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ABSTRACT

�e green synthesis of �ne chemicals calls for a new generation of e�cient and robust catalysts. Single-atom
catalysts (SACs), in which all metal species are atomically dispersed on a solid support, and which o�en
consist of well-de�ned mononuclear active sites, are expected to bridge homogeneous and heterogeneous
catalysts for liquid-phase organic transformations.�is review summarizes major advances in the
SAC-catalysed green synthesis of �ne chemicals in the past several years, with a focus on the catalytic
activity, selectivity and reusability of SACs in various organic reactions.�e relationship between catalytic
performance and the active site structure is discussed in terms of the valence state, coordination
environment and anchoring chemistry of single atoms to the support, in an e�ort to guide the rational
design of SACs in this special area, which has traditionally been dominated by homogeneous catalysis.
Finally, the challenges remaining in this research area are discussed and possible future research directions
are proposed.

Keywords: single-atom catalysts, �ne chemicals, green synthesis, structure–reactivity relationship,
heterogeneous catalysis

INTRODUCTION

Fine chemicals (<1000 tons/year) are important
and valuable (>$10/kg) ingredients and inter-
mediates for the manufacture of pharmaceuticals,
agrochemicals and other specialty chemicals such as
adhesives, sealants, dyestu�s, pigments, �avors,
fragrances, food additives, biocides and corrosion
inhibitors [1]. Due to their high purity, specialized
nature, technology intensiveness and high added
value, the manufacture of �ne chemicals is always
among the most active and strategic areas of the
chemical industries [2].

Traditional synthetic routes for �ne chemicals
generally involve stoichiometric chemical reactions
or use hazardous catalysts and thus produce seri-
ous environmental pollution and waste; the quan-
tity of unwanted by-products may even exceed the
amount of the desired products produced. Typi-
cal examples include the coupling of aromatic com-
pounds with diazonium salts derived from stoi-
chiometric amounts of nitrite salts to synthesize

aromatic azo compounds [3] and the stoichiomet-
ric reduction of nitroarenes by iron metal to pro-
duce functional anilines [4]. With the increasing
concern for the environment and safety, there is
an urgent demand for the development of new,
mild, e�cient and straightforward methodologies
and catalysts to achieve the green and sustainable
synthesis of �ne chemicals [5]. Such green strate-
gies are characterized by several principles: atom-
e�cient catalytic processes, environmentally benign
reagents and solvents, andone-pot tandem synthetic
routes. On these grounds, a great number of e�-
cient organometallic compounds and accompany-
ing straightforward synthetic processes have been
developed, which led to the �ourishing of the �ne
chemical industry in the twentieth century, such as
homogeneous Rh catalysts for hydroformylation re-
actions of ole�ns [6,7]. However, although these
transition metal complexes exhibit high catalytic ac-
tivity and selectivity, they are usually sensitive to
moisture and/or air and are di�cult to separate from
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the products, which sometimes leads to the contam-
ination of the products. With the rapid growth of
nanoscience, heterogeneous catalysts, mainly sup-
ported transition metal nanoparticles, have been
exploited to tackle these problems; however, their
overall catalytic e�ciencies are usually inferior to
their homogeneous analogs.�erefore, the develop-
ment of a new class of catalysts that integrates the
merits of homogeneous and heterogeneous catalysts
for the green synthesis of �ne chemicals is highly de-
sirable.

Single-atom catalysts (SACs) are de�ned as cat-
alysts in which all of the active metal species exist as
isolated single atoms stabilized by the support of or
by alloying with another metal [8,9]. Since the sem-
inal work of Zhang, Li, Liu and coworkers, who re-
ported in 2011 that the Pt1/FeOx SAC was three
times more active than its nano-Pt counterpart for
CO oxidation [8], single-atom catalysis has become
a new frontier in heterogeneous catalysis. SACs are
distinguished from nanoparticle (NP) catalysts in
that they donot containmetal–metal bonds and that
the singlemetal atoms are usually positively charged.
�ese unique geometric and electronic properties
bring about signi�cant alterations in the interac-
tions with reactants/intermediates/products, lead-
ing to enhanced activity and/or selectivity,which are
particularly desired for �ne-chemicals production.
�erefore, SACs are expected to combine the advan-
tages of high catalytic activity, selectivity, stability
and reusability for the green synthesis of �ne chemi-
cals.�e past seven years have con�rmed this expec-
tation; a variety of SACs have been developed and
have demonstrated excellent catalytic performance
for various organic transformations, including se-
lective hydrogenation, oxidation, hydroformylation
and C–C coupling reactions. For example, FeOx-
supported Pt single-atom and pseudo-single-atom
catalysts exhibited the best catalytic activity (at least
20-fold more active than any previously reported
catalyst) and selectivity (∼99%) for the rather chal-
lenging selective hydrogenation of 3-nitrostyrene
[10]; single-atom Rh1/ZnO catalysts showed com-
parable activity to the benchmark homogeneous cat-
alyst RhCl(PPh3)3 in the hydroformylation reaction
of ole�ns [11]; and non-precious-metal Co(Fe)–
N–C catalysts demonstrated ‘platinum-like’ perfor-
mance for selective hydrogenation or oxidation re-
actions [12–18].

�is review summarizes recent advances in SAC-
catalysed organic reactions for the green synthe-
sis of �ne chemicals under liquid-phase reaction
conditions—an area in which SACs are expected to
�nd wide application and bridge homogeneous and
heterogeneous catalysis. It shouldbementioned that
many of the examples discussed in this review are

only simple model reactions, rather than real �ne
chemical substrates of intermediates. As preparation
methods and characterization techniques for SACs
have been described in detail in several recent excel-
lent reviews [19–24], they arenot emphasized in this
review.�e focusof this review is the catalytic perfor-
mance of SACs in organic transformations as well as
the coordination structure and oxidation state of the
central single metal atoms. �e stabilization mecha-
nisms of the single atoms against leaching or aggre-
gation in the liquid phase are also discussed.�e aim
of this review is to provide illustrative accounts of the
recent progress in this research �eld and to extract
fundamental principles to guide the rational design
of SACs for green chemical synthesis.

SYNTHESIS OF FINE CHEMICALS
PROMOTED BY SACS

SACs, with their well-de�ned mononuclear struc-
tures, have been expected to bridge homogeneous
and heterogeneous catalysis since the term ‘SAC’
was �rst introduced in 2011 [8,9]. Over the past
years, various supported SACs have been tested
for a plethora of organic transformations, includ-
ing selective hydrogenation of nitroarenes, ketones,
alkynes and alkenes; selective oxidation of alcohols
to aldehydes and ketones, of benzene to phenol and
of silanes to silanols; hydroformylation of ole�ns;
C–C coupling reactions; and biomass-related hy-
drodeoxygenation reactions. Compared with their
NP counterparts, SACs a�ord enhanced activity by
a factor of several to hundreds per metal atom and
unparalleled selectivity in some reactions. �e ex-
cellent stability of SACs provides additional advan-
tages over their homogeneous analogs.While the ac-
tive site structures of SACsmay be less uniform than
those of homogeneous catalysts due to their hetero-
geneous support surface, the well-de�ned structures
arising from the coordination between single atoms
and the support provide SACs with promising prop-
erties to mimic homogeneous catalysis in organic
transformations.

Catalytic hydrogenation

Catalytic hydrogenations of unsaturated organic
compounds represent one of the most important
classes of chemical transformations and are widely
applied in both the chemical industry and labora-
tory organic synthesis [25]. �e majority of hydro-
genation reactions involve the direct use ofH2 as the
hydrogen source and are catalysed by VIII–X group
metals such as Ni, Pd, Ru and Pt.
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Figure 1. The dependence of activity/selectivity on the Pt content of the Pt/FeOx catalysts (a) and on the Na content of the

Na-2.16%Pt/FeOx catalysts (b) for the chemoselective hydrogenation of 3-nitrostyrene, as well as the correlation between

activity/selectivity and the oxidation state (white-line intensity) of Pt in the two systems.

