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Catalisadores de níquel–sílica com diferentes estruturas foram sintetizados para 

investigar seu desempenho na metanação de CO₂. Quatro principais morfologias foram 

obtidas: suportada (SUP), encapsulada (EMBD), multicore–shell (SPHERE) e ring 

(RING). As análises de caracterização confirmaram partículas de Ni bem dispersas (2–3 

nm) e diferenças estruturais significativas entre os catalisadores. O catalisador EMBD 

apresentou a interação metal–suporte mais intensa e uma estrutura que favoreceu a 

readsorção de CO e sua hidrogenação a metano. Como resultado, alcançou a maior 

seletividade para CH₄ (83,4%) e a menor formação de CO a 300°C. Em baixa velocidade 

espacial, o EMBD manteve estabilidade por 50 h, com 60% de conversão de CO₂ e 97% 

de seletividade para CH₄. A adição de CH₄ à alimentação aumentou ainda mais a 

seletividade para metano em todos os catalisadores, atingindo 96,7% para o EMBD. 

Análises de DRIFTS in situ mostraram que a estrutura do catalisador influencia os 

intermediários superficiais e as rotas reacionais, embora todas converjam para CO* 

adsorvido como intermediário-chave na formação de CH₄. Os resultados sugerem que a 

dissociação direta do CO₂ e rotas envolvendo formiato podem ocorrer simultaneamente 

sobre o catalisador EMBD. 

 



 
 
 

viii 
 

Abstract of Thesis presented to COPPE/UFRJ as partial fulfillment of the requirements 

for the degree of Doctor of Science (D.Sc.) 

 

SYNTHESIS AND DEVELOPMENT OF Ni-SiO2 ENCAPSULATED CATALYSTS 

WITH DIFFERENT STRUCTURES FOR CO2 METHANATION 

 

Clara Vilela Weikert 

June/2026 

Advisors:  Fabio Souza Toniolo 

                        Fabio Bellot Noronha 

                        Benjamin Katryniok 

                        Marcia Araque Marín 

 

Department: Chemical Engineering 

 

Nickel–silica catalysts with different structures were synthesized to investigate their 

performance in CO₂ methanation. Four main morphologies were obtained: supported 

(SUP), encapsulated (EMBD), multicore–shell (SPHERE), and ring (RING). 

Characterization analyses confirmed well-dispersed Ni particles (2–3 nm) and significant 

structural differences among the catalysts. The EMBD catalyst exhibited the strongest 

metal–support interaction and a structure that favored CO readsorption and its 

hydrogenation to methane. As a result, it achieved the highest CH₄ selectivity (83.4%) 

and the lowest CO formation at 300°C. Under low space velocity conditions, EMBD 

remained stable for 50 h, maintaining 60% CO₂ conversion and 97% CH₄ selectivity. The 

addition of CH₄ to the feed further increased methane selectivity for all catalysts, reaching 

96.7% for EMBD. In situ DRIFTS analyses showed that the catalyst structure influences 

surface intermediates and reaction pathways, although all pathways converge toward 

adsorbed CO* as the key intermediate in CH₄ formation. The results suggest that direct 

CO₂ dissociation and formate-related pathways may occur simultaneously over the 

EMBD catalyst. 
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Des catalyseurs nickel–silice présentant différentes structures ont été synthétisés afin 

d’évaluer leurs performances dans la méthanation du CO₂. Quatre morphologies 

principales ont été obtenues : supportée (SUP), encapsulée (EMBD), multicœur–coquille 

(SPHERE) et ring (RING). Les analyses de caractérisation ont confirmé des particules de 

Ni bien dispersées (2–3 nm) ainsi que des différences structurales significatives entre les 

catalyseurs. Le catalyseur EMBD a présenté l’interaction métal–support la plus forte ainsi 

qu’une structure favorisant la réadsorption du CO et son hydrogénation en méthane. 

Ainsi, il a atteint la meilleure sélectivité en CH₄ (83,4 %) et la plus faible formation de 

CO à 300°C. À faible vitesse spatiale, le catalyseur EMBD est resté stable pendant 50 h, 

maintenant 60 % de conversion du CO₂ et 97 % de sélectivité en CH₄. L’ajout de CH₄ 

dans l’alimentation a encore augmenté la sélectivité en méthane pour tous les catalyseurs, 

atteignant 96,7 % pour EMBD. Les analyses DRIFTS in situ ont montré que la structure 

du catalyseur influence les intermédiaires de surface et les voies réactionnelles, bien que 

toutes convergent vers le CO* adsorbé comme intermédiaire clé dans la formation du 

CH₄. Les résultats suggèrent que la dissociation directe du CO₂ et des voies impliquant 

les formiates peuvent se produire simultanément sur le catalyseur EMBD. 
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INTRODUCTION 

 

Over the past decades, air pollution has become a major global concern due to its 

impact on climate, human health, and several industrial sectors. For this reason, reducing 

the emission of pollutant gases, especially CO₂, has become one of the main global 

priorities. Among the major emission sources, the use of fossil fuels in transport and 

industrial sectors stand out as they release billions of tons of CO₂ every year. 

Consequently, significant efforts have been directed toward replacing these sources with 

cleaner alternatives. A major challenge lies in the fact that fossil fuels still account for 

about 85% of the world’s primary energy, remaining essential to meeting the high global 

energy demand (Yue et al., 2018). 

In this context, marked by environmental and energy challenges, valorization of 

CO2 has become a key step in the transition from fossil to renewable fuels. A promising 

alternative is to use CO₂ as a feedstock for methane production. This approach not only 

reduces CO₂ emissions but also helps address current energy challenges. The CH₄ 

produced can be used as an energy source in industrial and residential sector or injected 

into the natural gas grid, thereby reducing transportation and storage costs (Bacariza, 

2021; Frontera et al., 2017). Moreover, converting CO₂ into CH₄ also provides an efficient 

pathway for storing excess renewable energy in the form of chemical energy, taking 

advantage of the well-established natural gas infrastructure (Schmider, Maier and 

Deutschmann, 2021).  

The conversion of CO₂ to CH₄ occurs through the CO₂ hydrogenation reaction, in 

which CO₂ is hydrogenated in the presence of a catalyst, producing methane as the final 

product. Along this route, different reaction pathways may operate; however, the 

predominant pathway for CH₄ formation involves the hydrogenation of CO, which is first 

generated via the Reverse Water Gas Shift (RWGS) reaction and subsequently 

hydrogenated to CH₄. The formation of CO becomes a determining step in the process, 

while its presence in the final product is undesirable, as is the formation of carbonaceous 

deposits arising from the Boudouard reaction (Hussain et al., 2021a). The conversion and 

selectivity in the methanation process is directly influenced by the type of catalyst and 

the operation conditions such as temperature, pressure, the H₂/CO₂ molar ratio, and the 

presence of CH₄ in the feed (Su et al., 2016). 
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The selection of an efficient catalyst is crucial for in order to produce selectively 

methane avoiding carbon depositions. Considerable efforts have been devoted to 

developing high-performance catalysts capable of activating CO2 and H2 at moderate 

temperatures while maintaining high selectivity toward CH4 (Hu et al., 2022). Nickel-

based catalysts are the most extensively studied and commercially applied systems for 

methanation due to their catalytic performance in terms of activity and selectivity and 

relatively low cost (Schmider et al., 2021). However, the main drawback of these catalysts 

is their tendency toward deactivation, typically caused by particle sintering and coke 

formation (Das et al., 2020).  To overcome deactivation issues, researchers have 

developed new catalysts with different structures, among which a novel class of materials 

known as core–shell encapsulated catalysts has gained particular attention (Das et al., 

2020; Ye et al., 2021). These materials consist of a core (or multiple cores) surrounded 

by a porous shell. This configuration confines the metal particles, providing enhanced 

stability and resistance to sintering, while also improving durability and enabling 

multifunctional catalytic behavior through the so-called confinement effect (Ye et al., 

2021).  

The encapsulated systems show, in a wide range of reactions, superior activity and 

stability compared to conventional supported catalysts (Ilsemann et al., 2019; Le et al., 

2020a, 2020b). However, there remains a significant knowledge gap regarding the 

application of these encapsulated materials in CO₂ methanation.  

Considering the operation conditions, the presence of CH₄ in the feed stream 

together with CO₂ is a factor that has received limited attention in the literature. One of 

the main production processes of biomethane is biogas where CH₄ is formed 

simultaneously with CO₂ (Archana et al., 2024; Jameel et al., 2024). In addition to 

methane, biogas contains high concentrations of CO₂, which must be removed or treated 

before final use. Performing the methanation reaction in the presence of both gases 

eliminates the separation step, thereby reducing process costs. Some studies report that 

the presence of methane in the feed can enhance catalytic activity and improve selectivity 

toward CH₄ in ruthenium-based catalysts (Camaratta, 2023). These findings are 

particularly interesting because, from a thermodynamic perspective, CH₄ would be 

expected to shift the reaction in the opposite direction. The effect of this parameter 

remains poorly understood, and the limited results available in the literature are still 

divergent. 
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Therefore, the main goal of this work is to synthesize nickel–silica encapsulated 

catalysts with different architectures and to investigate the relationship between their 

structural characteristics and catalytic performance in the CO₂ methanation reaction, 

considering both the absence and presence of CH₄ in the feed stream. 

The manuscript is structured as follows: Chapter 1 presents an overview of biogas 

and its importance in the current energy scenario, followed by a discussion of the CO₂ 

methanation reaction. The main factors influencing this process, the typical catalysts 

employed, and an extensive review of the synthesis and application of encapsulated 

catalysts in this reaction are addressed. In addition, kinetic studies and mechanistic 

pathways of CO₂ methanation over nickel–silica catalysts are discussed, offering a 

comprehensive background and theoretical framework for this research. Chapter 2 

describes the experimental approach, including the techniques used for catalyst synthesis, 

physicochemical characterization, catalytic testing, and kinetic study. Chapters 3, 4, and 

5 present the results and discussion section. Chapter 3 presents the characterization of 

the synthesized catalysts and discusses the influence of synthesis parameters on their 

structural, morphological, and textural properties. Particular attention is given to 

comparing different synthesis routes adopted for the preparation of nickel–silica 

materials, including encapsulated and supported catalysts. The analysis integrates results 

from techniques such as TEM, XRF, XRD, TPR, and N₂ physisorption, correlating these 

findings with the resulting catalyst architectures. Chapter 4 focuses on the catalytic 

evaluation of the synthesized materials in the CO₂ methanation reaction, both in the 

absence and presence of CH₄ in the feed stream. This chapter also includes the in situ 

DRIFTS analyses performed under reaction conditions, aiming to identify surface species 

and intermediates. The influence of methane in the feed is also discussed in relation to 

the catalytic behavior and reaction mechanism. Chapter 5 is dedicated to the mechanistic 

analysis of the catalysts, proposing reaction pathways for both encapsulated and 

supported systems. Complementary insights obtained from in situ DRIFTS experiments 

are incorporated to support the proposed reaction mechanisms. In addition, this chapter 

presents the kinetic study and estimation of kinetic parameters for the CO₂ methanation 

reaction using the most selective catalyst. Experimental kinetic data obtained under 

different reaction conditions are analyzed and used to estimate and evaluate rate 

expressions based on the Langmuir–Hinshelwood–Hougen–Watson (LHHW) approach. 

The resulting analysis provides a phenomenological description of CH₄ formation and 

contributes to a deeper understanding of the reaction mechanism and the catalytic 
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behavior. Finally, this manuscript concludes with the main considerations and 

perspectives presented in Chapter 6, followed by the References and the Appendices. 

 An overview of the main steps of this work is schematically presented in Figure 

1, providing a clear visualization of the experimental strategy and the catalysts selected 

throughout the study. 

 

 

Figure 1 - Schematic overview of the experimental workflow and catalyst selection 

throughout this study. 
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CHAPTER 1: LITERATURE REVIEW 

 

1.1 CO₂ HYDROGENATION 

 

Hydrogenation reactions are among the most important processes for producing 

materials across various industrial sectors (Zhang et al., 2021). Through these reactions, 

it is possible to obtain fuels and high value-added chemicals, such as methane, heavy 

hydrocarbons, alkenes, methanol, organic acids, and others (Jaffar et al., 2019). 

The gaseous hydrogen required for these reactions can be obtained through water 

electrolysis, a mature and widely used technology in projects and facilities involving 

hydrogenation reactions (Frontera et al., 2017). A notable example is Audi’s e-gas plant 

in Germany, which produces low-cost and environmentally friendly hydrogen for CO₂ 

methanation reactions using alkaline electrolyzers powered by wind energy (Audi E-Gas 

Project, 2017; Fan and Tahir, 2021). 

The hydrogenation reaction of CO₂ to methane has gained increasing attention in 

recent years as an attractive alternative for CO₂ utilization, since methane is the main 

constituent of biogas and an important global energy carrier (Rönsch et al., 2016). This 

process represents a promising route for the treatment of natural gas streams with high 

CO₂ concentrations and for biogas upgrading, since it converts undesired CO₂ into CH₄, 

improving the overall methane yield (Bacariza, 2021; Frontera et al., 2017). Additionally, 

the methane produced can be consumed by industry as an energy source or injected into 

the natural gas grid, reducing transportation and storage costs (Bacariza, 2021; Frontera 

et al., 2017). 

The composition of biogas depends directly on its formation process and on the 

type of organic material used as substrate. In general, biogas is composed of 

approximately 50 to 70% methane and 20 to 47% carbon dioxide, in addition to small 

amounts of other gases such as hydrogen sulfide, ammonia, water vapor, and volatile 

organic compounds (Li et al., 2019). High concentrations of CO₂ are undesirable because, 

in addition to contributing to the greenhouse effect, they can reduce process efficiency, 

decrease the calorific value of the gas, and cause corrosion in pipelines and equipment 

(Cao and Bian, 2019). 

Hydrogenation reactions involved in methane formation have been extensively 

studied in recent years, as methane is the main constituent of natural gas and can be used 
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in a wide range of applications. Methane can be produced through the reaction of 

hydrogen with CO and CO₂, known as CO and CO₂ methanation reactions as represented 

in Equations 1 and 2, respectively (Hussain et al., 2021a). 

 

CO + 3 H2  ⇆  CH4 +  H2O (Eq. 1) 

CO2 +  4 H2  ⇆  CH4 +  2H2O (Eq. 2) 

 

The CO₂ methanation reaction, also known as the Sabatier reaction, is considered 

a practical and safe route for converting H₂ and CO₂ into CH₄ and has therefore been 

widely studied and applied in the production of synthetic natural gas (Su et al., 2016). As 

previously mentioned, the e-gas plant in Werlte, Germany, is regarded as the largest 

commercial methanation facility in the world. In this plant, biogas produced nearby is 

treated with amines, and the CO₂ captured during this process is converted into CH₄ 

through methanation, which is then injected into the natural gas grid. The methanation 

units consist of long tubular reactors filled with nickel-based catalysts, while the 

hydrogen used is generated by alkaline electrolyzers powered by wind energy (Götz; 

Koch; Graf, 2014; Vogt et al., 2019a).  

The CO₂ methanation reaction is highly exothermic and typically operated at 

temperatures below 450 °C, since it is favored at lower temperatures (Frontera et al., 

2017). Although thermodynamically favorable, the reaction is limited by kinetics. Thus, 

the use of catalysts is essential to achieve acceptable reaction rates (Bacariza, 2021). 

During CO₂ methanation, different types of parallel reactions may occur, 

depending on the operating conditions and the type of catalyst used. These possible 

reactions were listed by Hussain et al. (2021a) and are presented in Table 1, together with 

their equilibrium constant values (ln K), enthalpy change (∆H), entropy change (∆S), and 

Gibbs free energy (∆G). 
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Table 1 - Possible reactions in the CO₂ methanation process and their enthalpy, entropy, 

and Gibbs free energy values at 25 °C and 0.1 MPa. 

Reaction Stoichiometric Equation ∆H ∆S ∆G ln (K) 

1 CO +  3 H2  ⇆  CH4 +  H2O 206.00 -172.45 -113.33 19.85 

2 CO2 +  4 H2  ⇆  CH4 +  2H2O -164.74 -214.49 -141.93 24.86 

3 CO2 +  2 H2  ⇆  C +  2H2O -90.14 -91.72 -62.80 11.00 

4 2 CO2 +  3 H2  ⇆  CH3OH +  4 H2O -49.32 -177.10 3.484 -0.61 

5 CO2 +  2 H2  ⇆  CO +  H2O 41.13 42.04 28.60 -5.01 

6 2 CO2 +  7 H2  ⇆  C2H6 +  4 H2O -264.97 -357.36 -158.43 27.76 

7 CO2 +  CH4  ⇆ 2 CO +  2 H2 247.02 256.54 170.53 -29.87 

8 2 CO ⇆ C +  CO2 -172.42 -175.81 -120.00 21.02 

9 CH4  ⇆ C +  2 H2 74.6 80.73 50.53 -8.85 

10 CO +  2 H2  ⇆ CH3OH -90.46 -219.15 -25.12 4.40 

11 CO +  H2  ⇆ C + H2O -131.28 -133.77 -91.40 16.01 

12 2 CO +  5 H2  ⇆ C2H6 + 2 H2O -347.25 -441.45 -215.63 37.78 

Reference: Adapted from Hussain et al. (2021a) 

 

The main pathway for CH₄ formation from CO2 involves the hydrogenation of 

CO. CO is first generated through the Reverse Water–Gas Shift (RWGS) reaction 

(Equation 5) and subsequently converted into CH₄ via the CO methanation reaction 

(Equation 1). The presence of CO in the final product is undesirable, as well as the 

formation of carbon deposits resulting from the Boudouard reaction (Equation 8)  

(Hussain et al., 2021a). Because of these undesired reactions, efforts have been made to 

minimize their occurrence and improve process efficiency toward CH₄ formation. Factors 

such as operating temperature and pressure, the stoichiometric molar ratio of the feed 

gases (H₂/CO₂), the presence of CH₄ in the feed stream, and the nature of the catalyst 

itself directly influence selectivity and conversion in CO₂ methanation (Su et al., 2016). 
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1.1.1 Effect of reaction conditions 

  

The CO₂ methanation reaction and the other reactions presented in Table 1 are 

highly dependent on the operating temperature, which strongly influences CH₄ selectivity 

and CO₂ conversion (Hussain et al., 2021a, Hussain et al., 2021b) . As shown in Table 1, 

some reactions, such as CO and CO₂ methanation (Equations 1 and 2), exhibit positive 

ln(K) values and negative ΔG and ΔH values, indicating that they are exothermic and 

spontaneous. In contrast, reactions such as the RWGS (Equation 5) and the dry reforming 

of methane (Equation 7) present negative ln(K) and positive ΔG and ΔH values, which 

characterize them as endothermic reactions that are not favorable at low temperatures and 

become favored at higher temperatures (Hussain et al., 2021a). In general, increasing the 

temperature above 450 °C favors the RWGS reaction, enhancing CO formation and, at 

the same time, hindering CO₂ methanation. As a result, higher amounts of unconverted 

CO₂ and H₂ remain in the system, limiting CH₄ production (Hussain et al., 2021b). 

Moreover, higher temperatures promote sintering and coke formation, which block the 

catalyst active sites and consequently reduce catalytic activity (Fan and Tahir, 2021) 

Although lower operating temperatures are thermodynamically favorable for CO₂ 

methanation, they do not provide sufficient energy for CO₂ activation, leading to issues 

such as energy barrier limitations and low CH₄ production (Fan and Tahir, 2021).   

 The optimal temperature for the process varies with the operating pressure and 

the type of catalyst used. According to Götz et al. (2014), fixed-bed methanation reactors, 

commonly referred to as methanators, used nickel as a catalyst and are typically operated 

at temperatures between 300 and 550 °C, depending on the other operating conditions 

adopted.  

The operating pressure also has a significant influence on the CO₂ methanation 

reaction. Higher operating pressures favor CO₂ methanation, leading to greater CO₂ 

conversion, higher selectivity, and increased CH₄ production (Götz et al., 2014; Hussain 

et al., 2021a). According to Götz et al. (2014) and Tripodi et al. (2020), typical operating 

pressures for CO₂ methanation reactors range from 1 to 100 bar. Although high pressures 

favor the reaction, they are not feasible for industrial reactors due to increased safety and 

potentially higher costs associated with pressurized equipment. 

Another factor that has a strong influence on the CO₂ methanation process is the 

stoichiometric molar ratio of the feed gases (H₂/CO₂). Studies have shown that H₂/CO₂ 

feed ratios equal to or greater than the stoichiometric ratio of 4 (Equation 2), generally 
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lead to higher CO₂ conversions and higher CH₄ selectivity (Gao et al., 2012). When the 

H₂/CO₂ ratio is lower, H₂ acts as a limiting reagent, reducing CO₂ conversion and, 

consequently, CH₄ formation (Ahmad et al., 2016).  

In 2012, Gao et al. evaluated the effect of water in the feed gas on CO₂ 

methanation reactions. The authors observed that the presence of water causes a slight 

negative impact on the methanation reaction. According to Le Chatelier’s principle, an 

increase in the amount of H₂O, one of the reaction products, shifts the equilibrium toward 

the reactants, which decreases CO₂ conversion as well as CH₄ yield and selectivity. 

However, the authors also reported that adding water to the feed mixture can prevent coke 

deposition on the catalysts and help avoid their deactivation. 

Similarly to water, methane in the feed can also influence the reaction 

environment and catalyst behavior. However, this effect has been far less explored and 

will be discussed in more detail below. 

In summary, the studies converge in showing that CO₂ methanation is favored at 

low temperatures, high pressures, and H₂/CO₂ feed ratios equal to or higher than the 

stoichiometric value.  

 

1.1.2. Influence of Methane in the Feed  

 

The presence of CH₄ in the feeding stream together with CO₂, known as direct 

methanation, is a factor that has not been extensively studied in the literature, but it 

presents several advantages. In real biogas streams, CH₄ is formed along with CO2. 

Performing CO₂ methanation in the presence of CH₄ eliminates the separation step 

between CO₂ and CH₄, reducing operational costs. Moreover, it can be implemented in 

biogas facilities with small CO2 sources, helping to stimulate local economic 

development and reduce dependence on large producers (González-Arias et al., 2024). 

Thermodynamically, the presence of CH₄ would be expected to shift the reaction 

equilibrium, disfavoring the conversion of CO₂. However, the relatively few studies 

available in the literature show that the effect of methane in biogas feeds can vary 

substantially depending on the catalyst and operating conditions. 

Stangeland et al. (2018) investigated the effect of varying the CH₄ concentration 

in the feed during methanation using a 20 wt% Ni/Al₂O₃ catalyst at 350 °C and a Weight 

Hourly Space Velocity (WHSV) of 56,000 mL (gcat h)⁻¹. Keeping the CO₂ and H₂ flow 

rates constant and adjusting only CH₄ and N₂, the authors compared the CO₂:H₂:N₂:CH₄ 
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feed compositions (mL/min) of 20:80:40:0, 20:80:20:20 and 20:80:0:40. The results 

showed that CO₂ conversion changed very little across the three conditions (71.5%, 

70.8% and 70.6%), and CH₄ selectivity also remained nearly constant, between 99.4% 

and 99.7%. A similar behavior was observed for the 20Ni0.5Ru/Al₂O₃ catalyst tested at 

the same space velocity with CO₂:H₂:N₂:CH₄ ratios of 20:80:40:0 and 20:80:0:40 

mL/min, which also exhibited CH₄ selectivity above 99% and CO₂ conversions around 

83%. These findings indicate that, for both Ni/Al₂O₃ and Ni–Ru/Al₂O₃ systems and under 

these operating conditions, the presence of CH₄ did not lead to significant changes in 

catalytic performance. 

Han et al. (2020) however, observed a negative effect of the addition of methane 

on CO₂ conversion over a 20 wt% Ni–Mg–Al catalyst during biogas methanation. In their 

study, the initial CH₄ concentration in the feed was varied from 0.5 to 65 vol% at 400 °C, 

with a H₂/CO₂ ratio of 4 and a GHSV of 30,000 h⁻¹. The authors reported that CO₂ 

conversion decreased progressively as the CH₄ content increased: when the feed 

contained 40%, 50% and 65% CH₄, the corresponding conversions were 67%, 64% and 

54%, respectively, with the latter representing nearly a 20% drop compared to the feed 

without CH₄. Although CH₄ selectivity was not discussed in detail, the presented plots 

indicate that it remained close to 97% under all conditions.  

In contrast, some studies report positive effects of methane addition. González-

Arias et al. (2024) investigated the influence of reaction temperature, H₂/CO₂ ratio, space 

velocity, and CO₂ share in the biogas stream through an experimental design using a 

nickel catalyst supported on ceria–alumina (Ni/CeAl). The authors found that 

temperature, followed by the H₂/CO₂ ratio, were the parameters with the greatest impact. 

By plotting the response surfaces and contour maps as a function of these two variables, 

as shown in Figure 2, the authors observed that CO₂ conversion and CH₄ yield were 

favored at higher temperatures (350–500 °C) and at H₂/CO₂ ratios between 2.5 and 3.5. 

These results were considered surprising, since conventional methanation of combustion 

gases typically requires H₂/CO₂ ratios equal to or above 4. The main hypothesis proposed 

by the authors to explain this behavior was the presence of methane in the feed gas, which 

broadens the range of possible reactions compared with traditional CO₂ methanation, 

including methane cracking and the water–gas shift (WGS) reaction. Moreover, the 

authors highlight that, despite its endothermic nature, methane cracking can occur within 

the operating temperature range considered, generating additional H₂ in the reaction 

medium. According to them, this in situ hydrogen production intensifies CO₂ methanation 
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and helps explain the good performance observed even under nominally H₂-lean 

conditions. At the same time, the carbon formed via methane cracking can be partially 

reconverted to CO₂ through reactions with the water produced during methanation, which 

helps gasify potential carbon deposits and reduce catalyst deactivation. Overall, the 

authors emphasize that the combined network of reactions induced by the presence of 

CH₄, including methane cracking, carbon gasification and H₂ generation, effectively 

increases the H₂/CO₂ ratio inside the reactor and supports the superior CO₂ conversion 

and CH₄ yield observed at H₂/CO₂ ratios between 2.5 and 3.5.  

 

 

Figure 2 - Contour maps for temperature and H2/CO2 ratio: (A) CO2 conversion; (B) 

CH4 selectivity; (C) CH4 yield (40% XCO2 and 30 L/g h). 

Reference: González-Arias et al., 2024. 

