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Preface: single-atom catalysts as a new generation of heterogeneous

catalysts

Nanfeng Zheng /"1 and Tao Zhang?*

Heterogeneous catalysis plays a leading role in the chemical in-
dustry. Creating heterogeneous catalysts with minimal use of
metals but well-defined catalytic sites is highly desired for de-
veloping cost-effective and green chemical processes. With sin-
gle metal atoms dispersed on supports, single-atom catalysts are
featured in their optimized usage of metal and also the similar
chemical environments of metal sites. It has been long believed
that the single-atom catalysts should not be stable enough to
be prepared via conventional catalyst-preparation techniques.
However, in 2011, Tao Zhang’s group in Dalian Institute of
Chemical Physics, cooperating with Jun Li from Tsinghua Uni-
versity and Jingyue Liu from Arizona State University, success-
fully demonstrated the feasibility to fabricate stable and efficient
single-atom Pt catalysts using a simple co-precipitation method.
The research also presented a systematic methodology to in-
vestigate single-atom catalysts using advanced characterization
techniques. During the past several years, the work has greatly
stimulated the rapid development of the field. There are now nu-
merous studies demonstrating that single-atom catalysts serve
as an excellent catalyst system to bridge homogeneous catalysts
with well-defined molecular structures and heterogeneous cat-
alysts with structural complexity. With more and more contri-
butions to this rapidly growing field, single-atom catalysts have
been emerging as next-generation heterogeneous catalysts for
various applications.

This special topic aims at highlighting the latest research ad-
vances in the field of single-atom catalysts. The research high-
light by Shi-Zhang Qiao et al. focuses on how to use metal-
organic framework materials to assist the synthesis of single-
atom catalysts for energy applications, which has been recently
studied extensively by many research groups in China. The re-
view article by Tao Zhang and Aiqin Wang ef al. summarizes
the developments of single-atom catalysts for green synthesis of
fine chemicals. Yadong Li and Yuen Wu et al. reviewed the re-
cent advances in the precise control of single-atom catalysts by
chemical methods. The perspective articles in this special topic
cover several issues of single-atom catalysts ranging from prepa-
ration techniques, catalytic mechanisms and also theoretical un-
derstanding. Xueliang Sun et al. discuss the development of the

atomic layer deposition technique as an effective method to pre-
pare single-atom catalysts for various applications. In the per-
spective article by Abhaya Datye et al., atom trapping is demon-
strated as a viable method for the synthesis of oxide-supported
single atoms of platinum-group metals. Jean-Marie Basset et al.
discuss the research advances to design single-atom catalysts
based on surface organometallic chemistry. From the viewpoint
of coordination chemistry, Nanfeng Zheng et al. discuss in their
perspective article different roles of supports in single-atom cat-
alysts. The stability of single-atom catalysts is a critical issue
for their industrial applications. The perspective article by Jun
Li et al. focuses on the theoretical understanding of the sta-
bility issue of single-atom catalysts. This special topic also of-
fers a research article contributed by Javier Pérez-Ramirez and
Sharon Mitchell ef al. which demonstrates that palladium atoms
can be effectively isolated on carbon nitride scaffolds beyond
graphitic heptazine-based polymers for creating stable and efhi-
cient single-atom Pd catalysts for selective hydrogenation. An
interview with Jean-Marie Basset is also included in this spe-
cial topic to share his personal views on the development and
prospects of the field of single-atom catalysts.

As guest editors, we would like to express our sincere appre-
ciation to all the authors, reviewers and also the editorial office of
NBSR for their efforts to make this special topic possible. We hope
that this special topic will gain broad attention from chemistry,
physics, materials science and other related fields.
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Metal-organic framework assisted synthesis of single-atom catalysts

for energy applications

Yao Zheng' and Shi-Zhang Qiao'-2*

Metal single-atom catalysts (M-SACs)
are emerging as a new research fron-
tier because of their low-coordination
metal atoms and uniform structures. As
a representation of maximum atom uti-
lization efficiency, M-SACs demonstrate
unique properties in a wide variety of het-
erogeneous catalysis and electrocatalytic
processes [1,2]. Metal-organic frame-
works (MOFs) are composed of metal-
containing nodes and organic linkers, and
are typically characterized as atomically
dispersed metal sites. With the versatility
of metal ions and ligands, the direct py-
rolysis of MOFs serves as an ideal route
for preparing various M-SACs. However,
this seemingly simple strategy is still
highly challenging due to the drastic reac-
tive processes that occur at high temper-
ature that rapidly convert metal ions into
aggregated nanoparticles. Very recently,
Yadong Li et al. developed a general syn-
thetic strategy for M-SAC preparation
by utilizing particular zeolitic imidazo-
late frameworks (ZIFs)—a kind of MOF
that are topologically isomorphic with
zeolites [3-5]. The resultant M-SACs
(M = Fe, Co, Ni) demonstrated excel-
lent activities for energy-related electro-
catalytic reactions.

The most important principle of
this methodology is the utilization of
low-boiling-point atoms, such as Zn (mp
420°C, bp 907°C), in ZIF-8 and Zn/Co
bimetallic ZIF-67, which evaporated
at high temperature, leaving abundant
N-rich defects. As a result, the iso-
lated metal ions were closely anchored
through N-coordination, avoiding their

aggregation during pyrolysis. For the
synthesis of Fe and Ni single atoms in
an N-carbon matrix (Fe-SAs/CN and
Ni-SAs/CN), Fe(acac); and Ni(NO3),
were selected as metal sources, re-
spectively, and were confined in the
molecular-cages of ZIF-8 (Fig. 1) [3,4].
Co-SAs/CN was synthesized from a par-
tially Zn-replaced ZIF-67 with a Zn/Co
= 1:1 (Zn/Co-ZIF-67) precursor (Fig.
1) [S]. After pyrolysis at 900-1000°C in
an Ar atmosphere, the metal ions were
thermally reduced and atomically dis-

O,
o 02
o °
~3h(
O OH-

Fe-SAs/CN

co,
(
co

Ni-SAs/CN

Zn/Co-ZIF-67

Figure 1. Schematic illustration of the precur-
sor and structures of Fe, Niand Co single atoms
supported in N-carbon matrices. Color code:
grey: carbon; royal blue: nitrogen; white: hydro-
gen; red: oxygen; light blue: zinc; brown: iron;
green: nickel; purple: cobalt.

National Science Review
5. 626-627, 2018
doi: 10.1093/nsr/nwy010

persed in the N-carbon matrix. This was
directly observed by high-angle annular
dark-field scanning transmission elec-
tron microscopy. The precise molecular
structures of these isolated metal atoms
were well identified by extended X-ray
absorption fine structure and X-ray
absorption near-edge structure. As
shown in Fig. 1, the ZIF-8-derived
Fe-SAs/CN and Ni-SAs/CN, and
Zn/Co-ZIF-67-derived  Co-SAs/CN,
show a 4, 3 and 2 metal coordination
number with surrounding N atoms,
respectively.

With precise N-coordination and high
metalloadings of 1.5-4 wt. %, all M-SACs
showed superior electrocatalytic activi-
ties. For example, Fe-SAs/CN demon-
strated a half-wave potential of 0.9 V for
the oxygen-reduction reaction in alka-
line electrolyte—a key cathodic step for
proton exchange membrane fuel cells,
even outperforming commercial Pt/C
and most non-precious-metal catalysts
[3]. Ni-SAs/CN exhibited an excellent
turnover frequency for the electroreduc-
tion of CO, (5273 h™!), with a Faradaic
efficiency for CO generation of 71.9%
[4].

In summary, Yadong Li et al de-
veloped a general and well-designed
method for the simple preparation of
M-SACs with the assistance of ZIFs.
Due to the wide variety of metal atoms
in versatile MOFs, this accurately con-
trolled methodology may present some
guidelines for the rational design and
modulation of M-SACs for broader
applications.

© The Author(s) 2018. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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Single-atom catalysts by the atomic layer deposition technique

Lei Zhang, Mohammad Norouzi Banis and Xueliang Sun*

Noble metal nanocatalysts have been
widely applied in the petrochemical
industry, medicine, environmental pro-
tection and energy sectors. To decrease
the cost and maximize the utilization
efficiency, single-atom catalysts (SACs),
as a new frontier in heterogeneous
catalysis, have attracted considerable
attention due to their unique catalytic
properties. Unlike traditional nanocat-
alysts, the catalytic performance of
single-atom catalysts is highly dependent
on their low-coordination environment,
quantum size effects and metal-support
interaction. Recently, several methods
have been developed for the preparation
of single-atom catalysts, including the im-
pregnation method [1], co-precipitation
method [2], photo-reduction method
[3] and atomic layer deposition (ALD)
method [4-6]. Among these, the ALD
process is a powerful approach for
studying the relationship between the
catalysts’ structure and their catalytic
performances, as it has a great capability
to precisely control the deposition of
single atoms and nanoclusters. In this
perspective, we will briefly discuss the
recent progress in the rational design
of single-atom catalysts through atomic
layer deposition. In addition, we will
summarize the key issues for the de-
velopment of ALD methods and the
outlook for future research trends.
Generally, one complete ALD cycle
contains two main processes (Fig. la)
[7]. Taking the deposition of single Pt
atoms on graphene as an example, the
first step is the reaction of the Pt pre-
cursor with the adsorbed oxygen on the
surface of the graphene. The second step

is an oxygen pulse to convert the pre-
cursor ligands to Pt-O species to form
a new adsorbed oxygen layer on the Pt
surface (Fig. 1b). During the ALD pro-
cess, Pt catalysts with atomically precise
design and control can be synthesized
by adjusting the ALD cycles. In 2013,
Sun and co-workers fabricated single Pt
atoms on graphene nanosheets by ALD
for the first time [3]. The graphene sub-
strate exhibited many carbon vacancies
and defects, which were favorable for an-
choring Pt precursors. Up to now, single-
atom Pt catalysts have also been achieved
on nitrogen-doped graphene and CeO,
supports [4,5]. When single Pt atoms are
deposited on CeO,, the atoms tend to de-
posit on the Ce rows of the CeO,(110)
and (100) facets, instead of the (111)
facet [S]. In addition to single Pt atoms,
single Pd atom catalysts have also been
successfully deposited on graphene by al-
ternately exposing Pd(hfac), and forma-
lin at 150°C [6]. Although several types
of single-atom catalysts have been ob-
tained through the ALD method, large-
scale production of single-atom catalysts
using the ALD process is still challeng-
ing, and optimization of the ALD process
is required. For example, the use of the
spatial atomic layer deposition technique
could greatly improve the industrializa-
tion process [8].
Atomic-resolution
electron microscopy (TEM), scanning
tunneling microscopy  (STM)

transmission

and
radiation-ray absorption spectroscopy
investigations are three typical charac-
terization methods for detecting SACs.
We can directly observe the single atoms
through atomic-resolution TEM and

STM images while the synchrotron-
based X-ray absorption spectrum can
provide information on the overall struc-
ture of the catalysts. The formation of
SACs can be concluded by studying the
extended X-ray-absorption fine-structure
(EXAFS) spectrum of the corresponding
catalysts. Local atomic structure infor-
mation including coordination number
and atomic distances can be derived
from the fitted EXAFS spectra in R
space. The reduction of peak intensity of
metal-metal peaks in these spectra can
be a good indicator for the formation
of SACs. Though we can conclude the
formation of single-atomic catalysts
through these methods, it remains a
great challenge to identify the accurate
binding site between the single atoms
and the support. As a result, the devel-
opment of advanced characterization
methods is essential for widespread syn-
thesis and application of SACs. In addi-
tion, to attain physical insights into the re-
situ/ operando
characterization techniques would be

actions, advanced in
necessary. A systematic understanding of
the reaction mechanisms will be crucial
for discovering the growth behavior of
single atoms on different substrates and
its practical applications.

The SACs obtained through ALD
have extremely high atom-utilization ef-
ficiency, which makes them highly ac-
tive catalysts for several catalytic re-
actions. The SACs have been proven
to be highly efficient catalysts for sev-
eral electrochemical reactions, including
methanol oxidation, the hydrogen evo-
lution reaction and the oxygen reduc-
tion reaction (ORR) [3,4,9,10]. Sun and

© The Author(s) 2018. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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Figure 1. (a) Schematic illustrations of the deposition of single-atomic Pt on substrates through the ALD method. (b) The detailed two main half-
reactions during a whole ALD cycle. (c) Four key research areas for the development of the ALD technique for single-atom catalysts.

co-workers reported that the single-atom
Pt catalysts on graphene showed 10 times
higher activity for methanol oxidation
and superior CO tolerance compared to
conventional Pt/C catalysts [3]. In ad-
dition, they found that the mass activity
of single-atom Pt catalysts on nitrogen-
doped graphene was around 37.4 times
greater than that of the Pt/C catalyst [4].
Thanks to the strong bonding energy be-
tween Pt and nitrogen-doped graphene,
the activity of the catalysts dropped only
4% after 1 000 cycles, indicating a high
durability. For the oxygen reduction reac-
tion, two different pathways were demon-
strated on single-atom Pt catalysts [9,10].
The support plays a significant role in the
selective catalytic reaction route and fi-
nal product. For instance, single Pt atoms
on a sulfur-doped zeolite-templated car-
bon support could selectively transfer
the O, to H,O, through a two-electron
pathway [9], while single Pt atoms on
nitrogen-doped carbon black exhibited

great performance for highly efficient
four-electron ORR [10]. Up till now, the
initial active sites for the enhanced mech-
anism are still unclear. More fundamental
studies should focus on the influence of
the support on the performance of single-
atom catalysts, which might provide a sys-
tematic understanding of the interactions
between the SAC and substrates. In ad-
dition to electrochemical catalytic reac-
tions, the SACs also exhibited superior
performance as heterogeneous catalysts
in several traditional catalytic reactions.
For example, Pt/FeOx and Pt/CeO,
catalysts exhibited a remarkable activity
towards both CO oxidation and pref-
erential oxidation of CO in H, [2,5].
The single-atom Pd/graphene catalysts
obtained through ALD showed 100%
butene selectivity in selective hydrogena-
tion of 1,3-butadiene [6]. The adsorp-
tion mode of 1,3-butadiene and the en-
hanced steric effect induced by single
Pd atoms played key roles in improv-

ing the butene selectivity. To further
increase the activity, the rational de-
sign of SACs with multiple compositions
should be explored in the future, be-
cause bimetallic catalysts can exhibit im-
proved performance compared to pure
metals. The area-selective ALD method
provides an effective way to fabricate cat-
alysts with multi-compositions. Elam and
co-workers synthesized several types of
bimetallic nanoparticles by precisely con-
trolling the ALD conditions [11]. Re-
cently, Pt, dimers have been fabricated
through selective deposition of a sec-
ondary Pt atom onto the preliminary one
[12]. Based on the above points, we can
infer that, under certain ALD conditions,
the fabrication of bimetallic dimers is fea-
sible through deposition of the secondary
metal atom on the first single-atomic
metal. With the formation of dimer struc-
tures, the electronic structure of SACs
could be tuned, which would further in-
crease the activity of SACs to a new level.



However, the metal loading is usually
very low due to the problems associated
with agglomeration during the prepara-
tion process. Further Pt deposition dur-
ing the ALD process tends to adsorb on
the existing Pt atoms, which will also re-
sult in the formation of clusters. As a re-
sult, the development of ALD techniques
to achieve high loading of SACs is still
a challenge for their future commercial
application. Furthermore, the selectivity
of substrates is important for the dis-
persion of singe atoms [3,11]. Recently,
Zeng et al. found that the mass loading
of single Pt atom catalysts can reach up
to 7.5% on MoS, [13]. In addition to
the low loading issues, another key pa-
rameter for the SACs is the durability
of the catalysts during the catalytic re-
actions. Single-atom catalysts are highly
mobile and tend to aggregate during the
catalytic reactions due to the high sur-
face energy of SACs. The interaction be-
tween SAC and substrate plays an impor-
tant role in their stability. Several stud-
ies have shown that nitrogen-doped car-
bon black, graphene and nitrogen-doped
graphene can form strong coordination
sites with metal, thus observably improv-
ing their stability [3,4,10]. However, the
single atoms still tend to aggregate on tra-
ditional substrates. More studies should
focus on the development of effective

CHEMISTRY

routes to stabilize the catalysts. The ALD
deposition of metal oxide around Pt cat-
alysts has been proven to be an effective
way to stabilize the Pt clusters. For exam-
ple, the ORR stability of Pt clusters was
significantly increased by selective depo-
sition of ZrO, around Pt clusters to form
a cage structure [14]. This method of sta-
bilization may also be applied in single-
atom systems. In addition, the fabrication
of porous structures to pin the atoms in
the hole might also increase the stability
of single-atom catalysts. We believe that
the ALD method might open up new op-
portunities in fabrication and optimiza-
tion of SACs for improved activity and
durability in heterogeneous reactions.
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Atom trapping: a novel approach to generate thermally stable and
regenerable single-atom catalysts

Abhaya Datye

An important goal of heterogeneous cat-
alyst synthesis is the dispersion of the ac-
tive metal uniformly on a catalyst sup-
port, ideally achieving atomic dispersion.
Isolated single atoms dispersed on oxide
supports provide efficient utilization of
scarce platinum group metals (PGMs).
The enhanced reactivity of Pt; /FeOy by

1# and Yong Wang?-3

Qiao et al. [1] generated a lot of ex-
citement in this field and helped set in
motion the field of single-atom catal-
ysis (SAC). Since then, we have seen
numerous reports of higher reactivity
and better selectivity for SACs in a
range of catalytic reactions. Synthesis
methods for depositing transition metals,
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through strong electrostatic adsorption
(SEA), ion exchange, co-precipitation,
grafting, impregnation or deposition-
precipitation, are well developed. To
generate and maintain single-atom
catalysts using these currently available
methods, it is necessary to use low
metal loading and to limit the operating
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temperatures to prevent agglomeration
of single atoms into nanoparticles [2].
For industrial applications, it would be
desirable to achieve high metal loadings
and stable performance at high tempera-
tures, which can be achieved by the meth-
ods of atom trapping that we describe
here.

One of the earliest reports on the sta-
bilization of isolated metal atoms came
from the work of Kwak et al. [3] on
Pt atoms on penta coordinated A’ in
gamma alumina and a similar mecha-
nism was also invoked for amorphous
mesoporous alumina [2]. Aberration-
corrected STEM images provided evi-
dence for single-atom Pt species and the
specific sites on the alumina were iden-
tified using NMR spectroscopy [3]. In
later work, it was reported that the key
parameter helping to prevent sintering of
Pt was the formation of a stable coher-
ent interface with the support, such as
Pt(111) with MgAl,O4(111) helping to
stabilize Pt against sintering [4]. How-
ever, on both of these supports, alumina
and MgAl, Oy, heating the Pt catalyst to
high temperatures (800°C) in air leads
to growth of large Pt metal particles that
yield sharp XRD peaks. The reason for the
rapid growth of Pt particle size is the high
vapor pressure of PtO, when Pt is heated
in air [S]. Since a number of PGMs form
volatile metal oxides [S], it is important
to develop methods to stabilize PGMs
under oxidative conditions.

In the course of our work on diesel ox-
idation catalysts, we discovered [6] that

mobile Pt oxides reacted with PdO form-
ing metallic Pt-Pd alloy particles. The
reaction of PtO, with PdO is thermo-
dynamically favored even in flowing air,
forming metallic alloy Pt-Pd alloys. Sin-
tering of Pt is slowed down considerably
in the presence of Pd. But excess PdO
is needed to provide the sites for captur-
ing mobile Pt species. The mechanism by
which PdO helps to slow the sintering of
Pt was termed ‘Regenerative Trapping’
[7], analogous to the self-regenerating
perovskite catalyst reported previously
[8]. When applying this approach to
other oxides, we discovered that CeO,
can effectively trap the PtO, vapor, yield-
ing stable isolated single atoms of Pt** on
the surface of ceria [9].

Figure 1a shows aberration-corrected
HAADF images of the Pt/CeO, catalyst
as prepared by heating the Pt precursor
with ceria at 800°C in flowing air [9].
The sample was used for multiple runs
of CO oxidation under lean conditions,
with 1% CO, 1.5% O, and the balance
He, and temperatures up to 300°C.
DRIFTS spectra of this catalyst during
CO oxidation are shown in Fig. 1b indi-
cating a single prominent band at ~2100
cm ™! that is characteristic of Pt*" on the
ceria. When the CO flow was stopped
and O, flow continued, the CO band
did not decrease significantly in inten-
sity, indicating that this CO is strongly
bound to ionic Pt. Figure 1c shows the
image after reaction, showing that the
isolated single atoms of Pt are stable and
there is no change in the catalyst after

multiple reaction cycles. These results
confirm that the atom-trapping approach
is successful in generating atomically dis-
persed Pt catalysts that are thermally
stable at 800°C in air. However, these
catalysts are not very reactive for CO ox-
idation due to strong CO adsorption on
ionic Pt. We therefore explored various
methods of activation to enhance the re-
activity. For example, treatment in steam
at 750°C activated the ceria by creating
oxygen vacancies and hydroxyls in the
vicinity of Pt single sites that were stable
at high temperatures and allowed the cat-
alyst to achieve high reactivity for CO ox-
idation at low temperatures [10].

Atom trapping is not restricted to ce-
ria supports. It was previously reported
that heating a Pd/La-alumina catalyst at
700°C in air also forms isolated Pd** on
the alumina support [11]. Similarly, the
regeneration of Pt-Sn/Al,O; catalysts
was assisted by the presence of atomi-
cally dispersed Sn on the alumina support
[12]. It is evident then that, in the case of
Al, O3 supports, it is necessary to provide
trapping sites, such as La or Sn, to help
create atomically dispersed species. In
contrast, the ceria support is unique in its
ability to trap Pt species. We further stud-
ied Pt-Sn/CeQ, catalysts for propane
dehydrogenation, where they show sta-
ble performance with high selectivity
[13]. Due to the reducing conditions,
the Pt atoms become mobile and alloy
with the Sn, forming bimetallic nanopar-
ticles in the working catalyst (Fig. 2a).
However, the catalyst can be readily
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Figure 2. (a) AC-STEM image of the working catalyst, after 6 h at 680°C in C3Hg and H; and (b)
after oxidative regeneration in flowing air at 580°C. Adapted from [13].

regenerated under oxidizing conditions,
with the Pt forming single-atom species
while the Sn remains in the form of SnO,,
particles (Fig. 2b). These results demon-
strate the ease with which ceria supported
catalysts can be regenerated to recreate
the single-atom species.

