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Abstract 

In this Ph.D. thesis, I have proposed a novel design for advanced catalytic 

functionalization by modifying active sites with multiple metal species and organic 

ligands. I have focused on three topics: (1) the improvement of low-temperature redox 

properties of ceria-based oxides by introduction of multiple metal species and the 

elucidation of their structural mechanisms, (2) the enhancement of catalytic activity at 

low temperature on the multi-metal-incorporated ceria-based oxides, (3) the induction of 

catalytic activity by decoration with organic ligands. The modification with multiple 

metal species and organic ligands creates novel active structures and improves catalytic 

performances. 

In chapter 1, general introduction is stated, regarding heterogeneous catalysts, in 

particular, ceria catalysts and catalyst designs for the modification of catalytically active 

sites. 

In chapter 2, I report the structure and reversible low-temperature redox 

performances of ceria-based catalysts incorporated with Cr and a trace amount of Rh 

(Cr0.19Rh0.06CeOz). The ceria-based Cr0.19Rh0.06CeOz catalysts were newly prepared by a 

hydrothermal method. Structural characterizations of ICP-OES, XRD, HAADF-STEM-

EDS/EELS, XAFS, XPS revealed that the incorporation of Cr oxides dispersed Rh 

species on the surface of CeO2. Cr0.19Rh0.06CeOz exhibited remarkable and reversible 

redox properties at low temperature below 373 K. The dynamic structural transformation 

during the redox reaction was characterized by in situ XAFS and in situ AP-XPS, and the 

formation of Rh nanoclusters promoted dual reduction of Cr and Ce at the oxide surface. 

In chapter 3, I report the significant catalytic properties of Cr0.19Rh0.06CeOz for NO 

reduction with CO. Cr0.19Rh0.06CeOz was found to exhibit higher NO conversion and N2 

selectivity than those of Rh0.04CeOz and Cr0.17CeOz. Cr0.19Rh0.06CeOz also exhibited 

remarkable durability for the NO reduction with CO. In situ FT-IR and in situ XAFS 

characterizations revealed that the roles of Cr and Rh in the NO reduction with CO: the 

Rh species adsorbed and activated both CO and NO on the catalyst surface and reduced 

Cr oxide species in addition to the CeO2 surface cleaved NO adsorbed on Rh sites and 

transferred oxygen species from NO to CO. The co-incorporated Cr and Rh species in 

Cr0.19Rh0.06CeOz cooperatively enhanced the NO reduction performances with CO at low 

temperature. 

In chapter 4, I report a coordination-induced trigger for catalytic activity on an 

organic ligand-functionalized catalyst, N-heterocyclic carbene (NHC)-decorated 

Cr0.19Rh0.06CeOz. H2-reduced Cr0.19Rh0.06CeOz (r-Cr0.19Rh0.06CeOz) was decorated with 



 

 

1,3-dicyclohexylimidazol-2-ylidene (ICy) to prepared NHC-decorated Cr0.19Rh0.06CeOz 

(ICy-r-Cr0.19Rh0.06CeOz). The coordination structure of the NHC ligands on the catalyst 

surface was characterized by XAFS, FT-IR, XPS, and PL measurements, and it was 

clarified that the ICy ligand was attached as a carbene, and mainly interacted with Rh 

nanoclusters on r-Cr0.19Rh0.06CeOz. ICy-r-Cr0.19Rh0.06CeOz exhibited catalytic activity for 

1,4-arylation of cyclohexenone with phenylboronic acid, and several heterogeneity tests 

indicated that the catalytic reaction took place heterogeneously. r-Cr0.19Rh0.06CeOz 

without ICy was inactive, indicating that the coordination of the ICy carbene induced the 

catalytic activity. The electronic donation effect of ICy to Rh nanoclusters was negligible, 

and ICy offered close adsorption sites of phenyl group and cyclohexenone on the Rh 

cluster and facilitated the C−C bond formation of the two moieties, resulting in the 

changes in the cascade reaction mechanism for the C−C bond formation step, which was 

proposed by DFT calculations. 

In chapter 5, concluding remarks are summarized for the results and discussion of 

this thesis. 
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General introduction 
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1.1. Heterogenous catalysts 

Catalysts are defined as substances that significantly accelerate reaction rates by 

lowering activation barriers and selectively synthesize desired products by controlling 

reaction pathways without being consumed themselves. Catalysis was first reported in the 

18th century, and catalysts have developed over the past two and a half centuries. 

Heterogeneous catalysts are easily separable and recyclable solid catalysts and therefore 

play a crucial role in industry in the production of important fine chemicals such as 

transportation fuels, lubricants, pharmaceuticals, polymers, fibers, with over 90% of 

industrial chemicals being produced with the utilization of catalysts.1 Heterogeneous 

catalysts are generally solid powders such as oxide nanoparticles, metal nanoparticles, or 

metal nanoparticles dispersed on a oxide support.2 

Oxide catalysts such as silica (SiO2), alumina (Al2O3), and zeolites generally have 

acid/base sites and are used as various acid-base catalysts.2 Oxides containing reducible 

metal species are also used as redox catalysts, promoting reduction and oxidation 

processes for cleavage and formation of chemical bonds in reactants.3 

Metal nanoparticle catalysts adsorb and activate reactants by electronically 

interacting with them. Metal atoms exposed on the surface exhibit specific properties 

depending on their sites, and lower-coordinated metal atoms (e.g., corner, edge) are 

usually more catalytically active than full-coordinated metal atoms (i.e., terrace).4 

Therefore, parameters such as size, morphology, and shape of the metal nanoparticles can 

greatly affect their catalytic activity. 

Metal nanoparticles are generally dispersed on a support in order to enhance their 

catalytic properties. Dispersing metal nanoparticles on oxides increases the amount of 

surface metal atoms, exposing more active sites compared to bulk, and can greatly 

enhance their catalytic activities.4 Porous oxide supports stabilize supported metal 

nanoparticles and inhibit their aggregation and deactivation.4 With the development of 

nanoscience, various synthesis methods for nanocomposites with tunable morphologies 

and sizes have been developed over the past decades.5 Recently, highly dispersed cluster 

or single atom catalysts, which are smaller than nanoparticle catalysts, have been 

developed, and the size effects provide new structural and electronic properties to exhibit 

unique catalytic performance.6 
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1.2. Cerium oxide: a unique oxide for catalysis 

A cerium oxide (ceria, CeO2) is an oxide forming a fluorite crystal structure with a 

face-centered cubic lattice. Ce4+ cations in CeO2 coordinate to eight O2- anions, which are 

coordinated by four Ce4+ cations. CeO2 can undergo a reversible Ce4+ ⇔ Ce3+ redox 

reaction with absorption and release of oxygen while maintaining its crystal structure 

(Figure 1.1).7 The redox of Ce ions generates oxygen vacancies on the surface of ceria, 

which can adsorb and activate oxygen gas.8 The reversible oxygen storage/release 

property assist catalytic reaction with redox process to enhance its catalytic activity. Thus, 

CeO2 has been mainly used as a promoter of a gas-phase redox reaction such as three-

way catalysts for purification of automobile exhaust gas, converting carbon monoxide, 

hydrocarbons, and nitrogen oxides into harmless carbon dioxide and nitrogen.9 Other 

applications include the dry-reforming reaction of methane, water gas shift reaction, CO2 

hydrogenation, etc.10 Recently, CeO2 has been also applied to selective oxidation of 

organic compounds such as alcohols, hydrocarbons, and alkenes, in addition to the 

purification of pollutants and the conversion of C1 molecules (e.g., CH4, CO2) to valuable 

chemicals.11 

CeO2 has been also used as a catalyst support of metal species. Irreducible oxides 

such as SiO2 and Al2O3 are also widely used as supports because their large surface areas, 

but metal species supported on them more tend to sintering.12 In contrast, CeO2 provides 

high metal adsorption energies and retains dispersion of supported metal species, offering 

remarkable sintering resistance.13 Liu et al. proposed to a concept of “metal affinity” to 

evaluate the metallophilic degree by analogizing the concept of hydrophilicity; e.g., CeO2 

can be viewed as metallophilic and SiO2 can be viewed as metallophobic (Figure 1.2).14 

The metallophilic surface of CeO2 with high metal affinity can inhibit the diffusion and 

agglomeration of supported metal nanoparticles to maintain the size, the dispersion, and 

the catalytic activity of the metal nanoparticle catalysts. Furthermore, CeO2 also provides 

a site for the formation of new active sites of metal species to enhance catalytic activity. 

For instance, Au nanoparticles supported on CeO2 dynamically formed highly dispersed 

Au single atoms under reaction conditions of CO oxidation, suggesting that metal-support 

interaction is key for catalytic performances.15 
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Figure 1.1. Schematic structures of CeO2 in oxygen storage and release. 

 

 

Figure 1.2. Simulated structure of Au nanoparticle on (A) CeO2 and (B) SiO2.
14  
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1.3. Modification of catalytically active sites 

1.3.1. Incorporation of additional metals 

In order to improve the activity of oxide catalysts and metal-supported oxide 

catalysts, catalytic designs have been attempted to incorporate additives and control 

active structures. One such design is the addition of metals. The added metal not only 

forms metal nanoparticles on the oxide, but also dissolves into the oxide or alloys with 

the supported metal species to form new active sites.  

Doping metal species into a bulk or a surface of a reducible oxide, which can be 

viewed as an oxide-oxide combination, distorts metal-oxygen bonds to improve the redox 

properties of the oxides. For instance, ceria-zirconia solid solution (Ce1-xZrxO2) has a 

regular atomic arrangement and higher oxygen storage/release capacity than that of CeO2 

(Figure 1.3).16 Lower-valent cation dopants than the host oxide cation, e.g., Sm3+ or Gd3+ 

can stabilize the formation of oxygen vacancies by doping into CeO2 and promote oxygen 

diffusion in the material, and these dopants have important roles for low-temperature solid 

oxide fuel cells.17 Reducible metal cation dopants into oxides can be themselves active 

species, and highly dispersed cations on the surface adsorb substrates and release the 

active oxygen, resulting in very high catalytic activity.18 

Alloying of the added metal with the supported metal, which can be regarded as a 

metal-metal combination, changes the electronic state significantly and forms new active 

sites through the formation of hetero-metallic bonds, resulting in significant changes in 

catalytic activity and selectivity.19 Recently, precise control of the active sites has been 

attempted by dispersing metal dopants within alloy particles in atomic level or by 

regulating their arrangement.20 

Addition of metal oxides into metal-supported oxide catalysts, which can be 

considered as an oxide-metal combination, assists to form new active structures and 

provides new reaction systems. CeOx islands on a SiO2 support atomically disperse Pt 

species to enhance the catalytic activity and durability for CO oxidation with a sintering 

resistance, which were not observed in a Pt catalyst simply supported on CeO2.
21 

Overcoating of ZnO or Fe2O3 oxide layers on Pt-supported Al2O3 improved strong metal-

oxide interaction between ZnO or Fe2O3 layers and Pt nanoparticles not only to suppress 

the sintering of metal species but also to enhance the catalytic activity in the aqueous-

phase reforming (APR) of 1-propanol and the selectivity in the hydrogenation of 

cinnamaldehyde and 1,3-butadiene, respectively.22 In particular, ZnO/Pt/Al2O3 catalyst 

with the ZnO overcoat exhibited higher catalytic activity and higher H2 selectivity in the 

APR of 1-proparnol than Pt/ZnO/Al2O3 , in which the Pt nanoparticles were supported on 
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ZnO and ZnO were dispersed on the Al2O3 surface, owing to both Pt-ZnO and Pt-Al2O3 

interfaces (Figure 1.4).22a 

However, it is still a significant challenge to elucidate detailed relationship of 

structure, physicochemical property, and catalytic performances. 
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Figure 1.3. TPR profile of (1) fresh Ce0.5Zr0.5O2 and (2-4) recycled, respectively, 1, 4, 

and 7 times; (5) sintered (~1 m2 g-1) Ce0.5Zr0.5O2; (6) fresh CeO2 and (7) recycled 2 

times.16a 
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Figure 1.4. Selectivity of H2 (red) and alkane (black) and H2 formation rate for aqueous-

phase reforming of 1-propanol on Pt/Al2O3, Pt/ZnO/Al2O3, and ZnO/Pt/Al2O3.
22a  
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1.3.2. Decoration with organic ligands 

Decoration with organic ligands have recently attracted great attention as a 

promising method for functionalizing metal nanoparticles and metal surfaces.23 In the 

past decade, the organic ligands have been found to play an important role in controlling 

the shape and electronic structure of metal nanoparticles, which in turn have been crucial 

determinants of their catalytic properties.24 Heterogeneous catalysis, a surface-controlled 

process, is closely related to the detailed surface structure of the catalyst. There are 

various metal coordination sites (terrace, edge, kink, or corner sites) on a metal 

nanoparticle, and these sites could offer very different coordination environments toward 

reactants, intermediates and products.25 Since the distribution of the coordination sites 

depends on the size and shape of metal nanoparticles, structural changes caused by the 

decoration of the organic ligands have a potential to enhance catalytic performances. 

In homogeneous catalysts, catalytically active metal centers are usually coordinated 

with organic ligands, and the ligands make a precise local reaction environment and 

induce significant steric and electronic effects to tailor catalytic activity and selectivity.26 

Organic ligands are also used in the synthesis of metal nanomaterials to prevent their 

agglomeration or control their shapes. The surface ligands have been long considered to 

block the active sites of metal nanoparticles to decrease their catalytic activities, and thus 

they are usually removed by heat treatments to develop their intrinsic catalytic activities.27 

However, in recent years, several studies have reported that surface ligands promote 

catalytic activity and selectivity. For example, in the industrial Lindlar’s Pd catalysts, 

poisoning ligands (quinolone, sulfide, etc.) along with toxic metals such as Pb moderately 

attenuate catalytic activity and improve the selectivity toward the semihydrogenation of 

alkynes to alkenes.28 Amine-capped Pt3Co alloy nanoparticles demonstrate that a steric 

effect in long chain amines prevent direct contact of C=C bonds of -unsaturated 

aldehydes with the catalyst surface to improve the selectivity for hydrogenation.29 The 

best example of utilizing the steric effect of ligand decoration is the inducement of 

enantioselectivity by bulky chiral ligands. A cinchonidine-modified Pt catalyst on a 

carbon support was the first example of heterogenous asymmetric catalysis for 

hydrogenation of methyl pyruvate or methyl benzoylformate.30 Recently, its detailed 

mechanism was investigated, and it is considered that the formation of diastereomeric 

complexes of chiral ligands and substrates is the key structure to induce chirality (Figure 

1.5).31 Based on this chiral nanoparticle system, other types of chiral nanoparticle 

catalysts have been widely investigated for asymmetric hydrogenation reactions32 and C-

C bond formation reactions.33 
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In addition to the steric effect for improvement of selectivity, electronic effect of 

surface ligands is also another crucial factor to tune catalytic properties. Rare literatures 

have been reported to propose the electronic effect of organic ligands on the surface of 

metal nanocatalysts.34 In these cases, amine or phenolate ligands electronically affected 

to Pd nanoparticles to promote catalytic activities. To strengthen these electronic 

influences, NHC ligands with high electron-donating properties have also been used 

recently.35 Pd-supported Al2O3 decorated with 1,3-bis(2,6-diisopropylphenyl)imidazol-2-

ylidene (IPr) facilitated the oxidative addition of aryl halides by electron donation from 

IPr to Pd nanoparticles resulting in the catalytic inducement of amino-coupling reactions, 

which were not active without NHC ligands.35a 

However, understanding the role of surface ligands on catalysis and precise 

controlling the heterogeneous catalysis are still of great challenges. In particular, it is 

much difficult to elucidate coordination structures of ligands on metal surfaces at the 

molecular level. 
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Figure 1.5. The heterogeneous asymmetric hydrogenation reaction through the formation 

of the surface complex of ketopantolactone (1) and -bonded protonated cinchonidine (2) 

on the Pt surface.31 
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1.4. The aim of this thesis 

In this thesis, I proposed novel design for advanced catalytic functionalization by 

modifying active sites with additional metal species and organic ligands. I have focused 

on three targets: (1) improvement of low-temperature redox properties of ceria-based 

oxides by introduction of multiple metal species and elucidation of their structural 

mechanisms, (2) enhancement of catalytic activity at low temperature on the multi-metal-

incorporated ceria-based oxides, (3) induction of catalytic activity by decoration with 

organic ligands. The modification with multiple metal species and organic ligands creates 

novel active structures and improve catalytic performances. 

In chapter 2, I report the structure and reversible low-temperature redox 

performances of a ceria-based catalyst incorporated with Cr and a trace amount of Rh 

(Cr0.19Rh0.06CeOz). The ceria-based catalyst Cr0.19Rh0.06CeOz was newly prepared, and Cr 

oxides dispersed Rh species on the surface of CeO2. Cr0.19Rh0.06CeOz exhibited the 

remarkable and reversible redox properties at low temperature. The dynamic structural 

transformation during the redox reaction was characterized by in situ spectroscopies. 

In chapter 3, I report the remarkable catalytic properties of Cr0.19Rh0.06CeOz for NO 

reduction with CO. Modulation by Cr oxides to disperse Rh species as active sites 

enhanced catalytic activity, selectivity and durability for the reduction of NO with CO. In 

situ characterization clarified that Cr oxides also played an important role for the catalysis 

as superior oxygen mediators. 

In chapter 4, I report a coordination-induced trigger for catalytic activity on an 

organic ligand-functionalized catalyst, N-heterocyclic carbene (NHC)-decorated 

Cr0.19Rh0.06CeOz. The NHC-decorated catalyst was newly prepared, and the coordination 

structure of the NHC ligands on the catalyst surface was fully characterized. The prepared 

catalyst induced catalytic activity for 1,4-arylation reaction. DFT calculations proposed 

that NHC ligands tuned the active adsorption sites on Rh nanocluster of Cr0.19Rh0.06CeOz 

to promote a C−C bond formation in the 1,4-arylation reaction. 

Details of the catalyst design are described in the introduction of the following 

chapters. 
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Chapter 2 

 

Reversible low-temperature redox activity from 

the concerted activation of multiple metal species 

on a Cr and Rh-incorporated ceria catalyst 

(Cr0.19Rh0.06CeOz) 
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2.1. Introduction 

2.1.1. Improvement of oxygen storage/release capacity of CeO2 

As mentioned in Section 1.2., ceria (CeO2) is well known for its oxygen 

storage/release capacity (OSC) and its unique properties as a catalyst support for precious 

metals. It has been applied to extensive technologies such as three-way catalysis, solid 

oxide fuel cells, solar cells, capacitance, and chemical polishing.1 The OSC of CeO2 

benefits the enhancement of catalytic reaction activities; however, the OSC of pure CeO2 

below 473 K is typically too low, and high temperatures above 673 K are usually 

necessary for sufficient redox activity.1c,2  

In order to improve the OSC of CeO2, the addition of other transition metals has 

been widely attempted.1c,2 Ceria-zirconia solid solution (Ce1-xZrxO2) is one of the most 

widely studied ceria-based catalysts, and it has been reported to have an ordered atomic 

arrangement and high OSC.1b,c,3 The addition of 3d transition metals to CeO2 has 

demonstrated to decrease the reduction temperature and increase the amount of reducible 

Ce ions.2,4 For instance, Ce1-xMxO2-y mixed oxides (M = Cr,4d,g,o Mn,4b,k,o,q,s Fe,4f,j,o,s,u,z 

Co,4o,q,s Ni,4q-s Cu4e,t) were reported to show lower reduction temperatures than pure CeO2. 

It has been suggested that the reduction of 3d transition metal ions mainly contributed to 

the lowest reduction temperature region, and the contribution to Ce reduction was minor 

at low temperature. Ce1-xCrxO2-y,
4d Ce1-xFexO2-y,

4j Ce1-xNixO2-y,
4r and CuO/CeO2

4p 

achieved the overall reduction of 20–30% of Ce ions; however, the reduction temperatures 

were in the range of 777 K and 1073 K, at which Ce4+ in the bulk of pure CeO2 was also 

reduced. Several systems such as Ce0.67Cr0.33O2-y
4d and Ce0.5Mn0.5O2-y

4k were reported to 

show reversible redox properties (Figure 2.1). Other systems such as Ce0.9Cu0.1O2-y
4e 

could be reduced at low temperature of around 383 K but easily lost its redox activity 

after reoxidation (Figure 2.2). 

The addition of noble metals5 to CeO2 has also been demonstrated to facilitate the 

reduction of the noble metal ions incorporated into ceria, effectively increasing the 

amount of reducible Ce ions while significantly lowering the reduction temperature, and 

the improvement in redox properties has a significant influence on catalytic activity. 

Noble metal ion supported/doped ceria systems (Ru/CeO2,
5s Rh/CeO2,

5d,f,j,k,p,q,t 

Pd/CeO2,
5h,j,m Pt/CeO2

5h,j,u) and Ce1-xM’xO2-y mixed oxides (M’ = Ru,5g Rh,5e,i,l,r Pd5l,n) 

were reported to exhibit initial reduction of noble metal cations to metallic states, and this 

reduction promotes the reduction of Ce4+ at the similar temperature. For examples, it was 

reported that the reduction of Rh species in Rh/CeO2 (1 wt% Rh)5p at 373–423 K occurred 

with 23% of the Ce reduction without the aggregation of the Rh particles. RhxCe1-xO2-y (x 
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= 0.05, Rh: 5.5 wt%) solid solution5r exhibited that approximately 20% of the Ce 

reduction was possible below 423 K accompanied with the reversible redox and structural 

change of Rh species (Rh3+
xCe1-xO2-y ↔ Rhn

+/CeO2-y). However, several Ce1-xM’xO2-y 

mixed oxide systems were reported to show poor redox reversibility. The reduction of 

Ce0.89Pd0.11O2-y
5l irreversibly proceeded at 335 K (Figure 2.3(A)). Ce0.89Rh0.11O2-y

5l 

exhibited a reversible redox activity at 353 K (Figure 2.3(B)), but the redox was limited 

to only Rh species and Ce ions negligibly contributed the reduction at low temperature.  

The introduction of multiple metal species into CeO2 has also been also investigated 

to improve the redox property of Ce ions and catalytic activity.6 On Pt/Ce0.75Zr0.25O2,
6d 

the ceria reduction reaction with CO proceeded at 773 K, and on Pt/ordered Ce2Zr2O7 

with remarkable OSC property,6g supported Pt nanoparticles significantly facilitated the 

reduction of Ce2Zr2O7 with H2 above 573 K. On Pd/CeO2–ZrO2–Pr2O3,
6n the number of 

oxygen vacancies increased with the increasing Zr4+ to enhance metal-support interaction 

and catalytic activities for the elimination of CO and NO2. Ni/ordered Ce2Zr2Ox (x = 7–

8) catalyzed steam reforming of methane above 673 K and showed a discontinuity at x = 

7.5 depending on surface oxygen vacancy and oxygen diffusion efficiency of the 

Ce2Zr2Ox surpport.6o CeO2-based solid solutions with transition metal ions and noble 

metal ions (e.g., Ce0.83Ti0.15Pt0.02O2-y,
6f Ce0.89Fe0.1Pd0.01O2-y,

6i and Ce0.88M0.1Pd0.02O2-y (M 

= Mn, Co, Ni, Cu)6k) drastically improved their redox performances such as reduction 

temperatures, amounts of reducible Ce species, and reproducibility, and it was suggested 

that both the reduction of Ce4+ and transition metal ions proceeded after the reduction of 

noble metal ions. Ce0.83Ti0.15Pt0.02O2-y
6f showed three peaks in temperature-programmed 

reduction (TPR) from 223 K to 923 K attributed to three redox couples of Pt2+/Pt0, 

Ti4+/Ti3+, and Ce4+/Ce3+. Ce0.89Fe0.1Pd0.01O2-y
6i exhibited a TPR peak at 378 K (Figure 

2.4(A)), which was suggested to include not only Pd2+/Pd0 redox couples but also 

Fe3+/Fe2+ and Ce4+/Ce3+ redox couples. Ce0.88Ni0.1Pd0.02O2-y
6k showed a small TPR peak 

around 343 K (Figure 2.4(B)), but the low-temperature reduction made little contribution 

to the overall OSC of the mixed oxide. Thus, the above numerous examples indicate that 

it is still difficult to achieve reversible redox performances with the reduction of Ce4+ sites 

below 373 K in addition to the reduction of additional metal species in mixed oxides. 
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Figure 2.1. H2-TPR profiles of Ce0.67Cr0.33O2-y in reversible reduction/oxidation for five 

cycles (a-e).4d 

 

 

Figure 2.2. H2-TPR profiles of CuO (profile scaled down), CeO2 (1), and Ce0.90Cu0.10O2 

(2).4e   
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Figure 2.3. H2-TPR profiles of (A) Ce0.89Pd0.11O2-y and (B) Ce0.89Rh0.11O2-y in reversible 

reduction/oxidation for five cycles (a-c).5l 

 

 

Figure 2.4. H2-TPR profiles of (A) Ce0.89Fe0.1Pd0.01O2-y
6i and (B) Ce0.88Ni0.1Pd0.02O2-y.

6k 
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2.1.2. The aim of this research 

In this chapter, I focused on the structure and the reversible low-temperature redox 

properties of a new ceria-based catalyst incorporated with Cr and a trace amount of Rh 

(Cr0.19Rh0.06CeOz).
7,8 Cr0.19Rh0.06CeOz was prepared by a hydrothermal method. The bulk 

and surface structures of Cr0.19Rh0.06CeOz were fully characterized by inductively coupled 

plasma optical emission spectrometry (ICP-OES), X-ray diffraction (XRD), high angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM), X-ray 

absorption fine structure (XAFS), X-ray photoelectron spectroscopy (XPS), and the effect 

of incorporation of Cr and Rh species were investigated by comparing with other metal 

compositions of CrxRhyCeOz. The redox property of Cr0.19Rh0.06CeOz were evaluated by 

temperature-programmed reduction (TPR), and temperature-programmed oxidation 

(TPO), and Cr0.19Rh0.06CeOz exhibited the remarkable and reversible redox activity at low 

temperature below 373 K. The dynamic redox behaviors of Cr, Rh, and Ce were 

characterized by in situ XAFS and in situ ambient-pressure (AP)-XPS, and the structural 

transformation mechanism in the redox process was proposed. 
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2.2. Experimental section 

2.2.1. Materials and instruments 

Cr(NO3)3·9H2O (99%) and Ce(NO3)3·6H2O (99.99%) were purchased from Sigma-

Aldrich. RhCl3·3H2O (40 wt% Rh) and NaOH (97.0%) were purchased form Wako. 

These chemicals were used without further purification. Milli-Q was obtained using an 

ultrapure water production system (Direct-Q UV 3, Merck). Standard solutions of Cr 

(1000 ppm), Rh (1000 ppm), and Ce (1000 ppm) for ICP-OES measurement were 

purchased from Wako. Nitrogen (N2, G1 grade, 99.9995%) and helium (He, G1 grade, 

99.99995%) gases were used for N2 adsorption/desorption measurements. Hydrogen (H2, 

G1 grade, 99.99999%) and oxygen (O2, G1 grade, 99.99995%) gases were used for 

temperature-programmed reduction/oxidation measurements. H2 (G1 grade, 99.99999%), 

O2 (99.99%), and N2 (99.9%) gases were used for in situ XAFS measurements. 

A high-vacuum glass line with dry N2 and a glove box with dry Ar were used for 

experiments under inert conditions. 
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2.2.2. Preparation of CrxRhyCeOz and reference catalysts 

 

Scheme 2.1. Preparation scheme of CrxRhyCeOz. 

 

A typical preparation process of Cr0.19Rh0.06CeOz was as follows (Scheme 2.1). 

Cr(NO3)3·9H2O (0.67 mmol), RhCl3·3H2O (0.22 mmol), and Ce(NO3)3·6H2O (3.5 mmol) 

were dissolved in ultrapure water (18 mL) under continuous stirring. A 7 M aqueous 

NaOH solution (53 mL) was added to the solution. After stirring for 30 min, the slurry 

was transferred to a Teflon-lined stainless steel vessel autoclave with a volume of 100 mL. 

The autoclave was sealed and heated at 373 K for 24 h. After cooling down to room 

temperature, precipitates were separated by centrifugation, washed with ultrapure water 

and ethanol several times, and dried under air atmosphere at 353 K for 12 h. The solid 

was ground into powder and calcined at 573 K for 2 h. 

