
Metal Nanocluster Catalysis: From Fundamentals to Applications, First Edition. Manzhou Zhu 
and Man-Bo Li. © 2026 Wiley-VCH GmbH. All rights reserved, including rights for text and data 
mining and training of artificial intelligence technologies or similar technologies. Published 2026 
by Wiley-VCH GmbH.

1

Introduction to Metal Nanocluster Catalysis

1.1    Catalysis and Metal Catalysts

Chemical reactions provide a way to create new molecules, which have been widely 
used in our lives. The energy difference between reactants and products gives driving 
force for the chemical reactions. However, in general, these reactions cannot hap-
pen directly because of the existence of intermediates (or transition states) which 
bear higher Gibbs energy than the reactants. To promote the smooth progress of 
reactions, catalysts are needed to significantly reduce the reaction energy barrier 
between the intermediate (or transition state) and the reactant (Figure 1.1). The 
catalysts-promoted chemical reactions can be called catalytic process, that is, cataly-
sis. More than 80% of chemical reactions involve catalysis. Among of them, metal 
species-promoted catalytic processes play important roles in the construction of 
functional molecules [1–7], which are difficult to be obtained in other ways. Almost 
half of Nobel Prizes in Chemistry are directly or indirectly relevant to metal catalysis. 
Typical examples include the “click chemistry and biorthogonal chemistry” (2022), 
“palladium-catalyzed cross couplings in organic synthesis” (2010), “metathesis 
method in organic synthesis” (2005), “chirally catalyzed hydrogenation and oxida-
tion reactions” (2001), etc.

Generally, metal catalysts activate molecules in three ways. First, ​σ​-donation and ​
π​-backdonation process (Figure 1.2a). Taking the nitrogen gas (N2) activation as 
an example, a number of transition metals have been found to be able to bind 
N2 by the mode of ​σ​-donation and ​π​-backdonation [8]. This N2 activation mode 
was found since the discovery of the Haber–Bosch process. This kind of catalytic 
activity of metals is attributed to their advantageous combination of unoccupied 
and occupied d orbitals, which are of appropriate energy and symmetry to syner-
gistically accept electron density from and backdonate to N2. The ​σ​-donation and ​
π​-backdonation process highly weakens the nitrogen–nitrogen triple bond while 
simultaneously strengthening the metal–nitrogen bond, thus endowing metals 
with catalytic activity toward N2 and other molecules such as alkenes, alkynes, etc.  

c01.indd   1c01.indd   1 2/4/2026   9:53:50 AM2/4/2026   9:53:50 AM



1 Introduction to Metal Nanocluster Catalysis2

Second, electron transfer process ( Figure  1.2b  ). Taking the trialkyl amine activa-
tion as an example, metals bearing abundant valence states are generally able to 
undergo electron transfer process. Under the conditions of electrolysis or light irra-
diation, one of the lone pair electrons on the trialkyl amine would be abstracted 
by the metal, thus generating the trialkyl amine radical cation [ 9 ]. This species is 
quite active and can be further transformed to carbon radicals or captured directly 
by other molecules. The as-formed radical intermediates abstract an electron from 
the reduced metal, giving M and finishing the catalytic cycle. Third, energy transfer 
process ( Figure  1.2c  ). Taking the nitrobenzene activation as an example, photosen-
sitive metal species are usually capable of energy transfer process. The photosensi-
tive metal catalyst would be excited under light irradiation, giving the excited state 
metal catalyst. This active species contacts with nitrobenzene in the reaction sys-
tem. Energy transfer between the excited metal catalyst and nitrobenzene would 
regenerate metal catalyst and produce activated nitrobenzene [ 10 ], which can be 
further transformed in the presence of other organic molecules. Sometimes the 
metal catalyst interacts with molecules and forms the metal-molecule complex that 
is more easily excited and undergoes intracomplex energy transfer process under 
light irradiation.     
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  Figure 1.1     Illustration of catalytic process.  
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  Figure 1.2     Three catalytic modes of metal catalysts.  
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1.2  Single Metal Atom, Metal Nanocluster, and Metal Nanoparticle 3

The three catalytic modes are involved in various metal catalysts including metal 
salts, metal-ligand chelates, metal nanoclusters, metal nanoparticles, metal–organic 
frameworks, etc. The content in the following sections and chapters will also focus 
on the three catalytic modes, introducing different reactions catalyzed by metals.

