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Polyoxometalate-based materials: quasi-
homogeneous single-atom catalysts with atomic-
precision structures

Shiging He, Qingda Liu®* and Xun Wang ® *

Polyoxometalates (POMs) are early-transition-metal oxide clusters with diverse structures and extensive
functionality. Due to their excellent redox properties and stability, POM clusters can serve as ligands and
supports for constructing single-atom catalysts (SACs) with atomic-precision structures, where the
coordination states and loading of active sites can be controlled precisely. Metal-substituted POM
clusters are also promising candidates to act as sub-nanometer building blocks, where neoteric
morphologies and enhanced catalytic properties have been obtained using these cluster-based
assemblies. Moreover, POM-based single-atom catalysts display the advantages of both heterogeneous
and homogeneous catalysts, in addition to excellent solubility and reusability. This perspective
summarizes recent progress relating to polyoxometalate-based single-atom catalysts, including the
synthesis and applications of metal-substituted POM clusters and the use of cluster-based assemblies as
single-atom catalysts. Future research directions and challenges are also expounded upon, and this work
may allow a comprehensive understanding of and novel insights into cluster-based single-atom catalysts.

1. Introduction

Single-atom catalysts (SACs) have gained a surge of interest
since their emergence," which is due to their unprecedented
catalytic activities in a wide range of applications.*** The
atomically dispersed metal active sites of SACs dramatically
enlarge the effective contact area during reactions, also allowing
the possibility of the precise control of the coordination state
and electronic structure of single-atom sites. The typical
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preparation of SACs involves anchoring metal ions on various
supports, including metal oxides, MOFs, ZIFs, COFs, and other
carbon-based materials.***® Although the development of SACs
has been fast-tracked, there are still challenges ahead. The
characterization of single-atom sites is extremely difficult
without the utilization of extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy and spherical aberration electron
microscopy with atomic resolution, and the actual coordination
states of metal atoms cannot commonly be accurately
described. Compared with the bonding between atoms inside
supports, interactions between single-atom sites and supports
are relatively weak, which may lead to the gradual dissociation
of single-atom sites during catalytic reactions. Thus, the high
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loading of active sites (>1%) and good SAC catalytic stability
cannot be achieved concurrently. In light of this, easily feasible
approaches and well-defined system models are crucial for the
design and synthesis of novel SACs with controllable and
predictable properties.

Polyoxometalates (POMs) are atomic-precision clusters with
a variety of structures and compositions, and they have diverse
functions in photochemistry, catalysis, electronics, electro-
chemistry, medicine, etc.***® The surface of a POM cluster is
covered with oxygen, which is an ideal support for atomically
dispersed metals. Due to the rich-substitutional chemistry of
POM clusters, metal active sites can be inserted into the struc-
tures via substitution or adsorption, covalently or non-
covalently, with precisely controlled coordination states and
loading amounts.”?* Simple characterization techniques,
including crystal X-ray diffraction (XRD), nuclear magnetic
resonance (NMR) spectroscopy, infrared spectroscopy (IR), and
mass spectroscopy (MS) are commonly used to reveal the exact
structures of cluster-based SACs. Moreover, the electronic
structure of a POM cluster is close to a “superatom”, which can
be tuned precisely at the atomic level.***' Owing to the electron-
rich properties, POM clusters are able to accept or lose several
electrons without structural change during redox reactions.
Therefore, the POM supports may serve as electron buffers in
POM-based SACs, where the electronic structure of metal active
sites and the overall catalytic performances of SACs can be
controlled precisely. Other than acting as conventional
supports, POM units display excellent solubility at the sub-
nanometer scale in many solvents, and they can act as homo-
geneous catalysts for reactions. Upon the addition of poor
solvents, POM-based catalysts can be collected and recycled
without structural change. Considering the existence of the
advantages of both heterogeneous and homogeneous catalysts,
POM-based SACs can also be regarded as quasi-homogeneous
catalysts.

In this paper, we will summarize recent progress relating to
POM-based SACs with well-defined structures and diverse
functionalities, including isolated POM clusters, POM-based
assemblies, and supported POM structures. Perspectives and
challenges relating to POM-based SACs are also discussed.
Research into POM-based SACs is just getting off the ground,
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and more effort is needed to explore cluster-based structures.
We hope that this perspective may provide novel insight into the
design and synthesis of SACs.

2. Interactions between single atoms
and POM supports

Before discussing the applications and properties of POM-based
SACs, the interactions between single atoms and POM clusters
will be briefly introduced. The loading of metal active sites
proceeds typically in two ways. (1) Substitution. Normally,
through mixing POM clusters and metal salts in aqueous
solution at a certain pH and temperature, metal-substituted
POM clusters can be prepared containing covalently con-
nected metal sites with well-defined structures and locations.
Single-atom sites are supported by lacunary POM anions with
high negative charge. (2) Absorption. Plenary POM clusters,
such as [PW,040]°~ and [PMo4,040]’ ", are commonly used as
supports. Metal ions are generally absorbed on surface oxygen
atoms of the POM cluster with a low coordination number. POM
SACs prepared via this approach display lower charge, with
a tunable amount of metal loading but lower catalytic stability.
In both cases, the metal sites are fully exposed and coordinated
in an unsaturated manner; they can serve as binding sites
during catalytic reactions.

