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ABSTRACT: The conversion of methanol to valuable hydrocarbon
molecules is of great commercial interest, as the process serves as a
sustainable alternative for the production of, for instance, the base
chemicals for plastics. The reaction is catalyzed by zeolite materials. By
the introduction of magnesium as a cationic metal, the properties of
the zeolite, and thereby the catalytic performance, are changed. With
atom probe tomography (APT), nanoscale relations within zeolite
materials can be revealed: i.e., crucial information for a fundamental
mechanistic understanding. We show that magnesium forms clusters
within the cages of zeolite SSZ-13, while the framework elements are
homogeneously distributed. These clusters of just a few nanometers
were analyzed and visualized in 3-D. Magnesium atoms seem to
initially be directed to the aluminum sites, after which they aggregate and fill one or two cages in the zeolite SSZ-13 structure. The
presence of magnesium in zeolite SSZ-13 increases the lifetime as well as the propylene selectivity. By using operando UV−vis
spectroscopy and X-ray diffraction techniques, we are able to show that these findings are related to the suppression of aromatic
intermediate products, while maintaining the formation of polyaromatic compounds. Further nanoscale analysis of the spent catalysts
showed indications of magnesium redistribution after catalysis. Unlike zeolite H-SSZ-13, for which only a homogeneous distribution
of carbon was found, carbon can be either homogeneously or heterogeneously distributed within zeolite Mg-SSZ-13 crystals as the
magnesium decreases the coking rate. Carbon clusters were isolated, visualized, and analyzed and were assumed to be polyaromatic
compounds. Small one-cage-filling polyaromatic compounds were identified; furthermore, large-cage-crossing aromatic molecules
were found by isolating large coke clusters, demonstrating the unique coking mechanism in zeolite SSZ-13. Short-length-scale
evidence for the formation of polyaromatic compounds at acid sites is discovered, as clear nanoscale relations between aluminum
and carbon atoms exist.
KEYWORDS: Zeolites, Methanol-to-Hydrocarbons, Atom Probe Tomography, Operando UV−Vis Spectroscopy,
Operando X-ray Diffraction

■ INTRODUCTION
The methanol-to-hydrocarbons (MTH) process is emerging as
a renewable route for the production of plastics and fuels, as it
can reduce the depletion of crude oil sources when methanol is
produced from biomass, or waste or directly from CO2.

1−5 The
MTH reaction is catalyzed by zeolite materials, which, due to
their unique porous network, can act as molecular sieves
allowing only certain intermediates to form and products to
diffuse out. In this way, small-pore zeolites (e.g., CHA) are
highly selective toward lower olefins, such as ethylene and
propylene, resulting in a process known as the methanol-to-
olefins (MTO) process.6−8 The building blocks of zeolites are
silicon, aluminum, and oxygen atoms. The different charges of
the Si4+ and Al3+ framework elements result in an overall charge
imbalance (negative) of the zeolite framework, which has to be
compensated by a countercation.9,10 The nature of this
countercation in zeolite materials has a great influence on the

acidic properties, which can act as an active reaction center and
thereby alter the catalytic performance.7 The performance of
zeolite catalysts in the MTH reaction can also be altered by
changing the strength and number of the active acid sites by, for
example, exchanging the commonly present H+ countercation
by positively charged metal ions.7,11,12 Previous studies of
Yarulina et al. showed that the introduction of the alkaline-earth
metal Ca2+ into zeolite ZSM-5 resulted in a 10-fold reduction of
Brønsted acidity, which in turn suppressed the aromatization
cycle, leading to a higher selectivity toward propylene as well as a
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longer catalyst lifetime.13−18 Similar observations were made by
Goetze et al., who studied the evolution of aromatic reaction
intermediates during the MTH reaction over Mg2+-modified
ZSM-5 zeolites with operando UV−vis spectroscopy.19

These observations illustrate that the catalytic performance of
zeolites in the MTH reaction depends on the structure and
elemental composition of the zeolite framework. As was
mentioned, these factors have already been quite extensively
studied at the bulk scale, but mainly for the zeolite ZSM-5
(MFI).7,13,14,19−21 However, much is still unknown about the
influence of the introduction of metal ions, such as Ca2+ and
Mg2+, on the zeolite activation, reaction, and deactivation
because zeolites are notoriously hard to study at the nanoscale
and deriving nanoscale relationships in these materials largely
remains elusive.7,22−24 Zeolites are unstable under electron
beams typically used in high-resolution transmission electron
microscopy (HR-TEM), and the framework elements Si and Al
offer no significant Z-contrast difference needed for X-ray
absorption spectroscopy (XAS) and X-ray diffraction (XRD)
techniques.25−27 As a result, the understanding of nanoscale
relations between framework elements, exchanged metals, and
active/deactivating coke species is still limited, while this is
crucial information to reveal e.g. MTH reaction and deactivation
mechanisms.

Atom probe tomography (APT) is a key tool in this
investigation of zeolite-based materials. It can provide
information on the distribution and relations between
components of zeolites and coke residues and can thereby be
compared to other zeolite characterization methods such as
nuclear magnetic resonance (NMR), X-ray (absorption)
techniques, and time-of-flight secondary ion mass spectrometry
(ToF-SIMS). However, these other techniques are either
limited to bulk-scale analysis or do not have the nanoscale
spatial resolution as APT is providing. As mentioned, the use of
other high-resolution imaging techniques based on electron
microscopy are limited due to the instability of zeolites under
high-intensity electron beams and due to the limiting Z-contrast
in studies. As in APT analysis the identification of the elements is
based on time-of-flight mass spectrometry (ToF-MS), atomic-
specific 3-D ion maps can be reconstructed with sub-nanometer
resolution and this technique is thereby uniquely positioned
among other zeolite characterization methods.25 In this study,
we have used APT, coupled with in situ and operando techniques,
i.e., XRD and UV−vis spectroscopy, to develop structure−
performance relationships in the MTH process over pristine and
magnesium-modified zeolite SSZ-13 (CHA). As the chabazite
structure is especially known to be highly selective toward lower
olefins, and the introduction of magnesium to the medium-pore
zeolite ZSM-5 has already been shown to enhance the selectivity
toward propylene, the effect of magnesium on the reaction
intermediates and products using zeolite SSZ-13 as a showcase
material is of great interest.28−31 Therefore, by using operando
spectroscopy, the differences in formed intermediates, structural
changes, and product distributions were analyzed. With APT,
the nanoscale relations among the zeolite framework elements,
countercations, and carbon molecules formed during the
reaction were determined by a statistical data analysis. In this
way, the distribution of the introduced magnesium was studied
on the nanoscale and found to be highly heterogeneous, allowing
for the isolation of magnesium clusters, which could be
correlated to carbon and aluminum. Also, the influence of
magnesium on coking behavior was revealed, and it was found
that, on the nanoscale, the carbon compounds are more

