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ABSTRACT
Zeolites and zeolitic materials are, through their use in numerous conventional and sustainable applications,
very important to our daily lives, including to foster the necessary transition to a more circular society.The
characterization of zeolite-based materials has a tremendous history and a great number of applications and
properties of these materials have been discovered in the past decades.This review focuses on recently
developed novel as well as more conventional techniques applied with the aim of better understanding
zeolite-based materials. Recently explored analytical methods, e.g. atom probe tomography, scanning
transmission X-ray microscopy, confocal fluorescence microscopy and photo-induced force microscopy,
are discussed on their important contributions to the better understanding of zeolites as they mainly focus
on the micro- to nanoscale chemical imaging and the revelation of structure–composition–performance
relationships. Some other techniques have a long and established history, e.g. nuclear magnetic resonance,
infrared, neutron scattering, electron microscopy and X-ray diffraction techniques, and have gone through
increasing developments allowing the techniques to discover new and important features in zeolite-based
materials. Additional to the increasing application of these methods, multiple techniques are nowadays used
to study zeolites under working conditions (i.e. the in situ/operandomode of analysis) providing new
insights in reaction and deactivation mechanisms.
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relationships

INTRODUCTION
Their unique characteristics and their wide variety of
applicationsmake zeolites oneof thebest-studied in-
organic porousmaterials of the current time. Zeolite
materials are used in everyday products, biomedical
applications and to tacklemultiple climate-changing
problems as sustainable replacements for, for in-
stance, the depletion of crude oil and plastic recy-
cling as catalyst materials [1–3]. This great diversity
of applications mainly finds its nature in the distinct
characteristics of the zeolite-based materials. Zeo-
lites possess acid sites, arising from their elemental
composition and structure, which can act as active
catalytic or ion-exchange centers [4]. Additionally,
their defined porous structure makes them suitable
for an even larger number of applications as they can
be used as molecular sieves.

Zeolite research has a tremendous history from
its discovery in 1756 [5]. The discovery of spe-
cific and unique zeolite properties were the basis for
zeolite-based materials being used as functional ma-
terials in everyday processes. For instance, after the
discovery of the acidic, and thereby catalytic, prop-
erties of the material, the impact of zeolite research
increased enormously as the material was able to
increase the oil-cracking efficiency and aid in solv-
ing climate problems (e.g. catalytic elimination of
air pollutants, water purifications, biomass conver-
sion, electrocatalytic fuel cells and the methanol-to-
hydrocarbons (MTH) process) [2,4].

Conventional methods for characterizing zeo-
lites, like X-ray diffraction (XRD), infrared (IR),
UV-vis spectroscopy, Raman spectroscopy and nu-
clear magnetic resonance (NMR), were first applied
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Figure 1. (a) Brief overview of some analytical techniques and milestones in zeo-
lite chemistry using infrared (IR), X-ray diffraction (XRD), nuclear magnetic resonance
(NMR), electron paramagnetic resonance (EPR), inelastic neutron scattering (INS), X-
ray absorption fine structure (XAFS), ultraviolet-visable (UV-vis), coherent anti-stokes
Raman scattering (CARS), confocal fluorescence microscopy (CFM), stimulated Raman
spectroscopy (SRS), transmission electron microscopy (TEM), atomic force microscopy
(AFM), scanning transmission X-ray microscopy (STXM), two-photon fluorescence mi-
croscopy (2PFM), photo-induced force microscopy (PiFM) and atom probe tomography
(APT). (b–d) Schematic representation of the grouping of the techniques discussed in
this review. Recently developed techniques are focused on new techniques to study ze-
olites while fast developing conventional methods are techniques that have been used
in the zeolite characterization for a very long time but have emerged in their application
to unravel zeolite properties over recent years. Some characterization techniques can
also be used to study zeolites under working conditions (operando spectroscopy and
microscopy), which gives insights into changes in the zeolite material or the mecha-
nisms of the processes involving zeolite-based materials.

to study zeolite materials from the 1950s to 1980s
andwere the basis of the discovery of the unique and
fascinating properties of the zeolite-based materials
resulting in the exploration of the acidic nature of
the zeolites and its applications in catalysis. Before
1980, the techniques had mainly focused on reveal-
ing zeolite properties on the bulk scale. From 1980,
the techniques developed to study (porous) materi-
als slowly shifted to focus on themicroscale and later
on the nanoscale properties. This nanoscale prop-
erty information allowed the further exploration of
zeolites and their behavioral changes upon applica-
tion. Moreover, both more conventional (i.e. devel-
oped analytical techniques between 1950 and 2000)
and more recently introduced techniques are start-
ing to be used to study zeolite-basedmaterials under
working conditions (i.e. operando spectroscopy and
microscopy) resulting in tremendousbreakthroughs
in clarifying reaction and deactivation mechanisms.
Figure 1a depicts an overview of the introduction
of a selection of characterization techniques and
their application for the development of structure–
composition–performance relationships in zeolite
science and technology.

As the investigation into zeolites properties
and working conditions has such a great history
of publications, it is impossible to include all the
zeolite-characterization techniques in this review,
nor is it possible to discuss all the important research
performed in this field. Many other comprehensive
reviews on zeolite characterization and reviews
on specific analysis methods for zeolite character-
ization exist and we will therefore build on those
and summarize their important findings. Zeolite
characterization is a constantly evolving field and, as
such, this review focuses on the emerging analytical
methods of the last few years, divided into three sub-
jects listed with the specific techniques referenced
with previous specific key-reviews: (i) recently
developed methods to study the materials (e.g.
atom probe tomography (APT) [6,7], fluorescence
microscopy techniques, such as confocal fluores-
cence microscopy (CFM) [8], photo-induced force
microscopy (PiFM) [9] and synchrotron-based irra-
diation techniques, Fig. 1b); (ii) a selection of more
conventional methods undergoing a revolution to
be used in a novel way (e.g. Raman [10,11], neutron
scattering (NS) [10,12,13], electron paramagnetic
resonance (EPR) [14,15] and IR [10] spectroscopy,
NMR [16], XRD [17] and electron microscopy
(EM)[18–22], Fig. 1c); and (iii) techniques that are
used to study zeolites under realistic working condi-
tions (i.e. the operando characterizationmode of op-
eration, Fig. 1d). The recently developed analytical
techniques we discuss are all focused on nanoscale
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chemical imaging or relations in the zeolite mate-
rials and these analytical techniques have thereby
contributed to the further elemental understanding
of the zeolite materials. The more conventional
techniques undergoing revolution are focusing on
imaging and bulk characterization with an innova-
tive addition to improve their suitability for studying
porous solids, such as zeolites. Operando character-
ization techniques help to understand how and why
zeolites are changing under working conditions in
real-life industrial-type applications. This includes
the adsorption of molecules, as well as their catalytic
performance in different processes. We do not aim
to review the techniques onebyonenordowe aim to
give a detailed explanation about theworking princi-
ples of each of the analytical techniques under study.
Rather we focus on the technique’s application to
the field by highlighting some of the recent or most
important research performed in this field and their
vital outcomes, thereby hopefully inspiring new-
comers in the field to further use these tools for
the benefit of their own research or particular
application.

RECENTLY DEVELOPED METHODS:
NANOSCALE IMAGING AND RELATIONS
IN ZEOLITES
All analytical techniques that provide information at
the nanoscale are either relatively novel or extremely
relevant to the zeolite chemistry research. However,
in this review, we have focused on a selection of
techniques that, in our opinion, are the most novel
or promising without aiming to be complete. Some
analysis methods are already frequently applied
to characterize zeolites; others we would like to
bring attention to highly promising techniques as
they have proven to be very useful in the analysis
and exploration of other inorganic materials. Novel
imaging and tomography techniques are often per-
formed at synchrotron beam-line research centers.
However, there are also some lab-based (tomog-
raphy) techniques, which can be applied without
a large dedicated energy source. Some techniques
discussed in this section can also be used under
operando conditions and will be discussed sepa-
rately in ‘Zeolite characterization under working
conditions: operando spectroscopy’ Section.

Synchrotron-based microscopy
To obtain information with greater chemical spatial
resolution, some analytical methods require a
high-intensity beam source. These high energies

can be generated by a synchrotron. In this section,
we therefore discuss the most novel techniques
recently developed for its application to zeolite
characterization.