Generally, positively charged metal ions spontaneously
attach to the surfaces of negatively charged POM clusters.
Interactions between metal atoms and POM supports involve
covalent bonds (or coordination bonds) and electrostatic
attraction, giving higher-stability single-atom sites compared
with electroneutral supports. For the loading of metal active
sites via substitution, the chelate coordination environment
further improves the stability of POM-based SACs. Isolated POM
SACs exhibit excellent stability in both aqueous and organic
systems. For example, the structure of K;,[Co(H,0),(SiW1035)2]
can be maintained after photocatalytic water oxidation with no
decomposed Co ions during the reaction.** K[(H,0),(3-Hpic),-
Nd][(H,0)s(3-Hpic),Nd][PW;,Ti;040]- 12H,O shows both good
catalytic activity and stability after three reuse cycles, with only
a slight decrease in the yield from 99.2% to 97.1%.%* However,
POM-based SACs may not be available in strong acids or bases,
limited by unstable POM supports. Compared with isolated
POM SACs, POM assemblies demonstrate significantly
improved stability and reusability during catalytic reactions, as
a result of the relatively stable connections between cluster
units. Comparable or even higher catalytic activities can be
obtained in POM-assembly SACs with ultrathin or single-cluster
constructions, owing to the fully exposed active centers and
electron transfer between clusters. Nevertheless, the morphol-
ogies of POM-assembly SACs are usually unstable at high
temperatures (>500 K) due to the organic counterions with poor
thermal stability. Additional supports, such as carbon and
metal oxides, can be introduced to overcome this issue, where
supported POM SACs with thermal and liquid-phase stability
can be obtained, but they show relatively poor dispersity
compared with pure POM entities.
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There may also be electron transfer between the metal atoms
and POM supports, as revealed by a series of theoretical
studies,*** resulting in an interactive electronic structure made
of single-atom sites and POM clusters. POM-based SACs with
different types of POM support exhibit different catalytic activ-
ities, deriving from differences in orbital energies.* For a Ru™-
substituted phosphotungstic cluster, the HOMO energy of the
Keggin structure is higher than that of the Wells-Dawson
counterpart, leading to the Wells-Dawson structure showing
a lower oxidation potential and higher activity for catalytic water
oxidation in comparison to the Keggin-based SAC. The effect of
the POM type on the oxidative dehydrogenation of iso-
butyraldehyde has also been investigated.’” Nb- and Ta-
substituted POM clusters are able to convert isobutyraldehyde
to methyl-isopropanol via oxidative dehydrogenation with
lattice oxygen. Excellent catalytic activities are generated from
the decrease of the LUMO energy caused by the introduction of
Nb/Ta with lower electronegativity. In this structure, the LUMO
of the POM cluster is mixed from d orbitals on the metal center
of the frame and 2p orbitals on the neighboring bridged oxygen,
while the HOMO is mainly composed of 2p orbitals from
bridging oxygen. Therefore, Nb- and Ta-substitution will only
affect the LUMO state of the POM but not the HOMO. The lower
LUMO energy results in a smaller HOMO-LUMO energy gap
and higher reduction potential, resulting in an enhancement of
the catalytic activity. According to the NDR (negative differential
resistance) peak voltage, Wells-Dawson-type POM-SACs are
always superior to Keggin ones in terms of catalytic activity,
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regardless of the substituted metal species. The POM structure
can also exert a significant impact on the properties of POM
SSCs, as revealed by Yadollahi et al.?**° [M,(PWo03,),]"" and
[M4(P,W;5056),]"~ both display high activities for the catalytic
oxidation of benzyl alcohol and cycloalkenes, where the cata-
Iytic efficiency of Keggin-type [M4(PWyOs,4),]"" is generally
higher than that of Wells-Dawson-type [M,(P,W;5056)]"" .
Among the available examples, Zn-based SSCs (both Dawson
and Keggin) give the best performances for both reactions, with
conversions higher than 99% for benzyl alcohol oxidation. Fe-
substituted SSCs also show high activity in the catalytic oxida-
tion of cycloalkenes.

3. Isolated clusters as SACs

Via anchoring metal atoms/ions on POM clusters, covalently or
non-covalently, the entity of the metal-containing POM cluster
can be regarded as a SAC, where the POM group serves as the
support. In this section, experimental and theoretical progress
relating to individual-cluster SACs is introduced, including
POM cluster single-atom catalysts with single metal active sites
and single-site catalysts with multiple metal active sites. Various
catalytic reactions have been studied with the different types of
POM-based SACs, as summarized in Table 1. Keggin- and
Wells-Dawson-type clusters are covered in the relevant studies,
and the POM clusters are named based on their metal core,
where P,W;5/P,Moy indicates [P,W;304,]° /[P,M01506,]®~ and
PW,,/PMoy, stands for [PW;,0,4]> /[PM04,040]° .

Table 1 Reaction types and catalytic performances of POM-based single atom catalysts

Catalytic reaction Remark Ref.

Oxidation of styrene 98% (conversion) 40

Catalyst Reaction type
[Ru™(H,0)SiW;,030] Liquid-phase
catalysis
[Ru™(H,0)GeW,,03] Photocatalysis
[Co(H20),(SiW10035)] Photocatalysis
H,NbP,W;,0¢, Liquid-phase
catalysis
[P,W;,06:{SnCH,CH,C(=0)}] Liquid-phase
catalysis
[(H,0)4(3-Hpic),Ln][(H,0)s(3-Hpic),Ln] Liquid-phase
[PW,0Ti,040] catalysis
[Ru,(p-0)4(1-OH),(H20)4(Y-SiW10036)2] Photocatalysis
[C04(H,0),5(PW4034)2] Photocatalysis
[{C04(OH)3(PO4)}4(GeEW4O34)4] Photocatalysis
[Ni,5(H20),2(OH)15(CO3)2(PO,)6(SiW034)6] Photocatalysis
[P2W1,061{O(SiC36H3N30,1r),}] Photocatalysis
[Mn4(H20)2(VW40O34),] Photocatalysis
NagKy[Niy(Hy0),(PWo034),] Photocatalysis
{Ni,4SiWo} Photocatalysis
[(Ce(dmso);),VVVY;055C] Photocatalysis
H;PV,Mo0,,04¢ Liquid-phase
catalysis
H;5PV,M0,(04¢ Liquid-phase
catalysis
[Zn4(PW4034),] Liquid-phase
catalysis
[Zn4(PW034),] Liquid-phase
catalysis
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Water oxidation 58.8 h™' (TOF) 41
Water oxidation 50 h™' (TOF) 43
Oxidative dehydrogenation of 20% (conversion) 39
isobutyraldehyde

Stereoselective Diels-Alder reaction 100% (conversion) 34
Aldehyde cyanosilylation 90% (conversion) 35
Water oxidation >450 h™" (TOF) 49
Water oxidation >714 h™' (TOF) 42
Water oxidation 25.8 h™' (TOF) 43
Water oxidation 756 h™" (TOF) 44
Water-based hydrogen production 0.25 h™' (TOF) 51
Water-based hydrogen production 7.64 h™' (TOF) 52
Water-based hydrogen production 116 h™! (TOF) 45
Water-based hydrogen production 97.2 h™' (TOF) 53
Oxidation of indigo 4.80 h™' (TOF) 55
Oxidation of anthracene 50% (conversion) 57
Oxidation of dibenzoquinone ~100% 54

(conversion)

Oxidation of alcohols 100% (conversion) 38
Oxidation of alkenes 99% (conversion) 39

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ta08577h

Published on 23 November 2021. Downloaded on 5/2/2024 9:08:56 AM.

