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Thesis abstract 

Index No. 20/21/Chem./27 

Title of the Thesis: Development of Perovskite and Spinel 

Based Molecular Level Nanocomposite Catalysts Designed 

from Conventional and High Entropy Metal-Oxides for Dry 

Reforming of Methane 

Name of the scholar: Akbar Hossain 

The goal of this thesis is to synthesize some promising catalysts (perovskite and spinel 

oxides) for dry reforming of methane (DRM) reaction. DRM is a catalytic process that uses 

two powerful greenhouse gases, carbon dioxide (CO2) and methane (CH4) to synthesize syngas 

(H2+CO), which is a useful feedstock for the preparation of chemicals and fuels. This reaction 

not only resolves the need for sustainable energy but also reduces greenhouse gas emissions. A 

number of industries that significantly rely on the use of hydrogen and syngas are given 

financial and environmental advantages through utilization of DRM reaction. The chemical 

equation for the DRM process is as follows: 

CH4 + CO2 ⇌ 2H2 + 2CO …………. (1) 

Despite its potential outcome, quick catalyst deactivation from sintering and carbon deposition 

are serious issues to commercialization of DRM reaction. Effective catalysts, mostly based on 

noble metals (Ru, Rh, Pd, and Pt) and transition metals (Ni, and Co), supported on a variety of 

materials to improve stability and activity, are the subject of recent studies. The design of 

modern catalysts, including the use of promoters and bimetallic systems, have been 

demonstrated to import improved catalytic efficiency and reduced carbon deposition. Even 

though DRM provides a sustainable method of producing syngas and lowering greenhouse gas 

emissions, its actual implementation will depend on resolving technical issues with catalyst 

stability and performance. To fully realize the impact of this promising technology, more 

research and innovation on catalyst development and process optimization are indispensable. 

For this research work, some catalysts based on perovskite and spinel oxides have been 

synthesized following various approach and deployed these catalysts for DRM reaction. 
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Chapter 1 provides a concise overview published in the literature on nanostructured 

metal oxide-based catalysts for DRM reaction, emphasizing the several relevant concerns.  

Chapter 2 enunciated the many preparative methods utilized to synthesize the different 

catalyst components, along with the justification for selecting sol-gel citrate combustion as the 

optimal synthesis pathway. We have then summarized the working principle of the wide range 

of modern sophisticated characterization techniques that have been used to observe the 

physicochemical nature of the materials. These techniques include powder X-ray diffraction 

(PXRD), scanning electron microscopy (SEM), high resolution transmission electron 

microscopy (HRTEM) temperature programmed reduction (TPR), thermogravimetric analysis 

(TGA) and X-ray photoelectron spectroscopy (XPS). The gas-solid heterogeneous catalyst 

testing process have been discussed at the end of this chapter.  

Chapter 3 deals with the synthesis, characterization, and catalytic activity of LaNi1-

xCuxO3 (x= 0.10.8) perovskite nanomaterials. The current study provides a thorough analysis 

and comprehension of the DRM reaction employing Cu-doped LaNiO3, offering a new 

perspective on its catalytic activity. The phase of pure LaNi1xCuxO3 catalysts, in particular, 

LaNi0.8Cu0.2O3, shows high catalytic activity towards the DRM reaction (97% CH4 and 98% 

CO2 conversion) with H2/CO ratio ~1.2. Remarkably, the catalytic activity remains unchanged 

even after 100 h, despite the fact that the first perovskite phase mostly breaks down into 

component phases following the DRM. Based on extensive characterization of as-prepared and 

aged catalyst materials, we have explained the prolonged activity of the disintegrated 

perovskite catalysts in the context of nanocomposite formation at the molecular level in the 

reforming atmosphere along with the availability of Ni0 and NiO. 

Chapter 4 discusses the study of dry reforming of methane of the double perovskite 

series, with general formula La2Ni(TM)O6 (where, TM = Cr, Mn, Fe, and Co). All these 
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catalysts show significant catalytic activities towards DRM reaction. It has also been seen that 

La2NiMnO6 exhibits the highest DRM activity and its CH4 and CO2 conversion are 97% and 

99%, respectively, along with a considerable H2/CO ratio (0.9) after 10 h of reaction. The 

catalyst shows nearly similar DRM activity up to 100 h run time of DRM. After the reaction, 

the aged phase of the catalyst can be recovered to its original phase by heat treatment at ~ 800 

C for 3 h. 

Chapter 5 gives an analysis of DRM activity of high entropy oxide perovskite series 

Ln(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 (where Ln = La, Ce, Pr, Nd, Sm and Gd). All these catalysts 

demonstrated a significant catalytic activity towards the DRM process. Out of all the 

synthesized catalysts, La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 was found to exhibit the highest DRM 

activity. After 10 h of DRM reaction, its CH4 and CO2 conversions are 86% and 90%, 

respectively with a H2/CO ratio close to unity. For 100 h of DRM reaction, this catalyst exhibits 

almost identical DRM activity and the catalyst phase form on ageing in the DRM atmosphere 

can be heat-treated for 3 h at 800 °C to regenerate to its initial phase. 

Chapter 6 discusses the investigation of DRM activity of the high entropy oxide spinel 

systems MM2O4 (where M = Mn, Fe, Co, Ni and Cu in equimolar proportion, M = Al, Cr, Mn, 

Fe, and Co).  All the as-prepared samples of this series have shown promising DRM activities. 

(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 spinel oxide was found to be the most active catalyst in the 

series, having 97% CH4 and 99% CO2 conversions, respectively for 100 h of DRM.  After 

ageing, the catalyst was degraded, but the degraded phases of the catalyst were successfully 

regenerated by heat treatment for 3 h even at lower temperature than the synthesis temperature. 

The regenerated phase also demonstrated a similar DRM activity with the as-prepared and aged 

samples.  
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 Finally, we have summarized the key research findings and highlighted certain 

significant insights in Chapter 7. We have also pointed out the plausible future directions in 

this crucial and developing field of multifunctional nanostructured oxide materials. 
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Chapter 1 

A brief outline on nanostructured metal oxide-based 

catalysts for dry reforming of methane 

1.1. Introduction  

The current and future challenges of modern society revolve around achieving 

environmental sustainability while addressing the global energy crisis. In other words, it is 

crucial to meet the increasing demand for energy without compromising environmental health, 

a longstanding issue. As a result, much of contemporary research is centered on energy-related 

concerns. The rapid industrial expansion, along with the reliance on coal, oil, natural gas, and 

other fossil fuels, as well as various human activities, release harmful gases and untreated 

wastewater, contributing to environmental pollution [1]. The condition of the environment is 

rapidly worsening due to increasing pollution and the contamination from human waste. The 

report published by the European Centre for Medium-Range Weather Forecasts 

(ECMWF) shows that in 2003, the global mean column-averaged concentration of CO2 was 

around 375 ppm in the atmosphere for the annual average. On the other hand, in 2023, the CO2 

concentration was around 419.3 ppm, which is the maximum in the satellite record than any 

time in at least two million years, as shown in Fig.1.1. The annual average concentration of 

CO2 was 2.5 ± 0.4 ppm in 2023 (0.6%) higher than 2022. The annual increase of CO2 was also 

approximately 0.6%. Similarly, the global mean column-averaged atmospheric concentration 

of CH4 was around 1750 ppb for the annual average in 2003, and 1903 ppb in 2023. The 

atmospheric CH4 concentration was higher in 2023 (1903 ppb) than at any time in 800,000 

years, as shown Fig.1.2. The global annual average concentration in 2023 was 11 ± 3 ppb, 

which is (0.6%) higher than in 2022. The rise in atmospheric concentrations of CO2 and CH4 

is generally dominated by the impact of natural sources, sinks, and fossil-fuel-related human 

activities. Furthermore, the growing levels of greenhouse gases are contributing to global 

warming. As a result, we meet our growing energy demands at a high environmental cost. It is 

crucial to address these global challenges by focusing on clean energy solutions and a healthier 

environment. This requires the development of effective strategies to minimize pollutants from 

the environment and produce sustainable energy. Solar energy is a viable alternative, offering 

a clean, abundant, and accessible source of power.  
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Fig.1.1. (Top) Global concentration of atmospheric column-averaged CO2 (ppm) as measured 

by satellites for 2003–2023, showing monthly values (dotted line) and the trend obtained by 

12-month averaging (solid line). (Bottom) Corresponding annual increase in CO2 (ppm/year), 

showing monthly increase (red line) and uncertainty range (red shading). Data source: 

C3S/Obs4MIPs (v4.5) consolidated (2003–2022) and CAMS preliminary near real-time data 

(2023) GOSAT-2 records. Spatial range: 60°S–60°N over land. Credit: 

C3S/CAMS/ECMWF/University of Bremen/SRON. 
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Fig.1.2. (Top) Global concentration of atmospheric column-averaged CH4 (ppb) as measured 

by satellites for 2003–2023, showing monthly values (dotted line) and the trend obtained by 

12-month averaging (solid line). (Bottom) Corresponding annual increase in CH4 (ppb/year), 

showing monthly increase (red line) and uncertainty range (red shading). Data source: 

C3S/Obs4MIPs (v4.5) consolidated (2003–2022) and CAMS preliminary near real-time data 

(2023) GOSAT records. Spatial range: 60°S–60°N over land. Credit: 

C3S/CAMS/ECMWF/University of Bremen/SRON.  
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  Hydrogen energy is considered a promising future energy source because of its 

environmentally friendly properties and high energy yield. Several catalytic processes are used 

for hydrogen production, such as dry reforming of methane (DRM), steam reforming of 

methane (SRM), as well as photochemical, photoelectrochemical, and electrochemical 

methods. DRM is an environmentally friendly and promising approach to tackling global issues 

and the energy crisis [25]. It is widely used due to its ease of catalyst preparation, low cost, 

and long-lasting catalyst performance. Additionally, DRM helps to reduce two major 

greenhouse gases (CH4 and CO2) while producing valuable syngas (H2 + CO) and generating 

hydrogen at a relatively high degree. About 80%–85% of total hydrogen is produced through 

natural gas reforming as reported by Bian et al. [6]. Syngas is utilized for numerous 

applications, including hydrogen production [7, 8], production of diesel through the Fischer-

Tropsch process [9], synthesis of methanol [10], and reduction of iron ore to produce sponge 

iron [11]. In the DRM process, coke deposition is the main subject of concern. The following 

reactions comprise the DRM process:  

Dry reforming of methane [1214]: CH4 + CO2 ⇌ 2CO +2H2   ∆H= 247 kJ mol1 …. (1.1) 

Reverse water gas shift reaction [15]: CO2 + H2 ⇌ H2O + CO   ∆H= 41 kJ mol1 …. (1.2) 

Methane cracking [16]: CH4 ⇌ C + 2H2                                     ∆H= 75 kJ mol1 .... (1.3) 

Boudouard reaction [17, 18]: 2CO ⇌ C +CO2                            ∆H= 172 kJ mol1 …. (1.4) 

 

The reactions mentioned above indicate that methane cracking (eq. 1.3) and carbon 

monoxide decomposition (eq. 1.4) are the primary contributors to coke formation. Amongst 

the catalysts based on transition metal oxides, nickelbased catalysts are typically highly active 

and stable for the DRM. Noble metal catalysts such as Ru, Pt, and Rh are also known for their 

high activity, stability, and lower coke production during DRM. However, despite their 

excellent performance, noble metal catalysts are not considered as a good choice due to their 

high cost and limited availability. In contrast, transition metal oxide catalysts serve as cost-

effective and widely accessible alternatives. A major challenge with nickel-based catalysts is 

their tendency to undergo coking, which deactivates the active phase and decreases both 

reactivity and durability during the DRM process. Therefore, modifications of transition metal 

oxide-based catalysts are necessary to enhance their catalytic activity, stability, and resistance 

to coke formation. Significant global research efforts have thus been focused on identifying 

promising catalyst systems for DRM. 
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1.2. Reasons of choosing DRM for environmental remediation 

The choice of heterogeneously catalyzed DRM reaction for environmental concerns is 

primarily due to the following advantages: 

 The catalysts used in heterogeneous catalysis are comparatively easy to synthesize 

 It requires a simple reaction setup to carry out the reaction 

 DRM helps to minimize two main greenhouse gases (CH4 and CO2) while giving valuable 

syngas (H2 + CO) 

 Being heterogeneous catalysis, the catalyst can be easily recovered  

 DRM is one of the most effective alternatives to fossil fuels in terms of product yield 

 There are no harmful side products 

 This process is useful for today’s high energy demand 

 

1.3. Types of methane reforming process 

 Reforming reactions are of two types, (a) dry reforming of methane and (b) steam 

reforming of methane. When we use carbon dioxide as a reformer of methane, then it is called 

DRM as shown in eq. 1.1. In this reaction, we obtain syngas as a product, which is a mixture 

of H2 and CO. For this reaction, the theoretical value of H2/CO is unity. When water is used as 

a reformer of methane, then it is known as SRM [19]. In this reaction, we get a mixture of H2 

and CO with the H2/CO ratio of 3. 

CH4 + H2O ⇌ CO +3H2   ∆H = 206 kJ mol1 ………… (1.5) 

 

1.4. Factors affecting the dry reforming process 

The reforming process involves several steps and the intermediate chemical species are 

sensitive to different factors. Apart from the nature and the synthetic procedure of catalyst, the 

dry reforming process primarily depends on the following parameters. 

 

1.4.1. CH4 and CO2 ratio 

In DRM reaction, the CH4/CO2 molar ratio is a vital parameter, which is 1:1 by 

stoichiometry. The variation in the ratio of CH4/CO2 may give a different result than the 

expected molar ratio of H2/CO= one. For this reaction, CO2 acts as the source of oxygen, so 

variations of oxygen could provide different results for H2 and CO. 
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1.4.2. Reaction temperature 

In general, the DRM is an energy-intensive reaction that requires high temperatures. 

Generally, 600 °C to 1000 °C and atmospheric pressure (1 bar) are suitable depending on the 

activity of the catalyst.  

 

1.4.3. Gas hourly space velocity  

Gas hourly space velocity (GHSV) represents the ratio of the gas flow rate to the 

volume of catalyst. This is typically expressed as the actual volumetric gas flow rate per hour 

divided by the volume of the catalyst present. The increases in GHSV lead to a decline in CH4 

conversion. This behavior is associated with the effect of residence time, as a higher GHSV 

reduces the contact time between the reactants and the catalyst, thereby decreasing the catalytic 

activity. 

 

1.5. Fundamental requirements for selecting a DRM catalyst  

The proper choice of a heterogeneous catalyst is focused by the following factors: 

  Catalysts should be suitable for heterogeneous catalysis 

 The synthetic method of the catalyst should be cost-effective and very simple   

 The catalyst should be stable before and after the catalytic reaction 

 Catalyst should have regeneration and reusable capability  

 The catalysts should have recycling activity behavior 

 

1.6. Limitations of dry reforming of methane 

DRM has the following limitations that need the attention of the researchers for 

improving the efficiency of the catalysts. 

 Instability of the catalysts 

 Coke deposition 

 Lack of long-time durability 

 Sintering of the metal component(s) 

 Breakdown of the active catalysts 

 Regeneration and reusability of the catalysts 
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1.7. A historical review of transition metal oxides 

Transition metal oxides are widely known for their applications in both homogeneous 

and heterogeneous catalysis, as well as in photocatalysis and photo electrocatalysis. They 

exhibit excellent chemical and physical stability, along with notable optical, electrical, 

magnetic, and semiconductor properties. The varieties of surface structures found in transition 

metal oxides can influence the surface energy, chemical behavior, and catalytic efficiency. The 

acidity and basicity of the surface atoms are affected by the coordination between the metal 

cation and oxygen anion, which in turn impacts their catalytic activity. Additionally, metal 

oxides demonstrate notable conductivity and sensitivity to electromagnetic radiation, making 

them ideal candidates for various redox reactions, isotope exchange processes, and surface 

interactions.  

Oxide materials can be classified into several types, including fluorite (AO2), perovskite 

(ABO3), double perovskite (A2B2O6), spinel (AB2O4), scheelites (ABO4), pyrochlore 

(A2B2O7), palmeirites (A3B2O8), and Ruddlesden-Popper phases (A2BO4) etc. These oxides 

and their nanocomposites play a crucial role in the catalytic process. Our primary focus is to 

synthesize transition metal-based perovskite, spinel, and recently studied high entropy oxide 

(HEO) systems for DRM. 

 

1.7.1. Perovskite 

Perovskite oxide materials, represented by the formula ABO3 are a significant category 

of functional oxides that display a variety of stoichiometries and crystal structures. In the 

perovskite structure, the A-site cations, typically in +2 or +3 oxidation states, are coordinated 

with 12 oxygen atoms, while the B-site cations, typically in +4 or +3 oxidation states, are 

coordinated with 6 oxygen atoms. The A-site cations are larger and positioned at the edges of 

the structure, while the B-site cations, being smaller are found at the center of the octahedron. 

The ionic radii of A and B cations are typically larger than 0.09 nm and 0.051 nm, respectively. 

Additionally, various elements can be substituted at the A and B sites, leading to the formation 

of a wide range of substituted perovskite materials. The difference in the ionic sizes of the A 

and B cations often causes lattice distortions, which can alter the symmetry of the structure, 

resulting in cubic, orthorhombic, tetragonal, monoclinic, rhombohedral, or triclinic forms. 

These structural changes can influence catalytic properties, photoexcitation behavior, and 

charge transfer dynamics. Furthermore, modifications such as doping with metals or 

nonmetals, forming composites, making cation or oxygen vacancies, and altering the 
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composition and symmetry can enhance the band structure, optical properties, adsorption 

characteristics, and catalytic efficiency of perovskite materials. As a result, the catalytic 

performance of perovskites can be easily adjusted due to the flexibility of lattice site 

modifications. Perovskite oxide materials are highly active for DRM [2024]. 

In a very recent report, we have shown that copper doped lanthanum nickel oxide single 

perovskite (LaCu0.2Ni0.8O3) is a highly active catalyst for DRM [25] that forms the basis of 

chapter 3 of this thesis. 

 

Fig.1.3: Crystal structure of single perovskite ABO3.  

 

1.7.2. Double perovskite 

Several coexisting features, including ferromagnetic ordering, magnetoresistance, and 

magnetodielectric coupling, make double perovskite (of general formula A2B2O6) materials a 

natural choice of researchers interested in multifunctional properties. In this structure, A site 

metal may be the same or different and similarly, B site atom may also be the same or different. 

As a result, it offers excellent potential for spintronics applications [26]. The A2B BO6 double 

perovskite structure has an alternate arrangement of corners, sharing BO6 and BO6 octahedra.  

The spaces between the two octahedra are occupied by A site metal ions.  A2B BO6 typically 

exhibits antisite disorder or partial interexchange of B and B ions. The ferromagnetic ordering 
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in A2B BO6 is caused by the super exchange interaction between alternately organized B2+ and 

B4+ ions at Curie temperature (Tc) of 280 K [27]. Several reports suggest that double perovskite 

materials serve as a good catalyst for DRM [20, 2831]. In chapter 4, we have included the 

findings on DRM behavior of several double perovskite materials, among which La2NiMnO6 

is shown to be the most active catalyst [32]. 

 

 

 

Fig.1.4: Crystal structure of double perovskite A2B2O6. 

 

1.7.3. Spinel 

Spinel oxides are typically ternary compounds with the general formula AB2O4, where 

A and B are cations with oxidation states of +2 and +3, respectively. In the crystal structure of 

spinel oxides, the cations occupy either octahedral (Oh) or tetrahedral (Td) lattice sites, while 

the oxygen atoms are arranged in a cubic close packed configuration. The distribution of A2+ 

and B3+ cations between Oh and Td sites is influenced by the crystal field stabilization energy 

(CFSE), and based on how these sites are occupied, spinel oxides can be classified into three 

types: normal spinel, inverse spinel, and mixed spinel. In a normal spinel structure, the A2+ 

cations occupy the Td sites, and the B3+ cations are located in the Oh sites, which is usually 

represented by [A2+]Td[B2
3+]OhO4. An example of this type is ZnFe2O4. In an inverse spinel, all 

the A2+ cations and half of the B3+ cations occupy the Oh sites, while the remaining B3+ cations 
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occupy the Td sites. This structure is represented as [B3+]Td[A
2+B3+]OhO4, with examples 

including Fe3O4, CoFe2O4, CuFe2O4, and NiFe2O4. In a mixed spinel structure, both A2+ and 

B3+ cations are distributed across both the Td and Oh sites. The structural formula for mixed 

spinel is represented as [A2+
1-dB

3+
d]Td[ A2+

dB
3+

1-d]OhO4, where "d" indicates the degree of 

inversion. An example of a mixed spinel is MnFe2O4, where d= 0.2, and its structural formula 

is [Mn2+
0.8Fe3+

0.2]Td[ Mn2+
0.2Fe3+

0.8]OhO4. Several research works have been done on DRM 

using spinel oxides as catalyst [3337]. 

Spinel oxides materials are categorized into the following groups 

 Aluminium based spinel (Aluminate):  

MAl2O4 (M = Be, Mg, Mn, Fe, Co, Ni, Cu, Zn, Ba, etc.) 

 Iron based spinel (Ferrite):  

MFe2O4 (M = Mn, Fe, Co, Ni, Cu, Zn etc.) 

 Chromium based spinel (Chromite): 

  MCr2O4 (M = Mn, Fe, Co, Ni, Cu, Zn etc.) 

 Others metal oxides-based spinel structure: 

      Coulsonite: FeV2O4  

Magnesiocoulsonite: MgV2O4  

Ringwoodite: Mg2SiO4 and Fe2SiO4 

 

1.7.4. Pyrochlore 

The pyrochlore crystal structure is commonly found in compounds with the general 

chemical formula A2B2O7, where A and B represent different-sized cations. This structure is 

often observed in various oxides and is characterized by a well-ordered, cubic framework. The 

pyrochlore structure crystallizes in the F-dodecahedral (Fd-3m) space group and is composed 

of a three-dimensional network of corner-sharing tetrahedra and octahedra. In this arrangement, 

the A cations are situated at 8-fold coordinated corner of the structure, while the B cations 

occupy 6-fold coordination sites at the center of the octahedral units. The oxygen atoms are 

positioned in a way that supports the formation of both tetrahedral and octahedral 

configurations with the metal ions. Typically, the A cations are larger ions, often from the rare 

earth or alkaline earth elements, whereas the B cations are smaller, frequently transition metals 

or other smaller ions. The pyrochlore structure is of significant interest due to its stability and 

its unique electronic, magnetic, and ionic properties, making it a valuable subject of study in 

solid-state physics, materials science and in DRM [3841]. 
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1.7.5. Fluorite 

Fluorite oxides contain oxide ions (O2) instead of fluoride ions (F). A well-known 

example of a fluorite oxide is cerium dioxide (CeO2). The general formula for these compounds 

is MO2, where M represents a metal cation and O represents an oxide ion (O2⁻ ). The metal 

cations occupy the tetrahedral sites, typically being 8-fold coordinated with oxide ions in a 

cubic arrangement. Some common fluorite oxides are (ceria, CeO2 i.e., cerium (IV) oxide), 

(zirconia, ZrO2 i.e., zirconium (IV) oxide), and (uranium dioxide, UO2 i.e., uranium (IV) oxide) 

occupy the tetrahedral sites, and the overall structure offers high symmetry, contributing to the 

stability and efficient ionic conductivity of the material. Fluorite oxides like CeO2 and ZrO2 

are particularly valued for their oxide-ion conductivity, making them useful in applications 

such as solid oxide fuel cells (SOFCs) catalysis and in DRM [4247]. Fluorite oxides share the 

same structural framework as fluorite (CaF2). 

 

1.7.6. High entropy oxides 

High entropy oxides are oxides that consist of five or more distinct metal cations and maintain 

a single-phase crystal structure. The first HEO, (MgNiCuCoZn)0.2O, with a rock salt structure, 

was introduced by Rost et al. in 2015 [48]. Since then, HEOs have been successfully 

synthesized in various crystal structures, such as fluorite [49], perovskite [50, 51], and spinel 

[52, 53]. These materials are currently under investigation for their potential as multifunctional 

materials. The concept of high entropy materials was first explored through high entropy alloys 

(HEAs), which were initially reported by Yeh et al. in 2004 [54]. HEAs consist of five or more 

major metallic elements and have demonstrated promising mechanical properties, such as 

maintaining strength and hardness at elevated temperatures. The field of high entropy materials 

got expanded to encompass high entropy metal diborides, carbides [55, 56], sulfides [57, 58], 

and alumino-silicates [59].  

 

1.7.6.1. High entropy perovskite oxides  

In the case of high entropy perovskite oxides (HEPOs), A or B site is substituted by 

five or more metals in equimolar proportion. The presence of these metals with different radii 

gives different bond lengths, which facilitates various catalytic reactions. The improper charge 

balance helps to form oxygen vacancies in the catalyst material, which is very much needed 

for catalytic reactions. Jiang et al. have synthesized a high entropy oxides perovskite 
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Sr(ZrSnTiHfMn)0.2O3 [60], substituted the B site by five equimolar atoms. There are some 

recent reports available in open literature on DRM using HEPO catalysts [6163]. 

 

Fig.1.5: Crystal structure of HEPO La(M1M2M3M4M5)O3.  

 

1.7.6.2. High entropy spinel oxides  

In similarity with high entropy perovskites, in high entropy spinel oxides (HESOs), the 

A or B site can be substituted by compatible metal ions to synthesize the desired high entropy 

spinel.  Dabrowa et al. have prepared high entropy spinel oxide (CoCrFeMnNi)0.6O4 [64], by 

substituting both the A and the B sites simultaneously. Thus, there is a large variety of spinel 

oxide materials that are suitable for DRM [37, 61, 65, 66]. 

 

Fig.1.6: Crystal structure of HESO (M1M2M3M4M5)Al2O4. 



13 
 

1.7.7. Other oxides 

1.7.7.1. Scheelites 

The scheelite group minerals have the general formula ABO4, where "A" typically 

represents a metal cation, and "B" is a heavier metal, often tungsten or molybdenum. The 

oxygen atoms are arranged around the B cation to form a [BO4]
2- tetrahedron. Specifically, in 

scheelite (CaWO4), the tungsten (W) is surrounded by four oxygen atoms, forming this 

tetrahedral structure. The A-site cation, such as calcium (Ca), is coordinated with more oxygen 

atoms, generally six, leading to a 6-fold coordination. Scheelite crystallizes in the tetragonal 

system, with crystals often showing elongation or a tabular shape along the c-axis. In this 

structure, the tungsten ions are situated within the tetrahedra formed by oxygen atoms, while 

calcium ions are interspersed between these tetrahedra to stabilize the overall structure. The 

scheelite group also includes related minerals, like wulfenite (PbMoO4), which share similar 

structural features but have different cations at the A and B positions [67]. For example, DRM 

activity of SrWO4 and Sr0.5Ce0.35WO4 has been reported by Passos et al. [68], where SrWO4 

catalyst has shown 40% methane conversion but the doped system has shown comparatively 

higher methane conversion of 65%.  

 

1.7.7.2. Palmeirites 

Palmeirites (A3B2O8) seems to be a type of complex oxide, but detailed information 

about this specific compound is quite scarce. Based on its formula, A3B2O8 suggests a 

compound containing three atoms of element A, two atoms of element B, and eight oxygen 

atoms. This structure likely forms a complex oxide, potentially with a network or layered 

arrangement where oxygen atoms bridge the metal cations (A and B). To fully understand its 

crystal structure, knowing the specific elements that correspond to A and B would be crucial. 

In many oxide compounds, A and B typically represent different metal cations, which could be 

transition metals or rare earth elements, and the oxygen atoms are arranged in a way that 

ensures the charge balance to stabilize the structure. 

 

1.7.7.3. Ruddlesden-Popper phases  

Ruddlesden-Popper (RP) phases with the formula A2BO4 are a group of materials with 

a layered perovskite structure. These oxides are characterized by alternating layers of 

perovskite (ABO3) and rock salt-like (AO) units. In the perovskite layer, the A cations are 

positioned in larger octahedral sites, while the smaller B cations occupy octahedral sites 

surrounded by oxygen atoms. The rock salt layer consists of A cations arranged in a simple 
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cubic lattice, with oxygen anions filling the interstitial spaces between them. The RP structure 

is formed by the stacking of these alternating layers, with each A2BO4 unit containing two A 

cations for every B cation, and oxygen atoms linking both types of cations. A well-known 

example of a Ruddlesden-Popper oxide is La2NiO4, where La is the A cation and Ni is the B 

cation, forming a structure made up of alternating LaNiO3 and LaO layers. In summary, 

Ruddlesden-Popper oxides such as A2BO4 exhibit a distinctive layered configuration that 

combines perovskite and rock salt-like structures, contributing to their unique properties [1, 20 

22]. DRM activity of Sm1.5Sr0.5NiO4 Ruddlesden-Popper phase have been reported by Nezhad 

et al. [69]. Methane and carbon dioxide conversion of Sm1.5Sr0.5NiO4 catalyst were 89 and 

92%, respectively. In a report, Marin et al. have shown the formation of Ruddlesden-Popper 

phase in DRM medium from La0.8Sr0.2Co0.9M0.1O3 perovskite oxide [70]. For 10 h of DRM, 

the catalyst CH4 conversion was 80% and CO2 conversion was 90%. The catalytic role of 

La2NiO4 in DRM has been investigated by Aathira et al. [71], where the catalyst is in the most 

active form at 900 °C, converting 89.9 and 95% of CH4 and CO2, respectively, with H2/CO 

ratio 0.49.  

 

1.7.8. Synthetic methods of oxide-based nanomaterials and nanocomposites 

Metal oxides, mixed metal oxides, and particularly their nanocomposites are widely 

recognized as benchmark catalysts in the field of heterogeneous catalysis. These promising 

features of oxides and nanocomposites are constant inspiration of researchers in developing 

various types of new and novel materials with diverse compositions, resulting in unique 

properties for environmental and other applications. The preparation techniques for these 

classes of materials are similar and include the methods such as sol-gel citrate synthesis, 

solution combustion synthesis, hydrothermal, solid-state synthesis, template-assisted 

precipitation, sonochemical processes, microwave irradiation, chemical vapor deposition, 

plasma techniques, soft chemical treatments, coprecipitation, microemulsion-based methods, 

electrochemical processes and others. A summary of the synthetic methods used to prepare the 

samples for this research work and some other methods are discussed below. 

 

1.7.8.1. Sol-gel citrate synthesis 

The sol-gel citric acid (SGCA) combustion method usually produces materials with a 

specific shape and consistent size. Hence, it is one of the most promising chemical methods for 

the synthesis of catalyst materials. Because of its simplicity, this synthetic approach is well-

known in the field of nanotechnology. By altering the pH, annealing temperature, and reaction 
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conditions, it is feasible to change the morphology and particle size in this method. Alkoxide-

based metal precursors undergo hydrolysis and polycondensation to form an inorganic bridging 

network in SGCA process. The solvated metal precursors that form through a colloidal type 

solution are referred to as "sol". The resulting sol is subsequently transformed into a dense 

liquid phase called "gel", which is a polymeric network. In this synthetic method, a “sol” is 

developed by dissolving metal precursors and chelating agent(s) in a suitable amount of 

solvent. Hydrolysis of metal precursors that are chemically unstable in aqueous medium can 

be avoided by appropriate addition of a strong acid. The resulting solution is then heated at 

~180200 °C to evaporate water, forming the metal-citrate gel, which starts to burn (~200250 

°C) into a fluffy pile immediately upon completion of evaporation. Following a thorough 

grinding to fine powder, the fluffy mass is then calcined at a higher temperature to eliminate 

the nitrate residue and other impurities, resulting the final production of the necessary SGCA 

materials [5, 16, 20, 2225, 26, 7276].  

 

1.7.8.2. Solution combustion synthesis 

The solution combustion synthesis (SCS) is one of the easiest and minimum time-

consuming processes. It is very often used to prepare the catalyst samples because the phase of 

the catalyst forms at a comparatively lower temperature. This method is widely accepted as it 

is very easy to handle and the desired sample may be obtained within a few minutes. The 

preparation of the catalyst in the SCS method involves combustion of the stoichiometric 

composition of the metal salts with organic fuel, dissolved in minimum volume of water in a 

borosilicate dish. The homogenized solution then needs to be transferred into a preheated 

muffle furnace controlled at ~300500 C. The solution gets ignited when it reaches the point 

of spontaneous combustion, giving an immediate flame and a solid, fluffy end product. The 

sample is then thoroughly ground into powder to get the desired catalyst material [7790].   

 

1.7.8.3. Solid state route 

A straightforward chemical process for preparing metal oxide-based catalysts is the 

solid-state approach. Because of its simplicity, it is the traditional and widely used method for 

the preparation of different kinds of pure oxides, and doped oxides as well as their 

nanocomposite materials. This method involves physically mixing the pre-synthesized parent 

materials or components of the nanocomposites by grinding them in a pestle and mortar for 

about 1 to 3 h, and then drying them at a low temperature (about 80 to 100 °C) to generate the 

desired nano oxide materials [9197]. It is then used directly for catalytic application purposes. 
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Sometime the desired phase of the catalysts does not obtain due to the lesser degree of mixing 

between the parent components. In order to address these issues, many researchers have 

employed heat treatment or ultrasonication of the parent components mixture in an appropriate 

solvent, such as ether, water, or alcohol, followed by solvent evaporation at about 80 °C and, 

lastly, calcining the solid mass at higher temperatures, which improves the mixing between the 

parent phases. It should be noted that when heat treatment is done to produce nanocomposite 

materials, the temperature does not rise above the initial synthesis temperature of the parent 

materials. 

