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ABSTRACT 

Synthesis, Characterization and Testing of Lanthanum-Nickel Based 

Materials as Catalysts for The Carbon Dioxide Reforming of Methane 

Omar Arshad D. Abed 

Many countries around the world have decided to play a positive role in combating 

climate change and reduce carbon dioxide in the atmosphere. In addition to reducing 

emissions, initiatives include the capture, storage and utilization of CO2. Converting it to 

valuable products through reforming of methane not only utilizes major greenhouse 

gasses, but can also be a means for energy from biogas. The main challenge hindering 

this process is developing a scalable active catalyst that can resist deactivation. To 

address this challenge, focus has shifted from simple metal oxides towards metal 

nanoparticles dispersed and organized in complex well defined structures. Oxide 

perovskites have the potential to contain metal and support in a single structure as the 

case of LaNiO3. Metal-organic frameworks are another type of materials that can be 

used as sacrificial agents to produce the type of complex metal oxides required. Three 

synthesis approaches were studied for the synthesis of La-Ni materials. Combustion 

synthesis is a cost and time efficient method. However, it becomes challenging to 

accurately predict the outcomes. Hydrothermally synthesized perovskites give pure 

phase materials but are sensitive to synthesis variables. MOF based materials showed 

conversions of 94% and 83% for CO2 and CH4, respectively, with stable performance for 

+100 hours and can be a promising future route in heterogeneous catalysis.  
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1. INTRODUCTION AND BACKGROUND 

1.1. CO2 capture and utilization 

Carbon dioxide is one of the minor gas components of the atmosphere. Currently, it is at 

412 ppm concentration.1 Although this value may seem small and insignificant, scientists 

around the world have become concerned by its rise from pre-industrial levels of below 

300 ppm. It is currently at its highest levels over the past 400 thousand years.  

 

Figure 1: The historic high rise in CO2 concentration.1 

The main reason for concern is its direct link and correlation to the rise of global 

temperatures and climate change. The molecular structure of CO2 allows it to efficiently 

absorb the longwave radiations emitted from sunlight in its bonds and emit them back 

to the earth’s surface. It is said to be responsible for more than 50% of such emitted 

radiation.2 This added to its higher density than air makes it one of the primary 

greenhouse gasses (GHGs) contributing to global warming. CO2 alone accounts for 

nearly 60% of the total GHGs emissions in the world. In 2017, more than 36 thousand 

metric tons of CO2 were emitted into the atmosphere.3,4  
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In 2015, the United Nations Framework Convention on Climate Change (UNFCCC) had 

reached an agreement to combat climate change. Since then, 185 parties had signed 

what came to be known as The Paris Agreement. The main aim of this agreement is to 

keep the global temperature rise below two degrees Celsius above the preindustrial 

temperatures.5 One of the critical aspects of this agreement requires countries to cut 

down on their GHG emissions. Recent reports have also shown that in addition to 

emitting less, countries also need to invest in negative emission technologies (NET). 

Those are technologies that can remove GHGs more than emitted into the atmosphere.6 

Carbon capture and storage (CCS) techniques have been considered as one means for 

GHGs emissions mitigations. They aim to capture CO2 from largescale emission sources 

and store it in geological formations.7 Other NET technologies have also considered 

capturing CO2 directly from the atmosphere. However, researchers believe that the 

economic and energetic costs of this approach would be too high for it to be feasible.8,9 

Even at largescale emission sources, CCS implementation, would lead to an increase in 

capital costs and a decrease in energy efficiency.7 The extent of that effect is dependent 

on the type of source, thus the CO2 concentration, and also the point at which CO2 is 

captured of that process.  

Table 1: CO2 concentrations in various large-scale source streams.10 

Source of Stream 
CO2 concentration 

% vol (dry) 

Power station flue gas:  
     Natural gas fired boilers 7 - 10 
     Oil fired boilers 11 – 13 
Blast furnace gas after combustion 27 
Cement kiln off-gas 14 - 33 
IGCC: synthesis gas after gasification 8 - 20 
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Three main strategies are used for CCS in fossil fuel-based power plants. Post-

combustion, pre-combustion, and oxyfuel combustion. The conventional post-

combustion is when CO2 is recovered after the normal fuel combustion. In the pre-

combustion strategy, the fuel is first gasified into hydrogen and carbon dioxide, after 

separating the CO2 the hydrogen is sent for combustion. The oxyfuel combustion burns 

fuels in pure oxygen, thus producing pure streams of CO2 after condensing the 

generated steam. Of these, post-combustion provides the highest energy efficiency and 

lower capital cost, as shown in Table 2. 

Table 2: Comparison of power stations with and without CO2 capture. 11 

Strategy 
Thermal 

efficiency (% LHV) 
Capital cost 

($/kW) 
Electricity 

cost (c/kWh) 
Cost of CO2 

avoided ($/t CO2) 
Gas-fired plants 

No capture 55.6 500 6.2 - 
Post-combustion capture 47.4 870 8.0 58 
Pre-combustion capture 41.5 1180 9.7 112 

Oxy-combustion 44.7 1530 10.0 102 
Coal-fired plants 

No capture 44.0 1410 5.4 - 
Post-combustion capture 34.8 1980 7.5 34 
Pre-combustion capture 31.5 1820 6.9 23 

Oxy-combustion 35.4 2210 7.8 36 
Assuming that the methods and techniques used for carbon dioxide capture are efficient 

and feasible, then remains the step to dispose or store it. The most viable option for 

storing large amounts of CO2 to combat climate change is to store it in stable geological 

formations. Most commonly these are saline aquifers, semi-depleted oil and gas 

reservoirs and unminable coal beds.12 Carbon dioxide may also be used directly in some 

industries such as agrochemistry, soft drinks, food, and fire extinguishers. Captured CO2 

can also be utilized and used as feedstock for the production of higher-value chemicals 
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either directly such as CO2 hydrogenation to methanol or indirectly through the 

production of synthesis gas from methane. 13 

1.2. Dry reforming of methane 

Synthesis gas (syngas) is a name given to mixtures of hydrogen and carbon monoxide in 

various ratios. It can be produced from a vast range of carbonaceous feedstocks ranging 

from natural gas to coal and crude oil residues.14  It is considered one of the main 

building blocks to make various chemicals such as methanol, urea, ammonia, and 

alkenes. The central concept of reforming is to react hydrocarbons with oxygen either 

directly through a partial oxidation reaction or indirectly through steam or carbon 

dioxide as sources of oxygen. Steam reforming (SMR) and partial oxidation (POX) are the 

most conventional and commercialized methods of reforming. The hybrid combination 

of these two methods gives a third standard method known as autothermal reforming 

(ATR). Two-step reforming is when a tubular reformer is followed by an ATR.15,16 

𝑠𝑡𝑒𝑎𝑚 𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔:  𝐶𝐻4 + 𝐻2𝑂 (+ℎ𝑒𝑎𝑡) → 𝐶𝑂 + 3𝐻2       

