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1. INTRODUCTION 

One of the problems of today's society is to secure the supply of energy and fuels through environmentally 

sustainable processes. The massive employment of fossil fuels in power plants and transportation, that has 

characterized our society until today, has led to issues such as the emission of molecules harmful for human 

health or dangerous to the ecosystem. Increasing concentrations of pollutants such as NOx, CO or 

greenhouses gasses like CO2 during the last century have led to environmental and health concerns. In this 

scenario, different solutions have been implemented to reduce the impact of those substances. For example, 

renewable sources of energy are an interesting source to supply for energy demand, and various ways to 

convert or store emissions - such as CO2 storage devices- have been implemented. In order to efficiently 

convert harmful substances into chemicals, it is important to search for processes that transform pollutants 

and waste products into inert substances or useful compounds. Among these processes, methane conversion 

to valuable chemicals has taken a lot of consideration in the recent years. Methane can be converted to 

syngas, a gas mixture of high energy content, composed by CO and H2. Syngas can be then used as fuel or as 

reagent in industrial processes, also depending on the H2:CO ratio, such Fischer-Tropsch synthesis, methanol 

process, carbonylation or hydrogenation.[1]This conversion of methane to syngas can be achieved by 

different routes, such as reforming or partial oxidation. [1], [2] 

Among different kinds of reforming, dry reforming of methane is one of the most interesting options, as it 

allows the conversion of two major greenhouse gasses, CO2 and CH4, to syngas, with a H2:CO ratio around 

1:1. To catalyze this reaction, noble metals have been widely used for dry reforming of methane, thanks to 

their high catalytic activity and their resistivity to carbon deposition. However, noble metals are not 

industrially applicable due to their high cost and low availability. [3] ¢ƘŀǘΩǎ ǿƘȅ one of the most commonly 

used metals is Nickel, which provides comparable activity to noble metals, without the heavy cost of the 

latter. [4] However, Nickel catalysts are sensible to deactivation by coking and by sintering, while noble metal 

catalysts are more resistive against carbon deposition. [1], [5]. So, in order to develop catalysts with an 

industrial applicability, extending their lifetime is one of the key issues. [5] 

Although numerous strategies have been developed to solve the issue related to coke deposition, such as 

partial oxidation of methane (POM), this phenomenon cannot be avoided in the long run, making it crucial 

the development of alternative solutions to extend the lifetime of catalysts. 

In this project, catalysts will be studied for a process in which dry reforming of methane and nitric oxide 

reduction reactions are involved. Coupling those two reactions allows to eliminate the carbon that deposits 

onto the catalysts during DRM by exploiting the oxidizing power of one of the biggest pollutants in the 

atmosphere, which has reached tens of millions of tons/year of emissions: nitric oxide. This pollutant is 

responsible for acid rain, photochemical smog and ozone build-up, so that its conversion into unharmful 
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substances is needed to avoid ecological consequences. Nitric oxide is currently emitted mainly from power 

plants and post-production capture systems applied to natural gas turbines are currently available.[6], [7] 

The process is adaptable to different sources and concentration of CH4, CO2, NO - i.e. flux gases from different 

industrial plants - possibly adjusting the reaction temperature to obtain the best syngas yields. 

 

1.1 Dry Reforming of methane (DRM) process 

 

Dry reforming of methane is a process that converts CO2 and CH4 into syngas. 

 

 

The reaction is endothermic, with a ЎH0=260 kJ/molCH4 at 750°C. So, major conversions will be achieved at 

high reaction temperatures. IƻǿŜǾŜǊΣ ǘŜƳǇŜǊŀǘǳǊŜ ŘƻŜǎƴΩǘ ƻƴƭȅ ƛƴŦƭǳŜƴŎŜ 5wa ǊŜŀŎǘƛƻƴΦ As a matter of fact, 

both products and reagents are involved in other reactions in the process: 

 

 

 

CO2 that flows into the reactor and H2 produced by DRM react via reverse water-gas shift reaction (2), an 

endothermic reaction with a ЎH0=34 kJ/molCO2 at 750°C. This reaction causes a decrease in H2:CO desired 

ratio of 1:1, making the syngas produced less economically valuable. Other side reactions involve coke 

formation. The formation of coke results from CH4 decomposition (3) and from CO disproportionation (4), 

also known as Boudouard reaction, and leads to the deactivation of the catalyst. CO disproportionation is an 

exothermic reaction, so its thermodynamic constant decreases as temperature rises, while CH4 

decomposition is an endothermic reaction. Reitmer's calculations show that coke deposition decreases 

overall with increasing temperatures, so the greatest contribution to coke deposition is due to CO 

disproportionation. [1], [2] 

Moreover, another cause of deactivation is the oxidation of the catalyst due to CO2 oxidative power. [8] 

However, 5waΩǎ ŜƴǾƛǊƻƴƳŜƴǘ ƛs both oxidative (CO2, H2O) and reductive (H2, CH4, CO ), leading to a partial 

reduction of the oxidized metal to its elemental form. [9] 



8 
 

Dry reforming of methane is a reaction that can be conducted over a wide range of temperature. Among the 

advantages of working at higher temperatures there is the fact that, being an endothermic reaction, it is 

thermodynamically favored at higher temperatures; moreover, the H2/CO ratio is higher- meaning an higher 

economic value of the product. However, working at high temperatures have also a negative side: the high 

energy consumption. [1] Depending on the reaction at which DRM is conducted, a change in concentration 

of reagents and products occurs. In order to have an idea of this change of composition over temperature, 

the equilibrium compositions of reactants and products have been plotted against temperature in the 

following Fig. 1: 

 

 

Figure 1- equilibrium composition vs temperature obtained from HSC Chemistry assuming 1kmol of initial CH4 and CO2 and at 1atm 

pressure.[2] 

 

 

1.1.1. Dry Reforming of Methane (DRM) mechanism 

 

Dry reforming mechanism has been an object of many discussions, as the mechanism of the reaction depends 

as well on the support. IƻǿŜǾŜǊΣ ƛǘΩǎ ǿƛŘŜƭȅ ŀŎŎŜǇǘŜŘ ǘƘŀǘ /I4 and CO2 ŘƻƴΩǘ ǊŜŀŎǘ directly but are firstly 

activated following a Langmuir-Hinshelwood mechanism. While inert materials are characterized by mono-

functional pathway, so to say that CH4 and CO2 are both activated on the active metal, basic and acid supports 

lead to bi-functional mechanisms where CO2 is activated on the ŎŀǘŀƭȅǎǘΩǎ support and CH4 on the active 

metal. Different specific mechanisms were proposed for various supports.[2] LǘΩǎ ǿƛŘŜƭȅ ŀŎŎŜǇǘŜŘ ǘƘŀǘ 

methane activation has different steps involving CHx species (x=0-3). Either the steps that lead to CHx 

formation or the reaction between CHx and the oxidant are considered the slow steps of the reaction, with 

the oxidant being CO2 or oxygen adatoms originating from CO2 dissociation. For ɹ -Al2O3, Zhang and Verykios 
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have proposed as rate determining step, the reaction between surface carbon species and the oxidant. [10] 

In case of perovskites, a specific mechanism is proposed, which involves the formation of oxycarbonates. In 

this case CO2, which has a lower activation energy than CH4, is chemisorbed by the support to form 

oxycarbonates species, while methane is activated on the active metal, with possible influence of the 

oxycarbonates.[2] Overall, the results present in literature are not conclusive as they depend on reaction 

conditions.  

 

1.1.2. Coking 

 

/ƻƪƛƴƎΣ ǘŜǊƳ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ŎŀǊōƻƴΩǎ ŘŜǇƻǎƛǘƛƻƴΣ ƛǎ ƻƴŜ ƻŦ ǘƘŜ Ƴŀƛƴ ŎŀǳǎŜǎ ƻŦ ŎŀǘŀƭȅǎǘǎΩ ŘŜŀŎǘƛǾŀǘƛƻƴΦ [11] 

The coke that deposits on the catalyst is due both to Boudouard reaction, which takes place below 800°C, 

and methane decomposition, over 550°C. Even if the terms carbon and coke were originally used to differ 

these species, with the first being product of CO disproportionation, and the latter product of CH4 

decomposition, those definition were somewhat arbitrary, and have been consequently used 

interchangeably in the last decades. [12] In this work, the terms coke and carbon are used interchangeably 

to describe the carbonaceous deposits that form due to both reactions. [13]  

Coke deposits onto the catalysts following various pathways: carbon can cover the nickel particles 

encapsulating them, it can block the pores of the catalyst reducing the accessibility of reactants to active sites 

or develop in form of filaments that cause the catalyst to break and be destroyed. [13], [14]  

Depending on the supports and the reaction conditions, different kind of coke is formed. 5 different kind of 

coke can be deposited over the catalyst, classified in order of decreasing reactivity from ʰ ǘƻ ʴ: amorphous 

carbon Ch, filament carbon C̡ (polymeric films and filaments), graphite carbon Cɹ (vermicular 

whiskers/fibers/filaments), bulk carbon Cɹ and crystalline carbon Cc (graphitic platelets and films). [2] It is 

important to understand how to obtain highly reactive carbons in order to easily gasify the coke that deposits 

on the catalysts. Not only it has been proven that the type of support deeply influence the coking in both 

quantity and type [15], but the type of coke is also deeply influenced depending on the reaction that causes 

its deposit. As a matter of fact, coke produced by Boudouard reaction is less reactive than the one produced 

via methane decomposition: methane dissociates on nickel surface and generates C,h which is highly reactive 

and can react with H2O, CO2 or H2 to be gasified, or it can evolve to C̡ . [16] 

At the reaction conditions considered for this process, coke gasification will occur thanks to H2O and CO2, as 

H2 helps with coke gasification at temperatures below 650°C. While CO2 is a reactant, H2O is present thanks 
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to the reverse water-gas shift reaction. Gasses react with coke giving respectively as products CO and CO and 

H2. [17] 

 

1.2. Nitric Oxide Reduction 

 

Nitric oxide reduction is the step chosen as a solution to coking deposition. Here, coke is employed for its 

reducing abilities. Flowing nitric oxide into the reactor, the coke that is deposited during DRM can react with 

NO via the following reactions (5): 

 

 

The reaction is exothermic, with a ЎH0 of -203 and -576 kJ/molC  for x=1 and x=2 at 750°C.[18] 

However, nitric oxide can react with other species apart from coke. NO reduction can occur both reacting 

with Ni particles (300-500°C), giving N2 and N2O as products, and with the coke deposited on the particles, 

producing N2, CO2 and CO (mechanism significantly present above 677°C). As CO formation is competitive 

with that of CO2, given the higher economic value and interest in application of CO compared to CO2, the 

temperature range chosen is the one in which CO production is favored, i.e. 650-850°C. 

The mechanism proposed in Hu et al. involves the formation of an N2O intermediate from two NO molecules; 

subsequently N2O decomposes to N2 and the remaining O atom oxidizes Ni to NiO (XRD).  

High temperatures play a role in facilitating the Ni-catalyzed evolution from N2O to N2. [18] These 

mechanisms have been represented in Fig. 2.  

 

 

Figure 2-Schematic representation of NO oxidation by nickel (1) and by coke deposited on nickel (deposition of nickel (2)- coke 
removal (3)) [2] 
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Finally, we must consider that methane could be reduced also by methane and hydrogen that are present in 

the reactor, as the studies around NO removal technologies have shown in the last decades. [19], [20] 

 

1.3 . Catalysts 

 

To increase the catalytic activity and avoid undesired side reactionsΣ ŎŀǘŀƭȅǎǘǎΩ design is the key. The catalysts 

proposed are constituted by an active part and a support. The active part consists in nickel nanoparticles, 

while the support has the role of dispersing the metal nanoparticles, affecting both the interaction with nickel 

and the size of particles; the support can have various properties that modify the affinity and/or the 

adsorbtion of gasses involved in the process. To evaluate the role of different supports in the catalytic activity, 

both the nickel percentage on the catalyst and the technique to deposit it were maintained the same over 

the different catalysts in this thesis work.                    

To deposit nickel, an economic, reproducible and simple way has been chosen: wet impregnation.                

To choose the quantity of Ni loading to impregnate on the supports, previous works have been considered 

to optimize the nickel quantity employed. Higher nickel content leads to a higher number of catalytic sites, 

leading to an increase of the catalytic activity, but it also decreases the specific area of catalysts and the metal 

dispersion. This is due, respectively, to the blockage oŦ ǘƘŜ ǎǳǇǇƻǊǘΩǎ ǇƻǊŜǎ and to the increase of nickel 

particle size. Moreover, nickel content is related to the quantity of coke that is deposited on the catalyst 

during the process. Nickel content has been commonly used for DRM reaction in a content between 10% and 

15% , so these percentages can be considered as standard. [1], [15], [21]ς[24]             

Moreover, commercial catalysts with a nickel percentage around 13% have been developed for DRM 

processes, showing a good stability. [15] So, in order to obtain good catalytic activities and ǘƻ ǎǘǳŘȅ ŎƻƪŜΩǎ 

deposit and its removal thanks to NO, nickel loading was chosen as 13%, the quantity also chosen in J. Hu et 

al. work. [18] 

 

1.3.1 Properties of the supports 

 

Among various aspects that need to be evaluated for the supportsΩ ŎƘƻƛŎŜ, the main ones are cited below: 
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- mechanical strengthΥ ƛǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǇǊƻǾƛŘŜ Ŏŀǘŀƭȅǎǘǎ ǿƛǘƘ good mechanical strength in order to have an 

industrial application 

 

- thermal stability: catalysts must be resistant to high temperatures, as dry reforming of methane is an 

endothermic process conducted between 500-1000°C. 

 

- surface area: this must be as large as possible to promote the catalytic activity, without compromising the 

mechanical stability of the catalyst. 

 

- sintering resistance: sintering can be decreased through homogeneous nanoparticles dispersion methods, 

that allow controlling the size of the latter [9], and through supports favoring strong metal support 

interaction. 

 

- metal support interaction (MSI): A strong MSI is essential to ensure good dispersion of Ni particles, on which 

ŎŀǘŀƭȅǎǘǎΩ performance depends. Ni particles are thus dispersed on a support in the form of nanoparticles, 

and the higher the MSI, the lower the risk of sintering. In addition, a strong MSI leads to more amorphous 

carbon being formed during DRM, which discourages the formation of nanofibre-like carbon. Carbon 

nanofibers are a problem as they tend to settle at the Ni/support interface, leading to the detachment of 

nickel from the substrate. Amorphous carbon can be oxidized to CO2 if enough vacancies are present and 

oxygen diffusion on the substrate surface is possible. A strong MSI interaction also facilitates the transfer of 

3d electrons of Ni to the support, helping with the activation of adsorbed CO2 (6). [25] 

 

CO2+VO + 2e- -> CO + OOx   (6) 

 

-acidity/basicity: the presence of basic sites helps with the gasification of carbon deposits, while acid sites 

promote coke deposition. Basic sites help as a matter of fact with CO2 adsorption, given the higher affinity of 

this acidic molecule with the support; by increasing chemisorbed CO2 on the surface of the catalyst, carbon 

dioxide will be able to gasify coke (C + CO2 Ҧ н/O). As acidic supports have less CO2 chemisorbed onto the 

catalyst, the carbon that deposits onto the catalyst will be less easily gasified. So, carbon deposition and 
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ageing of the catalyst will be partially prevented on basic supports. [26] Therefore, supports with strong Lewis 

base character will be investigated. [27] 

 

-oxygen mobility: ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƳƻōƛƭŜ ƭŀǘǘƛŎŜ ƻȄȅƎŜƴ ƘŜƭǇǎ ǿƛǘƘ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ƳŜǘƘŀƴŜΩǎ /-H bond, 

and with coke deposits as well, as it leads to carbon oxidation to CO (see after). [26] 

 

- presence of vacancies: oxygen vacancies interact with both CO2 adsorbtion, coke deposition mechanism 

and NO reduction. Oxygen vacancies promote CO2 adsorbtion, increasing coke gasification. In NO removal, 

the redox capacity of the substrate plays an important role, as oxygen vacancies allow NO adsorption. This 

can influence also NO decomposition mechanism, as at high temperatures in perovskites two NO molecules 

adsorbed at adjacent sites can decompose. Perovskites oxides catalysts have a general formula ABO3 (see 

after in chapter 1.3.2.), with A cation surrounded by 12 oxygen anions and cation B surrounded by 6 oxygen 

anions. If the cation B can be oxidized, a simultaneous oxidation of the B atom occurs together with NO 

adsorbtion, and electrons lost in B atom oxidation go into NO antibonding orbital, forming NO- species. This 

species can interact with an adjacent NO-, giving N2(g). [28] 

 

1.3.2. Supports for catalysts 

 

In order to investigate ǎǳǇǇƻǊǘΩǎ role in both catalytic activity and on the type of coke that is deposited on 

the catalyst, different supports have been chosen.  

