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Abstract Nanoporous materials have aroused huge attention in research and devel-
opment due to their capability in numerous areas such as gas storage, separation, and
catalysis processes, membranes, microdevices, etc. The properties of nanoporous
materials are controlled by the arrangement of atoms in the crystal as well as the
specific surface area and porosity. Detailed information about textural properties,
such as pore size, shape, surface morphology, and connectivity, and composition of
nanoporous materials has a significant effect on their efficiency and performance,
and therefore, it is necessary to determine their properties. The development of
nanoporous materials featuring uniform, tailor-made pore structures, and offers the
tremendous capability for these applications. In this respect, this chapter emphasizes
and explains both existing and novel methods for the synthesis and characterization
of nanoporous materials, which is essential to galvanize yet more progress in these
materials’ further development.

Keywords Nanoporous · Characterization · Crystalline structure · Oxidation state
& coordination · Chemical composition · Pore analysis

1 Introduction

There is a wide variety of solid nanoporous materials, including nanoporous carbons,
zeolites, nanoporous inorganic oxides, together with nanoporous polymers. With
advances in fabricating nanoporous materials with tailor-made pore structures and
with changing synthesis conditions, it is possible to control the size of these chan-
nels and their surface properties; excitingly, this offers huge potential for different
applications. There is a great, renewed interest in the characterization of novel
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nanoporous materials, owing to impressive recent achievements in modern char-
acterization methods. To produce a repeatable synthesis of nanomaterials, their char-
acterization is rightly considered to be pivotal. Also, consideration of a detailed
textual analysis of nanoporous materials is vital to acquiring precise information on,
inter alia, the pore size, surface area, and network connectivity. Incorporation of this
data with studies on process performance helps to coordinate the structural prop-
erties of materials with their performance for gas storage, separation, and catalytic
processes. A variety of techniques with different degrees of uncertainty are avail-
able for the textural and structural characterization of nanoporous materials, such
as gas adsorption, electron microscopy, nuclear magnetic resonance methods, X-ray
analysis, and various spectroscopic methods (Senthil Kumar et al. 2019). Every tech-
nique has some advantages as well as limitations in application range. This chapter
contains a brief description of different characterization methods and demonstrates
their application to characterize the surface and structural properties of nanoporous
material, while also summarizing recent progress in the field of nanoporous mate-
rials characterization; to do so, we adopt a nanoporous materials-characterization
“categorization scheme” as depicted in Fig. 1.

Nanoporous characterization

Crystalline 
structure

Single crystal & powder

Electron crystallography

Oxidation state & 
Coordination

X-ray absorption spectroscopy

X-ray photoelectron spectrum
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EDX

Pore analysis Nitrogen adsorption-desorption

Morphology SEM

Pore structure TEM

Fig. 1 Classification of characterization methods for nanoporous materials
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2 Crystalline Structure

Usually, the structural resolution of porous materials is challenging as most porous
materials are polycrystalline with complex featuring large unit cells, and the mate-
rials are indeed sometimes disordered. Moreover, the group of species included
in the pores of the crystal cause more difficulty for the structure determination of
nanoporousmaterials. Common solid nanoporousmaterials can be classified as poly-
meric, metals, carbon, aluminosilicate, and oxides (Fayed et al. 2016). Nanoporous
materials have increased the domain of zeolites, and newnanoporousmaterials devel-
oped such as new porous metal-organic frameworks (MOFs) and coordination poly-
mers (PCPs), porous metalophosphates, and hybrid materials. Consequently, new
challenges are facing for the structural characterization of these nanoporous crystals.
To determine the structure of nanoporous materials, it is of paramount importance
to determine the periodic arrangement of the material within the bulk of the crystal
and averaged structures and then probe the structural deflection from perfect infinite
crystal, such as surface- and defect-based fine structures, as well as incommensurate
structures. As reported by the International Union of Pure and Applied Chemistry
(IUPAC), there are three categories of nanoporous materials: micropores (pore sizes
< 2 nm), mesoporous (2–50 nm), and macrospores (>50 nm). A comparison of these
different pore systems of mesoporous is shown in Fig. 2 (Fayed et al. 2016).

For example, MOF structures (Helliwell et al. 2008) have pores of uniform size
up to 3 nm containing metal salts as the inorganic source, together with organic
molecules featuring O or N donor atoms. For finding the framework structure of this
nanoporous material, the challenge lays first in detecting the non-framework groups,
including template molecules. The next step that is more challenging is finding the
location of the site(s) of the replaced metal atoms and the acidic sites. However,
during the production of these materials formed by heating the “as-synthesized”
materials, it is necessary to consider changes that occurred especially the oxidation
state changes of the incorporated metal atoms.

Fig. 2 Various structures of mesoporous silicates, a 2D-hexagonal, b lamellar, c Ia-3d, d Pn-3 m,
e Im-3, f Pm-3n, g Fm-3 m, h Im-3 m, i Fd-3 m and j body-centered cubic structures (reproduced,
with permission, from Fayed et al. 2016)
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Among the existing structure determination tools, single-crystal and powder X-
ray diffraction and electron crystallography are the most common characterization
methods for the crystalline structure of nanoporous materials (Liu et al. 2013).
Distance ordered-arrangement of pores could be measured by electron crystallog-
raphy (EC). Single-crystal XRD (SXRD) is a non-destructive analytical technique
and enables detailed information about the crystal, such as cell dimension, bond
length, bond angle, etc. Powder X-ray diffraction (PXRD) is another technique
applied to determine the crystallographic analysis of a powder sample.

2.1 Single Crystal and Powder XRD

X-ray diffraction (XRD) technique is among the common techniques for character-
ization of the long-range order in materials including nanoporous materials. XRD
is a quick, non-destructive analysis of multicomponent mixtures that provides infor-
mation regarding the microstructure of 3D crystalline structure (including grain size,
lattice constant, and strains, nature of the phase), without the need for extensive
sample preparation. The diffraction pattern achieved from theXRD analysis provides
a sharp and considerable peak for the crystalline compound.

W. L. Bragg proposed that when X-ray incident onto a crystal surface, the inter-
action of X-rays defined based on the reflection from crystal planes, which is called
Bragg’s Law (Bragg and Bragg 1913):

nλ = 2d sin θ (1)

Here θ is the angle of the incident X-ray beam, d is the spacing of the crystal layers
(path difference), λ is the wavelength of the incident beam, and n is a constant.