Ceria samples incorporating Cr and Rh with other metal compositions (CrxRhyCeOz) 

were prepared by this method as the preparation of Cr0.19Rh0.06CeOz, by changing the 

amount of metal salt precursors as shown in Table 2.1. Rh0.04CeOz, Cr0.17CeOz, and CeO2 

were prepared by this procedure without the Cr and/or Rh precursors. 
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Table 2.1. Preparation Conditions of CrxRhyCeOz with Different Cr and Rh Ratios 

Sample 
Cr(NO3)3·9H2O 

/mg (/mmol) 

RhCl3·3H2O 

/mg (/mmol) 

Ce(NO3)3·6H2O 

/g (/mmol) 

Cr0.19Rh0.06CeOz 267 (0.667) 58.2 (0.221) 1.53 (3.52) 

Rh0.04CeOz  ― 58.2 (0.221) 1.82 (4.19) 

Cr0.17CeOz 267 (0.667) ― 1.63 (3.74) 

CeO2 ― ― 1.77 (4.07) 

Cr0.06Rh0.04CeOz 88.8 (0.222) 58.2 (0.221) 1.72 (3.96) 

Cr0.12Rh0.06CeOz 178 (0.445) 58.2 (0.221) 1.62 (3.74) 

Cr0.24Rh0.07CeOz 356 (0.890) 58.2 (0.221) 1.43 (3.30) 

Cr0.35Rh0.07CeOz 445 (1.111) 58.2 (0.221) 1.34 (3.08) 

Cr0.18Rh0.01CeOz 262 (0.655) 11.3 (0.043) 1.59 (3.65) 

Cr0.18Rh0.04CeOz 264 (0.659) 34.5 (0.131) 1.56 (3.59) 

Cr0.19Rh0.08CeOz 266 (0.664) 81.2 (0.308) 1.49 (3.44) 

Cr0.19Rh0.11CeOz 268 (0.669) 105.9 (0.402) 1.47 (3.38) 
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2.2.3. Structural characterizations of CrxRhyCeOz 

Inductively coupled plasma optical emission spectrometry (ICP-OES) 

The metal compositions of the prepared samples were analyzed by ICP-OES (Vista-

Pro-AX, Varian). The oxide samples were treated with fuming nitric acid at 353 K until 

complete dissolution. The solutions were diluted with ultrapure water and filtered with a 

syringe filter (pore size: 0.2 m) prior to ICP-OES analysis. Emission spectra were 

measured at 267.716 nm (Cr), 343.488 nm (Rh), and 418.659 nm (Ce), and the atomic 

ratios of Cr, Rh, and Ce were calculated from the calibration curves prepared from 

standard solutions (Figure 2.5). Measurement conditions for ICP-OES were listed in 

Table 2.2. 

 

 

Figure 2.5. Calibration curves of (A) Cr, (B) Rh, and (C) Ce for ICP-OES. 
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Table 2.2. Measurement Conditions for ICP-OES 

Power 1.20 kW Sample capture time 10 s 

Plasma flow 15.0 L min-1 Rinse time 10 s 

Auxiliary flow 1.50 L min-1 Pump speed 15 rpm 

Nebulizer flow 0.75 L min-1 High speed pump On 

Repetition time 3.00 s Repetitive measurement 3 times 

Stabilization time 10 s   

 

 

Brunauer-Emmett-Teller (BET) analysis 

Nitrogen adsorption and desorption was performed on a surface adsorption analyzer 

(Micromeritics ASAP-2020, Shimadzu) at 77 K. The oxide samples (100–480 mg) were 

degassed at 423 K for 2 h under vacuum before the sorption measurement. Dead volume 

was measured with helium after degassing before the adsorption measurement. 

Measurement conditions for nitrogen sorption were listed in Table 2.3. 

An average diameter of the oxide particles was estimated from a BET surface area 

using Equation 2.1. 

 

 𝐷 =
6

𝑑𝑆
 (Equation 2.1) 

D: average diameter of particles, d: density, S: specific surface area. 

 

Table 2.3. Measurement Conditions for Nitrogen Adsorption and Desorption 

Evacuation phase  Heating phase  

Temperature ramp rate 10 K min-1 Ramp rate 10 K min-1 

Target temperature 403 K Hold temperature 403 K 

Evacuation rate 2.0 mmHg s-1 Hold time 120 min 

Unrestricted evacuation 15.0 mmHg Evacuation and Heating phase 

Vacuum setpoint 15 mHg Hold pressure 15 mmHg 

Evacuation time 10 min   
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Powder X-ray diffraction (XRD) 

XRD patterns were measured by an X-ray diffractometer (MultiFlex, Rigaku; Cu K, 

 = 1.5418 Å, 40 kV, 30 mA) at a scan rate of 2° min-1 at 293–298 K under air. 

Measurement conditions for XRD were listed in Table 2.4. 

 

Table 2.4. Measurement Conditions for XRD 

X-ray source Cu K (8.048 keV) Scan speed 2.0 º min-1 

Voltage 40 kV Divergence slit 1 º 

Current 30 mA Scattering slit 1 º 

Measurement range 3-90 º Receiving slit 0.3 mm 

 

 

Transmission electron microscopy (TEM) and high-angle annular dark field-

scanning transmission electron microscopy (HAADF-STEM) with energy dispersive 

X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) 

TEM and HAADF-STEM images with EDS and EELS spectra were taken using a 

transmission electron microscope (JEM-ARM 200F, JEOL; accelerating voltage of 200 

kV) at the High Voltage Electron Microscope Laboratory, Institute of Materials and 

Systems for Sustainability, Nagoya University, Japan. Oxide samples were directly 

deposited on a copper microgrid and were blown with an air duster gun to remove excess 

particles. HAADF-STEM-EELS was initially measured, and then HAADF-STEM-EDS 

was consequently measured at the same view. As for HAADF-STEM-EDS images of Cr 

and Ce, Cr K fluorescence (5269 — 5555 eV, relatively very weak intensity) was 

deconvoluted from Ce Lα (4701—4977 eV) fluorescence. Measurement conditions for 

HAADF-STEM-EDS/EELS were listed in Tables 2.5, 2.6. 

  

Table 2.5. Measurement Conditions for HAADF-STEM-EDS 

Element Characteristic X-ray Energy range /eV 

Cr K 5269—5555 

Rh L 2603—2789 

Ce L 4701—4977 

O K 469—581 

Acceleration voltage: 200 kV, magnification: 1.6×107, image resolution: 512×512, map 

resolution: 256×256. 
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Table 2.6. Measurement Conditions for HAADF-STEM-EELS 

Element Characteristic X-ray Energy range /eV 

Cr LIII, LII 574.0—604.1 

Ce MV, MIV 883.1—918.1 

O K 532.1—554.1 

Acceleration voltage: 200 kV, magnification: 1.0×107, size in pixel: 100×100. 

 

 

X-ray photoelectron spectroscopy (XPS) 

XPS was performed using an X-ray photoelectron spectrometer (Scienta Omicron 

R4000, base pressure: 1 × 10-7 Pa) with the monochromatized Al Kα X-ray source (Scienta 

Omicron MX650, photon energy: 1486.7 eV, power: 180 W). Oxide samples were pressed 

into pellet disks (10 mm, 40 mg, pressed at 18 MPa), which were attached to a cell holder 

using carbon tape. The binding energies were referenced to the Au 4f7/2 peak of metallic 

Au foil (83.96 eV).9 The Shirley background was subtracted, and each peak was fitted by 

Voigt function.10 Measurement conditions for XPS were listed in Table 2.7. 

 

Table 2.7. Measurement Conditions for XPS 

Name Energy range /eV Time per step /ms Repeats 

Test 0-1200 20 1 

Ce 3d 870-940 40 150 

O 1s 520-545 40 50 

Cr 2p 565-600 40 250 

Rh 3d 300-325 40 250 

Rh 3p 490-540 40 200 

C 1s 270-310 40 150 

Survey 0-1200 20 1 

Path energy: 200 eV, energy step: 0.1 eV. 

  



 

32 

 

X-ray absorption fine structure (XAFS) 

XAFS spectra at the Cr K-edge and Ce LIII-edge were measured in transmission 

mode at room temperature at the BL9C and BL12C stations of the Photon Factory (PF) 

at KEK-IMSS (Tsukuba, Japan), the BL11S2 of the Aichi Synchrotron Radiation Center 

(Aichi SR, Seto, Japan), and the BL36XU of SPring-8 (Sayo, Japan). The energy and 

current of the electrons in the storage ring were 2.5 GeV and 450 mA in the Photon 

Factory, and 8 GeV and 100 mA in SPring-8, respectively. X-rays from the storage ring 

were monochromatized with a Si(111) double-crystal monochromator. Ni-coated mirrors 

(cut-off energy = 10 keV) and Au-coated mirrors (cut-off energy = 12 keV) were inserted 

in the BL12C beamline of the PF and the BL11S2 beamline of the Aichi SR, respectively, 

to remove higher order X-ray. At the BL9C and BL12C of the PF and BL36XU of the 

SPring-8, two ionization chambers filled with a mixture of N2 and He gases (3/7, v/v) and 

a mixture of N2 and Ar gases (8.5/1.5, v/v) were used to monitor the incident (I0) and 

transmitted (I) X-rays, respectively. At the BL11S2 of the Aichi SR, two ionization 

chambers filled with a mixture of N2 and He gases (3/7, v/v) and a mixture of N2 and Ar 

gases (7.5/2.5, v/v) were used to monitor the incident (I0) and transmitted (I) X-rays, 

respectively. Cr K-edge XAFS spectrum of Cr0.06Rh0.06CeOz was measured in 

fluorescence mode with a 7-element silicon drift detector (SDD) at room temperature at 

the BL11S2 of the Aichi SR. CeO2, Ce2(CO3)3, Cr2O3, Cr(OH)3, CrO3 (diluted with boron 

nitride), and Cr foil were used as references.  

XAFS spectra at the Rh K-edge were measured in transmission mode at room 

temperature at the NW10A stations of the PF at KEK-IMSS and the BL11S2 of Aichi SR. 

The energy and current of the electrons in the storage ring were 6.5 GeV and 60 mA in 

the Photon Factory, and 1.2 GeV and 300 mA in Aichi Synchrotron, respectively. X-rays 

from the storage ring were monochromatized with a Si(311) double-crystal 

monochromator. At the NW10A stations of the PF, two ionization chambers filled with 

pure Ar and Kr gases were used to monitor the incident (I0) and transmitted (I) X-rays, 

respectively. At the BL11S2 of Aichi SR, two ionization chambers filled with pure Ar and 

a mixture of Ar and Kr gases (8.5/1.5, v/v) gases were used to monitor the incident (I0) 

and transmitted (I) X-rays, respectively. Rh foil and Rh2O3 (diluted with boron nitride) 

were used as references. 

The XAFS spectra were analyzed using ATHENA and ARTEMIS with IFEFFIT 

(version 1.2.11).11 The threshold energy was tentatively set at the inflection point for the 

Cr K-edge (Cr foil: 5988.8 eV)10 and Rh K-edge (Rh foil: 23219.8 eV),12 and at the first 

peak top of the white line for the Ce LIII-edge (CeO2: 5734.4 eV). Background subtraction 
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was performed using the Autobk method and the spline smoothing algorithm in 

ATHENA.13 The average oxidation states of Ce, Cr, and Rh were determined from the 

changes at 5741.3 eV (second peak top of the white line), 5991.4 eV (pre-edge), and 

23238 eV (white line peak top), respectively. The k3-weighted extended XAFS (EXAFS) 

oscillations were Fourier transformed into R-space. Curve-fitting analysis was carried out 

in the R-space. The fitting parameters for each shell were coordination number (CN), 

interatomic distance (R), Debye–Waller factor (2: mean-square displacement), and 

correction-of-edge energy (ΔE0). For the Rh K-edge, S0
2 was fixed to be 1 based on the 

fitting of Rh foil, and S0
2 for Rh2O3 was fitted to be 0.92, which was rounded to 1. Phase 

shifts and backscattering amplitudes for Rh–O and Rh–Rh were calculated with FEFF 8 

code14 using structural parameters obtained from the crystal structures of Rh15 and 

Rh2O3
16.  
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Temperature-programmed reduction/oxidation (TPR/TPO) measurements 

TPR and TPO were carried out in a closed glass reactor with a gas circulation unit 

and a pressure gauge (Figure 2.6). Typically, an oxide sample (200 mg) was evacuated in 

a reactor for 30 min, hydrogen gas was introduced into the reactor, and the system was 

heated to the target temperatures (5 K min-1). Water vapor formed during the TPR was 

trapped by a liquid-nitrogen trap. Changes in the system pressure were recorded at 

appropriate intervals. TPO was performed after the TPR measurement. Oxygen gas was 

put into the reactor at 293 K. Then, the system was heated to 573 K (5 K min-1) and kept 

at 573 K for 1 h. Finally, the system was cooled to 293 K and changes in the pressure of 

the system were measured at appropriate intervals. Desorbed H2O was trapped by a dry-

ice/acetone trap during the TPO measurement. 

 

 

Figure 2.6. Setup for the TPR/TPO measurements. 
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2.2.4. In situ structural characterizations to reveal the redox property 

In situ XAFS measurements 

In situ quick XAFS (QXAFS) measurements during reduction with H2 or oxidation 

with O2 conditions were performed at the BL12C and NW10A beamlines of the Photon 

Factory at KEK-IMSS as follows. A sample was pelletized into a disk in a ring-shaped 

cell and placed in an in situ XAFS cell placed in an experimental setup as shown in Figure 

2.7. After flushing with N2 (100 sccm) for 10 min, the cell was heated to 303 K and kept 

at this temperature for 5 min. Then, the QXAFS measurement was started. The protocols 

are shown in Figure 2.8, and the energy range, scan time, and scan interval are listed in 

Table 2.8. After 5 min, the gas was changed to H2 + N2 (50 + 50 sccm) and the temperature 

was held for another 5 min. Then, the cell was heated to 423 K at a rate of 2 K min-1. 

After keeping the temperature at 423 K for 10 min, the gas was changed to N2 (100 sccm), 

and the cell was cooled to room temperature. The cell was heated again to 303 K and kept 

at this temperature for 5 min, and the QXAFS measurement was started. After 5 min, the 

gas was changed to O2 + N2 (50 + 50 sccm) and the temperature was held for another 5 

min. Then, the cell was heated to 573 K at a rate of 5 K min-1. After keeping the 

temperature at 573 K for 1 h, the gas was changed to N2 (100 sccm), and the cell was 

cooled to room temperature. 

Oxidation states were estimated from adsorption coefficients (t) at the pre-edge 

peak of Cr K-edge (5991.4 eV), the white line of Rh K-edge (23238 eV), and the 2nd 

maximum peak of Ce LIII-edge (5741.3 eV) following Equations 2.1-2.3. Amounts of 

released and absorbed oxygen species were estimated from the changes in the oxidation 

states. 

 

 Oxidation state of Cr = 3 + 3
𝜇𝑡Cr − 𝜇𝑡Cr3+

𝜇𝑡Cr6+ − 𝜇𝑡Cr3+
 (Equation 2.1) 

tCr:t of Cr0.19Rh0.06CeOz at 5991.4 eV 

tCr3+: t of Cr2O3 at 5991.4 eV 

tCr6+: t of CrO3 at 5991.4 eV 

 

 Oxidation state of Rh = 3
𝜇𝑡Rh − 𝜇𝑡Rh0

𝜇𝑡Rh3+ − 𝜇𝑡Rh0
 (Equation 2.2) 

tRh: t of Cr0.19Rh0.06CeOz at 23238 eV 

tRh0: t of Rh foil at 23238 eV 

tRh3+: t of Rh2O3 at 23238 eV  
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 Oxidation state of Ce = 3 +
𝜇𝑡Ce − 𝜇𝑡Ce3+

𝜇𝑡Ce4+ − 𝜇𝑡Ce3+
 (Equation 2.3) 

tCe: t of Cr0.19Rh0.06CeOz at 5741.3 eV 

tCe3+: t of Ce2(CO3)3 at 5741.3 eV 

tCe4+: t of CeO2 at 5741.3 eV 

 

 

Figure 2.7. Setup for in situ QXAFS measurements. 
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Figure 2.8. Temperature-time protocols for in situ QXAFS measurements. 

 

Table 2.8. Parameters for In Situ QXAFS Measurements 

Element, Edge Energy range /eV Scan time /s Scan interval /s Data Points 

Ce LIII-edge 5670-5820 10 15 300 

Cr K-edge 5950-6100 10 15 303 

Rh K-edge 22900-24300 55 60 1422 
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In situ ambient pressure (AP)-XPS measurements 

AP-XPS measurements under H2-reduction and O2-oxidation conditions were 

performed at the soft X-ray undulator beamline BL07LSU of SPring-8 (Sayo, Japan) 

(Figure 2.9).17 In the reduction (oxidation) experiments, the sample was exposed to 130 

Pa of H2 gas (200 Pa of O2 gas) at room temperature, followed by heating to 385 K (573 

K), respectively. O 1s, Cr 2p, and Rh 3d measurements under ambient conditions were 

conducted at a photon energy of 760 eV, whereas the Ce 3d spectra were collected at a 

photon energy of 1070 eV. A slight peak shift to higher binding energy was observed 

under the H2 reduction conditions due to sample charging, and the binding energy was 

referenced to the O 1s peak of CeO2 lattice oxygen (529.6 eV). The binding energies of 

the AP-XPS spectra measured under oxidation conditions at 573 K were referenced to the 

Fermi edge of Au foil (0 eV). The spectra were fitted by Voigt functions after Shirley 

background subtraction.10 

 

 

Figure 2.9. Setup for in situ AP-XPS (SPring-8, BL07LSU beamline). 
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2.3. Results and discussions 

2.3.1. Structural characterizations of the prepared CrxRhyCeOz: Improvement of 

rhodium dispersion by chromium oxides  

Cr0.19Rh0.06CeOz was prepared by a hydrothermal method using three metal salt 

precursors. The composition of Cr, Rh, and Ce in Cr0.19Rh0.06CeOz was analyzed by ICP-

OES measurement (Table 2.9). The specific surface area of Cr0.19Rh0.06CeOz was 98 m2 

g-1, which was comparable to 118 m2 g-1 for CeO2 (Table 2.9). The metal compositions in 

the other CrxRhyCeOz were also determined, and they were comparable to the molar ratios 

of used metal precursors in preparation. BET surface areas of CrxRhyCeOz were in the 

range of 66-138 m2 g-1, and their averaged particle sizes estimated from the surface areas 

were around 10 nm (Table 2.9). 

 

Table 2.9. Composition, BET Surface Area, and Average Diameter of CrxRhyCeOz 

Sample 
Composition of 

Cr/Rh/Ce 

BET surf. area  

/m2 g-1 

Average diameter a  

/nm 

Cr0.19Rh0.06CeOz 0.1897/0.0602/1 98 8.5 

Rh0.04CeOz  <0.0023/0.0378/1 66 12.6 

Cr0.17CeOz 0.1716/<0.0005/1 106 7.8 

CeO2 ― 118 7.0 

Cr0.06Rh0.04CeOz 0.0583/0.0357/1 105 7.9 

Cr0.12Rh0.06CeOz 0.1171/0.0599/1 110 7.6 

Cr0.24Rh0.07CeOz 0.2398/0.0663/1 129 6.4 

Cr0.35Rh0.07CeOz 0.3540/0.0673/1 138 6.0 

Cr0.18Rh0.01CeOz 0.1758/0.0123/1 100 8.3 

Cr0.18Rh0.04CeOz 0.1785/0.0363/1 99 8.4 

Cr0.19Rh0.08CeOz 0.1874/0.0836/1 100 8.3 

Cr0.19Rh0.11CeOz 0.1928/0.1117/1 95 8.7 

a Average diameter was calculated from the BET surface area. The density of CrxRhyCeOz 

was assumed to be 7.215 g cm-3 of CeO2.
18  
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XRD pattern of Cr0.19Rh0.06CeOz showed only the XRD pattern of a fluorite structure 

of CeO2, and there was almost no peak shift from the peak pattern of CeO2 (e.g., 28.9 vs 

28.8 2/o of CeO2(111) plane) as shown in Figure 2.10 and Table 2.10, which suggested 

a negligible effect of incorporated Cr and Rh on the bulk framework of CeO2. The TEM 

and STEM images of Cr0.19Rh0.06CeOz in Figures 2.11-12 revealed clear lattice patterns 

of CeO2 (111) (d = 0.32-0.33 nm), supporting that Cr0.19Rh0.06CeOz had a fluorite crystal 

structure similar to CeO2. No XRD patterns attributed to Cr oxides (Cr2O3 and CrO3) and 

metallic and oxidic Rh species (Rh and Rh2O3) were observed, indicating no presence of 

large Cr or Rh particles in Cr0.19Rh0.06CeOz. CrxRhyCeOz with different metal 

compositions showed also negligible shift of diffraction patterns, suggesting Cr and Rh 

species existed near the surface of the CeO2 particles. 

HAADF-STEM-EELS/EDS images of Cr0.19Rh0.06CeOz displayed dispersed Cr and 

Rh species on the surface of CeO2, forming nanodomains of around 1 nm as shown in 

Figure 2.12. The dispersed Rh species were located at similar positions to the Cr species 

(Figure 2.12 (D-f,g)). HAADF-STEM-EDS images of Rh0.04CeOz without Cr also imaged 

clear lattice patterns of CeO2 (111) (d = 0.32 nm) with dispersed Rh species on the surface 

of CeO2(Figure 2.13).  

HAADF-STEM-EELS/EDS images of Cr0.35Rh0.07CeOz and Cr0.19Rh0.11CeOz with 

larger amounts of Cr or Rh than Cr0.19Rh0.06CeOz are shown in Figures 2.14-15. Both 

HAADF-STEM images of Cr0.35Rh0.07CeOz and Cr0.19Rh0.11CeOz displayed clear lattice 

patterns of CeO2 (111) (d = 0.31-0.34 nm). However, their HAADF-STEM-EELS/EDS 

mappings showed difference sizes and positions of Cr and Rh nanodomains compared 

with that of Cr0.19Rh0.06CeOz. Cr0.35Rh0.07CeOz had larger Cr and Rh nanodomains of 

around 2 nm at similar positions than those of Cr0.19Rh0.06CeOz (Figure 2.14). 

Cr0.19Rh0.11CeOz had a similar-sized Cr and Rh nanodomains to that of Cr0.19Rh0.06CeOz, 

but Rh species were also located at positions where Cr nanodomains were absent (Figure 

2.15). 
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Figure 2.10. XRD patterns of CrxRhyCeOz (x = 0 – 0.35, y = 0 – 0.11). 

  



 

42 

 

Table 2.10. XRD Peak Positions of CrxRhyCeOz 

Sample 2 of lattice plane /degree 

 (111) (200) (220) (311) 

Cr0.19Rh0.06CeOz 28.57 33.06 47.53 56.26 

CeO2 28.60 33.16 47.42 56.34 

Rh0.04CeOz 28.57 33.06 47.53 56.26 

Cr0.06Rh0.04CeOz 28.56 33.14 47.58 56.50 

Cr0.12Rh0.06CeOz 28.58 32.96 47.62 56.44 

Cr0.24Rh0.07CeOz 28.60 33.14 47.52 56.36 

Cr0.35Rh0.07CeOz 28.57 33.14 47.46 56.34 

Cr0.17CeOz 28.57 33.06 47.53 56.51 

Cr0.18Rh0.01CeOz 28.58 33.02 47.62 56.50 

Cr0.18Rh0.04CeOz 28.52 33.08 47.52 56.46 

Cr0.19Rh0.08CeOz 28.64 33.22 47.46 56.38 

Cr0.19Rh0.11CeOz 28.68 33.12 47.62 56.36 
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Figure 2.11. TEM images of Cr0.19Rh0.06CeOz.
7 
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Figure 2.12. (A) HAADF-STEM-EELS images of Cr0.19Rh0.06CeOz; (a) HAADF-STEM 

image, (b) EELS mapping of Ce, (c) EELS mapping of Cr, and (d) an overlaid EELS 

mapping of Ce and Cr.8 (B) HAADF-STEM-EDS images of Cr0.19Rh0.06CeOz at the same 

view as HAADF-STEM-EELS; (a) HAADF-STEM image, (b) EDS mapping of Ce, (c) 

EDS mapping of Rh, and (d) an overlaid EDS mapping of Ce and Rh.8 (C) HAADF-

STEM-EELS images of Cr0.19Rh0.06CeOz at different position to Figure 1(A,B); (a) 

HAADF-STEM image, (b) EELS mapping of Ce, (c) EELS mapping of Cr, and (d) an 

overlaid EELS mapping of Ce and Cr.8 (D) HAADF-STEM-EDS images of 

Cr0.19Rh0.06CeOz at the same position to Figure 1(C): (a) HAADF-STEM image, (b) EDS 

mapping of Ce, (c) EDS mapping of Rh, (d) overlaid EDS mapping of Ce and Rh, (e) 

EDS mapping of Cr, (f) overlaid EDS mapping of Ce, Rh, and Cr., and (g) line profiles 

of Rh Lα, and Cr Kα along the light green line in the overlaid EDS mapping.8 The energy 

regions of interest for EDS of Ce Lα, Rh Lα, and Cr Kα were 4701–4977 eV, 2580–2812 

eV, and 5269–5555 eV, respectively. These HAADF-STEM-EELS/EDS images of (A, B) 

and (C, D) show different positions. 
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Figure 2.12. [Continued] (A) HAADF-STEM-EELS images of Cr0.19Rh0.06CeOz; (a) 

HAADF-STEM image, (b) EELS mapping of Ce, (c) EELS mapping of Cr, and (d) an 

overlaid EELS mapping of Ce and Cr.8 (B) HAADF-STEM-EDS images of 

Cr0.19Rh0.06CeOz at the same view as HAADF-STEM-EELS; (a) HAADF-STEM image, 

(b) EDS mapping of Ce, (c) EDS mapping of Rh, and (d) an overlaid EDS mapping of 

Ce and Rh.8 (C) HAADF-STEM-EELS images of Cr0.19Rh0.06CeOz at different position 

to Figure 1(A,B); (a) HAADF-STEM image, (b) EELS mapping of Ce, (c) EELS mapping 

of Cr, and (d) an overlaid EELS mapping of Ce and Cr.8 (D) HAADF-STEM-EDS images 

of Cr0.19Rh0.06CeOz at the same position to Figure 1(C): (a) HAADF-STEM image, (b) 

EDS mapping of Ce, (c) EDS mapping of Rh, (d) overlaid EDS mapping of Ce and Rh, 

(e) EDS mapping of Cr, (f) overlaid EDS mapping of Ce, Rh, and Cr., and (g) line profiles 

of Rh Lα, and Cr Kα along the light green line in the overlaid EDS mapping.8 The energy 

regions of interest for EDS of Ce Lα, Rh Lα, and Cr Kα were 4701–4977 eV, 2580–2812 

eV, and 5269–5555 eV, respectively. These HAADF-STEM-EELS/EDS images of (A, B) 

and (C, D) show different positions.  
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Figure 2.13. HAADF-STEM-EDS images of Rh0.04CeOz; (a) HAADF-STEM image, (b) 

EDS mapping of Ce, (c) EDS mapping of Rh, and (d) an overlaid EDS mapping of Ce 

and Rh.8 These HAADF-STEM-EDS images of (A) and (B) show different positions. 
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Figure 2.14. HAADF-STEM-EELS/EDS mapping at same view of Cr0.35Rh0.07CeOz. (a) 

HAADF-STEM images in EELS measurement. (b) HAADF-STEM images in EDS 

measurement. (c) HAADF-STEM-EELS mapping of Cr (green) and Ce (red). (d) 

HAADF-STEM-EDS mapping of Rh (blue) and Ce (red). These HAADF-STEM-

EELS/EDS images of (A) and (B) show different positions.   
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Figure 2.15. HAADF-STEM-EELS/EDS mapping at same view of Cr0.19Rh0.11CeOz. (a) 

HAADF-STEM images in EELS measurement. (b) HAADF-STEM images in EDS 

measurement. (c) HAADF-STEM-EELS mapping of Cr (green) and Ce (red). (d) 

HAADF-STEM-EDS mapping of Rh (blue) and Ce (red). These HAADF-STEM-

EELS/EDS images of (A) and (B) show different positions.   
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Cr K-edge, Rh K-edge and Ce LIII-edge X-ray adsorption near edge structure 

(XANES) (Figure 2.16) and XPS (Figure 2.17) spectra revealed the oxidation states of 

each metal in Cr0.19Rh0.06CeOz. The Cr K-edge XANES spectrum was similar to that of 

CrO3 with a pre-edge peak of a Cr6+ feature (Figure 2.16 (A)), suggesting the formation 

of Cr6+ oxide.19 In the Cr 2p XPS spectrum (Figure 2.17 (A)), a major peak was observed 

at 579.0 eV (Cr 2p3/2) and 588.3 eV (Cr 2p1/2), also suggesting the presence of Cr6+.20 

Thus, Cr6-O3-x nanodomains with oxygen defects were most likely formed on the CeO2 

surface. The Rh K-edge XANES spectrum of Cr0.19Rh0.06CeOz had a higher white line 

than that of Rh2O3 (Figure 2.16 (B)). The Rh 3d5/2 XPS peak of Cr0.19Rh0.06CeOz was 

observed at a higher energy of 309.4 eV than that of 308.4 eV for Rh2O3 (Figure 2.17 

(B)).21 A similar positively charged Rh3+ species on CeO2 was reported to be attributed to 

a high valence Rh species Rh3+ strongly interacting with CeO2.
5j,l,p,r Ce valence was 

attributed to be 4+ from Ce LIII-edge XANES22 (Figure 2.16 (C)), Ce 3d XPS23 (Figure 

2.17 (C), Table 2.11), and EELS analysis. In consequence, the XANES, XPS, and 

HAADF-STEM-EDS/EELS analysis revealed that the major species of Cr, Rh, and Ce in 

Cr0.19Rh0.06CeOz are Cr6-, Rh3+, and Ce4+. 

Rh K-edge XAFS and Rh 3d XPS spectra clarified differences in oxidation states 

and local coordination structures of the Rh species in Cr0.19Rh0.06CeOz and Rh0.04CeOz. 

