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Abstract 

Global climate change is a major motivation for the mitigation of greenhouse gas emissions. The most 

significant greenhouse gases contributing to US emissions, reported by the EPA, are carbon dioxide, 

methane, and nitrous oxide – all products of oil production and combustion. Catalytic co-conversion of 

these gases via CO2- or N2O-assisted methane coupling to high-value commodity chemicals, such as 

ethylene,  has been demonstrated to be a highly selective process over some metal oxide catalysts. The 

research in this dissertation focused on identifying physical and electronic properties of selective metal 

oxide catalysts to develop structure-activity relationships between this class of catalysts and this class of 

oxidative coupling reactions. 

 To study this reaction system, a series of CaO/ZnO catalysts were developed as a platform to study 

the mechanistic cooperation of binary metal oxide catalyst systems. Calcium oxide, a highly basic metal 

oxide, was deposited on zinc oxide, a reducible oxide. CaO/ZnO binary metal oxide catalyst is comprised 

of cheaply abundant materials and has been demonstrated to be highly selective toward C2 products during 

CO2-assisted methane coupling (CO2-OCM). A series of Ca/ZnO catalysts with varying Ca composition 

were characterized by microscopy (TEM), X-ray spectroscopies (L-edge XANES, XPS), and CO2 

adsorption infrared spectroscopy-temperature programmed desorption (IR-TPD). Catalysts with less than 

2 mol% Ca contained highly disperse Ca sites that had lower Lewis basicity compared to bulk CaO. The 

CO2-OCM performance of these catalysts with low-Ca-loading exhibited a strong dependence on Ca 

loading, where minor additions of Ca drastically  increased C2 product selectivity. These results coupled 

with further catalytic tests report the medium strength basicity of the interface between dispersed Ca and 

ZnO present in low-Ca-loading catalysts is optimal for C2 product selectivity. 

 X-ray absorption spectroscopy (XAS) and complementary theoretical simulations characterized the 

extent of Ca dispersion in the low-Ca-loading Ca/ZnO catalysts. For catalysts with less than 2 mol% Ca, 

the Ca most probably exists as linear one-dimensional and planar two-dimensional CaO clusters roughly 7 

to 26 Å in length. A pre-edge feature of the XANES spectra unique to the low-Ca-loading catalysts was 
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attributed to the presence of some under-coordinated Ca surface atoms by analysis of the local densities of 

states. The N2O-OCM performance of these catalysts was evaluated. The presence of the CaO clusters and 

under-coordinated surface atoms corresponded to higher C2-4 product selectivities than over high-Ca-

loading catalysts. These Ca sites are highly dispersed on ZnO, creating many selective Ca/ZnO interfacial 

sites, which can lead to enhanced methane coupling performance.  

Additional experiments comparing kinetic and mechanistic information across various oxidants 

during methane coupling reveal a strong effect of oxidant partial pressure on reactivity. Co-feeding oxidants 

at varying partial pressures should be further explored as a route of optimizing product yields. To optimize 

this system for ethylene production, catalytic oxidant-assisted ethane dehydrogenation should also be 

further investigated. Preliminary results suggest that Ca/ZnO can effectively catalyze ethane 

dehydrogenation on the catalyst surface during CO2-OCM. Various morphologies of ZnO were tested with 

Ca impregnation for their CO2-OCM performance. Surface-area-normalized C2 product yields did show 

preliminary morphology-dependence, where rod-like structures with a dominant (100) facet had poorer 

product yields than a commercial ZnO. 
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Chapter 1. Introduction 

Greenhouse gases are directly produced from oil production and combustion, where the largest impact 

comes from carbon dioxide, nitrous oxide, and methane.1 During oil extraction in remote areas, the transport 

of natural gas becomes too costly, leading to methane combustion to CO2 for release, where approximately 

10% of the methane is not combusted and simply released to the atmosphere.2 Since the shale gas 

revolution, methane, the majority species in both natural and shale gas, has become a widely used fuel and 

is now specifically sought after.3 Its abundance has made methane a very cheap energy source, where its 

primary function is combustion to CO2 for heat.4 Developing technologies for on-site conversion of 

methane and other greenhouse gases into energy-dense, valuable products could reduce combustion and 

emissions as well as present an alternative cost- and environmentally-efficient route to commodity 

chemicals. 

 Oxidative methane coupling (OCM) has been widely studied as a potential avenue of methane 

upgrading to ethylene.5–7 During OCM, one C-H bond of methane is heterolytically cleaved to create methyl 

radicals that can couple in the gas phase to form ethane, which can further dehydrogenate to ethylene.8 

However, sequential C-H bond breakage of methane or hydrocarbon products can lead to excessive 

oxidation and COx formation. Use of a less-oxidizing oxidant in place of O2 that are also emitted greenhouse 

gases, like CO2 and N2O, can achieve much higher C2 product selectivities while converting greenhouse 

gases into value-added products. The plentiful research of OCM can also be applied to the soft oxidant-

assisted methane coupling reactions. Metal oxide-based catalysts have achieved the highest C2 product 

yields9 and are the most studied CO2-OCM catalysts.10,11 Optimal OCM performance is achieved over metal 

oxide catalysts that have medium-levels of reducibility12 and basicity13–15. Similar effects have been 

observed for CO2- and N2O-assisted methane coupling.16,17 Binary metal oxide catalysts that have basic 

metal oxide and reducible metal oxide components can achieve higher C2 product selectivities than a single 

component.18,19 The origin of this cooperative mechanism as well as potential active site structures were not 

well-understood. The work described in this dissertation focuses on characterizing a binary metal oxide 
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catalyst system to correlate potential active site structures to catalytic performance and gain fundamental 

knowledge of the mechanisms of the CO2- and N2O-assisted methane coupling reactions. 