 

Pastor-Pérez et al. (2020) also reported improved catalytic behavior for Ni–

Co/CeO₂–ZrO₂ (CZ) systems when methane was added to the feed during CO₂ 

methanation. The reaction was evaluated with CH₄ concentrations ranging from 0 to 15 

vol% in the temperature range of 200–450 °C, using a fixed WHSV of 12,000 mL g⁻¹ h⁻¹ 

and an H₂/CO₂ ratio of 4:1. As shown in Figure 3, the introduction of methane into the 

feed proved beneficial for CO₂ conversion. Low CH₄ concentrations already led to 
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noticeable improvements, while higher amounts (10–15 vol%) resulted in a substantial 

enhancement, corresponding to an increase of approximately 15% in CO₂ conversion at 

300 °C. Regarding methane selectivity, a significant improvement was also observed, 

particularly between 200 °C and 300 °C in all experiments conducted with CH₄ in the 

feed. This produced a clear difference in selectivity within this temperature range when 

compared to the reaction carried out in the absence of methane. The authors attributed the 

observed improvement to the fact that the presence of methane broadens the range of 

reactions that can occur during methanation. According to them, when only CO₂ and H₂ 

are fed into the reactor, the main reactions involved are CO₂ methanation and the RWGS 

reaction. However, upon introducing CH₄ into the feed, additional pathways become 

accessible, particularly low-temperature reforming processes such as dry reforming and 

bi-reforming. These additional reactions provide extra routes for CO₂ consumption and 

account for the enhanced conversion observed, especially above 300 °C, where such 

processes become more pronounced. To support this interpretation, the authors reported 

an independent dry reforming of methane (DRM) experiment in which CO₂ conversion 

was detected within the same temperature range as methanation, confirming the 

occurrence of low-temperature reforming on the Ni–Co/CZ catalyst. Furthermore, the 

authors suggested that, as also observed by González-Arias et al. (2024), methane 

decomposition contributes to the improved behavior, since this process can generate 

additional hydrogen in situ. According to the study, this extra H₂ increases the local 

hydrogen partial pressure at the catalyst surface, thereby favoring the CO₂ methanation 

pathway. 

 

Reference: Pastor-Pérez et al., 2020. 

Figure 3 - Reaction results at a WHSV of 12,000 mL g⁻¹ h⁻¹ for the Ni–Co/CZ catalyst for the 

methanation reaction with 0%, 5%, 10%, and 15% CH₄ in the feed (A) CO₂ conversion and (B) CH₄ 

selectivity and (C) CO2 conversion during the dry reforming of methane (CH₄ + CO₂).  
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Camaratta (2023) also reported that the introduction of methane into the feed 

markedly improved the performance of some Ru-based catalysts. In this study, the 

beneficial effect was related to the formation of additional adsorbed species when 

methane was present in the feed.  This enhancement simultaneously increased both 

activity and selectivity toward CH₄, although CO₂ conversion itself showed virtually no 

variation between the two reaction conditions. For the Ru/MgAlO, Ru/MgO, Ru/CeO₂, 

and Ru/CeZrO₂ catalysts, the selectivities in the absence of methane were moderate, 

ranging from approximately 22% to 67%, depending on the support. With the addition of 

CH₄, these values increased, reaching selectivities between about 52% and 78%, 

accompanied by proportional increases in CH₄ formation rates. In contrast, the Ru/Al₂O₃, 

Ru/ZrO₂, and Ru/TiO₂ catalysts showed practically no differences under the two 

conditions. DRIFTS analyses showed that the improvements observed for some of the 

catalysts are associated with the formation of carburized ruthenium species (RuC), 

evidenced by the earlier appearance of formate bands at lower temperatures and by the 

rapid consumption of these intermediates, indicating enhanced CO₂ activation and 

dissociation. This carburized phase significantly increases the density of active sites and 

makes the hydrogenation pathway more efficient, explaining the simultaneous increase 

in activity and selectivity. This effect, however, was much less pronounced for catalysts 

with highly dispersed Ru particles, such as Ru/Al₂O₃ and Ru/TiO₂, which exhibited only 

minor improvements, suggesting that RuC formation depends on particle size and occurs 

preferentially when Ru is less dispersed. 

Based on the studies presented, it becomes evident that the role of methane in the 

feed is not yet well defined. Although some authors report positive effects and attribute 

this behavior to additional reactions activated in the presence of CH₄, such as methane 

cracking or reforming pathways, these reactions typically occur at temperature ranges 

higher than those usually employed in CO₂ methanation (Bulfaro et al., 2025), which 

raises questions about their actual contribution under conventional conditions. In contrast, 

other studies report neutral or even negative effects, indicating that the influence of 

methane depends strongly on the catalyst used and on the operating conditions applied. 

These contrasting observations show that methane can modify both reaction 

kinetics and catalyst behavior, but in a way that remains difficult to predict. Therefore, a 

clearer understanding of this parameter is still needed, as it represents an important gap 

in the current literature on biogas methanation. 
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1.2 CATALYSTS FOR CO2 HYDROGENATION 

 

The use of active and well-designed catalysts is essential in CO₂ methanation to 

achieve suitable reaction rates and selectivity, as they directly affect the adsorption of 

CO₂ and H₂ on the catalyst surface and, consequently, the overall reaction performance 

(Hussain et al., 2021a). Research on methanation catalysts intensified soon after the 

reaction was discovered around 1920. According to the literature, Sabatier and Senderens 

were among the first to demonstrate that nickel could catalyze the reaction and promote 

methane formation (Rönsch et al., 2016). Since then, extensive studies have been carried 

out to improve and develop catalysts for CO₂ methanation, exploring not only nickel but 

also other metals with different morphologies, supports, compositions, and structures. 

After nearly a century of research, a variety of catalysts and thermodynamic conditions 

are now well established to achieve satisfactory yields (Rönsch et al., 2016). 

Nevertheless, designing catalysts capable of providing higher conversions, selectivity, 

and yields remains a major challenge for the industrial expansion of CO₂ methanation 

(Hussain et al., 2021a). 

 With advances in nanotechnology and materials science, it has become possible 

to modify conventional catalysts and synthesize new ones with well-defined structures, 

morphologies, and compositions, allowing the design of specific properties that provide 

greater stability, conversion, yield, and selectivity toward the desired product (Das et al., 

2020; Fan and Tahir, 2021). In this context, in addition to conventional catalysts, 

materials with distinct morphologies, such as structured and encapsulated catalysts, have 

been widely studied. 

 

1.2.1 Conventional Catalysts 

 

The conventional catalysts used in CO₂ methanation reactions are typically 

composed of active metal particles supported on different materials, such as metal oxides, 

carbides, zeolites, and carbon-based nanomaterials (Gao et al., 2012; Zhang et al., 2022). 

The active metal directly influences the activation and reduction of CO₂ on the 

catalyst surface (Fan and Tahir, 2021; Frontera et al., 2017). Among the different metals 

studied, noble metals such as ruthenium, rhodium, and palladium stand out due to their 

high ability to dissociate hydrogen molecules, their high selectivity toward CH₄, strong 

resistance, good stability, and high catalytic activity at low temperatures. For these 
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reasons, they are advantageous not only for CO₂ methanation but also for other reactions, 

such as methane dry reforming (Fan and Tahir, 2021; Requies et al., 2009; Su et al., 2016). 

Ruthenium is considered the most active metal for CO₂ methanation, while rhodium is 

among the most widely studied for this reaction (Frontera et al., 2017). Palladium, 

although showing satisfactory catalytic performance, presents lower activity compared to 

the other noble metals and is therefore less commonly used in CO₂ methanation reactions 

(Fan and Tahir, 2021). 

Despite their advantages, the major drawback of noble metals is their high cost. 

For instance, the price of ruthenium can be approximately 100 to 120 times higher than 

that of nickel (Hussain et al., 2021a; Rönsch et al., 2016). 

Transition metals also show high activity for methanation reactions, with 

relatively high yields. Additionally, they are abundant in the Earth’s crust and therefore 

economically feasible for large-scale applications (Bacariza, 2021). For these reasons, 

they have been widely studied and employed in CO₂ methanation, with iron, cobalt, and 

nickel being the most investigated (Frontera et al., 2017). 

Iron, in addition to being active and efficient for methanation reactions, has a 

lower cost compared to nickel. However, its main limitation is its low selectivity toward 

methane, and for this reason, it is more commonly used in ammonia synthesis and in the 

Fischer–Tropsch process (Rönsch et al., 2016). Nickel was one of the first metals 

identified as capable of catalyzing CO₂ methanation. Among transition metals, it is 

considered the most selective toward CH₄ and presents high catalytic activity. 

Nevertheless, its greatest drawback is its susceptibility to deactivation, mainly through 

sintering and carbon deposition. Cobalt exhibits catalytic activity similar to that of nickel; 

however, it is more expensive than other transition metals and is therefore not typically 

used in industrial applications (Hussain et al., 2021a). 

Several studies in the literature compare the catalytic activity of noble and 

transition metals. In 1974, Mills and Steffgen reported that the catalytic activity for CO₂ 

methanation followed the order Ru > Fe > Ni > Co > Rh > Pd > Pt, while the selectivity 

for CH₄ followed Pd > Pt > Ni > Rh > Co > Fe > Ru. Later, Younas et al. (2016) observed 

a catalytic activity trend of Ru > Rh > Ni > Fe > Co > Pt > Mo > Pd, and selectivity of 

Pd > Pt > Ni > Rh > Co > Fe > Ru > Mo. Although some discrepancies exist in the 

reported sequences, the literature generally shows a consistent trend, and these orders 

may vary depending on factors such as metal–support interactions and 

reduction/activation temperatures. Overall, there is consensus that palladium- and iron-
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based catalysts tend to favor the reverse water–gas shift (RWGS) reaction, leading to CO 

formation, whereas rhodium, ruthenium, cobalt, and nickel-based catalysts promote 

methane formation (Hussain et al., 2021a). 

Among the noble and transition metals, nickel stands out as a material that 

combines high selectivity toward CH₄, strong catalytic activity, and economic viability 

(Rönsch et al., 2016). Due to these advantages, nickel is one of the main metals used in 

reactions such as methane dry reforming and is the most widely studied and applied metal 

in CO₂ methanation. Therefore, nickel was selected as the active metal in this work. 

 

1.2.2 Nickel Catalysts 

 

Since the discovery of the CO₂ methanation reaction, various nickel-based 

catalysts have been synthesized, incorporating different types of supports, metal loadings, 

and the addition of different promoters/additives (Fan and Tahir, 2021). 

The support material is one of the main factors influencing the catalytic properties, 

affecting the morphology, reducibility, and dispersion of the metallic phase (Italiano et 

al., 2020). In the literature, several supports have been employed, with oxides such as 

SiO₂, Al₂O₃, CeO₂, TiO₂, and ZrO₂ being the most common (Dias and Perez-Lopez, 

2020). These metal oxides typically exhibit high surface areas and promote good metal 

dispersion on their surfaces, which explains their widespread use in CO₂ methanation 

(Fan and Tahir, 2021). 

Silica-based materials are widely used as support for metal catalysts due to their 

high specific surface area, controllable porous structure, easy availability, and good 

stability (Frontera et al., 2017; Riani et al., 2014). In the literature, different silica-based 

materials are reported as supports, such as SiO₂ itself, MSN (mesostructured silica 

nanoparticles) and MCM-41 (Mobile Crystalline Material). Although they share the same 

silica basis, these catalysts exhibit very different structures and porosities and therefore 

show different performances in the reaction. 

Aziz et al. (2014) compared 5 wt.% Ni catalysts supported on silica-based 

materials (SiO₂, MSN, and MCM-41), γ-Al₂O₃, and HY zeolite for CO₂ methanation. 

They observed that the different surface areas and porosities of the supports influenced 

NiO crystallite size, with higher surface areas favoring better metal dispersion and smaller 

particles, following the trend Ni/MSN < Ni/MCM-41 < Ni/SiO₂ < Ni/HY. The support 

also affected the concentration of basic sites, which correlated with catalytic activity, 
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yielding the order Ni/MSN > Ni/MCM-41 > Ni/HY > Ni/γ-Al₂O₃ > Ni/SiO₂, with 

Ni/MSN showing the highest performance due to its intra- and interparticle pore structure 

that enhanced reactant mobility. Similarly, Shen et al. (2021) investigated Ni catalysts 

supported on pyrogenic silica and spherical silica nano powder, showing that the former’s 

larger micropore volume stabilized smaller Ni species, leading to the coexistence of ultra-

small and larger Ni particles. The catalyst supported on pyrogenic silica with 10 wt.% Ni 

exhibited the highest CO₂ methanation activity, attributed to a “cascade” mechanism in 

which CO₂ is activated on ultra-small Ni clusters to form CO, which is subsequently 

hydrogenated to CH₄ on larger Ni particles. 

The authors justified the results by considering that smaller nickel particles tend 

to favor CO formation, while larger particles promote CH₄ formation (Wu et al., 2015). 

However, the effect of the active metal particle size, in this case nickel, is still widely 

discussed and, although recognized as a parameter of great importance for catalytic 

performance, the results reported in the literature remain contradictory. 

Vogt et al. (2018) synthesized a set of well-defined Ni nanoclusters supported on 

silica (1–7 nm) and evaluated how nickel particle size influences the mechanism of CO₂ 

methanation. The authors observed a volcano-type curve, indicating that performance 

does not increase linearly with decreasing particle size, but instead presents an optimal 

point in the 2–3 nm range. Smaller particles favor the RWGS route and CO formation, 

whereas larger particles become saturated with adsorbed CO and, consequently, exhibit 

lower activity. The study confirms that neither very small nor very large particles are the 

most suitable, and that the intermediate size range (2–3 nm) ensures higher CO₂ 

conversion into CH₄. However, the authors emphasize that structure-sensitivity effects do 

not depend solely on particle size but result from a combination of physical phenomena. 

The nickel loading in supported catalysts is another key factor influencing 

catalytic activity, CH₄ selectivity, CO₂ conversion, and overall CO₂ methanation 

performance. Jaffar et al. (2019) investigated Ni/Al₂O₃ catalysts containing 5%, 10%, and 

15% nickel and, based on SEM-EDXS analyses, observed that lower Ni loadings resulted 

in higher NiO dispersion, while higher loadings led to larger particle sizes, confirming an 

inverse relationship between dispersion and particle size. A volcano-type trend in 

catalytic activity was reported, with the optimal performance achieved at a 10% nickel 

loading.  

Despite the numerous advantages of nickel-based catalysts previously mentioned, 

the main drawback of using nickel as the active phase is its high tendency toward 
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deactivation (Fan and Tahir, 2021). Catalyst deactivation is one of the major current 

challenges in the CO₂ methanation reaction and can occur mainly due to the sintering of 

nickel particles and the formation of carbon deposits (Fan and Tahir, 2021). 

During the catalytic process, coke is formed via the Boudouard reaction (Equation 

8), and carbon deposits are accumulated on the active sites of the catalyst, blocking them 

and consequently reducing its activity (Fan and Tahir, 2021). This phenomenon is 

commonly observed in the CO₂ methanation reaction, as reported, for example, by Aziz 

et al. (2015), who observed a reduction in the surface area of Ni/MSN catalysts after CO₂ 

methanation, attributed to carbon deposition within the material’s pores. Another main 

cause of deactivation in nickel catalysts is the sintering of metal particles. This 

phenomenon typically occurs under operating conditions involving high temperatures and 

pressures, which cause the metal particles to agglomerate, increasing in size and, 

consequently, reducing their catalytic activity. In the literature, several studies for the CO₂ 

methanation reaction report sintering-related issues after reaction, particularly for nickel-

based systems (Das et al., 2020). 

Efforts have been made to develop nickel catalysts that exhibit high stability and 

high catalytic activity for the CO₂ methanation reaction (Fan and Tahir, 2021; Zhang et 

al., 2022). Accordingly, in recent years, different supports have been investigated for this 

reaction, such as zeolites (Guo et al., 2018), carbon nanotubes (W. Wang et al., 2016), 

metal–organic frameworks (MOFs) (Mihet et al., 2019), and clays (Jiang et al., 2018) 

which present high specific surface areas and allow for a homogeneous dispersion of the 

active metal species (Abe et al., 2009). 

In addition to the use of supports with enhanced textural and chemical properties, 

strategies based on controlling the morphology and architecture of catalysts have also 

been extensively explored. Among these approaches, the development of encapsulated 

catalysts stands out, due to the unique properties arising from the confinement of one or 

more active phases within well-defined structures. Moreover, unique structural or 

compositional features may lead to materials with unexpected properties, broadening 

their potential applications (Ye et al., 2021). Owing to these and several other advantages, 

this class of materials has emerged as a promising alternative to overcome typical 

limitations of conventional systems, particularly with respect to stability and resistance 

to deactivation. 
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1.3 ENCAPSULATED CATALYSTS 

 

Encapsulated catalysts are considered a relatively new class of materials and 

consist of a core, composed of the active phase, coated by one or more layers that form 

the shell of the structure. The confinement of the active phase by the shell provides greater 

thermal stability and resistance to metal particle sintering, acting as a physical barrier 

around the core. In addition, core–shell catalysts may exhibit a wide range of distinct 

functionalities due to the different properties resulting from core–shell interactions and 

from the possible variations in composition, dimensions, and structure (Das et al., 2020). 

The literature reports a great diversity of core–shell/encapsulated catalysts, which are 

classified according to their structure and morphology, as illustrated in Figure 4. 

 

Figure 4 - Schematic representation of encapsulated core–shell catalyst structures. 

Reference: Das et al. (2020). 

 

A typical core–shell catalyst consists of a core surrounded by a porous shell. This 

class of materials can also exhibit alternative architectures, such as hollow-shell (yolk–

shell) structures, multi-shell configurations, and multi-core systems. In some cases, the 
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core may even be incorporated into the support, forming what is known as an embedded 

structure (Das et al., 2020; Marinho et al., 2021). Each configuration provides distinct 

and unique physicochemical characteristics to the catalyst, influencing accessibility of 

active sites, diffusion pathways, metal–support interactions, and thermal and chemical 

stability.  

The efficiency of encapsulated materials, in reducing metal particle sintering 

across different CO₂-related reactions (Das et al., 2020), encouraged its use in these 

reactions due to their ability to overcome key limitations of conventional catalysts, 

particularly in terms of stability, selectivity, and multifunctionality. When properly 

engineered, these architectures optimize the interactions between their components, 

enhancing properties already present in supported catalysts while introducing additional 

functionalities. A major advantage of these systems lies in their remarkable resistance to 

sintering, enabled by the encapsulation of metal nanoparticles within thermally stable 

shells. Moreover, core–shell catalysts can combine multiple types of catalytic sites in a 

controlled and synergistic manner, enabling tandem reactions and tighter control over 

sequential steps (Das et al., 2020).   

Despite these advantages, encapsulated catalysts also come with challenges, as 

their synthesis is often more complex and costly than that of conventional industrial 

catalysts, raising questions about large-scale viability. Still, their versatility is particularly 

attractive for advanced catalytic processes. Microporous shells can function as molecular 

sieves, providing size-selective access to reactants and products, while electronic 

modifications arising from lattice strain or ligand effects allow fine-tuning of adsorption 

energies and surface activities. Additionally, well-defined interfaces in core–shell 

heterostructures can enhance catalytic efficiency by maximizing metal–support contact 

in thermocatalysis. The architectural flexibility of core–shell materials enables the 

combination, protection, and enhancement of distinct catalytic functions, supporting their 

increasing application in CO₂ conversion through thermocatalytic, photocatalytic, and 

electrocatalytic routes (Das et al., 2020).   

Among the most extensively studied systems are silica-encapsulated catalysts. 

Because it is a resistant material and easy to prepare, the use of silica as a shell allows 

simple control of the thickness, porosity, and morphology of the catalysts and is therefore 

widely employed in core–shell catalysts (Han et al., 2019; Wang et al., 2018; Zhang and 

Li, 2015). 
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Regarding CO₂ methanation, despite the advantages mentioned, few studies on 

the use of encapsulated catalysts for this reaction are reported in the literature. For this 

type of reaction, the use of encapsulated catalysts may be the solution considering the 

problems and challenges mentioned before: sintering of the active phase, coke formation, 

and the need for high selectivity at lower temperatures.  

 

1.3.1 Synthesis of Encapsulated Catalysts 

 

The synthesis of encapsulated catalysts is typically carried out through a sequence 

of classical preparation methods. The literature reports a wide variety of procedures for 

preparing these materials, employing different methodologies and reagents. Two main 

strategies can be used for the synthesis of encapsulated catalysts: the “inside-to-outside” 

and “outside-to-inside” approaches (Ye et al., 2021). In the inside-to-outside method, the 

core (usually composed of the active phase) is formed first, followed by its encapsulation, 

in which one or more shell layers are deposited around it. In contrast, the outside-to-inside 

strategy involves introducing pre-formed nuclei as seeds into hollow cavities, such as 

those of zeolites or MOFs, where they can grow until the internal space of the “shell” is 

completely filled (Ye et al., 2021). Among these approaches, the inside-to-outside 

technique is the most widely employed for synthesizing encapsulated catalysts containing 

metals and oxides typically used in CO₂ hydrogenation reactions. Furthermore, this 

method allows the shell to be functionalized, thereby providing additional catalytic 

functionalities. 

Table 2 presents some preparation methods reported in the literature for the 

synthesis of silica-encapsulated catalysts using the inside–to-outside technique. 
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Table 2 - Preparation methods of silica-encapsulated catalysts reported in the literature. 

 

In addition to the methods mentioned, several other techniques are widely 

employed in the literature for the synthesis of encapsulated catalysts (Das et al., 2020; Ye 

et al., 2021). However, it is important to note that in many studies, especially those 

involving nickel-based catalysts, the materials are classified as encapsulated or core–shell 

structures even though they often do not exhibit the typical structural features associated 

with these systems. This highlights the fact that the synthesis of such materials is not 

trivial and requires strict control over the preparation conditions as well as a deep 

understanding of the mechanisms involved in the formation of the desired structures. 

 

1.3.1.1 Synthesis of Nanoparticles (Core) 

 

As shown in Table 2, the synthesis of nanoparticles that serve as the core of 

encapsulated catalysts can be carried out using a wide range of traditional preparation 

methods, which generally vary according to the metal involved. Reported approaches 

include hydrothermal and solvothermal synthesis, thermal decomposition, sol–gel routes, 

Catalyst Synthesis method Reference 

Co@SiO2 Solvothermal + Stöber  Smarzaro et al. (2021) 

Moraes (2021) 

Ilsemann et al. (2019) 

Ni@SiO2 Precipitation + Stöber Tian et al. (2022b) 

Choi et al. (2019) 

H. Wang et al. (2016) 

Lucchini et al. (2016) 

Li et al. (2012) 

Ni@SiO2 Water-in-oil microemulsion + Stöber Zhang et al. (2019) 

Wang et al. (2018) 

Takenaka et al. (2007) 

 

Pd@SiO2 Precipitation + Stöber Yue et al. (2018) 

Fe@SiO2 Water-in-oil microemulsion + Stöber Kirchner et al. (2020) 

Ru-Co@SiO2 Hydrothermal + Stöber Pang et al. (2018) 

Ni–Mg@SiO2 Hydrothermal + Stöber Bian et al. (2016) 

Cu/ZnO@SiO2 Solvothermal + Stöber Yang et al. (2016) 
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microwave-assisted methods, non-aqueous synthesis, sonochemical techniques, and the 

polyol method, among others (Bonomo, 2018; Raj et al., 2015).  

In her review, Bonomo (2018) summarizes several studies describing the 

synthesis of nickel oxide nanoparticles using a wide variety of methods and precursors, 

resulting in particles with different shapes and diameters. Despite the large diversity of 

preparation methods for nickel and nickel oxide nanoparticles reported in the literature, 

obtaining uniform and spherical nanoparticles with small diameters in catalysts remains 

a significant challenge. In general, the diameters of NiO nanoparticles reported in these 

studies varied between 5 and 50 nm, depending on the reagent quantities and the synthesis 

conditions adopted by each author. However, in many cases the nanoparticles are not 

uniform, exhibiting different shapes and sizes and not always presenting a spherical 

morphology. This occurs because the type of synthesis, as well as the parameters and 

reagents employed, directly affects the particle size, crystalline structure, and 

morphological characteristics (Bonomo, 2018). 

According to the methods summarized in Table 2, three core methods are 

identified in the synthesis of silica-encapsulated catalysts: precipitation, 

Solvo/hydrothermal and water-in-oil microemulsion.  

In the precipitation technique, a solution containing the metal precursor is brought 

into contact with a precipitating agent, such as hydroxides and/or carbonates, in order to 

promote the formation of an insoluble solid phase. This process leads to the precipitation 

of metal hydroxides, carbonates, or other intermediate compounds, which can be further 

filtered, washed, dried, and calcined to obtain the desired oxide phase, and subsequently 

reduced to generate the active metallic nanoparticles (Bonomo, 2018; Pinna, 1998). 

However, it has been observed that the precipitation technique tends to produce less 

uniform catalysts, with broader particle size and morphology distributions. 

  The solvothermal method was recently applied in our research group for the 

synthesis of cobalt oxide nanoparticles (Moraes, 2021; Smarzaro et al., 2021). In this 

method, the solution containing the reagents, precursors, and solvent is placed into a 

sealed reactor and heated to a temperature above the boiling point of the solvent. As the 

pressure increases due to partial solvent evaporation, the precursor undergoes 

decomposition, leading to the formation of nanocrystals (Moraes, 2021). Typically, a 

stabilizing agent is added to the solution in order to stabilize the particles and prevent 

agglomeration, which could result in particle growth. Since this is a simple method carried 
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out at relatively low temperatures, around 250 °C, it is considered an appropriate 

technique for industrial applications. 

The water-in-oil microemulsion technique stands out as the approach that most 

effectively yields well-defined core–shell structures. In this method, a thermodynamically 

stable microemulsion is formed by dispersing nanosized droplets of an aqueous solution 

containing the metal precursor within a continuous oil phase. This system is stabilized by 

surfactants, leading to the formation of reverse micelles. The dispersed droplets act as 

nanoreactors, providing a confined environment for the nucleation and growth of 

nanoparticles after the addition of a reducing agent (Capek, 2004).  This method offers 

significant advantages by enabling precise control over particle size, shape, and 

composition, and for this reason it has been widely employed in the synthesis of core–

shell catalysts with different compositions and structural configurations.  

In most cases, except for the conventional water-in-oil microemulsion process, the 

oxide precursor of the desired metal is first prepared and encapsulated and is only 

converted into metallic nanoparticles during the reduction step of the core–shell catalyst. 

 

1.3.1.2 Encapsulation of nanoparticles with silica 

 

The most widely employed encapsulation route for the preparation of core–shell 

materials is the Sol–Gel (Stöber) method, mainly due to its high versatility, which enables 

morphological and textural adjustments of the silica surface (Smarzaro et al., 2021). The 

sol–gel process is extensively used for the synthesis of metal oxides such as TiO₂, SiO₂ 

and ZrO₂. In addition to its low cost and operational simplicity, it provides good 

reproducibility and allows the formation of uniform and highly pure particles (Moraes, 

2021; Wang et al., 2010). When applied to the synthesis of SiO₂ nanoparticles, this 

technique is referred to as the Stöber method (Stöber et al., 1968). 