In the constant wavelength, Bragg’s law expresses that the angles of X-rays reflect
by a set of lattice planes only depending on the d-spacing. In Fig. 3, two sets of
reflections from the A and B planes which reflect at the same angle are different in

Fig. 3 Reflection of X-rays
beam from two lattice planes
attributed to the family H ≡
(h, k, l)
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phase depending on d, λ, and they are different in amplitude if they are not from the
same atoms (Martis 2011).

Single-Crystal X-Ray Diffraction
The most feasible and well-established technique for characterization of crystalline
materials and understanding the atomic arrangement is single-crystal X-ray diffrac-
tion (SXRD). Generally, larger crystals of nanoporous material are suitable for
characterization by SXRD. The angles and intensities of X-ray diffraction apply
to generate a 3D image of the density of electrons, which reflects the average posi-
tions of atoms in the crystal. Three-dimensional XRD intensity data from a single
crystal require approximately less than 10 h. This method has some limitations, in
that when the crystals are too small. Therefore, the main difficulty of structure deter-
mination by SXRD lies in the crystal size itself, despite the brightest synchrotron
light sources needing to be at least a few micrometers.

In the case of nanoporous materials, SXRD has been applied to determine the
structure of various open-framework oxides and metal-organic frameworks, as it is
relatively easy to form crystals large enough for SXRD of such materials (Kaskel
2017). Contrarily, this method is not very popular for zeolites, and only a limited
number of zeolites have been solved by SXRD. High internal stress during solvent
removal of nanoporous materials tends to induce cracking in single crystals. There-
fore, crystal fragmentation and defect formation of nanoporousmaterials can be often
caused by desolvation, none of which is favorable for SXRD studies. Another chal-
lenge explaining the paucity of such studies in the literature centers on the inherent
difficulty in carrying out structure determination of disordered crystals. Moreover,
some nanoporous materials are usually isolated as microcrystalline powders, and
resultant structures are mainly determined from powder-XRD data.

Halder and Kerpet developed a novel in situ SXRD technique to ascertain, as a
function of temperature and vapor pressure which enables continuous monitoring of
the single-crystal structure during the desorption and adsorption of different guest
species into a porous coordination framework (Halder and Kepert 2005). In this
method, mechanisms of structural rearrangements of the framework, together with
desirable adsorption sites for gases, can be determined at the same time. Structure
modeling can also be performed by XRD diffraction patterns using various software
(e.g., TOPAS,Materials Studio), in conjunctionwith the Scherrer-equation treatment
of broadening of the most intense peak of XRD measurements for specific samples.

When nanoporous single-crystal growth is difficult, structure solution from
powder-diffraction data itself can be achieved.

Powder X-Ray Diffraction
This technique can be applied to determine information for crystalline materials and
periodically arranged clusters, such as, inter alia, phase identification, phase quan-
tification, percent crystallinity, lattice-parameter refinement, Rietveld refinement,
expansion tensors and bulk modulus, crystallite size, and strain. The 2D diffraction
pattern illustrates concentric rings of scattering peaks refer to the different d spacings
in the crystal lattice because the nanoscale powder is randomly oriented. PXRD data
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collect data from millions of randomly oriented crystallite; therefore, it can provide
strong and reliable diffraction intensities. The intensities and positions of the peaks
are employed to identify the structure of the material. After the collection of the
powder-diffraction pattern is performed, extraction of line intensities is performed
by a variety of approaches methods; for instance, the Le Bail or Pawley approaches
can be performed to search for structure models and sifted through to select plausible
ones.

It must be remarked that the majority of nanoporous materials is synthesized
in powder form, and thus, SXRD may not offer all kinetic information during the
adsorption process, because the collection of a complete 3D data set from the single
crystal is highly time-consuming compared to PXRD. Although PXRD provides
accuracy in intensity measurements, it must be admitted that sometimes prediction
structure with PXRD is challenging due to significant overlapping in the powder-
diffraction patterns even for high-resolution data. In general, nanoporous materials
possess relatively poor crystallinity, which renders the resolution of their structures
barely possible from PXRD data. This problem is more significant in the case of
nanocrystals featuring large unit-cell sizes and low symmetry. In such cases, a struc-
tureless pattern refinement of the experimental diffraction diagram gives the possi-
bility to obtain the cell parameters as well as the space-group symmetry of these
nanoporous materials.

As a representative example, Fig. 4 shows some examples of the structure of
MCM-41, MCM-48, and MSM-50 by their PXRD.

Developing these ideas further, Fig. 5a shows the crystal structure of nanoporous
Si-ZSM-5, as verified by XRD (Kokotailo et al. 1978).

Figure 5b illustrates the three-dimensional channels of the nanoporous ZSM-5
zeolite. The [−101], [011], and [101] reflections located at 2θ = 7.92°, 7.93°, and
8.01°, respectively, led to a total peak at ~8.0 (Hernández et al. 2018).

XRDalso can be applied to specify the effect ofmodification on the structure of the
nanoporous materials. For example, Fig. 6 illustrates the XRD result of a nanoporous
LUS-1 silica samples before and after loading of TiO2. The TiO2-containing LUS-1
spectra show hexagonal symmetry with (100), (110), and (200) diffraction peaks

Fig. 4 XRD patterns and the assigned pore structures of a MCM-41 (hexagonal), b MCM-48
(cubic), and c MCM-50 (stabilized lamellar) (reproduced, with permission, from Barton et al.
1999)
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Fig. 5 Structure characterizations. aXRDpattern of nanoporous Si-ZSM-5, bA schematic illustra-
tion displaying the intrinsic microporous structure in a ZSM-5 crystal (reproduced, with permission,
from Hernández et al. 2018)

Fig. 6 XRD pattern of
a LUS-1 nanoporous silica,
b Ti/LUS-1 nanoporous
silica (Badiei et al. 2009)

that assignable to hexagonal P6mm symmetry. The (100) peak demonstrates a well-
defined mesostructure with a pore diameter of 2–50 nm. It was found from the XRD
patterns the loading of TiO2 on LUS-1 in solution did not have any effect on the
order of the mesostructure (Badiei et al. 2009).

Many nanoporous materials are known to be electrical insulators, and their
electron-beam sensitivity depends on the binding nature of thematerial. To overcome
this challenge, more research is needed. Despite this weakness, the high-resolving
power of electrons renders themvery powerful for the characterization of nanoporous
materials (Liu et al. 2013).
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Fig. 7 Structure envelope
generation using selected
reflection (reproduced, with
permission, from Chen et al.
2015)

Yakovenko et al. developed a method to characterize the structure envelope (SE)
of a nanoporous MOF from either single-crystal or PXRD patterns (Yakovenko
et al. 2013). To envelop the structure, the intensities of reflection were employed
in SUPERFLIP software, to solve the structure of MOF, as shown in Fig. 7 (Chen
et al. 2015).