 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛:  𝐶𝐻4 +  
1

2
𝑂2  → 𝐶𝑂 + 2𝐻2 (+ℎ𝑒𝑎𝑡)   

Depending on the different hydrocarbon feed and method of reforming, syngas can be 

produced in a wide range of hydrogen to carbon monoxide ratios. Those ratios can also 

be further adjusted by water-gas shift reactions (WGS).17 
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Figure 2: Range of H2/CO ratio for different methods of reforming.16,17 

The flexibility in H2/CO ratio is useful since different applications of syngas need 

different ratios. Steam reforming which can give a H2/CO ratio of three can be more 

favorable for hydrogen production. Partial oxidation, which gives a H2/CO ratio of two, 

can be used for methanol synthesis. Autothermal reforming which can give a H2/CO 

ratio of two or one based on the fraction of reactants and dry reforming which gives a 

ratio of one can more useful for the synthesis of aldehydes and synthetic fuels. 18–20 

Table 3: Applications of syngas and their required mixture ratio.16,19 

Use of syngas H2/CO ratio 

Substitute natural gas (SNG) 3 

Alkenes (Fisher-Tropsch) 2 

Methanol 2 

DME from hydrocarbons 2 

DME from coal gas 1 

Aldehydes (hydroformylation) 1 

Higher alcohols from olefins 1 

Reducing gas (iron ore) ≤1 
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When reforming is done using carbon dioxide instead of steam, it is referred to as CO2 

reforming or dry reforming. Typically carbon dioxide and methane are fed and in a 1:1 

ratio and result in a H2/CO ratio of less than or equal to one.  

𝑑𝑟𝑦 𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔:  𝐶𝐻4 + 𝐶𝑂2 (+ℎ𝑒𝑎𝑡) → 2𝐶𝑂 + 2𝐻2       

Dry reforming has been of particular interest to researchers because it contributes 

directly to reducing and utilizing greenhouse gas emissions since both carbon dioxide 

and methane are major GHGs. It also paves the way for CO2 as an alternative, cheap and 

nontoxic feedstock for C1 chemistry.21 While reforming of methane from natural gas is 

one option for dry reforming, biogas and landfills could also be a potential area for dry 

reforming since the gasses produced by the anaerobic decomposition of biological and 

agricultural wastes consist mainly of methane and carbon dioxide. Dry reforming of 

biogas could further enhance the push towards bioenergy as a form of renewable 

energy.22–24  

The idea of dry reforming is not a new field. It was studied as early as 188825 and 

throughout the 20th century. 22,26 While dry reforming is economically and 

environmentally attractive since it coverts two primary greenhouse gasses of low value 

to higher-value chemical products, it is still a developing technology and is not 

industrially mature. The very high operating temperatures of 600°C-1000°C in addition 

to the rapid formation of carbon lead to catalyst deactivation.27 Thus, sintering and coke 

formation are among the top areas that need to be addressed before the process can be 
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fully commercialized. 22 The primary approach has been through catalyst development. 

Many metals such as ruthenium, rhodium, platinum, iridium, nickel, and cobalt have 

been tested for dry reforming. Although noble metals such as Rh and Ru have shown the 

highest activities and coke resistance, they cannot be commercialized because of their 

high cost and limited availability. Nickel continues to be the most attractive metal 

because of its relatively high activity and availability in addition to its low cost. However, 

it is also known for its poor tolerance to coke formation and eventual catalyst 

deactivation. Thus, more work needs to be done in order to optimize the best catalyst 

that can facilitate the commercialization of DRM.13  

1.3. Thermodynamics of DRM 

CO2 reforming is the most endothermic method of reforming compared to steam 

reforming and autothermal reforming.27  It has a standard enthalpy of +247 kJ/mol 

compared to +206 kJ/mol for steam reforming. High endothermicity is mainly attributed 

to the high stability of the carbon dioxide molecule as an oxidant compared to steam or 

oxygen. Dry reforming is a reversible reaction unfavorable thermodynamically at lower 

temperatures. Only at temperatures beyond 650°C does the reaction become 

spontaneous and have a negative ∆G as can be seen in Table 4. 
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Table 4: Thermodynamic properties of dry reforming at different temperatures.28 

 

While the primary governing reaction for dry reforming is the direct reaction of CH4 and 

CO2 to produce CO and H2, several side reactions may occur and affect the equilibrium 

of the reaction, as can be seen in Table 5.  

Reaction 2, the reverse water-gas shift (RWGS) reaction is the leading cause of having 

H2/CO ratios of less than unity as it consumes the produced hydrogen while increasing 

the CO production. Carbon formation in the form of coke that causes catalyst 

deactivation is a result of four side reactions. Namely the decomposition of methane 

(reaction 8), the disproportionation of CO – also known as the Boudouard reaction- 

(reaction 9), hydrogenation of CO2 (reaction 10), and hydrogenation of CO (reaction 11). 
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Table 5: Reactions in dry reforming of methane.29 

 

However, at higher operating temperatures (+700°C), methane decomposition is the 

primary source of carbon formation as the other reactions occur at lower temperatures. 

29–31  

Studies have been done on the effects of various parameters in dry reforming of 

methane such as reaction temperature, pressure and CO2/CH4 feed ratio.28,29  
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Jang et al. studied the effect of reaction temperature on carbon forming reactions.32 

They found that methane decomposition occurs at temperatures beyond 557°C while 

the Boudouard reaction at temperatures below 700°C. Between that temperature range 

both reactions can contribute to coking. It was recommended that temperatures above 

870°C be used to minimize coking. It is difficult however to generalize this conclusion 

since the type of catalyst also plays an essential role in determining the amount of coke 

formation. 

 

Figure 3: comparison of carbon forming reaction at different temperatures: (a) methane decomposition, (b) 
Boudouard reaction, (c) DRM.22 

Gao et al. also studied the effect of temperature on CH4 and CO2 conversions and yields 

of H2 and CO. They found that increasing temperature is directly proportional to 
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conversions of methane and carbon dioxide and inversely proportional to formation of 

carbon. They calculated the equilibrium conversion of methane at 800°C to be 95.6%.  

 

Figure 4: Effect of temperature on DRM: equilibrium amounts of products for 1 mole of CH4 at 1 atm and CO2/CH4 =1.28 

The increase in pressure however had an opposite effect. As the pressure is increased, 

the conversions fall and coke formation rises. This is reasonable since DRM is a volume 

expansion process. Therefore, it is unfavorable to increase pressure.  

 

Figure 5: Effect of pressure on DRM; equilibrium amount of products  from 1 mole of CH4 at 750 °C and CO2/CH4 =1.28 
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As for the feed ratio of CO2/CH4, it was found that increasing the ratio would have a 

positive impact on methane conversion. However, it would further reduce the H2/CO 

ratio due to the formation of H2O from the RWGS reaction.  

