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Abstract: The interest in single-metal-atom dispersion in heterogeneous catalysis has existed since the
1950s with spectroscopic investigations of thodium “single-site” catalysts supported on alumina, and more
recently with oxometallate monomers for selective oxidation reactions. A decade ago, advances in electron
microscopy intensified the interest of the catalysis community in controlling the dispersion of supported
metals down to the single-atom active site level and revealing their intrinsic catalytic properties. Pioneering
works in the ever-growing field of single-atom catalysis investigated late transition metals (group 8 to 11)
supported on transition metal oxides for the CO oxidation and water-gas shift reactions. Since then, various
single-atom catalysts, most often supported on oxides, have been evaluated in a broad panel of thermal
oxidation reactions, and have often shown remarkable performances. Besides CO oxidation over oxide-
supported noble metals, which represents the major part of the literature, this chapter reviews the main

classes of oxidation reactions, including total and selective oxidations of hydrocarbons and oxygenates, on



oxide- or carbon-supported catalysts. Throughout the chapter, we emphasize several aspects that we
consider important, such as the coordination environment and stability of single metal atoms, as well as

their compared performance with supported nanoparticles.



1. Introduction

Single-atom catalysts (SAC) have been the subject of intense and increasing interest for a
decade [1-11]. They generally differ from so-called “single-site heterogeneous catalysts” or
heterogenized homogeneous catalysts — typically mononuclear metal complexes grafted on
silica — since they avoid or at least minimize the use of labile organic ligands [12—-14]. By
design, metal atoms in SAC coordinate to atoms of solid supports or hosts [2]. Beyond
nanocatalysis, the current fascination for SAC in materials research parallels a significant
advance in the exploration of the subnanometric world. With respect to conventional supported
catalysts, SAC provide both metal cost savings (especially interesting in the case of noble
metals) and potential for novel catalytic properties owing to unique active-site electronic
structure. In particular, SAC provide the potential to cumulate the site-specific selectivity of
homogeneous catalysts and the advantages of heterogeneous catalysts, i.e. their easy handling

and recovery [2].

Since the 1950s, there have been a number of early reports on heterogeneous catalysis by
supported single metal atoms, identified mostly by spectroscopic characterization, e.g. for noble
metals on AbO3 [15-17], MgO [18-20], CeO; [21-23], and ZrO; [24], as well as for early
transition metals anchored on SiO; and other oxides [12]. From the 2011 paper by Zhang and
coworkers [25], the term “single atoms” (SA) has been widely used, especially for late transition
metals, whereas equivalent terms such as “isolated” and “individually dispersed” metal atoms
or species, as well as “single sites” and “mononuclear species”, were previously preferred — and
are sometimes still in use (the term “atomically dispersed” is also frequently employed, but this

may also cover e.g. 2D raft-like or subnanometric 3D clusters [26]).

Though conventional heterogeneous metal-based catalysts often contain SA in addition to
clusters and nanoparticles (NP) [1], it is only recently that atomic dispersion of the metal can

be accurately controlled and assessed, in particular through visualization by aberration-



corrected scanning transmission electron microscopy (aberration-corrected STEM) [27]. The
possibility to “see” individual atoms has stimulated research into synthesis, characterization,
and reactivity of SAC, especially for late transition metal atoms on oxide supports. The
pioneering works on so-identified SAC in the early 2010s were devoted to noble metal atoms
supported on high-surface-area metal oxides, with CO oxidation (in absence or presence of
hydrogen) [25,28] or water-gas shift (WGS) [29,30] as the main test-reactions. Since then, the
scope of SAC has considerably expanded to all domains of heterogeneous catalysis, including
electrocatalysis and photocatalysis, in parallel to the increasing use of non-noble metals and
carbon/nitrogen-containing hosts. Regarding thermal oxidation reactions, noble metals
supported on oxides are still by far the most popular systems among recent studies, but
oxophillic 5B-6B group metals isolated on transition metal oxides, ie. supported

monomeric/isolated oxometallates discovered decades ago [31-33], also have to be mentioned.

This chapter covers total oxidation reactions (including CO oxidation), WGS, and selective
oxidations on most types of SAC, including so-called single-atom alloys (SAA) [34]. Although
some reforming reactions such as methane steam reforming include an oxidation step, they are
not addressed in this chapter, and the reader is referred to the dedicated Chapter 11. While gas-
phase oxidations have been mostly carried out on oxide-supported SAC, liquid-phase
oxidations have often relied on carbon-hosted SAC. In the following, we have chosen to mostly
focus on experimental investigations providing clear evidence of metal site isolation, though in
some cases “pseudo SAC” [35] in the form of loosely packed clusters, rafts, multimers, or other
atomically dispersed metal species (present by choice, lack of control, or through restructuring

[26]) may be considered as well.



2. Oxide-supported single-atom catalysts

In their pioneering article, Zhang and coworkers reported on an investigation of Pt/FeOx SAC
for CO oxidation [25]. Though the current SAC literature is dominated by carbon-based
materials (especially for electrocatalytic applications), most of the works on SAC in the early
2010s and before, used transition metal oxides as the support, and this field is still very active
[36,37]. In addition to recent SAC studies on late transition metals, it has been known for
decades that various selective (mild) oxidation reactions are well catalyzed by oxide-supported
molecular structures consisting of early transition metals coordinated to oxygen atoms, i.e.
oxometallates. At low coverage of active early transition metals, the corresponding solids can

be considered as SAC.

Due to their chemical and mechanical properties, metal oxides are the most widely employed
supports in heterogeneous catalysis. The first role of the oxide support is to efficiently stabilize
metal NP through iono-covalent interactions. The strength of metal-support interaction strongly
depends on the nature of both entities, and typically increases with the metal oxophilicity and
oxide support reducibility, including in the case of SAC [38—41]. Transition metal oxides are
particularly important for oxidation reactions, where they can play an active role owing to their
acid-base properties, the direct involvement of lattice oxygen and oxygen vacancies (O, - Mars-
van Krevelen, MvK, mechanism [42]), and the surface diffusion of reactive intermediates

between active metal species (spillover).

The first and main part of this section is devoted to CO oxidation, as this reaction is by far the
most investigated for SAC, mostly based on noble metal active centers. The subsequent sections
concern SAC applications to preferential CO oxidation (PROX) in the presence of dihydrogen,
WGS, total oxidations, and selective oxidations. A few examples of atomically dispersed metal

active sites in zeolites are also included in this section.



2.1. CO oxidation

Carbon monoxide oxidation (2 CO + O2 — 2 CO») catalyzed by platinum-group metals (PGM)
has been deeply investigated and used as a model catalytic reaction for a century [43]. CO
oxidation has become especially important with the development of automotive catalytic
converters in the 1970s to meet emission control regulations [44]. Nowadays, three-way
catalysts on gasoline-powered vehicles typically consist of Pt, Pd, or Rh NP, and sometimes
SAs, dispersed on a porous oxide for converting CO as well as unburnt hydrocarbons and
nitrogen oxides [44—46]. Because three-way catalysts represent the largest commercial use of
these precious metals, significant research efforts have focused on SAC for exhaust pollution
mitigation, including CO oxidation [47—50]. In the following sections, we highlight results from
the recent literature associated with CO oxidation over late transition metal atoms anchored on

non-reducible (including Al,03) and reducible (including FeOx, TiO2, and CeO:) oxides.

2.1.1. PGM on alumina

As early as in the 1950s, Yang and Garland ascribed CO-FTIR features at 2027 and 2095 cm’!
to Rhsa dicarbonyls adsorbed on alumina and investigated their reaction with Oz, Hz and H>O,
making their 2 wt% Rh/Al,0O3 sample one of the first reported examples of SAC [15]. More
recently, Yates and coworkers confirmed the previous IR assignment for Rh/(CO); on alumina
[51], and could photochemically convert these species, in the presence of Oz, to Rhi(CO)(O)x
species and CO; at sub-ambient temperature [16]. From ab initio molecular dynamics
simulations — based on density functional theory, DFT — applied to CO oxidation on Rh/y-
AlO3(110), Ghosh and Nair proposed a two-step (thermal) reaction scheme where O
dissociates on the Rh atom, CO reacts with chemisorbed O, producing CO; and leaving an O
atom coordinated to Rh and Al atoms [52]. Then, a second CO molecule enters the cycle,

followed by a second O> molecule, leading to Rh(O), and CO,, which terminates the cycle



(Figure 1a, path A). The breaking of the Rh-C bond constitutes the rate-determining step. An
alternative pathway (path B) was also proposed. Notably, the alumina support is continuously

involved in the reaction path, in order to accommodate an O atom also bonded to the Rh atom.
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Figure 1. a) Proposed reaction schemes for CO oxidation on Rhsa/y-Al,O3 based on DFT calculations.

Reproduced with permission from [52], Copyright 2013 Wiley-VCH. b) DRIFTS spectra in the C-O
stretching region for an atomically-dispersed 0.3 wt% Pt/y-Al>Os catalyst under CO-O; mixture (2:2

vol%). Adapted with permission from [53], Copyright 2019 ACS. ¢) Influence of the reactive



atmosphere (O, vs Hz) on Pt nuclearity and atom coordination. From top to bottom: EXAFS, DFT
models, and environmental STEM images. Reproduced with permission from [54], Copyright 2019
RSC. d) Comparison of the CO oxidation activities of single Pt atoms supported on y-Al,Os, ZnO and

Fe,0;. Reproduced with permission from [55], Copyright 2017 ACS.

In contrast, from their experimental and theoretical investigation of CO oxidation over a 0.18
wt% Pt/0-Al,03 SAC, Moses-DeBusk et al. introduced a reaction scheme without direct
involvement of the support [28]. O, then CO, would adsorb on the Ptsa, forming a bidentate Pt
carbonate, followed by the release of a CO, molecule. In a second step, CO adsorbs on Pt(O),
which leads to the production of CO> and the regeneration of the Ptsa. However, the first CO»
formation step — from Pt(CO3) — was found highly endergonic (2.22 eV), suggesting that the
SAC would be covered with carbonates at room temperature. The existence of the Pt(CO3)
species was supported by a diffuse reflectance infrared spectroscopy (DRIFTS) study of CO

adsorption, showing an absorption feature at 1659 cm™.

