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Nanometer and subnanometer particles and films are becoming an essential and
integral part of new technologies and inventions in different areas. Some of the
most common areas include the microelectronic industry, magnetic recordings,
photovoltaic applications, and optical coatings. Because of the ultrasmall size at
atomic levels, the effect of quantum size becomes prominent, and the sensitivity
of size is defined even by a difference of a single atom. Additionally, the effect
is of utmost importance as the single-atom catalysts are far more advantageous
than conventional catalysts as they tend to anchor easily because of their low
coordination. Also, the presence of a single-atom catalyst in reactions creates
efficient charge transfer as it forms a strong interaction with the support.
Furthermore, catalysts in the subnanometer regime exhibit different electronic
states and adsorption capabilities compared to traditional catalysts. Therefore, to
tully appreciate the subnanometer catalysis reactions, it is essential to study the
means of characterizing the prepared subnano catalysts, in order to characterize the
materials in their as-synthesized form, to obtain a precise and accurate analysis;
these are some of the fundamental requirements for achieving an optimum
performance. The physical properties of many interesting materials for advanced
technological usage are highly governed by the distribution and placement of
atoms. Superior techniques such as high-resolution transmission electron
microscopy and high-angle annular dark-field scanning transmission electron
microscopy and infrared and X-ray absorption spectroscopic techniques provide
electronic and geometric configurations and also reveal the transformation of the
subnano catalysts on the support material. Modeling methods such as density
functional theory can successfully predict the electronic structure and geometric
configuration of the catalyst, which in turn influence the selectivity and activity of
the catalyst. Thus, understanding the characterization techniques gives the ability
to understand, identify, and measure the local environment of individual atoms
and the interaction with the surface support, which will give fundamental
knowledge and insights in the realms of nanoscience and technology, materials
science, chemistry, and physics. Therefore, detection and enhanced measurement
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of individual atoms is inherently challenging and is a prerequisite to the
development of new technology and better performing materials. In this chapter,
we have discussed various important methods of characterization for

characterizing subnanometer and atomic catalysts.

Introduction

Nanomaterials and nanochemistry have evolved gigantically over the past few decades,
especially in terms of synthesis, fabrication, characterization, and application in devices. This is a
consequence of the extensive and exhaustive research that has been carried out, leading to a better
understanding of the properties that the materials exhibit in the nano regime. Thus, size influenced
the properties, and the occurrence of size-dependent phenomena such as quantum effects and
surface plasmons can rationally be understood. Materials that earlier existed in bulk form can now be
transformed into nanosized materials with enhanced properties, such as useful semiconductors (1),
single-atom catalysts (2), transition metals (3), and noble metals (4). Other examples include the use
of two-dimensional (2-D) materials such as graphene, which has revolutionized the world with its
properties (5). When materials start existing as a single atom, then it represents the smallest quantum
retaining the characteristics of the material via its local electronic environment (6).

In the field of heterogeneous catalysis, it is important to reduce the size of the catalyst and
disperse it finely over a larger area of the support such as metal to improve the performance (7).
Such a distribution impacts the use of its different active sites, affecting the selectivity. Thus, the
size becomes the critical determining factor. It is vital to describe active centers for effective catalytic
processes and high performance (8-10), and hence precision and control at the atomic level are
necessary (9). Conventional systems of characterization, because of their inherent limitations in
regards to accuracy and resolution, cannot be used to observe at the subnano level and other single-
atom catalysts (11).

Therefore, new sensitive techniques need to be implemented to characterize, analyze, and
understand these single and nano atom catalysts in order to effectively utilize them to their maximum
potential. Additionally, due to their distinctive characteristics and behavior at the atomic level, the
selectivity, activity, and stability change drastically. These single-atom catalysts offer more exposed
reactive sites for catalytic reactions, unlike conventional nanoparticles, which suffer from excessive
aggregation, leading to fewer exposed active sites.

The catalysts at the subnano level and single-atom catalysis have brought about high activity and
selectivity in the field of heterogeneous catalysts. To fully understand and analyze these materials,
many approaches have been established with the rapid advancement and development in
characterization methods. Some of the characterization techniques discussed in this chapter include
high-resolution scanning tunneling microscopy (STM), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), extended X-ray absorption fine structure
(EXAFS), diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), X-ray
photoelectron spectroscopy (XPS), NMR spectroscopy, and density functional theory (DFT) as a
theoretical tool. The capacity to probe materials at the subnano level provides a huge understanding
of the electronic structure and important chemical information and interaction of the molecules and
the surface, which provide a deeper level of understanding of the atomic origins and their role in
material properties.
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Characterization Techniques

Electron Microscopy and Associated Techniques

Electron microscopy is instrumental for the characterization of a supported metal catalyst such
as noble metal catalysts. It is an important tool for identifying the presence of single-atom catalysts
from clusters or nanoparticles, especially for noble metals like Pt, Rh, and Pd. It is a powerful method
for determining the spatial distribution of the single-atom catalysts and identifying the location of a
single-atom catalyst in the support (6, 12). Furthermore, electron microscopy, along with associated
techniques, can provide information such as the electronic state within the area of interest and other
atomic-range information such as structure and morphology.

Qiao et al. (I13) utilized aberration-corrected scanning transmission electron microscopy
(STEM), having a sub-angstrom resolution, to identify and locate Pt atoms on the surface of an
iron oxide (FeO,) catalyst. The atomic-resolution HAADF provides enhanced contrast at low atomic

numbers, unlike conventional TEM imaging, and also can identify the heavy atoms in the catalyst.
The electrons scattered by the nuclei of the atom are detected using HAADF. The electrons are
incoherent and quasi-elastic, mainly contributed by scattering at high angles of more than 80 mrad.
Stroppa et al. (14) analyzed the three-dimensional morphology of faceted, nanocrystalline CeO,

material using high-resolution scanning transmission electron microscopy (HAADF-HRSTEM).
They were able to achieve this by determining the atomic column via a Gaussian mixture model
(GMM), which is a parametric probability density function represented as a weighted sum of
Gaussian component densities. The parameters of GMM are estimated using the iterative
expectation-maximization algorithm or maximum a posteriori estimation from a well-trained prior
model (15). In this work for the estimation of atomic column thickness, the integrated intensities
were classified as a histogram, and the data-fitting procedure was carried out by using multiple normal
distributions according to GMM (16). To optimize the model parameters, multiple runs of the
GMM algorithm were performed. Later, each atomic column thickness was assigned to a Gaussian
distribution (14), followed by identifying and assigning atomic positions using a crystallographic
symmetric operation to construct the morphological model representation in three-dimensional
(3-D) form. The HAADF-HRSTEM method of imaging is advantageous as it allows imaging of
atomic columns directly at up to 50 pm resolution (17). The atomic number and the thickness
of the atomic columns are measured from the intensity of the high-angle scattered electrons (18,
19). Thus, it allows reconstruction from an image or set of images of the nanocrystals by using
crystallographic symmetry in combination with the HAADF intensity profile (20). However, there
is still a limitation to the use of electron microscopy for determining 3-D structure, except for a few
selected systems such as lightweight atoms having thin layers and specific Au clusters. For example,
Figures 1a and 1b represent CeO, HAADF-HRSTEM images in which the atomic Ce columns are

fairly distinguishable to be polyhedral and cubic-type nanocrystals. This is achieved by a combination
of the electron imaging configuration and high-angle scattering of electrons, depending on the atomic
weight. The Fourier transform (FT), inset of Figures 1a and 1b, establishes the atomic plane index
and the orientation of the zonal axis (14). Additionally, HAADF-STEM gives information about
the local chemistry and structure at the atomic level, which gives a comprehension of localization of
single atoms. Ni atoms located on nanoporous graphene by substituting a carbon site in the carbon
lattice provides stability of Ni atoms (21).
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Figure 1. HAADF-HRSTEM images of CeO: (a) polyhedra and (b) cubic nanocrystals. The inset

represents the FT images defining the zonal axes and the corresponding crystallographic planes. Reproduced
with permission from ref. (14). Copyright 2013 Springer.

Li et al. (22) used HAADF STEM to locate the Pt atom distribution over a g-C5N support,

where Pt atoms are uniformly dispersed, as confirmed by the bright spots. The existence of isolated
Pt atoms was confirmed by the size of the Pt of less than 0.2 nm. However, with an increase in Pt
loading, the spots become denser, implying the formation of subnanometer clusters of Pt. Similarly,
Kumskov et al. (23) used a combination of HRSTEM and electron energy loss spectroscopy to
identify the structure of a one-dimensional (1-D) unit cell of Cul nanocrystals having space group
Pmmm inside single-walled carbon nanotubes (SWCNTs), as shown in Figure 2.

By simultaneously using both the dark and bright field modes of HRTEM, images can be
observed with an enhanced contrast, such as in cases where small and drowned crystalline features
need to be observed. Thus, rapidly developing technologies such as HAADF-STEM enable the study
of metal atoms anchored on a structural support utilizing coordination with the center atom (24,
25). Additionally, researchers can understand the structural evolution dynamics of the nanosystem.
Liu et al. (26) found that the evolution of Pt species and its stabilization on MCM-22 zeolites
can be studied. Consequently, HAADF-STEM can be a highly functional and useful technique
for exploring the dynamic interaction of metal and substrate and other changes such as oscillatory
behavior and change in the shape of metal nanoparticles.

