
ABSTRACT 

MISHRA, AMIT. Tailored Mixed Metal Oxides for Chemical Looping Processes. (Under the 
direction of Dr. Fanxing Li). 
 

There is a demand for efficient and environmentally friendly utilization of fossil fuels. 

Chemical looping is a potential route to accomplish this. Generally speaking, chemical looping 

utilizes the lattice oxygen of a metal oxide to oxidize a fuel through a two-step redox process to 

accomplish in-situ air separation. When applied to combustion of fuels, this leads to facile CO2 

capture and is termed chemical looping combustion (CLC). Typically, CLC is effective for gaseous 

fuels. Extension to solid fuels CLC calls for a metal oxide capable of producing gaseous oxygen, 

termed chemical looping with oxygen uncoupling (CLOU). Chemical looping can also be used to 

reform methane to syngas (CO + H2), termed chemical looping reforming (CLR). Metal oxide 

design is critical to chemical looping. This study focuses on: 1) evaluation of CaMnO3, 

Ca0.75Sr0.25MnO3, CaMn0.75Fe0.25O3, and BaMnO3 through Density Functional Theory (DFT) for 

CLOU applications and experimental validation 2) extension of  the CLOU ineffective material to 

CLR and coupling it with Ni/Fe dopants, 3) utilization of the CLOU candidates at low temperatures 

for CLR through Rh surface modification as well as a downstream reforming catalyst, and 4) use 

of the active lattice oxygen of spinel oxides substrates for coke prevention on NiO in the context 

of CLC.   

DFT and DFT+U calculations showed the trend of energy of vacancy creation vs. metal 

oxide decreased as follows: BaMnO3 > CaMnO3 > Ca0.75Sr0.25MnO3 > CaMn0.75Fe0.25O3. 

Thermogravimetric analysis confirmed that i) BaMnO3 has the lowest oxygen release and ii) 

doping CaMnO3 increased the supply of oxygen. With CLOU capabilities of CaMnO3, 

Ca0.75Sr0.25MnO3, and CaMn0.75Fe0.25O3 confirmed, they were tested in a fluidized bed reactor for 



coal char combustion. Results from this experiment confirmed doping CaMnO3 with Sr or Fe 

resulted in increased char conversions above 90% with CO2 yield exceeding 75%.  

With BaMnO3 showing inadequate oxygen supply for complete combustion, it was tested 

for partial oxidation in CLR, BaMnxB1-xO3 (B = Fe or Ni) was evaluated as redox catalysts. Results 

showed BaMnO3 has a high selectivity to CO (>85%), with Fe and Ni dopants slightly increasing 

syngas selectivity. These dopants also led to an increase in oxygen capacity. BaMn0.5Fe0.5O3, in 

particular, showed exceptional syngas selectivity, exceeding 95% in fluidized bed experiments. H2 

TPR showed the BaMnO3 class of materials possess more strongly bound oxygen leading to the 

higher selectivity.  

Rh surface promotion of CaxA1-xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) is expected 

to result in higher activity (oxygen extraction or methane conversion) and high syngas selectivity. 

Both were accomplished with Rh promoted CaMnO3, providing 20% CH4 conversion and 71% 

syngas selectivity. Rh promoted CaxSr1-xMnO3 (x = 0.95 or 0.75) led to a split between methane 

combustion and methane partial oxidation. Rh promoted CaMnxFe1-xO3 (x = 0.95 or 0.75) led to 

combustion of methane. However, notable activity was accomplished, with oxygen extraction 

between 2.2 – 4.0 wt.%. When coupled with a secondary reforming bed (Rh promoted Al2O3), 

syngas selectivity above 88% and methane conversion above 17% were achieved for all materials. 

Optimized redox times, temperature, and residence time led to a syngas yield above 70% when 

Rh-CaMn0.75Fe0.25O3 was used.  

While NiO has shown high rates of fuel conversion, it has commonly exhibited coke 

formation which can lead to deactivation. Literature has shown coke formation started to occur 

upon depletion of active lattice oxygen. NiFe2O4, MgFe2O4, and BaFe2O4 were investigated as 

active substrates for coke prevention of NiO. These substrates inhibited coke formation at all the 



investigated NiO loadings. In comparison to MgAl2O4 supported NiO, BaFe2O4 supported NiO 

and NiFe2O4 supported NiO show similar oxygen release maxima (2.5 wt.%/min vs. 2.3-2.8 wt.% 

min). The phase transitions of NiFe2O4 + 0.5NiO were investigated, showing that coke inhibition 

is associated with the slow decomposition of Fe3O4.  
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Chapter 1: Introduction 

1.1 Fossil Fuel Utilization and Greenhouse Gas Emissions 
 

Fossil fuels are of paramount importance to power the society in the 21st century. In the 

United States alone, 900 million tons of coal and 28.3 trillion cubic feet of natural gas are 

consumed in 2015 according to the U.S. National Academy of Sciences1. The most common use 

of fossil fuels is for energy production2,3. Energy consumption has been rising steadily for the past 

two decades and is projected to increase to over 700 quadrillion BTUs by 20304, as shown in 

Figure 1.1.  

 

 
 

 

 

 

 

 

 

 

 

Anthropogenic carbon emissions have been an unintended and unavoidable consequence 

of fossil fuel utilization. With rising energy consumptions, there has also been a rise in CO2 

emissions. The U.S. Energy Information Administration predicts the CO2 emissions resulting from 

energy consumption in year 2030 to be over 16% higher than that in 20154 (shown in Figure 1.2). 

Additionally, in 2015 these CO2 emissions accounted for 94% of all anthropogenic CO2 emissions 
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Figure 1.1: Past and project worldwide energy consumption. Data provided by 
the U.S. Energy Information Administration4. 
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and 76% of all anthropogenic greenhouse gas emissions5. Even more importantly, the 

Intergovernmental Panel on Climate Change (IPCC) has estimated that human activities will have 

caused global warming of 1.5oC above pre-industrial levels by 20306. As a result, there is a demand 

to engineer a sustainable solution to these issues. The national research council defined a 

sustainable processes as those which are “economically competitive and do not cause harm to the 

environment and health”3. As such, a potential solution to this problem will meet energy demands 

while efficiently capturing CO2. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.2 CO2 Capture Techniques and Their Impacts on Energy Efficiency 
 

Currently, CO2 capture can be achieved in three ways: post-combustion, pre-combustion, 

and oxy-combustion7–27. In post combustion CO2 capture, as the name suggests, CO2 is separated 

downstream of the fossil fuel combustion. In pre-combustion, a fossil fuel is converted to H2 and 

CO2 where CO2 is captured prior to H2 being burned for power. In oxy fuel combustion, cryogenic 
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Figure 1.2 CO2 emissions in year 2015 and year 2030. Data provided by the 
U.S. Energy Information Administration4. 
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O2 is combusted with a fossil fuel to produce a stream of H2O and CO2, where CO2 can easily be 

separated. These processes are summarized in Figure 1.3.  

 

 

Of these processes, post combustion is the most readily implementable in current power 

plants, as most power plants use air for fuel combustion. This results in a variety of species in the 

flue gas including N2, NOx, CO2, and H2O. CO2 capture from this flue gas is commonly 

accomplished through amine based scrubbing systems20. However, there are challenges with this 

technology. Amine based scrubbing utilizes the reaction of CO2 with a basic solvent such as 

monoethanolamine to form water soluble compounds and regeneration of the solvent requires 

significant amount of steam7–11,20. As a result, there are significant losses in energy efficiency, 

consuming up to 30% parasitic energy. In pre-combustion technologies, cryogenic air separation 

and steam is used to gasify a fuel into CO, H2, and CO2 with water gas shift to follow, producing 

Figure 1.3: Simplified Schematics for different CO2 capture techniques. 
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CO2 and H2. From here CO2 can be separated and H2 can be used for energy generation.7,13,14,16. 

However, pre-combustion CO2 capture is not easily implementable in current power plants and it 

suffers from efficiency losses due to cryogenic air separation and CO2 separation units.  With oxy 

fuel combustion, cryogenic air separation is used produce pure O2 which is subsequently reacted 

with fuel to produce power7,10,12,14,21,22. The flue gas is rich in CO2 and H2O, where CO2 can be 

easily removed because H2O is easily condensable. However, this process requires energy 

intensive cryogenic air separation and is restricted in the amount of fuel that can be used, due to 

the high heats of reaction with pure O27. The efficiency losses that occur as a result of each CO2 

capture technique is listed in Table 1.1, for gas fired and coal fired power plants. From this table, 

it is obvious that current carbon capture techniques will have a major impact on the ability to 

provide economically sustainable energy generation.  As will be discussed in later sections, 

chemical looping combustion offers a route towards power generation with facile CO2 capture due 

to its ability to provide pure oxygen without cryogenic separation.  
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Table 1.1: Thermal efficiencies of power generation, with and without CO2 capture, with efficiency losses 
associated with each carbon capture technique listed19,21,23,26,27. 

CO2 Capture Technology Thermal Efficiency (%, LHV)  Efficiency Loss (relative basis, %) 

Gas Fired   

No Capture 55.6-60  

Post-Combustion 47.4-50 10-15 

Pre-Combustion 41.5-46 17-30 

Oxy Fuel Combustion 44.7-48 14-25 

Coal Fired   

No Capture 41-45  

Post-Combustion 30-34.8 15-33 

Pre-Combustion 31.5-34 17-30 

Oxy Fuel Combustion 35-35.4 14-22 

 

1.3 Valorization of Natural Gas   
 

While natural gas is predominantly used for energy production, there has been significant 

work to valorize natural gas. The largest constituent of natural gas is methane4 and methane 

conversion to syngas (CO + H2) is a promising route towards valorization because it is the 

feedstock for the Fischer Tropsch process28–30. In this process, syngas is converted to liquid fuels 

(such as diesel) and chemicals (such as alcohols) 28–30. Commonly investigated reforming 

techniques for methane conversion to syngas are steam reforming, dry reforming, and methane 

partial oxidation31–33. These reactions are listed as equations 1.1, 1.2, and 1.3, respectively.  

𝐸𝐸𝐸𝐸. 1.1: 𝐶𝐶𝐶𝐶4 +  𝐶𝐶2𝑂𝑂 → 𝐶𝐶𝑂𝑂 + 3𝐶𝐶2     �∆𝐶𝐶0℃,1 𝑎𝑎𝑎𝑎𝑎𝑎 = 215.7 𝑘𝑘𝑘𝑘� 
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𝐸𝐸𝐸𝐸. 1.2: 𝐶𝐶𝐶𝐶4 +  𝐶𝐶𝑂𝑂2  → 2𝐶𝐶𝑂𝑂 + 2𝐶𝐶2     �∆𝐶𝐶0℃,1 𝑎𝑎𝑎𝑎𝑎𝑎 = 255.3 𝑘𝑘𝑘𝑘� 

𝐸𝐸𝐸𝐸. 1.3: 𝐶𝐶𝐶𝐶4 + 𝑂𝑂2  → 𝐶𝐶𝑂𝑂 + 2𝐶𝐶2     �∆𝐶𝐶0℃,1 𝑎𝑎𝑎𝑎𝑎𝑎 = −28.5 𝑘𝑘𝑘𝑘� 

These processes require a heterogeneous catalyst for successful conversion of methane, 

due to the high binding energy of the C-H bond34–38. Presently steam reforming is the most 

common commercial method for syngas production in industry. However, there are drawbacks 

with steam reforming. It suffers from endothermicity and requires high amounts of steam, both of 

which result in energy penalties. While dry reforming does not require steam, coke formation and 

catalyst deactivation has been a commonly witnessed issue39–41. Methane partial oxidation is 

promising because it will result in an exothermic reaction and provide a hydrogen to carbon 

monoxide ratio that is optimal for the Fischer Tropsch process. However, methane partial oxidation 

requires pure oxygen and cryogenic separation would result in noticeable energy penalties. In the 

later sections, chemical looping reforming is discussed as a promising alternative due to its ability 

to provide pure oxygen without the need for cryogenic separation.  

1.4 Chemical Looping as a Potentially Efficient Route to Fossil Fuel Utilization  
 

Chemical looping offers a potentially efficient route to fossil fuel utilization. In this 

process, a metal oxide undergoes a two-step redox process to provide pure oxygen for fossil fuel 

conversion42–45. The first step of this redox process is oxidation of the fuel through the lattice 

oxygen of a metal oxide in what is referred to as the reducer reactor. In the second step, the metal 

oxide is oxidized back to its original state through a gaseous oxidant in what is referred to as the 

oxidizer reactor. The chemical looping process is shown in Figure 1.4, with air as the gaseous 

oxidant. The metal oxide is typically referred to as an oxygen carrier in this process. The reactors 

in this system are interconnected with the oxygen carrier circulating between the two beds. There 

are two main advantages to this process: i) chemical looping can provide in-situ air separation and 
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ii) if designed properly, chemical looping can reduce the exergy loss and increase process 

efficiency43. Chemical looping has most commonly been applied to combustion and uses air as the 

oxidant. However, this can be extended to any process where oxidation of a fossil fuel is required. 

In all chemical looping applications, a critical factor in the chemical looping scheme is oxygen 

carrier performance.  

 

 

 

 

 

 

 

 

 

1.4.1 Chemical Looping Combustion (CLC) 
 

In chemical looping combustion, the reducer reactor produces CO2 and H2O and the 

oxidizer reactor produces depleted air and heat for energy generation. The net of these reactions is 

combustion of fuel with air. However, the flue gas containing CO2 only requires condensation of 

H2O. Using CH4 as an example of a solid fuel, the reactions in the reducer reactor and the oxidizer 

reactor are shown below (Reaction 1.1 and 1.2). MeOx is used to represent an oxidized oxygen 

carrier and MeOy is used to represent a reduced oxygen carrier.  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅:  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1.1: 𝐶𝐶𝐶𝐶4 +  𝑀𝑀𝑅𝑅𝑂𝑂𝑥𝑥 → 𝐶𝐶𝑂𝑂2 + 𝐶𝐶2𝑂𝑂 + 𝑀𝑀𝑅𝑅𝑂𝑂𝑦𝑦 ( 𝑥𝑥 > 𝑦𝑦) 

Figure 1.4: Simplified schematic of the chemical looping process. Besides air, H2O, and 
CO2 can also be used as the oxidant. 
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𝑂𝑂𝑥𝑥𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅:   

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1.2: 𝑀𝑀𝑅𝑅𝑂𝑂𝑦𝑦 + 𝐴𝐴𝑅𝑅𝑅𝑅 (𝑃𝑃𝑂𝑂2 = 0.21) → 𝑀𝑀𝑅𝑅𝑂𝑂𝑥𝑥 + 𝐷𝐷𝑅𝑅𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐴𝐴𝑅𝑅𝑅𝑅 (𝑃𝑃𝑂𝑂2 = 0.21)( 𝑥𝑥 > 𝑦𝑦) 

In essence, oxy-combustion is accomplished without the requirement of an air separation 

unit.  In CLC, the reactor design requires proper circulation of the oxygen carrier between reducer 

and oxidizer reactor as well as excellent contact between the oxygen carrier and the fuel. This is 

typically accomplished using circulating fluidized beds46,47 and has been demonstrated in various 

pilot plants with sizes up to 1 MWth48–50. The oxidizer reactor is more exothermic than the reducer 

reactor and operates at higher temperature43. With this, the oxygen carrier can act as a heat transfer 

medium when circulating from the oxidizer reactor to the reducer reactor43. As a result, a higher 

thermal efficiency can theoretically be achieved with CLC. For these reasons, chemical looping 

combustion provides a promising alternative to energy generation. CLC has traditionally been 

applied to gaseous fuels, such as natural gas or coal derived syngas51–55. This can be applied to 

solid fuels as well, but there are kinetic limitations resulting from solid-solid reaction between the 

oxygen carrier and a solid fuel, such as coal. 

1.4.2 Chemical Looping with Oxygen Uncoupling (CLOU) 
 

To adapt chemical looping for the conversion of solid fuels, chemical looping with oxygen 

uncoupling has been developed. While the process basics are the same as chemical looping, the 

oxygen carrier is designed to release gaseous oxygen in the reducer reactor56–58 and subsequently 

improve the kinetics of solid fuel conversion. The driving force for the oxygen release in the 

reducer reactor is the oxygen partial pressure. With a low partial pressure of oxygen, higher 

amounts of gaseous oxygen will “uncouple” from the oxygen carrier and react with a solid fuel. In 

this process, the ability of an oxygen carrier to uncouple oxygen is paramount to successful 

conversion of solid fuels.  The reactions occurring in the reducer reaction and oxidizer reactor are 
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shown below (Reaction 1.3, 1.4, and 1.5) , where carbon is serving as an example of a solid fuel. 

MeOx is used to represent an oxidized oxygen carrier and MeOy is used to represent a reduced 

oxygen carrier. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1.3: 𝑆𝑆𝑅𝑅𝑅𝑅𝐷𝐷 1:  𝑀𝑀𝑅𝑅𝑂𝑂𝑥𝑥 → 𝑂𝑂2 +  𝑀𝑀𝑅𝑅𝑂𝑂𝑦𝑦 ( 𝑥𝑥 > 𝑦𝑦) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1.4: 𝑆𝑆𝑅𝑅𝑅𝑅𝐷𝐷 2:  𝐶𝐶 +  𝑂𝑂2  → 𝐶𝐶𝑂𝑂2  

𝑂𝑂𝑥𝑥𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅:   

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1.5: 𝑀𝑀𝑅𝑅𝑂𝑂𝑦𝑦 + 𝐴𝐴𝑅𝑅𝑅𝑅 (𝑃𝑃𝑂𝑂2 = 0.21 𝑅𝑅𝑅𝑅𝑎𝑎) → 𝑀𝑀𝑅𝑅𝑂𝑂𝑥𝑥 + 𝐷𝐷𝑅𝑅𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐴𝐴𝑅𝑅𝑅𝑅 (𝑃𝑃𝑂𝑂2 < 0.21 𝑅𝑅𝑅𝑅𝑎𝑎) 

1.4.3 Chemical Looping Reforming (CLR) 
 

Chemical looping reforming is another application of chemical looping. However, 

chemical looping reforming requires an oxygen carrier capable of selectively oxidizing methane 

to hydrogen and carbon monoxide44,59–61. As such, the oxygen carrier is commonly referred to as 

a redox catalyst. In comparison to the aforementioned methane reforming techniques, chemical 

looping reforming accomplishes methane partial oxidation without an air separation unit. The 

ability of a redox catalyst to selectively oxidize a fuel is key to the success of chemical looping 

reforming. The reactions occurring in the reducer reactor and the oxidizer reactor are shown below 

(Reaction 1.6 and 1.7).  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅:   

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1.6: 𝑀𝑀𝑅𝑅𝑂𝑂𝑥𝑥 + 𝐶𝐶𝐶𝐶4 → 𝐶𝐶𝑂𝑂 + 2𝐶𝐶2 ( 𝑥𝑥 > 𝑦𝑦) 

𝑂𝑂𝑥𝑥𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅:   

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 1.7: 𝑀𝑀𝑅𝑅𝑂𝑂𝑦𝑦 + 𝐴𝐴𝑅𝑅𝑅𝑅 (𝑃𝑃𝑂𝑂2 = 0.21𝑅𝑅𝑅𝑅𝑎𝑎) → 𝑀𝑀𝑅𝑅𝑂𝑂𝑥𝑥 + 𝐷𝐷𝑅𝑅𝐷𝐷𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐴𝐴𝑅𝑅𝑅𝑅 (𝑃𝑃𝑂𝑂2 < 0.21 𝑅𝑅𝑅𝑅𝑎𝑎) 
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1.5 Oxygen Carrier and Redox Catalyst Design 
 

As previously mentioned, the oxygen carrier plays a key role in success of chemical 

looping processes. Ideal oxygen carriers possess high oxygen capacity (i.e. amount of oxygen that 

is provided for fuel conversion), reaction kinetics, long term recyclability, mechanical stability, 

low environmental/health impacts, low cost, and selectivity to the desired products42–45. Transition 

metal oxides have most commonly been studied as oxygen carriers, due to their high oxygen 

capacities. This has included iron, nickel, cobalt, copper, and manganese oxides. Mixed metal 

oxides have also been explored because of the synergetic effect that can occur as a result of using 

more than one metal cation62–64. Mixed metal oxide design is particularly promising because the 

oxygen carrier design space is much larger. However, the use of a single “active” phase has 

encountered challenges such as low reaction kinetics, deactivation, and poor control over 

selectivity62,65,66. 

In order to counteract these shortcomings, a secondary phase is often employed as a 

support. This support phase is usually another metal oxide that does not contribute oxygen for fuel 

conversion, but provides stability or enhanced reaction rates. Most commonly this has been Al2O3 

or TiO2, which are completely inert and provide stability67–69. However, this can also be mixed 

ionic electronic conductive substrates such as ytrria-stablizied zirconia or lanthanum strontium 

ferrite70,71. Surface promotion is another technique that can be employed to overcome challenges 

in oxygen carrier design, namely those of selectivity and activity. However, this is relatively 

unexplored and has only, to our knowledge, been studied for Rh promotion on select metal 

oxides72,73.  To date, hundreds of oxygen carriers/support combinations have been tested for 

chemical looping processes44,62,65,66,74–76. In the next few sections oxygen carriers for CLC and 

CLOU will be discussed before moving onto redox catalysts for CLR.  
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1.5.1 Transition Metal Oxide Oxygen Carriers 
 

Iron oxide has been an attractive oxygen carrier because of its high oxygen capacity, low 

cost, and low environmental impact. However, it suffers from low reactivity with carbonaceous 

fuels and low oxygen transport. Iron can accommodate different oxidation states, and Fe2O3 can 

be reduced to Fe3O4, FeO, and Fe. Application of iron oxide for CLC in a circulating fluidized bed 

is typically limited to the transition from Fe2O3 to Fe3O4. This is because the phase transitions of 

Fe3O4/FeO and FeO/Fe have a low equilibrium partial pressure of oxygen, which results in CO 

and H2 products77.  

A variety of inert supports have been used to enhance the mechanical stability of iron oxide. 

This has included Al2O3, MgAl2O4, SiO2, TiO2, and Zr based supports78–81. In the case of Al2O3 

and TiO2, this has led to the formation of FeAl2O4 and FeTiO382,83. Typically iron oxide has shown 

deactivation due to sintering, and these supports have led to increased stability84–86. In addition to 

inert supports, mixed ionic electronic conductors have been used as supports to improve activity 

through improved oxygen transport properties. This has included lanthanum strontium ferrite, 

barium cerium ferrite, and calcium titanium ferrite with activities increased up to 70 times70,87. 

Manganese oxide has, also, been explored due to its high oxygen capacity, low cost, and 

low environmental impact. Similar to iron oxide, it accommodates various oxidation states giving 

oxide phases of Mn2O3, Mn3O4, and MnO as well as metallic Mn. Manganese oxide also offers 

“oxygen uncoupling” capabilities for CLOU applications. However, Mn2O3 is an inaccessible 

phase in typical chemical looping operations because the partial pressure of oxygen in air is not 

sufficient for generation of this phase88. As such, the transition of Mn2O3 to MnO is typically 

considered for CLC applications.  Inert supports have been used for manganese oxide as well and 
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include TiO2, Al2O3, SiO2, and MgAl2O466,89,90. However, mixed metal oxides phases are often 

formed, deeming them ineffective supports.  

Copper oxide, while not offering multiple oxidation states, provides a high oxygen capacity 

and high activity at low costs and environmental impacts. Copper oxide also has oxygen 

uncoupling abilities for CLOU applications57,91,92. However, agglomeration issues arise with this 

oxygen carrier, leading to defluidization in chemical looping operations65. To alleviate these 

issues, impregnation of CuO on Al2O3 and MgAl2O4 has been studied91,92. While this had led to 

pilot scale CLC operations, low loadings of CuO (15 wt.%) were required.  

Nickel based oxygen carriers have been extensively studied because they possess high 

reactivity and excellent fuel conversion93. However, there are concerns due to carbon formation, 

toxicity, high cost, and agglomeration. To address carbon formation and agglomeration, inert 

supports have been used. Most commonly, Al2O3 has been used69,94,95. However, this resulted in 

the formation of NiAl2O4 which is inactive96–98. Other supports such as NiAl2O4, MgAl2O4, and 

YSZ have also been tested. However, the combination of coke resistance, desirable mechanical 

properties, and high activity were not achieved.  

1.5.2 Mixed Metal Oxide Oxygen Carrier 
 

With single metal oxides having limitations in chemical looping applications, mixed metal 

oxides have emerged as promising alternatives as oxygen carriers. This provides a limitless 

number of possible oxides, and possible applications. Iron has commonly been combined with 

other transition metals as it can improve the cost, toxicity, and oxygen capacity. This has included 

Cu-Fe and Mn-Fe combinations, where oxygen uncoupling properties are observed99–101. Ni-Fe 

has also been investigated to minimize cost and toxicity issues102.  
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Perovskite oxides have emerged as promising mixed metal oxides, due to their unique 

properties. The general formula of perovskite oxides are ABO3-δ, where A and B are different 

metal cations and δ is oxygen non-stoichiometry, expressed as oxygen vacancies. Perovskites are 

highly tunable because they can accept a large number of different cations as well as combination 

of cations in either the A site of the B site. A semi-empirical factor called the “Goldschmidt 

tolerance factor” can be used to understand the stability of the oxides with different cations103. 

This is expressed below, in equation 1.2, where an ideal cubic perovskite gives a tolerance factor 

of 1. ra is the ionic radius of A site cation, rb is the ionic radius of B site cation, and ro is the ionic 

radius of oxygen.  

𝐸𝐸𝐸𝐸 1.2: 𝑅𝑅 =  
𝑅𝑅𝑎𝑎 + 𝑅𝑅𝑜𝑜

√2(𝑅𝑅𝑏𝑏 + 𝑅𝑅𝑜𝑜)
  

Perovskites can also donate oxygen, without phase decomposition104. For these reasons, 

perovskite oxides are very attractive for all chemical looping applications and recently there have 

been studies on them. Most notably this has included La1-xSrxFe1-yCoyO3-δ, La1-xSrxFeO3, and 

CaMnO3105–108 

1.5.3 Redox Catalyst Development 
 

With redox catalysts requiring high product selectivity and high activity, redox catalyst 

success has been limited. Supported Ni based redox catalysts have shown the most success for 

CLR109–111, with other Fe, Mn, and Cu based redox catalysts suffering from poor selectivity109. 

These Ni based catalysts have included SiO2 supported NiO109 and MgAl2O4 supported NiO112. 

However, the issues of carbon formation, toxicity, and cost are present. Perovskites have been 

investigated as redox catalysts and there has been success with perovskites such as LaFeO3, La1-

xSrxFeO3113,114. However, these perovskites are costly and do not exhibit high oxygen capacities.   
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1.5.4 Surface Promotion of Redox Catalysts for Enhanced Selectivity and Activity 

Oxygen carrier activity and selectivity can be enhanced by surface promotion with a 

catalytically active metal. Shafiefarhood reported that impregnation of 0.5 w.t.% Rh on CaMnO3 

and LaCeO3 significantly enhanced their activity and syngas selectivity for methane partial 

oxidation72. Over 300°C decrease in the onset temperature for methane oxidation was observed. 

