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1. Background

1.1 Introduction

With the actual explosion of work on nanoscience and more specially on 

nanomaterials, one cannot avoid to look back in time and to see that 

nanomaterials were already prepared and regularly used for heterogeneous 

catalysis more than 60 years ago.1,2 Indeed, supported metal catalysts were 

based on metal crystallites close to the nanometer size, and catalytic reactions 

with zeolitic materials occurred in nanopores with a dimension below 1 nm, in 

where strong confinement effects impacted the reactivity.3  

In the first case, i.e. metal catalysts, previous researchers were already able 

to establish structure-reactivity correlations with the techniques available, such 

as transmission electron microscopy and chemisorption of gases. They 

discovered the different relative activity shown by metal atoms located at 

crystal edges, corners and facets during different catalytic reactions and they 

classified reactions on metal catalysts as structure-sensitive and non-structure-

sensitive reactions.4 As a consequence of those studies, it was possible to 

rationalize the impact of the size of supported metal nanoparticles on their 

catalytic reactivity.5  

It is obvious that, with the resolution of the characterization techniques 

available at that time, it was not possible to visualize metal particles below 1 

nm. Nevertheless, one could already infer that the electronic properties of metal 

particles should strongly change when going below 1 nm (see Figure 1.1). So, 

it could be expected that, the subnanometric metal particles would interact 

differently with reactants, showing distinct reactivity with respect to larger 

nanoparticles.6 Today, it is possible to see single metal atoms and 

subnanometric metal clusters formed by a few atoms, by means of the 

aberration-corrected electron microscopy.7 These achievements can now be, not 

only visualized by electron microscopy but also can be studied by X-ray 

absorption spectroscopy (XAS) on their coordination environment of those 

metal species under reaction conditions.8 By using these new advanced 

techniques, it is possible to directly correlate the atomic structures of 

heterogeneous metal catalysts with their catalytic behavior, providing more 

insights on how metal species participate in the surface reaction and how to 

design more efficient metal catalysts. 
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Figure 1.1. Geometric and electronic structures of single atom, clusters and 

nanoparticles. 

  In recent years, great attention has been shifted from nanoparticulate metal 

catalysts to subnanometric regime, which includes single atoms and clusters 

supported on solid carriers. It has already been shown in the literature that, these 

subnanometric metal species can show unique catalytic behavior compared to 

their nanoparticulate counterparts.9 Those size-dependent properties can extend 

the well-established size effects based on nanoparticulate metal catalysts from 

nanoscale regime to subnanometric regime, which is associated with single 

atoms and metal clusters. However, there are still some important issues 

related with the catalytic properties of single-atom metal catalysts and metal 

clusters are still not clear . For instance, although single-atom metal 

catalysts have been reported as active and efficient catalysts for various 

reactions, including CO oxidation, selective hydrogenation, selective 

oxidation and electrocatalytic reactions.10 However, in most of previous 

works, the catalytic performance of single-atom catalysts has not been 

compared with the other counterparts (metal clusters and nanoparticles) 

under the same conditions. Besides, it is already well-known that, the 

atomic structures of metal nanoparticles under reaction 

3 
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conditions will change with the reaction conditions. The structural 

transformation of single atoms and clusters under reaction conditions are barely 

studied. Therefore, it is necessary to carry out systematic studies on comparing 

the catalytic behavior of single atoms, clusters and nanoparticles under 

comparative conditions, which can provide reliable insights and understanding 

on the role of single-atom catalysts. 

Regarding subnanometric metal clusters, it has been well demonstrated in the 

literature that, metal clusters with a few atoms are quite flexible when 

interacting with reactants. And more importantly, their reactivity is strongly 

related with their atomicity (which will be further discussed later in the Part 

1.5 Catalytic applications of metal clusters). Considering their instability, it 

is of great importance to develop efficient synthetic methodologies to stabilize 

metal clusters under reaction conditions. It has been reported in the literature 

that, by using organic ligands, it is possible to stabilize metal clusters against 

sintering. However, those ligands also block the surface sites of metal clusters, 

which has significant influence on their reactivity. It should be emphasized that, 

a catalytically promising methodology for the generation of active metal 

clusters should leave the surface of metal clusters exposed to reactants. 

Nevertheless, considering the practical applications of metal clusters for 

industrial-relevant applications, it is vital to develop synthetic approaches to 

stabilize those tiny particles under high-temperature oxidation-reduction 

processes, which is currently still a challenging task. 

On the other hand, although the synthesis, characterizations and catalytic 

applications of metal nanoparticles for heterogeneous catalysis have been well 

established. However, most of previous works are based on noble metals (Au, 

Pt, Pd, Ru, Rh etc.). From a sustainable point of view, development of non-

noble metal catalysts (Fe, Co, Ni, Cu etc.) as substitutes for noble metal 

catalysts has attracted much attention in recent years. There is already some 

significant progress in this field, showing the possibility of using non-noble 

metal catalysts for some heterogeneous reactions that usually performed with 

noble metal catalysts.11,12 However, the reactivity of the non-noble metal 

catalysts is still much lower when compared with the noble metal catalysts and 

the reaction mechanism on non-noble metal catalysts are still not clear.  

In the following chapter, the different electronic and geometric structures 
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between different types of metal entities (from single atoms to nanoclusters and 

nanoparticles) will be discussed. Then, an overview of the recent progress on 

the catalytic application of subnanometric metal catalysts (including supported 

single atoms and metal clusters) will be presented. Moreover, the recent 

developments on non-noble metal catalysts as substitutes for noble metal 

catalysts will also be summarized. 

 

1.2  Electronic and geometric structures of different metal species 

 

Figure 1.2. Work function obtained from ultraviolet photoelectron 

spectroscopy (UPS) of Au clusters with different atomicty. Adapted with 

permission from ref 15. Copyright 1992 AIP Publishing LLC.  

 

Before starting the discussion on the catalytic properties of different types of 

metal species, the size effects on the electronic and geometric structures of 

metal species will be briefly discussed. For mononuclear metal complex, their 

electronic structures are strongly related with their coordination environment, 

being especially dependent on the ligands and solvent, and they have already 

been intensively studied and clearly defined.13,14 However, in the case of metal 
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clusters and nanoparticles, the situation becomes much more complicated due 

to the orbital overlapping between metal atoms. Taking Au as an example (see 

Figure 1.2), the work function of Au species with different atomicity are 

strongly dependent on the particle size.15 For Au clusters with less than 30 atoms, 

the work function varies greatly with the atomicity, while when the atomicity 

increases above 70 atoms (>1.5 nm), the work function almost remains constant 

and slowly increases with the growth of particle size. If one considers the orbital 

structures of Au nanoclusters with less than 40 atoms, the size-dependent 

electronic structures is more significant.16 As shown in Figure 1.3, the frontier 

orbitals of planar Aun clusters (n≤7) consist of several lobes localized on the Au 

atoms with unsaturated coordination environment. Moreover, those frontier 

orbitals are fully accessible for the interaction with molecules through the 

overlap of electronic orbitals. However, when the atomicity increases above 8, 

the geometric structure of the Au nanocluster will change from planar to 3D.17 

In that case, the coordination number of the surface atoms increases and the 

contribution of the atoms inside the particle to the composition of the frontier 

orbitals becomes more important. As a consequence, orbital overlap with 

substrate molecules would be less efficient if compared with smaller clusters 

with fully accessible orbital structures. 

When the atomicity of metal particles increases to >40 (with particle size >1 

nm), the bandgap between HOMO and LUMO becomes smaller than those in 

subnanometric metal clusters. For larger metal nanoparticles (>2 nm), a 

continuous energy level will form.18 Specially, for metal nanoparticles like Au, 

Ag and Cu, their size-dependent electronic structures will be reflected on their 

plasmonic properties.19 As a result, their optical properties will also vary with 

the particle size, which will further affect their catalytic behavior in 

photocatalysis. 
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Figure 1.3. Electronic structures of Au clusters according to theoretical 

calculations. Optimized structure (top) and calculated isosurfaces of the lowest 

unoccupied molecular orbital (LUMO, center) and highest occupied molecular 

orbital (HOMO, bottom) of Au3, Au4, Au5, Au6, Au7, Au13, and Au38 clusters, 

together with molecular orbital energy levels in blue. Obtained at the 

B3LYP/LANL2DZ level using the Gaussian09 program. Adapted with 

permission from ref 16. Copyright 2014 American Chemical Society. 

 

  In the case of supported single atoms, they can be stabilized by the support 

by chemical bonding, especially when single atoms are anchored on inorganic 

supports like transition metal oxides and zeolites. Thus, those single atoms may 

show limited geometric transformation under reaction conditions. However, 

when single atoms are supported on organic polymers with functional groups 

(like amine, carbonyl groups, thiol, etc.), they may adapt their coordination 

environment under reaction conditions due to the interaction between single 

atoms with substrate molecules. On the other hand, when the particle size 

reaches the cluster region (less than 20 atoms), the geometric structures of those 

clusters are quite flexible and can be strongly affected by the environment. One 

metal cluster with specific atomicity can have several possible geometric 

configurations, which depends on the support, reactant and reaction conditions. 
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The geometric structure of a metal cluster is also related with its charge. For 

instance, theoretical calculations show that the geometric configuration of Au3 

cluster can change from linear to triangular when the charge changes from Au3
- 

to Au3
+.20 Then, during redox reactions, the charge of metal clusters may change 

during the catalytic cycles, implying that the geometric configuration may also 

show a dynamic transformation under reaction conditions. That complexity will 

be reflected on their catalytic behavior, as will be shown in the following 

section when discussing the catalytic applications of metal clusters. 

In the case of metal nanoparticles (>1 nm, usually with more than 40 atoms), 

their geometric structures are less sensitive, and usually the geometric structure 

of one metal nanoparticle is relatively stable, although the geometric 

configuration of exposed surface atoms (facet, corner, edge, metal-support 

interface etc.) may change due to the environment.21,22 Furthermore, the strain 

effects and lattice defects in metal nanoparticles are also important factors when 

considering the influences of geometric structures on catalytic properties.23   
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1.3  Influence of particle size on the metal-support and metal-reactant 

interaction 

1.3.1 Metal-support interaction on different types of metal species 

 

Figure 1.4. (a) STM image (6 nm × 6 nm) of the clean Fe3O4(001) surface. The 

bright double protrusions located on the Fe(B) rows correspond to hydroxyl 

species. (b) Top view of the Fe3O4(001) surface. Alternate pairs of surface Fe(B) 

cations (yellow) relax perpendicular to the Fe(B) row (relaxation indicated by 

blue arrows), creating two types of hollow sites within the reconstructed surface 

cell; wide (W) and narrow (N). (c) STM image (30 nm × 30 nm) of 0.12 ML 

Au deposited on Fe3O4(001) surface at room temperature. Au adatoms are 

located between the surface Fe(B) rows, in the center of the cell, i.e., at the 

narrow sites. (d) Coverage of single Au adatoms after annealing 0.1 ML Au to 

various temperatures. The decrease of surface coverage of Au adatoms is 

caused by the sintering of single Au atoms into clusters. Adapted with 



Chapter 1 

10 
 

permission from ref 26. Copyright 2012 American Physical Society. 

 

The importance of the interaction between metal species and the support has 

been recognized since 1970s through the concept of strong metal-support 

interaction (SMSI).24 The realistic situation in practical supported metal 

catalysts are too complicated to elucidate the fundamental mechanism behind. 

Therefore, the metal-support interaction has been studied by surface science 

techniques to understand the structures and properties of supported metal 

species at atomic level. When metal species are deposited on a solid carrier, it 

can be expected that their locations are related with the local surface structure 

of the carrier. As a model surface, rutile(110) surface can provide three types of 

anchoring sites for single Pt atoms, including the Ti rows, O rows and O-

vacancy sites. It has been observed that, only Pt atoms located at the O-vacancy 

sites are stabilized while Pt atoms on the other sites are mobile at room 

temperature. Electron transfer from Pt to TiO2 has also been observed since Pt 

atoms located at the O-vacancies are in contact with Ti atoms.25 In some more 

complicated systems, different types of O-vacancy sites may exist on one 

surface. It has been shown that, Au single atoms are exclusively stabilized in 

the “narrow” hollow sites instead of the “wide” hollow sites on Fe3O4(001) 

surface, which is caused by the electronic difference between the two types of 

surface hollow sites (see Figure 1.4).26 It should also be mentioned that, for a 

given support, different metals may show distinct behavior. When Au is 

deposited on anatase TiO2(101) surface, Au clusters are preferentially formed 

on the edge sites while Pt clusters are formed both on terrace and edge sites.27 

The electronic interaction between Au-TiO2 and Pt-TiO2 may cause their 

different stability and mobility on anatase surface, which further influence their 

spatial distributions. These results from surface science studies indicate that, 

the structures and electronic properties of the support has significant influence 

on the spatial location and stability of metal species. It can also be speculated 

that, they will also further influence the catalytic behavior of metal species. 
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Figure 1.5. (a) Size-dependent adsorption heat of Ag atom when Ag is vapor 

deposited onto different metal oxide surfaces at 300 K for growing Ag 

nanoparticles on the surface. (b) Size-dependent partial molar enthalpy of Ag 

atoms in Ag nanoparticles on different oxide surfaces. Adapted with permission 

from ref 27. Copyright 2013 American Chemical Society. 

 

Figure 1.6. Schematic illustration of Ostwald ripening and particle migration 
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and coalescence during the sintering process. Adapted with permission from ref 

31. Copyright 2013 American Chemical Society. 

 

In supported metal catalysts, one of the important roles of the support is to 

stabilize the metal species from sintering, being a quite common phenomenon 

during the preparation and application of metal catalysts. However, it is difficult 

to model the sintering process in a quantitative way. In the last years, based on 

concepts from surface chemistry, Campbell et al. have studied the influence of 

particle size on the stability of supported metal species.28,29 Considering the 

physical models for sintering, the adsorption heat of metal atoms onto a metal 

particle is used as parameter to describe the size effect on thermal stability of 

metal species. According to their work, the thermal stability of metal species 

will dramatically increase when increasing the particle size in the range from 1 

to 6 nm. When the particle size is as large as 6 nm, metal nanoparticles become 

relatively stable towards sintering. Using similar concepts, Campell et al. have 

also studied the effects of supports on the thermal stability of metal species.30 

As shown in Figure 1.5, regardless of the support, the thermal stability of metal 

species also increases when increasing the particle size. However, if there are 

oxygen vacancies in the metal oxide support (for instance, CeO2-x), Ag 

nanoparticles with sizes of 2-3 nm can show excellent stability. 

Basically, the sintering of metal species can be described by the Ostwald 

ripening and particle migration and coalescence models. As illustrated in 

Figure 1.6, the sintering of small metal nanoparticles can be divided into three 

stages.31 In the first stage, rapid loss of activity and agglomeration of small 

metal particles will occur through an Ostwald ripening mechanism, as has been 

investigated by in situ transition electron microscopy.32,33 For that process, the 

driving force is the different surface diffusion energy of metal particles with 

different sizes. Therefore, the Ostwald ripening process can be significantly 

suppressed if the size of metal particles can be controlled in a narrow range. 

Indeed, in a recent work, Wettergren et al. have produced highly stable size-

selected Pt nanoclusters by precisely controlling the particle size distribution in 

a narrow range.34 Pt nanoclusters with a broad size distribution will show 

significant Ostwald ripening during thermal treatment, while if the size of Pt 

nanoclusters has been well controlled, both Pt22 and Pt68 clusters will show good 
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stability against sintering through Ostwald ripening. 

 

Figure 1.7. Evolution of Pt-Pt coordination parameters in supported Pt/γ-Al2O3 

catalyst with 1 wt% of Pt and a Pt foil reference. (a) Temperature-dependent Pt-

Pt first-neighbor distances of the Pt nanoclusters supported on γ-Al2O3 (ca. 0.9 

nm), Pt nanoparticles (ca. 2.4 nm) supported on carbon black, and a Pt foil 

reference. (b) The mean-square relative displacement of the supported Pt 

clusters and Pt foil standard as a function of temperature. Adapted with 

permission from ref 35. Copyright 2006 American Chemical Society. 
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  The size-dependent properties on the metal-support interaction can also be 

reflected on the evolution of geometric structures of metal species during 

thermal treatments. Frenkel et al. have found an unusual contraction of surface 

Pt-Pt bonds in Pt nanoclusters supported on γ-Al2O3 (ca. 0.9 nm) during in situ 

X-ray absorption measurements.35 As shown in Figure 1.7, the lattice distance

of Pt-Pt bonds decreases when increasing the temperature, which is contrary to 

conventional supported Pt nanoparticles (like Pt/C sample). Furthermore, the 

size effects on the Pt-Pt bond dynamics has also been investigated by in situ 

EXAFS. When the size of Pt particles supported on γ-Al2O3 increases from ca. 

0.9 to ca. 2.9 nm, such abnormal negative thermal expansion will disappear, 

and Pt particles will show positive thermal expansion coefficient, indicating 

that only Pt particles with very small sizes can show the nonbulk-like 

properties.36  

1.3.2 Electronic interaction between metal species and the support 

Electron transfer between the support and metal species is a result of the 

balancing between the Fermi energy level of the metal species and the support. 

The electron transfer will affect the charge density and distribution of metal 

species, which will further affect the catalytic properties.37 Considering that the 

electronic structures will be dependent on the particle size, the metal-support 

interaction by electron-transfer process will also be dependent on the particle 

size.  

In 2008, the electronic transfer between subnanometric Au clusters and 

alumina film has been studied by STM imaging and theoretical modelling. 

Nilius et al. have shown that, three electrons are transferred from the alumina 

support to Au5 and Au7 clusters, respectively.38 When the atomicity of Au 

clusters increases to 18, four electrons transferred from MgO to Au clusters was 

observed. It should be noted that, the number of transferred electrons between 

Au clusters and the support is less on 2D Au clusters than 1D Au clusters, which 

should be related with their different electronic structures.39   

In a recent work, Libuda et al. have measured the size effects of metal species, 

ranging from subnanometric clusters to nanoparticles, on the electronic metal-

support interaction (EMSI) between Pt and CeO2.
40 As shown in Figure 1.8, the 

electronic states of Pt species measured by resonant photoemission 
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spectroscopy are strongly dependent on the particle size. Pt nanoparticles with 

about 30-70 atoms show the highest positive charge on each Pt atoms, which 

indicates the strongest electronic metal-support interaction. To explain the size 

effects on the charge transfer process between Pt and CeO2, density functional 

calculations have been performed. According to the DFT calculations, the 

particle size of Pt, the density of Pt species on CeO2 surface and the 

concentration of surface Ce3+ on the CeO2 surface can be the reasons accounting 

for the experimental results. Looking into those results from another viewpoint, 

in many experimental works, the sizes of supported Pt species (the supports 

vary from metal oxides to carbon or other materials) in the high-performance 

catalysts are usually in the range of 1-3 nm, which is consistent with the above 

work.41-43 Such coincidence implies that the electronic interaction between the 

metal and support and the catalytic performances of metal particles can be 

correlated. 
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Figure 1.8. (a) The average charge on each Pt atom in Pt particles with different 

sizes measured by resonant photo-emission spectroscopy. The partial charge on 

each Pt atom reaches a maximum for Pt nanoparticles with 30 to 70 atoms. (b) 

The relationship between electrons transferred per surface area and the size of 

Pt deposited on CeO2. At higher Pt coverage, the total amount of transferred 

electrons approaches a charge-transfer limit. Schematic models of Pt/CeO2 
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samples with different size of Pt species are also shown in this figure. Adapted 

with permission from ref 40. Copyright 2016 Macmillan Publishers Limited, 

part of Springer Nature. 

 

Nevertheless, the electron transfer between metal and the support is also 

affected by the geometric location of the metal species on the support. As a 

typical example, Au atoms are found to be negatively charged when deposited 

on thin MgO(100) film with 3-layer thickness.44 In the case of Pd atoms, they 

remain neutral on the same support, which is in line with theoretical 

calculations.45 Interestingly, when the support is FeO(111)/Pt(111) surface, it 

has been found that Au atoms are positively charged while Pd atoms remain 

neutral. Au atoms show preferential binding to the hcp hollow positions of 

FeO(111)/Pt(111) surface, while Pd atoms show a randomly distribution on the 

same surface and still remain neutral.46 By comparing the results obtained from 

different systems, it is proposed that, the charge states of Au atoms are related 

with the positions occupied by Au atoms on different surface.47  

In a recent work, Vajda et al. have investigated the structural evolution of 

subnanometric Co clusters under oxidation conditions.48 Size-selected Con 

clusters (n=4, 7, and 27) were firstly deposited on amorphous alumina and ultra-

nanocrystalline diamond (UNCD) surfaces before being oxidized by exposure 

to ambient atmosphere. Grazing incidence X-ray absorption near-edge 

spectroscopy (GIXANES) and near-edge X-ray absorption fine structure 

(NEXAFS) were used to characterize the clusters to get information about their 

structural evolution by oxidative treatment. Most of Co0 species were oxidized 

to Co2+ in all samples regardless of the size and the support. However, XANES 

analysis of Co clusters on UNCD showed that ~10% fraction of a Co0 phase 

remained and resisted the oxidative conditions for all three Co clusters. 

Moreover, about 30%, 27% and 12% fraction of a Co3+ phase in Co4, Co7, and 

Co27 clusters were detected, respectively. In the alumina-supported clusters, 

metallic Co0 species were not observed and it was proposed that the dominating 

Co2+ species could be attributed to the formation of cobalt aluminate due to the 

strong binding of Co2+ to the support. NEXAFS showed that their structures 

also follow the tetrahedral morphology of the support.49  

For simplicity, the electronic interaction between metal species and the 



Chapter 1 

18 

support can be modeled as metal-semiconductor junction.50,51 Therefore, the 

electronic energy level will reach an equilibrium state at the metal-support 

interface, being the equilibrium energy level structure dependent on both the 

metal species and the support. For metal species supported on a specific solid 

carrier, the electronic structure of the metal-support junction is related with the 

atomicity of metal species. Basically, for supported large metal nanoparticles, 

they prefer to be in metallic state, especially for noble metal nanoparticles (such 

as Au, Ag, Pt, etc.). It has been observed in many systems that, metal clusters 

prefer to be positively charged, which is a medium state between metallic 

nanoparticles and isolated atoms. Besides, for electron-donor support, metal 

species may prefer to be electron-rich state compared to those supported on 

electron-acceptor support. For instance, when Ru nanoparticles supported on 

electride compound, the electron density in Ru nanoparticles is higher than 

those supported on conventional supports, and the Ru/electride catalysts show 

higher activity for ammonia synthesis.52,53  

Figure 1.9. Schematic illustration of charge-transfer between ZnO nanoparticle 

and Au particles with different sizes. The kinetic curves of photocatalytic 
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degradation of thionine (a model dye molecule) is also presented to show the 

kinetic of the recombination of photo-generated electrons and holes in ZnO 

nanoparticles. With faster charge-transfer process between Au particles and 

ZnO nanoparticles, the photocatalytic degradation of thionine will be faster. 

Adapted with permission from ref 56. Copyright 2011 American Chemical 

Society. 

Moreover, the charge-transfer process between metal and support also plays 

an important role with working catalysts. A typical example is the separation of 

photo-generated electrons and holes at the interface of metal-semiconductor 

interface.54 An electronic equilibrium will be established once the contact of 

metal and semiconductor is formed. Since the electronic structures of the 

semiconductor support is usually constant, the electronic structures of metal 

species have significant influence on the electronic structures of the metal-

semiconductor junction. When photo-generated electrons are produced in the 

semiconductor, they will probably be transferred to the metal particles through 

Schottky barrier.55 As shown in Figure 1.9, the charge-transfer rates between 

ZnO nanoparticles and Au particles with different sizes have been measured by 

ultrafast spectroscopy. When the particle size increases from ca. <1 nm (Au25) 

to ca. 3.5 nm (Au807), the charge-transfer rate also increases, leading to higher 

photocatalytic activity for thionine degradation.56 

1.3.3 Metal-reactants interaction on different types of metal species 

When molecules are absorbed by metal species, orbital hybridization 

between metal and the adsorbed molecules will occur. Since CO is usually used 

as probe molecule to study the electronic and geometric structures of metal 

species, Sitja et al. have measured the CO adsorption energy on Pd particles 

with different sizes ranging from 0.6 to 6 nm, as shown in Figure 1.10.57 When 

the size of Pd particles is larger than 1.8 nm, the CO adsorption energy shows 

a gradual increase when increasing the particle size. However, for Pd particles 

below 2 nm, the CO adsorption energy shows irregular oscillation, since 

according to DFT calculations, electronic and geometric structures of metal 

clusters strongly depend on the atomicity.58 The variations in the CO adsorption 

energy indicate the transition of metal species from non-metallic to metallic 
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when changing the particle size from molecule-like state (below 1 nm) to bulk-

like state (nanoparticles larger than 2 nm). The same tendency was observed 

when CO molecules are adsorbed on Au particles with different sizes. Lowest 

adsorption energy was observed on Au nanoparticles of ~2 nm, which 

corresponds to the transition of non-metallic to metallic properties.59 

 

 

Figure 1.10. Size-dependent CO adsorption energy on Pd species from 

subnanometric clusters to nanoparticles. Adapted with permission from ref 57. 

Copyright 2013 American Chemical Society. 

  When small molecules are adsorbed on metal species, the geometric 

deformation will also be dependent on the particle size. Lei et al. have studied 

the structural changes in Pt nanoparticles of 1-3 nm when interacting with small 

molecules. Thus, significant relaxation of Pt-Pt bonds can be observed in Pt 

nanoparticles of ~1 nm when H2 and CO is adsorbed on the surface, as a 

consequence of orbital hybridization between the metal species and molecules. 

When the size increases to 2-3 nm, the adsorbate-induced lattice relaxation of 

Pt nanoparticles is much smaller, which can be ascribed to its lower fraction of 

surface unsaturated-coordinated Pt atoms.60  

  Due to the interaction between metal species and molecules, different types 

of metal species can suffer dynamic transformations under various treatments. 

It has been found that, by consecutive treatment with CO and NO, Pd 

nanoparticles can show dynamic size and shape transformations under different 

atmosphere.61,62 In oxidative atmosphere (such as O2, NO), Pd nanoparticles 
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will disintegrate into smaller particles or even subnanometric species. After 

reductive treatment with CO or H2, Pd species will agglomerate into larger 

particles. Tracking by in situ EXAFS, it has been demonstrated that, the 

dynamics for the above redispersion-agglomeration behavior is strongly related 

with the particle size of metal species. In this sense, we have recently reported 

the reversible transformation of Pt nanoclusters (~1 nm) into single Pt atoms in 

high-silica CHA zeolite.63 As shown in Figure 1.11, the size of Pt species in the 

chabazite can go from single atoms to small Pt nanoparticles (1-2 nm) by 

controlling the temperature and atmosphere. 

 

Figure 1.11. Reversible transformation between single Pt atoms and Pt 

nanoclusters (~1 nm) confined in CHA zeolite under reduction-oxidation 

treatments. Adapted with permission from ref 53. Copyright 2017 American 

Chemical Society. 

 

Such dynamic structural transformation of supported metal species has also 

been found on other metals like Au and Cu when the metal species interact with 

molecules.64,65 Understanding such dynamic processes can help to control the 

size of metal species at a precise level and provide an alternative approach for 

generation of supported metal catalysts or can serve as a strategy for the 

regeneration of deactivated catalyst.66,67 In the above discussion, we have 

presented some factors that can affect the size, shape and electronic 

characteristics of metal catalysts. They will be useful to explain the reactivity 

of the supported metal catalysts 
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1.4 Catalytic applications of supported single atoms 

1.4.1 CO oxidation  

Au single atoms for CO oxidation 

  Since the pioneering work from Haruta, the application of Au catalysts for 

low-temperature CO oxidation has attracted plenty of attention and great effort 

has been made to develop Au catalysts with new structures and to identify the 

active sites.68 Although it has been well demonstrated that Au nanoparticles (~2 

nm) can be very active for low-temperature CO oxidation, there is still debate 

on the catalytic role of subnanometric Au species, including Au clusters and 

single Au atoms. Zhang et al. have reported two examples of supported single 

Au atoms for CO oxidation. In one report, Au/FeOx catalysts with very low Au 

loading (0.03 wt% to 0.09%) exhibited high activity and excellent stability for 

CO oxidation. From high-resolution STEM images, the presence of highly 

dispersed Au single atoms in the Au/FeOx sample with 0.03 wt% of Au was 

confirmed. Nevertheless, in the Au/FeOx sample with Au loading of 0.09 wt% , 

a small amount of Au clusters and nanoparticles could also be observed.69,70 In 

another work, Au/CeO2 with low Au loading amount (0.05 wt%, containing 

singly dispersed Au atoms) was prepared and used for oxidation of CO in the 

presence of H2 (CO-PROX).71 It was reported that, the Au single atoms 

supported on CeO2 show higher selectivity to oxidation of CO, with very low 

selectivity to oxidation of H2 at 80 oC, than Au/CeO2 samples containing Au 

clusters and nanoparticles, making the single-atom Au/CeO2 an excellent 

catalyst for CO-PROX reaction. Unfortunately, no information about how CO 

and O2 are activated and how they react on supported single Au atoms was 

reported. This could be an interesting research to investigate if it is the 

cooperative effect between Au and CeO2 that should be responsible for the 

observed activity. If this is so, then the catalytic active site would not be a single 

atom, but an association of Au and Ce/O.  

 

Pt single atoms for CO oxidation 

In the case of Pt, Zhang et al. reported that it was possible to prepare single 

Pt atoms dispersed on FeOx by a co-precipitation method, and the catalytic 

properties of Pt single atoms were studied for the CO oxidation reaction.72 As 

shown in Table 1, the Pt1/FeOx (sample A) with Pt single atoms show higher 
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specific rate and higher TOF than Pt/FeOx catalyst containing Pt clusters and 

nanoparticles (sample B), indicating that singly dispersed Pt atoms supported 

on FeOx can be efficient catalyst for both CO oxidation and CO-PROX under 

mild conditions. DFT calculations show that O2 is activated at the neighboring 

O-vacancy site of the Pt atom in FeOx support. The partially vacant 5d orbitals 

of the positively charged Pt atoms can adsorb and activate CO with lower 

barrier energy than Pt clusters, which makes Pt single atoms more active for 

CO oxidation. 

 

Table 1 Catalytic performance of Pt/FeOx catalysts (Sample A and Sample B) 

in comparison with Au/Fe2O3 from World Gold Council. Sample A with low Pt 

loading contains Pt single atoms while Sample B with high Pt loading mainly 

contains Pt clusters and nanoparticles. Adapted with permission from ref 72. 

Copyright 2014 Macmillan Publishers Limited, part of Springer Nature. 

 
Metal loading 

(wt %) 
Reaction 

Temp

. (oC) 

Specific rate× 

102 (molCO h-1 

gmetal
-1) 

TOF

×102 b 

Sample A 0.17 CO+O2 27 43.5 13.6 

Sample B 2.5 CO+O2 27 17.7 8.01 

Au/Fe2O3
a 4.4 CO+O2 27 21.7 4.76 

Sample A 0.17 CO-PROX 27 67.6 21.2 

Sample B 2.5 CO-PROX 27 20.3 9.15 

Au/Fe2O3
 a 4.4 CO-PROX 27 39.3 8.60 

Sample A 0.17 CO-PROX 80 99.2 31.1 

Sample B 2.5 CO-PROX 80 35.8 16.2 

Au/Fe2O3
 a 4.4 CO-PROX 80 80.3 17.6 

a The Au/Fe2O3 sample was provided by the World Gold Council. b TOFs were 

calculated based on the metal dispersion in the catalysts. For Pt/FeOx samples, 

the metal dispersion was measured by CO chemisorption. For Au/Fe2O3 sample, 

the dispersion was estimated by the average particle size.  

 

  According to theoretical calculations, it appears that the FeOx support in the 
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Pt1/FeOx catalyst participates in the catalytic pathways for CO oxidation. It 

should be then interesting to study the behavior of single Pt atoms dispersed on 

inert supports (like Al2O3, SiO2, TiO2 etc.). Following that, Narula et al. studied 

the catalytic properties of Pt single atoms supported on an inert support (θ-

Al2O3) for CO oxidation and the results were compared with those obtained 

with Pt nanoparticles (~1 nm) supported on θ-Al2O3.
73 It was found that singly 

dispersed Pt atoms can catalyzed the CO oxidation reaction. However, the TOF 

at 200 oC for Pt nanoparticles was nearly four-fold higher than that for Pt/θ-

Al2O3 with singly dispersed Pt atoms, indicating that Pt nanoparticles were 

intrinsically more active than Pt single atoms for CO oxidation when supported 

on θ-Al2O3. 

  In the case of TiO2, Christopher et al. reported the generation of stable single 

Pt atoms on TiO2 by strong electrostatic adsorption of very low amount of Pt 

on TiO2 (0.025-0.05 wt%). The activity was compared with a Pt/TiO2 sample 

(1.0 wt% of Pt) containing Pt nanoparticles (~1 nm). Kinetic studies showed 

that, both Pt single atoms and nanoparticles followed the same reaction 

mechanism and the rate-limiting step was related with O2 activation. The 

catalytic results indicated that, single Pt atoms showed 4- to 6-fold more active 

than Pt nanoparticles (~1 nm) on the basis of activity normalized to Pt mass. It 

is suggested by the authors that, the Pt-TiO2 interface is the active site for CO 

oxidation and the rate-limiting step involves the migration of atomic oxygen 

from TiO2 to isolated Pt atoms or interfacial Pt species in the Pt/TiO2 sample 

containing Pt nanoparticles.74 However, the catalytic behavior of 

subnanometric Pt clusters were not studied and it seems that part of the isolated 

Pt atoms sintered into Pt clusters according to the IR spectra during the CO 

oxidation test in a fix-bed reactor. 

Furthermore, it has been reported that Pt single atoms within a zeolite can 

catalyze CO oxidation at 150 oC with a moderate activity.75 Unfortunately, no 

direct activity comparison between single Pt atoms and Pt clusters or 

nanoparticles was performed in that work.  

  Since water plays a critical role on the activity and selectivity of Au 

nanoparticles for CO oxidation reaction and CO-PROX,76,77 its potential role 

on catalytic properties of Pt single atoms has been recently studied. Single Pt 

atoms were generated on CeO2 by atomic layer deposition (ALD) and the role 
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of water in CO oxidation was studied.78 By kinetic and isotopic studies together 

with theoretical calculations, it was proposed that CO oxidation can be 

significantly improved by a water-mediated Mars-van Krevelen mechanism 

instead of the previously reported Langmuir-Hinshelwood mechanism on Au 

catalysts. Notably, transformation of part of the single Pt atoms into Pt clusters 

after the CO oxidation reaction at 90-100 oC was observed by high-resolution 

STEM. Therefore, it can still be discussed if the active species are the single Pt 

atoms or the Pt clusters and Pt nanoparticles formed under reaction conditions. 

The stability of single atoms is a critical issue due to their strong trend to 

agglomerate into clusters or nanoparticles, especially in the presence of CO. 

Recently, it has been found that Pt atoms can evaporate from Pt nanoparticles 

during a high-temperature treatment of Pt/La-Al2O3 catalyst in air at 800 oC and 

trapped by CeO2 nanocrystals.79 Those trapped Pt atoms on CeO2 were stable 

up to 800 oC in air and the addition of CeO2 can significantly improve the 

stability of Pt/La-Al2O3 catalyst during the high-temperature aging treatment. 

However, the activity of those Pt single atoms for CO oxidation reaction is 

much lower than other reported Pt/CeO2 catalysts containing Pt nanoparticles. 

Besides, it has also been reported that, mesoporous Al2O3 can serve as the 

support to stabilize Pt single atoms, even after H2 reduction treatment at 400 
oC.80 It is claimed that those Pt single atoms are highly stable during the CO 

oxidation reaction up to 400 oC.  
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Figure 1.12. (a) High-resolution STEM image and the corresponding size 

distribution of Au species in Au-Na/[Si]MCM41 catalyst with 0.25 wt% of Au. 

(b) TOF values of atomically dispersed Au species on different supports. The

TOF values are obtained under the same reaction conditions. Adapted with 

permission from ref 90. Copyright 2014 Association for the Advancement of 

Science. (c) High-resolution STEM image and the corresponding size 

distribution of Pt species in Pt-Na/TiO2 catalyst with 0.5 wt% of Pt. (d) TOF 

values of atomically dispersed Pt species on different supports. The TOF values 

are obtained under the same reaction conditions. Adapted with permission from 

ref 91. Copyright 2015 American Chemical Society. 

1.4.2 Water-gas shift 

  Like CO oxidation, water-gas shift (WGS) is also a widely-used model 

reaction. In 2003, Flytzani-Stephanopoulos et al. pointed out the important role 
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of non-metallic Au and Pt species on CeO2-based catalysts for WGS reaction.81 

After chemical leaching of the metallic nanoparticles in conventional Au/CeO2 

and Pt/CeO2 catalysts containing a large number of metallic nanoparticles, their 

activity is almost not affected, implying that those residual non-metallic Au and 

Pt are the active species. In following work, the authors have further 

demonstrated that, atomically dispersed Pt stabilized by alkali ions are the 

active sites for WGS reactions.82 The introduction of alkali ions can generate 

partially oxidized Pt-alkali-Ox(OH)y sites, which are able to catalyze the WGS 

reaction at low temperature range (200-300 oC). According to their latest works, 

not only single Au and Pt atoms supported on CeO2, but also single atoms 

supported on other oxides (like TiO2, FeOx, SiO2, zeolites, etc.) are proposed 

to be the active sites in WGS reaction.83,84 It is also found that, atomically 

dispersed metal species (both Pt and Au) supported on various supports show 

almost the same apparent activation energy (see Figure 1.12b and Figure 

1.12d), implying that a common single-site species exist in different catalysts 

for the WGS reaction.85 

  In the above works, alkali ions are required to stabilize Au and Pt single 

atoms. In a recent work, Zhang et al. reported the utilization of single Ir atoms 

for WGS reaction without the addition of alkali ions.86 By decreasing the Ir 

loading to 0.01 wt%, it was possible to generate isolated Ir sites on FeOx and 

those Ir single atoms show higher TOFs for WGS reaction at 300 oC compared 

with Ir clusters and nanoparticles. 

The size of metal species will also affect the product distributions in WGS 

reaction. The high activity and suppressed selectivity to methanation product 

(CH4) has been reported on atomically Rh species supported on TiO2 during 

WGS reaction.87 At 300 oC, the selectivity to CH4 was almost zero on Rh/TiO2 

catalysts containing Rh single atoms as the dominant species, while Rh 

nanoparticles gave ~50% selectivity to CH4. Based on spectroscopic 

characterizations, it is proposed that H2 dissociation is not favorable on isolated 

Rh atoms, and this leads to low CO2 methanation activity. 
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Figure 1.13. (a-c) High-resolution STEM images of singly dispersed Pt atoms 

on Co3O4 nanorods. Pt atoms are indicated by red circles. (d, e) High-resolution 

STEM images of PtmCon/CoO sample after WGS reaction at 350 oC. PtmCom 

clusters are indicated by red circles. Adapted with permission from ref 88. 

Copyright 2013 American Chemical Society. 

 

Nevertheless, it should be taken into consideration that when working with 

single atoms, metal clusters and nanoparticles can also be present and metal 

species may undergo dynamic structural transformation (including 

morphological and chemical transformation) under reaction conditions. It is 

then crucial when studying the catalytic behavior of single atoms to investigate 

their state under reaction conditions. Along this line, in a recent work, Pt single 

atoms supported on Co3O4 nanorods were used as catalyst for WGS reaction.88 

It was observed that in the fresh catalyst, single Pt atoms were dispersed on 

Co3O4 nanorods and they were stable after calcination in air. However, after 

catalyzing WGS reaction at 350 oC, single Pt atoms aggregated and formed 

PtmCon bimetallic clusters, as determined by STEM images (Figure 1.13). 

Interestingly, the activation energy of PtmCon clusters for WGS reaction was 

lower than that of single Pt atoms. This work illustrates that metal atoms or 
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clusters may have strong interaction with the supports and they can show 

dynamic structural transformations during the reactions. 

  Such transformation of metal species under reaction conditions was also 

confirmed by in situ TEM techniques.89 It was observed that subnanometric Au 

clusters were generated from singly dispersed Au atoms under WGS reaction 

conditions. However, the whole evolution process of Au species was not clearly 

demonstrated, probably due to the instrument limitation. The contrast between 

Au species and the CeO2 support is not high enough for studying such process 

when working under bright-field transmission mode. Similar agglomeration of 

subnanometric Au species into Au nanoparticles has also been observed on 

Au/CeZrO4 catalyst by in situ TEM.90 This is an interesting phenomenon and 

we believe that the dynamic evolution of subnanometric metal species could be 

studied with high-resolution HAADF-STEM and XANES-EXAFS 

spectroscopy to detect the potential structural transformation under reaction 

conditions.  

1.4.3 Oxidation of alcohols 

  Selective oxidation of alcohols has wide applications in transformation of 

biomass platform molecules and fine chemicals. It has been presented that 

metal nanoparticles (such as Pt, Au, Pd, etc.) show excellent activity and 

selectivity for selective oxidation of alcohols under mild conditions.91,92 In 

recent years, it has been reported that single atoms can also serve as the active 

sites for oxidation of alcohols. In 2007, Hackett et al. reported the generation 

and application of single Pd atoms supported on mesoporous alumina for 

selective oxidation of allylic alcohols.93 As shown in Figure 1.14, Pd species 

(from single Pd atoms to clusters to nanoparticles) showed strong size effects 

on the TOFs in oxidation of crotyl alcohol. With smaller Pd species, the TOF 

value became higher and reach the maximum with Pd single atoms while the 

high selectivity was also preserved. The selective oxidation of allylic alcohols 

can also be catalyzed by supported Au nanoparticles, giving very high 

selectivity (99%) to α,β-unsaturated carbonyl compounds.94 Compared with 

the state-of-art supported Au catalysts (538 h-1 at 120 oC), Pd single atoms 

supported on mesoporous alumina show even higher TOF (4400 h-1 at 60 oC), 

29 
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although the selectivity to α,β-unsaturated carbonyl compound is lower (~90%). 

The life time of the nanoparticulate Au catalysts for selective oxidation of 

allylic alcohols were very long, however, the lifetime of the Pd single atoms 

during the oxidation of alcohols was not mentioned. 

Figure 1.14. (a) High-resolution STEM image of Pd/Al2O3 sample containing 

0.03 wt% of Pd. (b) Relationships between the TOFs of surface Pd species for 

aerobic oxidation of crotyl alcohol and the particle size and chemical states of 

Pd in various Pd/Al2O3 catalysts. Adapted with permission from ref 93. 

Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

  In the last few years, the development of non-noble metal catalysts as 

substitute for noble metals is emerging in heterogeneous catalysis. Recently, it 

has been widely reported that single transition metal atoms (such as Co, Fe, etc.) 

can be stabilized by N-doped carbon. Beller et al. reported the application of 

Co-N-C and Fe-N-C catalysts for oxidative esterification of alcohols and 

oxidative dehydrogenation of N-heterocycles.95,96 With the help of high-

resolution STEM, it was revealed that the active sites for these selective 

oxidation reactions may be associated with the atomically dispersed metal 

species embedded in the carbon support while the residual nanoparticles are not 

active.97 A series of catalysts containing transition metal atoms stabilized by N-

doped carbon have been studied for selective oxidation of alcohols.98 It was 

found that beside Co-N-C and Fe-N-C, Cu-N-C, Ni-N-C and Cr-N-C are also 
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active for the oxidation of benzyl alcohol to benzyl aldehyde. Among them, Cu-

N-C sample shows the best performance, which is only one-order of magnitude 
lower than Pt-based catalyst. However, these atomically dispersed metal 

species show poor activity for oxidation of aliphatic alcohols. Isotopic studies 

show that, the β-H elimination is a key step in oxidation of benzyl alcohol. 

Deeper understanding of the catalytic mechanism in these systems is necessary 

to further improve the performance and stability of those catalysts for 

substituting noble metal catalysts.  

1.4.4 Selective hydrogenation 

Pt-group single-atom catalysts for hydrogenation reactions 

Pt-group metals are widely used industrially for hydrogenation reactions. In 

those industrial catalysts, Pt-group metals mainly exist as nanoparticles. In 

recent years, new methodologies have been developed to generate single-site 

Pt-group metals and these single-atom catalysts have shown promising catalytic 

performances for hydrogenation reactions. 

A series of Pt/FeOx catalysts were prepared by a co-precipitation method and 

Pt species with different particle size ranging from single atoms to nanoparticles 

were generated by tuning the loading of Pt (see Figure 1.15).99 The catalytic 

performances of various Pt/FeOx catalysts are exhibited in Table 2. 

Interestingly, all the Pt/FeOx catalysts show excellent selectivity for the 

chemoselective hydrogenation of 3-nitrostyrene, and the TOFs based on all the 

Pt atoms in the catalyst almost keep constant when the Pt loading increases 

from 0.08 wt% to 0.75 wt%, although the size distribution of Pt species varies 

with the loading amount of Pt. The Pt single atoms in the 0.08%Pt/FeOx-R200 

sample show a remarkable TOF of 1494 h-1, which is nearly 20 times higher 

than Pt/TiO2 (containing Pt nanoparticles). Notably, subnanometric Pt clusters 

can also be observed in the 0.08%Pt/FeOx-R250 sample, which exhibits the 

highest TOF, implying that Pt clusters may also play a role in the hydrogenation 

of nitroarenes. 

Table 2. Chemoselective hydrogenation of 3-nitrostyrene on different Pt/FeOx 

catalysts.a Adapted with permission from ref 99. Copyright 2014 Macmillan 

Publishers Limited, part of Springer Nature. 

31 
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Entry Catalyst 
Time 

(min) 

Conv. 

(%) 
Sel. (%) 

TOF (h-

1)d 

1 0.08%Pt/FeOx-R200 49 95.6 98.4 1494 

2 0.08%Pt/FeOx-R250 50 96.5 98.6 1514 

3b 0.08%Pt/FeOx-R250 7 88.8 91.1 11064 

4 0.31%Pt/FeOx-R250 67 95.8 94.4 1506 

5 0.75%Pt/FeOx-R250 73 96.7 92.6 1324 

6 2.73%Pt/FeOx-R250 110 97.8 92.9 933 

7c 4.30%Pt/FeOx-R250 34 94.2 92.7 762 

8 0.2%Pt/TiO2-R450 840 96.8 94.0 88 

9 0.08%Pt/SiO2 65 87.9 46.9 - 

10 0.08%Pt/Al2O3 158 87.3 27.8 - 

11 Fe3O4 210 - - - 

12 Fe2O3 240 - - - 
aReaction conditions: Pt/substrate=0.08%, 40 oC and 3 bar of H2; 5 mL reaction 

mixture: 0.5 mmol 3-nitrostyrene, toluene as solvent and o-xylene as internal 

standard. bReaction performed at 80 oC with 10 bar of H2. 
cPt/Substrate=0.45%. 

dThe TOFs were calculated based on the total amount of Pt species in the 

catalysts. 

Compared with conventional Pt nanoparticles, Pt single atoms may show 

different selectivity in hydrogenation of different molecules.100 Stabilized on 

phosphomolybdic acid, Pt single atoms show higher TOFs in hydrogenation of 

polar groups like -NO2 and C=O compared with Pt nanoparticles supported on 

carbon. However, in the case of hydrogenation of C=C and C≡C groups, Pt 

single atoms are less active, indicating that the reactivity of different types of 

Pt species is dependent on the substrate molecules.  

Different reactivity of single atoms will cause unique selectivity in 

hydrogenation reactions. For instance, Pd single atoms supported on graphene 

showed high selectivity to 1-butene during selective hydrogenation of 1,3-

butadiene, while Pd nanoparticles gave higher selectivity to cis-2-butene and 

trans-2-butene and less full hydrogenation products, as shown in Figure 1.16.101 

Moreover, when the hydrogenation of 1,3-butadiene is performed in the 

presence of 70% propene in the feed gas, Pd single atoms show negligible 
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propene conversion while Pd nanoparticles will react much more with propene. 

Unique selectivity of Pd single atoms have also been reported for hydrogenation 

of alkynes.102 Pd atoms stabilized by C3N4 show excellent selectivity (~90%) in 

hydrogenation of 1-hexyne to 1-hexene. However, there are still some 

arguments on the catalytic properties of single Pd atoms. For instance, Rossell 

et al. have reported that single Pd atoms supported on Fe3O4 show no activity 

in hydrogenation of alkenes while Pd clusters and nanoparticles are active.103 

 

Figure 1.15. STEM images of various Pt/FeOx catalysts with different Pt 
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loading. (a) Pt/FeOx with 0.08 wt% of Pt and reduced by H2 at 200 oC. (b) 

Pt/FeOx with 0.08 wt% of Pt and reduced by H2 at 250 oC. (c) Pt/FeOx with 

0.31 wt% of Pt and reduced by H2 at 250 oC. (d) Pt/FeOx with 0.75 wt% of Pt 

and reduced by H2 at 250 oC. (e) Pt/FeOx with 4.30 wt% of Pt and reduced by 

H2 at 250 oC. The circles, squares and triangles in the above images correspond 

to single Pt atoms, two-dimensional Pt clusters and three-dimensional Pt 

nanoparticles, respectively. Adapted with permission from ref 99. Copyright 

2014 Macmillan Publishers Limited, part of Springer Nature. 

Figure 1.16. Catalytic performances of Pd1/graphene, Pd-NPs/graphene, Pd-
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NPs/graphene-500C, and Pd/carbon samples for selective hydrogenation of 1,3-

butadiene. (a) Selectivity to butenes as a function of butadiene conversion by 

changing the reaction temperatures; (b) Distribution of butene products at 95% 

conversion of butadiene. Conversion of propene (c) and the distribution of 

butene products at 98% conversion of butadiene in the presence of 70% of 

propene in the feed gas. (e) Schematic illustration of the reactivity of 1,3-

butadiene on Pd nanoparticles and Pd single atoms, showing different 

chemoselectivity. Adapted with permission from ref 101. Copyright 2015 

American Chemical Society. 

 

Non-noble single-atom metal catalysts for hydrogenation reactions 
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Figure 1.17. (A) High-resolution STEM image of singly dispersed Co atoms 

stabilized by N-doped carbon matrix (Co-N-C catalyst). (B) Determination of 

the coordination structure of Co-N-C catalyst according to the fitting and 

simulation of XANES spectrum. (C) Hydrogenation of nitroarenes to 

corresponding azo products using Co-N-C catalyst. Adapted with permission 

from ref 129. Copyright 2016 The Royal Society of Chemistry. 

 

In recent years, non-noble metal catalysts have attracted great attention and 

shown promising catalytic performances for substituting noble metal catalysts 

for selective hydrogenation reactions. For instance, Co nanoparticles covered 

by thin carbon layers have been reported as active and selective catalyst for 

chemoselective hydrogenation of nitroarenes to corresponding anilines.104 The 

active sites are proved to be the surface of metallic Co nanoparticles and the 

role of the thin carbon layers is to protect Co nanoparticles from deep 

oxidation.105,106 Recently, a facile method to generate a Co-N-C catalyst 

containing singly dispersed Co atoms on N-doped carbon matrix has been 

presented.107 As shown in Figure 1.17, Co atoms were clearly observed by 

high-resolution STEM and their local coordination structure has also been 

clarified by EXAFS and XANES. The Co-N-C catalyst showed excellent 

activity and selectivity in hydrogenation of nitroarenes to corresponding azo 

products in the presence of strong base (NaOH), but the activity of Co-N-C 

catalysts was also lower than supported Au nanoparticles.108,109 In another work, 

using MOF as precursor, Co-N-C catalyst containing atomically dispersed 

CoNx species was prepared and tested for selective hydrogenation of 

nitroarenes to corresponding anilines.110 However, there is no direct comparison 

study on the catalytic performance of single-site Co catalysts and 

nanoparticulate Co catalysts. 
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Figure 1.18. Schematic illustration of immobilization of single-site Co catalyst 

in porous metal-organic framework and its catalytic applications for 

hydrogenation reactions. The metal centers in MOF is Zr or Hf and the organic 

linker is p-biphenylcarboxylate. The single-site Co catalyst is stabilized by the 

secondary building unites. Adapted with permission from ref 111. Copyright 

2016 American Chemical Society. 

MOFs, as a versatile family of porous materials, can serve as tunable support 

for single-site non-noble metals. Taking advantage of the coordination 

interaction between the framework nodes and mononuclear metal complex, 

single-site Co catalyst can be generated and stabilized in MOFs. Single-site Co 

catalyst in MOFs can be applied for hydrogenation of unsaturated bonds, such 

as alkenes, imines, carbonyls and heterocycles (see Figure 1.18).111 High turn-

over numbers and stability can be achieved in those reactions, due to the open 

structure of MOFs and stabilization effects of single-site Co on the nodes. 

Besides, single-site Ni catalyst can also be prepared and show promising 

catalytic performances for hydrogenation of alkenes.112 It can be expected that, 

the preparation and reactivity of single-site metal species in MOFs will expand 

the scope of single-site metal catalysts.113 

1.4.5 Dehydrogenation and reforming reactions 

Non-oxidative activation of CH4 and selective transformation into olefins 

and aromatics are desired for utilization of natural gas resource. However, 
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traditional Mo-based catalysts are limited by a fast catalyst deactivation under 

non-oxidative reaction conditions.114 Bao and his co-workers have developed a 

supported Fe©SiO2 catalyst, showing remarkable activity and selectivity for 

direct non-oxidative conversion of methane to ethylene, aromatics and H2.
115 In 

the Fe©SiO2 catalyst after activation in CH4/N2 at 1173 K, atomically dispersed 

Fe species are confined in the matrix of SiO2 through Fe-Si and Fe-C bonding, 

according to the in situ XAS analysis and high-resolution STEM (see Figure 

1.19E). As shown in Figure 1.19, only Fe©SiO2 catalyst containing atomically 

Fe sites can selectively transform CH4 into desired products without the 

formation of coke, and give high selectivity to ethylene (~52.7% at 1293 K). 

Excellent stability has also been achieved at 1293 K with no obvious changes 

in conversion and selectivity.  
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Figure 1.19. (A) Product distributions on various Fe-based catalysts. (B) 

Activity and distributions of the products on Fe@SiO2 (with 0.5% of Fe) at 

different reaction conditions and space velocities. (C) Long-term stability test 

of Fe@SiO2 (with 0.5% of Fe) at 1293 K. (D) Amount of H2 produced at 

different temperature on Fe@SiO2 (with 0.5% of Fe) catalyst. (E) High-

resolution STEM image of Fe@SiO2 (with 0.5% of Fe) catalyst after the 

reaction. (F) Schematic illustration of the catalytic mechanism of CH4 

activation on single-site Fe species confined in the SiO2 matrix according to 

theoretical calculations. Adapted with permission from ref 115. Copyright 2014 

The American Association for the Advancement of Science. 

By in situ spectroscopic characterizations and theoretical calculations, the 

activation of CH4 on single-site Fe catalyst is proposed as described in Figure 

1.19F. CH4 is activated on Fe atoms and gives CH3· radicals and H2. Then, 

CH3· radicals in the gas phase will form ethylene and aromatics. In this work, 

the unique geometric and electronic structures of single-site Fe catalysts can 

efficiently break the C-H bonds in CH4 without formation of coke. The concept 

of Fe©SiO2 catalyst has further been applied for non-oxidative activation of 

CH4 in hydrogen-permeable tubular membrane reactor.116 By adding H2 in the 

feed gas into the membrane reactor, 30% conversion of CH4 and 99% selectivity 

to C2 products (acetylene and ethylene) can be achieved with good stability at 

1303 K.  
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Figure 1.20. (a) Coordination number of Pt-Pt bonding and Pt-Mo bonding in 

different supported Pt catalysts. It is clearly shown in that, the Pt-Pt contribution 

in Pt/α-MoC catalysts will increase with the Pt loading. (b) High-resolution 

STEM image of Pt/α-MoC with 2.0 wt% of Pt. Singly dispersed Pt atoms can 

be observed as bright dots in this image. (c) High-resolution STEM image of 

Pt/α-MoC with 0.2 wt% of Pt. Singly dispersed Pt atoms can be observed as 

bright dots in this image. (d) Aqueous reforming of methanol for H2 production 

on 0.2%Pt/α-MoC under practical conditions. Adapted with permission from 

ref 119. Copyright 2017 Macmillan Publishers Limited, part of Springer Nature. 

Reforming of methanol with water for production of H2 is an attractive 

alternative to provide H2 for polymer electrolyte membrane fuel cells. It has 
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been reported that, homogeneous Ru-based catalyst can catalyze the reforming 

of methanol into H2 and CO2 in the presence of a strong base, at low temperature 

(95 oC).117 From a practical point of view, it will be more desirable to develop 

heterogeneous catalysts for reforming of methanol with H2O for H2 

production.118 Recently, Lin et al. have developed a new series of supported Pt 

catalysts on α-MoC as efficient heterogeneous catalysts for methanol reforming 

with water.119 Only Pt species supported on α-MoC showed excellent activity 

and very low CO selectivity for methanol reforming with water. When 

compared with Pt species supported on other solid carriers (such as β-Mo2C, 

Al2O3, TiO2), the activities were much lower. The size of Pt species supported 

on α-MoC could be tuned by modulation of the Pt loading, which were 

quantified by EXAFS (see Figure 1.20a). Notably, singly dispersed Pt atoms 

on α-MoC were observed by high-resolution STEM (see Figure 1.20b and 

Figure 1.20c) in a series of Pt/α-MoC catalysts, even when the Pt loading was 

as high as 2 wt%. When the Pt loading decreased to 0.2 wt%, it was claimed 

that only Pt single atoms were observed and all the Pt atoms were bonded with 

α-MoC through strong interaction, according to DFT calculations. Those single 

Pt atoms dispersed on α-MoC showed the highest TOF and superior stability 

for methanol reforming reaction. The critical role of Pt single atoms was 

emphasized in this work while the catalytic properties of Pt clusters and Pt 

nanoparticles were not fully discussed. According to the EXAFS results, it was 

clearly shown that, Pt clusters and nanoparticles were the dominating species 

when the Pt loading was higher than 0.2 wt% and those Pt catalysts were also 

active for this reaction, even though the TOF values based on single Pt atoms 

were lower. 
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Figure 1.21. (A) High-resolution STEM image of the catalyst containing singly 

dispersed Rh atoms in porous organic co-polymers. (B) TOF values for 

hydroformylation of propene catalyzed by various Rh-biphephos&PPh3@co-

polymers catalysts with different loading of Rh. The catalyst with the lowest 

Rh loading shows the highest TOF values and higher linear/branched ratio in 

the products. (C) High-resolution STEM image of the same catalyst after 1008 

h of time-on-stream for propene hydroformylation, showing the presence of 

singly dispersed Rh atoms. (D) Long-term stability test of the Rh-

biphephos&PPh3@co-polymers containing singly dispersed Rh atoms for 

hydroformylation of propene. Adapted with permission from ref 124. Copyright 

2016 The Royal Society of Chemistry. 

 

1.4.6 Hydroformylation 

Hydroformylation of olefins is an important industrial process for the 

production of aldehydes and alcohols. So far, the industrial hydroformylation 

reactions are performed under homogeneous conditions, using molecular Rh-

based and Co-based complexes as catalysts.120 In the last two decades, great 

efforts have been devoted to transform the conventional homogeneous into 

heterogeneous systems for convenient separation and recyclability of the 
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catalysts.121,122 Generally, the active sites for hydroformylation are thought to 

be mononuclear metal centers. Therefore, it could be possible to achieve 

immobilized single-atom catalyst for heterogeneous hydroformylation 

reactions if the metal centers can be stabilized by the solid support and their 

reactivity is not suppressed. Recently, singly dispersed Rh atoms have been 

successfully anchored on porous organic polymer from the co-polymerization 

of vinyl functionalized phosphorous ligands, and these single-atom Rh catalysts 

showed excellent activity and reusability for hydroformylation of olefins.123,124 

As shown in Figure 1.21, singly dispersed Rh atoms in organic support 

containing vinyl biphephos ligands can be clearly observed by high-resolution 

STEM. These Rh atoms showed high TOFs in hydroformylation of propene and 

high selectivity to linear butaldehyde. Even after reaction for more than 1000 

h, the fine dispersion of single Rh atoms was still preserved in the catalyst. 

 Other than organic polymers, inorganic solids can also serve as the supports 

for single Rh atoms for hydroformylation reactions. For instance, single Rh 

atoms supported ZnO nanowires showed comparable performances (in terms 

of turn-over numbers) like state-of-art RhCl(PPh3)3 complex for 

hydroformylation of styrene.125 In another work, single Rh atoms supported on 

CoO also showed excellent TOFs for hydroformylation of propene.126 It was 

also found that the distributions of aldehyde products were related with the size 

of Rh species. Single Rh atoms gave the highest selectivity towards linear 

butaldehyde (~94%) while Rh nanoparticles gave much more isobutyraldehyde, 

which might come from the different adsorption geometry of propene 

molecules on different Rh sites. Considering the influences of metal-support 

interaction, comprehensive studies on the support effects on Rh single-atom 

catalysts will bring more information and mechanistic insights for developing 

more efficient and selective heterogenous catalysts for hydroformylation 

reactions.  

 

1.4.7 Photocatalytic reactions 

In recent works, Yang et al. have prepared isolated Pt atoms and Pt clusters 

with different sizes through a ligand-assisted method, and their activity for 

photocatalytic H2 evolution from methanol has been reported.127,128 In their 

samples, Pt mainly existed as PtO, as determined by XPS. The TOF of Pt 
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species decreased when increasing the particle size. Pt single atoms showed the 

highest activity among the as-prepared catalysts, with about 30 times higher 

activity than Pt NPs (ca. 2 nm). In that work, only the chemical states of Pt in 

the pristine photocatalysts have been characterized by XPS. However, 

considering the transfer of photo-generated electrons to PtO sites, PtO species 

would probably be reduced. And if this occurs, it should also be considered. 

 

Figure 1.22. Photocatalytic hydrogen evolution rates from triethanolamine 

aqueous solution on various Pt/C3N4 catalysts with different loading of Pt. 

When the Pt loading is lower than 0.16 wt%, Pt mainly exist as singly dispersed 

atoms. When it increases to 0.38 wt%, Pt clusters will appear and Pt continues 

to grow into Pt nanoparticles in the Pt/C3N4 sample with 3.2 wt% of Pt. The H2 

evolution rates have been normalized to the mass of Pt co-catalyst in various 

catalysts. Adapted with permission from ref 129. Copyright 2016 Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

 

  In another case, Pt single atoms deposited on C3N4 can catalyze the 

photocatalytic H2 generation from triethanolamine aqueous solution.129 As 

shown in Figure 1.22, Pt/C3N4 catalysts containing Pt single atoms show 

almost the same H2 evolution rate normalized to Pt loading, when the Pt loading 
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varied from 0.075 wt% to 0.16 wt%. When the size of Pt species increases into 

cluster or even nanoparticle regime, the normalized H2 evolution rate drops 

down with the particle size.  

  In a recent work, single-atom catalyst was reported as photocatalyst for CO2 

reduction using triethanolamine as electron donor under visible light 

irradiation.130 Single-site Co species were incorporated to MOF-525 and 

stabilized by the porphyrin units. The introduction of Co showed much higher 

production rate of CO and CH4 than the pristine MOF, although the production 

of CO and CH4 is still quite low (less than 3 µmol after 6 h). 

 

1.4.8 Single-atom sites in bimetallic particles 

In the above examples, singly dispersed metal atoms were supported on solid 

supports (such as zeolites, metal oxides, polymers, etc.), and it has been usually 

proposed that those metal centers act as the active sites without synergistic 

effects from neighboring metal atoms. Actually, single-atom sites can also be 

generated in bimetallic particles. In that case, the electronic structures of single-

atom sites can be affected by the neighboring metal atoms, which could lead 

into different catalytic behaviors compared with single-atom sites on non-

metallic support.  
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Figure 1.23. (A) STM image of single Pd atoms deposited on Cu(111) surface. 

(B) Schematic illustration of the activation of H2 molecules on isolated Pd

atoms and the subsequent H-spill over on Cu(111) surface. (C) STM image of 

the dissociated H on Pd/Cu(111) surface. (D) Activation energy of H2 on 

different types of surface. Adapted with permission from ref 131. Copyright 

2012 The American Association for the Advancement of Science. 

Due to the weak interaction between H and Cu surface and suitable 

adsorption geometry of substrate molecules on Cu surface, Cu catalysts are 

selective catalyst for many hydrogenation reactions. However, due to the low 

intrinsic activity for H2 activation, which is often a limiting step, Cu catalysts 

are not widely used for selective hydrogenation reactions. In 2012, Kyriakou et 

al. reported the application of an alloy structure containing single-atom sites for 
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selective hydrogenation reactions. As show in Figure 1.23, isolated Pd atoms 

deposited on Cu(111) surface can dissociate H2 and those activated H species 

can spill over to Cu(111) surface.131 By this strategy, the bottleneck for Cu-

based hydrogenation catalysts can be overcome and due to the very low amount 

of Pd, the selectivity of Cu catalysts is not affected.132 Therefore, Cu(111) 

surface modified with isolated Pd atoms show excellent selectivity for selective 

hydrogenation of alkynes. Actually, this concept has already been demonstrated 

in 2009 on supported Au catalysts, in which ppm level of Pt was added to 

Au/TiO2 catalyst to improve the activity without affecting the high selectivity 

of Au catalysts.133 Besides, this concept has also been proved by practical 

catalysts containing PdCu alloy nanoparticles with very low amount of Pd.134 

Lately, the concept of single-atom alloy structures has been extended to other 

combinations of metals and show promising performances for selective 

hydrogenation reactions. For instance, Pt-Cu alloys containing Pt single atoms 

show excellent activity and selectivity for hydrogenation of 1,3-butadiene to 

butenes.135 Ag alloyed Pd single-atom catalysts are efficient catalysts for 

selective hydrogenation of acetylene to ethene in excess ethene.136  

Figure 1.24. Evolution in selectivity of mononuclear Rh(C2H4)2 complexes 

supported on HY zeolite with time on stream during the consecutively changed 

feed gases (ethylene and H2). The coordination environment of Rh species is 
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followed by EXAFS spectroscopy. In the bottom panel, the horizontal axis and 

vertical axis represents time on stream and the Rh-backscatter distance, and the 

intensity of various contributions are represented by colors (change from red to 

yellow to green to blue shows a decrease in intensity of the contribution). 

Adapted with permission from ref 138. Copyright 2011 American Chemical 

Society. 

 

1.4.9 Evolution of single-atom catalysts under reaction conditions 

One critical issue related with single-atom catalysts is their stability under 

reaction conditions. Considering the intrinsic instability of single-atom species, 

they have a strong tendency to agglomerate into clusters or nanoparticles, 

especially in reductive atmosphere, especially in the situation without strong 

protection from sintering.137 Gates et al. have investigated the evolution of 

mononuclear Ir complexes supported on zeolites in H2 atmosphere at room 

temperature. In the case of supported Ir(C2H4)2/HY, the bonding between Ir and 

zeolite would be broken after the formation of iridium hydride species, leading 

to the formation of Ir clusters. Furthermore, they have also studied how 

mononuclear metal species transform into metal clusters during the 

hydrogenation reaction.138 In situ EXAFS allows to correlate the catalyst 

selectivity with the structural information of supported Rh species, as shown in 

Figure 1.24. In C2H4-rich environment, butene was the major product and Rh 

mainly exists as mononuclear form. When these mononuclear Rh was treated 

with H2, Rh4 clusters appear and ethane turned to be the major product in H2-

rich environment. Interestingly, the dynamic transformation between 

mononuclear Rh and Rh4 clusters can be modulated by the reaction atmosphere. 
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Figure 1.25. (a) High-resolution STEM images of the pristine Ir1/Y catalyst, 

showing the presence of single Ir atoms with fine dispersion. (b) High-

resolution STEM images of the Ir/Y catalyst after the first run of hydrogenation 

of cyclohexene, showing the presence of Ir clusters around 0.4 nm with 4-6 Ir 

atoms. (c) High-resolution STEM images of the Ir/Y catalyst after the second 

run of hydrogenation of cyclohexene, showing the presence of Ir clusters 

around 1 nm with ca. 40 Ir atoms. (d) High-resolution STEM images of the Ir/Y 

catalyst after the third run of hydrogenation of cyclohexene, showing the 

presence of Ir clusters around 1.3 nm with ca. 70 Ir atoms. Adapted with 

permission from ref 140. Copyright 2015 American Chemical Society. 

 

  When the reaction is performed in liquid phase, the evolution of single-atom 
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catalysts will be more complicated than under gas-phase reaction conditions. In 

a typical example, Finke et al. have studied the stability of zeolite-supported 

mononuclear Ir complex under the reaction conditions for liquid-phase 

hydrogenation of cyclohexene at 22 oC.139 According to the experimental results 

from kinetic, spectroscopic and electron microscopy characterizations, it was 

proven that those mononuclear Ir complex are stable at 22 oC, and the 

agglomeration of Ir single atoms into clusters or nanoparticles was not observed. 

However, when the reaction temperature increases for liquid-phase 

hydrogenation of cyclohexene, the situation changes.140 The size of Ir species 

have been followed by both high-resolution STEM and EXAFS. As shown in 

Figure 1.25, three stages of evolution of mononuclear Ir species into Ir clusters 

(4-6 atom) and then to Ir nanoparticles (around 1 nm) were clearly observed 

during the three cycles of hydrogenation of cyclohexene. During the sequential 

sintering of Ir species, the activity for hydrogenation of cyclohexene was also 

decreasing.  

  In most of the abovementioned works on catalytic applications of single-

atom catalysts, the evolution of single-atom metal species has not been 

intensively studied. In many cases, only the fresh catalyst has been well 

characterized. It has been demonstrated in nanoparticulate metal catalysts that 

dynamic structural transformation is quite common in heterogeneous catalytic 

reactions. Taking that point into consideration, it is required to study the 

stability of single-atom catalysts under reaction conditions by different types of 

characterization techniques. 

 

1.4.10 Perspectives on single-atom catalysts  

  In the last few years, various single-atom catalysts have been prepared by 

different methods. For instance, singly dispersed Co in N-doped carbon can be 

generated using Co-complex or Co-containing metal-organic framework as 

precursor. Moreover, the morphologies of the resultant singly dispersed Co-N-

C catalysts also show different morphologies. In those published works, Co-N-

C catalysts from different methods have been tested for the same reaction 

(electrocatalytic oxygen reduction reaction). Spectroscopic and electron 

microscopic characterizations suggest that those Co-N-C catalysts show similar 

structures. However, although the reaction conditions maybe different in 
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different works, it is clear that the catalytic performance of different Co-N-C 

catalysts are different.141-144 The differences between those Co-N-C catalysts 

are still unknown. Similar phenomenon has also been observed with Fe-N-C 

catalysts.145-148  

  It has been proposed that, single-atom catalysts are thought to be analogous 

to homogeneous coordination compounds. It has been well established that, the 

electronic structure of the metal center in coordination complex is strongly 

dependent on the ligand, which has significant influence on the catalytic 

properties. Therefore, it can be speculated that, the coordination environment 

of single atoms in heterogeneous catalysts can also influence their catalytic 

behavior. Therefore, the differences observed in recent published works on 

different Co-N-C catalysts may originate from their different coordination 

structure of the singly dispersed Co sites, which cannot be fully reflected by the 

current characterization results. 

