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The dry reforming of methane (DRM) reaction has attracted significant attention

due to its potential to mitigate carbon dioxide (CO2) and methane (CH4) emissions

while yielding valuable syngas. However, there remains a gap in understanding the

synergistic interactions between catalytic activity and physicochemical features. This

study addresses this gap by presenting a synthesis and performance evaluation of ac-

tive fibrous-structured silica metal oxides-supported nickel catalysts for DRM, with

the aim of achieving efficient syngas production. Two supports were developed and

investigated for supporting the nickel active metal during the DRM reaction, each

offering distinct advantages in catalytic activity and stability. The NSZF-10 cata-

lyst incorporates zinc oxide as a co-support within the silica fibrous framework and is

loaded with 10 wt.% nickel, resulting in enhanced hydrogen selectivity without com-
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promising catalytic performance. NSZF-10 demonstrated remarkable efficiency in the

DRM reaction, achieving CH4 and CO2 conversions of 82% and 74%, respectively,

over a 40-hour reaction period at 750 oC. Additionally, the NSZF-15 catalyst exhibited

high CH4 and CO2 conversions of 87% and 88.7%, respectively, albeit with a slight

decrease in CO2 conversion over time. The improved performance of NSZF-15 can

be attributed to optimized textural and morphological properties, along with a strong

metal-support interaction facilitated by zinc oxide.Two supports were developed and

investigated for supporting the nickel active metal during the DRM reaction, each of-

fering distinct advantages in catalytic activity and stability. Moreover, NSLF-10, a

fibrous silica-lanthana-supported nickel catalyst, exhibited uniformly dispersed nickel, a

strong metal-support interaction, and small nickel particle size. This catalyst achieved

high conversions of CH4 and CO2 at 87% and 86.7%, respectively, with an elevated

H2/CO ratio. These findings highlight the potential of using fibrous-structured sil-

ica metal oxide-supported nickel catalysts for efficient syngas production through the

DRM, paving the way for industrial-scale applications in the future.
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الرسالة ملخص

عوض مسعد محمد الاسم:

الجاف الإصلاح لعملية السيليكا من المصنعة الالٔيافية البنية ذات النشطة المعادن باكٔسيد المدعمة النيكل محفزات

للميثان

الدراسة: عنوان

كيمياء التخصص:

2024 مايو العلمية: الدرجة تاريخ

غاز انٕتاج مع والميثان الكربون اكٔسيد ثاني انبعاثات تخفيف على لقدرته نظرًا كبيرًا اهتمامًا (DRM) للميثان الجاف الإصلاح تفاعل اجتذب لقد

الدراسة هذه تتناول والكيميائية. الفيزيائية والخصائص الحفاز النشاط بين التازٓرية التفاعلات فهم في فجوة هناك تزال لا ذلك، ومع قيم. اصطناعي

للميثان، الجاف لإصلاح الليفية البنية ذات السيليكا فلز باكٔاسيد المدعومة النشطة النيكل لمحفزات وادٔاء توليف تقييم تقديم خلال من الفجوة هذه

مميزة مزايا منهما كل ويقدم DRM، تفاعل اثٔناء النشط النيكل معدن لدعم دعامتين ودراسة تطوير تم الاصطناعي. للغاز فعال انٕتاج تحقيق بهدف

10٪ بنسبة تحميله ويتم السيليكا ليفي اطٕار داخل مشترك كدعم الزنك اكٔسيد على NSZF-10 المحفز يشتمل والاستقرار. التحفيزي النشاط في

حيث DRM تفاعل في ملحوظة كفاءة NSZF-10 اظٔهر الحفزي. بالادٔاء المساس دون الهيدروجين انتقائية تحسين الٕى يؤدي مما النيكل، من بالوزن

بالإضافة مئويه. درجه 750 عند ساعة 40 مدتها تفاعل فترة خلال التوالي، على و%74، 82% بنسبة والميثان الكربون اكٔسيد ثاني تحويلات حقق

انخفاض مع ذلك كان وانٕ التوالي، على و88. 7% 87% تبلغ والميثان الكربون اكٔسيد ثاني من عالية تحويلات NSZF-15 المحفز اظٔهر ذلك، الٕى

المحسنة، والمورفولوجية التركيبية الخصائص الٕى NSZF-15 لـ المحسن الادٔاء يعزى انٔ يمكن الوقت. بمرور الكربون اكٔسيد ثاني تحويل في طفيف

منهما كل DRM، تفاعل اثٔناء النشط النيكل معدن لدعم دعامتين ودراسة تطوير تم الزنك. اكٔسيد يسهله المعدني للدعم قوي تفاعل جانب الٕى

واللانثانا، السيليكا من مدعوم ليفي نيكل محفز وهو NSLF-10 ، اظٔهر ذلك، على علاوة والاستقرار. التحفيزي النشاط في مزايا متميزًا دعمًا يقدم

xxi



اكٔسيد ثاني بقيمة عالية تحويلات المحفز هذا حقق صغيرًا. النيكل جسيمات وحجم المعدني، الدعم مع قويًا وتفاعلًا موحد، بشكل مشتتًا نيكلًا

امٕكانية على الضوء النتائج هذه تسلط الكربون. اكسيد اول : الهيدروجين من مرتفعة نسبة مع التوالي، على و86. 7%، 87% عند والميثان الكربون

يمهد مما للميثان، الجاف لإصلاح خلال من بكفاءة الاصطناعي الغاز لإنتاج النيكل باكٔسيد والمدعومة الليفية البنية ذات النيكل محفزات استخدام

المستقبل. في صناعي نطاق على للتطبيقات الطريق

xxii



CHAPTER 1

INTRODUCTION

In the twenty-first century, energy has become crucial for sustaining economic growth

and industrial production [5][6] with fossil fuels meeting over 90% of the world’s energy

demand[7]. However, the extensive exploration and consumption of natural fossil fuels

over past centuries have led to their inevitable depletion. The combustion of these

fuels, including coal, natural gas, oil, as well as solid waste, trees, and other organic

matter, has released Greenhouse gases (GHGs) such as carbon dioxide (CO2) and

methane (CH4) into the atmosphere [7]. CO2 and CH4 are the main contributors

to GHG emissions, accounting for approximately 81% and 16%, respectively, and are

widely recognized as the primary drivers of current climate change [8][9]. According to

the World Meteorological Organization (WMO), the concentrations of CH4 and CO2

in 2011 were assessed to be 1.813 and 390.5 ppm, respectively [10]. While CO2 has

long-term effects, CH4 drives warming in the short term, with over 80 times the warm-

ing potential of CO2 during the first two decades after its release into the atmosphere

[11][12]. Both natural sources and human activities contribute to CH4 production,

with landfills alone contributing about one-third of CH4 emissions in the US [13][14].
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CH4 emissions originate from natural processes like termites, grasslands, coal beds,

lakes, wetlands, and wildfires, as well as human activities such as landfills, oil and gas

processing, wastewater treatment plants, coal mining, rice production, cattle ranch-

ing, and various agricultural practices [13][14]. In 2010, the total anthropogenic CH4

emissions from all sources were estimated to be 6875 million metric tons of CO2 equiv-

alent [15]. CH4 serves as the primary component of Natural gas (NG), accompanied

by small quantities of other hydrocarbons like propane (C3H8), ethane (C2H6), and

butane (C4H10). NG also contains inert diluents, namely molecular nitrogen (N2) and

CO2 [16]. NG reservoirs are often situated far from industrial complexes, sometimes

offshore. Transporting NG to potential markets via pipelines may not be feasible,

necessitating expensive liquefaction for shipment by ocean vessels, thus limiting its

utilization [17]. Consequently, wasted hydrocarbons contribute significantly to global

warming. This has spurred research on utilizing GHGs (CO2 and CH4) to produce

syngas (H2/CO), a topic of significant interest. Beyond serving as raw materials, they

could offer a cleaner alternative to fossil fuels [18]. Additionally, syngas exhibits ap-

plication in numerous industrial domains, such as methanol, chemical, and ammonia

production, as well as the Fischer–Tropsch synthesis (FTS) as mentioned in Figure

1.1 [18][19].

Researchers have explored various techniques to produce syngas by reducing en-

vironmental CO2 and CH4 concentrations, utilizing them as feedstock for valuable

chemical production. Among these techniques, Steam reforming of methane (SRM),

DRM, Partial oxidation of methane (POM), and Auto-thermal reforming (ATR) have

been identified as particularly effective for syngas production, with SRM being the
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predominant technology for H2 production, constituting around 75% of global output

[20][21][22]. Recent advancements in SRM focus on bio-alcohols, extending its carbon-

neutral applications to methanol, ethanol, propanol, propanediol, butanol, ethylene

glycol, and glycerol [23][24][25]. Distinctions between SRM, POM, and DRM lie in the

oxidant used, reaction kinetics, energy requirements, and the syngas ratio (H2/CO).

Though, DRM is the most promising among SRM, POM, and DRM since it utilizes

abundant GHGs (CO2 and CH4) and provides a cost-effective method for reducing

net emissions into the environment. DRM is economically favorable, allowing simple

gas separation and offering a versatile syngas (H2/CO) ratio for oxygenated chemicals

and higher hydrocarbons via FTS [26]. It’s a viable option for clean fuel production

from biogas (CO2, CO, and CH4) and holds potential for energy storage [27][28]. Ex-

tensive research has been conducted on the DRM process, with studies focusing on

various factors such as the effects of active metals, preparation methods, supports,

promoters, and calcination temperatures, all yielding satisfactory results. These in-

vestigations have primarily centered on addressing challenges such as the sintering

of active metals due to the catalyst’s poor thermal stability, undesirable CO dis-

proportionation reaction (Boudouard reaction), and coke formation-induced catalytic

deactivation [29]. The energy-intensive nature of DRM presents two challenges for the

catalyst: sintering of the active phase and carbon poisoning caused by multiple side

reactions [30]. The occurrence of the Reverse water gas shift (RWGS) reaction as a

side reaction during the process increases the catalyst’s sensitivity to metal sintering

[31]. Meanwhile, other side reactions, such as CH4 cracking, CO2 and CO hydrogena-

tion, and the Boudouard reaction, produce carbon on the catalyst surface, leading to
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catalyst deactivation and obstruction of the active sites [26]. The modification of the

catalyst’s structure is considered to affect its catalytic activity.

Outstanding DRM performance has been observed among various noble metal-

based catalysts, including Rh, Ru, Pt, Pd, and Ir [32][33]. Although noble metal-based

catalysts have shown incredible DRM performance, they are neither viable nor sus-

tainable from an industrial perspective. This is because they may be more susceptible

to sintering at high temperatures. Three critical elements must be studied in order to

maximize the use of DRM at the commercial level; (i) improve the activation of CO2

and CH4, (ii) a thorough understanding of the chemical routes and processes leading

to H2/CO production, (iii) and strategies to prevent catalyst deactivation reactions

[34][18]. According to literature, the utilization of DRM was not the only operating

condition under which coke formation and related harmful consequences may have oc-

curred [35]. However, Ni-based catalysts have been extensively tested as an alternative

to costly and inaccessible noble metal catalysts. Ni has shown comparable activity

to noble metals, and it is relatively inexpensive and abundant. However, utilizing

Ni-based catalysts led to sintering and coking deactivation, resulting in low catalytic

stability during the DRM process [33], which constrained the viability of the Reverse

Boudouard reaction [21]. As they have a relatively low temperature (691 oC), Ni par-

ticles tend to quickly combine by sintering at high reforming temperatures (> 500 oC)

[18]. Therefore, a Strong metal-supporting interaction (SMSI) is necessary to inhibit

carbon growth and prevent the agglomeration of nickel species at elevated tempera-

tures [18][30].Therefore, catalytic modifications are essential to enhance stability and

performance in DRM reactions due to carbon deposition. Additionally, optimizing the
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active catalyst involves studying properties like dispersion, Metal-support interaction

(MSI), and active surface, influencing metallic phase and acid-base centers. Typically,

the Ni-C bonds that form during the intermediate phase of adsorbing methyl groups,

generated by CH4 activation, onto the catalyst surface, must be weakened to pre-

vent carbon deposition. The effective improvement of catalytic stability is achieved

by introducing oxygen atoms into the catalyst surface. When the oxygen produced

by the surface of oxide interacts with the carbon that has been deposited, CO is re-

leased, preventing more carbon backlog [36]. By adding more metals, Ni catalysts’

surface properties can also be changed, which increases DRM activity [37][38]. Modi-

fying the catalytic support minimizes coke deposition, enhances initial activation, and

improves overall performance. Catalyst synthesis method optimization leads to supe-

rior catalytic performance, increased stability, and reduced coke formation during the

reaction.

According to the literature, selecting suitable supported materials, such as metal

oxides, and using suitable synthesis methods are vital for enhancing the catalytic

physicochemical properties. This approach facilitates the enhancement of SMSI,

thereby improving the Ni-based materials for carbon deposition [39][40]. Further-

more, the supported materials with high heat resistance and adequate surface areas

could effectively maintain Ni active sites. This stabilization aids in inhibiting carbon

formation and preserving high performance during the reaction [41]. Hence, many

metal oxides (e.g., MgO, SiO2, Al2O3, CaO, ZrO2, and CeO2) are frequently em-

ployed as supported materials due to their redox properties and oxygen mobility [42].

Among them, Al2O3 and SiO2 are the most commonly used supported materials due
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Figure 1.1: Applications of syngas for the synthesis of value-added chemicals.

to their high surface areas and improved textural properties [43]. In particular, the

use of mesoporous SiO2 supports [44] or capsules [45] to contain metal particles is a

frequently used method for regulating their dispersion and protecting them from sin-

tering. This approach takes advantage of a physical barrier, especially when the metal

particles are fixed within the oxide support itself. Recently, a number of mesoporous

hexagonal materials containing SiO2 have been developed, most notably MCM-41 and

SBA-15 [46]. While large inner surfaces on MCM-41 and SBA-15 may have provided

numerous sites for active metal adhesion, their pore channels with front-rear apertures

limited the availability of reactants [46]. By producing mesoporous silica as fibrous

KCC-1, Polshettiwar et al. [47] successfully addressed the problem of restricted re-

actant accessibility. As a spherical entity with fibers extending in all directions, the
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KCC-1 fibrous structure contributes to its exceptional activity. It has been found

that supported materials with Lewis acidity tend to promote coking, which may be

mitigated by incorporating additives with alkaline properties. Surface basicity is an

important factor that influences carbon deposition during catalytic reactions [48]. Ac-

cording to the literature, the presence of Lewis basic sites on a metal oxide support can

reduce or even prevent carbon formation when the metal is supported [49][50]. These

modifications boost the resistance to carbon deposition, prevent poisoning, and pro-

mote dispersion of the metal particles during reaction [51]. One of these metal oxides

is La2O3, a rare earth element that is economically viable and finds extensive applica-

tion as supports, catalyst additives, and structure stabilizers for various applications.

La2O3 is recognized for its pronounced alkalinity, which facilitates reactions with CO2

to produce La2O2CO3, which is considered a good intermediate of La2O3 to reduce

the coke deposition. In addition, La2O3 is commonly employed as a promoter in cat-

alytic systems due to its ability to enhance various catalyst properties, such as surface

basicity and MSI. Montero et al. [51] conducted a study utilizing La2O3 as a promoter

to examine the mechanism of carbon formation on Ni/La2O3-α-Al2O3 catalyst. The

inclusion of La2O3 allows for the tuning of the support’s surface basicity, effectively

suppressing the formation of C2H4, which acts as a precursor for carbon formation.

Additionally, Singh et al. [52] discovered that the activity of Ni/La2O3 catalysts is

strongly affected by the structure and shape of the parent Nanoparticles (NPs). They

found that parent NPs with high aspect ratios, such as rods, exhibited particularly

favorable characteristics. Another metal oxide is ZnO, which also serves as a support

due to its high melting point, allowing for the formation of a relatively large surface
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area at elevated temperatures [53][39]. Numerous studies have demonstrated that

the addition of ZnO contributes unique physicochemical properties to DRM catalysts

[54][55]. For instance, Anjaneyulu et al. [56] observed that the existence of Zn influ-

enced the metallic phase of Ni/ZnO-Al2O3, with the growth of a Ni-Zn alloy positively

affecting stability by limiting coke production. Similarly, Chen et al. [57] found that

ZnO loading increases catalytic efficiency, reduces CO selectivity, and prevents activ-

ity loss. The Zn content significantly impacts the Ni-based catalysts, thereby limiting

coke formation and improving catalyst stability. Furthermore, Park et al. [58] studied

the Zn effect as a promoter for improving the effectiveness of Co/ZrO2 catalysts and

discovered that the formation of Co-Zn alloys suppresses metal oxidation, resulting in

increased catalytic stability. Besides, Nataj et al. [54] carried out a study where they

developed Ni/ZnO-Al2O3 with various Zn amounts for DRM. They investigated the

impact of these catalysts on various physicochemical properties. They found that the

addition of Zn decreased the surface area, enhanced Ni reduction, and weakened MSI.

Nonetheless, an essential aspect of heterogeneous catalytic systems involves ex-

ploring the fabrication of notably practical supported metallic catalysts characterized

by way of a high dispersion of NPs.In this context, we have developed a catalytic sys-

tem for DRM using a mixed metal oxide support: silica-lanthanum oxide (SLF) and

silica-zinc oxide (SZF) to support Ni-based catalysts. This was achieved through the

utilization of microemulsion and impregnation methods. Our objectives were to en-

hance the catalyst’s basicity, inhibit carbon formation on SiO2 by integrating La2O3,

and improve H2 selectivity, reduce CO selectivity, minimize activity loss, and en-

hance stability during the DRM reaction through ZnO incorporation. To the best of
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our knowledge, there have been no previous reports on the synthesis of SLF support

with this type of morphological structure and synthesis method for DRM. Our primary

objective is to investigate the influence of the morphology and textural properties of

the SLF and SZF support on Ni active metal and explore the impact of Ni loading on

the SLF for DRM. The SLF structure can increase the dispersion of the Ni particles

due to the presence of the fibrous shell and the enhanced surface area, and limit the

agglomeration of Ni particles. Therefore, carbon deposition can be limited and the

overall performance of DRM can be improved.
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CHAPTER 2

LITERATURE REVIEW

It is well known that the physicochemical properties of the catalyst, such as Oxygen

vacancies (OV s), MSI, particle size, metal dispersion, acidity/basicity, reducibility,

and surface area, can be modified to increase the DRM catalytic activity. The physic-

ochemical properties of the catalyst and its constituents (supporting materials, active

metals, and promoters) interact synergistically during the DRM process, along with

parameters such as synthesis method and reactor type, as revealed in Figure 2.1.

2.1 Physicochemical Properties of DRM Catalysts

2.1.1 Particle size and metal dispersion

It is widely known that different metal species with variable sizes demonstrate various

catalytic behaviors for various heterogeneous catalytic processes. Hence, one of the

fundamental catalytic features to enhance the DRM reaction is increasing the active

sites of catalysts by controlling the size of the metal particles. The percentage of

substance atoms that are exposed to the surface is known as metal dispersion. In
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Figure 2.1: catalytic features for highly effective and active DRM catalytic systems.
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heterogeneous catalysis, achieving high metal dispersion is crucial for enhanced ac-

tivity, as only surface-exposed atoms can actively participate in catalytic reactions.

As the crystalline diameter decreases to around 0.1 nm, dispersion begins to increase

and eventually approaches unity. Common methods for analyzing metal particle size

and dispersion on catalysts include Energy-Dispersive X-Ray (EDX) mapping analy-

sis, Transmission electron microscopy (TEM), H2-temperature-programmed reduction

(H2-TPR), chemisorption, and Temperature programmed oxidation (TPO) [59][60].

The Ni particle size, dispersion, and MSI of the fully reduced catalysts were all

significantly influenced by the oxide-phase origin of the Ni metal in Ni/Al2O3 cata-

lysts. These effects were easily controlled by adjusting the calcination temperature of

the sample. For example, Kwon et al. [61] examined the catalytic behavior of various

Ni/Al2O3 catalysts for the DRM, utilizing diverse sources of Ni metal, including NiO

as well as non-stoichiometric and stoichiometric NiAl2O4. It was observed that as

the size of Ni particles decreased, the dispersion of Ni metal increased from 3.0% to

5.4%. The decrease in Brunauer–Emmett–Teller(BET ) Surface area was attributed

to the loss of small pores, which resulted in the sintering of the Al2O3 support as the

calcination temperatures were elevated. They established that none of the reduced

catalysts had any oxidic Ni precursor and that various Ni particle sizes (dispersion)

developed depending on the source of a Ni metal precursor. The Ni/Al2O3 catalyst

obtained by fully reducing the stoichiometric NiAl2O4 precursor at elevated temper-

atures exhibited a higher dispersion of Ni particles, with smaller sizes and stronger

interactions with Al2O3. Consequently, this catalyst demonstrated improved stabil-

ity and activity, resulting in the formation of relatively lower amounts of graphitized
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carbon deposit. Furthermore, Qin et al. [62] synthesized catalysts with nanoscale Ni

particles embedded in activated carbon by the EDTA-assisted impregnation method.

According to the experimental findings, adding EDTA increased Ni particle dispersion

and reduced Ni particle size. When the Ni/EDTA ratio was raised from 1:0 to 1:3,

the size of the Ni particle was considerably reduced from 18.23 to 4.57 nm. After

a 72-h DRM reaction, the catalytic performance of Ni15-AC-catalytic exhibited CH4

and CO2 conversion rates of 90.05% and 96.28%, respectively, under an operational

condition of 850 °C. Furthermore, following the stability test, the size of the Ni par-

ticles experienced a slight increase from 4.57 nm to 5.94 nm, and no manifestation

of NiO was observed. Notably, when the EDTA/Ni ratio was increased from 0:1 to

1:1, the size of the Ni particles was significantly reduced from 16.54 nm to 7.61 nm,

demonstrating the beneficial effect of EDTA-assisted impregnation in the formation

and dispersion of nanoscale Ni particles. In addition, Liu et al. [63] conducted a

study to examine the dispersion of Ni in the 2.5Ni(IM)-Syn catalyst by evaluating H2

chemisorption. They observed that under alkaline conditions, Ni species attached to

the mesoporous Al2O3. The results showed that the Ni dispersion in the 2.5Ni(IM)-

Com and 2.5Ni(IM)-Syn catalysts was higher than 2.25% and 3.77%, respectively.

This suggests that the alkaline environment promoted higher reactivity, leading to

enhanced dispersion of Ni species. It was proposed that factors other than the large

specific surface area of mesoporous Al2O3 may also contribute to the increased dis-

persion of Ni species. Besides, Chai et al. [64] synthesized a perovskite catalyst using

the combustion method, resulting in a bimodal size distribution of Ni particles. Their

findings showed that small Ni particles stayed active, while larger ones deactivated
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from sintering and carbon deposition. Under severe conditions for 100 h of reaction,

the bimodal catalyst exhibited only 3.0% carbon deposition compared to the cata-

lyst consisting solely of large Ni particles, which had 4.8% carbon deposition. The

bimodal Ni catalyst demonstrated higher resistance to coke formation compared to

the catalyst with fewer small particles. Hou et al. [65] found that adding Rh as a

promoter enhanced catalytic activity and reduced coke deposition during DRM over

Ni-supported α-Al2O3 and mesoporous Al2O3 at 800°C. On α-Al2O3 support, CO2 and

CH4 conversions increased with lower Rh loadings but decreased significantly when Rh

concentration exceeded 1 wt.%. In the mesoporous system with higher Rh dispersion

( 100%), conversion increased linearly with increasing Rh amount from 0.5 to 5 wt.%.

Rh suppressed coke deposition, with no coke observed when the Rh/Ni ratio exceeded

0.1, indicating synergy between Rh and Ni facilitated by Al2O3’s mesoporosity.

2.1.2 Surface area and porosity

The influence of total surface area on reaction rates in chemical reactions is widely rec-

ognized. Smaller sizes of catalyst components lead to a greater particle surface area,

thereby reducing the surface energy of the catalyst. Numerous studies have indicated

that analytical models considering size-dependent surface energy have a profound

impact on catalytic activity [66][67]. Mesoporous materials exhibit notable character-

istics such as a high specific surface area, homogeneity, and interconnected porosity,

rendering them suitable for diverse catalytic applications. While maintaining these

exceptional properties at high temperatures used to be challenging, recent advance-

ments in synthesis techniques have enabled their utilization. It has been observed
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that enhancing the specific surface area, resulting in a higher number of CO adsorp-

tion sites per gram, can enhance the catalytic performance of DRM. The catalyst’s

elevated surface area and porosity facilitate the entry of CO and O2 molecules into its

pores, providing a larger number of active sites and enabling the catalyst to exhibit

effective catalytic activity for DRM. To assess surface area and porosity, the N2, CO2,

or H2 adsorption method is commonly employed, utilizing the BET theory [68]. Due

to its large specific surface area, well-organized mesoporous pores, and strong thermal

stability, mesoporous Al2O3 is commonly used in DRM applications. This gives the

active ingredients a higher dispersion and more stable structure. Nonetheless, the

presence of carbon deposition can lead to the obstruction of mesoporous pores, ad-

versely affecting the catalyst’s activity. Adjusting the catalyst’s surface area and pore

size is crucial for evenly dispersing active components and improving the diffusion rate

of reactant and product molecules [69].

Lyu et al. [69] synthesized a bimetallic Ni-Co catalyst with a bimodal pore struc-

ture to investigate its impact on catalytic performance and stability in DRM. The

addition of Co significantly decreased the specific surface area of the catalyst and

reduced the volume of the pores. Co was employed as a substitute metal to modify

the overall specific surface area. The decrease in specific surface area and pore volume

may result from the integration of smaller Ni-Co particles into the Al2O3 support

structure. When the Co/Ni ratio was minimal, there was minimal alteration in the

mesopore diameter of the samples. Both the specific surface area and pore volume in-

creased with higher Co/Ni ratios, suggesting that the addition of Co also contributed

to the catalysts’ specific surface area. Using varying Ni loadings (5–15 wt.%), spher-
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ical mesoporous Ni/FSA catalysts were synthesized and catalytically tested by Owgi

et al. [70]. The FSA catalyst has a surface area of 334.92 m2/g, while the 12.5Ni/FSA

catalyst exhibits the highest specific surface area of 645 m2/g and pore volume of 1.91

cm3/g. Increasing Ni content from FSA to 12.5Ni/FSA expands the surface area. The

average pore size and SBET have a direct relationship; the large specific surface area

correlates with the small pore sizes. This reveals the small particles of Ni deposited

within the pores; the addition of 15% Ni, on the other hand, leads to a decline in

surface area. The optimal Ni value for preventing coke deposition on the FSA and

enhancing catalytic performance was found to be 12.5 wt.% Ni. With various Ni load-

ings over MCM-41 mesoporous, Liu et al. [71] studied the catalytic activity for DRM

by H2 chemisorption. They reported that Ni/MCM-41 was more stable than common

Ni/SiO2 due to the stabilization of active species dispersion by the SiO2 matrix and Ni

ions. The mesoporous materials that were produced have excellent thermal stability

and desirable textural characteristics. This characteristic was particularly important

in increasing the accessibility of the Ni active centers and stabilizing the Ni NPs via

the confinement effect.

2.1.3 The acidity and basicity

Surface acidity and basicity are crucial in the DRM process. They are supported

by either the active metal, promoter, or the catalyst support. NH3-temperature

programmed desorption (NH3-TPD) and CO2-temperature programmed desorption

(CO2-TPD) are commonly used techniques to measure acidity and basicity. It has

been noted that acidity plays a vital role in preventing the dissociative chemisorption
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of CO2, thus reducing coke formation [69]. Research indicates that the catalyst’s ba-

sicity improves CO2 adsorption, facilitating carbon deposit gasification and inhibiting

their expansion and graphitization. In the presence of nearby Ni and other active

metal particles, chemisorbed CO2 becomes activated on the catalyst support, forming

an intermediate carbonate species. This intermediate carbonate species then interacts

with CH4 molecules, leading to the synthesis of CO [72][73]. The catalyst’s properties

attract acidic CO2 molecules, enhancing CO2 surface coverage and reducing carbon

deposition via the Boudouard reaction [18]. A higher concentration of strong Lewis

acid sites promotes extensive carbon deposition, resulting in decreased catalytic per-

formance. Therefore, to enhance activity and stability, it is beneficial to generate

weak Lewis acid sites and hydroxyl group ions on the catalyst support. These proper-

ties are influenced by the structure and nature of the catalyst support and promoters

employed. In the case of an acidic catalyst, the accumulation of dehydrogenated

carbon on the catalytic surface obstructs the active sites responsible for CO2 adsorp-

tion, thereby hindering the dissociative chemisorption of CO2 and leading to catalyst

deactivation [74].

To investigate the influence of catalyst acidity and basicity in the DRM process,

Jun Ni et al. [75] conducted a study on borated Al2O3-supported 5 wt.% Ni catalysts

with varying B2O3 loadings (0, 1, 5, and 10 wt.%). The researchers observed that

the presence of strong Lewis acid sites on the 1 wt.% and 10 wt.% B2O3-loaded Ni

catalysts resulted in significant carbon deposition, leading to a reduction in catalytic

activity and stability. In contrast, the introduction of weak Lewis acid sites and hy-

droxyl groups on the 5 wt.% B2O3-promoted Ni catalyst facilitated the removal of
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coke deposits and enhanced the stability of the catalysts. Promoters are strongly be-

lieved to effectively mitigate carbon deposition through the following mechanisms: i)

by modifying the catalyst’s basicity, they increase the capacity for CO2 adsorption

and activation, and ii) they enhance the dispersion of Ni particles. At temperatures

between 200 °C and 400 °C, basic site strengths are often classified as weak, medium,

and strong. Furthermore, Abasaeed et al. [76] improved the performance of meso-

porous γ-Al2O3 supported Ni catalyst by incorporating it as a promoter for the DRM.

It is well recognized that basicity facilitates CO2 adsorption, while acidity enhances

CH4 dissociation. Following an optimal loading, the delicate balance between acidic

and basic sites was disrupted, resulting in increased carbon deposition at 7.0 wt.%

Ni and reaching its maximum at 9.0 wt.% Ni. However, when the WO3 promoter

was loaded up to 5.0 wt.%, an appropriate equilibrium between acidic and basic sites

was achieved, leading to efficient carbon removal and improved coke resistance. The

5.0 wt.% WO3-promoted catalyst demonstrated stable and reducible NiAl2O4 and

NiWOAl species with a moderate density of basic sites and a maximum density of

acidic sites. After 7.5 h of continuous operation, this catalyst displayed strong cat-

alytic activity, converting 79% of CH4 and 83% of CO2. However, exceeding 5.0 wt.%

WO3 overload resulted in decreased catalyst stability, increased carbon deposition,

and decreased CH4 and CO2 conversions, most likely due to WO3 covering active

sites. Zeolites are known for their amphoteric nature, possessing both acidic and ba-

sic sites. The three ordered structures, namely Al sites and non-framework Al sites,

are commonly referred to as Lewis acid sites. Despite oxygen being structurally basic,

its interaction with the neighboring Al (Si-O-Al oxygen) leads to strong basicity due
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to the substantial negative charge on the oxygen atoms. Within zeolites, Lewis acids

play the role of charge-balancing cations; Lewis acidity involves electron donation,

whereas Lewis basicity involves electron acceptance. The intrinsic properties of cata-

lysts play a critical role in the catalytic efficiency of the DRM reaction, as they need

to withstand the acidic nature of CO2 [77]. Typically, catalysts with high basicity

are expected to slow down the desorption process by forming strong interactions with

pyrrole molecules on the surface. This characteristic suggests that the strength of

basicity in the samples can be ranked as Ni/FSA > FSA > Si-Al > Ni/Si-Al. Ad-

ditionally, previous research has demonstrated that the intrinsic quality of FSA is

closely associated with OV s present in dendrimeric fibers and surface imperfections.