Moreover, Rh enriched on the oxide surface and decreased the apparent surface activation energy 

of methane by 95% for CaMnO3 based oxygen carriers. The enhanced surface activity also led to 

significantly increased oxygen donation rate, resulting from the increased driving force for O2- 

conduction. Rh promoted CaMnO3 exhibited high activity and selectivity for methane POx for 100 

cycles at 600°C. Palchelva et al. showed that Rh promotion on La0.8Sr0.2(Fe0.8Co0.2)1-xGaxO3 led to 

40% enhancement in CO selectivity under 10% CH4 pulses at 600oC73. Ni as a promoter for WO3 

based oxygen carriers for methane partial oxidation was reported by Chen et al115. Methane 

conversion and syngas yield increased by 2.7 fold upon Ni promotion within the region of high 

syngas selectivity at 800oC115. Doping low levels (~1%) of heteroatoms such as La on iron oxide 

was also reported to significantly improve the redox activity of the oxygen carrier116. 

1.5.5 Density Functional Theory (DFT) for Oxygen Carrier Design 
 

With a high number of possible oxygen carriers/redox catalysts existing, design principles 

are desired to guide the selection of the oxygen carrier/redox catalyst in a predictive manner. 

Describing properties of oxygen carriers and redox catalysts through quantum mechanical 

modeling is an attractive route to guiding the selection of oxygen carriers and redox catalysts. 

Density functional theory (DFT) has become a popular method, within quantum mechanical 

modeling to describe metals and metal oxides. Outside of chemical looping, density functional 

theory has emerged as a useful computational tool for describing properties of materials117,118, 
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catalysis119–123 and semiconductor design124–127 due to its computational efficiency127. However, 

the application to chemical looping is relatively new and these studies are usually focused on 

explaining rather than predicting.  A common example are the studies regarding the reaction of 

methane with iron oxide128–130. For example, studies were carried out to explain methane oxidation 

on (0001) surface of α-Fe2O3 (hematite)129,130 as well as small clusters of iron oxides with different 

oxide supports128. While these studies are valuable to due to heavy application of iron oxide as an 

oxygen carrier, they lack predictive findings. Using DFT to predictively design oxygen carriers is 

most interesting for perovskites in the application of chemical looping with oxygen uncoupling. 

As mentioned in previous sections, oxygen carrier design for chemical looping with oxygen 

uncoupling has had limited success, but perovskites are a promising class of materials for this 

application. Oxygen donation in this process is governed by oxygen vacancy creation. As such, 

calculating the energy of oxygen vacancy creation in perovskites serve as promising route to 

predict the performance of perovskites for chemical looping with oxygen uncoupling. Using DFT 

to predict energies of oxygen vacancy creation is most traditionally used for semiconductor 

applications131–134. More recently, there are studies on guiding the selection of materials using 

vacancy calculations for thermochemical applications, oxidation of hydrocarbons, or water 

splitting135–142. While these studies have used a number of approximations to explore a large 

material space, they have had promising results and can serve as inspiration for designing oxygen 

carriers for chemical looping with oxygen uncoupling.  

1.6 Summary 
 

Redox catalyst and oxygen carrier design is critical to the success to chemical looping 

processes. Design of redox catalysts should be approached by (i) designing a metal oxide with 

suitable thermodynamics of oxygen release (equilibrium PO2); and/or (ii) designing a surface to 
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provide more kinetically favorable products. In this work, both of these approaches will be 

employed and density functional theory will be used to provide a thermodynamic understanding 

of promising perovskites before they are experimentally investigated for chemical looping with 

oxygen uncoupling and chemical looping reforming applications. Novel supports, which control 

oxygen release, will also be experimentally investigated for NiO. 

In the second chapter, density functional theory will be employed for BaMnO3, CaMnO3, 

CaMn0.75Fe0.25O3, and Ca0.75Sr0.25MnO3 to investigate their capability for chemical looping with 

oxygen uncoupling. The energy of oxygen vacancy creation is used to indicate their capability for 

“oxygen uncoupling”. These calculations suggest that the ability to uncouple oxygen will follow 

the trend: CaMn0.75Fe0.25O3 > Ca0.75Sr0.25MnO3 > CaMnO3 > BaMnO3. This was confirmed by 

thermogravimetric experiments, particularly at low temperatures (less than 700oC). These results 

suggested that CaMnO3, Ca0.75Sr0.25MnO3, CaMn0.75Fe0.25O3 are capable of coal combustion. 

Comparison to coal char conversion experiments showed that amount of converted coal char is 

increased with strontium and iron doping of CaMnO3.  

In chapter three, BaMnxB1-xO3 (B = Ni or Fe) are investigated chemical looping reforming 

with CaMnxB1-xO3 (B = Ni or Fe) investigated for comparison. Based on the findings of the 

previous chapter, it was suspected that BaMnO3 as a base perovskite will lead to more selective 

products due to lower amounts of oxygen release. Temperature programmed hydrogen reduction 

and oxygen desorption experiments confirmed that BaMnO3 as host perovskite resulted in more 

tightly bound oxygen. The selective conversion of methane using BaMnxB1-xO3 (B = Ni or Fe) was 

confirmed through differential bed experiments. In addition, BaMnO3 was shown to be coke 

resistant, with Fe and Ni doping not resulting in significantly higher coke formation.     
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In chapter four, Rh promoted CaxA1-xMnyB1-yO3 (A = Sr, B = Fe) was investigated as redox 

catalysts for low temperature methane conversion to syngas.  With CaxA1-xMnyB1-yO3 (A = Sr, B 

= Fe) being shown to have CLOU capabilities, Rh promotion was used to provide a more selective 

surface. In addition, Rh promotion was expected to provide a higher activity for methane 

conversion. High methane conversion and oxygen extraction from the redox catalyst was 

confirmed through fixed bed experiments. However, high selectivity was not found for all the 

redox catalysts. Rh promoted CaMnO3 provided selective oxidation of methane. Rh promoted 

CaxSr1-xMnO3 led to a combination of complete and selective oxidation of methane. Rh promoted 

CaMnyFe1-yO3 resulted in complete combustion of methane. A reforming catalyst was placed 

downstream of the redox catalyst to convert unselective products. Optimization of this scheme 

resulted in syngas yield above 70% at 600oC and 700oC.  

In chapter five, MgFe2O4, NiFe2O4, and BaFe2O4 are investigated as substrates for NiO. 

NiO suffers from coking because it can only provide oxygen over a short period of time. It is 

hypothesized that using these spinel oxides as substrates can aid in coke formation because they 

will provide oxygen over long periods of time. MgFe2O4 + xNiO, NiFe2O4 + xNiO, and BaFe2O4 

+ xNiO (x= 0.25, 0.5) were investigated in redox cycling and these materials did not show any 

signs of coke (carbon deposition) and reduction of the supports showed they provide sustained 

oxygen release during the entirety of the reduction half cycle. In addition, BaFe2O4 and NiFe2O4 

supported NiO were shown to be capable of converting methane as rapidly as inert supported NiO.  
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Chapter 2: Oxygen Vacancy Creation Energy in Mn-Containing Perovskites: An Effective 

Indicator for Chemical Looping with Oxygen Uncoupling 

2.1 Abstract 
 

Chemical looping with oxygen uncoupling (CLOU) is a novel process for carbon dioxide 

capture from coal combustion. Designing a metal oxide oxygen carrier with suitable oxygen 

release and uptake properties represents one of the most critical aspects for CLOU. The current 

work aims to correlate oxygen vacancy creation energy of metal oxide oxygen carriers with their 

oxygen uptake and release properties. Oxygen vacancy creation energy of CaMnO3-δ, 

Ca0.75Sr0.25MnO3-δ, CaMn0.75Fe0.25O3-δ, and BaMnO3-δ were determined through density functional 

theory calculations and correlated with their oxygen release and uptake properties. The effect of 

the Hubbard U correction on the ground state magnetic configurations and vacancy formation 

energies was investigated along with the effect of coordination environment of the oxygen in the 

lattice.  It was determined that, while Hubbard U affects the absolute values of vacancy formation 

energies, it only slightly changes the relative differences in vacancy formation energies between 

the investigated Mn-containing perovskites to any significant extent. A ranking based on oxygen 

vacancy creation energy among the various oxides is possible without the use of Hubbard U. 

Comparisons with experimental data confirm that the energy of vacancy formation for these oxides 

is an effective indicator for their oxygen donation properties in CLOU: oxygen carrier materials 

with lower vacancy formation energies can release their lattice oxygen more readily. 

Thermogravimetric analysis indicates increased oxygen release with decreasing oxygen vacancy 

formation energy when oxygen non-stoichiometry, relative to oxygen pretreatment, is less than 

δ’=0.023. Higher activities for coal char combustion were also observed. Additionally, volume 

change upon oxygen vacancy creation was calculated using DFT and compared to experimental 
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results obtained through a combination of in-situ XRD and thermogravimetric analysis. The 

simplified DFT strategy is shown to accurately predict the enhancement of the volume expansion 

by iron doping and suppression of the volume expansion by strontium. These findings indicate that 

DFT calculations and oxygen vacancy creation energies in Mn-containing perovskites can be an 

effective indicator for their CLOU properties and can potentially be used as a design parameter for 

oxygen carrier development and optimizations.   

2.2 Introduction 
 

Given the steady increase in global energy consumption and stricter environmental 

regulations, there is an urgent demand for advanced energy conversion technologies for efficient 

carbonaceous fuel conversion and CO2 capture.1,2 As the most energy intensive step for CO2 

capture, CO2 separation from combustion flue gas has attracted significant attention in research 

and development.3–9 Although notable progress has been made to reduce the energy penalty for 

CO2 separation, state-of-the-art monoethylamine (MEA) based separation processes in coal-fired 

power plants still consume up to 30% parasitic energy.10 An alternative approach to avoid CO2 

separation is to use gaseous oxygen for coal combustion to generate an exhaust gas stream with 

concentrated CO2. However, existing oxygen generation systems, which are based on cryogenic 

air separation, are both energy and capital intensive.11 Chemical Looping with Oxygen Uncoupling 

(CLOU) offers a potentially attractive alternative to cryogenic air separation.11–14 In this process, 

as illustrated in Figure 2.1a, a metal oxide releases its lattice oxygen into the gas phase for fossil 

fuel combustion in a fuel reactor. The oxygen depleted metal oxide is then re-oxidized to its 

original state in an air reactor. As such, oxygen is separated from the air by solid metal oxide 

particles, which act as “oxygen carriers”, at temperatures and pressures close to those for fossil 

fuel combustion. The CLOU process enables facile oxygen separation by circulating the oxygen 
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carrier particles between the two reactors. Since the energy consumption for oxygen carrier 

circulation is significantly smaller than that associated with cryogenic air separation, the CLOU 

process has an excellent potential to efficiently capture CO2 from fossil fuel combustion.11  

Oxygen carrier performance is one of the most critical factors affecting commercial 

viability of the CLOU process. From a thermodynamic standpoint, the metal oxide-based oxygen 

carrier should spontaneously release oxygen from its lattice under the low oxygen partial pressure 

(PO2) environment in the fuel reactor. Meanwhile, the depleted oxygen carrier should be re-

oxidizable in the air reactor. From a practical standpoint, a typical operating temperature range of 

800 – 1,000oC is required for fast fuel combustion and reduction-oxidation (redox) kinetics without 

causing significant challenges over oxygen carrier physical integrity.11 Based on these oxygen 

carrier design criteria, a “desired PO2 range” can be determined, as shown in Figure 2.1b. The upper 

limit of the desired PO2 range corresponds to the requirement to regenerate the oxygen carrier 

assuming 10% excess air (corresponding to ~90% conversion of air) is used to re-oxidize the 

oxygen carrier in an air reactor operated at near atmospheric pressure.15 The lower optimal PO2 

limit is estimated based on 1% of the equilibrium oxygen partial pressure of CuO decomposition 

to Cu2O at 800°C, since CuO has been shown to have suitable CLOU properties and fast fuel 

combustion kinetics.16–18 A suitable oxygen carrier should exhibit equilibrium PO2 within the 

desired equilibrium PO2 range inside of the typical operating temperature window of 800o-1000oC.  

Figure 2.1b also illustrates the equilibrium PO2 for temperatures in the range 800-1000oC 

of the most commonly investigated oxides. As can be seen, none of these oxide redox pairs except 

for CuO/Cu2O possess desirable properties for CLOU. For instance, the equilibrium oxygen partial 

pressures for manganese oxides are either too high or too low. Although the Co3O4/CoO redox 
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pair exhibits suitable redox properties within a tight temperature window of 800-835oC, cobalt 

oxides’ toxicity and high cost make it unsuitable for chemical looping.19  

 

 

While copper oxides are promising for CLOU, they face several challenges including 

agglomeration and defluidization due to the low melting point of metallic copper.16–18 In contrast 

to limited options in monometallic oxides, mixed oxides offer a significantly enlarged material 

design space with potentially tunable redox properties. For instance, manganese-containing mixed 

metal oxides, including Mn-Fe, Mn-Si, Mn-Mg, Mn-containing ores, and perovskites have been 

extensively investigated due to their low cost and abundance.20–24 Although these studies have 

resulted in promising oxygen carrier materials, their performances are less than optimal. For 

instance, the oxygen carrying capacities of such mixed metal oxides are generally limited 

compared to CuO based oxygen carriers.20–24 Moreover, high operating temperatures (>950oC) are 

often required for effective coal conversion due mainly to the slow oxygen release kinetics. 

Although further improvements in oxygen capacity and redox kinetics are possible, effective 

Figure 2.1: (a) A simplified schematic of CLOU. MeOy is more oxidized than MeOx (y>x); (b) Equilibrium PO2 
between 800-1000oC for various Cu, Mn, Co, Fe, and Ni oxides. The desired PO2 range is shaded in green. 
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oxygen carrier design and optimization principles are highly desirable in order to avoid the 

cumbersome, trial-and-error type of oxygen carrier development strategy.   

Using Density Functional Theory (DFT) as a computational tool, the present study aims to 

identify a relatively simple and computationally efficient descriptor that correlates with the CLOU 

properties of mixed oxides. Previous studies have shown the effectiveness of DFT in predicting 

thermochemical redox properties for processes such as water splitting, CO2 conversion, and air 

separation25–27. Our study indicates that the energy of oxygen vacancy formation is a potentially 

effective indicator for CLOU performance in Mn-containing perovskites. In particular, we 

examined three promising CLOU materials, CaMnO3-δ, Ca0.75Sr0.25MnO3-δ, and CaMn0.75Fe0.25O3-

δ, and one ineffective CLOU material, BaMnO3-δ, for comparison.28–30 This study represents an 

attempt to establish a correlation between oxygen vacancy formation and CLOU properties. In 

order to obtain reliable simulation results, the effects of spin ordering, finite size effects (i.e. 

vacancy creation in the dilute limit), effect of the Hubbard U correction, and coordination 

environments of oxygen vacancy sites were considered in calculating the vacancy formation 

energy of the abovementioned perovskite materials.  The analysis on coordination environments 

includes change in Bader charge of those coordination environments after vacancy formation, 

providing insights into coordination environments that facilitate oxygen vacancy formation. The 

calculated oxygen vacancy formation energies were compared to experimentally determined 

oxygen non-stoichiometry and rates for coal-char combustion. These results confirm energy of 

vacancy creation as an effective descriptor for CLOU performance, and it can potentially be used 

for efficient screening and optimization of oxygen carriers in CLOU applications.  
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2.3 Methods 
 
2.3.1 Computational Methods 
 

We carried out geometry optimizations using the spin-polarized generalized gradient 

approximation (GGA) and the projector augmented wave (PAW)31,32 approach with the Perdew-

Burke-Ernzerhof (PBE)33 exchange correlation functional as implemented in the Vienna Ab initio 

Simulation Package (VASP).34–37 We considered the following structures: orthorhombic CaMnO3-

δ, hexagonal BaMnO3-δ, orthorhombic Ca0.75Sr0.25MnO3-δ, and orthorhombic CaMn0.75Fe0.25O3-δ.  

All structures were converged with respect to the k-point mesh and plane-wave cutoff (<0.01 

eV/atom). For CaMnO3-δ and doped CaMnO3-δ structures we used a mesh density corresponding 

to a 2x4x4 mesh for a 40-atom supercell using a Monkhorst-Pack grid. For BaMnO3-δ we used a 

mesh density corresponding to a 2x2x2 mesh for an 80-atom supercell using a Γ-centered grid. 

The system sizes were chosen to accommodate different possible spin configurations. We tested 

CaMnO3-δ
 and BaMnO3-δ for energetic stability under various magnetic configurations using spin 

polarized calculations. For the doped materials, we used the stable spin ordering for CaMnO3-δ. 

Figure A.5 illustrates the initial spin configurations used for the antiferromagnetic states. A-type 

antiferromagnetic (AF) corresponds to the direction of the spin changing in a single direction and 

g-type antiferromagnetic (GAF) corresponds to the direction of the spin changing in the direction 

of all three lattice vectors. For a-type antiferromagnetic states the direction of the spin will be 

denoted as such: AF-100 for spin direction changing along the lattice vector a, AF-010 for spin 

direction changing along lattice vector b, and AF-001 for spin direction changing along lattice 

vector c. We also considered the ferromagnetic state (F), where all spins point in the same 

direction. We used a cutoff energy of 425 eV for all systems, which we found sufficient to reach 

convergence (<0.01 eV/atom), as shown in Table A.1. The energy to create an oxygen vacancy 



   

37 
 

was calculated for several vacancy concentrations by varying the number of crystal unit cells in 

the simulation supercell, and removing a single oxygen in each supercell size. The energy to create 

an oxygen vacancy is represented by equation 2.168: 

𝐸𝐸𝐸𝐸. 2.1: ∆𝐸𝐸𝑣𝑣𝑎𝑎𝑣𝑣𝑎𝑎𝑣𝑣𝑣𝑣𝑦𝑦
𝑞𝑞 =  𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑣𝑣𝑎𝑎,𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠

𝑞𝑞 −  𝐸𝐸𝑠𝑠𝑠𝑠𝑝𝑝𝑠𝑠𝑎𝑎𝑝𝑝𝑣𝑣𝑑𝑑,𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠 −  𝜇𝜇𝑂𝑂 + 𝐸𝐸𝐸𝐸𝐹𝐹 + 𝐸𝐸𝑣𝑣𝑜𝑜𝑠𝑠𝑠𝑠 

Here, ∆𝐸𝐸𝑣𝑣𝑎𝑎𝑣𝑣𝑎𝑎𝑣𝑣𝑣𝑣𝑦𝑦
𝑞𝑞  is the energy to create an oxygen vacancy, associated with a charge state 

q. 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑣𝑣𝑎𝑎,𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠
𝑞𝑞  is the energy of a supercell with an oxygen defect (with charge q), 𝜇𝜇𝑂𝑂 is the 

chemical potential of the removed oxygen atom, 𝐸𝐸𝐹𝐹 is the Fermi Energy (referenced to the valance 

band maximum of the bulk), and 𝐸𝐸𝑣𝑣𝑜𝑜𝑠𝑠𝑠𝑠 is the electrostatic correction term, which is necessary when 

q is nonzero68. The Fermi energy can range from zero to the band gap energy, and the energy to 

create an oxygen vacancy will need to be minimized with respect to the charge state q. In 

semiconductor and insulator materials, the defect can typically assume various charge states, 

depending on the Fermi Energy. This is further discussed in Chapter 6. A simplified equation for 

finding the energy to create an oxygen vacancy is shown in equation 2.2, where a neutral oxygen 

vacancy (q = 0) is assumed and the chemical potential of the removed oxygen atom is half of an 

isolated diatomic oxygen molecule (EO2). It should be noted that, when the goal is finding accurate 

vacancy formation energies, care should be taken in considering different charge states, and this 

will require more accurate exchange-correlation functionals. The use of equation 2.2 is meant for 

initial studies of the energy of oxygen vacancy formation in the context of CLOU. 

[𝐸𝐸𝐸𝐸. 2.2]  ∆𝐸𝐸𝑣𝑣𝑎𝑎𝑣𝑣𝑎𝑎𝑣𝑣𝑣𝑣𝑦𝑦 = 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑣𝑣𝑎𝑎,𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠 +
1
2
𝐸𝐸𝑂𝑂2 − 𝐸𝐸𝑠𝑠𝑠𝑠𝑝𝑝𝑠𝑠𝑎𝑎𝑝𝑝𝑣𝑣𝑑𝑑,𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠 

 
Using equation 2.2 as the definition of oxygen vacancy formation, we tested various system 

sizes to find the energy of vacancy formation at infinite dilution. By varying the system size, the 

oxygen non-stoichiometry (represented as δ) changes, giving the energy of vacancy formation as 

a function of δ. The energy of vacancy formation at infinite dilution is defined as the energy of 
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vacancy formation for a sufficiently large supercell size, such that the vacancy formation energy 

remains unchanged when the supercell is further enlarged. At infinite dilution, the defective 

supercell is expected to be altered only in the vicinity of the defect. Therefore, inducing an oxygen 

defect is not expected to affect lattice parameters. For this reason, the fully relaxed pristine super 

cell lattice parameters were used for the defective supercell. For BaMnO3-δ, we used system sizes 

of 80, 160, and 320 atoms, consistent with the P63/mmc space group.39 For orthorhombic CaMnO3-

δ, Ca0.75Sr0.25MnO3-δ and CaMn0.75Fe0.25O3-δ we used system sizes of 40, 80, and 160 atoms, 

consistent with the Pnma space group.40 We created strontium and iron-doped systems by 

replacing a calcium or manganese atom in a 20-atom supercell, respectively. Larger supercells 

were replicates of this 20-atom supercell. For BaMnO3-δ, the choice of oxygen site for vacancy 

formation was trivial, as there is a single oxygen type due to symmetry. For orthorhombic 

CaMnO3-δ, which has two different oxygen types, we found the energy of oxygen vacancy creation 

for both sites. For Ca0.75Sr0.25MnO3-δ and CaMn0.75Fe0.25O3-δ, we used a 40-atom unit cell to 

determine which oxygen was easiest to remove, as, to our knowledge, there are no experimentally 

derived structures. In order to find the unique oxygen sites in these materials, we determined the 

coordination environment around each oxygen by defining unique “shells” of local cations 

surrounding each oxygen site based on the elements and distances from the nearest neighbors to 

the oxygen site. These shells contained either four or five cations. Figure 2.2 shows an example of 

a cation shell in CaMn0.75Fe0.25O3-δ, illustrated by bonds between oxygen and neighboring cations. 

We obtained the energy of vacancy formation for each unique oxygen site, based on the cation 

shell, in a 40-atom supercell, providing information for which site corresponds to the easiest 

vacancy formation. Oxygen vacancy linear clustering was not considered, as it is typically seen at 

vacancy concentrations that would exceed the ones seen in CLOU41–46. In addition, vacancy 
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ordering in CaMnO3 starts to disappear at 300oC47, which is well below our experimental 

temperature.  

 
 

 

 

 

 

 

 

 

 

 

 

 

In our calculations, we obtained energies with and without the use of the Hubbard U 

correction, which is used to correct an error associated with strongly correlated materials (namely 

those containing transition metals), where highly correlated orbitals tend to delocalize due to 

DFT’s poor description of exchange energies.48 Given the additional complexity of obtaining 

accurate values of the Hubbard U constant in order to use this correction, we aimed to ascertain 

whether the trends in energy of oxygen vacancy formation are preserved when the correction is 

not used, and how sensitive the trends are to the value of U used. Avoiding the need to estimate 

accurate U values would enable faster screening of different materials. In the calculations with the 

Figure 2.2: Example of a cation shell in CaMn0.75Fe0.25O3. 
Cations bonding to the oxygen (red) represent the cation 
shell. Gold is iron, purple is manganese, and blue is 
calcium.  
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Hubbard U correction, we used values for the Hubbard U parameters from the Materials Project 

database49 according to Dudarev et al.50, which were fitted to reproduce heats of reduction for 

manganese and iron oxide (U is 3.9 eV for Mn and 5.3 eV for Fe). In the results, we use “DFT” to 

denote Density Functional Theory calculations without the Hubbard U correction, and “DFT+U” 

for those with the correction.  

Additional calculations were also conducted to evaluate the effect of vacancy creation on 

the volume expansion of the oxides, and the results were compared with experimental data. While 

the volume change of a supercell should be negligible at the infinite dilution, large values of 

oxygen non-stoichiometry will lead to volume expansion. Considering this, we calculated the 

volume expansion in 40-atom supercells, corresponding to δ = 0.125. This oxygen non-

stoichiometry is close to the upper limit of non-stoichiometry that was found in our TGA 

experiments. 

We also conducted a Bader charge analysis (without the Hubbard U correction), to find the 

change in Bader charge of the cations shells after vacancy creation, which serves as a descriptor 

for electron delocalization. This is defined by equation 2.3. Bader charge analysis is a method to 

separate charges between atoms, making the Bader charge analogous to the oxidation state. This 

makes it suitable for describing electron delocalization by partitioning charge by cation shell. 

Electron delocalization is expected to be related to vacancy creation energies due to the ionic 

nature of the metal oxides, and is expected to indicate the ability of a material and its coordination 

environments to create an oxygen vacancy. This will possibly establish a trend between ability to 

delocalize electrons and energy of oxygen vacancy formation. The method for finding the Bader 

charge is described in the literature.51 A large ΔBader will correspond to a large amount of electron 

delocalization.  
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[𝐸𝐸𝐸𝐸. 2.3] ∆𝐵𝐵𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (𝐷𝐷𝑅𝑅𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑃𝑃𝑅𝑅𝑅𝑅𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)
=  � 𝐵𝐵𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶ℎ𝑅𝑅𝑅𝑅𝑎𝑎𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑣𝑣𝑎𝑎 − 𝐵𝐵𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶ℎ𝑅𝑅𝑅𝑅𝑎𝑎𝑅𝑅𝑠𝑠𝑠𝑠𝑝𝑝𝑠𝑠𝑎𝑎𝑝𝑝𝑣𝑣𝑑𝑑

𝑣𝑣𝑎𝑎𝑎𝑎𝑝𝑝𝑜𝑜𝑣𝑣 𝑠𝑠ℎ𝑑𝑑𝑠𝑠𝑠𝑠 𝑣𝑣𝑎𝑎𝑎𝑎𝑝𝑝𝑜𝑜𝑣𝑣𝑠𝑠

 

 
 
2.3.2 Experimental Oxygen Carrier Preparation  
 

We used a sol-gel method to prepare the aforementioned perovskites.52 We dissolved 

stoichiometric amounts of metal nitrates, e.g. Ca(NO3)2·4H2O and Mn(NO3)2·4H2O for CaMnO3, 

in deionized water. Next we added citric acid (CA, Sigma Aldrich) at a molar ratio of 2.5:1 to the 

total amount of metal cations, heated the solution to 50oC and held this temperature for 30 minutes. 

This results in a mixed-metal citric acid complex with good dispersion of metal ions. We then 

added ethylene glycol (EG, Sigma Aldrich) at a molar ratio of 1.5:1 to the moles of citric acid at 

80oC until a gel formed. This gel was dried in an oven at slightly above boiling temperature of 

water to remove any moisture. Finally, we sintered the sample at 1200 oC for proper phase 

formation. We used X-ray powder diffraction (XRD) to characterize the crystalline phases present 

in each sample. The XRD pattern was obtained using a Rigaku SmartLab X-ray diffractometer 

with CuKα (λ = .1542) radiation operating at 40 kV and 44 mA. Scanning was conducted in a step-

wise approach with a step size of 0.1o over a 2θ range of 20–80o and a scan time of 4.5s at each 

step. We used the HighScore Plus© software for phase matching. XRD patterns with the 

corresponding phases are shown in Figure A.2. 