  There is no doubt that, totally dispersed metals, and more specifically noble 

metals, is a way to minimize metal use, specially when they present high 

activity. These single metal atoms on organic and inorganic supports are very 

sensitive to electronic and geometric interactions with the atoms of the support. 

In some way, they can bridge homogeneous and heterogeneous catalysis, 

offering new perspectives for controlling activity and selectivity as well as for 

catalyzing less usual reactions.   

  Therefore, in order to have better understanding on the catalytic behavior of 

single-atom catalysts, it is necessary to correlate the catalytic behavior with the 

local coordination environment of the metal sites. Furthermore, it is also 

necessary to follow the evolution of the structures of single-site metal centers 

under reactions conditions. The geometric configuration of the metal site and 

its coordination environment may change during the catalytic cycles, in an 

analogous way to the catalytic cycle in homogeneous catalysis.  
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1.5 Catalytic applications of metal clusters 

1.5.1 CO oxidation 

  CO oxidation is an excellent reaction test to discuss similarities and 

differences between single-atom and subnanometric clusters of different metals. 

Since much work on the reaction mechanism has been already carried out, it is 

of interest to use CO oxidation as a probe reaction to investigate how the size 

of metal species and the potential role of the support affect the activity. It should 

be considered that the electronic characteristics of metal species should be key 

to explain their catalytic behavior. We will now review the recent works on 

metal clusters for CO oxidation and will comment on the differences observed 

with single-atom metal catalysts.  

CO oxidation on Au clusters 

In 1999, Heiz et al. performed the first model study on size-selected metal 

nanoclusters for 13CO+18O2 reaction.149 As shown in Figure 1.26a, 13CO and 
18O2 were pumped into the reaction chamber at low temperature, and the 

reaction was monitored with a mass spectrometer. Notably, low activity for CO 

oxidation was observed for Aun clusters with less than 10 atoms except Au8. 

Moreover, two peaks in the temperature-programmed reaction (TPR) profiles 

of Au8 and larger Au clusters were observed, suggesting that there may be two 

reaction pathways for CO oxidation at different temperature range. Later, 

Anderson et al. studied the activity of supported size-selected Aun species (n=1, 

2, 3 and 4) for CO oxidation. They observed that Au1 and Au2 were inert for 

this reaction and Au3 is more active than Au4. The authors claimed that the lack 

of activity of Au1 and Au2 may be related with the strong binding between Au 

and CO.150 When the atomicity increased to 10~20, the CO oxidation activity 

of Au nanoclusters also increased, although in an odd-even oscillation way. As 

shown in Figure 1.26b, the reactivity of Au nanoclusters may change 

significantly by just changing one atomicity. Such variation pattern is similar 

to the size-dependent electronic structures of Au nanoclusters as discussed 

before in this review.151 Notably, Au8 clusters were found to be much more 

active than Au clusters with less than 8 atoms, implying that low-temperature 

CO oxidation may require multiple metal sites for the activation of CO and 

O2.
152  
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Furthermore, the role of the support on the catalytic behavior of Au clusters 

has been studied. It has been reported that Au8 clusters deposited on a MgO(100) 

film, rich in oxygen defects, exhibited higher activity than those supported on 

defect-poor MgO(100) film. The reason for the enhanced activity of Au8 

clusters supported on defective MgO(100) could be related with the charge-

transfer from MgO to Au clusters.153 However, it should also be considered that, 

the electronic interaction between MgO and Au clusters could also affect the 

geometric structure of the Au clusters.154 Indeed, if Au20 clusters were deposited 

on a MgO(100) film, the optimized geometric structure of Au20 cluster 

corresponded to a three-dimensional tetrahedron. However, when the support 

was two-layer MgO film on Mo(100), Au preferred to be in the form of two-

dimensional Au island. 

 

 

Figure 1.26. (a) Temperature-programmed reaction profiles for the CO 

oxidation on size-selected Aun (n=2-20) clusters on defect-rich MgO(100) 
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surface. The model catalysts were saturated at 90 K with 13CO and 18O2 and the 

reaction product (13C18O16O) was detected with a mass spectrometer, as a 

function of temperature. (b) The number of formed CO2 molecule on each Au 

cluster with different atomicity. Adapted with permission from ref 149. 

Copyright 1999 American Chemical Society. 

  In the abovementioned works, Au nanoclusters were generated by size-

selected method and then deposited on support and used as model system. 

Actually, the catalytic behavior of Au nanoclusters prepared by conventional 

wet-chemistry methods, which is closer to practical heterogeneous catalysts, 

has also been investigated for CO oxidation. Gold catalysts supported on metal 

oxides (such as TiO2, FeOx, Al2O3, etc.) have been prepared by impregnation 

or co-precipitation methods. The resultant catalysts usually contain various 

types of Au species (including singly dispersed Au atoms, subnanometric Au 

clusters and Au nanoparticles) and it becomes very difficult to measure those 

subnanometric Au species by conventional TEM due to the resolution 

limitation.155 With the help of aberration-corrected STEM, it is possible to 

quantify the contribution of different types of Au species for CO oxidation. In 

2008, Kiley and Hutchings reported the identification of active sites in Au/FeOx 

catalysts for CO oxidation.156 By comparing the size of Au species present in 

two Au/FeOx samples (one active and the other catalytically inactive), the 

authors concluded that subnanometric Au clusters (around 0.5 nm) play a 

dominant role for the high activity in CO oxidation. Meanwhile, singly 

dispersed Au atoms and large Au nanoparticles (>5 nm) hardly contributed to 

the activity. In a recent work, these authors have performed a more systematic 

study on the contribution of different types of Au species in Au/FeOx 

catalyst.157 By quantitatively analyzing the population of different types of Au 

species, they have concluded that both subnanometric Au clusters (~0.5 nm) 

and small Au nanoparticles (1-3 nm) are the active species with similar turn-

over frequencies for CO oxidation, showing much higher TOF values than Au 

single atoms supported on FeOx. 

CO oxidation on Pt-group metals clusters 
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Figure 1.27. (a) Correlation between CO oxidation activity observed during 

temperature-programmed reaction (TPR) and the shifts of the Pd 3d binding 

energy observed by XPS. The XPS and TPR data for each type of Pd cluster 

were taken on the same sample. Adapted with permission from ref 213. 

Copyright 2009 The American Association for the Advancement of Science. (b) 

Mechanism of CO oxidation on Pd clusters from low to high temperature. At 

low temperature, Pd clusters will be poisoned by CO and cannot catalyze the 

CO oxidation. When the temperature increases to ca. 300 K, part of the Pd 

clusters are exposed to O2 molecules and become able to activate O2 and 

catalyze CO+O2 reaction. At ca. 400 K, Langmuir-Hinshelwood type reaction 

can be observed on Pd clusters for CO oxidation. Adapted with permission from 

ref 158. Copyright 2010 American Chemical Society. 
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  The catalytic properties of Pt-group metal clusters have also been studied for 

CO oxidation. Anderson et al. have prepared size-selected Pdn clusters 

deposited on TiO2(110) as model catalysts, and attempted to correlated the 

catalytic activity with the electronic structures.158 For doing that, the CO 

oxidation activity (determined by TPR) and the Pd 3d binding energy shifts 

relative to bulk Pd (measured by XPS), were plotted as a function of the 

atomicity of Pdn clusters (Figure 1.27a). Obviously, these two plots showed a 

similar tendency when varying the cluster size. It could be seen there that CO 

oxidation activity increased substantially from Pd2 to Pd4, and then declined 

slowly when the cluster size increased to Pd7. For larger clusters, activity 

increased gradually before dropping again for Pd25. The good correlation 

between the Pd 3d binding energy shift and the catalytic activity suggests that 

electronic structures of metal clusters have significant influence on the catalytic 

properties. Indeed, it has been found that the catalytic properties of Pd clusters 

supported on alumina could be affected by the thickness of the alumina film 

and geometric structures of Pd20 clusters.159 In this way, when the thickness of 

Re-doped alumina film was around 2 nm, the CO oxidation activity of Pd 

clusters was the lowest. 

  To investigate how the size of the Pd cluster affects the catalytic properties, 

Kunz et al. studied the catalytic behavior of three Pd clusters (Pd8, Pd13 and 

Pd30).
160 They found that these size-selected Pd clusters show temperature-

dependent reaction mechanisms for CO+O2 reaction. A schematic illustration of 

the proposed reaction mechanisms over Pd clusters is given in Figure 1.27b. 

When working in the low-temperature region, Pd clusters were poisoned by CO, 

and almost no CO2 production was observed. When the temperature was 

increased to above 300 K, some of Pd atoms in Pd clusters were exposed to O2, 

leading to activation of O2 and oxidation of CO. When the temperature was 

further increased, a Langmuir-Hinshelwood (L-H) mechanism occurred, in 

which adsorbed CO exhibited a promoting instead of a blocking effect for 

oxygen dissociation. Finally, the activity results for CO oxidation at T>400 K 

showed that larger Pd clusters were active. Although no explanation for these 

results were given, it may occur that the CO poisoning effect was larger for 

small Pd clusters. If this is so, more Pd atoms could be exposed to O2 in larger 
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Pd clusters, which could facilitate the CO oxidation. The above reaction 

mechanism is also supported by theoretical calculations.161,162  

In the case of CeO2-supported Pd catalysts, it has recently been reported that 

Pd nanoparticles can be transformed into Pd clusters after hydrothermal 

treatment. The amount of hydroxyl groups on CeO2 increased significantly after 

hydrothermal treatment, which promoted the dispersion of Pd on CeO2.
163 

Those re-dispersed Pd clusters are highly active for CO oxidation, showing 

much higher activity than Pd single atoms supported on CeO2.  

  The unique role of Pt-group metal clusters for CO oxidation has also been 

reflected in catalysts prepared by co-precipitation. Pt/FeOx (with ~2 wt% of Pt) 

containing Pt clusters and Pt single atoms show excellent activity for 

preferential oxidation of CO in the presence of rich H2 at room temperature.164 

Although the TOF of Pt clusters (0.181 s-1) is slightly lower than Pt singles 

(0.212 s-1) under the same reaction conditions, the Pt loading of the Pt/FeOx 

with clusters is much higher than Pt/FeOx with single Pt atoms. Therefore, from 

a practical point of view, the Pt/FeOx containing Pt clusters are better catalysts 

for CO-PROX reaction than the Pt/FeOx catalyst with single atoms.  

What we have learned up to now is that the electronic properties of the Pt 

group metals depend on the size and structure of the clusters, the interactions 

with the support and the atmosphere at which they are exposed. Obviously, all 

those factors will determine the final catalytic activity and selectivity of the 

metal catalyst. On those basis, we will now discuss the catalytic behavior of 

metal clusters for important catalytic applications, such as selective oxidation, 

selective hydrogenation, dehydrogenation, photocatalysis and electrocatalysis. 

 

1.5.2 Oxidation of hydrocarbons 

  The oxidation of C-H bond is a promising green strategy to obtain 

functionalized products from abundant raw materials. For instance, direct 

oxidation of CH4 to CH3OH is a dream reaction for the valorization of natural 

gas. In nature, enzymes containing two-copper centers can catalyze this 

transformation at room temperature.165,166 Inspired by nature, chemists try to 

mimic the active sites in natural enzymes and design heterogeneous catalysts 

for direct oxidation of CH4 to CH3OH. In the past decade, it has been reported 

that Cu-zeolite catalysts prepared by ion-exchange process can make the 
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selective transformation of CH4 to CH3OH through a cyclic process, as shown 

in Figure 1.28a.167 In the case of Cu-exchanged ZSM-5, With the help of 

Raman spectroscopy and isotopic studies, it has been proposed that binuclear 

Cu species located in ZSM-5 are the active species for CH4 oxidation to 

CH3OH.168 In a recent work, the generation and stabilization of trinuclear 

copper oxygen clusters at the pore mouth of 8-ring side pockets in mordenite 

was reported and these Cu3 clusters showed activity and selectivity for 

oxidation of methane to CH3OH.169 Therefore, it can be seen that, there is still 

some debate on the nature of the active sites in Cu-exchanged zeolites. Indeed, 

in another report, it is proposed that CuII-O-CuII is the active site for methane 

oxidation to methanol.170 Interestingly, when studying the Cu-zeolite catalysts 

by high-resolution TEM, it can be found that a large number of CuOx 

nanoparticles (1-3 nm) are also present in the active Cu-exchanged zeolite 

catalysts, implying that Cu species other than Cu clusters may also be active for 

oxidation of CH4.
171,172 Moreover, it should also be considered that, the 

structures of the active Cu sites are also affected by the reaction conditions. 

Therefore, to clarify the role of Cu clusters for selective oxidation of methane, 

mechanistic studies based on catalysts with well-defined and stable metal 

species are required.173 In a recent work, van Bokhoven et al. demonstrate an 

anaerobic approach for oxidation of methane to methanol using water as soft 

oxidant, giving very high selectivity (~97%) to methanol.174 In that work, Cu-

exchanged MOR zeolite was activated in He at 400 oC and then reacted with 

CH4 at 200 oC, resulting the reduction of Cu(II) to Cu(I). Afterwards, the 

desorption of methanol and re-oxidation of Cu(I) to Cu(II) can be realized by 

introducing H2O into the Cu-MOR zeolite. The above catalytic cycles have also 

been verified by in situ XANES and FT-IR. Although progress on the 

identification of the nature of the active sites has been achieved in the last 

decade, the catalytic performance of Cu-exchanged zeolite materials is still far 

below the requirements for practical application, and exploring new materials 

for oxidation of methane to methanol is an emerging challenge.  
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Figure 1.28. (a) Illustration of oxidation of CH4 with Cu-exchanged zeolites 

through a cyclic process. Adapted with permission from ref 167. Copyright 

2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b, c) Schematic 

illustration of Cu3 clusters located in the side pockets of MOR zeolites. The 

Cu3(μ-O)3 clusters are proposed to be the active sites for oxidation of CH4. 

Adapted with permission from ref 169. Copyright 2015 Macmillan Publishers 

Limited, part of Springer Nature. 

 

Figure 1.29. Generation of Re10 clusters in ZSM-5 by chemical vapor 
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deposition and the dynamic transformation of Re10 clusters and mononuclear 

Re species under reaction conditions. Adapted with permission from ref 175. 

Copyright 2007 American Chemical Society. 

 

The direct oxidation of C-H bond in benzene with O2 for the production of 

phenol is another dream reaction for chemical industry. In 2006, Iwasawa et al. 

reported a Re/Zeolite catalyst prepared by chemical vapor deposition (CVD) of 

organometallic Re compound on ZSM-5 crystallites for direct oxidation of 

benzene to phenol with O2 in presence of NH3.
175 The catalyst could achieve 

82.4-87.7% selectivity to phenol at 0.8-5.8% conversion of benzene under 

steady-state reaction. As described in Figure 1.29, EXAFS and XANES results 

reveal that Re10 clusters were the active sites under reaction conditions and they 

transformed into mononuclear Re under reaction conditions when there was no 

NH3 in the feed gas. The presence of NH3 is critical for the generation and 

stabilization of Re10 clusters in the pore channels of ZSM-5.176  
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Figure 1.30. (A) Reaction rate of oxidation of propene to propene oxide (PO), 

acrolein (Acr) and CO2 on Ag3 clusters. (B) Selectivity towards different 
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products at different temperature on Ag3 clusters supported on Al2O3. (C) 

Reaction rate of oxidation of propene to propene oxide (PO), acrolein (Acr) and 

CO2 on Ag nanoparticles (~3.5 nm). (D) Selectivity towards different products 

at different temperature on Ag3 clusters supported on Al2O3. (E) Reaction 

mechanism of oxidation of propene to propene oxide catalyzed by Ag3 clusters 

based on DFT calculations. Adapted with permission from ref 177. Copyright 

2010 The American Association for the Advancement of Science. 

Not only Au clusters, but subnanometric Ag clusters can also be active 

catalyst for epoxidation of propene. Vajda et al. showed that size-selected Ag3 

clusters deposited on Al2O3 were active and selective catalyst for epoxidation 

of propene at low temperature.177 As shown in Figure 1.30A and Figure 1.30B, 

Ag3 clusters exhibited good conversion of propene at low temperature (< 100
oC). Notably, propene could be readily converted into propene oxide and 

acrolein at 60 oC, which was remarkable compared with conventional Ag-based 

catalysts. From room temperature to 60 °C, the major product was acrolein. 

When the temperature was increased to between 70°C and 100°C, higher 

propene oxide/acrolein ratios could be achieved. However, selectivity to CO2 

also increased from 30% to 60%. DFT calculations (Figure 1.30E) suggest that 

O2 molecules are activated at the Ag/Al2O3 interface through formation of Ag3O 

structure. Alumina-supported Ag3O cluster has a substantial net spin density 

(~0.6) on the Ag and O in the cluster. In contrast, there is no spin density present 

when atomic oxygen is adsorbed on an Ag(111) surface, assuming low oxygen 

coverage. This work indicates that the flexibility of metal clusters may account 

for their higher catalytic performance by adapting their configuration during 

molecular activation. Notably, those Ag3 clusters were not stable at above 120 
oC, and they agglomerated into Ag nanoparticles of 2 to 3.5 nm, depending on 

the reaction temperature. The catalytic performance of those Ag nanoparticles 

has also been measured under the same conditions. As it can be seen in Figure 

1.30C and Figure 1.30D, Ag nanoparticles (~3.5 nm, generated from the 

sintering of Ag3 clusters) show similar turn-over frequency (based on surface 

Ag atoms) as Ag3 clusters for the production of propene oxide, implying that 

size effects are not so significant in this system. Further investigation on size 

effects with different types of Ag species may provide more insights on nature 
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of the active species for epoxidation of propene.   

 

 

1.5.3 Selective hydrogenation 

It was said before that the electronic and geometric structures are strongly 

related with the size of the metal clusters and, consequently, it is not surprising 

that the catalytic properties of metal clusters also depend on the size. To this 

respect, Gates et al. have investigated the interactions between Ir species and 

H2 to establish the size effects of metal clusters on hydrogenation of 

ethene.178,179 A schematic illustration of different Ir species supported on MgO 

and Zeolite are shown in Figure 1.51. When mononuclear Ir complexes were 

supported on electron-withdrawing zeolite support, single Ir atoms could 

activate C2H4 and H2 simultaneously. On the other hand, when the support was 

basic MgO, mononuclear Ir complexes were electron-rich and this situation was 

not favourable for the hydrogenation reaction. When Ir4 clusters were loaded on 

MgO, activation of C2H4 and H2 became easier, leading to higher TOF for 

ethene hydrogenation because the Ir4 clusters could provide neighboring Ir sites 

for adsorption and activation of ethene and H2. In contrast, for acid zeolite as 

support, Ir4 clusters showed only minor improvement for the ethene 

hydrogenation reaction with respect to the mononuclear Ir complex, suggesting 

that the activation of ethene and H2 on neighboring Ir sites is not the rate-

determining step in zeolite-supported Ir catalysts. 

  The catalytic properties of supported Ir clusters can also be tuned through 

surface modification to introduce selective molecular recognition in the 

catalytic process. Thus, Ir4 clusters were capped by calixarene-phosphine 

ligands, which blocked basal Ir sites in Ir4 clusters and protect Ir4 clusters from 

aggregation (see Figure 1.31). At the same time, the electronic and 

coordination environment of Ir4 clusters were modulated. H-D exchange and 

ethene hydrogenation experiments provided evidence supporting that only the 

apical Ir were accessible for substrate molecules. Basal Ir sites were exposed 

after decarbonylation treatment. But they were not able to activate ethene 

molecules because of the blocking effect of calixarene-phosphine ligands as 

suggested by the simulation results.180 This work demonstrates the possibility 

of controlling the catalytic properties of supported metal clusters in an accurate 
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way, which now is an emerging task for cluster catalysis.181  

 

Figure 1.31. (a) Tetrahedral Ir4 clusters stabilized by calixarene-phosphine 

ligands. Nine CO ligands are at first attached to the Ir4 clusters. The CO ligands 

attached to the basal-plane Ir atoms can be removed with a thermal or gas-

flowing treatment, creating 'CO vacancy' sites that can take up new CO 

molecules, but prevent ethylene adsorption. Alternatively, the CO ligands 

attached to the apical Ir atom can be removed by reactive decarbonylation, 

creating a CO vacancy site that can bind both CO and ethylene. (b, c) Molecular 

graphics: Lowest free-energy structures of ethylene bonded to apical (b) and 

basal-plane (c) Ir atoms, in the calixarene-phosphine capped Ir4 cluster. Adapted 

with permission from ref 180. Copyright 2014 Macmillan Publishers Limited, 

part of Springer Nature. 
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Figure 1.32. Single-step hydrogenation of some organic compounds using 

bimetallic cluster catalysts (Cu4Ru12C2, in this case) supported on mesoporous 

solid carriers. Adapted with permission from ref 182. Copyright 2003 American 

Chemical Society. 

As we have discussed in the part of the generation of supported metal clusters, 

bimetallic clusters can be prepared in a controllable way through the thermal 

decomposition of bimetallic or trimetallic organometallic clusters. Thomas et 

al. have carried out systematic work on the catalytic properties of bimetallic 

and multimetallic clusters for selective hydrogenation reactions.182 The 

composition of the bimetallic clusters and the reaction scopes are described in 

Figure 1.32. In those reactions, it is clearly demonstrated that the reactivity and 

selectivity of metal clusters are tunable by the chemical composition. For 

example, for the hydrogenation of benzoic acid, nearly 100% selectivity to 

hydrogenation of the aromatic ring was achieved with Ru10Pt2 clusters, giving 

cyclohexanecarboxylic acid as product, while the other Ru-based bimetallic 

clusters gave products of partial hydrogenation. More interestingly, when 

Ru6Sn clusters were used as catalysts for hydrogenation of 1,5-cyclooctadiene, 
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only cyclooctene was obtained with 100% selectivity. While other Ru-based 

bimetallic clusters could give full hydrogenation product (cyclooctane) in some 

extent. These results demonstrate that the selectivity of metal clusters can be 

modulated by addition of a second metal component. 

  The catalytic performances of bimetallic clusters can be further tuned by 

adding a third metal.183 Trimetallic Ru5PtSn clusters were immobilized in 

mesoporous Davison silica (with a pore diameter of 3.8 nm) and used as catalyst 

for hydrogenation of dimethyl terephthalate (DMT). Compared with RuPt 

bimetallic clusters, the introduction of Sn can improve the activity and 

selectivity to desired products, simultaneously.184  

1.5.4 Dehydrogenation reactions 

The production of light alkenes from dehydrogenation of alkanes is an 

important route for chemical industry.185 Currently, metal nanoparticles such as 

Pt supported on metal oxides are used in industrial plants for dehydrogenation 

of propane to propene. The dehydrogenation of alkanes is an endothermic 

process, which requires a large consumption of energy. Therefore, developing 

new stable and active catalyst for dehydrogenation reaction, specially if they 

are based on non-noble metals or they are coupled with other reactions or 

separation systems that allow to shift the dehydrogenation equilibrium, is a 

matter of much interest. 

Vajda et al. deposited size-selected Pt clusters on anodized aluminium oxide 

(AAO, Anopore) membranes modified with Al2O3 and SnO and used this 

material for oxidative dehydrogenation of propane to propene.186 The product 

distributions and a comparison of catalytic performance between Pt8-10 clusters 

and traditional catalysts (VOx/Al2O3 and Pt/monolith) are presented in Figure 

1.33. Pt clusters (Pt8-10) on various supports showed very high activity as well 

as high selectivity to propene, being 40-100 times more active for the oxidative 

dehydrogenation of propane than conventional Pt-based and V-based catalysts. 

According to DFT calculations, Pt atoms with unsaturated coordination sites in 

Pt8-10 clusters favor the dissociation of C-H bonds rather than C-C or C=C bonds. 

Therefore, lower amounts of CO2 and CO were produced on subnanometric Pt 

clusters rather than on Pt nanoparticles. 
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Figure 1.33. Catalytic performances of Pt-based and VOx/Al2O3 catalysts for 

oxidative dehydrogenation of propane to propene. (a-c) Selectivity to different 

products by the Pt8-10 clusters deposited on various supports catalysts at 

different temperature: (a) Pt clusters on SnO/Al2O3 at 400 oC, (b) SnO/Al2O3 at 

500 oC and (c) Al2O3 at 550 oC. (d) TOFs of propene produced on the Pt8-10 

catalysts (green) and conventional VOx/Al2O3 and Pt/monolith catalysts for 

oxidative dehydrogenation of propane to propene. The TOF values have already 

been normalized to single metal atoms in all catalysts. Adapted with permission 

from ref 186. Copyright 2009 Macmillan Publishers Limited, part of Springer 

Nature. 

 

  In a recent work, Anderson et al. have studied the dehydrogenation of 

ethylene to acetylene on size-select Pt clusters (Pt4, Pt7 and Pt8 clusters).187 It 

was found that Pt7 clusters showed the highest activity for ethylene 

dehydrogenation while Pt4 and Pt8 clusters showed similar activity. 

Experimental results and theoretical calculations indicate that the bonding of 

ethylene with Pt7 clusters is stronger than that with Pt4 and Pt8 clusters. On the 

other hand, the higher affinity of Pt7 clusters to ethylene molecules will lead to 

faster deactivation and agglomeration of Pt7 clusters due to coke formation. 

Non-noble metal clusters can also work for dehydrogenation reactions, and 

it has been found that Co clusters were active for the oxidative dehydrogenation 

of cyclohexene.188 Co27±4 clusters were deposited on various metal oxide 

supports (Al2O3, ZnO and TiO2 and MgO) to study the influence of support on 

the catalytic performances. Co clusters supported on MgO showed the highest 
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initial reactivity to formation of benzene for the dehydrogenation of 

cyclohexane. The strong interaction between Co clusters and MgO may 

facilitate the dehydrogenation of cyclohexene. However, Co clusters supported 

on MgO deactivated with time on stream, due to the formation of a Co-Mg-O 

solid solution at high temperatures. After comparing four supports (Al2O3, ZnO, 

MgO and ultrananocrystalline diamond), the diamond support was found to be 

the best support for Co clusters during cyclohexane dehydrogenation.189 It is 

proposed in that work that the different surface properties of various supports 

account for their different catalytic behavior. 

So far, there are no reports on non-oxidative dehydrogenation of alkanes with 

subnanometric metal clusters, which is probably due to the low stability of 

subnanometric metal clusters at high temperature. In the absence of oxygen, 

subnanometric metal clusters may agglomerate into nanoparticles, which serve 

as the active sites for non-oxidative dehydrogenation of alkanes. It can be 

expected that, if subnanometric metal clusters can be stabilized on a suitable 

support under the dehydrogenation reaction conditions, higher activity may be 

achieved on those clusters. 

1.5.5 deNOx reactions 

  Pt-group metal catalysts (including Pt, Pd and Rh) are the main active 

components of industrial three-way catalysts. Since the metal components 

mainly exist as nanoparticles, developing new catalysts with smaller metal 

crystalline size and higher activity as well as the introduction of non-noble 

metals to save the use of noble metals is an active research field. Heiz et al. 

have studied in an UHV system the catalytic properties of size-selected Pdn 

clusters (4≤n≤30) deposited on MgO(100) for NO+CO, i.e. 

2NO+2CO→N2+2CO2, as a model reaction for deNOx application.190 The 

temperature programed reaction (TPR) profiles of the reaction products 13CO2 

and 15N2 as a function of cluster size are shown in Figure 1.34. In the case of 

Pd4 clusters, almost no product was observed. When the atomicity increased 

from 5 to 30, the activity based on the production of CO2 at 300 K also increased 

gradually with the particle size, except for a relative drop between Pd15 and Pd20. 

Interestingly, the formation of 13CO2 was readily observed at very low 

temperature (140 K) when the atomicity was larger than 20. For Pdn (n≤20) 
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clusters, the NO+CO reaction could only occur at >300 K. It was proposed that 

adsorption and dissociation of NO can be the rate-determining step in this 

reaction. According to their results from FT-IR study, the authors have proposed 

two different reaction mechanisms for reaction temperature of 140 and 300 K, 

respectively. At higher temperature, NO can be dissociated to atomic N and O 

bonded to Pd clusters. CO can be oxidized to CO2 by atomic oxygen. However, 

at low temperature, the oxidation of CO can only occur through the adsorbed 

molecular NO. For Pd clusters with atomicity below 20, NO adsorption is not 

favorable, this resulting in their low activity below 300 K.191 The adsorption 

and dissociation of NO on Pd clusters with different sizes was also investigated 

by means of theoretical calculations.192,193 Those works indicate that both the 

electronic and geometric structures of Pd clusters will affect the interaction 

between Pd and substrate molecules, which further affects the reaction pathway, 

especially at different temperature range.  
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Figure 1.34. Temperature programed reaction (TPR) profiles of the reaction 

products 13CO2 and 15N2 as a function of cluster size. The Pd clusters were 

deposited on a clean MgO film and then were first exposed to 13CO and then to 
15NO at 90 K. The activity of various Pd clusters for 13CO2 and 15N2 expressed 

as the number of product molecules formed per cluster and normalized to the 

reactivity of Pd30 are presented. Adapted with permission from ref 190. 

Copyright 2004 American Chemical Society. 
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Figure 1.35. (a) Increment of NO conversion for C3H8-SCR with 0.5% H2 at 

573 K compared with the activity obtained in the absence of H2 as a function 

of adsorption heat of NH3 on H-form zeolites (open circles). The bars represent 

the intensity of UV-vis bands corresponding to different types of Ag species: 

212 nm (Ag+, white bar), 260 nm (Agn
δ+ cluster, gray bar), and 312 nm (metallic 

Agm cluster, black bar) under C3H8-SCR with 0.5% H2. Those intensity values 

have already been normalized to those bands obtained on the same catalyst 

under similar reaction conditions but in the absence of H2. (b) Schematic 

diagram of the evolution of Ag species, depending on the acidity of zeolite 

support and the reaction atmosphere. (OZ) represents the zeolite ion-exchange 

site in this figure. Adapted with permission from ref 196. Copyright 2005 

Springer, Inc. 

 

  Ag-based catalysts also perform very well for selective catalytic reduction of 

NO by hydrocarbons (HC-SCR), and can serve as a substitute for expensive Pt-

group catalysts.194 Among different types of supported Ag catalysts, Ag/zeolite 

catalysts (usually prepared by ion-exchange process) show promising activity 

and stability for HC-SCR reaction.195,196 As shown in Figure 1.35a, the addition 

of H2 in the feed gas can significantly promote the NO conversion in C3H8-SCR 

reaction. The evolution of Ag species under reaction conditions was followed 

by EXAFS and UV-vis spectroscopy. In the case of Ag supported on zeolites 

with weaker acidity, Ag species tend to form metallic Ag nanoparticles under 

reaction conditions while tend to form cationic Ag species on zeolites with 



Chapter 1 

72 

stronger acidity. By correlating the activity with the contributions of different 

types of Ag species in various Ag/zeolite catalysts (see Figure 1.35b), it is 

proposed that positive charged Ag clusters (Ag4
2+ on average) are the active 

sites for HC-SCR reaction. Dynamic structural transformation of Ag species 

can occur when tuning the reaction conditions. By tuning the atmosphere 

(reductive or oxidative), the atomicity and chemical states of Ag species can be 

modulated, which will further affect the catalytic properties in HC-SCR 

reaction. 

1.5.6 Photocatalytic reactions 

In photocatalytic reactions such as water splitting and CO2 reduction, metal 

nanoparticles are usually used as co-catalysts. Similarly, metal clusters can also 

work as co-catalysts. It has been well demonstrated that the size of metal co-

catalysts has significant influences on the photocatalytic properties.197,198 With 

suitable particle size, the promotion effect of metal species can be maximized 

for photocatalytic reactions.  

Pt is widely used as co-catalyst in heterogeneous photocatalysts, especially 

for the photocatalytic water splitting to produce H2. In some works, Pt clusters 

were prepared through a simple co-precipitation method for the study of size 

effects on the photocatalytic H2 evolution reaction. However, the Pt clusters 

obtained by this method presented wide size distributions which are not ideal 

model catalysts for fundamental studies. To properly discuss the metal size 

effects, Berr et al. employed size-selected Pt nanoclusters with different sizes 

as co-catalysts on CdS nanorods for photocatalytic H2 production.199 As shown 

in Figure 1.36a, H2 evolution efficiency below 1‰ h-1 was obtained for smaller 

clusters (Pt8 and Pt22), and this value increased to over 1‰ h-1 for Pt34. After 

reaching a maximum H2 production rate for Pt46 nanoclusters, the H2 production 

rate dropped for Pt68. Considering the reaction mechanism presented in Figure 

1.36b, the catalytic efficiency was mainly associated with the higher charge 

separation efficiency between CdS and Pt nanoclusters, which is further related 

with the electronic structure of Pt nanoclusters. As it is known, the electronic 

structure (especially the position of lowest unoccupied molecular orbitals, 

LUMO) of metal clusters is strongly dependent on the atomicity of clusters. 

Therefore, by tuning the size, the charge transfer process between CdS and Pt 
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nanoclusters can be modulated, which would further affect the photocatalytic 

performance.200 On the other hand, the reduction of protons to H2 on Pt 

nanoclusters is also related with the electronic structure of Pt. The LUMO of Pt 

nanoclusters have to be higher than the H+/H2 redox potential. Therefore, Pt46 

may have the suitable LUMO positions, which can facilitate the electron 

transfer from CdS to Pt46 nanoclusters and the subsequent reduction of H+ to 

H2.  

 

Figure 1.36. (a) Influences of Pt particle size on photocatalytic activity of the 

CdS nanorods with size-selected Pt clusters as co-catalysts. The average H2 

evolution rate as well as the quantum efficiency clearly changes with the size 

of Pt clusters. (b) Schematic illustration of the generation of electrons and holes 

in CdS after excitation by light. The photo-generated electrons will transfer to 

Pt clusters and then catalyze the reduction of protons for the evolution of H2. 

Adapted with permission from ref 199. Copyright 2012 American Chemical 

Society.   

 

1.5.7 Catalysis with in situ formed metal clusters 

In situ formed Pd clusters 

It is common to find that, in many catalytic reactions, a reaction induction 

period can be observed and in situ evolution of the catalyst occurs during the 

catalytic processes. This means that the “real” catalyst is not the one initially 

added into the system. The in situ transformation of metal catalysts often occurs 

during liquid-phase organic reactions, as a consequence of the interactions 

between metal species, substrates and solvent in liquid-phase. For some metal-

catalyzed reactions, metal clusters can be in situ formed from the precursors 
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(metal salts, transition metal complexes or metal NPs) and those metal clusters 

will work as the “real” catalysts. In the following section, we will discuss a 

number of reports showing the reactivity and mechanistic studies of the metal 

clusters formed during the reactions. 

One typical example about the dynamic transformation of metal species 

under reaction conditions is the evolution of Pd species for C-C coupling 

reactions. For the classic C-C coupling reaction using Pd-based catalysts, it has 

been reported that catalytic reactions can be initiated by virtually any source of 

Pd (Pd salts, Pd complexes, Pd NPs, Pd colloids, etc.).201-203 Spectroscopic and 

high-resolution TEM have confirmed that leaching and re-crystallization of Pd-

based NPs occur under reaction conditions.204-207 Subnanometric Pd species will 

leach from Pd NPs, resulting in the formation of Pd clusters, which can catalyze 

the C-C coupling reaction.208 On the other hand, mononuclear Pd salts have also 

been found to aggregate to Pd clusters during the C-C coupling reactions.209,210 

These works infer that the real catalytic active species may be formed in situ 

during the reaction from different Pd sources. However, little is known about 

the nature of the in situ formed Pd species, including their size and their 

transformation pathway.  

Recently, it has been presented that water-stabilized Pd3 and Pd4 clusters are 

excellent catalysts for C-C coupling reaction.211 Nucleophilic molecules like 

water or amines can promote the formation of Pd clusters from Pd NPs and 

stabilize them. Those subnanometric Pd clusters show very high TOF and TON 

values for various C-C coupling reactions. When strongly bound ligands (like 

biaryl phosphines) are added to the reaction system, single Pd atoms can be 

coordinated by these ligands. These Pd complexes are highly active and can 

activate aryl chlorides that are considerably much less reactive than other aryl 

halides.212 Thus, it seems that, the existing state of Pd species under C-C 

coupling reaction conditions is dependent on the coordination environment, but 

the nature of the species formed are still unrevealed.  

Since it was indicated that Pd clusters could play an important role in liquid 

phase catalysis, Fu et al. prepared well-defined and highly stable 

[Pd3Cl(PPh2)2(PPh3)3]
+[SbF6]− clusters (named as Pd3Cl clusters) and these 

Pd3Cl clusters showed high activity for C-C coupling reaction while no 
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induction period was observed, being consistent with previous works from 

Corma group.213 In that work, a new mechanism was proposed for the classic 

Suzuki-Miyaura reaction. In the classic mechanism, the oxidative addition of 

aryl halides on Pd(0) species is the initial step, followed by the transmetalation 

and reductive elimination. However, in situ EXAFS and mass spectroscopy led 

the authors to propose that the Pd3Cl cluster first reacts with phenylboronic acid 

to generate the intermediate (Pd3Ar). Based on the above works, plausible 

pathways of the Pd species transformation during the catalytic reaction have 

been proposed.214,215  

 

Figure 1.37. Plausible evolution of the Palladium species transformation under 

reaction conditions. (L, Ligand; S, Solvent; X, Heteroatom). Adapted with 

permission from ref 214. Copyright 2013 American Chemical Society. 
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When using Pd complexes as precursors, they may decompose in some cases, 

and Pd atoms can aggregate together to form PdnLm clusters with simultaneous 

replacement of ligands and reduction of metal ions. These Pd clusters can also 

contribute, and in some cases, be responsible for the final catalytic results. For 

reactions using Pd NPs as precursors, surface Pd atoms will detach to form 

PdnLm clusters in the reaction solution through oxidative addition between Pd 

and the organic substrates. Probably, in the reaction environment, there is a 

dynamic transformation process between Pd complex (see Figure 1.37), Pd 

clusters and Pd NPs, depending on the concentration of the organic substrates 

and the products.  

  The in situ transformation of Pd species has also been found in various 

reactions.216 For instance, Jiang et al. have reported the application of trinuclear 

Pd clusters for the conversion of CS2 into CO2 in the presence of HNO3 at room 

temperature. The mononuclear Pd(II) complex firstly transformed into 

binuclear Pd complex, which further cleavage the C-S bond in the CS2 

molecules, leading to the formation of CO2. As a consequence, a trinuclear Pd 

complex was formed, which could be further transformed into mononuclear 

pre-catalyst in the presence of an excess of HNO3.   
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In situ formed Au clusters 

 

Figure 1.38. Ester-assisted hydration of alkyne by in situ formed Au clusters. 

(A) Scheme for the reaction. (B) Conversion for ester-assited hydration of 

alkyne promoted by AuCl (squares) and HAuCl4 (diamonds) at 100 ppm, after 

correction with the blank experiment. (C) Turnover number (TON) and 

turnover frequency (TOF) for different amounts of AuCl, calculated as moles 

of product formed per mole of AuCl at final conversion (TON) and as the initial 

reaction rate after the induction time per mole of AuCl (TOF). (D) UV-vis 

spectra of the reaction mixture for the hydration of alkyne containing the Au 

active species along the induction time (curve A) and when the reaction 

proceeds (curve B) with the corresponding fluorescence spectrum (inset, 

irradiated at 349 nm). Adapted with permission from ref 217. Copyright 2012 

The American Association for the Advancement of Science. 

 

As observed with Pd, we have found that the in situ formed Au clusters were 

the “real” active species for some Au-catalyzed reactions, such as ester-assisted 

hydration of alkyne and in the bromination reaction.217 As shown in Figure 1.38, 

when mononuclear Au compounds (HAuCl4 and AuCl) were used as the pre-

catalyst, an induction period was observed. Fluorescence spectroscopy and 

MALDI-TOF prove that Au3-Au5 clusters were in situ formed under reaction 
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conditions and they were the catalytically active species for the ester-assisted 

hydration reaction. In the bromination reaction, similar phenomenon was 

observed. However, in this case, Au7-Au9 clusters were the catalytically 

relevant Au species for the bromination reaction, suggesting that different 

reactions may need Au clusters of different sizes. To confirm the size-dependent 

catalytic properties of Au clusters, dendrimer (Poly(amineamide-ethanol), 

PAMAM) encapsulated Au5 and Au8 clusters were prepared and tested for the 

hydration and bromination reactions. Au5-PAMAM was able to catalyze the 

hydration reaction without induction period while Au8-PAMAM shows poor 

activity for this reaction. In the case of bromination reaction, the situation was 

reversed. Au8-PAMAM worked better than Au5-PAMAM and both of them 

showed no induction period. It should be noted that dendrimer-encapsulated Au 

clusters showed much lower activity than in situ formed Au clusters, implying 

that in situ formed Au clusters have optimized structures and coordination 

environment for catalysis.  

By a top-down approach, subnanometric Au clusters can be generated on 

solid support (such as Al2O3, TiO2, ZnO, CeO2 and carbon) after the treatment 

of supported Au nanoparticles with I2 solution and those Au clusters are 

efficient catalyst for ester-assisted hydration of the alkyne.218 Since it has also 

been observed that the in situ formation of Au clusters (Au3-Au6) play a key 

role in some other reactions, this may indicate that the transformation of 

mononuclear Au precursor into Au clusters can be a common phenomenon in 

Au-catalyzed organic reactions, including phenol synthesis from alkynylfurans 

rearrangement, w-bromination of phenylacetylene, bromination-hydration 

cascade reaction and Conia–ene reaction of alkyne.219 The in situ formation 

process of Au clusters can be affected by the reaction environment. When a 

strong acid like HOTf (with a Bronsted acidity near to that of HSbF6) was added 

to the reaction medium, the ester-assisted hydration of alkyne worked very fast 

without induction period. However, if basic ligands were added into the ester-

assisted hydration of alkyne, the deactivation of Au clusters occured since Au 

clusters were strongly capped by these ligands.220 
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Figure 1.39. (A) Cyclooctene conversion with reaction time using different 

catalysts or without addition of Au catalyst. Au/SiO2-A (a, square), 6 mg AuCl 

(b, triangle), 7mg AuCl3 (c, circle), or no Au (d, diamond). (B) TEM images of 

filtrate solution from Au/SiO2-A collected after conversion reached 18%. Au 

single atoms as well as subnanometric Au clusters are observed. Adapted with 

permission from ref 223. Copyright 2017 Macmillan Publishers Limited, part 

of Springer Nature. 

   

Direct oxidation of olefins to epoxides with O2 is a very attractive and 

challenging reaction. Hutchings et al. have reported that Au nanoparticles 

supported on carbon can catalyze the epoxidation of olefins (such as 

cyclohexene, cis-cyclooctene, styrene) with O2 in the presence of t-butyl 

hydroperoxide (TBHP) as initiator.221 In a following work, Lambert et al. have 

demonstrated the application of Au55 nanoparticles (~1.5 nm) as efficient 

catalyst for direct epoxidation of styrene to styrene oxide without initiator.222 In 

that work, Au55 nanoparticles could achieve such transformation while other Au 

nanoparticles with larger size (>3 nm) did not work. These results imply that 

the particle size of Au species should affect the epoxidation reaction. However, 

the catalytic mechanism was not fully revealed.  

Also for epoxidation reaction, it has been recently reported that 

subnanometric Au clusters with less than 10 Au atoms are the active species for 

epoxidation of cis-cyclooctene with O2.
223 As shown in Figure 1.39, both 

heterogeneous and homogeneous Au catalysts (including Au/SiO2, AuCl and 

AuCl3) could catalyze the epoxidation of cis-cyclooctene, with an induction 



Chapter 1 

80 
 

period in all cases, indicating that some transformation of Au species may occur 

under reaction conditions as we have discussed in abovementioned examples. 

Furthermore, hot filtration experiments showed that leaching of Au from 

supported Au/SiO2 catalyst into the reaction solution occurred. After checking 

the filtrate solution by high-resolution STEM, it was found that subnanometric 

Au clusters were formed. In addition, spectroscopic characterizations (UV-vis 

and fluorescence spectroscopy) also confirmed the formation of Au clusters. 

Combining the above experimental results, it was concluded that in situ formed 

subnanometric Au clusters were the active species for epoxidation of cis-

cyclooctene. 

 

In situ formed metal clusters other than Pd and Au 

Besides Pd and Au clusters, Fe and Cu clusters have also been detected in 

the reaction mixture when Fe and Cu salts are used for C-C coupling 

reactions.224,225 Although there is still some debate on the true active species in 

coupling reactions for Cu and Fe, the formation of metal clusters or even metal 

NPs was confirmed by EXAFS. For the Fe-catalyzed C-C coupling reaction, 

Fe-Fe dimers were detected after the addition of one equivalent of PhMgCl. 

With two equivalents of PhMgCl, the coordination number of Fe increased to 

5.1, indicating that Fe clusters with 13±2 atoms should be formed. This study 

indicates that there may be some common rules in metal-catalyzed C-C 

coupling reactions, namely the cluster-catalyzed mechanism. Recently, bi-

nuclear compounds are used for C-C coupling reactions, which is also 

compatible with the cluster-catalyzed mechanism.226,227   

Besides C-C coupling reactions, Cu-catalyzed C-heteroatom coupling 

reactions can also follow a cluster-involved mechanism.228 An induction period 

was observed for the Goldberg reaction when 0.5 mol% Cu salts were used as 

the starting catalyst. Electrospray ionization mass spectrometry (ESI-MS) 

confirmed the presence of Cu clusters of 2-7 atoms in solution only when the 

coupling starts, but not during the induction time. Furthermore, Cu NPs were 

also prepared as pre-catalyst for the Goldberg reaction. An induction period was 

also observed and the in-situ formation of Cu clusters was also confirmed by 

UV-vis and fluorescence spectroscopy. A series of experiments were performed 

to identify the chemical nature of the active Cu clusters. Neutral Cu(0) clusters 
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were prepared by an electrochemical method and showed induction period in 

the C-N coupling reaction. In addition, Cu nanoparticles with surface Cu(II) 

species also showed induction period, indicating that the catalytically active 

clusters were neither Cu(0) or Cu(II) but in some form of deoxygenated Cu(I) 

species. To prove that hypothesis, deoxygenated Cu(I) clusters were prepared 

by a one-pot reduction-stabilization method within an oxygen-protective 

polymer. Meanwhile, no induction period was observed when the Cu clusters 

stabilized in polymer were used as the catalyst. Thus, deoxygenated Cu(I) 

clusters were proved to be the active species for the Goldberg reaction. Based 

on that point, the in situ formed Cu clusters were also used for other type of 

coupling reactions, like C-O, C-S and C-P coupling. Compared with the 

conventional Cu-diamine complexes, Cu clusters showed a better reactivity 

(lower amount of catalyst and higher TON) with different nucleophiles under 

optimized conditions, while Cu-diamine complexes can work at milder 

conditions and with a wider scope for more demanding reactions. 

Figure 1.40. Possible pathways for the hydrosilylation of alkynes to obtain β-

vinylsilanes (left) and α-vinylsilanes (right) through both Chalk-Harrod and 

modified Chalk-Harrod mechanism. Adapted with permission from ref 229. 

Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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  The Pt-catalyzed hydrosilylation of alkynes is widely used for organic 

synthesis of vinylsilanes and their derivatives. It is well known that, only β-

vinylsilanes (through an anti-Markovnikov addition mechanism) are obtained 

with simple Pt catalysts such as Kardstedt catalyst and H2PtCl6, whereas α-

vinylsilanes (through a Markovnikov addition mechanism) can only be 

obtained in very low yield. Recently, it has been reported that, Pt3 clusters can 

selectively catalyze the Markovnikov hydrosilylation of alkynes to α-

vinylsilanes with very high turnover frequency (see Figure 1.40).229 By 

following the evolution of Pt species by spectroscopic techniques, it was found 

that, simple Pt compounds or the Kardstedt’s catalyst would transform into Pt3 

clusters under reaction conditions and those in situ formed Pt3 clusters can 

afford a wide variety of new α-vinylsilanes with good yields. Compared with 

the classic catalytic mechanism on mononuclear Pt species for β-vinylsilanes, 

the selectivity of Pt3 cluster is different, indicating the distinct behavior of metal 

clusters in organic reactions.  

1.5.8 Perspectives on catalysis based on metal clusters 

  In the abovementioned works, it has been clearly demonstrated that, 

atomicity of metal clusters has significant influences on their catalytic behavior. 

However, the influence of geometric structure on catalytic properties of metal 

clusters are rarely studied. For metal clusters with a given atomicity, there 

should be several possible geometric configurations, which could have different 

catalytic reactivity under the same conditions. Furthermore, when metal 

clusters are supported on solid carriers, metal clusters with the same atomicity 

may have different geometric configuration if their local environment. Such 

variables make the situation of catalysis based on metal clusters more 

complicated than single-atom catalysis. Characterizations of the three-

dimensional structure of supported metal clusters and tracking their dynamic 

structural evolution behavior should be key to establish the structure-activity 

relationship. 

  So far, the preparation of metal clusters with a few atoms in a controllable 

manner is still a challenge. When introducing organic ligands, well-defined 

metal clusters can be generated by wet-chemistry approach. However, the 

removal of those ligands will destroy the homogeneity of the as-prepared metal 
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clusters. Therefore, developing more robust synthetic methodologies will also 

be critical for understanding and improving the catalysis based on metal clusters. 

 

1.6 Non-noble metal catalysts for heterogeneous catalysis 

1.6.1 Non-noble metal catalysts for selective hydrogenation reactions 

 

 

 

Figure 1.41. Scope of substituted anilines synthesized by hydrogenation of the 

corresponding nitro compounds with metal nanoparticles supported on TiO2. 

Yields (%) are displayed. To achieve optimal performance Pt/TiO2, Ru/TiO2, 

and Ni/TiO2 must be reduced in H2 at 723 K before the reaction to promote a 

strong metal−support interaction. Low yield due to low catalytic activity. Loss 

of yield due to hydrolysis of the nitrile group. 

 

  Since the report of supported Au nanoparticles as chemoselective catalyst for 

hydrogenation of nitroarenes, the utilization of noble metal nanoparticles 

supported on various solid carriers (such as TiO2, FeOx, CeO2, carbon, 

hydrotalcite, zeolite, metal-organic frameworks etc.) has been intensively 

studied for various selective hydrogenation reactions, especially those related 
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with production of fine chemicals and the conversion of biomass to fuels and 

chemicals.230-232 For instance, as shown in Figure 1.41, excellent yields to 

corresponding anilines can be obtained through the chemoselective 

hydrogenation of nitroarenes with different functional groups by supported 

nanoparticulate noble metal catalysts. Furthermore, by rational design of the 

combination of metal and the support, it is possible to perform cascade reactions 

with supported metal catalysts to obtain various chemicals starting from nitro 

compounds (see Figure 1.42). These works demonstrate the versatility of 

chemoselective hydrogenation reactions based on noble metal nanoparticles. 

 

Figure 1.42. Diverse chemicals can be obtained from nitro compounds via 

single-step or cascade reactions through the chemoselective hydrogenation of 

nitro compounds by nanoparticulate noble metal catalysts. 

 

Figure 1.43. Schematic illustration of the preparation of Co nanoparticles 

encapsulated in N-doped carbon layers through pyrolysis of organometallic 

cobalt complexes (Co-phenanthroline coordination compound) in the presence 

of carbon black as the support. 
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  In recent years, it is found that, non-noble metal nanoparticles can also serve 

as active and chemoselective catalysts for hydrogenation of nitroarenes. In 

2012, Beller et al. reported the preparation of Co nanoparticles covered by N-

doped carbon layers by pyrolysis of organometallic Co compounds (see Figure 

1.43).233 During the high-temperature pyrolysis process, the organic ligands will 

transform into N-doped carbon layers while the mononuclear Co precursor will 

agglomerate into nanoparticles. As shown in Figure 1.44, the size of Co 

nanoparticles are quite large (usually >20 nm) and the core of the nanoparticles 

are metallic while the surface are oxidized. 

 

Figure 1.44. STEM and high-resolution TEM images of Co nanoparticles 

encapsulated by N-doped carbon layers.  

 

  Hydrogenation of nitrobenzene was chosen as a model reaction to test the 

catalytic properties of Co nanoparticles encapsulated by N-doped carbon layers. 

As shown in Table 3, the Co complex supported on carbon without pyrolysis 

treatment showed very low activity for hydrogenation of nitrobenzene. After 

high-temperature pyrolysis treatment, the activity was enhanced significantly. 

Moreover, the authors have also tested different N-containing ligands and it can 

be seen that the structure of the ligand has influence on the reactivity of the 

final pyrolyzed Co catalyst. It has also been shown in this work that, the 

encapsulated Co nanoparticles show excellent chemoselectivity for a wide 

scope of nitroarenes, including those compounds with unsaturated bonds, such 

as C=C, C=O and C≡N, showing that Co nanoparticles encapsulated by carbon 
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layers can be a promising candidate for substituting noble metal nanoparticles 

(see Table 4). In the following works, Beller et al. have applied this type of 

catalyst for various hydrogenation reactions, including hydrogenation of 

nitriles, ketones and quinolines. 

  

Table 3. Hydrogenation of nitrobenzene with different Co-based catalysts. 

 

L, ligand. Reaction conditions: 110 oC, 4 h, 0.5 mmol nitrobenzene, 1 mol% 

catalyst (3 wt% Co-L/C), 50 bar hydrogen, 2 ml THF, 100 ml H2O. 
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*Determined by GC using n-hexadecane as an internal standard. †Reaction time 

16 h. ‡Pyrolysed carbon. §Metal/ligand ratio 1:2. ||Conducted in H2O (3 ml). 
⁋Using Co and Ni complex as homogeneous catalyst. 

 

Table 4. Scope study with the Co nanoparticles covered by N-doped carbon 

layers for selective hydrogenation of aromatics. 

 

Reaction conditions: 110 oC, 0.5 mmol nitroarene, 1 mol% catalyst (3 wt% Co-

L1/C), 50 bar of H2, 2 ml THF, 100 ml H2O; .99% conversion observed in all 

cases. *Determined by GC using n-hexadecane as an internal standard. 
†
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Isolated yield (5 mmol scale). 
‡
2 mol% cobalt catalyst. 

 

  By a similar procedure, Fe nanoparticles covered by N-doped carbon layers 

have also been prepared and can also be active and selective catalyst for 

hydrogenation of nitroarenes to corresponding anilines.234 As shown in Figure 

1.45, Fe nanoparticles show similar structures like Co nanoparticles although 

the average size is larger than that of Co. Notably, the reactivity of Fe 

nanoparticles are much lower than Co nanoparticles, which is not explained in 

that work. 

  Following the work from Beller and his co-workers, it has been reported in 

the literature that, several strategies can be used for preparation of non-noble 

metal encapsulated by thin carbon layers (Co, Fe, Ni etc.). For instance, using 

metal-organic framework as precursor, Co nanoparticles encapsulated in N-

doped carbon structures can be obtained and those nanoparticles are also active 

for chemoselective hydrogenation of nitroarenes.235-237 Besides, metal oxides or 

other solid carriers can also be employed as the support for those non-noble 

metal nanoparticles and a variety of N-containing ligands can also be used as 

the ligands to coordinate with the metal ions in the precursor. It seems that, all 

the catalysts reported in the literature show similar nanoscale structures. 

However, it is supposed that, there should be some differences between the 

materials prepared by different procedures, which are not discussed in the 

literature. As a result, for the same metal, different catalysts with different 

structures have been reported and that scattered information presented in the 

literature make it difficult to directly compare their catalytic performance.  
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Figure 1.45. TEM image of Fe nanoparticles covered by N-doped carbon layers. 

The catalytic performance of those Fe nanoparticles for selective hydrogenation 
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of nitroarenes to corresponding anilines are also presented. 

 

Figure 1.46. Dissociation energies of H2 on different catalysts. Insets are the 

optimized dissociative structures. Color code: cobalt is yellow, carbon is gray, 

nitrogen is blue, and hydrogen is white. 

 

  However, the active sites for hydrogenation reactions in this type of catalyst 

is still not clear, especially the role of the carbon layers. Wang et al. observed 

the in situ transformation of CoOx to metallic Co during the selective 

hydrogenation of nitroarenes under 30 bar of H2, although the catalyst was a 

mixture of CoOx and metallic Co.238 In this work, it is claimed that the active 

sites for hydrogenation of nitroarenes can be on the surface of carbon layers. 

The energy for H2 dissociation on N-doped graphene covering on Co 

nanoparticles is lowest (shown in Figure 1.46). In addition, in the previous 

works, N species that doped in the carbon layers are thought to be a key for 

achieving high reactivity for selective hydrogenation reactions.239 However, 

looking into the literature, there is no suitable control experiments that can 

prove the indispensable role of N in the carbon layers. Therefore, the role of N 

still needs to be further clarified. 
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Figure 1.47. Proposed reaction pathway for the hydrogenation of aromatic nitro 

compounds to aniline derivatives in the presence of the Au/TiO2 catalyst. 

 

  It has been demonstrated by kinetic and in situ IR spectroscopic studies that, 

the reaction pathway on supported gold nanoparticles is different to that 

reported on reported for Pt/CaCO3 and Pt/C-H3PO4.
240 As shown in Figure 1.47, 

phenylhydroxylamine is formed as both a primary product (directly from 

nitrobenzene) and a secondary product (via hydrogenation of nitrosobenzene) 

at the Au-TiO2 interfacial sites on the Au/TiO2 catalyst. The accumulation of 

phenylhydroxylamine on the catalyst surface as observed by IR shows that the 

transformation of phenylhydroxylamine into aniline is the rate-determining step 

for the whole hydrogenation process. Furthermore, the fact that only very small 

amounts of azoxybenzene were observed in the solvent suggests strongly that 

the inhibition of the condensation of hydroxylamine and nitrosobenzene 

intermediates into azoxybenzene during the hydrogenation of nitroarenes on 

Au/TiO2 catalysts is predominantly a result of the low concentration of 

nitrosobenzene present, together with the strong adsorption of nitrosobenzene 

and phenylhydroxylamine to the Au/TiO2 active sites. Because of the strength 

of the adsorption, these compounds do not desorb from the catalyst/support 

surface and condensate to form azoxybenzene, but instead are hydrogenated to 

produce aniline. Regarding the selective hydrogenation of nitroarenes with 

substituting groups on Au-based catalyst, the preferential adsorption of –NO2 

group at the Au-support interface is thought to be the key to achieve high 



Chapter 1 

92 
 

chemoselectivity.241 For non-selective catalysts, both –NO2 groups and other 

unsaturated groups can be adsorbed on the metal surface, leading to the loss of 

selectivity. 

  Although a number of works have been published on the synthesis and 

catalytic applications of non-noble metal nanoparticles for chemoselective 

hydrogenation reactions, the reaction mechanism is still not clear. Whether the 

reaction pathway on non-noble metals is the same or it follows a different 

pathway is still unknown. 

Nevertheless, the reactivity of these Co-based catalysts are still quite low 

compared to the noble metal catalysts, which leads to the use of the high 

pressure (usually ≥30 bar) when working with non-noble metal nanoparticles. 

From a practical point of view, in order to substitute noble metal catalysts, the 

catalytic performance of non-noble catalysts should be at least comparable to 

noble metal catalysts. Therefore, to synthesize non-noble metal catalysts with 

higher activity that allows to work under mild conditions and to reveal the 

active sites for chemoselective hydrogenation reactions are still necessary for 

better understanding the catalytic behavior of non-noble metal nanoparticles 

and to develop practical catalysts for selective hydrogenation reactions with 

comparable performance to noble metal catalysts. 

 

Figure 1.48. Dependence of turnover frequency on the mean size of Pd 
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nanoparticles for the selective oxidation of benzyl alcohol. The TOF values for 

oxidation of benzyl alcohol to benzyl aldehyde from three different supported 

Pd catalysts are presented. Adapted with permission from ref 245. Copyright 

2011 The Royal Society of Chemistry. 

 

1.6.2 Non-noble metal catalysts for selective oxidation reactions 

  Selective oxidation is another important type of reaction that noble 

nanoparticles have been intensively studied. Herein, selective oxidation of 

alcohol will be taken as an example to show the structure-reactivity relationship 

before the introduction of using non-noble metal catalysts for selective 

oxidation reactions. 

  There are numerous works on the application of noble metal nanoparticles 

for selective oxidation of alcohols to aldehydes or ester. The particle size effect 

and the promotion effect from the support and synergistic effect of bimetallic 

nanoparticles have been intensively discussed.242-244 Herein, we would like to 

emphasize the size effect of metal nanoparticles on their catalytic properties for 

oxidation of alcohols. As shown in Figure 1.48, Pd nanoparticles on three types 

of support showed the same variation on size-dependent activity for oxidation 

of benzyl alcohol. From a mechanistic point of view, during the oxidation of 

alcohol on metal surface, the alcohol molecule should be firstly adsorbed on the 

surface of metal nanoparticles, followed by activation of the O-H bond, 

resulting in formation of an alkoxide intermediate. Subsequently, β-H 

elimination occurs to give aldehyde or ketone as product. Finally, the surface 

of metal nanoparticles can be recovered when adsorbed H species are removed 

by O2 to form water.245 Taking into consideration that several elemental steps 

can affect the overall reaction rate and the sites for adsorption of alcohol, and 

that β-H elimination and activation of O2 are different on Pd nanoparticles, it is 

speculated that a certain balance can be achieved on Pd nanoparticles around 4 

nm, to give the highest activity for oxidation of benzyl alcohol.   
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Figure 1.49. (a) Models of different Pt nanoparticles with similar particle size 

(∼0.8 nm for S1 and ∼1 nm for S2, S3, and S4) but different geometric shapes. 

The geometric shapes of different Pt/γ-Al2O3 samples (S1 to S4) were obtained 

based on the fitting of EXAFS data as well as with the TEM measurements. 

The geometric shapes that given the best fitting results are shown in the left 

column. The color coding indicates the different number of first nearest 

neighbors (N1) of surface atoms in each Pt nanoparticle. (b) Catalytic activity 

for oxidation of 2-propanol to acetone by Pt/γ-Al2O3 samples measured in a 

packed-bed mass flow reactor by mass spectrometry. Adapted with permission 

from ref 247. Copyright 2010 American Chemical Society. 

 

As we said before, not only the size of metal clusters and nanoparticles, but 

also the particle shape is an important impact on their catalytic properties, and 

such effects have been observed with Pt nanoparticles for alcohol oxidation 

reactions.246 Cuenya et al. reported the influence of the shape on the reactivity 

of Pt particles (0.8~1 nm) supported on γ-Al2O3 for 2-propanol oxidation.247 

Four types of Pt nanoparticles with similar size and different shapes (illustrated 

in Figure 1.49a), according to EXAFS and STEM characterization respectively, 

were tested. These four supported Pt nanoparticles showed distinct activities for 

selective oxidation 2-propanol (as shown in Figure 1.49b), which implies that 

the shape of the cluster has a big impact on its catalytic properties. By 

correlating the coordination numbers of surface Pt atoms in four types of Pt 

clusters, they found that surface Pt atoms with lower coordination numbers 
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showed lower onset temperature, corresponding to the highest low-temperature 

activity. Among the four samples, the Pt nanoparticles with bilayer structure 

showed the highest activity for selective oxidation of 2-propanol. Furthermore, 

in the case of Pt nanoparticles with bilayer structure, the contact area between 

Pt and the Al2O3 support is larger, resulting in more perimetric Pt atoms. The 

interface effects between Pt and Al2O3 may also facilitate the oxidation reaction. 

Similar shape effect on catalytic properties of Pt nanoparticles has also been 

reflected for the selective oxidation of 2-butanol.248 Pt nanoparticles with more 

edge and corner sites show higher selectivity to 2-butanone while Pt 

nanoparticles with less edge and corner sites show higher selectivity to 

combustion product (CO2). Therefore, by tuning the geometric structure of 

metal nanoparticles, it is possible to modulate the selectivity during the 

selective oxidation of alcohols. 

  In 2013, Beller et al. reported the application of Co-based catalyst for 

selective oxidation of alcohol to esters.249 It was claimed in this work that, 

CoOx nanoparticles covered by N-doped carbon are the active species for this 

esterification reaction. This type of catalyst has also been used for oxidation of 

5-Hydroxymethylfurfural under base-free conditions.250 Later, Zhang et al. 

reported the application of atomically dispersed Co-N-C catalyst for the 

oxidative coupling of primary and secondary alcohols to directly produce α,β-

unsaturated ketones.251 In this work, they have demonstrated that only 

atomically dispersed Co species in the N-doped carbon support are the active 

sites while Co or CoOx nanoparticles are not (see Figure 1.50). The Co-N-C 

catalyst after acid leaching treatment showed almost the same as the pristine 

one, which implies the innocent role of Co nanoparticles in the Co-N-C sample. 

  Not only Co, but also other atomically dispersed non-noble metals in N-

doped carbon can also be used for oxidation of alcohols.252 Xie et al. have 

compared the catalytic performance of Co-N-C, Cu-N-C, Cr-N-C Fe-N-C and 

Ni-N-C for oxidation of benzyl alcohol by O2 in water and the catalytic results 

show that Cu-N-C and Co-N-C are active for benzyl alcohol oxidation while 

the other three samples show low activity. Kinetic and isotopic studies on Fe-

N-C catalyst show that, the β-H elimination is the rate-limiting step for the 

oxidation of benzyl alcohol. They have also used those metal-N-C catalysts for 

oxidation of aliphatic alcohols (glycerol, ethanol and 1,6-hexanediol) and it has 
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been found that those metal-N-C catalysts show very low activity, indicating 

the low intrinsic reactivity of those non-noble metal-N-C species. In a recent 

work, Xie et al. have carried out further investigation on the active sites in Co-

N-C and Cu-N-C catalysts for oxidation of alcohol.253 By EXAFS and XANES, 

information on the chemical states and coordination environment of single-site 

Co species have been obtained. The mechanistic studies show that, Co(II) 

coordinated by N atoms are the active sites for oxidation of benzyl alcohol and 

those single-site Co species can be stable in H2 up to 750 K. However, how 

these single-site Co(II) species activate O2 and benzyl alcohol is still not clear. 

 

  



Chapter 1 

97 
 

Table 5. Esterification of benzyl alcohol with methanol by CoOx nanoparticles 

covered by N-doped carbon layers. 

 

C=conversion, Y=yield. L=ligand. aHomogeneous catalysis conditions: 0.5 

mmol benzyl alcohol, 4 mL CH3OH, 0.0125 mmol Co(OAc)2·4H2O, 0.025 

mmol ligand, 0.1 mmol K2CO3. bHeterogeneous catalysis conditions: (3 wt % 

Co): 0.5 mmol benzyl alcohol, 4 mL CH3OH, 0.1 mmol K2CO3, 25 mg catalyst 

(2.5 mol % Co). cSame as ‘b’ without base and O2. 
dSame as ‘b’ without base. 

eSame as ‘b’ in the absence of O2. 
fDetermined by GC. In case of lower yields, 

benzaldehyde was detected as a minor product. 
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Figure 1.50. (a) Oxidative coupling of primary and secondary alcohols with 

Co-N-C catalyst towards the formation ofα,β-unsaturated ketones. (b) TEM 

images of Co-N-C catalysts. In this image, very few Co nanoparticles 

encapsulated in carbon layers can be seen. (c) High-resolution STEM image 

Co-N-C catalyst, showing the presence a large number of singly dispersed Co 

atoms in the carbon support. 

 

  Importantly, it should be noted that, in the abovementioned two works from 

the same group, the metal-N-C catalysts are prepared by different procedures. 

And in the ChemSusChem paper, Cu-N-C is more active than Co-N-C while in 

the ACS Catalysis paper, it is reversed, which implies that, the reactivity of 

metal-N-C catalyst is strongly related with the synthesis methodology. 

Although the characterization results based on high-resolution TEM and X-ray 

adsorption spectroscopy show that they share similar structures in the materials 
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in these two papers, their different catalytic properties indicate that there should 

be some other structural factors that are not fully considered when discussing 

the active sites for oxidation of benzyl alcohol. 

  Besides, some other selective oxidation reactions can also be achieved with 

the non-noble metal-N-C catalysts. For instance, Beller et al. have shown in the 

synthesis of nitriles with alcohol, ammonia and oxygen with Co-N-C 

catalyst.254 Li et al. have demonstrated the construction of C=C bonds by 

oxidative coupling between alcohols and dimethyl sulfoxide (DMSO).255 On 

the basis on the above discussions, it can be concluded that, non-noble metal-

N-C catalysts have been shown to be active for some selective oxidation

reactions. However, the active sites and how molecules are activated on those 

singly dispersed metal species are still not clear. Furthermore, the catalytic 

performance of those reported metal-N-C catalysts are much lower than noble 

metal catalysts. For practical applications, there is still plenty of room for 

improvement. 

Figure 1.51. Oxidative functionalization of cyclic amines to quinazolinones 

with 2‑aminoarylmethanols with Co-ZrO2/N-C catalyst (atomically dispersed 

Co species dispersed on ZrO2, surrounded by N-doped carbon). 
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Figure 1.52. Proposed reaction mechanism of ethylbenzene oxidation on the 

Fe−N−C-700 catalyst. 

 

  A more complicated reaction has been achieved by using atomically 

dispersed Co-Nx species as catalysts. In a recent work, Xie et al. have prepared 

a Co-ZrO2/N-C by introduction of inorganic Co salt together with N-containing 

ligands to a Zr-MOF (UiO-66-NH2).
256 After pyrolysis at 800 oC, the metal-

organic framework decomposed and formed the Co-ZrO2/N-C sample. 

Structural characterizations show that, Co are highly dispersed on ZrO2 and N-

doped carbon. As shown in Figure 1.51, this composite material is able to 

catalyze the oxidative functionalization of cyclic amines to quinazolinones with 

2‑aminoarylmethanols to ring-fused quinazolinones. The proposed mechanism 

involves the oxidative dehydrogenation of -CH2-OH to C=O, the condensation 
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between the amine groups and the subsequent hydrogenation and oxidative 

dehydrogenation steps. 

Non-noble metal-N-C catalysts can also be used for oxidation reactions using 

peroxides as oxidant. For instance, Co-N-C catalyst was used as catalyst for 

epoxidation of alkenes using aqueous tert-butyl hydroperoxide (70%) was used 

as oxidant.257 As shown in Figure 1.52, Liu et al. have shown the application 

of Fe-N-C catalyst for the oxidation of hydrocarbons to alcohols and ketones 

also with TBHP as oxidant.258 From a mechanistic point of view, the role of 

atomically dispersed metal species may participate the activation of TBHP to 

generate active radicals, which initiate the oxidation of hydrocarbons. 

 

 

Figure 1.53. Schematic illustration of size-dependent optical properties of Cu 

clusters and nanoparticles. Estimated wavelengths of the plasmon band for Cu 

clusters or nanoparticles are shown at the bottom. Adapted with permission 

from reference 259. Copyright 2009 American Chemical Society. 

 

1.6.3 Metal nanoparticles for photocatalytic reactions 

  As shown above, the catalytic applications of non-noble metal catalysts for 

hydrogenation and oxidation reactions have been well studied. However, the 

applications of non-noble metal catalysts for photocatalytic reactions are rarely 

studied. In this part, we are going to summarize the previous works on 

photocatalysis based on metal nanoparticles. Although these works from the 

literature are mainly related with noble metals, they can provide the background 
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information on how light can change the catalytic behavior of metal catalysts. 

  For metal species, a very important character associated with the particle size 

is the size-dependent optical properties. For metal nanoparticles, it is well 

known that particle size and morphology has significant influence on their 

plasmonic properties. In the case of metal clusters as well as small nanoparticles 

(<2 nm), their optical adsorption behavior is also strongly related with the size. 