The generation of unpaired electrons from the formation of OV s leads to a pronounced

Lewis basicity on the catalyst surface. Consequently, the OV s sites in Ni/FSA cata-

lysts are considered crucial for enhancing CO2 adsorption during the DRM reaction

[78].

2.1.4 Metal-support interaction

SMSI is generally characterized as a cohesive chemical and physical interaction oc-

curring between the metal and the support material. The term SMSI was first used

in 1978 following Schwab and Koller’s study on Ag with ZnO semiconductor catalyst

in the late 1960s [79]. With the SMSI principle, the significance of the interaction

between metal and support has now been well demonstrated in all catalytic processes

[79][80]. During the process of DRM, two distinct types of interactions occur on the

catalysts: MSI, and the combined effect of bimetals and the support interaction. SMSI
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acts as a resistance against sintering, leading to a notable enhancement in the active

metal dispersion. Consequently, the active species can maintain a relatively small

size; bimetals collaborate synergistically to enhance dispersion and provide additional

active sites. Additionally, SMSI prevents the onset of Hüttig and Tamman tempera-

ture limitations, which are indicative of sintering initiation [73]. Using SMSI may offer

the potential to enhance the catalytic properties of reactions, such as the oxidation

of CO [81][82]. A notable manifestation of SMSI is the metal particle encapsulation

by minimizing oxide supports like CeO2, Nb2O5, V2O3, TiO2, and others. This phe-

nomenon arises from the combination of active metals with high surface energies and

low-surface-energy oxides (e.g., Pt and Pd with CeO2 and TiO2), resulting in an overall

reduction in surface energy [83][84]. Researchers employ various techniques, including

X-ray absorption spectroscopy (XAS), Electron energy loss spectroscopy (EELS), X-

ray photoelectron spectroscopy (XPS), Scanning probe microscopy (SPM), TEM, and

H2-TPR, to investigate SMSI. Modulating SMSI in catalysts to enhance CO oxida-

tion involves effective modifications in the electronic and structural properties of the

catalyst surface. It is widely recognized in the literature that establishing a favorable

MSI is crucial, particularly at elevated temperatures in DRM, as it promotes catalytic

activity and mitigates catalyst deactivation caused by coke formation and active metal

sintering [85]. The supports, particularly for Ni-based catalysts, are principally re-

sponsible for controlling the DRM reaction since they commence the activation and

adsorption process. In a bi-functional DRM reaction pathway, CH4 is activated on the

active metal’s surface, while CO2 is activated on either a slightly basic (CeO2, La2O3)

or an acidic (Al2O3) support. Catalysts supported on silica, on the other hand, take a
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mono-functional approach, with both CH4 and CO2 activation occurring on the active

metal surface [86]. The development of thermal resistance to temperature limitations

of Hüttig and Tamman in catalysts with SMSI serves as an indicator of the temper-

ature at which sintering commences. At elevated temperatures during DRM, SMSI

facilitates active metal dispersion, ensuring its uniform and minute size [87][88]. Ag-

glomeration is hindered by the increased temperature required for a metal to separate

and merge with an adjacent metal particle; a phenomenon attributed to the strength

of the metal-support contact. It is thought to be more suited for bimetallic catalysts

than acidic/basic supports because it has less contact between the active metal and

the inert support. This expectation is based on the belief that it will improve metal-

metal interaction [86]. The control of active metal localization within the support

skeletal structure was achieved through catalyst manufacturing techniques, providing

insights into the underlying interaction. Various synthetic procedures have lately been

utilized with different degrees of success to generate catalysts with higher coke and

sinter resistance by immobilizing Ni particles. Most notably the formation of alloys

with promoters; confinement in the structure of mesosilica shell; Polyol-assisted fixa-

tion in SiO2 mesoporous channels; sublimation-deposition; and confinement of aerogel

[89][85]. Despite their excellent coke resistance, noble metal catalysts have limitations

because of weak MSI. When subjected over a lengthy period to reaction conditions,

noble metal sintering, which results from the metals’ simple delocalization on the sup-

port surface and facilitation of their aggregation, reduces the metals’ catalytic activity

and stability, as proved by Beltrán et al. [90] study. Which Rh was supported on pure

oxides and modified ZrO2-Al2O3 using the impregnation method. The objective was
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to investigate the impact of the MSI on the reaction rate of DRM. The Rh-support

interaction was influenced by the coverage of Al2O3 with ZrO2 and the nature of the

ZrO2 phase in the grafted supports. Higher coverage of Al2O3 with ZrO2 resulted

in a weaker Rh-support interaction. However, the interaction between Rh and the

monoclinic phase of ZrO2 was found to be weaker compared to the tetragonal phase,

which became more dominant as the ZrO2 loading in the grafted supports increased.

Consequently, the Rh-support interaction strengthened with higher ZrO2 content.

2.1.5 Oxygen vacancies

The concept of OV s and their interaction with gases and solid surfaces was initially

introduced by Tompkins et al. in 1960 [91]. OV s are essential point defects commonly

observed in metal oxide supports. These vacancies can be deliberately manipulated

through the synthesis of catalysts by subjecting them to elevated temperatures under

a reduced atmosphere. This process allows for the controlled formation and modifi-

cation of OV s in the catalyst structure [92]. The catalyst support possesses a unique

characteristic that facilitates the storage and release of oxygen under specific condi-

tions. Under oxidizing conditions, the support effectively stores oxygen, while under

reducing conditions, it releases the stored oxygen, leading to the development and fill-

ing of OV s [93]. The presence of active lattice oxygen atoms and OV s has been found

to significantly enhance the catalytic efficiency. These oxygen species contribute to

improved electrical and chemical properties, facilitating the nucleation and growth

of metal NPs. As a result, the catalytic system demonstrates high performance and

enhanced activity [94]. The majority of the materials used as supports and promoters
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have significant Oxygen storage capacity (OSC), and when paired with active metals,

they boost oxygen atom mobility through the crystal lattice and encourage the for-

mation of OV s [69]. Oxygen defects have the potential to activate and dissociate CO2,

generating mobile oxygen on the catalyst surface. This mobile oxygen reacts with

carbon to form CO and intermediate carbonate species, significantly reducing coking.

Its presence plays a crucial role in facilitating the in-situ oxidation of stored carbon,

leading to CO production [95]. A high concentration of oxygen species intensifies the

surface carbon gasification process, effectively preventing carbon formation during the

DRM. The enhancement of the mobile oxygen proportion on the catalyst’s surface not

only promotes surface carbon gasification during DRM but also facilitates FTS and

CO oxidation, effectively mitigating carbon formation and deposition [96]. In a study

conducted by Gao et al. [59], the impact of hierarchically CeO2 support on the DRM

performance of Ni/CeO2 catalysts was investigated. The Ce 3d XPS spectra analy-

sis revealed eight distinct peaks, indicating the coexistence of Ce3+ and Ce2+ species

with a reversible redox cycle. CeO2 lattice oxygen can dissipate, forming intrinsic OV s,

which are crucial for facilitating CO2 adsorption and activation, thereby enhancing

catalyst activity. The O 1s XPS spectrum was divided into three bands: Oα, Oβ, and

Oγ. Elevated lattice oxygen oxidation state (Oα) caused a surge at low binding energy

(529.4 eV), while OV s (Oβ) exhibited a comparable impact on desired surface-active

oxygen, observed at higher binding energy (531.4 eV). The chemisorbed oxygen on the

catalyst surface (Oγ) was centered at 533.0 eV and included bound water hydroxyl

radicals. The presence of a NiO peak at approximately 854-855 eV indicated the dis-

persion of NiO on the sample surface, suggesting mild MSI. Notably, Ni/CeO2-D with

23



the highest Ni/CeO2 ratio (1.78) displayed a stronger MSI, leading to enhanced CH4

adsorption/dissociation and catalytic activity. The Ni 2p3/2 spectra analysis revealed

peaks for Ni0 and Ni2+ species at 852.7 eV and 855.6 eV, respectively. Ni/CeO2-D

showed the highest percentage of the Ni0 peak, indicating its greatest dispersity and

smallest Ni NPs size.

Recently, investigation has focused on maximizing the presence of OV s to enhance

CO2 activation and dissociation, leading to increased CO production. The search for

catalyst supports with exceptional OSC and unique redox characteristics is still ongo-

ing. These catalyst supports exhibit a high potential for retaining O2 and facilitating

the migration of the atoms of mobile oxygen to the surface. This promotes the carbon

deposit oxidation and the vacancy formation on the supports, enabling efficient CO2

activation. CeO2 and CeO2-based catalysts have shown great promise as supports

for CO2 activation. Their high OSC, strong reducibility, increase of mobile oxygen

pools, and formation of significant unoccupied sites contribute to their effectiveness.

In another report, da Fonseca et al. [97] studied the relationship between OV s and Ni

crystallite size of the support with the deposition of coke rate over Ni/CeO2 in the

DRM process. By applying various Ni loading at different calcination temperatures, a

significant crystallite size variation is produced. They discovered that as the calcina-

tion temperature increased, the size of the crystallite of Ni increased but the number

of OV s decreased. Because of the poor contact of metal support on these Ni particles,

the OV s of CeO2 do not easily eliminate carbon from the Ni surface
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2.1.6 Reducibility

Understanding the catalytic behavior of active oxide supports requires a thorough

understanding of their surface reducibility. Tauster et al. [98] determined the relative

reducibility of different metal oxides using H2-chemisorption. They found SMSI prop-

erties, where catalytic reactivity was affected by support, metal stabilization, charge

transfer, and metal particle encapsulation. The effects of SMSI and reducibility on

catalytic efficiency have been the topic of considerable scientific study [99]. The most

used method for examining the reducibility of catalysts is H2-TPR. Several metal

oxide-supported Au catalysts (Au/Al2O3, Au/TiO2, Au/ZnO, and Au/ZrO2) were

examined by Widmann et al. [100] for CO oxidation. The OV s and the reduction po-

tential of the support material were strongly associated with the catalytic efficiency,

indicating a specific effect of the support and its obvious involvement in the reaction.

Before the catalytic reaction, DRM undergoes an activation phase converting initial

oxides to a catalytically active metallic phase. Following this conversion, DRM enters

an active state. The extent of reduction indicates the number of active sites. Strong

interactions between supports and active metals may sometimes hinder the reaction

by reducing reducibility and limiting active site formation. Due to their affordabil-

ity and availability, metals like Ni and Co supported by materials like Al2O3, CeO2,

and ZrO2 are some of the most used catalyst systems. Nevertheless, they are pri-

marily extremely active at high temperatures and have a high potential to deactivate

via coking. Many studies have demonstrated that combining platinum group met-

als like Pt, Ru, or Rh with Ni-based metals can improve their catalytic performance
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(reducibility, activity, and stability) [101]. The effectiveness of Ru-Ni-Mg/CeO2-ZrO2

catalysts for DRM at low temperatures (mainly 450-510 oC) was investigated by Soke-

fun et al. [102]. They demonstrated that metal chemisorption and reducibility are

influenced by metal loading, metal-metal interactions, and MSI. Ru and Ni, the two

catalyst active metals, significantly affected the reforming activity of the samples and

the reducibility of the support material (CH4 activation). They found that the solid

NiO-MgO solutions in the Ru-Ni-Mg-CZO samples increased in surface CeO2 and NiO

reducibility as Ru loadings increased. The active phase of DRM is typically consid-

ered the metallic transition state. An activation step initiates the catalytic reaction

to convert initial oxide phases into the catalytically active metallic phase. The num-

ber of available active sites is influenced by the level of decrease. In some instances,

excessively strong contact between the active metals and the supports led to inactive

phase development or poor reducibility, which prevented the establishment of active

sites. Gadalla and Bower [103] noted that the breakdown of the catalyst structure

was caused by the synthesis of NiAl2O4 spinel in Al2O3-supported Ni catalysts. Pham

et al. [104] investigated the effects of rare-earth elements on Co3O4 reducibility using

H2-TPR. Both Co reducibility and dispersibility were shown to improve with the ad-

dition of these rare-earth metals. Doping MgO with additional additives may change

how NiO and MgO interact, adjusting NiO reducibility. To increase the reducibility

of the catalyst, CeO2 [105]or ZrO2 [106] could be added to the MgO support as a

promoter to prevent the formation of (Ni, Mg)O solid solution. Structure-directing

agents, like molten salts, can significantly influence the structural evolution of (Ni,

Mg)O, determining whether well-defined crystals or segregated phases form during the
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solid solution synthesis [107]. These methods for enhancing the reducibility of NiO

are based on preventing the solid solution of (Ni, Mg)O from forming. These methods,

however, forgo the benefits of producing potent NiO-MgO interactions. Azancot et

al. [108] studied the reducibility of the Ni species in three synthesized catalysts by

applying H2-TPR. The decrease of NiO species with varying degrees of contact with

the support was observed in all of the catalysts in the temperature range between

300 and 750 °C. They determined the degree of reducibility from the area under the

TPR profile by assuming the Ni2+ as a reducible species which is converted to metallic

Ni species. This indicates that at least some of the Ni in the latter catalysts is not

being reduced, most likely as a result of the existence of the NiAl2O4 spinel or the

strong contact between NiO and MgAl2O4. It can be inferred that the MSI played a

significant role in reducibility.

2.2 Development of DRM Catalysts

The optimal catalyst for DRM must be exceptionally stable and exhibit resistance

to coke production. Consequently, the design of the catalyst has become extremely

important. The design of any catalyst is determined by a number of variables, includ-

ing the active metals, promoters and supports used, the synthesis method, and the

reactor employed.
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2.2.1 Supports

A catalyst usually consists of multiple components assembled to achieve the desired

shape and structure. In designing a supported metal catalyst, the active metal is

typically embedded within the support material. These support materials are essential

functions in catalyst action. They maximize the surface area of active sites, allowing

metallic compounds to disperse, thereby providing a High specific surface area (HSA)

for customization of the catalyst’s geometry to suit the reactor [109]. While supports

do not possess much catalytic activity on their own, they provide essential thermal

and mechanical stability while also combining with active metal sites throughout the

process to improve catalytic effectiveness (a bi-functional mechanism). Given the

extremely endothermic behavior and greater coke formation involved in DRM, the

quantity of mechanical as well as thermal stability provided by the support is critical

[110]. The reaction pathway following adsorption and activation is determined by the

support, particularly for Ni-based catalysts.

Several types of supports have been developed and employed throughout the years

to provide the appropriate amount of dispersion, mechanical strength, and thermal

durability. For instance, Sokolov et al. [111] developed a series of supported Ni cat-

alysts and tested them in a low-temperature DRM system. Ni/La2O3-ZrO2 catalyst

revealed the highest CO and H2 yield as well as the best stability. The researchers

carried out a more detailed investigation on the performance of mesoporous, non-

structured, and macroporous La2O3-ZrO2 catalysts before and after Ni loading. The

results indicated that the mesoporous support with Ni exhibited no significant change
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in activity during 180 h Time-on-stream (TOS), while the nonstructured and macro-

porous La2O3-ZrO2 supports experienced deactivation due to the formation of coke

layers on the catalysts and a NiO shell around Ni particles, not because of Ni sintering.

The researchers attributed the better stability of Ni on the mesoporous La2O3-ZrO2

support to the greater interaction of the Ni particles with the support caused by a

pore confinement effect. Combining Ni/ZrO2 with La2O3 resulted in an increase in H2

production from 5% to 5.4%.Meanwhile, Song et al. [112] utilized mesoporous support

(SBA-15) and microporous silica support beta in Ni catalysts for the DRM process.

In contrast, the catalysts prepared through the impregnation approach, Ni/SBA-15,

exhibited well-dispersed Ni NPs on both the Ni-SBA-15 and Ni-beta catalysts. These

catalysts displayed excellent catalytic efficiency, achieving an approximately 89% CO2

conversion and an approximately 84% CH4 conversion at 700 °C, as well as nearly 100%

conversions at 800 °C. The mesopores of Ni-SBA-15 provided secure deposition sites

for Ni NPs, preventing sintering and carbon deposition. However, due to the smaller

porosity of beta, it was challenging to incorporate Ni into the micropores, hampering

ammonia evaporation. The catalytic activities of the catalysts in the DRM process

were assessed across temperatures ranging from 600 to 800 °C.

2.2.2 Active Metal

Transition metals belonging to groups 8-10 of the periodic table are known for their

high efficiency as active metals in the DRM reaction. These metals can be categorized

as noble metals and non-noble transition metals. Researchers have extensively studied

both categories when supported on catalysts to determine their effectiveness in the
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DRM reaction. Notably, noble metals have demonstrated superior resistance to carbon

production and higher activity levels [113]. In the DRM reactions, both non-noble

metals such as Ni, Co, Cu, and Fe, as well as noble metals including Rh, Pd, and

Pt), have been employed as catalysts. These metals are selected for their superior

catalytic activity in the DRM process. When it comes to coke production, the order

of reactivity can be generalized as Ni » Rh > Ir, Ru > Pt, Pd. This implies that

Ni catalysts tend to promote higher coke production compared to other metals like

Rh, Ir, Ru, Pt, and Pd. On the other hand, the activity order, taking into account

the overall catalytic performance, is typically described as Ru, Rh (maximum) > Ir

> Ni, Pt, Pd. This ranking suggests that Ru and Rh exhibit the highest activity

among the metals considered, followed by Ir, Ni, Pt, and Pd [114]. Among the non-

noble, Ni is often selected as the preferred active metal for the DRM reaction. This

choice is attributed to several factors, including its relatively low cost [115], high

catalytic activity [116], and widespread availability [117] compared to other metals in

the same category [117]. Despite Ni exhibiting high catalytic activity comparable to

noble metals in the DRM reaction, it is prone to rapid deactivation caused by carbon

formation and sintering [114]. Consequently, both noble and non-noble metals have

been employed as active metals in the DRM reactions, with noble metals occasionally

serving as promoters [118]. The performance discrepancy between noble metals and

non-noble metals in the DRM reactions can be attributed to the noble metals’ ability to

disperse on the catalyst support and maintain small particle sizes. This characteristic

has a significant impact on the type and amount of coke produced during the reaction

[119]. Researchers have explored various strategies to address deactivation issues. One

30



such strategy involves the formation of bimetallic catalysts by combining a noble or

non-noble metal with another main metal [120][121]. This approach aims to mitigate

the deactivation caused by excessive coke production while also reducing costs [18].

Additionally, bimetallic catalysts can lead to smaller metal particle sizes and improved

dispersion, resulting in enhanced catalytic activity and stability [122].

2.2.3 Promoter

The addition of promoters, such as alkaline and alkaline earth metals, is widely rec-

ognized as an effective approach to mitigate carbon deposition and sintering, thereby

preventing catalyst deactivation in the DRM reaction [123][124]. These promoters

play a crucial role in preventing the formation of carbonaceous species on the catalyst

surface by modifying the catalytic properties of the active metal and the support,

leading to improved catalytic performance and enhanced resistance to coke deposition

[125]. The exact mechanisms by which these promoters inhibit carbon formation may

vary depending on the specific reaction conditions and catalyst system. Nonetheless,

their utilization has shown promise in reducing coke formation and maintaining the

long-term stability of catalysts in the DRM process. The inclusion of a promoter,

such as CaO, is believed to limit sintering and enhance catalytic performance. Specif-

ically, when Ca is introduced as a promoter during the calcination of Al2O3-based

Ni catalysts, it induces structural changes that impact the catalytic performance. At

a structural level, the interaction between the promoter CaO and the support leads

to improved resistance against sintering. This interaction between Ca and Ni pro-

motes the formation of reducible Ni species. The concentration of Ca has a significant
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influence on the conversion of CO2 and CH4 in the DRM reaction. Lower concentra-

tions of Ca result in the strong formation of ionic oxides, leading to increased CO2

conversion. Additionally, at lower Ca concentrations, CO2 is attracted to the cata-

lyst’s surface, further enhancing CH4 conversion. Conversely, higher concentrations

of Ca increase the electron density of Ni, resulting in a decline in both CH4 and CO2

conversions [109]. Ferrandon et al. [126] reported a novel approach to enhance the

activity, stability, and coke resistance of Ni-based catalysts by introducing a sub-

monolayer of promoters, with the goal to improve Ni dispersion, reducibility, and

interaction with the modified support. A systematic and high-throughput approach

was employed to explore 95 different combinations of Ni and promoters (B, Mg, Cu,

Fe, Mn, Co, Sn, Zn, and V) on various oxide supports (Al2O3, SiO2, TiO2, CeO2, and

TiO2-MgO). The promoters were grafted onto the catalysts using an organometallic

precursor followed by carbonization, and then the Ni was deposited using bis(N,N’-

di-t-butylacetamidinato)nickel(II) as the metal source. The choice of the promoters

and supports was guided by existing research that established their potential in re-

ducing sintering and coke formation. B was discovered to be effective in promoting

carbon removal and enhancing resistance against coking. Furthermore, Sun et al. [1]

conducted a study to investigate the influence of the impregnation sequence of active

metals and promoters. The results revealed that the addition of various alkaline-earth

metals did not significantly affect the reduction profile of Co3O4 to Co0 (see Figure

2.2 (I, II)). The initial small reduction peak observed around 300 °C was attributed

to the reduction of Co3+ to Co2+, which can be easily further reduced to Co0. This

reduction peak could be attributed to both weak MSI and bulk metal oxides. The
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peak observed around 450° C was associated with the reduction of Co0 to Co. More-

over, the reduction peaks at higher temperatures were ascribed to the less reducible

Co-Ce bimetallic species. The basicity of the catalysts was evaluated using , as demon-

strated in Figure 2.2 (II). The profiles of all catalysts exhibited multiple peaks. The

peak around 150°C was assigned to the presence of weak basic sites on the catalysts. It

was evident that the addition of promoters significantly increased the content of weak

basic sites. However, the intensity of this peak was similar among catalysts promoted

by different alkaline earth metals and prepared using different methods. The peak

at approximately 450 °C corresponded to medium strength basic sites. Notably, the

intensity of this peak was much stronger in the unpromoted catalyst, primarily due

to the presence of hydroxyl groups on the surface of the carbon material.

2.2.4 Preparation method

The choice of synthesis method is a crucial determinant of the properties and cat-

alytic activity of DRM catalysts. Each step of the preparation process, along with

the quality of the precursors, significantly influences the characteristics of the cata-

lysts. Therefore, the selection of a specific synthesis method for a catalyst is based

on the desired physicochemical properties expected in the final material [127]. Ac-

cording to Arora and Prasad [128] different synthesis methods such as impregnation,

co-precipitation, Sol–gel method (SG), surfactant-assisted and polyol and atomic layer

dispersion methods can be used to prepare several types of catalysts for DRM reaction.

These methods have an impact on the loading, dispersion, particle size, surface area,

porosity, and reducibility of the catalysts. Consequently, these factors play a role in
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Figure 2.2: (I) H2-TPR patterns of calcined catalysts; (II) CO2-TPD pattern of cal-
cined catalysts [1]; (III) Possible reaction routes of the DRM reaction over modified
catalyst [2].
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determining the performance, stability, and selectivity of DRM catalysts. Further-

more, Takahashi et al. [127] tested the catalytic activity of the Ni/SiO2. The catalyst

synthesized from depositing Ni in a sol-gel-derived wet silica gel has improved thermal

stability, leading to greater dispersion of Ni phases on the support and thus making

it inhibit carbon deposition during the DRM reaction. Through Ni/SBA-15 catalyst

preparation by impregnation and co-precipitation, Albarazi et al. [129] established

that the synthesis route has a remarkable effect on the physicochemical properties of

the catalyst. However, the catalyst obtained from co-precipitation showed a smaller

surface area compared to the unloaded SBA-15 support due to the presence of pore

blockage, but the pore blockage was higher in the case of the catalyst prepared by

the impregnation method. While for the case of impregnated catalysts, NiO particles

with crystallite sizes around 9 to 11 nm were discovered outside the SBA-15 struc-

ture. This active phase dispersion has a remarkable effect on the final performance of

a catalyst. Moreover, Dekkar et al. [130] compared the performance of two different

catalysts synthesized using two distinct routes, namely microemulsion, and impregna-

tion methods, towards DRM reaction. The results show that catalytic activities are

significantly dependent on support properties, causing the synthesis method to heav-

ily affect the catalyst properties. Finely dispersed Ni particles of less than 6 nm were

observed on the catalyst synthesized by the microemulsion, also it also shows a high

conversion of feed and stability of over 66 h. In addition to the large pore volume and

HSA of the support, SMSI, which favors the homogeneous and finely dispersion of Ni

metals on a support, is among the reasons behind the exceptional performance of this

catalyst. However, it is not only the synthesis route that affects the performance of
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the catalyst, but also the synthesis condition influences catalyst properties. Moreover,

Damaskinos et al. [3] examined the impact of different CeO2 synthesis processes, in-

cluding SG, Hydrothermal method (HT), Thermal decomposition method (TD), and

Precipitation method (PT), on the carbon pathways during the DRM process as pre-

sented in Figure 2.3. According to four different preparation techniques, the 5 wt.%

Ni supported on CeO2 carriers showed glaring structural and morphological variances,

which resulted in significant variations in catalytic activity under the DRM reaction

conditions. They observed that the maximum quantity of carbon deposition occurred

after 12 h in the DRM, even though on Ni/CeO2-HT less carbon was deposited dur-

ing CH4 decomposition and more during CO disproportionation than on the other

catalysts. This phenomenon is explained by the increased carbon deposition in the

presence of both CH4 and CO, which has experimentally demonstrated to occur to a

greater extent in Ni/CeO2-HT.

2.3 DRM Reaction Mechanism

The DRM mechanism is summarized by Aramouni et al. [4] and Papadopoulou et al.

[131] in four steps, as illustrated in Figure 2.4:

1. CH4 dissociative adsorption is a crucial step, with the dissociation energy in-

fluenced by surface properties. Generally, catalyst-dependent, this step is widely ac-

cepted as rate-determining. Partially dissociated CHx species preferentially adsorb on

sites completing their tetravalency, CH3 atop metal atoms and CH2 between two metal

atoms (bridged adsorption). Step sites exhibit higher activity for CH4 adsorption and
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Figure 2.3: Different preparation methods of CeO2 supported nickel catalysts for DRM
reaction [3].

dissociation compared to close-packed surfaces.

2. CO2 dissociative adsorption is influenced by surface structure and defects on

several metals, occurring in three different coordination geometries: carbon coordina-

tion, carbon and oxygen coordination (carbon and one oxygen adsorbing, leaving one

oxygen exposed), or oxygen coordination, where both oxygen atoms bond with the

metal surface. The latter two geometries favor dry reforming and are generally rapid.

The transfer of electrons to the CO2 moiety is followed by an elongation of the C-O

bond in relation to the free molecule.

3. Formation of hydroxyl groups: in dry reforming, the formation of hydroxyl

groups has received less attention compared to steam reforming. Despite limited

research on surface reaction mechanisms, it is established that the WGS reaction is

at quasi-equilibrium, suggesting related surface reactions are fast. Developed models
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indicate H2 migration from the active metal particle to the support, leading to the

formation of hydroxyl groups at temperatures below 1073 K.

4. Surface reaction: the kinetic models predict hydrogen spillover from the metal

surface to the support, leading to the formation of hydroxyl groups. Oxygen spillover

from the support to the metal also occurs, with oxygen on the metal reacting with

hydrogen-depleted S1–CHx species to form either S1–CHxO or S1–CO species during

intermediates oxidation and desorption in dry reforming. The presence of hydroxyl

groups on the support is unlikely at temperatures above 1,073 K as presented in

Figure 2.4 [132]. Debate exists over whether S-CHxO groups or adsorbed CO2, form-

ing carbonates, serve as precursors to CO, while some argue for direct formation of

S-CO without an S-CHxO intermediate. Consensus on the reaction mechanism de-

tails and the catalyst’s impact remains elusive, with catalyst nature and operating

conditions playing crucial roles. Despite this uncertainty, many consider the forma-

tion/decomposition of formate S-CHxO to CO and H2 as the rate-determining step,

given the rapid desorption of CO and hydrogen, relative to SRM.

2.4 Catalysts Deactivation

A major obstacle in the development of novel, efficient catalysts for syngas production

via DRM is long-term catalyst stability. Despite the choice of active metal and support

structure, significant deactivation has been observed during DRM processes employing

Ni and Ni-based catalysts. This frequently involves the oxidation of metal particles

that are actively moving, sintering, and/or the deposition of carbon species produced
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Figure 2.4: Illustration of DRM essential four steps [4].

from several chemical reactions such as RWGS, CH4 cracking, and Boudouard reac-

tion. Although catalyst deactivation normally happens during DRM, its immediate

and significant impacts can be reversed, delayed, or prevented [133][134]. These ef-

forts were pursued with three main objectives: developing a highly stable catalyst,

optimizing for slower catalyst deactivation, and gaining critical insights into the deac-

tivation process. The growth of active crystallite size, carbon production, breakdown

of support pore structure, and/or solid-state interactions between the active metal

phase and the support or promoter are primary causes of catalyst deactivation in

high-temperature DRM reactions [135].

2.4.1 Carbon/coke formation

Coke and carbon are produced in various ways, while Coke is produced by the conden-

sation or breakdown of long-chain polymerized hydrocarbons on catalyst surfaces, and
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Rxn Reaction name Reaction equation ∆Ho
298

(kJ/mol)
Eq.1 RWGS CO2(g) + H2(g) = CO(g) + H2O(g) +41.12
Eq.2 CH4 cracking CH4(g) = C(s) + 2H2(g) +74.50
Eq.3 Boudouard reaction 2CO(g) = C(s) + CO2(g) -172.50
Eq.4 Hydrogenation of CO2 CO2(g) + 2H2(g) = C(s) + 2H2O(g) -90.22
Eq.5 Hydrogenation of CO CO(g) + H2(g) = C(s) + H2O(g) -131.34
Eq.6 DRM CH4(g) + CO2(g) = 2H2(g) + 2CO(g) +247.02
Eq.7 Carbon gasification C(s) + H2O(g) = CO(g) + H2(g) +131.0
Eq.8 WGS CO(g) + H2O(g) = CO2(g) + H2(g) -41.14
Eq.9 CO2 methanation CO2(g) + 4H2(g) = CH4(g) + 2H2O(g) -164.75
Eq.10 CO methanation CO(g) + 3H2(g) = CH4(g) + H2O(g) -205.88

Table 2.1: Possible gas phase reactions during the DRM reaction.

carbon is produced through the CO disproportionation reaction (Boudouard reaction)

[136]. The evaluation of deactivation probability by carbon deposition from DRM and

other reforming techniques is based on the stoichiometric O/C and/or H/C ratios in

the feed [137]. The probability of carbon deposition increases with increasing the feed

H/C and/or O/C ratio. Hence, in comparison to the other methods, DRM (H/C=2,

O/C=1) is the most sensitive to carbon deposition. The amount and chemical com-

position of carbons and cokes produced during the DRM reaction are also strongly

influenced by the nature of the feed, the kind of catalyst, and the reactor parameters

[138].