2.3.3 In-Situ XRD and Rietveld Refinement 
 

The XRD pattern for Rietveld refinement of as-prepared oxygen carriers was collected on 

a PANalytical Empyrean diffractometer under CuKα radiation from a sealed tube generator at 

45kV and 40mA, with PIXcel1D detector at room temperature. Measurement was taken under a 

Bragg-Brentano configuration using a spinning sample stage over a 2θ range of 20–100o at 0.01˚ 

step size and 4.5s per step. Data was analyzed and refined using GSAS-II software package53. A 
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plot of the experimental diffraction pattern, the fit for Rietveld refinement, and the difference is 

shown in the Figure A.3.  

Diffraction patterns on (partially) reduced oxygen carriers was also collected on the 

PANalytical Empyrean diffractometer and used to find unit cell volumes of the reduced oxygen 

carriers through fitting of the diffraction patterns. A CuKα radiation from a sealed tube generator 

at 45kV and 40mA was used with a XRK900 stage. Each scan was 6.3 minutes long and used a 2θ 

range of 20–100o. Three reducing environments were used: PO2 = 0.01 atm, PO2 = 0.025 atm, and 

inert (5.0 Argon). Nine scans were taken at each reducing environment, measuring the change in 

diffraction pattern upon equilibration with the reducing environment. This amounted to 56 minutes 

and was sufficient for an equilibrated diffraction pattern.  

2.3.4 Equilibrium Vacancy Characterization 
 

We measured the equilibrium vacancy concentrations through oxygen uncoupling in a 

Thermogravimetric Analyzer (TGA, TA Instruments SDT-Q600) under reducing environments of 

PO2 = 0.01,0.025 atm, and Inert prepared by blending argon (5.0 grade) with oxygen (extra dry 

grade). We used reducing environments between 600 and 750oC with isotherms maintained at 

25oC increments. We removed any adsorbates by pretreating the samples with 20% oxygen at 

1000oC for 90 minutes. 20% oxygen was used during ramping (10oC/min) to 1000oC and cooling 

(10oC/min) to 100oC as well. We allowed the weight to equilibrate in the oxidizing environment 

for 30 minutes, and used the weight after equilibration as the initial weight of the oxygen carrier. 

After this step, we switched the oxidizing environment to a reducing environment and increased 

the temperature to 600oC. Equilibrium measurements for PO2 = 0.01 atm and PO2 = 0.025 

environments were taken at every 25oC until 750oC, with sufficient time (the thermogravimetric 

curves are shown in supplemental text as Figure A.9 and A.10) allowed for an equilibrated weight. 
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Equilibrium measurements for the inert environment was taken at 600, 700, and 750oC. For all 

experiments, if a differential weight change were less than 0.02 wt%/min, equilibrium was deemed 

to have been reached. In these materials, the oxygen non-stoichiometry is typically represented as 

δ. All reported non-stoichiometry (δ) from these experiments are relative to the weight at 100oC 

after pretreatment and will be reported as δ’.   

2.4 Results and Discussion 
 
2.4.1 Magnetic Spin State Calculations and Crystal Structure Validations  
 

To accurately estimate the energy of vacancy creation, it is desirable to determine the 

lowest energy spin ordering. While typical operating temperatures for CLOU are higher than the 

Neel temperature of these perovskites54,55, the DFT calculations are performed at 0 K and may 

exhibit spin ordering. CaMnO3-δ and BaMnO3-δ have been shown, in the experimental literature, 

to exhibit antiferromagnetic ordering at low temperatures.54,55 Comparing this to the ground states 

predicted by our calculations provides a way to test the validity of our model. To this aim, we 

calculated the energies of pristine CaMnO3-δ and BaMnO3-δ structures using a-type 

antiferromagnetic, g-type antiferromagnetic, and ferromagnetic spin states. We used a spin-

polarized calculation without initialized moments to determine which atom should be used as the 

site to localize the spins. This resulted in the spin being highly localized on the manganese atom. 

Therefore, manganese (and iron in CaMn0.75Fe0.25O3-δ) atoms were used as the sites for spin 

ordering in the rest of the calculations. Since symmetry of manganese atoms is the same in both a 

and c directions, spin ordering with respect to two axes, i.e. a/c and b, were considered for a-type 

antiferromagnetic spin ordering. The energies for the different spin states obtained using both DFT 

and DFT+U are shown in Figure 2.3 for 80-atom systems of CaMnO3-δ and BaMnO3-δ, with the 

lowest energy taken as the reference. In agreement with experimental data from the literature39, 
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both DFT and DFT+U predicted g-type antiferromagnetic as the ground state for BaMnO3-δ. The 

magnetic moment predicted by DFT (2.47 μB) deviated slightly from the experimental value (3 ± 

0.3 μB)39, whereas the DFT+U prediction (2.98 μB) was very close. G-type antiferromagnetic spin 

ordering will be used for BaMnO3-δ in the rest of the study to maintain consistency with these 

findings. In the case of CaMnO3-δ, DFT predicts g-type antiferromagnetic ordering whereas 

DFT+U predicts ferromagnetic ordering. Interestingly, the experimentally determined ground state 

was g-type antiferromagnetic55, which is consistent with the prediction from DFT without the 

Hubbard U correction (DFT+U predicted a slightly lower energy for a-type antiferromagnetic as 

illustrated in Figure 2.3). In addition, DFT yields a better prediction of the moment of the 

manganese atom (2.55 μB vs. 2.69 μB from experimental data), and is nearly identical to previous 

ab initio studies56–58 while DFT+U predicts a moment of 3.1 μB. For the remainder of the study the 

spin ordering was used as follows, to maintain internal consistency with these findings: 

ferromagnetic spin ordering was adopted in DFT calculations of CaMnO3-δ, whereas g-type 

antiferromagnetic spin ordering was used in DFT+U calculations of CaMnO3-δ. The spin states 

used for doped CaMnO3-δ, i.e. Ca0.75Sr0.25MnO3-δ and CaMn0.75Fe0.25O3-δ, were assumed to be 

identical to those of CaMnO3-δ. In addition to comparing magnetic moments with previous 

experiments and simulations, we compared the lattice parameters predicted by our calculations 

with experimental values for CaMnO3-δ (our experimental results via Rietveld refinement) and 

BaMnO3-δ (literature report).39 The complete results are shown in Tables A.4-A.8. For CaMnO3-δ, 

BaMnO3-δ, and CaMn0.75Fe0.25O3-δ, the DFT calculations produced a closer match to the 

experimental lattice parameters, whereas DFT+U calculations provide better values for 

Ca0.75Sr0.25MnO3-δ. The relative differences in unit cell volumes between experimental and 

simulation results were all less than 4%. Figure 2.4 illustrates the experimentally determined unit 



   

45 
 

cell distortions of CaMn0.75Fe0.25O3-δ and Ca0.75Sr0.25MnO3-δ compared to undoped CaMnO3-δ, as 

well as those predicted by DFT and DFT+U. Both experimental and computational results indicate 

increased lattice distortion upon strontium substitution. However, DFT over-predicted such 

distortion whereas the DFT+U results match experimental data more closely for both of the doped 

materials. The octahedral bond distortion predicted by DFT+U matches experimental data closely 

as well, as shown in supplemental Table A.15. To summarize, both DFT and DFT+U provide 

reasonable predictions of the perovskite lattice parameters and spin states. Moreover, DFT+U 

provided a more accurate prediction than DFT only in some cases. As such, both DFT and DFT+U 

were adopted in the following sections. 

 

 

 

 

 

 

 

 

Figure 2.3: Energies of different magnetic spin states with respect to the minimum energy using DFT and DFT +U 
for a) BaMnO3 and b) CaMnO3 (40 atom supercell, AF: A-type antiferromagnetic, FM: Ferromagnetic, GAF: G-
type antiferromagnetic ). 

Figure 2.4: Unit cell distortion with respect to CaMnO3 
found experimentally, through DFT, and DFT+U (40 atom 
supercell).  
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2.4.2 Effect of Strontium and Iron doping on the CaMnO3-δ Vacancy Site 
 

Since the CLOU process involves oxygen vacancy formation (in the fuel reactor) and 

elimination (in the air reactor), the energy of vacancy creation was investigated as a descriptor for 

mixed oxides’ CLOU properties. It is also noted that energy of vacancy creation can vary with the 

concentration of oxygen vacancies. To estimate the energy of vacancy creation in the dilute limit 

for a bulk crystal, it is important to identify the most loosely bound oxygen. In the case of CaMnO3-

δ and BaMnO3-δ, this is straightforward since, due to the crystal symmetries, there are only two 

and one unique lattice oxygen types, respectively. However, in the construction of 

Ca0.75Sr0.25MnO3-δ and CaMn0.75Fe0.25O3-δ supercells will lead to a structure slightly distorted from 

that of CaMnO3-δ. Therefore, it is no longer accurate to assume two unique lattice oxygen locations. 

Without prior knowledge regarding the symmetry of lattice oxygen atoms, the coordination 

environments of various lattice oxygen atoms were determined in a 40-atom supercell. The unique 

coordination environments for oxygen can then be identified and extended to larger supercells. 

Such an approach is more computationally efficient than screening every oxygen atom in a given 

supercell. The local coordination environment for a lattice oxygen anion was described using its 

nearest cation neighbors (cation shell) and the radial distances from the lattice oxygen site. Four 

unique O2- sites/cation shells were identified for CaMn0.75Fe0.25O3-δ and eight oxygen sites/cation 

shells were determined for Ca0.75Sr0.25MnO3-δ. Figure 2.5 shows the energy of vacancy creation as 

well as a graphical representation of the cation shells for CaMn0.75Fe0.25O3-δ and Ca0.75Sr0.25MnO3-δ. 

Out of the eight unique lattice oxygen locations for Ca0.75Sr0.25MnO3-δ, only the four corresponding 

to lower energy of vacancy formation are shown in Figure 2.5. The coordination environments and 

energy of vacancy formation of all the oxygen vacancy types are provided in Tables A.2 and A.3. 

Cation shells within the crystal are also shown in Figures A.5 and A.6. The coordination 
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environments for lattice oxygen obtained using DFT+U were nearly identical to those obtained 

from DFT (< 0.03 Å difference in cation-anion distances). However, DFT+U predicts lower 

energies of vacancy creation. Moreover, the ordering of vacancy creation energies among the 

different lattice oxygens also changed slightly, as shown in Figure 2.5. In the iron-doped material, 

the creation of two additional oxygen sites can be explained by iron creating an extra possible 

neighbor for each of the two distinct oxygen types in CaMnO3-δ. However, strontium distorts the 

lattice structure to a larger extent, resulting in six additional nearest-neighbor configurations. This 

enhanced distortion is expected, due to a large ionic radius of strontium compared to calcium 

(Sr/Ca = 1.16), in comparison to 1.08 for Mn/Fe. These results indicate that iron doping and 

strontium doping affect oxygen vacancy formation in different ways. We hypothesize that iron 

doping decreases the energy of vacancy formation by affecting the B-site cation and O2- bonding 

strength, as indicated by site 1 and 3 having the lowest energies of vacancy formation, which 

correspond to an iron cation in the local cation shell. Strontium, however, is in the A-site, and we 

hypothesize that it affects oxygen vacancy formation through a physical distortion in the structure. 

While the increased distortion of the unit cell is expected to favor oxygen vacancy creation, the 

effect with respect to differences between different cations shells (O2- sites) is not clear. DFT 

predicts the two sites with lowest energy of vacancy formation to be 2a and 5 whereas DFT+U 

predicts to the two sites with lowest energy to be 2a and 2b, with site 5 being very energetically 

close to 2b (~0.03 eV difference). Nonetheless, the oxygen site with the lowest energy of oxygen 

vacancy formation was chosen for finding the energy of oxygen vacancy formation in the dilute 

limit in each case. For CaMn0.75Fe0.25O3, we used sites 1 and 3 with DFT and DFT+U, and for 

Ca0.75Sr0.25MnO3 we used sites 2a and 5 with DFT and 2a, 2b, and 5 with DFT+U. 
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2.4.3 Oxygen Vacancy Formation in the Dilute Limit 
 

Having examined choice of oxygen sites and spin ordering on the estimated energy of 

vacancy formation, we obtained the vacancy formation energies in the dilute limit for all the 

materials studied. We carried out these calculations at increasing supercell sizes, i.e. increasing 

values of 1/δ (where δ is the oxygen non-stoichiometry), in order to obtain the limit at which 

defect-defect interactions do not affect the results. The energy of vacancy formation vs. 1/δ 

obtained from these calculations is shown in Figure 2.6 for all four materials, including the values 

for the relevant oxygen sites identified in the previous section. The energy of vacancy formation 

reached the dilute limit in our calculations for CaMnO3-δ, Ca0.75Sr0.25MnO3-δ, and BaMnO3- δ, as 

the energy to create a vacancy becomes independent of δ for the larger values of 1/δ considered. 

A previous DFT+U study, which investigated the thermoelectric properties and vacancy ordering 

behaviors of CaMnO3-δ, reported an energy of vacancy formation of 2.09 eV for for CaMnO3-δ.
56 

This differs from our DFT+U results (1.51 eV). The difference is likely to result from a 

combination of different U values adopted (4 eV v.s. 3.9 eV) and a higher vacancy concentration. 

For CaMn0.75Fe0.25O3-δ we were unable to reach the dilute limit using our available computing 

resources. Despite this, the results at 1/δ = 32 appear sufficient to establish the trend in the 

Figure 2.5: Energy of vacancy creation with respect to four sites with lower energy for a) CaMn0.75Fe0.25O3-δ and b) 
Ca0.75Sr0.25MnO3-δ. Graphical representation of the oxygen site (red) and its shell is shown (gold is iron, blue is 
calcium, purple is manganese and green is strontium).  
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material’s ability to donate oxygen as a CLOU substrate. Averaging the energy of vacancy 

formation of Site 1 and 3 in CaMn0.75Fe0.25O3-δ at 1/δ = 32 results in a value of 1.43 eV using DFT, 

and 0.17 eV using DFT+U. The results in Figure 2.6 indicate that CaMnO3-δ will donate oxygen 

more readily than BaMnO3-δ, as it has a substantially lower vacancy formation energy. This agrees 

with the results found in the experimental literature28. The trend is the same regardless of the 

oxygen type chosen for CaMnO3-δ, as they are almost identical. While the dopants are different, it 

is expected that a B-site dopant will have a larger effect than an A-site dopant on the energy of 

vacancy formation, due to its greater interaction with oxygen. Our results indicate that the 

materials considered can be ranked, in terms of the thermodynamic ease of oxygen donation, as 

CaMn0.75Fe0.25O3-δ > Ca0.75Sr0.25MnO3-δ > CaMnO3-δ > BaMnO3-δ. This trend remains the same 

with and without the use of the Hubbard U correction. With the results from DFT+U at the largest 

supercell size, we have shown the predicted equilibrium PO2 range during reduction and oxidation 

for these four materials in Figure A.4, for comparison with Figure 2.1b. This further illustrates that 

vacancy formation energy will predict equilibrium PO2 trends.  
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2.4.4 Effect of the Hubbard U on Vacancy Creation Energies and Their Rankings 
 

The Hubbard U correction, which compensates for the limitations of DFT in describing 

highly correlated transition metals where exact exchange is an issue48, can impact the values of the 

oxygen vacancy formation energy, as shown in the previous sections. As shown in Figure 2.6, 

implementation of Hubbard U results in lowered vacancy formation energy by 0.94 – 1.26 eV 

compared to DFT without U in all cases. This implies that DFT and DFT+U may lead to similar 

results in terms of relative differences in vacancy formation energies between the oxygen carrier 

materials investigated. Since predicting the ease of oxygen release on a relative basis would be 

very useful for oxygen carrier screening and optimization purposes, it is possible that such 

information, which is correlated with the difference in vacancy formation energy, can be well 

approximated from DFT without U correction. While the U correction can still provide more 

accurate results on the absolute values of the vacancy creation energy, the ability to efficiently 

Figure 2.6: Energy of vacancy creation for versus 1/δ for a) BaMnO3-δ, b) CaMnO3-δ, c) CaMn0.75Fe0.25O3-δ, and d) 
Ca0.75Sr0.25MnO3-δ. 
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determine the relative performance of oxygen carriers without U can be advantageous from a 

material-screening standpoint. This section aims to determine whether: a) the trend of vacancy 

creation energies versus material is unaffected by implementation of Hubbard U and/or b) the 

relative difference in vacancy creation energies between materials is larger than the possible errors 

associated with not using a material/site specific Hubbard U. There are different approaches in the 

literature to estimate the Hubbard U parameter, including the linear response method59,60, fitting 

to experimental heats of formation61, and using a higher level of ab-initio theory where exact 

exchange is included62,63. In this study we used Hubbard U values reported by the Materials Project, 

which are non site-specific49. The method used by Materials Project fit enthalpies of oxidation for 

binary oxides using U as the fitting parameter, according to Wang et al.61 This method was also 

utilized in other studies64,65. Figure 2.7a shows the energy of vacancy formation calculated using 

the largest supercell (320 atoms for BaMnO3-δ, and 160 atoms for Ca0.75Sr0.25MnO3-δ, 

CaMn0.75Fe0.25O3-δ, CaMnO3-δ) using both DFT and DFT+U. As shown in the figure, both DFT 

and DFT+U predict decreasing vacancy creation energy for Ca0.75Sr0.25MnO3-δ, CaMn0.75Fe0.25O3-

δ, CaMnO3-δ, and BaMnO3-δ. The minimum difference between two materials in vacancy creation 

energy for the DFT+U results was 0.37 eV (CaMnO3-δ and Ca0.75Sr0.25MnO3-δ). While the choice 

of Hubbard U value may lead to a change in the predicted trend of vacancy creation energy versus 

material, our results indicate that this would require a relatively large change in Hubbard U. We 

found this by carrying out a sensitivity analysis (shown in Appendix A and Figure A.1), examining 

the change in vacancy creation energy upon a change in Hubbard U. This indicated that a change 

in ranking would occur when the U value is varied by more than 1 eV. Such a large uncertainty in 

the U value is highly unlikely. For instance, the U values for CaMnO3, BaMnO3, and SrMnO3 

were determined to be 3.0, 2.7, and 2.8 as reported in a previous literature based on PBEsol+U 
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fitted with higher level of ab-initio theories (including exact exchange)66. This shows that the 

ranking of metal oxides for oxygen vacancy creation energy is unlikely to be sensitive to the 

implementation of the choice of Hubbard U parameter. Figure 2.7b further illustrates the 

differences in vacancy creation energy using CaMn0.75Fe0.25O3-δ as the reference material based on 

both DFT and DFT+U results. This shows that the discrepancies between DFT and DFT+U range 

between 0.16 and 0.32 eV. Based on these findings, we conclude that either DFT or DFT+U with 

non site-specific U parameter can be sufficient to determine the relative ease of vacancy formation. 

This also suggests that we can potentially use DFT without Hubbard U correction for the purpose 

of comparing the relative redox properties of various oxides. 

   

2.4.5 Bader Charge Analysis 
 

The ability of the oxide material to redistribute electrons after vacancy formation can 

correlate to the ease of vacancy formation. Therefore, we examined the amount of electron 

delocalization after vacancy formation in a 40-atom supercell for CaMnO3-δ, CaMn0.75Fe0.25O3-δ, 

and Ca0.75Sr0.25MnO3-δ. Electron delocalization is likely to have an important role in the process of 

creating an oxygen vacancy. In CaMnO3 or doped CaMnO3 materials, there are either four of five 

cation neighbors making up a cation shell. We determined the change in Bader charge for these 

Figure 2.7: a) Energy of Vacancy Formation using the largest supercells and b) the energies with respect to 
CaMn0.75Fe0.25MnO3-δ DFT and DFT+U. 
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shells, which can serve as a descriptor for electron delocalization, as it is analogous to the oxidation 

state. For CaMnO3-δ, there is a single four-cation shell and a single five-cation shell, corresponding 

to sites 1 and 2. However, for CaMn0.75Fe0.25O3-δ and Ca0.75Sr0.25MnO3-δ, as discussed above, there 

are a variety of shells. The amount of delocalization, examined across all the four-cation and-five 

cation shells, is shown in Figure 2.8. These results show that CaMn0.75Fe0.25O3-δ has the smallest 

change in Bader charge in its cation shells, suggesting a large amount of the electron delocalization 

into the rest of the lattice. Ca0.75Sr0.25MnO3-δ also has a smaller change in Bader charge, compared 

to CaMnO3-δ. From this analysis, we find that the material that better distributes the electron after 

vacancy formation has a lower vacancy formation energy, with electron delocalization ranked as: 

CaMn0.75Fe0.25O3-δ > Ca0.75Sr0.25MnO3-δ > CaMnO3-δ.  However, the trend is not clear from site to 

site within a material. This suggests that the ability of a material to delocalize electrons is not a 

useful descriptor for determining which oxygen site is favorable for vacancy formation, but rather 

to find which material is more favorable for oxygen vacancy formation in general. 

 

2.4.6 Equilibrium Vacancy Concentrations and Char Conversion 
 

The estimated energy of vacancy formation can be used a predictor for the equilibrium 

vacancy concentration, and effectiveness for char conversion. As previously discussed, we 

Figure 2.8: Change in Bader Charge, using DFT, after vacancy formation for different cation shells consisting of a) 
4 cation and b) 5 cation shells. (40 atom supercell).  
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anticipate oxygen non-stoichiometry to follow the trend of: CaMn0.75Fe0.25O3-δ > Ca0.75Sr0.25MnO3-

δ > CaMnO3-δ. Equilibrium oxygen non-stoichiometry on a relative basis (denoted as δ’) was 

experimentally measured in the temperature range of 600-750oC in 25oC increments for two 

different partial pressures of oxygen (0.01 and 0.025 atm). Additionally, δ’s were experimentally 

measured under an inert environment (5.0 Argon). Although the oxygen non-stoichiometry (δ’) 

reported in this section is relative to the weight of the sample after oxygen pretreatment, as opposed 

to an absolute oxygen non-stoichiometry (δ), the trends for δ and δ’ are intrinsically consistent 

since they always differ by the oxygen non-stoichiometry in the pretreated sample, δ0. 

Measurements were only taken at 600, 700, and 750oC due to the long time required for 

equilibrium values under an inert environment. Oxygen non-stoichiometry for CaMnO3-δ’, 

Ca0.75Sr0.25MnO3-δ’ and CaMn0.75Fe0.25O3-δ’ are shown for these sets of conditions are shown in 

Figure 2.9. When δ’ is less than 0.023, the oxygen non-stoichiometry follows the order 

CaMn0.75Fe0.25O3-δ’ > Ca0.75Sr0.25MnO3-δ’ > CaMnO3-δ’. When δ’ is above 0.023, however, the 

oxygen non-stoichiometry follows Ca0.75Sr0.25MnO3-δ’ > CaMn0.75Fe0.25O3-δ’ > CaMnO3-δ’. These 

results show that oxygen vacancy creation energy is correlated with the oxygen non-stoichiometry 

found in these experiments at lower values of δ’. This corresponds to conditions where the 

temperature or oxygen partial pressure is relatively low. With increasing temperature or decreasing 

oxygen partial pressure, however, the energy of vacancy formation becomes less accurate as a 

predictor for a material’s oxygen uncoupling ability. This can occur for a number of reasons: the 

assumption of a neutral oxygen vacancy, a breakdown of the approximation of infinite vacancy 

dilution, as well as entropic effects becoming significant at higher temperatures. Experimental 

literature has shown that there is higher configurational entropy in Sr-substituted CaMnO3-δ vs. 

CaMnO3-δ.67 
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Nonetheless, these results predict that both Sr and Fe dopants will lead to enhanced CLOU 

properties and hence char conversion. Results from char conversion experiments on CaMnO3-δ, 

CaMn0.75Fe0.25O3-δ, and CaMn0.95Fe0.05O3-δ, with further details provided in our previous 

publications,28,29 are summarized in Figure 2.10. A lower Fe doping level was used since 

CaMn0.95Fe0.05O3-δ exhibited similar redox properties as CaMn0.75Fe0.25O3-δ based on experimental 

studies29. The CO2 yield is defined as the char conversion multiplied by the CO2 selectivity. Both 

Sr and Fe doping resulted in an increase in char conversion and CO2 yield compared to the undoped 

samples. These results correlate well with the lower oxygen vacancy creation energy for the Sr 

and Fe doped samples. Although char conversion and CO2 yield is affected by various factors in 

addition to oxygen vacancy creation energy, this qualitative comparison demonstrates the 

usefulness of oxygen vacancy creation energies in predicting an oxygen carriers’ char conversion 

capability. This indicates that a reduced vacancy formation energy correlates with faster oxygen 

release from these oxides. These results suggest that the energy of vacancy formation at the dilute 

limit derived from DFT is a useful descriptor to rank materials for CLOU applications. This is true 

even when the Hubbard U parameter is not applied and our simplified description of a vacancy 
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Figure 2.9: δ’ for CaMnO3-δ’, Ca0.75Sr0.25MnO3-δ’, and CaMn0.75Fe0.25O3-δ’ using a) inert, b) PO2 = 0.01 atm, and c) 
PO2 = 0.025 atm in temperature range of 600-750oC. 
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site is applied to doped structures. A more accurate prediction of the energy of vacancy creation 

at higher temperatures is possible by using phonon calculations or experimental methods, as in 

previous studies.67 However, these calculations and experimental studies are beyond the scope of 

the present investigation. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4.7 Structural Characterization 
 

In addition to predicting relative CLOU performance, vacancy formation calculations are 

expected to predict the volume expansion due to formation of vacancies. In-Situ XRD was used to 

investigate the volume expansion for CaMnO3-δ, Ca0.75Sr0.25MnO3-δ, and CaMn0.75Fe0.25O3-δ at 

750oC using 2.5% O2, 1% O2, and inert environments. The unit cell volume is expected to increase 

with decreasing oxygen concentration, through the formation of vacancies. A combination of these 

results and TGA can provide a volume expansion per non-stoichiometric unit. To eliminate the 

effect of thermal expansion, comparisons were made for oxides with different oxygen vacancy 

concentrations under isothermal conditions. Figure 2.11 shows the results of in-situ XRD, 

highlighting the peaks with largest intensity (around 33.5, 48, and 60o). It is clear from the figure 

CaMnO3-δ Ca0.75Sr0.25MnO3-δ CaMn0.95Fe0.05O3-δ
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Figure 2.10: Results from char conversion experiments at 
850oC from the 5th cycle. 
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that any peak shift that occurs by switching from 2.5% to 1% O2 is extremely slight, with the peak 

shift from switching from 1% O2 to inert being significantly more noticeable. The lattice 

parameters for these calculations are shown in Tables A.9-A.14. 
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Figure 2.11: Results of in-Situ XRD for a) CaMnO3, b) CaMn0.75Fe0.25O3, and c) Ca0.75Sr0.25MnO3. 2θ ranges of 
32.5-34.5o

, 47-49o, and 58.5-61.5o are shown. 0.025 atm PO2, 0.01 atm PO2, and Inert environments are applied for 56 
minutes each at 750oC. 
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Since both TGA and in-situ XRD showed slight differences between 1% and 2.5% O2 

environments, they were averaged and used as the reference value in calculating volume expansion 

per unit δ upon switching to the inert environment. The experimental volume expansion is shown 

in Figure 2.12 together with the volume expansion found from our DFT calculations with a 40-

atom unit cell. Energetically favorable oxygen sites for vacancy formation were the only ones 

considered. Each site was weighted equally in calculating the volume expansion. Both DFT and 

experimental results show iron-doping increases volume expansion upon vacancy formation, 

whereas strontium suppresses volume expansion. While the discrepancies in quantitative 

prediction can possibly be resolved using a higher level of theory, these results show that trends 

can be predicted using PAW pseudopotentials and a PBE exchange correlation functional are again 

consistent with experimental results. This further highlights the usefulness of the simplified 

simulation strategy in this study. 
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Figure 2.12: Volume expansion normalized by oxygen 
non-stoichiometry found through both DFT and a 
combination of TGA and in-Situ XRD. A 40-atom unit (δ 
= 0.125) was used for DFT calculations and experimental 
data at 750oC was used. 
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2.5 Conclusions 
 

Chemical looping with oxygen uncoupling (CLOU) offers the potential for efficient 

combustion of coal with in-situ carbon dioxide capture. Metal oxide based oxygen carrier design 

is a key aspect of this process. This study aimed to correlate oxygen vacancy creation energy with 

oxygen uptake and release properties for a number of Mn-containing oxygen carriers, i.e. BaMnO3, 

CaMnO3, Ca0.75Sr0.25MnO3, and CaMn0.75Fe0.25O3. In addition to showing this correlation, key 

findings were made in regard to the effect of Hubbard U and coordination environment on oxygen 

vacancy creation energy. Results showed that, while incorporating the Hubbard U correction can 

increase the accuracy of the vacancy creation energy calculations when compared to regular DFT, 

it did not significantly change the energies relative to each other among the mixed oxides 

investigated. As such, relative ranking of vacancy creation energy among these materials was 

unaffected by inclusion of Hubbard U. Specifically, the energy of vacancy formation follows this 

trend: BaMnO3 > CaMnO3 > Ca0.75Sr0.25MnO3 > CaMn0.75Fe0.25O3. Experimental results indicate 

that this ranking was effective for indicating oxygen donation properties in CLOU, with lower 

vacancy creation energies leading to increased oxygen release (change in oxygen non-

stoichiometry for a given decrease in PO2 and/or increase in temperature) and higher activity for 

char combustion. For instance, thermogravimetric experiments confirm the abovementioned trend 

in oxygen carrying capacity, when the oxygen non-stoichiometry (δ’) is less than 0.023. 

