
 

 

ABSTRACT 

SHAFIEFARHOOD, ARYA. Core-Shell Redox Catalyst for Partial Oxidation of Methane 

with Active Lattice Oxygen. (Under the direction of Dr. Fanxing Li.) 

 

Chemical looping processes offer more efficient, cost effective and environmentally friendly 

routes for carbonaceous fuel conversion. This is achieved through a cyclic reaction and by 

replacing the gaseous oxidants with the oxygen in the lattice of an oxygen carrier. Application 

of chemical looping processes ranges from complete combustion (CLC) for energy production 

to partial oxidation for reforming (CLR) or direct oxidation purposes. The effective 

performance of these processes greatly depends on the performance of the oxygen carrier. As 

a result, Rational design of active and selective oxygen carriers are of utmost importance. 

Oxygen carriers are typically made out of two main parts: an oxygen reservoir (typically an 

oxide of a transition metal) and an inert support phase to increase the mechanical properties of 

the oxygen carrier. Therefore, the redox properties of the oxygen carriers can be tuned by both 

changing their intrinsic properties and catalytic surface modification to enhance their kinetic 

properties. This study focuses on development of more active and selective redox catalysts 

though investigations on (i) using iron-based mixed oxides with tunable properties as oxygen 

reservoirs, (ii) using mixed ionic-electronic conductive (MIEC) materials as support phases to 

improve redox properties of iron-based redox catalysts, and (iii) catalytic surface modification 

of redox catalysts to enhance their kinetic properties. 

Oxygen carrying capacity and activity of the iron oxide-based oxygen carriers are proved to 

be tuned by the addition of various concentrations of more readily reducible metals such as 

manganese and cobalt. Mixed metal oxides with higher concentrations of Mn and Co 



 

 

demonstrated better spontaneous oxygen donation and better activities for methane oxidation. 

The addition of compatible mixed ionic-electronic conductors, such as perovskites, proved to 

improve the redox activity of the redox catalysts. These supports, which generally contain earth 

or rare-earth metals, commonly have better selectivity toward syngas compared to iron oxide 

due to the presence of more catalytically active sites on their surface. 

The perovskite supported iron oxide is further engineered into a Fe2O3@La0.8Sr0.2FeO3 core-

shell structure to exploit the high oxygen carrying capacity of iron oxide and the selective and 

coke resistant surface of LSF. Results showed superior activity (up to 200 times) and selectivity 

during a methane CLR process, when compared to iron oxide supported on inert materials 

(Al2O3 and TiO2) and ionic conductors (YSZ). Slightly better activity, selectivity and coke 

resistance are also observed compared to the composite sample with an identical LSF support. 

The recyclability of the core-shell redox catalyst is also confirmed through long-term redox 

experiments. 

The core-shell redox catalyst undergoes four different reduction regions with noticeably 

different product selectivities during the methane reduction half cycle. As confirmed by 

transient pulse injection and isotopic exchange experiments, the underlying methane oxidation 

mechanisms are different in the selective, and non-selective regions. Mars-van Krevlen 

mechanism in which lattice oxygen converts surface activated species can be used to describe 

the methane oxidation reaction throughout the reduction half cycle. Methane activation, 

however, changes from forming loosely adsorbed activated species in the non-selective region 

to dissociatively adsorbed species in the selective region. Oxygen anion diffusion through the 

catalyst bulk is also found to be the rate-limiting step. 



 

 

The effect of catalytic surface modification is studied on two different redox catalysts 

(CaMnO3 and LaCeO3.5) as the core-shell samples already shows very high activity and 

selectivity. Rh is used to enhance the redox properties of the redox catalysts. The presence of 

rhodium enhances the methane activation kinetic on the surface. This leads to a faster and 

higher oxygen removal from the redox catalysts. Rhodium is proved to reduce the CLR 

operating condition by more than 300 °C. The Rh-promoted samples also showed good 

recyclability. 
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CHAPTER 1  Introduction 

1.1 Methane as an Energy Source 

Natural gas, which is primarily composed of methane, is one of the most important raw 

materials for both energy production and chemical industry. According to the Oil and Gas 

Journal,1 the world’s proven natural gas reserves have grown by about 40% over the past 20 

years, due primarily to advancements in shale gas production technologies.2 With proven 

reserves of about 6,950 trillion cubic feet (196.8 Tm3) at the end of 2015,3 methane is among 

the most abundant organic compounds on earth. To generate the same amount of thermal 

energy, methane emits roughly 48% less CO2 than coal and 27% less than crude oil (Figure 

1.1). Relative abundance of natural gas reserves coupled with increasing global warming 

concerns have made methane a clean and affordable source of energy. 

 

Figure 1.1. Comparison of price and emission of fossil fuels.3 

At present, methane is primarily used as a fuel for residential heating and power generation 

which has a relatively low added value.3 It is also being used as transportation fuel in the form 
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of compressed natural gas (CNG) and liquefied natural gas (LNG). However, transportation 

costs for CNG and LNG can be significant.4 It is, therefore, desirable to explore novel 

approaches to convert methane into transportation fuels and value added chemicals. This 

significantly renewed interests in methane processing to more valuable products in a global 

scale. 

1.2 Current Technologies for Methane Conversion 

Current technologies in methane conversion can be classified in two major categories: 1. 

combustion or complete oxidation to CO2 for energy production, and 2. partial oxidation, 

which can be further categorized to direct and indirect routes. 

1.2.1  Complete Oxidation/Combustion 

As mentioned earlier, power generation through combustion of methane in gas-powered power 

plants is currently the main application of methane. Thermal efficiency of gas-fired plants is 

typically around 55-60% without implementing carbon capture technologies.5 However, recent 

concerns over global climate changes and international agreements such as Kyoto protocol and 

Paris agreement mandate carbon mitigation for fossil fuel based power plants. Most carbon 

capture and sequestration (CCS) technologies are highly capital intensive and often impose 

high parasitic energy penalties that can reduce the energy conversion efficiencies of such plants 

by as much as 11-26%.5–8 Table 1.1 reports the average thermal efficiencies of a typical gas-

fired power plant with and without carbon capture for various CCS technologies. 
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Table 1.1. Comparison of the average thermal efficiencies of the gas-fired power plants. 5–8 

Carbon Capture 

Technology 

Thermal Efficiency (% 

LHV) 

Overall Efficiency 

Drop (%) 

No Capture 55-60 ---- 

Post-Combustion 47-50 11-18 

Pre-Combustion 40-46 23-26 

Oxy-fuel Combustion 44-48 19-25 

 

1.2.2  Partial Oxidation 

Partial oxidation techniques have potential of converting methane to more value added 

products such as oxygenates and olefins. Currently, most partial oxidation technologies adopt 

indirect routes.  In these processes, methane is converted in two or more steps: in the first step, 

methane is reformed into syngas, which is a mixture composed primarily of carbon monoxide 

and hydrogen; the syngas is then processed into chemicals and liquid fuels in one or more 

steps. The complexity of the aforementioned indirect conversion processes and the energy 

intensive methane reforming step lead to high energy penalties and capital cost. This prompts 

the need to develop efficient and cost-effective reforming strategies.  

Alternatively, direct partial oxidation approaches which selectively convert methane into 

value-added products have the potential to be efficient and cost effective.4,9–11 Over the past 

few decades, extensive studies have been performed to develop effective catalysts and reactor 

designs. To date, however, direct approaches are not competitive when compared to indirect 

processes from both product yield and process economics standpoints.11–13 The key challenge 
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to direct oxidation lies in the fact that the C-H bond in methane, which has activation energy 

of 435 kJ/mol, is notably more stable than the desired products. It is therefore challenging to 

obtain high conversion of methane without further oxidation of the products. From a 

thermodynamic standpoint, neither oxygenates nor olefins are favored products. 

1.2.2.1  Methane Valorization 

Significant amount of work has been devoted to oxidative coupling/dehydrogenation of 

methane to ethylene,4,14–19 with most research focused on using oxygen gas as the oxidant. The 

yields of ethylene in these processes are generally limited to around 25%.11 The limitation in 

product yield results from either the activation of C2 products on the active sites for methane 

activation, which leads to deep oxidation of the less stable ethane and ethylene, or desorption 

of methyl radicals to the gas phase, which favors non selective products.11,13 The use of lattice 

oxygen in metal oxide-based oxygen carriers and oxygen conducting membranes instead of 

gaseous oxygen although lead to higher C2 yields,16,17,19–21 conversions and selectivities 

obtained in these processes were still insufficient to make the process competitive with indirect 

approaches from a process economics standpoint.  

Various approaches for partial oxidation of methane to methanol and/or formaldehyde have 

also been investigated over the past few decades. Existing methods can be categorized into 

four categories based on operating temperature and dominating reaction mechanism: high 

temperature (> 300°C) catalysis route, low temperature catalysis route, homogeneous solution-

based catalysis route, and other routes such as plasma, photocatalysis, etc.4,11,13,22,23 
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Achieving high methanol/formaldehyde selectivity at high temperatures is generally not 

practical foe various reasons such as further oxidation of unstable intermediates/oxygenates to 

COx through gas phase reactions,24–26 presence of chemisorbed active O2 which tends to 

oxidize oxygenates to COx, and decomposition of oxygenates on the catalyst surface at high 

temperature.27 Figure 1.2 summarizes the performances of various approaches for gas phase 

partial oxidation of methane.13 

 

Figure 1.2. Summary of conversion and selectivity data for methane to oxygenate conversion 

reported in literature. 13 

Gaseous oxidants other than oxygen can also be used for methane oxidation. Although higher 

selectivity can be achieved using oxidants such as nitrogen oxides,28 they are impractical for 

industrial use. A combination of H2 and O2 can be used, though costs associated with H2 use 

can be prohibitive. A well-known low temperature methane oxidation route occurs through 

monooxygenase at ambient conditions.29 Cu-ZSM-5 zeolite is also found to be active for 

methane conversion at low temperatures with high methanol selectivity.30–32 Although these 



6 

 

low temperature approaches are promising, methane conversion and kinetics limitations hinder 

their applicability at the moment.  

Homogenous solution-based approaches are exemplified by the process developed by Periana 

et al.33 A bipyrimidyl platinum (II) complex is used to convert 90% methane in concentrated 

sulfuric acid, achieving high selectivity toward methyl bisulfate. However, hydrolysis of 

methyl bisulfate and regeneration of sulfuric acid can be challenging. Other approaches such 

as plasma and photocatalysis are not well-established and suffer from high energy demands, 

low product yields, and poor methane conversions.23,34 To summarize, significant 

improvement in oxygenate yields is necessary for direct methane oxidation strategies for them 

to be economically feasible. 

1.2.2.2  Methane reforming 

Methane reforming is one of the most important steps in converting natural gas/methane to 

chemicals or fuels. Currently there are three better-studied methods to converts methane to 

syngas all of which uses a gaseous reactant: steam reforming (Reaction 1.1) in the presence of 

steam, dry reforming (Reaction 1.2) in the presence of CO2, and partial oxidation (Reaction 

1.3) in the presence of oxygen. All of these reactions are performed in the presence of a 

heterogeneous catalyst. Unless carried out at ultra-high temperatures, the use of heterogeneous 

reforming catalyst is necessary as methane is a highly stable molecule. 

4 2 2 0 ,1 

4 2 2 0 ,1 

4 2 2

3                       215.7                 Reaction 1.1

2 2                     255.3                 Reaction 1.2

1 2 2                 

C atm

C atm

CH H O CO H H kJ

CH CO CO H H kJ

CH O CO H





    

    

   0 ,1    28.5                 Reaction 1.3C atmH kJ  
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At present, steam reforming is a better-established commercial approach for methane 

reforming. However, it suffers from high operating cost due to the high endothermicity of the 

reactions. In addition, high steam to methane ratio is required in order to minimize coke 

formation. The use of large amount of steam causes additional energy penalty. Dry reforming 

also suffers from catalyst deactivation caused by carbon formation from methane 

decomposition reaction. Partial oxidation, on the other hand, is an exothermic reaction. It is 

also the only method that produces syngas with proper hydrogen to carbon monoxide ratio for 

further processing in Fischer-Tropsch synthesis which eliminates the need to hydrogen 

separation/addition. This makes partial oxidation a highly promising option. Within the last 

few decades, many catalysts such as transition metals and some noble metals are tested and 

proven active for partial oxidation of methane.35–40  However, these catalysts face challenges 

such as low selectivity, deactivation, and coke formation. Additionally, the needs for gaseous 

oxygen, which needs to be generated from an air separation unit (ASU), imposes significant 

capital and operating costs, making it less competitive from a process economic stand 

point.41,42 Developing a methane partial oxidation process with minimal oxygen separation cost 

is therefore highly desirable. 

1.3 Chemical Looping 

By definition, “any reaction scheme in which a reaction is decomposed to multiple sub-

reactions and proceeds through reaction and regeneration of the chemical intermediates, is 

referred to as a chemical looping”.43 A chemical looping scheme, when properly designed, can 

significantly reduce the irreversibility/exergy loss and increase efficiency of a reaction. 

Chemical looping processes, hence, offer an alternate and potentially efficient approach for 
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fossil fuel conversion for both power generation and chemical production purposes. This is 

done through substituting gaseous oxygen with lattice oxygen of a solid oxygen carrier. These 

solid oxygen carriers, which are commonly oxides of transition metals,44,45 are used in a cyclic 

redox scheme to convert fuels. In the reduction half cycle, the oxygen carriers are reduced and 

donate their lattice oxygen to oxidize the fuel in a “fuel reactor”. The reduced particles are then 

transferred to a separate reactor, “air reactor”, and exposed to air or other gaseous oxidants and 

regenerate back to their oxidized form through an exothermic reaction. With a proper heat 

integration scheme and use of proper oxygen carriers, these processes can generate heat/power 

and a separate CO2-rich stream (in case of using carbonaceous fuels) which is really easy to 

capture. 

1.3.1  Chemical Looping Combustion (CLC) 

The idea of using chemical looping for oxidation reactions goes back to the pioneering work 

of Lewis and Gilliland in the 1950s when they proposed to used copper oxide as an oxidant for 

converting syngas to carbon dioxide.46,47 Later thermodynamic studies suggested CLC as a 

heat/power generation process through a fuel conversion route with less irreversibility/exergy 

loss. 48–50 Figure 1.3 schematically shows the CLC process. As can be seen, carbonaceous fuel 

reacts with the oxidized oxygen carrier in the fuel reactor to produce a stream of CO2 and water 

through a typically endothermic reaction. This is extremely desirable from a carbon capture 

stand point as the CO2 can be easily separated by condensing out the water. The oxygen-

depleted oxygen carriers are then exposed to air in the air reactor and oxidize back to their 

original state in an exothermic reaction and produce a hot stream of nitrogen-reached air and/or 

hydrogen, in case of using steam as oxidant, which can be later used for power generation. As 



9 

 

can be seen, the inherent oxygen separation completely eliminates the need to energy intensive 

cryogenic ASU. 

 

Figure 1.3. Chemical looping combustion schematic.  

Other than providing lattice oxygen, oxygen carriers also act as heat carriers to circulate heat 

between the two reactors. This can significantly increase thermal efficiency of the system.43 

The abovementioned advantages combined with the environmental concerns about greenhouse 

gas emission has made CLC processes highly desirable and a great deal of research has been 

dedicated to reactor design oxygen carrier development within the last three decades.51–54 

In a CLC scheme, excellent contact between fuel and oxygen carrier is essential to extract the 

oxygen from the oxygen carriers. The nature of the process also mandates circulation of the 

redox catalyst between two reactors. Among all reactor set-ups, circulating fluidized bed 

(CFB) seemed to be the most promising option and almost exclusively used for CLC in early 

studies.43,55,56 CFB reactor set-ups are demonstrated for pilot plants up to 3 MWth
43,57–59 and 

design and development of larger scale plants (1000 MWth) is also begun.60 More recently 

moving bed reactors are also studied and proved to be effective at laboratory, bench, and small 
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pilot scales.43,61,62 Other reactor schemes are also proposed and tested at laboratory scale.63–69 

These set-ups, however, are still in the early stages of development. Progress in the oxygen 

carrier development is discussed in section 1.4. 

1.3.2  Chemical looping with Oxygen Uncoupling (CLOU) 

Early CLC studies mainly focused on conversion of gaseous fuels such as methane and coal-

derived syngas. With solid fuels such as coal offering lower cost on the same energy content 

basis, it is highly desirable to extend the use of chemical looping for solid fuel processing. The 

poor solid-solid reaction kinetics, however, hinders development of such processes. Chemical 

looping with oxygen uncoupling (CLOU), originally proposed over 60 years ago,46,47 is the 

most promising method suggested for direct solid conversion in chemical looping scheme. The 

process basics are similar to that of gas-fired CLC. The only difference is in the oxygen 

carriers. The oxygen carriers for CLOU process has to have the ability to release or “uncouple” 

their lattice oxygen in environments with low oxygen partial pressures. The difference in 

oxygen partial pressure between the lattice of the oxygen carrier and gaseous environment 

inside the reactor allows for such oxygen release. The gaseous oxygen can then react with the 

solid fuel and combust it at a much higher kinetic rate compared to solid-solid reaction. Other 

methods such as chemical looping with in-situ gasification are also proposed to tackle the low 

reaction rate problem.70–75 However, such processes are not very desirable as they impose 

higher capital and operating costs dues to larger reactor volumes needed.43 
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1.3.3  Chemical Looping Reforming (CLR) 

Chemical looping reforming (CLR) is another variation of the chemical looping oxidation 

processes in which oxygen carriers needs to be engineered to act as both an oxygen donor and 

a catalyst. Because of this dual functionality, oxygen carriers are also referred to as “redox 

catalysts” in such processes, following a literature convention.76–78 beside the aforementioned 

advantages of chemical looping processes, the CLR approach has the potential to minimize 

catalyst deactivation and increase the selectivity of partial oxidation reaction through replacing 

gaseous oxidants with much more selective lattice oxygen. To date, many oxygen carriers have 

been tested for CLR applications.79 However, most of these redox catalysts suffer from low 

activity, low product selectivity, or deactivation due to sintering and/or coke formation.43,80–87 

Developing highly active, selective, and stable redox catalyst, therefore, is of high importance 

and can have groundbreaking effects in reforming technologies. 

1.3.4  Challenges for chemical looping processes 

Despite all the promising advantages of chemical looping processes, they are still in the early 

stages of development and face many challenges that need to be addressed. These challenges 

include, but are not limited to: developing oxygen carriers/redox catalysts with higher oxygen 

storage/heat capacity, selectivity, stability, mechanical integrity (to prevent attrition and 

particulate emission), and more effective reactor design to improve gas-solid interaction and 

heat integration. This study mainly focuses on development of next generation of redox 

catalysts and understanding the kinetic mechanisms through which these redox catalysts 

interact with gaseous fuel to produce syngas. 



12 

 

1.4 Oxygen Carriers/Redox Catalysts 

As mentioned earlier, oxygen carrier plays a key role in chemical looping processes. This 

makes it important to design oxygen carriers/redox catalyst that are specifically engineered 

toward the intended application. There are numerous design parameters that can be modified 

for different purposes. These parameters include, but are not limited to oxygen storage, oxygen 

anion transport capability, mechanical stability and attrition resistance, sintering resistance, 

long term recyclability, and low health and environmental impacts.79,80,88 

In order to perform well, oxygen carriers should possess multiple oxidation states, be able to 

readily donate their lattice oxygen though either surface reactions or uncoupling, and be 

regenrable. Oxides of transition metals such as iron, nickel, copper, cobalt, and manganese are 

among the most studied materials as oxygen reservoirs.45,80 More recently, it has been shown 

that thermodynamic and oxygen donation properties of the oxygen carriers can be tuned by 

mixing different ration of metal oxides.89 This opens the possibility to explore though 

unlimited number of combinations to synthesize the material with desired thermodynamic 

properties. However, most pure single metal oxides are prone to sintering due to lower melting 

temperature of metals in reduced form. They also suffer from several other disadvantages such 

as low reaction kinetics and poor oxygen anion conduction in reduced states.79,80,88,90 

As a result, presence of a secondary “support” phase, which is usually a more stable metal 

oxide, is necessary to overcome these issues and improve oxygen carrier’s properties. 

Typically, supports consist of inert ceramics such as TiO2 and Al2O3 that do not contribute to 

the reaction. Mixed metal oxides with various structures and oxidative properties are also 

tested. In early studies, the main role of support phase thought to be preventing sintering and 
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increasing mechanical integrity of the particles. However, more recent studies showed that 

even the phases that are chemically inert decrease the energy barrier for oxygen conduction 

through the oxygen carriers by providing mediums with higher electronic and ionic 

conductivity.91 So far, more than 1000 different oxygen carrier combinations have been 

developed and tested in chemical looing processes.43,44,44,45,79,80,88,92–95 Among the metal oxides 

tested for CLC/CLR processes, oxides of iron, nickel, copper, manganese, and cobalt attracted 

the most attentions.79,80,93 

Currently, two main strategies are followed for oxygen carrier design: 1. Design of complex, 

highly active, and more stable oxygen carriers with the cost of being pricier and more harmful 

to the environment; and 2. Use of cheap, less toxic, and often naturally occurring materials 

with the cost of being less active and less recyclable. Our current research focuses on the first 

idea and understanding of how these complex structures can help increasing activity and/or 

selectivity for different applications. 

1.4.1  Nickel-based Oxygen Carriers 

Nickel oxide is the most widely studied material as it offers a relatively high oxygen capacity 

(~20 wt. %) and high activity for carbonaceous fuel conversion.96 However, its high cost, low 

carbon resistance, and environmental and health concerns hinders its application for CLC. 

Although close to complete methane conversion is reported on nickel-based catalysts, their 

poor selectivity toward partial oxidation products makes them unattractive for CLR as well. 96 

Sintering and agglomeration in reduced states is another concern about pure nickel oxide which 

causes poor re-oxidation kinetics and makes it less recyclable.97 This concern, however, could 

be significantly lessened by adding a support phase.  
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Various supports such as Al2O3, TiO2, MgO, ZrO2, yittria stabilized zirconia, SiO2, bentonite, 

and sepiolite (Mg4Si6O15(OH)) are tested. All of these supports, however, suffer from either 

deactivation due to formation of a stable complex phase under reaction conditions (Al2O3, 

TiO2, MgO, SiO2, sephiloite, and bentonite),45,69,85,98–108 or structural instability due to 

detrimental mechanical properties (Zr and YSZ).45,85,109 To address the first issue, excess 

amount of NiO or metals with higher tendency on forming complex compounds with the 

support, can be added to the solid solution to prevent some of the nickel from forming the 

secondary phase.69,103–105  

Susceptibility to sulfur poisoning is another challenge facing the use of nickel oxide-based 

oxygen carriers for fossil fuel processing as H2S is a common impurity in both natural gas and 

coal. This can cause nickel oxide to deactivate through formation of nickel sulfide phase at 

high operating temperatures.110,111 This deactivation could be problematic even at low 

concentrations of H2S (down to 100 ppmv) according to tests conducted on a 500 Wth fluidized 

bed reactor.110 

1.4.2  Copper-based Oxygen Carriers 

Copper oxide is another well-studied oxygen carrier that offers high oxygen capacity and 

oxidative activity at slightly lower costs and environmental impact compared to nickel. It also 

offers the option to combust solid fuels in CLOU configurations dues to its ability to uncouple 

half of its oxygen content (CuO to Cu2O) at elevated temperatures. Being thermodynamically 

favorable for complete combustion of fuels to CO2 and water, copper based oxygen carriers 

almost exclusively studied for CLC and CLOU rather than CLR. The sintering problem, 
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however, is much more severe compared to nickel due to significantly lower melting point of 

copper. This leads to extreme defluidization in CFB configurations.80 

Addition of supports, though, is proved to significantly mitigate the agglomeration problem by 

forming complex compounds that are also active for CLC applications.  Al2O3, TiO2, ZrO2, 

SiO2, and MgAl2O3 are among the most used supports.45,53,69,92,108,112–115 Choice of support 

when designing a copper-based oxygen carrier for CLOU applications is highly important as 

some supports may negatively alter the oxygen uncoupling properties of copper. SiO2 and 

MgAl2O3 are among the supports that improved the sintering resistance and hence the 

recyclability of the copper oxide while maintaining its active for oxygen uncoupling.116–118 

1.4.3  Iron-based Oxygen Carriers 

High oxygen capacity (30 wt.%) of iron oxide along with its low cost and environmental 

impacts have made it very desirable for chemical looping applications. However, it showed 

poor activity with carbonaceous fuels and poor oxygen anion transport especially in reduced 

form. Moreover, only about 2.4 wt. % oxygen can be used for combustion in CFB reactor 

configuration. This corresponds to reduction from hematite (Fe2O3) to magnetite (Fe3O4). 

Further reduction to wustite (FeO) and metallic iron (Fe) increases the selectivity toward partial 

oxidation and increases syngas selectivity.119 Although this issue can be alleviated using 

countercurrent moving bed reactor set-ups to achieve better CO2 purity through reduction to 

lower oxidation states, low melting points of wustite and metallic iron causes agglomeration 

problems that deactivates the particles and imposes new challenges in iron-based oxygen 

carrier design. 
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Addition of inert support such as Al2O3, TiO2, SiO2, MgAl2O3 and Zr-based supports has been 

shown to address the sintering issue to a great extent by providing a more stable matrix to 

support iron oxide particles.45,51,94,112,120–124 Presence of these supports could also partially 

solve the selectivity decrease problem mentioned earlier by forming stable phases that prevent 

reduction of iron cations further than their Fe2+ state.120,125,126 Additionally, recent research on 

use of mixed ionic electronic conductive (MIEC) materials, such as lanthanum cerium ferrite 

(LSF), barium cerium ferrite (BCF), and calcium titanium ferrite (CTF), as supports showed 

that activity of iron oxide-based oxygen carriers can be enhance by up 70 times when compare 

to typical inert supported iron oxide.127 This significant increase in attributed to counter-current 

diffusion of electrons and oxygen anions through the lattice of the support phase.   

Naturally occurring iron ores such as ilmenite could also be used as oxygen carriers.128,129 

However, noticeable changes in activity of such samples has been reported that needs to be 

taken into account when designing the reactor set-ups and oxygen carrier recirculation rate. 