�emanufacture of functional anilines is of great
signi�cance in the chemical industry due to their
versatility in biologically active natural products,
agrochemicals, pharmaceuticals, dyes and ligands
of organometallic complexes [4,26,27]. Compared
with traditional synthetic methodologies (e.g. re-
duction by the transition metals iron and tin), cat-
alytic hydrogenation is more e�cient and environ-
mentally benign. However, when one or more re-
ducible organic groups (e.g. C = C) are present
on the aryl ring containing the nitro group, the
chemoselective hydrogenation of the nitro group
is very challenging. Modi�cation of the transition
metal catalysts with proper additives achieved en-
hanced selectivity [28]; however, the catalytic ac-
tivity was severely compromised. �e hydrogena-
tion of the nitro group is generally considered to be
size-insensitive, whereas the reduction of the C=C
group is highly sensitive to the size of the transi-
tion metal, with the reaction rate increasing with
particle size [29]. Consequently, downsizing the ac-
tive metal to its ultimate dispersion, namely single-
atom dispersion, is expected to accomplish excel-
lent chemoselectivity by suppressing theC=Cdou-
ble bond hydrogenation. Zhang, Wang and cowork-
ers designed a FeOx-supported Pt single/pseudo-
single-atom catalyst. �e term ‘pseudo-single-atom
catalyst’ indicates a special structure composed of a
few to tens of atoms that are loosely and randomly
associated with each other, but do not form strong
metallic bonds, and thus show structure and func-
tion similar to that of isolated single atoms.�e cat-
alyst was able to hydrogenate a broad scope of ni-
troareneswith di�erent functional groups to the cor-
responding functionalized anilines with a turnover
frequency (TOF) as high as 1514 h−1 and a chemos-
electivity above 95% [10]. �e loading of Pt on the

FeOx support had a signi�cant e�ect on both the ac-
tivity and chemoselectivity.As shown inFig. 1a, both
the activity per metal atom (TOF) and the chemos-
electivity increased with decreasing Pt content un-
til atomic dispersion was reached at 0.08 wt% Pt,
at which the catalyst contained exclusively single
atoms of Pt, and therefore achieved the highest
activity and chemoselectivity (98.6% at a conver-
sion of 96.5%). Interestingly, the white-line inten-
sity of Pt in XANES (X-ray Adsorption Near-Edge
Structure spectroscopy), which re�ects the oxida-
tion state of Pt, followed the same trend as the
catalytic activity and chemoselectivity—that is, the
higher the oxidation state, the higher the activity
and chemoselectivity. �is result indicated that the
isolated, positively charged Pt on the FeOx sup-
port acted as the main active site for the chemose-
lective hydrogenation of functionalized nitroarenes.
Keeping this point in mind, and considering that
the alkalimetals could yield positively chargedmetal
centers and also promote the dispersion of metal
species [30,31], the same authors further tuned
the electronic properties of the Pt center by intro-
ducing alkali metals to the high-Pt-loading catalyst
(2.16wt%Pt/FeOx) [32]. By increasing the amount
of Na to 5.03 wt%, the chemoselectivity increased
remarkably from 66.4 to 97.4% (Fig. 1b); concur-
rently, the oxidation state of Pt increased as well.
Moreover, detailed EXAFS (extended X-ray absorp-
tion �ne structure) data analysis reveals that the
structure of the central Pt sites changes with vary-
ing the amount of sodium; the Pt–Pt contribution
decreases while the Pt–O contribution increases.
Consistently with this trend, HAADF-STEM (high
angle annular dark �eld scanning transmission elec-
tron microscopy) images clearly show that the Pt
particles in the Na-containing samples all featured
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abundant dark regions, which are probably due to
lighter elements such as Na and Fe. In combina-
tion with the 57Fe Mössbauer spectroscopy result
that theNaFeO2 species forms in theNa-containing
sample, the authors proposed that the active sites
were likely Pt–O–Na–O–Fe species. �is scenario
is reminiscent of that of a homogeneous catalyst, if
the Na–O–Fe surrounding the single-atom Pt cen-
ter is viewed as a robust ligand bridged by oxygen.
Due to the higher contribution from Pt–O bond-
ing than Pt–Pt bonding, the performance of this
Na-modi�ed Pt/FeOx catalyst is quite similar to
that of the SAC in terms of activity and selectivity.
Nevertheless, in comparison to the SACs with rela-
tively low metal loading, (e.g. 0.08% Pt/FeOx), the
high-metal-loading Na-modi�ed Pt/FeOx catalysts
a�orded amore than 20-fold increase in the produc-
tivity (activity per catalyst mass, rather than per Pt),
which is of high importance in practical applications.
In order to make the process more environmentally
benign, the authors further studied the reaction in
a CO2-expanded toluene/THF system. �e results
showed that both the conversion andchemoselectiv-
ity could reach above 95% over Pt/FeOx SAC, while
the amount of the solvent toluene could be reduced
by 90% in the CO2-expanded toluene system [33].

It is noted that, even with the same single-
atom dispersion and the same support, the activity
and chemoselectivity of an SAC may vary depend-
ing on the intrinsic properties of the metal used.
For example, while both Pt1/FeOx and Ir1/FeOx

SACs are highly chemoselective towards the hy-
drogenation of 3-nitrostyrene to 3-aminostyrene,
the Pd/FeOx SAC is poorly selective (selectivity
lower than 20%) for this reaction due to the intrin-
sically high activity of Pd towards the hydrogena-
tion of C = C bonds [10]. Similarly, Zhang et al.

found that sub-nanometric Pd clusters supported on
CeO2 nanorods were highly active (TOF as high as
44 059 h−1) for hydrogenation of 4-nitrophenol and
chemoselective for a broad scope of nitroarenes con-
taining –OH, –X, –C = O and –CN groups, but
poorly selective for substrates possessing a –C = C
group [34]. It would be highly interesting to engi-
neer themetal–support interaction to develop a new
Pd SAC that is both highly active and chemoselec-
tive for the hydrogenation of nitro-styrenes.

�e reaction mechanism of the chemoselective
hydrogenation of nitroarenes over SACs has yet to
be clari�ed. �e results of control experiments in-
volving the competitive adsorption of nitrobenzene
and styrene revealed that the unique selectivity of
SACs is not due to their intrinsically low activity for
styrene hydrogenation, but instead due to the fa-
vorable adsorption of the nitro group in the pres-
ence of –C = C group [10], which is similar to

the case behavior of the nanogold catalyst as well as
the TiO2-decorated nano-Pt catalyst [29,35]. Based
on Fourier transform infrared spectroscopy (FT-
IR) and density functional theory (DFT) theoreti-
cal studies [36], the nitro group is preferentially ad-
sorbed on the support; the oxygen vacancies on the
support surface (e.g. reducible supports like FeOx

and CeO2) or the basicity of the support (e.g. the
addition of Na increases the basicity of the support
in the above-mentioned work) facilitate the prefer-
ential adsorption of the nitro group. �is interac-
tion can be understood in terms of Lewis acid–base
interactions. �e oxygen atoms in the nitro group
are Lewis bases, while the oxygen vacancies of the
reducible support act as Lewis acids; this ensures
the strong and preferential adsorption of the nitro
groups on the support surface, even in the presence
of other reducible groups. Additionally, hydrogen
can be easily dissociated at the isolated Pt (or other
noble metal) single atoms, and the hydrogenation
reaction probably occurs at the interface between
the single metal atoms and the support, as illus-
trated in Fig. 2a. Nevertheless, this mechanism can-
not completely justify the key role of single atoms in
governing the high chemoselectivity. Alternatively,
the nitro group could be adsorbed at the interface
of the single metal atom and the support via the in-
teraction of its two oxygen atoms with both the sin-
gle metal atom and a nearby support cation, as il-
lustrated in Fig. 2b. In either of the plausible sce-
narios above, the key point to be underscored is
that the isolated andpositively chargedmetal centers
can successfully suppress the adsorption of C = C
bonds, which would occur easily on their nanopar-
ticle counterparts. �erefore, the single-atom dis-
persion is of paramount importance to achieve the
chemoselective hydrogenation of nitroarenes to ani-
lines, although cooperationbetween the singlemetal
atoms and the speci�c support is required.Achieving
an atomic-scale understanding of the reactionmech-
anism will require combined spectroscopic and the-
oretical studies.