 

1.7.8.4. Coprecipitation method 

One of the best and most popular methods is coprecipitation for the synthesis of metal 

oxides and doped oxides as well as nanocomposite materials. This approach is a very 

straightforward, efficient, inexpensive, and time saving synthetic approach and is based on the 

bottom-up methodology. The surfactant assisted coprecipitation approach requires less 

chemicals because the surfactant serves as template, structure directing agent, and element 

source. Because the parent phases easily make good heterojunction contact, it is also a very 

popular and practical method for the synthesis of nanocomposite materials. Initially, the metal 

salts are taken in a beaker with minimum volume of water. Then an appropriate precipitating 

agent is added to carry out the precipitation reactions. The coprecipitation method involves the 

following reaction steps: (i) mixing the parent precursors with water to form a saturating 

condition; (ii) nucleation of precursors; (iii) growing the precursor nuclei; (iv) aggregating the 

nuclei; (v) separating the precipitate from the aqueous solution and drying the obtained product; 

and (vi) calcining the dry precipitate to form the desired materials [98101]. 

 

1.7.8.5. Hydrothermal method 

The hydrothermal process is a chemical reaction used to get metal oxides, mixed metal 

oxides, and their nanocomposite systems under certain conditions of high temperature and high 

water-pressure. This method uses a particular reactor apparatus called an "autoclave" or 

"bomb," which is constructed of high-quality stainless steel. To prevent contamination, a teflon 

beaker is placed inside the autoclave’s inner core. This process produces different kinds of 

catalyst materials with unique morphologies and particle sizes. This kind of synthetic method 

needs water or any other non-explosive solvent. Typically, the hydrothermal process is carried 

out at extremely high pressure and low temperatures. This process involves completely 
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dissolving the metal precursors with precise stoichiometry in water or other solvents, then 

vigorously stirring the mixture to get a homogenised solution. It should be mentioned that the 

solvothermal method is the term used when other solvents are employed in place of water. 

After that, the homogenized solution is moved to the stainless-steel autoclave lined with teflon. 

After being tightly locked, the autoclave is placed in an oven that is kept at a precise 

temperature for certain time. To obtain the desired material, the end product is repeatedly 

cleaned with water and alcohol before being dried in an oven. When preparing catalyst 

materials for a variety of catalytic applications, the hydrothermal method offers greater 

advantages than the other methods [102106]. The approach has many benefits: (i) it is well 

known and relatively cost-effective method for getting metal-oxide and nanocomposites; (ii) it 

has quick reaction kinetics; (iii) it produces a variety of morphologies, surface areas, and 

particle sizes; (iv) it can be used to prepare new kinds of composite materials at the nano scale; 

(v) it is a pollutant free synthetic route because the reaction is carried out in a closed 

environment; (vi) it is associated to high material purity and large scale production rate; and 

(vii) it doesn't require addition of any external reagent or surfactant.  

 

1.7.8.6. Sonochemical method 

Considering an innovative and efficient technology in nanoscience for the development 

of metal oxide catalysts, the sonochemical mixing method is relatively new and has been 

applied by numerous research groups since 2006. The sonochemical method is the most basic 

and simple. The key benefits of this process are as follows: (1) an increase in effective surface 

areas and active sites; (2) the formation of uniformly distributed particles; (3) a very easy, low-

cost, and time-efficient procedure; and (4) an efficient method for developing nano-sized 

catalysts. Typically, this process involves mixing the metal precursors in an appropriate 

solvent, then stirring with a magnetic stirrer. The precipitating agent is then gradually added to 

the mixture solution after it has been ultrasonicated for the required time period. The final 

product is then obtained by drying and heating to the necessary temperature. Well dispersed 

parent materials can combine sonochemically to form an effective nano-catalyst materials since 

the development of the nano-sized catalyst is dependent on the degree of mixing associated 

with the dispersion. 
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1.8. Applications of nano oxide materials 

Nanomaterials have numerous applications in diverse areas of interest. A few of these 

include paints [107], filters [108], insulation [109], biosensor [110], medicines [111, 112], 

semiconductor [113], agriculture [114], electronics [115], cosmetics [116], automobiles [117] 

etc. Nanomaterials are used in paints to enhance UV protection and cleaning purpose. 

Nanostructured species are capable of producing high quality filters. Nanotechnology was 

utilized in the air filtration industry to stop the MERS virus from spreading in Saudi Arabian 

hospitals in 2012. Additionally, it has been discovered that oxide nanoparticles work well as 

catalysts for a variety of heterogeneous chemical reactions [118121], such as those involving 

gas-solid, liquid-solid, or gas-liquid interactions. Nanomaterials can be used to remove trace 

quantities of hazardous products from the environment. 

Nanosized materials with interesting physical and microstructural features can be made 

to have strong catalytic properties, stability, and sensitivity by modifying their size, shape, and 

morphology. These materials could be useful in many different applications. The inherent 

possibilities of nanoparticles inspire materials chemistry and physics researchers to develop 

better nanomaterials and explore their as-yet-undiscovered features. Nanomaterials can have 

intriguing properties for a number of reasons; 

 Because of its smaller size, the nanomaterial has a high surface area to volume ratio 

 A nanomaterial's primary component must have a large surface area since this greatly 

increases the probability of contact between the catalyst and the molecules of the reactant. 

In the heterogeneous catalytic process, greater contact over a nano catalyst enables a better 

reaction rate that is close to its homogeneous equivalent 

 Because of the materials' easy control over size, shape, and morphology, it is possible to 

synthesise consciously the materials that are specifically needed for a given catalytic 

application. It is possible to adjust the properties of materials by developing synthetic 

procedures 

 Even with the systematic and cautious application of numerous procedures such as 

distillation, chromatographic separation, and extraction, the removal of microscopic 

quantities of homogeneous catalyst continues to be a difficult problem. The ease with which 

nanomaterials can be separated in heterogeneous catalysis, in addition to their performance, 

is highly helpful in this regard. Metal contamination is strictly regulated, particularly in the 

drug and pharmaceutical industries, so it is essential that it be kept separated from the final 

product 
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 Using magnetic nanoparticles as a catalyst makes it easy and efficient to separate the 

catalysts from the reaction mixture using an external magnet 

 

Fig.1.7: Applications of nanosized oxide materials in various field. 

 

 1.9. Objective and scope of the present investigation  

It is apparent from the above discussion that the synthesis and development of 

nanomaterials based on metal oxide materials offer a significant opportunity in the field of 

catalysis. These synthesized materials show great promise for a range of catalytic uses.  

The activities of humans have a significant impact on our environment. It is especially 

important to reduce greenhouse gases (GHGs) emissions. DRM is a promising alternative as it 

uses two greenhouse gases to give effective syngas as product.  

A highly active catalyst that satisfies the requirements must be less expensive, 

environmentally benign, have sufficient physical and chemical stability, be simple to 

synthesize etc. According to this perspective, catalyst materials based on metal oxides and their 

nanocomposite forms are by far the most suitable option for heterogeneously catalysed 
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reactions. There are several advantages of metal oxide-based nano catalyst materials in DRM: 

(i) nanosized metal oxide catalysts are very effective, (ii) physico-chemical properties of nano 

oxide materials are very prominent, (iii) there is no problem of catalyst separation, (iv) catalysts 

show very high recycling activity, (v) its catalytic efficiency as well as durability is very 

promising.  

In DRM, metal oxides mostly act as catalysts. The oxide catalysts help with the 

activation of methane and carbon dioxide by providing active sites for adsorption that facilitates 

the desired DRM reactions. The catalytic performance can often be optimized by influencing 

the size and dispersion of the active metal particles, enhancing oxygen mobility, and adjusting 

the surface acidity/basicity of the catalysts. Typically, common metal oxides are used, 

including basic oxides, rare earth metal oxides, and transition metal oxides, which can be used 

in mixed oxide combinations to achieve better stability and activity against carbon deposition. 

Some metal oxides such as lanthanum oxide La2O3, alumina (Al2O3), ceria (CeO2), or zirconia 

(ZrO2), MnO2 often serve as supports for active metal catalysts. The support materials help to 

disperse the active metal catalyst, increasing its surface area and enhancing its catalytic 

efficiency. They stabilize the active catalysts against sintering and deactivation. Support 

materials also improve the stability and durability of the metal oxide catalysts. Certain metal 

oxide materials, predominantly ceria and zirconia, have strong redox properties. These 

materials can easily undergo cycling between different oxidation states (Ce3+ and Ce4+ in the 

case of ceria), which is crucial for the activation of CH4 and CO2. The ability of metal oxide 

catalysts (such as CeO2 and ZrO2) can participate in storing and releasing oxygen, which is 

beneficial for DRM. These help for the activation of reactant species and facilitate the DRM 

reaction. Oxygen from the metal oxide-based phases helps to activate methane and carbon 

dioxide, promoting the formation of intermediate species essential for the reaction. This also 

helps in mitigating coke deposition (coking), a common issue for DRM. Metal oxide support 

materials help to the stability of the catalyst by stopping the metal from sintering or deactivating 

due to coking. Materials like ceria or alumina can provide structural integrity to the catalyst, 

prolonging its durability under the selected reaction conditions of DRM. The DRM reaction is 

prone to coking on the catalyst surface, especially in the absence of appropriate oxygen atoms. 

Metal oxides, particularly those with redox activity, can help prevent the build-up of carbon by 

facilitating the removal of carbon species through the oxygen release mechanism. 

Several metal oxides act as a promoter in DRM, like CuO, MnO. So, the in situ 

formation of these metal oxides promotes the DRM. Basically, metal oxide-based catalysts act 

as structural supports, redox participants, and stabilizers, enhancing the catalytic process in 
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DRM while preventing issues such as sintering and coking. For the improvement of the metal 

oxide catalysts, pure metal oxides have been doped as well as their nanocomposite materials 

also synthesized. Our current research focusses on the synthesis of metal oxide-based pure and 

doped nanocatalyst systems using various synthetic approaches, including SGCA synthesis, 

SCS, and solid-state methods, in light of the present state of heterogeneous catalysis, and ways 

to further contribute to the development of the field. Numerous techniques, including BET 

surface area, transmission electron microscopy (TEM), high resolution transmission electron 

microscopy (HRTEM), field emission scanning electron microscopy (FESEM), powder X-ray 

diffraction (PXRD), and X-ray photoelectron spectroscopy (XPS), have been used to 

characterize the synthesized materials. The catalytic activity of the materials has been tested 

for the DRM.  
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Chapter 2 

Synthetic processes, characterization techniques, 

and DRM activity test of the materials 

Chapter abstract: This chapter describes the synthetic techniques used to prepare the materials of this 

research work. This is followed by the details of wide variety of advanced instrumental procedures that 

are used to analyze the physical nature of the materials. The chapter ends with the description of the 

reaction system utilized for DRM test. 

 

2.1. Introduction 

Microstructure, characteristics, and applicability of a material depend on a number of 

variables. The development of a material with high activity demands precise knowledge about 

the synthetic process and the parameters involved in the process. The microstructure of the 

synthesized materials is significantly influenced by the preparation technique. Researchers 

typically appreciate materials with novel features because of the variety of uses they may be 

put to. When utilized as heterogeneous catalysts, the materials are often synthesized using 

straightforward techniques with little control over the solid component’s physical 

characteristics. In order to raise the surface to volume ratio and lower the cost of the catalyst, 

expensive noble metals are often disseminated onto inexpensive transition metal oxide 

substrates with high surface areas [1, 2]. Synthesis of a specific material with high activity in 

a variety of applications is thus the main problem faced by the material community. In recent 

years, solid materials with clearly defined structural properties have been developed using 

revolutionary nanotechnology principles. Typically, the materials are prepared using wet 

chemical processes such as sol-gel citrate method [35], solution combustion synthesis [6, 7], 

solid state synthesis [8], coprecipitation [9], surfactant assisted coprecipitation method [10, 11], 

hydrothermal [12, 13], and Pechini [14, 15] methods. 

In addition to the difficulties with material synthesis, thorough ex-situ and in-situ 

characterizations are the main things for understanding the properties of the material. The 

relationship between structure and activity may be identified, and the hidden features can be 

described which improve the design and development of a multifunctional nanomaterial. One 

can establish the mechanism with the aid of a number of characterization techniques, such as 

in-situ analysis methods like spectroscopic analysis carried out under simulated reaction 

conditions. In heterogeneous catalysis, the active catalytic site(s) can also be determined by 
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correlating structural (bulk as well as surface) data with reaction data like conversion or 

selectivity. 

 

2.2. Chemicals used for synthesis of catalyst materials  

To prepare the oxide-based catalyst materials of this research work, corresponding 

nitrate salts of metal, La(NO3)3.6H2O (Spectrochem, >99.99%), Cu(NO3)2.3H2O, 

Ni(NO3)2.6H2O (Merck, >98%), Mn(NO3)3.4H2O (Sigma Aldrich, ≥97%), Cr(NO3)3.9H2O 

(SRL, >96%), Fe(NO3)3.6H2O (Merck, ≥97%), Co(NO3)2.6H2O (Merck, ≥97%), 

Al(NO3)3.9H2O (Merck, ≥ 99.99%),    (NH4)2[Ce(NO3)6] (Merck, > 98.5%), Pr(NO3)3.6H2O 

(Merck, ≥ 99.9%), Nd(NO3)3.6H2O (Merck, ≥ 99%), Sm(NO3)3.6H2O (Merck, ≥ 99.9%) 

Gd(NO3)3.6H2O (Merck, ≥ 99.9%), oxalyldihydrazide (C2H6N4O2, ODH) as the fuel in solution 

combustion synthesis and citric acid monohydrate, C6H8O7.H2O (Merck, >99%), as the fuel as 

well as complexing agent in sol-gel synthesis were taken without further purification. ODH 

was prepared by the reaction of hydrazine hydrate with diethyl oxalate in an aqueous solution 

under ice-cooled condition. Millipore water (ultra-pure water) was used as the solvent in the 

synthetic procedure. 

 

2.3. Synthetic methods of the catalysts 

The development of materials is significantly influenced by the synthetic process as 

discussed in Chapter 1. By altering the synthesis process, materials can gain structural and 

functional improvements. Thus, a variety of synthetic techniques, including sol-gel citrate 

combustion (SGCA), solution combustion synthesis (SCS), ceramic method (CM) were used 

in order to synthesize the desired materials of this investigation. 

 

2.3.1. Sol-gel citrate combustion 

2.3.1.1. Single perovskite  

Sol-gel synthesis was used to get a series of LaNi1xCuxO3 (x = 0.1, 0.2, 0.3, 0.4, 0.6, 

and 0.8 that are named as CuXLNO, where X = 1080, the atom percentage of Cu-doping, i.e., 

X= 100x) perovskite materials, a typical process of which is shown schematically in Scheme 

2.1. Stoichiometrically, the relevant metal nitrates were taken in a beaker containing 50–60 mL 

of millipore water and kept under stirring for around 2 h in order to dissolve the metal nitrates 

thoroughly and make a homogeneous solution. Specifically, for the preparation of 

LaNi0.8Cu0.2O3, i.e., Cu20LNO, 1.763 g of La(NO3)3.6H2O, 0.196 g of Cu(NO3)2.3H2O, 0.947 
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g of Ni(NO3)2.6H2O, and 7.6905 g of C6H8O7.H2O were taken in a beaker. Then the resulting 

solution was heated at ~180200 °C to evaporate the water to form the gel. After the 

evaporation was complete, the xerogel instantly began to burn ~200220 °C into a fluffy end 

product. The end product was then calcined at 800 °C for 3 h in static air in a muffle furnace 

to obtain the desired sample [16].  

 

Scheme 2.1: Diagram illustrating the sol-gel process for preparing the LaNi0.8Cu0.2O3, i.e., 

Cu20LNO catalyst. 

 

2.3.1.2. Double perovskite  

The double perovskite materials, La2NiMO6 (M= Cr, Mn, Fe and Co; that are named as 

LNMO) were prepared via the conventional SGCA method, a typical one of which is shown in 

Scheme 2.2. Typically, for the preparation of La2NiMnO6, 1.732 g of La(NO3)3.6H2O, 0.502 g 

of Mn(NO3)3.4H2O, 0.58 g of Ni(NO3)2.6H2O and 6.720 g of C6H8O7.H2O were taken in a 

beaker. The solution that was formed was subsequently heated between 180 and 200 °C in order 

to evaporate the water resulting the metal-citrate gel formation, which on further heating at 

~200–220 °C give a fluffy mass. The resulting mass was calcined similarly calcined (at 800 °C 

for 3 h) to get the anticipated LNMnO sample [17].  
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Scheme 2.2: Schematic representation of the sol-gel method adopted for the synthesis of 

La2NiMnO6, i.e., LNMnO double perovskite. 

 

2.3.1.3. High entropy perovskite oxide  

The high entropy perovskite oxide (HEPO) material Ln(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 

[henceforth denoted as Ln(TM)O, where TM stands for an equimolar proportion of Mn, Fe, 

Co, Ni, and Cu and Ln= La, Ce, Pr, Nd, Sm and Gd] was synthesized using the traditional 

SGCA process as shown in Scheme 2.3. Specifically, 1.730 g of La(NO3)3.6H2O, 0.2 g of 

Mn(NO3)3.4H2O, 0.323 g of Fe(NO3)3.6H2O, 0.233 g of Co(NO3)2.6H2O, 0.233 g of 

Ni(NO3)2.6H2O, 0.192 g of Cu(NO3)2.3H2O,  and 6.720 g of C6H8O7.H2O were taken in a 

beaker with 50 mL of millipore water to prepare the La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 HEPO 

catalyst. The resulting solution was then heated ~180200 °C for getting the viscous gel, 

continuous heating of this gel at ~200–220 °C give a dried fluffy pile. The required calcination 

temperature for this case was higher by 100 °C, while the duration was same. Then the sample 

was quenched in air resulting in the anticipated HEPO material. Similarly, the other lanthanide-

based HEPOs were prepared. 
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Scheme 2.3: Schematic illustration of the sol-gel method used for the synthesis of 

La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 HEPO perovskite. 

 

2.3.1.4. High entropy spinel oxide  

 Adopting the traditional SGCA method, the high entropy spinel oxide (HESO) 

materials (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 (denoted as MAlO, where M= Mn, Fe, Co, Ni, and 

Cu in equimolar proportion) was prepared. To prepare the expected MAlO spinel oxide, in a 

beaker containing ~50 mL of millipore water, typically, 0.2 g of Mn(NO3)3.4H2O, 0.323 g of 

Fe(NO3)3.6H2O, 0.233 g of Co(NO3)2.6H2O, 0.233 g of Ni(NO3)2.6H2O, 0.193 g of 

Cu(NO3)2.3H2O, 3 g of Al(NO3)3.9H2O and 10.08 g of C6H8O7.H2O were used.  

The mixture solution was at that moment heated at ~180200 °C that form the metal-

citrate viscous gel. After the end of gel combustion, it was further heated at ~200–220 °C for 

getting the dried fluffy end product. The end product formed was crushed well and 

subsequently calcined at 900 °C with same time period to remove the additional contaminants 

and leftover nitrate residue. After that, the sample was air quenched to get the expected HESO 

material. Other HESO’s, MCrO, MMnO, MFeO and MCoO were prepared similarly. 

 

2.3.2. Solution combustion synthesis  

2.3.2.1. Perovskite 

To compare the catalytic activity of the Cu20LNO catalyst, the SCS method was also used 

to prepare the catalyst that is named as Cu20LNO SCS. The preparation of Cu20LNO SCS 
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involved combustion of stoichiometric composition of the metals nitrate salts with organic fuel. 

Typically 1.732 g of La(NO3)3.6H2O, 0.1928 g of Cu(NO3)2.3H2O, 0.93 g of Ni(NO3)2.6H2O, 

and 2.5 g of ODH were dissolved in minimum volume of millipore water in a borosilicate dish. 

The homogenized solution was then transferred into a preheated muffle furnace controlled at 

~450 C for combustion. When the solution reached the point of spontaneous combustion, it 

ignited, producing an instant flame as well as a solid feathery final product. The end product 

was a feathery mass that was thoroughly ground into powder to get the Cu20LNO SCS catalyst 

[16]. 

 

2.3.2.2. HEPO perovskite 

 The La(TM)O HEPO catalyst was prepared in a similar manner by the combustion of 

1.730 g of La(NO3)3.6H2O, 0.2 g of Mn(NO3)3.4H2O, 0.323 g of Fe(NO3)3.6H2O, 0.233 g of 

Co(NO3)2.6H2O, 0.233 g of Ni(NO3)2.6H2O, 0.192 g of Cu(NO3)2.3H2O and 2.6 g of ODH that 

was named as La(TM)O SCS. 

 

2.3.2.3. HESO spinel 

A typical SCS route for the synthesis of HESO catalyst, MAlO SCS, involved the 

combustion of 0.2 g of Mn(NO3)3.4H2O, 0.323 g of Fe(NO3)3.6H2O, 0.233 g of 

Co(NO3)2.6H2O, 0.233 g of Ni(NO3)2.6H2O, 0.193 g of Cu(NO3)2.3H2O, 3 g of Al(NO3)3.9H2O 

and 1.935 g of ODH at ~450 °C. 

 

2.3.3. Ceramic method 

2.3.3.1. Perovskite 

For further comparison of catalytic behavior, the individual oxide components, namely 

La2O3, CuO, and NiO, corresponding to the stoichiometry of sol-gel made Cu20LNO catalyst, 

were synthesized similarly using the SGCA route. The stoichiometric proportion of these 

oxides were then mixed thoroughly in a mortar with pestle for 3 h with gradual additions of 

acetone. The mixture obtained so was divided into two parts. One part of the intimately mixed 

components was calcined at 1200 °C for 3 h to get the desired catalyst following the 

conventional ceramic method that is designated as Cu20LNO CM. The other part that is 

designated as physical mixture (PM, catalyst being named as Cu20LNO PM) is directly used 

for DRM [16].  
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2.3.3.2. Double perovskite 

The preparation of double perovskite via ceramic method involves the thorough mixing 

of NiO, MnO and La2O3 individual oxide materials for ~ 3 h in the required stoichiometric 

ratio with the interim addition of acetone. The resulting mixture of individual oxides was then 

separated into two parts. One part of the physical mixture that is named as LNMnO PM was 

directly deployed for DRM. Another part of the physical mixture was at first calcined at 800 

°C for 3 h, and then at 900 °C for 3 h to get the catalyst via ceramic method and hence named 

as LNMnO CM [17]. 

 

2.4. Material characterizations 

This section provides a detailed discussion of all the characterisation methods used to 

examine the chemical and physical characteristics of the synthesized materials. Initially, the 

phase purity of the synthesized samples was confirmed from powder X-ray diffraction (PXRD) 

analysis. BET surface area measurement gave the specific surface areas (SBET) of different 

samples. A preliminary DRM test was performed to finalize the most active catalyst amongst 

all the synthesized materials. After that, the different forms of the final catalyst material have 

been characterized by the field emission scanning electron microscopy (FESEM), high 

resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy 

(XPS) and thermogravimetric analysis (TGA). 

 

2.4.1. Powder X-ray diffraction  

The powder X-ray diffraction technique was used to confirm that the pure phase of the 

synthesized materials was formed. Bruker D8 Advance diffractometer of Cu Kα radiation (λ 

=1.5418 Å) operated at 40 kV and 40 mA with the 1D position-sensitive LYNXEYE detector 

at a scan rate of 1 s per step in the 2θ range of 10º to 80º was used to record the PXRD patterns. 

Using Scherrer's equation (eq. 2.1), average particle sizes () were determined from the line-

width broadening of the peaks. 

                                                          ..... (2.1)
0.9

cos




 


 

where (ß) is the full width at half maximum (FWHM) of the diffraction peak. 
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2.4.2. Specific BET surface area (SBET) analysis  

N2 sorption isotherms were obtained in an Autosorb iQ2 gas sorption instrument 

(Quantachrome Instruments, USA). This technique was used to get the catalysts specific BET 

surface areas (SBET), pore volumes, and pore size distributions. Prior to measurement, the 

FLOVAC degasser unit was used to degas the catalyst for 4 h at 120 ºC and 0.3 torr of vacuum. 

Pore size distributions and pore volumes of the catalysts were determined using the non-local 

density function theory (NLDFT) method, and SBET were determined using the multi-point 

BET method. 

 

2.4.3. Field emission scanning electron microscopy 

Field emission scanning electron microscopy (FESEM) and energy dispersive X-ray 

spectroscopy (EDXS) were done to get the surface morphology and elemental composition of 

the samples, respectively using (JEOL, Model no. JSM-5600LV) instrument.  

 

2.4.4. High-resolution transmission electron microscopy  

Transmission electron microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM) (JEOL, Model No. JEM-2100) were used to analyse the microstructure 

of the sample at a 200 kV accelerating voltage. 

 

2.4.5. X-ray photoelectron spectroscopy  

The surface characterization of the samples using X-ray photoelectron spectroscopy 

(XPS) was carried out on two spectrometers. The Thermo Scientific K-Alpha surface analysis 

spectrometer was fitted with a monochromatic Al Kα radiation (1486.6 eV) as an X-ray source 

and was operated at 12 kV and 6 mA. Pass energy of 200 eV and step increment of 1 eV were 

used to obtain individual core level spectra of the elements. The binding energies were 

calibrated against the standard C 1s peak at 284.6 eV. The XPS analysis was performed with 

the powder samples stuck on carbon tape under the base pressure at the analysing chamber 

maintained at 5×109 mbar.  

For some of the catalysts, analysis was done using a SPECS spectrometer with an AlK 

source worked at 150 W and a Phoibos 150 MCD-9 detector in analyses compartment with the 

pressure lower than 107 Pa. Catalysts were pressed to form pellets with 10 mm diameter and 

their 2 mm  2 mm sample region was studied. The hemispherical analyzer’s pass energy and 

energy step were set at 25 eV and 0.1 eV, respectively. The SPECS Flood Gun FG 15/40 was 
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employed to stabilise the charge in accordance with C 1s binding energy value of 284.8 eV. 

The data were analysed using PeakFit v4.12 software. 

 

2.4.6. Thermogravimetric analysis 

In order to determine the extent of coke that was deposited on the sample's surface 

during the DRM, thermogravimetric analysis (TGA) was done. The Perkin Elmer Pyris 

Diamond TG/DTA instrument was used where temperature range was 30 to 900 °C at a heating 

rate of 10 °C min-1. 

 

2.5. DRM activity test 

A reaction set up was fabricated in the laboratory by which the DRM activities of the 

synthesized materials were evaluated (see Fig. 2.1). All the gases (reactant as well as carrier) 

pass through 1/8-inch stainless steel tube to prevent any chemical reaction. The gas flow rates 

were monitored by thermal mass flow controllers (MFC, Bronkhorst High-Tech BV). After 

leaving the MFC, the gas can go in any of the three available directions: (i) to the microreactor 

for DRM, or (ii) to the bypass line for the analysis of gas mixture or (iii) directly to a bubble 

flow meter (BFM) for checking the set value of the flow rates with the manually determined 

value.  

 

Figure 2.1. The reaction setup for conducting gas solid heterogeneous catalytic experiments 

is shown schematically. 
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Initially, a pellet was made from the as-prepared catalyst powder and crushed to get 85–100 

mesh before being put through a catalytic test. A down flow quartz micro-reactor with an inner 

diameter of 6 mm was used to carry out the DRM reaction at atmospheric pressure. In a typical 

catalytic test, 100 mg of solid catalyst was packed on a layer of quartz wool in the micro-reactor 

and placed in a vertical tube furnace. A K-type thermocouple (Omega, UK) positioned closely 

in contact with the catalyst bed was utilized to monitor the actual reaction temperature, while 

the temperature of the furnace was controlled by a thyristor-powered Eurotherm PID controller 

(model 2416). The flow rates of the calibration gas mixtures, 10.3% CH4 in helium & 9.7% 

CO2 in helium along with the carrier gas helium were set at the required values with a total 

flow of 56 mL min-1 to keep the CH4/CO2 molar ratio as per DRM stoichiometry. A fixed gas 

hourly space velocity (GHSV) of 34000 mL gcat
1 h1 was used throughout the catalytic tests. 

The preliminary tests were carried out at different temperatures ranging from 500 to 900 °C to 

optimize the reaction temperature. The as-prepared catalysts were found to be most active at 

800 °C. Further tests, like the durability tests were thus carried out at this temperature. The 

outgoing gases were detected and analyzed using an OMNIStar gas analysis system equipped 

with quadrupole mass spectrometer, where the characteristic m/z (m = mass of the gas, z = 

charge on the ion) value of the constituent gases (X) is acquired. The catalytic activities were 

computed using the conversions of CH4, CO2, and H2/CO molar ratio. The CH4 and CO2 

conversions were calculated using the following conversion formula by taking the initial (i.e., 

before reaction, AX, in) and steady-state (after 1 h of reaching the target temperature of 800 °C, 

AX, out) ion current values for each component, which correspond to a fixed value of m/z. This 

is because the ion current is directly proportional to the concentration of the gas analysed. 

 

% of CH4 conversion =
𝐴CH4,𝑖𝑛 − 𝐴CH4,𝑜𝑢𝑡

𝐴CH4,𝑖𝑛
× 100 ................ (2.2) 

 

% of CO2 conversion =
𝐴CO2,𝑖𝑛 − 𝐴CO2,𝑜𝑢𝑡

𝐴CO2,𝑖𝑛
× 100 ................ (2.3) 

 

H2 yield (%) =  
 𝐴H2,𝑜𝑢𝑡

2𝐴CH4,𝑖𝑛
× 100  …………………………... (2.4) 

 

CO yield (%) =  
𝐴CO,𝑜𝑢𝑡

(𝐴CH4,𝑖𝑛 + 𝐴CO2,𝑖𝑛)
× 100………………..... (2.5) 
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  H2 selectivity (%) =  
𝐴H2,𝑜𝑢𝑡

2(𝐴CH4,𝑖𝑛 − 𝐴CH4,out)
× 100 ………..… (2.6) 

 

CO selectivity (%) =  
𝐴CO,𝑜𝑢𝑡 

(𝐴CH4,𝑖𝑛  
− 𝐴CH4,𝑜𝑢𝑡) + (𝐴CO2,𝑖𝑛 − 𝐴CO2,𝑜𝑢𝑡 

)
× 100…. (2.7) 

 

The relevant mass signals (m/z), which were set in the instrument to be 2 amu for H2, 

4 amu for He, 16 amu for CH4, 18 amu for H2O, 28 amu for CO, and 44 amu for CO2, were 

used to analyse the outlet gas composition. The H2/CO ratio is calculated by calculating the 

simple ratio of each of their individual ion current values, 2H , out

CO, out

A

A
, which has a theoretical 

value of one for the DRM reaction.  
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Chapter 3 

Studies on Cu-doped LaNiO3 perovskite catalyst 

Chapter abstract: This chapter deals with the synthesis, characterization, and DRM activity of Cu-

substituted LaNiO3 perovskite materials. The phase pure LaNi0.8Cu0.2O3 nanomaterial catalyst shows 

high catalytic activity (97% CH4 conversion and 98% CO2 conversion) with H2/CO ratio ~1.2. 

Remarkably, the catalytic activity is not impacted and is sustained even after 100 h, despite the fact that 

the pristine perovskite phase mostly breaks down into component phases following the DRM. Based on 

the findings from characterization of the different forms of the catalyst, we have explained the prolonged 

activity of the disintegrated perovskite catalyst in the context of nanocomposite formation at the 

molecular level along with the availability of Ni0 and NiO.  

 

3.1. Introduction 

As the energy produced from fossil fuels is insufficient to meet the demands of current 

day-to-day activities, it is necessary to look into other energy sources. Apart from others, the 

environmental imbalance is also contributed from the uncontrolled use of fossil fuels. The main 

greenhouse gases that come from the combustion of fossil fuels are CH4 and CO2, which cause 

life unsustainable for humans to live in. Numerous studies have suggested that green H2 energy 

may be a viable replacement for fossil fuels. Hydrogen energy is currently considered a 

promising source of energy for the future for its outstanding energy output and excellent eco-

friendliness. Several catalytic approaches, such as DRM, photochemical, and electrochemical 

processes are available for the production of H2. DRM is one of the most effective processes 

because of its low cost, long-term catalyst activity, and ease of catalyst preparation. In addition, 

it produces H2 at a comparatively higher rate and returns effective feedstock, syngas (H2 + CO), 

by consuming two important greenhouse gases (CH4 and CO2). Recently, DRM has drawn the 

interest of industrial and academic researchers for its various applications in the industry [1, 2] 

and environment [3-7] along with academic aspects [8, 9]. Syngas finds application in multiple 

fields, including H2 production [10–13], diesel production using the Fischer–Tropsch method 

[14–15], methanol preparation [16–18], iron ore reduction to obtain sponge iron [19–21] etc. 

But DRM reaction has a few major disadvantages, such as coke deposition [22−25] and 

deactivation of the catalyst in the reaction atmosphere.  

The reactions involved in DRM (discussed in chapter 1, Sec.1.1) suggest that CH4 

cracking (eq. 1.3) and CO disintegration (eq. 1.4) are the primary causes of carbon deposition. 

Nickel-containing transition metal oxide catalysts are typically very active and long-lasting for 

the DRM process. During DRM, noble metal catalysts such as Ru [33–35], Pt [36–38], and Rh 



44 
 

[39–42] are also very stable, highly active, and produce lower amounts of coke. Despite these 

positive factors, noble metal catalysts are not considered for DRM because of their high cost 

and limited availability. However, due to the more widespread availability and lower cost, 

transition metal oxide catalysts make viable replacements for noble metal oxide catalysts. The 

main problem with catalysts based on nickel is that they are very eager to coking, which leads 

to a rapid deactivation of the active phase and decreases the catalyst's durability and reactivity 

during the DRM reaction. In order to minimize coke deposition or boost catalytic activity, 

durability, and coke resistance, transition metal oxide catalysts must also be improved. 

