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Abstract 

 

Nowadays, anthropogenic global warming and the resulting climate change have become a crucial issue to 

be addressed, and societies must take some drastic measures to face the tough challenges of the coming 

years in the most effective way. The most important continental and world institutions finally recognized the 

importance of concrete actions in short times. The roadmap traced with the “European green new deal” in 

2019 is an important step. The Sars-COV 2 pandemic created such a prospect of economic disaster that the 

European Commission has hasted to define the so called “Next Generation EU” plan containing the principal 

goals of “green new deal”. This put the basis for an encouraging development of a new industrial paradigm 

based on green technologies for environmental protection and the production of green energy from 

renewable sources. Catalysis will play a key role in this transformation. The development of novel catalysts 

obtained with green synthetic techniques and without Platinum Group Materials (PGMs) will be important 

in order to address an industrial implementation of cheap materials produced without formation of any 

chemical waste.  

The scope of this PhD work was to investigate the use of a novel mild-energy ball milling technique, which 

gave promising results in previous studies carried out by our research group, for the synthesis of cheap novel 

catalysts for environmental applications. In particular we studied  Ni/CeO2 catalysts for the Dry Reforming of 

Methane and inverse CeO2/CuO catalysts for the activation of methane at low temperature. Both materials 

do not employ PGMs and are attractive from and industrial standpoint,  

We have synthesized Ni/CeO2 catalysts by varying parameters such as the nature of the metal precursor and 

the milling time. Two different hydrated Ni salts were used: NiCl2 . 6H2O and Ni(NO3)2
 . 6H2O and two different 

series of catalysts were prepared from each precursor by increasing the milling time. The catalysts were 

tested in Methane Dry Reforming and characterized by means of XRD, BET, TPR and HRTEM in order to obtain 

some comprehensive findings which could be, in principle, valid for the synthesis of a wider class of ceria or 

ceria-based materials with this approach and utilizing low-cost precursors. For  the two series of catalysts we 

found that the best performing catalysts in terms of activity and stability were the ones milled at short milling 

times (10 minutes), thus establishing that a mild mechanical action is useful to obtain very strong Ce-Ni 

interactions responsible for increased catalytic activity.  

In particular, for the nitrate sample milled for 10 minutes, the HRTEM analysis revealed a rugosity diffused 

on the surface of the ceria crystallites in which the presence of some sub-nanometric Ni entities was 

detected. More detailed XPS studies performed on the same materials revealed the presence of a localized 

interaction between cerium and nickel. The nature of this interaction is related to the formation of localized 

Ni-O-Ce solid solution-type surface arrangements. The low-to-medium milling times proved optimal for the 
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creation of such nano-structures. On the other hand a prolongated milling action is responsible for their 

incorporation in the bulk of the crystallites. This had an effect in the catalytic performance of the long-time 

milled catalysts, which demonstrated to be less active compared to the ones milled for shorter times.  

We also prepared a series of CeO2-CuO milled composites by varying Cerium molar ratio. The purpose of this 

study was to promote the redox exchange between the surface Ce3+ sites of a high surface area ceria and the 

Cu2+ sites of the CuO with the gentle mechanical energy provided by the ball milling technique. The 

synthesized materials together with a reference analogue material synthesized via impregnation method, 

were characterized by means of XRD, BET, TPR, in-situ DRIFT and operando NEXAFS. We studied the materials 

with a multi analytical approach (in situ-DRIFT/operando-NEXAFS) which helped us in the understanding of 

the mechanism of methane activation at low temperature. A careful in-situ DRIFT analysis demonstrated that 

the synthesized composites were able to activate methane at 250°C  in contrast to the reference materials.  

Through operando-NEXAFS experiments, we showed that this activity was related to the formation of a stable 

and reversible Ce4+/Cu+ couple generated from the mechanical action provided by the synthesis. The analysis 

of products which was carried out during the operando measurements in a low ceria content sample, 

identified traces of formaldehyde and methanol. This candidates these materials to be promising catalysts 

for the partial oxidation of methane to oxygenates. In addition, the reversible and cyclable nature of their 

redox behavior make them suitable catalysts in other environmental and energy applications such as 

chemical looping processes. We think that these results might be useful for developing a more general green 

and easily scalable approach to the preparation of a wide class of mixed-oxides composites with peculiar 

surface redox properties generated from the controlled use of mechanical energy involved in the milling 

process,.   

In order to promote the surface interaction between ceria and the transition metal we have employed for 

the above studies samples of commercial high surface area ceria, utilizing the presence of Ce3+ sites to 

promote the redox exchange with Cu/Ni particles. As a part of this study we have also developed an 

hydrothermal synthetic procedure for the preparation in house of a High Surface Area cerium oxide material. 

We have obtained ceria supports with a specific surface area of  more than 300 m2/g after calcination at 

350°C for 6h and stable at high temperatures (specific surface of 40 m2/g after calcination at 900°C for 6h). 

We believe that the chemistry of CeO2 in colloidal suspension form might be at the origin of the formation of 

very high surface area material. Although we did not investigate with sufficient detail the mechanism of 

formation of this high surface area ceria, these preliminary studies might offer a good starting point for the 

development of a synthetic procedure capable to design rare-earth mixed oxides materials with improved 

surface and thermal resistance properties.  



8 
 

In conclusion, this PhD thesis explored the effect of milling process on the preparation of ceria based catalysts 

that has been characterized and tested in two different reactions.  We found that the mild shear stresses 

provided by the mechano-synthesis were functional to the creation of metastable arrangements responsible 

of improved catalytic activity compared to reference materials synthesized via the well-established 

impregnation method. The formation of these arrangements demonstrated to be favored by low milling 

times and confined on the surface of the ceria crystallites. This synthetic technique also demonstrated to 

promote redox exchanges between metal ions of different transition metal oxides, creating active catalytic 

sites. The characterization presented in this PhD thesis work provided also a few insights useful for the 

development of robust and environmental friendly  catalysts for the above described applications.  
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1. Introduction 

 

1.1 Overview 

 

The times in which this thesis has been written (2021) will be remembered as crisis times because of the Sars-

Cov 2 pandemic breakthrough and the more and more evident effects of the climate change. These two 

situations can be associated to an unsustainable model of economic growth that characterized the 

development of the major world economies. This model started with the Industrial revolutions of XVIII and 

XIX centuries, and it is based on the combustion of fossil fuels whose most important drawback is represented 

by the production of CO2, the major greenhouse gas whose levels of emissions followed the same trend of 

the human population growth.  

 

In the last 30 years, the Intergovernmental Panel on Climate Change (IPCC) produced a series of worrying 

assessments reports that led to the promulgation of some international agreements such as the Kyoto 

Protocol and the Paris agreement1,2. The latest IPCC report3 confirmed the necessity of limiting the average 

world temperature increase to 1.5°C within the next decades and evidenced unambiguously the necessity of 

rapid actions to hold temperatures at the levels which could manage the most extreme risks since the global 

mean surface temperature is already 1.1°C above that of the end of 19th century. This difference in the global 

surface temperature led to a series of macroscopic effects such as unprecedented temperatures, severe 

flooding, sea level rises, hurricanes and typhoons that influenced the life of many people around the world 

and it is likely that there could be much worse to come4. 

The abovementioned considerations led to an increase in the population’s collective awareness of the need 

of concrete actions against climate change, with the “Fridays for future” initiative representing a good 

example of this awareness. The Sars-COV 2 pandemic has created such a prospect of economic disaster that 

the European Commission quickly set out a road map called 'Next Generation EU', containing the main 

objectives for the development of a new industrial paradigm based on green technologies for environmental 

protection and the production of green energy from renewable sources. This implies an important energetic 

transition in which methane will have an important role since its composition (CH4) allows a cleaner 

combustion compared to other fossil fuels such as coal and oil which have been protagonists until this time5,6 

by virtue of its higher H:C ratio. In other words, the CO2 emissions produced from a mole of methane 

combustion are lower with respect to  the emission produced per mole of other fossil fuels (Figure 1).  
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Figure 1: Schematic representation of the energetic transition to run in the next decades. 

 

However, CH4 is also a powerful greenhouse gas with a global warming potential ranging between 28 and 36 

times higher than CO2 on a 100-year time window7 and its emissions caused by the processes of extraction 

and transportation8,9 represents a huge problem. 

For these reasons it is quite clear that in order to reach the goal of keeping the temperature increase  around 

1.5°C by the half of this century, enormous efforts must be done in the reducing of greenhouse emissions 

deriving from CH4 and CO2. In order to manage the emissions of these two gases several strategies can be 

adopted such as the capture, the storage and the reuse as carbon source for the production of higher value 

chemicals and fuels such as hydrogen through the use of catalytic technologies. Catalysis historically 

represented a useful technology for environmental purposes10–12 and, considering the abovementioned 

statements, will be an important protagonist in the future decades. Much efforts have been conducted in 

order to develop efficient catalysts13–17, however the main drawback is represented by the scarce scalability 

at industrial level of these synthetic methods. Moreover, these methods usually need the use of organic 

molecules such as solvents and surfactants that need to be managed as waste by products, thus increasing 

the cost production of the catalytic materials and making them less attractive. In this contest, it is important 

to study and develop industrial favorable synthetic strategies for the synthesis of highly active catalyst for 

the valorization of CH4 and CO2 in order to minimize the overall environmental impact of these molecules by 

transforming them into higher value products and thus favoring a circular economy model. 
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1.2 Cerium Oxide: an evergreen material for energy and         

environmental processes. 

Cerium oxide (CeO2, ceria) is amongst the most studied rare-earth oxides because of its relative abundance18 

and peculiar physical-chemical properties that make this material very interesting in a broad range of 

applications, ranging from catalytic10,19 to biomedical20. The most relevant and established property of ceria 

lies in the rapid oxygen release or uptake trough the following reaction, leaving it with extraordinary 

capability for oxygen storage/release19,21. 

 

CeO2  ⇄ CeO2-x + x/2 O2   Equation 1 

 

The crystal structure (Figure 2) consists of a face-centered unit cell (fcc), where Ce cations are bonded to 

eight nearest equivalent oxygen atoms, while the O anions are tetrahedrally bonded to four Ce nearest 

neighbors. In other words, a cubic close packing of cerium (ccp) atoms with oxygen atoms filling the 

tetrahedral sites10,19,21.  

 

Figure 2: fluorite-type crystal structure of CeO2. 

The capability of being progressively reduced from CeO2 to Ce2O3 brings to the formation of oxides with 

intermediate composition, depending on the oxygen partial pressure19,21. The reduction of CeO2 into CeO2-x 

does not affect the fluorite structure even after the loss of important amounts of oxygen and subsequent 

formation of oxygen vacancies22. The formation of defects in the form of Ce3+ sites and oxygen vacancies19,21 

is responsible for the mixed-conductor character of ceria and for its well-known oxygen storage/release 

properties. This latter property is often evaluated with the Oxygen Storage Capacity (OSC) experiments. A 

rapid reoxidation of CeO2-x occurs after exposure to oxygen.    
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The reducible behavior, with the presence of oxygen vacancies, is at the base of the close intimacy, known 

as Strong Metal-Support Interactions (SMSI), between ceria and numerous supported metal particles17,19,20. 

Strong Metal Support Interactions revealed the pivotal role of the interfaces between metal and support in 

the enhanced catalytic activity of these systems since they represent the preferential sites for oxygen 

exchange due to the formation of oxygen vacancies associated with the presence of reduced ceria sites in 

the vicinity of metal particles22,17,23,24.  

The poor thermal stability of cerium oxide represents an important issue in the total OSC, since the high 

temperatures cause a growth of the particles and a subsequent loss of surface area which lead to an 

important reduction of the oxygen storage and release properties25. To avoid this problem several strategies 

can be adopted. One of these is the formation of solid solutions with tetravalent cations such as Zr4+, Hf4+, 

Tb4+ and Pr4+, which, besides improving the thermal stability, cause an improvement of the total OSC 

compared to that of pure CeO2
22,26,27

. Among these, CeO2-ZrO2 solid solutions are the most used in commercial 

applications22.  

Concerning pure ceria, an important strategy to improve the formation of oxygen vacancies is the reduction 

of the particle size at a nanometer scale. At this scale the shape of the crystallites revealed to have an 

important role on the redox properties of ceria, with nanoshapes such as nanocubes and nanorods which 

demonstrated to show higher OSC performances compared to spheroidal particles28,29. These results have 

been attributed to the predominant presence of the (100) and (110) surfaces in nanorods and nanocubes22,30  

The enhanced OSC of these nanoshapes is at the base of the enhanced catalytic performance in several 

catalytic reactions such as CO oxidation31, soot combustion30 and CO2 reforming of methane32. From the 

comparison of catalytic activity in soot combustion of polycrystalline ceria and ceria nanocubes and 

nanorods, Aneggi et.al.30 evidenced that, considering the samples in the same range of surface area, the best 

catalytic results were achieved in the nanoshaped cerium oxides. However, the drop of surface area after 

thermal aging affected negatively the overall catalytic activity.  

Together with the shape of the nanocrystals other geometrical factors such as the particle size and the 

surface area heavily affect the total OSC of ceria and ceria-based materials22. In particular surface area 

demonstrated to be directly linked with the OSC of ceria and ceria-zirconia33,34. By virtue of the enhanced 

OSC, the utilization of High Surface Area (HSA) oxides demonstrated to be of great importance in the 

increasing of catalytic activity in a broad range of catalytic reactions35–37. There are mainly two reasons at the 

base of the enhanced activity of HSA supports 1) the above-mentioned abundant presence of surface defects 

which is linked to the oxygen mobility on the surface and 2) the better dispersion of the supported active 



16 
 

metal catalyst, thus preventing its sintering during the reaction and maximizing the presence of interfacial 

metal/support sites38.  

In this PhD work we used High Surface Area (HSA)  cerium oxide. Recently, Fink et. al.39 reviewed several 

synthetic strategies for obtaining HSA ceria, including urea gelation, microemulsion, sol-gel, precipitation, 

surfactant templating and solvothermal/hydrothermal methods40–47. Some of the best results in terms of 

surface area and thermal stability are reported in Table 1. 

 

Table 1: some examples of High Surface Area ceria synthetic approaches from ref. 39. 

Preparation Method Starting Precursor Calcination 

Temperature (°C) 

BET Surface 

Area (m2/g) 

Reference 

Urea Gelation (NH4)2Ce(NO3)6 450 215 40 

Microemulsion Ce(NO3)3 . 6H2O 400 187 41 

Alkoxide Sol-Gel Ce(OH)4 400 180 42 

Precipitation Ce(NO3)3 . 6H2O 400 170 43 

Precipitation (NH4)2Ce(NO3)6 600 200 44 

Surfactant Templating CeCl3 . 7H2O 350 230 45 

Solvothermal (NH4)2Ce(NO3)6 500 160 46 

Hydrothermal CeCl3 . 7H2O Not reported 211 47 

 

Among the various reported methods, the ones reported by Bumajdad41 and Terribile45 required the use of 

surfactants which increase the costs of the overall processes, thus making them unattractive from an 

industrial standpoint. Moreover, keeping in consideration the development of green synthetic techniques 

based in the reduction of organic solvents and/or molecules in favor of harmless solvents such as water48,  

also the urea gelation40 and alkoxide sol gel methods42 can result less attractive.   

The precipitation method reported by Bruce at.al.43 is the one which led to the better results, since a specific 

surface area of 200 m2/g was achieved after calcination at 600°C for 2h. However, this synthetic procedure 

demonstrated to be successful starting from diluted solutions of precursor (0.005 to 0.016M), i.e. starting 

from 1 liter of 0.005M solution of cerium ammonium nitrate they obtained 0.69g of final product. Clearly, 

these conditions make the reported procedure unfavorable at a higher scale. 

From these considerations, the hydrothermal methods result to be the most suitable methods since they 

represent an easier-to-scale up procedure compared to the other reported above. Moreover, 

hydrothermal/solvothermal methods have additional important advantages such as the fact of being a single-

step low-temperature synthesis which gives highly crystallized nanomaterials thanks to a better control of  

composition and morphology49 
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The discussed oxygen transport/mobility properties of cerium oxide19 have a key role in the catalytic 

applications of this material, whose historical application are represented by Three Way Catalysts (TWCs) 

and Fluid Catalytic Cracking (FCC)50–54 .These two processes represented historically the most important 

commercial catalytic processes in terms of economic relevance and tonnage. Moreover, they represent two 

examples of cerium oxide applications in the field of energy and environmental engineering. The progressive 

introduction through the years of more stringent rules in diesel engine emissions required an even larger 

utilization of ceria based materials since they are among the most studied component in the exhaust emission 

system of diesel engines55,56.  

Another well established and relevant environmental application of ceria and ceria-based materials is 

represented by its use in the water purification treatments in which, once again, the role of the surface 

properties and the oxygen vacancies is pivotal as reviewed by Kurian57. 

As discussed in Section 1.1. of this chapter the climate change action must proceed through the progressive 

reduction of fossil fuels and through a major utilization of greener energy carriers such as hydrogen, with 

natural gas (CH4) that surely will have an important role. In the context of this transition, also the 

reduction/transformation of greenhouse gases such as CH4 and CO2 into higher value products will have a 

crucial impact. The present and future scenario of energetic transition would likely imply the progessive  

introduction in the next decades of electric and hybrid engines, with a loss in the market share of traditional 

internal combustion engines. As a consequence, it is very likely that the auto exhaust catalyst industry will 

be heavily affected. Nonetheless, while these technologies will progressively become obsolete, ceria and 

ceria-based materials will continue to be appealing protagonists in the future of energy and environmental 

transition due to their use in several processes such as  methane oxidation58,59, methane partial oxidation60–

62, CO2 hydrogenation63–65 and Reforming reactions from hydrocarbons66,67 and renewable sources such as 

biomass and alcohols36,68–70. Moreover, the transport properties and the electrical conduction of ceria based 

materials make them interesting for applications as electrolytes in solid oxide fuel cells (SOFC)71,72 , but also 

in the emerging fields of photocatalysis, electrocatalysis and phototermocatalysis73,74. 
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1.3. Methane: ways of valorization 

1.3.1. Sources of methane and Geopolitical considerations 

As pointed out previously, an important prerequisite to implement green technologies lies in the efficient 

use of nonrenewable sources of hydrocarbons, with methane that represents the election hydrocarbon for 

the energetic transition because of its cleaner combustion and its abundance in the form of natural gas 

reserves. Natural gas is a mixture of gaseous hydrocarbons with methane as the main component (>80%) 

followed by other heavier hydrocarbons such as ethane and propane75–77. Natural gas reserves are abundant 

but they are not located homogenously around the world, with some countries and/or geographic regions 

that possess the major quantities78. 

 

 

 

Figure 3: Major Natural reserves by country accordingly to ref. 78. 

 

This inhomogeneity made the utilization of natural gas subjected to geopolitical equilibria that are likely to 

become more delicate in the next years. Thus, an energetic policy more independent from the natural gas is 

of fundamental importance also from a strategical standpoint. For these reasons, exploring alternative, 

environmentally benign and energy efficient systems has become the focus of governmental policies, 

industry, as well as academic research79–82.  
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In this sense the biogas originated from the anaerobic digestion of biomasses constitutes an attractive 

alternative since it represents an established sustainable technology for the simultaneous generation of 

renewable energy from the treatment of organic wastes83. The origin of biomass can be various, some 

examples are represented by food, animal and agricultural waste84,85. The increasing interest of utilizing 

biogas as substitute to natural gas or its exploitation as transport fuel opened new avenues in the 

development of biogas upgrading techniques. 

