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ǥǴǶǡǱǩǲǳǩǥǲ 

ǧ ȏȀȐȎȜȒȀ ȃȈȃȀȉȓȎȐȈȉǽ ȃȈȀȓȐȈȁǽ ȃȄȌ ȇȀ ȄǾȖȄ ȎȊȎȉȊȆȐȘȇȄǾ ȖȘȐǾȑ ȓȆ ȒȓǽȐȈȍȆ ȉȀȈ ȓȆ 

ȒȏȎȔȃȀǾȀ ȒȔȋȁȎȊǽ ȎȐȈȒȋǼȌȘȌ ȀȌȇȐȝȏȘȌ, ȓȎȔȑ ȎȏȎǾȎȔȑ ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȋǼȒȀ 

Ȁȏ' ȓȆȌ ȉȀȐȃȈǻ ȋȎȔ. 

ǰȐȘȓǾȒȓȘȑ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȎȊțȇȄȐȋȀ ȉȀȈ ȌȀ ȄȉȕȐǻȒȘ ȓȆȌ ȄȔȂȌȘȋȎȒȜȌȆ 

ȋȎȔ ȒȓȎȌ ȄȏȈȁȊǼȏȎȌȓȀ ǪȀȇȆȂȆȓǽ ȋȎȔ ǬȈȖǻȊȆ ǪȎȌȒȎȊǻȉȆ ȂȈȀ ȓȆȌ ȄȋȏȈȒȓȎȒȜȌȆ ȏȎȔ 

ȋȎȔ ǼȃȄȈȍȄ, ȄȌȓǻȒȒȎȌȓǻȑ ȋȄ ȒȓȆȌ ȄȐȄȔȌȆȓȈȉǽ ȓȎȔ ȎȋǻȃȀ. ǧ ȀȃȈǻȉȎȏȆ ȉȀȇȎȃǽȂȆȒǽ ȓȎȔ 

ȉȀȈ ȎȈ ȏȎȊȜȓȈȋȄȑ ȂȌȝȒȄȈȑ ȓȎȔ ȔȏǽȐȍȀȌ ȉȀȓȀȊȔȓȈȉȎǾ ȏȀȐǻȂȎȌȓȄȑ ȂȈȀ ȓȆȌ 

ȏȐȀȂȋȀȓȎȏȎǾȆȒȆ ȓȆȑ ȏȀȐȎȜȒȀȑ ȃȈȃȀȉȓȎȐȈȉǽȑ ȃȈȀȓȐȈȁǽȑ. ǯ ȅǽȊȎȑ ȉȀȈ Ȇ ȀȉȎȜȐȀȒȓȆ 

ȃȈǻȇȄȒȆ ȏȎȔ ȄȏȈȃȄȈȉȌȜȄȈ ȒȓȎȔȑ ȓȎȋȄǾȑ ȓȆȑ ǼȐȄȔȌȀȑ ȉȀȈ ȓȆȑ ȄȉȏȀǾȃȄȔȒȆȑ ȀȏȎȓȄȊȎȜȌ 

ȕȘȓȄȈȌǻ ȏȀȐȀȃȄǾȂȋȀȓȀ ȏȐȎȑ țȊȎȔȑ ȋȀȑ. ǥȏǾȒȆȑ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȓȎȌ 

ǪȀȇȆȂȆȓǽ ǭȈȉțȊȀȎ ǪȀȊȊǾȇȐȀȉȀ-ǪțȌȓȎ (ǰȎȊȔȓȄȖȌȄǾȎ ǪȐǽȓȆȑ) ȂȈȀ ȓȆ ȒȓǽȐȈȍǽ ȓȎȔ ȉȀȈ 

ȓȆȌ ǻȗȎȂȆ ȒȔȌȄȐȂȀȒǾȀ ȋȀȑ țȊȀ ȀȔȓǻ ȓȀ ȖȐțȌȈȀ, ȄȉȕȐǻȅȎȌȓȀȑ ȓȀȔȓțȖȐȎȌȀ ȓȆ ȁȀȇȈǻ 

ȋȎȔ ȄȉȓǾȋȆȒȆ ȉȀȈ ȓȎȌ ȒȄȁȀȒȋț ȋȎȔ ȒȓȎ ȏȐțȒȘȏț ȓȎȔ. 

ǥȏȈȏȊǼȎȌ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȓȎȌ ǪȀȇȆȂȆȓǽ ǣȄȝȐȂȈȎ ǬȀȐȌǼȊȊȎ 

(ǰȀȌȄȏȈȒȓǽȋȈȎ ǤȔȓȈȉǽȑ ǬȀȉȄȃȎȌǾȀȑ, ȋǼȊȎȑ ȓȆȑ ȓȐȈȋȄȊȎȜȑ ȄȏȈȓȐȎȏǽȑ) ȂȈȀ ȓȆȌ 

ȄȏȈȒȓȆȋȎȌȈȉǽ ȉȀȇȎȃǽȂȆȒȆ ȉȀȈ ȓȆ ȒȓǽȐȈȍǽ ȓȎȔ ȉȀȓǻ ȓȆ ȃȈǻȐȉȄȈȀ ȓȆȑ ȃȈȃȀȉȓȎȐȈȉǽȑ 

ȃȈȀȓȐȈȁǽȑ. ǚȏȄȈȓȀ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȓȆȌ ǪȜȐȈȀ ǥȐȄȔȌǽȓȐȈȀ ǤȐ. ǥȊǼȌȆ 

ǧȊȈȎȏȎȜȊȎȔ (ǩȌȒȓȈȓȎȜȓȎ ǶȆȋȈȉȝȌ ǤȈȄȐȂȀȒȈȝȌ ȉȀȈ ǥȌȄȐȂȄȈȀȉȝȌ ǰțȐȘȌ (ǩǤǥǰ), 

ǥǪǥǳǡ, ȋǼȊȎȑ ȓȆȑ ȓȐȈȋȄȊȎȜȑ ȄȏȈȓȐȎȏǽȑ) ȂȈȀ ȓȆȌ ȄȏȈȒȓȆȋȎȌȈȉǽ ȒȔȋȁȎȊǽ ȓȆȑ ȒȓȆȌ 

ȏȀȐȎȜȒȀ ȃȈȃȀȉȓȎȐȈȉǽ ȃȈȀȓȐȈȁǽ. 

ǥȏǾȒȆȑ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȓȎȌ ǪȀȇȆȂȆȓǽ ǲȏȜȐȎ ǰȀȏȀȄȔȇȔȋǾȎȔ (ǰȎȊȔȓȄȖȌȄǾȎ 

ǪȐǽȓȆȑ) ȉȀȈ ȓȎȌ ǪȀȇȆȂȆȓǽ ǪȘȌȒȓȀȌȓǾȌȎ ǳȐȈȀȌȓȀȕȔȊȊǾȃȆ (ǡȐȈȒȓȎȓǼȊȄȈȎ ǰȀȌȄȏȈȒȓǽȋȈȎ 

ǨȄȒȒȀȊȎȌǾȉȆȑ) ȂȈȀ ȓȆ ȒȓǽȐȈȍȆ ȉȀȈ ȓȆ ȒȔȋȁȎȊǽ ȓȎȔȑ ȒȓȎ ȏȊȀǾȒȈȎ ȓȆȑ ȏȀȐȎȜȒȀȑ 

ȃȈȃȀȉȓȎȐȈȉǽȑ ȃȈȀȓȐȈȁǽȑ. 

ǲȄ ȀȔȓț ȓȎ ȒȆȋȄǾȎ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȓȎȔȑ ȀȌȇȐȝȏȎȔȑ ȋȄ ȓȎȔȑ ȎȏȎǾȎȔȑ 

ȒȔȌȄȐȂǻȒȓȆȉȀ ȒȓȎȔȑ ȓȎȋȄǾȑ ȓȎȔ ȖȀȐȀȉȓȆȐȈȒȋȎȜ ȔȊȈȉȝȌ ȉȀȈ ȓȘȌ ȉȀȓȀȊȔȓȈȉȝȌ ȃȎȉȈȋȝȌ. 

ǧ ȒȔȋȁȎȊǽ ȓȘȌ ȀȌȇȐȝȏȘȌ ȀȔȓȝȌ ȔȏǽȐȍȄ ȉȀȇȎȐȈȒȓȈȉǽ ȂȈȀ ȓȆȌ ȏȐȀȂȋȀȓȎȏȎǾȆȒȆ ȓȆȑ 

ȃȈȃȀȉȓȎȐȈȉǽȑ ȀȔȓǽȑ ȃȈȀȓȐȈȁǽȑ. ǥȔȖȀȐȈȒȓȝ ȇȄȐȋǻ ȓȆȌ ǪȀȇȆȂǽȓȐȈȀ S·nia A.C. 

Carabineiro (Nova University of Lisbon), ȓȎȌ ǪȜȐȈȎ ǥȐȄȔȌȆȓǽ ǤȐ. ǰȀȜȊȎ ǰȀȌȃǽ 

(ǥȇȌȈȉț ȉȀȈ ǪȀȏȎȃȈȒȓȐȈȀȉț ǰȀȌȄȏȈȒȓǽȋȈȎ ǡȇȆȌȝȌ) ȉȀȈ ȓȎȌ ǪȀȇȆȂȆȓǽ ǢȀȒǾȊȆ 

ǲȓȀȇțȏȎȔȊȎ (ǥȇȌȈȉț ȉȀȈ ǪȀȏȎȃȈȒȓȐȈȀȉț ǰȀȌȄȏȈȒȓǽȋȈȎ ǡȇȆȌȝȌ) ȂȈȀ ȓȆȌ ǻȗȎȂȆ 



 
 

ȒȔȌȄȐȂȀȒǾȀ ȋȀȑ ȉȀȈ ȓȆ ȒȆȋȀȌȓȈȉǽ ȓȎȔȑ ȒȔȋȁȎȊǽ ȒȓȆȌ ȔȊȎȏȎǾȆȒȆ ȓȆȑ ȏȀȐȎȜȒȀȑ 

ȃȈȃȀȉȓȎȐȈȉǽȑ ȃȈȀȓȐȈȁǽȑ. ǥȏǾȒȆȑ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȎȊțȇȄȐȋȀ ȓȆȌ ȔȏȎȗǽȕȈȀ 

ȃȈȃǻȉȓȎȐȀ ǲȎȕǾȀ ǲȓǼȕȀ (ǰȎȊȔȓȄȖȌȄǾȎ ǪȐǽȓȆȑ) ȂȈȀ ȓȆȌ ȓȄȐǻȒȓȈȀ ȒȔȋȁȎȊǽ ȓȆȑ ȒȓȎȌ 

ȓȎȋǼȀ ȓȎȔ ȖȀȐȀȉȓȆȐȈȒȋȎȜ ȔȊȈȉȝȌ ȉȀȈ ȂȈȀ ȓȆȌ ǻȗȎȂȆ ȒȔȌȄȐȂȀȒǾȀ ȏȎȔ ǼȖȎȔȋȄ țȊȀ ȀȔȓǻ 

ȓȀ ȖȐțȌȈȀ. ǥȏȈȏȊǼȎȌ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȓȎȔȑ ȔȏȎȗǽȕȈȎȔȑ ȃȈȃǻȉȓȎȐȄȑ ǨȀȌǻȒȆ 

ǫȀȋȏȐțȏȎȔȊȎ (ǰȀȌȄȏȈȒȓǽȋȈȎ ǤȔȓȈȉǽȑ ǬȀȉȄȃȎȌǾȀȑ) ȉȀȈ ǣȄȝȐȂȈȎ ǢȀȐȁȎȜȓȆ 

(ǰȀȌȄȏȈȒȓǽȋȈȎ ǤȔȓȈȉǽȑ ǬȀȉȄȃȎȌǾȀȑ) ȂȈȀ ȓȆȌ ȄȍȀȈȐȄȓȈȉǽ ȒȔȌȄȐȂȀȒǾȀ ȉȀȈ ȓȆȌ ȉȀǾȐȈȀ 

ȒȔȋȁȎȊǽ ȓȎȔȑ ȒȓȀ ȉȀȓȀȊȔȓȈȉǻ ȏȄȈȐǻȋȀȓȀ. 

ǥȌ ȒȔȌȄȖȄǾȀ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȓȎ ȒȜȌȓȐȎȕț ȋȎȔ ǵǾȊȈȏȏȎ ȂȈȀ ȓȆȌ ȀȋȄǾȘȓȆ 

ȒȓǽȐȈȍǽ ȓȎȔ ȉȀȇ' țȊȆ ȓȆȌ ȏȎȐȄǾȀ ȓȆȑ ȃȈȃȀȉȓȎȐȈȉǽȑ ȋȎȔ ȃȈȀȓȐȈȁǽȑ. 

ǳǼȊȎȑ, ȇȀ ǽȇȄȊȀ ȌȀ ȄȔȖȀȐȈȒȓǽȒȘ ȎȊțȗȔȖȀ ȓȎȔȑ ȂȎȌȄǾȑ ȋȎȔ ǲȎȕǾȀ ȉȀȈ ǣȈǻȌȌȆ ȉȀȈ ȓ' 

ȀȃǼȐȕȈȀ ȋȎȔ ǤȈȎȌȜȒȆ ȉȀȈ ǱȄȌǻȓȀ ȂȈȀ ȓȆȌ ȀȃȈǻȉȎȏȆ ȒȓǽȐȈȍȆ ȉȀȈ ȓȆȌ ȄȌȇǻȐȐȔȌȒǽ ȓȎȔȑ, 

țȌȓȀȑ ȏȐȀȂȋȀȓȈȉȎǾ ȒȔȌȎȃȎȈȏțȐȎȈ ȒȄ ȉǻȇȄ ȋȎȔ ȁǽȋȀ. 

 
ǬȀȐǾȀ ǫȔȉǻȉȆ 
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SHORT ABSTRACT 

The rational design and development of highly-active and cost-efficient catalysts for energy 

and environmental applications constitutes the main research pillar in the area of 

heterogeneous catalysis. In this perspective, the present thesis aims at the fine-tuning of 

noble metal (NMs)-free metal oxide catalysts, such as ceria-based transition metal catalysts 

(MxOy/CeO2, where M stands for Cu, Co, Fe, Ni) by means of advanced synthetic and/or 

promotional routes. It was clearly revealed that the adjustment of size, shape and electronic 

state of ceria-based metal oxides (MOs) can exert a profound influence on the reactivity of 

metal sites as well as on metal-support interfacial activity, offering extremely active and 

stable materials for various applications, such as CO oxidation, N2O decomposition and CO2 

hydrogenation to value-added products. 

In the framework of the present thesis, the effect of the preparation method (thermal 

decomposition, precipitation, hydrothermal) on the solid state properties and the CO 

oxidation performance of bare ceria nanoparticles was initially investigated. The superiority 

of the hydrothermal method towards the development of ceria nanoparticles of high specific 

surface area (> 90 m2 g 1), well-defined morphology and enhanced redox properties was 

clearly disclosed. Interestingly, a direct quantitative relationship was established between 

the catalytic activity and the abundance of weakly bound labile oxygen species. 

Driven by the aforementioned results, our research efforts were next focused on the 

hydrothermal synthesis of ceria nanoparticles of specific morphology, i.e., nanorods (NR), 

nanopolyhedra (NP), nanocubes (NC). Then, the different ceria nanostructures were at first 

used as supporting carriers for Cu and Fe active phases in order to gain insight into the effect 

of ceria shape on the structural defects, the surface chemistry and consequently on the CO 

oxidation performance. The superiority of the rod-shaped samples, exposing the {100}/{110} 

crystal facets, was once more revealed, as they exhibited enhanced reducibility and oxygen 

exchange kinetics, linked to synergistic metal-support interactions. The key role of ceria 

morphology on the reducibility and oxygen mobility, following the sequence: NR > NP > NC, 

was revealed, without however being affected by the addition of the metal phase, 

demonstrating the pivotal role of support morphology. A perfect relationship between the 

catalytic performance and the following parameters was disclosed, on the basis of a Mars-

van Krevelen mechanism: i) abundance of weakly bound oxygen species, ii) relative 

population of Cu+/Ce3+ redox pairs, iii) relative abundance of defects and oxygen vacancies. 

Next, the impact of support morphology and alkali promotion was explored towards the 

development of highly active catalysts for N2O decomposition. In particular, the effect of 



ii 

ceria morphology on the physicochemical properties and the N2O decomposition (deN2O) 

performance of cobalt-ceria mixed oxides was explored. Cobalt-ceria nanorods exhibited the 

best catalytic behaviour (100% N2O conversion at 500 oC) due to their abundance in Co2+ 

active sites and Ce3+ species in conjunction to their improved reducibility, oxygen kinetics 

and surface area. 

Towards the rational design of highly active catalytic composites, the fine-tuning of local 

surface chemistry of Cu/CeO2 mixed oxides by means of synthesis procedure and alkali (Cs) 

promotion was next investigated. It was found that the co-optimization of the synthesis 

procedure (co-precipitation) and alkali loading (1.0 at Cs per nm2) can boost the deN2O 

performance and resistance to O2 inhibition. The superiority of Cs-doped samples was 

mainly ascribed to the electronic effect of alkali promoter towards the stabilization of 

partially reduced Cu+/Ce3+ pairs, which play a key role in the deN2O process following a 

redox-type mechanism. 

In the sequence, the combined effect of ceria morphology and active phase nature on the 

physicochemical properties and the CO2 hydrogenation performance over ceria-based 

transition metal catalysts (M/CeO2, M: Fe, Co, Cu, Ni) was investigated. Independently of the 

support morphology, the conversion of CO2 followed the order: Ni/CeO2 > Co/CeO2 > 

Cu/CeO2 > Fe/CeO2 > CeO2. Also, it ought to be mentioned that bare ceria, Cu/CeO2 and 

Fe/CeO2 samples were very active and selective for CO production, whereas Co/CeO2 and 

Ni/CeO2 catalysts were highly active and selective towards methane (CH4). 

Through the present thesis, the pivotal role of support morphology and alkali promotion on 

the solid state properties, metal-support interactions and in turn, on the catalytic 

performance of ceria-based mixed oxides was unambiguously revealed. 

More importantly, the fine-tuning of size, shape and electronic state can notably affect not 

only the reactivity of metal sites but also the interfacial activity (e.g., through the formation 

of oxygen vacancies and the facilitation of redox interplay between the metal and the 

support) offering a synergistic contribution towards the development of highly active 

composites. Through the proposed optimization approach extremely active and cost-

efficient catalytic materials were obtained for CO oxidation, N2O decomposition and CO2 

hydrogenation reactions, being among the most active reported so far in open literature. 

The general optimization framework followed in the present thesis can provide the design 

principles towards the development of earth-abundant metal oxides for various energy and 

environmental applications paving also the way for the decrease of noble metals content in 

NMs-based catalysts.  
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ʅʇɿʆʁɾɶ ʃɳʄɹɽɶʌɶ 

ʁ ˇˊʻˇ˂ˇʴʽˁˈˌ ˋ˔ʶʵʽʰˋ˃ˈˌ ˁʰʽ ʹ ʰ˄ʱˉˍˎ˅ʹ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁ˗˄ ˁʰʽ ˋˎ˄ʱ˃ʰ ˇʽˁˇ˄ˇ˃ʽˁ˗˄ 

ˁʰˍʰ˂ˎˍʽˁ˗˄ ˋˎˋˍʹ˃ʱˍ˖˄ ʴʽʰ ʶ˄ʶˊʴʶʽʰˁʷˌ ˁʰʽ ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌ ʰˉˇˍʶ˂ʶʾ ˍˇ˄ 

ˁˏ ˊʽˇ ʶˊʶˎ˄ʹˍʽˁˈ ˉˎ˂˗˄ʰ ˋˍˇ˄ ˍˇ˃ʷʰ ˍʹˌ ʶˍʶˊˇʴʶ˄ˇˏˌ ˁʰˍʱ˂ˎˋʹˌΦ ʃˊˇˌ ʰˎˍʺ ˍʹ˄ 

ˁʰˍʶˏʻˎ˄ˋʹΣ ˋˍˈ˔ˇ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ ʰˉˇˍʶ˂ʶʾ ʹ ˁʰˍʱ˂˂ʹ˂ʹ 

ˍˊˇˉˇˉˇʾʹˋʹ ˁʰˍʰ˂ˎˍ˗˄ ˃ʶˍʰ˂˂ˇ˅ʶʽʵʾ˖˄ ʰˉʰ˂˂ʰʴ˃ʷ˄˖˄ ʶˎʴʶ˄˗˄ ˃ʶˍʱ˂˂˖˄Σ ˈˉ˖ˌ 

˃ʶˍʱ˂˂˖˄ ˃ʶˍʱˉˍ˖ˋʹˌ ˎˉˇˋˍʹˊʽʴ˃ʷ˄˖˄ ˋʶ ˇ˅ʶʾʵʽˇ ˍˇˎ ʵʹ˃ʹˍˊʾˇˎ (MxOy/CeO2, ˈˉˇˎ ˍˇ M 

ʰ˄ˍʽˉˊˇˋ˖ˉʶˏʶʽ ˍʰ Cu, Co, Fe, Ni)Σ ˃ʷˋ˖ ˉˊˇʹʴ˃ʷ˄˖˄ ˃ʶʻˈʵ˖˄ ˋˏ˄ʻʶˋʹˌ ʺκˁʰʽ 

ˉˊˇ˗ʻʹˋʹˌΦ ɳʽʵʽˁˈˍʶˊʰΣ ʹ ˍˊˇˉˇˉˇʾʹˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌΣ ˍˇˎ ˋ˔ʺ˃ʰˍˇˌ ˁʰʽ ˍʹˌ ʹ˂ʶˁˍˊˇ˄ʽʰˁʺˌ 

ˁʰˍʱˋˍʰˋʹˌ ˍˇˎ ˒ˇˊʷʰ ʺκˁʰʽ ˍʹˌ ʶ˄ʶˊʴˇˏˌ ˒ʱˋʶ˖ˌ ˃ˉˇˊʶʾ ˄ʰ ʶˉʹˊʶʱˋʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˈ˔ʽ 

˃ˈ˄ˇ ˍʹ ʵˊʰˋˍʽˁˈˍʹˍʰ ˍ˖˄ ˃ʶˍʰ˂˂ʽˁ˗˄ ˁʷ˄ˍˊ˖˄Σ ʰ˂˂ʱ ˁʰʽ ˍʹ ʵʽʶˉʽ˒ʰ˄ʶʽʰˁʺ ʶ˄ʶˊʴˈˍʹˍʰΣ 

ˇʵʹʴ˗˄ˍʰˌ ˋʶ ʶ˅ʰʽˊʶˍʽˁʱ ʶ˄ʶˊʴʱ ˁʰʽ ˋˍʰʻʶˊʱ ˎ˂ʽˁʱ ʴʽʰ ˉˇʽˁʾ˂ʶˌ ʶ˒ʰˊ˃ˇʴʷˌΣ ˈˉ˖ˌ ʹ 

ˇ˅ʶʾʵ˖ˋʹ ˍˇˎ CO, ʹ ʵʽʱˋˉʰˋʹ ˍˇˎ ɿ2ʁ ˁʰʽ ʹ ˎʵˊˇʴˈ˄˖ˋʹ ˍˇˎ CO2 ˉˊˇˌ ˉˊˇʿˈ˄ˍʰ ˎ˕ʹ˂ʺˌ 

ˉˊˇˋˍʽʻʷ˃ʶ˄ʹˌ ʰ˅ʾʰˌΦ 

ɳˉʾ ˍʹ ʲʱˋʹ ˍ˖˄ ʰ˄˖ˍʷˊ˖Σ ˋˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌΣ ˃ʶ˂ʶˍʺʻʹˁʶ 

ʰˊ˔ʽˁʱ ʹ ʶˉʾʵˊʰˋʹ ˍʹˌ ˃ʶʻˈʵˇˎ ˋˏ˄ʻʶˋʹˌ όʻʶˊ˃ʽˁʺ ʵʽʱˋˉʰˋʹΣ ˁʰˍʰʲˏʻʽˋʹΣ ˎʵˊˇʻʶˊ˃ʽˁʺύ 