heterogeneously distributed in the Mg-exchanged samples
compared to non-magnesium samples, also allowing for the
analysis of carbon clusters. With this approach, we attempt to
contribute to the further understanding of the complex reaction
mechanisms in zeolite materials.

■ EXPERIMENTAL SECTION

Catalyst Preparation
Zeolite H-SSZ-13 was synthesized according to the procedure by Oord
et al.32 Before the impregnation step the zeolite powder was dried at 120
°C. Afterward, the zeolite powder was impregnated by incipient
wetness impregnation with an aqueous solution of Mg(NO3)2·6H2O in
deionized water, with gentle mixing, aiming for 1 wt % Mg. The
impregnated material was dried overnight at 120 °C in a static
conveying followed by calcination at 550 °C (with a drying step at 150
°C and a temperature ramp of 1 °C/min) under air for 5 h.

Bulk Catalyst Characterization
Temperature-programmed desorption with ammonia (NH3-TPD) was
performed using a Micrometrics Autochem 2910 apparatus. The
instrument is equipped with a thermal conductivity detector (TCD) to
determine the amount of ammonia. A 100 mg portion of the sample was
placed in a quartz tube with a quartz glass grid. First, the sample was
dried at 550 °C for 30 min (heating ramp of 10 °C/min) under a He
flow. Second, the sample was cooled to 100 °C and 20 pulses of 25.13
cm3/min NH3 were applied to make sure all acid sites of the zeolites
were saturated. The sample was outgassed for 2 h at 100 °C. Finally,
with a heating ramp of 5 °C/min, the sample was heated until 550 °C,
while the amount of desorbed NH3 was measured. The data were
analyzed by fitting the TCD concentration curve with three Gaussian
functions, which were integrated to determine the moles of desorbed
NH3, with the use of Fytik software.32,33 X-ray diffraction (XRD) was
performed with a Bruker D2 Phaser diffractometer, in Bragg−Brentano
mode, equipped with a Lynxeye detector to determine the framework
structure of the zeolite-based catalysts. The instrument makes use of a
fixed slit and Co Kα1 radiation (λ = 1.79026 Å) and was operated at 30
kV and 10 mA. XRD measurements were taken with a scan speed of 0.5
s per step, in a 2θ range between 7 and 60°, with an increment of 0.025°,
resulting in 2120 steps. Scanning electron microscopy (SEM) images
were taken with a Phenom Scanning Desktop Electron Microscope
equipped with an energy dispersive X-ray (EDX) detector in
backscattering mode at 15 kV. Inductive coupled plasma optical
emission spectroscopy (ICP-OES) measurements were performed to
determine the composition of the zeolite material by a Li2B4O7
destruction using a PerkinElmer Avio 500 instrument.

Operando UV−Vis Diffuse Reflectance Spectroscopy
A methanol (MeOH) flow over a quartz rectangular fixed-bed reactor
was generated by bubbling He through a methanol saturator kept at a
fixed temperature (19 °C, 14.5 vol % of MeOH). Catalysts were
activated by calcination under a 10 mL/min O2 flow at 550 °C (5 °C/
min). After this, the reactor was cooled to the catalytic test temperature
of 450 °C with a 35 mL/min He flow. A weight hourly space velocity
(WHSV) of 1.3 h−1 was obtained by using the following parameters: 60
mg of zeolite (212−425 μm), 14.5 ± 0.5% methanol saturation, and 6.5
mL/min He flow for 180 min. Online activity and selectivity
measurements were performed with an Interscience Compact gas
chromatograph (GC). UV−vis diffuse reflectance spectroscopy (DRS)
spectra were collected using an AvaSpec2048L spectrometer connected
to a high-temperature UV−vis probe, to obtain information about the
intermediate products. Further details of the setup can be found in
earlier publications of our group.19,33−35 Methanol conversion and
product yield were calculated using the same methods as explained in
ref 19.

Operando X-ray Diffraction
Operando XRD was done with a Bruker D8 discover diffractometer
instrument equipped with a Mo X-ray source (Mo Kα, λ = 0.709 Å).
Experimental details of this setup can be found in earlier publications of
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our group.36,37 A glass capillary with a 1 mm thickness (thickness wall
0.02 mm) was filled with 10 mg of SSZ-13 (20 mm, 150−120 μm sieve

fraction). A high-resolution XRD pattern was acquired before
calcination for reference. The catalyst bed in the glass capillary was

Figure 1.Analysis methods to determine the effect of magnesium on the catalyst properties. Scanning electron microscopy (SEM) images of (a) zeolite
H-SSZ-13 and (b) zeolite Mg-SSZ-13. (c) X-ray diffraction (XRD) patterns of zeolite H-SSZ-13 and Mg-SSZ-13 enlarged in the MgO region. (d) NH3
temperature-programmed desorption (TPD). (e) Reconstructed atom probe tomography (APT) data sets of zeolite Mg-SSZ-13. (f) Schematic
representation of the results obtained.
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first heated to 500 °C (heating rate 5 °C/min) under a 5 mL/min O2
flow, inside an infrared furnace steered by a thermocouple inserted in
the capillary up to the catalyst bed. The temperature and flow were
stabilized for 60 min. Throughout the whole calcination step, XRD
patterns were collected every 10 min. The catalyst bed was cooled to
450 °C, and the flow was switched to He. Before starting the MTH
reaction, a high-resolution XRD pattern was collected at 450 °C.
MeOH was flowed on the catalyst by flushing 1.5 mL/min of He
through a saturator in a water bath kept at 10 °C. A WHSV of 0.7 h−1