Based on the findings of Wang et al. [139] the CH4/CO2 ratio in the feed was found

to strongly influence the chemical stability and morphology of the deposited carbon.

TEM analysis of the spent Ni catalyst revealed that the encasing carbon, among the

whisker, amorphous, and encasing carbon forms observed, was most likely responsible

for the catalytic deactivation in the Ni/CaO-ZrO2 catalyst, [135], supporting nature

[140] and promoters [141][142] have been conventional to identify the carbon type pro-
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duced and its impact on the catalytic deactivation. Three distinct processes result in

the production and deposition of deactivating carbon on supported metal surfaces: (1)

encapsulation of metal particles, which completely renders them in-active; (2) Mono-

layer chemisorption or physical adsorption in multilayers limits reactant gas access to

active metal sites, while (3) continuous accumulation of active filamentous carbon in

support material pores stresses and eventually fractures the support. This causes the

catalyst pellets to deplete and the reactor space to become blocked [134]. Ni-based

catalysts are favored for extensive industrial applications [143][144] but are sensitive

to fast catalyst deactivation due to coke production, which can block and gradually

reduce the active sites [145]. CH4 cracking (Eq.2) and the Boudouard reaction are

the main reactions by which carbon is formed (Eq.3). Different strategies have been

employed to mitigate these drawbacks by altering the support type, incorporating

promoters, and modifying the catalyst synthesis techniques [146]. Alloying Ni cata-

lysts with metals such as Fe, Co, or Cu has emerged as one of the most promising

approaches to enhance their catalytic performance [147]. Due to its affordability, Cu

serves as an excellent choice for alloying metals. Ni-Cu alloys have gained significant

attention in various chemical processes, particularly in the case of DRM, generating

considerable interest [148][149]. It is widely accepted that the homogeneous compo-

sition of this alloy prevents the growth of Cu islands on the surface of Ni. Three

bi-metallic catalysts were developed by Chatla et al. [150] to investigate the influence

of varying Ni:Cu atomic ratios on metal sintering and prevention of coke deposition for

DRM activity at 650 °C. At this temperature, coking and sintering reactions occur si-

multaneously; it was examined that the deactivation degrees were caused by sintering
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and coke deposition on both the Ni-Cu and monometallic catalysts. The de-coking

process can be initiated by introducing a CO2 stream, and the Mars-Van Krevelen

mechanism can elucidate the coke removal process, especially when CeO2 support is

employed Kong et al. [151]. By adsorbing and dissociating active carbon from CO2,

the CeO2 support replaces the OVs with the dissociated oxygen from CO2. The car-

bon resulting from the dissociated CH4 then reacts with the active oxygen to generate

CO. In a series of lanthanide oxide-promoted Ni/Al2O3 catalysts, all the promoted

materials exhibited superior carbon resistance compared to the unpromoted catalyst,

leading to improved performance [152]. In this regard, the lanthanide oxides CeO2,

Nd2O3, and Gd2O3 promoted Ni/SiO2 [153], Ni/SBA-16 [154], Ni/MCM-41 [155] have

improved their resistance to carbon, but there is still a lot of curiosity about how rare

earth elements like La, Sm, Ce, and Gd act as catalysts for the oxidation of carbon

species and MSI.

2.4.2 Metal sintering

Sintering, which is another form of catalyst deactivation caused by thermal effects,

results in a decrease in the catalytic surface area. Additionally, sintering can lead to

support pore collapse on active phase metals. This phenomenon occurs due to the

decreased surface energy of the preferred crystallites and their size-dependent mobility

on the support, which is kinetically favored [156]. Moisture, predominantly generated

from RWGS reaction, is the primary cause of metal sintering, which commonly oc-

curs at high temperatures during the DRM process, typically exceeding 700 °C. The

primary mechanisms for active metal crystallite formation during high-temperature
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DRM are atomic migration through coarsening and Ostwald ripening, and crystallite

migration via coalescence [157]. Metal atoms are released from the crystallite during

atomic migration and move over the support surface before being eventually trapped

by larger crystallites. Agglomeration brought on by the migration of crystallites en-

tails the movement of the entire crystallite across the support surface by collision

and coalescence. In terms of application, it is impossible to rule out the idea that

both mechanisms could operate simultaneously due to a variety of complex physico-

chemical processes. These processes involve: releasing metal atoms from crystallites;

adsorbing and trapping metal atoms on catalyst support pores and external surfaces;

diffusing trapped atoms across support pores and surfaces; wetting support pores and

surfaces with metal particles; nucleating metal particles; coalescing metal particles;

and capturing metal atoms by larger metal particles [158]. Metal sintering moves

slowly, especially at low reaction temperatures, yet they are typically challenging to

prevent. Because of this, sintering prevention is simpler than sintering restoration.

Encapsulation is the most efficient method of enhancing the stability of the catalysts.

By using various synthesis techniques, Xu et al. [159] created a variety of encapsu-

lated Ni catalysts (by silicalite-1 zeolite), and thorough characterization revealed that

their structural properties—such as the degree of encapsulation—varied significantly,

which affected their catalytic performance in DRM. The intrinsic properties of cat-

alysts, prepared using various techniques, were crucial in preventing coking and Ni

metal sintering during DRM. Fully encapsulated Ni within the support, with small

particle sizes and SMSI in the Ni@SiO2-S1 catalyst, effectively inhibited coke forma-

tion during DRM.
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2.5 Coke Resistance

The investigation of coke-resistant Ni catalysts is crucial considering the potential

future large-scale applications of DRM [160][115]. Several methods have been explored

to reduce coke formation [161]. Firstly, metal oxides like K2O, MgO, or CaO have

been used as basic supports or promoters to enhance the dissociative adsorption or

activation of CO2 [162]. Additionally, CeO2 and ZrO2, with their high oxygen mobility

facilitating coke oxidation, have been extensively studied [163]. Secondly, precious

metals such as Pt, Rh, Ru, Pd, and Ir have been employed to provide active sites with

higher resistance to coke formation [164]. These precious metals have also been used

as promoters alongside Ni catalysts to improve NiO dispersion and reducibility or alter

the carbon formation pathway to reduce coke deposition [165]. However, their use is

impractical due to cost considerations; as a result, alloying Ni with cheaper metals

such as Co, Ba, Cu, Mn, Sn, Mo, and Fe has been attempted [166]. Alloying can

reduce the domain size of Ni ensembles responsible for coke generation or impede the

diffusion of carbon through the metallic particle lattices [167]. Nevertheless, alloying

often leads to decreased activity due to a lower number of catalytically active sites, and

long-term stability is typically poor [168]. Thirdly, the preparation of smaller-sized Ni

NPs has been achieved through the exploitation of SMSI. Smaller Ni NPs have fewer

Ni terraces, which impede coke deposition. SMSI induce the formation of smaller

Ni NPs during synthesis and prevent their aggregation to some extent during the

reaction. Improved Ni dispersion and smaller particle sizes have also been achieved

through plasma treatment [169], microwave irradiation [170] and the reduction of
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Ni-containing perovskites [171]. However, the high reaction temperatures involved

in DRM, such as 800 °C, eventually lead to the aggregation of small Ni NPs over

time, resulting in increased coke deposition and degraded activity. Han et al. [172]

developed coke-resistant Ni catalysts by immobilizing pre-produced Ni NPs (5.2 nm)

onto functionalized SiO2 supports and coating them with SiO2 overlayers. These

catalysts showed stable operation for 170 h without activity degradation, unlike Ni

catalysts without SiO2 coating, which experienced severe sintering and carbon filament

formation during DRM. The coke-resistant Ni catalyst holds the potential for various

hydrocarbon transformations. However, the risk of coke formation on Ni catalysts

during DRM is significantly higher, especially as a high CO2/CH4 feed ratio cannot

be used to inhibit coke formation. The deactivation of catalysts due to coke formation

is particularly severe in DRM. Certain carbon forms can diminish catalyst activity,

while others do not. For example, amorphous carbon and graphite platelet films can

envelop the catalyst’s metal surface. At elevated temperatures, atomic carbon can

penetrate the Ni surface layers to a depth of 50-70 nm. The accumulation of adsorbed

carbon, whether at high or low temperatures, can deactivate the active sites of the

metal[173].

According to Trimm [174], the dissolution of carbon in Ni plays a crucial role in

the growth of carbon whiskers, starting with the formation of nickel carbide [175].

This understanding can serve as a foundation for the development of coke-resistant

Ni catalysts. Numerous experimental and theoretical studies have confirmed the sig-

nificant impact of Ni particle size on coke formation [176]. Restricting the size of

the Ni catalyst can enhance its resistance to coke deposition. This can be achieved
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through the use of promoters, changes in the support material, or adjustments in cata-

lyst preparation techniques. However, it is important to note that the size-dependent

properties of Ni catalysts are not governed by simplistic models. The effects of mor-

phology, structure, and composition are equally important. Therefore, the design and

controlled preparation of Ni-based catalysts must consider the synergy between size,

morphology, structure, and composition. Well-defined supporting materials, such as

metal oxides or molecular sieves, can serve as sources of small Ni particles. Addition-

ally, catalysts or supports with basic properties facilitate the reaction between CO2

and carbon, thereby increasing the catalyst’s resistance to coke formation [177]. The

use of redox promoters in the catalyst formulation can also enhance coke resistance

[174]. Furthermore, an SMSI can significantly improve coke resistance. The concept

of SMSI can also mitigate Ni sintering. These various factors provide opportunities

for the improvement of catalyst design and preparation.
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CHAPTER 3

METHODOLOGY

3.1 Materials

Hexadecyltrimethylammonium bromide, [CTAB ((CH3(CH2)15N(Br)(CH3)3; 99%)],

lanthanum oxide (La2O3), Silica (SiO2), and zinc oxide (ZnO) were purchased

from Sigma-Aldrich. Toluene was purchased from Honeywell [(C6H5CH3; 99.9%)],

tetraethyl orthosilicate, [TEOS (SiC8H20O4; 99%)], urea (CH4N2O), and n-butanol

(C4H10O; 99%) were obtained from Merck. Nickel (II) acetate tetrahydrate

(Ni(OCOCH3)2·4H2O; 99%) was purchased from Fluka Chemika. Deionized wa-

ter (DI) was employed in all synthesis procedures, and the reactant gases CH4/CO2

(50/50) were obtained from Air Products. The chemicals utilized were all of analytical

quality and were not modified in any way.
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3.2 Catalyst Synthesis

3.2.1 Ni-based Fibrous Silica Zinc-oxide (NSZF) Catalysts

The microemulsion method was employed to produce the SZF support, utilizing CTAB

as the surfactant, urea as the hydrolyzing agent, toluene as the oil phase, and butanol

as the co-surfactant to aid in the formation and stabilization of micelles. Typically, a

solution was prepared by dissolving 5.82 g of CTAB and 3.48 g of urea in 173 mL of

DI water. Then, the solution was stirred for 15 min at 25 °C, and 8.5 mL of butanol

and 173.9 mL of toluene were added. Subsequently, 1.6 g of ZnO was added while

the solution was stirred for 30 min. Next, 12.7 mL of TEOS was added drop by

drop while stirring for 10 min. The solution was stirred for 6 h before being placed

in an oven at 120 °C for 8 h. Afterwards, the solution was washed and centrifuged

at 4000 rpm before being dried at 120 °C for 12 h. The obtained product was then

calcined at 550 °C in the atmosphere for 6 h, resulting in the collection of the SZF

support. The wet impregnation approach was utilized to load Ni on the SZF support.

Initially, the nickel acetate tetrahydrate was dissolved in DI water, followed by adding

the SZF support. The solution was stirred at 80 °C for 8 h and then dried overnight.

The resulting material was then calcined for 3 h at 700 °C to produce the NSZF-x

catalysts.
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3.2.2 Ni-based Fibrous Silica Lanthanum-oxide (NSLF) Cat-

alysts

Typically, the hydrolyzing agent (CH4N2O), the co-surfactant (C4H10O), the surfac-

tant (CTAB), and the oil phase (C6H5CH3) were utilized in the synthesis procedures

to aid in micelle formation and stability, with La2O3 serving as the core for the de-

velopment of SLF, as illustrated in Figure 3.1. Firstly, a solution was prepared by

mixing 3.48 g of CH4N2O and 5.82 g of CTAB in 173 mL of DI water. Then, 173.9 mL

of C6H5CH3 and 8.5 mL of C4H10O was added to the solution, and stirred for 30 min

at 25 °C. Subsequently, 1.65 g of La2O3 was introduced, and the solution was stirred

for 15 min. Afterwards, 12.7 mL of SiC8H20O4 was added dropwise while stirring.

Following 6 h stirring, the solution was maintained at 120 °C inside the oven for 8

h. The obtained solution was rinsed with ethanol and water and then centrifuged

at 7000 rpm. The product was dried at 120 °C for 12 h and calcined in the atmo-

sphere for 6 h at 550 °C to obtain the SLF support. Then, the wet impregnation was

used to load various amounts of Ni to the developed SLF. A calculated quantity of

Ni(OCOCH3)2·4H2O, employed as a metal precursor, was typically dissolved in DI

water before being added to SLF and continuously stirred at 80 °C until it formed a

slurry. The composite was dried overnight at 80 °C, then crushed to a powder, and

calcined for 3 h at 700 °C to decompose the precursor source.
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Figure 3.1: A schematic diagram of the synthesis of NSLF catalysts.
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3.2.3 Ni-based Silica Lanthanum-oxide (NSL-C) Catalyst

The composite of SiO2-La2O3 was synthesized using the incipient-wetness impregna-

tion method with commercial SiO2 and La2O3. The calculated amounts of La2O3 and

SiO2 were gently mixed and stirred in the presence of DI water for 10 h, then dried

overnight at 80°C in a drying oven. Subsequently, the obtained powder was calcined

in air at 600°C for 5 h. The resulting SiO2-La2O3 was loaded with 10 wt.% Ni using

the wet impregnation method.

3.3 Characterizations

Various characterization techniques were used to study the catalysts’ characteristics.

The phase identification and crystallinity of the catalysts were determined using an

X-ray diffraction (XRD). Two instruments, a Bruker S8 TIGER WDXRF spectrometer

and a Rigaku Ultima IV diffractometer, were employed for this purpose. The catalysts

were scanned at a steady rate of 5.0°/min between 20° and 80°.

A Nicolet iS10 Fourier transformation infrared (FTIR)spectrometer was used to

analyze the functional groups present in the catalysts. The pellet discs were prepared

by mixing KBr with the catalyst at a ratio of 100:1 to prepare the samples for analysis.

The pelletized sample was then analyzed by directing the IR source toward the samples

and recording the spectra.

The surface morphology of the fresh catalysts was studied using Field Emission

Scanning Electron Microscopy (FESEM) (Thermo Fisher Quattro S unit). The cat-

alysts were crushed into a powder, sprinkled onto a sticky tape, and coated with a

51



thin layer of gold under a vacuum for 10 min. The scanning was carried out at 30 kV

accelerating voltage, using Secondary electron (SE) and Backscattered electron (BSE)

modes. Additionally, the FESEM unit was equipped with an EDX detector supplied

by Oxford, Inc. to perform the elemental analysis.

TEM (JEOL JEM-2100F) was also used to examine the synthesized and spent

catalysts. For the analysis, 0.05g of catalyst was dissolved in ethanol and ultrasoni-

cated for 10 min to ensure a homogeneous dispersion. A 5 �L droplet of the diluted

solution was then carefully placed on a pure carbon grid with a mesh size of 300. The

sample was air-dried for an additional hour in a pumping station to allow the solvent

to evaporate completely.

A TriStar II Plus device was used to calculate the pore volume and BET surface

area using N2 adsorption-desorption isotherms and the pore size and pore volume

were calculated using the Barrett–Joyner–Halenda (BJH) technique. The catalysts

were degassed for 3 h at 300 °C for 3 h before conducting the measurements.

The catalysts were examined using XPS to examine their composition and chemical

state via a PHI 5000 Versa Probe II spectroscope (ULVAC-PHI Inc.) unit. The

catalysts had been prepared as pelletized discs and exposed to high vacuum conditions

before evaluation.

The catalytic reducibility was investigated using hydrogen temperature-

programmed reduction (H2-TPR; the BELCAT-A-200 unit) analysis. The H2 con-

sumption was recorded using a Thermal conductivity detector (TCD) while introduc-

ing helium (He) into the background flow. The redox properties were evaluated using

an Ar/H2 (90/10 vol%) at a flow rate of 50 mL/min. The catalyst underwent 3 h pre-
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treatment in high-purity helium at 300 °C. It was then cooled to room temperature

and heated to 800 °C at a rate of 20 °C/min under H2.

The BELCAT II equipment was utilized to conduct a CO2 temperature-

programmed desorption (CO2-TPD) analysis to study the catalysts’ basicity. The

sample underwent pre-reduction using an H2/Ar (10/90 vol%) mixture at a flow rate

of 50 mL/min for 3 at 300 °C. Subsequently, CO2 was introduced by cooling the device,

and the temperature was gradually increased to 120 °C while helium was introduced

to sweep away any remaining CO2. The TCD signal was continuously recorded as the

temperature was raised to 800 °C at a rate of 20 °C/min.

The carbonaceous species of the spent catalysts were examined using a HORIBA

Scientific LabRAM HR Raman spectroscope unit equipped with an internal He-Ne 17

mW red laser at 633 nm, with the laser power set to 25%, four times accumulation,

and an acquisition duration of 20 s.

Additionally, Scanning electron microscopy (SEM) (JSM-6610LV) was employed

to analyze the spent catalysts. For this analysis, the material was crushed into small

pieces, coated with gold under a vacuum of 50 Pa for 10 min, and then sprinkled onto

double-sided sticky tape.

The carbon deposition on the spent catalysts was examined by Thermogravimetric

analysis (TGA) (SDT Q600) over a temperature range of 30-800 °C.
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3.4 Catalyst Performance

The DRM reaction was performed under atmospheric pressure in a fixed-bed tube re-

actor, which was heated using a furnace with a programmable temperature controller,

as shown in Figure 3.2. Basically, 0.2 g of the catalysts (300-500 �m particle sizes)

were loaded onto quartz wool for support and placed at the center of the tube reac-

tor. The tested catalyst underwent a 2h reduction at 700 °C under a flow of H2/Ar

(10/90) before the reaction. Subsequently, the reactor reached the desired reaction

temperature, and a mixture of CO2/CH4 (50/50) reactant was introduced into the

reaction system. The reactor was then set up to gradually rise in temperature from

500 to 1000°C with 50°C intervals to evaluate the catalytic activity. Furthermore, the

catalytic stability was examined by keeping the catalyst under the stream at a GHSV

of 12,000mL/gcat.h at 750 oC. An online gas chromatograph (6890 N Agilent GC)

equipped with a TCD detector was used to monitor the gases of the reactants and

the products. Then, the results were collected and expressed by using the following

calculations to obtain conversion, product selectivity and yield, and syngas ratio:

CH4Conversion =
F(CH 4)in − F(CH 4)out

F(CH4)in

×100 (3.1)

CO2Conversion =
F(CO2)in − F(CO2)out

F(CO2)in

×100 (3.2)

H2Y ield =
F(H 2)out

2F(CH4)in

×100 (3.3)
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Figure 3.2: Schematic diagram of the reactor setup for DRM process.

COY ield =
F(CO)out

F(CH4)in + F(CO2)in

×100 (3.4)

H2Selectivity =
F(H2)out

2[F(CH4)in − F(CH4)out]
×100 (3.5)

COSelectivity =
F(CO)out

[F(CH4)in − F(CH4)out] + [F(CO2)in − F(CO2)out]
×100 (3.6)

H2

CO
=

F(H2)out

F(CO)out

×100 (3.7)

Where Fout represents the outlet flow rate, while Fin represents the inlet flow rate.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Ni-based Fibrous Silica Zinc-Oxide (NSZF)

Catalysts

Herein, our objective was to investigate the impact of incorporating ZnO into the

fibrous silica framework as both a core and a co-support. Our aim was to enhance

H2 selectivity, reduce CO selectivity, minimize activity loss, and improve stability

during the DRM reaction. Additionally, we explored the influence of ZnO on the

physicochemical properties of the fibrous silica framework and assessed the role of

morphological structure in this context, evaluating the potential of the co-supported

catalyst (SZF) for DRM. Furthermore, SZF-based nickel catalysts were synthesized

with varying nickel loadings and optimized as active catalysts for DRM to evalu-

ate the effect of nickel loading amounts (3-20 wt.%) on catalytic performance. We

hypothesized that the addition of Ni into SZF could initiate a synergistic effect, re-

sulting in enhanced dispersion of the active component and strengthened MSI. This
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enhancement can boost catalytic activity and yield higher syngas in DRM reaction.

4.1.1 Fresh catalysts characterization

Figure 4.1a displays the results of XRD patterns conducted on the prepared catalysts

to determine their crystallinity and phase states. The diffraction peaks observed at

37.0°, 43.1°, and 62.8° were recognized to the presence of NiO (COD card No. 00-

432-0508). NiO diffraction peaks showed a gradual increase in intensity from 3 wt.%

to 20 wt.% when Ni loading quantities were increased, suggesting that the loading

amounts had an impact on Ni dispersion across the SZF support. The diffracted

peaks at 31.7°, 34.43°, 36.2°, 47.5°, 56.6°, 62.9°, 66.39°, and 67.9° were recognized

to the ZnO and well matched with COD card No. 00-230-0450. Also, the SiO2 was

observed at 2θ value of 22.0°, 24.3°, 25.2°, and 44.9° according to COD card No. 00-

412-4082. Notably, NSZF-3 catalyst exhibited reduced NiO peak intensities than the

other catalysts. This shows that NiO species were more evenly distributed on SZF

support. Because of the varied accessibilities, the shape of the mesoporous channels

with high surface areas and pore volumes influenced the dispersion of NiO species

significantly. However, this limited the availability of the Ni during the impregnation.

Overall, the dispersion of Ni observed in NSZF catalysts was attributed to the presence

of fibrous shell structure, which uniformly extended from the free radical directions

and the center of the SZF framework. This facilitated straightforward access to the

Ni precursor. Consequently, SZF with fibrous mesoporous channels demonstrates

promise as a support option for the design of sintering-resistant catalysts with high

metal loading capacities. Additionally, the strength of the NiO diffraction peak in
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NSZF catalysts increased with higher loading amounts. According to the Scherer

equation (Table 4.1), the size of the Ni particles within the catalyst expanded from

8.6 nm to 16.7 nm, which indicates that the dispersion of the Ni metal was influenced

by the quantity of its loading.

The structural characteristics and functional groups of the catalysts were exam-

ined using FTIR spectroscopy in the wavenumber range of 4000–400 cm−1, as shown

in Figure 4.1b. In the 1400–400 cm−1 region, prominent peaks indicated the presence

of siliceous frameworks characterized by various Si-related bonds, including Si-O, Si-

OH, Si-O-Zn, Si-O-Si, and Zn-O bonds [178]. Analysis of the spectra revealed distinct

bands at 1225, 1101, 943, 806, and 467 cm−1 for all samples, indicating the develop-

ment of the silica structure primarily because of the stretching of Si-O-Si bonds. The

wide humps observed in all samples represented adsorption bands centered at 1225

cm−1 and 1101 cm−1, confirming the presence of the siliceous framework [179][180].

The small bands found at 943 and 1632.8 cm−1 indicated the presence of external

Si-OH groups [181]. Also, the stretch vibrations of symmetric and asymmetric bands

of Si-O-Si were detected at 806 cm−1 and 1101 cm−1, respectively [182]. A peak at

467 cm−1 indicated the bending vibration of X-O-X, while a band around 1225 cm−1

suggested the presence of the stretches of X-O symmetric, where X is either Si or Zn

[183]. The incorporation of Ni ions resulted in the formation of Si-O-Ni, leading to

a decrease in intensities at 943 cm−1 and 1101 cm−1, which was observed in the SZF

without the Si-O-Ni bond. The observed intensities varied with the Ni loading on

the SZF support, with significant shifts noted at 1225 cm−1 due to the scattering of

NiO on the SZF surface and the reduction in core aspects of the siliceous framework.
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This incorporation of Ni also led to the degradation of the silica catalyst structure

by substituting Si-O-Si and Zn-O bonds. With the addition of 15 wt.% Ni onto SZF,

there was a significant reduction in the intensity of the stretching vibration mode

of Si-O-Si at 1101 cm−1, illustrating strong incorporation of Ni onto SZF and the

formation of Si-O-Ni and Zn-O-Ni bonds, replacing the original Si-O-Si and Zn-O-Si

bonds, respectively. Furthermore, an additional peak around 3445 cm−1 indicated

interactions among the OH hydroxyl groups, H2O, and Si-OH [184].

Figure 4.1(c,d) presents N2 adsorption-desorption isotherms and the pore size

distribution of NSZF catalysts. The results demonstrate the excellent thermal

stability of the prepared catalysts, as indicated by the maintaining type IV isotherm

and H4 hysteresis loops after loading [185]. This highlights the resilience of the SZF

support, which exhibited remarkable characteristics such as the highest BET surface

area of 147.8 m2/g and a pore volume of 0.37 cm3/g, as shown in Table 4.1. However,

introducing the active metal (Ni) resulted in a significant decrease in pore volume and

surface area across all carriers, recognized as the active metal occupying space within

the carrier channels and blocking the pores during the impregnation process [186].

Nonetheless, the unique pore structure of SZF proved advantageous for accommodat-

ing high concentrations of active components. While the pore size of NSZF-3, NSZF-5,

NSZF-10, and NSZF-20 catalysts marginally diminished, signifying the effective

integration of NiO particles into the carrier pores, there were no notable changes in

the isotherm as the Ni loading from 3% to 20%. This suggests that elevated loadings

did not affect the structural stability of the support [187]. The NSZF catalysts

displayed predominant pore sizes around 11 nm, indicating excellent dispersibility
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even in the heavily loaded NSZF-15 catalyst. However, there was a slight increase in

pore size observed in the NSZF-10 and NSZF-20 catalysts, and the reduction in pore

volume and surface area became more pronounced with higher Ni loadings, indicating

increased occupation of the carrier pores by Ni particles [188]. The NiO crystallite

diameters developed from 8.64 to 16.7 nm when Ni loadings increased from 3 to 20

wt.%. However, with 20 wt.% Ni loading, there was a considerable increase in NiO

crystallite size (16.7 nm), indicating that active metals agglomerated on the support’s

external surface due to difficulties with integrating them into the porous framework.

Larger Ni nanocrystalline sizes are reported to be prone to coke deposition, resulting

in rapid catalytic deactivation and limited access to active sites for gas reactants [189].

Catalysts Ni content Surface area Total pore volume Pore size Ni crystallite size
(%)a (m2/g)b (cm3/g) (nm) (nm)c

SZF - 147.8 0.367 9.96 -
NSZF-3 - 112.8 0.315 11.2 8.64
NSZF-5 6.9 122.5 0.339 11.1 9.37
NSZF-10 11.1 120.7 0.319 19.12 14.27
NSZF-15 16.8 139.9 0.340 11.17 14.27
NSZF-20 19.5 119.7 0.282 14.76 16.7

a Determine from the XRF
b Determine from the BET and BJH
c Determine from the Scherrer equation

Table 4.1: Textural properties of the synthesized NSZF catalysts.

The morphology of the designed catalytic systems is illustrated in Figure 4.2

through FESEM micrographs and elemental mapping, providing valuable insights

into the distribution of NiO crystallites on the support. Figure 4.2(a,b) depicts the

spherical shapes of the fibrous shell structure of silica in the SZF support. In all

loaded catalysts, NiO particles were observed as bright yellow spots dispersed on the
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Figure 4.1: (a) XRD patterns, (b) FTIR patterns, (c) N2 adsorption-desorption
isotherms, and (d) pore size distribution of NSZF catalysts.
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SZF structure, as obtained by EDX mapping. Remarkably, even after loading with

Ni using the wet impregnation method, the fibrous silica shell structure remained in-

tact. However, a slight distortion in the sphericity of the SZF was noted due to the

loading of Ni, as presented in Figure 4.2(d-h). The analysis revealed a well-dispersed

and monodisperse distribution of NiO particles, demonstrating a narrow particle size

distribution and an absence of visible particle agglomeration. The exitance of sev-

eral accessible active sites is indicated by the highly dispersed Ni species on the SZF

surface. The Ni particles were well-dispersed in the NSZF-15, according to a sum-

mary of the particle sizes derived from the XRD data reported in Table 4.1 via the

Scherrer equation. This indicates that the 15 wt.% Ni loading resulted in a more even

and homogeneous distribution of Ni on the SZF, highlighting the superiority of this

particular loading concentration. However, increasing the Ni loading in the NSZF-20

catalyst did not significantly impact the metal distribution. In the NSZF-20 catalyst,

massive NiO aggregates were randomly scattered across the surface, suggesting that

the additional Ni did not contribute to a more uniform distribution. Notably, the

NiO NPs in NSZF-20 catalyst exhibited a considerably larger size among the cata-

lysts. This can be associated with the accumulation of crystallized metals caused by

excessive Ni loading, which results in the development of larger particles. However,

achieving a homogeneous dispersion of NiO particles with a smaller diameter offers

advantages in preventing coking, according to the literature [190][191]. This inhibits

the migration of Carbon nanotubes (CNTs) toward the catalytic interface, increas-

ing reactivity between CNTs and the surface oxygen lattice and minimizing carbon

formation [192].
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Figure 4.2: FESEM-EDX images of the catalysts; (a,b) SZF support, (c) SZF support
mapping, (d) NSZF-3, (e) NSZF-5, (f) NSZF-10, (g) NSZF-15, (h) NSZF-20, and (i)
NSZF-20 mapping.
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TEM micrographs of the SZF support reveal the presence of well-ordered micro-

spheres surrounded by a fibrous shell structure in all axial directions, as depicted in

Figure 4.3(a-c). Figure 4.3(d-i) shows the TEM images and the corresponding NiO

particle sizes of NSZF catalysts. The Ni addition to SZF maintained the original

spherical structure of SZF, with fibers completely loaded and extending outward. For

different Ni loadings on SZF, ranging from 7 to 14 nm (centered at 10 nm), different

distributions and sizes of NiO NPs were observed. These NPs were indicated by dark

and contrasting spots, visible only in certain areas. In contrast, the NSZF-15 catalyst

exhibited a high distribution of Ni compared to the other loadings, indicating the

superiority of the 15 wt.% Ni loading. This is further supported by Figure 4.3, which

demonstrates that increasing the loading to 20 wt.% did not yield a positive effect on

the Ni dispersion. On NSZF-20, large NiO deposits were lightly distributed. The NiO

NPs in the higher loading were notably larger and accumulated compared to those in

the other catalysts. This increase in size can be associated with the agglomeration of

crystals from the high Ni loading. Consistent with the earlier postulation based on

the XRD and FTIR results, the optimal 15 wt.% Ni loading exhibited highly homo-

geneous dispersion of NiO. This dispersion may attributed to the presence of a SMSI

in NSZF-15. Additionally, the unique hierarchical pore structure of SZF provided

ample interparticle pores, which accommodated the optimal Ni loading. The uniform

distribution of smaller NiO particle sizes in NSZF-15 offered advantages in terms of

minimizing coke formation in which directed CNTs to the catalyst contact, boosting

their interaction with the oxygen lattice.