ˋˍʽˌ ʽʵʽˈˍʹˍʶˌ ˋˍʶˊʶʱˌ ˁʰˍʱˋˍʰˋʹˌ ˁʰʽ ˋˍʹ˄ ʰˉˈʵˇˋʹ ˇ˅ʶʾʵ˖ˋʹˌ ˍˇˎ CO ̀ ʶ ˄ʰ˄ˇ-ˋ˖˃ʰˍʾʵʽʰ 

ʵʹ˃ʹˍˊʾʰˌΦ ɶ ʰ˄˖ˍʶˊˈˍʹˍʰ ˍʹˌ ˎʵˊˇʻʶˊ˃ʽˁʺˌ ˃ʶʻˈʵˇˎ ˖ˌ ˉˊˇˌ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˄ʰ˄ˇ-

ˋ˖˃ʰˍʽʵʾ˖˄ ʵʹ˃ʹˍˊʾʰˌ ˎ˕ʹ˂ʺˌ ʶʽʵʽˁʺˌ ʶˉʽ˒ʱ˄ʶʽʰˌ (> 90 m2 g 1), ˁʰʻˇˊʽˋ˃ʷ˄ʹˌ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˁʰʽ ʲʶ˂ˍʽ˖˃ʷ˄˖˄ ʰ˄ʰʴ˖ʴʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˁʰˍʷˋˍʹ ʶ˃˒ʰ˄ʺˌΦ ɳˉʽˉ˂ʷˇ˄Σ 

ʰ˄ʰʵʶʾ˔ʻʹˁʶ ˃ʽʰ ʱ˃ʶˋʹ ˉˇˋˇˍʽˁʺ ˋ˔ʷˋʹ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ʶ˄ʶˊʴˈˍʹˍʰ ˁʰʽ ˍʹ˄ 

ʰ˒ʻˇ˄ʾʰ ˋʶ ʰˋʻʶ˄˗ˌ ˋˎ˄ʵʶʵʶ˃ʷ˄ʰ ʶʾʵʹ ˇ˅ˎʴˈ˄ˇˎΦ 

ʁˊ˃˗˃ʶ˄ˇʽ ʰˉˈ ˍʰ ˉˊˇʰ˄ʰ˒ʶˊʻʷ˄ˍʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰΣ ˇʽ ʶˊʶˎ˄ʹˍʽˁʷˌ ˃ʰˌ ˉˊˇˋˉʱʻʶʽʶˌ 

ʶˉʽˁʶ˄ˍˊ˗ʻʹˁʰ˄ ˋˍʹ˄ ˎʵˊˇʻʶˊ˃ʽˁʺ ˋˏ˄ʻʶˋʹ ˄ʰ˄ˇ-ˋ˖˃ʰˍʽʵʾ˖˄ ʵʹ˃ʹˍˊʾʰˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌΣ ʺˍˇʽ ˄ʰ˄ˇ-ˊʱʲʵˇʽ όNR)Σ ˄ʰ˄ˇ-ˉˇ˂ˏʶʵˊʰ (NP)Σ ˄ʰ˄ˇ-ˁˏʲˇʽ (NC)Φ ɮˊ˔ʽˁʱΣ ˍʰ 

ʵʽʰ˒ˇˊʶˍʽˁʱ ˄ʰ˄ˇ-ˋ˖˃ʰˍʾʵʽʰ ʵʹ˃ʹˍˊʾʰˌ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˖ˌ ˎˉˇˋˍˊ˗˃ʰˍʰ ʴʽʰ ˍʽˌ 

ʶ˄ʶˊʴʷˌ ˒ʱˋʶʽˌ Cu ˁʰʽ Fe ˉˊˇˁʶʽ˃ʷ˄ˇˎ ˄ʰ ˂ʹ˒ʻʶʾ ʴ˄˗ˋʹ ʶˉʾ ˍʹˌ ʶˉʾʵˊʰˋʹˌ ˍʹˌ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍʹˌ ʵʹ˃ʹˍˊʾʰˌ ˁʰʽ ˍ˖˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˃ʶˍʱ˂˂ˇˎ-˒ˇˊʷʰ ˋˍʽˌ ʵˇ˃ʽˁʷˌ 

ʰˍʷ˂ʶʽʶˌΣ ˋˍʹ˄ ʶˉʽ˒ʰ˄ʶʽʰˁʺ ˔ʹ˃ʶʾʰ ˁʰʽ ˁʰˍ' ʶˉʷˁˍʰˋʹΣ ˋˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ʰˉˈʵˇˋʹ ˖ˌ ˉˊˇˌ 

ˍʹ˄ ʰ˄ˍʾʵˊʰˋʹ ˇ˅ʶʾʵ˖ˋʹˌ ˍˇˎ COΦ ɶ ʰ˄˖ˍʶˊˈˍʹˍʰ ˍ˖˄ ʵʶʽʴ˃ʱˍ˖˄ ˄ʰ˄ˇ-ˊʰʲʵˇʶʽʵˇˏˌ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌΣ ˋˍʰ ˇˉˇʾʰ ʶˁˍʾʻʶ˄ˍʰʽ ˍʰ ˁˊˎˋˍʰ˂˂ˇʴˊʰ˒ʽˁʱ ʶˉʾˉʶʵʰ {100}/{110}Σ ˁʰˍʷˋˍʹ 

ʶ˃˒ʰ˄ʺˌ ʴʽʰ ʱ˂˂ʹ ˃ʽʰ ˒ˇˊʱΣ ˁʰʻ˗ˌ ˉʰˊˇˎˋʾʰˋʰ˄ ʰˎ˅ʹ˃ʷ˄ʹ ʰ˄ʰʴ˖ʴʽˁʺ ʽˁʰ˄ˈˍʹˍʰ ˁʰʽ 

ˁʽ˄ʹˍʽˁˈˍʹˍʰ ˇ˅ˎʴˈ˄ˇˎΣ ˋ˔ʶˍʽʸˈ˃ʶ˄ʹ ˃ʶ ˍʽˌ ˋˎ˄ʶˊʴʽˋˍʽˁʷˌ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ ˃ʶˍʱ˂˂ˇˎ-

˒ˇˊʷʰΦ ʁ ˋʹ˃ʰ˄ˍʽˁˈˌ ˊˈ˂ˇˌ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍʹˌ ʵʹ˃ʹˍˊʾʰˌ ˋˍʹ˄ ʰ˄ʰʴ˖ʴʽˁʺ ʽˁʰ˄ˈˍʹˍʰ ˁʰʽ 
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ˋˍʹ˄ ˁʽ˄ʹˍʽˁˈˍʹˍʰ ˇ˅ˎʴˈ˄ˇˎ ˁʰˍʷˋˍʹ ʶ˃˒ʰ˄ʺˌΣ ʰˁˇ˂ˇˎʻ˗˄ˍʰˌ ˍʹ ˋʶʽˊʱΥ NR > NP > NC, 

˔˖ˊʾˌΣ ˖ˋˍˈˋˇΣ ʰˎˍʺ ˄ʰ ʶˉʹˊʶʱʸʶˍʰʽ ʰˉˈ ˍʹ˄ ˉˊˇˋʻʺˁʹ ˍˇˎ ˃ʶˍʱ˂˂ˇˎΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰΣ 

ʶˉʾ ˍʹ ʲʱˋʹ ʶ˄ˈˌ ˃ ʹ˔ʰ˄ʽˋ˃ˇˏ ˍˏˉˇˎ Mars-van KrevelenΣ ʲˊʷʻʹˁʶ ˃ʽʰ ˍʷ˂ʶʽʰ ˋ˔ʷˋʹ ʰ˄ʱ˃ʶˋʰ 

ˋˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ʰˉˈʵˇˋʹ ˁʰʽ ˍʽˌ ʰˁˈ˂ˇˎʻʶˌ ˉʰˊʰ˃ʷˍˊˇˎˌΥ i) ʰ˒ʻˇ˄ʾʰ ˋʶ ʰˋʻʶ˄˗ˌ 

ˋˎ˄ʵʶʵʶ˃ʷ˄ʰ ʶʾʵʹ ˇ˅ˎʴˈ˄ˇˎΣ ii) ˋ˔ʶˍʽˁˈ ˉ˂ʹʻˎˋ˃ˈ ˋʶ ˇ˅ʶʽʵˇʰ˄ʰʴ˖ʴʽˁʱ ʸʶˏʴʹ Cu+/Ce3+, iii) 

ˋ˔ʶˍʽˁʺ ʰ˒ʻˇ˄ʾʰ ˋʶ ʵˇ˃ʽˁʷˌ ʰˍʷ˂ʶʽʶˌ ˁʰʽ ˁʶ˄ʷˌ ʻʷˋʶʽˌ ˇ˅ˎʴˈ˄ˇˎ. 

ɳ˄ ˋˎ˄ʶ˔ʶʾʰΣ ˃ʶ˂ʶˍʺʻʹˁʶ ʹ ʶˉʾʵˊʰˋʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ˒ˇˊʷʰ ˁʰˍʱ ˍʹ˄ ʰ˄ˍʾʵˊʰˋʹ 

ʵʽʱˋˉʰˋʹˌ ˍˇˎ ɿ2ʁ ˋʶ ˃ʽˁˍʱ ˇ˅ʶʾʵʽʰ ˁˇʲʰ˂ˍʾˇˎ-ʵʹ˃ʹˍˊʾʰˌΦ ʁʽ ˄ʰ˄ˇ-ˊʱʲʵˇʽ ˁˇʲʰ˂ˍʾˇˎ-

ʵʹ˃ʹˍˊʾʰˌ ˉʰˊˇˎˋʾʰˋʰ˄ ˁʰʽ ˉʱ˂ʽ ˍʹ ʲʷ˂ˍʽˋˍʹ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ (100% ˃ ʶˍʰˍˊˇˉʺ 

N2O ˋˍˇˎˌ 500 oC) ˂ˈʴ˖ ˍʹˌ ʰ˒ʻˇ˄ʾʰˌ ˍˇˎˌ ˋʶ ʶ˄ʶˊʴʱ ˁʷ˄ˍˊʰ Co2+ ˁʰʽ ˋʶ ʶʾʵʹ Ce3+ ˋʶ 

ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ ʲʶ˂ˍʽ˖˃ʷ˄ʹ ˍˇˎˌ ʰ˄ʰʴ˖ʴʽˁʺ ʽˁʰ˄ˈˍʹˍʰΣ ˁʽ˄ʹˍʽˁˈˍʹˍʰ ˇ˅ˎʴˈ˄ˇˎ ˁʰʽ ʶʽʵʽˁʺ 

ʶˉʽ˒ʱ˄ʶʽʰΦ 

ʃˊˇˌ ˍʹ˄ ˁʰˍʶˏʻˎ˄ˋʹ ˍˇˎ ˇˊʻˇ˂ˇʴʽˁˇˏ ˋ˔ʶʵʽʰˋ˃ˇˏ ˁʰˍʰ˂ˎˍʽˁ˗˄ ˎ˂ʽˁ˗˄ ˎ˕ʹ˂ʺˌ 

ʶ˄ʶˊʴˈˍʹˍʰˌ, ˃ʶ˂ʶˍʺʻʹˁʶΣ ʶ˄ ˋˎ˄ʶ˔ʶʾʰΣ ʹ ˁʰˍʱ˂˂ʹ˂ʹ ˍˊˇˉˇˉˇʾʹˋʹ ˍʹˌ ˍˇˉʽˁʺˌ 

ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˔ʹ˃ʶʾʰˌ ˍ˖˄ ˃ʽˁˍ˗˄ ˇ˅ʶʽʵʾ˖˄ Cu/CeO2 ˃ʷˋ˖ ˍʹˌ ˃ʶʻˈʵˇˎ ˋˏ˄ʻʶˋʹˌ ˁʰʽ ˍʹˌ 

ˉˊˇ˗ʻʹˋʹˌ ˃ʶ ʰ˂ˁʱ˂ʽˇ (Cs). ɳʽʵʽˁˈˍʶˊʰ, ʲˊʷʻʹˁʶ ˈˍʽ  ́ˍʰˎˍˈ˔ˊˇ˄ʹ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹ ˍʹˌ 

˃ʶʻˈʵˇˎ ̀ ˏ˄ʻʶˋʹˌ (ˋˎʴˁʰˍʰʲˏʻʽˋʹ) ˁ ʰʽ ̱ ʹˌ ˒ ˈˊˍʽˋʹˌ ̀  ʁh ˂ˁʱ˂ʽˇ (1.0 at Cs/nm2) ˃ ˉˇˊʶʾ ˄  h

ʶ˄ʽˋ˔ˏˋʶʽ ˍʹ˄ ʶ˄ʶˊʴˈˍʹˍʰ ʵʽʱˋˉʰˋʹˌ ˍˇˎ N2O ˁʰʽ ˍʹ˄ ʰ˄ʻʶˁˍʽˁˈˍʹˍʰ ˋˍˇ O2. ɶ 

ʰ˄˖ˍʶˊˈˍʹˍʰ ˍ˖˄ ˉˊˇ˖ʻʹ˃ʷ˄˖˄ ˃ʶ Cs ʵʶʽʴ˃ʱˍ˖˄ ʰˉˇʵˈʻʹˁʶΣ ˁˎˊʾ˖ˌΣ ˋˍʹ˄ ʹ˂ʶˁˍˊˇ˄ʽʰˁʺ 

ʶˉʾɻ́ ʰˋʹ ˍˇˎ ˉˊˇ˖ʻʹˍʺ ʰ˂ˁʰ˂ʾˇˎ ˖ˌ ̄́ ˇˌ ˍʹ ˋˍʰʻʶˊˇˉˇʾʹˋʹ ˍ˖˄ ˃ʶˊʽˁ˗ˌ ʰ˄ʹʴ˃ʷ˄˖˄ 

ʸʶˎʴ˗˄ Cu+/Ce3+, ˍʰ ˇˉˇʾʰ ʵʽʰʵˊʰ˃ʰˍʾʸˇˎ˄ ˁʰʾˊʽˇ ˊˈ˂ˇ ˋˍʹ ʵʽʶˊʴʰˋʾʰ ʵʽʱˋˉʰˋʹˌ ˍˇˎ ɿ2ʁ 

ˉˇˎ ʰˁˇ˂ˇˎʻʶʾ ʷ˄ʰ˄ ˇ˅ʶʽʵˇʰ˄ʰʴ˖ʴʽˁˇˏ ˍˏˉˇˎ ˃ʹ˔ʰ˄ʽˋ˃ˈ. 

ʅˍʹ ˋˎ˄ʷ˔ʶʽʰΣ ˃ʶ˂ʶˍʺʻʹˁʶ ʹ ˋˎ˄ʵˎʰˋˍʽˁʺ ʶˉʾʵˊʰˋʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍʹˌ ʵʹ˃ʹˍˊʾʰˌ ˁʰʽ ˍʹˌ 

˒ˏˋʹˌ ˍʹˌ ʶ˄ʶˊʴˇˏ ˒ʱˋʹˌ ˋˍʽˌ ˒ˎˋʽˁˇ˔ʹ˃ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˁʰʽ ˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ 

˃ʶˍʱ˂˂˖˄ ˃ʶˍʱˉˍ˖ˋʹˌ ˎˉˇˋˍʹˊʽʴ˃ʷ˄˖˄ ˋʶ ʵʹ˃ʹˍˊʾʰ (M/CeO2, M: Fe, Co, Cu, Ni) ˁʰˍʱ ˍʹ˄ 

ʰ˄ˍʾʵˊʰˋʹ ˎʵˊˇʴˈ˄˖ˋʹˌ ˍˇˎ CO2. ɮ˄ʶ˅ʰˊˍʺˍ˖ˌ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ˎˉˇˋˍˊ˗˃ʰˍˇˌΣ 

ˉʰˊʰˍʹˊʺʻʹˁʶ ʹ ʰˁˈ˂ˇˎʻʹ ˋʶʽˊʱ ˖ˌ ˉˊˇˌ ˍʹ ˃ʶˍʰˍˊˇˉʺ ˍˇˎ CO2: Ni/CeO2 > Co/CeO2 > 

Cu/CeO2 > Fe/CeO2 > CeO2. ɳˉʾˋʹˌ, ʰ˅ʾʸʶʽ ˄ hˋʹ˃ʶʽ˖ʻʶʾ ˈˍʽ ˍ hˁʰʻʰˊʱ ˎˉˇˋˍˊ˗˃ʰˍʰ 

ʵʹ˃ʹˍˊʾʰˌ ˁʰʽ ˍ hʵʶʾʴ˃ʰˍʰ Cu/CeO2 ˁʰʽ Fe/CeO2 ʺˍʰ˄ ʽʵʽʰʾˍʶˊʰ ʶ˄ʶˊʴʱ ˁʰʽ ʶˁ˂ʶˁˍʽˁʱ ˖ˌ 

ˉˊˇˌ ˍʹ˄ ˉʰˊʰʴ˖ʴʺ ˍˇˎ CO, ʶ˄˗ ˇʽ ˁʰˍʰ˂ˏˍʶˌ Co/CeO2 ˁʰʽ Ni/CeO2 ʺˍʰ˄ ʽʵʽʰʾˍʶˊʰ ʶ˄ʶˊʴˇʾ 

ˁʰʽ ʶˁ˂ʶˁˍʽˁˇʾ ˖ˌ ˉˊˇˌ ˍˇ ˃ʶʻʱ˄ʽˇ (CH4). 

ɳ˄ ˁʰˍʰˁ˂ʶʾʵʽΣ ʹ ˉʰˊˇˏˋʰ ʵʽʵʰˁˍˇˊʽˁʺ ʵʽʰˍˊʽʲʺ ʰ˄ʷʵʶʽ˅ʶ ʰʵʽʰ˃˒ʽˋʲʺˍʹˍʰ ˍˇ˄ ˁʰʾˊʽˇ ˊˈ˂ˇ 

ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ˒ˇˊʷʰ ˁʰʽ ˍʹˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ʶ˄ʾˋ˔ˎˋʹˌ ˋˍʽˌ ʽʵʽˈˍʹˍʶˌ ˋˍʶˊʶʱˌ 
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ˁʰˍʱˋˍʰˋʹˌΣ ˋˍʽˌ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ ˃ʶˍʱ˂˂ˇˎ-˒ˇˊʷʰ ˁʰʽ ˁʰˍϥ ʶˉʷˁˍʰˋʹ ˋˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ 

ʰˉˈʵˇˋʹΦ 

ɳʽʵʽˁˈˍʶˊʰΣ ʹ ˁʰˍʱ˂˂ʹ˂ʹ ˍˊˇˉˇˉˇʾʹˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌΣ ˍˇˎ ˋ˔ʺ˃ʰˍˇˌ ˁʰʽ ˍʹˌ ʹ˂ʶˁˍˊˇ˄ʽʰˁʺˌ 

ˁʰˍʱˋˍʰˋʹˌ ʲˊʷʻʹˁʶ ˄ʰ ʶˉʹˊʶʱʸʶʽ ˋʶ ˋʹ˃ʰ˄ˍʽˁˈ ʲʰʻ˃ˈ ˍˈˋˇ ˍʹ ʵˊʰˋˍʽˁˈˍʹˍʰ ˍ˖˄ 

˃ʶˍʰ˂˂ʽˁ˗˄ ˁʷ˄ˍˊ˖˄ ˈˋˇ ˁʰʽ ˍʹ ʵʽʶˉʽ˒ʰ˄ʶʽʰˁʺ ʶ˄ʶˊʴˈˍʹˍʰ όˉΦ˔Φ ˃ʷˋ˖ ˍˇˎ ˋ˔ʹ˃ʰˍʽˋ˃ˇˏ 

ˁʶ˄˗˄ ʻʷˋʶ˖˄ ˇ˅ˎʴˈ˄ˇˎ ˁʰʽ ˍʹˌ ˎˉˇʲˇʺʻʹˋʹˌ ˍ˖˄ ˇ˅ʶʽʵˇʰ˄ʰʴ˖ʴʽˁ˗˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ 

ʰ˄ʱ˃ʶˋʰ ˋˍˇ ˃ʷˍʰ˂˂ˇ ˁʰʽ ˍˇ ˒ˇˊʷʰύ ˋˎ˄ʶʽˋ˒ʷˊˇ˄ˍʰˌ ˋˎ˄ʶˊʴʽˋˍʽˁʱ ˉˊˇˌ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ 

ʽʵʽʰʾˍʶˊʰ ʶ˄ʶˊʴ˗˄ ˎ˂ʽˁ˗˄Φ ɶ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹ ˉˊˇˋʷʴʴʽˋʹ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ ˇʵʺʴʹˋʶ ˋʶ 

ʶ˅ʰʽˊʶˍʽˁʱ ʶ˄ʶˊʴʱ ˁʰˍʰ˂ˎˍʽˁʱ ˎ˂ʽˁʱ ˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌ ʴʽʰ ˍʽˌ ʰ˄ˍʽʵˊʱˋʶʽˌ ˇ˅ʶʾʵ˖ˋʹˌ ˍˇˎ 

CO, ʵʽʱˋˉʰˋʹˌ ˍˇˎ ɿ2ʁ ˁʰʽ ˎʵˊˇʴˈ˄˖ˋʹˌ ˍˇˎ CO2, ˁʰˍʰˍʱˋˋˇ˄ˍʱˌ ˍʰ ˃ʶˍʰ˅ˏ ˍ˖˄ ˉʽˇ 

ʶ˄ʶˊʴ˗˄ ˎ˂ʽˁ˗˄ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʾʰΦ ʆˇ ʴʶ˄ʽˁˈ ˉ˂ʰʾˋʽˇ ʲʶ˂ˍʽˋˍˇˉˇʾʹˋʹˌ ˉˇˎ 

ʰˁˇ˂ˇˎʻʶʾˍʰʽ ˋˍʹ˄ ˉʰˊˇˏˋʰ ʵʽʵʰˁˍˇˊʽˁʺ ʵʽʰˍˊʽʲʺ ˃ˉˇˊʶʾ ˄ʰ ˉʰˊʷ˔ʶʽ ˍʽˌ ˋ˔ʶʵʽʰˋˍʽˁʷˌ 

ʰˊ˔ʷˌ ˉˊˇˌ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˃ʶˍʰ˂˂ˇ˅ʶʽʵʾ˖˄ ˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌ ʴʽʰ ˉˇʽˁʾ˂ʶˌ ʶ˄ʶˊʴʶʽʰˁʷˌ ˁʰʽ 

ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁʷˌ ʶ˒ʰˊ˃ˇʴʷˌΣ ʰ˄ˇʾʴˇ˄ˍʰˌ ˉʰˊʱ˂˂ʹ˂ʰ ˍˇ ʵˊˈ˃ˇ ˉˊˇˌ ˍʹ ˃ʶʾ˖ˋʹ ˍʹˌ 

˒ˈˊˍʽˋʹˌ ˋʶ ʶˎʴʶ˄ʺ ˃ʷˍʰ˂˂ʰ ˁʰˍʰ˂ˎˍʽˁ˗˄ ˋˎˋˍʹ˃ʱˍ˖˄ ʲʰˋʽˋ˃ʷ˄˖˄ ˋʶ ʰˎˍʱΦ 
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EXTENDED SYNOPSIS & THESIS STUCTURE 

Ceria or cerium oxide (CeO2) constitutes a broadly studied material in the field of 

heterogeneous catalysis due to its unique redox properties which mainly arise from its 

ability to store or release oxygen depending on the reaction environment (oxidizing or 

reducing). During the '80s, ceria's successful utilization in three-way catalytic converters 

paved the way for its subsequent use in various energy and environmental applications, 

involving, among others, the fuel cell technology, the catalytic abatement of volatile organic 

compounds (VOCs), the catalytic decomposition of nitrogen oxides (NOx) or nitrous oxide 

(N2O), etc. 

Moreover, metal oxides, composed of earth-abundant transition metals have gained 

particular attention towards replacing the rare and highly expensive noble metals. In this 

context, by combining ceria with earth-abundant and cost-effective transition metals, such 

as Cu, Co, Ni, Fe, the physicochemical properties of the as-prepared materials can be 

significantly modified, through the synergistic metal-support interactions, with great 

implications in the catalytic performance. However, various interrelated factors, including 

shape, size, composition, chemical state, electronic environment can considerably affect the 

local surface chemistry of the metal oxides as well as the metal-support interactions with 

great consequences on the macroscopic catalytic behaviour of these multifunctional 

materials. Furthermore, it is worth mentioning that the materials in the nanoscale exhibit 

distinct features originated from the electronic interactions developed among the 

nanoparticles, thus modifying their surface properties and catalytic performance. 