was obtained by the following parameters: 10 mg (125−212 μm), 5.8%,
and 1.5 mL/min He flow. An online Interscience TraceGC 1300 GC
instrument was used to follow the MTH activity and selectivity. After
deactivation, the methanol input was closed and an XRD pattern at 450
°C was recorded with and without He flow. Finally, the reactor bed was
cooled and an XRD pattern was recorded at RT with and without He
flow. In order to quantify the structural changes of the zeolite materials
under study, Rietveld refinement was applied on the recorded XRD
patterns. For this purpose, the Topas academic V5 software was used.
Rietveld refinement is based on a formula in which the material
structure, X-ray source emission profile, and instrument details
determine the overall XRD pattern. The emission profile can be
measured and is determined by the X-ray source, while the instrumental
details typically depend on the instrument configurations and
geometries. The structure information was obtained from the PDF
database. As after and during the MTH process carbon atoms are also
present in the cages and are thereby nonrandomly distributed, carbon
atoms were placed in the cages in this structure file. The background of
the XRD patterns was fitted with a three-term Chebyshev polynomial.
The sample displacement function was used to correct for sample
height differences introduced by the heating of the capillary. The
crystallite strain was described as a Lorentzian function.
Methanol-to-Hydrocarbons Coking Experiments
The Mg-SSZ-13 catalyst was placed in a Linkam cell (HFS600) and
pretreated at 150 °C for 30 min (5 °C/min heating rate) under a N2
flow (5 mL/min), followed by a heating step to 450 °C under a N2 flow
(5 mL/min). The MTH reaction was performed at 450 °C with a N2
flow of 5 mL/min through a 13C-labeled methanol (99 atom %, Sigma-
Aldrich) saturator. The MTH reaction was performed for 1, 15, 30, and
60 min to induce different degrees of coking.
Atom Probe Tomography
Atom probe tomography (APT) measurements were performed at the
Oak Ridge National Laboratory (ORNL). The APT needles used for
the APT analysis were prepared as described by Schmidt et al. using
focused ion beam-scanning electron microscopy (FIB-SEM).25 Addi-
tionally, the assessment and precautions for possible Ga damage was
described in the same publication. A Si microtip, purchased from
CAMECA, was used as a substrate for APT needle preparation using
the FIB-milling technique with a Thermo Fisher Nova 200 dual-beam
SEM/FIB instrument. We attempted to prepare APT needles from
similar positions (50 ± 50 nm below the surface) in the different
crystals. Different needles were reconstructed from different crystals
and of different samples, resulting in different APT data sets. The
fabrication of SSZ-13 needles has been explained in previous work.25,38

The APT measurements were performed using a LEAP 4000XHR local
electrode atom probe in laser mode using a 200 pJ laser pulse energy, a
40 K base temperature, and a 0.5−2.0 detection rate. All APT analyses
were performed with CAMECA’s integrated visualization and analysis
software (IVAS).

The theory about the different data analysis techniques has been
extensively explained in different previous publications.23,25,39 How-
ever, the most important theory will be discussed in this section for
reasons of clarity. With a nearest-neighbor distribution (NND)
analysis, the distribution of atoms with respect to the distance from
each other is analyzed. Simulated random nearest-neighbor distance
distributions were compared to the measured distance between nearest
neighbors of similar nature. Clustering of elements will result in a
multipeak Gaussian distribution, with one peak showing a maximum at
shorter distances than the simulated random distributions.25,40−42,25,43

The difference between the measured and theoretical distributions can

be quantified using a χ2 statistical test normalized by the sample size
(Pearson coefficient, μ). In this article, we follow a similar approach
previously presented in ref 38. A radial distribution function (RDF)
analysis was used to discover heterogeneous distributions, i.e. short-
length-scale affinities between elements, by comparing local concen-
trations to bulk concentrations.25,44−46 The maximum separation
method was used to isolate elemental clusters from the bulk. The size
and the composition of the clusters were determined in this way and
were compared to calculated cluster sizes of spherical MgO particles
with similar numbers of Mg atoms using Avogadro software.25

■ RESULTS AND DISCUSSION
In the first part of this work, we investigated the state of
magnesium and the related properties of the Mg-SSZ-13
material at the bulk scale by applying conventional zeolite
characterization methods: i.e., scanning electron microscopy-
energy dispersive X-ray (SEM-EDX) analysis, NH3 temper-
ature-programmed desorption (NH3-TPD), X-ray diffraction
(XRD), and N2-physisorption. In a second part, the magnesium
properties, elemental relations between the framework
elements, and atomic distributions are described at the atom
scale using atom probe tomography (APT). In a third part, the
effect of magnesium on the catalytic properties and the changing
catalyst properties are explored using operando spectroscopic
and diffraction techniques. Lastly, the influence of the
introduction of magnesium in zeolite SSZ-13 on the nanoscale
coking properties are elucidated by making use of APT.
Effect of Magnesium on the Physicochemical Properties of
Zeolite Mg-SSZ-13

The bulk composition of the material is determined with
inductively coupled plasma-optical emission spectroscopy (ICP-
OES). The magnesium content is found to be 1.6 wt %, and the
Si/Al ratio before and after showed limited dealumination of the
zeolite material. The micropore volume decreased by a small
extent, indicating that N2 molecules can still diffuse through the
pore system of the zeolite crystal properly and that the
magnesium does not significantly block the micropores. These
results are summarized in Table S1. With SEM-EDX the bulk
distribution and magnesium content can be determined. H-SSZ-
13 zeolite crystals are cubes of about 5−10 μm in size and their
smooth surface is sometimes interrupted by small intergrowth
crystals (Figure 1a). After introducing magnesium, some
roughness is observed (SEM) and magnesium is detected with
SEM-EDX. This means that the magnesium is at least partially
located on the outer surface of the zeolite crystals, as depicted in
Figure 1b, although it is unclear what the exact penetration
depth and hence surface sensitivity are of this analytical method.
The zeolite crystal structure and crystallinity have not been
altered by the introduction of magnesium, as observed from the
XRD diffraction patterns in Figure 1c. However, a small MgO
oxide peak at 50.5° 2θ could be related to the exterior MgO
species observed with SEM. The aim of introducing magnesium
was to exchange the H+ cations by Mg2+ cations, resulting in a
change in the zeolite’s acidity. The introduction of magnesium
did indeed substantially change the acidic properties, which is a
proof of magnesium ions located inside the cages of the zeolite.
However, Figure 1d clearly shows two desorption NH3 peaks
indicating weak (Lewis) and strong (Brønsted) acid sites,
depending on temperature, and a clear decrease in Brønsted
acidity by the introduction of magnesium is observed.47,48