The first support investigated is Al2O3, an inert support, which is the most common support used for dry 

reforming of methane, and also the support chosen for the chemical looping work of J. Hu et al. [15], [18]. 

Al2O3 is a cheap and readily available substrate. Alumina morphology also plays an important role in catalytic 

activity and catalyst stabilization. Alumina catalysts benefit of a high surface area, good thermal stability and 

the ability to disperse nickel well. Possible polymorphs interesting for catalysis ŀǊŜ ʴΣ ʰ ŀƴŘ ʻ ǇƘŀǎŜǎΦ ¢ƘŜ ʴ-

phase is the one with the largest surface area, however it shows problems regarding the formation of the 

NiAl2O4 spinel at high temperatures, which increases sintering and decreases its reductive capacity. However, 

in Wang et Lu. work[29], -ɹAl2O3 was found to be the catalyst with the highest catalytic activity, being 

compared with -h Al2O3, MgO and SiO2. In this paper, -ɹAl2O3 highest activity is explained thanks to the 

presence of strong MSI interaction of Ni nanoparticles reduced from the spinel. [30] This strong MSI provides 

great resistance to sintering and coking, so ɹ -Al2O3 is the first support chosen. 
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As Al2O3 is a mildly acidic support, it does not facilitate the adsorption of CO2, which is itself an acidic 

molecule. [31] So, to facilitate CO2 activation, systems with basic cations or oxygen vacancies will be taken 

into consideration to allow a better CO2 coordination.  

To choose the next support for the process, supports with high metals support interaction are taken into 

consideration. Among those, spinels oxide have been studied for DRM reaction due to their stability at high 

temperatures. [32] Spinels are a class of compounds with general formula AB2 X4, with the anion X being 

oxygen, sulfur, tellurium, selenium or nitrogen (Fig. 3). [33] Their structure is based on a cubic close packing 

of anions, while cations are inside tetrahedral and octahedral sites. Among this wide class, oxygen spinels 

have been studied thanks to their high stability and effective dispersion of active metal particles. [34]. Spinels 

oxides can ōŜ ŎƭŀǎǎƛŦƛŜŘ ƛƴ άн-о ǎǇƛƴŜƭǎέ ό!2+B2
3+O4, such as MgAl2O4 spinel ς Fig. 4) and ƛƴ ά4-2 ǎǇƛƴŜƭǎέ 

(A4+B2
2+O4). [35]   

 

 

 

 

 

 

 

 

 

Among spinels, magnesium aluminate spinel (MgAl2O4) has been investigated for dry reforming thanks to its 

good chemical stability, thermal stability (melting temperature above 2000°C) and mechanical strength. 

Those characteristics, together with its basicity and its resistance to sintering, makes it a valid support for 

DRM process. [15] This spinel provides a strong metal-spinel interaction which causes partial insertion of Ni 

into the spinel and subsequent deformation of the lattice and formation of oxygen vacancies. This could be 

a promising scenario to discourage the oxidation of Ni, and to encourage at the same time the adsorption 

and dissociation of CO2 due to the presence of vacancies. [32]     

Figure 3- Schematic representation of spinel's unit cell, with 
cation A in a tetrahedral site and cation B in octahedral 
site[29] 

 

 

Figure 4- Schematic representation of 

MgAl2O4  [30] 
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To investigate further supports, perovskites represent a valid alternative. The term Perovskite was originally 

used to indicate the CaTiO3 mineral, which was discovered by Lev Sinovsky in 1839; subsequently a wide class 

of materials with the same crystal structure has been identified, and so the term άperovskiteέ ōŜŎŀƳŜ 

ƛƴǘŜǊŎƘŀƴƎŜŀōƭŜ ǿƛǘƘ άǇŜǊƻǾǎƪƛǘŜ ǎǘǊǳŎǘǳǊŜέ. Those compounds have a general formula ABX3, where A and B 

are cations, with cation A bigger in size than B, and the anion X either O, N, S, Te, Se, or a halide. 

Thanks to their peculiar structure, stable oxide perovskites can be obtained with 90% of metallic natural 

elements of the period table; this feature allows them to be used in a large variety of reactions, as supports 

or as catalysts.[36] Their peculiar crystal structure determines the coordination number of the cations, 

respectively 12 for cation A and 6 for B (Figs. 5 and 6). [37], [38] 

 

 

 

Figure 5- schematic representation of ABX3 perovskites [39] 

 

Ideally, perovskites have a cubic structure, where cation A is surrounded by 12 anions X and cation B 

surrounded by 6 X. The cubic unit of the structure has a B cation in the corner, coordinated with 6 oxygen 

atoms in an octahedra, and the center of the cube is occupied by an A cation. This structure can alternatively 

be viewed with A in the corner and B in the center of the cube.  

The ideal cubic structure can be distorted, depending on the radius of cations, giving most commonly 

orthorhombic or rhombohedral distortions; therefore a tolerance factor (ὸ) was defined by Goldschmidt to 

measure this deviation, reported in equation (6) . [2] 

ὸ ὶ ὶȾЍςὶ ὶ          (6) 

Figure 6- Schematic representation of oxide 
perovskite structure [31] 
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This formula is applicable at room temperature, and ὶ is the empirical ionic radius of the ion. The ideal cubic 

structure has a t factor of 1, but stable structures can be obtained with a t factor between 0.75 and 1. [36] 

Those compounds, in addition to having excellent thermal and redox stability, are materials with a flexible 

nature, both chemically, electronically and in terms of their crystal structure. This characteristic allows to 

tune the desired properties- such as photocatalytic activity, optical properties, ferroelectric properties, 

superconductivity, magnetic properties, mechanical and electrochemical properties. As for their 

disadvantages, they usually demand high calcination temperatures, resulting in low surface area values, 

usually around 10 m2/g. [2] Overall, the versatility of perovskites makes them interesting materials for 

catalyst design of various reactions- among them CO oxidation or NO reduction.  

Perovskites can extend their properties by doping, i.e. A and B cations can be partially substituted with other 

ions. [40], [41] The possibility to substitute the original ions with ions of different oxidation numbers 

(aliovalent doping) affects both catalytic activity and structure of the catalyst. Structural defects develop in 

the perovskite structure indeed, having an impact in both catalytic activity and oxygen mobility, caused by 

the non-stoichiometry of the doping. [36] In fact, substitution with a cation whose oxidation number is 

smaller than the original one leads to an excess of charge of oxygen that, not being anymore compensated, 

is partially released, forming oxygen vacancies. Those vacancies are very important in our process as they 

allow to coordinate molecules with oxygen terminal atoms and they increase the oxygen mobility of the 

catalyst, helping with coking gasification. [38] 

Among the perovskites studied as support for DRM there is CaZrO3. It was chosen due to its thermal stability 

and redox and acid-base properties. Having alkali metals as A cation increases the stability of the material as 

it decreases coke accumulation thanks to the increased CO2 chemisorption capacity, due to the metal's Lewis 

basicity. In addition, alkali metals promote catalyst reducibility, generating new active sites. [2] CaZrO3 has 

been investigated for steam reforming of methane, given its ability to improve coke gasification and enhance 

H2 yield when used as promoter. This is due to favorable water adsorption that leads to water dissociation. 

As a matter of fact, CaZrO3 can create a great number of vacancies in H2 containing atmospheres, due to the 

reaction of the perovskite with H2 to create oxygen deficient perovskite. Then, water can adsorb on those 

vacancies and therefore react with the reduced oxygen deficient perovskite to give H2 and oxidized 

perovskite. [42], [43] As Dry Reforming of methane benefits as well from H2 reductive atmosphere and water 

production from reverse water gas shift reaction, this interesting properties of CaZrO3 can be applied also to 

our process, to have a stable catalyst with enhanced H2 production.    

Finally, another perovskite substrate was studied: LaFeO3. LaFeO3 is among the large common oxide 

perovskites that has an orthorhombic structure. It involves an FeO6 octahedral unit, where La cations are 

implanted among the octahedral units. Here, Fe3+ ions are positioned at the centers of slightly distorted Oнҍ 

https://www.sciencedirect.com/topics/materials-science/electrochemical-property
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octahedrals. [37] This support has, as the previous one, basic sites that favor CO2 adsorbtion. In addition to 

that, the support has great affinity towards NO, being as a matter of fact one of the perovskite catalysts for 

NO reduction. Among other lanthanum perovskites oxides that catalyze NO reduction, LaFeO3 was chosen 

for his stability at high temperatures in a reductive atmosphere: indeed, Fe3+ can be reduced only at very high 

temperatures. This allows the support to be stable in DRM conditions. [2], [44]  

 

 

1.4. Real application scenarios 

 

For industrial applications of this project, it is necessary to ensure a post-combustion CO2 source and a NO 

source. Usually, NOx coming out of combustion is around 150-1500 ppm, but nitric oxide is also produced in 

chemical processes (plastics, explosives...) using nitric acid or nitrates or nitrites, glass industry, metal surface 

treatment operations and nitric acid production (2-3% NOx). Largest NO emissions are found in flue gases of 

power plants (0.1% NO, 1-5% O2, 10-15% CO2) and in tail gases of nitric acid production plants (0.2-1% NO, 

2-3% O2). To ensure the flow of CO2 and NO, it is necessary to have two industrial plants in proximity, which 

can be problematic for the territory and the quality of life of the inhabitants close to the plants. Therefore, 

an alternative can be to fuel a DRM plant with a gas turbine. This represents an interesting way to provide 

energy, as they can be built in a few months and employ relatively little capital, as well as being adaptable in 

size. [6] In gas turbines, NO emissions are due to high flame temperatures that involve oxygen reaction with 

nitrogen present in air (thermal NO), hydrocarbons and N2 reaction (prompt NO)  or organic nitrogen 

compounds that oxidize to NO when burnt (fuel bound to nitrogen (FBN) NO). [45] 

Aside from the ecological side of the process, it is important to remember that this process would allow a 

double gain, given both the conversion of waste gasses, and the production of fuel with no CO2 net emission, 

as CO2 emissions are currently taxed due to their environmental impact. Taking a look at the efficiency of the 

process, gas turbines have net efficiencies of 30-40%, rising to 60% if heat recycling systems are used, 

compared with 46% and 60% for gas engines, which have much larger emissions. Furthermore, CO2 produced 

by nitric oxide reduction can be re-fluxed into the reactor to react via DRM, ensuring a complete conversion 

of CO2, and avoiding CO emission into the atmosphere.[46] 

Finally, we must remember that this process allows NO conversion via waste and greenhouse gasses, avoiding 

the employment of substances with a higher economic value, representing an alternative to current NO 

emission treatment with NH3. 
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1.5. Aim of this thesis 

 

In this thesis the aim is to investigate the coking problem of nickel based catalysts for dry reforming of 

methane, and to offer a solution ŜƳǇƭƻȅƛƴƎ ŎƻƪŜΩǎ ƻȄƛŘƛȊƛƴƎ ŀōƛƭƛǘȅ. To obtain stable and economic catalysts, 

different supports will be taken into consideration in order to determine which properties of the supports 

give stability and high catalytic activity to the process. Moreover, the type of coke produced during DRM will 

be related with the support, and to the easiness with which coke is removed by nitric oxide. 
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2. EXPERIMENTAL 

 

2.1. Catalyst preparation 

Catalysts were prepared via wet-chemical environmental-friendly synthesis, using water as solvent. In the 

first step the support was obtained, then nickel oxide nanoparticles were deposited in the second step. To 

obtain the active form of the catalyst, a reduction is needed, in order to reduce nickel oxide and obtain 

metallic nickel; this was carried out via a 5% H2 treatment.  

 

2.1.1. Supports   

Four different supports have been taken into consideration. 

Commercial ɾ-Al2O3 was used as first support (Merck,  99.95%) while the other three have been obtained 

via wet chemistry routes. 

The second support is a MgAl2O4 spinel-coated -ɹAl2O3. The spinel has been obtained via a coprecipitation 

synthesis, using precursors of the metals in stoichiometric amounts to obtain around 4 g of support. 

Precursors used were Mg(OH)2 (Sigma-Aldrich, 95%) and ɹ -Al2O3 (Merck,  99.95%). Mg(OH)2 precursor was 

dissolved in around 50 mL of H2O with stoichiometric quantity of HNO3 (65%, Sigma-Aldrich) to obtain the 

corresponding nitrate salt. Then, ɹ -Al2O3 was suspended in around 150 mL of H2O and added to the previous 

solution. The solution was heated at 80 °C overnight under stirring until complete evaporation, then the 

product was grinded, and a powder was obtained. The powder was then calcined at 900°C for 6 h to obtain 

the spinel-alumina phase. 

Finally, two perovskites have been synthetized via a citrate self-combustion route. [47]                        

Stoichiometric quantities of precursors of the metal cations were dissolved in around 50 mL of water H2O for 

each cation, and HNO3 was used to dissolve cations if needed. Then citric acid monohydrate (Sigma-Aldrich, 

җ ффΦл ҈) was dissolved in H2O and added to the solution of the cations in order to coordinate the cations as 

a complexing agent. The solution was then heated at 200°C under stirring conditions and basified with NH4OH 

(Sigma-Aldrich, 28-30%) drop by drop until pH 7-8. This pH allows citric acid to be completely deprotonated, 

so to better disperse homogeneously the metal cations. The solvent was evaporated until reaching a solution 

volume of around 100 mL of solution, then the solution was transferred in a metal becker for the gel 

formation and self-combustion. The gel was formed under 100 mL of total solution volume, and it is 

composed by a network of metal cations/metal nitrates linked with citrate ligands. The gel was dried 
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overnight at around 100°C and then heated at 300°C to obtain the self-combustion (due to the exothermic 

decomposition of NH4NO3, formed from the reaction between nitric acid and ammonia), which then causes 

the decomposition of all the gel organic content, with a development of gaseous products (CO2, H2O and 

NOx). A porous solid was formed after combustion, then this solid was grinded in order to obtain a powder 

which is finally calcined at the appropriate temperature to obtain the perovskite phase. CaZrO3 has been 

obtained starting from precursors ZrO(NO3)2 and Ca(CO3)2 (Sigma-Aldrich,  99%); minimum quantities of 

HNO3 were used to dissolve Ca(CO3)2. Citric acid was used in a molar ratio citric acid/total number of cations 

of 1.9, ratio optimized by the research group. Then the product was calcined in a muffle for 6 h at 1400°C 

(heating rate: 5 °C/min) to obtain minimum impurities.                                 

LaFeO3 was synthetized using La2O3 (Sigma-Aldrich,  99.9%), dissolved in H2O with the aid of HNO3, and 

Fe(NO3)3Ͻ9H2O (Sigma-Aldrich,  98%). Citric acid was used in a molar ratio citric acid/total number of cations 

of 1.1, ratio optimized by the research group for ferrites. The product was finally calcined in a muffle for 6 h 

at 800°C (heating rate: 5 °C/min) to obtain the final product. 

After calcination treatment, all solid samples obtained were grinded to obtain solid powders. The supports 

have been obtained with a yield of around 80-90%. 

 

2.1.2. Nickel oxide nanoparticles deposition 

Nickel oxide deposition has been obtained by a simple wet impregnation. Ni(NO3)2Ͻ6H2O has been used as 

precursor; stoichiometric amount of precursor was dissolved in around 20 mL of H2O and then added to the 

suspension of the specific support in water (around 50 mL), to obtain catalysts with a 13%w/w loading of 

metallic Nickel after H2-reductive treatment. All samples were dried at 80°C overnight under stirring 

conditions, then kept for 2 hours at 120°C and the solid obtained was grinded to powder. Finally, samples 

were calcined in a muffle furnace at 650°C for 6 hours (heating rate: 5°C/min).  

 

2.1.2. Reductive treatment 

To obtain the active form of the catalysts, a reductive treatment in 5% H2 flow in Ar or He was used to reduce 

NiO nanoparticles to Ni. The temperature for the reduction was chosen after H2-TPR experiments. The 

reduction treatment was carried out in situ before each DRM coupled with NO reduction catalytic test took 

place. 
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2.2. Characterization of samples 

 

X-ray powder diffraction (XRD) measurements were performed to identify the crystalline phases present in 

the samples, thanks to JCPDS database references for diffraction lines positions and intensity. A Bruker D8 

Advance diffractometer was employed, equipped with a Cu K source (ʇ=0.154 nm) and operating in Bragg-

Brentano geometry. XRD patterns were acquired in a нʻҐнл-80° range, with steps of 0.02° and well time of 

0.35 s. 