Newton et al. investigated an industrial 5 wt% Pt/y-Al>O3 catalyst by DRIFTS and X-ray
absorption spectroscopy (XAS) combined with mass spectrometry under alternate CO/O-
pulses [56,57]. The authors suggested that periodic CO> formation at room temperature is
mediated by Pt carbonates (IR feature at ~1690 cm™!) associated to single Pt cations coexisting
with Ptxp. Under CO, CO2 would be released through the Pt(CO3) — Pt(O) + CO; reaction, as
in the work by Moses-DeBusk et al. However, under Oz, Pt(O) would convert to Pt(O), thanks
to the neighboring presence of Ptnp which enable O: dissociation, as well as CO storage. Pt(O)2

is then converted back to Pt(CO3) under the next CO pulse.

Also using DRIFTS of adsorbed CO, Ding et al. investigated catalysts with various Pt SA/NP

ratios and various supports, including HZMS-5 mesoporous zeolite, SiO,, y-Al>O3, Ti0O,, and



ZrO5 [58]. For alumina, IR bands centered at ~2100 cm™ and ~2050 cm™ were assigned to CO
adsorbed on SA and NP, respectively. Upon replacing CO with O, — or H,O for the WGS
reaction — at 100 °C, only the CO/NP band vanished while the CO/SA band remained
unchanged. This indicates that, for both reactions and all oxides, only NP are active at this
temperature, while Ptsa would act as spectator species owing to the strong binding of CO

molecules (carbonates were not mentioned).

The above report, mostly based on IR measurements at low temperature and under model
conditions, seriously questioned the CO oxidation efficiency of oxide-supported noble metal-
based SAC. Using operando DRIFTS and XAS coupled with online mass spectrometry, Dessal
et al. investigated CO oxidation over a 0.3 wt% Pt/y-AlOs (157 m*g) SAC prepared by a
conventional impregnation-calcination method [53]. Both techniques revealed a gradual Pt
aggregation-activation process during heating/cooling cycles. Figure 1b shows a series of
DRIFTS spectra recorded under CO-O, mixture during a temperature cycle, showing the
appearance of a C-O stretching band (~2070 cm™) corresponding to in situ formed nanometric
Pt clusters at 100 °C, which vanishes at higher temperatures due to full CO conversion (as
monitored by mass spectrometry). Comparatively, CO species vibrating at ~2100 cm™!, assigned
to CO on Ptsa, were strongly adsorbed and appeared much less reactive, in agreement with the
work by Ding et al in [58]. Figure 1c shows the respective influences of O, and H» adsorption
on Pt nuclearity, as seen from in situ extended X-ray absorption fine structure (EXAFS),
environmental STEM, and DFT calculations [54]. While Pt-Oags-Al bonds form under pure O
and stabilize the Ptsa in place, the adsorption of H> — just like that of CO, even under excess O>
—induces Pt clustering and reduction. The resulting H-covered subnanometric Pt clusters are
mobile on the surface. Overall, evidence supports the conclusions that alumina-supported
cationic Ptsa are prone to clustering in the presence of reducing gases, and they are less active

for CO oxidation than their Pt cluster or NP counterparts.



While the question of the intrinsic activity of Pt/AlO3; SAC and their operation mechanism is
still open, the influence of the support composition has been analyzed by Lou and Liu [55]. The
authors compared y-Al>O3, ZnO, and Fe>Os3 solids loaded with Pt at ultralow content (0.03-0.04
wt%) deposited by a strong electrostatic adsorption method. The CO oxidation turnover
frequency (TOF) at 140 °C ranges from 0.003 to 0.053 and 0.15 s™! for Pt/y-Al,Os, Pt/Zn0O, and
Pt/Fe,O3 SAC, respectively (Figure 1d). This suggests that the SAC activity increases with the
oxide reducibility, and that the support directly influences the nature of the active sites.
However, as discussed further below, the increasing reactivity of Pt SAC with increasing
support reducibility does not always hold true (e.g. for CeO,) because the support reducibility

also controls how strongly the Pt atom coordinates to the support.

As mentioned above, the stabilization of SAC in general, and of single noble-metal atoms on
irreducible oxides in particular, is a major challenge in SAC research, especially when reducing
molecules such as CO and H are present in the reactant feed [26,59,60]. However, strategies
have been developed to address this issue for Al,Os; supports. For example, Zhang et al.
succeeded in the synthesis of thermally stable 0.2 wt% Pt/Al>O3; SAC by anchoring the Pt atoms
in the internal surface of mesoporous alumina (ca. 200 m*/g) through a one-pot sol-gel method
(self-assembly complexing of HoPtCls, Al isopropoxide and P123 polymer) followed by air
calcination and H» reduction [61]. The SAC was found active not only for CO oxidation but
also for Hz-involving reactions. The Pt cations are thought to coordinate with unsaturated
pentacoordinate A" centers [62] via four O bridges. Another anchoring strategy relies on

dopants such as La** and Ba®* [63,64].

2.1.2. PGM on iron oxide

In 2011, Qiao et al. popularized the concept of SA catalysis through an analysis of platinum

supported on iron oxide (290 m?/g) [25]. Using a coprecipitation method with chloroplatinic



acid as the metal precursor, they prepared a SAC with 0.17 wt% Pt loading. The catalyst was
characterized by STEM, XAS and in situ Fourier transform infrared spectroscopy of adsorbed
CO (CO-FTIR). This work initiated the widespread use of aberration-corrected STEM imaging
to complement traditionally used spectroscopic techniques to reveal or confirm the isolated
nature of supported metal atoms, as well as their oxidation state [27]. The SAC exhibited a ca.
twice superior TOF, both for CO oxidation at 27 °C and PROX at 27 and 80 °C, with respect
to its Pt cluster-containing counterpart, which was prepared from the same method though with
a much higher Pt loading (2.5 wt%). Based on DFT calculations, this result was ascribed to the
cationic nature of Pt atoms, which would reduce both the CO-Pt binding strength and the
reaction barriers. The authors also suggested that Pt atoms occupy the positions of surface Fe
atoms and coordinate to ca. three O atoms. The same group later reported similar investigations
of Ir/FeOx SAC, which were found less active than the Pt/FeOx SAC [65] as well as Ir

subnanometer clusters supported on FeOx [66].

In a recent investigation of Pt supported on amorphous Fe2O3 nanosheets, Chen et al. found an
even larger superiority of the SAC compared to cluster-based catalysts for CO oxidation around
70 °C [67]. This result was ascribed to the positive role of the amorphous support structure on
the presence of Pt-stabilizing defects with decreased CO adsorption energy, and the abundance
of O, prone to activate O2. The scanning tunneling microscopy (STM) study of Parkinson and
coworkers on a Pt.¢/Fe304(001) model catalyst (resulting from the CO-induced partial sintering
of initially single Pt atoms) provides a striking atomic-scale visualization of CO-induced lattice
O extraction at the perimeter of Pt clusters, which often sit at the edge of or inside monolayer
holes in the oxide surface (Figure 2a) [68]. The corresponding formation of gaseous CO> and
O, constitutes the first step of the MvK mechanism. The second step involves the replenishment
of O, from gas-phase O2 (absent in the case of Figure 2a). Islands of O, were observed to

increase in size under exposure of the model catalyst to Hz, which leads to water evolution via



Pt-induced hydrogen spillover and OH group formation (Figure 2b). In contrast, exposure to
O: leads to the filling of O, and the creation of Fe304(001) islands through oxygen spillover

and reaction with bulk Fe atoms (Figure 2c).

;Fe

Figure 2. STM images acquired following exposure of the Pt/Fe;04(001) model catalyst to 1x10"” mbar
of CO (a), Hz (b), or O, (¢) at 277 °C, and illustration of the corresponding surface processes. Adapted

with permission from [68], Copyright 2015 Wiley-VCH.

In a recent study of the model Rh/Fe;04(001) SAC using STM, X-ray photoelectron
spectroscopy (XPS) and temperature-programmed desorption (TPD), the same group identified
an Oz-induced Rh oxidation/clustering process, whereas CO strongly adsorbs and stabilizes Rh
adatom isolation [69]. Under these high-vacuum conditions, while RhOy clusters catalyze CO
oxidation at sub-ambient temperature through the classical Langmuir-Hinshelwood (LH)
mechanism, Rh carbonyls can only catalyze the reaction through the MvK mechanism at higher

temperature.



The existing works on Pt and Rh SAC on FeOx supports are consistent in proposing MvK as
the primary reaction mechanism, although the reactivity of the SAC seems to be controlled by

the nature of the FeOy support (phase and surface structure).

2.1.3. Noble metals on titania

Ti0; has long served as a model oxide that imparts distinct catalytic chemistry onto supported
metal active sites. For example, TiO; is the classic support that enables strong metal-support
interactions with Pt-group metals and one that provides size-dependent reactivity to supported
Au particles [70,71]. TiO2 has similarly served as a model system for understanding the
structure, dynamic behavior, and reactivity of SAC active sites. Particularly, small anatase
crystallites have been demonstrated as supports that allow for the synthesis of atomically
dispersed Pt species with uniform local coordination environments rivaling single-crystal
oxides and zeolite supports. The uniformity of the Pt active sites enables unambiguous
spectroscopic fingerprinting, structural analysis, and the development of structure-function

relationships.