The major constituent of biogas is methane whose concentration is in a range of 55-75%, followed by carbon 

dioxide (25-45%), nitrogen (1-5%) together with traces of impurities such as hydrogen, hydrogen sulfide (H2S) 

and oxygen whose composition varies from the biogas source (Figure 4).  

 

 

Figure 4: typical biogas composition from Ref. 85. 

 

The EU made important efforts on the production of energy from biomasses86,87 and further efforts must be 

made in order to achieve an efficient energetic transition and a major independence from fossil fuel imports 

from other countries. 
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1.3.2 Reforming Processes 

 

Oil, coal, natural gas, and electrolysis are four chief sources for hydrogen production, which account for 30%, 

18%, 48%, and 4% of the world’s hydrogen production, respectively. With the depletion of coal and oil, 

methane will represent the main source of industrially produced hydrogen88. The reforming processes are 

thermochemical technologies of transformation of methane which entails the use of thermal energy and 

catalytic materials for the conversion of methane to various products.  

Reforming of hydrocarbons are interesting and established processes for the production of syngas, a mixture 

of hydrogen and carbon monoxide, which can be exploited for the synthesis of methanol, Fisher-Tropsch 

fuels and other valuable chemicals or it can be used directly for the feeding of a Solid Oxide Fuel Cell (SOFC)89–

91. The two components of syngas can be separated, thus obtaining clean hydrogen and carbon monoxide 

which is an important building block for the synthesis of a wide class of chemicals92,93. Methane reforming 

can be carried out using different oxidant agents such as steam, carbon dioxide and oxygen. 

The most important reforming processes is the Steam Reforming of Methane (SRM, Eq. 2), which represents 

the most established process at the industrial level for hydrogen production since 4 moles of hydrogen can 

be produced from 1 mole of methane if the produced CO is transformed into H2 and CO2 with the Water Gas 

Shift reaction (Eq.3)67,94,95.  

 

CH4 + H2O → 3H2 + CO     (ΔH0
298K = 206 kJ/mol)   Equation 2 

 

CO + H2O → H2 + CO2     (ΔH0
298K = -41 kJ/mol)   Equation 3 

_________________________________________________________ 

CH4 + 2H2O → 4H2 + CO2       Equation 4 

 

Despite its lower cost of production, the grey hydrogen produced via SRM can be upgraded to blue hydrogen 

by capturing of the emitted CO2 96 and affecting negatively the production costs. Moreover, the overall cost 

of production will be linked to the natural gas price which is, in the present days, constantly increasing. For 

these reasons, other emerging reforming technologies using carbon dioxide and oxygen as oxidants are 

receiving attention due to their perceived advantages over the well-established steam methane reforming. 

One of such advantages is the prospect of the Dry Reforming of Methane (DRM) to help mitigate greenhouse 
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gases through the simultaneous utilization of methane and carbon dioxide (Eq. 5). Besides, it is a potential 

technological route for producing syngas used as chemical intermediates for Fischer Tropsch synthesis.   

 

CH4 + CO2 → 2H2 + 2CO     (ΔH0
298K = 247 kJ/mol)   Equation 5 

 

While SRM depends mainly from fossil sources (methane from natural gas), DRM can be performed from 

renewable sources, that is biogas. In this sense DRM represents a more virtuous process since it allows the 

production of green hydrogen, contrarily to the gray hydrogen produced from SRM97–99 (Figure 5).  

 

 

 

Figure 5: schematic representation of the reforming processes starting from different methane sources. 
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Like SRM, DRM presents some drawbacks due to the high temperatures required100 which can cause the 

sintering of the active phase of the catalysts and the occurrence of several parallel reactions such as the 

reverse water gas shift (RWGS, Eq. 6), methane cracking (Eq. 7) and the Boudouard reaction (Eq. 8). 

 

CO2 + H2 → CO + H2O     (ΔH0
298K = 41 kJ/mol)   Equation 6 

 

CH4 → C + H2     (ΔH0
298K = 171 kJ/mol)    Equation 7 

 

2CO → C + CO2     (ΔH0
298K = 75 kJ/mol)   Equation 8 

 

 

While RWGS affects the overall H2/CO ratio, Eq. 7 and 8 have the major drawback of producing solid carbon 

which deactivates the catalysts. For these reasons DRM is not considered an industrially mature process101; 

hence, research focused its attention on the development of catalysts capable to overcome these drawbacks. 

Several catalysts have been developed for reforming reactions and nickel supported catalysts are amongst 

the most promising candidates because nickel, contrarily to other noble metals102, is an economic and  a 

relatively abundant element which has a good activity in DRM103,104, although it is not immune to 

deactivation105–107. To avoid this drawback the choice of the support is of great importance and several oxides 

have been investigated108. Cerium oxide and ceria based materials revealed to be very promising candidates 

thanks to the peculiar oxygen transfer properties, useful in order to limit the carbon buildup, thus improving 

stability36,100,109,110. 
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1.3.3. Low temperature methane activation. 

Many efforts have been done to find new strategies for methane valorization111,112. Methane activation under 

mild conditions represents one of the most challenging reactions that the catalysis community faces 

nowadays. For decades, the production of small carbon based molecules followed a top-down approach 

starting from long oil molecules. Since oil will be gradually phased out, a change of paradigm is needed in this 

sector, and the use of small molecules containing carbon as building blocks, thus a transition trough a 

bottom-up approach, needs the formulation of novel catalysts for this purpose111. 

In current industrial practices, various chemicals have already been produced from methane via the synthesis 

of syngas(CO/H2) through the reforming processes described in the last paragraphs, followed by additional 

reaction processes113,114. However, the high energy requirements and the multistep reactions, are 

disadvantages that need to be addressed. Direct conversion of methane, by contrast,  is a promising  

alternative and has already gained much interest115,116. 

Considering the potential of methane as building block for the synthesis of valuable chemicals, its 

transformation into more useful products is of pivotal importance and its activation still represents the “Holy 

Grail” from a catalytic standpoint117,118.  The reason of this challenging activation lies on the extreme stability 

of this appealing molecule due to its high stability, symmetry and the absence of polarized bonds or 

functionalities that could allow a chemical reaction. Moreover, this challenge is also related to the molecular 

orbital configuration of methane, with the low energy Highest Occupied Molecular Orbital (HOMO) and the 

high energy of the Lowest Unoccupied Molecular Orbital  (LUMO) (Figure 6), which make methane rather 

inert towards the most common organic chemistry strategies of functionalization111.  

 

 

Figure 6: Molecular orbitals of methane. 
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These characteristics made the dissociation of the C-H bond, which is a fundamental prerequisite for the 

direct conversion of methane into value added products, very difficult due to the high dissociation energy 

(435 kJ/mol).  However, the activation of the C-H bond does not represent the only obstacle for methane 

functionalization. In fact, also the activation of the oxidant species is a key step for the completion of the  

catalytic site (Figure 7).   

 

 

 

Figure 7: Schematic representation of the main steps of the Catalytic Cycle for Methane Functionalization.  

 

 

Many efforts have been made in order to understand the mechanism of the C-H bonds cleveage119,120. Two 

types of mechanisms have been proposed and the difference between these two mechanisms lies on the 

atom in which methane is activated.  In the so called “true activation” the cleavage of the C-H bond is 

promoted through the direct interaction with the metal at the catalytic site, with the formation of a metal-

carbon bond111. The other proposed mechanism is the so called “Fake Activation” in which the activation 

occurs via interaction with the surrounding basic ligands of a metal center, which, in the case of metal oxides, 

are represented by the oxygen atoms of the surface of a heterogenous catalyst. These oxygen atoms are 

responsible for the hydrogen atom abstraction from methane, resulting in its activation and on the formation 

of a methyl radical111,121. This mechanism based on electrophilic oxygens have been observed in several 

homogenous, heterogenous and enzymatic catalytic systems111 dedicated to methane partial oxidation. 

Because of the abundance of Fe-based enzymes for the hydroxylation reaction many efforts have been made 
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on Fe-base catalysts122,123. However, there are no reasons for not extending the research to other late 3d 

transition metals such as copper, which seems to have a pivotal role in the particulate Methane Mono 

Oxygenase enzymes124,125.  

Figure 8 summarizes the discussed strategies for methane valorization. 

 

 

 

Figure 8: schematic representation of the discussed methane valorization routes. 
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1.4. Carbon Dioxide: ways of valorization 

 

Among the main strategies which have been considered to minimize CO2 atmospheric emissions, its capture 

and storage is one of the most studied126–128. This process involves the separation of CO2 from the industrial 

source and a subsequent compression and transportation. The utilization of the separated CO2 for the 

synthesis of fuels and as a building block for the synthesis of fine chemicals represents a useful approach for 

a true valorization of this molecule126,129–131. However, CO2 represents the most oxidized form of carbon, 

hence the thermodynamic and stability of this molecule are the main reasons of its kinetic inertness. Thus, 

also for this molecule the activation and consequent transformation represent a great challenge in the 

heterogenous catalysis field. The achieving of this challenge will represent an important step in the sense of 

a carbon-free footprint circular economy since CO2 should substitute fossil carbon as feedstock for the 

production of fuels and fine chemicals, while the renewable resources such as solar, wind, geothermal and 

the abovementioned biomasses should be employed for the production of electricity and hydrogen110,132. 

In the following, we will present the main strategies for CO2 valorization excluding the already discussed DRM 

process, which represents an interesting method for CO2 valorization133–135.  

 

1.4.1 Hydrogenation of CO2 

Another appealing method of CO2 transformation is represented by the CO2 hydrogenation which in many 

cases represents the first step for the transformation of this molecule into valuable chemicals and can lead 

to a series of products such as CO (via RWGS), alcohols and hydrocarbons136,137. If the hydrogen comes from 

renewable resources, e.g. by biomasses as discussed above, this process could allow an almost carbon neutral 

cycle. 
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1.4.1.1 Reverse Water Gas Shift and Fischer-Tropsch 

The reduction of CO2 to CO by Reverse Water Gas Shift (Eq. 6) is an important reaction for the production 

since CO is an important intermediate for the synthesis of valuable chemicals110,136,137 such as Fischer-Tropsch 

(FT) fuels. 

 

CO2 + H2 → CO + H2O     (ΔH0
298K = 41 kJ/mol)   Equation 6 

 

Concerning this last example, the hydrogenation of CO2 to medium chain hydrocarbons through Fischer-

Tropsch synthesis has been recently addressed as a way for carbon dioxide upgrading. Since RWGS represents 

an important first step for this reaction, the development of heterogenous catalysts active for both RWGS 

and FT represents an ambitious challenge138. The challenge lies in the difficult design of the catalyst, which 

must possess both RWGS and FT functionalities. Several works, recently reviewed by our group110, obtained 

interesting results in this field138,139. 

 

1.4.1.2 Hydrogenation of CO2 to methanol 

Another promising process of valorization of carbon dioxide consists of its hydrogenation to methanol (Eq. 

9)130. 

CO2 + 3H2 → CH3OH + H2O  (ΔH0
298K =  kJ/mol) Equation 9 

Eq. 9 represents the main reaction occurring during this process, however RWGS represents the main side 

reaction, which, by virtue of the extra hydrogen consumption, negatively affects the methanol formation140. 

Moreover, the large amount of water formed as a by-product, from both methanol synthesis and the reverse 

water-gas shift side reaction, also had an inhibitory effect on the active metal during the reaction131,141, 

leading to the deactivation of the catalyst. Furthermore, the formation of other hydrogenated products such 

as higher alcohols and hydrocarbons usually associated with methanol formation, represents a poor 

selectivity of this process, which by consequence needs to be addressed towards highly active and selective 

catalysts140. Many efficient catalytic systems have been reported, including homo- and heterogeneous 

catalysts142–145. Concerning the heterogenous catalysts, the study of the SMSI is of great importance for the 

development of active catalysts, and in particular the interfaces between metals and supports usually serve 

as active sites for CO2 activation and conversion to methanol110,146. Metal-ceria interfaces recently revealed 

to be a key parameter for the hydrogenation of CO2 to methanol147,148  and, with more detail, Copper ceria 

interfaces in inverse ceria-copper catalysts149–151.  
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1.4.1.3. Hydrogenation of CO2 to methane. 

Another important and promising process for CO2 valorization is represented by its fully hydrogenation to 

methane, known as Sabatier reaction of CO2 methanation (Eq. 10) and represents a virtuous example of 

conversion of waste into energy110,152,153. Moreover, it could represent a suppletive methane resource, 

further reducing the dependence from other countries importations.  

 

CO2 + 4H2 → CH4 + 2H2O    (ΔH0
298K = -252.9 kJ/mol) Equation 10 

 

The catalysts for CO2 methanation comprises noble or transition metals  on various supports, which have an 

important effect on the reaction mechanism154,155. The research conducted on ceria-based materials dates 

back in the 90s156,157  when it was firstly evidenced the superior activity of metals supported on cerium oxide 

respect other  similar supported catalysts. The peculiar redox properties and the presence of surface oxygen 

vacancies revealed to have a crucial role in the enhanced activity of these materials towards this reaction, as 

it was confirmed also by more recent studies conducted in Ni and Ru supported on ceria, which are amongst 

the most studied systems for this reaction158–162.  

Figure 9 summarizes the discussed strategies for CO2 valorization. 

 

 

 

 

Figure 9: schematic representation of the discussed CO2 valorization routes. 
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1.5 Mechano-chemical Synthesis  

As pointed out in the overview, it is important to develop synthetic strategies favorable from and industrial 

standpoint and possibly in agreement with the principles of green chemistry. Mechanochemistry, that is, the 

use of mechanical energy to promote chemical transformations163,164 perfectly matches with the principles 

of green chemistry since it does not require any solvent thus it does not produce any waste by-product 

compared to other synthetic strategies. The mechanical energy is generally released by milling the desired 

reactants in a ball-mill apparatus, where the movement of the grinding bowl imposes kinetic and potential 

energy to the grinding balls. In turn, the grinding spheres release mechanical energy to the reactants through 

impacts occurring during milling. Moreover, by virtue of its simplicity and versatility, it is appealing from an 

industrial standpoint. The mechanochemical approach via ball milling was extensively investigated for the 

solid synthesis of mixed oxides, alloys and novel materials165–169. Nowadays, the increasing attention towards 

greener and more sustainable processes made ball milling an interesting candidate in several chemistry fields 

ranging from organic chemistry170 to inorganic chemistry171. The possibility of overcoming thermodynamic 

equilibria made the mechanochemical processes very attractive for the synthesis of catalytic materials. 

However, the main drawback of this kind of synthesis for catalytic applications is represented by the lack of 

theoretical background172. By consequence a trial-and-error approach is often required for the synthesis of 

these materials. However, this kind of approach revealed to be successful for the synthesis of many catalytic 

materials that presented an enhanced catalytic activity compared  to conventionally prepared heterogenous 

catalysts by virtue of the formation of metastable structures generated by the mechanical energy provided 

from this synthesis173–177. Recent studies have focused on metal-supported catalysts, where the possibility of 

depositing the metal on the support oxide and promoting the metal-support interaction was investigated 

with encouraging178–182 results. This suggests that further work is needed in order to correlate the studies on 

the mechano-chemical process to the synthesis of supported heterogeneous catalysts, particularly because 

an understanding of the chemistry taking place at nanoscale induced by mechanical forces is missing. In our 

group this kind of synthetic approach was investigated and gave excellent results in the synthesis of Pd/CeO2 

and Pt-Pd/CeO2 systems that showed excellent activity and stability in methane combustion in both dry and 

wet atmospheres. The reason of this peculiar and enhanced catalytic activities was found to be related to 

some morphological characteristics generated specifically from the synthetic method used172,177,183–185. These 

promising catalysts were synthesized with a particular ball milling procedure, namely Mild Energy Ball Milling, 

whose difference with the classic High Energy Ball Milling lies in several parameters such as the number of 

balls used and the movement of the apparatus which clearly affected the quantity of mechanical energy 

provided to the reactants (Figure 10). 
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Figure 10: a) Fritsch Pulverisette 6 planetary ball mill with schematic movement of milling bowl and spheres;  

b) Fritsch Pulverisette 23 mill with schematic movement of the milling bowl and sphere. Image taken from 

Ref. 172. 

 

A careful perusal of the effect of the milling system was studied and the results confirmed that the soft shear-

like stresses induced by the mild-energy ball milling apparatus were responsible for the creation of the cited 

morphological structures172,183. 

Given this promising background, the aim of this PhD thesis has been to further investigate this novel mild-

energy ball milling technique for the synthesis of metal supported catalysts based on cerium oxide and cheap 

and relatively abundant transition metals. In particular, several nickel supported on ceria catalysts have been 

synthesized and tested in the DRM reaction (chapter 3) and a series of inverse CeO2/CuO catalysts for the 

activation of methane at low temperatures (chapter 4). In both cases High Surface Area ceria was used, and 

revealed to be, especially in the case of the inverse CeO2/CuO catalysts, of particular importance for the 

peculiar characteristics of the system. For this reason further efforts have been made for the development 

of a synthetic procedure to obtain of high surface area cerium oxide, (Section 2.2.1. of Chapter 2). 
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2. Experimental  

The aim of this chapter is to briefly describe the materials synthesized in this thesis and the methods of 

characterization used.  Most of the experiments were conducted in our laboratories. The NEXAFS and XPS 

analysis were conducted in the Advanced Photoelectric Effect – High Energy (APE-HE) beamline of Elettra 

synchrotron of Trieste. The HRTEM experiments were performed at the Universitat Politècnica de Catalunya, 

in Barcelona.  

2.1. Material Synthesis.  

2.1.1. Synthesis High Surface Area (HSA) cerium oxide.  

100 mL of 1.25M CAN (TIAG) solution, were prepared by dissolving the appropriate amount of salt in 

deionized water, and then transferred in a 1 liter three-necked balloon. To the said solution, 260 mL of 0.4 

NH3 (Sigma-Aldrich) solution were added dropwise under constant and gentle magnetic stirring, reaching a 

pH of 0.5. This particular value of pH was defined by Ikeda-Ohno1 as a “critical pH” in a work aimed to the 

understanding of the nanocrystalline ceria evolution in Ce(IV) solution. At this value, the pH value became 

transiently unchanged regardless the addition of base and this was related to the formation of a fine colloidal 

suspension of ceria nanoparticles. The final system appeared of a limpid orange color and, accordingly with 

what described by Ikeda-Ohno1, consisted of a colloidal suspension of very fine nanocrystals. The obtained 

system was heated to reflux (100°C). During the heating, the color of the solution changed from orange to 

yellow, maintaining unaltered the clarity of the system. As the reflux started, the precipitation of a yellow 

solid occurred. Starting from this point the system was left in reflux conditions for 4 hours in order to age the 

precipitated solid (Figure 1). 

 

Figure 1: comparison of the system before (a) and after (b) the start of the reflux. 
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The system was then cooled at room temperature and centrifuged to recover the yellow solid. A small aliquot 

(approximately 1g) of the precipitate was calcined at 400°C in order to determine the CeO2 percentage, which 

demonstrated to be of approximately 62-64%. The remaining cake was dispersed in a 2M NH3 solution in 

order to obtain a CeO2 concentration of 48g/L, transferred in a Teflon vessel and subsequently treated in 

hydrothermal conditions of 180°C for 1 hour. The obtained solid was filtered and washed with deionized 

water before being calcined at 350°C for 6 hours. Subsequent calcinations at higher temperatures were 

performed starting from the calcined at 350°C powders and all the calcinations lasted 6h.  

The described procedure led to an unprecedented surface area of 337 m2/g after calcination at 350°C and to 

high values of surface area also for higher calcination temperatures, as reported in Table 1. 

Table 1: morphological characteristics of the synthesized cerium oxide. 