However, in many cases, regardless of using the highest-quality powder-
diffraction data sets, XRD fails to predict a good structure model. It frequently
happens for nanoporous solids that often feature a 2D periodicity but exhibit no
long-range order in the third dimension. Moreover, low electronic contrast, pore
fillers with no or different periodicity, lamellar compounds, etc., provide an extra
challenge in this regard. In a conclusion, to characterize structural transformations
in the flexible structure of MOFs, incorporation of the gas adsorption with X-ray
powder diffraction enables to determine and obtaining information about the mech-
anism and kinetics of “gate opening,” swelling, and breathing which is significantly
important for innovative materials design for future applications (Krause et al. 2016).

2.2 Electron Crystallography

In cases that the crystals are too small for characterizing by SXRD or the structures
too complex for determining by PXRD, electron crystallography (EC) offers the best
alternative tool for the structural determination of materials (Liu et al. 2013). By
utilizing the diffracted electron beams in an electron, EC entails solving the crystal
structure of a very small single crystal. Moreover, this method can probe smaller
length-scale electrons due to their intrinsically smaller wavelengths vis-à-vis X-ray
crystallography. Due to the much stronger interaction of the electron with matter
compared to theX-ray, this technique gives the ability to study nano-sized crystals. In
another word, X-ray powder sample reacts like a single crystal under electron beams.



Characterization of Nanoporous Materials 327

Moreover, electrons are negatively charged, and they can be focused by electromag-
netic lenses to form images. Indeed,EC is becomingamore common technique for the
determination of unknown zeolites structure (Terasaki et al. 2004). High-resolution
transmission electron microscopy (HR-TEM) images as a powerful technique can
offer comprehensive information about atomic arrangements in a crystal, and it gives
direct information about possible disorders.

The three-dimensional electron tomography (3DTEM) technique has been used
to monitor some materials that possess composition variations on a nanoscopic scale
in a non-periodic manner. This method has been applied to study biological systems
(Anderson et al. 2004), but the applications to materials science more broadly are
just beginning to be realized, with a great deal of promise.

Sakamoto et al. created a method that uses EC to predict 3D structures of
mesoporous materials with disordered structures by use of high-resolution electron
microscopy (HREM) (Sakamoto et al. 2000). By applying this technique, the 3D
structure can solve at the nanoscale level, including the sizes and shapes of the pores
and cages, their arrangements as well as their connectivity, as well as the sizes of
openings. Their technique was developed particularly for periodic structural arrange-
ments with mesoscale ordering and showed a good capability for characterizing a
variety of mesoporous silica SBA structures.

Later, in 2013, electron diffraction was applied for the determination of the struc-
ture of a protein in 3D using a method called MicroED (Shi et al. 2013). MicroED is
a cryoelectron microscopy (cryoEM) method that establishes the atomic resolution
of structures from very small three-dimensional crystals (Shi et al. 2013). As such,
this is a highly applicable technique if crystals can only be synthesized on a scale that
is too small for analysis via X-rays (i.e., typically less than 1 μm) (Anderson et al.
2004). This allows for ready determination of crystals with particularly short crystal
morphology, such as needle crystals, and also nanocrystals that are deliberately grown
at a very small scale. Some structure solutions are shown in Fig. 8.

3 Oxidation State and Coordination

Detailed information about the oxidation station, coordination number, and interac-
tions of adjacent compounds is essential in a composite material, as this allowed
for optimization of material characteristics, which can trigger improved device
performance. These factors sometimes change depending on the reaction conditions.

In nanoporous metal oxide, controlling these metal oxides with stable and tunable
oxidation states, and coordination geometries are crucial for tailoring their catalytic,
electronic, and optical properties. Local arrangements of atoms (coordination envi-
ronment) are achieved by applying methods like X-ray absorption spectra (XAS)—
Solid-state NMR—IR & Raman. For the oxidation state of nanoporous techniques
included—X-ray photoelectron spectra (XPS), XAS—UV-Vis spectra are used.
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Fig. 8 Representative solved structure types of nanoporous materials via electron crystallography
(reproduced, with permission, from Liu et al. 2013)

3.1 X-Ray Absorption Spectrum

X-ray absorption spectroscopy (XAS) is an enormously capable tool that provides
information about the local structure around specific elements at the atomistic and
molecular level (Koningsberger et al. 2000; Van Bekkum et al. 2001). X-ray absorp-
tion spectroscopy refers to experiments that the X-ray absorption coefficient μ(E)
of the sample measures as a function of incoming energy (E) of the incident X-ray
beam, in the vicinity of an absorption edge (at energy E0) for one of the elements of
the sample, denoted as the absorber.

Basic Principles of XAS
Passing a monochromatic beam of X-rays through a sample resulting partly scattered
(diffracted) and partly absorbed (cf. Fig. 9a). Part of the incoming absorbed photons
by atoms of the material causes a reduction in the intensity of the transmitted X-ray
beam. Accordingly, the incident intensity I0 will decrease depending on the absorp-
tion characteristics of the material. The Beer-Lambert Law (Eq. 2) is an empirical
relationship between the absorption ofX-rays to the properties of amatter that X-rays
are passing through (Koningsberger et al. 2000).

It = I0e
−μ(E)t (2)
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Fig. 9 a Schematic of the incident and transmitted X-ray beam, b Schematic of the photoelectric
effect in terms of excitation of the different orbital, c Schematic of XAS including the pre-edge,
XANES, and EXAFS regions

where μ(E) indicates the linear absorption coefficient, I0 shows the incident X-ray
intensity, I t indicates the transmitted X-ray intensities, and t shows the thickness of
the sample (Wang et al. 2019). When the binding energy of the core level is less than
the energy of the incident X-ray, the electronic core level absorbs the X-ray (Van
Oversteeg et al. 2017).

The flat area observed in Fig. 9c is for the situation that the incident X-ray energy
is not sufficiently strong to excite the electrons to the highest unoccupied state or
the vacuum and less than the binding energy of the electron in the element’s orbital.
Although, sometimes there are some unfavored transitions, including 1s to 3d in
transition metals, which are indicated as a pre-edge peak (Fig. 9c). X-ray absorption
near-edge structure (XANES) is called when the X-ray energy is strong enough
to excite core electrons to the unoccupied state (the threshold energy or absorption
edge), thenX-ray is highly absorbed and leads to a sharp rise in the spectrum (Fig. 9c)
(Martis 2011).