Towards the development of nanostructured catalytic systems with predefined surface 

chemistry, research efforts have focused lately on two diverse approaches which can be 

applied independently or synergistically: (i) the advanced synthetic methods towards the 

development of nanomaterials with predefined morphology, (ii) the appropriate adjustment 

(fine-tuning) of the catalysts' inherent properties through surface and/or structural 

promotion. 

In light of the above aspects, the objective of the present thesis is the development of noble 

metal-free nanostructured ceria-based transition metal catalysts, in the form of MxOy/CeO2 

(hereafter denoted as M/CeO2 for clarity's sake, where M stands for Cu, Co, Fe, Ni), through 

advanced synthesis methods which are nonetheless characterized by low cost and simple 

preparation procedures. In particular, several preparation methods, i.e., thermal 

decomposition, precipitation, hydrothermal, wet impregnation were employed during 

synthesis and their impact on the physicochemical properties and consequently, on the 
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catalytic performance (activity/selectivity/stability) of the as-prepared materials was 

explored through a thorough characterization study which included various ex situ and in 

situ techniques, such as N2 adsorption at 196 oC (BET method), X-ray diffraction (XRD), X-ray 

fluorescence (XRF), X-ray photoelectron spectroscopy (XPS), temperature programmed 

reduction (TPR), scanning/transmission electron microscopy (SEM/TEM) and Raman 

spectroscopy. The main implications of size/shape/electronic engineering in catalysis are 

explored on the ground of some of the most pertinent heterogeneous reactions, such as CO 

oxidation, N2O decomposition and CO2 hydrogenation to value-added products. Specifically, 

the present thesis focuses on the following research objectives: 

 

(i) Ceria shape effects on the structural defects and surface chemistry, 

(ii) Facet-dependent reactivity of ceria-based transition metal catalytic materials, 

(iii) Fine-tuning of the local surface chemistry towards the development of highly 

active, selective and stable catalytic materials for various energy/environmental 

applications, 

(iv) Rational design and fabrication of noble-metal free, cost-efficient catalysts 

formulations by means of advanced synthetic/promotional routes, 

(v) Establishment of reliable structure-property relationships towards revealing key 

activity descriptors 

 

In light of the above description, the current thesis is divided into the following chapters: 

Chapter 1 describes the recent advances in the field of the rational design of noble metal-

free ceria-based catalysts, emphasizing on the effect of size, shape and electronic/chemical 

environment on the catalytic performance. In specific, on the basis of the Cu/CeO2 binary 

system, the main implications of the aforementioned factors in several processes in 

heterogeneous catalysis, such as CO oxidation, N2O decomposition, preferential oxidation of 

CO (CO-PROX), water gas shift reaction (WGSR) and CO2 hydrogenation to value-added 

products, are thoroughly discussed. 

The following review papers were derived from the above-described research: 

1. Michalis Konsolakis and Maria Lykaki, "Recent Advances on the Rational Design of 

Non-Precious Metal Oxide Catalysts Exemplified by CuOx/CeO2 Binary System: 

Implications of Size, Shape and Electronic Effects on Intrinsic Reactivity and Metal-

Support Interactions", Catalysts 10 (2020) 160. doi: 10.3390/catal10020160 
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2. Michalis Konsolakis and Maria Lykaki, "Facet-Dependent Reactivity of Ceria 

Nanoparticles Exemplified by CeO2-Based Transition Metal Catalysts: A Critical 

Review", Catalysts 11 (2021) 452. doi: 10.3390/catal11040452 

Chapter 2 describes the synthesis methods followed for the preparation of the materials, 

the characterization techniques and the catalytic evaluation studies. 

In chapters 35, the presentation and the discussion of the experimental results is taking 

place. 

Chapter 3 deals with the effect of synthesis parameters on the solid state properties and the 

CO oxidation performance of bare ceria catalysts. More particularly, three different time- 

and cost-effective preparation methods (thermal decomposition, precipitation and 

hydrothermal method of low and high NaOH concentration) were employed for the 

synthesis of ceria materials. It was found that the hydrothermal method results in the 

development of ceria nanoparticles of specific morphology (nanorods, nanopolyhedra, 

nanocubes) and of high surface areas (> 90 m2 g 1), with the rod-shaped ceria sample 

exhibiting enhanced reducibility and oxygen kinetics, leading to improved catalytic 

performance. 

Furthermore, Chapter 3 deals with ceria nanostructures' morphological effects (cubes, 

polyhedra, rods) on the textural, structural, surface, redox properties and, consequently, on 

the CO oxidation performance of ceria-based transition metal catalysts M/CeO2 (M: Cu, Fe). 

It was found that the support morphology significantly affects the physicochemical 

properties of the mixed oxides with great implications in their catalytic performance. In 

particular, ceria's morphology rather than the textural/structural properties profoundly 

affects the reducibility and oxygen mobility of the mixed oxides, following the order: 

nanorods > nanopolyhedra > nanocubes, with ceria nanorods exhibiting abundance in 

structural defects and oxygen vacancies. Also, the addition of the metal oxide phase (copper 

or iron) into the bare ceria supports boosts the CO oxidation performance, without however 

altering the order observed for bare ceria samples, i.e., nanorods > nanopolyhedra > 

nanocubes, with the rod-shaped copper-ceria sample offering complete CO elimination at 

temperatures as low as 100 oC. Similarly, iron-ceria nanorods exhibit the best catalytic 

performance, exhibiting, however, complete CO conversion at higher temperatures (~250 

oC) in comparison with the equivalent copper catalysts. The latter clearly reveals the pivotal 

role of active phase nature in conjunction to support morphology. It ought to be mentioned 

that a perfect relationship between the catalytic performance and the following parameters 

was disclosed, on the basis of a Mars-van Krevelen mechanism: i) abundance of weakly 
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bound oxygen species, ii) relative population of Cu+/Ce3+ redox pairs, iii) relative abundance 

of defects and oxygen vacancies. 

The following publications resulted from the aforementioned results: 

3. Maria LykakiΣ 9ƭŜƴƛ tŀŎƘŀǘƻǳǊƛŘƻǳΣ 9ƭŜƴƛ LƭƛƻǇƻǳƭƻǳΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻ ŀƴŘ 

Michalis Konsolakis, "Impact of the synthesis parameters on the solid state 

properties and the CO oxidation performance of ceria nanoparticles", RSC Advances 

7 (2017) 6160ς6169. doi: 10.1039/c6ra26712b 

4. Maria LykakiΣ 9ƭŜƴƛ tŀŎƘŀǘƻǳǊƛŘƻǳΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻΣ 9ƭŜƴƛ LƭƛƻǇƻǳƭƻǳΣ 

Chrysanthi Andriopoulou, N. Kallithrakas-Kontos, Soghomon Boghosian, Michalis 

Konsolakis, "Ceria nanoparticles shape effects on the structural defects and surface 

chemistry: Implications in CO oxidation by Cu/CeO2 catalysts", Applied Catalysis B: 

Environmental 230 (2018) 18ς28. doi: 10.1016/j.apcatb.2018.02.035 

5. Maria LykakiΣ {ƻŦƛŀ {ǘŜŦŀΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻΣ tŀǾƭƻǎ YΦ tŀƴŘƛǎΣ ±ŀǎǎƛƭƛǎ bΦ 

Stathopoulos and Michalis Konsolakis, "Facet-Dependent Reactivity of Fe2O3/CeO2 

Nanocomposites: Effect of Ceria Morphology on CO Oxidation", Catalysts 9 (2019) 

371. doi:10.3390/catal9040371 

Chapter 4 describes ceria's morphological effects on the physicochemical properties and 

nitrous oxide decomposition (deN2O) performance of ceria-based cobalt oxide catalysts. In 

particular, ceria nanoparticles of specific morphology (nanorods, nanopolyhedra, 

nanocubes) were hydrothermally synthesized and employed as supports for the cobalt oxide 

phase. The cobalt-ceria catalysts were catalytically evaluated during the deN2O reaction in 

the absence and in the presence of oxygen. Once more, the superiority of ceria nanorods, 

exposing the {100} and {110} crystal facets, was revealed with the addition of cobalt phase 

greatly enhancing the decomposition of N2O. Cobalt-ceria nanorods with improved redox 

and textural properties, along with their abundance in Co2+ species, exhibited the best 

deN2O performance. 

Chapter 4 also focuses on the optimization of the deN2O performance through the fine-

tuning of the local surface chemistry of copper-ceria binary oxides by means of both 

synthesis procedure and surface promotion. According to the results, highly active and 

oxygen-tolerant Cu/CeO2 composites can be obtained through their pre-optimization by co-

precipitation and subsequent alkali (Cs) promotion, with the sample of 1.0 at Cs per nm2 

offering a half-conversion temperature ca. 200 oC lower as compared to that of a reference 

Cu/CeO2 sample, due mainly to the modifications in the electronic and redox properties 

induced by the alkali addition. The superior deN2O performance of the Cs-doped Cu/CeO2 
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samples can be attributed to their enhanced reducibility and abundance in partially reduced 

copper species (Cu+) stabilized through alkali-aided metal-support interactions. 

The following publications were derived from the above-discussed results: 

6. Maria LykakiΣ 9ƭŜƴƛ tŀǇƛǎǘŀΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻΣ tŜŘǊƻ .Φ ¢ŀǾŀǊŜǎ ŀƴŘ aƛŎƘŀƭƛǎ 

Konsolakis, "Optimization of N2h ŘŜŎƻƳǇƻǎƛǘƛƻƴ ŀŎǘƛǾƛǘȅ ƻŦ /ǳh /Ŝh2 mixed oxides 

by means of synthesis procedure and alkali (Cs) promotion", Catalysis Science & 

Technology 8 (2018) 2312ς2322. doi: 10.1039/c8cy00316e 

7. Maria LykakiΣ 9ƭŜƴƛ tŀǇƛǎǘŀΣ bƛƪƻƭŀƻǎ YŀƪƭƛŘƛǎΣ {ƽƴƛŀ A. C. Carabineiro and Michalis 

Konsolakis, "Ceria Nanoparticles' Morphological Effects on the N2O Decomposition 

Performance of Co3O4/CeO2 Mixed Oxides", Catalysts 9 (2019) 233. 

doi:10.3390/catal9030233 

Chapter 5 deals with the impact of ceria's morphology (nanorods and nanocubes) in 

combination with the effect of active phase nature on the physicochemical properties and 

the CO2 hydrogenation performance at atmospheric pressure of ceria-based transition metal 

catalysts, M/CeO2 (M: Cu, Co, Fe, Ni). In particular, CO2 conversion followed the order: 

Ni/CeO2 > Co/CeO2 > Cu/CeO2 > Fe/CeO2 > CeO2, independently of the support morphology. 

On the basis of selectivity results, it should be mentioned that bare ceria, Cu/CeO2 and 

Fe/CeO2 samples were very selective for CO production, whereas Co/CeO2 and Ni/CeO2 

catalysts were highly selective towards methane (CH4). 

The following publications originated from the above results: 

8. Michalis Konsolakis, Maria LykakiΣ {ƻŦƛŀ {ǘŜŦŀΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻΣ Georgios 

Varvoutis, Eleni Papista and Georgios E. Marnellos, "CO2 Hydrogenation over 

Nanoceria-Supported Transition Metal Catalysts: Role of Ceria Morphology 

(Nanorods versus Nanocubes) and Active Phase Nature (Co versus Cu)", 

Nanomaterials 9 (2019) 1739. doi:10.3390/nano9121739 

9. Georgios Varvoutis, Maria LykakiΣ {ƻŦƛŀ {ǘŜŦŀΣ 9ƭŜƴƛ tŀǇƛǎǘŀΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻΣ 

Georgios E. Marnellos and Michalis Konsolakis, "Remarkable efficiency of Ni 

supported on hydrothermally synthesized CeO2 nanorods for low-temperature CO2 

hydrogenation to methane", Catalysis Communications 142 (2020) 106036. doi: 

10.1016/j.catcom.2020.106036 

Chapter 6 constitutes the final chapter, summarizing the conclusions derived by the research 

conducted in the context of the present thesis and offering new perspectives towards the 

rational design and development of highly active/selective catalytic composites for energy 

and environmental applications.  
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ɳɼʆɳʆɮɾɳɿɶ ʅʇɿʁʌɶ ϧ ɲʁɾɶ ɳʄɱɮʅɹɮʅ 

ʆˇ ˇ˅ʶʾʵʽˇ ˍˇˎ ʵʹ˃ʹˍˊʾˇˎ ̋  ʵʹ˃ʹˍˊʾʰ (CeO2ύ ʰˉˇˍʶ˂ʶʾ ʷ˄ʰ ʰˉˈ ˍʰ ˉ˂ʷˇ˄ ˔ˊʹˋʽ˃ˇˉˇʽˇˏ˃ʶ˄ʰ 

ˎ˂ʽˁʱ ˋˍˇ˄ ˍˇ˃ʷʰ ˍʹˌ ʶˍʶˊˇʴʶ˄ˇˏˌ ˁʰˍʱ˂ˎˋʹˌ ˂ˈʴ˖ ˍ˖˄ ˃ˇ˄ʰʵʽˁ˗˄ ˇ˅ʶʽʵˇʰ˄ʰʴ˖ʴʽˁ˗˄ ˍˇˎ 

ʽʵʽˇˍʺˍ˖˄Σ ˇʽ ˇˉˇʾʶˌ ʰˉˇˊˊʷˇˎ˄ ˁˎˊʾ˖ˌ ʰˉˈ ˍʹ˄ ʽˁʰ˄ˈˍʹˍʱ ˍˇˎ ˄ʰ ʵʶˋ˃ʶˏʶʽκʰˉˇʵʶˋ˃ʶˏʶʽ 

ˇ˅ˎʴˈ˄ˇ ʰ˄ʱ˂ˇʴʰ ˃ʶ ˍˇ ˉʶˊʽʲʱ˂˂ˇ˄ όˇ˅ʶʽʵ˖ˍʽˁˈ ʺ ʰ˄ʰʴ˖ʴʽˁˈύ ˍʹˌ ʰ˄ˍʾʵˊʰˋʹˌΦ ɼʰˍʱ ˍʹ 

ʵʽʱˊˁʶʽʰ ˍʹˌ ʵʶˁʰʶˍʾʰˌ ˍˇˎ 'улΣ ʹ ʶˉʽˍˎ˔ʺˌ ˔ˊʺˋʹ ˍʹˌ ʵʹ˃ʹˍˊʾʰˌ ˋˍˇˎˌ ˍˊʽˇʵʽˁˇˏˌ 

ˁʰˍʰ˂ˎˍʽˁˇˏˌ ˃ʶˍʰˍˊˇˉʶʾˌ ˇʵʺʴʹˋʶ ˋˍʹ˄ ʶˉʰˁˈ˂ˇˎʻʹ ʶ˒ʰˊ˃ˇʴʺ ˍʹˌ ˋʶ ˉ˂ʹʻ˗ˊʰ 

ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁ˗˄ ˁʰʽ ʶ˄ʶˊʴʶʽʰˁ˗˄ ʶ˒ʰˊ˃ˇʴ˗˄Σ ˇʽ ˇˉˇʾʶˌ ˋˎ˃ˉʶˊʽ˂ʰ˃ʲʱ˄ˇˎ˄, ˃ʶˍʰ˅ˏ 

ʱ˂˂˖˄, ˍʹ˄ ˍʶ˔˄ˇ˂ˇʴʾʰ ˍ˖˄ ˁˎ˕ʶ˂˗˄ ˁʰˎˋʾ˃ˇˎΣ ˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ʰˉˇ˃ʱˁˊˎ˄ˋʹ ˉˍʹˍʽˁ˗˄ 

ˇˊʴʰ˄ʽˁ˗˄ ʶ˄˗ˋʶ˖˄ όVOCsύΣ ˇ˅ʶʽʵʾ˖˄ ˍˇˎ ʰʸ˗ˍˇˎ όɿʁxύΣ ˎˉˇ˅ʶʽʵʾˇˎ ˍˇˎ ʰʸ˗ˍˇˎ όɿ2ʁύΣ ˁ˂ˉ. 

ɳ̄ ʽˉ˂ʷˇ˄Σ ˍʰ ˇ˅ʶʾʵʽʰ ˃ʶˍʱ˂˂˖˄ ʲʰˋʽˋ˃ʷ˄ʰ ˋˍʰ ˃ʷˍʰ˂˂ʰ ˃ʶˍʱˉˍ˖ˋʹˌΣ ʷ˔ˇˎ˄ ˉˊˇˋʶ˂ˁˏˋʶʽ 

ʽʵʽʰʾˍʶˊˇ ʶˊʶˎ˄ʹˍʽˁˈ ʶ˄ʵʽʰ˒ʷˊˇ˄ ˖ˌ ˉˊˇˌ ˍʹ˄ ʰ˄ˍʽˁʰˍʱˋˍʰˋʹ ˍ˖˄ ˋˉʱ˄ʽ˖˄ ˁʰʽ ʽʵʽʰʾˍʶˊʰ 

ˎ˕ʹ˂ˇˏ ˁˈˋˍˇˎˌ ʶˎʴʶ˄˗˄ ˃ʶˍʱ˂˂˖˄Φ ɹʵʽʰʾˍʶˊʰΣ ˇ ˋˎ˄ʵˎʰˋ˃ˈˌ ˍʹˌ ʵʹ˃ʹˍˊʾʰˌ ˃ʶ ˒̒ ʹ˄ʱ ˁʰʽ 

ʶ˄ ʰ˒ʻˇ˄ʾʰ ˃ʷˍʰ˂˂ʰ ˃ʶˍʱˉˍ˖ˋʹˌΣ ˈˉ˖ˌ Cu, Co, Ni, Fe, ˃ˉˇˊʶʾ ˄ʰ ˇʵʹʴʺˋʶʽΣ ˃ʷˋ˖ ˁˎˊʾ˖ˌ 

ˋˎ˄ʶˊʴʽˋˍʽˁ˗˄ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶ˖˄ ˃ʶˍʱ˂˂ˇˎ-˒ˇˊʷʰΣ ˋʶ ˋʹ˃ʰ˄ˍʽˁʺ ˍˊˇˉˇˉˇʾʹˋʹ ˍ˖˄ 

˒ˎˋʽˁˇ˔ʹ˃ʽˁ˗˄ ʽʵʽˇˍʺˍ˖˄ ˍ˖˄ ˉˊˇˌ ʰ˄ʱˉˍˎ˅ʹ ˎ˂ʽˁ˗˄Σ ˇʽ ˇˉˇʾʶˌ ˁʰˍˈˉʽ˄ ʰ˄ˍʰ˄ʰˁ˂˗˄ ˍʰʽ 

ˋˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱΦ ʍˋˍˈˋˇΣ ʵʽʱ˒ˇˊˇʽ ʰ˂˂ʹ˂ˇˋ˔ʶˍʽʸˈ˃ʶ˄ˇʽ ˉʰˊʱʴˇ˄ˍʶˌ, ̍ ˉ˖ˌ ʹ 

˃ˇˊ˒ˇ˂ˇʴʾʰΣ ˍˇ ˃ʷʴʶʻˇˌ, ʹ ˋˏˋˍʰˋʹΣ ʹ ˔ʹ˃ʽˁʺ ˁʰˍʱˋˍʰˋʹΣ ˍˇ ʹ˂ʶˁˍˊˇ˄ʽʰˁˈ ˉʶˊʽʲʱ˂˂ˇ˄ 

˃ˉˇˊˇˏ˄ ˄ʰ ʶˉʹˊʶʱˋˇˎ˄ ˋʹ˃ʰ˄ˍʽˁʱ ˍʹ˄ ˍˇˉʽˁʺ ʶˉʽ˒ʰ˄ʶʽʰˁʺ ˔ʹ˃ʶʾʰ ˍ˖˄ ˃ʶˍʰ˂˂ˇ˅ʶʽʵʾ˖˄, 

ˁʰʻ˗ˌ ˁʰʽ ˍʽˌ ʰ˂˂ʹ˂ʶˉʽʵˊʱˋʶʽˌ ˃ʶˍʱ˂˂ˇˎ-˒ˇˊʷʰ ʶˉʹˊʶʱʸˇ˄ˍʰˌ ˋʶ ˋʹ˃ʰ˄ˍʽˁˈ ʲʰʻ˃ˈ ˍʹ 

˃ʰˁˊˇˋˁˇˉʽˁʺ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ʰˎˍ˗˄ ˍ˖˄ ˉˇ˂ˎ-˂ʶʽˍˇˎˊʴʽˁ˗˄ ˎ˂ʽˁ˗˄Φ 

ɳˉʽˉˊˈˋʻʶˍʰΣ ˍʰ ˎ˂ʽˁ ɦˋʶ ʁ̄ ʾˉʶʵˇ ˄ʰ˄ˇ-ˁ˂ʾ˃ʰˁʰˌ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˃ˇ˄ʰʵʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ 

˂ˈʴ˖ ˍˇˎ ˎ˕ʹ˂ˇˏ ˂ˈʴˇˎ ʶˉʽ˒ʱ˄ʶʽʰˌκˈʴˁˇˎ ˁʰʽ ˍ˖˄ ʽʵʽʰʾˍʶˊ˖˄ ʹ˂ʶˁˍˊˇ˄ʽʰˁ˗˄ 

˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍ˖˄ ˄ʰ˄ˇ-ˋ˖˃ʰˍʽʵʾ˖˄Σ ʴʶʴˇ˄ˈˌ ˉˇˎ ʰ˄ˍʰ˄ʰˁ˂ʱˍʰʽ ˋˍʽˌ ʶˉʽ˒ʰ˄ʶʽʰˁʷˌ ˍˇˎˌ 

ʽʵʽˈˍʹˍʶˌ ˁʰʽ ˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˍˇˎˌ ʰˉˈʵˇˋʹΦ 

ʃˊˇˌ ˍʹ˄ ˁʰˍʶˏʻˎ˄ˋʹ ˍʹˌ ʰ˄ʱˉˍˎ˅ʹˌ ˄ʰ˄ˇ-ʵˇ˃ʹ˃ʷ˄˖˄ ˁʰˍʰ˂ˎˍʽˁ˗˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˃ʶ 

ˉˊˇˁʰʻˇˊʽˋ˃ʷ˄ʹ ʶˉʽ˒ʰ˄ʶʽʰˁʺ ˔ʹ˃ʶʾʰΣ ˇʽ ʶˊʶˎ˄ʹˍʽˁʷˌ ˉˊˇˋˉʱʻʶʽʶˌΣ ˍʰ ˍʶ˂ʶˎˍʰʾʰ ˔ˊˈ˄ʽʰ, 

ʷ˔ˇˎ˄ ʶˉʽˁʶ˄ˍˊ˖ʻʶʾ ˋʶ ʵˏˇ ˁˎˊʾ˖ˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˉˊˇˋʶʴʴʾˋʶʽˌΣ ˇʽ ˇˉˇʾʶˌ ˃ˉˇˊˇˏ˄ ˄ʰ 

ʶ˒ʰˊ˃ˇˋˍˇˏ˄ ʰ˄ʶ˅ʱˊˍʹˍʰ ʺ ʶ˄ ˋˎ˄ʶˊʴʶʾʰΥ όiύ ʶ˒ʰˊ˃ˇʴʺ ˉˊˇʹʴ˃ʷ˄˖˄ ˃ʶʻˈʵ˖˄ ˋˏ˄ʻʶˋʹˌ ˃ʶ 

ˋˁˇ̄̍  ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˄ʰ˄ˇː˂ʽˁ˗˄ ˉˊˇˁʰʻˇˊʽˋ˃ʷ˄ʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌΣ ii) ˁʰˍʱ˂˂ʹ˂ʹ 

ˍˊˇˉˇˉˇʾʹˋʹ ˍ˖˄ ʶʴʴʶ˄˗˄ ˔ʰˊʰˁˍʹˊʽˋˍʽˁ˗˄ ˍˇˎ ˁʰˍʰ˂ˏˍʹ ˃ʷˋ˖ ˍʹˌ ˉˊˇˋʻʺˁʹˌ ʵˇ˃ʽˁ˗˄ 

ʺκˁʰʽ ʶˉʽ˒ʰ˄ʶʽʰˁ˗˄ ʶ˄ʽˋ˔ˎˍ˗˄Φ 

ɳˉʾ ˍʹ ʲʱˋʹ ˍʹˌ ˉʰˊʰˉʱ˄˖ ʰ˄ʱ˂ˎˋʹˌΣ ˋˍˈ˔ˇ ̩ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ 