Additionally, XPS was utilized to investigate the oxidation state and chemical
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Figure 4.3: TEM images of the prepared NSZF catalysts; (a-c) SZF, (d,e) NSZF-5,
(f,g) NSZF-10, and (h,i) NSZF-15 catalysts.
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environment of the surface of NSZF-5, NSZF-10, and NSZF-15 catalysts, aiming to

identify the presence of nickel species. Figure 4.4 displays the spectra of Ni 2p, re-

vealing a deconvolution into two peaks attributed to the presence of Ni 2p1/2 and Ni

2p3/2 because of the interaction of spin-orbit [193]. The major peak for Ni2+ ions and

its satellite peak are detected in the Binding energy (BE) of 855.7-856.1 eV and 861.8-

862.5 eV, respectively. Similarly, a peak of Ni2+ 2P3/2 is observed. The literature has

demonstrated that Ni particles located outside the pores are more prone to oxidation

from the surrounding environment compared to Ni particles that have infiltrated into

the pores. Moreover, the BE of Ni 2p3/2 in NiO is typically around 854 eV [194]. The

spectra reduction and partial Ni2+ incorporated within the SZF led to the growth of

the peaks at 873 eV and 853 eV as Ni0 species. Furthermore, a considerable inter-

action with SZF was observed as the source of the satellite peaks at 862 eV and 880

eV, as well as the peaks observed at 874 eV and 856 eV, were recognized as the Ni2+

species [195]. Additionally, Figure 4.4 b illustrates the presence of two major peaks

related to Zn 2p1/2 (1046.23 eV) and Zn 2p3/2 (1023.03 eV) in the NSZF-5, NSZF-10,

and NSZF-15 catalysts. These peaks provide confirmation of the Zn atom’s presence

within the lattice of the ZnO crystal. ZnO is distinguished by 23.2 eV BE variance

between the Zn 2p1/2 and Zn 2p3/2 peaks [196]. Moreover, in Figure 4.4 c, the XPS

pattern exhibits a characteristic peak at 103.5 eV, which corresponds to Si–O in SiO2.

This observation provides evidence that SiO2 has successfully formed and grown on

the surface as a fibrous shell [197]. Furthermore, the catalyst surface’s oxygen vacan-

cies (OV ) greatly improve CO2 activation and adsorption, which aid in the formation

of CO and O∗ species [198]. This mechanism is critical to increasing the activity of

66



the DRM process. In this work, we used O 1s XPS spectra to determine the amounts

of OV in the catalysts that were synthesized. Figure 4.4 d depicts the O 1s spectra

of all produced catalysts, which revealed three unique peaks. The 530.3 eV signal

was attributed to lattice oxygen species (OL), while the peak at 531.1 eV indicated

the presence of OV . The 532.2 eV peak was associated with OH species, specifically

indicating the physical absorption of water on the surface (OOH) [199]. However, the

OL species in the NSZF-5 catalyst were difficult to identify. Table 4.2 summarizes

the area ratios of OV /(OL+OOH), which represent the concentration of OV on the

surface. The results showed a decreasing sequence: NSZF-15 (0.16) > NSZF-10 (0.11)

> NSZF-5 (0.042). This suggests that the NSZF-15 catalyst produced more OV .

Catalysts Ni 2p O 1s desorbed CO2 amount
Ni0/Ni OV /(OL+OW ) (mmol/g)

NSZF-3 - - 0.063
NSZF-5 0.23 0.042 0.083
NSZF-10 0.34 0.11 0.081
NSZF-15 0.34 0.16 0.122
NSZF-20 - - 0.093

Table 4.2: The surface compositions, and CO2 desorption amount of the fresh NSZF
catalysts.

Moreover, the reducibility of the catalyst was investigated through H2-TPR, and

the results are presented in Figure 4.4 e. Typically, NiO is reduced to Ni0 in the

presence of hydrogen. The decline in the peak observed at 300-450 °C indicates the

existence of surface NiO particles exhibiting limited contact with the SZF. Conversely,

the peak observed between 450-600 °C corresponds to NiO particles located within the

pores, demonstrating significant interaction with the SZF [200]. Generally, the decline

of some NiO species is intimately associated with the formation of peaks at different
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temperatures. In the case of the NSZF catalysts, separate deconvoluted peaks were

detected at various temperatures. The decrease of NiO species on the SZF surface

is responsible for the peaks observed at temperatures lower than 400 °C. Conversely,

the peaks detected approximately at 400 °C are related to the NiO reduction, which

interacts with the SZF. Interestingly, the temperatures of the four reduction peaks

were found to be greater at larger Ni contents in SZF. These observations originated

in the high-temperature range. The NiO species interacting with the Si-O-Ni support

is indicated by these peaks over a temperature of 500 °C, which are caused on by finely

dispersed Ni particles inside the fibrous structure of SZF. Si-O-Ni formation may pro-

vide strong and persistent activity by preventing Ni sintering and catalyst deactivation

during the DDRMRM. This is important because the MSI has a considerable impact

on coke formation [201].

Furthermore, the DRM process depends significantly on the activation of CO2

molecules. CO2-TPD is widely employed to evaluate the catalysts’ ability to adsorb

and dissociate CO2 molecules, providing valuable information about their basic sites

[200]. The strength of these basic sites can be studied by analyzing the CO2 desorption

peaks, as depicted in Figure 4.4 f. The NSZF catalysts showed distinct CO2 desorption

peaks, each of which represented a different kind of adsorption center. Below 200 °C,

the OH species on the SZF surface gave rise to weak CO2 adsorption sites. In the

200–350 °C range, Lewis acid-base site pairs gave rise to medium CO2 adsorption

centers. Low-coordination lattice oxygen (O2−) was found to be the source of strong

adsorption centers over 350 °C. These catalysts revealed several types of basic sites

such as weak, medium, or strong according on their strength. The formation of a
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Figure 4.4: (a,b,c,d) XPS spectra of the fresh NSZF-5, NSZF-10, and NSZF-15 cata-
lysts, (e) H2-TPR profiles, and (f) CO2-TPD profiles of the NSZF catalysts.

fibrous structure inside the catalysts aided the dispersion of Ni particles on the SZF

surface, influencing both the strength and amount of CO2 desorption, as well as the

level of metallic loading. The quantity of CO2 desorbed was computed and is detailed

in Table 4.2. Significantly, the most medium-strength CO2 adsorption sites (0.122

mmol/g) were found in NSZF-15 catalyst. This observation aligns with the earlier

stated results, highlighting the exceptional performance of the NSZF-15 catalyst in

the DRM process.
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4.1.2 Catalytic performance

The catalysts were thoroughly tested to evaluate their performance, and the results

are depicted in Figure 4.5. The conversions of CO2 and CH4, as well as the H2/CO

ratio, increased significantly with temperature. This phenomenon is explained by the

DRM process’s endothermic nature. Overall, it was discovered that the conversion of

CO2 and CH4 was quite similar. However, the conversion of CO2 was higher since

the RWGS reaction was also taking place at low temperatures of DRM. Figure 4.5

a,b illustrate that the NSZF-10 catalyst, containing 10wt.% Ni, exhibited nearly the

same CH4 conversion as the NSZF-15 catalyst, which had a higher Ni content, at 700

and 750 °C. Similarly, the CO2 conversion at these temperatures was also comparable

between the catalysts. But out of all the catalysts examined, NSZF-10 and NSZF-20

both showed more CO2 conversion, particularly at temperatures lower than 800 °C.

These findings suggest that the catalysts’ surface was more active for the conversion

of CO2 at these temperatures. Also, the TPR profiles revealed that a rise in the Ni

amount led to a shift in the reduction peak towards higher temperatures. This shift

was accompanied by higher peak intensities and a greater consumption of H2. This

indicates a stronger MSI for the NSZF-10 and NSZF-15 catalysts. On the other hand,

the NSZF-3 and NSZF-5 catalysts exhibited the lowest reduction peak area and H2

consumption among all the catalysts. This can indicate that the silica shell of these

catalysts was thicker, which made it harder for reactant molecules and H2 to reach the

metal sites [201]. This investigation suggests that there exists an optimal Ni content

for the SZF support. Additionally, at higher reaction temperatures, the H2 yield
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surpasses the CO yield for all the catalysts, as presented in Figure 4.5 c. Moreover,

Figure 4.5 d demonstrates that the NSZF-15 and NSZF-20 catalysts achieved higher

conversion of CH4 and H2/CO ratio among the catalysts. This occurrence can be

attributed to the enhanced progression of the CH4 decomposition (cracking) reaction

on these catalysts, likely because of the larger size of the Ni nanoparticles [202].

Moreover, the H2/CO ratio was found to be less than unity at 700 °C, demonstrating

the presence of the RWGS reaction [203]. However, at reaction temperatures exceeding

750 °C, the H2/CO ratio exceeded the unity. This indicated the occurrence of the CH4

decomposition reaction on the catalyst, leading to an increase in H2 yields.

In addition, the stability of the NSZF catalysts for DRM was tested at 750 °C

for 40 h TOS, as illustrated in Figure 4.6. Notably, the catalytic performance of the

NSZF-10 and NSZF-15 catalysts was exceptional, as indicated in Figure 4.6 a,b. These

catalysts demonstrated stable CO2 conversions of 60%, 74%, and 66%, respectively.

Additionally, the NSZF-10 and NSZF-20 catalysts exhibited consistent CH4 conver-

sions of 82% and 87%, respectively (Figure 4.6 a). However, it should be noticed

that the catalytic stability of the NSZF-3 catalyst declined after 35 h of TOS. This

deterioration can be attributed to the limited active sites on the surface and increased

Ni aggregation at the high operating temperature. Consequently, these factors led to

coke deposition and catalyst deactivation [204]. Based on Figure 4.6 d, the trend of

H2 yield differed across different conversions. NSZF-15 catalyst showed the highest

H2 yield at 64%, while NSZF-3 catalyst exhibited the lowest yield. The RWGS reac-

tion may be responsible for the decreased CO selectivity observed with the NSZF-3

catalyst. NSZF-5 and NSZF-20 catalysts demonstrated similar trends in H2 and CO
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Figure 4.5: Catalytic activity of NSZF catalysts: (a) CH4 conversion, (b) CO2 con-
version, (c) H2 yield and CO yield, and (d) H2/CO ratio.
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selectivity and yield, following the same pattern. Similarly, NSZF-10 and NSZF-15

catalysts also showed consistent trends and achieved the highest H2 selectivity at 69%,

resulting in an elevated H2/CO ratio as depicted in Figure 4.7 c. Furthermore, the

H2/CO ratio for NSZF-3 catalyst was found to be less than unity, whereas the ratio

for NSZF-5 and NSZF-20 catalysts remained close to unity during the initial 20 h of

the reaction. The ratio ranged from 0.80 to 1.27, as shown in Figure 4.7. This range is

suitable for the FTS, which involves synthesizing long-chain hydrocarbons. This dif-

ference may be attributed to the ability of NSZF-5 and NSZF-20 catalysts to disperse

oxygen species on the surface [205]. During the catalytic evaluation, it was predictable

that simultaneous secondary reactions would occur. The H2/CO ratio revealed that

the increase in the syngas ratio during the reaction was driven by two concurrent

reactions. Firstly, methane decomposition resulted in the cracking of CH4 to produce

2H2. Secondly, CO disproportionation occurred, where CO reacted to produce CO2

and carbon. In addition to affecting the syngas ratio, these secondary reactions also

generated carbonaceous species that had a negative impact on the catalytic activity.

Furthermore, the presence of these carbonaceous species was found to be detrimental

to the overall performance of the catalysts. However, in the first hours of the reaction,

NSZF-3, NSZF-5, and NSZF-20 exhibited a syngas ratio lower than unity. This was

caused by the RWGS reaction, which led to a decrease in the syngas ratio. As time

progressed, the syngas ratio showed growth and approached unity, indicating favorable

thermodynamics [206]. NSZF-10 exhibited excellent activity, which can be attributed

to the abundance of active sites provided by the mesoporous and microporous struc-

ture of the fibrous temple support. The characterization results provided insights

73



into the catalyst’s structure, revealing a uniformly dispersed and thinner crystallite of

NiO throughout the SZF material. This structural feature likely contributed to the

enhanced catalytic performance of NSZF-10. On the other hand, NSZF-15 exhibited

a high conversion of CH4 and CO2 initially. However, the conversion of CO2 started

to decline after the first few hours of the reaction due to CO disproportionation. In

FESEM and TEM analysis, NSZF-15 showed more accumulation of Ni onto the SZF.

The accumulation of NiO within the SZF resulted in increasing engagement of NiO,

thereby enhancing the environmental basicity of the catalysts [207]. Overall, the dif-

ferent catalysts exhibited varying behavior, with NSZF-10 showing preferable activity,

NSZF-15 demonstrating high conversion initially but declining CO2 conversion, and

NSZF-3, NSZF-5, and NSZF-20 exhibiting a lower syngas ratio initially due to the

RWGS reaction. The unique properties and characteristics of each catalyst played a

significant role in their performance and stability.

4.1.3 Spent catalysts characterization

TEM, Raman, TGA, and XRD were performed to study the coke deposition after

the reaction, as carbonaceous species formation is unavoidable during DRM [208].

Figure 4.8 illustrates the presence of circular-shaped dark spots on the SZF structure,

representing the distribution of Ni particles, while also displaying visible depositions

of amorphous carbon, whiskers, and CNTs in the spent catalysts [209]. As observed in

Figure 4.8(b-3), the graphitic whiskers and CNTs showed crystal structures with lattice

fringes. Interestingly, no morphological changes were observed in the catalysts after

40 h of DRM for NSZF-3, NSZF-10, and NSZF-15, indicating the preserved fibrosity
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Figure 4.6: Catalytic stability of NSLF catalysts: (a) CH4 conversion, (b) CO2

conversion, (c) H2 selectivity, and (d) H2 yield (conditions: P=1 atm, T=750 oC,
GHSV=12000 mLg−1

cat.h−1, t=40 h).
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Figure 4.7: Catalytic stability of NSLF catalysts: (a) CO selectivity, (b) CO yield,
(c) H2/CO ratio (conditions: P=1 atm, T=750 oC, GHSV=12000 mLg−1

cat.h−1, t=40
h).
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of SZF. The distribution of Ni particles in NSZF-10 was centered near the SZF core,

as shown in Figure 4.8c. Most of the Ni particles in NSZF-15 were found on the SZF

surface, as shown in Figure 4.8e. The Ni lattice fringes with a 0.204 nm lattice spacing,

corresponding to Ni (111), were observed in both samples within the considered area

[210]. Additionally, NSZF-10 and NSZF-15 displayed two different lattice fringes,

indicating the presence of whiskers and CNTs with varying degrees of graphitization.

Notably, the impregnated sample exhibited significant agglomeration of Ni particles,

resulting in larger particle sizes due to sintering caused by migration of Ni atomic or

crystallite, as also observed in the NSZF-3 and NSZF-15 catalysts. This observation

was additionally supported by the XRD of the spent catalysts (Figure 4.9c). Figure

4.8c (NSZF-10) illustrates the presence of disordered amorphous carbon surrounding

the Ni NPs. This carbon type is known for its minimal catalytic deactivation and easy

gasification in the air, resulting in the production of additional CO. This means that

long-term DRM has a low probability of carbon accumulation, which is responsible for

the small amount of carbon deposition that appears after 40 h of reaction. The Raman

spectra (Figure 4.9a) confirm that the carbon production was more significant in the

catalysts, with crystalline carbon deposits appearing in fewer regions of the Ni-loaded

catalyst. As demonstrated by Figure 4.6(a,b), the noticeable deactivation of NSZF-3

after 37 h was caused by the development of stable and ordered carbon deposits and

decreased sintering resistance. The catalyst is more prone to deactivation because

of the increased production of graphitic carbon [211]. The increased activity of the

NSZF-10 catalyst with no morphological changes can be explained by the differences

in sintering resistance between the catalysts, shown by TEM images.
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Figure 4.8: TEM images of the spent catalysts after 40 h reaction time.

Figure 4.9a shows the Raman spectra of the spent catalysts, which investigate

carbon deposition on the NSZF catalysts. There are two different bands present:

the disorder-induced band (D-band) at 1342 cm−1, which is produced by amorphous

carbon, and the C-C stretching in the graphite carbon band (G-band) at 1591 cm−1

[212]. The degree of defects in the graphite carbon has been demonstrated by the ratio

(IG/ID) of the G-band to the D-band. A higher degree of graphitic carbon formation

is indicated by an IG/ID ratio greater than unity, whereas a smaller ratio indicates

a smaller amount of graphitic carbon production. Significantly, the NSZF-10 and

NSZF-15 catalysts displayed the least graphitic carbon deposition, as evidenced by

the IG/ID values illustrated in Figure 4.9a [195]. This indicates that NSZF-10 and

NSZF-15 can effectively reduce carbon accumulation, highlighting their resistance to

graphitic carbon compared to the other catalysts. To further investigate coke depo-

sition on the spent catalysts, TGA analysis was carried out, as depicted in Figure
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4.9b. NSZF-3, NSZF-5, and NSZF-10 showed a weight decrease starting at 100 °C,

indicating the presence of physiosorbed molecules. This weight loss could be associ-

ated with the release of entrapped water within the catalyst’s framework or the loss of

physisorbed water produced during the DRM and RWGS reaction [213]. The weight

of the spent catalysts initially increased until reaching 500 °C because of Ni partial ox-

idation. The catalysts then lost weight between 390-700 °C, indicating the removal of

graphitic and amorphous carbon produced during the reaction. Notably, NSZF-15 ex-

hibited the least weight loss at higher temperatures, suggesting lower graphitic carbon

deposition. This observation aligns with the Raman analysis and can be primarily at-

tributed to the abundance of OV and medium strength CO2 adsorption centers present

in NSZF-15. These findings strongly indicate minimal carbon deposition and stabil-

ity against carbon accumulation in NSZF-15. Figure 4.9c displays the XRD results

of the spent catalysts. In all cases, characteristic peaks corresponding to ZnO and

metallic Ni were observed, indicating the presence of these components in the spent

catalysts. However, the metallic Ni peaks in the NSZF-15 and NSZF-20 catalysts

appeared slightly sharper, suggesting partial migration and aggregation of metallic Ni

during the DRM process. Additionally, new peaks attributed to graphitized carbon

were observed, with the weakest intensities in NSZF-15 because of the limited quan-

tity of carbon on the catalytic surface. NSZF-20 exhibited the strongest intensities,

indicating higher crystallinity compared to its fresh state and implying visible metal

sintering through XRD analysis [214]. The presence of small Ni0 particles in NSZF-10

indicates less pronounced Ni sintering, resulting in improved catalytic stability in the

DRM process.
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Figure 4.9: (a) Raman spectra, (b) TGA profiles, and (c) XRD patterns of all the
spent NSZF-x catalysts.

4.2 Ni-based Silica Lanthanum-Oxide Catalysts

Herein, we fabricated silica lanthanum oxide supported nickel (NSLF-10) with a core-

fibrous shell framework and silica lanthanum oxide supported nickel composite (NSL-

C), based on the use of commercial lanthanum oxide and silica with 10 wt.% Ni

over the both supports. The role of the interplaying morphology was investigated

to enhance textural properties and surface area, thereby improving the performance

of the DRM reaction. These physicochemical properties of the developed catalysts

were investigated using different characterization techniques including N2 adsorption-

desorption and TEM and others. The NSLF-10 exhibited outstanding CO2 and CH4

conversions in the DRM reaction and the stability up to 22 h. The spent catalysts

were studied by TEM, TGA, and Raman spectroscopy to analyze the shapes, types,

and quantities of carbon deposits.
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4.2.1 Fresh catalysts characterization

Figure 4.10 displays the TEM micrograph along with the corresponding NiO particle

sizes of NSLF-10 and NSL-C. In Figure 4.10b, it is observed that the Ni deposition on

SLF (Figure 4.10a) preserved the initial round structure of SLF, with fibers loaded and

progressively increasing radially outward. However, distinct distributions and sizes of

NiO NPs at the silica fiber structure, shown by the darkish and contrasting spots, were

found for NiO loading on SLF. The average particle length of NiO is about 14 nm.

These NiO NPs exhibited high dispersion over SLF, predicted to enhance catalytic

performance throughout the reaction. Conversely, a rise in the average size of NiO

NPs was observed on SiO2-La2O3, 25 nm, as depicted in Figure 4.10e. This may be

attributed to the agglomeration of NiO on the SiO2-La2O3 composite. Importantly,

NSLF-10 exhibited even more remarkable NiO distributions, consistent with the find-

ings by the H2-TPR outcomes that the SMSI exhibited by NSLF-10 and the existence

of the fibers amorphous SiO2 structure in the shell of SLF as illustrated by SAED

pattern of NSLF-10 (Figure 4.10c). Moreover, the unique hierarchical pore structure

of the SLF provided more intracapsular porosity for optimal NiO distribution. This

uniform dispersion of NiO particles proves beneficial in reducing coke formation, as it

encourages the transfer of CNTs to the catalyst interface, facilitating their interaction

with the surface oxygen network. Furthermore, the particle size, NiO distribution,

and composition of NSLF-10 and NSL-C were confirmed and demonstrated more us-

ing SEM-EDX, respectively as in Figure 4.11. The SLF exhibited a thick surface with

prominent lumps, as shown in Figure 4.11(a,b). The surface roughness can be at-
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Figure 4.10: TEM images of the prepared NSLF-10 (a,b,c) and NSL-C (d,e,f).

tributed to the interparticle pores and fibrous morphology of the pristine SLF, where

lumps observed indicate the NiO NPs dispersion. Moreover, EDS mapping (Figure

4.11c) showed a uniform distribution of high-intensity NiO elements on the SLF cata-

lyst surface. This well-dispersed NiO indicates multiple accessible active sites on the

catalysts. However, SEM-EDX images of the NSL-C catalyst are presented in Figure

4.11(d,e). The laminar structure resulting from the combination of commercial SiO2

and La2O3 was observed. The morphological integrity of SLF remained intact after

the addition of NiO NPs, as shown by the TEM image of the NSLF-10 catalyst. This

structure closely resembled SLF without significant differences, as observed in previ-

ous studies. Therefore, this unique structure is believed to significantly enhance the

hetero-catalytic efficiency. This improvement is due to the unique access of CO2 to

the minimal dispersion constraint and few active sites, allowing a maximum rate of

reaction [215].

Figure 4.12a displays the XRD diffractograms of NSL-C and NSLF-10, which have
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Figure 4.11: SEM micrographs and corresponding elemental mapping of NSLF-10 and
NSL-C catalysts.

been used to investigate the phases and crystal structures of the catalysts. Both

catalysts showed a broad and extreme band at 2θ in the range of 20–30°, generally

indicative of the amorphous SiO2 [216]. The broad peak at 22.4° signifies the amor-

phous nature of the SiO2 [217]. Additionally, the La2O3 peaks were observed and

matched with COD card no. 00-153-1467. Nevertheless, the peaks associated with

the phases of La2O3 between 60° and 70° in NSLF-1 had not been observed, because

of the formation of SiO2 shells [218]. Small shifts and reductions in the intensities

of the diffraction peaks may be ascribed to the impact of SiO2 encapsulating La2O3.

This means that the introduction of SiO2 has a minimum effect on the lattice shape

of La2O3. Notably, the peak was detected at 2θ = 20.89° (100) and 26.72° (011) in

NSL-C, corresponding to the cristobalite low-kind SiO2 (COD card no. 00-153-2512)

[218]. This arises from the use of different precursors in the synthesis of SLF and

SiO2-La2O3, in which TEOS serves as the silica source for SLF, and pure SiO2 is
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the source of silica in the SiO2-La2O3 support. Furthermore, we used N2 sorption

technique to analyze the pore size, surface area, and pore volume, and correlate the

textural properties of the catalysts with the catalytic DRM performance.

Figure 4.12b presents the FTIR patterns of the synthesized catalysts in a range of

wavenumbers from 400 to 4000 cm−1. In the range of 400–1400 cm−1, significant peaks

were analyzed, representing the presence of a siliceous framework where silicon reacts

with other atoms (e.g., Si–OH, Si–O, Si–O–La, Si–O–Si, and La-O). The NSLF-10

catalysts exhibited prominent bands at 1090.5, 970, 807.9, and 470.2 cm−1, that can

be attributed to the bending vibrations of the asymmetric Si-O-Si network, symmetric

Si–O–Si, Si–O–Si bending, and La–O stretching, respectively [219]. A distinct and

extended peak at 1090.5 and 470.2 cm−1 was analyzed in the FTIR spectrum of NSLF-

10, indicating the formation of a well-developed mesoporous network. This observation

aligns with the SEM results depicted in Figure 4.11. The peak wavelengths observed

in SLF were greater than those observed in NSL-C. This finding suggests that SLF

has stronger bonds between silicon and oxygen atoms, as well as -OH molecules. The

presence of the siliceous fibrous component surrounding SLF enhances the production

of terminal silanol groups to a greater extent than the contribution of the siliceous

body in NSL-C.

The N2 adsorption-desorption isotherms and pore distributions of NSLF-10 and

NSL-C catalysts are illustrated in Figure 4.12 (c,d). The sorption isotherm of NSLF-10

showed a type IV isotherm, indicating mesoporosity of the structure [220]. The SLF

support and NSLF-10 catalyst displayed capillary condensation, showing the presence

of interparticle and intraparticle voids. The formation of sizable pore volumes within
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the catalysts becomes evident from the advent of a type H3 hysteresis loop at high

pressures. The formation of mesopores became verified by the hysteresis loops found

in the SLF. Meanwhile, the reduction in the amount of adsorbed N2 inside the presence

of NSLF-10 and NSL-C indicated the embedding of NiO onto the supports. Table 4.3

presents a comprehensive overview of the textural properties of the catalytic materials.

The synthesized fibrous structure used in this study exhibited a surface area of 362

m2g−1, due to the presence of interparticle and intraparticle voids. This increased

surface area allows for higher dispersion of the active metal. Upon loading with Ni,

the surface area of NSLF-10 becomes 192 m2g−1, considerably greater than the NSL-C.

Moreover, the increased Ni coverage on SLF indicates an optimized distribution, and

the effectiveness of the fibrous catalyst in improving the surface area. Nevertheless,

the decrease observed in the surface area of NSLF-10 in comparison to SLF may

be attributed to the partial pores’ blockage due to the Ni loading. However, it is

important to highlight that this blockage did not affect the existing pore structure,

as the pore size remained consistent for both catalysts [221].

Catalysts Surface area Total pore volume Pore size
(m2/g) (cm3/g) (nm)

NSLF-3 192 0.241 7.46
NSL-C 122 0.799 26.05

Table 4.3: Textural properties of the prepared catalysts.

The reducibility and MSI of the produced Ni-based catalysts were examined

through H2-TPR analysis, as illustrated in Figure 4.13. The reduction profiles of

NSL-C also displayed a wide peak in the range of 400-600°C, indicating the NiO re-

duction and highlighting the distinct MSI [222]. Furthermore, it is evident that the
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Figure 4.12: (a) XRD diffractogram, (b) FTIR patterns, (c) N2 adsorption-desorption
isotherms, (d) pore size distributions of the prepared catalysts.
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Figure 4.13: H2-TPR profile of the prepared catalysts.

NSL-C second reduction peak is significantly lower, indicating that the incorporation

of SiO2 has resulted in strong interaction with La2O3, resulting in the production of a

complex oxide. This interaction weakens the NiO and La2O3 strong interaction. Also,

the TPR profile of NSLF-10 similarly shows two-phase NiO reduction peaks. Notably,

the significant intensity of the reduction peak at 432°C is due to the reduction of bulk

NiO into active Ni0 species, that are firmly connected with the exterior SLF fibers.

This indicates that NSLF-10 possesses superior reducibility compared to NSL-C. This

characteristic provides a higher number of active Ni sites for the reaction, thereby

increasing the catalytic activity. In addition, the second reduction peak of NSLF-10

shows a slight shift to a greater temperature (above 600°C). It suggests that several

NiO particles are distributed inside the interior dendrimer fibers of SLF, exhibiting a

SMSI and strong bonding [223].
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4.2.2 Catalytic performance

Figure 4.14 reveals that the NSLF-10 catalysts exhibited higher catalytic efficiency

for DRM than the NSL-C, which can be attributed to their enhanced textural prop-

erties, uniform Ni distribution, and morphological structure. This improvement is

evident from the SEM image, which demonstrates an expanded distribution of Ni.

The increased porosity and surface area facilitate the presence of active reaction sites

and enhance the reactants’ mass transfer. The textural properties, involving pore

volume, pore size, and surface area, are crucial factors influencing catalyst activity.