 In Chapter 2, calcium-impregnated ZnO catalysts of varying compositions were investigated as 

CO2-assisted methane coupling (CO2-OCM) catalysts. Geometric and electronic properties of the calcium 

sites, as determined by electron microscopy, X-ray spectroscopies, and a newly established method of 

quantitative infrared spectroscopy–temperature programmed desorption (IR-TPD), explained later in 

further detail, were correlated to their catalytic performance. Catalysts with  less than 2 mol% Ca exhibited 

unique physical properties that correlated to enhanced catalytic properties compared to bulk CaO or Ca/ZnO 

catalysts with a high concentration of Ca. The thorough characterization aims to aid future catalyst design 

principles for methane coupling. 

 Chapter 3 further studies the Ca site structure in Ca/ZnO catalysts with experimental and theoretical 

X-ray absorption spectroscopy to determine a more precise degree of Ca dispersion in the low-Ca-loading 

catalysts. Ca was found to exist as one- or two-dimensional CaO clusters 7 to 26 Å in length on the ZnO 

surface for catalysts with less than 2 mol% Ca. The catalytic activity of these Ca/ZnO catalysts was 

evaluated for N2O-assisted methane coupling (N2O-OCM). Similar conclusions were found to those in 

Chapter 2, where the CaO cluster catalysts exhibited higher C2 product selectivity than those with large 

CaO nanoparticles. 

 Chapter 4 reports results of additional experiments that compliment those in Chapters 2 and 3 but 

did not fit within the scope of these chapters. The results include catalytic evaluation of Ca/ZnO and similar 

materials varying reaction parameters of N2O-OCM, CO2-OCM, and OCM to understand their impact on 

reaction kinetics and product distribution. The results may serve to identify areas of interest for future 

experimental exploration. 

Method Development 

Unique challenges to characterize the low-Ca-loading catalysts arose during the development of Chapter 2. 

The quantity of CO2 adsorbed on ~20 mg of catalyst during the temperature-programmed desorption of 
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CO2 was too low for desorption to be detected by thermogravimetric analysis and mass spectrometry (TGA-

MS), preventing characterization of the basic sites. With diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS), the formation of surface calcium carbonate by CO2 adsorption could be selectively 

observed and quantified. Operando DRIFTS enabled the study of CO2 desorption profiles.  

 The experimental method was adapted from similar methods of CO adsorption and desorption20 

and is described in more detail in Chapter 2. Briefly, ~15 mg of catalyst was treated in situ in air to 850 °C 

to ensure full desorption of any water and carbonate species that formed during air-exposure. While cooling 

from 850 °C in inert gas, spectra of the catalyst with no adsorbates were collected. CO2 was introduced to 

the catalyst at room temperature to adsorb. After, all gaseous CO2 was removed from the cell and gas lines, 

and the sample cell was heated in inert gas at a fixed rate collecting spectra at designated temperatures 

during the ramp to build the TPD profile.  

All spectra were collected and plotted as log(1/R). The relative intensity of the region of interest 

after versus before CO2 adsorption is significantly greater than 0.6, a threshold where the Kubelka-Munk 

function is no longer linearly proportional to absorbance and log(1/R) is a better approximation.21 Spectra 

of the bare catalyst surface taken during the cooling step were subtracted from the spectra taken during the 

CO2 TPD temperature ramp, each at the corresponding temperature. The spectra of the bare catalyst serve 

as background spectra to eliminate changes in the background due to temperature and thermal radiation. 

Concentration is directly proportional to absorbance, according to Beer’s Law. Integrating the total 

carbonate absorbance signal at each temperature measured provides a relative concentration of CO2 on the 

surface. The relationship between carbonate area and temperature will closely fit a sigmoidal decay, as 

desorption occurs and coverage approaches 0. The inflection point of the curve is the temperature where 

the maximum rate of CO2 desorption occurs. This temperature can be used as a metric for catalyst basicity, 

where the temperature of the maximum rate of desorption over a more strongly basic catalyst would be 

higher. The IR-TPD technique is a surface-sensitive method that allows for quantitative analysis of 

adsorption and desorption profiles in dilute catalysts. 
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Chapter 2. Surface Basicity Controls C–C Coupling Rates during Carbon 

Dioxide-Assisted Methane Coupling over Bifunctional Ca/ZnO Catalysts 
 

Adapted from publication in Physical Chemistry Chemical Physics with permission: 

L. R. Filardi, F. Yang, J. Guo, C. X. Kronawitter, R. C. Runnebaum, Phys. Chem. Chem. Phys., 2023, 25, 9859-

9867. DOI: 10.1039/D3CP00332A  

 

2.1 Abstract 

Carbon dioxide-assisted coupling of methane offers an approach to chemically upgrade two greenhouse 

gases and components of natural gas to produce ethylene and syngas. Prior research on this reaction has 

concentrated efforts on catalyst discovery, which has indicated that composites comprised of both reducible 

and basic oxides are especially promising. There is a need for detailed characterization of these bifunctional 

oxide systems to provide a more fundamental understanding of the active sites and their roles in the reaction. 

