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Abstract

Monometallic catalysts, in particular those containing noble metals, are
frequently used in heterogeneous catalysis, but they are expensive, rare and the
ability to tailor their structures and properties remains limited. Traditionally, alloy
catalysts have been used instead that feature enhanced electronic and chemical
properties at a reduced cost. Furthermore, the introduction of single metal atoms
anchored onto supports provided another effective strategy to increase both the
atomic efficiency and the chance of tailoring properties. Most recently, single-atom
alloy catalysts have been developed in which one metal is atomically dispersed
throughout the catalyst via alloy bonding; such catalysts combine the traditional
advantages of alloy catalysts with the new feature of tailoring properties achievable
with single atom catalysts. This review will first outline the atomic scale structural
analysis on single-atom alloys using microscopy and spectroscopy tools such as high-
angle annular dark field imaging-scanning transmission electron microscopy, and
extended X-ray absorption fine structure spectroscopy. Next, progress in research to
understand the electronic properties of single-atom alloys using X-ray spectroscopy
techniques and quantum calculations will be presented. The catalytic activities of
single-atom alloys in a few representative reactions will be further discussed to
demonstrate their structure-property relationships. Finally, future perspectives for
single-atom alloy catalysts from the structural, electronic and reactivity aspects will

be proposed.
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1. Introduction

Metal-containing catalysts, especially those containing noble metals,’3 are
widely used in the field of heterogeneous catalysis. However, they are not abundant
and are expensive, which greatly hinder the application of noble metal-containing
catalysts.* > Hence, developing a new class of cost-effective and efficient metal-
containing catalysts is important for the future of heterogeneous catalysis.

The field of heterogeneous catalysis, specifically those involving alloy catalysts
(which consist of more than one metal) with distinguishable electronic and chemical
properties, has seen many advances over the past few decades.®?> Their outstanding
properties can be attributed to the intermetallic synergy between the different
metals.16-18 Alloy catalysts offer the opportunity to obtain simple and effective new
catalysts. Bimetallic alloy catalysts were the first to gain considerable commercial
interest in the 1960s.1® 2° Compared with monometallic catalysts, they displayed
unique activities in hydrocarbon reforming.?! The findings of these unexpected
properties of bimetallic catalysts have inspired many extensive investigations into
their possible applications; currently bi- or multi-metallic alloy catalysts are widely
utilized in many thermo-catalytic and electro-catalytic applications.l’ 21-28

Atomically dispersed catalysts consisting of single metal atoms anchored onto
supports, which are referred to as single-atom catalysts (SACs), have recently emerged
as promising new heterogeneous catalysts.??=> The most important feature of SACs is
the isolated metal species at the single-atom level that are dispersed onto the support.
This approach not only maximizes the atomic efficiency of the metal,3® 37 but also
provides more uniform and well-defined active sites than common nanoparticle (NP)
catalysts.3840 With 100% metal dispersion and maximum metal utilization, SACs
provide an ideal strategy for creating cost-effective catalysts and they can be used to
form highly efficient catalysts based on noble metals.?% 3% 41 Since the report by Qiao
et al. in 2011 on the CO oxidation using Pt1/FeOx as the SAC,*? various types of metal

SACs have been successfully designed and prepared, thus opening up a new avenue
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for the specific and atomic level design of catalysts for target reactions.

For the manipulation of SACs, a remarkable progress came with one the earliest
reports of a single-atom alloy (SAA) catalyst.*® To be specific, the concept of SAAs can
be described as the material formed by bi- and multi-metallic complexes, where one
of these metals is atomically dispersed in such material.*3-%1 Furthermore, the catalytic
properties of the active sites are intrinsically induced by the strong metallicinteraction
(i.e. alloy bonding) between the isolated single atoms and the metal
nanostructure/support, which leads to the formation of new atomic and electronic
structures.®2%% |n this review, some representative work on SAA catalysts will be
presented (see Table 1 which provides a comprehensive list of the properties of
various SAA catalysts and corresponding applications). Owing to the structural
complexity of such materials, we will focus on the metal nanostructure-based SAAs,
including their structural and electronic characterization using state-of-the-art
techniques as well as some applications in catalytic reactions. Instead of on a 3D metal
nanostructure, literature works about the deposition of single atoms on 2D metal
materials, such as the pioneering work done by the Sykes group on the model catalyst

synthesized using an ultrahigh vacuum (UHV)?#456.66,70.71 3re not covered in this review.

Table 1 Summary of the properties of various SAA catalysts and corresponding application.

Metal
Metal Molar ratio
single- Synthesis method Application Ref.
host (Maximum)
atom
0.15 Electrocatalytic H,0,
Pd Au Sequential reduction [43]
Pd(0.15) Au(0.85) production
0.024 Incipient wetness Selective
Pd Ag [*’]
Pd(0.025) Ag(1.00) co-impregnation hydrogenation of acetylene
0.021 Incipient wetness
Selective hydrogenation of
Pd Cu Pd(0.03wt%) sequential 2]
acetylene
Cu(0.85wt%) impregnation
0.028
Atomic layer
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Au 0.020
0.17
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Ag Pd(0.01wt%)
Ag(8wt%)
0.0040
Au
Pd(1) Au(250)
Au 0.0014
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0.016
Pt(0.016) Ni(1.00)

AlFe 0.0020
0.0079
Cu
Pt(1) Cu(125)
Cu 0.010
0.0083
Cu Pt(0.3 wt%) Cu(11.7
wt%)
Ni 0.050
Cu 0.010
Au 0.0050
Cu 0.0010
Au 0.0050
0.082
Pd Au(12 atoms)
Pd(135 atoms)
0.15
Ru Au(15.35at.%)

Ru(84.65at.%)

Pt 0.0020
0.082
PtCu
Ru(8.2 at.%)
(Ru-Pt,
Pt(68.7 at%)
Ru-Cu)
Cu(23.1 at%)
0.0051
Co Ir(1.7 wt%)
Co(100 wt%)
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2. Structural Analysis of SAAs

A variety of microscopic and spectroscopic methods have been used to study the
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structure of single-atom catalysts.8> Herein we focus on two of the most widely used
experimental techniques, one from the direct imaging perspective and the other on

in-depth spectroscopic analysis of the local structure.

2.1 Direct imaging of SAAs

Aberration-corrected high-angle annular dark field imaging-scanning
transmission electron microscopy (HAADF-STEM), which is a powerful technique in
electron microscopy, has been extensively used to directly image single-atom sites
on SAAs. 43, 57-59, 63, 68,69, 72,79, 80, 81, 8 | jdeal cases, the individual atoms can be clearly
observed by excellent image contrast due to their different atomic numbers.> 5% 63,64,
73,84, 87 Another imaging technique, scanning tunnelling microscopy (STM), has also
been used for SAA structural study, but it is mainly used for 2D surfaces instead of NP-

based SAA samples.*4 66,70

d Unstable
0.33
0.27
0.25
0.24
0.11
0.08
0.00

Stable

0.21 nm Cu (111)

Figure 1. Morphology of y-Al,03-supported SAA. (a) HAADF-STEM images with typical region of the
reduced 0.1Pt10Cu/Al,O; catalyst, Pt atoms are highlighted by red arrows. (b) The enlarged image

and (c) the coloured intensity map from the selected region in (a). (d) Relative stability of Pt single

atoms over Cu (approximately 2.1 nm) nanoparticle. Dark red indicates stable locations of Pt atoms.