ʰˉˇˍʶ˂ʶʾ ʹ ʰ˄ʱˉˍˎ˅ʹ ˄ʰ˄ˇ-ʵˇ˃ʹ˃ʷ˄˖˄ ˁʰˍʰ˂ˎˍʽˁ˗˄ ˋˎˋˍʹ˃ʱˍ˖˄ ˃ʶˍʱ˂˂˖˄ ˃ʶˍʱˉˍ˖ˋʹˌ 



xii 

ʲʰˋʽˋ˃ʷ˄˖˄ ˋˍʹ ʵʹ˃ʹˍˊʾʰΣ ʰˉʰ˂˂ʰʴ˃ʷ˄˖˄ ʶˎʴʶ˄˗˄ ˃ʶˍʱ˂˂˖˄Σ ˍʹˌ ˃ˇˊ˒ʺˌ MxOy/CeO2 

όʶ˒ʶ˅ʺˌ ˋˎ˃ʲˇ˂ʾʸˇ˄ˍʰʽ ˖ˌ M/CeO2 ʴʽʰ ˂ˈʴˇˎˌ ˋʰ˒ʺ˄ʶʽʰˌΣ ˈˉˇˎ ˍˇ M ʰ˄ˍʽˉˊˇˋ˖ˉʶˏʶʽ ˍʰ 

Cu, Co, Fe, NiύΣ ˃ʷˋ˖ ˉˊˇʹʴ˃ʷ˄˖˄ ˃ʶʻˈʵ˖˄ ˋˏ˄ʻʶˋʹˌΣ ˇʽ ˇˉˇʾʶˌ ˖ˋˍˈˋˇ ʻʰ 

˔ʰˊhˁ ˍʹˊʾʸˇ˄ˍʰʽ ʰˉˈ ˔ʰ˃ʹ˂ˈ ˁˈˋˍˇˌ ˁʰʽ ʰˉ˂ʷˌ ʵʽʰʵʽˁʰˋʾʶˌΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʵʽʱ˒ˇˊʶˌ 

˃ʷʻˇʵˇʽ ˋˏ˄ʻʶˋʹˌΣ ˈˉ˖ˌ ʻʶˊ˃ʽˁʺ ʵʽʱˋˉʰˋʹΣ ˁʰˍʰʲˏʻʽˋʹΣ ˎʵˊˇʻʶˊ˃ʽˁʺΣ ˎʴˊˈˌ ʶ˃ˉˇˍʽˋ˃ˈˌΣ 

˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˁʰʽ ˃ʶ˂ʶˍʺʻʹˁʶ ʹ ʶˉʾʵˊʰˋʺ ˍˇˎˌ ˋˍʰ ˒ˎˋʽˁˇ˔ʹ˃ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁʰʽ 

ˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ όʶ˄ʶˊʴˈˍʹˍʰΣ ʶˁ˂ʶˁˍʽˁˈˍʹˍʰΣ ˋˍʰʻʶˊˈˍʹˍʰύ ˍ˖˄ ˉˊˇˌ 

ʰ˄ʱˉˍˎ˅ʹ ˎ˂ʽˁ˗˄ ˃ʷˋ˖ ˃ʽʰˌ ʶˁˍʶˍʰ˃ʷ˄ʹˌ ˃ʶ˂ʷˍʹˌ ˔ʰˊʰˁˍʹˊʽˋ˃ˇˏΣ ʹ ˇˉˇʾʰ ˉʶˊʽʶ˂ʱ˃ʲʰ˄ʶ 

ˍˈˋˇ ex situ ˈˋˇ ˁʰʽ in situ ˍʶ˔˄ʽˁʷˌΣ ˈˉ˖ˌ ˉˊˇˋˊˈ˒ʹˋʹ N2 ˋˍˇˎˌ 196 oC (˃ʷʻˇʵˇˌ BET), 

˒h ˋ˃ʰˍˇˋˁˇˉʾʰ ˉʶˊʾʻ˂ʰˋʹˌ ʰˁˍʾ˄˖˄ ʋ όXRD)Σ ˒ʰˋ˃ʰˍˇˋˁˇˉʾʰ ˒ʻˇˊʽˋ˃ˇˏ ʰˁˍʾ˄˖˄ ʋ όXRF), 

˒h ˋ˃ʰˍˇˋˁˇˉʾʰ ˒˖ˍˇ-ʹ˂ʶˁˍˊˇ˄ʾ˖˄ ʰˁˍʾ˄˖˄ ʋ όXPS)Σ ʻʶˊ˃ˇ-ˉˊˇʴˊʰ˃˃ʰˍʽʸˈ˃ʶ˄ʹ ʰ˄ʰʴ˖ʴʺ 

(TPR)Σ ʹ˂ʶˁˍˊˇ˄ʽˁʺ ˃ʽˁˊˇˋˁˇˉʾʰ ˋʱˊ˖ˋʹˌκʵʽʷ˂ʶˎˋʹˌ (SEM/TEM) ˁʰʽ ˒ʰˋ˃ʰˍˇˋˁˇˉʾʰ 

RamanΦ ʁʽ ˁˏˊʽʶˌ ʶˉʽʵˊʱˋʶʽˌ ˍʹˌ ˁʰˍʱ˂˂ʹ˂ʹˌ ˍˊˇˉˇˉˇʾʹˋʹˌ ˍˇˎ ˃ʶʴʷʻˇˎˌΣ ˋ˔ʺ˃ʰˍˇˌ ˁʰʽ 

ˍʹˌ ʹ˂ʶˁˍˊˇ˄ʽʰˁʺˌ ˁʰˍʱˋˍʰˋʹˌ ˋˍʹ˄ ˁʰˍʱ˂ˎˋʹ ʵʽʶˊʶˎ˄˗˄ˍʰʽ ʶˉʾ ˍ ́ ʲʱˋʹ ˋʹ˃ʰ˄ˍʽˁ˗˄ 

ʶˍʶˊˇʴʶ˄˗˄ ʰ˄ˍʽʵˊʱˋʶ˖˄, ˈˉ˖ˌ  ́ ˇ˅ʶʾʵ˖ˋʹ ˍˇˎ CO,  ́ ʵʽʱˋˉʰˋʹ ˍˇˎ ˎˉˇ˅ʶʽʵʾˇˎ ˍˇˎ 

ʰʸ˗ˍˇˎ ˁʰʽ ʹ ˎʵˊˇʴˈ˄˖ˋʹ ˍˇˎ CO2 ˉˊˇˌ ˉˊˇʿˈ˄ˍʰ ˎ˕ʹ˂ʺˌ ˉˊˇˋˍʽʻʷ˃ʶ˄ʹˌ ʰ˅ʾʰˌΦ 

ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ʹ ˉʰˊˇˏˋʰ ʵʽʵʰˁˍˇˊʽˁʺ ʵʽʰˍˊʽʲʺ ʶˉʽˁʶ˄ˍˊ˗˄ʶˍʰʽ ˋˍˇˎˌ ʰˁˈ˂ˇˎʻˇˎˌ 

ʶˊʶˎ˄ʹˍʽˁˇˏˌ ˋˍˈ˔ˇˎˌΥ 

 

(i) ɳˉʾʵˊʰˋʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍʹˌ ʵʹ˃ʹˍˊʾʰˌ ˋˍʽˌ ʵˇ˃ʽˁʷˌ ʰˍʷ˂ʶʽʶˌ ˁʰʽ ˍʹ˄ 

ʶˉʽ˒ʰ˄ʶʽʰˁʺ ˔ʹ˃ʶʾʰΣ 

(ii) ɳ˅ʰˊˍ˗˃ʶ˄ʹ ʰˉˈ ˍʰ ˁˊˎˋˍʰ˂˂̌ ʴˊʰ˒ʽˁʱ ʶˉʾˉʶʵʰ ʵˊʰˋˍʽˁˈˍʹˍʰ ˍ˖˄ 

ˎˉˇˋˍʹˊʽʴ˃ʷ˄˖˄ ˋˍʹ ʵʹ˃ʹˍˊʾʰ ˁʰˍʰ˂ˎˍʽˁ˗˄ ˎ˂ʽˁ˗˄ ˃ʶˍʱ˂˂˖˄ ˃ʶˍʱˉˍ˖ˋʹˌΣ 

(iii) ɼʰˍʱ˂˂ʹ˂ʹ ˍˊˇˉˇˉˇʾʹˋʹ ˍʹˌ ˍˇˉʽˁʺˌ ʶˉʽ˒ʰ˄ʶʽʰˁʺˌ ˔ʹ˃ʶʾʰˌ ˉˊˇˌ ˍʹ˄ 

ˁʰˍʶˏʻˎ˄ˋʹ ˍʹˌ ʰ˄ʱˉˍˎ˅ʹ ̩ ˁʰˍʰ˂ˎˍʽˁ˗˄ ˎ˂ʽˁ˗˄ ˎ˕ʹ˂ʺˌ ʶ˄ʶˊʴˈˍʹˍʰˌΣ 

ʶˁ˂ʶˁˍʽˁˈˍʹˍʰˌ ˁʰʽ ˋˍʰʻʶˊˈˍʹˍʰˌ ʴʽʰ ˉˇʽˁʾ˂ʶˌ ʶ˄ʶˊʴʶʽʰˁʷˌκˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁʷˌ 

ʶ˒ʰˊ˃ˇʴʷˌΣ 

(iv) ʁˊʻˇ˂ˇʴʽˁˈˌ ˋ˔ʶʵʽʰˋ˃ˈˌ ˁʰʽ ʰ˄ʱˉˍˎ˅ʹ ˁʰˍʰ˂ˎˍʽˁ˗˄ ˎ˂ʽˁ˗˄ ˔ʰ˃ʹ˂ˇˏ ˁˈˋˍˇˎˌΣ 

ʰˉʰ˂˂ʰʴ˃ʷ˄˖˄ ʶˎʴʶ˄˗˄ ˃ʶˍʱ˂˂˖˄Σ ˃ʷˋ˖ ˉˊˇʹʴ˃ʷ˄˖˄ ˃ʶʻˈʵ˖˄ 

ˋˏ˄ʻʶˋʹˌκˉˊˇ˗ʻʹˋʹˌΣ 

(v) ɳʵˊʰʾ˖ˋʹ ʰ˅ʽˈˉʽˋˍ˖˄ ˋ˔ʷˋʶ˖˄ ʵˇ˃ʺˌ-ʵˊʰˋˍʽˁˈˍʹˍʰˌ ˉˊˇˌ ˍʹ˄ ˁʰˍʶˏʻˎ˄ˋʹ ˍʹˌ 

ʰ˄ʱʵʶʽ˅ʹˌ ˋʹ˃ʰ˄ˍʽˁ˗˄ ʵʶʽˁˍ˗˄ ɻ ˊʰˋˍʽˁˈˍʹˍʰˌ 
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ɳˉʾ ˍ ́ ʲʱˋʹ ˍʹˌ ˉʰˊʰˉʱ˄˖ ˉʶˊʽʴˊʰ˒ʺˌ, ʹ ˉʰˊˇˏˋʰ ʵʽʵʰˁˍˇˊʽˁʺ ʵʽʰˍˊʽʲʺ ʶʾ˄ʰʽ 

ʵʽʰˊʻˊ˖˃ʷ˄ʹ ̀ ˍʰ ˁʱˍ˖ʻʽ ˁ ʶ˒ʱ˂ʰʽʰ: 

ʆˇ ɼʶ˒ʱ˂ʰʽˇ 1 ˉʰˊˇˎˋʽʱʸʶʽ ˍʹ ʲʽʲ˂ʽˇʴˊʰ˒ʽˁʺ ʰ˄ʰˋˁˈˉʹˋʹ ʰ˄ʰ˒ˇˊʽˁʱ ˃ʶ ˍʽˌ ˉʽˇ 

ˉˊˈˋ˒ʰˍʶ ̩ʶ˅ʶ˂ʾ˅ʶʽˌ ˋˍˇ ˉʶʵʾˇ ˍˇˎ ˇˊʻˇ˂ˇʴʽˁˇˏ ˋ˔ʶʵʽʰˋ˃ˇˏ ˁʰˍʰ˂ˎˍ˗˄ ʲʰˋʽˋ˃ʷ˄˖˄ ˋˍʹ 

ʵʹ˃ʹˍˊʾʰΣ ʵʾ˄ˇ˄ˍʰˌ ʷ˃˒ʰˋʹ ˋˍʹ˄ ʶˉʾʵˊʰˋʹ ˍˇˎ ˃ʶʴʷʻˇˎˌΣ ˍˇˎ ˋ˔ʺ˃ʰˍˇˌ ˁʰʽ ˍˇˎ 

ʹ˂ʶˁˍˊˇ˄ʽʰˁˇˏκ˔ʹ˃ʽˁˇˏ ˉʶˊʽʲʱ˂˂ˇ˄ˍˇˌ ˋˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰ, ˃ ʁ

ʲʱˋʹ ˍ ̌ ˁʰˍʰ˂ˎˍʽˁˈ ˋˏˋˍʹ˃ h Cu/CeO2, ˇ ̔ ˁˏˊʽʶˌ ʶˉʽʵˊʱˋʶʽˌ ˍ˖˄ ˉˊˇʰ˄ʰ˒ʶˊʻʷ˄ˍ˖˄ 

ˉʰˊʰʴˈ˄ˍ˖˄ ˋ ʁʵʽʱ˒ˇˊʶˌ ʶ˒ʰˊ˃ˇʴʷˌ ˍʹˌ ʶˍʶˊˇʴʶ˄ˇˏˌ ˁʰˍʱ˂ˎˋʹˌ, ˈˉ˖ˌ  ́ˇ˅ʶʾʵ˖ˋʹ ˍˇˎ 

˃ˇ˄ˇ˅ʶʽʵʾˇˎ ˍˇˎ ʱ˄ʻˊʰˁʰ όCOύΣ ʹ ʵʽʱˋˉʰˋʹ ˍˇˎ ɿ2ʁΣ ʹ ʶˁ˂ʶˁˍʽˁʺ ˇ˅ʶʾʵ˖ˋʹ ˍˇˎ CO (CO-

PROX), ʹ ʰ˄ˍʾʵˊʰˋʹ ˃ʶˍʰˍˈˉʽˋʹˌ ˍˇˎ ˎʵˊʰʶˊʾˇˎ (WGSR) ˁʰʽ ʹ ˎʵˊˇʴˈ˄˖ˋʹ ˍˇˎ ʵʽˇ˅ʶʽʵʾˇˎ 

ˍˇˎ ʱ˄ʻˊʰˁʰ (CO2) ̄ ˊˇˌ ˉˊˇʿˈ˄ˍʰ ˎ˕ʹ˂ʺˌ ˉˊˇˋˍʽʻʷ˃ʶ˄ʹˌ ʰ˅ʾʰˌΣ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ɻ ʽʶ˅ˇʵʽˁʱΦ 

ɶ ̄ ʰˊʰˉʱ˄˖ ̫ ˊʶˎ˄ʰ ̌ ʵʺʴʹˋʶ ̀ ˍʹ ʵʹ˃ˇˋʾʶˎˋʹ ˍ˖˄ h ˁˈ˂ˇˎʻ˖˄ ɦ ˊʻˊ˖˄ ʰ˄ʰˋˁˈˉʹˋʹˌ: 

1. Michalis Konsolakis and Maria Lykaki, "Recent Advances on the Rational Design of 

Non-Precious Metal Oxide Catalysts Exemplified by CuOx/CeO2 Binary System: 

Implications of Size, Shape and Electronic Effects on Intrinsic Reactivity and Metal-

Support Interactions", Catalysts 10 (2020) 160. doi: 10.3390/catal10020160 

2. Michalis Konsolakis and Maria Lykaki, "Facet-Dependent Reactivity of Ceria 

Nanoparticles Exemplified by CeO2-Based Transition Metal Catalysts: A Critical 

Review", Catalysts 11 (2021) 452. doi: 10.3390/catal11040452 

ʆ ̌ɼʶ˒ʱ˂ʰʽˇ 2 ʰ˄ʰ˒ʷˊʶˍʰʽ ˋˍˇ ˉʶʽˊʰ˃ʰˍʽˁˈ ˃ʷˊˇˌ ˍʹˌ ʶˊʴʰˋʾʰˌΣ ˉʰˊˇˎˋʽʱʸˇ˄ˍʰˌ ˍʽˌ 

˃ʶʻˈʵˇˎˌ ˋˏ˄ʻʶˋʹˌ ˉˇˎ ʰˁˇ˂ˇˎʻʺʻʹˁʰ˄ ʴʽʰ ˍʹ˄ ʰ˄ʱˉˍˎ˅ʹ ˍ˖˄ ˎ˂ʽˁ˗˄, ˁʰʻ˗ˌ ˁʰʽ ˍʽˌ 

ˍʶ˔˄ʽˁʷˌ ̝ ʰˊʰˁˍʹˊʽˋ˃ˇˏ ˁʰʽ ˁʰˍʰ˂ˎˍʽˁʺˌ ʰˉˇˍʾ˃ʹˋʹˌ. 

ʅˍʰ ˁʶ˒ʱ˂ʰʽʰ 3 5 ˉʰˊˇˎˋʽʱʸˇ˄ˍʰʽ ˁʰʽ ʰ˄ʰˉˍˏˋˋˇ˄ˍʰʽ ˍ h ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˁʰˍʰ˂ˎˍʽˁʺˌ 

ʰ˅ʽˇ˂ˈʴʹˋʹˌ ʶ˄ ˉʰˊʰ˂˂ʺ˂˖ ˃ʶ ˍʽˌ ˃ʶ˂ʷˍʶˌ ˔ʰˊʰˁˍʹˊʽˋ˃ˇˏ ˃ʶ ʰˉ˗ˍʶˊˇ ˋˍˈ˔ˇ ˍʹ˄ ʶʵˊʰʾ˖ˋʹ 

ʽˋ˔ˎˊ˗˄ ˋ˔ʷˋʶ˖˄ ʵˇ˃ʺˌ-ʵˊʰˋˍʽˁˈˍʹˍʰˌΦ 

ʆ ̌ɼʶ˒ʱ˂ʰʽˇ 3 ̄ ʶˊʽʴˊʱ˒ʶʽ ̱ ʹ˄ ʁ ˉʾʵˊʰˋʹ ̱ ˖˄ ̄ ʰˊʰ˃ʷˍˊ˖˄ ̀ ˏ˄ʻʶˋʹˌ ̀ ˍʽˌ ̔ ʵʽˈˍʹˍʶˌ ̀ ˍʶˊʶʱˌ 

ˁʰˍʱˋˍʰˋʹˌ ˁʰʽ ˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱΣ ˖ˌ ˉˊˇˌ ˍʹ˄ ˇ˅ʶʾʵ˖ˋʹ ˍˇˎ CO, ˍ˖˄ ˁʰʻʰˊ˗˄ 

ˎˉˇˋˍˊ˖˃ʱˍ˖˄ ʵʹ˃ʹˍˊʾʰˌΦ ʃʽˇ ˋˎʴˁʶˁˊʽ˃ʷ˄ʰ, ˍˊʶʽˌ ʵʽʰ˒ˇˊʶˍʽˁʷˌ ˃ʷʻˇʵˇʽ ˋˏ˄ʻʶˋʹˌ 

(ʻʶˊ˃ʽˁʺ ʵʽʱˋˉʰˋʹ, ˁʰˍʰʲˏʻʽˋʹ ˁʰʽ  ́ ˎʵˊˇʻʶˊ˃ʽˁʺ ˃ʷʻˇʵˇˌ ˔ʰ˃ʹ˂ʺˌ ˁʰʽ ˎ˕ʹ˂ʺˌ 

ˋˎʴˁʷ˄ˍˊ˖ˋʹˌ NaOH), ˇ ̔ ˇˉˇʾʶˌ ˔ʰˊʰˁˍʹˊʾʸˇ˄ˍʰʽ ʰˉˈ ˔ʰ˃ʹ˂ˈ ˁˈˋˍˇˌ ˁʰʽ ˋˏ˄ˍˇ˃ˇˎˌ 

˔ˊˈ˄ˇˎˌ ˋˏ˄ʻʶˋʹˌΣ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ʴʽʰ ˍʹ ˋˏ˄ʻʶˋʹ ˍ˖˄ ˎ˂ʽˁ˗˄ ʵʹ˃ʹˍˊʾʰˌΦ ɶ 

ˎʵˊˇʻʶˊ˃ʽˁʺ ˃ʷʻˇʵˇˌ ʲˊʷʻʹˁʶ ˈˍʽ ˇʵʹʴʶʾ ˋ ʁ˄ʰ˄ˇ-ˋ˖˃ʰˍʾʵʽʰ ʵʹ˃ʹˍˊʾʰˌ ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ 

˃ˇˊ˒ˇ˂ˇʴʾʰˌ (˄ʰ˄ˇ-ˊʱʲʵˇʽ, ˄ʰ˄ˇ-ˉˇ˂ˏʶʵˊʰ, ˄ʰ˄ˇ-ˁˏʲˇʽ) ˁʰʽ ˃ʶʴɦ˂ ʹˌ ʶʽʵʽˁʺˌ ʶˉʽ˒ʱ˄ʶʽʰˌ 

(> 90 m2 g 1), ˃ʶ ˍʽˌ ˄ʰ˄ˇ-ˊʱʲʵˇˎˌ ˄ʰ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˍʹ ʲʷ˂ˍʽˋˍʹ ˁʽ˄ʹˍʽˁˈˍʹˍʰ 



xiv 

ʶˎ˃ʶˍʱʲ˂ʹˍˇˎ ˉ˂ʶʴ˃ʰˍʽˁˇˏ ˇ˅ˎʴˈ˄ˇˎΣ ˇʵʹʴ˗˄ˍʰˌ ˋʶ ʶ˄ʽˋ˔ˎ˃ʷ˄ʹ ʰ˄ʰʴ˖ʴʽˁʺ ʽˁʰ˄ˈˍʹˍʰ ˁʰʽ 

ˁʰˍʰ˂ˎˍʽˁʺ ʰˉˈʵˇˋʹΦ 

ɳˉʽˉ˂ʷˇ˄Σ ˍˇ ɼʶ˒ʱ˂ʰʽˇ о ˉʰˊˇˎˋʽʱʸʶʽ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ˒ˇˊʷʰ 

ʵʹ˃ʹˍˊʾʰˌ όˁˏʲˇʽΣ ˉˇ˂ˏʶʵˊʰΣ ˊʱʲʵˇʽύ ˋˍʰ ˒ˎˋʽˁˇ˔ʹ˃ʽˁʱ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˁʰʽ ˋˍʹ˄ 

ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˎˉˇˋˍʹˊʽʴ˃ʷ˄˖˄ ˃ʶˍʱ˂˂˖˄ ˃ʶˍʱˉˍ˖ˋʹˌΣ ʺˍˇʽ M/CeO2 (M: Cu, 

Fe). ɶ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍˇˎ ˒ˇˊʷʰ ʲˊʷʻʹˁʶ ˄ʰ ʶˉʹˊʶʱʸʶʽ ˋʹ˃ʰ˄ˍʽˁʱ ˍʽˌ ˒ˎˋʽˁˇ˔ʹ˃ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ 

ˍ˖˄ ˃ʽˁˍ˗˄ ˇ˅ʶʽʵʾ˖˄ ˃ʶ ˋʹ˃ʰ˄ˍʽˁʺ ʶˉʾʵˊʰˋʹ ˋˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ʰˉˈʵˇˋʹΦ ɮ˄ʰʵʶʾ˔ʻʹˁʶ ˈˍʽ ʹ 

˃ˇˊ˒ˇ˂ˇʴʾʰ ˍʹˌ ʵʹ˃ʹˍˊʾʰˌ ˁʽ ˈ˔ʽ ˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ˎ˒ʺˌκʵˇ˃ʺˌ ʶʾ˄ʰʽ ˇ ˉʰˊʱʴˇ˄ˍʰˌ ˉˇˎ 

ʶˉʹˊʶʱʸʶʽ ˋʶ ˋʹ˃ʰ˄ˍʽˁˈ ʲʰʻ˃ˈ ˍʹ˄ ʰ˄ʰʴ˖ʴʽˁʺ ʽˁʰ˄ˈˍʹˍʰ ˁʰʽ ˍʹ˄ ˁʽ˄ʹˍʽˁˈˍʹˍʰ ˇ˅ˎʴˈ˄ˇˎ 