Furthermore, fluidized bed experiments at 850oC showed an increase in oxygen donation and coal 

char conversion upon doping of CaMnO3 with Sr or Fe, confirming that the energy of vacancy 

formation can be a useful indicator for mixed oxides’ CLOU capabilities, specifically oxygen 

carrying capacity. The simplified DFT calculation in the current study also accurately predicted 
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the trends of volume change of the (doped) perovskite oxides upon vacancy formation when 

compared to experimental results obtained from in-situ XRD and TGA.  
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Chapter 3: Perovskite-Structured AMnxB1-xO3 (A = Ca or Ba; B = Fe or Ni) Redox 

Catalysts for Partial Oxidation of Methane 

3.1 Abstract 
 

Methane is one the simplest and most abundant organic compound on earth1. Methane 

reforming offers the versatility to produce value-added fuels and chemicals.  Unlike typical 

reforming processes, which suffer from efficiency losses associated with endothermic reforming 

reactions and/or oxygen/steam generation, chemical looping reforming (CLR) utilizes redox 

properties of an oxygen carrier, a.k.a. redox catalyst, to partially oxidize methane into syngas with 

its lattice oxygen. The reduced redox catalyst is subsequently regenerated with air, providing in-

situ air separation with minimal energy penalty. 

The performance of the CLR process is highly dependent upon the redox catalyst. In the 

current study, CLR performances and underlying mechanisms for perovskite-structured redox 

catalysts with a general formula of AMnxB1-xO3 (A = Ca or Ba; B = Fe or Ni) are reported. 

CaMnO3 and BaMnO3 perovskites are worth investigating due to their desirable redox properties 

and relatively low cost. BaMnxB1-xO3 (B = Fe or Ni) are shown to be more selective and coke-

resistant for methane partial oxidation when compared to CaMnxB1-xO3 (B = Fe or Ni) based redox 

catalysts. While undoped BaMnO3 exhibited high selectivity towards syngas, addition of B-site 

dopants such as Ni or Fe leads to higher oxygen carrying capacity without significantly impacting 

coke-resistance of the redox catalysts. In contrast, nickel doped CaMnO3 is significantly more 

prone to coke formation. As a low cost and environmentally benign option, a BaMnxFe1-xO3 based 

redox catalyst was tested for CLR operations in a fluidized bed reactor. > 95% syngas selectivity 

was observed with no signs of deactivation over 20 cycles. 
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3.2 Introduction 
 

Methane is the simplest and one of the most abundant organic compound on earth1. As an 

alternative for combustion based approaches, methane reforming offers the advantage to produce 

value-added fuels and chemicals such as hydrogen, hydrocarbons, and alcohols2–7. In conventional 

methane reforming processes, methane is converted to syngas in the presence of gaseous oxidants 

such as steam, oxygen, and/or carbon dioxide. These processes, however, suffer from efficiency 

losses due to endothermic steam/CO2 reforming reactions as well as energy consumption for steam 

or oxygen generation7–12. Therefore, novel process schemes that can reduce such energy penalties 

are highly desirable from both environmental and process economics viewpoints. Compared to 

conventional reforming processes, the chemical looping reforming (CLR) strategy offers a unique 

approach for methane partial oxidation in absence of gaseous oxidant13–16. In such a process, a 

redox-active metal oxide, a.k.a. redox catalyst or oxygen carrier, is used to incorporate gaseous 

oxygen from the air into its lattice. In a subsequent step, the active lattice oxygen in the redox 

catalyst is released for methane partial oxidation and syngas generation. Using the redox catalyst 

as the reaction intermediate, the two-step cyclic process provides in-situ air separation with 

minimal energy penalty. In addition, safety issues encountered with CH4/O2 mixture in the 

conventional methane partial oxidation schemes is avoided.  

A critical factor affecting the effectiveness of the CLR scheme is the performance of the 

redox catalyst. Satisfactory redox catalysts possess high redox activity, long-term chemical and 

physical stabilities, and excellent syngas selectivity. In addition, they should be cost-effective, 

environmentally benign, and highly resistant towards coke formation. Lewis & Gilliland explored 

the use of CuO based redox catalysts for syngas generation nearly 60 years ago. The non-selective 

nature of CuO, however, resulted in poor syngas selectivity17. It was not until the early 2000s that 
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the CLR concept was re-investigated in detail18. Early studies found Pt doped Ce2O3 to be an 

effective redox catalyst for methane partial oxidation19,20. A number of other CeO2 containing 

redox catalysts, including those with Al2O3, SiO2, and MgO supports and mixed cerium oxides 

with Fe, Mn, Cu, and Ni, were also found to be active and selective21. Compared to ceria containing 

redox catalysts, first row transition metal oxides offer the promise of being less expensive with 

higher oxygen carrying capacities14,15,21–28. Using NiO based redox catalysts, Proll et al. 

demonstrated the feasibility of the CLR concept22. Syngas yield in excess of 60% was achieved in 

a 120 kWth circulating fluidized bed (CFB) reactor. The key challenge with respect to NiO based 

redox catalysts, however, resides in their toxicity and lack of coke resistance. Mn and Fe based 

redox catalysts have also been explored7,12,14,15,21,23,24,26–28. In general, supported Mn and Fe oxides 

are less selective than their NiO counterparts. He et al. reported a composite La0.8Sr0.2FeO3 

supported iron oxide for syngas and hydrogen generation in a two-step redox process with high 

activity and exceptional H2 yield29,30. The syngas selectivity for methane partial oxidation; 

however, was limited to approximately 70%. In their recent studies, Shafiefarhood et al. and Neal 

et al. investigated a Fe2O3@LaxSr1-xFeO3 core-shell redox catalyst31–34, which achieved 94% 

syngas selectivity with minimal coke formation. Such a high selectivity was realized through 

tailoring surface composition of the redox catalyst and careful control of reduction and 

regeneration conditions.  

In addition to first-row transition metal oxides, pervoskites with a general formula of ABO3 

offer many unique properties that are potentially suitable for CLR applications. These properties 

include high oxygen anion (O2-) mobility, structural stability, and tunable redox properties. For 

instance, pure and A-site doped LaFeO3 and LaMnO3 have been investigated for methane 

reforming purposes35–40. These redox catalysts exhibit high syngas selectivity. However, the use 
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of a rare-earth metal (La) as the primary A-site material as well as poor coke resistance limits their 

feasibility for commercial applications. In the current study, we report the CLR performances and 

underlying mechanisms for perovskite materials with a general formula of AMnxB1-xO3 (A = Ca 

or Ba; B = Fe or Ni). CaMnO3 and BaMnO3 are both perovskites that are worthwhile investigating 

because they possess reasonable oxygen carrying capacity and present relatively low cost. Our 

studies indicate that CaMnO3 based redox catalysts generally exhibits low selectivity. Doping 

increases selectivity but decreases coke resistance of CaMnO3 based redox catalysts. In the case 

of nickel doping, this is attributed to surface Ni. To compare, catalysts with a general formula of 

BaMnxB1-xO3 (B = Fe or Ni) are determined to be suitable for partial oxidation of methane. In 

these catalysts, the presence of Fe and Ni dopants are found to enhance the oxygen carrying 

capacity of the redox catalysts without negatively affecting their coke-resistance. Such redox 

catalysts are compared to CaMnxB1-xO3 (B = Fe or Ni) based redox catalysts, which exhibit 

relatively low syngas selectivity and coke-resistance.    

3.3 Experimental 
 
3.3.1 Redox Catalyst Preparation 
 

A sol-gel method was used to prepare the aforementioned perovskites. Stoichiometric 

amounts of metal nitrates, e.g. Ba(NO3)2, Mn(NO3)2·4H2O, and Ni(NO3)2·6H2O (Sigma Aldrich), 

were dissolved in deionized water. Citric acid (CA, Sigma Aldrich) was then added (CA: total 

cations =2.5) and the solution was heated at 50oC for 30 minutes. This results in a mixed-metal 

citric acid complex with good dispersion of metal ions. Ethylene glycol (EG, Sigma Aldrich) was 

then added (EG: CA ratio of 1.5) at 80oC until a gel forms. This gel was dried in an oven at slightly 

above boiling temperature to remove any moisture. Finally, the sample was sintered at 1200oC for 

proper phase formation. The samples used in the current study are listed below in Table 3.1. 
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Table 3.1: Abbreviation of Redox Catalysts. 

Catalyst 
Name 

Composition 

BM BaMnO3 
BMN25 BaMn.75Ni.25O3 
BMN50 BaMn.5Ni.5O3 
BMF25  
 
 

 

BaMn.75Fe.25O3 
BMF50 BaMn.5Fe.5O3 
CM CaMnO3 

 CMN CaMn.8Ni.2O3 
CMF CaMn.8Fe.2O3 

 

3.3.2 Redox Testing 
 

Initial reactivity studies were conducted in a SETARAM SETSYS Evolution Thermal 

Gravimetric Analyzer (TGA) with reactant gases delivered from a computer controlled gas-mixing 

panel. The initial tests were conducted at 900oC. Reduction and oxidation steps were performed in 

10% methane (5.0 grade) and 10% oxygen (extra dry grade) respectively with helium (5.0 grade) 

as the inert gas. The total gas flow rate during these steps was 200 mL/min to remove external 

mass transfer resistance. Short term redox studies were conducted over 10 cycles with oxidation 

and reduction steps of 20 minutes followed by 5 minutes of purge. Based on short term redox 

studies, promising samples were used for long term redox studies and fixed bed redox studies. The 

long term redox studies used 10 minute reduction and oxidation steps, as such a duration was 

deemed appropriate based on the short term redox studies. 20 mg of the redox catalyst with a 

particle size below 150 microns was used for both short and long term studies. A quadrupole mass 

spectrometer (QMS, MKS Cirrus II) was used to measure the products of the reduction and 

oxidation steps. A set of calibrations was applied to the signals obtained from the QMS. Production 

of CO, CO2, and H2 was calculated by integrating the calibrated signals of CO and CO2, and H2. 
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CO and CO2 produced during regeneration of the redox catalyst were used to quantify coke 

formation. H2O was calculated using a hydrogen mass balance. Selectivity was calculated using 

the total amount of CO produced during the reforming step. 

Additional redox testing was also conducted in a 4 mm ID u-tube reactor loaded with 

100mg of catalyst to simulate a fixed bed. These tests were conducted at 900oC with 100 sccm 

total gas flow rate. Reduction and oxidation were performed in 10% methane (5.0 grade) and 10% 

oxygen (extra dry grade), respectively, balanced by helium (5.0 grade) as the inert gas. The 

reduction time used was 20 minutes and the oxidation time was 10 minutes. These times were 

determined to be sufficient for a completion of syngas production and removal of any carbon 

species.  

Fluidized bed redox experiments were conducted at 800oC using a reducing gas of 3.2 

mL/min methane (5.0 grade) and oxidizing gas of 6.8 mL/min H2O during cycles 1-15 and 4.7 

mL/min during cycles 16-20 H2O. The carrier gas for both reducing and oxidizing steps was 200 

mL/min of N2.  

3.3.3 Sample Characterization  
 

Several characterization techniques were used to analyze the surface, structural, and 

reactive properties of the redox catalysts. X-ray powder diffraction (XRD) was used to identify the 

crystalline phases present in each sample. The XRD pattern was obtained using a Rigaku SmartLab 

X-ray diffractometer with CuKα (λ = .1542) radiation operating at 40kV and 44mA. Scanning was 

conducted in a step-wise approach with a step size of 0.1o over 2θ range of 20–80o and a scan time 

of 4.5s at each step. HighScore Plus© software was used for phase matching. Surface areas of the 

samples were determined using a Micromeritics ASAP 2020 physi-chemisorption system with 

Krypton as the adsorption gas. 
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X-Ray photoelectron spectroscopy (XPS) was used to analyze surface compositions and 

oxidation states of fresh and reduced samples. Reduced samples were prepared using a 2 cycle 

redox experiment with hydrogen as the reducing gas (5.0 Grade). Methane was not used as carbon 

deposition can affect surface measurements. The XPS system consists of a Thermo-Fisher Alpha 

110 hemispherical energy analyzer, a Thermo-Fischer XR3, 300W dual-anode X-Ray source, and 

a chamber with a base pressure of 1x10-9 torr. Survey spectra used a pass of 100eV, and narrow 

scan spectra are taken with a pass energy of 20eV. A Mg anode was used for all analysis. 

Hydrogen (5.0 Grade) TPR was conducted using a TGA (TA SDT Q600) with 20% hydrogen 

balance helium or argon (5.0 grade) at a total flowrate of 200 sccm and a ramp rate of 10oC/min 

to 900oC. Temperature programmed desorption (TPD) was conducted in the same TGA in either 

helium or argon (5.0 grade) at a ramping rate of 5oC/min to 900oC from 100oC. The weight and 

differential thermogravimetry (DTG) of the redox catalyst was measured to determine the amount 

of oxygen release. The sample was pre-treated with 20% oxygen at 900oC as well as during cooling 

to 100oC. 

3.4 Results and Discussion 
 
3.4.1 Fresh Sample Characterizations 
 

Resulting from the high temperature sintering step, all samples exhibited low BET surface 

areas. For instance, surface areas of as-prepared BaMn0.5Ni0.5O3, BaMnO3, and CaMnO3 are 0.85, 

0.76, and 1.22 m2/g, respectively. XRD spectra of as-prepared samples are shown in Figure 3.1. 

Since the crystal structures for most of the doped samples are not available in the database, 

comparing XRD patterns of doped BaMnO3 and CaMnO3 redox catalysts with pure BaMnO3 and 

CaMnO3 can provide initial evidences of doping effect.  



   

75 
 

Table 3.2 presents the primary and secondary phases determined by fitting the XRD spectra 

using the HighScore© software. Secondary phases are those associated with peaks that cannot be 

fully accounted for by the primary peaks, although they often provide worse fit with XRD spectra 

than primary phases. We note that XRD spectra for most doped samples investigated in the current 

study are not included in the database. Therefore, less than perfect fittings are often observed. Iron 

doped BaMnO3 redox catalysts have the best match with BaMn.7Fe.3O3. This indicates that iron 

dopants successfully integrated into the BaMnO3 parent structure. In the case of nickel doped 

BaMnO3, most of the peaks were associated with BaMnO3. Unidentified peaks were also seen at 

2θ ≈ 28o and 31o. They are likely to result from Ni doping in the BaMnO3 parent structure since 

crystal structure of the doped sample is not available in the database. The slight shift of 2θ angles 

when compared to undoped BaMnO3 also indicates the incorporation of a fraction of Ni cation into 

the perovskite structure. However, some of the remaining peaks, albeit insignificant, were 

associated with NiO, suggesting Ni cations were not fully integrated into the nickel doped redox 

catalysts. This, however, does not affect the use of the resulting oxide as redox catalysts for CLR. 
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Table 3.2: Phase compositions identified in as-prepared redox catalysts 

Catalyst Primary   
Phase 

Secondary 
Phase 

BMN25 BaMnO3 NiO 
BMN50 BaMnO3 NiO 
BMF25 BaMn.7Fe.3O3 None 
BMF50 BaMn.7Fe.3O3 BaFe2O4 
BM BaMnO3 None 
CMN CaMnO3 NiO 

 
 

CMF CaMnO3 None 
 
 
 
 
 

CM CaMnO3 None 
 

 

 

 

 

Figure 3.1: XRD Spectra of (a) i. CMF and ii. CMN iii CM; (b). i. BMF25 ii. BMF50 and iii. BM; (c) i. BMN25 
and ii. BMN50. 
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3.4.2 Material Screening 
 

Initial characterization of the redox catalysts was conducted by exposing them for 10 redox 

cycles using the TGA under a differential bed mode. Since the bulk and surface properties of the 

redox catalysts can change during redox reactions, redox catalysts can exhibit multiple reaction 

stages when reacted with methane, as reported by Neal et al.31,33,34 Figure 3.2 shows product gas 

concentration profiles as a function of time for both CaMn0.8Ni0.2O3 and BaMn0.75Ni0.25O3. As can 

be seen, CaMn0.8Ni0.2O3 exhibited a reaction scheme that is notably different that of the 

BaMn0.75Ni0.25O3 redox catalyst. For CaMn0.8Ni0.2O3, concurrent production of CO and CO2 was 

first observed as the redox catalyst is reduced. This was followed by significant coke formation as 

evidenced by a significant increase of H2/(CO+CO2) ratio and sample weight gain shown by the 

TGA. Coke formation was also confirmed by the significant amount of CO2 formed during the 

oxidation stage, as shown in Figure 3.2a. In comparison, BaMn0.75Ni0.25O3 exhibited high CO2 

selectivity at the beginning of the reaction, as evidenced by the small CO2 peak. This is followed 

with an “auto-activation” region with high syngas selectivity. Unlike CaMn0.8Ni0.2O3, coke 

formation was minimal during the methane-BaMn0.75Ni0.25O3 reaction.  

        

 

Reduction Oxidation Reduction Oxidation 

Figure 3.2: Product distributions from typical redox cycles of a) CaMn0.8Ni0.2O3 and b) BaMn0.75Ni0.25O3. 
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Figure 3.3a summarizes the selectivity to CO (SCO), as defined as 100∗∑𝐶𝐶𝑂𝑂 (𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑣𝑣𝑎𝑎𝑝𝑝𝑜𝑜𝑣𝑣)
∑𝐶𝐶𝑂𝑂𝑥𝑥 (𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑣𝑣𝑎𝑎𝑝𝑝𝑜𝑜𝑣𝑣)

 , for 

all the redox catalysts. It can be seen that BaMnO3 doped samples outperformed CaMnO3 doped 

samples. This suggests that a BaMnO3 parent structure promoted selective oxidation of CH4 to 

CO. In addition, the effect of dopant on syngas selectivity was not significant for BaMnO3 based 

redox catalysts. For instance, BaMnO3 shows a CO selectivity of 90%. All nickel doped samples 

exhibited selectivity of 93% ± 0.5%. In comparison, iron doped samples exhibited a selectivity of 

95.2% ± 0.5%. The insignificant effect of Ni/Fe doping can be explained provided that the catalyst 

surface is enriched with A-site metal cations. Such a phenomena was reported for BaZrO3, where 

a preferential surface aggregation of Ba was observed.41 Further discussion of dopant effects on 

surface and bulk properties of the redox catalyst is provided in section 3.4.3. It is also noted that 

the presence of Ni and Fe dopants had more pronounced effects on the selectivity of redox catalysts 

with a CaMnO3 parent structure. For instance, CaMnO3 samples with Ni and Fe dopants exhibited 

over 20% higher selectivity when compared with the undoped sample. This can be explained by 

the formation of reduced Ni or Fe phase on the surface of the CaMnO3 oxides. The presence of 

metallic Ni or Fe phases, which are known to be active for methane activation, can lead to 

improved syngas selectivity. A similar effect has been reported for Pt doped CaTiO3 catalyst for 

CO oxidation.42 Iron doped BaMnO3, however, showed the highest selectivity (~95%) and 

exhibited properties that are desirable over a pure BaMnO3 catalyst. Figure 3.3b summarizes the 

yield of CO, expressed as:  ∑ 𝐶𝐶𝑂𝑂 (𝑎𝑎𝑎𝑎𝑜𝑜𝑠𝑠𝑑𝑑)𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑦𝑦𝑠𝑠𝑎𝑎 𝑤𝑤𝑑𝑑𝑝𝑝𝑤𝑤ℎ𝑎𝑎 (𝑤𝑤)

 . Even though the selectivity of the BaMnxB1-xO3 

redox catalysts remained relatively unchanged with Ni or Fe doping, the yield of CO increased 

with doping. The increase in CO yield resulted from increased amount of active lattice oxygen 

from the doped catalyst. In fact, Ni and Fe dopants can destabilize the BaMnO3 parent structure, 
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thereby increasing the amount of usable lattice oxygen. Iron doping, in particular, exhibited this 

effect: BaMn0.75Fe0.25O3 and BaMn0.5Fe0.5O3 showed the highest CO yields.  

Besides CO selectivity, resistance towards coke formation represents another important 

performance parameter for redox catalysts. The amount of coke formation is determined by 

integrating the amount of CO and CO2 formed during the oxidation of reduced redox catalyst. 

Since coke formation tends to occur upon depletion of active lattice oxygen31, each catalyst is 

reduced for 20 minutes to allow complete reduction and to determine the maximum coke 

formation. Figure 3.4 summarizes the amount of coke formation for the redox catalysts 

investigated in the current study. When compared to MgAl2O4 supported Fe and Ni oxides which 

exhibit > 430 mg/g catalyst coke formation43, all the perovskite based redox catalysts exhibited 

significantly improved coke-resistance. Dopant effect on catalyst coke-resistance exhibited similar 

trends as that for CO selectivity, i.e. Ni or Fe dopants have insignificant effect on coke-resistance 

for BaMnxB1-xO3 based redox catalysts whereas Ni doping in a CaMnO3 parent structure lead to 

significantly weakened coke-resistance. This again indicates that A-site metal cation may be 

enriched on the surface of the redox catalyst for the BaMnxB1-xO3 system. Overall, 

BaMn0.75Fe0.25O3 exhibited the highest coke-resistance, forming merely 4 mg of coke on each gram 

of the redox catalyst. 
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3.4.3 Surface Composition Effects 
 

Presence of reduced Ni on redox catalyst surfaces is anticipated to enhance the catalyst’s 

activity for methane activation and CO selectivity. In the meantime, it can lead to increased coke 

formation. Such effects are apparent for redox catalysts with a CaMnO3 parent structure (Figure 

3.3 and Figure 3.4). In contrast, Ni doping in a BaMnO3 parent structure exhibited insignificant 

 

 

 
 

Figure 3.3: a) CO selectivity and b) yield for the redox catalysts (Cycle 10 of short term redox study, 10% CH4 and 
10% O2 at 900oC). 

Figure 3.4: Coke formation for the redox catalysts (Cycle 
10 of short term redox study,10% CH4 and 10% O2 at 
900oC). 
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impact on CO selectivity and coke formation. As discussed earlier, this may point to a significantly 

different surface metal composition when compared to the bulk, i.e. Ni dopant is significantly 

underrepresented on the surface.  Compositions of outermost layers for many mixed oxides have 

been reported to deviate from its bulk stoichiometry44. To investigate this phenomenon, near 

surface compositions of as-prepared BaMn0.5Ni0.5O3 (Fresh BMN50) and CaMn0.75Ni0.25O3 (Fresh 

CMN25) and reduced BaMn0.5Ni0.5O3 (Reduced BMN50) and CaMn0.75Ni0.25O3 (Reduced 

CMN25) are examined using XPS. While more surface sensitive techniques such as low-energy 

ion scattering (LEIS) are desirable, XPS provided a convenient approach to determine elemental 

compositions within 1 – 3 nm from the surface. Surface deviation is shown in Figure 3.5 and is 

calculated as follows (Equation 1.3): 

𝐸𝐸𝐸𝐸. 1.3: 𝑆𝑆𝐷𝐷: 
𝑀𝑀𝑅𝑅𝑅𝑅𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅 𝑆𝑆𝑅𝑅𝑅𝑅𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅  𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 

𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑅𝑅𝑅𝑅𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
 

As can be seen, the surface is over-expressed with A-site cations for all samples. In 

comparison, Ni is under-represented by an SD below 0.5 for all samples. While the as-prepared 

samples have similar degrees of surface deviation (SD), reduced CaMn0.75Ni0.25O3 exhibited five 

times the surface deviation for Ni when compared to BaMn0.5Ni0.5O3. In contrast, barium and 

oxygen were enriched by an SD of 1.22 in BaMn0.5Ni0.5O3.  This indicated that the surface of 

doped BaMnO3 samples, when reduced, is practically covered with BaO. This is consistent with 

the observation that Ni and Fe doping had insignificant effects on CO selectivity and coke 

formation for BaMnO3 based redox catalysts. The dopants, however, can change the bulk 

properties of the perovskite, allowing more lattice oxygen to be released during the redox cycles. 
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3.4.4 Effects of Parent Structure Stability 
 

Another interesting observation is that all redox catalysts with a BaMnO3 parent structure 

exhibited significantly higher CO selectivity when compared to those with a CaMnO3 structure.  

Recent studies of a LaxSr1-xFeO3 containing redox catalyst indicated that electrophilic surface 

oxygen species, which may evolve from lattice oxygen species in the bulk, play an important role 

for non-selective oxidation of methane.34 Therefore, stability of parent structure, which affects the 

evolution of lattice oxygen to electrophilic oxygen species, can play a role in the selectivity of the 

redox catalysts. TPR and TPD experiments are therefore conducted to investigate such 

relationships. Figure 3.6 illustrates the H2-TPR results for CaMn0.8Ni0.2O3, BaMnO3, and 

BaMn0.75Ni0.25O3. These results indicate that all the active lattice oxygen species are removed from 

CaMn0.8Ni0.2O3 below 700 oC, where TPR peaks occurred at 425oC and 575oC. In contrast, the 

TPR peak temperatures for BaMn0.75Ni0.25O3 and BaMnO3 appeared around 400 – 550  ͦC, 700oC, 

and 825oC. The higher reduction peaks for BaMnO3 based samples indicate that lattice oxygen are 

more tightly bonded in such a structure when compared with CaMnO3. This could contribute to 

higher selectivity observed for the BaMnO3 based redox catalysts. The three peaks of BaMnO3 are 

consistent with Mn changing oxidation states in the following order: 4+ -> 3+ -> 8/3+ -> 2+. The 

 
 

 

Figure 3.5: Surface Deviation of Redox Catalysts. 
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two extra peaks seen in BaMn0.75Ni0.25O3 are likely to result from oxidation state change for Ni 

either in the perovskite structure or as separate NiO/Ni phases as indicated by XRD Figure 3.1). 