In summary, high-temperature vapor
phase synthesis is demonstrated as a vi-
able method for synthesis of atomically
dispersed PGM catalysts. There are other
reports of transformation of noble metal
nanoparticles into thermally stable single
atoms using high temperatures [8,14].
Oxidizing conditions are always used for
catalyst regeneration [15], since this rep-
resents the most common approach to re-
move carbonaceous deposits (coke) that
lead to catalyst deactivation. PGMs can
form mobile oxides in most cases [5].
Even when the oxide has a low vapor
pressure, as in the case of PdO, it is

possible to emit mobile Pd species under
oxidizing conditions as demonstrated by
the regeneration of Pd/La-Al,O; creat-
ing single-atom Pd species [11]. There-
fore, understanding the sites for atom
trapping could pave the way for broader
application of this approach for synthesis
single-atom catalysts.
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Predictive approach of heterogeneous catalysis

Jean-Marie Basset™ and Jérémie D.A. Pelletier

‘Predictive catalysis’ or ‘catalysis by
design’” has recently advanced heteroge-
neous catalysis by using the conceptual
tool of surface fragments [ 1] such as ‘sur-
face organometallic fragments’ (SOMF)
or ‘surface coordination fragments’
(SCF) to achieve and understand a
presumed catalytic cycle (see Fig. 1).
One or several fragments of the molecule
are linked to one metal atom linked to
the surface ([M]-H, [M]-R, [M]=CR,,
[M]=CR, [M]=0, [M]=NR, [M]-O-
OH in which [M] is a surface metal atom
linked to an oxide by one, two or several
sigma or pi bonds). Surface fragments are
the logical continuation of the abundant
work published in the field of Surface
Organometallic Chemistry (SOMC).
In this paradigm based on molecular
understanding of surface catalytic sites,
one ‘single’ metal atom is surrounded by
ligands and linked to the surface of an
oxide via covalent or ionic bonds [2]. It is
a continuation of classical heterogeneous
catalysis in the direction of single-atom
catalysis (SAC). In SAC, single metal
atoms are also linked to an oxide by
coordination, covalent or ionic bonds
but are at the other extreme of catalysis
by metal nanoparticles because SAC is
the result of a conceptual evolution from
metal nanoparticles to a single atom by
size reduction of the nanoparticle. It is a
continuation of homogeneous catalysis
but with a rigid surface as a ligand.
SOMC has allowed the discovery
of new catalytic reactions (e.g. Ziegler-
Natta depolymerization [3],
metathesis [1], non-oxidative methane

alkane

coupling [1], cyclo-alkane metathesis
[4], etc.) and has improved the ac-
tivity, the selectivity or the lifetime of
known ones. The concepts of molecular
chemistry (organic, organometallic,
coordination chemistry) are the keys to
explaining how bonds can be broken and
formed [2]. In this context, the reactivity

of SOMF or SCF and their sequence in
the cycle are pivotal to the overall out-
come of catalysis.

SOMC can generate catalytic sites
that are in principle identical (single-site
or close to single atom) by grafting
transition metal atoms onto highly dehy-
droxylated metal oxide support handled
under a controlled atmosphere. This
strategy, limited to metal-oxides or
metallic surfaces, presents considerable
advantages over traditional hetero-
geneous catalysts in which various
populations of potentially active metal-
lic sites coexist. All the steps of the
preparation are carefully controlled
using the methods of organometallic
and coordination chemistry. Hence,
the coordination sphere of the grafted
metal can be accurately determined
(well-defined catalytic site) by modern
solid/surface  characterization tech-
niques (elemental analysis, in situ IR, in
situ UV, Solid State Nuclear Magnetic
Resonance spectroscopy (SS NMR),
Extended X-ray absorption fine structure
(EXAFS) and in operando EXAFS, etc.)
[2]. The surface should be considered
as a bulky rigid ligand preventing most
undesired interferences between cat-
alytic sites (e.g. leading to bimolecular
deactivation). The relationship between
structure and activity become possible
to establish; with the addition of the
SOMEF tools, it is now a predictable
discipline.

The various steps of the catalytic cy-
cle are monitored to understand deacti-
vation, to increase activity and/or selec-
tivity by changing the support or ligand
environment of the ‘active site’ (Fig. 2).
The existing gap between heterogeneous
catalysis and homogeneous catalysis has
almost completely disappeared, because
the elementary steps of molecular chem-
istry are applicable to ‘single-atom catal-
ysis. We shall review here some of

the recent catalytic results obtained on
oxides.

Metal hydrides are the simplest and
most frequent surface fragments, yet do
not belong to ‘organometallic’ classifi-
cation stricto sensu. ([M]-H) are mostly
generated by hydrogenolysis of metal-
alkyl ([M]-R) and generally promote
low-temperature C-H bond activation
of alkanes (i.e. methane activation) [S].
([M]-H) and ([M]-R) can convert into
each other by B-hydride elimination of
the metal-alkyl and CH insertion. This
has been evidenced in alkane depolymer-
ization [3] (polyethylene is transformed
into diesel-range gasoline by group 4
metal-based catalysts under hydrogen).

([M]-R) SOMF have numerous
examples as polymerization catalysts
[6,7]. Another case is the bis-alkyl SOMF
with dual ([M]-R) SOMF for propane
homologation to higher alkanes [8].

Surface carbenes were first evidenced
with Nb [9]([(=Si-0),Nb(=CH)],
Mo Mo[(= Si-O-)Mo(= CHCMe;)
(= NH)Np] [10] and Re [(=Si-O-)
Re(Np) (=C-CMe;) (= CHCMe3)])
[10]. They were eventually successfully
employed as catalysts for olefin metathe-
sis. This reactivity is specific to the
([M]=CR;) SOMF, consistently with
the metallacyclobutane intermediate
proposed by Chauvin [11]. Variation of
activity and selectivity had been linked
to both the nature of the metal employed
and that of the spectator ligands (i.e. oxo,
imido, amido, alkyl, etc.) [12,13].

The first multifunctional SOMF frag-
ments [M](H) (=CR,)] were identi-
fied following the discovery of alkane
metathesis using tantalum, tungsten and
then molybdenum hydride [14] catalysts
supported on alumina or silica in 1997
[15]. In this reaction, saturated hydro-
carbons, linear and branched, were re-
arranged to longer or shorter paraffins.
For example, n-propane can be converted



Ziegler-Natta
polymerization

7

* Ziegler-Natta (H)n
depolymerization |
* Alkane
hydrogenolysis [M]
* Hydrogenolysis of
waxes Metal hydrides
Neutral / cationic
Hydroamino
alkylation Metallaziridine

Metal alkyls

Metallimine

Imine metathesis

 Olefin metathesis
« Cycloolefin ROMP

SOMF

Metallocarbenes

X = Spectator X
ligand |

- R = Functional
O\\\ l O ligand
[ 9 3
WW’!J‘\J NV V¥

(@]
I| LOR

(M]

Hydrides / alkyl

Metalloxo
alkoxo

Metalloalkoxo

Olefins epoxidation

n-alkane metathesis
- Branched alkane metathesis
- Cycloalkane isometathesis
» Methane coupling to ethane
- Cleavage alkanes by methane
- Ethylene to propylene
- Butane to diesel
+ Hydrometathesis
- Isometathesis of n-decane
» 1-butene to propylene
+ 2-butene to propylene

Cyclotrimerization of
alkynes

Metallocarbenes

Metalloxo

CO, and epoxide
cycloaddition

Oxidation

Oxidative dehydrogenation
of propane

Figure 1. Overview of surface fragments: surface organometallic fragments (SOMF) and surface coordination fragments (SCF). Revised version from
the figure published by Pelletier and Basset, in Acc Chem Res 2016; 49: 664—77.

into (Cy, Cy, C4, Cs ...) paraffins un-
der mild conditions. It was a chemical
breakthrough taking into account the in-
ertness of the sp® carbon-hydrogen or
C-C bonds.

The multifunctional character of the
W(=CH,)(H) was at the origin of the
first cascade reaction on a single metal
atom leading from ethylene to propy-
lene by a succession of dimerization
of ethylene to butene-1, isomeriza-
tion of butene-1 to butene-2 and
cross-metathesis between butene-2 and
ethylene to give propylene.

Another notable
[M](H)(=CR,) cyclooctane
metathesis [16] to produce both ring

application  of
was
and

contraction ring  dimerization

using [(=Si-O-)WMeS$] as a precursor.
Again we have a cascade reaction with
[M](H)(=CR2) that allows Ring Open-
ing Metathesis (ROM) dimerization or
double bond migration followed by a
ring-closing metathesis step.

Another ‘polyfunctional’ fragment

([M](H)(=CR)) explains catalytic
terminal alkyne cyclotrimerization.
Silica-supported  tungsten  carbyne

complexes have shown high Turn Over
Numbers (TONs) without generating
significant alkyne metathesis products
[4].

The first example of ([M] 7~
(N(R)CH;)) SOMF was obtained
with the isolation of silica-supported

2

zirconiaaziridine in 2013 [ 16]—an active

catalyst for the hydroamino-alkylation of
olefins [17].

The first example of ([M]=N) SCF
was evidenced by being the first hetero-
geneous catalyst for imine metathesis
using [ (=Si-O-)Zr(=NEt)NEt, ] [18].
Treatment with an imine substrate
resulted in imido/imine (=NR;, R: Et,
Ph) exchange (metathesis) with the
formation of [(=Si-O-)Zr (= NPh)
NEt,]. ([M]=N) effectively catalyse
imine/imine cross-metathesis.

([M]-OR) SCF were involved in
olefin catalysed by silica-supported
titanium  complexes [2]. Various
(=Si0),Ti(OCap)s, (OCap =OR,
OSiR3, OR; R=hydrocarbyl) supported
on MCM-41 have been evaluated as
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catalysts for 1-octene epoxidation by tert-
butylhydroperoxide.

Although [M]-Cl are not stricto sensu
reaction intermediates in CO, reaction
with epoxides to give cyclic carbonates,
the work below is a rare example of coop-
erating surface bimetallic catalysis. CO,
and epoxide are each activated by two
separate Lewis acid centers (=Si-O-Nb
Cl;.OEt;) maintained in very close prox-
imity by silica [19].

SOMC, alongside surface fragments,
allow the prediction of catalysis by de-
termination of the sequence of inter-
mediates and to control the coordina-
tion sphere of the metal to achieve
targeted reactions. In SAC, the atom
grafted onto the surface depends on the
reagents/substrates to adopt the right co-
ordination sphere. The SOMC strategy
may be seen as the result of a molecu-
lar understanding of the elementary steps
necessary to achieve a given reaction.
One of the questions raised could be
the advantage of using SOMC rather
than classical heterogeneous catalysis. It
is true that ‘classical catalysis’, mostly

based on a ‘trial and error approach’,
could be considered as easier in terms
of practical advantages, but the SOMC
approach offers several competitive
advantages: prediction of new catalytic
reactions, never observed in classical
heterogeneous catalysis; a reliable struc-
ture activity relationship because we
are dealing with well-defined structures
where the physicochemical tools are
used with maximum efficiency; and
the possibility to control the activity
and selectivity with a careful choice
of ‘ligands’, ‘spectators ligands’ and
supports. This strategy progressively
removes the existing gap between
heterogeneous and homogeneous catal-
ysis mainly because the concepts of
molecular chemistry (in particular the
elementary steps) are easily applied to
heterogeneous catalysis.
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Coordination chemistry of atomically dispersed catalysts

Pengxin Liu and Nanfeng Zheng

The last decade has witnessed the rapid
development of atomically dispersed
catalysts. With every active metal atom
anchored on the surface of supports,
atomically dispersed catalysts offer the
maximum atom efficiency, helping to
create cost-effective catalysts, particu-
larly those based on earth-scarce metals.
While it is still in intense debate whether
single metal atoms can provide better
catalytic activities than surface atoms
of metal nanoparticles, an increasing
number of studies have been revealing
that the subtle chemical environment
surrounding the catalytic metal atoms
plays a critical role in determining the
overall catalytic performance of an
atomically dispersed catalyst. To make
single-atom catalysts stable during cat-
alytic reactions, metal atoms thereon are
often chemically anchored on the surface
of supports through strong metal-metal
bonds or coordination bonds with O,
N, S or other atoms on supports. This
perspective focuses on how the binding
sites from supports are involved in the
catalytic mechanisms of atomically
dispersed catalysts. As shown in Fig. 1a,
similarly to the important roles of ligands
in homogenous catalysts, changing the
binding sites in the first coordination
shell surrounding the metal centers of
atomically dispersed catalysts is expected
to alter their electronic structures and
thus catalytic properties. What is even
more interesting is that, beyond the
first coordination shell, metal cations
on supports readily serve as the second
coordination shell and are involved in
catalytic reactions together with the
primary catalytic metal atoms.

With the same binding atoms on sup-
ports, lowering the coordination num-
ber would alter the electronic and geo-
metric structure of single metal centers,
thus changing the adsorption behavior of
reactants. For instance, in an atomically

*

dispersed Fe catalyst system, four Fe-N;
(x = 4-6) coordination environments
gave different catalytic activities in the ox-
idation of alkanes (Fig. 1b). The Fe!'N;
structure showed over 1 order of mag-
nitude more active than the high-spin
and low-spin Fe'!Nj structures and three
times more active than Fe''N, in the se-
lective oxidation of the C—H bond [1].
In the electroreduction of CO,, Co-N-C

/Catalytlc\\

catalysts with alower Co-N coordination
number showed much higher activity and
selectivity to CO (Fig. 1c) [2]. In both
cases, the fabrication of active centers of
different coordination environments was
achieved by thermal treatment at differ-
ent temperatures. The delicate design of
surface defects on carbon supports was
also recently demonstrated as an effec-
tive method to fabricate Ni single-atom
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Figure 1. Important roles of vicinal coordination environments in determining the catalysis of atom-
ically dispersed metal catalysts. (a) Scheme of the first and second coordination shells of atomically
dispersed catalysts that determine the overall catalytic performances. The binding atoms and metal
cations from supports are located in the first and second shells, respectively. (b) Compared with other
structures, Fe'"Ns showed the highest activity in the selective oxidation of the C—H bond (adapted
with permission from Ref. [1], ACS). (c) Lower N-coordinated Co showed better performances in elec-
troreduction of CO, (adapted with permission from Ref. [2], Wiley). (d) Two atomically dispersed Pd
catalysts showed distinct catalytic properties due to the different coordination structures of their
Pd atoms. Pd;/Ti0,-EG activated H, heterolytically with the assistance of EG ligands, showing a
homogeneous-like performance in hydrogenation (adapted with permission from Ref. [4], AAAS).
Pd;/Ti0,-cal activated O; into superoxide ions due to Ti(lll)-O-Pd interfaces, boosting oxidation re-
actions of CO and VOCs (adapted with permission from Ref. [7], Elsevier).



catalysts with excellent electrocatalytic
performance in hydrogen evolution reac-
tion under acidic conditions [3].

Besides the anionic components
(e.g. O*7, N3, 827 of supports, organic
ligands on the surface of supports have
potentially important roles in shaping
the catalytic performances of atomi-
cally dispersed catalysts. For instance,
the surface EG (ethylene glycolate)
ligands on the photochemically pre-
pared Pd;/TiO,-EG catalyst played a
crucial role in catalysing hydrogenation
reactions [4]. As shown in Fig. 1d, the
EG ligands not only served as binding
sites to anchor and thus stabilize Pd
atoms onto the TiO, support, but also
helped to activate H, heterolytically into
‘HT—H™’ pairs. Such a unique activation
pathway makes it possible to precisely
control the transfer of activated H atoms
during hydrogenation reactions. Such a
control results in a perfect homogeneous
catalyst-like catalytic selectivity, which
is hardly achieved by other Pd-based
heterogeneous catalysts.

The second coordination shell of
atomically dispersed metals are metal
cations from supports, which can also
make a significant contribution to their
overall catalytic performances through
electronic effect and/or oxygen dona-
tion. For example, both MgO and HY
zeolite-supported single-site Ir complex
[Ir(CyHy),(acac)] have the identical
first-shell
Each Ir is coordinated by two O atoms
from the supports and two C,H, lig-
ands. However, the electron density

coordination environment.

of zeolite-supported Ir was lower than
MgO-supported Ir due to the elec-
tron withdrawal effect of Al in zeolite.
Such an electron effect led to a much
higher activity of the MgO-supported
Ir catalyst than the zeolite-supported
one in the hydrogenation of ethylene
[S]. In this case, local electron distri-
bution of catalytic atoms depends on
the electron affinity of metal cations in
supports.

When the metal cations in supports
have variable oxidation states, their sur-
rounding O atoms can participate in re-
actions. Thus, the reactivity depends on
the reducibility of the metal cations in
supports. For example, a surface science

study on Au;/CuO demonstrated that
the charge transfer from CuO to Au
makes the Au atoms negatively charged,
making them active for CO oxidation [6].
Lattice O>” anions adjacent to the Au
atoms can then react with CO to generate
CO, and 0%~ vacancies, leaving the Au
atoms neutralized and inactive. O*~ va-
cancies can then be fixed by reacting with
O, to make up the complete catalytic cy-
cle. Another nice example on the direct
involvement of metal cations in supports
is the vicinal effect for promoting oxida-
tion catalysis of Pd; / TiO,-cal, which was
made from Pd;/TiO,-EG by removing
EG through thermal treatment in air [7].
Although Pd sites in both Pd; /TiO,-cal
and Pd; /TiO,-EG catalysts were present
as atomically dispersed species in the ox-
idation state +2, they exhibited distinct
catalytic behaviors. While Pd; /TiO,-cal
exhibited a dramatically decreased activ-
ity in hydrogenation catalysis, the cat-
alyst displayed a significantly increased
activity in catalytic CO oxidation, five
times higher than that by Pd; /TiO,-EG.
As revealed by atomic-resolution elec-
tron energy-loss spectroscopy (EELS),
a well-defined atomic Ti(II)-Pd-O in-
terface was created after the thermal re-
moval of EG. As shown in Fig. 1d, the
exposed T sites facilitated the activa-
tion of O, into superoxide ions (O, ™)
and thus suppressed the CO poisoning
effect, resulting in a significant enhance-
ment in low-temperature CO oxidation.
The direct involvement of metal cations
on oxide supports in the catalysis sug-
gests that the real active sites of atom-
ically dispersed metal catalysts can be
far beyond isolated metal atoms them-
selves. Supports of atomically dispersed
catalysts play multiple roles than simply
serving as ligands.

The active involvement of a support’s
metal cations that are vicinal to the pri-
mary catalytic metal sites may answer
the long-debated issue of why atom-
ically dispersed catalysts of the same
metal show different activities over dif-
ferent supports. While Pt; /FeO, exhib-
ited high activity in CO oxidationat27°C
[8], Pt;/SiO, and Pt; /HZSM-5 showed
no activity below 100°C [9]. Vapor-
phase-synthesized Pt;/CeO; started to
show activity over 150°C [10]. More-

over, the preparation and application
conditions (e.g. annealing temperature,
pre-reduction) of atomically dispersed
catalysts are expected to have a significant
influence on the local coordination envi-
ronments of their catalytic metal centers.

Although there have been a large
number of reports showing the superior
catalytic performances of atomically dis-
persed metal catalysts over their nanopar-
ticulate counterparts, pictures of the co-
ordination structures around catalytic
metal atoms are still blurry in many pieces
of work. However, the atomic resolu-
tion of the chemical structure of the
dispersed metal atoms is crucial to de-
code the catalytic mechanisms of atom-
ically dispersed metal catalysts, which
is currently limited by the lack of ef-
fective characterization techniques. To-
gether with the development of atomic-
resolution spectroscopy techniques (e.g.
electron energy-loss spectroscopy) and
high-resolution scanning tunneling mi-
croscopy, creating atomically dispersed
catalysts that are easy to be character-
ized is a promising solution. For in-
stance, using ultrathin 1D or 2D nano-
materials as supports for the synthesis
of atomically dispersed metal catalysts
not only increases the loading amount
of single atoms and thus promotes spec-
troscopic signal-noise ratio, but also de-
creases the background intensity in mi-
croscopy. Meanwhile, the ultrathin fea-
ture of the supports allows simplification
of the creation of structural models for
theoretical calculations to gain molecular
understanding on the structure-property
relationships that are crucial to the ratio-
nal design of practical catalysts.

In summary, from the viewpoint of co-
ordination chemistry, the supports not
only serve as ligands to stabilize single
atoms, but also help to tune the electronic
and/or geometric structures of the atom-
ically dispersed metal species. In some
cases, metal cations from the support
in the second coordination shell of sin-
gle atoms directly participate in the cat-
alytic reactions as well. It is thus impor-
tant to understand the catalytic mech-
anism of atomically dispersed catalysts
at the atomic level. We believe the fun-
damental understanding on the coordi-
nation chemistry of atomically dispersed



catalysts will promote the development
of the whole field and push them into in-
dustrial applications.
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As a new frontier, the rapid development
of single-atom catalysts (SACs) in het-
erogeneous catalysis has attracted exten-
sive attention since the concept of single-
atom catalysis was first coined in 2011
[1,2]. Supported metal single atoms usu-
ally possess unique chemical and phys-
ical properties and have a special lo-
cal chemical environment that is dis-
tinctly different from conventional sup-
ported nanoparticles and metal catalysts.
Studies in the past several years have
shown four main advantages of SACs:
high selectivity, possibly high stability,
high atomic efficiency and tunable high
activity, as shown in Fig. 1. For efliciency,
SAC maximizes the utilization of expen-
sive metals by exposing each single metal
atom to reactants. The local configura-
tions of the active centers of an ideal SAC
can be highly identical, leading to excel-
lent selectivity compared to supported
nanoparticles and metal surfaces that of-
ten have multiple yet rather diverse active
sites. Unique coordination of single metal
atoms with neighboring atoms of support

may lead to high activity for specific reac-
tions. All the above merits are on the ba-
sis of the stability of catalysts that people
are most concerned about. To avoid ag-
gregation under catalytic reaction condi-
tions, single metal atoms can be stabilized
by anchoring at specific sites on the sup-
port, including embedding and surface-
adsorbing. Considering the complex re-
alistic conditions, the stability of SACs
may also depend on the surface condi-
tion, support type, reactant species, and
finite temperature and pressure, which
are difficult to ascertain and vary from
one system to another. It remains a grand
challenge to guide the prediction and de-
sign of highly stable and reactive SACs
today.

Four types of single atoms on an oxide
surface are shown in Fig. 2b. The single
atom can be adsorbed on perfect or defec-
tive surfaces and can also be embedded
(doped) into cation or oxygen vacancy.
Most fabricated SACs from experiments
are the embedded type, with strong cova-
lent metal-support interaction (CMSI),

while the sintering of single atoms and
dispersion of nanoparticles should in-
volve the diffusion of supported zerova-
lent single atoms. Therefore, both the
supported and embedded single-atom ac-
tive centers are possible under realistic
conditions and worth thorough investi-
gation.

The intrinsic stability of SAC arises
from the support-assisted lower chemical
potential when compared to nanopar-
ticles. When the free-energy change
from nanoparticles to single atoms is
negative, nanoparticles can be dispersed
to single atoms spontaneously, which
leads to thermodynamic stability of
SACs (Fig. 2a, black curve). However,
even if the free-energy change is pos-
itive, single atoms can also be stable
when the aggregation barrier is high
enough to prevent sintering, which is
the kinetic stability of SACs (Fig. 2a, red
curve). Following the principles of the
atomistic theory of Ostwald ripening
developed by W-X Li and cowork-
ers, we have achieved a quantitative
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Figure 1. Examples illustrating the advantages of single-atom catalysts (SACs) include activity, sta-
bility, selectivity and atomic efficiency. (a) High loadings of palladium atoms on Ti0; exhibit high
catalytic activity in hydrogenation of C = C bonds [3]. (b) Pt;/Ce0, and Au, /Fe0, are stable at 800°C
and 400°C in oxidation conditions, respectively [4,5]. (c) Iron single atom embedded on a SiO, sur-
face exhibits high selectivity for conversion of methane to ethylene, aromatics [6]. (d) SACs are less

expensive than supported nanoparticles and metal catalysts.

description and comparison of the two
models by taking the reaction environ-
ment, particle size and morphology, sup-
port type and defects, and metal-reactant
interaction into account [7,8]. We have
proposed a complete theoretical model
to predict the chemical potential of sup-
ported single metal atoms and supported
nanoparticles, and taken the CO oxida-
tion reaction as an example to guide the
design of stable SACs. As a measure of
the degree of change of free energy of a
system by adding 1 mole of metal atoms
to the system at a given temperature
and pressure, the chemical potentials for
SACs and metal particles were discussed
in our recent work [8]. Both thermo-
dynamic and kinetic criteria are consid-
ered to determine the stability of SACs.
The thermodynamic part includes (i) the

energetics of supported metal particles,
which is based on the Gibbs—Thomson
(G-T) relation with considering the ad-
sorbed reactants and (ii) the chemical
potential of monomers (both the metal
adatoms and metal-reactant complexes)
onsupports. And the kinetic partincludes
(i) the diffusion barrier of monomers on
perfect surfaces and defects and (ii) the
barrier of moving one metal atom from
a supported metal nanoparticle to a sub-
strate surface with corresponding sinter-
ing rate equations.