In this context, the properties of SLF, such as its pore volume, pore size, and sur-

face area, contribute to the presence of active species that enable the resistance to

catalyst deactivation [224]. Therefore, the large surface area of SLF allows increased

oxygen storage on the catalyst, enabling the carbon oxidation to CO while forming

intermediate carbonate species on reducible basic supports. This process effectively

prevents the formation of coke, which is a negative consequence of this catalytic pro-

cess. Figure 4.14a demonstrates the remarkable catalytic stability of both NSLF-10

and NSL-C catalysts, with no signs of deactivation observed within a 22-h TOS under

reaction conditions. However, the NSL-C catalyst exhibited an increasing yield of

H2 and H2/CO ratio over time, eventually reaching 47% and high H2/CO ratio, re-

spectively. In contrast, the NSLF-10 catalyst showed superior catalytic effectiveness,

consistently maintaining high conversion for CO2 and CH4. Specifically, the NSLF-10

catalyst achieved remarkable conversions of 83% for CO2 and 85% for CH4, surpassing

the performance of the NSL-C catalyst, which achieved conversions of 64% for CO2
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and 72% for CH4. The higher performance of NSLF-10 over NSL-C is because of the

existence of additional active sites given by the support’s mesoporous and microp-

orous fibrous. In contrast, the comparatively lower catalytic efficiency observed with

NSL-C can be attributed to the formation of carbonaceous species and the potential

sintering of the metal particles during the reaction. In Figure 4.14b, the CO yield

follows a similar trend to the conversions, with NSL-C showing the lowest CO and

highest H2 yields. However, there is an exception with the H2 yield analyzed for both

NSLF-10 and NSL-C catalysts, which can be attributed to concurrent secondary re-

actions taking place. Generally, the H2 and CO yields for NSLF-10 is 65% to 37%,

respectively, indicating stable performance throughout the reaction period. This is

due to the excellent access of reactants on the NSLF-10 catalyst, which possesses

good structural stability and an abundance of meso- and micro-pores. The inferior

performance of NSL-C is due to the larger size of Ni particles and the accumulation

of Ni on the SiO2-La2O3 support. In contrast, the superior performance of NSLF-10

can be explained by the improved MSI resulting from the Ni crystallites’ confinement

effect inside the support framework. However, the rise in the syngas ratio is primarily

attributed to the simultaneous occurrence of CO disproportionation, CH4 cracking,

and WGS reaction. the occurrence of CH4 cracking can lead to higher H2 production

during the reaction, as observed in both catalysts with a molar ratio of H2/CO>1,

as shown in Figure 4.14c. This higher amount of H2 can result in increased carbon

deposition, especially after extended TOS. The incorporation of La2O3 as a co-support

with SiO2 helps impede the growth of RWGS reaction and enhances the selectivity

of H2. The improved CH4 conversion can be attributed to the effective production
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Figure 4.14: Catalytic performance over the catalysts (conditions: CO2/CH4=50/50,
GHSV=12000 mL.gcat

−1h−1, P=1 atm, T=750oC, t=22 h): (a) CO2 and CH4 conver-
sion, (b) H2 and CO yield, and (c) H2/CO ratio.

of active sites, as demonstrated in the H2-TPR profile. The bulk formation of these

active sites triggers CH4 and prevents recombination of CxHx through further dissec-

tion. The higher H2/CO ratio indicates the presence of CH4 cracking, the Boudouard

reaction, or the WGS reaction. These reactions typically take place on Ni active sites

and can lead to their blockage.
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4.2.3 Spent catalysts characterization

Figure 4.15a displays the Raman spectra of the NSLF-10 and NSL-C catalysts after

undergoing the DRM process. These spectra provide valuable information regarding

the presence of various carbon species. The signal at 1341 cm−1 (D-band) is linked

to induced-disordered Raman scattering caused by sp3 carbon atoms positioned at

the disordered and defected sites. The peak at around 1597 cm−1 (G-band) on the

other hand, was linked with the pairs of sp2 carbon atoms having in-plane bond-

stretching motion forming graphitic rings [225]. The ID/IG ratio is commonly utilized

to represent the graphitization degree of carbon species, with a lower ratio indicating

a larger degree of order in the carbon structure. In the spent catalysts, the ID/IG ratio

of NSL-C after 22 h was 1.06, representing a greater graphitization degree than NSLF-

10, which had an ID/IG ratio of 1.31. However, it can be analyzed that the catalyst’

graphitization degree did not improve much during the period of the reaction. The

findings of this study reveal that the catalyst has successfully established a dynamic

equilibrium between the disordered graphitic and amorphous carbon forms. This

equilibrium effectively prevents added carbon aggregation and transformation into

more stable carbon deposits [226]. TGA was conducted in air to evaluate the amount

of carbon deposit on the catalytic surface during the reaction, as shown in Figure

4.15b. TGA curves show two regions; 250°C - 550°C, in which the spent NSL-C

gained weight due to Ni oxidation. In the range of 550°C - 800°C, the spent catalysts

show weight loss due to the removal of deposited carbon facilitated by oxygen. The

weight loss observed over the NSL-C catalyst exceeded that of the NSLF-10 catalyst.
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Figure 4.15: (a) Raman spectroscopy, and (b) TGA curves of the spent catalysts.

Furthermore, the elimination of deposited carbon from NSL-C necessitated higher

temperatures. This observation suggests the formation of inert deposited carbon over

NSL-C, rendering it more challenging to remove. Consequently, the NSLF-10 catalyst

demonstrates high thermal stability and carbon formation resistance compared to

NSL-C.

Figure 4.16 (a,b) presents the TEM micrographs, indicating the presence of amor-

phous carbon and CNTs in both NSLF-10 and NSL-C catalysts after 22 h of reaction.

The observed CNTs exhibited closed and open ends, having Ni particles located at the

tip. This type of carbon presented minimum or no deactivation and can be rapidly

gasified in the occurrence of oxygen, producing extra CO. As a result, the probability

of aggregation was confined in the prolonged DRM process. However, the TEM re-

sults indicated the occurrence of amorphous carbon, CNTs, and whiskers within the

spent NSL-C catalyst. Significantly, an increased formation of graphitic carbon corre-

sponded to an expanded susceptibility of the catalyst to deactivation [227]. As noted

in the case of NSL-C catalyst, during the reaction period the H2 yield increased this
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Figure 4.16: TEM images of spent catalysts after 22 h TOS reaction: (a) NSLF-10
catalyst and (b) NSL-C catalyst.

can be attributed to the occurrence of the CH4 cracking, which resulted in more H2

amount and coke production on the surface of the catalysts as showed by the Raman

and TEM.
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4.2.4 Proposed reaction mechanism

The effect of incorporating 10 wt.% Ni into the core-fibrous shell SLF and composite

silica lanthanum oxide catalysts was investigated, and the effects are summarized. In

the case of the fibrous structured (SLF) catalyst, Figure 4.17 illustrates the produc-

tion of Si-O-Ni bonds and the SMSI. The proposed mechanism for the DRM involving

NSLF catalysts, particularly focusing on the incorporation of La2O3, suggests a bi-

functional mechanism despite the presence of inert SiO2 support. This mechanism

involves intricate interactions where Ni facilitates the dissociation of CH4 and CO2,

while La2O3 supplies oxygen species crucial for the WGS reaction and the prevention

of coke formation. Additionally, La2O3 aids in stabilizing Ni particles, thus prevent-

ing sintering and maintaining the catalytic activity. The initial step involves methane

activation that occurs on the Ni active sites. CH4 molecules adsorb on the Ni surface,

and the C-H bond is weakened. This process requires a certain activation energy

which is provided by the presence of Ni active metal. SLF may also play a significant

role in stabilizing the Ni active sites and enhancing their interaction with CH4. This

process dissociates CH4 on the Ni surface and generates CHx
∗ and H∗ species on the

Ni surface. Simultaneously, the presence of La2O3 may facilitate CO2 activation by

providing OV , which can stabilize CO2 adsorption. The activation of CO2 facilitates

its decomposition into CO due to the support. This activation step is crucial for

promoting the subsequent reactions. Notably, the dimensions and dispersion of NiO

NPs exhibited extensive variation with alterations inside the supported morphology.

The catalytic conversion was attributed to SMSI, increased active sites, NiO distri-
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bution, and enhanced basicity attributed to the addition of La2O3, which facilitated

CH4 activation and CO2 adsorption [228]. TEM images confirmed that NiO NPs dis-

played superior dispersion and smaller particle size when loaded onto SLF compared

to NSL-C. In NSL-C, NiO was limited, and agglomeration of NiO occurred. The dis-

persion of NiO performed a vital role in changing the O-Si and O-H of SLF with Ni

ions, forming Si-O-Ni bonds. The SMSI found in NSLF-10 played a pivotal role in

preserving reduced form of Ni0, supplying abundant active sites, stopping coke depo-

sition, and inhibiting metallic sintering under hard reaction conditions. These factors

contributed to the superior catalytic stability and activity of NSLF-10. Conversely,

the weak MSI in NSL-C resulted in inadequate Si-O-Ni bond formation, leading to

a sizeable amount of coke deposition and excessive sintering due to the larger size

of NiO NPs. This defined the relatively poor catalytic performance of NSL-C. The

activation of CH4 is due to the occurrence of Ni, resulting in the formation of Ni-C

and 2H2.

CH4 - Ni → C − Ni + 2H2

The adsorption of CO2 and the subsequent formation of a La2O2CO3 intermediate

carbonate followed through its reaction with C-Ni to regenerate La2O3, Ni, and CO

prevented carbon deposition at the catalyst surface.

CO2 + La2O3 → La2O2CO3

C−Ni → La2O2CO3 → La2O3→ Ni + 2CO

This intermediate carbonate reacts with carbon atoms on the Ni surface (C-Ni), lead-

ing to the regeneration of Ni, CO, and La2O3. This regeneration process is essential

for sustaining the catalytic activity of the Ni. Nevertheless, the high H2/CO ratio
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observed during stability testing likely arises from CH4 decomposition and the lim-

ited formation of CO from La2O2CO3, acting as a coke oxidizing agent, or from the

occurrence of the WGS reaction at this high temperature, in which CO reacts to form

CO2 and H2. This is because most of the La2O3 is positioned away from the Ni NPs,

primarily in the core. Consequently, accumulated La2O2CO3 covers a significant por-

tion of the support during reactions. When a small fraction of La2O3 is close to Ni

NPs, it quickly forms filamentous carbon due to the densely packed distribution of

Ni NPs. The build-up of coke and the transition from filamentous to non-filamentous

carbon result from an imbalance between filamentous carbon growth and the limited

involvement of La2O3 in carbon removal. The deposition of non-filamentous carbon

can cover the active sites of Ni, leading to their deactivation during the process. Over-

all, NSLF-10 exhibited the highest conversion with stability over 22 h without signs

of deactivation, due to its enhanced physicochemical properties and incorporation of

La2O3.
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Figure 4.17: Proposed reaction mechanism of NSLF-10 catalyst for the DRM process.

4.3 Ni-based Fibrous Silica Lanthanum-Oxide

(NSLF) Catalysts

Herein, we have developed a catalytic system for DRM using a mixed metal oxide

support (silica-lanthanum oxide; SLF) to support Ni-based catalysts by the utilization

of microemulsion and impregnation methods. We aimed to enhance the catalyst’s

basicity and inhibit carbon formation on SiO2 by integrating La2O3. To the best

of our knowledge, there are no previous reports on the synthesis of SLF support

with this specific morphological structure and using this synthesis method for DRM.

Our primary objective is to investigate the influence of the morphology and textural

properties of the SLF support on nickel active metal and explore the impact of nickel

loading on the SLF for DRM. The SLF structure can increase the dispersion of the

nickel particles due to the presence of the fibrous shell and the enhanced surface area,
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and limit the agglomeration of nickel particles. Therefore, carbon deposition can be

limited and the overall performance of DRM can be improved.

4.3.1 Fresh catalysts characterization

The morphology of the SLF support and active metal plays a crucial role in un-

derstanding and correlating the catalytic efficiency with the porosity, size, shape,

distribution, and arrangement of various structures in the materials. Therefore, the

morphological structures of the produced catalysts were examined using FESEM and

TEM. TEM was employed to study the microstructure of the SLF support, as il-

lustrated in Figure 4.18. The TEM micrographs reveal core-fibrous shell structures

around well-ordered micro/nanospheres supported by SiO2 fibers in all axial orienta-

tions, as shown in Figure 4.18(a,b). An interconnected network of porous and dimen-

sional nanofibers was visible in the TEM images of the 500–100 nm SLF support. The

TEM image of the 200 nm NSLF-8 catalyst (Figure 4.18c) depicts a similar fibrous

structure, but the SLF is coated with evenly distributed Ni species with an average

particle size of 19 nm NiO. The nanofibers appeared to be finer and more tightly

packed, potentially leading to an even greater surface area and enhanced porosity,

as observed in Figure 4.18d. The TEM images in Figure 4.18(e, f) demonstrate the

presence of La, Si, and Ni in the fibrous matrix.

Furthermore, Figure 4.19 depicts the FESEM images of the NSLF-x catalysts.

The FESEM micrographs revealed a connected system of porous nanoscale fibers,

contributing to the material’s extensive surface area and potential porosity due to

variations in fiber length and diameter. Notably, there was no indication of particle ac-
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cumulation in NSLF-6, NSLF-8, NSLF-11, and NSLF-15. The growth of a core-fibrous

shell morphology involves SiO2 species forming the fibers of the shell. Significantly, a

noticeable variation in inter-fiber distance enhances the textural characteristics of the

developed catalyst, potentially augmenting the mesoporosity and SLF surface area.

The surface of the SLF support appeared predominantly smooth with only a few rough

edges. FESEM images of NSLF-x catalysts with various Ni quantities are presented

also in Figure 4.20(b-f). Overall, all catalysts exhibited practically identical mor-

phology when Ni was added to SLF, maintaining its spherical shapes. The elemental

distributions of the NSLF-x catalysts were explored by FESEM-EDS mapping, as de-

picted in Figure 4.20. Figure 4.20(b-e) illustrates the uniform distribution of La, O,

Si, and Ni elements in the samples. This demonstrates how different Ni loadings on

SLF resulted in diverse dispersions of NiO NPs within the SiO2 fibrous network. The

SLF is expected to increase MSI by preventing the NiO crystal from agglomerating

and by enhancing the active site mobility for NiO dispersion. Also, the SEM-EDS

mapping of the samples revealed the spatial distribution of these elements, shedding

light on their structure within the fibrous SiO2 network. A homogeneous distribution

of small NiO crystallites in well-separated dispersion can be observed in all samples.

La distribution was observed on the fibrous SiO2 surface, providing crucial details

on its spatial arrangement within the support. Moreover, the SEM-EDS spectrum

exhibited typical peaks corresponding to the components present in the sample, as

shown in Figure 4.21. Significant peaks for Si, La, O, and Ni were identified, con-

firming the presence of these elements in the fibrous structure. The magnitude and

position of these peaks provided quantitative data on the relative abundance of the
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Figure 4.18: TEM images of (a, b) SLF support, (c, d, e) NSLF-8 catalyst; and (f)
Saed pattern of NSLF-8 catalyst.

catalyst. The distribution of all elements is uniform, and the contents of the elements

closely match those of the synthesis. This suggests that both the microemulsion and

wet impregnation methods can effectively yield catalysts with uniformly distributed

active elements.

N2 adsorption-desorption isotherms and pore size distribution analyses were uti-

lized to examine the textural characteristics of the produced catalytic materials. The

specific surface areas, pore volumes, and pore diameters for SLF and SLF loaded

with Ni are summarized in Table 4.4, and N2 adsorption-desorption isotherms are

depicted in Figure 4.22. A type IV isotherm with the presence of the hysteresis loop

was observed, indicating capillary condensation at P/Po values of 0.3 and 0.9, which

signifies the presence of intraparticle and interparticle voids in the SLF mesoporous

structure. Hysteresis loops observed in the case of SLF suggested effective mesopore

formation. Additionally, the reduction in N2 adsorption observed when NiO existed

on SLF proposed that NiO particles were being deposited onto the SLF. The pore size
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Figure 4.19: SEM images of the fresh NSLF- catalysts.

distribution for each catalyst was determined as presented in Figure 4.22. The smaller

peaks were attributed to fibrous molecule spacing, while the larger peak was caused

by mesopores created by surfactant self-assembly. SEM images in Figure 4.22(b-f)

showed that Ni was dispersed with microscopic size, and there was no discernible

change in pore distribution between NSLF and SLF. Both SLF and Ni-doped SLF ex-

hibited intrinsic mesoporosity due to induced fibrosis, resulting in significantly larger

pore volume and specific surface area. This larger surface area facilitated a wider

dispersion of active metal particles. Furthermore, the increased Ni on the SLF surface

suggested effective metal distribution. Due to the SLF fibrous form, which provided

numerous active sites for NiO dispersion, there was less chance of high MSI and NiO

crystal agglomeration. The fibrous shape of SLF enabled improved accessibility and

distribution of Ni through its 3D hierarchical channel, as observed in a previous study

[229].

XRD analysis was employed to determine the crystallinity and structure of the
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Figure 4.20: The FESEM-EDS mapping of the fresh NSLF-x catalysts.
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Figure 4.21: The FESEM-EDS spectrum of the fresh NSLF-x catalysts.
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Figure 4.22: N2 adsorption-desorption isotherms and the pore size distributions of the
fresh catalysts.

catalysts. Figure 4.23a depicts the XRD patterns of NSLF-x catalysts, which include

diffraction peaks in the 20-80° range. Peaks at angles of 20.7°, 21.5°, 24.3°, 26.9°, 31.1°

and 32.1° are frequently attributed to the SiO2 texture (COD card No. 00-400-2433).

Additionally, five strong and dominant peaks at 26.1°, 30.0°, 46.1°, 55.4° and 72.08°

(COD card No. 00-200-2286) were found to correlate to the (100), (101), (102), (2-10),

(004), (201) and (203) La2O3 crystalline layers. Additionally, the peaks at 37.2°, 43.4°,

and 62.7° following NiO impregnation correlate to (111), (200), and (220), respectively,

and match with COD card No. 00-432-0508. For Ni loadings ranging from 3 to 15

wt.%, diffraction intensities evolved in the following order: NSLF-3, NSLF-6, NSLF-

8, NSLF-11, and NSLF-15. Figure 4.23a also displays very high NSLF-15 NiO peak

concentrations. The SEM images verified that the NSLF-6, NSLF-8, NSLF-11, and

NSLF-15 showed no accumulation due to fine dispersion and inclusion.
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Catalysts Ni content Surface area Total pore volume Pore size Ni crystallite size
(%)a (m2/g)b (cm3/g) (nm) (nm)c

SZL - 362.3 0.412 4.549 -
NSLF-3 3.6 140.0 0.249 8.284 24.53
NSLF-6 6.3 160.1 0.228 8.299 21.88
NSLF-8 8.1 194.4 0.307 7.463 19.08
NSLF-11 11 189.6 0.261 5.615 16.80
NSLF-15 15.8 187.5 0.248 6.368 14.63

a Determine from the EDS
b Determine from the BET and BJH
c Determine from the Scherrer equation

Table 4.4: Textural properties of the synthesized NSZF catalysts.

In addition, Figure 4.23b shows the structural changes and functional groups in

the Ni supported on SLF by FTIR spectroscopy. The notable peaks were observed

between 400 and 1400 cm−1 point to the existence of Si in several interactions, such

as Si–O, Si–O–Si, Si–O–La, and La–O [230], which appearing at 1090.5, 807.9, and

470.2 cm−1. Both SLF support and NSLF-x catalysts exhibited distinct transmit-

tance maxima of Si–O–Si materials in the 1000–1300 cm−1 range. Likewise, the major

transmittance maxima at about 1090.5 cm−11 and 807.9 cm−1, respectively, were as-

sociated with the longitudinal-optical (LO) and transverse-optical (TO) asymmetrical

stretching bands of Si–O–Si [231]. At 470 cm−1, the La–O stretch vibrational was

found [232]. Similarly, the peaks observed at 1090.5 cm−1, 807.9 cm−1, and 470 cm−1

were recognized to Si–O–La stretching vibrations as well as symmetrical and asymmet-

ric stretching vibrations. The La–OH framework was identified by the band at 3442

cm−1. The strong peak observed at 970 cm−1 in NSLF-x catalysts is likely associated

with the interaction between transition metal atoms and the surrounding siliceous ma-

terial framework. This interaction specifically involves the Si–O stretching vibrations,

which play a significant role in the observed structure [233]. The presence of nickel
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Figure 4.23: (a) XRD patterns of the fresh NSLF-x catalysts, and (b) FTIR spectra
of NSLF-x catalysts.

particles on SLF results in the growth of Si–O–Ni bonds, potentially causing a shift

in the band and a reconfiguration of the Si–OH group surfaces. The presence of –OH

groups is visible in the 2500–3700 cm−1 FTIR spectra, and their interaction is partic-

ularly noticeable in the peak at 3400 cm−1 [234], as shown in Figure 4.23b. It may be

concluded from this result that SLF was effective in forming a strong Si–O bond with

oxygen atoms and –OH molecules. This is explained by the fact that SLF contains

the siliceous fibrous component, which considerably aids in the production of terminal

silanol groups. After nickel doping on the supports, specific bands’ intensities, notably

those at 1090.5 cm−1 and 807.9 cm−1, showed appreciable drops as compared to the

untreated support. As previously mentioned, the presence of 961 cm−1 band denotes

the active metal ions integration onto the meso-silica and formation of Si–O–Ni bonds

[235].

The surface properties of NSLF-x catalysts and the reducibility of nickel species

were investigated using the H2-TPR analysis, as shown in Figure 4.24a. In general,

the reduction peaks observed at lower temperatures, ranging from 300 °C to 500 °C,
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are indicative of the reduction of NiO to metallic nickel species that exist on the cat-

alytic surface. Conversely, the observed peak within this range can be attributed to

the reduction of Ni, which interacts with the support. A noticeable decline peak with

various heights can be observed in H2-TPR profiles for all samples, coupled with a

peak that occurs at temperatures higher than 600 °C except NSLF-3. The decrease

in peak intensity can be attributed to the presence of nickel species with varying

sizes, natures, and strengths of MSI. The peak observed at 350 °C corresponds to the

reduction of smaller-sized NiO or surface-bound NiO, while the peak ranging from

above 350 °C to 510 °C relates to the NiO reduction [236]. The lowest concentration

of bulk NiO is confirmed by the disappearance of the high-temperature peak in the

case of NSLF-8, which is consistent with the scattering of particle sizes shown in SEM

[237]. However, a peak that appears at a lower reduction temperature may indicate

that there is little interaction between the surface NiO species and the exterior SLF

fibers, as in the case of NSLF-3 [238]. The reduction peaks in the catalysts moved

towards higher temperatures as the amount of Ni in the catalyst increased, indicating

the existence of SMSI between Ni and La species. The presence of La in the support

enhances electron transfer from La3+ to Ni2+, resulting in higher electron density at

Ni 3d orbitals because of La3+ reduced electronegativity. The increased contact be-

tween Ni and the support boosts the reduction temperature [233]. Obviously, the peak

for NSLF-15 was significantly higher and broader than the other catalysts, suggest-

ing better NiO reduction. Moreover, NSLF-11 and NSLF-15 exhibited a significant

peak centered around 600 °C, with the largest peak area. These findings suggest an

increased abundance of Ni particles, indicating a SMSI, smaller and more evenly dis-
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tributed Ni particles, as evidenced by the SEM images, and a higher concentration of

reducible NiO. These observations align with the catalytic performance, particularly

NSLF-15, which demonstrated enhanced catalytic stability and activity.

Moreover, CO2-TPD was conducted to investigate the adsorption capacities of CO2

and the surface alkalinity of the catalysts. It is worth noting that a prominent broad

peak was observed for all catalysts, indicating the presence of basicity in the catalysts,

as depicted in Figure 4.24b. Desorption peaks below 200 °C are typically indicative

of weakly basic sites, resulting from the physical adsorption of the samples and the

existence of hydroxyl groups (–OH). On the other hand, peaks within the temperature

range of 200 to 500 °C correspond to moderately basic sites, which can be recognized

as the existence of metal-oxygen ion pairs on the sample surface. Strongly basic

sites, typically linked to OV sites and low-coordinated oxygen sites, are indicated

by peaks above 500 °C. The presence of broad peaks spanning from 75 °C to 280

°C suggests the existence of varying degrees of weak and moderate basicity across

all samples. As La2O3 exhibits the ability to absorb a significant amount of CO2,

forming La2O2CO3, and decomposes above 500 °C, the catalysts display small peaks

around 623 °C, confirming the presence of the La2O3 phase in these catalysts (Figure

4.24b) [239]. Hence, it is significant to highlight that the NSLF-15 catalyst exhibited a

notably high intensity of CO2-TPD signals, indicating a boosted concentration of weak

and moderated basic sites, along with a proportion of strong basic sites. Therefore,

it can be concluded that NSLF-15 possessed both weak, moderate, and strong basic

sites.
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Figure 4.24: (a) H2-TPR profile of the fresh catalysts, (b) CO2-TPD profile of the
fresh catalysts.

4.3.2 Catalytic performance

The catalytic activity of the NSLF-x catalysts was investigated by determining the

conversion of reactants, the yield of products, and H2/CO ratio under the different re-

action temperatures, as shown in Figure 4.25. The concept of DRM, which highlights

the necessity of both support and metal activity to achieve desirable catalytic perfor-

mance, has already been described in the literature [240][241]. It has been observed

that the selection and optimization of catalytic properties are crucial for achieving

efficient and sustainable DRM processes in various applications. Therefore, we inves-

tigated the conversion of CH4 and CO2 with different Ni loadings. This property of

catalysts plays a significant role in determining their efficiency in facilitating chemical

reactions. Figure 4.25(a,b) displays the CO2 and CH4 conversion that were determined

throughout a temperature range of 500 to 1000 °C. Interestingly, increasing the Ni

content (as in the case of NSLF-15) enhances the conversions significantly due to the

uniform dispersion of Ni species on the support. This will produce a large number of
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active sites of metallic NiO, which facilitates the mass transfer of gaseous CH4/CO2

within the catalyst. In terms of CH4 conversion, the NSLF-6 catalyst achieved a

conversion of 20% at 550 °C, whereas the NSLF-8 catalyst demonstrated a higher

conversion of 35% under the same conditions. However, the NSLF-11 catalysts ex-

hibited a slight decrease in CH4 conversion at the same temperature due to carbon

formation on the catalytic active sites. The same trend was observed for CO2 conver-

sion. It has been observed that the conversion of CH4 was higher than that of CO2,

which can be attributed to side reactions such as the Boudouard reaction and CH4

decomposition. As demonstrated in Figure 4.25(a,b), raising the temperature from

650 to 900 °C enhanced the CO2 and CH4 conversions for all catalysts, in which the

NSLF-8, NSLF-11, and NSLF-15 achieved a conversion of almost 99%. This is because

of increased Ni content in the catalyst, indicating the existence of SMSI between Ni

and lanthanum species. The presence of lanthanum in the support enhances electron

transfer from La3+ to Ni2+ and thus increases the contact between Ni and the sup-

port, suggesting a higher concentration of reducible NiO. All these observations align

with the catalytic performance, particularly NSLF-15, which demonstrated enhanced

catalytic stability and activity. The H2/CO ratio displayed in Figure 4.25f was used

to predict the coexistent secondary reactions that occurred during the catalytic eval-

uation. The increase in the syngas ratio can be primarily attributed to two processes.

Firstly, the Boudouard reaction arises at temperatures below 650 °C, leading to the

production of carbon (C) and CO2. Secondly, the decomposition of CH4 takes place at

temperatures above 650 °C, resulting in the formation of C and H2. These processes

contribute to the higher syngas ratio observed in the catalyst system [242]. Moreover,

110



the formation of carbonaceous species through secondary reactions negatively impacts

catalytic performance. Additionally, the RWGS reaction contributes to a drop in the

syngas ratio. Thermodynamic predictions suggest that this reaction becomes more

pronounced at higher reaction temperatures. This is because the produced H2 is con-

sumed in the reduction of CO2 to CO, resulting in a reduction in the overall syngas

ratio, as observed in the case of NSLF-3 [243]. At reaction temperatures below 700

°C, the experimental results demonstrated that the molar ratio of H2/CO approached

unity, aligning with the desired outcome of an optimal DRM reaction. However, for

all the tested catalysts at higher reaction temperatures, the molar ratio of H2/CO ex-

ceeded 1, except NSLF-3. This indicates that the decomposition of CH4 side reaction

occurred, leading to the production of a higher amount of H2 and causing an increase

in the H2/CO ratio as well as H2 yield, as depicted in Figure 4.25(c, e). Consequently,

the CO yield was reduced, as shown in Figure 4.26 [244]. The measured H2 yield

for the different samples at a temperature of 800 °C followed the order: NSLF-15

(80%) > NSLF-8 (77%) > NSLF-11 (74%) > NSLF-6 (51%) > NSLF-3. Therefore,

among the tested catalysts, the NSLF-15 catalyst demonstrated the most exceptional

performance within the temperature range of 750 to 1000 °C. In contrast, the signif-

icantly low efficiency observed for the NSLF-3 catalyst indicates a limitation in the

development of weak/medium MSI. The inadequate presence of active Ni metals in

the NSLF-3 catalyst hinders its ability to effectively promote catalytic performance,

which reduces the overall efficiency of the catalyst. The differences in catalytic effi-

ciency observed among the catalysts can be attributed to the strength of the activated

metallic NiO species that are formed through the synergistic combination of NiO and
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the SLF framework.

Furthermore, the catalytic stability was evaluated for 28-h TOS at 750 °C, as

depicted in Figure 4.27. The catalysts displayed remarkable stability throughout the

reaction time, with no indications of deactivation, except for NSLF-6 and NSLF-11.

The conversions showed an increasing trend with higher Ni loading up to 15 wt.%,

but a significant decrease was observed for the NSLF-3 (3 wt.% Ni). This difference

can be attributed to the varying number of accessible active sites on the catalyst

surface due to different Ni loadings. However, the NSLF-15 catalyst exhibited excellent

performance, suggesting that 15 wt.% Ni loading is the optimal loading quantity.

However, although NSLF-11 catalyst achieved high CH4 conversions, and smaller CO2

conversions,. This can be attributed to the catalysts’ preference for CH4 dissociation

and weak adsorption of CO2. In contrast, NSLF-3, NSLF-6, and NSLF-8 catalysts

demonstrated high CO2 conversions for the first 14 h of the reaction, likely attributable

to the favorable CO2 adsorption provided by the SLF support, as well as the limited

CH4 dissociation and activation by the catalysts. Additionally, the presence of basic

sites due to the incorporation of La2O3 in the framework can enhance CO2 adsorption,

as illustrated by CO2-TPD. Also, the larger size of Ni particles and poor dispersion of

NSLF-3, NSLF-6, and NSLF-8 catalysts result in fewer exposed active sites compared

to other catalysts, which is illustrated in Figure 4.19 and Table 4.4 and leads to lower

CH4 conversion. On the other hand, NSLF-6 and NSLF-11 catalysts exhibited a

continuous decline in reactant conversion due to carbon formation on the catalytic

active sites. In NSLF-11 and NSLF-15, the conversion of CH4 was higher than that

of CO2, which can be attributed to side reactions such as the Boudouard reaction
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Figure 4.25: Catalytic activity of NSLF-x catalysts: (a) CH4 conversion, (b) CO2

conversion, (c) H2 selectivity, (d) CO selectivity, (e) H2 yield, and (f) H2/CO ratio.
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Figure 4.26: (a) CO yield of NSLF-x catalysts during the activity test under different
reaction temperature, and (b) CO yield of NSLF-x catalysts during the stability test
for 28 h at atmospheric pressure (GHSV=12000 mLg−1

cat.h−1 and CH4:CO2=1).

and CH4 decomposition. These reactions not only produce carbon but also enhance

hydrogen production and reduce CO production. The formation of coke as a result

of these side reactions is the main cause of catalyst deactivation. Additionally, the

feasibility of the WGR at elevated temperatures likely contributes to increased H2

production and decreased CO2 conversion. The highest conversion was achieved by

the NSLF-15 catalyst, reaching 87% for CH4 and 86.7% for CO2 under the same

conditions. These catalysts exhibited high selectivity and yield towards H2 rather

than CO, as shown in Figure 4.27(c-d). The H2/CO ratio for all catalysts (except

NSLF-3) was slightly higher than unity (H2/CO > 1), corresponding to CH4 and CO2

conversions, which has reported in the literature [245][246]. NSLF-3 exhibited a low

H2/CO ratio due to the occurrence of the RWGS reaction. The observed oscillating

patterns in the H2/CO ratio for the catalysts can be attributed to the effect of carbon

formation and elimination during the reaction [247]. The difference in CH4 conversion

among the catalysts can be attributed to variations in coke behavior, which occurs

on the surfaces of Ni particles [248], and is directly linked to the different degrees of
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Ni dispersion on the catalysts. Table 4.5 compares the catalytic performance of the

NSLF-15 catalysts with those reported in the literature, based on SiO2 and La2O3.