Calcination 

Temperature (°C) 

BET Surface 

Area (m2/g) 

Average Pore 

Diameter (Å) 

Mean Pore 

Volume (cm3/g) 

Average 

Particle Size 

(nm)a 

350 337 43.23 0.281 4 

500 230 34.56 0.247 5 

550 204 75.87 0.480 6 

800 56 178.62 0.326 18 

900 37 233.73 0.240 27 

1000 18 325.07 0.233 40 

1200 5 599.61 0.086 65 

a : calculated according to Scherrer’s equation from the line broadening of CeO2 (111) 
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2.1.2. Synthesis of the Ni/CeO2 catalysts 

Ni/CeO2 catalysts with 4 wt % Ni loadings were prepared on a commercial high surface area ceria (Umicore) 

and, in some experiments, a high surface area ceria (HSA) prepared in our laboratories with a synthetic 

procedure that will be described in the following pages, calcined in static air at 800°C prior to metal 

deposition and with a specific surface area of 64 m2/g and 56 m2/g, respectively. Two series of catalysts were 

prepared from two different Ni hydrated salts, namely Ni(NO3)2 
. 6H2O and NiCl2 

. 6H2O. Reference catalytic 

materials were prepared by conventional incipient wetness impregnation (IW). For the preparation of the 

reference IW catalysts, an aqueous solution of the nickel precursor (Aldrich, 99,999%) was used in 

appropriate amount to reach the desired nominal Ni loading. The solution was impregnated drop by drop on 

the ceria support with the help of a mortar and a pestle to homogenize the powders. The catalyst was then 

dried at 100°C overnight and calcined at 500°C for 1 hour in static air. The milled samples were synthesized 

with the following procedure: the Nickel precursor and the Cerium oxide were pre mixed in a  sample holder 

in order to homogenize the mixture prior to the milling, then the mixture was transferred in a 15 mL zirconia 

jar and milled with a single ball made of zirconia (15 mm in diameter, 10 g  weight) at a constant frequency 

(15 Hz) with a variable time that goes from 5 (M05) to 60 minutes (M60) by using a Fritsch Pulverisette 23 

minimill. For the long-time milled catalysts M40 and M60 subsequent 20 min steps were carried out to avoid 

agglomeration. A zero-time milled sample was obtained from the mixing the starting materials inside the jar 

without the ball (Loose Contact, LC) at a frequency of 15 Hz for 10 minutes. After milling the samples were 

calcined at 500°C for 1 hour.  
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2.1.3. Synthesis of the CeO2/CuO catalysts 

A reference impregnated catalysts (I CeO2 CuO 2080) with a 20% weight of CeO2 was synthesized via 

impregnation technique. In a 50 ml Becher a proper amount of Cerium nitrate (Ce(NO3)3 . 6H2O) (Treibacher 

Industrie AG) was dissolved in 45 mL of ethanol (Sigma-Aldrich). In this solution the proper amount (750 mg) 

of CuO was dispersed. The resulting suspension was gently heated (60°C) until complete evaporation of the 

solvent. The resulting black powder was dried at 100°C for 12 hours prior to calcination at 400°C for 1 hour. 

The milled catalysts were prepared by premixing the desired amounts of pre-calcined CuO and CeO2 powders. 

The CuO and the CeO2 were calcined at 600°C and 500°C respectively. We used an industrial cerium oxide 

provided by Umicore pre-calcined at 500°C for 6 hours with an active surface are of 120 m2/g and one 

prepared in our laboratories (HSA) pre-calcined at 350°C for 6 hours with a surface area of 307 m2/g. The 

cerium oxide weight content was increased from 20% to 80%. The homogenized powders were transferred 

in a 15mL zirconia jar together with a single zirconia ball (15 mm in diameter, 10 g  weight). The powders 

were milled for 10 minutes at a frequency of 15Hz from using a Fritsch Pulverisette 23 minimill. After the 

milling step the powders were collected with the help of a brush to remove the powders from the jar. No 

calcination step was performed since we started from pre-calcined CuO and CeO2.  
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2.2. Characterization  

2.2.1. Surface Area and Pore Size Measurements  

Evaluation of the catalysts surface area was carried out in a Micrometrics Tristar Porosimeter by analyzing 

N2 adsorption isotherms at -196 °C using the Brunauer-Emmett-Teller (BET) method2. Pore size 

measurements were performed in the same setup using the Barrett-Joyner-Halenda method (BJH) on 

desorption isotherms. Catalyst samples were degassed at 150°C for 1.5 hours prior to analysis.  

2.2.2. Temperature Programmed Reduction (TPR)  

TPR experiments were carried out in a Micromeritics AutoChem II 2920 analyzer on 50 mg of catalysts, loaded 

in a U-shaped quartz micro-reactor. The sample was pretreated in air at 500°C for 1 h, then cooled to room 

temperature under N2 flow. The analysis was performed under a flowing reducing mixture of 4.5% H2 in N2 

(flow rate = 35 ml/min), heating the sample from RT to 800°C at a heating rate of 10 °C/min, then cooled at 

RT. The experiment was repeated starting from the pre-treatment step.  

In the case of CeO2/CuO catalysts the analysis was conducted on 10 mg of sample, that were analyzed, 

without pre-treatment, in the same reduction mixture following the same heating ramp. 

2.2.3. Thermo-gravimetric Analysis (TGA)  

To determine the quantity of formed carbon after the catalytic test in DRM in the Ni/CeO2 catalysts, 

thermogravimetric analyses were carried out in a Q500 - TA Instruments thermobalance. Usually, 10-15 mg 

of sample were loaded on a platinum pan with 60 ml/min of gas flowing horizontally over the sample surface. 

The sample was gradually heated at 10 °C/min from RT to 800°C, then cooled to 100 °C. Weight loss profiles 

have been measured under synthetic air (20.9% O2/N2).  
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2.2.4. X-ray Diffraction Analysis (XRD) 

XRD analysis was performed ex-situ in a Philips X'Pert diffractometer equipped with an X'Celerator detector 

using Ni-filtered Cu Kα radiation (λ = 1.542 Å). Data were recorded in the 2θ range of 20-100° with a step size 

of 0.02° and a counting time per step of 40 s. Fitting of the crystalline phases was performed using the Philips 

X’Pert HighScore program. Particle size was estimated using the Scherrer equation3 using the {111} ceria peak 

at 2θ = 28.61° and the {111} CuO peak at 38.73° and the instrumental peak widening correction measured 

for a silica standard. 

In-situ XRD analysis was performed using a Anton Paar high temperature cell in order to follow the redox 

process of Ni/CeO2 (see 2.2.3. section) 

2.2.5. High Resolution Transmission Electron Microscopy (HRTEM)  

Microstructural characterization by High Resolution Transmission Electron Microscopy (HRTEM)4 of the 

Ni/CeO2 samples was carried out at the Universitat Politècnica de Catalunya. Images were collected at 200 

kV with a JEOL JEM-2010F electron microscope equipped with a field emission gun. The point-to-point 

resolution was 0.19 nm and the resolution between lines was 0.14 nm. Samples were dispersed in alcohol in 

an ultrasonic bath, and a drop of supernatant suspension was poured onto a holey carbon-coated grid.  

2.2.6. X-Ray Photoelectron Spectroscopy (XPS) 

Ex-situ X-Ray Photoelectron Spectroscopy experiments were performed at the Advanced Photoelectric Effect 

– High Energy (APE-HE) beamline at Elettra Synchrotron in Trieste (Italy). The measurements were done 

exploiting a conventional non monochromatized X-Ray source (Al Kα= 1486 eV) with a hemispherical electron 

energy analyzer, in a dedicated chamber of the NFFA UHV MBE-cluster system5. The powders have been 

glued on the sample holder using a conductive silver paste. The samples have been positioned at 45°with 

respect to the incident beam, probing an area of ~ 1 mm2 and a depth of ~ 1 nm. The Ce 3d, Ni 2p and O 1s 

spectra have been acquired using a pass energy of 30 and a dwell time of 1000 ms; they have been aligned 

in energy using the Au 4f spectra of a reference Au foil positioned just above the sample. The data analysis 

has been performed using Origin© Software and CasaXPS©. The fitting procedure for XPS spectra has been 

made using a Shirley background type and a Levenberg-Marquardt Algorithm (LMA). 
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2.2.7. Near Edge X-Ray Absorption Fine Structure Spectroscopy (NEXAFS) 

X-Ray absorption spectra at the Ni L2,3 edges have been measured at the APE-HE beamline at the ELETTRA 

synchrotron radiation source6. The NEXAFS spectra have been acquired using the Total Electron Yield (TEY) 

detection mode, allowing a probing depth of ~ 5 nm. The energy resolution of these spectra is about 0.1 eV. 

The samples, in the form of powders, have been glued on the sample holder using conductive silver paste 

and then loaded on the manipulator of the APE-HE chamber (in UHV conditions). The sample was oriented 

at 45° with respect to the incident beam, probing an area of ~ 150 μm2. All the data treatment, involving 

spectra normalization and energy alignment, was performed using the Origin© Software. 

 

2.2.8. Operando Soft X-Ray NEXAFS Spectroscopy at ambient pressure 

The experiments were performed at the APE-HE beamline at Elettra Synchrotron in Trieste (Italy), exploiting 

an innovative home-made reaction cell7. The experimental setup is designed to acquire NEXAFS spectra 

continuously at 1 bar, in TEY mode. A maximum of two gas mixtures could be introduced in the reaction cell; 

a micro-GC (Agilent), equipped with a Volamine column, connected to the output of the cell, allows to detect 

the gas products in real time during the NEXAFS spectra acquisition (Figure 2).  

 

Figure 2: experimental setup of the in-operando NEXAFS experiment. 

The gas line is controlled by three flowmeters, calibrated to a maximum total flow of 50 ml/min. For the study 

of methane activation, the sample was exposed to a gas mixture containing 10 vol% CH4  in He for 1 hour, 

then methane was removed for 10 minutes before being exposed to a 5 vol% O2 in He atmosphere for 20 

minutes. 
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2.2.9. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)  

 

In-situ DRIFTS spectra were collected in absorbance mode using a Thermo Fisher Nicolet is-50 FTIR 

spectrometer equipped with a Pike cell (Figure 3).  

 

 

Figure 3: Optical geometry of the DiffusIR accessory (left) and low temperature chamber shown with 
connections (right). 

In-situ methane activation/oxidation were carried out to investigate the adsorbed species on the catalysts 

surface and their stability in oxidizing atmospheres, following the scheme of Figure 4. Powder samples were 

loaded in the reaction cell under 80 ml/min total gas flow. Before reaction, the sample was pretreated in 

pure Helium at 300°C for 15 minutes. After cooling at 250°C the reaction temperature, the background was 

collected with 100 scans. For the study of methane activation, the sample was exposed to a gas mixture 

containing 10 vol% CH4 in He for 1 hour, then methane was removed for 10 minutes before being exposed 

to a 5 vol% O2 in He atmosphere for a time that depended from the characteristics of the different tested 

samples. 

 

 

Figure 4: Experimental detail of the in-situ DRIFTS methane oxidation (MO) tests. Heating/cooling ramps: 10 
°C/min; reaction mixture: 10%CH4/5%O2/He. 
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2.3. Catalytic Test 

2.3.1. Dry Reforming Catalytic Tests 

 

The dry reforming catalytic tests were conducted accordingly with previously reported procedures8. In detail, 

at atmospheric pressure in a fixed-bed reactor (i.d. = 4 mm) using 0.08 g of catalyst in powder form (mixed 

with quarts in a 1:1 ratio). The temperature of the reaction was controlled by a thermocouple placed a few 

millimeters on the top of the sample. All the temperature ramps used were of 10°C/min. Prior to catalytic 

test the sample was reduced in hydrogen at 800°C for 1 hour. Catalytic experiments were conducted in the 

temperature range of 550-800°C with steps of 50 °C on the catalyst previously reduced under hydrogen at 

800°C for 1 h (Figure 5).  

 

 

 

Figure 5: Experimental detail of the DRM catalytic tests.  

 

The total volumetric flow was 82 mL/min with a CO2/CH4 ratio of 3:2, in order to simulate the typical 

composition of biogas sourced from biogenic waste. Nitrogen was used as internal reference. The 

composition of the reactor outlet gases mixture (CO, H2, CO2, and CH4) was analyzed with a gas 

chromatograph (GC, Agilent model 8860) equipped with two columns (a molecular sieve and carboxen 

column) and with a thermal conductivity detector (TCD). Below an image of the plant used (Figure 6): gases 

flows were controlled by a series of flow meters (Brooks), the gases were mixed before the inlet of reactors, 

six ways valve allow to bypass the reactor and feed directly the reactant mixture for a check of composition 

before the catalytic test. All lines can be purged with an inert gas, if necessary.  
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Figure 6: Experimental setup for the Dry Reforming of Methane test.  

 

The reaction mixture was injected to the GC after 30 min of isothermal conditions, in order to measure in 

steady state conditions. The time on stream experiments were conducted right after the catalytic test 

described above after cooling at 750°C, in isothermal conditions for 70 hours. The conversions of CO2 and 

CH4 and H2/CO ratios were calculated according to the following formulas, the factor β to consider the 

changes of flow rate during the reaction.   

 

β = [N2]in/[N2]out 

 

X[CH4]% = {[CH4]in × ([CH4]out × β)}/[CH4]in) × 100 

 

X[CO2]% = {[CO2]in × ([CO2]out × β)}/[CO2]in) × 100 

 

H2/CO = [H2]out/[CO]out 
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3. Activity and stability of methane dry reforming 

Ni/CeO2 catalysts prepared via mild energy ball 

milling synthesis 

3.1. Abstract 

Ni/CeO2 catalysts are suitable systems for reforming reaction due to their good activity, stability and 

affordability. However, their catalytic activity is strongly dependent on the interaction between metal and 

support. Mechano-synthesis via ball milling has been recently proved to be a valid approach to promote specific 

and strong metal interactions in ceria-based catalyst. Moreover, this technique matches with the principles of 

green chemistry being solvent-free and of easy scalability. In this thesis the synthesis of Ni/CeO2 catalysts via 

ball milling starting form cheap hydrated metal salts is proposed, with a deep investigation on the milling time, 

in order to give information that will be useful for future attempts of synthesis of ceria-based catalysts with this 

synthetic procedure. All the synthesized catalysts have been characterized by means of BET, XRD, TPR and 

tested in DRM reaction and compared to a reference incipient wetness (IW) catalyst. The best performing 

catalysts have been characterized more deeply with HRTEM and XPS. The catalytic tests conducted revealed 

that the mechanical action was responsible for an enhanced catalytic activity compared to the reference IW, 

independently from the starting precursor. The milled catalyst obtained from the nitrate precursor also showed 

an enhanced stability with respect to the impregnated sample. The results of the XPS analysis showed the 

presence of an unpredicted profile for cerium, which can be associated with the formation of few layers of a 

NixCeO2-x phase localized in the surface of the milled catalysts. The XPS analysis resulted in good agreement 

with the HRTEM results that showed the presence of a surface “rugosity” potentially related to a particular 

arrangement of Ni, O and Ce atoms.  
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3.2. Introduction 

In Chapter 1 we discussed the potentiality of the Dry Reforming of Methane (DRM), together with the main 

issues of this process, mainly represented by the deactivation of the catalysts due to the coke formation. An 

approach to overcome these issues is the use of noble metals as catalysts, but this would make the process 

not economically competitive for a development to industrial scale1–4. Nickel, in contrast to noble metals, is 

an economic and  a relatively abundant element which has a particular activity in DRM2–5; however it is very 

prone to coke formation6–8. Several approaches have been investigated to avoid this problem, such as the 

alloying Ni  to other metals9–13 or its dispersion it on active supports obtaining a strong metal-support 

interaction, which contributes to reduce the accumulation of carbon14–16. One of the most popular and 

successful support used is the cerium oxide . In fact, this oxide has peculiar oxygen transfer properties, able 

to limit the carbon buildup and thus improving stability of catalysts17–20. Therefore, Ni/CeO2 catalysts are 

amongst the most studied systems for DRM17,21 which, however, need the utilization of some synthetic 

strategies in order to improve both the nickel dispersion and the mobility of oxygen vacancies on its surface. 

It was demonstrated that the formation of Ni-O-Ce interactions improved the catalytic performance in terms 

of both activity and durability of the catalyst since the confinement of Ni atoms/particles in the support 

boosted the synergy between the two materials22–26,27. Ball milling is a green synthetic technique28 which has 

been recently investigated for the synthesis of heterogenous catalysts29. It was demonstrated that the 

mechanical energy provided from this kind of synthesis favors the intimate interaction between metal and 

support thus giving rise to the formation of metastable structures that showed superior catalytic activity 

compared to catalysts synthesized with conventional procedures24,29,30. Zhang et al.24 reported that the 

synthesis via wet-ball milling led to a nanoconfinement of Ni particles into the support thus giving rise to 

active and stable Ni/CeO2 catalysts. However, they obtained their catalyst after 10 hours of wet High Energy 

Ball Milling technique starting from skeletal Nickel as precursor which has the main drawback of being highly 

pyrophoric.  Literature reported that when exist an intrinsic attitude to interact between the metal and 

support (as between Pd and CeO2) it is possible promote unusual metal-support interaction by using mild-

energy of milling also starting from hydrated metal-salt precursors30,31. Nickel is reported to be a transition 

metal with a strong affinity with cerium oxide17,32 and in this work we proposed dry-Mild Energy Ball Milling 

approach for the synthesis of Ni/CeO2 for the DRM reaction. The aim of this work was to investigate the 

enhanced metal-support interaction induced by the milling process and to understand its role in the 

improved catalytic activity and stability. For this purpose two different series of catalysts, derived from two 

Nickel salts, Ni(NO3) . 6H2O and NiCl2 
. 6H2O, were obtained by varying the milling time from zero (Loose 

Contact, LC) to 60 minutes (M60). The zero-time sample consists of a simple mixing of the two precursors 

without the milling action and it is expected to be an heterogenous mixture of the two staring materials.  
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The effect of precursors and milling time was carefully analyzed in order to come up with some general 

principles that can guide the formulation and synthesis of a broader class of materials from ceria (or ceria-

based materials) and transition-metal hydrated salt precursors.  
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3.3. Experimental  

3.3.1. Catalysts Synthesis 

Ni/CeO2 catalysts with 4 wt % Ni loadings were prepared on a commercial high surface area ceria (Umicore) 

and a high surface area ceria (HSA) prepared in our laboratories, calcined in static air at 1073 K prior to metal 

deposition and with a specific surface area of 63 and 48 m2/g, respectively. Samples were prepared by dry 

mechanochemical synthesis using the solid hydrated salts Ni(NO3)2x6H2O and NiCl2x6H2O  as  precursors 

(Sigma Aldrich) and by standard incipient wetness impregnation using an aqueous solution obtained from 

the same precursors, following established synthesis procedures33. Briefly, for the milling synthesis, the 

Nickel precursor and the cerium oxide were pre mixed in a  sample holder in order to homogenize the mixture 

prior to the milling, then the mixture is transferred in a 15 mL zirconia jar and milled with a single ball made 

of zirconia (15 mm in diameter, 10 g  weight) at a constant frequency (15 Hz) and  variable time from 5 (M05) 

to 60 minutes (M60) using a Fritsch Pulverisette 23 minimill. For the long-time milled catalysts M40 and M60 

subsequent 20 min steps of milling were carried out to avoid agglomeration. A zero-time milled sample was 

obtained from the mixing inside the jar without the ball (Loose Contact, LC) at a frequency of 15 Hz for 10 

minutes. After milling the sample is calcined at 773 K for 1 hour. For the incipient wetness (IW) synthesis, an 

appropriate amount of the nickel salt solution was used to wet the ceria powders, which were dried at 373 

K for 15 h before calcination at 773 K. Prepared samples are denoted as reported in Table 1. 