Here, we discuss the support effect
on the stability of supported metal atoms
first using selected examples [9]. We
have found that the quantum primogenic
effect plays a vital role in determining the
valence states and charge distribution
of single-atom gold and the adsorption

mode of CO on various supports, as
shown in Fig. 2d, which is consistent
with results from others [10]. Remark-
ably, Au; atoms are positively charged
on reductive supports (e.g. CeO,, TiO,)
by charge transfer from metal adatoms
to support cations, which leads to strong
interaction between CO’s S0 orbital and
6 s orbital of Au™, whereas Au; keeps a
zero oxidation state on the irreducible
metal dioxides (e.g. ZrO,, HfO, and
ThO,) and has a weak interaction with
CO via a bent Au—CO coordination
with partial electron donation to the
CO 7" anti-bonding orbital. For the
same substrate, exposing different sur-
faces also affects the relative stability of
single atoms. For example, the stability
sequence of doped Pt single atoms on
different surfaces of CeO, follows (110)
> (100) > (111) [11]. The high stability
of Pt single atoms on (110) surface
benefits from the spontaneous formation
of an O,>” species from two surface
oxygen atoms that reduces Pt'Y to Pt'l. A
different anchoring site for a single atom
in a given surface is another significant
factor of stability. It has been found that
the presence of special defects such as
vacancies or steps can improve the stabil-
ity of an Au single atom on a CeO,(111)
surface and the stability sequence is
calculated as cation vacancy > steps >
oxygen vacancy > perfect (defect-free)
surface [8].

Besides the support effect, reactant
species also change the stability of
SACs. It is now well recognized that
sintering is often accelerated by the
presence of reducing gases that convert
high- and medium-valent metal ions into
zerovalent atoms, whereas nanoparticles
can also re-disperse to single atoms in
some cases. Jones et al. reported that Pt
nanoparticles can disperse onto ceria sur-
faces under an oxygen atmosphere and
800°C [4]. Li and colleagues recently
observed noble metal nanoparticles
transforming to thermally stable single
atoms [12]. Parkinson et al. observed
CO-induced coalescence of Pd adatoms
supported on the Fe30,(001) surface at
room temperature [13]. Those phenom-
ena can also be attributed to the chemical
potential of single atoms affected by
reactants. As shown in Fig. 2¢, reducing
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Figure 2. (a) Schematic illustration of free-energy diagram of sintering and dispersion processes
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atom catalytic active sites on ceria-supported gold nanoparticles (adapted from [15]).

gases such as CO and H, can react with
the lattice oxygen after adsorption onto
single metal atoms, which breaks the
covalent bond between metal and oxy-
gen, especially for doped atoms at cation
vacancy. When all the relevant metal—
support covalent bonds are broken by
CO, the charge state of Pt changes from
positive to neutral. And, simultaneously,
the chemical potential of single Pt atoms
increases to be higher than Pt nanopar-
ticles. Such Pt° species become highly
mobile with CO adsorption and thus ag-
gregated to particles rapidly by overcom-
ing the diffusion barrier. On the contrary,
when Pt nanoparticles are exposed to
oxygen atmospheres at high temperature,
the chemical potential of separated PtO,
species can become lower than that on
nanoparticles. Should there be enough
suitable surface sites (such as cation va-
cancies or steps on ceria) to trap PtO,, Pt
nanoparticles will transfer to single atoms
on support.

It is worth noting that single metal
atoms may also be dynamically generated

during the catalytic processes. Based on
large-scale ab initio molecular dynamic
(AIMD) simulations, we have found
that, on reducible oxide-supported gold
nanocatalysts [14,15], the gold cation
can migrate from the gold nanoparticle
to support to catalyse CO oxidation and
reintegrate back to the nanoparticle after
completing the reaction. This dynamic
phenomenon of SACs is named as dy-
namic single-atom catalysis [15]. Espe-
cially, by a combination of ab initio elec-
tronic structure and molecular dynamics
simulations, as well as a microkinetic sim-
ulation, we have shown that, on TiO,-
supported Au nanocatalysts, formation of
dynamic SACs is the dominant reaction
pathway for CO oxidation under oxidiz-
ing conditions and T < 400 K [14]. The
dynamic formation of single gold atoms
under realistic conditions is ultimately at-
tributed to the reducibility of the oxide
support that strongly couples with the
charge state of gold and makes the single
gold atom active during the catalytic pro-
cesses, which is attributed to dynamic sta-

bility. In recent work, we found that dy-
namic single atoms under reaction condi-
tions account for the notorious size effect
in gold nanocatalysts [16].

In summary, intrinsic thermodynamic
stability, kinetic stability and dynamic
stability are the key factors in deter-
mining the reactivity of SACs. Although
experimental results present a compli-
cated picture from system to system,
it all complies with the rules of chem-
ical potential, which can be quantita-
tively evaluated from thermodynamic
and dynamic aspects. Single-atom cataly-
sis pushes the traditional catalytic theory
from a band-structure-based interpreta-
tion to a more local chemical-bonding
interpretation, where the local chemi-
cal coordination and local molecular or-
bitals dominate the physical and chemi-
cal properties, especially the stability and
activity. Exploring these intriguing fac-
tors on stability of SACs based on the-
oretical models [7,8] may lead to better
and deeper understanding of single-atom
catalysis and provide guidance for the ra-
tional design of exactly controllable cat-
alytic reactions.
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ABSTRACT

Carbon nitrides integrating macroheterocycles offer unique potential as hosts for stabilizing metal atoms
due to their rich electronic structure. To date, only graphitic heptazine-based polymers have been studied.

Here, we demonstrate that palladium atoms can be effectively isolated on other carbon nitride scaffolds

including linear melem oligomers and poly(triazine/heptazine imides). Increased metal uptake was linked
to the larger cavity size and the presence of chloride ions in the polyimide structures. Changing the host
structure leads to significant variation in the average oxidation state of the metal, which can be tuned by

exchange of the ionic species as evidenced by X-ray photoelectron spectroscopy and supported by density

functional theory. Evaluation in the semi-hydrogenation of 2-methyl-3-butyn-2-ol reveals an inverse
correlation between the activity and the degree of oxidation of palladium, with oligomers exhibiting the
highest activity. These findings provide new mechanistic insights into the influence of the carbon nitride

structure on metal stabilization.

Keywords: single-atom heterogeneous catalysts, carbon nitride scaffolds, alkyne semi-hydrogenation,

density functional theory, metal-host interaction

INTRODUCTION

The exploration of single-atom heterogeneous
catalysts (SACs) based on noble metals has been
stimulated by the prospect of improving metal
utilization and selectivity simultaneously in sus-
tainable catalytic processes [1-6]. Unfortunately,
atomically dispersed metals on common hosts
(e.g. metals, metal oxides and carbons) are often
thermodynamically unstable and aggregate into
clusters or nanoparticles, especially at elevated
temperature [7]. In this regard, graphitic carbon
nitride (herein denoted as GCN) emerges as a
unique host for preparing SACs due to the presence
of nitrogen-rich macroheterocycles in the lattice,
which can anchor metal atoms firmly [8,9]. The
density of the adsorption pockets also helps to
maintain dispersion by configurational entropy
considerations. In comparison to SACs supported

on other nitrogen-doped carbons, which typically
exhibit significant structural heterogenity, the higher
content and uniform type and arrangement of nitro-
gen species within GCN materials offer abundant
and more precisely defined coordination sites.
Graphitic carbon nitride is regarded as the
most stable polymorph upon polymerization of
common nitrogen-rich precursors (e.g. cyanamide,
dicyanamide and melamine) under ambient condi-
tions, and is widely used as a photocatalyst [ 10-14].
In agreement with density functional theory (DFT)
predictions of the higher thermodynamic stability,
most experimental studies report the formation
of heptazine- rather than triazine-based molecular
structures [8,9,15-19]. Since the preparation of
GCN is a stepwise polymerization process, various
intermediate phases including melam, melem and
linear melem oligomers (LMO) can be obtained by

© The Author(s) 2018. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com
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Figure 1. [dealized structure motifs and high-resolution TEM images of LMO, GCN, PTl and PHI. Sites that further polymerize in the extended structure
are indicated with parentheses. Color codes: gray, C; blue, N; white, H; pink, Li; purple, K; orange, CI. The relaxed structures are shown in Supplementary

Fig. 16.

varying the synthesis conditions (temperature, pres-
sure or atmosphere) [20,21]. On the other hand,
highly crystalline carbon nitrides comprising or-
dered poly(triazine imide) (PTI) or poly(heptazine
imide) (PHI) can be assessed either by increasing
the temperature or pressure [22,23] or by ionother-
mal synthesis employing eutectic salt mixtures of
LiX/KX (X = Cl or Br) [23-26] or simply single
alkaline metal chlorides [27,28] as the solvent.
Various metals (Pd, Ag, Pt or Ir) have been
stabilized as single atoms on GCN by using both
direct (e.g. copolymerization, in-situ doping) and
post-synthetic (e.g. wet deposition optionally as-
sisted by microwave irradiation and/or combined
with chemical reduction) approaches [29-36]. The
method of metal introduction is known to im-
pact the distribution of metal centers within the
host, the post-synthetic deposition resulting in
higher surface metal densities and consequently
increased turnover frequencies in the three-phase
semi-hydrogenation of alkynes. Furthermore, both
the accessibility and electronic properties of ad-
sorbed metal species could also be altered by vary-
ing the morphology and porosity of GCN [33].
By doping carbon into the lattice of GCN, we

recently reported the controlled variation of the
C/N ratio, pointing out the potentially critical role
of the strength of the metal-host interaction [35].
However, to date, the preparation of SACs based on
other carbon nitrides including LMO and crystalline
PTI and PHI phases has not been attempted.

To guide the design of improved SACs and
gain insight into the effect of the host structure on
metal stabilization, a series of carbon nitride mate-
rials (LMO, GCN, PTI and PHI) have been pre-
pared (the idealized structure motifs are illustrated
in Fig. 1). The comparative properties of the distinct
scaffolds are studied in depth before and after the in-
troduction of palladium via microwave-assisted de-
position. The single-atom dispersion is confirmed in
all cases by aberration-corrected scanning transmis-
sion electron microscopy, while analysis by X-ray
photoelectron spectroscopy reveals significant vari-
ation in the formal oxidation state of the metal. DFT
calculations are conducted to shed further light on
the interaction of the metal with the different scaf-
folds, which is fundamental to understand the per-
formance that in our case was interrogated through
the semi-hydrogenation of 2-methyl-3-butyn-2-ol.
The possibility to tune the electronic properties of
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Figure 2. (a) XRD patterns, (b) DRIFTS spectra, (c) *C CP/MAS NMR spectra and (d) N
15 XPS spectra of the investigated carbon nitride scaffolds. The sample color codes in
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the green, red and purple peaks corresponding to the deconvoluted C-N = C, NC3 and
-NH, components.

the metal via the exchange of intercalated ions in the
polyimides is also demonstrated.

RESULTS AND DISCUSSION
Host properties

The distinct carbon nitride scaffolds were prepared
adapting previously reported protocols [22-25,37].
In particular, LMO and GCN were obtained by di-
rect polymerization of melamine at different tem-
peratures, while PTT and PHI were synthesized by a
similar approach exploiting eutectic salt mixtures of
LiCl/KCl as the solvent. Analysis by X-ray diffrac-
tion (XRD) confirms the characteristic crystalline
structures of the resulting materials (Fig. 2a). In par-
ticular, GCN exhibits an intense reflection at 27.3°
26 (002) associated with the graphite-like interlayer
stacking and a weak in-plane reflection stemming
from heptazine repeating units at 13.1° 26 (100).
PTI features a number of well-resolved reflections,
which are consistent with the expected hexagonal
structure and P63cm space group [23]. The strongest
reflection at 26.8° 26 indexed as the (002) plane
corresponds to an interlayer distance of 0.33 nm,

whereas the (002) reflection of PHI was found to
be at 26.2° 260 (0.32 nm). Note that the reflection
at 12.2° 26 of PTI corresponding to the (100) in-
plane periodicity shifts to a lower angle (8.3° 20) in
PHL In the case of LMO, the XRD pattern agrees
well with previously reported observations, where
the (002) reflection at 25.5° 20 features an interlayer
distance of 0.35 nm [37]. The high crystalline order
of the carbon nitride hosts was further evidenced by
high-resolution transmission electron microscopy
(TEM) imaging (Fig. 1). Although not observed in
GCN due to the in-plane structural disorder and
beam sensitivity, LMO, PTI and PHI exhibited lat-
tice fringes with spacings of 0.35, 0.33 and 0.32 nm,
respectively, corresponding to the (002) planes in
these stacked aromatic structures. Additional lattice
fringes with distances of 0.44 and 0.74 nm were also
observed in the case of PT1 (Supplementary Fig. 1),
which can be assigned to the (110) and (100) planes,
respectively.

The distinct structures were further corrobo-
rated by diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS), **C solid-state cross-
polarization/magic angle spinning nuclear mag-
netic resonance (CP/MAS NMR) spectroscopy
and X-ray photoelectron spectroscopy (XPS). The
DRIFTS spectra (Fig. 2b) evidence the existence
of the aromatic heterocycles in all hosts, showing
the stretching at 1100-1650 cm™!, while the broad
bands at 3000-3300 cm ™" are assigned to the bend-
ing of -NH, terminations [38]. Though bearing
the same building units of heptazine, LMO shows
more intense -NH,, breathing modes than GCN, in-
dicative of more peripheral -NH,, terminations in
LMO. The cumulated double bonds (-N=C=N-)
at 2184 cm™! are obvious in PTI and PHI, evidenc-
ing the presence of -NH- bridges as in ketene imines
[39]. In addition to the deformation vibrations of
the triazine or heptazine rings at 814 cm™!, a unique
band at 670 cm™! in PT1 suggests that triazine rings
are the building units [23,40], instead of the hep-
tazine in the other cases. LMO and GCN show sim-
ilar 3C NMR spectra (Fig. 2c) with two main peaks
at 164 and 155-157 ppm, attributed to CN, (NH,)
and CNj3 moieties, respectively. These signals are
also present in PTI and PHI, but the ratio between
the intensity at 164 and 157 ppm is much higher,
demonstrating more carbon species close to periph-
ery -NH,. On the other hand, an additional peak
at 168 ppm indicates the presence of triazine rings
in PTI, which can be ascribed to the carbons with
few protons in its proximity [41]. Furthermore, the
main contribution at 288.3 eV in the C 1s XPS spec-
tra (Supplementary Fig. 2) originates from the car-
bon species in the triazine or heptazine rings. Com-
paratively, deconvolution of N 1s spectra (Fig. 2d)



Table 1. Characterization data of the carbon nitride scaffolds and associated SACs.

Loading Pd surface
SBET® Pdb eﬂiciencyd density®
Host? Formula® (m*>g™h) (wt.%) (%) (molpg m~2)
LMO C3N4.86H2.6900.11 3(29) 0.66 33 8.6
GCN C3Ns6sH1 590010 8(11) 0.58 29 63.8
PTI C3Ny.52H2.8900.82Li0.16Ko0.05 Clo.12 68 (76) 0.56 100 1.7
PHI C3N4,27H3.1101.43Li0,04K027Clo.o1 31(30) 0.47 9s 4.7
PTI-Mg C3N4.55H2.9600.84Li0.15Ko0.01 Clo.osMgo.02 80 (110) 0.50 100 1.6
PHI-Mg C3Ny.36H3.3801.49Li0.00Ko0.09 Clo.01 Mgo.10 31 (40) 0.48 96 42

*LMO, linear melem oligomer; GCN, graphitic carbon nitride; PTI, poly(triazine imide); PHI, poly(heptazine imides); PTI-Mg and PHI-Mg, magnesium

ion-exchanged PTI and PHL
YDetermined by elemental analysis (non-metals) or ICP-OES (metals).
“BET method (in parentheses, the surface area of the SACs).

dDetermined by 100 x (actual metal content/targeted metal content).

¢Determined from the surface Pd concentration (from XPS) and area (from gas sorption) of the SACs.

of LMO, GCN and PHI evidence three main peaks
at 398.8, 399.9 and 401.0 eV, which can be as-
cribed to the ring nitrogen (C-N = C), tertiary nitro-
gen (NCj3) and terminal -NH, groups. The ratio of
C-N=C/NCj3; was calculated to be around 6, con-
firming the presence of heptazine as the building
unit [25]. Taking account of the relative nitrogen
content from elemental analysis (Table 1), the sur-
face NH, concentration for LMO was calculated
to be 6.8 mmol g_l, which is 1.3-fold more than
that of GCN (5.3 mmol g!). On the other hand,
the absence of the tertiary nitrogen (NCs) and the
C-N=C/NC; ratio of around 2, accompanied by
some shift in the terminal -NH,, suggest again that
the obtained PTI is built of triazine instead of hep-
tazine units.

The chemical composition of the hosts was de-
termined by elemental analysis and inductively cou-
pled plasma-optical emission spectrometry (ICP-
OES) (Table 1). The C/N molar ratio of LMO
is 0.62, which is lower than its GCN counterpart
(0.65), likely due to the abundant -NH, termina-
tions in LMO. Meanwhile, the C/N ratios of PTI
and PHI are 0.66 and 0.70, respectively, which are
very close to the theoretical values (0.67 for PTI
and 0.71 for PHI). The Li, K, Cl molar contents
(in mol.%) in PTI and PHI (PTI/PHI) were cal-
culated to be 2.3/0.3, 0.5/2.2 and 1.0/0.1, respec-
tively. Therefore, it can be concluded that PTI is
intercalated by Li* and CI- simultaneously, while
PHI is preferentially intercalated with K. The pres-
ence of exchangeable ions in PTI and PHI offers
a further possibility to tune the electronic proper-
ties of the hosts. Magnesium was chosen as the ex-
changed species, since Mg>" is known to interact
well with the N species in porphyrins and it has a
comparable or smaller ionic radius (ri,, = 86 pm)
than that of the Lit (90 pm) and Kt (152 pm)
ions initially present in the structures. As shown in

Table 1, only 0.41 wt.% Mg was exchanged into the
framework of PTI, while the Mg content can be in-
troduced into PHI up to 1.94 wt.%, indicating that
K* in PHI can be efficiently exchanged with Mg>™.
The structure of PTI and PHI remains unchanged
upon Mg*" exchange, as suggested by the similarity
of the XRD patterns (Supplementary Fig. 3).

The distinct morphology of the applied hosts
was visualized by TEM and scanning electron mi-
croscopy (SEM) (Supplementary Fig. 4). In con-
trast to the irregularly shaped LMO and GCN, PTI
displays fiber-like morphology constituted by cu-
bic and hexagonal nanocrystals, while PHI presents
a mixture of rod-like structures and plates. As evi-
denced by argon sorption (Supplementary Fig. 2),
PTI and PHI exhibit higher surface areas (68 and
31 m?* ¢!, respectively) than non-porous LMO and
GCN (3 and 8 m* g/, respectively), which is linked
to the nanostructured characteristics of the poly-
imide structures.

Metal stabilization

To study the capacity of the distinct carbon nitride
scaffolds as hosts for single atoms, palladium was
introduced via a microwave-assisted deposition tar-
geting a loading of 2 wt.%. Increased metal depo-
sition was observed for the polyimide structures,
taking up 66% (PTI) and 68% (PHI) of the avail-
able metal leading to palladium contents of 1.32
and 1.35 wt.%, respectively. Comparatively, lower
uptakes 33% (LMO) and 29% (GCN) were ob-
served for the other carbon nitrides (incorporating
0.66 and 0.58 wt.%, respectively). This is tentatively
attributed to the specific binding of palladium by
the former carriers (vide infra) although the higher
surface area of these materials could also enhance
the capacity as a metal host. For an improved cat-
alytic evaluation, two additional SACs based on PTI
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Figure 3. AC-HAADF-STEM images of the fresh and used Pd-SACs based on different carbon nitride scaffolds and Pd 3d core-
level XPS spectra of the fresh catalysts. Some isolated Pd atoms are identified by yellow circles. Additional low-magnification
HAADF-STEM images of the fresh samples are shown in Supplementary Fig. 17. In the XPS spectra, the black lines show
the fitted result of the raw data (open symbols), whereas the magenta and green peaks correspond to the deconvoluted
components. The dashed lines indicate the positions formally assigned to Pd**+, Pd** and Pd° species.

and PHI were prepared with metal contents close to
0.5 wt.% (Table 1).

The examination by
high-angle annular dark-field scanning transmis-
sion electron microscopy (AC-HAADF-STEM)
verified the single-atom dispersion of palladium,
where the higher-atomic-number metal atoms are
visible as the sub-nanometer bright spots on a

aberration-corrected

smoothly varying gray background signal from the
lower-atomic-number hosts (Fig. 3 and Supple-
mentary Fig. 5). To assess the macroscopic metal
distribution, thin cross-sections of the embedded
materials were mapped by energy-dispersive X-ray
(EDX) spectroscopy, indicating a relatively uniform
presence of palladium throughout LMO, PTI and
PHI (Supplementary Fig. 6). In contrast, a surface
enrichment in the concentration of palladium was
observed for GCN, suggesting that the metal is
unable to penetrate deeply into the material.

The influence of the host structure on the elec-
tronic properties of palladium was studied by XPS.
The presence of two different oxidation states was
clearly distinguishable from the Pd 3d core-level
spectra (Fig. 3), at around 338.3 and 336.5 eV, re-
spectively. Based on formal assignments, these peaks
can be attributed to Pd*" (338.3 eV) and Pd**
(336.5 eV). Notably, no signal corresponding to
the metallic Pd fingerprint (appearing at 334.9 eV)
was detected in any of the catalysts. These observa-
tions are consistent with the expected strong inter-
action between the isolated atoms and hosts and the
absence of nanoparticles evidenced by microscopy.
Notice that the direct assignment of formal charges
is debatable, and the values above are only used for
reference purposes indicating the existence of palla-

dium species with differing degrees of oxidation or
coordination to atoms with different electronegativ-
ity. Significant variation of the ratio of Pd**/Pd*t
was observed, ranging from 0.19 (Pd-PHI) and 0.31
(Pd-PTI) to 1.04 (Pd-GCN) and 1.32 (Pd-LMO),
indicating that the strength of the metal-host inter-
action can be manipulated depending on the frame-
work structure of carbon nitrides. The relatively high
contribution of Pd*" in PTT and PHI is rationalized
by the possible interaction of palladium with inter-
calated ionic species in these materials (vide infra).
To assess the chemical state of sub-surface palladium
atoms in the SACs, a depth-profiling analysis by XPS
coupled with Ar™ beam etching was conducted to re-
move the surface layer (Supplementary Fig. 7). In all
cases, the Pd 3d core-level spectra are slightly shifted
to higher binding energies, showing an evolution to-
wards Pd*". The charge assignment is done by com-
parison with standards and thus they might differ
from the charges obtained in the DFT calculations.
To gain insight into the relative thermal stabil-
ity, the distinct Pd-SACs were treated both in air
at 673 K and in a flowing 5%H,/He mixture at
433 K, the latter conditions representative of those
typically employed in gas-phase hydrogenation re-
actions [32,42]. The Pd atoms over LMO, PTT and
PHI exhibit high resistance to sintering with no sign
of nanoparticle formation (Supplementary Fig. 8),
while abundant Pd clusters become visible at the
surface of GCN. The lower stability of single atoms
over GCN can be due to several reasons. Compara-
tively, Pd atoms bind weakly to GCN, as evidenced
by the lowest average oxidation state of the metal ob-
served by XPS and supported by DFT calculations
(vide infra). In addition, the surface density of metal
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(-1.76 eV; 356.17 eV) (-2.00 eV; 357.44 eV) (-2.78 eV; 356.43 eV)

Figure 4. Optimized Pd coordination sites within different carbon nitride scaffolds with
6 N, 9N and 15 N pockets. Values in parentheses beneath each image indicate the
corresponding formation energies (left), calculated versus an isolated Pd atom or PdCl,
coordination and the relaxed scaffold (the chlorinated system contains Mg?* counter
cations between planes) and the calculated Pd 3d XPS assignments (right), respectively.
The top view representations are shown in Supplementary Fig. 18. Coordinated PdCl,
within GCN was calculated for reference purposes despite the absence of CI~ in GCN.
Color codes: gray, C; blue, N; white, H; green, Pd; orange, Cl.

atoms in the case of GCN is significantly higher com-
pared to the other hosts (Table 1), which could
also contribute to their lower stability under thermal
treatment. No reflections associated with Pd phases
are observed in the XRD patterns (Supplementary
Fig. 9) after calcination, in agreement with the pre-
served high dispersion in all cases. Note that, in the
case of LMO, the appearance of a reflection at 6.3°
20 and the merging of the reflections at around 12.6
and 27.4° 20 after calcination indicate the likely for-
mation of a new layered complex, which could have
a similar structure to previously reported complexes
between melamine and cyanuric acid [43]. On the
other hand, the disappearance of the in-plane reflec-
tion peak at 8.3° suggests a lower stability in the case
of PHI.