SAC have been synthesized using small (~5 nm diameter) anatase TiO crystallites, low Pt
loadings (<0.1 wt%), and principles of strong electrostatic adsorption. Aberration-corrected
STEM imaging was used to demonstrate the existence of solely Ptsa in these samples (Figure
3a) [72-74]. Probe-molecule CO-FTIR spectroscopy and TPD were used to chemically
characterize the Pt active sites (Figure 3b). It was observed that following 250 °C reduction of
the catalyst in H,, bound CO exhibited a vibrational wavenumber of ~2112 cm™ with a full-

width at half maximum lower than 10 cm™.
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Figure 3. a) Aberration-corrected STEM image of Pt atoms (identified by yellow circles) on ca. 5 nm
diameter anatase TiO; particles. Adapted with permission from [72], Copyright 2017 ACS. b) CO probe-
molecule FTIR spectra of a Pt/TiO, SAC as a function of temperature during a TPD measurement. ¢)
DFT-calculated structure of CO bound to PtO; adsorbed at a TiO»(145) step edge. b and ¢ adapted with
permission from [73], Copyright 2018 Elsevier. d) Schematic showing the structural transformation of
isolated Pt species as a function of environmental conditions. Adapted with permission from [74],
Copyright 2019 Springer Nature. e) DFT-calculated reaction pathway for CO oxidation on a Pd/TiO,
SAC that was supported by spectroscopic and kinetic analyses. Adapted with permission from [75],

Copyright 2018 Elsevier.

This suggested that Pt existed in a +2 oxidation state with a uniform coordination environment
across the support [72,76,77]. TPD measurements showed an approximate CO binding energy
of 0.9 eV (~87 kJ/mol). Detailed comparisons to many different Pt coordination environments
on TiOz (101) and (145) surfaces allowed the identification of adsorbed PtO> species at terrace

or step edges as the most representative coordination environment of the atomically dispersed



Pt active sites (Figure 3c¢) [73]. This assignment was further substantiated through site-resolved
STEM imaging and EXAFS analyses, which showed quantitative and visual correlation
between the DFT-predicted structure and the experimental analysis [74]. Consistency between
the chemical (oxidation state, CO adsorption energy and CO vibrational frequency) and
structural (STEM imaging and EXAFS analysis) analyses from experiments and theory was
only feasible because of the highly uniform Pt local coordination environment on the anatase

Ti0O; support.

While the Pt active-site structure on anatase TiO2 was well resolved after a particular pre-
treatment, it has been further demonstrated that the Pt local coordination environment is
adaptive to variations in temperature, oxidizing or reducing chemical species, and
photochemical stimulation [74,78—82]. For example, it was inferred from a combination of
microscopy, spectroscopy, and theory that Pt prefers to reside in a cation-replaced position in
the TiO2 lattice with 6-fold coordination to oxygen following oxidizing pre-treatment; an
adsorbed PtO; state following mild reducing pre-treatment; and as a mobile PtOH species under
harsher reducing conditions (Figure 3d) [74]. Further analysis under much harsher reducing
environments has shown that the coordination environment of Pt species could involve direct
coordination to H and access unique support coordination environments [80,81]. Finally, it has
been shown that extended exposure to CO oxidation reaction conditions and photochemical
environments can sometimes lead to the formation of Pt clusters [78,79,82]. The adaptive nature
of atomically dispersed Pt on TiO> suggests that the reactivity of these active sites can likely be
tuned by controlling the coordination environment, and also that the active-site structure may
be different following pre-treatment and exposure to reactive environments. Interestingly, it has
also been observed that other atomically dispersed metals, such as Cu and Rh, exhibit similar

dynamic physical and electronic structures as a function of environmental conditions [83,84].



The reactivity of Pt/TiO> SAC have been assessed both from chemical (how strongly species
bind to Pt sites) and catalytic (rates of reactions) perspectives. CO-FTIR and TPD
measurements correlated to DFT calculations showed that CO binds more strongly to ca. 1 nm
diameter metallic or oxidized Pt clusters on TiO», as compared to atomically dispersed Pt sites.
This is particularly interesting because CO bound to Ptsa and small PtOy clusters exhibited
almost identical stretching frequencies (~2110 cm™) but binding energy differences superior to
100 kJ/mol, due to the undercoordination of Pt in partially reduced PtOx clusters. This highlights
an important challenge in using CO-FTIR to characterize Pt SAC, and makes a strong point that

the co-existence of Ptsa and small oxidized Pt clusters on a support can be easily confused.

It has been shown under multiple reaction conditions that Ptsa/TiO- catalysts exhibit higher CO
oxidation activity on per Pt mass and per Pt site bases as compared to small Pt NP; this is
consistent with what has been observed for Pt/FeOx [72,85]. Furthermore, it has been shown
that coordination environments, which resulted in close to neutral atomically dispersed Pt,
exhibited stronger binding to CO and higher CO oxidation activity as compared to coordination
environments where Pt existed in a +2 oxidation state [74]. However, there have also been
reports claiming that Ptxp on TiO2 are actually more reactive than Ptsa on TiOz [79]. The
differences in conclusions regarding the relative activities of atomically dispersed Pt and Ptnp
on TiO; likely point to the critical role of the support structure, Pt precursor (for example
H>PtCls can lead to Cl poisoning of active sites), and Pt coordination environment in controlling

the catalytic performance.

The use of TiO> as a support for atomically dispersed metals is not limited to Pt. Reports of CO
oxidation on Au/TiO; and Pd/TiO> have provided further evidence of high activity from
atomically dispersed metals on TiO; [75,86]. For example, it was reported that Pdsa/TiO>
catalysts exhibit the highest activity for CO oxidation compared to all previous reports on Pd-

based catalysts. It is clear from our review of the literature above that various groups have



measured enhanced CO oxidation activity from atomically dispersed precious metals on TiO»
as compared to NP of the same metal. Reports countering this conclusion also exist, which
highlights the challenge in studying this class of materials. Finally, it has been observed that
the reactivity of atomically dispersed Pt species could be further promoted by localizing Pt at
Ce0»-TiO> interfaces [87]. This observation again points to the critical role that local
coordination plays in dictating the reactivity of atomically dispersed Pt, and suggests that

supports likely participate directly in the CO oxidation reaction.

Mechanistic analysis of CO oxidation over Pt/TiO> and Pd/TiO; through DFT calculations,
kinetic measurements coupled to microkinetic modeling, and spectroscopic analysis have
provided a consistent picture [74,75,85]. Generally, it has been proposed that the reaction
proceeds via an MvK mechanism, with formation of an O, at the Pt(Pd)-TiO: interface,
followed by O adsorption and dissociation, and then CO adsorption and oxidation (Figure 3e).
Consistency in each of the proposed mechanisms is found in the observation of less CO
poisoning on single metal atoms as compared to metal clusters of the same composition. This
derives from the cationic oxidation state and strong support coordination of the metal SA.
However, details regarding rate-determining steps, reaction orders, and apparent barriers are
specific to each case where small differences in support (for example anatase versus rutile, or
defect concentration) and metal (coordination environment, site uniformity) are critical for

dictating reactivity.

2.1.4. Late transition metals on ceria

Cerium oxide (CeOz) has been extensively investigated for many reactions both as a catalyst
and a support [88—91]. The distinct catalytic performances of CeO; derive from unique physical
properties, including high reducibility while remaining in its fluorite structure, easy electron

transfer between Ce*" and Ce*" cations, high mobility of surface oxygen species, and high



oxygen storage capacity [88-90,92,93]. Furthermore, defects such as O, and Ce*" can be
stabilized in nanocrystallites contained in ceria supports, leading to sub-stoichiometric oxides
[94,95]. CeO; also contains at its surface both acid and basic sites in close proximity [89]. In
particular, a high proportion of strong basic sites can be present, leading to easy carbonation,
which can influence the catalytic reaction [96]. The redox properties of ceria have made it an
ideal PGM support for automotive catalytic converters, which is currently the main application
of this material; in particular, Pt, Pd and Rh NP supported on CeO; exhibit excellent CO

oxidation performances [97,98].

M/CeO2 SAC with M = Pt, Rh, Cu, and Au have been prepared by various methods including
classical incipient wetness impregnation [99], atomic layer deposition [100], and gas phase
atom trapping where volatile MOx species adsorb and are stabilized on some support surfaces
[101]. For example, atomically dispersed metals have been shown to be stabilized on certain
facets of CeO» by an a oxidizing treatment at 800 °C [99-102]. In the case of Pdsa/CeO>, high-
temperature atom trapping by calcination at 800 °C increased the amount of O,, resulting in
decreased Pd—O (lattice oxygen from CeQO>) coordination in square planar Pd;O4 [103]. Defect
sites can serve to stabilize noble metal catalysts with atomic dispersion by adsorption of
ascorbic acid to generate Ce®" cations [104], or by doping with Ga>" or Zr** cations [105,106].
Similarly, a CeO2/Al2O3 support containing smaller CeO; particles and more surface defects
led to more atomically dispersed Pt and abundant Pt-O-Ce structures [107]. In fact, the defect-
induced trapping of metal cations such as Au’ or Au** [108], or mobile metal oxide species
such as PtO> [109], have been proposed to lead to the exclusive formation of atomically

dispersed metals.

However, the exact location and coordination of Ptsa, as well as the potential existence of small
oxidized PtOx clusters in samples previously reported as SAC, is still debated. The challenge

with providing conclusive evidence of Pt site isolation on CeO; stems from the heavy mass of



Ce, which minimizes contrast with Pt in STEM imaging, and the fact that XAS is a sample-
averaged technique. Early on it was proposed that Ptsa prefer to sit in 4-fold coordinated
symmetric Pt-O4 CeO; micro-environments, and be rendered inactive for molecular adsorption
by the formation of a highly stable Pt d® structure [110]. However, various experimental reports
have claimed to identify Pt SA on CeO> through CO-FTIR based on a stretching band at 2095

cm’!, which is stable at high temperature [101,109,111,112].