Review

[Ru(H,0)XW,,05]>

[M(H,0),(SiW,4035),]"™ Fe-[PW,0,*

Fig. 1 POM cluster single-atom catalysts. (a) A [Ru"(H,O)XW1,03]°~
cluster; Ru: yellow, W: blue, O: red, H: light gray, Si/Ge: orange;
reproduced with permission from ref. 41; copyright: 2011, American
Chemical Society. (b) Ball-and-stick (left) and polyhedral (right)
representations of [M(H,0),(c-SiW30035)21°~ (M = Mn", Co'", Ni'); W
black, O: red, Si: yellow, Mn/Co/Ni: blue; reproduced with permission
from ref. 42; copyright: 2006, Royal Society of Chemistry. (c) The
optimized geometry of an Fe-embedded [PW,040l°  cluster; Fe:
purple, W: blue, O: red; reproduced with permission from ref. 34;
copyright: 2020, Springer Nature.

3.1 POM cluster single-atom catalyst

Before the proposal of “single-atom catalysts”, single-atom
substituted POM clusters had already been prepared and
applied in the catalytic field. In 1990, Neumann and co-workers
reported the synthesis of the Ru-substituted Keggin-type POM
[(CeHy3)4N]5[Ru™(H,0)SiW,,03,],% which showed good activity
for the catalytic oxidation of styrene. Using NalO, as the
oxidant, a high yield of 98% can be obtained, with benzaldehyde
as the only product. A series of characterization tests was used
to investigate atomically dispersed Ru®* on the silicotungstic
acid cluster support. In 2011, Fukuzumi et al. reported the
preparation of [Ru™(H,0)SiW;;03,] and [Ru™(H,0)GeW,;030]
(Fig. 1a), which were then applied for photocatalytic water
oxidation.” The Ru(v)-oxo complex was confirmed to be the
active intermediate, indicating the single-atom active site of Ru
during the reaction. Compared with the {RuSiw,;} cluster, the
{RuGeW,,} complex exhibits higher catalytic activity, which is
caused by the electron-withdrawing effects of Ge™. Other
transition-metal-based POM clusters have also been studied,
where the lower cost and higher earth abundances may provide
better application potential. The Co-substituted Keggin-type

® g, @
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cluster K;o[Co(H,0),(SiW;0035),] (Fig. 1b), first investigated by
Kortz and Nadjo,” was employed for photocatalytic water
oxidation,* demonstrating good catalytic activity with a high
turnover frequency (TOF, 3.2 s~ ') and high quantum yield
(27%).

POM clusters can also serve as homogeneous SACs for
catalytic reactions in organic systems through a simple encap-
sulation process involving surface ligands. In 2015, Thorimbert
and co-workers reported a stereoselective Diels-Alder reaction
catalyzed by chiral hybrid Sn-POM-imidazolidinone clusters.*
The long-chain nitrogen-containing ligand on the Sn atom
forms a chiral ring structure via electrostatic interactions and
hydrogen bonding between ligands and POM surface atoms.
The chiral POM-ligand assembly connected by hydrogen
bonding leads to an enantioselective step during the reaction
(the mechanism is shown in Fig. 2a). Competitive ion pairing
between the positive iminium side chain and either the anionic
POM surface or the co-catalyst anion is characterized to be
essential, determining the reaction rate and enantioselectivity.
When 4-nitrophenylacrylaldehyde is used as the substrate, an
overall yield of 100% for the cycloadduct in an 84 : 16 exo/endo
ratio is achieved, with enantioselectivities of 86% and 78%,
respectively. A series of Ti- and Ln-containing Keggin-type
clusters has also been reported by Zhang et al.*>* with different
supramolecular constructions of one-dimensional chains and
two-dimensional frameworks. Compared with single Ti- or Ln-
substitution, the co-substituted cluster displays higher cata-
Iytic activity during aldehyde cyanosilylation, which is due to
synergy between the Ti-substituted POM and Ln*'. Yields of
above 90% are obtained with the substrates of 2-hydrox-
ybenzaldehyde, 4-methylbenzaldehyde, and 4-
fluorobenzaldehyde.

Theoretical studies have also been performed on Keggin-type
cluster SACs, including potential applications in catalysis and
electrocatalysis. In 2017, Su et al. performed a DFT study of
a supported M;/PW;, cluster (M = Cu, Zn, Ag, Au) for olefin
epoxidation (the mechanism is shown in Fig. 2b).** The metal
active sites located at the fourfold anchoring sites on the POM
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Fig. 2 Catalytic mechanisms for POM-based SACs. (a) The origin of enantioselectivity in the Diels—Alder reaction catalyzed by Sn;/POM,;
reproduced with permission from ref. 43; copyright: 2015, American Chemical Society. (b) Ethylene epoxidation catalyzed by Zn;/PW;,;
reproduced with permission from ref. 44; copyright: 2017, Wiley-VCH. (c) The catalytic oxidation of anthracene (left) and xanthene (right) via an
ET-OT mechanism using a HsPV,Mo100 40 cluster; reproduced with permission from ref. 62; copyright: 2010, American Chemical Society.

This journal is © The Royal Society of Chemistry 2022
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surface give the most stable species. Meanwhile, DFT-derived IR
spectroscopy indicates the splitting of the four characteristic
peaks of the POM into six, which may serve as a feasible way to
identify the existence of single metal atom sites on the POM
cluster. Among the supported SACs, Cu;/PW,, and Zn,/PWy,
display high thermal stabilities, and the Zn/PW;, cluster pres-
ents the highest activity for the activation of oxygen molecules,
which is due to the absorption of oxygen on Zn sites to form
a[POM* 'Zn*'0, J*~ configuration with the lowest absorption
energy. In 2020, another first-principles study on PW;,-sup-
ported SACs (Fig. 1c) for catalytic ethylene epoxidation was re-
ported by Li et al.** The DFT calculation results demonstrate the
lower absorption energy of O, on the Fe;-PW;, cluster
compared with ethylene (Fig. 3a), by which Fe,-PW;, may
exhibit higher catalytic activity. According to Bader charge
analysis, the Fe atoms embedded on PW,, clusters are positively
charged, with an atomic charge of about +1.61|e|. Electron
transfer from the Fe atom to the POM cluster is crucial for the
stabilization of Fe single atoms, due to both ionic and covalent
interactions. Also, the positive Bader charge indicates the
oxidized Fe species form, which may stimulate the catalytic
activity of ethylene oxidation due to the high chemical potential
and high oxidation state. Owing to the strong spin polarization
and magnetism of Fe atoms, the spin density is mainly
distributed on Fe atoms. Such a large spin density population at
the Fe site may be one of the key factors for the activation of O,
molecules, because the free electrons on Fe can more easily
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coordinate with and activate O,. The mechanism of the catalytic
reaction can be divided into three steps (Fig. 3b): (1) the
absorption of O, on Fe;-PW,, along with an electron transfer
process; (2) attack by the first ethylene molecule of the O,
molecule absorbed on Fe;-PW,,, followed by the formation of
ethylene oxide; and (3) a reaction between the second ethylene
molecule and the remaining O atom on Fe;—PW,, to form the
final product. Moreover, the energy barrier of each step during
the reaction is less than 1 eV, which is much lower than the
formation of the competing product, acetaldehyde.