Catalysts Temperature CH4 conversion CO2 conversion H2/CO Ref.
(%) (%) Ratio

NSLF-15 T=750 oC 87 86.7 1.6 This work
Ni–La2O3/SiO2 T=700 oC 77 78 0.98 [249]
Ni–La2O3/SiO2 T=700 oC 80 85 0.85 [250]

Ni@SiO2 T=750 oC - - 1.05 [251]
SiO2@Ni@ZrO2 T=700 oC 43.1 48.8 0.76 [252]
Ni/La2O3-LOC T=700 oC 70 75 0.87 [253]

Table 4.5: Comparison of recently synthesized catalysts based on Ni/La2O3 and
Ni/SiO2 for the DRM reaction.

4.3.3 Spent catalysts characterization

A comprehensive study of the spent catalysts was conducted using morphological,

spectral, and physical analyses after the reaction. The catalytic efficiency in the DRM

could be demonstrated by quantifying the formation of coke on the catalysts’ surfaces.

Various forms of carbon, including amorphous, graphitic, and filamentous carbons,

were recognized during the reaction. SEM images of the spent samples, as depicted in

Figure 4.28, reveal the formation of filamentous carbon in the spent samples, except for

NSLF-3, which exhibits slight the presence of accumulated amorphous carbon clusters,

which completely encase the Ni particles with no morphological changes. Figure 4.29

shows TEM images of the spent catalysts collected after 28 h TOS. These images

provide evidence of larger Ni particles resulting from Ni agglomeration caused by

high-temperature sintering. Furthermore, the growth of filamentous carbon led to the

displacement of several Ni particles from the supporting catalyst (SLF). Interestingly,
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Figure 4.27: Catalytic stability of NSLF-x catalysts: (a) CH4 conversion, (b) CO2

conversion, (c) H2 selectivity, (d) CO selectivity, (e) H2 yield, and (f) H2/CO ratio
(conditions: P=1 atm, T=750 oC, GHSV=12000 mLg−1

cat.h−1, t=28 h).
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Figure 4.28: SEM images of the spent catalysts after 28 h DRM reaction period; (a)
NSLF-3, (b) NSLF-6, (c) NSLF-8, (d) NSLF-11, (e) NSLF-15.

some Ni particles can be observed positioned at the ends of the filaments, serving

as evidence of the positive impact of filamentous carbon on Ni dispersion. Despite

an increase in the average size of Ni particles when compared to the fresh catalysts,

this observation highlights the remarkable resilience of the catalysts against sintering.

According to the literature [248], the formation of filamentous carbon is generally not

associated with catalyst deactivation. This can be due to the Ni particles’ dispersion

at the tips of the filamentous carbon, which serves as a stabilizing mechanism, enabling

the catalyst to maintain its activity for an extended period.

The bulk phase of the spent catalysts was identified using XRD (Figure 4.30a).

The diffraction patterns revealed the presence of SiO2, La2O3, and metallic nickel com-

ponents in the spent catalysts. However, all the spent catalysts exhibited a carbon

(graphite) peak at 2θ of 26.5° [254]. These XRD patterns confirmed the formation of

a carbon phase on the spent NSLF-x catalysts during the DRM process. The faint
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Figure 4.29: TEM images of the spent catalysts; (a) NSLF-3, (b) NSLF-6, (c) NSLF-
8, (d) NSLF-11, (e) NSLF-15.

diffraction peak observed at 26.5° indicated a small amount of graphite carbon de-

posited on the catalytic surface. Notably, NSLF-11 demonstrated the most prominent

graphitic peak compared to the other catalysts. The Raman spectra of the spent cat-

alysts, as depicted in Figure 4.30b, provide evidence of the presence of carbon species,

which indicates carbon deposition. The presence of graphite carbon is revealed by the

graphite carbon band (G-band) at 1585 cm−1. Additionally, the disorder-generated

band (D-band) at 1348 cm−1 is associated with the deposition of sp3-bonded carbon.

The intensity of the bands in the spectra reflects the quantity of carbon present, while

the IG/ID serves as an indicator of the degree of graphitization in carbon formations.

Consequently, a higher IG/ID ratio suggests a greater tendency for the rapid forma-

tion of graphitic carbon compared to amorphous carbon. This higher rate of graphitic
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carbon formation increases the catalytic sensitivity to deactivation [255]. The analy-

sis of the Raman spectra ratios shows that graphitic and amorphous carbon coexist

in all the catalysts. Notably, the NSLF-3, NSLF-8, and NSLF-15 catalysts showed

the lowest IG/ID ratio and the smallest areas, with the smallest ratio observed for

NSLF-3. This suggests that there is a minimal amount of carbon deposition on the

NSLF-3, NSLF-8, and NSLF-15 catalysts, which is consistent with the TGA analyses.

This type of carbon deposition exhibits a reduced possibility of deactivation. Figure

4.30c displays the TGA of the spent catalysts, conducted to examine the presence of

coke deposits on the surfaces. The TGA patterns revealed the weight loss acquired

during operation and the amount of carbon produced, which can be eliminated by

oxidation to form CO2. However, the process of weight loss can be divided into three

regions at different temperatures, in which the loss in weight below 200 °C can be at-

tributed to H2O desorption, weight loss in the range of 200-500 °C can be attributed

to the removal of oxidized amorphous carbon, and weight loss above 500 °C can be

attributed to the gasification of graphitic coke. Previous studies have highlighted the

significant influence of Ni size on the regulation of carbon deposits or extraction, in

which smaller Ni crystalline phase catalysts tend to form fewer carbon formations

[256]. Furthermore, the partial oxidation of the NSLF-3 and NSLF-6 catalyst results

in the formation of metal oxides, leading to an increase in peak around 450 oC in

the TGA analysis. NSLF-15 catalyst reveals a small amount of amorphous carbon

accompanied by the presence of graphite carbon, as evidenced by a weight loss above

550 °C. The lower weight loss of NSLF-3, NSLF-8, and NSLF-15 suggests reduced

carbon deposits, indicating improved catalyst stability and resistance to deactivation.
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In addition, the DSC curves of the spent catalysts are shown in Figure 4.30 d. The

curves illustrate the presence of exothermic peaks due to the oxidation of different

carbonaceous species on the catalytic surface in the range of 450-700 °C. The slight

shift observed in the peaks is due to the presence of varying quantities of carbona-

ceous species deposited on the surface, mainly amorphous and graphitic carbon in this

temperature range [257], as supported by XRD and TGA, with NSLF-3 showing the

lowest amount of the graphitic diffraction peak. Figure 4.31 depicts the N2 adsorption-

desorption isotherms and pore size distribution of the spent catalysts. The isotherms

of the spent catalysts closely resemble those of the fresh catalysts, maintaining type

IV isotherms with the presence of hysteresis loops. However, a noticeable decrease in

pore volume and BET surface area was observed in the spent catalysts due to damage

to the porous framework and pore plugging. NSLF-11 exhibited a relatively smaller

impact on pore volume and BET surface area among the spent catalysts, although

the pore size slightly shifted towards larger diameters compared to others. This can

be attributed to the deposition of higher coke over its surface, as confirmed by TGA

(Figure 4.30c). Furthermore, all spent catalysts showed an increase in pore diameter,

likely resulting from pore destruction that produced larger pores. Additionally, the

presence of destructive species led to pore geometry blockage and reduced pore vol-

ume. This larger pore size is crucial for achieving a higher mass transfer coefficient,

enhancing catalytic performance [254]. This study suggests that the fibrous structure

of the SLF support contributed to the catalyst’s high activity and stability, primarily

due to improved Ni dispersion, the presence of basic sites, and SMSI.
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Figure 4.30: (a) XRD diffraction, (b) Raman spectra, (c) TGA profile, and (d) DSC
curves of the spent NSLF-x catalysts.

Figure 4.31: (a) N2 adsorption-desorption isotherms and (b) pore size distributions of
the spent NSLF-x catalysts.
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CHAPTER 5

CONCLUSIONS

In summary, we have developed the synthesis of a unique supported materials, achieved

through a combination of SiO2 with pure La2O3 and ZnO. This incorporation yields

a distinctive core-fibrous shell morphology via microemulsion synthesis method. This

strategy is responsible for enhancing textural properties, strengthening the interaction

between Ni and developed supports, and increasing NiO dispersion. The core of the

structure consists of La2O3 or ZnO, while SiO2 forms the fibrous shell. Nickel species

were subsequently introduced into the synthesized supports (SZF and SLF) using a

wet impregnation approach to obtain Ni-based fibrous silica zinc oxide (NSZF) and

Ni-based fibrous silica lanthanum oxide (NSLF) catalysts with varying Ni loading.

The developed catalytic systems were tested for the DRM reaction. The influence of

the amount of Ni loaded onto the SLF was evaluated to understand its influence on

various factors such as structural durability, metal diffusion, active metal size, MSI,

and accessibility of Ni NPs. Incorporating Ni and ZnO into the fibrous silica framework

proved to be critical, significantly enriching the OV on the catalyst surface. This

alleviates Ni particle agglomeration and carbon deposition, as observed in the case of
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the NSZF-10 and NSZF-15 catalysts. This incorporation also improves the textural

properties and morphological structure of the 10 wt.% and 15 wt.% impregnated Ni

over the SZF co-supportted catalyst, resulting in SMSI, highly dispersed nickel over

the SZF framework, and small Ni NP sizes. Therefore, these improved physicochemical

properties play a critical role in boosting the NSZF-10 and NSZF-15 efficiency in DRM,

exhibiting significantly high activity and stability. The conversion of CO2 and CH4

for the NSZF-10 catalyst reached 74% and 82%, respectively, while for NSZF-15, it

reached 88.7% at the beginning of the reaction and 87% during the 40-h TOS at 750°C,

with a high H2/CO ratio, without any sign of catalytic deactivation. Also, NSZF-10

and NSZF-15 catalysts exhibited minimal carbon deposition with negligible impact

on its stability and without any morphological changes after the reaction period.

Conversely, NSZF-3 showed a sign of deactivation after 37 h due to coke deposition

influenced by its surface oxygen mobility, OV , and metal sintering, with the lowest

surface area and Ni particle size influencing Ni sintering. Additionally, among the

tested NSLF-x catalysts, the NSLF-15 catalyst exhibited exceptional performance,

efficiency, and stability in the DRM process, achieving conversions of CO2 (86.7%)

and CH4 (87%) without signs of deactivation even after 28 h of TOS. The addition

of 15 wt.% Ni was identified as the optimal and most favorable Ni content for SLF.

The characterization data provided evidence that the NSLF-15 catalyst exhibited a

uniform dispersion of nickel species, resulting in a high number of active sites of

metallic NiO. This favorable distribution of active sites facilitated the mass transfer of

gaseous CH4/CO2 within the catalyst. The uniform dispersion of the active phase has

been proposed to be improved by the SMSI in the NSLF-15 catalyst, as demonstrated
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by H2-TPR. This interaction played a crucial role in maintaining the active NiO phase

in a reduced state, leading to improved performance in the DRM. The enhanced NiO

dispersion decreases the graphitic coke deposition and minimizes the production of

non-filamentous coke, which affect catalyst performance. Taken together, the surface

engineering optimization based on the core-fibrous shell structure of SZF and SLF

show promise for high-performance DRM. Hence, this finding presents the NSZF-10,

NSZF-15, and NSLF-15 catalyst for high-performance DRM and offers applicability

for producing high-efficiency catalytic systems. With additional optimization of the

material components and the amount of ZnO and La2O3 incorporated, it is expected

that the design of their structure will be further enhanced and applied in DRM.

124



REFERENCES

[1] Y. Sun, G. Zhang, Y. Xu, and R. Zhang, “Dry reforming of methane over co-

ce-m/ac-n catalyst: Effect of promoters (ca and mg) and preparation method

on catalytic activity and stability,” international journal of hydrogen energy,

vol. 44, no. 41, pp. 22 972–22 982, 2019.

[2] X. Zhang, Y. Shen, Y. Liu, J. Zheng, J. Deng, T. Yan, D. Cheng, and D. Zhang,

“Unraveling the unique promotion effects of a triple interface in ni catalysts for

methane dry reforming,” Industrial & Engineering Chemistry Research, vol. 62,

no. 12, pp. 4965–4975, 2023.

[3] C. M. Damaskinos, M. A. Vasiliades, V. N. Stathopoulos, and A. M. Efstathiou,

“The effect of ceo2 preparation method on the carbon pathways in the dry

reforming of methane on ni/ceo2 studied by transient techniques,” Catalysts,

vol. 9, no. 7, p. 621, 2019.

[4] N. A. K. Aramouni, J. G. Touma, B. A. Tarboush, J. Zeaiter, and M. N. Ahmad,

“Catalyst design for dry reforming of methane: Analysis review,” Renewable and

Sustainable Energy Reviews, vol. 82, pp. 2570–2585, 2018.

125



[5] W. Ahmad, M. N. Younis, R. Shawabkeh, and S. Ahmed, “Synthesis of lan-

thanide series (la, ce, pr, eu & gd) promoted ni/γ-al2o3 catalysts for methana-

tion of co2 at low temperature under atmospheric pressure,” Catalysis Commu-

nications, vol. 100, pp. 121–126, 2017.

[6] N. F. Attia, M. Jung, J. Park, H. Jang, K. Lee, and H. Oh, “Flexible nanoporous

activated carbon cloth for achieving high h2, ch4, and co2 storage capacities

and selective co2/ch4 separation,” Chemical Engineering Journal, vol. 379, p.

122367, 2020.

[7] I. B. Banković-Ilić, M. R. Miladinović, O. S. Stamenković, and V. B. Veljković,

“Application of nano cao–based catalysts in biodiesel synthesis,” Renewable and

Sustainable Energy Reviews, vol. 72, pp. 746–760, 2017.

[8] M. Ouikhalfan, O. Lakbita, A. Delhali, A. H. Assen, and Y. Belmabkhout,

“Toward net-zero emission fertilizers industry: greenhouse gas emission analyses

and decarbonization solutions,” Energy & Fuels, vol. 36, no. 8, pp. 4198–4223,

2022.

[9] T. Stocker, Climate change 2013: the physical science basis: Working Group I

contribution to the Fifth assessment report of the Intergovernmental Panel on

Climate Change. Cambridge university press, 2014.

[10] R. A. Betts, C. D. Jones, J. R. Knight, R. F. Keeling, and J. J. Kennedy, “El

niño and a record co2 rise,” Nature Climate Change, vol. 6, no. 9, pp. 806–810,

2016.

126



[11] C. Pizzolitto, E. Pupulin, F. Menegazzo, E. Ghedini, A. Di Michele,

M. Mattarelli, G. Cruciani, and M. Signoretto, “Nickel based catalysts for

methane dry reforming: Effect of supports on catalytic activity and stability,”

International Journal of Hydrogen Energy, vol. 44, no. 52, pp. 28 065–28 076,

2019.

[12] J. Tollefson, “Covid curbed 2020 carbon emissions-but not by much,” Nature,

vol. 589, no. 343, 2021.

[13] R. O. Yusuf, Z. Z. Noor, A. H. Abba, M. A. A. Hassan, and M. F. M. Din,

“Methane emission by sectors: a comprehensive review of emission sources and

mitigation methods,” Renewable and Sustainable Energy Reviews, vol. 16, no. 7,

pp. 5059–5070, 2012.

[14] B. Raco, R. Battaglini, and M. Lelli, “Gas emission into the atmosphere from

controlled landfills: an example from legoli landfill (tuscany, italy),” Environ-

mental Science and Pollution Research, vol. 17, pp. 1197–1206, 2010.

[15] A. Johari, S. I. Ahmed, H. Hashim, H. Alkali, and M. Ramli, “Economic and

environmental benefits of landfill gas from municipal solid waste in malaysia,”

Renewable and Sustainable Energy Reviews, vol. 16, no. 5, pp. 2907–2912, 2012.

[16] G. Karavalakis, T. D. Durbin, M. Villela, and J. W. Miller, “Air pollutant

emissions of light-duty vehicles operating on various natural gas compositions,”

Journal of Natural Gas Science and Engineering, vol. 4, pp. 8–16, 2012.

127



[17] J. H. Lunsford, “Catalytic conversion of methane to more useful chemicals and

fuels: a challenge for the 21st century,” Catalysis today, vol. 63, no. 2-4, pp.

165–174, 2000.

[18] M. M. Awad, E. Kotob, O. A. Taialla, I. Hussain, S. A. Ganiyu, and K. Al-

hooshani, “Recent developments and current trends on catalytic dry reforming

of methane: Hydrogen production, thermodynamics analysis, techno feasibil-

ity, and machine learning,” Energy Conversion and Management, vol. 304, p.

118252, 2024.

[19] N. Yang and R. Wang, “Sustainable technologies for the reclamation of green-

house gas co2,” Journal of Cleaner Production, vol. 103, pp. 784–792, 2015.

[20] Y. J. Asencios and E. M. Assaf, “Combination of dry reforming and partial

oxidation of methane on nio–mgo–zro2 catalyst: Effect of nickel content,” Fuel

processing technology, vol. 106, pp. 247–252, 2013.

[21] J. Fan, L. Zhu, P. Jiang, L. Li, and H. Liu, “Comparative exergy analysis of

chemical looping combustion thermally coupled and conventional steam methane

reforming for hydrogen production,” Journal of cleaner production, vol. 131, pp.

247–258, 2016.

[22] V. Palma, A. Ricca, E. Meloni, M. Martino, M. Miccio, and P. Ciambelli, “Ex-

perimental and numerical investigations on structured catalysts for methane

steam reforming intensification,” Journal of Cleaner Production, vol. 111, pp.

217–230, 2016.

128



[23] A. D. Shejale and G. D. Yadav, “Cu promoted ni-co/hydrotalcite catalyst for

improved hydrogen production in comparison with several modified ni-based

catalysts via steam reforming of ethanol,” International Journal of Hydrogen

Energy, vol. 42, no. 16, pp. 11 321–11 332, 2017.

[24] A. M. Ranjekar and G. D. Yadav, “Steam reforming of methanol for hydrogen

production: A critical analysis of catalysis, processes, and scope,” Industrial &

Engineering Chemistry Research, vol. 60, no. 1, pp. 89–113, 2021.

[25] A. D. Shejale and G. D. Yadav, “Noble metal promoted ni–cu/la 2 o 3–mgo

catalyst for renewable and enhanced hydrogen production via steam reforming

of bio-based n-butanol: effect of promotion with pt, ru and pd on catalytic

activity and selectivity,” Clean Technologies and Environmental Policy, vol. 21,

pp. 1323–1339, 2019.

[26] A. M. Alhassan, I. Hussain, O. A. Taialla, M. M. Awad, A. Tanimu, K. Al-

hooshani, and S. A. Ganiyu, “Advances in catalytic dry reforming of methane

(drm): emerging trends, current challenges, and future perspectives,” Journal

of Cleaner Production, p. 138638, 2023.

[27] D. Fraenkel, R. Levitan, and M. Levy, “Solar thermochemical pipe based on the

co/sub 2/-ch/sub 4/(1: 1) system,” Int. J. Hydrogen Energy;(United States),

vol. 11, no. 4, 1986.

[28] J. Xu, W. Zhou, Z. Li, J. Wang, and J. Ma, “Biogas reforming for hydrogen

production over nickel and cobalt bimetallic catalysts,” International Journal of

129



Hydrogen Energy, vol. 34, no. 16, pp. 6646–6654, 2009.

[29] J. Dou, R. Zhang, X. Hao, Z. Bao, T. Wu, B. Wang, and F. Yu, “Sandwiched

sio2@ ni@ zro2 as a coke resistant nanocatalyst for dry reforming of methane,”

Applied Catalysis B: Environmental, vol. 254, pp. 612–623, 2019.

[30] A. Wolfbeisser, O. Sophiphun, J. Bernardi, J. Wittayakun, K. Föttinger, and

G. Rupprechter, “Methane dry reforming over ceria-zirconia supported ni cata-

lysts,” Catalysis Today, vol. 277, pp. 234–245, 2016.

[31] S. Corthals, J. Van Nederkassel, J. Geboers, H. De Winne, J. Van Noyen,

B. Moens, B. Sels, and P. Jacobs, “Influence of composition of mgal2o4 sup-

ported niceo2zro2 catalysts on coke formation and catalyst stability for dry

reforming of methane,” Catalysis today, vol. 138, no. 1-2, pp. 28–32, 2008.

[32] A. S. Farooqi, M. Yusuf, N. A. M. Zabidi, R. Saidur, K. Sanaullah, A. S. Farooqi,

A. Khan, and B. Abdullah, “A comprehensive review on improving the produc-

tion of rich-hydrogen via combined steam and co2 reforming of methane over

ni-based catalysts,” International Journal of Hydrogen Energy, vol. 46, no. 60,

pp. 31 024–31 040, 2021.

[33] M. Usman, W. W. Daud, and H. F. Abbas, “Dry reforming of methane: Influence

of process parameters—a review,” Renewable and Sustainable Energy Reviews,

vol. 45, pp. 710–744, 2015.

[34] M. A. Naeem, A. S. Al-Fatesh, A. H. Fakeeha, and A. E. Abasaeed, “Hydrogen

production from methane dry reforming over nickel-based nanocatalysts using

130



surfactant-assisted or polyol method,” International Journal of Hydrogen En-

ergy, vol. 39, no. 30, pp. 17 009–17 023, 2014.

[35] Z. Liu, D. C. Grinter, P. G. Lustemberg, T.-D. Nguyen-Phan, Y. Zhou, S. Luo,

I. Waluyo, E. J. Crumlin, D. J. Stacchiola, J. Zhou et al., “Dry reforming of

methane on a highly-active ni-ceo2 catalyst: effects of metal-support interactions

on c- h bond breaking,” Angewandte Chemie International Edition, vol. 55,

no. 26, pp. 7455–7459, 2016.

[36] M. Liao, Y. Chen, M. Chen, K. H. Lim, Z. Li, H. Wu, X. He, Q. Zhou, and

S. Kawi, “Ceo2 nanorod@ niphy core-shell catalyst for methane dry reform-

ing: Effect of simultaneous sintering prevention of ceo2 support and active ni,”

ChemCatChem, vol. 14, no. 21, p. e202200762, 2022.

[37] S. Chen, J. Zaffran, and B. Yang, “Descriptor design in the computational

screening of ni-based catalysts with balanced activity and stability for dry re-

forming of methane reaction,” ACS Catalysis, vol. 10, no. 5, pp. 3074–3083,

2020.

[38] K. Y. Kim, J. H. Lee, H. Lee, W. Y. Noh, E. H. Kim, E. C. Ra, S. K. Kim,

K. An, and J. S. Lee, “Layered double hydroxide-derived intermetallic ni3gac0.

25 catalysts for dry reforming of methane,” ACS Catalysis, vol. 11, no. 17, pp.

11 091–11 102, 2021.

[39] A. Jamsaz, N. Pham-Ngoc, M. Wang, D. H. Jeong, E.-S. Oh, and E. W. Shin,

“Synergistic effect of macroporosity and crystallinity on catalyst deactivation

131



behavior over macroporous ni/cexzr1-xo2–al2o3 for dry reforming of methane,”

Chemical Engineering Journal, vol. 476, p. 146821, 2023.

[40] Ş. Özkara-Aydınoğlu, E. Özensoy, and A. E. Aksoylu, “The effect of impreg-

nation strategy on methane dry reforming activity of ce promoted pt/zro2,”

international journal of hydrogen energy, vol. 34, no. 24, pp. 9711–9722, 2009.

[41] X. Fang, C. Peng, H. Peng, W. Liu, X. Xu, X. Wang, C. Li, and W. Zhou,

“Methane dry reforming over coke-resistant mesoporous ni-al2o3 catalysts pre-

pared by evaporation-induced self-assembly method,” ChemCatChem, vol. 7,

no. 22, pp. 3753–3762, 2015.

[42] C. C. Chong, Y. W. Cheng, M. B. Bahari, L. P. Teh, S. Z. Abidin, and H. D.

Setiabudi, “Development of nanosilica-based catalyst for syngas production via

co2 reforming of ch4: A review,” International Journal of Hydrogen Energy,

vol. 46, no. 48, pp. 24 687–24 708, 2021.

[43] Y. Vafaeian, M. Haghighi, and S. Aghamohammadi, “Ultrasound assisted dis-

persion of different amount of ni over zsm-5 used as nanostructured catalyst

for hydrogen production via co2 reforming of methane,” Energy conversion and

management, vol. 76, pp. 1093–1103, 2013.

[44] N. El Hassan, M.-N. Kaydouh, H. Geagea, H. El Zein, K. Jabbour, S. Casale,

H. El Zakhem, and P. Massiani, “Low temperature dry reforming of methane on

rhodium and cobalt based catalysts: Active phase stabilization by confinement

132



in mesoporous sba-15,” Applied Catalysis A: General, vol. 520, pp. 114–121,

2016.

[45] C. Wang, X. Jie, Y. Qiu, Y. Zhao, H. A. Al-Megren, S. Alshihri, P. P. Edwards,

and T. Xiao, “The importance of inner cavity space within ni@ sio2 nanocapsule

catalysts for excellent coking resistance in the high-space-velocity dry reforming

of methane,” Applied Catalysis B: Environmental, vol. 259, p. 118019, 2019.

[46] Z. Ozaydin, S. Yasyerli, and G. Dogu, “Synthesis and activity comparison of

copper-incorporated mcm-41-type sorbents prepared by one-pot and impregna-

tion procedures for h2s removal,” Industrial & engineering chemistry research,

vol. 47, no. 4, pp. 1035–1042, 2008.

[47] V. Polshettiwar, D. Cha, X. Zhang, and J. M. Basset, “High-surface-area silica

nanospheres (kcc-1) with a fibrous morphology,” Angewandte Chemie Interna-

tional Edition, vol. 49, no. 50, pp. 9652–9656, 2010.

[48] X. Fang, J. Zhang, J. Liu, C. Wang, Q. Huang, X. Xu, H. Peng, W. Liu,

X. Wang, and W. Zhou, “Methane dry reforming over ni/mg-al-o: on the signif-

icant promotional effects of rare earth ce and nd metal oxides,” Journal of CO2

Utilization, vol. 25, pp. 242–253, 2018.

[49] J. Rostrupnielsen and J. B. Hansen, “Co2-reforming of methane over transition

metals,” Journal of Catalysis, vol. 144, no. 1, pp. 38–49, 1993.

[50] M. Soria, C. Mateos-Pedrero, A. Guerrero-Ruiz, and I. Rodríguez-Ramos,

“Thermodynamic and experimental study of combined dry and steam reform-

133



ing of methane on ru/zro2-la2o3 catalyst at low temperature,” International

Journal of hydrogen energy, vol. 36, no. 23, pp. 15 212–15 220, 2011.

[51] Y. H. Hu and E. Ruckenstein, “Binary mgo-based solid solution catalysts for

methane conversion to syngas,” Catalysis Reviews, vol. 44, no. 3, pp. 423–453,

2002.

[52] S. Singh, D. Zubenko, and B. A. Rosen, “Influence of lanio3 shape on its solid-

phase crystallization into coke-free reforming catalysts,” ACS Catalysis, vol. 6,

no. 7, pp. 4199–4205, 2016.

[53] G. Moradi, M. Rahmanzadeh, and F. Khosravian, “The effects of partial sub-

stitution of ni by zn in lanio3 perovskite catalyst for methane dry reforming,”

Journal of CO2 Utilization, vol. 6, pp. 7–11, 2014.

[54] S. M. Masoom Nataj, S. M. Alavi, and G. Mazloom, “Catalytic performance of

ni supported on zno-al2o3 composites with different zn content in methane dry

reforming,” Journal of Chemical Technology & Biotechnology, vol. 94, no. 4, pp.

1305–1314, 2019.

[55] S. Sokolov, J. Radnik, M. Schneider, and U. Rodemerck, “Low-temperature co2

reforming of methane over ni supported on znal mixed metal oxides,” Interna-

tional Journal of Hydrogen Energy, vol. 42, no. 15, pp. 9831–9839, 2017.

[56] C. Anjaneyulu, L. O. da Costa, M. C. Ribeiro, R. C. Rabelo-Neto, L. V. Mattos,

A. Venugopal, and F. B. Noronha, “Effect of zn addition on the performance of

134



ni/al2o3 catalyst for steam reforming of ethanol,” Applied Catalysis A: General,

vol. 519, pp. 85–98, 2016.

[57] M.-N. Chen, D.-Y. Zhang, L. T. Thompson, and Z.-F. Ma, “Catalytic properties

of ag promoted zno/al2o3 catalysts for hydrogen production by steam reforming

of ethanol,” International journal of hydrogen energy, vol. 36, no. 13, pp. 7516–

7522, 2011.

[58] J.-H. Park, S. Yeo, T.-J. Kang, H.-R. Shin, I. Heo, and T.-S. Chang, “Effect

of zn promoter on catalytic activity and stability of co/zro2 catalyst for dry

reforming of ch4,” Journal of CO2 Utilization, vol. 23, pp. 10–19, 2018.

[59] S. Gao, Y. Li, W. Guo, X. Ding, L. Zheng, L. Wu, H. Yan, and Y. Wang,

“Morphology effect of ceria support with hierarchical structure on the catalytic

performance for nickel-based catalysts in dry reforming of methane,” Molecular

Catalysis, vol. 533, p. 112766, 2022.

[60] P. K. Chaudhary and G. Deo, “Influence of particle size and metal-support

interaction on the catalytic performance of ni-al2o3 catalysts for the dry and

oxidative-dry reforming of methane,” Colloids and Surfaces A: Physicochemical

and Engineering Aspects, vol. 646, p. 128973, 2022.

[61] Y. Kwon, J. E. Eichler, and C. B. Mullins, “Nial2o4 as a beneficial precursor for

ni/al2o3 catalysts for the dry reforming of methane,” Journal of CO2 Utilization,

vol. 63, p. 102112, 2022.

135



[62] L. Qin, Z. Hu, M. Hu, B. Zhao, L. Kong, W. Chen, and J. Han, “Edta impregna-

tion assisted synthesis of nickel nanoparticles embedded in activated carbon and

its application for dry reforming of methane,” International Journal of Hydrogen

Energy, vol. 48, no. 36, pp. 13 442–13 451, 2023.