The location of these Pt atoms on CeO> has been claimed to range from {111} ceria steps or
{111}, {110} or {100} ceria facets, to surface or bulk Ce substitutes forming Ce; xPtxO>y solid
solutions (Ref. [113] and references therein). In an attempt to clarify the structure of Pt single
sites determined by DFT calculations, experimental EXAFS data were fitted with theoretical
ones by Maurer et al. [113]. As shown in Figure 4a-l, the fit substantially improves for several
exposed facets, going from adsorbed to surface-substituted Pt species. The agreement is quite
good within the radial distance range 1.1-3.4 A for models with Pt*" substituted at {110} facets,
which corresponds to four-fold hollow sites. Within the best-fit model, adsorbed CO is

predicted to have a stretching frequency of ~2095 cm

, consistent with experimental
measurements. However, it has been noted that using CO vibrational frequency to correlate
DFT-calculated structures and experimental measurements can lead to misassignment, and that
additionally comparing the CO adsorption energy is critical for substantiating a DFT-based
structural assignment [73,114]. Based on this issue and detailed microscopy and spectroscopy
analysis, Resasco ef al. proposed that the 2095 cm! signature found in Pt/CeO; catalysts stems
from the existence of CO adsorbing to a sub-population of small Pt,Oy clusters that are
challenging to detect by STEM or EXAFS [115]. Thus, it seems that there is still a disagreement

in literature on spectroscopic assignments associated with atomically dispersed Pt species on

CeO2, which highlights the interesting and challenging nature of studying SAC.
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2020 Springer Nature.

The catalytic properties of Msa/CeO> catalysts depend on the oxidation state of the metal. For
instance, oxidized Ptsa presented poorer activity than Ptnp, whereas metallic Ptsa showed higher
activity for the oxidation of CO, NO and CHg4, which is consistent with observations for Pt/TiO>

[116]. However, the common assignment of a fixed oxidation state of metal atoms in SAC is
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oversimplified. Daelman et al. identified several well-defined charge states that are dynamically
interconnected by combining DFT calculations and first-principle molecular dynamics on Ptsa
adsorbed on the CeO>(100) surface [117]. A similar analysis was published simultaneously by
Alexopoulos et al. for Pd/Al,O3, which also demonstrated the dynamic charge state of SAC

during CO oxidation [118].

The dynamic behavior suggests that in sifu measurements of SA oxidation states probe the state
of the most abundant species in the catalytic cycle. The study of electron transfer between the
metal and CeO; determined by the relative positions of the Ce 4f levels with respect to those of
the noble metal is crucial to understand the nature of the active site and the associated reaction
mechanism. Pt-O-Ce bond formation is favored by the presence of defects such as O, associated
with Ce*" cations [109,119,120], and their proportion was related to the distortion degree of the
interface. In this regard, Ptsa/CeOs sites were constructed at continuously-twisted surfaces in a
monolith by directly growing porous CeOs single crystals and confining Pt in the lattice [121].
It was shown that these sites not only contribute to the chemisorption of CO but also effectively
activate the lattice oxygen linked to Pt ions for CO oxidation. In fact, the distortion of Pt-O-Ce
bonds, which is energetically favorable through strong metal-support interaction, balances the
Fermi energy and the charge density between the Pt species and the CeO; support, leading to
variations in the valence state and the electronic structure of Ptsa/CeO> [120]. Note that a
correlation between the strength of the Pt-oxide/oxide-support interaction and the electron
density of oxygen in oxide supports was reported [122]. The latter, as determined from the
binding energy of the O 1s electron, was found maximal for CeZrY mixed oxide and CeO., and

minimal for Al,O3 and SiO:».

Furthermore, the local coordination environment of SA determines their catalytic activity. For
example, a hydrothermal treatment was suggested by Nie et al. to create a new type of thermally

stable OticeH active site in the vicinity of Pt**, leading to enhanced catalytic activity for CO
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oxidation [111]. Besides, the addition of phosphorus (an electron acceptor) into CeO, was
reported by Ma et al. to considerably decrease the electron density of Pt atoms [123]. Their
higher valence state gave rise to an activity enhancement by up to 10 times in the hydrogenation
of styrene, cyclohexene, phenylacetylene, and nitrobenzene. It was also shown that phosphorus
favors reactant adsorption strength and hydrogen spillover, both playing an important role in

this enhancement.

The catalytic performances of SAC depend on the considered reaction, and this is particularly
true when they are supported on CeOx. For instance, Ausa/CeO2 was found much more active
for CO oxidation than its NP counterpart, but showed poor activity for H> oxidation [124]. This
unique feature would be beneficial to the PROX of CO in H»-rich gas stream (Section 2.2). CO
oxidation on Ptsa/CeO2 [125] and Rhsa/CeO> [126] was found to follow the MvK mechanism:
adsorbed CO molecules react with O species to form CO; and O,, which are then replenished
by adsorption of Oz. On the Rh/CeO2 SAC, the measured CO and O: reaction orders were 0.2
and -0.03, respectively, i.e. totally different from those obtained for the nanocatalyst counterpart
(-1 and 1, respectively) that favors an LH mechanism [126]. CO oxidation on Pt/CeO> [112]
and Au/CeO; [127] SAC is promoted by the presence of H>O. For Ptsa/CeO., CO was proposed
to easily react with the hydroxyl from dissociated water to yield a carboxyl intermediate, which
subsequently dehydrogenates with the help of a lattice hydroxyl to generate CO, and water
(water-mediated mechanism) [112]. For Ausa/CeO», the promoting effect was attributed to the
local atomic and electronic structure of SAC, that facilitates an efficient reaction channel of CO
with OH [127]. CO oxidation on NP periphery sites would be much less promoted by the

presence of H2O.

Controversies on the intrinsic activity of Msa/CeQO> catalysts can be found in the literature
[110,111,113,128-131]. Beyond discrepancies due to the preparation method and reaction

conditions, the use of in situ techniques is crucial to compare the performances of SAC with
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those of cluster or NP catalysts [26,113,132]. It is especially true considering the dynamic
structural behavior of metal/ceria catalysts, showing e.g. the formation of clusters or NP from
SA under reducing conditions and redispersion under oxidizing conditions (Figure 4m), even
at low temperature (< 300 °C) [133—135]. Recently, the onset of CO oxidation was found
connected to the migration of Ptsa from four-fold hollow sites of ceria, forming few-atom
clusters [113]. This suggests that the latter are the active sites or that the dynamics of Ptsa/CeO-

contributes to CO oxidation.

2.1.5. Other catalysts

A number of other oxides have been employed as SA supports. In 2001, Abbet and coworkers
reported an investigation of Pd atoms anchored to MgO(100) surface O, (F-centers) using
temperature-programmed reaction of O, with preadsorbed CO at -183 °C, IR spectroscopy, and
DFT calculations [20]. Low-temperature (-13 °C) and high-temperature (227 °C) reaction
routes were identified, with Pd(CO),0, and PdCO3CO found as precursors, respectively.
However, the process leads to the filling of the O,, and consequently to the migration and
clustering of CO-carrying Pd atoms, as observed for Pt/Al,O3 [53]. Recently, Sarma et al.
systematically investigated CO oxidation over M/MgO SAC (M = Ru, Rh, Pd, Ir, Pt) using
XAS, FTIR, and DFT [136]. The metal cations were shown to occupy octahedral positions of
the MgO lattice under step edges. O>-lean CO+O> conditions lead to the partial deconfinement
of the metal atoms and the formation of bidentate metal carbonate species, which would
constitute the reactive intermediates. Also similar to the results obtained for alumina, the
involvement of the (irreducible) MgO support was found limited, and the SAC activities were
found lower than those of the supported cluster counterparts. Though Pt leads to the lowest
apparent activation energy, the latter was found in the range of 96 + 19 kJ/mol for the whole

set of metals (see also Section 2.1.6 below).
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Copper oxides have been used as SA supports in several studies. Though Zhou et al. detected
no CO oxidation activity for SA in a model Pt/CuO/Cu(110) catalyst due to the weakness of
CO adsorption [137], Therrien et al. reported that the reaction proceeds at low temperatures on
a Pt/Cu0O/Cu(111) SAC [138]. In the latter case, from STM, TPD, IR, XPS, and DFT, the
reaction was shown to involve lattice O atoms and neighboring charge-neutral Ptsa through a
MvK mechanism. CO oxidation was also shown to proceed through this mechanism over a
model Au/CuO/Cu(110) SAC, in which Ausa are negatively charged [139]. In a recent study
by Wang et al., Fe1O3 motifs were grown on a CuxO(100) single crystal by atomic layer
deposition and characterized by near-ambient-pressure XPS, STM, and DFT [140]. The densely
distributed but isolated Fe centers, with an oxidation state close to +3, were found active for
CO oxidation at 200 °C. Whether Pt or Fe, the single metal atoms were shown to diffuse into
the Cu2O subsurface under reaction conditions, leading to deactivation of the model catalyst
[138,140]. As pointed out by Kropp et al. from DFT calculations in the cases of Pt and Pd SAC
supported on MeO(001) (Me = Fe, Mg, Mn, Ni), catalyst deactivation may also be caused by
metal sintering due to the Oz-induced healing of the O, that stabilize the single metal atoms (in

a negatively charged state) [141].

Various other oxides, accompanied with specific synthesis strategies, have been employed as
supports for CO oxidation-active SAC, e.g. Ir on MgA1>Oy4 spinel [142], Au [143] and Pd [144]
on cobalt oxides, Pd on (CeZrHfTiLa)Ox high-entropy fluorite oxides [145], and Pt on
Cri3Feo.703[146]. These studies point out the importance of surface O, and/or structural defects
such as steps for the SAC stabilization. Remarkably, a 0.067 wt% Ausa/Co304 catalyst
exhibited a high activity (TOF = 3.1 s!) at -75 °C, which was ascribed from DFT calculations
and isotopic experiments to a predominant LH pathway over an active site composed of a Ausa

and neighboring Co and O/Oyac species [143].
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Using FTIR, operando XAS, kinetic measurements, and DFT calculations to investigate a
model Ir/MgAlbO4 SAC with an ultralow metal loading (0.0025 wt%), Lu ef al. have proposed
an original CO oxidation mechanism involving Ir(CO) species as the active supported complex
and Ir(CO)(O) as the most stable intermediate [142]. The latter would be the SAC resting state
involved in the rate-determining step following an Eley-Rideal mechanism: Ir(CO)(O) + CO
— Ir(CO) + CO,. Thus, CO would act as a ligand rather than a poison to (cationic) Ir atoms.
Notably, the SAC exhibited reaction orders toward CO and O different from those of supported
Irnp, corresponding to different reaction mechanisms. This makes possible the quantification of

surface site fractions in catalysts containing both SA and NP [147].