The method is based on two main steps: hydrolysis and condensation reactions. In 

the first step, a homogeneous solution is formed by mixing solvents and a precursor, 

which is typically a metal alkoxide consisting of an organic group bonded to a metallic 

element (–OR). As shown in Equation 13, in the presence of water, alkoxides undergo 

hydrolysis through the substitution of the –OR groups by –OH groups, leading to the 

formation of the “sol”, a colloidal system. In the Stöber method specifically applied to 

the production of silica nanoparticles, tetraethyl orthosilicate (TEOS) is commonly used 
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as the silica precursor, in which “R” represents the –CH₂CH₃ group (Bokov et al., 2021; 

Stöber et al., 1968). 

 

(13) 

After alkoxide activation through hydrolysis, polymeric condensation takes place 

in the presence of a basic catalyst, such as ammonium hydroxide (NH₄OH). As presented 

in Equations 14 and 15, condensation reactions may proceed through the release of either 

water or alcohol (Bokov et al., 2021). 

 

(14) 

 

(15) 

 

As condensation reactions proceed, the polymeric species become larger and more 

rigid, leading to the formation of the “gel”, which in the case of the Stöber method 

corresponds to a colloidal system composed of a three-dimensional silica network. To 

obtain the final product, the formed gel is subjected to an aging step followed by drying 

(Bokov et al., 2021). The method can also be adapted to produce materials with specific 

morphologies, being designated as the modified Stöber process (Moraes, 2021). Porosity 

can be tuned during synthesis by adding structure‐directing agents, such as 

cetyltrimethylammonium bromide (CTAB) and polyvinylpyrrolidone (PVP), which act 

as temporary templates and are later removed during calcination. 

The characteristics of the resulting silica are directly influenced by the synthesis 

parameters. Fernandes et al. (2019) investigated the effect of water, ammonia, ethanol 

and tetraethyl orthosilicate (TEOS) concentrations on particle size, obtaining spheres 

ranging from 9 to 800 nm. The authors reported that water, ammonia and TEOS 

significantly affect nanoparticle growth, while also highlighting that the impact of each 

reagent depends on their relative proportions. Consequently, the same precursor may 

promote or inhibit particle growth depending on the formulation adopted. 

The versatility of both the synthesis of the core nanoparticles and the silica 

encapsulation process demonstrates the existence of multiple synthesis pathways. This 
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flexibility enables targeted adjustment of structural, textural and morphological properties 

of the encapsulated catalyst. In the following section, the effects of synthesis parameters 

on the final properties of the catalyst will be discussed in more detail. 

 

1.3.2 Influence of synthesis parameters on the properties of the catalyst 

 

In encapsulated catalysts, the structure and properties of both the core and the shell 

directly affect the activity and selectivity of these materials in catalytic reactions. These 

properties can be modified by adjusting specific parameters during synthesis. Table 3 

presents some studies from the literature that evaluated catalyst properties and their 

respective modifications induced during synthesis. 

 

Table 3 - Studies evaluating the effect of encapsulated catalyst properties and their 

respective synthesis modifications and catalyst alterations. 

Evaluated 

parameters 
Catalyst 

Main property 

influenced 
References 

Amount of TEOS 

Ni@S-1@SiO2 

Co@SiO2 

Ni@SiO2 

Ni@SiO2 

Ni@SiO2 

Fe3O4@SiO2 

Shell thickness 

Li et al. (2026) 

Smarzaro et al. (2021) 

Lucchini et al. (2016) 

Tian et al. (2022a) 

Wang et al. (2021) 

Ding et al. (2012) 

Amount of metal 

precursor 

Ni@ Ni@NC-XLa 

Ni-Ca@HSS 
Metal loading 

Li et al. (2025) 

Huang et al. (2026) 

Addition of structure-

modulating/structure-

directing agents 

Co@SiO2 

Ni@SiO2 

Ni@SiO2 

Porosity 
MORAES, 2021 

Li et al. (2012) 

Lucchini et al. (2016) 

Calcination 

temperature 

Ni@SiO2 

Ni@SiO2 

Ni@SiO2 

Co@SiO2 

Core size / core 

diameter 

Li et al. (2012) 

H. Wang et al. (2016) 

D. Han et al. (2020) 

Hydrolysis time 
Ni@SiO2 

Ni@SiO2 

Textural properties and 

nickel content 

F. Wang et al. (2016) 

Wang et al. (2018) 

Aging time 
Ni@SiO2 

Ni@SiO2 

Elongation of cavities 

in hollow-shell 

structures 

Wang et al. (2019) 

Dahlberg and 

Schwank (2012) 
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Li et al. (2012) and H. Wang et al., (2016) modified the core diameter of Ni@SiO₂ 

core–shell catalysts by varying the calcination temperature. In both studies, the authors 

observed that increasing the calcination temperature enhanced nanoparticle sintering, 

resulting in larger particle sizes. Li et al. (2012) reported average nickel oxide 

nanoparticle diameters of approximately 6.0, 20.0, and 45.1 nm when calcination 

temperatures of 350, 500, and 600 °C were applied, respectively. H. Wang et al., (2016), 

using calcination temperatures of 350, 400, and 500 °C, obtained NiO nanoparticle 

diameters of 5.1, 8.6, and 23.3 nm, respectively. By influencing particle size, calcination 

temperature consequently affects the metal–support interaction in these catalysts (B. Han 

et al., 2020). 

The shell thickness of the catalyst is directly related to the amount of precursor 

used. The greater the quantity of TEOS added, the thicker the resulting silica shell 

(Lucchini et al., 2016; Smarzaro et al., 2021). This behavior was recently confirmed by 

Tian et al. (2022b), who employed 2, 4, and 6 mL of TEOS during the synthesis of 

Ni@SiO₂ catalysts and obtained shell thicknesses of approximately 20.7, 34.4, and 58.2 

nm, respectively. 

Shell porosity can be modulated through the addition of structure-directing agents 

such as PVP and CTAB. Moraes (2021) controlled the porosity of silica in cobalt‐based 

core–shell catalysts by varying the CTAB/TEOS molar ratio. It was observed that the 

increment in the CTAB/TEOS ratio, from 0.03 to 0.09, decreased the average pore 

diameter from 9.2 to 3.5 nm, while the specific surface area increased from 300 to 771 

m²/g, respectively. A similar effect of CTAB on silica porosity in nickel core–shell 

catalysts was also reported by Lucchini et al. (2016) in Ni@SiO₂ catalysts. In addition, 

Smarzaro et al. (2021) demonstrated that increasing the PVP/TEOS ratio directly 

increased specific surface area, indicating that PVP not only stabilizes nanoparticles but 

also induces mesopore formation. Similarly, Xie et al. (2011) likewise observed increases 

in porosity and specific surface area with increasing PVP content during synthesis. 

TEOS hydrolysis time during water-in-oil microemulsion synthesis of Ni@SiO₂ 

was evaluated by Wang et al. (2018). The authors reported the formation of a hollow-

shell structure with internal cavities of approximately 10.2–12.3 nm, containing Ni 

nanoparticles encapsulated both within the cavity and in the silica shell. Although the 

dimensions of the silica spheres (29.5–31.1 nm) and Ni nanoparticles (3.4 – 4.7 nm) 

remained essentially unchanged with increasing hydrolysis time, textural variations were 

observed. The pore volume decreased from 1.04 cm³·g⁻¹ (1 h) to 0.82 cm³·g⁻¹ (2 h), 0.65 



 

28 
 

cm³·g⁻¹ (5 h) and 0.74 cm³·g⁻¹ (10 h) and  BET surface area dropped from 222 m²·g⁻¹ (1 

h) to 153 m²·g⁻¹ (2 h), 147 m²·g⁻¹ (5 h) and 143 m²·g⁻¹ (10 h). These results indicate that, 

while encapsulation preserves the core–shell morphology and prevents Ni growth, longer 

hydrolysis times reduce pore accessibility and Ni dispersion, potentially affecting 

reactant–active site interaction and, consequently, catalytic performance. In a related 

study, (F. Wang et al., 2016) compared hydrolysis times of 30 min and 2 h and observed 

a strong effect on metal loading, with Ni contents of 14.6% and 6.1% for Ni@SiO₂–30 

min and Ni@SiO₂–2 h, respectively. This was attributed to partial TEOS condensation at 

short hydrolysis times (30 min) and predominant silica precipitation at longer times (2 h). 

Hydrolysis time also impacted BET surface area and pore volume, which were 247 and 

146 m² g⁻¹, and 0.58 and 0.29 cm³ g⁻¹ for Ni@SiO₂–30 min and Ni@SiO₂–2 h, 

respectively. 

In the microemulsion method, aging time (the interval between microemulsion 

formation and the Stöber step) is another key parameter influencing Ni@SiO₂ hollow–

shell structures. Wang et al. (2019) investigated aging periods of 3, 6, and 12 h and found 

that longer aging selectively promoted internal cavity elongation, while cavity diameter 

(~8 nm) and shell thickness (~5 nm) remained unchanged. The silica encapsulation 

maintained the Ni nanoparticles at small sizes, since the confinement restricted their 

mobility and limited sintering. Cavity length increased from approximately 10–20 nm at 

3 h to nearly 40 nm at 12 h, indicating that aging governs axial cavity extension rather 

than total shell dimensions. This result was attributed to the progressive decomposition 

of hydrazine during aging, which accelerates cavity elongation and alters metal 

dispersion. A comparable behavior was reported by (Dahlberg and Schwank, 2012) who 

synthesized SiO₂ nanotubes encapsulating Ni nanoparticles via a water-in-oil 

microemulsion. Internal cavity length was highly dependent on aging prior to silica 

precursor addition, gradually increasing to 24.8, 33.9, 35.5, and 45.3 nm for 5 min, 1.5 h, 

3 h, and 6 h, respectively, and reaching approximately 2 μm after 24 h. The authors 

associated this phenomenon with the retention of gaseous domains inside reverse 

micelles, which promotes axial elongation while displacing aggregated silica species 

toward the external micellar interface, ultimately resulting in internal cavity formation. 

In addition to these parameters, several others are also reported in the literature 

for different synthesis methods, such as solvent type (Wang et al., 2020), N₂H₄ 

concentration (Dahlberg and Schwank, 2012),  synthesis temperature (Dahlberg and 
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Schwank, 2012), H₂O/SiO₂ molar ratio (Gao et al., 2022), and post-treatment temperature 

(Lim et al., 2021), among others. 

 

1.3.3 Influence of catalyst properties on catalytic performance  

 

The influence of shell properties in cobalt catalysts encapsulated with mesoporous 

silica was recently evaluated by our research group. Smarzaro et al. (2021) changed the 

amount of silica precursor during catalyst synthesis in order to assess the effect of shell 

thickness in Co@SiO₂ catalysts applied to Fischer–Tropsch synthesis. The authors 

observed that shell thickness had a strong impact on both activity and selectivity. 

Catalysts with thinner shells exhibited higher selectivity toward heavier hydrocarbons 

(approximately C₁₉–C₂₄), attributed to the confinement effect promoted by the silica 

pores. In contrast, catalysts with thicker shells displayed CO diffusion limitations, which 

favored increased methane formation. Such CO confinement behavior observed for the 

thicker‐shell catalyst may be advantageous in CO₂ methanation, since this reaction targets 

high CH₄ selectivity and minimal CO formation and may therefore follow a similar trend. 

Moraes (2021) also investigated the effect of porosity in cobalt catalysts 

encapsulated with silica during Fischer–Tropsch synthesis. Modifications in pore 

diameter and pore volume significantly influenced the specific surface area of the catalyst, 

where reductions in these parameters resulted in increased surface area. It was observed 

that the smaller the pore diameter and, consequently, the higher the specific surface area, 

the greater the selectivity toward C19 to C24 hydrocarbons and the lower the selectivity 

toward C25 to C29. This behavior was attributed to diffusion limitations imposed by the 

pore volume of the shell and to the confinement effect, in which wider pores favor chain 

growth, leading to the formation of higher molecular weight hydrocarbons. 

 H. Wang et al. (2016) evaluated nickel catalysts encapsulated in silica and 

calcined at different temperatures (250, 400, and 500 °C) for the CO methanation 

reaction. The authors observed that methanation activity decreased drastically with 

increasing calcination temperature, since higher temperatures enhanced nickel oxide 

sintering, thereby reducing the active phase surface area. The influence of calcination 

temperature in nickel core–shell catalysts encapsulated in silica was also examined by 

Xie et al. (2011) for partial oxidation of methane. The same trend was observed: the 

catalyst calcined at the lowest temperature (350 °C, Ni-350@SiO₂), had the smallest core 

and exhibited the highest catalytic activity. The authors also assessed the effect of 
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porosity in the Ni-350@SiO₂ catalyst synthesized with and without PVP. Although both 

catalysts displayed similar methane conversions, hydrogen selectivity was notably lower 

for the sample prepared without PVP. This behavior was attributed to differences in core–

shell interactions and to the impact of porosity on molecular diffusion. 

Wang et al. (2018) evaluated Ni@SiO₂ hollow core–shell catalysts containing 

small Ni nanoparticles (approximately 5 nm) encapsulated within a thin silica shell 

(approximately 30 nm) under high-temperature catalytic methane reforming (CRM) 

conditions. Catalysts synthesized with shorter hydrolysis times (Ni@SiO₂–1 h, 2 h, 5 h, 

10 h) showed higher activity in CH₄ and CO₂ conversions. Under standard conditions 

(100 mg catalyst, 30 mL min⁻¹, CH₄/CO₂ = 1, 0.1 MPa), Ni@SiO₂–1 h reached 63 and 

71% CH₄ and CO₂ conversion at 923 K and 91 and 94% at 1073 K, whereas Ni@SiO₂–

10 h achieved only 43 and 55% and 85 and 90%, respectively. The decline in performance 

with longer hydrolysis time was attributed to reduced surface area (222 m²/g for 1 h and 

143 m²/g for 10 h), lower Ni dispersion (29.4 for 1h and 21.3 for 10h) and slightly larger 

Ni particles (3.4 nm for 1h and 4.7 nm). Post-reaction analyses confirmed that both the 

silica shell and Ni particle sizes remained essentially unchanged, indicating strong 

resistance to sintering. Carbon deposition was minimal, likely due to the confinement 

imposed by the silica shell and the small Ni particle size, which limits carbon diffusion. 

These factors explained the stable CRM performance at high temperature, particularly for 

the catalyst synthesized with the shortest hydrolysis time. 

Wang et al. (2019) demonstrated the importance of the inner cavity space in yolk–

shell Ni@SiO₂ catalysts for enhancing resistance to coking during the dry reforming of 

methane under high space velocities. According to the authors, the presence of an 

expanded hollow void between the Ni core and the silica shell facilitates gas diffusion, 

increases accessibility to active metallic sites, and prevents the accumulation of 

carbonaceous deposits. 

Ni@SiO₂ nanocapsule catalysts prepared with different aging times (3, 6 and 12 

h) were compared with their core–shell nanosphere counterparts. Initially evaluated at 

700 °C and 60 L g⁻¹ h⁻¹, all catalysts showed CH₄ and CO₂ conversions of around 70 and 

80%, respectively, with H₂/CO ratios of 0.95 for the nanocapsules and 0.90 for the 

nanosphere. However, after 30 h of reaction, the encapsulated catalysts maintained 

approximately unchanged conversion and H₂/CO ratio, whereas the nanosphere catalyst 

exhibited a significant decline in performance, reaching approximately 50% (CH₄), 60% 

(CO₂) conversion and an H₂/CO ratio of 0.75. This superior performance was attributed 
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to the internal cavity volume, which increased the dispersion of metallic sites, accelerated 

the transport of reactants and intermediates, and acted as an isolated microreactor, 

facilitating product desorption and suppressing the formation and retention of 

carbonaceous deposits. The yolk–shell configuration not only prevented Ni sintering but 

also considerably reduced the carbon deposition under a GHSV of 60 L g⁻¹ h⁻¹  (Wang et 

al., 2019) . 

In general, the preparation of encapsulated catalysts and how their properties can 

be tuned according to the desired structure depend on several synthesis parameters. 

Different configurations, confer specific behaviors to the catalyst, directly influencing 

both performance and reaction mechanism. In this context, optimizing architecture and 

accessibility of active sites becomes particularly relevant for using this type of catalysts 

in CO₂ methanation reactions.  

 

1.4 ENCAPSULATED CATALYSTS IN CO₂ METHANATION 

 

The literature reports only a limited number of studies on the use of encapsulated 

catalysts for the CO₂ methanation reaction, mainly focused on silica-encapsulated nickel 

systems (Ni@SiO₂). Table 4 lists some of them. 

 

Table 4 - CO2 methanation works using encapsulated catalysts. 

Catalyst Structure Conditions Reference 

Nickel-ceria catalyst Embedded  1 bar, 150 - 400°C 

CO2:H2= 1:4, GHSV= 12,000 

h-1, 1 bar 
 

Barreau et al. (2023) 

NiMgO@SiO2 Core-Shell  0.1 MPa, 300 °C H2/CO2=4:1 

WHSV=60 Lgcat
-1h-1 

 

Li et al. (2014) 

Ni@Silicalite-1 Zeolite-

Encapsulated  

0.1 MPa, 200-500°C 

H2/CO2 = 4:1,  

WHSV= 60 Lgcat
-1h-1 

 

Goodarzi et al. (2018) 

Co@Silicalite-1 

Co@SiO2 

Core-Shell  0.1 MPa, 200 - 400 °C 

H2/CO2= 4:1, 

WHSV=1560LgCo
-1h-1 

 

Ilsemann et al. (2019) 

NiO@SiXNS-H2O 

NiO@SiXNS-EtOH 

2D Nanosheets 1 atm, 300 °C, H2/CO2=4,  

WHSV=30 Lgcat−1h−1 

 

Yan et al. (2019) 

Ni@Y2O3 

Ni@SBA-15 

 

Encapsulated  

0.1 MPa, 200-450°C 

H2/CO2=4:1, 

WHSV= 6000 mL.g-1.h-1 

Fan et al. (2025) 

*XCO2= CO2 Conversion; SCH4= Selectivity; rCH4= CH4 formation rate; H2/CO= ratio of H2 to CO; TOF= 

Turnover frequency; WHSV=Weight hourly space velocity; GHSV= Gas Hourly Space Velocity. 
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Barreau et al. (2023) investigated an embedded nickel-ceria catalyst (1.3 wt.% Ni) 

under CO2:H2= 1:4, GHSV= 12,000 h-1, and 1 bar. The material achieved 70% of CO₂ 

conversion at 400 °C with CH₄ selectivity close to 98%. Its performance was comparable 

to that of supported Ni/CeO₂ catalysts containing roughly five times higher Ni loading 

(around 10 wt%), confirming the high efficiency of the embedded configuration. 

Li et al. (2014) prepared a series of core–shell catalysts in which the core consisted 

of different amounts of nickel oxide and magnesium oxide encapsulated by silica, to be 

evaluated in the CO₂ methanation reaction. Catalysts were synthesized with cores 

composed exclusively of nickel, exclusively of magnesium oxide, and with different 

Ni/Mg ratios of 4/1, 3/1, 1/1, and 1/3. The catalysts were characterized by classical 

techniques including atomic absorption spectroscopy, XRD, XPS, TEM, EDX, H₂-TPR, 

TG-DSC, and H₂ chemisorption. Initially, the Ni@SiO₂ catalyst was compared with pure 

nickel nanoparticles in the CO₂ methanation reaction over a temperature range of 200–

500 °C and a WHSV of 60 L g_cat⁻¹ h⁻¹. Pure nickel exhibited lower CO₂ conversion 

throughout the entire temperature range, with a maximum conversion of 56% and 80% 

selectivity toward CH₄ at 400 °C, whereas the encapsulated material presented its 

maximum performance at 350 °C, with 78% CO₂ conversion and 98% CH₄ selectivity. 

This result was attributed to the confinement effect provided by the silica shell, which 

contributed to controlling and preventing nickel particle sintering. Based on the XRD 

results for NiO@SiO₂ and reduced NiO materials, the authors confirmed extensive Ni 

sintering for the NiO sample during the reduction step, which exhibited an average Ni 

particle size of 35.2 nm, while the reduced core–shell catalyst showed a significantly 

smaller value of 15.3 nm. 

When comparing all synthesized catalysts, Li et al. (2014) observed that the 

material containing only magnesium in the core (reduced MgO@SiO₂) showed the lowest 

activity, with 42% CO₂ conversion and only 27% selectivity toward CH₄. The 

Ni(0.8)Mg(0.2)O@SiO₂ catalyst with a Ni/Mg ratio of 4:1 exhibited the highest activity 

among all evaluated samples, achieving 99% CH₄ selectivity and 87% CO₂ conversion at 

300 °C. The presence of magnesium oxide, at a Ni/Mg ratio of 1/4, enabled higher 

dispersion of nickel nanoparticles on the core surface. This behavior was already reported, 

suggesting that the reduction of NiO in a solid solution composed of NiO and MgO occurs 

much more slowly than in pure NiO, leading to the formation of smaller and more 

dispersed nickel particles on the solid (Hu, 2009; Kuzmin and Mironova, 1998). The 

authors also concluded that high amounts of MgO in the core reduce the number of nickel 
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active sites on the catalyst surface, promoting CO formation from CO₂ instead of CH₄, 

and consequently decreasing methane selectivity. The Ni(0.8)Mg(0.2)@SiO₂ catalyst was 

tested for 100 hours at 300 °C and no losses in conversion were observed for the 

encapsulated catalyst (Li et al., 2014). 

Goodarzi et al. (2018) encapsulated metallic nickel nanoparticles in silicalite-1 

zeolites. For the synthesis of the core–shell material, the zeolite first underwent selective 

desilication in the presence of CTAB in order to generate intraparticle pores and 

mesopores. This modification of the zeolite properties created suitable conditions for the 

insertion of nickel nanoparticles inside the zeolite crystals, whereas in nickel catalysts 

supported on silicalite-1, the Ni particles remain agglomerated on the external surface of 

the zeolite. The catalysts were characterized by XRD, N₂ physisorption, XPS, TEM, and 

by XANES and EXAFS techniques. Based on XANES and EXAFS analyses, the authors 

observed that the encapsulated nickel nanoparticles exhibit an average oxidation state 

closer to NiO than to metallic Ni. Moreover, structural analysis revealed that the Ni 

nanoparticles in the encapsulated catalyst undergo rapid oxidation when exposed to air, 

whereas the larger Ni particles of the supported catalyst maintain a more metallic 

character. In the catalytic evaluation at 450 °C, the supported catalyst showed 42% CO₂ 

conversion and 40% CH₄ selectivity, while at the same temperature the encapsulated 

material reached 57% CO₂ conversion and 91% CH₄ selectivity. In the 50-hour stability 

tests, the supported catalyst exhibited significant losses in conversion and selectivity, 

whereas the encapsulated catalyst remained relatively stable, with minimal migration of 

Ni nanoparticles toward the external surface. 

Le et al. (2020b) evaluated the use of the core–shell Al@Al₂O₃ material as a 

support for nickel catalysts in the CO₂ methanation reaction and compared it with 

conventional γ-Al₂O₃. The authors also compared the preparation methods of the 

Ni/Al@Al₂O₃ catalyst, synthesized wet impregnation (WI) and deposition–precipitation 

(DP). The catalysts were characterized by N₂ physisorption, XRD, H₂ chemisorption, 

CO₂-TPD, TPO, TGA, HR-TEM, ICP-AES, and in situ DRIFTS. Among the preparation 

approaches, the deposition–precipitation method resulted in the greatest modification of 

the textural properties of the catalyst, providing a higher specific surface area and, 

consequently, superior catalytic activity. For catalysts prepared by this method, two 

thermal pretreatment temperatures, 110 and 550 °C, were investigated, and at 550°C led 

to greater nickel particle agglomeration. Regarding catalytic activity in CO₂ methanation, 

the following order was observed: Ni/γ-Al₂O₃ < Ni/Al@Al₂O₃ (WI) < Ni/Al@Al₂O₃ 
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(DP550) < Ni/Al@Al₂O₃ (DP110). The Ni/Al@Al₂O₃ (DP110) catalyst exhibited the 

highest concentration of medium basic sites, greater CO₂ adsorption on the surface, and, 

consequently, the highest CH₄ formation rate, which resulted in its superior performance 

(Le et al., 2020b). Based on the in situ DRIFTS analysis of the Ni/Al@Al₂O₃ (DP110) 

catalyst during reaction, the authors suggested that the CO₂ methanation pathway consists 

first of CO₂ chemisorption on the catalyst surface, followed by hydrogenation to formate, 

which is then further transformed into CH₄ (Le et al., 2020b) 

The same authors also evaluated the effect of promoters (Mn, Ce, Zr, Mg, K, Zn, 

and V) on Ni catalysts supported on Al@Al₂O₃ in the CO₂ methanation reaction. The 

catalysts were characterized by N₂ physisorption, CO₂ chemisorption, H₂ chemisorption, 

CO₂-TPD, XRD, HRTEM, XPS, and in situ DRIFTS. The authors observed that the 

highest catalytic activity was achieved for the Ni–Mn/Al@Al₂O₃ catalyst, in which Mn 

acted as a promoter by enhancing hydrogen adsorption on the catalyst surface, favoring 

the hydrogenation of intermediate species, and also by enabling CO₂ adsorption with 

moderate binding strength, which facilitated CO₂ methanation (Le et al., 2020a). Based 

on the DRIFTS analyses, the authors concluded that the CO₂ methanation reaction over 

Ni–Mn/Al@Al₂O₃ proceeds via CO₂ adsorption on the surface, leading to the formation 

of carbonates that are subsequently hydrogenated to formate species and ultimately 

converted into methane. 

In general, and based on the results from both studies, the authors concluded that 

the use of the Al@Al₂O₃ core–shell material as a support for nickel catalysts leads to a 

higher concentration of medium basic sites and enhanced CO₂ adsorption on the catalyst 

surface, both of which are crucial factors for achieving high catalytic activity in the CO₂ 

methanation reaction. 

In a recent study Fan et al. (2025) developed a mesoporous Ni@Y₂O₃ catalyst in 

which Ni nanoparticles were encapsulated within a mesoporous Y₂O₃ matrix. The 

optimized 15Ni@Y₂O₃ catalyst exhibited significantly superior performance compared to 

reference materials, achieving 65.0% CO₂ conversion with 100% CH₄ selectivity at 240 

°C. This performance was 30 and 36 times higher than that observed for 15Ni@SBA-15 

(2.2%) and 15Ni/Y₂O₃-C (1.8%), respectively. In addition, the material showed high 

catalytic stability, maintaining CO₂ conversion close to 80% during a 125-hour stability 

test at 300 °C, with no significant signs of deactivation. These results were attributed to 

the structural properties of the mesoporous Y₂O₃ support, which enhanced the CO₂ 

adsorption and activation capacity, promoted better dispersion of Ni nanoparticles, and 
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strengthened the metal–support interactions. The presence of a Ni–Y₂O₃-rich interface 

generated a higher density of active sites for CO₂ adsorption and activation, directly 

contributing to the improved catalytic activity at low temperatures. 