1.2    Single Metal Atom, Metal Nanocluster, and  
Metal Nanoparticle

From the size point of view, the common metal catalysts can be divided into the 
following three types: single metal atoms, metal nanoclusters and metal nano-
particles (Figure 1.3). For single metal atoms, their sizes range from 0.5 to 2.5 Å. 
For the roles of controlling catalytic activity and selectivity, the single metal atom 
can be surrounded by inorganic/organic carriers, counter ions, or organic ligands. 
Therefore, the true size of single metal atom catalysts is dramatically larger than 
the diameters of metal atoms, probably reaching to 1 nm. Metal nanoclusters 
composed of several metal atoms generally fall in the range of 1–3 nm. The bare 
metal nanoclusters are quite active because of their high surface energy. They are 
stabilized by either organic ligands or carriers, which help to reduce the surface 
energy and regulate catalytic activity and selectivity of the metal kernel as well. 
Generally speaking, the metal nanocluster is a group of metal atoms that are con-
nected by metal–metal or metal–organic interactions [11, 12]. They have relatively 
blurring boundaries with metal nanoparticles. On the other hand, it should be 
clarified that the narrowly defined metal nanocluster is the metal aggregate pos-
sessing direct metal bonding interactions, well-defined composition and atomi-
cally precise structure [13–15]. Metal nanoparticle has been widely used currently 
in various subjects such as chemistry, materials, physics, biology, and informa-
tion. It has a metal kernel with size ranging from several to tens and hundreds of 
nanometers, and even to micrometers. Inorganic or organic layers are surrounded 
on the surface to protect the metal kernel from aggregation or decomposition. 
Metal nanoclusters and nanoparticles have distinct physicochemical properties 
compared to single metal atoms. The 2023 Nobel Prizes in Chemistry “discovery 
and synthesis of quantum dots” displays the unique properties of this kind of 
material.

Single metal atom
Metal nanocluster

Metal nanoparticle

10 nm 100 nm1 nmÅ

Figure 1.3    The size of single metal atom, metal nanocluster, and metal 
nanoparticle.
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1 Introduction to Metal Nanocluster Catalysis4

 From the catalytic property point of view, single metal atom has the most surface 
metal atoms, that is, the potential activation sites. Nowadays, the most frequently 
used metal catalysts are homogeneous single metal atom catalyst [ 16 – 19 ], such as 
metal salts and metal chelates. Each metal site contacts with reactants sufficiently 
under homogeneous reaction conditions, triggering high catalytic activity and selec-
tivity. It should be noted that for certain metals, their homogeneous single atom 
forms with different valence states have significantly different catalytic activities. 
We are merely citing Pd catalysis as a typical example ( Figure  1.4  ). The single Pd 0

atom catalyst such as Pd(PPh 3 ) 4  has been found to be highly active to the cross-
coupling process [ 20 ]. The low-valence-state palladium would be oxidized by the 
aryl-halide, generating the Pd II  intermediate via an elementary reaction of oxidative 
addition. This intermediate can be trapped by an organometallic reagent and trans-
formed to the other Pd II  intermediate via an elementary reaction of transmetalla-
tion. The as-obtained Pd II  intermediate undergoes the third elementary reaction of 
reductive elimination, furnishing the final cross-coupling product and regenerating 
the Pd 0  catalyst. The single Pd II  atom catalyst such as PdCl 2  demonstrates a dramati-
cally distinct catalytic activity compared to the Pd 0  species. A typical example is the 
Pd II -catalyzed Wacker process [ 21 ]. The high-valence-state palladium prefers coor-
dinating with electron-rich compounds such as the alkene. The activated alkene 
would be attacked easily by a nucleophile such as H 2 O, producing a Pd II  intermedi-
ate via an elementary reaction of olefin insertion. The following elementary reac-
tion of  β -H elimination would give the aldehyde as the final product and produce 
Pd 0  species, which is oxidized to regenerate the Pd II  catalyst. The significantly dif-
ferent catalytic processes shown in  Figure  1.4   represent the catalytic difference of 
single metal atoms with different valence states, which have been widely applied in 
pharmaceutical industry and acetaldehyde production, respectively.     

 Apart from the homogeneous single metal atom catalysts, heterogeneous single 
metal atom catalysts [ 22 – 25 ] have shown exceptional catalytic performance in recent 
years. They are composed of single metal atoms that are anchored on different car-
riers to reduce the high surface energy. The carriers around metal atoms play the 
similar role with the organic ligands of metal chelates, on the one hand stabilizing 
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  Figure 1.4     Typical examples on single Pd 0  (a) and Pd II  (b) atom catalysis.  
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1.2 Single Metal Atom, Metal Nanocluster, and Metal Nanoparticle 5

the metal center and on the other hand facilitating control of catalytic activity and 
selectivity. Additionally, the heterogeneous single metal atom catalysts are readily 
recovered from the catalytic reactions by simple procedures such as centrifugation 
and then recycled, thus being highly beneficial for industrial applications. 