2.1.6. Discussion

A few ideas emerge from the above review of the literature: controversies regarding the
characterization, local coordination environment, reactivity, and catalytic mechanisms of
oxide-supported late-transition-metal atoms in CO oxidation catalysts are prevalent in

literature.

The first issue is the characterization of SAC with the aims of substantiating the complete
dispersion of metals as site-isolated atoms (ions) and identifying the primary local coordination
of the metal species. Aberration-corrected STEM imaging executed through a combination of
large-area and local measurements can effectively demonstrate the primary existence of
atomically dispersed metals. However, this becomes challenging when the support oxide
contains cations that have similar or high atomic number as compared to the metal atoms (e.g.
Pt and Ce, or Rh and Ce). In these cases, additional characterization is required to assess the
primary metal structure. The most common tools are XAS and CO-FTIR. Again, results from
these characterization techniques can be challenging to interpret. For example, single cationic

Pt atoms on an oxide support can show similar XAS and CO-FTIR spectra as compared to small
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non-uniform PtOy clusters on the same support [72,115]. Thus, it has become apparent that
chemical probes — for example reducibility, measurements of the adsorption energy of a probe
molecule, or reactivity of a probe reaction such as simple hydrogenation chemistry — may be
best suited to analyze the relative dispersion of metals across a sample [73,115,148]. Once the
latter is assessed, the uniformity of the local coordination environment should then be

considered prior to assigning a dominant local coordination environment [76].

While apparent discrepancies exist in the characterization of SAC, a few common themes have
emerged. First, for reducible supports, single late-transition-metal atoms tend to adopt cation-
replaced position in the oxide lattice following oxidative treatments [25,74,83,84,110,117].
Exposure to reducing environments results in reduction of the oxidation state of the metal atom
(ion) and likely a reduction in the M-O coordination number. Finally, harsher reduction results
in the production of mobile atomically dispersed species in close to neutral states, which serve
as the precursors for cluster formation. Non-reducible oxide supports such as Al,O3 [53,54] and
MgO [136], which have softer interaction with metal atoms as compared to reducible oxides,

maximize reduction and clustering phenomena in the presence of CO or Ha.

The second common theme, in the case of reducible oxide supports, is that Pt SAC tend to
exhibit lower CO adsorption energies as compared to metallic Pt clusters. This stems from the
cationic oxidation state of Pt in SAC, and the strong coordination to the support. A result of the
decreased CO binding energy on Pt SAC is the reduced CO coverage on the Pt active site during

CO oxidation [72].

Finally, as previously mentioned, two main types of CO oxidation pathways have been
proposed on oxide-supported SAC, the MvK and the LH mechanisms [44,48]. The former is
favored on reducible oxides, while the latter necessarily involves carbonate-like species, as
illustrated in Figure 5a. According to the recent literature analysis by Beniya and Higashi of

CO oxidation over PGM and Au catalysts supported on various oxides, Pt SAC are overall more
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efficient than Pt cluster catalysts above ca. 100 °C, while supported Aunp are superiors to SAC
at low temperature [44]. However, as previously discussed in the chapter, this issue is still
strongly debated, especially for the Pt/CeO, and Pt/Al,O3 systems in relation to their actual
active site, owing to the dynamic evolution of the Pt atom nuclearity and oxidation state under

reaction conditions.

Few experimental attempts have been made to compare the effect of the metal or the support
identity on the SAC performance. Comparing PGM atomically dispersed on MgO for CO
oxidation, Sarma et al. recently reported that Ru, Pd, and Pt are more active than Rh and Ir, and
that metallic clusters are overall more active than the single cations (Figure 5b) [136].
Computational studies can help in the design of SAC and rationalize their modus operandi. Still
in the case of the MgO support, using DFT calculations and microkinetic modeling, Xu et al.
predicted from Brensted—Evans—Polanyi relationships that Ag and Cu SAC should perform
better than Ni, Pd, and Pt SAC for CO oxidation (Figure 5c¢) [149]. The LH mechanism was
found to be more favorable than the MvK and Eley-Rideal pathways. Such an example can

motivate future research toward the design of SAC based on non-conventional metals.
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Figure 5. a) Typical reaction pathways of Pt SAC via the MvK or the LH mechanism. Adapted with
permission from [48], Copyright 2020 Wiley-VCH. b) Evolution of CO conversion with the reaction
temperature for M/MgO SAC (0.1 M, nm™ metal content, 1 bar, CO:0,=1:20 vol%). Adapted with
permission from [136], Copyright 2020 ACS. ¢) Contour plot of the Sabatier activity with respect to the
CO and O, adsorption energies on different SAC under typical experimental conditions for low-

temperature CO oxidation (7= 0 °C, Po> = 0.21 bar, Pco = 0.01 bar). (Fs) represents M/Fs-defect MgO.

Reproduced with permission from [149], Copyright 2017 RSC.
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2.2. Preferential CO oxidation in hydrogen (PROX)

Preferential CO oxidation is useful for removal of CO impurities present in hydrogen produced
from hydrocarbon reforming. Such a pure hydrogen is then able to feed proton-exchange-
membrane fuel cells [97]. Like for conventional CO oxidation, noble metals (especially Pt and
Au) supported on reducible oxides are the most efficient catalysts for this reaction, i.e. they
exhibit high activity and selectivity at low temperature (< 100 °C). The extension of this
knowledge to SAC is challenging owing to the highly reducing hydrogen-rich atmosphere,
potentially favoring metal atom clustering [54]. This may explain the scarcity of studies related

to PROX on SAC.

Zhang and coworkers reported the PROX performances (reactant mixture CO:02:Hz = 1:1:40
vol%) of Pt and Ir SA supported on iron oxide. The Irsa/FeOx catalyst was found much less
efficient than both the Pt/FeOx SAC [65] (consistently with nanocatalysts [97]) and an Ir/FeOx
catalyst based on subnanometric Ir clusters [66]. In contrast, the Ptsa/FeOx catalyst was reported
to be more active than its cluster-based counterpart [25]. The same group also investigated the
PROX reaction over 0.05 wt% and 0.3 wt% Ausa/CeOx prepared by a simple adsorption method
[150]. The catalyst was found to be stable, highly active and fully selective at 70-120 °C. The
high performance at relatively high temperature was ascribed to inhibited H> dissociation on
SAC, which would disfavor the unselective route. Gan et al. recently reported a dry ball milling
method able to produce, from acetate precursors, kilogram-scale 0.1 wt% Ausa/CeO; for PROX

[151].

Notably, several types of highly dispersed catalysts containing hydroxide species were reported
to exhibit excellent PROX performances. Zhang and coworkers prepared subnanometric-cluster
Ir/Fe(OH)x [152] and Rh/Fe(OH)x [153] catalysts by a co-precipitation method, with high CO
conversion efficiency near room temperature and tolerance to CO2 and H>O poisoning. L. Cao

et al. adopted a reverse strategy by selectively and atomically dispersing Fe(OH)x species at the
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surface of silica-supported Ptnp through atomic layer deposition [154]. The catalyst achieved
complete and 100% selective CO removal from -73 to 107 °C. From XAS, XPS, and DFT
investigations, the PROX mechanism was suggested to involve Pt-Fe1(OH); interfacial sites,
with COOH (resulting from CO+Fe;(OH); reaction) dehydrogenation to CO; as the rate-
determining step. Note that this catalyst may also be seen as an SAA (Section 3.2) with dilute
Fe atoms deposited onto Ptnp. So do oxide-supported Pt-Fe nanoalloy catalysts prepared by

Zhang et al., who also measured high PROX performance for this bimetallic system [155].

Even more recently, S. Cao et al. reported the preparation of a Pt SAC by incipient wetness
impregnation of silica or alumina with an aqueous solution containing H2Pt(OH)s as well as
KOH or CsOH [156]. The alkali ions were assumed to stabilize Pt-O(OH)x species at the support
surface, with good PROX performance around 100 °C. Here again, similar to what was
previously proposed for supported gold nanocatalysts [157], surface hydroxyl groups
(regenerated by O>+Ho> reaction) are believed to play a prominent role as they open a faster CO
oxidation pathway in the presence of H>. This can be put in relation to the strong promoting
effect of water reported for CO oxidation over a Pt/Cr; 3Feo 703 SAC [146] and ceria-supported
SAC (Section 2.1.4). However, in these cases, the relevant reaction to be considered may be

WGS.

2.3. Water-gas shift reaction (WGSR)

The WGSR (CO + H20 <> CO: + Hy) is an important industrial process to produce CO-free
hydrogen or to adjust the Ho/CO ratio required for Fischer-Tropsch and methanol synthesis
[158-161]. The WGSR is thermodynamically more favorable at lower temperatures (AH29s x =
-41.2 kJ mol ) and kinetically favored at high temperatures. Therefore, the reaction is

industrially performed in several stages with different catalysts: the high-temperature shift
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reaction is performed at 350—450 °C on iron-oxide-based catalysts, while the low temperature
shift reaction is performed at 190—250 °C on copper-zinc-oxide-based catalysts. In the past two
decades, noble-metal-based catalysts have been widely investigated for the WGSR due to their

high stability and activity, and among them SAC have aroused great attention.

In 2003, the Flytzani-Stephanopoulos group reported the catalytic role of Au and Pt cations in
WGSR [21]. Interestingly, the authors used a sodium cyanide leaching method to remove
metallic NP contained in conventional Au/CeO> and Pt/CeO> catalysts. They found that their
activity was almost unchanged, and concluded that only isolated metal cations or clusters
strongly bonded to the support are the active sites. This has been debated since the activity of
such catalysts could be modified by the presence of sodium cyanide (formation of
Na[Au(CN)2]), and Au/CeO; catalysts prepared by this method were less active than
commercial Cu/ZnO/Al;O3, contrarily to other catalysts prepared by the deposition-
precipitation method [162—165]. Furthermore, a precise comparison of the activity of the SA

and NP active sites is not obvious.