ˍ˖˄ ˃ʽˁˍ˗˄ ˇ˅ʶʽʵʾ˖˄Σ ʰˁˇ˂ˇˎʻ˗˄ˍʰˌ ˍʹ ˋʶʽˊʱΥ ˄ʰ˄ˇ-ˊʱʲʵˇʽ Ҕ ˄ʰ˄ˇ-ˉˇ˂ˏʶʵˊʰ Ҕ ˄ʰ˄ˇ-ˁˏʲˇʽΣ 

˃ʶ ˍʽˌ ˄ʰ˄ˇ-ˊʱʲʵˇˎˌ ʵʹ˃ʹˍˊʾʰˌ ˄ʰ ˉʰˊˇˎˋʽʱʸˇˎ˄ ʰ˒ʻˇ˄ʾʰ ˋʶ ʵˇ˃ʽˁʷˌ ʰˍʷ˂ʶʽʶˌ ˁʰʽ ˁʶ˄ʷˌ 

ʻʷˋʶʽˌ ˇ˅ˎʴˈ˄ˇˎΦ ɶ ˉˊˇˋʻʺˁʹ ˍˇˎ ˃ʶˍʱ˂˂ˇˎ (˔ʰ˂ˁˈˌ  ̋ˋʾʵʹˊˇˌ) ˋˍʰ ˁʰʻʰˊʱ ˎˉˇˋˍˊ˗˃ʰˍʰ 

ʵʹ˃ʹˍˊʾʰˌ ʲʶ˂ˍʽ˗˄ʶʽ ʻʶʰ˃ʰˍʽˁʱ ˍʹ˄ ʰˉˈʵˇˋʹ ˇ˅ʶʾʵ˖ˋʹˌ ˍˇˎ COΣ ˔˖ˊʾˌ ˖ˋˍˈˋˇ ˄ʰ 

ʶˉʹˊʶʱʸʶʽ ˍʹ ˋʶʽˊʱ ʵˊʰˋˍʽˁˈˍʹˍʰˌ ˍ˖˄ ˁʰʻʰˊ˗˄ ˒ˇˊʷ˖˄Σ ʵʹ˂ʰʵʺ ˄ʰ˄ˇ-ˊʱʲʵˇʽ Ҕ ˄ʰ˄ˇ-

ˉˇ˂ˏʶʵˊʰ Ҕ ˄ʰ˄ˇ-ˁˏʲˇʽΣ ˁʰˍʰʵʶʽˁ˄ˏˇ˄ˍʰˌ ˍˇ ˊˈ˂ˇ ˁ˂ʶʽʵʾ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ˒ˇˊʷʰΦ ʆˇ 

ʵʶʾʴ˃ʰ ˔ʰ˂ˁˇˏ-ʵ́ ˃ʹˍˊʾʰˌ ˄ʰ˄ˇ-ˊʰʲʵˇʶʽʵˇˏˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ʲˊʷʻʹˁʶ ˄ʰ ʶˉʽʵʶʽˁ˄ˏʶʽ ˉ˂ʺˊʹ 

˃ʶˍʰˍˊˇˉʺ ˍˇˎ CO ˋʶ ˉˇ˂ˏ ˔ʰ˃ʹ˂ʺ ʻʶˊ˃ˇˁˊʰˋʾʰ όϤмлл oC), ̍ ˄ˍʰˌ ʰˉˈ ˍʽˌ ˔ʰ˃ʹ˂ˈˍʶˊʶˌ ˉˇˎ 

ʷ˔ˇˎ˄ ˁʰˍʰʴˊʰ˒ʶʾ ʴʽʰ ˎˉˇˋˍʹˊʽʴ˃ʷ˄ˇˎˌ ˁʰˍʰ˂ˏˍʶˌ ˔ʰ˂ˁˇˏΦ ɼʰˍʱ ˉʰˊˈ˃ˇʽˇ ˍˊˈˉˇΣ ˇʽ ˄ʰ˄ˇ-

ˊʱʲʵˇʽ ˋʽʵʺˊˇˎ-ʵʹ˃ʹˍˊʾʰˌ ˉʰˊˇˎˋʽʱʸˇˎ˄ ˍʹ ʲʷ˂ˍʽˋˍʹ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱΣ 

ʶˉʽʵʶʽˁ˄ˏˇ˄ˍʰˌ ˖ˋˍˈˋˇ ˉ˂ʺˊʹ ˃ʶˍʰˍˊˇˉʺ ˍˇˎ CO ˋʶ ˎ˕ʹ˂ˈˍʶˊʶˌ ʻʶˊ˃ˇˁˊʰˋʾʶˌ ό~250 ˇC) 

ʶ˄ ˋˎʴˁˊʾˋʶʽ ˃ʶ ˍˇˎˌ ʰ˄ˍʾˋˍˇʽ˔ˇˎˌ ˁʰˍʰ˂ˏˍʶˌ ˔ʰ˂ˁˇˏ. To ˍʶ˂ʶˎˍʰʾˇ ʰ˄ʰʵʶʽˁ˄ˏʶʽ ˍˇ 

ˋʹ˃ʰ˄ˍʽˁˈ ˊˈ˂ˇ ˁʰʽ ˍʹˌ ˒ˏˋʹˌ ˍʹˌ ʶ˄ʶˊʴˇˏ ˒ʱˋ̩́  ˋʶ ˋˎ˄ʵˎʰˋ˃ˈ ˃ʶ ˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍˇˎ 

˒ˇˊʷʰΦ ɳˉʾ ˍʹ ʲʱˋʹ ʶ˄ˈˌ ˃ʹ˔ʰ˄ʽˋ˃ˇˏ ˍˏˉˇˎ Mars-van Krevelen, ʰ˄ʰʵʶʾ˔ʻʹˁʰ˄ ˋˍʶ˄ʷˌ 

ʰ˂˂ʹ˂ˇˋˎˋ˔ʶˍʾˋʶʽˌ ʰ˄ʱ˃ʶˋʰ ˋˍʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˁʰʽ ˍʽˌ ˉʰˊʰˁʱˍ˖ 

ˉʰˊʰ˃ʷˍˊˇˎˌΥ i) ˍʹ˄ ʰ˒ʻˇ˄ʾʰ ˋʶ ʰˋʻʶ˄˗ˌ ˋˎ˄ʵʶʵʶ˃ʷ˄ʰ ʶʾʵʹ ˇ˅ˎʴˈ˄ˇˎ, ii) ˍˇ˄ ˋ˔ʶˍʽˁˈ 

ˉ˂ʹʻˎˋ˃ˈ ˋʶ ˇ˅ʶʽʵˇʰ˄ʰʴ˖ʴʽˁʱ ʸʶˏʴʹ Cu+/Ce3+, iii) ˍʹ˄ ˋ˔ʶˍʽˁʺ ʰ˒ʻˇ˄ʾʰ ˋʶ ʰˍʷ˂ʶʽʶˌ ˁʰʽ 

ˁʶ˄ʷˌ ʻʷˋʶʽˌ ˇ˅ˎʴˈ˄ˇˎ. 

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ˁʶ˒ʰ˂ʰʾˇˎ ʰˎˍˇˏ ʵʹ˃ˇˋʽʶˏˍʹˁʰ˄ ˋˍʰ ʰˁˈ˂ˇˎʻʰ ʶˉʽˋˍʹ˃ˇ˄ʽˁʱ 

ˉʶˊʽˇʵʽˁʱ: 

3. Maria Lykaki, Eleni Pachatouridou, Eleni IlƛƻǇƻǳƭƻǳΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻ ŀƴŘ 
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ʆ ̌ɼʶ˒ʱ˂ʰʽˇ 4 ˉʶˊʽʴˊʱ˒ʶʽ ˍʹ˄ ʶˉʾʵˊʰˋʹ ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ˒ˇˊʷʰ ʵʹ˃ʹˍˊʾʰˌ ˋˍʽˌ 

˒ˎˋʽˁˇ˔ʹ˃ʽˁʷˌ ʽʵʽˈˍʹˍʶˌ ˁʰʽ ˋ̱ ʹ˄ ˁʰˍʰ˂ˎˍʽˁʺ ˋˎ˃ˉʶˊʽ˒ˇˊʱ ˖ˌ ˉˊˇˌ ˍʹ ʵʽʱˋˉʰˋʹ ˍˇˎ ɿ2ʁ 

ˍ˖˄ ˃ʽˁˍ˗˄ ˇ˅ʶʽʵʾ˖˄ ˁˇʲʰ˂ˍʾˇˎ-ʵʹ˃ʹˍˊʾʰˌΦ ʅˎʴˁʶˁˊʽ˃ʷ˄ʰΣ ˄ʰ˄ˇ-ˋ˖˃ʰˍʾʵʽʰ ʵʹ˃ʹˍˊʾʰˌ 

ˋˎʴˁʶˁˊʽ˃ʷ˄ʹˌ ˃ ˇˊ˒ˇ˂ˇʴʾʰˌ ό˄ʰ˄ˇ-ˊʱʲʵˇʽΣ ˄ʰ˄ˇ-ˉˇ˂ˏʶʵˊʰΣ ˄ʰ˄ˇ-ˁˏʲˇʽύ ˉʰˊʰˋˁʶˎʱˋˍʹˁʰ˄ 

˃ʷˋ˖ ˍʹˌ ˎʵˊˇʻʶˊ˃ʽˁʺˌ ˃ʶʻˈʵˇˎ ˁʰʽ ˔ˊʹˋʽ˃ˇˉˇʽʺʻʹˁʰ˄ ˖ˌ ˎˉˇˋˍˊ˗˃ʰˍʰ ʴʽʰ ˍˇ ˇ˅ʶʾʵʽˇ 

ˍˇˎ ˁˇʲʰ˂ˍʾˇˎΦ ʁʽ ˁʰˍʰ˂ˏˍʶˌ ˁˇʲʰ˂ˍʾˇˎ-ʵʹ˃ʹˍˊʾʰˌ ʰˉˇˍʽ˃ʺʻʹˁʰ˄ ˁʰˍʰ˂ˎˍʽˁʱ ˁʰˍʱ ˍʹ˄ 

ʰ˄ˍʾʵˊʰˋʹ ʵʽʱˋˉʰˋʹˌ ˍˇˎ ɿ2ʁΣ ʰˉˇˎˋʾʰ ˁʰʽ ˉʰˊˇˎˋʾʰ ˇ˅ˎʴˈ˄ˇˎΦ ɶ ʰ˄˖ˍʶˊˈˍʹˍʰ ˍ˖˄ ˄ʰ˄ˇ-

ˊʱʲʵ˖˄ ʵʹ˃ʹˍˊʾʰˌ ˋˍʽˌ ˇˉˇʾʶˌ ʶˁˍʾʻʶ˄ˍʰʽ ˍʰ ˁˊˎˋˍʰ˂˂ˇʴˊʰ˒ʽˁʱ ʶˉʾˉʶʵʰ {100} ˁ ʰʽ {110}, 

ʰ˄ʰʵʶʾ˔ʻʹˁʶ ˁʰʽ ˁʰˍʱ ˍʹ˄ ʶ˄ ˂ˈʴ˖ ʰ˄ˍʾʵˊʰˋʹΦ ʁʽ ˄ʰ˄ˇ-ˊʱʲʵˇʽ ˁˇʲʰ˂ˍʾˇˎ-ʵʹ˃ʹˍˊʾʰˌ ˃ʶ ˍʰ 

ʲʷ˂ˍʽˋˍʰ ˔ʰˊʰˁˍʹˊʽˋˍʽˁʱ ʰ˄ʰʴ˖ʴʺˌ ˁʰʽ ˎ˒ʺˌΣ ˁʰʻ˗ˌ ˁʰʽ ˃ʶ ˍʹ ˃ʶʴʰ˂ˏˍʶˊʹ ˋˎʴˁʷ˄ˍˊ˖ˋʹ ˋʶ 
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ʰ˄ʰʵʶʽˁ˄ˏˇ˄ˍʰˌ ˍʹ˄ ʰˉˇˍʶ˂ʶˋ˃ʰˍʽˁˈˍʹˍʰ ˍʹˌ ˉˊˇˍʶʽ˄ˈ˃ʶ˄ʹˌ ˋ˔ʶʵʽʰˋˍʽˁʺˌ ˉˊˇˋʷʴʴʽˋʹˌΦ 

ɳʽʵʽˁˈˍʶˊʰΣ ˍʰ ʵʶʾʴ˃ʰˍʰ Cu/CeO2 ˉʰˊʰˋˁʶˎʰˋ˃ʷ˄ʰ ˃ʶ ˋˎʴˁʰˍʰʲˏʻʽˋʹ ˁʰʽ ʶˉʰˁˈ˂ˇˎʻʰ 
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ʆ ̌ɼʶ˒ʱ˂ʰʽˇ 5 ˉʰˊˇˎˋʽʱʸʶʽ ˍʹ˄ ʶˉʾʵˊʰˋ ́ˍʹˌ ˃ˇˊ˒ˇ˂ˇʴʾʰˌ ˍˇˎ ˒ˇˊʷʰ ʵʹ˃ʹˍˊʾʰˌ (˄ʰ˄ˇ-

ˊʱʲʵˇʽ ˁʰʽ ˄ʰ˄ˇ-ˁˏʲˇʽ) ˋ ʁˋˎ˄ʵˎʰˋ˃ˈ ˃ ʁˍ ́˒ˏˋʹ ˍʹˌ ʶ˄ʶˊʴˇˏ ˒ʱˋʹˌ ˋˍʽˌ ˒ˎˋʽˁˇ˔ʹ˃ʽˁʷˌ 
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ˋʶ ʰˍ˃ˇˋ˒ʰʽˊʽˁʺ ˉʾʶˋʹΣ ˋʶ ˁʰˍʰ˂ˏˍʶˌ ˃ʶˍʱ˂˂˖˄ ˃ʶˍʱˉˍ˖ˋʹˌ ˎˉˇˋˍʹˊʽʴ˃ʷ˄ˇˎˌ ˋˍʹ 
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ˋʶʽˊʱ: Ni/CeO2 > Co/CeO2 > Cu/CeO2 > Fe/CeO2 > CeO2, h ˄ʶ˅ʱˊˍʹˍʰ ʰˉˈ ˍʹ ˃ˇˊ˒ˇ˂ˇʴʾʰ ˍˇˎ 
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ˍʹ˄ ʰ˄ˍʾʵˊʰˋʹ ˃ʶʻʰ˄ʾ˖ˋʹˌ ʶ˄˗ ʹ ʰ˄ˍʾʵˊʰˋʹ ˍʹˌ ʰ˄ˍʾˋˍˊˇ˒ʹˌ ˃ʶˍʰˍˈˉʽˋʹˌ ˎʵˊʰʶˊʾˇˎ 

όǊ²D{ύ ʶˎ˄ˇʶʾˍʰʽ ˋˍʽˌ ˄ʰ˄ˇ-ˊʱʲʵˇˎˌ ˔ʰ˂ˁˇˏ-ʵʹ˃ʹˍˊʾʰˌΦ ɼʰʽ ˋˍʽˌ ʵˎˇ ˉʶˊʽˉˍ˗ˋʶʽˌ 

ʶˉʽˍʶˏ˔ʻʹˁʰ˄ ʰˉˇʵˈˋʶʽˌ ˉ˂ʹˋʾˇ˄ ˍ˖˄ ʻʶˊ˃ˇʵˎ˄ʰ˃ʽˁ˗˄ ˇˊʾ˖˄ ˁʰˍʰʵʶʽˁ˄ˏˇ˄ˍʰˌ ˍʹ˄ 

ʰ˄˖ˍʶˊˈˍʹˍʰ ˍ˖˄ ˉˊˇˌ ʰ˄ʱˉˍˎ˅ʹ ˎ˂ʽˁ˗˄Φ 

ʆʰ ʰˉˇˍʶ˂ʷˋ˃ʰˍʰ ˍˇˎ ˁʶ˒ʰ˂ʰʾˇˎ ʰˎˍˇˏ ʵʹ˃ˇˋʽʶˏˍʹˁʰ˄ ˋˍʰ ʰˁˈ˂ˇˎʻʰ ʶˉʽˋˍʹ˃ˇ˄ʽˁʱ 

ˉʶˊʽˇʵʽˁʱ: 

8. Michalis Konsolakis, Maria LykakiΣ {ƻŦƛŀ {ǘŜŦŀΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻΣ Georgios 

Varvoutis, Eleni Papista and Georgios E. Marnellos, "CO2 Hydrogenation over 

Nanoceria-Supported Transition Metal Catalysts: Role of Ceria Morphology 

(Nanorods versus Nanocubes) and Active Phase Nature (Co versus Cu)", 

Nanomaterials 9 (2019) 1739. doi:10.3390/nano9121739 

9. Georgios Varvoutis, Maria LykakiΣ {ƻŦƛŀ {ǘŜŦŀΣ 9ƭŜƴƛ tŀǇƛǎǘŀΣ {ƽƴƛŀ !Φ /Φ /ŀǊŀōƛƴŜƛǊƻΣ 

Georgios E. Marnellos and Michalis Konsolakis, "Remarkable efficiency of Ni 

supported on hydrothermally synthesized CeO2 nanorods for low-temperature CO2 



xvii 

hydrogenation to methane", Catalysis Communications 142 (2020) 106036. doi: 

10.1016/j.catcom.2020.106036 

ʆ ̌ɼʶ˒ʱ˂ʰʽˇ 6 ʰˉˇˍʶ˂ʶʾ ˍ ̌ˍʶ˂ʶˎˍʰʾˇ ˁʶ˒ʱ˂ʰʽˇ, ̱  ̌ˇˉˇʾˇ ˋˎ˄ˇ˕ʾʸʶʽ ˍ hˋˎ˃ˉʶˊʱˋ˃ʰˍʰ ˍʹˌ 

ʶˁˉˇ˄ʹʻʶʾˋʰˌ ʷˊʶˎ˄ʰˌ, ˋˍˇ ˉ˂ʰʾˋʽˇ ˍʹˌ ˉʰˊˇˏˋʰˌ ʵʽʵʰˁˍˇˊʽˁʺˌ ʵʽʰˍˊʽʲʺˌ, ˉˊˇˍʶʾ˄ˇ˄ˍʰˌ 
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ˍʹ˄ h ˄ʱˉˍˎ˅ʹ ˁ ʰˍʰ˂ˎˍʽˁ˗˄ ˎ ˂ʽˁ˗˄ ˎ ˕ʹ˂ʺˌ ʁ ˄ʶˊʴˈˍʹˍʰˌκʶˁ˂ʶˁˍʽˁˈˍʹˍʰˌ ɹ ʽʰ ʁ ˄ʶˊʴʶʽʰˁʷˌ ˁ ʰʽ 

ˉʶˊʽʲʰ˂˂ˇ˄ˍʽˁʷˌ ʁ ˒ʰˊ˃ˇʴʷˌ. 
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Rational Design and Optimization Strategies of Non-

Precious Metal Oxide Catalysts: Literature Review 

 

 

Chapter 1 aims at providing 

the most recent advances on 

the rational design of MOs, i.e., 

the general optimization 

framework followed to fine-

tune non-precious metal oxide 

sites and their surrounding 

environment by means of 

appropriate synthetic and 

promotional/modification 

routes. Initially, the basic 

principles of size, shape and 

electronic engineering (e.g., through advanced synthetic routes, special pretreatment protocols, 

alkali promotion, chemical/structural modification by reduced graphene oxide (rGO)) are 

discussed. It was clearly disclosed that fine-tuning can exert a profound influence not only on the 

reactivity of metal sites in its own right, but also to metal-support interfacial activity, offering 

highly active and stable materials for real-life energy and environmental applications. Then, the 

main implications of size-, shape- and electronic/chemical-adjustment in catalysis are exemplified 

on the basis of CuOx/CeO2 binary system during some of the most relevant applications in 

heterogeneous catalysis, such as CO oxidation, N2O decomposition, preferential oxidation of CO 

(CO-PROX), water gas shift reaction (WGSR) and CO2 hydrogenation to value-added products, are 

thoroughly discussed.  
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INTRODUCTION 

The fast growth rate of population in the last decades has led to an unprecedented increase in 

energy demands. However, the main energy sources fulfilling global demands originate from fossil 

fuels, rising significant concerns in relation to sources' availability and environmental degradation. 

To this end, the development of emerging energy technologies towards the production of 

environmentally friendly fuels besides the establishment of cost-effective environmental 

technologies for climate change mitigation has become a main priority in the scientific and 

industrial community. Clean and reliable energy supply in conjunction with environmental 

protection by means of highly- and cost-effective technologies is one of the most significant 

concerns of the 21st century [1ς4]. 

In view of the above aspects, heterogeneous catalysis is expected to have a key role in the near 

future towards sustainable development. Heterogeneous catalysis has received considerable 

attention from both the scientific and industrial community, as it is a field of diverse applications, 

including the petrochemical industry with the production of high quality chemicals and fuels, the 

fields of energy conversion and storage, as well as the remediation of the environment through 

the abatement of hazardous substances, signifying its pivotal role in the world economy [1,3,5ς7]. 

Several types of catalysts have been employed for energy and environmental applications, which 

can be generally classified into: Noble metal (NMs)-based catalysts and NMs-free metal oxides 

(MOs), such as bare oxides, mixed metal oxides (MMOs), perovskites, zeolites, hexaaluminates, 

hydrotalcites, spinels, among others. Among these, NMs-based catalysts have been traditionally 

used in numerous processes, such as CO oxidation [8ς11], nitrous oxide (N2O) decomposition [12ς

17], water-gas shift reaction [18ς20], carbon dioxide (CO2) hydrogenation [21ς25], etc., exhibiting 

high activity and selectivity. However, their scarcity and extremely high cost render mandatory the 

development of highly active, stable and selective catalysts that will be of low cost, nonetheless 

[26,27]. 

On the other hand, metal oxides (MOs) prepared from earth-abundant and inexpensive transition 

metals have attracted considerable attention as alternatives to rare and remarkably expensive 

NMs, due to their particular features, such as enhanced redox properties, thermal stability and 

catalytic performance in conjunction to their lower cost [2,3,35ς43,5,28ς34]. The latter is clearly 

manifested in Figure 1.1, which schematically depicts the cost of noble metals in comparison with 

copper (a typical transition metal massively involved in MOs) for a five-year period. It is evident 

that the price of noble metals is larger than that of copper by about four orders of magnitude. 
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Figure 1.1. Relative comparison of noble metal and copper metal prices over a five-year period. 

Data taken from https://www.infomine.com. Adapted from Reference [44]. Copyrightϭ 2020, 

MDPI. 

 
Mixed metal oxides (MMOs) appropriately prepared by admixing two or more single metal oxides 

in a specific proportion, have lately gained particular attention, since they exhibit unique structural 

and surface properties, which are completely different from that of parent oxides. Amongst the 

numerous MOs, transition metal-based oxides have gained particular interest, due to their 

peculiar chemisorption capacity, linked to partially filled d-shells [45,46]. For instance, Cu-based 

oxides can catalyze a variety of reactions following a redox-type mechanism (e.g., photocatalysis), 

due to the wide range of Cu oxidation states (mainly Cu0, CuI, CuII), which enables reactivity in 

multi-electron pathways. On the other hand, reducible oxides, such as ceria, not only provide the 

basis of active phase dispersion, but could have a profound influence on the intrinsic catalytic 

activity, through metal-support interactions, as will be further discussed in the sequence. In 

particular, ceria or cerium oxide (CeO2) has attracted considerable attention, due to its unique 

properties, including enhanced thermal stability, high oxygen storage capacity (OSC) and oxygen 

mobility, as well as superior reducibility driven by the formation of surface/structural defects (e.g., 

oxygen vacancies) through the rapid interplay between the two oxidation states of cerium 

(Ce3+/Ce4+) [2,6,29,47ς49]. In addition to these physicochemical advantages of cerium oxide, its 

average 2020 price stands at very low levels (ca. 1815 USD/metric ton), with a relative cost trend 

of CeO2 < TiO2 < SiO2 < ZnO < ZrO2, revealing the economic benefits of ceria-based catalytic 

materials [50]. Moreover, ceria's combination with transition metals leads to improved catalytic 



Chapter 1 

 

4 

performance, due to the synergy between the metal phase and the support, related to electronic, 

geometric and bifunctional interactions [31,51ς56]. More importantly, the combination of 

reducible oxides (e.g., CeO2) with TMs (e.g., Fe, Co, Ni, and Cu) could offer novel catalyst 

formulations with exceptional properties, arising mainly from the multifaceted electronic and 

geometric interactions amongst the different counterparts [31,51,61ς63,52,54ς60]. In this regard, 

the combination of CuOx and CeO2 oxides towards the formation of CuOx/CeO2 binary oxides, 

offers catalytic activities comparable or even better to NMs-based catalysts in various applications, 

such as CO oxidation, N2O decomposition, preferential oxidation of CO (CO-PROX), as lately 

reviewed [31]. 