 

Figure 6: Effect of CO2/CH4 ratio on DRM; equilibrium amount of products  from 1 mole of CH4 at 750 °C.28 

Lowering the feed ratio would favor higher hydrogen production and less carbon 

monoxide. However, the amount of carbon formations would increase when carbon 

dioxide is less than stoichiometry as shown in Figure 7. 

 

Figure 7: Carbon formation as a function of temperature and CO2/CH4 ratio at 1 atm.29 
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1.4. Reaction mechanism 

Papadopoulou et al. provided a detailed explanation of the most likely mechanism for 

the dry reforming of methane. This was then summarized by Aramouni et al.27 in the 

following steps and can be seen in Figure 8: 

1. Dissociative adsorption and activation of methane: This step is considered the 

rate determining step (RDS). Partially dissociated CHx molecules adsorb on 

different sites. While CH3 molecules preferentially adsorb on top of metal atoms, 

CH2 molecules form a bridged adsorption between two metal atoms. Close 

packed surfaces are therefore less active for methane adsorption and 

dissociation than step sites.  

2. Dissociative adsorption and activation of carbon dioxide: It is considered to be a 

fast step. CO2 dissociative adsorption can occur in three ways. Either through 

oxygen only coordination where both oxygen atoms bond to the surface metal, 

or through C-O coordination where the carbon and one oxygen atom adsorb on 

the surface, or through C only coordination. The latter is least favorable for dry 

reforming. Surface structure and defects contribute to the adsorption 
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coordination. The preferential adsorption site for CO2 is the metal-support 

interface.  

3. Surface reactions: mainly the formation of hydroxyl groups on the support at 

temperatures below 800°C resulting from hydrogen migration from active metal 

sites. Limited work has been done on DRM surface reactions compared to SRM. 

4. Oxidation of intermediates and desorption: surface oxygen reacts with -CHx to 

form -CO or CHxO. The latter is considered by some authors to be an 

intermediate precursor for CO formation while others claim that carbonates by 

adsorbed CO2 are the intermediate for CO formation. Other assert that CO is 

formed directly without an intermediate.  

 

Figure 8: reaction mechanism for CO2 reforming. (a) dissociative adsorption of CO2 and CH4 on metal-support interface 
and metals, respectively. (b) Fast desorption of H2 and CO. (c) Hydrogen and oxygen spillover and formation of 

hydroxyls. (d) Formation of CO and H2 by oxidizing of methyl-like species by surface hydroxyls and oxygen.33  

1.5. Perovskite materials 

The vast majority of heterogeneous catalysts involved the chemical industry are metal 

oxides. As reactions and processes are increasing in complexity, the need rises for mixed 
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metal oxides tailored for specific functions.  Among such metal oxides are perovskite-

type materials. Perovskites are a well-known family of materials. They have a general 

formula of ABO3, where A is a cation of larger radii. The A site usually consists of large 

cations of alkaline-earth or rare-earth metals (such as Ca, Mg, Sc, La, and Ce). It has a 

12-fold coordination with O. The B sites are smaller transition metal ions ( such as Mn, 

Fe, Co, and Ni) residing in corner-sharing octahedra of O.34 While our focus is mainly on 

oxide perovskites, some nitrides, carbides, hydrides, and halides can also crystallize in 

the form of ABX3.35 The first naturally occurring mineral of the perovskite structure was 

calcium titanate (CaTiO3).36 It was named after the Russian mineralogist Lev Pervoski.37 

 

Figure 9: General structure of perovskite materials.38 

The ideal structure for a perovskite-type material is cubic. However, a wide range of 

distortions can exist as a result of different size ratios of A and B cations. A and B sites 

may also be partially substituted by other atoms. This can result in cases of oxygen 

excess and oxygen deficiency. Goldschmidt introduced an equation to define the 

tolerance factor (t) as a function of atomic radii, which can be used to identify structural 

stabilities of proposed perovskite structures. 

𝑡 =
𝑟𝐴 + 𝑟𝑂

√2(𝑟𝐵 + 𝑟𝑂)
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For an ideal cubic structure t = 1. However, the structure may also be found for t-values 

between 0.75 and 135. As a result, almost 90% of metallic elements in the periodic table 

may be stabilized into the perovskite lattice.38 

Table 6: List of some cations with their atomic radii for tolerance factor calculations. a and b are from different 
references.39 

 

Perovskites have been interesting materials for catalysis because of their excellent 

oxygen mobility, thermal stability, tunability and well-defined structures.40 The first 

catalytic applications for perovskites were published since the 1950s and 1970s 

suggesting their use in oxidation reactions and NO reduction.39,41 Given the wide range 

and possibilities of perovskite-type oxides, they can be considered an excellent 

approach for well-dispersed supported metallic catalysts. Figure 10 summarizes all the 

possibilities for obtaining such metallic catalysts.  
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Figure 10: Possible routes for supported metallic catalysts from PTOs.38 

Historically, perovskites were synthesized by the ceramic method where metal oxide 

precursors would be milled together then annealed at temperatures from 1100°C to 

1400°C. However, this resulted in extremely small surface areas (< 0.5 m2/g). Other 

methods of synthesis usually result in higher surface areas. They include coprecipitation, 

complexation, freeze-drying, templating, combustion, and hydrothermal.34,39 The latter 

two methods were tested in the current work and will be explained further in their 

respective chapters.  

Many papers have been published on perovskite-type materials for the dry reforming of 

methane. In order to see what were the most common A-sites and B-sites for DRM, a 

total of 48 papers published between 2003 and 2019 on PTO materials for dry reforming 

applications were studied (full list of these references is in appendix A) and summarized 

in Figure 11. 
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Figure 11: Numerical frequency of  A-sites and B-sites of  PTOs applied for DRM in literature. 

The most common A-site in dry reforming perovskites was lanthanum and lanthanum 

combined with strontium and cerium. The most common B-site in dry reforming 

perovskites was nickel and bimetallic nickel-iron and nickel-cobalt.  

For the purpose of comparing synthesis methods, lanthanum was chosen as the A-site 

and nickel as the B-site in the current work.  

 1.6. Characterization techniques  

1.6.1. X-Ray Powder Diffraction 

X-ray powder diffraction (XRD) is an analytical technique used mainly for phase 

determination crystalline materials. It determines an average bulk composition from 

analyzing finely ground powders.  

XRD experiments were done using a BRUKER D8 Advance X-Ray Powder Diffractometer 

using a Cu Kα as an energy source. The samples were measured at 40 kV and 40 mA 

from 5° to 80° 2θ angles. 
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1.6.2. Nitrogen Adsorption-Desorption Analysis 

Surface area and porosity play an essential role in the catalytic activity of materials. 

Usually, higher surface areas are recommended to enhance performance and overcome 

deactivation. There are several theories to measure surface area. The Brunauer–

Emmett–Teller (BET) theory was used in this work for determining the specific surface 

areas of prepared catalysts. Micromeritics’ Accelerated Surface Area and Porosity 

Analyzer (ASAP 2420) was used with calculations based on the BET method to report 

specific surface areas in this work. 