Aramburo et al. showed that scanning trans-
mission X-ray microscopy (STXM) could be ap-
plied to zeolites and provided information about
their physicochemical properties on the nanoscale
[23]. This technique can combine the high chem-
ical sensitivity of X-ray absorption spectroscopy
(XAS) with the spatial resolution of microscopic
techniques (≤10–70 nm) resulting in images with
nanoscale resolution containing chemical infor-
mation [23,11,24]. Therefore, this technique has
mainly been used to obtain information about the
zeolite framework element distributions in, for in-
stance, dealuminated or aged zeolite samples. For
fluid cracking catalyst (FCC)materials, it was found
that using La as a quantitative marker for the zeolite
regions, upon aging in their catalytic process, a het-
erogeneous dealumination process takes place (on
a single catalyst particle level). The percentage fre-
quency of tetrahedral and octahedral Al in the ze-
olite domains, found with Al K-edge X-ray absorp-
tion near-edge structure (XANES) spectroscopy,
changed heterogeneously with aging showing the
technique’s ability to study elemental distributions
in industrial relevant materials like FCC particles
(Fig. 2a) [24]. Using the same technique, for SAPO-
34 itwas found that, amongother things, theXANES
spectra were more defined in the pristine samples
compared to the steamed samples, indicating that
this treatment is decreasing, besides the number of
acid sites, the crystallinity of the material [25]. The
effect of promoters and binders on the performance
of zeolites or on the enhancement of their thermal
stability can also be studied with this technique. For
instance, phosphatation of zeolites by the formation
of a AlPO4 interaction enhances the hydrothermal
stability of zeolites.With STXM imaging, both intra-
and inter-particle heterogeneities were found with a
higher concentration of phosphorus closer to or on
the outer surface of the zeolite particles (Fig. 2b)
[26–29]. Zeolites can also be modified by intro-
ducing metals to enhance their performance in cat-
alytic reactions. Zn-modified zeolites are in this way
used as catalysts to convert small molecules, such as
methanol, to aromatic molecules [30]. He et al. dis-
covered an inhomogeneous distributionof the intro-
duced zinc with STXManalysis methods, which was
dependent on the reaction progression. In the fresh
catalyst, the Zn concentration was much higher in
the inner pores, whilst during reaction, the Zn re-
distributed to the outer surface of the zeolite crystal
(Fig. 2c) [30].
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Figure 2. (a) Scanning transmission X-ray microscopy maps
of La showing the individual zeolite domains with their
corresponding X-ray absorption near-edge structure spec-
tra allowing the determination of the distribution of the na-
ture of Al: tetrahedral (red) and octahedral (blue). Figure
adapted with permission from Ref. [24], Copyright (2016)
Wiley-VCH. (b) Chemical maps of zeolites and their P distri-
bution showing a higher concentration of phosphorus on the
outer surface of the zeolite particle (green). Figures repro-
duced with permission from Ref. [27] from the Royal Society
of Chemistry and from Ref. [28], Copyright (2014)Wiley-VCH.
(c) STXM images of the pristine Zn-modified ZSM-5 parti-
cles indicating the middle and the outside of the catalyst
particle showing their corresponding X-ray absorption near-
edge structure spectra indicating a higher concentration of
Zn (green area) in the inner pores of the pristine Zn–ZSM-5
zeolite. Figure is reproduced with permission from Ref. [30],
Copyright (2019) Elsevier.

Lab-based imaging and chemical
mapping methods
Some techniques canprovide (3D)nanoscale chem-
ical information without the need for a high energy
source, which allows these techniques to be used in
general laboratories.

One of those lab-based techniques, which has
developed impressively in recent years, is fluores-
cence microscopy (FM). Probe molecules can be
used to visualize the pore networks to reveal the
internal building blocks of a zeolite crystal. These
fundamental insights can provide information on
the structure–function relations in these materials.
Some zeolite structures do not possess cages and
pores large enough for hosting organic probe
molecules. In this case, coke molecules, residues
from, for instance, the MTH reaction and the
‘template-removal approach’ can be used to study
the structure–function relations in these materials
[31–33]. The template ions (e.g. tetrapropy-
lammonium), used in the zeolite synthesis, are
hydrocarbon-containingmolecules, which are, upon
the template-removal process, increasingly fluores-
cent so that these templatemolecules can essentially
be used as fluorescent probe molecules to study
the internal architecture of the zeolite crystals upon
de-templating [34]. Karwacki et al. found that while
partially decomposing the template molecules, the
diffusion was hindered by diffusion barriers leading
to the clear visualization of the internal intergrowth
structure of zeolite ZSM-5 by the use of CFM
[35]. Such an intergrowth structure was not only
observed for large zeolite ZSM-5 crystals, but has
also been observed for other zeolite frameworks (i.e.
CHA, BEA and AFI) and an overview of different
intergrowth structures found with CFM is depicted
in Fig. 3a [31,36,37]. The ability of this technique
to analyse fluorescent hydrocarbon intermediate
and deactivating components in multiple reactions
makes the techniques very suitable for studying
materials under working conditions as discussed in
‘Zeolite characterization under working conditions:
operando spectroscopy’ Section. Probe molecules
and FMcan also be used to study the zeolite local ac-
tivity using single-molecule localization microscopy
(SMLM) [8]. Roeffaers and co-workers have
applied single-molecule FM techniques to assess the
organic reactivity of zeolite materials in ZSM-5 and
ZSM-22.Thenewnanometer accuracy by stochastic
chemical reactions (NASCA) microscopy tech-
nique is based on the formation of a fluorescence
molecule on the acid/active sites of the zeolite
(turnover activities) [38]. In Fig. 3b, the technique
is schematically illustrated and some examples
of the formation of fluorescent molecules within
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Figure 3. (a) Examples of intergrowth structures found using confocal fluorescence microscopy (CFM) (template removal
and probe molecule studies) and one example of a confocal fluorescence image of zeolite ZSM-5. Figures adapted and
modified with permission from Ref. [31], Copyright (2007), Wiley-VCH and [36], Copyright (2017) Wiley-VCH. (b) Schematic
representation of examples of single-molecule probe reactions with zeolites, modified from Ref. [8], (2021) Springer Nature
[39,38]. (c) Single-molecule maps of parent zeolite ZSM-5 (above) and steamed zeolite ZSM-5 (below) with different solvent-
to-4-methoxystyrene ratios. The single fluorescence events are assigned with red circles indicating the efficiency of the
localization algorithm. Steamed zeolite ZSM-5 allowed much larger fluorescent molecules to form (trimeric carbocations,
orange dots) than in the parent zeolite ZSM-5 (dimeric carbocations, blue dots) due to the formation of defects in the zeolite
structure. Figure adapted with permission from Ref. [39], Copyright (2016) American Chemical Society. (d) Single-molecule
FM maps with ZSM-5 show different activity in different places of the zeolite crystal. Figure adapted with permission from
Ref. [40], Copyright (2015) American Chemical Society.
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tions). The scale bars represent 1μm. Figures obtained from Ref. [44] with permission
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zeolites are depicted. Ristanović et al. found that dif-
ferences in measured turnover activities depend on
the differences in 3D aluminum distributions upon
zeolite steaming (Fig. 3c) and on the pore network
(straight and sinusoidal)within one crystal of zeolite
ZSM-5 (Fig. 3d). They showed that steaming leads
to the formation of defects in the structure allowing
the formation of larger fluorescent molecules such
as trimeric carbocations compared to the parent
(non-steamed) zeolite ZSM-5 material [39,40].
Actual single-molecule tracking experiments to
study diffusion, previously demonstrated to be
working for other inorganic materials, were per-
formed by our group. This approach was used to
track the diffusion of single molecules in the zeolite
channels using single orientated zeolite ZSM-5 thin
films, revealing a strong diffusion heterogeneity
and a great dependency of the crystallographic axis
resulting in a diffusion anisotropy [41].