These activations/deactivations could be due to changes in porosity and surface area of the 

samples over cyclic redox reactions. 128,129 

1.4.4  Manganese-based Oxygen Carriers 

Similar to iron, manganese oxide is also of interest because of its minimal environmental and 

health impacts and relatively low cost compared to copper and nickel. Although the highest 

oxidation state of manganese is Mn4+, its low melting/decomposition point (535 °C) makes 

manganese dioxide impractical to use in CLC applications. Mn2O3 is the second highest 

oxidation state that is also impractical to use in CLC applications as it decomposes at about 

800 °C in air which is lower than typical CLC operating temperatures.130 However, it offers 
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some degree of oxygen uncoupling when converting to Mn3O4 which could be used in CLOU 

configurations, but temperature swing in fuel and air reactor or higher partial pressures of 

oxygen is needed to regenerate manganese to Mn3+ state. Mn3O4, which is the most stable 

manganese oxide phase, is commonly used in CLC applications and can be reduced to MnO 

to give off about 5 wt. % oxygen.130  

Manganese oxide generally showed poor activity with both solid and gaseous fuels. Addition 

of support typical inert supports such as Al2O3, TiO2, MgAl2O4, and SiO2 did not help as they 

contribute to irreversible formation of stable and unreactive phases.45,96,108,112,131 Among all 

supports tested with manganese, zirconia (ZrO2) showed the most promising results in terms 

of activity increase. However, its poor mechanical properties and vulnerability to 

agglomeration during redox cycling remains an issue.132 Although addition of MgO, CaO, and 

CeO2 are reported to improve zirconia mechanical properties, its significantly lower activity 

with methane when compared to other abovementioned carriers makes its uncompetitive for 

chemical looping applications.132 

1.4.5  Cobalt-based Oxygen Carriers 

Oxides of cobalt are less attractive than the other first row transition metal oxides for CLC 

application. Although Co3O4 is the most common form of cobalt oxide, its low decomposition 

temperature (~900 °C) makes CoO the only practical form for CLC applications. This reduced 

form of cobalt does not thermodynamically favor the combustion reaction which makes it 

undesirable for CLC applications.80 It also forms unreactive phases when combined with most 

common support phases similar to manganese.131,133 
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1.4.6  Mixed Oxide Oxygen Carriers 

As mentioned earlier, many combination of mixed metal oxides has been tested as supports 

phases. Through these tests, it is found out that some of these mixed oxides possess oxygen 

donation or uncoupling properties. This started a new area in oxygen carrier design as 

practically endless number of metallic combinations with different crystal structures can be 

synthesized for different applications. Numerous combinations of the first row transition 

metals have been synthesized and tested.45,80 Due to its low environmental impacts, high 

oxygen capacity, and low cost, iron is one the most common metals in mixed oxides. It has 

been mixed with copper, manganese and cobalt to make use of their uncoupling properties 

while providing higher oxygen content with less cost.134–136 Addition of small percentages of 

nickel to pure iron oxides is also proved to improve its activity for methane conversion due to 

nickel catalytic properties.137 

Perovskite-structured materials are the most studied mixed oxide material yet.138–147 These 

materials which share the general formula of ABO3-δ possess several very interesting features 

that make them highly desirable for chemical looping applications. A-site typically represents 

a large cation, commonly from the alkali earth or rare earth metals, and B-site is usually 

occupied with a smaller transition metal. Each of these sites could also been occupied with 

multiple cations. Different combinations of cations can lead to perovskites with structures 

ranging from perfect cubic to orthorhombic or rhombohedral variations. Different perovskites 

have different phase stabilities. A semi-empirical factor named “Goldschmidt tolerance factor” 

is commonly used as a reference to compare the stability of different perovskites.148,149 This 
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equation, however, is not extended for materials with more than one cation in each site. The 

Goldschmidt tolerance factor is defined as 

𝑡 =
𝑟𝐴 + 𝑟𝑂

√2(𝑟𝐵 + 𝑟𝑂)
                   Equation 1.1 

with rA, rB, and rO being the ionic radii of the A- and B- site and oxygen ions respectively. Ideal 

cubic perovskites have a tolerance factor value of 1. 

Perovskites can withstand moderate deviations from their oxidation stoichiometry without 

collapsing their structure. This makes them a very stable oxygen carrier with minimal 

regeneration issues. Recent studies also showed very fast and consistent regeneration kinetics 

even in the cases that go through phase changes during the reduction half cycle. Many different 

combinations of perovskites have been tested for chemical looping applications.138–147,150–155 

Among all these materials, La1-xSrxFe1-yCoyO3-δ (LSCF) showed superior performance for 

CLC,138,140 La1-xSrxFeO3 (LSF) favored partial oxidation reaction,150 and CaMnO3-based (CM) 

oxygen carriers possessed the best CLOU properties.142–147,151–155 The most important draw 

backs of perovskites are low oxygen storage capacity and high cost. Our recent studies showed 

that lower cost perovskites such as calcium titanium ferrite and barium cerium ferrite could 

also have reasonable activity when reacting with methane.127 

To sum up, a great amount of effort has been devoted to synthesis and test of various oxygen 

carriers. However, most of these oxygen carriers have been synthesized based on trial and error 

approach or rough speculation. Therefore, development of theoretical relation to predict 

thermodynamic and mechanical properties of mixed oxides is very important for a more 

reliable oxygen carrier/redox catalyst design. 
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1.4.7  Redox Catalyst Surface Modification 

Design of an effective CLR redox catalyst is usually more challenging. Presence of a 

catalytically selective surface a vital for a redox catalyst to be functional. Some materials have 

inherently reasonable selectivity toward CO and hydrogen when reducing. However, it is 

usually difficult for a redox catalyst to possess both high activity and selectivity. Surface 

modification through addition of catalytically active sites to the existing active oxygen carriers 

is a possible way to tackle this challenge. However, this area has not been studied extensively 

yet and there are many challenges that need to be addressed. 

1.5 Summary 

Rational design of stable, active, and selective oxygen carriers/redox catalysts is one of the 

most, if not the most, important step in designing an effective chemical looping process. 

Understanding the mechanisms through which the oxygen carriers interact with the fuels, 

therefore, is of utmost importance. This work covers some areas for conversion of methane. 

Most of the experiments have been performed in either in TGA or packed bed reactors with 

short residence time to mimic the differential bed set-up.  

The second chapter focuses on the design of iron oxide based oxygen carriers with tunable 

oxygen content and reduction/uncoupling properties. To do so, mixed oxides of Fe-Mn and 

Fe-Co with various Fe:Mn/Co ratios have been synthesized. These oxygen carriers have also 

been supported on La0.8Sr0.2Fe1-xMnxO3-δ, and La0.8Sr0.2Fe1-yCoyO3-δ respectively as they 

showed better phase compatibility. These materials have mixed ionic electronic properties and 

are added as supports to enhance the base mixed oxides’ stability and performance for both 
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oxygen uncoupling and methane reforming. Results confirmed that presence of a cobalt and 

manganese generally decreases the initial decomposition of the mixed oxide. It is also 

confirmed that different compositions of cations can be used to tune the uncoupling properties 

of the mixed oxides. Presence of secondary perovskite phase is found to affect the properties 

of the base oxides but the changes did not follow the same trends. 

Chapters 3 and 4 discuss the effect of engineered structures on the performance of iron oxide 

based oxygen carriers. A so called core-shell structure are designed with iron oxide (Fe2O3) as 

the main oxygen donor in the core and La0.8Sr0.2FeO3 as the support shell. Chapter 3 focuses 

on the improvements in activity, selectivity toward reforming products, and carbon resistance 

caused by the proposed structure. Not only the presence of the mixed conductive shell did not 

hinder the reducibility of the iron oxide core, but also significantly enhanced the reduction 

kinetics, CO selectivity, and sintering resistance of iron oxide based redox catalyst. The redox 

catalyst is also remained active for over 50 complete cycles with very minimal changes in its 

structure. 

Chapter 4 further investigates the mechanisms through which the core-shell catalyst reacts with 

methane for both complete and partial oxidation reactions. Because of the dynamic nature of 

the redox catalyst, a transient pulse injection scheme is designed to investigate the product 

selectivity and surface exchange in different oxidation states throughout the reduction half 

cycle. Results confirmed that the studied redox catalyst goes through multiple reduction region 

with distinct mechanisms and consequently different product distributions. The nature of the 

surface, which is determined by the rate of oxygen anion conduction to the surface relative to 
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the surface oxygen consumption rate, is the dominant factor in determining the selectivity of 

the redox catalyst. 

In chapter 5 surface catalytic modification for selectivity enhancement is studied. Rhodium is 

chosen as the active catalyst as it reported to have very good gasification and partial oxidation 

catalytic activity. Since the LSF used in the previous chapters already showed good selectivity 

toward methane formation, effect of surface modification is studied on two other mixed oxides. 

CaMnO3 and LaCeO3.5 are chosen as they demonstrated lower selectivity and activity when 

compared to LSF respectively. Results confirmed significant improvements on selectivity, 

reaction kinetics, and overall oxygen donation of the redox catalysts. These improvements are 

proved to be much more prominent at lower temperatures. 
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CHAPTER 2  Iron-Containing Mixed-Oxide Composites as Oxygen Carriers for 

Chemical Looping with Oxygen Uncoupling (CLOU) 

2.1 Abstract 

 Chemical looping with oxygen uncoupling (CLOU) offers a potentially effective approach for 

converting solid carbonaceous fuels with inherent carbon dioxide capture. It utilizes oxygen 

carriers that allow facile and reversible exchange of their lattice oxygen with external 

environment under varying oxygen partial pressures. The varying and often tunable 

thermodynamic properties of mixed oxides of first row transition metals make them potentially 

viable for CLOU applications. In this study, mixed iron-cobalt and iron-manganese oxides are 

synthesized and evaluated in terms of their ability to uncouple oxygen. The effects of adding 

a secondary perovskite phase on the uncoupling properties of these primary transition metal 

oxides are also investigated. The experimental results indicate that different cation 

compositions exhibit different oxygen uncoupling properties. The initial decomposition 

temperature of the oxygen carrier sample is found to generally decrease with increasing amount 

of Co or Mn. Addition of a secondary perovskite phase is found to significantly affect oxygen 

donation properties of the primary mixed metal oxides. For instance, CLOU properties of 

mixed Fe-Co oxides are enhanced by perovskite addition. In contrast, oxygen carrying capacity 

of mixed Fe-Mn oxides under an isothermal condition is negatively affected by perovskite 

addition. Redistribution of the transition metal cations between the primary and secondary 

oxide phases is likely to be responsible for such changes in their redox properties. 
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2.2 Introduction 

Concerns over global climate change caused by anthropogenic carbon dioxide emission, 

coupled with ever-increasing needs for energy, calls for new power generation processes with 

reduced carbon footprint.1,2 As suggested by the International Energy Agency (IEA), Carbon 

Capture and Storage (CCS) represents one of the promising mid-term solutions for the 

aforementioned grand challenge.3 In the CCS concept, CO2 formed in energy conversion 

processes is captured at the point of production, compressed, and stored. The energy penalty 

of the current CO2 capture technologies, such as amine scrubbing, however, is high.4,5  

The concept of cyclic redox conversion of carbonaceous fuels was proposed over half a century 

ago.6,7 “Rediscovered” as an effective approach for fossil fuel conversion and CO2 capture, the 

chemical looping concept has captured significant attention within the last two decades.8 In a 

CLC scheme, lattice oxygen in a solid oxygen carrier is used to fully oxidize a carbonaceous 

fuel, producing carbon dioxide and steam. The reduced oxygen carrier is then transferred to a 

subsequent reactor for regeneration with air and/or steam. The cyclic redox operation avoids 

the needs for oxygen separation and reduces CO2 capture cost. To date, more than 700 oxygen 

carriers have been synthesized.9,10 Existing oxygen carriers are generally composed of a 

primary oxide (mostly first-row transition metal oxides) and an “inert support”. Mixed metal 

oxides have also been investigated. These studies have resulted in oxygen carriers with 

promising activity and stability. Although CLC process has been extensively demonstrated in 

laboratory and sub-pilot scales for conversion of gaseous fuels like methane and syngas using 

oxides of Ni and Fe11,12, their activities for solid fuel conversion are relatively low. An 

alternative chemical looping concept, known as Chemical Looping with Oxygen Uncoupling 
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(CLOU) 13, has shown promise to increase the activity for solid fuel conversion. The CLOU 

process takes advantage of oxygen carriers that are capable of releasing gaseous oxygen at low 

oxygen partial pressures. As a result, solid (and gaseous) fuels are effectively combusted with 

molecular oxygen evolved from oxygen carrier lattice.  

Many oxygen carriers have been tested for their CLOU properties.14 Oxides of copper, 

manganese, and cobalt are among the first oxygen carrying materials that have been 

investigated.15 Cobalt oxide is generally not considered to be suitable because of its low 

decomposition temperature and health and environmental concerns.13 Despite its good oxygen 

uncoupling properties, copper oxide, when over-reduced, face challenges such as low meting 

point, sintering, and high cost.9 Different supports are tested to address these issues.13,16–20 

Among the supports investigated, MgAl2O4 is promising as it increases sintering resistance 

and stability of copper.16,17,21–24 Other support, such as Al2O3, SiO2, ZrO2, etc., showed low 

activities, sintering and/or attrition issues. 17–19,25 Combinations of supports such as MgAl2O4, 

TiO2, and SiO2 have also been investigated for copper oxide based oxygen carriers.26   

Compared to copper oxide, manganese oxide is relatively less studied. Mn2O3 decomposes at 

lower temperature than copper oxide, which could be beneficial. However, re-oxidation of 

Mn3O4 tends to be slow at such temperatures.27 Re-oxidation issue is reported to be partially 

resolvable by doping of Mn2O3 with various amounts of secondary metals such as Fe, Ni, Mg, 

and Ca.28,29 Mixed oxides resulting from secondary metal addition can lead to enhanced 

structural and/or thermodynamic properties compared to their parent oxides. Such tunable 

properties make these mixed oxides attractive for CLOU. Addition of secondary metal; 

however, tends to reduce the uncoupling capacity of Mn oxide.28,30,31 Among the various 
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secondary metals investigated, iron-containing samples showed the most promising 

uncoupling kinetics. Azimi et al.30,31 tested a wide range of Mn:Fe ratios and reported that all 

combinations showed uncoupling kinetics comparable to CuO decomposition at 850 °C. The 

corresponding CLOU capacities are up to ~0.5 w.t.%. They concluded that 2:1 ratio of Mn:Fe 

possessed the best uncoupling properties in terms of both oxygen release and reoxidation. 

Therefore, identification of supports or dopants that can increase the amount of lattice oxygen 

extraction to its full thermodynamic potential is desired.  

Perovskites represent another group of materials that have been tested for CLOU. These 

materials have the general formula of ABO3-δ, with A-site being a large cation and B-site being 

a smaller cation. Ability of the perovskite structure to accommodate moderate distortions 

allows almost all the elements in groups IA to IVB on the periodic table to occupy A- or B-

sites. Calcium manganite based perovskites (CaMnO3) are currently the most studied 

perovskites for CLOU applications. 32,33 Recent research focused on doping different metals to 

enhance the CLOU properties of CaMnO3-δ perovskites.34–39 Despite their low uncoupling 

capacity (0.8 wt % max), these perovskites are generally reported to be active for carbonaceous 

fuel conversion.36,38 Besides CLOU properties, some perovskite structured materials possess 

good mixed ionic-electronic conductivities and can be used as supports to enhance redox 

activities of primary metal oxides.40–42 Another advantage of pervoskite materials as supports 

is their phase-compatibility with Fe, Co, and Mn as B-site materials. Therefore, by choosing 

thermodynamically compatible ratios of metal cations, it is possible to minimize the formation 

of undesired phases in redox reactions. 
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In this study, mixed oxides of cobalt-iron and manganese-iron are studied for their oxygen 

uncoupling properties. Cobalt and manganese have variable oxidation states at different 

temperatures and oxygen partial pressures. By doping them with various concentrations of 

iron, mixed metal oxides with modified oxygen uncoupling properties are obtained. The effect 

of perovskite supports on oxygen release from the mixed oxides is also investigated. The mixed 

oxides with a higher content of cobalt and manganese showed faster oxygen release. Addition 

of the perovskite support lowered the initial uncoupling temperature of the mixed oxides. 

Isothermal CLOU experiments carried out in a TGA indicate up to 2.8 w.t.% and 3.1 w.t.% 

CLOU capacities for Mn-Fe and Co-Fe samples, respectively. 

2.3 Experimental 

2.3.1  Oxygen Carrier/Mixed Metal Oxide Selection and Preparation 

Mixed oxides of Fe-Co and Fe-Mn with the general formula of (CoxFe1-x)3O4 and (MnyFe1-

y)2O3 (x=0.5, 0.6, 0.7, 0.8, 0.9, y=0.3, 0.45, 0.6, 0.75, 0.9) are prepared using a Solid State 

Reaction (SSR) method. The ratios of the mixed oxides are chosen based on the mixed oxide 

phase diagrams to cover a wide range of oxygen partial pressures. The phase diagrams of iron-

cobalt oxide and iron-manganese oxide are presented in Figure 2.143. As can be seen from the 

phase diagrams, desired oxygen uncoupling reactions for these mixed-oxide systems are: 

 1 4 1 23
 ( ) 3  ( / ) 0.5x x x xCo Fe O spinel Co Fe O monoxide cubic O                 Reaction 2.1 

   1 3 1 4 22 3
3  ( ) 2  ( ) 0.5y y y yMn Fe O bixbyite Mn Fe O spinel O     Reaction 2.2 
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The SSR method involves mixing stoichiometric amounts of iron oxide (Fe2O3, Sigma 

Aldrich), cobalt oxide (Co3O4, Sigma Aldrich) and manganese oxide (Mn3O4, Sigma Aldrich) 

in a planetary ball mill to form a homogeneous powdery mixture followed with pelletization 

(XBM4X, Columbia International) and annealing (GSL-1500-X50 tube furnace, MTI 

Corporation) in air to promote the formation of desired phases. The samples are pelletized at 

15 MPa. The annealing step is carried out at 1,100 °C for 8 hours. Selected (CoxFe1-x)3O4 and 

(MnyFe1-y)2O3 samples (x=0.5, 0.7, 0.9, y=0.3, 0.6, 0.9) are also prepared through a sol-gel 

method to achieve higher homogeneity. This process involves dispersion of calculated 

precursors (Fe(NO3)3.9H2O, Co(NO3)2.6H2O, Mn(NO3)3, Sigma Aldrich) in deionized water 

followed by addition of citric acid (CA, Sigma Aldrich, CA:total cations=2.5) and stirring at 

50 °C for 30 minutes and addition of ethylene glycol (EG, Sigma Aldrich, EG:CA=1.5) and 

ramping of temperature to 80 °C to complete the gelation process. The resulting gel is then 

dried overnight at 80 °C and sintered at high temperature to form the mixed oxide phase. 

Five additional samples are also prepared to investigate the effect of perovskite support.  The 

ratios of Co: Fe or Mn: Fe are kept identical in primary oxides and the perovskite B-site. The 

weight ratio between the primary mixed-oxide and perovskite support is 1:1 for all supported 

samples. This allows us to estimate the partition of the transition metals between the primary 

oxide phase and perovskite phase. Lanthanum and strontium with 4:1 molar ratio are chosen 

to be used as the A-site in the support structure since moderate doping of Sr can enhance the 

mixed-conductivity of perovskites.44 The supports, therefore, have the general formula of 

La0.8Sr0.2CoxFe1-xO3-δ and La0.8Sr0.2MnyFe1-yO3-δ with x and y being identical to the mixed 

oxides they support. The support was prepared through SSR. A summary of these mixed oxide 

samples and their nominal compositions are listed in Table S1. 
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Figure 2.1. Phase diagrams of a) Fe-Mn oxide43 and b) Fe-Co oxide in air (reproduced from 

FactSage oxides database) 

2.3.2  Sample Characterization and Oxygen Donation/Uncoupling Experiments 

X-ray powder diffraction is used to identify the phases present in each sample. Samples are 

crushed into fine powders and analyzed using a Rigaku SmartLab X-ray diffractometer with 

Cu-Kα (λ=0.1542 nm) radiation operating at 40 kV and 44 mA. A stepwise approach with a 

step size of 0.1° and residence time of 5 s at each step in 20-80 ͦ angle range (2θ) is used to 

generate the XRD patterns.  

Reducibility of the samples in 5% hydrogen (balanced with grade 5.0 argon) is determined 

using Quantachrome ChemBET Pulsar Temperature Programmed Reduction/Desorption 

(TPR/TPD) instrument with 5°C/min ramping rate. A similar experiment using a Thermo 

Gravimetric Analyzer (TGA, Q600 TA Instruments) coupled with a Mass Spectrometer (MS, 

Cirrus 2, MKS) is performed to analyze the reducibility of the samples in 10% methane (grade 

2.5, Airgas) balanced with helium (grade 5.0, Airgas).  
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Oxygen uncoupling properties of the samples are tested in the TGA. Under an inert 

environment, the sample temperature is increased by 20 °C/min to 950 °C and then kept 

isothermally for an hour. The weight of the sample is monitored as a function of temperature. 

To confirm the oxygen donation, the composition of the outlet gas is also monitored for 

selected samples using the MS. The samples are also tested in cyclic oxygen uncoupling 

experiments at 850 °C in helium and 10% oxygen (grade 2.8, Airgas) balanced with helium to 

screen their uncoupling performance/stability. Similar redox experiments are conducted in 

10% methane and oxygen balanced with helium as reducing and oxidizing gases, respectively. 

2.3.3  Interfacial Phase Diffusion Study 

Since the cations in the primary mixed oxide can also occupy the B-sites of perovskite support, 

interfacial diffusion of cations may occur at the primary oxide-perovskite phase boundaries 

during the annealing process depending on the thermodynamic driving force across the phase 

boundary. Interfacial diffusion studies are performed to determine the interaction between the 

primary metal oxide and perovskite support phases. The procedure involves preparing metal 

oxide and MIEC pellets with well-defined interface (Figure 2.2), high temperature annealing 

(1100 °C for 8 hours), cutting and polishing the intersection of the pellets, and capturing 

scanning electron micrographs (SEM, Hitachi S3200) and EDX point/line scans. Two samples 

are prepared to investigate diffusion between Co3O4-LSF and Mn3O4-LSF phases. These two 

cases are chosen to inspect whether Mn and Co cations tend to diffuse into the perovskite phase 

and partially replace Fe cations in the B-site. 
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Figure 2.2. Schematic of cation diffusion study between two pellets with well-defined 

interface 

2.4 Results and Discussion 

2.4.1  Effect of Cation Ratios on Oxygen Uncoupling Characteristics 

2.4.1.1  Oxygen Carrier Phase Characterization 

XRD is used to analyze the phases present in the samples. XRD spectra of three Fe-Co and Fe-

Mn samples are shown in Figure 2.3 XRD confirms the presence of the spinel phase, which 

corresponds to the oxidized form of the iron-cobalt mixed oxide.45 With increasing cobalt 

content, however, small peaks of (Fe-Co)O (and metallic minority phases) are detected, 

indicating the decomposition of mixed oxide from its oxidized. A mixture of bixbyite and 

hematite phases is formed for 30%-70% Mn-Fe mixture. This is consistent with the Fe-Mn 

phase diagram. By increasing the Mn content, mixed oxide structure shifted toward spinel, 

which corresponds to the decomposed metal oxide phase. To fully oxidize the samples for 

subsequent uncoupling tests, samples with high Co and Mn contents are further treated at 

900°C and cooled down to room temperature with 1°C/min ramp under a constant flow of 21% 

O2. XRD confirms the formation of bixbyite in Fe-Mn and spinel in Fe-Co sample (Figure 

A1.3). The presence of the perovskite and primary mixed oxide phases in the supported 

samples are also confirmed using the same method (Figure 2.3). 
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Figure 2.3. XRD spectra of as prepared samples before reoxidation 

2.4.1.2  Uncoupling Properties of the Oxygen Carriers 

Differential Thermal Gravimetric (DTG) analysis is used to determine the decomposition 

temperature of the samples in helium. Lorentzian peaks are fitted to the DTG data (Figure 2.4, 

original data shown in Figure A1.5). The temperature at which the curve reaches its maximum 

is reported as the decomposition temperature. The amounts of oxygen donation and 

decomposition temperatures are summarized in Table 2.1. As shown in the table, different 

combinations of metal oxides exhibited different uncoupling behaviors. For instance, 

decomposition occurs between 862 and 942 °C.  
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The general trend shows that samples with a higher concentration of manganese and cobalt 

lose their oxygen at lower temperatures. Cobalt-iron samples with higher concentrations of Co 

also donate more oxygen, which is consistent with Fe-Co-O phase diagrams presented by 

Roiter and Paladino.45 Maximum weight loss in iron-cobalt samples is 3.21%, which is around 

half of the theoretical weight loss from spinel to monoxide phase. This is also consistent with 

the Fe-Co phase diagram at 950 °C (Figure A1.6) for Co concentrations less than 90%: oxygen 

partial pressure needs to be lower than10-10 atm in order to achieve full reduction to monoxide 

phase. Such a low oxygen partial pressure may not have been achieved in TGA even with ultra-

high purity helium. Although phase diagram indicates that 90%-10% Co-Fe sample should be 

fully reducible to monoxide phase, this was not observed for the SSR sample, likely due to 

non-homogeneity of the SSR sample. To confirm this, more homogeneous mixed oxide 

samples are prepared using wet chemistry (sol-gel) method for selected samples. As shown in 

Table 2.1, sol-gel samples exhibit higher oxygen donation compared to SSR samples. This 

indicates that non-homogeneity of the samples can lead to non-uniform iron and cobalt 

distributions in the mixed oxide sample, making the mixture less prone to oxygen loss. Iron-

manganese samples showed a similar trend in terms of initial oxygen donation temperature. 

However, all of the samples lost comparable amounts of oxygen, which is close to the 

theoretically predicted oxygen loss from bixbyite to spinel structure. 
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Figure 2.4. DTG results of decomposition of unsupported samples fitted with Lorentzian 

curves 

Table 2.1. Decomposition temperatures and total oxygen donations from the unsupported 

mixed oxides (Italic numbers in the brackets are weight loss for sol-gel samples, all other 

samples are prepared using a solid-state reaction or SSR method) 

Sample # 

Cation 

Composition 

Decomposition 

temperature (°C) 

Oxygen donation 

(weight %) 

1 50%Co-50%Fe 942 1.71 (1.65) 

2 60%Co-40%Fe 916 2.65 

3 70%Co-30%Fe 883 2.78 (3.65) 

4 80%Co-20%Fe 889 3.22 

5 90%Co-10%Fe 862 3.7 (5.5) 

6 30%Mn-70%Fe 938 3.23 (3.60) 

7 45%Mn-55%Fe 941 3.47 

8 60%Mn-40%Fe 909 3.56 (3.34) 
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Table 2.1 Continued 

9 75%Mn-25%Fe 874 3.57 

10 90%Mn-10%Fe 887 3.36 (3.85) 

 

2.4.2  Effect of Support Addition and Primary-Secondary Phase Interactions 

2.4.2.1  Effect of Support Addition on Decomposition Behavior of Mixed Oxides 

DTG results for supported samples are presented in Figure 2.5 and their decomposition 

temperatures are summarized in Table 2.2. Figure 2.6 compares the decomposition temperature 

of the samples before and after addition of the perovskite support. The decomposition 

temperature of perovskite supported samples did not show a clear trend when compared to 

unsupported ones. This is likely to result from intertwined effect of perovskite-primary oxide 

interactions and varying mixed-conductivity of the perovskite phases. However, it is clear from 

Figure 2.6 that initial decomposition temperatures for all the samples are decreased upon 

addition of the perovskite support. This may indicate that either perovskite support contributes 

to oxygen donation or addition of the mixed conductive support facilitates lattice oxygen 

migration and decomposition of the primary mixed-oxide phase. It is also evident that the 

amount of oxygen donation from Co-Fe oxides is increased by addition of the support. This 

could be attributed the contribution from the perovskite support phase, which also uncouples 

its lattice oxygen. Weight loss of supported manganese-iron samples, when normalized by Mn-

Fe oxide content, is slightly larger than their unsupported counterparts. This also confirms 

oxygen donation from support phase. 
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Figure 2.5. DTG results of decomposition of supported samples fitted with Lorentzian 

curves 

To determine the contribution of support phase to oxygen donation and weight loss, similar 

tests are conducted on perovskite supports for selected samples (samples #1, 3, 6, 8). These 

perovskite samples are prepared through an SSR method. The results are presented in Figure 

2.7. It can be seen that perovskites with higher concentrations of Mn and Co has higher 

tendency for decomposition. This is consistent with previously reported experimental data.46 

Figure 2.8 compares the weight loss of supported oxygen carriers with the weighted summation 

of those from pure primary oxide and support respectively. Results indicate that at lower 

concentrations of Co and Mn, weight loss profiles of the supported samples at lower 

temperatures are fairly consistent those of the pure perovskite, while samples with higher 

concentrations of cobalt and manganese behave similar to the primary mixed oxides, i.e. they 

do not lose oxygen at low temperatures. This may be due to the redistribution of the Fe/Co or 

Fe/Mn cations in the primary oxide and perovskite support phases. For some samples, 

especially those with higher Co and Mn concentrations, a portion of Fe-cation may have 

migrated out of the primary oxide phase to perovskite B-site, thereby stabilizing the perovskite 
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phase.46 Co-Fe and Mn-Fe samples also behave differently in terms of amount of oxygen 

donation. The amount of oxygen loss from the supported samples is considerably higher than 

the sum of separate support and primary oxide phases for Fe-Co containing samples. In 

contrast, Fe-Mn mixture shows an opposite behavior. This confirms that there is a synergistic 

effect between primary mixed oxide and perovskite phases. In addition, poor ionic conductivity 

of LSMF may also be responsible for its relatively poor performance as a support. 