 

         Table 1: list of the prepared Ni/CeO2 samples and corresponding labels. 

 Precursor 

Catalyst NiCl2  . 6H2O Ni(NO3)2  . 6H2O 

Incipient Wetness IWC IWN 

Loose Contact LCC LCN 

Milled at a frequency of 15Hz for 5 minutes M05C M05N 

Milled at a frequency of 15Hz for 10 minutes M10C M10N 

Milled at a frequency of 15Hz for 20 minutes M20C M20N 

Milled at a frequency of 15Hz for 30 minutes M30C M30N 

Milled at a frequency of 15Hz for 40 minutes M40C M40N 

Milled at a frequency of 15Hz for 60 minutes M60C M60N 
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3.3.2. Catalysts Characterization 

 

Characterization of the materials was carried out by means of Brunauer−Emmett− Teller (BET) surface area 

measurements, in-situ X-ray diffractometry, high-resolution transmission electron microscopy (HRTEM),  

Temperature-Programmed Reduction (TPR), x-ray photoemission spectroscopy (XPS) and Near-Edge X-ray 

Adsorption Fine Structure (NEXAFS) tests. The evaluation of carbon percentage after catalytic tests was 

performed by terms of Thermo Gravimetric Analysis (TGA). For details on the use of the above techniques 

see chapter 2.  

 

3.3.3. Powder Samples Activity Tests 

 

The dry reforming tests were conducted at atmospheric pressure in a fixed-bed reactor (i.d. = 4 mm) using 

0.08 g of catalyst in powder form (mixed with quarts in a 1:1 ratio). The temperature of the reaction was 

controlled by a thermocouple placed a few millimeters on the top of the sample. All the temperature ramps 

used were 10°C/min. According to an established procedure, the sample was reduced in hydrogen at 800°C 

for 1 hour prior to the catalytic test34. Catalytic experiments were conducted in the temperature range 550-

800°C with steps of 50 °C. The total volumetric flow rate was 82 mL/min with a CO2/CH4 ratio of 3:2, in order 

to simulate the typical composition of biogas from biogenic waste. Nitrogen was used as internal reference. 

The total composition of the inlet reactive mixture was 44% CH4/ 29% CO2/ 4% N2/ He. The composition of 

the reactor outlet gas mixture (CO, H2, CO2, and CH4) was analyzed with a gas chromatograph (GC, Agilent 

model 8860) equipped with two columns (a molecular sieve and carboxen column) and with a thermal 

conductivity detector (TCD). The reaction mixture was analyzed in steady state conditions after 30 min of 

isotherm at the desired temperature. The time on stream experiments were conducted right after the 

catalytic test cooling the  sample at 750°C, and keeping it in atmosphere of reaction at this temperature for 

70 hours The conversions of CO2 and CH4 and H2/CO ratios were calculated according to the formulas 

reported in Chapter 2; for details see chapter 2.3.1.  
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3.4. Results and Discussion 

3.4.1. Textural and Morphological properties 

Morphological properties of the materials investigated are summarized in Table 2. It is possible to observe a 

drop in surface area, pore volume and pore diameter in all the catalysts after the deposition of the metallic 

phase, independently from the synthetic technique. In general in the chloride-derived catalysts (Cl-), we 

observed a major drop compared to the nitrate-derived-catalysts (NO3
-). This difference could be related to 

the different interaction of the anion of the Nickel salt with the support during the deposition. Comparing 

the two synthetic techniques, independently from the metal salt, it is possible to observe a more consistent 

drop in the IW catalysts in comparison to the milled ones. This difference is probably attributable to the 

characteristics of the impregnation procedure, in which the aqueous solution of the metal precursor should 

fill the pores of the support more effectively than is expected in the ball milling procedure, which uses 

undissolved salts directly. Concerning the milled samples we observed, independently from the nickel 

precursor used, a constant decrease in pore volume and pore diameter with increasing milling time, with the 

surface area that remained constant. This gradual drop could have been related to the gradual disaggregation 

of the support clusters due to the mechanical action.  

 

Table 2: Morphological and textural properties of CeO2  and investigated catalysts obtained from 
commercial HSA CeO2. 

Precursor NiCl2  . 6H2O Ni(NO3)2  . 6H2O 
 BET 

(m2/g) 
Pore 

volume 
(cm3/g) 

Pore 
diameter 

(Å) 

BET 
(m2/g) 

Pore 
volume 
(cm3/g) 

Pore 
diameter 

(Å) 

CeO2 64 0.410 179 64 0.410 179 
IW 48 0.147 90 57 0.235 129 
LC 54 0.304 159 56 0.326 166 

M05 51 0.309 169 56 0.293 155 
M10 50 0.241 141 58 0.248 136 
M20 50 0.240 144 58 0.256 140 
M30 50 0.218 124 57 0.253 137 
M40 50 0.161 98 57 0.218 118 
M60 50 0.166 101 58 0.205 112 
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3.4.2. XRD and HRTEM Analysis 

The XRD experiments conducted in the calcined samples of the different catalysts of both the series showed 

the typical diffraction peaks of the fluorite phase of CeO2 and the peaks relative to Face-Centered Cubic (FCC) 

phase of NiO (Figure 1): 

 

Figure 1: XRD diffraction patterns of the catalysts obtained from the Cl- (left) and NO3
- (right) series. Full 

circles (  ) are related to the CeO2 fluorite phase while the crossed circles (  ) to the FCC phase of NiO. 

We observed the presence of very large and broad peaks of the NiO phase in the NO3
- catalysts, this could be 

related to a nanometric/sub-nanometric dispersion of the active phase. On the contrary, the Cl- catalysts 

showed sharper peaks, indicating a larger particle size in these catalysts respect to the NO3
- analogues . This 

effect is well depicted in Figure 2, where three representative samples from the two series are considered: 

the reference IW, the LC and the M10 as a representative catalyst obtained with the mechanochemical 

synthetic technique.  

 

Figure 2: Detail of the 35°-50° 2 window of figure 1. Full circles (  ) are related to the CeO2 fluorite phase 
while the crossed circles (  ) to the FCC phase of NiO. 
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The presence of broad peaks reflects a small dimension of the metal phase on the support. It is possible to 

see that this phenomenon was observed independently from the synthetic method or milling time, indicating 

a better dispersion of the NiO phase in the catalysts of the nitrate series. Similar differences in the nickel 

particle size depending on the precursor were observed in different Nickel supported catalysts35,36. Taking 

into account that the same results were also found for the LC samples, which consist of a heterogeneous 

mixture of CeO2 and NiO, it was inferred that the difference in NiO particle size is due to the different 

decomposition mechanism of the two salts37. 

HRTEM analyses conducted on the representative M10 catalysts obtained from both the two series (Figure 

3) confirmed the XRD results, since larger Ni domains were observed in the M10C sample respect to the 

M10N. Moreover, it showed that the differences in Ni particle size were maintained after reduction at high 

temperature (800°C), it is not excluded that the sintering process is influenced by the initial NiO particle size, 

with a more pronounced effect for the smaller particle. After reduction, the Ni particle size of the NO3
- 

catalysts varied from 6 to 12 nm for the IWN sample and from 8 to 15 nm for the LCN sample, while it ranged 

from 5 to 6 nm in the M10N sample, which is a remarkable small dimension for high temperature annealed 

supported metal phases38. On the other hand, Ni particle sizes were larger in the corresponding chloride-

derived catalysts (8-13 nm, 8-20 nm, 8-15 nm  in IWC, LCC and M10C, respectively). 

 

Figure 3: HRTEM images of the M10 catalysts obtained from the nitrate (a, c) and the chloride (b, d side) 
precursors after calcination at 500°C (up) and after reduction at 800°C (down).  
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A careful perusal of HRTEM images of calcined M10 samples (Fig.3a and 3b) revealed the presence of a 

“rugosity” in the surface of the ceria crystallites in which a remarkable dispersion of sub-nanometric Ni 

entities was detected. This rugosity appeared more enhanced in the nitrate-derived material. The small size 

of these entities prevented the appearance of clear lattice fringes, and they were identified by contrast. The 

HRTEM/EDX analysis conducted in the as-prepared M10 sample (prior to calcination at 500°C) showed the 

presence of the same morphology described above (Figure 4), thus indicating that this morphological pattern 

is already present after the milling process. The EDX analysis revealed the presence of Ni in addition to the 

peaks of Ce and O from the support (the Cu signals come from the TEM grid), and we concluded that these 

entities observed in the calcined sample were ascribable to Ni.  

 

Figure 4: HRTEM image and EDX analysis the as-prepared M10 sample (prior to calcination at 500°C). The 
EDX analysis corresponds to the area enclosed to the circle. 

 

Since the above described rugosity was better evidenced in the M10 sample derived from the nitrate 

precursor we made a comparison between the IWN, M10N and M40N calcined catalysts of this series (Figure 

5) In all samples the presence of ceria crystallites of 10-20 nm was detected together with the presence of 

some sub-nanometric entities well dispersed on the ceria support. In the milled samples, independently from 

the milling time, the ceria crystallites presented the described rugosity in which the sub-nanometric particles 

were visible. Apparently, this rugosity is more pronounced in the M10N sample compared to the M40N and 

seems to be absent in the IWN sample. From these findings it was possible to conclude that the rugosity 

observed is a peculiar effect of the mechanochemical synthetic procedure. It is interesting to point out that 

the rugosity, together with the presence of the sub-nanometric entities, observed in the M10N as-prepared 

sample, is maintained unaltered after calcination at 500°C, indicating a stability of this peculiar morphology 

since no sintering of the sub-nanometric Ni entities was observed. 
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Figure 5: HRTEM images of different Nitrate catalysts after calcination at 500°C for 1h; a) IWN; b) M10N; c) 
M40N.  

Looking at the comparison between the M10N and M40N samples before and after calcination (Figure 6), it 

is possible to see that the reducing treatment had a strong effect on the sample, since a sintering of both 

ceria and nickel was observed, with ceria particles of 40-60 nm, and Ni nanoparticles, of about 5-6 nm in 

diameter in the M10 sample and 6-8 nm in the M40 sample. Most of these particles exhibited the typical 

lattice fringes at 3.13 Å corresponding to the (111) planes of cerium oxide, the lattice fringes at 2.03 Å 

corresponding to metallic Ni, and lattice fringes at 2.41 Å  corresponding to the crystallographic planes of 

NiO likely formed from the oxidation of metallic Ni in contact with air during sample manipulation. 

Interestingly, the rugosity and the presence of Ni entities distinguishable from the larger Ni particles were 

mantained also after reduction at 800°C, indicating once again the stability of this peculiar morphology also 

in harsher thermal treatments.  

 

 

Figure 6: HRTEM images of different NO3
- catalysts before and after reduction at 800°C for 1h; a) M10N 

before reduction; b) M40N before reduction; c) M10N after reduction; d) M40N after reduction.  
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3.4.3. TPR Analysis 

The redox properties of the investigated catalysts in relation to the type of synthesis and milling time were 

studied by performing two consecutive TPR measurements following the scheme reported in Figure 7. The 

reason of two oxidation/reduction cycles comes from the necessity to study the material in two different 

moments: the first cycle gave us information about the as-prepared catalyst after calcination at 500°C, while 

the second cycle gave us information about the catalyst in the operating conditions, since prior to the 

catalytic test a reduction in hydrogen at 800°C is performed. 

 

Figure 7: Schematic representation of the TPR experiment.  

 

For the sake of clarity, Figure 8 shows only the results of a few representative samples: the reference IW, LC, 

M10 as an example of a catalyst milled for a short time and M40 as representative of a catalyst milled for a 

longer time. 
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Figure 8: TPR profiles of the IW, LC, M10 and M40 catalysts from the chloride and nitrate series; a) First TPR 
cycle of the chloride series; b) First TPR cycle of the nitrate series; c) second TPR cycle of the chloride series; 
d) second TPR cycle of the nitrate series. 

 

In Figure 8 a comparison between the first (Figs. 8a and 8b) and second (Figs. 8c and 8d) cycles of the Cl- and 

NO3
- catalysts respectively is reported. Regarding the first cycles it is possible to observe the presence of  a 

small peak (α) at lower temperatures (see α-zone in Figs. 8a and 8b) whose attribution in literature is 

debated39 and two other peaks, β and γ, partially or completely overlapped depending on the used Ni 

precursor (see β+γ zone, Figs. 8c and 8d). However, several authors describing nickel ceria solid solution 

and/or the substitution of Ni2+ into the ceria lattice, attributed this peak to the easy reduction of surface 

adsorbed oxygen species, which is a consequence of Ni incorporation in the cerium oxide lattice26,40,41. In 

particular, Shan et. al.41  exhaustively described the origin of these surface oxygen species: the incorporation 

of a Ni2+ atom in the ceria lattice replaces some Ce4+ forming a solid solution and unbalancing the charge 

which needs to be balanced with the generation of oxygen vacancies which are able to adsorb oxygen or 

oxygen containing molecules quite easily. They also pointed out that only a small amount of Ni2+ can be 
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incorporated in the support lattice, with the remaining Ni segregating in large particles more or less 

interacting with the support. On the contrary, the attribution of the β and γ peaks to the reduction of bulk 

NiO is fully supported by literature, with the two components which are relative to the reduction of bulk NiO 

and the NiO in strong interaction with the support respectively24,39,41–43. Focusing on the α peak it is possible 

to observe that it is absent in both the LC samples, which is coherent with the literature attribution 

commented above, since the LC sample is supposed to be a simple heterogenous mixture of the two powders, 

thus, no peaks relative to a strong interactions between the two materials were expected to be observed. 

The comparison between the reference IW and the two milled catalysts did not show significant differences 

except for negligible shifts in the position of their maximum.  In the NO3
- catalysts, all peaks are anticipated 

at lower temperature, with the α peak that appears clearly more intense with respect to the chloride 

analogues. In the Cl- materials the + components are well distinct, the beta peak rises at 300/310°C and 

the gamma around 380/390°C, while the nitrate-series present a broad peak that is likely due to the 

overlapping of the two contributions. This is consistent with XRD results that showed a higher dispersion of 

the metal phase using nitrates rather than chlorides as precursors. Smaller crystallites tend to reduce more 

easily shifting the reduction peak at lower temperature44. From Figures 8c and 8d, that are relative to the 

second TPR cycle of the chloride and nitrate catalysts respectively, it is interesting to observe the 

disappearance of the α peak, since the species adsorbed on the oxygen vacancies were desorbed during the 

first cycle, together with an increase of intensity of the β peak, which suggests a sintering of the metal phase 

during the first cycle. Concerning the γ peak it possible to observe the presence of broad features at 

approximately 400°C in both the series, except for the LC sample, with a major intensity in the nitrate 

catalysts. Besides the disappearance of the α peak described above, an important difference in intensity of 

the peak between the different chloride catalysts was observed in the second cycle of TPR, which was not 

apparent in the reference IWC and M40C catalysts and showed a dependence with milling time, with the LCC 

(0 minutes of milling) that showed the minor intensity. From Figure 8d it is possible to observe that in the 

nitrate series this effect was not as pronounced as in the chloride-derived analogues. The reason of this 

difference must be related to a different Ni dispersion observed in the two series, as it was demonstrated, 

from the XRD analysis, the decomposition of the chloride precursor led to larger Ni particles compared to the 

nitrate precursor.  
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A better understanding of this phenomena can be obtained from the quantitative TPR analysis. Given the 

stoichiometry of reduction of the NiO by H2: 

NiO + H2 → Ni + H2O 

for the reduction of only NiO, we expect a Stoichiometric Ratio (Sr)  

Sr = 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑁𝑖𝑐𝑘𝑒𝑙
= 1 

Table 3 and Figure 9 report the values of this ratio in the different cycles for the chloride catalysts at two 

reduction temperatures. In the first cycle the H2 consumption was higher than that expected for the complete 

reduction of Nickel in all samples. This is because the measured values take into account the contribution of 

the reduction of CeO2 surface.  

It is interesting to note there is a drop in this value in the second cycle, which is more consistent for the 

catalysts milled for shorter times (LCC, M05C and M10C). This is probably due to the fact that for low milling 

times the major part of the Nickel introduced in the jar does not interact strongly with the support and tends, 

at the high temperatures and particular atmospheres of this experiment, to segregate and form large 

nanoparticles. After sintering, if the particle is large enough, the second oxidation step is not sufficient to 

fully re-oxidize the metal phase, and this could explain the minor hydrogen uptake registered in the second 

reduction cycle. Increasing the milling time this discrepancy tend to decrease, since the prolonged milling is 

able to promote a strong metal/support interaction and the incorporation of Ni into the support. In Figure 9 

this effect is depicted with the graphical representations of the NiO particles after the second oxidation step; 

the yellow areas represent the oxidized phase while the black areas the metallic phase. If this hypothesis is 

correct, we should expect that by increasing the temperature of reduction from 800°C to 900°C the drop in 

the value of the 2nd cycle should be more enhanced, because of the major sintering that occurs at the higher 

temperatures. This is in line with what reported in the last column of Table 3 and in Figure 2.  
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Table 3: ratio between moles of consumed hydrogen and moles of Nickel of the catalyst of the 
chloride series at two different reduction temperatures. 

 Reduction Temperature 800°C Reduction Temperature 900°C 

Catalyst Sr First Cycle Sr Second 
Cycle 

Sr First Cycle Sr Second 
Cycle 

IWC 1.31 1.15 1.13 1.07 
LCC 1.14 0.80 1.06 0.37 
M05C 1.28 0.99 1.05 0.66 
M10C 1.26 1.02 1.09 0.81 
M20C 1.19 1.15 1.15 0.79 
M30C 1.23 1.10 1.12 0.74 
M40C 1.10 1.14 1.14 0.96 
M60C 1.17 1.09 1.11 1.00 

 

 

It should be noticed that the difference in the values of Sr (first cycle) of the two experiments is likely due to 

the fact that for the second experiment another batch of support was used, which differed only for surface 

area (56m2/g vs 63m2/g). This would decrease the contribution of surface ceria reduction to total hydrogen 

consumption observed but this variation is not relevant for the purposes of the above discussion. 

 

 

Figure 9:  Trend of the Sr with milling time together with a graphic representation of the NiO particles after 
the second oxidation step. 
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Another confirmation of this hypothesis comes from an in-situ XRD experiment in which we replicated the 

TPR experiment, following the same scheme of Figure 7. From Figure 10 we see that all the catalysts 

presented the typical peaks of NiO(111) and NiO(200) at 37 and 43 2 degrees respectively after the first 

oxidation, and the peak of metallic Ni(111) at 44 degrees after the first reduction, as expected. It is interesting 

to note that after the second oxidation step the LCC sample presented clearly a peak related to metallic Ni 

and two broad peaks related to the NiO, indicating that the Nickel oxidation has not been completed, in 

agreement with the formation of big Ni nanoparticles due to the sintering of the NiO phase not in strong 

interaction with the support during the first reduction step. In the M10C sample this phenomenon was still 

present, but the peaks of the nickel oxide were more intense, while the peak of metallic nickel decreased in 

intensity. In the M40C sample the Ni fully re-oxidized indicating a better dispersion of the metal phase likely 

due to a major quantity of nickel strongly interacting with the support.  

