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Synopsis 

Name of the scholar: Monotosh Bhattacharjee 

Index No.: 44/19/Chem./26 

Title of the Thesis: Exsolution Mediated In Situ Alloying in 

Engineered Hercynite: A Promising Approach to Develop 

Catalysts for Sustainable Dry Reforming of Methane 

 

The objective of the thesis is to design and synthesize some hercynite (FeAl2O4)-based 

catalysts, (TM)xFe1xAl2O4 (where TM = Ni alone or in combination with other first row 

transition metals), capable of in situ alloying through co-exsolution, for sustainable dry (CO2) 

reforming of methane (DRM) and provide a generalized idea for developing next generation 

DRM catalysts exploiting the „exsolution mediated in situ alloying‟ technique.  

DRM (CH4 + CO2 ⇌ 2H2 + 2CO) is a thermocatalytic process that consumes two 

potent greenhouse gases, CO2 and CH4 to produce synthesis gas (also known as syngas, a 

mixture of H2 and CO), a feedstock in the Fischer-Tropsch process. Additionally, this 

reaction has the required merits to be considered as a promising route for sustainable energy 

production. Despite its potential outcome, catalyst deactivation originating from sintering 

followed by carbon deposition are challenging issues for the commercialization of DRM 

process. Mostly explored catalysts are precious metals (Ru, Rh, Ir, Pd, and Pt), supported on 

a variety of materials, especially oxides. But their uses are limited because of scarcity and 

high cost. In this context, transition metals (mostly Ni) are viable substitution of the precious 

metals for DRM. Irrespective of high activity of Ni in DRM, there is a hurdle of interrelated 

issues viz., sintering and coking, as demonstrated by many researchers that over a threshold 

particle size of Ni, carbon formation is evident. The design and development of Ni-based 

catalysts with anti-sintering, anti-coking ability includes addition of other metal(s) (in various 

forms) as promoter. Alloying is a form of adding another metal to improve the electronic 

behaviour of Ni, which eventually assists in enhancing the performance of Ni-based catalysts 

in DRM. For alloying, reduction of the catalyst, particularly with H2 is a common practice. In 

that case, dealloying of active phases in the DRM environment may hinder its applicability.  

To avoid the consumption of H2 in prior reduction process and to prevent dealloying, 
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„exsolution mediated in situ alloying‟ may be effective for availing a hassle-free DRM. In 

this regard, hercynite, which is always challenging to synthesize in its pure phase, has 

purposefully been chosen for some judicial chemical tailoring towards robust DRM activity 

using Ni and other transition metals in different proportions which are discussed in various 

chapters of the thesis. 

Chapter 1 provides a concise overview based on the literature survey on sustainable DRM 

taking into consideration the limiting issues of Ni-catalyzed DRM with a special featuring on 

alloying. 

Chapter 2 enunciates at first the beauty of facile solution combustion synthesis (SCS) 

method utilized to prepare the different catalysts. The wide range of modern sophisticated 

characterization techniques are summarized that have been explored to observe the 

physicochemical nature of the catalysts and to provide comprehensive idea about structure-

property relationship. These techniques include powder X-ray diffraction (PXRD), BET 

surface area measurement (SBET), H2-temperature programmed reduction (H2-TPR), CO2-

temperature programmed oxidation (CO2-TPO), inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES), Chemical (CHNS) analysis, Raman spectroscopy, high resolution 

transmission electron microscopy (HRTEM), high-angle annular dark-field scanning 

tunneling electron microscopy (HAADF STEM), thermogravimetry-differential thermal 

analysis (TG-DTA) and X-ray photoelectron spectroscopy (XPS). The gas-solid 

heterogeneous catalyst testing protocols have been discussed at the end of this chapter.  

Chapter 3 deals with investigation about the effect of chemical tailoring through 

simultaneous doping of Ni and Cu in the hercynite spinel. A series of nanodimensional 

(1014 nm) hercynites has been synthesized following SCS method and the optimized 

sample, Ni0.08Cu0.07Fe0.85Al2O4 (named as NCFAO8), is reported to exhibit noteworthy coke-

free conversions of 97% and 99% for CH4 and CO2, respectively, with H2/CO ratio of ~0.80 

at a gas hourly space velocity (GHSV) of ~34000 mL g
1

 h
1

 at 800 C. True potential of the 

catalyst has been evaluated over a range of temperatures and varying GHSVs. Additionally, 

this investigation highlights the structural evolution of the hercynite-based catalyst during 

time-on-stream activity behavior. Thorough characterization of the aged (after catalytic test 

for a prolonged duration of 100 h) vis-à-vis the as-prepared catalyst suggests in situ co-

exsolution of the doped metal ions (Ni and Cu) and a certain portion of Fe from the catalyst 

leading to formation of NiCuFe trimetallic alloy and is accompanied by the formation of γ-

Al2O3 along with the retention of pristine hercynite phase. Alloying of the active component 
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Ni with Cu, the two dopant ions, and host Fe in presence of the spinel (FeAl2O4 and γ-Al2O3) 

is shown to be beneficial in circumventing the difficulties of Ni-only catalysts in DRM. 

Interestingly, the residual carbon, present initially in the catalyst prepared with SCS method 

gets diminished in the course of reaction. Instead of coke deposition, substantial removal of 

the residual carbon in the DRM environment suggests NCFAO8, a promising next generation 

catalyst for DRM with sustainable coke resistant ability, which can be further extrapolated to 

simulated bio-gas reforming. 

Chapter 4 discusses the study of DRM over the SCS-made Ni-doped hercynites, with 

general formula NixFe1xAl2O4 (where, x = 0.20.5). All these catalysts show stable 

conversion behavior towards moderate temperature DRM reaction. It has also been noted that 

Ni0.40Fe0.60Al2O4 exhibits the highest DRM activity amongst all, after 20 h of continuous 

reaction without loss of activity. The catalyst shows nearly similar DRM activity up to 50 h 

run time of DRM. After the reaction, the aged phase of the catalyst has been recovered and 

found to contain the signature of NiFe alloying along with the retention of original hercynite 

phase. In situ alloying of the doped metal with host is again proved to be an effective way for 

entailing a sustainable moderate temperature DRM. 

Chapter 5 comprises of the chemical tailoring of hercynite through simultaneous doping of 

Ni, Cu, Co, and Mn at the Fe-site using the ultra-fast SCS method followed by their activity 

test in catalytic DRM. No additional peak in the PXRD pattern of as-prepared catalyst 

confirms the structural flexibility of the hercynite in incorporating several transition metals 

into the spinel framework. The general formula of the catalysts is (NiCuCoMn)xFe1xAl2O4 (x 

= 0.2 and 0.4). All these catalysts are shown to be very promising with respect to both 

conversions (CH4 and CO2) as well as H2/CO ratio. Moreover, the diffraction pattern of 30 h 

aged catalyst clearly indicates the presence of in situ formed alloy. 

Finally, the key research findings have been summarized in Chapter 6 followed by 

highlighting certain significant insights in a conclusive manner. The plausible future 

directions have also been pointed out which are generalized in true sense in the crucial and 

developing field of “exsolution mediated in situ alloying” for sustainable DRM. The thesis is 

concluded with the briefing of research works that are underway and discussing of necessity 

of detailed investigations by high-end instruments and cutting-edge technologies, which may 

be availed in near future through collaborative research.  
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Chapter 1 

A comprehensive overview on sustainable dry 

reforming of methane 

  

1.1. Introduction 

Due to rapid economic development and the continuous growth of the global population, 

energy demand has risen significantly over the past few decades, with fossil fuels 

remaining the primary source of energy, supplying approximately 80% of the world's 

needs. However, their combustion inevitably results in negative consequences, such as 

CO2 emissions and global climate change. As a result, the urgent need for a renewable and 

environmentally friendly energy carrier has become increasingly evident. Hydrogen has 

attracted significant attention of researchers as an energy-efficient and clean fuel, thanks to 

its high energy content and net-zero carbon emission. Among the various hydrogen 

production methods, natural gas (NG) reforming is considered the primary approach, 

accounting for approximately 80–85 % of global hydrogen production. In recent years, 

natural gas exploitation has grown substantially, fueled by the discovery of new gas 

reserves and advancements in extraction technologies for unconventional natural gas 

(UNG), such as shale gas, methane clathrates, and biogas. This surge has, in turn, 

heightened interest in methane reforming technologies for hydrogen production. Steam 

reforming of methane (SRM) is currently the benchmark industrial process for H2 
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production, accounting for approximately 80–85 % of global H2 supply; however, it faces 

challenges such as high energy input due to reaction thermodynamics and the high specific 

heat capacity of water as well as issues related to catalyst stability. Compared to SRM, dry 

(CO2) reforming of methane (DRM) has gained significant interest due to its ability to 

simultaneously converting two major greenhouse gases, CO2 and CH2, into synthesis gas 

(a mixture of H2 and CO) in a single reaction, and the nearly equal stoichiometry of H2 

and CO (H2/CO molar ratio ~ 1) in the product gas further extends its applicability beyond 

hydrogen production to various downstream processes such as Fischer-Tropsch synthesis, 

methanol synthesis and ammonia synthesis. Hence, this technology has attracted 

considerable attention as a promising approach for the valorization of CO2 and the 

efficient use of natural gas.
1-6

 

 

1.2. Potential of DRM over other reforming reactions 

Except steam reforming, the DRM has been the subject of extensive study since 1928, 

when Fischer and Tropsch first explored it using a combination of Ni and Co catalysts.
7
 

Besides SRM and DRM, other widely studied technologies for the conversion of CH4 to 

synthesis gas are autothermal reforming (ATR), partial oxidation (POM), combined 

reforming of methane (CRM) and tri-reforming of methane (TRM).
8 

These reforming 

reactions differ in the oxidant used, final H2/CO product ratio as well as energetics and 

kinetics of the reaction. On the other hand, reforming of CH4 involving various 

combinations with O2, H2O and CO2 is called ‗mixed‘ reforming, and is usually employed 

to control H2/CO ratio of the product stream simply by altering the ratio of H2O, CO2 and 
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O2.
9 

However, despite several limiting issues, Ross et al.
10

 have shown that DRM incurs 

operating costs approximately 20% lower than those of other reforming processes. 

  

1.3. Thermodynamics of DRM process: the limiting issues 

In the DRM process, the primary reaction (Eq.1.1) is accompanied by six critical side 

reactions (Eq. 1.2 to Eq. 1.7) which are listed below. 

 

DRM reaction: CH4 + CO2 ⇌ CO + H2 --------------- (1.1) 

Reverse water-Gas Shift (RWGS) reaction: CO2 + H2 ⇌ CO + H2O --------------- (1.2) 

CH4 decomposition reaction: CH4 ⇌ C + 2H2 --------------- (1.3) 

CO disproportionation or Boudouard reaction: 2CO ⇌ C + CO2 --------------- (1.4) 

CO2 hydrogenation reaction:  CO2 + 2H2 ⇌ 2H2O + C --------------- (1.5) 

SRM reaction: CH4 + H2O ⇌ CO + 3H2 --------------- (1.6) 

CO hydrogenation reaction: H2 + CO ⇌ H2O + C --------------- (1.7) 

 

The DRM reaction is highly endothermic, and elevated temperatures above 727 °C are 

favorable for its progression. At high temperatures, the DRM reaction is typically 

accompanied by the reverse water-gas shift reaction, which consumes both the feed CO2 

and the produced H2. As a result, CO2 conversion is higher than CH4 conversion, leading 

to a H2/CO ratio of less than 1 (unity) in the resulting synthesis gas. Moreover, the water 

generated during the RWGS reaction can accelerate metal sintering, negatively impacting 

catalyst stability and performance. In addition, with increasing temperature the 
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contribution of the RWGS reaction, SRM, and carbon gasification (i.e., reverse Boudouard 

reaction) become more significant.
11, 8

 

 

1.4. Benefits of Ni in catalytic DRM  

Metals from groups VIII, IX, and X are generally active in DRM, with Ru, Rh, and Pt 

showing greater resistance to coke formation than other transition metals. The catalytic 

activity of noble metals in DRM follows the order: Rh > Ru > Ir > Pd > Pt. The superior 

performance of Rh, Ru, and Ir is attributed to their small particle size and high dispersion. 

Pd and Pt exhibit relatively lower activity in DRM due to high temperature sintering 

issues. However, their high costs and limited availability remain the main challenges, 

restricting their practical application. Key features for an industrial DRM catalyst include 

high activity, coke resistance, robustness, longevity, and minimal synthesis steps from 

commercially available precursors—though coke resistance is frequently overlooked. 