However, most Brønsted acid sites remain after the procedure,
meaning that not all acid sites are affected, that different
Brønsted acid sites are formed, or both.19 To quantify the
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changes in zeolite acidity, the NH3-TPD curves were fitted with
three Gaussian curves.32 The measured curves, the three
Gaussian curves, the fitted curves, and further explanation can
be found in Section 1.3 and Figure S2 in the Supporting
Information. The semiquantitative results can be found in in
Table S2. Besides the clear decrease of the high-temperature
peak, the low-temperature peak is increased by the introduction
of magnesium, possibly due to the introduction of Lewis acidity.
Comparing the differences between the micropore volume and
the changes in acidity, the observed reduction of Brønsted
acidity cannot be assigned to the reduction in micropore volume
area, as this difference is too low to have a large effect.
Additionally, for similar reasons, the effect of the decrease in
Brønsted acidity cannot be related to the dilution of the sample
with MgO, as the introduced weight loading is much lower (1.6
wt %) than the changes in acidic nature of the zeolite would
indicate. Figure 1f schematically illustrates all of these results,
including the presence of magnesium on the outer surface of the
zeolite crystals and reduced Brønsted acidity resulting from the
possible exchange of H+ by Mg2+ atoms. The effect of
magnesium on the zeolite SSZ-13 properties is found to be
similar to its influence on the zeolite ZSM-5, allowing for further
comparison.14,19

To obtain insights into the effect of magnesium, nanoscale
information is crucial. APT experiments were performed to
analyze the atom distributions on sub-nanometer scale in
different reconstructed needles, which were fabricated from Mg-
SSZ-13 crystals. Three needles of calcined zeolite Mg-SSZ-13
were successfully reconstructed. One of these reconstructed
needles is depicted in Figure 1e, while the other two are
presented in Figure S3. The first data set did not contain
magnesium and only the zeolite framework elements were
found. The second third data sets both contained magnesium

(2.4% and 0.08%, respectively). All compositions from the data
sets obtained of the pristine Mg-SSZ-13 samples can be found in
Table S3. This means that the magnesium is heterogeneously
distributed on the bulk/macro scale, also related to the observed
heterogeneity on the surface of microcrystals with SEM-EDX.
Additionally, as the needles were prepared from the interior of
the zeolite crystals, this proves that the magnesium is indeed also
located inside the pore architecture of the zeolite.

Moreover, the magnesium distribution in the reconstructed
needles presented in Figure 1e already seems quite heteroge-
neous on the nanoscale. Statistical methods can be used to prove
this heterogeneity: e.g., a nearest-neighbor distribution (NND)
analysis and radial distribution function (RDF) analysis. All
NND and RDF of the pristine zeolite Mg-SSZ-13 samples,
measured with APT, can be found in Sections 2.1.3 and 2.1.4 of
the Supporting Information. The second data set contains the
largest amount of magnesium, allowing for a higher accuracy
data analysis, and we will therefore focus on this sample from
now on. However, in both Mg-containing APT data sets,
prepared from the calcined Mg-SSZ-13 sample, the measured
nearest-neighbor distribution deviates from the random
distribution, which indicates a heterogeneous distribution of
Mg. In Figure 2a, the first-order NND of zeolite Mg-SSZ-13 is
depicted showing a deviation from a random distribution,
meaning that the magnesium is indeed heterogeneously
distributed on the nanoscale in zeolite SSZ-13. This
heterogeneity in the magnesium distribution becomes even
more noticeable on examination of the fifth-order NND as
statistical fluctuations are reduced (Figure 2b). Similarly, from
an NND analysis, the zeolite framework elements are found to
be homogeneously distributed. Furthermore, as suggested from
the bulk normalized concentrations in the RDF analysis (Figure
2c), a short-length-scale affinity between magnesium atoms

Figure 2. (a) First- and (b) fifth-order nearest-neighbor distribution (NND) analyses and (c) a Mg radial distribution analysis. (d) Reconstructed
needle with isosurfaces drawn with a concentration of 2× the bulk value (7.2%) to show the magnesium-rich areas. (e) Cluster visualization in the data
set after applying the maximum separation method for cluster analysis. Enlarged schematic representation of the clusters visualized with the maximum
separation method with purple representing magnesium atoms and gray representing other (framework) elements. The bulk composition is the
composition of the APT data sets, while the cluster composition is the composition of the isolated clusters. A possible MgO cluster forms with
dimensions of (f) 20 and (g) 24 magnesium atoms. (h) The zeolite cage dimension in which these clusters are supposed to fit.
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exists (Mg−Mg short-length-scale affinity), as the magnesium
concentrations are significantly larger at shorter length scales
around other magnesium atoms. Furthermore, a small-length-
scale affinity between aluminum atoms and magnesium atoms is
observed in Figure 2c. This is intuitive because of the charge
mismatch of the framework elements of a zeolite, and therefore,
the magnesium is acting initially as the counterion in the
framework: i.e., magnesium is initially attracted to the Al sites,
after which it is obviously is clustering, which could be due to the
calcination. With an isoconcentration (isosurface) surface
analysis (Figure 2d), magnesium-rich and -poor areas can be
identified within the volume of the reconstructed needle.