H2-temperature programmed reduction (TPR) was performed to determine the samples reducibility on a 

Micromeritics AutoChem II 2920 equipped with a TCD detector for H2 concentration monitoring. 50 mg of 

sample were heated up until 900 °C for all samples and 600°C for perovskites samples under a 50 mL/min 

flow of 5 vol% H2 in Ar, with a ramp of 10 °C/min.  

H2 pulsed-chemisorption was performed on all catalysts to determine Ni dispersion and average particles size 

after an in situ reductive treatment. The same instrument as for TPR was used. The following procedure was 

employed: first, about 50 mg of sample were reduced under 5 vol% H2 in Ar at 900 °C for NiO/Al2O3 and 

NiO/MgAl2O4-Al2O3 samples and at 600°C for the perovskite catalysts. Then catalysts were cooled down to 

40 °C in the same environment, and, finally, H2 was repeatedly pulsed at the same temperature for 20 times; 

the total amount of chemisorbed H2 was quantified through the TCD detector. 

N2 physisorption was carried out on a Micromeritics ASAP2020 analyser, to calculate the specific surface area 

(SSA) by means of the Brunauer-Emmett-Teller (BET) model. Samples were degassed at 300°C for 6 h under 

reduced pressure (around 0.013 mbar) before adsorption took place. Then, analysis was conducted at -196 

°C, collecting 80 points between at p/p0 = 0.002 and p/p0 = 1 (linear range of the adsorption isotherm).  

Scanning electron microscopy (SEM) images were acquired with a Zeiss SUPRA 40 V P microscope, setting the 

electron acceleration voltage at 5 or 10 kV. Energy-dispersive X-ray analysis (EDX) was coupled to SEM for 

elemental quantification, at 20 kV electron acceleration voltage, probing a large area of sample (rectangle of 

ƘǳƴŘǊŜŘǎ ƻŦ ˃Ƴ ŜŀŎƘ ǎƛŘŜ). 

X-ray photoelectron spectroscopy (XPS) was performed with a Thermo Scientific ES-CALAB QXi spectrometer, 

ŜƳǇƭƻȅƛƴƎ ŀ ƳƻƴƻŎƘǊƻƳŀǘƛȊŜŘ !ƭ Yʰ ǎƻǳǊŎŜ όƘ˄ Ґ мпусΦсу Ŝ±ύ ŀƴŘ ŀ ŎƘŀǊƎŜ ŎƻƳǇŜƴǎŀǘƛƻƴ ƎǳƴΦ {ǳǊǾŜȅ 

spectra were acquired at pass energy 100 eV, resolution 0.5 eV/step and dwell time 25 ms/step. Elemental 

quantification was carried by integration photopeaks after Shirley-type background subtraction. 
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2.3. Catalytic Tests 

 

2.3.1. Dry Reforming and Nitric Oxide reduction 

Dry reforming of methane coupled with nitric oxide reduction was performed on the four samples in a quartz 

tube fix bed reactor (ID 6 mm), loaded with about 50 mg of catalyst sandwiched between two quartz wools, 

with a thermocouple mounted upstream of the bed. The reaction mixture was composed of 5 vol% CH4, 5 

vol% CO2, 1 vol% NO and Ar, for a total flow rate of 100 mL/min and a GHSV of about 12000 h-1, depending 

on the catalyst. Further experiments were conducted using a reaction mixture of 25 vol% CH4, 25 vol% CO2, 

1 vol% NO and Ar, for a total flow rate of 100 mL/min. Before the catalytic experiments, a reductive treatment 

was performed to obtain the active form of the catalysts, using a 5% H2 flow in Ar and increasing the 

temperature until 900°C for Al2O3 based samples and 600°C for perovskites samples, as suggested by TPR 

measurements, with a ramp of 10 °C/min. Then catalytic measurements were conducted at 750 °C. The 

reaction mixture was analyzed by an on-line Agilent Technologies 7890A gas-chromatograph, equipped with 

a TCD detector; a condenser to trap the generated water was employed between the reactor and the GC. 

 

2.3.2. O2-TPO  

Temperature-programmed oxidation was conducted in order to examine the quantity and type of coke that 

deposits onto the catalyst during the catalytic tests. Around 25 mg of post-reaction catalysts was loaded 

between two quartz wools into a quartz tube reactor coupled with a thermocouple, as done in the catalytic 

tests before. A flow of 5% O2 in He, for a total flow rate of 100mL/min, was used to carry out TPO 

measurements, and the temperature was increased in a ramp from room temperature to 900°C (ramp of 10 

°C/min) and then decreased at 10°C/min. The reaction mixture was analyzed by an on-line Agilent 

Technologies 7890A gas-chromatograph, equipped with a TCD detector; a condenser to trap the generated 

water was employed between the reactor and the GC.    

 

2.3.3. NO-TPO 

Temperature-programmed oxidation was carried out in order to understand how NO can remove the carbon 

formed that deposits onto the catalyst during the catalytic tests. Around 20 mg of post-reaction catalysts was 

loaded between two quartz wools into a quartz tube reactor coupled with a thermocouple, as done in the 

catalytic tests before. A flow of 5% NO in Ar, for a total flow rate of 100mL/min, was used to carry out TPO 
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measurements, while the temperature was increased in a ramp from room temperature to 750°C (ramp of 

10 °C/min) and then kept at 750°C for 2 hours. The reaction mixture was analyzed by an on-line Agilent 

Technologies 7890A gas-chromatograph, equipped with a TCD detector; a condenser to trap the generated 

water was employed between the reactor and the GC.    
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3. PHYSICOCHEMICAL CHARACTERIZATION 

3.1. Characterization of calcined catalysts 

3.1.1. XRD results 

 

XRD is a helpful technique that allows do identify crystalline phases of the bulk. XRD patterns of the four 

calcined catalysts are here reported; for each catalyst both the support and the post impregnation sample 

have been characterized. All graphs, showing comparison among different samples, report normalized 

intensities of XRD patterns. 

 

1 - NiO/Al2O3 

  

 

 Al2O3 

 NiO 

Figure 7-·w5 ǇŀǘǘŜǊƴ ƻŦ ǘƘŜ ʴ-Al2O support (black)  and of the post-impregnation (red) catalyst 

 

XRD patterns of the first support and impregnated catalyst are reported in figure 7Φ ¢ƘŜ ǎǳǇǇƻǊǘ ʴ-Al2O3 is 

present in the catalyst after impregnation; however, there is a slight anticipation of its reflexes, which is clear 

ƛƴ ǘƘŜ ǊŜŦƭŜȄ ŀǘ нʻҐ стΣмϲ ƻŦ !ƭ2O3 ǘƘŀǘ ǎƘƛŦǘǎ ǘƻ нʻҐ ссΣфϲ ŀŦǘŜǊ ƛƳǇǊŜƎƴŀǘƛƻƴ ŀƴŘ ŎŀƭŎƛƴŀǘƛƻƴΦ ¢Ƙƛǎ ƳƛƎƘǘ ōŜ 

due to the presence of NiAl2O4 spinel, that can easily be formed during calcination [30]. However, from XRD 

pattern its presence is not clear as its reflexes are hindered by Al2O3 broad reflexes. So, further analysis will 

be performed in order to understand if the spinel is present (see chapter 3.1.6.).  
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2 - NiO/MgAl2O4-Al2O3 

 

 

 

 

 

 

 

 

 

In figure 8 XRD patterns of our second support MgAl2O4 and NiO/MgAl2O4-Al2O3 catalysts are shown. The 

support has broad peaks due to the overlap of different crystalline phases, in particular MgAl2O4 and Al2O3. 

The presence of both phases can be seen by looking at the very broad peak at нʻҐ с5,3°-67,8°, where the 

reflexes of the two compounds are more separate; moreover, the presence of both also accounts for the 

asymmetry of the reflexes at нʻҐ45° and нʻҐ60°. We can clearly see the presence of NiO in the impregnated 

catalyst thanks to its characteristic peaks, while NiAl2O4 that could be formed during calcination have peaks 

that would overlap with both MgAl2O4 and Al2O3, so further experiments are needed (see chapter 3.1.4.). 

 

3 - NiO/CaZrO3 
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Figure 8- XRD pattern of the MgAl2O4-Al2O3 support (black) and of the post-impregnation catalyst (red) 

Figure 9- XRD pattern of the CaZrO3 support (black) and of the post-impregnation catalyst (red) 
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XRD pattern of the third support (Figure 9) shows the perovskite CaZrO3. The perovskite phase was present, 

with little traces of ZrO2 impurities that can be seen zooming at around 2̒=30°, as showed in figure 10. The 

perovskite has an orthorhombic structure, as seen by XRD peaks; this structure is the stable perovskite 

structure for the calcination temperature chosen (1400°C), while after 1900°C cubic structure is formed.[48] 

After impregnation, NiO was clearly seen at нʻҐ37,3° and нʻҐ47,3°. 

 

4 - NiO/LaFeO3 

 
 

  

 LaFeO3 

 NiO 

 

 ZrO2 

  

Figure 10- Zoom of the XRD pattern in the range нʻ =28-34° of the MgAl2O4-Al2O3 support (black) and of the post-impregnation 
catalyst (red) 
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Figure 11- XRD pattern of the LaFeO3 support (black) and of the post-impregnation catalyst (red) 
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In figure 11, our last support LaFeO3 and the catalyst NiO/LaFeO3 after calcination, are compared. The 

perovskite LaFeO3 is the only crystalline phase present in the support and it has an orthorhombic structure, 

as expected. [49]  NiO broad peaks appear clearly after impregnation and calcination, and no modification of 

the perovskite support was observed.  

 

3.1.2. N2 PHYSISORPTION 

N2 physisorption allows to measure porosity; it is an important parameter as pores increase the surface area 

of the catalyst, which can improve the catalytic performance as reactants can adsorb both on the outer-

surface of the sample and on its pores. [38] Physisorption isotherms were measured by degassing the 

samples to remove volatiles (300°C, 6h), then nitrogen was fluxed to ensure absorption at liquid nitrogen 

temperature (77K). The quantity of gas adsorbed (mmol/g) was plotted against the equilibrium relative 

pressure p/p0, where p0 is the saturation pressure of the pure adsorptive at the operational temperature.[50] 

The so obtained isotherms are showed below: 
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Figure 12- N2 adsorbtion-desorption isotherm of NiO/Al2O3 

 

Figure 13- N2 adsorbtion-desorption isotherm of NiO/MgAl2O4-Al2O3 
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Figure 14- N2 adsorbtion-desorption isotherm of NiO/CaZrO3 Figure 15- N2 adsorbtion-desorption isotherm of NiO/LaFeO3 

The linear plot of the physisorption isotherm was interpreted through the 1985 IUPAC classification. [50] 

Al2O3 based samples showed isotherms with a shape between isotherm type II and IVa (figures 12 and 13). 

The catalyst is thus characterized by the behavior of mesoporous material and a macroporous or nonporous 

porosity, which causes the amount of adsorbate to change to infinity at p=p0. The hysteresis loop is a mix of 

type H1, i.e. associated with materials with uniform mesopores within a narrow range. On the other hand, 

perovskites samples (figures 14 and 15) showed type III isotherm, that accounts for macroporous/ nonporous 

porosity, and a hysteresis loop H1 type due to the mesoporosity of the materials. 

Thanks to Brunauer-Emmett Teller method (BET), an estimation of the values of the surface area of the 

different samples can be made, and is reported below in table 1 below: 

 

Table 1-Post-impregnation catalysts have been analyzed by calculating BET surface areas via N2-physisorption measurements  

 

Sample BET surface area (m2/g) 

NiO/Al2O3 104.6794 

NiO/MgAl2O4 61.5471 

NiO/CaZrO3 3.0267 

NiO/LaFeO3 6.3601 
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Samples show different values of surface area based on the properties of the material and synthesis 

conditions. As NiO deposition was done with the same synthesis conditions (13%w/w, 650°C, 6h), it is the 

differences among the supports of the catalysts that cause the difference of values in surface area. 

Commercial Al2O3 support showed the higher surface area, that diminished at around half its value when 

coated with MgAl2O4, which needed and additional calcination treatment at 900°C, with consequent 

sintering. Perovskites samples showed the lower values of surface area, as expected [2]. CaZrO3 perovskite 

needed high temperature of calcination (1400°C) to obtain low amounts of ZrO2 impurities, so surface area 

is the lowest due to sintering of the support. LaFeO3 perovskite, on the other hand, was obtained as pure 

crystalline phase using a calcination temperature of 900°C, that allowed to obtain higher surface areas 

(double with respect to CaZrO3). 

Moreover, N2 physisorption gives information about the pore size distribution of the different materials via 

the Barrett, Joyner, and Halenda method (BJH), based on the physisorption equilibrium isotherms. [51] BJH 

method utilize the Kelvin equation under the assumption of having an equilibrium between the gas phase 

and the adsorbed phase during desorption, determined by two mechanisms: physical adsorption of N2 

molecules on the pore walls and capillary condensation in the inner capillary volumes.  Kelvin equation (7) 

relates vapor pressure depression to capillary radius, allowing to have a relationship between the volume of 

the capillary condensate and the relative pressure: [52] 

 

ÌÏÇὖȾὖέ  ς„ὠȾψȢσρφzρπz ςȢσπσὝὶὯ    (7) 

 

With „ the surface tension of liquid nitrogen, ὠ the liquid molar volume of nitrogen, ὶὯ the radius of capillary 

in cm and Ὕ the absolute temperature in K. 

 

In the following figures (16-19) desorption isotherms were used for BJH analysis. 
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Figure 16- Pore distribution on NiO/Al2O3 

 

  

 

 

 

Figure 18- Pore distribution on NiO/CaZrO3 

 

Figure 19- Pore distribution on NiO/LaFeO3 

 

 

The pores are mainly distributed for NiO/MgAl2O4-Al2O3 in peaks between 3 and 4 nm and between 4 and 6 

nm pore width and for NiO/Al2O3 around 3.5 nm and between 4 and 9 nm. Being the pore width distribution 

between 2 and 50 nm, those catalysts are mesoporous materials. [53] 

Perovskites samples have bigger and fewer pores than the alumina-based samples, and overall, less porosity. 

Pore volume is two order of magnitude NiO/CaZrO3 have a more varied pore size distribution, mainly before 

2 and after 6 nm; this variety in its morphology is also appreciable in SEM images of the catalyst. NiO/LaFeO3 

catalyst have its pore size distribution mainly after 10 nm of pore width, and pore volume double than 

NiO/CaZrO3, in accordance with their surface area values. 
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Figure 17- Pore distribution on NiO/MgAl2O4 -Al2O3 
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3.1.3. SEM/EDX 

SEM coupled with EDX was performed on the 4 supports and on the respective post-nickel impregnation 

catalysts: Al2O3, NiO/Al2O3, MgAl2O4-Al2O3, NiO/ MgAl2O4-Al2O3, CaZrO3, NiO/CaZrO3, LaFeO3, NiO/LaFeO3. 

Here, in figures 20-35, SEM images are reported to investigate the morphology of the samples, while EDX 

results can provide the compositions of the post-impregnation catalysts with a depth of hundreds of nm.   

Figure 20- SEM image of Al2O3 at 5000x magnification Figure 21- SEM image of Al2O3 at 25000x magnification  

  

Figure 22- SEM image of NiO/Al2O3 at 5000x magnification  Figure 23- SEM image of NiO/Al2O3 at 25000x magnification  
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Figure 24- SEM image of MgAl2O4-Al2O3 at 5000x 
magnification  

Figure 25- SEM image of MgAl2O4-Al2O3 at 25000x 
magnification  

  

Figure 26- SEM image of NiO/MgAl2O4-Al2O3 at 5000x 

magnification  

Figure 27- SEM image of NiO/MgAl2O4-Al2O3 at 25000x 

magnification  

  

Figure 28 - SEM image of CaZrO3 at 5000x magnification  Figure 29 - SEM image of CaZrO3 at 25000x magnification  
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Figure 30 - SEM image of NiO/CaZrO3 at 5000x magnification  Figure 31 - SEM image of NiO/CaZrO3 at 25000x magnification  

  

Figure 32 - SEM image of LaFeO3 at 5000x magnification Figure 33 - SEM image of LaFeO3 at 25000x magnification 

  

Figure 34 - SEM image of NiO/LaFeO3 at 5000x magnification Figure 35 - SEM image of NiO/LaFeO3 at 5000x magnification 

 

 
 

From SEM images analysis no particular information was retrieved about the morphologies of the samples, 

while EDX measurements allowed to analyze the compositions of the materials with a depth of around 
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hundreds of nm. At this depth, the element quantification is ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ŀƴ ŀƭƳƻǎǘ άōǳƭƪέ ŎƻƳǇƻǎƛǘƛƻƴ- 

so to say that the compositions obtained are not strictly bulk compositions, but are representative of a much 

higher depth than XPS compositions. 