 

 

 

 

 

 

 

 

To supplement H2-TPR experiments, temperature programmed desorption is conducted to 

measure the amount of oxygen that can evolve from the redox catalyst under an inert, non-reducing 

atmosphere. Shafiefarhood et al.34 showed surface oxygen species contributed to deep oxidation. 

DTG results of these TPD experiments are shown in Figure 3.7. These experiments showed little 

to no oxygen desorption with BaMnO3 structured redox catalysts. However, CaMn0.8Ni0.2O3 

showed noticeably higher amount of oxygen desorption. Since the desorption of gaseous oxygen 

from a perovskite lattice occurs through lattice oxygen evolution to surface oxygen species (O2- 

 O- -> O2
2-  O2), one would anticipate that the non-selective oxygen species on CaMnO3 based 

redox catalyst surface would be far more abundant than that on BaMnO3 based redox catalysts.  

Once again, these findings are consistent with the higher amount of deep oxidation seen in 

CaMnO3 based redox catalysts.  

Figure 3.6: DTG of H2 (20%) TPR (10o/min) of 
redox catalysts BaMn0.75Ni0.25O3, BaMnO3, and 
CaMn0.8Ni0.2O3. 
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3.4.5 Cyclic Redox Studies 
 

Another important factor for a redox catalyst is its recyclability. The recyclability of the 

catalysts are tested with 10 minutes reduction/oxidation half cycles. Table 3.3 summarizes the 

change in CO selectivity, yield, and coke formation for nickel doped BaMn1-xNixO3 redox catalysts 

from cycle 5 to 25. Both Ni doped catalysts showed stability, with BaMn0.75Ni0.25O3 performing 

exceptionally well: both selectivity and CO yield showed almost no decline within 25 cycles. 

BaMn0.5Ni0.5O3 also showed marginal decline in selectivity and CO yield. We note that the CO 

yields shown in Table 3.3 are slightly different from those in Figure 3.3 due to slight differences 

in operating conditions. 

 
 
Table 3.3: Change in selectivity, coke, and CO yield for nickel doped redox catalysts from cycle 5 to 25. 

 
  
 
 
 

 

 

 
BMN2
5 

BMN2
5 

BMN5
0 

BMN5
0 

Cycle Number 5 25 5 25 
Sco (%) 92.0 91.9 93.1 92.5 
Coke (mg/g catalyst) 6.4 6.6 7.2 9.5 
CO yield (mmol/g catalyst) 3.2 3.1 5.2 4.8 

Figure 3.7: DTG of TPD (5o/min) of redox catalysts 
BaMn0.75Ni0.25O3, BaMnO3, and CaMn0.8Ni0.2O3. 
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Long term redox studies were also conducted for iron doped catalysts, with the results 

summarized in Table 3.4. In contrast to nickel doped catalysts, iron doped catalysts showed sign 

of deactivation. Both BaMn0.75Fe0.25O3 and BaMn0.5Fe0.5O3 showed a decrease in selectivity and 

CO yield. This is a seen as a result of the reaction slowing down with cycling and can be illustrated 

in Figure 3.8. The notable decrease in coke formation can also be explained by the slower reduction 

kinetics, i.e. the presence of active lattice oxygen tends to retard coke formation reactions such as 

Boudouard reaction and methane decomposition.  

While nickel doped BaMnO3 redox catalysts exhibits desirable performance, they may not 

be applicable industrially due to their inherit toxicity and relatively high cost. In comparison, iron 

doped BaMnO3 would be advantageous from both cost and environmental sustainability 

standpoints. It is therefore desirable to determine the underlying cause for deactivation of the iron 

doped redox catalysts. The loss of redox activity for iron doped BaMnO3 redox catalysts can result 

from two possible mechanisms: (i) lack of phase regenerability: a redox catalyst underwent 

irreversible phase change during the reduction reaction. One would anticipate drop in redox 

activity if the reduced phases cannot be reoxidized to form the original phases of the redox catalyst; 

(ii) sintering: severe loss of surface area and pore volume lead to deactivation for oxygen carriers 

with low ionic and/or electronic conductivity. To determine the phase regenerability of the redox 

catalyst, XRD analysis was performed on BaMn0.5Fe0.5O3 (Figure 3.9). As can be seen, BaMnO3 

was fully regenerated after oxidation. It is therefore concluded that the reduced iron doped 

BaMnO3 redox catalysts can be fully regenerated to their original phases when oxidized. 

Therefore, lack of phase regenerability is not likely to be the cause of deactivation. Further 

observation of the cycled redox catalyst sample indicated significant aggregation of the solids 

particles, this indicated sintering and loss of surface area. We note that the iron based redox catalyst 
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has the highest oxygen carrying capacity among the all the redox catalyst samples (Figure 3.3b). 

Therefore, one would anticipate significant heat release during the regeneration reaction. The large 

heat release coupled with the ineffectiveness for heat removal in a packed bed and relatively low 

melting point of reduced iron (~1,200 ͦC) can lead to significant sintering of the redox catalyst 

sample. To confirm this, we performed cyclic redox experiment with a U-tube fixed bed reactor 

operated under an integral bed mode. Results of the integral bed experiment are shown in Figure 

3.11. The results indicated that iron doped catalysts maintained high performance as redox 

catalysts under fixed bed operations, with the exception of BMF25 having its selectivity slightly 

lowered. However, deactivation remained with both selectivity and CO yield decreasing. It is 

apparent that the reduction rates became slower as evidenced by the decrease of CO yield from 

cycle 2 to cycle 5. In addition, cycle 2 showed completion of reaction stage 3 (the highly selective 

reaction region) while cycle 5 does not (Figure 3.10).  Inspection of the post-experiment samples 

again confirmed sintering of the redox catalyst, which is the likely cause of deactivation. 

 
Table 3.4: Change in selectivity, coke, and CO yield for iron doped redox catalysts from cycle 5 to 25. 

 
  
 
 

 

 

 

 

 

 

 

 
BMF25 BMF25 BMF50 BMF50 

Cycle Number 5 25 5 25 
Sco (%) 88.2 76.4 95.1 86.9 
Coke (mg/g catalyst) 1.2 1.2 10.5 1.3 
CO yield (mmol/g catalyst) 2.7 0.9 6.8 3.63 
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Figure 3.10: CO Selectivity, CO yield, and coke during fixed bed experiments (10% CH4 and 10% O2 at 
900oC). 

Figure 3.8: a) Gaseous product profile during the methane conversion stage at the 5th cycle and b) 25th 
cycle (10% CH4 and 10% O2 at 900oC) for BaMn0.5Fe0.5O3.  

Figure 3.9: a) XRD pattern of BMF50 i) 10th cycle 
reduced and ii) oxidized phases after 10th reduction. 
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3.4.6 Fluidized Bed Testing 
 

Investigation of a fluidized bed application will gauge the effect of sintering and determine 

the applicability of iron doped BaMnO3 redox catalysts. Sintering is expected to be minimized 

because of excellent gas-solid heat transfer in fluidized beds. To further minimize sintering, the 

sample is partially regenerated with steam to reduce the rate and degree of regeneration for the 

redox catalysts.  This helps to lower the heat released during the regeneration stage. As can be seen 

from Figure 3.12, the redox catalyst maintained excellent recyclability over 20 cycles. CO 

selectivity as high as 95% was achieved with average methane conversion exceeding 95%. The 

high recyclability of the BaMn0.5Fe0.5O3 catalyst in the fluidized bed mode with limited 

regeneration again confirms that sintering is likely to be the primary cause of the deactivation.  In 

addition, a fluidized bed operating mode is potentially suitable for chemical looping reforming of 

Figure 3.11: a) Cycle 2 of BaMn0.75Fe0.25O3, b) Cycle 5 of BaMn0.75Fe0.25O3, c) Cycle 2 of BaMn0.5Fe0.5O3, 
d) Cycle 5 of BaMn0.5Fe0.5O3 (10% CH4 and 10% O2 at 900oC) during fixed bed experiments. 
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methane using iron doped BaMnO3 based redox catalysts. Other approaches to increase the 

sintering resistance of BaMn1-xFexO3 based redox catalysts include improving its lattice oxygen 

conductivity through doping or inclusion of a compatible secondary phase, as discussed in our 

previous article43. 

 

 

 

 

 

 

 

 

3.5 Conclusion 
 

The current study investigates redox catalysts with a general formula of AMnxB1-xO3 (A = 

Ca or Ba; B = Fe or Ni) for chemical looping reforming of methane. Redox catalysts with a 

BaMnO3 parent structure exhibited considerably higher syngas selectivities when compared to 

CaMnO3 based redox catalyst. Moreover, BaMnxB1-xO3 based redox catalysts are more coke-

resistant for methane partial oxidation than CaMnxB1-xO3. While undoped BaMnO3 also exhibited 

high selectivity towards syngas, addition of B-site dopants leads to higher oxygen carrying 

capacity (and hence syngas yield) without significantly impacting coke-resistance. In contrast, 

nickel doped CaMnO3 is significantly more prone for coke formation. The higher coke-resistance 

of the BaMnO3 based redox catalysts can be explained by a BaO terminated surface which 

minimizes the exposure of metallic Ni or Fe, thereby inhibiting the methane cracking and 

Figure 3.12: CO Selectivity and Methane conversion 
during fluidized bed experiments. 
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Boudouard reactions. When compared with BaMnO3 based redox catalyst, CaMnO3 contains 

significantly higher amounts of loosely bound oxygen species, as indicated by TPR and TPD 

experiments. The facile evolution of such oxygen species into non-selective, electrophilic oxygen 

species under the reaction conditions can explain the lower syngas selectivity for CaMnO3 based 

redox catalysts.  

Among BaMnxB1-xO3 based redox catalysts, BaMn0.5Fe0.5O3 exhibits the highest syngas 

selectivity and oxygen carrying capacity. The catalyst, however, deactivates over multiple redox 

cycles in fixed bed testing. It was determined that sintering of the redox catalyst, resulting from 

the lack of heat dissipation in the fixed bed, is the cause of deactivation. However, high syngas 

selectivity, methane conversion, and long term stability was achieved in a fluidized bed using 

steam as the oxidant. It is therefore concluded that BaMnxB1-xO3 based redox catalysts, especially 

those with Fe as B-site dopants, can potentially be effective for chemical looping reforming of 

methane. However, care must be taken to prevent excessive sintering of the redox catalysts during 

redox operations. 
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Chapter 4:Rh Promoted Perovskites for Exceptional “Low Temperature” Methane 

Conversion to Syngas 

4.1 Abstract 
 

By utilizing lattice oxygen of a reducible metal oxide (a.k.a. redox catalyst), chemical 

looping reforming (CLR) partially oxidizes methane to syngas without gaseous oxygen. 

Subsequent to methane partial oxidation (POx), the reduced metal oxide is re-oxidized with air to 

complete the two-step redox cycle. In essence, CLR accomplishes methane POx without the need 

for an air separation unit, offering a potentially more efficient route for syngas production. This 

study investigates Rh promoted and iron/strontium doped CaMnO3 as redox catalysts at relatively 

low temperatures (<700 °C). These redox catalysts takes advantage of Rh promoter for methane 

activation as well as the high redox activity of iron/strontium doped CaMnO3. It was determined 

that Sr and Fe doped CaMnO3 are highly active for methane conversion, showing lattice oxygen 

extraction of 2.2-4.5 wt.% at 600 °C. However, the syngas selectivities are relatively low. To 

further increase the syngas selectivity and yield, a reforming catalyst was placed downstream of 

the chemical looping bed. Under such a sequential bed scheme, 88-96% syngas selectivity was 

demonstrated for the redox catalysts. Optimization of the reaction conditions showed that 

sequential bed composed of Rh promoted CaMn0.75Fe0.25O3 with a downstream reforming catalyst 

bed is capable of achieving syngas yields above 70% at 600 °C. The relatively low operating 

temperature and elimination of air separation unit makes the redox catalysts and the sequential bed 

scheme a potentially attractive option for methane conversion.   

4.2 Introduction 
 

Methane is the simplest and the most abundant organic compounds on earth1,2. Compared 

to other fossil fuels such as coal and petroleum, methane also has lower CO2 emissions3. These 
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have led to increased interests in methane valorization. One potential route to produce value added 

products from methane is the indirect, syngas (CO and H2) route. Syngas can be converted to liquid 

fuels or methanol through the well-established commercial processes4–7. Traditionally, syngas is 

produced from methane by steam reforming and/or partial oxidation (POx) of methane8. These 

reactions have efficiency losses due to the endothermic dry and steam reforming reactions7. As an 

alternative approach, chemical looping reforming (CLR) offers the potential to circumvent these 

losses through a metal oxide capable of methane partial oxidation (a.k.a redox catalyst) through 

its lattice oxygen as part of a redox process 9–12. This is a two-step process, where the first step is 

selective oxidation of methane through the lattice oxygen of a metal oxide and the second step is 

replenishment of lattice oxygen by re-oxidation in air. This accomplishes methane partial 

oxidation, an exothermic reaction, without the requirement for cryogenic air separation.  

The capability of the redox catalyst to achieve high methane conversion and high syngas 

selectivity is crucial to the success of the CLR process. Earlier studies generally focused on redox 

catalysts composed of a primary transition metal oxide for oxygen storage with a secondary metal 

oxide for enhanced structural stability and/or oxygen extraction rates13–17. Typically, the primary 

oxides are composed those of iron, manganese, or nickel. Unfortunately, redox catalysts composed 

of these transition metal oxides have encountered challenges. Nickel based redox catalysts suffer 

from toxicity concerns18,19. Iron and manganese oxides, while benign and cheap, have not shown 

promising activity or selectivity9,10. As an alternative, recent studies have investigated mixed metal 

oxides as redox catalysts in the context of chemical looping20–22. In particular, the perovskite class 

of mixed metal oxides have demonstrated promising CLR results14,23–28. Both iron and manganese 

containing perovskites have exhibited selectivity to syngas or carbon monoxide above 90%25,26. 

However, the methane conversions reported in these studies are generally low (<2% among those 
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reported conversion numbers in fixed bed experiments). As such, higher methane conversion and 

syngas yield are still desired. Another limitation related to most CLR studies is the high operating 

temperature (mostly at 800oC or above)9,10,29–31. Higher operating temperature can lead to 

increased heat loss and cost of materials of construction. This is particularly the case for the CLR 

system which uses more than one reactors.  

A few recent studies, however, have brought to light the usefulness of rhodium surface 

promotion in activating methane. Most notably, Shafiefarhood et. al. has shown Rh promoted 

CaMnO3 is active at 600oC, with a CO selectivity of 80%32. With unpromoted CaMnO3 being 

active for chemical looping combustion33–35, Shafiefarhood attributed the increased selectivity and 

activity to facile methane activation facilitated by rhodium. Palchelva et. al.36 also reported similar 

phenomena, with Rh promotion on La0.8Sr0.2(Fe0.8Co0.2)1-xGaxO3 leading to a 40% increase (on an 

absolute basis) in CO selectivity at 600oC. However, the CH4 conversion shown by Shafiefarhood 

et. al.32 was low at 600oC (<1%) and results shown by Palchelva et. al.36 were produced using 

experiments with sharp pulse of methane, which is not representative of cyclic chemical looping 

operations.  

With this in mind, this study aims to develop redox catalysts for improved syngas yield 

from methane CLR at low temperatures. We sought to accomplish this through rhodium promotion 

of perovskite oxides that are highly active at lower temperatures. Galinsky et. al. has reported 

increased CLOU activity at temperatures below 700oC through strontium and iron doping of 

CaMnO337,38. Further improvement of redox activity and lattice oxygen utilization can potentially 

be achieved on these doped perovskites through Rh promotion. As such, Rh promoted CaxA1-

xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) are investigated in this study.  
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Our results indicate that all the redox catalysts are highly active at 600oC or lower, with 

iron substituted samples resulting in complete combustion of methane and strontium doped 

samples resulting in a split between complete combustion and partial oxidation products. To 

address the low selectivity (and high activity) of the doped redox catalysts, a secondary reforming 

bed was integrated downstream of the CLR redox catalyst bed. More than 88% syngas selectivity 

was demonstrated for all the redox catalysts under this sequential bed scheme. Moreover, single-

pass syngas yield in excess of 70% was achieved at 600 °C in a sequential bed composed of Rh 

promoted CaMn0.75Fe0.25O3 with a downstream reforming catalyst bed, marking one of the highest 

syngas yields report to date within this relatively low temperature range. 

4.2.1 Methods 
 
4.2.2 Redox Catalyst Synthesis 
 

A modified pechini method was used to prepare the unpromoted redox catalysts. 

Stoichiometric amounts of metal nitrates, e.g. Ca(NO3)2, Mn(NO3)2∙4H2O, Sr(NO3)2, and 

Mn(NO3)2∙4H2O (Sigma Aldrich), were dissolve in deionized water. Next, citric acid (CA, Sigma 

Aldrich) was added at a molar ratio of 2.5:1 to the total amount of metal cations and the solution 

was heated to 50oC and held at this temperature for 30 minutes. This results in a mixed-metal citric 

acid complex with good dispersion of metal ions. Ethylene glycol (EG, Sigma Aldrich) was added 

next at a molar ratio of 1.5:1 to the moles of citric acid at 80oC until a gel formed. This gel was 

dried in an oven at slightly above 100oC to remove any moisture. Finally, the dried sample was 

sintered at 950oC for 8 hours.  The unpromoted perovskites follow the general formula: CaxA1-

xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) 

Incipient wetness was used for Rh promotion to ensure surface enrichment. The redox 

catalysts were prepared by promotion of CaxA1-xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) at 
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0.5 wt.%. The reforming catalyst was prepared by Rh promotion of Al2O3 at 0.4 wt%. Rhodium 

nitrate (Sigma Aldrich) was first dissolved in deionized water, with the solution added to CaxA1-

xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) and Al2O3 in sequential steps until the desired 

amount of Rh is reached. The impregnated sample was dried for 4 hours and annealed again for 6 

hours at 950oC. After annealing, the particles were crushed with a mortal and pestle and sieved for 

a particle size between 70-300 μm. For the remainder of the paper, the redox catalysts will be 

abbreviates as Rh-CaxA1-xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75). Phase confirmation is 

shown for unpromoted and promoted redox catalysts in Figure B.1. 

4.2.3 Sample Characterization 
 

Characterization techniques were used to analyze the structural and reactive properties of 

the redox catalysts. X-ray powder diffraction was used to identify the crystalline phases present in 

each sample. The XRD pattern was obtained using the Empyrean PANalytical diffractometer with 

CuKα radiation operating at 45 kV and 40 mA. A 2θ range of 20-80° is used with a step size 

0.0263° holding each step for 0.24 seconds at each step. HighScore Plus© software was used for 

phase matching. 

The XPS system consists of a Thermo-Fisher Alpha 110 hemispherical energy analyzer, a 

Thermo-Fischer XR3, 300 W dual-anode X-ray source, and a chamber with a base pressure of 1 × 

10−9 Torr. Survey spectra used a pass energy of 100 eV, and narrow scan spectra were taken with 

a pass energy of 20 eV. An Al anode was used for all analyses. The spectral energies were 

calibrated to an adventitious C 1s peak of 284.6 eV 

Methane (5.0  grade) temperature programmed reduction (TPR) was conducted using a 

TGA (TA SDT Q600) with 10% CH4 at an overall flow rate of 200 sccm and a ramp rate of 

20oC/min to 900oC. Argon (5.0 grade) was used as the carrier gas. The weight and differential 
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thermogravimetric (DTG) results were obtained to determine the effect of doping and Rh 

promotion on reducibility of the redox catalyst. This was conducted for all redox catalysts, 

promoted and unpromoted. 

Temperature programmed oxygen (5.0 grade) desorption (TPD) was conducted using a 

TGA (TA SDT Q600). 20% O2 at an overall flowrate of 200 sccm was used to pretreat and remove 

any adsorbed hydroxyl or carbonate species. Argon (5.0 grade) was used as the carrier gas. The 

pretreatment steps were heating at 20oC/min to 600oC, holding an isotherm at 600oC, cooling at 

10oC/min to 100oC, and finally holding an isotherm at 100oC for 60 minutes. After pretreatment, 

injection of oxygen was stopped and an additional isotherm at 100oC was maintained for 60 minute 

to ensure oxygen was properly purged before ramping. The sample was ramped to 900oC at 

2oC/min and weight loss and DTG was used to determine the availability of loosely bound oxygen.  

4.2.4 Redox Testing 
 

Redox tests were conducted in single and sequential bed configurations to examine the 

redox catalysts in CLR and sequential bed CLR applications, respectively. All configurations used 

quartz U-tube (4 mm ID) reactors. The single bed configuration consisted of a single U-tube loaded 

with the redox catalyst, simulating standard chemical looping reforming. In the sequential bed 

configuration, a secondary U-tube was loaded with the reforming catalyst and placed downstream 

of the U-tube loaded with the redox catalyst. Either 230 mg or 460 mg of the redox catalyst and 

25 mg of the reforming catalyst was used. Argon (Grade 5.0) was used as the carrier gas, a mixture 

of methane in argon (Grade 5.0, 25% methane) was blended with the carrier gas during reduction, 

and pure O2 (Grade 5.0) was blended with the carrier gas during oxidation. During reduction, the 

methane concentration was 5% and during oxidation the oxygen concentration was 5.8%. An 

overall flow rate of either 50 or 100 sccm was used during reduction to keep the overall gas hourly 
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space velocity constant at 12000 across redox catalysts. The flow rate during the oxidation half 

cycle corresponded to either 42.5 or 85 sccm depending on redox catalyst loading. Initial redox 

testing was at 600oC.  

A quadrupole mass spectrometer (QMS, MKS Cirrus II) was used to measure the products 

of the reduction and oxidation steps. A set of calibrations was applied to the signals obtained from 

the QMS. Calibrations for H2, CO, CO2, and CH4 were obtained immediately after a redox 

experiment. H2O was calculated using a hydrogen mass balance. O2 extraction is calculated using 

CO, CO2, and H2O production. Mass balance on carbon species was balanced within 10%. Unless 

specifically mentioned, the results are from 10th cycle of a 10-cycle experiment, as obtained 

calibrations will be most accurate for the last cycle. All reported data are from redox catalysts that 

were already cycled 100+ times for a thorough break in. 

4.3 Results and Discussion 
 
4.3.1 Effects of dopants and Rh promotion 
 

We sought to characterize the effect of dopant and Rh promotion on the reduction 

temperature through CH4 TPR. In Figure 4.1a, DTG is shown for as-prepared, unpromoted redox 

catalysts. Aside from Ca0.95Sr0.05MnO3, which exhibited a reduction onset temperature of 500oC, 

all other samples started to reduce at 550oC. An additional reduction peak occurred in all the 

samples at higher temperatures, where their peaks appeared between 750oC and 850oC. DTG for 

Rh promoted redox catalysts is shown in Figure 4.1b. Rh-Ca0.75Sr0.25MnO3 showed a sharp peak 

at 375oC, and the remaining Rh promoted redox catalysts showed sharp peaks around 450oC. For 

all redox catalysts, this reduction ended before 600oC, which was selected as the temperature for 

most isothermal redox experiments. Additional reduction of Rh promoted redox catalysts occurred 

above 650oC. The first peak for promoted and unpromoted samples finishes at 5 wt.% or less 
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(shown in Figure B.2). Phase decomposition for these materials typically occurs when a larger 

weight loss is observed, as CaMnO3 is capable of reduction to CaMnO2.539 and strontium and iron 

doping inhibits phase change37,38. As such, the results from CH4-TPR indicate that the first peak is 

a result of vacancy formation and the second peak is a result of phase decomposition. The most 

notable difference between unpromoted and Rh promoted redox catalysts is that Rh promotion led 

to significantly lower reduction temperature as well as more rapid reduction. With Rh known to 

promote methane activation40–42, this peak is associated with rapid removal of lattice oxygen due 

to activated methane. This reduction is not likely to correspond to the reduction of Rh2O3, because 

weight loss attributed to reduction of Rh2O3 would only account for less than 0.1 wt%. 

Additionally, unpromoted and promoted samples  showed very similar XRD patterns (Figures 

B.1).  

TPR results also showed minor signs of carbon deposition or carbonate formation in select 

samples. In Rh-Ca0.75Sr0.25MnO3 and Rh-Ca0.95Sr0.05MnO3, weight gain was present at 760oC and 

790oC, respectively. Weight gain was also seen in CaMnO3 around 725oC. While carbon 

deposition can lead to deactivation, their amounts are small and the onset temperatures are higher 

than the proposed operating temperatures in the current study. 
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Since Rh cations cannot be readily incorporated into the CaMnO3 structure32, lower 

activation temperature is likely to be a result of Rh surface enrichment and its subsequent 

facilitation of methane activation. This was investigated with XPS. Figure 4.2 summarizes the near 

surface concentrations of all the metal cations relative to their averaged bulk compositions. A value 

higher than unity indicates surface enrichment whereas smaller values indicates suppression. All 

redox catalysts showed surface enrichment of Rh above 2.9, or >290% overrepresentation of Rh 

on the surface based on XPS. Rh-CaMn0.75Fe0.25O3 showed the highest surface enrichment at 7.0 

and Rh-Ca0.95Sr0.05MnO3 showed the lowest surface enrichment at 2.9. The near surface 

enrichment of Rh is the most notable feature in Figure 4.2 and is associated with the weight loss 

seen below 500oC in CH4-TPR. Strontium was the only other metal that showed surface 

enrichment. This is expected as strontium has shown a tendency to preferentially enrich on the 

surface of perovksites43,44.  
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4.3.2 Low temperature methane conversion using Rh promoted redox catalysts 
 

Having shown Rh-CaxA1-xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) is active at low 

temperatures, these redox catalysts were examined for methane partial oxidation. Results for CH4 

conversion and O2 extraction at 600°C are shown in Figure 4.3a. Rh-CaMn0.95Fe0.05O3 and Rh-

CaMnO3 exhibited the highest amounts of oxygen extraction at 4.5 wt.% and 4.1 wt.%, 

respectively. All other dopant combinations resulted in an oxygen extraction between 2.2-3.0 

wt.%. CH4 conversion is highest with Rh-CaMnO3 at 20%. All other redox catalysts showed a CH4 

conversion below 12.5%. Although Rh-CaMn0.95Fe0.05O3 resulted in the highest amount of O2 

extraction, CH4 conversion was below 10%. Results for CO and H2 selectivity are shown in Figure 

4.3b. Rh-CaMnO3 exhibits 81% CO selectivity and 65% H2 selectivity. Rh-CaMn0.75Fe0.25O3 and 

Rh-CaMn0.95Fe0.05O3 did not show any CO selectivity and less than 10% H2 selectivity. Rh-

Ca0.75Sr0.25MnO3 and Rh-Ca0.95Sr0.05MnO3 showed intermediate amounts of CO and H2 selectivity. 

