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A review of recent developments for the in situ/
operando characterization of nanoporous
materials

Hilke Petersen and Claudia Weidenthaler (=) *

This is a review on up-to-date in situ/operando methods for a comprehensive characterization of nano-
porous materials. The group of nanoporous materials is constantly growing, and with it, the variety of
possible applications. Nanoporous materials include, among others, porous carbon materials, meso-
porous silica, mesoporous transition metal oxides, zeolites, metal—organic frameworks (MOFs), or poly-
mers. They are used as adsorbents, for gas storage, as catalysts, or for electrochemical applications to
name just a few technical applications. Characterization of these materials has evolved from pure ex situ
examination to increasingly complex in situ or operando methods. Monitoring nanoporous materials
under reaction conditions allows for establishing structure—property relationships. This enables nanopor-
ous materials to be adapted and optimized for specific processes. Recent developments on well-estab-
lished but also exciting emerging methods for future applications will be discussed. The examples include
in situ powder diffraction, total and small angle scattering, environmental electron microscopy, coupled
with focused ion beam cutting, or X-ray tomography. This article will provide a useful reference to prac-
titioners for in situ/operando characterization of nanoporous materials.

Introduction

The group of nanoporous materials comprises a large number
of different materials with an equally wide variety of appli-
cations. According to IUPAC, porous materials can be classi-
fied into three groups: (a) microporous materials (0-2 nm
pores), (b) mesoporous materials (2-50 nm pores), (¢) macro-
porous materials (>50 nm pores)."”> Nanoporous materials are
a subset of porous materials, typically having large porosities,
and pore diameters between 1-100 nm. However, the term
nanoporous is sometimes also extended to materials with
larger pore sizes up to 1000 nm.’ The material spectrum
covers carbon materials (activated carbon or carbon nano-
tubes), polymers, zeolites and zeotypes, metal-organic frame-
works, or mesoporous materials such as silicas, carbons, or
metal oxides. High surface areas and defined pore structures
make these materials suitable for many different
applications.>* Zeolites for example are used for industrial
catalytic processes, as ion exchangers,” or mesoporous
materials gained attraction for electrochemical energy conver-
sion and storage.® Nowadays, the characterization of materials
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can be performed on different length scales, ranging from
atomic arrangements in solids and molecules up to macro-
scopic objects in the millimetre or centimetre range. For char-
acterizing short-range features, local structures, such as
coordination polyhedra or molecular entities, numerous spec-
troscopy techniques are available, including solid-state nuclear
resonance (NMR) spectroscopy, Raman spectroscopy, UV-vis
and/or IR spectroscopy or X-ray absorption methods, to name
just a few. Diffraction techniques are used to study crystalline
materials with 3-dimensionally ordered crystal structures.
Complementary to that, scattering methods such as total scat-
tering or small angle scattering (SAS) can be applied.
Evaluation of total scattering data provides information on
atomic structures on a more local length scale. Atom-atom dis-
tances in gases, liquids, and solids can be analyzed without
requiring any ordering or periodicity. Small angle scattering
provides information on the properties and arrangement of
objects at the nanoscopic level. Imaging techniques complete
the spectrum of methods providing information from the
atomic level via transmission electron microscopy (TEM) or
scanning transmission electron microscopy (STEM) up to the
nanoscale using X-ray tomography. Some of these methods
such as SAS are also excellent tools for the characterization of
porous materials and are complementary to conventional gas
adsorption (which will not be discussed in this review) or high
resolution transmission electron microscopy (HR-TEM) as an
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imaging technique. There are many more techniques available
for the characterization of nanoporous materials, namely, gas
adsorption, porosimetry, or atomic force microscopy (AFM)
which cannot be discussed in this review article. Neutron diffr-
action is used in crystal structure analysis to differentiate
between next-neighbour elements in the periodic table for
example Al and Si. While both elements cannot be distin-
guished by conventional X-ray diffraction experiments their
scattering properties in the case of neutron diffraction are sig-
nificantly different. Furthermore, adsorption from the gas
phase into nanoporous materials can be followed by in situ
temperature- and pressure-dependent neutron scattering
experiments.” The mobility of molecules can be monitored by
quasielastic neutron scattering (QENS). One example is the
in situ investigation of the dynamics of propane in nanoporous
silica aerogel.® In situ methods for the characterization of
nanoporous materials have undergone an incredible develop-
ment over the last 1-2 decades. Understanding the crystalliza-
tion and growth of nanoporous materials is still one of the
most challenging issues in materials science. The development
of in situ NMR techniques was one of the key inventions to
follow crystallization on a local scale.’ Intensive developments
have been also achieved in the combination of small angle
scattering techniques with adsorption studies on metal-
organic frameworks (MOFs), porous carbon materials, or zeo-
lites. Following a catalytic reaction not only qualitatively but
monitoring it on a structural level during the reaction was
impossible for a very long time. Nowadays, exciting studies
show the great potential of respective in situ (analysis of
materials under non-ambient or reaction conditions) or oper-
ando (simultaneous analysis of structure and performance)
methods. In situ and/or operando diffraction, scattering, or
spectroscopy studies can be performed under variable temp-
erature, stress, humidity, pressure, electrical potential, or reac-
tant concentrations.

In this review, we will focus on recent technical and scienti-
fic developments for in situ characterization of nanoporous
materials. The field of in situ/operando studies is very broad
and it is far beyond the scope of this review to give a compre-
hensive summary of all potential methods and experiments.
Next to well-established characterization methods, we will also
highlight some techniques, which are not as frequently used,
and we will discuss methods that have a great potential for
future applications.

X-ray powder diffraction (XRPD)

Besides electron microscopy (EM), X-ray diffraction techniques
(single-crystal and powder diffraction) are the most common
characterization methods to study the crystal structure of
nanoporous materials. Both single-crystal X-ray diffraction
(SC-XRD) and X-ray powder diffraction (XRPD) are non-destruc-
tive techniques for exploring the long-range order of crystal
structure providing information not only on crystal structures
but also on phase compositions and microstructure of a given
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phase (space groups and lattice parameters, crystallite size,
microstrain). Most porous materials such as MOFs, covalent
organic frameworks (COFs), and particularly zeolites are syn-
thesized as polycrystalline powders preventing the structure
determination via SC-XRD.'®™* Therefore, the majority of
structural investigations are carried out via XRPD. The
reduction of the diffraction data to 1D diffraction patterns in
XRPD, together with strongly overlapping reflections, large
unit cell parameters, and often disordered porous structures
make structural analysis of this class of materials challen-
ging.'* However, with data of sufficient resolution, crystal
structure refinements and also structure solutions can be
achieved. In particular, synchrotron radiation with its high
brilliance, high signal-to-noise ratio, horizontal polarization,
and faster acquisition times can be beneficial for studying
nanoporous compounds.'® Especially through its fast and non-
destructive nature, XRPD can be used to establish structure-
property and structure-performance relationships through
in situ or operando data experiments in various sample
environments. Especially the combination of analytical
methods can provide beneficial information about the speci-
men. One example is the combination of gas adsorption-de-
sorption measurements coupled with in situ XRPD. In that
context, one of the main challenges is to avoid the conden-
sation of the investigated gas or vapour by equipping the setup
with heatable gas lines.”” The combination of these tech-
niques provides structural insights into the sorption mecha-
nism of individual pores and the spatial distribution of the
gaseous species in the process.'*'® Thus, the “gate opening”
mechanism of DUT-8(Ni) during the N, and n-butane adsorp-
tion could be followed by a combination of Extended X-ray
Absorption Fine Structure (EXAFS) spectroscopy and in situ
diffraction. The as-synthesized DUT-8(Ni) crystallizes in P4/n
with 2 formula units per unit cell. The framework structure is
formed by layers of Ni-paddle wheels connected by 2,6-ndc
linkers pillard by dabco molecules, resulting in a 3D structure
consisting of square channels with a diameter of 9.0 A filled
with DMF and MeOH (Fig. 1g). By in situ XRPD, the transition
from the closed pore (cp) to the large pore (Ip) structure upon
the gas uptake could be monitored by the characteristic (100)
and (110) reflections for the cp and lp phase, respectively
(Fig. 1a and b). During gas adsorption, a combination of
strong deformation of the Ni-paddle wheel and SBU environ-
ment causes a unit cell expansion of 254%.">'® The N-Ni-Ni-
N atoms sequence of the paddle-wheel and the dabco mole-
cules are on the same plane (Fig. 1c) in the Ip structure, while
they form a zigzag line in the cp structure (Fig. 1d). In
addition, the interplanar angles between the carboxylates and
Ni paddle-wheel change from 3.73° (cp; Fig. 1f) to 47.59° (Ip;
Fig. 1e). While studying the adsorption behaviour of DUT-49,
Krause et al. observed the unpredicted spontaneous desorp-
tion of gas molecules (methane and n-butane), also called
“negative gas adsorption” (NGA) in a defined temperature and
pressure range, coinciding with a structural deformation and
pore contraction.'” Different zeolitic catalysts with the CHA,
DDR, and LEV topologies were studied during the methanol-
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(a) Adsorption N, isotherm at 77 K on DUT-8(Ni) together with the (b) in situ XRPD data. The obtained structural characteristics of the lp and

cp structure: (c and d) the Ni paddle-wheel chains pillared by dabco molecules, (e and f) SBU environment, (g and h) and the resulting crystal struc-
ture along rectangular channels. (Reprinted with permission from ref. 16. Copyright © 2020. Published by WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim).

to-olefins process via a combination of operando XRPD with
UV-vis spectroscopy.'® While the formation of hydrocarbons
was followed by operando UV-vis spectroscopy, the resulting
lattice expansion as a reaction of zeolitic framework to the
hydrocarbon formation was evaluated by operando XRPD.