The XANES region is between 50 eV below the absorption edge toward 100 eV
beyond the edge. As the spectrum is depending on the chemistry of the absorbing
atom, thus, it is capable of extracting information for determining the oxidation state
as well as the geometry of the element of interest. With further increase in X-ray
energies, the area of the absorption spectra follows by the extended X-ray absorption
fine structure (EXAFS), where expands into the range of thousands of eV beyond
the absorption edge energy. The EXAFS function provides information on the next
neighbor coordination shell of atoms; thus, information about the structure as well
as the short-range environment of the X-ray absorbing atom can be achieved. The
EXAFS function χ (E) is calculated from the:

χ(E) = (μ(E) − μ0(E))/�μ0 (3)

Here χ (E) represents the removal of X-ray absorption coefficient (μ(E)) from
backgroundμ0(E) and division byΔμo represents the normalization of the function.

To calculateχ (k) from theμtotal (experimentally acquired), a fewsteps are required
to follow as shown in Fig. 10. The EXAFS function can be obtained from the
absorption coefficients of the absorbing atom and the condensed phase:



330 L. Keshavarz et al.

Fig. 10 Steps of extraction of the oscillatory part of an X-ray absorption spectrum for platinum
foil: a removing the pre-edge background (- - -); b detecting the location of edge; c removing
the post-edge background (- - -) and normalization; d transforming of the EXAFS spectrum to
k scale through Eq. (4) after normalization (not displayed) (reproduced, with permission, from
Koningsberger and Ramaker 2006)

χ(k) =
∑

j

N j

kR2
j

sin
(
2k · R j + 2δ + ∅ j

) · ∣∣ f j (k)
∣∣

· exp(−2σ 2
j k

2) · exp
(

−2Vi R j

k

)
(4)

Here Nj is the average coordination number of the jth shell; Rj is the average
interval between the absorbent atom and the jth shell; δ is the phase shift of emitting
atom σ j is the Debey-Waller factor, k is the photoelectron wave vector, f j(k) is
the amplitude of the back-scattering factor of the jth neighboring atom, ϕj is the
phase shift of back-scattering atom in jth shell, and Vi is the inelastic scattering of
photoelectron wave. Information on the local molecular coordination environment
can be achieved by analyzing the EXAFS data.

In the studydone bySinfelt andMeitzner, theX-ray absorption edgewas employed
to investigate the oxidation states of pre-cursors during different steps in the preparing
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Fig. 11 L absorption edges
energies of the elements as a
function of atomic number
(reproduced, with permission
from Sinfelt and Meitzner
1993)

of a metal catalyst (Sinfelt andMeitzner 1993). Figure 11 indicates that in an absorp-
tion spectrum for each element, the absorption edges are observed at certain energies
characteristic of the element. As shown in Fig. 11, the energies of the LI edges (LI

edge is due to the excitation of electrons from 2s states) are more than LII and LIII

(LII and LIII edges are due to the excitation of electrons from 2p states (Sinfelt and
Meitzner 1993).

As mentioned earlier, the absorption edge position reveals the information about
the oxidation state, whereas a higher oxidation state is resulting in a shift of the
absorption edge to larger energy. As shown in Fig. 12, there is a linear correlation
between the CoK-edge position and the Co oxidation state (Timoshenko and Cuenya
2021). Therefore, for finding the oxidation state for the newmaterials, an established
relationship between the edge location and oxidation state for known referencemate-
rials can be employed. In Fig. 12, Es corresponding to 80% of the total area under
the pre-edge and near-edge for Co3O4 and Er shows 80% of the total area under

Fig. 12 Quantification of
the shift between the
absorption edge for metallic
Co and Co3O4 (reproduced,
with permission, from
Timoshenko and Cuenya
2021)
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Fig. 13 Cu K-edge XANES
spectra of Cu foil, CuO, and
Cu2O (Klaiphet et al. 2018)

the pre-edge and near-edge for Co foil, whereas Ez is referring to the point that
Co foil spectrum crosses the of Co3O4 spectrum. Figure 12 displays a nearly linear
relationship between Es − Er and the Co oxidation state.

Figure 13 shows an example of a comparison of obtained XAS spectra from Cu
foil (0 oxidation state), CuO (+2 oxidation state), and CuCl2 (+2 oxidation state)
(Klaiphet et al. 2018). As shown in this figure, the μ(E) of both Cu2O and CuO at
pre-edge is shifted to higher energies compared to Cu foil, which is expected based
on their higher oxidation states.

3.2 X-Ray Photoelectron Spectrum

X-ray photoelectron (XPS) is a technique for the determination of the energy of
photoelectrons released from the sample impacted by irradiating with X-rays. The
measured kinetic energy of core electrons allows calculation of the binding energy
of the ejected electron in the material. While the binding energy of the core electrons
is unique to each element, any slight change in the binding energy of elements is
dependent on the environment and oxidation state of the atom. Therefore, XPS is
one of the most established and non-destructive methods for the determination of
oxidation states (Alov 2005).

Principles of XPS
The relative positions of electronic energy levels and XPS Peaks are illustrated in
Fig. 14. Generally, Mg Kα (hν = 1253.6 eV) or Al Kα (hν = 1486.6 eV) were
applied as the X-ray light sources.

The kinetic energy (Ek) of the electron is express as:

Ek = hν − BE − φ (5)
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Fig. 14 Electronic energy
levels and XPS peaks

where h is Planck’s constant, ν is the frequency of the incident radiation, BE is the
binding energy of the photoelectron, and φ is the work function (Son et al. 2020).
When energy applies to the specimen, the electron excites and tends to depart from
the nucleus and reaching the level that the binding energy of the nucleus is equal
to the binding energy of the electron. The irradiated X-ray has high energy and is
needed to emit the electrons of the K shell with considerable binding energy by the
photoelectric effect (Fig. 14). As each element has its specified bonding energy, then
analyzing the binding state of particular atomic orbitals of particular elements is
feasible. Changing binding energy can be used to determine the oxidation state of
the metal.

Lee et al. (2014) studied the porous properties of nanoporous manganese oxides.
Among them, Mn3O4 andMn5O8 exhibit similar textual properties including similar
morphology, surface area, and crystal size of framework, but different oxidation
states (Lee et al. 2014). Figure 15 shows the oxidation states of three nanoporous
manganese samples (MnO, Mn3O4, and Mn5O8) determined by XPS. The Mn 3s
XPS spectra revealed that the increase in the oxidation number of samples resulting
in a gradual shift of the location of peak corresponded to the lower binding energy
to the higher energy.