Ilsemann et al. (2019) evaluated the performance of cobalt catalysts encapsulated 

by silica in the CO₂ methanation reaction. The authors synthesized a core–shell catalyst 

consisting of cobalt oxide encapsulated in mesoporous amorphous silica 

(Co₃O₄@mSiO₂), and a material composed of cobalt oxide particles embedded within a 

crystalline microporous silicalite-1 framework (Co₃O₄@silicalite-1). Both catalysts were 

compared with a conventional supported sample, Co₃O₄/mSiO₂. The catalysts were 

characterized by TEM, SEM, N₂ adsorption–desorption, H₂-TPR, AAS, and Raman 

spectroscopy. When comparing Co₃O₄@mSiO₂ and Co₃O₄/mSiO₂, the authors observed 

that the core–shell system exhibited the highest CO₂ consumption rate and the greatest 

methane selectivity, whereas the supported catalyst led to greater formation of CO as an 

intermediate. For Co₃O₄@silicalite-1, partial incorporation of cobalt particles into the 

silica structure was observed, with one fraction behaving similarly to the core–shell 

Co₃O₄@mSiO₂ and the remaining portion exposed at the external surface, resembling the 

supported Co₃O₄/mSiO₂. As a result, Co₃O₄@silicalite-1 showed maximum CO₂ 

conversion (XCO₂ = 43%) and CH₄ selectivity (SCH₄ = 48%) values intermediate between 

those obtained for the core–shell Co₃O₄@mSiO₂ catalyst (XCO₂ = 56% and SCH₄ = 80%) 

and the supported Co₃O₄/mSiO₂ sample (XCO₂ = 23% and SCH₄ = 18%). The differences in 

conversion and selectivity observed between the supported and encapsulated catalysts 

were attributed to the confinement effect provided by the core–shell structure. According 

to Ilsemann et al. (2019), the shell present in the core–shell architecture restricts both the 

access of reactants and the exit of products formed on the surface of the metallic core, 

and since CO₂ adsorbs only on the cobalt surface, the reaction takes place within the 

catalyst structure, leading to the formation of both CH₄ and CO. Due to the presence of 

the shell and the confinement effect, the CO formed has a high probability of being 

readsorbed onto cobalt and subsequently methanated, resulting in greater CH₄ production 

and, consequently, higher CH₄ selectivity.  

The review by Das et al. (2020), on core–shell structured catalysts concluded that 

the confinement effect is one of the main advantages provided by core–shell architectures 

in different reactions. Therefore, in addition to confining the active metal and preventing 

sintering, the shell also limits carbon deposition on the catalyst, which is one of the main 

drawbacks and challenges of conventional catalysts. Wang et al. (2018) attributed the low 
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carbon deposition observed for Ni@SiO₂ during the dry reforming of methane to the 

confinement effect, in which carbon formed inside the structure can be readily gasified 

by CO₂ or H₂ present in the confined environment, leading to the formation of CO or CH₄. 

In addition to these studies, other works have explored encapsulation using 

zeolites (Goodarzi et al., 2018; Zhan and Zeng, 2017) and metal–organic frameworks 

(MOFs) (Mihet et al., 2019; Zhen et al., 2017, 2015). In such systems, when metal species 

are incorporated within the porous network, they are also considered encapsulated due to 

the structural confinement imposed by the microporous or hierarchical framework. 

However, this research focus in silica-based materials. 

 

1.5 KINETIC STUDIES AND MECHANISTIC ROUTES IN CO2 

METHANATION 

 

The type of catalyst selected is able to promote modifications in the local 

environment of the active sites, which may affect the interaction between reactants, 

intermediates, and catalytic sites. As a consequence, changes in the dominant reaction 

pathways may occur, directly influencing the catalytic performance in CO₂ methanation. 

Therefore, the study of reaction mechanisms and kinetics becomes essential to understand 

the elementary steps involved in CO₂ methanation, as well as to identify the predominant 

intermediates and the possible rate-determining steps (Beniwal et al., 2025).  

Although the mechanism of CO₂ hydrogenation to CH₄ has been studied for many 

years through both experimental and theoretical approaches, there is still no definitive 

consensus in the literature regarding the reaction kinetics, the predominant intermediates, 

and the specific pathways involved in the process (Beniwal et al., 2025; Cabral et al., 

2024; Cherevotan et al., 2022; Guo et al., 2018; Wang et al., 2021; Wu et al., 2015; Zhao 

et al., 2023). 

Despite CO₂ methanation being a globally simple reaction, its mechanism is not 

trivial and can be considered highly complex due to the large number of elementary steps 

and intermediates involved throughout the catalytic process. However, despite this 

complexity, two main pathways, presented in Figure 5, are widely discussed and well 

established in the literature: the associative mechanism and the dissociative mechanism. 

The main difference between these routes is related to whether or not CO₂ dissociation 

occurs, leading to the formation of adsorbed CO and oxygen species on the catalytic 

surface (Beniwal et al., 2025).  
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Figure 5 - Possible reaction pathways of CO2 methanation. 

Reference: Beniwal et al. (2025) 

 

In the dissociative pathway, the most well-known and widely studied mechanism 

is the CO route, in which CO₂ initially dissociates, forming chemisorbed CO* and O* 

species. Subsequently, these species undergo successive hydrogenation steps, resulting in 

the formation of CH₄ and H₂O.  

 In contrast to the dissociative pathway, in the associative pathway CO₂ is not 

dissociated into CO and O species, but rather adsorbed on the catalyst surface and 

subsequently hydrogenated, forming intermediates such as formate (HCOO*) or 

carboxyl/carboxylate (COOH), which are then converted to CH₄ through successive 

hydrogenation steps (Beniwal et al., 2025; Zhao et al., 2023). Depending on the 

predominant intermediate, this pathway can be subdivided into two main routes: the 

formate route and the carboxyl route, the latter being frequently associated with CO 

formation through the reverse water–gas shift (RWGS) reaction (Beniwal et al., 2025).  

In the formate route, CO₂ molecules may be adsorbed on the catalyst surface 

through interaction with surface oxygenated species, leading to the formation of 

carbonate (CO₃²⁻) and/or bicarbonate (HCO₃⁻) species. These adsorbed species can be 

hydrogenated, resulting in the formation of formate-type intermediates (HCOO*), which 

can subsequently be hydrogenated to CH₄ (Beniwal et al., 2025). However, it is worth 

mentioning that a parallel pathway may involve formate decomposition at the 

catalyst/support interface, leading to the formation of CO*, which can be further 

hydrogenated to CH₄ (Cabral et al., 2024). In addition, depending on the catalytic surface, 
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formate may also undergo dissociation forming reactive formyl species (HCO*), which 

can be hydrogenated to CH₄ (Cabral et al., 2024).  

In the carboxyl route, chemisorbed CO₂ may be transformed into carboxyl 

intermediates (COOH), which can then be converted into CH₄ through a series of 

successive hydrogenation steps (Beniwal et al., 2025). However, if the CO₂ molecule 

interacts preferentially with the catalyst through the carbon atom, CO-type species may 

be formed, which upon hydrogenation lead to CH₄ formation.  

Therefore, methane can be produced through different reaction routes, and 

understanding the reaction mechanism is essential for guiding the development of more 

selective and efficient catalysts. However, as highlighted by Vogt et al. (2018) for non-

model catalysts the reaction mechanism is still not fully understood.  

Despite the numerous reaction routes proposed in the literature for CO₂ 

hydrogenation to methane, a significant number of studies report a consensus that the 

pathway involving the formation of CO followed by the methanation of adsorbed CO 

(RWGS + methanation route) is the predominant mechanism over supported Ni-based 

catalysts (Wu et al., 2015). This hypothesis is frequently supported by the detection of 

CO* species in operando or in situ spectroscopic studies, as well as by the observed 

correlation between CO formation and increased CH₄ production rates. 

However, it is important to emphasize that the reaction mechanism may be 

significantly influenced by several factors, such as the metallic particle size, the nature of 

the support, the metal–support interaction, and the structural characteristics of the 

catalytic material. In this context, the structure of the catalyst, particularly the spatial 

location of metallic nanoparticles within the catalyst architecture, also plays a decisive 

role in methane selectivity during CO₂ methanation. 

Yan et al. (2019) demonstrated that the position of Ni nanoparticles within 

siloxene nanosheets (externally exposed vs. confined within the siloxene structure) 

strongly influences the reaction pathway and, consequently, the catalytic performance in 

CO₂ methanation. The catalyst containing confined Ni nanoparticles, denoted as 

NiO@SiXNS–EtOH, exhibited higher CH₄ selectivity and methane formation rates, both 

under dark conditions and under light irradiation, as the authors also evaluated 

photothermal reaction conditions. In contrast, the NiO@SiXNS–H₂O catalyst, in which 

the Ni nanoparticles were externally exposed, showed lower activity and selectivity 

toward methane. These results were attributed to different reaction pathways identified 

by in situ DRIFTS analyses, which indicated that externally exposed Ni favored the CO 
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pathway, whereas confined Ni promoted the formate pathway, which the authors 

suggested to be more selective toward CH₄. 

On the other hand, Fan et al. (2025) reported that the Ni catalyst confined within 

mesoporous Y₂O₃ (15Ni@Y₂O₃) exhibited superior low-temperature activity compared 

with the 15Ni@SBA-15 catalyst (CO₂ conversion of 2.2%) and the 15Ni@Y₂O₃-C 

catalyst. This behavior was attributed to stronger CO adsorption and to the coexistence 

of two reaction pathways, involving CO and formate intermediates. The authors observed 

that the CO pathway predominates during CO₂ methanation, particularly at low 

temperatures, although the formate pathway also contributes to methane formation. In 

contrast, catalysts such as 5Ni@Y₂O₃ and 15Ni@SBA-15 mainly follow the CO pathway, 

with a limited contribution from the formate route due to weaker CO adsorption, which 

favors CO desorption rather than its subsequent hydrogenation to CH₄. 

These studies demonstrate that structural properties of the catalyst, such as particle 

size, support nature, and nanoparticle confinement, play a decisive role in CO adsorption 

and in the formation of surface intermediates, thereby influencing the dominant reaction 

pathway and methane selectivity. 

In this context, the elucidation of the reaction mechanism is therefore a 

fundamental aspect, as it allows not only the identification of the intermediates formed 

on the catalyst surface but also the determination of the rate-determining steps of the 

reaction. Such knowledge enables the development of more robust kinetic studies, 

allowing the calculation of intrinsic reaction rates and reliable kinetic parameters. These 

parameters are essential for reactor design, optimization of operating conditions, and the 

rational development of more active and selective catalysts. 

Several reaction mechanisms and rate expressions for CO₂ methanation have been 

reported in the literature. In particular, Cabral (2019), Almeida (2017), and (Tommasi et 

al., 2024) present comprehensive reviews discussing different approaches for rate 

calculations, kinetic modeling, and the identification of rate-determining steps in CO₂ 

hydrogenation and methanation reactions.  

A classical study on the kinetics of CO₂ methanation was carried out by 

Weatherbee and Bartholomew (1982), who investigated in detail the hydrogenation of 

CO₂ over Ni/SiO₂ catalysts in the temperature range of 227–327 °C at a total pressure of 

140 kPa. The authors evaluated the influence of reactant partial pressures on methane 

formation by independently varying the partial pressures of H₂ and CO₂. Kinetic analysis 

based on power-law expressions revealed that the reaction orders for H₂ and CO₂ varied 
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with temperature, indicating that simple power-law models were insufficient to 

adequately describe the reaction kinetics. Instead, the experimental data were better fitted 

by a Langmuir–Hinshelwood–Hougen–Watson (LHHW) mechanism, in which H₂ and 

CO₂ undergo dissociative adsorption on the catalyst surface, forming H*, CO*, and O* 

species. In this mechanism, CO₂ dissociates to produce adsorbed CO and oxygen, while 

the subsequent dissociation of CO generates surface carbon species that are hydrogenated 

to methane, whereas oxygen atoms are hydrogenated to form water. The authors further 

proposed that both CO and CO₂ methanation share the same rate-determining step, 

corresponding to the dissociation of adsorbed CO, providing a fundamental basis for 

subsequent kinetic modeling studies of methanation over nickel catalysts. 

Recently, Cabral et al. (2025), from our research group, investigated the kinetics 

of the CO₂ methanation reaction over Ru/SiO₂ catalysts. Through in situ DRIFTS 

analyses, the authors obtained relevant information about the intermediate species formed 

on the catalytic surface and the possible reaction mechanisms involved. Based on these 

results, three distinct mechanisms were evaluated. In Mechanism I, the reaction begins 

with the direct dissociation of CO₂ on Ru metallic sites. Mechanism II considers a 

hydrogen-assisted pathway, in which CO₂ dissociation occurs with the participation of 

H* species on Ru or interfacial sites, initially leading to the formation of formate 

(HCOO*) through C-terminal hydrogenation, followed by the dissociation of this species 

into CO*. Mechanism III involves the participation of oxygenated surface species, such 

as hydroxyl (HO*), bicarbonate (HOCO₂*), and formate (HCOO*), as possible 

intermediates in methane formation. Based on the Langmuir–Hinshelwood–Hougen–

Watson (LHHW) kinetic approach, different kinetic models were developed and 

evaluated to describe the CH₄ formation rate. The results indicated that Model I, based on 

the direct dissociation of CO₂ on Ru⁰ sites, adequately described the experimental data, 

suggesting that this pathway represents the dominant mechanism for CO₂ methanation 

under the evaluated conditions. 

Despite advances in the synthesis of catalysts with different structures and 

encapsulated architectures, relatively few studies provide detailed mechanistic 

investigations based on advanced operando or in situ techniques, such as in situ DRIFTS, 

in situ XPS, or XAS, combined with quantitative calculations of intrinsic reaction rates. 

Therefore, important gaps still remain in understanding how different catalyst structures 

and encapsulation strategies influence the dominant reaction pathway and which reaction 

steps are effectively promoted or limited by these structural features. 
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1.6 FINAL REMARKS   

 

Based on the discussion presented in this chapter, it can be concluded that 

encapsulated catalysts, particularly those with different structural architectures, are 

materials with high catalytic potential and have received increasing attention in recent 

years. Encapsulation not only provides high stability and enhanced resistance to the 

sintering of metallic particles but also enables the development of catalysts with distinct 

functionalities, which can be tailored for different types of reactions depending on their 

composition and morphology. 

In general, the literature reports that encapsulated catalysts exhibit superior 

catalytic performance and higher stability compared to conventional supported catalysts. 

These results have been observed in a wide range of catalytic reactions, highlighting the 

advantages associated with structural control and confinement of the active phases. 

However, the literature review also reveals a significant research gap regarding 

the application of encapsulated catalysts with different compositions and morphologies 

in the CO₂ methanation reaction. In addition, these catalysts have not yet been extensively 

evaluated under conditions closer to practical operation, particularly in the presence of 

CH₄ in the reaction environment. There is also a clear need for more in-depth studies 

aimed at elucidating the reaction mechanisms involved in this type of catalytic system. 

Within this context, the main objective of this work is to synthesize silica-

encapsulated nickel catalysts with different structural architectures and to investigate the 

relationship between their structural characteristics and catalytic performance in the CO₂ 

methanation reaction, considering both the absence and presence of CH₄ in the feed 

stream, as well as to conduct a mechanistic and kinetic study of the reaction. The specific 

objectives of this study are presented in Table 5, in the following chapter. 
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CHAPTER 2: METHODOLOGY 

 

The catalysts synthesis, characterization and tests were performed at the Center 

for Catalysis of the Chemical Engineering Program (NUCAT) of COPPE at the Federal 

University of Rio de Janeiro (UFRJ) and at the Unité de Catalyse et Chimie du Solide 

(UCCS) at Centrale Lille in France (FR). In table 5 is presented a summary of the tasks 

developed in Brazil and the ones carried out in France.  

 

Table 5 - Stages related to the development of the work. 

Stage Country Tasks description Chapter 

Characterization BR & FR 
TEM, EDS, XRD, XRF, TPR, N₂ physisorption, 

CO-TPD 
 

Chapter 3 

Catalyst’s 

screening 
FR 

CO₂ methanation screening (with/without CH₄), 

activation energy determination, and 24 h 

stability tests for the best-performing catalysts. 

Chapter 4 

In-situ 

characterization 
BR 

In situ DRIFTS under reaction conditions for the 

selected catalysts. 
Chapter 4 

Parameter 

screening 
BR 

Study effect of T, H₂/CO₂ ratio and partial 

pressures for the best-performing catalyst. 
Chapter 5 

Kinetics BR 
Kinetic modelling and mechanistic investigation 

for the best-performing catalyst. 
Chapter 5 

 

2.1 PREPARATION OF THE CATALYSTS 

 

Different synthesis methods were adopted for the preparation of the nickel–silica 

catalysts. For supported catalysts wet impregnation and urea-assisted deposition–

precipitation techniques were used. For the encapsulated catalysts, the main techniques 

were tested: solvothermal combined with modified Stöber, precipitation combined with 

modified Stöber, and water-in-oil microemulsion. Depending on the method, several 

synthesis parameters were varied.  The precursors used for the synthesis of the catalysts 

are summarized in Table 6.   
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Table 6 - Summary of the parameters used in the synthesis of the MICRO catalysts. 

Precursor Chemical formula Brand /Supplier 

Nickel (II) nitrate hexahydrate Ni(NO₃)₂·6H₂O Sigma-Aldrich (99%) 

Commercial silica SiO2 Davisil Grade 646 

Commercial silica SiO2 Sipernat 50 - Evonik 

Urea  CO(NH₂)₂ Merck 

Nitric acid  HNO₃ Merck (68%) 

Polyethylene glycol (PEG) HO(CH₂CH₂O)ₙH Sigma-Aldrich 

Sodium hydroxide NaOH - 

Ethanol C₂H₅OH Merck 

Polyvinylpyrrolidone (PVP)  (C₆H₉NO)ₙ Sigma-Aldrich 

Ammonium hydroxide NH₄OH Vetec 

Tetraethyl orthosilicate (TEOS)  Si(OC₂H₅)₄ Aldrich 

Polyoxyethylene cetyl ether (n=20)  HO(CH2CH2O)20C16H33 Sigma-Aldrich 

Cetyltrimethylammonium Bromide 

(CTAB)  
C₁₉H₄₂BrN Sigma-Aldrich 

Cyclohexane  C₆H₁₂ Sigma-Aldrich 

Hydrazine hydrate  N₂H₄·H₂O 
Sigma-Aldrich  

(50-60% w/w) 

 

2.1.1 Synthesis by the wet impregnation method 

 

The Ni/SiO₂ SUP-WI catalyst was prepared using the classical wet impregnation 

method. A solution containing 2.48 g of Ni(NO₃)₂·6H₂O dissolved in 2.5 mL of deionized 

water was added to 4.36 g of commercial silica (Davisil Grade 646). The resulting 

material was dried in an oven at 120 °C overnight and subsequently calcined in a muffle 

furnace at 550 °C for 3 h, using a heating rate of 10 °C min⁻¹. 

 

2.1.2 Synthesis by the deposition-precipitation method assisted with urea 

 

The Ni/SiO₂ catalyst, denoted SUP-DP, was prepared using the deposition-

precipitation method assisted with urea (He et al., 2012; Vogt et al., 2018). Initially, 250 

mL of a solution containing 1.046 g of Ni (NO3)2·6H2O was divided into two parts: 50 
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mL (Solution A) and 200 mL (Solution B). Subsequently, 6.3 g of urea was added to the 

solution A and set aside. 1.9 g of SiO2 (Sipernat 50 - Evonik) and 0.32 mL of nitric acid 

were added to Solution B and heated to 80°C. The urea-containing solution was then 

slowly added to the solution B, which was quickly heated to 90°C and stirred for 10 h. 

Afterward, the suspension was cooled, and the solvents were evaporated using a rotary 

evaporator. Finally, the resulting material was calcined under static air at 400°C for 4 h. 

 

2.1.3 Synthesis by the precipitation and modified stöber methods 

 

The Ni–SiO₂ catalyst, referred to as PRECIP, was synthesized through a two-step 

procedure involving (i) precipitation of NiO nanoparticles and (ii) silica encapsulation 

via the modified Stöber method (Choi et al., 2019; Lakshmanan et al., 2016; Li et al., 

2012). Initially, 2.9 g of Ni(NO₃)₂·6H₂O were dissolved in 40 mL of deionized water and 

stirred for 30 min. This solution was then added dropwise to a second solution containing 

100 mL of deionized water, 330 mg of PEG, and 1.0 g of NaOH. The resulting mixture 

was kept under constant stirring at room temperature for 1 h. The solid formed was 

separated by centrifugation, washed twice with deionized water and ethanol, and dried at 

50 °C for 24 h. The dried material was then calcined in air at 350 °C for 2 h (heating rate: 

10 °C min⁻¹) to obtain NiO nanoparticles. For the encapsulation process, 0.2 g of the 

prepared NiO nanoparticles were dispersed in 100 mL of ethanol along with 1.0 g of PVP, 

and the suspension was stirred at room temperature for 12 h. Then, 10 mL of NH₄OH 

were added, and the mixture was placed in an ultrasonic bath for 30 min. Under 

continuous stirring, a solution composed of 5 mL of ethanol and 0.1 mL of TEOS was 

added dropwise, and the mixture was stirred for an additional 1 h. The resulting solid was 

recovered by centrifugation, washed twice with deionized water and ethanol, and dried at 

80 °C for 6 h. Finally, the material was calcined in air at 550 °C for 3 h (heating rate: 10 

°C min⁻¹), yielding the Ni–SiO₂ PRECIP catalyst. 

 

2.1.4 Synthesis by the solvothermal and modified stöber methods 

 

The Ni–SiO₂ catalyst, named EMBD, was synthesized by the solvothermal 

method with the modified Stöber process (Smarzaro et al., 2021). 1.77 g of 

Ni(NO3)2.6H2O, 3.5592 g of PVP and 200 mL of ethanol were mixed and kept under 

constant stirring at room temperature for 2 hours. The solution was then transferred to an 
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autoclave, and put into an oven for 4 h at 180 °C. In parallel, another solution was 

prepared using 519 mL of ethanol, 32 mL of ammonium hydroxide, 414 mL of distilled 

water and 1.8752 g of CTAB. The solution containing the nickel nitrate was added to the 

previous one, and the new solution was kept at constant stirring at room temperature for 

2 h. Then, 11 mL of TEOS was slowly dripped by a pump at a flow rate of 0.01 mL/min 

onto the solution. The final solution was kept under constant stirring (500 rpm) at room 

temperature for 24 h. Then it was centrifuged, washed with distilled water and ethanol, 

and dried at 80 °C for 24 h. The material formed was calcined under airflow at 500 °C, 

using a heating rate of 10 °C/min and volumetric flow rate of 72 mL/min. 

 

2.1.5 Synthesis by the water-in-oil microemulsion and modified stöber methods 

 

The Ni–SiO₂ catalyst series, labeled MICRO, was prepared by the water-in-oil 

microemulsion method with the modified Stöber process, with adaptations based on the 

procedures reported by Wang et al. (2018) and F. Wang et al. (2016). In the reference 

method, labeled MICRO-RING catalyst, 0.5 mL of aqueous nitrate hexahydrate (1mol L-

1) was added to a solution containing 5.62 g of polyoxyethylene cetyl ether (n=20) and 

15 mL of cyclohexane. After stirring for 3 h, 0.6 mL of hydrazine hydrate was added to 

the solution, heated to 50 °C and kept under constant stirring for 30 min. Then, 2.1 mL 

of TEOS and 1.5 mL of ammonium hydroxide were added to the mixture and maintained 

at 50 °C for 1 h. The resulting precipitate was washed 3 times with isopropanol, filtered, 

and dried at 60 °C overnight. Calcination was carried out at 500 °C during 2 h, with a 

heating rate of 1 °C/min in a muffle furnace.  

 

The latter procedure (reference method) can be summarized in the following steps: 

(i) Addition of a nickel nitrate solution to a mixture of the surfactant and 

cyclohexane 

(ii) Addition of hydrazine and heating to 50 °C  

(iii) Stirring for 5 minutes (Aging time) 

(iv) Addition of tetraethyl orthosilicate (TEOS)  

(v) Addition of ammonium hydroxide  

(vi) Washing, filtration, drying and calcination 
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Eight additional catalysts were synthesized using the reference method, but with 

modifications in specific synthesis parameters resulting in the MICRO catalyst series. 

Five modifications in the synthesis were proposed: (a) the type of surfactant used; (b) 

total or partial heating at step (ii), where the solution is heated throughout the entire 

synthesis or only after the microemulsion step; (c) the aging time (step (iii)); and (d) the 

order of addition of ammonium hydroxide, meaning switching steps (ii) and (v). The 

details of the synthesized catalysts are presented in Table 7 and the complete description 

of the methodology is presented in Appendix I.   

 

Table 7 - Summary of the parameters used in the synthesis of the MICRO catalysts. 

Catalyst name 

Nickel 

solution 

addition 

Surfactant 
Heating 

to 50 °C 

Aging time 

(min) 

Order of 

reactants 

MICRO- t30 (Standard) (RING) Manual Brij 58 Partial 30 Normal 

MICRO-CTAB Manual CTAB Partial 30 Normal 

MICRO-t5 Manual Brij 58 Partial 5 Normal 

MICRO-t60 Manual Brij 58 Partial 60 Normal 

MICRO-t30-T50 Manual Brij 58 Total 30 Normal 

MICRO-t5-T50 Manual Brij 58 Total 5 Normal 

MICRO-t60-T50 Manual Brij 58 Total 60 Normal 

MICRO-Inverse Manual Brij 58 Partial 30 Inverse 

MICRO-Inverse-T50 (SPHERE) Manual Brij 58 Total 30 Inverse 

*  Brij 58 = Polyoxyethylene 20 cetyl ether 

  

The catalysts prepared in this work, as well as their respective synthesis routes, 

are summarized in Table 8. 
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Table 8 - Synthesized Ni–SiO₂ Catalysts and Corresponding Synthesis Procedures. 

Catalyst Synthesis method 

SUP-WI Wet impregnation 

SUP-DP Deposition-precipitation assisted with urea 

PRECIP Precipitation + Stöber 

EMBD Solvothermal + Stöber – standard 

MICRO- t30 (Standard) (RING) Microemulsion + Stöber – Standard 

MICRO-CTAB Microemulsion + Stöber – CTAB 

MICRO-t5 Microemulsion + Stöber - 5 min 

MICRO-t60 Microemulsion + Stöber - 60 min 

MICRO-t30-T50 Microemulsion + Stöber - 50 °C 

MICRO-t5-T50 Microemulsion + Stöber - 50 °C/ 5min 

MICRO-t60-T50 Microemulsion + Stöber - 50 °C/ 60 min 

MICRO-Inverse Microemulsion + Stöber - Inversion 

MICRO-Inverse-T50 (SPHERE) Microemulsion + Stöber - Inversion/ 50°C 

 

 

2.2 CATALYST CHARACTERIZATION 

 

The characterization techniques used in this study are summarized in Table 9.  

 

Table 9 - Techniques used for the catalyst’s characterization. 