Even though the XRPD technique is limited to samples pos-
sessing a long-range order and therefore is not well-suited for
the investigation of the early stages of MOF and zeolite for-
mation, nucleation, and growth processes of both zeolites and
MOFs have been studied."®*° The requirements for the in situ
setup for a typical solvothermal synthesis are the resistance of
the reaction cell against elevated temperatures and pressures
while being X-ray transparent.”® For the latter and a better
time resolution, the use of synchrotron radiation with tits high
flux is beneficial.'*'® To reduce the data acquisition time
further to minutes or even seconds, most crystallization
studies of MOFs are performed by energy-dispersive X-ray diffr-
action (EDXRD)." Here, a polychromatic source that is fixed at
one scattering angle is used, and the measured signal is
recorded as a function of the scattered intensity. Because of
the experimental geometry, the measured sample volume can
be fixed in the reactor, thus, avoiding the scattering contri-
butions of the reactor itself. However, the spatial resolution of
this technique is reduced compared to conventional XRPD.
Recently, it was shown that from time-resolved angle-disper-
sive X-ray diffraction (ADXRD), where multiple angles are
measured, diffraction patterns can be extracted.'® Here, acqui-
sition times of ~1 frame per second could be achieved.

Recently, the mechanochemical synthesis of MOFs has
been established.>’° Mechanochemistry is defined by the
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International Union of Pure and Applied Chemistry (IUPAC) as
the term for any chemical reaction which is induced by the
direct energy transfer from milling media (milling jar and
balls) onto the reactants.’’ Through this direct and strictly
local energy transfer, the use of solvent can be reduced or even
completely avoided. Therefore, mechanochemistry is con-
sidered an environmentally friendly reaction pathway.
However, through the strictly local energy transfer, the reaction
mechanism and as such also the reaction often differs from
conventional thermal, pressure-, and/or solvent-based syn-
thesis approaches. Modifications of the dry or neat mechano-
synthesis are the liquid-assisted grinding (LAG), the ion- and
liquid-assisted grinding (ILAG), or polymer-assisted grinding
(POLAG). All methods were successfully applied to form co-
crystals, zeolitic imidazolate frameworks (ZIFs), and MOFs.>'*?
We want to highlight some pioneering work in the field. For
detailed information, we recommend the following publi-
cations of Do and Fri$¢i¢,*® Fris¢i¢ et al.,** Halasz et al,?
James et al,* Uzarevic et al?’ and
Michalchuk and Emmerling.

XRPD monitoring of the formation of nanoporous material

Tan and Frisé¢ié,*®

31 The first successful in situ

was performed by Fri§¢ié et al.>* The authors studied the for-
mation of different ZIF-structures (ZIF-4, ZIF-6, ZOF-8) in self-
constructed milling vessels made from X-ray transparent poly-
methylmethacrylate (PMMA). In this setup, they were able to
study the effect of different organic liquids and ionic additives
on the reaction kinetics. Batzdorf et al. could show the benefit
of coupling XRPD and Raman spectroscopy (Fig. 2) to obtain
information about the crystalline and molecular compounds

in the reaction mixtures.?” For the synthesis of cobalt(u) phe-
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Fig. 2

(a) A schematic representation of the experimental setup for recording Raman and XRPD data simultaneously during mechanochemical pro-

cesses. (b) In situ synchrotron XRPD data and (c) simultaneously collected Raman spectra collected during the mechanochemical synthesis of
CoPhPO3-H,0. (Reprinted with permission from ref. 37. Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

nylphosphonate monohydrate (CoPhPO;-H,0), cobalt(u)
acetate tetrahydrate and phenylphosphonic acid were mixed
and then exposed to milling conditions. Through the combi-
nation of Raman spectroscopy and XRPD, a two-step formation
with a layered intermediate phase was revealed. After the for-
mation of the intermediate, no scattering contributions of the
phenylphosphonic acid could be observed in the XRPD.
However, the Raman data show that the acid is acting as a tem-
plate between the layers. The product is observed already after
2.75 min and the reaction is completed after 27 min.

Total scattering and subsequent pair
distribution function (PDF) analysis

Total scattering is an analytical tool for the analysis of local
atomic structures of crystalline, disordered and/or amorphous
materials as well as of liquids and gases. Since it is not well
established for the analysis of nanoporous materials, some
more background information on this technique will be given.
Total scattering experiments do not only consider Bragg reflec-
tions but also diffuse scattering, which contains information
about the local atomic structure. Usually, diffuse scattering is
considered unwanted background and is therefore often
simply removed. However, one should not do that, if the local
structure is of interest. From the Fourier transform of total
scattering data, the so-called pair distribution function (PDF)
analysis is obtained. The PDF is the weighted probability to
find atoms at certain distances from other atoms. This is
called atom-atom correlations or pair-distance distribution
function (Fig. 3).>® To obtain a high resolution, total scattering
data are collected to high diffraction angles (high Qmay). For
this reason, radiation with a small wavelength and high energy

This journal is © the Partner Organisations 2022

as provided by synchrotron facilities is preferred. After data col-
lection, data need to be corrected and normalized before the
Fourier transform is applied to result in the pair-distribution
function (PDF).*>*® While extended X-ray absorption spec-
troscopy (EXAFS) is limited to local structure analysis within a
spatial range smaller than 5 A, total scattering collects all
structural information of a particle. In addition, the element
sensitivity of EXAFS is based on measuring the absorption
spectrum near the absorption edge of one specific element.
Complementary, PDF is not element specific but measures all
structural details independent of all elements present. The
method was developed after Friedrich measured broad diffrac-
tion rings for non-crystalline materials and Debye formulated
his famous Debye scattering equation.*"**> However, due to
instrumental limitations, the method was rarely used for the
following decade but gained increasing interest in the 1980s
with the improvement of instrumental and computational
power.>®>*® Warren and co-workers applied total scattering
techniques to crystalline materials and it became more and
more interesting to study not only average crystal structures
but also local structures of, say, disordered zeolites or
glasses.”* Since working with nanoporous materials implies
the use of powder diffraction for structure analysis, the exten-
sion of total scattering to nanomaterials was a decisive
step.”>™*® For the local structure analysis of zeolites, total scat-
tering can provide beneficial insights. In general, within the
alumosilicate framework of zeolites, Al and Si ions are ran-
domly distributed. Since they are next neighbours in the peri-
odic table it is hard to differentiate them by their scattering
power in an X-ray experiment. Both elements have low atomic
numbers, which makes XAFS measurements difficult, and
NMR signals get broad when the Al and Si coexist.*® However,
looking closer to the crystal structure on a local scale, the Si-O

Inorg. Chem. Front., 2022, 9, 4244-4271 | 4247
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pair distribution function (PDF) gives
the probability of finding an atom at a
distance ‘r’ from a given atom.

r(A)

Fig. 3 Left image sketches the structure model of graphene. Starting from the central atom, circles are drawn at different distances from the
central atom. Whenever atoms are intersecting with the circles, a unit of intensity is added to a histogram at the position r which is the radius of the
circle (right image). The histogram is broadened due to thermal motion. Blue curve: measured PDF, red line calculated PDF, green curve: difference
curve. (Reprinted with permission from ref. 38. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

bond (~1.60 A) is shorter than the Al-O bond (1.74 A) by
around 0.14 A. In a high real-space resolution PDF measure-
ment of calcium aluminosilicate glasses, it was possible to
resolve Si-O and Al-O pair correlations. One of the first studies
using total scattering and subsequent PDF analysis was pub-
lished by Martinez-Ifiesta et al.>® Zecolite beta with its poly-
morphic structures is known to be a very challenging material
for conventional structure analysis. The authors performed
structure refinements of zeolite beta using the local structure
obtained with the PDF method. They collected high-quality
synchrotron and neutron scattering datasets. Even though the
materials lack long-range order, they could show that the two
polytypes of zeolite beta have the same local structure. The
method enables studies on the crystallization of nanoporous
materials starting from amorphous precursor phases to crystal-
line products. Another pioneering PDF work on microporous
materials was published by Okubo and co-workers who
studied ring-formation during the crystallization of zeolites.>"
Local structures of zeolites can be examined by solid-state
nuclear magnetic resonance (NMR) spectroscopy or extended
X-ray absorption spectroscopic (EXAFS) techniques, but the
structural information obtained by these methods was not
sufficient to determine the nature of the ring structure.
Therefore, they applied X-ray total scattering in combination
with reverse Monte Carlo (RMC) modeling to investigate the
atomic arrangement of precursor species during the crystalli-
zation of different zeolites.>® High-energy synchrotron radi-
ation was used for collecting ex situ scattering data. The
authors could show that total scattering has a great contri-
bution to the understanding of the nature of ring systems
formed during the initial stages of zeolite crystallization and

4248 | Inorg. Chem. Front, 2022, 9, 4244-4271

can be applied to any type of solid formed via an amorphous
intermediate.