The colour bar unit is eV/Pt atom. (e) HAADF-STEM images with typical region of the reduced

10Cu/Al,03 catalyst. Reprinted with permission from ref 57. Copyright 2018 Springer Nature.
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An example of studies done on SAAs using HAADF-STEM is that by Sun et al., who
reported the synthesis of Pt/Cu SAAs using incipient wetness co-impregnation.>” The
structure of Pt/Cu SAAs was deduced by using HAADF-STEM. The occurrence of single,
brighter Pt atoms throughout the Cu NPs is shown in Figure 1. The lattice spacing of
Pt/Cu SAAs was determined to be 0.21 nm, which agrees with the lattice spacing of
the Cu(111) surface. This value indicates that Pt atoms were dispersed throughout the
Cu NPs. Single Pt atoms were consistently seen in different portions of the reduced
0.1Pt10Cu/Al203 catalyst.

Another example of the use of HAADF-STEM in SAA structural analysis is the work
done by Lucci et al. in distinguishing isolated Pt atoms from the Pt/Cu SAAs that were
synthesized using galvanic replacement.” In their work, several bright, single atoms
were seen within the Cu lattice. Furthermore, the lattice spacing of Pt/Cu SAAs was
comparable to the lattice spacing of pure Cu; this correlation supported the dispersion

of Pt atoms that was observed.

Figure 2. The structure characterizations of Rul-Pt3Cu. (a—f) Atomically resolved elemental
mapping of Rul-Pt3Cu. (g) Atomic model of (a). Blue, grey and purple represent Pt, Cu and Ru,
respectively. Adapted with permission from ref 58. Copyright 2019 Springer Nature.
HAADF-STEM can also be used in combination with other techniques to obtain
more detailed imaging. By combining the HAADF-STEM images and energy-dispersive
X-ray (EDX) spectroscopy elemental mapping images, the structure of more complex
SAAs with three components can also be fully investigated. For example, Yao et al.
used HAADF-STEM elemental mapping, as shown in Figures 2a-f, to demonstrate the

formation of core-shell PtCux/Ptskin structures and the atomic dispersion of Ru1l.%8

7
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Ordered and straight-edge structures were suggested through Pt-resolved elemental
mapping (Figure 2b). However, when using Cu-resolved elemental mapping (Figure 2c),
these ordered structures were not observed. An ordered arrangement and regular
geometry profile were visible upon overlap of the Pt and Cu elemental maps (Figure
2e); this is similar to the corresponding HAADF-STEM image in Figure 2a. As shown by
the red dashed lines in Figure 2e, the lack of Cu in the very top layer provides evidence
for Ptskin shell formation, which was suggested to be due to the separation of the
Ptskin shell located in the inner Cu species from oxygenated species (Figure 2g). The
elemental distribution of Ru in Pt3Cu, which is seen in Figure 2d, suggested high
atomic dispersion of Ru (marked arrows in Figure 2f) in the Pt3Cu/Ptskin matrix.
Another application for the use of HAADF-STEM EDX mapping is when the SAA is
composed of two metal elements having similar atomic numbers (e.g. Pt and Au
atoms). This technique is useful, not only in determining the existence of single atoms,
but in understanding the formation of the SAA. An example of this application is the
work done by Duchesne et al., who reported the characterization of PtAu SAAs by
using HAADF-STEM EDX mapping images.®® As shown in Figures 3a-b, by overlapping
EDX maps of representative particles, it was determined that the signal due to Pt was
enhanced and more diffuse at the particle edges while the signal due to Au came
mostly from the NP cores. The appearance of a Pt-rich surface related to a surface
structure containing single Pt atoms. For an ideal, shortened octahedral NP as shown
in Figure 3d, the maximum surface coverage by single-atom sites having no adjacent
Pt atoms was determined to occur with a Pt content of 5.5%. Although the synthesized
PtAu SAAs were mostly polycrystalline as shown by the HAADF-STEM EDX elemental
mapping, the single-crystal estimate served as an estimated upper concentration limit
where only single-atom Pt sites could exist for both Pt4Au96 and Pt7Au93. According
to the combined results obtained from HAADF-STEM EDX, extended X-ray absorption
fine structure (EXAFS), electrochemical analysis and valence band analysis, the PtAu
samples were listed according to their surface structure: Pt4Au96 and Pt7Au93
contained Au with single-atom Pt sites, Pt17Au83 contained Au with both single-atom

and few-atom Pt sites while Pt53Au47 and Pt78Au22 showed a Au-core/Pt-shell
8
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configuration (Figure 3c). Figures 3e-g show this progression in the SAAs from single-

atom to near-complete shell coverage.

Figure 3. HAADF-STEM images and structural models. (a—c). STEM/EDX mapping images of
individual particles from (a) Pt4Au96 and (b) Pt7Au93 single-atom Pt samples and from (c) a
Pt78Au22 core-shell sample. (d) Structural model of an ideal, truncated octahedral nanoparticle
with an optimal single-atomic-site coverage. (e-g) Models that depict the proposed evolution of
PtAu surface structures from (e) single-atom Pt sites to (f) few-atom Pt clusters to (g) a complete
Pt shell as a result of increased Pt content. Reprinted with permission from ref 68. Copyright 2018

Springer Nature.

2.2 In-depth local structural analysis of SAAs

Although atomic-resolution HAADF-STEM can provide direct visualization of SAAs,
it only offers information on the specific local area. In contrast, X-ray absorption

spectroscopy (XAS) can be used to shed light on the detailed local information of

9



Chemical Society Reviews

elements from the perspectives of inter-atomic distance (at approximately 0.01 A
level), type of chemical bonds, coordination number and structural disorder. It is
particularly suitable for the analysis of low-concentration, multi-element samples like
SAAs due to the element-specific nature of this technique and its high sensitivity
originated from the ultra-bright synchrotron light source.*> 5% 55 57-59, 61-63, 73-76, 79-81, 84
Based on the Fourier-transformed (FT) EXAFS spectra and fitting results, a thorough

investigation into the atomic structure of SAAs can be achieved.
2.2.1 Distinguishable SAAs

For distinguishable SAAs, which are composed of two metal atoms having a
significant difference in atomic numbers,3 the information from EXAFS spectra of the

isolated atoms provides key evidence for the formation of SAAs.>% 3> >7-39, 62, 63, 73-76,

78-80, 83

Fourier Transformed
EXAFS Kk weighted

Fourier Transformed
EXAFS k’ weighted
(]
L ]

o 1 2 3 4 5 g 1 ® 9 & b5
Radial Distance [A] Radial Distance [A]

Figure 4. Fourier-transform EXAFS at the Pd K-edge and Au L3-edge with model fits (a and b,

respectively)for Pd(1.4%)/Au (green), Pd(4.1%)/Au (purple), and Pd(7.0%)/Au (blue) along with Pd

or Au foils (black) where the dark lines represent data, the faded lines represent best-fit models,

the solid lines represent FT magnitude and dotted lines represent the imaginary component of the

Fourier transform. Adapted with permission from ref 74. Copyright 2018 American Chemical
Society.