 

Figure 10: XRD profiles of three samples from the chloride series during the different steps of the TPR 
experiment: a) LC sample; b) M10 sample; c) M40 sample; d) comparison between LC, M10, M40 samples 
after the second oxidation step. 
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Table 4 shows analogous results for the NO3
- catalysts and evidences that the difference in the Sr value 

between first and second cycle were approximately the same for all the catalysts of the series and likely 

attributable to the sintering of both the nickel and ceria phases. Regarding the samples milled for short times, 

in this case we did not observe the same high difference in Sr value observed in the catalysts obtained from 

the chloride series, indicating a minor sintering of the active phase.   

 

Table 4: ratio between moles of consumed hydrogen and moles of Nickel of the catalyst of 
the chloride series. 

 Reduction Temperature 800°C 

Catalyst Sr First Cycle Sr Second Cycle 

IWN 1.23 0.94 
LCN 1.17 0.99 
M05N 1.29 1.10 
M10N 1.29 0.98 
M20N 1.23 0.99 
M30N 1.27 1.04 
M40N 1.36 1.00 
M60N 1.29 0.98 

 

It is likely that nickel particles deposited by nitrate precursors increase in size in the first reduction. 

Nevertheless, since they are initially smaller than those from chlorides and more interacting with the support 

(see HRTEM and XRD results), they grow to a size still suitable for a reversibility of the nickel oxidation-

reduction process under the adopted operating conditions. 

From these characterizations it is possible to design a graphical description, valid for the catalysts derived 

from both the precursors, of the process of incorporation of Ni into the cerium oxide with milling times and 

of the consequent behavior in the redox processes. In Figure 11 the yellow “clouds” represent the CeO2 

support while the black areas represent the Nickel phase. The IW sample consists of small particles well-

dispersed and with a strong interaction with the support (Figure 11a). When the milling time is equal to zero 

(LC, Figure 11a) the CeO2 and the Ni are not in strong interaction, thus during the thermal and reducing 

treatment the metallic phase segregates forming isolated nanoparticles with size depending on the 

precursors. Increasing the milling time, a portion of the nickel, thanks to the effect of the mild energy ball 

milling, strongly interacts with the support, but for low milling times (i.e. M05, M10, Figure 11c) a part of the 

nickel still segregates forming bigger nickel clusters that are difficult to oxidize. For prolongated milling times 

(M30, M40, M60, Figure 11e) it is possible to hypothesize that part of the nickel can be also encapsulated 

into the CeO2 lattice. 
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Figure 11: schematic representation of the different catalysts: a) reference Incipient Wetness catalyst; b) 
Loose Contact catalyst; c) M05 (M10) catalyst; d) (M10), M20 catalyst; e) M30, M40, M60 catalysts. 

 

3.4.4. Catalytic tests 

In Figure 12 the catalytic activity at two different temperatures, in terms of methane and carbon dioxide 

conversions and H2/CO ratio, of the Cl- catalysts is reported comparing preparation method and milling time. 

The catalysts synthesized via ball milling technique have a better or comparable activity with the reference 

IWC catalyst. 

 

Figure 12: Catalytic performance parameters of Cl- catalysts; a) CH4 conversion at 650°C (black bars) and 
800°C (red bars); b) CO2 conversion at 650°C (black bars) and 800°C (red bars); c) H2/CO ratio at 800°C. 
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Conversions and H2/CO ratio have a maximum in activity for the M10C catalyst, which at 800°C shows a 

methane conversion three times higher and a carbon dioxide conversion more than two times higher than 

that of IW. The same trend, with negligible differences, was observed by using another high surface area 

CeO2 synthesized in our laboratories with the synthetic procedure described in chapter 3 (HSA), confirming 

the reproducibility of the synthetic procedure (Figure 13). 

 

Figure 13: Comparison of two different series of catalysts obtained from NiCl2
.6H2O by varying the support: 

a) CH4 conversion at 800°C of the catalysts obtained from the HSA026 support; b) CO2 conversion at 800°C of 
the catalysts obtained from the Umicore support. 

Concerning the catalysts obtained from the nitrate precursor (Figure 14), most of the catalysts have a higher 

or similar activity in comparison to the reference IWN, with a minimum in activity for the M40N sample. The 

LCN resulted the most active catalyst of the series and the activity of the catalysts decreases linearly with the 

milling time. 

 

Figure 14: Catalytic performance parameters of the NO3
- catalysts , a) CH4 conversion at 650°C (black bars) 

and 800°C (red bars); b) CO2 conversion at 650°C (black bars) and 800°C (red bars); c) H2/CO ratio at 800°C. 
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The comparison of the two series of catalysts  (Figure 15) showed that the NO3
- catalysts are more active 

than that obtained from the chloride precursor, consistently with the different size of Nickel particles 

observed in the two series32. Moreover, it is known that chlorides could be incorporated on ceria lattice45, 

which may have a detrimental effects in the catalytic activity35. 

 

Figure 15: Comparison between the catalytic performance parameters of the catalysts from chloride (black 
bars) and nitrate (red bars) series in function of preparation method and milling time: a) CH4 conversion at 
800°C; b) CO2 conversion at 800°C; c) H2/CO ratio at 800°C. 

We assessed carbon deposited on the catalysts by post-test thermal gravimetric analysis (TGA). Figure 16 

summarizes the results in term of weight percent of carbon.  In NO3
- catalysts the accumulation of carbon 

decrease with milling time: LCN and M05N samples are the ones which showed the major carbon formation. 

For the catalysts milled for higher milling times (M10N, M20N and M30N) a significant drop in the value of 

carbon formation was observed, the catalysts milled for higher milling times (M40N and M60N) showed no 

carbon formation. This trend is perfectly in agreement with the model proposed in figure 11. The LC sample 

is a mixture of ceria and free nickel particles, which are active in DRM reaction, but when not in strong 

interaction with the support they are very prone to the formation of carbon7,8. Increasing the milling time 

there is an increase of the fraction of Ni in strong interaction and less “free” nickel particles, which explains 

the decrease in carbon formation observed for the catalysts milled for higher milling times. 
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Regarding Cl- catalysts a minor quantity of carbon was detected. Moreover, the absence of carbonaceous 

deposits in the LCC sample seems to be in contradiction with what was commented for the nitrate analogue. 

These results could be explained with the minor catalytic activity of Cl- catalysts due to their lower Ni 

dispersion in comparison to the NO3
- catalysts. In addition, the presence of very larger Ni particles in LCC 

could justify  the apparent contradiction observed, since too big metal nanoparticles are known to be less 

prone in the carbon formation related to the methane craking46–48.  

 

Figure 16: percentage of carbon on the spent catalysts.  

In order to appraise the effect of carbon formation on the long term stability of catalysts, we performed some 

isothermal time on stream tests under the same experimental conditions of the tests described above, at 

750°C for 70 hours.  

Figure 17 shows the comparison between the stability performance of the reference IW and the M10 catalyst 

obtained from both precursors. Among the Cl- catalysts, the M10C sample has shown the best catalytic 

activity. In the nitrate series the M10N sample was the one with a good activity together with an acceptable 

carbon formation in comparison to the lower-milled samples LCN and M05N. Regarding the comparison 

between the IWC and M10C catalysts, it is possible to see that the IWC showed very low conversions for both 

CH4 and CO2, with a H2/CO ratio of approximately 0.1. This catalytic performance is too low for any 

speculation about the stability of this material. M10C sample showed a rapid deactivation in the first hours 

of the stability test, reaching constant values of conversion and H2/CO ratio after approximately 24 hours. 

The comparison between the IWN and M10N catalysts derived from the nitrate precursor is more interesting 

since both materials initially show conversion values appreciable and higher for M10N during the time of the 

test. Both the catalysts underwent deactivation during time. The difference between the two catalysts is 

better highlighted in Figure 18. 
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The comparison between the M10 catalysts obtained from the two series showed a major and rapid 

deactivation in the chloride derived precursor, which showed a deactivation of approximately 80% after 70 

hours. A similar major deactivation at the beginning of the time-on-stream experiment was observed also in 

Ni/CeO2 catalysts prepared by changing the nature of the precursor in the tri-reforming reaction35, which is 

similar to the DRM process except for the presence small amounts of water and oxygen which are supposed 

to suppress the deactivation compared to the DRM process. 

 

Figure 17: stability performances of the IW (black) and M10 (red) samples obtained from the nitrate (left 
side) and chloride (right side) in terms of CH4 conversion (a and d), CO2 conversion (b and e) and H2/CO ratio 
(c and f). 
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Figure 18 shows the catalytic indicators normalized for their initial value of the IWN, M10N and M30N 

catalyst. M30N is representative of a long-time milled sample with similar catalytic activity. 

Both the milled catalysts showed a more stable behavior respect the IWN sample, whose CH4 and CO2 

deactivation were of 85% and 75% respectively. The M30N sample showed a deactivation of 77% and 56% 

regarding the conversion of CH4 and CO2 respectively. The best stability was observed in the M10N catalyst 

which showed a CH4 deactivation of 49% and a CO2 deactivation of 36% after 70 hours.  This comparison 

represents a remarkable result since it shows that Ni/CeO2 catalysts derived from the nitrate precursor well 

compares in stability against the state of the art reference catalysts synthesized via incipient impregnation. 

 

Figure 18: Stability performances of the IWN (black), M10N (red) and M30N (blue) catalysts from NO3
- in 

terms of a) CH4 conversion; b) CO2 conversion; c) H2/CO ratio. 
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Regarding the differences in the behavior of the two milled samples it is possible to conclude that a major 

stability was obtained for shorter milling times.  

On the basis of HRTEM results, it is possible to hypothesize that the enhanced catalytic performance, in terms 

of both activity and stability, of milled samples might be related with the rugosity observed on their surface. 

In particular, we evidenced that the rugosity was more pronounced in the M10 sample with respect to the 

M40, which was chosen also as a representative long-time milled sample. We also mentioned that the said 

rugosity was maintained after reduction at 800°C in the M10 sample, thus in the catalytic conditions at which 

the material showed its behavior.  

Considering the carbon mass balance of the IW and M10 catalysts, calculated from the gas composition at 

the different temperatures of the catalytic test and reported in Table 5, it is possible to see that at low 

temperatures more quantity of carbon is formed in the M10 catalyst. However, at higher temperatures at 

which the stability test was conducted, we can observe a negative value regarding the mass of carbon 

formed, indicating a gasification of the carbon deposited at the lower temperatures and this could be the 

reason of the stability we observed.  

 

Table 5: Carbon mass balance of the IWN and M10N catalysts of the nitrate series at the different 
temperatures of the catalytic test.  
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3.4.5. XPS and NEXAFS analysis 

A combined XPS and NEXAFS cheracterization has been performed in order to investigate the electronic 

structure of the LCN, IWN, M10N and M40N Ni-CeO2 samples, synthetized starting from commercial HSA 

CeO2 and Ni(NO3)2·6H2O precursors. 

All spectra have been measured with a photon energy of 1480.95 eV (from an Al K alpha X-Ray source). The 

samples have been measured as introduced in the UHV chamber. Looking at the survey spectra of Figure 19 

we detected the presence of peaks related to Ce (3d, 4d and Auger MNN), Ni 2p, O (1s and Auger KLL), C1s, 

Ag 3d, and Mo (3d and 3p). The Mo peaks are due to the sample holder (made of Mo) and the Ag is present 

in the glue used to stick the sample on the sample holder. Thus, these two elements are present on the field 

of view of the analyzer but not on the sample surface. On the opposite the presence of the carbon (peak at 

≈ 282 eV) on the surface of the sample is due to air exposure of the sample before being measured in the 

UHV chamber.  

 

Figure 19: XPS survey spectra acquired for LC (red), IW (black), M10 (green) and M40 (blue) Ni-CeO2 samples 

To analyze more in detail the spectral modifications between the different samples, we acquired the Ce 3d 

core level spectra, shown in Figure 20. Ce 3d spectra are complex and display a rich multiplet structure. The 

fitting process of Ce 3d peaks is still under debate in literature because of the complexity of the 

photoemission peak, but we followed the procedure reported in a recent review49. CeO2 spectrum can be 

deconvoluted in two multiplets (the blue components of Figure 20), corresponding respectively to electronic 

transitions related to the 3d3/2 and 3d5/2 orbitals, with a spin orbit splitting of about 18.3 eV.  
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u’’’ and v’’’ structures in Figure 20 are related to a Ce 3d94f0 O 2p6 final state, while the lowest binding energy 

states u, v, u’’, v’’ structures are the result of Ce 3d94f2 O 2p4 and Ce 3d94f1 O 2p5 final states. The green 

components in the fit of Figure 20 have been attributed to Ce2O3. Also in this case, u and v labels are referred 

to the 3d3/2 and 3d5/2 spin orbits. The spin orbit splitting is about 17.9 eV, in agreement with literature 

data50,51. Each spin orbit is made of two structures: the ones with the higher BEs (u’ and v’) are related to a 

3d94f1 O 2p6 final state, while u0 and v0 can be attributed to a Ce 3d94f2 O 2p5 state.  

 

Figure 20: Ce 3d XPS spectra of the four Ni-CeO2 samples, fitted with CeO2, Ce2O3, NixCeO2-x components. 

Looking carefully at the spectra of Figure 20, it can be observed that the components attributed to Ce(IV) and 

Ce(III) oxides are not sufficient to obtain a good fit of the total spectrum, especially for the M10N sample. 

Indeed, three shoulders located at ≈ 884, 898 and 917 eV are present in the IWN, M10N and M40N samples: 

it is thus plausible that the structures were formed during the synthesis. Unfortunately, in literature the three 

new shoulders rarely have been observed for this kind of Ni-CeO2 catalyst49,52–54. In particular, in Zhou et. al.52 

the authors observed these features in a series of transition-metal doped ceria microspheres, formulated as 

MxCeO2-x, including NixCeO2-x.  Moreover, no agreement has been reached on their fitting process49. In this 

work, in order to clarify the nature of these transitions, we tried to perform a subtraction operation between 

the spectra of the M10N, who presented the most intense features, and the LCN in which they were not 

present, coherently with the expectations. The resulting spectrum is shown in the bottom part of Figure 21; 

even if it has a bad resolution, the subtracted spectrum allowed us to observe that the spectral shape is very 

similar to the one of a Ce(IV) species49, thus we tried to fit the new peaks of Figure 20 with six components 

labelled as t’’’, t’’, t , z’’’, z’’ and z, as we did for the structures referred to Ce(IV), but shifted to lower binding 

energies. The hypothesis of a NixCeO2-x phase is consistent with the observation of a Ce(IV) species whose 
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XPS Ce 3d features are located at lower binding energies, because of the charge transfer effects due to the 

surface Ni incorporation.  

 

 

Figure 21: Top part: Ce 3d spectra related to the LC (red) and the M10 (green) samples. Bottom part: resulting 
spectrum obtained from the subtraction of the LC spectrum from the M10 one. 

 

Also the HRTEM images indeed confirmed the presence of a Ni rugosity on the sample surface (see Figure 5) 

present especially for the M10N sample, which could be related to the NixCeO2-x phase. The formation of this 

peculiar arrangement could be explained with the incorporation of Ni2+ atoms in the defective sites of the 

support, which possessed a relatively high surface area of 64 m2/g. The mechanical energy provided from the 

synthesis could have been able to promote a redox exchange between the surface Ce3+ sites and the Ni2+ 

atoms. This redox exchange implies an oxidation of the Ce3+ to Ce4+ and a reduction of Ni2+ to a more reduced 

oxidation state. The Ce 3d XPS experiments confirmed the presence of an additional Ce4+ feature, shifted at 

lower binding energies respect the conventional Ce4+ signals of CeO2, which could reasonably be related to 

the Ce4+ in the different environment caused by the formation of the peculiar Ce-O-Ni arrangement obtained 

thanks to the synthetic technique. 

Since this feature was found, with a negligible intensity, also in the IW catalyst one may argue that this phase 

is not related to the milling process. However, the Incipient Wetness procedure involved the use of a mortar 

and a pestle to homogenize the support with the solution containing the metal precursor. The whole process 

lasted about 30/40 minutes, and we can see that the intensities of the red features in the IW and M40 

samples are approximately the same. As a matter of fact, the same XPS analysis conducted on a Impregnated 

catalyst synthesized by slow evaporation of a solution containing the proper amount of Ni(NO3)2
.6H2O, so 
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with no grinding action of any mortar and pestle, revealed the absence of the feature described above (see 

figure 22).  

 

Figure 22: Comparison between the two Impregnated samples 

As visible in Figure 20 the six component fit of the new features was successful. In order to further support 

the hypothesis of the NixCeO2-x microstructure, we analyzed both the Ni 2p XPS and the Ni L2,3 edges spectra 

(shown respectively in Figures 23 and 24. Unfortunately, Ni 2p photoemission spectra of Figure 23 were very 

noisy and difficult to interpret, because of the low Ni content of the samples (4% in weight). Nevertheless, 

we tried to fit the spectra with components typical of NiO, namely a, a’ and a’’ 55, for the LCN, IWN and M40N 

samples obtaining a relatively good fit. M10N Ni 2p spectrum could not be fitted using only the NiO 

components, thus we introduced two new components at lower binding energies (labelled in green in Figure 

23), which compared to literature data can be assigned to a reduced Ni oxidation state55,56. In this way we 

obtained a good fit of the Ni 2p M10 sample. The presence of a Ni feature related to a lower oxidation state 

validates the abovementioned hypothesis of a redox exchange occurring between the Ce3+ sites of the 

support and the Ni2+ sites of the metal phase. 
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Figure 23: Ni 2p XPS spectra of the four Ni-CeO2 samples, fitted with NiO (red) and NixCeO2-x (green) 
components. 
 

This result represents a further confirmation of the presence of a different Nix-CeO2-x arrangement in the first 

layers of the M10N sample surface, in which also Ni atoms have a different chemical environment and a 

different electronic structure, causing the formation of the new components at lower binding energies. To 

further investigate the electronic modifications of nickel we recorded the NEXAFS spectra of Ni L2,3edges 

shown in Figure 24.  

 

Figure 24: Ni L2,3 edge spectra of the four Ni-CeO2 samples normalized on the peak A maximum.  
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The L3 edge is made of two main features located at ≈ 855 eV (A) and 857 eV (B). The first peak at 855 eV is 

ascribable to both Ni2+ and Ni0 oxidation states57, while the structure at higher proton energies in typical of a 

Ni2+ 56  and it is observable in all the four samples, even if it is more intense in the LCN. This result can be 

explained with a percentage of Ni2+ sites which are reduced to a Ni2-δ oxidation state, in agreement with the 

formation of the Nix-CeO2-x phase during the synthesis.   

An apparent inconsistency between XPS and NEXAFS data arises from the observation that the components 

related to the NixCeO2-x phase are visible only for M10N in the XPS of Ni 2p (Figure 23), while in the L2,3 edges 

NEXAFS spectra we observe the same intensity decrease of peak B for IWN, M10N and M40N (Figure 24). The 

explanation lies in the probing depth of the two techniques, indeed with XPS only the first atomic layers are 

probed, while with the soft X-Ray NEXAFS using TEY detection mode the probing depth is between 2 and 5 

nm58,59. Keeping in mind the model theorized in Figure 11, the NixCeO2-x arrangement (where Ni and CeO2 are 

in strong interaction) after 10 minutes of ball milling is extremely superficial (and thus it is visible in XPS 

spectra), while after 40 minutes and in the IW sample it is incorporated inside the particles, making it still 

visible in the NEXAFS spectra but not in the XPS ones.  

Figure 25 shows the O 1s XPS spectra acquired for the four samples. The spectral shape has been 

deconvoluted in four components labelled as i (≈534.5 eV), ii (≈532.5 eV), iii (≈531.5 eV) and iv (≈529.6 eV). 