Another example of a very beneficial combination of tech-
niques is the combination of PDF, NMR, and Raman spec-
troscopy to probe local chemical bonding. Forse et al. provided
an example of the structural characterization of nanoporous
carbons.”® The material lacks long-range order and can exhibit
diverse local structures. PDF analysis revealed the prevalence
of sp>-hybridized hexagonal carbon rings, as well as the pres-
ence of seven-membered carbon rings for titanium carbide-
derived carbons prepared at low temperatures. The authors
also showed the disorder of the carbon-carbon bonds by PDF
analysis which was in good agreement with the results
obtained from Raman spectroscopy. Another example of how
total scattering provides useful information at distances
beyond those reliably quantifiable by EXAFS was the encapsu-
lation of molybdenum carbide nanoclusters inside the micro-
pores of zeolite FAU.>® While conventional X-ray powder diffr-
action measurements could not prove the presence of Mo,C
clusters due to the too small size of the Mo,C entities inside
the zeolite pores, differential PDF analysis revealed the pres-
ence of MoC, nanoclusters smaller than 0.7 nm within the
pores.

Even though total scattering was used for local structure
analysis, today still most studies are based on ex situ data.
Kalantzopoulos et al. published one of the first studies on
in situ temperature-dependent total scattering experiments
during the exposure of SAPO-34 to water in combination with
in situ NMR studies.>® The work aimed to understand the
dynamic nature of the Bregnsted acidic site and its close sur-
roundings during interactions with water molecules. In situ

This journal is © the Partner Organisations 2022
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NMR revealed that the Brgnsted proton becomes highly
dynamic and in the same temperature range, PDF analysis
monitored changes in the Al local environment between
250-300 °C as the Al-O bond lengths change (Fig. 4). In situ
total scattering experiments could also be used to follow an
alternative synthetic route for zeolites by the Assembly,
Disassembly, Organisation, and Reassembly (ADOR) process.””
During the transformation process of parent zeolite Ge-UTL,
crystallographic order is lost as 2D layers are formed. The
in situ PDF experiments were performed at a synchrotron
beamline using a custom-made liquid cell adapted for X-ray
transmission.’® The PDF data monitor the hydrolysis (disas-
sembly) and rearrangement (organization) mechanisms in the
ADOR process for three aqueous systems with different con-
centrations of HCl. The PDF of parent Ge-UTL shows broad T-
O and T-T pair correlations because the bonds of both Si and
Ge contribute to the peaks (Fig. 5a). Disassembly in water is a
fast process and once Ge has been removed from the structure,
the disordered layered IPC-1P is formed. Another experiment
was performed in an aqueous solution with 6 M HCI (Fig. 5b).
One new peak appears at 2.08 A, which is assigned to the for-
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Fig. 4 (a) 'H NMR spectra from RT up to 300 °C (top half) and from
300 °C down to RT (bottom half) in flowing dry N, gas. Spinning side-
bands are marked with *.(b) Variations in the Al-O, P-O (and Si-O)
bond lengths. (Reprinted with permission from ref. 54. © 2018 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.)
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mation of a new Ge-Cl bond, together with another extra peak
at 3.5 A, which likely corresponds to the nearest neighbouring
Ge-Ge bonds. This has not been observed before by conven-
tional ex situ diffraction studies. Based on the in situ data, it
was concluded that Ge is not only hydrolyzed by water but that
a high concentration of [H'] and [CI™] accelerates the process
and plays an important role in the disassembly mechanism by
attacking the D4R unit.”> One last example of in situ PDF ana-
lysis is the monitoring of the structural evolution of precursors
to crystalline zeolites.”” Two different zeolites, MFI and *BEA
were synthesized under hydrothermal conditions using a
microwave reactor. The reactor which was used for the in situ
studies at the high energy synchrotron was modified to allow
X-rays to pass through the glass vial with minimum back-
ground interference (Fig. 6). Simulations of the crystal struc-
tures and electron micrographs are shown in Fig. 7a-d. For
both zeolites, the PDFs demonstrate that the final products in
the range <6 A, resemble each other (Fig. 7e and f). Even
though the two structures are essentially different, the linkages
of the silicate units are similar as well as the fractional distri-
bution of small-membered rings. Changes in the medium-dis-
tance range >4 A obtained for both zeolites indicate the for-
mation of larger ring structures due to the reassembly of the
alumosilicate species during the induction period. An increase
in the more ordered rings formed during the induction period
seems to enhance the nucleation of the zeolites (Fig. 7g).
Finally, the authors could not detect changes in the long-dis-
tance range for both zeolites before apparent crystal growth
takes place.

In situ SAXS

Small angle scattering (SAS) is an important tool for the
characterization of nanoporous materials, especially meso-
porous materials. In principle, SAS is a measure for the inter-
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Fig. 6 Photographs of the experimental setting for in situ X-ray total scattering measurements at BLO8 W (SPring-8). The photographs show the
beam path through the vias (a) and the position of the vial fixed in the microwave reactor (b). Scattering data were recorded every 60 s. (Reprinted
with permission from ref. 57. Copyright © 2017, American Chemical Society.)

action of radiation with matter, more precisely the interaction
with electron density variation in the matter. For small angle
scattering experiments, among others, X-rays (small angle
X-ray scattering, SAXS), neutron radiation (small angle neutron
scattering, SANS), or electrons (small angle electron scattering,
SAES) are used. One particular advantage of SAS is that it can
resolve structures in the order of 1 to more than 100 nm.”® In
addition, it delivers information about the size and shape of
matter irrespective of whether the material is crystalline or
amorphous. Furthermore, SAXS is an alternative and comp-
lementary approach to gas adsorption experiments for reliable
and fast surface area assessment.’® For a deeper reading
numerous review articles provide excellent overviews of the
physical background, technical issues, and examples of
use.’® The application of in situ SAXS is mainly used to
study formation pathways during the crystallization of porous
materials as well as to monitor adsorption processes in nano-
porous compounds. In 2011 in situ SAXS and in situ wide-angle
X-ray scattering (WAXS) were combined for the first time to
study the crystallization of two metal-organic frameworks
synthesized from similar metal and organic precursors,
NH,-MIL-101(Al) and NH,-MIL-53(Al).>® The authors used a
synthesis cell with two diamond or mica windows (10 mm dia-
meter) separated by 1.5 mm thick polymer spacers
(polytetrafluoroethylene, PTFE) between which the solution
was loaded. Heating was provided by electrical resistance
heaters and high-intensity synchrotron radiation enabled the
simultaneous collection of SAXS and WAXS data every 20 s.
The combined measurements provided information on how
the crystallization of MIL-101 takes place on different length
scales. The modification of the synthesis conditions could be
directly correlated to the topology of the product. The studies
revealed the formation of an intermediate phase (MOF-235)
and only the stabilization of this phase by dimethylformamide
(DMF) lead to the successful synthesis of MIL-101 (Fig. 8).
Stoeckel et al. performed in situ SAXS during the adsorption
of organic vapour (dibromomethane, DBM) in the pores of
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different mesoporous chromatographic silica adsorbents
together with state-of-the-art nitrogen physisorption.®* They
could distinguish between varying surface modifications of the
materials and their consequences on the adsorption process,
especially the uptake of DBM. One important outcome of the
study was that the smallest pores are filled first. The combi-
nation of physisorption and SAXS is especially valuable for
evaluating the pore structure and the pore-filling mechanism
in mesoporous materials. The high dynamics of vapour
adsorption were studied by Schmidt and Amenitsch using
in situ synchrotron SAXS for the adsorption of dichloro-
methane in ordered mesoporous carbon CMK-5.°> The
dynamics of the adsorption process are going along with sub-
stantial rearrangement of both the adsorbent phase and the
adsorbate phase (Fig. 9). The change of the lattice parameters
reveals that the carbon nanotubes of CMK-5 contract and
expand during adsorption. This is related to a decrease and
increase in the average distances between the tubes. The work
also could show that first the interstitial pores are filled before
adsorption continuous in the tubular ones.

Recently, the formation of mesoporous metal films by elec-
trodeposition was studied by simultaneous in situ SAXS and
electrochemical measurements.®® A specially designed electro-
chemical cell allowed in situ measurements of the working
electrode during the deposition of a lipid-templated platinum
nanostructure as the platinum nanostructures grow within the
lipid template. The authors could monitor both, the structure
of the platinum deposition and the lipid template. The ana-
lysis of structural ordering could be correlated with the charge
passed during electrodeposition. Usually, SAXS is used to
probe the 3D pore architecture of mesoporous bulk material
but nowadays nanoporous structures are often produced as
films, which cannot be measured using conventional trans-
mission SAXS. In transmission geometry, thin mesoporous
films deposited on a substrate do not provide enough sample
volume to obtain reasonable signals and the substrate itself
contributes to high background scattering. Grazing incidence
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SAXS or SANS (GISAXS or GISANS) was proven to be an
effective method for the characterization of thin films and
surface structures. GISAXS is essentially SAXS applied to sur-
faces in reflection geometry instead of transmitting through
the sample.®””°® For GISAXS experiments, the incident X-ray
beam is directed to the sample at very small incident angles,
typically on the order of 0.05 to 1°. This enables the probing of
the structural features from the thin film with a sufficiently
long path length (Fig. 10). Modern 2D detectors record the
intensity of the two reflection angles ar and 26. o
corresponds to the out-of-plane scattering which contains
information on the normal-to-film surface direction. The in-
plane scattering intensity measured at 20 provides information
on the repeating unit structure parallel to the surface of the
substrate.®®