As shown in Figure 1.53, the UV-vis adsorption band will generally shift to 

lower wavelength when decreasing the particle size. In the case of 

subnanometric Cu clusters with less than 13 atoms, they can only absorb UV 

light (<400 nm) and show characteristic fluorescence emission depending on 

the atomicity.259 Therefore, as a consequence of their different light absorption 

properties and electronic structures, metal clusters and nanoparticles show 

distinct photocatalytic properties. Basically, metal species may act as light 

sensitizer or co-catalyst in photocatalytic systems. In the case of co-catalysts, 

as discussed before, the charge transfer process between a semiconductor and a 

metal co-catalyst will vary with the particle size of the metal. Furthermore, the 

surface reaction kinetics will also be related with the particle size of the metal 

co-catalyst. This has already been demonstrated in some Pt/semiconductor 

photocatalysts.260,261  
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Figure 1.54. (a-c) Schematic illustrations and structural characterizations of 

plasmon-mediated overall water splitting on Au nanorods modified with co-

catalysts. (d) Amount of H2 produced on Au nanorods under visible light (>410 

nm) irradiation. (e) H2 production rate on Au nanorods under irradiation of light 

of different wavelength. (f) Measured O2 and H2 photoproducts as a function of 

time for a second device illuminated by 300 mW/cm2 of white light (AM 1.5). 

Adapted with permission from reference 264. Copyright 2013 Macmillan 

Publishers Limited, part of Springer Nature. 

 

Figure 1.55. (a) Reaction rate for epoxidation of ethylene to ethylene oxide on 

Ag nanocubes with and without visible light irradiation at 450 K. (b) Isotopic 

studies on the influences of light intensity for epoxidation of ethylene on Ag 

nanocubes. (c) Influences of reaction temperature and light intensity on 

quantum efficiency for epoxidation of ethylene on plasmonic Ag nanocubes. (d) 

Schematic illustration of single-electron driven and multi-electron driven 

reactions on metal surface under light irradiation. (e) Schematic illustration on 

the plasmon-mediated electron transfer from Ag to O2. When the rate of 

plasmon excitation, Δt-1, is lower than the vibrational decay rate of O2, τv
-1, the 

photocatalytic rate is linear with respect to the source intensity. On the other 
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hand, when Δt-1>τv
-1, the photocatalytic rate shifts to a super-linear dependence 

on source intensity. (f) Formation of a hot spot in a complex structure of Ag 

nanocubes for activation of O2 under low-intensity visible light irradiation. 

Adapted with permission from reference 266 and reference 267. Copyright 

2011 and 2012 Macmillan Publishers Limited, part of Springer Nature, 

respectively. 

In recent years, mononuclear metal complexes have been employed as 

photocatalyst for photoredox transformations by reacting with substrate 

molecules to generate radicals after being excited by visible light.262,263 

However, for supported single atoms, the above process seems not to be 

applicable anymore due to their different electronic structures. Then, in the 

following part, we would like to emphasize the different catalytic behaviors of 

metal nanoparticles and clusters when they are working as light absorbent 

without the involvement of semiconductor materials, and discuss how the 

particle size affects the metal-molecule interactions.  

When metal clusters or nanoparticles are excited by light, electrons in the 

ground state will transfer to higher energy levels, which can further transfer to 

molecules or participate in surface reaction directly. For instance, it has been 

reported that, Au nanorods can serve as light sensitizer for adsorption of visible 

light (>410 nm) and produce photo-generated electrons and holes (see Figure 

1.54). Subsequently, those photoelectrons and holes can transfer to co-catalysts 

for overall water splitting to H2 and O2, simultaneously.264 Besides, it has also 

been reported that, photocatalytic conversion of CO2 to HCOOH can be 

achieved on Au nanoparticles covered by reduced graphene oxide under visible-

light irradiation through a plasmon-mediated mechanism.265 So far, the 

efficiency of plasmon-based photocatalytic process is still much lower than that 

on traditional semiconductor-based photocatalysts, which is probably related 

with the short life time and low reactivity of photo-generated hot electrons. 

  On the other hand, photo-generated hot electrons can transfer to substrate 

molecules and favor the activation process. For instance, it has been 

demonstrated that under visible light irradiation, the activation of oxygen on Ag 

nanoparticles was promoted and thereof lead to higher catalytic reactivity for 

epoxidation of ethylene to ethylene oxide by O2 (as shown in Figure55a).266 

Kinetic and isotopic studies show that, the reaction rate on Ag nanoparticles 
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under light irradiation exhibited a super-linear power law dependence on light 

intensity (rate~intensityn, with n>1), even at much lower intensity than that 

required for super-linear behavior on extended metal surfaces (see Figure 

1.55b and Figure 1.55c).267 Nevertheless, the apparent quantum efficiency on 

plasmonic Ag nanoparticles for ethylene epoxidation increased when the light 

intensity and reaction temperature increased, which was also significantly 

different to the situation on traditional semiconductor photocatalysts. 

Considering that oxygen molecules are activated through the electron 

transferred from Ag nanoparticles, both single-electron and multi-electron 

transfer between Ag and O2 may occur, which was dependent on the light 

intensity. According to the experimental results and theoretical calculations, it 

was proposed that when the light intensity was higher than the threshold (~300 

mW/cm2), multi-electron transfer between Ag and O2 occured, leading to the 

super-linear power law dependence on light intensity (as shown in Figure 1.55d 

and Figure 1.55e). Nevertheless, according to simulation modeling, 

considering the intensity distribution of electric field intensity on Ag nanocubes, 

it seemed impossible to realize the super-linear law between reactivity and light 

intensity on monodispersed Ag nanocubes at relatively low light intensity used 

in this work (300~400 mW/cm2). Therefore, it was speculated that, the 

enhanced electric field between composed Ag nanocubes could cause the 

experimental phenomenon, as described in Figure 1.55f. Therefore, it also 

implies that, by tuning the spatial assembly of plasmonic nanoparticles, their 

photocatalytic properties can be modulated.  
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Figure 1.56. (a) UV-vis spectra of Cu nanoparticles under different conditions. 

(b) Selectivity to propene epoxide under photo-thermal and thermal conditions

on Cu nanoparticles. (c) Influences of light irradiation on preferential oxidation 

of CO in rich H2 on small and big Pt nanoparticles. (d) Normalized quantum 

yields for CO and H2 oxidation driven by hot electrons after excitation of Pt 

states with a low intensity laser pulse obtained by theoretical calculations. The 

physical models of H2 and CO adsorbed on Pt surface are also presented. The 

shaded regions represent variations in calculated quantum yield due to 

uncertainty in physical parameters used in the model. (a, b) Adapted with 

permission from references 268. Copyright 2013 The American Association for 

the Advancement of Science. (c, d) Adapted with permission from references 

269. Copyright 2014 American Chemical Society.
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The introduction of light-catalyst interaction can also change the 

chemoselectivity for heterogeneous catalytic processes. As shown in Figure 

1.56a and Figure 1.56b, Linic et al. have also reported the influence of visible 

light irradiation on epoxidation of propene with Cu nanoparticles. Under 

visible-light irradiation, the partially oxidized Cu-CuOx nanoparticles will be 

reduced to metallic Cu and maintain stable under reaction conditions for 

epoxidation of propene. As a consequence, the selectivity to propene oxide is 

promoted compared with thermal catalytic process under the equal conditions 

since the selectivity to combustion product (CO2) is much lower on metallic Cu 

nanoparticles.268 When substrate molecules are absorbed on metal surface, 

electronic interaction between metal and the absorbent will occur. In a recent 

work, Christopher et al. have demonstrated the tuning of selectivity by 

controlling the metal-absorbent interaction with light. In their work, CO 

oxidation by O2 in rich H2 is chosen as the model reaction. As shown in Figure 

1.56c, under photo-thermal conditions, the selectivity to CO oxidation is 

improved in a wide temperature range. Specifically, selectivity to CO oxidation 

by O2 is increased from 44% to 81% on Pt nanoparticles (ca. 2.3 nm) supported 

on Al2O3 at 170 oC. However, such enhancement is not observed on large Pt 

nanoparticles (ca. 35 nm).269 When molecules are absorbed on metal surface, 

electronic interaction between metal and molecules will occur. The bonding 

between metal surface and substrate molecules can also be excited by incident 

light. Therefore, with the help of physical modeling and calculations, it is 

possible to obtained calculated quantum yields of photocatalytic reactions on 

metal surface. As shown in Figure 1.56d, the calculation results suggest that, 

the absorbed CO and H2 show different response behavior to visible light. 

Therefore, when the catalyst is irradiated by light between 400-600 nm, the CO-

Pt bonding will be preferentially activated, resulting in improved CO selectivity 

in CO-PROX reaction.  

The modulation effects of light irradiation has also been reflected for 

hydrogenation reaction. Halas et al. have prepared Pd nanoparticles supported 

on plasmonic Al nanoparticles (e.g. antenna-reactor nanocomposites catalyst) 

for selective hydrogenation reactions. Under laser irradiation, hot electrons are 

generated on plasmonic Al nanoparticles and are transferred to Pd nanoparticles, 

which has been confirmed by ultra-fast spectroscopy. Subsequently, those light-
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induced hot electrons can promote the H2 activation process on Pd nanoparticles 

according to the results from H2-D2 exchange experiments. More interestingly, 

activity and chemoselectivity for hydrogenation of acetylene on Pd 

nanoparticles can also be modulated by the incident light irradiation. Under 

laser irradiation, the catalytic activity for acetylene hydrogenation is decreased 

and a C2H4/C2H6 ratio of ~37 can be achieved with an incident laser powder of 

~14.3 W/cm2. For comparison, the C2H4/C2H6 ratio in the products is only ~7 

under thermal conditions without laser irradiation.270 

  Compared with the numerous reports on applications of plasmonic 

nanoparticles for photocatalytic reactions, the number of reports on 

photocatalytic applications of metal nanoparticles is much less. As shown 

before, most of the reports are on the role of metal clusters as co-catalysts of 

semiconductor materials, and their different catalytic behavior is probably 

related with different electronic structures between clusters and nanoparticles. 

Notably, there are only a few reports on the application of metal clusters without 

the presence of other semiconductor materials. It has been reported that, 

subnanometric Cu and Au clusters can serve as photocatalysts for degradation 

of organic dyes under visible light and their catalytic performance is dependent 

on their atomicity.271,272 However, compared with those classic semiconductor 

photocatalysts, the efficiency of metal clusters is much lower and their stability 

is also a limitation.  

  Taking into consideration that metal clusters have been proved to be active 

species for various organic reactions, such as C-C and C-X (X=N, O, S, etc.) 

coupling reactions, there should be some influences of light irradiation on those 

catalytic processes. Indeed, there are some reports on light-promoted C-C 

coupling reactions with supported Pd catalysts.273-275 With visible light 

irradiation, the reaction rates can be significantly enhanced. However, in those 

works, Pd mainly exist as nanoparticles, which seems not to be the real active 

species since Pd-leaching from nanoparticles into solution occurs under 

reaction conditions. Therefore, it is necessary to identify the mechanism that 

explains how visible light irradiation can promote Pd-catalyzed C-C coupling 

reactions. Electronic transfer between semiconductor support and Pd clusters 

may contribute the enhanced activity. On the other hand, as shown above, the 
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introduction of light irradiation may also change the chemoselectivity of metal 

clusters. 

  In summary, it has been shown in the literature that, light can have influence 

on the activity and selectivity of catalytic reactions on the surface of noble metal 

catalysts. It has been proposed that, the influence of light irradiation works by 

affecting the surface electronic structure of metal nanoparticles, which further 

affects the electronic interaction between reactant molecules and metal surface. 

As a consequence, the energy barrier for the activation of substrate molecules 

or reaction mechanism or reaction pathway can be modulated. However, it is 

still not clear that how the molecules interact with the metal surface and how 

the reactants are transformed to products through a series of elementary steps. 

Therefore, it is necessary to conduct in situ spectroscopic studies on the metal 

catalysts under photocatalytic conditions. Besides, the previous works on 

photocatalytic reactions are mainly on noble metal nanoparticles. It will also be 

highly interesting to study the influence of light irradiation on non-noble metal 

catalysts. 
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As mentioned in the Introduction part of this thesis, the particle size of metal 

catalysts has significant influences on the electronic and geometric structures 

of heterogeneous metal catalysts, which further influences their catalytic 

properties. In this thesis, the works presented in the following chapters will be 

related with the heterogeneous metal catalysts including single atoms, clusters 

and nanoparticles supported on various solid carriers. The whole thesis can be 

divided into three parts, covering from synthesis, characterization to catalytic 

studies of single atoms, clusters and nanoparticles. 

In the first part of this thesis (Chapter 3 and Chapter 4), it will be shown 

that how the metal species (single atoms, clusters and nanoparticles) evolve 

under reaction conditions and the identification of the active species by 

following their structural evolution during catalytic processes. In Chapter 3, it 

will be shown that, mononuclear Cu complex will undergo in situ structural 

transformation under the reaction conditions for oxidative coupling of terminal 

alkynes. By following the evolution of the homogeneous Cu species in solution, 

it has been found that small CuOx nanoparticles (~2 nm) are the active species 

for the oxidative coupling of alkynes. Furthermore, we have performed 

comparative studies between subnanometric Cu species, small CuOx 

nanoparticles and large CuOx nanoparticles for activation of O2, alkyne 

molecules and propose the size-dependent reaction mechanism for Cu-

catalyzed oxidative coupling of alkynes. In Chapter 4, a comparative study on 

supported Pt single atoms, clusters and nanoparticles will be presented. A series 

supported Pt catalysts on different supports (Al2O3, TiO2 and CeO2) are 

prepared containing different types of Pt species. These catalysts have been 

used for selective hydrogenation, CO oxidation, oxidation of alcohol and 

photocatalytic H2 evolution reactions. By kinetic studies and electron 

microscopy characterizations, the reactivity of different types of Pt species have 

been compared. It will be shown that, Pt clusters and nanoparticles are more 

active than Pt single atoms and more importantly, the sintering of Pt single 

atoms to clusters or nanoparticles under reaction conditions should be paid 

special attention when studying their catalytic behavior. These works 

demonstrate that, it is challenging to stabilize subnanometric metal species 

(single atoms and clusters) under high-temperature oxidation-reduction 

conditions, especially on inorganic solid carriers. Therefore, it is vital to 
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develop new synthesis methodologies to stabilize those subnanometric metal 

species and use them for practical catalytic reactions. 

In the second part (Chapter 5 to Chapter 7), a new strategy for 

encapsulation of subnanometric metal species (single atoms and clusters) into 

MWW zeolite will be presented in Chapter 5. Firstly, taking Pt as an example, 

it will be shown the incorporation of Pt single atoms and clusters into the 

supercages and cavities of pure-silica MCM-22 zeolite by the transformation of 

a two-dimensional to three-dimensional zeolite. These subnanometric Pt 

species show size-selective catalytic behavior for hydrogenation of light olefins 

(propene and isobutene), which further confirms their location in the MCM-22 

zeolite. After high-temperature oxidation-reduction treatment at 650 oC, the 

size of Pt particles confined in MCM-22 crystallites only slightly increases to 

1-2 nm, showing excellent stability against sintering under harsh conditions. 

Then, using the Pt@MCM-22 material as a model catalyst, the evolution of 

subnanometric Pt species under reaction conditions has been studied by in situ 

TEM, which will be shown in Chapter 6. The in situ TEM studies will show 

how the subnanometric Pt species are very sensitive to the gas atmosphere and 

show dynamic structural transformation under various reaction conditions. Our 

results demonstrate that, when studying the catalytic properties of 

subnanometric metal species (single atoms and clusters), in situ or operando 

characterization is necessary when one tries to identify the active species for 

specific reaction. The developed methodology can also be applied for the 

encapsulation of other subnanometric metal catalysts in MCM-22 zeolite. In 

Chapter 7, it will be shown the preparation of Au@MCM-22 materials 

containing Au nanoclusters and their application for selective oxidation of 

cyclohexane to KA-oil. Those Au nanoclusters are much more active than 

nanoparticulate Au species for this radical-type oxidation reaction. 

In the third part of the thesis (Chapter 8 to Chapter 11), the works related 

with synthesis and catalytic applications of non-noble metal nanoparticles will 

be presented. Starting with Co@C nanoparticles (Chapter 8), the preparation 

of Co nanoparticles stabilized by thin carbon layers and the structural and 

spectroscopic characterizations of Co@C nanoparticles. Catalytic studies on 

this Co@C catalyst have revealed the active sites for chemoselective 

hydrogenation of nitroarenes and the role of carbon layers is found to be the 
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protection of metallic Co from deep oxidation by air. Following the work on 

Co@C, a new method for the preparation of bimetallic non-noble metal 

catalysts has been developed to further improve the activity of Co nanoparticles. 

As can be seen in Chapter 9, the introduction of Ni into Co@C nanoparticles 

leads to the formation of CoNi alloyed nanoparticles covered by thin carbon 

layers and these bimetallic CoNi nanoparticles show much activity than Co 

nanoparticles for chemoselective hydrogenation of nitroarenes and the high 

selectivity is also preserved, indicating the advantages of bimetallic non-noble 

metal catalysts.  

In the literature, the reaction mechanism on non-noble metal nanoparticles 

(Co, Fe, etc.) for chemoselective hydrogenation of nitroarenes are barely 

discussed. In Chapter 10, it will be shown that, a new reaction pathway has 

been discovered on Ni@C nanoparticles, which is different to that found with 

conventional noble metal catalysts (Au, Pt, Ru, etc.). By combining DFT 

calculations and experimental studies, it has been found that the oxophylic 

character of Ni strongly facilitates the rupture of the N-O bonds in nitrobenzene, 

yielding nitrosobenzene as primary reaction intermediate. Following the 

discovery of the new reaction pathway on Ni nanoparticles, a bifunctional 

catalyst has been proposed for chemoselective hydrogenation of nitroarenes to 

condensation products (azoxy and azo compounds) instead of the formation of 

anilines. Following that discovery, direct hydrogenation of nitrobenzene to 

azoxybenzene and then to azobenzene can be achieved with the combination of 

Ni@C nanoparticles and CeO2. Nitrosobenzene is formed as the primary 

product and then transfer to CeO2, on which the further hydrogenation of 

nitrosobenzene to phenylhydroxylamine and condensation between 

nitrosobenzene and phenylhydroxylamine occurs. The Ni@C+CeO2 catalyst 

enables the direct conversion of nitroarenes to azoxy compound with high 

chemoselectivity under mild conditions, which surpasses the performance of 

the state-of-art Au/CeO2 catalyst. 

In Chapter 11, the hydrogenation of CO2 into hydrocarbons promoted by the 

action of sunlight has been studied on Co nanoparticles covered by thin carbon 

layers. In particular, nearly 100% selectivity to hydrocarbons is obtained with 

increased selectivities towards C2+ hydrocarbons and alcohols (mainly ethanol) 

when using nanostructured materials comprising metallic cobalt nanoparticles, 
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carbon layers, and sodium as promoter (Na-Co@C). The reaction mechanism 

for photoassisted CO2 hydrogenation on the Co-based catalysts was 

investigated by near ambient-pressure X-ray photoelectron (AP-XPS) and in 

situ Raman spectroscopies, which provided information on the role of light and 

Na promoter in the modulation of product distribution for CO2 hydrogenation. 

Spectroscopic studies suggested that surface CO2 dissociation to CO, the 

stabilization of CO adsorbed on the surface of Na-Co@C catalyst and the easy 

desorption of reaction products is a key step for photothermal CO2 

hydrogenation to ethanol and C2+ hydrocarbons. 

In the last part of this thesis (Chapter 12), perspectives for my PhD work 

will be given, based on the results obtained presented in this thesis and some 

ideas for the future directions on understanding, designing and applications of 

heterogeneous metal catalysts. Specifically, the catalytic behavior of different 

types of metal species (from single atoms to nanoclusters and nanoparticles) 

will be discussed. 

 



This chapter is reused from the following publication: 

Facile synthesis of surface-clean monodispersed CuOx nanoparticles and 

their catalytic properties for oxidative coupling of alkynes, L. Liu, T. 

Matsushita, P. Concepción, A. Leyva-Pérez and A. Corma, ACS Catalysis, 
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Abstract 

We show a facile method to prepare surface-clean monodispersed small and 

stable CuOx nanoparticles with controllable average sizes from below 1 nm 

up to ~5 nm without using bulk capping agent. Structural and surface 

characterizations show that the chemical states of CuOx nanoparticles and 

their interactions with O2 are dependent on the particle size. To show their 

relevance to catalysis, the well-defined monodispersed CuOx nanoparticles 

have been used for oxidative coupling of alkynes. While the generally used 

CuCl catalysts presents a reaction induction period and agglomerate into 

CuOx nanoparticles during the reaction, the induction period disappears when 

monodispersed CuOx nanoparticles (~2 nm) were used as catalyst. Supported 

CuOx nanoparticles on TiO2 behave in the same way as monodispersed CuOx 

nanoparticles. Kinetic, spectroscopic and isotopic studies show that O2 

activation is the rate-controlling step and the nature of the oxygen species 

formed on supported CuOx nanoparticles are dependent on the size of CuOx 

and determine the catalytic properties for oxidative coupling of alkynes. 

 

1. Introduction 

CuOx (Cu2O and CuO) are important semiconductors that present wide 

applications in catalysis, gas sensing and photocatalysis. There is much work 

on controllable synthesis of Cu2O and CuO nanostructures and their 

applications in energy conversion, gas sensing and catalysis.1,2 However, most 

CuOx nanomaterials prepared in the literatures are larger than 5 nm with low 

surface areas. Since the catalytic properties of nanoparticles (NPs) are 

obviously related with their size, developing methodologies for synthesis of 

small CuOx NPs with diameter below 3 nm can be of much importance for 

catalytic applications. 

In 2005, Yin et al. presented a method for the synthesis of uniform 

monodispersed Cu2O nanocrystals with sizes between 2 and 10 nm,3 in where 

oleic acid was used as capping agent and showed a negative effect on catalytic 

properties of Cu2O NPs. Meanwhile, high-temperature calcination (> 200 oC) 

is usually required to remove the ligands with long carbon chains.4 Others 

have also prepared CuOx NPs but strongly interacting capping agents were 

also needed.5 So far, the preparation of small “surface clean” CuOx NPs 
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without bulky capping agent still remains a challenge.  

Copper compounds (like CuCl, CuCl2, Cu(acac)2 et al.) are widely used in 

organic synthesis as catalysts for oxidation reactions.6,7 There are many 

mechanistic studies on the role of Cu for oxidation reactions, and most of 

those works have been performed on the basis that mononuclear Cu or, in 

some cases, double Cu centers stabilized by ligands are thought to be active 

centers.8,9 Although there are some reports on the application of Cu NPs for 

aerobic oxidation reaction, the relationships between Cu compounds and Cu 

NPs are still not clear. In a recent work, we have seen that the Cu salts used 

initially as the catalyst for C-N coupling reactions are not necessarily the 

active species, but they agglomerate during the reaction to form Cu clusters 

with a few atoms.10 This can be particularly relevant for oxidation reactions in 

where O2 activation may require Cu species with a certain number of Cu 

atoms. In the case of organic reactions that take place at low temperature, O2 

dissociation or, in a more general way, O2 activation can become the 

rate-controlling step. To achieve the activation of the organic compounds and 

O2 simultaneously on isolated Cu cations seems like a difficult task, and in 

natural Cu-containing enzymes, binuclear Cu centers are thought to be the 

active sites for activation of O2.
11,12 In the case of Cu NPs, the activation of O2 

could be easier on small Cu NPs and the size as well as redox properties of Cu 

NPs, will be a key issue for establishing structure-activity relationships for 

Cu-catalyzed oxidation reactions.13 

In the present work, we will show a facile method to prepare 

monodispersed small CuOx NPs with controllable average sizes from below 1 

nm up to ~5 nm. By kinetic experiments, we will show how the size of the 

CuOx NPs controls the adsorption and activation of organic reactants and O2, 

as well as their facility to go into redox cycles. To show their relevance to 

catalysis, we have used these well-defined monodispersed CuOx NPs for 

oxidative coupling of alkynes. Then, by comparing with CuCl (the widely 

used catalyst for oxidative coupling of alkynes), it has been proved that a 

reaction induction period exists when CuCl is used as the starting catalyst. We 

have found that CuCl will evolve and agglomerate during the reaction. On the 

other hand, the reaction induction period disappears when monodispersed 

CuOx NPs (~2 nm) were used as catalyst. After identifying the important role 
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of CuOx NPs in oxidative coupling of alkynes, supported CuOx NPs on TiO2 

were prepared as heterogeneous catalysts. The CuOx/TiO2 catalysts show, the 

same particle size effects, the with well-defined isolated nanoparticles. By 

means of kinetic, spectroscopic and isotopic studies, it has been found that O2 

activation is the rate-controlling step and the nature of the oxygen species 

formed on supported CuOx NPs are dependent on the size of CuOx NPs.  

 

2. Experiments 

2.1 Synthesis of monodispersed CuOx NPs and supported CuOx NPs. 

The CuOx NPs with different sizes were prepared as following. CuCl 

powder was added into 20 mL dimethylsulfoxide (DMSO). The suspension 

was heated to 90 oC under stirring. The CuCl powder became dissolved into 

DMSO when the suspension was kept at 90 oC for 20 minutes, leading to 

formation of a homogeneous solution and the size of CuOx NPs was 

modulated through the amount of CuCl in the solution. Samples will be 

labeled as CuOx-xx with xx corresponding to the average particle size 

determined from TEM images.  

  Supported CuOx NPs were prepared by a wet impregnation method. 2 g 

TiO2 nanopowder (from Aldrich, 21 nm average particle size), 30 mL H2O and 

the desired Cu(CH3COO)2 were mixed at room temperature and kept under 

stirring at room temperature for 1 h. Then water is evaporated by heating in an 

oil bath at 120 oC. Finally, CuOx/TiO2 samples were obtained after calcination 

in N2 at 450 oC for 2 h. 

Cu clusters with 8-16 atoms were prepared by an electrochemical method 

according to reference.14  

 

2.2 Characterizations 

The sizes of copper particles on supports were analyzed by TEM 

microscopy. Samples for electron microscopy studies were prepared by 

dropping the suspension of CuOx NPs directly onto holey-carbon coated 

Nickel grids. Studies have been performed in a JEOL 2100F microscope 

operating at 200 kV both in transmission (TEM) and scanning-transmission 

modes (STEM). STEM images were obtained using a High Angle Annular 

Dark Field detector (HAADF), which allows Z-contrast imaging.  
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X-ray photoelectron spectra of the catalysts were carried out with a SPECS 

spectrometer equipped with a Phoibos 150MCD multichannel analyzer using 

MgKα (1253.6 eV) irradiation. The spectra were recorded at -175ºC and with 

an X-ray power of 50 mW in order to avoid photo-reduction of the copper 

species. The residual pressure in the analytical chamber was maintained below 

10-9 mbar during data acquisition. For spectra acquisition, a drop of the 

monodispersed CuOx NP solution was deposited onto a Molibdenum sample 

holder and dried under N2 atmosphere inside the load lock of the XPS 

spectrometer. On the other hand, supported CuOx NP were prepared for 

analysis by depositing the powder onto a molybdenum sample holder. The 

binding energies of Cu 2p were corrected for surface charging by referencing 

them to the energy of C1s peak of adventitious carbon, set at 284.5 eV. Peak 

intensities have been calculated after nonlinear Shirley-type background 

subtraction and corrected by the transmission function of the spectrometer. 

The CasaXPS software has been used for spectra deconvolution. 

Raman spectra were obtained with an “in via Reflex” Renishaw 

spectrometer, equipped with an Olympus microscope. The exciting 

wavelength was 785 nm from a Renishaw HPNIR laser with a power of ca. 15 

mW on the sample. A micro quartz reactor located in a furnace has been used 

for the in situ Raman studies. The furnance is provided with a small hole in 

order to allow focalization on the sample with the laser spot. The reactor was 

positioned below the microscope objective, using a x50 long working distance 

objective (WD=10.6 nm). For the in situ studies the sample (10mgr) has been 

in situ activated in N2 flow for 1h at 25 ºC. Then the sample has been exposed 

to a phenylacetylene + O2 flow at 90 ºC for 1h. Afterwards the temperature 

was decrease to 25 ºC, and the gas flow switch to only O2. Temperature was 

increased from 25º to 60º and 90 ºC, collecting several spectra at each 

temperature.   

FTIR spectra have been collected with a Nexus spectrometer from Thermo 

equipped with a DTGS detector (4 cm–1 resolution, 32 scans).The samples 

were pressed into self-supported pellets (ca. 10mg cm-2) and activated in 

vacuum (10-4 mbar) for 1h at 25 ºC prior to the IR studies. In the 

phenylacetylene adsorption studies, deuterated phenylacetylene (Ph-C≡C-D) 

was adsorbed at 25ºC at increasing dosing from 0.5 to 6.5 mbar, followed by 
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further increasing the temperature to 60 and 90 ºC. Spectra were acquired at 

each temperature and after each dose. After 90 ºC, the sample was evacuated 

and the temperature lowered to 25 ºC where 35 mbar CO was adsorbed for 

surface titration experiments. After CO evacuation the sample was exposed to 

30 mbar O2 at 90 ºC for 45min, followed by evacuation and further decreasing 

temperature to 25 ºC were 35 mbar CO was again re-adsorbed for surface 

titration. In the in situ IR studies 6.5 mbar phenylacetylene was coadsorbed 

with 30 mbar O2 at 25ºC and kept for 45 min at that temperature. Afterwards 

the temperature was raised to 90 ºC for 45 min followed by sample evacuation 

at 10-4 mbar.    
18O Isotopic exchange of surface oxygen species followed by H2 titration, 

were carried out in a quarzt flow reactor coupled to a quadrupole mass 

spectrometer (Omnistar, Balzers) for on-line monitoring of the exit gas 

composition. In each experiment, 100 mg of sample diluted in SiC (1:1 ratio), 

has been activated in N2 flow for 1 h at 25 ºC. In the TPR of the 18O2 oxidized 

samples, the sample, after activation, was exposed to a 20% 18O2 in Ar flow 

for 1 h at 90 ºC, followed by decreasing the temperature to 40 ºC in an Ar 

flow and kept at that temperature for 20 min. Afterwards the gas feed was 

switch to 10% H2 in Ar, and the temperature raised to 450 ºC, with a heating 

rate of 2 ºC/min. In the TPR of the phenylacetylene+18O2 experiments the 

sample, after activation, was exposed to a phenylacetylen+18O2 flow at 90 ºC 

for 1h, followed by decreasing the temperature to 40 ºC in an Ar flow and 

kept at that temperature for 20 min. Afterwards the gas feed was switch to 10% 

H2 in Ar, and the temperature raised to 450 ºC, with a heating rate of 2 ºC/min.   

Powder X-ray diffraction (XRD) was performed with a HTPhilips X’Pert 

MPD diffractometer equipped with a PW3050 goniometer using CuKα 

radiation and a multisampling handler.  

Sample compositions of the DMSO solution of CuOx NPs were measured 

after acid-digestion by ICP-OES on a Varian 715-ES instrument. 

The redox properties of copper particles on supports are evaluated by 

Temperature-programmed reduction (TPR). Micromeritics AutoChem 2910 

catalyst characterization system with a thermal conductivity detector (TCD) 

was used. Prior to each experiment, about 100 mg of sample was pretreated at 

room temperature in flowing He (10 mL/min) for 20 min. The sample was 
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treated by heating from 25 °C to 600 °C at a rate of 5 °C min–1 in a flow of 10 

vol.% H2 in Ar. The total gas flow rate was 50 mL/min–1. 

Fluorescence spectra were obtained with a LP S-220B (Photon Technology 

International) equipped with 75 W Xe lamp. 

 

2.3 Oxidative homo-coupling of alkynes. 

2.3.1 Oxidative homo-coupling of alkynes by monodispersed CuOx NPs 

110 μL of alkyne (phenylacetylene) and 50 μL nitrobenzene (as internal 

standard) and a given amount of copper catalyst (Cu amount ranges from 0.5 

mol% to 10.0 mol%) were added to 2 ml of solvent (DMSO) in 10 mL 

round-bottom test tube with stirrer. The reaction flask was introduced in a 

preheated silicon oil bath at 90 oC and stirred at around 1000 rpm under 

oxygen atmosphere (1 bar). Gas chromatography (Bruker with FID detector) 

was used for quantitative analysis of substrate and product.  

2.3.2 Oxidative homo-coupling of alkynes by supported CuOx NPs 

55 μL of alkyne (phenylacetylene) and 50 μL nitrobenzene (as internal 

standard) and supported copper catalyst (Cu amount ranges from 1.0 mol% to 

8.0 mol%) were added to 2 ml of solvent (Toluene) in 10 mL round-bottom 

test tube with stirrer. The reaction flask was introduced in a preheated silicon 

oil bath at 90 oC and stirred at around 1000 rpm under oxygen atmosphere (1 

bar). Gas chromatography (Bruker with FID detector) was used for 

quantitative analysis of substrate and product.  

2.3.3 Oxidative hetero-coupling of alkynes by supported CuOx NPs 

0.5 mmol alkyne A, 0.25 mmol alkyne B and 40 μL dodecane (as internal 

standard) and supported copper catalyst (CuOx/TiO2-2.5%, 100 mg) were 

added to 2 ml of solvent (Toluene) in 10 mL round-bottom test tube with 

stirrer. The reaction flask was introduced in a preheated silicon oil bath at 100 
oC and stirred at 1000 rpm under oxygen atmosphere (5 bar). Gas 

chromatography (Bruker with FID detector) was used for quantitative analysis 

of substrate and product. 
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Figure 3.1. (a-d) STEM images of small CuOx NPs with different sizes, a) 

CuOx-NC, b) CuOx-1.8, c) CuOx-2.2 and d) CuOx-2.5. (e-h) size 

distributions of small CuOx NPs with different sizes, e) CuOx-NC, f) 

CuOx-1.8, g) CuOx-2.2 and h) CuOx-2.5.  

 

 

3. Results and Discussions 

3.1 Synthesis and characterizations of monodispersed CuOx 

nanoparticles 

Monodispersed CuOx NPs could be easily synthesized by a thermal 

decomposition of CuCl in DMSO. CuCl powder is not soluble in DMSO at 

room temperature. However, after heating the suspension at 90 oC for 20~30 

min, a transparent solution was obtained. The formation of CuOx NPs should 

be a result of the thermal decomposition of CuCl in DMSO in air. If 

CuCl-DMSO mixture is heated in N2 atmosphere, only small amount of CuCl 

can be dissolved in DMSO, suggesting that O2 participate in the thermal 

decomposition process. When the concentration of Cu is as low as 0.08 

mg/mL, CuOx NPs (denoted in this case as CuOx-NC) with sizes below 2 nm 

can be seen in the STEM images. According to the STEM images, the average 

size of those small CuOx NPs is about 1.5 nm. However, it should be noticed 

that a large number of Cu clusters with size below 1 nm appear to exist but, 

due to the limitation of our STEM, they cannot be seen clearly. Indeed, 

photoemission studies show the presence of Cu clusters with 10-20 atoms (see 

the following discussion). So, the ~1.5 nm average size given is certainly an 

over estimation of the average particle size. Increasing the concentration of 
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Cu species leads to increasing the size of CuOx NPs. Then by controlling the 

concentration of Cu, CuOx NPs with different sizes and narrow size 

distributions can be obtained ranging from clusters (< 1 nm) up to ~5 nm, as 

shown in Figure 3.1 and Figure 3.2.  

 

Figure 3.2. TEM images and size distributions of CuOx-4.5 sample.  

 

In a deeper structural characterization, the crystal lattice information of the 

CuOx NPs was acquired with high-resolution TEM. As shown in Figure 3.3, 

lattice fringes corresponding to Cu2O and CuO can be seen in the NPs of 

those four samples (From CuOx-NC to CuOx-2.5), suggesting that they 
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should consist of both Cu(I) and Cu(II).15,16 The elemental mapping results 

(shown in Figure 3.4) also confirm that those nanoparticles consist of both Cu 

and O. Small amount of Cl (< 10% of Cl in the CuCl precursor) can also be 

detected by EDX, which can be the residual Cl in DMSO or Cl absorbed by 

CuOx NPs. However, in the HRTEM images of CuOx NPs with larger size 

(CuOx-4.5), most of the particles show lattice fringes of CuO (Figure 3.2). 

Based on these HRTEM images, it is implied that the chemical states of Cu 

species may be different in different samples, depending on the particle size of 

CuOx. 

 

Figure 3.3. HRTEM images of CuOx particles with different sizes. CuOx-NC 

(a, b), CuOx-1.8 (c, d), CuOx-2.2 (e, f) and CuOx-2.5 (g, h). 

 

Figure 3.4. Elemental mapping of CuOx-2.2 sample, indicating that the 

nanoparticles consist both Cu and O. 
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Figure 3.5. Spectroscopic characterizations of monodispersed CuOx NPs of 

different sizes. Cu 2p 3/2 XPS peak (a), CuL3VV Auger line (b), fluorescence 

spectra at 350 nm excitation (c) and Raman spectra (d). 

  

Table 1. Fitting results of XPS spectra of CuOx-4.5, CuOx-2.2 and CuOx-NC. 

a) Cu(II)/Cu(I) atomic ratio determined from XPS peak decovolution b) 

Satellite to main peak area ratio. 

Sample Cu(II) (934.6eV)/Cu(I) (932.6eV)a s/mb 

CuOx-NC 0.16 0 

CuOx-1.8 2.8 0.35 

CuOx-4.5 5 0.66 
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The Cu 2p3/2 X-ray photo-electron spectra (XPS) and Cu L3VV Auger 

spectra of the above samples are shown in Figure 3.5a and Figure 3.5b 

respectively. Two components at binding energy (BE) of 934.6eV and 

932.6eV are observed in all samples but in different proportion. The higher 

BE of 934.6eV is due to Cu2+, while the lower BE of 932.6eV can be related 

either to Cu(I) or metallic Cu0.17 However, Assignation to Cu0 can be 

excluded according to the peak position and band shape of the auger Cu 

L3VV peak. Following the above assignment, it can be seen that from the 

values given in Table 1, the relative amount of Cu(II) to Cu(I) increases when 

increasing particle size (from clusters to 5 nm), which fits with the increase in 

the shake-up satellite intensity. Moreover, the Cu L3VV peak position agrees 

with a higher contribution of Cu(II) in sample CuOx-4.5 (Cu L3VV of 917.8 

eV) and higher contribution of Cu(I) in sample CuOx-1.8 (Cu L3VV of 916.8 

eV)18, while an anomalous Cu L3VV KE value is observed on sample 

CuOx-NC (915.5eV). Similar behavior, due to a small particle size effect, has 

already been observed by others.19  

The existence of Cu clusters in CuOx-NC sample is also confirmed by 

fluorescence spectroscopy. As shown in Figure 3.5c, a strong emission peak 

can be found around 390 nm, which corresponds to Cu clusters with 10~20 

atoms.14 The fluorescence intensity decreases dramatically when the particle 

size increases to 1.8 nm, due to the high sensitivity of fluorescence with 

particle size. For CuOx-4.5 sample, almost no emission signal can be 

observed under those conditions. Accordingly with the characterization results 

observed up to now, it is possible to say that CuOx NPs with controllable and 

very narrow size distribution, ranging from clusters to ~ 5 nm NPs, can be 

easily obtained by decomposing CuCl in DMSO, and the size of CuOx NPs 

can be tuned by changing the Cu concentration. Moreover, we can also say 

that the chemical state of Cu in the CuOx NPs changes with the particle size, 

increasing the Cu(II) to Cu(I) ratio when increasing the size of CuOx NPs. In 

order to identify the textural structure of CuOx nanoparticles, we have 

employed Raman spectra to measure the monodispersed CuOx nanoparticles. 

The Raman spectra of the three CuOx samples are shown in Figure 3.5d. The 

typical vibration mode of CuCl is around 200 cm-1, which cannot be observed 

in the three samples.20 Bulk CuO shows normally three Raman peaks at 295, 
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342, 628cm-1, while in our case, peaks at 434, 493 and 582cm-1 are observed, 

associated to other Cu-O-Cu stretching modes less intense in bulk CuO.21,22 

This, in fact goes in line with the different surface properties of nanoparticles 

versus bulk samples. 

 

3.2 Catalytic properties of monodispersed CuOx NPs 

 

Figure 3.6. The kinetic curves of Cu-catalyzed homo-coupling of 

phenylacetylene using different amounts of CuCl as catalysts are shown in (a) 

and (b).  

 

Figure 3.7. Kinetic study of Cu species which are in-situ formed during the 

homo-coupling reaction catalyzed by 10.0 mol% of CuCl. As indicated in the 

figure, 0.5mol% of Cu species are taken from the reaction mixture and added 

into a new reactor with solvent and reactant. 



Chapter 3 

144 
 

 

Figure 3.8. Evolution of Cu species during the homo-coupling of alkyne. The 

reaction mixture were taken at different reaction time. (a) 0.5 h, (b) 4 h and (c) 

24 h. The size distribution of CuOx NPs are shown in (d), (e) and (f), 

respectively. 
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  Cu compounds are widely used as superior catalysts for the oxidative 

homo-coupling of alkynes. Cu salts in pyridine media or in alcohol media can 

give high conversion for oxidative coupling of alkynes.23,24 It is not infrequent 

to find in the literatures that the reaction mechanism is thought to involve the 

mononuclear Cu-alkyne complex. However, since Cu species can evolve 

during the reaction, one has to investigate the dynamic evolution of Cu 

species in the catalytic process to determine which are the catalytically active 

species. Therefore, we have used CuCl as the starting catalyst for performing 

the homo-coupling of phenylacetylene. Different amounts of CuCl were used 

as catalyst and the evolution of the reactants and catalyst were followed with 

time. As shown in Figure 3.6a and Figure 3.6b, it can be seen that when the 

amount of CuCl was below 5 mol%, the reaction goes through an induction 

period. During that time, conversion was not observed in the first 10-20 min. 

Furthermore, the induction period decreases when increasing the amount of 

CuCl. These kinetic results indicate that the initial CuCl may not be the real 

active catalyst, and some in situ transformation of CuCl may occur during 

reaction that give rise to the catalytically active Cu species.   

  In order to identify the evolution process of CuCl during the 

homo-coupling of the alkyne, the following experiment was carried out. A 

reaction mixture was prepared in one reactor with 10 mol% CuCl and 

phenylacetylene. An aliquot of the reaction mixture was taken at different 

reaction times and introduced into a second reactor in where only the 

phenylacetylene was present. The amount of Cu in the second reactor was 

kept as 0.5 mol%. It should be remembered that when the oxidative coupling 

of phenylacetylene was catalyzed by 0.5 mol% of CuCl, an induction period 

of about 1 h was observed (see Figure 3.6). As shown in Figure 3.7, an 

induction period was observed in the second reaction when the aliquot from 

the first reactor was taken at time zero with the still no evolved original CuCl. 

However, if the aliquot of the reaction mixture was taken from the first reactor 

after 0.5 h, and it was added into the second reactor, the reactor started 

immediately without induction period (see Figure 3.7). The above experiment 

shows that, whatever the Cu active species for the oxidative coupling of 

alkynes are, they are not the CuCl but are formed in situ during the reaction. 

Therefore, we follow the evolution of the Cu species by taking samples at 
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different reaction times. We choose the homo-coupling reaction catalyzed by 

1.0 mol% of CuCl and the Cu species in solution were analyzed by with 

STEM. STEM results (see Figure 3.8) show that the reaction starts when 

nanoparticles with size between 1 and 3 nm are present. Elemental mapping 

and high-resolution TEM images (see Figure 3.9) confirm that those 

nanoparticles should be CuOx NPs with lattice fringes corresponding to Cu2O. 

The results imply that, the in situ transformation of CuCl into CuOx NPs may 

play an important role in the oxidative coupling of alkynes. 

 
Figure 3.9. (a-c) STEM image and the corresponding elemental mapping of 

Cu and O in CuOx NPs that in situ formed during the CuCl-catalyzed 

oxidative coupling of phenylacetylene after reaction for 24 h. (d, e) 

High-resolution TEM images of CuOx NPs, corresponding to the (200) facets 

of Cu2O. 
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Figure 3.10. Kinetic curves of Cu(Ac)2-catalyzed homo-coupling of 

phenylacetlyene. The amount of Cu(Ac)2 is 5.0 mol%. The other reaction 

condition is the same with CuCl. 

 

Figure 3.11. STEM image of the CuOx nanoparticles which are in-situ 

formed in the Cu(Ac)2-catalyzed homo-coupling of phenylacetlyene. The 

sample is taken after the induction period (time=2 h). 
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Figure 3.12. Comparison of the kinetic results in the oxidative homo-coupling 

of phenylacetlyene catalyzed by different kinds of Cu species. 

 

Similar phenomenon of the in situ transformation of Cu species during the 

oxidative coupling of alkynes have also been observed when other starting Cu 

compounds were used as the starting catalysts. For example, when 5.0 mol% 

of Cu(Ac)2 was used as catalyst, an induction period of about 3 h occurs (see 

Figure 3.10) and small CuOx NPs can also be observed with STEM after the 

induction period, as shown in Figure 3.11. For different Cu compounds, the 

induction period may be different, but when the reaction takes off, the in situ 

formed CuOx NPs show similar average sizes of ~2 nm. This common point 

implies that small CuOx NPs may play an important role in the oxidative 

homo-coupling of alkynes. Therefore, since CuOx NPs of controllable sizes 

can now be prepared, we performed the reaction using the separately prepared 

monodispersed CuOx NPs described before. Moreover, we have also used Cu 

clusters with 8-16 atoms prepared by electrochemical method (see 
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experimental section) and their catalytic property was measured. Results 

given in Figure 3.12 clearly show that metal clusters give no activity for the 

oxidative homo-coupling of phenylacetylene. Moreover, the monodispersed 

CuOx samples (CuOx-NC and CuOx-2.2) are not only active but also give no 

induction period. Nevertheless, CuOx-2.2 show higher activity than 

CuOx-NC. Then, considering the presence of both small clusters and NPs in 

the CuOx-NC sample, we can speculate that only CuOx NPs are responsive 

for the catalytic activity. 

 
Figure 3.13. Kinetic studies of small CuOx NPs for homo-coupling of 

phenylacetylene. The initial TOF values of different CuOx NPs are calculated 

based on considering all the Cu species used in the reaction. 

The catalytic properties of the other CuOx NPs with different sizes have 

also been tested, and the results given in Figure 3.13 show a maximum 

activity for CuOx NPs around ~2 nm. Moreover, when the initial reaction rate 

is plotted versus the amount of CuOx-2.2 NPs added as catalyst (shown in 

Figure 3.14a and Figure 3.14b), a linear relationship is observed, indicating 

that the CuOx NPs are the active species for the oxidative coupling of 



Chapter 3 

150 
 

phenylacetylene. The morphology of the CuOx-2.2 NPs was again checked 

after the homo-coupling reaction (after reaction time of 4 h) and the size 

distribution is very similar to the fresh sample (see Figure 3.14c and Figure 

3.14d). It should be remarked here that, the CuOx NPs with larger size 

(CuOx-4.5) show a short but visible induction period (about 10 min) for the 

homo-coupling of phenylacetylene (see Figure 3.15). STEM and HRTEM 

images of CuOx-4.5 NPs after the homo-coupling reaction indicate that they 

have been transformed into CuOx NPs of around 2 nm during the reaction 

(see Figure 3.16). These results are again in line with the conclusion that 

CuOx NPs of ~2 nm are the active species for the reaction. 

 

Figure 3.14. (a) Kinetic studies of CuOx-2.2 sample for homo-coupling 

reaction with different amounts of CuOx-2.2 nanoparticles. (b) Plot of the 

initial reaction rate with the amount of CuOx NPs used for the reaction. (c) 

TEM images of CuOx-2.2 after the homo-coupling reaction. (d) Size 

distribution of CuOx-2.2 NPs after the homo-coupling reaction. 
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Figure 3.15. Kinetic studies of CuOx-4.5 NPs in the homo-coupling of 

phenylacetylene. Short induction period (about 10 min) can be observed. 

 

Figure 3.16. STEM and HRTEM images of CuOx-4.5 NPs after the 

homo-coupling reaction. Big CuOx nanoparticles (4.5 nm) will transform into 
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smaller CuOx nanoparticles (around 2 nm) after the second run of 

homo-coupling reaction. 

 

Figure 3.17. XRD patterns of CuOx/TiO2 samples with different loading 

amount of CuOx. 

 

 

Figure 3.18. STEM images of CuOx/TiO2 samples with different sizes and the 

corresponding average sizes of CuOx nanoparticles. For CuOx/TiO2-0.25wt% 
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sample, the CuOx species are highly dispersed on TiO2, which cannot be seen 

by our STEM. 

 

Figure 3.19. Elemental mapping of CuOx/TiO2-0.25%. 

 

 

Figure 3.20. Elemental mapping of CuOx/TiO2-1.0%. 
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Figure 3.21. Elemental mapping of CuOx/TiO2-2.5%. 

 

 

 

Figure 3.22. Elemental mapping of CuOx/TiO2-5.0%. 
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Figure 3.23. Elemental mapping of CuOx/TiO2-10%. 

 

 

Figure 3.24. Size distributions of CuOx nanoparticles supported on TiO2. (a) 

CuOx/TiO2-1.0%, (b) CuOx/TiO2-2.5%, (c) CuOx/TiO2-5.0% and (d) 

CuOx/TiO2-10%. 
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Figure 3.25. XPS of Cu 2p region of CuOx/TiO2-2.5% and CuOx/TiO2-10%. 

The Cu2+/Cu+ ratio in CuOx/TiO2-2.5 and CuOx/TiO2-10% is 2.4 and 2.0, 

respectively. 

 

Figure 3.26. TPR profiles of CuOx/TiO2-0.25%, CuOx/TiO2-2.5% and 

CuOx/TiO2-10%. 
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3.3 Preparation and characterizations of supported CuOx NPs 

From the work on isolated CuOx NPs, we have learnt that oxidative 

coupling of phenylacetylene is better catalyzed by CuOx NPs of ~2 nm. Thus, 

before studying why this occurs, we thought on the possibility to extend the 

knowledge acquired to prepare active supported Cu catalyst for the above 

reaction, by generating the adequate CuOx NPs on a support, to prepare an 

optimized and recyclable solid catalyst. Herein, a series of CuOx/TiO2 

samples (denoted as CuOx/TiO2-x%, where x is the loading weight percentage 

of Cu) were prepared through an impregnation method (see experimental 

section). Their XRD patterns are shown in Figure 3.17. Only diffraction 

peaks of anatase TiO2 and rutile TiO2 can be seen when the loading amount of 

Cu is lower than 5.0 %. For CuOx/TiO2 samples with 10.0 wt% of Cu, 

diffraction peaks corresponding to CuO can be observed, indicating the 

formation of big CuO NPs in this sample. As shown in Figure 3.18, the sizes 

of the different CuOx NPs supported on TiO2 were also investigated by STEM. 

According to the STEM images, their sizes range from below 1 nm to ca. 10 

nm. The elemental mapping results (shown in Figure 3.19 to Figure 3.23) 

also confirm the uniform dispersion of CuOx NPs on TiO2 support. The size 

distributions of CuOx NPs are also presented in Figure 3.24, indicating that 

the size of CuOx NPs increases when increasing the loading of CuOx on TiO2. 

The chemical states of Cu species in (CuOx/TiO2-2.5% and 

CuOx/TiO2-10%) were measured by XPS. From Figure 3.25, it can be 

deduced that both Cu+ and Cu2+ are present in the two samples. Moreover, 

CuOx/TiO2-10% has a higher ratio of Cu2+/Cu+ than CuOx/TiO2-2.5. The 

reducibility of CuOx NPs with different sizes was also measured by 

temperature-programmed reduction (TPR). As shown in Figure 3.26, for 

CuOx/TiO2-0.25% the H2 consumption is very low compared to 

CuOx/TiO2-2.5% and to CuOx/TiO2-10% with lager particle sizes, implying 

the low redox reactivity of the subnanometric CuOx species in 

CuOx/TiO2-0.25%.13 For CuOx/TiO2-2.5%, a big sharp peak (α peak) can be 

observed in the TPR profile, which is associated to the reduction of small 

CuOx NPs of around 2 nm. In the case of CuOx/TiO2-10%, two reduction 

peaks (α and β peak) can be observed, which can be ascribed to small CuOx 
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NPs and big CuOx NPs, respectively.25 Considering that the H2 consumption 

corresponding to the β peak is much larger than that for the α peak, it could be 

deduced that most CuOx NPs in CuOx/TiO2-10% are big CuOx NPs, which is 

consistent with the STEM characterization.  

 

Figure 3.27. Kinetic studies of CuOx/TiO2 samples with different sizes of 

CuOx NPs in the homo-coupling reaction. 

 

 

 

Figure 3.28. Kinetic studies of CuOx/TiO2-2.5wt% sample in the 

homo-coupling reaction with different amount of catalyst. 
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Figure 3.29. The initial reaction rate of oxidative coupling of phenylacetylene 

catalyzed by CuOx/TiO2-2.5 (8 mol%) under different reaction conditions. (a) 

Different concentration of alkyne and (b) different O2 pressure. 

 

Figure 3.30. Following the homo-coupling reaction catalyzed by CuOx 

nanoparticles (CuOx-2.2) with UV-vis spectra. The amount of CuOx 

nanoparticles is 5 mol.%. The other reaction conditions are the same as those 

described in the main text. 

 

3.4 Catalytic properties of supported CuOx NPs 

  The activities of CuOx/TiO2 samples in the homo-coupling of 

phenylacetylene were measured under the experimental conditions described 

in the experimental section. As shown in Figure 3.27a, no induction period 

was observed and the activity of CuOx/TiO2 samples is related with the sizes 
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of the CuOx NPs formed on TiO2. CuOx/TiO2-2.5% sample with CuOx NPs 

around 2 nm gives the best activity compared with smaller or larger CuOx 

NPs (see Figure 3.27b), and the reaction can be finished in 40 min when 

CuOx/TiO2-2.5% is used as catalyst.  

Combining the results on monodispersed and supported CuOx NPs, we can 

propose that the suitable size of CuOx NPs in CuOx/TiO2-2.5% should be the 

reason accounting for its high activity. Furthermore, the size-dependent 

catalytic properties of CuOx NPs follow a similar trend on both 

monodispersed and supported NPs. 

  The activity CuOx/TiO2-2.5% sample was also tested for homo-coupling of 

phenylacetylene using different amounts of Cu as the catalyst. As presented in 

Figure 3.28a, the reaction will boost once the catalyst is added into the 

reaction mixture, indicating that CuOx/TiO2-2.5% sample can catalyze the 

reaction directly. When the catalyst is separated from the reaction mixture, the 

formation of the coupling product stops, indicating that the active Cu species 

are those supported on TiO2 and the process is heterogeneous. The linear 

relationship between the initial reaction rate and amount of Cu species (shown 

in Figure 3.28b) also confirms that small CuOx NPs supported on TiO2 are 

the active species for the oxidative coupling of alkynes. 

  As discussed previously, Cu clusters seem not to be active for the oxidative 

coupling of phenylacetylene. Theoretical calculations have shown that the 

activation energy of O2 on Cu clusters is quite high,13 which may explain the 

very low activity of Cu clusters. In the CuOx/TiO2-0.25% catalyst, Cu exists 

as subnanometric species dispersed on TiO2, namely supported Cu clusters. As 

can be seen in Figure 3.27a, CuOx/TiO2-0.25% sample shows negligible 

activity and, in any case, the activity per Cu atom is much lower than that for 

CuOx/TiO2-2.5% with CuOx NPs around 2 nm. On the other hand, when the 

size of CuOx NPs in CuOx/TiO2 sample is larger than 5 nm, the activity drops 

dramatically, indicating that only CuOx NPs around 2 nm are active. It should 

be taken into account that, due to the stabilization effect of TiO2 support and, 

specially, to the use of toluene instead of DMSO as solvent, large CuOx NPs 

(≥ 5 nm) cannot undergo in situ transformation into smaller NPs during the 

oxidative coupling reaction, what results in their low activity. At this point, it 

has become clear that regardless how the CuOx NPs are obtained, a maximum 
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activity for the oxidative coupling of phenylacetylene occurs with CuOx NPs 

of ~2 nm. Thus, now we will attempt to explain the size-dependent activity of 

CuOx NPs for the oxidative coupling of alkynes. 

 

Figure 3.31. IR spectra of -OD formation on CuOX/TiO2 -2.5% (a), 

CuOX/TiO2-10% (b) and TiO2 (c) samples after phenylacetlyene adsorption at 

25ºC. In each figure, several spectrum were collected under different pressure 
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of phenylacetlyene. 

 

Figure 3.32. IR spectra in the C≡C stretching frequency IR region after 

phenylacetlyene adsorption at 25 ºC on CuOX/TiO2-2.5% (a), CuOX/TiO2-10% 
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(b) and TiO2 (c) samples. In each figure, several spectrum were collected 

under different pressure of phenylacetlyene. The −C≡C− stretching peaks 

locate at 2095−2110 cm−1. 

 

Figure 3.33. IR spectra of CO adsorption at 25 ºC on the CuOX/TiO2-2.5% (a) 

and CuOX/TiO2-10% (b) samples after phenylacetlyene adsorption at 90 ºC 1h 

and after subsequent introduction of O2 at 90 ºC and 1h. 
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Figure 3.34. (a) In situ IR spectra on the CuOX/TiO2-2.5% sample in the 

presence of phenylacetlyene (6.5 mbar) (i) and after O2 (30 mbar) 

co-adsorption at 25 ºC (ii), 90ºC (iii) and after evacuation at 10-2 mbar and 25 

ºC (iv). (b) In situ IR spectra on the CuOX/TiO2-10% sample in the presence 

of phenylacetlyene (6.5 mbar) (i) and after O2 (30 mbar) co-adsorption at 25 

ºC (ii), 90 ºC (iii) and after evacuation at 10-2 mbar and 25 ºC (iv).  
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3.5 Kinetic and in situ spectroscopic studies 

The global process for oxidative coupling of alkynes can be decomposed 

into the following elementary steps: activation of the C-H bond in the alkyne 

group, coupling reaction, O2 activation and reaction of the adsorbed H with 

the activated O2.
26 To find which one is the reaction controlling step, 

CuOx/TiO2-2.5% was used as catalysts and the initial rate of the reaction was 

measured by keeping the O2 pressure (1 bar) constant and changing the initial 

concentration of phenylacetylene. Results in Figure 3.29 indicate that under 

these reaction conditions, the rate of the reaction does not depend on the 

concentration of alkyne, indicating that neither the phenylacetylene activation 

nor the homo-coupling can be the rate-controlling step. On the other hand, the 

initial rate of the reaction clearly increases when increasing the oxygen 

pressure while keeping the concentration of phenylacetylene constant. From 

the kinetic results, one should then conclude that the controlling step during 

the oxidative coupling of alkynes corresponds to O2 activation, or to the 

reaction between activated O2 and the abstracted hydrogen. 

With respect to the molecular interaction of the reactants with the catalyst, 

the surface interaction of phenylacetylene was clearly seen from the UV-vis 

spectra of the alkyne adsorbed on the monodispersed CuOx NPs (see Figure 

3.30). When phenylacetylene is interacted with CuOx NPs at room 

temperature, no obvious change occurs in the UV-vis spectra. However, when 

the system is heated to the reaction temperature (90 oC), a new peak at ~475 

nm is observed that can be associated to the formation of C≡C-Cu bond, 

suggesting that the adsorption and dissociation of the C-H bond of 

phenylacetylene on the CuOx NPs has occurred.27 After one hour, when the 

phenylacetylene has been consumed, the peak at ~475 nm disappears. 

  Alkyne activation on supported CuOx NPs has also been studied by in situ 

IR spectroscopy. When deuterated phenylacetylene is adsorbed on TiO2, 

CuOx/TiO2-2.5% (active sample) and CuOx/TiO2-10% (non-active sample), a 

band corresponding to O-D bond has been identified in all samples at room 

temperature (see Figure 3.31). It was not possible to identify whether the -OD 

groups come from the TiO2 support or from the CuOX NP, due to the fact that a 

fast isotopic scrambling with the -OH groups of the support can also occur. On 

the other hand, the formation of C≡C-Cu bond at the surface is consistent with 
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the presence of a rather asymmetric C≡C IR bond in both CuOx/TiO2 samples 

(see Figure 3.32) when compared with that formed on pure TiO2. The 

asymmetric vibration mode of C≡C bond in IR spectra can be due to the 

interaction of the Ph-C≡C-* adduct with surface copper sites on both 

CuOx/TiO2-2.5% and CuOx/TiO2-10%.28 According to the data from UV-vis 

and IR spectra, C≡C-H activation really occur on the surface of the CuOx 

nanoparticles.  

  XPS results of CuOx/TiO2-2.5% and CuOx/TiO2-10% presented before 

showed that the chemical states of Cu species in the two samples are different, 

which may be a reason for their different catalytic activity. To further 

investigate the nature of the surface Cu species on CuOx/TiO2-2.5% and 

CuOx/TiO2-10% in the presence of phenylacetylene and O2, CO has been 

used as probe molecule for in situ IR spectroscopy. Indeed, CO is very 

sensitive to Cu(I) species while Cu(II) cannot be detected by CO even at low 

temperature.29,30 As depicted in Figure 3.33, Cu(I) has been observed on both 

samples after the adsorption of phenylacetylene at 90 oC for 1 hour due to the 

surface reduction reaction. After O2 addition at 90 oC, interestingly, the 

amount of Cu(I) remains stable on the CuOx/TiO2-2.5% sample while the 

amount of Cu(I) clearly decreases on CuOx/TiO2-10% sample as a result of 

re-oxidation of Cu(I) into Cu(II) by O2. In other words, these results indicate 

that the type of interaction between O2 and the CuOx NPs and the nature of 

the active oxygen species are different in the two samples. Therefore, since 

the rate-controlling step in the oxidative coupling of alkynes is O2 activation, 

the observed size effects of CuOx NPs on the catalytic properties for oxidative 

coupling of alkynes should be related to their influence on the activation of 

O2. 
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3.6 Relation between particle size of CuOx and O2 activation 

 

Figure 3.35. In situ Raman spectra of CuOx/TiO2-2.5% (a) and 

CuOx/TiO2-10% (b) in O2 atmosphere after pre-treatments in reactant mixture 

of phenylacetylene and O2. In (a) and (b), spectra were obtained at different 

temperature. (i) 25 oC, (ii) 60 oC and (iii) 90 oC. For comparison, the fresh 

CuOx/TiO2 samples and phenylacetylene adsorbed on CuOx/TiO2 are also 

presented. 

 

To further identify the nature of surface species generated under reaction 

conditions, in situ Raman and in situ IR studies have been performed on both 

CuOx/TiO2-2.5% and CuOx/TiO2-10% samples. Figure 3.35a shows the in 

situ Raman spectra acquired on the active CuOx/TiO2-2.5% sample in the 

presence of phenylacetylene and O2 at different reaction temperatures. A 

Raman band at 998 cm-1, ascribed to peroxo species, is clearly detected at 25 

ºC, 60 ºC and at the reaction temperature used in the catalytic studies (90 

ºC).31 No peroxo species have been detected on pure TiO2. Notice that a 

decrease in the intensity of the 998 cm-1 band at 90 ºC occurs, which could be 

due to thermal desorption or to dissociation into atomic oxygen, and 

regeneration of surface lattice oxygen species. Moreover, peroxo species (IR 

active vibration mode at 1227 and 1217 cm-1) have also been detected by in 

situ IR studies performed at different reaction temperatures (Figure 3.34a).32 

These results indicate that peroxo species can be formed on the surface of 

CuOx/TiO2-2.5 sample. In opposite, on the much less active CuOx/TiO2-10% 



Chapter 3 

168 
 

sample, peroxo species have not been observed during the in situ Raman 

studies (Figure 3.35b), and peroxo species (1227 and 1217 cm-1) are detected 

by IR spectroscopy only at 25 ºC and disappear after increasing temperatures 

to 60 oC (Figure 3.34b). Based on these data, it can be speculated that oxygen 

as peroxo species is preferentially stabilized on the CuOX/TiO2-2.5% sample. 

In contrast, the peroxo species and less favorable on CuOx/TiO2-10% at the 

reaction temperature. Considering the high reactivity of peroxo species in 

selective oxidation reaction, the formation of peroxo species could be the 

reason accounting for the higher activity of CuOx/TiO2-2.5%.33  

 
Figure 3.36. TPR profile on 18O2 oxidized CuOX/TiO2-10% and 

CuOX/TiO2-2.5% samples (a, b), and after in situ reaction in the presence of 

phenylacetlyene and 18O2 (c, d).  

 

It has been presented in the literature that oxygen activation can also be 

performed with the help of surface lattice defects.34 Since we cannot observe 

surface adsorbed active oxygen species on CuOx/TiO2-10%, the activation of 

O2 on CuOx/TiO2-10% may be performed through the re-oxidation of Cu(I) 

species on big CuOx NPs as observed in the IR spectra (see Figure 3.33). In 
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order to distinguish whether the different reactivity is associated to peroxo 

species or lattice oxygen species, 18O2 has been used for the in situ 

spectroscopic studies. By analyzing the composition of water (H2
16O or H2

18O) 

formed after reaction by H2 titration of the catalyst (TPR), it could be 

distinguished whether the O in the water comes from the 18O2 feed or from the 

lattice oxygen of CuOx/TiO2 catalyst (the corresponding TPR profile are 

shown in Figure 3.36). For comparison, the fresh CuOx/TiO2-2.5% and 

CuOx/TiO2-10% were oxidized by 18O2 at 90 oC and then reduced by H2. The 

TPR profile of the 18O2 oxidized CuOx/TiO2-10% sample shows both H2
16O 

and H2
18O formation with an onset temperature of 136 ºC in both cases. H2

16O 

formation takes place in a very broad temperature range of 136-355 ºC, 

corresponding to lattice oxygen species of different reactivity. A small amount 

of H2
18O is formed, indicating the oxygen exchange between 18O2 and the 

CuOx NPs in CuOx/TiO2-10% (see Figure 3.36a). In opposite the TPR 

profile of the 18O2 oxidized CuOx/TiO2-2.5% sample, shows only one peak 

corresponding to H2
16O with an onset temperature of 150 ºC, corresponding to 

lattice oxygen species. Interestingly H2
18O is not detected in this sample, 

indicating that no oxygen exchange between the O2 and the CuOx lattice takes 

place on CuOx/TiO2-2.5% (Figure 3.36b).  

When the two samples have been exposed to a mixture of phenylacetylene 

and 18O2 at reaction conditions (90 ºC, 1h), different TPR profiles have been 

observed in both cases. On the CuOx/TiO2-2.5% sample, neither H2
16O nor 

H2
18O are detected (see Figure 3.36d). It means, the surface has been reduced 

under reaction conditions, but it is not re-oxidized by 18O2. With 

CuOx/TiO2-10% sample, both H2
16O and H2

18O are observed with an onset 

temperature of 203 ºC (Figure 3.36c), which indicates the surface has been 

partially reduced and re-oxidized by 18O2 under reaction conditions.  

From the above presented results combined with the in situ Raman and IR 

studies, we speculate that oxygen is activated by CuOx NPs in the 

CuOx/TiO2-2.5% sample as peroxo species on the catalyst surface. Meanwhile, 

in the case of CuOx/TiO2-10% sample, O2 dissociation occurs, transforming 

into lattice oxygen species. This hypothesis would also be supported by the IR 

results where the catalysts surface has been titrated, using CO as probe 

molecule, after phenylacetylene adsorption at 90 ºC and after subsequent O2 
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insertion at the same temperature (see Figure 3.33). 

  Thus we can conclude that the different reactivity observed between the 

CuOx/TiO2-2.5% and CuOx/TiO2-10% samples is related to a different nature 

of the oxygen species on the catalyst surface. Stabilization of molecular 

oxygen as peroxo species or further dissociation into atomic oxygen and 

generation of lattice oxygen species is strongly related to the different particle 

size of CuOx NP in both samples. On CuOx NPs around 2 nm, O2 molecules 

are activated to form peroxo species, which is more active than surface lattice 

oxygen formed on big CuOx NPs in CuOx/TiO2-10%.35,36 As a consequence, 

CuOx/TiO2-2.5% with ~2 nm particle size shows much higher activity than 

CuOx/TiO2-10% with ~10 nm particle size in the oxidative coupling of 

alkynes. Notice that this is the case regardless that monodispersed isolated 

CuOx NPs or supported NPs are used as catalysts. 

 

3.7 Proposed reaction mechanism 

 

Figure 3.37. (a) Schematic illustration of the dynamic transformation of 

monodispersed Cu species. Size-dependent catalytic mechanism of supported 

CuOx NPs, (b) CuOx/TiO2-0.25%, (c) CuOx/TiO2-2.5% and (d) 

CuOx/TiO2-10%. 

 

Based on the above results and discussions, a proposed reaction mechanism 

for CuOx NPs with different sizes is shown in Figure 3.37. For 

monodispersed Cu species (see Figure 3.37a), small CuOx NPs around 2 nm 

are formed from the in situ transformation of bulk CuCl, as a result of which 

an induction period can be observed. These in situ formed small CuOx NPs 
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are the active species for the oxidative coupling of alkynes when DMSO was 

chosen as solvent. When a large amount of CuCl is used as the catalyst, small 

CuOx NPs will further grow into big CuOx NPs around 5 nm, which can 

transform back with time to small CuOx NPs in the oxidative coupling of 

alkynes. In the case of supported CuOx NPs (see Figure 3.37b to Figure 

3.37d), the activity will also be dependent on the size of CuOx NPs, being the 

dynamic transformation between different sizes of CuOx NPs restricted under 

the reaction condition used here. For Cu clusters supported on TiO2, according 

to theoretical calculation, O2 activation is not favorable, resulting in their very 

low activity. When the size of CuOx NPs increases to around 2 nm, O2 can be 

activated into active peroxo species on the surface of CuOx/TiO2-2.5%, which 

can serve as the active intermediate for the oxidative coupling of alkynes. 

However, a further increase in the size of CuOx NPs will change the nature of 

the oxygen species formed. O2 will form lattice oxygen species after 

activation by large CuOx NPs, which is less active for the oxidative coupling 

reaction. 

 

3.8 Synthesis of unsymmetric 1,3-diynes with CuOx/TiO2 catalyst 

  Compared with oxidative homo-coupling of alkynes, the coupling reaction 

between two different alkyne molecules is more difficult due to their different 

reactivity. The yield of unsymmetric 1,3-diynes is much lower than the 

oxidative homo-coupling of alkynes as a result of the competitive reaction 

pathways between homo-coupling and hetero-coupling reactions.37 Therefore, 

in some cases, only trace amount of 1,3-diynes can be obtained when 

Cu-based catalyst is used, even though one alkyne substrate is in a large 

excess (the molar ratio of two alkynes is 5.).38,39 Since the CuOx NPs 

supported TiO2 in the CuOx/TiO2-2.5% sample can catalyze the oxidative 

coupling of alkynes directly, the oxidative hetero-coupling of different 

alkynes could be processed smoothly with higher yield of unsymmetric 

1,3-diynes. The catalytic results in the synthesis of unsymmetric 1,3-diynes 

with CuOx/TiO2 catalyst are shown in Table 2. It should be noted that, in this 

work, the molar ratio of two alkynes is 2. And higher temperature and O2 

pressure is used to accelerate the hetero-coupling between different alkynes. 