Considering these parameters, Ni, a non-noble metal, has emerged as a viable choice for 

DRM reactions. Despite the challenge of coking, Ni typically exhibits higher initial 

conversion(s) than Ru, Ir, Pd, and Pt.
12-19, 9

 

 

1.5. Hurdle towards industrialization of DRM using Ni 

Ni-based catalysts are susceptible to sintering at high operating temperatures of DRM, 

assisting carbon deposition, originating from methane cracking and other coke-forming 

reactions. As a consequence, the catalyst becomes poisoned due to blockage of the active 

sites. Carbonaceous deposits can chemisorb as strongly bonded single layers or physisorb 
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as multilayers and may completely encapsulate the active metal or plug micropores and/or 

mesopores, thereby severely hindering the accessibility of active sites to reacting 

substances. In the most severe cases, carbon may develop as cracking filaments that can 

lead to the destruction of the support material. These issues engender a decline in long-

term stability, thereby significantly restraining their industrial application. Therefore, 

current research in DRM has engaged and should continue to focus on developing coke-

resistant nickel-based catalysts.
20-29

 

 

1.6. Rational development of Ni-based catalysts for DRM 

1.6.1 Confined Ni catalysts  

Rational catalyst design and synthesis can alleviate the challenges of sintering and carbon 

deposition on Ni-based catalysts. Great efforts have been put into developing new catalyst 

designs to overcome these challenges. For example, researchers are: 

 developing structured catalysts (e.g., layered double hydroxides, perovskites, spinels, 

bimetallics, and solid solutions) that have strong metal-support interactions (SMSI). 

 confining Ni metal within the cavities of mesoporous supports to restrict their growth. 

 designing core/yolk-shell structures with a protective layer to prevent the active metal 

from sintering.
30-32

 

 

Despite great advancements, several key problems with core-shell catalysts remain. For 

instance, methods for their efficient fabrication are limited and often not versatile. 

Furthermore, it is still difficult to precisely control the core size and shell thickness, and the 
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overall yield of the final catalyst is often low. Finally, a significant challenge is the shell-

block effect, where the protective shell degrades the catalytic activity of the active metal core. 

These issues have limited the use of core-shell materials.
33

 

 

1.6.2. Ni bimetallic and alloy catalysts 

Developing bimetallic catalysts is a practical method to develop Ni-based DRM catalysts 

with coke-resistant ability. Combining Ni with other metals can readily change its surface 

properties to achieve better catalytic performance; known as synergistic effect. The structure 

of such Ni-based bimetallic particles can be a core–shell structure or alloy depending on their 

reduction potential although the relationship between reduction potential and structure is not 

always straightforward. For supported bimetallic materials, the structure also depends on the 

method of preparation.
 
Several noble and non-noble (mostly transition metals) bimetallic 

formulations have been explored in DRM.
34

 

 

1.6.2.1. Ni-noble metal formulations 

Adding a minute quantity of noble metal can significantly boost the activity and carbon 

resistance of nickel-based catalysts. The underlying reasons behind this boosting are (i) 

improved reducibility due to H2 spillover effect, (ii) ―dilution‖ effect by noble metals leading 

to a higher metal dispersion and smaller metal particle size and (iii) modification of surface 

properties through surface reconstruction due to noble metal addition.
 35-42, 34
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1.6.2.2. Ni-transition metal formulations
 

Besides noble metals, transition metals like Co, Fe and Cu have been incorporated into Ni-

based catalysts to create bimetallic systems for DRM. The function of Co, Fe and Cu varies 

significantly within these bimetallic systems due to their inherent properties though other 

bimetallic systems based on Cr, Mn etc. have also been studied.
34 

 

NiCo with enhanced oxygen affinity: NiCo bimetallic systems with various supports and 

synthesis methods have been studied and the catalyst activity has been found to be highly 

dependent on the Ni/Co ratio and on the nature of the support. The coke resistant property of 

the NiCo bimetallic system can be attributed to the synergistic effect, good metal dispersion, 

high metallic surface, formation of different types of solid solutions and SMSI. Based on the 

overview of recent reports, it is evident that addition of a small amount of Co is sufficient to 

enhance the catalyst performance, whereas too much Co results in depressing the activity to 

lower than that of pristine Ni monometallic congener. The promotional effect of Co is 

primarily attributed to its strong affinity to oxygen species.
43-49

 

 

NiFe with improved redox properties: NiFe catalysts always show an improved carbon 

resistance for DRM. The behavior of CO2 oxidation and CH4 reduction observed is consistent 

with a Mars–van Krevelen (MvK) mechanism. The presence and migration of FeOx at the 

surface allows its reaction with deposited carbon. This fact could explain well the improved 

stability of bimetallic Ni-Fe catalysts via a Fe
2+

O/Fe
0
 redox cycle.

50-54
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NiCu with CO2 activation ability: Partial substitution of Ni by Cu has been shown to promote 

DRM activity and increase the coke resistance ability of the catalyst. Cu content above a 

threshold limit suppresses the activation of CH4, possibly due to competitive adsorption of 

CH4 and slow dissociation kinetics over Cu atoms. Surface enrichment of Cu due to low 

surface energy compared to Ni may also decrease the number of active Ni sites on the surface 

and affect activity for higher amount of Cu loaded sample.
55-61

 

 

1.6.3. Co-exsolved Ni-alloy nanoparticles: implication in DRM  

Exsolution or co-exsolution, mostly explored for perovskite oxides, is a partial decomposition 

phenomenon where multiple cations diffuse from the bulk of a solid oxide precursor, 

primarily due to their well known defect chemistry and nucleate on the surface. The 

reversible co-exsolution mechanism of ABO3 type perovskite oxides is emerging as an 

alternative and promising way for preparing alloy catalyst nanoparticles. The unique 

properties of exsolved alloy catalysts, including anti sintering property at high operating 

temperatures, improved dispersion and compositional malleability make them particularly 

useful for valorization of CO2 and CH4. However, the co-exsolution of metal components 

leading to formation of alloys is essentially achieved through reductive pretreatments and 

fundamental insight into the alloying mechanism is yet to be understood in a conclusive 

manner. However, the role of defect chemistry in exsolution process is apparent and 

perovskite oxide has been known to have the required merit to go through exsolution 

mediated alloying leading to a sustainable development in the field of DRM. Eventually, 

other systems like spinel oxide is underrated and yet to be explored in this regard. But 
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presence of some inherent defect is a primary criterion to show exsolution behavior i.e., while 

choosing an oxide support other than perovskite, it is desirable that the concerned system has 

the background of defect chemistry. Hercynite is one of the spinel oxides that is explored in 

several contexts due to its unique redox defects and may be considered as a model system to 

be studied in this regard.
62

 

 

1.7. Engineering of hercynite spinel 

1.7.1. Structural complexity of nano-dimensional hercynite  

A typical mixed spinel oxide has the general structural formula of (A1-iBi)(B2-iAi)O4 where 

the inversion factor ‗i‘ lies in the range 0-1 according to the cation distribution between 

octahedral and tetrahedral sites. Depending on synthesis method or post synthetic 

treatment, hercynite may go through some sort of inversion i.e., Fe
2+ 

can diffuse from 

tetrahedral site to octahedral site and Al
3+ 

satisfy the vacancy created by Fe
2+

 which leads 

to inverse or mixed spinel.
63-70

 It is very difficult to synthesize high-purity hercynite with 

high degree of crystallinity using routine chemical process. This is partly attributed to its 

complicated structure which requires high processing temperature. The inconsistency in 

valency of iron between its precursors including various ferric salts or Fe2O3 and that in 

FeAl2O4 (Fe
2+

) also creates some difficulties.
71

 

 

1.7.2. Applications of hercynite-based materials  

Due to the highest abundance of aluminum and iron in the Earth's crust, hercynite is a 

relatively inexpensive spinel oxide and because of its excellent chemical stability, 
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mechanical properties and magnetic behavior it seems to be a suitable material for use in 

the field of heterogeneous catalysis.
 
Although hercynite has received much attention as a 

photocatalyst for the degradation of pollutants like phenol, tetracycline, methylene blue
72-

74 
etc., it has also been employed for wastewater treatment.

75  
The supercapacitive 

capabilities of hercynite-based materials has also been explored nowadays.
76

 Moreover, 

hercynite is found to be a promising redox active material for solar thermochemical 

hydrogen (STCH) production
77

,  solar thermochemical fuel (STCF) production
78

 and in 

enhanced oxygen evolution eletrocatalysis
79

 due to its unique defect chemistry. Hercynite 

decorated catalysts are well envisaged for the purpose of energy production through 

various routes including (i) auto-thermal reforming of ethanol for hydrogen production
80

, 

(ii) catalytic methane decomposition over Fe-Al2O3
81-83

, (iii) syngas production through 

chemical looping combustion (CLC)
84 

 and dry reforming of the tar model compound
85

. 

Besides the aforementioned catalytic reactions, hercynite-based formulations have also 

been used in various catalytic aspects e.g., for CO2 hydrogenation to linear α-olefins
86

, as a 

support system in one pot annulation reactions
87, 88

, as a magnetic nanocomposite catalyst 

for the selective esterification of chloroacetic acid
89 

etc. 

 

1.7.3. Scope of chemical tailoring in hercynite  

High mechanical resistance, low temperature sinterability, high thermal stability, low 

surface acidity and high ability of cation diffusion ensure the selection of hercynite spinel 

oxides. Moreover, in last several years our group has been working on the synthesis and 

modification of hercynite-based catalysts followed by evaluation of their activity towards 
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various aspects including heterogeneous catalytic reactions.
90-93

 The expertise to deal with 

hercynite-based compositions leading to its excellent methanol steam reforming activity 

and previous reports (as discussed above) of exhibiting superior activity in high 

temperature gas-solid heterogeneous catalysis in harsh reactions such as methane cracking, 

steam reforming, CO2 hydrogenation, chemical looping etc. have prompted us to do 

further research about some chemical tailoring of the same to make it suitable for DRM, 

anticipating that other transition metals along with Ni will also have the similar type of 

metal-support interactions as is the case with Cu-doped hercynite. 

 

1.7.4. Preparation of hercynite-based formulations: preference of 

solution combustion synthesis over other methods 
 

The synthetic routes of Ni-based mixed metal oxides usually involve conventional 

methods like solid state synthesis, sol-gel, Pechini method, solution combustion synthesis 

(SCS), hydrothermal, co-precipitation, template/surfactant assisted precipitation, 

deposition−precipitation, solvothermal,  impregnation, incipient wetness impregnation, 

microemulsion, sonochemical process, microwave combustion etc. Besides the well 

known solid state and soft chemical synthetic routes, other emerging preparation 

techniques are recently employed for the synthesis of Ni-based catalyst for DRM. They 

are plasma electrolytic oxidation, plasma spraying, evaporation-induced self-assembly 

(EISA), strong electrostatic adsorption (SEA), physical vapor deposition (PVD), chemical 

vapor deposition (CVD), atomic layer deposition (ALD) etc. 
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Based on our previous expertise in dealing with hercynite-based formulations, to 

address the issues of oxidation of hercynite based materials in oxidizing environment 

(oxidizes into Fe3O4, Fe2O3 etc.), while heat treatment is done, the facile SCS technique 

has been opted for the compositional engineering of FeAl2O4 as no additional heat 

treatment is required in the combustion route. Moreover, the added advantage of preparing 

catalyst materials within minutes using highly reproducible SCS make it suitable for 

synthesis and screening of numerous simple and complex mixed metal oxides with 

varying compositions for DRM. Even SCS has the required merits of providing various 

oxide-based materials with an ease, which are otherwise very difficult to prepare with high 

purity. High processing temperatures of oxide materials often lead to diminished surfaced 

area compromising with particle size and oxygen vacancy, whereas SCS has the capacity 

of producing nano-phasic materials with high surface area and enhanced oxygen vacancy, 

which is always found to be beneficial in heterogeneous catalysis, particularly in 

reforming reactions. By using different fuels, individually or in definite proportion in SCS, 

the particle size distribution can be varied and desired purpose can be contented. 

Moreover, nowadays SCS has been explored for controllable valence distribution. Hence 

SCS has the potential beauty and simplicity over other existing synthetic techniques, often 

encountered for the synthesis of Ni-based catalyst towards DRM.
94-115

 

 

1. 8. Aim and rationale of the present investigation 

From the foregoing discussion it is understandable that the dry reforming of methane holds 

significant relevance in the modern world due to its potential to address two of the most 
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pressing global challenges: climate change and the need for sustainable energy and 

chemical production and there is lot of scope towards design and development of effective 

catalysts for sustainable DRM. Especially the Ni-based catalysts are of prime importance 

for application in realistic DRM. But the prevailing issues of coking and deactivation need 

to be addressed through support engineering. Spinel oxides, especially Fe containing 

congeners are found to be superior due to their active participation in coke removal 

activity in the thermocatalytic DRM process. Hercynite is expected to be the most suitable 

support system for engineering of Ni-based DRM catalysts with below specific reasons:  

 previous expertise to deal with hercynite-based compositions  

 high methanol steam reforming activity with structural integrity retained in 

reducing environment  

 unique redox defect chemistry  

 flexibility of incorporating different transition metals  

 anti-coking activity of Fe 

 coke resistant DRM activity of Fe doped aluminate spinels like MgAl2O4.  

 

In particular, hercynite engineering has been done through Ni incorporation, alone and 

in combination with other transition metals such as Cu, Co, Mn etc., using facile ultrafast 

SCS route for high and moderate temperature methane dry reforming. Thorough 

characterizations of the as-prepared vis-à-vis aged catalyst have been done using 

sophisticated instrumental techniques in a stepwise manner to reveal the structure-activity 

correlation so that suitable tailoring of the material properties can be done and a 

generalized conclusion can be drawn for further applicability of the materials. 
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Chapter 2 

Synthetic processes, characterization techniques and 

DRM activity test of the materials 

 

2.1. Introduction 

The development of catalytic formulations as well as application of these formulations to the 

synthesis of industrially important products is indeed a very challenging to the 

experimentalist. For industrial application of the catalyst, it should have reached the highest 

attainable quality and could perform at the optimum and possibly lowest cost level. Thus the 

design and manufacturing processes of the materials play crucial role for it to become a good 

catalyst. The development of solid catalyst requires knowledge of several parameters which 

have great influence on the catalyst performance. Main objective of the catalyst 

developments is optimization of various different catalyst properties. In the recent years, 

novel concept of nanotechnology has been used to synthesize solid oxide materials with well 

defined structural characteristics. Among variety of nanostructured oxides hercynite is one 

important material as elaborated in chapter 1. 