 Being different from the carrier-supported heterogeneous single metals, metal 
nanoparticles [ 26 – 28 ] are self-supported heterogeneous metal catalysts. They are 
usually composed of a metal kernel and an organic surface. Besides their advan-
tage of recoverability and recyclability during catalysis, the catalytic synergy among 
different activation sites on the surface endows metal nanoparticles with different 
activity and selectivity compared to single metal atom catalysts. Molecular adsorp-
tion and desorption should be well considered for metal nanoparticle catalysis 
because both processes are rate-determining steps in many cases [ 29 ]. 

 As a result of the significantly different catalytic mechanisms between metal nano-
particle catalysis and single metal atom catalysis, they exhibit distinct catalytic selec-
tivity even if the metal and ligand types are the same, respectively. We still take the 
palladium catalysis as a typical example. Pd II -catalyzed oxidative carbocyclization 
reactions constitute an efficient route to diverse cyclic carbon compounds. The group 
of Jan-E Bäckvall developed a series of Pd II -catalyzed oxidative carbocyclizations of 
allenes via a key process of allenic C(sp 3 )-H bond oxidation [ 30 – 33 ]. Recently, Jan-E 
Bäckvall and Man-Bo Li found that replacement of the single palladium atom catalyst 
(Pd(OAc) 2 ) by the palladium nanoparticle catalyst (1–2 nm palladium nanoparticles 
immobilized on amino-functionalized siliceous mesocellular foam) gave completely 
different selectivities for the catalyzed oxidative carbocyclizations ( Figure  1.5  ) [ 34 ]. 
Specifically, for the oxidative carbocyclization-alkynylation of enallenes with a   ─OH   
substituent, the palladium nanoparticle gave the desired product with high yield and 
diastereoselectivity while Pd(OAc) 2  catalyzed the reaction and produced an oxidative 
carbocyclization product. A  β -hydride elimination instead of alkynylation should be 
attributed to the different selectivity of Pd(OAc) 2  catalysis. Control experiments fur-
ther revealed that the Pd-amine synergy on the surface of the palladium nanopar-
ticle promoted the alkynylation of the palladium intermediates, thus affording the 
oxidative carbocyclization-alkynylation product with high efficiency ( Figure  1.5a  ). 
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  Figure 1.5     Pd-N and Pd-Pd synergy for palladium nanoparticle catalysis.  
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1  Introduction to Metal Nanocluster Catalysis6

Apart from the Pd-N synergy, the Pd0-PdII synergy on the surface of palladium nano-
particles also triggers selectivity switching of oxidative carbocyclization of allenes. 
As shown in Figure 1.5b, compared to PdII, Pd(0) atoms favor adsorption and coordi-
nation of CO, thus resulting in the aggregation of CO in the palladium nanoparticle 
catalyst. The local high CO concentration would promote the generation a subse-
quent carbocyclization to give the bicyclic compound as the final product (Figure 
1.5b). In sharp contrast, Pd(OAc)2-catalyzed reaction gave the monocyclic compound 
as the product because of the unfavored second carbonylation process. The distinct 
selectivity of metal nanoparticle-catalysis, combined with their recoverability and 
recyclability after catalysis, would be highly promising for their practical applica-
tions in industrial catalysis.

Being similar with metal nanoparticles, metal nanoclusters are metal aggregates 
stabilized by inorganic or organic species. As mentioned above, metal nanoclusters 
fall in the gap between single metal atoms and metal nanoparticles. They can be 
considered as the nascent states during the aggregation of metal atoms to metal 
nanoparticles. Therefore, they are usually more active than the stabilized metal 
nanoparticles, possessing promising catalytic potentials. Actually, in many metal-
catalyzed transformations, the real catalysts are the in situ generated metal nano-
clusters. They are formed either by bottom-up process from single metal atoms under 
homogeneous catalytic conditions or top-down process from metal nanoparticles 
under heterogeneous catalytic conditions. However, this kind of special species is 
highly active and difficult to be isolated and characterized. This part will be dis-
cussed in detail in the next chapter “In situ generated metal nanocluster catalysis”  
of the book. The main challenge of research of metal nanocluster catalysis is  
stabilize these highly active species while keeping them catalytically active. A stable 
and characterizable structure is the prerequisite for in-depth investigation of their 
unique catalytic activity, selectivity, and mechanism. Carriers or organic ligands 
are generally employed to support or protect the metal kernels, thus stabilizing 
metal nanoclusters for catalytic investigations. The stabilized metal nanoclusters 
that enable isolation and characterization after catalysis will be discussed in detail 
in Chapter 3 “Supported metal nanocluster catalysis” and Chapters 4–6 “Organic 
ligand protected metal nanocluster catalysis” of the book.