An example of the use of XAS measurements to determine the atomic structure

of distinguishable SAAs is the work by Wrasman et al., in which the authors reported

the synthesis and characterization of PdAu SAAs having various amounts of Pd.”* The
10
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Pd K-edge and Au L3-edge EXAFS spectra are shown in Figures 4a and b, respectively.
The Pd-Pd coordination number (CN) was determined to be approximately zero for all
samples within experimental error. This result assured that either a dilute or single-
atom alloy had been formed since most of the Pd atoms in the alloy were isolated
from each other. The Pd-Au bond length was intermediate with respect to both pure
Pd and pure Au; it was also in agreement with bond lengths of other Pd/Au alloys
previously reported in the literature.®® °0 For all eight samples analysed, a good
comparison of Pd distribution among Au was achieved between the model used for
surface alloying and the experimentally determined CNs (Figure 5). The modelled Pd-
Au CNs were less than 9, which indicated that Pd was mainly located on the surface

atomic layer. As expected, the Pd-Au CNs decreased with increasing XPd/D.

T T T T T T

124 1 I
3 L
£ &
3
pd
c
O 61
T
=
B
o i
S 3
&)

0_

0.0

Xos/D

Figure 5. Pd-Pd and Pd-Au coordination numbers predicted by the surface-alloy model (solid lines),
overlaid with experimentally determined coordination numbers from all 8 samples analysed by
XAS. Reprinted with permission from ref 74. Copyright 2018 American Chemical Society.

In addition to Au, Pd can also be alloyed with Cu to form distinguishable SAA
catalysts as shown by Pei et al.”® The FT- EXAFS spectra were determined for Pd foil
(Figure 6a), Pd0.006/Si02 (Figure 6b), CuPd0.015/Si02 (Figure 6c) and
CuPd0.006/Si02 (Figure 6d). The spectra indicated that the first shell distance for the
CuPd catalysts was shorter than that of Pd foil. This result confirmed the formation of

CuPd alloys. For the bimetallic catalyst containing a higher Pd content
11
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(CuPd0.015/Si02), both Pd-Cu and Pd-Pd bonds were present having CNs of 9.8 and
1.5, respectively. Furthermore, the isolation of Pd atoms from Cu was confirmed since
only Pd-Cu bonds appeared in the CuPd0.006/SiO2 catalyst. The FT-EXAFS spectra
were in good agreement with the experimental spectra as seen in Figure 6, thus the
formation of a CuPd SAA for the CuPd0.006/SiO2 catalyst was verified. Neither Pd-O
nor Pd-Si bonds were observed for both bimetallic catalysts. This result suggested that
there was no Pd attached to the SiO2 support, which was attributed to the simplicity

of formation of the CuPd alloys.

2
~. 12 —— Pd foil =
<A+ Fit <
u U
P 3
% s
b -

FT Magnitude (A™)
FT Magnitude (

| o s e e S e e e T
3 4 5 6 3
RiA) R(A)

Figure 6. k3-weighted FT-EXAFS spectra of (a) Pd foil, (b) Pd0.006/Si02, (c) CuPd0.015/Si02 and
(d) CuPd0.006/Si02 catalysts. Adapted with permission from ref 76. Copyright 2017 American
Chemical Society.

Another combination of metals that can be used to form distinguishable SAA
catalysts is Pt and Sn. For example, PtSn SAA/antimony-doped tin oxides (ATOs) were
synthesized by Kim et al.>® The substrate for this SAA, ATO, is more complex than those
of conventional SAAs (which normally is a metal NP). The atomic structure of this SAA
catalyst was determined using XAS analysis. Based on the FT-EXAFS spectra in Figure
7, it was determined that the sample reduced at 400 °C (Pt1/ATO) showed Pt-Sn
interactions, while both Pt/C and the sample reduced at 100 °C (Pt NP/ATO) only

showed Pt-Pt bonds. Furthermore, the Pt-Sn CN was determined to be 2.61 for the

12
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sample reduced at 400 °C and no Pt-Pt bonding was observed. These results confirmed
that Pt was atomically dispersed as single atoms throughout the Pt1/ATO catalyst. In
addition, no Pt-Cl bonds were observed for the Pt1/ATO catalyst, whereas a weak Pt—
Cl interaction having a CN of 0.38 was observed for the Pt NP/ATO. This result was

suggested to be due to the Cl- ligands becoming detached during reduction at high

temperature.
Pt.o Pt-SN:_Pt-Pt
Pt foil ‘ ._»"'""-f“_,i ‘ "“-,
st psssan i TGy "":--'.'."» ¥ :. o .‘ TR o gt
< |ptic o f f\%‘
; E——— ¢ «& } o ﬁ”mmm{ﬁ%m
14 . g %
- T = o
X [P o ATV | \ e
o 1 2 3 4

Radial distance (Angstrom)

Figure 7. EXAFS (line: measured, symbol: fitted) data for Pt foil, reduced Pt/C, Pt NPs/ATO and
Pt1/ATO samples. Commercial Pt/C was reduced at 100 °C for 1 h prior to the measurements.

Reprinted with permission from ref 59. Copyright 2017 Wiley Materials.

2.2.2 Indistinguishable SAAs

Unlike distinguishable SAAs, indistinguishable SAAs are normally composed of
two metal elements with similar atomic numbers.6% 88 Thus, the characterization of
such materials is very challenging. This challenge can be represented by PtAu SAAs. Pt
L3-edge EXAFS fitting analysis cannot distinguish the Pt-Au bonds from the Pt-Pt bonds
due to their very similar atomic numbers (ZPt = 78 and ZAu = 79). As such, regular
EXAFS fitting analysis on PtAu SAAs cannot rule out the existence of Pt-Pt bonds.
Therefore, other techniques (such as comparing the information of FT-EXAFS at both
metals’ absorption edges),* ¢ % need to be used to provide more convincing

evidence on the structure of SAAs.

13
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Figure 8. (a) Topographical maps of wavelet transform-EXAFS (WT-EXAFS) spectra obtained from
the Pt and Au L3-edges of Pt4Au96. (b) The complete set of FT-EXAFS spectra (left: Pt, right: Au)
for the nanoparticles so prepared. Adapted with permission from ref 68. Copyright 2018 Springer
Nature.