 Besides, detail characterization of the synthesized materials is a vital part of the 

material science. This is the key to unravel the structure-property correlation. The hercynite 

being an attractive material a number of divers characterization techniques are needed to 

explore the relationship of the activity pattern with the structure.  
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This chapter discusses the SCS method, opted for the synthesis of hercynite-based 

materials presented in this thesis, followed by the details of experimental techniques used for 

their charecterizations.   

 

2.2. Chemicals used for synthesis of catalyst materials 

To prepare the spinel oxide (hercynite) based catalyst materials of this research work, 

corresponding nitrate salts of metal, Ni(NO3)2.6H2O (98%), Cu(NO3)2.3H2O (99%), 

Fe(NO3)3.6H2O (98%), Al(NO3)3.9H2O (98.5%), Co(NO3)2.6H2O (97%),  Mn(NO3)2.4H2O 

(97%) were taken and oxalyldihydrazide (C2H6N4O2, ODH) was used as the fuel as well as 

complexing agent in the solution combustion  synthesis. All the nitrate salts were purchased 

from Merck and used without any further treatment. 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. Solution combustion synthesis of the catalysts 

2.3.1. Ni and Cu co-doped hercynite  

Nanocrystalline NixCu0.07Fe0.93-xAl2O4 (corresponding to x= 0, 0.02, 0.04, 0.06, 0.08 and 0.10 

that are named respectively as CFAO, NCFAO2, NCFAO4, NCFAO6, NCFAO8 and 

NCFAO10) as well as FeAl2O4 and Ni0.08Fe0.92Al2O4, named respectively as FAO and 

NFAO, were synthesized through facile solution combustion method using metal nitrate salts 

as precursors and oxalyldihydrazide as the fuel in a muffle furnace preheated at ~350 C.
1
 

The preparation of Ni0.08Cu0.07Fe0.85Al2O4 (i.e., NCFAO8) involves the combustion of the 

metal nitrates Ni(NO3)2.6H2O,  Cu(NO3)2.3H2O,  Fe(NO3)3·9H2O, Al(NO3)3·9H2O with 

ODH, taken in a molar ratio 0.08:0.07:0.85:2:4.425, at the ignition temperature of the redox 
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mixture. The synthetic process is shown schematically in Scheme 2.1. In a typical synthesis 

of NCFAO8, stoichiometric amounts of (0.1162 g of Ni(NO3)2.6H2O (98%), 0.0845 g of 

Cu(NO3)2.3H2O (99%), 1.7170 g of Fe(NO3)3.9H2O (98 %), 3.7513 g of Al(NO3)3.9H2O 

(98.5 %), and 2.6151 g of ODH were taken in a borosilicate dish and dissolved in ~50 mL of 

distilled water through heating in a mantle. The redox mixture was then introduced into the 

preheated muffle furnace. The solution underwent dehydration through frothing and foaming 

and at the point of complete dehydration the surface got ignited and burnt with a flame to 

form the required oxide material within one minute. 

  

 

 

Scheme 2.1.  Schematic diagram of solution combustion synthesis of NCFAO8. 

 

2.3.2 Ni-doped hercynite 

The hercynite materials, NixFe1-xAl2O4 (where x= 0.3, 0.4 and 0.5 and denoted as NFAOn, 

where n= 30, 40 and 50; the at.% of Ni doped in the hercynite) were also prepared by SCS 

process. Typically, for the preparation of Ni0.50Fe0.50Al2O4, 0.3635g of Ni(NO3)2.6H2O, 

0.505g of Fe(NO3)3.9H2O, 1.8756g of Al(NO3)3.9H2O, and 1.2558 g of ODH were taken in a 

borosilicate dish and dissolved in ~50 mL of distilled water through heating in a mantle. The 

redox mixture was then introduced into the preheated muffle furnace. The solution undergoes 

complete dehydration and eventually the surface got ignited and then burnt with a flame to 

form the required oxide material within one minute. Similarly the other Ni-doped hercynite 

were prepared. 

 

Nitrate salts+ODH Redox mixture Combustion Crushed oxideAs-formed oxide
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2.3.3 Ni, Cu, Co and Mn-doped hercynite  

The multimetal hercynite, (NiCuCoMn)xFe1-4xAl2O4 where x= 0.05-0.10 were also prepared 

by a the traditional SCS method. In a typical preparation of (NiCuCoMn)0.1Fe0.6Al2O4, 

0.0969g of Ni(NO3)2.6H2O, 0.0805g of Cu(NO3)2.3H2O, 0.0969g of Co(NO3)2.6H2O, 

0.0836g of Mn(NO3)2.4H2O, 0.808g of Fe(NO3)3.6H2O, 2.5008g of Al(NO3)3.9H2O, and 

1.6942g of ODH were taken in a borosilicate dish and dissolved at first with ~60 mL 

Millipore water and then introduced in a preheated muffle furnace when dehydration took 

place. At the point of complete dryness, the surface of the resulting redox mixture got ignited 

and then burnt to form the desired multimetal doped oxide materials.  

 

2.4. Material characterizations 

This part provides a detailed discussion of all the characterization methods used to study 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 and 

porosity data of the materials. A preliminary DRM test was performed to decide the most 

active catalyst amongst all the synthesized materials. After that, the final catalyst material has 

been characterized by high resolution transmission electron microscopy (HRTEM), high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and 

energy dispersive X-ray spectroscopy/ analysis (EDX/ EDS) study, X-ray photoelectron 

spectroscopy (XPS), H2 temperature programmed reduction (H2-TPR), CO2 temperature 

programmed desorption (CO2-TPD), thermogravimetry-differential thermal analysis 

(TG/DTA), carbon, hydrogen, nitrogen, and sulfur (CHNS) analysis, inductively coupled 

plasma - atomic emission spectrometry (ICP-AES) analysis, and Raman analysis. 
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2.4.1. Powder X-ray diffraction study  

The bulk phase information was gathered using powder X-ray diffraction data recorded on a 

Bruker D8 Advance X-ray diffractometer with Cu Kα radiation operating at 40 kV and 40 

mA using 1D position-sensitive LYNXEYE detector. The XRD patterns were collected in the 

2θ range 10°-80° at a scan rate of 0.5-2 s per step, depending on the requirement. 

 

2.4.2. Specific BET surface area (SBET) study 

N2 adsorption-desorption isotherms were recorded with Autosorb iQ2 (Quantachrome Inc.) 

instrument. Before the measurement, all the samples were outgassed at 130 °C under 0.3 torr 

vacuum for 6 h with a FLOVAC degasser tube. The pore volume and pore size distributions 

of the samples were calculated by the NLDFT method. The specific surface area (SBET) of the 

catalysts was measured by the multipoint BET method. 

 

2.4.3. High-resolution transmission electron microscopy study 

Microstructural analysis was done using high resolution transmission electron microscope 

(HRTEM; FEI, USA) operating at 200 kV. 

2.4.4. HAADF-STEM and EDX study 

EDS mapping of the as-prepared and aged catalysts was performed using high angle annular 

dark field scanning transmission electron microscope (HAADF-STEM; Thermo Scientific 

Talos F200X G2). 

 

2.4.5. X-ray photoelectron spectroscopy study   

The surface characterization of the as-prepared and aged samples were examined by using X-

ray photoelectron spectroscopy. The experiments are performed in a Thermo Scientific K-
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Alpha surface analysis spectrometer fitted with a monochromatic Al Kα radiation (1486.6 

eV) as an X-ray source and operated at 12 kV and 6 mA. The binding energy of C 1s (284.8 

eV) was used to calibrate the binding energies. Peak Fit v4.12 software was employed for the 

curve fitting. 

 

 2.4.6. H2 temperature programmed reduction 

H2-TPR experiment was performed with a Chemstar TPx (Quantachrome Inc.) equipped with 

a thermal conductivity detector (TCD) taking 20 mg of sample in a U-shaped quartz tube. For 

H2-TPR, a pretreatment of the sample was done at 200 C with a hold time of 30 min using a 

Ar flow of 20 mL min
-1

. H2/Ar gas mixture (10% v/v) was then introduced with a flow rate of 

50 mL min
-1

 and the continuous H2 uptake was monitored by the TCD from ambient 

temperature to 900 C with a ramp rate of 10 C min
-1

. 

 

2.4.7. CO2 temperature programmed desorption 

CO2-TPD experiments were performed with the same Chemstar TPx (Quantachrome Inc.) 

equipped with a TCD taking 20 mg of sample in a U-shaped quartz tube. For CO2-TPD, a 

pretreatment of the sample was done at 200 C with a hold time of 30 min using a He flow of 

20 mL min
-1

. CO2/He gas mixture (10% v/v) was then introduced with a flow rate of 50 mL 

min
-1 

for 1 h, followed by a flushing with He flow of 20 mL min
-1

 for 1 h at 30 C. Finally, 

TPD was conducted by heating the sample from room temperature to 900 C with a rate of 10 

C min
-1

. 
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2.4.8. Thermogravimetry-differential thermal analysis 

TG-DTA analysis of the aged catalyst was performed in a Shimadzu DTG-60 under zero air 

flow from room temperature to 900 C with the heating rate of 10 C min
-1

. 

 

2.4.9. CHNS analysis 

The CHNS analysis was performed for few selected samples using Elementar (Germany) 

Vario Micro cube instrument.  

 

2.4.10. ICP-AES analysis 

The chemical analysis was performed with inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES, Spectro Analytical). 

 

2.4.11. Raman analysis 

The Raman spectrum of a few selected materials was obtained using a Micro Raman 

Spectrometer (Model: Renishaw inVia Reflex, UK) equipped with a 514 nm diode laser 

source and a 20x objective lens. 

 

2.5. DRM activity test  

The DRM activities of synthesized materials were evaluated in a reaction set up fabricated in 

the laboratory (see Scheme 2.2).
2 

All the gases (reactant and 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 
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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. 

 

Scheme 2.2. The reaction setup for conducting gas-solid heterogeneous catalytic 

experiments. 

 

Initially, a pellet was made from the as-prepared catalyst powder, which was then 

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 and other reaction conditions were as follows: 10 mL of 10% CH4 in 

He, 10 mL of 10% CO2 in He, 37 mL of pure He (carrier gas), 800 °C and GHSV= 34000 mL 

g
1

 h
1

 (for materials in chapter 3); 25 mL of 10% CH4 in N2, 25 mL of 10% CO2 in N2, pure 

N2 (carrier gas), 800 °C and GHSV= 30000 mL g
1

 h
1

 (for materials in chapter 4); and 25 

mL of 10% CH4 in N2, 25 mL of 10% CO2 in N2, pure N2 (carrier gas), 700 °C and GHSV= 

30000 mL g
1

 h
1

 (for materials in chapter 5) so as to ensure the CH4/CO2 molar ratio as per 
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DRM stoichiometry. The preliminary tests of all the materials were carried out at different 

temperatures ranging from 500 to 800 °C to optimize the reaction temperature. Further tests, 

like the durability tests were subsequently carried out at temperature(s) based on the 

preliminary data. The outgoing gases were detected and analyzed using an OMNI
Star

 gas 

analysis system equipped with a 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 

(Eq. 2.1 and 2.2) by taking the initial (i.e., before reaction, AX, in) and steady-state (after 1 h of 

reaching the target temperature of T °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. 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 

obtained by calculating the simple ratio (Eq. 2.3) of their individual ion current values, 

H2/CO, which has a theoretical value of one for the DRM reaction. The gas composition was 

also analyzed using a Nucon 5765 gas chromatograph (GC), New Delhi, India, for which the 

feed gas composition was maintained to be the same, while Ar was used as the carrier gas. 

 𝐶𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐴𝐶𝐻4,𝑖𝑛−𝐴𝐶𝐻4,𝑜𝑢𝑡

𝐴𝐶𝐻4,𝑖𝑛
× 100% -------- (2.1) 

𝐶𝑂2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐴𝐶𝑂2,𝑖𝑛−𝐴𝐶𝑂2,𝑜𝑢𝑡

𝐴𝐶𝑂2,𝑖𝑛
× 100% -------- (2.2) 

 
𝐻2

𝐶𝑂
 𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 =  

𝐴𝐻2,𝑜𝑢𝑡

𝐴𝐶𝑂 ,𝑜𝑢𝑡
 ---------- (2.3) 
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Chapter 3 

Studies on the DRM activity behavior of Ni and Cu co-

doped hercynite 

 

3.1. Introduction  

As detailed in chapter 1, DRM not only reveals a prospective technology towards the GHG 

management, it has an added advantage of producing synthesis gas that can be introduced in 

Fischer-Tropsch synthesis for the production of higher hydrocarbons
1-5

.   

Nickel is the primary choice of researchers in this aspect because of its low cost, easy 

availability and high activity. Sintering and agglomeration at high operating temperatures lead to 

catalyst deactivation through severe coke deposition and subsequent pore-clogging as the activity 

of the catalyst is highly sensitive to the particle size and dispersion of the active phase
6-8

. Various 

efforts have been devoted to understand the facts, like metal support interaction
9
, surface 

acidity/basicity
10, 11

, oxygen vacancies mechanism, encapsulation of Ni metal within a shell
9, 12

 

and most importantly, introduction of a second metal component as a promoter along with the 

active metal counterpart
13

 or alloying of Ni
14, 15

, which play a crucial role for the betterment of 

activity and stability of the catalyst. 