Although Cr K-edge XANES spectra showed almost no change with the different metal 

composition of CrxRhyCeOz (Figure 2.18 (A)), Rh K-edge XANES spectra exhibited a 

little difference in the white line structure by the addition of Cr (Figure 2.18 (B)). The Rh 

3d5/2 XPS peaks of Rh0.04CeOz showed two components at 309.2 and 307.7 eV (Figure 

2.19 (B), Table 2.12), the latter of which was assigned to reduced Rh clusters.5o,r,24 From 

Rh curve-fitting analysis of Rh K-edge EXAFS of Cr0.19Rh0.06CeOz, Rh–O bonds at 0.203 

± 0.001 nm (coordination number (CN) = 5.7 ± 1.1) were observed, and the Rh–Rh bonds 

of metallic Rh and the Rh–O–Rh bonds of Rh2O3 were not observed (Figure 2.20, Table 

2.13). In contrast, the Rh–Rh bonds at 0.268 ± 0.002 nm (CN = 3.2 ± 1.6) were clearly 

observed in addition to the Rh–O bonds at 0.206 ± 0.001 nm (CN = 3.3 ± 0.8) in 

Rh0.04CeOz (Figure 2.20, Table 2.13). The Rh–Rh bond with a low CN in the Rh K-edge 

EXAFS and the 307.7 eV peak in the Rh 3d5/2 XPS indicated the formation of reduced 

Rh aggregations on Rh0.04CeOz in addition to Rh3+ species. 

In the Rh K-edge EXAFS of CrxRhyCeOz with different loading amounts of Cr, the 

Rh–Rh bond was disappeared as the Cr loading was increased (Figure 2.20, Table 2.13). 

The white line structures of the Rh K-edge XANES spectra of CrxRhyCeOz was slightly 

changed with different loading amounts of Cr (Figure 2.18 (B)), whereas the changes of 



 

50 

 

the Cr K-edge and Ce LIII-edge XANES spectra of CrxRhyCeOz were negligible (Figure 

2.18 (A, C)). Thus, it was suggested that the incorporation of the certain amount of Cr 

together with Rh precursor during the preparation step affected the dispersion of Rh 

species on CrxRhyCeOz. 

Considering the negligible peak shifts in the XRD patterns between Cr0.19Rh0.06CeOz 

and CeO2, surface sensitivity of the XPS analysis, and the observed nanodomain 

structures of Cr and Rh in the STEM-EELS/EDS mappings, a schematic structure of 

Cr0.19Rh0.06CeOz is proposed in Figure 2.21 (A), where Cr6-O3-x nanodomains and Rh3+ 

species are dispersed on the fluorite CeO2 support. Whereas, in Rh0.04CeOz without Cr, 

aggregated Rh nanoclusters formed on the CeO2 surface in addition to the Rh3+ species 

(Figure 2.21 (B)). It was proposed that the incorporation of Cr in the Rh-containing ceria 

led to the dispersion of the positively-charged Rh species, which can effectively increase 

the number of the active Rh sites that are responsible for the reaction performance (see 

Chapter 3). 
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Figure 2.16. (A) Cr K-edge, (B) Rh K-edge, and (C) Ce LIII-edge XANES spectra of 

Cr0.19Rh0.06CeOz with standard samples.7  
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Figure 2.17. (A) Cr 2p, (B) Rh 3d, (C) Ce 3d, and (D) O 1s XPS spectra of 

Cr0.19Rh0.06CeOz and their curve-fitting analyses.7 

  



 

53 

 

Table 2.11. Binding Energies and Ratio of Chemical Species in Cr 2p, Rh 3d, and Ce 3d 

XPS Spectra of Cr0.19Rh0.06CeOz 

XPS peak Binding Energy /eV Ratio % 

Cr 2p 

Cr3+ 
Cr 2p3/2 577.0 

38 
Cr 2p1/2 586.2 

Cr6+ 
Cr 2p3/2 579.0 

62 
Cr 2p1/2 588.3 

Rh 3d Rh3+ 
Rh 3d5/2 309.4 

100 
Rh 3d3/2 314.2 

Ce 3d Ce4+ 

Ce 3d5/2 (v0) 882.7 

100 

Ce 3d5/2 (v’’) 888.9 

Ce 3d5/2 (v’’’) 898.5 

Ce 3d3/2 (u0) 901.1 

Ce 3d3/2 (u’’) 907.5 

Ce 3d3/2 (u’’’) 916.8 

 

  



 

54 

 

 
Figure 2.18. (A) Cr K-edge, (B) Rh K-edge, and (C) Ce LIII-edge XANES spectra of 

CrxRhyCeOz (x = 0 – 0.37, y = 0 – 0.12).  
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Figure 2.18. [continued] (A) Cr K-edge, (B) Rh K-edge, and (C) Ce LIII-edge XANES 

spectra of CrxRhyCeOz (x = 0 – 0.37, y = 0 – 0.12). 
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Figure 2.18. [continued] (A) Cr K-edge, (B) Rh K-edge, and (C) Ce LIII-edge XANES 

spectra of CrxRhyCeOz (x = 0 – 0.37, y = 0 – 0.12).  
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Figure 2.19. (A) Cr 2p, (B) Rh 3d, (C) Ce 3d, and (D) O 1s XPS spectra of Rh0.04CeOz 

and their curve-fitting analyses. 
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Table 2.12. Binding Energies and Ratio of Chemical Species in Rh 3d and Ce 3d XPS 

Spectra of Rh0.04CeOz 

XPS peak Binding Energy /eV Ratio % 

Rh 3d 

Rh0 
Rh 3d5/2 307.7 

16 
Rh 3d3/2 312.6 

Rh3+ 
Rh 3d5/2 309.2 

84 
Rh 3d3/2 314.0 

Ce 3d Ce4+ 

Ce 3d5/2 (v0) 884.7  

100 

Ce 3d5/2 (v’’) 889.5  

Ce 3d5/2 (v’’’) 900.7  

Ce 3d3/2 (u0) 903.3  

Ce 3d3/2 (u’’) 909.6  

Ce 3d3/2 (u’’’) 919.2  
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Figure 2.20. (A) k3-Weighted Rh K-edge EXAFS oscillations and (B) their Fourier 

transforms (k = 30-140 nm-1) of CrxRhyCeOz (x = 0 – 0.37, y = 0 – 0.12). The curve-fitting 

of Cr0.18Rh0.01CeOz did not converged due to its low S/N ratio. 
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Figure 2.20. [Continued] (A) k3-Weighted Rh K-edge EXAFS oscillations and (B) their 

Fourier transforms (k = 30-140 nm-1) of CrxRhyCeOz (x = 0 – 0.37, y = 0 – 0.12). The 

curve-fitting of Cr0.18Rh0.01CeOz did not converged due to its low S/N ratio. 
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Table 2.13. Structural Parameters Determined by Curve-fitting Analysis of Rh K-edge 

EXAFS of CrxRhyCeOz (x = 0 – 0.37, y = 0 – 0.12) 

Sample Shell CN R /nm E /eV 2  

/10-5 nm2 

Rf % 

Cr0.19Rh0.06CeOz 
a Rh-O 5.7 ± 1.1 0.203 ± 0.001 10 ± 3 5 ± 2 1.6 

Rh0.04CeOz 
b Rh-O 3.3 ± 0.8 0.206 ± 0.001 8 ± 4 4 ± 2 3.1 

 Rh-Rh 3.2 ± 1.6 0.268 ± 0.002 2 ± 3 7 ± 2  

Cr0.06Rh0.04CeOz 
b Rh-O 4.1 ± 1.0 0.203 ± 0.002 9 ± 4 5 ± 2 1.5 

 Rh-Rh 2.9 ± 0.9 0.269 ± 0.001 4 ± 4 5 ± 1  

Cr0.12Rh0.06CeOz 
a Rh-O 5.3 ± 1.2 0.203 ± 0.001 11 ± 2 4 ± 2 1.5 

Cr0.27Rh0.07CeOz 
a Rh-O 4.9 ± 0.7 0.203 ± 0.001 13 ± 2 3 ± 1 0.6 

Cr0.35Rh0.07CeOz 
a Rh-O 5.0 ± 0.9 0.203 ± 0.001 12 ± 2 3 ± 1 0.8 

Cr0.18Rh0.04CeOz 
a Rh-O 5.2 ± 1.1 0.203 ± 0.001 12 ± 2 4 ± 1 0.8 

Cr0.19Rh0.08CeOz 
a Rh-O 4.9 ± 0.9 0.203 ± 0.001 12 ± 2 3 ± 1 0.8 

Cr0.19Rh0.11CeOz 
a Rh-O 5.3 ± 1.3 0.203 ± 0.001 10 ± 3 4 ± 2 1.8 

S0
2 was fixed as 1. a, bk = 30-140 nm-1, aR = 0.12-0.20 nm, bR = 0.12-0.27 nm. 

 

 

 

Figure 2.21. Schematic structural models of (A) Cr0.19Rh0.06CeOz and (B) Rh0.04CeOz. 
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2.3.2. Low-temperature redox property and structural changes of Cr0.19Rh0.06CeOz 

Cr0.19Rh0.06CeOz showed remarkable redox properties at lower temperatures below 

373 K (Figure 2.22). TPR with H2 was performed and the amount of consumed H2 was 

quantified. The reduction of Cr0.19Rh0.06CeOz initiated at around 308 K and showed a TPR 

peak at 351 K, and Cr0.19Rh0.06CeOz consumed H2 of 1.96 mmol g-1 in the TPR peak. On 

the other hand, Cr0.17CeOz without Rh was reduced at a much higher temperature of 628 

K (Figure 2.22 (A)). As for Rh0.04CeOz without Cr, the amount of consumed H2 (0.55 

mmol g-1) was much small as 28% of the case of Cr0.19Rh0.06CeOz, although the reduction 

occurred at a similar temperature (353 K). Similar low-temperature reduction properties 

on CexRh1-xO2-y have been reported.5l,r CeO2 was gradually reduced above 673 K (which 

can be attributed to surface region of CeO2
4e,5e,k), and CrO3 and Rh2O3 showed TPR peaks 

at 628 and 438 K, respectively. These results suggest that the Cr and Rh species 

incorporated in Cr0.19Rh0.06CeOz dramatically enhanced its redox properties at the low 

temperatures (< 373 K).  

The reoxidation of a reduced Cr0.19Rh0.06CeOz sample after the TPR proceeded 

readily with O2 at 303 K, and the amount of consumed O2 was 0.96 mmol g-1, which was 

comparable to the amount of H2 consumed (2 mol of H2 and 1 mol of O2 react to generate 

2 mol of H2O.). After the reoxidation, the low-temperature reduction proceeded again in 

a similar manner, and the redox process of Cr0.19Rh0.06CeOz was reversibly repeated up to 

four times (Figure 2.22 (B)). The reversible low-temperature redox properties of 

Cr0.19Rh0.06CeOz can efficiently contribute to catalysis with oxygen transfer at low 

temperatures. 
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Figure 2.22. (A) TPR profiles with H2 on Cr0.19Rh0.06CeOz (red), Cr0.17CeOz (green), 

Rh0.04CeOz (blue), CrO3 (purple), Rh2O3 (pink), and CeO2 (black).7 (B) TPR profiles with 

H2 on Cr0.19Rh0.06CeOz for four TPR/TPO cycles (black: first cycle; red: second cycle; 

blue: third cycle; green: fourth cycle).7 TPO was conducted from 293 to 573 K after TPR 

up to 423 K. 
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It is reported that the incorporation of noble metal ions and 3d transition metal ions 

to ceria systems occurs the reduction of Ce4+ at lowered temperatures.5b,c,6f,i-l,s In order to 

examine the contribution of Ce4+ ions together with Cr and Rh ions to the reduction 

process, in situ Cr K-edge, Rh K-edge, and Ce LIII-edge XAFS spectra were measured in 

the reduction process of Cr0.19Rh0.06CeOz with H2 from 293 to 423 K. The in situ XANES 

spectra demonstrated the reduction of all the three metal ions at low temperatures (Figure 

2.23). The Rh K-edge XANES spectra firstly changed at the lowest temperature of 332 

K, and the average oxidation state of Rh rapidly changed from +3.6 to +1.4 (Figure 2.23 

(A)). Following the reduction of Rh, both Cr K-edge and Ce LIII-edge XANES spectra 

significantly changed (Figure 2.23 (B, C)), which proved the decrease in the oxidation 

states of both Cr and Ce ions. The analysis of XANES spectral changes revealed that the 

average oxidation states of Cr and Ce gradually changed from +5.4 to +3.0 (Cr) and from 

+3.8 to +3.5 (Ce). The reduction-temperature profiles are presented in Figure 2.24, which 

displays definite changes in the oxidation states of the Rh, Cr, and Ce ions. The total 

oxidation state changes in the three metals correspond to the consumed H2 molecules of 

2.28 mmol g-1 (Table 2.14), which is comparable to the net consumed H2 within the 

experimental error bars in the TPR process. These results demonstrate that the low-

temperature reduction of Cr0.19Rh0.06CeOz proceeded via the concerted reduction of the 

multiple metal species including Ce, not by a single metal source in CeO2. The gap of the 

reduction temperature between Rh and Cr or Ce (Figure 2.24) suggests that the reduced 

Rh species formed in the first reduction step facilitates the subsequent reduction of Cr6+ 

and Ce4+ on the surface of CeO2. 

In situ AP-XPS measurements under the H2-reduction conditions revealed the 

reduced state of Cr0.19Rh0.06CeOz at the surface region. In situ Rh 3d AP-XPS spectra 

appeared a new 3d5/2 peak at 307.5 eV attributed to reduced Rh nanoclusters (Figure 2.25 

(A)).5o,r,24 But the peaks at 309.2 eV (Rh3+)5l,o,r,24 and 308.4 eV (Rh3+)5l,o,r,24 remained, 

which indicated that all Rh ions were not reduced to the metallic level. In situ Ce 3d AP-

XPS spectra (Figure 2.25 (C)) showed the formation of Ce3+ (u’, v’, u0, and v0 peaks),23 

and the decrease in the average oxidation state of Ce to +3.5 indicates that Ce4+ ions at 

the surface of Cr0.19Rh0.06CeOz was partially reduced. In situ Cr 2p3/2 AP-XPS peak shifted 

from 579.1 to 577.0 eV, indicating the complete reduction to the Cr3+ state (Figure 2.25 

(B)),4d,20 which corresponds to the results of Cr K-edge XANES (Figure 2.23 (B)). The 

shape of the Cr K-edge XANES spectrum of Cr0.19Rh0.06CeOz after the reduction was 

similar to that of Cr(OH)3 (Figures 2.16, 2.23 (B)), suggesting the formation of Cr(OH)3 

below 373 K. In situ O 1s AP-XPS appeared a new peak at 531.6 eV attributed to a 
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hydroxyl group, which supported the formation of Cr(OH)3 after the reduction (Figure 

2.25 (D)).20a 

The in situ XANES spectra under the oxidation with O2 (Figure 2.26) also revealed 

the changes in the average oxidation states of Rh, Cr, and Ce in Cr0.19Rh0.06CeOz during 

the reoxidation process (Figure 2.27). The oxidation on Rh and Ce rapidly proceeded at 

303 K by the introduction of O2. In contrast, Cr species was gradually reoxidized from 

350 to 550 K. In situ AP-XPS spectra also clarified reversible changes in the oxidation 

states of Rh, Cr, and Ce after the reoxidation process at the surface region (Figure 2.28). 

The disappearance of the O 1s peak at 531.6 eV attributed to hydroxyl group indicated 

the gradual oxidation of Cr to Cr6-O3-x accompanied with the desorption of H2O (Figure 

2.28 (D)). The change in the oxidation state of Ce (30–40% of Ce; estimated from Ce LIII-

edge XANES and Ce 3d AP-XPS (Table 2.16)) during the redox processes corresponded 

to approximately two monolayers of the most stable CeO2 (111) surface,25 considering 

the BET surface area of 98 m2 g-1 and the average particle size of 10 nm from the STEM 

image. 

The first reaction of Rh was suggested to be crucial in the low-temperature redox 

properties of Cr0.19Rh0.06CeOz. Then, the local coordination structure of the Rh species 

was investigated by in situ Rh K-edge EXAFS analysis (Figures 2.29-30 and Tables 2.17-

18). Before the reduction at 330 K, there were only Rh–O bonds at 0.204 ± 0.001 nm 

(coordination number (CN) = 5.8 ± 1.3), and the Rh–Rh bonds of metallic Rh and the 

Rh–O–Rh bonds in Rh2O3 were not observed (Figure 2.29 (a)). After the reduction at 334 

K, Rh–Rh bonds at 0.270 ± 0.002 nm (CN = 2.6 ± 0.7) appeared in addition to the Rh–O 

bonds at 0.205 ± 0.002 nm (Figure 2.29 (b)). The local coordination structure of Rh 

recovered after the reoxidation with O2 (Figure 2.30). Therefore, it is concluded that Rh 

species reversibly transform between dispersed Rh3+ species and small Rh nanoclusters 

during the redox processes of Cr0.19Rh0.06CeOz. 

Based on the in situ characterizations, the following reversible structural changes of 

Cr0.19Rh0.06CeOz during the low-temperature redox processes are proposed (Figure 2.31).  

(1) As-prepared structure of Cr0.19Rh0.06CeOz: Rh3+ ions and Cr6-O3-x nanodomains were 

dispersed on the surface of CeO2.  

(2) Low-temperature reduction with H2: the Rh3+ species were firstly reduced and 

clusterized at 332 K. Then, the dual reduction of Cr and Ce was facilitated at around 360 

K: Cr6-O3-x was reduced to Cr3+(OH)3, and Ce4+ species at the CeO2 surface layers of was 

reduced to Ce3+.  

(3) The reversible reoxidation with O2: The concerted oxidation of the Rh nanoclusters 
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and the surface Ce3+ species proceeded immediately after O2 introduction below 303 K. 

Then, the Cr3+(OH)3 gradually reverted to Cr6-O3-x at 303– 573 K. 

The structural transformation of the dispersed Rh species can decrease the redox 

temperatures of both CrO3-x and Ce ions at the surface layers at the similar temperature 

below 373 K, resulting in the overall redox properties of Cr0.19Rh0.06CeOz. 
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Figure 2.23. In situ (A) Rh K-edge, (B) Cr K-edge, (C) Ce LIII-edge XANES spectra of 

Cr0.19Rh0.06CeOz under H2 reduction condition (303-423 K).7   
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Figure 2.24. Changes in the average oxidation states of Rh, Cr, and Ce estimated from 

the XANES spectra for the reduction process. The average oxidation states of Rh, Cr, and 

Ce determined from the changes at 23238 eV (white line peak top), 5991.4 eV (pre-edge), 

and 5741.3 eV (second peak top of the white line), respectively.7  

 

Table 2.14. Changes in the Oxidation States of Rh, Cr, and Ce upon in situ XAFS Spectral 

Change and Estimated H2 Consumption under H2 Reduction 

Element Oxidation state  Estimated H2 

consumption /mmol g-1 303 K (initial) 423 K (after reduction) 

Rh +3.6 +1.4 0.36 

Cr +5.4 +3.0 1.15 

Ce +3.8 +3.5 0.77 

Total   2.28 
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Figure 2.25. In situ (A) Rh 3d, (B) Cr 2p, (C) Ce 3d, and (D) O 1s AP-XPS spectra of 

Cr0.19Rh0.06CeOz measured under H2 reduction at 385 K, and their curve-fitting analyses.7 
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Figure 2.26. In situ (A) Rh K-edge, (B) Ce LIII-edge, (C) Cr K-edge XANES spectra of 

Cr0.19Rh0.06CeOz under O2 oxidation condition (303-573 K).7  
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Figure 2.27. Changes in the oxidation states of Rh, Cr, and Ce estimated from the XANES 

spectra for the oxidation process. The average oxidation states of Rh, Cr, and Ce 

determined from the changes at 23238 eV (white line peak top), 5991.4 eV (pre-edge), 

and 5741.3 eV (second peak top of the white line), respectively.7 

 

Table 2.15. Changes in the Oxidation States of Rh, Cr, and Ce upon In situ XAFS Spectral 

Change and Estimated O2 Consumption under O2 Oxidation 

Element Oxidation state  Estimated O2 

consumption /mmol g-1 303 K (initial) 573 K (after oxidation) 

Rh +1.4 +3.6 0.17 

Cr +3.0 +5.2 0.51 

Ce +3.7 +3.8 0.19 

Total   0.87 
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Figure 2.28. In situ (A) Rh 3d, (B) Cr 2p, (C) Ce 3d, and (D) O 1s AP-XPS spectra of 

Cr0.19Rh0.06CeOz measured under O2 oxidation at 573 K, and their curve-fitting analyses.7 
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Table 2.16. Binding Energies and Ratio of Different Species in Cr 2p, Rh 3d, and Ce 3d 

AP-XPS Spectra of Cr0.19Rh0.06CeOz Measured under H2 Reduction at 385 K and under 

O2 Oxidation at 573 K 

XPS peak 
Binding 

Energy /eV 

Ratio % 

H2 reduction O2 oxidation 

Cr 2p 

Cr3+ 
Cr 2p3/2 577.0 

83 0 
Cr 2p1/2 586.2 

Cr6+ 
Cr 2p3/2 579.0 

17 100 
Cr 2p1/2 588.3 

Rh 3d 

Rh0 
Rh 3d5/2 307.5 

62 0 
Rh 3d3/2 312.3 

Rh3+ 
Rh 3d5/2 308.4 

15 0 
Rh 3d3/2 313.1 

Rh3+ 
Rh 3d5/2 309.4 

23 100 
Rh 3d3/2 314.2 

Ce 3d 

Ce3+ 

Ce 3d5/2 (v0) 881.3 

41 0 
Ce 3d5/2 (v’) 885.3 

Ce 3d3/2 (u0) 899.8 

Ce 3d3/2 (u’) 903.8 

Ce4+ 

Ce 3d5/2 (v0) 882.7 

59 100 

Ce 3d5/2 (v’’) 888.9 

Ce 3d5/2 (v’’’) 898.5 

Ce 3d3/2 (u0) 901.1 

Ce 3d3/2 (u’’) 907.5 

Ce 3d3/2 (u’’’) 916.8 
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Figure 2.29. (A) In situ k3-weighted Rh K-edge EXAFS oscillations and (B) their Fourier 

transforms (k = 30-140 nm-1) for Cr0.19Rh0.06CeOz during H2 reduction at (a) 330 K and 

(b) 334 K.7 Black solid lines in (B) show observed data and red dashed lines show fitted 

data. 

 

Table 2.17. Structural Parameters Obtained by Curve-Fitting Analysis of Rh K-edge 

EXAFS for Cr0.19Rh0.06CeOz during H2 Reduction a 

Shell CN R /nm E0 /eV 2 / 105 nm2 

During H2 reduction (330 K) b 

Rh–O 5.8 ± 1.3 0.204 ± 0.001 11 ± 2 5 ± 2 

During H2 reduction (334 K) c 

Rh–O 2.8 ± 0.3 0.205 ± 0.002 9 ± 2 4 ± 1 

Rh–Rh 2.6 ± 0.7 0.270 ± 0.002 4 ± 2 10 ± 2 

ak = 30-140 nm–1, S0
2 was fixed as 1. bR = 0.12-0.20 nm, Rf = 0.9%. cR = 0.12-0.27 nm, 

Rf = 0.5%. 
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Figure 2.30. (A) k3-Weighted Rh K-edge EXAFS oscillations, and (B) their Fourier 

transforms (k = 30-140 nm-1) for Cr0.19Rh0.06CeOz (a) before O2 introduction at 303 K, 

and (b) after O2 introduction at 303 K.7 Black solid lines in (B) show observed data and 

red dashed lines show fitted data. 

 

Table 2.18. Structural Parameters Obtained by Curve-Fitting Analysis of Rh K-edge 

EXAFS for Cr0.19Rh0.06CeOz before and after O2 Introduction a 

Shell CN R /nm E0 /eV 2 / 105 nm2 

Before O2 introduction (303 K) b 

Rh–O 1.8 ± 0.3 0.206 ± 0.003 9 ± 2 4 ± 1 

Rh–Rh 3.1 ± 0.5 0.269 ± 0.001 2 ± 1 9 ± 1 

After O2 introduction (303 K) c 

Rh–O 5.8 ± 1.6 0.204 ± 0.001 11 ± 2 6 ± 3 

ak = 30-140 nm–1, S0
2 was fixed as 1. bR = 0.12-0.27 nm, Rf = 0.4%. cR = 0.12-0.20 nm, 

Rf = 1.6%. 
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Figure 2.31. Schematic of the structural changes in the reversible low-temperature redox 

process of Cr0.19Rh0.06CeOz under H2 reduction and O2 oxidation based on in situ surface 

structural and electronic characterization.7  
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2.4. Conclusions 

Cr and Rh-incorporated ceria (Cr0.19Rh0.06CeOz) was newly prepared. Advanced 

physical characterizations also revealed Cr0.19Rh0.06CeOz had the structure that Cr6-O3-x 

nanodomains of approximately 1 nm and Rh3+ species were dispersed on fluorite CeO2 

surface, as supported by HAADF-STEM-EDS/EELS, XAFS and XPS analysis. Whereas, 

Rh0.04CeOz without Cr had aggregated Rh nanoclusters in addition to Rh3+ species on the 

surface of CeO2. It was suggested that the incorporation of Cr in the Rh-containing ceria 

resulted in the Rh dispersion. Cr0.19Rh0.06CeOz was found to exhibit the remarkable and 

reversible low-temperature redox properties below 373 K. All metal species of not only 

Cr and Rh but also Ce cooperatively contributed to the low-temperature redox process of 

the Cr0.19Rh0.06CeOz as characterized by in situ XAFS and in situ AP-XPS. The Rh3+, 

Cr6-O3-x, and CeO2 in Cr0.19Rh0.06CeOz were transformed to the Rh nanoclusters, the 

Cr(OH)3 species, and CeO2-x with two Ce3+-oxide layers at the surface in a concerted 

reduction manner of all the three metal species by the H2 reduction. The reduced species 

of Cr, Rh, and Ce were reversibly transformed to the initial forms during the O2 oxidation 

process. The Rh dispersion assisted by Cr species and the reversible redox cycles of 

Cr0.19Rh0.06CeOz are expected to be useful for catalytic reactions.  
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cooperative active sites of Cr and Rh 
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3.1. Introduction 

3.1.1. NO reduction with CO 

Exhaust gases from automobiles and industrial plants contain nitrogen oxides (NOx), 

which are harmful to the environment and human health, and NOx needs to detoxified at 

the emission stage.1 The reduction reaction of NO, which converts NO to non-toxic N2, 

is one of the fundamental reactions in exhaust gas purification and has been widely 

studied as a model reaction for exhaust gas catalysts.2 For the NO reduction reaction, CO, 

hydrocarbons (HC), H2, and NH3 are used as reductants along with NO.1 In particular, the 

reduction of NO with CO has been extensively studied as one of the most promising 

methods of the exhaust gas purification, because this reaction simultaneously converts 

two pollutants (NO and CO) into harmless gases (N2 and CO2) (Equation 3.1).3 The NO 

reduction reaction with CO is mostly a stepwise reaction via N2O greenhouse gas 

(Equations 3.2, 3.3), and unwanted N2O byproducts are usually produced at low 

temperature. High N2 selectivity at low temperatures (below 523 K), corresponding to the 

cold-start conditions of automobiles, is a key obstacle in the development of catalytic NO 

reduction, and it is thus necessary to develop a catalyst that can selectively reduce NO to 

N2 without N2O generation.4 

 

 NO + CO → 1/2N2 + CO2
 H298 K = –373 kJ mol-1 (Equation 3.1) 

 2NO + CO → N2O + CO2 H298 K = –381 kJ mol-1 (Equation 3.2) 

 N2O + CO → N2 + CO2 H298 K = –365 kJ mol-1 (Equation 3.3) 
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3.1.2. Ceria catalysts for NO reduction with CO 

CeO2 is an attractive oxide support with high oxygen mobility, and defects in CeO2 

have been reported to play an important role in selective NO reduction.5 Recently reported 

ceria-based catalysts for NO reduction with CO were listed in Table 3.1. The addition of 

noble metals can also improve the NO reduction performance with CO. Among recently 

reported examples, CeO2-supported catalysts incorporating Rh, Ru, or Pd exhibited good 

NO reduction performance at low temperatures.3b,6 For example, small Rhn
0 nanoparticles 

supported on CeO2 mediated complete NO conversion without N2O formation at 

approximately 423 K in a temperature-programmed reaction of NO and CO analyzed by 

FT-IR spectroscopy.6b Furthermore, Ce0.95Ru0.05O2−δ solid solutions displayed complete 

NO conversion with 100% N2 selectivity at 473 K,6a while Pd/CeO2 catalysts pretreated 

with the reaction gas completely converted NO at 385 K and CO at 435 K.3b In addition, 

non-noble-metal species incorporated into CeO2 as catalytically active sites improved the 

NO reduction performance with CO.3a,7 For instance, Ce20M1Ox composite oxides (M = 

Zr, Cr, Mn, Fe, Co, or Sn) improved NO reduction activity with CO due to increased 

specific surface area and surface oxygen defects of CeO2, and Cr was reported to be a 

promising element for improving the activity of NO reduction on CeO2: the Cr-doped 

ceria catalyst showed the best performance among the Ce20M1Ox catalysts.7 NiO/CeO2 

was reported to be capable of reducing NO at low temperatures below 473 K.3a From the 

above examples, Cr and Rh species and CeO2 supports are good candidates for the NO 

reduction catalysts. 
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Table 3.1. Recently Reported Ceria-based Catalysts for NO Reduction with CO  

Catalyst Reaction conditions Catalytic activity Ref.   
Conversion N2 selectivity 

 

NiO/CeO2 rod NO = 1200 ppm, CO 

= 1200 ppm, 60000 

mL h-1 g-1 

T100(NO) = 

427 K 

T100(CO) = 

528 K 

–––– (3a) 

PdO/CeO2 rod NO = 1200 ppm, CO 

= 1200 ppm, 60000 

mL h-1 g-1 

T100(NO) = 

408 K 

T100(CO) = 

451 K 

–––– (3b) 

Ce0.98M0.02O2 

(M = Pd, Rh, Pt) 

NO = 1% CO = 1%, 

100 mL min-1 

T100(NO) = 

623 K (Rh), 

633 K (Pd) 

Rh: 100% 

(623 K) 

Pd: 100% 

(673 K) 

(4) 

Ce20M1Ox (M = 

Zr, Cr, Mn, Fe, Co, 

Sn) 

NO = 5% CO = 10%, 

24000 mL h-1 g-1 

T100(NO) = 

573 K (Cr) 

Cr: 80% (573 

K), 100% 

(648 K) 

(7) 

CuO/Ce20M1Ox (M 

= Zr, Cr, Mn, Fe, 

Co, Sn) 

NO = 5% CO = 10%,  

24000 mL h-1 g-1 

T100(NO) = 

548 K (Cr), 

598 K (Sn) 

Cr: 85% (548 

K) 

Sn: 100% 

(598 K) 

(10k) 

Cr-Cu/CeO2  

(Cr/Cu = 3) 

NO = 1500 ppm, CO 

= 1500 ppm, 120000 

mL h-1 g-1 

NO conv. = 

50% (523 K) 

100% (523 K) (10h) 

Cu3Ce0.2Al0.8Ox NO = 5% CO = 10%, 

50 mg, 12000 h-1 

T100(NO) = 

483 K 

100% (493 K) (10l) 
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3.1.3. Synergistic effects in the development of the NO reduction catalyst 

Numerous heterogeneous catalysts for the reduction of NO with CO have been 

extensively developed from the viewpoint of synergistic effect/cooperative effect 

introduction, such as metal alloying,8 single-atomic dispersion,9 the addition of multiple 

oxide species,10 and combination of metal and metal oxide species,11 etc. In addition to 

the ceria-based oxides listed in Table 3.1, non-ceria-based catalysts with this effect were 

listed in Table 3.2. 