It should be noted that the single metal atom, metal nanocluster, and metal nano-
particle can be transformed reversibly in certain reaction conditions (Figure 1.6) 
[35, 36]. The aggregation of metal atoms would result in the generation of metal 
nanoclusters and even metal nanoparticles. On the other hand, metal leaching on 

metal nanoparticle

metal nanocluster

metal atom

Figure 1.6    Mutual transformation among the single metal atom, metal 
nanocluster, and metal nanoparticle during catalysis.
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1.3  Metal Nanocluster Catalysis: Activity 7

the surface of nanoparticles lead to the formation of metal atoms or metal nanoclus-
ters in the reaction solutions. The idea of the aggregation and leaching processes 
has been discussed in many reports. For instance, the palladium leaching pro-
cess (the formation of soluble metal species from palladium black) was discussed 
by Mizoroki in the early seventies, just after the first examples of Pd-catalyzed 
Mizoroki–Heck reaction had been published. The interconversion of various metal 
species during catalytic reactions have governed the development of the concept of 
a “Cocktail” of metal catalysts, which facilitate catalytic reactions such as the cross-
coupling reaction, hydrogenation, ​C─H​ functionalization, etc. for a broad range of 
substrates. Meanwhile, the mutual transformation and coexistence of single metal 
atoms, metal nanoclusters, and metal nanoparticles would result in an ambiguous 
mechanism and raise the arguments on the topic of “What is the true catalyst?” 
In-depth mechanistic investigations including the kinetics will be helpful to clarify 
the true active species even though the catalytic reactions are dynamic and nothing 
can be static in catalysis.

1.3    Metal Nanocluster Catalysis: Activity

The highly catalytic activity of metal nanocluster catalysis would be the first feature 
comes into one’s mind. In earlier research on metal nanocluster catalysis, it has 
been reported that metal nanoclusters demonstrated significantly higher catalytic 
activity than other metal species. For example, Huang and coworkers prepared gold 
nanocluster (<2.0 nm) deposited on alkaline-treated titanosilicalite by solid grind-
ing with dimethyl gold acetylacetonate [37]. They further found that this nanoclus-
ter catalyst triggered the transformation from the propene to the propene epoxide 
with the metal time yield of 2.3 gPOg−1

Auh−1. The propene conversion and selectivity 
were determined to be near 1.0% and above 50%, respectively. Although this cata-
lytic performance is not sufficiently high for an industrial application, it is much 
better than those of general copper- and silver-based catalysts utilized for this reac-
tion (Table 1.1).

In another report from Turner and coworkers [38], a sharp size threshold of nano-
gold catalysts was found for styrene oxidation. A series of nanogold with different 
sizes were synthesized and located on the titanium dioxide (110) single crystal. Only 
when the size falls below about 3.5 nm, the nanogold catalysts were catalytically 
active. Especially, the gold nanocluster composed of 55 gold atoms (~1.4 nm) was 
found to be an efficient and robust catalyst for the selective oxidation of styrene by 
dioxygen (Table 1.2). This typical case unambiguously indicates the high catalytic 
activity of metal nanoclusters compared to metal nanoparticles.

The high activity of metal nanoclusters was discovered not only in oxidation reac-
tions but also in ​C─C​ cross-coupling reactions. Reetz and de Vries found that activated 
and nonactivated aryl bromides underwent smooth ligand-free Heck reactions [39], 
featuring low amounts of palladium salts such as Pd(OAc)2 (ideally 0.01–0.1 mol%).  
Experimental results such as the in situ transmission electron microscopy (TEM) 
demonstrated that this industrially viable process appears to involve palladium 
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1  Introduction to Metal Nanocluster Catalysis8

nanoclusters with the size of approximately 1.6 nm. Leyva-Perez and coworkers fur-
ther investigated the active catalytic species in ligand-free ​C─C​ cross-coupling reac-
tions [40], such as Heck, Sonogashira, Suzuki, and Stille coupling reactions. By using 
TEM together with dynamic light scattering (DLS) measurements, it was confirmed 
that the palladium atoms aggregated to form 2–10 nm palladium nanoparticles in 
a few minutes when the reaction was carried out. However, the reaction-induction 

Support

Au 
loading 
[wt%]b

Pretreatment 
atmosphere,c 
temperature [K]

Au nanocluster 
diameter [nm]d

Conv. of 
C3H6 [%]

Selectivity 
of propene 
epoxide [%]