Some groups use FM for correlative studies com-
bining, for instance, scanning electron microscopy
(SEM) or stimulated Raman scattering (SRS)
microscopy [11,42]. The latter technique increases
the Raman signal sensitivity by using picosecond
Stokes and pump lasers [10]. In the SRS analysis
techniques, probe molecules can be used to obtain
information about the acid-site distribution on the
zeolite single-crystal level. Roeffaers and colleagues
used nitrile and pyridine probes to study small-pore
mordenite crystals [11,43].They found that the dis-
tribution of Brønsted acid sites within zeolites can
be monitored and resolved using the ring breathing

mode of pyridinium ions (1006 cm–1) in SRS
microscopy, as long as the pores of the zeolite are
large enough for the diffusion of this molecule.They
studied the effect of dealumination (SRS images
are depicted in Fig. 4a) on the crystal structure of
mordenite and found that the zeolite structure and
aluminum distribution are strongly dependent on
the degree of dealumination. The small pores inside
zeolite mordenite are not affected by the treatment
and pyridine does not diffuse in at lower degrees of
dealumination (Fig. 4a-1).With a slightly higher de-
gree of dealumination, the pyridine can already find
its way to the inside of the crystal (Fig. 4a-2). Larger
degrees of dealumination show that the intensity is
decreasing due to the lower content of aluminum
and thereby the removal of the active sites in the
zeolite (Fig. 4a-3–4). Additionally, samples from the
same batch show significant inter- and intraparticle
heterogeneity of the acid and thereby the active
centers of thematerial. However, the diffusion of the
pyridine molecules is the limiting factor for the ap-
plication of this method to other zeolite frameworks
[43]. Consequently, other techniques can help
to explore the zeolite element distribution on the
nanoscale. For example, Fu et al. found that PiFM
can also be applied to study the growth mechanism
of zeolite thin films while investigating the effect
of different structure-directing agents and their
influence on the structure–performance relations in
the MTH reaction (Fig. 4b). Even though a hetero-
geneous distribution of Al was found on the surface,
the hydrocarbon distribution was found to be ho-
mogeneous.This was attributed to the long reaction
time, resulting in a high number of coke molecules
(large amount of coke) [44]. By combining Raman
spectroscopy and atomic force microscopy (AFM),
a promising technique was developed, namely
tip-enhanced Raman spectroscopy (TERS). This
combines the capabilities of analysing the chemical
bonding of zeolitic materials (Raman) with very
low spatial resolution (AFM). As we are not aware
of any publications regarding zeolitic materials and
TERS, we would like to highlight this technique as
very promising for further revelation of structure–
composition–performance relations [10,45].

APT can be used to study zeolites on a sub-
nanometer scale as, in contrast to other techniques,
APT has the advantage that it can easily differentiate
between the zeolite framework elements (very sim-
ilar z-contrast elements Si, Al, O) [46]. Some recent
studies of the last 6 years have shown the great
possibilities of this technique for studying zeolite
properties [47–50]. APT is basedon ion-by-ion field
evaporation, which is caused by a combined electric
field and a pulsed laser applied on a needle-shaped
material (prepared with FIB-milling techniques) as
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Figure 5. (a) SEM images of the needle preparation from zeolite HSSZ-13 crystals with FIB-milling techniques. Figures adapted from Ref. [55] with
permission from the Royal Society of Chemistry. (b) Schematic representation of the atom probe tomography techniques. Figure redrawnwith permission
from Ref. [46], Copyright (2018) Wiley-VCH and a ‘real reconstructed’ needle is used. (c) Schematic representation of SAPO-34 crystal structure and
the carbon-ion maps corresponding to this structure with the carbon clusters found in this single needle. Ion maps reproduced from Ref. [53], Copyright
(2018) American Chemical Society. (d) Schematic representation of the SSZ-13 structure and the carbon-ion maps without cluster formation. Ion maps
obtained from Ref. [55] with permission from the Royal Society of Chemistry. (e) Schematic representation of the zeolite ZSM-5 structure and carbon-
ion maps with the carbon clusters found and carbon-depleted areas. Ion maps reproduced with permission from Ref. [53], Copyright (2018) American
Chemical Society.

shown in Fig. 5a [51]. Identification of the ions is
performed by mass spectrometry (MS) using time-
of-flight and the position of the ions is determined
using a position-sensitive detector allowing 3D
reconstructions (a schematic representation of the
set-up is depicted in Fig. 5b) [46]. Nanoscale het-
erogeneities of the framework elements, introduced
metals for enhanced catalytic activity and deactivat-
ing compounds (coke) can be found and analysed
with this technique. For instance, with this method,
the distribution of Cu in automotive catalysts Cu-
SSZ-13 andCu-ZSM-5was identified and compared
before and after reaction, explaining the greater cat-

alytic performance of Cu-SSZ-13 over Cu-ZSM-5
zeolites due to relations on the nanoscale. The cop-
per is heterogeneously distributed in these samples
and Cu clusters of just a few nm can be visualized
in 3D [47]. This technique has also been corre-
lated to STXM, which further contributed to the
micro-to-nanoscale insights in the selective catalytic
reduction (SCR) process [52]. Additionally, carbon
clusters, residues of the MTH of just a few nanome-
ters, were isolated in ZSM-5 and SAPO-34 allowing
the spatial determination of coke molecules on
the nanoscale [53,54]. These carbon clusters were
also linked to the Al concentration and location
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in the zeolite from micro to nanoscale [54]. Very
recent studies also compare these results to the
SSZ-13 structure in which the carbon is much more
homogeneously distributed—something that can
be linked to the bulk coking behavior and the zeolite
properties [55]. Identification of these clusters
together with similar isolation methods allows the
comparison of carbon clusters between different
zeolite frameworks and is shown in Fig. 5d–f.

REVOLUTIONIZING CONVENTIONAL
METHODS: NEW INSIGHTS
Some analysis techniques were proven to be suit-
able for zeolite characterization decades ago and are,
in essence, not specified as ‘novel’. In this part, we
would like to emphasize some of these important
techniques that have been undergoing a revolution
in their use for zeolite characterization over the last
few years. Most of these techniques have been able
to unravel some important questions regarding ze-
olites and their applications to an extent that these
techniques were not capable of in the past.

The characterization of zeolites using EM has
been established already for a long time. How-
ever, over the last decades, the spatial resolution,
elemental sensitivity as well as its suitability to
analyse zeolite materials has been developed very
fast [19]. With transmission electron microscopy
(TEM), structural properties, morphology and par-
ticle sizes of the zeolites under study can be de-
termined. Combining this technique with electron
energy loss spectroscopy (EELS) or energy disper-
sive X-ray spectroscopy (EDS) allows this tech-
nique to be used to investigate the chemical com-
positions, both qualitatively and quantitatively [21].
High-resolution transmission electron microscopy
(HRTEM) has been used for zeolite characteri-
zation since the 1980s as many zeolite structures
can be directly visualized [20,18]. However, to
obtain structural information, EM is now often
being used in combination with XRD and elec-
tron diffraction (ED). This combination of tech-
niques has been extremely important for the in-
vention of new zeolitic materials [19,20]. In 2006,
Terasaki and co-workers revealed the complete
structure of TNU-9 (an extremely complex sys-
tem) by this combination of techniques (HRTEM,
ED and XRD) [56]. Figure 6a shows the HRTEM
images taken from different axes along the crys-
tal plane together with the corresponding ED pat-
terns. Other important examples of zeotype materi-
als for which the structure was determined in the last
15 years using the combination of techniques are
SSZ-74 and IM-5, ITQ-37 and ITQ-39 [57–60].
More recently, several structures were solved using

3DEDmethods that commonlymake use of a rotat-
ing goniometer, e.g. ITQ-54, ITQ-56, PKU-16 and
ITQ-58 [61–67].

Besides the ability to resolve complete crys-
tal structures, EM can also be used to study the
morphology of zeolite materials and follow their
changes upon, for instance, the synthesis proce-
dure [20,68]. Additionally, the crystal size of the
zeolite does play an important role in the cataly-
sis. Small crystals show an improved lifetime com-
pared to larger crystals of the same material in mul-
tiple catalytic reactions. EM can be used to study
these smaller, sometimes nanosized, zeolite crys-
tals (Fig. 6b) [21,69]. Moreover, since zeolites are
widely used because of their ion-exchange capabili-
ties and the introduction of metal nanoparticles can
provide thematerial with bifunctional properties, in-
formation about cations and nanoparticles located
within the pores and cages of the zeolites is desired
[70,71]. Ortalan et al. showed that high-angle an-
nular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) can be used to image
iridium clusters andmononuclear species within the
cages of zeolite Y (FAU) [72]. Figure 6c depicts the
individual Ir ions anchored to the zeolite structure.
Lately, scanning transmission electron microscopy
techniques (STEM)have evenbeen applied to study
and ‘image’ single molecules and other atoms in
zeolite channels [73–75].