Based on literature data, we attributed i and ii to COx and OH physisorbed species60, iii to O vacancies and iv 

to the lattice O of CeO2
61,62.  

 

Figure 25: O 1s XPS spectra of the four Ni-CeO2 samples, fitted with four components representing lattice O 
(iv), adsorbed surface O (iii) and adsorbed COx and OH species (i and ii). 

Peaks i and ii are present because the samples have been calcined in air at 500°C, and then cooled down in 

air to room temperature: during this process they could easily physisorb carbonaceous products and water 
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molecules coming from the air. We can observe from figure 25 that the O1s spectral shape of the M10N is 

different from the one of the other three samples. In particular, the component referred to COx and OH 

species is almost negligible, while the iii is on the contrary more intense. Based on the results we depicted in 

Figure 21 and 23, we can suppose that peak iii is contributed by the O atoms of Ce2O3 but also by the NixCeO2-

x phase, which explains why it is more intense in the M10N spectrum; indeed, the O1s peak related to such 

solid solutions structures in Ni-CeO2 compounds has already been found to be at higher binding energies with 

respect to the lattice O of CeO2
62. For what concerns i and ii structures (COx and OH species), the fact that 

they are almost not present in the O1s M10N spectrum is a very interesting result, because it could mean 

that the NixCeO2-x phase formed on the sample surface after 10 minutes of milling has different physisorption 

properties with respect to the classic structure of the Ni-CeO2 material, and in particular that after the 

calcination treatment at 500°C NixCeO2-x phase is less prone to adsorb COx and water from the air. 

Also the LCC and the M10C catalysts derived from the chloride precursor were analyzed in order to find the 

NixCeO2-x nanostructure on the surface of the samples after the synthesis. Fig. 26 shows the Ce 3d spectra 

obtained for the two materials; also in this case it is evident that the electronic structure of Ce changes after 

the synthesis, in particular the structures attributed to the NixCeO2-x arrangement arise (purple fitting curves), 

even if not so intense as for the M10N material obtained using nickel nitrate as precursor. 

 

Figure 26: Ce 3d XPS spectra of the LC and M10 catalysts derived from the chloride series. 
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3.5. Conclusions 

In this work we proposed a synthetic procedure for Ni/CeO2 catalysts with mild energy ball milling technique 

starting from cerium oxide and hydrated nickel precursors. In particular, nickel chloride and nickel nitrate 

were studied. The use of the two different nickel precursors resulted in a difference in particle dimension of 

the metallic phase in the final catalyst; this evidence allowed us to conclude that the different anions have a 

particular and specific role in the synthesis. We also observed that the particle size of the metal phase in the 

catalysts obtained from the chloride precursor is larger compared to the corresponding catalysts obtained 

from the nitrate precursor, which are more active, thanks to the finer dispersion of the metal phase. A deep 

investigation on the milling time was performed and revealed that  by increasing the milling time a decrease 

of the fraction of free nickel particles together with an increase of nickel in strong interaction with the support 

is observed. The catalytic tests in DRM conducted on the two series of catalysts revealed a benefic effect on 

the catalytic activity of several milled samples compared to the reference catalyst synthesized via the 

traditional incipient wetness technique. Furthermore, the catalytic tests conducted in the catalysts obtained 

from the nitrate series, confirmed the model we formulated after the TPR experiments, since we observed 

major amounts of carbon in the catalysts milled for shorter times (e.g. LC and M05) in which a major fraction 

of free nickel particles is present. By increasing the milling time a drop in carbon formation was observed, 

again in agreement with our model. In particular, regarding the nitrate series, we found that 10 minutes 

represents an optimal balance between free nickel particles and nickel in strong interaction with the support 

since it showed an interesting catalytic activity and stability, better to the one of the reference IW catalyst. 

The XPS analysis revealed the presence of an unpredicted set of signals which were particularly evident in 

the M10 sample and that we attributed to the formation of a NixCeO2-x phase. This mixed phase was localized 

in the near surface of the materials and is in agreement with the HRTEM findings of a “rugosity” in which 

some sub-nanometric Ni entities were detected. The formation of this phase/arrangement was likely due to 

the mechanochemical-induced incorporation of Ni atoms in the defective sites of the used cerium oxide. This 

incorporation was accompanied a redox exchange, favored by the mechanical energy provided from the 

synthesis, between the surface Ce3+ sites of the support and the Ni2+ atoms of the nickel precursor, giving rise 

to the peculiar set of signals observed in both the Ce 3d and Ni 2p XPS analysis. For the materials milled for 

prolongated milling times this phase was still present, but the low intensity observed with the XPS suggested 

an incorporation of this phase in the deeper layers of the support. This represents an important result since 

we demonstrated, as did previously for Pd/CeO2 systems(ref), that the mild shear-like stresses introduced by 

milling were able to promote peculiar surface arrangements between cerium oxide and the supported metal 

which are responsible for an enhanced catalytic performance of the material. 
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4. Inverse CeO2-CuO catalyst prepared by ball 

milling for partial methane oxidation: an in-situ 

DRIFT / operando NEXAFS study 

 

4.1. Abstract  

A series of inverse CeO2-CuO catalysts whit increasing Cerium-Copper molar ratio synthesized with a novel 

and effective mild-energy ball milling technique was investigated. The utilization of the mild energy ball 

milling technique was found to be an effective synthetic method to induce a redox reaction between the 

surface Ce3+ sites of the supported oxide with the Cu2+ sites of the support at ambient temperature. Contrarily 

to a reference equivalent material synthesized with a classic impregnation method, the synthesized 

composites revealed to be active in methane activation at 250°C. We also carried out a multi analytical 

approach that combines in situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT) with 

operando X-ray Adsorption Near Edge Spectroscopy (XANES or NEXAFS) that resulted very effective in the 

understanding of the mechanism of methane activation at low temperature. Through this approach, we 

showed that the activity was related to the formation of a stable and reversible Ce4+/Cu+ couple, created 

thanks to the mechanical action provided by the milling action. We observed that the CeO2 loading affected 

the desorption of the activated-methane species. During the operando NEXAFS analysis conducted at a low 

ceria content sample the formation of traces of the partial oxidation products and valuable chemicals, 

formaldehyde and methanol, were observed. We think that these results might put the basis for the 

preparation of a wide class of mixed-oxides composites where redox exchange reactions between the metal 

ions on the surface of the oxides can be easily promoted through the use of mechanochemical methods. 
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4.2. Introduction 

As pointed out in the first chapter, the study of metal-oxide interfaces and SMSI (strong metal support 

interaction) is of great importance for the low temperature (< 300°C) activation of methane. In particular, 

the goal is represented by the finding of specific active sites for methane activation and subsequent 

functionalization into valuable product/chemicals. The Direct Methane To Methanol reaction (DMTM) is 

nowadays one of the most investigated approaches for methane functionalization in heterogenous catalysis1–

4 since methanol represents an attractive molecule for different applications: as intermediate for other 

chemicals such as dimethyl ether, as a fuel for fuel cells or as hydrogen carrier4–8. The main issue in this 

process is represented by the scarce selectivity for methanol which is due to the high reactivity of the 

intermediates that undergo easily a further oxidation to CO and CO2
3,9. We mentioned in Chapter 1 that some 

of the present state-of-the art catalysts for this reaction are based on Fe and Cu, usually incorporated into a 

zeolite or MOF systems10–12. The choice of these two metals lies on the mimicking of natural Methane Mono 

Oxygenase (MMO) enzymes which convert methane to methanol at room temperature.  More recently other 

copper-based formulations revealed to be interesting candidates for this reaction13–15. Among them, copper-

ceria formulations have been considered for the low temperature methane activation16,17. It is well 

documented that CuO/CeO2 catalysts showed comparable or even better catalytic performances compared 

to other precious-metal-based catalysts in a wide range of catalytic reactions such as CO oxidation18, CO-

prox19 , water gas shift20 and N2O decomposition21. The interesting catalytic activity of these materials derives 

from the strong electronic interactions occurring between copper and cerium oxide. Recently, Konsolakis22 

deeply reviewed the nature of this synergism, pointing out that several interrelated factors are usually 

considered under the definition of synergism such as (i) the facilitation of redox interplay between Cu2+/Cu+ 

and Ce3+/Ce4+ redox couples, (ii) the presence of defects, such as oxygen vacancies, (iii) the superior 

reducibility of the mixed CuO-CeO2 composites with respect to the single counterparts, (iv) the geometric or 

ligand effects induced by the interaction  of the metal with the support and (v) the peculiar reactivity 

occurring at the metal-support interface. Unfortunately, the study of these interactions is often difficult and 

elusive. The development of advanced in-situ and in-operando spectroscopic techniques gave important 

insights into the understanding of this interactions. In order to further rationalize these systems, in recent 

years inverse type catalysts gained considerable attention, since they provide useful information in the 

understanding of the specific role of ceria particles as well as of the oxide-metal interfacial sites in the 

catalytic properties17,18,22,23. 

In particular, Senanayake et. al.17 reported a model inverse catalyst in which Ce was deposited via Physical 

Vapor Deposition (PVD) on a Cu(111) surface in presence of oxygen. This procedure led to a CeO2/Cu2O/Cu 

material in which methane was activated at room temperature forming CHx, COx and C species on the surface 

that in presence of oxygen at a temperature of 177°C desorbed in the form of methanol together with large 
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amounts of CO and CO2. An interesting finding described in the same work is represented by the pivotal role 

of water that pushes the system towards an outstanding methanol selectivity. This selectivity improvement 

was attributed to the occupation of the oxygen vacancies by water. This occupation inhibits the subsequent 

abstraction of protons from the adsorbed methane, thus leading to a minor formation of the major oxidation 

products. This system has demonstrated, thanks to a deep XPS characterization, the active role of the specific 

Cu+-O-Ce4+ redox couple in the whole reaction mechanism. The above work marked an important milestone 

in this area. However, the system they studied was a model system, prepared with a non-scalable synthetic 

technique. This inspired us to synthesize a catalyst that could contain a similar Cu+/Ce4+ active site with a 

more scalable technique. For this reason we exploited the mild energy ball milling technique for the 

preparation of a CeO2/CuO composite, starting from the single oxides, CuO and CeO2. The choice of a high 

surface area (has) cerium oxide was due to the high concentrations of Ce3+ surface sites that are present on 

this support. The idea was to promote an electronic exchange between the surface Ce3+ sites and the Cu2+ 

sites of the support with the mechanochemical energy provided by the synthetic procedure: 

Ce3+ + Cu2+ → mechanical energy → Ce4+ + Cu+ 

As evidenced by Konsolakis and Senanayake16,22 the research on the specific sites for methane activation 

must be accompanied by the use of advanced in situ/operando spectroscopic techniques. For this reason, in 

order to unveil the effectiveness of this procedure we made an extensive utilization of in-situ and operando 

techniques, in particular in-situ DRIFT and operando NEXAFS. 
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4.3. Experimental 

4.3.1. Catalysts Synthesis  

The milled catalysts were prepared by premixing the desired amounts of pre-calcined CuO and CeO2 powders. 

The CuO was calcined at 650°C for 6 hours. We used two different High Surface Area supports in order to 

investigate both the effect of the surface area increase and the reproducibility of the synthesis over two 

different oxides. Specifically, a commercial ceria powder provided by Umicore with an active surface area of 

120 m2/g and one synthesized in our laboratory with a surface area of 307 m2/g were used. These two 

supports have been previously calcined at 500°C and 350°C for 6 hours respectively. The amount of cerium 

oxide in the mixture was varied from 20% to 80% by weight. The homogenized powders were transferred in 

a 15mL zirconia jar together with a single zirconia ball (10 mm in diameter, 10 g weight). The powders were 

milled for 10 minutes at a frequency of 15Hz. After the milling step the powders were collected with the help 

of a brush to remove the powders from the jar. No calcination step was performed later since the two starting 

CuO and CeO2 powders were already pre-calcined. With this technique the M CeO2 CuO 2080, M CeO2 CuO 

4060, M CeO2 CuO 6040 and M CeO2 CuO 8020 catalysts were synthesized. A reference impregnated catalysts 

(I CeO2 CuO 2080) with a 20% weight of CeO2 was synthesized for comparison. In a 50 ml Becher a proper 

amount of Cerium nitrate (Treibacher) (Ce(NO3)3 ∙ 6H2O) was dissolved in 45 mL of ethanol (Sigma-Aldrich). 

In this solution the proper amount (750 mg) of CuO was dispersed. The resulting suspension was gently 

heated until complete evaporation of the solvent. The resulting black powder was dried at 100°C for 12 hours 

prior to calcination at 400°C for 1 hour. The list of the synthetized samples is provided in Table 1. 

 Table 1: List of the prepared samples, M stands for Milled, I for Impregnated. 

Catalyst Wt% CeO2 Wt% CuO Mole % CeO2 Mole % CuO 

I CeO2 CuO 2080 20 80 6 94 

M CeO2 CuO 2080 20 80 6 94 

M CeO2 CuO 4060 40 60 14 86 

M CeO2 CuO 6040 60 40 27 73 

M CeO2 CuO 8020 80 20 49 51 

 

The majority of the following experiments were conducted with the catalysts synthesized with the 

commercial CeO2, unless otherwise specified. The samples prepared with our-self synthesized HSA CeO2 will 

be distinguished by the HSA label, i.e. M CeO2 CuO 2080 HSA. 
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4.3.2. Catalysts Characterization 

 

Characterization of the materials was carried out by means of Brunauer−Emmett− Teller (BET) surface area 

measurements, X-ray diffractometry (XRD), temperature-programmed reduction (TPR), in-situ DRIFT and in-

operando NEXAFS. For major details on the operative conditions see the experimental section (chapter 2).  

 

4.4. Results and Discussion 

4.4.1. XRD Analysis 

Figure 1 shows XRD profiles of the M CeO2 CuO 2080 sample prepared with the commercial support and the 

impregnated I CeO2 CuO 2080, together with the single components, namely CuO an CeO2. The analysis 

revealed the presence of the diffraction patterns of the cubic fluorite CeO2 and of the monoclinic CuO in both 

catalysts. The CuO presented narrow and sharp peaks indicating a high crystallinity of the support. On the 

contrary, CeO2, by virtue of its high surface area, presented broad peaks, symptomatic of small-size 

crystallites. The presence of broader CeO2 peaks in the I CeO2 CuO 2080 compared to the M CeO2 CuO 2080 

is likely due to its lower calcination temperature (400°C vs 500°C respectively), and it is symptomatic of 

smaller CeO2 particles. No shifts in the peaks of CeO2 and CuO were observed, indicating that solid solutions 

were not formed during milling. 

 

Fig 1: XRD analysis of the pure components of the synthesized materials and of the I CeO2 CuO 2080 and M 
CeO2 CuO 2080. Full circles (  ) are related to the CeO2 fluorite phase while the crossed circles (  ) to the 
monoclinic phase of CuO. 
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The comparison of the milled samples with increasing CeO2 content reported in Figure 2 showed a change in 

the relative intensities of the two components which depended on the composition. Also in this case no shifts 

in the peaks of CeO2 and CuO were observed. 

 

Fig 2: XRD analysis of the milled composites with increasing ceria content. Full circles (  ) are related to the 
CeO2 (black spectra) fluorite phase while the crossed circles (  )   refer to the monoclinic phase of CuO (brown 
spectra); M CeO2 CuO 2080 (red spectra),  M CeO2 CuO 4060 (blue spectra), M CeO2 CuO 6040 (green spectra), 
M CeO2 CuO 8020 (pink spectra). 

 

Table 1 shows the average crystallites sizes calculated according to Scherrer’s24 from the line broadening of 

CeO2 (111) and CuO (111) diffraction peaks. The results confirmed the presence of larger CuO particles of 

approximately 20 nm and smaller CeO2 particle size. This is also affected by the preparation method with the 

I CeO2 CuO 2080 showing the presence of smaller ceria crystallites of about 6nm while the milled samples, 

independently from the ceria loading, having crystallites of approximately 9nm. It is worth to notice that in 

the milled catalysts we did not observe appreciable variations in the crystallite size, suggesting that the 

adopted conditions for the milling process did not affect the primary structure of the oxides.  
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Table 1: mean particle size of the different precursors and 
composites calculated according to Scherrer’s equation. 

Catalyst Average CuO 

Particle Size (nm) 

Average CeO2 

Particle Size (nm) 

CuO 19.5 - 

I CeO2 CuO 2080 19.5 6.1 

M CeO2 CuO 2080 19.9 8.6 

M CeO2 CuO 4060 19.9 8.6 

M CeO2 CuO 6040 20.4 8.8 

M CeO2 CuO 8020 19.9 8.7 

CeO2 - 8.7 

 

 

4.4.2. Textural and Morphological properties 

Table 2 summarizes the morphological characteristics from the N2 adsorption/desorption experiments by 

means of BET surface area, average pore diameter and mean pore volume of the starting precursors and the 

synthesized CeO2/CuO composites. The general trend of the BET surface area and the mean pore volume of 

the composite milled catalysts consist of an increase of value with the increase of CeO2 content, while the 

average pore diameter decreases. These trends seem to be closely related with the composition of the 

catalysts. 

 

Table 2: morphological properties of the starting precursors and synthesized 
catalysts.  

Catalyst BET Surface 

Area (m2/g) 

Average Pore 

Diameter (Å) 

Mean Pore 

Volume (cm3/g) 

CuO 10 351 0.09 

I CeO2 CuO 2080 20 266 0.15 

M CeO2 CuO 2080 30 180 0.18 

M CeO2 CuO 4060 50 150 0.26 

M CeO2 CuO 6040 71 100 0.25 

M CeO2 CuO 8020 92 108 0.33 

CeO2 115 72 0.30 
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4.4.3. TPR characterization 

Figure 3 shows the H2-TPR profiles of the two I CeO2 CuO 2080 and M CeO2 CuO 2080 catalysts. The profile 

of the pure CuO support is reported for comparison and it shows three peaks labelled as α, β and γ. The low 

temperature α peak at 178°C was attributed to the reduction of highly dispersed CuO, while the β and γ peaks 

at 263°C and 282°C were assigned to the reduction of medium-size CuO and bulk CuO respectively25–28. The 

shift and the profile of our inverse Impregnated catalysts corresponded to the one reported by  

Avgouropoulos et al. for a classic CuO/CeO2 catalyst (i.e. non inverse) prepared with similar preparation 

approaches29.   

The two catalysts showed a shift of the lower temperature of the reduction peak of bulk CuO, indicating that 

the reducibility of copper was slightly promoted due to the strong interaction at the interface between the 

two materials, independently on the synthetic method28,30.  

No appreciable differences were observed between the two catalysts synthesized from the two different 

synthetic methods, which showed, at approximately 450°C and 700°C (Figure 3c), the presence of two 

reduction peaks which were ascribed to the reduction of surface and bulk ceria respectively31,32. In the 

impregnated catalyst the surface reduction peak appeared more intense compared to the corresponding 

milled composite. This could be explained with the difference in the calcination temperature of CeO2 in the 

two synthesis: in the case of the I CeO2 CuO 2080 catalysts, after impregnation and drying at 100°C the 

composite was calcined at 400°C for 1 hour, while the milled catalyst was synthesized  which was calcined at 

500°C prior to the synthesis. 