Characterization Objective of the analysis 

Transmission electron 

microscopy (TEM) with 

Energy Dispersive X-ray 

Spectroscopy (EDS)  

Observe the morphology and determine the size 

distribution of the metal nanoparticles. 

Scanning electron 

microscopy (SEM) 
Observe the morphology. 

X-Ray Fluorescence (XRF) 
Obtain the chemical composition of the catalysts, in 

particular the actual nickel content. 

X-Ray Diffraction (XRD) 

Determine the crystallographic properties of the 

catalysts (crystalline phases, degree of crystallinity, 

average crystallite size). 

Temperature programmed 

reduction (TPR) 

Observe the reduction profiles and determine the 

temperatures required for activation of the catalysts. 
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N2 physisorption 
Determine the textural properties such as specific area, 

porosity, pore volume and average pore size. 

H2 chemisorption Calculate the nickel metal dispersion 

CO – TPD 
Identify the presence and nature of active metallic sites 

on the catalyst surface. 

In situ Diffuse Reflectance 

Infrared Spectroscopy  

(In Situ DRIFTS) 

Evaluate the surface intermediates formed and the 

reaction pathways: to perform the study of the reaction 

mechanism.  

In situ CO-DRIFTS 

Evaluate the nature, availability, and electronic 

properties of nickel surface active sites via CO 

adsorption. 

 

Scanning electron microscopy (SEM) analyses were carried out for all calcined 

catalysts synthesized in this study using a Transmission Electron Microscope FEI Tecnai 

G2-20. For the catalysts that exhibited the most representative or distinct structural 

features, additional characterization analyses were performed. Transmission electron 

microscopy (TEM) was carried out in STEM HAADF mode on a FEI TITAN Themis 

300 TEM, equipped with an X-ray detector employed for Energy Dispersive X-ray 

Spectroscopy (EDS) analyses. For the analyses, the samples were reduced under pure 

hydrogen at 500 oC for 1h and passivated at room temperature in a stream containing 

0.5% O₂ in N₂ for a period of 20 h. The catalysts were suspended in isopropanol, dispersed 

by ultrasonication, and deposited onto a copper grid coated with a carbon film. The 

average diameter of the nickel nanoparticles in the catalysts was calculated using the 

ImageJ software, based on an average of 300 particles. This average diameter was 

subsequently used for the calculation of the metal dispersion, which was obtained using 

the relation 101.2/dNi (nm) (Smith et al., 1981). 

The metal dispersion was also determined by H₂ chemisorption using a 

Micromeritics ASAP 2020 Plus instrument at 35 °C. Prior to the measurements, the 

samples were pretreated in situ by drying under helium at 150 °C (10 °C min⁻¹) for 0.5 h, 

followed by reduction under hydrogen at 500 °C (10 °C min⁻¹) for 1 h. The Ni dispersion 

was calculated by extrapolating the linear region of the H₂ adsorption isotherm to zero 

pressure. An adsorption stoichiometry of Ni = 1:1 was assumed for the dispersion 

calculations. 

The chemical composition of the samples was determined by X-ray fluorescence 

spectroscopy (XRF) on a Bruker M4 TORNADO instrument.  
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X-Ray Diffraction (XRD) was carried out using Cu Kα radiation (λ = 1.5406 Å) 

on a BRUKER diffractometer, model D8 Advance. The angular variation (2θ) was 

measured in the range of 10° to 90°, with scan rate of 0.02°/step and a scan time of 1 

s/step. 

Temperature programmed reduction (TPR) was carried out using Micromeritics 

equipment. The samples were pretreated at 200 °C for 1 h in a helium atmosphere, with 

a flow rate of 50 mL/min and a heating rate of 10 °C/min. Subsequently, the treated 

samples were heated under a 10% H2/He mixture under a flow rate of 50 mL/min and a 

heating rate of 10 °C/min from 25 to 1000 °C. 

N2 physisorption was performed on a Micromeritics ASAP model 2020 

instrument, at -196 °C. The specific surface area of the material was determined using the 

Brunauer, Emmett, and Teller (BET) method, while the Barrett, Joyner, and Halenda 

(BJH) technique was used to measure the mesopore volume and distribution. For the 

analysis, the samples (100 mg) underwent a pre-treatment at 300 °C under vacuum for 24 

h. 

Temperature-programmed desorption of CO (CO-TPD) was performed using a 

multipurpose unit coupled to a Pfeiffer QMS 200 quadrupole mass spectrometer. Prior to 

the measurements, the samples were dried under a flow of high-purity helium at 500 °C 

for 30 min, using a heating rate of 10 °C/min. The materials were then reduced at 500 °C 

for 1 h under the same heating rate, followed by an additional cleaning step under helium 

at 500 °C for 1 h. CO adsorption (60 mL/min) was carried out at room temperature for 30 

min, after which the samples were purged with helium for 1 h at the same temperature to 

remove physisorbed species. Subsequently, the temperature was increased at a rate of 20 

°C/min up to 450 °C and maintained at this value under a continuous helium flow until 

complete desorption of the gases was achieved. 

In situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (In situ 

DRIFTS) was performed using a Thermo Nicolet NEXUS 470 FT-IR spectrometer, 

located at the National Institute of Technology (INT, Brazil). Prior to all measurements, 

the catalysts were reduced at 500 °C for 1 h under a heating rate of 10 °C min⁻¹. After 

each reduction step, the system temperature was lowered to room temperature before 

starting the spectroscopic analyses.  Infrared absorption spectra were collected under two 

different gas feed compositions, with and without methane, as detailed in Table 10. The 

spectra were recorded over a temperature range from 30 to 350 °C, with spectra collected 
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every 50 °C. For each experimental condition, the spectra were acquired after 12 minutes 

of stabilization at each temperature to ensure steady-state conditions. 

 

Table 10 - Experimental reactant feed conditions used in the DRIFTS analysis. 

Experimental 

condition 

H₂ proportion 

(% v/v) 

CO₂ proportion 

(% v/v) 

CH₄ proportion 

(% v/v) 

1 4 1 0 

2 4 1 1 

 

The DRIFTS analyses conducted in the presence and absence of methane were 

designed to evaluate the effect of methane addition on reaction intermediates and on the 

behavior of CO-related surface species during the reaction. 

Additionally, in situ CO-DRIFTS analyses were also conducted. Prior to these 

measurements, the catalysts were reduced under H₂ at 500 °C for 1 h (10 °C min⁻¹). After 

reduction, the sample was purged with an inert gas and subsequently exposed to CO for 

30 min, after which a spectrum was recorded. The surface was then purged with helium 

for 30 min to remove weakly adsorbed species, and a second spectrum was collected. 

Infrared spectra were acquired over a temperature range from 30 to 450 °C. 

 

2.3 CATALYTIC TESTS FOR CO2 METHANATION 

 

2.3.1 Catalyst Screening  

 

The CO₂ hydrogenation tests were conducted using a catalytic setup located at the 

Unité de Catalyse et Chimie du Solide (UCCS), Université de Lille (Centrale Lille), in 

Lille, France. The system was connected to a gas chromatograph (Alpha M.O.S) equipped 

with a Porapak Q column (Agilent G3591-80083) and a thermal conductivity detector 

(TCD). The reactions were carried out in a fixed-bed stainless steel reactor (1/4-inch, 

internal diameter of 4.5 mm). 

The catalyst masses were adjusted to maintain CO₂ conversions below 10% by 

controlling the catalyst mass-to-reactant flow rate ratio (W/F). To avoid the formation of 

hot spots, the catalysts were diluted with silicon carbide (SiC) at a 1:10 ratio. 

Prior to reaction, the catalysts were reduced under pure H₂ flow at 500 °C for 1 h. 

The tests were then conducted at 300 °C and atmospheric pressure, using 18.5 mg of 



 

51 
 

catalyst and 37 mL/min of a reactant mixture with a stoichiometric H₂:CO₂ ratio of 4:1 

(28 mL/min of H₂, 7 mL/min of CO₂, and 2 mL/min of N₂), corresponding to a gas hourly 

space velocity (GHSV) of approximately 2000 mL·gcat⁻¹·min⁻¹. N₂ was used as an 

internal standard. For the catalysts with different structures, the influence of methane in 

the feed under the same temperature and pressure conditions was also evaluated. For these 

tests, 44 mL/min of a reactant mixture with a stoichiometric H₂:CO₂:CH₄ ratio of 4:1:1 

(28 mL/min of H₂, 7 mL/min of CO₂, 7 mL/min of CH₄, and 2 mL/min of N₂) was used, 

corresponding to a GHSV of 142,703 mL·gcat⁻¹·h⁻¹.  

 

2.3.2 Activation Energy 

 

For the catalysts selected after the catalyst screening, the activation energy was 

determined using the Arrhenius equation. The reaction was carried out at 325 °C, 350 °C, 

and 375 °C. The space velocities were adjusted to maintain CO₂ conversions below 10%, 

while the H₂:CO₂ ratio was kept constant at 4:1. The system pressure was maintained at 

1 bar. The catalyst masses, flow rates, and GHSV values used at each temperature are 

shown in Table 11. 

 

Table 11 - Relationship between reaction temperature, catalyst mass, total flow rate, 

and GHSV required to maintain CO₂ conversions below 10%. 

Temperature 

(°C) 

Mass of Catalyst 

(mg) 

Total flow rate 

(mL/min) 

GHSV 

(mL·gcat⁻¹·min⁻¹) 

300 18.5 37.0 2000 

325 23.0 79.2 3443 

350 18.5 79.2 4281 

375 10.0 79.2 7920 

 

For the most promising catalyst (EMBD), the reaction was also performed at 

different temperatures while maintaining constant operating conditions to evaluate the 

thermal effect on catalytic performance. All experiments were carried out at 1 bar using 

a feed composition of H₂:CO₂: N₂ = 4:1:0.28 and a GHSV of 120,000 mL·gcat⁻¹·h⁻¹. The 

reaction temperature varied between 300 and 400 °C. For each temperature, a fresh 

catalyst sample was loaded into the reactor. 
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2.3.3 Stability test 

 

A stability test was carried out over 50 h at 300 °C, with a GHSV of 14,833 

mL·gcat⁻¹·h⁻¹. The test was performed using the best-performing catalyst in the screening 

step.  

The performance of the catalysts was determined by calculating the conversion of 

CO2 (Equation 13), and the selectivity to CH4 and to CO (Equation 14). The reaction 

rates for CH4 and CO formation (𝑟𝐶𝐻4
 𝑎𝑛𝑑 𝑟𝐶𝑂) (considering a differential reactor) and 

the Turnover Frequency (TOF) were calculated according to Equations 15 and 16, 

respectively. 

 

X𝐶𝑂2
=  

𝐶𝑂2 𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 (𝑖𝑛) −  𝐶𝑂2 𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 (𝑜𝑢𝑡)

𝐶𝑂2 𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 (𝑖𝑛)
 (Eq. 13) 

𝑆𝑖(%) =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖

 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
∙  100 (Eq. 14) 

𝑟𝑖(𝑚𝑚𝑜𝑙. 𝑔𝑁𝑖
−1𝑚𝑖𝑛−1) = 𝐶𝑂2 𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 (𝑖𝑛) ∙  

𝑋𝐶𝑂2

𝑚𝑎𝑠𝑠𝑁𝑖
∙  𝑆𝑖 (Eq. 15) 

TOF (s-1) = 
𝑟𝐶𝐻4

𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 
 

(Eq. 16) 

 

 

2.3.4 Tests for Kinetic Studies: Effects of Reaction Parameters 

 

The kinetic study was carried out using the catalyst that exhibited the highest 

performance in methane synthesis compared to the other materials.  The experiments were 

conducted in an adapted and automated reaction unit, coupled to a gas chromatograph 

(Agilent) equipped with a Porapak Q column (Shimadzu 2014) and a thermal conductivity 

detector (TCD), located at the Catalysis Center of the Federal University of Rio de Janeiro 

(UFRJ), Rio de Janeiro, Brazil. 

A total of 24 experiments were performed at each reaction temperature (300, 350, 

and 375 °C) using different partial pressures, as summarized in Table 12. The 

experimental conditions were fixed according to Cabral et al. (2024). A total inlet flow 

rate of 150 mL min⁻¹ was maintained for all experiments. The space velocities were 

adjusted to maintain CO₂ conversions around 10%, ensuring operation under differential 
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reactor conditions. The values applied were 5172, 10,000, and 16,853 mL·gcat⁻¹·min⁻¹ 

for temperatures of 300, 325, and 350 °C, respectively. 

 

Table 12 - Experimental conditions explored in the kinetic assessments. 

Experimental 

condition 

H₂ partial 

pressure 

CO₂ partial 

pressure 
H₂/CO₂ feed ratio 

1 

32.0 

 

4.0 8.0 

2 8.0 4.0 

3 16.0 2.0 

4 21.3 1.5 

5 32.0 1.0 

6 

64.0 

4.0 16.0 

7 8.0 8.0 

8 12.0 5.3 

9 16.0 4.0 

10 24.0 2.7 

11 32.0 2.0 

12 20.0 

4.0 

5.0 

13 26.0 6.5 

14 33.8 8.5 

15 43.9 11.0 

16 57.1 14.3 

17 74.3 18.6 

18 24.0 

16.0 

1.5 

19 31.2 2.0 

20 40.6 2.5 

21 52.7 3.3 

22 68.5 4.3 

 

The experimental conditions were carefully selected to evaluate both the effect of 

the H₂/CO₂ ratio over a wide range (from 1.0 to 18.6) and the influence of increasing the 

partial pressure of one reactant while keeping the other constant.  For experiments 1 to 

11, two fixed H₂ partial pressure levels were employed, while the CO₂ partial pressure 

was varied by a factor of two between successive conditions. Considering the 

stoichiometric H₂/CO₂ ratio of 4:1 for the CO₂ methanation reaction, CO₂ partial pressures 

above 32 kPa were not employed. Additionally, due to limitations related to the minimum 

flow rates of the mass flow controllers (MFCs), CO₂ partial pressures below 4 kPa could 

not be used. As a result, additional experimental points were included in order to expand 

the dataset and improve the robustness of the kinetic analysis. 

 For experiments 12 to 22, two fixed CO₂ partial pressure levels were kept 

constant, while the partial pressure of H₂ was varied using an increment factor of 1.3. This 
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approach allowed the systematic evaluation of the effect of hydrogen partial pressure on 

the reaction rate under controlled conditions. Overall, the experimental matrix was 

designed to provide a comprehensive kinetic dataset, enabling the assessment of reaction 

orders with respect to H₂ and CO₂, as well as the influence of temperature on the 

methanation reaction. 

As in the experiments conducted in the previous stage, the catalyst was reduced 

under the same conditions (500 °C for 1 h) prior to initiating the kinetic tests. Based on 

the programmed sequence of flow-rate changes in the mass flow controllers and the 

corresponding injections into the gas chromatograph, the experiments were carried out 

sequentially. 

Following the methodology adopted by Cabral et al. (2024), catalyst deactivation 

was monitored using a standard reference condition, which was repeated after every three 

experiments. The CO₂ conversion obtained under this standard condition was compared 

with previous measurements and used to assess possible activity losses throughout the 

experimental sequence. The selected reference condition was rich in hydrogen and was 

chosen to promote surface stabilization and densification through the adsorption of 

reactive species. Following catalyst reduction, this condition was maintained overnight 

to ensure adequate surface conditioning and stabilization of CO₂ conversion, after which 

the sequence of kinetic experiments was initiated. The resulting data were subsequently 

analyzed and used for kinetic analysis and parameter estimation, as well as for the 

evaluation of mechanistic scenarios. For the calculation of the TOF used throughout this 

kinetic analysis, the number of active sites was estimated from the metal dispersion 

determined by the MET technique. Although H₂ chemisorption measurements were later 

performed and are presented in this thesis, these results became available only after the 

kinetic study had already been completed and therefore were not used for TOF 

calculations. 

 

2.4 KINETIC ANALYSIS AND MECHANISTIC INTERPRETATION 

 

Based on the mechanistic insights obtained from in situ DRIFTS experiments, 

different reaction mechanisms were proposed and discussed for catalysts with distinct 

structural configurations. The spectroscopic analysis enabled the identification of relevant 

surface intermediates, supporting the interpretation of the reaction pathways involved in 

CO₂ methanation. Based on these pathways, reaction mechanisms and rate expressions 
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previously developed by our research group were applied, and their kinetic parameters 

were estimated and evaluated using the experimental data obtained for the catalyst with 

the highest selectivity toward methane. 

The kinetic behavior was initially evaluated using a power-law approach, 

followed by the formulation of mechanistically based rate expressions grounded on the 

Langmuir–Hinshelwood–Hougen–Watson (LHHW) approach. For each proposed 

mechanism, the elementary steps and corresponding rate expressions previously 

developed by Cabral et al. (2024) were employed. 

The kinetic parameters of each model were estimated using experimental data 

obtained from catalytic tests under different partial pressure and temperature conditions. 

The maximum likelihood method was employed to determine the parameter values that 

best fit the calculated results to the experimental data. For this purpose, the minimization 

of an objective function (Fobj), defined based on weighted least squares and considering 

the experimental uncertainties, was adopted.  

The parameter estimation was performed using a hybrid numerical procedure 

combining a heuristic optimization method based on Particle Swarm Optimization (PSO), 

responsible for the global exploration of the parameter space, with a deterministic Nelder–

Mead method used for local refinement, ensuring convergence to the minimum of the 

objective function (Fobj). The estimations were carried out following this hybrid 

numerical approach, which aims at minimizing the weighted least-squares objective 

function. The parameters controlling the individual and social contributions to the particle 

velocity, 𝑐1and 𝑐2, were both set to 1.5, while the inertia weight (𝑤) was kept constant at 

0.75. The tolerances for the objective function and the step size were set to 1 × 10−12and 

1 × 10−15, respectively. 

 The objective function was defined based on a weighted least-squares 

formulation, given by: 

𝐹𝑜𝑏𝑗 = ∑ (
𝑇𝑂𝐹𝑒𝑥𝑝,𝑖 − 𝑇𝑂𝐹𝑐𝑎𝑙,𝑖

𝜎𝑖
)

2𝑁

𝑖=1

 (Eq. 17) 

 

where 𝑇𝑂𝐹𝑒𝑥𝑝,𝑖and 𝑇𝑂𝐹𝑐𝑎𝑙𝑐,𝑖are the experimental and calculated turnover 

frequencies, respectively, 𝜎𝑖is the experimental standard deviation, and 𝑁is the number 

of data points 
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The experimental variance (σ²) used to weight the objective function was 

estimated from triplicate experiments conducted under selected central conditions and 

subsequently extrapolated to the remaining operating conditions. The variance was 

calculated from replicate experiments as follows: 

𝜎2 =  
∑(𝑥 − 𝑥̅)2

𝑛 − 1
 (Eq. 18) 

where x is the TOF value, 𝑥̄ is the mean TOF, and 𝑛 is the number of replicate 

experiments. 

The use of experimental variance in the objective function ensures an appropriate 

weighting of the residuals according to measurement uncertainty. However, it does not 

prevent the occurrence of strong parameter correlations, especially in models involving 

temperature-dependent kinetic and adsorption constants (Schwaab et al., 2008; Schwaab 

and Pinto, 2007). These correlations may lead to non-unique parameter estimates and 

reduced reliability of the model.  

In this context, to reduce parameter correlations and improve the robustness of the 

estimation, a reparameterization of the Arrhenius and Van’t Hoff equations was 

employed, replacing the original parameters with auxiliary variables. Additionally, the 

reference temperature was optimized to minimize correlations among the estimated 

parameters (Schwaab et al., 2008). The reparametrized expressions are presented in Table 

13, where 𝛼 and 𝛽 are the parameters to be estimated, 𝑇𝑟𝑒𝑓 is the reference temperature, 

and 𝑅 is the universal gas constant. 

 

Table 13 - Reparameterized Arrhenius and Van’t Hoff equations and parameter 

relations. 

Equation Reparameterized Relations 

Arrhenius:  

Related to kinetic rate constants 

𝑘 =  𝑘0𝑒−
𝐸𝑎
𝑅𝑇 

𝑘𝑗 =𝑒𝑥𝑝  (−𝛼𝑗 + β𝑗 (1 −
𝑇𝑟𝑒𝑓,𝑗

𝑇𝑗

)) 
𝐸𝑗 = 𝑅𝑇𝑟𝑒𝑓β𝑗  

𝑘𝑗
0 = 𝑒𝑥𝑝(β𝑗 − 𝛼𝑗) 

Van’t Hoff:  

Related to equilibrium/adsorption 

constants 

𝐾 =  𝐾0𝑒−
∆𝐻𝑖
𝑅𝑇  

Ki =𝑒𝑥𝑝  (−𝛼𝑖 + β𝑖 (1 −
𝑇𝑟𝑒𝑓,𝑗

𝑇𝑗

)) 
ΔHi = 𝑅𝑇𝑟𝑒𝑓β𝑖 

𝐾𝑖
0 = 𝑒𝑥𝑝(β𝑖 − 𝛼𝑖) 
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Finally, the quality of the model fit was evaluated using statistical tools, as 

presented in Table 14, allowing for a comprehensive assessment of the reliability and 

predictive capability of the kinetic models (Schwaab and Pinto, 2007).  

 

Table 14 - Statistical methods employed for assessing model fit and parameter 

significance. 

Statistical tools Objective 

Coefficient of determination (R²) 
Evaluates the overall quality of the model fit to the 

experimental data 

Chi-square test (𝝌𝟐) 

Verifies whether the weighted residuals are 

statistically consistent with the experimental 

uncertainties 

Confidence intervals (95%) 
Evaluates the statistical significance of each estimated 

parameter 

Parameter correlation matrix 
Identifies possible correlations between parameters 

that may compromise their independent identifiability 
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CHAPTER  3: CHARACTERIZATION OF THE 

PHYSICOCHEMICAL, STRUCTURAL, AND MORPHOLOGICAL 

PROPERTIES OF NICKEL-SILICA CATALYSTS 

 

This chapter presents the results and discussion of the physicochemical, structural, 

and morphological characterization of the Ni–SiO₂ catalysts, as well as an analysis of the 

different synthesis routes investigated and their effects on the catalyst properties. In 

addition, the influence of variations in selected synthesis parameters on the catalyst 

structure is discussed. The synthesized catalysts were initially analyzed by TEM to assess 

their structural characteristics and the influence of synthesis parameters on catalyst 

morphology. Based on these results and on a comparative analysis of the series, the 

catalysts that exhibited the most distinct structural features were selected for additional 

characterization analyses, while others were also chosen for evaluation in the catalytic 

screening stage. 

 

3.1. GENERAL CHARACTERIZATION OF THE SYNTHESIZED CATALYSTS  

 

The structural and morphological characteristics of all Ni–SiO₂ catalysts were first 

examined by transmission electron microscopy (TEM).  

 

3.1.1 Encapsulated Catalysts 

 

3.1.1.1 EMBD Catalyst - Solvothermal and Stöber  

 

The TEM images of the calcined Ni–SiO₂ EMBD catalyst are presented in Figure 

6. 
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Figure 6 - TEM images of the unreduced Ni–SiO₂ EMBD catalyst. 

 

From Figure 6, it is possible to observe that the EMBD catalyst, synthesized via a 

solvothermal method followed by the Stöber technique, presents a structure in which the 

silica matrix contains well-dispersed NiO nanoparticles embedded within its structure, 

which is characteristic of embedded-type catalysts. This architecture differs from that of 

conventional supported catalysts due to the synthesis methodology and the sequence of 

preparation steps employed. 

In this two-step synthesis route, NiO nanoparticles are initially formed and 

dispersed in solution, followed by the formation of the silica phase via the Stöber method, 

which promotes the encapsulation of the NiO nanoparticles within the silica matrix. After 

the reduction step, carried out in situ during the catalytic reaction, the NiO nanoparticles 

are converted into metallic nickel. 

From the microscopy analyses, it is also possible to observe the presence of nickel 

phyllosilicates, which appear as filamentous structures, as indicated by the red arrow. 

Upon reduction, these phyllosilicates generally give rise to small and highly dispersed 

nickel particles, which typically exhibit strong metal–support interactions (Bian and 

Kawi, 2020). This feature is often considered beneficial for catalytic systems, as it may 

contribute to improved metal dispersion and enhanced catalyst stability. Due to this 

particular structural characteristic, together with the good dispersion of nickel 

nanoparticles throughout the structure, this catalyst was considered promising and was 

therefore selected for a more detailed investigation, as presented in the following section. 
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3.1.1.2 PRECIP Catalyst – Precipitation and Stöber  

 

Another Ni–SiO₂ catalyst structure was obtained using the precipitation technique 

followed by the Stöber method. Figure 7 presents the microscopy images of the Ni–SiO₂ 

PRECIP catalyst, prepared by this synthesis route. 

 

 

Figure 7 - TEM images of the unreduced Ni–SiO₂ PRECIP catalyst. 

 

From Figure 7, it can be observed that the PRECIP catalyst exhibits a highly 

heterogeneous and agglomerated structure, in contrast to the EMBD catalyst, which 

presents a more uniform morphology. Although the preparation of the PRECIP catalyst 

also follows a two-step synthesis route, in which NiO nanoparticles are first formed by 

precipitation and subsequently encapsulated through the Stöber method, the resulting 

structure differs significantly from that observed for the EMBD sample. 

The NiO nanoparticles also show a high degree of heterogeneity, with a broad 

distribution of particle sizes and morphologies. Although the precipitation method is 

commonly used for the synthesis of core–shell-type catalysts, particle heterogeneity has 

frequently been reported for this type of preparation route. For example, Narender et al. 

(2022) observed the formation of agglomerated NiO particles with a wide particle size 

distribution when using chemical precipitation methods. 

A possible explanation for this high heterogeneity is the high-temperature drying 

step prior to Stöber encapsulation, which may have promoted particle growth, sintering, 

and agglomeration of the NiO nanoparticles, leading to a catalyst with lower Ni dispersion 
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compared to the EMBD catalyst. Due to this heterogeneity and the high degree of 

agglomeration, this catalyst was not selected for further in-depth characterization.  

 

3.1.1.3 MICRO Catalysts – Water-in-oil microemulsion and Stöber method 

 

The microscopy images of the unreduced catalysts synthesized by the water-in-oil 

microemulsion method: MICRO-RING, MICRO-Inverse, and MICRO-SPHERE are 

shown in Figure 8, while the images of the other MICRO catalysts, which exhibited 

structures similar to MICRO-RING (with the exception of MICRO-CTAB), are presented 

in Appendix II. 

 

 

Figure 8 - TEM images of the unreduced Ni–SiO₂ catalyst: (A-B) MICRO- t30 

(Standard); (C-D) MICRO- Inverse; (E-F) MICRO-Inverse-T50. 

 

From Figure 8, it is possible to observe that the modifications applied to the water-

in-oil microemulsion technique led to the formation of nickel–silica catalysts with 

different structures. 