The peculiar reactivity of CuOx/CeO2 system arises not only from the distinct characteristics of 

individual CuOx and CeO2 phases, but mainly from their synergistic interactions. More specifically, 

the synergistic effects between the different counterparts of MOs can offer unique characteristics 

(e.g., improved reducibility, abundant structural defects, etc.), reflected then on the catalytic 

activity [31,58,64ς68]. Various interrelated factors are usually considered under the term 

"synergy", involving among others: 

 
(i) The superior interfacial reactivity as compared to the reactivity of individual particles; 

(ii) The presence of defects (e.g., oxygen vacancies); 

(iii) The enhanced reducibility of MOs as compared to single ones; 

(iv) The interplay between interfacial redox pairs (e.g., Cu2+/Cu+ and Ce3+/Ce4+). 

 
In view of the above, very recently, the modulation of metal-support interactions as a tool to 

enhance the catalytic performance was thoroughly reviewed, disclosing that up to fifteen-fold 

productivity enhancement can be achieved in reactions related to C1 chemistry by controlling 

metal-support interactions [63]. However, it is well established todaythanks to the rapid 

development of sophisticated characterization techniquesthat various interrelated factors, such 

as the composition, the size, the shape, and the electronic state of MOs different counterparts can 

exert a profound influence on the local surface chemistry and metal-support interactions, and in 

turn, on the catalytic activity of these multifunctional materials [6,49,73ς79,53,54,59,62,69ς72]. In 

view of this fact, size, shape, porous, redox and electronic adjustment by means of appropriate 

synthetic and promotional/modification routes can provide the vehicle to substantially modifying 

not only the reactivity of metal sites in its own right, but also the interfacial activity, offering highly 

active and stable materials for real-life energy and environmental applications (Figure 1.2). 
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Figure 1.2. Schematic illustration of metal oxides' (MOs) fine-tuning by adjusting their size, shape, 

composition and electronic/chemical state. 

 
In light of the aforementioned issues, the present chapter aims at exploring the basic principles of 

MOs fine-tuning by modulating the size, shape and electronic/chemical state by means of 

appropriate synthetic/promotional routes. The implications of size, shape and electronic/chemical 

effects in catalysis will be next exemplified on the basis of state-of-the-art catalytic applications of 

CuOx/CeO2 binary oxide, involving CO oxidation, N2O decomposition, preferential oxidation of CO 

(CO-PROX), water gas shift reaction (WGSR), and CO2 hydrogenation to value-added 

chemicals/fuels. 

 
1.1. FINE-TUNING OF METAL OXIDES (MOs) 

Heterogeneous catalysis traditionally refers to a chemical reaction taking place on the surface of a 

solid catalyst, involving the adsorption and the activation of reactant(s) on specific active sites, the 

chemical transformation of adsorbed species and the products' desorption. Thanks to the rapid 

development of both in situ and ex situ characterization techniques, it is well acknowledged that 

the elementary reaction steps are strongly dependent on several parameters involving the size, 

the shape, the electronic state of individual particles, as well as on their interfacial interactions. 

Hence, the macroscopic catalytic behaviour can be considered as the outcome of interactions 

between reactants, intermediates and products with the micro(nano)scopic coordination 

environment of surface atoms, involving geometric arrangements, electronic confinement, and 

interfacial effects, among others. In view of this fact, the modulation of the above-mentioned 
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parameters can profoundly affect the local surface structure and chemistry with great implications 

in catalysis. It should be mentioned, however, that due to the interplay between structural and 

chemical factors, it is quite challenging to disclose the fundamental origin of catalytic 

performance. Thus, it is of vital importance to establish reliable structure-property relationships, 

unveiling the particular role of each factor at nanoscale. 

Moreover, taking into account that the majority of MOs consists of at least two different 

counterparts, this triggers unique opportunities towards designing various MOs of the same 

composition, but of different reactivity by adjusting the above-mentioned parameters either in 

one or both counterparts. In the following, the basic principles of size, shape, and 

electronic/chemical effects are provided. However, it should be mentioned here that all factors 

are interrelated; thus, the discrete role of each one in the catalytic activity of MOs cannot be easily 

disclosed, as further discussed below. 

 
1.1.1. Size Effects 

The rapid development of nanotechnology in the last years enables the fabrication of MOs with 

tunable size and shape at the nanometer scale. Nowadays, it has been both experimentally and 

theoretically revealed that the surface, structural and electronic properties of nanoparticles (NPs) 

differ essentially from the corresponding bulk properties. In general, by decreasing the particle 

size of metal oxide particles down to few nanometers (e.g., <10 nm), a dramatic increase in activity 

can be generally obtained, attributed to "size effects". This size-dependent reactivity can be 

ascribed to different contributions, namely: (i) quantum size effects, (ii) presence of low 

coordinated atoms into nanoparticles' surface, (iii) electronic state of the surface, (iv) strong 

interparticle interactions. Hereinafter, the particular effect of every contribution is shortly 

presented for the sake of following discussions in relation to the fine-tuning of MOs. For additional 

reading, several comprehensive articles in this topical area are recommended 

[31,54,69,70,72,73,77,80]. 

In particular, by decreasing the size of a material down to nanometer scale, the surface-to-volume 

ratio is largely increased, resulting in an increased population of surface sites, being the active 

sites in catalysis. Besides the modulation of the fraction of atoms on the topmost surface layer, the 

number of atoms at corners and edges, being considered more active than those at planes, is 

considerably increased by decreasing the size. More specifically, size decrease leads to a high 

density of under-coordinated atoms with exceptional adsorption and catalytic properties 

[54,69,73,81ς85]. Typically, surface sites with low coordination number (CN) demonstrate 

stronger adsorption ability as compared to those of high CN [69,77,86]; linear relationships 

between the adsorption energy of various adsorbates and the coordination number have been 
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found for several transition metals, including among others non-precious metals, such as Cu, Ni, 

and Co [87,88]. Thus, from the geometrical point of view, size decrease has a direct effect on both 

the number and type of active surface sites reflected then on catalytic activity. 

Aside from the "geometric size effects", the electronic state of surface atoms can undergo 

substantial modifications upon decreasing the particle size down to nanoscale. In particular, when 

a bulk material with a continuous electron band is subjected to size decrease down to the 

nanometer scale, the so-called quantum effect or confinement effect is taking place, arising from 

the presence of discrete electronic states as in the case of molecules [69,72,73,80,89]. For 

instance, it has been reported that a higher electron density, with a d band close to the Fermi 

level, can be obtained for Au NPs smaller than ca. 2 nm as compared to bigger ones, with great 

implications in CO oxidation [90ς93]. 

Recently, thanks to the introduction of new generation sophisticated characterization techniques 

(e.g., high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), 

extended X-ray absorption fine structure (EXAFS)) and computational methods (e.g., Density 

Functional Theory (DFT) calculations), an indirect size effect linked to the metal-support 

interactions is clearly revealed. More specifically, even small perturbations between metal 

nanoparticles and oxide carriers, due to charge transfer between particles, local electric fields, 

morphological changes, "ligand" effect, etc., can induce a substantial modification in catalytic 

activity [31,52,58,61,94ς96]. To more accurately describe these phenomena, the term Electronic 

Metal Support Interactions (EMSI) has been recently proposed by Campbell [97] in contrast to 

classical Strong Metal Support Interactions (SMSI). In view of this concept, tiny metal clusters 

composed of a few or even single atoms could play a dominant role in catalysis, despite the fact 

that they do not account for more than a few percent of the total metal content [31,52]. In view of 

this fact, it has been shown that by controlling the metal (Ni, Pd, Pt) nanocrystal's size, the length 

of metal-ceria interface is appropriately adjusted with significant implications in CO oxidation; 

normalized reaction rates were dramatically increased with decreasing the size, due to the 

increased boundary length. 

As an additional implication of size-dependent behaviour, the significant effect of particle size on 

structural defects of reducible carriers (such as ceria) should be mentioned. In fact, a close 

relationship between the crystal size of ceria and the concentration of oxygen vacancies has been 

revealed; the large surface-to-volume ratio in conjunction to the exposure of under-coordinated 

sites can facilitate the formation of oxygen vacancies and the Ce3+ fraction in non-stoichiometric 

CeO2  ɻNPs [70,98ς104]. Moreover, an inverse correlation between the lattice parameters of CeO2 

NPs and particle sizes has been established, attributed to the increase of Ce3+ and oxygen 
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vacancies concentration [70]. A similar trend was recorded between the surface-to-bulk oxygen 

ratio and particle size. 

Closing this part concerning the size effects, it should be noted, that although particle size 

decrease has in general a positive catalytic effect, there is a variation in relation to size-activity 

relationships depending on catalyst type and reaction environment. For instance, a positive size 

effect could be obtained if the rate determining step (rds) involves the bond cleavage of a reactant 

molecule on surface atoms with low coordination number. However, if the same under-

coordinated atoms strongly bind dissociated species (e.g., oxygen atoms) this could lead to the 

poisoning of catalyst surface and thus to the negative size effect. In particular, in reactions with no 

structure sensitivity, the activity remains unaffected by changes in the particle size (Figure 1.3, line 

a), while it could decrease with decreasing particle size (Figure 1.3, line b), referred as negative 

particle size effect or antipathetic structure sensitivity, or increase as the particle size decreases 

(Figure 1.3, line d), referred as positive particle size effect or sympathetic structure sensitivity [81]. 

However, the activity may reach a maximum when small particles exhibit a negative effect and 

larger particles show a positive one (Figure 1.3, line c) [81]. 

 

 

Figure 1.3. Turnover frequency (TOF) variation with fraction of atoms exposed and particle size 

(see text for a discussion of the curves). Adapted from Ref. [81]. Copyrightϭ 1989, Elsevier. 

 
1.1.2. Shape Effects 

Nanostructured catalysts possess unique properties originating from nanoscale phenomena linked 

mainly to size effects, commented above, and shape effects. The latter refers to the modification 

of catalytic activity through the preferential exposure of specific crystallographic facets on the 

reaction environment, also termed as morphology-dependent nanocatalysis [53,69,76,77,84,105ς
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107]. In particular, the catalytic cycle and hence the reaction efficiency, is determined on reactants 

adsorption/activation and products desorption processes, being strongly influenced by the surface 

planes of catalysts' particles. In this regard, the simultaneous modulation of size and shape at the 

nanometer scale can determine the number and the nature of exposed sites, and thus, the 

catalytic performance. This particular topic is an essential issue within the field of nanocatalysis, 

aiming at controlling a specific chemical reaction through co-adjusting these parameters at the 

nanometer scale. 

Thanks to the latest advances in materials science, nanostructured catalysts with well-defined 

crystal facets can be fabricated by precisely controlling nanocrystals' nucleation and growth rate 

[49,74,77,78,80,106]. The obtained crystal morphology is the result of several synthesis 

parameters, involving temperature, pressure, concentration, and pH, among others. Several 

reviews have been devoted to the subject [6,29,78,84,98,106,108,109]. Various structures with 

similar or different dimensions in all directions, such as nanospheres, nanocubes, nanowires, 

nanorods, nanosheets, etc., could be obtained. 

Ceria's shape control and its implications in catalysis is most probably the most extensively 

investigated system among metal oxides in heterogeneous catalysis [2,6,105,108,110ς

113,29,49,53,71,75,76,84,98]. The growth rate mechanism of ceria nanocrystals can be affected by 

various parameters, such as the basicity or polarity of the solvent [114,115], the aging 

temperature [116,117], the precursor compound [118,119], and the impregnation medium [120]. 

Regulation of nanocrystals' nucleation and growth processes results in specific shapes, such as 

rods and cubes [49,78]. Moreover, by altering the physicochemical conditions during the synthesis 

procedure (e.g., by the usage of a capping agent), blocking of certain facets or continuous growth 

of others may occur, as depicted in Figure 1.4. 

 

 

Figure 1.4. Model shapes illustrating an anisotropic growth process starting from a truncated 

cuboctahedron shape. Protecting the {111} facets using a capping agent results in the growth of 

{100} facets until they disappear and only {111} facets remain on the surface (octahedral shape). 

The opposite would result in cubic NPs with only {100} facets. Reproduced with permission from 

Ref. [121]. Copyrightϭ 2015, Elsevier. 
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There are several synthetic approaches for the preparation of ceria nanoparticles, including 

precipitation [120,122,123], thermal decomposition [123,124], template or surfactant-assisted 

method [125ς128], microwave-assisted synthesis [129ς131], the alcohothermal [126,132] or 

hydrothermal [123,126,133ς137] method, microemulsion [135,138,139], solution combustion 

[140,141], sol-gel [142ς144], sonochemical [145,146], etc. However, not all methods lead to 

particles of well-ordered size and shape with uniform dispersion on the catalyst's surface [121]. 

Among the different methods, the hydrothermal one has attracted considerable attention, due to 

the simplicity of the precursor compounds used, the short reaction time, the homogeneity in 

morphology, as well as the acquisition of various nanostructures, such as rods, polyhedra, cubes, 

wires [108,118,150ς159,123,160,126,133,136,137,147ς149]. Ceria nanocrystals have three low-

index lattice facets of different activity and stability, namely, {100}, {110}, {111} [49,107,161], as 

shown in Figure 1.5. 

 

 

Figure 1.5. (a) Unit cell of the CeO2 structure. (b-d) The (100) [or (200)], (110), and (111) planes of 

the CeO2 structure. Reprinted with permission from Ref. [161]. Copyrightϭ 2003, American 

Chemical Society. 

 
The selective exposure of ceria reactive facets can strongly affect the redox properties of ceria and 

in turn, its intrinsic characteristics as an active phase or supporting carrier. Popular ceria shapes, 

mainly, involve nanorods (NR), nanocubes (NC) and nanopolyhedra (NP). Ceria nanorods, mostly, 

expose the {110} and {100} facets, whereas, nanocubes and nanopolyhedra preferentially expose 
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the {100} and {111} facets, respectively [49,53,107]. By means of both experimental 

[84,105,110,150,162,163] and theoretical [113,164ς168] studies, it has been shown that the 

energy formation of anionic vacancies is dependent on the exposed facets, following the order: 

{111} > {100} > {110}. In this regard, the reactivity of ceria nanorods is, in general, increased upon 

increasing the fraction of {110} and {100} facets [76]. 

In view of the above, it has been clearly revealed that the activity and selectivity are strongly 

affected by the exposed crystal planes. For instance, the formation rate of ammonia on Fe crystals 

follows the sequence: {111} >> {100} > {110} [169]. Similar morphology-dependent effects have 

been demonstrated for several noble metal- [106,170] and metal oxide- [53] catalyzed processes. 

In this point, it should be mentioned that the shape effects with regard to ceria-based transition 

metal catalysts have been comprehensively reviewed in our most recent paper [171]. 

 
1.1.3. Electronic Effects 

Besides modulating the local surface structure of MOs by size and shape effects, described above, 

the fine-tuning of electronic structure by appropriate promoters can be considered as an 

additional modulating tool. Promoters hold a key role in heterogeneous catalysis towards 

optimizing the catalytic activity, selectivity and stability by modifying the physicochemical features 

of MOs, and can be classified into two general categories: structural promoters and electronic 

promoters. The first category mainly involves the doping of supporting carrier to enhance its 

structural characteristics and in turn, the stabilization of active phase (e.g., incorporation of rare 

earth dopants into three-way catalysts [5]). On the other hand, electronic promoters can modify 

catalysts' surface chemistry either directly or indirectly. The former mainly includes the 

electrostatic interactions between the reactant molecules and the local electric field of promoters. 

The latter denotes the promoter-induced modifications on metal Fermi level, which is then 

reflected on the chemisorptive bond strength of reactants and intermediates with great 

consequences in catalysis. In particular, the "promoter effect" is related to the changes in the work 

ŦǳƴŎǘƛƻƴ όʊύ ƻŦ ǘƘŜ Ŏŀǘŀƭȅǎǘǎ' surface upon promoter addition, accompanied by substantial 

modification of its chemisorption properties. The vast majority of electronic promotion over metal 

oxide catalysts refers to alkali modifiers. It has been well documented that alkali addition can 

drastically enhance the activity and selectivity of numerous catalytic systems, involving among 

others Pt-, Pd-, Rh-, Cu-, Fe-based catalysts, in various energy and environmental related reactions 

(e.g., [169ς174]). Various comprehensive studies have been devoted to the role of promoters in 

heterogeneous catalysis, to which the reader can refer for further reading [178ς180]. 

Figures 1.6 and 1.7 depict the "promoter effect" in the case of alkali-doped Co3O4 oxides during 

the N2O decomposition [181,182]. A close relationship between the catalytic performance (in 
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terms of half-conversion temperature, T50) and the woǊƪ ŦǳƴŎǘƛƻƴ όʊύ ǿŀǎ ŘƛǎŎƭƻǎŜŘ ǊŜǾŜŀƭƛƴƎ ǘƘŜ 

electronic nature of alkali promotion; electropositive modifiers (such as alkalis) can decrease the 

work function of the catalyst surface, thus, activating the adsorption/decomposition of electron-

acceptor molecules (such as N2O) [181]. However, at high alkali coverages, depolarization occurs, 

due to the strengthening of the alkali-alkali bond at the expense of the alkali-surface bond, 

resulting in a work function increase [183]. 

 

 

Figure 1.6. Correlation of half-conversion temperature (T50) with the work function of alkali 

promoted Co3O4. Reaction conditions: 5.0% N2O; mcat = 300 mg; GHSV = 7000 hҍм; alkali coverage = 

~2 at/nm2. Adapted from Reference [181]. Copyrightϭ 2009, Elsevier. 
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Figure 1.7. (a) The half-conversion temperature of N2O (T50), (b) apparent activation energy (Ea) 

and (c) work ŦǳƴŎǘƛƻƴ ŎƘŀƴƎŜǎ όɲʊύ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǇƻǘŀǎǎƛǳƳ ƭƻŀŘƛƴƎ όɸɼ) introduced from K2CO3 

and (c insert) KOH precursor. Reproduced with permission from Reference [182]. Copyrightϭ 2008, 

Springer Nature. 

 

In this point, it should be mentioned that, depending on the support's nature and crystal planes, 

alkali adsorption may lead to surface reconstruction. This surface reconstruction can be explained 

by taking into account the structural/electronic perturbations induced by the formation of the 

alkali-surface bond [184]. As mentioned previously, the crystallographic orientation of the support 

plays an important role in the diffusion rate of the adsorbed species, as well as in their in-between 

interaction, resulting in different structural stabilization [184]. For instance, potassium promoter 

was shown to stabilize certain iron facets in K-promoted iron catalysts, by inducing changes in the 

crystal growth rate, thus, enabling the formation of small particles with abundance in active facets 

and affecting the activity and selectivity of the overall system [185]. As shown in Figure 1.8, by 

increasing the K/Fe surface atomic ratio, the crystal facets become more stable and the surface 

energy is decreased [185]. This clearly manifests the pivotal role of alkali addition towards co-
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adjusting the structural and electronic properties of the catalyst's surface, and in turn, the catalytic 

performance. 

 

 

Figure 1.8. Surface energy variation versus the surface atomic ratio of K to Fe. Reproduced with 

permission from Reference [185]. Copyrightϭ 2011, John Wiley and Sons. 

 

Besides the alkali-induced modifications on the chemisorption properties, significant alterations 

on the surface oxygen mobility have been demonstrated; alkali addition could facilitate suprafacial 

recombination of oxygen towards molecular oxygen desorption, thus, liberating active sites [31]. 

Both the electronic and redox modifications induced by alkali addition can exert remarkable 

effects on catalytic activity and selectivity, demonstrating the key role of "promoter effect" as an 

additional adjusting parameter in catalysis. 

It should be noted here, as mentioned in the case of size and shape effects, that the promoter 

effect is not always positive. The latter strongly depends on reactants' type (electron donor or 

electron acceptor adsorbates) and the work function changes (increase or decrease) induced by 

the promoter (electropositive or electronegative). Thus, besides the structure-sensitivity, 

commented above, the electronic sensitivity of a given reaction should always be taken into 

account, when attempting to co-adjust the size, shape and electronic state. 
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1.1.4. Chemical Modifiers 

Besides the extensive use of alkalis or alkaline earths as promoters, numerous other chemical 

substances can be employed to modulate the local surface chemistry/structure and in turn, the 

activity, selectivity and long-term stability of parent catalyst (e.g., [72]). In this regard, metal alloys 

(e.g., Au-Ni alloys as reforming catalysts [186], Pt-Sn alloys for ethanol oxidation [187]) are 

extensively employed in catalysis towards obtaining highly active and cost-effective catalytic 

formulations. Several mechanisms are considered responsible for the enhanced performance of 

bimetallic systems, involving mainly structural (strain effects) and electronic (charge-transfer 

effects) modifications that can be induced by the interaction between the different counterparts. 

The latter substantially modifies the binding energy of adsorbates and the path of chemical 

reactions with major consequences in catalysis [52,72]. 

In a similar manner, chemical substances with unique physico-chemical properties, such as carbon-

based materials, have lately received considerable attention as chemical modifiers or supporting 

carriers [73,188]. Various carbon materials, such as carbon nanotubes (CNTs), reduced graphene 

oxide (rGO), ordered mesoporous carbon (OMC), carbon nanofibers (CNFs), and graphitic carbon 

nitride (g-C3N4), have received particular attention in catalysis after the significant progress in 

controlled synthesis and the fundamental understanding of their properties. In general, 

nanocarbons (NCs) (Figure 1.9) possess unique physical (large surface area, specific morphology, 

appropriate pore structure) and chemical (electronic structure, surface acidity/basicity) properties 

arising from their nanoscale confined structures [188]. 

 

 

Figure 1.9. Representative nanocarbons used for the preparation of catalytic composites. 

Reproduced with permission from Ref. [188]. Copyrightϭ 2018, Elsevier. 
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The combination of metal nanoparticles (NPs) with carbon materials by means of various synthetic 

approaches can exert significant modifications on the structural and electronic surrounding of NPs 

with subsequent implications in catalysis [73,188]. For example, confined Fe NPs in CNTs exhibit an 

almost twice yield to C5+ hydrocarbons as compared to Fe particles during the syngas conversion to 

liquid hydrocarbons [189]. The latter was mainly ascribed to the modified structural and redox 

properties of confined Fe NPs within CNTs [73]. Moreover, the application of graphene in catalysis 

allows the fabrication of multifunctional materials with distinct heterostructures, which offer quite 

different properties as compared to individual materials [188,190,191]. In general, carbon 

materials with exceptional structural and electronic characteristics can be effectively employed 

either as supporting materials or chemical modifiers, offering unique opportunities towards 

modulating the intrinsic reactivity of MOs. For instance, it has been found that the homogeneous 

distribution of copper atoms on the surface of rGO in combination with the outstanding electronic 

properties of rGO lead to high electrocatalytic activity, due to the synergy between the two 

components [192]. 

Metal-organic frameworks (MOFs) are another type of supporting carriers/chemical modifiers 

consisting of inorganic metal ions or clusters that are bridged with organic ligands in order for one 

or more dimensional configurations to be formed [193]. These materials exhibit unique properties, 

such as high surface area and porosity, while their complex network consisting of various channels 

allows passage in small molecules [194]. The fabrication of MOF-based MOs composites is of great 

interest, as it results in the development of materials with tunable properties and functionality. 

Metal nanoparticles regarded as the active centres can be stabilized by MOFs through 

confinement effects [195]. For instance, Cu, Ni, and Pd nanoparticles encapsulated by MOFs 

exhibited high catalytic efficiency, ascribed mainly to the synergistic effects of nanoconfinement 

and electron-donation offered by MOF framework [196ς201]. Furthermore, by changing the MOFs 

functional groups, products distribution may differ, as a consequence of variations induced in the 

chemical environment of the catalytically active sites [202]. 