DFT calculations

DFT has been employed to gain insight into the
stabilization of palladium in the distinct carbon ni-
tride scaffolds and their speciation in terms of Bader
charge and XPS shift (Fig. 4, Supplementary Table 2
and Supplementary Discussion). The optimized lat-
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tices present cavities with different numbers of nitro-
gen atoms (denoted as 6 N, 9 N and 15 N pockets
for GCN, PTI and PHI, respectively). The small 6 N
cavity in GCN can efficiently stabilize Pd in the cen-
ter of the pocket (Pd-6 N) or alternatively by coor-
dinating with four N atoms (Pd-4 N) between two
neighboring planes. In the case of the larger cavities
(9N and 15N), Pd is found to adsorb close to two N
centers. A consistent range of Pd 3d shift was noticed
during the simulation of the XPS profiles. In general,
the Pd atoms preferentially reside at the subsurface
layer of carbon nitrides, particularly for PTI. For all
scaffolds, the surface Pd appears to be the least oxi-
dized (Pd*") and they are suggested to be more ac-
tive than their more oxidized counterparts (Pd*")
that are buried more deeply in the material (espe-
cially in the case of PTTand PHI) and therefore less
accessible, which is consistent with the XPS depth-
profiling analysis. In the presence of chlorine, palla-
dium can coordinate in the form of PAN,Cl, that is
also more oxidized than their surface counterparts.
The PdCl, are less likely in the smallest cavities, as
they imply a larger perturbation in the scaffold. The
presence of CI™ negatively affects the activity, since
it lowers the d-band position of the Pd levels (Sup-
plementary Table 2) and it would be necessary to
cleave Pd-Cl bonds (energetically more favorable
than cleavage of Pd-N bonds) to adsorb reactants.
Furthermore, the incorporation of Mg>" in the sub-
surface vacancy of PTI and PHI steadily propels the
Pd species to the surface, which would be expected
to positively influence the activity. Ab-initio molecu-
lar dynamics (MD) simulations were conducted on
Pd-GCN, highlighting the high stability of this sys-
tem. Upon increasing the temperature, the Pd atoms
are observed to fluctuate between the surface (less
oxidized) and subsurface (more oxidized) configu-
rations (Supplementary Fig. 10). The stability of the
Pd-SACs was further assessed in the presence of O,
or H,, sampling the potential energy surface with
relevant intermediates (Supplementary Fig. 11). In
all cases, the adsorption of oxygen is found to have
a stabilizing effect. Two distinct scenarios are ob-
served for the activation of hydrogen, which is found
to occur homolytically, resulting in improved sta-
bility of the single atoms on PTI and PHI, but oc-
curs heterolytically, slightly weakening the coordina-
tion of Pd (by 0.24 V), on GCN with smaller cav-
ity. The adsorption energy of 2-methyl-3-butyn-2-
ol was probed, confirming the preferred interaction
with surface sites (Supplementary Table 3).

Alkyne semi-hydrogenation performance

The catalytic performance was evaluated in the
semi-hydrogenation of  2-methyl-3-butyn-2-ol,
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Figure 5. (a) Conversion and selectivity to 2-methyl-3-buten-2-ol in the hydrogenation
of 2-methyl-3-butyn-2-ol of Pd-SACs based on carbon nitride scaffolds of different lat-
tice structure. (b) Correlation of the rate of 2-methyl-3-buten-2-ol formation with the
palladium average oxidation state. This trend was generalized by considering addi-
tional Pd-SACs based on carbon nitrides with different morphology and ion-exchanged
form, and the nanoparticle-based catalyst on a mesoporous carbon nitride host. The
metal loading was ~0.5 wt.% in all cases. Characterization data of the additional
samples is shown in Supplementary Table 1. (c) The relative rate (r/rp) as a function

of time-on-stream over Pd-SACs based on different carbon nitride scaffolds.

Selectivity (%)

which is an important reaction in fine-chemical
manufacturing [44]. Despite comparable metal
contents of the examined SACs, Pd-LMO exhibits
a significantly higher conversion (52%) than other
catalysts (Pd-GCN, 33%; Pd-PTI, 11%; Pd-PHI,
7%) (Fig. Sa). Under the conditions investigated,
the 2-methyl-3-buten-2-ol
approaches 100% over all samples, evidencing the
high chemoselectivity of isolated single atoms. As
presented in Fig. Sb, the rate of alkenol (2-methyl-

selectivity towards

3-buten-2-ol) formation is well correlated with the
average oxidation state of palladium (Pdavg). For in-
stance, the rate over Pd-LMO with the lowest Pd,,
of 2.86 reaches 311 mol,jenol molpg™* h™!, which is
more than five times higher than that observed over
Pd-PHI (57 moljenol molpg~! h™1) with a Pd,, of
3.68. These findings suggest the critical role of tun-
ing the electronic properties of the host structure in
tailoring the strength of metal-host interaction. The
stability of the SACs was further evaluated in
continuous mode in order to exclude the effects
of deactivation due to Pd leaching or aggregation.
Importantly, all Pd-SACs display a constant rate
towards 2-methyl-3-buten-2-ol formation for S h on
stream with no variation in conversion or selectivity
(Fig. Sc). As additional references, four SACs
based on GCN were specifically prepared from
different precursor (dicyandiamide (DCDA)) and
different morphology (exfoliated, mesoporous
and ordered mesoporous carbon nitride (denoted
as ECN, MCN and OMCN)) (Supplementary
Table 1). Impressively, the rates towards 2-methyl-
3-buten-2-ol also fall in the same correlation,
despite presenting distinct morphology and
single-atom distribution. Although it cannot be
assessed by standard techniques, the abundant
-NH,, terminations over the oligomer were sug-
gested to improve the accessibility of the active
Pd centers. Analysis of the used catalysts con-
firms the virtually identical atomic dispersion
(Fig. 3), electronic properties (Supplementary
Fig. 12 and Supplementary Table 4) and crystalline
structure (Supplementary Fig. 13) compared to
the fresh materials, verifying the stability of the
SACs. For reference, the traditional catalyst for the
liquid-phase selective hydrogenation of alkynes
based on supported lead-modified palladium
nanoparticles (Lindlar catalyst, S wt.% Pd-3 wt.%
Pb/CaCOs3) was evaluated as a benchmark. While
this catalyst yields a slightly higher rate towards 2-
methyl-3-buten-2-o0l (517 mol,jenol molpg ! h™1),
it exhibits significantly reduced selectivity (78% to
2-methyl-3-buten-2-ol) due to over-hydrogenation
(22% selectivity to 2-methyl-3-butan-2-ol). This
further highlights the superior performance of the



SACs (>95% selectivity to 2-methyl-3-buten-2-ol).
To address the impact of magnesium incorporation
on the catalytic performance, ~0.5 wt.% Pd was
introduced into PTI-Mg and PHI-Mg (Table 1,
Supplementary Fig. 3 and Supplementary Fig. 14).
The alkenol formation rates over Pd-PTI-Mg and
Pd-PHI-Mg are 102 and 94 moljenel molpg™! h7Y,
respectively, which is 1.2 and 1.6 times better
compared to those without Mg*" incorporation,
while the selectivity towards 2-methyl-3-buten-2-ol
is 100% all samples. Again, the reaction rates also
correlate with the palladium average oxidation state
(Fig. Sb), which further demonstrates the impact
of tuning metal-host interaction by tailoring the
electronic properties of carbon nitride scaffolds. For
comparative purposes, a nanoparticle-containing
catalyst based on a mesoporous carbon nitride
host (Pd NPs-MCN, with average Pd oxidation
state of 2.7; see STEM image in Supplementary
Fig. 15) was prepared. Evaluation of this material
evidenced a lower rate towards 2-methyl-3-buten-
2-ol than the expected trend (Fig. S), which is
consistent with the different metal speciation in this
catalyst.

CONCLUSIONS

This study demonstrated the obtainment of SACs
on three previously unreported carbon nitride scaf-
folds, namely linear melem oligomers poly(triazine
imides) and poly(heptazine imides). The larger cav-
ity size and presence of chloride ions in the poly-
imide structures facilitate the accommodation of
palladium and enhance the metal-host interaction
and thus higher resistance to sintering. An inverse
correlation is observed between the activity for semi-
hydrogenation of 2-methyl-3-butyn-2-ol and the de-
gree of oxidation of palladium, where the oligomers
exhibit the highest activity. This was further gener-
alized over additional previously reported materials,
highlighting the critical importance of controlling
the oxidation state of isolated metal atoms. The in-
tercalated alkaline metals within the network of PT1
and PHI were demonstrated to be able to exchange
with other ions such as magnesium, presenting an-
other opportunity to tune the catalytic performance
in hydrogenation. The least oxidized surface Pd*"
species are suggested to be more active than the
Pd** species that reside deeper in the material; how-
ever, this high positive charge can also appear if some
ligand remains as PAN,Cl, coordination appears.
The findings provide an opportunity to systemically
design effective SACs to boost the atom efficiency
at an atomic level by constructing the host lattice
structure.

METHODS

Carbon nitride synthesis

LMO and polymeric GCN were prepared by cal-
cining melamine (8 g) at the desired temperature
(723 K for LMO and 823 K for GCN with a ramp
rate of 2.3 K min™!) in a crucible for 4 h under a
nitrogen flow (15 cm® min™'). PTI and PHI were
prepared by ball milling eutectic salt mixtures of
LiCl (4.52 g)/KCl (5.48 g) together with a corre-
sponding precursor (melamine (1 g) for PTI and
3-amino-1,2,4-triazole-S-thiol (2 g) for PHI) for
10 min, in a Retsch PM 100 bioMETA planetary
ball mill (500 rpm). Afterwards, the mixtures were
transferred into a crucible and calcined at 823 K
for 4 h (ramp rate, 2.3 K min~") under a nitrogen
flow (15 cm?® min™"). The resulting products were
washed with hot water for 48 h to remove any excess
salts. Finally, the carbon nitride products were col-
lected by filtration, washed thoroughly with distilled
water and ethanol, and dried at 338 K overnight.

Metal introduction by
microwave-assisted deposition

Different carbon nitride hosts (0.5 g) was first dis-
persed in H,O (20 cm?) under sonication for 1 h.
Then, an aqueous solution of Pd(NH3)4(NO3),
containing S wt.% Pd (0.0S cm?, targeting 0.5 wt.%;
0.2 cm?®, targeting 2 wt.%) was added and stirred
overnight for complete adsorption. The result-
ing solution was placed in a microwave reactor
(CEM Discover SP), applying a cyclic program (20
repetitions) ofirradiation (15 s) and cooling (3 min)
using a power of 100 W. The resulting powder was
collected by filtration, washed with distilled water
and ethanol, and dried at 333 K overnight.

lon exchange

In a typical synthesis, PTI or PHI (0.7 g) was
dispersed in an aqueous solution of MgCl,-6H,0
(3.4 g,20 cm?) and then stirred at room temperature
for 24 h, after which the solids were collected by cen-
trifugation. These steps were repeated three times
and the products were thoroughly washed with wa-
ter and ethanol, and subsequently dried at 338 K
overnight. The samples are denoted as PTI-Mg and
PHI-Msg.

Characterization

XRD was performed in a PANalytical X’Pert PRO-
MPD diffractometer operated in Bragg-Brentano
geometry using Ni-filtered Cu Ko (A = 0.1541 nm)



radiation. Data were recorded in the range of 5-60°
20 with an angular step size of 0.05° and a counting
time of 2 s per step. DRIFTS was performed using
a Bruker Optics Vertex 70 spectrometer equipped
with a high-temperature DRIFT cell (Harrick) and
an MCT detector. The samples were pretreated
at 423 K for 1 h under Ar before analysis. Spectra
were recorded in the range of 4000-400 cm ™!
under Ar flow (20 cm® min~!) and at room tem-
perature by co-addition of 64 scans with a nominal
resolution of 4 cm™'. The '3C solid-state cross-
polarization/magic angle spinning nuclear magnetic
resonance (CP/MAS NMR) spectra were recorded
on a Bruker AVANCE III HD NMR spectrometer
at a magnetic field of 16.4 T corresponding to a
'H Larmor frequency of 700.13 MHz. A 4-mm
double resonance probe head at a spinning speed
of 10 kHz was used for all experiments. The '3C
spectra were acquired using a cross-polarization
experiment with a contact time of 2 ms and a recycle
delay of 1 s. A total of 64 x 103 scans were added
for each sample. Between 39 x 10° and 96 x 103
scans were acquired, depending on the sample. The
13C experiments used high-power 'H decoupling
during acquisition using a SPINAL-64 sequence.
X-ray photoelectron spectroscopy (XPS) was
performed in a Physical Electronics Instruments
Quantum 2000 spectrometer using monochromatic
Al Ko radiation generated from an electron beam
operated at 15 kV and 32.3 W. The spectra were
collected under ultra-high vacuum conditions
(residual pressure = S x 107% Pa) at a pass energy
of 46.95 eV. All spectra were referenced to the
C 1s peak of ternary carbon at 288.3 eV. Prior to
peak deconvolution, X-ray satellites and inelastic
background (Shirley type) were subtracted for all
the spectra. The Pd average oxidation state was
calculated based on the relative content determined
by the peak area of different palladium species from
Pd 3d core-level XPS spectra. Elemental analysis was
determined by infrared spectroscopy using a LECO
CHN-900 combustion furnace. Inductively coupled
plasma-optical emission spectrometry (ICP-OES)
was conducted using a Horiba Ultra 2 instrument
equipped with photomultiplier tube detection. The
samples were dissolved in a piranha solution and
left under sonication until the absence of visible
solids in the solution. SEM images were acquired
using a Zeiss ULTRA SS operated at 5 kV. Argon
sorption was measured at 77 K in a Micrometrics
3Flex instrument, after evacuation of the samples
at 423 K for 10 h. The specific surface area was
determined via the Brunauer-Emmett-Teller (BET)
method. Samples for TEM studies were prepared
by dusting respective powders onto lacey-carbon-
coated copper or nickel grids. High-resolution

TEM, conventional STEM, and energy-dispersive
X-ray spectroscopy (EDX) measurements were
performed on a Talos F200X instrument operated at
200 kV and equipped with an FEI SuperX detector.
Thin cross-sections were prepared by embedding the
powder in a suitable resin (Polysciences Inc., Hard
Grade) followed by cutting the sections (100 nm)
with a diamond knife. The sections were mounted
on carbon-coated copper grids. AC-HAADF-
STEM was performed using an FEI Titan® 80-300
(Thermo Fisher Scientific) microscope equipped
with a high-brightness extreme field emission gun
and a CEOS (Corrected Electron Optical Systems
GmbH) aberration corrector for the probe-forming
lenses, operated at 300 kV. The AC-STEM images
were acquired with an illumination semi-angle of
18 mrad and a detector inner semi-angle greater
than 35 mrad, chosen to minimize any possible
Bragg diffraction contrast and maximize overall
image signal and especially atomic number (Z) con-
trast between Pd atoms/clusters and the underlying
support. Images were obtained in suitably thin re-
gions of the specimen for minimal background from
the support and for reduced overlap of Pd atoms.
Per-pixel dwell times of 5-10 ps and probe currents
of 40-60 pA were selected to achieve sufficient
signal-to-noise for single Pd atom visibility whilst
minimizing beam-induced changes, providing im-
ages representative of the Pd atom species and their
distribution on the LMO, GCN, PTI and PHI hosts.

Hydrogenation of 2-methyl-3-butyn-2-ol

The hydrogenation was carried out in a microwave
reactor (CEM Discover SP) with a pressure-
controlled vessel under continuous stirring. In a
typical reaction, the feed solution containing 0.4 M
substrate in toluene (1.5 cm®) was microwaved
in the presence of the catalyst (15 mg) for 1 h at
323 K. The initial hydrogen pressure was 3 bar in
all experiments. The resulting reaction mixture was
filtered (pore size, 0.45 pum) and the products were
collected. The continuous tests were carried out
in a flooded-bed micro-reactor (ThalesNano H-
Cube Pro™), in which the liquid-feed-containing
0.4-M substrate in toluene and gaseous hydrogen
(generated in situ by Millipore water electrolysis)
flowed concurrently upward through a cylindrical
cartridge (3.5-mm internal diameter) containing
a fixed bed of catalyst (0.1 g) and silicon carbide
(0.2 g) particles, both with a size of 0.2-0.4 mm.
The reactions were conducted at T = 323 K, P =
3 bar, liquid (1 cm® min™!) and H, (36 cm® min™!)
flow rates. The products were collected every 20 min
after reaching steady state. All collected samples



were analyzed offline using a gas chromatograph
(HP-6890) equipped with a HP-S capillary column
and a flame ionization detector. The conversion
(X) of the substrate was determined as the amount
of reacted substrate divided by the amount of
substrate at the reactor inlet. The selectivity (S) to
each product was quantified as the amount of the
particular product divided by the amount of reacted
substrate. The reaction rate (r) was expressed as the
number of moles of product formed per mole of Pd
and unit of time.

DFT simulations

Slab models representing different carbon nitride
scaffolds have been described through the DFT as
implemented in the Vienna Ab initio Simulation
Package (VASP) code [45], using the Perdew-
Burke-Ernzerhof (PBE) functional together with
D3 dispersion terms [46,47]. Core electrons were
replaced by projector augmented wave (PAW)
method [48] and the valence electrons were ex-
panded in plane waves with a kinetic cut-off energy
of 450 eV. The bulk structures were derived from
our previous carbon nitride system by expanding the
building motifs. The k-point densities were $ X 5 X S
for GCN and PTI system and 3 x 3 x 5 for PHL
Slab models were cut along the van der Waals planes;
the slabs contain four layers and are interleaved by
at least 12 A of vacuum. The optimized crystal lat-
tices are presented in the Supplementary Material.
The k-point sampling in these cases was 3 x 3 x 1
(GCN and PTI) and 1 x 1 x 1 (PHI). The PdCl,
precursor and Pd atoms were anchored at different
positions in the cavities and within the two upper-
most layers, which are preferential sites for the sim-
plest carbon nitrides as observed in first-principles
MD. The Heyd-Scuseria-Ernzerhof (HSE03) [49]
functional was used to generate the partial density
of states (PDOS) of the relaxed structures, includ-
ing 25% of exact Hartree-Fock exchange. Ab-initio
MD simulations were conducted on the Perdew-
Burke-Ernzerhof (PBE) level, and comprised heat-
ing/equilibration cycles in which the system was
heated to S00 K with a cycle step of 100 K for a to-
tal duration of 10 ps. The structures can be retrieved
from the ioChem-BD database [50] at the following
dataset: DOI:10.19061/iochem-bd-1-75.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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ABSTRACT

The green synthesis of fine chemicals calls for a new generation of efficient and robust catalysts. Single-atom

catalysts (SACs), in which all metal species are atomically dispersed on a solid support, and which often
consist of well-defined mononuclear active sites, are expected to bridge homogeneous and heterogeneous

catalysts for liquid-phase organic transformations. This review summarizes major advances in the

SAC-catalysed green synthesis of fine chemicals in the past several years, with a focus on the catalytic

activity, selectivity and reusability of SACs in various organic reactions. The 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 effort to guide the rational

design of SAC:s 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, fine 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, dyestuffs, pigments, flavors,
fragrances, food additives, biocides and corrosion
inhibitors [1]. Due to their high purity, specialized
nature, technology intensiveness and high added
value, the manufacture of fine chemicals is always
among the most active and strategic areas of the
chemical industries [2].

Traditional synthetic routes for fine 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, efficient and straightforward methodologies
and catalysts to achieve the green and sustainable
synthesis of fine chemicals [S]. Such green strate-
gies are characterized by several principles: atom-
efficient catalytic processes, environmentally benign
reagents and solvents, and one-pot tandem synthetic
routes. On these grounds, a great number of effi-
cient organometallic compounds and accompany-
ing straightforward synthetic processes have been
developed, which led to the flourishing of the fine
chemical industry in the twentieth century, such as
homogeneous Rh catalysts for hydroformylation re-
actions of olefins [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 difficult 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 efficiencies are usually inferior to
their homogeneous analogs. Therefore, the develop-
ment of a new class of catalysts that integrates the
merits of homogeneous and heterogeneous catalysts
for the green synthesis of fine chemicals is highly de-
sirable.

Single-atom catalysts (SACs) are defined 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 Pt;/FeO, 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 do not contain metal-metal bonds and that
the single metal atoms are usually positively charged.
These unique geometric and electronic properties
bring about significant alterations in the interac-
tions with reactants/intermediates/products, lead-
ing to enhanced activity and/or selectivity, which are
particularly desired for fine-chemicals production.
Therefore, SACs are expected to combine the advan-
tages of high catalytic activity, selectivity, stability
and reusability for the green synthesis of fine chemi-
cals. The past seven years have confirmed 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 Rh;/ZnO catalysts showed com-
parable activity to the benchmark homogeneous cat-
alyst RhCI(PPh; ); in the hydroformylation reaction
of olefins [11]; and non-precious-metal Co(Fe)-
N-C catalysts demonstrated ‘platinum-like’ perfor-
mance for selective hydrogenation or oxidation re-
actions [12-18].

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

only simple model reactions, rather than real fine
chemical substrates of intermediates. As preparation
methods and characterization techniques for SACs
have been described in detail in several recent excel-
lentreviews [19-24], they are not emphasized in this
review. The focus of 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. The stabilization mecha-
nisms of the single atoms against leaching or aggre-
gation in the liquid phase are also discussed. The aim
of this review is to provide illustrative accounts of the
recent progress in this research field and to extract
fundamental principles to guide the rational design
of SAC:s for green chemical synthesis.

SYNTHESIS OF FINE CHEMICALS
PROMOTED BY SACS

SACs, with their well-defined mononuclear struc-
tures, have been expected to bridge homogeneous
and heterogeneous catalysis since the term ‘SAC’
was first 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 olefins;
C-C coupling reactions; and biomass-related hy-
drodeoxygenation reactions. Compared with their
NP counterparts, SACs afford enhanced activity by
a factor of several to hundreds per metal atom and
unparalleled selectivity in some reactions. The ex-
cellent stability of SACs provides additional advan-
tages over their homogeneous analogs. While the ac-
tive site structures of SACs may be less uniform than
those of homogeneous catalysts due to their hetero-
geneous support surface, the well-defined 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]. The majority of hydro-
genation reactions involve the direct use of H, 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/Fe0, catalysts (a) and on the Na content of the
Na-2.16%Pt/Fe0y 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.