Previous studies have shown that a very useful and economic approach to enhance the 

stability of Ni-based catalyst is alloying of Ni with another transition metal such as Cu, Fe, Co 

etc. by prior reduction of the as-prepared catalyst
16-24

. There is hardly any example of synthesis 
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strategy of alloy-based catalyst that devoid of the prior reduction step
25

. To address these issues, 

in situ generation of Ni-based alloy might be an effective way to avoid the prior reduction step as 

a prerequisite. A very timely initiative in this regard is to explore the exsolution phenomenon 

properly to avail the desired alloy. It is evident from many reports that exsolved particles are 

silent to coking or/and agglomeration as compared to their deposited analogues
26, 27

. Recent 

researches have revealed that the extra stability of the exsolved particles is due to the fact that, 

they are partially embedded over the surface of the parent oxide and are not allowed to move 

freely which actually causes the active metal to agglomerate
28

. The well-known defect chemistry 

of perovskite oxide materials allow them to exhibit exsolution phenomena in proper redox 

condition
29-33

 but this is not a general practice with the spinel system showing exsolution 

behavior, except a few examples
34, 35

. We have already discussed the unique defect chemistry
36

 

of hercynite spinel that has been purposefully explored in this work. 

We have been working on the synthesis and modification of hercynite-based catalysts for 

the last one decade and evaluated their activity towards various heterogeneous catalytic 

reactions
37-40

. Our studies have demonstrated that the doping of a small percentage of copper 

introduces good crystallinity to solution combustion synthesized hercynite, whereas it is 

amorphous or poorly crystalline in its purest form
41

. We were successful to show that 10 at.% 

copper doped hercynite has a promising activity towards methanol steam reforming (MSR) with 

excellent time on stream behaviour
37

. Our expertise to deal with hercynite-based compositions 

and the excellent MSR activity of these systems have prompted us to explore further the 

chemical tailoring of the hercynite structure so as to make it suitable for the dry reforming of 

methane. 



42 

 

In this chapter, we have presented the synthesis, characterization and catalytic activity of 

rationally designed Ni and Cu co-doped hercynite, NixCu0.07Fe0.93-xAl2O4 (x= 0, 0.02, 0.04, 0.06, 

0.08, and 0.10) corresponding to total metal (Ni+Cu) doping percentage up to 17 at.% by a facile 

one step solution combustion synthesis. Based on the previous findings that 7-10 at. %  of  Cu  is  

good  enough  for  MSR,  we  have  fixed  the  amount  of  Cu-loading  in  all the compositions  

at.  7  at.%,   while  varied  the  Ni-loading  from  0  to  10  at.%.  FeAl2O4   and Ni0.08Fe0.92Al2O4 

have also been synthesized for comparison with Ni and Cu codoped hercynite. Among all the 

samples, the nominal composition Ni0.08Cu0.07Fe0.85Al2O4 appears to be the most active, coking 

free and highly durable DRM catalyst at GHSV of 34000 mL g
-1

 h
-1 

at ~800 C. To the best of 

our knowledge, this is the first report on the synthesis of hercynite-based material which offers in 

situ generated (exsolution mediated) NiCuFe ternary alloy exhibiting excellent methane dry 

reforming activity with high durability and potential coke resistant ability. Above all, the high 

thermal stability and pronounced defect chemistry of hercynite allows the substantial retention of 

the pristine phase over the exsoluted phases in the harsh DRM environment. 

 

3.2. Results and Discussion 

3.2.1 Powder XRD studies 

Hercynite spinel phase formation is evident for all the as-prepared samples, as shown in Figure 

3.1, which is well matched with JCPDS PDF# 34-0192. Thus, Ni and Cu get incorporated in the 

FeAl2O4 lattice. As no noticeable diffraction peaks due to CuO and/or NiO are identified, it may 

be concluded that even if these phases are formed they are negligible enough to escape the 

detection limit of powder XRD.  The crystallite size of the as-prepared samples lies in the range 
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10-14 nm as obtained from the Scherrer’s equation. All the powder patterns were analyzed by 

pattern matching to extract the cell parameters. There is minuscule change in the cell parameters 

with the increase in Ni content (see Figure 3.2). However, the overall change in cell volume is 

less than 1%. It is within the error limit for estimation of cell parameters from the powder 

pattern, more specifically when the diffraction peaks are very broad. Thus we can conclude that 

there is no noticeable change in cell constant with the increase in Ni or Cu doping. 
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Figure 3.1. PXRD patterns of the as-prepared Cu doped, Ni doped and Cu, Ni co-doped FeAl2O4 

system. 
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Figure 3.2.  Change in the cell parameters of copper doped hercynite (CFAO) with Ni content. 

 

3.2.2. BET studies 

The specific BET surface areas along the porosity data of selected as-prepared samples and aged 

sample of this study are included in Table 3.1. The nature of adsorption-desorption isotherms 

(see Figure 3.3) indicates mesoporous nature of the materials although pore sizes of the 

concerned materials lie within 2 nm. The Cu-only catalyst has a higher surface area than the Ni 

and Cu co-doped hercynite catalyst. Upon 100 h aging in harsh DRM environment, the surface 

area of NCFAO8 is reduced to some extent (by 7 m
2 

g
-1

). This means that formation of alumina 

and NiCuFe alloy does not change the surface area of the best performing sample significantly. 

The anti-sintering behavior of the catalyst is thus evident from surface area analysis that is a 

highly desirable property of Ni-based catalyst employed in high temperature DRM process. 
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Table 3.1: BET surface area and porosity data of as-prepared samples. 

Sample name Surface area (m
2 

g
-1

) Pore volume (cm
3 

g
-1

) Pore size (nm) 

CFAO 55 0.18 1.38 

NCFAO2 53 0.14 1.44 

NCFAO4 49 0.13 1.38 

NCFAO6 47 0.13 2.07 

NCFAO8 48 0.11 1.38 

NCFAO10 50 0.13 2.07 

Aged NCFAO8 41 0.13 1.38 

 

Figure 3.3. Nitrogen adsorption–desorption isotherms and pore size distribution curves of (a-f) 

NCFAOn (n= 0, 2, 4, 6, 8, 10) and (g) aged NCFAO8 samples. 
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3.2.3. Screening of the as-prepared materials 

Catalytic activities of all the materials have been checked preliminarily for 10 h each to sort out 

the optimized sample. Preliminary tests, including blank test and DRM test using pure hercynite 

as the sample, confirmed no activity contributed either from the chromel-alumel thermocouple 

(containing 90 % of Ni in it and is inserted in the catalyst bed) or from the support oxide of the 

catalyst system. DRM activity of the materials varies with Ni loading in the hercynite and it 

follows the order CFAO< NFAO NCFAO2< NCFAO4< NCFAO6< NCFAO8  NCFAO10 

(Figure 3.4). The 8% Ni-doped congener CNFAO8 is found to be the most active formulation. 

The CH4 and CO2 conversions for NCFAO8 were 97 % and 99 %, respectively, with a H2/CO 

ratio 0.80. Upon increasing the Ni content, there was no further improvement in activity for 

NCFAO10. This is because of the fact that the CH4 and CO2 conversions for both the NCFAO8 

and NCFAO10 catalysts reached approximately to the theoretical value of equilibrium 

conversion (99% for both CH4 and CO2 calculated using the software HSC5.1 (Outocompu), 

see Figure 3.5(a)) under the chosen reaction conditions of this study. Additionally, the values of 

apparent activation energies (Ea) of CH4 (99.8 kJ mol
-1

) and CO2 (90.4 kJ mol
-1

) calculated from 

the Arrhenius plot (see Figure 3.5(b)) in the temperature range 530 C to 580 C, after prior 

activation of the NCFAO8 catalyst at 800 C, lie well in the typical Ea range of other state of the 

art DRM catalysts. Finally, the NCFAO8 has been selected for the long term activity and 

durability test. Consequently, the necessary characterizations have been carried out for this 

optimized formulation in its as-prepared and aged forms. 
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Figure 3.4. Comparison of the catalytic conversions of (a) CH4 and (b) CO2 and (c) H2/CO ratio 

of the Ni and Cu co-doped FeAl2O4 systems (Reaction condition: 10 mL of 10% CH4 in He, 10 

mL of 10% CO2 in He, 37 mL of pure He (carrier gas), 800 °C and GHSV= 34000 mL g
1

 h
1

). 

 

 

 

 

 

 

 

 

Figure 3.5. (a) Theoretical equilibrium conversion vs temperature plot calculated using the 

software HSC5.1 (Outocompu) and (b) Arrhenius plots for calculating the values of apparent 

activation energy for CH4 and CO2 (Reaction condition: 10 mL of 10% CH4 in He, 10 mL of 

10% CO2 in He, 37 mL of pure He (carrier gas), 800 °C and GHSV= 34000 mL g
1

 h
1

). 
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3.2.4. Time on stream behavior and effects of temperature and GHSV 

variations 

Long-term activity of NCFAO8 catalyst in reforming environment has been evaluated by 100 h 

of continuous monitoring of conversions and H2/CO ratio (Figure 3.6). Remarkably, NCFAO8 

demonstrated a conversion of 97 % for CH4 and 99 % for CO2 and H2/CO ratio gets stabilized at 

around 0.80 during this long span of durability at 800 °C. In order to assess the durability of the 

catalyst at a lower temperature, the long-term activity was also tested at 750 °C. The CH4 and 

CO2 conversions get reduced to 78 % and 84 %, respectively with the decrease of H2/CO molar 

ratio to 0.74. Slightly more conversion (~2% at 800 °C) of CO2 than that of CH4 can be 

attributed to the occurrence of reverse water gas shift reaction (RWGSR) which is a strong 

competitor of DRM. As expected, the lag in conversion is more when the reforming is done at 

the lower temperature of 750 °C. The CH4 and CO2 conversions and H2/CO molar ratios were 

also investigated at further lower temperatures of 650 °C and 700 °C at 34000 mL g
-1

 h
-1 (see 

Figure 3.7 and Table 3.2) and at higher GHSVs of 68000 and 102000 and mL g
-1

 h
-1

 at 800 °C 

(see Figure 3.8 and Table 3.2). The trend is as per expectation, the CH4 and CO2 conversions 

decreased respectively to 26-65 % and 34-69 %, while the H2/CO molar ratios get stabilized in 

the range 0.55-0.68. The deviation of H2/CO ratio from unity, more when the temperature is 

lowered, can be accounted for by taking the RWGSR into consideration. There was no 

appreciable loss of activity before termination of the reaction after 100 h. Intrinsic activities are 

also calculated for this catalyst with respect to Ni and have been listed in Table 3.3. A 

comparison of hercynite-based NCFAO8 catalyst with other state of the art Ni and Ni-alloy 

based DRM catalysts suggest promising activity behavior of the NCFAO8 catalyst (see Table 

3.4) in the context of (a) facile one step synthetic route of catalyst preparation as well as (b) 
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potential coke resistant ability and (c) long term stable conversion without loss of activity over a 

wide range of temperatures as elaborated afterwords. The 100 h used sample at 800 °C, collected 

after cooling to room temperature in helium flow is termed as aged catalyst. A thorough 

characterization of the aged catalyst has been performed subsequently and compared with the 

findings on the as-prepared catalyst to elucidate the structure-activity correlation of the catalyst 

system. 
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Figure 3.6. Time on stream behavior of NCFAO8 at 750 °C and 800 °C (Other reaction 

conditions: 10 mL of 10% CH4 in He, 10 mL of 10% CO2 in He, 37 mL of pure He (carrier gas) 

and GHSV= 34000 mL g
1

 h
1

). 
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Figure 3.7. Effect of temperature variation (650 C and 700 C) on the CH4, CO2 conversions 

and H2/CO ratio at 34000 mL g
-1

 h
-1

 (Reacting gas composition: 10 mL of 10% CH4 in He, 10 

mL of 10% CO2 in He, 37 mL of pure He as carrier gas). 

 

Table 3.2. Variation in CH4 and CO2 conversions and H2/CO molar ratios at different 

temperatures and GHSVs. 

GHSV 

(mL g
-1

 h
-1

) 

Temperature 

(C) 

CH4 conversion 

(%) 

CO2 conversion 

(%) 

H2/CO molar ratio 

34000 650 26 34 0.60 

34000 700 55 62 0.68 

68000 800 65 69 0.63 

102000 800 57 62 0.55 
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Figure 3.8.  Effect of GHSV variation on the CH4, CO2 conversions and H2/CO ratio at 800 C. 

 

Table 3.3. Table of intrinsic activities of the NCFAO8 catalyst at 800 C. 