This indicates that the dopants have significant effects on product selectivity as well as oxygen 

removal; Both Fe and Sr doping led to over oxidation of the syngas. It should also be noted that 
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these results are stable with respect to cycling since all redox catalysts were cycled 100 times, 

before data was collected and reported in Figure 4.3.  

One possible explanation of the difference in product selectivity is the availability of 

loosely bound oxygen since such oxygen species are believed to be highly non-selective20,45–47. 

Temperature programmed oxygen desorption (TPD) was conducted to determine the amount of 

oxygen that can be spontaneously removed from the lattice. DTG of this experiment is shown in 

Figure 4.4a for Rh promoted redox catalysts. Peak positions of Rh-CaMnO3, Rh-Ca0.95Sr0.05MnO3, 

Rh-Ca0.75Sr0.25MnO3, Rh-CaMn0.75Fe0.25O3, and Rh-CaMn0.95Fe0.05O3 are 790oC, 755oC, 698oC, 

405oC, and 370oC respectively. In general, this shows strontium lowers the oxygen desorption 

temperature whereas iron doping further enhances oxygen release at even lower temperatures. 

Weight during TPD is shown in Figure B.2. Comparing weight loss at 600oC, Rh-CaMnO3 did not 

show any signs of weight loss, Rh – Ca0.95Sr0.05MnO3 and Rh – Ca0.75Sr0.25MnO3 showed 0.05% 

weight loss, Rh – CaMn0.95Fe0.05O3 showed 0.4% weight loss, and Rh-CaMn0.75Fe0.25O3 showed 

0.63% weight loss. This indicates strontium increases the amount of readily available oxygen and 

iron further increases the amount of oxygen available at 600oC. This was consistent with studies 
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Figure 4.3: a) CH4 conversion and O2- extraction and b) CO + H2 selectivity at 600oC with 15 minutes of reduction 
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by Galinsky et. al. and Mishra et. al. 35,37,38 where the effect of iron and strontium was investigated 

on unpromoted CaMnO3. In Figure 4.4b, the TPD peak temperature is shown with respect to 

syngas selectivity. From this, it can be seen that an increase in TPD peak temperature correlates 

well with an increase in syngas selectivity. As such, this result indicates that that syngas selectivity 

can be correlated with the O2 release temperature from the perovskite redox catalysts.  

 

4.3.3 Syngas yield enhancement via a sequential bed scheme 
 

Utilization of highly active and unselective redox catalysts 
 

While CaMnO3 showed higher syngas selectivity, it is important to recognize an important 

function of the redox catalysts is to donate oxygen. In this aspect, iron doped sample exhibited the 

best overall performance although it demonstrated the lowest syngas selectivity. Although the 

latter is undesirable for CLR, the complete oxidation products, i.e. CO2 and H2O, are known to be 

active for methane reforming. In the following section, these redox catalysts will be investigated 

in a sequential bed chemical looping reforming scheme, where a reforming bed was placed 
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downstream of a redox catalyst with the aim to convert both unreacted methane and CO2/H2O for 

improved syngas yields.  

Rh (0.4 wt.%) promoted Al2O3 was used as the secondary reforming bed in a sequential 

bed chemical looping reforming scheme to increase methane conversion and selectivity of syngas 

through dry and steam reforming reactions. Improvements in CH4 conversion and syngas 

selectivity over single bed results are shown in Figure 4.5 for promoted redox catalysts, along with 

a schematic illustrating both single and sequential bed schemes. In all cases, the sequential bed 

chemical looping reforming scheme increased CH4 conversion by at least 17% (on an absolute 

basis). The largest increase in CH4 conversion occurred with Rh-CaMn0.95Fe0.05O3, with a 

difference of 29% (absolute basis). The results indicated that this is a result of the high oxygen 

extraction and low methane conversion occurring in the first bed. The sequential bed chemical 

looping reforming scheme was also effective in producing syngas, with all cases showing syngas 

selectivity above 88%. This was most notable with Rh-CaMn0.95Fe0.05O3 and Rh-CaMn0.75Fe0.25O3, 

where syngas selectivity increase by 94% and 87%, respectively.  

These results demonstrate the usefulness of Rh-CaxA1-xMnxB1-xO3 (A = Sr, B = Fe, x = 

0.95 or 0.75) as an oxygen source in the sequential bed chemical looping reforming scheme. This 

concept is exemplified when comparing Rh-CaMnO3 and Rh-CaMn0.95Fe0.05O3. Under chemical 

looping reforming, Rh-CaMnO3 converted twice as much methane (20% vs 10%) and was much 

more selective (71% vs 1%). However, in the sequential bed chemical looping reforming scheme 

they had similar amounts of CH4 conversion (41% vs. 39%) and syngas selectivity (91% vs. 95%). 

This is directly attributed to possessing similar amounts of oxygen extraction (4.1 wt.% vs 4.5 

wt.%). 
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To shed light on the behavior of these redox catalysts with respect to oxidation state of the 

redox catalyst, CH4 conversion and CO selectivity are examined as a function of time in the 

sequential bed CLR scheme. The instantaneous CH4 conversion is shown in Figure 4.6a, when Rh-

CaMnO3, Rh-CaMn0.95Fe0.05O3, and Rh-CaMn0.95Fe0.05O3 is used. CH4 conversion in all cases 

decreased with respect to time. However, the nature of this decrease was different depending on 

the redox catalyst. When Rh-CaMnO3 and Rh-Ca0.95Sr0.05MnO3 are used, a sudden decrease in 

CH4 conversion occurred at 7 and 4.5 minutes, respectively. With Rh-CaMnO3, CH4 conversion 

dropped from 60% to 29%. With Rh-Ca0.95Sr0.05MnO3, CH4 conversion dropped from 55% to 20%. 
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In contrast, Rh-CaMn0.95Fe0.05O3 displayed a gradual decrease in CH4 conversion from 60% to 

30%. Instantaneous CO selectivity is shown in Figure 4.6b. Rh-CaMnO3 and Rh-Ca0.95Sr0.05MnO3 

showed a sudden increase in CO selectivity at 7 and 4.5 minutes, respectively. For Rh-CaMnO3, 

CO selectivity increase from 90% to 98%. With Rh-Ca0.95Sr0.05MnO3, CO selectivity increased 

from 85% to 97%. Rh-CaMn0.95Fe0.05O3 showed a slow increase in CO selectivity across the entire 

reduction. It should be noted that syngas selectivity was above 75% in across the entire reduction 

for Rh-CaMn0.95Fe0.05O3, suggesting selectivity is not significantly affected by the oxidation state 

of Rh-CaMn0.95Fe0.05O3. The step change in CO selectivity for Rh-CaMnO3 and Rh-

Ca0.95Sr0.05MnO3 corresponded to the step change seen for CH4 conversion. In Figure B.4, all 

promoted redox catalysts are shown and the reduction behavior of Rh-Ca0.75Sr0.25MnO3 and Rh-

CaMn0.75Fe0.25O3 was very similar to Rh-Ca0.95Sr0.05MnO3 and CaMn0.95Fe0.05O3, respectively.  

 
Examining syngas yield with respect to oxygen extraction rate can help elucidate the 

relationship between oxygen extraction and syngas yield. In Figure 4.7, syngas yield was shown 

as a function of oxygen extraction rate for Fe doped redox catalysts. In general, a higher oxygen 

0 5 10 15
0

20

40

60

80

100

C
H

4 C
on

ve
rs

io
n 

(%
)

Time (min)

 Rh - CaMnO3

 Rh - CaMn0.95Fe0.05O3

 Rh - Ca0.95Sr0.05MnO3

a

0 5 10 15
0

20

40

60

80

100

C
O

 S
el

ec
tiv

ity
 (%

)

Time (min)

 Rh - CaMnO3

 Rh - CaMn0.95Fe0.05O3

 Rh - Ca0.95Sr0.05MnO3

b

Figure 4.6: a) Instantaneous CH4 conversion and b) Instantaneous CO Selectivity of Rh - CaMnO3, Rh - 
CaMn0.95Fe0.05O3, Rh – Ca0.95Sr0.05MnO3 during dual bed experiments. Reduction is 15 minutes with 5% CH4. 
Oxidation is 10 minutes long with 5.8% O2 at 600oC. GHSV = 12000 hr-1
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extraction will lead to a higher syngas yield. This result indicates that, in the presence of a 

reforming bed, increased supply of oxygen would lead to increased syngas productivity so long as 

methane is not the limiting reactant. We note, however, syngas yield can also be affected by the 

redox catalyst, even at similar oxygen extraction rates. 

 
 

 

 

 

 

 

 

 

 

Syngas yield optimization 
 

Attempts were made to improve syngas yield by varying the operating conditions such as 

residence time, redox step durations, and reaction temperature. Modifying the reduction and 

oxidation time is particularly interesting due to the previously discussed differences in the 

reduction behavior of Rh-CaMnO3 and Fe doped Rh-CaMnO3. While they show differences across 

time, the first five minutes of reduction display higher amounts of methane conversion and oxygen 

extraction. However, the syngas selectivity is lower in this region. Varying oxidation state can 

potentially address this by finding a region where there is a balance between high CH4 conversion 

and syngas selectivity. This being said, Rh-CaMnO3, Rh-CaMn0.95Fe0.05O3, and Rh-

CaMn0.75Fe0.25O3 were reduced at 3, 5, and 7 minutes and oxidized for 1, 1.5, 3 and 5 minutes to 

0.05 0.15 0.25 0.35 0.45
0

10
20
30
40
50
60
70
80

 Rh - CaMn0.95Fe0.05O3

 Rh - CaMn0.75Fe0.25O3

Sy
ng

as
 Y

ie
ld

 (%
)

O2 Extraction Rate (wt.%/min)
Figure 4.7: Syngas yields vs. oxygen extraction rate for 
Rh-CaMn0.95Fe0.05O3 and Rh-CaMn0.75Fe0.25O3. Reduction 
is 15 minutes long with 5% CH4. Oxidation is 10 minutes 
long with 5.8% O2 at 600oC. GHSV = 12000 hr-1. Minutes 
1.5-15 of reduction are shown. 
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identify optimal redox times (equivalently oxidation state range, also see Figure B.5 and B.6). 

These experiments showed optimal redox times of: 5 minutes reduction and 3 minutes oxidation 

for Rh-CaMnO3, and 3 minutes oxidation and 5 minutes reduction for Rh-CaMn0.95Fe0.05O3 and 

CaMn0.75Fe0.25O3. 

These optimal oxidation and reduction times were also used at 650oC and 700oC. These 

experiments are expected to result in higher methane conversion, due to higher amounts of oxygen 

release by the redox catalyst. Figure 4.8a summarizes the effect of operating temperature whereas 

Figure 4.8b illustrates the effect to space velocity at 600oC. The most notable observation is that 

the iron substituted samples reached CH4 conversions near 100% at 700oC. Rh-CaMnO3, on the 

other hand, seems to reach a limit around 70%. The increase in CH4 conversion is accompanied 

by a decrease in selectivity in all cases. Despite this, there was an increase in yield with Rh-

CaMn0.95Fe0.05O3 and Rh-CaMn0.75Fe0.25O3 showing a yield over 70%. An alternative approach to 

increasing methane conversion and syngas yield is by decreasing gas hourly space velocity. As 

shown in Figure 4.8b, 73% syngas yield was obtained using Rh-CaMn0.75Fe0.25O3 at 6000 hr-1. In 

comparison, CaMnO3 showed a syngas yield of 54%. 
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Figure 4.8: a) Effect of temperature and b) GHSV on syngas selectivity, CH4 conversion, and yield for Rh promoted 
CaMn0.75Fe0.25O3, Ca0.75Sr0.25MnO3, and CaMnO3. Rh-CaMn0.75Fe0.25O3 and Rh-CaMn0.95Fe0.05O3 are oxidized for 5 
minutes and reduced for 3 minutes. Rh-CaMnO3 is oxidized for 3 minutes and reduced for 5 minutes. 
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To demonstrate the redox stability of Rh-CaMn0.75Fe0.25O3, mass spec results from a 50 

redox cycles experiments are summarized in Figure 4.9, with the concentration of CH4, CO2, CO, 

and H2 during the reduction half cycles illustrated. It is clear that the result are stable across all 50 

cycles, with only a slight increase in syngas yield production. This is could be related to a drift in 

mass spectrometry sensitivity, with calibrations taken after cycle 50. With this sample being cycled 

100+ times prior to the experiment and these reaction conditions being repeatable across 50 cycles, 

the results indicate the sample will exhibit excellent long term stability.  

 

4.4 Conclusions 
 

This article investigates the low temperature application of Rh promoted CaxA1-xMnxB1-

xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) as a standalone redox catalysts for methane partial oxidation 

as well an oxygen source in the sequential bed chemical looping reforming scheme, where these 

redox catalysts are combined with a secondary reforming bed. As a standalone redox catalyst, Rh 

promoted CaMnO3 showed syngas selectivity of 81% at 600oC. Fe doping resulted in a redox 

catalyst with syngas selectivity below 5% and Sr doping resulted in syngas selectivity between 40 
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Figure 4.9: CH4 conversion and syngas selectivity across all 50 cycles for Rh-CaMn0.75Fe0.25O3. GHSV is 6000 hr-1, 
temperature is 600oC, 5 minutes of oxidation and 3 minutes of reduction are used.   
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and 45%.  TPD experiments indicate that redox catalysts with increased tendency for spontaneous 

oxygen release correspond to lower syngas selectivity when used as a standalone redox catalyst. 

When t a reforming catalyst bed composed of Rh promoted Al2O3, was placed downstream of 

these redox catalysts, significant increase in syngas selectivity and product yield were observed 

for all the redox catalyst samples. The effect of this sequential bed scheme was most pronounced 

with use of Rh promoted CaMn0.95Fe0.05O3. CH4 conversion increased from 10% to 39% and 

syngas selectivity increased from 1% to 95%. The significant increase in CH4 conversion was 

attributed to the high oxygen capacity (4.5 wt.%) and redox activity of Rh promoted 

CaMn0.95Fe0.05O3.. Further optimization of Rh-CaMn0.75Fe0.25O3, by adjusting the operating 

conditions resulted in over 70% syngas yield  at 600oC. This study showed Rh promotion of 

CaMnO3 based redox catalysts will result in a highly active material and when utilized in a 

sequential bed chemical looping reforming scheme, significant syngas yields can be achieved at a 

relatively operating low temperature.  
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Chapter 5: Spinel Oxides as a Coke Resistant Support for NiO Based Oxygen Carriers in 

Chemical Looping Combustion 

5.1 Abstract 
 

Nickel oxides are among the most extensively investigated oxygen carrier materials for 

chemical looping combustion and reforming of methane due to their high activity for methane 

activation and redox reactions. However, coke formation remains to be a key challenge for Ni 

containing oxygen carriers. The current study investigates the effect of reducible spinel-structured 

supports to provide coke resistance of NiO based oxygen carriers. Specifically, NiFe2O4, 

MgFe2O4, and BaFe2O4 are investigated as coke resistant supports for NiO due to their ability to 

provide active lattice oxygen in typical coking regimes. Inert MgAl2O4 supported NiO reduces in 

less two minutes. In contrast, the active spinel oxides provide lattice oxygen over 45 minutes. 

Under redox cycling, NiO supported on NiFe2O4, MgFe2O4, or BaFe2O4 did not show any signs 

of coke formation. Additionally, NiFe2O4 + 0.5NiO displayed similar maximum oxygen capacity 

to MgAl2O4 + 0.25NiO (2.5 wt.%/min vs. 2.3 wt.%/min). This indicates high methane conversion 

rates and coke resistance can be achieved with active spinel oxides. In-situ XRD studies revealed 

that initial weight loss in NiFe2O4 + 0.5NiO is associated with formation of Ni and Fe3O4. 

Subsequent coke inhibition was attributed to the slow reduction of Fe3O4. While NiFe2O4 

supported NiO shows signs of deactivation, MgFe2O4 and BaFe2O4 supported NiO emerged as a 

stable alternatives.  

 
5.2 Introduction 
 

As an active metal in heterogeneous catalysis, nickel has been studied for over a century 

due to its affinity with carbon and ability to break C-C and C-H1–7. Notably, the methane activation 

energies on Ni foils has been reported to be similar to palladium and platinum foils7. In an era of 
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abundant natural gas8,9, nickel’s ability to activate methane is increasingly important and has 

subjected to extensively investigations. Two of the most commonly studied routes for methane 

utilization involving nickel containing heterogeneous catalysts are dry and stream reforming, 

where CO2 or H2O is used to convert methane to syngas.10–20 Although catalysts with excellent 

activities have been developed and  commercially utilized for steam methane reforming (SMR),  

coke formation and subsequent deactivation remain to be an important challenge that affects the 

catalyst stability and lifetime.21–25 This is particularly the case of dry reforming.  Various strategies 

have been investigated to inhibit coke formation for Ni based catalysts such as varying supports 

(e.g. Al2O310, SiO210–12,20, spinels10,13, etc), promoters26–29, preparation methods30–32, and enclosing 

Ni into core-shell structures.33–35 Although some of these studies have rendered highly promising 

catalysts, complete avoidance of coke formation is still a challenge.  

More recently, nickel oxide has been studied for carbon capture from methane via chemical 

looping combustion (CLC). 21,36–42 In CLC, methane is indirectly combusted, by the lattice oxygen 

of a metal oxide based oxygen carrier, in a two-step redox process. The first step involves methane 

oxidation (combustion) by the metal oxide. As a result, the metal oxide is reduced. The second 

step re-oxidizes the reduced metal oxide with air to complete the redox loop. As such, the metal 

oxide functions as an oxygen carrier to separate oxygen from air and to prevent N2 dilution of the 

combustion flue gas, thereby mitigating the separation cost for carbon dioxide capture. While CLC 

is a promising concept and nickel oxide based oxygen carriers have shown excellent redox 

kinetics36, coke formation still represents a major challenge for the Ni containing oxygen carriers. 

For instance, fluidized bed study of NiO supported on NiAl2O4 indicated that 18.7% of gaseous 

methane was converted to coke within 3 minutes of reaction time at 950oC.21 Such a high yield of 

coke can lead to decreased process efficiency and carbon capture. Many attempts have been made 
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to take advantage of the high activity of nickel oxides while avoiding coke formation, mostly 

through the use of supports such as Al2O3, NiAl2O4, MgAl2O4, and YSZ22,36,43–47. Of these 

supports, spinel oxides have shown promising results due to their strong interaction with 

nickel43,46,48, with nickel being partially or fully incorporated into the spinel structure. However, 

co-feeding steam in chemical looping operations at a CH4:H2O ratio of at least 1:1 was nevertheless 

required to fully avoid coke formation during reduction of nickel oxide43,46,48. Coke formation in 

chemical looping is typically seen during the later stages of metal oxide reduction21,49. We note 

that coke formation typically occur towards the later stage of the metal oxide reduction. Cho et 

al.21 showed that the onset of coke formation on nickel corresponds to when 80% of nickel oxide 

lattice oxygen is consumed. Similarly, Neal et al.49 and Shafiefarhood et al.50 showed reduction of 

Fe2O3@La0.8Sr0.2FeO3 can be divided in four consecutive regions, wherein the last region is 

dominated by methane decomposition to H2 and coke due to depletion of lattice oxygen. As such, 

an “active” support that can provide a steady yet slow flux of lattice oxygen can potentially inhibit 

coke formation on the active metal oxides such as NiO or FeOx. In particular, spinel oxides with 

reducible cations are capable of slow release of oxygen over long periods of time51–54. Using 

NiFe2O4 as an example, it required roughly 10 times longer than NiO to reach 90% conversion of 

the metal oxide51.  

The aim of this study is to evaluate the effect of active lattice oxygen in spinel oxides on 

coke resistance. We investigated NiFe2O4, BaFe2O4, and MgFe2O4 as active spinel supports to 

inhibit coke formation since they were all reported contain active lattice oxygen51,53,54. For 

comparison purpose, inert MgAl2O4 support is also studied.  The oxygen carriers are prepared as 

AB2O4 + xNiO (x = 0.25, 0.5) and evaluated with redox cycling. The phase behavior of NiFe2O4 

+ 0.5NiO is examined in detail to elucidate the phase-transition behavior of redox cycling. Our 
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results indicate that NiFe2O4, MgFe2O4, and BaFe2O4 supports inhibit coke formation at all the 

investigated NiO loadings. In comparison, significant coke forms on MgAl2O4 supported oxygen 

carrier after 2.5 minutes of reduction. NiFe2O4 and BaFe2O4 supported NiO showed similar 

maximum oxygen release rate at 2.5 – 2.8 wt.%/min when compared to that for MgAl2O4 + 

0.25NiO (2.3 wt.%/min). NiFe2O4 + 0.5NiO showed the highest oxygen capacity at 19 wt.%. 

However, it exhibited deactivation. MgFe2O4 supported NiO displayed a moderated amount of 

oxygen capacity at 16 wt.% and redox stability.   

5.3 Experimental  
 
5.3.1 Oxygen Carrier Synthesis 
 

A modified Pechini method was used to prepare the aforementioned oxygen carriers. 

Stoichiometric amounts of metal nitrates, e.g. Ni(NO3)2·6H2O and Fe(NO3)2·9H2O for NiFe2O4, 

were dissolved in deionized water. Next, citric acid (CA, Sigma Aldrich) was added at a molar 

ratio of 2.5:1 to the total amount of metal cations and the solution was heated to 50oC and held at 

this temperature for 30 minutes. This results in a mixed-metal citric acid complex with good 

dispersion of metal ions. Ethylene glycol (EG, Sigma Aldrich) was added next at a molar ratio of 

1.5:1 to the moles of citric acid at 80oC until a gel formed. This gel was dried in an oven at slightly 

above boiling temperature of water to remove any moisture. Finally, the sample was sintered at 

1200oC for 12 hours to ensure proper phase formation. The oxygen carriers are nominally prepared 

as NiFe2O4 + xNiO (x = 0, 0.25, 0.5), MgFe2O4 + xNiO (x = 0, 0.25, 0.5), BaFe2O4 + xNiO (x = 

0, 0.25, 0.5), and MgAl2O4 + 0.25NiO. Commercial MgAl2O4 (Noah Technologies) was used, 

when the spinel alone was tested.  
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5.3.2 Phase Characterization 
 

X-ray powder diffraction (XRD) was used to identify the crystalline phases present in each 

sample. The XRD pattern was obtained using a Rigaku SmartLab X-ray diffractometer with CuKα 

(λ = .1542) radiation operating at 40kV and 44mA. Scanning was conducted in a step-wise 

approach with a step size of 0.1o over 2θ range of 20–80o and a scan time of 4.5s at each step. 

HighScore Plus© software was used for phase matching. 

An additional x-ray diffraction pattern of NiFe2O4 + 0.5NiO was obtained using a 

PANalytical Empyrean diffractometer under CuKα radiation from a sealed tube generator at 45kV 

and 40mA, with PIXcel1D detector at room temperature. Measurement was taken under Bragg-

Brentano configuration using a spinning sample stage over a 2θ range of 10–100o at 0.0263˚ step 

size and 4.0s per step. The phases of freshly prepared samples were confirmed by XRD and shown 

in Figure 5.7 and C.10-C.12. 

5.3.3 In-Situ Phase Characterization 
 

Diffraction patterns were also collected during a temperature programmed reduction (TPR) 

using a PANalytical Empryean diffractometer and a XRK900 Stage. A CuKα radiation from a 

sealed tube generator at 45kV and 40mA was used. A ramping rate of 10oC/min was used from 

room temperature to 500oC and a ramping rate of 2oC/min was used from 500oC to 900oC. Each 

scan was five minutes long over a 2θ range of 40-65o and used a step size of 0.013o
. The reactive 

gas used was a 3% H2 with balance argon (5.0 grade) using a flow rate of 30 sccm. To calculate 

the weight loss of the oxygen carriers, during reduction, the weight during the purge step before 

cycle 2 was used at 100% of the oxygen carrier weight. 
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5.3.4 Redox and Reaction Testing.  
 

Redox testing was also tested at 900oC in a SETARAM SETSYS Evolution Thermal 

Gravimetric Analyzer (TGA) with reactant gases delivered from a computer controlled gas-mixing 

panel. 50 mg of sample was used. Reduction and oxidation steps were performed in 10% methane 

(5.0 grade) and 10% oxygen (extra dry grade) respectively with helium (5.0 grade) as the inert gas. 

The total gas flow rate during these steps was 200 mL/min to remove external mass transfer 

resistance. Redox tests consisted of 10 cycles with reduction lasting 15 minutes and oxidation 

lasting 20 minutes. 10 minutes of purging with 180 mL/min with argon was used between 

reduction and oxidation steps. 50 mg of redox catalyst with a particle size below 150 microns was 

used.  

Long term reduction studies were conducted at 900oC in a SETARAM SETSYS Evolution 

Thermal Gravimetric Analyzer (TGA) with reactant gases delivered from a computer controlled 

gas-mixing panel. Spinel oxides (NiFe2O4, BaFe2O4, MgFe2O4, and MgAl2O4) were reduced for 

45 minutes to compare their oxygen release vs time. 50 mg of sample was used. Reduction was 

performed in 10% methane (5.0 grade) with helium (5.0 grade) as the inert gas. The total gas flow 

rate during these steps was 200 mL/min to remove external mass transfer resistance. Before the 

long term reduction, the samples were cycled once according to the redox testing procedure. 

The oxygen capacity is represented as a weight percent of the fully oxidized oxygen carrier.  

To calculate the oxygen capacity of the oxygen carriers, during reduction, the weight during the 

purge step before cycle 2 was used at 100% of the oxygen carrier weight. In Figure C.1, a blank 

experiment is shown, verifying the weight under purging and reducing conditions are 

indistinguishable. The weight change between purge and oxidizing conditions are 0.17 mg, and 

was expected to change depending on the crucible. While this was negligible compared to the 
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overall weight change during oxidization of oxygen carriers, the weight during oxidization was 

only compared between cycles and not oxygen carriers. A quadrupole mass spectrometer (QMS, 

MKS Cirrus II) was used to measure the products of the reduction and oxidation steps. A set of 

calibrations was applied to the signals obtained from the QMS. Production of CO, CO2, and H2 

was calculated by integrating the calibrated signals of CO and CO2, and H2. CO2 produced during 

oxidation of the redox catalyst were used to quantify coke formation during redox and long term 

reduction as shown below. 

Hydrogen (5.0 Grade) TPR was conducted using a TGA (TA SDT Q600) with 3% 

hydrogen balance helium or argon (5.0 grade) at a total flowrate of 200 sccm and a ramp rate of 

2oC/min to 900oC. 20mg of sample was used.  