EDX measurement were made on post-impregnation catalysts to study their composition and compare EDX 

results with nominal results expected, calculated using the stoichiometry employed during the synthesis. 

Results are shown in table 2 below:  

 

Table 2- EDX elemental quantifications are here reported, calculated without considering the oxygen content, by analyzing square 

areas of around 400-500 ˃ m of samples. Post-impregnation catalysts are taken into consideration, and EDX results are compared with 

nominal compositions based on the employed stoichiometry.  

 

Atomic Composition (at. %) 

Sample Analysis Ni Al Mg Ca Zr La Fe 

NiO/Al2O3 Nominal 16.9 83.1      

 EDX 22.9 77.1      

NiO/MgAl2O4-Al2O3 Nominal 11.1 73.5 15.4     

 EDX 12.3 76.4 11.3     

NiO/CaZrO3 Nominal 15.8   42.1 42.1   

 EDX 23.8   37.9 38.3   

NiO/LaFeO3 Nominal 20.8     39.6 39.6 

 EDX 24.4     36.7 38.9 

 

 

The table shows a good accordance between expected compositions and EDX results for almost all samples. 

However, Ni atomic compositions are in general higher than the theoretical ones. This might be due to the 

impregnation synthesis used to deposit nickel onto the supports; however more information will be gained 

by comparing EDX results and XPS compositions in chapter 3.1.6, in order to understand how the elements 

are distributed in the bulk and surface of the catalysts. 
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EDX atomic ratios obtained on both supports and post-impregnation catalysts are compared in table 3, in 

order to understand if the support composition changed with impregnation.  

 

Table 3- EDX elemental quantifications are here reported as ratio of cations of the support, calculated without considering the oxygen 

content, by analyzing square areas of around 400-500 ˃ m. Both supports, post-impregnation and post-reduction catalysts have been 

taken into consideration. ɾ-Al2O3 wasnΩǘ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ǘƘŜ ǎǳǇǇƻǊǘ Ƙŀǎ ƻƴƭȅ ƻƴŜ ŎŀǘƛƻƴΦ 

 

                                                           Atomic Composition (at. %) 

Sample Al/Mg Ca/Zr La/Fe 

MgAl2O4-Al2O3 8.3   

NiO/MgAl2O4-Al2O3 6.8   

Ni/MgAl2O4-Al2O3 7.0   

CaZrO3  0.9  

NiO/CaZrO3  1.0  

Ni/CaZrO3  1.0  

LaFeO3   1.0 

NiO/LaFeO3   0.9 

Ni/LaFeO3   1.1 

 

 

The ratio among the cations is kept almost constant after impregnation of Ni. Only Al/Mg ratio in 

NiO/MgAl2O4-Al2O3 catalyst slightly differs from the ratio measured for MgAl2O4-Al2O3 support; this might be 

due to the migration of ions that happens during calcination, when the support is modified to form NiAl2O4 

spinel (see chapter 3.1.1. and 3.1.4.) 

 

3.1.4. H2-temperature programmed reduction (H2-TPR) and XRD patterns of the 

reduced catalysts 

H2-TPR experiments were conducted on all post-impregnation catalysts in order to study the reducibility of 

nickel oxide particles; a gas mixture of 5% H2/Ar and a temperature ramp from 25°C to 900°C at 10°C/min 

were employed. Hydrogen consumption was measured by TCD detector, and the data achieved allowed to 

measure the quantity of H2 consumed by the catalysts to be in their active phase. Moreover, XRD patterns of 
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the post-reduction catalysts will be gained to obtain information about the catalysts in their active phase; 

their XRD pattern will be showed together with the calcined catalysts, i.e. the catalysts before the reductive 

treatment. 

 

1 - NiO/Al2O3 

 

 

  

NiO/ ɹ -Al2O3 exhibited 2 reduction peaks at 400 °C and 700 °C (figure 36). The first reduction peak is to be 

ŀǘǘǊƛōǳǘŜŘ ǘƻ bƛh ǿŜŀƪƭȅ ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ ʴ-Al2O3. The second peak has the maximum at 700°C and a shoulder 

at 780°C. This peak at high temperatures is due to a strong interaction of Nickel and alumina, while the 

shoulder at reduction temperatures above 700°C is probably due to the formation of NiAl2O4 spinel, as 

reported in literature. [54]ς[56] As a matter of fact, -ɹAl2O3 is prone to the formation of the nickel spinel, as 

at high calcination temperatures nickel ions gain sufficient energy to integrate in the alumina lattice to 

produce the spinel. [30] 

After H2-TPR, XRD analysis was made to see the crystalline phases present in the post reduction sample.  The 

XRD pattern of the post reduction catalysts is shown in the graph below, together with the pre-reduction 

catalyst (post-calcination NiO/Al2O3) (figure 37): 

Figure 36- H2-TPR experiment on NiO/Al2O3 
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 Al2O3 

 NiO 

 Ni 

 

XRD pattern show that all NiO phase is completely transformed into metallic Ni due to H2 reduction. No 

information could be retrieved about the presence or the reduction of NiAl2O4 spinel due to its peak positions 

that overlap with Ni, NiO and Al2O3 peaks; so further analysis will be needed (see XPS analysis, chapter 3.1.6.)   

 

2 - NiO/MgAl2O4-Al2O3 

   

 

 

 

 

 

 

 

 

 
Figure 38- H2-TPR experiment on NiO/MgAl2O4-Al2O3 

Figure 37- XRD pattern of NiO/Al2O3 catalyst post-calcination (red) and post-reduction (black) 
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For NiO/MgAl2O4-Al2O3 (figure 38), a first peak at around 400°C was detected, due to surface NiO weakly 

interacting with MgAl2O4, as for the previous catalyst. A second and a third peak were detected respectively 

at 700°C and 800°C. High reduction temperatures are due to spinels strongly interacting with Nickel particles. 

The second peak is very broad and has a left shoulder before 600°C, and a right shoulder at around 746°C, 

suggesting different strength of interaction. Among the peaks between 600°C and 800°C, nickel could enter 

into the magnesium aluminum spinel to form nickel aluminum spinel. To investigate this possibility, XRD of 

the reduced sample was analyzed in the graph below (figure 39):  

 

  

 

 

 Al2O3 

 MgAl2O4 

 NiO 

 Ni 

 NiAl2O4 

Figure 39 - XRD pattern of NiO/MgAl2O4-Al2O3 catalyst post-calcination (red) and post-reduction (black) 

 

XRD pattern of the post-calcination and post-reduction catalyst showed differences in the peak at around 

2ʃ= 66°. The broad peak is symmetric in NiO/MgAl2O4-Al2O3, and has the contribution of MgAl2O4-Al2O3, Al2O3 

and possibly NiAl2O4 reflexes. When the catalyst is reduced, we can see a significant change in shape of the 

peak, that accounts for the loss of a contribution in its left shoulder.  At this 2ʃ, the latter contribution is most 

probably due to the presence of the spinel, that can be reduced (totally or partially) during the reductive 

treatment to gain the active phase of the catalyst. {ǇƛƴŜƭΩǎ ǇŜŀƪǎ ŀǊŜ ŀƭǿŀȅǎ ōŜǘǿŜŜƴ MgAl2O4-Al2O3 and 

Al2O3 ǇŜŀƪǎΣ ǘƘŀǘΩǎ ǿƘȅ ƛǘΩǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ǎŜŜ ƛǘǎ ǇǊŜǎŜƴŎŜ L ǘƘŜ ƻǘƘŜǊ ǇŜŀƪǎ ƻŦ ǘƘŜ ǇŀǘǘŜǊƴΦ Apart from this, XRD 

analysis shows complete reduction of crystalline NiO to Ni.  
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3 - NiO/CaZrO3 

 

 

 

 

 

 

 

 

 

 

 

For NiO/CaZrO3 (figure 40), a peak around 400°C was detected, that is NiO weakly interacting with the 

surface. The shoulder at 500°C is due to more strongly interacting nickel with the perovskite. [57] 

 

 

 

 

 

 

 

                    

 

 

 

 CaZrO3  

 NiO 

 Ni 

Figure 40- H2-TPR experiment on NiO/CaZrO3 (until 900°C) 

 

Figure 41 - XRD pattern of NiO/ CaZrO3 catalyst post-calcination (red) and post-
reduction treatment (black) (until 900°C) 
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After reduction treatment (figure 41), the XRD pattern indicates that all NiO was converted to metallic Ni. As 

NiO reduction is completed before 600°C, another H2-TPR experiment was made heating the sample from 

room temperature to 600°C with a heating rate of 10°/min. Obtaining the reduced form of the catalyst at 

lower temperature is beneficial both to avoid sintering of the sample and to lower the energetic cost of the 

ŎŀǘŀƭȅǎǘΩǎ ǇǊŜǇŀǊŀǘƛƻƴΦ !ŦǘŜǊ ǘƘƛǎ ƳƛƭŘŜǊ ǊŜŘǳŎǘƛƻƴ ǘǊŜŀǘƳŜƴǘΣ ·w5 was made to verify the complete 

conversion of NiO to Ni; complete reduction of NiO was confirmed by XRD pattern (see Appendix 6.1.).  

 

  4 - NiO/LaFeO3 

 

 

 

 

 

 

 

 

 

 

 

Finally, NiO/LaFeO3 reducibility was studied and is compared with that of the support in figure 42. A broad 

peak with maximum at 400°C and a shoulder at 500°C was seen, due respectively to NiO weakly interacting 

and more strongly interacting with the perovskite. Then, from 750°C, perovskite reduction took place. The 

partial reduction of the perovskite explains the formation of La2O3 seen from XRD pattern of the reduced 

catalyst (figure 43). [58]  

It is possible to see a slight shift of ǇŜǊƻǾǎƪƛǘŜΩǎ reduction temperatures between NiO/LaFeO3 and LaFeO3: 

LaFeO3 shows later reduction temperatures, as can be seen by the starting temperature of the peak at 600°C 

and 800°C respect to NiO/LaFeO3. Higher reduction temperatures may be attributed to a bigger dimension 

of the particles. [59] 

Figure 42- H2-TPR experiment on NiO/LaFeO3 (black) compared to LaFeO3 (red) 
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Finally, XRD measurements were made to evaluate the crystalline phases of the reduced catalyst, and to 

compare them with the post-impregnation one (figure 43). 

 

Metallic nickel can be seen in the reduced catalyst, while no nickel oxide was detected, confirming total Ni 

reduction after the treatments. Apart from the perovskite support, La2O3 is present in the XRD pattern, 

accounting for perovskite instability in the reductive atmosphere at high temperatures. When the perovskite 

is reduced, La2O3 and Fe are obtained. However, Fe is more difficult to see, as its reflexes overlap with those 

of nickel. Therefore, to detect the presence of Fe, a zoom in the XRD pattern of the reduced catalyst is 

needed, as shown below (figure 44): 
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 La2O3 

 Fe 

 

Figure 43- XRD pattern of NiO/LaFeO3 catalyst post-calcination (red) and post-reduction treatment (black) (until 
900°C) 
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 Ni 

 Fe 

 

Fe presence can be seen in particular at 2ʃҐрмϲΣ ǘƘŀƴƪǎ ǘƻ ǘƘŜ ǎƘƻǳƭŘŜǊ ǇǊŜǎŜƴǘ ŀǘ ǘƘŜ ƭŜŦǘ ƻŦ ƴƛŎƪŜƭΩǎ ǇŜŀƪΦ 

To evaluate whether nickel oxide is completely reduced after the peak at 600°C, a TPR treatment was carried 

out reaching a maximum temperature of 600°C.  The reduced catalyst was then studied via XRD 

measurements (figure 45): 

 
 

 LaFeO3 

 NiO 

 Ni 

 

 
Figure 45- XRD pattern of NiO/LaFeO3 catalyst post-calcination (black) and post-reduction treatment (red) 

(until 600°C) 
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Figure 44 -Zoom of XRD pattern of Ni/LaFeO3 (reduction treatment up to 900°C) 
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XRD pattern of the reduced and post-impregnation catalyst show the complete reduction of NiO with a 

reductive treatment at 600°C (figure 45). No La2O3 was detected by XRD, due to the milder conditions of 

reduction that allow to keep the perovskite structure intact. However, as seen in H2-TPR measurements 

(figure 42), LaFeO3 is slightly reduced under 600°C. Under H2 flow, Fe cations can exit from the perovskite 

structure, forming perovskites sub-stoichiometric in iron, with the latter that can either form iron oxides or  

be reduced to its metallic phase, as reported in literature. [60] Thanks to an analysis of nickel reflexes in 

Ni/LaFeO3 pattern, metallic Fe can be detected, as seen in figure 46 below:   

 

  

 Ni 

 Fe 

 

Metallic Fe is particularly visible thanks to the asymmetry of the peak at 2ʃ=52° and to the contribution on 

ǘƘŜ ƭŜŦǘ ƻŦ bƛΩǎ ǇŜŀƪ ŀǘ нʻҐ44.3°. 

In conclusion, complete reduction of crystalline NiO to Ni was observed in all samples.  

In order to evaluate whether NiII was completely reduced in TPR measurements, the quantity of H2 used in 

the experiments was used to calculate the amount of NiII reduced, and compared to the theoretical quantity 

of nickel deposited onto the catalysts during the synthesis. In order to obtain this information, the following 

reaction (8) was considered: 

 

ὔὭὕὌ  O ὔὭὌὕ     (8) 
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Figure 46-Zoom of XRD pattern of Ni/LaFeO3 (reduction treatment up to 600°C) 
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The acquired data are summarized in table 4 below: 

 

Table 4- H2 quantity (cm3/g) employed in TPR measurements and evaluation of the experimental quantity of NiO reduced, the 

theoretical quantity of NiO present in each sample and the percentage of NiO reduced in each sample 

Sample Quantity H2 (cm3/g) mNiO/ g mNiO calculated/g %NiO reduced 

NiO/Al2O3 39.08 0.13 0.16 79.83 

NiO/MgAl2O4-Al2O3 45.41 0.15 0.17 91.39 

NiO/CaZrO3 54.76 0.18 0.17 110.34 

NiO/LaFeO3 55.72 0.19 0.17 109.33 
 

 

The table shows that in alumina-based samples NiO was partially reduced, around 80% and 90% for 

respectively Al2O3 and MgAl2O4-Al2O3 support. This might be due to the presence of the spinel NiAl2O4, which 

needs high temperatures to be reduced. However, this difference could be also due to Ni strongly interacting 

with the support, ǘƘŀǘ ŘƻŜǎƴΩǘ ƴŜŎŜǎǎŀǊƛƭȅ ŜƴǘŜǊ ƛƴ ǘƘŜ ǎǳǇǇƻǊǘΩǎ ǎǘǊǳŎǘǳǊe to form the spinel. [61], [62]  

Perovskites samples showed instead over 100% nickel oxide reduction; this might be due to the presence of 

other reducible species present in the samples. H2-TPR results suggested that the supports were either stable 

in reductive atmosphere, as for CaZrO3, or the quantity of H2 consumed by the perovskite support had already 

been subtracted for the H2 consumed by the sample, as for LaFeO3. So, it most probably Ni that consumes all 

the detected H2. This might be explained with Ni being present after impregnation in a higher oxidation state 

than Ni2+. Nickel could be in its Ni3+ oxidation state at the interface with perovskites, as has been hypothesized 

before in literature for nickel at the interface with oxygen rich environments, such as perovskites. [63] 

 

Finally, reduced catalysts were studied to gain information about the average Ni crystallite size, calculated 

ǳǎƛƴƎ {ŎƘŜǊǊŜǊΩǎ Ŝǉǳŀǘƛƻƴ from their XRD pattern; Ni average crystallite size was then compared to NiO 

crystallite size, evaluated thanks to the post-impregnation XRD patterns of the samples. 

For each sample, the average crystallite size was calculated via Scherrer equation (9):  

ὒ
Ͻ

Ͻ
     (9) 
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Where ὒ is the crystallite size (nm), ὑ a constant related to the crystallite shape (a value of 0.89 assuming a 

spherical shape was used), ‗ the radiation wavelength (0.154 nm for Cu Kh), ‍ the full width at half maximum 

(FWHM) of the most intense reflection. ‍ was calculated using the reflection at ς—= 43.2° for NiO 

calculations, and ς—= 44.3° for Ni. The obtained results are reported in Table 5. 