Intrinsic activity CH4 CO2 

Reaction rate (mmol g
-1

 s
-1

) 0.288 0.297 

Turnover frequency (s
-1

) 1.6910
-2 

1.7410
-2 

Activity (mmol m
-2 

s
-1

) 3.7410
-3 

3.8610
-3

 

 

3.2.5. Identification of the phase(s) in the aged NCFAO8 

The structural evolution on ageing of the CNFAO8 catalyst have been assessed at first from the 

powder XRD analysis, as shown in Figure 3.9(a). A careful analysis of the diffraction peaks of 

aged catalyst indicates that the peaks at 2θ values 31.2, 36.7, 44.7, 48.7, 55.4, 59.1, 64.9 

and 76.9 correspond to (220), (311), (400), (331), (422), (511), (440) and (533) planes and are 

well-matched with the pristine hercynite phase. The diffraction peaks marked with  on the right 

side of the hercynite phase related peaks correspond to -Al2O3. PXRD data of the catalyst 

sample (collected after cooling in helium flow to room temperature) recorded after 2 h of stable 
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conversion confirms the formation of NiO (without any signature of CuO or the corresponding 

metal components) along with the starting hercynite spinel phase (Figure 3.9(b)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. (a) Diffraction pattern of the 100 h aged NCFAO8 catalyst where spinel phase 

remains intact along with the formation of NiCuFe alloy and -Al2O3 phases and (b) powder 

XRD pattern of NCFAO8 sample collected after 2 h of DRM reaction at 800 C. 
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Thus, by comparing the diffraction pattern of this intermediate catalyst with those of as-

prepared and aged catalysts, we can propose that exsolution of nickel (apparently occurs at first) 

along with copper and a portion of iron occurs in the DRM environment. These exsolved phases 

eventually lead to the formation of NiCuFe alloy (the peaks identified with  in Figure 3.9(a)) 

without any detectable NiO/CuO phases. The signature of alloying is also observed after ~2 h of 

DRM. Increasing and gradually higher background intensity in the diffraction pattern seems to 

be contributed from X-ray fluorescence from Ni and Fe in NiCuFe alloy. The average Scherrer 

sizes of hercynite and -Al2O3 are 14±2and 12±2, respectively, while the NiCuFe alloy particles 

have the average size of 10±2 nm. Etsell et al.
42

 have explored the exsolution of CuNi alloy 

through the reduction (by H2) of Cu-Ni-Al oxide solid solution . Their studies suggest exsolution 

of NiO initially, followed by Cu with the increase in temperature that subsequently form CuNi 

alloy. The release of aluminium in the form of -Al2O3 in this work is mediated through the 

above exsolution process so as to maintain the structural integrity of the pristine hercynite. No 

crystalline carbon phase is also detected in the aged sample. 

 

3.2.6. H2 temperature programmed reduction (H2-TPR) analysis 

To get further insights about the structure as well as reducibility of the NCFAO8 catalyst, H2-

TPR analysis of the as-prepared catalyst was done, followed by PXRD analysis of the resulting 

sample. The TPR profile of the sample (see Figure 3.10(a)) comprised of mainly one broad peak 

centered at ~460 °C, along with some small humps.  Interestingly, the XRD pattern of the H2-

reduced catalyst (see Figure 3.10(b)) suggests no noticeable change in the parent spinel 

structure, indicating no signature of sintering and the particle size remains similar (82 nm) to 

the other forms of the catalyst. This structural integrity of the catalyst indicates that  
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Figure 3.10. Reduction behavior and post reduction product analysis of the NCFAO8 catalyst: 

(a) H2-TPR profile of NCFAO8, (b) PXRD of the sample collected after H2-TPR and (c) Raman 

spectra of NCFAO8 before (as-prepared catalyst) and after H2-TPR reduction. 

 

the broad hydrogen consumption peak (~460 °C) is possibly due to surface oxygen reduction, 

while the small hump centered at ~ 400 °C, might be due to the reduction of a minute fraction of 

Ni
2+

 that cannot be ruled out for this complex catalyst system. This is very much expected for the 

hercynite-based catalyst that is quite stable in reducing H2 environment. It is pertinent to mention 
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that the scenario is different for the hercynite catalyst doped only with copper. In an earlier 

report
37

, we have shown formation of Cu, Fe, AlO, Al2.667O phases after H2-TPR of the 10 at.% 

Cu-doped FeAl2O4 catalyst. Thus, when Ni is doped along with Cu, as in the Ni and Cu co-doped 

hercynite catalyst (NCFAO8), the stability increases (in comparison to the Cu-only catalyst), 

thereby maintaining the structural integrity up to ~800 C in H2-TPR analysis. 

 The Raman spectra of the NCFAO8 sample collected after H2-TPR along with that of the 

as-prepared catalyst are shown in Figure 3.10(c). The peculiar peak due to hercynite phase is the 

broad and intense A1g mode (at ~759 cm
-1

) in close similarly with the earlier report by Lottici et 

al.
43

 The other peaks, although not well-defined, that could be identified are centered at ~562 cm
-

1
 and at ~325 cm

-1
 for the F2g and Eg modes, respectively. A signature of a small shoulder (~697 

cm
-1

) at the lower wavenumber side of the A1g mode may be attributed to cation disorder in the 

spinel structure. There is a shift of ~60 cm
-1

 of the A1g mode in the case of H2-TPR sample 

pointing to change in the local environment like creation of oxide-ion vacancy in the hercynite 

structure. It is to be noted that no structural change is evident from the powder XRD pattern of 

the H2-TPR treated NCFAO8, neither there is any signature of individual oxides of the metal 

components. So, Raman study presumably points to structural integrity of the main hercynite 

phase, although we have already noted that NiCuFe alloy is formed through in situ coexsolution 

in the DRM atmosphere. 

 

3.2.7. TEM-HRTEM, EDS, HAADF-STEM mapping of as-prepared and aged 

NCFAO8 

The transmission electron microscopy analysis of as-prepared NCFAO8 under low resolution is 

shown in Figure 3.11(a), while Figure 3.11(b) shows a high-magnification image that reveals a 
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six-membered ring-shaped structure with a crystallite size of approximately ~17 nm and a lattice 

fringe of 2.77 Å, which corresponds to the (220) plane of doped hercynite, NCFAO8. Figure 

3.11(c,d)  further illustrates the fast Fourier transform (FFT) and inverse fast Fourier transform 

(IFFT) images, respectively of the (220) plane. For the aged NCFAO8, Figure 11(e,f) present 

the low- and high-resolution TEM images, respectively. Two sets of FFT and IFFT images 

corresponding to the HRTEM image are shown in Figure 3.11(e-i). Distinct lattice fringes with 

spacings of 2.03 Å and 2.08 Å correspond respectively to the (400) and (111) planes of pristine 

hercynite and NiCuFe alloy (see Figure 3.11(g,h)), while the fringe spacing of 2.33 Å 

correspond to the (311) plane of -Al2O3 (see Figure 3.11(i,j)) in the aged catalyst. The selected 

area electron diffraction (SAED) pattern (Figure 3.11(k)) exhibits concentric circles, confirming 

the polycrystalline nature of the synthesized NCFAO8.  

The diffraction rings correspond to d-spacings of 0.2860, 0.2434, 0.2018, 0.1665, 0.1568, 

and 0.1435 nm, which align with the (220), (311), (400), (422), (511), and (440) crystallographic 

planes, respectively. These values are in good agreement with the X-ray diffraction analysis of 

the sample (see Figure 3.1). The SAED pattern of aged NCFAO8 (Figure 3.11(l)) reveals the 

presence of (220), (311), (400), (422), (511), and (440) crystallographic planes of the spinel 

structure. The sharper dot pattern in the SAED image indicates a higher crystallinity in the aged 

sample compared to the as-synthesized NCFAO8. It may also be pointed out that the TEM image 

of as-prepared catalyst (see Figure 3.11(a)) apparently suggests the presence of residual carbon 

in between the interfaces of the catalyst particles. Interestingly, a similar type of residual carbon 

is seemingly absent in the TEM image of the aged catalyst (see Figure 3.11(e)) that is in 

conformity with the enhanced crystallinity on ageing of the catalyst. 
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Figure 3.11. TEM-HRTEM images, FFT and IFFT analyses and SAED patterns of (a-d and k) 

as-prepared and (e-j and l) aged NCFAO8 catalysts. 
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Element

C(K)

O(K)

Al(K)

Fe(K)

Ni(K)

Cu(K)

Weight %
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Atomic %
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Element    
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Weight %
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1.79

9.65

Atomic %

61.13

24.29

10.04

0.75

3.76

(a)

The energy dispersive spectroscopy (EDS) analyses (see Figure 3.12) of both the as-

prepared and aged samples of NCFAO8 confirm presence of all the expected elements Ni, Cu, 

Fe, Al, and O in the material. It is to be noted that atomic percentage of Cu is very high than the 

expected result due to the contribution from the Cu-grid to the EDS signal of Cu, barring us to 

talk about the elemental composition. Hence, ICP-AES analysis of the as-prepared sample was 

carried out that revealed the actual mass% of Ni to be 2.48, Cu to be 2.36, Fe to be 26.90 and Al 

to be 27.85 which are in good agreement with the expected stoichiometry of the NCFAO8 

catalyst. 

Figure 3.12. Elemental compositions of (a) as-prepared and (b) aged NCFAO8 catalyst obtained 

from energy dispersive X-ray spectroscopy (EDS) analyses. 

 

According to the EDS elemental mapping (see Figure 3.13), Ni, Cu, and Fe are 

homogeneously distributed in the two forms of the NCFAO8 catalyst. Specifically, in the aged 

catalyst, these elements are localized within specific regions, providing direct evidence for the 

formation of NiCuFe alloy. This is in conformity with the diffraction pattern of the aged 

NCFAO8 catalyst. Elemental mapping for Al, O and combined mapping of as-prepared and aged 

NCFAO8 catalyst also show homogeneity of the various elements (see Figure 3.14). 
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 (a) (b) (c) (d)

(e) (f) (g) (h)

 

Figure 3.13. HAADF-STEM images of (a) as-prepared and (e) aged NCFAO8 catalyst and 

elemental mapping of Ni, Cu and Fe in (b-d) as-prepared (before alloying) and (f-h) aged 

NCFAO8 catalyst (after alloying). 

(a) (b) (c)

(d) (e) (f)

 

Figure 3.14. Elemental mapping for Al, O as well as combined mapping of (a-c) as-prepared and 

(d-f) aged NCFAO8 catalyst.  
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3.2.8. XPS studies 

 XPS analyses have been utilized to characterize NCFAO8 to understand the composition and 

bonding nature of the constituent elements. Al 2p, Fe 2p, Ni 2p and Cu 2p core level spectra of 

as-prepared NCFAO8 catalysts are presented in Figure 3.15. The Al 2p core level spectra of as-

prepared catalyst is observed to be asymmetric and is curve-fitted into component species as 

displayed in Figure 3.15(a). Observed peak at 74.4 eV in as-prepared catalyst corresponds to 

octahedral Al
3+

 species present in the catalyst, while a weak component peak in the lower 

binding energy region at 73.4 eV indicates the presence of tetrahedral component of Al
3+

 

species
44

. Fe 2p core level spectrum is observed to be broad in as-prepared catalyst sample 

indicating the presence of multiple Fe-species in the sample and they are curve-fitted into 

component species as shown in Figure 3.15(b). Fe 2p3/2,1/2 peaks observed at 709.5, 722.9 and 

710.8,724.6 eV in curve-fitted Fe 2p core level spectrum of as-prepared sample along with 

characteristic satellite peaks at 717.2 and 730.7 eV are assigned for octahedral and tetrahedral 

Fe
2+

 species, respectively
45

. Ni 2p3/2 component peaks in broad Ni 2p core level spectrum of as-

prepared catalyst are observed at 854.7 and 856.3 eV as presented in Figure 3.15(c) are assigned 

respectively to Ni
2+

 in octahedral and tetrahedral sites in the doped hercynite catalyst
45

. The Cu 

2p core level spectrum of as-prepared catalyst is broad indicating the presence of different Cu 

species which is decomposed into different component peaks by curve-fitting and is displayed in 

Figure 3.15(d). Accordingly, Cu 2p3/2,1/2 peaks at 933.5 and 953.4 eV with characteristic satellite 

peaks at 941.4, 943.8, and 962.3 eV and spin-orbit separation of 19.9 eV correspond to Cu
2+

 

species present in the catalyst. In addition, weak component 2p3/2,1/2 peaks at 935.8 and 955.7 eV 

are also found in the Cu 2p core level spectrum. It has been reported in the literature that Cu 2p 

binding energy decreases on increasing the coordination number with oxygen ions from 
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tetrahedral to octahedral sites. Therefore, Cu 2p3/2,1/2 peaks at 933.5 and 953.4 eV are assigned 

for Cu
2+

 species in octahedral sites, while the spin-orbit doublets at 935.8 and 955.7 eV stand for 

Cu
2+

 in tetrahedral sites of the hercynite structure.
44

 Core level spectra of Al 2p, Fe 2p, Ni 2p, 

and Cu 2p in aged catalyst are shown in Figure 3.15 (e-h). In the aged catalyst, intensity of 

lower binding energy peak in Al 2p core level spectrum is  found  to  decrease as  displayed  in  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. XPS core-level regions of (a, e) Al 2p, (b, f) Fe 2p, (c, g) Ni 2p, (d, h) Cu 2p, (i, j) 

C 1s and (k, l) O 1s in as-prepared and aged NCFAO8 catalyst. 
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Figure 3.15(e). Fe 2p core level spectrum in the aged catalyst along with that of as-prepared 

catalyst is shown in Figure 3.15(f). It is to be noted that spectral envelopes of both the catalysts 

look different. Weak peaks are surfaced in the lower binding energy region and peak widths of 

the main peaks are reduced. Weak spin-orbit peaks at 707.4 and 720.3 eV are attributed to Fe 

alloy species formed during DRM process and observed peaks at 709.8 and 723.6 eV correspond 

to Fe
2+

 species. Similar to Fe 2p core level spectrum of aged catalyst, spectral nature of Ni 2p3/2 

core level of this catalyst is different from as-prepared catalyst which is presented in Figure 3.15 

(g). A discerned peak around 853 eV is assigned to Ni alloy present in the aged catalyst. A 

higher binding energy peak at 855.8 eV along with a satellite peak at 862 eV is attributed to NiOx 

species. In Cu 2p core level spectrum of the aged catalyst as displayed in Figure 3.15(h) along 

with that of the as-prepared catalyst, intense Cu 2p3/2,1/2 peaks at 932.8 and 952.1 eV in the lower 

binding energy region of the spectrum are observed, which can be ascribed to either metallic Cu 

or Cu alloy species. Spectral tail in the higher binding energy region can be due to presence of 

CuOx species. It is also to be mentioned that satellite peaks are absent in the aged catalyst 

compared to as-prepared catalyst. Further, there is formation of NiCuFe alloy as per the XRD, 

HRETM and STEM HAADF findings of the aged catalyst. In the view of this, lower binding 

energy peaks observed in Ni 2p and Cu 2p core level spectra of aged catalyst may be associated 

with NiCuFe alloy. During DRM condition, Ni, Cu and Fe come out from the spinel catalyst 

forming the alloy species. C 1s core level spectra of as-prepared and aged catalysts are presented 

in Figure 3.15(i, j). The as-prepared sample shows mainly CC bond at 284.8 eV along with a 

weak peak at 288.4 eV corresponding to carbonate species. However, in the aged sample, 

oxidized carbon (CO bond) at 286.3 eV is also observed along with CC bond and carbonate 

species. Figure 3.15(k, l) presents O 1s core level spectra of as-prepared and aged samples. 
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Spectra are curve-fitted into component species as the spectra are broad in nature. Core level 

spectrum of as-prepared catalyst contains lattice oxygen component peak at 530.2 eV and a peak 

at 531.6 eV corresponding to adsorbed oxygen species. However, in the spectrum of aged 

sample, peak intensity of adsorbed species gets increased and a new component peak at 533.1 eV 

is also observed which is attributed to adsorbed water species. These findings indicate the change 

in oxygen species on the surface of the aged catalyst during DRM condition. 