As can be seen in Table 2, unsymmetric 1,3-diynes can be obtained with 
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moderate to good yield, ranging from 61% to 92%. The coupling between 

phenylacetylene and hexyne can be realized with 61% yield although the 

amount of phenylacetylene is only twice that of hexyne. It should be noticed 

that only trace amount of the unsymmetric coupling product was obtained in 

previous work (but five times excess of hexyne).40 These results suggest that 

supported small CuOx NPs can work as efficient catalyst for synthesis of 

unsymmetric 1,3-diynes. 

 

Table 2. Synthesis of unsymmetric 1,3-diynes with CuOx/TiO2 catalysta 

 

a 40 μL dodecane was added as internal standard and the reaction time was 8 h. 

 

Entry   Yield/% 

1 

  

74 

2 

  

75 

3 

 

 63 

4 

 
 32 

5   38 

6 

  

65 

7  

 

51 
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The yield is calculated based on . 

 

4. Conclusions 

  In this work, a facile method for synthesis of monodispersed small CuOx 

NPs has been presented. Through kinetic analysis and following the dynamic 

transformation of Cu species, small CuOx NPs around 2 nm are proved to be 

the active species in Cu-catalyzed oxidative coupling of alkynes. Furthermore, 

the size-dependent catalytic properties of supported CuOx NPs on TiO2 was 

also studied. Similar activity trend is obtained on supported CuOx NPs and 

monodispersed CuOx NPs. By spectroscopic characterizations, it has been 

clarified that the nature of the active oxygen species are dependent on the size 

of CuOx NPs. Active peroxo species are preferentially formed on small CuOx 

NPs (~2 nm) while O2 prefers to form lattice oxygen species after dissociation 

on large CuOx NPs (~10 nm). Therefore, the catalytic properties in oxidative 

coupling of alkynes are greatly dependent on the size of CuOx. Finally, 

monodispersed CuOx NPs are able to catalyze the unsymmetric coupling of 

alkynes. 
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Comparative study on the catalytic behavior of supported 

single Pt atoms, clusters and nanoparticles 
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1. Introduction

Heterogeneous Single-atom catalysts have attracted tremendous attention in 
the field of catalysis in recent years and it has been shown in some reactions 

that single-atom catalysts show superior catalytic performance than the 

conventional nanoparticulate catalysts.1 The recent progress made in this 

direction has gained more knowledge for understanding catalysis at atomic 

level.2 By decreasing the size of metal catalysts down to atomically species, the 

utilization efficiency of metal can be maximized and more importantly, unique 

catalytic behavior may appear associated with those atomically dispersed metal 

catalysts.3  

However, there are still some arguments on the role of single atoms and their 

intrinsic activity in the catalytic processes. For instance, Pt single atoms 

supported on Al2O3, FeOx, TiO2 and CeO2 are reported to be more active than 

Pt nanoparticles for CO oxidation, while in some other works, Pt atoms 

supported on zeolites or metal oxides are claimed to be less active than Pt 

nanoparticles.4-7 Similar issues have also been reported with single-atom Au 

catalysts for CO oxidation. Singly dispersed Au atoms have been reported as 

efficient catalyst for CO oxidation,8,9 while in some other works it has been 

shown that Au nanoclusters and nanoparticles supported on CeO2 are much 

more active than singly dispersed Au atoms.10,11 Nevertheless, singly dispersed 

Pt and Pd atoms on various supports have been reported as active catalysts for 

hydrogenation of nitroarenes, olefins and ketones, photocatalytic H2 evolution 
reactions.12-15 However, there is also some work showing that single Pd atoms 

supported on FeOx show no activity in hydrogenation of alkenes while Pd 

clusters and nanoparticles on the same support are active.16 

In most of the previous works, the catalytic performance of single atoms is 

usually compared with nanoparticulate catalysts, without the involvement of 

metal clusters. As a transition state between single atoms and nanoparticles, 

metal clusters show distinct electronic and geometric structures compared to 

the other two entities.17-19 It has been shown in some examples that, only 

subnanometric metal clusters can catalyze some reactions while neither their 

single-atom nor nanoparticulate counterparts are active.20-22 Therefore, it is 

necessary to study the size effect on catalysis with direct comparison of the 

catalytic performance of single atoms, clusters and nanoparticles for a global 
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understanding on the size-reactivity relationships. 

Besides, in some of the previous works, single-atom catalysts and the 

nanoparticulate counterpart are prepared by different methodologies, which 

may bring uncertain factors into the studies for the comparison of their catalytic 

properties, especially when considering the complexity of heterogeneous metal 

catalysts.23,24 Therefore, for a fair comparative study, the model catalysts should 

be better prepared in the same method and the particle size of metal species is 

controlled by the synthesis parameters. Nevertheless, it has been observed in 

several systems that, atomically dispersed metal species can occur dynamic 

structural transformation under reaction conditions.25 Therefore, when studying 

the catalytic behavior of single-atom catalysts, it is necessary to follow the 

evolution of Pt species under reaction conditions. Taking into account of the 

well-established metal-support interaction for nanoparticulate metal catalysts, 

the metal-support interaction for single-atom catalysts should also be paid 

attention when comparing their reactivity with metal clusters and nanoparticles. 

In this work, we have prepared a series of supported Pt catalysts by the same 

method with different particle size and post-treatments, ranging from singly 

dispersed atoms to clusters to nanoparticles on different supports (TiO2, Al2O3 

and CeO2), as model catalysts with high comparability. Their catalytic 

performance for selective hydrogenation and CO oxidation have been tested 

and it is found that, Pt clusters and nanoparticles show obviously higher activity 

than Pt single atoms. Furthermore, we have observed the structural 

transformation of single Pt atoms under reaction conditions also depends on the 

support, making the situation for evaluating the catalytic properties of different 

metal entities (single atoms, clusters and nanoparticles) more complicated.  

2. Experiments

2.1 Synthesis of different types of Pt species on various supports 

TiO2 (nanopowder, from Aldrich), Al2O3 (nanopowder, from NanoActive Corp.) 

and nanosized CeO2 were used as the support to prepare supported Pt catalysts, 

by conventional wet impregnation. 

2 g of solid support was dispersed in 50 mL aqueous solution of H2PtCl6 

(containing certain amount of Pt, determined by the loading of Pt in the final 

catalyst) under rigorous stirring. After 2 h of stirring at room temperature, water 
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was removed by rotavapor. The obtained solid was dried at 60 oC over night 

and then calcined in flow air at 450 oC for 3 h, resulting the formation of singly 

dispersed Pt atoms on Al2O3, TiO2 and CeO2. Supported Pt catalysts with 

clusters and nanoparticles were prepared by reducing the single-atom Pt 

catalysts at different temperature by H2, as indicated later in the results and 

discussion section.   

 

2.2 Characterization on the Pt catalysts 

Samples for electron microscopy studies were prepared by dropping the 

suspension of the powder catalyst using ethanol as the solvent directly onto 

holey-carbon coated Cu grids. The measurements were performed in a JEOL 

2100F microscope operating at 200 kV both in transmission (TEM) and 

scanning-transmission modes (STEM). STEM images were obtained using a 

High Angle Annular Dark Field detector (HAADF), which allows Z-contrast 

imaging. High-resolution STEM measurement was performed on FET Titan 

low-base microscope at 300 kV equipped with a Cs probe corrector, a 

monochromator and an ultrabright X-FEG electron source. The convergence 

angle was 25 mrad and the inner and outer angles for HAADF imaging were 70 

and 200 mrad, respectively. 

 

2.3 Catalytic studies on the Pt catalysts 

2.3.1 Hydrogenation of 3-nitrostyrene 

The hydrogenation of 3-nitrostyrene was performed in batch reactor. A certain 

amount of solid catalyst (10 mg or 20 mg), 0.5 mmol of 3-nitrostyrene, 50 µL 

of dodecane as internal standard, 2 mL of toluene as solvent was placed in the 

batch reactor. Then the reactor was purged with H2 for several times. The 

reaction was performed at 40 or 50 oC with 3 bar of H2. 50 µL of reaction 

mixture was taken out of the reactor at different reaction time and analyzed by 

GC with FID detector. 

2.3.2 Hydrogenation of styrene 

The hydrogenation of styrene was performed in batch reactor. A certain amount 

of solid Pt/Al2O3 catalyst (10 mg), 1.0 mmol of styrene, 50 µL of hexadodecane 

as internal standard, 2 mL of toluene as solvent was placed in the batch reactor. 

Then the reactor was purged with H2 for several times. The reaction was 
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performed at 50 oC with 3 bar of H2. 50 µL of reaction mixture was taken out 

of the reactor at different reaction time and analyzed by GC with FID detector. 

2.3.3 Oxidation of benzyl alcohol 

The oxidation of CO was performed in a fix-bed reactor. 120 mg of solid 

catalyst was used for each test. The feed gas was 2% of CO and 1% of O2 in 

He. The total flow was 85 mL/min. The product was analyzed by gas 

chromatograph with thermal conductivity detector. 

2.3.4 Oxidation of benzyl alcohol 

The oxidation of benzyl alcohol was performed in batch reactor. A certain 

amount of solid Pt/CeO2 catalyst (50 mg), 1.0 mmol of styrene, 2 mL of toluene 

as solvent was placed in the batch reactor. Then the reactor was purged with O2 

for several times. The reaction was performed at 80 oC with 7 bar of O2. 50 µL 

of reaction mixture was taken out of the reactor at different reaction time and 

analyzed by GC with FID detector. 

2.3.5 Photocatalytic H2 evolution with Pt/TiO2 catalysts 

The photocatalyst powder (25 mg) was dispersed in a water/ethanol mixture 

(1:1 v/v, 25 mL) by sonication for 15 min. The resulting suspension was then 

transferred to a quartz cell (volume ≈ 50 mL, equipped with a gas inlet valve, a 

gas outlet valve and a pressure gauge) and purged with argon (5 mL/min for 10 

min). Finally, the cell was pressurized with argon (1.5 bar) and tightly closed. 

The suspension was stirred at 500 rpm and irradiated with a medium pressure 

Hg lamp (125 W, irradiation intensity≈ 1.5 kW/m2). 

3. Results and Discussions

3.1Selective hydrogenation of 3-nitrostyrene with Pt single atoms, clusters 

and nanoparticles 

Firstly, we have prepared a series of Pt/TiO2 catalysts by conventional 

wetness impregnation (see experimental section for details) and the size of Pt 

species supported on TiO2 can be controlled by the Pt loading and the treatments 

in the preparation procedure. As shown in Figure 4.1a, Pt single atoms 

supported on TiO2 (named as 0.2%Pt/TiO2-SA with 0.2 wt% of Pt) can be 

directly observed by high-resolution scanning electron microscopy. After 

reduction by H2, those singly dispersed Pt atoms agglomerated into Pt 

nanoparticles (see Figure 4.1f). In order to obtain subnanometric Pt clusters on 
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TiO2, the loading of Pt has to be decreased to ca. 0.03 wt%, and then Pt clusters 

of ca. 0.5-1.0 nm can be formed on TiO2 (see Figure 4.1d). More images of the 

Pt/TiO2 samples with different sizes of Pt species are presented in Figure 4.2 

to Figure 4.4. These STEM images suggest that Pt clusters and nanoparticles 

with fine dispersion and narrow size distributions can be generated on TiO2. 

Therefore, we can use these Pt/TiO2 catalysts as model catalyst to study the size 

effect on the catalytic properties.    

 

Figure 4.1. Characterization of Pt/TiO2 catalysts with single atoms, clusters 

and nanoparticles. (a, b) 0.2%Pt/TiO2-SA sample containing singly dispersed 

Pt atoms. (c, d) 0.03%Pt/TiO2-450H2 sample containing subnanometric Pt 

clusters. (e, f) 0.2%Pt/TiO2-450H2 sample containing Pt nanoparticles. 
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Figure 4.2. STEM images of 0.03%Pt/TiO2-450H2, showing the presence of Pt 

clusters supported on TiO2. 

 

Figure 4.3. STEM images of 0.2%Pt/TiO2-450H2, showing the presence of Pt 

nanoparticles supported on TiO2. 
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Figure 4.4. STEM images of 0.5%Pt/TiO2-450H2, showing the presence of Pt 

nanoparticles supported on TiO2. 

 

Figure 4.5. Catalytic performance of different Pt species supported on TiO2 

for hydrogenation of 3-nitrostyrene. Reaction conditions: 0.5 mmol 3-
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nitrostyrene, 2 mL toluene as solvent, 10 mg of solid catalyst, 40 oC and 3 bar 

of H2. High selectivity to 3-aminostyrene has been achieved for all the Pt/TiO2 

samples containing Pt clusters and nanoparticles. 

 

The hydrogenation of 3-nitrostyrene was chosen as the model reaction to 

study the catalytic performance of different types of Pt species. As shown in 

Figure 4.5, the Pt single atoms show negligible activity. In the case of Pt/TiO2 

catalysts containing subnanometric clusters (the 0.03%Pt/TiO2-450H2 and 

0.1%Pt/TiO2-450H2 sample), the activity is significantly higher than Pt single 

atoms. Further increasing the Pt particle size to ~1 nm will result in a highly 

active catalyst for chemoselective hydrogenation of 3-nitrostyrene to 3-

aminostyrene, with a TOF of ~2600 h-1, which is higher than the best Pt 

catalysts reported in the literature at the same temperature and H2 pressure up 

to now. Pt/FeOx containing atomically dispersed Pt atoms on FeOx showed a 

TOF of ~1500 h-1 and Pt single atoms embedded in Ni nanoparticles showed a 

TOF of ~1800 h-1.26 Moreover, further increasing the size of Pt nanoparticles to 

~1.5 nm (the 0.5%Pt/TiO2-450H2 sample) leads to the drop of activity, 

suggesting that Pt nanoparticles of ~1 nm are the most active species for the 

hydrogenation of 3-nitrostyrene under our conditions. These results indicate 

that, by the same preparation method, Pt nanoparticles can show much higher 

activity than single atoms and clusters for selective hydrogenation reaction. 
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Figure 4.6. Atomic structure of small Pt nanoparticles supported on TiO2. 

The size of these Pt nanoparticles is ~1 nm. According to the EELS results, Pt 

nanoparticles are surrounded by TiO2 layer, with only several atoms exposed 

on the surface. 

 

In our previous work, it has been proposed that, Pt nanoparticles partially 

covered by TiO2-x are the active sites for chemoselective hydrogenation of 

nitroarenes in Pt/TiO2 catalysts.27 Herein, with the help of high-resolution 

STEM imaging and EELS mapping, we are able to give information on the 

structure of those small Pt particles (~1 nm) at atomic level. As displayed in 

Figure 4.6, Pt nanoparticles show semi-spherical shapes supported on TiO2. 

The EELS mapping results indicate that Pt nanoparticles are surrounded by 

TiO2 layers and the exposed surface area for each Pt nanoparticle is less than 

1×1 nm. In other words, due to the strong metal-support interaction between Pt 

and TiO2, only a few Pt atoms are exposed to the reactants, which are the active 

sites for chemoselective hydrogenation of nitroarenes.  
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Figure 4.7. Pt/Al2O3 samples with different types of Pt species. High-

resolution STEM images of Pt/Al2O3-SA (a, b) containing only singly dispersed 

Pt atoms, Pt/Al2O3-200H2 (c, d) containing a mixture of both singly Pt atoms 

and Pt nanoclusters and Pt/Al2O3-400H2 (e, f) containing mainly Pt 
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nanoparticles and a few singly dispersed Pt atoms. 

In addition, we have also prepared a series of Pt/Al2O3 samples containing 

different sizes of Pt species from single atoms to clusters and nanoparticles. 

Firstly, a Pt/Al2O3-SA sample containing Pt single atoms was prepared by 

impregnation according to the literature.28 As shown in Figure 4.7a-b, only 

singly dispersed Pt atoms can be observed in the high-resolution STME images 

of Pt/Al2O3-SA sample. After reduction by H2 at 200 oC, some of the single Pt 

atoms agglomerate into Pt clusters while there are still some single Pt atoms 

preserved in the Pt/Al2O3-200H2 sample. When raising the reduction 

temperature to 300 oC (Figure 4.7c-d) and 450 oC (Figure 4.7e-f), the fraction 

of single Pt atoms in the reduced Pt/Al2O3 decreases and only very few Pt atoms 

can still be found in the Pt/Al2O3-400H2 sample. Therefore, the percentage of 

Pt single atoms can be modulated by the reduction temperature and this series 

of Pt/Al2O3 samples can be model catalysts for the direct comparison between 

single Pt atoms, clusters and nanoparticles.  

 

Figure 4.8. Catalytic performance of Pt/Al2O3 catalysts for hydrogenation 

reactions. (a) Hydrogenation of 3-nitrostyrene with various Pt/Al2O3 catalysts. 

Reaction conditions: 0.5 mmol 3-nitrostyrene, 2 mL toluene as solvent, 20 mg 

of solid catalyst, 50 oC and 3 bar of H2. (b) Hydrogenation of styrene with 

various Pt/Al2O3 catalysts. Reaction conditions: 1.0 mmol styrene, 2 mL 

toluene as solvent, 10 mg of solid catalyst, 50 oC and 3 bar of H2. 

 

Firstly, we have tested the catalytic performance of Pt/Al2O3 catalysts for 

hydrogenation of 3-nitrostyrene. As shown in Figure 4.8a, similar to the 
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situation of Pt/TiO2 catalysts, Pt/Al2O3-SA sample shows negligible activity for 

hydrogenation of 3-nitrostyrene. In the case of reduced Pt/Al2O3 samples, 

considerable conversion of 3-nitrostyrene can be observed and the reactivity 

increases with the reduction temperature, which corresponds to higher 

percentage of Pt nanoparticles in the Pt/Al2O3 catalyst. Although the Pt/Al2O3 

catalysts are not chemoselective for 3-aminostyrene, the tendency of the 

activity for hydrogenation of 3-nitrostyrene is similar to Pt/TiO2 catalysts, 

indicating that Pt clusters and nanoparticles show more superior reactivity than 

Pt single atoms. 

Since it has been reported in the literature that singly dispersed Pt atoms can 

be used for hydrogenation of C=C bonds, we have also tested the reactivity of 

Pt/Al2O3 catalysts for hydrogenation of styrene. As can be seen in Figure 4.8b, 

singly dispersed Pt atoms also show negligible activity towards hydrogenation 

of C=C bonds. The reduced Pt/Al2O3 catalysts show much higher activity and 

the activity increases with the percentage of Pt nanoparticles in the catalyst, 

indicating that Pt nanoparticles are more active than single Pt atoms and clusters 

for the hydrogenation of C=C bonds.  

From a mechanistic point of view, the hydrogenation of -NO2 and C=C may 

follow different reaction mechanism on metal catalysts.29,30 It has been reported 

that, hydrogenation of C=C on nanoparticulate Pt catalysts are structure-

insensitive reaction while hydrogenation of -NO2 are structure-sensitive 

reaction. Nevertheless, our experimental results show that, Pt nanoparticles are 

more active than Pt clusters and single Pt atoms in these hydrogenation 

reactions. Specially, our results indicate that, singly dispersed Pt atoms 

supported on TiO2 and Al2O3 show much lower activity for the hydrogenation 

of -NO2 and C=C groups. 
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Figure 4.9. Size effect of Pt species supported on Al2O3 for CO oxidation. 

(a) The catalytic result of 0.2%Pt/Al2O3-SA sample for CO oxidation and the 

evolution of Pt single atoms to Pt nanoparticles under CO oxidation reaction 

conditions. (b) The average particle size of 0.2%Pt/Al2O3 sample after 

reduction by H2 at different temperature. The higher reduction temperature will 

result in formation of larger Pt nanoparticles. (c) Comparison of the catalytic 

performance of Pt/Al2O3 catalysts with different size, ranging from single 

atoms to clusters to nanoparticles. (d) Turnover frequency values of different 

Pt/Al2O3 catalysts in low-temperature range (150-225 oC) for CO oxidation 

reaction. 

 

3.2 CO oxidation reaction with Pt single atoms, clusters and nanoparticles 

CO oxidation is another important model reaction to study the structure-

reactivity correlations of supported metal catalysts. It has been reported in the 
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literature that, Pt single atoms support on Al2O3 are active for CO oxidation. In 

this work, we have tested the catalytic activity of Pt single atoms supported on 

Al2O3 and followed the evolution of Pt single atoms during the CO oxidation 

reaction. As shown in Figure 4.9, it is found that Pt single atoms agglomerate 

into small nanoparticles under reaction conditions. As displayed in Figure 4.10 

to Figure 4.13, the size of the in situ formed Pt nanoparticles also increase with 

the reduction temperature (from 200 to 400 oC), indicating that Pt species occur 

dynamic structural transformation under CO oxidation conditions. In order to 

compare the reactivity of Pt single atoms, clusters and nanoparticles, we have 

also tested the Pt/Al2O3 catalysts containing different types of Pt species for CO 

oxidation. As shown in Figure 4.9c, both Pt clusters and Pt nanoparticles show 

significantly higher TOFs (normalized to the amount of Pt atoms in the catalyst) 

than Pt single atoms. Pt/Al2O3-300H2 and Pt/Al2O3-400H2 samples show 

similar activity while Pt/Al2O3-200H2 show intermediate activity between these 

two samples. It should be mentioned that, the TOF values shown in Figure 4.9d 

are calculated based on all the Pt species in the catalyst. If we calculate the TOF 

based on surface exposed atoms, then Pt clusters and nanoparticles may show 

even higher TOF values while Pt atoms will maintain the same.  

Based on the catalytic results shown in Figure 4.9 and combining the size 

distribution of Pt species in various Pt/Al2O3 samples, it can be concluded that, 

the Pt/Al2O3 sample with a higher fraction of single Pt atoms shows a lower 

activity for CO oxidation, implying that Pt nanoparticles and clusters are more 

active than Pt single atoms for CO oxidation reaction when they are supported 

on Al2O3. 
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Figure 4.10. STEM images of Pt/Al2O3-SA sample after CO oxidation at 

150 oC. A few small Pt nanoparticles can be observed in the used catalyst. 

 

Figure 4.11. STEM images of Pt/Al2O3-SA sample after CO oxidation at 

225 oC. Pt nanoparticles can be observed in the used catalyst, due to the 

agglomeration of highly dispersed Pt atoms. 
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Figure 4.12. STEM images of Pt/Al2O3-SA sample after CO oxidation at 

275 oC. Pt nanoparticles can be observed in the used catalyst, due to the 

agglomeration of highly dispersed Pt atoms. 

 

Figure 4.13. Size distributions of Pt nanoparticles observed in Pt/Al2O3-SA 

sample after CO oxidation reaction at different temperature. (a) 150 oC, (b) 

225 oC, (c) 275 oC and (d) 300 oC. 
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Figure 4.14. Size effect of Pt species supported on TiO2 and CeO2 for CO 

oxidation. (a) STEM image of Pt/TiO2-SA catalyst after the CO oxidation 

reaction, showing the transformation of singly dispersed Pt atoms into Pt 

nanoparticles under reaction conditions. (b) Comparison of the activity of Pt 

single atoms, clusters and nanoparticles for low-temperature CO oxidation. (c) 

STEM image of Pt/CeO2-SA catalyst after the CO oxidation reaction. Pt 

nanoparticles are not found in the used catalyst. (d) Comparison of the activity 

of Pt single atoms and nanoparticles for low-temperature CO oxidation. 

 

Nevertheless, we have also studied the catalytic behavior of Pt single atoms 

supported on TiO2 for CO oxidation. In the case of Pt/TiO2-SA, a similar 

agglomeration behavior from single atoms to nanoparticles is observed during 

the CO oxidation test (see Figure 4.14a). Then, we have compared the activity 

of Pt clusters and nanoparticles with single Pt atoms. As shown in Figure 4.14b, 

Pt clusters show the highest TOF value, followed by Pt nanoparticles. Similar 

to the case of Pt/Al2O3, Pt single atoms supported on TiO2 exhibit the lowest 
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TOF. It should be pointed out that, the variation tendency of CO oxidation 

activity versus Pt particle size is different on Al2O3 and TiO2, implying that, the 

reactivity of different types of metal entities may depend on the support. In the 

case of Pt/CeO2 containing single Pt atoms (Pt/CeO2-SA), the activity is quite 

low, which is in line with the reported work.31 After the CO oxidation test, the 

agglomeration of Pt atoms into clusters or nanoparticles are not observed (see 

Figure 4.14c), implying that Pt atoms are stabilized by CeO2 under reaction 

conditions, which is different to the situation for Pt atoms supported on Al2O3 

and TiO2, suggesting that the evolution behavior of Pt single atoms also depends 

on the interaction between Pt and the support. Afterwards, as done before, 

0.2%Pt/CeO2-SA sample was reduced by H2 at 500 oC to generate Pt 

nanoparticles on CeO2. As shown in Figure 4.14d, the 0.2%Pt/CeO2-500H2 

sample exhibit much higher activity than 0.2%Pt/CeO2-SA. The above results 

suggest that, for low-temperature CO oxidation reaction, Pt clusters and 

nanoparticles are more active than Pt single atoms on Al2O3, TiO2 and CeO2. 

Furthermore, the reactivity of Pt clusters and nanoparticles and the evolution 

behavior is strongly relevant to the support, implying the importance of 

considering the role of the support when discussing the catalytic behavior of 

heterogeneous single-atom catalysts.   

 

3.3 Oxidation of alcohol with Pt single atoms, clusters and nanoparticles 

In the above two examples, H2 activation and O2 activation has been 

considered to be the rate-limiting step. In the case of oxidation of alcohols, both 

the activation of O2 and the -CHx-OH group on metal surface are key steps to 

convert alcohols to aldehydes. It has been reported in the literature that, singly 

dispersed Pd atoms are more efficient catalysts for oxidation of alcohols than 

corresponding metal clusters and nanoparticles.32,33 

Herein, we have studied the catalytic performance of Pt single atoms 

(Pt/CeO2-SA), clusters (Pt/CeO2-200H2) and nanoparticles (Pt/CeO2-500H2) 

supported on CeO2 for oxidation of benzylalcohol to benzylaldehyde. As can 

be seen in Figure 4.15, 0.2Pt/CeO2-SA sample show the lowest initial activity 

while the other two samples containing Pt clusters and nanoparticles are more 

active than the Pt single atoms. 
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Figure 4.15. Initial reactivity for oxidation of benzyl alcohol to benzyl 

aldehyde by Pt/CeO2. Three Pt/CeO2 catalysts containing Pt single atoms 

(0.2Pt/CeO2-SA), Pt clusters (0.2Pt/CeO2-200H2) and Pt nanoparticles 

(0.2Pt/CeO2-500H2) were tested under the same conditions: 50 mg Pt/CeO2 as 

solid catalyst, 1 mmol benzyl alcohol, 80 oC, 7 bar of O2 and 2 mL toluene as 

solvent.  

 

Figure 4.16. Catalytic performance of Pt single atoms, clusters and 

nanoparticles supported on TiO2 for photocatalytic H2 evolution under 

solar light. Same amount of solid Pt/TiO2 catalysts was used as the catalyst and 

the H2 evolution rate was normalized to the Pt mass in different catalysts. 
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Figure 4.17. STEM images of various Pt/TiO2 catalysts after photocatalytic 

H2 evolution reaction. Pt clusters and nanoparticles are formed in the Pt/TiO2-

SA sample after photocatalytic H2 evolution reaction. In the other two cases, 

the size of Pt clusters and nanoparticles also slightly increases, indicating the 

instability of Pt species under the photocatalytic reaction conditions. 

 

3.4 Photocatalytic H2 evolution with Pt single atoms, clusters and 
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nanoparticles 

In the above examples, conventional heterogeneous catalysis involving 

activation of small molecules are employed to study the catalytic behavior of 

different types of Pt species. Pt is also widely used for photocatalysis, in which, 

Pt is usually thought to serve as the co-catalyst. The photo-generated electrons 

in the semiconductors will transfer to Pt sites, which catalyze the half reaction 

between protons and electrons to form H2.
34 It has been reported in the literature 

that, the size of Pt co-catalysts has significant influence on the photocatalytic 

reactivity due to their size-dependent electronic structures.35,36 Recently, it has 

been reported that, single-site based metal catalysts can also be used for 

photocatalysis.37,38 In the following example, we have compared three Pt/TiO2 

catalysts with different sizes of Pt species for photocatalytic H2 evolution from 

ethanol-H2O mixture under sunlight. 

As shown in Figure 4.16, all the three Pt/TiO2 catalysts are active for 

photocatalytic H2 evolution reaction and 0.03Pt/TiO2-450H2 sample containing 

Pt clusters shows the highest activity while the other two samples show similar 

activity. The three used Pt/TiO2 catalysts after photocatalytic reaction have also 

been measured by STEM. As presented in Figure 4.17, a large number of Pt 

nanoparticles and some Pt clusters can be found in the 0.03Pt/TiO2-SA sample, 

implying the sintering of singly dispersed Pt atoms under the photocatalytic 

reaction conditions. In the case of the other two samples, slight sintering is also 

observed, implying the instability of Pt species during the photocatalytic 

process under sunlight. Based on the above results, it can be concluded that, Pt 

clusters and nanoparticles show higher activity when working as co-catalyst for 

photocatalytic H2 evolution reaction. And singly dispersed Pt atoms on TiO2 are 

not stable under the photocatalytic conditions and their sintering behavior may 

be associated with the surface reaction (oxidation of ethanol by photo-generated 

holes and the reduction of H+ to H2 by photo-generated electrons) under solar 

light irradiation.   

 

4. Conclusions 

In summary, we have carried out a comparative study on the catalytic 

behavior of supported single Pt atoms, clusters and nanoparticles on solid 

carriers for hydrogenation, oxidation and photocatalytic reactions. The catalytic 
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results presented in this work show that, Pt clusters and nanoparticles can work 

as more efficient catalytic than singly dispersed Pt atoms when prepared by a 

similar procedure and tested under the same conditions. Furthermore, it has 

been observed in some reactions that, singly dispersed Pt atoms can 

agglomerate into Pt clusters and nanoparticles under reaction conditions and 

such behavior is also related with the support. Our work demonstrates that, 

when studying the catalytic properties of single-atom catalysts, in order to show 

the uniqueness of singly dispersed metal species, it is important to prepare 

comparable catalysts containing corresponding metal clusters or nanoparticles 

as reference catalysts. Nevertheless, the stability of the singly dispersed metal 

species under reaction conditions is also a critical issue that should be carefully 

considered. 
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Abstract 

The applications of single atoms and clusters for heterogeneous catalysis have 

attracted much attention due to the special catalytic properties of single atoms 

and clusters. However, the generation of stable single atoms and clusters on a 

solid support is still challenging. Herein, we report a new strategy for the 

generation of single Pt atoms and Pt clusters with exceptional high thermal 

stability in purely siliceous MCM-22 during the transformation of a two-

dimensional into a three-dimensional zeolite. Those subnanometric Pt species 

are still stabilized by MCM-22 after treatment in air at 540 oC. Furthermore, Pt 

species confined in the internal cavities show size-selective catalytic properties 

in the hydrogenation of alkenes. High-temperature oxidation-reduction 

treatments result in the growth of encapsulated Pt species to small nanoparticles 

between 1~2 nm. The stability and catalytic activity of encapsulated Pt species 

is also reflected in the dehydrogenation of propane to propylene. 

 

1. Introduction 

The unique catalytic properties of metal cluster catalysts have attracted, great 

attention because of their distinct behavior compared with metal nanoparticles 

(NPs) and mononuclear metal compounds.1,2 However, the stability of metal 

clusters can be a limitation for their applications in heterogeneous catalysis at 

higher temperatures, and loading atomic dispersed metal species on solid 

supports can be a method to improve their stability.3,4 To this respect, because 

of their high thermal stability and confinement effects, zeolite materials appear 

as promising supports for preparing supported metal clusters.5 By conventional 

methods (such as wet impregnation and ion exchange), the location of metal 

species cannot always be controlled and metal NPs will usually be formed after 

the post-treatment. Moreover, during the reaction or during some harsh thermal 

treatments, active species on the external surface can aggregate to form large 

NPs (>5 nm), resulting in a decrease of catalytic activity.6-9 

Recently, Iglesia et al. have developed a method to encapsulate small metal 

NPs into microporous cavities during the synthesis of different zeolitic 

materials. Different types of metal NPs with size between 1~2 nm are 

encapsulated into zeolites such as Sodalite (SOD), Analcime (ANA) and 

Gismondine (GIS).10,11 This method has been used, so far, for the synthesis of 
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Al-containing zeolites and the metal nanoparticles encapsulated in those 

zeolites are resistant to sintering.12 Nevertheless, in some cases, the introduction 

of Al into the zeolites may restrict the reaction scope of these materials because 

of the acidity associated to the presence of Al sites. Gates et al. have prepared 

single metal atoms and metal clusters (below 1 nm) confined in zeolites and 

performed excellent detailed characterizations on the location and atomic 

structure of these metal species.13,14 In this case, metal clusters with identified 

atomicity can be anchored into the pores of pure-silica zeolites, and the stability 

of metal clusters obtained by thermal decomposition of the metal precursor (e.g. 

organometallic compounds) could be an issue. In some cases, they may 

agglomerate even at room temperature under ambient environment. Therefore, 

developing a facile and sustainable method for incorporating metal clusters in 

high-silica zeolites with high thermal stability is still a challenge.  

In this work, we present a new strategy for preparation of zeolite-confined 

subnanometric Pt species (single Pt atoms and Pt clusters) catalysts with high 

stability during transformation of two-dimensional (2D) into three-dimensional 

(3D) zeolite. As the starting material, we choose a pure siliceous layered 

precursor of MCM-22 (MWW-type zeolite)15 with the idea that during the 

condensation of the layered zeolite precursor, the hemi-cages (cups) and cages 

with internal dimensions of ~0.7 and ~0.7×1.8 nm, respectively, would entrap 

the subnanometric Pt species. The resultant material will be named as 

Pt@MCM-22. In this way, Pt individual atoms and Pt clusters will be 

incorporated into the cups and cages of MCM-22 zeolite. It will be shown that 

subnanometric Pt species in the cavities can differentiate reactants by size and 

show exceptional high thermal stability and better catalytic activity. 
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Figure 5.1. Schematic illustration of the preparation of Pt@MCM-22. 

During the swelling process of layered MWW zeolitic precursors (MWW(P)), 

solution containing subnanometric Pt species are added. MWW layers are 

expanded by the surfactant (hexadecyltrimethylammonium, CTMA+OH-) and 

subnanometric Pt species are also incorporated into the internal channels 

between individual MWW layers. Removing the organic agents will lead to the 

formation of 3D Pt@MCM-22, in which subnanometric Pt species are confined 

in the external cups on the surface or encapsulated in the supercages of MCM-

22. 

 

2.1 Structural characterizations 

The preparation process of Pt@MCM-22 is schematized in Figure 5.1. In 

order to incorporate subnanometric Pt species into MCM-22, purely siliceous 

MWW precursor (namely ITQ-1) was firstly synthesized.16 Subnanometric Pt 

species were prepared using dimethylformamide (DMF) as weak reduction and 

capping agent.17,18 The fluorescence emission spectrum and picture of the DMF 

solution containing subnanometric Pt species are shown in Figure 5.2. The 

incorporation of subnanometric Pt species was carried out during the swelling 

process of lamellar zeolitic precursor (MWW(P)), which can be followed by X-

ray diffraction (see Figure 5.3). After the swelling process, subnanometric Pt 

species as well as the surfactant molecules were located between the layers. 

Then, the organic surfactant was removed by calcination in air at 540 oC, 
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leading to formation of Pt atoms and clusters encapsulated by the supercages of 

3D MCM-22, giving the final Pt@MCM-22 sample (the loading amount of Pt 

is 0.11 wt%, measured by ICP). Besides, Pt species could also be confined in 

the cups located at the external surface of MWW crystallites. 

The structures of as-prepared Pt@MCM-22 were characterized by 

transmission electron microscopy (TEM) and high-resolution STEM imaging 

with high-angle annular dark field detector (HAADF-HRSTEM imaging). As 

shown in Figure 5.5a, only MCM-22 crystallites can be seen in the TEM image. 

The hexagonal structure of MCM-22 is preserved after the incorporation of Pt 

species, as confirmed by the fast Fourier transformation (FFT) and XRD 

patterns (Figure 5.4). In STEM images (Figure 5.5b), the 12 member-ring (MR) 

sub-units of the external cups in MCM-22 with diameter ca. 0.7 nm can be 

clearly seen from the view of c-axis. Indeed, this imaging technique is chemical 

sensitive because it provides Z (atomic number)-contrast between heavy Pt 

atoms (bright features) and MCM-22 zeolite composed by light atoms.19 The 

contrast for single Pt atoms have been analyzed based on the intensity profiles, 

as shown in Figure 5.5e and Figure 5.5f. The good dispersion of subnanometric 

Pt species is confirmed in additional STEM images (see Figure 5.6). 

Furthermore, Pt clusters and individual Pt atoms with fine dispersion can be 

distinguished clearly in HAADF-HRSTEM images (Figure 5.5c and Figure 

5.5d). More intensity profiles of different types of Pt species can be found in 

supplementary information (see Figure 5.7 and Figure 5.8).20 It is worth 

mentioning that the intensity differences of the bright dots displayed in the 

HRSTEM-HAADF images maybe due to the focus conditions of the electron 

beam on the Pt atoms/clusters (or equivalently to the location of these atoms 

within the zeolite crystallites). For instance, Figure 5.5e (area #2) and Figure 

5.7 (area #3) clearly illustrate how the intensity of the dots corresponding to 

two neighboring atoms is slightly different, indicating their different location 

in the MCM-22 crystallites. In order to better understand these findings, we 

have carried out HRSTEM-HAADF image simulations (see Figure 5.9). The 

simulation results confirm the interpretation of experimental HRSTEM images, 

which correspond to individual Pt atoms and Pt clusters incorporated in MCM-

22. Even though it is difficult to obtain the exact location of Pt species, some 

important information can still be obtained based on the HRSTEM images. As 
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shown in Figure 5.10 and Figure 5.11, Pt single atoms and small clusters 

appear to be confined in the cups and at the connecting walls between the cups, 

while some Pt clusters could also be encapsulated in the supercages in MCM-

22 (as illustrated in Figure 5.5g). Meantime, there are also some atomically 

dispersed Pt species anchored on the framework of MCM-22. Since the internal 

dimensions of the supercages is 0.7×1.8 nm, 10-13 Pt atoms can be contained, 

considering their three-dimensional structures (a schematic illustration of Pt5 

cluster confined in supercages of MCM-22 is shown in Figure 5.5h).21 We 

could only find a few big Pt clusters (ca. 0.7-1.0 nm), which can fill up the 

supercages of MCM-22. However, there are few Pt particles larger than 2 nm 

which were observed in the sample. 

 

 

 

Figure 5.2. a, A picture of Pt-DMF solution containing subnanometric Pt 

species. b, Fluorescence emission spectrum of Pt-DMF solution. Excitation 

wavelength: 260 nm. 
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Figure 5.3. XRD Patterns of MWW(P), swelled MWW and MCM-22 obtained 

from the swelled MWW after calcination. 

 

Figure 5.4. XRD patterns of fresh Pt@MCM-22 sample and samples after 

different cycles of oxidation-reduction treatments at 650 oC. The crystal 

structure of MCM-22 zeolite is preserved after the high-temperature treatments. 
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Figure 5.5. Atomic structures of Pt@MCM-22. a, TEM image of Pt@MCM-

22. The insert is the corresponding FFT diffractogram of the TEM image. Scale 

bar, 50 nm. b, HAADF-STEM image of Pt@MCM-22. Scale bar, 20 nm. c and 

d, Atomic structures of Pt clusters confined in MCM-22. Scale bar, 5 nm. e, 

HAADF-HRSTEM image of Pt@MCM-22, where two zooms have been done 

in the square regions (marked in green (#1) and yellow (#2)). In these two areas, 

several single atoms have been highlighted. Scale bar, 2 nm. f. Corresponding 

intensity profiles obtained on the two zoomed areas. g, Schematic illustration 

of Pt@MCM-22 in a “top-down” view along the c axis. Pt clusters and 

individual Pt atoms are located in the surface cups, cavities and 12-MR 

supercages. h, Schematic illustration of Pt5 cluster in supercages of MCM-22. 
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i, Size distribution of subnanometric Pt species in Pt@MCM-22 sample.  

 

Figure 5.6. Enlarged STEM images of Pt@MCM-22. The bright points 

correspond to Pt species. The fine dispersion of subnanometric Pt species can 

be seen clearly. 
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Figure 5.7. HAADF-HRSTEM micrograph, where a zoom has been done 

(red marked area). Several single and two superposed/neighboring atoms (see 

example labelled as #2) have been highlighted and different intensity profiles 

have been obtained on them (see graphs #1 to #4). The different brightness of 

two neighboring atoms can be caused by their different heights in c direction. 
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Figure 5.8. HAADF-HRSTEM images of Pt@MCM-22, where three zooms 

have been done. Individual Pt atoms and Pt clusters have been highlighted and 

their intensity profiles have been obtained on them (see graphs #1 to #3). In 

particular, #1 corresponds to a cluster of five Pt atoms, #2 to a single Pt atom 

and #3 to three Pt atoms, respectively. According to the simulation results, some 

very bright spots may correspond to a linear Pt chain (several Pt atoms along c 

direction) in the MCM-22 crystallite. 
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Figure 5.9. Simulation of STEM images of Pt species in MCM-22 zeolite. 

(a) Ball and stick model of the original MCM-22 zeolite where Pt species 

(single atoms and clusters) are incorporated. This illustration is viewed from 

[001] direction. The simulated HRSTEM–HAADF image is superposed to this 

model. However, for sake of clarity, this simulated HRSTEM–HAADF image 

is also displayed in (b). (c) Ball and stick model of the same structure depicted 

in (a) and (b), viewed from the [010] direction. (d) Intensity profiles obtained 

at different locations (marked in green, yellow and blue, respectively) 

corresponding to: (area 1#) a Pt4 cluster, with a linear chain of three Pt atoms 

along the “c” direction; (area 2#) two single Pt atoms; (area 3#) a Pt4 cluster, 2 

of them at almost the same X and Y coordinates.   
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Figure 5.10. High-resolution STEM image of Pt@MCM-22. Pt single atoms 

and Pt clusters as well as the 12-member ring of MCM-22 can be seen clearly. 

The white circles indicate some typical subnanometric Pt species located in the 

cavities or supercages of MCM-22. In this image, we can also observe some Pt 

single atoms and clusters located on the framework of MCM-22. 
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Figure 5.11. Schematic illustration of the location of Pt species in MCM-22. 
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Figure 5.12. HAADF-HRSTEM images of Pt@MCM-22 acquired 

consecutively. The electron beam damage in the MCM-22 structure is clearly 

visible between (b) and (c). The destruction of the crystalline structure of 

MCM-22 and consequent mass loss, allow to better resolve the Pt 

atoms/clusters due to the change of focus conditions in (c).    

 

Due to the beam sensitivity of zeolites, the location of the atoms/clusters 

cannot be investigated by focal-series studies.22,23 However, the fact that we are 

performing these HRSTEM-HAADF studies in an aberration-corrected 

microscope offers the possibility to have access to the third dimension by 

varying the depth of focus. As can be seen in Figure 5.12, even if the structure 

of MCM-22 is destroyed (including mass loss) by electron beam, Pt species still 

remain at the same position or just move only a few angstroms, indicating that 

these Pt atoms/clusters are probably embedded/anchored in the internal space 

of zeolite crystallites. Nevertheless, information about the location of Pt species 

can be deduced according to the molecular sieving effect of MCM-22, which 

will be discussed in the following catalytic activity section.  

The particle size distribution of subnanometric Pt species shown in Figure 

5.5i has been obtained by counting more than 300 particles. And a size 

distribution ranging from single atoms to Pt clusters nearly to 1 nm, with a 

majority for Pt clusters between 0.2-0.7 nm, can be seen there. It has been 

reported that subnanometric metal species (single atoms and clusters) are 

unstable above 250 oC.24-26 However, if one considers that the preparation 

procedure of Pt@MCM-22 includes a high-temperature process (540 oC for 4 

h) for removal of organic template, it appears that subnanometric Pt species in 

Pt@MCM-22 show excellent thermal stability in air.  
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Figure 5.13. Characterizations of Pt@MCM-22 and Pt/MCM-22-imp. a, 

Fourier transform of k3-weighted EXAFS spectrum of the Pt@MCM-22 sample 

(not phase-corrected). The fitting curves for Pt-O and Pt-Pt contribution are also 

presented. b, XANES spectrum of Pt@MCM-22 as well as the first-order 

derivative spectrum. c, Fluorescence emission spectra excited at 260 nm. d, 

Enhancement of the mass signal of HD in H2-D2 exchange experiments on 

Pt@MCM-22 and Pt/MCM-22-imp at room temperature. e, photographs of 

Pt@MCM-22 and Pt/MCM-22-imp under white light and UV light. f, IR 
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spectra of CO adsorption on Pt@MCM-22 and Pt/MCM-22-imp. 

 

Table 1  Result of the fit performed on Pt@MCM-22 EXAFS spectrum 

 CN 2 R E0 

Path  Å-2 Å eV 

Pt-O 2.1±0.6 0.004 2.506±0.017 
2.9 

Pt-Pt 4.7±0.5 0.005 2.765±0.004 

S0
2 = 0.85 fixed from the value extracted from the fit of the Pt foil, E0 and ss2 

fixed from Pt foil; Δk = (3.6–14.3) Å–1 and ΔR = (1.4–3.5) Å 

Spectroscopic characterization of samples 

  Pt@MCM-22 sample has been measured by X-ray adsorption spectroscopy 

(XAS) to study the local environment of Pt and to estimate the coordination 

numbers of Pt species. The Fourier transform of extended X-ray absorption fine 

structure (EXAFS) spectra of Pt@MCM-22 and the Pt and PtO2 reference are 

shown in Figure 5.13a and Figure 5.14. Considering the first shell, Pt@MCM-

22 spectrum is dominated by a peak centered around 2.65 Å with a smaller 

contribution at 2.08 Å (both distances not phase corrected). Comparing with 

reference samples, the stronger contribution can be assigned to Pt-Pt bonds in 

Pt clusters. The assignation of weaker peak is too long to be ascribed to Pt-O 

bonds from PtO2 (1.65 Å, see Figure 5.14), but according to literature data it is 

compatible with Pt-O bonds between Pt and the zeolite frameworks.27 The 

presence of Pt-O bonds in Pt@MCM-22 sample has also been confirmed by the 

X-ray absorption near edge structure (XANES) spectrum of Pt@MCM-22. As 

it can be seen in Figure 5.13b, the curve shape of Pt@MCM-22 sample looks 

like Pt(0) (first derivative and oscillations around 11580 and 11595 eV) but 

white line intensity is higher, indicating the presence of Pt-O bonds.25 Based on 

the fitting results of the EXAFS spectrum (see Table 1), the coordination 

number of Pt in Pt@MCM-22 is ca. 4.7, that would correspond to Pt clusters 

with size less than 0.7 nm (i.e. with less than 13 atoms), assuming that Pt 

clusters show cubo-octahedral shape.28,29 Even though the atomicity of Pt 

species obtained based on EXAFS data is slightly larger than that obtained 

based on HRSTEM images, the average size is still in the cluster size range 

(below 0.7 nm), which is in line with the results obtained from electron 
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microscopy and our synthesis principle. 

 

Figure 5.14. |FT| spectrum of Pt@MCM-22. Pt foil and PtO2 reference 

spectra are also presented for comparison. 

 

Figure 5.15. STEM images of Pt/MCM-22-imp prepared from conventional 
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impregnation method. 

As it is well known, the optical properties of metal clusters and metal NPs 

are very different due to their distinct electronic structures. For comparison, we 

have prepared a Pt/MCM-22-imp sample with 0.2 wt% of Pt by a conventional 

impregnation method (see Methods). As shown in Figure 5.S15, Pt NPs with 

size of 1~5 nm are formed on MCM-22. The fluorescence emission spectra 

under excitation at 260 nm (see Figure 5.13c) show that Pt@MCM-22 with Pt 

clusters present a clear emission peak around 360 nm which can be associated 

to Pt clusters with less than 10 atoms.31,32 In contrast, no fluorescence emission 

signal can be observed in Pt/MCM-22-imp. The fluorescence emission of Pt 

clusters can also be seen from the pictures of the two samples under white light 

and UV light, respectively. As shown in Figure 5.13e, strong fluorescent light 

emission can be observed in Pt@MCM-22 sample under UV light.  

To compare the different properties of subnanometric Pt species in 

Pt@MCM-22 and Pt NPs in Pt/MCM-22-imp on H2 activation, H2-D2 exchange 

experiments were carried out. 33 Notice that H2 can diffuse through the 10-MR 

window that communicate the supercages in where a portion of Pt species are 

encapsulated. The results given in Figure 5.13d show that the formation rate of 

HD over Pt@MCM-22 is much higher than over Pt/MCM-22-imp, indicating 

that subnanometric Pt species in Pt@MCM-22 are more active on the H2 

activation than Pt NPs in Pt/MCM-22-imp, which is in agreement with 

literature.34 

In order to investigate the chemical states of Pt species in Pt@MCM-22 and 

Pt/MCM-22-imp, CO was used as probe molecule for IR spectroscopy. As 

shown in Figure 5.13f, two CO adsorption bands can be observed, which can 

be ascribed to CO interacting in lineal and bridge configuration, respectively. 

The reported CO frequency for Pt species in Pt@MCM-22 are lower than those 

observed for CO adsorbed in atop positions of Pt nanoparticles supported on 

MCM-22 and some conventional oxide carriers,35,36 which indicates a higher 

electron donor capacity of the subnanometric Pt species. It was suggested that 

zeolite matrix can act as electron donor increasing electron density of 

encapsulated Pt clusters.37 On the other hand, small metal cluster may bear a 

higher electron charge due to their higher unsaturation degree, while specific 

supports could modify net electronic charge of the clusters.38  
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Figure 5.16. Reaction rates of Pt@MCM-22 and Pt/MCM-22-imp in 

hydrogenation of light olefins. (a) Hydrogenation of propylene and (b) 

hydrogenation of isobutene. The reaction rates are normalized based on the 

amount of Pt species in both catalysts. 

 

Catalytic activity 

As it has been presented above, incorporation of Pt in expanded layered 

precursor of MCM-22 leads to isolated Pt atoms and Pt clusters on the cups 

located at external surface and also probably in the internal space of MCM-22. 

On the other hand, in the case of Pt/MCM-22-imp sample prepared by 

impregnation method, most of Pt NPs (1~5 nm) should be only located at the 

external surface. To test the catalytic properties and to bring more information 

on the location of Pt species in Pt@MCM-22 sample, we have chosen 

hydrogenation of alkenes with different molecular sizes as probe reactions. 

Firstly, the hydrogenation of propylene, which can diffuse through 10-MR 

windows and reach the supercavities with subnanometric Pt species, was 

performed in fixed-bed reactor. Results in Figure 5.16a show a higher activity 

of Pt@MCM-22 than Pt/MCM-22-imp. Notice that the reaction rate of Pt 

species is about five times higher for Pt@MCM-22. This difference of activity 

between Pt@MCM-22 and Pt/MCM-22-imp has also been observed before for 

the H2-D2 exchange experiment. The results would confirm the accessibility of 

propylene to all Pt species regardless of their location within the zeolite. 

However, as we said before, Pt species can also be encapsulated within 0.7×
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1.8 nm supercavities of MCM-22, which are only accessible through the 10-

MR windows. As shown in Figure 5.16b, the reaction rates for hydrogenation 

of isobutene of Pt/MCM-22-imp is similar to that of Pt@MCM-22, which is 

contrary to the activity difference for the propylene hydrogenation. Indeed, due 

to the molecular sieving effect of 10-MR windows in MCM-22, isobutene is 

only accessible to Pt species located at the external cups on the surface of 

MCM-22 while it should not be accessible to Pt atoms and clusters encapsulated 

in the cavities inside MCM-22. Therefore, by combining STEM 

characterization and the catalytic results on hydrogenation of propylene and 

isobutene, one can speculate that a large part of Pt species are located within 

the supercavities of MCM-22 in the Pt@MCM-22 sample. 

 

Figure 5.17. Pt@MCM-22 after high-temperature oxidation-reduction 

treatments. STEM images of Pt@MCM-22 after different cycles of oxidation-

reduction treatments at 650 oC. a, Pt@MCM-22-1cycle. b, Pt-@MCM-22-

2cycles. c, Pt-@MCM-22-3cycles. d, Pt@MCC-22-4cycles. Scale bar in a-d, 

20 nm. Size distributions of small Pt nanoparticles encapsulated in Pt@MCM-

22 after different cycles of oxidation-reduction treatments at 650 oC. e, 

Pt@MCM-22-1cycle. f, Pt-@MCM-22-2cycles. g, Pt-@MCM-2 2-3cycles. h, 

Pt@MCC-22-4cycles. i, Schematic illustration of the evolution of Pt individual 
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atoms and Pt clusters encapsulated in MCM-22 during the high-temperature 

oxidation-reduction treatments. 

 

High-temperature stability of Pt@MCM-22 

  The exceptional stability of the subnanometric Pt species in Pt@MCM-22 

have been demonstrated by performing oxidation-reduction treatments at 650 
oC. Under such harsh conditions, small Pt NPs with size of ~1 nm can be found 

in Pt@MCM-22 after one cycle of oxidation-reduction treatment at 650 oC (see 

Figure 5.17a and Figure 5.18). Those individual Pt atoms and small Pt clusters 

with a few atoms located in the internal space of MCM-22 crystallite have 

mostly aggregate to larger Pt clusters or small Pt NPs (1~2 nm). As for Pt 

clusters with more than 5 atoms, they should be more stable because they are 

captured by the cups and supercages of MCM-22. Checking by STEM, we have 

observed some Pt clusters below 1 nm while few Pt individual atoms can be 

found on in the Pt@MCM-22-1cycle sample (as shown in Figure 5.19). With 

more cycles of oxidation-reduction treatments, Pt clusters will continue to grow 

larger, as presented in Figure 5.17b to Figure 5.17d (more STEM images can 

be found from Figure 5.20 to Figure 5.22). Nevertheless, their size 

distributions (Figure 5.17f to Figure 5.17h) show that most of the small Pt NPs 

are still below 2 nm, indicating the high stability of encapsulated Pt species in 

MCM-22 crystallites during the very extreme oxidation-reduction treatments at 

650 oC. In the case of Pt/MCM-22-imp, oxidation-reduction treatments at 650 
oC lead to continuous growth of Pt NPs (images are presented from Figure 

5.S23 to Figure 5.S26 and the size distributions of Pt NPs are shown in Figure 

5.S27.). In the Pt/MCM-22-imp-4cycles sample (Figure 5.S26), some Pt NPs 

as large as 30~50 nm are observed. However, it is important to take into account 

that, due to the lower melting and boiling point of Pt nanoclusters, 

subnanometric Pt species can be mobile during the high-temperature treatments, 

especially for those Pt species located on the external surface.39-41 Thus, after 

four oxidation-reduction cycles at 650 oC, only ~30% of the initial Pt (measured 

by ICP) will be remaining in the Pt@MCM-22 sample. Despite that, the 

stability against agglomeration of Pt species encapsulated in MCM-22 are still 

much better than the Pt/MCM-22-imp materials prepared through conventional 

impregnation methods. 
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Figure 5.18. Some enlarged typical STEM images of Pt@MCM-22-1cycle 

sample. 

 

Figure 5.19. STEM image of Pt@MCM-22-1cycle sample. Pt clusters around 

0.5 nm as well as some small Pt nanoparticles between 1-2 nm can been seen. 
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Figure 5.20. Some enlarged typical STEM images of Pt@MCM-22-2cycles. 

 

Figure 5.21. Some enlarged typical STEM images of Pt@MCM-22-3cycles. 
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Figure 5.22. Some enlarged typical STEM images of Pt@MCM-22-4cycles. 

 

Figure 5.23. STEM images of Pt/MCM-22-imp prepared from conventional 

impregnation method after one oxidation-reduction cycle at 650 oC. This 

sample is named as Pt/MCM-22-imp-1cycle. 
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Figure 5.24. STEM images of Pt/MCM-22-imp prepared from conventional 

impregnation method after two oxidation-reduction cycle at 650 oC. This 

sample is named as Pt/MCM-22-imp-2cycles. 

 

Figure 5.25. STEM images of Pt/MCM-22-imp prepared from conventional 

impregnation method after three oxidation-reduction cycle at 650 oC. This 

sample is named as Pt/MCM-22-imp-3cycles. 
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Figure 5.26. STEM images of Pt/MCM-22-imp prepared from conventional 

impregnation method after four oxidation-reduction cycle at 650 oC. This 

sample is named as Pt/MCM-22-imp-4cycles. 
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Figure 5.27. Size distribution of Pt nanoparticles in Pt/MCM-22-Imp 

samples and samples after different cycles of oxidation-reduction 

treatments at 650 oC. a, Fresh Pt/MCM-22-Imp, b, Pt/MCM-22-imp-1cycle, 

c, Pt/MCM-22-imp-2cycles, d, Pt/MCM-22-imp-3cycles and e, Pt/MCM-22-

imp-4cycles. 
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Figure 5.28. Stability tests of Pt@MCM-22 and Pt/MCM-22-imp in five cycles 

of dehydrogenation of propane to propylene. The reaction works at 550 oC. The 

reaction rates were measured when the conversion of propane is lower than 10% 

and the values have been normalized to the amount of Pt in the catalysts. 

 

Figure 5.29. Photograph of Pt@MCM-22 samples after two cycles and five 

cycles of oxidation-reduction treatments in dehydrogenation of propane at 550 
oC. The two samples show fluorescence emission under UV light. 
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Figure 5.30. STEM images of Pt@MCM-22 sample after two cycles of 

oxidation-reduction treatments in propane dehydrogenation reaction at 550 oC. 
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Figure 5.31. STEM images of Pt@MCM-22 sample after five cycles of 

oxidation-reduction treatments in propane dehydrogenation reaction at 550 oC. 

Taking into account the higher stability of Pt@MCM-22, we also decide to 
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test its catalytic activity for dehydrogenation of propane. Indeed, 

dehydrogenation of short alkane molecules is of much interest to activate 

alkanes and catalytic processes require frequent reaction-regeneration cycles at 

high temperature.42 As can be seen in Figure 5.28, Pt@MCM-22 exhibits 

higher activity than Pt/MCM-22-imp at 550 oC. Moreover, after five reaction-

regeneration cycles at 550 oC during the catalytic dehydrogenation of propane, 

Pt@MCM-22 sample retains ~90% of its initial activity while Pt/MCM-22-imp 

has lost more than 40% of the initial activity. It should be remarked that no 

significant loss of Pt in Pt@MCM-22 sample is observed by ICP after five 

cycles of propane dehydrogenation reaction. Then, Pt@MCM-22 sample after 

two and five oxidation-reduction cycles at 550 oC has also been studied by 

STEM. As shown in Figure 5.30 and Figure 5.31, particle sizes of most of the 

Pt species slightly increase and still remain below 2 nm. Strong fluorescence 

emission under UV light can also be observed on those two samples (see Figure 

5.29), indicating the presence of Pt clusters even after treatments at 550 oC. This 

is in agreement with the higher thermal stability of the Pt@MCM-22 sample. 

 

Conclusions 

  We have presented a new strategy to prepare subnanometric Pt catalysts in 

3D MCM-22 zeolite with exceptional high stability, starting from a 2D MWW-

type precursors. Pt single atoms and clusters are stable after calcination in air 

at 540 oC and under reaction conditions. This new method provides a possibility 

for the generation of highly stable subnanometric metal catalysts for high-

temperature catalytic reactions in pure siliceous zeolites. 

 

Methods 

Synthesis of the solution containing Pt clusters. Subnanometric Pt species 

are prepared by a dimethylformamide (DMF) reduction method. 20 mg 

Pt(acac)2 (Platinum(II) acetylacetonate) are dissolved in 40 mL DMF. Then the 

solution is heated at 140 oC for 16 h.  

Synthesis of ITQ-1 and Swelled ITQ-1. ITQ-1 zeolite (IZA code MWW) is 

the pure silica analog of MCM-22. It can be synthesized using 

trimethyladamantammonium (TMAda+) as structure directing agent in absence 
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of alkali cations, but reproducibility problems appeared. If hexamethyleneimine 

(HMI) is added as second SDA, the reproducibility of the synthesis, as well as 

the quality of the materials obtained, are greatly improved. The use of TMAda+, 

HMI and sodium cations allows a fast and highly reproducible synthesis of pure 

silica ITQ-1. 

An example of the procedure for the synthesis of ITQ-1 using TMAda+, HMI 

and Na+ cations is as follows: 0.95 g of NaCl are dissolved in 50.70 g of a 

solution 0.42 M of N,N,N-trimethyl-1-adamantanamonium hydroxide, 

previously diluted with 21.33 g of water. Then, 2.62 g of hexamethyleneimine 

are added to this solution, followed by 4.88 g of silica (Aerosil 200, Degussa) 

under continuous stirring. This reaction mixture is heated in a PTFE lined 

stainless steel autoclave at 150 °C rotated at 60 rpm for 5 days. After filtering, 

the white solid obtained is washed until pH was less than 9. 

In order to prepare the swelled purely siliceous ITQ-1 with subnanometric Pt 

species, 2 g of the lamellar precursor was dispersed in 8 g of H2O milliQ, and 

40 g of a cetyltrimethylammonium hydroxide solution (25 wt.%, 50% 

exchanged Br-/OH-) and 12 g of a solution of tetrapropylammonium hydroxide 

(40 wt.%, 30% exchanged Br-/OH-) were added together with 40 mL of Pt-DMF 

solution, being the final pH around 12.5. The resultant mixture was heated at 

52 oC, stirring vigorously, for 16 hours in order to facilitate the swelling of the 

layers of the precursor material. At this point, the solid was recovered by 

centrifugation and washed with distilled water, being dried at 60 oC for 12 hours. 

Synthesis of Pt@MCM-22. Pt@MCM-22 can be obtained through the 

calcination of the Pt@Swelled MWW(P) composite. The calcination process is 

performed as following. 1) Rising temperature from room temperature to 540 
oC with a ramp rate of 2 oC/min in N2 atmosphere. The total time in N2 

atmosphere is about 4.5 h. 2) Switching the atmosphere to air and keep at 540 
oC for 4 h. 3) Cooling from 540 oC to room temperature in air atmosphere. The 

obtained sample is denoted as Pt@MCM-22. 

Stability test of Pt@MCM-22 samples. In order to test the thermal stability 

of the subnanometric Pt species, a high-temperature oxidation-reduction cyclic 

treatment was used. Fresh Pt@MCM-22 sample is firstly sent to reduction 

treatment at 650 oC in O2 (temperature ramp rate is 2 oC/min and maintain at 
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650 oC for 2 h). After reduction treatment, the sample is calcined at 650 oC in 

H2 (temperature ramp rate is 2 oC/min and maintain at 650 oC for 2 h). The 

above reduction and oxidation treatment is considered as one cycle and the 

sample after one-cycle treatment is called Pt@MCM-22-1cycle. In a similar 

way, Pt@MCM-22-1cycle can be further treated in consecutive oxidation-

reduction cycles.  

Preparation of Pt/MCM-22-imp through impregnation method. In order to 

compare with the Pt@MCM-22 materials, Pt/MCM-22-imp sample was 

prepared through conventional wet-impregnation method. MCM-22 (prepared 

through the calcination of ITQ-1) is used as the support. DMF solution 

containing subnanometric Pt species are used as the precursor for Pt 

nanoparticles. In a typical preparation of Pt/MCM-22-imp with 0.2 wt.% of Pt, 

2.2 g MCM-22 (pure silica) was firstly dispersed in 25 mL of H2O and 35 mL 

of Pt-DMF solution. The suspension was kept stirring at room temperature for 

30 min and then sent to a silicone oil bath at 120 oC to remove the solvent. After 

removing the solvent, the solid was dried in air at 100 oC for 16 h. At last, 

Pt/MCM-22-imp can be obtained after reduction in H2 at 450 oC (temperature 

ramp rate is 5 oC/min) for 3 h. 

  We have also tried to use incipient wetness impregnation (IWI) method to 

prepare supported Pt nanoparticles on MCM-22. However, the dispersion of Pt 

obtained by the IWI method does not give better dispersion of Pt species on 

MCM-22. 

 

Characterizations 

Samples for electron microscopy studies were prepared by dropping the 

suspension of Pt@MCM-22 or other materials using ethanol as the solvent 

directly onto holey-carbon coated Cu grids. The measurements were performed 

using a JEOL 2100F microscope operating at 200 kV both in transmission 

(TEM) and scanning-transmission modes (STEM). STEM images were 

obtained using a High Angle Annular Dark Field detector (HAADF), which 

allows Z-contrast imaging. The current density is 0.9 pA/cm2 when working on 

JEOL 2100F. High-resolution STEM (HRSTEM) imaging, using the HAADF 

detector, was performed using a FEI Titan Low-Base microscope operated at 
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300 kV and equipped with a Cs probe corrector (CESCOR from CEOS GmbH), 

a monochromator and an ultra-bright X-FEG electron source. The convergence 

angle was 25 mrad and the inner and outer angles for HAADF imaging were 70 

and 200 mrad, respectively. The typical probe current was set to 2 pA and the 

total dose on the sample varied between ~ 0.2-3 C/cm2 under the HRSTEM 

imaging conditions, which corresponds to low-dose conditions.43 Multi-slice 

HRSTEM-HAADF image simulations have been carried out using QSTEM 

software,44 with the experimental settings of the FEI Titan Low Base as inputs. 

For this purpose, the thermal diffuse scattering parameter was fixed at 30 for a 

temperature of 300 K. 

Hydrogen/deuterium (H2-D2) exchange experiments were carried out in a 

flow reactor at room temperature (25 oC). The formation rate of HD species can 

be measured by the enhancement of the mass signal intensity (ion current). The 

feed gas consisted of 4 mL/min H2, 4 mL/min D2 and 18 mL/min argon, and 

the total weight of catalyst was 115 mg. The sample has been diluted with 230 

mg of SiC. Reaction products (H2, HD and D2) were analysed with a mass 

spectrometer (Omnistar, Balzers). The m/z mass used are 2 for H2, 4 for D2 and 

3 for HD. The sample was in situ reduced at 200 oC for 2 h with a temperature-

rising rate of 10 oC/min from room temperature to 200 oC. Then the temperature 

was decreased to 25 ºC and, once stabilized, the H2 feed was changed to the 

reactant gas composition. The temperature was maintained at 25 ºC for about 

60 minutes. 

Powder X-ray diffraction (XRD) was performed with a HTPhilips X’Pert 

MPD diffractometer equipped with a PW3050 goniometer using Cu Kα 

radiation and a multisampling handler.  

XAS measurements were carried out on the BM23 beamline at ESRF facility 

(Grenoble, France). Fluorescence XAS spectra at the Pt L3-edge (11.564 keV) 

were collected with a 13-element Ge detector on self-supported pellet at room 

temperature, Pt reference foil was collected for energy calibration. The beam 

energy were selected by double-crystal Si(111) monochromator, third harmonic 

rejection was performed by Rh coated mirror with an angle of -4 mrad.45 

EXAFS signal were extracted and analyzed by IFEFFIT package.46 
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Measurement of catalytic performance of Pt@MCM-22 and Pt/MCM-22-

imp. 

Hydrogenation of propylene was performed in a flow fix-bed continuous 

reactor. 30 mg Pt@MCM-22 diluted with 2 g SiC (the grain size of SiC used in 

this work is between 0.4 to 0.6 mm) powder was loaded in a quartz tube reactor. 

The reaction was performed at room temperature with a flow of 2 mL/min of 

propylene, 6 mL/min of H2 and 32.7 mL of Ar. Products were analyzed with a 

Bruker on-line GC with FID detector. The conversion of C3H6 was kept below 

15 % to calculate the reaction rates. 

Hydrogenation of isobutene was performed in a flow fix-bed continuous 

reactor. 30 mg Pt@MCM-22 diluted with 2 g SiC powder was loaded in a quartz 

tube reactor. The reaction was performed at room temperature with a flow of 

1.5 mL/min of isobutene, 4.5 mL/min of H2 and 24 mL of Ar. Products were 

analyzed by Bruker on-line GC with FID detector. The conversion of isobutene 

was kept below 15 % when calculating reaction rates. 

Dehydrogenation of propane was performed in a fix-bed reactor. A 

cylindrical quartz tube was loaded with 1.10 g of Pt@MCM-22 catalyst 

material (In the case of Pt/MCM-22-imp, the amount of catalyst was 0.60 g). 

Catalyst was diluted with SiC to keep the total volume of solid constant (3 cm3). 

Before the reaction, the sample was reduced by H2 at 550 oC. The reaction was 

run at 550 oC with a flow of 30 mL/min of propane and 3 mL/min of N2 for 15 

min, followed by a regeneration step at 550 oC with a flow of air for 30 min. 

The reaction stream was analyzed by an on-line Varian GC, which was 

equipped with a flame ionization detector (FID) and a thermal conductivity 

detector (TCD). Conversion of C3H8 was kept below 10 % to calculate the 

initial reaction rate. 
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Abstract 

Understanding the behavior and dynamic structural transformation of 

subnanometric metal species under reaction conditions will be helpful for 

understanding catalytic phenomena and for developing more efficient and 

stable catalysts based on single atoms and clusters. In this work, the evolution 

and stabilization of subnanometric Pt species confined in MCM-22 zeolite has 

been studied by in situ transmission electron microscopy (TEM). By correlating 

the results from in situ TEM studies and the results obtained in a continuous 

fix-bed reactor, it has been possible to delimitate the factors that control the 

dynamic agglomeration and redispersion behavior of metal species under 

reaction conditions. The dynamic reversible transformation between atomically 

dispersed Pt species and clusters/nanoparticles during CO oxidation at different 

temperatures has been elucidated. It has also been confirmed that 

subnanometric Pt clusters can be stabilized in MCM-22 crystallites during NO 

reduction with CO and H2. 

 

Introduction 

Subnanometric metal catalysts (including single-atom metal species and 

metal clusters) have attracted great attention in material science in general and 

more specifically in the heterogeneous catalysis community, due to their unique 

properties and behaviors compared with conventional nanoparticulate 

catalysts.1,2 While it is already possible to prepare supported single atoms and 

metal clusters of a few atoms, stabilization of subnanometric metal catalysts 

under reaction conditions is a key issue and can limit the practical applications 

of cluster catalysts for industrial processes.3 Subnanometric metal species can 

be stabilized on solid supports and their catalytic properties can be tuned by 

metal-support interaction.4,5 However, under reaction conditions, the 

agglomeration of subnanometric metal species into nanoparticles are still 

difficult to avoid even when they are supported on solid carriers.6-8  

It has been presented that it is possible to generate well-defined single atoms 

or metal clusters in zeolites crystallites by introduction of mononuclear or 

multinuclear organometallic compounds into zeolites.9 However, these 

subnanometric metal species are usually not stable under reaction conditions, 
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and even under mild conditions (for instance, hydrogenation of cyclohexene at 

ca. 70 oC), mononuclear Ir species will migrate and stepwise agglomerate into 

Ir clusters and nanoparticles with reaction time.10  Therefore, the factors that 

affect the stability of subnanometric species confined in zeolites need to be 

addressed for practical catalytic applications. 

Recently, we reported a new strategy to directly generate subnanometric Pt 

species (Pt single atoms and clusters) in the supercages and internal cavities of 

MCM-22 zeolite.11 It was found that, when Pt loading was kept ca. 0.1 wt% or 

lower, Pt species can show exceptional stability under consecutive oxidation-

reduction treatments at high temperature (>550 oC). Since lower loadings can 

be a limitation for some practical applications, it is then necessary to improve 

the loading of Pt in MCM-22 while preserving the dispersion and stability of 

the subnanometric Pt species.  