All of the isosurface analyses of magnesium are shown in
Figure S10. Clear, statistically significant magnesium-rich areas
were identified, also strengthening the evidence for a
heterogeneous magnesium distribution inside the zeolite
pores. As the distribution of magnesium is obviously
heterogeneous in the zeolite SSZ-13 framework on the
nanoscale, a cluster analysis can be performed. The maximum
separation method was used to extract Mg clusters from the data
set (Dmax = 0.46 nm, Nmin = 7 ions, and order 1). In this way, the
clusters of just a few nanometers can be spatially visualized in 3-
D (Figure 2e) and the composition and size of these clusters can
be analyzed. A total of 77 clusters were found in the data set.
Cluster analysis counted clusters of at least 7 magnesium atoms,
oxygen, and other framework elements. As the detector
efficiency is 33%, the number of counted atoms has to be
multiplied by ∼3 to get a rough estimate of the actual number of

magnesium atoms in one cluster. It is worth noting that these
results do not exclude the existence of Mg2+ ions anchored to the
zeolite framework. The clusters found with this technique
contain ∼21−30 magnesium ions per cluster. To be able to
make an approximation of how large these magnesium oxide
clusters would be, spherical clusters of MgO were created with
20 and 24 magnesium atoms (Figure 2f,g). The spherical
clusters of these composition are compared to the cage
dimensions (Figure 2h), and it is evident that these clusters
occupy one or two connecting cages in the zeolite. It is worth
noting here that there is no evidence that the magnesium
clusters are spherical. A nonuniform morphology of the
magnesium clusters would increase the changes of cage-filling
magnesium species. The APT maximum separation method
strategy can also be used to calculate the size of the clusters: the
average volume of the clusters was found to be 483 Å3, the
median volume was 333 Å3, and the mode volume was 167 Å3

(with most of the clusters being between 150 and 250 Å3). The
size distribution of the magnesium clusters found with APT is
shown in Figure S11. With the cage of a chabazite structure
believed to be approximately 10.9 Å × 6.7 Å × 6.7 Å = 489 Å3

with an accessible pore volume of 413.04 Å3, this cluster analysis
size determination would indicate that most clusters do fit inside
a cage of the zeolite.37,49 This means that the theoretical
calculations indicate clusters larger than the clusters measured
with APT; however, they are of the same size order, and we
could therefore hypothesize that the magnesium clusters are
located inside one cage or intercross two cages, or two small

Figure 3. Catalytic performances of zeolite H-SSZ-13 and Mg-SSZ-13 studied with operando UV−vis diffuse reflectance spectroscopy (WHSV = 0.8
h−1, 450 °C): (a) ethylene and propylene selectivity; (b) methanol conversion over time. Operando UV−vis diffuse reflectance spectra of (c) zeolite
H-SSZ-13 and (d) Mg-SSZ-13.
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magnesium clusters are located in two cages very close to each
other. These results imply that Mg is both clustered and
distributed homogeneously between the clusters. A point to
consider when interpreting the APT data is that 2 out of 3 ions
are lost (33% detector efficiency), making the detection of small
clusters impossible. However, this does prove the formation of
magnesium aggregates within the zeolite cages. The concen-
tration of aluminum inside the clusters was found to be higher
than in the bulk, which is, together with the small-length-scale
affinity from the RDF, evidence that the clusters like to form next
to aluminum, which relates to the bulk-scale results. The
Brø̷nsted acidity of the zeolite decreased, indicating the initial
direction of the magnesium atoms next to the aluminum
framework atoms, after which, at least a part of the magnesium
atoms form clusters inside the cages of the zeolite SSZ-13.
Effect of Magnesium on the Catalytic Performances of
Zeolite SSZ-13 in the Methanol-to-Hydrocarbons Reaction

The catalytic performances in the MTH reaction of the parent
H-SSZ-13 as well as Mg-SSZ-13 were measured and correlated
using operando UV−vis diffuse reflectance spectroscopy (DRS)
and operando XRD. The catalytic performance of zeolite SSZ-13
is altered by the modification with magnesium, as can be
observed in Figure 3, showing the operandoUV−vis DRS results.
Besides a slight enhancement of the catalytic lifetime, the rate at
which the catalyst deactivates is also decreased (Figure 3b). This
slower deactivation rate in the case of Mg-SSZ-13 (the slope of
the conversion plot after the conversion stops to be 100%) is
especially indicative of a difference in activating and deactivating
behaviors. These changes are also translated in different product
yields (selectivity to products). This is depicted in Figure 3a for
three reaction times on stream, and the full product yield
progression is shown in Figure S31. While the production of
ethylene increased more rapidly for H-SSZ-13, the propylene
product yield is higher for Mg-SSZ-13, especially after longer

reaction times. Similarly to what was described previously for
ZSM-5,19 the observed differences may be explained by
operando UV−vis DRS. The fact that similar effects are observed
for two different zeolite structures could indicate that the Mg is
actually participating in the MTH reaction, rather than
influencing shape selectivity. The operando UV−vis DRS results
over time of the two catalysts under study are shown in Figure
3c,d. The modification of zeolite SSZ-13 with magnesium alters
the reaction intermediates (i.e., hydrocarbon pool species,
HCP) formed, which indicates a direct contribution of
magnesium to the catalytic process. These results show that
the magnesium also has an influence on the hydrocarbon pool
species formed, which indicates the effect of magnesium on the
catalytic process. More pronounced absorption bands at around
35000, 32000, and 25000 cm−1 are observed for zeolite H-SSZ-
13, corresponding to neutral aromatics, charged monoenyl/
cyclopentyl species and charged polyalkylated benzenes,
respectively.33 In Section 3.1 in the Supporting Information,
we also show the intensity evolutions at these wavelengths to
stress the changes upon modification. However, as the UV−vis
DRS data are the sum of different overlapping Gaussian-shaped
absorption bands, these intensity evolutions cannot be used for
quantification and will only be used to observe trends. The initial
increase in absorption also decreases drastically with the
introduction of magnesium (Figures S32 and S33). For instance,
the contribution of the charged polyalkylated benzenes (25000
cm−1) seems to be less pronounced for zeolite Mg-SSZ-13,
which are thought to be key intermediates for the formation of
ethylene in the zeolite ZSM-5 dual-cycle mechanism.7 There-
fore, a possible link between these aromatics and the formation
of ethylene over zeolite SSZ-13 has been established. It seems
evident that both catalysts are deactivated by the formation of
polyaromatic compounds, which gives rise to adsorption bands
between 17500 and 10000 cm−1.33 More specifically, the