Thus, it can be concluded that STEM with an annular detector such as the HAADF has the
advantage of sequential scans using a beam of highly focused electrons over a selected area. The
detectors are designed to acquire electrons from various scattering angles other than the original
propagating beam. This technique allows the user to acquire images by collecting electrons that had
undergone various types of diffraction and scattering processes and provide highly vital physical

54
Sudarsanam and Singh; Advanced Heterogeneous Catalysts Volume 1: Applications at the Nano-Scale
ACS Symposium Series; American Chemical Society: Washington, DC, 2020.



information when the electrons interact with the sample. Additionally, the ability to reconstruct a
3-D morphology from an HAADF-HRSTEM image is a major advantage of this characterization
method.

Figure 2. 1-D Cul inside an SWCNT as seen in an HRSTEM image in (a) bright field mode and (b) dark
field mode with a simulated model of the Cul unit cell. Adapted with permission from ref. (23). Copyright
2016 Wiley.

Scanning Tunneling Microscopy

The STM technique is used to image the supported individual metal atoms (27, 28). STM
generally runs at low temperature under ultrahigh vacuum to enhance the resolution of STM to
examine single atoms (29, 30). Lucci et al. (31) used STM to identify a single Pt atom deposited
on Cu(111) surfaces. The result obtained by STM imaging showed that at low Pt coverage (0.02
monolayer), the Pt atoms exist as individual and isolated species substituted in the Cu surface lattice,
so this is referred to as a “single-atom alloy” (SAA) (32). The Pt atoms were added into Cu(111)
terraces and in the areas above the surface edges by place exchange (Figure 3a,b). STM imaging can
allow visualization of the atomic-scale structure of surfaces around single atoms during reactions. It
helps in the examination of reaction mechanisms and single-atom sintering (33). Lucci et al. (31)
studied the ability of Pd monomers (Pd coverage < 0.05 monolayer) to exist as isolated atoms
substituted into the Au lattice (34-36). At Pd coverage greater than 0.05 monolayer, Pd atoms start to
form clusters due to kinetic limitations (37) on a Au(111) surface for H, activation (38). Here STM
was utilized to visualize the atomic composition of the active sites directly. The result clearly is shown,
with the help of coupling high-resolution STM and temperature-programmed desorption, that at low
concentration the individual and isolated Pd atoms dissociate H,, as the absorbed concentration of
H atoms was proportional to the surface Pd atoms in Au. Liu et al. (39) using STM investigated the
atomic-scale interactions of CO and H with Pt catalytic sites on Pt-Cu(111) SAA surfaces (Figure
3c—e) and suggested that the selective adsorption of CO took place on Pt sites and that H atoms were
capable of diffusing into Cu sites.

STM is a surface-science technique. STM analysis can have a lateral resolution of 0.1 nm and
depth resolution 0of 0.01 nm (10 pm) (25). STM can do characterization of catalysts with a uniform,
flat structure. It can investigate both geometric and electronic structures and helps in the
identification of elements with close atomic numbers (40). For example, N-doped carbon materials,

which are one of the typical metal-free catalysts, to make N atoms visible in them, are important
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for the identification of active sites. Deng et al. (41) used low-temperature STM to examine the N-
doped graphene at the atomic scale. The area brighter than the main 2-D graphene network (Figure
4a) indicated the presence of defects and that the electronic structure of N-doped graphene was
disturbed by N-dopants. The sizes of the bright areas were smaller than 0.5 nm. DFT calculations
were performed to gain further insight into the doping effect on the structure of graphene. So via
STM simulations (Figure 4b), the bright spots were found to be C atoms adjacent to N, and the C
atoms exhibited higher brightness because of the increased electron density of states near the Fermi
level (42). Zhao et al. (43) also reported a low-temperature STM investigation of N-doped graphene
derived by chemical vapor deposition. It showed alocal structure of one N atom as a bright triangular
spot confined in the graphene lattice (Figure 4c), confirmed by their STM simulations (Figure 4d).
STM has proven to be an important spectroscopy technique to explore the surface science and
imaging surfaces at the atomic level. Through this technique, individual atoms within materials can be
imaged, visualizing the atomic composition of the active site, manipulated by changing the working
conditions, such as ultrahigh vacuum, air, water, and various other liquids and gases (44).

»CO

Figure 3. (A) STM image of Pt/Cu(111) SAA surface in which Pt atoms appear as isolated protrusions
substituted into Cu. (B) STM image showing H atom spillover onto Cu; H appears as clusters. Pt appears
as protrusions, and (C—E) STM shows adsorption of H and CO on Pt-Cu(111) SAA surface. (A,B)
Adapted with permission from ref. (31). Copyright 2015 Nature Publishing Group. (C-E) Adapted with
permission from ref. (39). Copyright 2016 American Chemical Society.

Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy

Scanning electron microscopy along with energy-dispersive X-ray spectrometry (SEM-EDX)
helps in investigating the morphology and dispersion of nanoparticles (NPs) on a surface, accurately
measuring the lateral dimensions of NPs, and studying their elemental composition (45). SEM
helps in the analysis of the morphology and topography and provides information about the
crystallographic nature of the analyzed specimens (46). Tang et al. (47) investigated the use of

a Pd/CeO, nanocatalyst for the development and optimization of a novel solid-phase activation
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method for lignite-derived humic acid. The morphology and elemental composition of the NPs
were analyzed by SEM-EDX. The SEM-EDX of CeO, and Pd/CeO, are shown in Figure Si.a—d.
The EDX spectra from the synthesized CeO, show Ce and O, indicating the high purity of the as-
synthesized samples. After the addition of Pd, then Pd, O, and Ce were observed (Figure Si.b,d). The
EDX spectra confirmed that the Pd NPs were highly dispersed on the surface of the CeO, support,
which corresponded with the result obtained from the HR-TEM image. Han et al. (48) synthesized
MgF, fibers and subnano MgF, embedded in carbon nanofibers by one-step electrospinning. For
the morphology investigation, an SEM at an accelerating voltage of 15 kV equipped with EDX was
used. The elemental mapping analysis revealed the composition of the fibers, namely C, F, and Mg.
Trace amounts of impurity, oxygen, and copper were detected. The atomic contents of C, O, F, and
Mg were determined to be 78.6%, 1.5%, 12.2%, and 7.8 %, respectively. From the mapping analysis,
it is noticeable that MgF, is uniformly distributed in the carbon structure. SEM images show that
the fibers obtained are straight, smooth, and clear (Figure Sii.a,b,d,e,g,h). The average diameter of
the fibers was 171 nm (Figure Sii.c), which decreases to 148 nm after calcinating at 650 °C in N,
(Figure 5ii.f), keeping the morphology almost unchanged. The structure of the fiber is also preserved
on calcination in air at 650 °C (Figure Sii.g,h). Lastly, MgF, is fabricated with a decrease in diameter
from 171 nm to 106 nm (Figure Sii.i).

Figure 4. (a) STM image of N-doped graphene. (b) Simulated image of (a). (c) STM image of N-doped
graphene (derived by chemical vapor deposition). (d) Simulated image of (c). (a, b) Adapted with
permission from ref. (41). Copyright 2011 American Chemical Society. (c, d) Adapted with permission
from ref. (43). Copyright 2011 American Association for the Advancement of Science.

Klaysri et al. (49) studied the synthesis of N-doped and Si-doped TiO, nanocatalyst powdered

and grafted onto a poly(methyl methacrylate) film. SEM-EDX was used to investigate the
morphology and the elemental composition of particles grafted onto the film. The SEM image
showed that the grafting process successfully grafted the TiO, particle onto the film. The EDX

estimated the bulk composition on the poly(methyl methacrylate) film, and the SEM images
corresponded with the EDX result. Pascariu et al. (50) prepared Ni/Co codoped ZnO NPs via

the coprecipitation method. SEM-EDX was used to analyze their structural and morphological
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properties. SEM was carried out in a high vacuum at a suitable acceleration voltage, and the elemental
mapping was collected at magnification X10,000 with a large acquisition time (more than 80,000
counts). In the SEM images, it was observed that the doped ZnO nanoparticles are rod-like, and
the concentration of dopants moderately influenced their size, morphology, and aggregation degree
(Figure 6a—d). A lower concentration of dopants leads to smaller nanorods, and as the concentration
increases, the nanorods become more homogeneous in shape and size and agglomerate less. EDX
was used for a composition characterization of Ni/Co codoped ZnO nanoparticles, and the chemical
mapping showed the doping homogeneity of Zn, O, Ni, and Co. Blass et al. (SI) synthesized
lanthanide (Ln = La, Eu, Gd, Dy, and Ho) loaded ZnO catalysts (Ln-ZnO) and characterized them.
SEM-EDX micrographs and elemental mapping analysis were used to investigate the morphologies
0f 0.25 M ZnO and 1% Ln-ZnO catalyst. In 0.25 M ZnO, the NPs were spherical, and EDX analysis
detected Zn and O. However, the addition of Ln ions changed the structure. It was observed that
the NPs accumulated in certain regions with smaller grain sizes, which were interpreted as available
adsorption sites. The EDX analysis showed La, Eu, Gd, Dy, and Ho in addition to Zn and O. The
combination of SEM imaging and elemental analysis by EDS spectroscopy has been widely used for

the characterization of nanocatalysts.
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Figure S. (i) SEM-EDX of CeO, and Pd/CeO, catalyst: (a) SEM image CeO, catalyst. (b) EDX
spectrum of square portion of (a). (c) SEM image of Pd/CeO, catalyst. (d) EDX spectrum of square
portion of (c). Reproduced with permission from ref. (47). Copyright 2017 American Chemical Society.
(ii) SEM images of nanofibers (a,b,d,e,g,h), and diameter distributions of fibers (c,f,i). Reproduced with
permission from ref. (48). Copyright 2017 Royal Society of Chemistry.

Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy plays a vital role in the qualitative and quantitative
elemental analysis of NPs, and it helps in determining their composition and confirming the
stoichiometry (52, 53). Characteristics of the elements are represented by the X-rays emitted from
the atoms, and their intensity distribution represents the thickness-projected atom densities in the
specimen (54). Nadjia et al. (53) synthesized CeO, NPs in an alkaline medium by using the
homogeneous precipitation method and later calcinated the same at 80 °C for 24 h (CeO,-80) and
500 °C for 2 h (CeO,-500). Here the EDX technique was used to confirm the stoichiometry of CeO,

NPs, carried out at 20 kV. The EDX technique was used to investigate the atomic concentration of
Ce and O on the top layer surface of CeO,-500 (Figure 7a). The atomic abundances of Ce and O

present on the uppermost surface and in the bulk layers of CeO,-500 were compared, and the data
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revealed that the surface O/Ce ratio (2.13) was close to the bulk O/Ce ratio (2.00), suggesting that
the samples have an intrinsic effect that would affect their photocatalytic activity.

-
-H- --NI

iym © . 1pm

Figure 6. SEM-EDX characterization, elemental mapping, and spectrum of Ni/Co doped ZnO
nanoparticles with different concentrations of dopant. Reproduced with permission from ref. (50).
Copyright 2019 Elsevier.

Mabhajan et al. (55) prepared Pd NPs with a varying diameter (6.9-25.1 nm) in the presence
of poly(vinyl alcohol) by a single-pot wet chemical technique, followed by adsorption on Ni foil.
The investigation of the morphology and surface characteristics of the Pd nanocatalyst was done by
electron microscopy in conjunction with energy dispersion spectroscopy. The EDX study analyzed
the surface composition of each electrode. As shown in Figure 7b, the atomic ratio of C:O for
all electrodes was around 2:1, indicating the coexistence of poly(vinyl alcohol) with NPs of metal
adsorbed on the surface of Ni. From the data computed based on the EDX data (Figure 7c), it

was revealed that with an increase in particle diameter, the moles of Pd adsorbed per unit area
increases initially, and it decreases quickly when the average diameter reaches 21.3 nm because of less
interaction with poly(vinyl alcohol) and the Ni surface.

Ganeev et al. (56) presented the results of systematic studies of the nonlinear optical properties

of BaTiO3 and SrTiO3 nanoparticles and studied their structural characteristics. By using EDX
spectroscopy, they did the elemental analysis of the NPs and confirmed the presence of BaTiO5 and
SrTiO3. Rahman et al. (57) synthesized a magnetically separable spinel CuFe,O4 nanocatalyst by the
coprecipitation method and characterized it. The EDX spectra of the spinel CuFe,Oy4 nanoparticle

confirmed the presence of copper, iron, and oxygen with an oxygen:copper ratio of approximately
2:1 (Figure 8a). Similarly, Khazaei et al. (58) reported a green, solvent-free synthesis of

polyhydroquinoline using a nano-CoAl, Oy catalyst. Here also EDX was used for elemental analysis
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of nano-CoAl,Oy4, and the spectrum indicated the existence of cobalt, aluminum, and oxygen
(Figure 8b). Valan et al. (§9) synthesized spinel Mn,Co;_,Al,O4 (x = 0, 0.3, 0.5) nanoparticles
using the Sesamum indicum plant extracted by the microwave-assisted combustion method. EDX
was used for the elemental composition analysis; the spectra showed the peaks of Mn, Co, Al
and O in the spinels CoAl,O4 and Mng 5Co( 5A1,Oy, and there is no other peak, confirming that
the synthesized NPs are pure. In the spectrum of both samples, a small peak appeared at 2.1 kV,

indicating the presence of Au (gold), which appeared because gold was used as a sputter coating while
preparing the samples for high-resolution SEM imaging. Mainly EDX is used for elemental analysis

of nanocatalysts.
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(a ) g K (C) - Adsorption parameters of the surface of Ni/Pd(i)
30004 S 3 (i = 1 — 5)electrodes.
Electrode d/nm Mass of Moles of  Ogyrface
deposit Pd/PVA  deposited Pd°
per sq per sq
cm x 10° cm x 10°
(g/cm?) (mol/cm?)

Ni/Pd(1) 69 198 223 173.41

Ni/Pd(2) 8.1 360 3.88 257.02

Ni/Pd(3) 110 10.8 103 502.4

0 Ni/Pd(4) 213 173 1.07 26,95

0.00 1.00 2.00 3.00 4.00 500 600 7.00 8.00 9.00 10.00 Ni/Pd(5) 251 255 141 30.14

E/keV
(b) Results of EDX study for Ni/Pd(i) (i = 1-5) electrodes and the related atomic ratios.
Electrodes Elements (atom %) Atomic Ratio of

d/nm Carbon Oxygen Nickel Palladium Pd:C C:Ni Pd:Ni
Ni/Pd(1) 6.9 44.25 22.04 3247 124 0.028 1.363 0.038
Ni/Pd(2) 8.1 422 211 357 113 0.027 1182 0.032
Ni/Pd(3) 1u 364 180 44.76 0.84 0.023 0.813 0.019
Ni/Pd(4) 213 49.1 240 26.2 0.70 0.014 1.874 0.027
NV/Pd(5) 251 533 256 20.2 0.66 0.012 2639 0.033

Figure 7. (a) EDX spectrum of CeO,-500 nanocatalyst. Reproduced with permission from ref. (53).

Copyright 2018 Elsevier. (b) Table showing element atomic ratios of C: O. (c) Table showing the computed
data based on EDX data. (b, c) Reproduced with permission from ref. (5S). Copyright 2017 Elsevier.
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Figure 8. (a) SEM-EDX of CuFe,0. Reproduced with permission from ref. (57). Copyright 2020
Springer. (b) EDX spectrum of the nano-CoAl,O 4. Reproduced with permission from ref. (§8). Copyright
2017 Wiley.

Tip-Enhanced Raman Spectroscopy

Tip-enhanced Raman spectroscopy (TERS) is an optical imaging tool that can characterize
nanomaterials through a plasmonic-nanocavity-generated confined electromagnetic field with
interaction length on the order of subnanometers (60). This method can provide chemical sensitivity
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and an impressive spatial subnanometer resolution when used in combination with STM images
(61). The combined advantages of Raman spectroscopy and scanning probe microscopy make TERS
a powerful tool for analysis, providing high sensitivity and resolution for local investigation and
imaging of materials such as 2-D monolayers, as shown in Figure 9 (62). Additionally, important
chemical information can also be inferred because low-temperature TERS has a high spatial
resolution with single-molecule sensitivity.

8
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fingerprints § resolution
(Raman) (SERS) g RS (Scanning probe microscopy)
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Figure 9. Benefits of TERS in a Venn diagram and scheme representing the TERS for imaging monolayers.
Reproduced with permission from ref. (62). Copyright 2019 Springer.

Liu et al. (63) used tip-enhanced resonance Raman spectroscopy along with scanning tunneling
spectroscopy to study epitaxially grown ZnO layers on a Ag(111) surface. Balois et al. (64) used
a combination of TERS-based imaging and analysis to establish strain variations in defect-free
monolayer graphene on a Au(111) substrate. As shown in Figure 10, TERS-based Raman spectra
were recorded for graphene and bare Au(111). Three peaks (D, G, and 2D) are observed in Figure
10b from the TERS imaging observed upon averaging in three different domains. The authors report
the disappearance of these peaks when the tip is far-field or retracted and thus can confirm the
enhanced Raman signals. Additionally, intensity, Raman shift, and spectral width were also
measured for all of the bands observed, which is essential as any change in chemical and mechanical
interactions can be observed in the spectral lines (65). The line scan in Figure 10c shows 0.7 nm

spatial resolution (64).
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Figure 10. (a) TERS on graphene (red), Au(111) substrate, and far-field Raman (tip retracted); (b)
average TERS; (c) line profile of step response; and (d) long-exposure measurement of far-field Raman.
Reproduced with permission from ref. (64). Copyright 2019 Nature Publishing Group.