�ere are two reaction pathways for the ni-
troarene reduction: a direct pathway involving
nitro-nitroso-hydroxylamine-aniline steps and a
condensation pathway involving nitro-nitroso-
hydroxylamine-azoxy-azo-hydrazo-aniline steps
[37]. In the above SAC systems, steric hindrance
should prevent the reaction from proceeding via the
condensation pathway, which requires the adsorp-
tion of two nitroarene molecules. However, in some
cases, the azo is the desired product rather than
the aniline, because aromatic azo compounds, with
their great diversity of structures, represent themost
widely used class of synthetic organic colorants
by far [3]. For this purpose, Wang, Zhang and
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Figure 2. Two possible scenarios for the hydrogenation mechanism of nitroarenes on Pt-SACs with a reducible support.

coworkers explored atomically dispersed Co–N–C
catalysts for the direct synthesis of azo compounds
from nitroarenes [12]. �e synthesis of this type
of SACs involved the impregnation of a Co, N,
C-containing precursor (e.g. a Co2+ phenanthro-
line complex) on a basic support (e.g. Mg(OH)2)
followed by pyrolysis at 600–800◦C and etching
with acid to remove the basic support as well as any
particles of Co0 or CoOx. Extensive characterization
with aberration-corrected HAADF-STEM, XAS
(X-ray absorption spectroscopy) and XPS (X-ray
photoelectron spectroscopy) in combination
with DFT calculations revealed that the resulting
material was a truly atomically dispersed catalyst
in which cobalt existed exclusively as single atoms
and was bonded strongly to four pyridinic N atoms
within a deformed graphitic layer and weakly to two
oxygen molecules in the axial direction, as shown
in Fig. 3a and b. Di�erently from the rigid plane
structure generally proposed in the literature [38],
the deformed CoN4C8–2O2 con�guration might
impart structural �exibility to the SACs similar
to that of metal–ligand complexes and thus their
catalytic activities may be comparable or even
superior to that of their homogeneous analogs. In
the hydrogenation of nitroarenes under mild condi-
tions and in the presence of additional base (80◦C,
3 MPa H2, 1.5 h, tert-butyl alcohol as the solvent,
catalyst loading of 0.7 mol% Co, 0.2 equivalents of
NaOH), the Co–N–C SACs a�orded good activity
(TOF 35.9 h−1) and excellent selectivity to azo
compounds (Fig. 3c). Various functional groups
including –CH3, –C = C, –CF3, –Cl, –Br and –I
were tolerated in the reaction, and the catalyst could
be reused without decay in the selectivity. �e basic
additive is the key to the condensation between
nitrosobenzene and hydroxylamine to produce
the target azo product; otherwise, anilines would
be produced as the �nal product, as shown by the
pioneering work of Beller and coworkers [39].

While the molecular-scale understanding of the
reaction mechanism of these atomically dispersed

Co–N–C catalysts has yet to be clari�ed, the M–Nx

motif (where M refers to transition metals such as
Co, Fe, Ni, Cu, etc.) is probably the active site, even
in the earlier reported CoxOy/N–C or FexOy/N–
C systems [39,40]. To determine the real active
species, Zhang et al. prepared a catalyst composed of
metallic Co, CoxOy, CoxCy and CoNx species using
carbon as the support [41]. A�er acid etching, 78%
of the Co-containing species had leached out and
the residual Co species were encapsulated in thick
graphitic nanoshells and thus inaccessible to any
molecules, except for Co–Nx, which is stable against
acid etching. Interestingly, the performance of the
catalyst in the oxidative cross-coupling of primary
and secondary alcohols remained the same, strongly
suggesting that the atomically dispersedM–Nx is the
active site. �is work also indicates that some com-
plicated heterogeneous systems may need to be re-
visited to identify the real active sites by means of
state-of-the-art characterization techniques.

For thehydrogenation reactionsoccurringon the
SACs, one key question is how hydrogen molecules
are activated on the single atoms. Recently, an in-
creasing number of studies have suggested that
H2 is activated on SACs via a heterolytic pathway
[42–45], which is quite di�erent from the case of
NP systems in which the homolytic dissociation of
H2 is favorable. For example, Zheng and cowork-
ers reported a high-loading Pd1/TiO2 SAC that was
obtained via a photochemical route on an ethylene
glycolate (EG)-protected TiO2 nanosheet material
[42]. In theirmethod, the EG radicals that were gen-
erated by ultraviolet (UV) radiation played a key
role in producing and stabilizing the Pd single atoms
at a relatively high loading (1.5 wt%). �e coordi-
nation of the single Pd atoms with oxygen atoms
from the EG molecule allowed the dissociation of
H2 in a heterolytic mode to produce O–Hδ+ and
Pd–Hδ− (Fig. 4), as proven by both kinetic isotope
e�ect (KIE) and DFT calculations. �e Pd1/TiO2

SAC exhibited high activity and stability for C = C
and C=Ohydrogenations; the TOFwas enhanced
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Figure 3. (a) HAADF-STEM image of the Co–N–C catalyst; (b) X-ray absorption spectroscopy (XAS) �tting and density func-

tional theory (DFT) calculations of the Co–N–C catalyst; (c) substrate scope of the hydrogenation reaction on the Co–N–C

catalyst. Adapted with permission from [12].

by a factor of 9 for styrene hydrogenation and a fac-
tor of 55 for aldehyde hydrogenation compared to
the commercial Pd/C catalyst.�e higher activity of
thePd1/TiO2 for thehydrogenationof polar unsatu-
ratedbondsprobablyoriginated fromtheheterolytic
dissociation of H2 at the Pd1–O interface. Simi-
larly, Yan and coworkers reported that single Pt1
atoms anchored on active-carbon-supported phos-
phomolybdic acid (PMA) were more active for the
hydrogenation of polar –C=Ogroups than of non-
polar –C=Cgroups, implying the heterolytic disso-
ciation of hydrogen on the Pt1–O4 active sites [43].
In our recent work on the single/pseudo-single-
atom catalyst Pt/WOx, hydrogen was also found to
dissociate in a heterolytic fashion at the interface of

Pt and WOx. �e H+ formed on WOx and the H−

on the single Pt atom provided Brønsted acid sites
and hydrogenation sites, respectively, for the con-
certed dehydration–hydrogenation reaction of glyc-
erol to produce 1,3-propanediol [44], as shown in
Fig. 5. Moreover, the introduction of single gold
atoms to this Pt/WOx system further promoted the
heterolytic dissociation of H2, possibly by modulat-
ing the interaction between Pt and WOx, leading to
remarkably enhanced activity and chemoselectivity
towards 1,3-propanediol [45].

�e heterolytic dissociation of H2 favored on
SACs is reminiscent of that of frustrated Lewis pairs
(FLPs) in homogeneous catalysts, where H2 is
heterolytically dissociated at the sterically
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Figure 4. Energies and a model of the intermediates and

transition states in the heterolytic H2 activation process of

Pd1/TiO2. Adapted with permission from [42].

encumbered Lewis acids and bases [46]. In
supported SACs, the single metal atoms are usually
positively charged and therefore act as a Lewis acid,
while the nearby oxygen or nitrogen atoms from the
support can act as a Lewis base; the combination of
the two facilitates the dissociation of hydrogen via a
heterolytic pathway.

SACs not only show higher activity than their
NPs counterparts in catalysing the hydrogenation
of polar unsaturated groups, but also catalyse the
hydrogenation of alkynes with high selectivity
towards alkenes. �is kind of reaction was initially
investigated on single-atom alloy (SAA) catalysts.
�e term SAA was �rst introduced by Sykes and
coworkers [47]. SAA catalysts are special SACs in
which the active metal atom (e.g. Pd) is isolated
completely by the surrounding less active metal
atoms (e.g. Cu). �is con�guration allows for
the easy dissociation of hydrogen on the active
single metal atoms and simultaneously weakens
the binding of intermediates by spillover to the less
active metal metals, thus accomplishing both high
activity and high selectivity in the hydrogenation
of alkynes to alkenes. Various combinations of
SAA catalysts have been explored, such as Au–Pd
[48], Ag–Pd [49], Cu–Pd [50], Zn–Pd [51], In–Pd
[52] and Pt–Cu [53]. In addition to these SAAs,
single Pd atoms on other supports have also been
demonstrated to be e�ective [54–56]. For example,
Perez-Ramirez and coworkers reported a Pt SAC
supported on mesoporous polymeric graphitic
carbon nitride (mpg–C3N4) that was 3 orders of
magnitudemore active than traditional NP catalysts
(e.g. Au, Ag and CeO2) in the hydrogenation of
1-hexyne, with 100% 1-hexene selectivity [56].
When the reaction was performed at 70◦C and
5 bar H2, [Pd]mpg–C3N4 was more active than
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Figure 5. Proposed reaction scheme for the hydrogenolysis

of glycerol to 1,3-PD over single-atom and pseudo-single-

atom Pt/WOx catalysts. Adapted with permission from [44].

Pd–Pb/CaCO3 by a factor of 4, more selective
than Pd/Al2O3 (90 vs 69%) and was as active as
the Pd/TiS modi�ed by ligands. Furthermore,
no decrease in activity or selectivity was observed
during 20 h of time-on-stream. Other substrates,
such as 2-methyl-3-butyn-2-ol and 3-hexyne, could
also be smoothly converted with excellent chemo-
and stereo-selectivity (cis/trans ratio >20). DFT
calculations revealed that hydrogen underwent het-
erolytic dissociation assisted by the support, leaving
one H atom bonded to a N atom in the support and
the secondone to aPdatom.Whenalkynemolecules
were adsorbed, the semi-hydrogenation reaction
proceeded smoothly and the alkene product was
easily desorbed without over-hydrogenation or
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oligomerization.�e proposed reaction mechanism
is quite similar to that of the gas-phase selective
hydrogenation of acetylene to ethylene over Au(Ag,
Cu) alloyed Pd SACs and Pd-Zn intermetallic com-
pounds reported by Zhang and coworkers [48–51],
in which ethylene was demonstrated to interact with
the single Pd atoms via a weak π -bonding pa�ern,
and could be readily desorbed without saturation.