Figure 4. Catalytic performance of zeolite H-SSZ-13 and Mg-SSZ-13 studied with operando X-ray diffraction (XRD) (WHSV = 0.7 h−1, 450 °C): (a)
ethylene and propylene selectivity; (b) methanol conversion over time. Operando XRD patterns of c) zeolite H-SSZ-13 and d) Mg-SSZ-13 in counts
per second (CPS) between 11 and 12.5° 2θ to show the clear structural changes due to the methanol-to-hydrocarbons (MTH) reaction.
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formation of these species in H-SSZ-13 and Mg-SSZ-13 seems
rather similar when the relative absorbance intensities are
compared with each other. This could indicate that the
formation of polyaromatic compounds is not suppressed by
magnesium, only the formation of the aromatic HCP species.
The suppression of aromatic intermediate molecules by
magnesium has also been described for ZSM-5, indicating a
similar reaction mechanism. The actual reaction mechanisms in
zeolite SSZ-13 are widely debated. This could mean that the
dual-cycle principle, a MTH reaction mechanism established for
ZSM-5, is also applicable for SSZ-13. The effect of different
metal ions on the reaction intermediates formed will be the focus
of future studies, in which the aromatic intermediates found with
UV−vis DRS will be explained quantitatively. In this hypothesis,
the introduction of magnesium ions suppresses the formation of
aromatic intermediates within the cages of the zeolite SSZ-13
structure. The formation of fewer aromatic intermediates results
in a longer lifetime, as coke precursor molecules are reduced,
which results in a higher propylene selectivity and a slower
deactivation rate. The same catalytic trends, in which the
propylene selectivity is enhanced, the lifetime is increased, and
the deactivation rate is reduced by the modification with
magnesium, are observed with the operando XRD experiments
(Figure 4a,b). The absolute differences in lifetime and product
selectivity measured with operando UV−vis DRS and XRD
techniques are due to the differences in reaction setups: e.g.,
reactor size differences and sieve fractions. Catalytic results and
some contour maps of the measured diffractograms over time
are shown in Figure 4 and in Figure S35. Structure−performance
relations were obtained using operando XRD. The contour plots
of the XRD patterns over time show that certain peaks (e.g., 11°
2θ) shift to lower angles with increasing time on stream due to
the expansion of the zeolite lattice (Figure 4c,d). This
phenomenon has been attributed to the formation of carbon
molecules in the cages of the zeolite framework.37 The
expansion of the lattice is found to only occur along the c
direction, as only peaks corresponding to this direction are
shifting.37 With a Rietveld refinement analysis, the expansion of
the unit cell can be quantified with time on stream (Figure 5). All
dimension parameters, Rwp factors, and peak positions can be
found in the Supporting Information. The differences in coking
behavior found with the operando UV−vis DRS experiments are

correlated with differences in the development of the expansion
of the unit cell lattice of the zeolites. The lattice expansion
happens much more rapidly for zeolite H-SSZ-13 than for
zeolite Mg-SSZ-13, which is in line with the faster formation of
intermediate aromatic molecules in zeolite H-SSZ-13 and its
faster deactivation rate. The slower increase of the lattice
expansion with time on stream for zeolite Mg-SSZ-13 can be
related to the formation and growth of aromatic molecules
inside the cages of the zeolite even after deactivation, which
happens at around 50 min time on stream for both zeolite
catalysts. This phenomenon could explain the slower
deactivation rate of zeolite Mg-SSZ-13 compared to zeolite H-
SSZ-13 and strengthens the hypothesis of the reduced formation
of aromatic (coke) molecules in the cages of the zeolite for
zeolite Mg-SSZ-13. We therefore show evidence for the direct
catalytic influence of the magnesium introduction on the MTH
mechanism in the chabazite structure, which shows similarities
to the introduction of magnesium to zeolite ZSM-5. Magnesium
does indeed slow down the formation of aromatic intermediate
molecules but does not prevent the formation of polyaromatic
compounds.
Nanoscale Coking Behavior

To obtain nanoscale information about the effect of magnesium
on the zeolite properties and thereby the catalytic performance
and coking behavior, the APT technique was applied to spent
zeolite catalysts. Different spent catalyst materials were
prepared, which were used in the MTH process using 13C-
labeled methanol for different reaction times: i.e., 1, 15, 30, and
60 min time on stream (TOS). At least one needle per reaction
time was successfully reconstructed, and the compositions of
these APT data sets are depicted in Sections 2.2.1 and 2.2.2 in
the Supporting Information. One example of a reconstructed
needle containig both magnesium and carbon is presented in
Figure 6a (1 min sample). However, this observation of both
magnesium and carbon has not been found for the longer time
on stream samples, as data sets containing a large amount of
magnesium did not contain as much carbon and vice versa. This
negative correlation between carbon and magnesium is thereby
confirmed on the tens of nanometers scale (needle scale) and
relates therefore to the bulk-scale observations in which fewer
aromatic intermediates were formed. A schematic representa-
tion of the results found is shown in Figure 6b.

The degree of heterogeneity of the magnesium distribution
can be compared between APT data sets using χ2 statistics
applied to the NNDs. The Pearson coefficient (μ) is χ2

normalized to the sample size. A value of 0 indicates a
completely random elemental distribution, while a value of 1
indicates a fully heterogeneous distribution of elements.50 The
Pearson coefficients of the pristine zeolite Mg-SSZ-13 samples
(0.47 and 0.90) are significantly larger than those for the 30 min
coked zeolite Mg-SSZ-13 sample (0.22 and 0.18), indicating a
more homogeneous distribution of magnesium in the spent
catalyst. Overall, the distribution of Mg becomes more
homogeneous over time. This indicates that magnesium is
redistributing under the reaction conditions, such that it is
dispersing homogeneously. To fully understand this phenom-
enon, a proper annealing study on Mg-SSZ-13 is necessary to
fully understand how Mg redistributes with temperature. The
Pearson coefficients of Si, Mg, and 13C for all data sets are shown
in Table S8 in the Supporting Information and is shown over
time in Figure S22.