The HER (hydrogen evolution reaction), OER (oxygen evolu-
tion reaction) and ORR (oxygen reduction reaction) perfor-
mances of POM SACs were also subsequently investigated,
involving PMo;,-supported transition metal SACs.** Charge
density difference analysis shows significant charge transfer
between the metal atom and surface oxygen of the POM cluster,
and the electron transfer effect decreases with an increase in
atomicity. The spin-polarized partial densities of states
demonstrate that the d and s orbitals of metal atoms are
strongly hybridized, with the 2p orbitals of O atoms at the 4H
position close to the Fermi level (EF). In addition, the presence
of metal atom d-orbitals near the Fermi level (EF) results in high
reactivity, which may trigger the substrates in the catalytic
reaction. Calculation data indicate that Pt;—, Ru;—, V;—, and Ti;-
PMo,, clusters present the best HER potentials (Fig. 3c), with
Gibbs free energies of hydrogen adsorption lower than 0.20 eV,
which is close to the ideal zero point. Co,— and Pt;-PMo,, SACs
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Fig. 3 DFT studies of POM-SACs for ethylene epoxidation (a and b), HER/OER reactions (c and d), and nitrogen reduction (e). (a) The adsorption
energies of O, (red) and C,H4 (blue) on Ml—[PMoQO4O]3* clusters (M =Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt); reproduced with permission from ref.
34; copyright: 2020, American Chemical Society. (b) A schematic energy profile for the epoxidation of ethylene; Fe: blue, P: cyan, O: red, C: gray,
H: white; reproduced with permission from ref. 34; copyright: 2020, American Chemical Society. (c) A HER volcano plot of the exchange current
(ip) as a function of the Gibbs free energy of hydrogen adsorption (AGy-) over a M;—[PMo1,040]°~ cluster; reproduced with permission from ref.
35; copyright: 2021, American Chemical Society. (d) The OER activity trend of M;—[PMo1,040l%~ showing the maximum potential-limiting
(AGpmax) energy vs. the AGo+ — AGop+ energy; reproduced with permission from ref. 35; copyright: 2021, American Chemical Society. (e) A
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2019, American Chemical Society.
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are more suitable for the OER (Fig. 3d), with overpotentials of
0.45 V (Co) and 0.49 V (Pt), which are close to those of MoC,,
IrO,, and RuO,. In addition, the overpotential of Fe;-PMo;, for
the ORR is calculated to be 0.42 V, which is even lower than that
of metallic Pt (0.45 V). POM-based single atom catalysts also
exhibit promising potentials in the nitrogen reduction reaction,
as revealed by a series of computational studies. The catalytic
activities of metal-substituted Keggin POM clusters, [MPW,;-
0O30]"", for N, activation were investigated via DFT calcula-
tions.*® 21 different transition-metal-substituted POM clusters
are involved, and the interactions between the cluster catalysts
and N, molecules are calculated. Activated Mo, Tc, W, Re, and
Os centers show promising application potential for N, activa-
tion, where Re" is particularly prominent. According to DFT
calculations, the catalytic activities of POM SACs derive from
interactions between the d,» orbital of the metal atom and the
o, orbital of bridging nitrogen (Fig. 3e). The metal atom is
stabilized in a quasi-octahedral sphere formed from a coordi-
nated N, molecule and [PW,;,0;]"~ ligand. Compared with
standard octahedrons, the distance between the metal atom
center and O atom of the PO, tetrahedron is relatively large. The
distorted octahedral results in a Jahn-Teller effect in the elec-
tronic structure. As a consequence, the energy levels of the d,,
dy;, and d,, orbitals of the metal-dinitrogen POM complex are
reduced, leading to a decrease in the energy gap between the
symmetrical orbitals (dz, d, and d,;) of the metal atoms,
significantly promoting atomic orbital interactions between N,
and the metal center. These results further suggest a distal
mechanism for the catalytic nitrogen reduction reaction. Later
on, Lin et al. developed a class of stable POM-supported Ru
SACs, which can efficiently catalyze the NRR process with
overpotentials lower than 0.25 V.* Owing to the strong N,
adsorption abilities of Ru-POM, the competitive HER reaction
can also be inhibited.

3.2 POM cluster single-site catalysts

Compared with POM-SACs, the multiple metal centers in POM
single-site catalysts (SSCs) are more conducive to multi-electron
transfer reactions due to the shorter distances between active
sites. For example, {Mn,Ca} clusters can serve as active centers
for photocatalytic water oxidation during photosynthesis, which
involves a multi-electron transfer process.*** The sandwich-
type POM shells {XWy03,} are commonly used to wrap the
polymetallic center, and the resulting POM SSCs are then
applied to photocatalytic hydrolysis.>*** Early works on photo-
catalytic hydrolysis focus on a series of POM clusters with
{Ru,0,} cores.***” In 2008, Hill and Bonchio obtained [Ru,(p-
0)4(1-OH),(H,0)4(y-SiW10036)2] SSCs (Fig. 4a) with different
counter ions for photocatalytic water oxidation, using
Ru(bpy),*" and Ce*" as oxidants, respectively. It is confirmed
that the Ru active sites exist as tetravalent species. Subse-
quently, the mechanism of electron transfer between the
photosensitizer (Ru(bpy),®*) and the sacrificial electron
acceptor (S,05>”) were examined based on transition electron
density model theory and time-varying density functional
theory.*® Afterwards, Musaev et al studied the possible
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Fig. 4 POM cluster single-site catalysts. (@) A [Rug(n-O)4lp-
OH),(H,0)4(y-SiW10036),1*°~ cluster, highlighting the central {Ru,(m-
O)4(m-OH)»(H,0)4}%* core; Ru: blue, O: red, W: gray, Si: yellow;
reproduced with permission from ref. 54; copyright: 2008, Wiley-VCH.
(b) Isomers of Hs[PV,M010040] with key bond lengths; O: red, Mo:
black, V: green, P: yellow; reproduced with permission from ref. 62;
copyright: 2010, American Chemical Society. (c) (i) The S- and Z-
enantiomers of the chiral cerium vanadium oxide cluster
[(Ce(dmso)s),V12035ClI2~. The C,-symmetric {V4} building units are
highlighted in green (S) and red (2) outlines. (ii) A top view of the
cluster. (i) The metal-only framework of the cluster. V: teal, Ce: black,
Cl: green, O: red. Reproduced with permission from ref. 63; copyright:
2014, Royal Society of Chemistry.