 

Table 5- NiO and Ni dimension for each sample, evaluated via Scherrer's equation 

Support L
NiO

 (nm) L
Ni

 (nm) 

Al
2
O

3
 10.7 12.9 

MgAl
2
O

4
-Al

2
O

3
 10.6 16.1 

CaZrO
3
 23.9 37.6 

LaFeO
3
 10.5 19.8 

 

Crystallite size shows bigger crystallites dimension for Ni than NiO, due to the reducing treatment at high 

temperature that causes the sintering of the particles. Moreover, while NiO crystallite size are almost the 

same for all catalysts except NiO/CaZrO3, Ni crystallite size shows an increase in crystallite size in perovskite-

based samples, that are characterized with a weaker interaction with NiO particles, as seen in H2-TPR 

experiments in this chapter. 

 

3.1.5. H2-Pulsed Chemisorption  

Nickel dispersion and nickel particle size was calculated by H2-Pulsed Chemisorption. The amount of H2 

chemisorbed was evaluated from the area under the experimental curves. A model for spherical particles 

was used in order to evaluate the dispersion and size of nickel nanoparticles, under the assumption of having 

spherical nanoparticles and of the nature of the crystal planes exposed on the metal surface and of having 1 

hydrogen atom adsorbed by each metallic surface atom. [64]  The following equation (10) was used to 

evaluate nickel dispersion: 

ὈϷ Ͻ Ͻρππ = Ͻρππ    (10) 

 Where Ὄ is the total amount of chemisorbed hydrogen atoms (experimentally quantified from 

chemisorption peaks integration), ὓ the total amount of metal atoms (known from the synthesis), ‌ the 
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number of surface metallic atoms and ‌ =  the chemisorption stoichiometric factor, i.e. the number of 

adsorbed hydrogen atoms per surface metallic atom. ‌ is here assumed to be 1, as reported by Bartholomew 

et al in their H2 chemisorption studies on Al2O3 and SiO2. [65]  

Nickel average particle size was then evaluated via the following equation (11): 

Ὠ ὲά  
Ͻ

ϽϽϽ
     (11) 

Where φ is a factor derived from the ratio volume/area of the nanoparticles ( ), ὓὡ is the molecular 

weight (58.71 for nickel), Ὀ is the distribution in %, „ is the atomic cross- sectional area (0.0649 nm² for 

nickel), ” is the (8.9 g/cm3 for nickel) and ὔ  is the Avogadro number.  

Ni Dispersion and its average particle size are reported for each sample below in table 6 below: 

 

Table 6- Nickel Dispersion and Nickel average particle size for all samples 

Sample 
Metal Dispersion 

(%) 
Active particle size 

(nm) 

Ni/Al
2
O

3
 0.31% 327 

Ni/MgAl
2
O

4
-Al

2
O

3
 0.36% 279 

Ni/CaZrO
3
 1.66% 61 

Ni/LaFeO
3
 0.26% 390 

 

Nickel particles are estimated to have dimensions in the range of 200-300 hundred of nanometers for all 

samples except Ni/CaZrO3. In those samples, nickel has smaller dimension for alumina-based catalysts, due 

to the strong interaction between the metal and the support. Smaller nickel particles have been found for 

Ni/MgAl2O4-Al2O3 (279 nm), followed by Ni/Al2O3 (327 nm), as suggested in H2-TPR experiments by the 

reduction temperatures, that accounted for the strength of the metal-support interaction in the samples (see 

chapter 3.1.4.).  Ni/LaFeO3 shows bigger particle dimension (390 nm), which is due to the low interaction of 

NiO with the support (see chapter 3.1.4.). However, this trend is not followed by NiO/CaZrO3, which has the 

smallest particle dimension, despite being the support with the weaker interaction with NiO particles (see 

H2-TPR results). The latter result could not be rationalize comparing it with the results obtained by the other 

experiments, not being in accordance with H2-TPR, XRD and XPS data acquired to characterize nickel species 

in the samples. This might be due to the model employed to obtain the dispersion and particle size dimension, 
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that was used under different assumptions such as of having spherical particles, having 1 hydrogen atom 

adsorbed by each nickel atom and of having only hydrogen chemisorption due to the nickel present in the 

samples. [64]   

 

3.1.6 XPS 

XPS was employed at first for semi-quantitative surface compositions analysis of the reduced catalysts: 

Ni/Al2O3, Ni/MgAl2O4-Al2O3, Ni/CaZrO3, Ni/LaFeO3. This analysis allows to investigate the composition of the 

first 5-10 nm in depth of the catalysts; XPS compositions can be compared to the nominal values and to EDX 

results, that account for an ŀƭƳƻǎǘ άōǳƭƪέ compositions- i.e. EDX is able to investigate around 1 ˃ m depth. A 

graphical visualization of this comparison is given by figures 47ς50 below.  

XPS analysis ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ ƛƴǘŜƎǊŀǘƛƴƎ Ƴŀƛƴ ŜƭŜƳŜƴǘǎΩ ǇƘƻǘƻǇŜŀƪǎ ŀƴd using the sensitivity factor 

implemented in the XPS software-which accounts for the ionization cross-section, i.e. the probability, that 

depends on a series of parameters such as the specific orbital.  Prior to that, a Shirley type background was 

made. Obtained atomic compositions are shown in the table below: 

Table 7-XPS (5-мл ƴƳ ŘŜǇǘƘύ ŀƴŘ 95· όҒ 1 ˃ m depth) elemental quantifications for each metal, calculated without considering the 

oxygen content are here reported together with the nominal values, based on sample stoichiometry. Note: for EDX, the analyzed areas 

are squares of 400-500 ˃ m side. 

        Atomic Composition (at. %) 

Sample Analysis Ni Al Mg Ca Zr La Fe 

 Nominal 16.9 83.1      

Ni/Al2O3 EDX 16.1 83.9      

 XPS 6.3 93.7      

 Nominal 11.1 73.5 15. 4     

Ni/MgAl2O4-Al2O3 EDX 21.7 68.5 9.8     

 XPS 7.0 83.9 9.1     

 Nominal 15.8   42.1 42.1   

Ni/CaZrO3 EDX 23.8   37.6 38.6   

 XPS 42.2   39.5 18.2   

 Nominal 20.8     39.6 39.6 

Ni/LaFeO3 EDX 25.1     38.9 36.0 

 XPS 52.9     27.4 19.7 
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Figure 48- Comparison between XPS, EDX and nominal compositions in atomic percentage for 
each metal for Ni/MgAl2O4-Al2O3 sample 

 

Figure 47- Comparison between XPS, EDX and nominal compositions in atomic percentage for 
each metal for Ni/Al2O3 sample 
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The results above allow several considerations about the catalysts. First of all, it shows that nickel distribution 

in the surface and bulk of the catalysts is different in alumina-based catalysts and in perovskites catalysts. 

Perovskites catalysts show that nickel is more present at the surface than in the bulk, as nickel atomic 

composition is double in XPS results compared to EDX data. Nominal compositions are lower than EDX 

compositions (as EDX - with its 1˃ m analysis depth - accounts for compositions that are mediated between 

bulk compositions and surface compositions); these results support the hypothesis that Ni is prevalent on 
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Figure 49- Comparison between XPS, EDX and nominal compositions in atomic percentage for 
each metal for Ni/CaZrO3 sample 

 

Figure 50- Comparison between XPS, EDX and nominal compositions in atomic percentage for each 
metal for Ni/LaFeO3 sample 
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surface as is expected because the synthesis chosen is an impregnation method, which deposits nickel onto 

the surface of the supports. However, this changes with alumina-based catalysts, where Ni XPS derived 

compositions are less than half of Ni EDX compositions. This presence of nickel in deeper levels of the 

catalysts can be explained with the diffusion of nickel atoms into the structure of the support, to give nickel-

based spinel NiAl2O4, that is in agreement with XRD and XPS analysis (see below).  

In both perovskites catalysts, XPS results show a difference in A and B cations concentrations: in Ni/CaZrO3, 

Zr is present in lower concentrations then Ca (Ca% 2 Zr%), while in Ni/LaFeO3, La XPS concentration was 

around 2/3 of Fe concentration. EDX atomic compositions show, on the other hand, a good accordance 

between the two cations compositions, as expected by the nominal values. This might be explained with a 

surface migration of the ions Ca and La respectively, that most probably form oxygen-rich species such as 

oxides, hydroxides or carbonates species.  

 XPS detailed spectra of the main regions have been acquired to improve information about the oxidation 

state of the elements distributed on the surface of the samples. 

At first, XPS detailed spectra of Ni2p was acquired for all reduced catalysts, to investigate the surface species 

present in the catalysts. 

 

Figure 51- Detailed XPS spectra of Ni 2p photopeak for Ni/Al2O3 sample 

 

From Ni 2p photopeak it is possible to see the presence of two contributions: metallic nickel at 852.9 eV, as 

expected, and a NiII specie contribution at 855.3 eV. The latter specie was attributed as nickel hydroxide for 
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both its binding energy position and peak shape (see figure 52), as expected for impregnated nickel 

nanoparticles after reduction. [66] The presence of this specie is probably due to metallic nickel that is 

oxidized back when put in contact with the air. This explains why Ni(OH)2 is visible in the XPS spectra and not 

by XRD measurements, as only the most superficial layers of metallic Ni are oxidized back. However, this 

phenomenon ǿƻƴΩǘ ŎƻƴŎŜǊƴ ǘƘŜ ŎŀǘŀƭȅǘƛŎ ŀŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ, as catalysts will be reduced and then 

directly tested for catalytic activity using the same apparatus, in order to avoid the oxygen-containing 

atmosphere of the air.  

Moreover, it is possible to gain additional information about nickel species by comparing Ni photopeak with 

reference Ni and Ni(OH)2 photopeaks, showed in figures 52 and 53 below: 

  

Figure 52- Detailed reference XPS spectra of Ni 2p photopeaks for 
Ni(OH)2 [67] 

Figure 53- Detailed reference XPS spectra of Ni 2p photopeaks 
for Ni0 [67] 

 

By comparing Ni photopeak with the reference peaks (figure 52-53), it is evident that an added contribution 

around 858.1 eV is present in the spectra. This contribution can be centered at around 858.1 eV, and it 

accounts for the presence of a NiII specie besides Ni(OH)2 , that is in agreement with how expected for this 

element in NiAl2O4 spinel. To verify this hypothesis, Al 2p photopeaks were acquired (see after), and revealed 

ǘƘŜ ǎǇƛƴŜƭΩǎ ǇǊŜǎŜƴŎŜ. This contribution can be attributed to NiAl2O4 spinel, thanks to comparison with 

literature and in agreement with what suggested by TPR results. [68]  

Ni/MgAl2O4-Al2O3 was analyzed as well with a Ni 2p scan to study the nickel species present in the surface of 

the reduced catalyst (figure 54): 
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The reduced sample showed the presence of Ni0 and NiII species at respectively 852.8 eV and 855.7 eV. NiII 

specie has been attributed as before to Ni(OH)2, present after reduction treatment because of the re-

oxidation of the nickel particles when the sample is air exposed. By comparing Ni 2p photopeak with 

reference Ni0 and Ni(OH)2 photopeaks (figures 52-53), it appears that an additional NiII contribution is present 

in the sample, as for the sample before. This contribution at around 858.1 eV can be attributed to the spinel, 

as expected from literature and TPR results. 

 

Ni in perovskites samples was studied as well, and Ni 2p and Ni 3p scans were obtained and analyzed. Ni was 

analyzed in Ni/CaZrO3 sample via a Ni 2p scan, while NiO/LaFeO3 was analyzed with Ni 3p detailed spectra 

due to the interferences of La 3d in Ni 2p region. Ni/CaZrO3 Ni 2p scan is reported in figure 55 below:  

  

 

Figure 54- Detailed XPS spectra of Ni 2p photopeak for Ni/MgAl2O4-Al2O3 sample 
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Figure 55 - Detailed XPS spectra of Ni 2p photopeak for Ni/CaZrO3 sample  

 

Ni/CaZrO3 showed the presence of both metallic Ni (852.6 eV) and Ni(OH)2  (855.3 eV). As for the other 

samples, while Ni is expected after the reductive treatment in 5% H2/Ar, Ni(OH)2 detected by XPS analysis is 

due to partial re-oxidation of Ni particles due to air exposure after the treatment. However, re-oxidation is 

expected to affect only the most superficial layers of nickel particles, as being the layers in contact with air; 

no crystalline bulk Ni(OH)2 was detected by XRD results (see chapter 3.1.4.). 

Finally, Ni 3p scan was obtained for Ni/LaFeO3 catalyst (figure 56):   

 

               Figure 56 - Detailed XPS spectra of Ni 3p photopeak for Ni/LaFeO3 sample 
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Ni peak was detected in the scan, as well as a contribution at around 68 eV, that was attributed to Ni(OH)2 

as for the samples above.  

In conclusion, all reduced samples showed Ni presence in their surface, and a Ni(OH)2 contribution that is 

due to air exposure after the reductive treatment. However, re-oxidation of the catalyst is supposed to affect 

only the outer layers of nickel particles, as suggested by the absence of Ni(OH)2 in XRD patterns of the 

reduced catalysts in chapter 3.1.4.. Moreover, catalysts will be reduced and then directly tested for catalytic 

activity, therefore avoiding air exposure that could compromise their activity. 

 

Also the other spectral regions of the have been acquired to obtain information about the surface species 

present in the samples.  

Detailed Al 2p, Mg 1s, Ca 2p, Zr 3d, La 3d and Fe 2p scans have been obtained for the respective reduced 

catalysts, and are shown below in figures 57-63:  

 

  

Figure 57 - Detailed XPS spectra of Al 2p photopeak for Ni/Al2O3 

sample 

Figure 58- Detailed XPS spectra of Al 2p photopeak for 

Ni/MgAl2O4-Al2O3 sample 
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Figure 59- Detailed XPS spectra of Mg 1s photopeak for 

Ni/MgAl2O4-Al2O3 sample 

Figure 60- Detailed XPS spectra of Ca 2p photopeak for 

Ni/CaZrO3 sample 

  

Figure 61- Detailed XPS spectra of Zr 3d photopeak for 

Ni/CaZrO3 sample 

Figure 62 - Detailed XPS spectra of La 3d photopeak for 

Ni/LaFeO3 sample 

  

Figure 63- Detailed XPS spectra of Fe 2p photopeak for 

Ni/LaFeO3 sample 
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The detailed spectra acquired above have showed the expected photopeaks characteristic for the elements 

of the supports in their typical oxidation states. Al 2p scan shows in Ni/Al2O3 sample a clear contribution to 

Al2O3 peak (74.1 eV) of NiAl2O4 spinel in the shoulder at 74.7 eV. In Ni/MgAl2O4-Al2O3 catalyst, Al peak 

broadens due to MgAl2O4 spinel contribution at the left of NiAl2O4 spinel (around 75.4 eV), as shown in 

literature. [69] A part from the confirmation of the expected oxidation states for the atoms of the support, 

Mg 1s scan has showed the presence of a peak at 1303 eV which is attributed to Mg0; this is due to the 

exchange of Mg2+ ions of the spinel phase by Ni2+, as previously seen in literature for catalysts with high nickel 

loadings. [70] For perovskite catalysts, the expected oxidations states of the metal cations in the perovskite 

phases were observe(Ca2+, Zr4+, La3+, Fe3+), as well as a contribution of Fe0 to Fe2+ peak visible at 707 eV, in 

accordance with post-reduction XRD results. [57], [71] 
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4. CATALYTIC ACTIVITY 

 

4.1. Dry Reforming of Methane and Nitric Oxide Reduction: First tests (5% CH4, 5% 

CO2, 1% NO) 

Dry Reforming of Methane and Nitric Oxide Reduction catalytic tests were made over all samples. Catalytic 

activity was tested after a pre-reductive treatment in 5% H2/Ar flow in temperature ramp (10°C/min, from 

room temperature to 900°C for alumina-based catalysts and to 600°C for perovskites-based catalysts, as 

suggested by H2 -TPR experiments in chapter 3.1.5.)  After this step, temperature was decreased until 300-

100°C and then gas flow was changed with a gas mixture of 5% CH4, 5% CO2, 1% NO and Ar, and temperature 

risen until 750°C. Catalytic activity was measured thanks to conversion percentages of reactants and yields 

obtained from percentages of the gas detected after the reactor. Moreover, XRD and XPS data of the spent 

catalysts were collected to evaluate how the catalysts changed during the catalytic process. 