Alloying multiple metal species is one of the direct strategies modulating the 

electronic and coordination structure of single metal species.12 Tuning electronic structure 

and increasing a number of surface active sites benefits to enhancing catalytic activity 

and selectivity, and this effect is also possible to achieved with metal alloy species on the 

support surface.12 For instances, Pd(In0.33Cu0.67)/Al2O3,
8a a CsCl-type pseudobinary alloy 

catalyst with the partial replacement of Cu by In in PdCu alloy, improved the catalytic 

activity and N2 selectivity for NO reduction with CO (100% yield) at low temperature of 

473 K by the combined effects of In and Cu: the incorporated In species facilitate CO 

oxidation to provide more active sites for N2O decomposition, and Cu species promotes 

adsorption and subsequent dissociation of NO.8a Single-atom alloys (e.g., Cu5Pd1/Al2O3
9a 

and Rh1Co3/CoO9b) are unique catalysts that atomically isolate active metal species 

within metal nanoclusters/nanoparticles, and exhibited significant NO conversion and N2 

selectivity even compared to their alloyed nanoparticle counterparts. In Cu5Pd1/Al2O3, it 

is reported that isolated Pd promoted N–O bond cleavage of the (NO)2 dimer, resulting in 

excellent N2 selectivity.9a Rh1Co3/CoO had isolated Rh1Co3 clusters and the bimetallic 

sites strongly adsorbed N2O intermediate and easily dissociate N2O to N2.
9b In these cases, 

metal alloying or single-atomic dispersion lowers activation barriers and/or strongly 

adsorbs NO and intermediate N2O, improving NO conversion and N2 selectivity. 

Mixed metal oxides doped with two or more different metal ion species in the base 

oxides are also effective for catalysis.1d,e Although there are no direct interaction between 

metal ion species, the doped metal ions can also establish multiple adsorption metal sites 

on the surface,1d,e and in this sense, the concept of the mixed metal oxides are similar to 

metal alloy catalysts. Furthermore, redox-active metal ion dopants can also increase labile 

oxygen species and oxygen vacant sites on the surface of mixed metal oxides, and these 

active oxygen species/oxygen vacant sites play an important role in enhancing catalytic 

performances,13 even in NO reduction6a-f (e.g., Ce0.78Sn0.2Pd0.2O2-
6c, CuO-

Mn2O3/Al2O3
6e). Cr-Cu/CeO2

6g−i is a catalyst with Cu+ and Cr3+ sites co-embedded on 

CeO2 surface, and it was reported that the larger amount of Cr than Cu increased the 
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surface concentration of active Cu+ as CO adsorption sites and Ce3+ as NO adsorption 

sites on the surface of CeO2, resulting in superior catalytic activity to Cu/CeO2 catalysts 

without Cr species.6e,g Cu0.05Ni0.95Al1.8Cr0.2O4 is a single-phase ternary spinel solid 

solution, and partial substitution of Cr3+ with Al3+ improves a specific surface area of the 

catalyst and increases the ratio of Cu+ to total Cu on the surface as CO adsorption sites, 

enhancing NO reduction activities without phase separation under dry and wet simulated 

exhaust gas streams.6h PdO–CeO2/OMS-2 (cryptomelane-type manganese oxide) 

exhibited excellent catalytic NO reduction performance (>95% conversion and 100% N2 

selectivity at ca. 523 K) with significant resistance toward poisoning by SO2.
6r I also 

mentioned several examples of ceria-based catalysts in Chapter 2. 

The addition of 2nd metal species to oxide-supported metal catalysts can create 

unique active species through the synergistic interaction between interfaces of metal 

species and metal oxide species.14 An Au-FeOx/TiO2 catalyst11a prepared by the 

subsequent impregnation of FeOx species on Au nanoparticles supported on TiO2 

exhibited high NO conversion of 84.4% and N2 selectivity of 90.6% at 523 K. Although 

the addition of FeOx to Au/TiO2 did not cause the structural change of Au species itself, 

it was reported that interfaces of Au surface with FeOx and a TiO2 support created new 

adsorption sites for NO and CO and a new surface complex between NO and CO.11a 

Rh@NbOx
11b and Ni@NbOx

11c catalysts generated from Rh3Nb and Ni3Nb intermetallic 

precursors are unique materials enhancing catalytic performances through cooperation of 

metal species and metal oxide species. They efficiently catalyzed the selective reduction 

of NO to N2 without N2O generation above 573 K and 698 K, respectively, and the NbOx 

matrix could cleave adsorbed NO by forming of N–Nb bonds at the metal-NbOx 

interface.11b,c  

  



 

93 

 

Table 3.2. Recently Reported Non-Ceria-Based Catalysts for NO Reduction with CO 

Catalyst Reaction conditions Catalytic activity Ref. 

  Conversion N2 

selectivity 

 

Pd(In0.33Cu0.67)/Al2O3 NO = 5000 ppm, CO = 

5000 ppm, 48000 mL h-1 g-1 

T100(NO) = 

473 K 

100 % 

(>448 K) 

(8a) 

Cu-Ru/Al2O3 NO = 0.09% CO = 0.1%, 

180000 mL h-1 g-1 

T100(NO) = 

573 K 

 (8j) 

Cu5Pd/Al2O3 NO = 0.5% CO = 0.5%, 

108000 mL h-1 g-1 

T100(NO) = 

473 K 

100% 

(473 K) 

(9a) 

Rh1Co3/Co3O4 NO = 5% CO = 5%, 

360000 mL h-1 g-1 

T100(NO) = 

523 K 

100% 

(>383 K) 

(9b) 

CuO-Mn2O3/Al2O3 NO = 5% CO = 10%,  

25 mg, 24000 h-1 

68% (573 

K) 

82% 

(573 K) 

(10e) 

CuO-V2O5/Al2O3 
NO = 5% CO = 10%, 

24000 mL h-1 g-1 

36% (623 

K) 

80% 

(623 K) 
(10f) 

Au-FeOx/TiO2 NO = 0.2% CO = 0.2%, 

30000 mL h-1 g-1 

91.0% 

(523 K) 

74.2% 

(523 K) 

(11a) 

Ni3Nb/NbOx NO = 1% CO = 1%,  

6000 mL h-1 g-1 

T100(NO) = 

698 K 

100% 

(698 K) 

(11c) 
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3.1.4. The aim of this research 

In this chapter, I focused on catalytic activity of a Cr and Rh-incorporated ceria 

catalysts (Cr0.19Rh0.06CeOz) for the NO reduction with CO.15 In terms of synergistic effect 

strategies, Cr0.19Rh0.06CeOz with dispersed CrO3-x nanodomains and Rh3+δ species on the 

surface of CeO2 has a potential to exhibit high NO reduction activity. The incorporation 

of Cr oxide not only had a great influence on the remarkable redox property of 

Cr0.19Rh0.06CeOz, but also played a key role in accelerating NO reduction catalysis with 

CO. Cr0.19Rh0.06CeOz exhibited the complete reduction of NO to N2 with CO at low 

temperature of 473 K. In situ FT-IR spectroscopy clarified that the dispersion of the 

catalytically active Rh species as Rh3+δ on the oxide catalyst surface assisted by the added 

Cr oxide increased the number of adsorption sites for NO and CO. In situ XAFS 

characterization revealed the formed Cr oxide positively contributed to oxygen transfer 

as an oxygen mediator from the adsorbed NO to the adsorbed CO on Rh, resulting in 

decreasing an activation energy for the NO reduction. The incorporation of the Cr oxide 

not only modulated the structure of Rh species in Cr0.19Rh0.06CeOz to generate co-active 

sites effectively, but also positively involved in the enhancement of the NO reduction 

performance with CO at low temperature. 
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3.2. Experimental section 

3.2.1. Materials and instruments 

Chemicals for the preparation of Cr0.19Rh0.06CeOz, Rh0.04CeOz, Cr0.17CeOz, and CeO2 

were purchased from Sigma-Aldrich and Wako Chemicals. The preparation procedure of 

Cr0.19Rh0.06CeOz, Rh0.04CeOz, Cr0.17CeOz, and CeO2 was indicated in Section 2.2.2. NO 

(99%), CO (G1 grade, 99.95%), N2O (99.9%), N2 (G1 grade, 99.9995%), CO2 (G1 grade, 

99.995%), He (G1 grade, 99.99995%), and Ar (G3 grade, 99.999%) gases were used for 

the experiments of NO reduction with CO. O2 (O2, G1 grade, 99.99995%), NO (99%), 
12CO (G1 grade, 99.95%), 13CO (99 atom% 13C, 99.93 atom% 16O, ISOTEC) gases were 

used for in situ FT-IR measurement. NO (99%), CO (G1 grade, 99.95%), and N2 (99.9%) 

gases were used for in situ XAFS measurements. 

A high-vacuum glass line with dry N2 and a glove box with dry Ar were used for 

experiments under inert conditions. 
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3.2.2. NO reduction reaction with CO 

NO reduction with CO was performed in a home-made fixed-bed flow reactor (I.D.: 

7 mm) (Figure 3.1). The catalyst (500 mg) was first exposed to a He flow (100 mL min−1) 

at 573 K for 1 h. The reaction was then performed under the flow of NO (0.5%), CO 

(1.0%), Ar (5.0%, internal standard), and He (balance) with a total flow rate of 100 mL 

min−1 (GHSV = 6500 h−1). The gases were analyzed using an online gas chromatograph 

equipped with a thermal conductivity detector (TCD; GC-8, Shimadzu) and a ShinCarbon 

ST column (Shimadzu, 3 mm (I.D.) × 8 m) located downstream. TCD-GC conditions 

were listed in Table 3.3. Compositions of the outlet gases were estimated form standard 

curves as shown in Figure 3.2. The durability test was conducted under similar conditions 

at 473 K for 216 h. The NO reduction with CO over catalysts (50 mg) on high GHSV was 

also performed under the flow of NO (0.5%), CO (1.0%), Ar (5.0%), and He (balance), 

total flow rate 100 mL min−1 (GHSV = 65,000 h−1)).  

NO/CO partial pressure dependencies on the initial reaction rates were measured by 

varying the NO concentration between 0.3% and 1.0% with the CO concentration fixed 

at 1.0% or varying the CO concentration between 0.3% and 1.0% with the NO 

concentration fixed at 0.5%. The reaction temperature was maintained for the kinetic 

study at 413 K, such that the NO conversion did not exceed 30%, or at 453 K, such that 

NO conversion to N2 did not exceed 20 %. The activation energies for the NO reduction 

with CO were estimated under the conditions that the NO conversion did not exceed 30%: 

catalyst 10 mg, NO (0.5%), CO (1.0%), Ar (5.0%), and He (balance), total flow rate 100 

mL min−1 (GHSV = 325,000 h−1). 

N2O reduction with CO was also conducted in the fixed-bed flow reactor. The 

catalyst (50 mg) was first exposed to He flow (100 mL min−1) at 573 K for 1 h. The 

reaction was then performed under a flow of N2O (0.5%), CO (1.0%), Ar (5.0%, internal 

standard), and He (balance) with a total flow rate of 100 mL min−1 (GHSV = 65,000 h−1). 
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In these reactions, nitrogen balance and carbon balance were kept above 0.9. NO 

conversion, N2 selectivity, N2O selectivity, and N2O conversion were calculated using 

Equations 3.4-3.7: 

 
NO conversion (%) =

[NO]inlet − [NO]outlet

[NO]inlet
× 100% (Equation 3.4) 

 
N2 selectivity % =

[N2]outlet

[N2]outlet + [N2O]outlet
× 100 (Equation 3.5) 

 
N2O selectivity % =

[N2O]outlet

[N2]outlet + [N2O]outlet
× 100 (Equation 3.6) 

 
N2O conversion (%) =

[N2O]inlet − [N2O]outlet

[N2O]inlet
× 100% (Equation 3.7) 

[X]inlet: the molar flow rate of X at the gas inlet 

[X]outlet: the molar flow rate of X at the gas outlet 

 

The reaction rates for NO conversion (rNO) and N2 formation (rN2) were calculated 

using Equations 3.8 and 3.9: 

 rNO = ([NO]inlet – [NO]outlet)/wcat (Equation 3.8) 

 rN2 = [N2]outlet/wcat (Equation 3.9) 

wcat: the weight of a catalyst 
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Figure 3.1. Schematic illustrations of a flow-line system and a reactor for NO reduction 

with CO. 

 

Table 3.3. TCD-GC Conditions with the Flow Reactor (Shimadzu GC-8A) 

Column1 SHINCARBON ST Inj. Temp. 473 K 

 (4 mm×3 mm×8 m) Det. Temp. 473 K 

Column2 Blank column 

(4 mm×3 mm×3 m) 

Column Temp. 333 K (17 min) 

→473 K 

Carrier gas  

(Column1) 

He (350 kPa) Program rate 20 K min-1 

Carrier gas  He (140 kPa) Current 160 mA 

(Column2)  Attenuation 1 
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Figure 3.2. Standard curves of (A) NO, (B) CO, (C) N2, (D) N2O, and (E) CO2. 
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3.2.3. In situ spectroscopic characterizations for the NO reduction with CO  

In situ FT-IR  

In situ FT-IR spectra after the adsorption of CO and/or NO were measured on an 

FT/IR-6100FV spectrometer (JASCO) equipped with a double-beam unit (DB-6000) and 

a mercury cadmium telluride (MCT) detector in the transmission mode at a resolution of 

4 cm−1 with 32 scans. The samples (40 mg) were mixed with silica (Aerosil 300, Nippon 

Aerosil Co. Ltd., 160 mg) and a sample/silica ratio was 1/4 (w/w). The mixture was 

pressed into a disk (5 mg cm−2) and set in a quartz batch cell with CaF2 windows. A silica 

disk (Aerosil 300, 4 mg cm−2) was used as a reference for the double-beam IR 

measurement.  

The sample and reference were pretreated at 573 K for 1 h under O2 (26.7 kPa). The 

temperature was then decreased to 473 K and CO (5.3 kPa) was introduced into the cells 

and the cell was evacuated after 30 min, and the first FT-IR spectra were measured. After 

10 min later, NO (5.3 kPa) was introduced to the evacuated cell. After 30 min in the 

presence of NO, the cell was again evacuated and the second FT-IR spectra were 

measured. After the evacuation of NO for 10 min, CO (5.3 kPa) was re-introduced. After 

30 min on the exposure of CO, the cell was again evacuated and the third FT-IR spectrum 

was recorded. Temperature-time protocol for this experiment is shown in Figure 3.3.  

In situ FT-IR spectra after the adsorption of 13CO and the exchange of 12CO were 

measured as follows. After the similar pretreatment, the cell temperature was decreased 

to room temperature, and 13CO (5.3 kPa) was firstly introduced into the cells. After 30 

min, the cell was evacuated and the first FT-IR spectrum was measured. After the 

evacuation of CO for 10 min, 12CO (5.3 kPa) was reintroduced. After 30 min in the 

presence of 12CO, the cell was again evacuated and the second FT-IR spectrum was 

measured.  

For the reaction with CO and NO, the cell temperature was decreased to room 

temperature after the pretreatment, and CO (5.3 kPa) and NO (2.7 kPa) were co-

introduced into the cells. The cell temperature was then increased to 473 K, and FT-IR 

spectra were collected in the cell atmosphere at the target temperature.  
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Figure 3.3. Temperature-time protocol for in situ FT-IR measurement after the adsorption 

of CO or NO. 
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In situ XAFS 

In situ quick XAFS (QXAFS) measurements during reaction with CO and/or NO 

were performed at the Photon Factory at KEK-IMSS as follows. A sample was pelletized 

into a disk in a ring-shaped cell and placed in an in situ XAFS cell placed in an 

experimental setup as shown in Figure 3.4. After pretreatment with N2 (100 mL min−1) at 

573 K for 1 h (heating rate: 5 K min-1), the cell temperature was decreased to 473 K under 

N2 flow (100 mL min−1) for 60 min. After 10 min, the QXAFS measurement was started. 

After 5 min, the gas was changed to CO + N2 (5 + 95 mL min−1) and the gas flow was 

held for 30 min. After 10 min, the cell was flushed with N2 (100 mL min−1) for 20 min. 

Next, the gas was changed to NO + N2 (5 + 95 mL min−1) and the gas flow was held for 

30 min. The gas was then changed to N2 (100 mL min−1) and the cell was cooled to room 

temperature. Temperature-time protocol for this experiment under the flow of CO or NO 

is shown in Figure 3.5. 

In the treatment with both CO and NO, CO + NO + N2 (5 + 5 + 90 mL min−1) was 

used after the pretreatment with the same QXAFS protocol. Temperature-time protocol 

for this experiment under the reaction with mixed gases of CO and NO is shown in Figure 

3.6. Analysis methods of the obtained spectra are described in Section 2.2.1. 
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Figure 3.4. (A) An in situ QXAFS cell (KEK-PF). In situ XAFS setups (B) under CO 

flow/NO flow and (C) under the reaction with mixed gases of CO and NO. 
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Figure 3.5. Temperature-time protocol for in situ XAFS measurement under the 

successive flow of CO and NO. 

 

 

Figure 3.6. Temperature-time protocol for in situ XAFS measurement under the reaction 

with the mixed gases of CO and NO. 
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3.2.4. Product detection experiments with successive CO and NO treatment 

Product detection experiments with successive CO and NO treatment were 

performed in a closed glass reactor equipped with a gas circulation unit, pressure gauge, 

and gas chromatograph fitted with a TCD (GC-8, Shimadzu) and a ShinCarbon ST 

column (Shimadzu, 3 mm (I.D.) × 2 m) as shown in Figure 3.7. After loading 

Cr0.19Rh0.06CeOz (500 mg) into the reactor, the system was kept under vacuum for 30 min. 

The sample was then pretreated with O2 (26.7 kPa) at 573 K for 1 h. Next, the reactor was 

evacuated and the temperature was decreased to 473 K. After 30 min, CO (16 kPa, 1.0 

mmol, molar ratio of CO:Cr:Rh = 6:3:1) was introduced into the reactor (defined as 0 

min) and the gases were analyzed using the TCD at appropriate intervals. After an 

additional 30 min, the reactor was evacuated, NO (16 kPa, 1.0 mmol, molar ratio of 

NO:Cr:Rh = 6:3:1) was introduced (defined as 0 min), and the gases were again analyzed 

using the TCD at appropriate intervals. This reaction cycle using CO was repeated one 

more time. Temperature-time protocol for this experiment is shown in Figure 3.8. TCD-

GC conditions are listed in Table 3.4. 

 

 

Figure 3.7. A schematic diagram for quantitative NO reduction with CO. 
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Figure 3.8. Temperature-time protocol for product detection experiments with successive 

CO and NO treatment on Cr0.19Rh0.06CeOz. 

 

Table 3.4. TCD-GC Conditions (GC-8A, Shimadzu) 

Column1 SHINCARBON-ST Inj. Temp. 383 K 

 (4mm×3mm×2m) Det. Temp. 383 K 

Column2 PorapakT 80-100 Column Temp. 333 K 

 (4mm×3mm×2m) Current 100 mA 

Carrier gas He (180 kPa, 50 mL 

min-1) 

Attenuation 1 
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3.2.5. Structural characterization after the reaction 

After the durability test for NO reduction with CO of Cr0.19Rh0.06CeOz as described 

in Section 3.2.2, the used catalyst was collected in the air. The collected catalyst was 

characterized by XRD and HAADF-STEM-EDS/EELS. The measurement conditions of 

XRD and HAADF-STEM-EDS/EELS are the same as described in Section 2.2.3. 
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3.3. Results and discussions 

3.3.1. The reduction of NO with CO on the highly dispersed rhodium species in 

Cr0.19Rh0.06CeOz 

The catalytic performances over Cr0.19Rh0.06CeOz with the dispersed Rh species were 

investigated for NO reduction with CO. The NO reduction reactions were conducted in a 

flow reactor system and the catalytic performances were evaluated compared to 

Rh0.04CeOz, Cr0.17CeOz, and CeO2 as shown in Figure 3.9 (Conditions: NO (0.5%), CO 

(1.0%), Ar (5.0%), and He (balance), total flow rate 100 mL min−1 (GHSV = 6,500 h−1)). 

Cr0.19Rh0.06CeOz exhibited the remarkable catalytic activity for NO reduction even at 373 

K, where the other catalysts were inactive. Among the catalysts, Cr0.19Rh0.06CeOz afforded 

> 99% of NO conversion at the lowest temperature (393 K), compared with Rh0.04CeOz 

(413 K), Cr0.17CeOz (513 K), and CeO2 (> 573 K) (Figure 3.9 (A)). The N2 selectivity of 

Cr0.19Rh0.06CeOz increased with increasing the reaction temperature, reaching > 99% at 

473 K, while N2 selectivities of Cr0.17CeOz, Rh0.04CeOz, and CeO2 were only 51%, 56%, 

and ca. 0%, respectively (Figure 3.9 (B)). The only nitrogen by-product was N2O, and the 

selectivity profiles in the temperature range of 298–573 K was shown in Figure 3.10. The 

NO conversions and N2 selectivities on other reported ceria-based catalysts are 

summarized in Table 3.6. 

NO reduction performances on high GHSV (65,000 h−1) were also evaluated, and 

the results were presented in Figure 3.11 (Conditions: NO (0.5%), CO (1.0%), Ar (5.0%), 

and He (balance), total flow rate 100 mL min−1 (GHSV = 65,000 h−1)). Cr0.19Rh0.06CeOz 

also exhibited the significant NO reduction performances among the prepared catalysts 

under the high GHSV conditions; e.g., the N2 selectivity at 573 K on Cr0.19Rh0.06CeOz 

was > 99%, while those on Cr0.17CeOz, Rh0.04CeOz, and CeO2 were 51%, 61%, and 34%, 

respectively. N2O is proposed to be one of the typical intermediates as by-products of NO 

reduction4,10b,e and the reduction of N2O with CO were also evaluated over 

Cr0.19Rh0.06CeOz (Conditions: N2O (0.5%), CO (1.0%), Ar (5.0%), and He (balance), total 

flow rate 100 mL min−1 (GHSV = 65,000 h−1)). N2O was efficiently converted to N2 over 

Cr0.19Rh0.06CeOz: the N2O conversion at 473 K on Cr0.19Rh0.06CeOz, Cr0.17CeOz, 

Rh0.04CeOz, and CeO2 was 27%, 7%, 10%, and 0%, respectively (Figure 3.12). Reaction 

rates of N2 formation from NO and N2O were 2.0 and 2.1 µmol g−1
 s

−1, and their 

comparable values indicated that the NO conversion to N2 proceeded via the production 

of N2O over Cr0.19Rh0.06CeOz. The efficient conversion from N2O to N2 was suggested to 

be one of the factors contributing to the N2 production efficiency on Cr0.19Rh0.06CeOz. 

The Cr0.19Rh0.06CeOz catalyst significantly decreased the activation energy of the NO 
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reduction with CO to 31.7 kJ mol−1, which was lower than the activation energies on 

Rh0.04CeOz (53.4 kJ mol−1) and Cr0.17CeOz (66.4 kJ mol−1) (Figure 3.13). Reported 

activation energies on other ceria-based catalysts are summarized in Table 3.7. A similar 

activation energy to Rh0.04CeOz was reported (ca. 54 kJ mol−1) on the oxygen vacant sites 

of CeO2 in Rhn
0/CeO2, suggesting that the rate-determining step was the dissociation step 

of NO on the adsorption sites of the oxygen vacancies.6b,8e The lower activation energy 

on Cr0.19Rh0.06CeOz (31.7 kJ mol−1) indicates changes in the rate-determining step on the 

catalyst caused by the dispersed Rh species and the incorporated Cr. The reaction orders 

of NO and CO on Cr0.19Rh0.06CeOz were 1 and 0, respectively (Figure 3.14), suggesting 

that reaction of NO was involved in the rate-determining step of the reduction of NO to 

N2. 

Durability test for the NO reduction on Cr0.19Rh0.06CeOz at 473 K was performed as 

presented in Figure 3.15. The remarkable durability for the NO reduction was observed, 

and quantitative NO conversion (> 99%) and high N2 selectivity (> 99%) were kept for 

the next 216 h, although NO was converted to N2 incompletely (65%) in the first 10 min 

of the time-on-stream. The XRD patterns and HAADF-STEM-EELS/EDS images of 

Cr0.19Rh0.06CeOz after the NO reduction at 473 K for 216 h indicated negligible structural 

changes in the catalyst as displayed in Figures 3.16-17. Similar XRD patterns of the CeO2 

fluorite structure were observed before and after the catalytic reaction (Figure 3.16). The 

HAADF-STEM-EELS/EDS mappings clarified that the Cr and Rh species dispersed as 

the nanodomains of approximately 1 nm without large agglomeration after the reaction 

(Figure 3.17), indicating the structural stability for the catalytic durability of the 

Cr0.19Rh0.06CeOz catalyst under the NO reduction conditions.  
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Figure 3.9. (A) NO conversion, (B) N2 selectivity, and (C) CO conversion for NO 

reduction with CO over Cr0.19Rh0.06CeOz, Rh0.04CeOz, Cr0.17CeOz, and CeO2.
15 

Conditions: catalyst 500 mg, NO (0.5%), CO (1.0%), Ar (5.0%), and He (balance), total 

flow rate 100 mL min−1 (GHSV = 6,500 h−1). 
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Figure 3.10. (A) The concentrations of the reaction products and (B) the N2 selectivity 

profiles for NO reduction with CO over Cr0.19Rh0.06CeOz in the temperature range of 298-

573 K.15 Conditions: catalyst 500 mg, NO (0.5%), CO (1.0%), Ar (5.0%), and He 

(balance), total flow rate 100 mL min−1 (GHSV = 6,500 h−1). 
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Table 3.5. NO Conversion, N2 Selectivity, N2O Selectivity, and Mass Balance of N for 

the NO Reduction with CO over Cr0.19Rh0.06CeOz, Rh0.04CeOz, Cr0.17CeOz, and CeO2 at 

473 K 

Catalyst NO 

conversion % 

N2 

selectivity % 

N2O 

selectivity % 

Mass balance 

of N 

Cr0.19Rh0.06CeOz
 >99 100 0 0.93 

Cr0.17CeOz
 >99 51 49 1.01 

Rh0.04CeOz
 >99 56 44 0.93 

CeO2
 19 0 100 1.01 

Reaction conditions: catalyst 500 mg, NO (0.5%), CO (1.0%), Ar (5.0%), and He 

(balance), total flow rate 100 mL min−1 (GHSV = 6,500 h−1). 
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Table 3.6. NO Conversion and N2 Selectivity for the NO Reduction with CO Over 

Cr0.19Rh0.06CeOz, Rh0.04CeOz, and Cr0.17CeOz and Reported Catalysts 

Catalyst 
Reaction 

conditions 
Conversion % 

N2 

Selectivity % 
Ref. 