We studied the dependence of physical and electronic properties of Ca-modified ZnO materials on Ca 

content via X-ray photoelectron and absorption spectroscopies, electron microscopy, and infrared 

spectroscopic temperature-programmed desorption (IRTPD). It was found that introduction of only 0.6 

mol% Ca onto a ZnO surface is necessary to induce significant improvement in the catalytic production of 

C2 species: C2 selectivity increases from 5% on unmodified ZnO to 58%, at similar conversions. Evidence 

presented shows that this selectivity increase results from the formation of an interface between the basic 

CaO and reducible ZnO phases. The basicity of these interface sites correlates directly with catalytic activity 

over a wide composition range, and this relationship indicates that moderate CO2 adsorption strength is 

optimal for CH4 coupling. These results demonstrate, for the first time to our knowledge, a volcano-type 

relationship between CO2-assisted CH4 coupling activity and catalyst surface basicity, which can inform 

further catalyst development.  
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2.2 Introduction 

Methane is the dominant constituent of natural gas, biogas, and shale gas, and due to advances in extraction 

and production technologies, it is an abundant resource.1 However, the lack of technology to chemically 

utilize this resource efficiently leads to the practice of methane flaring and, thus, greenhouse gas emissions. 

There is a resurgent interest in pursuing the oxidative coupling of methane (OCM) as a viable avenue for 

methane upgrading into larger hydrocarbons.2
 However, when O2 is used as an oxidant, product selectivity 

is hindered by overoxidation of methane and C2 products to COx, which limits overall C2 yield.3 It has been 

demonstrated that carbon dioxide is an effective soft oxidant, facilitating the conversion of primary 

greenhouse gases into both valuable C2 products and syngas.4,5 

In 1988, carbon dioxide was first introduced during oxidative coupling of methane with oxygen.6 

A promotional effect of CO2 on C2 yield, as well as the formation of C2 products from reaction of methane 

and CO2 in the absence of O2 was observed. Since then, it has been shown for many metal oxide catalyst 

systems7 that the presence of CO2 alone in methane reactor feeds (that is, in the absence of O2) facilitates 

C–C coupling (CO2-assisted oxidative methane coupling or CO2-OCM). Enhanced activity and selectivity 

have been demonstrated with binary metal oxide composites, specifically those comprised of a basic oxide 

and a reducible oxide, including CaO/CeO2,8 Sr/MnO,9 and Ca/CrO2.10 It is proposed that the basic oxide 

promotes CO2 adsorption, which undergoes dissociation at a site associated with the reducible oxide to form 

an active surface oxygen species.11 This species can facilitate methane activation to generate methyl 

radicals, which are known to couple in the gas phase to form ethane and ethylene.12 

The synergy between basic and reducible oxides was demonstrated by Wang and Ohtsuka using 

CaO/ZnO.13 Pure CaO catalyzes CO2-OCM with moderate selectivity but very low yield, while pure ZnO 

preferentially forms syngas via methane reforming. When compared to the pure oxide components, the 

composite materials yield enhanced activity and selectivity, reaching 80% selectivity to C2 products. 

However, it was shown that varying Ca composition from 10 to 50 mol% results in very similar catalyst 

performances, implying there is little change in the active site structure over this wide composition range.13 
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The absence of significant influence of composition on catalyst performance has been reported for several 

other binary oxides containing either CaO10,14 or ZnO.11,15 For CO2-OCM, there has been a dominant focus 

on catalyst discovery, which has precluded a much-needed detailed investigation of these promising 

bifunctional oxide systems. Thus, a fundamental understanding of the active sites and their roles in the 

reaction is lacking. 

In the present work, we combine a suite of complementary characterization techniques, including 

most notably infrared spectroscopic temperature programmed desorption (IR-TPD), to understand the 

composition dependence of properties of a model binary Ca/ZnO catalyst at Ca levels much lower than 

those previously reported. Studying catalysts with very low concentrations of the basic oxide reveals 

information on the formation of the sites responsible for the promoted coupling activity. We herein 

demonstrate that the interface sites between the two metal oxides are critical to methane activation and 

selective coupling, which is attributable to their optimal moderate basicity. We use the notation Ca/ZnO to 

refer to Ca-surface-loaded ZnO catalyst samples, but surface Ca–O species are described as oxides for 

convenience, since Ca is oxidized in all conditions examined.  

2.3 Experimental Methods 

Catalyst synthesis 

Ca/ZnO catalysts were prepared via a wet impregnation synthesis published previously by Wang and 

Ohtsuka.13 The calculated amount of calcium nitrate tetrahydrate (99% ACS Reagent, MP Biomedicals) to 

provide the desired Ca/(Ca + Zn) composition (indicated as mol% in this chapter) was dissolved in MilliQ 

(18 Mohm) water (5 mL g-1 ZnO). Zinc oxide (99.9% metal basis, Alfa Aesar) was added, and the resulting 

slurry was sonicated to maximize ZnO dispersion in the solution. The mixture was partially covered and 

stirred at room temperature overnight until the water evaporated. The resulting white solids were then dried 

in an oven at 120 °C for 24 hours before calcining in 50 mL min-1 air (zero air, Praxair) at 850 °C (ramp 5 

°C min-1) for 4 h. Calcium oxide was synthesized by heating 100 mL of a 0.25 M calcium nitrate solution 

in an oil bath to 80 °C.16 Under vigorous stirring, a 50 mL solution of 1 M NaOH was added dropwise, 
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resulting in a cloudy solution of white precipitate. The solids were vacuum filtered, washed with MilliQ 

water, and dried overnight at 120 °C before calcination (see above).  