The same group later showed that the introduction of alkali ions (sodium or potassium) can
stabilize, at appreciable loading (ca. 1 wt%), atomically dispersed Pt/ Au-Ox(OH)-S sites (where
S is the oxide support), which are able to catalyze the WGSR at low temperature (<250 °C)
[166—170]. Alkali cations were reported by Ammal and Heyden to behave similarly as reducible
oxide supports by supplying OH species for the WGSR and activating H>O molecules [171]. In
a study by the Stair group, high-angle annular dark field (HAADF) STEM images confirmed
the higher dispersion of Pt in Pt-Na/SiO; as compared to Pt/SiO,. However, CO-FTIR data
revealed that the promotional effect of Na” in the WGSR mainly originates from an alteration
of the properties of Ptnp, not Ptsa [172].

Ausa and Ptsa supported on CeO; as well as TiO2, SiO2, FeOx, MnOy and inert KLTL zeolites,

were later proposed by several groups to be the active sites in the WGSR [173,174]. As shown
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in Figure 6, the TOF are similar on different supports, and only specific to the nature of the
metal cation of the active site, i.e. Au(l) (45 = 5 kJ/mol) or Pt(II) (70 = 10 kJ/mol) [175].
However, by using CO-FTIR spectroscopy to distinguish Ptsa from Ptnp, the Stair group
concluded that Ptsa in Pt/H-ZSMS5 and Pt/Si10; catalysts behave as spectators for the WGSR,

unlike Ptxp [172]. Their low catalytic activity was attributed to the strong binding of CO

molecules.
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Figure 6. a) TOF of the WGSR on Na-containing Pt catalysts on various supports in a simulated
reformate-gas mixture (CO:H>O:CO2:H, = 11:26:7:26 vol%); b) TOF plot for the WGSR over
atomically dispersed gold catalysts in the same mixture. Adapted with permission from [175], Copyright

2017 Elsevier.

The role of support nanostructuring was also investigated. Ceria nanorods exhibiting {110} and
{100} crystal surfaces stabilize gold as single atoms and clusters (<1 nm), while Aunp (~3 nm)
were present on the {100} facets of ceria nanocubes. The activities of Au/CeO> nanorods were
found at least one order of magnitude higher for the WGSR and steam reforming of methanol
at low temperatures [176]. Furthermore, hollow mesoporous CeO microspheres with a high

surface area and a mesoporous structure were shown to stabilize single Au atoms catalyzing the
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WGSR with higher performances than those obtained using ceria synthesized through co-
precipitation and sol-gel methods [177].

High WGSR performances were also reported for SAC containing other elements than Au or
Pt. For instance, the catalytic activity of a 0.37 wt% Rhsa/Ti10; catalyst was around four times
higher than that of a Rh/TiO> nanocatalyst, without any methanation at 300 °C, even under
CO»- and Hz-rich WGSR stream. The suppression of methanation was attributed to the absence
of H» dissociative adsorption on Rhsa/Ti02 [178]. The activities of Ir/FeOx [179] and Pd/FeOx
[180] SAC were one order of magnitude higher than those of their cluster or NP counterparts.
This better performance was ascribed to the enhanced reducibility of the FeOx support, and the
generation of O, that promote the dissociation of H>O to form H; and atomic oxygen.
Environmental STEM in controlled WGS atmospheres revealed the formation of clusters of
only a few gold atoms resulting from SA dynamics, and the catalytic effect of low-coordination
surface sites [181]. Conversely, Pd can be predominantly dispersed as isolated atoms onto TiO>
during the reverse-WGSR at 400 °C. The thermodynamic stability of Pd was associated with
Pd-Ti coordination (as evidenced by EXAFS), which manifests upon O, formation [182].

A major difference in reaction mechanisms between SA and NP was highlighted for Pt/FeOx
catalysts [183]: on Ptnp, CO is strongly adsorbed and reacts with OH groups, leading to
formates, which then decompose to simultaneously produce CO; and H>. On Ptsa, adsorbed O
species formed by dissociation of H>O on O, of FeOx combine with weakly adsorbed CO to
produce CO». The activation energy of this process is only 33 kJ/mol, vs 61 kJ/mol for
Ptnp/FeOx catalysts. A similar redox mechanism was reported for Pdsa/FeOx, with also a low
activation energy of ca. 30 kJ/mol [180]. A specific redox mechanism, involving electron
transfer from Fe**-O- - Ir?*-Oyae to Fe?"-Oyqer - Ir**-O (dual metal active site), was proposed for
Irsa/FeOx from a theoretical and experimental study: H>O dissociates to OH on Irsa, and to H

on the first-neighbor O atom bonded with an Fe site [184]. CO adsorbed on Irsa reacts with
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another adjacent O species to produce CO», yielding an O,. H> is then formed by migration of

H from adsorbed OH toward Irsa, and its subsequent reaction with another H.

2.4. Total oxidation of hydrocarbons

Catalytic reactions consisting of hydrocarbon total oxidation are useful in a range of energy
generation devices such as gas turbines and heating systems, and environmental applications
such as the purification of indoor air, outdoor air, and vehicle exhaust. In 1999, Iwasawa and
coworkers reported an EXAFS investigation of atomically dispersed Pt and PtMos species on
MgO prepared by impregnation-calcination, forming a spinel-like distorted structure [18].
These catalysts were found to be as active as MgO-supported metallic Pt particles for propane
combustion. Single Pt ions could be converted into Pts clusters upon a propane reducing
treatment, and regenerated back upon O> calcination at 450 °C. Recently, Wang et al. showed
that a Pt/La-Al,O3 SAC was active for the propene combustion [63]. The authors found that the
Pt atoms remained isolated if, and only if, oxidic Ba species were additionally introduced in the
preparation. A number of SAC studies have also been devoted to methane oxidation. Tang et
al. prepared Pt-doped CeO; catalysts by several methods and found that the rate of methane
partial oxidation with CO; (to CO) and total oxidation with Oz (to CO,) increases with the
fraction of ionic Pt sites [23]. From DFT calculations, it was suggested that the dissociative
adsorption of methane is the rate-determining step, which is favored at the surface in the vicinity
of Pt dopants, where O atoms are more labile. In contrast to these results, Jeong et al. recently
found that highly oxidized Pt SAC are less active for methane oxidation as well as CO and NO
oxidation than Ptnp catalysts, which are themselves less active than metallic Pt SAC [116]. The
Pt oxidation state, which would be barely changed upon the reactions, could be controlled by
using as support defective ceria islands at an alumina surface, and by varying the catalyst

prereduction temperature. Yan et al. reported an original strategy to synthesize a thermally
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stable Ptsa/Mn20Os catalyst for methane combustion [185]. Platinum was preloaded as SA on
Mn304 through a redox precipitation method, and the resulting SAC precursor was calcined in
humid air (3 vol% H0) at 800 °C for five days. This led to the strong anchoring of single Pt*"
atoms onto the reconstructed Mn>Os3 phase, which was further optimized by H>O» etching of
the oxide surface. Besides Pt-based SAC, Pd atomically dispersed on oxides was also found
efficient for methane and toluene combustion [75,186]. Overall, it is often pointed out that the
supports play a role as important as that of the metal atoms [75], which in some cases only have

a promoting effect on the inherent oxidation activity of the oxides [185].

Manganese oxide was also used as a SAC support by Tang and coworkers in the form of
microporous hollandite Mn oxide (HMO) nanorods. Silver atoms could be anchored at the pore
openings of HMO(001) facets, and the resulting catalyst was active for the combustion of
volatile organic compounds such as formaldehyde [187] and benzene [188]. Surprisingly, the
replacement of Ag with Na located at similar sites of HMO led to enhanced formaldehyde
abatement performance, which was ascribed to an increased electron density of neighboring
surface lattice oxygen atoms with respect to AgZ/HMO [189]. Hence, the role of the alkali metal
could be more than that of a promoter, as it was previously believed from the high performance
of an atomically dispersed Na-promoted Pt/TiO> catalyst for the total oxidation of formaldehyde
[190]. Potassium-loaded hollandite-type MnO> and TiO: structures were also found efficient
for diesel soot oxidation [191]. Still with Mn oxide, Zhang et al. prepared a SAC consisting of
Ptsa on defective MnO: nanosheets through a one-pot hydrothermal method for low-
temperature toluene oxidation [192]. Original strategies were also employed for the preparation
of SAC for the oxidative removal of benzene, whether on Pd/CuO/y-Al>O3 prepared by galvanic
replacement [193] or on Pt-loaded ordered mesoporous FeoO3 [194]. For the latter, the authors

found enhanced activity and stability with respect to supported NP. The superiority of Ptsa was
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also reported for the total oxidation of methanol over Pt/Co3O4 [195] and of butanone on

Pt/WO;3[196].

2.5. Selective oxidation reactions

2.5.1. Early transition metals on oxides

Site isolation, which corresponds to the spatial separation of active sites at the surface of
heterogeneous catalysts, is a key parameter in selective oxidation (SELOX) reactions to avoid
deep oxidation (formation of COx) and obtain high selectivity to partial oxidation products
[197-199]. This concept was formulated in the early 1950s by Grasselli, and was defined as
one of the seven pillars in SELOX [198]. Since then, it has been widely applied both to bulk

oxides and supported early transition metals such as V, Mo, Ti, and Cr.

Various methods, such as impregnation at low metal loading, co-condensation [200],
thermolytic molecular precursor method [201-204], cation immobilization by amino groups
[205], and flame pyrolysis [206], have been developed to isolate supported active sites, also
called monomeric sites. This has led to high selectivities in various reactions such as oxidative
dehydrogenation of methanol [201], epoxidation of cyclohexene [202,207], hydroxylation of
benzene [206], and photo-assisted epoxidation of styrene [208]. In particular, VOL/SiO2
catalysts were applied to challenging reactions such as (photo)catalytic oxidation of methane to
methanol and formaldehyde [200,204,209,210] and oxidative dehydrogenation of propane

[206,211-213], during which COx species are very easily produced.