The manufacture of functional anilines is of great
significance 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 efficient 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. Modification of the transition
metal catalysts with proper additives achieved en-
hanced selectivity [28]; however, the catalytic ac-
tivity was severely compromised. The 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 the C = C dou-
ble bond hydrogenation. Zhang, Wang and cowork-
ers designed a FeOy-supported Pt single/pseudo-
single-atom catalyst. The 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. The cat-
alyst was able to hydrogenate a broad scope of ni-
troarenes with different functional groups to the cor-
responding functionalized anilines with a turnover
frequency (TOF) as high as 1514 h~! and a chemos-
electivity above 95% [10]. The loading of Pt on the

FeOy support had a significant effect on both the ac-
tivity and chemoselectivity. As shown in Fig. 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 reflects 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. This result indicated that the
isolated, positively charged Pt on the FeOy 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 alkali metals could yield positively charged metal
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
(2.16 wt% Pt/FeO,) [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 fine 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 field scanning transmission elec-
tron microscopy) images clearly show that the Pt
particles in the Na-containing samples all featured



abundant dark regions, which are probably due to
lighter elements such as Na and Fe. In combina-
tion with the S’Fe Méssbauer spectroscopy result
that the NaFeO, species forms in the Na-containing
sample, the authors proposed that the active sites
were likely Pt-O-Na—O-Fe species. This 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-modified Pt/FeOy 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/FeO,), the
high-metal-loading Na-modified Pt/FeOy catalysts
afforded a more 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 CO,-expanded toluene/THF system. The results
showed that both the conversion and chemoselectiv-
ity could reach above 95% over Pt/FeOy SAC, while
the amount of the solvent toluene could be reduced
by 90% in the CO,-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 Pt;/FeO, and Ir;/FeO,
SACs are highly chemoselective towards the hy-
drogenation of 3-nitrostyrene to 3-aminostyrene,
the Pd/FeO, 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
CeO; nanorods were highly active (TOF as high as
44059 h™!) for hydrogenation of 4-nitrophenol and
chemoselective for abroad scope of nitroarenes con-
taining —-OH, -X, -C = O and —-CN groups, but
poorly selective for substrates possessinga -C = C
group [34]. It would be highly interesting to engi-
neer the metal-support interaction to develop a new
Pd SAC that is both highly active and chemoselec-
tive for the hydrogenation of nitro-styrenes.

The reaction mechanism of the chemoselective
hydrogenation of nitroarenes over SACs has yet to
be clarified. The 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 TiO,-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 FeOy
and CeO,) 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. This interac-
tion can be understood in terms of Lewis acid-base
interactions. The 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 and positively charged metal centers
can successfully suppress the adsorption of C = C
bonds, which would occur easily on their nanopar-
ticle counterparts. Therefore, the single-atom dis-
persion is of paramount importance to achieve the
chemoselective hydrogenation of nitroarenes to ani-
lines, although cooperation between the single metal
atoms and the specific supportis required. Achieving
an atomic-scale understanding of the reaction mech-
anism will require combined spectroscopic and the-
oretical studies.

There 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 the most
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]. The synthesis of this type
of SACs involved the impregnation of a Co, N,
C-containing precursor (e.g. a Co*" phenanthro-
line complex) on a basic support (e.g. Mg(OH),)
followed by pyrolysis at 600-800°C and etching
with acid to remove the basic support as well as any
particles of Co° or CoO,. 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. Differently from the rigid plane
structure generally proposed in the literature [38],
the deformed CoN,Cg-20, configuration might
impart structural flexibility 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 H,, 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 afforded good activity
(TOF 359 h™!) and excellent selectivity to azo
compounds (Fig. 3c). Various functional groups
including -CHj3, -C = C, —CF;, -Cl, -Br and -I
were tolerated in the reaction, and the catalyst could
be reused without decay in the selectivity. The 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 final 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 clarified, the M-N,
motif (where M refers to transition metals such as
Co, Fe, Nj, Cu, etc.) is probably the active site, even
in the earlier reported Co,Oy/N-C or Fe,O;/N-
C systems [39,40]. To determine the real active
species, Zhang et al. prepared a catalyst composed of
metallic Co, Co,Oy, Co,C, and CoNj species using
carbon as the support [41]. After 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—Ny, 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 dispersed M—Ny is the
active site. This 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 the hydrogenation reactions occurring on 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
H, is activated on SACs via a heterolytic pathway
[42-45], which is quite different from the case of
NP systems in which the homolytic dissociation of
H, is favorable. For example, Zheng and cowork-
ers reported a high-loading Pd; /TiO, SAC that was
obtained via a photochemical route on an ethylene
glycolate (EG)-protected TiO, nanosheet material
[42]. In their method, 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%). The coordi-
nation of the single Pd atoms with oxygen atoms
from the EG molecule allowed the dissociation of
H, in a heterolytic mode to produce O-H* and
Pd-H’~ (Fig. 4), as proven by both kinetic isotope
effect (KIE) and DFT calculations. The Pd; /TiO,
SAC exhibited high activity and stability for C = C
and C = O hydrogenations; the TOF was enhanced
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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. The higher activity of
the Pd; /TiO, for the hydrogenation of polar unsatu-
rated bonds probably originated from the heterolytic
dissociation of H, at the Pd;-O interface. Simi-
larly, Yan and coworkers reported that single Pt;
atoms anchored on active-carbon-supported phos-
phomolybdic acid (PMA) were more active for the
hydrogenation of polar —C = O groups than of non-
polar —C = C groups, implying the heterolytic disso-
ciation of hydrogen on the Pt;~Oy active sites [43].
In our recent work on the single/pseudo-single-
atom catalyst Pt/WO,, hydrogen was also found to
dissociate in a heterolytic fashion at the interface of

Pt and WO,. The H" formed on WO, and the H™
on the single Pt atom provided Bronsted 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/WOj system further promoted the
heterolytic dissociation of H,, possibly by modulat-
ing the interaction between Pt and WO,, leading to
remarkably enhanced activity and chemoselectivity
towards 1,3-propanediol [45].

The heterolytic dissociation of H, favored on
SACs is reminiscent of that of frustrated Lewis pairs
(FLPs) in homogeneous catalysts, where H, is
the

heterolytically ~ dissociated —at sterically



REVIEW

Figure 4. Energies and a model of the intermediates and
transition states in the heterolytic H, activation process of
Pd;/Ti0,. 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. This kind of reaction was initially
investigated on single-atom alloy (SAA) catalysts.
The term SAA was first 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). This configuration 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 effective [S4-56]. For example,
Perez-Ramirez and coworkers reported a Pt SAC
supported on mesoporous polymeric graphitic
carbon nitride (mpg-C3N,) that was 3 orders of
magnitude more active than traditional NP catalysts
(e.g. Au, Ag and CeO;,) in the hydrogenation of
1-hexyne, with 100% 1-hexene selectivity [56].
When the reaction was performed at 70°C and
S bar Hy, [Pd]mpg-C3;N, was more active than

Zhang etal. | 659

Figure 5. Proposed reaction scheme for the hydrogenolysis
of glycerol to 1,3-PD over single-atom and pseudo-single-
atom Pt/WO, catalysts. Adapted with permission from [44].

Pd-Pb/CaCO; by a factor of 4, more selective
than Pd/AlL, O3 (90 vs 69%) and was as active as
the Pd/TiS modified 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 second one to a Pd atom. When alkyne molecules
were adsorbed, the semi-hydrogenation reaction
proceeded smoothly and the alkene product was
easily desorbed without over-hydrogenation or



oligomerization. The 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 7-bonding pattern,
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 SACs have been 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/Al, O3 catalyst showed 30 times greater cat-
alytic activity (TOF: 4096-7080 h™') 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]. This
single-site Pd/Al, O3 catalyst was obtained by us-
ing mesoporous alumina as the support and an ex-
tremely low loading of Pd (0.03 wt%), both of which
ensured the atomic dispersion of the Pd species. The
isolated Pd™ surface species, which was identified us-
ing atomic-resolution HAADF-STEM, EXAFS and
XANES, were proposed to be the active sites for
the reaction. This catalyst also demonstrated impres-
sive stability; the catalytic performance remained
unchanged during the course of reaction over pe-
riods of days. This exceptional durability could be
attributed to the high stability of the isolated Pd"
species, as well as that of the mesoporous structure
of the support. Very recently, Li et al. reported an
Au; /CeO, SAC system that also showed excellent
activity, selectivity and durability for the selective ox-
idation of alcohols to the corresponding aldehydes
[58]. Based on isotopic exchange experiments, they
proposed that the lattice oxygen from the CeO, sup-
port participated in the oxidation reaction, leading to
the high selectivity towards aldehyde. The SAC sys-
tem facilitated the removal and replenishment of the
lattice oxygen by maximizing the interfacial sites be-
tween the single gold atoms and the CeO, 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 Pdy4; particles
with an Au atom [59]. The as-prepared catalysts
showed excellent catalytic activity in the oxidation
of glucose. The specific activity of the Au SAC was
20-30-fold higher than that of the Pd and Au mother
clusters and 8-10 times those of the Pd/Au alloys
with different Au/Pd ratios, although all had simi-
lar average particle sizes. The higher catalytic activ-
ity of the Pd-alloyed Au SAC than the Pd-Au al-
loys indicated position-dependent catalysis beyond
the synergistic effects of Au and Pd, as the top atoms
are assumed to be more active than the edge and
face atoms owing to the more unsaturated coordina-
tion. To confirm this proposal, the authors prepared
three Pd-alloyed Au SACs with different 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 specific 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. The Au
4f XPS spectra of the Pd-alloyed Au SACs showed
a negative shift in binding energy compared with
that of monometallic Au, indicating electron transfer
from Pd to Au; thus, Au was negatively charged. The
Au®~ species could effectively donate electrons to
O, to generate hydroperoxo-like species, which were
considered to play an important role in the oxida-
tion of glucose. Additionally, Tsukuda and cowork-
ers reported a Pd;Au,4 SAC supported on a carbon
nanotube (CNT) and investigated its catalytic per-
formance in the aerobic oxidation of benzyl alcohol
[60]. Compared with the monometallic Au,s/CNT,
the single-Pd-atom-doped Pd; Auy,/CNT exhibited
significantly enhanced conversion of benzyl alcohol
(from 22 to 74%). The synergistic effect between Au
and Pd was attributed to electron transfer from Pd
to Au, which promoted the activation of O,. 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 atoms might be quite different 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,



thus completing the redox cycle [57], while, in the
latter case, oxygen is first activated on the electron-
rich gold atoms to form 02—, which then oxidizes the
alcohol substrate [S9].

In addition to noble metal SACs, atomically dis-
persed M—N-C catalysts 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, confined
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 x 1072 s7!), followed by Co-N-C
and Cr-N-C. The 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 difference
in catalytic activity between them. A large KIE ef-
fect (4.6) was observed on Fe-N-C, indicating that
the elimination of 8-H in benzyl alcohol was the
rate-determining step, whereas a weaker KIE effect
(2.2) was observed for Cu-N-C, suggesting Cu-
N-C could abstract the 8-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]. The
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. The base-free conditions and
the use of air/oxygen as an oxidant seem attrac-
tive for practical application, although the organic
solvent N,N-dimethylformamide (DMF) was used.
Furthermore, some critical points, such as the dop-
ing effect of N in graphene, structure of the Co-N
moiety and effect of calcination temperature, have
yet to be clarified.

The 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. The performance was highly depen-
dent on the pyrolysis temperature at which the SAC
was derived from the Fe(phen), (phen = 1,10-
phenanthroline) precursor. Although the Fe-N-C
catalysts obtained at different 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 FeN,
species (x = 4-6). The employment of the power-
ful > Fe Mossbauer spectroscopy technique allowed
the identification and quantification of the different
Fe centers. As shown in Fig. 6a, the relative con-
centration of each species differed with the pyroly-
sis temperature, and the most active species was the
medium-spin FeNj site (D4 in Fig. 6a), which af-
forded a TOF of 6455 h™! for the oxidation of ethyl-
benzene to acetophenone. This TOF was more than
1 order of magnitude higher than that of the high-
spin FeNg species (D2) and low-spin FeNg species
(D3), and even several times more active than the
Fe(II)Ny species (D1). The high activity of the FeN;
structure was attributed to the unsaturated coordi-
nation of the Fe single atoms (actually Fe>* cations),
which provided adsorption sites for TBHP (H-O-
O-, Fig. 6b). This 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.

The direct catalytic conversion of benzene to
phenol is a demanding and practically important
reaction in the field of C-H activation. Bao and
coworkers prepared a highly dispersed FeN,/GN
catalyst via the high-energy ball milling of iron
phthalocyanine (FePc) and graphene nanosheets
under controllable conditions [17]. The graphene-
matrix-confined coordinatively unsaturated iron
sites demonstrated excellent catalytic activity in
the oxidation of benzene with H,O, as the oxidant
at room temperature. For example, the TOF value
reached 84.7 h™! and a phenol yield of 18.7% was
obtained at a conversion of 23.4%. Notably, the
reaction even proceeded efficiently at 0°C, reaching
aphenolyield of 8.3% after 24 h of reaction. Further-
more, the catalyst could be reused six times without
a decrease in its catalytic activity. In situ XAS and
Modossbauer measurements were performed to
investigate the catalytic mechanism. For the fresh
catalyst, both the Fe K-edge XANES spectra and
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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 FeN, structure,
with Fe coordinated to four N atoms within a planar
sheet, as that of FePc. Upon treatment with H,O,,
the pre-edge peak in the Fe K-edge XANES spectra
broadened and increased in intensity due to the
formation of Fe = O. The intensity of the first 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. *’Fe Moéssbauer measure-
ments also revealed that the amount of Fe = O
increased after H, O, treatment and then decreased
upon contact with benzene. These results, together
with DFT calculations, showed that the single Fe
atom was oxidized by H, O, to forman O =Fe =0
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]. The obtained Fe-N-C SAC exhibited high cat-
alytic activity for the hydroxylation of benzene to
phenol (45% benzene conversion with 94% selec-
tivity). Based on electron paramagnetic resonance
(EPR) analysis and DFT calculations, they proposed
a similar reaction mechanism to that of Bao, in which
the H,O, oxidant was activated on the single Fe
atom, and the resulting Fe'¥ = O species was con-
sidered to be the active intermediate in the reaction.
Notably, although Fe-N, moieties were 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 there might be
some subtle discrepancy in the exact structure of the
two active sites. Further efforts are expected to iden-
tify the active species using XAS and Modssbauer
characterization and/or poisoning experiments. In
addition, the use of alarge excess of H, O, as oxidant
decreased the catalytic efficiency to some extent in
both cases.

Silanols are important building blocks in polymer
chemistry. The selective oxidation of silanes with
water to synthesize silanols has attracted increasing
attention for its safety (nonexplosive, nonflammable
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-C3Ny),
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
Au;/C3Ny4 showed only comparable activity. One
advantage of the Au;/C3Ny4 SAC is its excellent
stability; it could be recovered and reused at least

10 times with its activity and selectivity being
maintained well. The characteristic coordination
cavity surrounded by N atoms in the mpg-C3Ny
could anchor and stabilize the Au single atoms;
this effect was believed to contribute to the high
durability of the catalyst.

Hydroformylation of olefins

The hydroformylation of olefins involves the addi-
tion of syngas (a mixture of CO and H,) to olefins
for the production of aldehydes and represents a
typical example of an efficient and clean chemical
process with 100% atom economy. The aldehydes
are valuable final 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 first
generation of catalysts for these transformations;
however, they required harsh reaction conditions
and had low productivity. In 1968, a Rh-based
catalyst [RhCI(PPh; )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

[66]. The alkyl-
phosphorous ligands, with their unique steric bulk

hydroformylation reaction
and electron-donating effects, contribute greatly
to the high activity and selectivity. However, these
homogeneous complexes are difficult to recover.
Thus, great efforts 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 grafting [68]. However, the
interaction between the post-heterogenization Rh
metallorganics and the support is relatively weak.
Degradation of the ligands and/or the Rh 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
grafted 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].
They chose the well-known electron-donating lig-
and triphenylphosphine (PPh;) as the backbone
of the monomer and grafted a vinyl group to
the three benzene rings in PPh; to construct
vinyl-functionalized PPh; (3V-PPh;), which then
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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 significant advantages of this
method is that the PPh; moieties can be anchored
with a high loading and are homogeneously dis-
tributed throughout the support via covalent bond-
ing (C-C). This 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 (/b = 6.6).
The high selectivity towards linear aldehydes was
thought to arise from the confinement effect 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 flow 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 the POP-PPh; (Fig. 7b). These biden-
tate ligands usually exhibit large natural bite angles
(~120°) and, when coordinated with an Rh cation,
the formed complex preferentially adopted a diequa-
torial rather than an equatorial-apical configuration,
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-
hosligands with vinyl groups, which then underwent
co-polymerization with the 3V-PPh; to yield the
support [78]. The Rh species in these catalysts still
existed as single atoms. Compared with Rh/POP-
3V-PPh;, the Xantphos- and biphephos-doped cat-
alysts afforded 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 1/b ratio in the hydroformyla-
tion of 1-octene over Xantphos-doped Rh/POPs—
PPh; increased from 45/50 to 90/10 and, in the
hydroformylation of propene on biphephos-doped
catalysts, the 1/b ratio reached as high as 24.2. Im-
pressively, the biphephos-doped catalyst was also ef-
fective for the isomerization-hydroformylation of
internal olefins and the regio-selectivity for linear
aldehyde reached up to 92%. The authors pro-
posed that the PPh; 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. The
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-selectivity while creating
robustness. Nevertheless, the tedious procedures re-
quired to prepare the polymers and the use of ex-
pensive ligands and Grignard reagents represent bar-
riers to their future industrial application. Further
efforts must be devoted to developing facile and
inexpensive synthetic routes and exploring other
P-containing materials (e.g. MOFs, COFs) for such
transformations.



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 olefins; however, their catalytic performances
were inferior to those of their homogeneous analogs
[79]. SACs, in which the single metal atoms are coor-
dinated to heteroatoms on the support, are regarded
as a mimic of supported homogeneous catalysts and
thus are expected to perform well in the hydroformy-
lation of olefins. Indeed, the Rh SACs met some of
the criteria for the hydroformylation of olefins. 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 effectively ac-
tivate both H, and CO, and the isolated Rh cen-
ters are believed to interact with olefins weakly with-
out hydrogenation. Third, the confinement in some
SACs is expected to have steric effects similar to
those of bulky P-ligands. Recently, several exciting
examples have demonstrated the feasibility of Rh
SAC:s for the hydroformylation of olefins. Lang et al.
fabricated a Rh; /ZnO catalyst for the hydroformy-
lation reaction [11]. They 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 from 7 x 103 to
4 x 10*. Notably, the TONSs of Rh; /ZnO-nw were
even higher than those of homogeneous RhCl; and
Wilkinson’s catalyst RhCI(PPh;); (TON = 3324
and 1.9 x 10% respectively). Moreover, the chemos-
electivity of the Rh; /ZnO-nw catalyst reached 99%,
which was much higher than those of its homoge-
neous counterparts (83-92%). Almost no hydro-
genation of olefins occurred on the catalyst, in-
dicating that the single Rh atoms interacted with
the olefins through a 7-mode interaction, which
was in good agreement with the behavior of other
SAC:s for hydrogenation reactions [10,42,56]. Un-
fortunately, the Rh; /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 significant steric hindrance during the
insertion of CO. The unsatisfactory regio-selectivity
of the Rh;/ZnO-nw SAC may imply that the Rh
center had low steric congestion. XPS and in situ
XANES characterization results indicated that the
single Rh atoms were in a nearly metallic state, which
implied that the single Rh atoms might have been
located atop a Zn atom. This 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 fine-tuning the va-
lence state and location of the single Rh atoms on
the support, as demonstrated by Zeng and cowork-
ers [80]. They constructed a Rh;/CoO SAC by
confining 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 and HAADF-
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™!, which was even
higher than that of Rh/POPs—PPh;. 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/Co0). This 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 fill the
Co(1II) vacancies; that is, the Rh single atoms were
coordinated to four oxygen atoms within the CoO
layer in the equatorial direction of an octahedral con-
figuration. Second, the single Rh atoms were con-
fined within the CoO sheets, although according to
DFT calculations, Rh moved 1.3 A out of the plane
during the reaction. This confinement 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 H, and CO, as in
the case of Au/Co30,4 [81], which would increase
the catalytic activity. This 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 fulfill the role
of the bulky P-ligands in a carefully designed SAC.

C—C coupling reaction

The 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 w-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 difficult to activate because of the higher
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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]. Both CO-DRIFTs (diffuse reflectance in-
frared Fourier transform spectroscopy) and EXAFS
characterization confirmed 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). This 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 be more active than those on facets be-
cause of the more unsaturated 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 fil-
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 new method of fabricating ef-
ficient alloyed SACs for other reactions. Future work
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 TiO,-supported Pd
SAC was also explored for the Sonogashira cou-
pling reactions of aryl bromides and iodides with
phenylacetylene [86]. The catalyst afforded com-
plete conversion of phenylacetylene after reaction at
60°C for 3 h in the Sonogashira coupling reaction
of phenylacetylene and iodobenzene, with the prod-
uct selectivity reaching over 90%. The coupling re-
action also proceeded readily for substituted pheny-
lacetylenes with different 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 Pd; Oy structure in which the positively
charged and isolated Pd®* species interact strongly
with four surface lattice O atoms of the TiO, sup-
port. Such a structure provides multifunctional Pd,
Q0,4 and Tis. 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(PPh;),Cl,
(51.7 kJ/mol), demonstrating the concerted cataly-
sis by the TiO, 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]. The Pt-S-MWNT SAC afforded a high
product yield of 99.5%, which was much higher than
that on Pd-S-MWNTs, Pd/C or H,PtCls. How-
ever, for bromide and chloride, much lower yields of
10.4 and 4.8% were obtained, respectively. The cat-
alyst could be recovered by filtration and could be
reused 12 times without significant decrease in the
yield. XANES spectra showed a white-line intensity
slightly higher than that of Pt foil, but much lower
than that of H,PtCls, suggesting that the single Pt
single atoms were positively charged. The positively
charged single Pt atoms could easily dissociate the



C-I bond and were believed to be responsible for
the high activity. It was also noted that, in the Pt-S-
MWNT SACs, the single Pt atoms were 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 Pd" @PDMS
single-atom catalyst for the oxidative coupling of
benzene to synthesize biphenyl compounds using
O, as the terminal oxidant with only H,O 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 after 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); 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
filtration experiment results revealed that the re-
action did not proceed after the catalyst was re-
moved, thus ruling out the possible contribution of
leached Pd to the catalysis. The bidentate -COOH
in the PA"@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 —~SO3;H 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 fixed on a sup-
port, whether on the surface, in the cation position

(lattice substitution), confined 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. This bonding
lowers the surface energy and sometimes even has
covalent characteristics [9]. The strong ionic or co-
valent bonding of the single atoms with the support
significantly improves their stability against leaching
and/or aggregation. Here, we provide several exam-
ples that demonstrate the superior stability of SACs
in biomass conversions.

into fuels
and value-added chemicals is an important and

The transformation of biomass

active research area. Biomass-related hydrogena-
tion/hydrodeoxygenation reactions often require
harsh reaction conditions, such as elevated hydrogen
pressure, moderate to high reaction temperatures
and hot water or even acidic reaction media. For
example, in the hydrogenation of levulinic acid (LA)
to y-valerolactone (GVL), commercially available
Ru/C has proven to be highly active and selective.
However, it suffers from severe deactivation under
hydrothermal and/or acidic reaction conditions due
to Ru leaching [89]. Wang, Zhang and coworkers
reported a single-atom Ru/ZrO,@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 first run to 40%
in the third cycle on Ru/C, whereas the conver-
sion remained unchanged even after six runs over
Ru/ZrO,@C. The stability of Ru/ZrO,@C was
further demonstrated under harsher conditions
(pH=1); the LA conversion decreased from 77.7 to
25% on Ru/C after three runs, whereas no apparent
drop of activity was observed over Ru/ZrO,@C.
ICP-AES results indicated that 14.8 and 7.4% of
the Ru leached into acid media and H, O for Ru/C,
respectively, which caused the severe deactivation
of the catalyst. In contrast, no leaching of Ru was
detected for Ru/ZrO,@C, which was attributed
to the strong interaction between Ru and ZrO,.
Similar results were also reported by other groups
[91], although the unambiguous identification of
single atoms of Ru on ZrO, 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-N, active sites. The M—N, 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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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]. The Ni-N-C SAC exhibited superior sta-
bility compared to its Ni/AC NP counterpart under
relatively harsh reaction conditions (245°C, 60 bar
H,, 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 MoS, 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]. The single
Co atoms were believed to fill S-atom vacancies to be
immobilized as a part of the basal plane. The durabil-
ity was greatly improved—that is, the catalysts could
bereused atleast seven times for a total reaction time
of 56 h without decay in their activity and selectiv-
ity; moreover, no sulfur detachment was detected by

ICP-AES. This 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.