 

Figure 2.6. Comparison of decomposition temperature of mixed-oxide samples before and 

after support addition 

Table 2.2. Decomposition temperatures and total oxygen donations from the supported 

mixed oxides 

Sample 

# 

Cation 

Composition 

Decomposition 

temperature 

(°C) 

Oxygen 

donation 

(weight %) 

Normalized 

Oxygen donation 

(weight %) 

1 50%Co-50%Fe 878 1.81 3.60 
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Table 2.2 Continued 

2 60%Co-40%Fe 854 2.51 4.99 

3 70%Co-30%Fe 878 2.84 5.64 

4 80%Co-20%Fe 871 3.7 7.34 

5 90%Co-10%Fe 855 3.8 7.33 

6 30%Mn-70%Fe 855 1.03 2.53 

7 45%Mn-55%Fe 907 2.08 5.12 

8 60%Mn-40%Fe 867 1.48 3.64 

9 75%Mn-25%Fe 869 1.89 4.66 

10 90%Mn-10%Fe 838 1.49 3.67 

 

Figure 2.7. Weight loss of the perovskite supports due to oxygen uncoupling in an inert 

environment 
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Figure 2.8. Comparison between the absolute weight loss of supported a) 50%Co-50%Fe, b) 

70%Co-30%Fe, c) 30%Mn-70%Fe, d) 60%Mn-40%Fe due to oxygen uncoupling in an inert 

environment 

2.4.2.2  Interfacial Diffusion Study 

Figure 2.9 shows the scanning electron micrograph of the cross section of the two phases and 

the point at which EDX scans are performed. Table 2.3 summarizes the elemental composition 

of the points demonstrated in the figure. The backscattered micrograph of cobalt shows a clear 

contrast at the phase boundary, which infers that Co concentration drops sharply when passing 

through the phase boundary. This is confirmed with EDX line scan (Figure A1.7). The result 

indicates that Co diffusion into the B-site of the LSF is minimal or that Co tends to stay in the 

primary mixed oxide phase. This is understandable as increasing Co tends to destabilize iron 
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containing perovskites.46 This is also consistent with the uncoupling behavior of the supported 

mixed oxides. In contrast, SEM images of the Fe-Mn sample showed gradual decrease in Mn 

concentration when crossing the phase boundary (Figure A1.8). This indicates the diffusion of 

manganese into the LSF perovskite phase. As a result, Mn and Fe co-inhabit the B-site of the 

perovskite phase. This could imply that an equilibrium ratio of Fe/Mn may exist to maximize 

the stability of the composite oxide. It is noted that we only examined extreme situations under 

which the diffusive driving force for Mn/Co to the perovskite phase are maximized. In-depth 

studies of Co, Mn, and Fe containing mixed metal oxides and perovskites are outside of the 

scope of current article. 

 

Figure 2.9. Scanning electron micrograph of the phase interface of the a) Co3O4-LSF and b) 

Mn3O4-LSF after sintering at 1100 °C for 8 hours 
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Table 2.3. Elemental composition of the cation species recorded from EDX point scan of the 

point demonstrated in Figure 2.9 

Element 

Atomic % 

Point 1 Point 2 Point 3 Point 4 

Co or Mn 2.39 98.80 99.50 4.64 

Fe 60.55 1.13 0.46 57.93 

La 29.07 0.01 0.00 27.36 

Sr 7.99 0.06 0.03 10.06 

 

2.4.2.3  Reducibility in Hydrogen and Methane 

The oxygen donation behavior of the mixed oxides can vary depending on the reducing 

environment and surface properties of the oxygen carrier. To investigate the reducibility of the 

samples, decomposition temperatures of a number of samples are tested in hydrogen using 

TPR.  Figure 2.10 summarizes the TPR curves for supported and unsupported iron-cobalt 

samples. Although a clear trend on the initial reduction temperature of unsupported sample is 

lacking, it is evident that addition of the perovskite support reduces the initial reduction 

temperatures in all cases. Although unsupported iron-cobalt samples showed different 

reduction temperatures, the reduction behavior of the supported samples are very similar. This 

could be interpreted as reduction of the samples being kinetically hindered i.e. although the 

reduction is favored thermodynamically, the rate of oxygen loss for the samples are slow at 

lower temperatures.  Addition of supports is shown to lower the reduction temperature (Figure 

2.10b), likely due to increased oxygen transfer rate. Iron-manganese samples did not show 
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distinct reduction peaks in their TPR results (Figure A1.9), which may result from non-

homogeneity of the samples. Reduction temperatures of the samples in methane are also 

studied. The results are presented and compared in Table 2.4. As can be seen, the reduction 

temperature in methane is significantly higher than in hydrogen. This can be explained by the 

stability of C-H bond in methane. 

 

Figure 2.10. TPR results of a) unsupported Fe-Co, b) supported Fe-Co in 5% hydrogen with 

5 °C/min temperature ramp 

Table 2.4. Initial reduction temperatures of selected supported and unsupported mixed 

oxides in hydrogen and methane 

Sample 

Reduction temperature (°C) 

H2 CH4 

Fe30-Co70 350-450 720 

Fe10-Co90 450 850 

Fe30-Co70 supported 410 750 
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Table 2.4 Continued 

Fe10-Co90 supported 410 620 

Fe40-Mn60 500-700 700 

Fe10-Mn90 700 800 

Fe40-Mn60 supported 500-550 700 

Fe10-Mn90 supported 500-550 700 

 

2.4.3  Redox Tests 

2.4.3.1  Cyclic CLOU Studies 

Stability over multiple redox cycles is an important performance parameter for an oxygen 

carrier. Four iron-cobalt and iron-manganese samples were tested under cyclic redox 

conditions at 850 °C, with 10% oxygen in helium as oxidizing gas. The TGA results are 

presented in Figure 2.11. Addition of LSCF support to Fe-Co mixed oxide enhanced both 

oxygen donation capacity and recyclability of the samples in cyclic conditions. At 80% cobalt 

content, the sample exhibited stable performance and oxygen uncoupling capacity of more than 

3 w.t.% of the oxygen carrier or 6 w.t.% with respect to the primary mixed oxide content. 

Manganese containing samples, however, behaved differently. Unsupported Fe-Mn samples 

exhibited better recyclability compared to Fe-Co samples. Addition of LSMF support, 

however, significantly lowered the oxygen uncoupling capacity by preventing it from getting 

oxidized back. A likely explanation is that addition of support causes Mn cations to redistribute 

and concentrate in the primary metal phase. Since Mn-enriched mixed oxide phase is more 

prone to decomposition, it cannot be regenerate back to its oxidized form with 10% oxygen. 
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Figure 2.11. Weight loss of mixed oxides in cyclic CLOU condition, a) 50% Co, b) 80% Co, 

c) 30% Mn, d) 60% Mn 

2.4.3.2  Cyclic Redox in Methane/Oxygen 

Figure 2.12 shows the weight loss of the 4 selected samples in cyclic redox condition in 

methane. As can be seen, samples are reduced significantly more in methane. Unsupported 

cobalt-containing sample gains activity over the first few cycles while Fe-Mn sample become 

less active after multiple cycles. Addition of the perovskite support significantly affects the 

redox properties of the samples when reacting with methane. Not only does support addition 

increases the amount of oxygen donation by almost 2 times for both Co-Fe and Mn-Fe samples, 

it enhances the recyclability of the samples in both cases. Notable coke formation is observed 
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with fully reduced Co-Fe samples, both with and without perovskite support. In contrast, due 

to TGA result, coke formation is insignificant with perovskite supported Mn-Fe samples. 

Perovskite supported Co-Fe sample exhibited the highest oxygen carrying capacity (~17 w.t. 

%), which is significantly higher than that of supported Mn-Fe sample (~11%). 

 

Figure 2.12. Weight loss of mixed oxides in cyclic redox condition with 10% 

methane/oxygen, a) 70% Co, b) 60% Mn 

2.5 Conclusion 

The present study investigates oxygen uncoupling properties of Co-Fe and Mn-Fe mixed 

oxides and mixed oxide composites with perovskite support. Mixed oxides with different 

compositions exhibited varying oxygen uncoupling properties. The iron-cobalt samples 

showed decomposition temperatures in the range of 862 to 942 °C and those of iron-manganese 

samples ranged between 874 and 941 °C.  As a general trend, samples with higher 

concentrations of cobalt and manganese exhibit lower decomposition temperature. Effects of 

perovskite support addition are also investigated. Support addition reduced the initial 

uncoupling temperature of all the mixed oxides samples, by up to 8.8%. This exhibits 
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synergistic effects between the primary mixed oxide and perovskite phases. When applied 

under isothermal cyclic redox conditions, perovskite supported Co-Fe oxides exhibit higher 

activity and oxygen uncoupling capacity when compared to unsupported Co-Fe oxides. In 

contrast, perovskite support inhibits reoxidation of Mn-Fe oxides and limits their oxygen 

carrying capacity. This is likely to be due to the redistribution of Mn and Fe cations in the 

primary oxide and support phases. When compared to unsupported samples, perovskite 

supported Co-Fe and Mn-Fe samples exhibited significantly higher activity, stability, and 

oxygen carrying capacity for methane conversion. 
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CHAPTER 3  Fe2O3@LaxSr1-xFeO3 Core-Shell Redox Catalyst for Methane Partial 

Oxidation 

3.1 Abstract 

Efficient and environmentally friendly conversion of methane into syngas is a topic of practical 

relevance for the production of hydrogen, chemicals, and synthetic fuels. At present, methane-

derived syngas is produced primarily through the steam-methane reforming (SMR) processes. 

The efficiencies of such processes are limited due to the endothermic SMR reaction and the 

high steam to methane ratio required by the reforming catalysts. Chemical Looping Reforming 

(CLR) represents an alternative approach for methane conversion. In the CLR scheme, a solid 

oxygen carrier or “redox catalyst” is used to partially oxidize methane into syngas. The reduced 

redox catalyst is then regenerated with air. The cyclic redox operation reduces the steam usage 

while simplifying the heat integration scheme. In the current study, a novel Fe2O3@LaxSr1-

xFeO3 (LSF) core-shell redox catalyst is synthesized and investigated. When compared with 

several other commonly-investigated iron-based redox catalysts, the newly developed core-

shell redox catalyst is significantly more active and selective for syngas production from 

methane. It is also more resistant towards carbon formation while maintaining high activity 

over cyclic redox operations. 

3.2 Introduction 

As the primary component of natural gas, methane is among the most abundant organic 

compounds on earth.1 Besides being used for heat and power generation, methane can be 

directly or indirectly converted into value-added chemicals and fuels such as ethylene, 

methanol, gasoline, and/or diesel.2–10 To date, all the commercial methane conversion 
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processes adopt an indirect conversion scheme. In these processes, methane is first reformed 

into syngas; the syngas is then converted into chemicals and/or liquid fuels.4,11 Proposed well 

over a century ago12,13, methane reforming is carried out through the assistance of 

heterogeneous reforming catalysts. To date, a large number of methane reforming catalysts 

with different active metals, supports, promoters, and synthesis techniques have been 

synthesized and investigated.14,15 

Among the various active metals, Ni receives the most attention since it is less expensive. 

When compared to many of its noble metal counterparts, however, Ni based reforming 

catalysts are less active and more susceptible to deactivation by carbon formation and 

oxidation.16  Other common causes for catalyst deactivation include sintering and sulfur 

poisoning. Compared to conventional reforming processes, the so-called chemical looping 

reforming (CLR) scheme17–20 has the potential to reduce carbon formation and sulfur 

poisoning. As indicated in Figure 3.1a, the CLR process is carried out in two interconnected 

reactors, i.e. a reducer (fuel reactor) and an oxidizer (air reactor) in the presence of a transition 

metal oxide based oxygen carrier, a.k.a. redox catalyst. In the reducer, the redox catalyst 

partially oxidizes methane into syngas with its lattice oxygen. The oxygen deprived redox 

catalyst is subsequently transferred to the oxidizer, where it is reoxidized with air. The CLR 

process exposes the redox catalyst under reducing and oxidizing conditions in a cyclic manner. 

Therefore, carbon (and sulfur) formation on the catalyst is expected to be small in the reducing 

step and can be removed during the oxidation step, similar to the fluid catalytic cracking (FCC) 

process.21,22 Another potential advantage of the CLR process is the ease of heat integration. 

Unlike conventional steam-methane reforming processes which require combustion of a 

fraction of the methane feedstock to compensate the endothermic steam-reforming reactions, 
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the heat balance of the CLR scheme is adjustable by varying solids circulation and global 

methane to air ratio. Study performed by Rydén indicates that a pressurized CLR system can 

be about 5% more efficient than the conventional steam methane reforming process.23 

Compared to partial oxidation of methane with gaseous oxygen,7,8,24 the reactions between 

methane and the redox catalyst are intrinsically safe and do not need the energy-intensive air 

separation step. The use of lattice oxygen and redox catalysts for selective oxidation reactions 

have been explored by DuPont in their n-butane to maleic anhydride process.25–29 A similar 

redox concept was explored for methane coupling reactions by researchers at the Atlantic 

Richfield Company (ARCO).5,30 Another process concept directly relates to CLR is chemical 

looping combustion/gasification (CLC/CLG).31–35 Compared to the CLC/CLG, which use an 

oxygen carrier to non-selectively oxidize fuels to CO2 and steam, CLR redox catalyst or 

oxygen carrier needs to selectively oxidize the fuel to syngas. The need to achieve high 

selectivity towards partial oxidation products in CLR poses unique requirements for the redox 

catalyst. To highlight the selectivity requirements for CLR, the term “redox catalyst” is used 

interchangeably with “oxygen carrier”. Such a term is consistent with that used in the 

previously reported selective redox processes.26,28,36 
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Figure 3.1. a) Schematic of the CLR process17, b) Schematic of proposed core-shell structure 

redox catalyst. 

Most CLR redox catalysts investigated to date are similar, if not identical, to standard oxygen 

carriers in CLC/CLG processes.14,15,37–42 Like CLC oxygen carriers, a typical CLR redox 

catalyst is composed of a primary metal oxide and an “inert” support. Primary metal oxide, 

which acts as the lattice oxygen donor, is often chosen from oxides of iron, nickel, manganese, 

and copper.15,43 Although the support typically does not donate oxygen to any significant 

extent, it can enhance the reactivity, recyclability, and/or structural stability of the oxygen 

carrier or redox catalyst.14,44,45 Typical supports include ceramic materials such as Al2O3, SiO2, 

(stabilized) ZrO2, MgAl2O4, etc.14,15 Notable research efforts on CLR have been devoted to the 

development and testing of redox catalysts with various primary metal oxide and support 

compositions. Compared to Fe, Cu, and Mn based redox catalysts, Ni is reported to be more 

attractive due to its high activity and selectivity towards syngas formation.37,46 Using Ni-based 

redox catalysts, Pröll et al.47 achieved near complete conversion of methane and high 

selectivity towards syngas in a 140 kWth demonstration plant. It is noted, however, 
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environmental and cost concerns over Ni may hinder the use of Ni-based redox catalysts. 

Mendiara et al. investigated CLR of toluene and methane using Ni, Mn, and Fe based redox 

catalysts. They reported low methane reforming activity for both Mn and Fe based redox 

catalysts.48,49 Rydén et al.39 tested iron oxide supported on MgAl2O4 in a fixed bed reactor. 

Addition of small amount of Ni was found to significantly enhance the activity and selectivity 

of the ferrite based redox catalyst. The authors also concluded that reduction of the ferrite 

materials to FeO or Fe may be desirable.39 Besides monometallic redox catalysts, mixed metal 

oxides, such as LaxSr1-xFeO3 perovskite, were also investigated for CLR.39 Excellent syngas 

selectivity was observed for the perovskite based redox catalyst. However, the oxygen carrying 

capacity of the redox catalyst is relatively low (~3 w.t. %). To summarize, the development 

and investigation of an active redox catalyst with high syngas selectivity, activity, and lattice 

oxygen carrying capacity using abundant and environmentally-benign transition metal oxides, 

e.g. ferrites, is highly desired. 

In this study, an Fe2O3@ LaxSr1-xFeO3 core-shell redox catalyst with grain size less than 100 

nm is synthesized and characterized for chemical looping reforming of methane. We report 

successful synthesis of core-shell structure via a sol-gel based sequential synthesis approach. 

The core-shell redox catalyst is found to be an active and stable oxygen donor. The reactivity 

did not change over more than 100 redox cycles. The particles also exhibited good phase 

stability. The Fe2O3@ LaxSr1-xFeO3 core-shell structure is conserved after the 100 cycle redox 

reactions carried out at 900 °C. Compared to other iron-based composite redox catalysts such 

as those supported with MgAl2O4, Al2O3, Yttria-Stabilized-Zirconia (YSZ), and LaxSr1-xFeO3, 

the core-shell redox catalyst is up to 200 times more reactive. The catalyst is also selective 

towards syngas formation while showing satisfactory resistance towards coke formation. 
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3.3 Results and Discussion 

Performance of various composite oxygen carriers have been investigated in recent years.14,15 

In our previous study,50 we showed that addition of perovskite-structured mixed-conductive 

support increases the reactivity of the oxygen carrier by increasing its oxygen donation rate. 

The results also indicate that the mixed conductivity of the support may have contributed to 

reactivity enhancement. In the current study, we synthesized and investigated an iron-oxide 

based redox catalyst promoted with a mixed-conductive (LSF) shell. The schematic of the 

proposed core-shell redox catalyst is illustrated in Figure 3.1b. The core-shell arrangement can 

potentially be advantageous compared to composite structures since: (i) coating Fe2O3 with a 

perovskite (LSF) shell can potentially enhance the structural stability and sintering resistance 

of the redox material (LSF, when promoted with iron oxide, is shown to be stable under redox 

conditions50); (ii) compared to the composites, the Fe2O3@LSF core-shell structure provides a 

relatively well defined surface. Therefore, improved selectively can potentially be achieved; 

(iii) the absence of exposed iron oxide on the catalyst surface can potentially lead to improved 

resistance towards carbon formation. These potential advantages are hinged upon facile lattice 

oxygen (O2-) and electron conductivities of the LSF shell as well as a stable Fe2O3@LSF 

arrangement in absence of significant diffusions of the various cation species.  In the following 

sections, structural and phase properties of the Fe2O3@LSF core-shell redox catalyst is 

presented. This is followed with phase stability, redox activity, syngas selectivity, and carbon 

formation studies of the redox catalyst. For comparison purpose, redox performances of a 

number of composite redox catalysts with inert (MgAl2O4 and Al2O3), ionic conductive (YSZ), 

and mixed conductor support (LSF) supports are also investigated and presented. Further 

details regarding these samples can be found in the experimental section. 
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3.3.1  Redox Catalyst Characterization 

Morphology of the as-prepared composite samples, i.e. Fe2O3-MgAl2O4, Fe2O3-Al2O3, Fe2O3-

YSZ and Fe2O3-LSF are observed using Scanning Electron Microscopy (SEM) (Figure A2.1). 

Similar to typical composite oxygen carrier samples, they are densified from sintering and/or 

solid state reactions. Besides similar morphological properties, the BET surface areas of all 

four samples are below 0.32 m2/g. While the solid-state reaction (SSR) method is commonly 

used for oxygen carrier/redox catalyst synthesis, sol-gel synthesis of Fe2O3@LSF core-shell 

structure represents an innovative concept in the present study. In order to confirm the 

formation of core-shell structure, Transmission Electron Microscopy (TEM) and Energy 

Filtered TEM (EFTEM) are performed on core-shell catalyst dispersed in ethanol. 

TEM images of the annealed core-shell particles and EFTEM mappings of individual elements 

including Fe, Sr, La, and O are shown in Figure 3.2. The brighter areas in an EFTEM image 

represent regions enriched with the element of interest. As can be seen, La and Sr are 

concentrated on the surface of the particles whereas iron and oxygen are more homogenously 

distributed throughout. This confirms the surface coverage of lanthanum and strontium on iron 

oxide nanoparticles. The TEM image also indicates some degrees of agglomerations of the 

core-shell particles. This is likely to result from the high temperature annealing step, which 

caused sintering of the core-shell particles. In addition, nanoparticles of iron oxide may not be 

completely mono-dispersed in ethanol-water solution during the particle synthesis step. Based 

on the EFTEM image, the shell thickness is in the order of 10 nm whereas the diameters of 

individual cores range between 20 and 60 nms. This is qualitatively consistent with the nominal 

composition of the core-shell particle (60 w.t.% LSF). 
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Figure 3.2. TEM image (a) and EFTEM mappings (b) of the Fe2O3@LaxSr1-xFeO3 core-shell 

particles. 

Crystalline structure of the synthesized redox catalysts is characterized using X-ray powder 

diffraction (XRD). Figure 3.3 shows the diffraction pattern of the as-prepared core-shell 

particles in their oxidized form. As can be seen, the XRD spectra confirm the formation of the 

desired LSF (perovskite) and hematite phases in the fresh sample. The diffraction pattern for 

LSF corresponds to a (orthorhombic) perovskite phase, which is consistent with the synthesis 

conditions. Although the XRD software (PDXL V1.8.1.0) provides a best fit for the 

composition of La0.8Sr0.2FeO3 based on its limited database, the actual composition of the 

perovskite may deviate from the aforementioned formula since slight variation of dopant 

(La:Sr) ratio is unlikely to be resolved by the software. Several small peaks at 2θ angles of 

52.1 and 72.2 cannot be resolved based on the currently available database. They are likely to 

correspond to some minority mixed metal oxides phases not present in the current database. 

This can be attributed to less than complete solid state reaction under the relatively low 
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(800 °C) sintering temperature for the sol-gel sample. These minority phases become even less 

noticeable after cyclic redox reactions (See “Reactivity and Stability Studies” section). The 

formation of completely covered Fe2O3@LSF structure is further confirmed by X-ray 

Photoelectron Spectroscopy (XPS). As shown in Figure 3.4, the atomic ratio between (La+Sr) 

and Fe on the surface of the sample is slightly higher than unity (~1.1). Considering that XRD 

only shows LaxSr1-xFeO3-δ and Fe2O3 as the primary phases in the bulk sample, we can 

conclude that a uniform LSF shell is successfully coated on the iron oxide nanoparticles. The 

slight higher than stoichiometric amount of in La and Sr may arise from the minority mixed 

oxides (unresolved XRD peaks) at the low sintering temperature and/or inaccuracy of XPS 

analysis. 

 

Figure 3.3. XRD pattern of the as-prepared Fe2O3@ LSF core-shell particles. 
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Figure 3.4. XPS spectra of the as-prepared Fe2O3@LSF core-shell particle. 

The formation and stability of the phases in SSR Fe2O3-MgAl2O4, Fe2O3-Al2O3, and Fe2O3-

YSZ are also confirmed using XRD (See Figures S2-S4 of ESI). The XRD spectra of SSR 

Fe2O3-LSF sample has been reported in our earlier publication50. A strontium ferrite phase is 

observed after 8-hours of annealing at 1200 °C in our previous study.  After exposing the 

sample under redox condition, Sr and Fe in the strontium ferrite phase is incorporated in ferrite 

and perovskite phases. This is an indication that 8-hour annealing period is less than sufficient 

to allow complete solid state reactions among precursors after solid-state mixing. In the present 

study, we prepared a Fe2O3-LSF sample under an extended (28-hour) annealing period.  Unless 

otherwise noted, composite Fe2O3-LSF sample refers to the 28-hr annealed sample. 

3.3.2  Redox Activity Studies 

Since the oxidation reactions are typically much faster than the reduction reactions for iron 

based oxygen carriers/redox catalysts, we focused on characterizing the rates of reduction 

reactions. Reduction of the redox catalyst samples is performed in a differential bed reactor. 
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Figure 3.5 shows the conversion profiles of the redox catalysts in their 2nd reduction cycle as a 

function of time. The 2nd reduction cycle data is presented since it exhibits a more 

representative performance of the redox catalyst when compared with the 1st cycle. Here, 

sample conversion is defined as the percentage of sample weight loss relative to its maximum 

weight loss when reduced with H2. Weight loss contribution from the support is also 

subtracted. Therefore, 100% conversion corresponds to complete reduction of Fe2O3 to Fe. 

Consistent with the general design principles for differential bed reactors, very low methane 

conversions are maintained in all the TGA/differential bed studies. A high conversion of 

methane can be achieved in an integral bed reactor (see Appendix 2). 

It is noted that perovskite is reducible in both hydrogen and methane. Therefore, perovskite 

support may contribute to overall weight loss of the Fe2O3-LSF and Fe2O3@LSF redox catalyst 

samples. The amount of oxygen donation from perovskite support is estimated assuming no 

interaction between Fe2O3 and LSF. Such estimation is considered to be conservative since 

Fe2O3 is more readily reducible than LSF (See Figure 3.6). It is noted that more than 95 w.t.% 

active lattice oxygen from the LSF containing redox catalyst is donated from Fe2O3 when H2 

is used as the reducing gas (see Figure A2.6). 50  While pure LSF is more readily reducible in 

methane, Fe2O3 still accounts for at least 70% of the total active lattice oxygen in the Fe2O3-

LSF and Fe2O3@LSF redox catalysts (see Figure A2.7).  Since the majority of lattice oxygen 

donated by the LSF containing redox catalysts is contributed by iron oxide, the redox catalysts 

reported in the current study are directly comparable with other supported iron oxide based 

oxygen carriers/redox catalysts. As can be seen, the perovskite supported samples exhibit far 

superior performance over other oxygen carriers. Between the two perovskite supported 

samples, the core-shell catalyst reaches complete reduction within 5 minutes while it takes 
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more than 6 minutes for the SSR Fe2O3/LSF to reach its full conversion. All the other samples 

are only partially converted within the same reduction period. It should also be noted that the 

nominal conversions of both perovskite supported samples drop after reaching full conversion. 

The drops in conversion correspond to sample weight gain from carbon formation. Since 

methane decomposition reaction and hence carbon formation tends to be catalyzed by 

transition metals in their reduced states, significant carbon formation tends to occur after the 

metal oxide is reduced. Unlike the perovskite samples which do not form significant amount 

of carbon until complete reduction, carbon formation starts to occur for the Fe2O3-Al2O3 and 

Fe2O3-MgAl2O4 samples when they are only reduced by about 60%.  It is also noted that 

significant volume expansion is observed for the Fe2O3-MgAl2O4 sample over the first few 

redox cycles. This is accompanied with reaction rate enhancement. The volume expansion is 

likely to result from the formation of graphitic carbon, which is known to be destructive to 

transition metal catalysts.16 In contrast, volume expansions are not identified for the two 

perovskite supported samples. 