One example of indistinguishable SAAs is the synthesis of PtAu SAA catalysts by
Duchesne et al.?® As shown in the wavelet transformation (WT) EXAFS spectra, the
presence of a single metal-metal (M-M) bonding peak, located at around 7.5 A-1 and
2.5 A, further highlighted the fact that neither atomic mass nor bond length
(represented by the x-axis and y-axis in Figure 8a, respectively) can be used to
distinguish the M-Pt and M-Au scattering paths. In order to elucidate further structural
information about these PtAu samples, an EXAFS analysis was conducted on the PtAu
SAAs at both the Au-L3 and Pt-L3 absorption edges. As shown in the FT-EXAFS spectra
(Figure 8b) and the EXAFS fitting results, the scattering from both Au and Pt could be
treated as one path (denoted Au-M and Pt-M for the Au-L3 and Pt-L3 edges,

respectively) due to the similarity of both the Au and Pt paths. Examination of the Au-

14
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M and Pt-M bond lengths indicated that the Pt atoms in the most active PtAu samples
(Pt4Au96 and Pt7Au93), were mainly present as single atomic sites surrounded by Au.
This observation was based on the close agreement between the measured Pt—-M
bond lengths (2.82 A) and the expected bimetallic bond length of 2.822 A for a
homogeneous PtAu alloy, which was calculated from experimental Pt—Pt and Au—-Au
bond lengths in pure Pt and pure Au NPs. EXAFS analysis of the local CNs revealed that
Pt atoms were undercoordinated in the PtAu SAAs, especially those that showed
highly active single-atom sites. CNs for the Pt—M scattering path ranged from 9 in
Pt78Au22 to 5 in Pt4Au96, which was lower than the CN of 11 observed for pure Pt
NPs. Since the Au—M CNs were between 11-12, an Au-core/PtAu shell NP structure
having mostly surface Pt was suggested. In addition, X-ray absorption near-edge
structure (XANES) analysis of the samples indicated the presence of both metallic Pt
and metallic Au in these SAAs; a positive binding-energy shift and an increased white-

line breadth provided evidence for the presence of Pt single atoms.
2.2.3 In situ Spectroscopy

Most XAS studies performed on SAAs use ex situ XAS, in which the XAS analysis
is done separately from the sample collection. However, on-site in situ XAS can also
be conducted on electrochemical systems. By comparing the ex situ and in situ XAS
data, a better understanding of the atomic structure of SAA catalysts during a real
reaction can be achieved.>* 57,58 61, 63,76, 81

An example in this regard is shown in the work by Yao et al., in which they
conducted both ex situ and in situ XAS measurements to fully analyse the atomic
structure of the Rul-Pt3Cu SAA.>8 Initially, they carried out traditional ex situ XAS
analysis. The ex situ Ru K-edge XAS spectra for Rul-Pt3Cu was shown to be situated
between Ru foil and bulk RuO2. This result indicated that excess oxidation was
prevented at surface exposed Rul sites. In addition, the FT-EXAFS spectra for Rul-
Pt3Cu showed three peaks: the first peak at 1.58 A was attributed to Ru-O scattering,
while two peaks at 2.30 A and 2.73 A were deemed to be due to Ru-Pt and Ru-Cu

bonding, respectively. Furthermore, since Ru-Ru bonds were not observed at 2.38 A,
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no metallic Ru clusters existed in the sample. Similarly, the lack of Ru-O-Ru
coordination at higher distances eliminated the possibility of RuO2 particles in the

sample. These results further supported the presence of single-atom Ru species
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Figure 9. In-situ (a) X-ray absorption and (b) FT-EXAFS spectra change from 0 to 1.86 V potential of
the Ru K-edge. (c) In situ XAFS spectra change of the Pt L3-edge. Adapted with permission from ref
58. Copyright 2019 Springer Nature. (d) Schematic illustration of synthesis of xPd-Ni/Si0O2
bimetallic catalysts using selective Pd ALD. (e) DRIFTS CO chemisorption of the xPd-Ni/SiO2
samples (x =5, 10, and 20) at the CO saturation coverage. The dark blue, gray, and red balls are Pd,
C, and O atom, respectively. Scale bar: 0.01. Adapted with permission from ref 54. Copyright 2019
Springer Nature.

In order to study the oxidation of Rul-Pt3Cu as a function of potential during the
oxygen evolution reaction (OER), in situ electrochemical Ru K-edge XAS analysis was
performed.>® As the potential was increased from 0 V to 1.86 V, the oxidation state of
Rul-Pt3Cu remained fairly constant. This observation was shown by the similar
absorption edge positions (Figure 9a) and coordination (Figure 9b) for the Ru K-edge
throughout the scan. These results proved that, throughout the OER, the Ru single
atoms remained stable. In addition, in situ electrochemical Pt L3-edge XAS was
performed. As seen in Figure 9c, an increase in the Pt L3-edge white line intensity
suggested an increase in Pt d band vacancies. The increase in d band vacancies was

suggested to be due to electron transfer from Pt to Rul.
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In addition to quantitative in situ XAS techniques, in situ infrared (IR)
spectroscopy also plays a complementary role in the qualitative structural analysis of
SAAs. With the appropriate probe molecule (usually CO or NO), IR offers a fast and
convenient characterization method to directly identify single atoms from
nanoparticles.”> For example, Wang et al. performed in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) CO chemisorption measurements to
determine the surface structure of PdNi SAAs (Figure 9d).>* As shown in Figure 9e, on
5Pd-Ni/SiO2, the dominant peak at 2092 cm-1 (due to linear CO on Pd), was more
than the peak at 1975 cm-1 (due to bridge-bonded CO). Therefore, Pd was present as
a single atom within Ni. However, as the number of Pd atomic layer deposition (ALD)
cycles increased, the peak associated with bridge-bonded CO considerably
strengthened; thus, the existence of large Pd ensembles or a continuous Pd shell on
the Ni NP surfaces was proven. The SAA structure of Pd1Ni not only maximized the Pd
utilization, but also modified the strong metal-selectivity relations in the benzonitrile

hydrogenation reaction.

3. Electronic Properties of SAAs

The electronic properties of SAAs are frequently overlooked in their analysis.
However, they often play a crucial role in understanding the catalytic performance of
SAAs. A remarkable example has been shown in the work by Greiner et al. in which
the authors observed that the Cu d states of AgCu SAAs were like the free-atom state
and thus resulted in significantly different catalytic activity from the monometallic Cu
catalysts.”® While the electronic behaviour of single atoms in SAAs is normally very
complicated, convincing conclusions sometimes cannot be obtained solely using
experimental characterization methods. Considering this statement, the
comprehensive data of XANES,>8 59 61-63, 68, 69, 72,73, 75,79, 83, 88, 83 X_rgy photoelectron
spectroscopy (XPS)*6: 49, 51, 52, 54, 58-60, 67-69, 76, 79, 82, 83, 85, 91 gnd theoretical models
obtained from computational chemistry® 33, 57, 58, 65, 68, 75, 79, 81-83, 85, 92-101 cgn help

reveal the electronic properties of SAAs.
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Figure 10. (a) XANES Pt-L3 edge and (b) XPS Pt 4f spectra for Pt foil, reduced Pt/C, Pt NPs/ATO, and
Pt1/ATO samples. Commercial Pt/C was reduced at 100 °C for 1 h prior to the measurements.
Adapted with permission from ref 59. Copyright 2017 Wiley Materials.