5.4 Results and discussion 
 
5.4.1 Spinel Oxides Selection and Redox Behavior  
 

A key performance parameter of an oxygen carrier is its activity. Therefore, a desirable 

support should enhance the redox activity of NiO. We note that NiFe2O4, MgFe2O4, and BaFe2O4 

supports are redox active51,53,54. It is therefore important to establish the relative redox activities of 

the supports. We note that the maximum theoretical oxygen capacities of NiFe2O4, MgFe2O4, and 

BaFe2O4 are 27.3 wt.%, 24.0 wt.%, and 15.3 wt.%, respectively. In addition, magnesium and 

barium are not reducible whereas Ni2+ can reduce to a metallic phase. These differences are 

expected to affect lattice oxygen activity and therefore support performance. To provide 

understanding of this, these support materials were reduced with methane. Reduction was 

conducted using 10% CH4 at 900oC over 45 minutes. Oxygen capacity at 3, 15, and 40 minutes 

are shown in Figure 5.1a. At 3 and 15 minutes NiFe2O4 showed the highest oxygen capacity and 

at 40 minutes it showed the second most oxygen capacity. MgFe2O4 showed the most oxygen 
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capacity at 40 minute and the second most oxygen capacity at 3 and 15 minutes. During re-

oxidation, MgFe2O4 and BaFe2O4 showed coke formation and integration of CO2 products gives 

coke formation of 6.7 wt.% and 0.68 wt.% However, coke formation is likely to have occurred 

during the last five  minutes of reduction, as there is a noticeable increase in H2 production (shown 

in Figure C.2). This was also accompanied by a large depletion of lattice oxygen. At 40 minutes, 

the oxygen capacity of MgFe2O4 and BaFe2O4 was 19.7 wt% and 11.4 wt%, corresponding to 82% 

and 75% of active lattice oxygen. This is consistent with the findings of Neal et al49,  where 

depletion of lattice oxygen led to coking. However, since the typical contact time for methane CLC 

is in the order of minutes, these active supports would have plenty of active lattice oxygen to inhibit 

coking. Additionally, all of three supports regained their lattice oxygen during oxidation (shown 

in Figure C.2). Figure 5.1b shows the rate of oxygen capacity of MgFe2O4, NiFe2O4, and BaFe2O4 

at different points during reduction. The maximum oxygen release rate of MgFe2O4, NiFe2O4, and 

BaFe2O4 are 3.5 wt.%/min, 2.5 wt.%/min, and 0.5 wt.%/min. With the reduction half cycle likely 

to be limited to short reduction times, the oxygen capacity during early stages of reduction times 

is particularly important. At both 3 and 15 minutes, NiFe2O4 showed the highest oxygen capacity. 

As such, NiFe2O4, as a substrate, is likely to be most robust in inhibition of coke.  
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5.4.2 Active Spinel Oxides as Supports for Coke Inhibition  
 

Oxygen carriers prepared as AB2O4 + 0.25NiO are tested for coke resistance at 900oC with 

15 minutes of reduction using 10% CH4. MgAl2O4, + 0.25NiO is used as a reference for NiO 

reduction kinetics under an inert support. The oxygen capacity at 3, 9, and 15 minutes is shown in 

Figure 5.2a for NiFe2O4 + 0.25NiO, MgFe2O4 + 0.25NiO, and BaFe2O4 + 0.25NiO. The oxygen 

capacity of MgAl2O4 + 0.25NiO was not shown because separating weight change into oxygen 

capacity and coking was not possible. There was rapid weight loss in the first 0.7 minutes and 

weight gain starting at 2.5 minutes (shown in S3). Integration of CO2 during oxidation showed the 
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Figure 5.1: a) Cumulative oxygen donation (capacity) from MgAl2O4, BaFe2O4, MgFe2O4, and NiFe2O4 at 3, 15, 
and 40 mins and b) oxygen release rate of BaFe2O4, MgFe2O4, and NiFe2O4 under during reduction in 10% CH4 at 
900oC over 45 minutes. 
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overall amount of coke was 1.64 wt.%. In contrast, active supports showed no signs of CO2 during 

oxidation (shown in Figure C.4, C.6, and C.8), demonstrating their ability for coke resistance. At 

3, 9, and 15 minutes, NiFe2O4 + 0.25NiO had the most oxygen capacity, BaFe2O4 + 0.25NiO has 

the second most oxygen capacity, and MgFe2O4 + 0.25NiO has the third most oxygen capacity.  

Oxygen release rate is shown in Figure 5.2b. With NiO exhibiting fast reduction kinetics, the 

maximum oxygen release rate will be particularly important. MgAl2O4 + 0.25NiO shows a 

maximum oxygen release rate of 2.3 wt%/min. NiFe2O4 + 0.25NiO displayed an oxygen release 

rate of 2.8 wt.%/min. This was marginally higher than the oxygen release rate of NiFe2O4. BaFe2O4 

+ 0.25NiO displayed an oxygen release maximum of 2.6 wt.%/min. Addition of NiO had a 

noticeable effect on the oxygen release maximum of BaFe2O4, with peak intensity increasing from 

0.5 wt% to 2.8 wt%. MgFe2O4, on the other hand, did have a defined peak. It is also noteworthy 

that NiFe2O4 + 0.25NiO and BaFe2O4 + 0.25NiO had similar peak intensities to MgAl2O4 + 

0.25NiO.  In comparison to an inert support, this indicates an active support will not hinder the 

reduction kinetics.  
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Higher loadings of NiO on the active support were also tested for coke resistance. The 

oxygen capacity at minutes 3, 9, and 15 are shown in Figure 5.3a for BaFe2O4 + 0.5NiO, MgFe2O4 

+ 0.5NiO, and NiFe2O4 + 0.5NiO. NiFe2O4 + 0.5NiO showed the highest amount of oxygen 

extraction at minute 3 and 9. There were no signs of coke formation in any of these oxygen carriers, 

with no CO2 formation during oxidation (shown in Figure C.5, C.7, and C.9), demonstrating the 

robustness of the active support. Rate of oxygen release is shown in Figure 5.3b. NiFe2O4 + 0.5NiO 

and BaFe2O4 + 0.5NiO show maximum oxygen release rates of 2.5 wt.%/min. MgFe2O4 + 0.5NiO 
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Figure 5.2: a) Oxygen donation (capacity) during reduction and oxidation and b) Oxygen release rate during reduction 
of MgAl2O4 + 0.25NiO, BaFe2O4 + 0.25NiO, MgFe2O4 + 0.25NiO, and NiFe2O4 + 0.25NiO. Reduction is under 10% 
CH4 and oxidation is under 10% O2. All results are at 900oC. 
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shows two peaks; with the first peak having an intensity of 1.5 wt.%/min and the second peak 

having an intensity of 2.5 wt%/min. Increasing NiO to support ratio from 0.25 to 0.5 did not result 

in more intense peaks, except in the case of MgFe2O4. Nonetheless, these findings show that the 

support are robust in coke inhibition and can provide a high rate of oxygen release. This is 

particular noteworthy with NiFe2O4, where it provides a higher amount of oxygen in the first three 

minutes and the rate of oxygen release slowly declines after the maximum oxygen release rate. 

This indicates NiFe2O4 is the most useless for coke inhibition. To shed light on this we carefully 

evaluated the phases NiFe2O4 + 0.5NiO during reduction in the following section to further 

understand the process of coke inhibition.   
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5.4.3 Reduction Pathway of NiFe2O4 Supported NiO  
 

Since NiFe2O4 supported oxygen carriers exhibited the highest oxygen capacity, phase 

transitions of NiFe2O4 supported NiO during the reduction reaction is further investigated with 

XRD and in-situ XRD. In Figure 5.4a, XRD of as prepared NiFe2O4, NiFe2O4 + 0.25NiO, and 

NiFe2O4 + 0.5NiO is shown, with reference patterns of NiO and NiFe2O4 shown for comparison. 

Diffraction peaks of NiFe2O4 + 0.25NiO and NiFe2O4 + 0.5NiO corresponded to either NiFe2O4 

or NiO. However, the reference patterns of NiO and NiFe2O4 appear at very similar 2θ values (e.g. 
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Figure 5.3: a) Weight during reduction and oxidation and b) DTG during reduction of BaFe2O4 + 0.5NiO, MgFe2O4 
+ 0.5NiO, and NiFe2O4 + 0.5NiO. Reduction is under 10% CH4 and oxidation is under 10% O2. All results are at 
900oC. 
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37.3o, 43.3o, and 63o). Radiation from CuKα1 and CuKα2 will often result in two peaks, particularly 

at higher 2θ values. Thus, at least three peaks is needed conclude the existence of two phases. 

Using our standard XRD conditions (step size = 0.1o, 4.5 seconds/step), three peaks were not seen 

at the aforementioned 2θ values (37.3o, 43.3o, and 63o). A more detailed scan (step size = 0.026o
, 

4.0 seconds/step) was conducted for NiFe2O4 + 0.5NiO. These results are shown in Figure 5.4b 

for the 2θ range: 43-44o. The results show three peaks, confirming both NiFe2O4 and NiO are 

phases are present. With the NiFe2O4 reference showing a peak at a slightly lower 2θ value than 

NiO, the first peak is associated with a NiFe2O4 peak from CuKα1 radiation. The second peak is 

associated with the overlap of a NiFe2O4 peak from CuKα2 radiation and a NiO peak from CuKα1 

radiation. The last peak is associated with a NiO peak from CuKα2 radiation.  It should also be 

noted that MgFe2O4 and NiO have diffraction peaks at similar 2θ values and using a more detailed 

scan would be required to confirm the existence of two phases in MgFe2O4 supported oxygen 

carriers.  
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Having determined both NiFe2O4 and NiO phases are present in NiFe2O4 + 0.5NiO, it was 

desired to understand how these phases changes under reduction. In-situ XRD with H2 

temperature-programmed reduction was used to determine these phase changes. Results of this 

experiment are shown in Figure 5.5 as a contour plot. As expected there are multiple phase 

occurring at different temperatures. These changes in the diffraction pattern are summarized below 

in Table 5.1. The changes in the diffraction pattern are labeled 1-6.  

Table 5.1: Peak Phenomena during H2 TPR in-Situ XRD (3% H2) of NiFe2O4 + 0.5NiO. 

Temperature Range  2θ/o of Peaks Phenomena  
100-575oC 43.3, 54, 57.5, 63 Shift towards lower 2θ, and disappear at 

575oC (1) 
575oC 42.8, 43.7, 50.9, 56.8, 62.3 Peaks appear (2) 
650oC 42.8, 56.8, 62.3 Peaks disappear (3) 
650oC 43.7, 50.9 Shift towards lower 2θ and increase in 

intensity (4) 
650oC 41.7, 60.4 Peaks appear (5) 
650oC – 800oC 41.7, 60.4 Lose intensity and disappear at 800oC (6) 

 
In Figure C.13, diffraction patterns at 40o

 C, 487o C, 604o C, 725o C, and 896o
 C are shown, 

with comparison to reference patterns of NiFe2O4, NiO, Fe3O4, FeO, Ni, Fe, and a NiFe alloy. 

These temperatures were chosen for phase identification because they will illustrate the phases 

before and after the phase transition, rather than during the phase transition. Analysis of these 

patterns indicated the following phases changes (Table 5.2):  

 

 

 

 

 



   

134 
 

Table 5.2: Phase Transitions during H2 TPR in-Situ XRD (3% H2) of NiFe2O4 + 0.5NiO. 

Temperature Range 
(Associated Peak Phenomena) 

Phase Change  

100-575oC (1) Thermal Expansion/Non-stoichiometric oxygen 
release of NiFe2O4 + 0.5NiO 

575oC (2) Decomposition into Fe3O4 and Ni 
650oC (3) Fe3O4 decomposes  
650oC (4) FeO appears 
650oC (5) Incorporation of Fe into Ni 
650oC – 800oC (6) FeO decomposes, Fe fully incorporates into Ni  

 

In literature, the non-stoichiometric oxygen loss during reduction was shown to be less 

than 0.1% by weight55,56. As such, the peak shift between 100oC to 575oC was associated to thermal 

expansion. However, the amount of Fe that incorporates into Ni from phase decomposition of 

Fe3O4 is a function of the degree of reduction. Leaving this as variable (y), in-situ XRD indicates 

the phase transitions are: 

1) NiFe2O4 + 0.5NiO →
2
3

Fe3O4 + 1.5Ni +
11
12

O2 (575𝑜𝑜𝐶𝐶) 

2) 
2
3

Fe3O4 + 1.5Ni → (2 − y) FeO + Ni1.5Fey +
2 + 3y

6
O2 (650𝑜𝑜C) ; y < 2  

3) (2 − y) FeO + Ni1.5Fey  →  
1.5

0.43
Ni0.43Fe0.57 +  

2 − y
2

O2 (650𝑜𝑜C − 850𝑜𝑜C) ; y < 2 
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Having outlined the phase transitions of NiFe2O4 + 0.5NiO during reduction, 

thermogravimetric analysis was used during an H2-TPR for further elucidation of the nature of 

coke inhibition in NiFe2O4 + 0.5NiO. It should be noted that gas hourly space velocity and ramping 

rate below 500oC are different and will prevent a direct comparison of weight changes to phase 

transitions. The oxygen capacity rate is shown in Figure 5.6, with each peak labeled with the phases 

that are present. Cumulative oxygen capacity during this experiment is shown in Figure C.14, 

respectively. Oxygen release rate shows three distinct peaks (at 384oC, 600oC, and 635oC), 

confirming the three phase changes. Furthermore, the overall oxygen capacity is 26.8%, which is 
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Figure 5.5: In-Situ XRD of NiFe2O4 + 0.5NiO from 100-900oC under 3% H2 (total flow rate: 30 mL/min). Ramping 
rate to 500oC was at 10oC/min and ramping from 500oC to 900oC was at 2oC/min. 
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very similar to the overall theoretical oxygen capacity. The overall oxygen capacity of NiFe2O4 + 

0.5NiO after 15 minutes of reduction in CH4 was is 19%. This corresponds to 625oC and is between 

the second and third DTG peak. This indicates that the decomposition of Fe3O4 is a significant 

factor in coke inhibition during redox cycling. An ideal support will release lattice oxygen 

independently of NiO. However, the decomposition of Fe3O4 is not independent of the nickel 

phase, as evidenced by the formation of a nickel-iron alloy. This solid state reaction suggests the 

support does not release oxygen independently of NiO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 5.6: TPR under 3% H2 at 2oC/min. 
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5.4.4 Redox Stabilities of the Oxygen Carriers 
 

Performance during redox cycling is investigated here using a 10 cycle redox experiment, 

with cycle 2 and 10 of redox cycling analyzed in this section. Oxygen capacity during reduction is 

shown for NiFe2O4 + 0.25NiO, BaFe2O4 + 0.25NiO, and MgFe2O4 + 0.25NiO in Figure 5.7a. The 

overall oxygen capacity for cycle 10 of NiFe2O4 + 0.25NiO, BaFe2O4 + 0.25NiO, and MgFe2O4 + 

0.25NiO was 17.2%, 8%, and 5.7%. In comparison to cycle 2, BaFe2O4 + 0.25NiO showed a 

decrease in oxygen capacity from 11% to 8%. The oxygen release rates of these oxygen carriers 

during reduction is shown in Figure C.15 for cycle 2 and cycle 10. For BaFe2O4 + 0.25NiO there 

was a marginal decrease in maximum oxygen release rate, decreasing from 2.6 wt.%/min to 2.2 

wt.%/min. The maximum oxygen release rate of NiFe2O4 + 0.25NiO decreased from 2.5 wt.%/min 

to 2.1 wt.%/min. MgFe2O4 + 0.25NiO did not show any decrease in maximum oxygen release. 

The oxygen gain during oxidation is shown in Figure 5.7b for cycle 2 and cycle 10. The most 

notable feature is the large decrease in oxidization kinetics from cycle 2 to cycle 10 for NiFe2O4 + 

0.25NiO. While the weight gain in cycle 2 and cycle 10 are comparable, cycle 10 required an extra 

10 minutes to regain the oxygen lost during reduction.   

Performance under redox cycling is also investigated for the higher NiO loadings, with 

cycle 2 and 10 analyzed in this section. Oxygen capacity as a function of time during reduction is 

shown in Figure 5.7c. In comparison to cycle 2, NiFe2O4 + 0.5NiO shows the most serious signs 

of deactivation, with overall oxygen capacity decreasing from 19% to 8%. BaFe2O4 + 0.5NiO 

showed a marginal decrease in oxygen capacity, decreasing from 12% to 10%. MgFe2O4 also 

showed a marginal decrease in oxygen capacity, decreasing from 16.5% to 15%. Oxygen release 

rate during reduction is shown for these oxygen carriers in Figure C.15 from cycle 2 to cycle 10. 

From cycle 2 to cycle 10, the maximum oxygen release rate of NiFe2O4 + 0.5NiO during reduction 
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decreased from 2.5 wt.%/min to 2.0 wt.%/min. For BaFe2O4 + 0.5NiO, the maximum oxygen 

release rate decreased from 2.5 wt.%/min to 2.0 wt.%/min. MgFe2O4 + 0.5NiO did not show any 

decrease in maximum oxygen release rate. The oxygen gain during oxidization is shown in Figure 

5.7d. The most notable feature is the change in oxidization of NiFe2O4 + 0.5NiO with cycling. Not 

only is oxidization much slower at cycle 10, the weight gain was almost 10 wt.% less at cycle 10. 

This suggests deactivation is occurring with NiFe2O4 supported NiO. However, MgFe2O4 and 

BaFe2O4 supported oxygen carriers show marginal changes from cycle 2 to cycle 10. The long 

term stability of these oxygen carriers is investigated in the next section.  
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5.4.5 Long Term Redox Stability of MgFe2O4 and BaFe2O4 supported Oxygen Carriers 
 

30 cycle redox of MgFe2O4 + 0.5NiO and BaFe2O4 +NiO was used to test the long term 

stability of MgFe2O4 and BaFe2O4 supported oxygen carriers.  The cumulative oxygen capacity 

during cycle 2, 10, and 30 of MgFe2O4 + 0.5NiO is shown in Figure 5.8a and the weight with 
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Figure 5.7: a) oxygen donation (capacity) during reduction and b) oxygen gain during oxidation with 0.25NiO and 
c) oxygen donation (capacity) during reduction and d) oxygen gain during oxidation with 0.5NiO. Reduction is 
under 10% CH4 and oxidation is under 10% O2. All results are at 900oC. 
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respect to time is shown for all 30 cycles in Figure 5.8b. The decrease in overall oxygen capacity 

in cycle 10 and cycle 30 are nearly identical at 16 wt.%. The rate of oxygen capacity is shown in 

Figure C.16, and cycle 10 and cycle 30 are also nearly identical. This shows MgFe2O4 will provide 

a stable and active oxygen carrier. The cumulative oxygen capacity during cycle 2, 10, and 30 of 

BaFe2O4 + 0.5NiO is shown in Figure C.17. The overall oxygen capacity at cycle 10 and 30 are 

identical at 10 wt.%. The rate of oxygen capacity is shown in Figure C.16, with rates of oxygen 

capacity once again being identical. This shows that BaFe2O4 is a stable and active support for 

NiO. 

 

5.5 Conclusion 
 

The current study investigates the ability of active spinel oxides to inhibit coke formation 

on nickel in chemical looping combustion. In particular, BaFe2O4, MgFe2O4, and NiFe2O4 were 

investigated because they are known to provide slow oxygen release. These materials 

demonstrated oxygen release over 45 minutes while MgAl2O4 + 0.25NiO reduces within 2 minutes 
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Figure 5.8: a) Oxygen donation (capacity) of MgFe2O4 + 0.5NiO during cycles 2, 10, and 30, b) Weight of the 
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and shortly after shows coke formation. BaFe2O4 + xNiO, MgFe2O4 + xNiO, and NiFe2O4 +xNiO 

(x = 0.25, 0.5) were studied under redox cycling with 15 minutes of reduction. In these 

experiments, there were no signs of coke formation. Additionally NiO addition to BaFe2O4 and 

NiFe2O4, increased rates of reduction. The rates of reduction was also similar to MgAl2O4 + 

0.25NiO. This suggests there is a synergetic effect between NiO and active spinel oxides; active 

spinel oxides inhibit coke formation on nickel and nickel can possibly increase the rate of reduction 

for spinel oxides. In-situ XRD and H2 TPR  of NiFe2O4 + 0.5NiO showed three phase transitions: 

1) first spinel oxide and nickel oxide reduction to magnetite and nickel 2) then magnetite reduction 

to a combination of wustite and metallic iron and 3) finally wustite reduction, giving pure metallic 

phases. Comparing to redox cycling, we concluded that reduction starts with formation of nickel 

and magnetite and ends with formation of combination of wustite and iron. The combination of 

findings from redox cycling, in-situ XRD, and weight loss under H2 TPR suggest that the 

synergetic effect between NiFe2O4 and NiO is a result of oxygen capacity from NiFe2O4 rather 

than incorporation of Ni into the spinel. While NiFe2O4 + xNiO (x = 0.25, 0.5) showed a high 

amount of oxygen capacity and subsequently coke resistance, cycling showed deactivation. Both 

MgFe2O4 and BaFe2O4 supported oxygen carriers show long term activity and stability.    
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Chapter 6: Conclusions and Future Work 

6.1 Conclusions  
 

Chemical looping is a novel process in the field of fossil fuel conversion, where the lattice 

oxygen of a metal oxide oxidizes a fuel in an efficient route, through a two-step redox process 

where in-situ air separation is accomplished. In the context of combustion, this results in facile 

CO2 capture. The first step of this process is reduction of the metal oxide (i.e. oxygen carrier or 

redox catalyst) with a carbonaceous fuel and the second step is re-oxidation of the metal oxide 

with a gaseous oxidant. Chemical looping combustion and chemical looping reforming are 

applications of chemical looping that have become increasingly studied. In chemical looping 

combustion, a fossil fuel is combusted for energy and in chemical looping reforming methane is 

converted to syngas. In both processes, air is used as the gaseous oxidant. A subset of chemical 

looping combustion is chemical looping with oxygen uncoupling, where gaseous oxygen is 

released from the metal oxide to combust a solid fuel. The metal oxide in chemical looping 

combustion is commonly referred to as an oxygen carrier and the metal oxide in chemical looping 

reforming is referred to as a redox catalyst. Performance of the oxygen carrier/redox catalyst is 

key to success of chemical looping. Hundreds of oxygen carriers/redox catalysts have been 

examined for this process. Commonly studied oxygen carriers/redox catalysts for these 

applications are transition metal oxides with an inert support. Iron oxide has emerged as a 

promising candidate for chemical looping combustion. However, it exhibits low reactivity and 

agglomeration. Use of CuO and NiO, while being highly reactive, has met challenges, namely 

defluidization and coke formation. Discovery of a suitable redox catalyst for chemical looping 

reforming has been more difficult due to requirement for both high activity and selectivity towards 

partial oxidation products (syngas).  
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The energy of oxygen vacancy creation, calculated through density functional theory, was 

used as a screening tool for Mn-containing perovskites as oxygen carriers for chemical looping 

with oxygen uncoupling, a subset of chemical looping combustion where solid fuels are converted 

through gaseous oxygen produced by the oxygen carrier. The energy of oxygen vacancy creation 

was used to predict the relative amounts of “uncoupled” oxygen. The energy of oxygen vacancy 

creation showed the trend: BaMnO3-δ > CaMnO3-δ > Ca0.75Sr0.25MnO3-δ > CaMn0.75Fe0.25O3-δ. This 

trend was unaffected by the use of the Hubbard U parameter. This predicts the amount of 

uncoupled oxygen will follow the trend: CaMn0.75Fe0.25O3-δ > Ca0.75Sr0.25MnO3-δ > CaMnO3-δ > 

BaMnO3-δ. Thermogravimetric experiments confirmed this trend when oxygen nonstoichiometry 

(δ) is less than 0.023. At higher oxygen nonstoichiometry it is expected a more complete model 

will be needed to predict these trends, taking into account entropic effects and vacancy-vacancy 

interaction. Using CaMnO3-δ, Ca0.75Sr0.25MnO3-δ, and CaMn0.75Fe0.25O3-δ for coal char conversion 

experiments showed that strontium and iron doping increase the coal char conversion past 85%.  

AMnxB1-xO3 (A = Ca or Ba, B = Fe or Ni) was investigated as a redox catalyst for chemical 

looping reforming of methane. The parent structure of BaMnO3 led to considerate improvement 

of syngas selectivity, in comparison to CaMnO3. For instance, all BaMnxB1-xO3 (B = Fe or Ni) 

redox catalysts showed CO selectivity over 85% whereas the highest CO selectivity obtained from 

CaMnxB1-xO3 (B = Fe or Ni) based redox catalysts was 68%. Temperature programmed 

desorption/reaction and findings from the previous Chapter 2, indicated this may be a result of 

more tightly bound lattice oxygen. BaMn1-xB1-xO3 based redox catalysts also exhibited coke 

resistance. This is attributed to the BaO surface termination. While Ni and Fe did not improve 

selectivity of the BaMnO3 parent structure, they improved the oxygen capacity of the parent 

structure. While BaMn0.5Fe0.5O3 showed the high oxygen carrying capacity, there were signs of 
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deactivation due to sintering in the reoxidation step with air.  When air as an oxidant is replaced 

with steam, long term stability was achieved.  

Rh promoted CaxA1-xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) was investigated as a 

redox catalyst for low temperature (600oC) methane conversion to syngas.  Results from Chapter 

2 show CaxA1-xMnxB1-xO3 (A = Sr, B = Fe, x = 0.95 or 0.75) are capable of CLOU and will give 

combustion products. However, the use of Rh surface promotion can promote syngas formation.  

This was witnessed with Rh promoted CaMnO3, where CO selectivity is above 80%. Rh promoted 

CaxSr1-xMnO3 (x = 0.95 or 0.75) resulted in roughly an even split between combustion and 

selective products. Rh promoted CaMnxFe1-xO3 (x = 0.95 or 0.75) results in complete combustion 

of methane. All Rh promoted redox catalysts show significant activity, displaying 2.2 – 4.5 wt.% 

oxygen extraction. To utilize the high oxygen extraction, Rh promoted Al2O3 was placed 

downstream of the redox catalyst and utilized as a traditional reforming catalyst, converting the 

unselective products. Redox testing of this scheme resulted in syngas selectivity of at least 88% 

and CH4 conversion of at least 17%. This scheme was shown to be the most effective for Rh-

CaMn0.95Fe0.05O3, where CH4 conversion was improved from 10% to 40% and syngas selectivity 

was improved from 1% to 95%. This is attributed to the high oxygen donation from the redox 

catalyst (4.5 wt.%), compared to other non-selective redox catalysts (≤ 3.0 wt%). Syngas yield was 

optimized by varying redox times, temperature, and residence time. This led to syngas yield above 

70% at 600oC and 700oC.  

In literature it has been shown that use of NiO as an oxygen carrier results in significant 

coke formation. Many inert supports have been tested to alleviate this, while utilizing the fast 

reduction kinetics of NiO. However, a gaseous oxidant is needed to completely remove coke 

formation. Coke formation is associated with depletion of active lattice oxygen. As an alternative 



   

150 
 

to inert substrates, MgFe2O4, NiFe2O4, and BaFe2O4 are explored as active substrates. The use of 

an active substrate was shown to prevent coke formation during a 15 minute reduction. In contrast 

when MgAl2O4, an inert substrate is used, coke formation occurs after two minutes. Additionally 

NiFe2O4 and BaFe2O4 supported NiO is shown to have maximum reduction rates (oxygen release 

maxima) similar to MgAl2O4 supported NiO. In-situ XRD of NiFe2O4 + 0.5NiO shows this 

substrates prevents coke formation by the slow phase decomposition of Fe3O4. Long term redox 

cycling shows MgFe2O4 and BaFe2O4 supported NiO are stable, with MgFe2O4 supported NiO 

showed little deactivation from cycle 2 to cycle 30.  