Catalytic activity measurements 

CO2-OCM was conducted in a quartz down-flow, packed-bed reactor with 4 mm ID. A sample mass of 100 

mg was loaded into the tube, supported by quartz wool (Acros Organics). The reactor was heated in a 

tubular furnace at 8 °C min-1 to 850 °C under 13.3 mL min-1 nitrogen (99.999%, Praxair). Flow was then 

switched to bypass the reactor and adjusted to 3.3 mL min-1 methane (≥ 99.999%, Airgas), 6.7 mL min-1 

carbon dioxide (pure clean grade, Airgas), and 3.3 mL min-1 nitrogen prior to flow through the reactor. 

Reaction products were measured by an online Agilent 7890A gas chromatograph (GC) with a FID and 

TCD. Empty reactors were used to determine conversion in the absence of catalyst prior to each experiment. 

This conversion was subtracted from the catalysis results. Relevant reaction parameters are defined as 

follows:  

𝐶2 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 % =  
2ṅ𝐶2𝐻𝑥

ṅ𝐶,𝑝𝑟𝑜𝑑
 ×  100% 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % =  
2ṅ𝐶2𝐻𝑥

+ ṅ𝐶𝑂,𝑟𝑒𝑓𝑜𝑟𝑚 

ṅ𝑖,𝑟𝑒𝑎𝑐𝑡
 ×  100%  

where ṅC2Hx is the molar flowrate of C2 products, ṅC,prod is the molar flowrate of all carbon atoms in products, 

ṅi,react is the initial molar flowrate of the reactant of interest, and ṅCO,reform is the molar flowrate of CO 

originating from CH4 in the reforming of CH4, calculated by7 

−ṅ𝐶2𝐻6  − ṅ𝐶2𝐻4  + ṅ𝐻2  + ṅ𝐶𝑂

4
  

C2 yield is defined as the total molar flowrate of ethane and ethylene as measured by GC.  

Materials characterization 

Calcium loading was quantified by inductively coupled plasma mass spectrometry (ICP-MS) after acid 

digestion with an Agilent quadrupole mass spectrometer 7500. Nitrogen physisorption isotherms were 

measured using a Micromeritics 3Flex physisorption/chemisorption instrument. Physisorption 

measurements were made at -196 °C. Samples were degassed at 300 °C for 3 hours under vacuum prior to 
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analysis. Surface areas were determined by the BET method. Scanning electron microscopy (SEM) was 

performed on a Thermo Fisher Scientific Quattro ESEM. Samples were pressed onto carbon tape on a 

sample stub. Images were acquired under vacuum using a spot size of 3 and an accelerating voltage of 5 

kV. X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advanced Diffractometer with Cu Kα 

radiation. Powder samples were sieved through a 304 stainless steel wire cloth disc with a mesh size of 200 

to ensure a random distribution of exposed facets. They were adhered to silica sample holders with Dow 

Corning high vacuum grease. For scanning transmission electron microscopy (STEM) analysis by a JEOL-

JEM 2500SE electron microscope, dilute suspensions of samples were drop-cast on copper-supported lacey 

carbon grids and dried overnight. Energy dispersive X-ray spectroscopy (EDS) was performed using a 

Thermo Corporation EDS spectrometer attached to the JEOL JEM 2500SE. X-ray photoelectron 

spectroscopy (XPS) was performed using a Kratos AXIS Supra spectrometer equipped with a 

monochromatic Al Kα anode (1486.6 eV).16 Air-exposed powder samples were adhered to carbon tape and 

loaded into a flexi-lock. The flexi-lock was pumped down to 10-7 torr before transfer of the samples to the 

analysis chamber. Binding energies were charge-corrected by aligning the Zn 2p3/2 peak to 1021.9 eV.17 

The data were processed and analyzed using Kratos ESCApe software. Synchrotron X-ray absorption 

spectroscopy (XAS) experiments of the Ca and Zn L-edge regions were conducted at beamline 7.3.1 of the 

Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. Spectra of total electron yield 

(TEY) were collected and charge-corrected by referencing a standard of the metal oxide to known 

values.18,19 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed with a 

Bruker Tensor II FTIR Spectrometer equipped with a Pike Technologies DiffusIR MidIR Accessory. 

Spectra were collected with 128 scans at a resolution of 2 cm-1. In situ calcinations were performed by 

heating the sample 10 °C min-1 to 850 °C for 30 minutes under 20 mL min-1 of dry air flow. Background 

spectra were collected at each temperature of interest under N2 flow during the cooling ramp following the 

calcination. The cell was held at the target temperature for 5 minutes prior to collecting the background 

spectra. At room temperature (below 30 °C), CO2 was introduced by flowing 2.5 mL min-1 of CO2 with 

47.5 mL min-1 of N2 for 1 minute. Carbon dioxide was purged from the cell by cycling the cell between 
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vacuum and N2 refill 3 times followed by 20 mL min-1 N2 flow for 1 hour. Temperature-programmed 

carbonate desorption was measured by heating the sample 1 °C min-1 to 800 °C under 20 mL min-1 of dry 

air flow and collecting spectra every 50 °C.  