Extensive research activities have been done all around the world to find numerous potential 

catalyst systems that have high coking resistance, high durability, and high catalytic activity. 

The scientific community has been working to develop improved transition metal-based oxide 

catalysts that are effective for the DRM process, such as perovskite, spinel, hercynite, and 

pyrochlore. Shahnazi et al. have demonstrated the impact of partially substituted Ni by Mn in 

the LaNi1-xMnxO3 perovskite catalyst [43], which was synthesized by ultrasonic spray 

pyrolysis, for 10 h DRM reaction in the temperature range 600 °C and 800 °C. They found 

~50% CH4 and 85% CO2 conversions respectively, having H2/CO ratio 1.1. Jahangiri et al. 

have reported and investigated the catalytic impact of Fe-substituted LaNiO3 catalyst [44] by 

SGCA method. They have explored the activities of the catalysts at various temperatures 

ranging 600-800 °C. Their results have shown that all the doped materials have a relatively less 

amount of activity in DRM for 20 h. In order to explore the role of tri-metal substitution at the 

B site while maintaining the A site constant, Kim et al. have prepared the 

LaNi0.34Co0.33Mn0.33O3 catalyst [30] modified with Co and Mn at the B site using the 

microwave-assisted Pechini method. Although nearly 92% conversion of CH4 has been 

achieved, the catalyst's activity is only stable for 14 h. Valderrama et al. have reported the 

perovskite LaNi1-xMnxO3 catalyst [45], doping Mn at the Ni site and checked its DRM activity. 

The freshly prepared LaNi0.2Mn0.8O3 sample was the most active at 750 °C, converting 77% of 

CH4 and 84% of CO2, with H2/CO ratio close to the expected value of unity. The GHSV for 

the reforming reaction was 15000 mL gcat
-1 h-1. Hu et al. have investigated the catalytic role of 

the Ni/MgO catalyst [46] in DRM reaction. In their report, they found the conversions of CH4 

and CO2 are 91% and 98%, respectively and the H2/CO ratio was 0.92 for a duration of 120 h 

with GHSV of 60000 mL gcat
-1 h-1. Parallel research work has been further extended by Song 

et al. by using Mo as a dopant with the Ni/MgO catalyst [47]. Durability of their Ni/Mo/Cat 

catalyst was for 850 h with 75% CH4 and 80% CO2 conversion and H2/CO ratio was observed 

to be 0.86. The GHSV used for this gas mixture was 60000 mL gcat
-1 h-1. Wang et al. have 
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investigated the DRM activity using La(CoxNi1-x)0.5Fe0.5O3 as a catalyst [48] where the H2/CO 

ratio was found to be 0.92 with CH4 and CO2 conversions of respectively 70% and 80% for the 

composition x= 0.1 with GHSV of 36000 mLgcat
−1 h−1. The catalytic activity in the DRM 

reaction of Cu-doped LaNiO3 produced by SGCA method utilising propanoic acid as fuel was 

previously reported by Moradi et al. [49]. The 20% Cu-doped sample LaNi0.8Cu0.2O3 was found 

to be the most active catalyst, converting 73% of CH4 and 90% of CO2 with a H2/CO ratio of 

0.8. However, they only tested their catalyst for 20 h, during which time they observed that the 

parent Cu-substituted perovskite breaks down into individual oxides and metallic Ni. However, 

additional studies on this catalyst system relating to phase regeneration and long-term 

durability of the catalyst have not been done. In the context of this, it would be interesting to 

thoroughly investigate the Cu-doped LaNiO3 catalysts for the DRM activity by utilising a 

variety of material synthesis techniques. A thorough characterization of both the aged and pure 

catalyst was done in order to determine structure-activity correlations and to comprehend the 

origins of activity behaviour. The results show that the SGCA method of preparing catalysts is 

superior compared to both SCS and traditional CM methods. Additionally, it has been noted 

that the DRM activity persists even after the pristine catalysts break down into simple binary 

oxides of the component elements and metallic nickel, generating a molecular-level 

nanocomposite a few hours after the catalysis reaction started. Most notably, an in-situ 

oxidation at a temperature lower than needed for the production of the parent perovskite can 

readily restore the starting catalyst phase from the disintegrated phases. One noteworthy result 

of this work is the reversibility of the pure and degraded phases of the aged catalyst by in-situ 

heat treatment. 

 

3.2. Experimental 

The synthesis of the catalyst materials, the characterization techniques and catalytic 

tests are discussed in detail in Chapter 2 (Sec. 2.3.1.1.).  

 

3.3. Results and Discussion 

3.3.1. Powder X-ray diffraction analysis of the as-prepared perovskite samples 

The PXRD analysis of CuXLNO (X= 10−80) is shown in Fig. 3.1. It is apparent from 

Fig. 3.1 that, up to x = 0.6, phase pure perovskite is achieved. The projected perovskite phase 

then appears along with some impurity peaks, including La2O3, NiO, and CuO, as the 
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percentage of Cu-doping is gradually increased. The diffraction peaks of the LaNi1−xCuxO3 

perovskite phase are observed at 2θ values of 23.2°, 32.8°, 33.4°, 41.5°, 42.3°, 47.3°, 52.6°, 

53.2°, 58.5°, 59.5°, 68.7°, 69.74°, 78.02°, and 79.4°, which, consequently, fit with the lattice 

planes (012), (110), (104), (202), (006), (024), (122), (116), (214), (018), (220), (208), (134), 

and (128) of the perovskite (JCPDS PDF # 880633). The Scherrer sizes of the as-synthesized 

samples LNO, Cu10LNO, Cu20LNO, Cu30LNO, Cu40LNO, Cu60LNO, and Cu80LNO are 

16.3 nm, 23.9 nm, 24.2 nm, 23.4 nm, 17.4 nm, 56.0 nm and 63.2 nm, respectively.  

 

Fig. 3.1: PXRD patterns of as-prepared CuXLNO (X= 10−80, the atom percentage of Cu-

doping) perovskite materials. 

3.3.2. Screening of materials for DRM 

To determine the optimal catalyst, a 10 h preliminary catalytic activity test was 

performed on all the as-prepared samples. Fig. 3.2(a−c) depict the behaviours of the catalytic 

activity. As-prepared samples, LNO, Cu10LNO, Cu20LNO, Cu30LNO, Cu40LNO, 

Cu60LNO, and Cu80LNO have the CH4 conversions of respectively 72%, 92%, 97%, 93%, 

92%, 80%, and 77%. The samples have CO2 conversions of 85%, 95%, 99%, 97%, 93%, 91%, 

and 90%, respectively. The H2/CO ratio for this catalytic process is observed to vary between 

0.6 and 1.9 for all the samples.  It is thus clear that all the doped catalysts have demonstrated 
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superior DRM activities than the original LNO system and follow the order Cu20LNO> 

Cu30LNO> Cu40LNO> Cu10LNO> Cu60LNO> Cu80LNO> LNO. Thus, with partial 

replacement of Ni by Cu in LaNiO3, all the as-prepared perovskite catalysts series have shown 

higher catalytic activities than the parent LNO, of which Cu20LNO shows the highest activity 

toward DRM. In this regard, the Cu doping percentage is significant. To throw further light on 

the Cu20LNO perovskite catalyst and its durability in the reforming reaction, a continuous 100 

h DRM reaction has been carried out subsequently.  

 

Fig. 3.2: Catalytic activity of as-prepared CuXLNO (X= 0−80) perovskite samples for 10 h 

and 100 h DRM at GHSV of 34000 mL gcat
−1 h−1 and temperature of 800 °C: (a, d) CH4 

conversion, (b, e) CO2 conversion (c, f) H2/CO ratio and (g, h) H2/CO yield and selectivity.  

 

The CH4 conversion, CO2 conversion, and H2/CO ratio of Cu20LNO catalyst are 

displayed in Fig. 3.2(d−f). Conversion data reveals that the Cu20LNO has shown remarkable 

conversions of 97% for CH4 and 99% for CO2 during the course of the 100 h DRM reaction, 

where the H2/CO ratio varies from 1.4 to ~1. The H2/CO ratio at first surpasses unity, indicating 
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the existence of the Boudouard reaction (eq. 1.4), where the produced CO gets converted to 

carbon and carbon dioxide. As a consequence, the overall amount of CO decreases and the 

H2/CO ratio becomes 1.4 for the first 10 h of DRM reaction. Deposition of coke in the reaction 

atmosphere frequently slows down the reaction, but the Boudouard and reverse Boudouard 

reactions occur at the same time to facilitate DRM reaction. As expected, the H2/CO ratio 

progressively approached unity. Fig. 3.2(g) shows that the production of H2 falls in the range 

87% (at the initial stage) and 78% at the termination of 100 h DRM reaction, whereas CO yield 

varies from 85% to 79% during this period. Fig. 3.2(h) shows H2 selectivity is ~92% with 

typical CO selectivity ~90%. The reaction was stopped after 100 h, and the aged catalyst was 

cooled in a helium atmosphere to room temperature. The aged catalyst was also regenerated by 

annealing at 800 °C. The aged and regenerated forms of the catalyst were then carefully 

characterized and compared with the as-prepared catalyst in order to figure out the changes in 

the catalyst in the course of DRM and in the regeneration process. 

The apparent activation energies of the reforming reaction related to the different forms 

of Cu20LNO and as-prepared LNO have been calculated to correlate them with the DRM 

activity data. For the kinetic investigations, the fixed-bed down flow reactor was loaded with 

30 mg of catalyst that had been mixed with 70 mg of purified silica of equal mesh size 

(85−100), keeping all the other experimental conditions unaltered. The temperature range is 

varied from 400 to 460 °C in order to keep all the conversions below 20%. Arrhenius plots of 

LNO and different forms of Cu20LNO catalysts are shown in Fig. 3.3. The apparent activation 

energies (considering formation rates of H2 in the above-mentioned temperature range) 

calculated from the slopes of the Arrhenius plots are 105.5 kJ mol−1 for LNO, 81.5 kJ mol−1 

for as-prepared Cu20LNO, 66.7 kJ mol−1 for aged Cu20LNO, and 74.8 kJ mol−1 for regenerated 

Cu20LNO (see Fig. 3.3(a)). Noticeably, the calculated apparent activation energies for the 

formation of CO are comparatively lower from those for the production of H2, which are 72.7 

kJ mol−1 (LNO), 54.0 kJ mol−1 (as-prepared Cu20LNO), 37.3 kJ mol−1 (aged Cu20LNO) and 

54.0 kJ mol−1 (regenerated Cu20LNO) (see Fig. 3.3(b)). It is evident that pristine LNO has the 

highest activation energy (105.5 kJ mol−1 and 72.7 kJ mol−1 for H2 and CO formation, 

respectively) and aged form of the catalyst Cu20LNO has the lowest activation energy barrier 

(66.7 kJ mol−1 and 37.3 kJ mol−1 for H2 and CO formation, respectively) among the different 

forms of the catalyst. It may thus be concluded that once aged, the Cu20LNO catalyst 

transforms into its most active form. The regenerated form of the catalyst has an activation 

energy barrier higher than the aged catalyst but still lower than that of the as-prepared catalyst. 
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Fig. 3.3: Arrhenius plots for the formation of (a) H2 and (b) CO for LNO, as-prepared 

Cu20LNO, aged Cu20LNO and regenerated Cu20LNO catalysts at GHSV = 113300 mL gcat
−1 

h−1). 

 

Table 3.1: DRM activity data of as-prepared catalysts. 

Catalyst CH4 conversion (%) CO2 conversion (%) H2/CO ratio 

10 h 100 h 10 h 100 h 10 h 100 h 

Cu10LNO 92 − 95 − 1.7 − 

Cu20LNO 97 97 99 99 1.5 1.2 

Cu30LNO 93 − 97 − 1.5 − 

Cu40LNO 92 − 93 − 1.9 − 

Cu60LNO 77 − 91 − 1.7 − 

Cu80LNO 75 − 90 − 1.4 − 

LNO 72 − 85 − 0.7 − 

 

 

3.3.3. Powder XRD studies of various forms of Cu20LNO catalyst  

Fig. 3.4 shows PXRD patterns of the different forms of Cu20LNO catalyst. It clearly 

indicates that the typical diffraction pattern of the perovskite phase of the catalyst is completely 

suppressed with the appearance of several diffraction peaks in the aged sample. These new 

peaks resemble the simple binary oxide phases as designated in the graph, which apparently 

come out after the degradation of the initial perovskite phase. It may also be noted that a similar 

structural change occurs after 10 h of DRM reaction. These phases are closely resembled with 
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ICDD PDF # 831349 for La2O3 (*), 897128 for Ni (○), 140481 for NiO (•), 782076 for CuO 

(◊), and 832034 for La(OH)3 (▪). Numerous research has confirmed that the catalyst breaks 

down into its individual metal oxides in the reaction atmosphere [26, 35, 37−43], losing its 

parent perovskite oxide phase. The catalyst with same composition, LaNi0.8Cu0.2O3 have 

reported by Moradi et al. [49], similarly broke down into binary oxide phases together with 

nickel metal in the reaction environment. They recognized the decomposed phases to be La2O3 

(*) as presented by the peaks at 2θ values of 26.3, 28, and 48.6, CuO (◊) at 2θ values of 36.2 

and 42.5, NiO (•) at 2θ values of 31.7, 44.3, 51.5 and 55.3 and metallic nickel at 2θ value 

of 44.3. However, their investigation was not focussed on regenerating the aged catalyst along 

with its activity behaviour and the subject of reproducibility. The beauty of the Cu20LNO 

catalyst in the present findings is that the aged (in the DRM reaction environment) catalyst 

phase could be regenerated fully by heat treatment for 3 h in static air (see Fig.3.4). It may 

therefore be expected that the initial perovskite phase and the decomposed phase along with 

metallic nickel will exhibit comparable activity behaviour as shown later. The aged and 

regenerated Cu20LNO samples have Scherer sizes of 13 nm and 23.5 nm, respectively. 

Increase in specific surface area of the aged catalyst (from 35 to 54 m2 g−1 on ageing) from 

BET measurement is thus well-supported by the reduction of the Scherer size of the sample in 

the DRM environment. 

 

Fig. 3.4: Powder XRD patterns of as-prepared, aged and regenerated forms of Cu20LNO 

perovskite catalyst.  
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We then performed structural refinement of the powder XRD data of the two forms in 

order to find the structural characteristic features of the pristine and regenerated samples. 

Refinement of the XRD patterns of both the samples has been done with the help of the FullProf 

Suite software. The rhombohedral (R3̅c) space group is properly fitted with both the pristine 

and regenerated phase patterns during analysis of the PXRD data. The absence of any signature 

of extra peaks in the refined patterns of the PXRD indicates their phase purity. Fig. 3.5 shows 

the refined PXRD patterns of the regenerated and pristine samples. The characteristic phase of 

the pristine and regenerated components is suggested by the refinement results, which are 

reliable with accounts from the literature. Table 3.2 displays the structural and refinement 

parameters for both phases. It is clear that the diffraction peaks in the regenerated component 

of the catalyst are not as intense as in the pristine phase. This is simply for the amount of sample 

used for diffraction, as the regenerated sample is relatively less in quantity. This supports the 

structural congruity between the pristine and regenerated phases [50]. 

 

Fig. 3.5: Rietveld powder X-ray diffraction patterns of the (a) as-prepared and (b) regenerated 

Cu20LNO catalysts. The experimental data, computed pattern, difference curve, and Bragg 

position are represented, respectively, by the open red circles, black lines, bottom blue lines, 

and vertical magenta bars. 
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Table 3.2: Structural and refinement parameters of the Cu20LNO perovskite material in as-

synthesized and regenerated forms. 

Catalyst  Cell 

parameters 

Bond length 

(Å) 

Bond angle  

() 

Atomic Coordinates 

Cu20LNO 

As-prepared 

Rhombohedral 

R3̅c  

a = 5.460 Å 

b = 5.460 Å 

c = 13.167 Å 

V = 339.98 Å3 

γ = 120 

RBraggs = 3.32 

% 

Rf = 2.36 % 

χ2 = 2.75 

Ni/Cu—O: 

1.943(9) 

 

Ni/Cu—O—Ni/Cu: 

162.22 

 

Atom      x      y      z 

La 0.00000 0.00000 0.25000 

Ni 0.00000 0.00000 0.00000 

Cu 0.00000 0.00000 0.00000 

O 0.55500 0.00000 0.25000 

 

Cu20LNO 

Regenerated 

Rhombohedral 

R3̅c  

a = 5.465 Å 

b = 5.465 Å 

c = 13.161 Å 

V = 340.42 Å3 

γ = 120 

RBraggs = 6.11 

% 

Rf = 3.39 % 

χ2 = 3.20 

Ni/Cu—O: 

1.944(0) 

 

Ni/Cu—O—Ni/Cu: 

162.50 

 

La 0.00000 0.00000 0.25000 

Ni 0.00000 0.00000 0.00000 

Cu 0.00000 0.00000 0.00000 

O 0.55410 0.00000 0.25000 

 

 

 Regeneration of the aged catalyst has subsequently been done in situ to further 

guarantee that the catalytic activity persisted similarly after regeneration. Initially, we subjected 

the Cu20LNO sample to a 10 h DRM test at 800 °C. Helium gas was used to clean the gas 

pipelines for 30 minutes after the reaction was stopped. After that, the catalyst was regenerated 

at 800 °C for 3 h with zero air flow instead of the helium gas flow. The catalytic activity data 

of the as-synthesised and regenerated Cu20LNO catalysts are shown in Fig. 3.6, which 

indicates almost total retention of activity upon regeneration. The activity test of the 

regenerated Cu20LNO was conducted under identical reaction conditions. The presence of the 

Boudouard reaction, which turns CO into carbon and carbon dioxide, is suggested by the as-

synthesized catalyst's H2/CO ratio being greater than unity. As a result, the H2/CO ratio reaches 

1.5 and the total amount of CO decreases within the first 10 h of the reaction. However, during 

the 100 h reaction, the H2/CO ratio gradually gets closer to unity [50]. The H2/CO ratio for the 

regenerated catalyst ranges from 1.3 to 1. In this instance, the Boudouard reaction is 
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predominant over the reverse water gas shift reaction (RWGS). However, the H2/CO ratio 

approaches unity within about 5 h of the reaction starting, showing a minimum occurrence of 

both side reactions (see Fig. 3.6). 

 

Fig. 3.6: (a) CH4 conversion, (b) CO2 conversion, and (c) H2/CO ratio of the as-prepared and 

in-situ regenerated Cu20LNO catalyst materials for 10 h of DRM reaction at GHSV= 34000 

mL gcat
-1 h−1, 800 °C). 

 

3.3.4. BET surface area measurement 

 Fig. 3.7 displays the specific surface area (SBET), N2 adsorption-desorption isotherms 

(in the P/P0 range 0 to 1) of the as-synthesized CuXLNO (where X=10, 20, and 30), aged and 

regenerated Cu20LNO catalysts and the corresponding inset displays their pore size 

distribution curves. Table 3.3 includes the surface area, pore volume, and pore size distribution 

of the different forms of the catalyst. Fig. 3.7 reveals that the volume of N2 gas adsorbed is less 

at low relative pressure and gradually rises at high relative pressure, signifying the formation 

of a Type IV isotherm with the type H3 hysteresis loop. The surface areas of the samples, 

Cu10LNO, Cu20LNO, Cu30LNO, aged Cu20LNO and regenerated Cu20LNO, are about 26, 

35, 31, 54, and 51 m2 g−1, respectively. Compared to all the other samples in the series, 

Cu20LNO has the highest surface area, which supports its maximum DRM activity. After 

ageing in the reaction atmosphere, the Cu20LNO catalyst's surface area increased to 54 m2 g−1 

from 35 m2 g−1. This may be because the catalyst has broken down into its individual metal 

oxides and the particle size was reduced to 13 nm. Larger surface area of the regenerated 

catalyst in contrast to the as-synthesized catalyst contributes to the high catalytic activity of 

this catalyst. 
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Fig. 3.7: Nitrogen adsorption-desorption isotherms and pore size distribution curves (in the 

inset) of (a) Cu10LNO, (b) Cu20LNO, (c) Cu30LNO, (d) aged Cu20LNO, and (e) regenerated 

Cu20LNO.  
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Table 3: Textural characteristics of different CuXLNO (where X = 10, 20, and 30) aged and 

regenerated Cu20LNO catalysts with the formation rates of H2 and CO per unit area (BET 

specific surface area) and per unit mass of the catalyst. 

Catalyst SBET 

(m2 g−1) 

Pore 

volume 

(cm3 g−1) 

Pore 

size 

(nm) 

Production rate of  

H2  103 

Production rate of  

CO  103
 

R1
a R2

b R1
a R2

b 

Cu10LNO 26 0.073 1.58 0.195 50.7 0.189 49.3 

 

Cu20LNO 35 0.101 1.58 0.152 53.5 0.146 51.5 

 

Cu30LNO 31 0.071 1.58 0.165 51.3 0.163 50.4 

 

Aged 

Cu20LNO 

54 0.144 1.38 0.100 53.5 0.096 51.5 

 

Regenerated 

Cu20LNO 

51 0.139 1.36 0.104 53.5 0.100 51.5 

a in mol h−1 m−2 g; b in mol h−1 g−1 

 

3.3.5. Morphology study 

The surface morphology and elemental composition of the as-prepared, aged and 

regenerated samples are studied using FESEM microscopic analysis. From FESEM analyses, 

it is observed that Cu20LNO exists as aggregated combination of spherical, cubic, and 

hexagonal-shaped nanoparticles shown in Fig. 3.8(a−d). The morphology of the aged catalyst 

has transformed from its original shape to a semi-spherical or rod shape, which may be the 

consequence of the catalyst disintegrating in the reaction environment (see Fig. 3.7(g−j)). The 

regenerated Cu20LNO catalyst has a resembling surface morphology to that of the as-prepared 

catalyst presented in Fig. 3.8(k−n). Surface morphology and smoothness of the catalyst is 

almost regained upon regeneration. It is found that the regenerated Cu20LNO catalyst is a 

highly aggregated combination of nanoparticles with hexagonal, spherical, and cubic shapes, 

based on FESEM experiments. The EDX of the as-prepared, aged and regenerated forms of 

Cu20LNO indicates presence of La, Cu, Ni, and O (see Fig. 3.8(e, f, o)). As prepared Cu20LNO 

catalyst has a smooth and clear surface that can be found, but the smoothness of the aged sample 

is diminished, which is possibly due to the catalyst fragmented in aged form.  
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Fig. 3.8: FESEM images (a, g, k); elemental mapping for La (b, h, l), Ni (c, i, m), Cu (d, j, n), 

and (e, f, o) EDX spectra of fresh, aged and regenerated Cu20LNO, respectively. 
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3.3.6. HRTEM analysis 

 TEM and HRTEM analyses are employed to determine the microstructure of as-

prepared and aged Cu20LNO. The findings are shown in Fig. 3.9. The as-prepared Cu20LNO 

catalyst has a combination of an irregular spherical, hexagonal, as well as some cube-like 

morphology (see Fig. 3.9(a)). In contrast, in aged form, granular-like morphology (see Fig. 

3.9(e)) was found. A lattice fringe (d spacing) of 0.272 nm, that corresponds to the as-

synthesized Cu20LNO sample's (110) lattice plane, can be found in the HRTEM image (Fig. 

3.9(c)) of the as-synthesized Cu20LNO sample. The data obtained from HRTEM analyses 

matches well with the findings of the XRD of fresh Cu20LNO. The 0.23 nm lattice fringe 

corresponds to the (102) lattice plane of NiO (see Fig. 3.8(g)) in the aged form of the Cu20LNO 

catalyst. The XRD analysis of a Cu20LNO sample has been done after the DRM reaction to 

further support this result, which shows that fresh Cu20LNO transforms into its individual 

metal oxide phases in the DRM atmosphere. Fig. 3.9(d) displays the selected area electron 

diffraction (SAED) of the fresh Cu20LNO catalyst and the corresponding lattice planes of aged 

Cu20LNO samples are indicated with the SAED pattern demonstrated in Fig. 3.9(h). The ring-

shaped diffraction patterns indicate that the catalysts are polycrystalline in nature. 

 

 

Fig. 3.9: (a, e) TEM images, (b, f) HRTEM image, (c, g) enlarged portion of HRTEM and (d, 

h) SAED pattern of as-prepared and aged Cu20LNO catalysts, respectively. 
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3.3.7. XPS analyses 

To comprehend the existence of components and their oxidation states in the freshly 

prepared and aged Cu20LNO samples, XPS investigations are conducted and are presented in 

Fig. 3.10. The different forms of Cu20LNO catalysts contain La, C, O, and Cu according to 

the XPS survey spectra shown in Fig. 3.10(a). Ni 2p3/2 core level peak cannot be observed 

accurately as it is overlapped with La 3d3/2 core level peak. However, Ni 2p1/2 core level peak 

along with its satellite peak is observed in the survey spectra of all the catalysts. 

La 3d and Ni 2p core level spectra of as-prepared, aged, and regenerated Cu20LNO are 

shown in Fig. 3.10(b). A relatively strong peak at around 855 eV compared to surrounding 

peaks is observed in the spectra of catalysts, which suggests the presence of Ni species in the 

La 3d core level area. La 3d core level region of as-prepared catalysts shows La 3d5/2, 3/2 doublet 

peaks at 835.2, 851.9 eV that correspond to La(OH)3 species present in the catalyst. Observed 

significant tail peaks with considerable intensities around 833.6 and 850.2 eV are attributed to 

La2O3. The values are in good agreement with literature [51, 52]. These doublet peaks are 

associated with several initial and final states related to 3d94f1 (lower binding energy) and 

3d94f0 (higher binding energy). The board intense peak around 855.0 eV is composed of both 

La 3d3/2 3d94f0 final state of La3+ species and Ni 2p3/2 of Ni3+ species [51, 53]. The broad intense 

peak at 863.5 eV contains satellite peaks of Ni3+ and La3+. Peaks at 872.2 and 880.4 eV are 

attributed to Ni 2p1/2 of Ni3+ species and related satellites. For the aged catalyst, the nature of 

La 3d + Ni 2p spectral region is slightly different from that of the pristine catalyst. The intense 

3d5/2 peak at 835.4 eV signifies the existence of La(OH)3 species on its surface. There is a small 

tail peak at 833.9 eV related to La2O3. In the XRD pattern of aged catalyst, a peak due to 

La(OH)3 is observed, which agrees well with XPS observations in the aged catalyst [51, 52]. 

Decreased relative intensity around 855 eV and low-deep valley around 853.4 eV compared to 

as-prepared catalyst indicates the presence of reduced Ni species such as Ni metal and Ni2+ on 

the surface of aged catalyst during DRM reaction that is consistent with powder XRD findings 

(see Fig. 3.4). La 3d core level spectrum of the regenerated catalyst looks more or less similar 

to that of as-prepared catalyst. However, peaks related to La(OH)3 at 835.3 and 852.0 eV 

become prominent, which is due to the regeneration process of the catalyst. Fig. 3.10(c) 

displays the Cu 2p core level spectra of as-prepared, aged, and regenerated catalyst, 

respectively. It contains peak at 933.5 eV along with satellite peaks at 941.5 and 943.5 eV, 

indicating the presence of Cu2+ species [54−56]. Satellite peaks are characteristics of transition 

metal oxides. There is no significant change in the Cu 2p spectral feature in the aged catalyst. 
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However, catalyst is regenerated as evident from the corresponding Cu 2p core level spectrum 

of regenerated catalyst. Further, Cu2+ peaks are found to be intense and sharp compared to as-

prepared catalyst which is attributed to the regeneration process of the catalyst as also observed 

in La 3d + Ni 2p spectra. C 1s core level spectra of as-prepared, aged, and regenerated 

Cu20LNO catalysts indicate the presence of different carbon species on the catalyst surface as 

displayed in Fig. 3.10(d). Correspondingly, the core level peaks at 284.9, 286.2, and 289.1 eV 

are associated with C−C/C−H, C−O, and carbonate species (CO3
2−). The intensity of C−O 

species gets increased at the cost of carbonate species in the aged catalyst. There is no 

significant change in C 1s core level spectrum of regenerated catalyst with respect to as-

prepared catalyst, confirming the regeneration of the catalyst [50]. O 1s core level spectra of 

as-prepared and aged Cu20LNO catalysts are broad, whereas regenerated catalyst shows a 

distinct peak in the low binding energy region as presented in Fig. 3.10(e). Peaks observed at 

528.6, 530.5, 531.7, 532.5, and 533.4 eV are associated with La−O, Cu−O, adsorbed hydroxyl 

(OH−), adsorbed carbonate, and adsorbed water species, respectively [57, 58] In the regenerated 

catalyst, presence of intense and separated La−O peak is because of the regeneration process 

of the aged catalyst. 

Relative surface concentrations of La, Ni, and Cu of as-prepared, aged and regenerated 

catalysts are estimated by the relations given below [59]:  

CLa = 

𝐴𝐿𝑎
𝐿𝑎 𝐿𝑎

𝐴𝐿𝑎
𝐿𝑎𝐿𝑎

 + 
𝐴𝑁𝑖

𝑁𝑖𝑁𝑖
+ 

𝐴𝐶𝑢
𝐶𝑢𝐶𝑢

 
   ………….(3.1) 

CNi = 

𝐴𝑁𝑖
𝑁𝑖 𝑁𝑖

𝐴𝐿𝑎
𝐿𝑎𝐿𝑎

 + 
𝐴𝑁𝑖

𝑁𝑖𝑁𝑖
+ 

𝐴𝐶𝑢
𝐶𝑢𝐶𝑢

 
   ………….(3.2) 

CCu = 

𝐴𝐶𝑢
𝐶𝑢 𝐶𝑢

𝐴𝐿𝑎
𝐿𝑎𝐿𝑎

 + 
𝐴𝑁𝑖

𝑁𝑖𝑁𝑖
+ 

𝐴𝐶𝑢
𝐶𝑢𝐶𝑢

 
 ………….(3.3) 

where C, A, , and  are the surface concentration, peak area, photoionization cross-section, 

and mean escape depth, respectively. Integrated areas of La 3d5/2, Ni 2p1/2, and Cu 2p peaks 

have been taken into account to estimate the concentration, whereas photoionization cross-

sections and mean escape depths have been obtained from the literature [60, 61]. Relative 

surface concentrations (at. %) of La, Ni and Cu in Cu20LNO are shown in Table 3.4. 
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It is clear from the table that increase of Cu surface concentration and simultaneous decrease 

of La and Ni surface concentrations are observed in the aged catalyst indicating the segregation 

of Cu on the surface of the aged catalyst. However, surface concentrations of La and Ni are 

found to increase in the regenerated catalyst.  

 

Fig. 3.10: XPS (a) survey spectra, as well as (b) La 3d + Ni 2p, (c) Cu 2p, (d) O 1s, and (e) 

C1s core level regions of the different forms of Cu20LNO catalyst 

(b)

(c) (d)

(e)

(a)
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Table 3.4: Surface concentrations (at. %) of La, Ni and Cu in as-prepared, aged and regenerated 

Cu20LNO catalysts. 

Form of Cu20LNO catalyst Surface atomic concentration (at. %) 

 La Ni Cu 

As-prepared 0.59 0.28 0.13 

Aged 0.51 0.26 0.23 

Regenerated 0.53 0.27 0.20 

 

3.3.8. Superiority of SGCA method over ceramic and SCS methods 

From the earlier findings, it may be projected that any synthetic route leading to a 

nanocomposite of the necessary component phases of the nanodimensional perovskite catalyst 

will demonstrate comparable DRM behaviour. The prospect of preparing a catalyst system 

corresponding to perovskite oxide by mixing the component oxides and then comparing the 

DRM activity of this Cu20LNO PM with the SGCA made catalyst was the additional factor we 

took into consideration. The individual metal oxides La2O3, CuO, and NiO were prepared via 

the similar SGCA method [50]. In order to compare the PM’s catalytic activity behevior with 

that in-situ formed catalyst during the first 10 h of the DRM reaction, was subjected directly to 

the DRM process under identical reaction conditions. The XRD analysis of Cu20LNO CM is 

shown in Fig. 3.11(a)). For the comparison of the DRM activity of the Cu20LNO sample, the 

SCS method was also involved in preparing the sample and named as Cu20LNO SCS, which 

is discussed in detail in Chapter 2 (Sec. 2.3.2.1.). 

 

Fig. 3.11: Powder XRD patterns of different forms of Cu20LNO material synthesized via (a) 

CM and (b) SCS methods. 
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DRM activity test of Cu20LNO, Cu20LNO PM, Cu20LNO CM, and Cu20LNO SCS 

catalyst was done under the same reaction conditions. It is noteworthy that the catalyst prepared 

by the SGCA method surpasses the CM and SCS methods for 10 h of the DRM reaction. The 

catalyst Cu20LNO CM shows ~70% CH4 conversion, 89% CO2 conversion, and an H2/CO 

ratio of 1.3 (see Fig. 3.12), which is significantly less than the catalyst synthesized using the 

SGCA method. The Cu20LNO SCS catalyst exhibited H2/CO ratio 1.3 and around 65% CH4 

conversion with 85% CO2 conversion. Remarkably, almost no DRM activity was observed for 

the Cu20LNO PM. Analysis of the powder XRD pattern of the PM after 10 h of the DRM 

reaction did not show any signs of metallic nickel. Consequently, Ni0 is only produced during 

the perovskite phase's breakdown, and this phase is necessary for the catalyst to show DRM 

activity whether it is prepared using a SGCA process, a conventional CM approach, or SCS. It 

should be mentioned that the DRM activity was not positively impacted by the physical 

combination of the component phases. So, in DRM medium, Ni0 is only produced upon the 

breakdown of the pristine perovskite phase, whether the catalyst is synthesized via SGCA, CM, 

or SCS process. Based on this data, we concluded that the component phases' spatial 

distribution impact more than their presence in the catalyst matrix. 