  It is very clear that the intensities of Cu 2p peaks are much higher than those of Fe 2p and 

Ni 2p3/2 in the aged catalyst. This may be ascribed to surface segregation of copper in NiCuFe 

alloy particles. We have already noted that nickel is presumably the first to get exsolved as NiO 

that is followed by CuO, FeOx and -Al2O3 exsolution. The NiO, CuO and FeOx oxides then 

experience in situ reduction in the reforming environment and form the NiCuFe alloy. An 

intimate nanocomposite of this NiCuFe alloy with the parent hercynite and -Al2O3 phases 

prevents sintering of the alloy particles so as to ensure the stable conversion behavior of the 

hercynite-based catalyst system. 

 

3.2.9. CHNS analysis of the as-prepared and aged NCFAO8  

The results of CHN analyses have confirmed that the as-prepared NCFAO8 contains 3.91 mass% 

of carbon, whereas after 100 h of aging the amount of carbon is reduced to almost one third of 

the original value at 1.39%. This unusual result correlates well with the findings of TEM 

analyses that clearly show reduction of residual carbon subsequent to ageing in the DRM 

atmosphere. In a previous study, it has been shown that combustion synthesized materials 

contain a certain amount of amorphous carbon in it due to incomplete oxidation of organic 

residues, which can be removed either by thermal treatment in an oxidizing environment or by 
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chemical treatment
46

. But these pretreatments may have adverse outcomes like growth of 

crystallites together with a decrease in surface area. We thus deliberately used the as-prepared 

sample without any pretreatment and looked at the outcome. The decrease in carbon content on 

ageing can be well accounted for by a coke-free conversion in DRM that is accompanied by 

continuous removal of the carbon present inherently in the as-prepared catalyst. In this context, it 

can be said that the carbon is amorphous by nature and hence gets removed in the course of 

DRM. Moreover, both X-ray diffraction and microstructural analysis suggest absence of any 

crystalline phase of carbon in the as-prepared as well as aged NCFAO8, which again confirms 

the amorphous nature of the carbon. 

 

3.2.10. TGA-DTA analysis of the aged NCFAO8  

The thermogravimetry-differential thermal analyses of the aged catalyst carried out in zero air 

flow from room temperature to ~900 C is shown in Figure 3.16. Four stages of mass change 

may be noted from the TGA profile. The preliminary loss of mass is due to the combined effect 

of the vaporization of absorbed water (and in line with DTA profile, desorption of water being 

endothermic) together with the onset of oxidation of amorphous carbon. This is followed by a 

slow increase of mass, which is presumably due to beginning of oxidation of NiCuFe alloy to the 

component oxides
47 

together with the oxidation of remaining carbon, because the amorphous 

coke is generally oxidized within 350 C. In the third stage, from ~320 C to ~600 C, the 

oxidation of alloy is completed and is accompanied by an additional contribution from the 

oxidation of iron to FeO and/or Fe3O4 spinel phase
48

, which is reflected by an increase in slope in 

the TGA profile.  In the final stage, i.e., beyond 600 C, the increase in mass may be ascribed to 

further oxidation of iron from FeO and/or Fe3O4 to Fe2O3. 
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Figure 3.16. TGA-DTA curves of aged NCFAO8 catalyst in zero air flow. 

 

3.2.11. Structure-activity correlation 

The improvement of redox behavior and sintering resistance of the alloys are reported to increase 

the activity and stability of the catalyst
47, 17

. K. Han et al.
47

 have reported that the CHx are 

completely decomposed to C atoms on the Ni nanoparticles and are dissolved into nanoparticle 

framework of the Ni-Cu/SiO2 catalyst prepared by electrostatic adsorption of Ni−ammonia 

complexes of Ni and Cu on SiO2. After a certain time the dissolved C atoms grow as carbon 

nanotubes over the Ni nanoparticles. The Cu decorated Cu-Ni alloy nanoparticles influence CHx 

decomposition through the formation of activated O atoms (from CO2 activation by Cu) that 

gasifies the CHx to CO and H. This property of Cu-Ni alloy has been reported to be responsible 

for the long term DRM process without any observable peak of carbon nanotube. Alongside Cu, 

Fe is also expected to be involved in coke removal activities through Fe/FeOx redox cycle as 

demonstrated by Theofenidis et al.
 21 

and Kim et al.
 49

 The first group has explored the role of Fe 
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in DRM and has proposed that the reaction over NiFe-based catalysts can be described by a 

Mars-van Krevelen mechanism where CH4 is activated on Ni sites to form H2 and surface 

carbon, while Fe gets oxidized to FeOx (dealloying/segregation) by CO2 and the deposited 

carbon is subsequently been reoxidized to CO by lattice oxygen of FeOx. According to Muller et 

al., absence of any signature of FeO in the XRD pattern can be well explained by taking into 

consideration that FeO is formed as miniature domains of a few atomic layer covering a fraction 

of the Ni-rich particle surface, thereby ensuring a close proximity of the coke removal (FeO) and 

CH4 activation (Ni) sites. Eventually the pronounced effect of segregation of Fe from the NiFe 

alloy i.e., dealloying restricts its use in DRM. In another study, Theofenidis et al.
50

 have explored 

that a third metal Pd can suppress the preferential segregation of Fe from NiFe alloy. Following 

them, Jin et al.
51, 52 

have replaced Pd by Cu for studying the structural evolution of NiCuFe alloy 

which indeed comes out to be an excellent trimetalic combination with improved stability and 

coke resistant ability. As a logical corollary to the previous outcomes, presently concerned 

NiCuFe is supposed to have the combined efficiency of both NiCu and NiFe alloys. 

In regard to the crucial role played by Fe in mitigating coke formation, Theofenidis et 

al.
53

 have mentioned the importance of Fe incorporation in the MgFexAl2-xO4 (Ni/MgFexAl2-xO4) 

matrix. In accordance with their findings, the coke-resistance ability of the NCFAO8 catalyst can 

partially be attributed to the remaining hercynite phase, which is a classic example of cation 

antisite defects due to the cation inversion and/or off-stoichiometry of the cation, as a result of 

which local oxygen vacancies are created
36

. Luo et al.
11

 have extensively investigated the role of 

defect sites in -Al2O3 in facilitating DRM process and have reported that this defect sites 

catalyze the reaction by increasing the adsorption and activation ability of CO2 molecule. This 

CO2 activation also indirectly facilitates the CH4 activation. They have shown that the CO2-TPD 
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profile shows a weak adsorption peak of CO2 at around 100 C for the pure -Al2O3 phase, while 

two additional desorption peaks are observed for the defect -Al2O3 phase, namely a high 

temperature desorption peak at nearly 600 C and another desorption peak at about 350 C, 

which have been attributed to the defect sites in -Al2O3 and for Ni impregnation, respectively. 

In line with their findings, it is reasonable to propose that such defect sites should be present in 

the in situ generated -Al2O3 of the present NCFAO8 catalyst. To corroborate the aspect of in 

situ generation of oxygen defect, CO2-TPD analysis of the 100 h aged sample was carried out 

(Figure 3.17). The TPD profile shows CO2 desorption peaks at higher temperatures of ~410 C, 

~550 C and ~680 C along with a weak CO2 adsorption peak at a much lower temperature of 

~87 C. Considering the identified phases associated with the aged NCFAO8 catalyst, it may be 

proposed that the desorption peaks at ~550 C and ~680 C are originated from the spinel phases 

FeAl2O4 and defect -Al2O3 phase, while the peak at ~410 C may be due to the NiCuFe alloy. 

As a result, this defect containing -Al2O3 phase helps in CO2 adsorption and activation 

eventually assisting indirect CH4 activation.  This oxygen defects present in hercynite and -

Al2O3 phases of NCFAO8 catalyst also help in CO2 activation process through adsorption of CO2 

molecules
54

. In the presently reported hercynite-based NiCuFe alloy catalyst, Ni takes care of 

CHx decomposition to C atoms, while CO2 activation gets facilitated by surface enriched Cu, 

while Fe (both as a part of the alloy and the hercynite) has the potential ability in removing coke 

in unison, eventually leading to long term coke-free DRM
55-60

 activity of the NCFAO8 catalyst. 
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Figure 3.17. CO2-TPD profile of the aged NCFAO8 catalyst. 

 

3.3. Summary  

In this study we have shown highly reproducible, simple, cost-effective solution combustion 

synthesis method as a suitable method to prepare Ni and Cu co-doped hercynite spinel. NCFAO8 

shows very high CH4 and CO2 conversion efficiencies at 800 C and GHSV of 34000 mL g
-1

 h
-1 

without any appreciable loss of activity. Additionally this report highlights a hercynite-based 

catalyst capable of offering in situ generated Ni-based multicomponent alloy entailing apparently 

coke-free DRM. In true sense, NCFAO8 acts as the precursor for in situ generation of NiCuFe 

termetallic alloy, the main carrier of the reaction along with γ-Al2O3 and hercynite. Herein, the 

beauty of the catalyst lies in the fact that the improvisation of the active metal and support 

system occur simultaneously during the progress of the reaction and may be projected as a 

suitable contender for industrialization of the currently immature DRM technique. It may also be 
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proposed that modifications of hercynite system may further be studied as a fertile ground for 

other catalytic reactions through suitable tailoring of its chemical composition. 
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Chapter 4  

DRM behavior of solution combustion synthesized 

NixFe1-xAl2O4 

 

4.1. Introduction 

In Chapter 3 we have shown that hercynite has the flexibility of incorporating several 

transition metals into the „A‟/„Fe‟ site of its spinel framework and the doped metals along 

with the host Fe are co-exsolved in the harsh DRM environment forming NiCuFe ternary 

alloy.
1 

Contextually, the role of the individual component in the alloy (Ni, Cu and Fe) has 

been discussed in conclusive manner in the previous chapter. From mechanistic point of 

view, based on the extensive studies done on NiFe bimetallic system including our work, 

it is clear that the NiFe bimetallic alloy formulation is a very promising combination for 

coke resistance in DRM.
2-17

  

In a previous study, Theofanidis et al.
18,19

 have shown that the NiFe alloy catalyzed 

DRM goes through Mars-van Krevelen mechanism in which Fe plays a crucial role by 

taking part in a redox cycle operating between deposited carbon, Fe and CO2 that oxidizes 

the deposited coke into CO and increases the longevity of the Ni-based catalyst in harsh 

DRM environment. Again, according to kinetic studies and coke gasification kinetics done 

by Tingting Zhang et al.
20

, Fe increases the alloy particle's surface oxyphilicity by 

balancing the otherwise strong carbon affinity of the Ni surface leading to transformation 
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of the surface carbon from refractory type to soft type, that is easily gasified by CO2. They 

have also concluded that Fe slowed down the rate of coke deposition and speed up the rate 

of surface coke gasification without altering the reaction mechanism and the kinetic 

properties of the Ni catalyst used. But the inherent issues of Fe oxidation (in NiFe) i.e., 

dealloying in presence of CO2, as revealed by Sung Min Kim et al.
21 

restricts the use of 

NiFe alloy towards thermocatalytic DRM process in more harsh and demanding situations. 

Fe, not only in the metallic form (as in the alloy) but also in the spinel framework can play 

a controlling role in the CH4 conversion and coke removal activity. This dealloying issue 

is supposed to be partially solvable by adding a third metal
22

. But there is another 

possibility of trade off between activity and stability due to confinement of the active 

metal Ni in the core shell (shell block effect) made by the third metal. Su Li et al.
23

 in a 

valuable study, have tried to break the trade-off between the activity and the coke 

deposition through tailoring the d-band center of Ni via Fe-doping, matching with the 

energy level of CH4* dehydrogenation, but is far away from that of the over-cleavage of 

CHx*. This prevailing issue can be addressed by taking help of the exsolved
24

 and in situ 

grown
25

 miniscule alloy with strong metal support interaction. Ni incorporation in the 

hercynite and subsequent exposure in DRM may be a desired solution in this respect.   