1.6.3. Thermal Gravimetric Analysis 

Thermal Gravimetric Analysis (TGA) is a technique dedicated to studying the response of 

materials to changes in temperature under various gasses as a function of changes in 

weight. One of its conventional uses is to determine the amount (weight%) of 

carbonaceous content in a given sample. In particular, to determine the amount of coke 

deposition on spent catalyst. Experiments were performed on a Mettler Toledo Thermal 

Analyzer TGA/DSC1. The analysis conditions were as follows: First, the samples were 

heated under the flow of nitrogen to 200°C and held for one hour to evaporate any 

water molecules. Next, the samples were ramped under nitrogen flow to 800°C allowed 

30 minutes to stabilize and establish a baseline for calculation. Finally, air was 

introduced at 800°C for one hour to allow complete oxidation (burn) of any carbon 

content present in the sample. 
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1.6.4. Scanning Electron Microscopy 

The Scanning Electron Microscopy (SEM) is used to produce images by “scanning” the 

specimens with a focused electron beam of high energy across a specified area. SEM can 

provide useful information about the morphology, particle size, and structure of 

materials investigated. Images were taken using a Zeiss Merlin SEM equipped with a 

GEMINI II column. 

1.7. The objective of this study 

The objective of this project is to explore the effects of various synthesis routes of 

lanthanum and nickel-based compounds on their activity and stability in the dry 

reforming of methane application. The synthesis routes of focus are: solution 

combustion synthesis (SCS), hydrothermal synthesis (HTS), and metal-organic 

framework mediated synthesis (MOFMS). 
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2. COMBUSTION SYNTHESIS  

2.1. Introduction 

Combustion synthesis or solution combustion synthesis (SCS) is one of the unusual 

approaches for the synthesis of nanoscale metal oxides that were explored in the 1980s. 

It can be described as a homogeneous solution of metal precursors such as nitrates 

(oxidizer) and organic molecules (fuel) that is heated to ignition resulting in a number of 

exothermic reactions. The ignition can release large amounts of heat needed for the 

formation of oxides. This means it needs heating to temperatures significantly lower 

than the phase formation temperatures. The primary source of heat in SCS is the 

combustion reaction, thus making it a self-sustained thermal process. Since large 

amounts of gasses are also released during the process, this helps in producing finely 

dispersed and porous solid products.42,43  

Table 7: Commonly used compounds for combustion synthesis.44 
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Oxide perovskite may also be synthesized by this method. For example, the preparation 

of LaAlO3 in the traditional solid-state synthesis would require a long term reaction of 

La2O3 and Al2O3 at 1500-1700°C. By using the SCS method where lanthanum and 

aluminum nitrates are mixed citric acid can produce the same material at 200°C, 

followed by two hours annealing at 750°C to obtain a pure phase product.45 Figure 12 

shows a diagram of the thermal profile over time of a typical SCS of Fe2O3. 

 

Figure 12: Time vs. Temperature of the combustion of Fe(NO3)3+glycine system.44 

Stage I is bringing the system to a boiling temperature. Stage II is where all free and 

some bound water molecules are evaporated. In stage III, the mixture starts to heat at a 

higher rate until it reaches its ignition temperature (Tig). Stage IV is the sudden and 

sharp increase in temperature as a result of ignition reaching a maximum temperature 

(Tm). Finally followed by cooling at stage V.  

The actual mechanism for the SLS is complex. Several parameters influence the reaction 

such as ignition temperature, type of fuel, fuel to oxidizer ratio, water content in the 
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precursor, and use of excess oxidizer. Selecting a proper fuel usually is one that has a 

non-violent reaction, non-toxic gasses produced (usually CO2, N2, and H2O) and can 

complex the metal cations.46  

Jain et al. introduced a method to calculate the fuel to oxidizer ratio (ϕ) in 

multicomponent compositions of fuel-oxidizer mixtures. In this method, hydrogen and 

carbon are considered reducing elements with valences of +1 and +4, oxygen is an 

oxidizer with a valency of -2, and nitrogen is considered to have a 0 valency. In the case 

of SCS, metal atoms are considered reducing elements having their corresponding 

valences.47  

𝜑 =
𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑥𝑖𝑑𝑖𝑧𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠

=
∑ 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑜𝑥𝑖𝑑𝑖𝑧𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑜𝑟𝑚𝑢𝑙𝑎 𝑥 𝑣𝑎𝑙𝑒𝑛𝑐𝑦

(−1) ∑ 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑜𝑥𝑖𝑑𝑖𝑧𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑓𝑜𝑟𝑚𝑢𝑙𝑎 𝑥 𝑣𝑎𝑙𝑒𝑛𝑐𝑦
 

A sample calculation for the synthesis of LaNiO3 from lanthanum and nickel nitrates with 

glycine as fuel in an aqueous solution is shown next. The balanced global reaction for 

this synthesis can be written as follows: 

6𝐿𝑎(𝑁𝑂3)3 + 6𝑁𝑖(𝑁𝑂3)2 + 16(𝐶𝑂)2𝑁𝐻5 → 6𝐿𝑎𝑁𝑖𝑂3 + 40𝐻2𝑂 + 23𝑁2 + 32𝐶𝑂2 

The hydration of nitrates can be ignored in the aqueous solution. The valances of metals 

are +3 for lanthanum and +2 for nickel. Resulting in the following equation: 
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𝜑 =
𝑛[2(+4(𝐶) − 2(𝑂)) + 0(𝑁) + 5 × 1(𝐻)]

(−1)[𝑥[+3(𝐿𝑎) + 3(0(𝑁) + 3 × (−2(𝑂))] + 𝑦[+2(𝑁𝑖) + 2(0(𝑁) + 3 × (−2(𝑂))]]

=
9𝑛

15𝑥 + 10𝑦
 

Where n is the number of moles of glycine, x the number of moles of lanthanum nitrate 

and y the mole of nickel nitrate. In our case, x = y. When fuel and oxidizers are in 

stoichiometry ϕ = 1. ϕ >1 means fuel-rich conditions, and ϕ < 1 means oxidant-rich 

conditions. It is worth noting that this is a simplified equation and does not reflect all 

the complexity of the reactions. 

2.2. Chemicals used 

For the synthesis of La-Ni materials through combustion, the following chemicals were 

used: Lanthanum(III) nitrate hexahydrate (Aldrich, 99.99%), Nickel(II) nitrate 

hexahydrate (Aldrich, 99.999% ), Glycine (Fisher Scientific, 98.5%), Urea (Fisher 

Scientific, 99.7%), Distilled water (Millipore, Milli-Q), Fumed SiO2 (Aerosil 200, 99.8%), 

Cerium(III) nitrate hexahydrate (Sigma-Aldrich, 99.99%). 