 

 

 

Fig. 3.12: Activity behaviour of the Cu20LNO (made via SG, CM and SCS methods) catalyst 

materials for 10 h of DRM reaction: (a) CH4 conversion, (b) CO2 conversion and (c) H2/CO 

ratio at GHSV= 34000 mL gcat
-1 h−1 and 800 °C.  

 

Table 3.5 Compares the Cu20LNO catalyst to other catalysts of the same type that are 

available in the literature in terms of time-on-stream, GHSV, ratio of H2/CO, methane and 

carbon dioxide conversion, and temperature. 
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Table 3.5:  Comparison of the Cu20LNO catalyst with the literature data. 

 

 

 

3.3.9. Insights of catalyst regeneration at different calcination temperatures 

We have previously observed that the aged perovskite sample can be regenerated fully 

by calcination at the same synthesis reaction temperature of 800 C, for 3h. It is observed that 

all the characteristic diffraction peaks of the regenerated catalyst are at the same 2θ position as 

the pure catalyst, undoubtedly indicating that it has undergone complete phase regeneration on 

heating (see Fig. 3.13). It also suggests that the catalyst can be useful in a cyclic way and hence 

has promising potential application in DRM reaction. The fact that we were able to effectively 

regenerate the catalyst through calcination even at lower temperatures of 700 °C and 600 °C 

(with trace amounts of NiO, peak at 43.2) for 3 h is even more intriguing (see Fig. 3.13). As 

a result, phase regeneration was accomplished by calcination at the same temperature of 1200 

C, which was necessary for the synthesis of the Cu20LNO CM catalyst, which required 

comparatively higher temperature for phase formation (see Fig. 3.11(a)). However, in order to 

maintain a similarity with the SGCA produced sample, the phase formation temperature was 

used for the regeneration of the SCS catalyst (see Fig. 3.11(b)).  

Catalyst CH4 

conversion 

(%) 

CO2 

conversion 

(%) 

H2/CO 

ratio 

GHSV 

(mL 

gcat
-1 

h−1) 

Duration of 

Stability 

test 

(h) 

Reference 

LaNi0.34Co0.33Mn0.33O3 92 96 1.20 12000 14 30 

LaNi0.6Mn0.4O3 50 85 1.10 15000 10 43 

LaNi0.8Fe0.2O3 50 40 0.80 15000 20 44 

LaNi0.2Mn0.8O3 77 84 1.10 15000 14 45 

Ni/MgO 91 98 0.92 60000 120 46 

Ni/Mo/MgO 75 80 0.86 60000 850 47 

La(Co0.1Ni0.9)0.5Fe0.5O3 70 80 0.92 36000 5 48 

LaNi0.8Cu0.2O3 73 90 0.84 - 20 49 

LaNi0.8Cu0.2O3 

(Cu20LNO) 

97 99 1.3−0.9 34000 100 Our work 
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Fig. 3.13: Powder XRD patterns of as-prepared as well as regenerated (at various temepartures) 

of SGCA synthesized Cu20LNO catalyst. 

 

The DRM activity behaviour of the SGCA synthesized Cu20LNO catalyst, regenerated 

catalysts at the same reaction conditions but at different calcination temperatures, is displayed 

in Fig. 3.14. Evidently, the catalyst forms that were regenerated at lower temperatures (than 

synthesis) of 700 and 600 °C show comparable conversion for CH4 and CO2, as well as H2/CO 

ratios, to the sample that was regenerated at 800 °C. Because of this, the DRM activity remains 

essentially comparable irrespective of the regeneration temperature. A slight variation was 

observed for the H2/CO ratio only. The regeneration temperatures do not affect the DRM 

activity (see Fig. 3.14(a–c)). The H2/CO ratio should ideally be unity. The variation in the 

H2/CO ratio is caused by certain side reactions that take place within the reaction medium and 

are viable thermodynamically at that temperature. The catalyst that was regenerated at 800 °C 

had H2/CO ratio that ranges from 1.4 to 1.1, which preferably indicates the existence of the 

Boudouard reaction. The Boudouard reaction in the DRM reaction medium is assumed to 

steadily decrease as the H2/CO ratio approaches unity. The H2/CO ratio for the catalyst that 
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underwent regeneration at 700 °C falls between 0.9 and 1.1. This implies that a small extent of 

reverse water gas shift reaction (RWGS) takes place during the initial stage. Furthermore, until 

the H2/CO ratio gets close to unity, the RWGS gradually decreases. For the catalyst that was 

regenerated at 600 °C, the H2/CO ratio ranges from 1.1 to 0.9 (Fig. 3.14(c)), which is quite 

near to unity and indicates the minimum existence of both the reverse water gas shift process 

and the Boudouard reaction. 

 

Fig. 3.14: Catalytic activity of Cu20LNO catalyst regenerated at various temperatures: (a) 

CH4 conversion (b) CO2 conversion, and (c) H2/CO ratio. 

 

3.3.10. TGA studies 

Using thermogravimetric analysis of the aged form of the Cu20LNO catalyst, the 

carbon deposition on the catalyst surface during the long run (100 h of DRM reaction) has been 

evaluated and compared with that of the pristine sample (see Fig. 3.15). The as-prepared does 

not lose mass when the temperature steadily rises to 900 °C. However, for the aged sample, 

there are two instances of mass loss were observed: the smaller one appears at 348 °C, while 

the larger one appears at 490 °C. About 34% of the mass loss is caused by the removal of 

carbon from the catalyst surface, most likely in the form of CO2. The influence of carbon 

formed on DRM activity and durability of Ni-carbon composite catalysts on the surface of the 

mesocellular silica (MS) synthesized using chemical vapor deposition (CVD) process has been 

explored by Donphai et al. [62]. According to their study, the synthesis temperature of CVD 

has a significant impact on both the catalytic activity and durability of the catalysts by affecting 

the amorphous carbon to CNTs transition. Mass losses were recognized as amorphous carbon 

happening at 300–400 °C, less stable CNTs at 400–540 °C, and highly stable CNTs at 540–750 

°C. In Ni-CNTs composite catalysts, however, the less stable CNTs and amorphous carbon 

partially encased the nickel catalyst that could be gasified or hydrogenated by methanation. 

The peak at around ~500 °C is due to the oxidation of amorphous carbon, while the peak at 

about ~640 °C is caused by carbon nanotubes. Consequently, at lower temperatures, amorphous 
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carbon develops more readily, and at higher temperatures, it finally turns into graphite carbon. 

It appears that the coke's structure has a bigger impact than its content [63].  It is believed that 

the encasement of active catalyst particles in carbon, both graphitic and amorphous carbon 

layers, slows down the process of methane conversion [64]. The absence of evidence of 

crystalline forms of carbon in the Cu20LNO aged catalyst examined in this study by XRD and 

HRTEM is likely to reveal the amorphous character of the coke generated. According to the 

TGA analysis, mass losses were at about 500 °C. This further corroborates the amorphous 

character of the deposited coke [44, 50].  It's also possible that the carbon forms separately 

from the catalyst particles or crystallites and then joins with them to form the nanocomposite. 

A schematic illustration of a possible reversible in-situ structural transition is presented in Fig. 

3.16. The starting perovskite Cu20LNO (left) broke down to the component metal/metal oxides 

in-situ in the reforming reaction (right), but did not significantly alter their initial position 

within the perovskite structure. These components are then positioned at the corresponding 

sites of the metal ions in the pristine perovskite structure. Due to their close proximity (~atomic 

dimension), the components can be readily transformed back to their original perovskite 

structure when heated in air at around 600 °C. This kind of structure also appears to allow for 

the easy removal of the formed amorphous carbon species after calcination, resulting in an 

intact catalyst surface. DRM activity is therefore the same in both phases. The simultaneous 

occurrence of the Boudouard and reverse Boudouard processes are also suggested by the 

consistent conversion behaviour over 100 h course of reaction [30−32]. Coke is deposited as a 

result of the first procedure, but the second step also occurs concurrently to ensure the DRM 

process runs well. Sustained DRM activity also suggests the reverse water gas-shift reaction 

and the methanation process, which should not be completely ignored [16].  In a nutshell, the 

Cu20LNO catalyst can be thought of as a molecular nanocomposite made up of specific 

metallic Ni and individual oxide components that are observed to Cu20LNO. Based on the 

results, we have concluded that the individual oxides and metallic nickel forming a molecular 

level nanocomposite are the real performers in the perovskite catalyst system, enhancing the 

DRM activity under the selected reaction conditions while other oxides like La2O3 and CuO 

act as support and promoters inside the reaction medium, are responsible for the observed high 

DRM activity behaviour. The resulting Ni0/NiO nanocomposite, which is the active phase of 

the dry methane reformation, is highly dispersed over the La2O3 surface [45]. These are 

separate structures that can be reduced to form uniformly dispersed small sized metal particles 

on the surface of a basic support. The catalyst's stability and activity are improved while carbon 
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deposition is inhibited by the small-size particle. The surface carbonaceous species are oxidized 

when the oxides La2O2CO3-CuO (produced in situ during the DRM reaction) [45] form with 

carbon deposited on Ni particles. This is subsequently disintegrated to release CO2, thereby 

restoring fresh La2O3 and re-establishing Ni activity for CH4 reforming. This nanocomposite 

showed reversible thermal switching involving the pristine perovskite and the nanocomposite, 

which is responsible for the high DRM activity of the Cu20LNO catalyst.  

 

Fig. 3.15: TGA curves of as-prepared and aged forms of Cu20LNO catalyst. 

 

Fig. 3.16: Diagram illustrating the reversible thermal switching ( 600 C) between the pristine 

perovskite and the molecular level nanocomposite of perovskite that is formed in-situ during 

the DRM. A schematic representation of amorphous carbon deposition on the nanocomposite 

is also provided. 

DRM@800 °C

Δ  600 °C

La2O3/La(OH)3 Ni/NiO/CuO
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3.4. Conclusions 

The present study used the traditional one-pot SGCA approach to prepare nano-sized 

Cu-doped LaNiO3 (LNO) catalysts. PXRD analyses confirm that as-prepared catalyst adopts 

the rhombohedral phase. Preliminary, the DRM test was run 10 h at 800 °C for all the as-

prepared samples. DRM reaction was conducted using the most active Cu20LNO catalyst for 

100 h under similar reaction conditions. The individual components, La2O3, Ni, NiO, CuO, and 

La(OH)3, were formed by the disintegration of the pristine catalyst in the DRM reaction 

atmosphere, as shown by thorough characterization using several techniques of both as-

prepared and aged forms of the Cu20LNO catalyst. Smaller-sized discrete metal oxide phases 

and metallic nickel on the catalyst surface are very crucial for the enhancement of the catalyst’s 

activity in the DRM reaction environment. Other oxides like La2O3 act as support and CuO 

acts as promoters inside the reaction medium, and the nickel oxides along with metallic nickel 

form a molecular-level nanocomposite that are the actual performers in the perovskite catalyst 

system for enhancing the DRM activity under chosen reaction conditions. The lost perovskite 

phase of the aged catalyst has been brought back by simple calcination of the aged catalyst at 

800 °C for 3 h. The XRD studies clearly show that the characteristic peaks of the perovskite 

phase in the regenerated catalyst reappear at the same 2θ positions as the as-prepared form of 

the catalyst. Interestingly, phase regeneration is also found even at 600 C, the lowest 

calcination temperature. The results of the XPS surface characterisation match the other 

information as well. The XPS result of the regenerated sample is fairly close to the as-prepared 

catalyst, supporting the regeneration and their comparable active behaviour. 
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Chapter 4 

Studies on La2Ni(TM)O6 (TM= Cr, Mn, Fe, and Co) 

double perovskite materials  

Chapter Abstract: In this present work, we have explored the DRM activity of the double perovskite 

oxide systems A2BB´O6 (A= lanthanide metals, B and B´= transition metals). A series of double 

perovskite oxide system, La2Ni(TM)O6 (where TM = Cr, Mn, Fe, and Co) were synthesized by the SGCA 

method and used it for DRM reaction for the first time. All these catalysts showed a promising activity. 

La2NiMnO6 exhibits the highest activity with CH4 and CO2 conversions of 97% and 99%, respectively 

with a considerable H2/CO ratio varying from 1.5 to 0.9 for 100 h. The pure phase of the catalyst 

disintegrated in the DRM atmosphere, but the original phase of the catalyst can be recovered by heat 

treatment at ~ 800 C for 3 h. PXRD, BET surface area, XPS, FESEM, TEM, HRTEM, and TGA 

analyses were used to characterize the samples.  

 

4.1. Introduction 

Fossil fuel is the major source of energy which fulfils our energy demands. But the 

combustion of fossil fuel in various man-made activities to meet the energy demands that 

produce different types of pollution, which is one of the biggest threats in our modern life. The 

produced gases from the fossil fuels are greenhouse gases (mainly CO2 and CH4) which 

continuously increase the temperature of environment. Extensive research indicates that green 

hydrogen energy (H2 energy) is one of the best alternative sources of fossil fuels.  H2 energy is 

considered as a sustainable fuel source because it acts as a high energy fuel source as well as 

very eco-friendly. Most of H2 energy production occurs through different catalytic or 

photocatalytic reaction routes such as DRM, SRM, electrochemical, photoelectrochemical and 

photochemical reactions.  Among all these processes, DRM reaction for H2 production is one 

of the best processes because in DRM reaction amounts of H2 production is very high, long-

term catalyst durability (more than 100 h), with a low-cost catalyst, and a simplistic synthetic 

method for the preparation of DRM catalyst. Furthermore, the efficient process for producing 

syngas (H2 + CO) by utilizing two harmful greenhouse gases (CH4 and CO2) is one of the major 

advantages of DRM reaction [13]. On the other hand, H2 energy production via other 

processes like electrochemical/photoelectrochemical water splitting or photocatalytic H2 

production is not suitable as the amount of H2 produced is very less, which does not meet 

today’s energy demands, less durability of catalyst (hardly 24 h), it needs high-cost catalyst 

materials, and finally, multistep with long term process for the synthesis of catalysts.  



76 
 

Therefore, DRM has attracted the attention of the scientific community in the last few decades 

for its numerous potential applications in various field such as chemical industry [48], 

academic interests as well as environmental aspects [912].  Syngas can be used in various 

fields, like hydrogen production [1318], preparation of methanol preparation [1921], diesel 

production via the Fischer-Tropsch process [22], iron ore reduction to sponge iron [23, 24], 

preparation of illuminating gas for gas lighting etc. However, the DRM method has a few 

disadvantages, such as catalyst instability and coke deposition, which blocks the catalysts' 

active sites and quickly deactivates them in the reaction environment [25]. The reactions related 

to DRM are discussed in details in chapter 1 (Sec.1.1). So, coke deposition is mainly occurring 

due to reactions (eq. 1.3) and (eq. 1.4). Thus, the optimization of suitable catalysts is an 

important issue which can overcome these drawbacks of DRM. Based on the review of the 

literature, catalysts of nickel with some noble metals like Ru, Pt, and Rh have shown high 

activity and low coke deposition in DRM. Instead of being a good catalytic performer in DRM 

reaction, noble metal catalysts are not effective from the viewpoint of high cost and limited 

availability. On the other hand, extensive research study indicates that the transition metal or 

metal oxide-based catalysts are very effective, low-cost and easily available due to their 

extended resources, which can offer an alternative to noble metals for the applications in 

various research fields, especially for DRM. Among the transition metal oxide-based catalysts, 

especially nickel containing catalysts are effective in terms of catalytic activity. Unfortunately, 

in some cases, nickel-based catalysts are also susceptible to coking in DRM which decreases 

the activity as well as durability of the catalysts. Khalighi et al. have prepared a highly active 

X/CoAl2O4 (X=Ni, Co, Rh, and Ru) catalyst [35], which was active for almost 50 h with 90% 

catalytic activity in DRM reaction. Kennema et al. [36] showed the quantification of 

carbonization of Ni catalysts during DRM reaction. From the viewpoint of catalysis in DRM, 

Ni-based catalysts are also needed to be improved in terms of their activity, long durability and 

coke resistance. Research work has been focused to develop some suitable catalyst with high 

activity, durability, and resistance to coking. Many efforts by various researchers worldwide 

have been focused on synthesizing some promising Ni-based metal oxides belonging to 

different classes of metal oxides, such as perovskite, double perovskite, spinel, pyrochlore etc.  

Carrillo et al. have investigated the role of double perovskite Sr2FexNi1-xMoO6-y for DRM 

reaction for 10 h at 850 °C with 50% of CH4 conversion [37]. Bhattar et al. have done a review 

on the extensive features of DRM over doped and pure perovskite derived catalysts [38]. They 

showed that LaNiO3 prepared by SGCA method, calcined at 750 °C for 4 h is the highly active 
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catalyst which showed 97% activity in DRM reaction, but it quickly deactivated due to the 

coke deposition. LaNiO3 prepared via hydrothermal method showed 90% conversion of 

methane in DRM, but it’s very difficult to regenerate the catalyst and each time it produces 

different kind of internal morphology. LaNiO3 synthesized via SCS method showed the lowest 

catalytic activity in DRM reaction owing to the presence of amorphous NiO. The small particle 

sized perovskite La0.46Sr0.34Ti0.9Ni0.1O3 material synthesized by SCS method reduced the coke 

deposition in DRM, but the DRM activity was very low (only 40% and stable only 20 h). The 

perovskite catalyst SmCoO3 prepared using the SGCA method by Osarieme et al. [39], calcined 

at 850 °C was stable up to 55 h but showed comparatively lower DRM activity. It showed only 

73% methane conversion in DRM reaction. Therefore, the extensive research work is carried 

out by the researches to find the suitable catalyst for DRM. Interestingly, it is found that double 

perovskite materials meet all the criteria for a suitable catalyst for DRM. General research 

trends indicate that pure double perovskite and a partial substitution of A site or B site of double 

perovskite materials are reported as an efficient catalyst for DRM reaction [37, 38, 40]. Qiu et 

al. have synthesized the double perovskite oxide material Sr2Co0.4Fe1.2Mo0.4O6-y [41] keeping 

the A site constant, while doping transition metals at B site by SGCA method, which is highly 

active for DRM reaction (90% methane conversion in DRM reaction). They prepared the 

catalyst using the SGCA method then heat treatment have been done at 1100 °C in air for 24 

h, then again heated at 700 °C for 24 h to get their desired product. The catalyst 

Sr2Co0.4Fe1.2Mo0.4O6-y was highly active with 90% catalytic activity in DRM reaction but got 

deactivated after 24 h. Zhang et al. have shown the superior activity of NiAl2O4 spinel [42]. 

They synthesized the catalyst via SGCA method and calcined at 800 °C for 6 h then checked 

the catalytic activity. The catalyst was durable for 100 h but showed lower activity, 6569% of 

methane conversion in DRM reaction. A highly active spinel nano-catalyst 

Ni/MeAl2O4MgAl2O4 (Me= Co, Cu, Fe, Mg, Ni, Zn) has been reported by Jalali et al. [43]. 

They synthesized the catalyst via the deposition-precipitation method and investigated the role 

of Ni/MeAl2O4MgAl2O4 (Me= Co, Cu, Fe, Mg, Ni, Zn) varying the A site of the spinel. 

Ni/NiAl2O4MgAl2O4 catalyst was the most active with 90% of methane conversion, but the 

catalyst deactivated nearly after 16 h. A series of pyrochlore oxides La2Zr1.44Ni0.56O7-d, 

La1.95Ca0.05Zr1.44Ni0.56O7-d and La2Sr0.05Zr1.44Ni0.56O7-d have been synthesized via Pechini 

method and investigated the role of the catalyst for in DRM by Bhattar et al. [38]. According 

to their study, La2Sr0.05Zr1.44Ni0.56O7-d catalyst was the most effective and stable up to 100 h 

with 45% of methane conversion at 800 °C. 
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Keeping all these aforementioned facts in mind, we have decided to synthesize a double 

perovskite La2Ni(M)O6 (M= V, Cr, Mn, Fe, and Co) to investigate the role of these catalysts in 

DRM. Keeping the A site of the double perovskite La2Ni(M)O6 constant, we have substituted 

the B site with different transition metal ions and checked their preliminary DRM activity 

behavior for 10 h. Among the as-prepared catalysts, La2NiMnO6 shows the highest catalytic 

activity of 97% of CH4 conversion, and 99% of CO2 conversion in DRM reaction. On the basis 

of preliminary catalytic performances, the catalyst durability test was performed with a long 

DRM run time with the most active catalyst. The La2NiMnO6 catalyst shows a similar DRM 

activity for 100 h (under similar reaction conditions). The interesting fact about the catalyst is 

that in DRM atmosphere it lost its characteristics double perovskite phase, but the lost phase 

of the catalyst has been regenerated by the heat treatment of the aged catalyst at 800 °C for 3 

h. It indicates the recycling behavior of the catalyst. The aged and regenerated phases of the 

catalyst thoroughly characterized to compare with the as-prepared form of the catalyst. 

  

4.2. Experimental 

Chapter 2 (Sec. 2.3.1.1.) provides details regarding the catalyst synthesis and other 

experimental details. 

4.3. Results and Discussion 

4.3.1. PXRD analysis of the as-prepared double perovskite materials 

Figure 4.1 shows the PXRD patterns of the double perovskite LNMO materials. The 

diffraction patterns indicate that the samples are well-crystallized. The peaks position at 2θ 

values are 23.0°, 32.5°, 32.8°, 38.8°, 40.0°, 40.9°, 47.0°, 52.6°, 53.2°, 58.1°, 59.1°, 68.1°, 69.1°, 

73.3°, 77.6°, and 78.5° that correspond to the lattice planes are (012), (110), (104), (113), (202), 

(008), (024), (122), (116), (214), (018), (220), (208), (036), (134), and (128), respectively. The 

PXRD patterns indicate that the LNMnO double perovskite system forms rhombohedral phase. 

The PXRD data of LNMnO well matches with the reports given by Dutta et al. [44]. But after 

Rietveld refining, it comes to light that the patterns fit fine when a mixed phase made up of 

monoclinic and rhombohedral phases is taken into account. No characteristic peaks related to 

any other impurities are observed in the as-prepared catalyst materials which confirm the phase 

purity of the compounds. Scherrer sizes of the LNCrO, LNMnO, LNFeO, and LNCoO 

materials are ~ 40, 22, 17, and 23 nm, respectively.  
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Fig. 4.1: PXRD patterns of as-prepared LNMO (M= Cr, Mn, Fe and Co) double perovskites. 

 

4.3.2.  Materials screening 

A preliminary catalytic activity test was run on the as-prepared samples for 10 h to 

optimize the most active catalyst. Fig. 4.2(a-c) displays the CH4 conversion, CO2 conversion, 

and H2/CO ratio of the as-prepared samples. Fig. 4.2 clearly shows the reactivity of metals 

towards DRM. The following is the metal ion activity order Mn > Fe Co > Cr. LNMnO 

exhibits the highest catalytic activity, converting CH4 and CO2 97% and 99%, respectively, 

with the H2/CO ratio of 1.3. About 92% of CH4 is converted by both LNCoO and LNFeO. 

However, the former has an H2/CO ratio of 1.9 and the latter of 2.4. LNCrO has the lowest 

DRM activity with 85% of CH4 conversion and 87% of CO2 conversion with H2/CO ratio of 

1.9. As a result, there is not much activity difference between Mn and Fe/Co perovskite. These 

initial screening results reveal that the catalyst La2NiMnO6 in the double perovskite oxide 

series exhibits the maximum methane conversion in DRM. For better understanding about this 

double perovskite catalyst, a continuous 100 h DRM reaction was then conducted with 

La2NiMnO6 as the catalyst. This helped us in determining the double perovskite catalyst's 
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durability and catalytic activity. Fig. 4.2(df) show the CH4 conversion, CO2 conversion, and 

H2/CO ratio of the La2NiMnO6 sample respectively, for 100 h DRM. In order to ascertain the 

repeatability, results from a second catalytic run are also included in the graph. It was found 

that La2NiMnO6 shows 98% of CH4 conversion, 99% of CO2 conversion and the ratio of H2/CO 

variation is from 1.5 to 0.9 for 100 h of DRM. Initially, the H2/CO ratio was higher than unity, 

indicating the occurrence of the Boudouard reaction (eq. 1.4), where CO is decomposed into 

carbon and carbon dioxide, because of which the amount of CO is decreased, and the H2/CO 

ratio started from 1.5. Generally, coke deposition in the reaction medium is observed to 

compete with the reaction, but the Boudouard and reverse Boudouard reactions effectively 

support the catalytic activity in the reaction medium. Gradually, the H2/CO ratio reaches 0.9, 

which is practically close to the theoretical value of unity. After 100 h of continuous reaction, 

the reaction was stopped, and the catalyst was subsequently cooled down to room temperature 

in the helium atmosphere. The aged catalyst was regenerated via calcination at synthesis 

temperature. Then the aged and regenerated forms of the catalyst have been characterized and 

compared with the as-prepared catalyst to observe the changes in the catalyst after ageing and 

after regeneration. 

 

Fig. 4.2: DRM activity of LNMO (M= Cr, Mn, Fe and Co) catalysts for 10 h and those of the 

most active LNMnO catalyst for 100 h (a, d) CH4 conversion, (b, e) CO2 conversion and (c, f) 

H2/CO ratio at GHSV of 34000 mL gcat−1 h−1 and temperature of 800 °C. 
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4.3.3. PXRD analyses of different forms of catalyst 

The PXRD patterns of as-prepared, aged, and regenerated forms of LNMnO are shown 

in Fig. 4.3. The normalized intensity obtained by dividing the observed intensity with that of 

the most intense peak in the respective diffractogram is plotted to compare the patterns. The 

XRD patterns of the aged LNMnO catalyst indicate that the newly formed metal oxides can be 

identified as La2O3, NiO, MnO and La(OH)3, which closely matches with JCPDS PDF # 

894016 for La2O3 (*), 751090 for MnO (◊), 897390 for NiO (•), 897128 for Ni (○), and 832034 

for La(OH)3 (▪), respectively. Except the main peak located at 2θ = 15.8, of La(OH)3 all other 

peaks associated with the La(OH)3 component merge with the diffraction peaks of La2O3 

component in the powder XRD pattern. The Scherrer size of the regenerated LNMnO catalyst 

is 18 nm, which is close to the size of the as-synthesized material (22 nm). The Scherrer sizes 

of the other phases in the aged sample are calculated from the FWHM values of the 

corresponding planes of (110) for La2O3, (100) for La(OH)3, (222) for MnO, (012) for NiO and 

(111) for Ni.  Crystalline sizes of the various phases are observed 13 nm for La2O3, 29 nm for 

La(OH)3, 20 nm for both the oxide phases of Mn and Ni, and for metallic nickel 30 nm. It 

should be noted that the pristine double perovskite phase's activity behaviour is identical to that 

of the decomposed phases. Therefore, under the chosen reaction conditions, the individual 

oxides and metallic nickel are the actual performers in the double perovskite catalyst system, 

for high DRM activity. Several studies have revealed that the catalyst typically breaks down 

into its component oxides in the reaction environment, losing its parent oxide phases [11, 25, 

28, 33, 35, 42, 44]. The regeneration of the pristine phase out of the disintegrated compositions 

by heating at a temperature lower than the initial synthesis temperature is the most amazing 

aspect of this double perovskite oxide catalyst. Double perovskite phase regeneration can be 

done even by heating at 600 °C or 700 °C for 3 h, although the synthesis temperature was 800 

°C. The regeneration of the catalyst is confirmed by the PXRD data that indicate the diffraction 

peaks appear in the same 2θ position with the as-prepared catalyst (see Fig. 4.3). It is important 

to note that the DRM behaviours of the pristine and degraded phases are almost similar. It is 

also important to note that even when the double perovskite decomposes after approximately 

an hour (the signature of metallic Ni production appears after about 30 minutes of reaction (see 

Fig. 4.5) from the start of the DRM reaction, the activity is well-maintained for 100 h. In order 

to assess the structural correlation of the as-prepared and regenerated phases, we have done 

structural refinement on the PXRD patterns of both phases. Refinement of PXRD patterns was 

done using the FullProf Suite program [44]. Both the patterns of as-synthesized and regenerated 
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catalyst phases require biphasic rhombohedral (R3̅c) and monoclinic (P21/n) space groups for 

suitable indexing. The refined patterns do not show any signature of impurity, confirming their 

phase purity. The refined patterns of as-synthesized and regenerated materials are shown in 

Fig. 4.4. In fact, the structure of LNMnO is extremely sensitive to the synthesis condition and 

annealing temperature [45, 46]. There are several reports which claim the biphasic nature of 

LNMnO [4750]. The structural and refinement parameters for both the catalysts are given in 

Table 4.1. 

 

Fig. 4.3: Normalized PXRD patterns of as-prepared, aged (100 h), and regenerated LNMnO 

double perovskite catalysts.  
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Fig. 4.4: Rietveld powder X-ray diffraction patterns of (a) as-prepared and (b) regenerated 

LNMnO catalysts. The open red circles, black lines, the bottom blue lines and vertical magenta 

(rhombohedral phase) and green (monoclinic phase) bars represent the experimental data, 

calculated pattern, difference curve and Bragg position, respectively. 

 

For further confirmation that the activity remains comparable upon regeneration, the 

catalyst regenerated in-situ. Initially, the DRM activity of the LNMnO sample was tested for 

10 h under similar reaction conditions. The reaction was then stopped, and the gas lines were 

cleaned in helium for 30 min. The helium gas flow was then changed with zero air for the 

regeneration of the catalyst at 800 °C for 3 h. The DRM activity of the regenerated catalyst was 

then tested. The activity data of the as-prepared and regenerated LNMnO catalysts are shown 

in Fig. 4.6, which is nearly identical with the as-prepared catalyst. 
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Table 4.1: Structural and Rietveld refinement parameters of the LNMnO double perovskite 

catalyst materials in as-prepared and regenerated forms. 

Composition Cell and refinement parameters Bond length (Å) Bond angle () 

La2NiMnO6 

(As-prepared) 

Rhombohedral (80%) 

&  

Monoclinic (20%) 

R3̅c & P21/n 

a = 5.507 Å 

b= 5.507 Å  

c= 13.232 Å 

V= 347.64 Å3 

= 120  

(R3̅c) 

a = 5.498 Å 

b= 5.450 Å  

c= 7.736 Å 

V= 231.86 Å3 

= 89.97  

(P21/n) 

Mn/Ni—O:  

1.957 

(R3̅c) 

Mn1/Ni1—O1:  

1.934  

Mn1/Ni1—O2:  

1.890 

Mn1/Ni1—O3:  

1.906 

Mn2/Ni2—O1:  

2.025  

Mn2/Ni2—O2:  

2.037 

Mn2/Ni2—O3:  

2.035 

(P21/n) 

Mn/Ni—O—Mn/Ni:  

162.27 

(R3̅c) 

 

Mn1/Ni1—O1—Mn2/Ni2:  

159.13 

Mn1/Ni1—O2—Mn2/Ni2:  

162.41 

Mn1/Ni1—O3—Mn2/Ni2:  

162.01 

(P21/n) 

RBraggs= 2.02% 

Rf= 1.70% 

2 = 2.17 

La2NiMnO6 

(Regenerated) 

Rhombohedral (40%) 

& 

Monoclinic (60%)  

R3̅c & P21/n  

 

a = 5.504 Å 

b= 5.504 Å  

c= 13.247 Å 

V= 347.65 Å3 

= 120  

(R3̅c) 

a = 5.506 Å  

b= 5.463 Å  

c= 7.776 Å 

V= 233.95 Å3 

= 89.97  

(P21/n) 

Mn/Ni—O:  

1.955 

(R3̅c) 

Mn1/Ni1—O1:  

1.936  

Mn1/Ni1—O2:  

1.884 

Mn1/Ni1—O3:  

1.901 

Mn2/Ni2—O1:  

2.022  

Mn2/Ni2—O2:  

2.039 

Mn2/Ni2—O3:  

2.030 

(P21/n) 

Mn/Ni—O—Mn/Ni:  

163.01 

(R3̅c) 

 

Mn1/Ni1—O1—Mn2/Ni2:  

159.10 

Mn1/Ni1—O2—Mn2/Ni2:  

162.51 

Mn1/Ni1—O3—Mn2/Ni2:  

161.20 

(P21/n) 

RBraggs= 3.61% 

Rf= 4.11% 

χ2 = 1.50 
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Fig. 4.5: PXRD patterns of LNMnO at various time intervals of DRM reaction. At any 

specified time, the reaction was stopped and then cooled in helium flow to ~100 C. The 

catalyst mesh was ground to powder and subsequently analysed for bulk phase analyses. 

 

 

 

Fig. 4.6: DRM activity of the as-prepared and regenerated LNMnO catalyst materials for 10 h: 

(a) CH4 conversion, (b) CO2 conversion, and (c) H2/CO ratio at GHSV of 34000 mL gcat
−1 h−1 

and temperature of 800 °C. 
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The phase decomposition-regeneration patterns of the other double perovskite catalyst 

systems are also investigated. In addition to the most active LNMnO system, the three other 

LNMO systems (M= Cr, Fe, and Co) also exhibit similar behaviour in DRM. Fig. 4.7 displays 

the powder XRD patterns of these three oxide samples following 10 h DRM reaction and 

regeneration. It is very apparent that in the reaction environment, each of the as-prepared 

catalysts breaks down into its corresponding individual metal oxide. However, calcination at 

800 °C for 3 h regenerated the parent double perovskite phase.  