 

 

Figure 3: H2-TPR profiles of the CuO support and of the I CeO2 CuO 2080 and M CeO2 CuO 2080 catalysts; a) 
full profile; b) detail of the CuO reduction window; c) detail of the CeO2 reduction window. 
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In figure 4 the comparison between the milled samples obtained by increasing the CeO2 content by weight is 

reported. It is possible to observe that the CeO2 loading influenced the reduction of both the CuO and CeO2 

phases. The most evident effect is the shift at lower temperature of the main reduction peak of CuO as 

already observed in the milled sample with 20% wt. ceria compared to pure CuO. By increasing the ceria 

content, the shift became more significant, as it is possible to observe in figure 4b; the most consistent shift 

(35°C) was observed between the M CeO2 CuO 6040 and the M CeO2 CuO 8020, while the differences 

between the other samples were around the 15-20°C. This phenomenon is reasonably explained with the 

fact that the more the ceria content the more the reduction of CuO is promoted due to the strong interaction 

between the two materials. In all the milled catalysts the reduction of bulk CeO2 is shifted to lower 

temperatures compared to pure commercial CeO2.26 Looking at Fig. 4c it is possible to observe the opposite 

trend regarding the reduction of bulk CeO2 since an increase in the reduction temperature was observed with 

the increasing ceria content. A similar trend for classic CuO-CeO2 catalysts with increasing CuO content was 

reported by Mariño et.al.25. It is possible to hypothesize that in the catalysts with lower CeO2 contents (M 

CeO2 CuO 2080 and M CeO2 CuO 4060) the ceria particles are well in contact and covered with the CuO phase 

and thus, by maximizing the interfacial surfaces, more prone to reduction 

 

 

 

Figure 4: H2-TPR profiles of the CuO support and of the and M CeO2 CuO catalysts with increasing cerium 
oxide contents; a) full profile; b) detail of the CuO reduction window; c) detail of the CeO2 reduction window. 
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A second analysis on the CuO reduction peak, reported in Fig. 4a, allows us to observe a complexity in the 

peak structure with the increasing ceria content. It is possible to observe in the M CeO2 CuO 4060 and M 

CeO2 CuO 6040 the re-appearance of the β peak which shifted more than the γ peak of reduction of bulk CuO 

in these two samples. In the M CeO2 CuO 8020 the γ peak is shifted consistently due to the high ceria content 

resulting again overlapped with the β peak. While the nature of alfa and gamma peaks is well established in 

literature33, the nature of the β peak is more debated.  

Djinović et.al.34 and Marino et.al.25 reported a similar complex structure of the low temperature peak in their 

TPR profile in a series of classic (i.e. non inverse) CuO-CeO2 catalysts synthesized by co-precipitation method. 

The lower temperature component was assigned to the reduction of finely dispersed CuO species, while for 

the higher temperature components a contribution of surface CeO2 reduction at the interface of the two 

materials was established from the quantitative analysis. Interestingly they observed the same major shift to 

lower temperature for their higher ceria content catalysts.  

Avgouropoulos et al.27,29 attributed the first peak to the reduction of highly dispersed CuO in strong 

interaction with the ceria surface, while the β and γ peaks to the reduction of larger CuO particles less 

associated with the ceria. 

Zeng et. al. reported a similar trend for these systems synthesized with a surfactant templated method by 

increasing the Ceria molar content35 for a series of classic and reverse catalysts, and they attributed the β 

peak to the presence of CuO in the ceria lattice33,36. 

From the XRD analysis we excluded the formation of a solid solution between the two materials and therefore 

we assigned the three components described in this paragraph to the reduction of small, medium-sized and 

bulk CuO. We found that the shift of the total reduction peak of CuO depends more on the cerium content 

than to the preparation method since, from the comparison of the I CeO2 CuO 2080 and M CeO2 CuO 2080 

we observed the same shift. 

 

Given the stoichiometry of reduction of the CuO by H2: 

CuO + H2 → Cu + H2O 

for the reduction of only CuO, we expect a Stoichiometric Ratio (Sr)  

Sr = 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑜𝑝𝑝𝑒𝑟
= 1 

The results of the quantitative analysis are reported in table 3. It is possible to observe that we obtained a 

slightly lower value of Sr for pure CuO. Regarding the synthesized materials we observed an almost identical 

value for the I CeO2 CuO 2080 catalyst. Regarding the milled catalysts we observed values of Sr which seem 

to be dependent on the CeO2 loading. For the M CeO2 CuO 2080, M CeO2 CuO 4060 and M CeO2 CuO 6040 
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we observed slightly lower values of Sr compared to the one of pure CuO. For the M CeO2 CuO 8020 catalysts 

we observed an higher value of Sr respect to the one of pure CuO, likely because of the major contribution of 

surface ceria. 

Table 3: ratio between moles of consumed hydrogen and moles of Copper of the 
synthesized catalysts. 

Catalyst Sr First Cycle 

CuO 0.90 

I CeO2 CuO 2080 0.91 

M CeO2 CuO 2080 0.85 

M CeO2 CuO 4060 0.83 

M CeO2 CuO 6040 0.85 

M CeO2 CuO 8020 0.96 

 

 

4.4.4. In-situ DRIFT Analysis 

4.4.4.1. CuO 

We started the DRIFT study of our materials with the analysis of the two single components, CuO and CeO2. 

In figure 5 the reactivity of CuO towards two reaction mixtures is reported. For experimental details see 

chapter 2.2.9.. The spectra were collected by subtracting the background signal at the temperature of 250°C 

under pure He. Fig. 5a shows the reactivity of CuO toward methane (10% CH4/He mixture). It is possible to 

see that the material is inert to this reaction mixture, since the presence of any peak related to the adsorption 

of methane was detected neither during the exposure of the sample to the methane atmosphere nor to a 

successive exposure to helium. The marked peaks at 3014 and 1307 cm-1, are related to gas phase methane. 

Figure 5b shows the reactivity of CuO towards a mixture of 10% CH4/5% O2/He. Despite the presence of 

oxygen in the reactants no differences were detected with respect to the previous case described. However, 

it is possible to observe a different behavior for the broad bands centered at approximately 1470 and 1120 

cm-1 . These two bands were positive when the CuO was exposed in CH4 and negative when exposed 

simultaneously to CH4 and O2.  
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Figure 5: In situ DRIFT results of the exposure of CuO in different atmospheres at 250°C: a) exposure in 10% 
CH4/He (red spectra) and in pure He after 60 minutes of exposure in 10% CH4/He (green spectra); b): exposure 
in 10% CH4/5% O2/He (red spectra) and in pure He after 60 minutes of exposure in 10% CH4/5% O2/He (green 
spectra). 
 

In order to understand the nature of the above signals, we performed additional experiments by varying the 

atmosphere during the pre-treatment step. In Figure 6 the spectra of the sample after 10 minutes of exposure 

to three different atmospheres at the pre-treatment temperature of 300°C are reported. These spectra were 

collected by subtracting the background spectrum taken at room temperature. By consequence, the resulting 

spectra were characteristics of the CuO material. It is possible to see in the figure below that the two bands 

of interest are present, together with other characteristic bands of CuO, in all the three spectra, with 

intensities which are dependent on the different atmospheres. This showed that the two bands are 

characteristics of CuO. 

 

Figure 6: Spectra of CuO after 10 minutes of exposure to pure Helium (green spectra), 10% CH4/He (red 
spectra) and 5% O2/He (blue spectra) at 300°C.  
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We then performed some experiments at 250°C after subtracting the background of the sample taken in pure 

He. We observed that the different atmosphere of pre-treatment had an effect in the spectra collected during 

the subsequent experiments. In figure 7 it is possible to see, concerning the spectra referred to the pre-

treatment in pure helium (green spectra), that the behaviour of the two bands was the same observed in 

figure 5, i.e. the bands were positive during the exposure of the sample in 10% CH4/He and negative during 

the exposure in 5% O2/He. An almost identical behavior was observed in the sample pre-treated in 10% 

CH4/He, while major differencies were detected in the case of the 5% O2/He pre-treatment. In this latter case 

it is possible to see from Figure 7a that the intensity of the bands was enhanced compared to the other pre-

treatments, while in the second step of the experiment, i.e. the exposure of the sample in 5% O2/He at 250°C, 

the two bands were absent. 

 

 

Figure 7: effect of the pretreatment atmospheres; a) spectra collected after exposure to 10% CH4/He  for 20 
minutes at 250°C and b) spectra collected after exposure to 5% O2/He for 20 minutes at 250°C. 
 

The above analysis was limited to the identification of the two bands belonging to CuO. No further analysis 

was carried out on this matter.  

All the spectra that will be discussed in the next paragraphs were collected by subtration of the background 

taken in He at 250°C after a pre-treatment in pure He at 300°C.  
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4.4.4.2. CeO2 

Thanks to its exceptional oxygen storage/release properties, cerium oxide is extensively investigated for the 

direct partial oxidation of methane37,38. However, the activation and oxidation of methane in the absence of 

molecular oxygen occurs at higher temperatures than those investigated  in our experiments. In Figure 8 the 

reactivity of pure CeO2 towards two different reaction mixtures is reported. It is possible to see in Figure 8a 

that, in agreement with our expectations, pure ceria is substantially inert to 10% CH4/He mixture, since no 

appreciable signals were detected after the removal of the reactant mixture at which the sample was 

exposed for 60 minutes. However, as we can see in Figure 8b, CeO2 behaves differently when exposed to a 

mixture of 10% CH4/5% O2/He, since the presence of activated methane was clearly detected afer 60 minutes 

of exposure to the latter reaction mixture. The fact that these peaks were not detected after exposure of the 

CeO2 sample in methane only means that lattice oxygen of the pure ceria is not sufficient to activate methane 

at 250°C, which needs the presence of molecular oxygen in the exposing atmosphere. 

 

Figure 8: In situ DRIFT results of the exposure of CeO2 in different atmospheres at 250°C: a) exposure in 10% 
CH4/He (red spectra) and in pure He after 60 minutes of exposure in 10% CH4/He (green spectra); b) exposure 
in 10% CH4/5% O2/He(red spectra) and in pure He after 60 minutes of exposure in 10% CH4/5% O2/He (green 
spectra). 
 

In Figure 9 the spectra recorded after the exposure of the sample to 10%CH4/5%O2/He is reported along with 

the corresponding assigned adsorbed species. A punctual assignment of the peaks is reported in Table 4. It is 

possible to observe that most of the peaks have been assigned to formate and methoxy species which came 

from the partial oxidation of methane chemisorbed on the ceria surface with oxygen. These species are in 

agreement with those identified previously after the study of the adsorption of formaldehyde and methanol 

on cerium oxide39,40. Formates are characterized by the peaks at 2931 cm-1 (v-CH), 1548 cm-1  (v-C=O) and 

1359 (bending CH), while methoxy groups are characterized by the peak at 2842 cm-1 (v-CH), 1458, 1371 and 
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1356 cm-1 (bending CH)39–42. The peaks at 1583 cm-1, 1516 cm-1, 1308 cm-1  , 1225 cm-1, and 1031 cm-1 have 

been attributed to adsorbed carbonates and hydroxycarbonates42–44. The OH zone was characterized by a 

negative peak at 3700 cm-1 related to the desorption of some residual water from the surface of the material 

and a sharp peak at 3640 cm-1 along with a broad peak at 3519 cm-1, which were assigned to the bi- and tri-

coordinated hydroxyl groups respectively45,46. 

 

 

Figure 9: spectra of cerium oxide after 60 minutes of exposure to  10% CH4/5% O2/ He atmosphere at 250°C. 
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Table 4: Assignments of the main IR bands observed during methane partial oxidation on pure ceria 
according to Refs. 39-46. 

 
 

 

 

 
Label Wavenumber (cm-1) Vibrational mode 

Hydroxy -OH   

  3640 Stretching O-H 

Formate -OOCH  
 

  2931 Stretching C-H 

  2720 Stretching C-H 

  1548 Stretching C-O 

  1359 Bending C-H 

    

Methoxy -OCH3   

  2842 Stretching C-H 

  1458 Bending C-H 

  1371 Bending C-H 

  1356 Bending C-H 

    

Bidentate Carbonate -CO3
2-   

  1458 Bending C-H 

  1516  
 

  1031 
 

Hydrogen carbonate -HCO3
-  Bending C-H 

  1583   

  1226   

  1308  
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In Figure 10 a detailed representation of the evolution of the material during the different phases of the 

experiment is reported. It is possible to observe that during the exposure of the sample in the mixture there 

was a constant increase in intensity of the peaks described above with the time of exposure. When the 

reactant mixture was substituted with an inert atmosphere the intensity of the peaks did not change, 

indicating that the adsorbed species were stable at the reaction temperature of 250°C. We then treated the 

sample under atmosphere containing only 5% O2/He in order to evaluate the behavior in oxidizing 

atmosphere. We did not observe any desorption of the described species, indicating that they were stable, 

even after 70 minutes of exposure. 

 

 

 

Figure 10: detailed representation of the experiment conducted on the pure CeO2 at 250°C: exposure in 
10%CH4/5%O2/ He (shades of red), pure He (shades of green), 5%O2, He (shades of blue). 
 

 

To evaluate the reliability of the results we performed the same experiment on a HSA CeO2 support  

synthesized in our laboratory with the procedure reported in Chapter 3, with a specific surface area of 307 

m2/g. Results reported in Figure 11a indicate that this support shows the same behavior as commercial ceria 

with adsorption bands that are stable and appears only after exposure to methane and oxygen. In Figure 11b 

it is possible to see that the peaks were the same in the two supports, which however showed some negligible 

differences, especially regarding the relative intensities. These differences could be explained with the 

different surface areas of the support and with the different preparation methods. 
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Figure 11: a) replica of the above-described experiment on a different support; b) comparison between the 
two different supports after 60 minutes of exposure to 10% CH4/5%O2/He at 250°C. 
 

4.4.4.3. I CeO2 CuO 2080 

 

We started the analysis on the synthesized materials with the impregnated sample which showed no activity 

towards the two gas mixtures, as observed in Figure 12. Its behavior is similar to the one shown for pure CuO 

indicating that in the I CeO2 CuO 2080 the presence of the supported CeO2 does not affect the properties of 

the pure copper oxide. 

 

 

Figure 12. In situ DRIFT results of the exposure of the I CeO2 CuO 2080 in different atmospheres at 250°C: a) 
exposure in 10% CH4/He (red spectra) and in pure He after 60 minutes of exposure in 10% CH4/He (green 
spectra); b) exposure in 10% CH4/5% O2/He (red spectra) and in pure He after 60 minutes of exposure in 10% 
CH4/5% O2/He (green spectra). 
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4.4.4.4. M CeO2 CuO 2080 

 

M CeO2 CuO 2080 showed a peculiar behavior in comparison to that described for the pure oxides and the 

corresponding impregnated catalyst. In fact, in this sample we observed the appearance of some bands 

related to the presence of partial oxidized methane intermediates after 60 minutes of exposure to 10% 

CH4/He at 250°C (Figure 13). The intensity of these peaks is quite low, but this was the only sample that 

showed an affinity to pure methane. The previous analysis has showed the adsorption of methane on pure 

ceria, but only in the presence of oxygen.  

 

 

Figure 13: In situ DRIFT results of the exposure of the M CeO2 CuO 2080 in 10% CH4/He(red spectra) and in 
pure He after 60 minutes of exposure in 10% CH4/He (green spectra) at 250°C.  
 

This was a significant difference, and we compared the peaks observed in the M CeO2 CuO 2080 and the 

peaks observed in the pure CeO2 after 60 minutes of exposure in methane and oxygen (Figs. 8 and 9). In figure 

14 it is possible to see that the position of the peaks is the same in the two samples, while the intensity is 

much lower in the M CeO2 CuO 2080 sample, which, however, has a CeO2 content of 20%. The fact that the 

peaks position is the same in the two samples implies that the methane species are adsorbed on the ceria 

surface indicating that the milled composite must possess a peculiar active site responsible for methane 

activation, since none of the single components showed the same behavior when exposed to methane only. 

The sites are likely to be formed by a particular interaction of Cu and Ce induced by the adopted 

mechanochemical approach.  
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Figure 14: Comparison of the in situ DRIFT spectra of the pure CeO2 sample after exposure in 10% CH4/5% 
O2/He (black spectra) and of the M CeO2 CuO 2080 after exposure in 10% CH4/He (red spectra) at 250°C.  
 

 

By performing the same experiment on the M CeO2 CuO 2080 HSA, we obtained the same results, as it is 

possible to see in figure 15; thus confirming the reliability of the synthetic procedure and the reproducibility 

of the observed phenomenon. 

 

 

Figure 15: In situ DRIFT results of the exposure of the M CeO2 CuO 2080 HSA in 10% CH4/He (red spectra) and 
in pure He after 60 minutes of exposure in 10% CH4/He (green spectra) at 250°C.  
 

If we look at the comparison between the two milled samples reported in Figure 16 it is possible to see that 

the peaks are more intense in the sample obtained from the M CeO2 CuO 2080 HSA, suggesting that the 

specific sites formed where correlated with the specific surface area of cerium oxide. Because of the higher 
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abundance of Ce3+ with the increase of surface area of CeO2, we could hypothesize a specific role of these 

sites in the formation of the active sites of the composite.  

 

Figure 16: comparison between the two M CeO2 CuO 2080 samples after 60 minutes of exposure to 10% 
CH4/He at 250°C: commercial CeO2 (black spectra) and High Surface Area (HSA) CeO2 (red spectra). 

Moreover, considering a dissociative breaking of the C-H bond of the methane prior to its adsorption it is 

reasonable to find some differences between the pure ceria and the milled composite in the OH stretching 

zone of the DRIFT spectra. A confirmation of the presence of these peculiar sites in the milled composite 

derives from the analysis reported in figure 17.  We can observe a peak at 3640 cm-1 in the pure ceria which 

is ascribed to the Ce-OH-Ce45,46 while in the composite this peak is shifted at 3650 cm-1. This small shift could 

be due to a different local environment, which can be likely associated to a Cu-OH-Ce species, which is the 

active site of interest. The presence of the shoulder at 3700 cm-1 was related to the formation of adsorbed 

water46.  
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Figure 17: detail of the OH stretching zone of the DRIFT spectra collected at 250°C: comparison between pure 
CeO2 after exposure of 60 minutes in 10%CH4/5%O2/He and M CuO CeO2 after exposure of 60 minutes to 
10%CH4/He. 

 

We then evaluated the stability of the adsorbed species in pure helium and in 5% O2/He. The adsorbed 

species were stable in pure He since no drop in the peak intensity was observed after 10 minutes. After 

sending 5%O2/He, we observed a fast decrease in intensity and, after 10 minutes, the total disappearance of 

the peaks, indicative of a desorption of the species (Figure 18). 

 

Figure 18: detailed representation of the experiment conducted on the M CeO2 CuO 2080 sample at 250°C: 
exposure in 10%CH4/5%O2,/He (shades of red), pure He (shades of green), 5%O2/ He (shades of blue). 
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Similar  behavior was observed also in the M CeO2 CuO 2080 HSA with a gradual decrease in intensity of the 

peaks related to the adsorbed species. The complete desorption was observed after 15 minutes, slightly 

longer to the 10 minutes observed in the same sample synthesized with the commercial CeO2 (120 m2/g). 

This confirmed the effect of surface area on the reactivity of the materials, which however showed the same 

general behavior, indicating once again the reproducibility and reliability of the synthesis. 

 

 

 

Figure 19: detailed representation of the experiment conducted, at the temperature of 250°C, on the M CeO2 

CuO 2080 sample synthesized with the HSA (a) and commercial (b) cerium oxide: exposure to pure He after 
exposure to 10%CH4/He (green), 5%O2/ He (shades of blue). The 3200-2500 cm-1 window is representative 
for all the spectrum. 
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4.4.4.5. Milled samples with higher CeO2 contents 

 

By increasing the CeO2 content we observed a linear increase in intensity of the peaks related to the adsorbed 

species (Figure 20).  