Figure 5. Dimensions of the lattice in the c direction determined with a
Rietveld refinement analysis with increasing time on stream of zeolite
H-SSZ-13 and Mg-SSZ-13 during the methanol-to-hydrocarbons
(MTH) reaction (WHSV = 0.7 h−1, 450 °C).
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As was explained before, magnesium suppresses the formation
of aromatic molecules in the chabazite structure on the bulk
scale. Similar results were found while analyzing the
composition of the APT data sets, as a negative correlation
between carbon and magnesium was discovered. All of the
NNDs and RDFs are depicted in Sections 2.2.3 and 2.2.4 in the
Supporting Information. The carbon distribution on the
nanoscale is rather homogeneous for the longer time on stream
samples (5−15 min coked samples), as the measured NND does
not deviate significantly from the randomized NND. This is in
line with the results found previously for zeolite H-SSZ-13, in
which the carbon is homogeneously distributed as well,
especially in comparison to ZSM-5, for which many carbon
clusters could be identified. This effect also increased upon
longer reaction times for zeolite H-SSZ-13 and is attributed to
the high number of coked cages.38

It could be argued that the distribution of carbon in these
longer time on stream samples is a bit more heterogeneous for
Mg-SSZ-13 than for H-SSZ-13. However, a dissimilar trend is
observed in a very short time on stream (1 min) zeolite Mg-SSZ-
13 data set. This was the only 1 min data set containing both a
significant amount of magnesium and carbon atoms. From
Figure 6a, it is already evident that the carbon is not
homogeneously distributed in this sample, as visual hetero-
geneities can be observed in the reconstructed 13C needle. For
this specific data set, both the first- and fifth-order measured
NNDs also deviate and shift to shorter distances compared to
the random distribution, meaning that the carbon is
heterogeneously distributed on the nanoscale (Figure 7a,b).
Additionally, 13C−13C short-length-scale affinities were found
with an RDF analysis (Figure 7c). An isosurface analysis also
indicates clear carbon-rich areas in the data set (Figure 7d).
Moreover, from Figure 7c in addition with the other RDF
analyses displayed in Figures S23−S29, it can be concluded that
a short-length-scale affinity between Mg−13C and Al−13C also
exists. The affinity between 13C and Al atoms has been observed
in previous work, but strong conclusions were not drawn. The
fact that we see similar trends for all zeolites studied in the past
(i.e., ZSM-5, SAPO-34, and SSZ-13) could mean that indeed the
carbon clusters tend to form next to aluminum (Brønsted acid)
sites.25,39,38 Mg clusters were isolated in this APT data set (1

min, data set 1). This, however, just as for the fresh calcined Mg-
SSZ-13, does not mean that Mg is only present as clusters; and
more dispersed and homogeneous Mg has also been found in the
same APT data set. To obtain information on the role of the Mg
clusters and the more homogeneously distributed Mg on the
coking behavior, the RDFs of 13C and Mg in the APT data set
with and without clusters present (more specific Mg-rich areas)
were compared (Figure S29). After the exclusion of the Mg-rich
areas, still a small nanoscale affinity between Mg atoms is
observed, which would indicate the presence of smaller clusters
below the resolution of the cluster isolation analysis. However,
this affinity is extremely reduced, showing the high homogeneity
of this Mg ions in the APT data set. It seems that the Mg−13C
and 13C−Mg affinity is decreasing when the cluster analysis is
excluded from the data set. This could indicate that the more
dispersed Mg particles are contributing more to the suppression
of the aromatic molecules than the clusters. The differences
between the nanoscale coking behavior of the H-SSZ-13 and
Mg-SSZ-13 materials, in which Mg-SSZ-13 does show a very
clear heterogeneous distribution, can again, most probably, be
attributed to the suppression of the aromatic species in Mg-SSZ-
13, resulting in a reduced amount of coke in the sample,
especially at the beginning of the reaction. The fast “overcoking”
of zeolite SSZ-13 has been described before as the primary
reason for the homogeneous distribtion of carbon.38 Since the
carbon in this specific sample clearly is heterogeneously
distributed, a cluster analysis can be performed, again using
the maximum separation method (Dmax = 0.92, Nmin = 7, order =
5). Just as for the magnesium clusters, the size, location, and the
composition can be determined. The cluster analysis results are
shown in Figure 7e. The magnesium content inside the carbon
clusters is higher than outside the clusters (in the bulk), which
contradicts the previous results showing that magnesium
suppresses the formation of hydrocarbon molecules on the
bulk scale but does agree with the observed short-length-scale
affinity between these elements. This could be due to the fact
that both carbon and magnesium tend to deposit near aluminum
(Figures 7c and 2c, and Figures S8, S9, and S23−S29), resulting
in some overlap due to spatial blurring, and that the formation of
large polyaromatics, which only can be detected with APT, is not
necessarily suppressed by the presence of magnesium, some-

Figure 6. (a) Reconstructed atom probe tomography (APT) 3-D maps of the 1 min coked zeolite Mg-SSZ-13 samples, containing both magnesium
and carbon. (b) Schematic representation of the results found, including the formation of magnesium and carbon clusters.
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thing which was also found with operando UV−vis DRS.
Additionally, we know from the bulk analysis that the formation
of larger polyaromatic coke molecules is not suppressed by the
modification with magnesium. When looking at the carbon
cluster analysis, the number of carbon atoms detected start at 7
as Nmin = 7, which means (when the detector efficiency has been
considered) that clusters between 21 and 450 carbon atoms
were detected, with 30−35 atoms as the mean cluster size value.
This means that the smaller aromatic intermediate species
cannot be detected, and the carbon clusters are assumed to be
polyaromatic species, which also explains the correlation
between magnesium and carbon. The distribution of the
amount of carbon atoms in one cluster is depicted in Figure
7g. The decreasing 13C/Si ratio with a higher number of 13C
atoms (shown in Figure 7h) indicates that the amount of silicon

in the clusters with a large amount of carbon atoms is much
higher. This means that these clusters are most likely crossing
multiple cages and is an indication of the cage-crossing coking
behavior of zeolite SSZ-13. Recent studies by Wang et al.51 also
found that SAPO-34 (a zeotype catalyst with topology similar to
that of zeolite SSZ-13) has a crossing-cage deactivation
mechanism, in which polyaromatic molecules such as
naphthalene are growing into larger aromatic hydrocarbon
species that cross multiple cages. Some possible larger aromatic
coke species, which are correlated to the number of carbon
atoms found in specific clusters, are depicted in Figure 7f. On the
other hand, smaller clusters, with for instance 21−35 carbon
atoms, do generally not contain as much silicon, indicating that
these clusters will occupy fewer or even just one or a few cages in
contrast to the larger clusters. Further proof of the affinity of