Titanosilicalite 0.19 H2, 423 4.6 0.07 0

Titanosilicalite 0.19 H2, 423 1.8 0.88 52

Titanosilicalite 9.0e H2, 473 — 0.47 57

​​γ-Al​ 2​ ​ ​O​ 3​ ​​ 0.86 Air, 573 2.6 0.15 0

Al2O3 (amorphous) 0.19 H2, 423 <2.0f 0.15 0

TiO2 1.2 Air, 573 2.9f 0.03 0

TiO2 0.10 Air, 573 1.8 0.05 0

	a.	 Reaction conditions: catalyst 0.3 g; reaction temperature 473 K (for Au/TiO2, 353 K); feed gas 
C3H6/O2/H2O/Ar = 10/10/2/78; space velocity 4000 mLg−1

cat. h−1. Data were taken under a 
steady state after at least 2-hour duration.

	b.	 Actual Au loadings obtained by inductively coupled plasma (ICP) analysis.
	c.	 H2 (10 vol%) was diluted by 90 vol% Ar.
	d.	 The diameters of gold nanoclusters determined by HAADF-STEM observation after catalytic tests.
	e.	 Gold loading calculated from the gold content in the starting solution.
	f.	 The diameters of gold nanoparticles or clusters determined by TEM observation after catalytic 

tests. Over Au/amorphous Al2O3, because no Au particles could be found by TEM, the 
diameter was estimated to be smaller than 2.0 nm.

Table 1.1    Oxidation of C3H6 with O2 in the presence of H2O by gold catalysts.a

Catalyst
Au loading 
[wt%]

Au nanocluster/
particle 
diameter [nm] Conversion [%]

Selectivity of 
styrene epoxide 
[%]

Au55/BN 0.63 1.6 19.2 14.0

Au55/SiO2 0.67 1.5 25.8 12.0

Au55/SiO2 recycled 1 0.67 — 21.4 23.7

Au55/SiO2 recycled 2 0.67 — 15.9 27.1

Au/SiO2 6.35 3.0 Trace —

Au/SiO2 0.60 4.0 Trace —

Au/C 1.0 17.0 No reaction —

Au/SiO2 5.0 >30 No reaction —

Table 1.2    Catalytic results of oxidation of styrene using O2 alone for different Au catalysts.
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1.3  Metal Nanocluster Catalysis: Activity 9

period continued for approximately two additional hours after the formation of the 
palladium nanoparticles. The result unambiguously indicates that the palladium nan-
oparticles generated in situ are not the catalytically active metal species. Furthermore, 
they analyzed reaction samples before and after the induction time by electro-
spray ionization mass spectrometry (ESI-MS) and matrix-assisted laser desorption/ 
ionization coupled to time-of-flight (MALDI-TOF) mass spectrometry. Results showed 
that the ​C─C​ coupling reactions initiated on when palladium nanoclusters with a 
mass below 500 Da appear. Based on the jellium model, significant emission signals  
(450 nm) were only observed in the range of 336–370 nm, which corresponds to small 
clusters with three and four metal atoms. This real catalytic species was observed to 
be partially stabilized by water in the reaction system, and demonstrated turnover fre-
quencies (TOFs) between 105 and 106 molecules of product per atom of palladium per 
hour. Ellis and coworkers found the similar catalytic performance of in situ generated 
palladium nanoclusters and provided the direct evidence that the Suzuki coupling 
reaction can occur heterogeneously at the surface of polyvinylpyrrolidone (PVP)-
stabilized palladium nanoclusters with the help of a combination of operando X-ray 
absorption spectroscopy (XAS), surface sensitive X-ray photoelectron spectroscopy 
(XPS), and detailed kinetic profiling [41].

Being different from the closest packing of metal atoms in bulk metal catalysts, 
for example, face-centered cubic (fcc) for gold, body-centered cubic (bcc) for ferrum 
and hexagonal close-packed (hcp) for cobalt, the packing style of metal atoms in 
metal nanoclusters are much more diverse. Therefore, not all metal nanoclusters are 
active in catalysis. The catalytic activities of metal nanoclusters are highly dependent 
on the metal atom packing style. A recent report from Ruan and coworkers indi-
cates that palladium nanoclusters with the same composition Pd6(SR)12 but different 
metal atom packing styles exhibit different catalytic activities in Sonogashira cou-
pling reaction and 4-nitrophenol reduction reaction (Figure 1.7) [42]. The Pd6(SR)12 
nanocluster with tiara-like structure (Pd6-Tia) is more active than the Pd6(SR)12 
nanocluster with octahedral structure (Pd6-Oct) during catalysis. Pd6-Tia displayed 
100% selectivity and 90% catalytic yield for the Sonogashira coupling between iodo-
benzene and phenylacetylene, while Pd6-Oct catalyzed the reaction under the same 

Octahedral Pd6(SR)12 Tiara-like Pd6(SR)12

Figure 1.7    Pd6 nanoclusters with different metal atom packing styles.
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1  Introduction to Metal Nanocluster Catalysis10

conditions with only 24% yield. For the hydrogenation of 4-nitrophenol, the reaction 
rate constant with Pd6-Tia is significantly higher than that with Pd6-Oct.