This journal is © the Partner Organisations 2022

SAXS at synchrotron sources, and nowadays also with lab-
oratory instruments, has been used for many decades but
SANS has not received too much attention in the community
working with nanoporous materials so far. This is a pity
because the method offers many options for the study of
porous materials. If neutrons instead of X-rays are used, the
penetration depth of the radiation is increased which allows
the use of complex sample environments. Neutron scattering
methods enable the measurement of both structure and
dynamics simultaneously.®! Inelastic and quasielastic neutron
scattering (INS and QENS) provide the rotational, vibrational,
and diffusion dynamics of the adsorbed molecule. Neutron
spectroscopy measurements typically require longer measuring
times and therefore time-resolved measurements are relatively
scarce. The use of contrast variation SANS enables different
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parts of a sample can be selectively displayed via isotopic label-
ling.>® As an example, the exchange of hydrogen (*H) by deu-
terium (°D), which is a strong scatterer for neutrons, makes
SANS interesting for the analysis of hydrogen-containing
organic but also inorganic compounds. Self-assembly of
organic species in solution as well as dense network structures
surrounded by a less dense medium can be studied by SANS.
However, two issues limited the use of SANS for a long time:
(a) larger sample amounts and (b) longer measuring times
compared to SAXS were required for neutron scattering experi-
ments. Nowadays, fast SANS studies with a time resolution of
less than 100 ms are possible and time-dependent SANS
experiments became therewith feasible. Boukhalfa et al. pub-
lished the first in situ SANS study during the electroadsorption
of organic electrolyte ions into carbon pores of different
The setup used for in situ SANS is shown in Fig. 11. An
aqueous H,SO, solution was used as the electrolyte. In
addition both water, H,O, and heavy water, D,0, were used.
The reason for this was that the neutron scattering length
density (SLD) of H,O and C are significantly different while
there is only a small difference in the neutron SLD between
D,0 and C. The work showed that in situ SANS can be used to
directly visualize changes in the electrolyte ion concentration
in the pores as a function of the potential applied to any nano-
porous carbon material. The method also offers the ability to
study the influence of different pore sizes and surface chem-

sizes.®®
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istry independently. Applying a negative potential to the
working electrode (WE) in the aqueous H,SO, solution
increases the hydrogen concentration close to the WE due to
the replacement of HSO,~ or S0,%~ by H;0". Increases due to
increasing scattering contrast as hydrogen-containing species
are present in the pores (Fig. 12a). The hydrogen-rich cations
will be replaced when a positive potential is applied to the WE,
thus decreasing the hydrogen concentration close to the
surface and decreasing the scattering intensity. Exchanging
H,0 with D,O decreases the scattered intensity significantly
because neutron scattering length density (SLD) of D,O and C
are very similar (Fig. 12). Data analysis showed that the smal-
lest pores exhibit higher ion adsorption capacity at negative
potentials. Then a higher H concentration was detected
whereas a lower H concentration was obtained at positive
potentials.®

Electron microscopy (EM)

Transmission electron microscopy (TEM) is the most widely
used technique to visualize nanomaterials. Sub-nanometer
resolution of TEM allows the direct picturing of even small
pore structures.”® Over the last decade, tremendous progress
was achieved in spherical and chromatic aberration correc-
tions, electron gun performance with a higher energy resolu-
tion, detectors, imaging algorithms, and cameras. These devel-
opments enhanced the energy resolution capabilities and
especially the spatial resolution of TEM measurements.””* As
described above, most synthesized porous materials, such as
zeolites, MOFs, and COFs, are polycrystalline with small crys-
tallite sizes preventing the structure determination via single-
crystal X-ray diffraction.'®** Even though structure solution
from powder data is possible, overlapping reflections and large
unit cells, as well as the often disordered nature of these
porous materials are challenging. However, electrons show a
far stronger interaction (Coulomb interactions) with the
matter, so that even small entities can be measured.
Unfortunately, these strong Coulomb interactions might result
in temporary or permanent structural changes (atom displace-
ments or electronic excitations) for beam-sensitive materials,
as often encountered for porous materials.”* So-called beam
damage can be divided into knock-on sputtering (direct elec-
tron-nucleus interaction) causing atomic displacements, radi-
olysis (electron-electron interaction) inducing bond breaking,
and heating due to collective crystal lattice vibration from high
energy electrons striking atoms in the specimen.”>’® To
reduce the beam damage, cryo-TEM or environmental TEM
(ETEM) can be used.””’ In cryo-TEM, low-temperature
imaging reduces the radiolytic and heating damage for beam-
sensitive materials.”* Via cryo-TEM, the crystallization and
growth of the zeolites in the solution can be monitored.”®
Therefore, a small portion of the synthesis solution is “frozen”
in ethane and imaged at regular time intervals, allowing snap-
shots of the synthesis procedure at the given time.”® A similar
application for cryo-TEM is investigating the formation of
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Fig. 9 Left graphs represent the change of the unit cell parameters with adsorption time, the 3D and 2D representations of the electron densities
are shown in the centre, and the relative volume adsorbed is plotted in the right column. The red dots indicate unit cell parameters and V,q4s(rel) at
the respective time intervals. (Reprinted with permission from ref. 65. Copyright © 2020 American Chemical Society.)

hollow zeolite crystals. A ZMS-5 is desilicated with NaOH
resulting in a ZSM-5-like compound consisting of an alu-
minium-rich shell.*® By sampling the desilication experiment
in 15 min intervals, Li et al. could observe the formation
process of multiply pores that converge to form one cavity
(Fig. 13). The formation of beam-sensitive porous materials
can also be followed by in situ liquid cell transmission electron
microscopy.”>®" Commercial LC-TEM holders allow a fluid
flow through the holder.®” The holder is equipped with two
50 nm thick electron-transparent Si,N,, windows. In addition,
the integrated chips can have circuits to allow heating. They
also enable electrochemical measurements. Patterson et al.
monitored the dynamics and the growth of MOFs/ZIF-8 in real-

This journal is © the Partner Organisations 2022

time for the first time (Fig. 14).%" The growth rate of the par-
ticles could be obtained directly from imaging while the
crystal structure of the resulting product could be determined
via electron diffraction (ED). An effect of the electron beam on
the crystal growth could be ruled out by comparison with
similar systems under standard bulk solution conditions. The
obtained results indicated an influence of the used metal pre-
cursors and ligands on the particle growth and such on the
particle size. The particle growth, as well as the nucleoid for-
mation, could be controlled over the flow of the monomer
solutions into the cell. Thereby, the authors could demonstrate
that physical agitation, not the electron beam can cause repro-
ducible differences in the nuclei number. For performing
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Fig. 10 Geometry of a GISAXS experiment. The angle of incidence of
the primary beam on the specimen is very small close to the critical
angle of total reflection. The scattering from the sample was recorded
with an area detector. (Reprinted with permission from ref. 68.
Copyright © 2020 American Chemical Society.)
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Transmitted
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Fig. 11 Experimental setup for in situ studies of ion adsorption on the
surface of microporous carbon electrodes. (Reprinted with permission
from ref. 69. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.)

ETEM measurements, the microscope is equipped with a
differential pump system to allow a gas atmosphere around
the specimen while maintaining a low pressure in the electron
path.”” With modern TEM instruments and mostly specially
designed TEM sample holders, in situ and operando investi-
gations are possible allowing the establishment of not only the
bulk  structure but also local structure-property
relationships.”"”*>748%% This setup can be combined with
different in situ sample holders (e.g. heating or cooling) but
the general gas pressure has to be kept low to maintain the
high vacuum. Parent et al. could directly monitor the breathing
behaviour at the lattice level of a single MIL-53(Cr) nanocrystal
during water adsorption/desorption with a combination of
ETEM plus electron diffraction (ED) and molecular dynamics
(MD) simulations (Fig. 15).%° The empty MIL-53(Cr) framework
compound can be described in Imma at 27 °C. At ~3 mbar
water vapour pressure, no significant changes were observed
(Fig. 15a and b). Annealing the MIL-53(Cr) at 300 °C in water
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vapour results in the adsorption of one H,O molecule per unit
cell in the channel system going along with a lowering of the
symmetry to P2, (Fig. 15c). During cooling to 27 °C, the speci-
men adsorbs additional 24 water molecules (per unit cell) in
the channel system resulting in lattice changes and an
additional lowering of the symmetry to P1 (Fig. 15d).*® As men-
tioned before, most synthesized nanoporous materials are
polycrystalline, thus preventing structural analysis by conven-
tional X-ray diffraction methods. However, because of the
described strong Coulomb interactions of electrons and
matter, much smaller entities (10-20 unit cells in each direc-
tion) can be investigated by three-dimensional electron diffrac-
tion (3DED) techniques.'®">%® Unfortunately, these strong
interactions also cause multiple scattering of electrons strongly
influencing the observed intensities.’®'"*® The groundbreak-
ing step forward in the 3DED techniques was the possibility to
rotate a crystal stepwise (angular steps 1.0°-2.0°) along an arbi-
trary axis while collecting ED patterns at each angle.'®'"%¢
Two different approaches were developed simultaneously, the
automated diffraction tomography (ADT) in STEM mode by
Kolb et al.¥’~°° and the rotation electron diffraction (RED) in
TEM mode by Hovmoller et al..®"°* In the ADT approach, the
goniometer tilt and the applied beam precession using the
beam tilt deflectors, also called precession electron diffraction
tomography, (PEDT) are applied to obtain a fine
sampling.'®"*#"%° Wwith the RED software, both the goni-
ometer and the electron beam can be controlled.'®'"°"* The
reconstruction of the 3D reciprocal space from the 2D ED pat-
terns at different angles allows the determination of the unit
cell and the space group. After indexing the reflections and
extracting their intensities, the crystal structure can be deter-
mined with a method similar to single-crystal X-ray data ana-
lysis (e.g. direct methods, charge flipping).'*> Another advan-
tage of these approaches is that the crystals do not have to be
aligned at a zone axis, which simplifies the measurement,
reduces data collection time, and, most importantly, reduces
dynamical effects. Together these advantages allow the usage
of similar routines for structure determination as for single-
crystal diffraction with X-rays. The often observed electron
beam sensitivity of porous material can cause the decompo-
sition of the materials, which may significantly reduce the
data quality. However, this problem can be overcome by con-
tinuous rotation data collection.”>®* By adjusting the
rotational speed of the goniometer and the use of a fast detec-
tor, a complete data set can be recorded within minutes or
even seconds (15-250 s).'*"> Combining these fast measure-
ments with a low electron dose rate (<0.1 e s A™2), the elec-
tron dose on the sample can effectively be reduced.'®**%¢ Due
to sample drift and goniometer tilt, it is difficult to keep
exactly the same crystal area selected for data acquisition
during continuous operation. However, by defocusing the
diffraction patterns at regular intervals and re-centring the
crystal either manually or automatically the crystal can be
tracked.'®** Mugnaioli et al. were able to perform the ab initio
structure determination of cowlesite (CagAl;,Si15060-36H,0)
via 3D ED from single-crystal domains of a few hundred nano-
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the intensity of the normalized SANS profiles. (Reprinted with permission from ref. 69. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.)