2.3. Synthesis method 

 

Figure 13: Graphical representation of combustion synthesis 
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Combustion synthesis of oxide perovskites typically consists of dissolving metal nitrates 

and fuels in an aqueous solution that is then transferred to a combustion boat and 

heated in a furnace for combustion. Finally, the powder product is recovered. The 

amount of fuel to nitrates ratio was calculated by the method presented by Civera et. 

al43. A fuel to oxidizer ratio of 1.75 was chosen for all combustion synthesis. Glycine and 

urea were used as fuels. After some trial and error, the final procedure for supported 

combustion synthesis route was as follows:  

Four mmol of lanthanum nitrate (1.73g), four mmol of nickel nitrate (1.16g), and 19.4 

mmol of glycine (1.46g) were dissolved in 10 mL of distilled water. After complete 

dissolution, 16 mmol of SiO2 (0.965g) was mixed into the solution (1:1 weight ratio of 

the final product). The mixture was then transferred to a crucible covered by a stainless 

steel mesh and placed in a muffle furnace that was preheated at 500°C for two hours. 

Samples prepared by this method will be named LaNiO3-C@SiO2. Samples in which 0.4 

mmol of lanthanum nitrate was substituted with cerium nitrate will be named 

LaCeNiO3-C@SiO2 

2.4. Results and discussion 

Initially, one-milliliter solutions were prepared using glycine and urea as fuels, and a 

tubular furnace was used for combustion. This allowed for the observation of the 

combustion reaction as it occurs. When glycine was used as fuel, it was observed that 

the solution had increased in volume and eventually burst into flame producing a fluffy 

powder. While urea did not show the increase in volume but only ignited in the 
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combustion boat. Mixing both fuels in 1:1 ratio demonstrated an explosive reaction 

where initially volume increased but then exploded in place ejecting powder material 

out of the tube furnace. Figure 14 shows the ignition points of all three scenarios. 

 

Figure 14: Ignition point during combustion synthesis of LaNiO3 perovskite. (a) glycine (b) urea (c) mixture of glycine 
and urea 

 The ramp rate for all experiments was set to 10°C/min. The sample prepared with 

glycine showed a lower ignition temperature (292°C) compared to the sample prepared 

with urea (350°C). It also showed a higher surface area of about 20 m2/g while the urea 

sample had an area on almost 1 m2/g. The difference in density was also demonstrated 

in another test where two samples in identical conditions showed a clear difference in 

product density as shown in Figure 15. 
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Figure 15: combustion products at identical conditions showing the difference in product density based on fuel. Urea 
(left), glycine (right). 

The aim of this approach was to have a porous structure. This was observed through 

SEM imaging of samples prepared by this method.  

 

Figure 16: SEM images of a combustion synthesis sample with glycine as fuel 

XRD examination of samples prepared by different fuels showed that the 2-theta 

pattern changes. However, using the same fuel gives consistent patterns. For samples 

prepared by glycine, the XRD phases found were a mixture of lanthanum oxide (La2O3) 

and nickel oxide (NiO). Earlier samples prepared in the tubular furnace also showed 

some carbon residue. In samples prepared by urea, the dominant phase was of a 

perovskite-type lanthanum nickel oxide (La2NiO4) with the presence of nickel oxide 
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(NiO). Samples prepared in a muffle furnace also showed peeks corresponding to 

lanthanum oxide carbonate (La2CO5). When both urea and glycine were mixed in 1:1 

ratio, the main phases were of lanthanum oxide (La2O3) and nickel oxide (NiO) with 

carbon peaks showing in both tubular and muffle furnace combustions.  

 

Figure 17: XRD patterns of combustion synthesized perovskite with different fuels. 

TGA analysis was performed on a sample prepared by glycine to determine carbon 

content. It was found to be approximately two weight% of the sample as can be seen in 

Figure 18. 
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Figure 18: TGA analysis of glycine combustion product. 

 

When supported combustion samples were prepared using Aerosil 200 silica as support 

for the glycine synthesis, it was noted that the sample did not expand significantly in 

volume as it did without silica. This might be the result of the weight of silica in the 

solution, which reduces the expansion. The supported sample had a surface area of 46 

m2/g. Replacing 10% of lanthanum (0.1-mole ratio) with cerium was done in an attempt 

to enhance coke resistance of the catalyst. It showed an increase in surface area to 62 

m2/g. 
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3. HYDROTHERMAL SYNTHESIS  

3.1. Introduction 

The hydrothermal or more generally solvothermal method of synthesis can be defined 

as a method in which crystals are formed and grown through chemical reactions and 

changes in solubility of compounds in a sealed and heated solution above ambient 

pressure and temperature. It has received wide acceptance as a method for preparing 

nanocrystals. It usually is easy to control and gives high yield and quality of crystalline 

phases. The key to the successful preparation of such materials is through precise 

control of solvothermal conditions such as solvent (if other than water), pH value, 

concentration, pressure, temperature, time, and templates or additives.34,48  

Perovskites such as BaTiO3 have been synthesized using this method since the 1940s 

and 1950s. While most work has been done in Titanium and Zirconium based 

perovskite, it can also be applied to other perovskites. 49 

3.2. Chemicals used 

In order to make La-Ni materials through the hydrothermal method, the following 

chemicals were used:  

Lanthanum(III) nitrate hexahydrate (Aldrich, 99.99%), Nickel(II) nitrate hexahydrate 

(Aldrich, 99.999% ), Fumed SiO2 (Aerosil 200, 99.8%), Ammonium hydroxide solution 

(Sigma-Aldrich, ACS reagent, 28.0-30.0%), , Glycine (Fisher Scientific, 98.5, Distilled 

water (Millipore, Milli-Q). 
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3.3. Synthesis method 

 

Figure 19: Graphical representation of hydrothermal synthesis. 

Zhang et al. published a method for producing porous perovskite nanocubes of LaNiO3 

in a Nature scientific report.50 Although the purpose was for their use in battery 

cathodes, this method and the method of Nan et al.51 were used -with slight 

modification- to test for the perovskite nanocube’s activity in dry reforming. Others 

have also reported the synthesis and use of LaNiO3 nanocubes and nanocages as 

catalysts for dry reforming of methane.52,53 

A typical hydrothermal synthesis was made by dissolving two mmol of lanthanum 

nitrate (0.86g), two mmol of nickel nitrate (0.58g), and ten mmol of glycine (0.75g)  in 60 

mL of DI water. The pH was then adjusted to approximately 7.7 using ammonium 

hydroxide solution (≈0.5 mL). When pH is adjusted, the color of the solution changes 

from pale green to intense blue. Next, the mixture was transferred to a Teflon lined 

autoclave and kept at 180°C for 24 hours. After cooling, the precipitate was recovered 

from the solution through centrifugation (8k-12k rpm) and washed several times with 

water. Finally, the product was dried overnight at 80°C then annealed at 650°C for two 

hours.  
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In order to prepare samples supported on silica, eight mmol of Aerosil 200 was added 

either in the initial solution before the hydrothermal synthesis (A) or along with the 

washing steps before drying and annealing (B). Both methods were made. Samples 

prepared by this method were labeled LaNiO3-NC(A)@SiO2 and LaNiO3-NC(B)@SiO2. 