An example of the examination of the electronic properties of SAAs is shown by
Kim et al., who reported the electronic properties of Pt atoms in PtSn SAAs supported
by antimony-doped tin oxides (Pt1/ATO) using XANES and XPS.>°® As shown in Figure
10a, when compared to other Pt samples, the location of the white line peak of the
Pt1/ATO XANES was shifted to higher energy. Meanwhile, the Pt 4f XPS peak of
Pt1/ATO was shown to have a higher binding energy than the other Pt samples as seen
in Figure 10b. These results suggested that, as seen for other Pt alloys,10% 103 electron

transfer occurred between Pt and the ATO support.
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Figure 11. (a) Normalized Pd K-edge XANES spectra of Pd0.01/Si02 and AgPd0.01/SiO2 after 400 °C
prereduction. A Pd foil reference spectrum is shown for comparison. (b, d, f) Ag 3d and (c, e, g) Pd
3d XPS spectra of Ag1Pd1/SiO2 catalyst reduced in situ at 150 °C, 250 °C, 500 °C. Adapted with
permission from ref 69. Copyright 2015 American Chemical Society. (h) Unit cell of Al13Fe4
emphasizing the structurally isolated Fe-Al-Fe units (Al, green; Fe, blue). (i) Fe 2p XPS spectra of
the single-crystalline (010) surface of Al13Fe4 and elemental Fe foil as a reference with 860 and
900 eV photon energy, respectively. Adapted with permission from ref 107. Copyright 2012
Springer Nature.

As with standard structural studies, in situ studies can be used to investigate the
electronic properties of SAAs. For instance, Pei et al. used XANES and in situ XPS to
investigate the electronic properties of surface Ag and Pd in AgPd SAAs.®° Firstly, as
presented in the Pd K-edge XANES spectra in Figure 11a, palladium was found to be
zero valent within both SAAs at 400 °C. However, compared to both Pd foil and
Pd0.01/Si02, AgPd0.01/Si0O2 showed an absorption edge shifted to lower energy. The
authors suggested that this corresponds to a slightly lower oxidation charge of anionic
palladium in the SAA with charge transfer occurring between silver and palladium.104

This observation was also in agreement with in situ Ag 3d5/2 and Pd 3d5/2 XPS
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measurements for AgPd/SiO2 at various temperatures (Figures 11b-g), which showed
that the binding energy was lowered as the temperature was increased. As a result,
the enhancement in ethylene selectivity with pre-reduction temperature could be
attributed to charge transfer.10> 106

As a special type of SAAs, IMC-based SAA catalysts normally possess a well-
defined and uniform local coordination environment that makes their electronic
properties significantly different from those of the constituents. Thus, a thorough
study into the electronic properties of IMC-based SAAs can help researchers to
unambiguously establish the catalytic role of such materials. For example, Armbriister
et al. revealed the electronic properties of Al13Fe4 (Figure 11h) SAA through XPS
study.’%” As shown in Figure 11i (Fe 2p core-level XPS spectra), the small binding
energy shift and smaller half-width at full maximum for the signal of Al13Fe4 is
different than elemental iron, which removes the possibility of additional Fe
nanoparticles being present (which would have a higher energy and broader Fe 2p
peak). These differences are common for intermetallic materials consisting of isolated
transition-metal atoms evenly distributed in either other transition metals or main
group elements (such as for Pd in PdGal%110 or PdIn!!l). They can be related to
changes in the electronic properties of the materials, which provides unique core hole
screening. Consequently, such low-cost noble-metal-free SAA catalysts exhibit
excellent catalytic properties in the semi-hydrogenation of acetylene, which can be
assigned to the combination of site-isolation and the alteration of the electronic

structure resulting from its chemical bonding.
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Figure 12. Charge redistribution in RuAu alloy. (a) Ru 3d XPS spectra of Ru and RuAu-0.2. (b) Au 4f
XPS spectra of Au and RuAu-0.2. (c) Atomic model of the RuAu (001) surface, yellow ball represents
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(d) Differential charge densities of RuAu (001) surface. Yellow and blue contours represent
electron accumulation and depletion, respectively. (e) Ru 3d and (f) Au 4f XPS spectra of metal
reference, RuAu-0.1, RuAu-0.2, RuAu-0.3, and RuAu-0.5. Adapted with permission from ref 84.
Copyright 2019 Wiley Materials.

In addition, XPS can be used as a complement to calculated atomic models. To
shed light on the unique electronic properties of RuAu SAAs, Chen et al. conducted
XPS measurements on RuAu SAAs and compared these results with their theoretical
atomic models.?* As shown in Figure 12a, the Ru 3d5/2 peak of RuAu-0.2, which is

located at 280.7 eV, increased in binding energy by 0.18 eV compared to pure Ru.''?
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113 |n contrast to the Ru 3d5/2 peak, the Au 4f peak (Figure 12b) shifted to a lower
binding energy by 0.2 eV with respect to pure Au.''2 The contrast in binding energy
shifts was attributed to electron transfer between Au and Ru. This assessment was
confirmed by the Bader charge analysis represented by the atomic models in Figures
12c and d. As seen in Figures 12e and f, the peak shift of RuAu-0.2 was greater than
those of RuAu-0.3 and RuAu-0.5. This result suggested that, in SAAs with higher
amounts of Au, phase separation of Au from the Ru host occurred. Changes in d-band
filling resulted in changes in the electronic properties for both Au and Ru. For Ru, the
d-band filling decreased since electrons were lost. Since electrons were gained from
Ru, the d-band filling increased for Au. By applying d-band centre theory, these

changes could affect hydrogen absoprton.t4 115
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Figure 13. (a) Calculated DFT DOS plots that correspond to the pure and single-atom Pt surfaces
used to calculate the CO adsorption energies. (b-e) XPS valence band spectra of Pt4Au96 (b),
Pt7Au93 (c), Pt17Au83 (d) and Pt53Au47 (e) samples compared with those of Pt (grey) and Au