meters (Fig. 16).>° Unlike other natural zeolites, the crystal
structure of cowlesite could not be determined with X-ray diffr-
action techniques, because of its way too small crystallite
sizes, its large unit cell, and strong overlapping reflections.
When cowlesite is exposed to the high vacuum in a TEM
instrument, a phase transition occurs leading to a dense
zeolite framework within seconds. A cryo-plunging procedure
was used to embed the crystallites in amorphous ice, thus
sealing its pores and preventing the release of water and the
phase transition. Through this approach, the authors could
show that the crystal structure of cowlesite consists of rigid
zeolitic layers intercalated with water molecules and extra
framework cations (Fig. 16e and f). An additional ED tech-
nique for the structural analysis of nanovolumes and dis-

This journal is © the Partner Organisations 2022

ordered compounds is the electron pair distribution function
(ePDF). Through the flexibility in the electron diffraction
camera length and modifiable electron wavelength, the necess-
ary large scattering range can be explored. The described
strong Coulomb interactions are beneficial for the recording of
ePDF of particular small entities or poorly crystalline samples
with insufficient long-range order for obtaining X-ray diffrac-
tion data of sufficient quality for structure analysis.”*°® In
addition, the electron beam can be focused down to 3 nm, by
applying spherical aberration correction even down to 1 nm,
allowing the investigation of the local atomic structure of
samples.”® The inelastic scattering and the possible multiple
scattering of electrons contribute to the ePDF data which may
affect the reliability of the obtained scattered intensity profiles.
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Fig. 13 Cryo-TEM of ZSM-5 particles leached at 80 °C: (a) pristine crystal, (b and c) mesoporous crystal, (d and e) and the hollow crystal. The
bottom row shows the cryo-TEM of ZSM-5 particles leached at 50 °C: (f) pristine crystal, (g and h) mesoporous crystal, and (i and j) the hollow
crystal. Scale bars resemble 50 nm. (Reprinted with permission from ref. 80. Copyright © 2019 The Royal Society of Chemistry.)

Fig. 14 In situ LC-TEM images of ZIF-8 particles. (a—d) Snapshots show the growth of individual particles. (e) Image obtained after the in situ data
acquisition: (e) in solution and (f) dried. The red box displays the areas viewed in (a—d). (g) Selected area diffraction pattern recorded from the dried
particles grown in the cell. (h) Plot showing the mean growth kinetics of individual particles. (Reprinted with permission from ref. 81. Copyright ©

2015, American Chemical Society.)

The inelastic scattering mainly affects the background of the
recorded data. Its influence can be reduced by using an elec-
tron energy loss spectroscopy (EELS) detector.”® Multiple scat-
tering mainly affects the experimental intensity (particularly at
higher angles). However, multiple scattering is insignificant if
the electron mean free path is greater than the crystal size.
Beam damage of sensitive samples can be avoided by cryo
ePDF, similarly to cryo TEM measurements.”® Jasim et al.
introduced the first cryo ePDF study, investigating amorphous
AlO, coatings that suffered severe beam damage at ambient

4256 | Inorg. Chem. Front., 2022, 9, 4244-4271

temperature. With cryo ePDF, the authors could analyze the
effects of the deposition temperature on the structure and the
surface hydroxyl density.”® Scanning electron microscopy
(SEM) is a common technique to observe and quantify the par-
ticle shape, surface texture, and particle contribution of nano-
porous compounds. In particular, the great depth of the field
of view allows the direct visualization of three-dimensional
information, such as morphology and topography. The compo-
sition of nanoporous materials can be identified simul-
taneously with energy-dispersive X-ray spectroscopy (EDX)
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qi00977c

Open Access Article. Published on 21 birzelio 2022. Downloaded on 2025-07-19 21:33:37.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Inorganic Chemistry Frontiers Research Article
(a) 27°C (b) 27 °C (c) 300 °C (d 27°C
UH-vac v-H,0 (3 mbar) v-H,O (3mbar)  v-H,O (3 mbar)

Fig. 15 In situ ETEM images of one MIL-53(Cr) nanocrystal (top row) together with the obtained diffraction patterns (middle row) at four different
conditions during breathing: (a) 27 °C + UH-vacuum, (b) 27 °C + water vapour, and (c) at annealing to 300 °C in water vapour. At last, (d) after
cooling to 27 °C in water vapour. In the bottom row, the determined metric is illustrated: the lattice parameter (a, b, c) and angles (a, g, y) from the
ETEM diffraction patterns. (Reprinted with permission from ref. 85. Copyright © 2017, American Chemical Society.)
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Fig. 16 (a) STEM images of a cowlesite particle embedded in amorphous ice. (b) Projection of the reconstructed 3D ED data: (b) along c*, (c) along a*,
and (d) along b*. (e—g) The determined crystal structure of cowlesite along the three main crystallographic directions. The colour code for the atoms
are: Si/Al in yellow, O atoms in red, and Ca atoms in blue. (Reprinted with permission from ref. 95. Copyright © 2020 American Chemical Society.)

analysis.**®° In principle, similar in situ sample holders as tioning to investigate the internal mesoscopic 3D structures of

developed for TEM can be used in SEM."'® In addition, SEM different compounds.’®>'®" A FIB-SEM measurement can be
can also be coupled with a focused ion beam (FIB) cutting/sec- classified in FIB-SEM processing, imaging analysis, and quan-
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titative 3D reconstruction. The specimen is sectioned/milled
with FIB so that SEM images from the exposed cross-section
can be recorded.’® The data acquisition and the reconstruc-
tion of the quantitative 3D tomograph are fully automated.
FIB-SEM can be combined with electron dispersive spec-
troscopy (EDS) and electron backscatter diffraction (EBSD)
systems to simultaneously analyze chemical, crystallographic,
and topological data. Bae et al. investigated the complex pore
system of a commercial zeolite absorbent, consisting of zeolite
beads filled with small internal beads, nicely showing the flexi-
bility of FIB-SEM to analyze a variety of microstructural fea-
tures simultaneously (Fig. 17).'°> Tomography X-ray computed
diffraction tomography (XRD-CT) is a non-destructive tech-
nique to reconstruct 3D images or 4D movies with a spatial
resolution in the sub-micrometre to nanometre range. The
specimen is illuminated with a highly collimated monochro-
matic X-ray beam and diffraction patterns are recorded while
the specimen is translated and turned. The resolution of the
measurement is thereby directly correlated to the spot size of
the beam. Triggered by the development of X-ray focusing
lenses for both, hard and soft X-rays, and the application of
coherent synchrochrotron radiation plus efficient area detec-
tors, a resolution in the nanometer range can be
achieved.'®>'®* Together these achievements allow a high-
spatial-resolution mapping of the chemical composition, the
structure, and the porosity of the specimen.'®*'% Wragg et al.
investigated the deactivation of shaped zeolite catalyst extru-
dates (SAPO-34) (Fig. 18)."° They could show that during the
catalytic conversion of methanol to hydrocarbons, the acti-
vation starts at the external layers of the extrudates and pro-
gresses into the bulk. Through the operando monitoring of the