3.4. Results and discussion 

Initial attempts following literature did not succeed in obtaining the LaNiO3 nanocubes. 

However, after some modifications to the literature method, the nanocubes were 

successfully synthesized. The XRD pattern confirmed the synthesis of LaNiO3 nanocubes, 

and all peaks were matched to a LaNiO3 phase (PDF 04-007-6256). The sample had a 

surface area of 11.9 m2/g. While the supported samples had a surface area of 131.4 

m2/g. 

 

Figure 20: XRD pattern of hydrothermal LaNiO3. 
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The SEM images taken of the samples prepared by the hydrothermal method also 

confirmed the synthesis of nanocube morphologies as reported in the literature. The 

nanocubes were measured to be approximately 200 nm in length. The synthesis was 

reproducible as can be seen in the images of Figure 21 as each image was taken from a 

different batch while nanocubes of the same size can be seen in both images.  

 

Figure 21: SEM images of LaNiO3 nanocubes. 

If instead of having equal molar quantities of lanthanum and nickel, lanthanum is 

increased by 30%, a new structure is formed. LaNiO3 cages of approximately one-

micrometer lengths are formed instead of the 200 nm nanocubes. SEM images of these 

cages can be seen in Figure 22. 

 

Figure 22: SEM images of LaNiO3 cages 
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4. METAL ORGANIC FRAMEWORK MEDIATED SYNTHESIS  

4.1. Introduction 

Metal-organic frameworks (MOFs), alternatively known as porous coordination 

polymers (PCPs), have become a new type of stable, porous, and tunable crystalline 

materials for heterogeneous catalysis. They are hybrid materials of metal ion or cluster 

centers bridged through organic linker ligands in a well-defined coordination 

geometry.54 They have attracted considerable attention since the 1990s when Yaghi 

reported them as a promising material for various applications including catalysis, 

separation, and gas storage.55,56 The organic and inorganic parts of MOFs can be 

visualized as struts and joints, respectively.57 As catalysts, MOFs have three main parts 

where catalytic activities can occur: the pore space, the organic linker, and the metallic 

component. Compared to traditional heterogeneous catalysts such as zeolites, MOFs 

have much greater flexibility in terms of possible structures and combinations and the 

fine-tuning of properties. However, many MOFs lack the stability and robustness 

needed for many catalytic applications in harsher conditions. Fortunately,  MOFs can be 

used as templates or precursors to give much more stable catalysts while still 

maintaining many of its unique properties such as high surface area, porosity, and 

atomic metal dispersion. This is done by what is known as MOF-mediated synthesis 

(MOFMS).  It results from heat treatments of MOFs under specific conditions which 

result in different bulk and supported catalysts with enhanced properties.58,59 One such 

example of this approach was demonstrated by synthesizing highly active and catalyst 

for Fischer-Tropsch reactions using the iron-based MOF Basolite F300.60  
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4.2. Chemicals used 

In order to make La-Ni materials through MOF mediated method, the following 

chemicals were used:  

Lanthanum(III) nitrate hexahydrate (Aldrich, 99.99%), Nickel(II) nitrate hexahydrate 

(Aldrich, 99.999% ), Fumed SiO2 (Aerosil 200, 99.8%), N-N-Dimethylformamide (DMF) 

(Sigma-Aldrich, 99.8%), 1,3,5-Benzenetricarboxylic acid (trimesic acid) (Merck KGaA, 

95%), Methanol (VWR, HPLC grade).  

4.3. Synthesis method 

Methods have been reported for the synthesis of lanthanum MOFs and nickel MOFs.61,62 

lanthanum MOF synthesis method was by mixing five mmol of trimesic acid (H3BTC) 

with five mmol of lanthanum trichloride in 50 mL N,N-Dimethylformamide (DMF) then 

heating in an autoclave at 150°C for 36 hours. A Nickel MOF synthesis method was 

reported where 0.25 mmol of trimesic acid was mixed with 1.5 mmol of nickel nitrate 

hexahydrate in 30 mL of DMF. Then heated in an autoclave at 150°C for 12 hours.63 

Since both methods used the same linker molecule (H3BTC) and were synthesized at the 

same temperature using the same solvent, we attempted to synthesize a La-Ni MOF by 

intermediate conditions of those individual MOF synthesis methods. Initial experiments 

were done with different La:Ni ratios, then it was decided to use the following synthesis 

method: 

Four mmol of lanthanum nitrate (1.73g) and four mmol of nickel nitrate (1.16g) were 

dissolved in 80 mL of DMF followed by the addition of 1.6 mmol of H3BTC (0.336g). The 
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solution was then stirred until the nitrates dissolved completely. The mixture was then 

heated in an oil bath to 150°C and kept at this temperature while slowly stirring for 24 

hours. After that, the precipitates were recovered, washed few times with DMF until it 

becomes transparent then washed twice with methanol before being left to dry (solvent 

exchange was allowed overnight before drying). Finally, the dried powders were 

calcined at 650°C for two hours to give the final metal oxide catalyst. In order to prepare 

the silica-supported samples, 16 mmol of SiO2 (0.965g) were mixed into the solution 

before the initial thermal synthesis step. Samples prepared by this method will be 

referred to as LaNiO3-M@SiO2.  

4.4. Results and discussion 

Initially, two stock solutions of La/BTC/DMF and Ni/BTC/DMF were prepared and mixed 

in different ratios, as seen in the table below to study the effect of mixing.  

Table 8: mixtures of La-Ni solutions 

 4 3 2 1 0 

Ni/BTC/DMF 12 ml 9 ml 6 ml 3 ml 0 

La/BTC/DMF 0 ml 3 ml 6 ml 9 ml 12 ml 

It was noticed that both nickel and lanthanum MOFs had distinct colors of green and 

pale orange, respectively. In samples that had both lanthanum and nickel, two visible 

phases of products were recovered. Thus, Indicating a nonhomogeneous precipitate. 

The mixed synthesis was done again with stirring in an attempt to minimize the phase 
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difference. Although the different phases seemed visibly less, it did not change much in 

their characterizations.  

 

Figure 23: Synthesized MOF samples in DMF from pure Ni-MOF (left) to pure La-MOF (right). 

TGA was done for a sample in which an equal amount of lanthanum and nickel were 

present to determine the optimal calcination temperature.  

It was noticed that the main weight loss occurs at 450°C while there is another small 

drop at 750°C. The samples were then calcined at these two temperatures to compare 

how this affects their crystallinity phases in XRD.  
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Figure 24: TGA of La-Ni-MOF material (as made) 

 

Figure 25: XRD patterns of La-Ni-MOF materials: as made (top), calcined at 450°C (middle), and calcined at 750°C 
(bottom). 
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It was found that the sample calcined at 450°C was composed mainly of lanthanum 

oxide carbonate ( La2CO5) and some nickel(II) oxide (NiO) phases. However, the sample 

calcined at 750°C composed of a mixture of lanthanum oxide (La2O3) and nickel(II) oxide 

(NiO) and lanthanum nickel perovskite-type material (La2NiO4). 