Solid-state nuclear magnetic resonance
(SSNMR) can be used to define structural and
chemical properties within zeolites. This analysis
tool is predominantly used to study the acid sites
within the zeolite materials [76]. Probe molecules
can be used to quantitatively and qualitatively study
the type, Lewis- or Brønsted acid sites (LAS/BAS),
density and strength of the acid sites, and SSNMR
also provides a way to look into the local environ-
ment of the acid sites [77–79]. SSNMR can also be
used to study the effect of the introduction of other
heteroatoms (e.g. Ga, Ge and B) to the framework
and can be applied to contribute to resolve the
crystal structure [16,77,80]. 1H–NMR can be
used to study the BAS and LAS as they contain
hydroxyl groups arising from, for instance, SiOH
and AlOH [81,82]. In the same way, 29Si–NMR
can be used to study the geometry of the zeolite and
27Al–NMR can be used to obtain information about
the orientation of the aluminum atoms and thereby
the active centers [81]. The different chemical shift
experiments can also be applied in a correlative
manner, improving the suitability of the SSNMR
to the zeolite chemistry field as more structural
and connectivity information can be obtained. The
different chemical shift experiments can also be
applied in parallel as the groups of Lercher and
van Bokhoven, among others, have done to study
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(a)

(b) (c)

Figure 6. Some examples of the applications of electron microscopy to analyse zeolites. (a) Using transmission electron
microscopy (TEM) (and X-ray diffraction (XRD) techniques), the structure of zeolite TNU-9 has been unraveled and the TEM
images are shown along different axes of the crystal: [010], [001] [110], from left to right together with their corresponding
electron-diffraction patterns. Figures adapted with permission from Ref. [56], Copyright (2006) Nature Publishing Group.
(b) Electron microscopy has been used to analyse nanosized zeolite crystals showing here TEM images of zeolite Y with a
crystal size of ∼10 nm. Figures adapted with permission from Ref. [69], Copyright (2015) Nature Publishing Group. (c) High-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) showing individual Ir ions anchored to
the zeolite structure. Figure reproduced with permission from Ref. [72], Copyright (2010) Nature Publishing Group.

the acid-site distribution changes (Al orientation
in zeolites) and its effect on the zeolite framework
[83,84]. 2D or double quantum (DQ) NMR is
a method for studying atom proximities inside
a zeolite catalyst and to investigate, for instance,
dealumination (when using 27Al-27Al SSNMR)
[85,86]. Additionally, the synergy between active
sites in metal-containing zeolites can be studied
with 2D double-resonance SSNMR experiments,
especially when proton-detected methods are used
as the metal–hydroxyl groups can be identified
[87]. Double-resonance experiments allow the
further revelation of these synergies as they are
measuring the dipole–dipole interactions of close
nuclei [85,87]. In this way, Deng and co-workers,
recently used 1H-95Mo SSNMR spectroscopy
to elucidate on the active sites in the methane
dehydroaromatization (MDA) over Mo–ZSM-5
catalysts. They have hereby established proof of
acidic proton–Mo dual sites. The combination
with 2D 1H–1H even allowed the investigation
of olefins as reaction intermediates [79]. Isotopic
enrichment of zeolites with, for example, 17O has
also been applied as the binding of ions to oxygen

atoms in the zeolite framework is of great interest
[88]. Gordon et al. proposed a new insight into
the epoxidation of olefins by titanium silicalite-1
(TS-1) by studying the interaction with H2

17O2
making use of 17O–NMR spectroscopy, density
functional theory (DFT) calculations and other
complementary spectroscopic techniques. They
proposed that the Ti was incorporated into the
framework of silicalite-1 forming dinuclear sites,
as opposed to the mononuclear sites as proposed
in earlier studies, explaining their specific catalytic
activity [89]. Figure 7a shows that the calculated
and experimental 17O–NMR spectra are matching,
supporting the conclusion of this work that Ti exists
as dinuclear sites within TS-1. Yang et al. recently
clarified the framework characteristic changes and
explained the effect of water on the stability of
SAPO-34 catalyst upon reaction–regeneration
in the MTH process by the use of NMR spec-
troscopy [90]. In the previously explained cases,
the mechanism of a catalytic reaction has been
explained by the catalyst properties, but SSNMR
can also be used to study the catalytic reaction
by analysing the reaction product residues in the
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Figure 7. (a) Experimental 17O–NMR spectra and the corresponding calculated spectra for peroxo species on a homogeneous
epoxidation catalyst and Ti–MFI showing very similar trends for calculated and experimental spectra supporting the propo-
sition of this work for dinuclear Ti sites. Figures obtained with permission from Ref. [89], Copyright (2020) Springer Nature
Limited. (b) 2D 13C–13C 13C–1H SSNMR spectra of the formed surface-acetate and methyl-acetate species on SAPO-34 and
their corresponding chemical shifts to illustrate the principle. Figures reproduced with permission from Ref. [92], Copyright
(2016) Wiley-VCH. (c) DNP-enhanced 119Sn NMR spectra (blue) of the hydrated and dehydrated Sn-Beta zeolite acquired for
18 and 21 h and normal 119Sn NMR spectra without DNP (red) acquired for 246 h. This shows that the sensitivity is enormously
enhanced with the use for DNP and that this technique allows the analysis of 119Sn without isotopic enrichment experiments.
Figure copied with permission from Ref. [97], Copyright (2014) American Chemical Society.

zeolite, e.g. hydrocarbons residues [91]. With the
use of SSNMR, Chowdhury et al. contributed to
unraveling the initial carbon–carbon coupling in
the MTH reaction by looking into the reacted
hydrocarbon atoms using 2D SSNMR correlation
experiments (1H-13C-NMR cross polarization
and 13C-NMR direct excitation) on 13C-enriched
coked samples. They provided proof of the initial
carbon–carbon coupling process by identifying
surface-bound acetate species, methyl acetate and
dimethoxymethane [92]. Figure 7b shows the 2D
SSNMR spectra of the SAPO-34 zoomed in on the
contribution of surface acetate species and methyl
acetate to illustrate the principle of the method.
Later, they also proved, using a similar approach,
that the initial formed species have a great influence
on the formation of later reaction intermediates
[93]. A similar method to study reaction products
and intermediates was used by Román-Leshkov and
co-workers. They reacted 13C-enriched glucose to
study the epimerization reaction mechanism over
zeolite Sn-Beta using 13C-NMR [94].

One of the drawbacks of NMR spectroscopy is
that often the concentration of active nuclei can
be very low, resulting in long measuring times. Dy-
namic nuclear polarization (DNP) methods can
help to overcome these problems by increasing the
NMR sensitivity and simultaneously avoiding the
high costs of isotopic element enrichment, allow-
ing the technique to be used for materials in which
isotopic enrichment is not practical (industrial cat-
alysts) [95,96]. In one of the earlier research per-
formed using this method, zeolite Sn-Beta was stud-

ied. As the natural abundance of 119Sn is quite low
and the loading of the metal in the structure is not
very high, conventional NMR analysis is limited.
High-quality data were much quicker to obtain us-
ing DNP and information on the active state of
the Sn sites could be determined (Fig. 7c) [97,98].
Moreover, this technique’s ability of enhancing the
signals from the surfaces can also be applied to
study oxygen atoms (17O) and thereby the acid sites
of the zeolites. Using this approach, Perras et al.
showed that pyridine can be used to identify the
O–H distance and thereby the acidic nature of dif-
ferent groups within heterogeneous catalysts [99].
Asmany zeolite-catalysed reactions concern the for-
mation hydrocarbon molecules and coke, the appli-
cation of DNP has been proven in recent studies to
be very useful in understanding the coking mech-
anism of not only zeolites, but also FCC particles
[100–102].