Cr0.19Rh0.06CeOz 

NO = 0.5% CO = 

1.0%, 12,000 mL 

h-1 g-1 

>99 (473 K) 100 (473 K) 
This 

work 

Ce0.95Ru0.05O2- 

NO = 0.5% CO = 

0.5%, 100 mL 

min-1, 43,000 h-1 

100 (473 K) 100 (473 K) (6a) 

Ce0.98Rh0.02O2- 
NO = 4.74% CO = 

5.14%, 43,000 h-1 

64 (473 K) 

100 (623 K) 

23 (473 K) 

100 (623 K) 
(4) 

Ce0.98Pd0.02O2- 
NO = 4.74% CO = 

5.14%, 43,000 h-1 

28 (473 K) 

100 (673 K) 

80 (473 K) 

100 (673 K) 
(4) 

Ce0.98Pt0.02O2- 
NO = 4.74% CO = 

5.14%, 43,000 h-1 

12 (473 K) 

100 (723 K) 

46 (473 K) 

100 (723 K) 
(4) 

Ce0.73Ti0.25Pd0.02O2- 

NO = 0.5% CO = 

0.5%, 100 mL 

min-1, 43,000 h-1 

89 (473 K) 

100 (513 K) 

50 (473 K) 

100 (513 K) 
(10b) 

Ce0.99Pt0.01O2- 

NO = 0.25%, CO 

= 0.25%, 16,000 

mL h-1 g-1 

100 (463 K) –––– (10a) 

Ce0.84Ti0.15Pt0.01O2- 

NO = 0.25%, CO 

= 0.25%, 16,000 

mL h-1 g-1 

100 (458 K) –––– (10a) 

Ce0.78Sn0.2Pd0.02O2- 

NO = 5% CO = 

10%, 60,000 mL 

h-1 g-1, 43,000 h-1 

98 (473 K) 

100 (493 K) 

70 (473 K) 

100 (518 K) 
(10c) 

Ce0.89Fe0.1Pd0.01O2- 

NO = 1% CO = 

1%, 60,000 mL h-1 

g-1 

64 (473 K) 

100 (673 K) 

25 (473 K) 

100 (673 K) 
(10d) 
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Table 3.6. [Continued] NO Conversion and N2 Selectivity for the NO Reduction with CO 

Over Cr0.19Rh0.06CeOz, Rh0.04CeOz, and Cr0.17CeOz and Reported Catalysts 

Catalyst 
Reaction 

conditions 
Conversion % 

N2 

Selectivity % 
Ref. 

Ce20Cr1Ox 

NO = 5% CO = 

10%, 24,000 mL 

h-1 g-1 

96 (473 K) 

100 (548 K) 

70 (473 K) 

100 (623 K) 
(7) 

CuO/Ce20Cr1Ox 

NO = 5% CO = 

10%, 24,000 mL 

h-1 g-1 

96 (473 K) 

100 (548 K) 

70 (473 K) 

85 (548 K) 
(10k) 

Cr-Cu/CeO2 

(Cr/Cu = 3) 

NO = 0.15%, CO 

= 0.15%, 120,000 

mL h-1 g-1 

50 (523 K) 100 (523 K) (10h) 

NiO/CeO2 rod 

NO = 0.12%, CO 

= 0.12%, 60,000 

mL h-1 g-1 

100 (427 K) –––– (3a) 

PdO/CeO2 rod 

NO = 0.12%, CO 

= 0.12%, 60,000 

mL h-1 g-1 

100 (408 K) –––– (3b) 

PdO-CeO2/OMS-2 

NO = 1% CO = 

1%, 100 mg, 

30,000 h-1 

90 (473 K) 

100 (573 K) 

23 (473 K) 

100 (573 K) 
(10r) 

Rhn
0/CeO2 

NO = 0.1% CO = 

0.1%, 63,830 mL 

h-1 g-1 

100 (473 K) 100 (473 K) (6b) 

Cu3Ce0.2Al0.8Ox 

NO = 5% CO = 

10%, 50 mg, 

12,000 h-1 

98 (473 K) 

100 (498 K) 

23 (473 K) 

100% (493 

K) 

(10l) 

CuO-Mn2O3/Al2O3 

NO = 5% CO = 

10%, 25 mg, 

24000 h-1 

68 (573 K) 82 (573 K) (10e) 

CuO-V2O5/Al2O3 

NO = 5% CO = 

10%, 24000 mL h-

1 g-1 

36 (623 K) 80 (623 K) (10f) 
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Table 3.6. [Continued] NO Conversion and N2 Selectivity for the NO Reduction with CO 

Over Cr0.19Rh0.06CeOz, Rh0.04CeOz, and Cr0.17CeOz and Reported Catalysts 

Catalyst Reaction 

conditions 

Conversion % N2 

Selectivity % 

Reference 

Cu-Ru/Al2O3 

NO = 0.09% 

CO = 0.1%, 

180,000 mL h-

1 g-1 

8 (473 K) 

100 (573 K) 
–––– (8j) 

Cu5Pd1/Al2O3 

NO = 0.5% 

CO = 0.5%, 

115,200 mL h-

1 g-1 

100 (473 K) 100 (473 K) (9a) 

Pd(In0.33Cu0.67)/Al2O3 

NO = 0.5%, 

CO = 0.5%, 

48,000 mL h-1 

g-1 

100 (473 K) 100 (473 K) (8a) 

Rh1Co3/Co3O4 

NO = 5% CO 

= 5%, 360,000 

mL h-1 g-1 

88 (463 K) 

100 (523 K) 
100 (>383 K) (9b) 

Au-FeOx/TiO2 

NO = 0.2%, 

CO = 0.2%, 

30,000 mL h-1 

g-1 

84.4 (523 K) 90.6 (523 K) (11a) 

Rh@NbOx 

NO = 1% CO 

= 1%,  

30,000 h-1 

100 (573 K) 100 (573 K) (11b) 

Ni@NbOx 

NO = 1% CO 

= 1%,  

6000 mL h-1 g-

1 

25 (473 K) 

100 (698 K) 
100 (698 K) (11c) 
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Figure 3.11. (A) NO conversion and (B) N2 selectivity for NO reduction with CO over 

Cr0.19Rh0.06CeOz, Rh0.04CeOz, Cr0.17CeOz, and CeO2. Conditions: catalyst 50 mg, NO 

(0.5%), CO (1.0%), Ar (5.0%), and He (balance), total flow rate 100 mL min−1 (GHSV = 

65,000 h−1). 
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Figure 3.12. (A) N2O conversion for N2O reduction with CO over Cr0.19Rh0.06CeOz, 

Rh0.04CeOz, Cr0.17CeOz, and CeO2.
15 (B) Arrhenius plots for N2O reduction with CO over 

Cr0.19Rh0.06CeOz, Rh0.04CeOz, and Cr0.17CeOz.
15 Conditions: catalyst 50 mg, N2O (0.5%), 

CO (1.0%), Ar (5.0%), and He (balance), total flow rate 100 mL min−1 (GHSV = 65,000 

h−1). 

 

 

Figure 3.13. (A) NO conversion for NO reduction with CO over Cr0.19Rh0.06CeOz, 

Rh0.04CeOz, and Cr0.17CeOz.
15 (B) Arrhenius plots for NO reduction with CO over 

Cr0.19Rh0.06CeOz, Rh0.04CeOz, and Cr0.17CeOz.
15 rNO: reaction rate of NO reduction. 

Conditions: catalyst 10 mg, NO (0.5%), CO (1.0%), Ar (5.0%), and He (balance), total 

flow rate 100 mL min−1 (GHSV = 325,000 h−1).  
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Table 3.7. The Activation Energies for NO Reduction with CO Over Cr0.19Rh0.06CeOz, 

Rh0.04CeOz, and Cr0.17CeOz and Reported Catalysts 

Catalyst Activation energy (kJ mol-1) Reference 

Cr0.19Rh0.06CeOz 31.7a This work 

Rh0.04CeOz 53.4a This work 

Cr0.17CeOz 66.4a This work 

CuO/CeO2-rods 34.0 (21a) 

CuO/CeO2-polyhedra 34.0 (21a) 

CuO/CeO2-cubes 34.0 (21a) 

CeO2-rods 36.1 (21a) 

CeO2-polyhedra 42.2 (21a) 

CeO2-cubes 71.3 (21a) 

Ce0.95Ru0.05O2-δ 41.0 (6a) 

Ce0.9Ru0.1O2-δ 53.2 (6a) 

Ce0.98Pd0.02O2-δ 70.2 (21b) 

Ce0.73Ti0.25Pd0.02O2-δ 52.9 (10b) 

Ce0.99Pt0.01O2-δ 100.8 (10a) 

Ce0.84Ti0.15Pt0.01O2-δ 96.6 (10a) 

Ce0.78Sn0.2Pd0.02O2-δ 105.4 (10c) 

Ti0.99Pd0.01O2-δ 64.1 (21c) 

α-MnO2 40 (21d) 

Rhn
0/CeO2 54.2 (6b) 

Cu5Pd1/Al2O3 42.7 (9a) 

Cu/Al2O3 60.8 (9a) 

Pd/Al2O3 99.5 (9a) 

Pd(In0.33Cu0.67)/Al2O3 30.8 (8a) 

PdIn/Al2O3 23.1 (8a) 
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Figure 3.14. (A) Dependency of the reaction rates for NO conversion to N2O (rNO) on 

NO partial pressures (PNO) or CO partial pressures (PCO) in NO reduction with CO on 

Cr0.19Rh0.06CeOz. (Catalyst 50 mg, NO (0.3−1.0%) and CO (1.0%, fixed) for NO partial 

pressure dependence, or NO (0.5%, fixed) and CO (0.3−1.0%) for CO partial pressure 

dependence, Ar (5.0%), and He (balance), total flow rate 100 mL min−1 (GHSV = 65,000 

h−1), 413 K). (B) Dependency of the reaction rates for N2 formation (rN2) on NO partial 

pressures (PNO) or CO partial pressures (PCO) in NO reduction with CO on 

Cr0.19Rh0.06CeOz. (Catalyst 50 mg, NO (0.3−1.0%) and CO (1.0%, fixed) for NO partial 

pressure dependence, or NO (0.5%, fixed) and CO (0.3−1.0%) for CO partial pressure 

dependence, Ar (5.0%), and He (balance), total flow rate 100 mL min−1 (GHSV = 65,000 

h−1), 453 K). 
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Figure 3.15. Durability test for NO reduction with CO over Cr0.19Rh0.06CeOz at 473 K. 

Conditions: catalyst 500 mg, NO (0.5%), CO (1.0%), Ar (5.0%), and He (balance), total 

flow rate 100 mL min−1 (GHSV = 6,500 h−1), 473 K.  

 

  

Figure 3.16. XRD patterns of Cr0.19Rh0.06CeOz (a) as prepared and (b) after the NO 

reduction with CO at 473 K for 216 h.  
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Figure 3.17. (A) HAADF-STEM-EELS images of Cr0.19Rh0.06CeOz after NO reduction 

with CO at 473 K for 216 h.; (a) a HAADF-STEM image, (b) EELS mapping of Ce, (c) 

EELS mapping of Cr, and (d) an overlaid EELS mapping of Ce and Cr.15 (B) HAADF-

STEM-EDS images of Cr0.19Rh0.06CeOz after NO reduction with CO at 473 K for 216 h 

at the same view as HAADF-STEM-EELS; (a) HAADF-STEM image, (b) EDS mapping 

of Ce, (c) EDS mapping of Rh, (d) EDS mapping of Cr, (e) the overlaid EDS mapping of 

Ce and Rh, (f) the overlaid EDS mapping of Ce, Rh, and Cr, and (g) the line profiles of 

Rh Lα, and Cr Kα along the light green line in the overlaid EDS mapping.15 The regions 

of interest for EDS of Ce Lα, Rh Lα, and Cr Kα were 4701–4977 eV, 2580–2812 eV, and 

5269–5555 eV, respectively.  
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2.3.2. Adsorption structure of CO and NO and structural change of metal species of 

Cr0.19Rh0.06CeOz clarified by in situ FT-IR and in situ XAFS 

In situ FT-IR spectra were measured on Cr0.19Rh0.06CeOz after the successive 

exposure of CO and NO at 473 K as shown in Figure 3.18 (A). The catalyst was treated 

with CO (5.3 kPa) for 30 min, evacuated, and then a FT-IR spectrum was recorded. The 

in situ FT-IR spectrum of Cr0.19Rh0.06CeOz showed two sharp and distinct peaks at 2077 

and 2000 cm−1 corresponding to the symmetric and asymmetric stretching vibration 

modes of Rh+(CO)2 (Figure 3.18 (A-a)).16,17 After the subsequent exposure to NO (5.3 

kPa) for 30 min and the evacuation of NO, the two peaks of Rh+(CO)2 disappeared and a 

new peak appeared at 1891 cm−1 attributed to the stretching vibration mode of Rh+(NO) 

(Figure 3.18 (A-b)).16,17 The formations of N2O, N2, and CO2 were detected in the process, 

showing that Rh+(CO)2 reacted with NO as a reaction site to generate not only N2O and 

N2 but also CO2. Peaks assigned to CO or NO species adsorbed on the Cr oxides18–20 were 

not observed in these processes. After the re-exposure to CO (5.3 kPa) in the similar 

manner on the NO-treated sample, the observed peak of Rh+(NO) disappeared, and the 

two Rh+(CO)2 peaks at 2076 and 2001 cm−1 reversibly appeared (Figure 3.18 (A-c)). The 

formation of N2 was detected after the exposure to CO by GC, indicating that Rh+(NO) 

reacted with CO to form N2 as a reaction site. A new peak also appeared at 2172 cm−1 in 

the process, which was attributed to Ce3+(NCO).17 This reversible adsorption behavior 

was also observed on additional NO/CO treatments. 

The similar experiment using 13CO was performed, and two peaks attributed to the 

vibration modes of Rh+(13CO)2 were observed at 2034 and 1961 cm−1 (Figure 3.19). After 

the introduction of 12CO, the two peaks completely shifted to 2083 and 2009 cm-1, 

indicating that adsorbed 13CO on the Rh sites was completely exchanged to 12CO. The 

results suggested that the adsorption of CO on Rh was not much strong, and the dispersed 

Rh species provides the efficient reaction sites for NO reduction on the catalyst surface. 

Similar in situ FT-IR experiments with CO and NO were performed on Rh0.04CeOz 

and Cr0.17CeOz (Figure 3.18 (B, C)). Two broad peaks assigned to Rh+(CO)2 were initially 

observed at 2072 and 1993 cm−1 on Rh0.04CeOz after the treatment with CO, the 

absorbances of which were smaller than those on Cr0.19Rh0.06CeOz (Figure 3.18 (B-a)).16,17 

The subsequent treatment of NO appeared a new peak at 1880 cm−1 attributed to 

Rh+(NO);16,17 however, the broad peaks of Rh+(CO)2 still remained observed (Figure 3.18 

(B-b)). It is noted that the Rh+(NO) peak also still remained in addition to distinct 

reappearance of the Rh+(CO)2 peaks after the subsequent re-treatment with CO (Figure 

3.18 (B-c)). As for Cr0.17CeOz, no clear peak corresponding to adsorbed CO or NO species 
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was observed (Figure 3.18 (C)). These results of the control experiments demonstrate that 

the reversible adsorption/desorption behaviors of CO and NO were characteristic features 

on Cr0.19Rh0.06CeOz and they were not observed on Rh0.04CeOz and Cr0.17CeOz prepared 

with the introduction of the single metal source to CeO2. 

The co-adsorption of both CO and NO on Cr0.19Rh0.06CeOz was also observed by in 

situ FT-IR under the practical reaction conditions with CO (5.3 kPa) and NO (2.7 kPa) at 

473 K as shown in Figure 3.18 (D). Similar two peaks of Rh+(CO)2 were observed at 2081 

and 2010 cm-1, while peaks attributed to NO adsorbed on Rh were red-shifted compared 

to that formed under NO alone, suggesting the partial reduction of Rh by CO under the 

reaction conditions.16,17 

In situ Cr K-edge, Rh K-edge, and Ce LIII-edge XANES spectra of Cr0.19Rh0.06CeOz 

under the successive flow of CO and NO at 473 K were measured to investigate changes 

in the oxidation state of each metal species as shown in Figures 3.20-21. The in situ 

XANES spectra revealed the involvement of all the metal species in the NO reduction 

with CO. Under the flow of CO (5% CO/N2, 100 mL min-1), the Cr K-edge and Rh K-

edge XANES spectra quickly changed within 5 min, and the average oxidation states of 

Cr and Rh decreased from +4.5 and +3.0 (Cr) to +3.0 and +2.0 (Rh) (Figure 3.20 (A, B, 

D)). These results suggest that the oxygen species of Cr6−O3−x and around Rh species was 

consumed by the reaction with CO. On the other hand, the Ce LIII-edge XANES spectra 

changed gradually, with decrease in the average oxidation state of Ce to +3.63 over 30 

min (Figure 3.20 (C, D)). 

The subsequent flow of NO (5% NO/N2, 100 mL min-1) at 473 K showed the inverse 

oxidation of all the metal species on Cr0.19Rh0.06CeOz. The Cr K-edge, Rh K-edge, and Ce 

LIII-edge XANES spectra shifted toward the direction in oxidation (Figure 3.21), which 

suggested that both the reduced Cr species and CeO2 surface were re-oxidized by NO. 

The reduced Rh species was also partially re-oxidized by NO, which was consistent with 

the fact that the amount of Rh+(NO) species was smaller than that of Rh+(CO)2 species 

judging from the FT-IR peak intensities. 

In situ Rh K-edge EXAFS spectra were analyzed under the flow of CO to investigate 

changes in the local coordination structure of the Rh species (Figure 3.22 and Table 3.8). 

Prior to the reaction with CO, only the Rh–O bond at 0.203 ± 0.001 nm (CN = 4.8 ± 0.9) 

was observed and the Rh–Rh bonds of metallic Rh and the Rh–O–Rh bonds of Rh2O3 

were not observed (Figure 3.22). After the flow of CO for 30 min, the CN of the Rh–O 

bond decreased to 3.7 ± 1.9, indicating that the oxygen species around Rh atoms was 

consumed by the reaction with CO to form CO2. No Rh–Rh bond was observed, although 
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a new scattering by O atoms in Rh+(CO)2 emerged. The CN of the Rh–CO bond was fitted 

as 1.1 ± 0.9, suggesting that the half of the Rh species formed the Rh+(CO)2 species on 

an average. The lack of Rh–Rh bond formation indicated that agglomeration of the Rh 

species into metallic Rh nanoparticles was sufficiently inhibited under the reaction 

conditions. This seems to be one of the key factors in the significant activity and durability 

for the NO reduction on Cr0.19Rh0.06CeOz. 

In situ Cr K-edge, Rh K-edge, and Ce LIII-edge XANES spectra were also 

investigated upon the flow of CO and NO-mixed gases (5% CO/5% NO/N2, 100 mL 

min−1) at 473 K (Figure 3.23). The smooth changes in the Cr and Rh K-edge XANES 

spectra were completed within 10 min, and Cr and Rh species were reduced to the average 

oxidation states of +3.2 and +2.2, respectively, under the steady-state reaction conditions 

(Figure 3.23 (A, B, D)). In contrast, the Ce LIII-edge XANES spectra remained almost 

unchanged (Figure 3.23 (C, D)). These results suggest that the oxygen vacant sites in 

Cr0.19Rh0.06CeOz to cleave NO were abundantly generated in the steady state not on the 

surface of the CeO2 structure, but at Cr oxides.; i.e., it was strongly suggested that reduced 

Cr oxide species served the main oxygen transfer pathways from NO to CO. The increase 

in the oxygen transfer pathways upon the addition of Cr species could facilitate the 

dissociation and reduction of NO with CO over Cr0.19Rh0.06CeOz with lowering the 

activation energy. 

Based on the results of the in situ characterization for Cr0.19Rh0.06CeOz, the roles of 

the Rh and Cr species for the NO reduction with CO on Cr0.19Rh0.06CeOz are proposed as 

follows (Figure 3.24). The incorporation of Cr into Cr0.19Rh0.06CeOz dispersed the Rh 

species that served the dual adsorption sites of CO and NO. Adsorbed CO and NO on the 

Rh sites were efficiently converted to CO2 and N2, respectively, and they were also 

detectable under the steady-state reaction conditions. The CrO3−x species oxidized CO 

adsorbed on Rh, and thereby reduced Cr species cleaved and reduced NO. The 

enhancement of NO reduction with CO is considered to originate from the concerted 

effects of Cr oxides not only as structural modulators to disperse the Rh species as 

activation sites of CO and NO but also as excellent mediators of the oxygen transfer from 

NO and the N2O intermediate to CO. 
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Figure 3.18. In situ FT-IR spectra on (A) Cr0.19Rh0.06CeOz, (B) Rh0.04CeOz, and (C) 

Cr0.17CeOz (a) after CO exposure (5.3 kPa) for 30 min and subsequent evacuation at 473 

K, (b) after NO exposure (5.3 kPa) for 30 min and subsequent evacuation at 473 K, and 

(c) after CO re-exposure (5.3 kPa) for 30 min and subsequent evacuation at 473 K.15 (D) 

In situ FT-IR spectrum of Cr0.19Rh0.06CeOz in the presence of CO (5.3 kPa) and NO (2.7 

kPa) for 10 min.15 
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Figure 3.19. In situ FT-IR spectra on Cr0.19Rh0.06CeOz after 13CO exposure (5.3 kPa) for 

30 min and subsequent evacuation at 473 K, and after the successive 12CO exposure (5.3 

kPa) for 30 min and subsequent evacuation at 473 K.15  
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Figure 3.20. In situ (A) Cr K-edge, (B) Rh K-edge, and (C) Ce LIII-edge XANES spectra 

of Cr0.19Rh0.06CeOz under CO flow (5% CO/N2, 100 mL min-1) at 473 K.15 (D) Changes 

in the oxidation states of Cr, Rh, and Ce under CO flow (5% CO/N2, 100 mL min-1) at 

473 K.15 
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Figure 3.21. In situ (A) Cr K-edge, (B) Rh K-edge, and (C) Ce LIII-edge XANES spectra 

of Cr0.19Rh0.06CeOz under NO flow (5% NO/N2, 100 mL min-1) at 473 K.15 (D) Changes 

in the oxidation states of Cr, Rh, and Ce under NO flow (5% NO/N2, 100 mL min-1) at 

473 K.15  
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Figure 3.22. (A) In situ k3-weighted Rh K-edge EXAFS oscillations and (B) their Fourier 

transforms (k = 30-140 nm-1) of Cr0.19Rh0.06CeOz under the CO flow (5% CO/N2, 100 mL 

min-1) at 473 K.15 Black solid lines show observed data and red dashed lines show fitted 

data. 
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Table 3.8. Structural Parameters Obtained by the Curve-Fitting Analysis of in Situ Rh K-

edge EXAFS of Cr0.19Rh0.06CeOz under CO Flow (5% CO/N2, 100 mL min-1) at 473 Ka 

Shell CN R /nm E0 /eV 2 / 105 nm2 

0 min b 

Rh–O (oxide) 4.8 ± 0.9 0.203 ± 0.001 11 ± 2 4 ± 1 

10 min c 

Rh–CO 0.7 ± 1.1 0.192 ± 0.008 5 ± 4 4 ± 9 

Rh–CO 0.7 ± 1.1 0.306 ± 0.009 5 ± 4 4 ± 9 

Rh–CO 0.7 ± 1.1 0.297 ± 0.001 5 ± 4 4 ± 9 

Rh–CO 1.5 ± 2.2 0.322 ± 0.025 5 ± 4 4 ± 9 

Rh–O (oxide) 3.9 ± 4.3 0.203 ± 0.001 5 ± 4 4 ± 9 

30 min d 

Rh–CO 1.1 ± 0.9 0.1.89 ± 0.005 1 ± 2 4 ± 4 

Rh–CO 1.1 ± 0.9 0.251 ± 0.045 1 ± 2 4 ± 4 

Rh–CO 1.1 ± 0.9 0.296 ± 0.001 1 ± 2 4 ± 4 

Rh–CO 2.2 ± 1.8 0.327 ± 0.030 1 ± 2 4 ± 4 

Rh–O (oxide) 3.7 ± 1.9 0.202 ± 0.001 1 ± 2 4 ± 4 

ak = 30-140 nm–1, S0
2 was fixed as 1. bR = 0.12-0.20 nm, Rf = 1.0%. cR = 0.12-0.27 nm, 

Rf = 4.4%. dR = 0.12-0.27 nm, Rf = 2.7% 
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Figure 3.23. In situ (A) Cr K-edge, (B) Rh K-edge, and (C) Ce LIII-edge XANES spectra 

of Cr0.19Rh0.06CeOz under reaction with mixed gases of CO and NO (5% CO/5% NO/N2, 

100 mL min-1) at 473 K.15 (D) Changes in the oxidation states of Cr, Rh, and Ce under 

reaction with mixed gases of CO and NO (5% CO/5% NO/N2, 100 mL min-1) at 473 K.15 
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Figure 3.24. Possible mechanism of NO reduction with CO on Cr0.19Rh0.06CeOz.
15 
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3.4. Conclusions 

The low-temperature redox properties of Cr0.19Rh0.06CeOz were found to bring about 

the efficient catalysis for the selective reduction of NO with high N2 selectivity at 473 K. 

The roles of Rh and Cr in Cr0.19Rh0.06CeOz for the catalytic reaction were investigated by 

the comparison among Cr0.19Rh0.06CeOz, Rh0.04CeOz and Cr0.17CeOz. In situ FT-IR and 

XAFS characterization revealed that the roles of Cr and Rh were as follows: (1) the 

inclusion of Cr dispersed the Rh species, which adsorbed and activated both CO and NO 

on the catalyst surface, not only to increase the number of adsorption sites for CO and 

NO but also to suppress the agglomeration of the Rh species, and (2) reduced Cr oxide 

species in addition to the CeO2 surface cleaved NO adsorbed on Rh sites and transferred 

oxygen species from NO to CO to lower the activation energy for NO reduction and 

enhance the NO reduction performances. Therefore, the incorporation of both Cr and Rh 

in Cr0.19Rh0.06CeOz enhanced the NO reduction performances with CO at low temperature, 

which has not previously reported in the simple metal oxide addition to mixed-metal 

oxides/metal-supported oxide catalysts.5,6 The effect of dispersing the active metal 

species by the incorporation of the additional metal oxides in Cr0.19Rh0.06CeOz is similar 

to that of the metal alloy catalyst systems.1g,4a,b Such a catalyst design, in which the added 

second metal oxides also play a positive role in the reaction process, is promising in mixed 

metal oxide catalysis. 
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Chapter 4 

 

Catalytic activity induction by coordination-

induced trigger with N-heterocyclic carbene (NHC) 

decoration on the reduced Cr0.19Rh0.06CeOz 

for 1,4-arylation of -unsaturated ketones 
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4.1. Introduction 

4.1.1. Decoration of heterogeneous catalysts with NHCs 

An N-heterocyclic carbene (NHC) is one of the most studied organic ligands in the 

field of transition metal complexes in the past decade.1 NHCs are defined as heterocyclic 

species containing a carbene center and at least one nitrogen atom in the ring structure, 

and in this thesis, NHC denotes a 1,3-substituted imidazolylidene with a heteroaromatic 

ring as shown in Figure 4.1 unless noted. The ground-state electronic structure of NHCs 

is singlet carbenes with a large singlet−triplet gap, and the lone pair located on the plane 

of the NHC heterocyclic ring makes these compounds nucleophilic. Consequently, NHCs 

possess high electron donating ability, strong coordination affinity to metals, and a wide 

diversity of structures,2 and these characteristics have led to their utilization in 

heterogeneous catalysis beyond coordination chemistry and homogeneous catalysis.3 

NHCs have been used for protecting metal nanomaterials (nanoclusters,4a-f 

nanoparticles,4g-k nanorods4l) and metal surfaces,4m,n and these materials have been 

applicated for various heterogeneous catalysts,5 biosensors,6 molecular probes for surface 

reactivity,7 and microelectronics.8 

Decoration of supported heterogeneous catalysts with NHCs has been reported.9-12 

For example, Ru/K-Al2O3 decorated with 1,3-dicyclohexylimidazol-2-ylidene (ICy) 

tuned the chemoselectivity of hydrogenation reduction by adjusting the loading amount 

of NHC ligands (Figure 4.2).9b Pd/Al2O3 decorated with 1,3-bis(2,6-diisopropylphenyl)-

imidazol-2-ylidene (IPr) facilitated the oxidative addition of aryl halides by electron 

donation from IPr to Pd nanoparticles (Figure 4.3), resulting in the catalytic inducement 

of amino-coupling reactions, which were inactive without NHC ligands.9c Decoration of 

Cu/SiO2
 with 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) promoted 

selective alkyne semi-hydrogenation due to the different affinity of IMes and the reactants 

to the metal surface (Figure 4.4).10 Decoration of Ru nanoparticles supported on carbon 

with 1,3-diadamantylimidazol-2-ylidene (IAd) switched the activity of reductive 

deuteration and hydrogen isotope exchange.11 These results indicate that decorating 

supported metal nanoparticles with NHC ligands can drastically change the catalytic 

performance and can lead to remarkable catalytic activity. However, direct modification 

with NHCs in more complicated systems, such as supported heterogeneous catalysts with 

multiple metal species, has not been reported, and it is still a significant challenge to 

elucidate the relationship between surface structures and the catalytic performance in 

these systems. 
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Figure 4.1. Molecular structures of N-heterocyclic carbenes (imidazolylidene). 