SEM images of the samples showed that the calcination steps did not affect the rod-like 

shape of the MOF samples.  

 

Figure 26: SEM images of La-Ni-MOF materials: as made (left), calcined at 450°C (middle), and calcined at 750°C 
(right). 

Surface areas of the MOF sample were found to 18.6 m2/g for the as-made, 23.1 m2/g 

for sample calcined at 450°C and 5.2 m2/g for sample calcined at 750°C. The supported 

La-Ni-MOF had a surface area of 154.2 m2/g. 
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5. CATALYST TESTING FOR DRY REFORMING OF METHANE 

5.1. Testing setups 

Isothermal fixed-bed flow reactors were used for the testing of catalysts for dry 

reforming. Quartz tubes were used as reactors.  

Initial tests were done on a PID Eng & Tech Microactivity Catalytic Reactor (single 

reactor) with an online micro-Gas Chromatography unit. 

Later tests were carried done on Avantium Flowrence XD. A four fixed bed parallel 

reactor system with an online Mass Spectrometry unit. 

5.2. Testing conditions 

For the initial activity tests on the Microactivity microreactors, catalyst packed beds 

were prepared in quartz tubes between two layers of quartz wool. The following test 

conditions were used: 

Table 9: Testing conditions on Microactivity reactor unit 

Reaction Temperature (°C) 800 

CH4 Feed (mL/min) 5.2 (10%) 

CO2 Feed (mL/min) 5.1 (10%) 

Ar Feed (mL/min) 41 (80%) 

Catalyst loading  10 mg 

Analysis method Online Micro-GC 

 

For the tests on the Avantium Flowrence XD unit, quartz reactors were used with the 

catalyst bed placed on top of quartz wool. Catalysts were palletized and sieved to a 

fraction between 300 µm and 200 µm. The reactor tube was filled with silicon carbide 
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(SiC) as an inert filling material to help with gas preheating and mixing.  The following 

test conditions were used (per reactor): 

Table 10: Testing condition on Flowrence XD parallel reactor unit 

Reaction Temperatures (°C) 800 – 750 – 700  

CH4 Feed (mL/min) 14.2 (45%) 

CO2 Feed (mL/min) 14.2 (45%) 

Ar Feed (mL/min) 3.2 (10%) 

Catalyst loading  100 mg 

Analysis method Online MS 

 

5.3. Results and discussions 

5.3.1. Initial tests on Microactivity reactor 

Initially, tests were conducted on the Microactivity reactor. The following table 

summarizes the results: 

Table 11: Average conversions from Microactivity reactor testing at 800°C. 

Catalyst Preparation method 
CO2 

Conv. 
CH4 

Conv. 
H2/CO 

OP-007 
Hydrothermal synthesis of LaNiO3 

nanocubes 
92.9% 85.8% 0.99 

OP-010 
Hydrothermal synthesis of LaNiO3 

nanocubes 
84.2% 71.0% 0.90 

OP-011 
Combustion synthesis of La-Ni oxides 

(glycine) 
78.5% 64.0% 0.90 

NiBTC@La-
MOF* 

Nickel+BTC solution calcined on La-MOF 32.2% 26% 0.61 

LaNiO3@CeZrO* LaNiO3 on Ce-Zr oxide support 25.7% 17.9% 0.36 

LaNiO3 
combustion* 

Combustion synthesis of LaNiO3 46.7% 34.3% 0.54 

* These samples were prepared by another group member for comparison. 
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It was clear that the synthesized LaNiO3 nanocubes (OP-007) showed superior 

performance compared to other methods. However, it was noted that OP-010 which 

was also prepared by the same method, showed almost 10% less activity than OP-007. 

Although they had identical XRD patterns and similar SEM morphologies, they 

performed differently. This emphasized the importance of controlling synthesis 

parameters.  

Another interesting observation of LaNiO3 nanocubes was their activity without 

reduction. The tests were run first without reduction for five hours, then reduced in 

hydrogen, and tested again for five hours.  

 

Figure 27: CO2 and CH4 conversions for Microactivity reactor testing before and after reduction. 

 It was noticed that OP-007 and OP-010 started at higher conversions than OP-011, and 

their conversions did not change much after the reduction step. Unlike the combustion 

sample.  
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5.3.2. Testing activity at different temperatures 

The activity for dry reforming was tested at different temperatures for the following 

samples: LaNiO3-C@SiO2, LaNiO3-NC(A)@SiO2, LaNiO3-M@SiO2, LaCeNiO3-C@SiO2, La-

Ni@SiO2, and an industrial reference catalyst. 

The tests were carried out at three temperatures 800°C, 750°C, and 700°C with 

approximately four hours run time on each temperature. This was preceded by two 

hours of reduction under hydrogen. Initially, unsupported samples were tested. 

However, they soon built pressure beyond the five atm limit, and the run was 

terminated. Therefore the remaining tests were done with supported catalysts. 

The reactor containing the La-Ni@SiO2 reference experienced severe coking, and 

immediate pressure buildup as soon as the feed was switched to reactants. The 

pressure buildup in the reactor caused the run to terminate. As a result, only the first 

five points were collected for this sample. The run was then repeated after replacing the 

La-Ni@SiO2 with LaCeNiO3-C@SiO2.  

 

Figure 28: CO2 and CH4 conversion at temperatures 800°C, 750°C, and 700°C. 
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It was observed that the conversion rates decreased with decreasing temperature, 

which would be expected for the given nature of the endothermic reaction. However, it 

was also noticed that the difference in conversions between samples increased as 

temperatures were lowered. Most notably, LaNiO3-C@SiO2 had built pressure and 

deactivated. The reactor, in this case, had dropped, preventing the pressure buildup 

from exceeding the 5 atm threshold, which would have terminated the reaction. 

LaCeNiO3-C@SiO2 and LaNiO3-M@SiO2 showed similar activity with the latter being 

slightly less active. At 700°C, LaNiO3-NC(A)@SiO2 had dropped nearly 34% in CO2 

conversion and 46% in CH4 conversion compared to LaCeNiO3-C@SiO2. Table 12 

summarizes the average results of this test. 

Table 12: Average conversions from testing at different temperatures. 