The 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-
ficient and robust catalysts. Especially in the field
of the green synthesis of fine 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



very profitable if efficient and robust SACs could be
successfully exploited. Traditional homogeneous or
heterogeneous NP 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. Therefore, in the field 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 and encouraging beginning,
the SAC field is still in its infancy. The 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 specific or-
ganic transformations.

(1) The role of the support must be further clar-
ified. 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.
Therefore, the properties of the support can greatly
affect 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 grafting 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 effective way
to tune the catalytic performance of the SACs. The
single atoms may be located in the cation vacancies,
the anion vacancies or atop the cation sites of the
oxide/sulfide support, which results in different lo-
cal structures around the single central single atoms,
and thus different catalytic performance. For exam-
ple, in the Co;/MoS, catalyst developed by Tsang
et al. [95], DFT calculations revealed that, when the
Co single atom was located in the sulfur vacancies
within the MoS, monolayer, the catalyst exhibited
the highest stability. In addition, the support may di-
rectly participate in the reaction in concert with the
single atoms. In such cases, the choice and the mod-
ification of the support become key factors in the
success of the targeted reaction. Therefore, the elu-
cidation of the multifarious roles played by the sup-
port will definitely help to develop an understanding
the mechanism of single-atom catalysis and to de-
velop efficient and robust SACs for green chemical
synthesis.

(2) Multifunctional SACs should be developed.
The green synthesis of fine chemicals calls for
the combination of multi-step syntheses into one-
pot tandem (domino) reactions. Thus, great effort
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. The
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/WO,
system [44,45,97], the mesoporous WOy 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 support material 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 of more single atoms of the
active metal. Typical examples include graphene-
supported-Fe [17], MoS,-monolayer-confined Co
[95], CoO-nanosheet-supported Rh [80] and TiO,-
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
some cases, doping heteroatoms into the support has
also been found to be effective to stabilize a high den-
sity of single atoms. For example, the sodium cations
in the Pt-Na/FeO, SACs were 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 effective 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



this would be helpful for the understanding of the
catalytic mechanism of SACs and the development
of more efficient and robust SACs for the green syn-
thesis of fine chemicals. Operando characterization
is particularly challenging for liquid-phase reactions
due to the involvement of solvent molecules, but it
is of vital importance to efforts to establish a bridge

between homogeneous and heterogeneous catalysis
by the use of SACs.
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Recent advances in the precise control of isolated
single-site catalysts by chemical methods

Zhijun Li'T, Dehua Wang®, Yuen Wu'-* and Yadong Li'-2*

ABSTRACT

The search for constructing high-performance catalysts is an unfailing topic in chemical fields. Recently, we
have witnessed many breakthroughs in the synthesis of single-atom catalysts (SACs) and their applications
in catalytic systems. They have shown excellent activity, selectivity, stability, efficient atom utilization and
can serve as an efficient bridge between homogeneous and heterogenous catalysis. Currently, most SACs
are synthesized via a bottom-up strategy; however, drawbacks such as the difficulty in accessing high mass
activity and controlling homogeneous coordination environments are inevitably encountered, restricting
their potential use in the industrial area. In this regard, a novel top-down strategy has been recently
developed to fabricate SACs to address these practical issues. The metal loading can be increased to 5% and
the coordination environments can also be precisely controlled. This review highlights approaches to the
chemical synthesis of SACs towards diverse chemical reactions, especially the recent advances in improving
the mass activity and well-defined local structures of SACs. Also, challenges and opportunities for the SACs
will be discussed in the later part.

Keywords: single-atom catalysts, bottom-up, top-down, catalytic performance

INTRODUCTION

In the worldwide theme of exploring efficient and
low-cost technologies for energy conversion and
chemical transformations, substantial effort hasbeen

in heterogeneous catalysis; however, to greatly in-
crease the turnover frequency of surface active sites
and to enhance the mass activity remain the primary
goals in catalysis [9,10]. In most circumstances, it
. has been demonstrated that the surface atoms of the
devoted to the development of general, practical and o o )

. . . nanomaterials in an unsaturated coordination envi-
simple chemical approaches for catalyst preparation
in past decades [1-6]. Studies have shown that ul-

trasmall assemblies, compared to their macroscopic

ronment generally act as the active sites to catalyse
specific reactions [11]. Therefore, extensive stud-
counterparts [7], can exhibit essentially different ies have been devoted to rationally controllin.g. the

shapes, structures, crystal phases and compositions
of nanocatalysts [3,8,12-18].

With decreasing the size of nanomaterials, the
number of surface atoms is increased substantially,
exposing more defects and active sites, tuning
geometric and electronic properties involved in

physical and chemical properties. These unique
properties would drastically alter their practical ap-
plications in a variety of areas, such as cataly-
sis, biomedical research, energy and environmental
fields [6]. Therefore, metal nanoparticles represent
a rich resource for a variety of chemical processes,

employed both in industry and in academia [8]. chemical reactions [10]. Nanoclusters have shown

.. . intriguing properties because of the reduced size
The maximized surface area of support, increased gumng prop ) .
compared to nanoparticles, exposing more uncoor-
dinated active sites and changing molecular orbital

energy levels [19,20]. Heiz and co-workers found

number of catalytic active sites, minimized catalyst
loading and strong catalyst-support interaction de-
termine the nature of nanocatalysts [2,6]. The sup-

ported metal nanoparticles are frequently employed a pronounced size effect for model catalysts of

© The Author(s) 2018. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com



size-selected Pd, (n < 30) clusters supported on
MgO(100) for the cyclotrimerization of acetylene
to benzene [21]. Anderson et al. studied size-
selected palladium clusters and deposited them on
the rutile phase of titanium dioxide (TiO,) for CO
oxidation [22]. By employing X-ray photoemission
spectroscopy and temperature-programmed reac-
tion measurements, they found that the activity of
these catalysts was associated with Pdsq binding
energy. Li et al. utilized a double-solvent method
combined with a photoreduction process to prepare
active Pd nanoclusters encapsulated inside the cage
of NH,-Uio-66 [23]. The resultant catalyst showed
exceptional performance for a Suzuki coupling re-
action under visible-light irradiations. Nevertheless,
although the sizes of the nanoclusters have been
reduced, their multiple distributions of active metal
sites alongside different geometric and electric
structures might not be ideal for specific catalytic
reactions [9,10]. The stability of nanoclusters would
also be a problem for their application in hetero-
geneous catalysis, especially at higher operational
temperatures [24].

Further downsizing nanoclusters to the atomic
level, namely single atoms (SAs), maximum atom
utilization and superior/distinguishing catalytic
performance are supposed to be obtained [9,10].
Of note is the fact that unexpected superior cat-
alytic performances of the single-atom catalysts
(SACs) are often observed as one of the key
advances of these novel catalysts versus their
nanoscale counterparts. This can be ascribed to
the unsaturated environments of metal active
sites, quantum size effects and metal-support
interactions [25-28]. Therefore, the research on
SACs has rapidly progressed from their funda-
mental aspects to pursing practical applications
in areas of nanotechnology and materials science.
A study that has attracted considerable attention
since its publication in 1995 is that of Thomas
et al, who reported that direct grafting of
organometallic complexes onto the walls of
mesoporous silica gives a shape-selective high-
performance catalyst with well-separated, homoge-
neously dispersed and high surface concentrations
of active sites for the epoxidation of cyclohexenes
and their derivatives [29]. Later, in 2003, Flytzani-
Stephanopoulos et al. discovered that the water—gas
shift reaction was not affected by the catalytic
activity of metallic Au or Pt nanoparticles; instead,
nonmetallic Au or Pt species on the ceria surface
played a key role in this reaction [30]. In 2007, Lee
et al. successfully synthesized Pd-Al, O; catalyst and
validated that the extremely low metal loading leads
to the formation of atomically isolated Pd" species,
which greatly contribute to the excellent selox ac-

tivity of allylic alcohols [31]. The key discovery was
that the employment of homogeneously dispersed
SACs generally confers a dramatic improvement in
catalytic activity, selectivity and stability, or even
considerably different catalytic properties than
the corresponding nanoparticles and nanoclusters
[32-35]. This is highly desirable and has attracted
extensive scientific attention, as they might poten-
tially act as alternatives to circumvent the problems
of scarcity and high cost of the noble-metal catalysts
used in large-scale catalysis applications [36].
Specifically, the active single-atom sites are well
defined and atomically stabilized on the supports,
and the identical geometric structure of each active
site is similar to that of a homogeneous catalyst.
Recently, studies have clearly demonstrated that
the utility and uniqueness of these SACs have great
potential to bridge the gap between homogeneous
and heterogeneous catalysis [37-42]. This would
solve the problems of the difficulty in separating
the homogeneous catalysts from raw materials and
products, as well as combining the merits of both
hetero- and homogeneous catalysts. The SACs
also provide a good avenue to identify the detailed
structural features for the active sites and an ideal
model to elucidate the structure-activity relation-
ship [43-45]. Such catalysts have shown intriguing
interests in the catalysis field [10,32,34,43,46-49].
To meet the practical demand, the most important
challenges for fabricating the SACs are to increase
the density of active sites and to improve their
intrinsic activities [32,36,45]. The first challenge is
the high propensity for aggregation of SAs once the
size of the nanomaterials is greatly reduced [10].
The second challenge is the rational control of the
coordination environment of the single metal atoms.

Recently, several strategies for constructing
atomically dispersed metal sites on catalyst supports
have been extensively studied [9,10,32,42]. These
strategies include enhancing the metal-support
interactions, engineering vacancy defects and voids
on the supports, and modifying surface functional
groups [9,42]. In most cases, the supports for
isolated SACs are chosen on purpose, as they can
stabilize the isolated catalytic SAs or activate nearby
reactants to form intermediate species for the
catalytic active sites [S0-52]. For example, zeolites
could provide effective voids to anchor individual
metal atoms to maintain the high dispersion of
the isolated metal atoms and prevent them from
sintering at high temperatures under oxidative or
reductive atmospheres during catalysis processes
[53]. Nanoparticles and nanoclusters can also serve
as supports. Through elegant studies of support
materials, Sykes et al. showed that the isolated
Pd atoms can be supported on a Cu surface and
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Figure 1. Schematic representation of the bottom-up and
top-down strategies for the synthesis of SACs.

significantly lower the energy barrier to hydrogen
uptake on and subsequent desorption from the
nearby Cu atoms [48]. This facile hydrogen disso-
ciation at the isolated Pd atoms and weak binding
to the Cu surface together facilitate selective hydro-
genation of styrene and acetylene. Toshima et al.
described a crown-jewel concept for the construc-
tion of catalytically highly active top gold atoms
on palladium nanoclusters [54]. Interestingly, the
gold atoms can be controllably assembled at the top
position on the cluster and exhibit high catalytic ac-
tivity because of their high negative-charge density
and unique structure. Recent reports have begun
to document that the defects in reducible oxides
(e.g. TiO, and CeO,), graphene or C3Ny also help
to stabilize isolated metal atoms [32,42,55]. For
example, Du et al. investigated the favorable role of
isolated palladium and platinum atoms supported
on graphitic carbon nitride (g-C3Ny4) to act as
photocatalysts for CO, reduction [56]. Overall,
an important conclusion derived from these works
is that the further development of this SACs field
requires a more fundamental understanding of SA
formation at the atomic scale.

This review covers the preparation strategies
for SACs, which can be categorized according to
how their components are integrated, namely via
bottom-up and top-down approaches (Fig. 1).
Currently, a large majority of SACs are synthesized
via a bottom-up strategy by using oxides or carbon
supports to construct N or O defects to enable the
deposition of metal precursors. This is followed by a
chemical reduction process to generate SACs from
high-oxidation-state jons to low oxidation state.
However, the following drawbacks are encountered
frequently: difficulty in accessing high metal loading

because of their high propensity for aggregation and
the difficulty in constructing homogeneous coor-
dination environments for the reactive sites. These
drawbacks lead to limited selectivity and stability
of the SACs, greatly limiting their potential use in
various industrial fields. In this regard, Li and Wu
proposed a top-down strategy to construct SACs
by the pyrolysis of metal nodes in metal-organic
frameworks (MOFs) for the first time [S7]. In this
case, the introduction of Zn atoms into MOFs is im-
portant and can effectively prevent the formation of
Co NPs (nanoparticles) during the high-
temperature pyrolysis process. The resulting
Co SAC has a high metal loading close to 5% and
showed exceptional chemical and thermal stability.
A distinguishing feature of this strategy is not only
that the metal loading can be substantially increased
from 1% to 5%, which is important from practical
perspectives, but it can control the coordination
environments to construct high-performance
SACs by exposing real active sites. This top-down
strategy overcome challenges in the fabrication of
SACs with a traditional bottom-up strategy and
has great potential to meet the requirement for
use in practical applications. In addition to the
fabrication strategies, the use of these methods in
different chemical reactions will also be presented.
Finally, future challenges and opportunities will be
discussed.

BOTTOM-UP SYNTHETIC
METHODOLOGIES FOR THE
CONSTRUCTION OF SACS

The bottom-up strategy is the most common
method to synthesize metal SACs, during which
the metal precursors are adsorbed, reduced and
confined by the vacancies or defects of the supports
[9,10,32,52]. Nevertheless, how to effectively
increase the SACs loading with well-defined dis-
persion on the supports is still challenging. First,
aggregation would occur during a chemical synthe-
sis or catalytic process when high loading of SAs
is required. Second, the architectural structures of
anchor sites for confining and stabilizing the metal
SACs on the support remain elusive; therefore, the
coordination environment for metal SAs might be
inhomogeneous and poorly defined [58]. Optimiza-
tion of the precursors and supports and controlling
of the synthetic procedures play a key role in tuning
the metal-support interaction and guaranteeing the
homogeneous dispersion of SACs.

For the wet-chemistry strategy, the precursor so-
lutions of mononuclear metal complexes are first
anchored to the supports by a coordination effect
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between the metal complexes and the functional
groups of the support surfaces [32]. Then, the or-
ganic ligands of the metal complexes are removed by
a post-treatment to expose more active sites to meet
the requirement of catalytic reactions. Particularly,
the advantage of wet chemistry for preparing SACs
is that this method does not require specialized
equipment and can be routinely practiced in any
chemistry lab [S9].

Co-precipitation approach

Co-precipitation is one of the commonly employed
approaches for preparing SACs, during which the
substances that are normally soluble under the
conditions would be precipitated. A significant ad-
vantage of this method lies in its extreme simplicity,
as no additional complicated steps are involved.
For a classical example, Zhang et al. employed this
method to fabricate single Pt atoms supported
on iron oxide nanocrystallites (Pt;/FeOy) [46].
The metal precursor of HyPtCls-H,O was mixed
with Fe(NOj3)3-9H,0 in a proper molar ratio and
pH. After recovery, the precipitate was dried and
calcined, resulting in the formation of Pt;/FeOx.
The aberration-corrected scanning transmission
electron microscopy (AC-STEM) and extended
X-ray absorption fine structure (EXAFS) spec-
tra demonstrated the individual Pt atoms were
uniformly dispersed on FeO, support, with a
metal loading level of 0.17 wt% (Fig. 2a). This

SAC showed extremely high atom efficiency, excel-
lent stability and superior activity for both CO oxi-
dation and preferential oxidation of CO in H,. They
found that these merits can be attributed to the par-
tially vacant 5d orbitals of the positively charged
high-valent Pt atoms, as they can effectively reduce
CO-adsorption energy and activation barriers that
are required for CO oxidation. This study demon-
strated the feasibility of using the defects of oxide
supports to serve as anchoring sites for metal clus-
ters and single metal atoms. Subsequently, the fea-
sibility and efficiency of this approach were further
demonstrated by the Zhang group showing that the
high-performance Pt- and Ir-based SACs could also
be obtained (Fig. 2b and c) for use in organic trans-
formation [60] and water-gas shift reactions [61].
In these examples, defects in the oxide supports and
the amount of metal loading were found to be criti-
cal for accessing high-performance SACs that would
normally lead to aggregation.

Adsorption approach

The adsorption method is one of the most funda-
mental approaches for constructing isolated metal
atoms on the supports [62,63]. It is simple, direct
and has been widely used in the preparation of sup-
ported metal catalysts. Generally, after the metal pre-
cursors are adsorbed on the support, the residual so-
lution is removed and then the catalysts are dried
and calcined. To ensure the SAs could be stably



anchored onto the supports with atomic disper-
sion, appropriate functional groups on the supports
should be given consideration.

Oxides are generally employed as an efficient
support for preparing catalysts. In 2013, Narula
et al. [64] reported single Pt atoms supported
on 6-Al,03(010) prepared by a wet-impregnation
method using alumina powder and chloroplatinic
acid. In this work, water was gradually evapo-
rated before the resulting powder was transferred
to an alumina crucible and subjected to a pyrol-
ysis process. The resultant catalyst was catalyti-
cally active in its ability to oxidize CO to CO5;. In
addition, serials of Pt/0-Al, O catalysts with dif-
ferent metal loadings were prepared, and the re-
sults reveal that they are highly active towards NO
oxidation [65].

In the same year, Tao et al. [66] developed
an impregnation-reduction method for preparing
singly dispersed Rh atoms supported on Co304
nanorods. This method involves the impregnation
of Rh3* on Co30, nanorods followed by on-site
reduction of Rh3* using NaBHy. In situ character-
izations reveal evidence of the active sites of iso-
lated Rh atoms in the formation of RhCo,, on Co30,4
nanorods, which were generated through restructur-
ing of Rh;/Co30, at 220°C in reactant gases. The
resulting new catalytic phase exhibits a high selectiv-
ity to produce N in the reduction of NO with H,
between 180°C and 300°C.

Areport by Li et al. demonstrated that single Pt;
and Au; atoms can be stabilized by lattice oxygen
on ZnO{1010} surface via an adsorption method
[67]. In detail, ZnO-nanowires (nws) were dis-
persed in de-ionized water followed by the addition
of H,PtClg-6H, O or HAuCl, solution. After an ag-
ing process, the suspension was filtered, washed and
dried to give Pt; /ZnO and Au, /ZnO catalysts. Simi-
larly, Zhang et al. fabricated an Rh SAC supported on
ZnO nws by introducing RhCl; solution into ZnO
nws that were dispersed in de-ionized water [40].
After stirring and aging processes, the resulting pre-
cipitate was filtered, washed, dried and reduced.
As the weight loading of Rh reduced from 0.03%
to 0.006%, the isolated Rh SACs can be clearly
observed. During the synthetic process, the Rh
atoms bond with proximal Zn atoms which lose
one or more O atoms. Therefore, electrons trans-
fer from metallic Zn to Rh atoms to generate
near-metallic Rh species. The results show that the
as-obtained Rh;/ZnO-nws SACs exhibited compa-
rable efficiency in the hydroformylation of several
olefins to the homogeneous Wilkinson’s catalyst,
along with superior catalytic activity to those of the
most highly reported heterogeneous nanoparticle-
based catalysts.

In a more recent piece of work, Wang and co-
workers described a convenient two-step synthesis
of an atomically dispersed Pt catalyst supported on
ceria (CeO,), with 1 wt.% metal loading, by wetness
impregnation and steam treatment [68]. Chloropla-
tinic acid was added drop-wise to the CeO, support
while being ground in a mortar and pestle. The as-
obtained powder was then dried, calcined, thermal
aged and stream treated to give the catalyst. The au-
thors demonstrated that the activation of SACs on
CeO, via high-temperature steam treatment can ac-
complish excellent low-temperature CO-oxidation
activity and superior thermal stability. This is be-
cause the steam treatment can enable the formation
of active surface lattice oxygen nearisolated Pt atoms
to considerably enhance catalytic performance. Fur-
ther investigation of the nature of this active surface
lattice oxygen on Pt/CeO, was supported by den-
sity functional theory (DFT) calculations and re-
action kinetic analyses. They found the oxygen va-
cancies from the CeO, bulk can redistribute to the
CeO,(111) surface when exposed to water at a high
temperature. During the steam-treatment process,
H, O molecules can fill out the oxygen vacancy over
the atomically dispersed Pt/CeO, surface, affording
two neighboring active Ojgice[H] sites around Pt.
This provides the significantly improved reactivity
and stability.

Yan and co-workers developed a unique adsorp-
tion approach to construct Pt SACs, anchored in the
internal surface of mesoporous Al, O3, by a modified
sol-gel solvent vaporization self-assembly method
[69], as shown in Fig. 3a. Triblock copolymers
P123, C9H,;AlO; and H,PtClg were first mixed
in ethanol. With continued evaporation of the sol-
vent, the amphiphilic P123 macromolecules and
CyH,;AlO; assembled into a highly ordered hexag-
onally arranged mesoporous structure, with Pt pre-
cursor encapsulated in the matrix. The as-obtained
gel was then calcined in air to decompose the P123
template. Meanwhile, the CoH,;AlO; was trans-
formed into a rigid, well-aligned mesoporous Al, O
framework. This was followed by a reducing step
in 5% H,/N, to give the isolated Pt SAs stabilized
by the unsaturated pentahedral AI*" centers. The
authors showed that the catalyst retained its struc-
tural integrity and exceptional catalytic performance
in several reactions under harsh conditions, such as
hydrogenation of 1,3-butadiene after exposure to a
reductive atmosphere at 200°C for 24 h, n-hexane
hydroreforming at 550°C for 48 h and CO oxida-
tion after 60 cycles between 100°C and 400°C over
1 month.

Zeolites are crystalline materials with well-
defined structures and high surface area, along with
more sites for robust bonding with catalytic species
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[24,70]. Specifically, zeolites could provide effective
voids to anchor individual metal atoms to maintain
the high dispersion and prevent them from sintering
at high temperatures under oxidative or reductive
atmospheres during the catalysis processes [53]. In
2012, Gates et al. reported that atomically dispersed
gold atoms catalyse with a high degree of uniformity
supported on zeolite NaY [71]. The site-isolated
gold complexes retained after CO-oxidation cataly-
sis, confirming the robust stabilization effect of the
zeolite channels for gold species.