The fast development of in situ transmission electron microscopy (TEM) 

techniques in recent years has enabled researchers to study the dynamic 

structural evolution of nanoparticles under different atmospheres.12 In this way, 

the dynamic changes in the shape of metal nanoparticles,13 oscillatory 

behaviour of metal nanoparticles,14 reconstruction of bimetallic catalysts15 and 

the interaction between metal surface and substrate molecules have already 

been visualized by in situ TEM.16 However, in previous reports, the working 

catalysts are usually large nanoparticles (>5 nm), which are far from most 

interesting subnanometric particles. Indeed, owing to limitations associated 

with the instrument resolution and the stability of materials under electron beam, 

it is quite difficult to follow the dynamic structural evolution of subnanometric 

metal species under reaction conditions, especially at high temperature (>600 
oC).17 

To directly observe and obtain more detailed information on the evolution 

process of subnanometric metal species under redox and reaction conditions, 

we report herein an in situ TEM study with Pt@MCM-22 catalyst with well-

defined metal species confined in the zeolite structure. Thanks to the unique 

structure of Pt@MCM-22 catalyst, it has been possible to have direct 

observations on the dynamic structural transformation of subnanometric Pt 

species under oxidation-reduction treatments and during CO+O2, NO+CO and 

NO+H2 reactions. Then, by correlating the results from in situ TEM studies and 
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the results obtained in a continuous fix-bed reactor, the factors that control the 

dynamic agglomeration and redispersion process and the stability of 

subnanometric metal clusters under reaction conditions at high temperature 

have been delimitated. With a better understanding on those processes, we have 

been able to prepare Pt@MCM-22 catalyst with three times higher loading of 

Pt (ca. 0.3 wt%) within the subnanometric regime. It has also been confirmed 

that subnanometric Pt clusters can be stabilized by this particular zeolite 

structure at very high temperature (>800 oC) during NO reduction with CO and 

H2. 
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Figure 6.1. Morphological characterization of 0.17%Pt@MCM-22 sample 

after calcination in air at 550 oC. (a-d) STEM images of the 0.17%Pt@MCM-

22 sample, showing the presence of subnanometric Pt clusters and a few Pt 

nanoparticles on the surface of MCM-22 zeolite. (e, f) High-resolution STEM 

images of 0.17%Pt@MCM-22 sample. As shown in these images, Pt single 

atoms as well as the pore structures of MCM-22 zeolite can be observed. Scale 

bar: (a) 100 nm, (b, c) 20 nm, (d) 50 nm and (e, f) 5 nm. 
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Figure 6.2. Identification of Pt single atoms and clusters in the 

0.17%Pt@MCM-22 sample. As shown in (a), both Pt atoms (bright dots) and 

clusters (aggregates of several Pt atoms) can be seen. The intensity of a single 

Pt atom is displayed in (b). (c) Pt atoms and clusters in another area of the 
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0.17%Pt@MCM-22 sample. The intensity of a Pt cluster (~0.6 nm) is displayed 

in (d). (e, f) Two more representative STEM image of the 0.17%Pt@MCM-22 

sample, showing the pore structure of MCM-22 and presence of subnanometric 

Pt species. Scale bar: (a) 2 nm, (c, e, f) 5 nm.  

 

Structural evolution of Pt species under redox conditions 

  A purely siliceous Pt@MCM-22 sample with 0.17wt% Pt was synthesized 

following a modification of our previously reported preparation method (see 

Methods for experimental details).11 After the calcination in air at 550 oC, the 

0.17%Pt@MCM-22 sample is mainly consisted of highly dispersed Pt species 

in MCM-22 zeolite crystallites. As shown in Figure 6.1, Pt species cannot be 

observed in many areas due to the low contrast of atomically dispersed Pt 

species. Meanwhile in some other areas, subnanometric Pt clusters, as well as 

very few Pt nanoparticles, can still be observed. With the help of High-

resolution scanning transmission electron microscopy (HRSTEM), Pt single 

atoms as well as subnanometric Pt clusters in the0.17%Pt@MCM-22 sample 

can be observed (see Figure 6.1 and Figure 6.2). Thus, the pristine 

0.17%Pt@MCM-22 sample contains a mixture of Pt single atoms and clusters, 

as well as very few Pt nanoparticles. Then, the 0.17%Pt@MCM-22 sample was 

studied by environmental TEM (FEI Titan 80-300 ETEM) under high angle 

annular dark field-scanning transmission electron microscopy (HAADF-STEM) 

imaging model. It should be pointed out that, to minimize the effects of beam 

irradiation on the sample, very low dose of electron beam was used for 

HAADF-STEM imaging during in situ TEM studies (see Methods for 

experimental details).  
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Figure 6.3. Structural evolution of 0.17%Pt@MCM-22 sample under 

redox conditions. (a) 350 oC in H2 for 15 min (0.1 torr), (b) 550 oC in H2 (0.1 

torr) for 15 min, (c) 700 oC in H2 (0.1 torr) for 15 min, (d) 800 oC in H2 (0.1 

torr) for 10 min, (e) 500 oC in O2 (0.1 torr) for 15 min, (f) 700 oC in O2 (0.1 torr) 

for 15 min. Scale bar in all the images in this figure: 20 nm. 

 

It has been demonstrated by in situ spectroscopic techniques that, during 

redox catalytic processes, metal catalysts will undergo dynamic structural 

transformations, which is often related with the redox properties of the metal 

catalysts.18,19 Therefore, before studying the evolution behavior of 

subnanometric Pt species under reactions that involve oxidative and reductive 

reactants, the structural transformation of the metal catalyst under reduction-

oxidation (H2-O2) conditions has been studied. To show the evolution of 

atomically dispersed Pt species, we have chosen an area showing only the 

presence of a few Pt clusters without Pt nanoparticles to perform the in situ 

TEM experiments. When the sample was exposed to H2 (0.1 torr) at 350 oC, a 

few Pt clusters (below 0.5 nm) started to appear (see Figure 6.3a). When the 

temperature was increased to 550 oC and 700 oC in H2 atmosphere, more 

subnanometric Pt species (below 0.8 nm) appeared and the average size 
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increased (see Figure 6.3b and Figure 6.3c). The size of subnanometric Pt 

clusters continued to increase up to 0.8-1 nm when the temperature was 

increased to 800 oC (see Figure 6.3d). Notably, the size of most of the Pt species 

remained below 1 nm even after reduction in H2 at such high temperature, 

indicating the exceptional stability of Pt clusters encapsulated in the MCM-22 

zeolite framework. This is even more exceptional if one takes into account that 

this is a purely siliceous zeolite.  

 

Figure 6.4. Schematic illustration of structural evolution of Pt@MCM-22 

material under redox conditions. (a) In the case of Pt@MCM-22 material 

with low Pt loading (≤ 0.1 wt%), Pt mainly exist in internal space of MCM-22 

crystallites, as shown in our previous work.11 Therefore, the redispersion of Pt 
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can be achieved under relatively mild conditions. Subnanometric Pt clusters 

and small Pt nanoparticles (1-2 nm) are formed in subsequent reduction 

treatment by H2. (b) In the case of Pt@MCM-22 material with higher loading 

(>0.15 wt%), some of the Pt species will form Pt nanoparticles and locate on 

the external surface of MCM-22, which need treatments at higher temperature 

as driving force to achieve the redispersion. Subsequent reduction treatment by 

H2 will cause the agglomeration of Pt species on the surface, giving Pt 

nanoparticles (>2 nm). 

 
Figure 6.5. Morphological characterization of 0.17%Pt@MCM-22-200H2. 

As shown in these images, Pt clusters can be observed in the sample after 

reduction by H2 at 200 oC. Scale bar: (a) 100 nm, (b-d) 20 nm. 
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Figure 6.6. Morphological characterization of 0.17%Pt@MCM-22-300H2 

sample. (a-d) As shown in these images, part of the highly dispersed Pt species 

agglomerate into Pt clusters. The size of Pt clusters increases compared with 

the 0.17%Pt@MCM-22-200H2 sample shown in Figure 6.5. In (e, f), the pore 

structures of MCM-22 can be observed. Moreover, the presence of 

subnanometric Pt species in this sample is also confirmed in these high-

resolution STEM images. Scale bar: (a-d) 20 nm, (e, f) 10 nm. 
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Figure 6.7. Morphological characterization of 0.17%Pt@MCM-22-400H2 

sample. (a-d) Pt clusters as well as some Pt nanoparticles around 1 nm can be 

observed in this sample. Besides, Pt nanoparticles from the agglomeration of Pt 

species on the surface of MCM-22 crystallites can be observed. (e, f) Pt single 

atoms are not observed in the high-resolution STEM images. Scale bar: (a, b, 

d) 20 nm, (c) 50 nm, (e, f) 10 nm.   
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Figure 6.8. Morphological characterization of 0.17%Pt@MCM-22 sample 

after reduction by H2 at 400 oC and another calcination treatment in air at 

550 oC. It is clearly shown in the images (a-d) that, most of the small Pt 

nanoparticles in the sample were redispersed into Pt clusters and highly 

dispersed Pt species. Scale bar: (a) 50 nm, (b-d) 20 nm. 

After the reduction treatment, H2 was switched to O2 to study the behavior 

of Pt clusters under oxidative atmosphere. As it can be seen in Figure 6.3e, Pt 

clusters start to redisperse after exposure to O2 at 550 oC, which has also been 

observed by in situ extended X-ray absorption fine structure spectroscopy 

(EXAFS) in our recent work.20 It can be clearly seen that the number and the 

size of Pt species decreased after the gas was switched from H2 to O2. Therefore, 

the redispersion behavior of Pt species in O2 is valid. Taking a careful look and 

comparing the images recorded in O2 atmosphere, it can be seen that small Pt 
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clusters (below 0.7 nm) located in the MCM-22 crystallites seems easier to 

become redispersed, than those larger Pt clusters or small nanoparticles (~1 nm) 

located on the external surface of MCM-22. When the temperature increases to 

700 oC in O2, most of the Pt clusters disappear and only several small Pt 

nanoparticles (~1 nm) remain in this area (see Figure 6.3f). It should be 

mentioned that, it seems that the MCM-22 zeolite was also damaged by the 

beam irradiation at high temperature. Those Pt nanoparticles may come from 

the sintering of Pt species located on the external surface of MCM-22 zeolite 

after long-time exposure to the electron beam at high temperature. 

  Nevertheless, all these direct observations were performed by in situ TEM. 

Considering the pressure gap between in situ TEM studies and more realistic 

catalytic reaction conditions, we have also performed ex situ TEM studies on 

the sample subjected to the above described oxidation-reduction treatments at 

atmospheric pressure. Then, when the size distributions of the Pt species were 

studied by TEM, it was found that highly dispersed Pt species agglomerated 

into clusters (<0.5 nm) after reduction with H2 at 200 oC (see Figure 6.5). 

Increasing the reduction temperature to 300 oC results in formation of slightly 

larger Pt clusters (ca. 0.5-1.0 nm), but the average size still remains in the 

subnanometric range (See Figure 6.6). Further increase of the temperature to 

400 oC leads to formation of some Pt nanoparticles on the external surface of 

MCM-22 crystallites (see Figure 6.7). Notably, Pt single atoms are not 

observed in after reduction by H2 at 400 oC. Afterwards, the redispersion of Pt 

nanoparticles in the reduced Pt@MCM-22 sample (by H2 at 400 oC) can be 

achieved by another calcination in air at 550 oC (see Figure 6.8), indicating a 

reversible sintering and redispersion behavior of subnanometric Pt species 

during oxidation-reduction treatments. 

It should be mentioned that, in our previous work, we have also tested the 

stability of subnanometric Pt species during consecutive oxidation-reduction 

treatments, and it was found that, when the loading of Pt in Pt@MCM-22 

material was ca. 0.1 wt% or lower, a large percentage of Pt species were located 

in the internal space of MCM-22 crystallite.11 In that case, subnanometric Pt 

species and small Pt nanoparticles (~1 nm) can be stabilized by the zeolite 

structure.  

Combining the results obtained from the in situ and ex situ TEM studies, the 
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factors related with the dynamic agglomeration-redispersion behaviors are 

illustrated in Figure 6.4. When the loading of Pt in purely siliceous MCM-22 

zeolite is low (below 0.1 wt%), subnanometric Pt species can disintegrate into 

atomically dispersed Pt in O2 under relatively mild conditions. Furthermore, 

since most of the Pt species are located in the internal space of MCM-22 

crystallites, they are protected by the zeolite framework from agglomeration 

into nanoparticles during reductive treatments. However, when the loading 

amount increase to >0.15 wt%, a part of the subnanometric Pt species will be 

located on the external surface or subsurface of MCM-22 crystallites. Therefore, 

in afterward reduction treatment with H2 at relatively high temperature (>400 
oC), Pt species located on the external surface of subsurface will agglomerate 

into Pt nanoparticles (>2 nm), as observed in Figure 6.7, while those Pt species 

located in the internal space of MCM-22 crystallites will only grow into clusters 

or very small nanoparticles as a consequence of the confinement in the zeolite 

structure. 

 

Figure 6.9. Evolution of Pt clusters in the presence of NO at room 

temperature. (a) In vacuum, Pt clusters around 0.8 nm are visible. (b) After 

introduction of NO (0.1 torr) and being kept in NO (0.1 torr) for 10 min, Pt 

clusters react with NO and show morphological transformation, corresponding 

to redispersion of Pt clusters into highly dispersed Pt species. In (a), both Pt 
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clusters and nanoparticles are present. After treatment with NO at room 

temperature (b), Pt clusters (<1 nm) disappear and Pt nanoparticles (>1 nm) can 

still be observed, although the geometric shape of those Pt nanoparticles already 

change. Scale bar: (a, b) 20 nm. 

 
Figure 6.10. Evolution of Pt clusters in the presence of NO at room 

temperature. (a) STEM image of Pt particles in vacuum at room temperature. 

(b) STEM image of the same area after NO treatment at room temperature. The 

structural transformation of the Pt species is indicated by white rectangular. In 

(a), both Pt clusters and nanoparticles are present. After treatment with NO at 

room temperature (b), Pt clusters (<1 nm) disappear and Pt nanoparticles (>1 

nm) can still be observed, although the geometric shape of those Pt 

nanoparticles already change. Scale bar: (a, b) 20 nm. 
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Figure 6.11. Structural transformation of Pt particles in NO. (a) STEM 

image of two Pt particles in vacuum. (b) STEM image of the same area after 

NO treatment at room temperature. (c) Intensity profile of the two Pt particles 

and their particle sizes. (d) Intensity profile of the two Pt particles and their 

particle sizes after NO treatment at room temperature. (e) Schematic illustration 

of structural transformation of Pt particles during the NO treatment at room 

temperature. Pt particles are oxidized by NO and the diameter of the particle 

also increases after the NO treatment. Scale bar: (a, b) 20 nm. 
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Figure 6.12. Morphological characterization of as-prepared 

0.3%Pt@MCM-22 sample. As shown in the images (a-d), a large fraction of 

Pt nanoparticles is present in this sample, especially on the external surface of 

MCM-22 zeolite. Scale bar: (a, b, d) 50 nm, (c) 20 nm. 
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Figure 6.13. Morphological characterization of 0.3%Pt@MCM-22 sample 

after calcination in NO at 200 oC. (a) After NO treatment at 200 oC, it can be 

observed that, the number of the Pt nanoparticles decreases compared with the 

pristine 0.3%Pt@MCM-22 sample. (b-d) The STEM images show the presence 

of smaller Pt nanoparticles (1~2 nm) and subnanometric Pt clusters in this 

sample. Nevertheless, some Pt nanoparticles can still be observed on the surface 

of MCM-22 zeolite, suggesting only part of the Pt nanoparticles are redispersed 

during the NO treatment at 200 oC. Scale bar: (a) 100 nm, (b-d) 20 nm. 
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Figure 6.14. High-resolution STEM images of 0.3%Pt@MCM-22 sample 

after calcination in NO at 200 oC. In these images (a-d), the presence of Pt 

clusters and singly dispersed Pt atoms can be clearly seen. These subnanometric 

Pt species should come from the redispersion of Pt nanoparticles in the pristine 

sample after NO treatment at 200 oC. Scale bar: (a-c) 5 nm, (d) 2 nm. 
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Figure 6.15. Morphological characterization of 0.3%Pt@MCM-22 sample 

after calcination in NO at 300 oC. (a, b) As shown in these images, the number 

of Pt nanoparticles decrease significantly after NO treatment at 300 oC 
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compared to the sample after NO treatment at 200 oC (shown in Figure 6.14). 

(c-d) Most of the Pt nanoparticles are re-dispersed, forming highly dispersed Pt 

species and subnanometric Pt clusters. Scale bar: (a, b) 200 nm, (c) 50 nm, (d-

f) 20 nm. 

 

Figure 6.16. Morphological characterization of 0.3%Pt@MCM-22 sample 

after calcination in NO at 300 oC and subsequent reduction by H2 at 200 
oC. (a-d) As shown in the above STEM images, the size of Pt species are still 

remaining small (<2 nm) after the H2 reduction treatment, suggesting the 

stability of the redispersed Pt species after NO treatment. Scale bar: (a-d) 20 

nm. 

 

Since two of the reactions that will be investigated later by in situ TEM 
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involve reduction of NO by CO or H2, we will also study the morphological 

transformation of Pt species in NO atmosphere with in situ TEM. As it can be 

seen in Figure 6.9 and Figure 6.10, after exposure to NO (0.1 torr) at room 

temperature, the contrast of Pt species decreased while the size increased after 

NO treatment. For smaller Pt species (below 1 nm), they disappear in the STEM 

image after the NO treatment, indicating redispersion of Pt species. 

Furthermore, we have also measured the size of Pt particles after NO treatment. 

As presented in Figure 6.11, the size of Pt particles increases slightly after NO 

treatment according to the contrast profiles, implying the possible structural 

transformation of Pt particles.13 However, as we have seen previously in O2 

atmosphere under the same conditions, Pt clusters will remain unchanged, 

indicating that NO is much more efficient than O2 for the redispersion of Pt 

species. The redispersion of Pt particles in NO is probably related with the NO 

dissociation on Pt species, leading to the oxidative disintegration of Pt clusters 

and nanoparticles.21,22  

According to the above results, we have made some modifications on the 

preparation of Pt@MCM-22 to achieve high Pt loading with still good 

dispersion of subnanometric Pt species. Then, a 0.3%Pt@MCM-22 sample was 

prepared, and Pt nanoparticles can be seen on the surface of MCM-22 zeolite 

crystallites as a consequence of higher Pt loading (see Figure 6.12). At this 

point, treatment with NO was carried out with the aim to promote the 

redispersion of Pt nanoparticles into subnanometric Pt species. As shown in 

Figure 6.13, subnanometric Pt clusters were observed with this 

0.3%Pt@MCM-22 sample after oxidative treatment with NO at 200 oC. The 

high-resolution STEM image of the sample after NO treatment at 200 oC clearly 

demonstrate the presence of Pt clusters and single Pt atoms (see Figure 6.14). 

However, a small amount of Pt nanoparticles was still present after NO 

treatment at 200 oC (see Figure 6.13a). Further increasing the temperature to 

300 oC results in better redispersion of Pt nanoparticles in the sample (see 

Figure 6.15). It appears then that NO can also redisperse the Pt nanoparticles 

on the external surface of the MCM-22 crystallites. This is an important 

observation since it indicates that the rejuvenation of industrial catalysts 

containing metal nanoparticles should be better achieved by introducing NO 

during the treatment. More interestingly, a reduction treatment with H2 at 200 
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oC on the NO-induced redispersed Pt@MCM-22 sample would cause the 

sintering of highly dispersed Pt species into Pt clusters as well as a small 

fraction of nanoparticles (see Figure 6.16). Notably, most of the Pt species are 

present as subnanometric Pt clusters in the reduced sample, suggesting that the 

NO treatment not only disintegrates the Pt nanoparticles into highly dispersed 

Pt species, but also led to the migration of Pt species within MCM-22 

crystallites. Notice that, high-temperature calcination at 650 oC in air was 

necessary to fully achieve redispersion of Pt species with the 0.3%Pt@MCM-

22 sample. It appears therefore that treating Pt-zeolite catalysts, or even Pt on 

other supports, with NO can be an effective way to achieve redispersion of Pt 

nanoparticles at relatively lower temperature compared with treatment with O2, 

especially for those samples containing a higher loading of Pt species. 

 

Figure 6.17. Structural evolution of 0.17%Pt@MCM-22-300H2 sample 

under CO+O2 reaction conditions. During the in situ TEM experiments, the 

sample was treated in mixture of CO (0.2 torr) and O2 (0.1 torr) for 15 min at 

different reaction temperature, respectively. In order to avoid the carbon 

deposition of CO by the electron beam, the TEM chamber was evacuated to 

remove CO gas after exposure of the sample to CO+O2 gases. (a) room 

temperature, (b) 100 oC, (c) 150 oC, (d) 200 oC, (e) 300 oC, (f) 400 oC. Scale bar 
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in all the images in this figure: 10 nm. 

 

Figure 6.18. Schematic illustration of structural evolution of 

0.17%Pt@MCM-22-300H2 sample. At 100-200 oC, highly dispersed Pt 

species will agglomerate into Pt clusters or even small nanoparticles. When the 

reaction temperature continues to increase to higher temperature (300-400 oC), 

Pt nanoparticles will disintegrate and form highly dispersed Pt species and Pt 

clusters. 

Structural evolution of Pt under CO+O2 conditions 

Up to now, we have studied the dynamics of the Pt nanoparticles and 

subnanometric species when performing in situ and ex situ treatments with H2, 

O2 or NO. Now, we will firstly study the stability and the evolution of 

subnanometric Pt species with the 0.17%Pt@MCM-22-300H2 sample during 

CO oxidation with O2 by in situ TEM. As presented in Figure 6.17, highly 

dispersed Pt species evolved into Pt clusters when the reaction temperature for 

CO oxidation was increased to 100-150 oC. The agglomeration of highly 

dispersed Pt species should be caused by the interaction between Pt and CO.23 

Those subnanometric Pt clusters and small Pt nanoparticles (1-2 nm) remained 

stable when reaction temperature was increased up to 300 oC. More STEM 

images of the other areas of 0.17%Pt@MCM-22-300H2 sample under CO+O2 

reaction conditions are shown in Figure 6.19. The results obtained imply that 

atomically dispersed Pt species can undergo in situ structural transformation 

under reaction conditions and the MCM-22 zeolite, even in its purely siliceous 

form, can stabilized subnanometric Pt clusters from sintering further into Pt 

nanoparticles. Surprisingly, when the reaction temperature for CO+O2 reaction 

was increased to as high as 400 oC, Pt clusters almost remained unchanged 

while the Pt nanoparticles disintegrated into Pt clusters (as illustrated in Figure 
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6.18). Since subnanometric Pt clusters remain unchanged, the possibility that 

the disintegration is caused by the redispersion of Pt nanoparticles at high 

temperature due to the presence of O2 under reaction conditions can be ruled 

out.  

In a recent theoretical study, Wang et al. have employed density functional 

theory (DFT)-based ab initio molecular dynamics (AIMD) simulations of 

Au/CeO2 catalysts under CO oxidation conditions.24 Their work shows that 

single-atom Au species can be generated from Au clusters or nanoparticles as a 

result of interaction between Au and CO at the Au-CeO2 interface. 

Experimental work has also been reported on the dynamic transformation of Pt 

clusters or nanoparticles in CO atmosphere by spectroscopic techniques. The 

Pt13 clusters confined in NaY zeolite would disintegrate into Pt2(CO)m carbonyl 

clusters when exposed to CO.25 According to previous experimental and 

theoretical work and the results presented in this work, we speculate that the 

disintegration of Pt nanoparticles under CO+O2 reaction conditions is caused 

by the interaction between Pt and the CO molecules.26 The presence of O2 also 

contributes the stabilization of highly dispersed Pt species at high temperature. 

To the best of our knowledge, this is the first direct observation of the reversible 

transformation between atomically dispersed Pt species, clusters and 

nanoparticles under reaction conditions. 
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Figure 6.19. Structural evolution of 0.17%Pt@MCM-22-300H2 catalyst 

under CO+O2 reaction conditions at different reaction temperature 

measured by in situ TEM. During the in situ TEM experiments, the sample 

was treated in mixture of CO (0.2 torr) and O2 (0.1 torr) for 15 min at different 

reaction temperature, respectively. In order to avoid the carbon deposition of 

CO by the electron beam, the TEM chamber was evacuated to remove CO gas 

after exposure of the sample to CO+O2 gases at each temperature. (a) room 

temperature, (b) 100 oC, (c) 150 oC, (d) 200 oC, (e) 300 oC, (f) 400 oC. Scale 

bar: (a-f) 10 nm. 
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Figure 6.20. STEM images of 0.17Pt@MCM-22 sample after CO+O2 

reaction at 300 oC. Before the reaction, the pristine catalyst mainly contains 

highly dispersed Pt species, as shown in Supplementary Figure 6.2. (a-d) 

After the CO+O2 reaction, Pt clusters and nanoparticles can be seen in the used 

catalyst. (e, f) The pore structures of MCM-22 can be seen In the high-

resolution STEM images. Scale bar: (a-d) 20 nm, (e, f) 10 nm. 
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Figure 6.21. STEM images of 0.17Pt@MCM-22 sample after CO+O2 

reaction at 400 oC. Before the reaction, the pristine catalyst mainly contains 

highly dispersed Pt species, as shown in Supplementary Figure 6.2. After the 

CO+O2 reaction at 300 oC, Pt clusters and nanoparticles can be seen in the used 

catalyst. Afterwards, as shown in this Figure 6.(a-d), the reaction temperature 

is further elevated to 400 oC and Pt nanoparticles become redispersed after the 

high-temperature treatment under CO+O2 reaction conditions. Pt species 

mainly exist as clusters. A few Pt nanoparticles can be observed. Scale bar: (a-

d) 20 nm. 
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Figure 6.22. In situ CO-IR spectra of fresh 0.17%Pt@MCM-22 sample and the 

sample after CO+O2 reaction at different temperature. 
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Figure 6.23. Evolution of Pt species in 0.17%Pt@MCM-22-300H2 sample 

under water-gas shift (WGS) reaction conditions measured by in situ TEM. 

During the in situ TEM experiments, the sample was treated in mixture of CO 

(0.1 torr) and H2O (0.2 torr) for 15 min at different reaction temperature, 
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respectively. In order to avoid the carbon deposition of CO by the electron beam, 

the TEM chamber was evacuated to remove CO gas after exposure of the 

sample to CO+H2O gases at each temperature. (a) room temperature, (b) 100 
oC, (c) 200 oC, (d) 300 oC and (e) 400 oC. Scale bar in all the images in this 

figure: 10 nm. As indicated by the white circle, the agglomeration of highly 

dispersed Pt species into Pt clusters can be observed during the elevation of 

temperature. And those Pt clusters remain stable up to 400 oC without 

redispersion. Scale bar in all the images in this figure: 10 nm. 

 

Figure 6.24. Evolution of Pt species in 0.17%Pt@MCM-22-300H2 sample 

under water-gas shift (WGS) reaction conditions measured by in situ TEM 

in two different areas. (a, c) STEM image obtained at room temperature and 

(b, d) STEM images obtained at 100 oC. During the in situ TEM experiments, 
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the sample was treated in mixture of CO (0.1 torr) and H2O (0.2 torr) for 15 

min at different reaction temperature, respectively. In order to avoid the carbon 

deposition of CO by the electron beam, the TEM chamber was evacuated to 

remove CO gas after exposure of the sample to CO+H2O gases at each 

temperature. The agglomeration of highly dispersed Pt species into Pt clusters 

are indicated by white circles. Scale bar in all the images in this figure: 10 nm. 

 

Then, to correlate the information presented above on the structural 

transformation of Pt species obtained during the in situ TEM studies, we have 

also conducted the catalytic studies on the 0.17wt%Pt@MCM-22 sample for 

CO oxidation in a fix-bed reactor. To demonstrate the transformation of highly 

dispersed Pt species under CO oxidation conditions, the 0.17%Pt@MCM-22 

sample was firstly calcined in air at 550 oC to achieve the redispersion of Pt into 

highly dispersed Pt species in MCM-22. Therefore, in the starting catalyst, Pt 

species mainly exist as highly dispersed species. After performing the CO+O2 

reaction at 300 oC and achieving 100% conversion, the catalyst was studied by 

ex situ STEM. As shown in Figure 6.20, a large number of Pt clusters as well 

as a small fraction of Pt nanoparticles appear in the used catalyst, indicating the 

transformation of singly dispersed Pt species into Pt clusters and nanoparticles 

under reaction conditions, which is consistent with the results obtained with the 

in situ TEM experiments. After following the evolution of the Pt species and 

catalytic activity by in situ and ex situ STEM, we can elaborate the active sites 

of Pt catalysts for CO oxidation. 

Furthermore, as mentioned before when discussing our in situ TEM results 

for CO oxidation, redispersion of Pt nanoparticles at high temperature in 

CO+O2 atmosphere was observed. To confirm that phenomenon in a practical 

system, the 0.17%Pt@MCM-22-300H2 sample has also been tested under 

CO+O2 reaction conditions at 400 oC (full conversion of CO was achieved at 

400 oC) to check the structural evolution of Pt species at high temperature. As 

it can be seen in Figure 6.21, the number of Pt nanoparticles decreased in the 

used catalyst, indicating the redispersion of Pt under CO+O2 reaction conditions 

at 400 oC.  

In recent years, there are some reports on the applications of supported 

single-atom Pt catalysts for CO oxidation reaction. For instance, Narula et al. 
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claimed that Pt single atoms supported on Al2O3 could serve as the active sites 

for CO oxidation.27 Besides, in a recent paper, Lu et al. have prepared a Pt/CeO2 

sample containing Pt single atoms by atomic layer deposition and the catalyst 

was used for CO oxidation.28 It should be noted that, only fresh catalysts were 

characterized in those works while the evolution of the catalysts under reaction 

conditions were not followed. Based on these results shown above, it seems that 

for Pt supported on MCM-22, Pt clusters and nanoparticles are the active 

species for CO oxidation at 200-300 oC, while highly dispersed Pt species 

(single atoms and clusters) may serve as the active sites at high temperature 

(~400 oC).29 This phenomenon also indicates that, treating the Pt catalysts under 

CO+O2 atmosphere at high temperature can be an alternative route for the 

transformation of Pt nanoparticles into highly dispersed Pt species. And this 

strategy may also be applicable to other group VIII metal catalysts. 

Nevertheless, we have also followed the evolution of Pt species by in situ IR 

spectroscopy for CO+O2 under flow conditions, and CO was used as probe 

molecules to study the chemical states and atomicity of Pt species after CO+O2 

reaction at different temperature.30-32 As shown in Figure 6.22, both oxidized 

Pt species as well as Pt clusters were observed in the CO adsorption spectrum 

for the starting 0.17%Pt@MCM-22 sample and those Pt species remain almost 

unchanged after CO+O2 reaction at 225 oC. When the temperature was 

increased to 300 oC, the amount of subnanometric Pt clusters decreased and 

they were transformed into oxidized Pt species, which should be caused by the 

sintering of Pt clusters to small Pt nanoparticles as observed by TEM. 

Interestingly, those agglomerated Pt nanoparticles will disintegrate into Pt 

clusters again after reaction at 400 oC.   

Combining our results and reported works, it can be concluded that the 

evolution of singly dispersed metal species under reaction conditions is a 

critical issue when studying the catalytic properties of single-atom catalysts.33 

Special attention should be paid to the structural evolution of metal species 

under reaction conditions. Nevertheless, the state (particle size and chemical 

states) of metal species may also be dependent on the reaction conditions 

(atmosphere and temperature). Therefore, the possibility that different reaction 

mechanism and different types of active species may exist under various 

reaction conditions has to be considered. 
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Figure 6.25. High-temperature stability test of 0.17%Pt@MCM-22-300H2 

sample under CO+NO reaction conditions. During the in situ TEM 

experiments, the sample was treated in mixture of CO (0.1 torr) and NO (0.1 

torr) for 15 min at different reaction temperature, respectively. In order to avoid 

the carbon deposition of CO by the electron beam, the TEM chamber was 

evacuated to remove CO gas after exposure of the sample to CO+NO gases. (a) 

200 oC, (b) 400 oC, (c) 600 oC, (d) 800 oC, (e) 1000 oC, (f) 1200 oC. Scale bar 

in all the images in this figure: 20 nm. 

 

Evolution of Pt under water-gas shift conditions 

The evolution of Pt species under water-gas shift (WGS) reaction condition 

has also been studied by in situ TEM. As shown in Figure 6.23 and Figure 6.24, 

the transformation of highly dispersed Pt species into Pt clusters was observed 

when the temperature was increased to 100 oC. Further increase of reaction 

temperature to 200, 300 and 400 oC results in further growth of Pt clusters. 

However, as a result of the confinement effect of MCM-22 zeolite, the Pt 

clusters are prevented from agglomeration into large Pt nanoparticles. Notably, 

Pt clusters or small Pt nanoparticles remained stable at 400 oC, and the 

redispersion of Pt nanoparticles was not observed. This is different to the 
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dynamic behavior of subnanometric Pt species under CO oxidation reaction 

conditions, in where redispersion of Pt nanoparticles into Pt clusters and atoms 

occurs at 400 oC. As discussed before, the agglomeration-redispersion behavior 

of Pt species is strongly related with the atmosphere. 

 

Figure 6.26. Evolution of Pt clusters from 200 oC to 400 oC in NO+CO 

atmosphere. As shown in the STEM image, Pt clusters were observed at 200 
oC (a) and they disappeared when the temperature was increased to 400 oC (b). 

Scale bar: (a, b) 20 nm. 
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Figure 6.27. High-temperature stability test of 0.17%Pt@MCM-22-300H2 

catalyst under NO+CO reaction conditions measured by in situ TEM. 

During the in situ TEM experiments, the sample was treated in mixture of CO 

(0.1 torr) and NO (0.1 torr) for 15 min at different reaction temperature, 
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respectively. In order to avoid the carbon deposition of CO by the electron beam, 

the TEM chamber was evacuated to remove CO gas after exposure of the 

sample to CO+NO gases at each temperature. (a) 200 oC, (b) 400 oC, (c) 600 
oC, (d) 800 oC, (e) 1000 oC, (f) 1200 oC. Scale bar in all the images in this figure: 

20 nm. 

 

Figure 6.28. High-temperature stability test of 0.17%Pt@MCM-22-300H2 

sample under NO+H2 reaction conditions. During the in situ TEM 
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experiments, the sample was treated in mixture of H2 (0.1 torr) and NO (0.1 

torr) for 15 min at different reaction temperature, respectively. The above 

images were recorded in the presence of NO+H2 gases at different temperature. 

(a) 200 oC, (b) 400 oC, (c) 600 oC, (d) 800 oC, (e) 1000 oC, (f) 1200 oC. Scale 

bar in all the images in this figure: 20 nm. 

 
Figure 6.29. High-temperature stability test of 0.17%Pt@MCM-22-300H2 

catalyst under H2+NO reaction conditions measured by in situ TEM. 

During the in situ TEM experiments, the sample was treated in mixture of H2 
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(0.1 torr) and NO (0.1 torr) for 15 min at different reaction temperature, 

respectively. The above images were recorded in the presence of NO+H2 gases 

at different temperature. (a) 200 oC, (b) 400 oC, (c) 600 oC, (d) 800 oC, (e) 1000 
oC, (f) 1200 oC. Scale bar in all the images in this figure: 20 nm. 

 

Figure 6.30. Evolution of Pt clusters from room temperature to 200 oC in 

NO+H2 atmosphere. As shown in the STEM image, Pt clusters were observed 

at room temperature (a) and most of them disappeared when the temperature 

was increased to 200 oC (b). Scale bar: (a) 10 nm, (b) 20 nm. 

 

Evolution of Pt under selective reduction of NO by CO or H2 

In this section, selective reduction of NO by CO or H2 has been chosen as 

model reaction for studying the behavior of the subnanometric Pt species in the 

Pt@MCM-22-300H2 sample under the reaction conditions of elimination of 

NOx in exhaust gases.34-37 As shown in Figure 6.25a, subnanometric Pt species 

were observed at 200 oC in the presence of CO+NO. Interestingly, it appeared 

that when the temperature was increased from room temperature to 400 oC (see 

Figure 6.25b), the contrast of subnanometric Pt species decreased, implying 

some structural transformation. Considering our abovementioned results for the 

dynamic agglomeration-redispersion behaviors of Pt species, it can be 

speculated that Pt clusters become redispersed at 200-400 oC in CO+NO 

atmosphere. Similar phenomenon has also been observed in another area of the 

sample, as shown in Figure 6.26. When the temperature was increased to 800 
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oC, subnanometric Pt clusters with higher contrast appeared again. Further 

increase of the temperature to 1000 or even 1200 oC results in the growth of the 

particle size of Pt clusters. Notably, most of the Pt species are still below 1 nm 

with a small fraction of Pt nanoparticles (~1 nm), indicating the excellent 

stability of Pt nanoclusters at high temperature when encapsulated in MCM-22 

zeolite. More STEM images of the other areas of 0.17%Pt@MCM-22-300H2 

sample under CO+NO reaction conditions are shown in Figure 6.27, showing 

similar tendency during the process from 200 oC to 1200 oC under reaction 

conditions. 

The stability of subnanometric Pt species during the reaction of NO with H2 

has also been investigated by in situ TEM. As shown in Figure 6.28, the 

behavior of Pt species shows a similar evolution pattern to that observed during 

the NO+CO reaction. More STEM images of the other areas under NO+H2 

reaction conditions are shown in Figure 6.29. Interestingly, when the 

temperature was increased from room temperature to 200 oC, redispersion of Pt 

clusters to atomically dispersed Pt species was observed (see Figure 6.30), 

which is similar to the situation for NO+CO reaction when increasing the 

reaction temperature. Furthermore, at 400-600 oC, Pt mainly existed as 

subnanometric or atomically dispersed Pt species, with low contrast in STEM 

images. When the temperature was increased to 800 oC, Pt clusters as well as a 

small fraction of Pt nanoparticles (~1 nm) appeared, corresponding to structural 

transformation at this temperature. The evolution of Pt species in MCM-22 

from room temperature to high temperature is summarized in Figure 6.31.  

 

Figure 6.31. Schematic illustration of structural evolution of Pt species in 

0.17%Pt@MCM-22-300H2 sample under CO+NO and NO+H2 conditions. 

At 200-400 oC, Pt clusters will disintegrate and form highly dispersed Pt species. 



Chapter 6 

281 
 

At higher temperature (600-800 oC), highly dispersed Pt species agglomerate 

into Pt clusters or even small Pt nanoparticles (1-2 nm). Due to the protection 

effect from MCM-22 framework, Pt clusters and small nanoparticles (1-2 nm) 

can be stabilized at such high temperature. 

 

Figure 6.32. Comparison of the dynamic evolution of subnanometric Pt 

species under different reaction atmosphere from low temperature to high 

temperature. The evolution of subnanometric Pt species is related with the 

reactants and reaction temperature. 

   

  Based on the above results obtained from in situ TEM studies, we can have 

a summary on the evolution of subnanometric Pt species under different 

reaction conditions, as presented in Figure 6.32. Under reductive atmosphere 

(CO+O2 and CO+H2O), atomically dispersed Pt species will agglomerate into 

Pt clusters (at 100-300 oC). However, in an oxidative atmosphere (NO+H2 and 

NO+CO), subnanometric Pt clusters will disintegrate into atomically dispersed 

Pt species at relative lower temperature (200-400 oC). At higher temperature, 

the behavior of Pt species is also strongly related with the atmosphere.  

  In summary, the dynamic structural transformation of encapsulated 

subnanometric Pt species in zeolites (including atomically dispersed Pt and Pt 

clusters) has been studied with in situ TEM under oxidation-reduction and 



Chapter 6 

282 
 

reaction conditions. Comparing with conventional Pt nanoparticles, the 

behaviors of subnanometric Pt species is much more sensitive to the presence 

of reactants. Dynamic and reversible transformation between single atoms, 

clusters and nanoparticles has been observed under CO+O2 reaction conditions 

at different temperature. Furthermore, their local coordination environment (in 

this work, this factor corresponds to the location of Pt species in the zeolite 

crystallites) also affects the behaviors of Pt species. By tuning the size and 

spatial distribution of Pt species in MCM-22, subnanometric Pt clusters can be 

stabilized under reaction conditions, even at very high temperature (>800 oC). 

Nevertheless, considering our results shown in this work obtained under 

different conditions, it can be a general phenomenon that subnanometric metal 

species will undergo dynamic structural evolution under reaction 

conditions.38,39 For the same reaction, the states of metal species are dependent 

on the temperature and atmosphere. Therefore, when studying the catalytic 

properties of subnanometric metal species (single atoms and clusters), in situ or 

operando characterization is necessary when one tries to identify the active 

species for specific reaction. Finally, by studying the evolution patterns of 

subnanometric metal species under reaction conditions, it can also help us to 

develop new methodologies (using different pretreatment conditions) for 

preparation of metal catalysts containing subnanometric metal species for 

catalytic applications. 

 

 

Methods 

Preparation of 0.17%Pt@MCM-22 sample. 

The 0.17%Pt@MCM-22 sample was prepared according to our previous 

work, with minor modifications. Firstly, subnanometric Pt species were 

prepared by reduction of Pt precursor with N,N-dimethylformamide (DMF). 

110 mg H2PtCl6 was dissolved in 120 mL DMF and then the solution was heated 

at 140 oC for 6 h. After being heated at 140 oC for 6 h, a yellow solution was 

obtained.  

In order to prepare the swelled purely siliceous ITQ-1 with ultra-small Pt 

nanoparticles, 0.75 g of the lamellar precursor were dispersed in 3.0 g of H2O 

milliQ, and 15.0 g of a cetyltrimethylammonium hidroxide solution (50 wt.%, 
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50% exchanged Br-/OH-) and 4.5 g of a solution of tetrapropylammonium 

hidroxide (40 wt.%, 50% exchanged Br-/OH-) were added together with 15 mL 

of the DMF solution containing Pt species. The resultant mixture was heated at 

52 oC under stirring vigorously for 16 hours in order to facilitate the swelling 

of the layers of the precursor material. At this point, the solid was recovered by 

centrifugation and washed with distilled water. Finally, the solid product was 

dried in an oven at 60 oC. Afterwards, the swelled sample containing 

subnanometric Pt species was calcined in air to remove the organic templates 

and surfactants at 550 oC in air for 4 h with a ramp rate of 2 oC/min from room 

temperature to 550 oC. After removing the organic templates and surfactants, 

the solid sample was calcined again at 550 oC in air for 4 h with a ramp rate of 

2 oC/min from room temperature to 550 oC, resulting in the formation of 

0.17%Pt@MCM-22 sample. The loading of Pt was measured by inductively 

coupled plasma. 

0.17%Pt@MCM-22-300H2 was prepared by reducing 0.17%Pt@MCM-22 

sample with H2 at 300 oC for 30 min with a ramp rate of 5 oC/min from room 

temperature to 300 oC. 

NO gas (4% of NO in N2) was used to oxidize the Pt species in Pt@MCM-

22 sample to achieve redispersion of Pt nanoparticles in the Pt@MCM-22 with 

0.3 wt% of Pt. 

 

Characterizations 

Samples for ex situ electron microscopy studies were prepared by dropping 

the suspension of Pt@MCM-22 or other materials using ethanol as the solvent 

directly onto holey-carbon coated Cu grids. The measurements were performed 

in a JEOL 2100F microscope operating at 200 kV both in transmission (TEM) 

and scanning-transmission modes (STEM). STEM images were obtained using 

a High Angle Annular Dark Field detector (HAADF), which allows Z-contrast 

imaging. High-resolution STEM measurement was performed on FET Titan 

low-base microscope at 300 kV equipped with a Cs probe corrector, a 

monochromator and an ultrabright X-FEG electron source. The convergence 

angle was 25 mrad and the inner and outer angles for HAADF imaging were 70 

and 200 mrad, respectively. The typical probe current was set to 2 pA under the 

HR-STEM imaging conditions. Control experiments have been performed and 
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it was found that, under our experimental conditions, the subnanometric Pt 

species remain stable under the electron beam in the first several acquisitions.   

In situ electron microscopy experiments were performed using a Titan 80-

300 Environmental Transmission Electron Microscope at the Centre for 

Functional Nanomaterials, Brookhaven National Laboratory. The reaction 

conditions and experimental procedures were presented in the figure captions 

for different reactions. The in situ TEM experiments were performed at 300 

kV. The beam current is 0.418 nA and the dose rate is 176 e A-2 s-1. The 

convergence angle, the inner angle and the outer angle is 10, 25 and 51mrad, 

respectively. TEM chips from DENS solution with through holes were used in 

all the in situ TEM experiments. 

In situ infrared (IR) experiments. IR spectra were recorded with a Bruker 

spectrometer, Vertex 70, using a DTGS detector and acquiring at 4 cm−1 

resolution. An IR cell allowing in situ treatments in controlled atmospheres 

and temperatures from 25 ºC to 500 ºC was connected to a vacuum system 

with gas dosing facility. For IR studies, the samples were pressed into self-

supported wafers and treated at 150 ºC in vacuum (10-4 mbar) for 1 h. 

Afterwards the sample has been exposed to a flow of 1.6 mL/min of CO and 

0.8 mL/min of O2 (CO/O2 = 2/1 molar ratio) for 1h and at different 

temperatures, 225 ºC, 300 ºC and 400 ºC. Each temperature corresponded to 

an independent experiment. After being kept at the corresponding 

temperature, the sample was cooled down to room temperature, and then 

evacuated at 10-4 mbar and followed by CO dosing at increasing pressure 

(0.4-2.5 mbar). IR spectra were recorded after each dosage. An additional 

CO adsorption experiment of the fresh catalyst was done on the Pt@MCM-

22 sample without being exposed to CO+O2 reaction. 

Catalytic measurement. The CO oxidation was performed in a fix-bed 

reactor. 120 mg of solid catalyst was used for each test. The feed gas was 2% 

of CO and 1% of O2 in He. The total flow was 85 mL/min. The product was 

analyzed by gas chromatograph with thermal conductivity detector. 
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Abstract 

In this work, we will report the generation of Au clusters in purely siliceous 

MCM-22 zeolite. High-resolution and spectroscopic characterizations have 

confirmed the presence of subnanometric Au clusters in MCM-22. We have 

tested the catalytic properties of these Au clusters for selective oxidation of 

cyclohexane to cyclohexanol and cyclohexanone (KA-oil). It will be shown 

that, the Au clusters encapsulated in MCM-22 zeolite are highly active and 

selective for oxidation of cyclohexane to KA-oil, which is superior to Au 

nanoparticles on the same support. These results suggest that, Au clusters are 

highly active for the activation of oxygen to produce radical species. 

 

1. Introduction 

  Gold catalysts have been intensively studied in recent years and they have 

shown unique and remarkable catalytic performances in many reactions, 

including selective hydrogenation, selective oxidation, organic transformations, 

electrocatalysis and photocatalysis.1-4 As well known, the catalytic behavior of 

Au catalysts is strongly related with the particle size. Small Au particles (<2 

nm) have been shown to be much more active than larger Au particles in many 

reactions.5 Nevertheless, when the size of Au decrease to subnanometric regime, 

the catalytic properties of Au clusters are quite distinct to Au nanoparticles due 

to the size-dependent electronic structures of Au species.6 In our recent works, 

it has been demonstrated in some reactions that, only Au clusters with a few 

atoms are active while neither single Au atoms nor Au nanoparticles are 

active.7,8 However, due to their low stability and strong tendency for 

agglomeration, naked subnanometric Au clusters with open surface sites has 

been barely reported.9,10 Using organometallic Au complexes as precursor, Au 

clusters can be generated in zeolites.11 However, the high price and toxicity of 

organometallic compounds as well as the low stability of resultant supported 

metal clusters at high temperature (>500 oC) are also drawbacks of this strategy. 

Considering the low thermal stability of Au particles, the encapsulation of 

Au species in zeolites should be a promising approach to enhance their 

stability.12 The well-defined pore structures of zeolites can provide effective 

protection for Au species under reaction conditions and achieve size-selective 

catalytic properties in some cases. During the past several years, encapsulation 
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of Au into zeolite crystallites have been achieved by several methods. Au 

nanoparticles (2-3 nm) can be encapsulated in Silicalite-1 with intraparticle 

voids and mesopores through a simple impregnation method.13 Recently, Iglesia 

and his co-workers report a method to generate small Au nanoparticles (1~2 nm) 

in Al-containing zeolites with high thermal stability and resistance to poison 

molecules in catalytic reactions.14   

In our recent work, subnanometric Pt single atoms and Pt clusters are 

encapsulated in MCM-22 through a 2D to 3D transformation process. Those 

subnanometric Pt species show excellent stability even at high temperature (as 

high as 550 oC).15 In this work, by transformation of two-dimensional zeolite 

into three-dimensional zeolite, naked subnanometric Au clusters can also be 

generated in purely siliceous MCM-22.  

As shown in Figure 7.1, the Au@MCM-22 sample is prepared through a 

similar procedure as we have reported in our recent work. Au clusters dispersed 

in DMF are prepared firstly as the metal precursor. Subsequently, the Au 

clusters are incorporated between the MWW layers in ITQ-1 during a swelling 

process. After removal of the organics in the swelled material, Au species can 

be encapsulated by the MCM-22 zeolite, leading to the formation of 

Au@MCM-22-S. However, the Au loading in the Au@MCM-22-S sample is 

only 0.025 wt.%. In order to improve the Au loading in the final Au@MCM-22 

material, 1-octanethiol is added to the swelling mixture (see Figure 7.1b), since 

the Au-S bonding may help the incorporation of Au species into the MWW 

layers. As a result, a Au@MCM-22-L sample was obtained, with Au loading of 

0.11 wt%. In principle, the introduction of 1-octanethiol can also be applied to 

incorporation of other metals into MCM-22 by our strategy, leading to higher 

metal loading and maintaining good metal dispersion in the zeolite at the same 

time.  

 

2. Experimental Section 

2.1 Synthesis of Au@MCM-22-S and Au@MCM-22-L 

The Au@MCM-22 sample was prepared according to our previous work, 

with some modifications. Firstly, subnanometric Au clusters were prepared by 

reduction of HAuCl4 with N,N-dimethylformamide (DMF). 0.3 mL of 0.5 

mol/L HAuCl4 solution was dissolved in 200 mL DMF and then the solution 
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was heated at 140 oC for 48 h. After being kept at 48 h, a yellow solution was 

obtained and the solution was cooled to room temperature and excess DMF was 

removed by rotary evaporator, until the volume of the DMF solution is ca. 15 

mL. 

 

2.2 Preparation of Au@MCM-22-S 

In order to prepare the swelled purely siliceous ITQ-1 with subnanometric 

Au species, 1.0 g of the lamellar precursor were dispersed in 12.0 g of H2O 

milliQ, and 20.0 g of a cetyltrimethylammonium hidroxide solution (50 wt.%, 

50% exchanged Br-/OH-) and 6.0 g of a solution of tetrapropylammonium 

hidroxide (40 wt.%, 50% exchanged Br-/OH-) were added together with 15 mL 

of the DMF solution containing Au species. The resultant mixture was heated 

at 52 oC under stirring vigorously for 16 hours in order to facilitate the swelling 

of the layers of the precursor material. At this point, the solid was recovered by 

centrifugation and washed with distilled water. Finally, the solid product was 

dried in an oven at 60 oC. Afterwards, the swelled sample containing 

subnanometric Au species was calcined in air to remove the organic templates 

and surfactants. The calcination process was performed as following: 1) 

increasing the temperature from room temperature to 550 oC with a rate of 2 
oC/min in N2 atmosphere. The total time in N2 atmosphere is about 4.5 h. 2) 

switching the atmosphere to air and keeping the temperature at 550 oC for 4 h. 

3) Cooling down from 550 oC to room temperature in air. 

 

2.3 Preparation of Au@MCM-22-L 

In order to prepare the swelled purely siliceous ITQ-1 with subnanometric 

Au species, 1.0 g of the lamellar precursor were dispersed in 12.0 g of H2O 

milliQ, and 20.0 g of a cetyltrimethylammonium hidroxide solution (50 wt.%, 

50% exchanged Br-/OH-) and 6.0 g of a solution of tetrapropylammonium 

hidroxide (40 wt.%, 50% exchanged Br-/OH-) and 1.0 mL of 1-octanethiol were 

added together with 15 mL of the DMF solution containing Au species. The 

resultant mixture was heated at 52 oC under stirring vigorously for 16 hours in 

order to facilitate the swelling of the layers of the precursor material. At this 

point, the solid was recovered by centrifugation and washed with distilled water. 

Finally, the solid product was dried in an oven at 60 oC. Afterwards, the swelled 
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sample containing subnanometric Au species was calcined in air to remove the 

organic templates and surfactants. The calcination process was performed as 

following: 1) increasing the temperature from room temperature to 550 oC with 

a rate of 2 oC/min in N2 atmosphere. The total time in N2 atmosphere is about 

4.5 h. 2) switching the atmosphere to air and keeping the temperature at 550 oC 

for 4 h. 3) Cooling down from 550 oC to room temperature in air. 

 

2.4 Preparation of Au/MCM-22-imp 

The Au/MCM-22-imp with 0.1 wt.% of Au was prepared by conventional 

wetness impregnation. Pure-silica MCM-22 was dispersed in 50 mL distilled 

water. A certain amount of HAuCl4 solution (calculated based on the final Au 

loading in the Au/MCM-22-imp sample.  

 

2.4 Characterizations 

High-resolution STEM images were obtained using a High Angle Annular 

Dark Field detector (HAADF), which allows Z-contrast imaging. The powder 

sample was dispersed in ethanol and then dropped on Cu grid. The high-

resolution STEM measurement was performed on FET Titan low-base 

microscope at 300 kV equipped with a Cs probe corrector, a monochromator 

and an ultrabright X-FEG electron source. The convergence angle was 25 mrad 

and the inner and outer angles for HAADF imaging were 70 and 200 mrad, 

respectively. The typical probe current was set to 2 pA under the HR-STEM 

imaging conditions. 

X-ray absorption near-edge structure (XANES) and Extended X-Ray 

Absorption Fine Structure (EXAFS) at Au L3-edge (11919 eV) and Pd K-edge 

(24350 eV) were carried out on BM23 at European Synchrotron Radiation 

Facility (ESRF). A double crystal monochromator equipped with a pair of Si 

(111) crystals was used. Si and Pt mirrors with an angle of 2 mrad were used to 

reject the harmonics, for Au and Pd, respectively. Data was collected in 

fluorescence mode using a Si drift detector. The samples were prepared as self-

supported pellets and measured at room temperature. A corresponding metallic 

foil reference was collected simultaneously for energy calibration. EXAFS 

oscillations were extracted using Athena code and analysed using Arthemis 

software. The range used to transform the EXAFS oscillations (k2 χ(k)) was Δk 
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= (3−11) Å−1 and the fits were performed in the interval ΔR = (1.7−3.3) Å. The 

local environment of the Au atoms was determined using the phase shift and 

amplitude functions for Au-Au calculated for gold foil. The photoelectron 

energy origin correction (∆E0), the passive electron amplitude reduction factor 

(S0
2) were found for the Au standard and used as fixed parameters to fit the 

samples. For each contribution a coordination number (Ni) and a distance (Ri) 

were fitted independently while the mean square relative displacement (σi
2) 

were set to be the same for both samples.  

Powder X-ray diffraction (XRD) was performed with a HTPhilips X’Pert 

MPD diffractometer equipped with a PW3050 goniometer using Cu Kα 

radiation and a multisampling handler.  

 

2.5 Catalytic measurements for aerobic oxidation of cyclohexane 

The aerobic oxidation of cyclohexane was carried out in batch reactor. 2 mL 

of cyclohexane (1.6 g) and 25 mg solid catalyst was mixed and the reactor was 

flashed with O2 several times. The reaction was performed at 150 oC with 10 

bar of O2. 50 μL of liquid mixture was taken out of the reactor and mixed with 

1 mL of acetone at different reaction time. 100 uL of triphenylphosphine 

solution (10 wt%) and 7.3 mg of dodecane as internal standard was then added 

to the acetone solution with agitation of 5 min. The reaction products were 

analyzed by Varian GC (CP3800) with HP-5 column with a length of 30 m and 

diameter of 0.25 mm. The injector temperature was 250 oC and detector 

temperature was 300 oC. Helium was used as carrier gas with a flow of 2 

mL/min and a split ratior of 40. 1.0 μL of liquid was injected into the column. 

In order to quantify the yield of adipic acid, esterification reaction with 

methanol was carried out to transform adipic acid into dimethyl adipate. 50 uL 

of the reaction mixture was mixed with 200 mg of 10% of boron trifluoride-

methanol solution (~1.3 M, from Fluka) and kepted at 80 oC for 1.5 h. After the 

esterification reaction, 0.8 g of H2O and 2.0 g of CH2Cl2 was added to the 

mixture. After extraction, the organic layer was injected to the GC for analysis. 
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Figure 7.1. Schematic illustration of incorporation of Au nanoclusters into 

zeolite through the transformation of 2D zeolite into 3D structure (MCM-

22). (a) The incorporation of Au clusters in MCM-22 by swelling of the ITQ-1 

with surfactant and DMF solution containing Au clusters. (b) The incorporation 

of Au clusters in MCM-22 by swelling of the ITQ-1 with surfactant, 1-

octanethiol and DMF solution containing Au clusters. 
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Figure 7.2. Electron microscopy characterizations on Au@MCM-22 samples. 

(a) STEM image of Au@MCM-22-S sample. (c, d) STEM image of 

Au@MCM-22-L sample. (d-f) STEM image of Au@MCM-22-S sample, 

showing the presence of both subnanometric Au clusters and Au nanoclusters 
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around 1 nm.  

 

3. Results and Discussions 

Firstly, the Au species in Au@MCM-22-S and Au@MCM-22-L samples 

have been characterized by electron microscopy. In the low-magnification 

STEM image of Au@MCM-22-L (see Figure 7.2a), Au nanoclusters with 

particle size ranging from 0.5 nm to 1 nm can be seen in STEM image, together 

with a few small Au nanoparticles of 1-2 nm. The atomic structure of 

subnanometric Au clusters can be revealed by high-resolution STEM images 

(see Figure 7.2b and Figure 7.2c). As it can be seen, Au nanoclusters with less 

than 15 atoms are located in the supercages or surface “cups” of MCM-22. 

More high-resolution STEM images of various subnanometric Au species are 

shown in Figure 7.3, including single Au atom and Au clusters with less than 

10 atoms. Considering the size of supercages in MCM-22, the maximum size 

of Au clusters is below 1 nm, corresponding to Au clusters with less than 15 

atoms. In the case of Au@MCM-22-L, Au nanoclusters around 1 nm with 

higher amount can also be observed in the STEM images (see Figure 7.1d-

Figure 7.1f). The particle size of Au species in the Au@MCM-22-L sample is 

slightly larger than the Au@MCM-22-S sample. 
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Figure 7.3. High-resolution STEM images of Au@MCM-22-S sample. (a, 

b) STEM image of a single Au atom and the corresponding contrast profile of 

the Au atom. (c, d) STEM image of Au2 cluster and the corresponding contrast 

profile. (e, f) STEM image of Au12 cluster and the corresponding contrast 

profile. (g) STEM image of Au7 cluster. (h) STEM image of Au9 cluster. 
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Figure 7.4. (a) XANES spectra of Au@MCM-22-L and Au@MCM-22-S 

samples and the Au foil reference. (b) Fourier transform of k2-weighted EXAFS 

spectra and the fitting curves for Au@MCM-22-L and Au@MCM-22-S 

samples. 

 

Table 1. Fitting results of the EXAFS spectra for Au@MCM-22-L and 

Au@MCM-22-S samples. S2
0 = 0.8 and E0 = 5, found for the Au foil and kept 

for the sample. 

 

To gain more information on the structures of Au clusters in Au@MCM-22 

samples, various spectroscopic characterization tools are used to study them. 

The coordination environmental and average size of Au species in the 

AuCL@MCM-22 sample is measured by X-ray absorption spectroscopy 

(XAS). The chemical states of Au species in Au@MCM-22-S and Au@MCM-

22-L samples are measured by X-ray absorption near edge structure (XANES). 

As displayed in Figure 7.4a, both Au@MCM-22-S and Au@MCM-22-L show 

similar XANES spectrum to the reference metallic Au, indicating that Au 

nanoclusters exist as metallic state in the MCM-22 zeolite. Furthermore, the 
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coordination environment of Au species has also been studied by extended X-

ray absorption fine structure (EXAFS). As can be seen in Figure 7.4b, the 

fitting results of the EXAFS spectra are shown in Table 1. The Au-Au 

coordination number in Au@MCM-22-S and Au@MCM-22-L is 7.0 and 7.9, 

respectively. Thus, the average size of Au species in Au@MCM-22-S is ~1 nm 

and the Au@MCM-22-L is ~1.2 nm, which is consistent with the electron 

microscopy images in Figure 7.2. Combining the results from electron 

microscopy and XAS, it can be deduced that, the both Au@MCM-22-L and 

Au@MCM-22-S are consisted by a mixture of subnanometric Au clusters and 

small Au nanoparticles (1-2 nm). Furthermore, the percentage of subnanometric 

Au clusters in the Au@MCM-22-S sample is higher than the Au@MCM-22-L 

according to the EXAFS fitting results. 

 

Figure 7.5. STEM images of AuNP/MCM-22 sample prepared by deposition-

precipitation method. The size of Au nanoparticles is between 1-2 nm. 
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For comparison, a sample consisting of Au nanoparticles supported on 

MCM-22 (containing 0.1 wt.% of Au, denoted as AuNP/MCM-22) is also 

prepared by deposition-precipitation method (see supplementary for 

experimental details). As shown in Figure 7.5, the particle size of Au 

nanoparticles in AuNP/MCM-22 ranges from 1.5 to 2.5 nm. It is well known 

that, the electronic structures of metal clusters and nanoparticles are usually 

associated with their optical properties. As shown in Figure 7.6, The typical 

surface plasmon resonance of Au nanoparticles can be observed in the UV-vis 

spectrum of AuNP/MCM-22 sample at ~530 nm. In the case of Au@MCM-22 

samples containing Au nanoclusters, we can observed the absorption peaks of 

at ~615 and ~670 nm in the Au@MCM-22 samples, corresponding to the 

absorption between the HOMO and LUMO of Au clusters with different sizes.16 

Based on the above structural and spectroscopic characterizations, it is 

confirmed that Au nanoclusters have been generated and stabilized in MCM-

22.  

 

Figure 7.6. UV-vis spectra of MCM-22, AuNP/MCM-22 and two Au@MCM-

22 samples containing Au nanoclusters. 
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Figure 7.7. Catalytic performance of AuNP/MCM-22 and Au@MCM-22 

catalysts for aerobic oxidation of cyclohexane. Reaction conditions: 2 mL 

cyclohexane, 25 mg solid catalyst, 150 oC, 10 bar of O2. The “Thermal” test 

was carried out under the same conditions in the absence of catalyst. 
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Figure 7.8. Distributions of products in the oxidation of cyclohexane by 

Au@MCM-22-S sample.  Reaction conditions: 2 mL cyclohexane, 25 mg 

solid catalyst, 150 oC, 10 bar of O2. The “Thermal” test was carried out under 

the same conditions in the absence of catalyst. 

 

To test the catalytic properties of Au clusters, the oxidation of cyclohexane 

to cyclohexanol and cyclohexanone (KA-oil) is employed as a model reaction. 

It has been established in the literature that, auto-oxidation of cyclohexane is a 

radical-chain reaction.17 Moreover, it has also been proposed that, supported Au 

nanoparticles are actually inert in the oxidation of cyclohexane.18 Recently, it 

has been demonstrated recently by our group that, Au clusters are efficient 

catalyst for activation of O2 and production of radical oxygen species.7,8 

Therefore, it is supposed that, Au clusters stabilized in MCM-22 zeolite may 

serve as active species for the initiation of autocatalytic oxidation of 

cyclohexane to KA-oil.  
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Figure 7.9. Recycle tests of Au@MCM-22-L sample for oxidation of 

cyclohexane. (a) Conversion of cyclohexane and the corresponding 

distributions of products in three cycles: (b) first cycle, (c) second cycle and (d) 

third cycle. Reaction conditions: 2 mL cyclohexane, 25 mg solid catalyst, 150 
oC, 10 bar of O2. The “Thermal” test was carried out under the same conditions 

in the absence of catalyst. After each test, the solid catalyst was recycled by 

filtration and then washed with acetone, before being used for another catalytic 

test. 
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Figure 7.10. Yields of various products at different conversion of 

cyclohexane when using Au@MCM-22-L as the catalyst. (a) first cycle, (b) 
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second cycle and (c) third cycle. Reaction conditions: 2 mL cyclohexane, 25 

mg solid catalyst, 150 oC, 10 bar of O2. After each test, the solid catalyst was 

recycled by filtration and then washed with acetone, before being used for 

another catalytic test. 

 

Figure 7.11. Catalytic test of Au@MCM-22-S and Au@MCM-22-L using 

the same amount of Au. The molar ratio of cyclohexane/Au was kept the same 

for both tests. Reaction conditions: 2 mL cyclohexane, 150 oC, 10 bar of O2. 

The “Thermal” test was carried out under the same conditions in the absence of 

catalyst. 
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Figure 7.12. STEM images of Au@MCM-22-L sample after three 

consecutive cycles of oxidation of cyclohexane. Au clusters with size of ~1 

nm can be seen in these images. 

 

In this work, the oxidation of cyclohexane was performed in a batch reactor 

without the addition of radical initiator. As presented in Figure 7.7a, all the 

samples show an induction period in the oxidation of cyclohexane, 

corresponding to the in situ generation of radicals under reaction condition 

since no external initiator is added. The control experiments without solid 

catalyst (Thermal) and the MCM-22 support show low conversion of 

cyclohexane after 2 h, and the major product is cyclohexyl hydroperoxide (see 

Figure 7.7b). Furthermore, the conversion of cyclohexane with AuNP/MCM-

22 catalyst is even lower than MCM-22 at the starting stage, indicating the inert 

role of Au nanoparticles for this process, which is consistent with the previous 

works.18  

Remarkably, both Au@MCM-22-S and Au@MCM-22-L show short 

induction period (~0.5 h) in the oxidation of cyclohexane, indicating the higher 

activity for generation of radicals. As we can see in Figure 7.7a, high 
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conversion of cyclohexane (>12%) can be achieved with Au@MCM-22-S and 

Au@MCM-22-L after 2 hours and the selectivity to KA-oil and cyclohexyl 

hydroperoxide on both Au@MCM-22 samples are similar (see Figure 7.7b). 

The evolution of the product distribution with the reaction time is similar on 

both Au@MCM-22 catalysts (see Figure 7.8 to Figure 7.10). It should be noted 

that, when using the same amount of solid catalyst (25 mg), Au@MCM-22-L 

shows higher yields of products at the same reaction time. However, if the 

amount of Au species is kept the same for the two catalysts, then Au@MCM-

22-S shows better performance for oxidation of cyclohexane to KA-oil (see 

Figure 7.11). Considering the higher percentage of subnanometric Au clusters 

in the Au@MCM-22-S sample, these results imply that the Au clusters with low 

atomicity may be the active species instead of the ones larger than 1 nm.  

The oxidation of cyclohexane has been proved to be initiated by the 

formation of cyclohexyl hydroperoxide radicals and subsequently cleavage 

homolytic cleavage of cyclohexyl hydroperoxide to form free radicals. 

Therefore, the role of catalyst for this reaction can be related to accelerating the 

generation of hydroperoxide radicals.19 And it has been observed in different 

systems that, the activation mechanism of O2 on metal particles is related with 

the particle size. In the case of Au nanoparticles, O2 is activated into atomic 

oxygen species at >80 oC. While in the case of Au clusters, O2 can be activated 

and transformed into radical-type species on Au clusters.8,20 The different 

catalytic behavior of Au nanoclusters and nanoparticles for aerobic oxidation 

of cyclohexane may be related with the size-dependent O2 activation 

mechanism on Au species. 

We have also study the stability of Au clusters for the oxidation of KA-oil. 

As shown in Figure 7.9, the catalyst show good recyclability during three 

consecutive tests. The conversion and yields of different products are similar 

among the three tests. As presented in Figure 7.12, the presence of Au 

nanoclusters in the used catalyst is confirmed by electron microscopy images 

and the agglomeration of Au species into Au nanoparticles are not observed, 

suggesting the good stability of Au nanoclusters encapsulated in MCM-22. 
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4. Conclusions 

In summary, we have reported the synthesis of Au@MCM-22 materials 

containing subnanometric Au clusters in MCM-22 zeolite by incorporating Au 

species during the transformation of a 2D zeolite into 3D structure. Those 

highly stable Au clusters can serve as active species for the aerobic oxidation 

of cyclohexane into cyclohexanol and cyclohexanone without the presence of 

radical initiator. 
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Abstract 

Metallic cobalt nanoparticles with surface CoOx patches covered by thin 

layered carbon (named as Co@C), have been directly synthesized by thermal 

decomposition of Co-EDTA complex. Raman spectra and HRTEM images 

suggest that discontinuities can be found in the disordered layered carbon. XPS 

shows that the CoOx patches in the Co@C nanoparticles can reduced to 

metallic Co by H2 under reaction conditions (7 bar at 120 oC), and H2-D2 

exchange experiments show that the reduced metallic Co nanoparticles covered 

by carbon layers can dissociate H2. The Co@C nanoparticles show excellent 

activity and selectivity during chemoselective hydrogenation of nitroarenes for 

a wide scope of substrates under mild reaction conditions. Based on the results 

from DRIFTS adsorption experiments, we propose that metallic Co in the 

Co@C nanoparticles is the active phase. The role of the carbon layers is to 

protect the Co from over-oxidation by air, leading to the chemoselective 

hydrogenation of nitroarenes.  

1. Introduction 

  The chemoselective hydrogenation of nitroarenes is an important 

hydrogenation reaction for production of fine and bulk chemicals with wide 

industrial and pharmaceutical applications.1 Noble metals such as Au, Pt, Ru, 

Pd, Ir have been proved to be active components for hydrogenation of 

nitroarenes.2,3 By controlling the metal-support interaction and particle size, the 

chemoselective hydrogenation of nitroarenes can be carried out with high 

chemoselectivity.4,5 However, considering the high price and limited 

availability of noble metals, it is of interests to develop non-noble metal 

catalysts for chemoselective hydrogenation reactions. 

  In the last years, non-noble metal catalysts have attracted much attention due 

to their comparable properties with noble metal catalysts in photocatalysis, 

electrocatalysis, and in homogeneous and heterogeneous catalysis.6-9 Recently, 

the applications of CoOx@N-doped carbon and Fe2O3@N-doped carbon 

materials for chemoselective hydrogenation of nitroarenes has been 

reported.10,11 In their works, the catalysts work under high-pressure conditions 

(50 bar of H2), and the authors claimed that metal oxide nanoparticles covered 

by carbon layers were thought to be the active species for the chemoselective 
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hydrogenation and hydrogenation-transfer reaction. In a recent paper, Wang et 

al. observed the in situ transformation of CoOx to metallic Co during the 

selective hydrogenation of nitroarenes under 30 bar of H2, although the catalyst 

was a mixture of CoOx and metallic Co.12 As substitutes for noble metal 

catalysts, the non-noble metal catalysts should work under similar conditions 

like Pt (3-6 bar of H2) and Au (9-15 bar of H2) catalysts. However, the reported 

catalysts are working under much higher H2 pressure than noble metal catalysts. 