 

Figure 3.5. Rates of second cycle reduction for different redox catalyst samples in methane. 
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Since the two perovskite samples are far more active and carbon resistant than the other 

composite samples, they are selected for further investigations in terms of reactivity, 

selectivity, phase stability, and resistance towards carbon formation. 

3.3.3  Reactivity and Stability Studies 

Temperature Programed Reduction (TPR) in hydrogen is used to investigate the reducibility 

of both the composite and core-shell Fe2O3-LSF samples. To identify potential interactions 

between the perovskite and hematite, the TPR curves for the individual components of the 

redox catalysts, i.e. iron oxide nanoparticles, micron-sized iron oxide, and pure LSF, are also 

obtained. Figure 3.6 shows the TPR spectra of the redox catalysts and their components. As 

can be seen from Figure 3.6a, both iron oxide particles showed two distinct peaks. The first 

peak corresponds to the reduction from Fe2O3 to Fe3O4 and the second one is reduction from 

Fe3O4 to metallic iron. By fitting Lorentzian curves to the TPR patterns, the second peak is 

further decomposed into two overlapping peaks. The positions of these peaks are summarized 

in Table 3.1. Compared to micron-sized iron oxide sample, nano-sized iron oxide exhibited 

much lower initial reduction temperature. The decrease in the initial reduction temperature for 

nano-sized iron oxide is likely to result from the particle size effect. Compared to iron oxide 

samples, LSF showed two less distinct reduction peaks. The first peak, which appears at around 

305 °C, corresponds to the reduction of α-oxygen located closer to the perovskite surface. The 

second peak, which occurs at 983 °C, corresponds to the reduction of bulk lattice oxygen. The 

higher peak temperatures and less distinct peaks confirm the higher stability of LSF under 

reducing conditions. 
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In absence of support-primary oxide interactions, TPR peaks of the composite and core-

shell samples are expected to be a summation of those of their individual components. It is 

observed, however, the first iron oxide reduction peak becomes less distinct for both LSF 

supported samples. This is likely to result from perovskite-iron oxide interactions, which 

stabilize the iron oxide. In addition, the core-shell sample, which is prepared from nano-sized 

iron oxide, exhibited a Fe2O3 to Fe3O4 reduction peak at a much higher temperature. This again 

confirms the stabilization effect of perovskite. Another interesting observation is that the 

locations of the major TPR peaks are similar for both the core-shell and composite samples. 

This indicates that the LSF coating on iron oxide does not hinder its reducibility. Both samples 

exhibited several insignificant peaks. They are likely to correspond to the minority mixed-

oxide phases. 

 

Figure 3.6. TPR results for a) individual components b) perovskite supported redox 

catalysts, in hydrogen. 
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Table 3.1. Position and area percentage of the major reduction peaks for pure 

components and supported samples. 

Species Peak position (°C) Fractional peak area (%) 

Fe2O3 (Nanoparticles) 

360 7 

512 15 

586 78 

Fe2O3 (Micron-sized) 

435 12 

509 8 

569 80 

LSF 

305 17 

983 83 

SSR Fe2O3-LSF 

446 16 

584 54 

984 30 

Sol-gel Fe2O3@LSF 

413 29 

576 62 

950 9 

Although both perovskite samples exhibited similar reducibility, their rates of reduction are 

found to be very different. Two quantitative parameters are used to compare the reactivity of 

the core-shell and SSR perovskite supported samples. These parameters are time to reach 11% 

and 33% conversions. At 11 and 33% conversions, the iron oxide in the oxygen carrier has an 

average oxidation state equivalent to Fe3O4 and FeO, respectively. These parameters for the 
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two samples at their 5th reduction cycle are shown in Figure 3.7. The time to reach 11% and 

33% conversion are noticeably lower for the core-shell sample compare to SSR sample. This 

again confirms that covering the surface of the primary metal oxides with a mixed conductive 

support does not reduce their reactivity. This higher reactivity could partially be attributed to 

the larger surface area of the core-shell sample (Table 3.2). To determine the effect of surface 

area on redox catalysts’ reactivity, we also compared the data to the 8-hour annealed composite 

Fe2O3-LSF sample. Comparing the BET surface areas of the samples, we can conclude that 

surface area does not directly correlate to the reactivity of the samples as the two SSR samples 

exhibit comparable reactivity while having very different surface areas. Studies on the effect 

of sintering temperature indicates that SSR sample sintered at 800 °C (identical to sol-gel 

sample annealing conditions) is significantly less active when compared to SSR samples 

sintered 1200 °C (see Figure A2.12) and the core-shell sample. 

 

Figure 3.7. Reactivity comparisons of the core-shell and composite perovskite supported 

redox catalyst. 
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Table 3.2. BET surface area of the as-prepared perovskite supported samples 

Sample BET surface area (m2/g) 

SSR after 8 hr sintering 0.315 

SSR after 28 hr sintering 0.093 

Core-shell 12.68 

Redox stability is another factor that needs to be considered when developing a redox catalyst. 

Figure 3.8 compares times to reach 11% and 33% conversion for the sol-gel sample in different 

redox cycles. Reactivity of the redox catalyst drops slightly from 1st to 5th cycle. Although 

some variation in reactivity is observed at different redox cycles, no systematic reactivity drop 

is observed within 100 redox cycles. Even at its lowest activity, the core-shell redox catalyst 

is ~3 times more active than the SSR redox catalysts. The variation may result from the 

unbalanced drag force effect in the Thermal Gravimetric Analyzer (TGA) instrument since a 

small amount of sample (~20 mg) was used under a high linear gas velocity to reduce external 

mass transfer resistance. Figure 3.9 shows the XRD pattern of the core-shell particle after 50 

cycle redox. An XPS test is also performed after redox tests to analyze the atomic compositions 

of the catalyst surface. Table 3.3 summarizes the XPS results of the core-shell sample after 

100 redox cycles. It is shown that and the post-100 cycle sample has a (La+Sr):Fe atomic ratio 

close to 1 (~0.91). Such a ratio is close to that of a perfect perovskite. This infers that perovskite 

coverage of the particle surface is stable during the high temperature redox cycles. The XPS 

results also indicate surface enrichment of strontium. Morphology of the core-shell sample at 

in different redox stages are shown in Figure 3.10. SEM images indicate some degree of 

densification after 100 redox cycles. However, no significant change in morphology is 
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observed after 100 cycles. Although the sequential synthesis method used for core-shell redox 

catalyst synthesis can be expensive, the primary purpose of this study is to demonstrate the 

redox performance and stability of the novel core-shell concept. The reactivity and 

recyclability results indicate that coating of a primary oxide, i.e. Fe2O3, with a mix-conductive 

shell does not hinder the performance of the redox catalyst. Rather, the mixed-conductive shell 

can potentially prevent primary oxide sintering while enhancing the O2- and electron fluxes. 

Therefore, novel redox catalysts with significantly improved activity and selectivity can 

potentially be developed using the concept demonstrated in this study. 

 

Figure 3.8. Reactivity comparisons of the core-shell redox catalyst in different redox cycles. 

 

Figure 3.9. XRD pattern of the core-shell Fe2O3@ LSF after 50 redox cycles in 

methane/oxygen. 
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Table 3.3. Elemental compositions of the core-shell sample before and after 100 redox 

cycles (Italic numbers in the brackets are atomic percentages of the cation species) 

Element 

Nominal bulk atomic 

composition (%) 

Surface atomic composition (%) 

Fresh sample 

After 100 redox 

cycles 

O 60 71.77 78.23 

Fe 31.86 (80) 13.18 (46.69) 11.41 (52.41) 

La 6.51 (16) 8.25 (29.22) 4.54 (20.85) 

Sr 1.63 (4) 6.80 (24.09) 5.82 (26.73) 

 

Figure 3.10. SEM image of the oxidized core-shell particle a) after sintering, b) after 5 

cycles, c) after 50 cycles, d) after 100 cycles. 
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3.3.4  Selectivity Study 

The selectivity of the reacted samples (after 50 cycles) toward syngas is tested in the TGA by 

analysing the downstream gases and quantifying the amount of carbon monoxide and carbon 

dioxide formed. Figure 3.11 shows the cumulative CO to CO2 ratio as a function of reduction 

time for perovskite supported redox catalysts. CO/CO2 ratio is used as an indicator for syngas 

selectivity. As can be seen from Figure 3.11, CO/CO2 ratios of both samples show similar 

trend: the CO/CO2 ratio increases during the early stages of the reduction and flats out after 

approaching full reduction. This is understandable since the equilibrium oxygen chemical 

potential of the redox catalyst is high during early stage of the reduction. As a result, a higher 

tendency for CO2 formation can be expected. As the oxidation state of iron oxide gets lower, 

formation of CO2 becomes less favored. As the active lattice oxygen gets depleted during 

reduction, the CO/CO2 ratio approaches a maximum asymptotically. Compared to the 

composite sample, the core-shell sample exhibits superior performance in terms of both real 

time and overall CO selectivity. The better selectivity of the core-shell redox catalyst may be 

attributed to the absence of iron oxide on the surface of the core-shell sample. Iron oxide, in 

its fully oxidized form, has the tendency for complete oxidation of methane. The presence of 

a perovskite shell can thus reduce the tendency for over-oxidation of fuels, leading to enhanced 

selectivity towards syngas. The selectivity of the catalysts can be further increased by using 

redox catalysts at lower oxidation states, e.g. Fe3O4 or FeO. It is noted that hydrogen 

selectivity, estimated using hydrogen mass balance and H2O production, is slightly lower than 

CO selectivity. In the case of core-shell redox catalyst, cumulative H2 selectivity is estimated 

to be ~81% whereas CO selectivity is ~89%. 
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Figure 3.11. Cumulative CO: CO2 molar ratio in the methane partial oxidation products for 

the LSF supported redox catalysts 

3.3.5  Carbon Formation 

Resistance towards carbon formation is another desired feature for oxygen carriers and redox 

catalysts. A high tendency for carbon formation can lead to challenges including structural 

failure of oxygen carriers/redox catalysts and incomplete fuel utilization. The most common 

carbon types when using a solid catalyst for fossil fuel conversion are gum, whisker carbon, 

and pyrolytic coke. Whisker carbon is the most probable in steam and dry methane reforming 

as it forms at low H2O/C ratios and high temperatures. The reactions through which whisker 

carbon forms are: 

4 2

 2

2 2

2

2                Reaction   3.1 

2               Reaction   3.2

        Reaction   3.3

2        Reaction   3.4n m

CH C H

CO C CO

CO H C H O

C H nC m H

 

 

  

 

 



84 

 

Among the abovementioned reactions, only methane decomposition (equation 1) is likely to 

be important in our system. Transition metals such as iron and nickel are good catalysts for 

methane decomposition in their reduced forms. Therefore, having such metals on the surface 

can lead to carbon deposition from methane decomposition. Coke formation results after 1 

hour reduction are summarized in Table 3.4. From the TGA results, carbon formation slows 

down dramatically with time for both samples. Incremental carbon formation approaches zero 

(See Figure A2. 8) after 10 minutes for both samples.  This is different from typical reforming 

catalysts and composite redox catalysts such as those supported by Al2O3 and MgAl2O4. For 

instance, over 20 w.t.% carbon is accumulated on MgAl2O4 supported sample within 15 

minutes. Moreover, carbon tends to accumulate on these samples steadily over time (Figure 

A2.9). Comparing the coke formation results of the two perovskite supported samples, we can 

conclude that covering the surface of iron oxide with structurally-stable mixed conductive 

support can reduce the amount of coke formation by minimizing the exposure of ferrite phases, 

which becomes active for catalyzing methane decomposition reaction when reduced. Although 

we did not observe phase change for LSF under XRD, it is possible that a small amount of 

metallic Fe is formed on the perovskite surface under a reducing environment. This may have 

contributed to carbon formation on the core-shell sample. Further reduction of carbon 

formation can potentially be achieved using a more stable mixed-conductor as the shell 

material. For both perovskite supported redox catalysts, carbon formation did not affect their 

structure or reactivity over 100 redox cycles. It is also noted that the sample is exposed to 

methane without the presence of gaseous oxidant. Under such a condition, carbon formation is 

highly favored thermodynamically. In our experiments, no carbon formation was observed 

until complete depletion of the active lattice oxygen. This confirms the superior carbon 
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resistance of the mixed-conductor supported redox catalyst when compared to traditional 

reforming catalyst. Further investigations for carbon formation mechanism are underway. 

Table 3.4. Post 100 cycle coke formation on the samples after 1 hour reduction in 10% 

methane 

Sample Total carbon formation (wt%) 

SSR Fe2O3/LSF 5.78 

Sol-gel Fe2O3@LSF 2.82 

 

3.4 Conclusion 

The present study investigates the activity, stability, selectivity, and carbon formation 

resistance of several conventional and novel oxygen carriers/redox catalysts for the chemical 

looping reforming of methane. Besides composite redox catalysts using inert (Al2O3, 

MgAl2O4), ionic conductive (YSZ), and mixed-conductive (LSF) supports, a novel core-shell 

Fe2O3@LSF redox catalyst is proposed and successfully synthesized using a sequential sol-gel 

method. The core-shell redox catalyst is found to be 10 – 200 times more active for methane 

partial oxidation when compared to inert and YSZ supported redox catalysts. The core-shell 

structure and redox activity of the redox catalyst is also shown to be active over extended 

(>100) redox cycles at high temperature (900 °C). In addition, the core-shell material exhibits 

superior performance over composite samples with an identical support (LSF) in terms of 

reactivity, product selectivity (after multiple redox cycles), and carbon formation resistance. 

The selectivity enhancement is likely to result from the well-defined LSF surface, which is 
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more selective than ferrites for methane partial oxidation.  Improved activity can be attributed 

to smaller, nano-scale iron oxide cores (~50 nm) which provide more readily accessible lattice 

oxygen through the mix-conductive shell (~10 nm). The coverage of iron oxide with a stable 

perovskite shell reduces the presence of metallic iron on the surface under a reducing 

environment, leading to lower carbon formation for the core-shell redox catalyst compared to 

the composite sample. The finding of this study indicates that coating of a multivalency 

transition metal oxide with a stable mixed-conductive shell can potentially lead to active and 

selective redox catalysts for selective redox reactions such as those in the CLR process. 

3.5 Experimental Section 

3.5.1  Redox Catalyst Selection and Preparation 

Five iron oxide based redox catalysts are investigated in this study. Among these, four samples 

are ceramic composites composed of iron oxide (Fe2O3, 99.9%, Noah chemicals) and various 

supports including magnesium-aluminum oxide (MgAl2O4, 99.9%, Noah chemicals), alumina 

(α-Al2O3, 99%, Noah chemicals), yttria-stabilized zirconia (YSZ, ZrO2/8% Y2O3, 99%, Noah 

chemicals), and lanthanum strontium ferrite (LaxSr1-xFeO3-δ). Magnesium-aluminum oxide and 

alumina are selected since they are commonly used oxygen carrier supports in chemical 

looping processes.38,42,51–60 They are typically considered as inert since they do not participate 

in redox conditions at any significant extent. Moreover, their ionic and electronic 

conductivities are low. YSZ is chosen as the support since it is a well-known ionic conductor. 

The use of YSZ-Fe2O3 composite has also been reported in previous chemical looping 

literatures.61,62 Fe2O3-LSF composite is investigated since a previous study carried out by the 

authors has confirmed high redox activity of such a material.50 The same study also indicates 
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that the mixed ionic-electronic conductivity of LSF is likely to be responsible for the enhanced 

redox reactivity. Thursfield et al. also proposed a similar concept of utilizing mixed-conductive 

material for chemical looping applications in their review article.20 In this study, an SSR 

method similar to that reported by Galinsky et al.50 is used to synthesize the composite redox 

catalysts. The SSR method allows the formation of an intimately mixed matrix between the 

primary oxide and support. Such a composite structure is common to most oxygen 

carriers/redox catalysts reported in the literature. Besides the four composite samples, we 

attempt to synthesize a Fe2O3@LSF core-shell redox catalyst. Coating of LSF, which is 

structurally stable under redox conditions50, on iron oxide particles can potentially enhance the 

stability and sintering resistance of iron oxide. A summary of these redox catalyst samples and 

their nominal compositions are listed in Table 3.5. The nominal composition of the particles 

is confirmed by subtracting the pure perovskite weight loss from total weight loss of the 

particles in similar reduction time in hydrogen. 

Table 3.5. Redox catalyst samples and their nominal compositions 

Sample 

No. 

Sample descriptions Compositions (wt%) 

Characteristics 

of the support 

1 Composite Fe2O3/MgAl2O4 60% Fe2O3, 40% MgAl2O4 Inert 

2 Composite Fe2O3/Al2O3 60% Fe2O3, 40% Al2O3 Inert 

3 Composite Fe2O3/YSZ 60% Fe2O3, 40% YSZ Ionic-conductive 

4 Composite Fe2O3/LSF 60% Fe2O3, 40% LSF Mixed-conductive 

5 Core-shell Fe2O3@LSF 50% Fe2O3, 50% LSF Mixed-conductive 
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To synthesize the composite redox catalysts, stoichiometric amount of precursors are weighed 

and dry-mixed together using a planetary ball-mill (XBM4X, Columbia International) for 6 

hours. The solid mixture is then pelletized using a hydraulic press (YLJ-15T, MTI Corporation) 

under 7-8 MPa pressure and then annealed in air at 1200°C for 28 hours using a tube Furnace 

(GSL-1500-X50, MTI Corporation). For comparison purpose, a composite Fe2O3-LSF sample 

annealed for 8 hours is also prepared since such an annealing time was adopted by Galinsky et 

al.50 The resulting pellets are subsequently crushed and sieved into specific size ranges for 

further characterization and testing. Further details of the SSR method have been reported 

earlier. 

Fe2O3@LSF core-shell particles are synthesized via a sequential sol-gel method. Briefly 

speaking, the method involves coating of iron oxide nano-particles (Sigma Aldrich, <50nm) 

with lanthanum, strontium, and iron precursors via a modified Pechini method.63 This is 

followed with annealing under an oxidizing environment to promote the perovskite shell 

formation through solid-state reactions among the cations. To ensure high fluxes of O2- and 

electrons, core-shell particles below 100 nms are synthesized. The annealing step sinters the 

individual core-shell nano-particles into larger, micron-sized particles suitable for fluidized 

bed applications. The specific procedure for core-shell particle preparation is described below: 

Stoichiometric amounts of Fe(NO3)3.9H2O (98%, Sigma Aldrich), La(NO3)3.xH2O (99.9%, 

Sigma Aldrich), Sr(NO3)2 (99%, Noah chemical) are dissolved in deionized water and stirred 

at 30°C for half an hour. Citric acid is then added to the solution at a molar ratio of 3:1 

between the citric acid and total cations. The solution is kept under magnetic stirring at 50°C 

for 30 minutes to form a chelating solution. Meanwhile, a separate Fe2O3 nanoparticle 
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suspension is prepared by dispersing calculated amount of Fe2O3 nanoparticles (Sigma 

Aldrich) in ethanol (reagent grade, Sigma Aldrich) water solution (60 vol% ethanol) under 

sonication. The suspension is then settled for 6 hours followed with the removal of the top 

phase (extra solvent). In order to coat the Fe2O3 nanoparticles, the nanoparticle suspension is 

added to the chelating solution under vigorous stirring for 30 minutes at 50°C. Ethylene 

glycol (99%, Sigma Aldrich) with the molar ratio of 2:1 with respect to citric acid is then 

added to the suspension to promote gel-formation. The liquid mixture is kept under stirring at 

80°C for 2 hours to form a gel. The gel is then fired at 400°C for 2 hours to remove volatile 

species. This is followed with annealing in air at 800°C for 4 hours to form core-shell 

particles with desired phases. 

3.5.2  Sample Characterizations 

Various characterization techniques are used to analyze the structural, surface, and 

morphological properties of the catalyst samples. XRD is used to analyze the crystalline phases 

present in each sample before and after redox tests. XRD spectra are obtained using a Rigaku 

SmartLab X-ray diffractometer with Cu-Kα (λ=0.1542) radiation operating at 40 kV and 44 

mA. A stepwise approach with a step size of 0.1° and residence time of 5 seconds at each step 

in 20-80 ͦ angle range (2θ) is used to generate the XRD patterns. 

X-ray Photoelectron Spectroscopy (XPS, SPECS-XPS) with an Mg-Kα excitation (1254 

eV) and a PHOIBIS 150 hemispherical analyzer at 10-10 mbar is used to analyze the elemental 

compositions on the particle surface. The specific surface areas of the samples are measured 

using a BET surface area analyzer (Quantachrome, Autosorb-1) via a 35 point physisorption 

test at 77.3 K with nitrogen or krypton as the adsorbate. Prior to testing, the samples were 
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crushed to below 75 micron and outgassed for 3 hours in 250°C. The reducibility of the samples 

is tested using a Quantachrome ChemBET Pulsar temperature programmed 

reduction/desorption (TPR/TPD) instrument. 5% hydrogen mixed with argon is used as the 

reducing gas. Temperature ramping during the TPR experiment is 5°C/min. Sample 

morphologies are characterized using Scanning Electron Microscopy (SEM, Hitachi S3200). 

The same instrument is used to analyze the elemental composition of the samples through 

Energy Dispersive X-ray Spectroscopy (EDS). Transmission Electron Microscopy (TEM, 

JEOL JEM 2010F) and Energy Filtered imaging (EFTEM) with 200 keV accelerating voltage 

are also used to confirm the formation of the core-shell arrangements. 

3.5.3  Redox Testing 

Redox experiments are conducted in a differential bed reactor system composed of a computer-

controlled panel for gas mixing and delivery, a TGA (STARAM SETSYS Evolution) for redox 

reactions, and a quadrupole mass spectrometer (QMS, MKS Cirrus 2) for gaseous product 

analyses. Total gas flow rate is maintained at 300 ml/min in all the tests. Concentrations of the 

reactive gases (CH4, CO, H2, O2,) are fixed at 10%. Helium is used as the carrier gas. Product 

distributions and catalyst selectivity towards syngas are determined using the QMS. Cyclic 

studies (5, 50, and 100 redox cycles) are also conducted to evaluate the stability of the redox 

catalysts. Carbon formation during the reduction of the redox catalyst is characterized by 

combustion analysis. To do so, the redox catalyst is reduced by CH4 for a preset duration is 

combusted with oxygen. The amount of carbon formation is determined using both TGA data 

and mass spec results. The high combustion temperature (ca. 900 °C) ensures that the carbon 

formed on the sample be oxidized to carbon dioxide and carbon monoxide. To ensure the 
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accuracy of the method, calibration of the aforementioned combustion method is performed 

by testing coal char with known amount of carbon. The method is shown to be accurate (±5%). 

It is noted that the sample weight gain in TGA is often used to determine carbon formation. 

However, such a method is found to be unreliable since the weight gain from carbon formation 

can be (partially) offset by the sample weight loss from reduction. 
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CHAPTER 4  Methane Partial Oxidation using FeOx@La0.8Sr0.2FeO3-δ Core-Shell 

Catalyst - Transient Pulse Studies 

4.1 Abstract 

The chemical looping reforming (CLR) process, which utilizes a transition metal oxide based 

redox catalyst to partially oxidize methane to syngas, represents a potentially efficient 

approach for methane valorization. The CLR process inherently avoids costly cryogenic air 

separation by replacing gaseous oxygen with regenerable ionic oxygen (O2-) from the catalyst 

lattice. Our recent studies show that an Fe2O3@La0.8Sr0.2FeO3-δ core-shell redox catalyst is 

effective for CLR, as it combines the selectivity of an LSF shell with the oxygen capacity of 

an iron oxide core. The reaction between methane and the catalyst is also found to be highly 

dynamic, resulting from changes in lattice oxygen availability and surface properties. In this 

study, a transient pulse injection approach is used to investigate the mechanisms of methane 

partial oxidation over the Fe2O3@LSF redox catalyst. As confirmed by isotope exchange, the 

catalyst undergoes transitions between reaction “regions” with markedly different 

mechanisms. While oxygen evolution maintains a modified Mars-van Krevlen mechanism 

throughout the reaction with O2- conduction being the rate limiting step, the mechanism of 

methane conversion changes from an Eley-Rideal type in the first reaction region to a 

Langmuir-Hinshelwood-like mechanism in the third region. Availability of surface oxygen 

controls the reduction scheme of the catalyst and the underlying reaction mechanism. 

4.2 Introduction 

The recent increase in shale gas production from unconventional reservoirs has spurred 

renewed interest in natural gas conversion and methane valorization.1–3 At present, most 
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commercial methane conversion processes adopt an indirect approach due to its demonstrated 

reliability and high product yield.4–6 In such processes, methane is converted into syngas (a 

mixture of carbon monoxide and hydrogen) in a reforming step in the presence of a gaseous 

reactant such as steam (steam reforming, Reaction 1), carbon dioxide (dry reforming, Reaction 

2), and/or oxygen (partial oxidation, Reaction 3). The syngas is further processed to value-

added products such as chemical feed stocks or liquid fuels. Despite their relatively high yield 

compared to direct methane conversion processes such as methane coupling,7,8 the overall 

efficiency of indirect methane conversion processes is limited due to the energy-intensive 

nature of the gaseous oxidant generation and/or methane reforming steps.4,9 
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Among the above-mentioned reactions, the partial oxidation (POx) based reforming approach 

offers the ability to produce Fischer-Tropsch ready syngas. In addition, the overall reaction is 

exothermic, eliminating the need for heat transfer to the catalyst bed. At present, most POx 

reactions are performed in the presence of a heterogeneous catalyst. Among the reforming 

catalysts investigated to date,10–13 transition metals such as Ni10,14–17 and Co18–21 and noble 

metals such as Pt, Pd, Rh, Ru, and Ir22–27 are proven to be active for POx. However, these 

catalysts face challenges such as low selectivity, deactivation, and carbon formation, or their 

application is hindered due to high cost. Among these, nickel-based catalysts have attracted 

the most attention because of their high effectiveness and relatively low cost compared to 

platinum group metals.10,17,28–30 Hu and Ruckenstein used a transient method to study the 

mechanism of methane oxidation in the presence of gaseous oxygen on Ni-based catalysts,31–
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39 reporting that CO2 is the dominant product in the presence of nickel oxide, while the presence 

of metallic Ni promotes partial oxidation to CO. It was also reported that the reaction 

mechanism shifts from an Eley-Rideal mechanism in the oxidized form to Langmuir-

Hinshelwood in the reduced state. Combined CO2 reforming and partial oxidation on 

NiO/MgO catalyst under similar conditions were also invesgiated.36 Based on experimental 

evidences, it was concluded that oxidation of CHx (x=1-3) controls conversion, while CO 

selectivity depends on the strength of oxygen bonds to the catalyst surface to the catalyst.32,39 

Although high CO selectivities and yields are reported for Ni-based catalysts, the high costs 

associated with cryogenic air separation still hinder the application of POx based methane 

reforming processes. 