The addition of alkali ions, such as sodium
or potassium, on inert KLTL-zeolite and meso-
porous MCM-41 silica materials could structurally
stabilize the single gold sites in Au-O(OH),_ en-
sembles (Fig. 3b), as demonstrated by Flytzani-
Stephanopoulos and co-workers [72]. They have
shown evidence that the active catalyst was com-
posed of alkali ions linked to the gold atom through
-0 ligands, not merely on the support, making the
reducible oxide supports no longer an essential re-
quirement. The validation tests show that the single-
site gold atoms were homogeneously dispersed and
highly active for the industrially important low-
temperature water—gas shift reaction.

In addition to metal oxides and zeolites, other
supports such as nitrides and carbides have also
been explored and shown promise for stabilizing SAs
for use in catalysis. Lee et al. described a Pt SAC
supported on titanium nitride (TiN) nanoparticles
with the aid of chlorine ligands [73]. H, PtCls-6H,O
was dissolved in anhydrous ethanol and mixed
with acid-treated TiN nanoparticles before the re-
sulting sample was dried and reduced. Transmis-
sion electron microscopy (TEM) and HAADF-
STEM images of the samples are shown in Fig. 3c.

The results show that the 0.35 wt% Pt/ TiN sample
affords a high mass activity and a unique selectivity
towards electrochemical oxygen reduction, formic
acid oxidation and methanol oxidation.

Carbon nitride (C3N,) has been proved as an al-
ternative support material by virtue of their poros-
ity and high surface area [55]. Li et al. used an im-
pregnation method to access isolated Au atoms an-
chored on polymeric mesoporous graphitic C3Ny
(mpg-C3Ny) [74]. The catalytically active Au' atom
was coordinated by three nitrogen or carbon atoms
in tri-s-triazine repeating units. This coordination
feature significantly prevents the Au atoms from ag-
gregation and makes the Au' surface highly active.
Moreover, they demonstrated this catalyst as highly
active, selective and stable for silane oxidation with
water.

In 2017, Ma et al. developed a highly efficient
catalyst consisting of isolated Pt atoms uniformly
dispersed on an a-molybdenum carbide (@-MoC)
support that can enable low-temperature, base-free
hydrogen production through aqueous-phase re-
forming of methanol [75]. They found that the
a-MoC displays stronger interactions with Pt than
other oxide supports or 8-Mo,C; therefore, atom-
ically dispersed Pt atoms can be formed on an
a-MoC support following a high-temperature acti-
vation process. This generates an exceptionally high-
density electron-deficient surface to stabilize Pt sites
for the adsorption/activation of methanol. This cat-
alyst affords an excellent turnover frequency and
the corresponding hydrogen production greatly ex-
ceeds those of previously reported catalysts for low-
temperature aqueous-phase reforming of methanol.
They deduce that the unique structure of «-MoC,
which affects water dissociation, and the synergic



effectsbetween Ptand o-MoC together affect the ac-
tivation of methanol and the subsequent reforming
process.

In 2017, Wu et al. reported a novel synthetic
approach to construct isolated single Ru atoms on
nitrogen-doped porous carbon (Ru SAs/N-C) by
a coordination-assisted strategy using MOFs for the
hydrogenation of quinolones [76]. It is noticed that
the strong coordination effect between the lone
pair of nitrogen and d-orbital of Ru atoms is cru-
cial for the formation of stable Ru SAs (Fig. 3d).
Without the dangling —NH, groups, the Ru atoms
tend to aggregate into nanoclusters, even confined
in the pores of MOFs. The results demonstrate the
Ru SAs serve as an effective semi-homogeneous cat-
alyst to the chemoselective catalyse hydrogenation
of quinolones. This method has been shown to po-
tentially broaden the substrate scope for the synthe-
sis of SACs with unique properties for use in various
chemical reactions.

Together, the ease of preparation for SACs us-
ing a wet-chemistry strategy envisages a promising
future in the field. However, these methods have
their own disadvantages. For example, some metal
atoms might be buried either in the interfacial re-
gions of the support agglomerates or within the bulk
of the support when co-precipitation methods are
applied [43]. In addition, when high metal loading
isrequired for the construction of SACs, aggregation
would inevitably occur [9]. This trade-off should be
minimized by developing new synthesis methods.

Other methodologies have also been ex-
plored to design and synthesize SACs with varies
chemical and physical functionalities and future
underpinned studies in these directions. The photo-
chemical method becomes particularly appealing to
assist the effective adsorption of SAs on the supports
and has been proven to be effective for the synthesis
of nanocrystals, such as gold, silver, platinum,
palladium, etc. [77-80]. In this process, regulating
the nucleation and growth processes of nanocrystals
has been a major topic. Flytzani-Stephanopoulos
et al. constructed isolated gold atoms supported
on titania with a loading of approximately 1 wt%
under ultraviolet (UV) irradiation [81]. They found
that the addition of ethanol can serve as a charge
scavenger to facilitate the donation of electrons from
gold atoms to —OH groups on the titania support.
The catalytic performance was examined and the
results showed that this catalyst displayed excellent
activity for the low-temperature water—gas shift
reaction, as well as admirable stability in long-term
cool-down and startup operations.

An important study by Zheng et al. demon-
strated a room-temperature photochemical strategy
to construct atomically dispersed palladium atoms

supported on ethylene glycolate (EG)-stabilized
ultrathin TiO, nanosheets (Pd;/TiO, catalyst)
with a Pd loading up to 1.5% [82]. Typically,
two-atom-thick TiO, nanosheets were prepared by
reacting TiCly with EG and used as the support.
H,PtClg was then added to the TiO, dispersion for
adsorption of Pd species followed by irradiation by
UV to give the Pd; /TiO, catalyst. TEM, STEM and
EXAFS revealed that the isolated Pd atoms were
evenly dispersed over the TiO, support, without any
observable evidence of NPs (Fig. 4a). The catalyst
exhibited excellent catalytic performance in the hy-
drogenation of C = C bonds, outperforming those
commercial Pd catalysts. In addition, there was
no observable decay in the catalytic activity for
20 cycles, suggesting the robustness of the
Pd,/TiO, catalyst. Importantly, they found
this catalyst can activate H; in a heterolytic pathway
to drastically enhance its catalytic activity in the
hydrogenation of aldehydes. This mechanism
has been commonly observed for homogeneous
catalysts, such as Au, Pd and Ru complexes;
however, there is no report for heterogeneous
Pd catalysts. This study set a good example using
atomically dispersed metal catalysts for bridging
the gap between heterogeneous and homogeneous
catalysis.

Very recent work by Wu and co-workers showed
a novel synthetic approach to accessing atomically
dispersed platinum species on mesoporous carbon
via iced-photochemical reduction of frozen chloro-
platinic acid solution (Fig. 4b) [83]. In this report,
H,PtCls solution was first frozen by liquid nitro-
gen followed by irradiation using a UV lamp. The
H,PtClg ice was kept overnight in dark conditions
at room temperature to give a clear aqueous Pt
single-atom solution. Then mesoporous carbon so-
lution and Pt single-atom solution were mixed, fil-
tered, and dried at room temperature. Finally, the
ice lattice naturally confines the dispersed ions and
atoms to affect the photochemical reduction prod-
ucts and further prevent the aggregation of atoms.
To test the generality of this concept, they also fab-
ricated isolated Pt atoms deposited on different sup-
ports, including mesoporous carbon, graphene, car-
bon nanotubes, TiO, nanoparticles and zinc oxide
nanowires. Among them, the isolated Pt atoms sup-
ported on mesoporous carbon exhibited exceptional
catalytic performance for hydrogen evolution reac-
tion, as well as an excellent long-time durability, out-
performing the commonly employed Pt/carbon cat-
alyst. This iced-photochemical reduction approach
provides a promising avenue for the green synthe-
sis of SAs and sub-nanometer clusters, and opens
up possibilities for fine-tuning the nucleation and
growth of nanocrystals in wet chemistry.
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Recently, high-energy bottom-up ball-milling
synthesis has been proved as a powerful method
to break and reconstruct chemical bonds of ma-
terials with high efficiency. Such an approach was
taken by Bao et al., who reported a lattice-confined
single iron site catalyst embedded within a sil-
ica matrix by a solid fusion method. Briefly, com-
mercial SiO, and Fe,SiO4; were mixed and sub-
jected to ball milling under argon and fused in
the air [39]. As expected, the unsaturated single
Fe sites served as active centers (Fig. 4c) to effi-
ciently enable the direct, non-oxidative conversion

of methane, exclusively to ethylene and aromat-
ics. The presence of single Fe sites effectively pre-
vented catalytic C-C coupling, oligomerization and
coke deposition. In addition, this catalyst showed
extremely stable performance, with no deactivation
observed during long-term testing, and the selec-
tivity for total carbon of the three products was
retained. Subsequently, the group used the same
method to construct single-atom iron sites by em-
bedding highly dispersed FeNy centers in graphene
matrix via high-energy ball milling of iron phthalo-
cyanine and graphene nanosheets [84]. In this
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system, the FeN, center is highly dispersed and well
stabilized by the graphene matrix. The formation of
the Fe = O intermediate is important in promoting
the conversion of benzene to phenol. Remarkably,
this reaction can proceed efliciently at mild condi-
tions such as room temperature or even as low as
0°C. DFT calculations confirm that the catalytic ac-
tivity stems from the confined iron sites, along with
moderate activation barriers for the reaction that
proceeded atroom temperature. Both studies clearly
show the potential of the highly efficient ball-milling
method for the fabrication of SACs for use in cataly-
sis areas.

The atomic layer deposition (ALD) technique is
a gas-phase chemical process and commonly used
to deposit a thin layer of film in a bottom-up fash-
ion with near-atomic precision on the substrate
by repeated exposure of separate precursors [85].
This technique offers the feasibility of precise con-
trol of the catalyst size from a single-atom, sub-
nanometer cluster to the nanoparticle. It is expected
that ALD would potentially provide a powerful ap-
proach for the construction of intriguing SACs. This
approach was first demonstrated by Sun et al. in
2013, who reported a practical synthesis of isolated
single Pt atoms on graphene nanosheets using the
ALD technique (Fig. 4d) [86]. In this work, Pt
was deposited on graphene supports by the ALD
method using MeCpPtMe; and oxygen as precur-
sors and nitrogen as a purge gas. The resulting Pt
SAC showed improved catalytic activity compared
with the commercial Pt/C catalyst. X-ray absorption
fine structure (XAFS) analyses show that the low-
coordination and partially unoccupied Sd orbital of
Pt atoms are responsible for the excellent catalytic
performance.

In 2015, Lu et al. described a single-atom
Pd;/graphene catalyst prepared by the ALD
method with excellent performance in the selective
hydrogenation of 1,3-butadiene [87]. First, the
anchor sites were created by an oxidation process on
pristine graphene nanosheets, followed by a reduc-
tion process via thermal de-oxygenation to control
the surface oxygen functional groups. After an an-
nealing step, phenolic oxygen was observed to be the
dominated oxygen species on the graphene support.
ALD was then performed on the reduced graphene
to give a single-atom Pd catalyst by alternately ex-
posing Pd(hfac), and formalin. This catalyst showed
superior catalytic performance in the selective hy-
drogenation of 1,3-butadiene, affording nearly
100% butenes selectivity, and ~70% selectivity for
1-butene at a conversion ratio of 95% under mild
conditions. They speculate that both the mono-7-
adsorption mode of 1,3-butadiene and the enhanced
steric effect induced by 1,3-butadiene adsorption on
the isolated Pd atoms contribute to the improved
selectivity of butenes. In addition, the Pd, /graphene
showed remarkable durability against deactivation
via either metal atom aggregation or coking during
a 100-h reaction time on stream.

Using the same strategy, Sun and co-workers
described the preparation of isolated single Pt
atoms and clusters on nitrogen-doped graphene
nanosheets (NGNs) [88]. Here, Pt was first de-
posited on the NGNs by the ALD technique using
MeCpPtMes and O, as precursors and N as a purg-
ing gas and a carrier gas. The size, density and dis-
tribution of the Pt atoms on the NGNs or graphene
nanosheets (GNs) can be precisely controlled by the
ALD cycles. As expected, the isolated Pt atoms and
clusters on the NGNs have been demonstrated to
show superior catalytic activity and stability for the
hydrogen evolution reaction (HER) compared with
the conventional Pt NP catalysts. This can be ex-
plained by the small size and the special electronic
structure of the adsorbed single Pt atoms on NGN's.
Together, the use of the ALD technique has shown
great promise for large-scale synthesis of highly ac-
tive and stable single-atom and cluster catalysts.

The galvanic-replacement method

Galvanic replacement is a highly versatile and effec-
tive approach for the construction of a variety of
nanostructures, with the ability to control the size
and shape, composition, internal structure and mor-
phology [24,57,89]. It is an electrochemical process
that consists of oxidation of one metal, termed as a
sacrificial template, by other metal ions that have a
higher reduction potential. When they are exposed



to each other in solution, the sacrificial metal tem-
plate will be preferably oxidized and dissolved into
the solution, while the ions of the second metal
will be reduced and deposited onto the template
surface.

In 2015, Sykes et al. demonstrated that low
concentrations of isolated Pt atoms in the Cu(111)
surface (Fig. Sa) can be prepared by galvanic replace-
ment on pre-reduced Cu NPs to catalyse the butadi-
ene hydrogenation with remarkable activity and high
selectivity to butenes [SO0]. In this case, Cu NPs were
first prepared and supported on y-Al, O3 followed
by calcination in air. The galvanic-replacement re-
action was then carried out in an aqueous so-
lution under nitrogen protection with constant
stirring and refluxing. A desired amount of Pt pre-
cursor was introduced to a suspension of Cu NPs in
an aqueous solution containing HCI. The resulting
material was filtered, washed and dried to yield the
catalyst. They notice that, at low Pt loadings, the iso-
lated Pt atoms can substitute into the Cu(111) sur-
face to activate the dissociation and spillover of H
to Cu. The weak binding between butadiene and Cu
would facilitate the highly selective hydrogenation
reaction to butenes, without decomposition or poi-
soning of the catalysts. This catalyst, with less than
one Pt atom per 100 copper atoms, also binds CO
more weakly than metallic Pt, which is particularly
important for use in many Pt-catalysed chemical
reactions.

In a follow-up report, the Sykes group used the
same approach to construct Pt/Cu single-atom al-
loys (SAAs) to examine C-H activation in differ-
ent systems, including methyl groups, methane and
butane [90]. They observed that the Pt atoms were
distributed over the Cu surface and across both ter-
races and at regions near step edges (Fig. Sb). The
results show the Pt/Cu SAAs activate C-H bonds
more efficiently than Cu, along with superior stabil-
ity under realistic operating conditions, effectively
avoiding the coking problem that typically occurred
with Pt. Both pieces of work from the Sykes group
demonstrated how SAs can be deposited on alloys—
an important future direction for this field.

Though a variety of SACs have been developed
by the bottom-up strategy, the downside of the
methods described here is that it is still challenging
to access SACs with high metal loading and a ho-
mogeneous coordination environment for the active
sites used in the catalytic process. This would lead to
limited selectivity and stability of the SACs for their
practical use in various industrial fields. In addition,
although ground-breaking, some of these methods
do require specific/sophisticated preparation proce-
dures that might not be compatible with all kinds of
SACs and ideal from practical perspectives.

TOP-DOWN SYNTHETIC
METHODOLOGIES FOR THE
CONSTRUCTION OF SACS

The top-down strategy is based on the dissolution
of ordered nanostructures into smaller pieces to
give desired properties and intriguing performances
[59,91]. Extensive research efforts have pursued this
strategy with the overarching aim of synthesizing
SACs with unprecedented chemical and physical
properties and understanding the complex mecha-
nisms for catalysis that occur at the atomic level.
This strategy has proven particularly useful in the
formation of SACs with accurate control over the
micro- or nanostructures [92]. The precise structure
(such as coordination number, dispersion tenden-
cies and binding mode) of metal SAs synthesized by
the top-down methods has shown great promise in
industrially important applications [9,89,93,94]. Ef-
forts to further understand the underlying features
and mechanisms are required for the development of
new methods for the construction of SACs and rep-
resent a fertile area for future studies.

The high-temperature pyrolysis method

High-temperature pyrolysis has become one of the
fascinating methods for synthesizing nanomaterials
on different supports. Particularly, the development
of a template-sacrificial approach via acid leaching or
oxidative calcination has offered an alternative way
to generate SACs. Of note is that an appropriate py-
rolysis temperature is critically important to give the
desired properties.

MOFs and zeolitic imidazolate frameworks
(ZIFs) have interconnected 3D molecular-scale
cages that make them highly accessible through
small apertures. Importantly, they can serve as
templates to obtain nitrogen-doped porous carbon
with abundant active nitrogen sites. Very recently,
Wau et al. took advantage of the MOFs and originally
developed an effective strategy for accessing single
Co atoms supported on nitrogen-doped porous
carbon with a particularly high metal loading of
over 4 wt% via the pyrolysis of bimetallic Zn/Co
MOFs [57]. This is pioneering work in this field
and the strategy is particularly applicable to access
high-loading metal SACs that would otherwise be
difficult to produce. It should be noted that the
enhancement of metal loading for preparing SACs
in the present study is a significant breakthrough
in this area, highlighting the specific requirement
of SACs for practical applications. Importantly, the
introduction of Zn atoms into MOFs is critical and
acts as an elegant approach to efficiently manipulate
the adjacent spatial distance between Co atoms,
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thereby effectively preventing the formation of Co
NPs (Fig. 6a). The Zn atoms, with a low boiling
point of 907°C, can be evaporated in the high-
temperature pyrolysis process, providing abundant
N sites. The Co nodes can be reduced in situ by
carbonization of the organic linkers in MOFs and
anchored on the as-obtained N-doped porous car-
bon support. Assuming the MOF as an integrated
system, using this high-temperature pyrolysis of
MOF to access unsaturated SAs anchored on the
N-doped porous carbon support can be catego-
rized into the top-down approach. Control testing
demonstrated that the aggregated Co atoms were
formed for Co-containing MOF (ZIF-67) after a
pyrolysis treatment. HAADF-STEM and EXAFS
verified the presence of isolated Co atoms dispersed
on the N-doped porous carbon support. The result-
ing Co SAC shows exceptional oxygen-reduction
reaction (ORR) catalytic performance with a half-
wave potential more positive than the commercial
Pt/C and most of the reported non-precious metal

catalysts. Robust chemical stability during electro-
catalysis and thermal stability that resists sintering
at a high temperature of 900°C have also been con-
firmed, as little evidence of catalyst degradation was
observed during the catalytic cycles. This work has
underlined the significant importance of employing
MOFs as an ideal carbon support for stabilizing sin-
gle metal atoms at the atomic scale.

Subsequently, an ionic exchange strategy was de-
veloped by the Wu group to assist in the construc-
tion of a single Ni atom catalyst (Fig. 6b) between
Zn nodes and adsorbed Ni ions within the cavities
of the MOF [95]. In this case, ZIF-8 was first dis-
persed in n-hexane under ultrasound until a homo-
geneous solution was formed. Then a small amount
of Ni(NO3 ), aqueous solution was introduced, and
the mixed solution was vigorously stirred to cause
the Ni ions to be absorbed completely. Then the
sample was centrifuged and dried, followed by a
high-temperature heating process in an argon at-
mosphere to yield Ni SAC. This Ni SAC, with a



metal weight loading of 1.53 wt%, delivered an ex-
cellent turnover frequency for CO, electroreduction
of 5273 h™?, along with a maximum Faradaic effi-
ciency for CO production of 71.9% and a high cur-
rent density of 10.48 mA cm 2. This work, for the
first time, demonstrates the great potential of using
MOF-based materials to access SACs for use in CO,
electroreduction.

To investigate the relationship between
coordination numbers and CO, electroreduction
catalytic performance, the Wu group sequentially
prepared a series of Co SACs with different N
coordination environments treated at different
temperatures [96]. Bimetallic Co/Zn ZIFs were
treated by a pyrolysis process, during which the
Zn was evaporated away and the Co was reduced
by carbonized organic linkers, generating isolated
Co atoms stabilized on nitrogen-doped carbon. By
controlling the pyrolysis temperatures, three Co
SACs with different Co-N coordination numbers
were obtained, being Co-N,; (800°C), Co-Nj
(900°C), and Co-N, (1000°C), respectively.
The catalytic performance of these samples was
examined, and the results show that the isolated
Co atom with two coordinated nitrogen atoms
(prepared at 1000°C) can afford significantly
higher selectivity and superior activity, resulting in
a CO formation Faradaic efficiency of 94% and a
current density of 18.1 mA cm™? at an overpotential
of 520 mV. Importantly, this catalyst achieved a
turnover frequency for CO formation of 18 200h™",
outperforming most of the reported metal-based
catalysts under comparable conditions. DFT cal-
culation reveals that the decreased N coordination
environment leads to more unoccupied 3d orbitals
for Co atoms, thereby facilitating adsorption of
CO,*~ and increasing CO, electroreduction per-
formance. This study demonstrates the significant
effect of N coordination environments on SACs for
catalytic performance.

The above studies further confirm the great po-
tential of high-temperature pyrolysis of MOFs as a
promising strategy to access SACs for different de-
manding industrial applications.

With these attractive features, Li and co-workers
prepared a highly stable isolated Fe atom catalyst,
with Fe loading up to 2.16 wt%, that showed excel-
lent ORR reactivity via a cage-encapsulated precur-
sor pyrolysis approach [97]. This method is highly
effective to access SACs because the precursors can
be encapsulated inside the ZIF pores, thereby pre-
venting them from aggregating into nanoparticles
(Fig. 6¢). In this study, Fe(acac); was mixed with
ZIF-8, and the molecular-scale cages were formed
with the assembly of Zn** and 2-methylimidazole,
with one Fe(acac); molecule trapped in one cage.

After a pyrolysis step, the ZIF-8 was transformed
into nitrogen-doped porous carbon, whereas the
Fe(acac); within the cage was reduced by carboniza-
tion of the organic linker, resulting in the formation
ofisolated iron atoms anchored on nitrogen species.
The catalyst has been demonstrated to show excep-
tional ORR catalytic activity, good methanol toler-
ance and impressive stability. Importantly, the ORR
catalytic activity of this SAC outperforms those of
recently reported Fe-bases materials and other non-
precious metal materials. Experimental results and
DEFT calculations reveal the excellent ORR perfor-
mance stems from the formation of atomically iso-
lated iron atoms coordinated with four N atoms and
one O, molecule adsorbed end-on.

Using a similar approach, Li et al. described
the synthesis of atomically dispersed Ruj clus-
ters via a cage-separated precursor pre-selection
and pyrolysis strategy [98]. Generally, two steps
are involved: (i) encapsulation and separation of
preselected metal cluster precursors followed by
(i) a pyrolysis treatment. The resulting catalyst was
characterized by HAADF-STEM and XAFS, and
the catalytic performance was tested for the oxida-
tion of 2-amino-benzyl alcohol. The results show
that this Rus /nitrogen-doped carbon (CN) catalyst
possesses 100% conversion, 100% selectivity and
an unexpectedly high turnover frequency (TOF),
outperforming those of Ru SACs and small-sized Ru
particle catalysts.

An alternative approach to the thermal treatment
of MOFs for achieving SACs has been employed by
Li et al., who used SiO, as a template to access a hol-
low N-doped carbon sphere with isolated Co atomic
sites (Fig. 6d) [99]. Briefly, the SiO, template was
dispersed in Co-TIPP/TIPP solution before intro-
ducing another monomer. The collected powder
was thermally treated under a flowing H,/Ar and
then etched with sodium hydroxide to remove the
SiO, template to yield the Co SAC. Its ORR per-
formance was investigated and the results demon-
strate that exceptional catalytic activity was origi-
nated from the single Co sites that can significantly
facilitate the proton and charge transfer to the ad-
sorbed *OH species. Using the same approach, a Mo
SAC was prepared by the Li group using sodium
molybdate and chitosan as precursors and showed
excellent HER performance [100]. Further studies
of the structure of the catalyst were supported by
AC-STEM and XAFS, which confirmed that the Mo
atom was anchored with one nitrogen atom and two
carbon atoms (Mo;N;C,).