And from the above reports, it’s still not clear whether metallic Co or CoOx 

is the active phase for the selective hydrogenation reaction. Moreover, if one 

considers that in situ dynamic transformation of metal species can occur under 

reaction conditions, the real active species in the hydrogenation reaction may 

not be the starting materials. Furthermore, the role of the layered carbon 

materials in the catalytic mechanism during the catalytic hydrogenation 

reaction has not been clarified. In some works, the carbon layers can protect 

metal NPs. For example, Ding et al. prepared supported Ni NPs embedded in 

carbon nitride layers for hydrogenation of nitrobenzene under strong acid 

condition.13 The carbon layers may also block the accessibility of substrates to 

the metal NPs. In some previous works,10-12 it was proposed that the 

hydrogenation reactions occur on the surface of carbon layers. However, 

considering the impermeability of graphene, H2 cannot diffuse directly through 

perfect graphene layers making even more difficult to unravel the role of carbon 

layers in hydrogenation reactions.14,15 

  In the first part of this work, by following the thermal decomposition of a 

Co-EDTA complex, we prepare monodispersed Co nanoparticles with a thin 

carbon shell (Co@C). Compared with conventional method for monodispersed 

Co nanoparticles, organic ligands are not required here to stabilize the Co 

nanoparticles. The resultant material can catalyze the chemoselective 

hydrogenation of nitroarenes under mild reaction conditions similar to Au 

catalysts (7-10 bars of H2) with high activity and selectivity (> 93%). In the 

second part of this work, with the help of in situ spectroscopic characterizations, 

we will show that the selective adsorption of reactants occurs on the surface of 

cobalt nanoparticles. Metallic Co, instead of CoOx, is the active phase for 

hydrogenation reaction and the role of the carbon layers is to protect the 

metallic Co NPs from over-oxidation. 
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2. Experiments 

Preparation of Co@C NPs. The Co@C NPs were prepared through the 

reduction of Co-EDTA complex by H2. The Co-EDTA complex were prepared 

through a hydrothermal process. First, 6.98 g Co(NO3)2, 4.47 g Na2EDTA and 

0.96 g NaOH are dissolved in 20 mL H2O. Then, 10 mL methanol was added 

to the mixed aqueous solution temperature under stirring at room temperature. 

After the formation of a homogeneous solution, 23 mL of the purple solution 

was transferred into a 35 mL stainless steel autoclave followed by static 

hydrothermal processing at 200 oC for 24 h. After cooling to room temperature, 

the generated precipitates were filtered and washed with deionized water and 

acetone several times followed by drying at 100 oC in air for 16 h. The obtained 

complex was denoted as Co-EDTA. Then, Co@C NPs were prepared by 

reduction of Co-EDTA in H2 (50 mL/min) at 450 oC for 2 h with a ramp rate of 

10 oC/min from room temperature to 450 oC. After the H2 reduction process at 

450 oC, the sample was cooled down to room temperature in H2 atmosphere. 

Then the black solid product was stored in a glass vail in ambient environment. 

The ICP analysis shows that the amount of cobalt in the Co@C NPs is ≥ 95 

wt%. The Co@C-250Air and Co@C-450Air were prepared through the 

calcination of Co@C sample in air (50 mL/min) at 250 and 450 oC for 2 h with 

a ramp rate of 5 oC/min, respectively.  

 

Catalytic studies. The chemoselective hydrogenation of nitroarenes was 

performed in batch reactors. The reactant, internal standard (dodecane), solvent 

(toluene or THF), powder catalyst as well as a magnetic bar were added into 

the batch reactor. After the reactor was sealed, air was purged by flushing two 

times with 10 bar of hydrogen. Then the autoclave was pressurized with H2 to 

the corresponding pressure. The stirring speed is kept at 800 rpm and the size 

of the catalyst powder is below 0.02 mm to avoid either external or internal 

diffusion limitation. Finally, the batch reactor was heated to the target 

temperature. For the kinetic studies, 50 μL of the mixture was taken out for GC 

analysis at different reaction time. For the scope studies, 100 µL of the mixture 

was taken out for GC analysis. The products were also analyzed by GC-MS. 
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Characterization techniques. Samples for electron microscopy studies were 

prepared by dropping the suspension of Co@C NPs using CH2Cl2 as the solvent 

directly onto holey-carbon coated Nickel grids. All the measurements were 

performed in a JEOL 2100F microscope operating at 200 kV both in 

transmission (TEM) and scanning-transmission modes (STEM). STEM images 

were obtained using a High Angle Annular Dark Field detector (HAADF), 

which allows Z-contrast imaging.  

  Field-emission scanning electron microscopy (FESEM) measurement is 

performed with a ZEISS Ultra 55 FESEM. The solid powder sample was 

adsorbed on conductive carbon tape. 

X-ray photoelectron spectra of the catalysts were recorded with a SPECS 

spectrometer equipped with a Phoibos 150MCD-9 multichannel analyzer using 

non-monochromatic MgKα (1253.6 eV) irradiation. Spectra were recorded 

using analyser pass energy of 30 eV, an X-ray power of 100W and under an 

operating pressure of 10-9 mbar. The fresh Co@C NPs sample was reduced by 

H2 (7 bar) at 120 oC for 60min in a high pressure catalytic cell connected, under 

ultra-high vacuum, to the XPS analyze chamber. Peak intensities have been 

calculated after nonlinear Shirley-type background subtraction and corrected 

by the transmission function of the spectrometer. During data processing of the 

XPS spectra, binding energy (BE) values were referenced to C1s peak (284.5 

eV). CasaXPS software has been used for spectra treatment.16  

Raman spectra were recorded at ambient temperature with a 785 nm HPNIR 

excitation laser on a Renishaw Raman Spectrometer (“Reflex”) equipped with 

an Olympus microscope and a CCD detector. The laser power on the sample 

was 15mW and a total of 20 acquisitions were taken for each spectra. 

Hydrogen /deuterium (H/D) exchange experiments were carried out in a flow 

reactor at 25 and 80 ºC. The feed gas consisted of 4 mL/min H2, 4 mL/min D2 

and 18 mL/min argon, and the total weight of catalyst was 180 mg. Reaction 

products (H2, HD and D2) were analysed with a mass spectrometer (Omnistar, 

Balzers). The Co@C sample has been in situ reduced at 450 oC for 2 h with a 

ramp rate of 10 oC/min from room temperature to 450 oC. Then the temperature 

was decreased to 25 ºC and, once stabilized, the H2 feed was change to the 

reactant gas composition. The temperature was increased to 80 ºC and 

maintained at 80 oC for 1 h. 



Chapter 8 

315 

 

DRIFT spectra were recorded at room temperature with a Nexus 8700 FTIR 

spectrometer using a DTGS detector and acquiring at 4 cm−1 resolution. Prior 

to the adsorption experiments, the ex situ reduced samples was in situ reduced 

at 120 ºC in H2 atmosphere for 2 h. After activation the sample was evacuated 

at 10-2 mbar and nitrobenzene and/or styrene adsorbed until sample saturation 

followed by evacuation (10-2 mbar) in order to remove physisorbed species. A 

commercial DRIFT cell (SPECAC) has been used. Spectra were acquired in 

Kubelka-Munk units. 

Powder X-ray diffraction (XRD) was performed in a HTPhilips X’Pert MPD 

diffractometer equipped with a PW3050 goniometer using Cu Kα radiation and 

a multisampling handler. 

 

3. Results and discussions 

3.1 Catalyst preparation and characterization 

 The Co@C NPs were prepared by thermal decomposition of Co-EDTA 

complex in H2 atmosphere at 450 oC. The morphological characterization of 

Co-EDTA complex can be found in supporting information (see Figure 8.1). 

The morphology of Co@C NPs was characterized by FESEM and TEM. As it 

is shown in Figure 8.2 and Figure 8.3a, the Co@C material is formed by 

monodispersed metal NPs ranging from ca. 20 nm to ca. 150 nm. Those Co NPs 

are covered by carbon layers with thickness ranging from ca. 1 nm to ca. 10 nm 

(Figure 8.3b). From the HRTEM images (Figure 8.3c and Figure 8.3d), the 

lattice fringe of metallic Co can be seen.17 A further look to the surface 

structures of the Co NPs allows to observe the crystal lattice fringes of Co3O4, 

as shown in Figure 8.S3.18 Therefore, one can assume, in a first approximation, 

that the Co NP can be formed by a core-shell structure with metal Co at the core 

and CoOx as the shell. In order to know the chemical composition of the Co@C 

sample, STEM-HADDF elemental mapping was performed and the results are 

displayed in Figure 8.3g to 3j. They confirm that Co NPs are covered by carbon 

layers. Meanwhile, oxygen can also be found in the sample, that may come 

from surface CoOx and/or from the oxygenated groups in carbon layers. 

Contrast profiles of the carbon layers over Co NPs were also obtained, as 

presented in Figure 8.3e and Figure 8.3f. It can be seen there that the distance 

between the carbon layers is 0.34-0.37 nm, which corresponds to the distance 



Chapter 8 

316 

 

between graphene layers. The thickness of most carbon layers are between 1 

nm and 5 nm, with several layers of graphene.19 A schematic illustration about 

the structure of Co@C NP is shown in Figure 8.3k, indicating that the particle 

contains metallic Co as the core as well as some CoOx patches on the surface 

and carbon layers surrounding. 

 

Figure 8.1. Field-emission scanning electron microscopy (FESEM) image of 

Co-EDTA complex and the corresponding EDS spectrum. C, N, O and Co can 

be found in the Co-EDTA complex. 

 

 
Figure 8.2. Field-emission scanning electron microscopy (FESEM) images of 

Co@C NPs obtained by SE2 detector (a) and ESB detector (b). In Figure 8.S2a, 

Co NPs are surrounded by foam-like carbon and those Co NPs with particle 

size ranging from 20 to 100 nm can be seen in Figure 8.S2b. 
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Figure 8.4. (a) HRTEM image of surface structures of Co NP covered by thin 

carbon layers. The lattice of Co3O4 can be observed on the outer surface layer 

of Co@C NP. (b-d) HRTEM image of a single Co NP covered by thin carbon 

layers with cracks indicated by red arrows.  

 

From the HRTEM images (Figure 8.4), it can also be seen that the thin 

carbon layers over Co NPs are not closed and some cracks can be found, 

implying that reactant molecules can have access to the Co NPs through the 

carbon layers. This can explain why the Co@C NPs could be partially oxidized 

by air in ambient condition after the preparation procedure. In a recent work of 

Bao and his co-workers, they have prepared a sample with CoNi alloy NPs 

totally encapsulated by several layers of graphene.20 Those CoNi NPs are not 
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soluble in a strong acid environment due to the protection effect of the carbon 

layers. However, in our case, Co NPs covered by cracked carbon layers can be 

almost totally dissolved in aqueous H2SO4 (photographs of the dissolving 

process can be seen in Figure 8.5), suggesting that Co@C NPs are not totally 

covered by carbon layers. 

 

Figure 8.5. Photographs of the dissolution process of Co@C NPs in aqueous 

H2SO4 (2 mol/L) at 80 oC for 2 h. 

 

In general, due to the instability of metallic Co NPs, their preparation for 

heterogeneous catalytic application still remains a challenge. So far, metallic 

Co NPs are usually prepared through wet-chemistry method.21-23 In those 

methods, Co NPs are capped by organic ligands to protect them from 

agglomeration and oxidation by air, but, at the same time, these long-chain 

organic ligands decrease the activity of Co NPs. Furthermore, Co NPs prepared 

from wet-chemistry methods are usually not stable in ambient conditions due 

to the oxidation of Co by air. In contrast, with the protection effect of carbon 

layers, the Co NPs prepared by our method can be stored under ambient 

conditions for over one month without obvious morphological changes. Only 

the oxidation of Co NPs at the surface occurs and CoOx patches are formed that 

can be easily reduced by H2 to metallic Co. Compared with previous reported 

pyrolysis methods (calcination at 800 oC), well-defined Co@C NPs with carbon 

layers can be directly synthesized at relatively lower temperature. These air-

stable Co@C NPs with CoOx patches can be prepared in large scale (several 

grams) in a facile way. 
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Figure 8.6. Structure characterizations of Co@C NPs. (a) XRD pattern of fresh 

Co@C NPs, (b) Raman spectrum of Co@C NPs, XPS spectra of Co 2p region 

(c) and Co L3VV Auger spectra (d) of the fresh Co@C NPs and the sample 

after ex situ reduction by 7 bar of H2 at 120 oC.  

 

  The bulk and surface properties of the Co@C NPs were also investigated. 

The XRD pattern of Co@C NPs is shown in Figure 8.6. Only the X-ray 

diffraction patterns of metallic Co can be observed with no X-ray diffraction 

peaks corresponding to other species, although the formation of CoOx patches 

could be observed by HRTEM. The fact that CoOx is not detected by XRD 

should be due to the low amount of CoOx patches in the Co@C sample. In the 

case of metallic Co, besides the cubic Co phase (PDF code: 96-900-8467), a 

small amount of hexagonal Co phase (PDF code: 96-900-8493) can also be 

observed in the XRD pattern. For metallic Co, the hexagonal-closed packed 

(hcp) phase is more stable at lower temperature than the face-centered cubic 

(fcc) phase.24 Since the Co-EDTA complex was decomposed and reduced at 450 
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oC, it is not surprising to see that both phases can exist.25  

The surface structures of Co@C NPs as well as the carbon layers were also 

studied by Raman spectroscopy. As it is indicated in Figure 8.6b, vibration 

modes of Co3O4 (F2g, Eg and A1g) can be observed.26 Besides, the typical Raman 

signals of layered carbon, bands at 1318 cm-1 and 1595 cm-1, can be observed, 

which are corresponding to D and G band, respectively.27 No peak related to 

2D band is detected between 2500 and 2800 cm-1. The intensity ratio of G band 

(IG) to D band (ID) is ca. 0.8, suggesting that there is a large percentage of 

disorder in the structured carbon in Co@C NPs.28 Combing these results and 

those from HRTEM images, it can be speculated that the degree of 

graphitization is relatively low in the carbon layers around Co NPs. Therefore, 

based on the structural characterizations, we can propose that Co@C NPs have 

core-shell structures with metallic Co as the core, CoOx on the surface of Co 

crystallites and thin layered carbon as the shell.  

 

Figure 8.7. XPS of N 1s region in the fresh Co@C sample and the sample after 

ex-situ reduction in H2 (7 bar) at 120 oC. 

 

X-Ray photoelectron spectroscopy (XPS) was employed to study the 

chemical state of Co in the as-prepared Co@C NPs. The Co@C NPs were 

reduced by H2 at 7 bar and 120 oC (That condition will also be used in the 

hydrogenation reaction.) within a pre-reactor integrated to the apparatus and the 
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sample is maintained isolated from any external contact during all the process. 

The XPS spectra of Co 2p region and Auger spectra of Co L3VV are shown in 

Figure 8.6c and Figure 8.6d, respectively. In the as-prepared Co@C sample, 

only CoOx can be observed, which can be ascribed to the CoOx patches on the 

surface of Co NPs.29 After H2 reduction treatment (7 bar of H2 at 120 oC), the 

CoOx is totally transformed into metallic Co, as confirmed by both Co 2p XPS 

and Co L3VV Auger spectra. In the fresh as-prepared catalyst, N is presented 

in the sample, as shown by elemental mapping (see Figure 8.7). However, after 

the ex situ reduction treatment, no N can be found in the sample by XPS, 

indicating that there is practically no N species in the working catalyst. 

With the characterization results presented up to now, we can say that during 

preparation of Co@C NPs, Co NPs of 20-150 nm were generated which are 

formed by a metallic Co core with CoOx on the surface that are surrounded by 

disordered carbon layers. Moreover, under reduction conditions, that are the 

same used for performing the catalytic test, the CoOx patches can be totally 

reduced to metallic Co.  

 

 

Figure 8.8. (a) Reaction scheme of the chemoselective hydrogenation of 3-

nitrostyrene. Reaction conditions: 0.5 mmol 3-nitrostyrene, 30 mg Co@C NPs 

as the catalyst, 2 mL toluene as solvent, 30 μL dodecane as the internal standard. 

(b) Catalytic performances of Co@C, Co@C-250Air and Co@C-450Air in 

chemoselective hydrogenation of 3-nitrostyrene to 3-aminostyrene. The black 

legends and red legends correspond to conversion and selectivity, respectively. 

(c) Catalytic performances of Co@C-H2, Co@C-250Air-H2 and Co@C-

450Air-H2 in chemoselective hydrogenation of 3-nitrostyrene to 3-
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aminostyrene. The black legends and red legends correspond to conversion and 

selectivity, respectively. 

 

Figure 8.9. The kinetic curve of chemoselective hydrogenation of 3-

Nitrostyrene catalyzed by Co@C NPs. The reaction conditions is the same as 

we described in the experimental section. As it can be seen, an induction period 

about 0.4 h can be observed as a result of the in-situ activation of Co@C NPs 

under reaction conditions. 

 

3.2 Catalytic results 

  At this point, the chemoselective hydrogenation of 3-nitrostyrene was chosen 

as the model reaction to study the catalytic properties of Co@C NPs and to see 

if the non-noble metal cobalt nanoparticles can behave as a chemoselective 

catalyst. For testing this, the same reaction conditions that showed 

chemoselective hydrogenation when using noble metal catalysts, i.e. 120 oC 

and 7 bar of H2 were selected.4,5 Notice that these are much milder conditions 

than those reported for the hydrogenation of 3-nitrostyrene with Co- and Fe-

based catalysts.10,11 The reaction conditions and catalytic results are given in 

Figure 8.8. Ii can be seen there that fresh Co@C NPs are active and selective 

catalyst for the hydrogenation of 3-nitrostyrene. When the conversion of 3-

nitrostyrene is 95%, the selectivity to 3-aminostyrene is 93% which is 

comparable to the values obtained with noble metal catalysts.4,5 The initial TOF 

calculated based on surface Co atoms is ca. 8.2 h-1 according to the particle size 

distribution of Co@C NPs. Notably, a reaction induction period of about 20-30 

min can be observed in the kinetic curve (Figure 8.9) when starting with the 

fresh catalyst that contains a core of metallic cobalt and a shell of CoOx. 
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According with XPS results, this induction period could be caused by the time 

required for the reduction of surface CoOx to metallic Co under the reaction 

conditions. As presented in Figure 8.10, the morphology and particle size 

distribution after the reduction under reaction conditions is similar to the fresh 

Co@C sample, suggesting that no structural changes or agglomeration has 

occurred. HRTEM images of the used sample also confirm that metallic Co NPs 

are still surrounded by carbon layers. Therefore, the above morphological 

characterization indicates that the nanoscale structures of the Co@C NPs 

sample is stable under reaction condition.  

 
Figure 8.10. TEM and HRTEM images of Co@C NPs after the hydrogenation 

of 3-nitrostyrene. 

 

In a recent work, Zhang et al. have demonstrated that atomically dispersed 

Co species in the carbon matrix can serve as the active sites for oxidation 

reactions.30 Herein, in order to exclude the role of atomically dispersed Co 

species in the hydrogenation reaction, we have also measured the residual solid 

after the acid leaching treatment (as shown in Figure 8.5). No activity can be 

observed in the hydrogenation of 3-nitrostyrene, suggesting that the metallic 
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Co NPs should be the active sites for hydrogenation reactions.   

 
Figure 8.11. Photograph of the batch reactor after the hydrogenation of 3-

Nitrostyrene. The Co@C NPs are absorbed by the magnetic bar, as a result of 

which, the catalyst separation is very simple. 

 

Table 8.1. The catalytic performances of recycled Co@C NPs in 

hydrogenation of 3-nitrostyrene. The reaction condition is the same with the 

description in the main text. 0.5 mmol of 3-nitrostyrene, 2 mL toluene, 30 μL 

of dodecane as internal standard, 120 oC and 7 bar of H2. 

   

Run Reaction time Conversion Selectivity 

1 6 h 95% 93% 

2 6.5 h 93% 92% 

3 7.5 h 95% 94% 

4 7.5 h 94% 93% 

5 7.5 h 92% 92% 
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The recyclability of Co@C NPs in hydrogenation of 3-nitrostyrene was also 

tested. Since metallic Co NPs are paramagnetic, the separation of the solid 

catalyst from the liquid was very facile with the help of a magnetic bar31,32 (see 

Figure 8.11). After washing several times with toluene, the catalyst can be 

reused without further treatments, and the Co@C catalyst shows good activity 

and selectivity for 5 recycles (see Table 8.1). 

 

3.3 Role of the carbon layers in the catalyst 

  At this point, we know that the reduced Co@C NPs are active and 

chemoselective for reduction of substituted nitroarenes into corresponding 

anilines under mild reaction conditions. To investigate if the carbon layers play 

an intrinsic role for the chemoselective hydrogenation reaction, calcination of 

the Co NPs at 250 and 450 oC in air was performed to remove the carbon layers 

on the nanoparticles. The samples after calcination in air are denoted as Co@C-

250Air and Co@C-450Air, respectively. From the Raman spectra (Figure 8.12), 

we can find that in Co@C-250Air, bands at 1318 and 1595 cm-1 are still visible 

indicating that part of the carbon layers are still preserved. In Co@C-450Air, 

the above Raman bands are already very small suggesting that almost all the 

carbon layers have already been removed. As shown in Figure 8.8b, it is 

possible to see that activity and selectivity drops when Co@C-250Air is used, 

while Co@C-450Air shows no activity in the hydrogenation reaction. The 

product distribution in the hydrogenation of 3-nitrostyrene with a Co@C-

250Air sample as the catalyst is shown in Figure 8.13. To explain these changes, 

TEM is used to clarify the structural transformation occurring with Co@C NPs 

after calcination in air. As shown in Figure 8.14, metallic Co NPs crack into 

smaller CoOx NPs after the calcination in air at 250 oC, which has also been 

observed in other works.33 The crystal lattice fringes of CoOx NPs can be 

observed in the HRTEM images, though, there are still some metallic Co NPs 

in the Co@C-250Air sample. Some carbon layers can still be found on Co-

CoOx and CoOx NPs in Co@C-250Air, as was confirmed by Raman spectra. 

It should be noted that part of the carbon layers were burn during the calcination 

in air, resulting in the formation of naked Co and CoOx NPs.  
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Figure 8.12. Raman sepctra of Co@C NPs, Co@C-250Air and Co@C-450Air. 

The ratio of the peak intensity between CoOx and carbon are quite different in 

these samples. After calcination in air at 250 oC, the intensity of D band and G 

band decrease a lot while the peaks corresponding to CoOx increase. When the 

calcination temperature increases to 450 oC, only peaks corresponding to CoOx 

can be observed. 

 

Figure 8.13. Distributions of the products in the hydrogenation of 3-

nitrostyrene catalyzed by Co@C (a) and Co@C-250Air (b). 
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Figure 8.14. TEM and HRTEM images of Co@C-250Air. Both metallic Co 

and Co3O4 can be found in this sample. 
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Figure 8.15. TEM and HRTEM images of Co@C-450Air. Only Co3O4 can be 

found in this sample. 

 

 

Figure 8.16. Selected-area electron diffraction (SAED) patterns of Co@C-

250Air and Co@C-450Air. 
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In the Co@C-450Air sample (shown in Figure 8.15), Co NPs are totally 

converted into Co3O4 NPs. The phase composition of the samples after 

calcination in air can also be measured by selective area electron diffraction 

(SAED). As can be seen in Figure 8.16, metallic Co NPs transform into a 

mixture of Co and Co3O4 when calcined at 250 oC, and to pure Co3O4 when 

calcination was performed at 450 oC. Considering the significant decrease of 

activity observed when the Co@C sample was calcined at 250 ºC and even 

more when temperature was 450 ºC, it can be deduced that CoOx or Co3O4 

cannot be the catalytically active phase. 

Co@C, Co@C-250Air and Co@C-450Air NPs were reduced in the batch 

reactor under higher temperature and H2 pressure (200 oC, 10 bar of H2) before 

the hydrogenation reaction to reduce the CoOx species into metallic Co. After 

the reduction pre-treatment, 3-nitrostyrene was added and the hydrogenation 

reaction was performed at 7 bar of H2 and 120 oC. As presented in Figure 8.8c, 

the Co@C-H2 gives a similar kinetic curve as the pristine Co@C except for the 

disappearance of the induction period due to the reduction pre-treatment. 

However, the situation changes a lot in the case of Co@C-250Air and Co@C-

450Air. The Co@C-250Air-H2 sample shows higher activity than pristine 

Co@C NPs and very good selectivity. This would indicate that the metallic Co 

NPs formed after reduction of Co@C-250Air should be responsible for the high 

activity and selectivity in hydrogenation reaction observed with Co@C-

250Air-H2. What’s more, the reduction pre-treatment also has a significant 

effect on Co@C-450Air. After H2 reduction, the Co@C-450Air-H2 sample 

shows moderate activity and high selectivity, which further indicates that the 

chemoselective hydrogenation of 3-nitrostyrene is related with metallic Co and 

the role of carbon layers in Co@C NPs is mainly to protect Co NPs from over-

oxidation by air.  
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Figure 8.17. H2-D2 exchange and DRIFTS adsorption experiments. (a) 

Enhancement of the ion current in mass signal of HD during the H2-D2 

exchange experiment over Co@C-H2, Co@C-250Air and Co@C-250Air-H2 

NPs at 80 oC. (b) DRIFTS of adsorbed nitrobenzene, (c) DRIFTS of adsorbed 

styrene and (d) DRIFTS of co-adsorbed nitrobenzene and styrene on Co@C 

NPs and Co@C-250Air sample. 

 

3.4 In situ adsorption spectroscopy study. 

  In order to explain the activity and high selectivity of Co@C NPs, H2-D2 

exchange and the adsorption of substrates on Co@C NPs followed by diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) were carried out. 

The H2-D2 exchange rates on Co NPs and Co@C-250Air (with and without H2 

pre-reduction) are shown in Figure 8.17a. H2-D2 exchange can be observed on 

Co@C NPs. Interestingly, as displayed in Figure 8.18, a large amount of H2 

was released from Co NPs when the atmosphere was changed from H2 to Ar 

after the in situ reduction process. The H2 released should come from the H2 

adsorbed by Co NPs.34,35 It appears then that H2 diffuses through the potential 

cracks present in carbon layers and it is activated on the surface of Co NPs. In 
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the case of Co@C-250Air, no H2-D2 exchange can be observed when the 

sample is not pre-reduced. After H2 pre-treatment, the H2-D2 exchange rate is 

higher on Co@C-250Air-H2 than on Co@C suggesting that more Co sites are 

exposed after the removal of carbon layers and reduction of CoOx. The H2-D2 

exchange experiments further confirm that metallic Co are the active sites for 

H2 activation and carbon layers are not playing a direct role on the catalytic 

process. 

We have found in previous work that the way that the reactant is adsorbed on 

metal catalysts can determine the chemoselectivity during hydrogenation of 

substituted nitroaromatics.36 Then, in order to explain different catalytic 

behavior of Co@C NPs and Co@C-250Air samples for chemoselective 

hydrogenation of 3-nitrostyrene, we have performed in situ IR adsorption 

experiments by DRIFTS with nitrobenzene and styrene as probe molecules. For 

comparison, the IR spectra of nitrobenzene and styrene on KBr substrate have 

also been measured (see Figure 8.19). The adsorption spectra of the probe 

molecules on Co@C and Co@C-250Air are shown in Figure 8.20. The IR 

adsorption spectra of nitrobenzene on Co@C and Co@C-250Air samples show 

wide IR bands between 1600 cm-1 to 1250 cm-1 in both samples (see Figure 

8.17b). The vibration bands of -NO2 groups can be observed at ca. 1525 cm-1 

and 1360 cm-1.37,38 The intensity of the IR bands is similar on both samples 

suggesting that the adsorption spectra of Co@C and Co@C-250Air for 

nitrobenzene are similar. On the other hand, the adsorption spectra of styrene 

on Co@C and Co@C-250Air (Figure 8.17c) are significantly different. Indeed, 

as can be seen in Figure 8.17c, the IR band corresponding to the aromatic ring 

can be observed between 1580 cm-1 and 1450 cm-1, with the vibration mode of 

C=C bond at ca. 1625 cm-1.39 Co@C-250Air shows much stronger adsorption 

of styrene than Co@C sample, indicating that the adsorption of styrene on 

CoOx NPs will be enhanced when metallic Co NPs are oxidized. We have also 

studied the co-adsorption of nitrobenzene and styrene on Co@C and Co@C-

250Air by DRIFTS. As can be seen in Figure 8.17d, only the adsorption of 

nitrobenzene can be observed on Co@C, while a strong adsorption of styrene 

on Co@C-250Air occurs. In the case of Co@C-450Air, only the adsorption of 

styrene can be observed after the evacuation (see Figure 8.21). Therefore, 

based on the IR adsorption results, we can conclude that the chemical states of 
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Co have significant influences on the adsorption properties of substrate 

molecules in Co@C NPs. For metallic Co NPs, only –NO2 groups will be 

preferentially adsorbed. In contrast, when the Co NPs are partially oxidized, the 

C=C instead of –NO2 groups will be preferentially adsorbed. The selective 

adsorption observed in above experiments can explain the differences for the 

chemoselective hydrogenation of 3-nitrostyrene on metallic and partially 

oxidized cobalt nanoparticles. 

 
Figure 8.18. Mass signal of H2 ion current after switching the atmosphere from 

H2 to Ar. The sample was firstly treated by H2 for reduction before the H-D 

exchange experiment. When the gas was switched from H2 to Ar, the H2 

adsorbed on Co NPs would be released due to the decrease of H2 pressure. 

Therefore, after changing the gas, a sudden release of H2 from the sample can 

be observed in the mass spectra. 

 

Figure 8.19. IR spectra of nitrobenzene (up) and styrene (down) on KBr. 
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Figure 8.20. DRIFTS adsorption of nitrobenzene, styrene and co-adsorption of 

nitrobenzene and styrene on Co@C NPs (a) and Co@C-250Air (b). 

 

Figure 8.21. DRIFTS co-adsorption of nitrobenzene and styrene on Co@C-

450Air. Both spectrum collected after the adsorption (black line) and spectrum 

collected after evacuation (blue line) are presented. 
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3.5 Catalytic mechanism 

 

Figure 8.22. Proposed reaction pathways of hydrogenation of 3-nitrostyrene on 

Co@C NPs with coverage of carbon layers (a) and defective coverage of carbon 
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layers (b). In schematic illustration (a), the chemoselective hydrogenation of –

NO2 groups can be divided into the following steps: the diffusion of H2 from 

the gas phase up to the surface of metallic Co NPs (1), activation of H2 (2), 

adsorption of the nitro aromatic (3), H-transfer from Co NPs to –NO2 groups 

(4) for selective hydrogenation of –NO2 groups. The scheme presented in (b), 

sample with Co3O4 patches after removal part of carbon layers, hydrogenation 

of –NO2 and =C groups can be divided into following steps, including the 

diffuse of H2 to the surface of metallic Co NPs (1), activation of H2 (2), 

hydrogen transfer (3) and hydrogenation of both –NO2 and C=C groups (4). In 

schematic illustration (c), for the in situ reduced sample after removal part of 

carbon layers, the chemoselective hydrogenation of –NO2 groups can be 

divided into several steps, including the diffuse of H2 to the surface of metallic 

Co NPs (1), activation of H2 (2), H-transfer from Co NPs to –NO2 groups (3) 

and selective hydrogenation of –NO2 groups (4). 

 

It appears then that unless Co nanoparticles are reduced to metallic 

nanoparticles, their activity and selectivity will be relatively low. In the case 

that partial (surface) oxidation occurs not only the hydrogenation activity is low, 

but also it will favor adsorption of styrene versus nitrobenzene, which can 

further favor the loss of chemoselectivity during the hydrogenation of 3-

nitrostryrene. 

Based on the above catalytic results and spectroscopic characterizations, we 

propose a reaction mechanism of chemoselective hydrogenation of 3-

nitrostyrene on Co@C NPs covered by disordered carbon layers. Three cases 

with different oxidation state of Co and coverage of carbon layers are 

considered. As shown in Figure 8.22, the first step in the hydrogenation 

reaction catalyzed by both Co@C and Co@C-250Air is the diffusion of H2 to 

the surface of Co NPs under the cover of carbon layers. Then H2 will be 

activated by Co NPs and form active H species. The third step will be different 

for Co@C and Co@C-250Air due to their different adsorption properties to the 

substrate molecules. In the case of Co@C (Figure 8.22a), 3-nitrostyrene will 

be adsorbed on metallic Co preferentially through the –NO2 groups, which will 

be reduced by the active H species formed on Co NPs. The adsorption of C=C 

bond on Co@C sample is relatively weak. However, in the case of Co@C-
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250Air (Figure 8.22b), both C=C and –NO2 group can have direct access to the 

surface of Co NPs. As a consequence, both –NO2 and C=C groups can be 

hydrogenated by H2, resulting in lower selectivity. When Co@C-250Air is 

reduced by H2 before the catalytic test (Figure 8.22c), more metallic Co sites 

will selectively absorb –NO2 group instead of C=C bond, leading to high 

activity and selectivity.  

 

3.6 Scope of the catalyst 

The scope of Co@C NPs in hydrogenation of substituted nitroarenes was 

investigated by reacting substituted nitrobenzene with halogens, amides, ester 

groups. In all cases, activity and chemoselectivity were high when working 

under mild reaction condition (Table 8.2). Selective hydrogenation of –NO2 

groups can be performed in the presence of groups such as olefins, alkynes and 

carbonyl under much lower H2 pressure (7-10 bar) compared with previous 

reports (30-50 bar).10-12 As it can be seen in Table 8.2, all the substrates can be 

selectively transformed with over 93% selectivity. Most of the entries show 

over 90% yield in the case of both electron-deficient and electron-rich 

substituents. Co@C NPs are also active and selective for nitroarenes with easily 

reducible moieties including alkyne, amide, ester, ketone and halogens. In 

previous work, the yields of heteroaromatic amines are not very high (from 53% 

to 75%). With Co@C NPs, we can get much higher yield of heteroaromatic 

amines (Entry 9 and 10 in Table 8.2). Thus, Co@C NPs are superior catalysts 

for chemoselective hydrogenation of nitroarenes under mild conditions. 
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Table 8.2. Scope of the hydrogenation of nitroarenes catalyzed by Co@C NPs. 

Reaction condition: Co@C NPs is 30 mg. 0.5 mmol nitroarenes, 30 μL 

dodecane as the internal standard, 2 mL toluene as the solvent. †100 mg Co@C 

NPs as the catalyst. ‡2 mL THF as the solvent. 
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4. Conclusions 

  In this work, we present a strategy for the synthesis of Co@C NPs. Metallic 

Co NPs are covered by thin carbon layers with small cracks. H2 can diffuse 

through the cracks in the thin carbon layers and be activated at room 

temperature. The existence of carbon layers can protect the Co NPs from over-

oxidation by air. This type of material shows good activity and selectivity for 

hydrogenation of nitroarenes with wide scope and good tolerance. They can 

also give high yields of heteroaromatic amines. The adsorption properties of 

substrate molecules will be affected by the chemical state of Co. Combing with 

in situ IR adsorption experiments and results from electron microscopy, a 

reaction mechanism is proposed in where the important role of metallic cobalt 

and the negative role of CoOx for the selective hydrogenation reaction is shown. 

And non-direct involvement of the carbon in the reaction is also proposed. The 

role of carbon layers is as protection of the Co NPs from getting deeply oxidized. 

This work provides new insights to design non-noble metal catalysts for 

heterogeneous catalytic applications.  
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Abstract 

A new strategy to transform non-noble metal oxide nanoparticles (NPs) into 

highly active and selective metallic NPs as hydrogenation catalysts by a simple 

carbon coating process based on hydrothermal treatment with glucose is 

presented. During the carbon coating process, metal oxide NPs will be reduced 

to metallic NPs and covered by thin carbon layers, resulting in formation of 

Metal@C NPs. Through this method, monometallic Co@C has been prepared, 

which show excellent activity and selectivity for chemoselectivity 

hydrogenation of substituted nitroarenes to corresponding anilines under mild 

conditions. Kinetic, isotopic and spectroscopic studies indicate that hydrogen 

dissociation-addition is the controlling step in chemoselective hydrogenation 

reaction with Co@C NPs. Stabilization and the reaction rate of metallic Co is 

improved by preparing bimetallic CoNi@C catalyst, leading to almost five-fold 

improved activity. Our preparation method enables to synthesize non-noble 

bimetallic CoNi@C nanoparticles with nearly one-order magnitude higher 

activity than any Co-based non-noble metal catalysts prepared by other 

methods, without necessity to involve the promoting role of metal-N 

interactions. At last, we also show the application of of Co@C NPs for 

hydrogenation of levulinic acid to γ-valerolactone. 

 

1. Introduction 

Substituting noble metal (NM) catalyst by non-noble metal (NNM) catalyst 

not only presents economic advantages but also represents a promising 

approach for a more sustainable chemistry.1 Non-noble metal nanoparticles 

(NPs) have been utilized as efficient catalyst for electrocatalysis, 

photocatalysis and heterogeneous catalysis.2-4 Nevertheless, in most of the 

results presented up to now, the catalytic performances achieved by the 

alternative NNM are still lower than those of NM catalysts.  

With the aim to improve activity and selectivity of NNM, several catalyst 

synthesis methodologies have been presented and for preparing and stabilizing 

the transition metal NPs, they have to be protected by some capping ligands or 

solid support. In the last decade, the preparation of transition metal NPs by wet-

chemistry method has been well established, and it has been shown that organic 

ligands can stabilize transition metal NPs.5,6 However, the productivity of this 
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method is usually low and these metal NPs are not stable enough in air. In 

addition, expensive organic ligands are required in some cases. Bimetallic NPs 

can also be prepared by wet-chemistry method through the thermal 

decomposition of metal precursors in solvent,7 though in some cases, it is 

difficult to obtain alloyed bimetallic nanoparticles due to their different 

nucleation dynamics in solution.8,9 Thermal decomposition of metal complex 

or metal-organic framework (MOF) materials is another preparation procedure 

leading to metal NPs covered by carbon layers.10,11 Unfortunately, it will be 

difficult to prepare bimetallic or multi-metallic NPs by the thermal 

decomposition procedure.  

In this work, we will present a general strategy to transform easily transition 

metal oxide NPs into mono and bimetallic NPs with well-defined 

nanostructures. The synthesis methodology presented here uses glucose as a 

green carbon source and employs a hydrothermal treatment to obtain mono and 

bimetallic catalysts coated by thin carbon layers. The resultant materials are 

protected by the carbon layers from deep oxidation by air. The catalyst 

preparation strategy is illustrated here by Co@C and CoNi@C samples. The 

obtained materials show much higher catalytic activity for chemoselective 

hydrogenation of substitute nitroarenes into corresponding substituted anilines 

than previously reported non-noble metal catalysts. 

In has to be pointed out that in previous works, it has been proposed that 

preparation of NNM catalysts by decomposition of organometallic precursors 

with nitrogen-containing ligands yields highly active catalysts for the 

abovementioned reaction. It was claimed that a metal-nitrogen interaction was 

established in the final catalyst and metal-nitrogen interaction was thought to 

be a key factor to explain the high catalytic activity.12,13 In this work, we will 

present that our preparation strategy does not require organometallic 

compound as metal source, neither requires to introduction metal-nitrogen 

interaction to achieve mono and bimetallic NNM catalysts with higher 

activities. 

 

2. Experiments  

Synthesis of Co3O4 NPs as precursor for Co@C NPs. Co3O4 NPs were 

prepared by following a reported procedure.14 4.94 g of Co(Ac)2 was dissolved 
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in 100 mL of glycol under stirring at 160 oC. 4.24 g of Na2CO3 was dissolved 

in 160 mL of distilled water. When Co(Ac)2 was totally dissolved in glycol and 

a purple solution was formed, Na2CO3 aqueous was added into the Co(Ac)2 

glycol solution drop by drop. It took about 1.5 h to 2 h to finish the process. 

After adding Na2CO3 aqueous, the suspension was aged for one additional hour 

before cooling down. Purple solid product would be obtained after filtration of 

the suspension and washed with water and acetone. After drying in oven at 60 
oC for 16 h, the solid product was sent to calcination in static air at 450 oC for 

3 h with a ramp rate of 1 oC/min from room temperature to 450 oC. 

 

Synthesis of Co@C NPs through carbon coating process. 360 mg of glucose 

was dissolved in 20 mL distilled water. Then 0.5 g of Co3O4 NPs was dispersed 

in the glucose aqueous under ultrasonic treatment. The black suspension was 

transferred into autoclave and kept at 175 oC for 18 h. After cooling down to 

room temperature, the solid product was washed by water and acetone and dried 

in oven at 60 oC, resulting the formation of two-dimensional Co(OH)2/C 

composites. Co@C NPs could be obtained by annealing the Co(OH)2/C 

composites in N2 at 600 oC for 2 h with a ramp rate of 10 oC/min from room 

temperature to 600 oC. After keeping at 600 oC for 2 h, the sample was cooled 

down in N2 flow to room temperature and stored in glass vail in the ambient 

environment. 

 

Synthesis of Ni-Co3O4 NPs as precursor for bimetallic NPs. The preparation 

of Ni-Co3O4 NPs was similar to Co3O4 NPs with some modifications of the 

amount of inorganic metal salts. 4.94 g of Co(Ac)2 and 2.5 g of Ni(Ac)2·4H2O 

was dissolved in 100 mL of glycol under stirring at 160 oC. 5.0 g of Na2CO3 

was dissolved in 160 mL of distilled water. When Co(Ac)2 and Ni(Ac)2 were 

totally dissolved in glycol and form red solution, Na2CO3 aqueous was added 

into the Co(Ac)2 glycol solution drop by drop. It took about 1.5 h to 2 h to finish 

the process. After adding Na2CO3 aqueous, the suspension was aged for one 

additional hour before cooling down. Solid product would be obtained after 

filtration of the suspension and washed with water and acetone. After drying in 

oven at 60 oC for 16 h, the solid product was sent to calcination in static air at 

450 oC for 3 h with a ramp rate of 1 oC/min from room temperature to 450 oC. 



Chapter 9 

346 
 

Synthesis of bimetallic CoNi@C NPs through carbon coating process. For 

the preparation of bimetallic CoNi@C NPs, we followed a similar procedure to 

the one described for monometallic Co@C NPs. 0.5 g of Ni-doped Co3O4 (Ni-

Co3O4) NPs was used as the precursor. The other experimental procedures were 

the same.  

 

Synthesis of Ni@C through carbon coating process. 

5.0 g of Ni(Ac)2·4H2O was dissolved in 100 mL glycol under stirring at 160 oC. 

5.0 g of Na2CO3 was dissolved in 160 mL of distilled water. When Ni(Ac)2 was 

totally dissolved in glycol and a green solution was formed, Na2CO3 aqueous 

was added into the Ni(Ac)2 glycol solution drop by drop. It took about 1.5 h to 

2 h to finish the process. After adding Na2CO3 aqueous, the suspension was 

aged for one additional hour before cooling down. Green solid product would 

be obtained after filtration of the suspension and washed with water and acetone. 

After drying in oven at 60 oC for 16 h, collect the solid and use as the precursor 

for Ni@C NPs. The preparation of Ni@C NPs was similar to monometallic 

Co@C NPs using 0.5 g green solid from the precipitation of Ni(Ac)2 as the 

precursor. The other experimental procedures were the same.  

 

Preparation of Co@C nanoparticles from the thermal decomposition of 

metal-organic framework (MOF) precursor.  

Herein, two types of Co-containing MOF materials were prepared using 

different linkers. One linker is trimesic acid with nitrogen and the other is 2-

methylimidazole with nitrogen. Co-BTC MOF was prepared using trimesic 

acid as linker. In a typical synthesis, 1.05 g of trimesic acid and 2.91 g of cobalt 

nitrate hexahydrate was dissolved in a mixed solvent (20 mL DMF + 20 mL 

H2O + 20 mL ethanol) under stirring at room temperature. When all the solid 

precursor was dissolved, the mixture was transferred to an autoclave and kept 

at 100 oC for 18 h. After the hydrothermal reaction, the solid purple product 

was washed and dried at 60 oC. The Co@C-BTC sample was obtained by 

thermal decomposition of Co-BTC-MOF in Ar at 600 oC. 

In a typical synthesis of ZIF-67, cobalt nitrate hexahydrate (0.9 g) was 

dissolved in 6 mL of deionized water, and 2-methylimidazole (11.0 g) was 

dissolved in 40 mL of deionized water. The two solutions were mixed and kept 
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stirring for 24 h at room temperature. The resulting purple precipitates were 

collected by centrifugation and filtration, washed with water and methanol 

subsequently for 3 times, and finally dried under vacuum at 60 °C for 24 h. The 

Co@C-ZIF sample was obtained by thermal decomposition of ZIF-67 in N2 at 

600 oC. 

 

Preparation of Co@C/C catalyst.  

The supported Co@C/C catalyst was prepared according to literature. [10] 

Cobalt(II) acetate tetrahydrate (127 mg) and 1,10-phenanthroline (184 mg) 

(Co:phenanthroline=1:2 molar ratio) were dissolved in ethanol (50 mL) at room 

temperature. Then, carbon powder (690 mg) (VULCAN® XC72R, Cabot 

Corporation) was added and the whole mixture was refluxed for 4 hours. The 

mixed suspension was cooled to room temperature and the solvent was removed 

by evaporation. The solid sample obtained was dried at 60 oC for 12 hours. The 

oven was heated to 800 oC with a ramp rate of 25 oC/min and held at 800 oC for 

2 hours under Ar atmosphere. After that, the sample was cooled down to room 

temperature. 

 

2.2 Characterizations 

Powder X-ray diffraction (XRD) was performed with a HTPhilips X’Pert 

MPD diffractometer equipped with a PW3050 goniometer using Cu Kα 

radiation and a multisampling handler.  

Samples for electron microscopy studies were prepared by dropping the 

suspension of solid sample using CH2Cl2 as the solvent directly onto holey-

carbon coated copper grids. All the measurements were performed in a JEOL 

2100F microscope operating at 200 kV both in transmission (TEM) and 

scanning-transmission modes (STEM). STEM images were obtained using a 

High Angle Annular Dark Field detector (HAADF), which allows Z-contrast 

imaging.  

Raman spectra were recorded at ambient temperature with a 785 nm HPNIR 

excitation laser on a Renishaw Raman Spectrometer (“Reflex”) equipped with 

an Olympus microscope and a CCD detector. The laser power on the sample 

was 15mW and a total of 20 acquisitions were taken for each spectrum. 

X-ray photoelectron spectra (XPS) of the catalysts were recorded with a 
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SPECS spectrometer equipped with a Phoibos 150MCD-9 multichannel 

analyzer using non-monochromatic MgKα (1253.6 eV) irradiation. Spectra 

were recorded using analyser pass energy of 30 eV, an X-ray power of 100W 

and under an operating pressure of 10-9 mbar. Peak intensities have been 

calculated after nonlinear Shirley-type background subtraction and corrected 

by the transmission function of the spectrometer. During data processing of the 

XPS spectra, binding energy (BE) values were referenced to C1s peak (284.5 

eV). CasaXPS software has been used for spectra treatment. The H2 pre-

treatment on the NNM@C samples was performed in a reaction cell connected 

to XPS analysis chamber. After the H2 reduction treatment, the samples were 

transferred into the XPS analysis chamber without contact with air. 

H2-D2 exchange experiments were carried out in a flow reactor. The feed gas 

consisted of 4 mL/min H2, 4 mL/min D2 and 18 mL/min argon, and the total 

weight of catalyst was ca. 40 mg. Reaction products (H2, HD and D2) were 

analysed with a mass spectrometer (Omnistar, Balzers). For the samples that 

need to be reduced before the H2-D2 exchange experiments, they were in situ 

reduced at 120 oC for 2 h with a temperature-rising rate of 10 oC/min from room 

temperature to 120 oC. Then the temperature was decreased to 25 ºC and, once 

stabilized, the H2 feed was change to the reactant gas composition. 

The redox properties of NNM@C NPs are evaluated by Temperature-

programmed reduction (TPR). Micromeritics AutoChem 2910 catalyst 

characterization system with a thermal conductivity detector (TCD) was used. 

Prior to each experiment, about 40 mg of sample was pretreated at room 

temperature in flowing He (10 mL/min) for 20 min. The sample was treated by 

heating from 25 °C to 600 °C at a rate of 5 °C min–1 in a flow of 10 vol.% H2 

in Ar. The total gas flow rate was 50 mL/min–1. 

 

2.3 Catalytic tests 

2.3.1 Hydrogenation of nitroarenes 

The chemoselective hydrogenation of nitroarenes was performed in batch 

reactors. The reactant, internal standard (dodecane), solvent (toluene or THF), 

powder catalyst as well as a magnetic bar were added into the batch reactor. 

After the reactor was sealed, air was purged by flushing two times with 10 bar 

of hydrogen. Then the autoclave was pressurized with H2 to the corresponding 
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pressure. The stirring speed is kept at 1100 rpm and the size of the catalyst 

powder is below 0.05 mm to avoid either external or internal diffusion 

limitation. Finally, the batch reactor was heated to the target temperature. For 

the kinetic studies, 50 μL of the mixture was taken out for GC analysis at 

different reaction time. For the scope studies, 100 µL of the mixture was taken 

out for GC analysis. The products were also analyzed by GC-MS. 

 

2.3.2 Hydrogenation of levulinic acid to γ-valerolactone 

The chemoselective hydrogenation of levulinic acid was performed in batch 

reactors. 1 mmol of levulinic acid, internal standard (dodecane), solvent 

(toluene), and powder catalyst as well as a magnetic bar were added into the 

batch reactor. After the reactor was sealed, air was purged by flushing two times 

with 10 bar of hydrogen. Then the autoclave was pressurized with H2 to the 

corresponding pressure. The stirring speed is kept at 1100 rpm and the size of 

the catalyst powder is below 0.05 mm to avoid either external or internal 

diffusion limitation. Finally, the batch reactor was heated to the target 

temperature. The products were also analyzed by GC and GC-MS. 

 

Figure 9.1. Schematic illustration of the transformation of metal oxide NPs 

(MOx) into metallic transition NPs covered by thin carbon layers (NNM@C) 

through a facile carbon-coating and graphitization process. 

 

3. Results and discussions 

3.1 Preparation of transition metal NPs 

Metal oxide nanoparticles can easily be achieved by a precipitation-

calcination procedure (see experimental section for details) and their 

transformation into non-noble metallic NPs covered by carbon layers 

(NNM@C) is described in Figure 9.1. The carbon source was coated on the 

metal oxide NPs by a hydrothermal treatment with aqueous glucose. After 
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graphitization treatment at 600 oC, the organic layers coated on the metal oxide 

NPs decomposed and condensed into thin carbon layers. Simultaneously, metal 

oxide NPs were reduced by the carbon, forming metallic NPs covered by thin 

carbon layers. More specifically, Co@C NPs were prepared starting from 

Co3O4 NPs with high surface areas (with a BET surface area of 110 m2/g 

measured by N2 isotherms). Preparation procedure of the Co3O4 NPs is given 

in the experimental section. The morphological characterization of Co3O4 

nanoparticles is shown in Figure 9.2. When Co3O4 nanoparticles were 

dispersed in a solution of glucose in water and treated under hydrothermal 

condition at 175 oC, they transformed into ultrathin Co(OH)2 nanosheets (see 

Figure 9.3 and Figure 9.4). During the hydrothermal process, glucose was 

coated on the Co(OH)2 nanosheets, resulting in formation of Co(OH)2/glucose 

nanocomposites, as confirmed by elemental mapping (see Figure 9.S4). A 

subsequent thermal treatment in inert atmosphere at 600 oC led to the 

graphitization of carbon and the reduction of Co3O4 into metallic Co by carbon, 

resulting in the formation of Co@C NPs.  

 

Figure 9.2. TEM images of Co3O4 nanoparticles. 
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Figure 9.3. XRD patterns of Co3O4, Co(OH)2/C nanosheets and Co@C NPs. 

 

Figure 9.4. TEM images of Co(OH)2/C nanosheets. (a, b) Low-magnification 
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TEM images of ultrathin two-dimensional Co(OH)2/C composite nanosheets. 

(c) The thickness of the Co(OH)2/C nanosheets is ca. 1 nm. (d) When the nearly 

amorphous nanosheets is irradiated by the electron beam for 1 min, the 

Co(OH)2 will be transformed into small Co3O4 nanoparticles. 

 

 
Figure 9.5. Elemental mapping of two-dimensional Co(OH)2/C 

nanocomposites. Co, C and O are well overlapped in the elemental mapping 

images. 

 

  XRD pattern of Co@C NPs is shown in Figure 9.3. Only the diffraction 

pattern of metallic Co including cubic Co (fcc type, PDF code 96-900-8467) 

and hexagonal Co (hcp type, PDF code 96-900-8493) can be observed. The 

morphology of Co@C NPs was characterized by TEM, and as shown in Figure 

9.6a, Co NPs are dispersed on thin carbon films with good dispersion. The 

crystal lattice fringes corresponding to metallic Co can be observed in the high-

resolution TEM images (see Figure 9.6b). In addition, the Co NPs are partially 
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covered by thin carbon layers. Those thin carbon layers can protect from over 

oxidation by air, avoiding the deep oxidation of Co NPs. Nevertheless, some 

CoOx patches can also be found in the Co@C NPs, which should come from 

re-oxidation of the surface of metallic Co NPs after preparation and exposure 

to air (see Figure 9.7). The presence of CoOx and the disordered carbon layers 

coated on Co nanoparticles are also confirmed by Raman spectroscopy (see 

Figure 9.8). For comparison, Co3O4 nanoparticles were directly reduced by H2 

at 450 oC to get metallic Co nanoparticles (the sample is denoted as Co3O4-R). 

As shown in Figure 9.9, compared with Co@C sample, the Co3O4-R shows 

larger particle size and much higher percentage of CoOx species, suggesting 

that the introduction of carbon layers to Co nanoparticles can effectively protect 

the metallic Co nanoparticles from deep oxidation by air. 

 

 

Figure 9.6. (a, b) TEM images of Co@C NPs, (c, d) TEM images of Ni@C 

NPs, (e, f) TEM images of CoNi@C NPs, (g) elemental mapping of Co, Ni and 

C in the CoNi@C sample and (h) linescan of the relative amount of Ni and Co 

in a single CoNi@C nanoparticle. 
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Figure 9.7. More high-resolution TEM images of Co@C NPs. The cracks of 

the thin carbon layers are indicated by white arrows. The CoOx patches are 

indicated by red circles. 

 

Figure 9.8. Raman spectra of Co@C, CoNi@C and Ni@C NPs. In Co@C and 



Chapter 9 

355 
 

CoNi@C samples, strong Raman bands corresponding to Co3O4 can be 

observed. In the Ni@C, several bands with weak intensity corresponding to 

NiO are also observed. In all the three samples, D band and G band associated 

with disordered carbon are observed. 

 

 

Figure 9.9. (a) TEM image, (b, c) high-resolution TEM images of Co3O4-R 

sample. (d) Selected-area electron diffraction pattern of Co3O4-R sample. 
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Figure 9.10. Catalytic performances of Co@C, Co3O4-R and Co3O4 

nanoparticles in chemoselective hydrogenation of 3-nitrostyrene to 3-

aminostyrene. Reaction conditions: 0.5 mmol 3-nitrostyrene, 30 mg Co@C 

NPs as the catalyst, 2 mL toluene as solvent, 40 μL dodecane as the internal 

standard. The black legends and red legends correspond to conversion and 

selectivity, respectively. The bi-product is mainly the full hydrogenation 

product, 3-ethylaniline. 

 

Figure 9.11. Study the limiting step of hydrogenation of 3-nitrostyrene with 

Co@C NPs. Reaction conditions: 0.5 mmol 3-nitrostyrene, 15 mg Co@C NPs 
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as the catalyst, 2 mL toluene as solvent, 120 oC. The catalyst has been pre-

reduced by H2 at 160 oC. 

 

To show the effects of carbon-coating process on the catalytic properties of 

Co NPs, the chemoselective hydrogenation of 3-nitrostyrene was chosen as the 

model reaction. As it can be seen in Figure 9.10, both Co@C and Co3O4-R 

samples show hydrogenation activity. For Co@C sample, the hydrogenation of 

3-nitrostyrene occurs very rapidly without obvious induction period (ca. 10 

min), whereas, Co3O4-R sample shows an induction period of about 30 min, 

which is due to the in-situ reduction of CoOx patches in the sample. [15] 

Notably, Co@C NPs show higher selectivity to 3-aminostyrene than Co3O4-R 

sample. These results are consistent with our previous works, showing that the 

role of carbon layers is to protect the non-noble metal NPs from deep oxidation 

by air and promote the in situ reduction of CoOx patches in the Co@C NPs 

under reaction conditions.15 

The kinetics for the hydrogenation of 3-nitrostyrene with Co@C sample was 

studied and results are presented in Figure 9.11. It can be seen that the initial 

reaction rate for hydrogenation increases linearly with the partial pressure of H2 

while remains practically no affected when changing the concentration of 3-

nitrostyrene. The direct conclusion from the above results would be that, with 

Co@C catalyst, the reaction is controlled by H2 dissociation or hydrogen 

addition. It has been shown that in the case of Au/TiO2, the reaction rate of 

hydrogenation of nitroarenes was significantly improved by introducing a small 

amount of Pt to Au/TiO2 catalyst, which can dissociate H2 much more rapidly 

than solely Au nanoparticles.16 On those basis and aiming to prepare an active 

and selective NNM catalyst, we decide to prepare bimetallic CoNi@C NPs. It 

is expected that the presence of Ni should improve the rate of H2 dissociation 

and still maintain the high chemoselectivity. For preparing such a bimetallic 

catalyst, we started from a sample of Ni-doped Co3O4 NPs as precursor. After 

the coating of glucose through hydrothermal reaction and annealing at 600 oC, 

CoNi@C bimetallic NPs (the molar ratio of Co/Ni in this sample is 77/23) 

covered by thin carbon layers can be prepared. As can be seen in Figure 9.12, 

XRD pattern of the starting Ni-Co3O4 nanoparticles is similar to that of Co3O4 

nanoparticles. The homogeneous dispersion of Ni species in Co3O4 
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nanoparticles is also confirmed by STEM elemental mapping (see Figure 9.13). 

XRD pattern of CoNi@C NPs is shown in Figure 9.14. Only diffraction peaks 

corresponding to fcc-type of CoNi alloys can be seen. The structures of 

CoNi@C NPs are investigated by TEM. As shown in Figure 9.6e, the particle 

size of bimetallic CoNi@C NPs is ranging from 20 to 100 nm and lattice fringes 

with spacing of 0.21 nm corresponding to CoNi alloy can also be observed in 

high-resolution TEM image. Similarly, the CoNi NPs are also covered by thin 

carbon layers (see Figure 9.6f). The distribution of Co and Ni in bimetallic 

CoNi@C NPs are studied by EDS elemental mapping. As it can be seen in 

Figure 9.6g, the spatial distribution of Co, Ni and C overlap very well, 

indicating that Co and Ni have formed fully alloyed structures. Nevertheless, 

the alloy structure of CoNi@C NPs is also confirmed by EDS line-scan profile 

of a single CoNi NP, as presented in Figure 9.6h. 

 

Figure 9.12. XRD patterns of Co3O4 and Ni-Co3O4 nanoparticles. 
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Figure 9.13. (a, b) TEM images of Ni-Co3O4 nanoparticles with similar 

morphology to Co3O4 nanoparticles.  

 

Figure 9.14. XRD patterns of Ni@C, Co@C and CoNi@C NPs. 

 



Chapter 9 

360 
 

 

Figure 9.15. (a) Co 2p and (b) Ni 2p regions of the XPS spectra of fresh Co@C, 

Ni@C, CoNi@C and Ni-Co3O4 samples and the samples after reduction by H2 

at 400 oC. 

 

Figure 9.16. TPR profile of CoNi@C and Ni-Co3O4 samples. 
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3.2  Characterizations of NNM@C NPs 

The surface properties of Co@C, Ni@C and bimetallic CoNi@C NPs were 

studied by XPS (see Figure 9.15a and 15b). For the fresh Co@C NPs, due to 

the re-oxidation by air after the synthesis, only CoOx without metallic Co0 can 

be detected by XPS. Metallic Co0 can only be detected by reducing the sample 

by H2 in a high-pressure reactor connected to the XPS chamber.17 However, in 

the CoNi@C sample, without any pre-treatments, metallic Co0 can be seen 

clearly in the Co 2p region, indicating that Ni can contribute to stabilize the 

active metallic Co0. In our previous work15, it has been shown that metallic Co 

is the active phase for hydrogenation of nitroarenes. Therefore, the introduction 

of Ni into Co@C NPs can contribute to the stabilization of metallic Co, while 

increasing the role of H2 dissociation. 

  As shown in the morphological characterizations, those carbon-coated 

transition metal nanoparticles (NNM@C NPs) will be re-oxidized by air, 

resulting in formation of oxide patches on the surface. Therefore, an in-situ 

reduction of those metal oxide patches on the surface on NNM@C NPs will 

occur at the beginning stage of hydrogenation reaction. The redox property of 

NNM@C NPs can be studied by temperature-programmed reduction (TPR). As 

it can be seen in Figure 9.16, the two metal oxide samples show high H2 

consumption, while three reduced sample show low H2 consumption. Notably, 

the CoNi@C sample shows low reduction onset temperature and lowest H2 

consumption among all the samples, suggesting that the percentage of metal 

oxide patches in CoNi@C is lower than that in Co@C, and the introduction of 

Ni into Co@C NPs can promote the reducibility of CoOx by H2.
18 
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3.3 Catalytic properties of NNM@C NPs 

Figure 9.17. H2-D2 exchange experiments on Co@C (a), CoNi@C (b) and 

Ni@C (c) NPs. All the three samples are pre-reduced by H2 before the H2-D2 

exchange experiments.  

  The activity of the as-prepared CoNi@C and Co@C NPs for H2-D2 exchange 

was measured and the results are presented in Figure 9.17. It can be seen that 

with the bimetallic CoNi@C NPs show a more than two-fold improved rate for 

H2 dissociation than Co@C NPs, and Ni@C NPs show the highest activity. 

Furthermore, the catalytic performance of three samples (Co@C, Ni@C and 

CoNi@C) have also been tested for the hydrogenation of 3-nitrostyrene under 

mild conditions (120 oC and 7 bar of H2). The initial reaction rates normalized 

to the mass of metal catalysts are shown in Figure 9.18. Ni@C sample shows 

the highest activity and CoNi@C shows 4-fold higher activity than Co@C, 

which is in line with the H2-D2 exchange results. The selectivity to the desired 

3-aminostyrene product at high conversion (> 95%) of three catalysts are

presented in Figure 9.18b. Co@C and CoNi@C NPs show excellent selectivity 

(> 97%) for the hydrogenation of 3-nitrostyrene while Ni@C shows lower 

chemoselectivity (~80%) towards 3-aminostyrene (see the distributions of 

products in Figure 9.19), which is consistent with previous results from ours 

and other groups.19-21 The synergistic effect between Co and Ni contributes the 

high activity and selectivity of CoNi@C NPs.22 Moreover, Compared with 

Co@C NPs prepared by thermal decomposition of Co-EDTA complex, Co@C 
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NPs generated by the carbon-coating method show much higher activity for 

hydrogenation of 3-nitrostyrene (see Figure 9.20). H2-chemisorption shows 

that, the percentage of exposed Co atoms in Co@C from carbon-coating 

method is much higher, which is probably responsible for the different catalytic 

activities observed. 

 

Figure 9.18. Catalytic performances of Co@C, CoNi@C and Ni@C NPs in 

selective hydrogenation of 3-nitrostyrene. (a) The initial reaction rates are 

calculated when the conversion of 3-nitrostyrene is below 20%. (b) The 

selectivity to 3-aminostyrene when the conversion reaches >90% on three 

catalysts under the same condition. 

 

Figure 9.19. Time profile of the conversion of the distribution of products in 

the hydrogenation of 3-nitrostyrene using Ni@C as the catalyst. As it can be 
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seen, 3-nitrosostyrene can be observed during the hydrogenation reaction as 

intermediate. When the reaction reach high conversion (> 95%), 3-

ethylaniline is the major bi-product. 

 

Figure 9.20. (a) Percentage of exposed surface metal atoms in Co@C NPs 

prepared by thermal decomposition of Co-EDTA complex (Co@C-EDTA) 

and Co@C NPs prepared by carbon-coating method described (Co@C-carbon 

coating) in this work. (b) Initial reaction rate of Co@C-EDTA and Co@C-

carbon coating in hydrogenation of 3-nitrostyrene. 
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Table 9.1. Scope study of chemoselective hydrogenation of nitroarenes 

catalyzed by CoNi@C NPs. 
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Figure 9.21. TEM images of CoNi@C NPs after the hydrogenation of 3-

nitrostyrene. The thin carbon layers covered on CoNi NPs are still preserved 

after the reaction, as indicated by white arrows. 

 

Figure 9.22. Elemental mapping of CoNi@C NPs after the hydrogenation of 



Chapter 9 

367 
 

3-nitrostyrene. The distribution of Ni, Co and C in both a large area with lots of 

CoNi@C NPs and a single CoNi@C NP are presented.  

 

Figure 9.23. Linescan of the content of Ni (green)and Co (red) in bimetallic 

CoNi@C NPs after the hydrogenation of 3-nitrostyrene. 

 

Figure 9.24. Stability tests of CoNi@C NPs. The catalytic performances of 

recycled Co@C NPs in hydrogenation of 3-nitrostyrene. Reaction conditions: 

15 mg CoNi@C catalyst, 0.5 mmol of 3-nitrostyrene, 2 mL toluene, 40 μL of 

dodecane as internal standard, 120 oC and 7 bar of H2. After each test, the 

CoNi@C catalyst are recycled by the magnetic bar and wash with acetone and 

toluene. 
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Figure 9.25. (a) STEM image of the commercial Au/TiO2 catalyst (from 

AUROlite, with 1.0 wt.% of Au). (b) Size distribution of Au nanoparticles in 

the Au/TiO2 sample, showing the average size of Au nanoparticles is ca. 2.4 nm. 

(c) Comparison between Au/TiO2 and CoNi@C in hydrogenation of 3-

nitrostyrene. Reaction conditions: 15 mg solid catalyst, 7 bar of H2, 120 oC, 0.5 

mmol of 3-nitrostyrene and 2 mL toluene as solvent. (d) Comparison of the 

initial reaction rate based on the same amount of Au/TiO2 and CoNi@C solid 

catalysts. (e) Comparison of the turnover frequency (TOF) based on the amount 

of surface atoms in Au/TiO2 and CoNi@C catalysts. The amount of surface Au 

atoms in Au/TiO2 are calculated based on the particle size distribution while the 

amount of exposed surface atoms in CoNi@C sample is calculated according 

to the H2 chemisorption. 

 

The structure of CoNi@C NPs after the hydrogenation of 3-nitrostyrene was 

also investigated by TEM. As shown in Figure 9.21, the particle size 
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distribution of CoNi NPs is similar to the fresh catalyst and they are still 

covered by the thin carbon layers, indicating the stability of CoNi NPs. As 

displayed in Figure 9.22 and Figure 9.23, the alloyed structures of CoNi 

bimetallic NPs are preserved after the hydrogenation reaction. No obvious 

phase separation between Ni and Co can be observed, which further confirms 

that the carbon layers can effectively promote the chemical stability of 

bimetallic nanoparticles. The good stability of CoNi@C NPs is also reflected 

by its good recyclability for the selective hydrogenation of 3-nitrostyrene (see 

Figure 9.24).  

It should be remarked that the scope of the bimetallic CoNi@C NPs is very 

good as can be seen from results given in Table 9.1. At this point, it can be 

concluded that a facile method to synthesize stable, active and selective non-

noble metal catalysts for chemoselective hydrogenation of nitroarenes has been 

developed. 

  Substituted anilines were obtained from the corresponding nitroarenes with 

high chemoselectivity using noble metal catalysts, such as Au/TiO2, Au-

Pt/TiO2.
23 As shown in Figure 9.25, CoNi@C sample shows much higher 

reaction rate than Au/TiO2 when the same amount of solid catalyst is used for 

the reaction. Nevertheless, the turnover frequency (TOF) based on surface 

metal atoms were also calculated and compared. As it can be seen in Figure 

9.25d and Figure 9.25e, regardless how the catalytic performance is compared 

(initial reaction rate with the same amount of solid catalyst or TOFs based on 

exposed surface metal atoms), CoNi@C sample is clearly more active than 

Au/TiO2, indicating that non-noble bimetallic NPs can serve as promising 

substitute for noble metal catalysts. 
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Figure 9.26. Elemental mapping of CoNi@C sample prepared in N2 

atmosphere in different areas, showing the fully alloyed structure of bimetallic 

CoNi nanoparticles. 
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Figure 9.27. (a, b) TEM and HRTEM images and (c-f) Elemental mapping of 

CoNi@C sample prepared in Ar atmosphere in different areas, showing the 

fully alloyed structure of bimetallic CoNi nanoparticles covered by nitrogen-

free thin carbon layers. 
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Figure 9.28. Elemental mapping of CoNi@C sample prepared with N-doping 

in carbon matrix. These results show the homogeneous dispersion of Co and Ni 

in bimetallic CoNi nanoparticles and the presence of N in the carbon matrix. 

 

Figure 9.29. Initial reaction rates of bimetallic CoNi@C NPs prepared by 

calcination in Ar and N2 atmosphere as well as the CoNi@C sample with 

nitrogen doping. Reaction conditions: 0.5 mmol 3-nitrostyrene, 15 mg solid 

sample as the catalyst, 2 mL toluene as solvent, 120 oC. The catalyst has been 

pre-reduced by H2 at 160 oC. 
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3.4 Possible role of nitrogen for NNM hydrogenation catalysts 

In some reported catalysts, it is claimed that the introduction of nitrogen into 

the carbon matrix plays a key role to give non-noble metal nanoparticles with 

high activity.10,24 However, in our preparation method, though N-containing 

ligand was not used, we have still achieved high catalytic activity for the 

chemoselective hydrogenation of nitroarenes. Nevertheless, for the 

aforementioned samples, they were prepared by calcination in N2, which may 

introduce tiny amount of N species into the sample at high temperature. In fact, 

we observed a nitrogen/metal ratio of ~0.3 in the CoNi@C sample by XPS, 

which is much lower than those samples prepared in the presence of N-

containing ligands in the literature (with a nitrogen/metal ratio around 4).10,12,13 

Nevertheless, to check the possible influences of nitrogen present in the sample, 

we have also prepared CoNi@C NPs by calcination in Ar instead of N2. In that 

case, no nitrogen was detected in the final sample by XPS. Morphological 

characterizations (see Figure 9.26 and Figure 9.27) show that the sample 

obtained by calcination in N2 and Ar have very similar morphology and both 

samples contain alloyed CoNi bimetallic nanoparticles covered by thin carbon 

layers. Besides, we have also prepared a sample with nitrogen-doping in the 

carbon matrix by introducing urea in the synthesis as nitrogen source. As shown 

in Figure 9.28, in that sample, bimetallic CoNi NPs are covered by N-doped 

carbon (named as CoNi@C-N doping). The catalytic performances of these 

three samples were tested for hydrogenation of 3-nitrostyrene. As can be seen 

in Figure 9.29, CoNi@C-Ar and CoNi@C-N2 sample show practically the 

same activity while the CoNi@C-N sample shows a slightly lower activity. 
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Figure 9.30. Comparison of the mass activity of non-noble metal NPs 

(NNM@C) prepared from different methods. The initial reaction rate is 

calculated at low conversion. The reaction condition is the same for all tests: 

0.5 mmol 3-nitrostyrene, 120 oC, 2 mL toluene as solvent and 7 bar of H2. 