 

 

Figure 4.2. Effect of NHC-loading on the chemoselectivity in the hydrogenation of 

phenyl acetylene on (A) ICy@Ru/K-Al2O3 and (B) IMes@Ru/K-Al2O3.
9b 
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Figure 4.3. (A) Effect of the NHC-modification on Pd/Al2O3 for hydrogenolysis of 

bromobenzene and (B) Localized molecular orbitals of IMes-stabilized Pd13 cluster 

calculated by DFT.9c 
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Figure 4.4. IMes/substrate binding competition during alkyne semihydrogenation at 

Cu/SiO2.
10   
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4.1.2. The 1,4-arylation of -unsaturated ketones 

Conjugate addition of organometallics to activated alkenes catalyzed by transition 

metal catalysts is considered as the fundamental reactions of C−C bond formation in 

organic synthesis.13 The 1,4-arylation of -unsaturated ketones with arylboronic acids 

as shown in Scheme 4.1 is one of the important conjugate addition reactions.14 The 

rhodium-catalyzed 1,4-arylation of methyl vinyl ketones with aryl and boronic acids was 

first reported by Miyaura and co-workers in 1997.15 Conditions of solvents, temperatures, 

and ligands were optimized, and a number of electron donating and withdrawing aryl 

boronic acids can be used in the reaction with high product yields.15 Hayashi and co-

workers first reported the enantioselective 1,4-arylation of 2-cyclohexenone with 

arylboronic acids catalyzed by Rh catalysts with a (S)-2,2’-bis(diphenylphosphino)-1,1’-

binaphtyl (BINAP) ligand.16 This reaction is tole regarded as the benchmark reaction for 

the rhodium catalyzed conjugate addition chemistry.17 Since this first report, the process 

has been constantly refined with a variety of rhodium sources, ligands (e.g., diene,18 

NHC19), and base additives to improve the catalytic activity and selectivity. 

The reaction mechanism of 1,4-arylation of cyclohexenone was reported to be the 

three-step catalytic cycle as shown in Scheme 4.2.20 The first step involves the formation 

of the active Rh hydroxyl species and a transmetalation with an arylboronic acid. The 

next step contains adsorption and subsequent insertion of cyclohexenone to the aryl-

rhodium intermediate. The enantioselectivity of the product is determined by the facial 

selectivity of the chiral ligand in this step. In the final step, hydrolysis of the rhodium-

enolate occurs to produce the product and to regenerate the active Rh hydroxyl species. 
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Scheme 4.1. 1,4-Arylation of -unsaturated ketones with arylboronic acids. 

 

 

 

Scheme 4.2. The proposed reaction mechanism of 1,4-arylation of cyclohexenone with 

phenylboronic acids on a Rh-BINAP catalyst.20 
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4.1.3. The aim of this research 

In this chapter, I focused on the surface functionalization of Rh nanoclusters with 

NHC ligands and their catalytic induction.21 The ceria catalyst that incorporates Cr and 

Rh (Cr0.19Rh0.06CeOz) is a unique material that forms small Rh nanoclusters and Cr(OH)3 

species on its surface via a simple hydrogen reduction as discussed in Section 2.3.2. H2-

reduced Cr0.19Rh0.06CeOz (denoted as r-Cr0.19Rh0.06CeOz) is a good candidate for 

investigating the effect of direct modification with NHC on Rh nanoclusters and Cr(OH)3 

on the surface structures and catalytic performance. I prepared ICy-decorated r-

Cr0.19Rh0.06CeOz (ICy-r-Cr0.19Rh0.06CeOz) by the direct decoration method and revealed 

that ICy-r-Cr0.19Rh0.06CeOz exhibited the substantial catalytic activity for the 1,4-

arylation reaction of cyclohexenone with phenylboronic acid, whereas r-Cr0.19Rh0.06CeOz 

without ICy modification was inactive. The coordination structure of NHC ligands on the 

catalyst surface was characterized by Rh K-edge XAFS, FT-IR, XPS, and 

photoluminescence (PL) spectroscopy, and it was found that the ICy carbene-coordinated 

Rh nanoclusters were key active species. DFT calculations proposed the coordination of 

the ICy carbene to the Rh nanocluster induced an activity trigger for 1,4-arylation activity 

of r-Cr0.19Rh0.06CeOz by controlling adsorption sites. 
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4.2. Experimental section 

4.2.1. Materials and instruments 

N-heterocyclic carbene (NHC) precursor salts and their carbenes were abbreviated 

as listed in Table 4.1. NHC salts (ICy·HBF4 (98.0%), ItBu·HBF4 (98.0%), and IMe·HCl 

(98.0%)), potassium tert-butoxide (KOtBu, 97%), 2-cyclohexenone (96%), 4-

methylphenylboronic acid (97.0%), and cyclohexylboronic acid (97.0%), 

tetrahydrothiophene (99.0%) were purchased form Tokyo Chemical Industry. 

Phenylboronic acid (PhB(OH)2, 95.0%), 2-cyclopentenone (97.0%), benzylideneacetone 

(97.0%), 4-methoxyphenylboronic acid (96%), 4-chlorophenylboronic acid (95%), 4-

trifluoromethylphenylboronic acid (96%), benzyl mercaptan (96%), triphenylphosphine 

(97.0%), dodecane (internal standard for GC, 99.0%), adamantane (internal standard for 
1H NMR, 99.0%) and super dehydrated solvents (toluene (99.5%), dichloromethane 

(99.5%), cyclohexane (99.5%), ethanol (EtOH, 99.5%), and tetrahydrofuran (THF, 

stabilizer free, 99.5%)) were purchased from Wako Chemicals. 4-Hexen-3-one (98%) was 

purchased from BLDpharm. 3-Phenylcyclohexanone (97%) was purchased from Chem-

Impex International. IMe·HBF4 was prepared by anion exchange of IMe·HCl according 

to the literature.22 IBn·HBF4 and IMes·HBF4 were prepared according to the literature.23 

Rh(ICy)(cod)(OH) (cod: 1,5-cyclooctadiene) was prepared from [Rh(cod)Cl]2 (Strem 

Chemicals, 98%) according to the literature.19b Toluene-d8 was purchased from Wako 

Chemicals, and it was distilled with calcium dihydride (CaH2, Wako Chemicals) under 

N2 atmosphere, and was stored under an argon (Ar) atmosphere before use. Chloroform-

d (CDCl3) was purchased from Cambridge Isotope Laboratories. The purchased 

chemicals were used without further purification unless noted. Chemicals for the 

preparation of Cr0.19Rh0.06CeOz, Rh0.04CeOz, Cr0.17CeOz, and CeO2 were purchased from 

Sigma-Aldrich and Wako Chemicals. H2 gas of G1 grade (99.99995%) was used for 

reducing the oxides. CO (G1 grade, 99.95%) and CO2 (G1 grade, 99.995%) gases were 

used for estimating Rh dispersion.  

A high-vacuum glass line with dry N2 and a glove box with dry Ar were used for 

experiments under inert conditions. 1H and 13C NMR spectra were measured by JNM-

ECA600 (JEOL) to determine the purity of the products. 
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Table 4.1. Abbreviations of NHC Precursors 

Abbreviation Name 

ICy·HBF4 1,3-Dicyclohexylimidazolium tetrafluoroborate 

IMe·HBF4 1,3-Dimethylimidazolium tetrafluoroborate 

IMe·HCl 1,3-Dimethylimidazolium chloride 

ItBu·HBF4 1,3-Di-tert-butylimidazolium tetrafluoroborate 

IBn·HBF4 1,3-Dibenzylimidazolium tetrafluoroborate 

IMes·HBF4 1,3-Bis(2,4,6-trimethylphenyl)imidazolium tetrafluoroborate 

ICy 1,3-Dicyclohexylimidazol-2-ylidene 

IMe 1,3-Dimethylimidazol-2-ylidene 

ItBu 1,3-Di-tert-butylimidazol-2-ylidene 

IBn 1,3-Dibenzylimidazol-2-ylidene 

IMes 1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene 
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4.2.2. Preparation of NHC-decorated ceria catalysts incorporating Cr and Rh 

Preparation of free NHCs 

All procedures for NHC decoration were performed under a N2 or an Ar atmosphere, 

and all glass equipment was preheated and dried with a heat gun in vacuo before use. 

NHC·HBF4, KOtBu (1.2 equiv.), and dry toluene were added to a Schlenk tube (Table 

4.2), and then the mixture was stirred for 4 h at room temperature. The solution was 

filtered with a dry Celite column to obtain a 13 mM NHC-toluene solution.  

An ICy-toluene solution prepared by the above procedure was evaporated to obtain 

free solid ICy carbene for 1H/13C NMR, FT-IR, and XPS measurements. 

The quantitative formation of ICy carbene was checked by 1H NMR in toluene-d8. 

ICy·HBF4 (3 mg, 0.01 mmol), KOtBu (2 mg, 0.02 mmol), and toluene-d8 (1.0 mL, 0.005 

mmol) with adamantane (0.5 mM) was added to an NMR tube and sealed with a Teflon 

cap under an Ar atmosphere. The mixture was sonicated for 4 h at room temperature, and 
1H NMR was measured. 

 

Table 4.2. Preparation Conditions for the 13 mM NHC-Toluene Solution 

NHC·HBF4 

Amount of 

NHC·HBF4 /mg 

(mmol) 

Amount of KOtBu 

/mg (mmol) 

Volume of toluene 

/mL 

ICy·HBF4 82 (0.26) 35 (0.31) 20.0 

IMe·HBF4 47 (0.26) 35 (0.31) 20.0 

ItBu·HBF4 68 (0.25) 34 (0.31) 20.0 

IBn·HBF4 21 (0.062) 8.5 (0.076) 5.0 

IMes·HBF4 25 (0.064) 8.8 (0.078) 5.0 
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Preparation of the reduced Cr0.19Rh0.06CeOz and control oxides and the estimation 

of Rh dispersion 

The preparation procedure of Cr0.19Rh0.06CeOz, Rh0.04CeOz, Cr0.17CeOz, and CeO2 

was described in Section 2.2.2. 

The oxides were reduced with H2 (40 kPa) at 573 K for 1 h (ramp rate: 5 K min-1), 

and kept under an Ar atmosphere before NHC decoration (Scheme 4.3). The reduced 

oxides are denoted as r-Cr0.19Rh0.06CeOz, r-Rh0.04CeOz, r-Cr0.17CeOz, and r-CeOz, 

respectively. 

 

 

Scheme 4.3. Preparation scheme of r-Cr0.19Rh0.06CeOz, r-Rh0.04CeOz, r-Cr0.17CeOz, and 

r-CeOz. 

 

The number of Rh atoms exposed at the outermost surface (Table 4.3) was estimated 

by CO adsorption.24 The as-prepared oxide (500 mg) was added in a glass cell, and the 

cell was connected to a closed glass equipment. The system was first evacuated and 

charged with H2 (27 kPa), and the cell was heated to 573 K (ramp rate: 5 K min-1). After 

heating for 1 h, gases were evacuated and the cell was cooled down to room temperature. 

Then, CO2 (21 kPa) was introduced and the remained gas was evacuated. After that, CO 

(21 kPa) was introduced and the amount of adsorbed CO was monitored by a difference 

in a pressure gauge. 

 

Table 4.3. Amounts of Surface Rh Species and its Dispersity of r-Cr0.19Rh0.06CeOz and r-

Rh0.04CeOz Estimated from CO Adsorption 

Sample 
Outermost surface Rh amounta 

/mmolRh g
-1 

Rh dispersion %b 

r-Cr0.19Rh0.06CeOz 0.102 ± 0.006 33.7 ± 2.0 

r-Rh0.04CeOz 0.008 ± 0.001 2.5 ± 0.4 

a Outermost surface Rh = adsorbed CO/2. 
b Rh dispersion % = outermost surface Rh / contained Rh amount in sample×100%  
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NHC decoration on the reduced Cr0.19Rh0.06CeOz and control oxides 

A typical NHC decoration procedure on ICy-decorated r-Cr0.19Rh0.06CeOz was as 

follows (Scheme 4.4). All procedures were performed under a N2 or an Ar atmosphere. 

The 13 mM ICy-toluene solution (3.0 mL) was added to r-Cr0.19Rh0.06CeOz (960 mg) in 

a Schlenk tube. After stirring for 1 h, the mixture was allowed to stand to collect the 

precipitate, and the upper solution was removed. The remaining solid was dried under 

vacuum. The prepared catalyst is denoted as ICy-r-Cr0.19Rh0.06CeOz (ICy loading: 0.8 

wt%). The other NHC-decorated oxides were prepared in a similar way by adjusting the 

amount of the 13 mM NHC-toluene solution using different reduced oxides (Table 4.4).  

ICy·HBF4-decorated r-Cr0.19Rh0.06CeOz was also prepared by a similar method 

mentioned above using a 13 mM ICy·HBF4-dichloromethane solution. The prepared 

catalyst is denoted as ICy·HBF4-r-Cr0.19Rh0.06CeOz (ICy·HBF4 loading: 1.0 wt%). 

The loading amounts of NHC ligands were measured by thermogravimetric analysis 

(TGA; TGA550, TA Instruments). A sample (5-15 mg) was loaded into a Pt pan and 

changes in the weights of the samples were recorded during heating from 303 to 773 K 

(10 K min-1) in an air flow. The NHC loading amounts were determined by the weight 

decreases from 403 to 623 K. 

 

 

Scheme 4.4. Preparation scheme of ICy-r-Cr0.19Rh0.06CeOz and reference catalysts. 
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Table 4.4. Preparation Conditions for the NHC-Decorated Oxides 

Prepared catalyst 

(NHC ligands wt%a, Rh wt%) 

Volume of the NHC 

solution /mL 

Amount of reduced 

oxide /mg 

ICy-r-Cr0.19Rh0.06CeOz 

(0.8 wt%, 3.3 wt%,) 
3.0 960 

ICy-r-Rh0.04CeOz 

(0.7 wt%, 2.2 wt%) 
3.0 960 

ICy-r-Cr0.17CeOz 

(0.9 wt%) 
3.0 960 

ICy-r-CeOz 

(0.9 wt%) 
3.0 960 

ICy-r-Cr0.19Rh0.06CeOz 

(0.3 wt%, 3.3 wt%) 
0.35 448 

ICy-r-Cr0.19Rh0.06CeOz 

(0.4 wt%, 3.3 wt%) 
0.50 320 

ICy-r-Cr0.19Rh0.06CeOz 

(1.6 wt%, 3.3 wt%) 
10.0 400 

IMe-r-Cr0.19Rh0.06CeOz 

(0.5 wt%, 3.3 wt%) 
1.0 320 

ItBu-r-Cr0.19Rh0.06CeOz 

(0.8 wt%, 3.3 wt%) 
1.0 320 

IBn-r-Cr0.19Rh0.06CeOz 

(1.1 wt%, 3.3 wt%) 
0.63 200 

IMes-r-Cr0.19Rh0.06CeOz 

(1.5 wt%, 3.3 wt%) 
0.63 200 

ICy·HBF4-r-Cr0.19Rh0.06CeOz 

(1.0 wt%b, 3.3 wt%) 
1.0 320 

a The amounts of NHC ligands were determined by TGA. 
b The values were calculated as ICy·HBF4. 
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4.2.3. Structural characterizations of ICy-r-Cr0.19Rh0.06CeOz 

FT-IR 

FT-IR spectra were measured by an FT-IR spectrometer (FT/IR-4200, JASCO). 

Prepared catalysts (20 mg) were loaded on a copper mount in a cell with a CaF2 window 

under an Ar atmosphere, and the FT-IR spectra were measured in diffuse reflectance mode 

at a resolution of 4 cm-1 with 512 scans. Free ICy carbene and ICy·HBF4 were sandwiched 

with KBr plates under an Ar atmosphere and an air atmosphere, respectively, and the FT-

IR spectra were measured in transmission mode at a resolution of 4 cm-1 with 128 scans. 

 

XAFS 

XAFS spectra at the Rh K-edge were measured in transmission mode at room 

temperature at the NW10A station of the Photon Factory (PF) at KEK-IMSS (Tsukuba, 

Japan) and at the BL11S2 station of the Aichi Synchrotron Radiation Center (Aichi SR, 

Seto, Japan). The energy and current of the electrons in the storage ring were 6.5 GeV 

and 60 mA at the PF, and 1.2 GeV and 300 mA at the Aichi SR, respectively. X-rays from 

the storage ring were monochromatized with a Si(311) double-crystal monochromator. At 

the NW10A station of the Photon Factory, two ionization chambers filled with pure Ar 

and krypton (Kr) gases were used to monitor the incident and transmitted X-rays, 

respectively. At the BL11S2 station of the Aichi SR, two ionization chambers filled with 

pure Ar and a mixture of Ar and Kr gases (8.5/1.5, v/v) were used to monitor the incident 

and transmitted X-rays, respectively. Rh foil and Rh2O3 (diluted with boron nitride) were 

used as references. Samples were grounded and packed into a cell (4 mm, 32 mg), and 

the cell was sealed with Kapton films under an Ar atmosphere. 

XAFS spectra were analyzed using ATHENA and ARTEMIS with IFEFFIT (version 

1.2.11).25 The threshold energy was tentatively set at the inflection point for the Rh K-

edge (Rh foil: 23219.8 eV).26 Background subtraction was performed using the Autobk 

method and the spline smoothing algorithm in ATHENA.27 The k3-weighted extended 

XAFS (EXAFS) oscillations were Fourier transformed into R-space. Curve-fitting 

analysis was carried out in the R-space. Fitting parameters for each shell were 

coordination number (CN), interatomic distance (R), Debye–Waller factor (2; mean-

square displacement), and correction-of-edge energy (ΔE0). For the Rh K-edge, S0
2 was 1 

based on the fitting of Rh foil, and S0
2 for Rh2O3 was fitted to be 0.92, which was rounded 

to 1. Phase shifts and backscattering amplitudes for Rh–O and Rh–Rh were calculated 

with FEFF 8 code28 using structural parameters obtained from the crystal structures of 

Rh29 and Rh2O3
30.  
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XPS 

XPS was performed using an X-ray photoelectron spectrometer (Scienta Omicron 

R4000, base pressure: 4 × 10−8 Pa) with the monochromatized Al Kα X-ray source 

(Scienta Omicron MX650, photon energy: 1486.7 eV, power: 180 W). Catalyst samples 

were grounded and pressed into pellet disks (10 mm, 20 mg, pressed at 20 MPa), which 

were attached to the cell holder with a carbon tape under an Ar atmosphere. Free ICy 

carbene, ICy·HBF4, and Rh(ICy)(cod)(OH) were directly pasted on a carbon tape on the 

cell holder under an Ar atmosphere. These samples were directly transferred to the XPS 

measurement chamber without exposure to air. Spectra were measured with a pass energy 

of 200 eV and a step size of 0.1 eV. Binding energies were referenced to the Au 4f7/2 peak 

of metallic Au foil (83.96 eV).31 The Shirley background was subtracted, and each peak 

was fitted by the Voigt function.32
 

 

Photoluminescence spectroscopy 

Photoluminescence spectra were measured by a spectrofluorometer (PF-6600, 

JASCO) with an excitation wavelength of 240 nm for solid state measurements and 268 

nm for solution state measurements. For solid-state photoluminescence analysis, a solid 

sample (100 mg) was diluted with polytetrafluoroethylene (PTFE) powder (400 mg) 

treated at 523 K for 24 h under vacuum and sealed in a quartz cell under an Ar atmosphere 

(Figure 4.5). For solution-state photoluminescence analysis, a Rh complex was diluted to 

1.0 × 10-3 M in THF. 

 

 

Figure 4.5. Quartz cells for solid-state photoluminescence measurements.  
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4.2.4. 1,4-Arylation reaction of -unsaturated ketones with arylboronic acids  

General procedure  

All procedures were performed under a N2 or an Ar atmosphere. The catalyst (32 

mg) and phenylboronic acid (36 mg, 0.30 mmol) were added to a 20 mL Schlenk tube. A 

stock solution of 2-cyclohexenone (19 µL, 0.20 mmol), dodecane (23 µL, 0.10 mmol), 

cyclohexane (2.0 mL), and ethanol (0.2 mL) was added to the reactor. The reactor was 

tightly capped, and then it was heated to 343 K for 12 h. As for time-course experiments, 

the reactor was equipped with a balloon containing N2, and then it was heated to 343 K. 

The reaction solutions were sampled at appropriate intervals. Products were quantified 

by gas chromatography (GC-2014 Shimadzu; InertCap 5 column, 0.25 µm × 0.25 mm × 

30 m) equipped with hydrogen flame ionization detector (FID) from standard curves as 

shown in Figure 4.6. 

The amount of phenyboronic acid was changed from 0.30 mmol to 0.20 mmol and 

0.10 mmol, respectively, to obtain the dependency of the reaction rate for the product 

yield on the concentration of phenylboronic acid. The reaction temperature was changed 

from 343 K to 338 K, 333 K, and 328 K, respectively, to obtain the Arrhenius plot. 

 

 

Figure 4.6. Standard curves of (A) 2-cyclohexenone and (B) 3-phenylcyclohenxanone. 
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Examination of substrate scope 

All procedures were performed under a N2 or an Ar atmosphere. The catalyst (32 

mg) and the corresponding arylboronic acid (0.30 mmol) were added to a 20 mL Schlenk 

tube under Ar. The corresponding -unsaturated ketone (0.20 mmol), cyclohexane (2.0 

mL), and ethanol (0.2 mL) was added to the reactor under N2. The reactor was tightly 

capped, and then it was heated to 343 K for 12 h. 

After the reaction mixture was cooled to room temperature, the reaction mixture was 

filtered and washed with cyclohexane (3×2.0 mL), and the solvents were evaporated. The 

volatile products were quantified by 1H NMR (600 MHz, CDCl3) with ethyl acetate (20 

µL, 0.20 mmol) as an internal standard. As for the other products, the residues were 

purified by flash column chromatography with medium pressure liquid chromatograph 

(YFLC AI-580, Yamazen Corporation, Silica: HI-FLASH column) with 5-20% ethyl 

acetate in n-hexane to afford the products. The 1H/13C NMR charts of the isolated 

products are listed in Section 4.6. 
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4.2.5. Heterogeneity tests for 1,4-arylation reaction of cyclohexenone with 

phenylboronic acid on ICy-r-Cr0.19Rh0.06CeOz 

Hot-filtration test33 

All procedures were performed under a N2 or an Ar atmosphere. The 1,4-arylation 

reaction was initiated according to the general procedure. The catalyst was separated by 

hot filtration with a syringe filter 3 h after starting the reaction. The filtrate was kept at 

343 K in another 20 mL Schlenk tube to restart the reaction. Products were quantified by 

FID-GC (GC-2014, Shimadzu; InertCap 5 column, 0.25 µm × 0.25 mm × 30 m).  

 

Mass spectrometry detection33a 

All procedures were performed under a N2 or an Ar atmosphere. The 1,4-arylation 

reaction was initiated according to the general procedure, and the reaction solution was 

hot-filtered after the reaction times of 3 h and 12 h at 343 K. After diluting the solution 

with a solvent (cyclohexane/ethanol = 10/1 (v/v)), the solution was analyzed by mass 

spectrometry (ESI-MS, compact, Bruker).  

 

Mercury drop test33 

All procedures were performed under a N2 or an Ar atmosphere. The 1,4-arylation 

reaction was initiated according to the general procedure. A 10 µL droplet of Hg (68 

equivs with respect to Rh) was added to the reaction mixture 3 h after starting the reaction. 

The reaction solutions were sampled at appropriate intervals. Products were quantified 

by FID-GC (GC-2014, Shimadzu; InertCap 5 column, 0.25 µm × 0.25 mm × 30 m). 

 

Stoichiometric poisoning test33 

All procedures were performed under a N2 or an Ar atmosphere. The catalyst (32 

mg) and phenyl boronic acid (36 mg, 0.30 mmol) were added to a 20 mL Schlenk tube. 

A stock solution of 2-cyclohexenone (19 µL, 0.20 mmol), dodecane (23 µL, 0.10 mmol), 

poison (benzyl mercaptan (1.2 µL, 0.010 mmol or 0.35 µL, 0.003 mmol), 

tetrahydrothiophene (0.88 µL, 0.010 mmol or 0.26 µL, 0.003 mmol), or 

triphenylphosphine (2.6 mg, 0.010 mmol or 0.81 mg, 0.003 mmol)), cyclohexane (2.0 

mL), and ethanol (0.2 mL) was added to the reactor, and the reactor was tightly capped. 

After stirring for 2.5 h at room temperature, it was heated to 343 K for 12 h. Products 

were quantified by FID-GC (GC-2014, Shimadzu; InertCap 5 column, 0.25 µm × 0.25 

mm × 30 m). 
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Leaching test33 

All procedures were performed under a N2 or an Ar atmosphere. The 1,4-arylation 

reaction was initiated according to the general procedure, and the reaction solution was 

hot-filtered after the reaction at 343 K for 24 h. The filtrate was evaporated and dissolved 

with fuming nitric acid at 353 K. Leached metals in the filtrate were quantified by ICP-

OES (Vista-PRO, Varian Inc.). The measurement wavelengths were as follows; Cr: 

267.716 nm, Rh: 343.448 nm, Ce: 418.659 nm. 
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4.2.6. Theoretical calculations 

Computational methods for simulating FT-IR spectra 

Vibrational frequencies of ICy and ICyH+ were calculated by density functional 

theory (DFT) with the Gaussian16 (Rev. C. 01) suite of programs.34 The electron 

exchange–correlation was treated by Becke’s three–parameter hybrid exchange 

functional and the Perdew and Wang correlation functional (B3PW91).35 The 6–

31+G(d,p) basis sets were employed for all atoms.36 The molecular structures were fisty 

fully optimized, and after the energies were confirmed to be minimum by showing that 

no imaginary frequency was appeared, vibrational frequencies were calculated. The 

calculated frequencies were multiplied by the scale factor (0.9602 for B3PW91/6–

31+G(d,p)) to correct anharmonicity effects.37 

 

Computational methods for calculating the modelled structure of ICy-r-

Cr0.19Rh0.06CeOz and reaction profiles 

Spin-polarized DFT calculations were performed with Vienna ab initio simulation 

package (VASP) version 5.4.4.38 The projector augmented wave (PAW) method described 

the interactions between ion cores and electrons.39 The electron exchange–correlation was 

treated with the Perdew–Burke–Ernzerhof functional of the generalized gradient 

approximation with a Hubbard-like parameter (PBE-GGA+U) to represent the nature of 

the 4d electrons of Rh and 4f electrons of Ce.40 The Ueff values were set to 3.3 and 6.3 eV 

for the Rh 4d and Ce 4f states, respectively.41 The DFT-D3 dispersion scheme using 

Becke–Johnson damping was adopted.42 The calculations were carried out using plane 

wave basis sets with a cutoff energy of 600 eV. Because of the relatively large unit cell 

size described below, the sampling of the Brillouin zone was restricted to the Γ point only. 

The convergence threshold for the self-consistent field iteration was set to 1.0 × 10–5 eV. 

The convergence of the structural optimization was determined when the maximum 

forces on unconstrained atoms were less than 0.05 eV Å-1. The atomic charge was 

calculated by the Bader analysis algorithm.43 

To obtain the transition-state structure for each step in the catalytic process, we used 

the climbing image-nudged elastic band (CI-NEB) method,44 as implemented in VASP 

through the VTST Tools. The spring constant between adjacent NEB images was set to 

5.0 eV/Å. The other calculation conditions were the same as those used for the geometry 

optimization calculation mentioned above. 
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Structural modelling of ICy-r-Cr0.19Rh0.06CeOz (ICy-Rh4/CeO2(111)) 

CeO2 supports were modelled as a periodic slab model of the (4 × 4) stoichiometric 

CeO2(111) surface without oxygen defects. The slab model consisted of two CeO2 

trilayers (O–Ce–O) with 96 atoms. A unit cell size of 15.50 × 15.50 × 21.33 Å with a 

vacuum space of 15 Å was used to minimize the interactions between the periodically 

repeated crystal faces. To focus on the interaction between Rh species and ICy ligands of 

ICy-r-Cr0.19Rh0.06CeOz, a rhodium cluster consisting of four Rh atoms (Rh4) with a 

pyramidal structure was placed on a hollow site of the CeO2(111) surface, except for Cr 

species (denoted as Rh4/CeO2). According to previous theoretical studies,45 the pyramidal 

Rh4 cluster was more stable than the planar Rh4 cluster on the CeO2(111) surface. This 

structure corresponded to the CNs of the Rh–O bonds and Rh–Rh bonds from Rh K-edge 

EXAFS curve-fitting analysis of r-Cr0.19Rh0.06CeOz with and without ICy. The most stable 

adsorption site of the ICy ligand was evaluated by comparing Rh4/CeO2 with the ICy 

ligand adsorbed on a bridge site, hollow site, and top site of the Rh4 cluster. The most 

stable Rh4/CeO2 with the ICy ligand adsorbed on a bridge site (denoted as ICy-Rh4/CeO2) 

was used for Bader charge analysis and reaction profile calculations. During calculations, 

only the molecules, the Rh4 cluster, and the topmost CeO2 trilayer of the slab surface were 

allowed to relax fully, while the bottom CeO2 trilayer of the slab was kept fixed in its bulk 

position.  
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4.3. Results and discussions 

4.3.1. Coordination structure of NHC on r-Cr0.19Rh0.06CeOz 

ICy-r-Cr0.19Rh0.06CeOz and reference catalysts were prepared by a simple decoration 

method with in situ generated NHC solutions. Loading amounts of NHC in NHC-r-

Cr0.19Rh0.06CeOz was evaluated by TGA as shown in Figure 4.7. The weight loss of NHC-

r-Cr0.19Rh0.06CeOz increased with the increasing in the loading amount of NHC, which 

includes the removal of NHC. The NHC loading amounts were estimated from the weight 

decreases from 403 to 623 K minus those of corresponding oxides undecorated with NHC 

ligands as listed in Table 4.5. 