Fig. 17 Microstructure images of the zeolite-epoxy pellet after 3D
reconstruction: (a) stacked the FIB-SEM images, (b) colour-mapping
zeolite phase in pink and the epoxy-filled pore in grey, (c) after removing
the epoxy phases, (d) one isolated single zeolite bead from the recon-
structed 3D specimen. (Reprinted with permission from ref. 102.
Copyright © 2022 Springer Nature Switzerland AG.)
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deactivation process in both time and space, it was possible to
obtain a kinetic model for the coking, providing crucial
insight which allows improvement of the catalyst and process
design. In line with ex situ studies, these experiments show
that the catalyst body only partly gets in contact with the reac-
tants during the catalytic process and only deactivates partly
(Fig. 18b). These findings may lead to modifications in the
catalyst design, especially with respect to size, active species
concentration, and spatial distribution of active species. A
recent development is the combination of CT with total scat-
tering plus subsequent pair distribution function analysis for
mapping of nanocrystalline material with -crystallite sizes
smaller than 3 nm.'® Atom Probe Tomography (APT) is a
destructive technique performed in an ultra-high vacuum,
where an electric field is applied to desorb chemical species.
The type and number of desorbing species depend on
elements and their nearest neighbours. The desorbed species
are recorded on a position-sensitive detector recording their
mass-to-charge ratio with time-of-flight mass spectroscopy
(Fig. 192).'”” In this way, the chemical identity, as well as the
geometrical position of the desorbed species, can be recon-
structed. APT is the only tomographic method that allows the
3D chemical analysis of the specimen with atomic-scale resolu-
tion and in principle with no limits for light and heavy
atoms.'®® "> Through the needle shape of the specimen,
several facets with different crystallographic orientations are
measured simultaneously and the tip can be considered as a
model for a single crystal."'® The implementation of different
advances greatly enhanced the field of application of this tech-
nique, such as the local electrode geometry which improved
the field effect, and the use of a reflectron enhancing the mass
resolution. The usage of thermal laser impulses for the initiat-
ive evaporation allowed the analysis of non-conductive
materials."*® The sample preparation via FIB to needle-shaped
specimens made it possible to analyze also semiconductors,
and even non-conductive materials.'®”™® In particular, for
non-conducting zeolites with small crystallite sizes, the needle
shaping of the analyte via FIB preparation is crucial since a
high electric field is needed to introduce the fundamental
emissive behaviour such as field emission, field ionization,
and/or field evaporation.'®®''® During the preparation, the
possibility of beam damage of sensitive materials (e.g. zeolites
or MOFs) has to be accounted for by minimizing imaging time
and the use of protective layers."*®*'" In addition, density vari-
ations in the specimen can cause local magnification effects in
the reconstructed images if hemispherical shapes are
assumed. Evaporation field differences may lead to distortion
in the spatial resolution resulting in significant errors in the
reconstructed images, particularly for composite materials."*
Quantifying the obtained results is challenging due to vari-
ation in the probability of simultaneous evaporation in one
pulse event, resulting in different detectability of elements and
hence incorrect compositions.'” However, the quantitative
spatial distribution of silicon (Si) and aluminium (Al) in a zeo-
litic framework which is crucial for its activity in catalytic pro-
cesses and selectivity can be investigated with APT.'°
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Fig. 18 Mapping the coke formation within a zeolite catalyst extrudate by operando computed X-ray diffraction tomography. (a) Three horizontal
slices of catalyst (1.6 X 6 mm) were measured at different marked positions of the reactor inlet. (b) Time-depending tomograms show the evolution
of the a—b parameter and the coking derived from the residual electron density. (c) Time-depending mass spectroscopic data showing the catalyst
activity and deactivation, respectively. (Reprinted with permission from ref. 106. Copyright © 2021, Elsevier Inc. All.)

Recently, in situ reaction cells for APT have been developed to
study catalytic, corrosion, and ageing processes.'’® These
in situ cells permit the exposure of the specimen to different
gas environments at elevated temperatures, mimicking real
reaction conditions while avoiding possible surface contami-
nations and oxidation reactions. Schmidt et al. investigated in
a combinational study using scanning transmission X-ray
microscopy (STXM) and APT the ageing of copper-exchanged
zeolite SSZ-13 which is applied for NO, reduction in automo-
tive emissions.'™ By the combination of these two methods,
the preferential removal of tetrahedral Al to form extraframe-
work (octahedral) Al from the center of the catalyst could be
detected. Via APT the 3D information of the distribution of the
elements could be obtained, while their local coordination
environment could be explored via STXM. Recently, Ji et al.
presented the first APT measurement of mixed-metal rod-
shaped MOF-74 with binary combinations of cobalt (Co),
cadmium (Cd), lead (Pb), and manganese (Mn) (Fig. 19).""
The combination of different metals together with variation of
the synthesis temperature resulted in different metal distri-
butions: random (Co, Cd, 120 °C), short duplicates of two to
four metals (Co, Cd, 85 °C), long duplicates (Co, Pb,85 °C),
and insertions of a single metal into duplicates of another
metal (Co, Mn, 85 °C)."” Ptychographic X-ray CT (PXCT) is a
non-destructive imaging technique combining coherent diffr-
action imaging (CDI) with STXM."** CDI is a reciprocal diffrac-

This journal is © the Partner Organisations 2022

tion imaging technique working without lenses. The recon-
struction of the real-space complex sample wavefunction from
coherent reciprocal-space diffraction intensities is done with
advanced iterative algorithms with a strict oversampling cri-
terion."** In X-ray ptychography, the specimen is scanned, so
that the neighbouring scanned areas overlap. Then the illumi-
nation wave field and the specimen image are recon-
structed.'’® Beyond spatial resolution, 3D electron density
maps of a specimen can be calculated from the measured
phase shift with PXCT.'"®''” Since the electron density of
known species can be calculated from tabulated mass density
values, the recorded images can be directly labelled with the
respective materials."'® First, the specimen projections are
reconstructed by ptychography, serving as input for conven-
tomographic reconstruction of the specimen."'”
Recently, these two steps were coupled to improve the scan-

tional

ning overlap requirements, allowing the flexible acquisition of
patterns, minimizing the measurement time and thus the radi-
ation dose for sampling.""” Li et al. studied the effect of the
base-leaching on the pore formation in ZSM-5 and silicalite- 1
(Fig. 20)."*® With PXCT with a spatial resolution of 40 nm, the
pore-formation in the crystal could be followed in 3D. The
authors could relate the pore formation to compositional and
structural properties. In the case of ZSM-5, the usage of the
organic templates (TPA") causes zoning of Al in the framework
structure, resulting in the formation of hollow crystals upon
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Fig. 19

(a) Schematic drawing of APT technique with the position-sensitive detector to determine the type of metal sequences that exist in mixed-

metal MOFs. (b) 3D-APT reconstruction from a single crystal of Co, Cd-MOF-74 in 3D together with a zoom of the determined metal chains in the
inlet. (c—e) Reconstituted metal chains extracted from the raw data: (c) a good match, (d) a redundant metal, and (e) a missing metal. (f) The recon-
stituted rods of neighbouring metal chains are connected by organic linkers. (g) The metal—oxide rods reconstituted from different metal chains.
Color code: Co (blue); Cd (pink); missing metals (orange); O (white); C (gray). (Reprinted with permission from ref. 107. Copyright © 2020, The

American Association for the Advancement of Science.)

leaching. In the comparison of defect-free silicate-1 with a
sample showing intergrowth, the dissolution happens prefer-
ably on the boundaries of the intergrowth areas in the latter
(Fig. 20a and b).

Solid-state nuclear magnetic
resonance (NMR) spectroscopy

As a local probe, solid-state nuclear magnetic resonance
(NMR) spectroscopy is ideally suited to study nucleation and
crystallization/growth processes of nanoporous materials or
catalytic reactions between gas phases and solid porous cata-
lysts.” Moreover, structural phase transformations under non-
ambient conditions as well as catalytic conversion can be fol-
lowed by in situ NMR."'** In situ solid-state NMR spec-
troscopy is an appropriate tool for the investigation of mole-
cules adsorbed at solid-liquid interfaces. One example is the
adsorption of glucose and the subsequent isomerization to
fructose and mannose inside a faujasite zeolite."*® The isomer-
ization is catalyzed by zeolites NaX and NaY where water is
mixed with a small amount of an organic cosolvent,
y-valerolactone (GVL). Temperature- and pressure-dependent
NMR measurements study the influence of the concentration
of the organic cosolvent on the adsorption behaviour. If
glucose is dissolved in pure water, the >C (magic-angle spin-

4260 | /Inorg. Chem. Front., 2022, 9, 4244-4271

ning) MAS NMR spectrum consists of two C1 signals represent-
ing two glucopyranose tautomers which dominate in the bulk
solution at 298 K. However, if is glucose dissolved in GVL, the
NMR spectrum shows four distinct C1 signals. The two sharp
signals represent highly mobile glucopyranose tautomers in
the bulk solution, while the two broad signals arise from the
same tautomers confined inside the zeolite pores. The broader
line width is caused by limited mobility and/or inhomo-
geneous adsorption in the pores. Low GLV concentrations sup-
press glucose adsorption, glucose is depleted in the zeolite
pores. This changes the local structure of co-adsorbed water
and leads to a decrease in the isomerization rate. At higher
GVL concentrations, there is a significant enrichment of both
water and glucose in the adsorbed phase, indicating that both
components prefer the zeolite pores over the GVL-rich liquid
phase. Magic-angle spinning (MAS) NMR spectroscopy is a
tool providing information on the local structure of intermedi-
ates and products formed during the synthesis of nanoporous
materials, such as zeolites, zeotypes, metal-organic frame-
works, or mesoporous materials. In addition, MAS NMR can
differentiate between different species in solution and solid-
state.'® Usually, crystallization studies of zeolites or other
porous materials have been performed by interrupting the
syntheses after certain times, and taking samples out of the
reaction system and transferring them to different analytical
equipment. However, the status of the intermediates may have