(block) foil references. The red arrows indicate the near-Fermi level region. Reprinted with

permission from ref 68. Copyright 2018 Springer Nature.
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XPS can also be used in combination with density of states (DOS) calculated using
the density functional theory (DFT) method to determine the electronic properties of
SAAs. For example, Au-supported Pt SAAs having sensitive surface structures were
analysed by Duchesne et al. using the comprehensive data from DOS calculations as
well as varied excitation energies.®® As shown by the DFT DOS results in Figure 13a,
the intensity near the Fermi level (0 eV) for the single-atomic-site Pt surface was lower
than the pure Pt surface. As seen in the XPS valence band measurements (Figures 13b-
e), the near-Fermi level DOS (-2 to 0 eV) was sensitive to the local Pt environment.
Both Pt4Au96 and Pt7Au93, the samples having Pt single atoms, showed the lowest
DOS intensity between -2 and 0 eV since they were like pure Au. However, the DOS
intensity near the Fermi level was higher for Pt17Au83, which contained few-atom Pt
clusters. Furthermore, Pt53Au47 showed the highest near-Fermi level DOS with its
intensity approaching that of pure Pt, which suggested that a more complete Pt shell
was formed at the surface of the Au NP. The catalytic performance of the PtAu SAAs
was also affected by their valence band structure. Due to the very low d-electron
density for the Pt SAA samples near the Fermi level, the normally strong Pt-CO
interaction induced by the so-called donation-and-back-donation bonding mechanism
was significantly weakened, as the Pt d-electron density participating in 1 back-
donation to CO molecules was dramatically reduced. Thus, the CO adsorption energies

on these surfaces were lowered.
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Figure 14. (a) PDOS of surface-embedded Rul 4d with respect to the Fermi level, where eRu-d is
total 4d electrons of the Rul atom. (b) In-plane lattice contraction relative to the Pt (111) pristine
surface (red circles) and corresponding d-band centre €Ru-d of Rul (blue squares). (c)
Corresponding adsorption energy EO of the oxygen atoms (red circles) and OER overpotential, n
(blue squares). Adapted with permission from ref 58. Copyright 2019 Springer Nature.

Another example of the use of DOS calculations is the work done by Yao et al.,
who computed the projected density of states (PDOS) of Rul (Figure 14a) in order to
determine the electronic origin of the reactivity of atomically dispersed Rul.%® It was
determined that, as the Pt to Cu ratio increased (PtCu3 < PtCu < Pt3Cu < pure Pt), the
PDOS of Rul approached the Fermi level. As shown in Figure 14b, the d-band centre
for Rul (eRu-d) shifted from -3.37 eV to -2.76 eV, which was suggested to be due to
the slow release of compressive surface strain. Consequently, the oxygen adsorption
(EO) was strengthened from -1.63 eV for weakly binding pure Cu to -2.48 eV for
strongly binding pure Pt. This strengthening led to an inverse plot for the OER
overpotential as a function of lattice constant shown in Figure 14c. These results

provided an explanation for the experimental findings in Figure 9.

4. Catalytic Activities of SAAs

Due to their unique structural and electronic properties, SAAs have shown
outstanding performance in various catalytic reactions.#3-47, 49,50, 52-70, 72-83, 85, 86, 88, 89, 91,
94-97, 93-102, 116-125 By establishing the structure-performance relationship of SAAs in
different reactions, the rational design of more efficient SAAs can be performed to
meet specific reaction requirements. In this section, some representative catalytic

reactions are selected to illustrate the unique structure-property relationship of SAAs.

4.1 Oxidation reactions

The first class of reactions that have commonly been studied with SAAs is
oxidation reactions. Among the wide variety of oxidation reactions that have been
studied, the formic acid oxidation (FAO) reaction and the glucose oxidation reaction

are used as examples for our discussion.
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4.1.1 Formic acid oxidation reaction

The FAO electrocatalytic reaction on Pt catalysts has been extensively
investigated since it is an important topic both in fuel cells science and technology.>®
60, 68 However, exposure of common Pt catalysts to CO can lead to their
poisoning/deactivation due to the strong binding affinity of CO at Pt surfaces. Bearing
this issue in mind, Duchesne et al. developed a surface Pt-rich PtAu SAA electro-
catalyst by using CO-free colloidal chemistry.®® By examining the height of the mass
activity peaks in Figure 15a near 0.6 VRHE (where RHE represents the reversible
hydrogen electrode), it was determined that the Pt4Au96 and Pt7Au93 SAAs were far
more active (around 100 times) than both core-shell-like Pt78Au22 and commercial
Pt/C. In addition, low FAO peak currents were found to be correlated to a significant
peak occurring in the cyclic voltammetry (CV) plot at roughly 0.85 VRHE. This peak was
attributed to the oxidation of adsorbed CO molecules, which suppressed the activity
of Pt SAAs by poisoning their surfaces.>® 60 125 Since this peak did not occur in the CV
plots of the low-Pt content PtAu SAAs, their higher catalytic activity was explained by
their resistance to CO poisoning. Furthermore, by examining the first-derivative plots
of the Pt mass activity in Figure 15b, the disappearance of the peak around 0.85 VRHE
for Pt4Au96 and Pt7Au93 in Figure 15a was more visibly seen. These results further
confirmed the presence of Pt single atoms in Pt4Au96 and Pt7Au93. Therefore,
electrochemical analyses can be used both to evaluate the catalytic activity and to

provide structural information of SAAs.
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Figure 15. (a) Pt mass-normalized anodic sweeps obtained from PtAu NP catalysts, with the peak
currents graphed for comparison (left). (b) The first derivative of the Pt mass-normalized FAO
voltammograms. The blue area highlights the sensitivity of the first-derivative peak at ~0.85 VRHE

to the Pt surface structure. Adapted with permission from ref 68. Copyright 2018 Springer Nature.

4.1.2 Glucose oxidation

Another type of oxidation reaction used to test catalytic activities of SAAs is the
glucose oxidation reaction. Pure Pd nanoclusters (NCs) usually show little catalytic
activity in the glucose oxidation reaction. To improve the catalytic activity of Pd NCs,
Zhang et al. designed a so called crown jewel (CJ) Au/Pd SAA using galvanic
replacement.®3 As shown in Figure 16, it was determined that the initial catalytic
activity of the CJ-Au/Pd SAAs for the glucose oxidation reaction was significantly
higher than those of relevant references. In addition, as determined by the turnover
frequency, the maximum catalytic activity of the top Au atoms in the CJ-Au/Pd SAAs
was around 1.95x105 mol glucose h-1 mol-1 Au. Furthermore, the specific activity of

the CJ-Au/Pd SAAs was significantly higher than those of pure Au, pure Pd and Au/Pd
26
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alloys. These results indicated that the single-atom alloy structure of CJ-Au/Pd plays a

crucial role to enhance the catalytic performance of the Au/Pd catalysts.
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Figure 16. Comparison of the catalytic activity of CJ-Au/Pd, Au, Pd and Pd/Au alloy NCs for aerobic
glucose oxidation. Schematic insets and numbers shown at the top of each bar indicate the
structure models and the average particle sizes, respectively, of the NCs; Au*, the activity was
normalized by the number of surface Au atoms in NCs; Pd**, the activity was normalized by the
number of surface Pd atoms. Reprinted with permission from ref 83. Copyright 2011 Springer

Nature.