The addition of Cr species was key to produce novel small Rh nanoclusters on the 

surface of Cr0.19Rh0.06CeOz together with the formation of Cr(OH)3 species by the 

reduction with H2 below 423 K as described in Section 2.3.2. Rh K-edge EXAFS of r-

Cr0.19Rh0.06CeOz indicated the formation of the similar Rh nanoclusters with the 

coordination number (CN) of 2.8 ± 0.4 for Rh−Rh bonds despite the treatment with H2 at 

higher temperature of 573 K as shown in Figure 4.8 (A-b, B-b) and Table 4.6. After the 

ICy decoration, the CN of Rh−Rh bonds for ICy-r-Cr0.19Rh0.06CeOz was curve-fitted to 

be 2.8 ± 0.3 from Rh K-edge EXAFS (Figure 4.8 (A-a, B-a), Table 4.6). This CN value 

was similar to that of r-Cr0.19Rh0.06CeOz without ICy, indicating that the structure of the 

Rh nanocluster remained unchanged after the ICy decoration. After the decoration of a 

ICy·HBF4 salt, the structure of the Rh nanocluster also remained unchanged (Figure 4.8 

(A-c, B-c), Table 4.6). Without Cr, the size of Rh nanoclusters was large (Figure 4.8 (A-

d, B-d), Table 4.6). 

FT-IR spectra were measured to determine whether the attached ICy ligands existed 

as carbenes. The obtained FT-IR spectra are shown in Figure 4.9, and their peak 

assignments are listed in Table 4.7. Although the spectrum of r-Cr0.19Rh0.06CeOz without 

ICy showed no peak between 1100 and 1300 cm-1 (Figure 4.9 (a)), a broad FT-IR peak at 

1194 cm-1 appeared in the spectrum of ICy-r-Cr0.19Rh0.06CeOz (Figure 4.9 (b)), the 

position of which was larger in wavenumber than that of ICy·HBF4-r-Cr0.19Rh0.06CeOz at 

1152 cm-1 (Figure 4.9 (c)). In comparison of the FT-IR spectra of ICy and ICy·HBF4 and 

the DFT calculations of the modelled molecules, the characteristic peak at 1194 cm-1 was 

assigned to the asymmetric in-plane rocking vibration mode at the N-heterocycle of the 

ICy carbene species, indicating that the decorated ICy was present as the carbene species 

to the surface of ICy-r-Cr0.19Rh0.06CeOz. 

N 1s XPS spectra and their curve-fitting analyses unveiled the presence of ICy 

carbene interacting with the Rh nanoclusters of ICy-r-Cr0.19Rh0.06CeOz as shown in Figure 
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4.10 and Table 4.8. The N 1s XPS spectrum of ICy-r-Cr0.19Rh0.06CeOz contained a large 

peak at 400.6 eV (peak ) and two smaller peaks at 398.9 eV (peak α) and 402.3 eV (peak 

γ) (Figure 4.10 (b)). Peak α was attributed to the adsorbed NH3 species by comparing 

with the N 1s peaks of r-Cr0.19Rh0.06CeOz (Figure 4.10 (a)).46 The intensity of peak  

(400.6 eV) of ICy-r-Cr0.19Rh0.06CeOz was much larger than that of r-Cr0.19Rh0.06CeOz 

(400.4 eV, NH4
+ derived from the reduction of nitrate salts46) (Figure 4.11). The peak  

was in the region for the NHCs interacting with reduced metallic species (400.2–401.2 

eV)4j,k,m,5j,o,47,48, the increased intensity of which suggested the presence of ICy carbene 

species interacting with Rh nanoclusters. The N 1s binding energy of 400.4 eV for 

Rh(ICy)(cod)(OH) supported the assignment of peak  (Figure 4.10 (h)). The peak γ was 

at higher binding energies of 402.3 eV, and it was attributed to an ICy carbene 

coordinating to a cationic metal species (e.g., Cr3+ of Cr(OH)3 and Ce3+).49 ICy·HBF4-r-

Cr0.19Rh0.06CeOz without the carbene formation treatment showed another peak  at 401.9 

eV (Figure 4.10 (c)), and the binding energy of peak  was comparable to that of 

ICy·HBF4 (Figure 4.10 (f)), indicating the peak  was attributed to ICyH+.5j ICy-r-

Cr0.17CeOz without the Rh nanoclusters showed an increase in the intensity of peak  at 

398.8 eV instead of peak  (Figure 4.10 (d, e)). The N 1s XPS peak of ICy carbene was 

observed at 399.3 eV (Figure 4.10 (g)), and the increase in the intensity of peak  in ICy-

r-Cr0.17CeOz was attributed to the free ICy carbene adsorbed on the surface (Figure 4.11). 

The absence of the increase in peak  in ICy-r-Cr0.17CeOz strongly corroborated that the 

increase in peak  in ICy-r-Cr0.19Rh0.06CeOz was assigned to the ICy carbene coordinating 

to Rh species. 

Characteristic emissions at 320 nm were observed in the photoluminescence (PL) 

spectra of ICy-r-Cr0.19Rh0.06CeOz and ICy-r-Rh0.04CeOz (Figure 4.12), whereas no 

emission was observed at 320 nm for the spectrum of r-Cr0.19Rh0.06CeOz without ICy 

decoration. Considering that the Rh(ICy)(cod)(OH) complex showed a PL signal at 314 

nm (Figure 4.13), the PL signals at 320 nm also supported the interaction of the ICy 

carbene with the Rh nanoclusters on the surface.  

A schematic of the surface coordination structure of ICy-r-Cr0.19Rh0.06CeOz based 

on the above surface characterizations is shown in Figure 4.14. Cr species assisted the 

production of the small Rh nanoclusters with the coordination sites for ICy, which can 

cause coordination-induced effects in efficient catalysis (See Section 4.3.2). 

Coordination structures of other NHC ligands (IMe, ItBu, IBn, and IMes) were also 

investigated by XAFS, FT-IR, and XPS. Rh K-edge EXAFS spectra and their curve-fitting 

analyses showed that the CN of Rh-Rh bonds were between 2.5 and 2.8 (Figure 4.15, 
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Table 4.9), indicating the decoration of the NHC ligands, independent of their structures, 

did almost not change the structure of the Rh nanocluster. FT-IR spectra of NHC-r-

Cr0.19Rh0.06CeOz decorated with IMe, ItBu, IBn, and IMes showed broad peaks at 1195, 

1196, 1196, and 1203 cm-1 as shown in Figure 4.16, respectively, the positions of which 

were similar to that of the ICy carbene. Thus, the grafted NHC ligands were present as 

carbene forms. The structures of NHC ligands were similar in NHC-r-Cr0.19Rh0.06CeOz; 

however, interaction of NHC ligands with the catalyst surface were different from ICy 

and the others, which were revealed from N 1s XPS as shown in Figure 4.17. The N 1s 

XPS spectra of NHC-r-Cr0.19Rh0.06CeOz of IMe, ItBu, IBn, and IMes showed two peaks 

  in addition to a small or negligible peak , and the peak  was smaller than that of 

the peak . The XPS peak of NHC-r-Cr0.19Rh0.06CeOz and their increases compared with 

r-Cr0.19Rh0.06CeOz were summarized in Figure 4.18, and the intensities of peak  

distinctly increased, which was not observed in ICy-r-Cr0.19Rh0.06CeOz. The largest 

increase in the peak  area of ICy-r-Cr0.19Rh0.06CeOz suggested the ICy carbene 

efficiently coordinated to the Rh nanoclusters. 
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Figure 4.7. TGA curves (black) and their 1st differential plots (red) of (A) r-

Cr0.19Rh0.06CeOz, (B) ICy-r-Cr0.19Rh0.06CeOz (ICy: 0.3 wt%), (C) ICy-r-Cr0.19Rh0.06CeOz 

(ICy: 0.4 wt%), (D) ICy-r-Cr0.19Rh0.06CeOz (ICy: 0.8 wt%), (E) ICy-r-Cr0.19Rh0.06CeOz 

(ICy: 1.6 wt%), (F) ICy·HBF4-ICy-r-Cr0.19Rh0.06CeOz (ICy·HBF4: 1.0 wt%), (G) r-

Rh0.04CeOz, (H) ICy-r-Rh0.04CeOz (ICy: 0.7 wt%), (I) r-Cr0.17CeOz, (J) ICy-r-Cr0.17CeOz 

(ICy: 0.9 wt%), (K) r-CeOz, (L) ICy-r-CeOz (ICy: 0.9 wt%).21  
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Table 4.5. Preparation Conditions and Characterization Data for the NHC-Decorated 

Oxides 

Prepared catalyst 

(NHC ligands wt%,  

Rh wt%) 

The amount of Rh 

/mmol g-1 

The estimated 

amount of NHC 

/mmol g-1 

NHC/surface Rh 

ratio 

ICy-r-Cr0.19Rh0.06CeOz 

(0.8 wt%, 3.3 wt%,) 
0.31 0.036 0.35 

ICy-r-Rh0.04CeOz 

(0.7 wt%, 2.2 wt%) 
0.21 0.031 3.86 

ICy-r-Cr0.17CeOz 

(0.9 wt%) 
– 0.038 – 

ICy-r-CeOz 

(0.9 wt%) 
– 0.039 – 

ICy-r-Cr0.19Rh0.06CeOz 

(0.3 wt%, 3.3 wt%) 
0.31 0.011 0.11 

ICy-r-Cr0.19Rh0.06CeOz 

(0.4 wt%, 3.3 wt%) 
0.31 0.017 0.17 

ICy-r-Cr0.19Rh0.06CeOz 

(1.6 wt%, 3.3 wt%) 
0.31 0.071 0.70 

IMe-r-Cr0.19Rh0.06CeOz 

(0.5 wt%, 3.3 wt%) 
0.31 0.042 0.41 

ItBu-r-Cr0.19Rh0.06CeOz 

(0.8 wt%, 3.3 wt%) 
0.31 0.043 0.42 

IBn-r-Cr0.19Rh0.06CeOz 

(1.1 wt%, 3.3 wt%) 
0.31 0.046 0.45 

IMes-r-Cr0.19Rh0.06CeOz 

(1.5 wt%, 3.3 wt%) 
0.31 0.050 0.49 

ICy·HBF4-r-

Cr0.19Rh0.06CeOz 

(1.0 wt%c, 3.3 wt%) 

0.31 0.031c 0.31c 

a The amounts of NHC ligands were determined by TGA. b NHC/Rh ratio = NHC loading 

(mmolNHC g-1) / (Outermost surface Rh amount (mmolRh g
-1). c The values were calculated 

as ICy·HBF4. 
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Figure 4.8. (A) k3-Weighted Rh K-edge EXAFS oscillations and (B) their Fourier 

transforms (k = 30-140 nm-1) of (a) ICy-r-Cr0.19Rh0.06CeOz, (b) r-Cr0.19Rh0.06CeOz, (c) 

ICy·HBF4-r-Cr0.19Rh0.06CeOz, and (d) ICy-r-Rh0.04CeOz.
21 (B) Black solid lines show 

observed data and red dashed lines show fitted data. 
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Table 4.6. Structural Parameters Determined by the Curve-fitting Analysis of Rh K-edge 

EXAFS Fourier Transforms of ICy-r-Cr0.19Rh0.06CeOz, r-Cr0.19Rh0.06CeOz, and 

ICy·HBF4-r-Cr0.19Rh0.06CeOz, and ICy-r-Rh0.04CeOz 

Sample Shell CN R /nm 
E 

/eV 

2 

/10-5 nm2 

Rf 

/% 

ICy- Rh–O 1.3 ± 0.2 0.207 ± 0.001 10 ± 2 5 ± 1 0.2 

r-Cr0.19Rh0.06CeOz
 a Rh–Rh 2.8 ± 0.3 0.262 ± 0.001 -2 ± 1 10 ± 1  

r-Cr0.19Rh0.06CeOz
 a Rh–O 1.3 ± 0.2 0.207 ± 0.001 9 ± 2 5 ± 1 0.4 

 Rh–Rh 2.8 ± 0.4 0.261 ± 0.001 -2 ± 1 10 ± 1  

ICy·HBF4-
 Rh–O 1.2 ± 0.2 0.205 ± 0.001 10 ± 2 4 ± 1 0.4 

r-Cr0.19Rh0.06CeOz
 a Rh–Rh 2.7 ± 0.3 0.265 ± 0.001 -2 ± 1 8 ± 1  

ICy-r-Rh0.04CeOz
 b Rh–O 2.4 ± 1.3 0.202 ± 0.004 6 ± 8 4 ± 3 1.8 

 Rh–Rh 6.0 ± 2.5 0.272 ± 0.001 9 ± 2 6 ± 2  

 Rh···Rh 3.9 ± 2.3 0.288 ± 0.002 9 ± 2 6 ± 2  

S0
2 was fixed as 1. k = 30-140 nm–1. a R = 0.12-0.27 nm. b R = 0.12-0.31 nm.  
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Figure 4.9. Diffuse reflectance FT-IR spectra of (a) r-Cr0.19Rh0.06CeOz, (b) ICy-r-

Cr0.19Rh0.06CeOz, (c) ICy·HBF4-r-Cr0.19Rh0.06CeOz, (d) r-Cr0.17CeOz, and (e) ICy-r-

Cr0.17CeOz, and transmission FT-IR spectra of (f) ICy carbene and (g) ICy·HBF4 salt.21 

(A) 900-3800 cm-1, (B) 1100-1300 cm-1. Inset: An optimized structures of ICy and ICyH+ 

by the DFT calculations, and schematic illustrations of asymmetric in-plane rocking 

vibration modes.   
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Table 4.7. FT-IR Peak Assignments and Their Peak Positions of r-Cr0.19Rh0.06CeOz, ICy-

r-Cr0.19Rh0.06CeOz, ICy·HBF4-r-Cr0.19Rh0.06CeOz, ICy carbene, and ICy·HBF4 

Species 

r-

Cr0.19Rh0.06

CeOz 

ICy-r-

Cr0.19Rh0.06

CeOz 

ICy·HBF4-r-

Cr0.19Rh0.06 

CeOz 

ICy 

carbene 
ICy·HBF4 

n (Bridged OH)a 3655 3649 – – – 

n (Hydrogen 

bonded OH)a 
~3400 ~3400 ~3400 – – 

n (Aromatic N-

heterocycle)b 
– –e –e 

3148 

3116 

3149 

3108 

n (C-H of 

cyclohexyl)b 
– 

2958 

2931 

2858 

2945 

2862 

2933 

2852 

2935 

2862 

Defects of Ce3+ 

or oxygen 

vacanciesa,c 

2128 2125 2126 – – 

n (Carbonates)a 

1485 

1388 

<1100 

1467 

1387 

<1100 

1471 

1383 

<1100 

– – 

d (C-H of 

cyclohexyl)b 
– –f –f 

1258 

1214 

1366 

1270 

d (Aromatic N-

heterocycle)b,d 
– 1194 1152 

1193 

(1170)g 

1164 

(1138)g 

a The peaks were assigned from the previous paper.50 b The peaks were assigned from the 

DFT calculations. c The peak can be attributed to an electronic transition from donor 

levels located near the conduction band of Ce3+ or oxygen vacancies or the forbidden 2F5/2 

-> 2F7/2 electronic transition of Ce3+. d Asymmetric in-plane rocking vibration mode. e The 

peaks might be overlapped with the peaks of surface OH. f Not apparently observed. g 

Values obtained from the DFT calculations. 
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Figure 4.10. N 1s XPS spectra of (a) r-Cr0.19Rh0.06CeOz, (b) ICy-r-Cr0.19Rh0.06CeOz, (c) 

ICy·HBF4-r-Cr0.19Rh0.06CeOz, (d) r-Cr0.17CeOz, (e) ICy-r-Cr0.17CeOz, (f) ICy·HBF4, (g) 

ICy carbene, and (h) Rh(ICy)(cod)(OH).21 Black dots: raw data; green (α): adsorbed NH3 

or free ICy; red (β): adsorbed NH4
+ or ICy carbene interacting with Rh; blue (γ): ICy 

carbene coordinating to metal cation species, gray (d): ICyH+ (imidazolium); pink: total 

fitted data; black line: Shirley background. Note that the peak d observed at 401.7 eV of 

(g) was emerged during the XPS measurement, due to the re-protonation.5j 
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Table 4.8. N 1s XPS Binding Energies and Counts per Scan (CPS) Normalized with CPS 

of O 1s XPS Peak (CeO2) of r-Cr0.19Rh0.06CeOz, ICy-r-Cr0.19Rh0.06CeOz, ICy·HBF4-r-

Cr0.19Rh0.06CeOz, r-Cr0.17CeOz, and ICy-r-Cr0.17CeOz 

Sample 

N 1s BE /eV and CPS ratio of N 1s/O 1s (CeO2) ×100 

Peak  Peak  Peak  Peak  

(adsorbed NH3 

or free ICy 

carbene) 

(adsorbed 

NH4
+ or ICy 

carbene 

interacting 

with Rh) 

(ICy carbene 

coordinating 

to metal cation 

species) 

(ICyH+ 

imidazolium) 

BE 

/eV 

CPS 

ratio 

BE 

/eV 

CPS 

ratio 

BE 

/eV 

CPS 

ratio 

BE 

/eV 

CPS 

ratio 

r-Cr0.19Rh0.06CeOz 398.8 0.322 400.4 0.482 − − − − 

ICy-r-

Cr0.19Rh0.06CeOz 
398.8 0.274 400.6 0.864 402.3 0.394 − − 

ICy·HBF4-r-

Cr0.19Rh0.06CeOz 
399.1 0.261 400.4 0.260 − − 401.9 0.919 

r-Cr0.17CeOz 398.9 0.469 400.6 0.463 − − − − 

ICy-r-Cr0.17CeOz 398.8 1.103 400.4 0.431 402.5 0.457 − − 
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Figure 4.11. Counts per scan (CPS) of N 1s XPS peaks (normalized by CPS of O 1s XPS 

peak (CeO2)) of ICy-r-Cr0.19Rh0.06CeOz, ICy·HBF4-r-Cr0.19Rh0.06CeOz, and ICy-r-

Cr0.17CeOz. subtracted by the CPS of corresponding oxides.21 These values represent the 

net amounts of the adsorbed ICy species. Note that the value was round to zero when the 

subtracted value was below 0.   
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Figure 4.12. Solid-state photoluminescence spectra of (a) ICy-r-Cr0.19Rh0.06CeOz, (b) 

ICy-r-Rh0.04CeOz, (c) ICy-r-Cr0.17CeOz, (d) ICy-r-CeOz, (e) ICy·HBF4-r-

Cr0.19Rh0.06CeOz, and (f) r-Cr0.19Rh0.06CeOz.
21 The samples were diluted with 4-times of 

PTFE powder. Excitation wavelength: 240 nm. 
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Figure 4.13. Photoluminescence spectra of the solutions of Rh(ICy)(cod)(OH) (red) and 

[Rh(cod)Cl]2 (black) (1.0 × 10-3 M in THF).21 Excitation wavelength: 268 nm. 

 

 

Figure 4.14. Schematic of the surface structure of ICy-r-Cr0.19Rh0.06CeOz.
21  
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Figure 4.15. (A) k3-Weighted Rh K-edge EXAFS oscillations and (B) their Fourier 

transforms (k = 30-140 nm-1) of (a) IMe-r-Cr0.19Rh0.06CeOz, (b) ItBu-r-Cr0.19Rh0.06CeOz, 

(c) IBn-r-Cr0.19Rh0.06CeOz, and (d) IMes-r-Cr0.19Rh0.06CeOz. (B) Black solid lines show 

observed data and red dashed lines show fitted data. 
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Table 4.9. Structural Parameters Determined by the Curve-fitting Analysis of Rh K-edge 

EXAFS Fourier Transforms of IMe-r-Cr0.19Rh0.06CeOz, ItBu-r-Cr0.19Rh0.06CeOz, IBn-r-

Cr0.19Rh0.06CeOz, and IMes-r-Cr0.19Rh0.06CeOz 

Sample Shell CN R /nm 
E 

/eV 

2  

/10-5 nm2 

Rf 

/% 

IMe- Rh–O 1.6 ± 0.3 0.205 ± 0.001 9 ± 3 5 ± 2 0.7 

r-Cr0.19Rh0.06CeOz Rh–Rh 2.5 ± 0.5 0.263 ± 0.001 -2 ± 2 10 ± 1  

ItBu- Rh–O 1.3 ± 0.1 0.207 ± 0.001 10 ± 2 3 ± 1 0.2 

r-Cr0.19Rh0.06CeOz Rh–Rh 2.8 ± 0.3 0.263 ± 0.001 -2 ± 1 10 ± 1  

IBn- Rh–O 1.7 ± 0.2 0.205 ± 0.001 9 ± 2 4 ± 1 0.3 

r-Cr0.19Rh0.06CeOz Rh–Rh 2.7 ± 0.4 0.263 ± 0.001 -1 ± 1 10 ± 1  

IMes- Rh–O 2.1 ± 0.4 0.204 ± 0.001 8 ± 2 5 ± 1 0.7 

r-Cr0.19Rh0.06CeOz Rh–Rh 2.7 ± 0.6 0.263 ± 0.001 -1 ± 2 10 ± 1  

S0
2 was fixed as 1. k = 30-140 nm–1. R = 0.12-0.27 nm.  
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Figure 4.16. Diffuse reflectance FT-IR spectra of (a) IMe-r-Cr0.19Rh0.06CeOz, (b) ItBu-r-

Cr0.19Rh0.06CeOz, (c) IBn-r-Cr0.19Rh0.06CeOz, and (d) IMes-r-Cr0.19Rh0.06CeOz. (A) 900-

3800 cm-1, (B) 1100-1300 cm-1.  



 

180 

 

 

Figure 4.17. N 1s XPS spectra of (a) IMe-r-Cr0.19Rh0.06CeOz, (b) ItBu-r-Cr0.19Rh0.06CeOz, 

(c) IBn-r-Cr0.19Rh0.06CeOz, and (d) IMes-r-Cr0.19Rh0.06CeOz. Black dots: raw data; green 

(α): adsorbed NH3 or free ICy carbene; red (β): adsorbed NH4
+ or ICy carbene 

coordinating with Rh; blue (γ): ICy carbene coordinating with metal cation species; pink: 

total fitted data; black line: Shirley background.  
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Table 4.10. N 1s XPS Binding Energies and Counts per Scan (CPS) Normalized with 

CPS of O 1s XPS Peak (CeO2) of IMe-r-Cr0.19Rh0.06CeOz, ItBu-r-Cr0.19Rh0.06CeOz, IBn-

r-Cr0.19Rh0.06CeOz, and IMes-r-Cr0.19Rh0.06CeOz 

Sample 

N 1s BE /eV and CPS ratio of N 1s/O 1s (CeO2) ×100 

Peak  Peak  Peak  

(adsorbed NH3 or 

free ICy carbene) 

(adsorbed NH4
+ or 

ICy carbene 

interacting with Rh) 

(ICy carbene 

coordinating to 

metal cation species) 

BE /eV CPS ratio BE /eV CPS ratio BE /eV CPS ratio 

IMe-r-

Cr0.19Rh0.06CeOz 
398.8 0.767 400.6 0.616 402.2 0.075 

ItBu-r-

Cr0.19Rh0.06CeOz 
398.9 0.856 400.5 0.489 402.3 0.134 

IBn-r-

Cr0.19Rh0.06CeOz 
398.9 0.769 400.5 0.678 402.3 0.121 

IMes-r-

Cr0.19Rh0.06CeOz 
399.0 0.833 400.6 0.651 − − 
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Figure 4.18. Counts per scan (CPS) of N 1s XPS peaks (normalized by CPS of O 1s XPS 

peak (CeO2)) of IMe-r-Cr0.19Rh0.06CeOz, ItBu-r-Cr0.19Rh0.06CeOz, IBn-r-Cr0.19Rh0.06CeOz, 

and IMes-r-Cr0.19Rh0.06CeOz. subtracted by the CPS of corresponding oxides. These 

values represent the net amounts of the adsorbed ICy species. Note that the value was 

round to zero when the subtracted value was below 0.  
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4.3.2. Catalytic activity induction in 1,4-arylation of cyclohexenone with 

phenylboronic acid on prepared catalysts 

To investigate the catalytic activities of ICy-r-Cr0.19Rh0.06CeOz, and the 1,4-arylation 

of cyclohexenone with phenylboronic acid was performed as a benchmark reaction (Table 

4.11), since it is one of the crucial C−C bond formation reactions.14 ICy-r-

Cr0.19Rh0.06CeOz (ICy: 0.8 wt%) exhibited a remarkable catalytic activity with over 99% 

yield of the product (Entry 1), whereas r-Cr0.19Rh0.06CeOz showed no catalytic activity 

(Entry 2). Hence, the decoration with the ICy ligands induced the catalytic activity for 

1,4-arylation on r-Cr0.19Rh0.06CeOz. ICy-r-Rh0.04CeOz showed low catalytic activity (10% 

yield, Entry 3), and ICy-r-Cr0.17CeOz and ICy-r-CeOz without the Rh species provided no 

products (Entries 4, 5). ICy·HBF4-r-Cr0.19Rh0.06CeOz also showed no catalytic activity 

(Entry 6). Therefore, the interaction of the ICy carbene with the Rh nanoclusters was key 

in the induction of the catalytic 1,4-arylation activity.  

Reaction condition was optimized by changing solvents, additives, kinds of NHC 

ligands, and loading amounts of ICy. Cyclohexane as a solvent and ethanol as an additive 

with the ratio of 10/1 provided better yields compared to other solvents and additives 

(Table 4.12), and 0.8 wt% of ICy was found to be the best loading amounts (Figure 4.19). 

Several heterogeneity tests were executed, which included a hot filtration test, a leaching 

test, a mercury drop test, a stoichiometric poisoning test.9c, 33 The hot filtration of the 

heterogeneous catalyst in the middle progress of the reaction led to inhibit the reaction 

(Figure 4.20), and Rh cluster species were undetectable in the hot-filtered solution by 

ESI-MS. Addition of Hg droplet (62.5 equiv. to Rh) or stoichiometric catalytic poisons 

(0.3 or 1.0 equiv. to Rh) such as benzyl mercaptan, tetrahydrothiophene, and 

triphenylphosphine strongly suppressed the reaction (Figure 4.21 and Table 4.13), 

suggesting heterogeneous noble metal species (i.e., Rh nanoclusters) could be the 

catalytically active species. These heterogeneity tests indicated that the catalytic reaction 

proceeded heterogeneously. The fact that excess loading of ICy ligands decreased the 

reaction rates (Figure 4.19) also supported heterogeneous reaction because higher 

amounts of NHC ligands caused blocking of the active sites.  

The ICy carbene induced superior catalytic activity compared to the other NHC 

ligands (Entries 7–10, Scheme 4.5). The N 1s XPS spectra of NHC-r-Cr0.19Rh0.06CeOz 

showed that ICy-r-Cr0.19Rh0.06CeOz had the largest amounts of NHC carbenes interacting 

with Rh nanoclusters (Figure 4.17 in Section 3.3.1), suggesting that ICy ligands 

efficiently generated the catalytically active coordination structure of the Rh nanoclusters. 