The molecular structure of these isolated sites was characterized by vibrational spectroscopies
(especially Raman for iono-covalent oxides) [200,202,204,205,214,215], UV-Vis spectroscopy

[202-205,208,210,211,216,217], electron spin resonance spectroscopy [200,205,211,216], and
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EXAFS [201,206]. The need for in situ techniques quickly became evident since the structure
of supported oxometallates strongly depends on their environment. For instance,
polyoxometalates supported on silica, which are stable in hydrated conditions (e.g. in ambient
air), decompose upon dehydration at elevated temperature, leading to isolated species
[214,218]. The role of bridging bonding with the support and of the support itself was also
investigated. Khaliullin et al. reported that the TOF of methanol oxidation to formaldehyde is
more than 100 times greater for VOx/Ti02 and VO/ZrO,, than for VOx/Si02[219]. The authors
proposed that formaldehyde formation from methoxy groups may require pairs of adjacent VO4
groups or V205 dimers. For propane oxidative dehydrogenation to propylene, the TOF of
VOx/ZrO; catalysts was found almost independent on the surface vanadia coverage (i.e. similar
for monomeric and polymeric vanadia species) [220]. This suggests that the reaction requires
only one surface VO4 group. However, the propylene selectivity increases with increasing
surface vanadia loading, which was explained by the removal of unselective Zr—OH groups
upon vanadia deposition. Finally, the role of support defects was underlined. For example,
Launay et al. proposed that hydrolyzed D2 defects in SiO> would act as preferential anchoring
sites for monomeric hydroxylated species, which are the most efficient ones for the SELOX of

methane [214,215].
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Figure 7. TEM (a), HRTEM (b) and HAADF-STEM (¢,d) images of a WO,/ZrO, sample. Black circles
indicate the presence of single W atoms corresponding to surface mono-tungstate species. Black squares
indicate surface poly-tungstate species with several W atoms linked by oxygen bridging bonds. White
circles indicate WOy clusters with diameters of ~0.8—1.0 nm. Reproduced with permission from [221],

Copyright 2009 Springer Nature.

Progress in electron microscopy has allowed the direct visualization of monomeric and
polymeric species [221-224], as illustrated in Figure 7 by HAADF-STEM images of
WO,/ZrO», which is a solid well known for its acidic properties, but is also efficient for some
SELOX reactions [225,226]. It has also led to a change of terminology in the community
working on selective oxidation. For instance, one can find the term “single Cr atoms” in the

recent literature [227].
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2.5.2. Late transition metals on oxides

SAC such as Pdsa/silicate [228] and Rhsa on ZrO2 [229], TiO; [230], ZSM-5 zeolite [230], or
CeO2 [231], were shown to be efficient for the SELOX of methane in aqueous solution using
either H2O; or O as oxidant. For Rhsa/ZrO,, DFT calculations indicate that four-coordinated
Rh atoms stabilize CHj3; species by suppressing further dehydrogenation, unlike five-
coordinated Rh atoms [229,232]. Rhsa also facilitate the activation of H>O> and the formation
of the CH3OOH intermediate. The spontaneous dissociative adsorption of H>O> on Rhsa/ZrO»
was reported to form an O;Rh active site and to hydrogenate the surrounding ZrO» surface
[233]. After the adsorption of CHs on O;Rh/ZrO;-2H, the C—H bond is activated by H
abstraction with a barrier of 1.23 eV, leading to a methyl radical and the hydrogenated HOO-
Rh species. Adsorbed CHj3 can further react with HOO-Rh to produce CH30OH with a barrier of
0.30 eV. After desorption of CH30H, a second methane molecule can be adsorbed on the
ORh/ZrO,-2H site, which is easily activated (barrier of 0.60 eV) to form CH3. The second
CH30H molecule is then produced with a barrier of 0.39 eV. In the case of Rhsa/ZSM-5, the
oxidative addition pathway for the activation of methane occurs at coordinately unsaturated Rh
atoms, with a very low barrier of 0.07 eV for Rh(CO) [234]. The rate-determining step
corresponds to the formation of a C—OH bond, which is promoted by CO coordinated to Rh.
Finally, water was shown to prevent poisoning by CO, and to protonate an intermediate RhOOH

species.

As compared to their NP counterparts, several SAC exhibited a higher activity for the SELOX
of alcohols with molecular oxygen, which was ascribed to their maximal number of interfacial
sites [235]. Their higher selectivity was explained by the activation of lattice oxygen at the
interface. Similarly, Ausa/SiO; catalysts prepared by cyanide leaching were found to be very
active for the solvent-free aerobic oxidation of benzyl alcohol to benzaldehyde [236]. Their

activities were measured to be identical to those of the unleached catalysts, and TON values
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higher than 4x10° h'! were obtained based on the Au content. 100% selectivity below 180 °C
and high stability for ten hours was reported for methanol dehydrogenation to produce methyl
formate and H, on Na'- stabilized Ausa/TiO, prepared by incipient wetness impregnation of
Ausa-Ox-Nag-(OH)y solutions [237]. Pd/S10, and Cu/SiO; catalysts containing metal NP are
unselective and inactive, respectively, for this reaction. Interestingly, 92% selectivity to methyl
formate at 65% conversion and high stability for ten hours were obtained with a Pdo.01Cu/Si0>
SAA catalyst (Section 3.2) prepared by adding a small amount of Pd onto Cu NP [238§].
Pdsa/Al,O3 exhibited quite high performance in the aerobic SELOX of cinnamyl and crotyl
alcohols under mild conditions [17], though with a lower selectivity to the o,B-unsaturated
carbonyl compound (~90%) than state-of-the-art supported Au catalysts [239]. In the case of
SELOX of cinnamyl alcohol, the TOF of Pd! isolated sites is 4400 h™! at 60 °C, against 538 h™"
at 120 °C for Au/CeO; catalysts. For the SELOX of crotyl alcohol, the TOF is one order of
magnitude higher than that of surface PdOx species, while a high selectivity is retained [17]. In
another study, a Pdsa/Al,O; catalyst showed higher activity and selectivity as compared to Pdnp
for the oxidation of cinnamyl alcohol [240]. This work also highlighted the key role of
coordinately unsaturated Al** sites in trapping Pd atoms and tuning their electronic properties.
It was also concluded that oxygen species formed by the interaction of O2 with Pdsa/Al2O3
oxidize the partially dehydrogenated intermediates to cinnamaldehyde. Pdsa/TiO2 was reported
to catalyze the epoxidation of light olefins (except ethylene) in the presence of O2 and H» at
room temperature [241]. However, one can note that the yields were quite low (e.g. 1-2% for
propene to propylene oxide). 91% conversion of 5-hydroxymethylfurfural and 81% selectivity
to 2,5-diformylfuran for 2 h at 110 °C were obtained with a Rusa/NiO catalyst prepared by a
ball-milling method [242]. Finally, Rhsa/ZSM-5 was found efficient to convert CHs to acetic
acid and methanol through coupling of CH4, CO and O> in solution below 150 °C [243].

Computational studies suggested that CH4 is activated by Rhi;Os anchored on the wall of
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micropores of the ZSM-5 zeolite. The resulting CH3 then couples with CO and OH to produce

acetic acid with a low activation barrier.

3. Single-atom catalysts supported on carbon and other materials

SAC supports are not limited to oxides and zeolites, and support materials such as metal-organic
frameworks [244,245] or sulfides [246] have been investigated for selective oxidation. Here we

briefly report on two important catalyst types, namely carbon-based SAC and SAA.

3.1. Carbon and nitrogen-hosted SAC

Besides oxide-supported SAC for gas-phase thermal oxidation reactions, carbon-based
materials are by far the most widely employed SAC supports or hosts for applications in liquid-
phase electrocatalysis, photocatalysis, and hydrogenation or coupling thermocatalysis [247].
Among other advantages, one can cite the beneficial properties of carbon (graphite, graphene,
carbon nanotubes, activated carbon, etc.) in terms of specific surface area, electrical and thermal
conductivities, and tunable surface functionalization (see Chapter 3). Doping of carbon with
nitrogen or using a carbon nitride such as graphitic C3Ny, allows for the stabilization of noble
and non-noble metals in an isolated form through several metal-nitrogen bonds [2]. A number
of studies have investigated the catalytic thermal oxidation properties of carbon-supported

SAC, most often under mild liquid-phase conditions.

3.1.1. Selective oxidation of alcohols

Li and coworkers reported the preparation of a Co-N-G (N-doped graphene) SAC by heat
treatment of cobalt salts and graphene oxide in ammonia atmosphere [248]. The catalyst showed
high stability and atom efficiency for the selective aerobic oxidation of benzyl alcohol and

derivatives to the corresponding aldehydes. For benzyl alcohol, the achieved conversion was
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94.8% with 97.5% benzaldehyde selectivity. Xie ef al. further reported that all M-N-C (M = Fe,
Co, Ni, Cu, Cr) SAC — synthesized by pyrolysis of metal nitrate and nicarbazin — are able to
catalyze benzyl alcohol oxidation to benzaldehyde, Cu-N-C being the most efficient system
[249]. In addition, Fe-N-C was found active for the aqueous-phase aerobic oxidation of 5-
hydroxymethylfurfural to 2,5-diformylfuran. In comparison, the oxidation of aliphatic alcohols

(ethanol, 1,6-hexanediol, glycerol) was found much less efficient.

Ding et al. designed a SAC consisting of an Fe-based polymerized ionic liquid monolayer on
carbon nanotubes (CNT), which exhibited more than 99% regioselectivity for phenol
hydroxylation to catechol (1,2-dihydroxybenzene) with hydrogen peroxide, and an activity
superior to that of its homogeneous free ion counterpart [250]. As suggested by experimental
and theoretical investigations, the Fe atom would coordinate to four oxygen atoms at the CNT
surface, and the reaction mechanism would involve the non-radical addition of an OH group at

the ortho-carbon atom of phenol through the formation of a ferric-hydroperoxo complex.