6.2 Future Work 
 

In this work, a neutral oxygen vacancy was assumed for calculating the energy of oxygen 

vacancy formation. However, this assumption was used for convenience and charge defects are 

likely to exist. Including charged defects, the energy of oxygen vacancy formation can be written 

as1:  

𝐸𝐸𝐸𝐸.  6.1: ∆𝐸𝐸𝑣𝑣𝑎𝑎𝑣𝑣𝑎𝑎𝑣𝑣𝑣𝑣𝑦𝑦
𝑞𝑞 =  𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑣𝑣𝑎𝑎,𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠

𝑞𝑞 −  𝐸𝐸𝑠𝑠𝑠𝑠𝑝𝑝𝑠𝑠𝑎𝑎𝑝𝑝𝑣𝑣𝑑𝑑,𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠 −  𝜇𝜇𝑂𝑂 + 𝐸𝐸𝐸𝐸𝐹𝐹 + 𝐸𝐸𝑣𝑣𝑜𝑜𝑠𝑠𝑠𝑠 

In this equation, 𝐸𝐸𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑣𝑣𝑎𝑎𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑣𝑣𝑑𝑑𝑠𝑠𝑠𝑠 is the energy of the defected supercell with charge 

state q, 𝐸𝐸𝐹𝐹is the fermi energy referenced to the valence band minimum, and 𝐸𝐸𝑣𝑣𝑜𝑜𝑠𝑠𝑠𝑠 is a correction 

term for the electrostatic interaction of the charge defects with its periodic images. One method to 

determining 𝐸𝐸𝑣𝑣𝑜𝑜𝑠𝑠𝑠𝑠 is to separate the electrostatic interaction into long range and short-range terms. 

The long-range component is the interaction beyond supercell boundaries and is evaluated by 

assigning a point charge to the defect and its periodic images2 and using a dielectric constant to 

screen this interaction3. The short-range component (interaction within the supercell) is evaluated 

by taking the difference in electrostatic potential between the pristine and defective supercell1. 

This is considered an alignment term such that the short-range electrostatic interactions decay to 
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zero far from the defect. As such, 𝐸𝐸𝑣𝑣𝑜𝑜𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑃𝑃𝐶𝐶 − 𝐸𝐸∆𝑉𝑉, where 𝐸𝐸𝑃𝑃𝐶𝐶 is the electrostatic energy from 

the long-range interactions and ∆V is the alignment term. Literature has shown that, for metal 

oxides, the defect is likely to be in the +2 (q = 2) charge state4,5 at EF = 0. Accurate extension of 

this calculation to transition metal oxides is likely to require hybrid functionals to measure the 

band gap, because the PBE and PBE+U functionals are likely to underpredict the band gap6,7. An 

illustration of how ∆Evacancy changes across the Fermi energy is shown in Figure 6.1. A comparison 

of results found in Chapter 2 with those for charged defects will provide further understanding of 

the oxygen vacancy creation energies as an indicator for CLOU capabilities.  

 

 

 

 

 

 

 

 

 

 

In addition to these calculations, investigation of the recently developed SCAN meta-GGA 

for its application to oxygen vacancy calculations can provide insight into efficiently using DFT 

as a predictive tool for chemical looping applications. This functional has shown significant 

improvements over PBE functionals4,5, with 6-7 times more computational cost (a relatively 

Figure 6.1: Schematic illustration of the vacancy formation 
energy with respect to the fermi energy. The solid blue lines 
represent the most favorable charge state and dotted blue lines 
correspond to formation energy define by equation 6.1. 
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moderate increase). For example the band gap of NiO, CoO, FeO, and MnO is under predicted by 

PBE+U by 37.5-55% while SCAN under predicts band gap by 12.5-42.5%5.  
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Appendix A. Supplementary Information for Chapter 2 

Methods 
 
Sensitivity Analysis of Hubbard U  
 

A sensitivity analysis was conducted to determine the response of the energy of vacancy 

formation with respect to a change in Hubbard U. An 80-atom unit cell of CaMnO3 and BaMnO3 

was used as the reference materials for the sensitivity analysis. Hubbard U was applied to Mn and 

varied from 2.5 to 6 eV in increments of 0.5 eV and implemented as described by Dudarev1 using 

VASP2–5. G-type antiferromagnetic spin ordering was used for BaMnO3 and Ferromagnetic was 

used for CaMnO3. K-point mesh was used according to the main text. The response of the energy 

of vacancy formation with respect to a change in Hubbard U was found by the slope of a linear fit 

of energy of vacancy formation (y) versus Hubbard U (x).   

 
X-Ray Diffraction 
 

X-Ray Diffraction was performed for Ca0.75Sr0.25MnO3, CaMn0.75Fe0.25O3, and CaMnO3. 

All samples showed diffraction patterns matching CaMnO3 showing proper phase formation of 

CaMnO3 as well as proper doping of strontium and iron in the CaMnO3 structure. This is shown 

in S1.  

 
Char Conversion Experiments 
 

A quartz fluidized-bed reactor is with an outer diameter was used. An oxygen carrier 

weight of 15g is used for CaMnO3 and CaMn0.95Fe0.05O3 and a sample weight of 17g was used for 

Ca0.75Sr0.25MnO3. 10 mg of char converted from Pittsburg #8 coal is used. The temperature is 

850oC. 800 mL/min nitogen (grade 5.0), 280 mL/min helium (grade 5.0) (char reduction) and 120 

mL/min oxygen (extra dry grade, during oxidation only) was used.  
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CO2 yield was defined as the char conversion multiplied by the CO2 selectivity reported in the 

paper. 

Results 
 
Sensitivity Analysis 
 

The results of the sensitivity analysis are shown in Figure A.1, with BaMnO3 having a 

slope of -0.31 (∆Evacancy/Hubbard U) and CaMnO3 having a slope of -0.35 (∆Evacancy/Hubbard U), 

showing a change in Hubbard U of 1 eV will having change of 0.31 and 0.35 eV for BaMnO3 and 

CaMnO3, respectively. 

  
 

 
Cation Shells and Corresponding Energies of Vacancy Formation for Ca0.75Sr0.25MnO3 

 
All eight cation shells and the corresponding energies of vacancy formation are shown 

below for Ca0.75Sr0.25MnO3.  

 
 
 
 
 
 

Figure A.1: Sensitivity Analysis of CaMnO3 and BaMnO3 
using various Hubbard U values (2.5, 3.0, 3.5, 4.0, 4.5, 
5.0, 5.5 and 6.0 eV) with a linear fit of the data. An 80-
atom supercell is used.  
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Table A1.1: Convergence test with respect to cutoff energy (CaMnO3, Ca0.75Sr0.25MnO3, CaMn0.75Fe0.25O3 values are 
shown using a 40 atom supercell and BaMnO3 uses an 80 atom supercell. The perfect and defected supercells are 
relaxed with variable lattice paramters). 

Material Evac(eV), Cutoff 
= 425 eV 

Evac(eV), Cutoff = 
450 eV 

Difference (eV/atom) 

CaMnO3 (site 1) 2.63 2.52 0.002 
BaMnO3 3.22 3.20 0.0002 
Ca0.75Sr0.25MnO3 (site 5) 2.27 2.26 0.0001 
CaMn0.75Fe0.25MnO3 (Site 3)  1.61 1.61 0.0000 

 
 
Table A.2: Cation Shells and Corresponding Energies of Vacancy Formation for CaMn0.75Fe0.25O3-δ. Radial 
Distances for the cation neighbors shown here are found using DFT. 

Site Neighbor 
1 (Å) 

Neighbor 
2 (Å) 

Neighbor 
3 (Å) 

Neighbor 
4 (Å) 

Neighbor 
5 (Å) 

DFT 
Energy 
(eV) 

DFT + U 
Energy 
(eV) 

1 Mn (1.91) Fe (1.92) Ca (2.33) Ca (2.57) Ca (2.59) 1.74 0.43 
2 Mn (1.91) Mn (1.91) Ca (2.32) Ca (2.40)  2.38 0.90 
3 Mn (1.89) Fe (1.92) Ca (2.32) Ca (2.42)  1.61 0.59 
4 Mn (1.91) Mn (1.92) Ca (2.33) Ca (2.54) Ca (2.59) 2.4 0.93 

 
Table A.3: Cation Shells and Corresponding Energies of Vacancy Formation for Ca0.75Sr0.25MnO3-δ. Radial 
Distances for the cation neighbors shown here are found using DFT. 

Site Neighbor 
1 (Å) 

Neighbor 
2 (Å) 

Neighbor 
3 (Å) 

Neighbor 
4 (Å) 

Neighbor 
5 (Å) 

DFT 
Energy 
(ev) 

DFT + U  
Energy 
(ev) 

1a Mn (1.93) Mn (1.93) Ca (2.34) Sr (2.59)  2.77 1.45 
1b Mn (1.92) Mn (1.92) Ca (2.42) Sr (2.43)  2.56 1.26 
2a Mn (1.89) Mn (1.89) Ca (2.33) Ca (2.48)  2.26 0.92 
2b Mn (1.90) Mn (1.90) Ca (2.34) Ca (2.43)  2.45 1.13 
3a Mn (1.91) Mn (1.92) Ca (2.35) Ca (2.60) Ca (2.63) 2.51 1.32 
3b Mn (1.91) Mn (1.92) Ca (2.35) Ca (2.60) Sr (2.63) 2.62 1.42 
4 Mn (1.92) Mn (1.92) Ca (2.36) Ca (2.53) Ca (2.66) 2.54 1.43 
5 Mn (1.89) Mn (1.90) Ca (2.44) Sr (2.58) Ca (2.59) 2.36 1.16 

 
 
X-Ray Diffraction 
 

Results of XRD are shown in A1.1 with CaMnO3, CaMn0.75Fe0.25O3, and Ca0.75Sr0.25MnO3 

showing a good match with CaMnO3 indicating good phase formation. 
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XRD used for rietveld refinement is shown below in S3. 
 

 
 
 
 
 
 

Figure A.2: XRD Pattern of a) CaMnO3, b) 
CaMn0.75Fe0.25O3, and c) Ca0.75Sr0.25MnO3. 

Figure A.3: XRD used for rietveld refinement, fit, and the experimental difference for a) CaMn0.75Fe0.25O3  b) 
Ca0.75Sr0.25MnO3 and c) CaMnO3. 
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Lattice parameters of pristine CaMnO3 and BaMnO3 with respect to magnetic ordering 
 
Table A.4: Deviation in lattice parameters and unit cell volume from experimental values for CaMnO3 (using DFT). 

 a (% diff.) b (% diff.) c (% diff) Vol. (% diff) 
GAF  -0.44 -0.03 -1.90 0.47 
AF-100 -0.28 -0.40 -0.10 0.57 
AF-010  -0.93 -0.19 -0.05 0.79 
F -0.93 -0.26 -0.07 1.26 

 
Table A.5: Deviation in lattice parameters and unit cell volume from experimental values for BaMnO3 (using DFT). 

 a (% diff.) b (% diff.) c (% diff) Vol. (% diff) 
GAF  -0.54 -0.54 -0.01 1.08 
AF-001 -0.55 -0.55 -0.03 1.08 
AF-010  -0.33 -0.30 -2.06 2.69 
F -0.31 -0.31 -2.00 2.63 

 
Table A.6: Deviation in lattice parameters and unit cell volume from experimental values for CaMnO3 (using 
DFT+U). 

 a (% diff.) b (% diff.) c (% diff) Vol. (% diff) 
GAF  -1.10 -0.63 -0.55 2.29 
AF-100 -1.00 -0.62 -0.47 2.10 
AF-010  -1.49 -0.51 -0.57 2.59 
F -1.62 -0.82 -0.62 3.08 

 
Table A.7: Deviation in lattice parameters and unit cell volume from experimental values for BaMnO3 (using 
DFT+U). 

 a (% diff.) b (% diff.) c (% diff) Vol. (% diff) 
GAF  -0.72 -0.72 -1.95 3.42 
AF-001 -0.73 -0.73 -1.94 3.44 
AF-010  -0.59 -0.58 -2.89 4.11 
F -1.62 -0.82 -0.62 3.08 
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Table A.8: Refinement Results for CaMnO3, Ca0.75Sr0.25MnO3, and CaMn0.75Fe0.25O3. 

 CaMnO3 Ca0.75Sr0.25MnO3 CaMn0.75Fe0.25O3 
Z  4 4 4 
Space Group Pnma Pnma Pnma 
a (Å) 5.28081(11) 5.3049(4) 5.30731(11) 
b (Å) 7.45521(15) 7.4995(6) 7.49777(15) 
c (Å) 5.26725(11) 5.3168(5) 5.30054(10) 
V (Å3) 207.369(12) 211.52(5) 210.924(11) 
R 0.023 0.020 0.040 
wR 0.036 0.031 0.031 
RB 0.058 0.044 0.053 
wRB 0.080 0.061 0.079 

 
Table A.9: Lattice Parameters of CaMnO3 at 750oC, under different reducing environments. 

PO2 0.025 atm 0.01 atm Inert 
a (Å) 5.325(1) 5.325 (1) 5.333(1) 
b (Å) 7.529 (1) 7.527 (1) 7.535(1) 
c (Å) 5.323 (2) 5.324 (1) 5.330(1) 
V (Å3) 213.4 213.4 214.2 

 
Table A.10: Lattice Parameters of CaMn0.75Fe0.25O3 at 750oC, under different reducing environments. 

PO2 0.025 atm 0.01 atm Inert 
a (Å) 5.356(1) 5.359 (1) 5.364 (1) 
b (Å) 7.576 (1) 7.579 (1) 7.585 (1) 
c (Å) 5.201 (1) 5.204 (1) 5.209 (1) 
V (Å3) 211.1 211.4 211.9 

 
Table A.11: Lattice Parameters of Ca0.75Sr0.25MnO3 at 750oC, under different reducing environments. 

PO2 0.025 atm 0.01 atm Inert 
a (Å) 5.376 (1) 5.376 (1) 5.374 (1) 
b (Å) 7.588 (1) 7.589 (1) 7.597 (1) 
c (Å) 5.368 (1) 5.369 (1) 5.379 (1) 
V (Å3) 219.0 219.1 219.6 
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Table A.12: Lattice Parameters for Pristine and Defective Supercell of CaMnO3, including both oxygen types. 

PO2 Defect – Type 1 Defect – Type 2 Inert 
a (Å) 5.30 5.32 5.30 
b (Å) 7.49 7.46 7.46 
c (Å) 5.26 5.29 5.27 
V (Å3) 208.98 209.86 208.3 

 
 
Table A.13: Lattice Parameters for Pristine and Defective Supercell of Ca0.75Sr0.25MnO3, including oxygen types 
discussed in the main text. 
PO2 Defect – Type 

2a 
Defect – Type 
2b 

Defect – Type 5  
 

Inert 

a (Å) 5.32 5.31 5.33 5.32 
b (Å) 7.54 7.54 7.51 7.51 
c (Å) 5.30 5.31 5.33 5.31 
V (Å3) 212.60 212.71 213.51 212.1 

 
 
Table A.14: Lattice Parameters for Pristine and Defective Supercell of CaMn0.75Fe0.25O3, including oxygen types 
discussed in the main text 
PO2 Defect – Type 1 Defect – Type 3 Inert 
a (Å) 5.34 5.33 5.32 
b (Å) 7.47 7.51 7.48 
c (Å) 5.30 5.27 5.26 
V (Å3) 211.32 210.71 209.49 

 
Table A.15: Octahedral Bond Distortion from experiments (Rietveld Refinement), DFT, and DFT+U for CaMnO3, 
Ca0.75Sr0.25MnO3, and CaMn0.75Fe0.25O3. 
 CaMnO3 Ca0.75Sr0.25MnO3 CaMn0.75Fe0.25O3 
Experiment 8.64E-5 2.79E-4 2.12E-4 
DFT 5.67E-6 7.74E-6 4.93E-6 
DFT+U 6.67E-6 2.84E-5 1.61E-5 

 
 
Equilibrium partial pressure of oxygen of Mn – containing perovskites during  
 

The equilibrium PO2 range between reduction and oxidation of BaMnO3-δ, CaMnO3-δ, 

Ca0.75Sr0.25MnO3-δ, and CaMn0.75Fe0.25O3-δ is shown below. Reduction is at 650oC with an oxygen 

non-stoichiometry of δ = 0.25 and oxidation is at 950oC with an oxygen non-stoichiometry of δ = 

0.05, according to the equation below, with ∆Evacancy taken from DFT+U calculations using the 
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largest simulated supercell.  PO2 is the partial pressure of oxygen and Po
 is the reference partial 

pressure (1 atm) 

 
𝐶𝐶𝑣𝑣 = δ

3
= exp �−∆𝐸𝐸𝑣𝑣𝑣𝑣𝑟𝑟𝑣𝑣𝑟𝑟𝑟𝑟𝑣𝑣 

𝑅𝑅𝑅𝑅
� ∗ 𝑃𝑃𝑂𝑂2

𝑃𝑃𝑟𝑟
  

 

 
Figure A.4: Equilibrium PO2 between 650oC, δ = 0.25 and 950oC, δ = 0.05. The desired PO2 range is shaded in 
green.  

 
 
Extra Figures 
 
Magnetic Spin Ordering 
 

 
 
 
 
 

 

Figure A.5: Diagram of spin ordering for a) g-type 
antiferromagnetic and b) a-type antiferromagnetic. 
Grey spheres represent site of spin ordering. 
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Figure A.6: Oxygen Sites for CaMn0.75Fe0.25O3-δ: a) Site 2a b) Site 2b c) Site 3a and d) Site 5. 
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Figure A.7: Oxygen Sites for CaMn0.75Fe0.25O3-δ: a) Site 1 b) Site 2 c) Site 3 and d) Site 4. 
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Figure A.8: Non-stoichiometry of CaMnO3-ẟ’, Ca0.75Sr0.25MnO3-ẟ’, and CaMn0.75Fe0.25O3-ẟ’ (with respect to sample at 
room temperature after pretreatment) as function of partial pressure of oxygen and temperature for a) PO2 = 0.01 atm 
and 0.025 atm and b) Inert. ẟ’ refers to oxygen non-stoichiometry in ABO3-ẟ’ perovskite. Pretreatment was with 20% 
O2 at 1000oC. 
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Figure A.9: Thermogravimetric curves of reductions of under either a PO2 of 0.01 atm or 0.025 atm between 600-
750oC at 25oC/min increments. 
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Figure A.10: Thermogravimetric curves of reduction in an inert environment at 600, 700, and 750oC.  

The sudden increase in weight for Ca0.75Sr0.25MnO3 at 750oC is a result of instrument 
fluctuation, due to an external force on the instrument.  
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Appendix B. Supplementary Information for Chapter 4 

Method for calculating equilibrium products  
 
The equilibrium compositions of products, resulting from methane reaction with redox catalysts 

was found using a mixture of oxygen extracted from the redox catalysts and methane fed to 

redox catalysts. The total amount of oxygen was calculated from oxygen containing products 

including CO, CO2, and H2O, while the   amount of CH4 was calculated from the carbons in CO, 

CO2, and CH4. The equilibrium composition was simulated using an Rgibbs reactor in 

AspenPlus. 

Results 
 
XRD 
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Figure B.1: XRD patterns of a) unpromoted CaMnO3, CaMn0.95Fe0.05MnO3, Ca0.75Sr0.25MnO3, Ca0.95Sr0.05MnO3, and 
CaMn0.75Fe0.25O3 and b) Rh promoted Rh-CaMnO3, Rh-CaMn0.95Fe0.05MnO3, Rh-Ca0.75Sr0.25MnO3, Rh-
Ca0.95Sr0.05MnO3, and Rh-CaMn0.75Fe0.25O3 redox catalysts. 
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CH4 TPR 
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Figure B.2: Weight loss of a) unpromoted and b) promoted redox catalysts during CH4 – TPR. The redox catalysts 
were reduced in 10% CH4 by heating to 900oC at a ramp rate of 20oC/min. 
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Figure B.3: Weight loss of promoted redox catalysts 
during O2-TPD. 
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Instantaneous CH4 conversion and Syngas Selectivity  
 

Optimization of Redox Time 
 

Effects of oxidation time on methane conversion and syngas yield are shown in Figure S5, 

using five minutes of reduction. For Rh-CaMn0.95Fe0.05O3 redox catalyst, the CH4 conversion 

increased significantly with increasing oxidation time from 1 to 3 minutes. Further increasing 

oxidation time to 5 min only slightly improved methane conversion from 46% to 51%. Rh-

CaMn0.75Fe0.25O3 showed an increase in CH4 conversion initially with increasing oxidation time 

up to 1.5 minutes, while reaching a plateau with longer oxidation time. The increase in CH4 

conversion was accompanied by a similar increase in syngas yield. This finding showed that 5 

minutes of oxidation resulted in high methane conversion and/or syngas yield, which was used to 

further optimize the reaction conditions for Rh-CaMn0.75Fe0.25O3 and Rh-CaMn0.95Fe0.05O3 

catalysts. For Rh-CaMnO3, there was an increase in CH4 conversion across all oxidation times, 

and maximum syngas yield was achieved with 3 minutes of oxidation. Therefore, we chose 3 

minutes of oxidation for further optimization of Rh-CaMnO3.  
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Figure B.4: a) Instantaneous CH4 conversion and b) Instantaneous CO Selectivity of Rh - CaMnO3, Rh - 
CaMn0.75Fe0.25O3, Rh- CaMn0.95Fe0.05O3, Rh – Ca0.75Sr0.25MnO3, and Rh-Ca0.95Sr0.05MnO3 during dual bed 
experiments. Reaction condition: 5% CH4, GHSV = 12000 h-1, 600oC, 15 min reduction, and 10 min oxidation. 
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Further optimization was conducted by varying reduction time from 3 to 7 min, as shown 

in Figure S6. Rh-CaMn0.75Fe0.25O3 showed 8% higher methane conversion by shortening the 

reduction time to three minutes. It also showed an increase in syngas yield of 7%. Rh-

CaMn0.95Fe0.05O3 showed the highest methane conversion with 3 or 5 minutes of reduction. As 

such, future experiments used 3 minutes of reduction and 5 minutes of oxidation for Fe doped 

redox catalysts.  

Rh-CaMnO3 showed an increase in methane conversion and syngas yield of 7% and 4.5%, 

respectively, when reduction time was shortened to three minutes. As previously discussed, Rh-
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Figure B.5: CH4 conversion and syngas yield for varying oxidation time between 1 and 5 minutes for a) Rh-
CaMnO3, b) Rh-CaMn0.95Fe0.05O3, c) CaMn0.75Fe0.25O3. All results shown here use 5 minutes reduction at 600oC 
with 5% CH4 during reduction and 5.8% O during oxidation at a GHSV of 12000 h-1. 
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CaMnO3 showed a two stage behavior of i) high methane conversion, low selectivity and ii) high 

selectivity, low methane conversion. It is most desirable to have an even split of these two regions 

so syngas yield can be optimized. At higher temperatures and lower residence times, the first 

region is expected to be emphasized due to higher oxidation. Subsequently, three minutes of 

reduction may not display the second region. With only a marginal increase in methane conversion 

occurring by decreasing reduction time to three minutes, future experiments used five minutes of 

reduction.   
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Figure B.6: CH4 conversion and syngas yield for varying reduction time between 3 and 7 minutes for a) Rh-
CaMnO3, b) Rh-CaMn0.95Fe0.05O3, c) Rh-CaMn0.75Fe0.25O3. Rh-CaMnO3 used 3 minutes oxidation. Rh-
CaMn0.95Fe0.05O3 and Rh-CaMn0.75Fe0.25O3 used 5 minutes of oxidation. All results here are at 600oC with 5% CH4 
during reduction and 5.8% O during oxidation at a GHSV of 12000 h-1. 
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Appendix C. Supplementary Information for Chapter 5 

Results 
 
Blank Redox Experiment 
 

A blank redox experiment showed the weight of an empty crucible during reduction and 

inert (purge) steps are equal. The momentary weight increase was a result of gas switching and 

lasted less than one minute. The weight change due to switching from inert to oxidizing conditions 

was roughly 0.17mg. The weight difference between inert and oxidizing was expected to be change 

between crucible, but is expected to be negligible in comparison to overall weight change of the 

oxygen carrier during oxidization. Nonetheless, the weight during oxidization was only compared 

between cycles and not oxygen carriers.   
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Figure C.1: Weight of an empty crucible during inert (180 mL/min He), reduction (180 mL/min He, 20 mL/min 
CH4), and oxidation (180 mL/min He, 20 ml/min O2) at 900oC. 
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Long Term Reduction of Spinels 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure C.2: Products during long term reduction and re-oxidization of MgFe2O4, NiFe2O4, and BaFe2O4.  
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Redox Cycling 
 

 

  
 

 

Figure C.3: Redox cycling of MgAl2O4 + 0.25NiO under at 900oC. Reduction is with 180 mL/min He and 20 
mL/min CH4. Oxidation is with 180 mL/min He and 20mL/min O2. Purge is with 180 mL/min He.    

Figure C.4: Redox cycling of BaFe2O4 + 0.25NiO under at 900oC. Reduction is with 180 mL/min He and 20 
mL/min CH4. Oxidation is with 180 mL/min He and 20mL/min O2. Purge is with 180 mL/min He.    
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Figure C.5: Redox cycling of BaFe2O4 + 0.5NiO under at 900oC. Reduction is with 180 mL/min He and 20 mL/min 
CH4. Oxidation is with 180 mL/min He and 20mL/min O2. Purge is with 180 mL/min He.     

Figure C.6: Redox cycling of MgFe2O4 + 0.25NiO under at 900oC. Reduction is with 180 mL/min He and 20 
mL/min CH4. Oxidation is with 180 mL/min He and 20mL/min O2. Purge is with 180 mL/min He.     
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Figure C.7: Redox cycling of MgFe2O4 + 0.5NiO under at 900oC. Reduction is with 180 mL/min He and 20 
mL/min CH4. Oxidation is with 180 mL/min He and 20mL/min O2. Purge is with 180 mL/min He.     

Figure C.8: Redox cycling of NiFe2O4 + 0.25NiO under at 900oC. Reduction is with 180 mL/min He and 20 
mL/min CH4. Oxidation is with 180 mL/min He and 20mL/min O2. Purge is with 180 mL/min He.     
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Figure C.9: Redox cycling of NiFe2O4 + 0.5NiO under at 900oC. Reduction is with 180 mL/min He and 20 mL/min 
CH4. Oxidation is with 180 mL/min He and 20mL/min O2. Purge is with 180 mL/min He.     
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Figure C.10: XRD of MgAl2O4 + 0.5NiO with reference patterns of MgAl2O4 and NiO shown for comparison. 
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Figure C.11: XRD of BaFe2O4 + xNiO (x = 0, 0.25, 0.5) with reference patterns of BaFe2O4 and NiO shown for 
reference.  
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Figure C.12: XRD of MgFe2O4 + xNiO (x = 0, 0.25, 0.5) with reference patterns of MgFe2O4 and NiO shown for 
reference. 
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In-Situ XRD 

 

Figure C.13: In-situ XRD results at 40oC, 487oC, 604oC, 725oC, 895oC. Reference patterns of NiO, NiFe2O4, Fe3O4, 
FeO, Ni, Fe, and Fe0.58Ni0.42 are shown for comparison. 
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Redox Stability of Oxygen Carriers 
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Figure C.14: O2- Extraction (wt. %) during H2-TPR. 
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Figure C.15: O2- donation rate (wt.%/min) during reduction of cycle 2 and cycle 10.   
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Figure C.16: Oxygen release rates of a) BaFe2O4 + 0.5NiO and b) MgFe2O4 + 0.5NiO during redox cycling. 
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Figure C.17: a) Oxygen donation (capacity) of MgFe2O4 + 0.5NiO during cycles 2, 10, and 30, b) Weight of the 
oxygen carrier during cycling.  
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