intermediates and the geometric and electronic structures of
POM-SSCs in this system,* and concluded that the four single-
electron oxidation steps involve only the {Ru,} core orbitals. Due
to the worldwide scarcity of Ru, researchers have also paid
attention to abundantly available metal active centers, such as
cobalt and nickel. In 2010, Hill and co-workers prepared
a [Co,4(H,0)5(PWo034),]"° cluster with {Co,} as the active
center.®® For photocatalytic water oxidation, a TOF for O,
production of =5 s™' at pH = 8 was observed. The Co-
containing SSC is stable under catalytic turnover conditions,
and no cobalt ions or particles were formed in situ. Since then,
Wang and co-workers synthesized a series of larger-sized SSCs,
such as {Co,¢}"™* and {Ni,}** (x = 12, 13, 25), which all contain
a {M,0,} or {M;0;} core that is similar to {Mn,Ca}. Pt-free POM
SSCs have also been achieved and employed in photocatalytic
water-based hydrogen production. An Ir-based photocatalytic
hydrogen production catalyst, a [P,W;;061{O(SiC36H,3N;30,-
Ir),}]° cluster, was first obtained by the Proust group in 2012.%
Since then, Najo[Mny(H,0),(VWe034),]*° and NagK,[Niy(H,-
0),(PWy03,),]-32H,0%* SSCs for photocatalytic hydrogen
production have been successively synthesized by Hill and co-
workers with {M,0,} cores and sandwich-type POM shells,
similar to photocatalytic water oxidation SSCs. In 2019, other
{Ni,4SiW,} POM SSCs were realized for similar applications,* in
which Ni and W active sites jointly participated in the catalytic
reaction.

A class of aerobic oxidation reactions can also be realized
using POM SSCs, also involving multi-electron transfer
processes. The properties of Hs[PV,M0,,0,4] clusters, together
with its isomers (Fig. 4b), have been intensively investigated. In
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Fig. 5 Pd—POM nanoroll assemblies as SACs. (a) A schematic illustration of Pd—POM nanorolls and catalytic reactions; reproduced with
permission from ref. 71; copyright: 2016, Royal Society of Chemistry. (b) An STEM image of nanorolls; reproduced with permission from ref. 71;
copyright: 2016, Royal Society of Chemistry. (c) The EXAFS fitting curves of Pd foil, Pd—POM, and nanorolls; reproduced with permission from ref.

71; copyright: 2016, Royal Society of Chemistry.

the initial study, vanadium-containing phosphomolybdic acid
was employed as the promoter for a Pd-catalyzed oxidation
reaction.”” In 2000, Neumann et al. discovered the aerobic
liquid-phase oxidation of anthracene and other aromatic
substances catalyzed by HsPV,M0,,0,4, which followed a Mars—
Van Krevelen type mechanism.** Later on, the catalytic oxida-
tion of dibenzoquinone and cyclohexadiene with oxygen was
reported by the same group,® with a unique ET-OT (electron
transfer-oxygen transfer) mechanism (Fig. 2c); electron transfer
from the substrate to POM is preferred over oxygen transfer on
the POM cluster, which is related to the inertness of V¥ toward
oxygen transfer. A physical model has been established to show
this rationally and to obtain a better understanding of the ET-
OT mechanism.® They also studied the catalytic activities of five
isomers of H;PV,Mo0,,0,, via theoretical methods. The isomers
with V; and V, close to each other (Fig. 4b, top row) may show
different activities in comparison to the isomers with V; and V,
spaced far apart (Fig. 4b, bottom row).*

POM-SSCs constructed from a V-O framework show
extended light absorption in the visible region, distinct from
classic tungstic and molybdate frameworks. A great deal of
research into vanadium-based POM SSCs has been carried out
by Streb and co-workers, including {Bi,Vi3},*® {BiyVia},”
{Ce,V1,},® {CeyVy1},*® and {Mn,V,}.% All these V-POMs exhibit
absorption peaks in the visible region. Among them, the
{Bi,Vy,} and {Ce,V;,} clusters display interesting chirality
(Fig. 4c), always existing as unseparated racemes in crystals. A
combined experimental and theoretical study was performed on
two halide-templated bismuth vanadium oxide clusters
[X(Bi(dmso);),V12033]" (X = ClI7, Br7). According to DFT
calculations, the more efficient triplet excited state formation in
the bromide-containing cluster is the decisive step in the pho-
tocatalysis of indigo oxidation, which is due to a heavy-atom
effect relating to bromide.

4. POM assemblies as SACs

Due to their sub-nanometer size, POM clusters are able to
connect via non-covalent interactions to form delicate
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assemblies with the encapsulation of surface ligands.®® The
introduction of surface ligands greatly promotes the solubility
and stability of POM SACs in organic systems, and it can also
improve the compatibility between POMs and reactants. The
multiple interactions between cluster building blocks and
surrounding components, such as electrostatic interactions,
hydrogen bonding, coordination bonding, van der Waals forces,
and solvophobic interactions, may have a large influence on the
electronic structures and properties of clusters, finally causing
differences in catalytic performance.”® Moreover, the insertion
of a metal atom results in anisotropic POM building blocks,
where specific growth orientations and neoteric morphologies
may emerge in the assembly. POM assemblies with ultrathin or
single-cluster constructions may present enhanced catalytic
activities and stability due to the fully exposed active centers
and stable connections between cluster units. The employment
of POM-based assemblies as SACs was pioneered by our group
in 2015.7* In the initial work, we developed Pd-POM nanoroll
assemblies, using Pd-substituted Dawson-type clusters [Pd,(-
P,W;,041),H] as building blocks, and the catalyst exhibits
excellent catalytic efficiencies toward Suzuki-Miyaura coupling
reactions and semi-hydrogenation reactions (Fig. 5a). The self-
assembly of Pd-POM clusters is performed via the encapsula-
tion of CTAB/TBAB ligands, and resulting nanoroll assemblies
with different L/D ratios are shown in Fig. 5b. With the encap-
sulation of shorter-chain surface ligands, a hollow spindle
structure with a length of 500 nm can be obtained in the
aqueous phase. EXAFS and XANES tests confirm the existence of
atomically dispersed Pd atoms in the structure, where only one
peak, at 1.5 A, from Pd-O contributions is observed (Fig. 5¢c). As
Pd-based SACs, the Pd-POM nanorolls display excellent cata-
Iytic activity toward the Suzuki-Niyaura reaction. With a Pd
loading amount of 0.13 mol%, a high yield of 96% for 4-ace-
tylbiphenyl can be obtained within 20 min at 303 K, resulting in
a TOF of up to 2250 h™". The excellent catalytic performance can
be maintained after four cycles, demonstrating the good cata-
Iytic stability of the Pd-POM nanorolls. The catalytic semi-
hydrogenation of alkynes was also performed at 298 K, where
high yields of 86-91% and high stereoselectivities of Z/E > 99/1