 

1.1.5. Pretreatment Effects 

Besides the advances that can be induced by adjusting the size, shape and electronic state of MOs, 

special pretreatment protocols or activation procedures could be applied to further adjust the 

local surface chemistry of MOs (e.g., [203,204]). In particular, the local surface chemistry of the 

MOs can be further tailored by appropriate pretreatment protocols, including thermal or chemical 

pretreatment. According to the pretreatment protocol followed, different properties get affected, 

resulting in diversified catalytic behaviour. It has been reported that defect engineering by a low-

pressure thermal process instead of atmospheric pressure activation, could notably increase the 
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concentration of oxygen vacancy defects and in turn, the CO oxidation activity of ceria 

nanoparticles, offering an additional tool towards the fine-tuning of MOs [203]. Moreover, it has 

been documented that the pretreatment protocol (oxidation or reduction) induces significant 

effects on the local surface structure of cobalt-ceria oxides affecting the dehydroxylation process 

in ammonia synthesis [205]. In a similar manner, oxidative pretreatment of cobalt-ceria catalysts 

resulted in an impoverishment of catalyst surface in cobalt species, due to the preferential 

existence of cerium species on the outer surface, whereas, cobalt and cerium species were 

uniformly distributed on the catalyst's surface through the reduction pretreatment, which gave 

rise to the formation of oxygen vacancies [40]. In addition, a strong interaction between gold and 

ceria has been observed after O2 pretreatment, due to the electron transfer from Au0 to ceria, 

giving rise to oxygen vacancy formation, lattice oxygen migration, as well as to the formation of 

AuʵҌCO and surface bicarbonate species, favouring, thus, the adsorption of CO and the 

desorption of CO2 [206]. In terms of T100, CO oxidation performance showed the following order: 

O2 pretreatment (74 oC) < N2 pretreatment (142 oC) < 10% CO/Ar pretreatment (169 oC) [206]. In 

view of the above short discussion, the pretreatment conditions can affect the facilitation with 

which certain active species are formed on the catalyst's surface, the oxygen mobility or the 

formation of oxygen defects, with great implications in the catalytic performance. 
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1.2. IMPLICATIONS OF MOs FINE-TUNING IN CATALYSIS EXEMPLIFIED BY CuOx/CeO2 BINARY 

SYSTEM 

In this section, the implications of metal oxides' fine-tuning by means of the above-described size, 

shape and electronic/chemical effects are presented, on the basis of the CuOx/CeO2 binary oxide 

system. This particular catalytic system is selected as representative MOs, taking into account the 

tremendous fundamental and practical attention lately devoted to the copper-containing cerium 

oxide materials. More specifically, the abundant availability of copper and ceria and consequently, 

their lower cost (about four orders of magnitude, Figure 1.1) render the CuOx/CeO2 composites 

strongly competitive. Moreover, their excellent reactivity linked to peculiar metal-support 

interactions  in conjunction to their remarkable resistance to various substances, such as carbon 

dioxide, water and sulfur is of particular fundamental and practical importance [65,207,208]. 

Remarkably, copper-containing ceria catalysts appropriately adjusted by the aforementioned 

routes demonstrated catalytic activity similar or even better than NMs-based catalysts in various 

applications, such as CO oxidation, the decomposition of N2O and the water-gas shift reaction, 

among others [116,126,216ς220,149,209ς215]. 

For instance, the inverse CeOx/Cu(111) system exhibits superior CO oxidation performance at a 

relatively low temperature range (50ς100 oC), in which the noble metals do not function well, 

exhibiting activity values of about one order of magnitude higher than those measured on Pt(100), 

Pt(111), and Rh(111) [221ς223]. The latter has been mainly attributed, on the basis of the most 

conceptual experimental and theoretical studies, to the existence of Ce3+ at the metal-oxide 

interface which binds O atoms weaker as compared to bulk Ce3+ [221,224]. 

In light of the above aspects, in this section, the main implications of size, shape and 

electronic/chemical effects on the catalytic performance of CuOx/CeO2 system during some of the 

most relevant applications in heterogeneous catalysis will be discussed. It should be stressed that 

it is not the aim of this section to provide an extended overview of CuOx/CeO2 catalytic 

applications, which can be found in several comprehensive reviews [3,51,65,207,225,226]. It 

mainly aims to provide a general optimization framework towards the development of highly 

active and cost-effective MOs, paving also the way for the decrease of precious metal content in 

NMs-based catalysts. 
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1.2.1. CO Oxidation 

CO oxidation is probably the most studied reaction in heterogeneous catalysis, due to its practical 

and fundamental significance. The catalytic elimination of CO is of great importance in various 

applications involving, among others, automotive exhaust emissions control and fuel cell systems. 

More importantly, CO oxidation can serve as a prototype reaction to gain insight into the 

structure-property relationships. 

Regarding, at first, the CO oxidation activity of individual CuOx phase, it has been clearly revealed 

that it is strongly dependent on oxidation state, size and morphology. In particular, the following 

activity order: Cu2O > metastable cluster CuO > CuO has been revealed, closely related to the 

ability to release lattice oxygen [227,228]. On the other hand, the exposed crystal planes of CuOx 

phase drastically affect the CO oxidation; truncated octahedral Cu2O with {332} facets displayed 

better activity than low index {111} and {100} planes [229]. Similarly, CuO with exposed {011} 

planes is more active that close-packed {111} planes [230]. In view of this fact, it has been found 

that the CO oxidation activity of CuO mesoporous nanosheets with high-index facets is about 35 

times higher than that of the commercial sample [231]. In general, surface vacancies, originated 

from coordinately unsaturated surface Cu atoms, can easily activate oxygen species towards their 

reaction with the reducing agent [3]. 

In a similar manner, theoretical and experimental studies have shown that the energy of anionic 

vacancies formation over bare ceria follows the order: {111} > {100} > {110}, as previously analyzed 

[84,105,167,168,110,113,150,162ς166]. Moreover, a large increase in oxygen vacancies 

concentration has been found for ceria crystal size lower than ca. 10 nm [99], revealing the 

interrelationship between size and shape effects. 

In view of the above aspects, it could be argued that by adjusting the shape and size of individual 

counterparts of MOs (CuOx and CeO2 in the case of CuOx/CeO2 mixed oxides), significant 

modifications in their redox and catalytic properties can be obtained. The underlying mechanism 

of this synergistic effect linked to metal-support interactions is the subject of numerous 

theoretical and experimental studies in catalysis. The latest advances in the field of CuOx CeO2 

interactions and their implications in catalysis have been recently reviewed by Konsolakis [31]. In 

general, the superiority of binary oxides can be ascribed to various interrelated phenomena, 

involving among others: (i) electronic perturbations between nanoparticles, (ii) redox interplay 

between interfacial sites, (iii) facilitation of the formation of structural defects, (iv) improved 

reducibility and oxygen mobility, (v) unique reactivity of interfacial sites [31]. However, all of these 

factors are closely related with the intrinsic and extrinsic characteristics of individual oxides, 

triggering unique opportunities towards the development of highly active MOs by engineering the 

size and shape of individual oxides and in turn, the interfacial reactivity. Moreover, chemical or 
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electronic effects induced by aliovalent doping can exert a profound influence on the catalytic 

performance, offering an additional tool towards the rational design of MOs (Figure 1.2). In the 

sequence, the optimization of CO oxidation activity of CuOx/CeO2 catalysts by means of the above-

mentioned approaches is presented, as an indicative example of MOs rational design. 

In this point, it should be mentioned that the pivotal role of ceria morphology in the CO oxidation 

activity has been reported by several groups [118,136,148,158,209,211,232ς234], with most of 

these revealing the superiority of ceria nanorods. 

However, it should be noted that similar or even better catalytic activities can be obtained by 

different morphologies (e.g., [126,210,211]). In this regard, it was recently shown that sub-

nanometer copper oxide clusters (1 wt.% Cu loading) deposited on ceria nanospheres (NS) 

exhibited superior performance as compared to that deposited on nanorods (T100 = 122 oC vs. 194 

oC) [126]. Extensive characterization investigations revealed that the copper species in nanorods 

existed in both Cu[Ox] Ce and CuOx clusters, while CuOx clusters dominated in nanospheres. 

Among these species, only CuOx clusters could be easily reduced to Cu(I) when they were 

subjected to interaction with CO, which is considered to be the reason for the enhanced reactivity 

of CuOx/CeO2-NS samples [126]. 

So far, numerous synthesis routes and different precursors have been employed to adjust the 

structural and morphological characteristics of CuOx/CeO2 composites, mostly summarized by 

Prasad and Rattan [207]. For instance, it has been found that the use of Ce(III) instead of Ce(IV) 

precursors can lead to CuOx/CeO2 catalysts with superior reducibility and CO oxidation activity 

[235]. In particular, it was experimentally shown that Ce(III)-derived samples contained a higher 

amount of Cu+ species, through the redox equilibrium Cu2+ + Ce3+ ҭ /ǳ+ + Ce4+, which are 

responsible for their enhanced oxidation performance [235]. Moreover, CuOx/CeO2 samples 

prepared from copper acetate precursor demonstrated better CO oxidation performance as 

compared to those prepared from nitrate, chloride and sulfate precursors [236]. Avgouropoulos 

and co-workers [237,238] recently employed a novel hydrothermal method for the synthesis of 

atomically dispersed CuOx/CeO2 catalysts, offering high CO oxidation performance. By means of 

various complementary techniques, it was shown that the catalytic activity is mainly related to the 

nature of highly dispersed copper species rather than the structural/textural characteristics. In a 

similar manner, Elias et al. [239] reported on the facile synthesis of phase-pure, monodisperse ~3 

nm Cu0.1Ce0.9O2 x crystallites through solution-based pyrolysis of heterobimetallic Schiff complexes. 

An increase of CO oxidation activity by one and three orders of magnitude compared to ceria 

ƴŀƴƻǇŀǊǘƛŎƭŜǎ όо ƴƳύ ŀƴŘ ƳƛŎǊƻǇŀǊǘƛŎƭŜǎ όр ˃ƳύΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǿŀǎ ŀǘǘŀƛƴŜŘ όCƛƎǳǊŜ 1.10). 



Introduction and Literature Review 

 

21 

 

Figure 1.10. CO oxidation on annealed 3 nm Cu0.1Ce0.9OнҍȄ, 3 nm CeO2 ŀƴŘ ŎƻƳƳŜǊŎƛŀƭ р ˃Ƴ /Ŝh2 

(Sigma-Aldrich). (A) "Light off" curves and (B) area-normalized Arrhenius plots, measured in 1.0% 

CO, 2.5% O2 balanced in He at a flow rate of 1300 mL minҍм gcat
ҍм for 20 mg catalyst loadings. 

Reproduced with permission from Reference [239]. Copyrightϭ 2014, American Chemical Society. 

 

Besides the engineering of shape and size, porous structure engineering could exert a significant 

influence on the CO oxidation activity of CuOx/CeO2 catalysts [125,212]. For example, three-

dimensional CuOx-doped CeO2 prepared by a hard template method exhibited complete CO 

conversion at temperatures as low as 50 oC, due to their improved textural and redox properties 

[212]. 

Regarding the influence of CuOx/CeO2 composition on the CO oxidation activity, most of the 

studies revealed an optimum Cu/(Cu+Ce) atomic ratio in the range of 15ς30% 

[211,234,235,240,241]. Within this specific range, the optimum physicochemical characteristics 

and interfacial interactions can be achieved, reflected then on catalytic activity. 

Apart from the above-described approaches that have been put forward to improve the CO 

oxidation performance of CuOx/CeO2 oxides, the addition of aliovalent elements as 

structural/surface promoters should be mentioned. In view of this fact, it has been found that the 
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modification of ceria support by Mn [242] or Sn [243] can drastically modify the dispersion of CuOx 

and the redox interplay between Cu species and support, thus, enhancing the CO oxidation 

performance. Very recently, the tuning of the interfacial properties of CuOx/CeO2 by In2O3 doping 

was also explored [244]. It was found that the CO oxidation performance of In2O3-CuOx/CeO2 

sample greatly exceeds that of parent oxide, offering complete CO conversion at temperatures as 

low as 100 oC [244]. By means of complementary characterization studies and density functional 

theory calculations, it was proved that In2O3 could modify the geometric structure of CuOx 

particles by reducing their size. The latter results in more metal-support interfacial sites and 

abundant defects. Moreover, the interaction between In and Cu could modify the electronic state 

of Cu atoms towards the stabilization of partially reduced Cu sites at the interface [244]. 

Recently, copper-ceria nanosheets were synthesized by using graphene oxide as a sacrificial 

template, in an attempt to increase the concentration of active interfacial sites [245]. The copper-

ceria interaction was further adjusted by appropriate pretreatment, with the catalyst calcined at 

600 oC exhibiting complete CO conversion at 90 oC, due to the high concentration in active copper 

species and oxygen vacancies [245]. Moreover, a sword-like copper-ceria composite derived by a 

Ce-based MOF with 5 wt.% Cu loading, exhibited superior CO conversion performance (T100 = 100 

oC) in comparison to other irregular-shaped catalysts, due to the good interfacial contact, which 

resulted in the abundance of Cu+ active species and oxygen vacancies [194]. Very recently, triple-

shelled CuOx/CeO2 hollow nanospheres were synthesized by MOFs, exhibiting high CO conversion 

performance (T100 = 130 oC) [246]. This was mainly ascribed to the porous structure of the triple-

shelled morphology, offering an enhanced synergistic interaction between copper and ceria [246]. 

Table 1.1 summarizes, at a glance, indicative attempts followed to adjust the interfacial properties 

and in turn, the CO oxidation performance of CuOx/CeO2 binary oxides. It is evident that extremely 

active composites can be obtained by adjusting the shape, size and electronic/chemical state by 

means of appropriate synthetic and/or promotional routes. It is worth pointing out the superiority 

of finely-tuned CuOx/CeO2 samples as compared to noble metal-based catalysts, offering unique 

opportunities towards the rational design of highly active metal oxide catalysts. Moreover, as 

further guidance, it would be of particular importance to explore the combining effect of different 

adjusted parameters (e.g., CuOx/CeO2 nanorods co-doped with main-group elements) towards 

further optimization. 
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Table 1.1. Indicative studies towards adjusting the CO oxidation performance of CuOx/CeO2 oxides. 

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System T50 όϲ/ύ Reference 

0.2% CO + 1.0% O2; 
WHSV = 75,000 mL gҍ1 hҍ1; 

GHSV = 39,000 hҍ1 

shape/size 
(hydrothermal synthesis) 

8.5 wt.% Cu/CeO2-nanorods 72 [116] 

1.0% CO + 15.0% O2; 
WHSV = 7200 mL gҍ1 hҍ1 

shape/size 
(hydrothermal synthesis) 

15 wt.% Cu/CeO2-nanorods 
CeO2 (15 nm), CuO (6.0 nm) 

50 [209] 

1.0% CO + 20.0% O2; 
WHSV = 80,000 mL gҍ1 hҍ1 

shape/size 
(alcothermal method) 

1.0 wt.% Cu/CeO2-nanospheres 
(~130ς150 nm spheres comprised of 2ς5 nm 

nanoparticles) 
85 [126] 

1.0% CO + 2.5% O2; 
WHSV = 78,000 mL gҍ1 hҍ1 

size/structure 
(solution-based pyrolysis of heterobimetallic 

Schiff complexes) 
Cu0.1Ce0.9O2 x monodisperse nanoparticles (~3.0 nm) 150 [239] 

1.0% CO + 10.0% O2; 
WHSV = 60,000 mL gҍ1 hҍ1 

size/structure 
(thermolytic decomposition in the presence 

of capping agent) 

9.0 at.% Cu/CeO2 
CeO2 (3.3 nm) 

85 [210] 

1.0% CO, air balance; 
WHSV = 30,000 mL gҍ1 hҍ1 

size/structure 
(hydrothermal treatment) 

Cu/CeO2-nanospheres 
(Cu/(Cu+Ce) = 0.33, spherical particles of 300ς400 nm 

diameter composed of nanoparticles of ca. 10 nm) 
70 [211] 

0.24% CO + 15.0% O2; 
WHSV = 60,000 mL gҍ1 hҍ1 

size/structure 
(hard template method) 

10 mol.% Cu/CeO2-microspheres 150 [125] 

1.0% CO, air balance; 
WHSV = 10,000 mL gҍ1 hҍ1 

size/structure 
(hard template method) 

three-dimensional (3D) 
Cu/CeO2 ((Cu/Cu+Ce) = 0.2) 

34 [212] 

1.0% CO + 21.0% O2; 
²I{± Ґ слΣллл Ƴ[ϊƎҍ1ϊƘҍ1 

shape 
(thermal annealing of CeMOF precursors) 

8.0 wt.% Cu/CeO2-triple-shelled hollow nanospheres 110 [246] 

1.0% CO, air balance; 
WHSV = 52,000 mL gҍ1 hҍ1 

electronic/chemical state 
(doping by urea combustion method) 

5.0 wt.% Cu/Ce0.9Mn0.1O2 120 [242] 

2.4% CO + 1.2% O2; 
WHSV = 32,000 mL gҍ1 hҍ1 

electronic/chemical state 
(doping by combustion method) 

6.0 wt.% Cu/Ce0.7Sn0.3O2 80 [243] 

1.0% CO + 20.0% O2; 
WHSV = 60,000 mL gҍ1 hҍ1 

electronic/chemical state 
(doping by wetness co-impregnation 

method) 

In2O3-CuOx/CeO2 
1.25 wt.% In, 5.0 wt.% Cu 

73 [244] 

1.0% CO + 1.0% O2; φ 1.0 wt.% Pt/CeO2 70 [247] 
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GHSV = 9600 hҍ1 

1.0% CO + 20.0% O2; 
WHSV = 60,000 mL gҍ1 hҍ1 

φ 3.0 wt.% Pd/CeO2 120 [244] 

0.95% CO + 1.75% O2; 
WHSV = 12,000 mL gҍ1 hҍ1 

φ 0.2 wt.% Pd/CeO2 180 [248] 

WHSV: Weight hourly space velocity [=] mL gҍ1 hҍ1; GHSV: Gas hourly space velocity [=] hҍ1. 
 



Introduction and Literature Review 

 

25 

1.2.2. N2O Decomposition 

Nitrous oxide (N2O) has been lately recognized as one of the most potent greenhouse gases and 

ozone depleting substances [249]. In view of this fact, the catalytic abatement of N2O has received 

particular attention as one of the most promising remediation methods. Although noble metals 

exhibit satisfactory activity, their high cost and sensitivity to various substances (e.g., O2, H2O) 

hinder widespread applications. Hence, as previously stated, noble metal-free composites have 

gained particular attention as potential candidates. The recent advances in the field of N2O 

decomposition over metal oxides have been recently reviewed by Konsolakis [249]. It was clearly 

revealed that MOs could be effectively applied for N2O decomposition, demonstrating comparable 

or even better catalytic performance compared to NMs-based catalysts. More interestingly, it was 

shown that very active and stable MOs could be obtained by adjusting their size, shape and 

electronic state through appropriate synthesis and promotional routes [249]. 

Herein, the main approaches, lately, followed to improve the deN2O performance of MOs, 

exemplified by the CuOx/CeO2 system, are shortly presented. Table 1.2 presents indicative studies 

towards this direction. It is worth noticing the comparable or even superior deN2O performance of 

finely-tuned CuOx/CeO2 samples as compared to noble metal-based catalysts (Table 1.2).  
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Table 1.2. Indicative studies followed to adjust the deN2O performance of CuOx/CeO2 oxides. 

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System T50 (
oC) Reference 

0.26% N2O; 
GHSV = 19,000 hҍ1 

composition 
(citrate acid method) 

67 mol.% Cu/CeO2 370 [213] 

0.25% N2O; 
GHSV = 45,000 hҍ1 

composition 
(hard template replication) 

40 mol.% Cu/CeO2 440 [250] 

0.1% N2O; 
WHSV = 90,000 mL gҍ1 hҍ1 

size/structure 
(various synthesis methods) 

20 wt.% Cu/CeO2 prepared by co-precipitation, 
CeO2 (11.8 nm) 

465 [251] 

0.1% N2O; 
WHSV = 90,000 mL gҍ1 hҍ1 

size/structure (co-precipitation method) and 
electronic state (alkali addition) 

Cs-doped (1.0 at/nm2) Cu/CeO2 
CeO2 (13.5 nm) 

420 [214] 

0.2% N2O; 
WHSV = 60,000 mL gҍ1 hҍ1 

size/structure 
(hydrothermal method) 

molar ratio Cu/Ce = 1, 
CeO2 (7.0 nm), CuO (24 nm) 

380 [215] 

0.25% N2O; 
WHSV = 120,000 mL gҍ1 hҍ1 

shape 
(hydrothermal method) 

4.0 wt.% Cu/CeO2-nanorods 430 [150] 

0.25% N2O; 
WHSV = 60,000 mL gҍ1 hҍ1 

shape 
(glycothermal method) 

10 wt.% Cu/CeO2-nanospheres 380 [216] 

0.1% N2O; 
WHSV = 60,000 mL gҍ1 hҍ1 

φ 0.5 wt.% Rh/Al2O3 340 [252] 

0.1% N2O; 
WHSV = 60,000 mL gҍ1 hҍ1 

φ 0.5 wt.% Pt/Al2O3 500 [252] 

0.1% N2O; 
WHSV = 60,000 mL gҍ1 hҍ1 

φ 0.5 wt.% Pd/Al2O3 >500 [252] 

WHSV: Weight hourly space velocity [=] mL gҍ1 hҍ1; GHSV: Gas hourly space velocity [=] hҍ1. 
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The effect of ceria morphology (nanorods, nanocubes, nanopolyhedra) on the deN2O performance 

of CuOx/CeO2 composites was extensively investigated by Pintar and co-workers [150]. Copper 

clusters located on {100} and {110} planes preferentially exposed on ceria nanorods exhibit a 

normalized activity ca. 20% higher compared to {111} planes of polyhedra (Figure 1.11). In terms 

of conversion performance, the 4.0 wt.% CuOx/Ceria-nanorods exhibited a half-conversion 

temperature (T50) of about 430 oC compared to 440 oC and 470 oC of nanopolyhedra and 

nanocubes, respectively. On the basis of a thorough characterization study, it was disclosed that 

the oxygen mobility and the regeneration of active Cu phase is easier on ceria nanorods, which in 

turn, facilitates the deN2O activity through oxygen desorption and replenishment of active sites 

[150]. In a similar manner, CuOx supported on CeO2 nanospheres exhibited high deN2O 

performance (T50 = 380 oC, Table 1.2), ascribed mainly to the high population of CuOx clusters on 

the high surface area CeO2 nanospheres [216]. These findings clearly demonstrate the significant 

advances that can be achieved in the deN2O process by engineering the size and shape of metal 

oxide composites. 

 

 

Figure 1.11. The activity of nanoshaped CuOx/CeO2 catalysts measured at T = 375 oC. Adapted from 

Reference [150]. Copyrightϭ 2015, American Chemical Society. 
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мΦнΦоΦ tǊŜŦŜǊŜƴǘƛŀƭ hȄƛŘŀǘƛƻƴ ƻŦ /h ό/h twh·ύ 

The copper-ceria binary oxides are among the most widely investigated catalytic systems in the 

preferential oxidation of carbon monoxide (COPROX), a reaction used for the production of highly 

purified hydrogen and the removal of CO. CuOx/CeO2 catalysts have gained particular attention in 

CO-PROX process, due to their superior performance, which is mainly ascribed to the peculiar 

properties of copper-ceria interface [31]. 

In light of the above-mentioned size, shape and electronic/chemical effects, numerous efforts 

have been put forward towards optimizing the COPROX performance. Indicative approaches 

followed to fine-tuning the COPROX performance are summarized in Table 1.3, and further 

discussed below. 
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Table 1.3. Indicative studies towards adjusting the CO preferential oxidation performance of CuOx/CeO2 oxides. 