 

1 - NiO/Al2O3 

The first catalyst tested was NiO/Al2O3 the temperature was increased from 300°C at a heating rate of 

10°C/min and then kept constant at 750°C. Conversions and yield data are reported in the graphs below 

(figures 64 and 65, respectively): 

 

Figure 64- CH4 and CO2 conversions vs time measured for NiO/Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 360 

minutes 
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Figure 65- CO yield vs time measured for NiO/Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 360 minutes 

 

The catalyst shows high conversion rates for both CO2 and CH4. CH4 shows comparable conversion to CO2 in 

the first 160 minutes, with CH4 conversion slightly higher than CO2 one. This might be due also to NO that 

can react with CH4 of the reaction mixture. As a matter of fact, NO was not detected by TCD detector, 

therefore suggesting total NO conversion due to reaction with the gas mixture, prior to coking formation. To 

verify this hypothesis, NO concentration in the gas mixture was changed from 1% to 1.5% after 160 minutes; 

subsequently CH4 conversion increased of around 1% and CO2 conversion diminished of around 4,5%. NO 

takes part in reactions (12) and (13) below: 

 

 

 

bh ǊŜŘǳŎǘƛƻƴ ǿƛǘƘ /h Ŏŀƴ ōŜ ŎƻƴŦƛǊƳŜŘ ōȅ /hΩǎ ȅƛŜƭŘ ǘƘŀǘ ŘŜŎǊŜŀǎŜǎ ǿƘŜƴ bh concentration is increased, as 

shown in figure 65. The change in CO concentration has an impact on DRM reaction (1) and reverse water-

gas shift reaction (2), resulting in a change in methane and carbon dioxide conversions.  

 XRD pattern of the spent catalyst was acquired and is shown in the pattern below (figure 66), together with 

the post-impregnation and post-reaction catalyst for comparison (figure 67): 
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From the XRD patterns it is possible to see that the catalyst during the reaction is partially oxidized. By 

comparing the post-reaction XRD pattern in figure 66 and the post-reduction catalyst Ni/Al2O3 in figure 67, it 

is evident that a part of Ni is oxidized back to its oxide form NiO after the reaction. The oxidation of Ni can 

ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ bhΩǎ ƻȄƛŘŀǘƛǾŜ ǇƻǿŜǊ, as seen in chapter 1.2.. No crystalline coke was detected after the 

process, so dry reforming of methane reaction was tested for the same time on the same catalyst to 

understand if coke was formed and removed by NO or if ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ǘƘŜ ǇǊƻŎŜǎǎ ŘƛŘƴΩǘ ŀƭƭƻǿ ŎƻƪŜ 

deposition. 

  

 

 

 Al2O3 

 NiO 

 Ni 

 

Figure 66 - XRD pattern of post-reaction NiO/Al2O3 catalyst  

  

Figure 67 - XRD pattern of NiO/Al2O3 catalyst post-calcination (red) and post-reduction (black)  
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Conversions and yield are reported in the graphs below (figures 68 and 69, respectively): 

 

Figure 68- CH4 and CO2 conversions vs time measured for NiO/Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2 for 360 minutes 

 

Figure 69- CO yield vs time measured for NiO/Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2 for 360 minutes 

 

DRM showed comparable activity to DRM and nitric oxide reduction process. CH4 conversion was slightly 

higher; this might be due to more metallic Ni that avoids oxidation due to NO presence, so Ni is more present 

in its active form, which is key for CH4 conversion. CO2 conversion values are equivalent in the two processes, 
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while DRM has a slightly lower CO yield, that can be influenced by the reverse gas-shift reaction and will have 

an impact on the total H2/CO ratio.  

The spent catalyst was analyzed via XRD pattern to investigate the presence of deposited carbon. XRD pattern 

of the spent post dry reforming reaction NiO/Al2O3 is shown below: 

 

 

After DRM, the catalyst showed Al2O3 and Ni typical peaks, as shown in the figure above. NiO was not 

detected after the process, therefore confirming that nickel oxidation occurred in the previous test due to 

NO oxidizing ability (see figures 66-67). In order to understand if NO oxidation of the catalyst can be 

influenced by the temperature at which the reaction mixture is injected, further experiments will be carried 

out to understand how to preserve the catalyst in its active phase. No carbon was detected as well by XRD 

pattern, so in conclusion the conditions (time, temperature, and reactant concentrations) were not enough 

for coking. Consequently, the next experiments will be conducted for a larger period of time (15h), keeping 

temperature and the reactant gasses the same as before. Moreover, the temperature of injection of the 

reaction mixture was changed as well, being lowered from 250° C to 100° C. 

NiO/Al2O3 tested for 15 hours for dry reforming of methane coupling with nitric oxide reduction gave the 

conversions and yield data reported in the graphs below (figures 71 and 72, respectively): 
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Figure 70 - XRD pattern of post-reaction NiO/Al2O3 catalyst  
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Figure 71- CH4 and CO2 conversions vs time measured for NiO/Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 900 

minutes 

 

Figure 72- CO yield vs time measured for NiO/Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 900 minutes 
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experiments the gas mixture was injected at 250°C (after the pre-reduction treatment), in this experiment 

the mixture was injected at 100°C. As NO has a strong oxidative power that can oxidize nickel particles into 

their inactive form NiO, the difference of the graphs in the two experiments could be due to a deactivation 

of the catalyst due to nickel oxidation, that is most severe when NO is injected at lower temperatures (100°C). 

This can be confirmed by the XRD pattern of the spent catalyst, which is shown in figure 73. Having observed 

the relevance of the injection temperature on the results, further studies have been carried out to evaluate 

the more adequate conditions for catalytic activity investigation.  

As expected, the XRD pattern shows almost no metallic nickel left, as it was converted to NiO. Al2O3 support 

ǿŀǎƴΩǘ ƳƻŘƛŦƛŜŘ, instead. In order to gain more information about the difference in the experiment, XRD 

pattern comparing Al2O3, the post-calcination catalyst NiO/Al2O3, the post-reduction catalyst Ni/Al2O3, DRM 

spent catalysts and the catalyst spent after DRM and NO reduction process for 15 hours were compared and 

plotted in the graph below (figure 74):  
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Figure 73 - XRD pattern of post-reaction NiO/Al2O3 catalyst  
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 NiO  NiAl2O4 

Figure 74 - XRD pattern of normalized post-reaction Al2O3, NiO/Al2O3, Ni/Al2O3, post-DRM 

reaction NiO/Al2O3 and post-DRM and NO reduction (DRMNO) reaction NiO/Al2O3 catalysts 

 

 

In the graph above, nickel and nickel oxide presence in the post-reaction catalysts can be well visualized. 

5wa ŘƻŜǎƴΩǘ ƻȄƛŘƛȊŜ ƴƛŎƪŜƭ ǇŀǊǘƛŎƭŜ ƛƴ ǘƘŜ ǎǘǳŘƛŜŘ ǇǊƻŎŜǎǎΣ ǿƘƛƭŜ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ bh ƛƴ ǘƘŜ ƻǘƘŜǊ catalytic 

tests lead to nickel oxidation to NiO. Moreover, NiAl2O4 can be seen thanks to the peak at around нʻҐ67°. 

This peak has both Al2O3 and the spinel contribution, however, the form of the peak changes in the different 

samples, showing the spinel presence in certain cases. Al2O3 peak is asymmetric but quite sharp in alumina 

sample, and a contribution can be seen at the left of the peak center (2 =̒67°) when nickel oxide is deposited, 

at around нʻҐ66°. This contribution is the spinel that forms during the calcination of the sample, causing a 

moderate lift in the peak center position. Then, after reduction, the peak center is again at н ̒value of Al2O3, 

suggesting for a reduction on the spinel; however, the reduction of the spinel could be only partial as 

suggested by TPR results (see chapter 3.1.4.), so XPS experiments will be carried out to gain more information 

(see below). Finally, Al2O3 peak at нʻҐст.2° can be seen shifting again towards lower н ̒values (2ʃ=66.4°C) 

for the catalyst after DRM and nitric oxide reduction. The major shift could be attributed to the presence of 

a new specie, that forms during the process. This could be due to transformation of ɹ - Al2O3 to -ɻAl2O3, that 

is expected at 750°C as reported in literature. [72] 

Finally, XPS experiments were carried out to study surface of the post-reaction samples. Ni 2p detailed 

spectra were acquired to investigate the evolution of the nickel species present in the alumina samples, while 

C 1s detailed spectra were acquired to verify the absence of deposited carbon- as suggested by XRD results. 
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 Ni 2p detailed scan were acquired for post-calcination catalyst NiO/Al2O3, post-reduction catalyst Ni/Al2O3, 

DRM spent catalysts and the catalysts after DRM and NO reduction process for 6 and 15 hours, as shown 

below (figure 75): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison among the different catalysts allowed to see the increase in NiO contribution with the hours of 

exposure to nitric oxide gas. The post-reaction catalyst NiO/Al2O3 after DRM and nitric oxide reduction 

process for 15 hours showed complete oxidation of nickel to nickel oxide, confirming the results obtained 

with XRD analysis above. 

At last, C1s detailed scan were acquired for post-calcination catalyst NiO/Al2O3, post-reduction catalyst 

Ni/Al2O3, DRM spent catalysts and the catalysts after DRM and NO reduction process for 6 and 15 hours, as 

shown below (figure 76): 
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Figure 75 - Detailed XPS spectra of normalized Ni 2p photopeak for Ni/ Al2O3, NiO/ Al2O3, spent NiO/  Al2O3 after 
DRM, spent NiO/  Al2O3 after DRM and nitric oxide reduction process for 6 and 15 hours samples 
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Figure 76 - Detailed XPS spectra of normalized C 1s photopeak for Ni/ Al2O3, NiO/ Al2O3, spent NiO/  Al2O3 after DRM, spent NiO/  
Al2O3 after DRM and nitric oxide reduction process for 6 and 15 hours samples 

 

The graph shows the presence of adventitious carbon at 284.8 eV for all samples, therefore confirming the 

presence of adventitious carbon as main surface carbon specie for all samples.  Only sample NiO/Al2O3 after 

DRM reaction showed an additional contribution, visible in the shoulder at the right of the peak. To better 

investigate this contribution, NiO/Al2O3 after DRM was plotted with NiO/Al2O3 peak in figure 77 below: 
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Figure 77 - Detailed XPS spectra of normalized C 1s photopeak for NiO/ Al2O3(black) spent NiO/  Al2O3 after DRM (blue) samples 

From figure 77 it is possible to see a difference in the peak shape in the two samples: while NiO/Al2O3 shows 

the typical asymmetric shape of adventitious carbon, NiO/Al2O3 after DRM shows a symmetrical peak with a 

contribution around 284 eV that could be due to a small quantity of carbon that deposits on the catalyst 

during DRM. However, due to the little contribution of the deposited carbon to the adventitious carbon peak, 

the precise peak position could not be determined, and consequently no additional information was gained 

about the specie of carbon deposited. Therefore, catalytic tests with different reaction conditions will be 

needed to allow proper carbon deposition and determine its nature by XPS and XRD measurements (see 

after). 

 

2 - NiO/MgAl2O4- Al2O3 

NiO/MgAl2O4- Al2O3 catalyst was then analyzed, keeping the reaction conditions specified above (15 hours 

tests) in order to compare the catalytic activity among the different samples. Obtained conversions and yields 

are plotted against time in the graphs below (figures 78 and 79): 
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Figure 78- CH4 and CO2 conversions vs time measured for NiO/ MgAl2O4-Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% 

NO for 900 minutes 

 

 

Figure 79- CO yield vs time measured for NiO/MgAl2O4-Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 900 minutes 
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The graph showed higher CO2 conversion compared to CH4 conversion, as expected for a catalyst with a 

support characterized by basic properties (see chapter 1.3.1.). Catalytic activity showed a broader range of 

stability then NiO/Al2O3 catalyst, with CO2 and CH4 conversions and CO yield being stable between 100 and 

200 minutes. Finally, while CO2 conversion trend is coherent with CO yield, methane keeps being converted 

even when no CO is anymore produces. This could be due to NO reaction with CH4, as reported in literature 

and seen above. [18] 

Finally, spent catalyst was analyzed via XRD technique, and compared to the support peaks as well as the 

peaks of the post-calcination and post-reduction catalyst for a better attribution of crystalline phases. 

 

 

Figure 80 - XRD pattern of normalized Al2O3, MgAl2O4-Al2O3, NiO/MgAl2O4-Al2O3, Ni/MgAl2O4-

Al2O3 and post-reaction NiO/MgAl2O4-Al2O3 
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XRD analysis (figure 80) allowed to see the presence of nickel oxide after the reaction, with only a small peak 

present for the remained nickel at around 63°. The support showed a change in the form of the peak centered 

at around 2ʃ=66°. This peak has a visible contribution of MgAl2O4 spinel on the left, and Al2O3 on the right, 

as for the other samples NiO/MgAl2O4-Al2O3 and Ni/MgAl2O4-Al2O3. However, the peak drastically changed 

among the samples. While MgAl2O4-Al2O3 shown an asymmetric peak with a smaller contribution of the 

MgAl2O4 spinel respect to Al2O3 contribution, visible in the difference of height between the left and right 

part of the peak, this changed after NiO calcination. An added contribution to the left of the peak makes the 

peak symmetric; this contribution is due to the nickel spinel that forms during calcination as for the NiO/Al2O3 

catalyst. After reduction, the peak shape changes again, losing its nickel-spinel contribution (due to nickel 

reduction to its metallic form) and re-gaining its asymmetric shape. Finally, the post-reaction catalyst shows 

a different peak form, that has a contribution of a specie at lower 2̒ values. This can be attribute to the 

partial transformation of ɹ-Al2O3 into ɻ -Al2O3, as for the previous catalyst. 

 

3- NiO/CaZrO3 

NiO/CaZrO3 was tested for dry reforming of methane coupled with nitric oxide reduction with using the same 

conditions of the previous catalysts. CO2 and CH4 conversions are plotted below against time, as well as CO 

yield (figures 81 and 82, respectively). 

 

Figure 81- CH4 and CO2 conversions vs time measured for NiO/CaZrO3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 

900 minutes 
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Figure 82- CO yield vs time measured for NiO/Al2O3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 900 minutes 

 

NiO/CaZrO3 is characterized by low and unstable activity. Initially there was an increase in CO2 and CH4 

conversions, but no CO was detected. This might be due to the production of very little CO quantity, that 

reacts with NO to re-obtain CO2 gas. Then, between 100 and 160 minutes, CO2 and CH4 conversions are 

ǊŜǎǇŜŎǘƛǾŜƭȅ ŀǊƻǳƴŘ р҈ ŀƴŘ мл҈Σ ƭŜŀŘƛƴƎ ǘƻ /hΩǎ ȅƛŜƭŘ ƛƴ ŀ ǊŀƴƎŜ ƻŦ нΦпс-0.57%. Part of CO can react with 

NO, therefore causing lower CO concentrations than expected. After this period of time, CO2 and CH4 

conversions are steady and respectively around 2% and 5% value, but no CO was detected in the remaining 

time on stream. This could be explained as a reaction between methane and NO to give CO2, so that no CO 

would be produced, but CH4 could react with NO explaining its conversion values, giving CO2 as product. This 

would explain as well CO2 lower conversions compared to methane. 

XRD pattern of the spent catalyst was then obtained and shown in figure 83, together with the post-

calcination and post-reduction XRD patterns of the catalyst (figure 84): 
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 CaZrO3  
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Figure 83 - XRD pattern of post-reaction NiO/CaZrO3 catalyst  

  

Figure 84- XRD pattern of NiO/ CaZrO3 catalyst post-calcination (red) and post-reduction treatment (black) (until 900°C) 

 

Ni/CaZrO3 shows, after reaction, complete oxidation of nickel from its metallic active form after the reduction 

treatment (Ni/CaZrO3 in figure 84) to its oxide form post-reaction (figure 83). Therefore, after the reaction 

the catalyst goes back in its oxidized form, as it is before the reduction treatments (NiO/CaZrO3 in figure 84). 

This might be due to both the low metal support interaction of nickel particles with the perovskite support 

(see chapter 3.1.4.) and to the inability of the support to protect nickel particles from nitric oxide oxidizing 

power. 
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4- NiO/LaFeO3 

NiO/LaFeO3 was finally tested for DRM process coupled with nitric oxide reduction. Graphs of CH4 and CO2 

conversions and CO yield are shown below (figure 85 and 86): 

 

Figure 85- CH4 and CO2 conversions vs time measured for NiO/LaFeO3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 

900 minutes 

 

 

Figure 86- CO yield vs time measured for NiO/LaFeO3 at 750°C under gas stream of 5% CH4, 5% CO2, 1% NO for 900 minutes 
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Tests revealed the best catalytic activity for this catalyst compared to the other samples. High and stable 

conversions around 90% were achieved during the 15 hours of tests. The stability of NiO/LaFeO3 is 

guaranteed by LaFeO3 support, which protects nickel particles from NO oxidation by making two NO 

molecules react to form N2, as explained in chapter 1.3.2..  

