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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-
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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-

rsc.li/frontiers-inorganic titioners for in situ/operando characterization of nanoporous materials.
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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
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

further to minutes or even seconds,
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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
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.*”
Michalchuk and Emmerling.
XRPD monitoring of the formation of nanoporous material
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-

conventional thermal,

Tan and Frisé¢ié,*® and

31 The first successful in situ
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(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. 5 Time-dependent experimental PDFs were collected (a) during 8 h of hydrolysis at 100 °C of UTL in water, (b) during rearrangement of UTL
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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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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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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-
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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 lo