The ligand surrounds the metal kernel is another key factor that impact the cata-
lytic activity of metal nanoclusters. Wan and coworkers synthesized two isostruc-
tural Au38 nanoclusters [Au38L20(PPh3)4]2+, in which L is alkynyl and thiolate groups 
for the two nanoclusters, respectively (Figure 1.8). Both Au38 nanoclusters possess 
an fcc gold kernel. However, they displayed completely different catalytic activities  

toward the semihydrogenation of alkynes [43]. ​​​ [​Au​ 38​ ​ ​​ (PhC≡C )​​ 20​ ​ ​​ (​PPh​ 3​ ​ )​​ 4​ ​ ]​​​ 
2+

​​ nano-
cluster with the alkyne ligand catalyzed the hydrogenation of terminal and inter-
nal alkynes, giving the corresponding alkenes with nearly 100% conversion and 
selectivity. In sharp contrast, [Au38(SR)20(PPh3)4]2+ (SR = 3-methylbenzenethiol, 
m-MBT) nanocluster with the thiolate ligand was catalytically inert toward the ter-
minal alkynes as well as the internal alkynes.

The potentially high and adjustable catalytic activities not only endow metal nan-
oclusters with interesting catalytic properties for fundamental research but also pro-
vide a kind of dominant metal catalyst that has promising catalytic performance in 
industrial applications. In the next chapters, we will discuss their diversified activi-
ties in various catalytic reactions.

1.4    Metal Nanocluster Catalysis: Selectivity

As we have mentioned in Section 1.2, metal nanoparticles present different catalytic 
selectivity compared with the single metal atom catalysts in some cases because of 
the metal–metal synergy on the surface of metal nanoparticles. Similarly, metal 
nanoclusters catalyzed reactions, giving different selectivity with single metal 
atoms as well. Pun and coworkers found an interesting phenomenon when they 
were studying the aerobic dehydrogenation of cyclohexanone by palladium cat-
alysts (Figure 1.9) [44]. When Pd(DMSO)2(TFA)2 (DMSO = dimethylsulfoxide;  

Au

P
C

Au

P

S

C

[Au38(PhC≡C)20(Ph3P)4]
2+ [Au38(m-MBT)20(Ph3P)4]

2+

Figure 1.8    Au38 nanoclusters with different surrounding ligands.

c01.indd   10c01.indd   10 2/4/2026   9:53:52 AM2/4/2026   9:53:52 AM



1.4  Metal Nanocluster Catalysis: Selectivity 11

TFA = trifluoroacetate) was applied as the palladium catalyst, the reaction stopped 
at the first stage and gave the single dehydrogenation cyclohexenone as the final 
product. When Pd(TFA)2/2-dimethylaminopyridine (2-Me2Npy) was applied as the 
palladium catalyst, the reaction favored a second dehydrogenation and afforded 
the phenol as the final product. They envisioned that different catalytic species 
were involved with Pd(DMSO)2(TFA)2 and Pd(TFA)2/2-Me2Npy catalytic system, 
respectively. DLS, TEM, and kinetic studies all suggested that palladium nano-
clusters were formed under the reaction conditions using Pd(TFA)2/2-Me2Npy. 
The as-obtained palladium nanoclusters are much active than the PdII species 
in catalyzing the conversion from cyclohexanone to phenol, thus triggering the 
double dehydrogenation of cyclohexanone. Under the reaction conditions using 
Pd(DMSO)2(TFA)2, DMSO efficiently protects the PdII species from aggregation 
[45] and holds the reaction at the single dehydrogenation stage. The distinct cata-
lytic selectivity between the single palladium atoms and the palladium nanocluster 
should be ascribed to their different valence state, redox capability, and dehydro-
genation pathways.

Similarly, Fricke and coworkers found an interesting experimental result [46], 
that is, aryl germanes are unreactive in single palladium atom LnPd0/LnPdII cataly-
sis and allow selective functionalization of established coupling partners in their 
presence. On the contrary, they display superior reactivity under palladium nano-
cluster conditions, outcompeting established coupling partners such as ArBPin and 
allowing air-tolerant, base-free, and orthogonal access to valuable and challenging 
diaryl motifs. The single palladium atoms and palladium nanoclusters conditions 
can be achieved, respectively, by using or not using phosphine ligands with pal-
ladium salts. Based on the different catalytic selectivity of single palladium atoms 
and palladium nanoclusters, they developed an orthogonal catalysis strategy with 
organogermanes (Figure 1.10).