A very often used technique to define the
crystal structure of zeolites requires single-crystal
XRD or, sometimes, X-ray (powder) diffraction
(PXRD) [62]. To be able to accurately define the
crystal-structure properties and parameters of ze-
olitic powders, and thus the channel dimensions
by refinements, it is often essential to have high-
quality data that can be generated by high-intensity
X-ray sources obtained at synchrotron beam lines
(SXRD) [17]. The advances in SXRD have led to
the higher use of PXRD to define the crystal struc-
ture from powders rather than single-crystal XRD
facilitating the analysis of many industrial relevant
catalysts. The structure of ITQ-37, a mesoporous
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Figure 8. Examples of the use of X-ray diffraction (XRD) in the zeolite chemistry.
(a) Powder XRD patterns (blue) taken to solve the structure of ITQ-37 zeolites using
the calculated (red) Rietveld refinement and the differences between measured and
calculated in black and a structural image of a part of the structure down the [111] di-
rection. Figures reproduced with permission from Ref. [59], Copyright (2009) Macmillan
Publishers Limited. (b) Schematic representation of the experimental set-up of micro
X-ray diffraction crystallography imaging using a micro-focused X-ray beammoving the
sample under the beam with a piezo stage to obtain spatial information. Additionally,
some examples showing the diffraction response (diffraction intensity maps) in the re-
gion of interest (ROI) in a zeolite ZSM-5 coffin-shaped crystal. Pictures obtained with
permission from Ref. [103], Copyright (2013) Wiley-VCH.

germanosilicate, has been determined by the use of
PXRD (lab-based) and ED. XRD patterns can be
resolved by applying Rietveld refinement, allowing
the definition of the lattice parameters of the zeolite
structure [59]. Figure 8a shows an example of such
a Rietveld refinement helping to resolve the crys-
tal structure of the ITQ-37 zeolite framework. XRD
can also be used to obtain spatially resolved informa-
tion.MicroX-ray diffraction (μ-XRD) uses amicro-
focused beam to detect diffraction peaks in a spa-
tial region of interest. A schematic representation of
the working principle/set-up is presented in Fig. 8b
[103]. Ristanović et al. were among the first to use
this crystallographic technique on zeolite crystals.
They crystallographically mapped the different Al
concentrations in large coffin-shaped zeolite ZSM-5
crystals and provided further insights into the crys-
tallographic properties of the subunits of this model
zeolite material [103]. Two examples of diffraction
response on a 2DX-ray pixel detector are depicted in
Fig. 8b. SXRD can also be used to follow the adsorp-
tion of molecules onto the zeolite framework, addi-
tionally allowing the use of adsorption molecules as
probe molecules to study the zeolite properties. Lo

et al. applied this technique in combination with Ri-
etveld refinement analysis to study the BAS and LAS
in HZSM-5 and HUSY by using DMF and Furan
as probe molecules [104]. Chen et al. recently stud-
ied the adsorption of lysine, which stereospecifically
(l/d) binds to the ZSM-5 zeolite [105]. Pair distri-
bution function (PDF) analysis canbe applied toob-
tain information on the short-range structure, with
atomic distances that are challenging to determine
using other techniques [106,107]. Using PDF, the
structural evolution upon zeolite formation (i.e. syn-
thesis and characterization) can be followed [106].
Normally, PDF analysis is limited in the use of syn-
chrotron hard X-ray or neutron sources as high
signal-to-noise ratios are required [108]. Another
important technique in the zeolite-characterization
research field using X-rays is XAS, which is very use-
ful for instances in which the size domains are below
the limits of XRD.This analysis method has recently
been used to obtain information about zeolite mate-
rials under working conditions and will therefore be
further discussed in ‘Zeolite characterization under
working conditions: operando spectroscopy’ Sec-
tion. Small-angle X-ray scattering (SAXS) can also
be used to study the formation of zeolites [109,110].
It also has now been applied in combination with
microscopy to obtain spatial information about the
structural pore properties of zeolite ZSM-5 upon de-
silication [111].

Vibrational spectroscopic techniques are very
commonly used to characterize zeolites. By far the
most frequently used vibrational spectroscopic tech-
nique to study zeolites is infrared (IR) spectroscopy
as it is, among the techniques, the easiest to use and
because it can provide information about multiple
zeolite features. Besides its possibilities to probe
several introduced heteroatoms into the zeolite
framework, it is tremendously useful for the char-
acterization of acid sites in zeolites [10]. Solely IR
spectroscopy can already be used to study the acidic
properties of the materials but developments in the
use of probe molecules have vastly increased the
possibilities of this technique. When studying the
acidity, probe molecules of a basic nature are often
used as they can bind to the acid sites in zeolites. Ex-
amples of frequently usedprobes in this field areCO,
pyridine and acetonitrile [10,112–115]. In this way,
Mintova and colleagues used probe molecules in
IR and NMR spectroscopy to prove that Mo atoms
were incorporated into theMFI structure [113]. Ad-
ditionally, applying different probe molecules that
differ in size and nature could, besides the informa-
tion about the acidity, also give information about
diffusion. IR spectroscopy can also be combined
with microscopy and thereby provide spatial infor-
mation [116]. A downside of IR spectroscopy is that
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water is strongly absorbing in this region, limiting
the analysis of, for instance, the zeolite framework
and the influence of the synthesis procedure and ion
exchange.The interference of water with the Raman
scattering process is relatively low and therefore
Raman spectra can be used to study a zeolite
framework stretching between 1200 and 700 cm–1

[10].Therefore, zeolites with the same topology but
different elemental compositions and exchanged
cations can be investigated [117]. Furthermore, Ra-
man spectroscopy, especially when combined with
an excitation source in theUV area to induce the res-
onance Raman effect, can be applied in situ or even
operando to follow solid catalyst changes or hydro-
carbon products and intermediates, and is further
discussed in ‘Zeolite characterization underworking
conditions: operando spectroscopy’ Section [117].

NS methods for zeolite characterization are an-
other type of vibrational spectroscopic technique
applied to study zeolite properties [13]. For in-
stance, inelastic neutron scattering (INS) is based
on vibrational spectroscopy principles and is com-
plementary to other vibrational spectroscopic tech-
niques, allowing the analysis of adsorbed species
(e.g. hydrocarbon molecules) in zeolite structures
that are not detectable with the more conven-
tional IR and Raman spectroscopicmethods. Quasi-
elastic neutron scattering (QENS) is mainly used
to follow hydrogen-containing molecules inside in-
organic materials like zeolites, making it possi-
ble to follow the hydrocarbon-transport processes
[13,12,118]. Novel developments using these tech-
niques involve their use under real working con-
ditions and will therefore be further discussed in
‘Zeolite characterization under working conditions:
operando spectroscopy’ Section.

Because of the ion-exchange capabilities of zeo-
lites, the study of exchanged or incorporated met-
als in the zeolite framework has been of great
importance to their applications. EPR is, among
other techniques, capable of determining the na-
ture and the environment of some introduced met-
als such as iron, nickel, cobalt, manganese and cop-
per by using the magnetic character of the elements
[14,15,119–121]. An example of a very recent study
extending the use of EPR as a key technique to-
gether with DFT calculations has been performed
by Chiesa and colleagues. They used H2

17O to in-
troduce the magnetic isotope of oxygen to be able
to study the metal–oxygen bonds in Cu-CHA zeo-
lites to allow further elaboration on the structure–
property relations in these materials [122].

Asmentioned formany studies above, during the
discovery of numerous properties of zeolites, char-
acterization techniques oftenmake use of molecular

simulations and calculations to support the spectro-
scopic data (e.g. DFT calculations, Rietveld refine-
ment and other computational spectra predictions)
and to form general consensuses.These calculations
and models are of great importance as support for
zeolite characterization and vice versa. Especially
under circumstances that cannot (yet) be detected
due to sensitivity issues or to catalyst and/or (inter-
mediate) product stability, molecular simulations
and calculations are extremely valuable. Obviously,
many other great examples of combining calcula-
tions with spectroscopic data exist and the following
examples are just used to point out some very recent
important work. Chizallet and co-workers com-
binedNMR and Fourier-transform infrared (FTIR)
spectroscopy with periodic boundary DFT calcula-
tions. The DFT calculations served as a key tool in
this investigation to obtain further information on
the surface OH groups on zeolite ZSM-5 depending
on the crystallite size [123]. Additionally, Dib et al.
applied a similar combination of techniques to study
the effect of silanol groups in silicalite-1 [82]. NS
techniques are also often used in combination with
molecular simulations. De Leeuw and co-workers
used QENS together with molecular dynamic
simulations to further elucidate the role of phenolic
monomer in the conversion of lignin in zeolite Beta
[124]. The synergy between modeling and exper-
imental research will stay extremely important for
the revelation of many structure–property relations
in zeolite catalysts and there is no doubt that these
approaches will go hand in hand in the near and far
future.