4.2 Selective hydrogenation reactions
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Figure 17. (a) Selective hydrogenation of butadiene. Hydrogenation shown as a function of
temperature over Cul5/AI203, Pt0.1Cul4/Al203 and Pt0.2Cul2/AI203 NPs. (b) Butadiene
conversion in the presence of excess propylene. Adapted with permission from ref 79. Copyright

2015 Springer Nature. (c) Hydrogenation mechanism of acetylene to ethane on the Pdin(110)
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surface. (d) Hydrogenation mechanism of acetylene to ethane on the Pd3In(111) surface. In (c)
and (d), numbers in the parentheses indicate the barriers of elementary steps; Pd, blue; In, orange;
C, black; H, white. (e) Acetylene conversion and (f) ethylene selectivity in long-term selective
hydrogenation of acetylene at 90 °C on the three as-obtained catalysts. Adapted with permission
from ref 111. Copyright 2017 American Chemical Society.

Besides oxidation reactions, another class of frequently studied reactions with
SAAs is selective hydrogenation reactions. This type of reaction can involve diluting Pt
single atoms in Cu NPs, which offers a practical method for reducing the amount of Pt
in SAAs while enhancing catalyst selectivity for partial hydrogenation reactions.*’ 63
67,79,81,92,100, 117 An example of the use of SAAs in selective hydrogenation reactions is
the work by Lucci et al., who reported the synthesis of PtCu SAAs by using galvanic
replacement.”® It was determined that single Pt atoms could enhance selective
hydrogenation of 1, 3-butadiene on a less active metal, such as Cu. As shown in Figure
17a, the Pt0.1Cul4/AI203 SAA had a hydrogenation reaction onset at 40 °C. This
temperature was 35 °C lower than that for the Cu catalyst without Pt. In addition, the
hydrogenation reaction rate over Pt0.1Cul4/AlI203 was roughly ten times greater
than the monometallic Cu catalyst at 60 °C, while the Pt0.2Cu12/AI203 SAA showed
an even higher hydrogenation rate than Pt0.1Cul4/Al203. This difference was
attributed to a higher amount of surface Pt in Pt0.2Cu12/AI203 at a higher Pt loading.
Despite the increase in catalytic activity, the selectivity of Pt0.2Cul2/AlI203 was
retained due to the isolation of Pt atoms. Furthermore, the PtCu SAAs showed high
selectivity to butenes; 90% selectivity was achieved towards butene isomers. This high
selectivity was comparable to that of Cul5/AI203. In contrast, pure Pt catalysts
converted butadiene to butane, which was attributed to pure Pt over-hydrogenating
dienes and alkynes.12% 127 Finally, in order to test the hydrogenation ability of the Pt/Cu
SAAs, the selective hydrogenation activity of Pt0.1Cu14/AI203 was examined upon
the addition of excess propylene. As seen in Figure 17b, the Pt/Cu SAAs showed both
high stability and high selectivity under such a condition. Therefore, this work
demonstrated that, by the rational design of the single-atom structure, the Pt/Cu SAAs

can offer promising selective hydrogenation properties in addition to a significant
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reduction in the use of the costly element Pt.

Intermetallic SAAs have also been used in selective hydrogenation reactions. An
example is the work done by Feng et al. who used theoretical study to guide the
synthesis and catalysis of PdIn intermetallic SAA.1'* DFT modelling showed that the
Pdin (110) surface containing single Pd sites had high selectivity for semi-
hydrogenation of acetylene. In contrast, the Pd3In (111) surface having Pd trimer sites
exhibited low selectivity (Figure 17c and d). Guided by the theoretical predictions,
experimental results further demonstrated that intermetallic Pdin NPs with a (110)
surface structure (92%) showed greater selectivity for acetylene hydrogenation than
Pd3In NPs with a (111) surface structure (21%) as seen in Figure 17e and f. These
findings illustrate an interesting approach for the rational design of SAA catalysts with

specific catalytic properties.

4.3 Selective dehydrogenation reactions

SAAs have also been studied as catalysts for selective dehydrogenation reactions.
Among various metals tested, Cu-based SAAs have been found to be particularly active
in various dehydrogenation reactions, which can be attributed to the presence of
isolated metal single atoms such as Ni, Pd and Pt, which serve as entrance and exit

routes for hydrogen dissociation and re-combination.46: 49,57, 61,75, 119, 120

4.3.1 Ethanol to acetaldehyde

One type of dehydrogenation reaction that SAAs can take part in is the
conversion of ethanol to acetaldehyde. An example of this reaction is shown in the
work by Shan et al., who developed NiCu SAAs using galvanic deposition.®* The
catalytic activities of NiCu, PdCu and PtCu SAAs were determined by measuring the
reaction kinetics of the dehydrogenation of ethanol; the Arrhenius-type plots for this
reaction using various SAAs are shown in Figure 18 and compared to pure Cu NPs. By
comparing the activation energies of Cu NPs (70-73 kJ mol-1), NiCu (45-49 kJ mol-1),
PdCu (69 k] mol-1) and PtCu (63 kJ mol-1) SAAs for the dehydrogenation of ethanol,

the incorporation of Ni into the SAAs was demonstrated as the best strategy to
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improve the reactivity of Cu since the activation energy was significantly lowered for
the NiCu SAAs compared to the other catalysts. These findings suggested that the
selection of a suitable metal element in the design of SAA catalysts is of great

importance for a given catalytic reaction.
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Figure 18. Arrhenius-type plots of the reaction rate in ethanol dehydrogenation, normalized by

the surface area of Cu over monometallic Cu NPs, Pd0.01Cu NPs, Pt0.01Cu NPs, and Ni0.01Cu NPs.

Reprinted from ref 61, Copyright (2018), with permission from Elsevier.

4.3.2 Propane dehydrogenation

Another dehydrogenation reaction commonly studied with SAAs is the
dehydrogenation of propane. As the key industrial reaction for the production of
propylene, the propane dehydrogenation reaction is typically catalysed by Pt-based
SAAs.”” However, for the propane dehydrogenation reaction, these catalysts are
restricted by the scaling relationship,?® which normally results in increased propylene
selectivity being accompanied by suppressed catalytic activity.?°

To increase both selectivity and catalytic activity during the dehydrogenation of
propane, Sun et al. synthesized PtCu SAAs supported on y-alumina using atomic
dilution co-impregation.>’ DFT calculations revealed that, during the dehydrogenation

of propane, the PtCu scaling relationship was broken. This suggestion was supported
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Figure 19. (a) Catalytic performances at the initial and final period at 520 °C and 550 °C during 12
h PDH, showing significantly improved performances of Pt/Cu SAA compared with Pt nanoparticles.
(b) Catalytic performances on the 0.1Pt10Cu/Al203 catalyst for each of the five successive
dehydrogenation cycles. (c) Catalytic performances on the 0.1Pt10Cu/AI203 catalyst for each of
the four successive dehydrogenation cycles. Adapted with permission from ref 57. Copyright 2018
Springer Nature.