Along with subtracting background spectra, peaks fromXPS are usually a combi-
nation of several smaller peaks, as shown in Fig. 15, so it is important to split the
peaks (Raja and Barron 1934). This can be done with the software bundled with
XPS equipment. Generally, the binding energy of each metal increases with a higher
oxidation state.

Figure 16a shows a high-resolution Fe 2p3/2 XPSof amixture of iron oxide powder
with FeO (Fe2+) and Fe2O3 (Fe3+) (Wright and Barron 2017). The change in the
oxidation state of the iron results in a shift in binding energy to higher levels. Another
example is Cr2O3 2p3/2, which appears as multiple peaks (Fig. 16b) (Wright and
Barron 2017). Multiple peaks could also appear due to “charge-transfer satellites,”
from the sudden creation of a core-hole due to the XPS process.

Reference compounds of the metal with known oxidation states can be used
to assist in the determination of oxidation states, from analysis of the peaks. For
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Fig. 15 Mn 3s XPS spectra of MnO, Mn3O4, and Mn5O8. The blue star shows the existence of
low-valent (Mn2+) manganese species in Mn5O8 (reproduced, with permission, from Lee et al.
2014)

Fig. 16 a High-resolution Fe 2p3/2 XPS of mixed iron oxide powder, b High-resolution Cr 2p3/2
XPS peak for Cr2O3 showing an example of complex splitting, c Mo 3d XPS spectra of surface
cleaned molybdenum crystals before (top solid line) and after (bottom dashed lines)

unknown vanadium oxide, for example, spectra of known vanadium oxides can be
obtained and binding energies compare with the unknown. Moreover, the integration
of the peaks can specify the relative amounts of each oxidation state.

The XPS database and binding energies of various metal complexes can be
compared to those achieved in the National Institute of Standards and Technology
(NIST).

However, there are some limitations in determining the oxidation state by XPS.
The binding energy commonly increases with oxidation states, overlapping binding
energy can happen for some compounds with the same metal but different oxidation
states. For example, as illustrated in Table 1, FeSO4 (Fe2+) has a higher 2p3/2 binding
energy than Fe2O3 (Fe3+) (Raja and Barron 1934).
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Table 1 Fe 2p3/2 XPS
binding energy for various
iron species

Species Fe oxidation state Fe 2p3/2 binding energy (eV)

Fe 0 706.3

FeO 2+ 709.1

FeSO4 2+ 711.0

Fe2O3 3+ 710.6

Even with limitations, XPS is a powerful technique that provides information on
oxidation states materials including nanoporous materials.

3.3 UV–Vis Spectra

UV/Visible spectroscopy use to quantify the extinction (scatter+ absorption) of light
passing through a sample. This method is utilized to identify, characterize, and study
nanomaterials, as these materials boast special properties which are sensitive to the
size, shape, concentration, and refractive index near their surface. Because of its
distinctive twin advantages, sporting inexpensive and facile analysis of substances,
a UV-visible spectrometer is utilized in many disparate fields.

The UV radiation excites the electrons from the ground state to the state with a
higher level of energy. The electromagnetic radiation between 190 and 800 nm and is
divided into the range between the ultraviolet region (190–380 nm), and the visible
region falls between 380 and 750 nm (Fig. 17).

To quantifying the sample’swavelength-dependent extinction spectrum, the inten-
sity of UV/visible beam is quantified before and after passing through the sample and
compared at each wavelength. By applying the Beer-Lambert Law, the absorption
of spectra generated from these samples at given wavelengths can be related directly
to the sample concentration. Indeed, the Beer-Lambert Law is based on the concept

Fig. 17 n to π* and π to π* transitions occur in the UV-vis range, while σ to σ* transition needs
absorption of a photon with a wavelength out of UV-vis region
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Fig. 18 UV-visible
absorption spectra of 1
(CoIII) and its reduced CoII

analog with λ = 480 nm and
CoI analog with λ = 572 nm
and λ = 685 nm (reproduced,
with permission, from Basu
et al. (2016)

that the larger the number of molecules able to absorb light of a specific wavelength,
the larger the extent of light absorption. Indeed, in such a way, it is possible to access
molecular structure and oxidation state via UV-VIS spectroscopy.

To illustrate this important concept, the UV-Vis applied for different oxidation
states of e 3+, 2+, and 1+ oxidation states of the metal (Co) is illustrated in Fig. 18
(Basu et al. 2016).

3.4 Nuclear Magnetic Resonance (NMR)

To characterize nanoporous materials, even with using very high-quality powder-
diffraction data sets, a traditional strategy such as X-ray fails in finding a good struc-
ture model for many cases (Taulelle et al. 2013). This limitation is more significant
in the case of nanoporous solids, due to some of their properties, for example, some
nanoporous have a 2D periodicity without order in the third dimension, low elec-
tronic contrast, pore fillers without or with various periodicities. Among the substi-
tute strategies, nuclear magnetic resonance (NMR) crystallography is an important
analytical method that offers an efficient way to determine the structure of nanoscale
materials.

The phenomenon of NMR relies on the nuclei of atoms featuring magnetic prop-
erties which can be used to provide chemical information. In the NMR technique,
when the nuclei that have non-zero spin located in a strong magnetic field, it creates
a small energy difference between the spin-up and spin-down states. Physiochemical
characteristics, such as structure, purity, and functionality, can be analyzed by this
method. Recently, pulsed field-gradient NMR has been applied for evaluation of the
diffusivity of nanomaterials, resulting in determining the size and species interaction.
However, there are several disadvantages to this technique such as time-consuming
and low detection sensitivity. Over the last decades, NMR has been widely used as a
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non-destructive technique to characterize nanoporous materials featuring pore sizes
from 1 to 100 nm.

The Basic Principle of NMR
A general Hamiltonian, H, describing the interactions experienced by a nucleus of
spin I may be expressed as:

H = HZ + HD + HCS + HSC + HQ (6)

where HZ : Zeeman interaction, HD: dipolar interaction, HCS: chemical shift, HSR:
spin-rotation interaction; HQ: nuclear spin and quadruple (Table 2).

Therefore, the precise energy-level splitting is sensitive to some nuclear spin
interactions,which are assessedby the physical and chemical properties of the nuclear
spin system.

Owing to the sensitivity of changes in the coordination environment, this technique
is applied as an element-specific structure-analyzing technique. Each of the nuclei
in a crystal has its characteristics, such as the spin number, which can be 1/2 or
more. When the number of measurable nuclei is larger, the number of possible
one-dimensional (1D) and two-dimensional (2D) NMR experiments which can be
obtained is much larger.