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Atomically dispersed Rh on POM spherical assemblies. (a) The
proposed configuration of Rh on the POM cluster; reproduced with
permission from ref. 72; copyright: 2017, American Chemical Society.
(b) EXAFS spectra of Rh foil, Rh,O3, and the Rh—POM assemblies;
reproduced with permission from ref. 72; American Chemical Society.
(c) An SEM image of Rh—POM spheres; reproduced with permission
from ref. 72; copyright: 2017, American Chemical Society. (d) TEM and
EDX mapping images of Rh—POM spheres; reproduced with permis-
sion from ref. 72; copyright: 2017, American Chemical Society.

for various internal alkynes were achieved within 30 min. In
light of this, the Pd-POM nanorolls can be taken as a shape-
selective catalyst. During the catalytic reaction, two Pd active
centers in the cluster are located on the same side of the reac-
tant, which is beneficial for the hydrogenation of Z-olefins.

Later on, Yan reported Rh-POM porous spherical SACs with
Rh loading of up to 0.9 wt% (Fig. 6).”> POM porous spherical
assemblies were prepared through the assembly of [PW;,0,4,]*~
and NH,", and the porous structure was constructed via the
irregular stacking of multiple nanocrystals. Via anchoring
atomically dispersed Rh on pre-assembled POM spheres,
different Rh loading amounts of 0.2-0.9 wt% can be achieved.
The EXAFS spectra of Rh-POM assemblies reveal the exclusive
existence of Rh as single-atom species (Fig. 6b), which is coor-
dinated to six oxygen atoms through Rh-O bonding. The Rh-
POM catalyst is active in CO oxidation, with TOFs between 0.2
and 1.7 s~ from 165 to 195 °C and an apparent activation
energy of 127 kJ mol ", The proposed catalytic cycle consists of
alternation between Rh(CO),*" species and Rh(CO)," species,
and the POM support serves as a stabilizer and oxygen transfer
mediator to convert CO into CO, via repeated deoxygenation—
oxidation steps. Moreover, the Rh-POM SAC exhibits high
thermal stability in CO oxidation after three catalytic cycles (50
to 400 °C), which is superior to isolated POM clusters.

When the size of the assemblies is reduced to a minimum in
the form of single cluster constructions, weak interactions
between POM clusters and surroundings may have a larger and
non-negligible impact on the solution behavior and properties.
Thus, single cluster assemblies may show varying assembly
behaviors and exceptional properties that are distinct from

This journal is © The Royal Society of Chemistry 2022
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conventional nanocrystals and isolated clusters. In 2019, our
group reported a general approach for the fabrication of single-
cluster nanowires and nanorings, with metal-substituted Daw-
son POM clusters used as building blocks.” The nanowires are
able to transform into nanorings upon tuning the pH in the
aqueous phase. Among them, the Mn-based nanowires showed
excellent catalytic activity during olefin epoxidation. Moreover,
15 kinds of metal-substituted POM clusters can be used to
fabricate similar constructions, which are promising candi-
dates to act as SACs.

In a recent study, we successfully prepared a temperature-
responsive assembly built from (CTA);z 5(TBA);z 5[P,W1;MnOg; ]
clusters, which can undergo a series of reversible morphology
transformations close to room temperature.” No temperature-
responsive ligands are involved and the stimuli-responsive
process is driven by hydrogen bonds. The P,W;;Mn clusters
spontaneously arrange into two-dimensional square monolayer
superlattices at 25 °C (Fig. 7a and b). At 0 °C, the morphology
gradually transforms into single-cluster nanowires (Fig. 7c and
d), where a higher aspect ratio is obtained at an even lower
temperature (—10 °C). The P,W;,;Mn assembly can also serve as
a single-atom catalyst, where the Mn active sites are supported
by POM anions. Excellent catalytic performance of the P,W;;Mn
superlattices towards redox reactions is obtained at 25 °C, with
high yields of up to 99% using a series of olefins as substrates.
Due to the highly ordered arrangement and POM support as an
electron buffer, the P,W,,Mn superlattices show better catalytic
efficiency than the well-known Mn porphyrin catalyst Mn(TPP)
Cl, with an increase in the TOF of up to 4.16-fold (Fig. 7e). The
P,W;,Mn superlattices also exhibit good catalytic stability, with
a cyclooctene yield of 92.9% after five cycles. In addition, the 2D
superlattice structures exhibit enhanced catalytic performances
compared with individual cluster building blocks, which arises
from the unique cluster arrangement and coordination of HAc
linkers, stabilizing the structure and reducing the activation

@)

(e)  mm Selectivity of P,W,,Mn superlattice
= Selectivity of Mn(TPP)CI
= TOF of P,W,,Mn superlattice

TOF of Mn(TPP)CI

H

TOF (h)

0
Cyclo- Cyclo- Styrene Cis-3- Trans-3-Octene
octene hexene hexene hexene

Fig. 7 Mn-Substituted POM cluster assemblies with temperature-
responsive properties. (a and b) A molecular model and TEM image of
the 2D superlattice structure at 25 °C; reproduced with permission
from ref. 74; copyright: 2021, Wiley-VCH. (c and d) A molecular model
and TEM image of single-cluster nanowires at O °C; reproduced with
permission from ref. 74; copyright: 2021, Wiley-VCH. (e) The catalytic
performances of P,W3;Mn superlattices and Mn(TPP)Cl in terms of
selectivity and TOF; reproduced with permission from ref. 74; copy-
right: 2021, Wiley-VCH.
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energy. Upon the insertion of other metal atoms into POM
clusters, single-atom catalysts with different constructions and
functions can be realized, which may provide a new pathway for
the fabrication of advanced nanomaterials.

5. Supported POM SACs

Treating the POM and metal active center as a whole, the elec-
tronic structure of the M-POM entity may be significantly
influenced by interactions between M-POM and a support.
Promoted electron transfer in a supported SAC may efficiently
enhance the catalytic performance. Compared with conven-
tional supported SACs, POM clusters serve as a medium to
connect supports and single-atom sites, which can strengthen
the bonding with single-atom sites, hence promoting catalytic
stability and activity. The introduction of a support provides
another dimension for tuning catalytic performance, which
provides greater possibilities for the design and application of
POM-based SACs. Efforts to obtain supported POM catalysts
have already been made, such as POM/MOF and POM/carbon
heterogeneous catalysts,**”>”” while the loading of single-
atom sites on these structures is less common.