2.4 Results and Discussion 

Catalysis results 

Ca/ZnO catalysts with various Ca surface loadings were synthesized via wet impregnation and evaluated 

for their CO2-OCM performance (Fig. 2.1). At low loadings, introduction of Ca onto the ZnO surface 

drastically shifts the product distribution from syngas to C2 hydrocarbon products. Increasing Ca loading 

increases C2 selectivities until a maximum of 70.6% is reached. Most notably, increasing the Ca loading 

from 0.4 mol% to 0.6 mol% results in a 4-fold increase in C2 selectivity and a 2- fold increase in the yield. 

Additions of Ca beyond 0.6% do not further improve the methane coupling yield, and at the highest loadings 

examined, addition of Ca decreases yields. Consistent with previous studies, pure ZnO preferentially 

generates syngas via methane dry reforming,20 while pure CaO has little activity to both syngas and C2 

products. The low CaO activity has been attributed to low concentrations of defect sites,21 which are 

understood to be essential to activation of methane. Ethane production is nearly double that of ethylene 

over all catalysts (Table S2.1 provides the measured product compositions for CO2-OCM with all catalysts). 

While these results are consistent with early reports of enhanced coupling performance for binary metal 

oxides,13 the impact of small amounts of added Ca (< 1 mol%) in these experiments highlights its role in 

promoting CO2 adsorption during reaction.  



12 

 

 

Figure 2.1 Effects of Ca loading on C2 selectivity (■) and C2 yield (●). Reaction conditions: 850 °C; 100 

mg catalyst; 13.3 mL min-1 total gas flow rate with PCH4 = 0.25 atm, PCO2 = 0.5 atm, PN2 = 0.25 atm; 4 h on 

stream. Methane conversion was less than 7% (Table S2.1). All Ca loadings are reported in molar 

concentration of metal cations, as determined by ICP-MS (Table S2.2). Lines are included to guide the eye. 

 

Motivated by work demonstrating a bifunctional mechanism for composite catalysts,8–10 catalysis 

experiments with physical mixtures of pure CaO with ZnO were performed to investigate the role of the 

interface between Ca (or CaO) and ZnO in CH4 coupling. Experiments in which the CaO was physically 

separated from ZnO by quartz wool, shown in Fig. 2.2, yield a product distribution almost identical to that 

from pure ZnO. This is consistent with the relative inactivity of pure CaO for CO2-OCM catalysis. 

Physically mixing CaO with ZnO favors CH4 reforming at short times-on-stream, but C–C coupling activity 

increases with longer times-on-stream. This outcome could be due to the sintering of the two oxides under 

the reaction temperature of 850 °C to form the relevant Ca/ZnO interface. To explore this hypothesis 

further, a mixture of the two oxides were calcined in air at 850 °C before being loaded into the reactor; this 

configuration yielded results nearly identical to those from the non-calcined mixture. This result indicates 

that the active sites for selective CH4 coupling are not formed by temperature-induced sintering in a highly 

oxidative environment (here, pure O2 at elevated temperature). Therefore, the more reductive environment 

of the reaction mixture is likely the primary origin of modifications to catalyst surfaces with time on stream. 

Zinc oxide is known to easily form local oxygen vacancies under reducing conditions at high 

temperatures.22–25 Under significantly reducing conditions, pure ZnO may also become partially reduced 
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with metallic domains that can vaporize at reaction temperature, leading to some restructuring of the 

catalyst surface.26 It is unlikely that CaO would also be reduced to any significant degree in these conditions. 

However, the CO2 and water present under reaction conditions could promote CaO sintering.27 Thus, the 

increased C2 yield with longer time on stream is likely due to further interface formation, associated with 

oxygen vacancy generation as well as CaO sintering. Vacancies on ZnO are capable of dissociating CO2,28 

and we propose in this report that those exposed to adsorbed CO2 at neighboring Ca-containing sites are 

active for this reaction. The drastic differences in yields in reactor studies between Ca impregnation onto 

ZnO and physical mixtures of the constituent oxides suggest that the Ca–ZnO interface is critical for 

coupling to occur. The catalysts were further characterized to explain the trends in activity with Ca loading 

and to understand the role of the interface.  

 
Figure 2.2 Contrasting C2 product yields associated with various methods of loading 0.6% Ca + ZnO into 

reactor on C2 yield. Impregnation: ZnO impregnated with Ca salt (●); mixed: well-mixed physical mixture 

of CaO and ZnO (▲); pre-calcined: physical mixture of CaO and ZnO that was calcined to 850 °C in air 

prior to reaction (★); separated: loading that isolates upstream CaO from downstream ZnO with quartz 

wool (■). Reaction conditions: 850 °C; WHSV = 8.0 L h-1 gcat
-1 with PCH4 = 0.25 atm, PCO2 = 0.5 atm, PN2 

= 0.25 atm  

 
Catalyst characterization 

BET measurements (Table S2.2) reveal that pure CaO has ~14 times higher surface area than pure ZnO. 

Surface areas of all Ca/ZnO samples are similar to those of pure ZnO. SEM images (Fig. S2.1) indicate that 
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there were no changes in ZnO bulk structure or morphology with increasing Ca concentration. Therefore, 

differences in activity are not correlated to surface area or morphology. 