ZEOLITE CHARACTERIZATION UNDER
WORKING CONDITIONS: OPERANDO
SPECTROSCOPY
One of the most important industrial applications
of zeolites is their use in catalysis, in which these
materials are functioning as shape-selective solid
catalysts for many crucial reactions. Many of these
reaction mechanisms are extremely complicated
and hard to study under ambient conditions as they
are changing very quickly. Therefore, spectroscopic
insights into zeolite properties under non-ambient
conditions (in situ) and the working behavior of
zeolites and the reaction products are extremely
useful for unraveling the complicated mechanisms
and to further optimize catalyst design. In the last 20
years, many characterization techniques, from the
more conventional to the more novel techniques,
have been developed to work under industrially
relevant conditions and when such experiments are
combined with actual product tracing by methods
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Figure 9. Examples of imaging (microscopy) techniques used to study inorganic porous
materials under working conditions. (a) Confocal fluorescence microscopy (CFM) im-
ages of HZSM-5 crystals during the MTH reaction at 387◦C after 0, 10 and 60 min
time-on-stream (TOS), measured using a 561-nm laser in a detection range of 565–
635 nm. Images obtained with permission from Ref. [32], Copyright (2008) Wiley-VCH.
(b) 3D render of the hard X-ray tomography data with a Cu0 core and a Cu2O phase at
the core–shell interphase of zeolite ZSM-5. Image reprinted with permission from Ref.
[127], Copyright (2017) American Chemical Society. (c) Scanning electron microscopy
(SEM) images of ZSM-5 crystals and liquid-phase transmission electron microscopy
(LP-TEM) imaging of the desilication of single-particle ZSM-5 crystals over time illus-
trating the proof of concept that EM can be used to study zeolites under working con-
ditions in liquid phase. Scale bar is 400 nm. Figure adapted with permission from Ref.
[128], Copyright (2021) American Chemical Society. (d) AFM images of the MMBA-UDT
surface and HKUST-1 to demonstrate the application of in situ PiFM on metal organic
framework (MOF) materials to highlight the possibilities for further investigations in
zeolite chemistry. Figures obtained with permission from Ref. [129], Wiley-VCH.

such as online mass spectrometry (MS) or gas
chromatography (GC), we refer to it as operando
conditions. These operando conditions allow the
correlation of catalytic performance with physical
changes of the zeolite or can provide information
about the reaction intermediates and deactivating
species. In this part, we would like to highlight some
important developments in in situ and/or operando
spectroscopy and microscopy. Again, some tech-
niques need high-intensity radiation sources, while
other techniques canbeusedon the lab scale. Several
techniques are used to obtain spatial information
of the zeolite and its reaction products, while other
methods are used to obtain information about the
bulk by looking into the light interaction of the zeo-
litematerial and/or the interactionwith the reaction
intermediates.Therefore, this sectionwill be divided
in three parts focusing on (i) chemical imaging,

(ii) light–intermediates/product interactions and
(iii) beam–catalyst interactions.

Chemical imaging of zeolites
under working conditions
To obtain spatial information of zeolites under
working conditions, microscope techniques are of-
ten used as they can map the catalyst activation and
deactivation. For many of these techniques, a hard
restriction is the zeolite crystal size as otherwise no
high-resolution and thereby proper quality data can
be obtained. Therefore, often large zeolite model
catalysts are used. A reaction frequently studied by
means of operando and in situ imaging is the MTH
reaction as it is easy to perform using mild condi-
tions (ambient pressures and temperatures between
300◦C and 500◦C), which allows the use of reaction
cells with a transparent quartz window. Addition-
ally, the reaction intermediates of this reaction are
olefinic and aromatic hydrocarbons, which absorb
light of different wavelengths depending on their na-
ture, e.g. alkylation, double bonds and the number of
aromatic rings.

As mentioned earlier, (aromatic) probe
molecules can be used to study the zeolite proper-
ties using CFM. Important reaction intermediates
and products in many hydrocarbon-containing
reactions, like MTH, are aromatic molecules and
can therefore directly be used as probe molecules.
Mores et al. used CFM and UV-vis microscopy to
spatially resolve the hydrocarbon reaction inter-
mediates in zeolite ZSM-5 crystals (Fig. 9a) and
SAPO-34 stressing their coking behavior differences
on themicroscale (single crystal). Different reaction
intermediates for the different zeolite frameworks
were observed [32]. The difference in the nature of
the crystal and framework structure also led to clear
differences in spatial coking/deactivating behavior.
They found that the formation of deactivating coke
molecules in ZSM-5 begins at the external surface
of the crystals, after which it gradually proceeds into
the crystal, which is slowed down at the intergrowth
structure boundaries resulting a visible hour-glass
pattern at certain laser excitation wavelengths.
Conversely, the formation of coke molecules in the
corners and edges of SAPO-34 crystals prevents
the further diffusion of reactants and products to
the inner crystal core [32]. The influence of water
on the MTH reaction has also been studied with
both CFM and UV-vis microscopy in combination
with molecular simulations, showing a slower and
more homogenous discoloration (slower formation
of coke molecules) of the SAPO-34 catalyst [125].
Moreover, not only the MTH reaction can be
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studied with these techniques; many other reactions
involving hydrocarbon conversions can be studied
in thismanner, such as the aromatization of paraffins
and olefins [126].

X-ray-based imaging techniques, like STXM and
μ-XRD, can also be applied to study zeolite ma-
terials under working conditions. Sheppard et al.
combined multiple synchrotron-based X-ray imag-
ing techniques with each other to study and form a
3D image of the catalyst Cu/ZnO/Al2O3@ZSM-5
(core@shell) for the formation ofDME from syngas
via methanol. Due to the clear core@shell structure
of the catalyst particles, it was discovered that the
zeolite shell had an important influence on the
Cu-catalyst state while preserving the core–shell
structure of the catalyst [127]. Figure 9b shows a
3D rendered image of the Cu core at the core–shell
interface under reducing conditions obtained using
hard X-ray tomography.

The use of EM under working conditions has
been greatly developed in recent years [22]. Al-
though, to the best of our knowledge, the technique
has not been applied yet to study zeolites under real
gas-phaseworking conditions (e.g. high temperature
or pressures with reactant gasses), methods to study
zeolite changes over timehave beendevelopedusing
liquid-phase (LP)EMor liquid-cell (LC)EM.How-
ever, the use of such liquid environments limits the
in situ capabilities of this technique to reactions tak-
ingplace in liquidphase.Recently, such in situ liquid-
phase experimentswere performedbyPatterson and
colleagues and the desilication process of ZSM-5 ze-
olites was visualized [128]. Some of these images are
depicted in Fig. 9c. Gas-phase TEM to study cata-
lysts while theywere fedwith certain gasses has been
developed but not yet applied to zeolites [22]. We
therefore like to emphasize this technique to be very
promising in further investigations in the zeolite re-
search field as it ideally could provide further knowl-
edge of the zeolite structure and morphology upon
reaction and regeneration.

Another imaging technique that we believe
would be very promising for studying zeolite
materials and their working mechanisms in dif-
ferent process is operando and/or in situ PiFM. In
situ PiFM has been proven to be very useful for
studying molecule adsorption and desorption in
porous materials such as metal–organic frameworks
(Fig. 9d) [129]. This characterization technique is
only surface-sensitive, allowing the further under-
standing of the surface reactions on zeolite crystals.
Using a similar approach, applying TERS as an in
situ technique for studying zeolite surfaces is also a
promising field as it has already been demonstrated
for the study of surfaces in other processes, e.g.
photo- and electrochemical processes [130,131].

Reaction intermediate identification
by spectroscopy
OperandoUV-vis spectroscopy can be used to study
a range of intermediate products within zeolites dur-
ing reactions, such as the MTH process. As previ-
ously mentioned, aromatic molecules act as active
intermediates as well as deactivating compounds
and some of them can interact with light in the UV-
vis wavelength range. This allows the analysis of the
formation and the contributionof these arenes to the
activation and deactivation period for multiple reac-
tions for which coke molecules are the deactivating
or activating compounds. This technique has been
used by our group to study the temperature depen-
dency of the CHA and MFI structure in the MTH
process, the effect of feedstock impurities, the influ-
ence of the zeolite crystal structure in small-pore ze-
olites and the influence of the reaction bed position
(Fig. 10a depicts an example of UV-vis spectra dur-
ing theMTH reaction over SAPO-34) [132–135].