5.1 Carbon-supported POM SACs

The oxygen-enriched hydroxyl, ketone, and carboxyl groups on
the surface of porous carbon have strong affinity with the
surface atoms of POM clusters; therefore, porous carbon can be
employed as a feasible support. In 2016, Yan's group developed
a strategy for the synthesis of carbon-supported Pt;/PMo;,
structures.”® Keggin-type H;PMo,,04, POM clusters were first
attached to the support via wet impregnation, followed by the
introduction of Pt(acac), (Fig. 8a-c). Among various supports,
porous activated carbon shows the best affinity, reaching 100%
absorption at room temperature. The POM units with oxygen-
rich surfaces have variable coordination modes for Pt

\ U\~ Pt(acac),

Pt(acac),-PMA/AC

AN~ PEPMAIAC

PYAC
/\_mm

2 4 6
R(A)

(@ Pt,/PTA Pt/PMA

-4.96 eV -5.72eV -6.17 eV -6.91eV

Fig. 8 Carbon-supported Pt;—PMoj;, SACs. (a) The most stable
configuration of Pt; on PMoj,/graphene based on DFT calculations;
reproduced with permission from ref. 78; copyright: 2016, Wiley-VCH.
(b) A TEM image of Pt;—PMoj,/active carbon; reproduced with
permission from ref. 78; copyright: 2016, Wiley-VCH. (c) The EXAFS
curves of Pt-based and carbon-supported catalysts; reproduced with
permission from ref. 78; copyright: 2016, Wiley-VCH. (d) The proposed
configurations of Pt;/POM and the absorption energies of Pt atoms on
the supports; reproduced with permission from ref. 79; copyright:
2019, American Chemical Society.
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absorption, and the fourfold hollow sites with an absorption
energy of —5.72 eV are preferred (Fig. 8a). The carbon-supported
Pt;-PMo;, SAC exhibits good performance for the catalytic
hydrogenation of nitro and ketone compounds, with 100%
selectivity for aniline using nitrobenzene as a reactant. DFT
calculations reveal a co-adsorption strategy during the catalytic
reaction, where hydrogen adsorption and activation only occur
on Pt active sites on POM-SACs.

After that, the influence of the POM support on the behavior
of carbon-supported Pt;—~POM SACs was investigated via both
experimental testing and DFT calculations (Fig. 8d).” According
to the DFT calculations, the absorption energy of a Pt single-
atom on the POM clusters is the main factor determining the
stability of the SAC structure. Keggin-type POM clusters with
different compositions, including H;PW;,0,, (PTA),
H3PMo0,,0, (PMA), H,SiW;,0,4 (STA), and H,;SiM0,,04, (SMA),
are used as supports, and they can modulate the Pt binding
energy by ~2 eV (40%). The catalytic activities of a series of
supported SACs toward propene hydrogenation were subse-
quently studied via experiments and DFT calculations. Due to
electron transfer from the Pt atom to the POM cluster, the Pt
sites are positively charged, which weakens the absorption of H,
at Pt active sites. The cationic Pt atoms show large intrinsic
energy barriers but small apparent activation energies
(~25 kJ mol™") with different POM supports, owing to ender-
gonic H, adsorption and the small adsorption equilibrium
constant; this is further confirmed based on experimental tests.
In light of this, the enhancements of the catalytic stability and
activity of SACs are not contradictory, since the total effective
barrier includes several competing factors.

In 2010, Bonchio et al. reported the loading of [Ru4(p-O)4(p-
OH),(H,0)4(-SiW1¢036)2] POM SSCs on carbon nanotubes for
water oxidation.*”®*® Via grafting positively charged dendrimer
chains on carbon nanotube surfaces, POM clusters can be
immobilized on the supports through electrostatic interactions.
Due to the higher bonding strength of POM SSCs and the
promoted electron-transfer process, the catalytic efficiency,
operating voltage, current density, and operational stability of
the supported POM SSCs for water oxidation were significantly
improved. In a recent study, a series of carbon-supported POM
SSCs was fabricated via the self-assembly of [{Co4(OH)3PO,}4(-
SiW,03,4)4]*> and ethylenediamine-grafted Cgo (EDA-Cgy), fol-
lowed by an annealing approach to convert the EDA-Cg,
precursor into a carbon support.®* Fe was then used to replace
Co in the {Cog} core, in order to improve the overall catalytic
performance. The overpotential of the resulting POM SSC for
the OER was measured to be 192 mV (at a current density of 10
mA cm?), with an almost unchanged OER polarization curve
after 6000 CV cycles.

5.2 Metal-oxide-supported POM SACs

Wilkinson catalysts with Rh metal active centers are commonly
used as homogeneous catalysts for olefin hydrogenation, but
they are easily deactivated and difficult to recover. The
anchoring of Rh on a metal oxide support to construct hetero-
geneous catalysts appears to be an efficient way to solve these
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problems. However, the introduction of a porous support may
significantly reduce the overall catalytic activity due to the
incomplete exploitation of Rh active sites. In this regard, a novel
method has been developed via anchoring Rh on POM clusters,
which are then loaded on an Al,O; surface. Through ion
exchange, metal-oxide-supported Rh(L)-POM SACs with
different ligands and POM structures have been prepared.®**
Rh active sites bonding to the surface oxygen atoms of POM
clusters act as counter ions, which are further covered by other
ligands. After modification, the catalytic activities and stabili-
ties of these Rh-POM/AL,O; SACs were greatly improved
compared with homogeneous and heterogeneous supported
metal (1% Rh/Al,03) catalysts. Due to steric hindrance from the
POM support, these catalysts exhibited high stereoselectivity for
the cis-hydrogenation products.

In addition to Rh SACs, Cu- and Ru-based complexes have
also been reported. In 2010, Fraile et al. prepared a Cu-PW,,/
SiO, catalyst via loading bis(oxazoline)-copper complexes onto
a [PW1,040]> " carrier.®® Compared with the Cu precursor, the
supported heterogeneous catalyst exhibits higher activity and
stability toward the cyclopropanation reaction, with high yields
(of up to 97%) and enantioselectivities in the range of 82-96%
for trans-cyclopropane over six catalytic cycles. In 2013,
a Ru(BINAP)-PW,,/Al,0; catalyst was developed following
a similar procedure.*® The Ru-based catalyst displays superior
catalytic activity for high-pressure reactions involving f-
ketoester hydrogenation, which is due to increased Brgnsted
acidity contributed by Ru-POM interactions.