 

Fig. 4.7: PXRD patterns of LNMO (M= Cr, Fe, and Co) double perovskite materials: (a) aged 

for 10 h and (b) regenerated ex-situ in static air at 800 C for 3 h. 
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4.3.4. BET surface area analyses 

The BET nitrogen adsorption-desorption isotherms (in the P/P0 range 0 to 1) of all the 

as-prepared catalysts LNCrO, LNMnO, LNFeO, LNCoO, aged LNMnO and regenerated 

LNMnO are displayed in Fig. 4.8 and their pore size distribution graphs are given in their 

corresponding inset. The specific BET surface area (SBET) data of the catalysts are given in 

table 4.2. The N2 gas adsorption is lower at low relative pressure and rises gradually at high 

relative pressures, indicating the formation of Type IV isotherm with H3 type hysteresis loop. 

In a report, Zhang et al. have shown how the calcination temperature effects on the surface area 

of the La2NiMnO6 catalyst is synthesized via SGCA method [51]. It comes to light that the 

surface areas are low, ranging from 2.702.86 m2 g1 based on the temperature (8001000 °C) 

used for annealing.  Qu et al. have also reported the low surface areas (8−14 m2 g1) for 

La2NiMnO6 and La2xSrxNiMnO6 synthesized via SGCA process [52]. The LNCrO, LNMnO, 

LNFeO, LNCoO, aged LNMnO, and regenerated LNMnO double perovskite materials in this 

investigation have surface areas of approximately 21, 34, 25, 24, 71, and 57 m2 g1, 

respectively. Compared to previous findings, the surface area of the as-prepared LNMnO is 

relatively higher (34 vs. 2.7 m2 g1) [51, 52]. Among the other catalysts, the as-prepared 

LNMnO has the highest surface area, which contributes to its maximum DRM activity. In the 

aged system, the surface area increased by a factor greater than twice. This may be caused by 

the breaking down of the catalyst into its component oxides as well as the reduction in particle 

size to 13 nm, which has been confirmed by XRD analysis. The larger value of the surface area 

in the reaction medium plays a significant role in improving the DRM activity. The 

decomposition of the double perovskite catalyst into component oxides under reaction 

conditions may be associated with the higher thermal expansion of the lattice system and lower 

thermal conductivity of the system. The regenerated catalyst's surface area is intermediate 

between the fresh and aged forms of LNMnO catalyst. Its larger surface area might be the 

reason for the similar DRM activity of the regenerated catalyst with the as-prepared catalyst. 
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Fig. 4.8: Nitrogen adsorption-desorption isotherms and pore size distribution curves (in the 

inset) of (a) LNCrO, (b) LNMnO, (c) LNFeO, (d) LNCoO, (e) aged LNMnO and (f) 

regenerated LNMnO. 
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Table 4.2: Textural features of various LN(M)O (M= Cr, Mn, Fe, and Co) catalysts.      

Catalyst Specific 

surface area (m2 g1) 

Pore volume  

(cm3 g1) 

Pore size  

(nm) 

            LNCrO 21 0.074 1.59 

LNMnO 34 0.072 1.59 

LNFeO 25 0.066 1.59 

LNCoO 24 0.065 1.59 

Aged LNMnO 71 0.175 1.39 

Regenerated LNMnO 57 0.153 1.38 

 

 

4.3.5. FESEM analyses of different forms of the catalyst  

 The surface morphology and elemental composition of the as-prepared, aged, and 

regenerated catalysts were investigated using a FESEM microscopic analysis. LNMnO is a 

highly aggregated combination of smooth cubic nanoparticles and spherical or semi-spherical 

in shape (see Fig. 4.9(a)). This observation is consistent with the findings of Nasir et al. [53]. 

The surface morphology of the aged LNMnO catalyst (see Fig. 4.9(c)) has been transformed 

from its original morphology to a nano rod-shaped morphology. It is noted that the regenerated 

LNMnO catalyst resembles the as-prepared (see Fig. 4.9(e)). The EDXS spectra of fresh, aged 

and regenerated catalysts of LNMnO (see Fig. 4.9(b-e)) show the existence of La, Mn, Ni, and 

O as elements. It has been found that the fresh and regenerated LNMnO catalyst materials have 

a smooth and clear surface, whereas the aged sample has a less smooth surface, most likely as 

the catalyst being degraded in DRM environment. 
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Fig. 4.9: FESEM images of (a, c, e) and EDXS spectra (b, d, f) of as-prepared, aged, and 

regenerated forms of LNMnO material, respectively.  

 

4.3.6. HRTEM analyses of different forms of the catalyst 

TEM and HRTEM analyses were carried out to investigate the microstructure of as-

prepared, aged, and regenerated forms of LNMnO catalyst. The as-prepared LNMnO has an 

irregular cube-like morphology with some sphere-like particles, as shown in Fig. 4.10(a). 

However, following ageing, this morphology changes to an aggregated irregular granular-like 

morphology, (see Fig. 4.10(e)). The shape of the regenerated catalyst appears to be identical to 

the pristine catalysts (see Fig. 4.10(i)). It is found that the as-prepared LNMnO sample consists 

a lattice fringe (d spacing) of 0.275 nm that corresponds to (110) lattice plane of LNMnO [52] 

(Fig. 4.10(b, c)) which is well-supported by the XRD patterns of pure LNMnO. The 0.165 nm 

lattice fringe in the aged LNMnO catalyst corresponds to (202) lattice plane of NiO (see Fig. 

4.10(g)). The result supports the transformation of pure LNMnO into distinct oxide phases after 

the DRM reaction and is consistent with the XRD analysis of aged catalyst. The lattice fringe 

(d spacing) of 0.191 nm corresponds to (024) lattice plane in the regenerated LNMnO sample 

(see Fig. 4.10(j, k)), and matches well with the as-prepared LNMnO catalyst. The 

corresponding lattice planes of as-prepared (Fig. 4.10(d)), aged (Fig. 4.10(h)), and regenerated 

(e)

(a)

(c)

Electron image (b)

Electron image
(d)

(f)Electron image



91 
 

LNMnO (Fig. 4.10(l)) are shown by their selected area electron diffraction (SAED) patterns. 

The polycrystalline nature of the catalyst is indicated by the ring-type diffraction patterns. 

 

Fig. 4.10: (a, e, i) TEM images, (b, f, j) HRTEM images, (c, g, k) zoomed portions of HRTEM, 

and (d, h, l) SAED patterns of as-prepared, aged, and regenerated forms of LNMnO catalyst, 

respectively. 
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4.3.7. XPS analyses 

The XPS analyses have been done in order to understand the surface composition of 

different forms of LNMnO catalyst. XPS of La 3d + Ni 2p, Mn 2p, C 1s and O 1s core levels 

of LNMnO are shown in Fig. 4.11. According to the XPS survey spectra, La, Ni, Mn C, and O 

elements are present in the various forms of the catalyst (see Fig. 4.11(a)). For the overlap of 

La 3d and Ni 2p3/2 core regions, La 3d and Ni 2p core level spectra were recorded 

simultaneously. Relatively intense peak at around 855 eV binding energy value of the spectrum 

of as-prepared catalyst indicates the presence of Ni species in La 3d core level region. The 

spectrum is resolved by curve fitting for the assessment of the oxidation state of Ni. The curve-

fitted La 3d + Ni 2p core level spectrum of as-prepared LNMnO is displayed in Fig. 4.11(a). 

La 3d core level region shows doublets corresponding to spin-orbit peaks at 834.6 and 851.4 

eV as well as splitting of respectively component by about 4 eV that is consistent with the La3+ 

species in these kinds of materials [5658]. These doublet peaks are consequence of 

contributions from some initial and final states corresponding to 3d94f1 (lower value of binding 

energy) and 3d94f0 (higher value of binding energy). The peak at 855.8 eV is ascribed for La3+ 

species related to La 3d3/2 3d94f0 final state. The peak at 854.3 eV is attributed to Ni 2p3/2 of 

Ni2+ species [59, 60]. The intense peak at 863.2 eV comprises satellite peaks of Ni2+ and La3+. 

A small satellite peak at 847.5 eV is associated with the La3+. Peaks position at 872.9 and 879.4 

eV correspond to Ni 2p1/2 of Ni2+ species and associated with satellite. Spectral nature of La 3d 

+ Ni 2p core level of the aged catalyst is different from that of the as-prepared catalyst (see 

Fig. 4.11(b)). Overall intensity of the Ni 2p core level spectral region for the aged catalyst is 

found to decrease. The peak at 834.7 eV confirms the presence of La3+ species in the aged 

catalyst. In the aged catalyst, two different contributions from nickel are found. Observed 

component peaks of 2p3/2,1/2 at 852.7 and 869.3 eV corresponds to Ni metal species and another 

2p3/2,1/2 peaks at 854.4 and 872.1 eV stands for Ni2+ species on the surface of aged catalyst [59, 

60]. Therefore, it is inferred that metallic Ni as well as nickel oxide species are formed in course 

of DRM reaction which is consistent with PXRD results (see Fig. 4.3). It is to be noted that the 

intensity of Ni2+ component is less compared to as-synthesized catalyst. However, the La 3d + 

Ni 2p core level region spectrum nature of regenerated form of the catalyst looks similar to as-

prepared catalyst which is evident from Fig. 4.11(c). The spin-orbit peaks observed at 834.7 

and 854.1 eV correspond to La3+ species and 2p3/2,1/2 peaks at 854.2 and 873.3 eV are for Ni2+ 

species. Hence, it is confirmed that aged catalyst can be regenerated. Mn 2p core level spectra 

of as-prepared, aged, and regenerated forms of LNMnO catalyst are shown in Fig. 4.11(d). The 
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spectral nature of as-prepared catalyst resembles regenerated form of the catalyst, whereas aged 

catalyst spectrum looks different from as-prepared and regenerated forms of the catalyst. 

Observed intense Mn 2p3/2,1/2 core level peaks at 642.2 and 653.7 eV in as-prepared and 

regenerated forms of catalyst are for the Mn4+ species [61]. A broad spectral envelope of Mn 

2p in the aged sample, suggests the presence of multiple Mn species which is resolved by curve-

fitting as shown in Fig. 4.11 (e).  Accordingly, 2p3/2,1/2 spin-orbit peaks at 640.6 and 652.4 eV 

along with a typical satellite peak at 645.5 eV are assigned to Mn2+ species. The component 

peaks observed at 641.7 and 653.5 eV correspond to Mn3+. In all the catalysts, a low intense 

peak around 637.6 eV is attributed to Ni LMM Auger peak. C 1s core level spectra of as-

prepared, aged, and regenerated forms of LNMnO catalyst indicate that different carbon 

components are present on the catalyst surface which are shown in Figs. 4.11(f, g, h). Peaks at 

284.9, 286.3, and 289.1 eV are associated with CC/CH, CO, and carbonate species (CO3
2) 

on the catalyst surface, respectively [62, 63]. The intensity of CO species increases and that 

of carbonate species decreases in the aged catalyst. However, C 1s core level spectral feature 

is observed to be similar to as-prepared catalyst. It is important to note that carbon 

concentration is found to increase in the aged form. But in regenerated form of the catalyst, the 

concentration of carbon looks similar to as-prepared catalyst. O 1s core level spectra of 

different forms of catalyst are found to be broad and are decomposed by curve-fitting as 

presented in Fig. 4.11(i, j, k). Spectra of as-prepared and regenerated forms of the catalyst are 

observed to be similar. In the as-prepared form of the sample, decomposed peaks at 529.6, 

531.8, and 533.6 eV are associated with lattice oxygen, adsorbed hydroxyl (OH), and adsorbed 

water species, respectively. Relative surface concentrations of different oxygen species 

calculated from O 1s core level data are presented in Table 4.3. It is to be mentioned that 

relative surface concentrations of the component species are similar in both as-prepared and 

regenerated forms of the catalyst, however concentration of lattice oxygen component species 

increases in aged sample compared to as-prepared and regenerated samples. This indicates the 

disintegration of LNMnO catalyst into component oxide species.  
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Fig. 4.11: XPS (a) survey spectra, and core level spectra of as-prepared, aged, and regenerated LNMnO catalysts: (b-d) La 3d + Ni 2p, (e, f) Mn 

2p, (g-i) C 1s and (j-l) O 1s.

(b)

(c)

(d)

(f)

(g)

(h)

(i) (l)

(k)
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Table 4.3. Binding energies and relative peak area (%) of various oxygen species in the as-

prepared, aged, and regenerated forms of the LNMnO catalyst evaluated using the O 1s core 

level data. 

 

Form of catalyst Species Binding energy (eV) Relative peak area (%) 

As-prepared 𝑂𝑙𝑎𝑡  

𝑂𝑂𝐻 

𝑂𝐻2𝑂 

529.5 

531.8 

533.5 

45 

41 

14 

Aged 𝑂𝑙𝑎𝑡  

𝑂𝑂𝐻 

𝑂𝐻2𝑂 

529.6 

531.3 

533.1 

69 

29 

2 

Regenerated 𝑂𝑙𝑎𝑡  

𝑂𝑂𝐻 

𝑂𝐻2𝑂 

529.6 

531.8 

533.5 

48 

39 

13 

 

The standard relation has been used to estimate the surface concentrations of La, Ni, 

and Mn in different forms of the catalyst from the corresponding area under the peak, 

photoionization cross-section, and mean escape depth [62]. The relationship for estimating La 

concentration can be expressed as follows: 

𝐶𝐿𝑎= 

𝐴𝐿𝑎
𝐿𝑎 𝐿𝑎

𝐴𝐿𝑎
𝐿𝑎 𝐿𝑎

+ 
𝐴𝑁𝑖

𝑁𝑖 𝑁𝑖

+ 
𝐴𝑀𝑛

𝑀𝑛 𝑀𝑛

 ………….. (4.1) 

Integrated areas under La 3d, Ni 2p, and Mn 2p core level spectra have been considered 

into account for estimation of their concentrations, photoionization cross-sections and mean 

escape depths have been obtained from the literature [63, 64]. Table 4.4 shows the relative 

surface concentrations (at. %) of La, Ni, and Mn in the aged, regenerated, and as-prepared 

catalysts. 
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Table 4.4. Binding energies and surface concentrations (at. %) of various species in the as-

prepared, aged, and regenerated forms of the LNMnO catalyst, estimated from their 

corresponding core level data. 

Catalyst Species Core level Binding energy (eV) Surface concentration (at. %) 

As-prepared La3+ 3d5/2 834.6 2.16 

 Ni2+ 2p3/2 854.3 1.24 

 Mn4+ 2p3/2 642.2 0.60 

Aged La3+ 3d5/2 834.7 2.24 

 Ni2+ 

Ni0 

2p3/2 

2p3/2 

854.4 

852.7 

1.50 

 Mn3+ 

Mn2+ 

2p3/2 

2p3/2 

641.7 

640.6 

0.09 

Regenerated La3+ 3d5/2 834.7 2.00 

 Ni2+ 2p3/2 854.2 1.52 

 Mn4+ 2p3/2 642.2 0.48 

 

The Table 4.4 shows that, in comparison to those of La and Ni, the relative surface 

concentration of Mn in the as-prepared sample is lower than expected by stoichiometry. On 

ageing, La concentration somewhat increases. Mn concentrations are on the lowest side in each 

and every instance. These results suggest that Ni is preferentially enriched or segregated on the 

surface of the double perovskite base catalyst system over Mn. Remarkably, Ni-

enrichment/segregation improves with ageing in the DRM atmosphere and with regeneration, 

which accounts for the long-term persistence of DRM activity. Findings from the table may be 

attributed to disintegration of the initial perovskite into individual metal oxides, lanthanum 

hydroxide and metallic nickel species during DRM as identified by PXRD and XPS studies. 

Due to the decomposition of original LNMnO in the DRM medium, the XRD pattern of the 

aged catalyst shows the presence of La(OH)3, La2O3, NiO, Ni, and MnO. Similarly, XPS results 

shows La 3d of La2O3 and La(OH)3, Metallic Ni, Ni2+, Mn2+ and Mn3+ species are present on 

the catalyst surface.  
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4.3.8. Advantage of SGCA process over conventional CM process  

All the as-prepared catalysts decomposed into individual oxide phases in the reaction 

medium beyond 1 h (initial signature of phase decomposition beyond 30 min of reaction) of 

DRM reaction. XRD and XPS analyses of the aged LNMnO sample have revealed that the 

sample is decomposed into individual oxides together with a certain amount of metallic Ni. 

However, these phases formed in-situ can retain the DRM activity up to 100 h. Also, the aged 

catalyst can be regenerated back to the pristine double perovskite phase, making the 

decomposition-regeneration process reversible, where the first process is facilitated through 

the reforming atmosphere and the second one through calcination. The XRD analysis of the 

individual phases are presented in Fig. 4.12.  

 

Fig. 4.12: PXRD patterns of (a) La2O3, (b) MnO, (c) NiO, and (d) metallic nickel. 

 

 The PM was then divided into two portions; the first part was directly used for the 

DRM reaction under similar reaction condition to compare its catalytic activity behaviour with 

the aged catalyst. But the PM did not show any methane conversion. The DRM activity of 

another part (LNMnO CM) catalyst was also investigated (see Fig. 4.13.). It is interesting to 

note that the catalyst synthesized via CM process showed less DRM activity behaviour than 
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the catalyst made using the SGCA method, suggesting the superiority of the SGCA method. 

Specifically, the catalyst made by CM route shows 79% CH4 conversion, 84% CO2 conversion, 

and H2/CO ratio ~ 1 throughout 10 h of DRM reaction as shown in Fig. 4.13, which are 2015% 

less than the catalyst made by SGCA route. However, DRM activity of the double perovskite 

catalyst prepared via CM process is quite significant. Thus, Ni0 is generated only when the 

double perovskite catalyst, either via SGCA or via conventional CM route, gets broken down, 

and its presence is very significant for the sample to show DRM activity. This finding leads us 

to conclude that the distribution of the components in space is more important than only the 

presence of component phases in the catalyst matrix.  

Fig. 4.13: DRM behaviour of the La2NiMnO6 catalyst material (prepared by CM process) for 

10 h of DRM reaction: (a) CH4 conversion, (b) CO2 conversion, and (c) H2/CO ratio at GHSV 

of 34000 mL gcat
−1 h−1 and temperature of 800 °C. 

 

4.3.9. Insights of catalyst regeneration at different calcination temperature  

The DRM test as well as ex-situ regeneration of the catalyst were all done at the same 

temperature of 800 C. Whether the aged catalyst can be regenerated at lower temperatures, 

the aged catalyst was also calcined at 700 °C and at 600 °C for 3 h.  Interestingly, the LNMnO 

double perovskite phase could be recovered effectively at 700 °C, while calcination at 600 °C 

results in the appearance of small peak of NiO as an impurity (see Fig. 4.14(a)). Consequently, 

the lowest calcination temperature required for the regeneration of the double perovskite phase 

is at least 100 °C lower than the synthesis temperature. The average particle sizes of the 

regenerated catalyst decrease slightly from 18 nm (calcined at 800 C) to 15 nm (calcined at 

600 C). Similar trends are also observed for the catalyst prepared via CM method. In this case, 

the synthesis temperature is higher than that of the SGCA catalyst by 100 C (see Fig. 4.14(b)). 

The Scherrer size of the regenerated LNMnO double perovskite catalyst prepared by CM is 

~15 nm that is quite similar to the SGCA made catalyst. 
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Fig. 4.14: PXRD patterns of as-prepared and regenerated LNMnO catalysts synthesized via (a) 

SGCA and (b) CM synthesis.  

The catalytic activity of these regenerated catalysts was investigated under the same 

reaction conditions. The samples that were regenerated at 700 and 600 °C showed similar CH4 

and CO2 conversion and H2/CO ratio to the sample that was regenerated at 800 °C (see Fig. 

4.15). Therefore, it may be proposed that the DRM activity is practically the same regardless 

of the regeneration temperature. 

 

Fig. 4.15: Catalytic activity of regenerated LNMnO catalysts (at 800 °C, 700 °C, and 600 °C): 

(a) CH4 conversion (b) CO2 conversion, and (c) H2/CO ratio. 

 

4.3.10. TGA studies 

Thermogravimetric analysis of the fresh as well as aged LNMnO samples has been 

carried out to comprehend the characteristics of coke deposition on the sample surface. The 

thermogravimetric analysis graph is displayed in Fig. 4.16. For the as-prepared sample, there 

is almost no mass loss with the gradual rise in temperature up to 900 °C. However, for the aged 

form of the sample, there are two mass loss peaks, the small one at 383 °C and the major one 
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at 505 °C. The loss of mass accompanied by the removing carbon is basically due to CO2 

formation. Donphai et al. have investigated the effects of carbon structure on the DRM catalytic 

activity and stability in Ni-carbon composite samples over mesocellular silica made through 

catalytic chemical vapor deposition method (CCVD) [65]. The synthesis temperature of the 

CCVD process was reported to rapidly affect the conversion from amorphous carbon to 

(graphitic carbon (002) peak at 26) CNTs. So, the catalytic activity and durability of the 

catalysts were also affected. They ascribed mass losses occurring at 300–400 °C due to 

amorphous carbon, 400540 °C due to less stable CNTs and 540750 °C for more stable CNTs. 

While amorphous carbon and less stable CNTs cover the surface of the nickel clusters partially 

in Ni/CNTs composites that could be hydrogenated via methanation. They checked the DRM 

activity of their catalyst for 5 h attaining 79% of methane conversion with H2/CO ratio 0.52 at 

750 °C for Ni/CNTs (700)/MS catalyst. Xu et al. have reported two occasions of mass losses; 

the peak at ~500 °C is for the oxidation of amorphous carbon, whereas that at ~640 °C is for 

the carbon nanotubes [66]. Thus, lower temperatures promote the formation of amorphous 

carbon, which is ultimately transformed into graphite carbon at higher temperatures. The 

In0.5Ni@SiO2 catalyst reported by Liu et al. is also related to the formation of amorphous along 

with graphitic carbon after 430 h of DRM reaction, but the degree of carbon formation is clearly 

smaller than that of Ni@SiO2 or In0.5Ni/SiO2 catalysts [26]. In a report, Montero et al. have 

investigated the filament-like nature of coke forming from both CO disproportion and methane 

disintegration that gets converted to non-filamentous carbon with the gradual progress of 

reaction time making deactivated the Ni/La2O3–αAl2O3 catalysts [67]. 

 

Fig. 4.16: TGA curves of the as-prepared and aged LNMnO catalysts. 
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 It is observed that the structure of the deposited carbon has a greater influence than its 

content [35]. Methane conversion is said to be slowed down when active kinds of catalyst 

particles have been enclosed in both graphitic and amorphous carbon layers [39]. The XRD 

and HRTEM analyses of the aged catalyst did not reveal any evidence of crystalline forms of 

carbon, indicating the amorphous nature of the coke. The TGA study indicates that mass losses 

were completed at around 500 °C, further supporting the amorphous nature of the deposited 

coke [65]. It's also possible to be proposed that the carbon that formed remains separate from 

the catalyst matrix along with the nanocomposite. Fig. 4.17 shows a schematic representation 

of one possible reversible in-situ structural transition out of many potential structures that could 

be formed. The initial double perovskite La2NiMnO6 (left) breaks down into its constituent 

metal oxides and metal in-situ (right) in DRM without substantially changing its original 

arrangement. When heated in air at 600 C, the proximity of the components (~order of atomic 

dimension) facilitates an easy transition back to the original double perovskite structure. 

Additionally, it seems reasonable that a structure like this is good agreement that the deposited 

amorphous carbon species may be easily removed during calcination, leaving a clean catalyst 

surface. As a result, DRM activity is same in both the phases. In conclusion, the real performer 

is a molecular level nanocomposite made up of individual oxides with a metallic Ni. This 

nanocomposite exhibits reversible thermal switching between aged and the parent double 

perovskite, making it a novel catalyst for the DRM. 

 

Fig. 4.17: Schematic diagram representing reversible thermal switching ( 600 C) of double 

perovskite oxide and its molecular level nanocomposite formed in-situ in DRM. Deposition of 

amorphous carbon on the nanocomposite is also shown schematically. 
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4.4. Conclusions 

It has been demonstrated that La2NiMnO6 is the most durable and active catalyst for 

the DRM (100 h) process among the synthesized materials. The PXRD, XPS and HRTEM 

investigations show that the double perovskite phase broke down into its component phases in 

the reaction atmosphere. These types of catalysts are unique because, despite the fact that it 

breaks down in the DRM environment, heat treatment allows the phase to be restored from the 

disintegrated phases. The typical characteristic of this investigation is the regeneration of the 

catalyst from the aged sample with full retention of activity. The similar DRM activity of the 

pristine, degraded and regenerated phases as well as thermal switching between them have 

been rationalised, within the framework of molecular level nanocomposite formation in the 

aged sample. To validate this proposition, we have checked catalytic activity of PM catalyst. 

However, the DRM activity behaviour of the PM lags far from the in-situ generated aged 

composite phases. This helps us to suggest that the real spatial arrangement of the component 

phases is far more significant than only the physical occurrence of component phases in the 

catalyst matrix. This again supports the retention of DRM activity even when the double 

perovskite oxide is decomposed and regenerated from the aged phase. We believe this finding 

will encourage further investigation in this field to find new materials capable of generating 

molecular level nanocomposite in DRM reaction and thorough understanding of the structure-

property relationship. 
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Chapter 5 

Studies on Ln(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 (Ln= 

lanthanide elements) high entropy perovskite oxides 

Chapter Abstract: We report here the synthesis of Ln(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 (Ln= La, Ce, Pr, Nd, 

Sm, and Gd) high entropy perovskite oxide (HEPO) materials that have subsequently been tested for 

their activities in the dry reforming of methane. The pure phase La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 has 

shown the highest catalytic activity with 86% methane conversion and 90% CO2 conversion for 100 h 

DRM with H2/CO~1. It is interesting to see how the original HEPO gets decomposed in the reaction 

medium and is regenerated from the individual oxide phases by the calcination at temperatures close 

to phase formation temperature, without compromising the DRM activity. The samples were thoroughly 

characterized via PXRD, BET surface area, XPS, FESEM, TEM, HRTEM, and TGA.  

 

5.1. Introduction 

Ever since the introduction of high entropy alloys (HEAs) by Yeh et al. [1] and by 

Cantor et al. [2] in 2004, HEAs have gradually attracted extensive attention for its several 

potential applications in various fields. This is followed by a pivotal work on the development 

of a new type of materials, subsequently recognized as high entropy oxides (HEOs) or entropy 

stabilised oxides, specifically a five metal containing rock salt component (Mg, Co, Ni, Cu, 

Zn)O in 2015 by Rost et al. [3]. The HEOs, one of the high entropy materials, are a quickly 

developing arena of oxides with high potential in numerous fields. There are four primary 

stabilising features for HEOs formation, such as high entropy, lattice distortion, delayed 

diffusion and cocktail effects [4, 5]. In the crystal structure of HEOs, there are five or more 

major cations that are dispersed inconsistently in the crystal matrix. The entropy of mixing 

associated with the formation of HEOs may be determined from the Gibbs-Helmholtz equation, 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥…………(5.1). 

Firstly, high temperatures facilitate an increase in mixing entropy (ΔSmix), which lowers ΔGmix. 

The more negative value of ΔGmix results in forming more stable HEOs [6, 7]. Secondly, due 

to the lattice distortion effect, defects in HEOs are easily generated. Different major cations 

have different radii, which causes lattice distortion thereby promoting the formation of oxygen 

vacancies in the lattice through lowering of energy [8, 9]. Furthermore, HEOs have better 

chemical stability because of the delayed diffusion effect [10, 11], which also makes it difficult 

for negative effects like grain coarsening and recrystallization to occur during the catalytic 

process, as opposed to the agglomeration of the HEO system. Lastly, HEOs are capable of 
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carrying out several catalytic activities owing to the cocktail effect. As HEO is constituted by 

a variety of cations, the roles of the cations may differ or be similar based on their radii [12]. 

Various types of HEO systems have been reported, such as rock salt [13, 8], perovskite [14, 

15], fluorite [16], spinel [17, 18], and pyrochlore [19, 20]. HEOs find widespread applications 

in various fields, such as thermal conductivity [21], water splitting applications [22], hydrogen 

production [23], oxygen production [24], catalytic CO oxidation [25], electrochemical 

capacitors [26], lithium-ion battery [27], sodium-ion battery [28], magnetic properties [29], 

electrical properties [30], piezoelectric properties [31], dielectric properties [32], optical 

properties [33], etc. 

The main energy source that now meets our daily energy needs is fossil fuel. However, 

one of the main hazards to the fashionable lifestyle and the environment is pollution, which 

occurs when fossil fuels are used in a variety of activities brought about by humankind to fulfil 

energy demands. Combustion of fossil fuels produces greenhouse gases (GHGs), mostly CO2 

and CH4, which has the effect of gradually raising the temperature of the environment. Several 

studies have shown that hydrogen energy is one of the most possible replacements for fossil 

fuels. H2 fuel is considered an environment friendly fuel source due to its high energy content 

and low impact on the environment. Conventional H2 is obtained via a variety of photocatalytic 

or catalytic reactions, including the partial oxidation of methane (POM), photochemical and 

electrochemical reactions, as well as the dry and steam reforming of methane (DRM and SRM) 

reactions. Among all these methods, the DRM process is known as one of the most promising 

one for producing H2, because it produces a large amount of H2 at low-price, has stability 

throughout the long run, and needs simple preparation procedures to prepare the catalysts. 

Furthermore, one of the main benefits of the DRM reaction is the efficient formation of syngas 

(mixture of hydrogen and carbon monoxide) by using two main greenhouse gases (CO2 and 

CH4). However, the production of H2 energy through other methods, such as electrochemical 

splitting of water or photocatalytic production of H2 is actually not reasonable due to the low 

volume of H2 output that hardly meets the current demand for H2 energy, the need for expensive 

metals (Ru, Pd, Ir, Pt etc.), and the involvement of multiple steps in catalyst synthesis. As a 

result, DRM has attracted a lot of attention from researchers in recent times due to its numerous 

potentials uses in the chemical industry [34, 35] and environmental concerns [36]. Syngas has 

multiple industrial applications, including the production of hydrogen [37], methanol 

preparation [34], diesel preparation [38], iron ore reduction to sponge iron [39], etc. A few 

disadvantages of the DRM process are catalyst instability and carbon deposition for which the 
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active sites of catalysts are blocked and quickly deactivates them during the reaction. The 

reactions related to DRM are discussed in Chapter 1 (Sec.1.1). 

Thus, the primary causes of coke formation are for reactions (eq. 1.3) and (eq. 1.4). In this 

regard, it is important to be pointed out that the catalyst material has a crucial role in DRM. 

Therefore, synthesis of appropriate catalysts that have substantial DRM activity, excellent 

durability, and great resistance to coking are the subject of extensive research.   

The literature review shows that in the DRM, nickel and noble metal containing 

catalysts, including Ru, Rh, and Pt have exhibited high activity and low coke deposition. 

However, noble metal catalysts are not effective in terms of high cost and lower extent of 

availability. In this aspect, it is to be noted that the HEO catalysts feature several unique 

structures that could promote DRM reaction. Shao et al. have synthesized 

(MgCoNiMnFe)Ox/ZrO2 HEO catalyst [40] and deployed it for DRM reaction for 100 h with 

methane conversion of 43%. Liao et al. have studied DRM activity of FexNi2CrCoMn0.55Oy 

HEO [41] that demonstrated 98% CH4 conversion, and 72% CO2 conversion. The role of 

LaFe0.7Ni0.1Co0.1Cu0.05Pd0.05O3 perovskite catalyst in DRM have been investigated by Shah et 

al. [42], where the methane and carbon dioxide conversions were ~64% and ~68%, respectively 

and the H2/CO ratio was observed to be ~0.8 for 24 h of reaction. In a study, Zhang et al. have 

tested the (Ni3MoCoZn)Al15Ox [43] spinel type HEOs for DRM reaction. The catalyst has 

shown high activity in the DRM process throughout 100 h, converting 98% of CO2 and 92 to 

97% of CH4, resulting in the H2/CO ratio varying from 0.94 to 0.98. Gangwar et al. have 

explored the role of HEO CoFeGaNiZn/CeO2 [44] catalyst in DRM reaction. They found the 

methane and carbon dioxide conversions of 98% and 86%, respectively with H2/CO ratio ~1.3 

for 30 h of reaction. According to Su et al. [45], there is significant lattice distortion in 

perovskite-type La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3 HEOs. The lattice distortion increases with the 

abundance of the constituent elements, thereby increasing the possibility of oxygen vacancies, 

which is much needed for DRM. Furthermore, exceptional catalysis frequently occurs at the 

boundary between two compounds with distinct roles. A catalyst (NiMgCuZnCo)O/CeOx that 

combines common oxide and HEO has been synthesized by Chen et al. [46], and they have 

subsequently investigated the CO oxidation activity. The heterostructure interface produced by 

the two oxides enhances the activity and stability of the catalyst at high temperature.  