This journal is © the Partner Organisations 2022
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Fig. 20 Ptychographic X-ray CT of base leached silicate-1 zeolite crys-
tals. (@) Volume rendering of the acquired electron density tomograms
and (b) central cut slices through the tomograms. (c) Corresponding
electron density histogram. The selected segmentation threshold to
isolate leaching introduced pores from the zeolite at the attained spatial
resolution. (d) Averaged pore size distribution of the zeolite. (e) Radially
averaged electron density changes in direction of selected crystallo-
graphic facets. (Reprinted with permission from ref. 118. Copyright ©
2019, American Chemical Society.)

changed by the interruption and exposure to ambient con-
ditions. To avoid this, in situ measurements are required. The
pioneering work of Shi et al. demonstrated that magic-angle
spinning NMR techniques can be applied for time-dependent
in situ studies of zeolite A synthesis.'*® Here, it is important to
note that these in situ NMR studies were feasible because the
reaction temperature of 65 °C was moderately low and conven-
tional rotors could be used for the NMR experiment. Only the
works of Taulelle and co-workers in the 1990s enabled the first
in situ NMR studies of the crystallization of microporous
materials at higher temperatures and more corrosive
conditions."****® Unfortunately, in situ NMR studies under
harsher hydrothermal conditions with elevated pressures up to
2-5 MPa and temperatures of about 200 °C could not be rea-
lized or were restricted for a long time due to instrumental
restrictions."®® Additionally, the use of alkaline or acidic solu-
tions posed a problem for the use of conventional specimen
holders."* Reusable sample cells posed technical problems to
be used for local structure analysis by MAS NMR spectroscopy
which requires fast spinning at several kHz or inside a strong
magnetic field and in addition sealing is an important
issue.”*° The development of tailor-made autoclave-type MAS
NMR sample cells enabled operation in the pH range of 1-14,
pressures of 10 MPa and temperatures of more than
200 °C."*°7'3! The design of a novel microautoclave NMR rotor

This journal is © the Partner Organisations 2022
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Fig. 21 Sketch high-temperature and high-pressure MAS rotor: (a) fully
assembled rotor; and (b) showing the various components: (1) zirconia
rotor sleeve, (2) ceramic insert made of materials such as Macor, (3)
sample cell space, (4) thread, (5) O ring, (6) Torlon screw. The outside
surface of the insert is fixed to the inner surface of the zirconia rotor
sleeve by high-temperature glue. (c) Stacked plot of MAS-NMR spectra
acquired as a function of time. (Reprinted with permission from ref. 131.
Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

(Fig. 21) allowed kinetic and mechanistic studies of the reac-
tion of cyclohexanol on zeolite H-BEA at temperatures of
130 °C and a maximum pressure of 2 MPa."*' Hu et al. devel-
oped ceramic rotors with a tight sealing, suitable for high-
pressure usage exceeding 10 MPa and temperatures of
250 °C."*° The authors performed time-dependent in situ >”Al
and *'P MAS NMR measurements during the synthesis of the
molecular sieve AlPO,-5. Tracing the >’Al signal over time
shows the change from six-fold coordinated (AI™) to four-fold
coordinated aluminium (AI'V)) and the gradual arrangement
from an amorphous phase to a crystalline AIPO,-5 framework
structure. The transformation of VPI-5 to AIPO,-8 and that of a
member of the MIL-53 family during water absorption was
investigated by in situ MAS NMR studies (Fig. 22).""° A 4 mm
zirconia rotor was used which was spun at a MAS rate of
2.2-2.2 kHz. The rotor can be heated up to 400 °C and allows
for a continuous N, flow, either under dry conditions or satu-
rated with water. >’Al spectra were collected at different temp-
eratures. The spectra obtained isothermal at 100 °C are dis-
played exemplarily in Fig. 22. The overlapping signal at
41 ppm is assigned to AI™! sites between the junctions
between two four-membered rings and junctions between a
six- and a four-membered ring. The signal at —10 ppm is
related to Al sites coordinated by two water molecules and
four framework oxygen atoms. First, the signals of the AIlVY
sites located at the centre of the double four-rings lose inten-
sity. This was explained by the removal of coordinated water,
which possibly induces the destabilization of the structure.
After 0.4 h, the structural transformation towards AIPO,-8
starts, indicated by the decrease of the intensity of the Al
signal at 41 ppm. This is associated with the appearance of a
new signal at 36 ppm, which has been attributed to A"/ sites
in AIPO,-8. In situ NMR studies revealed two consecutive trans-
formation steps, the first one related to the desorption of
water and the second one to the rearrangement of the frame-
work. During hydrothermal synthesis, an exchange of matter
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(a) Structure of VPI-5 shown along c-direction, (b) structure of AIPO4-8 along c-direction. Alternating Al and P atoms are linked via oxygen

atoms, the three crystallographically independent Al positions are marked in the figure. (c) In situ Al MAS NMR spectra displaying the transform-
ation of VPI-5 to AIPO,4-8 (spinning with MAS rate of 2 kHz at 100 °C in a dry nitrogen flow). Asterisks denote spinning sidebands. (Reprinted with

permission from ref. 119. Copyright © 2020, American Chemical Society.)

takes place between liquid precursor species and the solid
phase.'?* Therefore, a special requirement of the in situ NMR
experiment is the spectral discrimination between liquid and
solid phases. This can be achieved for different nuclei by
different approaches. To give only one example, for nuclei with
spin 2, such as *°C or *Si, direct polarization (DP) MAS NMR
experiments with short T; relaxation times result in narrow
lines for species in solution while the signals from the solid
species are significantly broadened, and longer relaxation
times are required. Therefore, DP MAS NMR experiments are
more sensitive for mobile species in solution while the signals
from "H-X cross-polarization experiments (CP/MAS) can be
used for the identification of the solid phase. First attempts
for the time-resolved monitoring of zeolite BEA formation by
means of in situ *Si MAS NMR along with **C and *’Na and
*”Al MAS NMR were published by Ivanova et al.**® In addition,
the authors used isotopically labelled silica gel and template
TEAOH. Two different synthesis procedures were applied, each
supporting another synthesis mechanism. The in situ MAS
NMR spectra confirmed two different reaction pathways for the
different synthesis routes based on solution mediated crystal-
lite formation (Procedure I) and solid-solid (Procedure II)
transformation (Fig. 23). The evaluation of the NMR spectra

4262 | Inorg. Chem. Front,, 2022, 9, 4244-4271

confirmed the two proposed reaction pathways depending on
the different synthesis protocols. Gel formation, gel ageing,
and crystal nucleation and growth could be clearly assigned.
Monitoring the structure directing the behaviour of TEA'
cations at the very early steps of synthesis enabled the identifi-
cation of different TEA species and the mechanism of their
interaction with other species has been established (Fig. 24).

X-ray absorption fine structure (XAFS)

XAFS, which can be divided into X-ray Absorption Near-Edge
Structure (XANES) and Extended X-ray Absorption Fine
Structure (EXAFS,) is a valuable tool for structural characteriz-
ation. It requires high-energy synchrotron radiation with
tunable wavelengths which corresponds to energies sufficiently
high to eject electrons from specific electron orbitals of atoms.
The intensity of the transmitted X-rays decreases due to this
interaction causing a drop in the transmitted radiation inten-
sity, a feature denoted as adsorption edge. Due to particle-wave
duality, the released electron is further scattered by electrons
from neighbouring atoms which causes interference effects
containing information about the local environment around

This journal is © the Partner Organisations 2022
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Fig. 23 Time-resolved 2°Si MAS NMR spectra (a and b), Al MAS NMR
(c and d), and 3C CP/MAS NMR (e and f) collected during zeolite BEA
formation from the gels prepared according to different synthesis pro-
cedures | (a, c and e) and Il (b, d and f). The arrows indicate the growing
lines of zeolite BEA. The poor signal-to-noise ratio in the 2°Si MAS NMR
spectra (b) is due to the presence of rigid amorphous silica species
leading to broad overlapping signals. (Reprinted with permission from
ref. 129. © 2017 Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim.)