5.3 Supported POM SACs based on other materials

Recently, Li and co-workers developed a general strategy for the
construction of Pt;-PMo;, SACs supported by a series of
frameworks.” For the Pt;-PMo;;@MOF SAC, [PMo0,0,0]*~
clusters were first introduced during the crystallization of MIL-
101 to form PMo,,@MIL-101. Pt(acac), was subsequently added
to obtain Pt;-PMo;,@MOF viag an in situ reduction process on
the POM cluster. As shown in Fig. 9a-c, the Pt single-atom sites
are dispersed uniformly throughout the structure, with
a loading amount of ~0.24 wt%. Pt;-PMo;,@MIL-101 shows
high catalytic efficiency for the diboration of phenylacetylene,
with a total yield of 98% and a TOF as high as 1017 h™!, which is
six times higher than Pt nanoparticles@MIL-101. DFT calcula-
tions demonstrate a pre-concentration effect from the MOF
support on the organic substrates and lower energy barriers for
the Pt SAC during the reaction compared with Pt nanoparticles,
finally leading to the enhancement of the catalytic activity of the
Pt;-PMo,,@MIL-101 SAC. Moreover, HKUST-1 and ZIF-67
supports were also used, resulting in similar Pt;-PMo,,@-
HKUST-1 and Pt;-PMo;,@ZIF-67 catalysts with Pt loading
amounts of 0.41 wt% and 0.13 wt%, respectively.

In the same year, Wang et al. reported a carbon-nitrogen
(CN) supported Ru;-WO, SAC following the strategy shown in
Fig. 9d.% Here, notched [PWy;03,4]"~ POM clusters were used to
fix Ru atoms and prevent Ru from aggregation during pyrolysis.
Ru-PW,; was then added into a suspension of pre-synthesized
anionic polymer coated on SiO, for ion exchange. The
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Fig. 9 MOF- and CN-supported POM SACs. (a) A TEM image and the
corresponding element mapping results of Ptj—PMo;,@MIL-101;
reproduced with permission from ref. 87; copyright: 2021, Springer
Nature. (b) An aberration-corrected HAADF-STEM image and corre-
sponding Z-contrast analysis of Ptj—PMo,@MIL-101; reproduced with
permission from ref. 87; copyright: 2021, Springer Nature. (c) EXAFS
data and the fitting curves in R space for Ptj—PMo;,@MIL-101;
reproduced with permission from ref. 87; copyright: 2021, Springer
Nature. (d) A schematic illustration of the synthesis of Ru;—WO,/CN;
reproduced with permission from ref. 88; copyright: 2021, American
Chemical Society. (e) A TEM image of the Ru;-WO,/CN catalyst;
reproduced with permission from ref. 88; copyright: 2021, American
Chemical Society.

products were further pyrolyzed and etched with ammonium
hydrogen fluoride to remove the SiO, template, leading to the
formation of the Ru;-WO,/CN SAC (Fig. 9¢). The Ru;-WO,/CN
SAC exhibits good catalytic activity for the hydrogenation of
levulinic acid to y-valerolactone (conversion of 99% and selec-
tivity of 100%), with a TOF (1060 h™") that is 6-7 times higher
than those of Ru;/CN and Ru;/WOj; catalysts. The edge oxygen
atoms in WO, are able to link with the carboxyl groups of the
substrate via hydrogen bonds, resulting in the enhanced
absorption of the substrate on the catalyst. DFT calculations
indicate a synergistic effect arising from Ru single-atom sites,
WO, clusters, and the CN support, which also contributes to the
improvement in catalytic activity. Ag,-WO,/CN and Rh,-WO,/
CN SACs with similar structures can also be fabricated, illus-
trating the general feasibility of this strategy.

6. Summary and outlook

In this paper, recent progress relating to POM-based SACs is
introduced and various applications in the areas of catalytic,
electrocatalytic, and photocatalytic reactions are given. Metal-
substituted or metal-anchoring POM clusters can serve as
SACs or as active sites for the loading of other substrates.
Interactions between metal single-atom sites and POM clusters
are usually through covalent bonds and coordination bonds,
stabilizing the metal sites and allowing electron transfer
between metal atoms and POM units. Due to the high stability
and electron-rich properties of POM clusters, the introduction
of a POM can efficiently tune the electronic properties of metal
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active sites and enhance the overall catalytic stability, which
may prevent the aggregation and leaching of metal active sites
during reactions. Theoretical studies also suggest promoted
electron transfer between metal active sites, the POM entity, and
any existing support, which appears to be a crucial factor
explaining the enhancement in catalytic efficiency. The
extraordinary catalytic performances in organic and energy-
related fields reveal the promising potential of POM-based
SACs as an important member of the single-atom-catalyst
family.

Due to oxygenated polyhedron construction, POM clusters
can also be regarded as single-site catalysts (Mo/W/V/Nb/Ta as
active sites). The overall catalytic activity of a POM cluster is
attributed to a synergetic effect between all metal sites in the
framework. For POM clusters or POM assemblies with high
symmetry, surface charge is distributed uniformly between
metal atoms, and no specific active sites are preferred during
catalytic reactions. In light of the high stability of POM clusters
during redox reactions, the POM entity can be treated as
a whole, close to a “superatom”. When POM clusters are con-
nected directly to share several atoms, in addition to electrons,
the cluster-based assembly can be taken as a supermolecule.
Molecular orbital interactions between POM building blocks
may lead to changes in energy levels, where exceptional elec-
tronic and application properties may emerge. The synthesis of
POM-based SACs may focus on POM assemblies with high
symmetry, such as 1D nanowires and 2D nanosheets, where
POM clusters are closely connected via direct bonding. The
introduction of secondary components is also encouraged, for
example, via cluster-nuclei co-assembly,® which may greatly
extend the functionality of POM-based catalysts. Moreover,
future efforts should be made to better understand SACs based
on POM clusters, which would also guide the design and
synthesis of novel structures with advanced functions. The
following points should be noted. (i) Current research into
POM-based SACs focuses more on the metal active sites, and the
effects of POM supports are partially ignored. Through the
modification of POM supports, the catalytic activities of POM
SACs can be controlled precisely at the molecular level, which
may make the design of SACs with high efficiency more
possible. (ii) The molecular models for DFT calculations should
be optimized, especially for supported POM SACs, where the
POM cluster and support should be taken into account. Future
developments in computational chemistry may provide feasible
ways to address these issues. (iii) Since POM-based structures
are highly sensitive to their surroundings, counter ions (such as
quaternary ammonium salts) and interactions between POM
clusters may have a non-negligible impact on the structures and
properties of POM-based SACs. The relationships between the
compositions, structures (morphology), and catalytic properties
of SACs should be further investigated, from both experimental
and theoretical aspects.
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