In light of the aforementioned findings on the catalytic activities of HEO-based 

materials, it would be worthwhile to look into lanthanide-based high entropy perovskite oxides 

(HEPOs), Ln(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 (where Ln= La, Ce, Pr, Nd, Sm, and Gd) as potential 

DRM catalysts. This study shows La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 to exhibit the maximum 
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DRM activity, 86% methane conversion, and 90% CO2 conversion, with full activity 

maintenance up to 100 h. The XRD analysis of the aged catalyst sample has been performed 

after the 100 h run, which has revealed the full breakdown of the initial HEPO phase into the 

individual oxides together with nickel metal. The fragmented components can be thought of as 

a nanocomposite at molecular level where there is very little dispersal of component ions from 

their actual positions in the original perovskite structure. It is well-supported by the 

phenomenon that the original perovskite phase can be restored by heating the nanocomposite 

at a lower than synthesis temperature. The regenerated forms (at different temperatures) of the 

catalyst have been shown to exhibit similar DRM activity. The ability to go back and forth 

while maintaining the excellent catalytic activity of HEPO catalysts and in situ produced 

molecular level nanocomposite opens a window of opportunity for additional investigation and 

thorough comprehension of the structure-property correlation in such HEPO materials. 

 

5.2. Experimental 

Chapter 2 (Sec. 2.3.1.1.) discusses the details of synthesis, characterization and DRM 

activity tests of the HEPOs included in this chapter. 

5.3. Results and discussion   

5.3.1. PXRD studies of as-prepared HEPOs  

Fig. 5.1. displays the PXRD patterns of the Ln(TM)O HEPO samples. The diffraction 

patterns indicate that the samples are well-crystalline. The peaks of the HEPOs are appeared at 

2θ values 23.0°, 32.5°, 32.8°, 40.0°, 40.9°, 47.0°, 52.6°, 53.2°, 58.1°, 59.1°, 68.1°, 69.1°, 77.6°, 

and 78.5° that correspond to the lattice planes are (012), (110), (104), (202), (006), (024), (122), 

(116), (214), (018), (220), (208), (134), and (128), respectively. The Ln(TM)O HEPO system 

forms a rhombohedral phase which matches well with the JCPDS PDF # 880633. Furthermore, 

Rietveld refinement shows that the rhombohedral phase properly fits with this pattern (see 

Section 5.3.3). The Scherrer sizes derived from the full-width-at-half-maximum (FWHM) of 

the maximum intense diffraction peak of HEPOs of La(TM)O, Ce(TM)O, Pr(TM)O, 

Nd(TM)O, Sm(TM)O, and Gd(TM)O materials, are about 23, 63, 61, 50, 61, and 57 nm, 

respectively. For Ce(TM)O, an impurity of CeO2 appears at 2θ value of 28.8°. Small impurity 

peaks related to La2O3 are appeared at 2θ values of 26.2° and 30.06° for Pr(TM)O, Nd(TM)O, 

Sm(TM)O, and Gd(TM)O. The as-synthesized La(TM)O catalyst shows no detectable peaks 

associated with any of these impurities, attesting to the phase purity of the catalyst. Except 

La(TM)O, all other HEPOs have the impurity peak of the corresponding metal oxides. 
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Fig. 5.1: PXRD patterns of as-prepared Ln(TM)O (Ln= La, Ce, Pr, Nd, Sm, and Gd & TM= 

Mn, Fe, Co, Ni, and Cu in equimolar proportion) HEPO catalysts. 

 

5.3.2. DRM activity screening of materials  

In order to find out the most active catalyst for DRM reaction, a primary DRM 

behaviour tests of the as-synthesized HEPOs were carried out for 10 h. Fig. 5.2(a−c) 

demonstrate the methane conversion, carbon dioxide conversion, and the ratio of H2/CO of all 

the as-synthesized HEPOs samples. The methane conversions of the HEPOs, La(TM)O, 

Ce(TM)O, Pr(TM)O, Nd(TM)O, Sm(TM)O, and Gd(TM)O are 86%, 35%, 45%, 27%, 42%, 

and 30%, respectively. On the other hand, the respective CO2 conversions of these HEPOs are 

90%, 40%, 49%, 32%, 46%, and 35%. The H2/CO ratio of all the HEPOs varies from 0.6 to 1 

owing to some parallel side reactions which are thermodynamically possible. The H2/CO ratio 

value lower than unity, suggests the existence of the reverse water gas shift reaction that 

involves   reaction of CO2 with the hydrogen that is produced via DRM in the reaction medium. 

Fig. 5.2 clearly indicates that except La(TM)O, all other samples show methane conversions 

below 50%. Similarly, CO2 conversions also lie below 50%. The 
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La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3, La(TM)O displays the maximum methane and carbon dioxide 

conversions of 86% and 90%, respectively, having H2/CO ratio of ~1. Based on the preliminary 

screening results, a continuous 100 h DRM reaction was then conducted using 

La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 as catalyst, in order to put additional focus on the robustness 

as well as DRM activity of this HEPO catalyst. Fig. 5.2(d−f) display, the methane conversion, 

carbon dioxide conversion, and the ratio of H2/CO of La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 catalyst, 

respectively, for 100 h of DRM reaction. The graph also contains the DRM activity behaviour 

data for an additional catalytic run in order to further guarantee the reproducibility. From the 

graph, it is found that La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 shows 86% methane conversion, 90% 

carbon dioxide conversion, and the H2/CO ratio varies from 1.1 to 1. The ratio of H2/CO is 

slightly higher than unity, indicating the existence of the Boudouard reaction in the reaction 

medium when CO is disproportionated to C and CO2. Gradually, the H2/CO ratio reaches 1, 

which is theoretically expected, and remains stable for the rest of the DRM reaction. After 100 

h of nonstop reaction, it was stopped, and the helium atmosphere was used to cool the aged 

catalyst to room temperature. Characterization of the aged catalyst has been done thoroughly 

to compare the findings with those of the as-prepared along with the ex situ regenerated (at 900 

°C for 3 h) catalysts in order to comprehend the relationship between structure and activity. 

 

Fig. 5.2: DRM activity behaviour of Ln(TM)O (Ln= La, Ce, Pr, Nd, Sm, and Gd) HEPO 

catalyst materials for 10 h (upper row) and of the most active La(TM)O HEPO catalyst for 100 

h (lower row) at GHSV of 33500 mL gcat
−1 h−1 and reaction temperature of 800 °C: (a, d) 

methane conversion, (b, e) carbon dioxide conversion and (c, f) ratio of H2/CO.  
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Table 5.1: DRM activity of all the as-synthesized HEPO catalysts (for 10 h). 

Catalyst CH4 conversion (%)  CO2 conversion (%) H2/CO ratio 

La(TM)O 86 

35 

45 

27 

42 

30 

90 

40 

49 

32 

46 

35 

1 

0.8 

0.65 

0.65 

0.75 

0.7 

Ce(TM)O 

Pr(TM)O 

Nd(TM)O 

Sm(TM)O 

Gd(TM)O 

 

The apparent activation energies of the DRM reaction related to the various forms of 

La(TM)O have been determined to compare them with the activity performance. For the kinetic 

studies, the fixed-bed flow reactor was loaded with 30 mg of La(TM)O catalyst that had been 

mixed with 70 mg of pure silica of the similar mesh size (85−100) and all other experimental 

conditions were unchanged. The temperature range was 400–460 °C to keep all the conversions 

below 20%. Arrhenius plots of various forms of La(TM)O catalyst are shown in Fig. 5.3. The 

apparent activation energies, determined from the slopes of the Arrhenius plots for the 

formation rates of H2 over the specified temperature range, were found to be 109 kJ mol−1 for 

the as-prepared La(TM)O, 88 kJ mol−1 for the aged La(TM)O, and 100 kJ mol−1 for the 

regenerated La(TM)O form of the catalyst (see Fig. 5.3(a)). In comparison, the apparent 

activation energies for CO production were relatively lower than those for H2 production, with 

values of 90 kJ mol−1 for the as-prepared La(TM)O, 54 kJ mol−1 for the aged La(TM)O, and 

74 kJ mol−1 for the regenerated form of La(TM)O (see Fig. 5.3(b)). It is clear that the as-

prepared La(TM)O catalyst exhibits the highest activation energies for both H2 (109 kJ mol−1) 

and CO (90 kJ mol−1) production, whereas the aged La(TM)O catalyst shows the lowest 

activation energy barriers, with values of 88 kJ mol−1 and 54 kJ mol−1 for H2 and CO 

production, respectively. This suggests that the La(TM)O catalyst reaches its most activated 

state on being aged. While the regenerated catalyst has a higher activation energy value than 

the aged catalyst, it still demonstrates lower apparent activation energies than the as-prepared 
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form of the La(TM)O catalyst. So, the regenerated form of the catalyst is less active than the 

aged form but more active than the as-prepared form. 

 

 

 

Fig. 5.3: Arrhenius plots for the production of (a) H2 and (b) CO for various forms La(TM)O 

HEPO catalysts at GHSV of 113400 mL gcat
−1 h−1. 

 

5.3.3. PXRD analyses of different forms of La(TM)O catalyst: Correlation with DRM 

activity behaviour 

Fig. 5.4 displays the PXRD patterns of different forms of the La(TM)O catalyst. It 

evident from the characteristic diffraction patterns of the aged (100 h) sample that the original 

perovskite phase is fully disappeared and some new diffraction peaks appeared. These newly 

appeared peaks resembled to the individual oxide components together with metallic nickel, as 

assigned in Fig. 5.4. It is also important to be noted that the similar structural change (PXRD 

patterns not added here) is found to be observed for 10 h of reaction. Several studies have 

reported that the initial phase of the catalyst typically disintegrated into its constituent oxides 

in the reaction atmosphere [23, 41, 43, 47, 48], trailing its original oxide phases in the DRM 

environment. The decomposed components have been recognized La2O3 (*) peaks observed at 

2θ values of 26.3, 30 and 39.3, La(OH)3 (▪) at 2θ values 15.7 and 28, CuO (◊) at 2θ values 

of 35, 40.8 and 55.5, MnO (◊) at 2θ values 34 and 55.4, CoO (ɤ) at 2θ values 60 and 

75.3, Fe2O3 (α) at 2θ values 49.2,  NiO (•) at 2θ values of 31.8, 43.3, and 55.3 and nickel 

metal at 2θ value of 44.2. These degraded components closely correspond to JCPDS PDF # 

831349 for La2O3 (*), 832034 for La(OH)3 (▪), 751090 for MnO (◊), 082233 for Fe2O3 (α), 

780431 for CoO (ɤ) 140481 for NiO (•), 897128 for metallic Ni (○), and 782076 for CuO (). 
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The interesting fact of this La(TM)O catalyst is that the catalyst’s pristine phase is degraded in 

the DRM environment (aged form), but the pristine phase of the HEPO catalyst can be 

regenerated fully from the degraded components by heating at synthesis temperature in air for 

3 h (see Fig. 4). The as-synthesized, aged, and regenerated forms of the La(TM)O catalyst have 

the corresponding Scherer sizes of 22.7, 6.0, and 15.0 nm, respectively. Enhanced specific 

surface area values (from 30 to 52 m2 g−1 after ageing) from BET surface area analysis is in 

good agreement with the reduction of size of aged catalyst in DRM reaction atmosphere. 

 

 

 

Fig. 5.4: PXRD patterns of different forms of La(TM)O HEPO catalyst. 

 

The refinement of the PXRD patterns of both the phases, fresh and regenerated 

La(TM)O, has been performed in order to find out the structural characteristics of the catalyst 

(see Fig. 5.5). The refinement of the XRD patterns has been done using the FullProf Suite 

software. The refinement of both the phases have shown that the rhombohedral R3̅c space 

group is appropriate for this system. The absence of any impurity peak in the refined XRD 
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forms confirms the pure phase of the catalysts. The structural change and the refinement 

parameters of both the phases are listed in Table 5.2. It is apparent that the peaks intensity in 

the regenerated phase of the catalyst is not similar as they are in the original phase.  

This is because there was less sample used for diffraction for the regenerated form. This 

result confirms the structural similarity between the original and the regenerated phases of the 

HEPO catalyst as previously reported in our work [47, 48]. 

 

 

Fig. 5.5: Rietveld refined PXRD patterns of the (a) as-synthesized and (b) regenerated 

La(TM)O HEPO catalyst materials. The experimental pattern, calculated data, difference 

curve, and Bragg positions are symbolized, respectively, by the empty red circles, black lines, 

lowermost blue lines, and vertical magenta bars. 
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Table 5.2: Rietveld refinement and Structural data of the La(TM)O 

La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 catalyst material of as-synthesized and regenerated forms. 

Catalyst  

composition 

Cell 

parameters 

Bond length (Å) Bond angle () 

La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3  

As-prepared 

Rhombohedral 

R3̅c  

a = 5.500 Å 

b = 5.500 Å 

c = 13.246 Å 

V = 347.06 Å3 

RBragg = 2.75 % 

Rf= 2.17 % 

χ2= 3.10 

 

Mn/Fe/Co/Ni/Cu: 

1.955  

 

Mn/Fe/Co/Ni/Cu—O— 

Mn/Fe/Co/Ni/Cu: 162.85 

 

La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3  

Regenerated 

Rhombohedral 

R3̅c 

a = 5.501 Å 

b = 5.501 Å 

c = 13.245 Å 

V= 347.07 Å3 

RBragg = 4.16 % 

Rf= 2.66 % 

χ2= 3.13 

Mn/Fe/Co/Ni/Cu: 

1.941   

 

Mn/Fe/Co/Ni/Cu—O— 

Mn/Fe/Co/Ni/Cu: 169.10 

 

 

Regeneration of the aged catalyst has been performed in situ for additional assurance 

that the DRM activity does not change on regeneration of the aged catalyst. First, the DRM 

activity of the La(TM)O sample has been tested for 10 h under identical reaction conditions. 

Following the reaction's termination, helium gas was used for 30 min to clean the gas lines. 

The aged catalyst was subsequently regenerated at 900 °C (similar to the phase formation 

temperature for initial perovskite) for 3 h using zero grade air flow. The regenerated La(TM)O 

was then subjected to DRM test under similar reaction conditions. Fig. 5.6 shows DRM activity 

of the as-synthesized and regenerated La(TM)O forms of HEPO catalyst that shows almost full 

retention of catalytic activity upon regeneration of the catalyst. Amazingly, regeneration at 

lower than the phase formation temperatures of 700 and 800 °C is also possible, and these 

regenerated forms of HEPO catalyst also show comparable catalytic activity (Fig. 5.14). The 
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H2/CO value of ~1 suggests that both side reactions are taking place to a lower extent (see Fig. 

5.6). In the Boudouard reaction, where CO transforms into carbon dioxide and carbon, giving 

a higher H2/CO ratio than unity. Whereas in RWGS, CO2 reacts with the produced hydrogen, 

making the H2/CO ratio slightly lower than unity.  

 

 

Fig. 5.6: (a) Methane conversion, (b) carbon dioxide conversion, and (c) ratio of H2/CO of the 

as-synthesized and in situ regenerated La(TM)O HEPO catalysts for 10 h of DRM reaction 

(under similar reaction conditions). 

 

Therefore, for the HEPO catalyst material, the mixture of separate oxides and nickel 

metal at the molecular level is the real performer for the high DRM activity. The pristine HEPO 

catalyst degraded into component metal oxides along with nickel metal on ageing. These 

degraded phases form the “molecular level nanocomposites” in the reaction medium. We 

propose that the observed high DRM activity behaviour is caused by the molecular level 

nanocomposite that is generated by metallic nickel and nickel oxide. This in situ formed 

nanocomposite is the real performer in the HEPO catalyst for DRM activity, whereas other 

oxides in the reaction media, such as La2O3 [47−51] acts as supports, MnO [52, 53] acts as 

promoter, Fe2O3 [54, 55] and CoO [56, 57] act as oxygen carrier, and CuO [47, 58] acts as 

promoter. Meanwhile, the disintegrated catalyst components can be switched back to its 

pristine perovskite phase, allowing the process to be reversible in nature. The first step was 

facilitated by a reforming environment, and the next one by the calcination process.  

 

5.3.4. Specific BET surface area measurement  

Fig. 5.7 shows the BET nitrogen adsorption and desorption isotherms of the as-

synthesized Ln(TM)O (where Ln= La, Ce, Pr, and Nd), aged and regenerated La(TM)O 

samples and the inset figure includes their corresponding pore size distribution curves. Table 

5.3 provides the specific surface area, pore volume, and distribution of pore sizes of the 
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respective catalysts. The P/P0 values range from 0 to 1, indicating that the volume of N2 gas 

adsorption is lower at relatively low pressure and gradually rises at high P/P0 values which 

suggests the formation of type IV isotherm and the nature of the hysteresis loop is like H3 type.  

 

 

Fig. 5.7: N2 adsorption-desorption isotherms curves and porosity (in the inset) of (a) La(TM)O, 

(b) Ce(TM)O, (c) Pr(TM)O, (d) Nd(TM)O, (e) aged La(TM)O and (f) regenerated La(TM)O 

HEPO catalysts. 
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The specific surface areas (SBET) of the various forms of catalyst materials, La(TM)O, 

Ce(TM)O, Pr(TM)O, Nd(TM)O, aged La(TM)O and regenerated La(TM)O, are approximately 

30, 23, 20, 22, 52, and 35 m2 g−1, respectively. La(TM)O has the highest BET surface area 

amongst as-prepared catalysts, which results in its high DRM activity. The specific surface 

area of the La(TM)O catalyst increased from 30 m2 g−1 to 52 m2 g−1 on being aged in DRM 

medium [47, 48]. The reason for this is due to the catalyst having broken down into its 

individual oxide components, as confirmed by XRD, XPS and HRTEM analyses.  XRD 

analysis has also verified that the particle size of the aged catalyst was reduced to ~6 nm from 

22.7 nm. Smaller sizes and higher surface area of the aged HEPO La(TM)O catalyst is in good 

agreement for high DRM activity and long-term durability. The particle size and surface area 

of the regenerated catalyst are 15 nm and 35 m2 g−1, respectively. The regenerated La(TM)O 

catalyst also has higher surface area than the pristine catalyst, which nicely supports the similar 

DRM activity of the regenerated La(TM)O catalyst (Fig. 5.6). Both the aged and regenerated 

forms of the catalyst have higher surface area and smaller particle size compared to the pristine 

catalyst. These results nicely support the sustained 100 h DRM activity of the aged catalyst as 

well as the similar DRM activity of the regenerated La(TM)O catalyst. 

 

 

Table 5.3: Textural features of different Ln(TM)O (where Ln=La, Ce, Pr, and Nd), aged and 

regenerated forms of La(TM)O HEPO catalysts. 

 

Catalyst Specific surface area 

(m2 g−1) 

Pore volume 

(cm3 g−1) 

Pore size 

(nm) 

La(TM)O 30 0.070 1.98 

Ce(TM)O 23 0.079 1.38 

Pr(TM)O 20 0.062 2.01 

Nd(TM)O 22 0.069 2.07 

Aged La(TM)O 52 0.152 1.38 

Regenerated La(TM)O 35 0.079 1.39 
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5.3.5. FESEM analyses  

FESEM microscopic analysis was used to examine the morphology and basic 

composition of the as-synthesized and aged forms of the catalyst. From FESEM studies, it is 

observed that the as-prepared La(TM)O catalyst is found to exist as a uniformly distributed 

spherical shape along with some irregular shaped nanoparticles, as presented in Fig. 5.8(a).  

 

 

Fig. 5.8: FESEM images (a, c) and EDX spectra (b, d) of pure and aged forms of La(TM)O 

HEPO catalyst. 

 

Morphology of aged forms of the catalyst has transformed into highly aggregated, 

irregular shaped particles, and this is for the degradation of the catalyst in the reaction 

environment (see Fig. 5.8(c)). The aged form of the catalyst contains the individual oxide 

phases in aggregated form. The EDX data of the as-synthesized and aged form of catalyst 

La(TM)O shows La, Mn, Fe, Co, Ni, Cu, and O are the elements present in the samples, as 

shown in Fig. 5.8(c, d). For the as-prepared sample, the surface of the La(TM)O catalyst 

appears transparent and smooth, but for the aged sample, its surface smoothness decreases and 

becomes rough, most likely due to the catalyst's reduction to its individual oxides.  

 

Electron image
(d)

(a)

(c)

Electron image(b)
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5.3.6. HRTEM studies  

The microstructural study of the as-synthesized and aged forms of La(TM)O was done 

by the TEM and HRTEM analyses as shown in Fig. 5.9. It is found that the as-synthesized 

La(TM)O catalyst surface has a spherical morphology, as observed in Fig. 5.9(a), whereas it 

is transformed into granular-like assembled asymmetrical morphology in aged form, as shown 

in Fig. 5.9(e). The as-synthesized La(TM)O catalyst has a lattice fringe of 0.27 nm that 

correlates to the (110) lattice plane of the catalyst (see Fig. 5.9(c)). 

 

 

Fig. 5.9: (a, e) TEM images (b, f) HRTEM images, (c, g) enlarged area of HRTEM and (d, h) 

SAED patterns of pure and used La(TM)O HEPO catalysts, respectively. 

 

The obtained data is in good agreement with the XRD result of the as-prepared 

La(TM)O sample. On the other hand, the aged La(TM)O catalyst has a lattice fringe of 0.23 

nm and correlates with the (102) plane of Ni−O as shown in Fig. 5.9(g). The fringe spacing 

corresponding to metal-oxygen for the other transition metals are very similar and hence this 

spacing may in general be attributed to be arising out of (102) planes of TM−O. This result 

indicates that as-prepared La(TM)O catalyst changes into different binary oxide phases in 

DRM, which is further supported by the XRD analysis of the aged La(TM)O sample. Fig. 

5.9(d) displays the selected area electron diffraction (SAED) of the pure La(TM)O catalyst and 

the SAED pattern of the aged La(TM)O catalyst is displayed in Fig. 5.9(h), where the relevant 

lattice planes are indicated. 
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5.3.7. XPS analyses 

XPS studies of different forms of La(TM)O HEPO catalyst have been carried out to 

understand their detailed elemental information and compositions (see Fig. 5.10). The survey 

spectra of different forms of the HEPO catalyst show that La, Mn, Fe, Co, Ni, Cu, O and C 

elements are present in the catalyst (see Fig. 5.10 (a)). La 3d with Ni 2p core region spectra of 

as-synthesized, aged, and regenerated forms of the HEPO catalyst have been recorded 

instantaneously because of the overlapping of the La 3d3/2 along with Ni 2p3/2 core level 

spectral regions as presented in Fig. 5.10(b) [47, 48]. A comparatively intense peak near 855 

eV related to the nearby peak is found to be detected in the spectra of the different forms of the 

catalysts indicating the existence of Ni components in the La 3d core region. The La 3d core 

region of as-synthesized catalyst shows La 3d5/2, 3/2 the doublet peaks at 833.7, 850.9 eV, 

corresponding to presence of La2O3 component in the catalyst. The values agree well with the 

literature values. So, these observed doublet peaks are related to some initial and final forms 

of the catalyst, related to 3d94f1 (for lower binding energy) and 3d94f0 (for higher value of 

binding energy). The board strong peak about 855.0 eV is formed of both La 3d3/2 3d94f0 final 

state of La3+ species, and Ni 2p3/2 of Ni3+ component. The peak at 854.4 eV is attributed to La3+ 

species corresponding to La 3d3/2 3d94f0 final form. The observed peak at 855.8 eV is ascribed 

to Ni 2p3/2 of Ni3+ species. The broad strong peak at 862.4 eV has satellite peaks of Ni3+ and 

La3+. A slight satellite peak at 846.2 eV is related with La3+. The Peaks at 871.8 and 879.1 eV 

are associated to Ni 2p1/2 of Ni3+ components and associated with the satellite peaks. For the 

spent catalyst, the feature of La 3d + Ni 2p spectra is to some extent different from that of the 

original form of the catalyst (see Fig. 5.10(b)) [47, 48, 59]. The strong 3d5/2 peak observed at 

835.4 eV implies the presence of La(OH)3 on catalyst surface. In XRD pattern, a peak for 

La(OH)3 is observed, which corroborates with the XPS analyses. In the spent catalyst, the 

obtained component peak of 2p3/2 at 854.5 corresponds to Ni2+ species on the surface of spent 

catalyst. Therefore, NiO is produced in DRM reaction that is reliable with the PXRD results 

(see Fig. 5.10(b)). The regenerated catalyst has La 3d core level spectrum similar to that of as-

synthesized catalyst indicating the proper regeneration of the spent catalyst. The Mn 2p core 

level spectra of different forms of catalysts are shown in Fig. 5.10(c). In as-prepared catalyst, 

peaks observed at 641.8 and 653.3 eV are recognized to Mn3+ components present in the 

catalyst [47, 48, 60]. However, peaks at 640.7 and 652.3 eV together with the satellite observed 

peak at 647.3 eV correspond to Mn2+ species, indicating the reduction of Mn species during 

DRM reaction. Mn 2p binding energy peak positions in core level spectrum of the fully 

regenerated catalyst are comparable to as-synthesized catalyst. A hump at 636.3 eV is attributed 
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to Cu LMM peak [48]. Fig. 5.10(d) represents Fe 2p core level spectra of various forms of the 

catalyst. Fe 2p3/2,1/2 peaks observed at 711.1 and 724.6 eV with a small satellite peak at 719.2 

eV are assigned to Fe3+ species [61]. A hump around 713.4 eV is associated with Co LMM 

contribution from Co species present in the catalyst. However, spectral feature of Fe 2p core 

level spectrum of the regenerated catalyst looks like as-synthesized catalyst. As-prepared 

catalyst shows Co 2p3/2,1/2 peaks at 779.5 and 794.9 eV together with a typical weak satellite 

peak at 790.7 eV, which is assigned to Co3+ species [61, 62].  

 

 

 

Fig. 5.10: XPS core level spectra of the various forms of La(TM)O catalysts (a) survey 

spectra, (b) La 3d + Ni2p, (c) Mn 2p, (d) Fe 2p, (e) Co 2p, (f) Cu 2p, and (g−i) C   
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Spectral features have been changed in the aged catalyst. Peaks at 780.8 and 796.2 eV 

with the typical satellite peak observed at 787.8 eV are ascribed to Co2+ species (see Fig. 

5.10(e)). The peak at 782.3 eV corresponds to Fe LMM peak of Fe species present in the 

catalyst. Binding energy peak positions of regenerated form of the catalyst are similar to as-

synthesized catalyst with sharper features compared to as-prepared catalyst. Cu 2p core level 

spectra of various forms of the catalyst are displayed in Fig. 5.10(f). Observed Cu 2p3/2,1/2 peaks 

at 933.6 and 953.4 eV together with the satellite peaks at 941.2, 943.9, and 962.9 eV signifying 

the presence of Cu2+ species in the sample [47, 63−65]. The satellite peaks are the 

characteristics feature of the oxides of transition metal element. There is no substantial change 

in the spectral feature of Cu 2p in the aged and regenerated catalysts. However, the aged HEPO 

catalyst is regenerated as apparent from the conforming Cu 2p core level spectrum of the 

regenerated form of the catalyst [48]. C 1s core level spectra of various forms of the regenerated 

HEPO catalysts are broad and asymmetric, indicating the existance of different forms of carbon 

species on the surface of the catalyst, which are resolved by curve fitting as presented in Fig. 

5.10(g−i). Accordingly, the peaks observed at 284.9, 286.3, and 288.9 eV are related with 

C−C/C−H, C−O, and (CO3
2−) carbonate type compounds, respectively [47, 48, 66, 67]. The 

intensities of oxidized carbon species are observed to increase in the aged form of the catalyst 

component. There is no substantial variation in C 1s core level spectrum of the regenerated 

form of the catalyst in comparison with as-synthesized catalyst, which confirm the successful 

regeneration of the aged catalyst. The O 1s core level spectra of different forms of the catalyst 

are broad and contributions are separated by curve fitting. The observed peaks at 528.6, 530.6, 

531.7, 532.6, and 533.5 eV are related to the La−O, Cu−O, adsorbed hydroxyl (OH−) species, 

adsorbed carbonate species (CO3
2−), and adsorbed water molecule, respectively [47].  

 

5.3.8. Advantage of SGCA process compared to the SCS process 

The catalytic performance of DRM reactions was evaluated using catalysts prepared 

through different methods, namely La(TM)O (SG), La(TM)O (PM), and La(TM)O (SCS), 

under identical reaction conditions. Notably, the sol-gel method appeared to be superior to both 

the PM and SCS methods in terms of catalytic activity as shown in Fig. 5.11. The catalyst made 

by the SCS method demonstrated 66% CH4 conversion, 78% CO2 conversion, and ratio of 

H2/CO of around 1.1. The H2/CO ratio higher than unity for the SCS catalyst suggests that the 

Boudouard reaction is more dominant than the RWGS reaction in this case. In contrast, the sol-

gel prepared La(TM)O catalyst showed superior DRM activity compared to the SCS catalyst. 
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Interestingly, the PM method showed practically no DRM performance (data not shown in the 

graph). After 10 h of DRM, XRD analysis revealed no significant changes of the PM catalyst. 

This suggests that the simple physical combination of the catalyst components does not affect 

the DRM performance. Thus, it is evident that molecular nanocomposite formation occurs only 

when the perovskite phase of the HEPO catalyst decomposes, regardless of whether it is 

produced via sol-gel or solution combustion methods. This observation indicates that the spatial 

arrangement of the catalyst components plays a more crucial role in catalytic activity than their 

mere presence in the matrix. 

 

 

Fig. 5.11: Activity performance of the La(TM)O HEPO (made via sol-gel (SG) and solution 

combustion synthesis (SCS) routes) catalysts for 10 h of DRM reaction: (a) methane 

conversion, (b) carbon dioxide conversion and (c) ratio of H2/CO (under similar reaction 

conditions). 

 

Table 5.4 shows a comparison of the La(TM)O catalyst with other HEPO catalysts 

from the literature, focusing on the parameters such as CH4 and CO2 conversions, H2/CO ratio, 

GHSV, reaction temperature, and the duration of the DRM test. It is noteworthy that the 

majority of DRM tests are conducted at a reaction temperature of 800 °C. The 

Fe4Ni2CrCoMn0.55Oy catalyst have shown CH4 and CO2 conversion 98 and 73%, respectively, 

for 100 h [41]. The catalytic activity of the LaFe0.7Ni0.1Co0.1Cu0.05Pd0.05O3 catalyst have 64% 

CH4 and 68% CO2 conversion for 24 h with H2/CO ratio 0.8 [42]. The HEO 

(Ni3MoCoZn)Al15Ox catalyst have demonstrated 92% methane and 98% carbon dioxide 

conversion at GHSV 100000 mL gcat
−1 h−1 for 100 h DRM reaction [43]. The HEO 

CoFeGaNiZn/CeO2 catalyst was found to convert methane and carbon dioxide 98% and 86%, 

respectively with H2/CO ratio ~1.3 for 30 h of reaction [44]. Thus, the DRM performance data 

in Table 5.4, indicates that the present La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 catalyst has 

commendable DRM activity. 
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Table 5.4: A comparison of DRM behaviour of the La(TM)O catalyst with other pertinent 

catalysts that are reported in the open literature. 

Catalyst CH4 

conver 

sion 

(%) 

CO2 

conver 

sion 

(%) 

H2/CO 

ratio 

GHSV 

(mL 

gcat
−1 

h−1) 

Stability 

checked 

(h) 

Temp

eratu

re 

(°C) 

Refer

ence 

Fe4Ni2CrCoMn0.55Oy 98 73 − 9000 100 550 41 

 

LaFe0.7Ni0.1Co0.1Cu0.05Pd0.05O3 64 68 0.80 − 24 800 42 

 

(Ni3MoCoZn)Al15Ox 92 98 0.94 100000 100 800 43 

 

CoFeGaNiZn/CeO2 

 

98 86 1.3 20000 30 750 44 

La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 

[La(TM)O] 

86 90 ~1 33500 100 800 our 

work 

 

 

5.3.9. Insights into catalyst regeneration: Influence of changes in calcination temperature 

Thus, earlier it has been shown that heat treatment at the reaction temperature of 900 

°C can fully regenerate the aged form of the catalyst. It is evident that the aged forms of the 

catalyst have undergone complete phase regeneration since all the characteristic diffraction 

peaks appear at the same 2θ positions as those observed for the pure catalyst (see Fig. 5.12). 

XPS analysis reveals that the core level spectra of La 3d, Ni 2p, Mn 2p, Fe 2p, Co 2p, Cu 2p, 

C 1s, and O 1s for both the as-prepared and regenerated catalysts show similar features. These 

results therefore suggests that the HEPO catalyst material has a good prospective application 

in DRM reaction simply because this catalyst can be used in a repeated way.  

Even the more intriguing fact is that the 100 h aged catalyst could be effectively 

regenerated by calcination for 3 h, even at the lower temperatures 800 °C and 700 °C than the 

initial phase formation temperature (900 °C) (see Fig. 5.12). In resemblance to this, the SCS 

catalyst was regenerated at the lowest temperature of 450 °C, which is the synthesis 

temperature for the SCS catalyst (see Fig. 5.13) [47, 48]. 
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Fig. 5.12: PXRD patterns of as-synthesized along with regenerated (at different temperatures) 

La(TM)O HEPO catalyst synthesized adopting sol-gel citrate combustion route. 

 

 

Fig. 5.13: PXRD patterns of various forms of the La(TM)O HEPO catalyst prepared via 

solution combustion method. 
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Fig. 5.14 shows the DRM performance of the sol-gel produced La(TM)O catalyst 

regenerated at different calcination temperatures under identical reaction conditions. The 

catalysts regenerated at different temperatures demonstrate similar CH4 and CO2 conversion 

and the ratio of H2/CO. So, the DRM performance remains essentially similar irrespective of 

the regeneration temperatures. The temperatures required for regeneration do not affect the 

catalytic performance of the regenerated forms of HEPO catalyst (see Fig. 5.14(a−c)). The 

H2/CO ratio varies because of some side reactions that take place inside the reaction medium. 