Reaction Conditions 
Adjusted Parameter 
(Employed Method) 

Optimum System 
Maximum CO 
Conversion 

Reference 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 60,000 mL gҍ1 hҍ1 

composition 
(hydrothermal method) 

5.0 wt.% Cu/CeO2 99.6% at 130 oC [253] 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 60,000 mL gҍ1 hҍ1 

composition 
(co-precipitation method) 

30 at.% Cu/CeO2 ~92% at 143 oC [254] 

1.0% CO + 1.0% O2 + 10.0% H2O + 
15.0% CO2 + 50.0% H2; 

WHSV = 30,000 mL gҍ1 hҍ1 

composition 
(sol-gel precipitation/ 

chelating-impregnation) 
10 wt.% Cu/CeO2 ~99.5% at 100 oC [255] 

1.0% CO + 1.0% O2 + 40.0% H2; 
WHSV = 30,000 mL gҍ1 hҍ1 

composition 
(nanocasting method) 

7.0 wt.% Cu/CeO2 100% at 110 oC [256] 

1.2% CO + 1.2% O2 + 50.0% H2; 
WHSV = 20,000 mL gҍ1 hҍ1 

composition/size 
(freeze-drying method) 

6.0 wt.% Cu/CeO2 
CeO2 (9.9 nm), CuO (10.7 nm) 

100% at 90 oC [257] 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 16,000 mL gҍ1 hҍ1 

composition/size 
(solvent-free method, cupric nitrate as a 

copper precursor) 

7.5 wt.% Cu/CeO2 
CeO2 (16.3 nm) 

100% at 120 oC [258] 

1.0% CO + 1.0% O2 + 50.0% H2 
WHSV = 40,000 mL gҍ1 hҍ1 

chemical state 
(ultrasound-aided impregnation) 

Cu0.4Ce0.6O/CNTs 100% at 120 oC [259] 

1.25% CO + 1.25% O2 + 50.0% H2; 
WHSV = 20,000 mL gҍ1 hҍ1 

size 
(Poly(methyl metacrylate) as a template) 

6.0 wt.% Cu/CeO2 
CeO2 (5.6 nm) 

100% at 115 oC [260] 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 36,000 mL gҍ1 hҍ1 

shape 
(hydrothermal method) 

4.0 wt.% Cu/CeO2-octahedra 95% at 140 oC [261] 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 60,000 mL gҍ1 hҍ1 

shape 
(hydrothermal method) 

5.0 wt.% Cu/CeO2-
rods/polyhedra 

>99.0% at 95/90 oC [147] 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 40,000 mL gҍ1ϊƘҍ1 

shape 
(hydrothermal method) 

Cu/CeO2-spheres 
CeO2/CuO = 5 

100% at 95 oC [117] 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 16,000 mL gҍ1ϊƘҍ1 

shape 
(alcothermal method) 

5.0 wt.% Cu/CeO2-spheres 100% at 100 oC [262] 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 40,000 mL gҍ1ϊƘҍ1 

shape 
(self-templating method) 

Cu/CeO2-triple-shelled hollow 
microspheres 

100% at 95 oC [263] 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 120,000 mL gҍ1ϊƘҍ1 

electronic/chemical state 
(potassium doping/carbon nanotubes) 

Cu/CeO2/CNTs 
(2.5 wt.% Cu, 20 wt.% CeO2, 

100% at 175 oC [264] 
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alkali/Cu = 0.68) 

1.0% CO + 1.0% O2 + 50.0% H2; 
WHSV = 60,000 mL gҍ1 hҍ1 

pretreatment 
(with hydrogen) 

10 wt.% Cu/CeO2 72% at 80 oC [265] 

1.0% CO + 1.0% O2 + 50.0% H2; 
²I{± Ґ слΣллл Ƴ[ϊƎҍ1 hҍ1 

pretreatment 
(with 2 M NaOH and etched with an ionic 

liquid) 
10 wt.% Cu/CeO2 100% at 150 oC [266] 

1.0% CO + 1.25% O2 + 50.0% H2; 
WHSV = нрΣллл Ƴ[ϊƎҍ1 hҍ1 

pretreatment 
(with HNO3, pH < 4) 

7.5 wt.% Cu/CeO2 100% at 137 oC [267] 

WHSV: Weight hourly space velocity [=] mL gҍ1 hҍ1. 
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Several copper-ceria catalytic systems of various copper loadings have been synthesized by 

different methods, with the optimum Cu loading varying between 5 and 10 wt.% [253,255ς

257,268]. A further increase in Cu content from 10 to 15 wt.% has been reported to reduce the 

catalytic activity, due to the large CuOx agglomerates on the catalyst surface [255]. It was revealed, 

by means of both ex situ and in situ characterization studies, that the desired CO oxidation process 

is related to partially reduced Cu+ species, whereas, highly reduced copper species not strongly 

associated with CeO2 favour the undesired H2 oxidation [31,253,268ς270]. In view of this fact, 

extensive research efforts have been put forward to control the two competitive oxidation 

processes by appropriately adjusting the geometric and electronic interactions between copper 

and ceria through the above-described fine-tuning approaches. 

Regarding the shape effect, different copper-ceria nanostructures (rods, cubes, spheres, 

octahedra, spindle or multi-shelled morphologies) have been synthesized and studied for the CO

PROX reaction. It was revealed that the shape-controlled synthesis of ceria nanoparticles has a 

profound influence on the COPROX activity and selectivity. In particular, it was found that rod-

shaped and polyhedral copper-ceria systems exhibited higher CO conversion performance (T50 = 68 

oC) at low temperatures, as compared to plates (T50 = 71 oC) and cubes (T50 = 89 oC) [147]. The 

latter was mainly attributed to the smaller CuOx clusters subjected to a strong interaction with the 

ceria carrier, which, in turn, facilitates the formation of Cu+ sites and oxygen vacancies [147]. More 

importantly, a close relationship between measurable physicochemical parameters, such as the 

amount of Cu+ species and the A584/A454 Raman ratio (related to oxygen vacancies) with the 

catalytic performance was obtained; rod- and polyhedral-shaped samples exhibited the highest 

values on Cu+ species and oxygen vacancies, demonstrating, also, the optimum COPROX 

performance [147]. 

In this point, it should be mentioned that in relation to which ceria shape is the most active or 

selective for the COPROX process, inconclusive results are acquired, due to the different reaction 

conditions applied (see Table 1.3) in conjunction to the complexity of COPROX process, which is 

affected to a different extent by the various interrelated parameters (e.g., reducibility, metal 

dispersion, oxygen vacancies, oxidation state, metal-support interactions). Under this perspective, 

it was reported that copper-ceria nanocubes exhibited higher CO2 selectivity than copper-ceria 

nanorods or nanospheres, due to the difficulty of nanocubes to fully reducing the copper oxide 

species under COPROX conditions [135,271], while, at the same time, exhibiting lower CO 

conversion than nanorods [271] and nanospheres [135]. In a similar manner, CuOx/CeO2 spheres 

and spindles, exposing {111} and {002} facets, showed the highest CO conversion (T50 = 69 and 74 

oC, respectively), as well as a wide temperature window for total CO conversion (95ς195 oC for 

spheres and 115ς215 oC for spindles), in comparison with octahedrons, cubes and rods [117]. 



Chapter 1 

 

32 

Interestingly, in different shaped ceria nanostructures, a close relationship is found between the 

concentration of oxygen vacancies and the amount of reduced copper species (Figure 1.12), clearly 

revealing the key role of exposed facets towards adjusting the catalytic performance. These 

findings were further substantiated by DFT calculations, showing the high population of oxygen 

vacancies at the intersection of {111} and {002} facets in opposition to CeO2 {111} surface [117]. 

 

 

Figure 1.12. Plots of the number of oxygen vacancies and reduced copper species for the 

CuO/CeO2 catalysts with different support shapes. Adapted from Reference [117]. Copyrightϭ 

2018, Elsevier. 

 

In an attempt to optimize the COPROX performance through size and shape engineering single- 

and multi-shelled copper-ceria hollow microspheres were synthesized [263,272]. By tuning the 

number of shells, the catalytic activity was notably improved, with the triple-shelled structure 

exhibiting the highest activity and selectivity (100% CO conversion and 91% CO2 selectivity at 95 

oC), as well as a wide temperature window for complete CO conversion (95ς195 oC) [263]. The 

increase in the number of shells enhances the electronic and geometric interaction between 

copper and ceria, offering a high population of exposed active sites and an increased space inside 

the catalyst which facilitates reactants' accessibility [263]. 

Taking into account the pivotal role of nanoparticles' crystallite size/shape and their consequent 

effect on metal-support interactions, different preparation routes have been investigated for the 

synthesis of copper-ceria composites, such as the hydrothermal method, the template-assisted 

method, the solid-state preparation method, sol-gel, co-precipitation, freeze-drying, deposition-
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precipitation, etc. [253,254,256ς258,260,265,273]. For instance, template-assisted synthesis 

resulted in small ceria crystallite sizes (ca. 5.6 nm), and thus, in a high population of copper-ceria 

interfacial sites with implications in Cu oxidation state and COPROX activity [260]. Moreover, the 

precursor compounds or the template agent used during synthesis procedure can affect the pore 

size and volume or the reducibility of the materials [258,274]. Interestingly, ethanol washing 

during the preparation of CuOx/CeO2 oxides leads to decreased particle sizes, as it affects the 

dehydration process between precursors' particles, resulting in decreased adsorbed water and 

improved dispersion [275]. Very recently, a novel ultrasound-assisted precipitation method was 

employed to adjust the defective structure of CeO2 and in turn, the CORPOX activity [276]. By 

means of characterization techniques and theoretical calculations, it was shown that only two-

electron defects on ceria surface (i.e., defects adsorbing oxygen to form peroxides instead of 

superoxide species which are formed on one-electron defects) were responsible for the formation 

of Cu+ and Ce3+ species, which were intimately involved in the CO adsorption and oxygen 

activation processes [276]. In particular, the adsorption of O2 on two-electron defects resulted in 

peroxides formation, followed by Cu ions incorporation towards the development of CuO Ce 

structure. Meanwhile, the two additional electrons in the two-electron defects facilitate the 

electronic re-dispersion in Cu O Ce structure, leading to the creation of Cu+ (CO adsorption sites) 

and Ce3+ (oxygen activation sites). 

Another approach in the direction of catalysts functionalization that has attracted considerable 

attention in recent years is the preparation of inverse catalytic systems. In particular, the co-

existence of Cu+ and Cu2+ ions was observed in star-shaped inverse CeO2/CuOx catalysts which 

exhibited high catalytic activity [277]. Moreover, the alteration of Ce/Cu molar ratio and/or the pH 

value in the inverse CeO2/CuOx catalysts notably affects the morphology and the particle size, 

which in turn, favours the contact interface between ceria and copper, and thus, the CO oxidation 

at the expense of H2 oxidation in PROX process [45]. In addition, a multi-step synthetic approach 

has been applied for a high concentration of oxygen vacancies to be successfully anchored at the 

interfaces of the inverse CeO2/CuOx system, leading to outstanding COPROX activity (~100% CO 

conversion at a wide temperature window 120ς210 oC) and adequate stability [278]. 

The doping effect on the COPROX performance has been also studied in the inverse copper-ceria 

catalysts [279,280]. It was reported that doping ceria with transition metals (e.g., Fe, Co, Ni) 

induces changes in the ceria lattice and in the formation of oxygen vacancies [279]. The doping 

element affects the reducibility of the CeO2/CuOx catalysts, while promoting the formation of Ce3+ 

ions and oxygen vacancies, with the NiO-doped CeO2/CuOx catalyst exhibiting the highest activity 

(T50 = 68 oC) and the widest temperature window for total CO conversion (115ς155 oC) [279]. In 

the inverse copper-ceria catalysts, it has also been found that the presence of Zn improves the 
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CO PROX performance, as it has the ability to hinder the CuO reduction to highly reduced copper 

sites which provide the active sites for the H2 oxidation [280]. 

By applying appropriate pretreatment protocols, the COPROX performance may be also greatly 

affected. In particular, the pretreatment of copper-ceria catalysts in an oxidative or reductive 

atmosphere affects the amount and dispersion of the active species, and consequently, the 

catalytic performance [265]. The pretreatment with hydrogen led to a breakage of the Cu[Ox] Ce 

structure, which resulted in enhanced catalytic performance, indicating the significance of the 

highly dispersed CuOx clusters in the COPROX process [265]. Furthermore, the pretreatment in an 

acidic or a basic environment affects the interaction between the two oxide phases. For instance, 

the pretreatment of ceria spheres in a basic solvent (2M NaOH), followed by etching in an ionic 

liquid for the acquisition of ceria nanocubes, resulted in the best catalytic activity at temperatures 

lower than 150 oC, due to the strong interaction between the highly dispersed CuOx clusters and 

ceria support [266]. An acidic treatment with nitric acid in nanorod-shaped CuOx/CeO2 catalysts 

has also been performed by Avgouropoulos and co-workers [267]. It was found that a highly acidic 

environment (pH < 4) led to an enrichment of catalysts' surface in Cu+ species and to high 

concentrations of oxygen vacancies and Ce3+ species, while facilitating the formation of surface 

hydroxyls that are considered responsible for controlling the interfacial interactions in the copper-

ceria binary system [267]. All the above-mentioned characteristics in conjunction with the better 

copper dispersion and the improved reducibility of the highly acidic catalysts resulted in enhanced 

catalytic performance (T50 ḗ уп ϲ/ύ [267]. The same group has also investigated the pretreatment 

effect of employing ammonia solutions in copper-ceria nanorods [281]. It was revealed that the 

textural and structural properties of the modified catalysts remained almost unaffected after 

treatment, whereas, increasing the Cu:NH3 ratio to 1:4 resulted in higher reducibility and gave rise 

to Cu+ and surface lattice oxygen species, leading, thus, to improved catalytic performance [281]. 

As shown in Figure 1.13, close relationships between the half-conversion temperature (T50) and 

the main Raman peak shift or the concentration of Ce3+ and oxygen vacancies were observed 

[281]. 
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Figure 1.13. T50 vs. (i) shift of the main peak (F2g Raman vibration mode) of fluorite CeO2 and (ii) 

surface concentration of Ce3+ and oxygen vacancies determined via XPS analysis. Adapted from 

Reference [281]. Copyrightϭ 2018, John Wiley and Sons. 

 

Another adjusted parameter that can exert a profound influence on the catalytic performance is 

the electronic promotion mainly induced by alkali modifiers, as it may affect the chemisorption 

ability of active sites, as well as the copper-ceria interactions. In that context, it was found that the 

presence of K+ ions in CuOx/CeO2 catalysts has a beneficial effect on COPROX process in the 

presence of both CO2 and H2O, since a proper K+ content was proved to alleviate the CO2 and H2O 

adsorption on the reaction sites and thus, enhancing the catalytic performance [282]. Potassium 

has also been found to stabilize Cu+ active species by affecting Cu-Ce interactions [283]. 

An additional engineering approach towards enhancing the COPROX reactivity of CuOx/CeO2 

oxides involves the employment of chemical substances of specific architecture and textural 

properties, such as the carbon-based materials (rGO, CNTs, etc.). These materials favour the 

dispersion of copper and ceria, while affecting the reducibility and the population of oxygen 

vacancies, thus, resulting in enhanced catalytic performance at low temperatures [259,284ς287]. 

For instance, the introduction of rGO resulted in abundant Ce3+ species and oxygen vacancies, 

offering high catalytic activity at temperatures below 135 oC and good resistance to CO2 and H2O 

[286]. 

Interestingly, by combining electronic (alkali promotion) and chemical modification (carbon 

nanotubes), highly active multifunctional composites can be obtained. In copper-ceria catalysts 

supported on carbon nanotubes (CNTs) with a specific alkali/Cu atomic ratio, i.e., 0.68, the nature 
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of the alkali metal (Li, Na, K, Cs) has been shown to affect the dispersion of ceria over CNTs and the 

copper-ceria interaction [264]. K-promoted CuOx/CeO2 oxides combined with CNTs exhibited high 

catalytic activity (T50 ḗ 109 oC as compared to 175 oC of un-promoted catalyst), attributed to the K-

induced modification on redox/electronic properties [264]. 

 

1.2.4. Water-Gas Shift Reaction (WGSR) 

The water-gas shift reaction (WGSR) plays a key role in the production of pure hydrogen, through 

the chemical equilibrium: CO + H2h ҭ /h2 + H2. Among the different catalytic systems, copper-

ceria oxides have gained particular attention, due to their low cost and adequate catalytic 

performance. Moreover, significant efforts have been put forward towards optimizing the low-

temperature WGS activity by means of the above discussed methodologies. Regarding CuOx/CeO2 

catalyzed WGSR, two main reaction mechanisms have been proposed, namely, the redox and the 

associative mechanism. The first one involves the oxidation of adsorbed CO by oxygen originated 

by H2O dissociation. The second one involves the reaction of CO with surface hydroxyl groups 

towards the formation and subsequent decomposition of various intermediate species, such as 

formates [163,288]. 

A thorough study concerning the nature of active species and the role of copper-ceria interface for 

the low-temperature WGSR has been recently performed by Chen et al. [288]. It was revealed that 

the activity of copper-ceria catalysts is intrinsically related with the Cu+ species present at the 

interfacial perimeter, with the CO molecule being adsorbed on the Cu+ sites, while water being 

dissociatively activated on the oxygen vacancies of ceria [288,289]. In a similar manner, Flytzani-

Stephanopoulos and co-workers [290] have earlier shown that strongly bound Cu[Ox] Ce species, 

probably associated with oxygen vacancies of ceria, are the active species for the low-temperature 

WGSR, whereas, the weakly bound copper oxide clusters and CuOx nanoparticles act as spectators. 

Although the distinct role of copper and ceria and their interaction is not well determined, it is 

generally accepted that the activation of H2O, linked to copper-ceria interface and oxygen 

vacancies, is the rate-determining step [288]. Therefore, particular attention has been paid to 

modulate the interfacial reactivity through the above discussed adjusting approaches. Indicative 

studies towards modulating the WGSR performance are summarized in Table 1.4, and further 

discussed below. 
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Table 1.4. Indicative studies towards adjusting the WGSR performance of CuOx/CeO2 oxides. 

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System 
Maximum CO 
Conversion 

Reference 

10.0% CO + 12.0% CO2 + 60.0% H2; 
vapor:gas = 1:1; WHSV = 3000 mL gҍ1 hҍ1 

size/structure 
(precipitation) 

20 wt.% Cu/CeO2 91.7% at 200 oC [217,218] 

2.0% CO + 10.0% H2O; 
WHSV = 42,000 mL gҍ1 hҍ1 

size/structure 
(bulk-nano interfaces by aerosol-spray 

method) 

inverse CeO2/Cu 
CeO2 (2ς3 nm) 

100% at 350 oC [291] 

1.0% CO + 3.0% H2O; 
WHSV = 200,000 mL gҍ1 hҍ1 

shape 
(microemulsion method) 

5.0 wt.% Cu/CeO2-nanospheres 64% at 350 oC [138] 

10.0% CO + 5.0% CO2 + 10.0% H2O + 
7.5% H2; WHSV = 60,000 mL gҍ1 hҍ1 

shape 
(precipitation method) 

Cu/CeO2-nanoparticles 49% at 400 oC [120] 

3.5% CO + 3.5% CO2 + 25.0% H2 + 29.0% 
H2O; GHSV = 6000 hҍ1 

shape 
(hydrothermal method) 

10 wt.% Cu/CeO2-octahedrons 91.3% at 300 oC [149] 

10.0% CO + 5.0% CO2 + 5.0% H2; 
vapor:gas = 1:1; GHSV = 6000 hҍ1 

electronic/chemical state 
(doping with cobalt by nanocasting) 

Cu-Co-CeO2 (weight ratio of 
Cu:Co:Ce = 1:2:7) 

95% at 300 oC [292] 

10.0% CO + 12.0% CO2 + 60.0% H2; 
vapor:gas = 1:1; WHSV = 2337 mL gҍ1 hҍ1 

electronic/chemical state 
(doping with yttrium by co-precipitation) 

Y-doped Cu/CeO2 
25 wt.% CuO, 2 wt.% Y2O3 

93.4% at 250 oC [220] 

15.0% CO + 6.0% CO2 + 55.0% H2; 
vapor:gas = 1:1; GHSV = 4500 hҍ1 

pretreatment 
(with 20 CO2/2H2 followed by 

calcination in O2) 
10 wt.% Cu/CeO2 86% at 350 oC [293] 

WHSV: Weight hourly space velocity [=] mL gҍ1 hҍ1. GHSV: Gas hourly space velocity [=] hҍ1. 
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The preparation method can affect various characteristics, such as the specific surface area, the 

total pore volume, the dispersion of the active phase or the crystallite size [217,294]. For instance, 

copper-ceria catalyst prepared by a hard template method showed higher WGSR activity as 

compared to the one prepared by co-precipitation (62 vs. 54% CO conversion at 450 oC), due to its 

larger surface area and higher CuOx dispersion, while they both exhibited a similar amount of 

acidic surface sites [294]. Among CuOx/CeO2 catalysts synthesized by different precipitation 

methods, the catalysts prepared by stepwise precipitation showed the highest CO conversion, due 

to their higher reducibility and oxygen defects [219]. Precipitation was also found to give catalysts 

with higher WGSR activity, namely, 91.7% CO conversion at 200 oC, in comparison with the 

hydrothermal (82%) or sol-gel methods (64.5%), due to their abundance in oxygen vacancies, 

associated with the small CuOx crystals and large pore volume [217]. 

The precipitating agent used could also exert a significant impact on the physicochemical 

properties of CuOx/CeO2 catalysts, with great implications in the catalytic behaviour [218,295]. By 

employing ammonia water instead of ammonium and potassium carbonate, the WGSR activity is 

notably enhanced (91.7% CO conversion at 200 oC in contrast to 78.3% and 46.2%, respectively), 

due to the better dispersion of copper species and the stronger copper-ceria interactions [218]. 

Moreover, the copper precursor compound (nitrate or ammonium ions) and the preparation 

temperature can notably affect the WGSR activity [295]. 

Recently, it was found that the dispersion of differently formed copper structures (particles, 

clusters, layers) on ceria of rod-like morphology is dependent on copper loading, with low copper 

loadings (1ς15 mol.%) exhibiting monolayers and/or bilayers of copper, while a further increase in 

copper loading up to 28 mol.% results in faceted copper particles and multi-layers of copper [289]. 

At copper loadings up to 15 mol.%, a linear relationship between the CO conversion and the 

copper content was observed (Figure 1.14), indicating that the number of the active interfacial 

sites (Cu+ Vo Ce3+) is significantly increased along with Cu content up to 15 mol.% [289]. 
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Figure 1.14. Low-temperature WGS reaction over the Cu/CeO2 catalysts. CO conversion as a 

function of the copper content in the respect catalysts. Reaction conditions: 1.0 vol.% CO/3.0 vol.% 

H2O/He, 40,000 hҍм, 200 oC. Adapted from Reference [289]. Copyrightϭ 2019, Elsevier. 

 

The morphological features of both copper and ceria counterparts notably affect the WGSR 

activity. In a comprehensive study by Zhang et al. [296], it was reported that Cu cubes exhibit high 

WGSR activity in contrast to Cu octahedra with the CuςCu suboxide (CuxhΣ Ȅ  җ млύ ƛƴǘŜǊŦŀŎŜ ƻŦ 

Cu(100) surface being the active sites. In a similar manner, it was shown that ceria nanoshapes 

(rods, cubes, octahedra) exhibit different behaviour during interaction with CO and H2O, due to 

their diverse defect chemistry [297]. Upon CO exposure, ceria nanocubes, exposing {100} planes, 

favour the formation of oxygen defects at the expense of the existing anti-Frenkel defects, while in 

nanorods and nanooctahedra (exposing mainly {111} planes) both types of defects are formed 

[297]. By combining Raman and FTIR results, it was revealed that H2-reduced ceria rods and 

octahedra could be further reduced in CO, resulting in the formation of both defects. In contrast, 

cubes cannot be further reduced by CO; thus, oxygen is available to form carbonates and 

bicarbonates by converting Frenkel defects to oxygen vacancies [297]. These findings clearly 

revealed the key role of both copper and ceria nanoshape on the defect chemistry of individual 

counterparts. It should be noted, however, that in the binary copper-ceria system, where 

multifaceted interactions are taking place, the relationships between shape effects and catalytic 

activity can be rather complex, leading to inconsistent conclusions [120,138,149]. 

Very recently, Yan et al. [291] reported on a novel structural design approach towards optimizing 

the WGSR activity of CuOx/CeO2 system. In particular, inverse copper-ceria catalysts of high 