Oxidation reaction

Selective oxidation is an important strategy for pro-
ducing oxygenates, such as aldehydes, ketones or
acid products, to be employed as building blocks
in chemical processes that range from kilogram-
scale applications in pharmaceuticals to 1000-ton-
scale in chemicals. Traditional catalytic routes gen-
erally use expensive homogeneous complexes and
are performed under harsh operating conditions,
which bring about serious environmental issues and
inevitable over-oxidation side reactions.

With the successful synthesis of SACs, a number
of SACshavebeen explored in selective oxidation re-
actions and have shown promising catalytic perfor-
mances. Pioneering work in this area was reported
in 2007 by Lee and coworkers, in which a single-
site Pd/Al2O3 catalyst showed 30 times greater cat-
alytic activity (TOF: 4096–7080 h−1) and selectiv-
ity (>91%) than its NP counterpart in the aerobic
oxidation of allylic alcohols including cinnamyl al-
cohol, crotyl alcohol and benzyl alcohol [57]. �is
single-site Pd/Al2O3 catalyst was obtained by us-
ing mesoporous alumina as the support and an ex-
tremely low loading of Pd (0.03wt%), both of which
ensured the atomic dispersion of the Pd species.�e
isolatedPdII surface species, whichwas identi�edus-
ing atomic-resolution HAADF-STEM, EXAFS and
XANES, were proposed to be the active sites for
the reaction.�is catalyst also demonstrated impres-
sive stability; the catalytic performance remained
unchanged during the course of reaction over pe-
riods of days. �is exceptional durability could be
a�ributed to the high stability of the isolated PdII

species, as well as that of the mesoporous structure
of the support. Very recently, Li et al. reported an
Au1/CeO2 SAC system that also showed excellent
activity, selectivity anddurability for the selective ox-
idation of alcohols to the corresponding aldehydes
[58]. Based on isotopic exchange experiments, they
proposed that the la�ice oxygen from theCeO2 sup-
port participated in theoxidation reaction, leading to
the high selectivity towards aldehyde. �e SAC sys-
tem facilitated the removal and replenishment of the
la�ice oxygen by maximizing the interfacial sites be-
tween the single gold atoms and the CeO2 support.

In contrast, the gas-phase oxygen activation on the
surface of gold NPs was less selective towards
the aldehyde. Another important factor determin-
ing the selectivity is the adsorption of the aldehyde,
which was found to be much weaker on the single
atoms than on the NPs.

Toshima and coworkers constructed a ‘crown-
jewel’-structured Pd-alloyed Au SAC via replacing
the Pd atoms at the top position of Pd147 particles
with an Au atom [59]. �e as-prepared catalysts
showed excellent catalytic activity in the oxidation
of glucose. �e speci�c activity of the Au SAC was
20–30-fold higher than that of thePd andAumother
clusters and 8–10 times those of the Pd/Au alloys
with di�erent Au/Pd ratios, although all had simi-
lar average particle sizes. �e higher catalytic activ-
ity of the Pd-alloyed Au SAC than the Pd–Au al-
loys indicated position-dependent catalysis beyond
the synergistic e�ects of Au and Pd, as the top atoms
are assumed to be more active than the edge and
face atoms owing to themore unsaturated coordina-
tion. To con�rm this proposal, the authors prepared
three Pd-alloyed Au SACs with di�erent amounts
of Au using the same method, in which Au would
preferentially replace the top Pd atoms, then edge
and lastly face Pd atoms. As the Au concentration
was increased, the speci�c activity normalized to the
Au mass decreased, which unambiguously demon-
strated the lower activity of the edge and face Au
atoms compared to that of top Au atoms. �e Au
4f XPS spectra of the Pd-alloyed Au SACs showed
a negative shi� in binding energy compared with
that ofmonometallicAu, indicating electron transfer
from Pd to Au; thus, Au was negatively charged.�e
Auδ– species could e�ectively donate electrons to
O2 to generatehydroperoxo-like species,whichwere
considered to play an important role in the oxida-
tion of glucose. Additionally, Tsukuda and cowork-
ers reported a Pd1Au24 SAC supported on a carbon
nanotube (CNT) and investigated its catalytic per-
formance in the aerobic oxidation of benzyl alcohol
[60].Comparedwith themonometallic Au25/CNT,
the single-Pd-atom-doped Pd1Au24/CNTexhibited
signi�cantly enhanced conversion of benzyl alcohol
(from 22 to 74%).�e synergistic e�ect between Au
and Pd was a�ributed to electron transfer from Pd
to Au, which promoted the activation of O2. How-
ever, the selectivity of the catalyst was unsatisfac-
tory and aldehyde, acid and ester products were pro-
duced with similar yields.

It should be noted that the oxidation mechanism
on the single Pd atomsmight be quite di�erent from
that on the single gold atoms or NPs. In the former
case, the active oxygen mostly likely arises from the
isolated PdO species and the Pd reduced during the
reaction can be quickly re-oxidized by oxygen gas,
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thus completing the redox cycle [57], while, in the
la�er case, oxygen is �rst activated on the electron-
rich gold atoms to formO2−, which thenoxidizes the
alcohol substrate [59].

In addition to noble metal SACs, atomically dis-
persedM–N–Ccatalysts have also been explored for
aerobic oxidation reactions. In 2016, Davis’s group
reported a series of M–N–C SACs with non-noble
metals, including Cr, Fe, Co, Ni and Cu, con�ned
in a nitrogen-containing carbon matrix for the aer-
obic oxidation of alcohols in aqueous media [14].
Among these catalysts, Cu–N–C showed the high-
est catalytic activity for benzyl alcohol oxidation
(TOF = 3.4 × 10−2 s−1), followed by Co–N–C
and Cr–N–C. �e activity of Fe–N–C was lower
than that of Cu–N–C by a factor of 50, although
Fe–N–C is usually more active than Cu–N–C in
the oxygen reduction reaction (ORR). KIE experi-
ments were conducted to investigate the di�erence
in catalytic activity between them. A large KIE ef-
fect (4.6) was observed on Fe–N–C, indicating that
the elimination of β-H in benzyl alcohol was the
rate-determining step, whereas a weaker KIE e�ect
(2.2) was observed for Cu–N–C, suggesting Cu–
N–C could abstract the β-H more easily. However,
it should be noted that the as-prepared catalysts
also contained nanoparticles encapsulated by car-
bon shells, whose role in the catalysis was not clearly
determined.

Guan and coworkers also developed atomically
dispersed Co SACs supported on nitrogen-doped
graphene and investigated their catalytic behavior
in the selective oxidation of alcohols [15]. �e
Co SAC exhibited excellent catalytic activity for
a broad scope of substrates including aromatic
and aliphatic alcohols, and moderate to excellent
yields (54–92.4%) of the corresponding aldehy-
des were obtained. �e base-free conditions and
the use of air/oxygen as an oxidant seem a�rac-
tive for practical application, although the organic
solvent N,N-dimethylformamide (DMF) was used.
Furthermore, some critical points, such as the dop-
ing e�ect of N in graphene, structure of the Co–N
moiety and e�ect of calcination temperature, have
yet to be clari�ed.