X-ray diffractograms, shown in Fig. 2.3a, reveal only the hexagonal ZnO phase (JCPDS 36-1451) 

and lack observable peaks corresponding to Ca species in samples with 0.6% Ca or less. No calcium zincate 

or complex oxide phase was observed. Within the resolution of our measurements, there is no indication in 

the diffractograms of modification to the ZnO lattice parameters. Increasing Ca concentration above 0.6% 

yields distinct bulk CaO phases. The sample with 2% Ca is characterized by minor peaks at 32.2°, 37.4°, 

and 53.9° (Fig. S2.2), which are the dominant diffraction peaks for CaO. Long-range ordered CaO phases 

are only observed in samples with 2% and higher Ca content. The STEM image and EDX maps of the 35% 

Ca/ZnO sample in Fig. 2.3b–e show the existence of large CaO crystallites with length dimensions of 

hundreds of nanometers on the surface of ZnO particles. By contrast, STEM images of the 0.6% Ca/ZnO 

sample do not show any visible CaO clusters (Fig. S2.3). Lack of visible Ca species in these images is due 

to the low Z-contrast and high dispersion of Ca species at low loadings. 

X-ray photoelectron spectra (XPS) of the Ca 2p region are shown in Fig. 2.3f. To account for 

binding energy changes due to charging, the energy scale was corrected using the Zn 2p peaks (Fig. S2.4c) 

from the support; Ca loading is unlikely to modify the electronic structure of the support over the ~10 nm 

probe depth of photoelectrons. The validity of this correction is confirmed by the consistency of the C 1s 

peak, which is commonly used for energy calibration (Fig. S2.4d). The lack of influence of Ca on ZnO 

electronic structure is also confirmed for the high Ca-loading samples by Zn L23-edge XANES (Fig. S2.5). 

For these high Ca-loading samples, the Ca 2p3/2 and 2p1/2 peaks are observed at 347.6 and 351.2 eV, 

respectively.17 The peaks shift to 348.0 and 351.6 eV for all samples with ≤ 2% Ca. The similar peak binding 

energies in the low-loading samples suggest that they contain similar Ca sites that are distinctly different 

from those in the high Ca-loading samples. The shift to higher binding energy for the low Ca-loading 

samples is consistent with support effects observed for supported metal oxide nanoparticles.29,30 As CaO 

particle size grows, the Ca 2p binding energy approaches that of bulk CaO. Quantification of the fitted XPS 

peaks yields Ca concentrations well above the bulk concentrations as determined by ICP-MS (Table S2.2). 
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Given the surface sensitivity of XPS, it is clear that the Ca species are segregated at the surface of the ZnO 

particles, as illustrated by EDX mapping, rather than doped within the ZnO lattice. This is confirmed by 

the decrease in Ca intensity and corresponding increase in Zn intensity after argon etching the catalyst 

surface (Fig. S2.6). 

A trend across compositions is also observed in XANES spectra at the Ca L-edge, which is sensitive 

to the oxidation states and local environments of metals.31 In these spectra, the peaks correspond to 

transitions from Ca 2p to primarily unoccupied Ca d states. Peaks in data from the low Ca-loading samples 

are shifted to a higher energy compared to those in the high Ca-loading samples (Fig. 2.3g), which is 

consistent with the XPS results. Taken together, the results from these characterization methods all support 

the conclusion that the Ca sites present in low concentrations are similar to each other, but distinct from 

those present in high concentrations, which is associated with large CaO crystallites.  

 
Figure 2.3 Physical and electronic characterization of the Ca/ZnO materials: (a) XRD patterns of calcined 

pure metal oxides and binary metal oxides with varied concentrations. (b) HAADF-STEM image of 35% 

Ca/ZnO, (c–e) EDX elemental mapping of Ca, Zn, and O, respectively. (f) XPS and (g) XANES spectra of 

Ca 2p region, which shows shifts to higher binding energies at lower Ca levels.  
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The lack of long-range-ordered CaO phases in low-loading samples suggests the presence of a more 

dispersed state of Ca ions, and therefore a relative increase in the amount of interface sites containing Ca–

O–Zn interactions. Fig. 2.2 illustrates the importance of the interface sites in CH4 coupling, which we 

propose to be the most active sites for CO2 and CH4 dissociation. The effectiveness of each Ca atom in 

producing C2 products is constant over low Ca concentrations (Fig. S2.7), which suggests that the active 

site does not change with incremental addition of small amounts of Ca. The Ca-normalized C2 product yield 

drastically declines from 167 to 75 mmol h-1 gCa-1 as loading is increased to 2% Ca, a state in which the 

CaO bulk phase forms. It further decreases to 0.23 mmol h-1 gCa-1 for pure CaO. Therefore, the sharp 

increase in C2 selectivity and yield with a very small increase in Ca concentration in Fig. 2.1 can be 

explained by an increase in the number of Ca atoms in close contact with the ZnO surface, creating 

interfacial active sites. The synergy between oxygen vacancy concentration and active site dispersion was 

reported to control oxygen abstraction rates in a mixed metal oxide catalyst,32 emphasizing the role of 

interfaces in catalyst reactivity. We propose a similar mechanism of cooperation between oxygen vacancies 

and Ca-containing surface species. Thus, as Ca loading increases and dispersion decreases, C2 product yield 

also decreases. The reaction data also suggest that Ca addition increasingly blocks or to some extent 

modifies ZnO sites responsible for methane reforming. Oxygen vacancies formed from reducible metal 

oxides can facilitate methane reforming.33,34 However, neighboring Ca atoms may modify the structure and 

activity of these sites. Thus, the dominant reaction pathway transitions from CH4 reforming on the bare 