XRD pattern of the spent catalyst was then obtained to verify the catalyst stability (figure 86), and compared 

with the post-calcination and post-reduction pattern (figure 87): 
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                                Figure 87- XRD pattern of post-reaction NiO/LaFeO3 catalyst  

  

Figure 88- XRD pattern of NiO/LaFeO3 catalyst post-calcination (black) and post-reduction treatment (red) (until 600°C) 
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XRD pattern of the spent catalyst (figure 87) showed nickel oxide presence, contrary on the predictions on 

finding nickel in its active metal form, as suggested by its catalytic activity (figures 85-86). However, 

considering the high and stable activity showed by the process, nickel must be present in its metallic form in 

the sample; nickel could be present in amorphous or highly distributed form, therefore not detectable by 

XRD technique. No coke was identified in the pattern of the spent catalyst, therefore suggesting- as for the 

other samples- the need of higher gas reactant concentrations to study coking phenomena. 

 

4.2. Dry Reforming of Methane and Nitric Oxide Reduction: Second tests (25% CH4, 

25% CO2, 1% NO) 

 

Catalytic activity was finally measured for all samples using a gas mixture with higher methane and carbon 

dioxide concentrations in order to promote carbon deposition onto the catalysts. A gas mixture made of 25% 

CH4, 25% CO2, 1% NO and 49% Ar was chosen for the tests. 

CO2 and CH4 conversions are reported below in graphs conversion versus time as for the first catalytic tests, 

while CO was not possible to be quantified due to lack of high concentration gas cylinder of CO for instrument 

calibration. Moreover, XRD patterns of the spent catalysts were acquired together with XPS data to evaluate 

catalystsΩ deactivation during the process. 

 

4.2.1. Catalytic activity: Conversions and XRD analysis of the spent catalyst 

 

1 - NiO/Al2O3 

The first catalyst was tested for DRM coupled with NO reduction process; CO2 and CH4 conversions are 

plotted against time in graph 89 below: 
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Figure 89- CH4 and CO2 conversions vs time measured for NiO/Al2O3 at 750°C under gas stream of 25% CH4, 25% CO2, 1% NO for 

900 minutes 

 

High and stable conversions were obtained by this catalyst, that were around 93% for CO2 and 94% for CH4. 

At the beginning of the experiment, high CO2 conversions were achieved, while CH4 arrived at his maximum 

activity after 200 minutes of reaction, probably due to the presence of nickel in a non-active form, like NiAl2O4 

or Ni strongly interacting with the support. In the course of reaction, as H2 develops during the process, nickel 

can be reduced in its active metal form. CO2 conversions, on the other hand, slightly diminished until 200 

minutes of reaction, passing from around 96% to 93%; this might me explained with a contribution to CO2 

concentrations due to both CO disproportionation reaction (4) and nitric oxide reaction with coke (5) that 

give CO2 as product, therefore causing higher CO2 concentrations in the reaction mixture. 

XRD pattern of the spent catalyst is shown below in figure 90, together with the post-calcination and post-

reduction XRD patterns of the catalyst (figure 91): 
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Figure 90 - XRD pattern of post-reaction NiO/Al2O3 catalyst  

  

Figure 91 - XRD pattern of NiO/Al2O3 catalyst post-calcination (red) and post-reduction (black) 

 

XRD pattern of the spent catalyst showed a relevant carbon deposition in form of graphite. Ni is present in 

its active metallic form, however little bƛh ƛǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǇŀǘǘŜǊƴΣ ǘƘƻǳƎƘ ƛǘ ŘƻŜǎƴΩǘ ŎŀǳǎŜ ŀŎǘƛǾƛǘȅ ǇǊƻōƭŜƳǎ, 

as can be deduced from the stability of the conversions. ɾ-Al2O3 support was not modified during the 

reaction. NiAl2O4 spinel was not detected by XRD analysis, probably because in the course of the reaction 

part of H2 can reduce NiII of NiAl2O4 to its metallic form. Finally, SiO2 impurities were found due the 

contamination of the sample with the quartz wool used in the experiment (see chapter 2.4.2.) 
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2 - NiO/MgAl2O4- Al2O3 

NiO/MgAl2O4- Al2O3 was then tested for the process. CO2 and CH4 conversions are shown in the graph below 

(figure 92): 

 

Figure 92- CH4 and CO2 conversions vs time measured for NiO/CaZrO3 at 750°C under gas stream of 25% CH4, 25% CO2, 1% NO for 

900 minutes 

 

Conversion graph showed high CO2 and CH4 conversions. CO2 conversion was higher than CH4 thanks to the 

basicity of the support, as for the first catalytic test (see chapter 4.1.). This was the best catalyst for CO2 

conversion, with its 97% of constant conversion. CH4 conversion, on the other hand, slightly diminished in 

the course of 15 hours, passing from around 88% to 82%. This might be due to nickel deactivation during the 

course of reaction due to sintering and coking.  

The spent catalyst was studied via XRD measurements, as shown below (figure 93), together with the post-

calcination and post-reduction XRD patterns of the catalyst (figure 94): 
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Figure 93 - XRD pattern of post-reaction NiO/MgAl2O4-Al2O3 catalyst  
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Figure 94 - XRD pattern of NiO/MgAl2O4-Al2O3 catalyst post-calcination (red) and post-reduction (black) 

 

XRD pattern revealed the presence of graphitic carbon as for the previous sample; nickel was present in its 

metallic form and no nickel oxide was detected. No nickel spinel was detected, being probably reduced by H2 

produced in the process, while the support stayed for the rest unaltered.  
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3- NiO/CaZrO3 

NiO/CaZrO3 catalyst was tested for the catalytic process, but no CO was detected during the process. Being 

catalytically inactive, NiO/CaZrO3 ŎƻƴǾŜǊǎƛƻƴ ƎǊŀǇƘǎ ǿƻƴΩǘ ōŜ reported. 

XRD pattern of the spent catalyst was acquired below, shown in figure 95 together with the post-calcination 

and post-reduction XRD patterns of the catalyst of figure 96:  

  

Figure 95 - XRD pattern of post-reaction NiO/CaZrO3 catalyst  
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Figure 96- XRD pattern of NiO/CaZrO3 catalyst post-calcination (black) and post-reduction treatment (red) (until 600°C) 
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Sample showed complete nickel oxidation after the process; this is in accordance with NiO/CaZrO3 very low 

catalytic activity. Even if conditions were less oxidizing than in the first catalytic tests (chapter 4.1.), this 

perovskite was not a good support for nickel particles in this process, probably due to both the low metal-

support interaction and the lack of protection of the particles from NO. Therefore, no carbon was deposited 

during the process as nickel was deactivated by oxidation before carbon deposition could happen.  

 

4- NiO/LaFeO3 

At last, NiO/LaFeO3 catalyst was tested. Its conversion percentages are shown in the graph below (figure 97):  

 

Figure 97- CH4 and CO2 conversions vs time measured for NiO/LaFeO3 at 750°C under gas stream of 25% CH4, 25% CO2, 1% NO for 

900 minutes 

 

NiO/LaFeO3 sample showed high CO2 conversion around 91% at the beginning of the reaction, that then 

diminishes until 83% at the end of the process. CH4 conversions started from 55% and then decreased until 

44%, with a sudden increase at around 516 minutes. This sudden increase might be due to an instrumental 

error related to the gas concentrations streamed into the reactor. Comparing the activity recorded in this 

test and the one with 1/5 of reactant percentage (chapter 4.1.), it appears that the catalyst doesnΩǘ ƘŀǾŜ ǘƘŜ 

same stability of conversions in the studied range of time as in the test before. Conversions slowly decrease 

as time passes for this support, different from alumina-ōŀǎŜŘ ŎŀǘŀƭȅǎǘǎΩ behavior. This might be due to the 
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weaker metal support interaction of nickel particles in the perovskite catalyst, which will be more sensitive 

to sintering and coking during the reaction, leading to a slow decrease in catalytic activity. It is important also 

to remember that perovskite-based catalysts are characterized by low surface area values (1 order of 

magnitude difference with alumina-based samples), that can have an impact on the catalytic behavior of the 

sample. 

XRD pattern of the post-reaction catalyst was finally obtained (figure 98), together with the post-calcination 

and post-reduction XRD patterns of the catalyst of figure 99: 
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Figure 98 - XRD pattern of post-reaction NiO/LaFeO3 catalyst (catalytic activity measured after reductive treatment in 5% H2 in Ar, 

with 25% CO2 25% CH4 and 1% NO gas flow) 
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Figure 99 - XRD pattern of NiO/LaFeO3 catalyst post-calcination (black) and post-reduction treatment (red) (until 600°C) 

 

The catalyst showed the presence of graphitic carbon and partial nickel oxidation to NiO as in the other 

samples; the support remained unaltered during the 15 hours process. 

We can conclude that the chosen conditions allowed coke development on all catalysts, except for 

NiO/CaZrO3 who showed no relevant catalytic activity. With the aim to better characterize the deposited 

carbon and to understand the differences among the samples, XPS studies will be conducted in the next 

chapter. 

 

4.2.2. Coke: type and reactivity of the deposited carbon 

 

Carbon that deposits onto the catalysts was analyzed at first via XRD experiments (see chapter 4.2.1.), then 

XPS analysis was conducted in order to do investigate the first nanometers of carbon that deposits onto the 

catalyst during 15 hours of reaction. XPS analysis allows to study, via C 1s photopeaks, the different types of 

carbon that deposits onto the surface of the catalysts. Moreover, XPS allows to evaluate the amount of 

carbon (in terms of atomic percentage). Therefore, by comparing post-reduction samples and post-reaction 

samples, it is possible to appreciate the type and relative quantity of carbon deposited during the reaction.  

Finally, it is interesting to understand the reactivity of the deposited carbon, that gives information about the 

easiness with which carbon can be removed in order to avoid catalysts deactivation (see chapter 1.1.2.).  
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4.2.2.1. XPS study on the deposited carbon 

 

In order to have an idea about the quantity of carbon deposited during the process, semi-quantitative 

analysis of surface compositions was made on the samples, by integrating C1s photopeak in the extended 

spectra and using the instrumental sensitivity factors and a Shirley-type background as explained in chapter 

3.1.6.. 

XPS extended spectra were recorded for all samples, as shown in the figure 100 below: 

  

Figure 100- Extended XPS spectra for all post-reduction (on the left) and post-reaction (on the right) catalysts 

 

From the graphs above, it is possible to appreciate a drastic change in the relative intensity of carbon before 

and after catalytic activity for all catalysts except for the CaZrO3 supported. This confirms the depositions of 

carbon on the surface of the samples, therefore indicating the coking of the samples. In order to have an 

estimation of the quantity of carbon deposited, in XPS spectra were identified the elements characteristics 
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of the catalysts thanks to their binding energy positions, and the integration of each element main photopeak 

was performed as described in chapter 3.1.6.. 

Below in table 8, the calculated values of carbon surface compositions are reported and compared for post-

reduction catalysts and post-reaction catalysts: 

 

Table 8- XPS (5-10 nm depth) elemental quantifications for C, calculated for post-reduction and post-reaction samples.  

 
Support 

Post-reduction C atomic 
surface composition (at. %) 

Post-reaction C atomic 
surface composition (at. %) 

Al
2
O

3
 26.0 89.3 

MgAl
2
O

4
-Al

2
O

3
 8.6 85.9 

CaZrO3 28.9 15.1 

LaFeO
3
 31.4 82.9 

 

As expected, carbon atomic percentage drastically increases after catalysis for all samples except NiO/CaZrO3. 

Considering the low activity of the latter, as seen in chapter 4.1., the lack of carbon might be due to the 

immediate deactivation of the catalyst, which is not able to sustain enough hours of the process to let the 

coking process happen. However, this will be more discussed with the aid of the detailed XPS C1s spectra 

showed below. Regarding the rest of the catalysts, post-reaction catalysts have higher carbon surface 

composition for acidic catalysts, such as post-reaction NiO/Al2O3, than the basic catalysts post-reaction 

NiO/MgAl2O4-Al2O3 or NiO/LaFeO3. Moreover, post-reaction NiO/LaFeO3 shows the lowest concentration of 

carbon on its surface, better than NiO/MgAl2O4-Al2O3; this could be related either to its basicity and 

chemisorption capacity or to its capacity to interact with NO molecules and therefore facilitating NO 

gasification of coke. 

To better understand the coking phenomena, detailed C1s XPS spectra of all catalysts were acquired, as 

shown below. 

 

1- NiO/Al2O3 

The first catalyst was investigated by XPS, obtaining C1s photopeaks of Ni/Al2O3 and postreaction NiO/Al2O3. 

The photopeaks are shown in the figures below (figures 101 and 102, respectively): 
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Figure 101- Detailed XPS spectra of C 1s photopeak for Ni/Al2O3  Figure 102- Detailed XPS spectra of C 1s photopeak for post-

reaction NiO/Al2O3 
 

Ni/Al2O3 sample showed C1s photopeak typical of adventitious carbon, with the reference peak C-C at 284.8 

eV, and at higher Binding Energy typical contributions C-O-C and O-C=O are observed. After reaction, the 

catalyst showed a change in the peak position (that shifts at 284.5 eV) and shape, typical value for C-C of the 

graphitic carbon.  A tail can be seen around 285-286 eV, which accounts for satellites of C1s. Therefore, XPS 

results confirm the presence of graphitic carbon obtained by XRD experiments (see chapter 4.1.). 

 

2- NiO/MgAl2O4-Al2O3 

The same analysis was made for NiO/ MgAl2O4-Al2O3 catalysts, as shown in figures 103 and 104: 

  

Figure 103- Detailed XPS spectra of C 1s photopeak for 

Ni/MgAl2O4 -Al2O3 

Figure 104- Detailed XPS spectra of C 1s photopeak for post-

reaction NiO/MgAl2O4 -Al2O3 
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In this sample post-reduction catalyst showed C1s photopeak typical of adventitious carbon, while post-

reaction catalyst had C1s photopeak in which the contribution of graphite is the main one. C-O-C and O-C=O 

components can be seen in both graphs. C=O might be due to carbonates species forming on the surface of 

the basic support, thanks to CO2 interaction with the spinel. [73] In conclusion, a part from the predisposition 

of the supports in forming carbonates, XPS results of the samples confirm the presence of adventitious 

carbon in the post-reduction sample and the deposition of graphitic carbon after the catalytic process, in 

accordance with XRD results obtained in chapter 4.1.. 

 

3- NiO/CaZrO3 

C1s photopeaks for Ni/CaZrO3 and postreaction NiO/CaZrO3 were obtained, and shown in the graphs below 

(figures 105 and 106): 

 

  

Figure 105- Detailed XPS spectra of C 1s photopeak for post-

reaction NiO/CaZrO3 

Figure 106- Detailed XPS spectra of C 1s photopeak for post-

reaction NiO/CaZrO3 

 

CaZrO3 supported catalysts showed C1s photopeak typical of adventitious carbon, both for its post-reduction 

catalyst and post-reaction catalyst. XPS results of the samples confirm the absence of deposited carbon in 

the catalyst after the catalytic activity, as was suggested by XRD results in chapter 4.2.1.. 
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4- NiO/LaFeO3 

Finally, C1s photopeaks of Ni/LaFeO3 and postreaction NiO/LaFeO3 were obtained for the last catalyst.  C1s 

photopeaks are shown in the graphs below (figures 107 and 108): 

  

Figure 107- Detailed XPS spectra of C 1s photopeak for post-

reaction NiO/LaFeO3 

Figure 108- Detailed XPS spectra of C 1s photopeak for post-

reaction NiO/LaFeO3 

 

This catalyst shows a similar behavior as the previous samples, with adventitious carbon characterizing 

Ni/LaFeO3 sample, and graphitic carbon in the post-reaction sample. While O-C=O contribution is well visible 

in post-reduction catalyst, after the catalytic process this contribution is no longer visible, probably due to 

the high quantity of graphitic carbon deposited onto the catalyst. 

We can conclude that graphitic carbon was the type of carbon that deposited on all samples subjected at 

coking phenomena, confirming XRD results. However, in order to investigate possible differences in the 

reactivity of the carbon, its gasification abilities will be tested via TPO experiments in the chapter below. 

 

4.2.2.2. Gasification ability of the deposited carbon 

 

In order to study the reactivity of the deposited carbon, O2-TPO experiments were carried out, to exploit the 

oxidizing power of O2 or NO gasses to remove the carbon from the catalysts surface. O2-TPO experiments are 

a conventional method for studying and characterizing the deposited coke; experiments were carried out 

with 5% O2 in Ar, in temperature ramp at 10°C/min, from less than 100°C to 900°C, and then in descending 
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temperature ramp. Depending on the temperature at which the coke gasifies and based on the quantity of 

CO2 produced, information about carbon reactivity can be gained.  

The graphs obtained by O2-TPO experiments are shown below, with CO2 concentration on Y axis and 

time/temperature on X axis (figures 109-111). 