For the catalyst regenerated at 900 °C, it showed H2/CO ratio ~1. This indicates that the 

occurrence of side reactions is minimal. The H2/CO ratio of the regenerated catalyst at 800 °C 

and at 700 °C is ~ 0.97 and 0.96, respectively (see Fig. 5.14(c)). This value is nearly equal to 

unity, signifying that RWGS reactions may have occurred to a small extent in the reaction 

medium. 

 

Fig. 5.14: Catalytic performance of La(TM)O HEPO regenerated at different temperatures: 

(a) methane conversion (b) carbon dioxide conversion, and (c) ratio of H2/CO (under similar 

reaction conditions). 

 

5.3.10. TGA analyses 

Carbon accumulation on the surface of the aged La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)3 catalyst 

was evaluated using thermogravimetric analysis (TGA). The result was compared with the as-

prepared catalyst (see Fig. 5.15). The as-prepared sample does not lose mass when the 

temperature steadily rises to 900 °C. For the aged sample, mass loss starts from 250°C, 

gradually decreases up to 500 °C and then a higher mass loss happens. About 10% of the mass 

loss is caused by the elimination of deposited coke from the aged catalyst surface, most likely 

in the form of CO2. The effect of the deposited carbon structure on the stability of catalysts on 

mesocellular silica made via catalytic chemical vapour deposition (CCVD) method has been 
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investigated by Donphai et al. [68]. Their studies have shown that the amorphous carbon 

changes to carbon nanotubes (CNTs) at higher temperature. The mass losses were attributed to 

the following: lower stable carbon nanotubes (CNTs) at 400–540 °C, very high stable CNTs at 

540–750 °C, and the amorphous carbon at the temperature of 300–400 °C. However, the 

amorphous and lower stable CNTs partly covering the active nickel clusters of catalyst could 

be hydrogenated or gasified by the methanation process. Two incidences of mass loss are 

reported by Xu et al. [69]. The peak at approximately ~500 °C is responsible for amorphous 

carbon oxidation, while the peak at around ~640 °C is responsible for the carbon nanotubes. 

Consequently, the amorphous form of carbon is generally observed more readily at a lower 

temperature and lastly converts to the graphite carbon when temperature increases. It is 

observed that the form of deposited carbon has shown a greater impact in DRM than its 

existence [70]. DRM activity is supposed to be reduced when the active sites of catalysts are 

covered by the graphitic layers of carbon [71]. The PXRD and HRTEM studies of the La(TM)O 

aged form of the catalyst show no signature of crystalline carbon, possibly signifying the 

amorphous form of the deposited carbon. The TGA analysis shows that the mass losses of the 

aged catalyst were completed at around 640 °C. This indicates that few carbon nanotubes might 

also be produced [47, 48]. It is also reasonable to believe that the carbon that forms inside the 

reaction medium remains discrete from the catalyst particles. Fig. 5.16 displays a schematic 

illustration of one possible in situ structural transformation that might appear reversible. The 

initial HEPO La(TM)O (left) decomposed into the corresponding metal oxides inside the DRM 

atmosphere (right) medium without considerably shifting their primary positions in the lattice 

of perovskite structure. For the regenerated catalyst, the component oxides can be simply 

relocated to their original position in HEPO phase owing to their proximity (~atomic 

dimension). Furthermore, it appears that this structure would help to remove the amorphous 

carbon readily during the calcination step, giving an unchanged surface of the catalyst. 

Consequently, catalytic activity remains identical in both the phases. The stable activity 

behaviour over a long run of 100 h duration also indicates the simultaneous occurrence of 

Boudouard and reverse Boudouard processes [40]. The first process gives the formation of 

coke, the second process also occurs instantaneously to remove the coke for smooth running 

of DRM. In a nutshell, the HEPO La(TM)O catalyst material is likely to form a nanocomposite 

at the molecular level, consisting of distinct oxide phases corresponding to La(TM)O and a 

certain proportion of nickel metal. 

 Based on the aforementioned results, it has been ascribed that the experimentally 

observed long-term DRM activity is due to the distinct oxide components together with nickel 
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metal generating a molecular nanocomposite, which are the real operators in the HEPO 

catalyst. The other oxide components like La2O3 [47−50] acts as supports, MnO [51, 52] acts 

as promoter, Fe2O3 [53, 54] and CoO [55, 56] act as oxygen carrier, and CuO [57] acts as 

promoter. The active species in the DRM process, the resultant Ni0/NiO nanocomposite, remain 

vastly dispersed across the surface of the supporting materials. These simple supports are well-

defined structures where small active nanocomposite species, formed in situ in DRM 

environment, are homogeneously distributed. The small metal particles assist to inhibit the 

carbon formation and enhanced activity and stability of the active catalyst. Carbon deposition 

may be restrained via the reaction with supports to form La2O2CO3 in situ [57]. This is then 

decomposed to release CO2, regenerating pure La2O3 support and restoring Ni activity for 

methane reforming. These in situ formed nanocomposites demonstrate reversible thermal 

switching between the original HEPO and the nanocomposite, which contributes to the high 

DRM performance of the La(TM)O catalyst material [47. 48]. 

 

 

 

Fig. 5.15: TGA analyses curves of the as-synthesized and used La(TM)O HEPO catalyst. 
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Fig. 5.16: Diagram demonstrating the reversible thermal interchanging (~700 °C) between the 

original HEPO and nanocomposite at molecular level that is produced in situ in DRM 

atmosphere. Additionally, a schematic illustration of the amorphous coke deposition on the 

surface of nanocomposite is also given. 

 

5.4. Conclusions 

In the present study, the nano-sized Ln(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 (Ln(TM)O) HEPO 

catalysts have been synthesized using the conventional sol-gel citrate method. The initial DRM 

tests have suggested La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 to be the most active catalyst. The 

disintegration of the active catalyst component in the DRM environment, produced the 

individual oxides/metals are La2O3, La(OH)3, MnO, Fe2O3, CoO, Ni, NiO, and CuO. The 

presence of smaller distinct metal oxides and nickel metal on the surface of the sample is 

essential for high DRM activity in the reaction medium. These oxides and nickel metal together 

form a molecular level nanocomposite, which is the real performer in the HEPO system. Even 

though the original catalyst breaks down into different distinct oxides inside the reaction 

atmosphere. The lost perovskite phase of the aged catalyst has been regenerated by calcining 

at 900 °C for 3 h. More intriguingly, the aged catalyst can be regenerated at the lowest 

calcination temperature of 700 °C. The results of the XPS surface characterisation match with 

the other information as well. Thus, the HEPO catalyst, La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)3, has a 

robust DRM catalytic activity behaviour and has the required potential for commercialization. 

 

DRM@800 °C

Δ  700 °C

La2O3/La(OH)3

MnO/Fe2O3/CoO/Ni-NiO/CuO

La

MnFeCoNiCu(equimolar)

O
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Chapter 6 

Studies on (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)(TM)2O4 (TM= 

transition metal) high entropy spinel oxides 

Chapter Abstract: The study focuses on synthesizing a series of high entropy spinel oxides (HESOs) is 

to investigate their potential role for catalysis in the dry reforming of methane (DRM) reaction. 

(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 has demonstrated high catalytic activity, converting 97% of CH4 and 

99% of CO2 during 100 h DRM process with H2/CO~1. The initial spinel phase has broken down in the 

reaction medium and then regenerated itself from the degraded phases by annealing nearly at synthesis 

temperatures. That is an intriguing observation, since it does not alter the DRM activity. PXRD, BET 

surface area, XPS, FESEM, TEM, HRTEM, and TGA techniques are used to characterize the samples. 

 

6.1. Introduction 

High entropy alloys (HEAs) were first introduced by Yeh et al. [1] and Cantor et al. [2] 

in 2004. Since then, a lot of attention has gathered on HEAs due to their numerous potentials 

uses in various fields. Rost et al. developed a new class of materials (Mg, Co, Ni, Cu, Zn)O in 

2015, called high-entropy oxides (HEOs), also referred as entropy stabilised oxides [3]. After 

this pivotal publication describing the finding of five components containing rock salt structure 

(Mg, Co, Ni, Cu, Zn)O in a single phase was reported to be stabilised by entropy. Thus, the 

new area of HEOs is developing quickly and has great potential across many fields. The four 

main stabilizing factors of HEOs are high entropy, lattice distortion, delayed diffusion, and 

cocktail effect [4, 5]. First, the high entropy effect maintains HEO’s phase stability at high 

temperatures. Five or more main cations are unevenly distributed across the crystal matrix in 

the HEO crystal structure. The entropy of mixing related to the development of HEOs may be 

estimated from the Gibbs-Helmholtz equation (eq. 5.1). Initially, high temperatures facilitate 

the mixing of entropy (ΔSmix), which makes (ΔGmix) lower. This higher negative value of the 

(ΔGmix) helps in forming highly stable HEO [6, 7] materials. Second, for the lattice distortion 

effect, the defects are easily appeared in HEOs. Dissimilar main metal cations have different 

radii, which facilitates lattice distortion that helps the creation of oxygen vacancies in the lattice 

[8, 9]. Additionally, due to the delayed diffusion effect, HEOs have improved chemical stability 

[10, 11]. It also prevents undesirable outcomes from happening during this process, such as 

grain coarsening and recrystallisation. Finally, the cocktail effect enables HEOs to perform a 

variety of catalytic activities. As HEOs are formed by a variety of metal cations, the roles of 
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the cations may vary or be parallel based on their radius [12]. There have been reports of several 

types of HEO systems based on the features, such as rock salt oxides [8, 13], perovskite oxides 

[14, 15], fluorite oxides [16], spinel oxides [17, 18], pyrochlore oxides [19, 20]. HEOs are 

extensively used in various fields, such as water splitting reactions [21], thermal conductivity 

[22], oxygen production [23], hydrogen production [24], catalytic CO oxidation [25], 

electrochemical capacitors [26], sodium-ion battery [27], lithium-ion battery [28], electrical 

properties [29], magnetic properties [30], dielectric properties [31], piezoelectric properties 

[32], optical properties [33], etc. The HEOs catalysts have a few distinct configurations that 

could facilitate DRM.  

Fossil fuel is currently the primary energy source that satisfies our everyday energy 

needs. However, pollution resulting from the use of fossil fuels in a variety of activities brought 

about by civilisation is one of the major threats to modern life. Fossil fuel combustion releases 

greenhouse gases (GHGs), primarily CH4 and CO2, which progressively increase global 

temperatures. According to several reports, hydrogen energy is one of the most promising 

alternatives to fossil fuels. H2 fuel is considered as an environmentally beneficial fuel source 

because of its high energy content and minimal environmental impact. Many photocatalytic or 

catalytic processes, such as the partial oxidation of methane (POM), electrochemical, and 

photochemical reactions, as well as the steam and dry reforming of methane (SRM and DRM), 

are used in conventional H2 production. The DRM reaction is regarded as one of the most 

promising processes for the production of H2, as it can produce a significant amount of H2 at a 

low cost, has long-term stability, and requires just basic synthetic procedures to prepare the 

catalysts. Additionally, one of the major advantages of the DRM reaction is the fruitful 

formation of syngas (H2 + CO) by consuming two greenhouse gases (CH4 and CO2). However, 

the other methods like electrochemical water splitting or photocatalytic H2 production are not 

viable because of their low yield, which barely satisfies the present demand for H2 energy. The 

requirement for costly materials (Pt, Pd, Ir, Ru, etc.), and the multistep for catalyst synthesis. 

Thus, DRM has gathered significant interest from researchers in recent times because of its 

many potential applications in the chemical industry [34−36] and environmental aspects [37, 

38]. Syngas has many industrial applications, such as production of diesel via the Fischer-

Tropsch synthesis [39], hydrogen production [40−42], preparation of methanol [34], reduction 

of iron ore to sponge iron [43], etc. A few drawbacks of the DRM method are catalyst instability 

and coke deposition, which quickly deactivates the active sites in the reaction atmosphere. The 

reactions related to DRM are discussed in Chapter 1 (Sec.1.1). Thus, the main sources of 
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coking are reactions (eq. 1.3) and (eq. 1.4). Thus, extensive research is needed to synthesize 

suitable catalysts with high coking resistance, good durability, and significant DRM activity. 

The literature survey shows that in the DRM reaction, transition metal nickel and noble metal 

catalysts such as Ru, Rh, and Pt have revealed high catalytic activity and low carbon deposition. 

Noble metal catalysts are ineffective in DRM due to their expensive cost and limited 

availability. It is important to note that the HEO catalysts possess characteristic structures that 

could enhance the DRM activity.  Shao et al. have synthesized (MgCoNiMnFe)Ox/ZrO2 HEO 

catalyst [44] and deployed it for DRM reaction for 100 h. Methane conversion of the catalyst 

has been found to 43%. In their report, Liao et al. have demonstrated the DRM activity of 

FexNi2CrCoMn0.55Oy HEO catalyst [45]. 98% CH4 conversion and 72% CO2 conversion have 

been demonstrated by the catalyst. The DRM activity of LaFe0.7Ni0.1Co0.1Cu0.05Pd0.05O3 HEO 

have been explored by Shah et al. [46]. The DRM activity of the catalyst was found to be 

observed ~64%, and ~68% CH4 and CO2 conversion, respectively, and H2/CO ratio ~0.8 for 

24 h reaction. Zhang et al. investigated the DRM catalytic activity of the spinel type HEO 

(Ni3MoCoZn)Al15Ox [47]. Throughout the course of the 100 h DRM, the catalyst has shown 

high activity, converting 92% to 97% of CH4 and 98% of CO2, with the H2/CO ratio ranging 

from 0.94 to 0.98. The role of the HEO CoFeGaNiZn/CeO2 catalyst in the DRM process has 

been investigated by Gangwar et al. [48]. For 30 h of DRM reaction, they have observed that 

the methane and carbon dioxide conversions were 98% and 86% respectively, with H2/CO 

ratio1.3. In a report, Su et al. have shown there is substantial lattice distortion in La-based 

La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3 [49] HEOs. The possibility of oxygen vacancies increased as 

the lattice distortion increased with the number of the component elements. Moreover, 

intriguing catalysis often takes place at the interface between two distinct compounds. The 

(NiMgCuZnCo)O/CeOx catalyst have synthesized by the combination of a common oxide with 

HEO by Chen et al. [50], and investigated the role of the catalyst for CO oxidation. The 

heterostructure boundary formed by the two different oxides increases the catalytic activity and 

stability of the catalyst.  

In the backdrop of aforementioned reports, it would be beneficial to investigate the 

HESO systems MM2O4, where M= equimolar proportions of Mn, Fe, Co, Ni and Cu while 

M= Al, Cr, Mn, Fe and Co, i.e., (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)M2O4 as potential catalyst materials 

for DRM reaction. The phase pure (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 is shown to be the most 

active catalyst that exhibits maximum DRM activity of 97% CH4 conversion, and 99% CO2 

conversion, maintaining full activity for 100 h. After the 100 h DRM, the XRD analysis of the 
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aged sample has been carried out and it was observed that the primary HESO phase has 

completely broken down. This result helps to consider that the in situ fragmented phases 

formed a molecular level nanocomposite where the constituent ions displace very little from 

the lattice sites of individual spinel structures. The regeneration of the original spinel phase can 

be done following a thermal treatment of the nanocomposite at a temperature lower than that 

of the synthesis temperature while maintaining complete catalytic activity. It is possible to go 

back and forth between them the two forms of the catalyst, while retaining the catalytic 

performance of pristine HESO and in situ generated nanocomposites. This finding opens a 

scope of possibility for more research and better comprehension of the structure-property 

relationship for this promising (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 HESO catalyst. 

 

6.2. Experimental details  

Chapter 2 (Sec. 2.3.1.1.) discusses details of catalyst synthesis as well as the 

experimental techniques used for characterization and tests of reforming activity. 

 

6.3. Results and discussion  

6.3.1. PXRD analyses of the as-synthesized HESOs 

Fig. 6.1. shows the PXRD patterns of the HESO MM2O4 

(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)M2O4 ((where M = equimolar Mn, Fe, Co, Ni and Cu) and M = Al, 

Cr, Mn, Fe and Co)) materials. Diffraction patterns show that the samples are well-crystalline. 

Diffraction peaks are observed to appear at 2θ values of 18.8°, 30.9°, 36.8°, 44.5°, 55.4°, 59.1°, 

65.0°, and 77.6°, which correspond to the lattice planes are (111), (220), (311), (400), (422), 

(511), (440), and (533), respectively. The PXRD patterns indicate that the HEO spinel MM2O4 

system forms cubic phase. The XRD data of MM2O4 matches well with the JCPDS PDF # 34-

0192. The Scherrer sizes obtained from the full-width-at-half-maximum (FWHM) of the most 

intense diffraction peak of the HESO of MAlO, MCrO, MMnO, MFeO, and MCoO materials 

are about 20, 21, 24, 50, and 41 nm, respectively. For MAlO, MCrO, MMnO, and MFeO pure 

phases are obtained. But for MCoO, small peaks associated with -Al2O3 (*) appears at 2θ 

values of 25.2 and 41.6. The as-prepared MAlO catalyst material exhibits no characteristic 

peaks related to any other impurities, confirming the phase purity of the samples. 
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Fig. 6.1: PXRD patterns of as-prepared MAlO, MCrO, MMnO, MFeO, and MCoO HESO 

materials. 

 

6.3.2. Screening of materials for DRM activity 

In order to find out the most active catalyst from the as-prepared samples DRM, an 

initial activity test of the as-prepared HESOs was carried out for 10 h. The catalytic activities. 

The CH4 conversions, CO2 conversions, and ratio of H2/CO of HESOs are shown in Fig. 6.2 

in a comparable summary. Fig. 6.2(a−c) display the CH4 conversions, CO2 conversions, and 

ratio of H2/CO of all the as-prepared HESOs materials. The methane conversions of the HESOs 

are MAlO, MCrO, MMnO, MFeO, and MCoO are 97%, 84%, 52%, 36%, and 85%, 

respectively. In contrast, the CO2 conversions of the HESOs samples are 99%, 90%, 60%, 44%, 

and 90%, respectively. The H2/CO ratio of all the HESOs varies from 0.97 to 1.5. The variation 

of H2/CO ratio of as-prepared samples is because of some side reactions which are 

thermodynamically possible at that temperature. Fig. 6.2(a−c). show that the 

(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 (MAlO) catalyst has shown the highest catalytic activity 

amongst the as-prepared samples.  
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Fig. 6.2: DRM activity of HESO catalysts MAlO, MCrO, MMnO, MFeO, and MCoO for 10 h 

(upper row) and for the most active MAlO catalyst for 100 h (middle row): at GHSV of 34000 

mL gcat
−1 h−1 and reaction temperature of 800 °C (a, d) methane conversion, (b, e) carbon 

dioxide conversion and (c, f) ratio of H2/CO, (g, h) H2 and CO yield and selectivity (lower 

row). 

 

Based on these primary screening data, a continuous 100 h DRM reaction was carried 

out using MAlO as catalyst in order to put additional light on this HESO catalyst. This activity 

outcome helped us to find out the catalytic activity as well as the durability of this HESO 

catalyst. The activity data of the MAlO catalyst during a 100 h DRM reaction are displayed in 

Fig. 6.2(d–f). To ensure that the results are repeatable, the data from a second catalytic run is 

also included in the figure. From the graph, it is found that MAlO shows 97% CH4 conversion, 

99% CO2 conversion, and the H2/CO ratio ~1 for 100 h of DRM. For the other materials, the 

H2/CO ratio varies from 0.9 to 1.5. The H2/CO ratio lower than unity for MCoO (0.97) suggests 

the occurrence of the reverse water gas shift reaction (RWGS) which involves the reaction of 
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CO2 with the hydrogen produced in the DRM reaction. The H2/CO ratio is more than unity 

indicates the existence of the Boudouard reaction, where CO is disintegrated into carbon and 

carbon dioxide. The H2/CO ratio becomes relatively higher than unity for MCrO (1.4), MMnO 

(1.2), and MFeO (1.5). Following a continuous 100 h reaction, the catalyst bed was cooled to 

ambient temperature in a helium atmosphere. The aged catalyst has been regenerated ex situ 

simply by calcination at synthesis temperature and air-quenched to obtain the expected HESO 

materials. To comprehend the structure-activity correlation, the aged and regenerated forms of 

the catalyst has subsequently been thoroughly characterised and compared with the as-prepared 

catalyst.  

Table 6.1: DRM activity of as-prepared catalysts for 10 h. 

Catalyst CH4 conversion (%)  CO2 conversion (%) H2/CO ratio 

MAlO 97 

84 

52 

36 

85 

99 

90 

60 

44 

90 

1 

1.4 

1.2 

1.5 

0.97 

MCrO 

MMnO 

MFeO 

MCoO 

 

 

The apparent activation energies of the reforming reaction for different forms of MAlO 

catalyst were calculated and compared with their catalytic performance. For the kinetic 

analysis, the same fixed-bed flow reactor was loaded with 30 mg of MAlO catalyst that was 

mixed with 70 mg of purified silica of the same mesh size (85−100) keeping rest of the 

experimental conditions constant. The temperature range was 400−460 °C to ensure that all the 

conversion values remained below 20%. The Arrhenius plots for different MAlO catalysts are 

shown in Fig. 6.3. The apparent activation energies derived from the slopes of these Arrhenius 

plots for H2 formation rates within the specified temperature range, were 108.88 kJ mol−1 for 

the as-prepared MAlO, 85.71 kJ mol−1 for the aged MAlO, and 103.09 kJ mol−1 for the 

regenerated MAlO catalyst (see Fig. 6.3(a)). In contrast, the activation energies for CO 

production were generally lower than those for H2 production, with the energies of 84.88 kJ 

mol−1 for the as-prepared MAlO, 59.08 kJ mol−1 for the aged MAlO, and 73.16 kJ mol−1 for the 

regenerated MAlO (see Fig. 6.3(b)). It is thus evident that the as-prepared MAlO catalyst 
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requires the highest activation energies for both H2 (108.88 kJ mol−1) and CO (84.88 kJ mol−1) 

formation, while the aged MAlO catalyst has the lowest activation energy values, 85.71 kJ 

mol−1 for H2 and 59.08 kJ mol−1 for CO production. This indicates that the MAlO catalyst is in 

the most activated form on being aged. Although the regenerated catalyst has comparatively 

higher activation energy than the aged one, its values are still lower than those of the as-

prepared MAlO catalyst. So, the activity of the regenerated catalyst remains in between the as-

prepared and aged forms of the catalyst. These outcomes of apparent activation energies are in 

good agreement with the DRM activity. 

 

Fig. 6.3: Arrhenius plots for the production of (a) H2 and (b) CO for different forms of MAlO 

catalyst at GHSV of 113400 mL gcat
−1 h−1). 

 

6.3.3. PXRD analyses of different forms of MAlO catalyst: Relationship with DRM 

activity 

The powder XRD patterns of all forms of the MAlO catalyst are displayed in Fig. 6.4. 

It is evident that the pristine spinel phase is entirely suppressed in the aged sample along with 

the appearance of some new diffraction peaks. These newly formed peaks, which are attributed 

to the simple individual oxide phases and metallic nickel in Fig. 6.4. It should be mentioned 

that the same structural changes are observed after 10 h of reaction (powder XRD patterns not 

shown here). Several reports have confirmed that the active catalyst is typically degraded into 

its component oxide phases in the reaction atmosphere [23, 42, 44, 51, 52], losing its original 

phase in the reaction environment. The decomposed components have been recognized as -

Al2O3 (*) of the peaks at 2θ values of 26.2, 43.6, 56.1 and 65.8, CuO () at 2θ values of 

36.5, and 73.9, MnO (◊) at 2θ values 41.8 and 55.9, MnO2 (▪) at 2θ values 37.3, CoO (ɤ) 
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at 2θ values 42.4, 60.1 and 73.3, Fe2O3 (α) at 2θ values 54.2 and 64.1, NiO (•) at 2θ values 

of 31.9, 43.2, and 51.5 and metallic nickel at 2θ value of 44.3 and 51.5. These fragmented 

components closely match with JCPDS PDF # 897717 for -Al2O3, 751090 for MnO, 440141 

for MnO2, 898104 for Fe2O3, 780431 for CoO, 897128 for Ni, 140481 for NiO, and 782076 

for CuO. The interesting fact of this MAlO catalyst is that the catalyst’s original spinel phase 

is degraded during DRM reaction (as in the aged form of the catalyst), but the original spinel 

phase can be regenerated fully from the degraded component phases by annealing at synthesis 

temperature in static air for 3 h (see Fig. 6.4). The as-synthesized, aged, and regenerated forms 

of MAlO spinel catalyst have Scherer sizes of 20, 13, and 28 nm, respectively. Enlarged specific 

surface area values of the aged form (from 51 to 77 m2 g−1 on ageing) from BET specific surface 

area analysis is thus consistent with the size of aged catalyst in the DRM environment due to 

reduction of the parent oxide phase of the catalyst. 

 

Fig. 6.4: PXRD patterns of different forms MAlO spinel catalyst. 

 

To determine the structural features of the as-prepared and regenerated MAlO catalysts, 

structural refinement was done to the powder XRD patterns of both the phases (see Fig. 6.5). 
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FullProf Suite software has been used to refine the XRD patterns. The cubic group is needed 

in order to appropriately index the phase patterns during the analyses, both as-prepared and 

regenerated. The catalysts’ phase purity is confirmed by the absence of any impurity signature 

in the refined powder XRD patterns. The refinement results reveal the complete regeneration 

of the aged form of the catalyst. Table 6.2 provides the structural and refinement parameters 

for both the phases. It is found to be observed that the peak intensity in the diffraction pattern 

of the regenerated phase is not as strong as those in the pristine phase because less amount of 

sample could be used for PXRD diffraction analysis of the regenerated form. This result 

supports the structural similarity of as-prepared and regenerated forms of MAlO catalyst as 

observed in our earlier report [51, 52]. 

 

 

Fig. 6.5: Rietveld refinement of PXRD patterns of the (a) as-synthesized and (b) regenerated 

MAlO catalysts. The experimental patterns, calculated patterns, difference curves, and Bragg 

position are represented by the red circles, black lines, bottom blue lines, and vertical magenta 

bars, respectively. 
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Table 6.2: Rietveld refinement parameters of the MAlO (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 

spinel catalyst material of as-prepared and regenerated phases.  

       Composition      Cell parameter    Bond 

length 

(Å) 

  Bond angle 

()  

Atom     Wyckoff           Atomic coordinates 

               position            

MAlO 

As-prepared 

 

 

Cubic  

(Fd–3m) 

 

a= 8.157(2) Å 

V= 542.90 (2) Å3 

RBragg= 4.27 % 

Rf= 3.72 % 

χ2 = 2.70 

 

 

 

 

 

 

 

 

 

 

Mt—O 

bond 

length: 

1.885(4)    

 

Mo—O 

bond 

length: 

1.975(5)   

<Mt—O—Mo:  

122.5°(3)   

 

 

 

   Mn 

 

Fe 

 

Co 

 

Ni 

 

Cu 

 

Al 

 

Fe 

 

Al 

 

O 

 

              x                y                z 

 

 8a     0.12500     0.12500     0.12500 

 

8a     0.12500     0.12500     0.12500 

 

8a    0.12500     0.12500     0.12500 

 

8a     0.12500     0.12500     0.12500 

 

8a     0.12500     0.12500     0.12500 

 

8a     0.12500     0.12500     0.12500 

 

16d    0.50000     0.50000     0.50000 

 

16d     0.50000     0.50000     0.50000 

 

32e     0.25830     0.25830     0.25830 

 

MAlO 

Regenerated 

 

Cubic  

(Fd–3m) 

 

a= 8.106(4) Å 

V= 532.68 (3) Å3 

RBragg= 12.3 % 

Rf= 10.5 % 

χ2 = 2.16 

 

 

 

 

 

 

 

 

 

 

Mt—O 

bond 

length: 

1.918(7)    

 

Mo—O 

bond 

length: 

1.936(6)   

<Mt—O—Mo:  

121.28°(4)   

 

 

 

   Mn 

 

Fe 

 

Co 

 

Ni 

 

Cu 

 

Al 

 

Fe 

 

Al 

 

O 

 

              x                y                z 

 

 8a     0.12500     0.12500     0.12500 

 

8a     0.12500     0.12500     0.12500 

 

8a    0.12500     0.12500     0.12500 

 

8a     0.12500     0.12500     0.12500 

 

8a     0.12500     0.12500     0.12500 

 

8a     0.12500     0.12500     0.12500 

 

16d    0.50000     0.50000     0.50000 

 

16d     0.50000     0.50000     0.50000 

 

32e     0.26171     0.26171     0.26171 

 

 

Regeneration of the aged catalyst has also been done in situ for further confirmation 

that the DRM activity does not alter upon regeneration of the catalyst. First, the catalytic 

activity of the as-prepared MAlO catalyst has been checked for 10 h at 800 °C with similar 

reaction conditions. After the reaction was stopped, the gas lines were cleaned for 30 minute 
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using helium gas. The catalyst was then regenerated at 900 °C for 3 h (the synthesis temperature 

being more important here) for 3 h with zero air flow followed by degassing in helium flow 

and subsequently a DRM activity test was conducted on the regenerated MAlO catalyst. The 

activity data of the as-synthesized and regenerated forms of MAlO catalyst are displayed in 

Fig. 6.6, which indicates that about all the catalytic activity is retained when the catalyst is 

regenerated. The as-prepared catalyst's H2/CO ratio is nearly unity, which suggests that side 

reactions are occurring at a lower extent. The ratio of H2/CO is greater than unity as a result of 

the Boudouard reaction. In contrast, RWGS causes the H2/CO ratio to be less than unity when 

CO2 combines with the hydrogen that is formed in DRM. The H2/CO value ~1 indicates that 

both the side reactions are taking place to a lower extent (see Fig. 6.6). 

 

Fig. 6.6: (a) Methane conversion, (b) carbon dioxide conversion, and (c) ratio of H2/CO of as-

synthesized and in situ regenerated MAlO spinel catalyst material for 10 h of DRM reaction 

(under similar reaction condition). 

 

Thus, the real performer in the reported DRM activity in the chosen reaction conditions 

is therefore the HESO catalyst system constituted by a nanocomposite of discrete oxides and 

nickel metal corresponding to the pristine spinel phase at the molecular level. As the 

original HESO catalyst is aged, it has been broken down into distinct metal oxides and metallic 

nickel. The “molecular level nanocomposite” in the reaction medium is made up of these 

fragmented phases. We suggest that a “molecular level nanocomposite” formed by metallic 

nickel and nickel oxides is primarily responsible for the observed high DRM activity. This 

nanocomposite is the actual performer in the HESO catalyst for enhanced DRM catalytic 

activity under the chosen reaction conditions. On the other hand, other metal oxides in the 

reaction atmosphere, such as -Al2O3 acts as support [41, 53−56], MnO as promoter [51, 57, 

58], MnO2 as support [38, 57, 58], Fe2O3 and CoO act as oxygen carrier [59−62], and CuO also 

acts as promoter [52, 63]. The decomposition-regeneration procedure is reversible as the aged 
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phase of the catalyst can be restored to its pure spinel phase. The reforming environment 

facilitated the first step, whereas the calcination procedure facilitated the second. 

 

6.3.4. BET specific surface area measurement 

Fig. 6.7 displays the specific surface area (SBET) nitrogen adsorption-desorption 

isotherms of as-prepared (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)M2O4 (where M = Al, Cr, Mn, Fe and Co) 

(MAlO, MCrO, MMnO, MCoO, aged MAlO, and MAlO) materials and their corresponding 

pore size distribution curves are in the inset. The surface area, pore volume, and pore size 

distribution of the particular catalysts are shown in Table 6.3. A Type IV isotherm with an H3 

type hysteresis loop is formed and the volume of N2 gas adsorption is lower at low relative 

pressure and gradually rises at high P/P0 (ranges from 0 to 1) values. The specific surface areas 

(SBET) of different types of catalysts MAlO, MCrO, MMnO, MCoO, aged MAlO and 

regenerated MAlO, are approximately 52, 26, 44, 23, 77, and 61 m2 g−1, respectively. Among 

all the as-prepared catalysts, the MAlO sample has the highest BET surface area, which impacts 

its long-term activity behaviour. In the case of aged MAlO catalyst, the specific surface area is 

increased from 52 m2 g−1 to 77 m2 g−1 [51, 52]. Further, XRD analyses have revealed that the 

breakdown of catalyst into its constituent oxide components is responsible for this. The 

catalyst's particle size was confirmed to have decreased from 20 nm to ~13 nm by XRD, XPS 

and HRTEM studies. The aged HESO MAlO catalyst's smaller size and larger surface area are 

in good agreement with its high DRM activity and long-term durability. The regenerated 

catalyst has surface area of 61 m2 g−1 and the particle size of 28 nm.  In addition, the surface 

area of the regenerated MAlO catalyst is greater than that of the pristine catalyst, which helps 

to explain its comparable DRM activity (Fig. 6.6). In comparison to the pristine catalyst, the 

surface area of the aged and regenerated forms is higher. These findings nicely support the high 

DRM activity of the aged and the regenerated forms of MAlO catalyst.  
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Fig. 6.7: N2 adsorption-desorption curves and porosity (inset) of (a) MAlO, (b) MCrO, (c) 

MMnO, (d) MCoO, (e) aged MAlO and (f) regenerated MAlO spinel catalyst. 
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Table 6.3: Textural features of different MAlO, MCrO, MMnO, MCoO, aged MAlO and 

regenerated MAlO materials. 