ZnO surface to coupling at the interfacial sites when surface Ca is introduced. Further addition of Ca leads 

to further enhancement of CH4 coupling over reforming. The selective formation of ethylene via CO2-OCM 

instead of CO via CH4 dry reforming is highly dependent on whether CHx species remain bound too strongly 

on the surface and undergo subsequent hydrogen abstraction.35 More reducible catalyst surfaces adsorb CHx 

species more strongly.36 This explains the preferences for CH4 dry reforming over ZnO catalysts. Loading 

another oxide onto the surface can suppress CH4 reforming by decreasing the overall reducibility at the 

interface.37 
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To better understand the interaction of CO2 with these material surfaces, CO2 adsorption was 

studied with in situ DRIFTS experiments. After exposure to CO2 at room temperature, prominent peaks are 

present around 1390–1560 cm-1, 1630 cm-1, 1772 cm-1, and 2540 cm-1, corresponding to unidentate 

carbonate, bicarbonate, bridging carbonate, and linearly adsorbed CO2 (Fig. 2.4), respectively.38,39 

Consistent peak positions are present in all Ca-containing samples and differ from those from CO2 

adsorption on pure ZnO (Fig. S2.8). Even with low concentrations of Ca present, CO2-surface interactions 

are limited to Ca-containing sites. Zinc oxide is known to poorly adsorb CO2;40 carbonate formation on 

ZnO is considered negligible. Unidentate carbonate is the most preferable mode of carbonate in all 

measured Ca-containing samples. The formation of bridging carbonates, shown in the insets of Fig. 2.4, 

requires at least two adjacent Ca atoms, and therefore the intensity of these peaks relates to the lack of Ca 

dispersion. Its presence in high Ca-loading samples with large CaO clusters is unsurprising. Bridging 

carbonate peaks are also present in the 0.4% Ca/ZnO, but with much lower intensity relative to the total 

carbonate concentration. This evidence supports the conclusion that most of the Ca-containing species are 

highly dispersed, likely existing as a mixture of mononuclear sites and nano-sized clusters. However, it is 

not possible to accurately identify either of these species without a measurement that is extremely sensitive 

to the location coordination environment of Ca, such as extended X-ray absorption fine structure (EXAFS).  

After adsorption, the temperature-programmed desorption of the carbonate species in inert nitrogen 

atmosphere reveals that the catalysts with 2% or lower Ca content desorb carbonate at very low 

temperatures (less than 200 °C). The data also show that carbonate is stable on the higher-Ca-loading 

samples up to 400 °C (Fig. S2.9a); the carbonate stability on samples with CaO particles is consistent with 

the behavior of pure CaO.38,41 
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Figure 2.4 DRIFTS temperature-programmed desorption of carbonate on (a) 0.4% Ca/ZnO, (b) 2% 

Ca/ZnO, (c) 35% Ca/ZnO, (d) 45% Ca/ZnO, and (e) CaO after adsorption of CO2 at room temperature, with 

temperature ramping in N2 at rate 1 °C min-1. Spectra have been subtracted by those of sample at 

corresponding temperature prior to carbonate adsorption. Desorption spectra for pure ZnO are shown in 

Fig. S2.8. 

 

The desorption temperature of carbonates is a measure of oxide surface Brønsted basicity. In this 

system, evaluation of surface basicity informs not only on the nucleophilicity of the surface oxygen species 

but also how strongly CO2, a reactant here, adsorbs and interacts with the catalyst surface. The rate-

determining step of CO2-OCM is thought to include CO2 because of the reported relationship of C2 product 

formation rate with the partial pressure of CO2.13,42,43 The rate of carbonate desorption can be approximated 

as a function of temperature.44 The temperature at which the maximum rate of carbonate desorption is 

observed for each catalyst has been plotted against its activity (Fig. S2.9b), which indicates a volcano-type 

relationship exists. This desorption temperature approximately tracks with Ca loading and therefore the 

activity trends with CO2 desorption temperature shown in Fig. 2.5 closely resemble those in Fig. 2.1. 
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Figure 2.5 Volcano relationship between catalyst performance and CO2 desorption temperature indicating 

moderate basicity enhances C–C coupling performance. Lines are included to guide the eye. 

 

It is well-established that for a variety of reactions, including OCM,45–47 CO2 methanation,48–50 

methane dry reforming,51–53 methanol carbonation,54 and CO2-assisted alkane dehydrogenation,55 catalysts 

with medium-strength basic surface oxygen sites are optimized to increase activity. Strongly basic sites 

adsorb CO2 strongly, which prevents turnover, and weakly basic sites are unable to efficiently adsorb and 

activate CO2; medium-strength sites provide a balance between these contrasting behaviors. For example, 

a prior study of OCM showed that a mixed metal oxide catalyst results in a defective structure with greater 

amounts of Ovac and medium-strength basic sites compared to both pure oxides.46 The presence of these two 

sites in a single catalyst structure yields OCM activity greater than in the constituent pure oxides. 