Compared to conventional reforming, the chemical looping strategy provides an alternative 

route for methane partial oxidation in absence of gaseous oxidants.10,11,40,41 In the chemical 

looping reforming (CLR) scheme, lattice oxygen of an oxygen carrier is used to partially 

oxidize methane to syngas. The oxygen carrier is then regenerated in air. Since the oxygen 

carrier acts both as a catalyst (for syngas generation) and an oxygen donor (for methane 

oxidation), it is also referred to as a redox catalyst following a literature convention.42–44 It is 

noted that such a redox catalyst is different from typical heterogeneous catalysts as it 

participates in the redox reactions both as a reactant and a catalyst. Besides eliminating the 

need of an energy-intensive air separation and/or steam generation unit, the CLR approach has 

the potential to reduce catalyst deactivation and increase CO selectivity by using appropriate 

combinations of oxygen carriers and supports as redox catalysts.45–47 To date, many redox 

catalysts have been synthesized and tested under CLR conditions, most of which are composed 

of a mixture of a primary metal oxide as an oxygen reservoir and an inert support to enhance 
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the stability and activity of the redox catalyst.13,48–50 Oxides of first-row transition metals, 

particularly nickel, are among the materials that received most attention because of their 

catalytic properties and high oxygen carrying capacity. Despite high selectivity of nickel-based 

redox catalysts toward syngas, their tendency toward coke formation under low oxygen partial 

pressures,51–53 high cost, and environmental concerns54 impose challenges in process and 

material design. Other transition metals such as Fe and Cu are tested as well, but compared to 

nickel, exhibited lower activity and/or selectivity.12,13 

Perovskite materials are another class of materials that have been tested. Perovskites such as 

LaxSr1-xFeO3 (LSF) and LaFeO3 (LF)  show up to 97% selectivity toward syngas 

formation.46,55,56 However, these materials are often expensive due to the use of rare earth 

metals, and they suffer from low oxygen carrying capacity.12,57,58 Our previous studies indicate 

that, by using an engineered structure of perovskite-coated metal oxide, the high oxygen 

capacity of transition metal oxides may be combined with high selectivity of perovskite 

surfaces to achieve high syngas selectivity while reducing coke formation and the cost of the 

redox catalyst.45,46 Core-shell redox catalyst exhibited excellent activity, selectivity, and long 

term stability, showing no signs of deactivation after 100 cycles.45 In contrast, unsupported 

iron oxide deactivate over few redox cycles.  

Since the redox catalyst performance is crucial to the CLR process, a thorough understanding 

of the methane conversion mechanisms is necessary. The dynamic behavior of methane 

oxidation using an Fe2O3@LSF redox catalyst has been reported in our previous studies.46 

Results indicate that the methane oxidation scheme can be divided into 4 distinct regions: I) 

deep oxidation to CO2, II) competing deep oxidation to CO2 and selective partial oxidation to 
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CO, III) selective partial oxidation to CO with auto-activation, and IV) methane decomposition 

and coke formation.  It is also suggested that the availability and type of oxygen present on the 

catalyst surface determines the reaction mechanism. However, the mechanisms through which 

the methane oxidation reaction proceeds in each region and the corresponding rate-limiting 

steps are yet to be determined.  

In this study, pulsed isotope exchange experiments are used to determine the methane 

oxidation pathways under different reaction regions. The dynamic nature of redox processes 

necessitates the use of such transient experiments. It is confirmed that the reaction mechanism 

experiences a significant change in the second region. While the overall reaction follows a 

modified Mars-van Krevlen mechanism throughout the reaction, methane conversion follows 

a reaction pathway that shifts from an Eley-Rideal type mechanism (in which methane weakly 

interacts with catalyst surface) to a Langmuir-Hinshelwood-like mechanism (in which methane 

strongly adsorbs and dissociates on the catalyst surface). Results suggest that the selectivity of 

syngas products is affected by the rate of oxygen conduction as well as availability and state 

of oxygen species on the surface of the redox catalyst. 

4.3 Experimental 

4.3.1  Catalyst Synthesis 

A detailed procedure for preparing the Fe2O3@LSF redox catalyst is reported elsewhere.45 The 

catalyst is synthesized using a Pechini method.59 A solution of stoichiometric amounts of 

Fe(NO3)3.9H2O (98%, Sigma Aldrich), La(NO3)3.xH2O (99.9%, Sigma Aldrich), Sr(NO3)2 

(99%, Noah chemical) in deionized water is prepared and stirred at 30°C for 30 minutes; 

followed by the addition of citric acid (>99.5%, Sigma Aldrich) at a molar ratio of 2.5:1 
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between the acid and total cations in solution. Magnetic stirring at 50°C for 30 minutes forms 

a chelating solution. A second solution of a predetermined amount (1:1 molar ratio Fe2O3:LSF) 

of suspended Fe2O3 nanoparticles (<50nm, Sigma Aldrich) is concurrently prepared in a 60 

vol% ethanol (reagent grade, Sigma Aldrich) water solution under sonication. The suspension 

is allowed to settle for 6 hours, after which excess solvent is removed from the top layer of the 

solution. These two solutions (the nanoparticle suspension and the chelating solution) are 

combined and subjected to 30 minutes of vigorous stirring at 50°C. Gel formation is promoted 

with the addition of ethylene glycol (99%, Sigma Aldrich) in a 2:1 ratio to citric acid and 

subsequent stirring at 80°C for 2 hours. The resulting gel is kept at 400°C for 2 hours to 

evaporate volatile species, and annealed in air at 800°C for 4 hours. The morphology of the 

fresh and cycled particles are reported elsewhere.45 In addition, previous studies have reported 

redox performance of pure iron oxide and/or perovskite based redox catalysts for methane 

oxidation.12,57,58,60–64 Therefore, the current study focuses exclusively on probing the reaction 

pathways for the Fe2O3@LSF redox catalyst. 

4.3.2  Pulse Injection Experiments 

Conventional steady-state methods provide little insight about the elementary steps that 

convert the reactants to products because these steps frequently proceed at comparable rates, 

which make them indistinguishable in a steady-state reaction. Furthermore, the dynamic nature 

of the redox catalysts makes them difficult to study using such steady-state methods. Pulse 

injection provides a very short residence time between the catalyst surface and methane, 

allowing the proposal or elimination of possible reaction pathways by combined injection of 
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various reactants/isotopes under transient conditions. Figure 4.1 is a schematic representation 

of the experimental setup used to perform the pulse injection experiments. 

 

Figure 4.1. Schematic of the experimental setup used for pulse injection experiments. 

Distribution and lag times of products were compared to a reference gas (Ar) at 700, 800, and 

900°C in the three aforementioned regions: the oxidized state (region I, sample treated with 10 

minute oxidation in 20% oxygen), the CO2/CO-reduced state (region II, sample treated with 

15 minute reduction in 10% CO2 and 10% CO), and the H2-reduced state (region III, sample 

treated with 15 minute reduction in 10% H2). These three pretreatment conditions have been 

confirmed to be effective to convert the fully oxidized redox catalysts into desired reaction 

regions through the examination of the phases and selectivity of the post-treatment redox 

catalyst. To investigate the behavior of the catalyst for methane oxidation in transient pulse 

injection mode, 300 pulses of 50% CH4 (2.6 mL, balance Ar) were injected at each region with 

1 minute loading and 1 minute injection time. The “loading time” refers to the duration in 

which the reactant gas mixtures are flowed into the sample loop to form a proper homogeneous 

mixture prior to injection. The “injection time” is referred to the duration that carrier gas (He) 
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flowed through the sample loop to push the reactant gas pulse into the reactor. To study the 

effect of relaxation time (the time between two consecutive pulse injections) on the distribution 

of lattice oxygen and the resulting change in CO/CO2 selectivity, an experiment similar to that 

outlined above was conducted in which 5 pulses of 50% methane (balance Ar) were injected 

at 15 second intervals (10 second injection, 5 second loading), and allowed 2.5 minutes 

relaxation time followed by a single 50% methane pulse at 700, 800, and 900°C. The reactor 

effluent was analyzed to determine the effect of relaxation time upon product distributions or 

the overall activity of the catalyst.  

Isotope experiments were conducted in each of the aforementioned regions using CD4 (Sigma 

Aldrich, 99% purity) and 18O2 (Sigma Aldrich, 99% purity) at 700, 800, and 900°C. Pulses of 

25% CH4 and 25% CD4 (1 mL, balance Ar) were introduced with 30 second loading and 30 

second injection times, and the effluent was monitored for CH4, CH3D, CH2D2, CHD3, CO, 

and CO2 in order to determine the amounts of methane reacted and exchanged. Pulses of 18O2 

were similarly introduced over the sample pre-oxidized in 16O2, monitoring the effluent for 

18O2, 
18O16O, and 16O2. Finally, 0.2 mL pulses of 18O2 (1mL , balance Ar) were injected while 

injecting a broadened pulse of CH4 (broadened by sending a 5 mL injection through a 150 mL 

broadening tube), and the distribution of carbonaceous products (C16O, C18O, C16O2, C
16O18O, 

C18O2), isotopic hydrogen (HD, D2) and water isotopes (HDO, D2O) were recorded. These 

isotope studies provided quantitative information regarding the activity of the catalyst surface 

towards oxygen and methane disassociation at 700, 800, and 900°C. 
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4.4 Results and Discussions 

Our previous studies indicate that the Fe2O3@LSF redox catalyst at 900 °C undergoes 3 

reaction regions prior to near-depletion of active lattice oxygen, which is marked by the onset 

of coke formation (region IV). The oxygen carrying capacity of the redox catalyst, defined as 

sample weight loss within the first three reaction regions, amounts to 13 w.t.%. Such a weight 

loss resulted mainly from the reduction of iron oxide to metallic iron. Oxygen defect formation 

in perovskite structure also contributed to the overall oxygen carrying capacity albeit at a lesser 

extent.46 Figure 4.2a shows the reduction pattern of the redox catalyst in a fixed bed reactor at 

900°C and 10% methane (balance Ar). The region transitions are marked by products shift 

toward CO due to the change in availability of active lattice oxygen and the nature of the active 

surface sites. Figure 4.2b compares the selectivity of CO and CO2 in the first 3 regions. It is 

evident that the redox catalyst undergoes a mechanism change that causes significant 

selectivity variations. Very similar pattern and product selectivity is observed at a methane 

concentration of 5%.  

To obtain a better understanding of the underlying mechanisms causing such selectivity shifts, 

transient experiments are conducted on the core-shell redox catalyst. To ensure that the pulse 

injection mode is representative of the continuous methane oxidation experiment, a long term 

pulse injection run (300 pulses) was performed. The resulting methane oxidation pattern 

(Figure A3. 1) and selectivity (Table S1) were compared with those of continuous oxidation 

and a very good agreement is observed, especially in the first and third regions. This 

experiment also confirms that the size of the pulse is small enough such that the surface and 

bulk property of the redox catalyst is not significantly altered within a single pulse (with the 
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exception of the first pulse in region I). In this study, emphasis is placed on the first and the 

third regions, as the observed behaviors indicate distinct mechanisms in these two regions. 

From a practical standpoint, it is desirable to minimize region I and promote region III to 

enhance syngas selectivity.  

 

Figure 4.2. (a) Product evolution from the oxidation of methane on FeOx@LSF core-shell 

redox catalyst, (b) Average selectivity of CO and CO2 in the first 3 regions for methane 

reduction at 900°C in 10 Vol. % methane (balance Ar). 

Our previous studies indicate that reaction region transitions generally correspond to the 

oxidation state change of iron oxide in the redox catalyst46 (Figure 4.2b): transition from region 

I to region II corresponds to a phase change from Fe2O3/Fe3O4 to Fe3O4/FeO whereas region 

II to region III approximately resembles the partial reduction of wüstite phase to metallic iron. 

The onset of region IV is consistent with complete reduction of the wüstite (FeO) phase to 

metallic iron. To confirm that the sample pretreatment procedures presented in the 

experimental section convert the catalyst to the desired regions, XRD is performed (Figure 

4.3a). XRD patterns confirmed formation of Fe2O3, FeO, and Fe after treatment in O2, 
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CO+CO2, and H2 respectively. The LSF phase is stable under all three treatment conditions. 

Figure 4.3b compares the average selectivity of CO and CO2 during injection of 5 pulses after 

each pretreatment. The pulse injection selectivity data shows very good consistency with the 

average selectivities at 3 corresponding regions (Figure 4.2b) which further confirms that the 

pretreatments convert the catalyst to the desired reaction regions.  

 

Figure 4.3. (a) XRD pattern and assigned phases after the three pretreatment procedures 

(PP): PP-1, oxidation in 10% oxygen for 10 min, PP-2, reduction in 20% CO + CO2 for 10 

min, PP-3, reduction in 10% H2 for 10 min to obtain samples representing the first three 

regions, respectively; (b) average selectivity of CO and CO2 during 5 pulse injections after 

each pretreatment at 900 1C (50 vol% methane, balance Ar) 

4.4.1  Deep Oxidation Region (Region I) 

Chemisorbed and surface oxygen species are generally considered to be responsible for deep 

methane oxidation.46 Therefore, one would anticipate low CO selectivity in the first few pulse 

injections on oxidized redox catalysts. This is confirmed in the first four pulse injections. After 

the fourth pulse, selectivity of CO started to increase, and the catalyst transitioned to the second 
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region (Figure 4.4). The following experiments are designed to probe the amount and nature 

of the non-selective surface oxygen species, through: i) examination of product responses in 

consecutive pulses; ii) increasing the bulk lattice oxygen supply (increasing the relaxation 

time);  iii) co-feeding gaseous oxygen and monitoring its effects on product distribution and 

rates of reactions.     

 

Figure 4.4. Selectivity transition from CO2 to CO within the first 10 pulse injections. 

During pulse experiments, the pattern and time scale at which different products exit from the 

reactor can provide indications of reaction pathways and primary/secondary products for each 

region. Figure 4.5a illustrates the responses of H2, CH4, CO, and CO2 (normalized by the sum 

of all carbonaceous species) relative to an internal standard (Ar) in the first pulse at 900°C and 

Figure 4.5b compares the CO and CO2 responses in the first and the second pulse. The 

behaviors of pulses 3 and 4 are very similar to that of the second pulse. It is noted that CO2 in 

the first pulse peaks ~0.5 seconds earlier than the internal standard although unreacted methane 

reaches its maximum slightly later than the argon standard. The fact that CO2 peak appears 

significantly earlier than unconverted methane indicates that deep methane oxidation is 
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primarily resulted from the nonselective, electrophilic surface oxygen species, which is facile 

in both abstraction of the first H atom from CH4 and non-selective combustion reactions.65,66 

Such surface oxygen species is abundant on the fresh, fully oxidized oxygen carrier but can be 

quickly consumed during the first pulse. While such surface oxygen species can be replenished 

by evolution of lattice and chemisorbed oxygen in lattice oxygen vacancies: (O2-  O-  

O2
2-  O2

-), the rate of replenishment is significantly slower than the rate of oxygen removal 

by CH4/CO/H2 (see Figure 4.6). The lack of surface oxygen species for methane deep oxidation 

causes the CO2 signal to decay 0.6 seconds before the peaking of methane supply. The slow 

evolution of lattice and chemisorbed oxygen species to the surface oxygen species is confirmed 

by the long CO2 tail in the first pulse. Another evidence of slow oxygen evolution is the re-

appearance of CO2 peaks in the subsequent pulses at a significantly smaller scale (Figure 4.5b) 

and its dependence on relaxation time (Figure 4.6), as will be discussed in the next section. It 

is also noted that carbon monoxide and hydrogen started to form after the peaking of CO2 

during the first pulse (Figure 4.5a). This again confirms the non-selective nature of surface 

oxygen species. As illustrated in Figure 4.5b, this delay was not observed in any of the 

subsequent pulses.  
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Figure 4.5. Normalized responses of products to injection of 2.6 mL methane (50%) at 

900°C in (a) first pulse injection (CH4, CO, CO2, and H2 are normalized by the sum of all 

carbonaceous species and Ar is normalized to show a comparable scale as total carbonaceous 

species) and (b) Comparison of the intensity and position of CO and CO2 responses during 

first and second pulse injections. 

With the exception of the first pulse, methane conversion rate in region I is significantly lower 

than that in region III (Figure 4.2a). The fact that CO2, which is the main product in this region, 

formed without delay compared to methane pulse suggests that methane dissociation and 

product desorption steps are not rate-limiting in this region. An alternative explanation for the 

slow methane oxidation kinetics includes low surface coverage of active oxygen species which 

serve as active sites for dissociative adsorption of methane. The availability of such surface 

oxygen species, as discussed earlier, can be limited by oxygen conduction and evolution after 

pulse 1. To probe the effect of lattice oxygen conduction, a redox catalyst sample is exposed 

to consecutive pulses of methane with varying relaxation times. Provided that oxygen 

conduction from the oxide lattice is a rate limiting step, longer relaxation time should allow 

increased amounts of bulk lattice oxygen being conducted to the surface and evolve into active 
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oxygen species. This can, in turn, lead to increased methane conversion and decreased CO 

selectivity.  As shown in Figure 4.6, selectivity of CO increased from 4.55% to 13.83% during 

the injection of 5 pulses with 15 seconds relaxation time; however, resting the sample for 2.5 

minutes caused the selectivity to go down to 11.62%. The overall methane conversion also 

reduced from 43.7 µL in the first pulse to 22.2 µL in the fifth pulse and increased back up to 

24.6 µL after longer relaxation. This indicates that oxygen conduction is indeed rate-limiting 

in this region at 900°C and surface oxygen species are crucial for methane activation and 

oxidation. Similar experiments are also performed at lower temperatures (700 and 800°C), and 

no considerable selectivity toward CO is observed regardless of the relaxation time.  

To probe the role of methane adsorption/dissociation in region I, methane isotope exchange 

experiments are conducted through co-injection of CH4 and CD4. As can be seen in Figure 

4.7a, a very small amount of exchanged products are observed in the effluent gas at 900°C. 

Reducing the temperature to 800°C lowered the amount of exchange (Figure 4.7b). This 

indicates i) low surface coverage of activated methane species and/or ii) facile oxidation of 

such species to COx products. Since the rate determining step is the oxidation reaction, which 

is controlled by oxygen conduction (methane dissociation and product desorption are not rate 

limiting from pulse experiments), the density of active sites for methane dissociation is 

concluded to be low. Moreover, such active sites are likely to be provided by surface oxygen 

species, which is affected by the rate of lattice oxygen conduction and evolution. Assuming a 

homogeneous dissociation of CH4/CD4, the rate of CH4 dissociation is 1.67 times faster than 

that of CD4 at 900°C due to a kinetic isotope effect.38 However, the observed difference 

between the amount of CH4 and CD4 exchanged does not agree with the calculated ratio as 
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CD4 showed higher amount of conversion and exchange. This further confirms that C-H bond 

cleavage is not the rate limiting step.  

Isotope exchange experiments for 16O2 and 18O2 are also performed to determine the relative 

importance of oxygen evolution and bulk O2- conduction. The isotope exchange experiment 

(Figure 4.8) confirmed that the surface of the catalyst in this region is highly active for oxygen 

dissociation and exchange. Within a short pulse, 0.014 mmol 18O atoms are exchanged with 

16O from either gaseous oxygen molecule or lattice oxygen in the catalyst. This corresponds to 

an average exchange rate of 2.32×10-5 mmol/s per gram of catalyst and is at least 7.7 times of 

the surface oxygen considering the relatively low surface area of the cycled sample (4.1 m2/g) 

and assuming the exposure of the oxygen rich (002) crystallographic plane of LSF. The amount 

of exchanged oxygen atoms also corresponds to ~78% of the total isotope oxygen atoms (18O) 

injected and ~4.6% of the total lattice oxygen available. The significant amount of 18O 

exchanged with lattice oxygen (16O2-) indicates that oxygen evolution (O2  O2
-  O2

2- 

 O- 
 O2-) is highly facile. The high exchange rate may suggest distinct  oxygen 

adsorption/incorporation and desorption sites on the catalyst surface, with incorporation of 

dissociated oxygen species at the adsorption sites promoting the diffusion of surface or bulk 

lattice oxygen to the desorption sites. This observation is similar to the bismuth molybdate re-

oxidation mechanism suggested previously.44,67 In absence of gaseous oxygen, however, 

replenishment of oxygen on the surface can only be achieved through lattice oxygen 

conduction from the bulk under a modified Mars-van Krevelen mechanism.   
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Figure 4.6. Effect of relaxation time on CO selectivity in the first region at 900°C (pulse 1-5 

has a relation time of 15 seconds whereas pulses 5-6 has a longer relaxation time of 150 

seconds). 

 

Figure 4.7. Relative distribution of products in methane isotope exchange experiments on the 

catalyst surface at (a) 900°C and (b) 800°C. 
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Figure 4.8. Relative distribution of products in oxygen isotope exchange experiments on the 

catalyst surface at (a) 900°C and (b) 800°C (the volume percents are normalized to the total 

oxygen in the outlet stream). 

To further confirm the methane conversion mechanism in Region 1, a 1 mL pulse of 20% 18O2 

(balance Ar) is injected to the redox catalyst during a broadened 5 mL pulse of methane (Figure 

4.9a). The 18O2 injection caused over 70% increase in methane conversion and a decrease in 

CO selectivity. The injection of isotopic oxygen did not noticeably affect the formation of 

carbon monoxide; rather, the additional methane converted is mostly converted to CO2. The 

instantaneous selectivity of CO2 increased from 74.25% to 84.36% during 18O2 injection. The 

enhancement of methane conversion with O2 injection again indicates that supply of surface 

oxygen species determines the overall reaction rate and such oxygen species are responsible 

for deep oxidation of methane. Another observation from this experiment is that a majority of 

the CO2 produced with 18O2 injection does not contain 18O. Further investigation indicates that 

this is largely resulted from surface oxygen exchange between bulk lattice oxygen and CO2 

products (see Figure A3.3). It was also observed that C18O16O represents a significantly higher 

portion of CO2 produced at a higher space velocity (Figure 4.9b). This indicates that C18O16O 
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is one of the primary products from methane oxidation after 18O2 injection. This once again 

confirms the participation of active surface oxygen species for methane activation in region I.  

This abovementioned experimental evidence indicates that, in region I, oxygen evolution 

follows a modified Mars-van Krevelen mechanism, i.e., surface oxygen consumed for methane 

activation and oxidation is replenished by lattice oxygen conducted from the bulk. The overall 

rate of methane conversion is determined by the bulk oxygen conduction rate, i.e., although 

the surface is quite active for oxygen evolution and exchange in the presence of gaseous 

oxygen, the supply of active lattice oxygen from the bulk is rate-limiting when molecular 

oxygen is absent. In addition, although dissociative adsorption of methane is likely to occur in 

the presence of electrophilic surface oxygen species such as O-, the interaction between 

methane and the catalyst surface is weak. Therefore, methane conversion can be approximated 

by the Eley-Rideal mechanism.  

 

Figure 4.9. Response to a broadened pulse of methane combined with a sharp pulse of 18O2 

at 900°C in the first region at (a) 50 and (b) 150 mL/min total gas flow rate. 
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4.4.2  Selective Oxidation Region (Region III) 

The third region in the reduction scheme is defined as the region in which activity of the redox 

catalyst significantly increased and the reaction mechanism shifted predominantly towards 

selective oxidation of methane to CO. The formation of active metallic sites, coupled with 

slightly lower diffusive oxygen flux (due to a lower oxygen gradient within the catalyst), is 

likely to be responsible for higher selectivity and increasing activity. A set of experiments 

similar to those discussed in the previous section are conducted to develop a better 

understanding of the reaction pathways in the third region. Analysis of the product responses 

when injecting a pulse of methane in this region shows that both H2 and CO hit their maximum 

concentrations with ~1 second delay compared to the internal standard. Hydrogen showed 

relatively the same tail length when compared to the oxidized region, while the CO tail showed 

about 2 seconds delay (Figure 4.10b). Analyzing the selectivity of catalyst toward CO with 

different relaxation times confirms that the methane conversion rate in Region 3 is also 

controlled by oxygen conduction (Figure 4.11). While injection of 5 pulses at short (15 

seconds) intervals increased selectivity, a noticeable selectivity drop is observed after resting 

the catalyst for a longer duration (2.5 min). 
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Figure 4.10. Normalized responses of products to injection of 1 mL methane (50%) at 900°C 

in (a) second region and (b) third region. 

Figure 4.7 shows the relative concentrations of CH4, CD4, and exchanged methane. Over 80% 

of the unreacted CH4 and CD4 exited the reactor as CH3D, CH2D2, and CHD3. This is 

conclusive evidence that methane dissociation in this region is significantly faster than its 

conversion, and that availability of surface oxygen controls the overall reaction rate. This also 

suggests that while oxygen evolution still maintains modified Mars-van Krevelen reaction 

mechanism behavior, methane conversion shifts toward a Langmuir-Hinshelwood type 

mechanism in which methane dissociates and the active surface species reacts with oxygen 

species on the surface. It should be noted that in this region, no CH4 is observed in the effluent 

gas at 900°C. Hu et al. reported a similar phenomenon in methane exchange experiments on 

nickel catalyst.37 This could potentially be attributed to the kinetic isotope effect, which makes 

CH4 dissociate and convert more easily. Reducing the temperature to 800°C lowered the 

amount of exchanged and converted methane by ~50% and 80% respectively. At 700°C, no 

appreciable amount of conversion or exchange is observed in any of the regions. 
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Figure 4.11. Effect of relaxation time on CO selectivity in the third region (pulse 1-5 has a 

relation time of 15 seconds whereas pulses 5-6 has a longer relaxation time of 150 seconds). 

As expected, oxygen isotope experiments did not show 16O2 and 16O18O in the products because 

most of the injected oxygen is incorporated into the oxygen-deficient lattice of the perovskite 

or simply oxidizes the iron cores. The trace amount of 18O2 observed is attributable to bypass 

from the catalyst. Injection of sharp pulses of 18O2 in a broadened methane pulse, as illustrated 

in Figure 4.12, leads to increased CO production. No CO2 is produced during this experiment 

and the selectivity of CO remained unchanged at nearly 100%. Such an observation confirms 

a number of mechanistic insights. Firstly, surface oxygen species cannot be responsible for 

methane activation in region III. Rather, metallic-like sites on the reduced surface are likely to 

be responsible for methane dissociation in this region. This is further confirmed by TPD-

DRIFTS (Temperature Programmed Desorption – Diffuse Reflectance Infrared Fourier 

Transform Spectroscopy) results (Figure A3.4). While oxidized catalysts show no CO 

chemisorption capacity, reduced catalyst exhibited noticeable CO chemisorption and 

activation capability, which is characteristic of metallic active sites. As one would anticipate, 

due to the significant oxygen deficiency in the surface and bulk of the catalyst, only a very 

small fraction of injected oxygen can evolve into the non-selective surface oxygen species near 
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the metallic-like methane dissociation sites. Secondly, oxygen supply from the bulk still 

control the methane conversion rate in Region 3, even though the active surface sites have 

transitioned from surface electrophilic oxygen species to metallic surface centers; Thirdly, the 

gaseous oxygen incorporated into the surface are of ionic (O2-) nature. Comparison of C18O 

selectivity versus C16O at different space velocities in Figure 4.12 indicates that C18O is a 

primary product after 18O2 injection and a significant portion of the additional C16O is likely to 

form through subsequent oxygen exchange. It should also be noted that injection of the 

broadened methane pulse in region III pushed the catalyst to the forth region as H2:CO ratio is 

higher than 2 due to methane decomposition. 

 

Figure 4.12. Response to a broadened pulse of methane combined with a sharp pulse of 18O2 

at 900°C in the third region at (a) 50 and (b) 150 mL/min total flow rate. 