From the first microscopy images of MICRO-t30 (Standard) (A–B), it can be 

observed that the catalyst, at first glance, resembles a structure commonly referred to as 

a hollow-shell architecture, in which the particles are spherical and exhibit an internal 
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hollow cavity. Despite the presence of a shell, it is noteworthy that nickel oxide 

nanoparticles appear to be distributed along the entire inner perimeter of the spherical 

structure, forming a ring-like arrangement of nickel species. In addition, considering that 

this synthesis route is designed to produce encapsulated catalysts, it is also possible that 

NiO nanoparticles are present within the silica shell.  

The formation of the hollow-shell structure is commonly associated with the 

formation and subsequent decomposition of nickel–hydrazine complexes formed from 

the reaction between hydrazine and the nickel precursor solution inside the micelles of 

the microemulsion (Dahlberg and Schwank, 2012; Wang et al., 2019). In the water-in-oil 

microemulsion technique, catalyst synthesis begins with the formation of the 

microemulsion system itself. In this system, micelles are formed by droplets of an 

aqueous nickel nitrate solution dispersed in an oily medium and stabilized by the nonionic 

surfactant Brij 20. These micellar structures act as nanoreactors, providing confined 

environments where the subsequent chemical reactions take place. 

When hydrazine is added to the reaction medium, it acts both as a reducing agent 

and as a complexing agent for nickel ions. Under these conditions, nickel species may be 

partially reduced to metallic nickel or form coordination complexes known as nickel–

hydrazine complexes, represented as [Ni(N₂H₄)ₙ]²⁺  (Dahlberg and Schwank, 2012; Wang 

et al., 2019).  

According to Furst et al. (1965), hydrazine is highly unstable and spontaneously 

decomposes in the presence of metals such as nickel, palladium, and platinum. 

Consequently, the complexes formed during synthesis can be readily decomposed. As a 

result, the decomposition of hydrazine and its complexes generate gaseous species such 

as N2 and H2 within the micelles. Due to the confined environment provided by the 

micelles, these structures are capable of temporarily trapping the generated gases. As gas 

formation proceeds, the micelles tend to expand, creating empty spaces within their 

interior and promoting the formation of the hollow structure.  After the formation of silica 

around the micelles through the sol-gel technique and subsequent calcination, the gas 

trapped inside the micelles is released, resulting in the formation of cavities within the 

particles (Dahlberg and Schwank, 2012; Wang et al., 2019), like the structure observed 

in the RING catalyst. 

These phenomena can be more clearly visualized through the schematic 

illustration presented in Figure 9.  
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Figure 9 - Proposed mechanism for the formation of hollow-shell catalyst cavities 

Reference: Adapted from Wang et al. (2019). 

 

It should be noted, however, that this interpretation corresponds to an initial 

hypothesis based on the present microscopy observations. As will be discussed in the 

following sections, higher-resolution characterizations later revealed that this catalyst 

actually exhibits a different structural arrangement, which can be considered an evolution 

of the initially assumed hollow-shell structure. 

The same initial morphology was observed for all other MICRO catalysts 

synthesized with variations only in the aging time and reaction temperature: MICRO-t5, 

MICRO-t60, MICRO-t5-T50, MICRO-t30-T50, and MICRO-t60-T50. The differences 

observed among these catalysts were related to the particle diameters (Dp) and the core 

diameters (Dc), which are presented in Table 15, together with the percentage of particles 

corresponding to each diameter range. The particle size distributions of all catalysts are 

presented in Appendix III.  
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Table 15 - Parameters related to the synthesis of the MICRO catalysts. 

Catalyst 
Synthesis 

differential 
DP (nm) Dc (nm) 

MICRO- t30 (Standard) Standard / 30min 30 – 40 (60%) 15 – 25 (70%) 

MICRO-CTAB CTAB - - 

MICRO-t5 5 min  25 – 40 (55%) 10 – 30 (80%) 

MICRO-t60 60 min 35 – 45 (60%) 15 – 25 (75%) 

MICRO-t5-T50 50 °C / 5min 20 – 30 (95%) 5 – 15 (85%) 

MICRO-t30-T50 50 °C / 30min 20 – 30 (65%) 10 – 20 (85%) 

MICRO-t60-T50 50°C / 60min 35 – 45 (54%) 10 – 20 (47%) 

MICRO- Inverse Inversion 40 – 50 (90%) - 

MICRO - Inverse- T50 Inversion/50 °C 30 – 40 (85%) - 

 

From Table 15, it can be observed that the MICRO catalysts show variations in 

the overall particle diameter (Dp) and in the core diameter (Dc) according to the changes 

introduced in the synthesis conditions. Based on these results, it is possible to identify 

some tendencies and possible correlations related to the synthesis parameters. 

Based on the microscopy images and the average diameter values, performing the 

synthesis entirely at 50 °C generally resulted in the formation of particles with smaller 

core diameters compared to the partially heated synthesis employed for MICRO- t30 

(Standard). It can be clearly observed when comparing MICRO-t5 (Dc = 10–30 nm) with 

MICRO-t5-T50 (Dc = 5–15 nm), as well as MICRO-t60 (Dc = 15–25 nm) with MICRO-

t60-T50 (Dc = 10–20 nm). However, although MICRO-t60-T50 exhibited a smaller core 

diameter range than MICRO-t60, it presented a lower percentage of homogeneity (47%), 

indicating a broader size distribution and therefore higher heterogeneity. 

The aging time, defined as the catalyst stirring duration, also influenced the 

particle size. When only the stirring time was varied under standard synthesis conditions, 

as in MICRO-t5 and MICRO-t60, increasing the stirring time from 5 to 60 minutes 

resulted in an increase in both particle diameter (Dp) and core diameter (Dc), suggesting 

that prolonged aging promotes particle growth.  

For the catalysts synthesized entirely at 50 °C, no strictly proportional relationship 

between aging time and particle diameter was observed. While MICRO-t5-T50 and 

MICRO-t30-T50 exhibited relatively small and homogeneous cores, MICRO-t60-T50 

showed similar core diameters but significantly lower homogeneity. This behavior 
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indicates that extended aging under constant temperature may favor structural 

reorganization processes rather than uniform particle growth. 

Overall, conducting the synthesis entirely at 50 °C favored the formation of 

smaller core sizes compared to the partially heated synthesis route. This effect can be 

attributed to improved homogenization of the oil phase at constant temperature, which 

enhances micelle uniformity and promotes a more controlled and simultaneous nucleation 

process during the microemulsion synthesis.  

Overall, shorter aging times tended to produce smaller core diameters and 

narrower size distributions. In contrast, prolonged aging under constant temperature may 

promote micelle aggregation or structural rearrangement, leading to increased 

heterogeneity, as observed for the MICRO-t60-T50 catalyst. In addition to these effects, 

the increase in heterogeneity and core diameter with aging time may also be associated 

with the formation and accumulation of gaseous species generated during the 

decomposition of nickel–hydrazine complexes, as previously discussed. Longer aging 

times allow greater gas accumulation within the micelles, thereby promoting enhanced 

micellar expansion or elongation and contributing to an increase in core diameter and 

heterogeneity (Dahlberg and Schwank, 2012; Wang et al., 2019). 

With respect to the type of surfactant employed, as shown in the microscopy 

images presented in Appendix II, replacing Brij 58 with CTAB in the MICRO-CTAB 

catalyst resulted in the formation of a highly heterogeneous material, deviating from the 

core–shell structure observed for the other MICRO catalysts. This behavior may be 

associated with differences in micelle formation and stability, since the use of CTAB 

likely did not promote the same level of microemulsion homogenization, which may have 

hindered the formation of well-defined micellar templates during synthesis. 

Among all the parameters analyzed during the synthesis using the water-in-oil 

microemulsion technique, the order of reagent addition was found to have the most 

significant influence on the resulting structure, as evidenced by the microscopy images 

shown in Figure 8 for the MICRO-Inverse (C–D) and MICRO-Inverse-T50 (E–F) 

catalysts. These results clearly demonstrate that reversing the order of reagent addition 

strongly affects the structure of the synthesized catalysts. In both cases, highly 

homogeneous silica spheres can be observed, with some nickel particles appearing to be 

supported on their surfaces. It is noteworthy, however, that the visually observed presence 

of nickel oxide nanoparticles surrounding the silica spheres is lower for the MICRO-

Inverse-T50 catalyst when compared to the MICRO-Inverse sample. In addition, the 
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synthesis performed at 50 °C appears to favor the formation of smaller silica spheres, 

likely due to improved homogenization of the reaction medium at higher temperature. 

Furthermore, small dark spots can be observed inside the silica spheres of the MICRO-

Inverse-T50 E catalyst, which may be indicative of nickel encapsulation.  

The difference between the structures arises from the reversal of the order of 

addition of ammonium hydroxide and hydrazine during the synthesis process (Dahlberg 

and Schwank, 2012; Wang et al., 2019). For the synthesis of the Inverse catalysts, the 

initial micelle formation step, previously described, remains the same. However, during 

the synthesis of the Inverse catalysts, the addition of ammonium hydroxide prior to 

hydrazine modifies the coordination environment of nickel species. Under these 

conditions, the formation of nickel–hydrazine complexes is inhibited, since nickel ions 

preferentially coordinate with ammonia molecules  (Dahlberg and Schwank, 2012). As a 

consequence, the generation of gas inside the micelles is significantly reduced, preventing 

micellar elongation and leading to the formation of solid and well-defined spherical 

structures. 

Dahlberg and Schwank (2012) modified the order of addition of hydrazine and 

ammonium hydroxide in a similar microemulsion synthesis. Following the conventional 

order of reagent addition (hydrazine followed by ammonium hydroxide), the authors 

obtained nanotubes with internal cavities. Conversely, when this order was reversed, the 

resulting particles were spherical with an average diameter of 40 nm, where the silica 

appeared to contain only small features resembling tiny cavities, with a significant 

reduction in the cavity size compared to the nanotubes. Wang et al. (2019) observed the 

same effect during the synthesis of a series of catalysts for methane dry reforming. By 

reversing the order of addition of ammonium hydroxide and hydrazine, the morphology 

changed from nanotubes with internal cavities to a core-shell nanosphere. The difference 

in morphologies was attributed to micellar elongation of the system due to the 

decomposition of Ni(N₂H₄)x complexes formed during the synthesis (Wang et al., 2019). 

Overall, the modifications applied to the water-in-oil microemulsion synthesis 

resulted in two distinct and interesting structural features. In one case, the catalysts 

exhibited a morphology initially resembling a hollow-shell structure, with variations in 

both particle diameter and core diameter depending on the synthesis conditions. In the 

other case, spherical silica particles were obtained, likely containing nickel nanoparticles 

either supported on the surface or partially encapsulated within the silica matrix. 
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However, based solely on the microscopy images, it is not possible to conclusively 

determine the exact location of the NiO nanoparticles within the structures, nor to 

definitively confirm the true architecture of the catalysts. Therefore, among the MICRO 

catalysts investigated, the MICRO-t30 (Standard) catalyst—used as the reference 

material in this study—and the MICRO-Inverse-T50 catalyst, which appears to present a 

more uniform distribution of nickel nanoparticles, were selected for further and more 

detailed characterization. These analyses were performed in order to achieve a more 

comprehensive understanding of the structural features of these materials and will be 

presented in the following section. 

 

3.1.2 Supported Catalysts 

 

Finally, the microscopy images of the supported catalysts are presented in Figure 

10. 

 

Figure 10 - TEM images of the unreduced Ni/SiO₂ catalyst: (A-B) SUP-IMP; (C-D) 

SUP-DP. 
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From the microscopy images presented in Figure 10, it can be observed that the 

different synthesis techniques employed for the preparation of supported catalysts 

(impregnation and deposition–precipitation), resulted in materials with distinct structural 

characteristics. For the SUP-DP catalyst, small and well-dispersed NiO nanoparticles can 

be observed within the silica structure. In contrast, the SUP-IMP catalyst exhibits a more 

heterogeneous morphology, characterized by larger and poorly defined NiO particles. 

These observations are consistent with reports in the literature indicating that the 

wet impregnation technique tends to produce catalysts with larger metal particles (Zhang 

et al., 2022). Conversely, deposition–precipitation methods are often associated with the 

formation of nickel–silica catalysts with higher metal dispersion and stronger metal–

support interactions (He et al., 2012; Vogt et al., 2018). 

 

3.1.3 Selection of Catalysts for Further Characterization and Catalytic Tests 

 

Overall, the microscopy analyses revealed a wide variety of nickel–silica catalyst 

structures synthesized in this work. Among the catalysts exhibiting distinct morphologies, 

the EMBD catalyst displayed a particularly interesting structure, with well-dispersed and 

homogeneous NiO nanoparticles, a feature also observed for the SUP-DP catalyst. 

Two particularly interesting structures were also observed within the MICRO 

series. The first consisted of well-defined spherical particles with a shell structure initially 

resembling a hollow-shell architecture. As the MICRO-t30 (Standard) catalyst served as 

the starting material for the synthesis of the other MICRO catalysts, it was selected for 

further and more detailed characterization analyses. The second structure corresponded 

to a morphology resembling a multicore–shell system. Among the catalysts presenting 

this structure, the MICRO-Inverse-T50 sample appeared to contain a higher fraction of 

encapsulated nickel particles compared to the MICRO-Inverse catalyst, which exhibited 

a larger number of nickel particles supported on the external surface of the silica spheres.  

The remaining MICRO catalysts differed primarily in terms of particle and cavity 

diameters relative to the MICRO-t30 (Standard) synthesis, with the exception of MICRO-

CTAB, which showed a highly heterogeneous morphology. Therefore, to gain deeper 

insight into the structural differences between these architectures, the MICRO-t30 

(Standard) and MICRO-Inverse-T50 catalysts were selected for more detailed 

characterization analyses. 
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In contrast, the PRECIP catalyst exhibited a highly heterogeneous structure, 

similar to that observed for the SUP-IMP catalyst. 

Based on these results, all synthesized catalysts were selected for catalytic testing, 

with the exception of the PRECIP, SUP-IMP and MICRO-CTAB catalysts. This selection 

was motivated by the presence of clear differences among the remaining materials in 

terms of structure and particle dimensions, enabling the evaluation of the effect of these 

parameters on catalytic performance. 

Finally, considering the catalysts that exhibited the most distinctive and 

representative structures, the EMBD, SUP-DP, MICRO-t30 (Standard), and MICRO-

Inverse-T50 catalysts were selected for more detailed characterization analyses in order 

to clearly differentiate their structural features. For clarity and consistency throughout the 

following sections, the sample codes adopted for these catalysts are summarized in Table 

16. This selection aimed to provide a deeper understanding of the structural differences 

among these materials, which represent the principal catalyst architectures developed in 

this study. 

Table 16 - Selected catalysts and corresponding sample codes used in the subsequent 

analyses. 

Catalyst Sample Code Synthesis method 

SUP SUP Deposition-precipitation assisted with urea 

EMBD EMBD Solvothermal + Stöber – standard 

MICRO- t30 (Standard)  RING Microemulsion + Stöber - Standard 

MICRO-Inverse-T50  SPHERE Microemulsion + Stöber - Inversion/ 50°C 

 

 

3.2 IN-DEPTH CHARACTERIZATION OF THE SELECTED CATALYSTS 

 

High-resolution TEM analysis provided a clearer view of the structural features 

of the selected catalysts and allowed a better visualization of the location of nickel 

nanoparticles within the structures after reduction at 500 °C. As shown in Figure 11, the 

SUP, EMBD, RING, and SPHERE catalysts exhibit different morphologies, while small 

and well-dispersed nickel nanoparticles are observed in all cases, including in the 

supported catalyst. 
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Figure 11 - TEM images of the Ni-SiO2 catalysts reduced at 500 °C: (A-C) SUP; (D-F) 

EMBD; (G-I) RING, and (J-L) SPHERE. 

 

For the reduced SUP catalyst, a clearer visualization of the nickel particles 

supported on the silica matrix can be observed in Figures 11A, 11B, and 11C. These 

images reveal the presence of well-dispersed Ni nanoparticles distributed over the silica 
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surface. In Figure 11A, nickel particles arranged in a linear or aligned configuration can 

also be observed. This feature may be associated with the presence of nickel 

phyllosilicates in the material prior to reduction, which, upon reduction, can give rise to 

aligned nickel nanoparticles along the silica surface, as previously reported in the 

literature (Bian and Kawi, 2020). 

For the EMBD catalyst (Figures 11D, 11E, and 11F), the higher-resolution TEM 

images allow a clearer visualization of nickel nanoparticles distributed within the silica 

matrix. These images show that the Ni particles are well dispersed within the silica 

structure, confirming the effectiveness of the synthesis route in promoting the distribution 

of nickel species throughout the material. 

For the catalysts synthesized by the microemulsion method (RING and SPHERE), 

the TEM images confirm the different structures resulting from the inversion of the order 

of reagent addition during synthesis. These analyses also allow a clearer visualization of 

the nickel nanoparticles within the structures, which were not clearly visible in the 

previously presented microscopy analyses. For the RING catalyst, it is possible to observe 

the internal cavity previously discussed, as well as nickel nanoparticles dispersed 

throughout the structure, giving rise to its distinctive morphology (Figure 11H). In the 

case of the SPHERE catalyst, the TEM images confirm the presence of well-defined 

spherical structures, with nickel nanoparticles distributed within their interior (Figure 

11K). 

Additional structural information about the catalysts can be obtained from the 

TEM–EDS analyses shown in Figure 12. 
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These analyses highlight the different structural arrangements of the catalysts, 

which are a direct consequence of the selected synthesis method. In the case of the SUP 

and EMBD catalysts, the EDS maps confirm the presence of nickel species distributed 

within the silica matrix. 

To better interpret these results, it is important to consider that the synthesis routes 

follow distinct approaches. In the case of the SUP catalyst, a preformed silica support is 

impregnated with NiO nanoparticles on its surface, meaning that NiO is directly deposited 

onto the silica, as illustrated in Figure 13. In contrast, for the EMBD, RING, and SPHERE 

catalysts, the synthesis begins with the formation of NiO/Ni⁰ nanoparticles, followed by 

the deposition of a SiO₂ layer around these particles via a sol–gel process, as exemplified 

for the EMBD catalyst in Figure 13. This synthesis sequence, in which the support is 

formed in the presence of preformed nanoparticles, typically results in catalysts where 

nickel particles are encapsulated within the support structure (Das et al., 2020).  

 

Figure 12 - EDS images of the reduced Ni-SiO2 catalysts: (A) SUP, (B) EMBD, (C) RING and 

(D) SPHERE. 
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Figure 13 - Different approaches used for the synthesis of the (A) SUP and (B) EMBD 

catalysts. 

 

For catalysts synthesized by the microemulsion method (RING and SPHERE), the 

EDS analyses further evidenced the differences in the structure. The RING structure, 

which initially appeared similar to a hollow-shell structure (Figure 12C), is in fact 

composed of nanorings: a rare structure that resembles a "donut" (Lin et al., 2017). The 

chemical mapping revealed the absence of detectable elements (Ni, Si, and O) in the 

central region of the structure, confirming the formation of the ring-like architecture. On 

the other hand, the SPHERE structure (Figure 12D) resembles the well-known multi-core 

shell structures, where Ni nanoparticles are encapsulated within perfectly spherical silica 

shells (Das et al., 2020). 

As previously mentioned and discussed, the difference between the formation of 

hollow-shell-like and spherical structures arises from the reversal of the order of addition 

of ammonium hydroxide and hydrazine during the synthesis process (Dahlberg and 

Schwank, 2012; Wang et al., 2019). According to these authors, this behavior is attributed 

to the formation or inhibition of nickel–hydrazine complexes [Ni(N₂H₄)ₙ]²⁺, which leads 

to the generation of gaseous species within the micelles during synthesis. 

However, unlike the studies by Dahlberg and Schwank (2012) and Wang et al. 

(2019), nanotube structures were not obtained in the present work. Instead, EDS analyses 
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indicate the formation of ring-shaped structures. These structures, also referred to as 

toroidal morphologies, are relatively rare in catalytic materials and represent an unusual 

structural arrangement in Ni–SiO₂ systems. 

In the literature, toroid formation is frequently associated with the self-

organization of amphiphilic copolymers (Xu et al., 2022). Similar to surfactants, 

copolymers are composed of hydrophilic and hydrophobic segments, which gives them 

the ability to spontaneously organize in solution, forming structures such as micelles. 

As highlighted in a review by Xu et al. (2022), depending on the experimental 

conditions, the copolymers can self-assemble into intermediate structures such as spheres, 

cylinders, and disks. These morphologies may further evolve into more complex forms, 

such as toroids, as a way to minimize the system’s free energy. The authors describe three 

main pathways for toroid formation: (i) perforation of the center of disk-like, vesicular, 

or spherical aggregates; (ii) end-to-end fusion of cylindrical or rod-like aggregates; and 

(iii) reorganization and assembly of aligned spheres into toroidal arrangements. In all 

cases, self-assembly occurs as a thermodynamically favorable mechanism to reduce the 

system’s free energy (Xu et al., 2022). 

Considering the similarity between amphiphilic copolymers and surfactants, the 

toroid formation observed in this study was associated with the micellar self- assembly 

process. TEM images of the RING catalyst, together with hypotheses from the literature, 

suggest that these structures arise from the perforation of spherical or discoidal 

aggregates, which then collapse under internal pressure generated by gas release within 

the micelles. This process may favor the formation of toroidal structures as a response to 

internal pressure relief and morphological stabilization of the system, a response possibly 

influenced by the characteristics of the surfactant used. The type of surfactant and its 

characteristics, especially the size of the hydrophilic layer, have a strong influence on 

micelle formation and stability (Xu et al., 2022). 

In this work, the surfactant used was polyoxyethylene cetyl ether (n=20), whereas 

in the studies by Wang et al. (2019) and Dahlberg and Schwank (2012) polyoxyethylene 

cetyl ether (n=10) was used. The main difference between these surfactants lies in the 

average number of ethylene oxide units: 20 in our case and 10 in the other. Due to the 

higher number of ethylene oxide units, the surfactant used in this study is likely to form 

stronger interactions with the aqueous phase within the micelle.  

This potentially enhanced micellar stability may influence both the physical 

properties of the micelles and their behavior under internal stresses during synthesis and 



 

75 
 

calcination. During calcination, gases produced from the decomposition of nickel 

complexes seek to escape from within the micellar structure. In systems utilizing 

polyoxyethylene cetyl ether (n=10), this gas release proceeds relatively smoothly, 

allowing the micelles to retain their integrity and form hollow or tubular morphologies, 

as reported in the literature. 

In this study, it is hypothesized that the micelles formed by polyoxyethylene cetyl 

ether (n = 20) present a lower permeability due to the relatively large hydrophilic portion 

of the surfactant molecule. As a consequence, these micellar structures may be able to 

retain gaseous species generated during the synthesis more effectively, hindering their 

release during the subsequent calcination step. The accumulation of gas inside the 

micelles may therefore lead to a progressive buildup of internal pressure, generating 

mechanical stress within the confined micellar structures. Such stress is likely to cause 

the collapse or perforation of the spherical or discoidal aggregates. This structural 

disruption may, in turn, promote the formation of ring-shaped, toroidal structures as a 

morphological adaptation to relieve the internal pressure.  

 It is important to emphasize that the structural confirmation of the RING 

morphology was experimentally validated only for the MICRO-RING catalyst, due to 

experimental limitations associated with the characterization techniques employed. For 

the remaining MICRO catalysts, whose morphologies were initially classified as “hollow-

shell” based on microscopy observations and whose syntheses followed similar 

procedures, we hypothesize that they may also exhibit ring-like architectures. However, 

in the absence of complementary high-resolution structural analyses, this assumption 

cannot be conclusively confirmed at this stage and therefore remains speculative. 

Despite the differences in morphology observed among the catalysts, Figure 12 

indicates that the nickel particle size distributions are relatively similar for all the selected 

materials. The average nickel particle sizes range from 2.1 to 2.8 nm, as summarized in 

Table 17. 
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Table 17 - Ni particles size determined by TEM, and calculated Ni dispersion of the 

catalysts. 

Catalysts dNi (nm) 
Dispersion (%) 

TEM 

Dispersion (%) 

H2 chemisorption 

SUP 2.8 35.7 11.7 

EMBD 2.6 38.5 22.7 

RING 2.1 47.6 16.9 

SPHERE 2.1 47.6 6.8 

 

Table 17 also presents the metallic dispersion values obtained by TEM and H₂ 

chemisorption. Despite the similar Ni particle sizes (2.1–2.8 nm), considerable 

differences in dispersion are observed, indicating that the accessibility of metallic sites is 

strongly influenced by the catalyst architecture. The EMBD catalyst exhibited the highest 

dispersion (22.7%), attributed to the homogeneous distribution of Ni nanoparticles 

throughout the silica matrix resulting from the solvothermal synthesis, which promotes 

strong metal–support interaction and highly dispersed Ni species. The RING and SUP 

catalysts presented intermediate values of 16.9% and 11.7%, respectively, while the 

SPHERE catalyst exhibited the lowest dispersion (6.8%), despite its particle size being 

comparable to that of RING (2.1 nm), showing that the multi-core-shell structure results 

in lower metallic dispersion. This result is consistent with the studies of Wang et al. 

(2019), who observed higher dispersions for hollow-shell catalysts compared to core-

shell ones, attributing this behavior to the larger internal interface available in hollow 

structures to distribute the Ni nanoparticles. 

Table 18 presents the chemical composition of the catalysts determined by XRF 

analysis. The results indicate that all samples exhibit nickel contents close to 10 wt.%.  

 

Table 18 - Chemical composition, N2 physisorption and degree of reduction results of 

the catalysts. 

Catalysts 
Ni 

(wt.%) 

Surface area SBET 

(m2/g) 

Mesopore 

volume 

(cm3/g) 

Average pore 

diameter (BJH) 

 (nm) 

Degree of 

reduction 

(%) 

SUP 10.3 306 1.2 14.9 88.7 

EMBD 9.2 128 0.36 13.0 87.9 

RING 8.8 42 0.18 17.6 89.9 

SPHERE 9.2 120 0.38 10.4 54.9 
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In addition to the structural information obtained from microscopy techniques, the 

textural properties of the catalysts were further investigated by N₂ physisorption. The 

adsorption–desorption isotherms of the samples are presented in Figure 14. It can be 

observed that all samples exhibit a Type IV isotherm (Thommes et al., 2015) which is 

characteristic of multilayer adsorption in mesoporous materials, followed by capillary 

condensation. The presence of mesopores can be observed through the narrow hysteresis 

loops, which resemble the H3 type, typically associated with slit-like pores, formed by 

non-rigid aggregates of plate-like particles (Thommes et al., 2015). 

 

 

Figure 14 - N2 adsorption/desorption isotherms of the catalysts calcined. 

 

The textural properties of the catalysts determined by N2 physisorption are also 

reported in Table 18. The SUP catalyst, prepared with a commercial silica support 

(399 m²/g), exhibited a significantly higher surface area compared to the other catalysts. 