 

1- NiO/ Al2O3 

 

 

Figure 109- CO2 concentration vs time measured for post-reaction NiO/Al2O3 (25% CH4, 25% CO2, 1% NO) obtained by using a 5% 

O2 gas flow and a temperature ramp (room temperature-900°C)  

 

The graph shows CO2 development between 300 and 600°C. This temperature range is indicative of the 

gasification of amorphous carbon, as can be found in literature. [74] However, NiO/ Al2O3 catalyst was 

characterized by a significant quantity of graphitic carbon, detected both by XRD and XPS experiments (see 

chapter 4.2.1. and 4.2.2.1.). This, together with the low concentration of CO2 obtained respect to the other 
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catalysts, suggests that the majority of the carbon deposited onto the sample is in graphitic form and has not 

been gasified by the oxidative treatment.  This is an expected result as the acidic properties of the alumina 

support do not help with coke gasification and the needed CO2 chemisorption (see chapter 1.3.1.). 

 

2- NiO/MgAl2O4-Al2O3 

 

Figure 110- CO2 concentration vs time measured for post-reaction NiO/MgAl2O4-Al2O3 (25% CH4, 25% CO2, 1% NO) obtained by 

using a 5% O2 gas flow and a temperature ramp (room temperature-900°C)  

 

NiO/MgAl2O4-Al2O3 showed high CO2 development around 600°C, therefore suggesting graphitic carbon 

gasification. [74] High CO2 levels obtained could be due to the support basicity, that help to attract CO2 

molecules near the sample in order to allow the reaction with the deposited carbon. However, being the 

ramp temperature quite fast (10°C/min), only a few points have been recorded; so, in order to gain more 

information about the temperature of gasification of the coke of the samples, it would be interesting to 

detect the concentration of CO2 produced in smaller range of temperatures, by performing TPO experiments 

with milder temperature ramps. 
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3- NiO/LaFeO3 

 

 

 

 

 

 

 

Figure 111- CO2 concentration vs time measured for post-reaction NiO/LaFeO3 (25% CH4, 25% CO2, 1% NO) obtained by using a 5% 

O2 gas flow and a temperature ramp (room temperature-900°C)  

 

NiO/LaFeO3 catalyst has also been tested. This catalyst shows a wider range of gasification temperatures than 

the other catalysts, that centers around 600°C. Both amorphous or graphitic carbon could be reduced in this 

interval, and other TPO experiments would be interesting to be performed to understand if in this range of 

temperature different forms of carbon are gasified. As for the previous catalyst, LaFeO3 basic properties help 

with CO2 gasification, reaching a CO2 concentration level of around 5%. This concentration level is less than 

for the previous catalyst; this could be due to a difference in the ability of gasifying coke, such as different 

sites for CO2 chemisorption, or a different type of deposited coke. However, no clear conclusions can be 

obtained, also considering that only a few points have been taken into account in this graph, and that a more 

accurate description of CO2 evolution during temperature increase is needed for a better understanding. 
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Finally, after testing with O2-TPO experiments, another oxidizing treatment was conducted: NO-TPO; the 

results are reported in figure 112. Temperature was increased until reaching the temperature of the catalytic 

process (750°C), so that NO gasification properties could be verified for the studied process. 5% NO in Ar was 

chosen as concentration of gas flow, and the obtained graphs is shown below:  

 

Figure 112- CO2 concentration vs time measured for post-reaction NiO/Al2O3 (5% NO in Ar) obtained by heating the sample from 

room temperature to 750°C in temperature ramp (10°C/min)  

 

NO, N2 and CO2 have been obtained in the process, as expected by the reactions described in chapter 1.2.. 

No CO was detected during the experiment. NO flow clearly reacts from 200°C, being completely converted 

in N2 (2.5%). No CO2 is produced in this first moment of reaction, indicating that NO must react with 

something different than coke. In this range of temperature, NO can react with nickel particles, oxidizing 

them to NiO, as suggested both by prior experiments (see the oxidation of catalysts in the experiments in 

chapter 1.4.1.) and by literature, as reported in chapter 1.2.. At around 400°C, NO concentration reaches 

around 5%, ǘƘŜǊŜŦƻǊŜ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ bh ŘƻŜǎƴΩǘ ǊŜŀŎǘ ǿƛǘƘ ǘƘŜ ǎŀƳǇƭŜΦ CƛƴŀƭƭȅΣ ŀŦǘŜǊ сллϲ/ bh ƛǎ ŎƻƴǎǳƳŜŘ 

again, with production of N2 and CO2 associated to his consumption. This is clearly the temperature in which 

the carbon deposited onto the catalyst starts to be removed and gasified in form of CO2. Up to 1% of NO 

reacts with coke, giving 1% N2 and 1% CO2 as suggested by the stoichiometry of the reaction. [18] Carbon 
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continues to be gasified from 750°C for around 1 hour under gas stream, therefore confirming the validity of 

this method for coke gasification and NO conversion.   
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CONCLUSIONS 

 

This project was focused on developing a solution for coking problem that affects commercial nickel-based 

catalysts for dry reforming of methane. The solution studied was to couple dry reforming of methane with 

nitric oxide reduction, in order to reduce nitric oxide- one the major pollutants in the atmosphere- with the 

coke that was deposited onto the catalysts during the process, therefore gasifying it. 

 

Four different catalysts were developed for the process: 4 supports were chosen with different properties, 

then nickel was impregnated onto the support via a wet-impregnation synthesis, keeping the same 

conditions for all impregnations. The studied supports were 4 oxides, all synthesizable with simple and 

economic synthesis in order to be industrially applicable. The main properties taken into consideration for 

the choice of the supports were high metal-support interaction, which helps to obtain smaller and more 

stable nickel particles, and the basicity of the support, which helps to coordinate CO2 acidic molecules to the 

surface and so to increase its conversion. The supports chosen were ɹ-Al2O3, which is a standard for dry 

reforming of methane process and has a high metal-support interaction with nickel particles, MgAl2O4-Al2O3, 

which has not only a high metal support interaction but also a Mg ion with Lewis basicity properties that 

helps with CO2 conversion, and two basic perovskite catalysts with properties that can be tuned by the choice 

of the cations: CaZrO3, which has good thermal stability, and LaFeO3, which is able to convert NO molecules 

in N2, therefore participating in nitric oxide reduction reaction.  

Commercial ɹ-Al2O3 was employed, while for the MgAl2O4 spinel coated sample a co-precipitation technique 

was used, using Mg(OH)2 and ɹ -Al2O3 precursors in stoichiometric amounts. The perovskites supports have 

been synthetized via a citrate self-combustion route: stoichiometric quantities of precursors of the metal 

cations were dissolved in water and HNO3 if needed, then citric acid was dissolved in water and added to the 

solution of the cations in order to coordinate the cations as a complexing agent. Citric acid was used in 

stoichiometric amount of 1.1 and 1.9 moles for mole of total cations for respectively LaFeO3 and CaZrO3 

perovskite, the amount of citric acid being optimized for the two perovskites.       Calcination was then carried 

out to obtain the supports and, after confirming via XRD analysis the presence of the desired phase, nickel 

was impregnated on the sample, starting from its nitrate precursor.   

Catalysts were studied by means of different techniques to obtain information such as their dispersion 

(pulsed H2 chemisorption experiments), surface area and porosity (N2 physisorption), reducibility (H2-TPR), 

composition (XRD, XPS, EDX) and morphology (SEM).              

H2-TPR studies allowed to understand the reducibility of the samples; alumina-based catalysts showed high 

temperature of reduction, around 700-800°C, which indicate highly interacting nickel particles and, as later 
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verified by XPS and XRD experiments, the presence of NiAl2O4 spinel-formed during calcination. The 

formation of the spinel is due to nickel ions that entered into the alumina structure. Perovskite supports were 

characterized by low interaction with nickel particles, with reduction temperatures centered around 400-

500°C.                          

Catalysts showed very different values of specific surface area, measured via BET analysis: alumina presented 

the highest surface area (more than 100 m2/g), while after spinel coating its surface area was half then before. 

Perovskites catalysts had instead low surface area under 10 m2/g, as expected for those supports.  

 

Catalytic activity was then measured for all catalysts. Tests were made of a pre-reductive treatment in 5% H2, 

heating the sample until 900°C for alumina-based catalysts or 600°C for perovskite catalysts (as suggested by 

H2-TPR experiments), then temperature was decreased until 100-300°C, and the gas consequently changed 

to the reaction mixture injected in the reactor; catalytic activity was measured keeping the temperature 

constant at 750°C. 

First tests were conducted with a 5% CH4, 5% CO2, 1% NO gas mixture. NiO/Al2O3 was tested for 6 hours and 

showed high and sable catalytic activity, but no carbon was formed as shown by XRD pattern of the spent 

catalyst. In order to understand if the coke was formed and completely removed by NO or if the conditions 

of the rŜŀŎǘƛƻƴ ŘƛŘƴΩǘ ŀƭƭƻǿ ŎŀǊōƻƴ ŘŜǇƻǎƛǘƛƻƴΣ ǘƘŜ Ŏŀǘŀƭȅǎǘ ǿŀǎ tested for dry reforming of methane reaction 

for the same amount of time. No coke was detected via XRD analysis. So, the following tests were conducted 

considering a longer time of reaction of 15 hours. Moreover, NO oxidation properties were investigated by 

carrying out experiment with different temperatures at which, after the reductive treatment, the reactant 

gas mixture was injected, as explained later.  

Tests were conducted for all catalysts, starting with NiO/Al2O3, that showed high initial conversions but was 

soon deactivated after around 400 minutes of reaction; this fast deactivation, in contrast with the stable 

catalytic activity obtained for the same catalyst in the same temperature and gas concentration conditions 

for 360 minutes test (6 h), was ascribed to the different temperature at which NO was injected (in the 6 hours 

experiment the reactant mixture was injected when the temperature was around 250°C, in the 15 hours the 

reactor was cooled until 100°C), indicating that NO can react with nickel particles to give N2 and NiO; it is the 

conversion of nickel in its non-active oxide form NiO that caused the fast catalyst deactivation. NiO/MgAl2O4-

Al2O3 catalyst, studied for the 15 hours process, showed better CO2 conversions, as expected for its basicity, 

and a higher stability in catalytic activity, probably due to its higher metal-support interaction- as suggested 

by H2-TPR studies. Finally, the perovskite catalysts were tested; while NiO/CaZrO3 had almost no catalytic 

activity, NiO/LaFeO3 showed the highest and most stable activity, with CO2 and CH4 conversions around 90% 

and CO yield around 80%, with constant values during all the tested reaction time. While NiO/CaZrO3Ωǎ ǇƻƻǊ 
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interaction with nickel particles determines its fast deactivation due to NO oxidation, NiO/LaFeO3 was able 

to protect the particles from NO oxidation, being the perovskite able to reduce NO and therefore preserving 

nickel particles in their metal form. 

Spent catalysts showed nickel oxidation to its oxide form, and no carbon was detected on any catalyst. So, 

reaction conditions were changed again, using a 25% CH4, 25% CO2, 1% NO gas mixture. This time, the 

reaction mixture was injected when the reactor was at 300°C, in order to avoid catalyst deactivation. This 

experiments finally allowed to obtain high and stable conversions for all catalysts except NiO/CaZrO3, who 

showed no significant activity. Alumina-based catalysts had the best performance, with NiO/Al2O3 

conversions around 93%, while NiO/MgAl2O4-Al2O3 had higher CO2 conversions (97%) but lower CH4 

conversions (88-82%). NiO/LaFeO3 catalysts, on the other hand, had smaller values of conversion than in the 

6 hours tests, with CO2 conversion being around 91-83% and CH4 conversions around 55-44%. LaFeO3 activity 

was less stable in the 15 hours process, probably due to its little metal support-interaction that exacerbated 

the deactivation of the nickel particles, leading to their sintering and oxidation. 

All catalyst except for NiO/CaZrO3 - that had basically no catalytic activity - showed the presence of coke in 

form of graphitic carbon, both at XRD and XPS measurements. Spent catalysts were all characterized by the 

presence of metallic nickel; nickel oxide was found in NiO/Al2O3 and NiO/LaFeO3 post-reaction samples, due 

to NO oxidation. However, NiO will be most-probably present in NiO/MgAl2O4-Al2O3 catalyst as well, maybe 

in amorphous form, as this support offers less protection from nickel oxidation than LaFeO3 (as the first 

catalytic tests had shown), in which nickel oxide was found. 

Carbon amount in the spent catalysts was compared via a semi-quantitative XPS elemental quantification, 

showing higher carbon atomic concentration for Al2O3 acidic support, followed by magnesium-aluminum 

spinel support and finally LaFeO3 perovskite, that was the support that had the best anti-coking properties, 

both thanks to its basicity and to the possibility of attracting NO towards its surface.  

Finally, carbon reactivity was studied via TPO experiments, in order to understand how easily it can be 

gasified, and to gain information about its morphology. O2-TPO experiments were conducted in temperature 

ramp, heating samples until 900°C. All coked catalysts showed gasification abilities, with alumina support 

being the worst support for carbon gasification (both in quantity of CO2 produced and in type of carbon 

gasifiable). While alumina allowed amorphous carbon gasification, other catalysts had CO2 production at 

temperatures corresponding to graphitic carbon gasification.                                                  

NO-TPO experiment was then conducted to verify NO oxidizing power toward carbon. Post-15 hours of 

reaction NiO/Al2O3 was studied under a 5% NO gas stream, at 750°C. NO allowed to gasify carbon at the 

temperature of the catalytic processes, giving N2 and CO2 as products. 
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In conclusion, NO reduction can be an interesting reaction to couple with dry reforming of methane in order 

to reduce coking of the catalysts and to obtain the conversion of three major pollutants/greenhouse gasses 

that affect our world today: NO, CH4 and CO2. Among the tested catalysts, depending on the concentrations 

of the gas reactants used, NiO/LaFeO3 or NiO/Al2O3 were the best catalysts respectively for 5% CH4, 5% CO2, 

1% NO gas mixture and 25% CH4, 25% CO2, 1% NO gas mixture. However, NiO/MgAl2O4-Al2O3 had the best 

performance in CO2 conversion, thanks to its basicity.  The good catalytic performance of alumina-based 

catalysts was obtained thanks to the high metal-support interaction and high superficial area. NiO/LaFeO3 

gave, instead, high protection against nickel oxidation, ǘƘŀƴƪǎ ǘƻ ǘƘŜ ǎǳǇǇƻǊǘΩǎ ŀōƛƭƛǘȅ ǘƻ ǇǊƻƳƻǘŜ bh 

reduction to N2. However, its low metal-support interaction and low surface area, typical of perovskites, 

ŘƛŘƴΩǘ ŀƭƭƻǿ high stable conversions for 25% CH4, 25% CO2, 1% NO tests.  

Nickel oxidation caused by NO was the main deactivation cause for the catalysts. Therefore, in order to have 

high and constant conversions, NO concentration in the gas mixture must be well calibrated in order not to 

have a too oxidative atmosphere. High metal support interaction catalysts and supports with the ability of 

protecting nickel from oxidation are fundamental to have long catalysts lifetime- that is a necessary condition 

for the industrial application of the processes. Deeper investigations are therefore necessary to assess the 

real possibility of employing this process, regarding for example supports and synthesis that allow a better 

protection from NO oxidation and the choice of the reactant gas concentrations, to allow a better calibration 

of oxidative and reductive properties of the gas mixture. 
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6. APPENDIX 

 

3.1.3. SEM 

 

Figure 113- SEM image of Al2O3 at 25000x magnification Figure 114- SEM image of Al2O3 at 50000x magnification 

  

Figure 115- SEM image of NiO/Al2O3 at 25000x magnification Figure 116- SEM image of NiO/Al2O3 at 50000x magnification 
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Figure 117- SEM image of MgAl2O4-Al2O3 at 25000x 

magnification 

Figure 118- SEM image of MgAl2O4-Al2O3 at 50000x 

magnification 

  

Figure 119- SEM image of NiO/MgAl2O4-Al2O3 at 5000x 

magnification 

Figure 120- SEM image of NiO/MgAl2O4-Al2O3 at 25000x 

magnification 

  

Figure 121 - SEM image of CaZrO3 at 25000x magnification Figure 122 - SEM image of CaZrO3 at 50000x magnification 
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Figure 123 - SEM image of NiO/CaZrO3 at 25000x magnification Figure 124 - SEM image of NiO/CaZrO3 at 25000x magnification 

  

Figure 125 - SEM image of LaFeO3 at 25000x magnification Figure 126 - SEM image of NiO/LaFeO3 at 25000x magnification 

  

Figure 127 - SEM image of NiO/LaFeO3 at 5000x magnification Figure 128 - SEM image of NiO/LaFeO3 at 5000x magnification 

 

 