Ichimura et al. (65) performed a one-dimensional scan of SWCNTs to probe the extent of spatial
resolution using TERS. Additionally, they also studied the mechanical and chemical interactions
in nanocrystal adenine with a precise tip—sample distance. Figure 11 represents a schematic that
Ichimura et al. used for analyzing with high precision by illuminating for a chosen tip—sample
distance. The tip oscillates sinusoidally, synchronizing with the opening of the time gate, as illustrated
in Figure 11b (66). The temporal width (A) and the time delay (7) of the time gate are selected in
accordance with the desired tip—sample distance. This is accomplished by feeding a trigger signal to
the pulse generator extracted from the tip oscillation. This results in the synchronous generation of a
pulse signal that controls an optical shutter via a modulator, which in turn performs the illumination
depending on the tip—sample distance. Zhang et al. (67) used a high-quality and clean tip and sample
under ultrahigh vacuum and low temperature for excellent reproducibility. They showed that the
tip, when positioned on the bare surface, gives a featureless continuum spectrum, indicating that
no molecules are present and the tip is free of contamination. However, on top of island molecules,
vibrational fingerprints of molecules were visible in the TERS spectrum. These vibrational
fingerprints are provided via STM-controlled TERS while employing an excitation field, which can
be observed in the spectrum even under low bias voltage, and thus it can be inferred that the localized
tunneling of electrons does not affect the TERS spectrum signals (67, 68).

Consequently, numerous factors contribute to achieving a subnanometer resolution in TERS,
such as nanofeatures on the substrate, step size of the mapping, thermal diffusion of the molecule,
incident laser angle, and polarization. Additionally, an ultrahigh vacuum and low-temperature setup
help to provide resolution down to subnanometers (69). Thus, it can be concluded that TERS
is a powerful and versatile technique that incorporates and combines the advantageous features

of various other techniques including SERS, Raman, and scanning probe microscopy. This
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amalgamation makes TERS a tool that is highly selective and sensitive with a high spatial resolution

for characterization.
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Figure 11. (a) Tip—sample arrangement illuminated for predecided distance. (b) Illustration representing
sinusoidal oscillation of the tip and synchronized opening of the time gate. (c) TERS using tapping mode
and acoustic—optic modulator for time-gated illumination. Reproduced with permission from ref. (65).

Copyright 2009 American Physical Society.

X-ray Reflectometry

X-ray reflectometry is a form of nondestructive characterization where X-rays are directed at
varying angles and a photodiode detects the reflected radiation. X-ray reflectometry is a general tool
for characterization of multilayers with angle-resolved XRF and can be suitably used to characterize
multilayers with subnanometer thickness (70). Subnanomaterials used in multilayer interferential
mirrors hold special importance as they are used for applications relating to plasma diagnostics,
extreme ultraviolet (EUV) photolithography, and solar corona imaging, which uses the X-ray and
EUV spectrum. In order to smooth interfaces and limit the interdiffusion, subnanometer-thick
barrier layers are used in the EUV spectral region. Applications include hard X-ray telescopes (71),
normal incidence broadband coatings (72), and grazing incidence mirrors (73). The grazing
incidence X-ray reflectometer (GIXRF) shown in Figure 12 uses a shallow incidence angle for the
primary X-ray radiation and can be used to define the thickness of subnanometer materials in a
periodic structure. There is an enhancement of excitation due to X-ray standing wave formation,
for which the essential requirement is the use of a low-divergence monochromatic primary beam
generated by an X-ray tube or a synchrotron facility (74, 75).

The incident and reflected X-ray beams interfere at the layer boundaries, leading to the formation
of constructive and destructive nodes (76). GIXRF measures below the total angle of reflection and
then surpasses it (77). In this technique, the sample is tilted at a defined angle with respect to the
beam, with the detector placed above it. The detector, usually a silicon drift detector, is energy-
dispersive. Emprin et al. (78) used a “Fabry—Perot” type structure to determine the thickness of
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subnanometers embedded between similar periodic multilayers. They used periodic chromium/
scandium layers with a Sc layer between with highly precise control for the study.
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Figure 12. Schematic diagram showing the geometry of GIXRF.
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Figure 13. Fabry—Perot type multilayer with Sc calibration layer positioned between two periodic
multilayers ML1 and ML2. Reproduced with permission from ref. (78). Copyright 2014 Elsevier.

The Fabry-Perot structure is as given in Figure 13, with the calibrating layer (LC), which is
Sc, between multilayers ML1 and ML2. The acquisition and extinction of the Bragg peak is highly
sensitive and dependent on the thickness of the layers, that is, dj ¢ and dgc, and are synchronous to

the phase of the waves reflected from ML2 and ML1. Haase et al. (79) used various characterization
techniques such as EUV and X-ray reflectance to study Cr/Sc multilayer systems, which are useful as
near-incidence mirrors. They were able to deduce that the individual layer was less than 1 nm. The
GIXREF analysis uses fluorescence data with photons having an excitation energy of 6.25 keV. Using
GIXREF, they successfully resolved the interdiffusion layer thickness, the Sc/Cr ratio, and the spatial
arrangement of the multilayer structure.

X-ray Absorption Spectroscopy

X-ray absorption spectroscopic (XAS) analysis enables the element-specific atomic site analysis
of the local structure and electronic characterization of metal nanoclusters. The XAS involves
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electronic transitions from core levels to the unoccupied valence states from the X-ray absorption
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Figure 14. (a) XAS spectrum consisting of both EXAFS and XANES with k-space EXAFS spectrum on the
inset. (b) L3-edge XANES spectra of a few Sd transition metals. (c) EXAFS spectrum with the best fit of Pd
foil along with structure model. (d) Illustration demonstrating the simulated EXAFS with increasing
coordination number. Reproduced with permission from ref. (80). Copyright 1992 American Chemical
Society.

A typical XAS spectrum is determined by two spectral regions: X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS; Figure 14a). XANES

provides the element-specific analysis by probing the electronic properties of absorbing atoms in the
near-edge region. For instance, the intensity of the first spectral feature (Figure 14b) is sensitive to
the unoccupied valence d state. By monitoring the intensity, holes in the d state can be ascertained.
Accurate information on the local structure of absorbing atoms, for example, bond length and
coordination number (Figure 14¢,d), can be acquired by EXAFS (81).

MacDonald et al. (82) conducted the first XAS study on truly monodispersed thiolate-protected
Auj 44 nanoclusters (Au SR NCs). The structural information acquired by an EXAFS fitting analysis
(Figure 15b) was consistent with the structural model determined by DFT given by Lopez and
Acevedo (Figure 15a). A comparative study illustrating the electronic and bonding properties of
Auy 44, Ausg, and Au, 5 was done using Au L3-edge (Figure 15d) and S K-edge (Figure 15¢) XANES
(80).

Later, MacDonald and coworkers (83, 84) also reported an EXAFS study for Auyg SR NCs

(structural model shown in Figure 16a) in solid and toluene solution (Figure 16b). The solvation
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process of Auzg NCs resulted in the expansion of Au—-Au bonds, sensitively probed by an EXAFS
fitting analysis (80).
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Figure 1S. (a) DFT-predicted structural model and (b) experimental and best-fit EXAFS of Auj44. (c)
DFT structural model simulated site-specific EXAFS. (d) Au Lz-edge and (e) S K-edge XANES of Auj 44.
Reproduced with permission from ref. (82). Copyright 2010 American Chemical Society.

R(A)
Figure 16. Structural model (a) and EXAFS (b) of Ausg in solid and solution phases. Adapted with
permission from ref. (83). Copyright 2011 American Chemical Society.

They also conducted a multishell EXAFS fitting strategy on Auys SR NCs (Figure 17a) to
monitor their structural change in different temperatures and solvent conditions. The site-specific
simulation spectrum (Figure 17b) showed distinct EXAFS peaks corresponding to unique scattering
paths, including Au-S and three Au-Au paths. EXAFS fitting results of the Au-thiolate cluster (Au
SR NCs) in solution phase samples (toluene and acetonitrile as solvents) and solid phase at different
temperatures (10 vs. 300 K) are compared in Figure 17c. It shows a general decrease in the bond

length of the Auy3 core [i.e., (Au-Au); and (Au-Au),] with an accompanying increase in the
Au(kernel)-Au(staple) [(Au-Au)3] bond length when solvated in toluene. When the Au SR NCs
were solvated in polar solvent acetonitrile, further shrinkage of the Au;3 core was noticed, with no

effect on (Au—Au)j relative to that of the solid phase. Overall, the structural changes in Au,s NCs
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illustrated the interplay of the “metallic” behavior of the Au; 3 core and the “molecular” behavior of

the gold-thiolate ligand shell.
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Figure 17. Structural model (a) and simulated EXAFS (b) of Au,s. (c) Bond distance fitting obtained from
EXAFS of Auys under various environments. Adapted with permission from ref. (84). Copyright 2011

American Chemical Society.

Christensen et al. (85) used XAS to probe structure and bonding and Pt position in a thiolate-
protected PtAu,4(SR);g nanocluster. The three possible locations of Pt dopant corresponded to
different Pt-Au coordination number shown in Figure 18B-D. Au Lj3-edge EXAFS showed a
narrowing line-shaped Au 4f peak of PtAu, 4 due to metal-metal bond contraction resulting from the
Pt doping effect. It was also observed that the Au 4f peak shifted to lower binding energy, which could
be related to the Pt-Au alloy bonding effect, as shown in Figure 18F.