In2016, Zhanget al. described a similar template-
sacrificial approach to create a self-supporting
Co-N-C catalyst with single-atom dispersion
and showed excellent catalytic activity for the



chemoselective hydrogenation of nitroarenes to
yield azo compounds under mild conditions [101].
In this study, the Co(phen),(OAc), complex was
supported on Mg(OH), and then subjected to a
pyrolysis process. This was followed by the removal
of the MgO support by an acid-leaching treatment.
The merit of employing Mg(OH), is that it can
essentially prevent the aggregation of cobalt atoms.
This is because of the moderate interaction between
Mg(OH), and the Co species, as well as its inertness
towards the reaction with Co during the pyrolysis
process. After the acid-leaching step, the support
material was removed to give a self-supporting
Co-N-C material. X-ray absorption spectroscopy
was tested and the exact structure of the catalyst was
confirmed to be CoN4Cg—1-20,;. Specifically, the
Co single atom was coordinated with four pyridinic
nitrogen atoms on the graphitic layer, along with
oxygen atoms weakly adsorbed on the Co atoms
perpendicular to the Co-Ny plane.

Using the same approach, Zhang et al. prepared
an atomically dispersed Fe—N—C catalyst, which
exhibited exceptional activity and excellent reusabil-
ity for the selective oxidation of the C—H bond,
along with tolerance for a wide scope of substrates
[102]. Briefly, the Fe(phen), complex supported
on the nano-MgO template was pyrolysed at differ-
ent temperatures under N, atmosphere, followed by
an acid-leaching step to remove the MgO template.
They observed that the properties of the Fe species
were dependent on the pyrolysis temperature, with
more metallic Fe particles formed at higher tem-
peratures. The critical role of the Fe—N, sites in
catalysis was further confirmed by potassium thio-
cyanate titration experiments and Mdssbauer spec-
troscopy.

An effective core—shell strategy has been in-
troduced by the Li group using metal hydroxides
or oxides coated with polymers followed by high-
temperature pyrolysis and acid-leaching steps,
to synthesize single metal atoms anchored on
the inner wall of hollow CN materials [103]. By
employing different metal precursors or polymers,
they have successfully synthesized a series of
metal SAs dispersed on CN materials (Fig. 6e).
In detail, o«-FeOOH nanorods were first pre-
pared by a hydrothermal method, followed by
self-polymerizing dopamine monomers to generate
a-FeEOOH@PDA. Then it was thermally treated
under an inert atmosphere, during which the
polydopamine (PDA) layers were converted into
the CN shell and «-FeOOH was reduced to iron,
giving rise to the strong interaction between the Fe
atoms and the CN shell. Finally, acid leaching was
carried out to generate Fe SAs on the inner wall of
the CN materials. The obtained SA-Fe/CN catalyst

showed a high conversion of 45% and an excellent
selectivity of 94% for the hydroxylation of benzene
to phenol, outperforming Fe nanoparticles/CN.

Notably, in a most recent research, Wu et al.
originally developed a host-guest strategy based
on MOFs to construct a Fe-Co dual-sites cata-
lyst embedded in N-doped porous carbon support
[104].Itinvolves binding between Co nodes and ad-
sorbed Fe ions within the confined space of MOFs
(Fig. 6f). Specifically, Zn/Co bimetallic MOF was
employed as a host to encapsulate FeCl; within
the cavities by a double-solvents method. The Fe3"
species were reduced by the as-generated carbon and
bond with the neighboring Co atoms. Meanwhile,
the adsorbed Fe>" species can accelerate the de-
composition of metal-imidazolate—metal linkages
and generate voids inside the MOF. EXAFS and
Mossbauer spectroscopic analyses were performed
to investigate the coordination environment of the
Fe—Co dual sites. The experimental results show that
FeCoNg is the active site for the (Fe, Co)/N-C cat-
alyst and has been demonstrated to endow excel-
lent ORR performance in an acidic electrolyte, along
with comparable onset potential and half-wave po-
tential to those of the commercial Pt/C. DFT calcu-
lation reveals that the activation of O-O is favored
on the dual sites, which is important for the four-
electron oxygen-reduction process. The fuel cell test-
ing revealed that this catalyst outperforms most of
the reported Pt-free catalysts in H, /O, and H, /air
conditions. In addition, this cathode catalystis rather
robust in long-term operation for electrode mea-
surement and H,/air single cell testing. Of note
is that, despite the fact that SACs generally confer
greater activity than the corresponding nanoparti-
cles, it is still important to be aware of the poten-
tial aggregation pathways available to them. This is
especially crucial in cases where higher operational
temperatures were applied. Therefore, the superior
catalytic activity, selectivity, stability and the ease of
fabrication of the dual-sites Fe—Co catalyst make this
type of SAC truly remarkable. Importantly, the main
advantages of this host-guest strategy include the
ability to incorporate different metal atoms and to
permit the catalyst to be operated in a wider dynamic
range. This study is expected to provide avenues
for the synthesis of high-performance dual-sites cat-
alysts with unique properties for use in chemical
transformations.

Opverall, these studies have shown that the high-
temperature pyrolysis method is capable of produc-
ing SACs with precisely controlled structures and
morphologies. Additionally, this unique approach
has been seen as a significant opportunity to enable
the efficient construction of high-performance SACs
for use in various reactions.
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Figure 7. Schematic illustration of Pt nanoparticle sintering, showing how ceria can
trap the mobile Pt to suppress sintering. Adapted with permission from [105].

The high-temperature atomic-migration
method

High temperatures are generally detrimental to cat-
alysts” activities. Although the SAs are homoge-
neously dispersed on the support materials, they
have a high propensity to move and aggregate
into nanoparticles when heated at high tempera-
tures. Datye and co-workers take advantage of the
phenomenon that metal nanoparticles can emit mo-
bile species to prepare atomically dispersed metal
catalysts [10S]. In this study, a Pt/La-AL O3 cat-
alyst was physically mixed with different types of
ceria powders followed by a thermal treatment in
flowing air. Because of the strong interaction be-
tween PtO, and ceria powders, the Pt species emit-
ted from the alumina were trapped on the CeO,,
forming thermally stable Pt;/CeO, SACs (Fig. 7).
The performance of the resulting SAC was tested
for CO oxidation, and the results suggest that it can
serve as a highly effective sintering-resistant CO-
oxidation catalyst at high temperature. They believe
that this atom-trapping approach is potentially appli-
cable and might provide exciting possibilities to ac-
cess a variety of high-performance SACs. This work
represents a novel strategy and has been demon-
strated as being particularly effective in fabricating
SACs and connecting the relationship between the
nanoparticles and SAs.

CONCLUSIONS AND PERSPECTIVE

Over just a few years, there has been remarkable
progress in the development of various methods for

the synthesis of SACs. In this review, we summarize
the progress, bring new insights from recent years
and pointed the way to the synthesis of SACs.

Currently, two general approaches have been
employed for accessing SACs: bottom-up and top-
down. Though still being developed, SACs have
emerged as an exceptional advancement in the de-
velopment of highly efficient heterogeneous cata-
lysts. The researchers have shown evidence that the
size of the nanomaterials does affect catalytic effi-
ciency in the catalysis process. A noteworthy result
is that, by reducing the size of nanostructures from
the nano- to the sub-nano scale and finally to SAs in
atomic dimensions, catalytic performance has been
observed to change drastically. This results from the
low-coordination environment, quantum size effect
and enhanced metal-support interactions. More-
over, the homogeneously and isolated metal active
sites can maximize metal utilization, giving rise to the
impressively enhanced catalytic performance.

Recent experimental and theoretical progress has
unambiguously validated the strong evidence for the
high activity, selectivity and stability of the high-
performance SACs. These intriguing properties of
SAC:s are believed to endow great potential for ap-
plications in heterogeneous catalysis. Importantly,
SACs can act as an ideal platform to serve as a
bridge to connect hetero- and homogeneous catal-
ysis. Thus, SACs are thought to have the potential
to overcome the difficulty encountered in homoge-
neous catalysis.

As discussed previously, a major limiting fac-
tor in the development of SACs is the lack of gen-
eral methods to directly and efficiently access high-
performance SACs. The construction of SACs for
use in catalysis represents an important challenge,
highlighting the need for more fundamental re-
search into detailed mechanisms. Along with the
emergence of new characterization and computa-
tional modeling techniques, single-atom active sites
can be investigated further. More advanced, direct
and effective in situ spectroscopic and microscopic
techniques become particularly important to offer
new insights into the chemical reactions involved
in SACs. Elucidating the important role of metal
precursors, support materials and experimental con-
ditions and understanding the prerequisites for
catalytic activity of a given catalytic system are cru-
cial for developing effective strategies for the syn-
thesis of SACs. Several aspects should also be given
enough attention: first, the development of novel,
controllable and facile synthesis methods for ac-
cess high-loading SACs with finely and densely dis-
persed single atoms; second, the construction of
single metal atoms with robust stabilization on
the support for use in practical conditions; third,



detailed experimental and theoretical work should
be done to comprehensively understand SACs-
support effects. The top-down strategy has shown
great promise and significantly contributed to the
simplified synthesis routes for SACs with excep-
tional activity and stability. Moreover, the metal
loading can be markedly increased from 1% to 5%,
and the coordination environments can be elabo-
rately controlled. This will definitely facilitate the de-
velopment of general protocols for accessing SACs
and underpin the exploration of other intriguing ap-
plications.

Together, the field of SAs is expansive and rapidly
developing towards different applied research fields.
The continued development of SACs represents an
important advancement in heterogeneous catalysis
and will surely be the important focus of extensive
research efforts and a thriving field for various appli-
cations for years to come.
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INTERVIEW

Special Topic: Single-Atom Catalysts
Single-atom catalysis: a new field that learns from tradition
By Philip Ball

Much of industrial chemical processing (in the petrochemicals industry, for example), and a great deal of laboratory chemical synthesis,
involves catalysts that both lower the energy barrier to reaction and may help steer a reaction along a particular path. Traditionally,
catalysts have come in two classes: heterogeneous, typically meaning that the catalyst is an extended solid; and homogeneous, where the
catalyst is a small molecule that shares a solvent with the reactants. In heterogeneous catalysis, the reaction generally takes place on a
surface, involving molecules attached there by covalent bonds. Homogeneous catalysts are often organometallic compounds, in which a
metal atom or small cluster of atoms supplies the active site for reaction.

In recent years, these distinctions have become somewhat blurred thanks to the advent of single-atom catalysis, where the catalytic site
consists of a single atom (as in many homogeneous catalysts) attached to or embedded in a surface. The emergence of this field might be
regarded as the logical conclusion of the use of ‘supported metal clusters’—small metal particles of nanometer scale and below, containing
perhaps hundreds, tens or just a few atoms. It has became clear that such clusters can sometimes provide greater product selectivity and
activity than macro-sized particles or powders of the same metal, partly because the active sites might be atoms at particular locations (such
as edges and corners) in the nanoscale particles. By reducing their scale down to the level of single atoms, one can optimize these properties.
At the same time, the potential uniformity of the atoms’ environments makes such catalysts more amenable to rational design and modeling
to understand mechanism.

This field represents an appealing blend of fundamental chemistry and physics—from the quantum-mechanical level upwards—and
applied research aimed at producing many of the products vital to society, such as fuels and materials. Researchers in China have been
strongly active in this field in recent years (see, for example, refs [1-S]). Jean-Marie Basset of the King Abdullah University of Science and
Technology in Thuwal, Saudi Arabia, is one of the leading practitioners in the area, and National Science Review spoke to him about the

development and prospects of the field.

NSR: When was it first appreciated that catalysis by supported
metals could involve single atoms?

Basset: In work that my team and I published in 1998 [6] we
discovered that when we fully characterize a platinum parti-
cle modified with tin deposited by the surface organometallic
chemistry (SOMC) technique, we found that each Pt atoms is
surrounded by tin atoms, and this increased the selectivity of
the surface for catalysing dehydrogenation of isobutane to al-
most 100%. At that time we said that this increase in selectiv-
ity could be explained by a ‘site isolation effect’ —that the im-
portant factor was that the platinum atoms were individually
isolated.

At about the same time, we discovered that a single zirco-
nium atom attached to a silica surface by a triple bond to a Si-
O- group could achieve low-temperature hydrogenolysis (split-
ting of the carbon backbone using hydrogen) of alkanes. The
method we used to prepare the lone Zr atoms started with an
organometallic alkyl precursor, and created Zr atoms with a hy-
drogen attached [7]. Hydrogenolysis of alkane was a known
reaction in heterogeneous catalysis (for example, on nickel
particles) but here the temperature was much lower (close
to room temperature) than in heterogeneous catalysis (above
200°C). Besides that, the mechanism could be unambiguously
determined, and shown to occur on a single Zr atom—it was

Jean-Marie Basset, distinguished professor at King Abdullah University
of Science and Technology, Saudi Arabia. (Courtesy of Prof. Basset)

no longer necessary to invoke any ‘ensemble effect’, a common
notion in heterogeneous catalysis on small metal particles.
NSR: I understand that one of the difficulties with supported
metal nanoparticles is that they are often inhomogeneous. Is one
of the attractions of single-atom catalysis that homogeneity be-
comes possible again?

Basset: That’s the right question, and the answer is yes. With
single atoms, we can have a situation where all the active
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sites are almost identical. The discovery of low-temperature
hydrogenolysis of alkanes was part of the origin of surface
organometallic chemistry. Since then, a huge variety of metal
atoms have been attached homogeneously on the surfaces of ox-
ides, with the same structure for each atom. SOMC is not par-
ticularly familiar within the heterogeneous catalysis community,
but has led to the discovery of new catalytic reactions such as
Ziegler-Natta depolymerization [ 8], alkane metathesis [9], non-
oxidative coupling of methane [10] and cyclo-alkane metathe-
sis [11]. Furthermore it has improved the activity, selectivity
or lifetime of known reactions such as alkene metathesis and
epoxidation, and imine metathesis. In these cases, the majority
if not all of the active sites are identical. Because the structure
of these grafted atoms are known at the atomic and molecular
level, we can use the familiar concepts of molecular chemistry
(organic, organometallic, coordination chemistry) to explain
how bonds can be broken and reformed. The reactivity of sur-
face organometallic fragments (SOMF) or surface coordination
fragments (SCF) is pivotal to the outcomes.

NSR: In your own work, you have promoted the idea of SOMC,
which seems to aim at applying the concepts of homogeneous
organometallic chemistry to surface-bound species. Can you ex-
plain more about what this entails? What advantages does a sur-
face provide, relative to homogeneous catalysts?

Basset: As I said earlier, SOMC is not really an extension of ho-
mogeneous catalysis. Rather, it is a new discipline of heteroge-
neous catalysis. It uses organometallic compounds to prepare
well-defined heterogeneous catalysts in which a single atom is
linked to a surface. It is quite distinct from homogeneous cataly-
sis, in which typically the catalysts are metal atoms with ligands
attached, because here the ‘ligand’ is a rigid surface, which cre-
ates completely different reactivity. The concept is actually much
closer to heterogeneous catalysis, because it is like a supported
metal on an oxide. Or one might better say, it is closest to the
concept of surface-active catalysts (SAC).

You can see the strong difference with classical homoge-
neous catalysis, and the consequent benefits, in the way that
many new reactions which do not exist in homogeneous catal-
ysis (or for that matter in heterogeneous catalysis) can be
achieved in SOMC.

Here’s a simple way of picturing the comparison between a
heterogeneous SOMF used in SOMC and a surface-active cata-
lyst:

A+B

The comparison between SOMF and SAC.

The image on the left shows a SAC where a metal atom M’ is
linked to an oxide. On the right is a SOMF. In SOMC we have
a ‘preconceived’ mechanism, and the fragments are just possible
intermediates in the catalytic cycle. In SAC it is intuitively as-
sumed that the metal will, under the influence of the reagents A
and B, adopt the right coordination sphere. But in SOMC the
fragments A and B are components of the SOMF, already at-
tached to the metal atom before grafting. Another difference be-
tween SOMC and SAC is the presence of a predetermined spec-
tator ligand X in the former to tune the coordination number,
the electron density and ultimately the steric control around the
metal atom. The concepts of molecular chemistry are used to de-
termine A, B and X, as in homogeneous catalysis—but the sur-
face acts as a ligand that brings rigidity, pincer properties, acid-
base and redox properties.

NSR: How easy is it to prepare and characterize well-defined cat-
alysts of this type? How much do we know, and not know, about
the precise environment of the metal atoms?

Basset: The preparation of SOMC is becoming ever easier. We
have improved the methods. At the beginning it was necessary to
use fragile organometallic components under a well controlled
atmosphere, but now there are techniques to adsorb simple co-
ordination complexes on oxides, as was done in many cases in
classical heterogeneous catalysis (for example, WCly and TiCly
on silica) and then to alkylate (say) in situ to achieve the right
coordination sphere.

The characterization is becoming easier, because the sites are
mostly identical. The classical techniques can be applied, such as
surface microanalysis, IR and UV spectroscopy, extended X-ray
absorption fine structure spectroscopy (EXAFS), X-ray absorp-
tion near-edge structure (XANES) and density functional the-
ory for calculations. The most useful method is solid-state NMR,
which has played a decisive role in identifying the SOMFs with
the accuracy of molecular chemistry. When we write a formula
on a surface, it is no longer a cartoon but is very close to the real
structure of most of the sites.

NSR: That single metal atoms can be important and versatile cat-
alytic centers is of course a well-established idea in bioinorganic
chemistry too. Is there any overlap with this field in terms of an
understanding of the mechanisms involved?

Basset: SOMC can let us create well-defined SOMFs, thanks
to the conceptual overlap with organometallic chemistry. But it
can also lead to well-defined surface coordination compounds
thanks to the overlap with bioinorganic chemistry, inorganic and
coordination chemistry. This is the direction in which we are cur-
rently obtaining the most spectacular results—unpublished as
yet!

NSR: What kinds of reactions can be catalysed by these surface
organometallic single-atom systems? What are some of the most
useful and/or important?

Basset: See the scheme below. Some recent advances include
using CO, to make cyclic carbonates, alkane metathesis, con-
verting methane to ethane and hydrogen and to aromatics, oxi-
dation chemistry of epoxides and aldehydes, and direct transfor-
mation of ethylene to propylene. The case of alkane metathesis
is particularly important. When we discovered this reaction the
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Reactions catalysed by surface organometallic single-atom systems.

turnover number [number of times the catalyst can repeat the
reaction] was 60 using hydrogenated tantalum atoms. Now we
can reach turnover numbers of 20 000 with bimetallic systems
(tungsten/titanium) [12]. Our target is 100 000, which is what
we need for such a process to become commercial.

NSR: How predictable and amenable to rational design are these
systems? Do we have the computational methods that we need?
Basset: We use the scheme below to do ‘catalysis by design” and
discover new reactions or to improve existing ones. The most
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important aspect is to transfer the elementary steps known in or-
ganic, organometallic and coordination chemistry to write a pri-
ori a catalytic cycle. Based on these elementary steps, we choose
the metal, the support and the ligands X, A and B as mentioned
earlier, and fully characterize the coordination sphere.

NSR: How did your own interest in this field evolve?

Basset: My first experiment in this area was to chemisorb an
iron carbonyl complex Fe;(CO);, on alumina in order to make
iron nanoparticles. We were surprised to find formation of the
species [HFe;(CO),;]~ Al™ [13]. This was a shock for us. It
seemed that a new kind of chemistry was emerging from the
overlap between organometallic and surface chemistry. We pro-
gressively developed this chemistry in many directions, with
many metals and diverse supports: porous, non-porous, acidic,
redox and so on. Then we discovered that this field could also
apply to nanoparticles of zero-valent metals and we adapted the
tools to characterize such materials.

The first catalytic reaction was also a second shock: the low-
temperature hydrogenolysis of alkanes with atomic Zr on hy-
drogenated silica, which I mentioned earlier. This opened the
way to predict Ziegler-Natta depolymerization. Moving from



This area has a fantastic future because it allows us to
get out of the ‘black box'.
—Jean-Marie Basset

Zr to Ta, we discovered how to conduct metathesis of alkanes
[7] and plenty of new reactions too. Density functional theory
was a crucial tool to understand what was going on, in particu-
lar using the tools developed by Luigi Cavallo here at KAUST.
The strategy to develop new catalytic reactions slowly emerged,
and the concepts are still evolving as we discover new catalytic
reactions.

NSR: There seems to be a strong interest in this topic in China.
From where do you think the most important results are emerg-
ing in China? Do you feel they are building on a strong tradition
of inorganic chemistry in China?

Basset: Catalysis requires diversified approaches. I'm not sure
that the SOMC concept has yet been so much explored in China.
But Xuxu Wang from Fuzhou, one of my former students in
Lyon, has made big impact in photocatalysis via SOMC. Nev-
ertheless, there have been some great advances in catalysis in
China in the last 20 years or so. Many impressive homoge-
neous and heterogeneous systems have been developed: het-
erogeneous by Tao Zhang, Can Li, Xinhe Bao, Yuhan Sun, Wei
Weiand others; homogeneous by Xiaoming Feng, Kuiling Ding,
Zhenfeng Xi, Qilin Zhou, Zhangjie Shi, Aiwen Lei, Guosheng
Liu, Shuli You, Zhixiang Yu and many others. However, I'd like
to see more emphasis given to fundamental understanding at
the molecular level. For example, studies on the reactivities of
organometallic species seem less popular, but they build the ba-
sis for catalytic applications. There is, however, very good work
in this area from people like Zuowei Xie, Shaowu Wang, Yaofeng
Chen, Ming-Hua Zeng and many others.

NSR: Where do you feel the field is now heading? Are there
potential types of analytical/characterization techniques that
would make a big difference to our fundamental understanding
of the processes involved?

Basset: I feel that this area has a fantastic future because it allows
us to get out of the so-called ‘black box’. This is due to the fact
that we have the conceptual and experimental tools to predict
any reaction, just by transferring concepts from molecular chem-
istry to surfaces. The science of molecular chemistry, whether it
is inorganic, organometallic or organic, teaches us how to create
or cleave bonds. Then the choice of metals, ligands, surfaces and
so on is becoming more understood. We have some spectacular

new results that will explain my optimism when we publish them
in the near future.

NSR: Do you think that this is one area of chemistry in which the
links between fundamental research and industrial applications
are particularly strong?

Basset: I believe that CO, chemistry, photocatalytic dissocia-
tion of water, CHy4 and alkane chemistry, and oxidation are the
areas where industry will benefit most from SOMC.

NSR: Who were your own key influences in your early career,
and why?

Basset: When I was in France, I recruited Yves Chauvin when he
retired from the French Petroleum Institute [where he worked
from 1960 to 1995]. Nine years later he was awarded the No-
bel Prize in chemistry. Not only was he a friend but I learned a
lot from his broad knowledge of homogeneous catalysis and in-
dustrial processes. I want to mention his strong influence on me,
and I will always be thankful to him: he was a modest, curious but
fantastic scientist.

Besides Yves Chauvin, I would like to mention Renato Ugo
from Milan, who in the 1980s was developing analogies be-
tween homogeneous and heterogeneous catalysis; Paolo Chini,
also from Milan, who made me dream about large clusters;
Bob Grubbs from Caltech for his work on olefin metathesis;
Wolfgang Herrmann for collaboration on SOMC; and all the
community in homogeneous and heterogeneous catalysis, from
whom I have learnt a lot in two disciplines that have tended to
develop their own concepts separately.

Philip Ball writes for NSR from London.
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