�e selective oxidation of C–H bonds is a more
demanding class of reactions than alcohol oxida-
tion due to the high dissociation energy of C–H
bonds and the over-oxidation side reactions [61].
Very recently, Liu et al. studied the selective oxi-
dation of C–H bonds in aromatic and aliphatic hy-
drocarbons by using an atomically dispersed Fe–N–
C catalyst [16]. By employing tert-butyl hydroper-
oxide (TBHP) as the oxidant, Fe–N–C SAC af-
forded excellent activity and selectivity even at room
temperature, and a broad spectrum of substrates

could be smoothly converted into the correspond-
ing ketones. �e performance was highly depen-
dent on the pyrolysis temperature at which the SAC
was derived from the Fe(phen)x (phen = 1,10-
phenanthroline) precursor. Although the Fe–N–C
catalysts obtained at di�erent pyrolysis tempera-
tures (ranging from 700 to 900◦C) included almost
exclusively or even exclusively atomically dispersed
Fe species, their exact structures were rather com-
plicated and in fact consisted of a mixture of FeNx

species (x = 4–6). �e employment of the power-
ful 57FeMössbauer spectroscopy technique allowed
the identi�cation and quanti�cation of the di�erent
Fe centers. As shown in Fig. 6a, the relative con-
centration of each species di�ered with the pyroly-
sis temperature, and the most active species was the
medium-spin FeN5 site (D4 in Fig. 6a), which af-
forded a TOF of 6455 h−1 for the oxidation of ethyl-
benzene to acetophenone.�is TOFwas more than
1 order of magnitude higher than that of the high-
spin FeN6 species (D2) and low-spin FeN6 species
(D3), and even several times more active than the
Fe(II)N4 species (D1).�ehigh activity of theFeN5

structure was a�ributed to the unsaturated coordi-
nationof theFe single atoms (actuallyFe3+ cations),
which provided adsorption sites for TBHP (H–O–
O–, Fig. 6b). �is behavior resembles the oxygen
activation of the hemoglobin molecule [62]. In this
aspect, the Fe–N–C SACs are expected to mimic
the metalloenzymes in more important but compli-
cated organic transformations. However, in the cur-
rent Fe–N–C SACs, the most active species are un-
fortunately the least abundant (28% or less based on
Fig. 6a). Evidently, there is plenty of room for fu-
ture research in the design and synthesis of atomi-
cally dispersed single-site catalysts.

�e direct catalytic conversion of benzene to
phenol is a demanding and practically important
reaction in the �eld of C–H activation. Bao and
coworkers prepared a highly dispersed FeN4/GN
catalyst via the high-energy ball milling of iron
phthalocyanine (FePc) and graphene nanosheets
under controllable conditions [17]. �e graphene-
matrix-con�ned coordinatively unsaturated iron
sites demonstrated excellent catalytic activity in
the oxidation of benzene with H2O2 as the oxidant
at room temperature. For example, the TOF value
reached 84.7 h−1 and a phenol yield of 18.7% was
obtained at a conversion of 23.4%. Notably, the
reaction even proceeded e�ciently at 0◦C, reaching
a phenol yield of 8.3% a�er 24 h of reaction. Further-
more, the catalyst could be reused six times without
a decrease in its catalytic activity. In situ XAS and
Moössbauer measurements were performed to
investigate the catalytic mechanism. For the fresh
catalyst, both the Fe K-edge XANES spectra and
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Figure 6. (a) 57Fe Mössbauer spectra of the Fe−N−C-600/700/800 catalysts and the relative concentration of each species;

(b) proposed reaction mechanism of ethylbenzene oxidation on the FeN5 site. Adapted with permission from [16].
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Fourier transformed EXAFS spectra in r-space were
quite similar to that of FePc, indicating that the Fe
in FeN4/GN adopted the same FeN4 structure,
with Fe coordinated to four N atoms within a planar
sheet, as that of FePc. Upon treatment with H2O2,
the pre-edge peak in the Fe K-edge XANES spectra
broadened and increased in intensity due to the
formation of Fe=O.�e intensity of the �rst strong
peak in the FT-EXAFS spectra in r-space was also
enhanced, suggesting that a sharp increase in the
coordination of Fe resulted from the formation of
Fe = O/O = Fe = O. 57Fe Moössbauer measure-
ments also revealed that the amount of Fe = O
increased a�er H2O2 treatment and then decreased
upon contact with benzene. �ese results, together
with DFT calculations, showed that the single Fe
atomwas oxidized byH2O2 to form anO= Fe=O
intermediate, which then oxidized benzene to form
phenol.

Li et al. also constructed Fe–N–C SACs by the
pyrolysis of metal hydroxides or oxides coated with
polymers of dopamine, followed by acid leaching
[18].�eobtainedFe–N–CSACexhibitedhigh cat-
alytic activity for the hydroxylation of benzene to
phenol (45% benzene conversion with 94% selec-
tivity). Based on electron paramagnetic resonance
(EPR)analysis andDFTcalculations, theyproposed
a similar reactionmechanism to that of Bao, inwhich
the H2O2 oxidant was activated on the single Fe
atom, and the resulting FeIV = O species was con-
sidered to be the active intermediate in the reaction.
Notably, althoughFe–N4moietieswere proposed as
the active species in both works, the selectivity to-
wards phenol (94%) in Li’s report was higher than
that of Bao’s (∼80%), indicating that theremight be
some subtle discrepancy in the exact structure of the
two active sites. Further e�orts are expected to iden-
tify the active species using XAS and Moössbauer
characterization and/or poisoning experiments. In
addition, the use of a large excess ofH2O2 as oxidant
decreased the catalytic e�ciency to some extent in
both cases.

Silanols are important building blocks in polymer
chemistry. �e selective oxidation of silanes with
water to synthesize silanols has a�racted increasing
a�ention for its safety (nonexplosive, non�ammable
and nontoxic) and atomic economy (hydrogen gas
as the only by-product) [63]. Chen and coworkers
prepared Au SACs supported by mesoporous
carbon graphitic carbon nitride (mpg–C3N4),
which showed excellent catalytic performance in the
oxidation of silanes by water [64]. Nevertheless, in
comparison with the gold NPs supported on silica
previously reported for the same reaction [65], the
Au1/C3N4 showed only comparable activity. One
advantage of the Au1/C3N4 SAC is its excellent
stability; it could be recovered and reused at least

10 times with its activity and selectivity being
maintained well. �e characteristic coordination
cavity surrounded by N atoms in the mpg–C3N4

could anchor and stabilize the Au single atoms;
this e�ect was believed to contribute to the high
durability of the catalyst.

Hydroformylation of ole�ns

�e hydroformylation of ole�ns involves the addi-
tion of syngas (a mixture of CO and H2) to ole�ns
for the production of aldehydes and represents a
typical example of an e�cient and clean chemical
process with 100% atom economy. �e aldehydes
are valuable �nal products and important inter-
mediates for the synthesis of bulk chemicals such
as alcohols, esters and amines; more than 10 mil-
lion tons of aldehydes are manufactured per year
globally [66]. Cobalt-based catalysts were the �rst
generation of catalysts for these transformations;
however, they required harsh reaction conditions
and had low productivity. In 1968, a Rh-based
catalyst [RhCl(PPh3)3] was reported by Wilkinson
et al. [67], and was much more active and selective
than the Co-based catalysts under mild reaction
conditions, thus opening a new era of rhodium–
alkylphosphine/phosphite complexes for the
hydroformylation reaction [66]. �e alkyl–
phosphorous ligands, with their unique steric bulk
and electron-donating e�ects, contribute greatly
to the high activity and selectivity. However, these
homogeneous complexes are di�cult to recover.
�us, great e�orts have been devoted to the hetero-
genization of Rh-based hydroformylation catalysts,
including immobilization of the homogeneous
complexes on a solid support by ion exchange,
adsorption or covalent gra�ing [68]. However, the
interaction between the post-heterogenization Rh
metallorganics and the support is relatively weak.
Degradation of the ligands and/or theRh complexes
tends to occur during the course of the reaction,
which necessitates the periodic supplementation
of the active components. Furthermore, only a
low concentration of phosphorous ligands can be
gra�ed onto the surface of the support using these
methods, which usually results in poor catalytic
activity, selectivity and stability because of the low
P/Rh ratio [69,70].

Recently, the groups of Ding and Xiao groups
have made great progress in the heterogenization
of homogeneous Rh catalysts by designing porous
organic ligands (POLs) to support Rh [71–73].
�ey chose the well-known electron-donating lig-
and triphenylphosphine (PPh3) as the backbone
of the monomer and gra�ed a vinyl group to
the three benzene rings in PPh3 to construct
vinyl-functionalized PPh3 (3V–PPh3), which then
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Figure 7. The proposed structures of the (a) Rh/POL–PPh3 and (b) bidentate-ligand-doped Rh/POPs-PPh3 catalysts.