5 mol% Pd(DMSO)2(TFA)2

single dehydrogenation step

(a)

(b)

double dehydrogenation process

1 atm O2, 60–80 °C, AcOH

1 atm O2, 80 °C, DMSO, 24 h

Cyclohexenone

Phenol

OHO

O O

3 mol % Pd(TFA)2
6 mol% 2-Me2Npy, 12 mol% TsOH

Figure 1.9    Switched catalytic selectivity of Pd-catalyzed cyclohexanone 
dehydrogenation.
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1  Introduction to Metal Nanocluster Catalysis12

On the one hand, the catalytic products present selectivity toward different 
metal species. On the other hand, the metal nanocluster catalysts are selective 
to the reactions. Lee and coworkers found that gold nanoclusters demonstrated 
selectivity toward the CO oxidation reaction [47]. They designed the experiment 
of room-temperature CO oxidation on planar model Aun/TiO2 catalysts prepared 
by deposition of size-selected ​​​Au​ n​ ​​​ +​​ nanoclusters, in which n = 1, 2, 3, 4, 7. The 
catalytic activity of gold nanoclusters have been found to be strongly dependent on 
deposited nanocluster size, with substantial activity for Aun as small as three gold 
atoms.

No matter product selectivity or catalyst selectivity, metal nanocluster catalysis 
provide a route to control pathways of the reactions, thus furnishing valuable and 
desired products that are difficult to be achieved by other catalytic methods.

1.5    Metal Nanocluster Catalysis: Mechanism

Catalysis is a dynamic process, in which the single metal atoms, metal nanoclusters, 
and metal nanoparticles are all possibly involved. As the bridging point of the mon-
oligated metal species (or metal salt) and the metal nanoparticle, metal nanocluster 
(especially with atomically precise structures) constitutes the key intermediate for 
clarifying the catalytic mechanism of metal catalysis. They can be used as model 
catalysts to reveal the correlation between catalytic performance and catalysts struc-
tures at the atomic scale, thus being a bridge between structure and properties as 
well. A review paper focusing on the model catalyst role of metal nanoclusters in 
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Figure 1.10    Orthogonal catalysis strategy with organogermanes based on different 
catalytic selectivity of single palladium atoms and palladium nanoclusters.
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1.5  Metal Nanocluster Catalysis: Mechanism 13

catalysis is recommended, which illustrates the catalytic mechanisms in detail from 
theoretical and experimental perspectives [48].

We would like to take the copper-catalyzed azide-alkyne cycloaddition (CuAAC) 
reaction as a typical example to explain the importance of investigating the mecha-
nism of metal catalysis by metal nanoclusters. CuAAC is one of the most famous 
click reactions developed by Karl Barry Sharpless, who has been awarded the 2022 
Nobel Prize in Chemistry for the development of click chemistry and biorthogo-
nal chemistry. It should be noted that this is the second time that Professor Karl 
Barry Sharpless was awarded the Nobel Prize in Chemistry. His first Nobel Prize 
came from the asymmetric catalysis in 2001. The well-recognized CuAAC reaction 
mechanism catalyzed by the homogeneous monoligated copper complex involves 
the activation of alkynes via carbon–hydrogen bond cleavage and the formation of 
a ​​ [R─C≡C─Cu ]​​ intermediate (Figure 1.11). The fact that internal alkynes are gen-
erally unreactive to azides in the presence of copper complexes further verifies this 
catalytic mechanism. On the other hand, it has been found that some heterogene-
ous copper catalysts were able to catalyze the AAC reaction with the internal alkyne 
as the substrate. As a result of the polydispersity and the imprecise structures of the 
heterogeneous copper catalysts, their catalytic mechanism is mysterious. Copper 
nanoclusters that fall into the critical point between copper atoms and copper nano-
particles provide an opportunity to understand the catalytic mechanism of CuAAC 
reactions under heterogeneous conditions. Fang and coworkers synthesized an 
Au4Cu4 nanocluster with the composition of [Au4Cu4(dppm)2(SAdm)5]Br (dppm = 
bis(diphenylphosphino)methane; SAdm = adamantane-1-thiolate) [49]. This nano-
cluster has robust structure and its composition and structure can be well character-
ized by ESI-MS and single-crystal X-ray diffraction of (SCXRD). Zhu and coworkers 
found that Au4Cu4 nanocluster not only catalyzed the click reaction of azides and 
terminal alkynes but also smoothly catalyzed the click reaction between azides 
and internal alkynes. Based on the specific and repeatable ultraviolet and visible 
(UV–vis), ESI-MS, nuclear magnetic resonance (NMR), Fourier-transform infrared 
(FT-IR), and XPS spectra, they conducted the in-depth mechanism investigation on 
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Figure 1.11    Activation modes of CuAAC click reaction catalyzed by different types of 
metal species.
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1  Introduction to Metal Nanocluster Catalysis14

the Au4Cu4-catalyzed AAC reaction. A crucial intermediate [Au4Cu4-​π-(R─C≡C─H​]  
was observed by thin-layer chromatography (TLC) and further captured and struc-
turally determined by ESI-MS. This intermediate demonstrates that Au4Cu4 acti-
vates alkynes by ​π​-activation instead of deprotonation (Figure 1.11). This study 
reveals the alternative reaction pathway of CuAAC reaction under heterogeneous 
reaction conditions, with the copper metal nanocluster catalysis as a case study.