 

Catalyst Specific 

surface area (m2 g−1) 

Pore volume 

(cm3 g−1) 

Pore size 

(nm) 

MAlO 52 0.237 1.38 

MCrO 26 0.216 1.38 

MMnO 44 0.202 1.58 

MCoO 23 0.161 1.58 

Aged MAlO 77 0.290 1.18 

Regenerated MAlO 61 0.258 1.29 

 

 

6.3.5. Morphology studies 

The surface morphology and elemental content of the as-synthesized and aged form of 

the catalysts have been assessed using FESEM microscopic study. The as-prepared MAlO 

spinel catalyst is shown to exist as a consistently dispersed spherical shape along with some 

irregularly shaped nanoparticles as shown in Fig. 6.8(a). The aged catalyst's morphology has 

been changed to a highly aggregated semi-spherical or irregular shape as shown in Fig. 6.8(c). 

This is because the catalyst has been fragmented in DRM environment and due to presence of 

small amount of carbon. The EDX of the as-prepared and aged form of the MAlO spinel 

catalysts is presented in Fig. 6.8(b, d), which indicates that the elements Al, Mn, Fe, Co, Ni, 

Cu, and O are present in the samples. The MAlO spinel catalyst's surface is smooth and 

transparent in the as-prepared sample, but its surface smoothness diminishes and becomes 

rough in aged form, most likely as a result of the catalyst breaking down into its component 

oxides.  
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Fig. 6.8: FESEM images (a, c), and (b, d) EDX spectra of as-prepared and aged MAlO spinel 

catalyst, respectively.  

 

6.3.6. HRTEM studies  

The TEM and HRTEM investigations were performed to analyse the microstructures 

of the as-prepared and aged MAlO catalyst. Fig. 6.9 displays the TEM and HRTEM results for 

both forms of MAlO catalyst. The HRTEM image reveals that the as-prepared MAlO catalyst 

surface has a hexagonal morphology as observed in Fig. 6.9(a). However, it changes to a 

granular-like asymmetrical assembly in aged form as shown in Fig. 6.9(e). The as-prepared 

MAlO sample's lattice fringe (d spacing), 0.24 nm corresponds to the (311) lattice plane (see 

Fig. 9(b, c)). Conversely, the aged MAlO catalyst's 0.23 and 0.26 nm lattice fringe correlates 

to the (102) lattice plane of (NiO) and the (104) lattice plane of Al2O3, respectively, as 

demonstrated in Fig. 6.9(f, g). XRD analyses of the pristine and aged MAlO catalyst are in 

good agreement with the HRTEM analysis. The selected area electron diffraction (SAED) 

patterns indicate the crystalline nature of the sample. 

Electron image

(b)(a)

(c) (d)

Electron image

Electron image

Al

Al
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Fig. 6.9: (a, e) TEM figures, (b, f) HRTEM figures, (c, g) enlarged area of HRTEM and (d, h) 

SAED forms of pure and used MAlO spinel catalyst, respectively. 

 

6.3.7. XPS analyses 

It is to be noted that as per definition HESO materials contain several metal ions 

occupied in tetrahedral and octahedral sites, thereby making them mixed spinel oxides in 

nature. In the view of this, some metal ions may be present in both the sites, some may be in 

single site. XPS can enlighten the chemical nature of the metal ions in this type of mixed spinel 

oxides. In this aspect, XPS studies of as-prepared, aged, and regenerated MAlO catalysts have 

been carried out for detailed understanding of their elemental information and chemical states 

as presented in Fig. 6.10.  The survey spectra of different forms of the HESO catalyst show 

that Mn, Fe, Co, Ni, Cu, Al, O and C elements are present in the catalyst as shown in Fig. 5.10 

(a)). In as-prepared MAlO catalyst, Al is in octahedral site and other metals are in tetrahedral 

site.  Al 2p core level spectra in different catalysts are displayed in Fig. 6.10(b). Observed peak 

at 74.4 eV in as-prepared catalyst corresponds to Al3+ species present in the catalyst indicating 

that Al is in octahedral site. A long tail in the lower binding energy region indicates the presence 

of tetrahedral component of Al3+ species present in the catalyst [64]. In aged catalyst, core level 

peak is shifted to high binding energy position at 75.7 eV which can be assigned for highly 

oxidized aluminium species, may be Al(OH)3 formed during DRM condition. Fig. 6.10(c) 

shows Mn 2p core level spectra of the as-synthesized, aged, and regenerated catalysts. In as-

prepared catalyst, peaks observed at 640.9 and 652.8 eV with a weak satellite peak at 646.2 eV 

correspond to Mn2+ species present in the catalyst. Mn2+ ions may occupy octahedral sites in 

the HESO. However, peaks at 642.4 and 654.2 eV are related to Mn4+ species indicating the 

(h)(111)

(102)

(220)

(012)

(104)

(d)(111)

(422)

(220)

(311)

(400)

(a) (b) (c)

(g)(e) (f)

d(311)=0.24

d(104)=0.26

d(102)=0.23
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formation of higher oxidation state Mn species during DRM reaction [51, 65]. Mn 2p binding 

energy peak positions in core level spectrum of the regenerated catalyst are similar to as-

prepared catalyst. A hump at 648.1 eV is attributed to Cu LMM peak. Fig. 6.10(d) represents 

Fe 2p core level spectra of as-prepared, aged, and regenerated catalysts. Fe 2p3/2,1/2 peaks at 

711.8 and 725.2 eV with a weak satellite peak at 719.7 eV are assigned to Fe3+ species [66], 

which can occupy preferably occupy tetrahedral site. Considering the broad spectral envelope 

and mixed kind nature of these spinel oxides there is a possibility of the presence of octahedral 

Fe3+ species in the present HESO catalyst. A hump around 713.6 eV is related to Co LMM 

contribution from Co species present in the catalyst. Corresponding Fe 2p core level spectrum 

of aged catalyst is observed to be very weak and spectral characteristics indicate the highly 

oxidised Fe species such as FeOOH formed in the DRM condition. However, the feature of Fe 

2p core level spectrum of regenerated catalyst looks similar to as-prepared catalyst. Intense Co 

2p3/2,1/2 peaks around 781.1 and 796.9 eV along with characteristic strong satellite peaks at 

786.5 and 802.9 eV in as-prepared HESO catalyst as shown in Fig. 6.10(e) are assigned to Co2+ 

species in tetrahedral site. Co 2p core level spectrum of aged catalyst is very faint with the 

signature of oxide species [67]. Binding energy peak positions of regenerated catalyst are 

similar to as-prepared catalyst with sharper features compared to as-prepared catalyst. Ni 2p 

core level spectra of all the catalysts are displayed in Fig. 6.10(f). Ni 2p3/2,1/2 core level peaks 

at 855.7 and 873.6 eV with intense satellites at 862.3 and 880.4 eV are associated with Ni2+ 

species in tetrahedral site of this type of spinel materials [51, 52]. In aged catalyst, like Fe 2p 

and Co 2p core level spectra, Ni 2p core level spectrum is also found to be very weak. However, 

an observable Ni 2p3/2 peak around 853.1 eV can be attributed to reduced Ni oxide as well as 

metallic species. Upon regeneration of the aged catalyst Ni 2p core level spectral feature is 

observed to return to that of as-prepared catalyst. Cu 2p core level spectra of as-prepared, aged, 

and regenerated catalyst are presented in Fig. 6.10(g). Observed Cu 2p3/2,1/2 peaks at 933.6 and 

953.4 eV along with typical 2p3/2 satellite peaks at 940.8 and 942.9 eV indicating the presence 

of Cu2+ species [52, 68, 69]. Satellite peaks are the characteristic features of the transition metal 

oxides. There is a noticeable variation in the Cu 2p spectral nature in the aged form of the 

catalyst. Two Cu 2p3/2,1/2 tail peaks at 934.8 and 955.1 eV along with intense peaks at 933.6 

and 953.4 eV can be attributed to Cu(OH)2 species formed during DRM. However, aged 

catalyst is properly regenerated as apparent from the corresponding Cu 2p core level spectrum 

of regenerated form of the catalyst.  
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Fig. 6.10: XPS core level spectra of the different forms of MAlO catalysts (a) survey spectra 

(b) Al 2p (c) Mn 2p, (d) Fe 2p, (e) Co 2p, (f) Ni 2p, (g) Cu 2p and (h−j) C 1s.  
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C 1s core level spectra of as-prepared, aged, and regenerated HESO catalysts are broad 

and asymmetric indicating the presence of different carbon species on the catalyst surface 

which are resolved by curve fitting.  Accordingly, the core level peaks at 284.9, 286.2, and 

288.9 eV are attributed to C−C/C−H, C−O, and carbonate species (CO3
2−), respectively as 

shown in Fig. 6.10(h−i). The intensity of oxidized carbon species is observed to increase in the 

aged catalyst. An additional peak at 287.3 eV is observed in the aged catalyst indication the 

different chemical environment during DRM [51, 52].  There is no substantial variation in C 

1s core level spectrum of regenerated form of the catalyst in comparison with as-synthesized 

catalyst, which confirms the effective regeneration of aged form of the catalyst. O 1s core level 

spectra of as-synthesized, aged, and regenerated catalysts are broad and contributions are 

separated by curve fitting. Peaks observed at 530.5, 531.7, 532.5, and 533.4 eV are associated 

with M−O, adsorbed hydroxyl (OH−), adsorbed carbonate, and adsorbed water species, 

respectively.  

 

6.3.8. Advantage of sol-gel method compared to solution combustion method 

Based on the aforesaid results, we have synthesized the same catalyst composition 

adopting solution combustion synthesis and checked its DRM activity. The activity behaviours 

of the SG and SCS catalysts were also compared with that of a physical mixture of the 

constituting phases, Al2O3, Al(OH)3, MnO, MnO2, Fe2O3, CoO, NiO, Ni0, and CuO, as per the 

required stoichiometry of the HESO catalyst. The oxides were prepared through the 

conventional sol-gel method [51, 52], and were mixed carefully in a mortar and pestle for 3 h 

with the gradual addition of acetone. It is important to note that the sol-gel synthesized catalysts 

are superior in terms of catalytic activity to both the PM and SCS catalysts. The SCS 

synthesized MAlO, MCrO, MMnO, MFeO, and MCoO catalyst have shown 81%, 75%, 46%, 

32%, and 75% CH4 conversion, respectively. On the other hand, the CO2 conversions are 87%, 

83%, 52%, 36%, and 80%, respectively for 10 h of DRM. For these SCS synthesized catalysts 

the H2/CO ratios vary from 0.77 to 1.3 as shown in Fig. 6.11. The H2/CO ratios higher than 

unity for MAlO, MCrO, and MMnO catalysts suggest that the Boudouard reaction is 

predominant over the RWGS reaction. On the other hand, the H2/CO ratio lying below the unity 

indicates that the extent of the RWGS reaction is higher than the Boudouard reaction. Thus, the 

sol-gel synthesized catalysts have superior DRM activity compared to the SCS synthesized 

catalysts. Amazingly, almost no DRM activity was observed for the MAlO PM (data not shown 

in the figure). Powder XRD analysis of the physical mixture after 10 h of DRM reaction shows 



161 
 

no variations to the constituent phase. Therefore, whether the MAlO catalyst is synthesized by 

SG or SCS methods, it is reasonable to conclude that the molecular nanocomposite is only 

generated when the spinel phase of HESO catalyst is decomposed. This result leads us to the 

conclusion that spatial distribution of the component phases (in the form of molecular 

nanocomposite, which is formed out of the SG and SCS catalysts in the DRM environment) 

affects the DRM activity much more than their simple presence (as in the physical mixture, 

MAlO PM). 

 

Fig. 6.11: Activity performance of the HESO MAlO, MCrO, MMnO, MFeO, and MCoO 

HESO catalyst materials prepared by SCS process for 10 h of DRM reaction: (a) methane 

conversion, (b) carbon dioxide conversion and (c) ratio of H2/CO (under similar reaction 

conditions). 

 

In Table 6.4, we have done a comparison of the MAlO catalyst with similar types of 

HEO catalysts existing in the literature in terms of CH4 and CO2 conversions, ratio of H2/CO, 

reaction temperature, GHSV as well as time on stream of DRM. In majority of the reports, 

DRM reactions have been done at 800 °C. The DRM of Fe4Ni2CrCoMn0.55Oy catalyst has 

demonstrated methane and carbon dioxide conversion of 98 and 73%, respectively, for 100 h 

of DRM [45]. The DRM catalytic activity of the catalyst LaFe0.7Ni0.1Co0.1Cu0.05Pd0.05O3 

catalyst has shown 64% of CH4 and 68% of CO2 conversion for 24 h reaction with H2/CO ratio 

0.8 [46]. The HEO (Ni3MoCoZn)Al15Ox catalyst [47] has shown 92% CH4 and 98% CO2 

conversion at fixed GHSV 100000 mL gcat
−1 h−1 for 100 h reaction. 30 h of DRM activity of 

CoFeGaNiZn/CeO2 [48] catalyst have been investigated which have shown 98% and 86% CO2 

and CH4 conversions, respectively. Thus, the DRM activity data in Table 6.4, suggests that the 

current HESO (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O3 catalyst has high potential in DRM.  
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Table 6.4: Comparison of the MAlO catalyst with other pertinent catalysts that are reported in 

the open literature for DRM. 

 

Catalyst CH4 

conv. 

(%) 

CO2 

conv. 

(%) 

H2/CO 

ratio 

GHSV 

(mL 

gcat
−1 h−1) 

Stability 

tested 

(h) 

Temp. 

(°C) 

Ref. 

Fe4Ni2CrCoMn0.55Oy 98 73 − 9000 100 550 45 

LaFe0.7Ni0.1Co0.1Cu0.05Pd0.05O3 64 68 0.80 − 24 800 46 

(Ni3MoCoZn)Al15Ox 92 98 0.94 100000 100 800 47 

CoFeGaNiZn/CeO2 98 86 1.3 20000 30 750 48 

(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 97 99 ~1 34000 100 800 This 

work 

 

 

6.3.9. Understandings of catalyst regeneration: Impact of variation of the calcination 

temperature  

Thermal treatment at the synthesis temperature has already been demonstrated to give 

complete regeneration of the aged HESO catalyst. It is evident that the aged catalyst has 

undergone complete phase regeneration since all the characteristic diffraction peaks appear at 

the same 2θ positions as the pure catalyst (see Fig. 6.12). XPS investigations further reveal 

similarities between the core level spectra of the as-prepared and regenerated catalysts for Al 

2p, Mn 2p, Fe 2p, Co 2p, Ni 2p, Cu 2p, C 1s, and O 1s. Since the catalyst can be used in a 

cyclic manner, these results suggest that it has a promising potential application in DRM. The 

more interesting fact is that, even at lower temperatures of 800 °C and 700 °C, the catalyst 

could be effectively regenerated by simple calcination in air followed by quenching (see Fig. 

12). However, the synthesis temperature of 450 °C was used for the regeneration (calcination 

at this temperature in air for 3 h followed by quenching to room temperature) of the SCS 

catalyst (see Fig. 13). 
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Fig. 6.12: PXRD forms of as-prepared along with regenerated (at various temperatures) MAlO 

catalyst synthesized adopting sol-gel citrate route. 

 

Fig. 6.13: PXRD patterns of various forms of the MAlO catalysts prepared using SCS method. 

 

Fig. 6.14 displays the DRM activity of the MAlO, SG catalysts that were regenerated 

at various calcination temperatures. The catalyst regenerated at various temperature show 

comparable DRM activity irrespective of the regeneration temperature. So, the regeneration 
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temperatures do not affect the catalytic activity of the MAlO catalyst (see Fig. 6.14(a)–(c)). 

Some side reactions occur in the reaction medium, which causes the variations of the H2/CO 

ratio. The catalyst regenerated at 900°C exhibited H2/CO ratio of ~1. This suggests that very 

slight extent of side reactions have occurred. For the catalysts that were regenerated at 800 °C 

and 700 °C, the H2/CO ratio are 0.98 and 0.95, respectively (see Fig. 6.14(c)). This is lower 

than unity suggesting that the extent of RWGS reactions is slightly higher than the Boudouard 

reaction in the reaction media. In RWGS reaction, the produced H2 reacts with CO2, as a result 

of that, the H2/CO ratio decreases.  

 

Fig. 6.14: Catalytic performance of MAlO catalyst regenerated at different temperatures: (a) 

methane conversion (b) carbon dioxide conversion and (c) ratio of H2/CO (under similar 

reaction conditions). 

 

6.3.10. TGA studies  

Thermogravimetric studies of the as-prepared and aged forms of 

(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 catalyst have been done to analyse the carbon deposition on 

the catalyst after100 h DRM reaction (see Fig. 6.15). As the temperature steadily increases to 

900 °C, the as-prepared sample does not lose mass. Whereas, mass loss for the aged catalyst 

sample increases progressively with temperature and becomes steady after 560 °C. The 

removal of carbon from the catalyst surface, most likely in the form of CO2 accounts for around 

4% of the mass loss. The impact of carbon structure deposited on the catalyst surface on the 

dry reforming activity of Nickel-carbon composite on the surface of mesocellular silica (MS) 

made by catalytic chemical vapour deposition (CCVD) method has been studied by Donphai 

et al. [70]. Their study has shown that the amorphous carbon transforms into carbon nanotubes 

(CNTs) at higher temperatures. The mass losses have been identified by the following: 

amorphous carbon at 300–400 °C, low stable carbon nanotubes (CNTs) at 400–550 °C, and 

very high stable carbon nanotubes (CNTs) at 550–750 °C. However, methanation has the 

potential to hydrogenate or gasify the less stable carbon nanotubes (CNTs) and amorphous 
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carbon which partly coated the active site of the nickel clusters in DRM. In a report, Xu et al. 

have revealed two instances of mass losses [71]. The amorphous carbon oxidation is caused by 

the peak at about ~400 °C, while the formation of carbon nanotubes is caused by the peak at 

about ~650 °C. As a result of that amorphous carbon eventually turns into graphite carbon at 

higher temperatures. It is found that the structure of deposited carbon affects more than simply 

its content on the catalyst surface [72]. When graphitic carbon layers are present on the active 

sites of catalyst particles, DRM activity is expected to be decreased [73]. The absence of 

crystalline forms of deposited carbon in the XRD and HRTEM analyses of the MAlO aged 

catalyst indicate that the deposited coke was amorphous in nature. According to the TGA 

analysis, the aged catalyst’s mass losses has ended at a temperature of about 560 °C. This 

suggests that the nature of the deposited coke is amorphous [51, 52]. It is also plausible to 

assume that the carbon formed in the DRM reaction remains separately from the catalyst. A 

schematic representation of a potential reversible in situ structural transition is shown in Fig. 

6.16. When the aged HESO catalyst is heated in air at approximately 700 °C, the component 

oxides can be easily moved to their pristine HESO structure due to their close proximity 

(~atomic dimension). This process occurs without significantly altering their initial sites in the 

spinel structure. The starting HESO MAlO (left) gets decomposed into the individual metal 

oxides in the reforming environment (right), and is then placed at the same sites of the metal 

ions in the original HESO under heat treatment. Furthermore, it appears that this particular 

structure would allow for the easy elimination of the generated amorphous carbon at the time 

of the calcination step, maintaining the catalyst surface unaltered. Consequently, DRM activity 

in both the phases remains almost unaffected. The simultaneous occurrence of Boudouard and 

reverse Boudouard processes is also shown by the consistent activity behaviour over a 100 h 

reaction [43, 51, 52]. While the former process produces coke, the latter occurs quickly to 

enable the DRM process to facilitate DRM reaction effectively. Based on the aforementioned 

findings, it has been suggested that the observed high DRM catalytic behaviour is due to the 

formation of molecular level nanocomposites by the nickel oxide and nickel metal. So, the 

molecular level nanocomposites are the real performers in the HESO catalyst system for the 

high DRM activity under the selected reaction condition where other oxide components like 

-Al2O3 acts as support [41, 53−56], MnO acts as promoter [51, 57, 58], MnO2 acts as support 

[38, 57, 58], Fe2O3 and CoO act as oxygen carrier [59−62], and CuO acts as promoter [52, 63]. 

The resulting active species Ni0/NiO are widely distributed on the surface of the support 

components. These support systems are simply well-defined structures with uniformly 
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dispersed tiny active metal particles that are generated in situ in the DRM atmosphere. Small 

metal particles improve the stability and activity of the catalyst while preventing carbon 

deposition. The high DRM activity of the MAlO catalyst is explained by the formation of this 

nanocomposite, which exhibits reversible thermal switching between the parent HESO catalyst 

and the in situ produced nanocomposites [51, 52].  

 

Fig. 6.15: TGA analyses curves of as-prepared and aged MAlO catalyst. 

 

Fig. 6.16: Diagram showing the molecular level nanocomposite that forms in situ during DRM 

and the pristine HESO that can be thermally switched back and forth at a temperature of about 

~700 °C. A schematic illustration of the deposition of amorphous carbon on the nanocomposite 

is also given. 
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6.4. Conclusions 

The nano-sized (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)M2O4 (M = Al, Cr, Mn, Fe, and Co) high 

entropy spinel oxide (HESOs) catalysts have been prepared following the traditional sol-gel 

citrate approach. The PXRD result confirms that cubic phase was adopted by the as-synthesized 

catalyst. The first DRM test was conducted for 10 h to sort out the superior catalyst. The most 

active (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 catalyst is then used in the DRM for 100 h that 

breakdown in the DRM atmosphere. The decomposed phases have been identified as Al2O3, 

MnO, MnO2, Fe2O3, CoO, Ni, NiO, and CuO. The actual performer of this high DRM activity 

is a molecular level nanocomposite made up of the nickel oxides and metallic nickel along with 

other component oxides. The as-prepared MAlO catalyst has a specific surface area of 52 m2 

g-1, while the aged catalyst has a higher area of 77 m2 g-1. This increase in surface area value 

for aged catalyst, suggests that smaller components were formed during the DRM reaction that 

causes disintegration of the original HESO catalyst. Despite the fact that the original catalyst 

disintegrated into individual oxides in the reaction environment, the degraded phases of the 

aged catalyst have been restored by calcining it at 900 °C for 3 h. The XRD analyses 

demonstrate that the spinel phase's characteristic peaks in the regenerated form reappeared at 

the same 2θ positions as the as-prepared HESO form. The most interesting fact of this catalyst 

is that phase regeneration can occur at the lowermost calcination temperature of 700 °C. The 

PXRD, FESEM, HRTEM and XPS results are consistent with the other data that support the 

complete regeneration of the aged phases. As a result, different forms of 

(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 catalyst exhibit a high DRM catalytic activity behaviour 

suitable for commercialization. 
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Chapter 7 

Concluding remarks and future directions 

Chapter Abstract: On the basis of the doctoral research work included in the present thesis, general 

concluding remarks on DRM using oxide-based nano materials are presented here that is followed by 

future directions of this work. 

 

Metal oxide-based materials are very important in dealing with the many environmental 

and industrial problems. In this regard, transition metals and rare earth metal oxides and their 

nanocomposites play a pivotal role. Over the last decades, research works in these important 

areas have shown that transition metal oxide-based catalysts as well as their nanocomposite 

counterparts are considered as one of the most important materials for different types of 

homogeneous as well as heterogeneous catalytic applications. These catalyst materials are easy 

to synthesize, thermodynamically stable, structurally flexible and highly active for various 

types of catalytic purposes. The research work included in different chapters of this thesis are 

devoted towards the preparation and development of some highly active catalysts and 

nanocomposite materials for the dry reforming of methane. We have prepared pure oxide-based 

single perovskite (LaNi0.8Cu0.2O3, named as Cu20LNO), double perovskite (La2NiMnO6, 

named as LNMnO), high entropy perovskite oxide (La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3), named 

as HEPO) and high entropy spinel oxide ((Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4), named as HESO) 

materials for DRM. The nanocomposites are constituted by the individual metal/metal oxides 

of the corresponding catalysts that are formed in situ from the pristine catalysts in the DRM 

process. There are several reports available in the open literature on LNO [16], LNMnO 

[712], HEPO [1317], HESO [1822] and their doped systems for application in numerous 

fields like organic transformations, photocatalytic dye degradation, catalysis etc. When we 

started the research work, the study of LaNi0.8Cu0.2O3 in DRM was already reported by Moradi 

et al. We have done further DRM investigation using LaNi0.8Cu0.2O3 as catalyst. The sustained 

DRM activity of this catalyst have been explained with the formation of in situ nanocomposite 

due to the degradation of pristine perovskite catalyst in DRM. The pristine catalyst degraded 

into individual oxide components in DRM atmosphere, but it does not interrupt the methane 

conversion. The reaction was stopped after 100 h continuous reaction. The aged catalyst was 

thoroughly characterized to understand the structure-activity relationship.  
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The aged catalyst can be regenerated by simply calcining in static air at the synthesis 

temperature. The regeneration can also be done even at 600 C, which is ~200 C lower than 

the synthesis temperature. Thorough characterizations of the aged and regenerated forms of the 

finalized catalysts have been done to compare them with the as-prepared forms of the catalyst. 

The DRM activity of La2NiMnO6, La(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)O3 and 

(Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Al2O4 materials was not available in the literature. Some researchers 

had reported nanocomposite components of other materials with significant DRM activity 

[2326], but the in situ formed nanocomposite materials were not explored. Thus, we were 

motivated to synthesize some in situ nanocomposites, where Cu20LNO, LNMnO, HEPO and 

HESO pure oxide-based materials are used as precursors. Even though the reports on oxide-

based in situ nanocomposite materials in DRM are very limited, the choice of preparing the 

nanocomposite materials depend on some key factors: (1) nanocomposite materials should 

show comparable activity with the pristine catalyst, (2) the long-term durability should not be 

compromised, (3) active components must be highly dispersed, (4) aged catalyst is expected to 

be regenerated to pristine phase by simple calcination at the synthesis temperature and others. 

There are hardly any reports on the formation of nanocomposite in the process of dry reforming. 

Thus, the in situ generated nanocomposite materials, which forms the basis of this research 

work, can be projected as a new class of catalyst materials for DRM. To synthesize the 

nanocomposite materials, we have employed various synthetic methods like sol-gel citrate 

method, solution combustion synthesis, and ceramic method. The catalyst materials have been 

successfully synthesized by all the aforesaid synthetic methods. The sol-gel citrate method 

appears to be superior to the solution combustion synthesis, and ceramic method in terms of 

DRM activity. The different forms of the catalyst have been thoroughly characterized by 

modern instrumentation techniques. The potential role of these nanocomposite materials has 

been investigated in a systematic way for DRM and found to be interesting. 

The phase purity of all the as-synthesized catalysts, their corresponding nanocomposite 

materials as well as the regenerated form have been confirmed by PXRD analyses using a 

Bruker D8 Advance Diffractometer fitted with Lynxeye fast detector with a reasonably slow 

scan rate of 1 s per step. It was found that the diffraction patterns of the as-prepared and 

regenerated forms of the catalyst material formed pure phases without any noticeable impurity 

peak. The regenerated form has shown no remarkable change in PXRD patterns, confirming 

the successful regeneration of the aged catalyst. For the aged catalyst, the degradation of the 

pristine catalyst was very evident that is characterized by the formation of a nanocomposite of 
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the metal/ metal oxide components of the parent oxide catalyst. PXRD has also been used to 

comprehend the structural-activity relationship of the catalyst materials.  

The morphological and microstructure analyses by FESEM, TEM and HRTEM are 

observed to be useful in understanding the morphology and microstructure of different forms 

(as-prepared, aged and regenerated) of the catalyst. All materials have shown different types 

of morphologies that possibly correlate to different classes of the oxides. As expected, different 

types of lattice fringe patterns have been identified for different forms of the catalyst. The 

elemental mapping of the corresponding sample showed a homogeneous distribution of the 

elements in the catalyst. EDX analysis was also very useful to find out the elemental content 

and the nominal composition of the different forms of the catalyst systems. 

BET surface area and porosity of the catalyst materials are important parameters in 

regard to the long term DRM activity. All the catalyst materials in this work are mesoporous 

in nature and showed reasonably good to high surface area compared to other reports, which is 

one of the parameters in heterogeneous catalytic materials in order to explain the high activity 

of the different catalysts.  

The XPS analysis of different forms of the catalyst helped us to correlate the structure-

activity relationship. From the XPS analyses, we could find out the oxidation state as well as 

the atomic percentage of each metal as well as oxygen vacancy, which is very helpful and 

convincing to explain the comparable catalytic activities of different forms of the catalyst. All 

the as-prepared samples have shown the expected oxidation state and atomic percentage, 

confirming the phase purity of the corresponding catalysts. In all the aged forms, any change 

in binding energies has been attributed to change in oxidation states and or change in the 

coordination environment of the metal/ metal ions subsequent to degradation of the pristine 

phase of the catalyst materials. This confirms the in situ (in the DRM reaction atmosphere) 

formation of the nanocomposite materials. The XPS spectra of all the regenerated catalysts 

look similar to the corresponding as-prepared catalyst, which meant that the oxidation states 

and the atomic percentages remain almost similar to the as-prepared catalyst. Similar types of 

XPS spectra of the as-prepared and regenerated forms of the catalyst material confirm the 

successful regeneration of the aged catalyst. 

In order to determine the extent of coke that was deposited on the sample's surface 

during the DRM, thermogravimetric analysis was done to compare with the as-prepared 

catalyst. There is no sharp change in mass loss in TGA for all the as-prepared catalyst materials, 

but for the aged catalysts, different mass losses are observed due to coke deposition.  
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We have investigated the potential role of all the catalyst materials in DRM at a 

reasonably good GHSV of 34000 mL gcat
1 h1. The as-prepared catalysts were found to be 

most active at 800 °C. All the optimized samples have shown high activity for 100 h DRM 

reaction. The different forms of all the catalyst materials have shown comparable DRM 

activities. We have employed all the available instruments to understand the structure-activity 

relationship of the catalyst materials. The roles of the individual oxides and metallic nickel 

have been discussed. A summary of the most important catalysts developed through the 

research work are included is summarized in Table 7.1. In each of the catalyst systems, the 

catalytic role is played by the in situ generated nanocomposite at the molecular level and could 

potentially compete with the traditional ones.  

Table 7.1: Brief overview of the finalized catalyst materials of this research work in DRM 

(Reaction condition: GHSV of 34000 mL gcat
−1 h−1 and temperature of 800 °C)  

Catalyst CH4 conversion 

(%) 

CO2 conversion 

(%) 

H2/CO ratio 

LaNi0.8Cu0.2O3 

(Cu20LNO) 

97 98 1.2 

La2NiMnO6 

(LNMnO) 

97 99 0.9 

La(Mn0.2Fe0.2Co0.2Cu0.2Ni0.2)O3 

(HEPO) 

86 90 ~1 

(Mn0.2Fe0.2Co0.2Cu0.2Ni0.2)Al2O4 

(HESO) 

97 99 ~1 

 

At first, we desired to understand more about the role of the catalyst in DRM and to 

find out the answer of few questions about the structure-activity of the catalyst. Why does the 

single-phase catalyst degrade in the reaction medium? What are the active components 

responsible for sustained activity? Why do the same catalysts synthesized via different methods 

show different activity? 

Initially, our goal was to synthesize oxide-based single phase nano catalysts for DRM 

with improved activity and coke resistivity. In this regard, some metal oxide-based catalysts 
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have been synthesized. But, during the DRM tests, the pristine phase of the catalyst gets 

degraded into binary oxides forming a nanocomposite of these with metallic nickel as revealed 

thorough characterization of the various forms of the catalyst. These nanocomposite are 

responsible for the high DRM activity of the corresponding catalysts. The structure-activity 

relationship is explained with the help of PXRD, FESEM, HRTEM and XPS analyses. But it 

would have been more relevant if any in situ characterization/ tests could be done. For 

heterogeneous catalysis, the mechanism of the reaction is very important to correlate the 

structure of the catalyst with the observed activity behavior. For this purpose, in situ DRIFTS 

is an important technique which could not be done due to the lack of availability of the 

instrument. We could not continue the DRM reaction beyond 100 h (as desired for industrial 

applications) due to some reasons beyond our control. But we believe that the catalysts will 

show a durability behavior that is desirable. We, have checked the DRM activity at different 

temperatures and the optimized temperature was 800 °C. But we could not check the DRM 

activity at different gas hourly space velocities. We were unable to perform any theoretical 

studies due to unavailability of the computing facility. For better information about the 

electronic structure and the environment of atoms/ ions within a material at the surface, X-ray 

absorption near edge structure (XANES) spectroscopy is a very useful technique, but we could 

not manage it for analysis. It was also not possible for us to do extended X-ray absorption fine 

structure (EXAFS) spectroscopy, which is a very helpful technique to study the local structure 

of materials by evaluating the fine structure in the X-ray absorption spectrum. Inductively 

coupled plasma-optical emission spectrometry (ICP-OES) gives the elemental composition of 

a catalyst material which could not be done for the lack of proper instrumental facility. We 

could not manage to do the CHN analysis, which is a good supportive analysis for the carbon 

quantification. 

At this backdrop, the following aspects may be of interest for future work: 

 Synthesis of more numbers of high entropy oxide-based catalysts with tuneable redox and 

acid-base properties to achieve improved activity and high coke resistivity. 

 The detailed mechanism of the DRM reaction needs to be investigated to understand how 

the active species interacts with the support systems. 

 Mechanism of coke deposition needs to be understood through in situ characterization and 

the nature of coke needs to be understood better, since all the deposited carbon does not 

deactivate the catalyst. 
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 The role of different synthetic methods in DRM has to be examined further. 

 DFT studies are to be done to predict better the active sites and reaction pathways. 

 The roles of different metal oxides vis-à-vis metallic nickel needs extensive studies to 

ascertain and explain the DRM activity behaviour of the molecular level nanocomposite 

formed in situ in the reaction environment. 
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