underwent polymerization under solvothermal con-
ditions to yield a porous organic polymer (POP)
with high surface area and rich porosity (Fig. 7a).
One of the most signi�cant advantages of this
method is that the PPh3 moieties can be anchored
with a high loading and are homogeneously dis-
tributed throughout the support via covalent bond-
ing (C–C). �is not only stabilizes the active Rh
species exclusively as single atoms, but also ensures
the high P/Rh ratio that is required for high catalytic
activity and selectivity. In the hydroformylation of
1-dodecene, the conversion reached 86.4% with a
high linear/branched aldehyde ratio (l/b = 6.6).
�e high selectivity towards linear aldehydes was
thought to arise from the con�nement e�ect of the
micropores (0.7–1.5 nm) in the support. More im-
pressively, in contrast to the vulnerability of most
previously reported heterogenized molecular cata-
lysts [68,74], the Rh SAC was quite stable for more
than 500 h time-on-stream in continuous �ow re-
action, demonstrating its great potential for practi-
cal applications. However, the substrate tolerance
of the catalyst was unsatisfactory and, for the hy-
droformylation of the shorter-chain substrate 1-
octene, the linear/branched ratio was poor (45/55),
and a large amount of isomerized alkene was pro-
duced. To improve the regio-selectivity, the authors
doped bidentate ligands such as Xantphos, which
was reported by Van Leuween [75], and biphephos,
which was developed by the Union Carbide Corp.
[76,77], onto thePOP–PPh3 (Fig. 7b).�esebiden-
tate ligands usually exhibit large natural bite angles
(∼120o) and, when coordinated with an Rh cation,
the formed complex preferentially adopted a diequa-
torial rather than an equatorial-apical con�guration,
which led to an increase in the steric congestion
around the Rh center and resulted in more selec-
tive formation of the sterically less demanding linear

alkyl rhodium species and subsequently of the linear
aldehydes [75]. Using a similar method, Ding and
coworkers functionalized the Xantphos and biphep-
hos ligandswith vinyl groups, which then underwent
co-polymerization with the 3V–PPh3 to yield the
support [78]. �e Rh species in these catalysts still
existed as single atoms. Compared with Rh/POP–
3V–PPh3, the Xantphos- and biphephos-doped cat-
alysts a�orded greatly enhanced regio-selectivity, al-
though the catalytic activity was decreased to some
extent, most likely due to the limited mass trans-
fer. For example, the l/b ratio in the hydroformyla-
tion of 1-octene over Xantphos-doped Rh/POPs–
PPh3 increased from 45/50 to 90/10 and, in the
hydroformylation of propene on biphephos-doped
catalysts, the l/b ratio reached as high as 24.2. Im-
pressively, the biphephos-doped catalyst was also ef-
fective for the isomerization–hydroformylation of
internal ole�ns and the regio-selectivity for linear
aldehyde reached up to 92%. �e authors pro-
posed that the PPh3 ligands contributed mainly to
the overall catalytic activity and stability owing to
their strong electron-donating capacity and multi-
ple binding with Rh cations, whereas the biden-
tate ligands were mainly responsible for the high
regio-selectivity due to their steric hindrance. �e
POLs strategy developed by Ding and Xiao opened
a new approach for the heterogenization of met-
allorganic molecular catalysts that could maintain
their high activity and regio-selectivitywhile creating
robustness. Nevertheless, the tedious procedures re-
quired to prepare the polymers and the use of ex-
pensive ligands andGrignard reagents represent bar-
riers to their future industrial application. Further
e�orts must be devoted to developing facile and
inexpensive synthetic routes and exploring other
P-containing materials (e.g. MOFs, COFs) for such
transformations.
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Given the high cost and vulnerability of the phos-
phorous ligands, supported Rh NPs catalysts with-
out P-ligands were developed for the hydroformyla-
tion of ole�ns; however, their catalytic performances
were inferior to those of their homogeneous analogs
[79]. SACs, inwhich the singlemetal atomsare coor-
dinated to heteroatoms on the support, are regarded
as a mimic of supported homogeneous catalysts and
thus are expected toperformwell in the hydroformy-
lation of ole�ns. Indeed, the Rh SACs met some of
the criteria for the hydroformylation of ole�ns. First,
in most Rh homogeneous catalysts, Rh(I) species
are considered to be the active sites; fortunately, Rh
single atoms are generally positively charged. Sec-
ond, Rh single atoms are reported to e�ectively ac-
tivate both H2 and CO, and the isolated Rh cen-
ters are believed to interact with ole�ns weakly with-
out hydrogenation. �ird, the con�nement in some
SACs is expected to have steric e�ects similar to
those of bulky P-ligands. Recently, several exciting
examples have demonstrated the feasibility of Rh
SACs for the hydroformylation of ole�ns. Lang et al.
fabricated a Rh1/ZnO catalyst for the hydroformy-
lation reaction [11]. �ey chose ZnO nanowires
(ZnO-nw) as a support and a Rh SAC with a load-
ing of 0.006 wt% was prepared. For comparison,
ZnO-nw-supported Rh NPs were also synthesized.
In the hydroformylation of styrene, when the Rh
loading was decreased from 0.3 to 0.006 wt%, the
turn over number (TON) increased from7× 103 to
4 × 104. Notably, the TONs of Rh1/ZnO-nw were
even higher than those of homogeneous RhCl3 and
Wilkinson’s catalyst RhCl(PPh3)3 (TON = 3324
and 1.9× 104, respectively).Moreover, the chemos-
electivity of the Rh1/ZnO-nw catalyst reached 99%,
which was much higher than those of its homoge-
neous counterparts (83–92%). Almost no hydro-
genation of ole�ns occurred on the catalyst, in-
dicating that the single Rh atoms interacted with
the ole�ns through a π -mode interaction, which
was in good agreement with the behavior of other
SACs for hydrogenation reactions [10,42,56]. Un-
fortunately, the Rh1/ZnO-nw SAC did not exhibit
regio-selectivity towards the linear aldehydes; the
linear/branched ratio was about 1. Generally, high
regio-selectivity can only be obtained when the Rh
centers have signi�cant steric hindrance during the
insertion of CO.�e unsatisfactory regio-selectivity
of the Rh1/ZnO-nw SAC may imply that the Rh
center had low steric congestion. XPS and in situ

XANES characterization results indicated that the
singleRh atomswere in a nearlymetallic state, which
implied that the single Rh atoms might have been
located atop a Zn atom. �is position would leave
the Rh single atoms open to CO insertion from ev-
ery direction and thus lead to poor regio-selectivity.

However, high regio-selectivity and high activity
over Rh SACs was achieved by �ne-tuning the va-
lence state and location of the single Rh atoms on
the support, as demonstrated by Zeng and cowork-
ers [80]. �ey constructed a Rh1/CoO SAC by
con�ning the single Rh atoms in the CoO lay-
ers via galvanic replacement between Rh(III) and
CoO. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) examination andHAADF-
STEM images suggested that the single Rh atoms
occupied the Co positions. In the liquid-phase hy-
droformylation of propene, the 0.2% Rh/CoO SAC
achieved a TOF value of 2065 h−1, which was even
higher than that of Rh/POPs–PPh3. Furthermore,
the catalyst showed impressive chemoselectivity
(>99%) and regio-selectivity for 1-butaldehyde
(94.4%), higher than those of its nano-counterparts
(68.7 and 53.9% for 1.0% Rh/CoO and 4.8%
Rh/CoO). �is high chemo- and regio-selectivity
may arise from two features. First, XPS measure-
ments demonstrated that the single Rh atoms were
positively charged even under the reaction condi-
tions, allowing the single Rh atoms to stably �ll the
Co(II) vacancies; that is, the Rh single atoms were
coordinated to four oxygen atoms within the CoO
layer in the equatorial directionof anoctahedral con-
�guration. Second, the single Rh atoms were con-
�ned within the CoO sheets, although according to
DFT calculations, Rh moved 1.3 Å out of the plane
during the reaction. �is con�nement limited the
possible CO insertion pathways, which in turn pref-
erentially yielded the linear aldehyde due to steric
hindrance. Furthermore, the CoO support might
have assisted in the activation of H2 and CO, as in
the case of Au/Co3O4 [81], which would increase
the catalytic activity. �is work subverted the tra-
ditional opinion that high regio-selectivity can only
be obtained with the assistance of expensive phos-
phorous ligands, and demonstrated that the het-
eroatoms (e.g. O) in the support can ful�ll the role
of the bulky P-ligands in a carefully designed SAC.