Scope of several substrates on ICy-r-Cr0.19Rh0.06CeOz was also investigated as 
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summarized in Table 4.14. The catalyst was active not only cyclic -unsaturated 

ketones (Entries 1 and 2) but also linear  -unsaturated ketones (Entries 3 and 4). The 

reaction was also proceeded with phenylboronic acids substituted at 4-position (Entries 

5-8); however, the non-substituted phenylboronic acid was the most active (Entry 1). 4-

Methoxyphenylboronic acid was the most active among the substituted phenylboronic 

acids (Entry 5). The activity of 4-chlorophenylboronic acid (Entry 7) was comparable to 

that of 4-methylphenylboronic acid (Entry 6), and the activity of 4-trifluoromethyl-

phenylboronic was the lowest (Entry 8). These results suggested that the catalytic activity 

on ICy-r-Cr0.19Rh0.06CeOz might be influenced by both inducive effect and resonance 

effect of the substituent groups. The reaction did not proceed when aliphatic boronic acid 

(cyclohexylboronic acid) was used (Entry 9). 
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Table 4.11. 1,4-Arylation of Cyclohexenone with Phenylboronic Acid on the Prepared 

Catalysts  

 

Entry Catalyst Yield % 

1 ICy-r-Cr0.19Rh0.06CeOz (ICy: 0.8 wt%) >99 

2 r-Cr0.19Rh0.06CeOz (without ICy) 0 

3 ICy-r-Rh0.04CeOz (ICy: 0.7 wt%) 10 

4 ICy-r-Cr0.17CeOz (ICy: 0.9 wt%) 0 

5 ICy-r-CeOz (ICy: 0.9 wt%) 0 

6 ICy·HBF4-r-Cr0.19Rh0.06CeOz (ICy·HBF4: 1.0 wt%) 0 

7 IMe-r-Cr0.19Rh0.06CeOz (IMe: 0.5 wt%) 41 

8 ItBu-r-Cr0.19Rh0.06CeOz (ItBu: 0.8 wt%) 4 

9 IBn-r-Cr0.19Rh0.06CeOz (IBn: 1.1 wt%) 25 

10 IMes-r-Cr0.19Rh0.06CeOz (IMes: 1.5 wt%) 3 

11 (Blank) 0 

Reaction conditions: catalyst (32 mg; Rh: 5 mol %), cyclohexenone (0.20 mmol), 

PhB(OH)2 (0.30 mmol), dodecane (internal standard; 0.10 mmol), cyclohexane (2.0 mL), 

EtOH (0.2 mL), 343 K, 12 h, under N2. Note that the molar loading of NHC per catalyst 

weight was unified to be 0.03–0.05 mmol gcat
-1.  
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Figure 4.19. (A) Time-yield plots for the 1,4-arylation of cyclohexanone with 

phenylboronic acid on the ICy-r-Cr0.19Rh0.06CeOz catalysts with the ICy loading range of 

0.3-1.6 wt%.21 (B) Relationship between loading amounts of ICy and initial reaction rates 

for 1,4-arylation of cyclohexenone on ICy-r-Cr0.19Rh0.06CeOz.
21 

Reaction Conditions: ICy-r-Cr0.19Rh0.06CeOz (32 mg; Rh: 5 mol %), cyclohexenone (0.20 

mmol), PhB(OH)2 (0.30 mmol), dodecane (internal standard; 0.10 mmol), cyclohexane 

(2.0 mL), EtOH (0.2 mL), 343 K, under N2.  
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Table 4.12. 1,4-Arylation of Cyclohexenone with Phenylboronic Acid on ICy-r-

Cr0.19Rh0.06CeOz 

Entry Solvent Yield % 

1 cyclohexane/EtOH (10/1) 91 

2 cyclohexane/EtOH (20/1) 55 

3 cyclohexane/EtOH (4/1) 51 

4 cyclohexane/EtOH (2/1) 53 

5 cyclohexane/H2O (10/1) 5 

6 cyclohexane/MeOH (10/1) 24 

7 cyclohexane/i-PrOH (10/1) 35 

8 cyclohexane/n-BuOH (10/1) 94 

9 cyclohexane/CyOH (10/1) 39 

10 n-nonane/H2O (10/1) 10 

11 n-nonane/MeOH (10/1) 54 

12 n-nonane/EtOH (10/1) 85 

13 n-nonane/i-PrOH (10/1) 37 

14 n-nonane/n-BuOH (10/1) 81 

15 n-nonane/CyOH (10/1) 0 

16 t-BuOH/EtOH (10/1) 8 

17 t-BuOH /MeOH (10/1) 18 

18 MeOH/H2O (10/1) 7 

19 MeOH 4 

20 EtOH 69 

Reaction conditions: ICy-r-Cr0.19Rh0.06CeOz (ICy: 1.6 wt%) 32 mg (Rh: 5 mol%), 

cyclohexenone 0.2 mmol, PhB(OH)2 0.3 mmol, dodecane (internal standard) 0.10 mmol, 

cyclohexane 2.0 mL, EtOH 0.2 mL, 343 K, 24 h, under N2. 
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Scheme 4.5. 1,4-Arylation of Cyclohexenone with Phenylboronic Acid on NHC-r-

Cr0.19Rh0.06CeOz (r-Cr0.19Rh0.06CeOz Decorated by NHC Ligands with Different N-

Substituents)21 

 

Reaction conditions: catalyst (32 mg; Rh: 5 mol %), cyclohexenone (0.20 mmol), 

PhB(OH)2 (0.30 mmol), dodecane (internal standard; 0.10 mmol), cyclohexane (2.0 mL), 

EtOH (0.2 mL), 343 K, 12 h, under N2. Note that the molar loading per catalyst weight 

was unified to be 0.03–0.05 mmol/gcat.  
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Figure 4.20. Hot filtration test for 1,4-arylation of cyclohexenone with phenylboronic 

acid on ICy-r-Cr0.19Rh0.06CeOz.
21  

Reaction conditions: ICy-r-Cr0.19Rh0.06CeOz (32 mg; Rh: 5 mol %; ICy: 0.8 wt%), 

cyclohexenone (0.20 mmol), PhB(OH)2 (0.30 mmol), dodecane (internal standard; 0.10 

mmol), cyclohexane (2.0 mL), EtOH (0.2 mL), 343 K, under N2. Black: heterogeneous 

conditions; red: hot-filtration of the catalyst 3 h after starting the reaction. 
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Figure 4.21. Mercury drop test for the 1,4-arylation of cyclohexenone with 

phenylboronic acid on ICy-r-Cr0.19Rh0.06CeOz.
21 

Reaction conditions: ICy-r-Cr0.19Rh0.06CeOz (32 mg; ICy: 0.8 wt%; Rh: 5 mol %), 

cyclohexenone (0.20 mmol), PhB(OH)2 (0.30 mmol), dodecane (internal standard; 0.10 

mmol), cyclohexane (2.0 mL), EtOH (0.2 mL), 343 K, under N2. Black: standard 

conditions. Red: an Hg droplet (10 µL, 68 equivs with respect to Rh) was added to the 

reaction mixture 3 h after starting the reaction. 

 

Table 4.13. Results of Stoichiometric Poisoning Test for the 1,4-Arylation of 

Cyclohexenone with Phenylboronic Acid on ICy-r-Cr0.19Rh0.06CeOz 

Entry Poison Yield % 

1 Benzyl mercaptan (1.0 equiv. to Rh) 0 

2 Benzyl mercaptan (0.3 equiv. to Rh) 0 

3 Tetrahydrothiophene (1.0 equiv. to Rh) 0 

4 Tetrahydrothiophene (0.3 equiv. to Rh) 0 

5 Triphenylphosphine (1.0 equiv. to Rh) 0 

6 Triphenylphosphine (0.3 equiv. to Rh) 1 

Reaction Conditions: ICy-r-Cr0.19Rh0.06CeOz (32 mg; ICy: 0.8 wt%; Rh: 5 mol %), 

cyclohexenone (0.20 mmol), PhB(OH)2 (0.30 mmol), dodecane (internal standard; 0.10 

mmol), cyclohexane (2.0 mL), EtOH (0.2 mL), poison (0.003 or 0.010 mmol), 343 K, 12 

h, under N2. 
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Table 4.14. Scope of Several Substrates for the 1,4-Arylation of -Unsaturated Ketones 

with Arylboronic Acids on ICy-r-Cr0.19Rh0.06CeOz 

 

Entry 
-Unsaturated 

ketone 
Arylboronic acid Product Yield % 

1 
   

92a 

2 
  

 

38b 

3 
   

67a 

4 

  
 

68a 

5 
   

61a 

6 
   

36b 

7 
   

43b 

8 
   

7b 

9 
   

0 

Reaction Conditions: ICy-r-Cr0.19Rh0.06CeOz (32 mg; ICy: 0.8 wt%; Rh: 5 mol %), a,b-

unsaturated ketone (0.20 mmol), arylboronic acid (0.30 mmol), cyclohexane (2.0 mL), 

EtOH (0.2 mL), 343 K, 12 h, under N2.  
a Isolated yield. b 1H NMR product yield using ethyl acetate (0.20 mmol) as an internal 

standard.  
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4.3.3. Coordination-induced trigger by decoration of NHC ligands 

The effects of ICy on the Rh nanoclusters were studied in order to elucidate the 

catalytic activity generation further. First, the electron donation effect of ICy to the Rh 

nanocluster was investigated by XANES and XPS spectroscopies. Rh K-edge XANES 

(Figure 4.22) and Rh 3d XPS (Figure 4.23) spectra of ICy-r-Cr0.19Rh0.06CeOz displayed 

similar structures to those of r-Cr0.19Rh0.06CeOz, indicating that ICy had a negligible effect 

on the electronic state of Rh nanoclusters, which was different from previous reports of 

Pd nanoparticles and Rh complexes coordinated with NHC ligands.9c,51 Therefore, ICy 

induced the catalytic activity in a different manner from the electron donation. 

The ICy interaction on the Rh nanoclusters was investigated by DFT calculations. 

The catalyst structure of r-Cr0.19Rh0.06CeOz was modelled as Rh4/CeO2 (Figure 4.24 (A)) 

from the CN of Rh-Rh bonds to focus on the reaction on the Rh active species.52 The Rh-

Rh CN of r-Cr0.19Rh0.06CeOz (CN = 2.8 ± 0.3) was much smaller than the CN for bulk Rh 

(CN = 12), and the average Rh-Rh CN of 3 suggested the formation of Rh nanoclusters 

of small nuclearity. For instances, the CN of tetrahedral Rh4(CO)12 cluster is three, and 

the average CN of Rh/Al2O3 catalyst prepared from the grafting of Rh4(CO)12 on Al2O3 

was reported to be three.53 Although it is not possible to determine the exact number of 

nuclei of Rh nanoclusters on the catalyst surface, tetrahedral Rh4 cluster is one of the 

plausible structures for the active Rh nanoclusters on r-Cr0.19Rh0.06CeOz. The modelled 

structure of ICy-r-Cr0.19Rh0.06CeOz (ICy-Rh4/CeO2) was structurally optimized, and the 

ICy ligand was favorably coordinated at a bridge site between Rh atoms compared with 

a top site and a hollow site of the Rh cluster (Figures 4.24 (B), 4.25).54.55 Bader charge 

analysis of Rh4/CeO2 and ICy-Rh4/CeO2 showed similar charge distributions of Rh atoms 

(Figure 4.26), supporting the experimental results of Rh K-edge XANES and Rh 3d XPS 

analyses. 

Based on the suggested reaction mechanism for Rh complex catalysts, 18b,19,20 the 

reaction profiles of 1,4-arylation in each reaction step were calculated as shown in Figures 

4.27-28: step 1, the transmetalation of phenylboronic acid to form the phenyl group on 

the Rh nanocluster (C–B bond dissociation); step 2, the adsorption and insertion of 

cyclohexenone into the phenyl group (C–C bond formation); and step 3, the protonation 

of the product by EtOH (hydrolysis). The full reaction pathway on Rh4/CeO2 with several 

cascades was suggested, and there were three activation barriers from the C−B bond 

dissociation to the hydrolysis (Figure 4.29). On the contrary, it is to be noted that the C−C 

bond formation step on ICy-Rh4/CeO2 did not have significant activation barrier (Figure 

4.27). Kinetic analyses indicated the 1st order to the concentration of phenyl boronic acid 
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(Figure 4.29) and 54.5 kJ mol-1 of the apparent activation energy (Figure 4.30) in the 

reaction. The decrease in the reaction cascades in the full reaction pathway on ICy-

Rh4/CeO2 was proposed to be one of the reasons for the induction of the catalytic activity. 

Examining the initial structures in the C–C bond formation steps revealed that the 

coordination of ICy changed the adsorption site of the phenyl group on the Rh cluster. 

The phenyl group endergonically formed from phenylboronic acid was located on the top 

of the Rh cluster of ICy-Rh4/CeO2, and the distance between the phenyl group and the 

adsorbed cyclohexenone was 0.267 nm (Figure 4.28, INI2). In contrast, the bridged 

phenyl group was exergonically formed on Rh4/CeO2, and the distance between the 

bridged phenyl group and the adsorbed cyclohexenone was large (0.400 nm) (Figure 4.27, 

INI2). These differences in the coordination structures suggested that the ICy ligand 

controlled the adsorption sites of the phenyl group closer to cyclohexenone (ICy might 

also block favorable adsorption sites for the phenyl group and prevent the formation of 

stable intermediate.) and promoted the C–C bond formation, resulting in the increase in 

the 1,4-arylation activity. 
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Figure 4.22. Rh K-edge XANES spectra of (a) ICy-r-Cr0.19Rh0.06CeOz, (b) r-

Cr0.19Rh0.06CeOz, (c) ICy·HBF4-r-Cr0.19Rh0.06CeOz, and (d) ICy-r-Rh0.04CeOz.
21 
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Figure 4.23. Rh 3d XPS spectra of (a) r-Cr0.19Rh0.06CeOz, (b) ICy-r-Cr0.19Rh0.06CeOz, (c) 

ICy·HBF4-r-Cr0.19Rh0.06CeOz, and (d) ICy-r-Rh0.04CeOz.
21 Black dots: raw data; light 

blue: reduced Rh nanocluster on CeO2
56; orange: Rh3+ interacting with CeO2

56,57; pink: 

total fitted data; black line: Shirley background. 
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Figure 4.24. Optimized structures and their relative energies of (A) Rh4/CeO2 without 

ICy and (B) Rh4/CeO2 adsorbed with ICy at a (a) bridge site, (b) hollow site, and (c) top 

site calculated by DFT.21  
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Figure 4.25. Charge density difference upon the adsorption of ICy on the Rh nanocluster 

in ICy-Rh4/CeO2.
21 Green and purple indicate charge accumulation and depletion, 

respectively. Isovalue = 0.007 e bohr-3. White ball: H, gray ball: C, blue ball: N, red ball: 

O, blue-green ball: Rh, yellow ball: Ce. 

 

 

Figure 4.26. Bader charge analyses of (A) ICy- Rh4/CeO2 and (B) Rh4/CeO2.
21 
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Figure 4.27. (A) Optimized structures of ICy-Rh4/CeO2 during the full reaction profiles 

in the 1,4-arylation reaction of cyclohexenone with phenylboronic acid calculated by 

DFT.21 (B) Energy diagrams for the full reaction profiles of ICy-Rh4/CeO2.
58 ICy was 

displayed with atoms of half radius. 
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Figure 4.28. (A) Optimized structures of Rh4/CeO2 during the full reaction profiles in the 

1,4-arylation reaction of cyclohexenone with phenylboronic acid calculated by DFT.21 

(B) Energy diagrams for the full reaction profiles of Rh4/CeO2.
58   
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Figure 4.29. (A) Time-yield plots in the 1,4-addition of cyclohexanone with 

phenylboronic acid on ICy-r-Cr0.19Rh0.06CeOz with different amount of phenylboronic 

acid.21 (B) Dependency of the reaction rates for the product yield on the concentration of 

phenylboronic acid in the 1,4-addition of cyclohexanone with phenylboronic acid on ICy-

r-Cr0.19Rh0.06CeOz.
21 

Reaction Conditions: ICy-r-Cr0.19Rh0.06CeOz (32 mg; ICy: 0.8 wt%; Rh: 5 mol %), 

cyclohexenone (0.20 mmol), PhB(OH)2 (0.10, 0.20, or 0.30 mmol), dodecane (internal 

standard; 0.10 mmol), cyclohexane (2.0 mL), EtOH (0.2 mL), 343 K, under N2.  
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Figure 4.30. (A) Time-yield plots for the 1,4-arylation of cyclohexenone with 

phenylboronic acid on ICy-r-Cr0.19Rh0.06CeOz at 343, 338, 333, and 328 K.21 (B) 

Arrhenius plot for the 1,4-arylation of cyclohexenone with phenylboronic acid on ICy-r-

Cr0.19Rh0.06CeOz.
21 Ea: activation energy. 

Reaction Conditions: ICy-r-Cr0.19Rh0.06CeOz (32 mg; ICy: 0.8 wt%; Rh: 5 mol %), 

cyclohexenone (0.20 mmol), PhB(OH)2 (0.30 mmol), dodecane (internal standard; 0.10 

mmol), cyclohexane (2.0 mL), EtOH (0.2 mL), 343, 338, 333, or 328 K, under N2.  
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4.4. Conclusions 

The coordination-induced trigger for catalytic activity on the ICy carbene-decorated 

r-Cr0.19Rh0.06CeOz for 1,4-arylation was proposed for the first time. The ICy ligand was 

attached as a carbene and mainly interacted with Rh nanoclusters of r-Cr0.19Rh0.06CeOz, 

which was clarified by XAFS, FT-IR, XPS, and PL measurements. The formation of Rh 

coordination structure with ICy assisted by the Cr species, triggered the induction of the 

catalytic activity. Several heterogeneity tests indicated that the catalytic reaction 

proceeded heterogeneously. ICy ligands significantly enhanced catalytic activity for 1,4-

arylation compared the other NHC ligands by the efficient coordination to the active Rh 

nanoclusters. The electronic donation effect of ICy to Rh nanoclusters was negligible, and 

ICy offered closer adsorption sites of the phenyl group and cyclohexenone on the Rh 

cluster and facilitated the C−C bond formation of the two moieties, resulting in the 

changes in the cascade reaction mechanism for the C−C bond formation step, which was 

proposed by DFT calculations. The current findings will advance the field of catalyst 

activation by the coordination-induced trigger with NHCs on more complicated 

heterogeneous catalyst systems.  
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4.5. Advanced interdisciplinary research in this study 

In this study, it is the significant challenges to clarify the interaction of NHC ligands 

with active surface metal species and its influence to catalytic activity. To address these 

challenges, I conducted advanced interdisciplinary research collaborated with the fields 

of surface chemistry, computational chemistry, and organic chemistry. 

Since ICy-r-Cr0.19Rh0.06CeOz had a trace amount of ICy ligands (0.8 wt%), surface-

sensitive structural characterization such as XPS was necessary to determine the surface 

coordination structure of the NHC ligands. XPS surface analysis of ICy-r-

Cr0.19Rh0.06CeOz was strong and indispensable evidence of the direct interaction of the 

ICy ligands with the Rh nanoclusters by comparison with reference samples. XPS also 

revealed not only the chemical state of the surface NHC ligands but also the electronic 

state of the Rh nanoclusters, indicating that electron donation from the ICy ligand to the 

Rh nanoclusters is negligible. 

In general, heterogeneous catalysts have complicated surface structures, and it is 

difficult to rigorously determine the active structure on the surface. Multi structural 

analysis can estimate the average active surface structure. DFT calculations of 

experimentally estimated model structures are greatly powerful tools to reveal local 

coordination structures and electronic states of the catalysts. ICy-Rh4/CeO2 model 

structure of ICy-r-Cr0.19Rh0.06CeOz was optimized by DFT and it was revealed that ICy 

coordinated to a bridge site of the Rh nanocluster. Bader charge analysis supported the 

experimental results of the negligible electron donation from the ICy carbene to the Rh 

nanocluster. Furthermore, advanced reaction pathway calculations allowed to estimate the 

active structures of reaction intermediates that could not be revealed experimentally 

because XPS is not applicable to liquid-phase reactions. 

Suggestions from an organic chemistry perspective made this study more rewarding. 

The heterogeneity tests provided fundamental evidence that the catalytic reaction 

heterogeneously proceeded on the catalyst surface. In addition, examination of substrate 

scope justified the utility on the heterogeneous catalysis. Furthermore, the reciprocal 

provision of some NHC ligands from Professor Glorius’ laboratory and heterogeneous 

Rh catalysts form our laboratory stimulated and advanced each other’s research. 

Through the above advanced interdisciplinary research, I was able to propose a new 

concept of coordination-induced trigger for activity, which could not be uncovered only 

in my own research field. 
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4.6. NMR charts 

 

Figure 4.30. (A) 1H NMR of isolated ICy carbene (600 MHz, toluene-d8). d = 6.56 (s, 

2H, NCHCHN), 4.02 (tt, 2H, J = 11.7, 3.0 Hz, NCH), 2.03-2.00 (m, 2H, CH2), 1.66-1.59 

(m, 4H, CH2), 1.49-1.47 (m, 2H, CH2), 1.20-1.13 (m, 4H, CH2), 1.07-0.99 (m, 2H, CH2). 

(B) 13C NMR of isolated ICy carbene (150 MHz, toluene-d8). d = 213.0 (NCN), 115.7 

(NCHCHN), 60.0 (NCH), 35.3 (CH2), 26.1 (CH2), 26.0 (CH2). (C) 1H NMR (600 MHz) 

of ICy carbene in situ generated in toluene-d8. Reaction conditions: ICy·HBF4 (0.01 

mmol), KOtBu (0.02 mmol), 0.5 mM adamantane solution in toluene-d8 (1.0 mL), under 

Ar. Signals of adamantane: d = 1.83 (m, 4H, CH), 1.73 (t, 12H, CH2).  
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Figure 4.30. [Continued] (A) 1H NMR of isolated ICy carbene (600 MHz, toluene-d8). d 

= 6.56 (s, 2H, NCHCHN), 4.02 (tt, 2H, J = 11.7, 3.0 Hz, NCH), 2.03-2.00 (m, 2H, CH2), 

1.66-1.59 (m, 4H, CH2), 1.49-1.47 (m, 2H, CH2), 1.20-1.13 (m, 4H, CH2), 1.07-0.99 (m, 

2H, CH2). (B) 13C NMR of isolated ICy carbene (150 MHz, toluene-d8). d = 213.0 (NCN), 

115.7 (NCHCHN), 60.0 (NCH), 35.3 (CH2), 26.1 (CH2), 26.0 (CH2). (C) 1H NMR (600 

MHz) of ICy carbene in situ generated in toluene-d8. Reaction conditions: ICy·HBF4 

(0.01 mmol), KOtBu (0.02 mmol), 0.5 mM adamantane solution in toluene-d8 (1.0 mL), 

under Ar. Signals of adamantane: d = 1.83 (m, 4H, CH), 1.73 (t, 12H, CH2). 
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Isolated products in 1,4-arylation reaction 

 

3-Phenylcyclohexanone 

1H NMR (600 MHz, CDCl3): d = 7.33 (t, 2H, J = 7.5 Hz), 7.26-7.22 

(m, 3H), 3.01 (tt, 1H, J = 12.0, 3.6 Hz), 2.61-2.35 (m, 4H), 2.17-2.08 

(m, 2H), 1.89-1.77 (m, 2H). 
13C NMR (150 MHz, CDCl3): d = 211.0, 144.4, 128.7, 126.7, 126.6, 

49.0, 44.8, 41.2, 32.8, 25.6. 

Eluent: 6% ethyl acetate in n-hexane 

 

5-Phenylhexan-3-one 

1H NMR (600 MHz, CDCl3): d = 7.29 (t, 2H, J = 7.8 Hz), 7.21-7.19 

(m, 3H), 3.34-3.30 (m, 1H), 2.74-2.61 (m, 2H), 2.37-2.27 (m, 2H), 

1.26 (d, 3H, J = 6.6 Hz), 0.98 (t, 3H, J = 7.2 Hz). 
13C NMR (150 MHz, CDCl3): d = 210.5, 146.3, 128.5, 126.8, 126.3, 

50.8, 36.7, 35.5, 22.0, 7.6. 

Eluent: 5% ethyl acetate in n-hexane 

 

4,4-Diphenylbutan-2-one 

1H NMR (600 MHz, CDCl3): d = 7.28-7.25 (m, 4H), 7.22-7.21 (m, 

4H), 7.18-7.16 (m, 2H), 4.58 (t, 1H, J = 7.5 Hz), 3.18 (d, 2H, J = 7.2 

Hz), 2.07 (s, 1H). 
13C NMR (150 MHz, CDCl3): d = 206.9, 143.8, 128.6, 127.7, 126.5, 

49.7, 46.1, 30.6. 

Eluent: 6% ethyl acetate in n-hexane 

 

3-(4-Methoxyphenyl)cyclohexanone 

1H NMR (600 MHz, CDCl3): d = 7.14 (d, 2H, J = 8.4 Hz), 6.87 

(d, 2H, 9.0 Hz), 3.80 (s, 3H), 2.97 (tt, 1H, 11.7, 3.6 Hz), 2.59-

2.34 (m, 4H), 2.16-2.05 (m, 2H), 1.85-1.74 (m, 2H). 
13C NMR (150 MHz, CDCl3): d = 211.2, 158.3, 136.6, 127.5, 

114.0, 55.3, 49.3, 44.0, 41.2, 33.0. 25.5. 

Eluent: 13% ethyl acetate in n-hexane 
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Figure 4.31. (A) 1H NMR (600 MHz, CDCl3) and (B) 13C NMR (150 MHz, CDCl3) of 

3-phenylcyclohexanone. 

  



 

208 

 

 

Figure 4.32. (A) 1H NMR (600 MHz, CDCl3) and (B) 13C NMR (150 MHz, CDCl3) of 

5-phenylhexan-3-one. 
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Figure 4.33. (A) 1H NMR (600 MHz, CDCl3) and (B) 13C NMR (150 MHz, CDCl3) of 

4,4-diphenylbutan-2-one. 
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Figure 4.34. (A) 1H NMR (600 MHz, CDCl3) and (B) 13C NMR (150 MHz, CDCl3) of 

3-(4-methoxyphenyl)-cyclohexanone. 
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I have designed ceria-based catalysts by modulating Rh species with Cr oxides and 

by decorating with NHC ligands and demonstrated that the fine modification of active 

surface structures can bring about the enhancement of catalytic activity. Incorporated 

multiple transition metal species of Cr and Rh produced not only concertedly active redox 

properties of CeO2 but also highly dispersed cooperative active sites, resulting in 

enhanced the catalytic performances with oxygen transfer. NHC ligands coordinated to 

Rh nanoclusters formed by the assist of Cr oxides and the concerted coordination structure 

triggered catalytic activity for C-C bond formation reaction. 

In chapter 2, a ceria-based catalyst incorporated with Cr and a trace amount of Rh 

(Cr0.19Rh0.06CeOz) was prepared by a hydrothermal method. The Cr0.19Rh0.06CeOz oxide 

had the structure that Cr6-O3-x nanodomains and Rh3+ species were dispersed on the 

surface of fluorite CeO2, which were characterized by HAADF-STEM-EDS/EELS, 

XAFS, and XPS. It was found that Cr0.19Rh0.06CeOz exhibited the remarkable and 

reversible low-temperature redox properties at < 373 K. In situ XAFS and in situ AP-XPS 

characterizations during the redox processes clarified that not only Cr and Rh but also Ce 

cooperatively involved in the low-temperature redox processes of the Cr0.19Rh0.06CeOz. 

The dispersed Rh3+ species was transformed to Rh nanoclusters under the H2 reduction, 

and the formation of the Rh nanoclusters promoted the dual reductions of the Cr and Ce 

oxides. 

In chapter 3, the reversible low-temperature redox activity of Cr0.19Rh0.06CeOz was 

found to lead to the efficient catalysis for the complete reduction of NO with high N2 

selectivity at 473 K. The Cr0.19Rh0.06CeOz catalyst exhibited higher NO conversion and 

N2 selectivity below 473 K than those of Rh0.04CeOz and Cr0.17CeOz, indicating 

cooperative catalytic enhancement by Cr and Rh species. Cr0.19Rh0.06CeOz also showed 

the remarkable durability for the NO reduction at 473 K for up to 216 h without large 

agglomeration of the dispersed Cr and Rh species. In situ FT-IR and in situ XAFS 

characterizations provided mechanistic insights for understanding the roles of Cr and Rh 

in the NO reduction with CO. The Cr oxides played a key role not only to generate the 

highly dispersed Rh species, responsible for the co-activation of CO and NO, but also to 

transfer the oxygen species from the cleaved NO to CO on the CeO2 surface, resulting in 

the promotion of the efficient NO reduction with CO at the low temperature. 

In chapter 4, the coordination-induced trigger for catalytic activity by the decoration 

of heterogeneous structure with NHC ligands was found. ICy-decorated Cr0.19Rh0.06CeOz 

reduced with H2 (ICy-r-Cr0.19Rh0.06CeOz) was prepared by a direct decoration method 

with in situ generated ICy carbene. ICy ligand was grafted keeping a carbene structure, 
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and mainly interacted with Rh nanoclusters of r-Cr0.19Rh0.06CeOz, which was revealed by 

XAFS, FT-IR, XPS, and PL spectroscopy. ICy-r-Cr0.19Rh0.06CeOz exhibited catalytic 

activities for the 1,4-arylation of cyclohexenone with phenylboronic acid, which was not 

catalyzed by r-Cr0.19Rh0.06CeOz without ICy decoration and ICy·HBF4-r-Cr0.19Rh0.06CeOz 

without ICy carbene formation. ICy-r-Rh0.04CeOz showed low catalytic activity, and ICy-

r-Cr0.17CeOz and ICy-r-CeOz without the Rh species provided no products. The catalytic 

performances thus suggested that the interaction of the ICy carbene with the Rh 

nanoclusters was essential for the induction of the catalytic activity. ICy ligands more 

efficiently enhanced the catalytic activity compared with the other NHC ligands (IMe, 

ItBu, IBn, and IMes). The induction of the catalytic activity could not be attributed to the 

electronic donation effect of ICy to Rh nanoclusters, which was characterized by Rh K-

edge XANES and Rh 3d XPS. DFT calculations of the modelled ICy-decorated surface 

Rh nanocluster suggested that the ICy carbene manipulated adsorption sites of the phenyl 

group close to cyclohexenone on the Rh cluster, and prompted the C−C bond formation 

of the phenyl group and cyclohexenone. 

Briefly, in the present thesis, I have demonstrated that the modification with multiple 

metal species and organic ligands creates novel active structures on the catalyst surface 

and brings about the remarkable catalytic activities. The current findings will cultivate 

heterogeneous mixed metal oxide catalysis and advance the strategies of catalyst 

activation in more complicated heterogeneous catalyst systems by the addition of third or 

fourth redox active metal ions and by the coordination-induced trigger with other types 

of NHC ligands. 
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