation of the zeolite batch might be caused by different crystals
residing in different stages of growth. The growth finishes, when a
certain amount of aluminium is associated with the alumosilicate par-
ticle. Another explanation might be Ostwald ripening [33,34]. This
phenomenon could transfer aluminium from other not yet crystallised
alumosilicate particles to be incorporated in the rim of particles just
undergoing crystallization to the MFI framework. The behavior in
growth might also interact with inhomogeneities associated with the
static design of the reactor, were sedimentation of particles prevails.
Conclusively, this knowledge might substitute more advanced charac-
terisation methods and could aid the future design of zeolite syntheses,
since chemical heterogeneities between particles can be recognised
early [35]. Our results show that investigation of individual grains can
add additional important information about heterogeneous catalysts
that expand the information content of bulk methods.
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