C–C coupling reaction

�e construction of C–C bonds, which is a vital
method for the formation of complex molecules
from simple substrates, is one of the central themes
in modern synthetic chemistry. Typical powerful
approaches include the Suzuki cross-coupling re-
action [82], Heck reaction [83] and α-alkylation
of enolates [84], which are generally catalysed by
Pd, Ir or Pt complexes. When aryl halides are used
as substrates, the chlorides are cheaper and more
readily available than the bromides and iodides, but
are more di�cult to activate because of the higher
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Figure 8. (a) Relationship between activity (turnover number, TON) and Pd concentra-

tion in the Au–Pd/resin catalysts for the Ullmann reaction of chlorobenzene; (b) pro-

posed reaction mechanism; (c) substrate tolerance (the percentages in C indicate the

product yield). Adapted with permission from [85].

dissociation energy of the C–Cl bond. Zhang et al.
prepared an ion-exchange-resin-supported Au–Pd
SAA catalyst that exhibited high catalytic activity
and selectivity in the Ullmann reaction of aryl chlo-
rides [85]. BothCO-DRIFTs (di�use re�ectance in-
frared Fourier transform spectroscopy) and EXAFS
characterization con�rmed the formation of an SAA
structure at Au/Pd ≥ 6, with the Pd atoms isolated
by the surrounding Au atoms. In the Ullmann re-
action of chlorobenzene, an exponential increase of
the TON (normalized by Pd mass) was observed
with decreasing Pd concentration (Fig. 8a). �is in-
teresting trend can be rationalized by the assump-
tion that, with an increase in the Au/Pd ratio, the
Pd single atoms are mainly located at the edges and
corner positions of the Au nanoparticles (Fig. 8b),
which should bemore active than those on facets be-
causeof themoreunsaturated coordination environ-
ment, as in the case of the aforementioned ‘crown-

jewel’-structured Au SACs [59]. Furthermore, the
catalyst exhibited promising substrate tolerance and
durability for Ullmann reactions of aryl chlorides,
bromides and iodides (Fig. 8c) and could be reused
eight times without decay in their activity. Hot �l-
tration experiments demonstrated a heterogeneous
reaction mechanism. It was proposed that the Au in
the catalysts not only played a role in separating Pd
to form single atoms, but also promoted the dissoci-
ation of the C–Cl bond and the coupling of two aryl
groups, thus opening a newmethod of fabricating ef-
�cient alloyedSACs for other reactions. Futurework
can be devoted to exploring other inexpensive tran-
sition metals to isolate Pd, in light of the high price
of Au.

In addition to the SAA, a TiO2-supported Pd
SAC was also explored for the Sonogashira cou-
pling reactions of aryl bromides and iodides with
phenylacetylene [86]. �e catalyst a�orded com-
plete conversion of phenylacetylene a�er reaction at
60◦C for 3 h in the Sonogashira coupling reaction
of phenylacetylene and iodobenzene, with the prod-
uct selectivity reaching over 90%. �e coupling re-
action also proceeded readily for substituted pheny-
lacetylenes with di�erent functional groups and aryl
bromides and iodides, and the corresponding prod-
ucts were obtained in high yields. However, for the
more challenging aryl chloride substrates, the cata-
lyst showed rather low activity. XAS and XPS char-
acterization, in combination with DFT calculations,
revealed a Pd1O4 structure in which the positively
charged and isolated Pdδ+ species interact strongly
with four surface la�ice O atoms of the TiO2 sup-
port. Such a structure provides multifunctional Pd,
Oad and Ti5c atoms for the activation of the reac-
tants, and therefore a lower apparent activation en-
ergy of 28.9 kJ/mol is required in comparison with
that of the homogeneous catalyst Pd(PPh3)2Cl2
(51.7 kJ/mol), demonstrating the concerted cataly-
sis by the TiO2 support and single Pd atoms.

Kim et al. reported a thiolated multiwalled nan-
otube (MWNT) supported Pt SAC that acted as
a good catalyst for the Suzuki cross-coupling reac-
tion of 4-iodoanisole and 4-methylbenzene boronic
acid [87]. �e Pt-S-MWNT SAC a�orded a high
product yield of 99.5%, which wasmuch higher than
that on Pd-S-MWNTs, Pd/C or H2PtCl6. How-
ever, for bromide and chloride, much lower yields of
10.4 and 4.8% were obtained, respectively. �e cat-
alyst could be recovered by �ltration and could be
reused 12 times without signi�cant decrease in the
yield. XANES spectra showed a white-line intensity
slightly higher than that of Pt foil, but much lower
than that of H2PtCl6, suggesting that the single Pt
single atoms were positively charged. �e positively
charged single Pt atoms could easily dissociate the
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C–I bond and were believed to be responsible for
the high activity. It was also noted that, in the Pt-S-
MWNTSACs, the single Pt atomswere coordinated
to the thiol groups, which not only resulted in a posi-
tive charge on the single Pt atoms, but also helped to
stabilize them against aggregation and leaching.

Recently, Wang et al. constructed a PdII@PDMS
single-atom catalyst for the oxidative coupling of
benzene to synthesize biphenyl compounds using
O2 as the terminal oxidant with only H2O as a by-
product [88]. In this catalyst, the porous organic
copolymer PDMS (a copolymer of divinylbenzene,
maleic anhydride and p-styrene sulfonate) contain-
ing abundant carboxylic acid and sulfonate groups
was used as the support for anchoring single Pd
atoms. In the oxidative coupling reaction of ben-
zene, a 26.1% yield of biphenyl with a high selec-
tivity of 98.3% was obtained a�er 4 h at 120◦C, af-
fording a TON value of 363. Under the optimized
reaction conditions, an even higher TON of 487
was obtained, which surpassed those achieved on
Pd(OAc)2 and other reported heterogeneous cata-
lysts. Benzene, toluene, o-xylene, m-xylene and p-
xylene were also good substrates, and the corre-
sponding products were obtained with high selec-
tivity (90.8–97.6%) and yields (10.3–30.8%). Hot
�ltration experiment results revealed that the re-
action did not proceed a�er the catalyst was re-
moved, thus ruling out the possible contribution of
leached Pd to the catalysis. �e bidentate –COOH
in the PdII@PDMS catalyst contributed greatly to
the stabilization of Pd(II) against reduction as well
as the subsequent catalytic activity; in contrast, for
catalysts with both –SO3H and mono-carboxylic
groups, or those possessing solely –COOH or
−SO3H groups, much lower yields (0.2–14.2%)
were obtained because of their weaker ability to sta-
bilize Pd(II). Evidently, the isolated Pd(II) species
was the active site for this reaction.

STABILITY OF SACS

One of the greatest concerns regarding the use of
SACs for liquid-phase reactions is their stability.
Generally, leaching (the detachment of the single
atoms from the support) and aggregation (the for-
mation of clusters and NPs from the single atoms
through migration) are the two major factors that
severely deteriorate the stability, and the stability of
the SACs is strongly dependent on the interaction
between the single atoms and the support.

Free single atoms are known to have an ex-
tremely high surface energy and therefore cannot
be stable. In contrast, upon being �xed on a sup-
port, whether on the surface, in the cation position

(la�ice substitution), con�ned in a cavity or alloyed
with another metal, the single atoms tend to inter-
act strongly with the support via chemical bonding
with the donor atoms of the support, such as oxy-
gen or nitrogen atoms or a second metal atom in
the case of SAA; these atoms are analogous to the
ligands of organometallic complexes. �is bonding
lowers the surface energy and sometimes even has
covalent characteristics [9]. �e strong ionic or co-
valent bonding of the single atoms with the support
signi�cantly improves their stability against leaching
and/or aggregation. Here, we provide several exam-
ples that demonstrate the superior stability of SACs
in biomass conversions.

�e transformation of biomass into fuels
and value-added chemicals is an important and
active research area. Biomass-related hydrogena-
tion/hydrodeoxygenation reactions o�en require
harsh reaction conditions, such as elevatedhydrogen
pressure, moderate to high reaction temperatures
and hot water or even acidic reaction media. For
example, in the hydrogenation of levulinic acid (LA)
to γ -valerolactone (GVL), commercially available
Ru/C has proven to be highly active and selective.
However, it su�ers from severe deactivation under
hydrothermal and/or acidic reaction conditions due
to Ru leaching [89]. Wang, Zhang and coworkers
reported a single-atom Ru/ZrO2@C (0.85 wt%)
catalyst that was highly active and ultra-stable for
the hydrogenation reaction of LA [90]. When the
reaction was performed in water, the conversion
of LA dropped from 69.2% in the �rst run to 40%
in the third cycle on Ru/C, whereas the conver-
sion remained unchanged even a�er six runs over
Ru/ZrO2@C. �e stability of Ru/ZrO2@C was
further demonstrated under harsher conditions
(pH=1); theLAconversiondecreased from77.7 to
25% on Ru/C a�er three runs, whereas no apparent
drop of activity was observed over Ru/ZrO2@C.
ICP-AES results indicated that 14.8 and 7.4% of
the Ru leached into acid media and H2O for Ru/C,
respectively, which caused the severe deactivation
of the catalyst. In contrast, no leaching of Ru was
detected for Ru/ZrO2@C, which was a�ributed
to the strong interaction between Ru and ZrO2.
Similar results were also reported by other groups
[91], although the unambiguous identi�cation of
single atoms of Ru on ZrO2 remains a challenge due
to the similar atomic numbers of the two elements.