4.4.3  Competing Deep and Selective Oxidation Region (Region II) 

In the second region, a combination of the two reaction pathways occurs. As the redox catalyst 

is gradually reduced, more metallic-like surface sites are exposed, thereby shifting the 

selectivity toward CO. The time scale of the product responses in this region (Figure 4.10a)  is 
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relatively similar to the pattern observed in the later part of the first region but CO selectivity 

slowly increased as the catalyst becomes more reduced. Additional experimental data are 

summarized in the supplemental document. 

Isotope exchange experiments showed some degree of exchange between methane and CD4, 

but the amount of exchange was significantly smaller compared to the third region (Figure 

4.7a). Like the third region, the second region also showed a lower amount of exchange and 

conversion at lower temperatures (Figure 4.7b). Oxygen isotope exchange did not show any 

sign of exchanged products as the injected oxygen either filled in the oxygen vacancies in the 

perovskite lattice and/or oxidized the metal core, or bypassed the catalyst bed. 

Based on the above-mentioned experimental evidence, it is concluded that methane activation 

and oxidation follows distinct mechanisms over the oxidized (region I) and reduced (region 

III) surfaces. Abundance of surface oxygen species in the first region, which accounts for deep 

oxidation, makes the formation of oxygenated surface species dominant; whereas the lack of 

surface oxygen on the oxygen-deprived surface allows methane activation on metallic sites on 

the surface. The resulting CHx species will then react with lattice oxygen conducted from the 

iron oxide core to form partial oxidation products. This is consistent with our methane TPR 

data (Figure A3.2) as it showed methane conversion products shifts from CO2 and H2O (deep 

oxidation by loose, surface oxygen species) at lower temperatures to CO and H2 (partial 

oxidation by lattice oxygen) at higher temperatures. Although C-H bond in methane is rather 

stable, availability of active sites on the redox catalyst coupled with high reaction temperature 

allows relatively effective methane activation in all three reaction regions of interest. Figure 
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4.13 schematically illustrates the mechanism change during the course of the metal oxide 

reduction reaction. 

 

Figure 4.13. Schematics of methane activation and conversion of (a) oxidized and (b) 

reduced catalyst surface (M represents metal atoms). 

4.5 Conclusion 

This article investigates the underlying mechanisms of methane partial oxidation over 

Fe2O3@LSF redox catalyst using a transient pulse injection method. The dynamic nature of 

reactions between methane and the redox catalyst introduces a four-region reduction scheme. 

In this study, a pulse injection system is used to inject sharp, transient pulses of various 

reactants in different sequences and concentrations to explore potential reaction pathways in 

different regions. The results indicate that the availability and nature of surface oxygen 

determines the reaction pathway and product selectivity. Oxygen anion conduction and/or its 

evolution to electrophilic surface oxygen species is determined to be the rate-limiting step in 

all the reduction regions of interest. Fe2O3@LSF redox catalyst goes through a mechanism 

change during the second region. While oxygen atoms maintain a modified Mars-van Krevlen 
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mechanism throughout the reaction, the mechanism of methane conversion changes from the 

Eley-Rideal mechanism in the first region (in which methane is loosely adsorbed and reacts 

with electrophilic surface oxygen species) to a Langmuir-Hinshelwood-like mechanism in the 

third region (in which dissociatively adsorbed CHx species are partially oxidized by O2- species 

on the surface). These findings indicate that redox catalysts that can inhibit the formation of 

non-selective surface oxygen species while maintaining a steady supply of lattice oxygen to 

the catalyst surface can potentially lead to improved performance for methane partial 

oxidation. 
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CHAPTER 5  Rh-Promoted Mixed Oxides for “Low-Temperature” Methane Partial 

Oxidation in Absences of Gaseous Oxidants 

5.1 Abstract  

Compared to conventional reforming, chemical looping reforming (CLR), which partially 

oxides (POx) methane without the presence of gaseous oxygen, offers a simpler and potentially 

more efficient route for syngas generation. This is achieved by cyclic removal and 

replenishment of active lattice oxygen atoms in oxygen carrier particles, a.k.a. redox catalysts.  

As a result, direct contact between air and methane is avoided in the partial oxidation reaction, 

eliminating the needs for cryogenic air separation. With redox catalysts being at the heart of 

the CLR processes, their activity and selectivity is crucial for the CLR performance. While 

many redox catalysts for CLR have been developed, their activity for methane conversion, 

especially at relatively low temperatures, are often limited due to the high activation energy 

for the migration and removal of lattice oxygen species. Moreover, syngas selectivity is often 

less than ideal due to the non-selective nature of the surfaces for many oxides. To address such 

limitations, we investigate the effects of promoting catalytic activity of oxide surfaces for two 

redox catalysts: CaMnO3 and LaCeO3. Our findings indicate that promoting mixed oxides with 

Rh can lower the onset temperature of methane POx reactions by as high as 300 °C. Over 93% 

syngas selectivity and 0.464 mmol syngas/gram-redox catalyst were obtained for a highly 

stable, Rh promoted CaMnO3 at 600 °C, making it a promising redox catalyst for methane POx 

under a cyclic redox scheme. 
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5.2 Introduction 

Methane, the primary component of natural gas, is the most abundant organic compound on 

earth.1 Its relative abundance and lower emission compared to petroleum and coal has led to 

renewed interests in conversion of methane to value-added products such as liquid 

transportation fuels and chemicals. Although direct conversions of methane to chemicals such 

as oxygenates, olefins, and aromatics have been extensively investigated within the scientific 

community, they have yet to demonstrate feasible product yields from an economics 

viewpoint.2 To date, commercial methane volarization processes are exclusively based on 

indirect approaches: methane is first reformed into syngas, i.e. a mixture of CO and H2; 

subsequently, the syngas stream is conditioned and converted into desired products.3–6 As a 

crucial first step, methane reforming is both capital intensive and inefficient due to coke 

formation, catalyst deactivation, high endothermicity and steam requirements, and/or the needs 

for cryogenic air separation units (ASU). 

Compared to conventional reforming, chemical looping reforming (CLR) offers a more 

efficient and cost effective methane reforming route that eliminates the need of ASU. This is 

realized through a redox active oxygen carrier, a.k.a. redox catalyst, which incorporates oxygen 

from the air into its lattice. The active lattice oxygen is subsequently donated for methane 

partial oxidation (POx). Two interconnected reactors are used to complete such a cyclic redox 

process. Due to its critical importance for CLR, numerous research efforts have been devoted 

to selection and synthesis of more active and selective redox catalysts.7–13 A typical redox 

catalyst is composed of an oxygen reservoir, which is commonly a first row transition metal 

oxide, and an inert support to increase its stability and oxygen mobility.7,8 Although proven to 
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be effective, the aforementioned oxides face such challenges as high cost, low activity, and/or 

limited selectivity due to their thermodynamic and/or kinetic properties. Nickel based oxides 

are one of the more extensively studied materials. Their application, however, is hindered due 

to high cost, health and environmental concerns, and coking and sulfur poisoning issues.14–19 

The use of iron and manganese based oxide can be advantageous as they are cheap and 

environmentally benign, but they exhibited low syngas selectivity.7,8 Our recent studies 

showed that mixed metal oxides, such as perovskites, can be used as supports to both increase 

the mechanical integrity of the oxygen reservoir and provide metallic catalytic sites for 

methane partial oxidation.20–28 It is noted that such catalytic sites only present in (partially) 

reduced redox catalysts.22,24 Moreover, partially exposed iron oxide phases negatively impacts 

the methane to syngas selectivity. 

To improve the selectivity of the redox catalysts, two potential strategies can be adopted. The 

first method is thermodynamically inhibiting over-oxidation by designing redox catalysts with 

suitable equilibrium oxygen partial pressures (PO2). Several recent studies reported improved 

syngas selectivity using oxygen carriers and reactor configurations that are thermodynamically 

selective.27,29 The second approach is to prepare redox catalysts with more selective surfaces. 

One example is the core-shell structured redox catalysts with nonselective oxygen reservoir as 

the core and selective perovskite phase as the shell.21,26 The selectivity of such redox catalysts, 

however, is limited by their surface oxidation state, which is determined by relative rates of 

bulk lattice oxygen diffusion and surface oxygen removal. The surface or loosely bonded 

oxygen species of fully reoxidized redox catalysts were found to be responsible for the non-

selective combustion reactions.22 This leads to the presence of a non-selective region at the 

beginning of the methane oxidation reaction.22,24,27 Although partially reoxidizing the core-
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shell redox catalyst can significantly enhance the syngas selectivity,24 it reduces the overall 

oxygen carrying capacity of the redox catalysts and increases the complexity of the process 

operations. It is also noted that all the redox catalysts reported to date requires high operating 

temperatures (>800 °C), this is primarily due to the low surface activity for methane activation 

and the high activation energy required for lattice oxygen and/or cation migrations.7,8 

The current work investigates an alternative strategy to improve the surface catalytic activity 

of mixed metal oxides and to enhance the redox activity of these oxides at significantly lower 

reaction temperatures. Rh is selected as the promoter since it is readily reducible and highly 

effective for methane activation.30–35 High methane combustion activity of Rh at high 

temperatures and oxygen partial pressures, however, makes its application challenging. Under 

more reducing environments, on the other hand, Rh can achieve high methane conversion and 

CO/H2 selectivities.36–38  Since CLR-based methane POx is carried out under an O2 free 

environment, Rh can potentially be effective for methane reforming. Two mixed-oxides with 

different equilibrium PO2s, i.e. CaMnO3 and LaCeO3.5, are selected. CaMnO3 has “oxygen 

uncoupling” properties and spontaneously releases oxygen at elevated temperatures due to its 

high equilibrium PO2. LaCeO3.5, on the other hand, has low equilibrium PO2 which is desirable 

for POx reactions from a syngas selectivity standpoint. Since these mixed oxides possess both 

redox activity and mixed conductive properties, they are highly recyclable without inert 

support.  

Our results indicate that the relative rates of bulk lattice oxygen (O2-) conduction to the surface 

and the surface oxygen removal by the gas-solids reactions, determines the selectivity of the 

redox catalysts. This is particularly the case at the early state of the reaction. Presence of an 
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Rh promoted surface increases the oxygen removal rate from the surface and hence inhibits 

the formation of nonselective surface oxygen species from bulk lattice oxygen. This is realized 

by increasing the rate for methane activation and hence more effective oxygen removal from 

the surface. It is also noted that the rate of bulk lattice oxygen diffusion controls the overall 

reaction rate for later stages of the reaction. Such a diffusion rate can be notably affected by 

the surface of the redox catalysts, which provides the driving force for O2- conduction. As such, 

Rh-promoter significantly increases the activity of the catalysts at lower temperatures. For 

instance, Rh–promoter reduces the POx reaction temperatures by up to 300 °C. While 

unpromoted CaMnO3 exhibits very low activity and poor selectivity at below 800 °C, the 

promoted sample exhibited a maximum CO yield at 600 °C with CO selectivity above 86% 

and remained active at 500 °C. Although LaCeO3.5 has inherently high syngas selectivity at 

high temperatures (900 °C), it suffers from slow kinetics and becomes inactive at below 800 

°C. Promoting the LaCeO3.5 with Rh not only improve the kinetics at high temperatures, but 

also reduced the onset temperature for methane conversion to 600 °C. 

5.3 Experimental 

5.3.1  Redox Catalyst Synthesis 

Two mixed oxides were synthesized for this study: CaMnO3 and LaCeO3.5. The samples were 

prepared using a modified Pechini method. Details of the method is described elsewhere. In 

short, stoichiometric amounts of nitrate salts of lanthanum and cerium, or calcium and 

manganese were dissolved in deionized water and stirred for 30 minutes at room temperature 

to form a homogeneous solution. Citric acid is added to the solution with the molar ratio of 

2.5:1 of citric acid and total cations and the solution is kept under stirring for another half an 
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hour at 60 °C. Ethylene glycol with the molar ratio of 1.5:1 with respect to citric acid was then 

added to the solution, and temperature of the solution is increased to 80 °C under stirring until 

a homogeneous gel is formed. The gel is then dried overnight at 100 °C and annealed at 950 

°C for 8 hours. 

The surface of the synthesized redox catalysts was also promoted with rhodium using an 

incipient wetness method (0.5 wt. % metallic rhodium). Rhodium nitrate salt was dissolve in 

deionized water and proper amounts of the solution were added to the samples in multiple 

steps. The impregnated samples were then dried at 100 °C for 4 hours and fired at 950 °C for 

6 hours to remove the organic compounds. 

5.3.2  Sample Characterizations 

Powder X-ray diffraction experiments were done to confirm the formation of the desired 

crystal phases. XRD patterns were obtained using a Rigaku SmartLab X-ray diffractometer 

with Cu-Kα (λ=0.1542) radiation operating at 40 kV and 44 mA. A stepwise approach with a 

step size of 0.1° and residence time of 2.5 seconds at each step in 20-80 ͦ angle range (2θ) was 

used to generate the XRD patterns. Similar experiments were also performed on the spent 

samples to confirm their phase stability. X-ray Photoelectron Spectroscopy (XPS, Thermo 

Fisher Scientific Inc) with an Al-Kα X-ray source at an operating voltage of 20 kV and a current 

of 10 mA is used to analyze near surface elemental compositions. Survey spectra and the single 

element spectra were collected with 20 eV and 100 eV pass energy. 
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5.3.3  Redox Experiments 

Reducibility of the samples in methane was tested through temperature programed reduction 

(TPR) experiments. The experiments were performed in a thermal gravimetric analyzer (TGA, 

Q600 TA Instruments) and in 10 vol. % methane (grade 5.0, balance Ar). The temperature was 

increased from room temperature to 1000 °C with a 20 °C/min ramping rate and kept 

isothermal for 30 minutes. The samples were oxidized at 900 °C in 20 % oxygen (ultra dry, 

balance Ar) for 30 minutes prior to the experiments.  

Redox experiments were performed in fixed bed configuration and in a quartz U-tube reactor 

(1/8” ID) with 50 mg sample loading, 100 ml/min total flow rate, and 10 vol. % reactive gases 

(CH4 and O2) approximating a differential bed reactor. The reactor was purge with argon after 

each half cycle to prevent mixing of the reactive gases. The samples were hold in place using 

quartz wool to prevent fluidization of the particles. Reactor effluent was analyzed using a 

quadrupole mass spectrometer (Cirrus 2, MKS). To ensure the accuracy of the qualitative 

analysis, a single point calibration was perfumed using a standard calibration gas (1% H2, 1% 

CH4, 1% CO, and 1% CO2, balance Ar) before each experiment. 

Same reactor configuration was used to perform the pulse injection and cofeed (CH4 and O2) 

experiments. Detailed gas delivery configuration was presented elsewhere.22 Cofeed 

experiments were done with 5 different methane to oxygen ratios (CH4/O2 = 1.5, 1, 0.5, 0.2, 

and 0.1) to investigate the selectivity and methane conversion of the samples at different 

surface oxidation states. Concentrations of methane were kept below the flammability limit in 

all experiments. The pulse injection configuration is demonstrated in Figure 4.1 and explained 

in detail elsewhere.22 This configuration allows injection of small amounts of reactive gases 



136 

 

on the catalyst to observe the behavior of the catalyst with minimal change in its bulk 

properties. 

5.4 Results and Discussion 

5.4.1  Redox Catalyst Selection and Characterizations 

Two redox catalysts are chosen for the current study: CaMnO3 and LaCeO3.5. Calcium 

manganate is one of the most studied mixed oxide for chemical looping applications. Most of 

the previous studies, however, focused on its CLOU properties as it exhibits poor syngas 

selectivity, as one would anticipate from its high equilibrium PO2 and the catalytic methane 

combustion activity for many perovskite-based materials. The low selectivity of unpromoted 

CaMnO3 makes it an excellent candidate to investigate the effects of Rh promoter. 

Ceria (CeO2) is another well-known material as both oxygen carrier, and support for other 

metal oxides in chemical looping applications.39–42 Ceria is a particularly interesting material 

as it has excellent mixed conductivity and is redox active. However, it suffers from poor 

selectivity toward syngas which makes it impractical for CLR applications. A recent study also 

showed that it can triggers a deactivation when used as a support for iron oxide.25 Addition of 

lanthanum to ceria can potentially increase the partial oxidation selectivity of ceria by 

stabilizing the metal oxygen bonds. It can also hinder coke formation by increasing the surface 

basicity.  In this study, LaCeO3.5 is chosen as addition of more than 50 % lanthanum to CeO2 

is reported to cause phase segregation whereas LaCeO3.5 forms a stable structure with desirable 

PO2 for methane partial oxidation.43 Our preliminary results confirm excellent methane partial 

oxidation selectivity and coke resistance on LaCeO3.5 sample. However, it shows very slow 

kinetics. This makes it ideal for probing the kinetic improvements the Rh promoter can offer. 
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Both redox catalysts are prepared through a modified Pechini method. XRD results (Figure 

A4.1) confirmed the formation of cubic fluorite and orthorhombic perovskite structures for 

LaCeO3.5 and CaMnO3 samples respectively. Surface of the catalysts is then impregnated with 

0.5 wt. % rhodium (metallic basis) using a wet impregnation method. 

5.4.2  Methane TPR Experiments 

TPR experiments are performed to investigate the effect of Rh addition on the reactivity of the 

redox catalysts in methane. Differential Thermal Gravimetry (DTG) analysis is used to 

determine the reduction temperatures of the samples in methane. Figure 5.1 compares the DTG 

data of the promoted and unpromoted redox catalysts at different temperatures (weight loss 

data in Figure A4.2). It is obvious that the presence of Rh changes their properties. The initial 

reduction temperature of the CaMnO3 is reduced by almost 200 °C when promoted with Rh. 

While the LaCeO3.5 sample did not show any significant weight loss until very high 

temperatures (>950 °C), the promoted sample starts to reduce at around 600 °C. The larger 

weight loss at lower temperatures can be attributed to changes in surface and/or bulk properties 

of the redox catalyst. Rh is known to promote methane activation.30,33 Therefore, presence of 

Rh on the surface of the redox catalyst can significantly enhance methane activation, leading 

to more effective oxygen removal at lower temperatures. In addition to surface enhancement, 

Rh could also be incorporated into the perovskite bulk structure,44 this can alter the 

thermodynamic and/or ionic conduction properties of the redox catalyst. The peaks observed 

at lower temperatures (~420 °C) are attributed to the rhodium oxide reduction as they appear 

only on the promoted samples. It is also evident that the oxygen carrying capacities of CaMnO3 

based redox catalysts are significantly higher than their LaCeO3.5 counterparts. 
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Figure 5.1. DTG resulys of methane TPR experiments on redox catalysts (20 °C/min 

ramping rate) 

5.4.3  Methane/Oxygen Redox Testing 

The activity, selectivity, and coke resistance of the redox catalysts are tested in the U-tube 

reactor. Redox experiments are performed by alternating the reactor feed at 900 °C. This 

temperature is chosen to ensure all redox catalyst show some degree of oxygen donation. The 

methane/oxygen conversions in this fixed bed are relatively low (≤15%) to approximate a 

differential bed operation. The coke formation is quantified by calculating the amount of CO 

and CO2 produced during the oxidation half cycle. Figure 5.2 compares the CO selectivity and 

oxygen donation rate of the samples during the reduction half cycle in the 5th redox cycle (the 

product concentration profiles are shown in Figure A4.3). The CO and H2 selectivity, CH4 

conversion, and coke formation data for the same cycle are summarized in Table 5.1.  
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Figure 5.2. Comparison of CO selectivity and maximum oxygen donation rate of the redox 

catalysts at 900 °C 

As anticipated, the two unpromoted mixed oxides behave substantially different. Calcium 

manganate shows a faster but less selective conversion of methane (Figure A4.3a) while 

lanthanum ceria is more selective but with a much lower conversion rate (Figure A4.3c). As is 

typical for redox catalyst,21,22,24,26 both samples showed a non-selective region at the beginning 

of the reaction. This non-selective region is considerably more prominent for CaMnO3 sample 

and is typically attributed to surface and/or loosely bonded oxygen species. After the initial 

CO2 peaks, both samples became selective towards methane POx. 

The presence of Rh significantly affects both selectivity and conversion of the redox catalysts. 

Lanthanum ceria undergoes a substantial kinetic improvement when promoted with Rh (Figure 

A4.3d). The presence of Rh on the surface increased maximum oxygen donation rate by more 

than 11 times and reduces the reaction time by more than 10 times. Slight increase in CO 

selectivity is also observed. The kinetic improvement is less significant for calcium manganite, 

which is already highly active at 900 °C without promoters. It is obvious, however, that the 
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product profiles have sharper peaks and rate of oxygen removal at the initial stages of the 

reaction (~40%, Figure 5.3) is significantly improved. In terms of selectivity, slight increase is 

observed in both CO and H2 selectivities. This is attributed to presence of metallic rhodium on 

the surface as will be discussed later. 

Table 5.1. Methane coversion, CO/H2 selectivity, oxygen donation, and coke formation of 

the redox catalysts during the reduction half cycle at 900 °C 

Sample 

CO 

selectivity 

% 

H2 selectivity % 

(excluding H2 

from coke) 

H2 selectivity % 

(including H2 

from coke) 

CH4 

converted 

(ml) 

O2 

Extracted 

(wt. %) 

Coke 

formation 

(wt. %) 

CaMnO3 40.08 29.34 37.18 2.13 9.18 0.29 

CaMnO3 + Rh 44.93 40.30 46.47 2.59 10.17 0.32 

LaCeO3.5 98.21 86.76 87.69 2.13 3.91 0.17 

LaCeO3.5 + Rh 99.46 90.11 91.26 2.54 4.36 0.36 

Addition of Rh increases the amounts of methane conversion and oxygen donation by about 

20 and 8 % respectively for these oxides. This increase in oxygen donation cannot be from the 

rhodium oxide reduction as reduction of Rh2O3 to Rh would have accounted for no more than 

0.02 wt. % oxygen, which is significantly lower than the observed oxygen capacity increase. 

One potential explanation is that Rh is incorporated into the bulk structures of the mixed 

oxides, thereby changing their thermodynamic properties. This is evidenced by comparing the 

oxygen release of the promoted and unpromoted CaMnO3 at elevated temperatures (Figure 

A4.4). The other possible explanation is the kinetic effect as the presence of Rh on the surface 

can improve methane activation. Enhancements in surface reaction rates can in turn accelerates 
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the rates of lattice oxygen removal and increase oxygen carrying capacity of the redox catalysts 

under the 15 min reduction half cycle. 

 

Figure 5.3. Oxygen extracted from the redox catalysts during the initial stages of the 

reduction at 900 °C in 10% methane 

To determine the effects of Rh promoter, XPS experiments are performed. Table 5.2 

summarizes the near surface concentrations of the elements in both oxidized and reduced forms 

after five complete redox cycles at 900 °C. Near surface concentration of Rh on LaCeO3.5 and 

CaMnO3 remained 4-5 and 3-5 times higher than the nominal amount of Rh added. This 

confirms rhodium is enriched on the surface. Hence, improving the surface methane activation 

is likely to be a more important reason for the enhancement of oxygen carrying capacity. These 

enrichments, although noticeable, cannot rule out the possibility of Rh incorporating in the 

oxide lattices, considering the low surface areas of these oxides (3-5 m2/g).  
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Table 5.2. Near surface atomic elemental composition of the redox catalysts in reduced and 

oxidized state after 5 methane/oxygen cycles 

Element 

Average 

based on Rh-

loading 

Unpromoted-

Ox 

Rh-

promoted 

Ox 

Unpromoted-

Red 

Rh-

promoted 

Red 

 LaCeO3.5 

Ce 18.13 5.27 5.62 3.49 4.26 

La 18.13 12.65 11.58 14.16 12.26 

Rh 0.30 0.0 1.52 0.00 1.18 

O 63.45 82.08 81.28 82.35 82.31 

 CaMnO3 

Mn 19.97 8.97 8.66 5.73 5.98 

Ca 19.97 23.52 23.88 24.23 23.07 

Rh 0.14 0.00 0.43 0.00 0.67 

O 59.92 67.51 67.03 70.03 70.27 

5.4.4  Methane Conversion in the Presence of Gaseous Oxygen 

To determine effect of Rh on surface methane activation, methane-oxygen cofeed experiments 

are conducted on the LaCeO3.5-based samples. The steady state cofeed experiments are only 

performed on LaCeO3.5-based samples as they demonstrated higher concentrations Rh near the 

surface when promoted with rhodium. Five methane to oxygen ratios are used (O2/CH4: 1.5, 
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1, 0.5, 0.2, and 0.1). Results are shown in Figure 5.4. As expected, the CO selectivity on the 

unpromoted LaCeO3 increased from 9.5% to 44.7% with decreasing O2:CH4 ratio. In 

comparison, CO selectivity is 98.2% under the redox mode. This indicates that surface/loosely 

bonded oxygen species are likely to be responsible for methane combustion reactions. In 

addition, the redox reaction is likely to be limited by bulk lattice oxygen conduction as 

evidenced by significantly higher methane conversion rates in the presence of gaseous oxygen. 

The immediate shift in selectivity observed on the unpromoted samples under redox mode 

indicates that the non-selective oxygen species cannot be replenished by bulk oxygen 

conduction whereas constant supply of gaseous oxygen instantly reloads the surface with these 

species.  

Continuous experiments on the Rh-promoted catalyst show notably different results. Methane 

conversion increases at higher oxygen concentrations and hit a plateau around 70 % at O2:CH4 

ratios above 1:1. Syngas selectivity, however, increases with decreasing the ratio. This causes 

CO yield to hit an optimum at O2:CH4 of 1:2 which is the exact stoichiometric ratio needed for 

partial oxidation reaction. Higher methane conversion is observed at most low O2:CH4 ratios 

compared to the unpromoted sample. This is consistent with the presence of reduced Rh as the 

active sites on the surface for a faster methane activation. The promoted sample also showed 

improved CO selectivity, especially at lower O2:CH4 ratios. Increasing the oxygen 

concentration of, oxides the Rh on the surface, leading to deep oxidation reaction as evidenced 

by lower CO selectivities at higher O2:CH4 ratios. These observations illustrate that presence 

of Rh on the surface substantially changes methane activation rate and mechanism. The 

important effect of faster methane activation on the bulk oxygen diffusion is evidenced by the 
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more significant activity enhancement caused by Rh under the redox mode compared to the 

co-feed.  

 

Figure 5.4. Comparison of CO selectivity/yield and methane/oxygen conversion during 

methane-oxygen cofeed experiments using (a) unpromoted and (b) promoted LaCeO3.5-based 

redox catalyst 

5.4.5  Pulse Injection Experiments 

Pulse injection experiments are performed to investigate the effect of bulk oxygen conduction 

and surface evolution on the conversion and selectivity of the catalyst. The procedure for these 

experiments are detailed in our previous studies.22 In each experiment, 20 pulses of methane 

(50 vol. % balance Ar) are injected on the catalyst in the oxidized form. These experiments are 

performed with two different relaxation times of 30 seconds and 2 minutes between the pulses. 

The relaxation allows additional time for lattice oxygen to diffuse through the bulk of the 

catalyst and evolve on the surface to replenish the oxygen deprived reaction sites.  

Figure 5.5 and Figure 5.6 show the CO selectivity and oxygen removal at 900 °C during each 

pulse for CaMnO3-based and LaCeO3.5-based redox catalysts respectively. The unpromoted 
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CaMnO3 sample demonstrates completely non-selective behavior regardless of the relaxation 

time. This strongly supports rapid supply of oxygen supply to the surface. The Rh-promoted 

sample, however, shows a transition to selective partial oxidation after the first few pulses. 