Another representative case is the metal-catalyzed hydrogenation reactions. 
Although there are many proposed mechanisms toward metal-catalyzed hydro-
genations, the generally recognized key steps for homogeneous and heterogeneous 
catalytic conditions are the noncovalent ligand–substrate interaction and adsorp-
tion of substrates on the metal surface, respectively. For the monoligated metal spe-
cies catalyzed hydrogenation, the molecular interactions between the unsaturated 
substrate, hydrogen gas, and the ligand are able to be well-defined by characteriza-
tions such as NMR, MS, and SCXRD because of the atomically precise structure of 
the catalyst [50–52]. For the heterogeneous catalysis, the adsorption of substrates 
and hydrogen gas, and the desorption of the hydrogenated product are generally 
considered to be the rate-determining steps (RDS). As a result of the relatively 
weak molecular interactions between surface ligand and the substrate, the control 
of selectivity under heterogeneous hydrogenation conditions is challenging. This 
problem is also partially attributed to the imprecise structure of the heterogeneous 
catalysts, which make it difficult to reveal the real processes during heterogeneous 
hydrogenation reactions [53, 54]. Metal nanoclusters with atomically precise struc-
tures would be ideal model catalysts for investigating the detailed catalytic processes 
of heterogeneous hydrogenation reactions. An early work from Zhu and coworkers 
revealed that the activation of ​C═O​ group at the icosahedral Au13 core and the acti-
vation of hydrogen gas at the outer Au12 surface are the key factors for the high effi-
ciency of Au25(SR)18-catalyzed selective hydrogenation of ​α, β​-unsaturated ketones 
and aldehydes [55]. This proposed catalytic model would be very helpful for the fur-
ther structural design of catalytically active heterogeneous hydrogenation catalysts.

For the classic cross-coupling reaction, the catalytic mechanisms might be dif-
ferent as well by using monoligated metal complexes and metal nanoclusters as 
catalysts, respectively. For example, oxidative addition, transmetallation, and reduc-
tive elimination are the basic element reactions for the conventional Pd0-catalyzed 
Suzuki reaction (Figure 1.12a). However, for palladium nanocluster that is com-
posed of three palladium atoms, the catalytic process has been verified via a direct 
ligand exchange between the halogen atoms and the aryl group of the organobo-
ronic acid (Figure 1.12b). The newly developed route of Suzuki reaction via pal-
ladium nanocluster catalysis is even more efficient than the typical monoligated 
palladium catalysis [56, 57]. Based on the previous reports, the heterogeneous 
palladium-catalyzed cross-coupling reactions possess significantly high turnover 
numbers under certain conditions. The results suggest that more efficient cata-
lytic process might be involved during these heterogeneous metal-catalyzed cross-
coupling reactions.

Apart from the distinct catalytic mechanisms involved in metal nanocluster catal-
ysis, the methods for investigating the mechanisms of molecular homogeneous 
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catalysis, heterogeneous catalysis and nanocluster catalysis are different as well. 
Detection and capture of intermediates, kinetic experiments, and simulation based 
on molecular structures are the powerful tools for revealing the catalytic mecha-
nisms of molecular homogeneous catalysts. For heterogeneous catalysis, the first 
thing that should be confirmed is the real catalytic species because of the “cocktail”-
type systems [ 58 ,  59 ] during heterogeneous catalysis as we mentioned in Section 1.2.   
After confirming the heterogeneous pathway, characterizations such as XPS and 
extended X-ray absorption fine structure (EXAFS) are usually employed for explor-
ing the catalytic mechanism. Owing to the fact that metal nanoclusters combine the 
structural features of molecular homogeneous catalysts and heterogeneous cata-
lysts, NMR, MS, SCXRD, XPS, EXAFS, etc. are all practical tools for revealing the 
catalytic processes of metal nanocluster catalysis. Nevertheless, clearly identifying 
the whole catalytic cycle of metal nanocluster catalysts is still a challenging task as 
a result of their dynamic transformations during catalysis compared to monoligated 
metal catalysts. 
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