The RING catalyst showed the lowest surface area, with a significant difference compared 

to the SPHERE catalyst synthesized using the same technique. This difference is expected 

because, although both catalysts exhibit similar particle diameters (35 nm for RING and 

32 nm for SPHERE), they possess distinct morphologies that result in different geometric 

areas. In fact, the surface area of a toroidal structure is lower than that of a sphere with 
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the same external diameter. These differences can also be associated with the hydrolysis 

and condensation steps of the Stöber process, which are directly influenced by the 

ammonium hydroxide. This affects the formation and structuring of the silica matrix, 

impacting the textural properties of the final material. As a result, the SPHERE catalyst 

exhibits a larger specific surface area compared to the RING catalyst, which contains 

relatively compacted silica, due to the different orders of ammonium hydroxide addition 

during synthesis.  

The XRD patterns for the calcined samples are presented in Figure 15. All the 

samples showed a broad diffraction peak around 2 = 22°, which can be attributed to the 

amorphous silica phase (PDF 39-1425). For the SUP catalyst, the characteristic lines of 

nickel phyllosilicate (PDF 49-1859) are observed at 2θ = 34 and 61° (Ye et al., 2019). 

The absence of corresponding nickel or nickel oxide diffraction lines corroborates the 

presence of highly dispersed, small nickel nanoparticles within the catalysts. 

 

 

Figure 15 - X-ray diffractograms of the catalysts: (A) SUP, (B) EMBD, (C) RING, (D) 

SPHERE. 

 

Although no significant differences were observed in the XRD patterns, the TPR 

profiles of the Ni-based catalysts presented in Figure 16 reveal distinct reduction 
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behaviors, reflecting differences in the metal–support interactions associated with the 

catalyst structures (Lakshmanan et al., 2016; Wang et al., 2018). 

 

 

Figure 16 - TPR profiles of calcined catalysts. 

 

For SUP and EMBD catalysts, a peak is observed at 584 and 663 °C, respectively. 

This peak is associated with the reduction of Ni phyllosilicate species (as evidenced in 

Figure 17) formed during synthesis, which typically require higher temperatures for 

reduction. When reduced, these phyllosilicates give rise to nickel nanoparticles that are 

highly homogeneous, well dispersed, and in strong interaction with the support (Ye et al., 

2019). 
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Figure 17 - TEM images of the Ni@SiO2 calcined catalysts: (A) SUP; (B) EMBD. 

 

The peaks at lower temperatures (485 and 445 °C) correspond to the reduction of 

NiO particles on both catalysts. However, the fraction of NiO particles is higher on the 

SUP catalyst, indicating a larger formation of Ni-phyllosilicate species on the EMBD 

catalyst. The TPR profile of the RING catalyst exhibits peaks at 375 and 486 °C that 

correspond to the reduction of NiO particles with different sizes and metal support 

interactions. The SPHERE catalyst shows a broad hydrogen consumption peak 

corresponding to the reduction of NiO particles. 

The degrees of reduction of the catalysts were calculated from the TPR results and 

are listed in Table 18. It is noteworthy that the degree of reduction of the SPHERE catalyst 

is considerably lower (54.9%) compared to the other catalysts (around 89%). This lower 

value can be attributed to the fact that a significant portion of the active metal in the 

SPHERE catalyst was already in the reduced state prior to the TPR analysis, resulting in 

a smaller amount of reducible species being detected. This behavior may be related to the 

presence of hydrazine during synthesis, which can act as a reducing agent. Depending on 

the synthesis conditions, hydrazine may favor the partial reduction of nickel species, 

which could explain the lower amount of reducible species observed for the SPHERE 

catalyst. 

The TPR results highlight that a stronger metal–support interaction is observed in 

the EMBD catalyst compared to the others, emphasizing the differences arising from the 

structural characteristics of the catalysts. 
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3.3 FINAL REMARKS 

 

Overall, the characterization results demonstrate that the different synthesis routes 

adopted in this work lead to a wide variety of Ni–SiO₂ catalyst architectures, directly 

influencing their physicochemical, structural, and textural properties. While all catalysts 

exhibit small and highly dispersed nickel nanoparticles, clear differences in morphology, 

metal–support interaction, surface area, and reducibility were observed as a function of 

the synthesis strategy. Among the materials investigated, the EMBD, SUP, RING, and 

SPHERE catalysts displayed the most well-defined and distinctive structures, justifying 

their selection for further in-depth characterization and catalytic evaluation. These 

findings highlight the strong structure–property relationships in Ni–SiO₂ catalysts and 

provide a solid basis for understanding their catalytic behavior in the subsequent chapters. 
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CHAPTER  4: RESULTS OF THE CATALYTIC PERFORMANCE 

AND IN SITU DRIFTS STUDIES OF NICKEL–SILICA CATALYSTS 

FOR CO₂ METHANATION 

 

This chapter presents the catalytic evaluation of the selected catalysts in the CO₂ 

methanation reaction, both in the absence and in the presence of CH₄ in the feed stream. 

The catalytic performance of the materials is discussed considering the influence of the 

different catalyst structures obtained from the synthesis routes described in the previous 

chapters. In addition, in situ DRIFTS analyses carried out under reaction conditions are 

presented to identify surface species and reaction intermediates, which provide insights 

for the proposal of possible reaction pathways for both encapsulated and supported 

catalysts, discussed in the following chapter. The effect of methane in the feed stream is 

also discussed in relation to the catalytic behavior and the reaction mechanism. 

 

4.1 CO2 METHANATION IN THE ABSENCE OF CH4 

 

4.1.1 Catalytic Tests – Catalyst Screening  

 

The results of CO2 conversion, CH4 selectivity and CH4 and CO formation rates 

obtained during the catalytic tests for the CO2 hydrogenation reaction at 300 °C and 1 bar 

are presented in Table 19. The CH4 formation rate includes a general error of ±0.4. 
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Table 19 - CO2 conversion, CH4 selectivity, and CO and CH4 formation rates of CO2 

methanation at 300°C and 1 bar. Feed ratio of 4:1:0.28 for H2: CO2: N2. GHSV of 

120,000 mL·gcat⁻¹·h⁻¹. 

Catalysts 
Ni 

(wt.%) 

XCO2 

(%) 

SCH4  

(%) 

CH4 rate 

(mmolCH4/(gNi.min)) 

CO rate 

(mmolCO/(gNi.min)) 

SUP 10.3 6.5 64.9 6.4 3.5 

EMBD 9.2 6.4 83.4 8.4 1.8 

MICRO - RING 8.8 5.6 58.4 5.7 4.1 

MICRO-t5 8 5.1 55.6 5.5 4.4 

MICRO-t60 7.5 4.9 56.1 5.7 4.5 

MICRO-t5-T50 7.0 4 49.4 4.4 4.5 

MICRO-t30-T50 8.0 5.3 51.3 5.4 5.1 

MICRO-t60-T50 7.5 4.7 53.5 5.3 4.6 

MICRO- Inverse 9.0 7.0 52.5 6.5 5.9 

MICRO-SPHERE 9.2 7.1 69.9 8.5  3.6 

 

A clearer visualization of the catalytic performance results is presented in Figure 

18. As expected, CO₂ conversions were kept below 10% for all catalysts to ensure 

operation under differential reactor conditions, enabling a more reliable comparison of 

their intrinsic behavior. 

Figure 18 - CO₂ conversion, CH₄ selectivity, and CO and CH₄ formation rates for the Ni-based 

catalysts during CO₂ methanation at 300 °C and 1 bar. 
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Among the evaluated materials, the EMBD catalyst exhibits the highest CH₄ 

selectivity, followed by MICRO-Inverse-T50 (SPHERE) and SUP. The MICRO series 

shows relatively similar values of conversion and formation rates, indicating that 

variations in synthesis parameters generally lead to minor changes in catalytic 

performance, except for the inversion of the reagent addition order, which results in more 

pronounced structural and catalytic differences. 

An exception within the MICRO series is observed for the MICRO-t5-T50 

catalyst, which showed the lowest CO₂ conversion (approximately 4%) and CH₄ 

selectivity (49.4%). This behavior suggests that the structural modifications induced by 

synthesis entirely at 50 °C combined with short aging time may negatively influence 

catalytic performance. 

Furthermore, a subtle trend can be identified, as catalysts prepared entirely at 50 

°C tend to exhibit slightly lower CH₄ selectivity compared to those synthesized under 

partially heated conditions. As previously shown by microscopy analyses, these samples 

presented smaller internal core diameters, which may be related to the slight differences 

observed in catalytic performance. Interestingly, the MICRO-t5-T50 catalyst, which 

exhibited the smallest core diameter, also showed the lowest activity among the MICRO 

materials, suggesting that small core dimensions may not be favorable under the 

evaluated reaction conditions. 

Another notable difference among the MICRO catalysts can be observed when 

comparing MICRO-Inverse-T50 (SPHERE) and MICRO-Inverse. The MICRO-SPHERE 

catalyst exhibits higher CH₄ selectivity, which may be associated with a greater 

proportion of nickel particles encapsulated within the silica structure. In contrast, when 

analyzing the microscopy images of MICRO-Inverse (Figure 8), it is evident that the 

nickel particles appear larger and predominantly located on the external surface of the 

structure, suggesting a lower degree of encapsulation. However, since EDS analysis was 

not performed for the MICRO-Inverse catalyst, the average nickel particle size could not 

be determined quantitatively. 

Overall, the results show that the different Ni–SiO₂ catalyst architectures lead to 

distinct behaviors in the reaction, particularly when comparing the four main structures 

previously selected and analyzed in greater detail: SUP (supported catalyst), EMBD 

(embedded catalyst), RING (standard MICRO-t5 condition), which exhibits a ring-

shaped structure, and SPHERE (MICRO-Inverse-T50), which presents a multi-core shell 

structure. In order to better understand the influence of these structural differences on 
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catalytic performance, the following discussion will focus on these four catalyst 

architectures, allowing a more detailed analysis of the relationship between catalyst 

structure and reaction behavior. To facilitate this analysis, the catalytic results, together 

with the nickel particle diameters obtained from TEM analyses and the corresponding 

TOF values for these four catalysts, are summarized in Table 20. 

 

Table 20 - CO₂ conversion, CH₄ selectivity, TOF, and CO and CH₄ formation rates for 

CO₂ methanation at 300 °C and 1 bar, using a feed ratio of H₂:CO₂:N₂ = 4:1:0.28 and a 

GHSV of 120,000 mL·gcat⁻¹·h⁻¹, for the selected catalysts. 

Catalysts 
XCO2 

(%) 

SCH4 

(%) 

Rate (mmolx/(gNi.min)) dNi 

(nm) 
TOFCH4 (s-1)  

TEM 

TOFCH4 (s-1) 
H2 chemisorption 

CH4 CO CH4 CO 

SUP 6.5 64.9 6.4 3.5 2.8 1.7 x 10-2 0.054 0.029 

EMBD 6.4 83.4 8.4 1.8 2.6 2.3 x 10-2 0.038 0.008 

RING 5.6 58.4 5.7 4.1 2.1 1.2 x 10-2 0.033 0.024 

SPHERE 7.1 69.9 8.5 3.6 2.1 1.7 x 10-2 0.123 0.053 

 

As previously mentioned, the EMBD catalyst showed the highest CH₄ selectivity 

(83.4%), followed by the SPHERE (69.9%) and SUP (64.9%), and finally the RING 

catalyst with the lowest CH4 selectivity of 58.4%.  Considering the CH₄ formation rate, 

the EMBD and the SPHERE achieved the highest rates with 8.4 mmolCH₄/(gNi·min) and 

8.5 mmolCH₄/(gNi·min), respectively. 

Despite these comparable methane formation rates, important differences can be 

observed when analyzing the formation of CO. The SPHERE catalysts exhibited a 

considerably higher CO formation rate (3.6 mmolCO/(gNi·min)) compared to EMBD 

(1.8 mmolCO/(gNi·min)), highlighting the advantage of EMBD in directing the reaction 

more selectively towards methane formation. Furthermore, the RING catalyst showed the 

lowest CH4 selectivity and at the same time the highest CO formation rate (4.1 

mmolCO/(gNi·min)), indicating a tendency toward the reverse water-gas shift (RWGS) 

reaction pathway. Therefore, the ratio between the CH4 formation rate and CO formation 

rate followed the order: EMBD (4.7) > SPHERE (2.4) > SUP (1.8) > RING (1.4).  

The TOFCH4 values are relatively similar across most catalysts (0.033–0.054 s⁻¹), 

indicating comparable intrinsic activity of the Ni sites toward methane formation. The 

SPHERE catalyst, however, exhibited a higher TOF CH₄ (0.123 s⁻¹). Nevertheless, this 

higher intrinsic activity is accompanied by a proportionally high TOF CO (0.053 s⁻¹), 
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indicating that the Ni sites in SPHERE are intrinsically more active but unselective, since 

they promote both CH₄ and CO formation without directing the reaction selectively 

toward methane. In contrast, the EMBD catalyst exhibited the lowest TOF CO among all 

catalysts (0.008 s⁻¹), highlighting the superior selectivity of this catalyst toward methane.  

As previously presented in Table 17, all the synthesized catalysts exhibited nickel 

particles with comparable sizes, ranging from 2.1 to 2.8 nm. The size of nickel 

nanoparticles is a key factor in the methanation reaction, as it has been proposed that it is 

a structure-sensitive reaction (Vogt et al., 2019a).  The comparable nickel particle sizes 

observed across the structures may thus explain the similarity in turnover frequencies. 

Vogt et al. (2018) prepared a series of Ni/SiO2 catalysts with different Ni particle sizes 

and tested them for CO2 methanation. They observed maximum activity at around 2.5 nm 

for CO2 hydrogenation at 400 °C and atmospheric pressure.  

The similar nickel particle sizes values suggest that the observed differences in 

CH₄ selectivity are not influenced by the nickel particles themselves, but rather by 

structural characteristics. 

According to the TPR and TEM results, the catalysts exhibit distinct structural 

characteristics as well as different metal–support interactions, reflecting the influence of 

the synthesis strategies on the final properties of the materials. Among the evaluated 

catalysts, those with encapsulated structures, namely EMBD and SPHERE, displayed 

higher methane formation rates compared to the other catalysts. Nevertheless, despite 

their similar structural concept, differences were observed between these two materials, 

particularly with respect to methane selectivity and CO formation rate. 

In this context, the EMBD catalyst stands out by exhibiting considerably higher 

methane selectivity than the other catalysts investigated, while simultaneously showing a 

significantly lower CO formation rate. These results suggest that, although both catalysts 

benefit from the encapsulation strategy, the specific structural features of the EMBD 

catalyst appear to be more effective in promoting the selective conversion of CO₂ toward 

methane, while suppressing the formation of CO as a secondary product. 

The benefits of encapsulation in this catalyst are clearly evident, as the nickel 

particles serve as the primary active sites for CH₄ and CO formation, and their behavior 

can be explained based on the reaction mechanism proposed in the literature. It is well 

established that one of the main pathways for CH₄ formation involves the sequential 

conversion of CO₂ to CO and H₂O via the reverse water–gas shift reaction, followed by 

the hydrogenation of CO to CH₄. On silica-supported catalysts, both steps typically occur 
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on the metal surface, and part of the unreacted CO is released in the product stream 

together with methane. In contrast, in the encapsulated catalysts, the confinement effect 

within the silica shell may increase the likelihood of CO readsorption and its further 

hydrogenation to methane, thereby enhancing the overall conversion of CO₂ to CH₄ and 

increasing methane selectivity by limiting CO desorption into the gas phase. This effect 

is reported by Ilsemann et al. (2019) who demonstrated that the shell structure in core–

shell catalysts influence the output of products, potentially promoting CO readsorption 

and further methanation, thereby increasing the selectivity for methane.  

Another effect can also explain the better performance of the EMBD catalyst, and 

it is the presence of nickel species derived from nickel phyllosilicates. When reduced, 

nickel phyllosilicates generate small, highly dispersed nickel particles that interact 

strongly with the support, as evidenced by the TPR and microscopy analyses of the SUP 

and EMBD catalysts. Such structural features generally promote the CO₂ methanation 

reaction. Nevertheless, it is interesting to note that, despite exhibiting strong metal–

support interactions and nickel species derived from nickel phyllosilicates, the supported 

catalyst SUP showed only intermediate values of CH₄ selectivity and formation rate. 

This difference can be attributed to the amount of nickel phyllosilicates present in 

the samples prior to reduction. Based on the TPR results, a higher concentration of nickel 

phyllosilicates can be observed for the EMBD catalyst, as indicated by the more intense 

peak shifted to around 663 °C. In contrast, in the SUP catalyst, part of the nickel species 

originates from the reduction of NiO, which exhibits weaker interactions with support. 

Consequently, the superior performance of the EMBD catalyst in the reaction can be 

ascribed not only to the possible encapsulation effect but also to the greater abundance of 

nickel phyllosilicate species, which promote the formation of smaller and more stable 

metallic nickel particles upon reduction, thereby enhancing CH₄ selectivity.  

Regarding the RING catalyst, although part of its nickel may be encapsulated, its 

TPR profile revealed nickel species with different metal–support interactions. 

Microscopy analyses further showed a greater accumulation of nickel nanoparticles along 

the inner diameter of the nanoring structure. In this region, the nickel nanoparticles are 

likely located on the external surface of the silica, resembling the characteristics of a 

conventional supported catalyst. Therefore, despite its intriguing and unusual structure, 

the lower degree of encapsulation combined with nickel nanoparticles exhibiting weaker 

metal–support interactions may have contributed to the inferior performance of this 

catalyst in the CO₂ methanation reaction.  
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These results suggest that the catalyst structure may influence CO adsorption on 

the surface and, consequently, the performance of these materials in the reaction. To 

investigate this aspect in more detail and gain a better understanding of the structural 

effect on the adsorption behavior, CO-TPD experiments were performed. The profiles 

obtained from these analyses are presented in Figure 19, allowing the evaluation of 

possible differences in the interaction between CO and the active sites present in the 

different catalysts. 

  

All catalysts exhibited peaks attributed to the desorption of CO and CO₂. 

Regarding the CO signal, the presence of peaks at low temperatures (106–145 °C) is 

observed for all catalysts, indicating the existence of weakly adsorbed CO species on the 

surface of the materials. However, the EMBD catalyst additionally shows a peak at high 

temperature (450 °C), suggesting that part of the CO remains more strongly adsorbed on 

the Ni surface. This behavior may be associated with a stronger interaction between CO 

and the nickel metallic sites, or with a possible CO readsorption phenomenon promoted 

Figure 19 - CO-TPD profiles of the Ni-SiO2 catalysts: (A) SUP, (B) EMBD, (C) RING 

and (D) SPHERE. 
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by the confinement effect of the core–shell structure present in this catalyst. In both 

situations, the longer residence time of CO on the surface increases the probability that 

this molecule further reacts with adsorbed hydrogen, favoring its subsequent 

hydrogenation. Consequently, this effect may contribute to increasing the methane 

formation, since CO acts as an important intermediate in the CO₂ methanation process.  

The formation of CO₂ is also observed in the TPD profiles of all evaluated 

catalysts. In general, all materials exhibited CO₂ formation in the temperature range 

between 100 and 300 °C, indicating that, under these conditions, processes involving 

adsorbed CO species on the surface take place. However, a distinct behavior is observed 

for the EMBD catalyst, which, in addition to this low- and medium-temperature region, 

also shows additional CO₂ formation at higher temperatures, around 362 °C. 

This behavior may be related to the disproportionation of CO, known as the 

Boudouard reaction (2CO → CO₂ + C), which is widely recognized as an important 

pathway for carbon formation on nickel-based catalysts. This reaction plays a relevant 

role in several catalytic processes involving CO, including systems related to 

methanation. Nickel is particularly well known for its strong ability to promote CO 

adsorption and dissociation. Initially, the CO molecule adsorbs on the metallic Ni surface 

and may subsequently undergo partial or complete dissociation, generating adsorbed C* 

and O* species. Subsequently, the O* species may react with another adsorbed CO 

molecule (CO*), leading to the formation of CO₂, while the C* species may remain 

accumulated on the surface or migrate into carbon phases within the material, resulting 

in the formation of carbon filaments. 

Among the catalysts analyzed, EMBD shows the highest CO₂ formation, 

including the contribution observed at higher temperatures. This behavior is consistent 

with the catalytic results, which also indicate higher methane formation for this material. 

In the CO-TPD experiments, carried out in the absence of H₂, CO tends to undergo 

disproportionation, producing CO₂ and carbon through the Boudouard reaction. However, 

when hydrogen is present in the system, the adsorbed CO can be preferentially 

hydrogenated, leading to the formation of methane. 

Thus, these results support the suggested hypothesis that the higher CO reactivity 

observed for the EMBD catalyst may be associated with stronger CO adsorption on the 

Ni surface or, alternatively, with a readsorption phenomenon promoted by the 

confinement effect provided by the core–shell structure of this material. In both scenarios, 
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the longer residence time of CO near the active sites may favor both methanation and the 

Boudouard reaction, contributing to the behavior observed in the experiments. 

 To further elucidate the CO adsorption behavior discussed in the CO-TPD 

analysis and gain deeper insight into the nature of the surface species involved, in situ 

CO-DRIFTS as well as in situ DRIFTS measurements under reaction conditions were 

carried out. The results obtained from these experiments will be presented and discussed 

in the following section. 

 

4.1.2 In Situ CO-DRIFTS  

 

To provide a more detailed understanding of the CO adsorption behavior 

previously discussed based on the CO-TPD analysis, in situ CO-DRIFTS measurements 

were carried out in the 2300 – 1700 cm⁻¹ spectral region, as presented at Figure 20. The 

spectrum referred to as post-CO corresponds to the sample after 30 min of CO exposure 

at room temperature, a condition in which the initial adsorption of CO molecules on the 

catalyst surface occurs. Subsequently, the post-helium spectrum was recorded after a 30 

min helium purge, also at room temperature, in order to remove weakly adsorbed CO 

species or CO present in the gas phase. The remaining spectra were collected during a 

stepwise temperature increase under continuous helium flow, allowing the evolution of 

the adsorbed species on the catalyst surface to be monitored as the temperature increased. 
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Figure 20 - In situ CO-DRIFTS profiles of the Ni-SiO2 catalysts: (A) SUP, (B) EMBD, (C) 

RING and (D) SPHERE. 
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The spectra indicate that CO adsorbs on the catalysts in different configurations, 

reflecting the diversity of adsorption sites available on the metallic surface. The main 

species identified include gaseous CO, linearly adsorbed CO, bridged CO species, and 

multi-coordinated CO species. The corresponding band positions and literature 

assignments are summarized in Table 21. 

 

Table 21 - Assignment of the main CO adsorption bands observed in the DRIFTS spectra. 

Band position (cm⁻¹) Corresponding assignment Reference 

~ 2174 and 2111 Gaseous CO Yan et al. (2019) 

Zhang et al. (2025) 

~ 2040 Linearly adsorbed CO Yan et al. (2019) 

Zhang et al. (2025) 

Wu et al. (2015) 

Wang et al. (2021) 

Cherevotan et al. (2022) 

~ 1900 Bridged CO species Yan et al. (2019) 

Zhang et al. (2025) 

Cherevotan et al. (2022) 

~ 1832 Multi-coordinated CO species Zhang et al. (2025) 

Cherevotan et al. (2022) 

 

It is noteworthy that, for all catalysts, both the relative intensity and the 

distribution of the adsorbed CO species change as the temperature increases under helium 

flow. These variations indicate progressive desorption and/or transformation of the 

surface CO species as the temperature increases. 

The main differences among the catalysts arise from the relative contribution of 

linearly adsorbed and bridged CO species in the spectra recorded at room temperature 

(post-CO and post-helium). The supported SUP catalyst predominantly exhibits CO 

linearly adsorbed, while bridged species are barely detectable, indicating a lower relative 

contribution of multi-coordinated CO adsorption under the applied conditions. In 

contrast, the catalysts containing encapsulated nickel species (EMBD, SPHERE, and 

RING) display both linear and bridged CO adsorption modes already at room 

temperature. 
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After a helium purge, the intensity of the band attributed to linearly adsorbed CO 

for the SUP catalyst decreases significantly. This pronounced reduction indicates that 

SUP does not strongly retain CO under inert conditions and confirms that the remaining 

adsorbed CO is mainly present in the linear configuration. In contrast, the RING catalyst 

shows a moderate decrease in the intensity of the linear CO band after purge, whereas the 

intensity of the band attributed to bridged CO remains almost unchanged, indicating 

greater persistence of this species. However, CO is adsorbed predominantly in the linear 

configuration after He purge at room temperature. This behavior suggests that, although 

CO remains on the RING catalyst under helium flow, it is mainly stabilized as a linearly 

adsorbed species rather than in bridged configurations. 

For the encapsulated catalysts EMBD and SPHERE, after helium purge, a fraction 

of the initially adsorbed CO species remains on the surface. In both cases, the intensity of 

the band characteristic of CO linearly adsorbed decreases noticeably, whereas the amount 

of bridged CO species is comparatively less affected, remaining clearly detectable under 

inert conditions. The bridged-to-linear area ratios remain around 1.3 and 1.4 for EMBD 

and SPHERE, respectively, indicating a significant contribution of bridged CO after 

purge. 

From these results, two main observations can be drawn. First, the supported 

catalyst (SUP) shows less tendency to form bridged CO species, whereas the catalysts 

exhibiting some degree of encapsulation display the formation of CO in bridged 

configurations. Among them, the EMBD and SPHERE catalysts exhibit a more 

pronounced contribution of bridged CO adsorption, while the RING catalyst, which 

contains both partially encapsulated and externally supported nanoparticles, as previously 

discussed, exhibits bridged CO to a lesser extent. Second, EMBD and SPHERE are the 

catalysts that exhibit the highest methane formation. This behavior may be related to the 

presence and relative stability of bridged CO species, which could facilitate further 

hydrogenation of adsorbed CO under reaction conditions. 

Increasing the temperature up to 450 °C leads to a reduction in the intensity of the 

band due to linearly adsorbed CO and a simultaneous increase of bridged CO and 

multicoordinated CO over all catalysts. In fact, the increase in temperature results in CO 

desorption and a restructuring of the CO mode of adsorption with the higher availability 

of surface sites.  

A quantitative analysis based on the CO-TPD results indicates that EMBD 

presents the highest CO adsorption capacity among the catalysts. Considering that 
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DRIFTS analysis also revealed a significant contribution of bridged CO species for 

EMBD, the combination of higher CO uptake and a substantial fraction of CO adsorbed 

in bridged configuration may favor further hydrogenation of CO, contributing to its 

superior methane selectivity. In contrast, although SPHERE also exhibits bridged CO 

species and high methane formation rates, its lower CO adsorption capacity and the 

absence of a high-temperature desorption feature may account for its comparatively 

higher CO formation rate. 

These findings are consistent with the results reported by Fan et al. (2025) that 

reported similar behavior for Ni nanoparticles encapsulated within Y₂O₃, where stronger 

CO adsorption was associated with enhanced low-temperature methanation activity. The 

authors explained that strong CO adsorption weakens the C–O bond, facilitating its 

subsequent hydrogenation to CH₄, whereas weakly adsorbed CO tends to desorb before 

further reaction. This interpretation is consistent with the present results, in which the 

EMBD catalyst exhibits stronger and more thermally stable CO adsorption, favoring 

further hydrogenation and enhanced methane formation. 