3.1.2. Selective oxidation of hydrocarbons

Liu et al. prepared Fe-N-C SAC by an MgO template-sacrificial pyrolytic approach, which
exhibited high room-temperature activity, selectivity, and reusability for the C-H bond
oxidation in a number of substrates — including ethylbenzene toward acetophenone — dissolved
in an aqueous solution of tert-butyl hydroperoxide [251]. Using STEM, XPS, XAS, electron
spin resonance spectroscopy, Mossbauer spectroscopy and KSCN titration experiments, the
authors showed that the pyrolysis temperature (600-800 °C under N> atmosphere) controls the
relative concentrations of FeNx species (x = 4-6) coexisting in the SAC, which in turn critically

affect the reaction TOF in this order: Fe'"™Ns > Fe''™Ns > Fe!'Ny.

Bakandritsos ef al. reported the beneficial influence of mixed valence for Cu atoms anchored

onto graphene functionalized with nitrile groups (cyanographene) to reach near 100%
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conversions and selectivities for the aerobic oxidation of benzylic C-H bonds and the oxidative
coupling of amines toward pharmaceutical synthons [252]. These high performances were
explained by a short-distance cooperative synergy between Cu(ll) and Cu(l) species
(cyanographene allows the partial reduction of Cu(ll) to Cu(l)), as observed in

metalloenzymes).

Acetophenone could also be synthesized with high yield and regioselectivity from aryl alkenes
— including styrene — through the Wacker-type aerobic oxidation using isopropanol as the
hydrogen source and a Co-N-C SAC prepared by impregnation-pyrolysis [253]. The
corresponding industrial process, which uses catalytic PdCl, and stoichiometric CuCl, has a

number of limitations, which makes the SAC an elegant alternative.

Zhang et al. anchored Cu atoms in Cu-N3 coordination onto porous hollow graphitic
carbonitride spheres synthesized using a template-free preassembly strategy, which exhibited
high conversion and higher selectivity and stability than Cunp for the oxidation of benzene to
phenol [254]. The Fe-N-C system was also reported to be efficient for this reaction, while Fenp
counterparts showed lower conversion and selectivity [255,256]. Noticeably, Deng ef al. were
able to directly reveal the atomic structure of FeN4 centers embedded in graphene by combining

STEM and STM methods [255].

3.1.3. Other reactions

Another reaction in which a SAC was found much more efficient than its homogeneous or
nanoparticulate counterparts is the gold-catalyzed selective oxidation of silanes to silanols using
water, as reported by Chen et al. for Ausa anchored through three bonds onto mesoporous

polymeric graphitic carbon nitride (mpg-C3Na) [257].

The use of SAC was also found beneficial to reactions involving hydrogen peroxide, such as

the direct synthesis of H>O, from H; and O over atomically dispersed PdCl/C [258], and the
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peroxone reaction between O3 and H>O» — for hydroxyl radical generation in acid solution —
over Mn-Ny sites dispersed in g-C3N4 [259]. Similarly, a Cu-C3N4 SAC was recently found
efficient for the activation of H»O; to hydroxyl radicals (Fenton reaction) and subsequent
oxidative degradation of rhodamine B, in the context of organic wastewater treatment [260].
SAC such as Fe- and Cu-N-C were also reported to exhibit enzyme-like activity (“SA

nanozymes”) in e.g. (per)oxidase-catalyzed reactions [261,262].

The excellent activity as well as steam and sulfur-resistance of the emblematic Fe-N-C system
— consisting here of Fe-Ns4 centers confined in polymeric carbon nitride through a
copolymerization approach — for gas-phase H>S oxidation into elemental sulfur was recently
reported by Lei ef al. [263]. Based on DFT calculations, the authors propose H2S and O2
dissociative adsorptions at (probably separate) Fe-Ns centers, leading to HS-Fe-N4 and O*

radical species, which in turn exothermally generate S and H2O (Figure 8a).
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Figure 8. DFT calculation-based reactions schemes. a) H»S oxidation on Fe-Ny-carbon nitride.
Reproduced with permission from [263], Copyright 2020 Wiley-VCH. b) CO oxidation on Fe-Co-N-C.

Adapted with permission from [264], Copyright 2020 ACS.
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Finally, CO oxidation, the usual gas-phase test reaction, was also carried out on carbon-based
SAC. In particular, these supports materials are ideally suited to elaborate bimetallic “double-
atom catalysts” (see Chapter 15) and explore the catalytic performance of neighboring metal
elements. Zhou et al. reported the stabilization of Pt-Ru dimers by forming Pt—C and Ru—N
bonds in the triangular cavities of N-deficient g-C3N4 through an icing-assisted photocatalytic
reduction method, leading to improved CO oxidation activity with respect to monometallic SA
and double-atom counterparts [265]. Wang et al. synthesized a single-site catalyst consisting of
N-coordinated Fe-Co dimers in a carbon matrix from the pyrolysis of an Fe-impregnated Zn/Co
metal-organic framework, leading to CO oxidation activity at a temperature as low as -73 °C
[264]. From in situ XAS, pulse-adsorption microcalorimetry, and DFT, the authors concluded
that the reaction proceeds through the LH mechanism, with CO and O, preferentially adsorbing

on Co and Fe atoms, respectively (Figure 8b).

3.2. Single-atom alloy catalysts

Single-atom alloys [34,266], which were previously referred to as site/atom-isolated or
ultralow-loading alloys, can also be considered as SAC. They consist of isolated atoms of a
metal at the surface of another metal, which is either in the form of an extended single crystal
or of (supported) NP. The metal phase can be an intermetallic compound such as Ali3Fes [267],
or an alloy such as Ag-Cu dilute in Cu [268]. Although the SAA strategy is interesting to isolate
active centers and tune their electronic structure, it has rarely been applied — at the notable
exception of Au-Pd alloys — to oxidation reactions. One of the main reasons is the potential
poisoning of the more active dopant atom in oxidative environments — e.g. O-Pd-O — which
may render the dopant atom inactive. Several surface-science or powder-catalyst studies
focused on CO oxidation over Au-Pd alloys dilute in Pd [269-272]. A matter of debate is the
need for contiguous Pd surface atoms in the dissociative adsorption of O and its reaction with

CO through the LH mechanism. Ouyang et al. examined hydrogen peroxide synthesis from
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hydrogen oxidation over Au-Pd/TiO; catalysts [273]. Isolated Pd atoms were assumed to be
active and selective sites for HoO» formation, while contiguous Pd ensembles would be
unselective, i.e. catalyze H O formation. Zhang et al. reported enhanced glucose oxidation
performances for colloidal Au-Pd NP presenting dilute, low-coordinated and negatively
charged surface Au atoms [274]. Sun et al. found that photodepositing 0.05 wt% site-isolated
Pd at the surface of 0.94 wt% Aunp on TiO2 was enough to reach a maximum activity for the
aerobic solvent-free oxidation of benzyl alcohol to benzaldehyde [275]. The reader is referred

to Chapter 4 of this book for more information on SAA catalysts.

4. Summary and conclusions

A number of thermal oxidation reactions have been investigated over SAC, CO oxidation being
by far the most studied one. A large part of this chapter has attempted to review the knowledge
on the structure, performance, and CO oxidation mechanism of late transition metal atoms
supported on various oxides. The latter part of the chapter highlighted interesting properties of
SAC in PROX, WGS, and hydrocarbon combustion as well. In addition, oxometallate
monomers supported on oxides and single metal atoms stabilized in N-doped carbon or carbon

nitride are efficient for gas-phase and liquid-phase selective oxidations, respectively.

For the important aspect of SAC stability (both in terms of atom isolation and catalytic
performance), it is possible to rank the metal/oxide systems as a function of the metal element
across the periodic table and the reducibility of the oxide. While early transition metals
supported on reducible oxides will typically remain isolated owing to stabilizing oxo bridges,
noble metals supported on non-reducible oxides are prone to diffusion and aggregation.
Moreover, highly oxidizing reaction conditions are much more favorable to metal atom
anchoring and isolation than reducing ones. In order to avoid metal atom clustering, a frequent

approach has initially consisted in the use of very low metal loadings, which does not avoid
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surface diffusion but considerably reduces the probability of multimer formation by reducing
the metal atom collision frequency. Complementary approaches use tiny support particles or
strongly anchoring oxide patches onto a high-surface area support (e.g. CeO2/Al,0O3) for
trapping SA. In addition, recent SAC design strategies rely on the stabilization of SA on their

support or in their host through defect engineering or doping, as in the case of N-doped carbons.

Provided the stability criterion is fulfilled, another important question arises concerning the
oxidation activity of SAC compared to nanocatalysts. The previous review of the literature for
metal/oxide SAC shows that the answer not only depends on the considered catalytic system,
but sometimes also on the initial oxidation state of the SA. In some cases, SAC have been
reported to be inactive, whereas their supported cluster or NP counterparts are efficient. Thus,
SAC should not be considered as the universal panacea. Beyond the possible decrease in metal
content, prominent advantages of supported SAC lie in their potential to replace homogeneous
catalysts (heterogenization) or noble-metal-based heterogeneous catalysts (metal substitution)
in selected reactions. Promising results have been reported in that regard, and plausible reaction
mechanisms — often involving O, and the MvK mechanism for oxide-supported SAC — have
been suggested. However, to go further, we believe that the SAC community urgently needs
more systematic studies, e.g. by comparing several metals, both in the SA and NP forms, for a
given support and reaction, together with in-depth characterization at least before and after
reaction, if not operando (which is particularly relevant as the state of metal species
dynamically responds to the chemical environment). This will guide theoretical modeling,
which in turn will be in position to predict efficient SAC. This holds especially true for non-
noble transition metals, which have been comparatively little investigated owing to their

challenging preparation and characterization.

A final challenge faced in developing a predictive theory of SAC performance with variation

in the metal and support composition is metal and support-dependent differences in the active

47



site coordination environment. For example, if one assumes that Pt** prefers to exist in a four-

fold square planar coordination to an oxide support, then the question is whether the support

surface can allow this. For CeO, the answer seems to be yes, while for TiO» the geometry forms

via additional OH species creating a strained 4-fold coordination. Thus, the preferred

coordination environment of each metal and each support is likely to be different, based on

well-known coordination preferences from inorganic chemistry and the accessibility of these

structures on a specific surface, making the existence of clear trends more challenging than for

extended metal surfaces. This increased complexity, however, also presents increased

opportunity for controlling catalytic functionality!
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