Solis state NMR (SsNMR) has been demonstrated as a complementing technique
to diffraction techniques for determining the structure of nanoporous materials.

The environments of framework atoms of porous materials can investigate by the
NMR spectroscopy of 29Si, 27Al, 31P, 69 Ga, or 71 Ga nuclei, or 1H, 7Li, 23Na nuclei
that are charge-compensating ions. These measurements can give information about
the number of inequivalent atomic sites as well as the multiplicity of these sites.
Some recent developments in NMR are the ability to probe inter-nuclear distances,
increase the power of NMR (Taulelle et al. 2013).

Taulelle and coworkers studied the application of NMR crystallography for
nanoporous materials (Taulelle et al. 2013). They (Taulelle et al. 2013) showed that
the use of NMR data associated with diffraction methods and modeling can provide
systematic ways to achieve the structure models. This is especially important for the
structure determination of the complex nanoporous crystals.

1D collection of data can provide different structural information. From the
isotropic chemical shifts, information such as the nature of the neighboring atom
and the coordination number of the atom can be achieved. For instance, 7Al in 4-, 5-

Table 2 Approximate range
of different spin interaction
(in Hz) (NMR Interactions
2020)

Zeeman 108

Dipolar 103

Chemical Shift 103

Scalar Coupling 10

Quadrupolar 106
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Fig. 19 27Al chemical shift
variation in most types of
porous solid

or 6-fold coordinated (Fig. 19), or 13Cin 2-, 3- or 4-coordination state (hybridization
sp, sp2, sp3), or the environment of SiO4 in Q4, Q3, Q2, Q1, Q0 environments (n of
Qn refers to the number of bridged oxygen atoms in the first coordination sphere
of the Si atom) can be determined as 1D 27Al, 13C and 29Si MAS NMR spectra,
respectively (Taulelle et al. 2013).

Wen et al. using NMR in both 1D and 2D to investigate the electrochemical redox
activity between V5+ and V2+ oxidation states (Wen et al. 2019). Solid-state 2D 27Al
3Q-MAS and 1D 27Al single-pulse NMR spectrum obtained from precipitation of
reaction between V2O5 and Al2Cl7 (cf. Fig. 20a, b, respectively). The 27Al single-
pulse NMR spectrum showed that the precipitate contains aluminum moieties for
three different coordination environments: AlIV (∼85 ppm), AlV (∼34 ppm), and
AlVI (∼4 ppm). The 2D 27Al 3Q-MAS spectrum correlates the MAS dimension
(horizontal) with an isotropic dimension (vertical). The 1D slices of the different Al
coordination environments are shown in Fig. 20c.

Another example to emphasize the determination of oxidation state from NMR is
shown in Fig. 21. 31P MAS NMR spectrum was obtained to determine the oxidation
state of phosphorus. Two peaks at −10 (A1) and −6 (A2) ppm indicated two non-
equivalent positions of the phosphine present in the framework. Another peak was
shown at 35 ppm is corresponding to oxidized phosphine (B). A phosphine fraction
of 85% was observed for the peak area of combining A1 and A2 compared to the
peak area of B (Morel et al. 2015).
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Fig. 20 a SsNMR of 2D 27Al triple-quantum (3Q)-MAS NMR spectra. b A separately acquired
quantitative 1D 27Al single-pulseMAS spectrum is displayed,where 27Al signals associatedwith 4-,
5-, and 6-coordinated Al moieties are labeled. c 1D slices of different Al coordination environments
(reproduced, with permission, from Wen et al. 2019)

Fig. 21 31P MAS NMR
spectra (right) of LSK-15.
NMR signals are labeled
according to phosphorus
oxidation state (with
permission from Morel et al.
2015)

4 Chemical Composition

The chemical composition of nanoporous materials can be determined by elemental
analysis techniques, including inductively coupled plasma-atomic emission spec-
troscopy ICP-AES and energy dispersive X-Ray spectroscopy (EDX).

ICP-AES is an emission-based spectrophotometric method to detect more than 70
elements with a concentration range of ppb to ppm. ICP-AES employs the fact that
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Fig. 22 a Cross-section view of a 20 nm nanoporous anodized aluminum oxide with an 8 nm
ZnO coating membrane, showing the crystals present on the surface. b EDX spectrum obtained
from the 200 nm circular pore side, showing Al and Zn peaks (reproduced, with permission, from
Petrochenko et al. 2013)

when excited electrons return to the ground state, they emit energy at a given wave-
length. Every element emits energy at unique wavelengths particular to its chemical
character and ICP-AES select a single or a very few wavelengths for a given element
(Ghodke 2015). By determining the emitted wavelengths and their intensities (with
intensity proportional to concentration), this technique can determine the elemental
composition of the sample. This technique can analyze all elements, except argon.

The elements present in the nanoporous materials can be identified by applying
EDX analysis (Zhao et al. 2019). EDX technique incorporates with imaging tools
such as scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) can detect the elemental composition of the imaged area. The data provided
by EDX analysis contain spectra presenting peaks corresponding to making up the
composition of the analyzed sample.

As an example, Fig. 22b shows an EDX spectrum of a nanoporous ZnO-coated
anodized aluminum-oxide membrane (Petrochenko et al. 2013). Distinguished Zn
and Al peaks were observed on spectra that were acquired from the membrane
(Petrochenko et al. 2013).

A comparison between elemental analysis performed by CP-AES for Phospho-
tungstates (MPW) and EDX is presented in Table 3 (Ghodke 2015).

5 Pore Analysis

Thegas-sorption analysis is among themost useful experimental techniques for struc-
tural characteristics of open porous solids such as specific and external surface area,
total and micropore volume of nanoporous materials (Thommes and Schlumberger
2021). Generally, gas-sorption probes the interaction between gas and the sample,
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Table 3 Elemental analysis by ICP-AES and EDX

Materials % by ICP-AES analysis % by EDX analysis (atomic %)

M (IV) P W M (IV) P W O

ZrPW Zr = 26.88 4.96 25.37 Zr = 6.79 18.53 20.67 –

TiPW Ti = 14.84 4.64 24.97 Ti = 46.61 37.99 15.40 –

SnPW Sn = 36.82 4.67 29.41 Sn = 59.33 23.31 17.37 –

12-TPA/ZrO2-20 Zr = 58.62 0.09 16.48 Zr = 28.75 0.11 3.44 67.70

12-TPA/TiO2-20 Ti = 46.76 0.08 16.17 Ti = 28.63 0.15 0.88 70.34

12-TPA/SnO2-20 Sn = 60.01 0.08 18.04 Sn = 18.40 0.12 2.57 78.92

From Ghodke 2015, with permission

this can happen in microporous or mesoporous adsorption, also in monolayer and
multilayer adsorption (Keshavarz et al. 2021). Brunauer, Emmett, and Teller (BET)
are the most popular method based on physical adsorption of a gas on the adsorbent
surface for the determination of the specific surface area of porous materials. The
BET isotherm is applicable for a sample covered by more than one layer of gas
molecules:

P

P0
= 1

amC
+ p0(C − 1)

amC
(7)

where P0 is the tension of saturated vapor at a particular temperature, am is the
specific monolayer capacity (mol/g), and the parameter C is a constant including
adsorption and condensation heat (Širc et al. 2012).