We have already shown in chapter 3 that 8 at.% Ni is not sufficient enough to 

introduce that much crystallinity in hercynite system compared to its Cu-doped analogue. 

Additionally, we have also seen that 8 at.% Ni-doped hercynite, Ni0.08FeAl2O4 (labeled as 

NFAO8) exhibit low activity towards DRM compared to its Cu, Ni co-doped congener 

(NCFAO8) for a feed gas ratio (CH4: CO2: carrier gas) of 1: 1: 54. Now to understand the 

role of Ni in developing crystallinity in hercynite, it is reasonable to increase the extent of 
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Ni-loading starting with a justifiable amount. Moreover, mimicking the harsh realistic 

DRM condition, where the feed gas concentration is very high (we have deliberately used 

the feed gas ratio as 1:1:18 in our present investigation) or when the GHSV is more 

demanding, the concentration of the active metal matters. As we know from our previous 

investigation, with an increase in feed gas concentration or GHSV of the process, the rate 

of conversion increases and vice versa. It is also demanding that for higher feed gas 

concentration in DRM (which is required for commercial purposes), Ni concentration 

must be higher in hercynite than that in the previous study (8 at.%). With the decrease in 

operating temperature, the conversion also decreases which can be compensated by higher 

active metal (Ni here) loading.    

Keeping in mind the aforementioned factors like crystallinity, diminished activity 

(due to feed gas concentration, GHSV and operating temperature), the trade-off between 

activity and stability along with the prevailing dealloying issue of Fe, we have synthesized 

NixFe1-xAl2O4 (where x = 0.30 to 0.50 that are designated as NFAOX where X= 30-50) 

using ultrafast SCS method and subsequently employed in catalytic DRM over a low-

moderate temperature range
26, 27

 with a prior intuition of NiFe alloying through co-

exsolution of dopant Ni and Fe in the hercynite host in the reaction medium. Among all 

the samples, NFAOX exhibits very promising dry reforming activity over 50 h of time on 

stream activity and hence revealing the prospect of alloy-based DRM catalyst with high 

activity and durability.  
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4.2. Results and Discussion 

4.2.1. Powder XRD studies 

The powder XRD patterns of Ni-doped FeAl2O4 catalysts are shown in Figure 4.1. 

Formation of the hercynite spinel phase is clearly evident from the well matched 

diffraction peaks of JCPDS PDF# 34-0192. No noticeable peak of NiO could be identified 

in the PXRD pattern, which point to successful doping of Ni in hercynite. The crystallite 

size of the as-prepared sample is 15-25 nm as obtained from Scherrer‟s equation indicating 

nano-dimensional nature of the synthesized materials.  

 

10 20 30 40 50 60 70 80

 

 

2 (degree)

 NFAO30

 NFAO40

 NFAO50

In
te

n
si

ty
 (

a
.u

.)

(1
1
1
)

(2
2
0
)

(3
1
1
)

(4
0
0
)

(4
2
2
)

(5
1
1
)

(4
4
0
)

(6
2
0
)

(5
3
3
)

 

Figure 4.1.  PXRD patterns of NixFe1-xAl2O4 (x= 0.3, 0.4 and 0.5), i.e., NFAOX, where 

X= 30, 40 and 50. 



82 

 

4.2.2. Screening of materials 

Among the NFAOX materials, the highest Ni-doped sample NFAO50 was screened 

initially for 10 h at different temperatures, 650 C to 800 C, to determine the best 

temperature for DRM. The activity data is shown in Figure 4.2. The activity of the 

catalyst is already high at 700 C when both CH4 and CO2 conversions reached about 85 

% with H2/CO ration more than 0.9. These findings led us to choose a mild temperature of 

700 C for subsequent studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  DRM activity behavior of NFAO50 in the temperatures range 650 C to 800 

C (Other reaction conditions: 25 mL each of 10% CH4 in Ar and 10% CO2 in Ar and 

GHSV= 30000 mL g
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 h
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). 
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Figure 4.3 shows the DRM activity behavior of all the NFAOX materials at 700 

C for 20 h of continuous run. The best performing catalyst was found to be NFAO50 that 

exhibits CH4 and CO2 conversions of 93 % and 95 %, respectively with H2/CO ratio of 

0.95, which is very close to the expected theoretical value of unity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. DRM activity behavior of NFAOX materials at 700 C for 20 h (Other 

reaction conditions: 25 mL each of 10% CH4 in Ar and 10% CO2 in Ar and GHSV= 30000 
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4.2.3. Time on stream DRM behavior 

The long term activity of the best catalyst NFAO50 has subsequently been performed for 

50 h of continuous monitoring of CH4 and CO2 conversions and H2/CO ratio at the 

reaction temperature of 700 C. Remarkably, the CH4 and CO2 conversions were 96 % and 

98 %, respectively and the H2/CO ratio was determined to be 0.96. 
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Figure 4.4. Time on stream DRM behavior of NFAO50 for 50 h at 700 C (Other reaction 

conditions: 25 mL each of 10% CH4 in Ar and 10% CO2 in Ar and GHSV= 30000 mL g
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4.2.4. PXRD analysis of aged catalysts: structure-activity correlation 

The catalyst sample collected after 20 h and 50 h of continuous operation at 700 °C 

followed by cooling to room temperature in nitrogen flow has been termed as the 

corresponding aged catalyst. A systematic characterization of the aged forms of catalysts 

together with the corresponding as-prepared catalysts is needed to reveal the structure-

activity correlation of the catalyst. Bulk phase analysis by PXRD study (see Figure 4.5) 

 

10 20 30 40 50 60 70 80

 NFAO30

 NFAO40

 NFAO50

      NiFe alloy

 

 (1
1

1
) (2

2
0

)

(5
1

1
)

(4
4

0
)

(4
2

2
)

(3
1

1
)




(4

0
0

)



2 (degree)

In
te

n
si

ty
 (

a
.u

.)

 

 

Figure 4.5. PXRD pattern of various NixFe1-xAl2O4 catalysts collected after 20 h of DRM 

along with NFAO50 collected after 50 h of DRM reaction. 
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reveals formation of alloy phase in all the three NixFe1-xAl2O4 (x= 0.3, 0.4 and 0.5) 

catalysts, irrespective of whether the ageing in the reforming atmosphere is carried out for 

20 h or for 50 h. The diffraction peak due to alloy phase may be attributed to NiFe 

alloying in analogy with the findings of Ni and Cu co-doped hercynite catalyst discussed 

in detail in chapter 3. Thus, the present findings point again to “exsolution mediated in situ 

alloying” in Ni-doped hercynite system revealing the prospect of Ni-alloy based catalysts 

for moderate temperature dry reforming of methane, an industrially demanding reaction of 

renewed interest to materials community working on this area 

 

4.3. Summary 

In this work, we have shown the suitability of solution combustion method to produce Ni-

doped hercynite spinel catalysts, where the dopant level has been increased up to 50 at.%. 

Of the three catalyst formulationss studied here, the NFAO50 is shown to be the most 

active formulation with significant DRM activity behavior at a moderate temperature of 

700 C and GHSV of 34000 mL g
-1

 h
-1 

without any appreciable loss of activity. The 

PXRD analysis again highlights a hercynite-based catalyst that offers in situ generated 

NiFe bimetallic alloy contributing to stable DRM activity with H2/CO ratio close to the 

stoichiometric value. Thus, NixFe1-xAl2O4, more importantly NFAO50 performs the role 

of precursor for in situ generation of NiFe alloy particle, which plays the pivotal role in 

carrying out the reaction along with the hercynite phase. It may thus be proposed that 

modification of hercynite system, through appropriate tailoring of its chemical 

composition, is a fruitful ground for further studies. Microstructural analysis by HAADF-

STEM coupled with EDS mapping, surface compositional analysis by XPS study along 
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with the findings on redox, surface acidity and basicity from H2-TPR, CO-TPD, CO2-

TPD, analysis of carbon content by CHNS and TG-DTA analyses of aged as well as as-

prepared catalysts in various environments are needed to understand relationship between 

structure and activity of the catalyst. 
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Chapter 5 

Studies on the DRM behavior of combustion made 

(NiCuCoMn)xFe1-xAl2O4 

 

5.1. Introduction 

It has already been discussed in the chapter 1 that design and development of Ni-based 

catalyst is a requisite for realistic DRM process and alloying is one of the promising 

techniques ever explored. As mentioned in chapter 3, some chemical tailoring have been 

done in hercynite for DRM process and have arrived in a scenario that the dopants (Cu and 

Ni) along with a certain portion of host Fe in hercynite are co-exsolved in the DRM 

medium and NiCuFe ternary alloy is formed which actually carry out the reaction for 

prolonged duration. This finding explores that hercynite may have the required potential of 

providing Ni-based alloy through co-exsolution in the DRM reaction medium and for 

further confirmation we have deliberately used Ni-doped hercynite toward DRM reaction 

in more demanding situation and got the same result of NiFe alloying, as discussed in 

chapter 4. Hence, based on our findings on hercynite engineering for DRM, it may be 

inferred that hercynite can be considered as a precursor for producing multicomponent 

alloy of Ni through in situ co-exsolution by incorporating different transition metals 

(including Ni) in „Fe‟/„A‟ site of the spinel lattice. Except a very few high entropy alloys 

(HEAs), multmetalic alloys of random compositions and oxide precursors of multimetalic 
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alloys there are a handful of reports available by far in the literature regarding the methane 

dry reforming process.
1-12

 

 Herein, we have rationally chosen four different transition metals viz., Ni, Cu, Co 

and Mn as dopant for Fe in hercynite, with the general formula (NiCuCoMn)xFe1-xAl2O4 

(where, x= 0.2 and 0.4), and synthesized the multimetal ion doped system following the 

facile SCS route in order to check the structural flexibility of hercynite to incorporate 

several metal ions, although our primary aim of doping was to ensure the formation of Ni-

based multimetal alloy in the DRM environment, the theme of this research work. 

  

5.2. Results and Discussion 

5.2.1. Powder XRD studies 

The powder XRD patterns of Ni, Cu, Co, Mn doped FeAl2O4 catalysts, 

(NiCuCoMn)0.2Fe0.8Al2O4 and (NiCuCoMn)0.4Fe0.6Al2O4, are shown in Figure 5.1. 

Formation of the pure hercynite spinel phase is clearly evident from the well matched 

diffraction peaks of JCPDS PDF# 34-0192. No noticeable peak(s) of oxides of individual 

metals could be identified in the PXRD pattern, which point to successful doping of Ni, 

Cu, Co, Mn in hercynite. The crystallite size of the as-prepared sample falls in the range 

15-20 nm as obtained from Scherrer‟s equation representing nano-dimensional nature of 

the synthesized materials.  
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Figure 5.1.  PXRD patterns of (NiCuCoMn)xFe1-xAl2O4 (where, x= 0.2 and 0.4). 

 

5.2.2. Screening of materials 

The (NiCuCoMn)xFe1-xAl2O4 (where x= 0.2 and 0.4) materials were screened initially for 

20 h at 800 C, to determine the most active catalyst for DRM. The activity behavior of all 

the materials is shown in Figure 5.2. The most active catalyst is found to be 

(NiCuCoMn)0.4Fe0.6Al2O4 that shows CH4 and CO2 conversions of 93 % and 95 %, 

respectively with H2/CO ratio of 0.96, which is very nearer to the expected theoretical 

value of unity and suggests negligible contribution from the side reactions.  

 



95 

 

0 5 10 15 20
40

50

60

70

80

90

100

 

 

C
H

4
 c

o
n

v
er

si
o

n
 (

%
)

Time on stream (h)

 (NiCuCoMn)
0.2

Fe
0.8

Al
2
O

4

 (NiCuCoMn)
0.4

Fe
0.6

Al
2
O

4

(a)

0 5 10 15 20
40

50

60

70

80

90

100

 (NiCuCoMn)
0.2

Fe
0.8

Al
2
O

4

 (NiCuCoMn)
0.4

Fe
0.6

Al
2
O

4

 

 

C
O

2
 c

o
n

v
er

si
o

n
 (

%
)

Time on stream (h)

(b)

0 5 10 15 20
0.5

0.6

0.7

0.8

0.9

1.0

 (NiCuCoMn)
0.2

Fe
0.8

Al
2
O

4

 (NiCuCoMn)
0.4

Fe
0.6

Al
2
O

4

 

 

H
2
/C

O
 r

a
ti

o

Time on stream (h)

(c)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. DRM activity behavior of (NiCuCoMn)xFe1-xAl2O4 (where, x= 0.2 and 0.4) 

materials at 800 C for 20 h (Other reaction conditions: 25 mL each of 10% CH4 in Ar and 

10% CO2 in Ar and GHSV= 30000 mL g
1

 h
1

). 