[63] X. Liu, L. Zhang, X. Zheng, Y. Zhang, D. He, and Y. Luo, “Highly dispersed

ni/al2o3 catalysts for dry reforming of methane prepared by alkaline-induced

adsorption process,” International Journal of Hydrogen Energy, vol. 47, no. 72,

pp. 30 937–30 949, 2022.

[64] Y. Chai, Y. Fu, H. Feng, W. Kong, C. Yuan, B. Pan, J. Zhang, and Y. Sun,

“A nickel-based perovskite catalyst with a bimodal size distribution of nickel

particles for dry reforming of methane,” ChemCatChem, vol. 10, no. 9, pp.

2078–2086, 2018.

[65] Z. Hou, P. Chen, H. Fang, X. Zheng, and T. Yashima, “Production of synthesis

gas via methane reforming with co2 on noble metals and small amount of noble-

(rh-) promoted ni catalysts,” International journal of hydrogen energy, vol. 31,

no. 5, pp. 555–561, 2006.

[66] Y. Li, Y. Wang, X. Zhang, X. Ding, Z. Liu, R. Zhu, L. Wu, and L. Zheng,

“Ni supported on natural clay of palygorskite as catalyst for dry reforming

of methane: thermodynamic analysis and impacts of preparation methods,”

International Journal of Hydrogen Energy, vol. 47, no. 48, pp. 20 851–20 866,

2022.

136



[67] H. Lu and Q. Jiang, “Size-dependent surface energies of nanocrystals,” The

Journal of Physical Chemistry B, vol. 108, no. 18, pp. 5617–5619, 2004.

[68] N. Laosiripojana and S. Assabumrungrat, “Catalytic dry reforming of methane

over high surface area ceria,” Applied Catalysis B: Environmental, vol. 60, no.

1-2, pp. 107–116, 2005.

[69] L. Lyu, M. Shengene, Q. Ma, J. Sun, X. Gao, H. Fan, J. Zhang, and T.-S. Zhao,

“Synergy of macro-meso bimodal pore and ni-co alloy for enhanced stability in

dry reforming of methane,” Fuel, vol. 310, p. 122375, 2022.

[70] A. Owgi, A. Jalil, M. Aziz, W. Nabgan, N. Hassan, I. Hussain, M. Alhassan,

A. Hatta, and M. Hamid, “The preferable ni quantity to boost the performance

of fsa for dry reforming of methane,” Fuel, vol. 332, p. 126124, 2023.

[71] D. Liu, R. Lau, A. Borgna, and Y. Yang, “Carbon dioxide reforming of methane

to synthesis gas over ni-mcm-41 catalysts,” Applied Catalysis A: General, vol.

358, no. 2, pp. 110–118, 2009.

[72] A. Quindimil, U. De-La-Torre, B. Pereda-Ayo, J. A. González-Marcos, and J. R.

González-Velasco, “Ni catalysts with la as promoter supported over y-and beta-

zeolites for co2 methanation,” Applied Catalysis B: Environmental, vol. 238, pp.

393–403, 2018.

[73] A. W. Budiman, S.-H. Song, T.-S. Chang, C.-H. Shin, and M.-J. Choi, “Dry

reforming of methane over cobalt catalysts: a literature review of catalyst de-

velopment,” Catalysis Surveys from Asia, vol. 16, pp. 183–197, 2012.

137



[74] T. S. Phan, A. R. Sane, B. R. de Vasconcelos, A. Nzihou, P. Sharrock,

D. Grouset, and D. P. Minh, “Hydroxyapatite supported bimetallic cobalt and

nickel catalysts for syngas production from dry reforming of methane,” Applied

catalysis B: environmental, vol. 224, pp. 310–321, 2018.

[75] J. Ni, L. Chen, J. Lin, and S. Kawi, “Carbon deposition on borated alumina

supported nano-sized ni catalysts for dry reforming of ch4,” Nano Energy, vol. 1,

no. 5, pp. 674–686, 2012.

[76] A. E. Abasaeed, M. S. Lanre, S. O. Kasim, A. A. Ibrahim, A. I. Osman, A. H.

Fakeeha, A. Alkhalifa, R. Arasheed, F. Albaqi, N. S. Kumar et al., “Syngas

production from methane dry reforming via optimization of tungsten trioxide-

promoted mesoporous γ-alumina supported nickel catalyst,” International Jour-

nal of Hydrogen Energy, vol. 48, no. 68, pp. 26 492–26 505, 2023.

[77] I. Hussain, A. Jalil, S. Izan, M. Azami, K. Kidam, N. Ainirazali, and A. Ripin,

“Thermodynamic and experimental explorations of co2 methanation over highly

active metal-free fibrous silica-beta zeolite (fs@ sio2-bea) of innovative morphol-

ogy,” Chemical Engineering Science, vol. 229, p. 116015, 2021.

[78] A. Owgi, A. Jalil, I. Hussain, H. Hambali, and W. Nabgan, “Enhancing re-

sistance of carbon deposition and reaction stability over nickel loaded fibrous

silica-alumina (ni/fsa) for dry reforming of methane,” International Journal of

Hydrogen Energy, vol. 47, no. 100, pp. 42 250–42 265, 2022.

138



[79] G. Schwab and K. Koller, “Combined action of metal and semiconductor cata-

lysts,” Journal of the American Chemical Society, vol. 90, no. 12, pp. 3078–3080,

1968.

[80] S. Tauster, “Strong metal-support interactions,” Accounts of Chemical Research,

vol. 20, no. 11, pp. 389–394, 1987.

[81] Q. Jia, S. Ghoshal, J. Li, W. Liang, G. Meng, H. Che, S. Zhang, Z.-F. Ma,

and S. Mukerjee, “Metal and metal oxide interactions and their catalytic con-

sequences for oxygen reduction reaction,” Journal of the American Chemical

Society, vol. 139, no. 23, pp. 7893–7903, 2017.

[82] P. Kast, M. Friedrich, F. Girgsdies, J. Kröhnert, D. Teschner, T. Lunkenbein,

M. Behrens, and R. Schlögl, “Strong metal-support interaction and alloying in

pd/zno catalysts for co oxidation,” Catalysis today, vol. 260, pp. 21–31, 2016.

[83] Z.-H. Qin, M. Lewandowski, Y.-N. Sun, S. Shaikhutdinov, and H.-J. Freund,

“Encapsulation of pt nanoparticles as a result of strong metal- support interac-

tion with fe3o4 (111),” The Journal of Physical Chemistry C, vol. 112, no. 27,

pp. 10 209–10 213, 2008.

[84] F. Silly and M. R. Castell, “Encapsulated pd nanocrystals supported by

nanoline-structured srtio3 (001),” The Journal of Physical Chemistry B, vol.

109, no. 25, pp. 12 316–12 319, 2005.

[85] M. Abdollahifar, M. Haghighi, and A. A. Babaluo, “Syngas production via dry

reforming of methane over ni/al2o3–mgo nanocatalyst synthesized using ultra-

139



sound energy,” Journal of Industrial and Engineering Chemistry, vol. 20, no. 4,

pp. 1845–1851, 2014.

[86] D. Pakhare and J. Spivey, “A review of dry (co 2) reforming of methane over

noble metal catalysts,” Chemical Society Reviews, vol. 43, no. 22, pp. 7813–7837,

2014.

[87] R. Dębek, M. Motak, M. E. Galvez, T. Grzybek, and P. Da Costa, “Promotion

effect of zirconia on mg (ni, al) o mixed oxides derived from hydrotalcites in co2

methane reforming,” Applied Catalysis B: Environmental, vol. 223, pp. 36–46,

2018.

[88] J. W. Han, J. S. Park, M. S. Choi, and H. Lee, “Uncoupling the size and

support effects of ni catalysts for dry reforming of methane,” Applied Catalysis

B: Environmental, vol. 203, pp. 625–632, 2017.

[89] Y. Cao, M. Lu, J. Fang, L. Shi, and D. Zhang, “Hexagonal boron nitride sup-

ported mesosio 2-confined ni catalysts for dry reforming of methane,” Chemical

communications, vol. 53, no. 54, pp. 7549–7552, 2017.

[90] Y. Beltrán, C. Fernández, G. Pecchi, and R. Jiménez, “Dry reforming of methane

on grafted-supported rh catalysts: effect of the metal-support interaction on the

reaction rate,” Reaction Kinetics, Mechanisms and Catalysis, vol. 120, pp. 459–

475, 2017.

[91] F. C. Tompkins, “Superficial chemistry and solid imperfections,” Nature, vol.

186, no. 4718, pp. 3–6, 1960.

140



[92] M. Gerosa, C. E. Bottani, L. Caramella, G. Onida, C. Di Valentin, and G. Pac-

chioni, “Defect calculations in semiconductors through a dielectric-dependent

hybrid dft functional: The case of oxygen vacancies in metal oxides,” The Jour-

nal of chemical physics, vol. 143, no. 13, 2015.

[93] Y. Gambo, A. Jalil, S. Triwahyono, and A. Abdulrasheed, “Recent advances and

future prospect in catalysts for oxidative coupling of methane to ethylene: A

review,” Journal of industrial and engineering chemistry, vol. 59, pp. 218–229,

2018.

[94] H. Ay and D. Üner, “Dry reforming of methane over ceo2 supported ni, co and

ni–co catalysts,” Applied Catalysis B: Environmental, vol. 179, pp. 128–138,

2015.

[95] C. C. Chong, Y. W. Cheng, M. B. Bahari, L. P. Teh, S. Z. Abidin, and H. D.

Setiabudi, “Development of nanosilica-based catalyst for syngas production via

co2 reforming of ch4: A review,” International Journal of Hydrogen Energy,

vol. 46, no. 48, pp. 24 687–24 708, 2021.

[96] Z. Li, M. Li, Z. Bian, Y. Kathiraser, and S. Kawi, “Design of highly stable and

selective core/yolk–shell nanocatalysts—a review,” Applied Catalysis B: Envi-

ronmental, vol. 188, pp. 324–341, 2016.

[97] R. O. Da Fonseca, A. R. Ponseggi, R. C. Rabelo-Neto, R. C. Simoes, L. V.

Mattos, and F. B. Noronha, “Controlling carbon formation over ni/ceo2 catalyst

141



for dry reforming of ch4 by tuning ni crystallite size and oxygen vacancies of the

support,” Journal of CO2 Utilization, vol. 57, p. 101880, 2022.

[98] S. Tauster, S. Fung, R. Baker, and J. Horsley, “Strong interactions in supported-

metal catalysts,” Science, vol. 211, no. 4487, pp. 1121–1125, 1981.

[99] X. Liu, M.-H. Liu, Y.-C. Luo, C.-Y. Mou, S. D. Lin, H. Cheng, J.-M. Chen, J.-F.

Lee, and T.-S. Lin, “Strong metal–support interactions between gold nanopar-

ticles and zno nanorods in co oxidation,” Journal of the American Chemical

Society, vol. 134, no. 24, pp. 10 251–10 258, 2012.

[100] D. Widmann, Y. Liu, F. Schüth, and R. J. Behm, “Support effects in the au-

catalyzed co oxidation–correlation between activity, oxygen storage capacity,

and support reducibility,” Journal of Catalysis, vol. 276, no. 2, pp. 292–305,

2010.

[101] E. G. Mahoney, J. M. Pusel, S. M. Stagg-Williams, and S. Faraji, “The effects

of pt addition to supported ni catalysts on dry (co2) reforming of methane to

syngas,” Journal of CO2 Utilization, vol. 6, pp. 40–44, 2014.

[102] Y. O. Sokefun, J. Trottier, M. M. Yung, B. Joseph, and J. N. Kuhn, “Low

temperature dry reforming of methane using ru-ni-mg/ceria-zirconia catalysts:

Effect of ru loading and reduction temperature,” Applied Catalysis A: General,

vol. 645, p. 118842, 2022.

142



[103] A. M. Gadalla and B. Bower, “The role of catalyst support on the activity of

nickel for reforming methane with co2,” Chemical Engineering Science, vol. 43,

no. 11, pp. 3049–3062, 1988.

[104] C. Q. Pham, A. N. T. Cao, P. T. Phuong, T. T. V. Tran, T. H. Trinh, D.-V. N.

Vo, T. P. T. Bui, T. M. Nguyen et al., “Enhancement of syngas production from

dry reforming of methane over co/al2o3 catalyst: insight into the promotional

effects of europium and neodymium,” Journal of the Energy Institute, vol. 105,

pp. 314–322, 2022.

[105] B. M. Al-Swai, N. Osman, M. S. Alnarabiji, A. A. Adesina, and B. Abdul-

lah, “Syngas production via methane dry reforming over ceria–magnesia mixed

oxide-supported nickel catalysts,” Industrial & Engineering Chemistry Research,

vol. 58, no. 2, pp. 539–552, 2018.

[106] F. A. Al-Doghachi and Y. H. Taufiq-Yap, “Co2 reforming of methane over

ni/mgo catalysts promoted with zr and la oxides,” ChemistrySelect, vol. 3, no. 2,

pp. 816–827, 2018.

[107] M. D. Susman, S. Chinta, and J. D. Rimer, “High-index (ni, mg) o crystallization

during molten salt synthesis,” Chemistry of Materials, vol. 33, no. 9, pp. 3155–

3163, 2021.

[108] L. Azancot, L. F. Bobadilla, J. L. Santos, J. M. Córdoba, M. A. Centeno, and

J. A. Odriozola, “Influence of the preparation method in the metal-support

interaction and reducibility of ni-mg-al based catalysts for methane steam re-

143



forming,” International Journal of Hydrogen Energy, vol. 44, no. 36, pp. 19 827–

19 840, 2019.

[109] B. Abdullah, N. A. Abd Ghani, and D.-V. N. Vo, “Recent advances in dry

reforming of methane over ni-based catalysts,” Journal of Cleaner Production,

vol. 162, pp. 170–185, 2017.

[110] B. C. Ekeoma, M. Yusuf, K. Johari, and B. Abdullah, “Mesoporous silica sup-

ported ni-based catalysts for methane dry reforming: A review of recent studies,”

International Journal of Hydrogen Energy, vol. 47, no. 98, pp. 41 596–41 620,

2022.

[111] S. Sokolov, E. V. Kondratenko, M.-M. Pohl, A. Barkschat, and U. Rodemerck,

“Stable low-temperature dry reforming of methane over mesoporous la2o3-zro2

supported ni catalyst,” Applied Catalysis B: Environmental, vol. 113, pp. 19–30,

2012.

[112] Q. Song, R. Ran, X. Wu, Z. Si, and D. Weng, “Dry reforming of methane

over ni catalysts supported on micro-and mesoporous silica,” Journal of CO2

Utilization, vol. 68, p. 102387, 2023.

[113] A. Ashcroft, A. Cheetham, M. Green, and P. Vernon, “Partial oxidation of

methane to synthesis gas using carbon dioxide,” Nature, vol. 352, no. 6332, pp.

225–226, 1991.

[114] J. Rostrupnielsen and J. B. Hansen, “Co2-reforming of methane over transition

metals,” Journal of Catalysis, vol. 144, no. 1, pp. 38–49, 1993.

144



[115] A. E. C. Luna and M. E. Iriarte, “Carbon dioxide reforming of methane over

a metal modified ni-al2o3 catalyst,” Applied Catalysis A: General, vol. 343, no.

1-2, pp. 10–15, 2008.

[116] C. E. Quincoces, S. P. de Vargas, P. Grange, and M. G. González, “Role of mo

in co2 reforming of ch4 over mo promoted ni/al2o3 catalysts,” Materials Letters,

vol. 56, no. 5, pp. 698–704, 2002.

[117] S. Therdthianwong, C. Siangchin, and A. Therdthianwong, “Improvement of

coke resistance of ni/al2o3 catalyst in ch4/co2 reforming by zro2 addition,” fuel

processing technology, vol. 89, no. 2, pp. 160–168, 2008.

[118] J. Richardson, M. Garrait, and J.-K. Hung, “Carbon dioxide reforming with rh

and pt–re catalysts dispersed on ceramic foam supports,” Applied Catalysis A:

General, vol. 255, no. 1, pp. 69–82, 2003.

[119] M. Ghelamallah and P. Granger, “Supported-induced effect on the catalytic

properties of rh and pt-rh particles deposited on la2o3 and mixed α-al2o3-la2o3

in the dry reforming of methane,” Applied Catalysis A: General, vol. 485, pp.

172–180, 2014.

[120] C. Crisafulli, S. Scirè, S. Minicò, and L. Solarino, “Ni–ru bimetallic catalysts for

the co2 reforming of methane,” Applied Catalysis A: General, vol. 225, no. 1-2,

pp. 1–9, 2002.

[121] G. Zhang, Y. Wang, X. Li, Y. Bai, L. Zheng, L. Wu, and X. Han, “Effect of gd

promoter on the structure and catalytic performance of mesoporous ni/al2o3–

145



ceo2 in dry reforming of methane,” Industrial & Engineering Chemistry Re-

search, vol. 57, no. 50, pp. 17 076–17 085, 2018.

[122] S. Zeng, L. Zhang, X. Zhang, Y. Wang, H. Pan, and H. Su, “Modification effect

of natural mixed rare earths on co/γ-al2o3 catalysts for ch4/co2 reforming to

synthesis gas,” International Journal of Hydrogen Energy, vol. 37, no. 13, pp.

9994–10 001, 2012.

[123] R. Franz, T. Kühlewind, G. Shterk, E. Abou-Hamad, A. Parastaev, E. Uslamin,

E. J. Hensen, F. Kapteijn, J. Gascon, and E. A. Pidko, “Impact of small pro-

moter amounts on coke structure in dry reforming of methane over ni/zro 2,”

Catalysis Science & Technology, vol. 10, no. 12, pp. 3965–3974, 2020.

[124] M. Usman, W. W. Daud, and H. F. Abbas, “Dry reforming of methane: Influence

of process parameters—a review,” Renewable and Sustainable Energy Reviews,

vol. 45, pp. 710–744, 2015.

[125] F. A. Al-Doghachi, U. Rashid, and Y. H. Taufiq-Yap, “Investigation of ce (iii)

promoter effects on the tri-metallic pt, pd, ni/mgo catalyst in dry-reforming of

methane,” RSC advances, vol. 6, no. 13, pp. 10 372–10 384, 2016.

[126] M. S. Ferrandon, C. Byron, G. Celik, Y. Zhang, C. Ni, J. Sloppy, R. A.

McCormick, K. Booksh, A. V. Teplyakov, and M. Delferro, “Grafted nickel-

promoter catalysts for dry reforming of methane identified through high-

throughput experimentation,” Applied Catalysis A: General, vol. 629, p. 118379,

2022.

146



[127] R. Takahashi, S. Sato, T. Sodesawa, and S. Tomiyama, “Co2-reforming of

methane over ni/sio2 catalyst prepared by homogeneous precipitation in sol–

gel-derived silica gel,” Applied catalysis A: general, vol. 286, no. 1, pp. 142–147,

2005.

[128] S. Arora and R. Prasad, “An overview on dry reforming of methane: strategies

to reduce carbonaceous deactivation of catalysts,” RSC advances, vol. 6, no.

110, pp. 108 668–108 688, 2016.

[129] A. Albarazi, M. E. Gálvez, and P. Da Costa, “Synthesis strategies of ceria–

zirconia doped ni/sba-15 catalysts for methane dry reforming,” Catalysis Com-

munications, vol. 59, pp. 108–112, 2015.

[130] S. Dekkar, S. Tezkratt, D. Sellam, K. Ikkour, K. Parkhomenko, A. Martinez-

Martin, and A. Roger, “Dry reforming of methane over ni–al 2 o 3 and ni–sio 2

catalysts: Role of preparation methods,” Catalysis Letters, vol. 150, pp. 2180–

2199, 2020.

[131] C. Papadopoulou, H. Matralis, and X. Verykios, “Utilization of biogas as a

renewable carbon source: dry reforming of methane,” Catalysis for alternative

energy generation, pp. 57–127, 2012.

[132] S. M. Stagg-Williams, F. B. Noronha, G. Fendley, and D. E. Resasco, “Co2

reforming of ch4 over pt/zro2 catalysts promoted with la and ce oxides,” Journal

of Catalysis, vol. 194, no. 2, pp. 240–249, 2000.

147



[133] L. V. Mattos, G. Jacobs, B. H. Davis, and F. B. Noronha, “Production of hy-

drogen from ethanol: review of reaction mechanism and catalyst deactivation,”

Chemical reviews, vol. 112, no. 7, pp. 4094–4123, 2012.

[134] O. Muraza and A. Galadima, “A review on coke management during dry re-

forming of methane,” International Journal of Energy Research, vol. 39, no. 9,

pp. 1196–1216, 2015.

[135] B. Valle, B. Aramburu, M. Olazar, J. Bilbao, and A. G. Gayubo, “Steam re-

forming of raw bio-oil over ni/la2o3-αal2o3: Influence of temperature on product

yields and catalyst deactivation,” Fuel, vol. 216, pp. 463–474, 2018.

[136] C. Wang, N. Sun, N. Zhao, W. Wei, Y. Sun, C. Sun, H. Liu, and C. E. Snape,

“Coking and deactivation of a mesoporous ni–cao–zro2 catalyst in dry reforming

of methane: A study under different feeding compositions,” Fuel, vol. 143, pp.

527–535, 2015.

[137] M. Németh, G. Sáfrán, A. Horváth, and F. Somodi, “Hindered methane de-

composition on a coke-resistant ni-in/sio2 dry reforming catalyst,” Catalysis

Communications, vol. 118, pp. 56–59, 2019.

[138] S. Sengodan, R. Lan, J. Humphreys, D. Du, W. Xu, H. Wang, and S. Tao,

“Advances in reforming and partial oxidation of hydrocarbons for hydrogen pro-

duction and fuel cell applications,” Renewable and Sustainable Energy Reviews,

vol. 82, pp. 761–780, 2018.

148



[139] N. Wang, Z. Xu, J. Deng, K. Shen, X. Yu, W. Qian, W. Chu, and F. Wei,

“One-pot synthesis of ordered mesoporous niceal oxide catalysts and a study of

their performance in methane dry reforming,” ChemCatChem, vol. 6, no. 5, pp.

1470–1480, 2014.

[140] J.-H. Lee, Y.-W. You, H.-C. Ahn, J.-S. Hong, S.-B. Kim, T.-S. Chang, and

J.-K. Suh, “The deactivation study of co–ru–zr catalyst depending on supports

in the dry reforming of carbon dioxide,” Journal of Industrial and Engineering

Chemistry, vol. 20, no. 1, pp. 284–289, 2014.

[141] F. F. de Sousa, H. S. de Sousa, A. C. Oliveira, M. C. Junior, A. P. Ayala, E. B.

Barros, B. C. Viana, M. Josue Filho, and A. C. Oliveira, “Nanostructured ni-

containing spinel oxides for the dry reforming of methane: effect of the presence

of cobalt and nickel on the deactivation behaviour of catalysts,” international

journal of hydrogen energy, vol. 37, no. 4, pp. 3201–3212, 2012.

[142] H. S. A. de Sousa, A. N. da Silva, A. J. Castro, A. Campos, M. Josue Filho, and

A. C. Oliveira, “Mesoporous catalysts for dry reforming of methane: Correla-

tion between structure and deactivation behaviour of ni-containing catalysts,”

international journal of hydrogen energy, vol. 37, no. 17, pp. 12 281–12 291, 2012.

[143] D. Li, S. Xu, K. Song, C. Chen, Y. Zhan, and L. Jiang, “Hydrotalcite-derived

co/mg (al) o as a stable and coke-resistant catalyst for low-temperature carbon

dioxide reforming of methane,” Applied Catalysis A: General, vol. 552, pp. 21–

29, 2018.

149



[144] X. Jia, X. Zhang, N. Rui, X. Hu, and C.-j. Liu, “Structural effect of ni/zro2

catalyst on co2 methanation with enhanced activity,” Applied Catalysis B: En-

vironmental, vol. 244, pp. 159–169, 2019.

[145] B. Abdullah, N. A. Abd Ghani, and D.-V. N. Vo, “Recent advances in dry

reforming of methane over ni-based catalysts,” Journal of Cleaner Production,

vol. 162, pp. 170–185, 2017.

[146] S. Dama, S. R. Ghodke, R. Bobade, H. R. Gurav, and S. Chilukuri, “Active and

durable alkaline earth metal substituted perovskite catalysts for dry reforming

of methane,” Applied Catalysis B: Environmental, vol. 224, pp. 146–158, 2018.

[147] S. M. Kim, P. M. Abdala, T. Margossian, D. Hosseini, L. Foppa, A. Armutlulu,

W. van Beek, A. Comas-Vives, C. Copéret, and C. Müller, “Cooperativity and

dynamics increase the performance of nife dry reforming catalysts,” Journal of

the American Chemical Society, vol. 139, no. 5, pp. 1937–1949, 2017.

[148] M. Khzouz, E. I. Gkanas, S. Du, and J. Wood, “Catalytic performance of ni-

cu/al2o3 for effective syngas production by methanol steam reforming,” Fuel,

vol. 232, pp. 672–683, 2018.

[149] Y. Wang, M. Chen, Z. Yang, T. Liang, S. Liu, Z. Zhou, and X. Li, “Bimetallic

ni-m (m= co, cu and zn) supported on attapulgite as catalysts for hydrogen

production from glycerol steam reforming,” Applied Catalysis A: General, vol.

550, pp. 214–227, 2018.

150



[150] A. Chatla, M. M. Ghouri, O. W. El Hassan, N. Mohamed, A. V. Prakash, and

N. O. Elbashir, “An experimental and first principles dft investigation on the

effect of cu addition to ni/al2o3 catalyst for the dry reforming of methane,”

Applied Catalysis A: General, vol. 602, p. 117699, 2020.

[151] J. Kong, G. Li, M. Wen, J. Chen, H. Liu, and T. An, “The synergic degrada-

tion mechanism and photothermocatalytic mineralization of typical vocs over

ptcu/ceo2 ordered porous catalysts under simulated solar irradiation,” Journal

of catalysis, vol. 370, pp. 88–96, 2019.

[152] M. H. Amin, S. Putla, S. B. Abd Hamid, and S. K. Bhargava, “Understanding

the role of lanthanide promoters on the structure–activity of nanosized ni/γ-

al2o3 catalysts in carbon dioxide reforming of methane,” Applied Catalysis A:

General, vol. 492, pp. 160–168, 2015.

[153] N. Wang, W. Chu, T. Zhang, and X. Zhao, “Synthesis, characterization and

catalytic performances of ce-sba-15 supported nickel catalysts for methane dry

reforming to hydrogen and syngas,” International Journal of Hydrogen Energy,

vol. 37, no. 1, pp. 19–30, 2012.

[154] S. Zhang, S. Muratsugu, N. Ishiguro, and M. Tada, “Ceria-doped ni/sba-16

catalysts for dry reforming of methane,” Acs Catalysis, vol. 3, no. 8, pp. 1855–

1864, 2013.

[155] A. S. Al-Fatesh, A. A. Ibrahim, A. H. Fakeeha, S. K. Singh, N. K. Labhsetwar,

H. Shaikh, S. O. Qasim et al., “Co2 reforming of ch4: Effect of gd as promoter

151



for ni supported over mcm-41 as catalyst,” Renewable Energy, vol. 140, pp.

658–667, 2019.

[156] N. E. Tsakoumis, M. Rønning, Ø. Borg, E. Rytter, and A. Holmen, “Deactivation

of cobalt based fischer–tropsch catalysts: a review,” Catalysis Today, vol. 154,

no. 3-4, pp. 162–182, 2010.

[157] C. H. Bartholomew and M. D. Argyle, “Advances in catalyst deactivation and

regeneration,” pp. 949–954, 2015.

[158] M. D. Argyle and C. H. Bartholomew, “Heterogeneous catalyst deactivation and

regeneration: a review,” Catalysts, vol. 5, no. 1, pp. 145–269, 2015.

[159] S. Xu, T. J. Slater, H. Huang, Y. Zhou, Y. Jiao, C. M. Parlett, S. Guan, S. Chan-

sai, S. Xu, X. Wang et al., “Developing silicalite-1 encapsulated ni nanoparticles

as sintering-/coking-resistant catalysts for dry reforming of methane,” Chemical

Engineering Journal, vol. 446, p. 137439, 2022.

[160] N. Sun, X. Wen, F. Wang, W. Wei, and Y. Sun, “Effect of pore structure on ni

catalyst for co 2 reforming of ch 4,” Energy & Environmental Science, vol. 3,

no. 3, pp. 366–369, 2010.

[161] J. Xu, P. Xia, Q. Zhang, F. Guo, Y. Xia, and H. Tian, “Coke resistance of

ni-based catalysts enhanced by cold plasma treatment for ch4–co2 reforming,”

International Journal of Hydrogen Energy, vol. 46, no. 45, pp. 23 174–23 189,

2021.

152



[162] J.-S. Chang, S.-E. Park, and H. Chon, “Catalytic activity and coke resistance in

the carbon dioxide reforming of methane to synthesis gas over zeolite-supported

ni catalysts,” Applied Catalysis A: General, vol. 145, no. 1-2, pp. 111–124, 1996.

[163] A. Kambolis, H. Matralis, A. Trovarelli, and C. Papadopoulou, “Ni/ceo2-zro2

catalysts for the dry reforming of methane,” Applied Catalysis A: General, vol.

377, no. 1-2, pp. 16–26, 2010.

[164] D. Liang, Y. Wang, Y. Wang, M. Chen, X. Xie, C. Li, J. Wang, and L. Yuan,

“Dry reforming of methane for syngas production over noble metals modified

m-ni@ s-1 catalysts (m= pt, pd, ru, au),” International Journal of Hydrogen

Energy, vol. 51, pp. 1002–1015, 2024.

[165] S. Damyanova, B. Pawelec, K. Arishtirova, J. Fierro, C. Sener, and T. Dogu,

“Mcm-41 supported pdni catalysts for dry reforming of methane,” Applied Catal-

ysis B: Environmental, vol. 92, no. 3-4, pp. 250–261, 2009.

[166] M.-S. Fan, A. Z. Abdullah, and S. Bhatia, “Utilization of greenhouse gases

through carbon dioxide reforming of methane over ni–co/mgo–zro2: preparation,

characterization and activity studies,” Applied Catalysis B: Environmental, vol.

100, no. 1-2, pp. 365–377, 2010.

[167] J. Zhang, H. Wang, and A. K. Dalai, “Development of stable bimetallic catalysts

for carbon dioxide reforming of methane,” Journal of Catalysis, vol. 249, no. 2,

pp. 300–310, 2007.

153



[168] M.-S. Fan, A. Z. Abdullah, and S. Bhatia, “Utilization of greenhouse gases

through dry reforming: Screening of nickel-based bimetallic catalysts and kinetic

studies,” ChemSusChem, vol. 4, no. 11, pp. 1643–1653, 2011.

[169] V. M. Gonzalez-Delacruz, F. Ternero, R. Pereñíguez, A. Caballero, and J. P.