 

Figure 9.31. Comparison between Co@C and CoNi@C NPs prepared by 

carbon-coating method and supported Co@C/C prepared according to the 

literature. In all the tests, the catalysts have been pre-reduced by H2 at 160 oC. 



Chapter 9 

375 
 

(a) The profiles of conversion with reaction time, (b) initial reaction rate 

normalized based on the mass of metal in the catalyst. 

 

Figure 9.32. TEM and HRTEM images of Co@C NPs (named as Co@C-BTC) 

prepared from the thermal decomposition of Co-BTC metal-organic framework. 

Most of Co nanoparticles are covered by thin carbon layers. 

 

Figure 9.33. TEM and HRTEM images of Co@C NPs (named as Co@C-ZIF) 

prepared from the thermal decomposition of Co-ZIF metal-organic framework. 

Most of Co nanoparticles are covered by thin carbon layers. 
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Figure 9.34. Catalytic tests of Co@C-BTC and Co@C-ZIF samples. Both 

samples are pre-reduced by H2 at 160 oC before the catalytic tests. 

 

Figure 9.35. Selective hydrogenation of 3-nitrostyrene with CoNi@C and 

Co@C/C catalysts under the same conditions. Reaction conditions: 2 mL THF 

and 100 µL H2O as solvent, 110 oC, 10 bar of H2, substrate/metal=40. The 

catalyst has been pre-reduced by H2 at 150 oC. 
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Table 9.2. Comparison between CoNi@C NPs and the catalysts in previous 

works for hydrogenation of nitrostyrene. 

 

References in Table 9.2. 
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3.5 Comparison of non-noble metal catalysts prepared by different 

methods 

Nevertheless, since it has recently been reported that a heterogeneous Co 

catalyst prepared from decomposition of metal-organic complexes is active and 

selective for the hydrogenation of 3-nitrostyrene,10,25 we have prepared those 

catalysts following the reported procedure. It is important to remark that, in the 

reported works, high pressure of H2 (50 bar) and THF-H2O as solvent were 

required, while our catalysts already work with 7 bar of H2 in toluene. Moreover, 

we have also prepared Co nanoparticles supported on carbon (named as 

Co@C/C) according to the reported work and its activity and selectivity has 

been tested under the milder conditions required by our catalysts. Though the 

crystalline sizes of metal nanoparticles in the samples prepared according to 

literature are smaller than those prepared by our methodology, we have 
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compared the activity on the basis of mass of metal weight introduced in the 

catalytic test, knowing that the TOFs of our catalysts will be underevaluated.   

As it is shown in Figure 9.30, Co@C and CoNi@C NPs prepared by our 

carbon-coating method give higher activity than other previously reported 

Co@C/C catalyst (also see Figure 9.31). For further comparison, we have also 

prepared here two Co@C catalysts by decomposition of a metal-organic 

framework (MOF) precursor (i.e. Co@C-BTC without N-containing organic 

linkers in the MOF precursor and Co@C-ZIF with N-containing organic linkers 

in the MOF precursor).23,26 From TEM and HRTEM images (see Figure 9.32 

and Figure 9.33), it can be seen that, those Co NPs are encapsulated in the 

carbon matrix. As shown in Figure 9.34, both Co@C-BTC and Co@C-ZIF 

show low activity for hydrogenation of 3-nitrostyrene under the same 

conditions as Co@C NPs prepared in this work by carbon-coating method. And 

the similar performance of Co@C-BTC and Co@C-ZIF samples indicates that 

the introduction of N in the carbon matrix doesn’t show obvious advantage for 

improving the activity of Co@C NPs. 

After presenting that the CoNi@C was more active under our reaction 

conditions, we also tested CoNi@C NPs with a high substrate/catalyst ratio for 

hydrogenation of 3-nitrostyrene using similar conditions to the previously 

reported works. As shown in Figure 9.35, CoNi@C sample still gives ca. 6 

times higher activity than the reported Co@C/C catalyst under the same 

reaction conditions (110 oC, 10 bar of H2 in THF-H2O solvent) with the same 

loading amount of metal catalyst (molar ratio substrate/metal is 40). In 

summary, the bimetallic catalyst prepared with the present carbon-coating 

methodology shows a significant advantage for performing the chemoselective 

hydrogenation under milder conditions (much lower pressure and shorter 

reaction time) than any of the catalysts reported before (see Table 9.2), without 

requiring the so-claimed metal-N interaction to achieve high activity and 

selectivity. 
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Figure 9.36. Hydrogenation of levulinic acid to γ-valerolactone by Co@C NPs 

and the stability tests. Reaction conditions: 1.0 mmol γ-valerolactone, 200 oC, 

2 mL toluene as solvent and 10 bar of H2. 

 

Figure 9.37. TEM images of Co@C NPs after hydrogenation of levulinic 

acid. 
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3.6 Application of Co@C NPs for hydrogenation of levulinic acid 

The catalytic behavior of NNM@C NPs was also studied for hydrogenation 

of levulinic acid to γ-valerolactone, which is an important model reaction in the 

field of biomass to chemicals. As can be seen in Figure 9.36, the Co@C NPs 

can work at 200 oC with 10 bar of H2, which are milder than those reports using 

Au-, Ru- and Cu-based catalysts.27-29 Over 98% yield of γ-valerolactone was 

obtained within 45 min in the first run. The stability of non-noble metal 

catalysts is an important issue for the hydrogenation of levulinic acid. A 

significant leaching of Cu into the solution can be observed on supported Cu 

catalysts.30 Besides, Shimizu et al. reported the application of Ni-MoOx/C 

catalyst for the hydrogenation levulinic acid under mild conditions.31 However, 

the reported Ni-MoOx/C catalyst deactivated after the first use. In the case of 

Co@C NPs, after the first use, the solid catalyst can be easily recycled and used 

again after simply washing with acetone and toluene. Although the reaction rate 

decrease, 98% yield can still be obtained when prolonging reaction time to 1 h. 

Further recycle tests show that the activity can be further maintained for at least 

5 cycles without obvious deactivation. The morphology of Co@C NPs after the 

hydrogenation of levulinic acid reaction is also checked by TEM. As one can 

see in Figure 9.37, monodispersed Co NPs are preserved after the reaction, 

indicating the chemical stability of Co@C NPs during the hydrogenation of 

levulinic acid. Future works on developing more efficient and stable mono and 

bimetallic NNM NPs for hydrogenation of levulinic acid and other reactions 

are undergoing in our laboratory. 

 

4 Conclusions 

In this work, we demonstrate a facile method to prepare monometallic and 

bimetallic NPs via a simple carbon coating process. Bimetallic CoNi NPs show 

significantly higher activity than monometallic Co and maintain high 

selectivity in chemoselective hydrogenation of nitroarenes. In addition, we also 

show that these materials can be promising catalyst for other reactions like 

hydrogenation of levulinic acid to γ-valerolactone. Our new method can also 

be a general method to prepare non-noble metal nanoparticles for 

heterogeneous catalytic applications and the results presented here also provide 
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new insights for rational design of non-noble metal nanoparticulate catalysts as 

substitute of noble metal catalysts. 
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nitroarenes into the corresponding aromatic azoxy and 

azo compounds with non-noble metal catalysts 
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Abstract 

The hydrogenation of nitroaromatics is an important reaction for fine 

chemistry. Various products can be obtained, depending on the catalyst and 

reaction conditions. Among the products, aromatic azoxy compounds have 

wide applications and they can be prepared by stoichiometric reactions or 

catalytic reactions with H2O2 or N2H4 as oxidant or reductant. In this work, we 

will present a new reaction pathway different to previously found on noble 

metals (such as Au, Pt, etc.) for the hydrogenation of nitroaromatics on Ni 

nanoparticles by combining theoretical calculations and experimental results. It 

has been found that, nitrosobenzene is formed as a primary reaction 

intermediate, and the rate determining step of the process is the hydrogen 

transfer to the highly stable Ph-N species. Following that discovery, we have 

designed a bifunctional catalyst for the direct chemoselective hydrogenation of 

nitroarenes into aromatic azoxy compounds under base-free mild conditions 

with the combination of non-noble Ni@C nanoparticles and CeO2. The 

catalytic performance of Ni@C-CeO2 catalyst surpasses the state-of-art 

Au/CeO2 catalyst for the direct production of azoxybenzene from nitrobenzene. 

By means of kinetic and spectroscopic results, a bifunctional mechanism is 

proposed for the reaction on the Ni@C-CeO2 catalyst with the above catalytic 

system, the hydrogenation of nitrobenzene can be stopped on the formation of 

azoxybenzene with >95% conversion and >93% selectivity, or can be further 

driven to the formation of azobenzene with >85% selectivity. It is therefore 

shown that, by making a bifunctional catalyst with a non-noble metal, one can 

achieve chemoselective hydrogenation of nitroarenes not only to anilines, but 

also to corresponding azoxy and azo compounds. 

 

1. Introduction 

Selecting the desired reaction pathway among several possible ones is a key 

objective for heterogeneous catalysis.1-3 It has been demonstrated in the 

literature that, by tuning the adsorption properties of molecules on catalyst 

surface and the formation of reaction intermediates, it is possible to achieve 

unique chemoselectivities by solid catalysts.4-7 Moreover, by preparation of 

multifunctional catalysts, transformations which require multiple steps can be 
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achieved in one-pot process, which can reduce the energy consumption and 

improve the efficiency of the global process.8-10 

 

Figure 10.1. Catalytic routes for the preparation of aromatic azoxy compounds 

by different approaches, including selective oxidation of anilines with H2O2 (a), 

reduction of nitroarenes with N2H4 (b), hydrogenation of nitroarenes with H2 

by noble metal catalysts in the presence of base (c) and direct hydrogenation of 

nitroarenes with H2 by non-noble metal catalysts under base-free conditions (d). 

 

Aromatic azoxy compounds are important intermediate compounds with 

wide application as chemical stabilizers, polymerization inhibitors, dyes, 

pigments, as well as precursors for materials used in electronic displays and 

pharmaceuticals.11,12 Moreover, aromatic azoxy compounds can be further 

transformed into hydroxyazo compounds through the Wallach rearrangement.13 

Conventionally, aromatic azoxy compounds are prepared by stochiometric 
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reactions (such as the condensation between hydroxylamine and 

nitrosobenzene), which is less atom-economic and may produce hazardous bi-

products.14 Therefore, In the last decade, some catalytic processes have been 

developed and aromatic azoxy compounds can be obtained by the oxidative 

coupling of anilines using metal oxides as the catalyst and H2O2 as the oxidant 

(Figure 10.1a).15,16 Recently, it has also been reported that aromatic azoxy 

compounds can also be obtained through the reduction of nitroarenes by 

hydrazine (see Figure 10.1b).17,18 Compared with conventional processes by 

stochiometric reactions, these heterogeneous catalytic processes are more 

efficient and sustainable. However, the use of reactants, such as H2O2 and 

hydrazine, is still required. 

 

Figure 10.2. Catalytic hydrogenation of nitroarenes into different products via 

different routes. 

 

Considering the reaction pathways for hydrogenation of nitroarenes into 

different products (see Figure 10.2), it should be possible to achieve the 

formation of azoxy and azo products if the reaction goes through the 

condensation route (shown in Figure 10.2). Indeed, in the presence of a base, 

the intermediates formed during the hydrogenation of nitroarenes can be 

transformed into azoxy and azo products through the condensation route, as has 

been reported for the hydrogenation of nitrobenzene to azoxybenzene in the 

presence of n-butylamine as base (see Figure 10.1c).19 

In recent years, the development of non-noble metal catalysts as the 

substitutes for noble metal catalysts is emerging in the field of heterogeneous 

catalysis.20 For chemoselective hydrogenation reactions, it has been reported 
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that Co-, Fe- and Ni-based catalysts show promising catalytic performances for 

hydrogenation of nitroarenes to anilines.21-23 Recently, by studying the reaction 

mechanism and identification of the active sites, non-noble monometallic and 

bimetallic NPs have been prepared and show better catalytic performance than 

the state-of-art heterogeneous Au catalysts under the same reaction conditions 

for chemoselective hydrogenation of nitroarenes to corresponding anilines.24,25 

In this work, we show that by combining Ni@C NPs and CeO2 NPs, a 

bifunctional catalytic system can be prepared for the direct chemoselective 

hydrogenation of nitroarenes into corresponding azoxy compounds with high 

yields under base-free mild conditions. By means of kinetic and spectroscopic 

studies, we discuss the role of the two components in the Ni@C-CeO2 

bifunctional catalyst and how they can interplay. It is of most interest that, based 

on the nanoparticulate Ni@C catalyst, it is possible to chemoselectively direct 

the hydrogenation of nitroarenes into corresponding azoxy, azo or aniline 

products. 

 

2. Experiments 

2.1 Synthesis of non-noble metal nanoparticles 

Co@C and Ni@C nanoparticles were synthesized by a carbon-coating method, 

which was described in our recent work.25 

CeO2@C nanoparticles were prepared by a similar carbon-coating approach. 

1.0 g of CeO2 nanoparticles, 720 mg of glucose and 20 mL distilled water was 

mixed to a suspension with the help of ultrasonication. The suspension was then 

transferred to an autoclave and placed in an oven at 175 oC for 18 h. After the 

hydrothermal treatment, the solid product was collected by filtration and 

washed with water and acetone. The dried solid was then annealed in flow N2 

at 600 oC for 2 h with a ramp rate of 10 oC/min from room temperature to 600 
oC. After the high-temperature annealing, the sample was cooled down to room 

temperature in N2 flow and stored in a glass vial in ambient environment. 

 

Synthesis of Cu@C and Fe@C nanoparticles. 

We have also tried to prepare Cu@C and Fe@C nanoparticles by the above-

mentioned carbon-coating process. However, that method is not applicable to 
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Cu and Fe. Only bulk Cu and Fe (with particle size larger than 1 μm) were 

obtained. Therefore, Cu@C and Fe@C nanoparticles were synthesized by 

reducing metal-EDTA complex, which was described in our recent work.24 The 

Cu-EDTA complex were prepared through a hydrothermal process. First, 6.98 

g Cu(NO3)2, 4.47 g Na2EDTA and 0.96 g NaOH are dissolved in 20 mL H2O. 

Then, 10 mL methanol was added to the mixed aqueous solution temperature 

under stirring at room temperature. After the formation of a homogeneous 

solution, 23 mL of the purple solution was transferred into a 35 mL stainless 

steel autoclave followed by static hydrothermal processing at 200 oC for 24 h. 

After cooling to room temperature, the generated precipitates were filtered and 

washed with deionized water and acetone several times followed by drying at 

100 oC in air for 16 h. The obtained complex was denoted as Co-EDTA. Then, 

Cu@C NPs were prepared by reduction of Co-EDTA in H2 (50 mL/min) at 450 
oC for 2 h with a ramp rate of 10 oC/min from room temperature to 450 oC. After 

the H2 reduction process at 450 oC, the sample was cooled down to room 

temperature in H2 atmosphere. Then the black solid product was stored in a 

glass vial in ambient environment. 

Fe-EDTA complex was prepared by the similar method. Fe(NO3)3·9H2O was 

used as the precursor. The other experimental procedure is the same. 

 

Synthesis of Ni-CeO2-C nanocomposites. 

  The Ni-CeO2-C nanocomposites can be prepared by the carbon-coating 

process in the presence of CeO2 nanoparticles. 1.0 g CeO2 nanoparticles, 720 

mg of glucose, 0.5 g of Ni precipitate (obtained from the precipitation of 

Ni(Ac)2 and sodium carbonate in glycol) was mixed with 20 mL water to form 

a homogeneous suspension with the help of ultrasonication. The suspension 

was then transferred to an autoclave and placed in an oven at 175 oC for 18 h. 

After the hydrothermal treatment, the solid product was collected by filtration 

and washed with water and acetone. The dried solid was then annealed in flow 

N2 at 600 oC for 2 h with a ramp rate of 10 oC/min from room temperature to 

600 oC. After the high-temperature annealing, the sample was cooled down to 

room temperature in N2 flow and stored in a glass vial in ambient environment. 
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2.2 Characterizations 

Powder X-ray diffraction (XRD) was performed with a HTPhilips X’Pert 

MPD diffractometer equipped with a PW3050 goniometer using Cu Kα 

radiation and a multisampling handler.  

Raman spectra were recorded at ambient temperature with a 785 nm HPNIR 

excitation laser on a Renishaw Raman Spectrometer (“Reflex”) equipped with 

an Olympus microscope and a CCD detector. The laser power on the sample 

was 15mW and a total of 20 acquisitions were taken for each spectra. 

Samples for electron microscopy studies were prepared by dropping the 

suspension of solid sample in CH2Cl2 directly onto holey-carbon coated copper 

grids. All the measurements were performed in a JEOL 2100F microscope 

operating at 200 kV both in transmission (TEM) and scanning-transmission 

modes (STEM). STEM images were obtained using a High Angle Annular Dark 

Field detector (HAADF), which allows Z-contrast imaging.  

The amount of exposed surface Ni atoms in the Ni@C catalyst was 

determined by H2 chemisorption at 100 °C in an ASAP 2010C Micromeritics 

equipment by extrapolating the total gas uptakes in the adsorption isotherms at 

zero pressure. Prior to the measurements the sample was reduced under flowing 

pure H2 at 400 °C. The percentage of exposed Ni atoms in the Ni@C NPs was 

estimated from the total amount of chemisorbed H2 assuming an adsorption 

stoichiometry H2/Ni of 1. 

The FTIR spectra were collected with a Bruker Vertex 70 spectrometer 

equipped with a DTGS detector (4 cm–1 resolution, 32 scans). An IR cell 

allowing in situ treatments in controlled atmosphere and temperature from 25 

to 500 ºC has been connected to a vacuum system with gas dosing facility. Self-

supporting pellets (ca. 10 mg cm–2) were prepared from the sample powders 

and treated at 200 ºC in hydrogen flow (20 ml min-1) for 2 h followed by 

evacuation at 10-4 mbar at 250 ºC for 1h. In the case of the CeO2 sample only 

activation under vacuum at 120ºC have been performed. After activation the 

samples were cooled down to 25 ºC under dynamic vacuum conditions 

followed by nitrobenzene dosing at 1.5 mbar. Once the physically absorbed 

and/or gas phase nitrobenzene was removed in evacuation at 25 oC, H2 was co-

adsorbed at pressures between 0.4 mbar and 40 mbar. The IR spectra were 

recorded after 35 min at a specific reaction temperature (from 25 to 150 ºC). 
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Additional experiments were performed at different reaction times (from 20 

min to 180 min) at each temperature. 

X-ray photoelectron spectra of the catalysts were recorded with a SPECS 

spectrometer equipped with a Phoibos 150MCD-9 multichannel analyzer using 

non-monochromatic AlKα (1486.6 eV) irradiation. Spectra were recorded using 

analyser pass energy of 30 eV, an X-ray power of 100W and under an operating 

pressure of 10-9 mbar. The sample was pre-reduced by H2 in a pre-treatment 

chamber at 120 or 200 oC and then transferred to analysis chamber for the XPS 

measurements. Peak intensities have been calculated after nonlinear Shirley-

type background subtraction and corrected by the transmission function of the 

spectrometer. During data processing of the XPS spectra, binding energy (BE) 

values were referenced to C1s peak (284.5 eV) for the Ni@C samples and to 

the Ce3d5/2 peak at 882.8eV for the Ni@C-CeO2 samples. CasaXPS software 

has been used for spectra treatment. 

 

2.3 Catalytic tests 

The chemoselective hydrogenation of nitroarenes was performed in batch 

reactors. The reactant, internal standard (hexadodecane), solvent (toluene), 

powder catalyst as well as a magnetic bar were added into the batch reactor. 

After the reactor was sealed, air was purged out from the reactor by flushing 

two times with 10 bar of hydrogen. Then the autoclave was pressurized with H2 

to the corresponding pressure. The stirring speed is kept at 1100 rpm and the 

size of the catalyst powder is below 0.05 mm to avoid either external or internal 

diffusion limitation. Finally, the batch reactor was heated to the target 

temperature. For the kinetic studies, 50 μL of the mixture was taken out for GC 

analysis at different reaction times. The products were identified by GC-MS. 

  In some cases, the catalyst was pre-reduced by H2 at an elevated temperature 

(150 oC) for a certain time and then cooled down to room temperature. Then 

nitrobenzene was injected into the batch reactor and the temperature was raised 

to 120 oC again for the hydrogenation reaction test. 

 

3. Results and Discussions 

3.1 Theoretical calculations on the reaction mechanism on Ni 
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We have investigated the reaction pathways of hydrogenation of 

nitrobenzene and nitrostyrene on Ni surface by DFT calculations. This part of 

work has already been published in a recent paper.26 The calculation results (see 

Figure 10.3 and Figure 10.4) indicate that the reduction of nitrobenzene on 

Ni(111) follows a four step pathway that includes the formation of 

nitrosobenzene C6H5-NO as a primary reaction intermediate, its subsequent 

deoxygenation yielding a stable Ph-N species, and two consecutive hydrogen 

transfers to N to finally produce aniline that are the most energy demanding 

steps of the reaction. This proposed mechanism implies that the two oxygen 

atoms initially present in nitrobenzene and detached from the nitro group during 

the reaction are released to the Ni surface, and they should be removed to close 

the catalytic cycle and avoid catalyst oxidation and/or deactivation. 

The hydrogenation of styrene and nitrobenzene, as substrate models for the 

reduction of vinyl and nitro groups in nitrostyrene, respectively, have been 

exhaustively investigated using DFT methods. The first remarkable conclusion 

obtained is that nitrobenzene hydrogenation follows different pathways on 

noble and non-noble metals. On Pt(111), hydrogen transfer steps are easier than 

NO bond breaking and therefore the preferred pathway is Ph-NO2 → Ph-NOOH 

→ Ph-N(OH)2 → Ph-NOH → Ph-NHOH → Ph-NH → Ph-NH2, with the 

selectivity to substituted anilines being usually low due to the instability of the 

vertical adsorption orientation. In contrast, the oxophylic character of non-

noble metals like Ni strongly facilitates the dissociation of the N-O bond, so 

that the preferred pathway for nitrobenzene reduction on Ni(111) is Ph-NO2 → 

Ph-NO → Ph-N → Ph-NH → Ph-NH2. Nitrosobenzene is formed as a primary 

reaction intermediate, and the rate determining step of the process is the 

hydrogen transfer to the highly stable Ph-N species. Both statements have been 

experimentally confirmed using Ni@C particles as catalyst. 
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Figure 10.3. Optimized structures of minima and transition states involved in 

the vertical mechanism of nitrobenzene reduction over Ni(111) surface.  

 

Figure 10.4. Calculated energy profile for the vertical pathways for 

nitrobenzene reduction over Ni(111) surface. The zero-energy level 

corresponds to the sum of the ZPE-corrected energies of the Ni 

slab+3H2+Nitrobenzene.  
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The theoretical study of the reaction mechanism also shows that the oxygen 

atoms initially present in nitrobenzene are released to the Ni surface during the 

reaction. Afterwards, those oxygen atoms absorbed on Ni surface are removed 

by means of water formation through reaction with activated H2. Notably, the 

removal of those surface oxygen species towards formation of water is energy 

demanding. This provokes a partial oxidation of the Ni surface which, in turn, 

favors the vertical adsorption of the nitro compound, thus hindering the 

hydrogenation of other reducible groups present in substituted nitroaromatics 

and improving the selectivity to substituted anilines. A similar positive effect 

on selectivity, but detrimental on activity, is caused by the presence of the 

highly stable Ph-N intermediate, which blocks part of the catalyst surface and 

makes difficult the parallel adsorption of reactants. 

The above calculation results clearly suggest that, the hydrogenation of 

nitrobenzene follows a different reaction pathway on Ni surface, when 

compared to that on conventional noble metal surface (Au, Pt, etc).  

 

 



Chapter 10 

394 
 

 

Figure 10.5. Structural characterization of Ni@C nanoparticles. (a, b) TEM 

and high-resolution TEM image. (c) XRD pattern of Ni@C nanoparticles, being 

the typical diffraction pattern of metallic Ni, without peaks corresponding to 

NiO or other speices. (d) Raman spectrum of Ni@C nanoparticles, showing the 

presence of Raman bands corresponding to disordered carbon. 

 

To confirm the proposed mechanism and the trends predicted by the 

theoretical study, Ni@C nanoparticles are prepared according to the method 

described in our previous works. As shown in Figure 10.5, Ni NPs with average 

size of ~10 nm are covered by thin carbon layers. Structural characterizations 

(XRD and Raman) show that the as-prepared sample contains metallic Ni NPs 

with disorder carbon surrounding them. 
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Figure 10.6. Hydrogenation of nitrobenzene with Ni@C catalysts at a) 20 ºC 

and b) 120 ºC. Reaction conditions: 5 mg (a) and 1.5 mg (b) Ni@C as catalyst, 

1 mmol 3-nitrostyrene, 2 mL toluene as solvent, 10 bar H2. 

 

The catalytic performance of these Ni@C NPs for hydrogenation of 

nitrobenzene was measured under different reaction conditions as described in 
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the Experimental Section. At 20 ºC nitrobenzene reacts slowly producing 

exclusively nitrosobenzene as a primary product (see Figure 10.6a) which, 

after a period of about one hour, starts to be converted into aniline, as proposed 

by the DFT study. At full nitrobenzene conversion the selectivity to aniline is 

only 60%, which means that 40% of nitrosobenzene initially formed has not 

reacted yet, in agreement with the higher activation barriers obtained for the 

final hydrogenation steps leading to aniline. Raising the reaction temperature 

to 120 ºC (see Figure 10.6b) accelerates the process (notice the different 

amount of catalyst used at 20ºC, 5mg, and at 120ºC, 1.5 mg, see caption of 

Figure 10.8), and the selectivity to nitrosobenzene during the first ten minutes 

does not exceed 60% while that of aniline is above 40%. Nitrosobenzene is then 

rapidly converted into aniline, so that at 45% nitrobenzene conversion the 

concentration of the primary product nitrosobenzene is negligible, and the 

selectivity to aniline is above 85%. After 7 hours reaction, at full nitrobenzene 

conversion, the selectivity to aniline is 100% (not shown in the plot in Figure 

10.6b). 

Noticeably, the presence of a non-negligible amount (~10% selectivity at 45% 

nitrobenzene conversion) of the azoxy compound formed as intermediate in the 

condensation route (see Scheme 1) is also observed. The observation of a low 

amount of this compound only at high temperature is in line with the previous 

indication that the direct route is the preferred, but not the only, pathway for 

nitrobenzene hydrogenation on Ni(111) surface. This finding allows us to 

predict that Ni based catalysts could be adequate for producing the most 

difficult to obtain azoxy compounds in higher selectivity, and those results will 

be shown later in this Chapter. 

 

3.2.2. Kinetic Study 

A kinetic study was performed to determine the rate controlling step of the 

process and check the hypothesis proposed from the theoretical study. For this 

purpose, initial reaction rates for nitrobenzene hydrogenation on Ni@C were 

measured at different H2 pressures (Figure 10.7a) and at different nitrobenzene 

concentrations (Figure 10.7b) working at conversion levels below 15%. 

According to the Hougen-Watson/Langmuir-Hinselwood formalism, the 

kinetic behavior of heterogeneously catalyzed reactions can be described by 
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different reaction rate equations depending on the rate-limiting step of the 

process. In the case of nitrobenzene hydrogenation on a catalyst containing just 

one type of active site, and assuming that both reactants adsorb on the catalyst 

surface before reacting, three different kinetic equations are obtained. If the rate 

determining step is H2 dissociation, the reaction rate is described by: 

𝑟 =  
𝑘𝐻2  

∙ 𝑃𝐻2

(1 + 𝐾𝑁𝐵 ∙ 𝐶𝑁𝐵)2
 

When nitrobenzene adsorption or activation is the step controlling the global 

process, then the reaction rate equation is: 

𝑟 =  
𝑘𝑁𝐵 ∙ 𝐶𝑁𝐵

(1 + √𝐾𝐻2  
∙ 𝑃𝐻2

 ) 

 

Finally, if the rate determining step is a surface reaction between the two 

reactants adsorbed on the catalyst, the kinetic equation describing the reaction 

rate is: 

=  
𝑘 ∙ 𝑘𝑁𝐵 ∙ 𝑘𝐻2  

∙ 𝐶𝑁𝐵  ∙  𝑃𝐻2

 (1 + 𝐾𝑁𝐵 ∙ 𝐶𝑁𝐵 +  √𝐾𝐻2  
∙ 𝑃𝐻2

)
3

 

 

where 𝑃𝐻2
 is the H2 pressure, CNB is the concentration of nitrobenzene, 𝑘𝐻2  

, 

kNB and k are the kinetic constants of H2 dissociation, NB adsorption and surface 

reaction, respectively, and  𝐾𝐻2  
 and KNB are the equilibrium adsorption 

constants of H2 and NB. The graphical representation of these three equations 

is plotted in Figure 10.8. 

A non-linear correlation between initial reaction rate and H2 pressure is 

observed in Figure 10.7a, while Figure 10.7b shows an initial fast increase in 

the reaction rate with increasing NB concentration followed by a slow decrease 

at higher NB concentration. Comparison of the experimental results in Figure 

10.7 with the graphs in Figure 10.8 clearly indicate that the rate determining 

step of the reaction is not H2 dissociation nor NB adsorption or activation, but 

a hydrogenation step involving the surface reaction of hydrogen with some 

adsorbed intermediate. These results agree with the mechanism proposed by the 

theoretical study, according to which the rate determining step is the hydrogen 

transfer to the Ph-N intermediate adsorbed on the Ni surface.  



Chapter 10 

398 
 

 

Figure 10.7. Kinetic studies on hydrogenation of nitrobenzene with Ni@C 

nanoparticles. (a) Initial reaction rate at different H2 pressure and 1 mmol 

nitrobenzene. (b) Initial reaction rate at different concentration of nitrobenzene 

and 11 bar of H2. Reaction conditions: 5 mg Ni@C as catalyst, 2 mL toluene as 

solvent, 20ºC. The catalyst was pre-reduced at 150 oC with 10 bar of H2 and 

then cooled down to 20ºC temperature before injecting the nitrobenzene to the 

batch reactor. 

 

Table 10.1. Kinetic equations describing the reaction rate of nitrobenzene 

hydrogenation assuming different elementary steps as the rate-determining step 

of the process.a 

 

aKinetic equations obtained from ref. [39] in the manuscript. 

Rate determining step reaction rate equation 

H2 dissociation 𝑟 =  
𝑘𝐻2  

∙ 𝑃𝐻2

(1 + 𝐾𝑁𝐵  ∙ 𝐶𝑁𝐵 )2
 

NB adsorption/activation 𝑟 =  
𝑘𝑁𝐵 ∙ 𝐶𝑁𝐵

(1 + √𝑘𝐻2  
∙ 𝑃𝐻2

 ) 

 

surface reaction 𝑟 =  
𝑘 ∙ 𝑘𝑁𝐵 ∙ 𝑘𝐻2  

∙ 𝐶𝑁𝐵  ∙  𝑃𝐻2

 (1 + 𝐾𝑁𝐵  ∙ 𝐶𝑁𝐵 +  √𝑘𝐻2  
∙ 𝑃𝐻2

)
3
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Figure 10.8. Graphical representation of the kinetic equations shown in Table 

1 based on reaction mechanisms assuming different elementary steps as the 

rate-determining step of the process. 

 



Chapter 10 

400 
 

 

Figure 10.9. Structural characterization of Co@C nanoparticles. (a, b) 

Low-magnification TEM images of Co@C nanoparticles prepared through the 

carbon coating and graphitization process. (c, d) High-resolution TEM images 

of Co@C nanoparticles. 

 

Figure 10.10. Structural characterization of Cu@C and Fe@C 

nanoparticles. (a, b) Low-magnification TEM image and high resolution TEM 
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image of Cu@C nanoparticles. (c, d) Low-magnification TEM image and high 

resolution TEM image of Fe@C nanoparticles. 

Table 10.2. Catalytic performance of various non-noble metal catalysts for 

hydrogenation of nitrobenzene.a

a Reaction conditions: 1 mmol of nitrobenzene, 2 mL toluene as solvent, 120 oC 

and 10 bar of H2. 1.5 mg of metal nanoparticles and 10 mg of metal oxide as 

co-catalyst. The yields of different products are calculated based on hexadecane 

as internal standard. For Ni/CeO2, 20 mg of the solid catalyst was used as 

catalyst. 

Besides Ni@C, we have also prepared Co@C, Cu@C and Fe@C NPs, as 

shown in Figure 10.9 and Figure 10.10. Firstly, we have studied the catalytic 

behavior of several types of non-noble metal NPs (Co@C, Ni@C, Fe@C and 

Cu@C NPs) for hydrogenation of nitrobenzene under mild conditions (120 oC 

and 10 bar of H2). As shown in Table 10.2, Fe@C and Cu@C NPs show poor 

activity for hydrogenation of nitrobenzene while Co@C and Ni@C NPs can 
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work. Furthermore, Ni@C sample achieves 42% conversion after reaction for 

150 min and gives aniline as the major product (~90% selectivity) and 

azoxybenzene (~9% selectivity) as byproduct. However, in the case of Co@C, 

very high selectivity to aniline is observed. 

 

Figure 10.11. Conversion and selectivity for different products versus reaction 

time in hydrogenation of nitrosobenzene by Ni@C NPs. Reaction conditions: 

1 mmol of nitrosobenzene, 1.5 mg of Ni@C, 2 mL toluene as solvent, 120 oC 

and 10 bar of H2. As it can be seen, the selectivity to azoxybenzene was very 

high (>95%) and the reaction rate was much faster than that for hydrogenation 

of nitrobenzene. When the conversion of nitrosobenzene reach >93%, the 

selectivity to aniline started to increase. 

 

Since a small amount of azoxybenzene and azobenzene was obtained with 

Ni@C NPs, this encourages us to study the kinetic profiles for hydrogenation 

of nitrobenzene on this catalyst. As shown in Figure 10.6b, nitrosobenzene can 

be observed at the starting stage, which comes from a new reaction pathway on 

Ni nanoparticles, being different to that reported on noble metal catalysts.26 The 

selectivity to nitrosobenzene decreases with reaction time and aniline becomes 
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the major product when conversion is >20%. From these results, we thought 

that the nitrosobenzene formed as a primary product would be rapidly 

hydrogenated to aniline and the formation of azoxybenzene would not be 

kinetically favorable on this catalyst. However, when we reacted 

nitrosobenzene on Ni@C NPs (see Figure 10.11), azoxybenzene was obtained 

with high yield and aniline only starts to form when the conversion of 

nitrosobenzene was >90%. Then, according to the reaction network and the 

catalytic results shown in Figure 10.11 and Figure 10.12, one can think that, a 

catalyst in where the rate of hydrogenation of nitrosobenzene to aniline is 

decreased and nitrosobenzene is allowed to accumulate, will be able to achieve 

the direct hydrogenation of nitrobenzene to azoxybenzene. Therefore, we 

thought that, in order to achieve high selectivity for hydrogenation of 

nitrobenzene to azoxybenzene, it would be critical to stabilize the 

nitrosobenzene or phenylhydroxylamine intermediates, and then transform 

them into azoxybenzene. 

Considering that the involved intermediates (nitrosobenzene and 

phenylhydroxylamine) in the condensation reaction route (see Figure 10.2) can 

be stabilized and condensed in a basic environment, we thought that the 

selectivity to the azoxybenzene product should be improved in the presence of 

a solid catalyst with suitable basicity. After screening a combination of Ni@C 

and metal oxides with varying acid-base properties (see Table 10.2), it is found 

that the combination of Ni@C and CeO2 NPs gives high selectivity to 

azoxybenzene (94%) at full conversion of nitrobenzene, though CeO2 alone is 

not active for this reaction. We have also noticed that, other metal oxides with 

different acid-base properties such as Al2O3, TiO2, SiO2 or hydrotalcite 

(Mg/Al=4) give much lower selectivity to azoxybenzene. 
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Figure 10.12. Reaction schemes of hydrogenation of nitrobenzene (a), 

condensation between nitrosobenzene and phenylhydroxylamine (b) and 

hydrogenation of nitrosobenzene (c) by Ni@C NPs.  

 

 

Figure 10.13. CeO2 as the catalyst for hydrogenation reactions. (a) 

Hydrogenation of nitrosobenzene with CeO2. Reaction conditions: 120 oC, 10 

bar of H2 and 20 mg CeO2 as catalyst. High selectivity to azoxybenzene can be 

obtained, although the reaction rate is much lower than Ni@C+CeO2. (b) 

Hydrogenation of nitrobenzene with CeO2. Reaction conditions: 120 oC, 10 bar 

of H2 and 20 mg CeO2 as catalyst. CeO2 is not active for hydrogenation of 

nitrobenzene. 
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Figure 10.14. Hydrogenation of nitrosobenzene with Ni@C and CeO2 

nanoparticles. Reaction conditions: 1 mmol of nitrosobenzene, 1.5 mg of Ni@C, 

10 mg of CeO2, 2 mL toluene as solvent, 120 oC and 10 bar of H2. 

 
Figure 10.15. Hydrogenation of mixture of nitrosobenzene and nitrobenzene 

with Ni@C and CeO2 nanoparticles. Reaction conditions: 1 mmol of 
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nitrosobenzene, 1 mmol of nitrobenzene, 1.5 mg of Ni@C, 10 mg of CeO2, 2 

mL toluene as solvent, 120 oC and 10 bar of H2. As it can be seen, 

nitrosobenzene was selectively hydrogenated into azoxybenzene while 

hydrogenation of nitrobenzene didn’t occur until nitrosobenzene was consumed. 

 

Figure 10.16. Hydrogenation of mixture of nitrosobenzene and azoxybenzene 

with Ni@C and CeO2 nanoparticles. Reaction conditions: 0.5 mmol of 

nitrosobenzene, 0.25 mmol of azoxybenzene, 1.5 mg of Ni@C, 10 mg of CeO2, 

2 mL toluene as solvent, 120 oC and 10 bar of H2. As it can be seen, 

nitrosobenzene was selectively converted into azoxybenzene while 

azoxybenzene was not hydrogenated into azobenzene or aniline. 
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Figure 10.17. (a, b) Competitive hydrogenation of nitrosobenzene and 

nitrobenzene with Ni@C. Reaction conditions: 0.1 mmol nitrosobenzene, 0.9 

mmol nitrobenzene, 2 mL toluene as solvent, 1.5 mg of Ni@C nanoparticles as 

catalyst. The reaction was carried out at 60 oC to decrease the reaction rate in 

order to follow the amount of reactants. Both azoxybenzene and aniline were 

observed in the products. (c, d) Competitive hydrogenation of nitrosobenzene 

and nitrobenzene with Ni@C+CeO2. Reaction conditions: 0.1 mmol 

nitrosobenzene, 0.9 mmol nitrobenzene, 2 mL toluene as solvent, 1.5 mg of 

Ni@C nanoparticles and 10 mg of CeO2 as catalyst. The reaction was carried 

out at 60 oC to decrease the reaction rate in order to follow the amount of 

reactants. Azoxybenzene is the major product with a selectivity >90%. 
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Figure 10.18. Influence of agitation on the initial reaction rate for 

hydrogenation of nitrobenzene to azoxybenzene with bifunctional Ni@C-CeO2 

catalyst. In these tests, the initial reaction rate was measured when the 

conversion of nitrobenzene is <20%. The amount of CeO2 (10 mg) is excess, 

therefore, the selectivity to azoxybenzene is >95% in all cases. As shown in this 

figure, when the stirring rate is higher than 900 rpm, the initial reaction rate 

almost reaches the maximum value.  
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Figure 10.19. Influence of agitation on the selectivity for the hydrogenation of 

nitrobenzene to azoxybenzene with bifunctional Ni@C-CeO2 as the catalyst. 

The selectivity to azoxybenzene at different conversion of nitrobenzene are 

given in each panel under 1100 rpm (a) and 150 rpm (b), respectively. 
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Figure 10.20. Use of CeO2@C as co-catalyst with Ni@C nanoparticles for 

hydrogenation of nitrobenzene. The initial reaction rate of Ni@C+CeO2@C is 

lower than that of Ni@C+CeO2. More importantly, the selectivity to 

azoxybenzene is also lower. Reaction conditions: 1.5 mg Ni@C, 10 mg 

CeO2@C, 1 mmol nitrobenzene, 2 mL toluene as solvent, 120 oC and 10 bar H2. 

 

At this point, we assume that a bifunctional catalyst prepared by supporting 

Ni on CeO2 NPs should work for the hydrogenation of nitrobenzene to 

azoxybenzene. Following that assumption, a supported Ni/CeO2 catalyst (with 

5 wt% of Ni on CeO2) by wet impregnation and it was then reduced by H2 at 

450 oC and passivated by air at room temperature after the H2 reduction 

treatment. As it can be seen, the as-prepared Ni/CeO2 catalyst shows poor 

activity for hydrogenation of nitrobenzene, which is probably caused by the re-

oxidation of Ni when exposed to air. Indeed, when the Ni/CeO2 catalyst was 

reduced in the reactor before the catalytic test, the activity improved 

significantly, implying that metallic Ni is the active component for 

hydrogenation of nitroarenes. Hou et al. has studied the chemical states of Ni 

particles supported on CeO2.
18 The XPS results show that, only part of the Ni 

can be reduced by H2 even after treatment at 500 oC. Therefore, at our current 

reaction temperature (120 oC), only a small amount of Ni particles in the 

Ni/CeO2 catalyst can be reduced. The thin carbon layers in the Ni@C NPs can 

protect Ni from deep oxidation by air and promote the reduction of Ni under 
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reaction conditions. Therefore, the Ni@C-CeO2 catalyst in where Ni 

nanoparticles with a high reduction degree are mixed with CeO2 is more active 

than the Ni/CeO2 in where only a small part of Ni is reduced. 

To figure out the reaction mechanism of Ni@C-CeO2 for direct conversion 

of nitrobenzene to azoxybenzene, we have performed the following 

experiments. Firstly, we have found that, bare CeO2 NPs can catalyze the 

hydrogenation of nitrosobenzene to azoxybenzene but with a slow reaction rate 

(see Figure 10.13a). However, bare CeO2 is not active for hydrogenation of 

nitrobenzene (see Figure 10.13b), inferring that the initial activation of 

nitrobenzene should be related with Ni@C NPs. Afterwards, it is shown in 

Figure 10.14 that nitrosobenzene can be selectively hydrogenated into 

azoxybenzene by Ni@C-CeO2 with high reaction rate. Furthermore, we have 

also studied the competitive reactivity between nitrosobenzene and other 

reactants by co-feeding nitrosobenzene with nitrobenzene or azoxybenzene for 

the hydrogenation reaction. As shown in Figure 10.15 and Figure 10.16, only 

hydrogenation of nitrosobenzene was observed during the competitive 

hydrogenation tests with nitrobenzene and azoxybenzene. 

Since the concentration of nitrosobenzene as intermediate in the reaction 

mixture can be very low during the hydrogenation of nitrobenzene, we have 

also carried out a competitive hydrogenation experiment with a mixture of 90% 

nitrobenzene and 10% of nitrosobenzene. As shown in Figure 10.17a, when 

only Ni@C was used as the catalyst, nitrosobenzene was firstly hydrogenated 

to both azoxybenzene and aniline while nitrobenzene was not converted until 

nearly most of the nitrosobenzene was consumed. Indeed, when the conversion 

of nitrosobenzene reaches ~70%, the hydrogenation of nitrobenzene started to 

occur, implying a competitive adsorption between nitrosobenzene and 

nitrobenzene on the surface of Ni@C nanoparticles. When Ni@C-CeO2 was 

used as the catalyst (see Figure 10.17b), nitrosobenzene was also firstly 

selectively hydrogenated to azoxybenzene with a higher reaction rate and >90% 

selectivity to azoxybenzene. More importantly, hydrogenation of nitrobenzene 

only occurs when all the nitrosobenzene in the reaction mixture was completely 

converted. These results infer that, hydrogenation of nitrobenzene on Ni@C is 

more preferable when the concentration of nitrosobenzene is low, and that the 

presence of CeO2 can accelerate the selective conversion of nitrosobenzene to 
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azoxybenzene, which explains the higher reactivity and selectivity of Ni@C-

CeO2. Since nitrosobenzene is not observed as the intermediate when using 

Ni@C-CeO2 as the catalyst, it implies that nitrosobenzene may be preferentially 

absorbed by the CeO2 and converted further to azoxybenzene. The role of CeO2 

in the catalytic process is to adsorb and convert the low-concentration 

nitrosobenzene rapidly to avoid the over-hydrogenation reaction to aniline on 

Ni@C nanoparticles. However, for doing that, nitrosobenzene formed on the 

Ni@C NPs should diffuse and adsorb on the CeO2 NPs. For effective 

hydrogenation of the nitrosobenzene, the H2 activated on the Ni@C NPs should 

also reach the CeO2 NPs. Then, it will be on the surface of the CeO2 NPs, where 

the azoxybenzene is produced. Nevertheless, the presence of Ni@C NPs is the 

key to produce the nitrosobenzene and to activate H2. 

Since the model described above requires the diffusion of intermediate 

products from one catalyst particle to another, mass transportation should be 

maximized to achieve maximum efficiency. Therefore, we study the influence 

of stirring speed in the reactor on the rate of reaction. The results presented in 

Figure 10.18 show that the initial reaction rate increases when increasing the 

stirring rate up to 900 rpm. After that, further increasing the stirring speed has 

no effects on the initial reaction rate. Nevertheless, in the presence of 10 mg of 

CeO2, high selectivity to azoxybenzene is always high. To show the influence 

of agitation on the selectivity for azoxybenzene, the amount of CeO2 is 

decreased to 2 mg, which will cause less contact between Ni@C and CeO2 NPs. 

The catalytic results presented in Figure 10.19 show that the selectivity to 

azoxybenzene also decreases with the stirring rate, which should be caused by 

the insufficient diffusion of nitrosobenzene from the Ni@C to CeO2 

nanoparticles. 

In another experiment, the surface of CeO2 is partially blocked by the carbon 

coating treatment and then used as the co-catalyst with Ni@C for 

hydrogenation of nitrobenzene. As can be seen in Figure 10.20, the initial 

reaction rate decreases slightly compared to the naked CeO2. More importantly, 

the selectivity to azoxybenzene also decreases, which further confirms the 

participation of CeO2 for achieving high selectivity to azoxybenzene. 
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Figure 10.21. (a) In situ IR spectra of hydrogenation of nitrosobenzene on 

CeO2 at 10 mbar H2 and at temperatures of 25 ºC (red), 70 ºC (blue) and 120 ºC 

(green) (b). In situ IR spectra of hydrogenation of nitrobenzene on CeO2 at 

10mbar H2 and at temperatures of 25 ºC (red), 70 ºC (blue) and 120 ºC (green) 

at 10 mbar H2. IR spectra have been acquired after 35 min at each temperature. 

AN, aniline; AOB, azoxybenzene; AB, azobenzene; PHA, 

phenylhydroxylamine.  
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Figure 10.22. (a) In situ IR spectra of hydrogenation of nitrosobenzene on 

Ni@C+CeO2 at 10 mbar H2 and at temperatures of 25 ºC (red), 70 ºC (blue) and 

120 ºC (green). (b) In situ IR spectra of hydrogenation of nitrobenzene on 

Ni@C+CeO2 at 10 mbar H2 and at temperatures of 25 ºC (red), 70 ºC (blue) and 

120 ºC (green). IR spectra have been acquired after 35min at each temperature 

AN, aniline; AOB, azoxybenzene; AB, azobenzene; NB, nitrobenzene; NSB, 

nitrosobenzene. 
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Figure 10.23. In situ IR spectra of hydrogenation of nitrobenzene on 

Ni@C+TiO2. Only aniline can be observed as product in the IR spectra. 

 

To further study the interaction of the reactants and intermediates with the 

surface of the catalyst, we have also performed the in situ IR studies on the 

CeO2 NPs and Ni@C-CeO2 catalyst. As shown in Figure 10.21a, when CeO2 

was used alone as catalyst after pre-activation in vaccum at 120 oC before the 

in situ IR experiments, nitrosobenzene was adsorbed on CeO2 and the 

hydrogenation of nitrosobenzene was observed. Several reaction products were 

observed in the IR spectra, including phenylhydroxylamine (1443 cm-1), 

azoxybenzene (1568, 1374 and 1357 cm-1), azobenzene (1546 cm-1) and aniline 

(1589, 1285 cm-1). Interestingly, the conversion of nitrosobenzene during the in 

situ IR experiments is high, suggesting the activity of CeO2 for hydrogenation 

reaction.27 When the reactant was changed to nitrobenzene, the formation of 

small amounts of azoxybenzene (1374 and 1357cm-1), azobenzene (1549 cm-

1) , and aniline (1582, 1493 and 1285 cm-1) was still observed (see Figure 

10.21b).28,29 However, the conversion of nitrobenzene is much lower than that 

of nitrosobenzene, implying that CeO2 alone is not active enough for 

hydrogenation of nitrobenzene, probably due to its low activity for H2 

activation. Furthermore, the hydrogenation of nitrobenzene and nitrosobenzene 

on Ni@C-CeO2 has also been followed by in situ IR. As shown in Figure 10.22, 
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high conversion of nitrosobenzene and nitrobenzene can be observed together 

with the formation of azoxybenzene (1572,1376 and 1357 cm-1), azobenzene 

(1550 cm-1), nitrosobenzene (1486 cm-1) as well as aniline (1602, 1498 and 

1280 cm-1) are also confirmed according to the IR bands. For comparison, we 

have also followed the hydrogenation of nitrobenzene on Ni@C+TiO2 catalyst 

presented above. As can be seen in Figure 10.23, only IR bands corresponding 

to aniline are observed in the IR spectra, which is in line with the catalytic 

results (see Table 10.1). The IR results indicate that, nitrosobenzene can be 

further hydrogenated to phenylhydroxylamine and then form azoxybenzene on 

CeO2. The role of Ni@C NPs may contribute to the activation of H2 and 

production of nitrosobenzene as the primary intermediate. As a result of the 

synergistic effects of Ni@C and CeO2, nitrobenzene can be firstly hydrogenated 

to nitrosobenzene and then to azoxybenzene. 

The pristine Ni@C NPs and the sample after H2 pre-reduction treatment have 

been measured by XPS. As shown in Figure 10.24a, 40.7% of metallic Ni can 

be observed in the pristine Ni@C NPs. After pre-reduction by H2 at 120 oC, the 

percentage of metallic Ni increases to 54.2%. However, even after pre-

reduction treatment at 200 oC, the amount of metallic Ni is just 65.6%, 

suggesting the difficulty to achieve fully reduced Ni nanoparticles under our 

current reaction conditions for hydrogenation of nitrobenzene in batch reactor. 

Interestingly, after being physically mixed with CeO2, the amount of metallic 

Ni in the Ni@C NPs decreases and the NiO species become more difficult to 

be reduced by H2 (see Figure 10.24b). These results refer interaction between 

Ni@C and CeO2 NPs, which modulates the redox properties of Ni@C NPs. 

During our catalytic tests, we have observed that, the mixture of Ni@C and 

CeO2 in the solvent (toluene) can form a magnetic composite. As shown in 

Figure 10.25, after stirring and heating at 60 oC for a short time, the physical 

mixture of Ni@C and CeO2 was absorbed by the magnetic bar, implying that 

some interaction may occur between the Ni@C and CeO2 nanoparticles. It is 

already known that, there are a number of –OH, –C=O and –COOH groups in 

the thin carbon layers in the Ni@C NPs, which can interact with the surface of 

CeO2 nanoparticles. 
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Figure 10.24. (a) XPS of Ni 2p3/2 region of the pristine Ni@C nanoparticles 

and the spectra acquired after ex-situ H2 reduction treatment at 120 and 200 oC. 

(b) XPS of Ni 2p3/2 region of the pristine Ni@C+CeO2 and the spectra acquired 

after ex-situ H2 reduction treatment at 120 and 200 oC. (c) The percentage of 

metallic Ni in the two samples according to the fitting of XPS spectra. 
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Figure 10.25. Photograph of the Ni@C, CeO2 and the mixture of Ni@C and 

CeO2 nanoparticles in toluene. (a) Ni@C nanoparticles in toluene. The 

magnetic bar absorbs the black nanoparticles. (b) After adding CeO2 

nanoparticles into the solvent, they are at the bottom of the tube. (c) After 

stirring and 2 min of heating at 60 oC, both CeO2 and Ni@C nanoparticles are 

absorbed by the magnetic bar. (d) CeO2 nanoparticles in toluene. In the absence 

of Ni@C nanoparticles, the CeO2 nanoparticles are at the bottom of the tube. 
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Figure 10.26. (a) Hydrogenation of nitrobenzene to azoxybenzene with pristine 

Ni@C+CeO2 catalyst and the pre-reduced Ni@C+CeO2 catalyst. In the pre-

reduction treatment, the Ni@C+CeO2 catalyst was reduced by 10 bar of H2 at 

150 oC in the batch reactor. Then 1 mmol nitrobenzene was injected and the 

reaction was started with 10 bar of H2 at 120 oC. (b) The initial activity based 

on the mass of Ni@C NPs for hydrogenation of nitrobenzene on pristine 

Ni@C+CeO2 and the pre-reduced Ni@C+CeO2 catalysts. 

 

To further clarify the active sites in Ni@C NPs, we have also pre-reduced the 

catalyst in the reactor before the hydrogenation reaction and then tested the 

catalytic behavior of the pre-reduced catalyst. As shown in Figure 10.26, the 

pre-reduced catalyst shows significantly higher initial activity for 

hydrogenation of nitrobenzene. More importantly, the high selectivity to 

azoxybenzene is preserved after the pre-reduction treatment. These results 

indicate that metallic Ni is the active phase in the Ni@C NPs and the presence 

of NiOx in the Ni@C NPs can decrease the activity but has no influence on the 

chemoselectivity. It should also be noted that, since the Ni@C NPs are not fully 

reduced under our current conditions, the nitrosobenzene intermediate formed 

on Ni@C can be transferred to CeO2. According to our previous work,26 on the 

fully reduced Ni surface, the nitrosobenzene can be further hydrogenated to 

aniline directly before the desorption from the surface of Ni@C NPs in the 

presence of abundant hydrogen. 
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Figure 10.27 In situ IR spectra of adsorption of H2 and nitrobenzene on 

Ni@C-CeO2 catalyst under different H2 pressures. (a) 0.4 mbar of H2, (b) 10 
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mbar of H2 and (c) 40 mbar of H2. IR spectra are taken at 90ºC for 20 min 

(black), 80 min (red), 156 min (green) and at 120 ºC for 100 min (blue). AN, 

aniline; AOB, azoxybenzene; AB, azobenzene; NB, nitrobenzene. 

 

We have investigated the influence of reaction conditions by in situ IR 

spectroscopy. As displayed in Figure 10.27a, when nitrobenzene is co-

absorbed with low-pressure H2 (0.4 mbar) on pre-reduced Ni@C-CeO2 catalyst, 

aniline is not observed. When the H2 pressure is increased to 10 or 40 mbar 

(Figure 10.27b and Figure 10.27c), aniline appears in the IR spectra. By 

comparing the product distributions in Figure 10.19a and Figure 10.29b, it can 

be seen that, after pre-reduction treatment, the selectivity to azoxybenzene 

decreases from ~85% to ~60% when using 1.5 mg of Ni@C and 2 mg of CeO2 

as the catalyst for hydrogenation of nitrobenzene. Therefore, the surface 

properties of Ni@C NPs and their ability for the activation of H2 can also be a 

factor that influence the product distributions in the hydrogenation of 

nitrobenzene with bifunctional Ni@C-CeO2 catalyst, although it is not so clear 

under our current reaction conditions in the batch reactor. 
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Figure 10.28. Hydrogenation of nitrobenzene with different amount of Ni@C 

NPs and 20 mg of CeO2. (a) 0.6 mg Ni@C NPs and 20 mg CeO2, (b) 0.9 mg 

Ni@C NPs and 20 mg CeO2, (c) 1.5 mg Ni@C NPs and 20 mg CeO2, (d) 2.5 

mg Ni@C NPs and 20 mg CeO2. (e) Relationship between initial reaction rate 

and the amount of Ni@C in the catalyst. (f) Normalized initial reaction rate. All 

the catalysts were pre-reduced by 10 bar of H2 at 150 oC. In all cases, the 

selectivity to azoxybenzene is >93%. 
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Figure 10.29. Hydrogenation of nitrobenzene by Ni@C+CeO2 catalysts with 

different amount of CeO2. (a) 1.5 mg Ni@C NPs, (b) 1.5 mg Ni@C NPs and 2 

mg CeO2, (c) 1.5 mg Ni@C NPs and 5 mg CeO2, (d) 1.5 mg Ni@C NPs and 10 

mg CeO2 and (e) 1.5 mg Ni@C NPs and 20 mg CeO2. (f) Selectivity to 
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azoxybenzene in the above four tests. All the catalysts were pre-reduced by 10 

bar of H2 at 150 oC. The selectivity to azoxybenzene with Ni@C catalyst 

corresponds to 30% conversion of nitrobenzene. The selectivity for the other 

Ni@C+CeO2 catalysts correspond to conversion of >95%. 

 

To further prove the role of Ni@C, the hydrogenation of nitrobenzene has 

been performed with the same amount of CeO2 (20 mg) while varying the 

amount of Ni@C (0.5 to 2.5 mg). As presented in Figure 10.28, high selectivity 

to azoxybenzene has been obtained in all the catalytic tests. The initial reaction 

rate increases when increasing the amount of Ni@C catalyst and the selectivity 

to azoxybenzene remains high.  

The influence of the amount of CeO2 on the catalytic behavior of Ni@C has 

also been studied. As shown in Figure 10.29, addition of just 2 mg of CeO2 as 

co-catalyst can dramatically improve the activity for hydrogenation of 

nitrobenzene. The selectivity to azoxybenzene is also improved from <10% to 

~60%. Further increasing the amount of CeO2 to 5 mg will lead to >80% 

selectivity. When 20 mg of CeO2 is used as the co-catalyst, >95% selectivity to 

azoxybenzene can be achieved.  

The above results indicate that at low mass ratios of CeO2/Ni@C (5 mg/1.5 

mg), the process for the formation of the azoxybenzene is controlled by the 

condensation step between the intermediates (nitrosobenzene and 

phenylhydroxylamine) and reduction step on the CeO2. However, with a mass 

ratio of CeO2/Ni@C higher than (20 mg/2.5 mg), the reaction is controlled by 

the transformation of nitrobenzene to nitrosobenzene, and reactivity is 

promoted by increasing the amount of Ni@C. In other words, and as it occurs 

within any bifunctional catalysts, both components should be optimized to 

maximize the overall activity and selectivity.30-32 

In conventional supported metal catalysts (such as Au/TiO2, Pt/TiO2, etc.), 

spectroscopic results and theoretical calculations have proved that nitrobenzene 

is adsorbed at the metal-oxide interface.33,34 H2 is activated and dissociated on 

metal nanoparticles and then transfer to the metal-oxide interface for 

hydrogenation reaction (see Figure 10.30a). In this work, Ni@C interact with 

CeO2 nanoparticles through inter-particle interaction, which is different to 

conventional supported metal catalysts. 
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As we have mentioned before, the evolution of the intermediates during the 

hydrogenation of nitrobenzene with Ni@C or Ni@C-CeO2 catalyst (as shown 

in Figure 10.6 and Figure 10.17) indicates that the presence of CeO2 can 

immediately transform nitrosobenzene into azoxybenzene once it is formed. 

Therefore, it is highly likely that, nitrosobenzene can be preferentially absorbed 

on CeO2. Considering the above catalytic and IR results, we propose that 

reaction intermediate species and activated H2 are transported not only on a 

single catalyst particle, but between catalyst particles. As shown in Figure 

10.30b, H2 is activated on Ni@C NPs and the activated H species hydrogenate 

nitrobenzene into nitrosobenzene, which is a rate-limiting step in the reaction. 

Meanwhile, activated H can transfer to CeO2 through inter-particle spillover, 

and convert nitrosobenzene into phenylhydroxylamine and making the 

condensation between nitrosobenzene and phenylhydroxylamine for 

azoxybenzene.35-37 As discussed before, the interfacial interaction between 

Ni@C and CeO2 NPs lead to the formation of a Ni@C-CeO2 interface, which 

facilitate the inter-particle H spillover from Ni@C to CeO2 NPs. Therefore, by 

employing Ni@C as the active sites for H2 activation and nitrobenzene 

hydrogenation and employing CeO2 as a co-catalyst for stabilization and further 

transformation of nitrosobenzene, the direct hydrogenation of nitrobenzene to 

azoxybenzene can be achieved under base-free mild conditions with high 

activity and selectivity.  

It should be mentioned that, in the above proposed mechanism, the 

hydrogenation of nitrobenzene and hydrogenation of nitrosobenzene occurs on 

two separated sites. However, it is also possible that, nitrobenzene is absorbed 

on CeO2 and then converted into azoxybenzene in the presence of activated H 

from the Ni@C nanoparticles. According to our above experimental results, we 

cannot rule out the above possibility. However, since we have observed the 

influence of agitation on the chemoselectivity for hydrogenation of 

nitrobenzene (see Figure 10.19), the intimate contact between Ni@C and CeO2 

NPs is important to achieve high selectivity to azoxybenzene, implying the 

transfer of reaction intermediate from one site to another. Thus, we prefer the 

mechanism that involves two separated reactive sites for hydrogenation of 

nitrobenzene to nitrosobenzene and then to azoxybenzene.  
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Figure 10.30. (a) Schematic illustration of direct hydrogenation of 

nitrobenzene to azoxybenzene and then to azobenzene on Au/CeO2 catalyst. H2 

molecules are activated on Au nanoparticles and then transfer to the Au-CeO2 

interface to catalyze the hydrogenation of nitrobenzene. Nitroso and 

phenylhydroxylamine are the intermediates during the transformation. (b) 

Schematic illustration of direct chemoselective hydrogenation of nitrobenzene 

to azoxybenzene with Ni@C-CeO2 catalyst. H2 molecules are activated on 

Ni@C nanoparticles and then hydrogenate nitrobenzene to nitrosobenzene. 

Then, activated H species transfer to CeO2 nanoparticles through hydrogen 

spillover and further convert nitrosobenzene to phenylhydroxylamine and then 

to azoxybenzene. 
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Figure 10.31. Comparison between commercial Au/CeO2 (1 wt% of Au, from 

Johnson Matthey) and Ni@C-CeO2 for hydrogenation of nitrobenzene under 

the same conditions. (a) Catalytic result of Ni@C-CeO2 for hydrogenation of 

nitrobenzene to azoxybenzene. Small amount of azobenzene and aniline were 

obtained as by-products. Reaction conditions: 1 mmol of nitrobenzene, 2 mL 

toluene as solvent, 1.5 mg Ni@C and 10 mg of CeO2 as catalyst, 120 oC and 10 
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bar of H2. (b) Catalytic result of Au/CeO2 for hydrogenation of nitrobenzene. 

Both azoxybenzene and azobenzene were observed in the products. Reaction 

conditions: 1 mmol of nitrobenzene, 2 mL toluene as solvent, 50 mg of 

Au/CeO2 containing 0.5 mg of Au as catalyst, 120 oC and 10 bar of H2. (c) 

Initial reaction rates (mmolH2∙h
-1∙mg-1) normalized to the mass of metal of 

Au/CeO2 and Ni@C-CeO2 catalysts for hydrogenation of nitrobenzene. (d) 

Initial TOF values of Au/CeO2 and Ni@C-CeO2 for hydrogenation of 

nitrobenzene, calculated based on the surface atoms of Au and Ni in both 

systems. The amount of surface Au atoms in the Au/CeO2 sample is calculated 

according to the size distribution of Au nanoparticles. In the case of Ni@C-

CeO2 catalyst, the amount of exposed surface Ni atoms is calculated based on 

the chemisorption measurement using CO as probe molecules. 

 

We have compared the catalytic performance of Ni@C-CeO2 with the state-

of-art Au/CeO2 for hydrogenation of nitrobenzene under the same conditions. 

As shown in Figure 10.31, with a higher amount of solid catalyst (50 mg of 

Au/CeO2 vs. 1.5 mg of Ni@C+10 mg of CeO2), Au/CeO2 showed a much lower 

reaction rate. More importantly, Au/CeO2 gives 90% selectivity to 

azoxybenzene at 94% conversion while Ni@C-CeO2 gives 94% selectivity of 

azoxybenzene at 100% conversion. More importantly, Ni@C-CeO2 catalyst can 

achieve full conversion of nitrobenzene with a much shorter reaction time than 

Au/CeO2, especially if considering the lower quantity of solid catalyst used 

with Ni@C-CeO2. The initial reaction rates normalized to the mass of metal 

catalysts and the initial turnover frequencies (TOFs) have also been calculated 

based on the exposed surface atoms in the Au/CeO2 and Ni@C-CeO2 catalysts. 

Ni@C-CeO2 shows better performance than Au/CeO2, indicating that the 

combination of Ni@C and CeO2 is a good catalyst for the above-mentioned 

process. 
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Figure 10.32. (a, b) High-resolution TEM images of the Ni-CeO2-C catalyst, 

showing the presence of Ni nanoparticles and CeO2 nanoparticles with thin 
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carbon layers surrounding them. (c-f) STEM image and the corresponding 

elemental mapping of that area. 

 

Table 10.3. Catalytic performance of Ni-MOx-C catalyst prepared by one-pot 

hydrothermal synthesis for hydrogenation of nitrobenzene.a 

 

a Reaction conditions: 1 mmol of nitrobenzene, 2 mL toluene as solvent, 120 oC 

and 10 bar of H2. 10 mg of solid catalyst. The amount of Ni in the Ni-MOx-C 

catalysts is ca. 15 wt%. The yield of different products are calculated based on 

hexadecane as internal standard. 

 

From a practical point of view, it will be more convenient for the application 

of this Ni@C-CeO2 bifunctional system if the separated components can be 

merged into a single solid catalyst. To achieve that aim, we have prepared a Ni-

CeO2-C catalyst by one-pot hydrothermal synthesis and post-annealing 

treatment in N2 at 600 oC (see experimental section for details). As shown in 

Figure 10.32, the Ni-CeO2-C sample is consisted with Ni nanoparticles and 

carbon layers covered on Ni and CeO2 particles. The catalytic results shown in 

Table 10.3 indicate that, Ni-CeO2-C sample is also active and selective for the 

hydrogenation of nitrobenzene to azoxybenzene. The activity of Ni-CeO2-C is 

higher than the Ni@C-CeO2 catalyst, which can be attributed the intimate 

contact between Ni and CeO2 in the Ni-CeO2-C nanocomposites. However, if 

CeO2 is replaced with other metal oxides, the selectivity to azoxybenzene drops 

dramatically, which is similar to the results obtained with separated Ni@C and 

metal oxides. 
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Table 10.4. Scope study on direct hydrogenation of nitroarenes into 

corresponding aromatic azoxy products.a 

 

a Reaction conditions: 1 mmol of nitrobenzene, 2 mL toluene as solvent, 120 oC 

and 10 bar of H2. 2.0 mg of Ni@C nanoparticles and 20 mg of CeO2 as co-

catalyst. The yield of different products are calculated based on hexadecane as 

internal standard. 
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Table 10.5. Scope study on direct hydrogenation of nitroarenes into 

unsymmetrical azoxy compounds.a 

 
a Reaction conditions: 0.75 mmol of nitrobenzene, 0.25 mmol of R’-NO2, 2 mL 

toluene as solvent, 90 oC and 12 bar of H2. 2.0 mg of Ni@C nanoparticles and 

20 mg of CeO2 as co-catalyst. The yields of unsymmetric azoxy compounds 

were calculated based on the consumption of R’-NO2. The yield of different 

products are calculated based on hexadecane as internal standard. 
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We have also studied the scope for direct hydrogenation of nitroarenes into 

corresponding azoxy compounds. As shown in Table 10.4 and Table 10.5, high 

selectivity can be achieved for a variety of nitroarenes with different functional 

groups. Notably, 3-iodonitrobenzene can be selectivity hydrogenated into 

corresponding azoxy compounds, which cannot be achieved by supported Au 

catalysts. Therefore, it can be concluded that the combination of Ni@C NPs 

and CeO2, azoxy compounds can be obtained with high chemoselectivity by 

direct hydrogenation of nitroarenes under mild conditions. 

From the reaction scheme shown in Figure 10.2, in principle, azoxybenzene 

can be further hydrogenated into azobenzene.28,38 After achieving high yield of 

azoxybenzene from nitrobenzene with Ni@C-CeO2 catalyst, the hydrogenation 

reaction is continued and to our delight, azobenzene can be obtained with yield 

of 87%. Moreover, we have also studied the scope of Ni@C-CeO2 catalyst for 

direct hydrogenation of various nitroarenes into corresponding azo compounds 

through azoxy compounds as intermediates. As shown in Table 10.6, several 

substituted azo compounds can be obtained from moderate to good yields under 

bass-free mild conditions.39 Especially, it is possible to prepare aromatic azo 

compounds with iodo-substituted group with Ni@C-CeO2 catalyst, which is not 

possible with Au-based catalysts. At this point, based on the above results and 

taking into consideration of the high reactivity and low cost of Ni@C-CeO2 

catalyst, it can work as promising substitute for Au/CeO2 catalyst. Combining 

the results shown in this work and our previous works, it can be concluded that, 

nitroarenes can be selectively converted into different products (azoxy, azo or 

aniline) by various nanoparticulate non-noble metal catalysts.21-25 As described 

in Figure 10.33, by tuning the reaction conditions and reaction time, it is 

possible to control the product distributions. 
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Table 6. Scope study on direct hydrogenation of nitroarenes into corresponding 

azo compounds. 

 

a Reaction conditions: 1 mmol of nitrobenzene, 2 mL toluene as solvent, 90 oC 

and 10 bar of H2. 2.0 mg of Ni@C nanoparticles and 20 mg of CeO2 as co-

catalyst. The yield of different products are calculated based on hexadecane as 

internal standard. 
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Figure 10.33. Chemoselective hydrogenation of nitroarenes to different 

products with non-noble metal catalysts. By choosing different catalysts and 

co-catalysts, it is possible to obtain various products (azoxy, azo and aniline) 

by tuning the reaction conditions and reaction time. 

 

4. Conclusions 

Bifunctional non-noble Ni@C-CeO2 catalyst is found to be a highly active and 

selective catalyst for direct hydrogenation of nitroarenes into corresponding 

azoxy or azo products under mild conditions. Notably, the Ni@C-CeO2 catalyst 

surpasses the performance of state-of-art Au/CeO2 catalyst for direct 

transformation of nitroarenes to azoxy compounds. According to the kinetic and 

spectroscopic results, it is proposed that H2 is activated on Ni@C nanoparticles 

and then transfer to CeO2 through inter-particle hydrogen spillover and then 

catalyze the chemoselective hydrogenation of nitrobenzene to azoxybenzene. 

The Ni@C-CeO2 catalyst enables us to obtained different products (azoxy, azo 

or aniline compound) by controlling the reaction time. This work brings new 

insights on the design and application of non-noble metal catalysts as promising 

substitutes to noble metal catalysts for chemoselective hydrogenation reactions. 