This transition is consistent with the generation of reduced Rh on the surface. 

 

Figure 5.5. Comparison of CO selectivity at each methane pulse injection on (a) CaMnO3-

based and (b) LaCeO3.5-based redox catalysts at 900 °C 

Pulse injection data on the LaCeO3.5-based catalysts clearly shows that a higher relaxation time 

leads to a much less selective behavior on the unpromoted sample. Far less oxygen extraction 

and methane conversion is also observed during the pulse injection on the unpromoted catalyst 

(Figure 5.6). This is consistent with the poor methane activation and slow overall kinetics of 

the LaCeO3 catalyst combined with low methane concentration in pulse injection 

configuration. Further analysis of the pulses shows that at a similar oxygen content (after the 

5th pulse with 2 min relaxation and 10th pulse with 30 sec relaxation), more than 2.5 times more 

oxygen atoms are removed from LaCeO3.5 when it relaxed longer, suggesting that oxygen 

anion diffusion is the rate limiting step. Lower CO selectivity after a longer relaxation suggest 
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that the non-selective pathway is more dependent on type or concentration of oxygen at the 

surface. Assuming that the injected methane pulse completely depletes the accessible surface 

oxygen species, the average rate of oxygen conduction to the surface is calculated to be 

2.38×10-2 and 1.52×10-2 during the first 30 seconds and two minutes respectively. These values 

are an order of magnitude lower than the initial rate of oxygen release from LaCeO3.5 under 

redox mode (0.343 µmol/s). This explains the slow kinetics and quick shift to selective 

pathway at the initial stage of the LaCeO3.5 reduction in methane. 

The presence of Rh significantly enhances the performance of the redox catalyst. Not only 

does it increase the methane conversion, but also it keeps the catalyst surface completely 

selective after the first pulse. Similar to the CaMnO3-based catalyst, presence of metallic Rh 

increases the selectivity. Rhodium atoms are less likely to be oxidized on LaCeO3.5 as its lattice 

oxygen is more tightly bonded than CaMnO3. The presence of active Rh sites on the surface 

of both redox catalysts can increase the number of activated methane species on the surface. 

This increase in the methane activation kinetics reduces the surface to a greater extent as it is 

evident in Figure 5.6. This drives the catalyst to the selective region much faster (after 5-6 

pulses in the CM-based and a single pulse in LC-based catalysts). 
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Figure 5.6. Comparison of oxygen donation at each methane pulse injection on (a) CaMnO3-

based and (b) LaCeO3.5-based redox catalysts at 900 °C 

5.4.6  Effect of Temperature on Redox Properties 

In order to more clearly illustrate the kinetic improvement effect of Rh, redox experiments are 

run at lower temperatures (800 and 700 °C). The unpromoted LaCeO3 did not show notable 

activity/selectivity at these temperatures as expected from the methane TPR results. Figure 5.7 

shows the selectivity and maximum oxygen donation rates at lower temperatures. Product 

profiles are demonstrated in Figure A4.5. As expected, CaMnO3 catalyst demonstrates lower 

activity for methane conversion at lower temperatures. A significant drop in CO selectivity is 

also observed (Table 5.3). At lower temperatures, slower oxygen extraction from the catalyst 

might be expected to contribute to a higher partial oxidation selectivity. However, CaMnO3, 

which is a known low temperature chemical looping combustion material,8,45 appears to 

activate methane for deep oxidation until the surface and loosely bonded oxygen is depleted 

after which the catalyst doesn’t show any activity. This implies that the surface of the catalyst 

cannot be replenished with methane activating oxygen species either because of the low 
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inherent oxygen diffusivity at these temperatures, or low chemical potentials of lattice oxygen. 

The latter can be alleviated by providing additional methane activation sites. 

 

Figure 5.7. Comparison of CO selectivity and maximum oxygen donation rate of the (a) 

CaMnO3-based and (b) LaCeO3.5-based redox catalysts at different temperatures 

Redox experiments on the Rh-promoted samples showed more significant effects at lower 

temperatures (Figure 5.7). As shown in Table 5.3, unlike the unpromoted CaMnO3, CO 

selectivity of the promoted samples meaningfully increases with decreasing temperature. 

Decreasing the temperature seems to suppress the initial CO2 formation and elongate the 

selective region (Figure A4.6, Figure A4.7). While, unpromoted CaMnO3 sample did not show 

noticeable activity at temperatures lower than 700 °C, Rh-promoted sample experienced its 

best methane conversion at 600 °C. This higher conversion does not correlate with higher 

oxygen donation, but rather the lower stoichiometric amount of oxygen consumed in selective 

partial oxidation. The aforementioned trend continued down to 600 °C. At lower than 600 °C, 

slow kinetics hindered the reaction and reduced methane conversion. The lower reaction 
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temperature and less reduced surface contribute to less coke formation. Above result shows 

that at 700 °C and lower, presence of Rh sites increases the oxygen release of the CaMnO3.  

Similar trend is observed on the LaCeO3.5-based samples with more dramatic kinetic 

improvement (Table 5.4, Figure A4.8). While the unpromoted samples does not show any 

activity at 800 °C and below, the promoted samples remained active down to 600 °C with 

initial oxygen release rate higher than that of the unpromoted sample at 900 °C. This, again, 

confirms that providing methane activation sites on the surface allows for more oxygen 

extraction from the redox catalysts even at lower temperatures. It is concluded that activation 

of the C-H bond controls the extent of oxygen removal.  

Table 5.3. Methane coversion, CO/H2 selectivity, oxygen donation, and coke formation of 

the CaMnO3-based redox catalysts during the reduction half cycle 

Temperature 

CO 

selectivity 

% 

H2 selectivity 

% (excluding 

coke) 

H2 selectivity 

% (including 

coke) 

CH4 

converted 

(ml) 

O2 

Extracted 

(wt. %) 

Coke 

formation 

(wt. %) 

U
n

p
ro

m
o

te
d

 900 40.08 29.34 37.18 2.13 9.18 0.29 

800 26.85 15.71 20.73 1.80 8.79 0.12 

700 12.28 10.94 13.24 0.80 4.14 0.02 

R
h

-p
ro

m
o

te
d

 

900 44.93 40.30 46.47 2.59 10.17 0.32 

800 48.23 58.49 62.54 2.57 8.62 0.30 

700 56.63 74.70 76.64 2.86 7.93 0.25 

600 86.10 97.14 97.17 3.68 6.29 0.04 

500 87.90 100.00 100.00 1.39 2.02 0.00 
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Table 5.4. Methane coversion, CO/H2 selectivity, oxygen donation, and coke formation of 

the LaCeO3.5-based redox catalysts during the reduction half cycle (The selectivites of 

unpromoted sample at 800 and 700 °C are not very accurate due to low signal to noise ratio) 

Temperature 

CO 

selectivity 

% 

H2 selectivity 

% (excluding 

coke) 

H2 selectivity 

% (including 

coke) 

CH4 

converted 

(ml) 

O2 

Extracted 

(wt. %) 

Coke 

formation 

(wt. %) 

U
n

-

p
ro

m
o

te
d

 900 98.21 86.76 87.69 2.13 3.91 0.17 

800 62.10 59.16 63.66 0.32 0.99 0.02 

700 52.93 36.50 44.43 0.31 1.2 0.03 

R
h

-p
ro

m
o

te
d

 

900 99.46 90.11 91.26 2.54 4.36 0.36 

800 98.85 100.00 100.00 2.10 2.60 0.21 

700 98.69 100.00 100.00 1.85 1.94 0.19 

600 98.19 100.00 100.00 1.23 1.19 0.14 

In order to better differentiate the bulk and surface effects of rhodium on the redox performance 

of the catalysts, apparent activation energies of the lattice oxygen removal reaction and 

methane activation reaction are calculated for both continuous redox and pulse experiments. 

To do so, pulse experiments are conducted at two lower temperatures for CaMnO3-based 

samples (results are not presented here for brevity). While the transient pulse experiments limit 

bulk transport effects, the redox reactions can be controlled by both bulk thermodynamics and 

surface properties of the catalyst. Comparing the effects of Rh on activation energies in these 

two reaction modes enables us to comment on the prominent role of rhodium. The temperature 

dependence of the reaction rates can be expressed as an Arrhenius equation. The maximum 

oxygen donation or methane conversion rate of the catalysts, which are at the beginning of the 



151 

 

reactions, are used as the parameter representing the reaction rates during the redox reactions. 

In the pulse injection experiments these parameters are substituted with the total oxygen 

removal and methane conversion during the first pulse. Activation energies are summarized in 

Table 5.5. 

Table 5.5. Activation energies of the catalysts in both redox and pulse injection 

configurations 

Sample 

Activation energy (kJ/mol) 

Redox (bulk+surface) Pulse (surface) 

O2-
 CH4 O2-

 CH4 

Unpromoted 

CaMnO3 418.0 141.7 45.4 23.2 

LaCeO3.5 84.7 - - - 

Rh-promoted 

CaMnO3 245.1 80.4 8 4.3 

LaCeO3.5 75.8 - - - 

Comparing the enhancement in apparent activation energies of the CaMnO3-based samples in 

the bulk and on the surface clearly shows the dominant improvement on the surface of the 

catalyst. While the combined bulk and surface apparent activation energy is reduced by about 

41-43%, surface activation energy is reduced by more than 82%. This strongly indicates that 

Rh addition imposes a much more significant improvement on the surface properties of the 

catalyst which results in a faster C-H bond activation. The order of magnitude lower activation 

energies during the pulse injections can be attributed to the presence of loose surface oxygen 

during the first pulse. Comparison between the other pulses are not practical during the 20 

pulses as the pulses should be injected on the samples with similar oxidation state and the 
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amount of extracted oxygen is much smaller at lower temperatures and takes extended number 

of pulses to reach similar oxidation states. 

5.4.7  Long-Term Redox Experiments 

The aforementioned findings indicate that higher syngas selectivity, lower coke formation and 

lower operating temperatures can be achieved by surface modification of the redox catalysts 

through addition of precious metals on their surface. To validate the feasibility of the use of 

such redox catalyst in continuous configurations, Rh-promoted CaMnO3 is tested for extended 

redox cycles at 600 °C. Figure 5.8 shows the selectivity and methane conversion of the catalyst 

through 100 complete redox cycles. The redox catalyst undergoes some degree of selectivity 

loss.  While this can be attributed to agglomeration of the rhodium atoms on the surface, the 

slight increase in oxygen donation may also indicate improved oxygen transport at the sample 

cycles. 

 

Figure 5.8. Selectivity, converted methane, and O2 extracted during 100 redox cycles at 600 

°C on the 0.5 wt. % Rh-promoted CaMnO3 
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5.5 Conclusion 

This article investigates the effects of adding active rhodium catalytic sites on the surface of 

CaMnO3 and LaCeO3.5 redox catalysts. Significant kinetic and selectivity enhancements are 

observed. The experimental observations indicate that oxygen conduction to the surface is 

limits the reaction kinetics. Presence of Rh catalytic sites is proved to increase the methane C-

H bond activation. This leads to higher concentrations of activated species on the surface which 

are very active for lattice oxygen extraction. The more oxygen deprived surface imposes a 

higher oxygen partial pressure gradient leading to enhanced oxygen conduction through the 

bulk of the catalyst even at temperatures up to 300 °C lower. Consequently, higher activity and 

more oxygen donation is observed at lower temperatures. The faster methane activation caused 

by the presence of Rh, increases the rate of surface oxygen removal relative to oxygen diffusion 

and makes the surface more reduced, hence more selective. The Rh-promoted redox catalysts 

also demonstrates good recyclability and long term redox performance. 
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CHAPTER 6  Conclusions and Outlook 

Chemical looping reforming (CLR) is a novel redox scheme that uses lattice oxygen to convert 

methane to syngas through a simpler and potentially more efficient and cost effective route. 

Successful development of CLR processes is tied with rational design and development of 

active and selective redox catalysts. Among 1000+ oxygen carriers which are synthesized and 

tested for chemical looping, a small fraction demonstrated reasonable activity, selectivity, 

oxygen capacity, and long-term stability for CLR processes. These materials, however, are 

often impose high costs and/or environmental concerns. Therefore, modification of cheap and 

environmentally benign redox catalysts, such as iron oxide, for partial oxidation reactions is 

extremely desirable. These modifications include tuning the thermodynamic and surface 

properties of the redox catalysts to make them more active and selective.   

It is observed that addition of more readily reducible metals such as cobalt and manganese can 

significantly change oxygen donation behavior of the iron oxide. The decomposition/oxygen 

uncoupling temperature of the mixed oxides is proved to be tunable within a 70-80 °C range 

by adding various amounts of cobalt and manganese to iron oxide. Generally, samples with 

higher concentrations of cobalt and manganese exhibit lower decomposition temperatures. 

Effects of addition of compatible MIEC support phases on redox and uncoupling behavior of 

the mixed oxides are also investigated. Although support addition significantly increased the 

activity, stability, and oxygen carrying capacity of the mixed oxides for methane conversion, 

it showed contrasting effects on isothermal oxygen release of the two base mixed oxides. 

Addition of La0.8Sr0.2FexCo1-xO3-δ, increased activity and oxygen carrying capacity of the Fe-

Co mixed oxides. In contrast, perovskite support (La0.8Sr0.2FeyMn1-yO3-δ) reduced the oxygen 
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capacity of Fe-Mn mixed oxides by suppressing its reoxidation. Phase diffusion studies suggest 

that redistribution of Fe and Mn cations between the primary oxide and secondary support 

phase is responsible for such behavior. 

To probe the enhancement effects of perovskite support addition to the primary metal oxides 

on activity, product selectivity, and coke resistance, an engineered so-called “core-shell” redox 

catalyst is designed, synthesized, and tested for cyclic methane oxidation. The redox catalyst 

consists of a Fe2O3 core and a La0.8Sr0.2FeO3 (LSF) shell. The performance of the catalyst is 

compared with various composite iron oxide supported oxygen carriers. The studied support 

phases are Al2O3 and MgAl2O4 as inert supports, yttria stabilized zirconia (YSZ) as a pure 

ionic conductor, and similar LSF as a mixed conductor. The core-shell catalyst exhibit 10-200 

times better redox performance for methane partial oxidation compared to inert or ionic 

conductor supported catalysts. Its performance also surpasses the performance of to the 

composite sample with an identical LSF support in terms of reactivity, CO selectivity, and 

carbon formation resistance. The higher activity and selectivity of the core-shell catalyst is 

attributed to smaller iron oxides cores and more selective LSF shell. The nano-scale iron oxide 

cores feed the mixed conductive LSF shell with more readily available lattice oxygens leading 

to a higher activity. Covering the surface of the iron oxide particles with the LSF shell provides 

a more selective surface for methane partial oxidation and reduces the exposure of metallic 

iron on the surface at reducing environments. This leads to lower methane decomposition, 

hence more coke resistance. The findings suggest that using the core-shell structured redox 

catalysts makes it possible to combine the high oxygen capacity of a relatively cheap metal 

oxide, and high ionic conductivity and selective behavior of a mixed conductive support to 

develop more active and selective redox catalysts for selective redox reactions. 
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Mechanistic studies are performed to probe the underlying mechanisms of partial oxidation on 

the core-shell catalyst. Since the redox catalysts are involved in the oxidation reaction, they 

demonstrate a dynamic behavior. This dynamic nature causes a four region reduction scheme 

when using the core-shell catalyst for methane oxidation. The transitions between the four 

regions are marked by different CO selectivities. These four regions are: (i) deep oxidation to 

CO2, (ii) competing deep oxidation to CO2 and selective partial oxidation to CO, (iii) selective 

partial oxidation to CO with auto-activation, and (iv) methane decomposition and coke 

formation. Mechanistic study of such dynamic systems calls for transient experimental 

methods. A pulse injection system is, therefore, developed to deliver sharp pulses of reactants 

with very short residence times on the catalysts to prevent dramatic changes in the bulk of the 

oxides. As confirmed by isotopic exchange experiments, availability and nature of the surface 

oxygen determines the reaction mechanism and product selectivity. The concentration and type 

of the surface oxygen species are dominated by the difference between the rate oxygen anion 

conduction to the surface and/or its evolution to electrophilic oxygen, and its removal rate from 

the surface. It is concluded that the reaction follows a modified Mars-van Krevelen mechanism 

in which lattice oxygen converts activated methane species. However, methane activation 

mechanism changes in different reaction regions and activated methane species shift from 

loosely adsorbed surface species (similar to Eley-Rideal mechanism) in the first region to 

dissociatively adsorbed species (similar to Langmuir-Hinshelwood mechanism) in the third 

region. These findings suggest that inhibition of non-selective oxygen formation and a steady 

supply of lattice oxygen from the bulk to the surface is essential for effective performance of 

a redox catalyst in CLR configurations. 
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An alternative approach is investigated to improve the surface catalytic activity of mixed metal 

oxides and to enhance the redox activity of these oxides at significantly lower temperatures. 

Rh is selected as the promoter as it is readily reducible and known to be very effective methane 

activation and reforming catalysts in the metallic state. The kinetic and selectivity enhancement 

of the Rh is investigated on two well-studied redox catalysts: CaMnO3 and LaCeO3.5. CaMnO3 

is chosen because it possesses oxygen uncoupling properties and can spontaneously release 

lattice oxygen due to its high equilibrium oxygen partial pressure. On the other hand, LaCeO3.5 

exhibits low oxygen partial pressures and demonstrated good partial oxidation activity. It is 

shown that promoting the redox catalysts with Rh enhances their redox properties for methane 

partial oxidation. Both promoted redox catalysts exhibit enhanced reaction rate, methane 

conversion, and oxygen donation capacity. The presence of rhodium on the surface boosted 

the methane activation kinetics on the surface leading to a faster oxygen extraction and overall 

reaction rate. These improvements are much greater at lower temperatures. While CaMnO3 

and LaCeO3 did not show any noticeable activity at below 700 and 800 °C respectively, their 

promoted forms remained active down to 500 °C. Therefore, using such redox catalysts can 

reduce the energy penalties of chemical looping reforming processes. Development of the 

aforementioned oxygen carriers/redox catalyst opens the possibility of designing chemical 

looping-based processes for all sorts of oxidation reactions. Low-temperature oxidation 

pathways offer more flexibility for controlled partial oxidation reactions and may help with the 

development of direct oxidation processes.  

Deeper understanding of the bond activation and reaction mechanism on the surface of the 

redox catalysts and oxygen anion transport properties in the bulk of the oxygen carriers are 

essential for rational design of more active/selective redox catalysts. So far, very little 
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experimental work has been done to quantify the oxygen diffusivity of the redox catalyst and 

its effect on their redox activity. Different methods can be used to measure the oxygen diffusion 

through single-phase ceramics. Isotope exchange depth profiling (IEDP) method,1,2 impedance 

spectroscopy3,4, and  conductivity relaxation technique5–7 are among these methods. More 

complicated methods are also developed that provides additional mechanistic insight using 

transient isotope pulse injection experiments similar to the one presented in chapter 4.8 

To date, almost all published studies focused on the interpretation of redox performance the 

oxygen carriers using ex-situ analysis and characterizations. However, recent in-situ studies on 

more traditional heterogeneous catalyst systems revealed that surface and bulk properties of 

the materials at the reaction conditions can significantly differ from their properties at low 

temperatures.9,10 This illustrates the importance of in-situ characterization for more accurate 

interpretation of experimental observations. Compared to the traditional heterogeneous 

catalysts, in-situ analysis of the redox catalysts are much more complex. This stems from the 

dynamic nature of the redox catalyst behavior as, unlike traditional catalysts, they are involved 

in the reactions. As a result, they may experience multiple phase transformations and phase 

segregations. The thermodynamic and surface properties, in turn, can significantly alter during 

redox cycles. This calls for more advanced experimental techniques to collect real-time 

characterization data and isolate the bulk and surface effects. In addition to mechanistic studies 

which are essential for redox catalyst optimization and reactor design, scale-up demonstration 

experiments are of utmost importance for the successful development of chemical looping 

processes and have to be considered in future studies. 
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Appendix 1 Supplementary Information for Chapter 2 

This document provides additional information regarding the morphological and crystal 

structures of the oxygen carriers developed and studied in Chapter 2. An experimental section 

is presented followed with key data and brief explanations. 

Experimental 

Oxygen carrier/Mixed metal oxide selection and preparation 

Five different concentrations of mixed oxides of Fe-Co and Fe-Mn with general formula of 

(CoxFe1-x)3O4 and (MnyFe1-y)2O3 (x=0.5, 0.6, 0.7, 0.8, 0.9, y=0.3, 0.45, 0.6, 0.75, 0.9) are made 

using a Solid State Reaction (SSR) method. The ratios of the mixed oxides are chosen based 

on the mixed oxide phase diagrams to cover a wide range of oxygen partial pressures. The 

phase diagrams of iron-cobalt oxide and iron-manganese oxide are presented in Figure A1.1.  

 

Figure A1.1. Phase diagrams of a) Fe-Mn oxide and b) Fe-Co oxide in air (FactSage oxides 

database) 
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The SSR method includes mixing stoichiometric amounts of iron oxide (Fe2O3, Sigma 

Aldrich), cobalt oxide (Co3O4, Sigma Aldrich) and manganese oxide (Mn3O4, Sigma Aldrich) 

in a planetary ball mill to have a homogeneous powder mixture followed by making pellets in 

a pellet press (XBM4X, Columbia International) and annealing at high temperatures (GSL-

1500-X50 tube furnace, MTI Corporation) in air for a long time to complete the solid state 

reactions and form the desired phases. The samples are pelletized at 15 Mpa pressure. The 

annealing process includes increasing the temperature to 1100 °C with 4 °C/min ramping rate 

and keeping the sample at this temperature for 8 hours.  

Selected (CoxFe1-x)3O4 and (MnyFe1-y)2O3 samples (x=0.5, 0.7, 0.9, y=0.3, 0.6, 0.9) are also 

made through sol-gel method to achieve higher homogeneity. This process involves dispersion 

of the calculated precursors (Fe(NO3)3.9H2O, Co(NO3)2.6H2O, Mn(NO3)3, Sigma Aldrich) in 

deionized water at room temperature followed by addition of citric acid (Sigma Aldrich , 

CA:total ions=2.5) and stirring at 50 °C for half an hour and addition of ethylene glycol (Sigma 

Aldrich , EG:CA=1.5) and ramping of temperature to 80 °C to complete the gelation process. 

The resulting gel is then dried over night at 80 °C and sintered at high temperature to form the 

mixed phase. 

Five additional samples are also made for each metal oxide combination to see the effect of 

addition of perovskite support on oxygen donation properties of mixed oxides.  The ratios of 

Co:Fe or Mn:Fe are kept identical in primary oxide and the perovskite B-site. This allows us 

to roughly estimate the partition of the transition metals between the primary oxide phase and 

perovskite phase. Lanthanum and strontium with 4:1 molar ratio are chosen to be used as the 

A-site in the support structure since moderate doping of Sr enhances the mixed-conductivity 
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of perovskites without compromising its structural stability.42 The supports, therefore, have the 

general formula of La0.8Sr0.2CoxFe1-xO3-δ and La0.8Sr0.2MnyFe1-yO3-δ with x and y being 

consistent with the unsupported mixed oxides. The support was made through SSR; this was 

crushed and used as a precursor for supported mixed oxides with a 1:1 molar ratio with respect 

to primary mixed oxides through SSR preparation. A summary of these mixed oxide samples 

and their nominal compositions are listed in Table A1.1. 

Table A1.1. Mixed oxide samples and their nominal compositions 

Sample 

# 

Primary metal oxide Support Synthesis method 

1 (Co0.5Fe0.5)3O4 - SSR 

2 (Co0.6Fe0.4)3O4 - SSR 

3 (Co0.7Fe0.3)3O4 - SSR 

4 (Co0.8Fe0.2)3O4 - SSR 

5 (Co0.9Fe0.1)3O4 - SSR 

6 (Mn0.3Fe0.7)2O3 - SSR 

7 (Mn0.45Fe0.55)2O3 - SSR 

8 (Mn0.6Fe0.4)2O3 - SSR 

9 (Mn0.75Fe0.25)2O3 - SSR 

10 (Mn0.9Fe0.1)2O3 - SSR 

11 (Co0.5Fe0.5)3O4 La0.8Sr0.2Co0.5Fe0.5O3-δ SSR and sol-gel 

12 (Co0.6Fe0.4)3O4 La0.8Sr0.2Co0.6Fe0.4O3-δ SSR 

13 (Co0.7Fe0.3)3O4 La0.8Sr0.2Co0.7Fe0.3O3-δ SSR and sol-gel 
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Table A1.1 Continued 

14 (Co0.8Fe0.2)3O4 La0.8Sr0.2Co0.8Fe0.2O3-δ SSR 

15 (Co0.9Fe0.1)3O4 La0.8Sr0.2Co0.9Fe0.1O3-δ SSR and sol-gel 

16 (Mn0.3Fe0.7)2O3 La0.8Sr0.2Mn0.3Fe0.7O3-δ SSR and sol-gel 

17 (Mn0.45Fe0.55)2O3 La0.8Sr0.2Mn0.45Fe0.55O3-δ SSR 

18 (Mn0.6Fe0.4)2O3 La0.8Sr0.2Mn0.6Fe0.4O3-δ SSR and sol-gel 

19 (Mn0.75Fe0.25)2O3 La0.8Sr0.2Mn0.75Fe0.25O3-δ SSR 

20 (Mn0.9Fe0.1)2O3 La0.8Sr0.2Mn0.9Fe0.1O3-δ SSR and sol-gel 

 

Sample characterization and oxygen donation/uncoupling experiments 

X-ray powder diffraction was used to identify the present phases in each sample. Samples were 

crushed into fine powders and analyzed using a Rigaku SmartLab X-ray diffractometer with 

Cu-Kα (λ=0.1542 nm) radiation operating at 40 kV and 44 mA. A stepwise approach with a 

step size of 0.1° and residence time of 5 s at each step in 20-80 ͦ angle range (2θ) was used to 

generate the XRD patterns. 

The reducibility of the samples in 5% hydrogen are tested using Quantachrome ChemBET 

Pulsar Temperature Programmed Reduction/Desorption (TPR/TPD) instrument with 5°C/min 

ramping rate. Similar experiment using a Thermo Gravimetric Analyzer (TGA, Q600 TA 

Instruments) coupled with a Mass Spectrometer (MS, Cirrus 2, MKS) is performed to analyze 

the reducibility of the samples in methane.  
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The oxygen uncoupling properties of the samples were tested in the TGA. Under an inert 

environment, the sample temperature increased by 20 °C/min to 950 °C and was then kept 

isothermal for an hour. The weight of the sample is monitored to see at what temperature and 

how fast it starts to lose its lattice oxygen. To confirm the oxygen donation, the composition 

of the outlet gas is also monitored for selected samples using the MS. The samples are also 

tested in cyclic oxygen uncoupling experiments at 850 °C (in helium and 10% oxygen) to 

screen their uncoupling performance stability. Similar redox experiments are conducted in 

10% methane and oxygen as reducing and oxidizing environment respectively. 

Interfacial phase diffusion study 

Presence of the B-site cations of the support in the primary mixed oxide phase may cause slight 

change in the ratio of these cations between two phases during the annealing process. 