Temperature 800°C 750°C 700°C 

Parameter 
CO2 

Conv. 
CH4 

Conv. 
H2/CO 

CO2 

Conv 
CH4 

Conv 
H2/CO 

CO2 

Conv 
CH4 

Conv 
H2/CO 

LaNiO3-
C@SiO2 

92.3% 81.7% 0.985 81.2% 66.8% 0.929 N/A N/A N/A 

LaNiO3-
NC(A)@SiO2 

86.8% 74.4% 0.962 69.5% 52.8% 0.879 50.5% 32.7% 0.777 

LaNiO3-
M@SiO2 

93.5% 82.8% 0.986 86.9% 72.7% 0.937 75.1% 57.6% 0.873 

LaCeNiO3-
C@SiO2 

94.1% 84.1% 0.993 87.9% 74.5% 0.948 76.8% 61.0% 0.896 

La-Ni@SiO2 99.5% 41.4% 1.120 N/A N/A N/A N/A N/A N/A 

Industrial 
reference 

98.6% 71.5% 1.113 N/A N/A N/A N/A N/A N/A 

 

Spent catalysts from this test were recovered and analyzed by TGA to determine carbon 

content in the samples. It was found that the cerium doped combustion oxide had the 

most substantial weight loss. It was followed by the MOF mediated sample. It was 
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interesting to observe that the reference metal oxide La-Ni@SiO2 had managed to 

accumulate more carbon deposits in a few minutes than the combustion synthesis 

sample had accumulated over more than 6 hours of runtime. Even though LaNiO3-

NC(A)@SiO2 had dropped the most in activity without deactivating, it only showed a 

weight loss of 4.55%. This was again apparent in the TGA analysis of the stability test.  

Table 13: TGA analysis of spent catalyst from temperature variation test. 

Sample Initial mass (mg) Final mass (mg) %mass loss 

LaNiO3-C@SiO2 27.9 19.8 -29.0% 
LaNiO3-NC(A)@SiO2 28.6 27.3 -4.55% 

LaNiO3-M@SiO2 33.4 22.7 -32.0% 
LaCeNiO3-C@SiO2 27.7 18.1 -34.7% 

La-Ni@SiO2 27.0 19.0 -29.6% 
 

5.3.3. Stability test at 800°C 

Stability tests were performed for the following samples: LaNiO3-NC(B)@SiO2, LaCeNiO3-

C@SiO2, LaNiO3-M@SiO2, LaNiO3-NC(A)@SiO2 

The reaction temperature was kept at 800°C for this test. It was observed that initially, 

the catalysts showed slight deviations with LaNiO3-M@SiO2 and LaCeNiO3-C@SiO2 

showing the best performance.  
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Figure 29: CO2 and CH4 conversion during the stability test at temperatures 800°C 

After several hours of running LaCeNiO3-C@SiO2 and LaNiO3-NC(A)@SiO2 showed signs 

of deactivation with the former eventually deactivating after 52 hours. As in the 

previous test, the reactor dropped due to pressure buildup and prevented the run from 

terminating. The remaining catalysts, however, showed to be stable and of relatively 

close activities after 110 hours of runtime. Table 14 summarizes the average values.  

Table 14: Average conversions from the stability test through time. 

Time 10 hours 35 hours 110 hours 

Parameter 
CO2 

Conv 
CH4 

Conv 
H2/CO 

CO2 

Conv 
CH4 

Conv 
H2/CO 

CO2 

Conv 
CH4 

Conv 
H2/CO 

LaNiO3-
NC(B)@SiO2 

92.4% 80.8% 0.992 86.0% 72.9% 0.970 89.9% 78.2% 0.985 

LaCeNiO3-
C@SiO2 

94.2% 83.3% 1.00 89.7% 76.6% 0.960 33.5% 15.5% 0.640 

LaNiO3-
M@SiO2 

94.3% 83.8% 1.00 91.9% 79.5% 0.981 89.4% 76.4% 0.945 

LaNiO3-
NC(A)@SiO2 

92.7% 81.0% 0.993 91.0% 78.7% 0.974 90.5% 77.2% 0.951 
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Again, the recovered catalysts were analyzed by TGA, as shown in table 15. 

Table 15: TGA analysis of spent catalyst from the stability test. 

Sample Initial mass (mg) Final mass (mg) %mass loss 

LaNiO3-NC(B)@SiO2 36.35 30.95 -14.8% 
LaNiO3-M@SiO2 32.35 27.12 -16.2% 

LaCeNiO3-C@SiO2 32.1 22.66 -29.4% 
 

The results clearly show that operating at 800°C minimizes coke formation than at lower 

temperatures, as was suggested in section 1.3. Even after 100 hours of runtime, the 

accumulated carbon was less than that during the temperature variation test. As 

expected from the reaction plot, the cerium doped combustion sample had 

accumulated the most coke and therefore had deactivated. LaNiO3-NC(A)@SiO2 was 

also analyzed by TGA, but the results showed no loss of mass. On the contrary, it 

showed a slight gain in mass (0.2mg). It is unclear why this catalyst would stand out in 

such unexpected behavior. 
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6. CONCLUSIONS AND SUMMARY 

Dry reforming of methane remains as one of the interesting reactions to utilize carbon 

dioxide and synthesize value chemicals from cheap feedstocks. Although it has been 

studied for decades, yet, the process has not reached sufficient maturity to be 

commercialized on an industrial scale. One of the key elements towards achieving that is 

developing reliable catalysts that can minimize the formation of carbon species and 

eventual deactivation of the catalyst. Nickel has been known as one of the most 

attractive metals for dry reforming because of its low cost and ease of availability.  

LaNiO3 which when reduced converts to nickel nanoparticles on lanthanum oxide have 

been reported to demonstrate decent activity and coke resistance. Three approaches to 

synthesize Lanthanum-Nickel materials were investigated.  

Solution combustion synthesis is a cost and time-effective way for making supported 

nanoparticles that can be easily scaled up. The main challenge is controlling the various 

parameters of this reaction. It was shown that the type of fuel and fuel to oxidizer ratio 

play an essential role in the resulting powder. Urea as fuel produced perovskite-like 

materials but with a negligible surface area. While glycine gave mixtures of lanthanum 

and nickel oxides but had a relatively better surface area, the randomness of the SCS 

method makes it challenging to predict products accurately. Hydrothermal synthesis, on 

the other hand, is an excellent way for controlling and tuning desired products of pure 

phases but it also is affected by tuning parameters such as concentrations and pH which 

can change one product to another. MOF mediated synthesis is a highly attractive 
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method that has not yet significantly been explored. Very little work has been done in 

developing catalysts for dry reforming using this method, and much can be explored.  

The testing and comparison of similar materials prepared through different routes 

showed that only having the right atoms (La and Ni)  is not enough to make a good 

catalyst as was evident in the reference La-Ni@SiO2. The effect of synthesis route is 

more relevant at lower operating temperatures and away from thermodynamic and 

kinetic boundaries.  The hydrothermally prepared catalysts need to be studied in more 

depth to understand how they function in dry reforming as results were not conclusive. 

Although lanthanum and nickel were not incorporated in a single lattice MOF, the 

catalysts prepared by the MOF mediated approach showed excellent activity and 

stability in all performed runs. While all of the methods demonstrated in this work can 

be further investigated, the MOFMS would probably be the most attractive to pursue 

and could result in significant breakthroughs. 
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