Holgado, “Study of nanostructured ni/ceo2 catalysts prepared by combustion

synthesis in dry reforming of methane,” Applied Catalysis A: General, vol. 384,

no. 1-2, pp. 1–9, 2010.

[170] C. E. Daza, A. Kiennemann, S. Moreno, and R. Molina, “Dry reforming of

methane using ni–ce catalysts supported on a modified mineral clay,” Applied

Catalysis A: General, vol. 364, no. 1-2, pp. 65–74, 2009.

[171] G. Valderrama, A. Kiennemann, and M. R. Goldwasser, “La-sr-ni-co-o based

perovskite-type solid solutions as catalyst precursors in the co2 reforming of

methane,” Journal of Power Sources, vol. 195, no. 7, pp. 1765–1771, 2010.

[172] J. W. Han, C. Kim, J. S. Park, and H. Lee, “Highly coke-resistant ni nanoparticle

catalysts with minimal sintering in dry reforming of methane,” ChemSusChem,

vol. 7, no. 2, pp. 451–456, 2014.

[173] S. Arora and R. Prasad, “An overview on dry reforming of methane: strategies

to reduce carbonaceous deactivation of catalysts,” RSC advances, vol. 6, no.

110, pp. 108 668–108 688, 2016.

[174] D. L. Trimm, “Catalysts for the control of coking during steam reforming,”

Catalysis today, vol. 49, no. 1-3, pp. 3–10, 1999.

154



[175] J. Rostrup-Nielsen and D. L. Trimm, “Mechanisms of carbon formation on

nickel-containing catalysts,” Journal of Catalysis, vol. 48, no. 1-3, pp. 155–165,

1977.

[176] D. L. Trimm, “Coke formation and minimisation during steam reforming reac-

tions,” Catalysis Today, vol. 37, no. 3, pp. 233–238, 1997.

[177] D. Chen, K. O. Christensen, E. Ochoa-Fernández, Z. Yu, B. Tøtdal, N. Latorre,

A. Monzón, and A. Holmen, “Synthesis of carbon nanofibers: effects of ni crystal

size during methane decomposition,” Journal of Catalysis, vol. 229, no. 1, pp.

82–96, 2005.

[178] A. Licciulli, M. Notaro, S. De Santis, C. Terreni, and S. K. Padmanabhan, “Co2

capture on amine impregnated mesoporous alumina-silica mixed oxide spheres,”

Fuel Processing Technology, vol. 166, pp. 202–208, 2017.

[179] A. Owgi, A. Jalil, I. Hussain, H. Hambali, and W. Nabgan, “Enhancing re-

sistance of carbon deposition and reaction stability over nickel loaded fibrous

silica-alumina (ni/fsa) for dry reforming of methane,” International Journal of

Hydrogen Energy, vol. 47, no. 100, pp. 42 250–42 265, 2022.

[180] H. U. Hambali, A. A. Jalil, A. A. Abdulrasheed, T. J. Siang, T. A. Abdul-

lah, A. Ahmad, and D.-V. N. Vo, “Fibrous spherical ni-m/zsm-5 (m: Mg,

ca, ta, ga) catalysts for methane dry reforming: The interplay between sur-

face acidity-basicity and coking resistance,” International Journal of Energy

Research, vol. 44, no. 7, pp. 5696–5712, 2020.

155



[181] N. Guha, A. K. Gupta, S. Chatterjee, S. Krishnan, M. K. Singh, and D. K.

Rai, “Environmentally benign melamine functionalized silica-coated iron oxide

for selective co2 capture and fixation into cyclic carbonate,” Journal of CO2

Utilization, vol. 49, p. 101575, 2021.

[182] M. Kragović, S. Pašalić, M. Marković, M. Petrović, B. Nedeljković,

M. Momčilović, and M. Stojmenović, “Natural and modified zeolite—alginate

composites. application for removal of heavy metal cations from contaminated

water solutions,” Minerals, vol. 8, no. 1, p. 11, 2018.

[183] Y. Wang, T. Lv, H. Wang, Y. Zhao, C. Meng, and H. Liu, “Zsm-5 and ferrierite

synthesized by magadiite conversion method in 1, 6-hexamethylenediamine sys-

tem,” Microporous and Mesoporous Materials, vol. 208, pp. 66–71, 2015.

[184] E. C. Lovell, J. Scott, and R. Amal, “Ni-sio2 catalysts for the carbon dioxide

reforming of methane: varying support properties by flame spray pyrolysis,”

Molecules, vol. 20, no. 3, pp. 4594–4609, 2015.

[185] C. Lv, L. Xu, M. Chen, Y. Cui, X. Wen, C.-e. Wu, B. Yang, F. Wang, Z. Miao,

X. Hu et al., “Constructing highly dispersed ni based catalysts supported on

fibrous silica nanosphere for low-temperature co2 methanation,” Fuel, vol. 278,

p. 118333, 2020.

[186] J. Wang, Y. Mao, L. Zhang, Y. Li, W. Liu, Q. Ma, D. Wu, and H. Peng, “Re-

markable basic-metal oxides promoted confinement catalysts for co2 reforming,”

Fuel, vol. 315, p. 123167, 2022.

156



[187] X. Deng, R. Rin, J.-C. Tseng, C. Weidenthaler, U.-P. Apfel, and H. Tüysüz,

“Monodispersed mesoporous silica spheres supported co3o4 as robust catalyst

for oxygen evolution reaction,” ChemCatChem, vol. 9, no. 22, pp. 4238–4243,

2017.

[188] M. H. A. Shiraz, M. Rezaei, and F. Meshkani, “Preparation of nanocrys-

talline ni/al2o3 catalysts with the microemulsion method for dry reforming of

methane,” The Canadian Journal of Chemical Engineering, vol. 94, no. 6, pp.

1177–1183, 2016.

[189] M. Radlik, M. Adamowska-Teyssier, A. Krztoń, K. Kozieł, W. Krajewski,

W. Turek, and P. Da Costa, “Dry reforming of methane over ni/ce0. 62zr0.

38o2 catalysts: Effect of ni loading on the catalytic activity and on h2/co pro-

duction,” Comptes Rendus Chimie, vol. 18, no. 11, pp. 1242–1249, 2015.

[190] M. Wang, Q. Zhang, T. Zhang, Y. Wang, J. Wang, K. Long, Z. Song, X. Liu, and

P. Ning, “Facile one-pot synthesis of highly dispersed ni nanoparticles embedded

in hms for dry reforming of methane,” Chemical Engineering Journal, vol. 313,

pp. 1370–1381, 2017.

[191] A. H. Tanzil, X. Zhang, M. Wolcott, K. Brandt, C. Stöckle, G. Murthy, and

M. Garcia-Perez, “Evaluation of dry corn ethanol bio-refinery concepts for the

production of sustainable aviation fuel,” Biomass and Bioenergy, vol. 146, p.

105937, 2021.

157



[192] S. Bukhari, A. Owgi, N. Ainirazali, D.-V. N. Vo, and H. Setiabudi, “Enhanced

catalytic performance of ni/sba-15 towards co2 methanation via p123-assisted

method,” Materials Today: Proceedings, vol. 5, no. 10, pp. 21 620–21 628, 2018.

[193] D. Liang, Y. Wang, M. Chen, X. Xie, C. Li, J. Wang, and L. Yuan, “Dry

reforming of methane over mn-ni/attapulgite: Effect of mn content on the active

site distribution and catalytic performance,” Fuel, vol. 321, p. 124032, 2022.

[194] L. Zhang, X. Wang, X. Shang, M. Tan, W. Ding, and X. Lu, “Carbon dioxide

reforming of methane over mesoporous nickel aluminate/γ-alumina composites,”

Journal of Energy Chemistry, vol. 26, no. 1, pp. 93–100, 2017.

[195] Y. Wang, D. Liang, C. Wang, M. Chen, Z. Tang, J. Hu, Z. Yang, H. Zhang,

J. Wang, and S. Liu, “Influence of calcination temperature of ni/attapulgite on

hydrogen production by steam reforming ethanol,” Renewable Energy, vol. 160,

pp. 597–611, 2020.

[196] N. M. Hosny, I. Gomaa, M. G. Elmahgary, and M. A. Ibrahim, “Zno doped

c: Facile synthesis, characterization and photocatalytic degradation of dyes,”

Scientific Reports, vol. 13, no. 1, p. 14173, 2023.

[197] Y. Guo, X. Guo, and X. Jian, “High-temperature stability core-shell engineered

ti3alc2@ c@ sio2 for excellent microwave absorbing properties,” Vacuum, vol.

212, p. 112049, 2023.

[198] S. Das, A. Jangam, S. Jayaprakash, S. Xi, K. Hidajat, K. Tomishige, and

S. Kawi, “Role of lattice oxygen in methane activation on ni-phyllosilicate@ ce1-

158



xzrxo2 core-shell catalyst for methane dry reforming: Zr doping effect, mech-

anism, and kinetic study,” Applied Catalysis B: Environmental, vol. 290, p.

119998, 2021.

[199] B. Safavinia, Y. Wang, C. Jiang, C. Roman, P. Darapaneni, J. Larriviere, D. A.

Cullen, K. M. Dooley, and J. A. Dorman, “Enhancing ce x zr1–x o2 activity for

methane dry reforming using subsurface ni dopants,” ACS Catalysis, vol. 10,

no. 7, pp. 4070–4079, 2020.

[200] M. Chen, D. Liang, Y. Wang, C. Wang, Z. Tang, C. Li, J. Hu, W. Cheng,

Z. Yang, H. Zhang et al., “Hydrogen production by ethanol steam reforming over

m-ni/sepiolite (m= la, mg or ca) catalysts,” International Journal of Hydrogen

Energy, vol. 46, no. 42, pp. 21 796–21 811, 2021.

[201] C. Wang, H. Wu, X. Jie, X. Zhang, Y. Zhao, B. Yao, and T. Xiao, “Yolk–shell

nanocapsule catalysts as nanoreactors with various shell structures and their

diffusion effect on the co2 reforming of methane,” ACS Applied Materials &

Interfaces, vol. 13, no. 27, pp. 31 699–31 709, 2021.

[202] L.-Y. Shi, Y.-X. Li, D.-M. Xue, P. Tan, Y. Jiang, X.-Q. Liu, and L.-B. Sun,

“Fabrication of highly dispersed nickel in nanoconfined spaces of as-made sba-

15 for dry reforming of methane with carbon dioxide,” Chemical Engineering

Journal, vol. 390, p. 124491, 2020.

[203] W. Liu, L. Li, S. Lin, Y. Luo, Z. Bao, Y. Mao, K. Li, D. Wu, and H. Peng,

“Confined ni-in intermetallic alloy nanocatalyst with excellent coking resistance

159



for methane dry reforming,” Journal of Energy Chemistry, vol. 65, pp. 34–47,

2022.

[204] A. Owgi, A. Jalil, I. Hussain, N. Hassan, H. Hambali, T. Siang, and D. Vo,

“Catalytic systems for enhanced carbon dioxide reforming of methane: a re-

view,” Environmental Chemistry Letters, vol. 19, pp. 2157–2183, 2021.

[205] J. Xin, H. Cui, Z. Cheng, and Z. Zhou, “Bimetallic ni-co/sba-15 catalysts pre-

pared by urea co-precipitation for dry reforming of methane,” Applied Catalysis

A: General, vol. 554, pp. 95–104, 2018.

[206] C. Chong, S. Bukhari, Y. Cheng, H. Setiabudi, A. Jalil, and C. Phalakornkule,

“Robust ni/dendritic fibrous sba-15 (ni/dfsba-15) for methane dry reforming:

Effect of ni loadings,” Applied Catalysis A: General, vol. 584, p. 117174, 2019.

[207] G. Moradi, F. Khezeli, and H. Hemmati, “Syngas production with dry reform-

ing of methane over ni/zsm-5 catalysts,” Journal of Natural Gas Science and

Engineering, vol. 33, pp. 657–665, 2016.

[208] D. Liang, Y. Wang, Y. Wang, M. Chen, X. Xie, C. Li, J. Wang, and L. Yuan,

“Dry reforming of methane for syngas production over noble metals modified

m-ni@ s-1 catalysts (m= pt, pd, ru, au),” International Journal of Hydrogen

Energy, vol. 51, pp. 1002–1015, 2024.

[209] C. Wang, N. Sun, N. Zhao, W. Wei, J. Zhang, T. Zhao, Y. Sun, C. Sun, H. Liu,

and C. E. Snape, “The properties of individual carbon residuals and their influ-

160



ence on the deactivation of ni–cao–zro2 catalysts in ch4 dry reforming,” Chem-

CatChem, vol. 6, no. 2, pp. 640–648, 2014.

[210] D. Tian, C. Zeng, H. Wang, X. Cheng, Y. Zheng, C. Xiang, Y. Wei, K. Li, and

X. Zhu, “Effect of transition metal fe adsorption on ceo2 (110) surface in the

methane activation and oxygen vacancy formation: A density functional theory

study,” Applied Surface Science, vol. 416, pp. 547–564, 2017.

[211] Q. Zhang, X. Feng, J. Liu, L. Zhao, X. Song, P. Zhang, and L. Gao, “Hollow

hierarchical ni/mgo-sio2 catalyst with high activity, thermal stability and coking

resistance for catalytic dry reforming of methane,” International Journal of

Hydrogen Energy, vol. 43, no. 24, pp. 11 056–11 068, 2018.

[212] M. Chen, D. Liang, Y. Wang, C. Wang, Z. Tang, C. Li, J. Hu, W. Cheng,

Z. Yang, H. Zhang et al., “Hydrogen production by ethanol steam reforming over

m-ni/sepiolite (m= la, mg or ca) catalysts,” International Journal of Hydrogen

Energy, vol. 46, no. 42, pp. 21 796–21 811, 2021.

[213] C. Wang, Y. Wang, M. Chen, J. Hu, D. Liang, Z. Tang, Z. Yang, J. Wang, and

H. Zhang, “Comparison of the regenerability of co/sepiolite and co/al2o3 cata-

lysts containing the spinel phase in simulated bio-oil steam reforming,” Energy,

vol. 214, p. 118971, 2021.

[214] M. Chen, J. Hu, Y. Wang, C. Wang, Z. Tang, C. Li, D. Liang, W. Cheng,

Z. Yang, and H. Zhang, “Hydrogen production from acetic acid steam reforming

161



over ti-modified ni/attapulgite catalysts,” International Journal of Hydrogen

Energy, vol. 46, no. 5, pp. 3651–3668, 2021.

[215] E. Lovell, Y. Jiang, J. Scott, F. Wang, Y. Suhardja, M. Chen, J. Huang, and

R. Amal, “Co2 reforming of methane over mcm-41-supported nickel catalysts:

altering support acidity by one-pot synthesis at room temperature,” Applied

Catalysis A: General, vol. 473, pp. 51–58, 2014.

[216] M. Hamid, M. Firmansyah, S. Triwahyono, A. A. Jalil, R. Mukti, E. Febriyanti,

V. Suendo, H. Setiabudi, M. Mohamed, and W. Nabgan, “Oxygen vacancy-rich

mesoporous silica kcc-1 for co2 methanation,” Applied Catalysis A: General, vol.

532, pp. 86–94, 2017.

[217] D. Valeev, V. Pak, A. Mikhailova, M. Gol’Dberg, M. Zheleznyi, I. Dorofievich,

Y. Lainer, V. Bychinskii, and K. Chudnenko, “Extraction of aluminium by au-

toclave hydrochloric acid leaching of boehmite-kaolinite bauxite,” Light Metals

2016, pp. 23–28, 2016.

[218] X. Zheng, S. Tan, L. Dong, S. Li, and H. Chen, “Silica-coated lanio3 nanopar-

ticles for non-thermal plasma assisted dry reforming of methane: Experimental

and kinetic studies,” Chemical Engineering Journal, vol. 265, pp. 147–156, 2015.

[219] M. Moothedan and K. Sherly, “Synthesis and characterization of low moisture

permeation lanthanum oxide/silica nanocomposite,” Materials Today: Proceed-

ings, vol. 25, pp. 178–182, 2020.

162



[220] N. Khusnun, A. Jalil, S. Triwahyono, N. Jusoh, A. Johari, and K. Kidam, “Inter-

action between copper and carbon nanotubes triggers their mutual role in the

enhanced photodegradation of p-chloroaniline,” Physical Chemistry Chemical

Physics, vol. 18, no. 17, pp. 12 323–12 331, 2016.

[221] A. Hatta, A. Jalil, N. Hassan, M. Hamid, M. Haron, W. Nabgan, O. Bulliard-

Sauret, M. Bahari, M. Asmadi, and H. Setiabudi, “Ultra-high surface area fi-

brous silica-zirconia support for renewable energy production by co2 methana-

tion,” Molecular Catalysis, vol. 547, p. 113311, 2023.

[222] R. Li, J. Qiu, H. Chen, R. Shu, Y. Chen, Y. Liu, and P.-F. Liu, “Hydrodeoxy-

genation of phenolic compounds and raw lignin-oil over bimetallic runi catalyst:

An experimental and modeling study focusing on adsorption properties,” Fuel,

vol. 281, p. 118758, 2020.

[223] A. Hatta, A. Jalil, M. Hamid, N. Hassan, I. Hussain, and N. Jusoh, “The inter-

particle oxygen vacancies enrichment in the matrix of fibrous silica ceria sup-

ported nickel for co methanation,” Fuel, vol. 333, p. 126539, 2023.

[224] R.-J. Zhang, G.-F. Xia, M.-F. Li, W. Yu, N. Hong, and D.-D. Li, “Effect of

support on the performance of ni-based catalyst in methane dry reforming,”

Journal of Fuel Chemistry and Technology, vol. 43, no. 11, pp. 1359–1365, 2015.

[225] M. Akri, S. Zhao, X. Li, K. Zang, A. F. Lee, M. A. Isaacs, W. Xi, Y. Gangarajula,

J. Luo, Y. Ren et al., “Atomically dispersed nickel as coke-resistant active sites

163



for methane dry reforming,” Nature communications, vol. 10, no. 1, p. 5181,

2019.

[226] L. Li, J. Chen, Q. Zhang, Z. Yang, Y. Sun, and G. Zou, “Methane dry reforming

over activated carbon supported ni-catalysts prepared by solid phase synthesis,”

Journal of cleaner production, vol. 274, p. 122256, 2020.

[227] J. Ashok, G. Raju, P. S. Reddy, M. Subrahmanyam, and A. Venugopal, “Cat-

alytic decomposition of ch4 over ni-al2o3-sio2 catalysts: Influence of pretreat-

ment conditions for the production of h2,” Journal of natural gas chemistry,

vol. 17, no. 2, pp. 113–119, 2008.

[228] V. Tsipouriari and X. Verykios, “Carbon and oxygen reaction pathways of co2

reforming of methane over ni/la2o3 and ni/al2o3 catalysts studied by isotopic

tracing techniques,” Journal of Catalysis, vol. 187, no. 1, pp. 85–94, 1999.

[229] A. Owgi, A. Jalil, I. Hussain, N. Hassan, H. Hambali, T. Siang, and D. Vo,

“Catalytic systems for enhanced carbon dioxide reforming of methane: a re-

view,” Environmental Chemistry Letters, vol. 19, pp. 2157–2183, 2021.

[230] A. Licciulli, M. Notaro, S. De Santis, C. Terreni, and S. K. Padmanabhan, “Co2

capture on amine impregnated mesoporous alumina-silica mixed oxide spheres,”

Fuel Processing Technology, vol. 166, pp. 202–208, 2017.

[231] H. U. Hambali, A. A. Jalil, A. A. Abdulrasheed, T. J. Siang, T. A. Abdul-

lah, A. Ahmad, and D.-V. N. Vo, “Fibrous spherical ni-m/zsm-5 (m: Mg,

ca, ta, ga) catalysts for methane dry reforming: The interplay between sur-

164



face acidity-basicity and coking resistance,” International Journal of Energy

Research, vol. 44, no. 7, pp. 5696–5712, 2020.

[232] M. Kragović, S. Pašalić, M. Marković, M. Petrović, B. Nedeljković,

M. Momčilović, and M. Stojmenović, “Natural and modified zeolite—alginate

composites. application for removal of heavy metal cations from contaminated

water solutions,” Minerals, vol. 8, no. 1, p. 11, 2018.

[233] A. Abdulrasheed, A. Jalil, M. Hamid, T. Siang, and T. Abdullah, “Dry re-

forming of ch4 over stabilized ni-la@ kcc-1 catalyst: Effects of la promoter and

optimization studies using rsm,” Journal of CO2 Utilization, vol. 37, pp. 230–

239, 2020.

[234] E. C. Lovell, J. Scott, and R. Amal, “Ni-sio2 catalysts for the carbon dioxide

reforming of methane: varying support properties by flame spray pyrolysis,”

Molecules, vol. 20, no. 3, pp. 4594–4609, 2015.

[235] Y. Wang, T. Lv, H. Wang, Y. Zhao, C. Meng, and H. Liu, “Zsm-5 and ferrierite

synthesized by magadiite conversion method in 1, 6-hexamethylenediamine sys-

tem,” Microporous and Mesoporous Materials, vol. 208, pp. 66–71, 2015.

[236] M. Popova, P. Djinović, A. Ristić, H. Lazarova, G. Dražić, A. Pintar, A. M.

Balu, and N. Novak Tušar, “Vapor-phase hydrogenation of levulinic acid to

γ-valerolactone over bi-functional ni/hzsm-5 catalyst,” Frontiers in Chemistry,

vol. 6, p. 285, 2018.

165



[237] S. G. Choi, S.-J. Wang, H.-H. Park, J.-N. Jang, M. Hong, K.-H. Kwon, and

H.-H. Park, “Properties of amorphous silicon thin films synthesized by reactive

particle beam assisted chemical vapor deposition,” Thin Solid Films, vol. 518,

no. 24, pp. 7372–7376, 2010.

[238] H. Drobná, M. Kout, A. Sołtysek, V. M. González-Delacruz, A. Caballero, and

L. Čapek, “Analysis of ni species formed on zeolites, mesoporous silica and

alumina supports and their catalytic behavior in the dry reforming of methane,”

Reaction Kinetics, Mechanisms and Catalysis, vol. 121, pp. 255–274, 2017.

[239] M. Zhang, Y. Gao, Y. Mao, W. Wang, J. Sun, Z. Song, J. Sun, and X. Zhao,

“Enhanced dry reforming of methane by microwave-mediated confined catalysis

over ni-la/ac catalyst,” Chemical Engineering Journal, vol. 451, p. 138616, 2023.

[240] S. Y. Foo, C. K. Cheng, T.-H. Nguyen, and A. A. Adesina, “Kinetic study of

methane co2 reforming on co–ni/al2o3 and ce–co–ni/al2o3 catalysts,” Catalysis

Today, vol. 164, no. 1, pp. 221–226, 2011.

[241] C. Chong, S. Bukhari, Y. Cheng, H. Setiabudi, A. Jalil, and C. Phalakornkule,

“Robust ni/dendritic fibrous sba-15 (ni/dfsba-15) for methane dry reforming:

Effect of ni loadings,” Applied Catalysis A: General, vol. 584, p. 117174, 2019.

[242] P. Djinović, J. Batista, and A. Pintar, “Efficient catalytic abatement of green-

house gases: Methane reforming with co2 using a novel and thermally stable

rh–ceo2 catalyst,” International journal of hydrogen energy, vol. 37, no. 3, pp.

2699–2707, 2012.

166



[243] S. Das, M. Sengupta, J. Patel, and A. Bordoloi, “A study of the synergy between

support surface properties and catalyst deactivation for co2 reforming over sup-

ported ni nanoparticles,” Applied Catalysis A: General, vol. 545, pp. 113–126,

2017.

[244] M. Radlik, M. Adamowska-Teyssier, A. Krztoń, K. Kozieł, W. Krajewski,

W. Turek, and P. Da Costa, “Dry reforming of methane over ni/ce0. 62zr0.

38o2 catalysts: Effect of ni loading on the catalytic activity and on h2/co pro-

duction,” Comptes Rendus Chimie, vol. 18, no. 11, pp. 1242–1249, 2015.

[245] A. Pietraszek, B. Koubaissy, A.-C. Roger, and A. Kiennemann, “The influence

of the support modification over ni-based catalysts for dry reforming of methane

reaction,” Catalysis today, vol. 176, no. 1, pp. 267–271, 2011.

[246] Y. H. Taufiq-Yap, U. Rashid, Z. Zainal et al., “Ceo2–sio2 supported nickel cata-

lysts for dry reforming of methane toward syngas production,” Applied Catalysis

A: General, vol. 468, pp. 359–369, 2013.

[247] M. Rezaei, S. Alavi, S. Sahebdelfar, and Z.-F. Yan, “Mesoporous nanocrystalline

zirconia powders: a promising support for nickel catalyst in ch4 reforming with

co2,” Materials Letters, vol. 61, no. 13, pp. 2628–2631, 2007.

[248] Z. Wang, X.-M. Cao, J. Zhu, and P. Hu, “Activity and coke formation of nickel

and nickel carbide in dry reforming: a deactivation scheme from density func-

tional theory,” Journal of catalysis, vol. 311, pp. 469–480, 2014.

167



[249] C. Chen, X. Wang, L. Zhang, X. Zou, W. Ding, and X. Lu, “Synthesis of meso-

porous ni–la2o3/sio2 by ploy (ethylene glycol)-assisted sol-gel route as highly

efficient catalysts for dry reforming of methane with a h2/co ratio of unity,”

Catalysis Communications, vol. 94, pp. 38–41, 2017.

[250] L. Mo, K. K. M. Leong, and S. Kawi, “A highly dispersed and anti-coking ni–la

2 o 3/sio 2 catalyst for syngas production from dry carbon dioxide reforming of

methane,” Catalysis Science & Technology, vol. 4, no. 7, pp. 2107–2114, 2014.

[251] F. Wang, B. Han, L. Zhang, L. Xu, H. Yu, and W. Shi, “Co2 reforming with

methane over small-sized ni@ sio2 catalysts with unique features of sintering-

free and low carbon,” Applied Catalysis B: Environmental, vol. 235, pp. 26–35,

2018.

[252] J. Dou, R. Zhang, X. Hao, Z. Bao, T. Wu, B. Wang, and F. Yu, “Sandwiched

sio2@ ni@ zro2 as a coke resistant nanocatalyst for dry reforming of methane,”

Applied Catalysis B: Environmental, vol. 254, pp. 612–623, 2019.

[253] X. Li, D. Li, H. Tian, L. Zeng, Z.-J. Zhao, and J. Gong, “Dry reforming of

methane over ni/la2o3 nanorod catalysts with stabilized ni nanoparticles,” Ap-

plied Catalysis B: Environmental, vol. 202, pp. 683–694, 2017.

[254] B. N. Naidu, K. L. Kumar, H. Saini, M. Kumar, T. N. Kumar, and V. Prasad,

“Coke deposition over ni-based catalysts for dry reforming of methane: effects

of mgo-al2o3 support and ceria, lanthana promoters,” Journal of Environmental

Chemical Engineering, vol. 10, no. 1, p. 106980, 2022.

168



[255] T. Nguyen, D. Tran, M. Sakamoto, T. Uchida, K. Sasaki, T. To, D. Doan,

M. Dang, and Y. Shiratori, “Ni-loaded (ce, zr) o2–δ-dispersed paper-structured

catalyst for dry reforming of methane,” International Journal of Hydrogen En-

ergy, vol. 43, no. 10, pp. 4951–4960, 2018.

[256] H. R. Gurav, S. Dama, V. Samuel, and S. Chilukuri, “Influence of preparation

method on activity and stability of ni catalysts supported on gd doped ceria in

dry reforming of methane,” Journal of CO2 Utilization, vol. 20, pp. 357–367,

2017.

[257] J. Estephane, S. Aouad, S. Hany, B. El Khoury, C. Gennequin, H. El Zakhem,

J. El Nakat, A. Aboukaïs, and E. Abi Aad, “Co2 reforming of methane over

ni–co/zsm5 catalysts. aging and carbon deposition study,” international journal

of hydrogen energy, vol. 40, no. 30, pp. 9201–9208, 2015.

169



VITAE

• Name: Mohammed Mosaad Awad

• Nationality: Egyptian

• Date of Birth: November 20, 1999

• Email: mohammedmosaadawad@gmail.com

• Permenant Address: El-Senbellawein, 35653, Dakahlia, Egypt

• Academic Background:

King Fahd University of Petroleum and Minerals (KFUPM), KSA

- Master of Science in Chemistry (August 2022 - May 2024)

Al-Azhar University, Egypt

- Bachelor of Science in Chemistry (August 2017 - May 2021)

• Peer Reviewed Publications:

1. MM Awad, I Hussain , OA Taialla , SA Ganiyu , K Alhooshani , ”Unveiling

the Catalytic Performance of Unique Core-Fibrous Shell Silica-Lanthanum

170



Oxide with Different Nickel Loadings for Dry Reforming of Methane”, Energy

Conversion and Management 311 (2024) 118508.

2. MM Awad, I Hussain, SA Ganiyu, K Alhooshani, ”Highly Dispersed

Nickel-Tuned Silica Lanthana Catalyst: Interplay of Morphology and Textural

Properties for Hydrogen-rich Syngas through the Carbon Dioxide Reforming of

Methane”, Journal of the Energy Institute 114 (2024) 101650.

3. MM Awad, I Hussain, U Mustapha, OA Taialla, AM Alhassan, E Kotob,

AS Abdullahi, SA Ganiyu, K Alhooshani, ”A critical review of recent ad-

vancements in catalytic dry reforming of methane: Physicochemical properties,

current challenges, and informetric insights”, International Journal of Hydrogen

Energy, 2024.

4. MM Awad, E Kotob, OA Taialla, I Hussain, SA Ganiyu, K Alhooshani,

”Recent developments and current trends on catalytic dry reforming of

Methane: Hydrogen Production, thermodynamics analysis, techno feasibility,

and machine learning”, Energy Conversion and Management 304, 118252.

5. OA Taialla, U Mustapha, AS Abdullahi, E Kotob, MM Awad, AM

Alhassan, I Hussain, SA Ganiyu, K Alhooshani, ”Unlocking the potential

of ZIF-based electrocatalysts for electrochemical reduction of CO2: Recent

advances, current trends, and machine learnings”, Coordination Chemistry

Reviews 504 (2024) 215669.

• US Patents:

171



1. K Alhooshani, I Hussain, MM Awad, ”A HIGHLY EFFICIENT AND

NOVEL FIBROUS SILICA LANTHANUM OXIDE CATALYST FOR DRY

REFORMING OF METHANE” US Patent App. Ref. 2023-169-SNS, Oblon

Ref. 550709US.

2. K Alhooshani, I Hussain, MM Awad, ”SYNGAS PRODUCTION US-

ING FIBROUS SILICA ZINC OXIDE (FSZ) SUPPORTED NICKEL CAT-

ALYST: AN INNOVATIVE CATALYTIC SYSTEM FOR DRY REFORMING

OF METHANE” US Patent App. Ref. 2023-181-SNS, Oblon Ref. 551457US.

172