The adsorption isotherm represents the dependency of the adsorbed gas on pres-
sure at a constant temperature. The specific surface area can be measured according
to

Asp(BET) = NA.am .σ (8)

where ASP (BET) is the BET specific surface area of adsorbent, NA is the Avogadro
constant, and σ is the area of the sample occupied by the adsorbate in the monolayer.

The original derivation of the BET relation is based on the assumption that a
statistical multilayer coverage of a non-microporous surface (Reichenauer 2011).
BET theory assumes the interactions between neighbor adsorbed molecules just
happen in a vertical direction. Another assumption of this theory is that the adsorption
energy is not dependent on the type of the adsorption sites (Sing et al. 1985; Lowell
2004).

The Barrett, Joyner, and Halenda (BJH) method which is based on the Kelvin
equation (which relates the pressure to pore size) is the most widespread method to
calculate the pore volume and pore size distribution in a mesoporous solid (Barrett
and Halenda 1951). BJH theory assumes that the shape of the pore is cylindrical.
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It was shown that the BJH method for narrow mesopores (pore diameter < 10 nm)
underestimates pore size by approximately 20–30% (Thommes et al. 2015). This
error can be minimized by applying methods based on molecular simulation or
density-functional theory (DFT) software which is applicable for different types
of pore geometries.

Advanced statistical thermodynamics models, including DFT, molecular
dynamics (MD), andMonteCarlo (MC) simulations, yield amolecular-level acquain-
tance of adsorption in pores and apply to characterize nanoporous materials. A non-
local density-functional rheory (NLDFT) approach is a precisemethod that is offered
for the characterization of nanoporousmaterials. TheNLDFT has been established to
predict the adsorption/desorption isotherms in nanopores of various geometries with
pore diameters about 0.3–100 nm (Reichenauer 2011). The results of pore-size distri-
butions of mesoporous calculating from the NLDFT method are in good agreement
with other techniques applied for characterization of pore structure (transmission
electron microscopy and X-ray diffraction).

The International Union of Pure and Applied Chemistry (IUPAC) recommended
the classification of isotherms regarding physical-adsorption characterization that
is shown in Fig. 23. Based on their classifications: Pores are typically microporous
which yield to Type I isotherms; nonporous or poreswith diameters exceedingmicro-
pores adsorbents give Type II isotherm; Type III and V isotherms observed when
there are small adsorbent-adsorbate interactions potential and are associated with a
pore diameter in the range of 1.5–100 nm; Type IV isotherms represent mesoporous

Fig. 23 Classification of
adsorption isotherms
(reproduced, with
permission, from Barton
et al. 1999)
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Fig. 24 aN2 adsorption-desorption isotherms of the balk and nanoporous NiMoO4 samples, bBJH
pore-size distribution plot of the nanoporous NiMoO4

materials; and Type VI isotherms indicate layer-by-layer adsorption on a nonporous
surface. The suitable selection of the adsorption isotherm, along with the proper
pore-size calculation such as molecular simulation or DFT, allows the possibility to
evaluate precisely the pore-size distribution within the porous material.

As an example for this section, the N2 adsorption-desorption isotherms, as well
as the BJH pore-size distribution for nanoporous and bulk NiMoO4, are illustrated
in Fig. 24 (Moosavifard et al. 2014). As shown in Fig. 24a, the nano-cast sample
has a type IV isotherm that is characteristic of nanoporous or mesoporous materials,
while the bulk sample has a type II isotherm representing nonporous or macroporous
materials. Moreover, the pore-size distribution of nanoporous NiMoO4 calculated by
BJH (Fig. 24b) shows a uniform pore-size distribution. Then their sample showed
a high-ordered nanoporous structure with narrow pore-size distribution and large
surface area.

Determination of pore sizes and pore-size distributions fromN2 isotherms of some
nanoporous materials like microporous polymers suffer from an absence of proper
models. As shown in Fig. 25b, the acquired results from the same isotherm were
compared by the NLDFT and Horvarth–Kawazoe (HK) analysis, which are two
predominant methods. Although both models are based on the same assumption,
significant differences between the models are evident.

Using nitrogen in gas-sorption experiments has a certain drawback in comparison
to noble gases such asArgon: it experiences a stronger interactionwith polarmoieties
of polymers because of its quadruple moment. Moreover, it is possible that some of
the pores are not occupied by nitrogen due to the relatively large size of nitrogen.
Despite these limitations, nitrogen sorption is themost used technique for the analysis
of nanoporousmaterialsmostly due to its accessibility inmany laboratories.Recently,
the use of carbon dioxide as an adsorbent to characterize ultra-micropores has become
more common in the analysis of microporous materials. This method is well known
for analyzing activated carbons.
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Fig. 25 a Nitrogen sorption isotherm of a spirobiuorene-based polyimide network. b Comparison
of the micropore analysis data obtained from the HK and NLDFT model (Weber et al. 2008, with
permission)

6 Morphology: SEM

Scanning electron microscope (SEM) is a very common technique for observing
and quantifying the shape, surface texture, and particle distribution of materials and
provides information about morphology, topography, composition, and crystallog-
raphy of materials, including nanoporous materials. This imaging technique allows
for direct visualization and investigation of nanoporous materials with advanced
structures. Due to high resolution along with a deep depth of focus, SEM is consid-
ered a powerful visualization tool for nanostructures analysis, including nanoporous
materials. Recent progress in the resolution of SEM and the large depth of field
allows for the capture of the microstructures of the sample with three-dimensional
information. Therefore, analysis of SEM images has highlighted attention in the
nanostructured world, especially in nanoporous materials, as the complex networks
between the pores and the walls appear vividly under an SEM. The structure of
various places of the nanoporous sample can be visualized directly by SEM. There-
fore, so-obtained images from SEM enable useful and important details to compare
the local structures with the whole sample and are considered as an alternative to
observing pores.