Operando Raman spectroscopy has also been
used by different research groups to study zeolites
under working conditions. Nevertheless, to be ap-
plicable for this purpose, some problems concern-
ing overlapping fluorescence signals, sample dam-
age and long exposure times had to be overcome.
Recently, UV-Raman spectroscopy has proven to
be very efficient to study the hydrocarbon inter-
mediates and residues in zeolites with its resistance
to the interruption of fluorescence while keeping
its high sensitivity due to the resonance enhance-
ment effect [136–138]. An et al. were able to iden-
tify key intermediate (i.e. methylbenzenium carbe-
nium ion) molecules in the methanol dehydration
process by using isotope-switching experiments, al-
lowing the identification of the deactivation and ac-
tivation phases [137]. Figure 10b depicts one of the
UV-Raman spectra taken over the first minutes of
the reaction in the beginning of the catalyst bed. At
the same time, the group of Zonghmin found that,
by partially regenerating the zeolite materials after
the MTH process, the selectivity to ethylene was
enhanced by the direct transformation of the coke
molecules to naphtalenic molecules. This was stud-
ied using a wide variety of techniques, among which
was operando UV-Raman spectroscopy [139]. An
interesting alternative to UV-Raman spectroscopy
that can also circumvent the interruption of fluores-
cence is Kerr-gated Raman spectroscopy in which
the Kerr-gated spectrometer can differentiate be-
tween the Raman signal and the fluorescence signal.
With this technique, Beale and co-workers also stud-
ied the MTH process over zeolites. Together with
molecular simulations, they have established the im-
portance of polyenes in this reaction and their role
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Figure 10. Examples of operando spectroscopy to follow the conversion of methanol
under working conditions. (a) Operando UV-vis spectra of theMTH reaction over SAPO-
34 at 400◦C showing several bands at different wavelengths corresponding to ac-
tive hydrocarbon pool species and deactivating poly-aromatic coke molecules. Figure
reprinted with permission from Ref. [132], Copyright (2017) American Chemical Soci-
ety. (b) UV-Raman spectra obtained in the first 15 min of the methanol-to-DME reaction
using ZSM-5 as a catalyst at the beginning of the reactor bed at 250◦C. Figure reprinted
with permission from Ref. [137], Copyright (2018) American Chemical Society.

in the deactivation of the zeolite catalyst during the
MTH reaction process [140].

NS analysis techniques were also recently found
to be usable under in situ and operando conditions,
especially as they can provide complementary infor-
mation to UV-vis and Raman spectroscopy. Multi-
ple groups have combined this technique with other
in situ characterization methods to obtain further
insights into catalytic processes. Lin et al. studied
the reaction ofγ -valerolactone (for biomass conver-
sion) to butene over hetero-atomicMFI-type zeolite
NbAIS-1. In situ INS, combined with DFT calcula-
tions, SXRD and XAS, contributed to the better un-
derstanding of the mechanisms within this process
[141]. Similarly, the same group contributed to the
further understanding of theMTHprocess by estab-
lishing a catalytic cycle over an MFI structure with
Ta(V) centers incorporated [142].

Applications for which in situ/operando IR
spectroscopy is useful and widely studied is the
NH3/NOx–SCR reaction, cracking reactions,
conversion reactions and in photocatalysis [10].
Recently published work gave new insights into
the SCR reaction mechanism of NO with NH3
(NH3–SCR) over Cu–AFX using operando IR
spectroscopy, combined with operando UV-vis
and XANES spectroscopy and DFT calculations
[143]. Operando IR spectroscopy can also be used
to discover the intrinsic rate and thermodynamic
parameters as recently demonstrated by Kadam
et al. where they applied this technique to the
alkane-cracking process [144].

NMR spectroscopy can also applied as an in
situ/operando analysis method to discover reac-
tion mechanisms. Reactions containing hydrocar-
bon molecules can be followed by isotopically label-
ing the carbon atom (13C-NMR). In this way, the
methanol and ethanol conversion over zeolites can
be followed as well as the solvent-mediated adsorp-
tion reaction of carbohydrates (glucoses), phenol
alkylation and the conversion of cyclohexane in wa-
ter into zeolites [145–149].

Recently, van Bokhoven and co-workers applied
a multi-operando analysis technique approach in
which they combined UV-vis, EPR, XAS and FTIR
to identify the active sites and to study the kinetic
characteristics in the Cu–MOR catalysts active in
the methane-to-methanol conversion. With these
techniques, they were able to identify the state of the
Cu atoms in the zeolite structure and define their
contributions to catalysis [150].

Catalyst-properties analysis upon
activation and deactivation
Due to their use in catalytic reactions, the zeolite
catalyst can change in its composition and struc-
ture during use. It is interesting to observe whether
these changes contribute to catalyst activation and
deactivation, and therefore methods to analyse the
structural or compositional changes over time are
developed.

XAS has been widely applied in an operando set-
ting as this techniquewas discovered early on to pro-
vide informationunderworking conditions.One im-
portant recent study was performed by Imbao et al.
Together with kinetic studies, XAS(XANES) was
used to study the ethyleneoxidation reaction and the
influence of water on the Pd–Cu/ZSM-5 and Pd–
Cu/Zeolite Y catalysts. In this way, the authors were
able to identify the oxidation states and environ-
ment of the metals present in the zeolite during the
reaction [151,152].

Under catalysis conditions, structural changes in
the zeolite framework can occur, which can be de-
tected using spectroscopy, microscopy, diffraction
and scattering techniques. When the XRD is mea-
suredunderworking conditionsby tracking the reac-
tion products, the changes can be related to the reac-
tion stages. In this way, it was found that the lattice
of small-pore zeolites expands in certain directions
upon MTH progression because of the formation
of larger aromatic molecules in these cages [153].
Similar results were found for zeolite ZSM-22 [154].
This operando techniquewas also applied to spatially
study the catalyst bed and to reveal the burning-cigar
principle of theMTHreactionby correlating activity
and structural changes in zeolite ZSM-5 [155].
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CONCLUDING REMARKS
AND PERSPECTIVES
Zeolites are one of the most-studied inorganic
porous functional materials as they are used in
numerous industrial applications.The detailed char-
acterization of these materials has been performed
and studied for 50–100 years, meaning that an
enormous amount of literature on this topic exists.
The ability of zeolites to be functional in so many
applications due to their unique porous stable acidic
network leads to the continuing search for answers
around zeolite chemistry. This explains the ongoing
desire to invent and apply new analytical techniques
next to refurbish more conventional analysis meth-
ods to unravel these complex but fascinating mate-
rials. This review has focused on the most recently
developed novel as well as more conventional ana-
lytical techniques with the addition of new operando
spectroscopic insights into their working behavior.
The recently developed and usedmethods (i.e. APT,
STXM, PiFM and CFM) are mainly focused on the
micro- to nanoscale chemical imaging of the zeolite
crystals and the structure and composition of their
frameworks. These techniques have contributed to
the better understanding of zeolite structures and
their performance in a wide variety of applications.
Some other analytical techniques do not originate
from the recent decade, but have undergone some
important further developments, which holds for
NMR, EM, IR, Raman, NS and XRD, also allowing
better understanding of the properties of zeolites,
including the unraveling of their structures and iden-
tification of the catalytically active sites. A new de-
velopment of this century is the characterization of
zeolites under catalyticworking conditions, allowing
simultaneous analysis of the reaction intermediates,
products and related material changes over time.
This so-called operando approach has contributed to
the further understanding of the dynamics of zeolite-
based catalyst materials. Furthermore, the develop-
ment of theoretical chemistry approaches has also
helped in the identification of e.g. spectroscopic
fingerprinting of operando data obtained.