Figure 7. Results of the 1 min coked zeolite Mg-SSZ-13 samples on the distribution of carbon atoms: (a) first-order nearest-neighbor distribution
(NND) analysis; (b) fifth-order NND analysis of 13C atoms and 13CO; (c) radial distribution function (RDF) analysis; (d) isosurface analysis; (e)
cluster analysis; (f) some proposed hydrocarbon molecules compared with the size of the found clusters; (g) distribution of the number of carbon
atoms per cluster; (h) comparison of the number of carbon atoms to the amount of framework elements.
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carbon clusters toward Al sites has been established by
comparing the Si/Al ratio of the bulk to that of the cluster. It
is observed that the Si/Al ratio in the carbon clusters (Si/Al =
20.8) is higher than that in the bulk (Si/Al = 30.0) resulting from
the orientation of the clusters near Al sites. This is in agreement
with the observed Al−13C short-length-scale affinity found with
an RDF analysis.

Based on the above observations, we conclude that there is a
correlation between the bulk coking and nanoscale coking
behaviors, proving that the magnesium is interfering with the
catalysis in such a way that the aromatic intermediate
hydrocarbon pool species are suppressed, but not the formation
of larger coke molecules, resulting in a longer catalyst lifetime
and higher propylene selectivity. This suppressed coking rate
leads to the possibility of isolating carbon clusters in zeolite SSZ-
13, which was not possible without magnesium present.38

Additionally, we were able to isolate carbon clusters in zeolite
SSZ-13 using APT, something which has not been done before.
The additional proof of cage-crossing aromatic carbon
molecules explains the fast deactivation mechanism of the
chabazite structure.

Further research on this topic could focus on the other
possible stoichiometry possibilities of magnesium (clusters or
ions) in the chabazite structure and how they are initially
exchanged at the (double or single) Al sites. Additionally, the
synthesis method, e.g., direct inclusion of magnesium in the
synthesis gel or ion exchange, could also have a large effect on
the final magnesium distribution as well on the bulk-nanoscale
coking behavior. The distribution of Mg (and other metals)
could have a drastic effect on the final catalytic performance,
which would require further comparison studies between
samples with different metal distributions.52

■ CONCLUSIONS
Zeolite SSZ-13 was successfully modified with magnesium via an
impregnation preparation step. With atom probe tomography
(APT), it was discovered that magnesium is heterogeneously
distributed through the sample and tends to aggregate on the
nanoscale, unlike the framework elements of the zeolite. With
this technique, magnesium clusters with a size of just a few
nanometers could be isolated, visualized, and analyzed. The
cluster size was found to be similar to the size of one or two SSZ-
13 zeolite cages. Additionally, a short-length-scale affinity and a
higher concentration of aluminum inside the clusters prove a
nanoscale relationship between aluminum and magnesium,
indicating an initial affinity of magnesium to the Brønsted acid
sites of the zeolite, after which it is clustering. The modification
with magnesium leads to a longer catalyst lifetime in the
methanol-to-hydrocarbons (MTH) reaction, a higher propylene
selectivity, and a slower deactivation rate. By using operando
UV−vis diffuse reflectance spectroscopy (DRS) and X-ray
diffraction (XRD) these findings were attributed to the
suppressed formation of aromatic intermediate species, similar
to the case for zeolite ZSM-5, as the corresponding absorption
bands were less pronounced and the lattice expansion happened
more slowly. However, it was also found that magnesium does
not prevent the formation of polyaromatic compounds, which
deactivate the catalyst material. The exact mechanism behind
the different catalytic performance is still unknown and requires
further investigation by, for instance, changing the catalyst (e.g.,
different zeolites, weight loadings, and metal distribution) and
reaction (e.g., temperature, WHSV) parameters. We would like
to hypothesize that the introduced Mg is actively participating in

the conversion of methanol, but further research would be
necessary. A further nanoscale analysis showed that on a needle
(tens of nanometers) scale, the magnesium and carbon are also
anticorrelated, as APT data sets containing a large amount of
carbon did not contain as much magnesium and vice versa. For
the longer time on stream zeolite Mg-SSZ-13 samples, the
carbon was homogeneously distributed, which is comparable to
previous results for zeolite H-SSZ-13. However, in the shorter
time on stream samples, the carbon was much more
heterogeneously distributed, probably due to the suppression
of the formation of aromatic molecules by magnesium. Isolated
carbon clusters could be identified, spatially visualized, and
analyzed. All of the carbon clusters are assumed to be
polyaromatic molecules. Small carbon clusters, which poten-
tially would fit in one or two SSZ-13 zeolite cages, were found,
but also much larger clusters, proving that also large cage-
crossing carbon clusters can exist. A short length scale between
carbon and aluminum was found, reinforcing that the hydro-
carbon formation indeed takes place on the acid sites of the
zeolite. Moreover, although an anticorrelation between
magnesium and coke has been found from the bulk to the tens
of nanometers scale, a slight nanoscale affinity between
magnesium and carbon was observed. This could be due to
the fact that both magnesium and carbon are correlated to the
aluminum sites. The nanoscale affinity between magnesium and
aluminum supports the hypothesis that magnesium does not
suppress the formation of deactivating polyaromatic com-
pounds.
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