Another class of ultra-stable SACs are the M–
N–C catalysts, in which M is exclusively dispersed
as single atoms and bonds with the nearby N
atoms to form M–Nx active sites. �e M–Nx struc-
ture is expected to be highly resistant against high-
temperature aggregation and acid leaching based on
the strong bonding between the M cation and N
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Figure 9. (a) Stability tests of the Ni–N–C catalyst and Ni/AC catalyst, and HAADF-STEM images of fresh and used (b) Ni–N–C and (c) Ni/AC catalysts.

Adapted with permission from [13].

atoms. As expected, Wang, Li and coworkers re-
cently reported an ultra-stable Ni–N–C SAC with a
Ni loading of 7.5 wt% that exhibited excellent per-
formance in the one-pot conversion of cellulose to
EG [13], which is an important reaction for the
valorization of biomass to value-added chemicals
[92–94]. �e Ni–N–C SAC exhibited superior sta-
bility compared to its Ni/ACNP counterpart under
relatively harsh reaction conditions (245◦C, 60 bar
H2, presence of tungstic acid in hot water); it could
be recycled seven times without any deactivation,
while the Ni/AC lost half of its initial activity dur-
ing the second run (Fig. 9). Characterizations of
the used catalysts showed severe agglomeration of
the Ni nanoparticles whereas the Ni–N–C catalyst
maintained atomic dispersion. In another biomass-
valorization reaction, an MoS2 monolayer doped
with single-atom Co was reported to show superior
activity and stability for the hydrodeoxygenation of
4-methylphenol to toluene [95], which is a model
reaction for lignin transformations [96]. �e single
Co atomswere believed to �ll S-atomvacancies to be
immobilized as a part of the basal plane.�e durabil-
itywas greatly improved—that is, the catalysts could
be reused at least seven times for a total reaction time
of 56 h without decay in their activity and selectiv-
ity;moreover, no sulfur detachmentwas detected by

ICP-AES. �is work demonstrated that, when sin-
gle atoms—100% dispersion of active metal—
meet with single layer sheets—the ultimate exfo-
liation of 2D materials—powerful catalysts can be
created.

�e above examples, among others, clearly
demonstrate that single atoms that are strongly
chemically bonded with the donor atoms of the
support can behave even more stably than NPs in
certain reactions.

CONCLUSION AND PERSPECTIVE

SACs are of great interest and importance for the
development of a new generation of low-cost, ef-
�cient and robust catalysts. Especially in the �eld
of the green synthesis of �ne chemicals, various
SACs have been fabricated, and their catalytic po-
tentials have been exploited in a variety of organic
transformations, including, but not limited to, selec-
tive hydrogenation, oxidation, hydrogenolysis, hy-
drodeoxygenation, hydroformylation and C–C cou-
pling reactions. In particular, some reactions that
represent very important industrial processes, such
as the hydrogenolysis of glycerol to 1,3-propanediol
and the hydroformylation of propene, would be
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very pro�table if e�cient and robust SACs could be
successfully exploited. Traditional homogeneous or
heterogeneousNP catalysts involve compromises in
terms of activity, selectivity or recyclability. SACs in-
tegrate the merits of both these types of catalysts—
that is, the unsaturated coordination environment
of the single atoms imparts superior catalytic ac-
tivity per metal atom; the uniform structure of the
SACs results in unparalleled selectivity for the de-
sired products; and strong covalent or electronic in-
teractions with the support or another metal pro-
vide excellent stability under liquid-phase operating
conditions. �erefore, in the �eld of green chemical
synthesis, one can expect further progress in the use
of SACs to bridge homogeneous and heterogeneous
catalysis.

In spite of its exciting andencouragingbeginning,
the SAC �eld is still in its infancy. �e following is-
sues must be addressed to obtain an in-depth un-
derstanding of single-atom catalysis and eventually
achieve the rational design of SACs for speci�c or-
ganic transformations.

(1) �e role of the support must be further clar-
i�ed. In SACs, the single atoms of the active metal
interact strongly with the support, and the support
serves as the ligands of the active metal centers,
just as in homogeneous organometallic molecules.
�erefore, the properties of the support can greatly
a�ect the chemical state and coordination structure
of the single atoms, and thus their ultimate catalytic
performance. By tuning the properties of the sup-
port, for example, by gra�ing functional groups onto
the support surface or changing the concentration
of defect sites via thermal treatment, the electronic
and geometric properties of the central single metal
atoms can be changed, providing an e�ective way
to tune the catalytic performance of the SACs. �e
single atoms may be located in the cation vacancies,
the anion vacancies or atop the cation sites of the
oxide/sul�de support, which results in di�erent lo-
cal structures around the single central single atoms,
and thus di�erent catalytic performance. For exam-
ple, in the Co1/MoS2 catalyst developed by Tsang
et al. [95], DFT calculations revealed that, when the
Co single atom was located in the sulfur vacancies
within the MoS2 monolayer, the catalyst exhibited
the highest stability. In addition, the supportmay di-
rectly participate in the reaction in concert with the
single atoms. In such cases, the choice and the mod-
i�cation of the support become key factors in the
success of the targeted reaction. �erefore, the elu-
cidation of the multifarious roles played by the sup-
port will de�nitely help to develop an understanding
the mechanism of single-atom catalysis and to de-
velop e�cient and robust SACs for green chemical
synthesis.

(2) Multifunctional SACs should be developed.
�e green synthesis of �ne chemicals calls for
the combination of multi-step syntheses into one-
pot tandem (domino) reactions. �us, great e�ort
should be devoted to the development of SACs with
multiple functions; for example, the development of
a dehydration–hydrogenation bi-functional catalyst
through the use of an acidic support might be ex-
plored [44,45].

(3) Construction of SACs with a high surface
density of the active metal species must be achieved.
In order to ensure atomic dispersion, most of the
SACs reported to date have had rather low surface
densities of the active species (e.g.<0.5wt%),which
leads to a low-volume productivity, although the
atom utilization is maximized. For practical appli-
cations, SACs with a high surface density of the ac-
tive metal species are required; this can be accessed
by engineering the metal–support interaction. �e
fabrication of support materials with a high den-
sity of defect sites will be favorable considering that
the single atoms are usually anchored to the de-
fect sites of the support (vacancies, coordination-
unsaturated sites, etc.). For example, in the Pt/WOx

system [44,45,97], the mesoporous WOx prepared
by the alcoholysis method is rich in oxygen vacan-
cies, which allows the Pt species interact strongly
with the support and thereby be dispersed as sin-
gle/pseudo single atoms even at a high loading of
∼2.6 wt%. Nano-engineering of the support is an-
other useful strategy to create abundant surface de-
fects.When the supportmaterial is downsized to the
nanoscale, both the surface area and density of de-
fect sites will increase greatly, which should be favor-
able to the incorporation ofmore single atoms of the
active metal. Typical examples include graphene-
supported-Fe [17], MoS2-monolayer-con�ned Co
[95],CoO-nanosheet-supportedRh [80] andTiO2-
nanosheet-anchored Pd [42], all of which feature
a practically high density of single atoms. Further-
more, because these 2D materials have distinct
physical and chemical properties from their bulk
counterparts, they might provide unique catalytic
performance when loaded with single atoms. In
somecases, dopingheteroatoms into the support has
also been found tobe e�ective to stabilize a highden-
sity of single atoms. For example, the sodium cations
in thePt–Na/FeOx SACswere found to enhance the
dispersion and stabilization of Pt single atoms with a
high loading (2.16 wt%) [32]; doping N atoms into
carbon sheets can be e�ective to achieve a high load-
ing of single Co (3.6 wt%) [12], Fe (1.0 wt%) [16]
and Ni (7.5 wt%) [13] atoms.

Lastly, more in situ characterization techniques
should be developed to monitor the dynamic struc-
ture of single atoms under operating conditions, as
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this would be helpful for the understanding of the
catalytic mechanism of SACs and the development
of more e�cient and robust SACs for the green syn-
thesis of �ne chemicals. Operando characterization
is particularly challenging for liquid-phase reactions
due to the involvement of solvent molecules, but it
is of vital importance to e�orts to establish a bridge
between homogeneous and heterogeneous catalysis
by the use of SACs.
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37. Makosch M, Sá J and Kartusch C et al. Hydrogenation of nitrobenzene over

Au/MeOx catalysts-a matter of the support. Chem Cat Chem 2012; 4: 59–63.

38. Zitolo A, Goellner V and Armel V et al. Identi�cation of catalytic sites for oxygen

reduction in iron- and nitrogen-doped graphene materials. Nat Mater 2015; 14:

937–42.

39. Westerhaus FA, Jagadeesh RV andWienhöfer G et al.Heterogenized cobalt ox-
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