Interfacial phase diffusion studies were performed to determine the interaction between the 

primary metal oxide and perovskite support phases. These studies reveal a metal cation’s 

preference for staying in the primary metal oxide or the perovskite phase B-site. The procedure 

involves preparing metal oxide and MIEC pellets with well-defined interface, high temperature 

annealing (1100 °C for 8 hours), cutting and polishing the intersection of the pellets, and 

capturing scanning electron micrographs (SEM, Hitachi S3200) and EDX point/line scans.  

 

Figure A1.2. Schematic phase diffusion between two pellets with well-defined surface 
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Two samples are made to investigate diffusion between Co3O4/Mn3O4 and LSF phases. These 

two extreme cases are chosen to inspect whether Mn and Co cations tend to diffuse into the 

perovskite phase and replace iron cations in the B-site. Commercial precursors are used in 

these experiments to ensure the presence of the pure phases. 

Results 

Phase analysis  

The phases present in the synthesized oxygen carriers are determined using XRD. Figure A1.3 

shows the XRD spectras of the supported and unsupported samples after sintering and before 

reoxidation. As can be seen, the samples with lower concentrations of Co and Mn showed 

presence of spinel and bixbyite phases respectively. However, samples with higher Co and Mn 

contents showed small amounts of reduced or metallic phases which is because of the low 

oxygen partial pressure at the sintering condition. The same trend is observed in the supported 

samples. This issue is solved by reoxidizing the samples at lower temperature and cooling them 

down with a slow rate. Figure A1.4 shows the XRD spectras of the samples with the highest 

Co/Mn content after reoxidation process. 
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Figure A1.3. XRD spectra of the as prepared samples before reoxidation 

 

Figure A1.4. XRD Spectra of the samples with highest Co/Mn concentration after 

reoxidation at 950 °C and slow cooling down 
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Uncoupling properties of oxygen carriers 

The decomposition/uncoupling temperature of the samples are determined by increasing the 

temperature of the samples from room temperature to 950 °C (20 °C/min) in helium and 

monitoring their weight. Figure A1.5 shows the weight loss of the supported and unsupported 

samples verses temperature. As a general trend, sample with higher Co/Mn content are 

decomposed at lower temperatures and lost their oxygen with a higher rate. It is also evident 

that addition of support further reduced the decomposition temperature of the samples. 

 

Figure A1.5. Normalized weight loss of the a) unsupported Fe-Co, b) unsupported Fe-Mn, c) 

supported Fe-Co, d) supported Fe-Mn due to oxygen uncoupling in inert condition 
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Iron-cobalt mixed oxide phase diagram 

Phase diagram of iron-cobalt mixed oxides at 950 °C is prepared by interpolation from its 

phase diagrams at 900 and 1000 °C from FactSage oxides database (Figure A1.6). As can be 

seen, partial pressure of oxygen needs to be lower than 10-10 atm for the mixed oxide to 

completely reduce to monoxide phase. Such a low oxygen partial pressure may not have been 

achieved in TGA even using ultra high purity helium. 

 

Figure A1.6. Phase diagram of the (Fe,Co)Ox at 950 °C (Prepared by interpolating Fe-Co-O 

phase diagrams at 900 and 1000 °C from FactSage oxides database) 

Interfacial phase diffusion study 

Figure A1.7 and Figure A1.7 show the scanning electron micrograph of the cross section of 

the two phases and the line on which EDX line scans are performed for Fe-Co and Fe-Mn 

respectively. The backscattered micrograph of cobalt shows a clear contrast at the phase. The 

line scans also confirm that Co concentration drops sharply when passing through the phase 

boundary. This means that Co diffusion into the B-site of the LSF is minimal and that Co tends 
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to stay in the primary mixed oxide phase. In contrast, SEM images of the Fe-Mn sample 

showed gradual decrease in the Mn concentration when passing through the phase boundary. 

This confirms the enrichment of manganese in the perovskite phase. 

 

Figure A1.7. Phase diffusion of the of cobalt oxide and LSF after 8 hours sintering in air 

 

Figure A1.8. Phase diffusion of the of manganese oxide and LSF after 8 hours sintering in 

air 

Reducibility in hydrogen 

The reduction temperature of the samples is tested in hydrogen using a TPR instrument. The 

result for Fe-Co samples are presented in the paper. Figure A1.9 shows the results of Fe-Mn 
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samples. No clear trend is observed in the reduction temperature of the samples. The samples 

also showed multiple peaks which could be attributed to the nonhomogeneity of the samples. 

 

Figure A1.9. TPR results of the a) unsupported Fe-Mn, b) supported Fe-Mn in 5% hydrogen 

with 5 °C/min temperature ramp 
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Appendix 2 Supplementary Information for Chapter 3 

This document provides additional information regarding the morphological and crystal 

structures of the oxygen carriers developed and studied in Chapter 3. An experimental section 

is presented followed with key data and brief explanations.  

Experimental 

Redox catalyst selection and preparation 

Five iron oxide based redox catalysts are investigated in this study. Among these, four catalyst 

samples are ceramic composites composed of iron oxide (Fe2O3, 99.9%, Noah chemicals) and 

various supports including magnesium-aluminum oxide (MgAl2O4, 99.9%, Noah chemicals), 

alumina (α-Al2O3, 99%, Noah chemicals), yttria-stabilized zirconia (YSZ, ZrO2/8% Y2O3, 

99%, Noah chemicals), and lanthanum strontium ferrite (LaxSr1-xFeO3-δ) (LSF).  A solid-state 

reaction (SSR) method is used to synthesize the composite redox catalysts. The SSR method 

allows the formation of an intimately mixed matrix between the primary oxide and support. 

Such a composite structure is common to most oxygen carriers/redox catalysts reported in 

literature. Besides the four composite samples, we attempt to synthesize a Fe2O3@LSF core-

shell redox catalyst. The synthesis procedure is explained in the paper. 

To synthesize the composite redox catalysts, stoichiometric amount of precursors are weighted 

and dry-mixed together using a planetary ball-mill (XBM4X, Columbia International) for 6 

hours. The solid mixture is then pelletized using a hydraulic press (YLJ-15T, MTI Corporation) 

under 7-8 MPa pressure and then annealed in air at 1200°C for 28 hours using a tube Furnace 

(GSL-1500-X50, MTI Corporation). For comparison purpose, a composite Fe2O3-LSF sample 
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annealed for 8 hours is also prepared. The resulting pellets are subsequently crushed and sieved 

into specific size ranges for further characterization and testing. 

Table A2.1. Redox catalyst samples and their nominal compositions 

Sample 

No. 

Sample descriptions Compositions (wt%) Characteristics of  

the support 

1 Composite Fe2O3/MgAl2O4 60% Fe2O3, 40% MgAl2O4 Inert  

2 Composite Fe2O3/Al2O3 60% Fe2O3, 40% Al2O3 Inert  

3 Composite Fe2O3/YSZ 60% Fe2O3, 40% YSZ Ionic-conductive 

4 Composite Fe2O3/LSF 60% Fe2O3, 40% LSF Mixed-conductive  

5 Core-shell Fe2O3@LSF 50% Fe2O3, 50% LSF Mixed-conductive 

 

Sample characterizations 

Various characterization techniques are used to analyze the structural, surface, and 

morphological properties of the catalyst samples. X-ray powder diffraction (XRD) is used to 

analyze the crystalline phases present in each sample before and after redox tests. XRD spectra 

are obtained using a Rigaku SmartLab X-ray diffractometer with Cu-Kα (λ=0.1542) radiation 

operating at 40 kV and 44 mA. A stepwise approach, with a step size of 0.1° and residence 

time of 5 seconds at each step in 20-80 ͦ angle range (2θ), is used to generate the XRD patterns.  

Sample morphologies are characterized using Scanning Electron Microscopy (SEM, Hitachi 

S3200). 
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Quantachrome ChemBET Pulsar temperature programmed reduction/desorption (TPR/TPD) 

instrument. 5% hydrogen mixed with argon is used as the reducing gas. Temperature ramping 

during the TPR experiment is 5°C/min (5 mg sample is used in each run). Sample 

morphologies are characterized using Scanning Electron Microscopy (SEM, Hitachi S3200). 

The same instrument is used to analyze the elemental composition of the samples through 

Energy Dispersive X-ray Spectroscopy (EDS). Transmission Electron Microscopy (TEM, 

JEOL JEM 2010F) and Energy Filtered imaging (EFTEM) with 200 keV accelerating voltage 

are also used to confirm the formation of the core-shell arrangements. 

Morphology Analysis (SEM) 

The SEM images of the as-prepared composite samples, i.e. Fe2O3-MgAl2O4, Fe2O3-Al2O3, 

Fe2O3-YSZ, and Fe2O3-LSF are shown in Figure A2.1. As can be expected, they are all 

densified from sintering and/or solid state reactions. Particles are sintered to obtain comparable 

surface areas. 
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Figure A2.1. SEM images of composite a) Fe2O3/Al2O3, b) Fe2O3/LSF, c) Fe2O3/ MgAl2O4, 

d)  Fe2O3/YSZ  

Phase Analysis 

The formation and stability of the phases in SSR Fe2O3- MgAl2O4, Fe2O3-Al2O3, and Fe2O3-

YSZ are confirmed using XRD. Figure A2.2, Figure A2.3, and Figure A2.4 show XRD spectra 

for fresh samples and after 5 cycles for MgAl2O4, Al2O3, and YSZ supported samples 

respectively. There were a few very small unresolved peaks in the XRD patterns based on the 

limited library of the XRD software. 

The presence of the support phase is confirme in the reduced composite Fe/LSF sample in the 

first and 51st redox cycle. The sample is reduced for about 8 minutes to reach full conversion 

of oxygen carrier. Figure A2.5 shows the XRD spectra. As one can observe, although the iron 

oxide completely depleted from oxygen, the perovskite structure remained unchanged. 
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Figure A2.2. XRD Spectra of SSR Fe2O3-MgAl2O4 redox catalyst in right after sintering and 

after 5 cycles 

  

Figure A2.3. XRD Spectra of SSR Fe2O3-Al2O3 redox catalyst in right after sintering and 

after 5 cycles 
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Figure A2.4. XRD Spectra of SSR Fe2O3-YSZ redox catalyst in right after sintering and after 

5 cycles 

 

Figure A2.5. XRD spectra of the Fe/LSF sample a) after 1st and 50th oxidation, b) after first 

and 51st reduction in hydrogen 

Redox testing 

Redox experiments are conducted in a differential bed reactor system composed of a computer-

controlled panel for gas mixing and delivery, a TGA (STARAM SETSYS Evolution) for redox 
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reactions, and a quadrupole mass spectrometer (QMS, MKS Cirrus 2) for gaseous product 

analyses. Total gas flow rate is maintained at 300 ml/min in all the tests. Concentrations of the 

reactive gases (CH4, CO, H2, O2,) are fixed at 10%. Helium is used as the carrier gas. 20 mg 

redox catalyst with the size range of 150-250 micron is used in these experiments. Product 

distributions and catalyst selectivity towards syngas are determined using the QMS. Cyclic 

studies (5, 50, and 100 redox cycles) are also conducted to evaluate the stability of the redox 

catalysts. Carbon formation during the reduction of the redox catalyst is characterized by 

combustion analysis. To do so, the redox catalyst is reduced by CH4 for a preset duration is 

combusted with oxygen. The amount of carbon formation is determined using both TGA data 

and mass spec results. The high combustion temperature (ca. 900 °C) ensures that the carbon 

formed on the sample be oxidized to carbon dioxide and carbon monoxide. To ensure the 

accuracy of the method, calibration of the aforementioned combustion method is performed 

by testing coal char with known amount of carbon. The method is shown to be accurate (±5%). 

It is noted that the sample weight gain in TGA is often used to determine carbon formation. 

However, such a method is found to be unreliable since the weight gain from carbon formation 

can be (partially) offset by the sample weight loss from reduction.  

Contribution of support in oxygen doantion 

The contribution of the perovskite support has been investigated in our previous publication[1] 

and is presented here. As can be seen in Figure A2.6, the oxygen loss from perovskite support 

in 10% hydrogen is less than 1.5% after 10 minutes reduction. This infers that during the short 

(around 5 minutes) reduction time needed for the sol-gel sample to lose most of its oxygen, the 

contribution of the perovskite support is minimal, if any. 
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Figure A2.6. Weight loss of LSF as a function of time in the presence of 10% H2, b) 

comparison of the weight loss % for LSF and SSR Fe2O3/LSF Total gas flow rate: 300 

ml/min, reduction temperature: 900 °C 

The amount of oxygen donation from LSF support in methane is also investigated and the 

results are shown in Figure A2.7a. It is noted that LSF is more readily reducible in methane 

than in H2. However, even considering the amount of weight loss from the LSF support, the 

LSF containing samples showed significant superiority over the other catalysts (Figure A2.7c). 
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Figure A2.7. a) Weight loss of LSF as a function of time in the presence of 10% CH4, b) 

comparison of the weight loss % for LSF and SSR Fe2O3/LSF, c) Normalized rates of second 

cycle reduction for different redox catalyst samples in methane. 

Reactivity and carbon formation 

Figure A2. 8 shows the trend of weight loss for the two LSF supported samples in 10% 

methane. Unlike Figure 3.5 in chapter 3, this figure shows the weight loss after 100 cycles 

under redox conditions. As can be seen in the figure, both samples experienced a weight gain 

after a certain time which is due to the carbon deposition after losing most of the oxygen 

content. Weight of the core-shell and composite samples stayed relatively constant after 10 

minutes. This could be attributed to either stopping of the carbon formation or equilibrium 

between oxygen donation and carbon formation. The weight gain due to carbon formation in 
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the 100th cycle is lower than the second cycle (Figure 3.5) which is consistent with the data 

presented in Table 3.4. 

Figure A2.9 shows the weight loss of Al2O3 and MgAl2O4 supported samples in their 5th redox 

cycle. As can be seen in the figure, both samples start to gain weight due to carbon formation 

after losing 10% weight. It is also shown in Figure A2. 10 and Figure A2.11 that carbon 

formation on these samples gets more severe after a few cycles. Unlike perovskite supported 

samples, the carbon formation on these particles does not stop after a short time, and they 

continue to form more carbon. The continued carbon formation is likely corresponding to the 

formation of carbon fibers, which are known to damage the structural integrity of transition 

metal catalysts.  Accompanying carbon formation, significant volume expansion is observed 

after several redox cycles. This also points to structural failure, which expands and pulverizes 

the initial particles while enhancing its redox activity.  

 

Figure A2. 8. Perovskite supported redox catalyst weight loss in 10% methane after 100 

redox cycles (composite sample is sintered for 28 hours) 
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Figure A2.9. Redox catalyst weight loss in 10% methane after 5th redox cycle 

 

Figure A2. 10. Weight loss of Fe2O3-MgAl2O4 in its first 5 cycles 
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Figure A2.11. Weight loss of Fe2O3-Al2O3 in its first 5 cycles 

Effect of sintering temperature 

Although our experimental data indicate that reactivity of the redox catalyst samples is largely 

unaffected by sintering conditions or sample surface area (see Figure 3.7), to further 

substantiate our point, we have prepared a sample using solid state method and sintered it at 

800°C (identical annealing conditions as the sol-gel sample). The results are presented in 

Figure A2.12. As can be seen, when the SSR sample is sintered at 800 °C, its activity is 

significantly lower than the same sample sintered at 1200 °C which can be because of the 

incomplete formation of the desire phases caused by non-homogeneity of the samples. This 

further confirms that the sol-gel prepared core-shell sample is more active. 
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Figure A2.12. Rate comparison between second cycle reduction of SSR Fe2O3/LSF sintered 

at different temperatures 

Integral bed methane conversion 

We have tested performance of SSR Fe2O3-LSF composite redox catalyst in an integral bed 

reactor. As can be seen from Figure A2.13, methane conversion in excess of 99% 

(instantaneous) 97% (average) can be achieved. Higher CH4 conversion can be expected for 

fixed or fluid bed operations using the core-shell particle since it has higher activity than the 

SSR sample.  Detailed studies in integral beds are not within the scope of the present study. 
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Figure A2.13. Methane conversion in a fixed (integral) bed reactor using  SSR Fe2O3-LSF 

composite redox catalyst 

 

Figure A2.14. Raw weight loss data of the 5th cycle reduction of the LSF supported samples 

in 10% methane (Corresponding analyzed data are presented in figure 3.7; the composite 

sample is sintered for 8 hours) 
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Appendix 3 Supplementary Information for Chapter 4 

This document provides additional detailed information regarding the experiments performed for 

Chapter 4.  

Methane oxidation pattern during long term pulse injections and comparison of 

selectivities in pulse and continuous injection modes 

  

Figure A3. 1. Methane oxidation pattern over FeOx@LSF catalyst during 300 methane pulse 

(50 Vol. % methane) injections at 900 °C. 

 

 



191 

 

Table A3.1. Comparison of product selectivity over FeOx@LSF catalyst at 900 °C in pulse 

and continuous methane injection modes. 

Region 

Pulse injections 5% methane continuous 10% methane continuous 

H2 CO CO2 H2 CO CO2 H2 CO CO2 

1 

0.24 

(22%) 

0.12 

(23%) 

0.40 

(77%) 

0.18 

(12.9%) 

0.15 

(21%) 

0.55 

(79%) 

0.37 

(22.7%) 

0.36 

(22%) 

1.27 

(78%) 

2 

4.65 

(103%) 

1.72 

(76%) 

0.53 

(24%) 

2.66 

(48.7%) 

1.95 

(72%) 

0.78 

(28%) 

4.59 

(43.5) 

3.56 

(68%) 

1.71 

(32%) 

3 

3.05 

(116%) 

1.32 

(100%) 

0.00 

(0%) 

3.13 

(82.8%) 

1.85 

(98%) 

0.04 

(2%) 

4.53 

(83.8%) 

2.50 

(93%) 

0.20 

(7%) 

 

Temperature Programed Reduction (TPR) of the core-shell catalyst  

A TPR experiment was done on the core-shell catalyst to figure out the temperatures at which 

catalyst starts activating methane and donating lattice oxygen. The experiment was performed 

in 10 Vol.% methane (balance Ar) with the ramping rate of 5 °C/min. The outlet gases were 

analyzed using an inline mass spectrometer. Figure A3.2 demonstrates the resulting product 

distribution as a function of temperature. The data below 600 °C does not show in the graph 

as no signal is observed below this temperature. As can be seen, the core-shell catalyst started 

activating and converting methane at around 780 °C and by about 880 °C all the accessible 
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lattice oxygen is removed. Further increase of temperature to 950 °C causes methane 

decomposition and coke formation indicated by increase in hydrogen production. 

 

Figure A3.2. Product distribution during a TPR experiment on the core-shell catalyst (10% 

CH4, balance Ar, 5 °C/min)  

Detailed information about injection of a sharp 18O2 pulse during a broadened pulse of 

methane in the first region 

The total amount of 18O injected is about 5.83% of the total lattice oxygen capacity of the 

sample and ~10 times higher than the available surface oxygen. Only ~13.2% of the CO2 

produced after 18O2 injection contained 18O atoms (C18O2 and C16O18O), which corresponds to 

about 7% of the total oxygen atoms converted to CO2. Similar experiments were performed at 

3 times larger space velocity, and the contribution of 18O to CO2 formation is observed to be 

around 11% (Figure 4.9b). This suggests that, in the oxidized state, the rate of oxygen 

dissipation through the lattice is lower than the methane oxidation rate; however, concluding 

a much slower diffusion rate would also require either a higher than 7-11% contribution of 18O 

or a subsequent oxygen exchange between C18O2 and 16O-rich catalyst. The latter must be true, 
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as our experimental results show no significant sign of C18O2 and relatively small amounts of 

C16O18O. The likelihood of such high oxygen exchange rate is tested by injection of C16O2 

pulses over an 18O-rich catalyst (Figure A3.3). It is confirmed that within the first 5 pulses of 

C16O2 (5% C16O2, balance argon) more than 90% of the oxygen atoms are exchanged. The 

higher concentration of 18O in products at higher space velocity also endorses this explanation. 

These observations further confirm that oxygen availability on the surface, and, consequently, 

the rate of oxygen diffusion to the surface, controls the selectivity of the catalyst.  

CO2 exchange on the catalyst oxidized in 18O2 

Five pulses of C16O2 (5%, balance Ar, 1mL) were injected on an 18O-rich catalyst at 900 °C. 

Results showed more than 90% oxygen ionic exchange between the 16O atoms of the reactant 

with lattice 18O atoms.   

 

Figure A3.3. Response to injection of C16O2 pulses (5%, balance Ar) to 18O-rich catalyst at 

900°C 
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TPD-DRIFTS experiment on the fully reduced redox catalyst 

Figure A3.4 shows DRIFTS spectra of a methanol TPD experiment on fully reduced 

FeOx@LSF. The catalyst is reduced in a u-tube quartz reactor in 10% hydrogen (balance Ar) 

at 900 °C for 18 hours and then transferred to the DRIFTS cell in which it is exposed to a 

similar reducing environment overnight. The cell is then purged with argon and cooled to room 

temperature. CO is injected to the cell for two hours and the cell is purged again prior to 

collecting spectra. Cell temperature is increased from room temperature to 500 °C with 100 °C 

steps and spectra are collected at each temperature after a five minute relaxation period. While 

reduced catalyst confirmed formation of some surface species at lower than 200 °C, running 

similar experiments on the oxidized sample did not show any signs of chemisorption.  

 

Figure A3.4. DRIFTS spectra for methanol TPD on completely reduced FeOx@LSF redox 

catalyst 
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Injection of a sharp 18O2 pulse during a broadened pulse of methane in the second region 

Injection of a sharp pulse of oxygen isotope while reducing the sample in methane increased 

the methane conversion by giving rise to the production of both CO and CO2 (Figure A3.5). It 

should be noted that CO2 production increased noticeably more compared to CO production. 

At 50 and 150 mL/min total inlet gas flow rates, instantaneous CO2 production rate increased 

by 103% and 244% respectively, whereas CO production merely increased by 35% and 33%. 

This is concrete evidence that availability of the surface oxygen controls the conversion and 

selectivity of products. It also implies that methane conversion could follow a combustion 

reforming mechanism during this region. Similar to the first and the third regions, very small 

amounts of isotopic products are observed at lower space velocities and reducing the residence 

time increased their concentrations. Relaxation of the sample in this region had a similar effect 

on the selectivity of the products as discussed for analogous studies in region I and III (Figure 

A3.6). In all cases, resting the sample leads to decrease in CO selectivity, confirming that 

oxygen diffusion is a rate controlling step. 

  

Figure A3.5. Response to a broadened pulse of methane combined with a sharp pulse of 18O2 

at 900°C in the second region at (a) 50 and (b) 150 mL/min total flow rate. 
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Analysis of methane conversion after longer relaxation time in the three regions also showed 

that in the first region methane conversion increased after longer relaxation time whereas in 

the third region it decreased. This could be an indication of different methane activation 

mechanism. As surface oxygen is responsible for hydrogen abstraction and methane 

activation in the first region, increased amount of surface oxygen after the relaxation time 

enhances the methane conversion. However, in the third region, methane activation occurs on 

metallic sites and a more oxygen deprived surface increases the amount of activated methane 

on the surface. 

 

Figure A3.6. Effect of relaxation time on CO selectivity in the second region (pulse 1-5 have 

a relation time of 15 seconds whereas pulses 5-6 have a longer relaxation time of 150 

seconds). 
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Appendix 4 Supplementary Information for Chapter 5 

This section includes detailed information about the experiments and characterizations 

performed in Chapter 5. 

X-ray diffraction experiments 

Powder X-ray diffraction experiments were done to confirm the formation of the desired 

crystal phases. XRD patterns were obtained using a Rigaku SmartLab X-ray diffractometer 

with Cu-Kα (λ=0.1542) radiation operating at 40 kV and 44 mA. A stepwise approach with a 

step size of 0.1° and residence time of 2.5 seconds at each step in 20-80 ͦ angle range (2θ) was 

used to generate the XRD patterns. Similar experiments were also performed on the spent 

samples to confirm their phase stability. Figure A4.1 shows the XRD patterns. It is obvious 

that the position and intensity of the peaks match the reference peaks of cubic fluorite LaCeO3.5 

and orthorhombic perovskite CaMnO3 pretty well. 

 

Figure A4.1. XRD patterns of as prepared CaMnO3 and LaCeO3.5 
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Temperature programmed reduction (TPR) experiments 

Methane TPR experiments are performed in 10% methane (balance Ar) and temperature 

ramping rate of of 20 °C/min. Figure A4.2 shows the weight loss percent of the unpromoted 

and promoted redox catalysts during the methane TPR experiments. It is apparent that addition 

of Rh-promoter significantly reduced (by almost 200 °C) the onset of reduction of both redox 

catalysts. 

 

Figure A4.2. Comparison of the weight loss of the redox catalysts during methane TPR 

experiments 

Methane redox experiments at 900 °C 

Methane redox experiments are performed in a U-tube quartz reactor with 50 mg redox catalyst 

loading. Figure A4.3 demonstrates the product distribution pattern of the unpromoted and 

promoted redox catalysts at 900 °C. Both samples kinetic and selectivity enhancements after 

addition of the Rh promoter. The kinetic aeffect is much more obvious as the reaction time is 

reduced by more than 10 times. CaMnO3 experienced a less significant kinetic improvement 
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as it is already pretty active at this temperature. However, increase in CO formation kinetics is 

obvious. 

 

Figure A4.3. Product distribution during methane reduction half cycle at 900 °C and 10% 

methane using (a) CaMnO3, (b) CaMnO3+0.5% Rh, (c) LaCeO3.5, and (d) LaCeO3.5+0.5% Rh 

Oxygen release/uncoupling experiments 

Oxygen release experiments are performed to investigate the thermodynamic changes imposed 

due to possible incorporation of Rh promoter in the bulk structure of the redox catalysts. The 

experiments are performed on the CaMnO3-based in a TGA (TA Q600) in a pure argon 

environment. Samples where kept at each temperature for an extended time to ensure 
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thermodynamic equilibrium is achieved. As demonstrated in Figure A4.4 the promoted and 

unpromoted samples behave different oxygen uncoupling behavior which is indicative of some 

degree of thermodynamic changes. 

 

Figure A4.4. Comparison of oxygen release/uncoupling of the unpromoted and promoted 

CaMnO3 redox catalyst in inert 

Low temperature Redox experiments 

Redox experiments similar to those presented in Chapter 5 are performed at lower temperatures 

to investigate the effect of temperature on redox behavior of the redox catalysts. While 

lowering the temperature to below 800 and 700 °C significantly suppressed the redox 

performance of the unpromoted CaMnO3 (Figure A4.5) and LaCeO3.5 respectively, addition of 

the Rh promoter kept the samples active at even lower temperatures (Figure A4.6, Figure A4.7, 

Figure A4.8). Promoted LaCeO3.5 experienced a higher initial oxygen release rate at 600 °C 

compared to the unpromoted samples at 900 °C. Selectivity of the promoted CaMnO3 

significantly increased at lower temperatures and maximum CO yield is observed at 600 °C. 
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Figure A4.5. Product distribution during methane reduction half cycle in 10% methane at (a) 

800 °C and (b) 700 °C using CaMnO3 

 

Figure A4.6. Product distribution during methane reduction half cycle in 10% methane at (a) 

800 °C and (b) 700 °C using CaMnO3+0.5% Rh 
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Figure A4.7. Product distribution during methane reduction half cycle in 10% methane at (a) 

600 °C and (b) 500 °C using CaMnO3+0.5% Rh 

 

Figure A4.8. Product distribution during methane reduction half cycle in 10% methane at (a) 

800 °C and (b) 700 °C using LaCeO3.5+0.5% Rh 

 

 