the specific element investigated. Recently published reviews
provide a detailed overview of the theory and applications of
XAFS, the details of which are beyond the scope of this
article.’*>"'** As discussed before, the combination of adsorp-
tion experiments with structure-sensitive methods is manda-
tory for understanding the structure-property relationships of
porous materials. Performing in situ XRD experiments during
gas adsorption into the metal-organic framework DUT-8(Ni)
provides direct insight into the gate opening mechanism,
which is influenced by different probe molecules.'® The com-
bination of adsorption and in situ EXAFS enabled for the first
time monitoring of changes in the metal coordination, indicat-
ing a unique local deformation of the nickel-based paddle-
wheel node. Kispersky et al. improved a plug-flow reactor for
operando XAS studies of the selective catalytic reduction (SCR)
of NO,. by NH; on different Cu/zeolites as an example reaction
(Fig. 25)."** The studies were based on the fact that one poten-
tial limitation for in situ studies might be the reaction con-
ditions in a plug-flow reactor. Conditions in an in situ XAS cell
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permission from ref. 129. © 2017 Wiley—VCH Verlag GmbH & Co. KGaA,
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thus might not be identical. This of course can lead to erro-
neous conclusions about the structure and oxidation state of
the active catalyst. The authors used vitreous carbon (glassy
carbon) as a reactor material. Among others, the advantage of
this material is that it is high temperature and pressure stable
(up to 600 °C in air and 25 bar and 250 °C) and has a good
X-ray transmittance. With the improved setup, operando XAS
data and SCR reaction rates on Cu/zeolite catalysts could be
measured simultaneously. Based on the operando experiments,
an alternative reaction pathway via a redox mechanism was
proposed. For the SCR reaction over Cu-zeolites, the amount of
Cu(1) on the catalyst is determined by the relative rates of Cu()
oxidation and Cu(u) reduction. The authors could show that
the respective reaction rates depend on the zeolite support
structure.'* Sun et al. explored Co single-atom sites embedded
in hierarchically ordered porous N-doped carbon materials
(CO-SAS-HOPNC) as catalysts for electrocatalytic hydrogen evol-
ution reaction (OER) by in situ XAS." The specific surface
area of the materials was 716 m> g~* with a total pore volume
of 1.78 cm® g . The high porosity of the material is important
for providing sufficient space for the diffusion of reactants and
products to and from the confined Co sites. In situ XAFS
spectra were measured at the Co K-edge (7709 eV) in fluo-
rescence mode at a synchrotron source. The scheme of the
experimental setup is shown in Fig. 26. XANES and EXAFS
spectra were evaluated to further probe the structure of Co
species at the atomic level. Fig. 27a shows the Co K-edge ex
situ XANES spectra of Co-SAS/HOPNC. The position of the
absorption edge implies that the valence of Co atom is
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Normalized EXAFS spectra of Cu/ZSM-5 measured operando (red line) and under standard SCR conditions (black line). Inset shows Fourier trans-
formed data. (Reprinted with permission from ref. 134. Copyright © 2012, The Royal Society of Chemistry.)
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(Reprinted with permission from ref. 135. Copyright © 2018. Published
under the PNAS license).
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Fig. 27 (a) XANES and (b) FT-EXAFS curves of Co-SAS/HOPNC, CoO,
Co304, and Co foil measured as references at the Co K edge. (Reprinted
with permission from ref. 135. Copyright © 2018. Published under the
PNAS license.)

between Co° and Co>'. EXAFS displays only one strong peak
around 1.32 A, which is assigned to the Co-N/C coordination
within the first shell. The Co-Co peak at 2.17 A is absent,
which supports that the Co atoms are atomically dispersed
(Fig. 27b). The in situ XAS measurements during HER were per-
formed in 0.5 M H,SO, at different potentials. The local
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Fig. 28 In situ XAS experiments of Co-SAS/HOPNC: (a) XANES and (b)

FT-EXAFS spectra measured at the Co K edge at different potentials.
(Reprinted with permission from ref. 135. Copyright © 2018. Published
under the PNAS license).

atomic structure of Co-SAS/HOPNC remains stable during the
catalytic H, evolution reaction with no obvious changes in the
in situ Co K-edge XANES and EXAFS spectra (Fig. 28). The
studies are proof-of-principle that by the combination of XAS
and electrochemical reactions highly dispersed isolated atomic
Co-N, active sites could be identified which remain stable
during the reaction and show also a good catalytic
performance.

Vibrational spectroscopy

As already emphasized in the introduction, this review does
not claim to discuss all methods available for the characteriz-
ation of nanoporous materials. However, vibrational spec-
troscopy will be briefly discussed at this point but we also refer
to recent comprehensive review articles on these
methods.”**"*” Raman and infrared (IR) spectroscopy provide
information about the bulk structure of materials (especially
defects) as well their surfaces. Both methods can probe
adsorbed species, the nature of chemical bonding, reaction
intermediates, and products. Vibrations in molecules or solids
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are generated by absorption (IR spectroscopy) or ineleastic
scattering of photons (Raman spectroscopy). IR spectroscopy
is widely used for the analysis of nanoporous materials
because in situ sample cells can be implemented easily.
Numerous papers on in situ spectroscopy monitoring adsorp-
tion processes under various gas atmospheres, pressures and
temperatures have been published in the past."**'%° The
detailed study of gas-solid interactions during catalytic reac-
tions also became increasingly interesting. Shi et al. studied
the steam reforming of methanol over oxide decorated nano-
porous gold catalysts by diffuse reflectance infrared Fourier
transform spectroscopy (DRIFT).'*! First, the samples were cal-
cined in situ at 300 °C for 90 min, followed by a cooling step at
room temperature in flowing He. Next, CH;O0H was injected
and low-temperature FTIR experiments were performed
between —35 °C and 20 °C. The low-temperature FTIR indi-
cates that dehydrogenation of methanol to adsorbed methoxy
and further to adsorbed formaldehyde and formate is the
dominating reaction pathway for all tested catalysts. FTIR
measurements under steady state conditions revealed that the
activation of water and the formation of OH,4; is the key to the
activity/selectivity of the catalysts.

Another interesting approach is the combination of diffuse
reflection infrared Fourier transform spectroscopy and X-ray
pair distribution function (PDF) analysis of host-guest
systems.'** The analysis of total scattering data requires the con-
sideration of all contributions to the scattering data which are
caused by non-sample components. Therefore, a successful
coupling of infrared and total X-ray scattering requires a careful
experimental design. The authors performed PDF-IR measure-
ments under variable temperature, pressure and gas atmos-
pheres. By selecting DRIFTS optics with an appropriate geome-
try, total scattering and IR data could be simultaneously col-
lected at a synchrotron source. The specifically designed setup
ensured that the same sample volume was probed simul-
taneously by both techniques. For the proof-of-principle study,
the dehydration of the Prussian blue analogue, [Mn;(Co
(CN)e)2(H,0)6]-xH,0 was studied in situ. The PDF data obtained
during water desorption show changes in the coordination of
the Mn cation and a temperature-dependent contraction of the
structure. Complementary, the IR data reveal distinct features
from the cyanide ligand and the guest molecules.

Both IR and Raman spectroscopy provide vibrational infor-
mation on surface species (including adsorbed molecules) and
solids. With Raman spectroscopy, CO, and H,O can be ana-
lysed which are highly absorbing IR. In addition, glass and
quartz are very weak Raman scatterers and can be therefore
used for the design of in situ/operando cells. Raman spec-
troscopy is a powerful technique for characterizing carbon
species under reaction conditions. However, fluorescence
hinders the application of zeolite catalysts."** The develop-
ment of new laser sources for excitation ranging from the deep
ultraviolet (UV) to the near-infrared (NIR) region, reduces
effects such as background fluorescence and sample absorp-
tion efficiently.’*® The use of NIR lasers with Fourier transform
(FT) Raman spectrometers which use interferometers instead

This journal is © the Partner Organisations 2022
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of monochromators circumvents fluorescence problems. In
addition, the use of visible excitation sources in combination
with Kerr-gated Raman spectroscopy was shown to be an
effective technique to avoid fluorescence in zeolite samples.'*?
Kerr-gated spectrometers separate Raman signals and fluo-
rescence on the temporal differences between the two pro-
cesses."** Lezcano-Gonzalez et al. studied the methanol-to-
hydrocarbon conversion in zeolite SSZ-13 with a focus on the
formation of hydrocarbon species during reaction at various
stages."*® They combined a Kerr-gates Raman spectrometer
with online gas analysis mass spectrometry. Above 290 °C poly-
enes were identified as crucial intermediates during the for-
mation of polycyclic aromatic hydrocarbons. Based on the
operando experiments, a direct correlation could be established
between the formation of extended polyenes and catalyst de-
activation. As first-principle molecular dynamics simulations
show, confinement-induced effects limit the mobility of the
large molecules which is responsible for catalyst deactivation.

Outlook

Nanoporous materials with their broad variety of chemical
compositions, diversity of structures, different pore structures,
and topologies will remain of great technical but also scientific
importance in the future. Getting insights into, to name but a
few, nucleation processes, adsorption mechanisms, or catalytic
reactions requires the application of in situ or operando tech-
niques. Analytical tools are available that provide information
about the structure of nanoporous materials on different
length scales from the atomic level to averaged crystal struc-
tures, from micropores to hierarchical pore systems. In the
past, it was difficult to study disordered or nanosized materials
and perform analytics under reaction conditions due to many
technical problems. With the implementation of more and
more sophisticated methods, high-energy probes, sensitive
and fast detectors as well as powerful computers, we experi-
enced a major technological leap in analytics. The elaboration
of new experimental approaches continues. A new generation
of powerful and brilliant synchrotron sources have been estab-
lished over the last decade which provides higher spatial
resolution. High intensity sources also enable the design of
more complex sample environments. X-ray diffraction or scat-
tering techniques benefit from detectors with very high sensi-
tivity. Free-electron lasers (FEL) can help to follow chemical
reactions with molecular resolution on an ultrafast timescale.
With the improvement of novel lenses, X-ray microscopy is
gaining resolution with a diameter of the focus spot of less
than ten nanometers.'*® Electron diffraction will go to the
nanoscale and with this, crystal structures of nanomaterials
become accessible. Great potential is seen in linking theore-
tical calculations and simulations with actual experiments. On
the other hand, this requires intelligent management of the
large amounts of data that are generated. Finally, a well-co-
ordinated combination of different techniques can provide
useful insights into structure-performance correlations, which
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are

essential for understanding the properties of functional

materials but also for designing tailor-made new nanoporous
materials.
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