The XAS study by Chevrier and coworkers (86, 87) compared the structural and electronic

property sensitivity with a small change in core size (C;3 vs. Cqg) in gold—thiolate nanoclusters,
Aujg(SR)13and Auy5(SR);g, respectively (the structural model is shown in Figure 19a). Au;g(SR)13

showed a different valence electron behavior with a narrowed and positively shifted band, illustrating
the more metallic nature relative to Au,s(SR); g, as shown in Figure 19b. Further, a multishell EXAFS

fit (Figure 19c) was conducted for a detailed correlation of electronic properties with atomic
structure. The results revealed a considerable Au—Au bond expansion of surface-surface and the
surface-stable Au atoms. In contrast, the bond distance between Au-S and center-surface (Au—Au)
remains unchanged.

Zhang et al. (88) demonstrated that encapsulation within carbon nanotubes facilitates the
oxidation activity of Pt NCs. In situ XANES revealed that encapsulation restricted the Pt NC size
to 1 nm and rewardingly enabled the retention of Pt species at an active reduced state, protected
from oxygen up to 200 °C. The XANES spectrum of Pt/CNT and the reduced Pt@CNT catalyst
exhibited features similar to that of Pt foil. The radial structural function comparison curves derived
from the EXAFS function’s Fourier transform also suggested the Pt—Pt interaction and absence of
Pt—O interaction. This confirmed the prior reduction of Pt clusters in both Pt@CNT and Pt/CNT.
The Pt Lyj-edge of Pt/CNT and the situ radial structural function revealed the appearance of the
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Pt—O scattering paths during toluene oxidation, which become more prominent on increasing the

temperature.
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Figure 18. (A)—(D) Representations of structural models and CN values of Auyg and Auy 4Pt with varying
dopant location. (E) Pt L3-edge EXAFS and its best fit of Au,4Pt. (F) Au L3-edge EXAFS of Auyg and
AuyPt. Reproduced with permission from ref. (85). Copyright 2012 American Chemical Society.

Meanwhile, the white-line intensity was enhanced, which reflected the 5d states” unoccupancy
and indicated the oxidation state variation. This confirmed the oxidation of Pt species over the CNT
exterior walls. In contrast, the Pt—O scattering was not observed for Pt@ CNTs even in oxygen up to
200 °C with no variation of the white-line intensity.

Yamazoe et al. (89) used Au Lj-edge EXAFS spectroscopy and corresponding FT-EXAFS

spectra to investigate the bond stiffness and hierarchy in thiolate-protected gold clusters (Au SR
NCs), namely Au,y5(SR)jg, Auzg(SR),4, and Aujg4(SR)gg. The long Au-Au bonds of the

icosahedron-based Au core surface were found to be flexible relative to the bulk metal, whereas the
short Au-Au bonds distributed in the radial direction of the Au core were stiffer than those in the
bulk metal and formed a ring structural backbone with the rigid Au-SR oligomeric framework that
enhances Au-Sr NC thermal stability. The temperature dependence of the Debye-Waller factors
of the individual bonds was analyzed within the Einstein model framework. It showed that the
Einstein temperatures of the Au-Au(S) and Au-Au(L) bonds and that of Au-Au bonds in bulk
Au were a function of cluster size. This plot indicated that Au-Au(S) and Au-Au(L) bonds were
respectively stiffer and more flexible than the cubic bulk Au—Au bonds. The correlation suggested
that the bond stiffness and bond length are correlated. This hypothesis was confirmed by plotting
Einstein temperatures of Au—Au bonds as a function of their lengths.

XAS analysis is used to probe materials and determines quantitative information for the local
physical structure, shape, and electronic properties in supported metal nanostructures and bimetallic
nanosystems. XAS spectroscopy provides insight into changes that occur in the local bonding
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environment by measuring accurately the bond distance. This helps in tailoring the structural
properties of the metal nanoclusters with a change in the chemical environment.
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Figure 19. (a) Illustration representing structural models. (b) XPS valence band data of Aujg and Auys. (c)

EXAFS and best fit. (d) Graph showing comparison of bond distance from the EXAFS fitting results of
Aujg (stripes) and Auys (red). Reproduced with permission from ref. (86). Copyright 2012 American

Chemical Society.

Infrared and Associated Spectroscopy Techniques

Direct monitoring of the probe/adsorbed molecules interacting with the surface of supports
such as metal catalysts is vital in the characterization of the metal catalyst (90). Infrared spectroscopy
and its subsidiaries, in combination with investigative techniques, are powerful tools that provide
a description of catalyst surface properties by monitoring the probe-surface interaction (91). This
is an indirect method whereby the study of the surface is observed through the perturbation in the
probe. The change in intensity of the probe and the vibrational frequency are monitored to infer the
properties of the active centers (92).

Techniques such as time- and temperature-resolved Fourier transform infrared spectroscopy
can be used to monitor and study intermediate species formed in the reaction (93). The oxidation
state and dispersion state of single-atom catalysts (SACs) are generally monitored by a gas like CO,
whereby the initial state frequencies of CO change when it is bound to the SAC (94). As the vibration
modes are highly sensitive to the adsorbed CO species, it effectively traces the reaction pathways on
reactions catalyzed by CO. Itimperviously proves the presence of single-site catalysts, eliminating the
presence of nanoparticles (95). Thus, the IR technique can be successfully implemented for probing
the electronic and structural states of the catalyst where CO adsorption on different metals leads to
different vibration bands, which in turn affect the adsorption models and the electronic states in the
IR spectra (96). For example, Yan et al. (96) found different adsorption bands depending on the

adsorption model. Linear and bridge are observed; for example, ionic Pt, metallic Pt, and Pt clusters
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indicated different bands based on the absorption spectra. Thus, SACs having high dispersion
indicated a strong signal for adsorption by ionic metals.
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Figure 20. Fourier transform infrared spectra of H, adsorbed on (Na, K)-ETS (a) showing the effect of
contact time (dashed line, immediately after dosage; bold line, after 10 h contact at 20 K; gray line,
intermediate contact). (b) Effect of H, equilibrium pressure at 20 K (bold line, maximum coverage; gray
curves, reducing gas pressure; dashed curve, maximum intensity of 1:1 adduct). Reproduced with
permission from ref. (97) and ref. (98). Copyright 2007 Royal Society of Chemistry.

Ricchiardi et al. (97) reported adsorption of H, on preactivated (Na, K)-ETS-10 at 623 K
for 1 h, a self-supporting thin wafer having the chemical formula Na; 45K 55TiSisO13 (Engelhard
Corp., Iselin). The IR spectra in Figure 20a show the time evolution of dihydrogen spectra at 20 K;
three intense bands appear immediately after the H, dosage (dashed curve). However, the intensity
decreases (gray curve), showing the formation of a triplet shifted upward with time, which is
completed at 10 h (solid black curve). They conclude that dihydrogen adducts are responsible for the
first triplet and after transformation for the second triplet of bands (98). The spectra change showing
new features with the equilibrium pressure change of dihydrogen is depicted in Figure 20b (97).:
Furthermore, they also studied CO adsorbed on extended surfaces and isolated surface sites. Figure
21a shows the coverage-dependent IR spectra of CO on different extended oxide and halide surfaces
such as ZnO, a-Cr,03, MgCr,04, LaCr, O3, titania, and CuCl. A coverage-dependent parameter
(0) defines the complex coverage from lowest to highest, accounting for any geometrical hindrance or
lateral interaction of adsorbates resulting in shifting. For example, Zecchina et al. (98) used Degussa
P25, characterized by an extremely narrow bandwidth with full width at half-maximum <1.5 cm-

1, suggesting the formation of Ti**...CO on uniform surface planes. The surface is dominated by
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electrostatic charges, which can be inferred from the shifts and dynamic polarizability. Ding et al.
(99) also used IR spectroscopy to distinguish and quantify Pt single atoms from Pt nanoparticles.
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Figure 21. (a) Spectrum representing DRIFT of a saturated layer of CO adsorbed on 4%Rh/TiO at 300

K along with the vibrational modes denoted by the ball and stick model. (b) CO DRIFT spectra on 0.5%,
2%, 3%, 4%, and 6% loadings of Rh/TiO, catalyst. (c) Percent site fraction of isolated and nanoparticle-

based Rh. Reproduced with permission from ref. (100). Copyright 2015 American Chemical Society.

Other techniques such as DRIFTS having site-specific extinction coefficients can be used to
quantify the fraction of metal atoms in a catalyst support from a mixture of metal atoms and
nanoparticles (92, 100, 101). Matsubu et al. (100) employed probe-molecule DRIFTS to quantify
the fraction of Rh dispersed to isolated sites and also on the surface of Rh nanoparticles on a TiO,

support (Figure 21).

Thus, adsorption IR spectra of molecules such as CO can be successfully utilized to determine
the electronic and structural states in various SACs. Additionally, good dispersibility of the metal
catalysts can also be evaluated using these techniques, the absorption bands of which are observed at

relatively higher wavenumbers.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy utilizes photoelectrons generated by X-ray irradiation
(primarily Mg Ko or Al Ka) for surface characterization to a depth of 2—-5 nm. XPS provides the
elemental identification and composition by measuring electron energy on elastically scattered
electron emission (102). Chemical information, including surface chemistry studies, is derived from
typical binding energy peak shifts depending upon the chemical bonding of the elements.