Applying a method developed by Zhou & Qiao through a large number of SEM
images were used to provide detailed structural information such as 2D pore and wall
size, fractal dimension, and porosity (Zhao and Qiao 2016). This method for SEM-
image polishing (SIP), according to the quantitative SEM-image analysis (QSIA)
technique for nanoporous materials, provides the possibility of fast and accurate
data mining at the nanoscale in nanoporous materials. However, the lack of structural
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information is one of the foundational difficulties in allowing for quantitative image
analysis.

The Basic Principle of SEM
In an SEM, a high-energy beam is emitted from electrons that interact with atoms
on the surface of the specimen or near it. The resolution attained by SEM is mainly
dependent upon the operating parameters (around 1 nm). To prevent a repulsive
reaction of an electron beam, the surface of a non-conductive sample is usually
coated with a very thin layer of gold or platinum. However, the sputter coating can
lead to removing the atomic number-contrast and elemental composition analysis.

The depth of field (�f ) defines as the distance within which the sample remains
in acceptable focus which depends on two factors including magnification (M) and
the beam convergence (α0):

� f ≈ 0.2mm

Mα0
(9)

where the factor of 0.2 mm is regarding the resolution of the human eye over the
SEM images.

Figures 26a–c illustrates that the three-dimensional pore structure of the
nanoporous polyethylene was analyzed by SEM.

SEM images provide images of the sample with information about surface defects
like cracks, etching residues, depressions, differential swelling, and perforations.
However, there are some drawbacks of SEM, such as degradation of the sample,
which alters or destroys details and consequently changes results and conclusions.
Moreover, there is the possibility of damage to the sample by the SEM’s electron
beam. In addition, SEM is not able to image wet samples, due to possible damage

Fig. 26 Morphology of a bicontinuous microemulsion-derived, nanoporous polyethylene using
SEM, two right images are a higher-magnification view of the central part of the area illustrated in
the left image. The scale bars from left to right: 3 μm, 750 nm, and 300 nm, respectively (Jones
and Lodge 2012, with permission)
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during vacuum required during operation.Another limitation of SEM iswhen applied
to capture measurement involving height or process color image.

7 Pore Structure: TEM

Transmission electron microscopy (TEM) is considered the most widely used tech-
nique in characterizing nanomaterials, due to its sub-nanometer resolution and the
capability of directly observing very small pore structure. The image of nanomate-
rials provided by TEM at a resolution of atomic dimensions ranging from ~100 nm
to single atom size. This method has the ability of imaging a variety of nanos-
tructures such as nanoporous materials. The highly detailed images provide valu-
able insight into structural information including particle size and morphology and
high-resolution images of the framework at an atomic level.

Similar to SEM, imaging the non-conductive samples is challenging for TEM;
therefore, for some metal oxides before imaging, covering the sample with a thin
layer of gold is recommended. One disadvantage of TEM is the difficulty in preparing
the samples since the grids for the sample holder are very tiny, and the sample must
be sufficiently small (100 nm thin) or a very fine powder. However, the methods
of preparing the sample for TEM might change the underlying pore size and pore
structure.

Recently, this technique has encountered very promising breakthrough progress in
the aberration correction for atomic-level imaging, the cryogenic TEM for imaging
biological specimens, and the new in situ instrumentation. Excitingly, in situ TEM
started to be a prevailing technique to observe reactions at the nanoscale level. TEM
boasts providing high temporal and spatial resolution, as well as direct visualization
of any changes in structural,morphological, or elemental distribution at the nanoscale
which considered as an advantage of this method compared with other in situ tech-
niques such as scanning-tunneling microscopy (STM), atomic force microscopy
(AFM), and various X-ray methods.

TEM images of nanoporous materials include micropores pore (size < 2 nm),
mesoporous (2–50 nm), and macrospores (size > 50 nm) with examples are shown
in Fig. 27 (Fayed et al. 2016, with permission).

TEM offers more advantages compared to SEM to provide spatial resolution in
high-quality and analytical measurements.Moreover, by utilizing TEM, it is possible
to visualize the internal connectivity. TEM images offering instant feedback and
consequently allowing control during the nanopore drilling processes.

To glean a better comparison between two imaging technologies for nanoporous
materials, Fig. 28 shows the SEM and TEM of nanoporous manganese oxides (Lee
et al. 2014).
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Fig. 27 Three categories of nanoporous materials and their TEM images (Fayed et al. 2016, with
permission)

Fig. 28 Comparing the SEM images (a–c) and TEM images (d–f) of converted manganese oxides.
(d–f, inserts) HR-TEM images of nanoporous MnO (a, d), Mn3O4 (b, e), and Mn5O8 (c, f) (Lee
et al., 2014, with permission)
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8 Conclusions

Comprehensive knowledge of the structural properties including pore size and
connectivity can assist to improve the efficiency of nanoporous materials in a
disparate different fields, such as, inter alia, gas storage, separation, and catalytic
processes. From this perspective, huge advances have been done recently regarding
the physisorption characterization of nanoporous materials. The IUPAC technical
report in 2015 outlined their suggestions for the surface and pore-size analysis.

Structural and morphological characterization for nanoporous materials can
obtain by various techniques including X-ray diffraction techniques, electron crys-
tallography, small-angle X-ray, gas adsorption, and neutron scattering, together
with mercury porosimetry, scanning electron microscopy, and transmission electron
microscopy, as well as nuclear magnetic resonance (NMR) methods. The oxidation
state and coordination properties can be analyzed adopting UV-Vis, X-ray absorption
spectroscopy, NMR, etc. Inductively coupled plasma mass spectrometry (ICP-MS),
energy dispersive analysis of X-rays (EDAX), and X-ray photoelectron spectroscopy
(XPS) are generally using for elemental analysis of nanoporous materials. Evalua-
tion of surface area and pore size is performed byN2 adsorption-desorption isotherm.
Each of these methods has advantages, disadvantages as well as a limited application
range.

One important future direction in nano- and porous-materials analysis lies in the
use of molecular simulation as an important method to accompany experimental
materials characterization. Using both empirical-potential models and electronic-
structure methods allows for the simulation of atomic- and nanoscale defects and
surface/bulk features, and the extraction of spectroscopy results therefrom, which
can then be comparedwith experimentally. However, excitingly, this approach can be
used for predictive materials design as a prototyping tool in nanomaterials discovery.
In such away,we candetermine desirable spectral features frommolecular simulation
and “tune” material properties, such as defects and nanoscale geometry features, to
arrive at an optimal porous-materials design.
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