The adsorbed species in the M CeO2 CuO 4060 sample showed the same behavior observed in the M CeO2 

CuO 2080 in 5%O2/He atmosphere, but in this case the complete desorption occurred in approximately 20 

minutes, which is the double of the time that occurred to the same sample with CeO2 weight content of 20%. 

This means that for these two samples there is a linearity between CeO2 content and desorption time. The 

comparison of the desorption phase in the two samples is reported in Figure 21. 

 

 

Figure 20: comparison of DRIFT spectra of the milled samples obtained by increasing CeO2 content after 60 
minutes of exposure to methane at 250°C. 
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Figure 21: detailed representation of the experiment conducted, at the temperature of 250°C, on two M 
CeO2 CuO  samples synthesized with increasing CeO2 contents (a) M CeO2 CuO 2080; (b) M CeO2 CuO 4060: 
exposure to pure He after exposure to 10%CH4/He (green), 5%O2/ He (shades of blue).  
 

Figure 22 shows the desorption of the adsorbates in all milled samples with increasing CeO2 content. We 

already observed in Figure 20 that the quantity of adsorbed species increases with the ceria content and that 

in the 2080 and 4060 samples a complete desorption was achieved in a relatively short time (Figure 21). In 

Figure 22 it is possible to observe that the desorption of the adsorbates occurs more slowly in the M CeO2 

CuO 6040 and M CeO2 CuO 8020, in which it is possible to observe the presence of the peaks after 120 and 

240 minutes respectively. It must be also noticed that in these samples, contrarily to the M CeO2 CuO 2080 

and M CeO2 CuO 4060, the appearance of three peaks at 1030, 1228 and 1516 cm-1 is detected. These peaks 

are likely due to the transformation of the adsorbed species into carbonates which are stable in the ceria 

surface, as it was observed in the pure ceria sample after exposure to 10%CH4/5%O2/He. This behavior 
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suggests that the increasing CeO2 content reflects a more similar behavior compared to pure ceria, in which 

the adsorbates resulted stable during the exposure under oxidizing atmosphere. 

 

Figure 22: detailed representation of the desorption experiment conducted at 250°C on the a) M CuO CeO2 

2080; b) M CuO CeO2 4060; c) M CuO CeO2 6040; d) M CuO CeO2 8020; sample synthesized with the 
commercial cerium oxide support: exposure pure He after exposure to methane (green), 5%O2, He (shades 
of blue). 
 

From these experiments it was possible to assume that there is an optimal composition for the production 

of partially oxidized products. A similar conclusion was reached by Senanajake et al, where they found that 

a maximum in the methanol production was obtained at a composition of 40%17, expressed as a fraction of 

Cu2O covered by CeO2. Regarding CeO2 composites at higher loadings it is inferred that they could be more 

prone to deactivation because of the irreversible transformation of the partially oxidized species into stable 

carbonates.  
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Figure 23 summarizes the DRIFT results described so far. The M CeO2 CuO catalysts demonstrated, contrarily 

to the single constituent components and the impregnated analogue, the ability to activate methane at 

250°C. In particular, the adsorbed species observed trough the above mentioned experiments were the same 

observed in pure ceria after exposure to 10%CH4/5%O2/He mixture. Pure ceria did not show any adsorbates 

after exposure in 10%CH4/He. Also the behavior of the adsorbates in 5%O2/He was different in the two 

materials, since they demonstrated to be stable in pure ceria while they desorbed in the M CeO2 CuO 2080 

milled catalyst. 

 

Figure 23: schematic representation of the comparison between the DRIFT results obtained from the 
experiments conducted on the pure cerium oxide and the milled M CeO2 CuO composite. The 3200 – 2500 
cm-1 window is representative of the entire spectrum. 
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4.5. in-operando NEXAFS characterization 

Figure 24 shows the Ce M5 edge analysis of the pure CeO2 and of the composite oxide M CeO2 CuO 2080. The 

analysis of this edge easily allows to identify the presence of Ce3+ and Ce4+ sites, as we can observe in the 

bottom part of the figure, where references spectra of pure CeO2 and Ce2O3 are reported. In particular, 

structures A and B are related to Ce3+ while C and D to Ce4+ 47–49. In order to consider the different CeO2 

contents in the two experiments, the spectra were normalized to the C peak. This analysis allowed us to 

detect the presence of the Ce3+ sites before (pure ceria) and after (composite oxide) the mechanochemical 

action provided by the mild energy ball milling synthetic technique. From Figure 25 it is possible to see in the 

spectra of pure ceria the presence of the A and B shoulders characteristics of the Ce3+; their presence was 

expected and is related to the high surface area of the ceria sample utilized in the study (120m2/g). In the 

composite material we observed a consistent reduction of the intensity of these two features, coherently 

with our expectations of a charge transfer between the Ce3+ sites and Cu2+ to form the redox couple Cu+/Ce4+.  

 

 

 

Figure 24: Top panel: Ce M5 edge of the pure CeO2 (black spectra) (prior to milling) and of the M CeO2 CuO 
2080 milled composite (red spectra) (after milling); bottom panel: references: Ce2O3 (blue dotted spectra) 
and CeO2 (black dotted spectra), acquired on APE-HE beamline at RT. 
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Figure 25 shows the comparison between the cerium M5 and M4 edges and copper L3 edge during the 

activation of the sample performed prior to the catalytic test. The activation consisted of a heating of the 

sample in He atmosphere from room temperature to 300°C. We can clearly see at 300°C the appearance of 

a peak at approximately 935 eV relative to the Cu(I) formation, while on the Ce M5 edge it is possible to 

observe a small reduction in intensity of the A and B features related to the Ce3+ sites. The parallel formation 

of Cu+ and disappearance of Ce3+ sites can be originated from a redox reaction between Ce3+ sites and Cu2+ 

to give Ce4+ and Cu+.   

 

 

Figure 25: evolution of the Ce M5 edge (a) and Cu L3 edge (b) during the activation of the sample performed 
in pure He heating the sample from RT (black curve) to 300°C (green curve). The bottom panels of the figure 
report the reference spectra of CeO2, Ce2O3, CuO and Cu2O acquired on the APE-HE beamline.  
 

These two experiments confirmed that the predicted mechanochemical-induced reaction between the Ce3+ 

and Cu2+ effectively occurred since a major drop in intensity of the Ce3+ features respect to the pure ceria 

was observed in the M5 edge analysis soon after the milling process. Moreover, during the thermal treatment 

in He up to 300°C we observed a second slight decrease of the Ce3+ together with the appearance of a 

structure attributed to Cu+ in the copper L3 edge50 (see Figure 26).  
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Figure 26: representative illustration of the mechanochemical-induced charge transfer between the Cu2+ and 
Ce3+ sites of the two oxides and formation of the interfacial Cu+-O-Ce4+ site. 
 

After the activation we performed the same experimental procedure described in the DRIFT section, thus 

dropping the temperature to 250°C and treating the sample with a 10%CH4/He mixture for 1 hour. Figure 27 

shows the evolution of the copper L3 edge during the exposure of the M CeO2 CuO sample to the reactant 

atmosphere. As it is possible to see, a clear and consistent increase of the Cu+ peak occurred simultaneously 

with the exposure to CH4. 

 

Figure 27:  Cu L3 absorption edge evolution over the M CeO2 CuO 2080 sample during the exposure to 10% 
CH4/He mixture at 250°C.  
 

In Figure 28 a first comparison between in-situ DRIFT and operando NEXAFS analysis of the M CeO2 CuO 2080 

catalyst during the exposure to 10% CH4/He mixture is reported. It is possible to see the simultaneous 

increase of the Cu+ peak in the NEXAFS spectra together with the increase of the peaks related to the 

adsorbed species in the DRIFT spectra, indicating that the activation of methane and the subsequent 
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adsorption of species resulting from methane activation was related to the Cu+ formation. This experiment 

also demonstrated the importance of the Cu+-O-Ce4+ site in the reactivity of the material.  

 

 

Figure 28: comparison between the in-operando NEXAFS (a) and in-situ DRIFT (b) results during the exposure 
of the M CeO2 CuO 2080 catalyst. Both the experiments were conducted at 250°C. 

We discussed in relation to Figure 17 that the presence of the peak at 3650 cm-1 could have been ascribed to 

the formation of an OH group between a Ce and a Cu (we hypothesized a Cu-OH-Ce species) derived from 

the dissociative breaking of the C-H bond, forming an OH between the Cu+ and a Ce4+ and an adsorbed 

methoxy in the ceria surface. The result of this experiment supports that assumption showing the pivotal role 

of the Cu+/Ce4+ site in methane activation. Furthermore, the presence of a broad band between 3750 and 

3250 cm-1 may be related to the formation of water during the exposure of the material to the 10%CH4/He 

atmosphere46. The gas chromatographic analysis of the products during the in-operando NEXAFS experiment 

(Figure 29b) showed a peak attributed to water approximately at a retention time of 32 seconds. Besides the 
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H2O peak we observed an increase in the formation of CO2, likely due to the total oxidation of methane. It is 

not excluded a contribution due to the desorption of some carbonates present on the ceria surface since the 

CO2 peak is present also when the sample was exposed to pure He prior to exposure to CH4.  

 

 

 

Figure 29: a) detail of the OH stretching zone of the DRIFT spectra of the M CeO2 CuO 2080 after exposure of 
60 minutes to 10%CH4/He. b) gas chromatographic analysis of the in-operando NEXAFS experiment during 
exposure of the M CeO2 CuO 2080 catalyst in pure He (black spectra) and 10%CH4/He (red spectra) 
 

Following the same experimental procedure reported for the DRIFT experiment, we then removed the 

10%CH4/He atmosphere in order to evaluate the stability of the Cu+ peak and then we exposed the sample 

to 5%O2/He. The results of the NEXAFS experiment are reported, together with the comparison with the 

DRIFT experiment, in Figure 30. We can see that the Cu+ spectra remained unaltered when the methane flow 

was stopped and they remained stable for the time (10 minutes) in which the sample was exposed to the 

inert He atmosphere. The same stability was observed for the peaks related to the adsorbed methane. When 

the sample is exposed to 5%O2/He, the Cu+ peak disappears, which is consistent  with the low stability of Cu+ 

sites in oxidative atmosphere51–54. The comparison with the corresponding DRIFT results, depicted in Figure 

30, shows that the disappearance of the Cu+ peak is accompanied with the gradual desorption of the 

adsorbed species. 
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Figure 30: detailed representation of the results obtained with the operando NEXAFS (left panel) and DRIFT 
(right panel) spectroscopies performed over the M CeO2 CuO 2080 sample: from the bottom to the top, 
1°step: exposition to 10%CH4/5%O2/He mixture (red tones), 2° step: pure He (green tones), 3° step: 5%O2/He 
(blue tones).  
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Concerning the Ce M4,5 edge, reported in Figure 31, we did not observe any modifications during the various 

phases of the experiments. 

 

Figure 31: evolution of the Ce M5 edge of the M CeO2 CuO 2080 sample during the exposure to the different 
reactive mixtures at 250°C. 
 

Contrarily to the model catalysts reported by Senanayake17,55, we did not observe a reduction of Ce4+ to Ce3+ 

during the exposure to CH4 at high temperatures. This difference could be explained by the difference in the 

preparation method and starting materials. Their model catalysts was prepared by depositing via PVD CeO2 

in a Cu(111) and after annealing at 327°C the CeO2/Cu2O/Cu(111). In our case we supported CeO2 in powder 

form over CuO. Moreover, we observed an increase in intensity of the Cu+ peak during the exposure to 10% 

CH4/He at 250°C. Since we observed the presence of Cu+ sites in the as-prepared sample after thermal 

activation, it is possible to hypothesize a progressive reduction of the Cu2+ sites near the starting Cu+ sites. 

Thanks to the micro-GC directly connected to the output of the reaction chamber of the operando NEXAFS 

reaction cell we were able to analyze the products of reaction during the exposure of the M CeO2 CuO 2080 

sample to the different atmospheres (Figure 32). It is possible to observe that during the sample exposition 

to the 5%O2/He mixture, thus in combination with the desorption of the species detected with the DRIFT, the 

presence of traces of formaldehyde and methanol was clearly shown, together with the total oxidation 

products, CO2 and H2O (not reported in this figure).  
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Figure 32: gas chromatograms acquired during the operando NEXAFS experiment on the M CeO2 CuO 2080 
sample after 30 minutes of exposition to 10%CH4/He mixture (red) and after 5 minutes in 5%O2/He  
atmosphere (blue).  
 

Another interesting result was the reversible behavior the material showed when re-exposed to the 

10%CH4/He atmosphere. The Cu+ peaks re-formed in the same way described in Figure 28 and then oxidized 

again to Cu2+ when exposed to the 5% O2/He mixture. This fully reversible behavior was observed for several 

CH4/O2 cycles as sumarized in the scheme of Figure 33. 
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Figure 33: schematic representation of the reactivity of the M CeO2 CuO catalyst towards 10%CH4/He (left 
arrow) and 5%O2/He (right arrow).  
 

Overall, the multi-technique approach described in this section demonstrated to be a very useful and 

powerful tool to obtain important insights for the understanding of the behavior of the synthesized M CeO2 

CuO 2080.  
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4.6. Conclusions 

A series of inverse CeO2-CuO catalysts synthesized via mild energy ball milling technique and employed for 

methane activation is reported. In-situ DRIFT analysis demonstrated that the milled catalyst, contrarily to a 

reference impregnated sample, was able to activate methane at 250°C giving rise to the adsorption of the 

activated methane in the form of methoxy and formates, which are important intermediates for the 

production of methane partial oxidation products. The in-operando NEXAFS analysis conducted on the 20% 

CeO2 CuO catalyst revealed the presence of a stable and reversible Cu+/Ce4+ redox couple responsible for the 

activation of the methane and the formation of traces of formaldehyde and methanol. The multi analytical 

approach used in this work has shown to give precious insights that can be useful for the development of 

materials based on the interaction between transition metal oxides and High Surface Area ceria and more in 

general for ceria based materials. We observed that the cerium oxide amount had an important effect on the 

desorption of the products. The low content ceria materials showed a faster desorption of the species 

contrarily to the ones with higher ceria contents. Parameters such as the time of exposure in methane 

atmosphere could be adjusted in order to favor the complete desorption of the adsorbed species in shorter 

times, which should favor the formation of methane partial oxidation products. The reversible redox behavior 

of these materials makes them interesting candidates also to chemical looping processes. 
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5. Conclusions and Future Perspectives 

 

The motivation for this PhD dissertation stemmed from the significant results previously obtained in our 

laboratory for the methane oxidation when Pd/CeO2 catalysts were made by Mild-Energy Ball Milling. This is 

a new synthesis method to prepare metal supported catalysts, which simultaneously reduces solvent, energy 

and time consumption and can lead to outstanding performance improvements compared to conventional 

impregnation techniques.  

We adopted this approach to prepare two catalytic systems based on high surface area cerium oxide and 

cheap, non-precious transition metals. The catalysts investigated were Ni/CeO2 and an inverse CeO2/CuO. 

and they were studied in methane activation reactions (dry-reforming and partial oxidation) with the aim to 

understand the role of milling in promoting the catalytic activity.   

The main results are summarized below: 

Two series of Ni/CeO2 were obtained from two inexpensive and commercially available Nickel hydrated salts, 

by varying the milling time. For comparison each series included also a reference catalyst prepared via 

Incipient wetness Impregnation. The nitrate precursors resulted in a better distribution of the active phase 

on the support, which enabled enhanced catalytic performance regardless of the preparation method. Both 

milled-catalysts series were tested under DRM conditions and resulted more active than the impregnated 

catalysts. The best catalytic performance, in terms of activity and stability, was obtained for a short or 

medium period of milling (10-20 min), while catalysts milled for longer times showed a minor catalytic 

activity. In the samples milled for short time, HRTEM and XPS analyses revealed the presence of a peculiar 

NixCeO2-x phase characterized by a cerium in a different oxidized valence state compared to the usual (4+) 

encountered in the CeO2 and the incorporation of reduced Ni atoms in the defective sites of the support, i.e. 

oxygen vacancies. These Ni, O, Ce arrangements were located very much on the surface and are probably 

due to the soft shear-stresses provided by the gentle milling action of this synthesis approach.  

Therefore, we may conclude that ball milling energy implied in this method of preparation was able to 

promote a particular electronic interaction between metal and support associated with a surface structural 

arrangement of cerium oxide, which enhanced the catalytic performances. These mechanochemical-induced 

modifications revealed to be localized on the surface when low-medium milling times of 10-20 minutes were 

used, while a prolonged milling time cause the incorporation of this phase into the crystallite bulk, thus 

compromising catalytic activity. The results are in agreement with those previously obtained for the Pd/CeO2 

and Pd-Pt/CeO2 systems.  
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Encouraging results also emerged from the adoption of this synthesis method for the preparation of inverse 

catalysts, in which high-surface cerium oxide was supported on copper oxide. Several inverse catalysts were 

synthesized increasing the ceria content from 20% to 80% by weight, with a milling time of 10 minutes. These 

milled composites, contrarily to a reference impregnated catalyst and to the alone CuO and CeO2, 

demonstrated to activate methane at the relatively low temperature of 250°C. A detailed spectroscopic 

characterization, obtained by coupling in-situ DRIFT and in-operando NEXAFS revealed the presence of the 

Cu+/Ce4+ redox couple that demonstrated to have a pivotal role in the activation of methane to produce, 

under oxidizing conditions, not only CO and CO2 but also traces of other oxygenate products (formaldehyde 

and methanol). The  formation of these sites is due to mechanochemical-induced charge transfer between 

the Ce3+ sites of the supported oxide and the Cu2+ sites of the support. They were observed previously in a 

model CeO2/Cu2O/Cu(111) catalyst prepared via Physical Vapor Deposition synthesis, and this study 

demonstrated the chance to obtain similar results with a rapid, solventless and more industrially favorable 

synthesis. It was also proved that a thoughtful use of advanced in-situ and in-operando spectroscopic 

techniques is important for the deep understanding of the interaction occurring at the nanoscale of catalytic 

materials, even at the preliminary stages of the catalyst design.  

From these and our previous results it is possible to conclude that medium-energy ball milling is a valid 

approach for changing the energy state of active sites in the first surface/interface layers of ceria-based 

catalysts and could be an easy way to design new catalysts. The observation in both the studied systems that 

the mechanical energy involved in the process can induce charge transfer between the defective sites of 

cerium oxide and the involved transition- metal atoms represents an important outcome. It is conceivable to 

lever the reactive surface Ce3+ sites as “reducing agents” for other metal cations giving rise to the formation 

of interfacial sites which could possess unusual catalytic activities and selectivity. This would pave the way 

for the design of a wide class of ceria-based composites with metal oxides, ranging from simple transition 

metal oxides to more complex oxides such as perovskites or spinels, which possess different metal cations 

with different valence states.  

The main disadvantage of synthesizing catalysts with medium-energy ball milling is the stochastic nature of 

the results. With this dissertation, we have elucidated some of the processes that can take place during 

milling, thus taking a step forward in understanding the parameters that can influence the final properties of 

catalysts and in helping the scale up of this innovative synthesis on an industrial scale. 

In near future, it will be interesting to unveil the role of other variables in this kind of synthesis such as the 

effect of precursors’ crystalline water. It will also be interesting to develop some bi-metallic formulation, e.g. 

Ni-Co or Ni-Cu, which could further enhance the stability of Ni based catalysts or test the system CeO2-CuO 



140 
 

in the hydrogenation of CO2. Moreover, considering there is a direct correlation between surface area and 

Ce3+ sites, it will be important to optimize the synthetic procedure described in chapter 2.1.1. to have a 

accurate control of surface defects by, for instance, preparing ceria-based solid solutions.  
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