Luo et al. (103) confirmed the presence of high contents of Au(I)-thiolate complexes in
luminescent Au NCs using XPS. The XPS spectra revealed that the Au oxidation state in luminescent
Au NCs resides between Au(I)-thiolate and larger Au(0) nanoparticles. The Au 4f on deconvolution
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gives binding energies of 84.3 and 83.7 €V, representing the components Au(I) and Au(0),
respectively. Du et al. (104) demonstrated that the electronic interaction between NCs and MoS,

plays a key role in the highest hydrogen evolution reaction (HER) activity of Au,Pds/MoS,
compared to Pd3/MoS; and Au,/MoS,. The Au,Pdg NCs caused a large negative shift in the binding
energies of Mo 3d and S 2p in Au,Pds/MoS, than in Pd3/MoS, compared to that of plain MoS,

nanosheets. This showed the influence of the synergistic effect of the bimetallic composition in
Au,Pdg/MoS, leading to improved catalytic activity. Gao et al. (105) conducted XPS measurements

to examine chemical states and the effect of calcination on the prepared Pd clusters Pdg(C1,H,5S) 1,
symbolized by Pd¢/AC-V and Pdg/AC. The Pd 3d in Pdg/AC-V displayed a more positive shift
in binding energy compared to Pdg/AC, which indicates the electron cloud density is lower in
Pds/AC-V than in Pdg/AC. This could be attributed to the direct contact between the metal cluster

and carbon support resulting in the thin carbon layers on the Pd surface after thiol ligand removal
in the Pdg/AC cluster. Zhao et al. (106) performed XPS analysis to verify successful Au,s loading

(with —SCH,CH,Ph as the ligand) onto MoS, nanosheets and the electronic interaction role for
HER. After Auys/ MoS, formation, the binding energy of Mo 3d undergoes a negative shift of ~0.4
eV compared to bare MoS, with a positive shift in the binding energy of Au 5f. This suggested
the transfer of electron density from Au,s to MoS,, and the electronic interaction between NCs
and MoS, was responsible for the enhanced HER activity in Au,5/MoS, composites. Recently, the
same group also performed XPS analysis to investigate the NCs and CoSe; interfacial interaction in
enhancement of the oxygen evolution reaction (107). After the deposition of Au NCs onto the CoSe,
support, a negative shift of ~1 eV is observed in the binding energy of Co 2p (Figure 22a), indicating

the interfacial interaction between NCs and CoSe,. This interaction is also reflected in the positive
shift in the Raman peak of CoSe; (Figure 22b).
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Figure 22. (a) Co 2p high-resolution XPS spectra and (b) Raman spectra of CoSe, and Au/CoSe,
composite. Reproduced with permission from ref. (107). Copyright 2017 American Chemical Society.

The synergistic interaction between NCs and the support favors the intermediate (OOH)
formation, resulting in facile desorption of oxygen molecules in the oxygen evolution reaction
process. Hang Li et al. (108) studied the oxidation state and dispersion of Pt species using XPS
analysis in PtO/TiO, and Pt/TiO, photocatalysts. For the PtO/TiO, catalyst, the main peaks were

centered at binding energies of 72.4 and 75.8 eV, indicating the oxygen-bonded Pt 2p. The Pt/TiO,
photocatalyst showed peaks of Pt 4f;/, and 4f5 , at 70.9 and 74.3 €V, respectively, justifying the
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presence of metallic Pt. The Pt dispersion was evaluated on the basis of the XPS relative intensity
to Ti (Ip¢/I1y). The PtO/TiO, showed a higher dispersion of Pt atoms, as demonstrated by their

higher Ip/IT; (0.021) values. These results suggest that a high oxidation state as well as high dispersity
of Pt species in PtO/TiO, could suppress the side reaction effectively. Gaur et al. (109) reported
that H,/He-treated Ausg/TiO, exhibited excellent catalytic activity, while the air-dried Au3g/TiO,

catalyst under the same conditions showed no catalytic activity. To determine the reason, XPS
analysis was performed for both samples. For the reductively treated Au/TiO, catalyst, Au 4f;,

5 peaks at 83.4 €V and 85.8 €V correspond to metallic Au(0) and Au(+1)-thiolate interaction,

respectively. The reductive sample also showed a lower energy shift, indicating the interaction of
Au atoms with an oxygen atom bonded to Ti on the surface. The XPS results showed that H,/He-

treated Au3g/TiO, removed most of the thiolate groups present, whereas the positive shift in the Au
4f peak in air-dried Ausg/TiO, was caused by the Au—SR bonding. It indicates that the thiol ligand
in air-dried Ausg/TiO, inhibited Au site contact with the CO molecule, suggesting the role of the

interfacial site in catalyzing the CO oxidation.

XPS is a quantitative, surface-sensitive analytical technique that provides elemental information
from core levels, and the chemical composition is derived from peak shifts in nanoclusters. The XPS
technique is also used to determine the chemical states of nanoclusters and to confirm the ligand
removal in the calcination process. XAS and XPS are collectively used to determine the catalyst’s
structural integrity in the reaction. There is a large scope for improved instrumentation in terms of
good energy resolution and variable X-ray energies. XPS is a highly surface-sensitive, quantitative
technique that has the potential to measure the elemental composition with high quantitative
precision and accuracy at the parts per thousand range. This is very crucial, especially for SAC
studies, as the characterization of the individual atoms on top of the support surface is a challenging
task. In conventional metal catalysts, the active sites are not well defined, so much refinement in
measurement is not required. The XPS technique gives indirect evidence for successful SAC
preparation by giving insight into the essential physicochemical properties of SACs. Using this
technique, chemical and electronic states of an element within an SAC material can be resolved.

NMR Spectroscopy

NMR spectroscopy gives information about the structure and chemical surroundings of
nanoclusters. It gives the scope to check the purity of the NCs. It helps in giving information about
the estimation of binding interactions between the ligands and the metal core (52).
Udayabhaskararao et al. (110) proposed the Ag thiolate structure from a cluster-based NMR
spectroscopic study. The 1-D and 2-D NMR investigation of Ag3,SGg (SG is thiolate glutathione)
showed spectral features that revealed it is dominated by the (SR-Ag-SR) structural motif.

The inner core and outer shell of the cluster with metal thiolate were explained from the detailed
analysis of NMR. 'H NMR data of clusters with chemical shifts of H3, H4, H2, H9, and H6 of
glutathionate were 2.17, 2.60, 3.81, 3.87, and 4.64 ppm, respectively. H7 signals were shifted
downfield (3.2-3.5 ppm) with broadening, followed by splitting denoted as [7,7] (Figure 23a).
The downfield shift was due to its proximity to the silver core. The 2-D NMR data showed one
pair of peaks labeled [7,7] in the ratio 1:1 at the seventh position for 2H, indicating an equivalent
environment. Homonuclear correlation spectroscopy and heteronuclear single quantum correlation
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were performed to find the cause of the splitting and the nature of the staple motif on the cluster

surface (Figure 23b,c¢).
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Figure 23. (a) 'TH NMR spectra of GSH, crude cluster, and aged crude; peaks inside the dotted box are due
to H7. Peaks marked * at 3.6 ppm are due to residual EtOH. (b) Homonuclear correlation spectrum; (c)
heteronuclear single quantum correlation spectrum. Reproduced with permission from ref. (110). Copyright

2013 Royal Society of Chemistry.

Zaluzhna et al. (111) explained the binding modes between S atoms in DMSA (meso-2,3-
dimercaptosuccinic acid) and the surface Ag; using the 13C NMR spectrum. They took the 13C
solution NMR spectrum (Figure 24) of Ag7(DMSA), NCs with free DMSA in D,0. Here, 3-

trimethylsilyl-1-propane sulfonic acid sodium salt was taken as an internal reference. It is reported
(112) that the 13C NMR signal for carboxylate (-COO") is difficult to observe due to the long spin-
lattice relaxation time. In the spectra (top in Figure 24), the C bond to S appeared at 47.8 ppm
in free DMSA (Figure 24). The peak disappeared once the DMSA was bound to AgNC, which is
a phenomenon often observed when binding takes place between ligand and metal because of the
intrinsic heterogeneity of the surface (113). The disappearance of the peak was suggested as sulfur
atoms of DMSA being bound to AgNCs and that DMSA forms a bidentate binding, because if it were
monodentate, one would have expected to see half of the signal at 47.8 ppm.