 

5.2.3. PXRD analysis of aged catalysts: structure-activity correlation 

The catalyst samples collected after 20 h of continuous operation at 800 °C followed by 

cooling to room temperature in nitrogen flow has been termed as the corresponding aged 

catalyst. A systematic characterization of the aged catalysts together with the 
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corresponding as-prepared catalysts is needed to shed light on the structure-activity 

correlation of the catalyst. Bulk phase analysis through PXRD (see Figure 5.3) reveals 

formation of alloy phase in both the (NiCuCoMn)0.2Fe0.8Al2O4 and 

(NiCuCoMn)0.4Fe0.6Al2O4 catalysts upon 20 h aging. The diffraction peak due to alloy may 

be attributed to NiCuCoMnFe quinary alloying in analogy with the findings of Ni and Cu 

co-doped hercynite catalyst discussed in detail in chapter 3. Thus, the bulk phase analysis 

on multimetal (Ni, Cu, Co, and Mn) doped hercynite system again point to “exsolution 

mediated in situ alloying” in the hercynite-based catalyst and hence revealing the prospect 

of NiCuCoMn alloy based catalysts for moderate temperature dry reforming of methane. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. PXRD patterns of (NiCuCoMn)xFe1-xAl2O4 (where, x= 0.2 and 0.4) catalysts 

collected after 20 h of DRM reaction. 
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5.3. Summary 

Due to the regulation of structure–activity relationship among various active metals along 

with Ni, the proposed catalysts portray synergistic effects within a single catalytic 

framework, which can suppress the amount of carbon deposition and maintain stable 

conversion during a 20 h of continuous TOS activity. Moreover, the diffraction patterns of 

the aged catalysts contain an apparent signature of alloying which can be tentatively 

ascribed to the formation of NiCuCoMnFe quinary alloy ensuring again the phenomenon 

of “exsolution mediated in situ alloying” though further confirmation is necessary to 

visualize the exact composition of the alloy formed in situ in the reforming environment. 

Detailed microstructural analysis especially, HAADF-STEM coupled with EDS mapping 

together with surface compositional analysis by XPS and other findings from H2-TPR, 

CO-TPD, CO2-TPD, CHNS and TG-DTA analyses will be more helpful to establish the 

structure-activity correlation in the complicated multimetal alloy based hercynite catalyst 

of this study. 
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Chapter 6 

Exsolution-mediated in situ alloying: key findings and 

future outlook 

 

6.1. Introduction 

Hercynite-based materials are one among the most explored oxide materials in recent 

times in various aspects. These are routinely employed for various purposes including 

mitigation of some prevailing global issues like sustainable energy production through 

reforming, water treatment, magnetic study, transformation of small organic molecules 

etc. Brief literature survey and our expertise of dealing hercynite over a decade lead to 

conclude us that hercynite (iron aluminate) has a prolific nature with the flexibility of 

incorporating several transition metals in the spinel framework to be employed in different 

catalytic purposes with specific interest in gas-solid heterogeneous catalysis.  

Additionally, solution combustion synthesis has been chosen for several reasons including 

the scope of screening several metal ion-doped compositions in minutes. 

  

6.2. General findings on exsolution-mediated in situ alloying  

In chapter 1, we have discussed the relevance of DRM in modern era with its limiting 

issues, the frequently used state-of-the-art catalysts along with their limitation, role of Ni 

as a viable substitute and the hurdle behind its successful commercialization, rational 

design of Ni-based catalysts and significance of Ni-transition metal alloying in DRM. In 
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this context, the objective of choosing hercynite for compositional engineering through 

SCS method has been rationally demonstrated.  

Chapter 2 deals with the details of the methodologies adopted for the preparation 

of the materials studied, the details of fabricated reaction set-up used for catalytic 

evaluation and the varieties of sophisticated instrumental techniques accessed for the 

characterization of the materials before and after catalysis for drawing structure-property 

relationship in a conclusive manner.  

It is always desirable to get a common recipe for the development of any particular 

material or process. Herein, three consecutive chapters are focused on developing a 

protocol for a sustainable DRM process taking hercynite as a model system for 

engineering.  

Our primary aim in chapter 3 was to develop a synthetic strategy alongside its 

applicability towards high temperature DRM reaction. Herein, we developed general 

synthesis scheme using facile SCS route operating at a temperature of 350 C in a 

preheated furnace using ODH as a fuel for the preparation of Ni and Cu co-doped 

hercynites with general formula NixCu0.07F0.93-xAl2O4 (x= 0-0.1 and named as NCFAOX, 

where X= at.% of doped Ni). Among them, NCFAO8 shows highly promising activity in 

DRM reaction at 800 C at a GHSV of 34000 mL g
1

 h
1

. Subsequently, thorough 

characterization of the as-prepared vs. aged materials, especially the microstructural 

analysis and chemical analysis, have revealed the coke-free nature of the reaction enabled 

by in situ formed NiCuFe ternary alloy. Here, hercynite becomes a precursor for 

producing Ni-alloy in situ. The true potential of the catalysts is envisaged through 
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screening at varying GHSVs over various operating temperatures of DRM especially at 

the coke prone zone. 

The evaluation of DRM behavior of Ni-only (without Cu-doping) hercynite with 

the expectation of in situ NiFe alloying actually forms the basis of chapter 4. In addition to 

this finding, the diminished performance of the catalysts at lower temperatures and at 

higher GHSVs (i.e., in more demanding situation) also insisted us for further tailoring of 

hercynite in order to apply in more demanding situations. In chapter 4, we have 

synthesized Ni-doped hercynite with the general formula NixF1-xAl2O4 (x= 0.3-0.5) using 

the very same strategy where we have gone for higher amount of Ni incorporation in 

hercynite framework using the SCS strategy and subsequently screened the materials in 

moderate temperature DRM with higher feed gas concentrations to attain the more 

demanding situation. The series of materials that are screened at 700 C were found to 

exhibit superior DRM activity. Diffraction studies done after catalysis, have confirmed the 

presence of NiFe alloy in all the aged catalysts confirming the formation of in situ alloy in 

tailored hercynite. Among the samples, Ni0.5F0.5Al2O4 has been selectively chosen for 50 h 

time-on-stream activity test. The formation of in situ alloy through co-exsolution in 

engineered hercynite is indeed a confirmation of the capability of hercynite as a precursor 

for in situ alloying.  

The very pertinent query in this research work, i.e., whether hercynite can be 

considered as a viable contender for ‘exsolution mediated in situ alloying’, it is necessary 

to guarantee formation of alloy by incorporating several transition metals into hercynite so 

as to make a promising catalyst for DRM. This actually initiates the foundation of chapter 

5. In chapter 5, we have reported the effects of simultaneous doping of four numbers of 
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first row transition metals, including Ni and Cu, in the hercynite and its expected activity 

behavior in DRM. IN this preliminary work, we have underscored the potential 

performance of hercynite upon multimetal incorporation. The general formula of the 

materials are (NiCuCoMn)xFe1-4xAl2O4 (where, x=0.05-0.10). As expected, the multimetal 

doped hercynite is also found to be very good performer in DRM. The diffraction pattern 

of the 20 h aged sample has confirmed the signature of alloying, which is in line with the 

prediction of ‘exsolution mediated in situ alloying’ in the iron alumina spinel, i.e., 

hercynite. 

  

6.3. Comparison of hercynite-based catalysts with other Ni-

based DRM catalysts 

It is a difficult task to compare the different types of catalysts due to variations in the 

synthetic protocol, differences in the conditions employed for dry reforming, different 

duration of the stability test, ex situ (as in the previously reported catalysts) versus in situ 

alloying (as we have shown in the works embodied in this thesis) and others. However, we 

have made an attempt to make a healthy comparison of the already reported state-of-the-

art Ni and Ni-alloy based DRM catalysts with the NCFAO8 catalyst of chapter 3 as 

provided in Table 6.1, which gives a further insight about the true potential of the 

hercynite-engineered catalyst. 
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Table 6.1. Comparison of hercynite-based catalyst NCFAO8 with other state-of-the-art Ni and Ni-alloy based DRM catalysts 

Catalyst 

composition 

Method of 

synthesis 

Active 

compo

nent 

GHSV/ 

WHSV 

Operating 

temperatur

e (C) 

Alloying 

technique 

CH4 

conv. 

(%) 

 

CO2 

conv. 

(%) 

H2/CO 

ratio 

Durability 

(h) 

Amount of 

deposited 

coke  

Nature of 

deposited 

coke 

Ref. 

Ni/Al2O3 

 

Spray pyrolysis-

assisted 

evaporation-

induced self-

assembly (EISA) 

Ni 24000 

mL g
- 1 

h
-1

 

 

800 C - 92 97 0.97 30 0.277 

mmol/gcat 

Amorphous, 

filamentous 

and inactive 

graphitic 

1 

Ni/Al2O3 

 

microwave-assisted 

combustion 

followed by wet 

impregnation 

72000 

mL g
-1 

h
-1

 

 

700 C - 87-72 87-72 1.09 20 13.2% Filaments 

(whiskers) 

2 

6Ni6CuMgAlO

-S 

hydrothermal 

crystallization 

followed by 

calcination 

NiCu 

alloy 

40,000 

mL g
-1

 

h
-1

 

700 C H2 

reduction 

85 90 0.96 70 2.7 % Mainly 

amorphous 

3 

Cu–Ni@SiO2 Microemulsion 

followed by 

polymerization of 

TEOS 

80000 

h
-1

 
700 C H2 

reduction 

75 … 0.8-0.9 16 - - 4 

Ni1Fe1/Al2O3 

and 

Ni3Fe1/Al2O3 

Evaporation-

induced self-

assembly method 

NiFe 

alloy 

60000 

mL g
- 1 

h
-1

 

600 C H2 

reduction 

28 

and 

18 

40 

and 

30 

0.6 and 

0.5 

50 9.1 % and 

32.1% 

Mainly 

graphitic  

5 

Ni3Fe1Cu1-

MgxAlyOz 

Co-precipitation 

followed by 

calcination 

NiCuFe 

alloy 

120000 

mL g
- 1 

h
-1

 

650 C H2 

reduction  

27 32 0.6 20 5.4 % - 6 

NCFAO8 

(Ni0.08C0.07F0.85

Al2O4) 

Solution 

combustion 

synthesis 

NiCuFe 

alloy 

34200 800 C 

 

750 C 

in situ 

exsolution 

97 

 

78 

99 

 

84 

0.8 

 

0.74 

100 

 

100 

Apparently 

coke free 

- 7 
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6.4. Conclusive remarks 

In a nutshell, following conclusive remarks may be made based on the overall findings:  

 Hercynite engineering through Ni, Cu co-doping, Ni-doping and multimetal 

doping for DRM is indeed very effective and interesting from structural as well as 

catalytic perspective. 

 Additionally, this report highlights a series of hercynite-based catalysts that are 

capable of offering in situ generated Ni-based multicomponent alloy through co-

exsolution, introducing a promising approach towards sustainable DRM. 

 In particular, chemically tailored hercynites act as the precursor for Ni-based 

multimetallic alloying, the main carrier of the reaction along with γ-Al2O3 and 

hercynite. 

 The improvisation of the active metal(s) and support occur simultaneously during 

the reaction and may be projected as a suitable contender for industrialization of 

the currently immature DRM technique. 

 The generalized idea of “exsolution mediated in situ alloying” can be further 

employed for mixed metal oxide systems, other than hercynite not only for DRM, 

but for other heterogeneous catalytic applications. 

 

6.5. Future directions 

The present endeavor has led to reach at definitive conclusions as pointed out above. Yet, 

there are several pertinent issues that are to be addressed in the near future. Some of these 

may be summarized under the following heads: 
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 More numbers of catalyst compositions are to be made, specifically in reference to 

multimetal doped hercynite system. High entropy alloy based catalyst may be 

considered as a promising contender. 

 Exhaustive catalytic tests are to be carried out under various conditions of 

temperature, GHSVs to conclusively reach at the robust nature of the catalysts. 

Investigating the kinetic aspects of the reaction will form another integral 

component in optimizing the catalyst materials. 

 Exhaustive characterization of as-prepared vis-à-vis aged catalysts by some high 

end sophisticated instrumental facilities like HAADF STEM are needed to be 

carried out to understand the microstructure and to confirm the formation of alloy. 

 Surface compositional analysis of as-prepared and aged catalysts by XPS will be 

needed to understand the various surface species and ther role in catalytic process. 

 Chemisorption methods including H2-TPR, O2-TPO, CO-TPD, CO2-TPD will 

strengthen the understanding of redox behavior along with surface acidity-basicity 

properties of the materials that will eventually help to tune the material property as 

per the requirement. 

 ICP-AES analysis is needed to have quantitative information of the materials, 

while CHNS will provide carbon content in the as-prepared as well as the aged 

form of the catalysts. Role of C present inherently in the catalyst sample needs to 

be given due importance in the overall assessment of the catalytic property. 

 TG-DTA analyses in inert as well as in oxidative and reductive environments will 

shed more insights about alloy formation and the consequences. 



107 

 

 A few cutting edge technologies like mechanistic study by in situ DRIFTS (diffuse 

reflectance infrared Fourier transform spectroscopy) will be helpful to give a better 

insight about the structure-property relationship in the complicated multimetal 

alloy based hercynite catalyst materials of this study. 

 The residual carbon present inherently in the SCS made hercynites demands 

additional investigations to draw any inference whether they have any promotional 

effect through active participation in catalytic cycle or not.
8
  

 Moreover, a trace amount of amorphous C present in the 100 h aged catalyst needs 

a justification about its source, whether it is coming from the initially present 

residual C or being deposited during the operating conditions of DRM. Isotopically 

labeled gases such as 
13

CH4 and 
13

CO2 may possibly be employed to track the 

origins of C in the aged sample. 

 Finally, an initiative is to be taken about the applicability of the catalysts in other 

versions of the DRM like photo-assisted DRM etc. 
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