Considering the hydrogenation spillover mechanism proposed in this work, it 

will be possible to tuning the catalytic properties of metal nanoparticles by 

different combination of metal-oxide(or other co-catalysts) for various 

chemoselective hydrogenation reactions. 
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Abstract 

The hydrogenation of CO2 into hydrocarbons promoted by the action of 

sunlight has been studied on Co nanoparticles covered by thin carbon layers. 

In particular, nearly 100% selectivity to hydrocarbons is obtained with 

increased selectivities towards C2+ hydrocarbons and alcohols (mainly 

ethanol) when using nanostructured materials comprising metallic cobalt 

nanoparticles, carbon layers, and sodium as promoter (Na-Co@C). In the 

contrary, larger amount of CH4 and lower selectivities to C2+ hydrocarbons 

and alcohols were obtained in the conventional thermal catalytic process. 

When using Co@C nanoparticles in the absence of Na or bare Co3O4 as 

catalyst, methane is essentially the main product (selectivity >96%). Control 

experiments in the presence of methanol as a hole scavenger suggest the role 

of light in generating charges by photon absorption as promoting factor. The 

reaction mechanism for photoassisted CO2 hydrogenation on the Co-based 

catalysts was investigated by near ambient-pressure X-ray photoelectron (AP-

XPS) and in situ Raman spectroscopies, which provided information on the 

role of light and Na promoter in the modulation of product distribution for CO2 

hydrogenation. Spectroscopic studies suggested that surface CO2 dissociation 

to CO, the stabilization of CO adsorbed on the surface of Na-Co@C catalyst 

and the easy desorption of reaction products is a key step for photothermal CO2 

hydrogenation to ethanol and C2+ hydrocarbons. 

 

1. Introduction 

Photocatalytic CO2 reduction is one of the most challenging issues in 

chemical research.1 In numerous investigations in this area, CO2 reduction is 

coupled with the splitting of H2O for the production of solar fuels, a process 

which is commonly referred to as artificial photosynthesis.2,3 However, with 

heterogeneous photocatalysts, reaction rates for the transformation of CO2/H2O 

mixtures are usually in the order of micromoles per hour, which is too far from 

any practical application.4-7 Moreover, the major products in most of the reports 

dealing with artificial photosynthesis are frequently CH4 or CO. It appears that 

with the heterogeneous catalytic systems reported so far, it is very difficult to 

achieve carbon chain growth to go beyond CH4 and to produce significant 

amounts of more valuable C2+ hydrocarbons during the photocatalytic 
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reduction of CO2.  

As an alternative to the reduction of CO2 by H2O, in the past few years, our 

research group has reported the photoassisted hydrogenation of CO2 to CH4 on 

Ni (or NiO) nanoparticles under solar light irradiation.8,9 The formation rate of 

CH4 was as high as mmol/h, which is about three orders of magnitude higher 

than for typical CO2+H2O reactions. However, only CH4 was selectively 

produced using Ni, NiO or other supported Group VIII catalysts.10 In a recent 

work, Ozin and his co-workers reported that hydride-terminated Si 

nanoparticles can catalyze the reverse water-gas shift (RWGS) reaction leading 

to the formation of CO under photo-thermal conditions.11 Iron nanoparticles 

encapsulated in carbon can also be efficient catalyst for the photoassisted 

RWGS reaction, as reported by Ye and co-workers.12 However, in most of 

previous works, the selectivity to C2+ products are usually quite low. In a 

recent work, Zhang et al. have reported the application of CoFe@C bimetallic 

nanoparticles for CO2 hydrogenation to hydrocarbons by a photothermal 

process.13 It has been claimed that solar light irradiation can increase the 

temperature of the catalyst surface, which further enhance the activity. 

However, the influence of solar light irradiation on the reaction mechanism for 

CO2 hydrogenation is not clear.14,15 

The lack of photoassisted processes generating C2+ hydrocarbons contrasts 

with conventional heterogeneous catalysis, whereby mixtures of CO2 and H2 

can be transformed into CO or CH4, but interestingly, also into other C2+ 

hydrocarbons, depending on the catalyst.16-20 For instance, metal nanoparticles 

(including Ni, Co and Ru materials) are active catalysts for CO2 methanation, 

converting CO2 to CH4.
21-23 This reaction requires temperatures above 250 °C, 

giving rise to a large amount of CO (in some cases, selectivity to CO can be as 

high as 80%) as by-product. Moreover, metal nanoparticles (including Fe, Co 

and Ru materials) can also serve as active catalysts for Fischer-Tropsch 

synthesis (FTS), transforming CO/CO2 and H2 into hydrocarbons and 

oxygenates, though FTS is usually performed at high pressure.24 Recently, it 

has also been reported that Ni-NiOx nanocomposites can catalyze the CO 

hydrogenation into hydrocarbons by a photoassisted process.25     

In this work, we report the photothermal hydrogenation of CO2 into 

hydrocarbons (CH4 together with a high proportion of C2+ hydrocarbons and 
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ethanol) using Na-promoted Co@C nanocomposites as catalysts under solar 

light and near-atmospheric pressure. The reaction rate of this process is in the 

order of mmol gcat
−1 h−1 and the selectivity to ethanol is 6.5% at 37% CO2 

conversion and >30% selectivity to C2+ hydrocarbons at nearly 100% CO2 

conversion. It will also be shown that the analogous thermal reaction with the 

same catalyst behaves differently and produces larger amounts of CH4 and 

much less alcohols. The effect of light irradiation on the reaction mechanism 

has been studied by ambient-pressure X-ray photoelectron spectroscopy (AP-

XPS) and in situ Raman spectroscopy. The results indicate that light has a clear 

effect on the formation and stabilization of intermediates for the production of 

ethanol and the C-C chain growth process for the production of C2+ 

hydrocarbons. 

 

2. Experiments 

2.1 Catalyst preparation. 

Preparation of Na-Co@C. The sodium-promoted Co@C nanocomposites 

were prepared through the reduction of cobalt-sodium-

ethylenediaminetetraacetate (Co-Na-EDTA) complexes by H2. The Co-EDTA 

complex was prepared through a hydrothermal process. Firstly, Na2EDTA (4.47 

g) and NaOH (0.96 g) were dissolved in H2O (20 mL) at room temperature. 

Co(NO3)2 (6.98 g) was added to the above solution under strong stirring, 

resulting in formation of homogeneous solution. Then, methanol (10 mL) was 

added to the aqueous solution. A portion of the resulting purple homogeneous 

solution (ca. 23 mL) was transferred into a 35 mL stainless steel autoclave and 

kept in an oven at 200 °C for 24 h. After cooling to room temperature, the solid 

precipitates were collected by filtration and washed with deionized water and 

acetone, followed by drying at 60 °C to yield the Co-EDTA complex. Then, the 

sodium-promoted Co@C nanocomposite (Na-Co@C) was obtained by 

reduction of Co-EDTA complex with H2 at 450 °C for 2 h with a ramp rate of 

10 °C/min from room temperature to 450 °C.  

 

Preparation of Co@C. In the first step, Co3O4 nanoparticles were prepared as 

precursor for Co@C. Co(OAc)2 (4.94 g) was dissolved in ethylene glycol (100 

mL) under stirring at 160 oC. When Co(OAc)2 was totally dissolved in ethylene 
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glycol, an aqueous Na2CO3 solution (mixture of 4.24 g of Na2CO3 and 160 mL 

distilled water) was added drop by drop. It took 1.5~2 h to finish the process, 

and then, the suspension was aged for another 1 h at 160 oC before cooling 

down to room temperature. A purple solid product was obtained after the 

filtration of the suspension and washing with water and acetone. After drying 

in an oven at 60 °C for 16 h, the solid product was submitted to calcination in 

static air at 450 °C for 3 h with a ramp rate of 1 °C/min from room temperature 

to 450 °C, resulting in formation of Co3O4 nanoparticles. In the second step, 

Co@C sample was prepared through a carbon coating process using the Co3O4 

nanoparticles as precursor. Glucose (360 mg) was dissolved in distilled water 

(20 mL). Then Co3O4 (0.5 g) was dispersed in the glucose aqueous under ultra-

sonication. The black suspension was transferred into autoclave and kept at 

175 °C for 18 h. After cooling down to room temperature, the solid product was 

washed with water and acetone and dried in oven at 60 °C, resulting in the 

formation of Co(OH)2/C composites. The Co@C nanoparticles were obtained 

by annealing the Co(OH)2/C composites in N2 at 600 °C for 2 h at a ramp rate 

of 10 °C/min from room temperature to 600 °C. After being kept at 600 °C for 

2 h, the sample was cooled down in N2 flow to room temperature and stored in 

glass vial in the ambient environment. 

 

2.2 Structural characterization techniques.  

Samples for electron microscopy studies were prepared by dropping the 

suspension of the powder sample using CH2Cl2 as the solvent directly onto 

holey-carbon coated nickel or copper grids. All the measurements were 

performed in a JEOL 2100F microscope operating at 200 kV both in 

transmission (TEM) and scanning-transmission modes (STEM). STEM images 

were obtained using a High Angle Annular Dark Field detector (HAADF), 

which allows Z-contrast imaging. Powder X-ray diffraction (XRD) was 

performed using a HTPhilips X’Pert MPD diffractometer equipped with a 

PW3050 goniometer using Cu Kα radiation and a multisampling handler. 

 

2.3 Ambient-pressure X-ray photoelectron spectra (XPS).  

The AP-XPS experiments were performed at the CIRCE beamline of the ALBA 

synchrotron. CIRCE is an undulator beamline with a photon energy range 100-
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2000 eV. The beam spot size at the sample is 100×30 μm2. The AP-XPS 

endstation, equipped with a PHOIBOS 150 analyzer from SPECS, is described 

elsewhere. [26] The data were acquired with an instrumental energy resolution 

better than 0.3 eV, PE 20 eV and exit slit 20 µm. The sample (10 mg) was 

pelletized and mounted onto the sample holder using a resistive bottom heater 

for sample heating. The temperature was monitored during all experiments with 

a K-type thermocouple in direct contact with the sample. For the photothermal 

studies a solar simulator (Newport®, Oriel Instruments, model 69921, same as 

for the catalytic studies) was placed outside on top of a viewport front to the 

sample. CO2 and H2 were fed into the analysis chamber using two leak valves 

maintaining a constant pressure of 0.1 mbar CO2 and 0.5 mbar H2 inside the 

chamber. The AP-XP spectra were acquired using two different photon energies, 

510 and 1000 eV. XPS data were analyzed using the CASA software. The 

atomic fraction of each element was obtained from the peak areas, calibrated 

for the incident photon flux and the corresponding cross sections.   

 

2.4 Operando Raman studies.  

Raman spectra were recorded at ambient temperature with a 785 nm HPNIR 

excitation laser on a Renishaw Raman Spectrometer (“Reflex”) equipped with 

an Olympus microscope and a CCD detector. The laser power on the sample 

was 15 mW and a total of 20 acquisitions were taken for each spectrum. For the 

operando Raman experiments 20mg of sample was loaded into a quartz cell 

adequate for “in situ” Raman studies. After evacuating the cell (P< 10 mbar), 

CO2, N2 and H2 in a 1:1:5 molar ratios were introduced up to a total pressure of 

~1 bar. In the photothermal studies, the catalytic cell was irradiated using a solar 

simulator (Newport®, Oriel Instruments, model 69921). Light irradiation was 

stopped at specific times where Raman spectra were acquired. For the thermal 

studies the catalytic cell was introduced in a heating plate at 235 ºC. Raman 

spectra were acquired under reaction conditions at specific times. 

 

2.5 CO2 hydrogenation tests.  

Photothermal CO2 hydrogenation under simulated sunlight irradiation in the 

presence of the catalyst solid powders (75 mg) were carried out in a purpose-

designed quartz cell (V=50 cm3). After evacuating the cell (P<10 mbar), 
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appropriate amounts of CO2, N2 and H2 (typically, 20, 20 and 100 cm3 as 

standard conditions) were introduced with a final pressure of ~2.8 bar. 

Simulated sunlight irradiations of the solids were carried out using a solar 

simulator (Newport®, Oriel Instruments, model 69921) equipped with a Xe 

lamp (1000 W) coupled with an AM1.5 filter that provides simulated 

concentrated sunlight. Unless otherwise noted, the irradiance at the surface of 

the solids was ca. 24 kW m−2.  

The initial reaction rates of Na-Co@C sample under thermal or photothermal 

conditions were measured in a photoreactor composed of a quartz tube (V = 

300 cm3) and a built-in heating plate, using the same gaseous mixture as 

described above, at a total pressure of ca. 100 kPa. The reactor body is made of 

aluminium to favor heat transfer to the environment and no special cooling 

system was used. The temperature and pressure inside the photoreactor were 

measured by an internal thermocouple and a manometer, respectively.  

The time-profile conversion of the reactions was followed by analyzing 

samples (ca. 2.5 cm3) taken from the gas phase periodically on a two-channel 

chromatograph (Agilent 490 Micro GC, carrier gas: Ar) equipped with thermal 

conductivity detectors (TCD), and a MS 5Å column (first channel) for the 

quantification of H2, N2 and CO, and a PoraPLOT Q column (second channel) 

for the quantification of CO2 and hydrocarbons. The analysis of C2+ 

hydrocarbons and oxygenates was performed with a SCION-456 GC with FID 

detector. The selectivity to different products is calculated based on the carbon. 

 

3. Results and discussion 

3.1 Synthesis and structural characterization of Na-promoted Co@C 

  Na-promoted Co@C nanocomposites (denoted as Na-Co@C) were prepared 

by thermal decomposition of cobalt-sodium-ethylenediaminetetraacetate (Co-

Na-EDTA) complexes at 450 °C (see Experimental section below) in H2 

atmosphere.27 As shown in Figure 11.1, the X-ray diffraction (XRD) pattern 

of this sample only shows the diffraction peaks corresponding to metallic 

cobalt, being fcc (PDF code: 96-900-8467) and hcp phases (PDF code: 96-900-

8493) as the predominant and minor phases present, respectively. Moreover, 

the Raman spectrum (see Figure 11.2) reveals that CoOx species (Co3O4) are 

also detectable in the sample together with disordered carbon. To gain further 
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understanding on the structure of Na-Co@C, the sample was studied by 

electron microscopy. As shown in Figure 11.4a-b, Na-promoted Co@C 

nanocomposites consist of nanoparticles with sizes ranging from 15 to 150 nm 

(see Figure 11.3 for more typical images and particle size distribution of the 

Na-Co@C sample). The high-resolution transmission electron microscopy 

(HRTEM) images in Figure 11.4c and 4d show that Co nanoparticles are 

surrounded by thin carbon layers. Lattice fringes corresponding to metallic Co 

and Co3O4 can be observed in this sample, suggesting that, either part of the 

Co2+ species maintained their oxidation state, or part of the metallic Co was 

oxidized when exposed to air after the preparation. It is interesting to note that 

the core of the nanoparticles consisted of metallic cobalt, whereas Co3O4 

patches are present on their surfaces below the carbon layers. Due to the 

presence of thin carbon layers, Co nanoparticles are protected from deep 

oxidation by air. Elemental mapping indicates that Co, C, O as well as Na are 

regularly dispersed in the nanocomposites (Figure 11.4f-j). The Na-Co@C 

sample contains ca. 95 wt.% of Co and 2 wt.% of Na. An analogous Co@C 

sample free of Na has been also prepared (see the experimental section for 

synthesis procedure).28 Similar to the Na-promoted sample, HRTEM of the 

Co@C sample shows the presence of Co nanoparticles surrounded by thin 

carbon layers (see Figure 11.5), with CoOx patches on the surface and metallic 

Co as the core. The XRD pattern of the Co@C sample is also similar to Na-

Co@C, showing the typical diffraction pattern of fcc metallic Co and a small 

proportion of hcp Co. 
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Figure 11.1. XRD pattern of Na-Co@C. In this sample, due to the good 

encapsulation of Co nanoparticles by thin carbon layers, only diffraction peaks 

corresponding to metallic Co can be observed.  

 

Figure 11.2. Raman spectrum of Na-Co@C. Raman bands corresponding to 

both Co3O4 and disordered carbon can be observed. 
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Figure 11.3. (a, b) Typical TEM images of Na-Co@C sample. (c) Typical 

FESEM image of Na-Co@C sample obtained by ESB mode. (d) Size 

distribution of Co nanoparticles in the Na-Co@C sample. 
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Figure 11.5. TEM images of Co@C sample. The sizes of Co nanoparticles are 

similar to those in the Na-Co@C sample. In this sample, Co nanoparticles are 

also covered by thin carbon layers. CoOx patches can also be found on the 

surface of metallic Co. 
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3.2 Photothermal hydrogenation of CO2 

Table 1. Photothermal and thermal CO2 hydrogenation on different cobalt 

catalysts. 

 
a Reaction conditions for photoassisted CO2 hydrogenation reaction: mixture of 

CO2 (20 mL), H2 (100 mL), and N2 (20 mL); catalyst mass, 75 mg; irradiation 

source, solar simulator. Blank controls in the absence of any solid catalyst or 

the reaction in the dark without heating did not lead to any product. The 

temperature of the sample (235 oC) under the photothermal conditions was 

measured by a thermocouple placed in close contact with the upper surface of 

the powdered solid. b The thermal reaction was performed at the same 

temperature as the photothermal process without the presence of solar light 

irradiation. cThe selectivity to different products are normalized to carbon.  

 

 

Figure 11.6. TEM image of commercial Co3O4 nanoparticles. 
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Table 11.2. Product distributions for CO2 hydrogenation with Na-Co@C 

catalyst under thermal and photothermal process. 

 

 

Figure 11.7. Mass spectrum of the methane product obtained with 13CO2+H2 

and 12CO2+H2, respectively. red: Mass spectrum of the reaction product 

between 13CO2 and H2 on Na-Co@C, showing that 13CH4 was a product of the 

reaction, as revealed by the peak at m/z = 17 (further fragmentation results in 

peaks at m/z = 16, m/z = 15). Bottom, blue: Mass spectra of a sample of the 

reaction between 12CO2 and H2 on Na-Co@C, where the peak at m/z = 17 is 
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insignificant and the main peak is shifted down one m/z unit, that is m/z = 16 as 

compared to the 13CO2 reaction product. The relatively intense peak at m/z = 14 

on the top spectrum (blue) is due to N+ ion fragments from N2, used as internal 

standard in the reaction. Instrument: Agilent 5973 GC-MS, electronic 

ionization, positive mode. 

 

Figure 11.8. Mass spectrum of the C3 reaction products obtained with 
13CO2+H2 and 12CO2+H2, respectively. red: Mass spectra of a sample of the 

reaction between 13CO2 and H2 on Na-Co@C, showing that 13C3H8 was a 

product of the reaction, as revealed by the peak at m/z = 47 (further 

fragmentation results in peaks at m/z = 46, m/z = 45 and so on). Bottom, blue: 

Mass spectra of a sample of the reaction between 12CO2 and H2 on Na-Co@C, 

where the peak at m/z = 47 is insignificant and the main peak is shifted down 

of three m/z units (m/z = 44), as compared to the 13CO2 reaction product. The 

relatively intense peak at m/z = 44 on the top spectrum is due to CO2
+ ion 

fragments from residual CO2; otherwise, the fragmentation patterns are similar 
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and as expected for 13C3H8 and 12C3H8 for top and bottom spectra, respectively. 

Instrument: Agilent 5973 GC-MS, electronic ionization, positive mode. 

 

The performance of three Co-based nanoparticulate catalysts for the 

photothermal hydrogenation of CO2 under simulated sunlight is shown in Table 

11.1. For comparison, the activity of commercial Co3O4 nanoparticles supplied 

by Sigma-Aldrich (the TEM images of commercial Co3O4 nanoparticles are 

shown in Figure 11.6) and Co@C nanoparticles (without Na) was also 

measured under the same conditions. As can be seen (Table 11.1, entry 4), 

Co3O4 was able to catalyze the hydrogenation of CO2, and CH4 was the major 

product (>98% selectivity). The formation of the hydrocarbons from CO2 has 

been confirmed by 13C labeling experiments. As shown in Figure 11.7 and 

Figure 11.8, products such as 13CH4 and 13C3H8 coming from 13CO2 are 

observed in mass spectrum, suggesting that the hydrogenation products in the 

catalytic tests indeed come from CO2, not from the decomposition of carbon 

layers. In the case of Co@C catalyst, CH4 also appeared as the dominant 

product and low selectivity to ethane (4.4%) was also observed. When Na-

Co@C was used as the catalyst (Table 11.1, entry 1), CH4 selectivity was 

markedly lower (62.7%), and more importantly, C2+ hydrocarbons and ethanol 

were also formed. These results suggest that the presence of Na is crucial for 

the production of C2+ hydrocarbons during the photothermal hydrogenation of 

CO2, which is in line with classic heterogeneous catalytic systems favoring the 

formation of hydrocarbon chains.29 

The reaction equations of the reactions involved in the photoassisted CO2 

hydrogenations are listed in equation (1-3). 

CO2 + 4 H2 → CH4 + 2 H2O               (1) 

n CO2 + (3n+1) H2 → CnH2n+2 + 2n H2O     (2) 

n CO2 + 3n H2 → CnH2n + 2n H2O          (3) 

The oxidation half reaction in the CO2 hydrogenation reaction should be the 

oxidation of H2 to water. It is clear in the above reactions that, as in either 

CO2+H2 or CO+H2 to hydrocarbons, the ratio consumed H2/CO2 should be 

between 3 and 4 as a global situation. In our catalytic tests, the ratio of H2/CO2 

in the feed gas is 5, which means H2 is always excess. For instance, for the 

entry 1 in Table 11.1, H2 conversion quantified by GC is 73.7%, corresponding 
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to a H2/CO2 ratio of ~3.6, which is in line with the theoretical value. 

We also tested Na-Co@C under thermal conditions without sunlight 

irradiation at the same temperature measured under photothermal conditions 

(235 oC). As shown in Table 11.1, the selectivity to C2+ hydrocarbons is lower 

than that obtained under photothermal conditions and a small amount of ethanol 

is also observed at high CO2 conversion. The difference between the 

photothermal and thermal catalysis with Na-Co@C catalyst is more evident 

when the CO2 conversion is below 40%. More C2+ hydrocarbons as well as 

ethanol are formed, suggesting that the light irradiation has significant 

influence on the product selectivity of Na-Co@C catalyst, which is different to 

previously reported works.13   

 

Figure 11.9. Influence of the reaction temperature on the photothermal CO2 

hydrogenaton catalyzed by Na-Co@C catalyst. The selectivity to CH4 and C2+ 

hydrocarbons (obtained at >97% conversion of CO2) are shown in this Figure. 

As shown in this Figure, when the reaction is performed at higher temperature, 

the selectivity to C2+ decreases while the selectivity to CH4 increases. 

 

It has been claimed that solar light irradiation can increase the temperature 

of the catalyst surface, which further enhances the activity while does not 

influence the selectivity [12,13]. In our case, we have also tested the Na-Co@C 

catalyst for CO2 hydrogenation under photothermal conditions at different 
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temperature. As shown in Figure 11.9, at similar CO2 conversion (>97%), the 

selectivity to C2+ hydrocarbons decreased with the temperature and more CH4 

was produced at higher temperature, suggesting that the improved selectivity to 

C2+ hydrocarbons is not caused by the thermal effects under the photothermal 

conditions.  

Since various of products were observed on Na-Co@C sample under both 

photothermal and thermal conditions, the product distributions obtained at 

different CO2 conversion were followed and given in Figure 11.10. Under both 

photothermal and thermal conditions, the small amounts of CO formed initially 

were gradually consumed, and eventually could not be observed among the 

products (see Figure 11.10a and Figure 11.10b). This leads to conclude that 

CO was produced as a reaction intermediate, which then evolved towards the 

formation of higher hydrocarbons and alcohols through CO dissociation or a 

CO insertion mechanism respectively.30 Notably, the selectivity to CO under 

photothermal conditions is slightly higher than under thermal conditions while 

selectivity to CH4 is lower under photothermal conditions. 

Furthermore, the variations of hydrocarbons and ethanol along the CO2 

hydrogenation were also followed. As presented in Figure 11.10c, under 

photothermal conditions, the selectivity to ethanol and C2+ hydrocarbons is 

6.5% and 36.3% respectively, when the CO2 conversion is 37%. With the 

increase of CO2 conversion, the selectivity to ethanol decreases, which could 

be caused by the photocatalytic reforming of ethanol with CO2. According to 

the catalytic results, the chain growth probability factor () for hydrocarbon 

result in 0.55 at 37-58% CO2 conversion and decreases to 0.38 at 97% CO2 

conversion. 

It is clearly shown that, the yield of ethanol (<0.8%) on Na-Co@C sample 

under thermal conditions is significantly lower than under photothermal 

process. Nevertheless, the selectivity to light olefins is also lower under thermal 

conditions (see Table 11.2). In the thermal process, the chain growth 

probability factor  is ~0.55 at all CO2 conversion, which is similar to values 

reported in the literature for the CO2 hydrogenation on cobalt-based catalysts.31 

The above catalytic results clearly indicate that, the solar light irradiation has 

significant influences on the product distribution during CO2 hydrogenation. 

With the help of sunlight irradiation, the selectivity to C2+ hydrocarbons and 
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ethanol is promoted, especially at medium CO2 conversion (<50%). 

 

Figure 11.10. Evolution of the products during CO2 hydrogenation with 

Na-Co@C under photothermal and thermal conditions. (a) Selectivity to 

CH4 and CO at different CO2 conversion under photothermal conditions. (b) 

Selectivity to CH4 and CO at different CO2 conversion under thermal 

conditions. (c) Selectivity to C2+ hydrocarbons and ethanol under photothermal 

conditions at different CO2 conversion. (d) Selectivity to C2+ hydrocarbons and 

ethanol under thermal conditions at different CO2 conversion. 
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Figure 11.11. Comparison of the initial reaction rates (expressed as micromoles 

of CO2 converted per unit of time) under either thermal (black column) or 

photothermal (white column) conditions. The reactions were performed in a 

photoreactor composed of a quartz tube (V = 300 cm3) and a built-in heating 

plate using a mixture of CO2, N2 and H2 (molar ratio ≈ 1:1:5, total pressure ≈ 

100 kPa); catalyst mass, 200 mg; irradiation source, solar simulator. Thermal 

conditions correspond to the experiment performed in the absence of irradiation, 

whereas photothermal conditions imply that the sample was heated and 

irradiated simultaneously. In both cases, the temperature of the catalyst was 

carefully controlled by a thermocouple placed in close contact with the upper 

surface of the powdered solid. Irradiation during the photothermal experiment 

was carried out using a water filter (quartz cell filled with deionized water) 

between the light source and the photoreactor, in order to block the infrared 

radiation and thus avoid overheating, being the rest of the set-up identical to the 

typical photoassisted experiments (see Experimental section in the main text); 

the incident irradiance under such conditions was 19 kW m−2, as measured by 

means of a photodiode. 
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Figure 11.12. Diffuse reflectance UV-vis spectrum of Na-Co@C. The 

absorption is intense throughout the entire UV-vis spectrum, especially in the 

UV region below 350 nm. 

 

Figure 11.13. Apparent quantum yields (Φ) for the reduction of CO2 by H2 on 

Na-Co@C, as compared to the absorption spectrum of the material. The 

measurements were carried out using a 150 W Xe lamp adapted to a Czerny-

Turner monochromator. The intensity of the light to determine the quantum 

yield was measured with a calibrated diode. It is clear from the photo-action 

spectrum that light can promote the reaction in a noticeable fashion only in the 

UV range (< 400 nm). These results are in line with a recent study on the use 

of carbon-coated iron nanoparticles in a similar process, whereby hot electrons 
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generated by absorption of UV light were suggested to promote the activation 

of CO2. 

 

Figure 11.14. Conversion profiles for irradiations using concentrated simulated 

sunlight (I = 19 kW m−2) of gaseous mixtures containing CO2, H2 and N2 

(20:100:20 cm3, N2 as internal standard) on Na-Co@C, in the absence 

(diamonds), or in the presence of methanol (50 or 120 mg, triangles and squares, 

respectively). The reactions were performed under relatively mild conditions 

(T = 200°C, I = 19 kW m−2, milder than the conditions used in the standard tests, 

as shown in Table 1) in order to slow down the initial reaction rate. Conversions 

of CO2 were recorded at short reaction times, and the initial reaction rates (as 

moles of CO2 converted per unit of time at conversion below 10%) were 

calculated, and are shown for each reaction in the graph. The introduction of a 

small amount of methanol vapour in the cell leads to a slight decrease in the 

initial reaction rates: from 101.7 to 95.4 μmol h−1 for the reaction without 

methanol and for the analogous experiment in the presence of 50 mg of the 

alcohol as hole scavenger. At higher conversions (longer reaction times), the 

differences become more significant, that is, the reaction is clearly slower in 

the presence of methanol. By increasing the amount of methanol introduced 

(120 mg), the reaction rate decreases to a significantly greater extent 

(24.7 μmol h−1), thus confirming that the presence of a hole scavenger has 

detrimental effects in the sunlight-induced CO2 hydrogenation process. 
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3.3 Effect of light on the catalytic performance  

In previous works, it has been reported that CO2 hydrogenation can be 

enhanced under solar light irradiation.12,32 Herein, we have also observed that 

the initial reaction rate of the CO2 hydrogenation on Na-Co@C under thermal 

conditions was lower than for the analogous process performed under 

photothermal conditions (see Figure 11.11). The Na-Co@C nanomaterials 

show an intense light absorption profile throughout the entire UV-vis spectrum 

(see Figure 11.12). In order to investigate on which wavelengths might be 

responsible for the activation of CO2 hydrogenation, irradiations were 

performed using monochromatic light of selected frequencies (see Figure 

11.13). Light in the UV range (<400 nm) was observed to promote the reaction 

in a noticeable way.33 Therefore, it can be deduced that photo-generation of 

charges (electron-hole pairs) on Co@C nanoparticles may participate in the 

CO2 hydrogenation reaction. A recent study on the use of carbon-coated iron 

nanoparticles in a similar process suggested that hot electrons generated by 

absorption of UV light were responsible for activating CO2.
12 

In the present system, we considered the hypothesis of direct participation of 

the photo-generated charges, which would be transferred to appropriate 

adsorbed species and then involved in CO2 hydrogenation reaction. Therefore, 

control experiments by adding a hole scavenger in the reaction system were 

designed to check whether consumption of photo-generated charges had any 

effect on activity. A series of sunlight-assisted experiments in the absence or in 

the presence of methanol as a hole scavenger were performed (see Figure 

11.14). The introduction of a small amount of methanol vapor in the cell leads 

to a slight decrease in the initial reaction rates. A further increase in the amount 

of methanol leads to a significantly greater decrease of the initial activity. Based 

on the aforementioned evidences, it is proposed here that the photothermal CO2 

hydrogenation on Na-Co@C nanocomposites is to some extent activated by the 

UV light. 

 

4. Mechanistic studies based on in situ spectroscopy  

Due to the complexity of the CO2 hydrogenation reaction, characterizations 

of the catalyst under working conditions at molecular level have been carried 
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out to identify the nature of active sites and establish correlations between 

structure and catalytic reactivity. Thus, near-ambient pressure X-ray 

photoelectron spectroscopy (AP-XPS) and in situ Raman studies have been 

performed providing useful information on the nature of surface intermediate 

species involved in the reaction mechanism and the chemical states of the 

catalyst surface in the presence of CO2/H2 mixture. A detailed analysis of 

surface species under reaction conditions will allow to shed light on the role of 

light irradiation and the promoting effect of sodium on the catalytic behavior of 

Na-Co@C sample for CO2 hydrogenation.  

 

Figure 11.15. AP-XPS spectra of Co2p3/2 region obtained at 250 oC with 

incident X-ray energy of 1000 eV. (a) Na-Co@C under photothermal 

conditions, (b) Co@C under photothermal conditions and (c) Na-Co@C under 

thermal conditions. (d) Percentage of cobalt carbide, CoOx and metallic Co0 in 

different Co-based catalysts based on the AP-XPS spectra. 
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4.1 AP-XPS studies on the surface properties of Co-based catalysts 

In contrast to the Na-Co@C sample, a different catalytic behavior has been 

observed on the Na-free Co@C sample under photoassisted reaction conditions 

(see Table 1). The role of sodium in FTS cobalt based catalysts has extensively 

been discussed in the literature. It has been proposed that sodium can stabilize 

cobalt carbide species which serve as active sites for the formation of 

oxygenates.34,35 In some other works, it is suggested that cobalt carbides can 

suppress the hydrogenation of C=C bonds and facilitate the desorption of 

olefins, leading to higher selectivity to olefin.36 However, it has also been 

proposed that cobalt carbides can decrease the reducibility of cobalt oxide 

and/or block active sites, resulting in lower catalytic activity for FTS.37,38  

As shown in Figure 11.15a, carbide species have been detected on the Na-

Co@C sample in the Co2p3/2 spectra under light irradiation. At the reaction 

temperature (250 ºC), Co2p3/2 peak fitting shows the co-existence of Co0 (9%), 

CoO (88%) and Co2C (3%) species. Notably, the formation of carbide species 

is rather low, leading us to question their participation in the formation of 

alcohols under our reaction conditions. The low reducibility of cobalt species 

under reaction conditions should also be noted. On the other hand, under light 

irradiation and in the absence of Na, Co2p3/2 peak fitting shows the presence 

of Co0 (9%), CoO (79%) and Co2C (12%) at 250 ºC (Figure 11.15b). A higher 

amount of cobalt carbide is observed on the Co@C sample while the amount 

of metallic Co is similar to Na-Co@C sample, implying that the promotion 

effect of Na does not seem to relate with either the increase of reducibility or 

stabilization of carbide. Nevertheless, the Co2p3/2 peak fitting of the Na-Co@C 

sample under thermal condition (see Figure 11.15c) shows the presence of Co0 

(15%), CoO (72%) and Co2C (13%), suggesting that sunlight irradiation can 

suppress the formation of cobalt carbide.  

The abovementioned XPS results of Co2p3/2 region indicate that, higher 

selectivity to C2+ hydrocarbons and ethanol on Na-Co@C sample under 

photothermal conditions is probably not related with cobalt carbide species. 

Moreover, considering the similar percentage of metallic Co in the above three 

cases, it seems that the observed different catalytic behavior is not related with 

the reducibility of the Co catalyst.  
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Figure 11.16. Ambient-pressure XPS spectra of Na-Co@C sample during 

CO2 hydrogenation reaction conditions (PCO2= 0.1 mbar and PH2= 0.5 mbar) 

under photothermal conditions. (a-c) C1s spectra obtained with incident X-

ray energy of hv=510 eV. (d) Percentage of different types of carbon species at 

different temperature according to the spectra obtained at hv=510 eV. (e-g) 

Spectra obtained with incident X-ray energy of hv=1000 eV. (h) Percentage of 

different types of carbon species at different temperature according to the 

spectra obtained at hv=1000 eV. 

 

 

Figure 11.17. Ambient-pressure XPS spectra of Na-Co@C sample during 

CO2 hydrogenation reaction conditions (PCO2= 0.1 mbar and PH2= 0.5 mbar) 
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under thermal conditions. (a-c) C1s AP-XPS spectra of Na-Co@C sample 

under thermal conditions obtained with incident X-ray energy of hv=1000 eV. 

(d) Percentage of different types of carbon species at different temperature 

according to the spectra obtained at hv=1000 eV. 

 

 

Figure 11.18. Ambient-pressure XPS spectra of Co@C sample during CO2 

hydrogenation reaction conditions (PCO2= 0.1 mbar and PH2= 0.5 mbar) 

under photothermal conditions. (a-c) C1s AP-XPS spectra of Co@C sample 

under photothermal conditions obtained with incident X-ray energy of hv=510 

eV. (d) Percentage of different types of carbon species at different temperature 

according to the spectra obtained at hv=510 eV.  

 
Figure 11.19. AP-XPS spectra of O1s region of Na-Co@C (a) and Co@C (b) 

samples under photothermal CO2 hydrogenation conditions at PCO2= 0.1 mbar 

and PH2= 0.5 mbar. These spectra were obtained with incident X-ray of h=1000 

eV. The peak at BE 529.8-530.1 eV corresponds to surface cobalt oxide species 

and the peak at BE=531.8eV corresponds to adsorbed CO species. The 

significant decrease in intensity of the component at 530.1 eV on the Na-Co@C 
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sample under photothermal conditions at 275 ºC is associated with the reduction 

of cobalt oxide species to Co0, which is not observed on the Na-free Co@C 

sample at the same temperature. 

 

4.2 AP-XPS studies on the surface carbon species 

Though several reaction paths have been proposed for the CO2 

hydrogenation reaction, the starting point is the activated CO2
- specie which 

can either dissociate into CO+O or undergo direct hydrogenation [39]. The in 

situ formed CO can be further hydrogenated or dissociate into C and O ad-

atoms, resulting in the formation of different surface species, like for instance 

formyl (HCO), hydroxycarbene (HCOH), hydroxymethyl (H2COH), methyl 

(CH3), methylene (CH2), methylidyne (CH) and hydroxymethylidyne (COH). 

Chain growth takes place by a surface polymerization condensation reaction 

process resulting in the formation of paraffins, olefins and oxygenates. The 

types of the surface carbon species can be used as fingerprint for reaction 

pathways towards different products. Therefore, we firstly have studied the 

surface carbon species by AP-XPS to follow their evolution on Co-based 

catalysts. 

The C1s core levels of the Na-Co@C and Co@C samples in presence of CO2 

and H2, under thermal and photothermal reaction conditions, are shown in 

Figure 11.16 to Figure 11.18, where XPS spectra have been acquired at two 

photon energies, hv=510 eV and hv=1000 eV, in order to analyze at different 

depths of the sample. Firstly, the Na-Co@C sample has been studied. Two C1s 

peaks at BE 285.2-285.6 and 284.1-284.7 eV have been observed in the Na-

Co@C sample under light irradiation, corresponding to carbon layers covered 

on Co nanoparticles. Moreover, the C1s spectra (Figure 11.16a-16c) under 

light irradiation and working at hv=510 eV, show predominately CO (BE 286.5 

eV) as main component in addition to formate (BE 287.8 eV) and carbonate 

species (BE 289.4 eV).40-42 When working at higher photon energy (1000 eV) 

(Figure 11.16e-16g), besides CO (BE 286.5 eV), formate (BE 287.4 eV) and 

carbonate species (BE 290.2 eV), an additional component at 288.6 eV is 

observed. In the O1s region (Figure 11.19a), a new component at 532.8 eV 

appears when increasing the reaction temperature, showing similar behavior to 

the C1s component at BE 288.6 eV. Based on the high BE of both species and 
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their parallel growing, we can tentatively assign both components to some type 

of hydrogen-carbonate intermediate specie, i.e HxCOO*. Peak areas of each 

component according to the fitting results of C1s spectra, and their evolution as 

a function of the temperature, are given in Figure 11.16d and Figure 11.16h. 

Taking into consideration that CO is predominantly observed at low photon 

energy (being high surface sensitive conditions) and Co nanoparticles are 

covered by thin carbon layers, the XPS results indicate that CO is stabilized on 

the surface carbon layers of the Na-Co@C sample. At higher photon energy 

(hv=1000 eV), the contribution of formate and HxCOO* in the C1s peak 

increases, indicating their stronger interaction with Co surface covered by the 

carbon layers. Based on Figure 11.16d and 16h, it can be observed that when 

increasing reaction temperature, the signal intensity of the surface CO decreases, 

while formate species and HxCOO* increase. Meanwhile carbonate like 

species remains practically stable with the temperature. This behavior indicates 

that CO, formate and HxCOO* behave as intermediate species while carbonate 

species, stabilized either on cobalt surface or on the carbon layer, are not 

involved in the reaction pathways. 

 
Figure 11.20. C1s gas phase spectra acquired at 250 ºC in the presence of of 

0.1 mbar CO2 and 0.5 mbar H2 under photothermal conditions on Co@C (blue) 

and Na-Co@C (red) and under thermal conditions on Na-Co@C (black). These 

spectra were acquired at hv=510 eV. 
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The CO2 hydrogenation on Na-Co@C sample under thermal conditions has 

also been studied by AP-XPS. As shown in Table 1 and Figure 11.10, the 

product distribution under thermal conditions with Na-Co@C for CO2 

hydrogenation is similar to the situation under photothermal conditions, 

although selectivity to C2+ hydrocarbons and ethanol were lower under thermal 

conditions. Based on the AP-XPS studies (Figure 11.17a-17c), CO (BE 286.7 

eV) is not detected on the catalyst surface under thermal conditions, while it is 

detected in the gas phase (Figure 11.20), suggesting that CO interacts weakly 

with the catalyst surface under thermal conditions. Since the stabilization of CO 

on catalyst surface is a key for the formation of oxygenates during CO2 

hydrogenation, the absence of CO on Na-Co@C under thermal conditions can 

explain its low selectivity to ethanol. Besides, carbonate (BE 290.5 eV), 

formate (BE 287.1 eV) and HxCOO* (BE 288.6 eV), are also predominantly 

observed in the C1s spectra. Notoriously carbide species with BE 283.7 and 

281.6 eV (also observed in the Na-Co@C sample under light irradiation) and 

graphitic carbon species and/or CHx species with BE at 284.9 eV are also 

detected, which is in line with the higher amount of cobalt carbide as observed 

in Figure 11.15 for the Na-Co@C sample under thermal conditions. This 

difference implies that the sunlight irradiation can suppress the deposition of 

carbon on cobalt.  

Considering our previous hypothesis where UV light plays an important role 

in the CO2 activation through the formation of electron hole pairs, a support for 

this hypothesis can be found from the AP-XPS studies. As we have mentioned 

before, two C1s peaks at BE 285.2-285.6 and BE 284.1-284.7 eV have been 

observed in the Na-Co@C sample under light irradiation (Figure 11.16). The 

first ones corresponding to carbon are also observed in the Na-Co@C sample 

without sunlight irradiation (Figure 11.17), while the later ones are only 

observed on irradiated samples. The low BE of the C1s peak at BE 284.1-284.7 

eV may account for electron-rich carbon species from the carbon layer formed 

under light irradiation, which can play an important role in the activation of 

CO2 to CO2
-, enhancing the CO2 dissociation to CO and O. These results can 

explain the higher initial reaction rate for CO2 hydrogenation on Na-Co@C 

sample under sunlight irradiation. 

In order to explain the ~92% CH4 selectivity observed in the Co@C catalyst, 
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and in an attempt to find out why and how Na plays an effect of the product 

distribution, the evolution of carbon intermediate species at different reaction 

temperatures has been followed by AP-XPS studies (Figure 11.18). 

Surprisingly, a different reaction intermediate is observed in the non-promoted 

Co@C catalyst, where a new component at BE 288.2 eV, not observed in the 

Na-Co@C sample, is predominant. In addition, CO (BE 286.5 eV) is also 

formed together with surface carbonate species (BE 290.5 eV). Formate species 

(BE 287.4 eV) are only detected at low temperature (Figure 11.18a-c). Based 

on the growth of a parallel new component at BE 530.6 eV in the O1s peak 

(Figure 11.19b), associated to hydroxyl groups, we can assign the peak at BE 

288.2 eV to enol like species (HxCOH). These enol like species are unstable on 

Co surface, and further C-OH scission would lead to formation of CHx species, 

which can be further hydrogenated into CH4, as detected in the catalytic studies.  

Combining the above AP-XPS results, it can be concluded that, under light 

irradiation, the promoting effect of sodium on the production of C2+ 

hydrocarbons and oxygenate cannot be ascribed to any of the effects described 

previously in the literature.43-45 The effect of Na in our system is probably 

related with the modulation of the surface intermediates during the catalytic 

process of CO2 hydrogenation, resulting in different product distributions. 

Meanwhile, we have observed that light plays an important role in the reaction 

mechanism, by modulating the types of intermediates species and their stability 

(especially CO) on the surface of Co nanoparticles.  

 

Figure 11.21. In situ Raman spectra of Na-Co@C under thermal and 

photothermal conditions for CO2 hydrogenation. (a) Raman spectra 
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obtained with Na-Co@C sample after 100 min reaction under photothermal 

(red curve) and thermal (blue curve) conditions for CO2 hydrogenation. (b) Peak 

area ratio of the Raman bands at different reaction time under photothermal and 

thermal conditions for CO2 hydrogenation. 

 

4.3 In situ Raman Studies on the surface carbon species 

The formation of carbon species in the CO2 hydrogenation process, already 

detected in the AP-XPS studies, has also been analyzed by operando Raman 

studies. As shown before in Figure 11.15, the amount of cobalt carbide formed 

on Na-Co@C under thermal conditions is more than under photothermal 

conditions. The high sensitivity of Raman spectroscopy to carbonaceous 

species, and the possibility to work under more realistic reaction conditions (1 

bar in Raman versus 0.6 mbar in AP-XPS) enables us to obtain more realistic 

information about the formation of carbon species and their evolution under 

operando conditions.  

  Peak fitting of the Raman spectra of the Na-Co@C catalyst, shows several 

bands at 1204, 1305, 1440 and 1591 cm-1 associated to different carbon species 

(see Figure 11.21), which can be ascribed to disordered graphite, capillary 

carbon or defects in graphite, amorphous carbon and graphite like carbon, 

respectively.46,47 Under thermal CO2 hydrogenation conditions, an increase in 

the amount of amorphous carbon (1.15 to 1.39) and capillary carbon (2.08 to 

2.5) is observed with reaction time. Under photothermal conditions, the amount 

of capillary carbon species increases in the first 100 min from 2.08 to 2.65 and 

then decreases to 2.03, while amorphous carbon increases and remains 

practically constant (1.02 to 1.35). Thus, the in situ Raman results infer that 

sunlight irradiation suppress the carbon deposition on Na-Co@C catalyst. Such 

effect may cause the low percentage of cobalt carbide formed on the Na-Co@C 

catalyst under photothermal conditions.      
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Figure 11.22. TEM images of Na-Co@C after CO2 hydrogenation reaction 

under photothermal conditions. Compared with the fresh Na-Co@C (shown in 

Figure 11.1), the morphology of the Na-promoted Co@C nanoparticles 

changed after the photoassisted CO2 hydrogenation. Rod-like particles can be 

observed in the used catalyst. High-resolution images confirm that, these rod-

like structures are Co3O4 nanoparticles.  
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Figure 11.23. Elemental mapping of the used Na-Co@C catalyst after 

photothermal CO2 hydrogenation reaction. From the mapping results in three 

different areas, it is confirmed that, the rod-like structures are consisted by both 

Co and O. 
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Figure 11.24. TEM images of Na-Co@C after CO2 hydrogenation reaction 

under thermal conditions. Compared with the fresh Na-Co@C (shown in 

Figure 11.1), the morphology of the Co@C nanoparticles changed after the 

CO2 hydrogenation under thermal conditions, which is similar to the situation 

of used Na-Co@C catalyst after CO2 hydrogenation under photothermal 

conditions. Rod-like particles can be observed in the used catalyst. High-

resolution images confirm that, these rod-like structures are Co3O4 

nanoparticles.  
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Figure 11.25. TEM images of commercial Co3O4 nanoparticles after CO2 

hydrogenation reaction under photothermal conditions. Compared with the 

fresh Co3O4 nanoparticles (shown in Figure 11.S4), the morphology of the 

Co3O4 nanoparticles changed dramatically after the photoassisted CO2 

hydrogenation. Rod-like particles can be observed in the used catalyst and their 

sizes are larger than those observed in the Na-Co@C sample. High-resolution 

images confirm that, these rod-like structures are Co3O4 nanoparticles.  
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Figure 11.26. TEM images of Co@C after CO2 hydrogenation reaction under 

photothermal conditions. Compared with the fresh Co@C (shown in Figure 

11.S3), the morphology of the Co@C nanoparticles changed after the

photoassisted CO2 hydrogenation, which is similar to the situation of Na-Co@C 

sample. Rod-like particles can be observed in the used catalyst. High-resolution 

images confirm that, these rod-like structures are Co3O4 nanoparticles.  
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Figure 11.27. XRD patterns of pristine Na-Co@C sample and the samples after 

thermal and photothermal CO2 hydrogenation reactions. The values Ihcp and Ifcc 

correspond to the intensities (peak heights, a.u.) of the hcp and fcc reflection 

peaks at 2θ = 47.6 and 44.2 °, respectively. 

 

5. Influence of sunlight irradiation on the structure of the Co-based 

catalysts 

The morphologies of Co-based catalysts after CO2 hydrogenation reactions 

under thermal and photothermal conditions have been studied by TEM. As 

shown in Figure 11.22 the morphology of Na-Co@C after photothermal CO2 

hydrogenation is different to the pristine sample. Rod-like structures are formed 

along the spherical Co nanoparticles. Elemental mapping (see Figure 11.23) 

results show that, those rod-like structures contains Co, suggesting that 

structural reconstruction occurred during the CO2 hydrogenation reaction under 

photothermal conditions. Furthermore, HRTEM images indicate that, those 

rod-like structures corresponding to Co3O4. However, those Co3O4 species may 

come from the re-oxidation of metallic Co0 or Co2C species after contact with 

air during preparation of the samples for TEM measurements. Besides, we have 

also measured the other Co catalysts after CO2 hydrogenation reactions. As 

shown in Figure 11.24 to Figure 11.26, rod-like structures can be observed in 
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all the cases, suggesting the structural reconstruction is a common phenomenon 

in Co catalysts for CO2 hydrogenation reaction.48 Catalyst reconstruction could 

be also reflected from the AP-XPS data where the number of exposed cobalt 

surface sites increases under reaction conditions (Table 11.3). It should be 

noted that, the size of the rod like structures formed in Co3O4 nanoparticles are 

larger than those formed in either Na-Co@C or Co@C, which may be related 

with the absence of carbon layers on the Co nanoparticles.   

In addition, in conventional Fischer-Tropsch processes, the presence of the 

Co0 hcp phase plays an important role during the growth of carbon chain for 

producing higher hydrocarbons.49-51 As shown in Figure 11.27, the percentage 

of the Co0 hcp phase increases significantly in the Na-Co@C sample after the 

photothermal reaction. For comparison purposes, the XRD pattern of the Na-

Co@C sample after only-thermal catalytic hydrogenation of CO2 was also 

measured. The percentage of hcp phase Co also increased in this case, but not 

as much as after the photothermal reaction, implying that solar light irradiation 

during the CO2 hydrogenation reaction can promote the transformation of Co 

species into the hcp phase, which may have influence on the catalytic behavior. 

 
Figure 11.28. Recyclability tests on Na-Co@C for photothermal CO2 

hydrogenation reaction. Conversion: black bars; selectivity to C2–3: grey bars. 

During the first two reuses, the sample was kept in the reactor without contact 

with air, the final reaction gas mixture evacuated under reduced pressure, and 
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then fresh reaction gas mixtures were added. Between the second and third 

reuses, the sample was exposed to air at atmospheric pressure and room 

temperature and the catalytic performance was recovered. 

 

Table 11.3. Chemical surface composition determined from AP-XPS studies at 

an X-ray energy of 1000 eV. 

Sample treatment Co:C:O (atomic ratio) 

Na-Co@C fresh 2: 80: 18 

Co@C fresh 11: 69: 20 

   

Na-Co@C 
Photoassisted CO2/H2 

reaction 250 oC 
4: 79: 17 

Na-Co@C 
Thermal CO2/H2 

reaction 250 oC 
7: 82: 11 

Co@C 
Photoassisted CO2/H2 

reaction 250 oC 
11: 72: 17 

 

As shown in Figure 11.28, excellent activity and high selectivity towards C2 

and C3 hydrocarbons was observed during the first reuse of the catalyst. 

However, significant deactivation of the catalyst became apparent during the 

second reuse. It should be noted that, the catalyst was always kept in reductive 

atmosphere during the first and second reuse. According to the spectroscopic 

characterizations in this work and the literature, it seems that, the formation of 

cobalt carbide or graphitic carbon on the catalyst surface may contribute to the 

loss of activity.52,53 Since cobalt carbide can be oxidized by air, then the blocked 

surface sites by cobalt carbide or graphitic carbon can be recovered after mild 

oxidation treatment. In fact, after exposing the reused catalyst to air at ambient 

temperature and pressure, the high activity and selectivity of Na-Co@C was 

again recovered (see Figure 11.28). 
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Figure 11.29．Schematic illustration of the CO2 hydrogenation on Na-Co@C 

and Co@C catalysts under thermal and photothermal conditions. Sodium is 

shown with red circles. (a) Under thermal conditions, Na-Co@C catalyst 

mainly produce CH4 and C2+ hydrocarbons. (b) Under photothermal 

conditions, ethanol is also produced as well as C2+ hydrocarbon and CH4. (c) 

Under photothermal conditions, CH4 is the predominant product on Co@C 

sample, due to the fast hydrogenation of the intermediates instead of C-C 

coupling reaction. 



Chapter 11 

479 
 

6. Proposed reaction mechanism 

Based on the above spectroscopic studies, we can conclude that light 

irradiation plays an important role in the CO2 activation mechanism, favoring 

the RWGS reaction (CO2 +H2 → CO+H2O) and the stabilization of CO on the 

catalyst surface. The direct role of light has been ascribed to an electronic effect 

where electrons generated by absorption of UV light are responsible for 

activating CO2 to CO2
-, promoting CO2 dissociation into CO, and the 

stabilization of CO on the catalyst surface (as shown in Figure 11.29). The 

stabilization of CO contributes to a higher selectivity toward ethanol by a CO 

insertion mechanism. Moreover, a clear effect of light on the chain growth 

process can also be deduced according to the different surface intermediates 

observed by AP-XPS. This can be reflected from the catalytic results where 

under light irradiation the ASF hydrocarbon distribution differs from the 

thermal process, with a higher selectivity to C2-C3 hydrocarbons and ethanol. 

The higher selectivity to C2H6 and C3H8 under light irradiation can be related 

to a lower concentration of surface C species, or to low metal-C adsorption 

strength promoting hydrocarbon desorption. At this point, and based on our 

spectroscopic data, it has been observed that sunlight irradiation can reduce the 

metal-carbon interaction. Indeed, the amount of carbide species observed in the 

AP-XPS spectra is markedly lower in the presence of light than under thermal 

conditions. Nevertheless, we have also observed the influence of light 

irradiation on the phase structure of Co catalysts, which show higher amount of 

Co hcp phase under sunlight irradiation. Finally, and in agreement to literature 

data, sodium plays an important role on the C-C formation by influencing the 

nature of intermediate species on the catalyst surface. In the absence of sodium, 

enol species seem to be stabilized, and the C-OH scission favors the formation 

of CH4.  

 

7. Conclusions 

  In summary, we report the application of Na-Co@C nanocomposites for 

photocatalytic hydrogenation of CO2 to C2+ hydrocarbons and ethanol. Under 

photothermal conditions the Na-promoted Co@C sample shows almost 100% 

selectivity to hydrocarbons as well as high selectivity to C2 and C3 products 

(16.5% and 12.5% respectively) at >97% CO2 conversion. Photo-generation of 
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charges on Co@C nanoparticles upon UV light absorption, in addition to the 

favored formation of active hcp phases under such conditions, proved the 

activating role of sunlight irradiation in the photothermal process. Control 

experiments confirm the participation of photo-generated charges in the 

catalytic process. In addition, AP-XPS studies have shown a direct role of light 

irradiation on the formation of electron rich carbon species on the surface of 

Na-Co@C nanoparticles. These species are involved in CO2 activation to CO2
-, 

promoting CO2 dissociation into CO. Moreover, CO is stabilized by interaction 

with the carbon layers on the catalyst surface, enabling the formation of ethanol 

via a CO insertion mechanism. Based on spectroscopic studies, this work shows 

how the light irradiation can influence the surface intermediate species during 

CO2 hydrogenation reaction, leading to different reaction pathways. 
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It has been presented along the thesis that, in the case of metal catalysts, and 

even more so with supported metal catalysts, the number of variables that can 

have an effect on the catalytic behavior is quite high. Among them, we can 

highlight: size and shape of the metal particles, the nature of the support and 

metal-support interaction, the presence of the other metals, from impurities to 

defined bimetallic or multimetallic particles, and the chemical states of the 

surface. However, among all, we would like to point out two of them: a) the 

intrinsic electronic difference and binding capacities when going from single 

atoms to clusters and to nanoparticles; b) the dynamic characteristics of the 

catalytic process which is directed by the metal-reactant and/or metal-solvent 

interaction. In this later case, the size, shape and electronic properties can be 

even dramatically modified by such interactions. These changes can be for the 

good or for the bad from a catalytic point of view, and it shows how difficult is 

to get sensible structure-reactivity correlations by combining catalytic results, 

catalyst characterizations and molecular modelling, unless the dynamic 

characteristics of the catalyst during the reaction are considered. 

When nanoparticles become smaller and specially, metal clusters with less 

than 20 atoms or even single atoms supported on solid carriers, the size, shape 

and electronic properties of the metal will also depend on the electronic 

structure and surface arrangement of the support. The extreme situation occurs 

with single metal atoms in where the “ligands” of those will be atoms from the 

support. Then, the presence and the number of vacancies, the oxidation state of 

the atoms of the solid carrier and the characteristics of their frontier orbital and 

potential overlapping with those of the metal species, not only will mark the 

final electronic properties of the “single” atom and their reactivity for catalysis, 

but also the metal sintering and/or metal leaching. Therefore, in the case of 

supported “single atoms”, the real active site, in where reactants are activated 

and transition states are stabilized, will be the “single metal atom” but the 

“ligand” atoms of the support will play an important role. 

It has been proposed recently that, heterogeneous single-atom catalysts can 

work as an analogous to homogeneous catalysts. Despite their difference on 

electronic structures, in our opinion, the geometric factor can be a significant 

difference between them. In the case of homogeneous catalysis, the metal 

centers are coordinated by ligands and/or the reactants and the geometric 
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structure of such complexes are quite flexible. The metal center can be 

accessible to large molecules and can adjust the coordination configuration 

between the metal and reactant during the catalytic cycles. However, in the case 

of supported single atoms, their geometric structures are partially restricted by 

the support, especially for those supported on inorganic solid carriers. 

Consequently, the catalytic applications of single-atom catalysts in the 

literature are mainly related with activation of small molecules, at least up to 

date. It has been reported that, when Rh single atoms are stabilized by polymers, 

they can serve as stable and active sites for hydroformylation reactions. 

Considering the flexible geometric structure of polymers, it maybe a possible 

approach to overcome the geometric restriction of conventional inorganic solid 

carriers, making single-atom catalysts closer to its homogeneous counterpart. 

However, the stability and the potential leaching of single atoms should also be 

considered under those circumstances. 

All the abovementioned factors may be key issues for preparing a successful 

single-atom catalyst. In the case of metal clusters, the nature of the support and 

the metal-support interaction will dictate the shape of the supported clusters, 

their stability, the atomic structure of metal-cluster interface and electronic 

interactions between the support and the metal clusters. The fact that the 

number of variables and their interdependence is so large in the case of 

subnanometric metal catalysts, has made that many of the studies presented 

appear phenomenological and “specific” for a given catalyst-reaction system. 

Nevertheless, there are already some general lessons that could be extracted 

from the studies reported up to now.  

First of all, the important role that single atoms and small clusters can play 

in catalysis. While this could be intuitively deduced from older work, it is now 

possible to “see” those metal entities on supports and solution with the 

development of new catalyst preparation techniques and the development of 

aberration-corrected TEM and MALDI-TOF techniques. Furthermore, the 

direct observation of those subnanometric metal species leads to better 

discussions on their stability and catalytic role. All of the above together with 

the advances in molecular modelling have boosted our understanding of the 

catalytic behavior at the molecular level on those highly dispersed species.  

It should be emphasized that, the theoretical calculations and molecular 
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modeling should match the experimental conditions as much as possible to 

obtained reasonable interpretation on experimental results. Currently, in many 

works, the modeling of active sites in heterogeneous catalysts and the 

computational methods are still far away from the realistic working catalyst.576 

With unrealistic parameters for theoretical calculations, the output results may 

be useless for understanding the behavior and reaction mechanism of 

heterogeneous catalysts. On the other hand, with suitable modeling on the 

experimental basis, the theoretical calculations and modeling can be very 

helpful to understand experimental phenomena and can even be used for 

predictions. It can be expected in the near future that, with the development of 

better hardware resources and especially with the help of new concepts from 

machine learning and artificial intelligence, the accuracy of theoretical 

calculations for heterogeneous catalytic reactions will be improved greatly. 

It should be noticed that, we normally build “static” models of the catalytic 

phenomena, while those catalysts are dynamic under reaction conditions. So, 

today we are still missing more deepness on this aspect. Therefore, in situ 

surface techniques such as XAS, XPS, XRD and TEM that allow following 

catalyst evolution during reaction will be most helpful. It is true that in situ 

TEM studies on metal nanoparticles has been already performed and has 

provide new insights on the atomic structures of metal particles when they 

interact with reactants. However, nanoparticles of 2-10 nm are already quite 

stable, and the critical issue is to apply such technique for catalysts based on 

single atoms and subnanometric clusters. As was said in the thesis, the first 

steps along this direction are now being given. 

If we want to go beyond the study of particular cases, we should work to 

establish a unified theory that will envelope and explain all the casuistic in 

metal catalysis, regardless if that is based on homogeneous or heterogeneous 

chemical, photochemical, electrochemical or photoelectrochemical catalysts. 

At the end, all of them are based on electronic interactions and, to achieve 

global explanations, we can make use of the knowledge generated by the 

physicists and chemists on solid state chemistry, physical chemistry of surface 

and chemical reactivity. It is also true that if we attempt to achieve this global 

and unifying knowledge on catalysis, we will require more than just quick 

catalytic experiments. We should combine more and more “realistic” operando 
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characterizations with high-quality adsorption, reaction kinetics, isotopic 

studies as well as theoretical work. In other words, we should generate a deeper 

molecular mechanistic knowledge involving dynamic transformations of metal 

catalysts and molecular interactions at the gas/liquid-solid interface to deal with 

the complications introduced when going from molecular catalysis to 

heterogeneous catalysis with metal catalysts.  
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Abstract 

Metal species with different size (single atoms, nanoclusters and 

nanoparticles) show different catalytic behavior for various heterogeneous 

catalytic reactions. It has been shown in the literature that, many factors 

including the particle size, shape, chemical composition, metal-support 

interaction, metal-reactant/solvent interaction, can have significant influences 

on the catalytic properties of metal catalysts. The recent developments of well-

controlled synthesis methodologies and advanced characterization tools allow 

to correlate the relationships at molecular level. 

In this thesis, I have carried out studies on metal catalysts from single atoms 

to nanoclusters and nanoparticles. By developing new synthesis methodologies, 

the size of metal species can be modulated and used as model catalysts to study 

the size effect on the catalytic behavior of metal catalysts for CO oxidation, 

selective hydrogenation, selective oxidation and photocatalysis. It has been 

found that, singly dispersed metal atoms and subnanometric metal clusters may 

agglomerate into larger nanoclusters or nanoparticles under reaction conditions. 

To improve the stability of subnanometric metal catalysts, I have developed a 

new strategy for the generation of single atoms and clusters in zeolites. Those 

subnanometric metal species are stable in oxidation-reduction treatments at 550 
oC. Following this new synthesis methodology, this new type of materials can 

serve as model catalyst to study the evolution of subnanometric metal species 

under reaction conditions. The structural transformation of subnanometric Pt 

species has been studied by in situ transmission electron microscopy. It has been 

shown that the size of Pt species is strongly related with the reaction conditions, 

which provide important insights for understanding the behavior of 

subnanometric metal catalysts under reaction conditions.  

In the other research line for non-noble metal catalysts, I have developed 

several general strategies to obtain non-noble metal catalysts either supported 

on metal oxides or protected by thin carbon layers. These materials show 

excellent performance for several important reactions, such as chemoselective 

hydrogenation of nitroarenes, even when compared with conventional noble 

metal catalysts. In some cases, non-noble metal catalysts can even achieve 

selectivities to unfeasible products which has not been possible to achieve on 



490 

conventional noble metal catalysts, which is caused by the different reaction 

pathway on non-noble metal catalysts. In some other cases (e.g. CO2 
hydrogenation), selectivity to alcohols and C2+ hydrocarbons can be 
modulated through light irradiation (as evidenced by ambient-pressure X-ray 
photoelectron spectroscopy) which opens a new possibility for tuning the 
catalytic behavior of metal catalysts.  

Based on the above works from different aspects related with 

heterogeneous metal catalysts, perspectives on the future directions 

towards better understanding on the catalytic behavior of different metal 

entities (single atoms, nanoclusters and nanoparticles) in a unifying manner 

have also been given in this thesis. 
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Resumen 

Las especies de metal con diferentes tamaños (átomos individuales, 

nanocristales y nanopartículas) muestran un comportamiento catalítico 

diferente para diversas reacciones catalíticas heterogéneas. Se ha demostrado 

en la bibliografía que muchos factores que incluyen el tamaño de partícula, la 

forma, la composición química, la interacción metal-soporte, la interacción 

metal-reactivo / disolvente, pueden tener influencias significativas sobre las 

propiedades catalíticas de los catalizadores metálicos. Los desarrollos recientes 

de metodologías de síntesis bien controladas y herramientas de caracterización 

avanzada permiten correlacionar las relaciones a nivel molecular. 

En esta tesis, he llevado a cabo estudios sobre catalizadores metálicos desde 

átomos individuales hasta nanoclusters y nanopartículas. Al desarrollar nuevas 

metodologías de síntesis, el tamaño de las especies metálicas puede modularse 

y usarse como catalizadores modelo para estudiar el efecto del tamaño sobre el 

comportamiento catalítico de los catalizadores metálicos para la oxidación del 

CO, la hidrogenación selectiva, la oxidación selectiva y la fotocatálisis. Se ha 

encontrado que, los átomos metálicos dispersados por separado y los grupos 

subnanométricos de metal pueden aglomerarse en nanoclusters o 

nanopartículas más grandes en condiciones de reacción. Para mejorar la 

estabilidad de los catalizadores subnanométricos de metal, he desarrollado una 

nueva estrategia para la generación de átomos individuales y clusters en zeolitas. 

Esas especies subnanométricas de metales son estables en tratamientos de 

oxidación-reducción a 550 oC. Siguiendo esta nueva metodología de síntesis, 

este nuevo tipo de materiales puede servir como catalizador modelo para 

estudiar la evolución de especies subnanométricas de metales en condiciones 

de reacción. La transformación estructural de las especies subnanométricas de 

Pt ha sido estudiada mediante microscopía electrónica de transmisión in situ. 

Se ha demostrado que el tamaño de las especies de Pt está fuertemente 

relacionado con las condiciones de reacción, que proporcionan importantes 

conocimientos para comprender el comportamiento de los catalizadores de 

metales subnanométricos en condiciones de reacción. 

En la otra línea de investigación para catalizadores de metales no nobles, he 

desarrollado varias estrategias generales para obtener catalizadores de metales 
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no nobles, ya sea soportados sobre óxidos metálicos o protegidos por capas 

delgadas de carbono. Estos materiales muestran un rendimiento excelente para 

varias reacciones importantes, como la hidrogenación quimioselectiva de 

nitroarenos, incluso cuando se comparan con los catalizadores de metales 

nobles convencionales. En algunos casos, los catalizadores de metales no 

nobles pueden incluso alcanzar selectividades para productos inviables que no 

ha sido posible conseguir en catalizadores de metales nobles convencionales, 

que es causado por la diferente ruta de reacción en catalizadores de metales no 

nobles. Sin embargo, la espectroscopía fotoelectrónica de rayos X a presión 

ambiente ha revelado que la irradiación de la luz puede modular la selectividad 

a los alcoholes y los hidrocarburos C2 +, lo que abre una nueva posibilidad para 

ajustar el comportamiento catalítico de los catalizadores metálicos. 

Con base en los trabajos anteriores de diferentes aspectos relacionados con 

catalizadores metálicos heterogéneos, las perspectivas sobre las direcciones 

futuras hacia una mejor comprensión del comportamiento catalítico de 

diferentes entidades metálicas (átomos individuales, nanoagrupamientos y 

nanopartículas) de una manera unificadora también se han dado en esta tesis. 
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Resum 

Les espècies metàl·liques de diferents dimensions (àtoms individuals, 

nanoclusters i nanopartícules) mostren diferents comportaments catalítics per a 

diverses reaccions catalítiques heterogènies. S'ha demostrat a la literatura que, 

molts factors que inclouen la mida de la partícula, la forma, la composició 

química, la interacció amb el suport metàl·lic, la reacció metàl·lica i la 

interacció amb dissolvents poden tenir influències significatives sobre les 

propietats catalítiques dels catalitzadors metàl·lics. Els desenvolupaments 

recents de metodologies de síntesi ben controlades i eines de caracterització 

avançada permeten relacionar les relacions a nivell molecular. 

En aquesta tesi, he realitzat estudis sobre catalitzadors metàl·lics d'àtoms 

únics a nanoclústers i nanopartícules. Mitjançant el desenvolupament de noves 

metodologies de síntesi, la mida de les espècies metàl·liques es pot modular i 

utilitzar com a catalitzadors model per estudiar l'efecte de mida sobre el 

comportament catalític dels catalitzadors metàl·lics per a l'oxidació de CO, 

hidrogenació selectiva, oxidació selectiva i fotocatàlisi. S'ha trobat que, els 

àtoms metàl·lics dispersos individualment i els clústers metàl·lics 

subnanomètrics poden aglomerar-se en nanoclústeres o nanopartícules més 

grans en condicions de reacció. Per millorar l'estabilitat dels catalitzadors 

subnanomètrics de metall, he desenvolupat una nova estratègia per a la 

generació d'àtoms i racimos en zeolites. Aquestes espècies metàl·liques 

subnanométricas són estables en tractaments de reducció d'oxidació a 550 oC. 

Després d'aquesta nova metodologia de síntesi, aquest nou tipus de materials 

poden servir com a model de catalitzador per estudiar l'evolució de les espècies 

metàl·liques subnanométricas en condicions de reacció. La transformació 

estructural de l'espècie Pn subnanométrica ha estat estudiada per microscòpia 

electrònica de transmissió in situ. S'ha demostrat que la mida de les espècies de 

Pt està fortament relacionada amb les condicions de reacció, que proporcionen 

idees importants per comprendre el comportament dels catalitzadors de 

subnanometria en condicions de reacció. 

En l'altra línia de recerca dels catalitzadors de metalls no nobles, he 

desenvolupat diverses estratègies generals per obtenir catalizadors de metalls 

no nobles recolzats en òxids metàl·lics o protegits per capes de carboni primes. 



494 
 

Aquests materials presenten un excel·lent rendiment per a diverses reaccions 

importants, com la hidrogenació quimioelectiva de nitroarenes, fins i tot quan 

es comparen amb els catalitzadors convencionals de metall noble. En alguns 

casos, els catalitzadors de metalls no nobles poden fins i tot aconseguir 

selectivitats a productes no factibles que no s'han pogut assolir en catalitzadors 

de metall noble convencionals, que es deuen a la via de reacció diferent en 

catalitzadors de metalls no nobles. No obstant això, s'ha observat una 

espectroscòpia de fotoelèctria de raigs X amb pressió d'atmosfera que la 

irradiació lleugera pot modular la selectivitat als alcohols i hidrocarburs C2 +, 

la qual cosa obre una nova possibilitat per sintonitzar el comportament catalític 

dels catalitzadors metàl·lics. 

A partir d'aquests treballs de diferents aspectes relacionats amb els 

catalitzadors metàl·lics heterogenis, també s'ha donat en aquesta tesi 

perspectives sobre les futures orientacions cap a una millor comprensió del 

comportament catalític de diferents entitats metàl·liques (àtoms individuals, 

nanoclústers i nanopartícules). 
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