Overall, the DRIFTS results are consistent with the CO-TPD data and indicate 

that differences in CO adsorption configuration and retention contribute to the distinct 

catalytic performances. A balanced distribution of adsorbed CO species may represent 

one of the factors contributing to the higher methane selectivity observed for the EMBD 

catalyst. 

 

4.1.3 Activation Energy Determination and Stability Tests 

 

The reaction rate for methane formation was calculated at different temperatures, 

and the results are illustrated in Figure 21. The superior ability of the EMBD catalyst to 

facilitate CH4 formation is evident across the entire temperature range evaluated, directly 

related to a higher selectivity. The other catalysts exhibit approximately the same reaction 

rate, regardless of the temperature. 

 



 

95 
 

 

Figure 21 - CH₄ formation rate as a function of different temperatures in the CO₂ 

methanation reaction for the catalysts. 

 

Using the CH₄ formation rates obtained at different temperatures, the apparent 

activation energies for the CO₂ methanation reaction over the Ni-based catalysts were 

determined from the linearized Arrhenius equation. The corresponding Arrhenius plots 

are shown in Figure 22, and the calculated activation energies are summarized in Table 

22. 

Table 22 - Activation energies of the catalysts for CO₂ methanation without methane in 

the feed. 

Catalysts Ea (kJ/mol) 

SUP 74.3 

EMBD 66.5 

MICRO – RING 71.6 

MICRO-SPHERE 71.7 
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Figure 22 - Arrhenius plots of the natural logarithm of CH₄ formation rate as a function 

of temperature for all catalysts. 

 

The values of activation energy presented in Table 22 ranged from 66.5 kJ/mol to 

74.3 kJ/mol, with the EMBD catalyst presenting a slightly lower Ea compared to the other 

catalysts. These values are within the range reported in the literature for nickel/silica 

catalysts around 50 kJ/mol – 100 kJ/mol (Aziz et al., 2015; Fan and Tahir, 2021; Guo et 

al., 2018) .These results demonstrate the excellent performance of the catalysts evaluated 

in this study, particularly the EMBD catalyst, for the CO2 methanation reaction. 

To further investigate the effect of temperature on the catalytic performance of the 

EMBD catalyst, additional experiments were conducted at different reaction temperatures 

while keeping the GHSV, pressure, and feed stoichiometry constant. The corresponding 

CO₂ conversion and CH₄ selectivity values are presented in Figure 23. 
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Figure 23 - Effect of temperature on CO₂ conversion and CH₄ selectivity over the 

EMBD catalyst (H₂:CO₂:N₂ = 4:1:0.28; GHSV = 120,000 mL·gcat⁻¹·h⁻¹). 

 

As shown in Figure 23, CO₂ conversion increased steadily from 300 to 400 °C, as 

expected, since higher temperatures enhance reaction kinetics and promote CO₂ 

activation. In contrast, CH₄ selectivity exhibited only a slight decline and remained 

relatively stable throughout the studied temperature range, indicating that methane 

formation continued to dominate under these conditions. No significant shift toward the 

RWGS reaction was observed.  Fan et al. (2025) reported a similar behavior for a series 

of Ni@Y₂O₃ catalysts, which exhibited comparable selectivity across the entire 

temperature range investigated (200–420 °C). Thermodynamically, methane formation 

becomes less favorable at higher temperatures, particularly near 400 °C, where the RWGS 

reaction is increasingly promoted (Su et al., 2016). The absence of a significant selectivity 

shift demonstrates the strong performance of the EMBD catalyst, which sustains high 

methane selectivity even at elevated temperatures.  

A long-term test was performed for the EMBD catalyst at 300 °C, and a GHSV of 

14,833 mL·gcat⁻¹·h⁻¹, and the results of conversion and selectivity are presented in Figure 

24.  
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Figure 24 - Conversion and CH₄ selectivity of the EMBD catalyst for 50 hours. Feed 

ratio of 4:1:0.28 for H2: CO2: N2. GHSV of 14,833 mL·gcat⁻¹·h⁻¹. 

 

The catalyst maintained remarkable stability throughout the entire 50-h evaluation 

period, achieving a CO₂ conversion of approximately 60% and a CH₄ selectivity close to 

97%. This outstanding stability is attributed to the highly dispersed nickel species within 

the silica matrix and the strong metal-support interaction between nickel and silica, which 

inhibits sintering and deactivation. 

The TEM analysis conducted after the reaction, as shown in Figure 25, indicated 

that no significant structural changes occurred.  

 

Figure 25 - TEM micrograph of the EMBD catalyst after 50 hours of reaction. 

 

Minor variations in the size of some Ni particles were observed, but these changes 

were not significant enough to affect the overall morphology of the material. Furthermore, 
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according to these results, no evidence of carbon filament formation was detected on the 

catalyst surface. These results explain the outstanding stability of this catalyst during the 

CO2 hydrogenation reaction. 

 

4.1.4 In Situ DRIFTS under reaction conditions 

 

In order to better understand the relationship between catalyst structure and 

catalytic performance, and to identify the reaction intermediates and CO species present 

under reaction conditions, in situ DRIFTS experiments were carried out under CO₂ + H₂ 

+ He reaction conditions. The assignment of the observed bands was performed based on 

correlations with literature data, as summarized in Table 23. 

 

Table 23 - Assignment of the main infrared bands and corresponding surface species 

identified in the in situ DRIFTS spectra under CO₂ + H₂ reaction conditions. 

Band position 

(cm⁻¹) 
Corresponding assignment Reference 

~ 3747 Consumption of free terminal 

hydroxyl groups on the silica 

surface. 

Cabral et al. (2024) 

Beniwal et al. (2025) 

Dong and Liu (2020) 

Ye et al. (2019) 
 

3015 C–H stretching vibrations of 

gaseous methane 

Cabral et al. (2024) 

Wang et al. (2021) 

Zhang et al. (2025) 

Yan et al. (2019) 

Ye et al. (2019) 
 

2350 Rotational vibrations of gaseous 

CO₂ 

Cabral et al. (2024) 

Beniwal et al. (2025) 

Wu et al. (2015) 

Dong and Liu (2020) 

Fan et al. (2025) 
 

~ 2175 Gaseous CO Yan et al. (2019) 

Zhang et al. (2025) 

2070 – 2030 Linearly adsorbed CO Yan et al. (2019) 

Zhang et al. (2025) 

Wu et al. (2015) 

Wang et al. (2021) 

Almeida et al. (2025) 

Cabral et al. (2024) 
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Cherevotan et al. (2022) 

1950 – 1900 Bridged CO species Yan et al. (2019) 

Zhang et al. (2025) 

Almeida et al. (2025) 

Zhang et al. (2025) 

Cabral et al. (2024) 

Németh et al. (2019) 

Yan et al. (2019) 

  

~ 1665 Bicarbonate (HOCO2
−) 

Almeida et al. (2025) 

~1628 Bicarbonate (HOCO2
−) Zhang et al. (2025) 

Wang et al. (2021) 

Almeida et al. (2025) 

Zhao et al. (2023) 
 

1590 Formate (HCOO⁻) Wang et al. (2021) 

Beniwal et al. (2025) 

Zhang et al. (2025) 

Guo et al. (2018) 
 

1490 - 1450 Carbonate (CO3
2−) Beniwal et al. (2025) 

Zhao et al. (2023) 

Cherevotan et al. (2022) 
 

1435 - 1406 Bicarbonate (HOCO2
−) Zhang et al. (2025) 

Almeida et al. (2025) 

Yan et al. (2019) 

Le et al. (2020) 
 

1386 Formate (HCOO⁻) Almeida et al. (2025) 

Le et al. (2020) 

1375 - 1365 Formate (HCOO⁻) Fan et al. (2025) 

 

1360 - 1327 Carbonate (CO3
2−) Beniwal et al. (2025) 

Le et al. (2020) 

Almeida et al. (2025) 

 

 

1318 Formate (HCOO⁻) Aldana et al. (2013) 

 

1290  Formate (HCOO⁻) Wu et al. (2015) 

1270 Bicarbonate (HOCO2
−) Almeida et al. (2025) 

1250 Bicarbonate (HOCO2
−) Li et al. (2022) 
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The complete DRIFTS spectrum of the RING catalyst is presented in Figure 26, 

together with an enlarged view highlighting the spectral regions associated with adsorbed 

CO and oxygenated carbon-containing intermediates. The discussion begins with the 

RING catalyst, as it exhibits well-defined bands corresponding to the typical 

intermediates involved in CO₂ methanation, therefore providing a suitable basis for the 

interpretation of the spectra obtained for the other catalysts. 

 

In the full spectrum, the presence of several bands characteristic of the species 

present during the reaction can be observed. The intense band at approximately 2350 cm⁻¹ 

is attributed to CO₂ in the gas phase, while the band around 3015 cm⁻¹ corresponds to 

CH₄ in the gas phase. The formation of methane becomes clearly observable starting at 

approximately 300 °C, and its intensity progressively increases with increasing 

temperature, indicating a higher hydrogenation rate at elevated temperatures. 

The bands in the 2100–1800 cm⁻¹ region are attributed to CO adsorbed on Ni sites, 

in different coordination modes (linear, bridged, and multicoordinated CO). The signals 

observed in the 1700–1200 cm⁻¹ region are associated with surface carbon-containing 

oxygenated species, such as bicarbonates, carbonates, and formates, which have been 

widely reported as relevant intermediates in CO₂ methanation. 

Figure 26 - DRIFTS spectra under CO₂ + H₂ + He flow for the RING catalyst: (A) full 

DRIFTS spectrum; (B) expanded spectra in the CO region (2200-1200 cm⁻¹). 
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At 30 °C, the spectrum shows bands associated with the vibrational modes of 

bicarbonate species at 1628, 1406, and 1270 cm⁻¹. These intermediates are formed 

through the activation of CO₂, which can react with hydroxyl groups on the silica surface, 

leading to the formation of bicarbonate species (Cabral et al., 2024). During the activation 

process, CO₂ can also react with deprotonated oxide anions on the surface, resulting in 

the formation of carbonate species, which also appear in the spectra as the temperature 

increases (Almeida et al., 2025; Shen et al., 2021). 

As the temperature increases, the bands characteristic of bicarbonate species are 

no longer detected, and at 100 °C new bands typical of formate species appear, around 

1590 and 1290 cm⁻¹. This result suggests that hydrogen-assisted decomposition of 

bicarbonate occurs, in which bicarbonate species react with hydrogen at the metal–

support interface, leading to the formation of formate species at this temperature. 

Carbonate species may also dissociate and contribute to the formation of formate 

intermediates (Almeida et al., 2025; Shen et al., 2021).  

In addition, a first band around 2070 cm⁻¹, corresponding to the C–O stretching 

mode of CO bonded to a single Ni atom, begins to appear at approximately 100 °C. With 

increasing temperature, its intensity increases along with the appearance of new bands at 

1945 cm⁻¹ and 1816 cm⁻¹, which are attributed to CO bonded to two Ni atoms and CO 

coordinated to three Ni atoms, respectively. 

According to the literature, the appearance of CO may be related to three main 

processes (Cabral et al., 2024). The first involves the dissociative adsorption of CO₂, in 

which CO₂ dissociates into O* and CO*.  

The second pathway for CO formation may occur through the decomposition of 

formate species at the metal–support interface in a single elementary step. However, this 

process is considered more complex due to the generally higher stability of formate 

species on the surface and therefore requires higher energy to occur (Cabral et al., 2024). 

The decomposition of formate may also occur through its reaction with adsorbed 

hydrogen at the metal–support interface, via a pathway known as H-assisted formate 

decomposition, which proceeds through a formyl intermediate.  

In this case, the appearance of CO together with the decrease in the intensity of 

formate bands suggests that CO may be formed through H-assisted formate 

decomposition, in which formate species adsorbed at the metal–support interface react 

with hydrogen adsorbed on the Ni particles. Additionally, CO₂ dissociation may also 

occur, contributing to the formation of CO. 
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At 150 °C, the CO bands became clearly visible, particularly the linear CO band. 

As the temperature increases, the intensity of this band slightly decreases, while other 

bands associated with bridged and multicoordinated CO species appear. 

In general, for nickel–silica catalysts, CO₂ methanation is commonly proposed to 

proceed via both the bicarbonate–formate pathway and CO₂ dissociation. A more detailed 

discussion of the possible reaction pathways is presented in the following chapter.  

Similar intermediates are also observed in the DRIFTS spectra of the SPHERE 

catalyst, as shown in Figure 27. 

 

Bands corresponding to gaseous CO₂ (around 2350 cm⁻¹) and CH₄ (around 3015 

cm⁻¹) are also observed in the full spectrum of the SPHERE catalyst. Similarly to the 

RING catalyst, methane formation becomes evident at temperatures above approximately 

300 °C. In general, the spectra show behavior comparable to that observed for the RING 

catalyst. The bicarbonate species detected at approximately 50 °C gradually decrease in 

intensity with increasing temperature, accompanied by a progressive increase in the 

intensity of the bands associated with formate species. 

One noticeable difference is that, for the SPHERE catalyst, an additional formate 

band appears around 1375 cm⁻¹, in addition to the bands at approximately 1590 and 1290 

Figure 27 - DRIFTS spectra under CO₂ + H₂ + He flow for the SPHERE catalyst: (A) 

full DRIFTS spectrum; (B) expanded spectra in the CO region (2200-1200 cm⁻¹). 
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cm⁻¹, indicating a higher formation of formate species on this catalyst. Moreover, formate 

species can already be detected at approximately 50 °C. 

The bands associated with adsorbed CO species begin to appear at approximately 

150 °C, including bands attributed to bridged and multicoordinated CO species. A linear 

CO band is also observed and gradually decreases in intensity as the temperature 

increases. At 400 °C, in addition to the bands corresponding to gaseous CH₄ and CO₂, the 

spectra mainly show the presence of formate and adsorbed CO species.  

For the SUP catalyst, the DRIFTS spectra exhibit some differences compared to 

those observed for the RING and SPHERE catalysts, as shown in Figure 28. 

 

In addition to the presence of CO₂ and CH₄ bands appearing above approximately 

300 °C, a wide variety of reaction intermediates can be observed in the DRIFTS spectra 

of the SUP catalyst. 

 The spectrum recorded at 50 °C is characterized by bands associated with 

bicarbonate species at 1628 cm⁻¹, carbonate species (CO₃²⁻), and formate species around 

1242 cm⁻1. As the temperature increases, the bands corresponding to carbonate and 

formate species gradually increase in intensity, whereas the bicarbonate band decreases. 

At 100 °C, the bicarbonate band is no longer detected, while the other bands slightly 

decrease in intensity and a new band associated with formate species appears around 1590 

Figure 28 - DRIFTS spectra under CO₂ + H₂ + He flow for the SUP catalyst: (A) full 

DRIFTS spectrum; (B) expanded spectra in the CO region (2200-1200 cm⁻¹). 
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cm⁻¹. This band persists at higher temperatures and shows a significant increase in 

intensity at approximately 300 °C. 

A broad band attributed to carbonate species (CO₃²⁻) is also observed at around 

300 °C, which may indicate a higher activation of CO₂ at elevated temperatures. However, 

this band, together with the formate band at 1590 cm⁻¹, gradually decreases in intensity 

as the temperature increases to 350 °C, likely due to the decomposition of these 

intermediates into CO and subsequently CH₄. 

Regarding CO formation, the first CO bands can be observed at approximately 

150 °C. These bands correspond to CO adsorbed on Ni sites in different coordination 

modes, including linear, bridged, and multicoordinated CO species. However, the 

presence of linear CO species is less pronounced compared to that observed in the spectra 

of the SPHERE and RING catalysts. 

The DRIFTS spectra of the EMBD catalyst also show differences compared to 

those observed for the other catalysts, as illustrated in Figure 29. 

 

As observed for the other materials, bands corresponding to gaseous CO₂ (around 

2350 cm⁻¹) and CH₄ (around 3015 cm⁻¹) are visible in the full spectrum, with methane 

formation becoming evident at temperatures above approximately 300 °C. 

At 30 °C, the spectra show the presence of carbonate (CO₃²⁻), bicarbonate 

(HCO₃⁻), and formate species on the catalyst surface. As the temperature increases, the 

Figure 29 - DRIFTS spectra under CO₂ + H₂ + He flow for the EMBD catalyst: (A) full 

DRIFTS spectrum; (B) expanded spectra in the CO region (2200-1200 cm⁻¹). 
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bicarbonate band gradually decreases in intensity and is no longer detected at 

approximately 100 °C, while a band attributed to formate species appears around 1590 

cm⁻¹ and becomes more evident. Overall, the spectral profiles of the EMBD catalyst show 

relatively small variations with increasing temperature compared to the other catalysts. A 

noticeable increase in the intensity of the bands is observed at approximately 300 °C, 

followed by a decrease at 350 °C. 

Interestingly, the intensity of the formate bands shows only minor variations over 

a wide temperature range, decreasing only at temperatures above approximately 300 °C. 

This behavior may reflect either a relatively stable population of formate species or a 

dynamic process in which these species are rapidly formed and consumed during the 

reaction. Another distinctive feature of the EMBD catalyst is the absence of a clearly 

detectable linear CO band. Instead, only bands associated with bridged and 

multicoordinated CO species are observed. This behavior may further support the 

hypothesis that formate species are rapidly converted during the reaction, preventing the 

accumulation of linear CO species on the catalyst surface. 

Interestingly, the DRIFTS spectra of the EMBD and SPHERE catalysts show a 

relatively higher contribution of formate species compared to the other materials, with 

these species already being detected at low temperatures. In parallel, these catalysts also 

exhibit the highest methane formation among the samples studied. According to previous 

studies, formate species are typically formed on the support through the reaction between 

bicarbonate and carbonate species and hydrogen activated on metal particles, indicating 

that this process occurs at the metal–support interface (Almeida et al., 2025; Cabral et al., 

2024). Several authors have proposed that formate formation results from the reaction 

between bicarbonates and adsorbed hydrogen at the interface between Ru particles and 

oxide supports such as Al₂O₃. Therefore, the higher abundance of formate species 

observed for the EMBD and SPHERE catalysts may suggest a more active metal–support 

interface, which could facilitate the formation and subsequent hydrogenation of formate 

intermediates during CO₂ methanation. This interpretation is consistent with the higher 

methane formation observed for these catalysts. 
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Figure 30 presents the DRIFTS spectra of all catalysts and allows a direct 

comparison of the surface intermediates formed during CO₂ methanation and their 

evolution with temperature. 

 

Figure 30 - In situ DRIFTS spectra acquired under CO₂ methanation reaction 

conditions (CO₂ + H₂ + He) in the 2200–1200 cm⁻¹ region for (A) SUP, (B) EMBD, 

(C) RING, and (D) SPHERE catalysts. 
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Overall, the comparative DRIFTS analysis highlights that the different catalyst 

architectures significantly influence the nature and evolution of the surface intermediates 

involved in CO₂ methanation. Although bicarbonate species are initially detected on all 

catalysts at low temperature, their transformation into formate intermediates occurs as the 

temperature increases, confirming the important role of the metal–support interface in the 

activation of CO₂. The subsequent formation of adsorbed CO species indicates that 

formate intermediates participate in the reaction pathway. 

The predominance of bridged and multicoordinated CO species and the absence 

of a clearly detectable linear CO band indicate that CO is more strongly adsorbed on the 

EMBD catalyst. This behavior agrees with the high-temperature CO desorption observed 

in CO-TPD and with its superior CH₄ selectivity and lower CO formation rate. 

An additional aspect that deserves attention is the relatively low intensity of 

adsorbed CO bands observed for the EMBD catalyst at lower temperatures, despite its 

stronger CO retention at higher temperatures. The strong metal–support interaction, high 

dispersion, and encapsulation effect may promote rapid hydrogenation of CO as soon as 

it is formed, preventing its accumulation at low temperature.  

In contrast, the RING catalyst exhibits weaker bridged CO stability and a higher 

relative formation of linear CO species during heating, favoring CO desorption and 

explaining its higher CO formation rate and lower CH₄ selectivity. The SUP catalyst 

predominantly shows linear CO adsorption, consistent with its intermediate performance. 

Although the SPHERE catalyst also presents encapsulation, its CO adsorption appears 

less stabilized than in EMBD, which correlates with its higher CO formation rate despite 

high CH₄ productivity. 

Taken together, the DRIFTS results confirm that structural confinement and 

metal–support interaction modulate the adsorption mode and stability of CO 

intermediates, ultimately governing the balance between CO release and further 

hydrogenation to methane. This behavior explains the superior catalytic performance 

observed for the EMBD catalyst. 

These results provide important insights for the discussion of the reaction 

mechanisms presented in the following chapter. 
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4.2 CO2 METHANATION IN THE PRESENCE OF CH4 

 

4.2.1 Catalytic Tests – Catalyst Screening  

 

The catalysts selected from the previous methane-free tests were also evaluated in 

the presence of methane. As mentioned earlier, the presence of CH₄ in the feed along with 

CO₂ is still scarcely explored in the literature but offers practical advantages. In real 

biogas streams, CH₄ is naturally present with CO₂, and performing CO₂ methanation 

without separating these components can simplify the process and reduce costs. The 

results for CO₂ conversion, CH₄ selectivity, TOF, formation rates of CH₄ and CO, and the 

activation energy obtained during the catalytic tests for CO₂ hydrogenation in the 

presence of methane are summarized in Table 24. The CH₄ formation rate includes an 

overall experimental error of ±0.4. 

 

Table 24 - CO2 conversion, CH4 selectivity, and CO and CH4 formation rates of CO2 

methanation at 300°C and 1 bar. Feed ratio of 4:1:1 for H2: CO2: CH4. GHSV of 

142,703 mL·gcat⁻¹·h⁻¹. 

Catalysts 
Ni 

(wt.%) 

XCO2 

(%) 

SCH4 

(%) 

  Rate 

(mmolx/(molNi.s)) TOFCH4 (s-1) 
TEM 

Ea 

(kJ/mol) 

TOFCH4 (s-1) 
H2 chemisorption 

CH4 CO CH4 CO 

SUP 10.3 6.6 71.5 7.09 2.83 1.9 x 10-2 68.3 0,060 0,024 

EMBD 9.2 6.7 96.7 11.07 0.38 2.8 x 10-2 58.9 0,048 0,002 

RING 8.8 6.5 67.1 7.65 3.77 1.6 x 10-2 67.6 0,044 0,022 

SPHERE 9.2 7.8 76.2 10.09 3.15 2.0 x 10-2 66.8 0,147 0,046 

  

As previously described, the apparent activation energies were determined from 

the linearized Arrhenius equation using methane formation rates at different 

temperatures, as presented in Figure 31.  
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Figure 31 - Arrhenius plots of the natural logarithm of the CH₄ formation rate as a 

function of 1/T for the catalysts in the presence of CH₄. 

 

Based on the results, the trend in CH₄ selectivity under methane-containing 

conditions follows the same pattern observed in the methane-free system. The EMBD 

catalyst remained the most selective, exhibiting a high methane formation rate. The 

EMBD catalyst again demonstrated superior performance, with a high CH₄ formation rate 

(11.07 mmol·molₙᵢ⁻¹·s⁻¹) and the lowest CO formation rate (0.38 mmol·molₙᵢ⁻¹·s⁻¹). 

Although the SPHERE catalyst showed a high methane formation rate, it was also 

associated with a high CO production rate, indicating lower selectivity compared to 

EMBD. Similarly, the RING catalyst, despite presenting a higher CH₄ formation rate than 

SUP, also exhibited higher CO formation, which negatively impacts its selectivity. The 

activation energies were similar for all catalysts, with the exception of EMBD, which 

exhibited a lower value.  

Overall, EMBD showed the best performance, combining the highest CH₄ 

selectivity with the lowest CO production. SPHERE ranked second, while SUP and RING 

showed lower selectivity. 
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To better understand the differences in catalytic performance under methane-free 

and methane-containing conditions, Figure 32 presents a comparison of the main results 

obtained under both conditions.  

 

Figure 32 - Comparison of catalytic performance of the studied catalysts in the absence 

and presence of methane: (A) CH₄ selectivity; (B) CH₄ and CO formation rates 

 

When comparing the results obtained in the absence and presence of CH₄, an 

increase in both CH₄ selectivity and methane formation rate is observed for all catalysts 

when methane is introduced into the feed together with CO₂ and H₂.  
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An interesting observation is that the increase in CH₄ selectivity and methane 

formation rate is not uniform across all catalysts. In particular, the EMBD catalyst shows 

the most pronounced enhancement in both parameters in the presence of CH₄ in the feed. 

In addition, the RING catalyst exhibits higher CH₄ and CO formation rates than the SUP 

catalyst under these conditions, which can be related to its slightly higher conversion. The 

SPHERE catalyst also shows an increase in methane formation rate, more significant than 

that observed for the SUP catalyst, which appears to be the least influenced by the 

addition of methane. 

These results suggest that the effect of methane depends on the catalyst structure 

and may be related to differences in surface properties and reaction pathways. It is 

important to mention that, although the experiments with and without methane were 

conducted under slightly different partial pressures, this effect was evaluated using the 

EMBD catalyst as a representative case, since it showed the largest change in selectivity 

upon methane addition, and no significant variations were observed. Therefore, under 

these conditions, partial pressure does not significantly influence the results, and the 

observed variations can be attributed to the presence of methane.  

As reported in the literature review, the effect of methane in the feed during CO₂ 

methanation is still not well established in the literature, with studies reporting neutral, 

negative, or positive impacts depending on the catalyst and operating conditions. These 

contrasting observations indicate that the role of methane in CO₂ methanation is not yet 

fully understood and depends strongly on the catalyst properties and reaction conditions. 

An example is the work of Camaratta (2023), in which it was observed that the effect of 

CH₄ varies with the type of support and metal particle size, indicating that the role of CH₄ 

in the reaction system is not straightforward and likely depends on the physicochemical 

properties of the catalysts. 

Consistent with this, methane may interact differently with catalyst surfaces 

depending on their structure, affecting adsorption phenomena and the distribution of 

surface intermediates involved in CO₂ methanation. To further investigate these effects, 

DRIFTS analyses in the presence of methane were carried out. 
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4.2.2 In Situ DRIFTS Analysis under CH₄-Containing Conditions 

 

In situ DRIFTS analyses under reaction conditions with methane in the feed were 

performed for the selected SUP, EMBD, RING, and SPHERE catalysts. Similarly to the 

previous analysis, the assignment of the observed bands was carried out based on 

correlations with literature data, and the bands and their respective assignments are 

summarized in Table 23, previously presented. The complete DRIFTS spectra of the 

catalysts under reaction conditions with methane in the feed are shown in Figure 33, 

Figure 34, Figure 35 and Figure 36 for the catalysts SUP, EMBD, RING and SPHERE, 

respectively. 

 

 

Figure 33 -  DRIFTS spectra under CO₂ + H₂ + CH₄ flow for the SUP catalyst. 

 

 