by the fact that the reaction had high propylene selectivity while only incurring a slight
increase in the activation energy. As shown in Figure 19a, the initial propylene
formation rate was 3.2 times greater for the 0.1Pt10Cu/AlI203 SAA than for the
monometallic 0.1Pt/AlI203. Meanwhile, propylene selectivity and conversion were
both significantly higher for 0.1Pt10Cu/AI203 than for 0.1Pt/AI203. In addition, DFT

calculations were used to determine the deactivation rate for propane
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dehydrogenation. It was found that using 0.1Pt10Cu/Al203 resulted in a far lower
deactivation rate than when 0.1Pt/Al203 was used. Furthermore, the
dehydrogenation reaction temperature was increased from 520 °C to 550 °C. As
shown in Figure 20a, 0.1Pt10Cu/AI203 still showed higher activity and a lower
deactivation rate than when using 0.1Pt/AI203. Finally, the performance of
0.1Pt10Cu/Al203 was examined for successive oxidation-reduction cycles. After five
cycles, there was no change in either the selectivity or the conversion of the SAA
(Figure 19b). This result proved its good regeneration ability and high stability after
propane dehydrogenation. As seen in Figure 19c, upon regeneration of the SAA, most
of its initial activity was restored. This result provided additional evidence for the cycle

stability of 0.1Pt10Cu/Al203.

4.3.3 Dehydrogenation of butane

Another dehydrogenation reaction studied with SAAs is butane
dehydrogenation. C-H activation is frequently done with either Ni or Pt catalysts, but
they suffer from coking.13% 131 Copper catalysts are resistant to coking,32 but have a

higher C-H activation barrier.
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Figure 20. (a) TPO of Pt-NP (blue), Pt0.01Cu SAA (red) and silica (green). (b) Comparing the degree
of coking in Pt NP vs PtCu SAA catalysts. TPO of (a) Pt-NP and (b) Pt0.01Cu-SAA. (a) and (b) are
spent catalysts after butane dehydrogenation reaction. (c) Long-term butane dehydrogenation
reaction over Pt0.01Cu-SAA catalyst. Adapted from ref 70. Copyright 2018 Springer Nature.

As a solution to the coking problem, Marcinkowski et al. studied Pt/Cu SAAs in
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order to maximize C-H activation.” To determine whether coking and carbon
deposition due to butane-deuterium isotope scrambling occurred in the catalysts,
temperature-programmed oxidation (TPO) studies were conducted. For the Pt NPs, a
broad peak due to CO2 production was observed and peaks corresponding to two
different types of carbon were present. (Figure 20a). However, for the Pt0.01Cu SAA,
these peaks were not seen, and the amount of CO2 evolved resembled that of the
SiO2 support. Therefore, it was concluded that the Pt/Cu SAAs were coke resistant. In
addition, the non-oxidative dehydrogenation of butane to butene was performed to
determine the coke resistance of the Pt/Cu SAAs. Minimal carbon deposition was
observed for the Pt0.01Cu SAA (Figure 20b), while the activity of the SAAs remained
stable over 52 h (Figure 20c). These results illustrated that the Pt/Cu SAA strategy is
an excellent approach for the development of low-cost, high-stability and coke-

resistant C-H activation catalysts.

Conclusions and Outlook

In summary, single-atom alloy (SAA) catalysts containing an atomically dispersed
metal in a bi- or multi-metallic complex have emerged as a promising system for
heterogeneous catalysis. This review summarizes the recent progress made in the
structural analysis, electronic properties and catalytic activities of SAA nanoparticle
catalysts.

The atomic structure of SAAs have been examined on catalysts such as AuPd,
PdCu, PtCu, PtSn, RuAu, AgPd, NiCu and PtAu. HAADF-STEM and EDX have been used
to directly image single atoms in SAAs; they are very successful for the analysis of
distinguishable SAAs. XAS, including multi-element EXAFS fitting analysis and other
associated techniques, has been used to obtain detailed local structural information
of SAAs, such as bond distances, due to its element-specific feature and high-precision
(approximately 0.01 A scale). It is particularly useful for the analysis of
indistinguishable SAAs, where it is difficult to distinguish elements having very similar
atomic numbers using HAADF-STEM. Additionally, widely available in situ XAS and IR

techniques have been used to determine the atomic structure of SAAs during real
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reactions. Structural analyses of SAAs, particularly in situ techniques, are very helpful
in understanding the detailed atomic structure of SAAs during catalytic reactions.

While the electronic properties of SAAs are often overlooked when studying SAAs,
the detailed information obtained by combining spectroscopy experiments (for
example, XANES and XPS) and DFT modelling has been useful in elucidating the
electronic properties of SAAs. Details revealed by XANES and XPS on the valence band
and charge transfer in SAAs can be of great assistance in understanding their catalytic
properties. In addition to these ex situ tools, a variety of in situ spectroscopy methods
(such as XANES, XPS and IR) can provide additional information about the important
role of electronic properties in determining the reactivities of SAAs during dynamic
catalytic processes. Therefore, these techniques will be very helpful in the rational
design and fabrication of high-performance SAA catalysts.

A few representative catalytic reactions involving SAAs have been selected to
illustrate the structure-property relationships of SAA catalysts. The role of SAAs in
oxidation reactions, such as the formic acid oxidation reaction and the glucose
oxidation reaction, have been investigated due to their importance in fuel cells and
technology. In addition, SAAs have been used in selective hydrogenation reactions in
order to improve metal efficiency as well as increase catalytic activity and selectivity.
Furthermore, the use of SAAs as catalysts in selective dehydrogenation reactions, such
as in the dehydrogenation of ethanol, propane and butane, can help generate
products to be used in industrial applications such as acetaldehyde and propylene. A
more thorough understanding of the catalytic activities and reaction mechanisms of
SAAs can lead to the discovery of further applications of SAAs.

Nevertheless, some major challenges remain in this research field. The detection
of the detailed atomic structure of multi-element SAAs, particularly those containing
elements with similar atomic numbers, will continue to be a major difficulty in the
structural analysis of SAA catalysts. As such, the development of higher resolution
imaging and spectroscopy tools, and the joint use of multiple such techniques, will
play a more important role in this regard. In addition, more in-depth studies on the

electronic properties of SAAs using various experimental methods, in combination
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with theoretical methods, are needed to understand the catalytic performance of
SAAs. This aspect of research in SAAs is particularly under-developed when compared
to the structural and catalytic studies of SAAs. Furthermore, the increased use of SAAs
in real reactions is needed to help enhance their applications in more practically useful
reactions. Toward this end, more powerful in situ and operando research tools,
especially those having high resolution in space and time domains, is required to
provide a complete understanding into the structural properties of SAAs during real
reactions. In addition to the aforementioned in situ X-ray techniques, in situ
transmission electron microscopy can also be used to observe nanocrystals in real
time, in the liquid phase and with high resolution.®® Future work involving SAAs
should also include investigating new combinations of metals, particularly those
consisting of many more elements than the currently available bimetallic samples,

such as the recently emerged high-entropy alloy catalysts.3*
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