The nature of metal species and binding ligands during a catalytic reaction can be investigated
by solid-state magic-angle spinning NMR, generally performed in situ (114). This technique has
been used by Kwak et al. (115) to investigate the anchoring of Pt on alumina supports at low loading

levels. Here, the surfaces that were identified to serve as the anchoring sites for Pt single atoms were
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the unsaturated pentacoordinated AI3* centers on the gamma-Al, O support. Corma et al. (116)
reported strong NMR signal enhancement due to parahydrogen-induced polarization, used to check
the presence of Au single atoms. Solid-state NMR (SS NMR) is used to investigate the behavior
of solid catalysts and chemical processes taking place at their surfaces (45). For example, 3!P SS
NMR along with DFT calculations can provide information about the structure of heterogenized
species and the immobilization of homogeneous metal phosphine catalysts. Gutmann et al. (117) has
reported the important role of liquid and partly the SS NMR technique for the detection of surface
molecules and differentiated between different binding sites on nanoscale catalysts. Mallissery et al.
(118) reported the solid-state NMR of 3!P used to characterize phosphinine- stabilized Au NPs and a
phosphinine-Au complex. Their spectra showed metal-bound, intact phosphine units and detected
several surface-bound species generated by chemical transformation of the initially supplied ligands.
Novio et al. (119) used SS NMR and Fourier transform infrared spectroscopy to characterize the
location and dynamics of CO coordinated to Ru NPs. Ru NPs (2 nm) were tested, prepared under
H, atmosphere, and stabilized by a bidentate phosphine ligand. The results demonstrated that CO

groups were mobile on the surface of NPs, while the bulky ligand slowed down the fluxionality of CO
and prevented the exchange at certain positions.
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Figure 24. 13C NMR spectra of free DMSA (top) and Ag-(DMSA) 4 NCs (bottom) in D,0. Reproduced
with permission from ref. (111). Copyright 2011 Elsevier.
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MALDI-TOF-MS and Electrospray Ionization Mass Spectrometry

MALDI-TOF-MS and electrospray ionization mass spectrometry (ESI-MS) are “soft”
ionization techniques as they induce minimal or no fragmentation (110). In MALDI-TOF-MS,
the matrix-assisted laser desorption/ionization (MALDI) is used as an ion source, and the mass
analyzer used is a time-of-flight (TOF) analyzer. Here, sample analytes are embedded in a solid
matrix material, and ionized gaseous ions are formed by laser pulse irradiation (120). ESI-MS
involves the conversion of solution-phase analytes into gas-phase ions by applying high voltage. Both
techniques involve the generation of [M + zH]** ions. Formation of singly charged species (z =
1) is common for MALDI, while ESI may produce multiple-charge ions (z > 1), which extends
the mass analyzer range to kilodaltons to megadaltons (121). Generally, the ESI-MS technique is

recommended for larger nanoclusters because of its softer ionization mode.
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Qian etal. (122) confirmed the molecular purity and formula of Au3g(SC,H4Ph), 4 nanoclusters

using MALDI-TOF-MS and ESI-MS. An intense peak at 10,780 Da is assigned to intact
Au3g(SCyH4Ph),, ions in the MALDI spectrum with a small fragmented peak at 9342 Da (Figure

25a). The ESI technique, being a softer ionization peak, generates unfragmented Au cluster mass
spectra with a sharp, intense peak at 10,910.69 Da (Figure 25b).
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Figure 25. (a) Positive MALDI-TOF mass spectra of Au(SCyH4Ph),4 nanoclusters corresponding to
different laser intensities (decreasing from top to bottom). (b) ESI mass spectrum of Au(SC,H4Ph),4; inset

( a) [M+Cs]*

(b)

Decreasing Laser Intensity

shows the zoomed-in spectrum. Reproduced with permission from ref. (122). Copyright 2009 American
Chemical Society.

Qian et al. (123) also determined the purity of Au333(SR)79 NCs using MALDI-TOF-MS and

ESI-MS techniques. MALDI-MS analysis was performed using trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenyldidene] malononitrile as a matrix. A broad peak at 75.3 kDa was observed in the
MALDI-TOF-MS spectrum (Figure 26). The exact molecular mass of NPs was determined by ESI-

MS analysis. Alkali acetate salt CsOAc was added to enhance nanoparticle ionization. The ESI-MS
spectrum showed two sets of NP ion peaks (Figure 27), out of which the 4p ion set is chosen to

precisely calculate its composition.
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Figure 26. LDI and MALDI mass spectra of the Au nanoparticle. (A) and (C) show the spectra in the
10,000 to 370,000 range; (B) and (D) show the zoomed-in spectra. Reproduced with permission from ref.
(123). Copyright 2012 National Academy of Sciences.

The mass spectrum of electrolyzed samples (Figure 28) showed a Au cluster size range of 5-13,
with Aug (1034 Da) being the most abundant peak in these clusters. Jeyabharathi et al. (124)
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synthesized CTAB-Au clusters via the electrodeposition method, and the core-size nanocluster range
is identified by MALDI-TOF mass spectrometry, as shown in Figure 29. Yang et al. (125) employed
MALDI-TOF-MS to confirm the actual structures of Ag NCs with a series of species with a number
of atoms (two to five). Gao and Chen (105) obtained the exact formula of Pdg NCs via MALDI-TOF
MS analysis, where the mass spectrum shows three peaks with an intense peak at m/z = 3347
assigned to [Pdg(C1,H;5S)1,+2Na]*, as shown in Figure 30.
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Figure 27. Wide-range ESI-MS spectrum of the nanoparticle; the inset shows the zoomed-in spectrum of
the 4p ion set centered at mz = 19,1785.0. Reproduced with permission from ref. (123). Copyright 2012
National Academy of Sciences.
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Figure 28. Au-cluster MALDI-TOF mass spectrum. Reproduced with permission from ref. (124).
Copyright 2010 Wiley-VCH.

Negishi et al. (126) demonstrated the use of redox reagents for stable Au, 5 NC formation with
various charge states. The prepared Au,(SCgH13)13 NCs exhibited a single [Au,5(SCgHj3) 81"
peak in the negative ESI mass spectrum, while [Au,s(SCgH{3)1g]'"(TOA™Y), is detected in the
positive ESI mass spectrum (Figure 31) with TOA* as a counter ion. The [Au,5(SCgH;3)1g]'*/!"ion

signals were not observed in any of the ESI mass spectra, indicating the neutral [Au,5(SCgH;3);3]°
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formation. As the reduction progresses, a shift in charge distribution of [Au,s(SCgH13)g]* to

negative values was observed.

4000°
3 3000
>
2
@ 2000 Ag,(MB).-3H]*
£ AgmB),2Hp  A9AMB);3H]
! [Ag,(MB),4H]*
1000] 4s TN
\ ~ \ / =N
\ / a 34 " \
181 1./
01 Bl = . . . - .
300 700 900 1100 1300

m/z

Figure 29. MALDI-TOF/TOF mass spectra of Ag NCs. Reproduced with permission from ref. (125).
Copyright 2014 Royal Society of Chemistry.
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Figure 30. MALDI-TOF MS of Pdg(C1,H,5S) 5. The inset shows a comparison of the experimental and

simulated patterns from the highest peak in the full spectrum. Reproduced with permission from ref. (105).
Copyright 2017 Royal Society of Chemistry.

Fu et al. (127) utilized ESI-MS analysis to monitor the reaction process of the Pd;Cl-catalyzed
Suzuki—Miyaura cross-coupling reaction. It was observed that the addition of bromobenzene to the

catalytic system caused the disappearance of the intermediate formed, [Pd3Ar(PPh,),(PPh3);]* at
1553.11 Da, while a new peak corresponding to [Pd3Br(PPh,),(PPhs3)3]* emerges at 1557.06 Da

(Figure 32d).

Thus, we can conclude that HR-MS is a highly sensitive, selective, and reliable analytical tool
used for targeted and nontargeted screening of molecular features in nanoclusters. HR-MS
techniques determine the core size and composition of metallic/bimetallic nanoclusters. Using this
technique, the active charge states of the nanocluster, the mixed protecting ligand composition, and
the mechanism of the nanocluster formation can be identified.
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Figure 31. Positive and negative ESI mass spectra of 1, 2, and 1'. The notation (n, m”*) represents
[Au,(SCsH 3),,]7*. Reproduced with permission from ref. (126). Copyright 2007 American Chemical
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Figure 32. ESI-MS tracking of [Pd3CI(PPh;)(PPh3)3]* reacting with phenylboronic acid under alkaline

conditions: 0.0072 g (0.06 mmol) phenylboronic acid, 2 mg (1.32 x 10-3 mmol) catalyst, 0.0164 g (0.12
mmol) K;CO3, and 3 mL CH,Cly, rt: (a) Oh, (b) 1 h, (c) 2 h. (d) Adding 0.006 mL bromobenzene on

the basis of (c). Reproduced with permission from ref. (127). Copyright 2017 American Chemical Society.

Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is an excellent technique for
determining the specific element concentration in the analyzed material with detection limits at or
below the single part per trillion (ppt) level for most of the periodic table elements (128). Here,
the plasma source is used to ionize the atomic elements, which are then sorted based on their
mass (129). ICP-MS exhibits a species-independent high sensitivity and multielement capabilities,
which allows for quantification when the species-specific standards are unavailable (130). ICP-MS
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converts chromatograms into simple “‘elementograms”; any structural and molecular information
is destroyed, so it cannot be used to elucidate structures. In such cases, ESI-MS can be used as
a technique complementary to ICP-MS (131). Zhang et al. (132) employed ICP-MS for cobalt
amount determination and cobalt phthalocyanine content in cobalt phthalocyanine catalysts
anchored onto carbon nanotubes. Negishi et al. (133) performed ICP-MS analysis on a series of Au
NCs to determine Au loading and to examine the efficiency of Au NC adsorption.