Zeolite analysis by means of spectroscopic and
characterization techniques has besides great oppor-
tunities also some yet inevitable limitations. Some
crucial reactions or key chemical elements occur in
such low concentrations that they are undetectable
with some main analysis methods. However, in-
creasing beam power, to increase sensitivity, can
result in beam damage destroying the materials
and giving conflicting results. Visualization of the
industrially used nanosized zeolite materials with
common light microscopes to obtain spatial infor-
mation is now rather difficult as the resolution of

these methods is too low. Increasedmicroscope res-
olution would predictably lead to further increased
knowledge about thesematerials as, nowadays, large
zeolite crystals have to be applied in microscope
experiments as model catalysts. Additionally, the
elements of which the zeolite materials are com-
posed poses limited z-contrast differences that do
challenge the use of many spectroscopic techniques.
In general, the limitations mainly involve the sensi-
tivity on spatial and temporal scale for which, in the
coming years, proper solutions should be designed.
Certainly, the synergy between experimental zeolite
characterization and theoretical calculations will be
of great importance to bridge this technological gap.

Finally, as spatial, temporal and chemical imag-
ing of zeolite-based materials at the nanoscale is still
rather difficult, research evolving around nanoscale
structure–composition–performance relations, e.g.
between zeolite framework elements and, for in-
stance, reaction products or ions, exchanged on the
acid sites, could enhance the understanding of these
materials enormously but is still in its infancy. Addi-
tionally, further research in the use of other relevant
probe molecules to study zeolite chemistry, also in
combination with nanoscale spatially resolved ana-
lytical techniques, would be highly beneficial.

ACKNOWLEDGEMENTS
We would like to acknowledge Erik Maris and Luke A. Parker
(Utrecht University, UU) for fruitful discussions.

FUNDING
This work was supported by the BASF and the Netherlands Or-
ganisation for Scientific Research within the frame of the Ad-
vanced Research Center (ARC) Chemical Building Blocks Con-
sortium (CBBC).

Conflict of interest statement.None declared.

REFERENCES
1. Serati-Nouri H, Jafari A and Roshangar L et al. Biomedical ap-
plications of zeolite-based materials: a review. Mater Sci Eng
C 2020; 116: 111225.

2. Li Y, Li L and Yu J. Applications of zeolites in sustainable chem-
istry. Chem 2017; 3: 928–49.

3. Vollmer I, Jenks MJF and Mayorga R et al. Plastic recy-
cling plastic waste conversion over a refinery waste catalyst
forschungsartikel angewandte. Angew Chem Int Ed 2021; 60:
16101–8.

4. Yarulina I, Chowdhury AD andMeirer F et al. Recent trends and
fundamental insights in the methanol-to-hydrocarbons pro-
cess. Nat Catal 2018; 1: 398–411.

5. Weckhuysen BM and Yu J. Recent advances in zeolite chem-
istry and catalysis. Chem Soc Rev 2015; 44: 7022–4.

Page 16 of 20

http://dx.doi.org/10.1016/j.msec.2020.111225
http://dx.doi.org/10.1016/j.msec.2020.111225
http://dx.doi.org/10.1016/j.chempr.2017.10.009
http://dx.doi.org/10.1002/anie.202104110
http://dx.doi.org/10.1038/s41929-018-0078-5
http://dx.doi.org/10.1039/C5CS90100F


Natl Sci Rev, 2022, Vol. 9, nwac047

6. Buurmans ILC and Weckhuysen BM. Heterogeneities of individual catalyst
particles in space and time as monitored by spectroscopy. Nat Chem 2012; 4:
873–86.

7. Schmidt JE, Peng L and Poplawsky JD et al. Nanoscale chemical imaging of
zeolites using atom probe tomography. Angew Chem Int Ed 2018; 57: 10422–
35.

8. Maris JJE, Fu D and Meirer F et al. Single-molecule observation of diffusion
and catalysis in nanoporous solids. Adsorption 2021; 27: 423–52.

9. Otter LM, Förster MW and Belousova E et al. Nanoscale chemical imaging
by photo-induced force microscopy: technical aspects and application to the
geosciences. Geostand Geoanal Res 2021; 45: 5–27.

10. Bordiga S, Lamberti C and Bonino F et al. Probing zeolites by vibrational spec-
troscopies. Chem Soc Rev 2015; 44: 7262–341.

11. Liu K, Kubarev AV and van Loon J et al. Rationalizing inter- and intracrystal
heterogeneities in dealuminated acidmordenite zeolites by stimulated Raman
scattering microscopy correlated with super-resolution. ACS Nano 2014; 8:
12650–9.

12. CatlowCRA and Parker SF. Neutron spectroscopy as a tool in catalytic science.
Chem Commun 2017; 53: 12164–76.

13. Jobic H. Neutron scattering methods for the study of zeolites. Curr Opin Solid
State Mater Sci 2002; 6: 415–22.

14. Brückner A. Electron paramagnetic resonance: a powerful tool for monitoring
working catalysts. Adv Catal 2007; 51: 265–308.

15. Chiesa M and Giamello E. On the role and applications of electron mag-
netic resonance techniques in surface chemistry and heterogeneous catalysis.
Catal Lett 2021; 151: 3417–36.

16. Li S, Zhou L and Zheng A et al. Recent advances in solid state NMR charac-
terization of zeolites. Chin J Catal 2015; 36: 789–96.

17. Tsz B, Lo W and Ye L et al. The contribution of synchrotron X-ray powder
diffraction to modern zeolite applications: a mini-review and prospects. Chem
2018; 4: 1778–808.

18. Zhang Q, Mayoral A and Li J et al. Electron microscopy studies of local struc-
tural modulations in zeolite crystals. Angew Chem Int Ed 2020; 59: 19403–13.

19. Li C, Zhang Q and Mayoral A. Ten years of aberration corrected electron mi-
croscopy for ordered nanoporous materials. ChemCatChem 2020; 12: 1248–
69.

20. Thomas JM, Terasaki O and Gai PL et al. Structural elucidation of microporous
and mesoporous catalysts and molecular sieves by high-resolution electron
microscopy. Acc Chem Res 2001; 34: 583–94.

21. Wan W, Su J and Zou XD et al. Transmission electron microscopy as an im-
portant tool for characterization of zeolite structures. Inorg Chem Front 2018;
5: 2836–55.
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59. Sun J, Bonneau C and Cantı́n Á et al. The ITQ-37 mesoporous chiral zeolite.
Nature 2009; 458: 1154–7.

60. Willhammar T, Sun J and Wan W et al. Structure and catalytic properties of
the most by electron crystallography. Nat Chem 2012; 4: 188–94.

61. Kolb U, Gorelik T and Ku C et al. Towards automated diffraction tomography:
part I: data acquisition. Ultramicroscopy 2007; 107: 507–13.

62. Li J and Sun J. Application of X-ray diffraction and electron crystallography
for solving complex structure problems. Acc Chem Res 2017; 50: 2737–45.

63. Jiang J, Yun Y and Zou X et al. ITQ-54: a multi-dimensional extra-large pore
zeolite with 20×14×12-ring channels. Chem Sci 2015; 6: 480–5.

64. Kapaca E, Jiang J and Cho J et al. Synthesis and structure of a 22× 12× 12
extra-large pore zeolite ITQ-56 determined by 3D electron diffraction. J Am
Chem Soc 2021; 143: 8713–9.

65. Simancas J, Simancas R and Bereciartua PJ et al.Ultrafast electron diffraction
tomography for structure determination of the new zeolite ITQ-58. J Am Chem
Soc 2016; 138: 10116–9.

66. Huang Z, Willhammar T and Zou X. Three-dimensional electron diffraction for
porous crystalline materials: structural determination and beyond. Chem Sci
2021; 12: 1206–19.

67. Hua W, Chen H and Yu Z et al. A germanosilicate structure with 11×11×12-
ring channels solved by electron crystallography. Angew Chem Int Ed 2014;
53: 5868–71.

68. Shen Y, Qin Z and Asahina S et al. The inner heterogeneity of ZSM-5 zeolite
crystals. J Mater Chem A 2021; 9: 4203–12.

69. Awala H, Gilson JP and Retoux R et al. Template-free nanosized faujasite-type
zeolites. Nat Mater 2015; 14: 447–51.

70. Hammond C, Forde MM and Hasbi M et al. Direct catalytic conversion of
methane to methanol in an aqueous medium by using copper-promoted Fe-
ZSM-5. Angew Chem Int Ed 2012; 51: 5129–33.
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