ICP-MS also helps to determine the individual isotopes of each element or isotope ratios. The
isotopic ratio, in particular, is beneficial in terms of tracing and isotope dilution. Larner et al. (134)
investigated the fractionation of the isotopic composition of engineered nanoparticles (ENPs), and
a comparison was made concerning bulk metal material for tracing purposes. For ZnO ENPs, no
fractionation of isotopic composition for ENPs was observed. Laycock et al. (135) employed ICP-
MS directly to characterize stable isotope—labeled Ag ENPs for tracing studies. Degueldre and
Favarger (136) introduced the application of ICP-MS in a single-particle version (SP-ICP-MS),
which is based on ion cloud generation through the single particle, for engineered nanomaterial
(ENM) analysis. Direct assessment of ENM size and number-size distribution is done based on the
signals obtained. SP-ICP-MS has limited multielement capabilities; this has made the hyphenation
of ICP-MS and the fractionation system attractive (137). Field flow fractionation (FFF) and SP-
ICP-MS are complementary tools in ENM analysis. FFF-ICP-MS can fractionate nanomaterials and
sensitively detect small nanomaterials by providing high resolution (Figure 33), whereas SP-ICP-MS

has a unique ability to distinguish between dissolved and nanoparticulate fractions (138).
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Figure 33. Simplified schematic of the separation principle of FFF. Interaction of parabolic flow-profile
velocities, back diffusion of particles, and perpendicular applied field. (Scheme is not true to scale;
fractionation takes place only in the lower 3-5% of the channel. ). Reproduced with permission from ref.
(138). Copyright 2018 Springer.

ICP-MS-based techniques are a powerful tool for metal-based single-particle and nanomaterial
applications. The SP-ICP-MS technique is used for detection and quantification by measuring the
elemental composition of nanomaterials. It is useful in measuring the size, number concentration,
and number size distribution. IFICP-MS is coupled with hyphenated techniques such as FFF and size
fractionation, the mass and number-based quantification of nanoparticles can be obtained.

Theoretical Calculations

Density functional theory calculations play an important role in the development of SACs and
the specific catalytic reaction mechanisms of supported single metal atoms. Qiao et al. (13) proposed

a reaction mechanism of oxidation for CO on Pt;/FeO, (Figure 34) based on a modified
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Langmuir-Hinshelwood scheme using DFT calculations and experiments in which the active sites
are single Pt atoms, coordinated with two to three oxygen atoms inserted on iron oxide.
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Figure 34. Proposed CO oxidation on (A) Pt1/FeOx. Adapted with permission from ref. (13). Copyright
2011 Nature Publishing Group. (B) Ir1/FeOx. Adapted with permission from ref. (139). Copyright 2014
American Chemical Society. (C) Nil/FeOx catalysts. Adapted with permission from ref. (140). Copyright
2016 Royal Society of Chemistry. (D) CO oxidation on oxygen-defective M1/FeOx (M = Pt, Rh, Pd, Co,

and Cu). Adapted with permission from ref. (141). Copyright 2015 American Chemical Society. (E)
Energetic alignment (in eV) of the surface-bound H and Kubas-coordinated H intermediates for V and Mo.
Adapted with permission from ref. (S). Copyright 2015 Wiley-VCH. (F) Energetic alignment (in V) of the

Kubas-coordinated H, intermediate dissociated H,, and surface-bound H intermediates for Pt and Mo

along the pathway. Reproduced with permission from ref. (33). Copyright 2019 Springer.

Here the DFT calculations suggested that single Pt atoms embedded on the surface of Fe,O5

show a high oxidation state as they are coordinated with two to three oxygen atoms on the surface
of iron oxide, which results in a lowering of the reaction activation barrier for the rate-determining
step of oxidation of CO on single Pt (0.79 V) compared to Pt(111) (~1 eV; Figure 34a). Further,
Liang et al. (139) analyzed Ir; /FeO, for CO oxidation using DFT, which showed that Ir; /FeO, has a
lower activity than Pt; /FeO, (Figure 34b). According to the calculation, the activation barrier of the

rate-determining step in the catalytic cycle of CO oxidation was 0.62 €V higher, and the adsorption
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energy of the CO molecule was 0.69 €V higher for Ir;/FeO, than for the Pt;/FeO, catalyst. In
addition, Liang et al. (140) using DFT predicted that Ni possessed a higher catalytic activity at room
temperature for CO oxidation that was comparable to that of Pt; /FeO, and considerably higher than
Ir;/FeOy, because of the lower energy barrier (Figure 34c). Later, Li et al. (141) applied DFT to
explore the catalytic activity of single metal atoms supported on an iron oxide surface and reported
that the performance of oxygen defective Rh;/FeOy, Pd;/FeOy, and Ru;/FeO, (Figure 34d) with
or without O vacancies and vacancy-free Ti;/FeO, and Co;/FeOy catalyst approached the overall
performance of the Pt /FeOy catalyst.

DFT calculations can also be used to identify SACs. For example, Choi et al. (§) applied a
computational search of hydrogen catalysts made of transition metal atoms embedded with graphitic
carbon (Figure 34). Researchers have identified various materials that showed high efficiency as HER
and hydrogen oxidation reaction catalysts based on numerous criteria like stability, activity, and
resistance to poisoning. For example, a catalyst composed of Mo atom inserted within the divacancy
site in graphene (4C Mo) was shown to be particularly promising for the hydrogen oxidation reaction

catalyst in addition to HER catalyst. DFT can be used to study the molecular adsorption behavior
of SACs. Lou et al. (142) anchored single Rh1 atoms to the vacancy sites of 2-D MoS, sheets to

form Rh;/MoS, SACs. Here, the DFT calculations were conducted to understand the adsorption
behavior of CO molecules on edge-anchored single Rh1 atoms. The calculations suggested that such
a configuration is the most stable, and under an aqueous surrounding, the most outside edge atoms
of MoS; are the oxygen atoms. It also indicated that the Rh single atom could strongly anchor to
the Mo vacancy sites to form a Rhy-S, configuration (Figure 35a,b) on the edge of the nanosheets,

in agreement with the HAADF-STEM observations and the EXAFS results. Also, the first-principle
DFT calculations are nowadays extensively used to understand the elementary events and reaction
mechanisms.
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Figure 3S. (a) Rh K-edge EXAFS spectra of Rh1/MoS, SAC, nano-Rh/MoS, and Rh foil and (b) DFT-

calculated stable Rh1-S4 configuration of the Rh1 active site. Reproduced with permission from ref. (142).
Copyright 2019 American Chemical Society.

DFT results are converted into kinetic parameters by using transition state theory (143).
However, kinetic modeling is required to check the activity and selectivity and examine the various
aspects of catalytic behavior under operating conditions (144). Kopac¢ et al. (145) investigated the

82
Sudarsanam and Singh; Advanced Heterogeneous Catalysts Volume 1: Applications at the Nano-Scale

ACS Symposium Series; American Chemical Society: Washington, DC, 2020.



role of surface defects in catalytic CO, hydrogenation to methanol. Here, Cu(111) and stepped

Cu(533) surfaces were compared using a multiscale modeling approach via DFT and KMC (kinetic
Monte Carlo) simulations. DFT calculated the species adsorption energetics and reaction transition-
state profiles. These were then used by KMC to simulate the dynamics of the overall pathway and
investigate the selectivity and activity of the catalyst. The results showed that a stepped Cu(533)
enhances the selectivity and activity of the methanol synthesis. Kopa¢ et al. (146), in his other work,
studied CO, activation for the synthesis of methanol on Cu(111) catalysts using first-principle DET

calculations and KMC modeling simulations. Hus et al. (147) used post-Hartree—Fock and DFT
calculations to assess the thermodynamics and to explain the pathway leading to the synthesis of
methanol from CO, on Cu/ZnO/Al;,O3. On performing the DFT calculation on Cu/ZnO/Al, O3,
it was found that the reaction proceeds via the formate route. For the development of SACs, DFT
has been extensively used. It has performed various functions for the study of SACs. Examples
have helped in understanding the catalytic reaction mechanism, identification of SACs, molecular
adsorption studies, and so on.

Conclusion

In summary, this chapter has discussed various characterization techniques and methods used
in analyzing subnano catalysts and single-atom catalysts. Understanding the materials confined at the
molecular and single-atom levels, or simply the “subnanometer” level, has been one of the targets
in the field of nanotechnology. This is central for analyzing the properties of this novel material
and its use in different applications such as catalysis and optics. From this standpoint, many unique
properties that cannot be addressed by conventional techniques due to the size and quantum effect
have been discussed. We review the characterization methods: brief working principles of various
major characterization techniques, the progress made so far, and the conditions required for the
functioning of the analytical systems. We have discussed some of the most important tools, such as
HAADE-STEM, SEM-EDAX, STM, DRIFT, other IR spectroscopy, NMR, XPS, EXAFS, TERS,
ICP-MS, and X-ray reflectometry. Theoretical techniques are also fundamental in understanding the
properties of these materials at the subnano level, and we review DFT as a modeling tool.
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