The basicity trends of the above examples likely result from the common involvement of the 

elementary step of oxygen dissociation from CO2 in their mechanisms. Because the same trend can be 

observed here, we can infer a similar mechanism, which depends on the coexistence of Ovac and medium-

strength basic sites, is operable for CO2-OCM with this composite catalyst. Catalysts with primarily strong 

surface basic sites adsorb significant quantities of CO2, which is associated with more stable carbonate 

under reaction conditions. These surface carbonates have been demonstrated to reduce yields of C2 products 

with CaO catalysts because they block active sites.21 Previous reports examining CO2-OCM have shown 

that, when coupled with reducible oxide such as a ZnO or CeO2, oxides more strongly basic than CaO such 
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as SrO and BaO yield decreased CH4 conversion and C2 selectivity, with decreases associated with 

increasing basicity of the oxides.9,14 Additional IR experiments performed in the presence of CO2 show that 

in this condition carbonates remain on the catalyst surface at reaction temperature (Fig. S2.10). In contrast, 

high concentrations of weakly basic sites both reduce the total amount of CO2 on the catalyst surface and 

the rate of CO2 dissociation, which is required to form reactive surface oxygen species. Istadi and Amin 

computationally determined that in a CaO-MnO/CeO2 catalyst, increasing CaO concentration up to 8.2 wt% 

enhances CO2 adsorption and improves C2 selectivity.56 Calcium oxide is strongly basic and zinc oxide is 

weakly basic,15,42 which is consistent with observations here on the low CH4 coupling activity for both pure 

metal oxides. Using basicity as a tunable parameter to influence yield allows for flexibility in composition 

for catalyst design. In summary, the construction of a composite catalyst comprised of a strongly basic 

oxide and weakly basic reducible oxide produces interfacial sites associated with moderate basicity, which 

enables C2 product yields from CO2-OCM greater than possible with the constituent oxides alone.  

2.5 Conclusions 

This work describes an investigation into the effects of Ca loading and associated electronic and physical 

properties to understand observed enhancements of CO2-assisted CH4 coupling with Ca/ZnO catalysts. 

Addition of a small amount – 0.6 mol% – of Ca to a ZnO catalyst surface was observed to result in a 

significant increase in both C2 product selectivity and yield. Comparative reactor studies with physical 

mixtures of CaO and ZnO show that the presence of the interface between these oxides is essential for high 

coupling activity. The catalysts were characterized to understand this promotional effect and the role of the 

interface. XRD, XPS, and XANES results indicate that samples with less than 2 mol% Ca possessed 

characteristics distinct from those with greater amounts. IR-TPD was used to study surface basicity. 

Correlating these data with activity yields a volcano-type relationship between CO2 adsorption strength on 

the catalyst surface and its performance as a catalyst for CO2-assisted CH4 coupling. Moderately basic sites 

are optimal for CH4 coupling, which is consistent with results that have been reported for OCM with O2 as 

the oxidant. All composite catalysts studied were associated with weaker CO2 adsorption than pure CaO. 
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Taken together, results from these characterization methods suggest that CH4 coupling activity is controlled 

by the interaction of CO2 at the interfacial sites between CaO and ZnO. The next steps of investigation of 

this system should involve work to characterize the interfacial sites using probes that are sensitive to the 

local chemical environment around metal centers, such as Ca and Zn K-edge EXAFS. These findings show 

that catalysts for CO2-OCM can be designed to facilitate high C2 product yields through optimization of 

basicity and concentration of sites that form at the interfaces between dissimilar metal oxides.  
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Table S2.1. Summary of catalytic performance 

Sample CH4 
Conversion 

(%) 

CO2 
Conversion 

(%) 

C2H6 Yield 
(mmol/h) 

C2H4 Yield 
(mmol/h) 

CO Yield 
(mmol/h) 

ZnO 6.7 7.3 0.01 0.005 0.60 

0.4% Ca/ZnO 4.6 4.8 0.02 0.01 0.38 

0.6% Ca/ZnO 2.9 1.9 0.05 0.03 0.11 

2% Ca/ZnO 2.3 1.3 0.05 0.03 0.07 

35% Ca/ZnO 1.7 0.9 0.04 0.02 0.05 

45% Ca/ZnO 1.4 0.7 0.04 0.01 0.04 

CaO 0.6 0.5 0.006 0.006 0.04 

Reaction conditions: 850 C; 100 mg catalyst; 13.3 mL/min total gas flow rate with PCH4 = 0.25 atm, PCO2 

= 0.5 atm, PN2 = 0.25 atm; 4 h on stream. All Ca loadings are reported in molar concentration of metal 

cations, as determined by ICP-MS (Table S2.2). 
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Table S2.2. Summary of physical properties of pure and binary metal oxides.  

Sample BET Surface 
Area[a] (m2/g) 

Ca 
Loading[b] 

(%) 

Ca Surface 
Concentration[c] 
(%)  

ZnO 2.7075 ± 0.0127 
 

  

0.4% Ca/ZnO 3.7840 ± 0.0193 
 

0.41 6.9 

0.6% Ca/ZnO 5.4405 ± 0.0418 
 

0.62 12.1 

2% Ca/ZnO 7.2562 ± 0.1101  
 

2.04 10.2 

35% Ca/ZnO 3.0918 ± 0.0095 
 

34.94 62.1 

45% Ca/ZnO 7.0391 ± 0.0375 44.55 71.8 

CaO 39.6071 ± 0.0125 
 

  

aDetermined by N2 physisorption. bDetermined by ICP-MS. cDetermined by XPS 
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Figure S2.1. SEM images of calcined (a) ZnO, (b) 0.4% Ca/ZnO, (c) 0.6% Ca/ZnO, (d) 2% Ca/ZnO, (e) 

CaO. 
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Figure S2.2. Magnification of CaO (200) peak in X-ray diffractogram characterizing the 2% Ca/ZnO 

sample. 
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Figure S2.3. HAADF-STEM images of (a) a representative particle of 0.6% Ca/ZnO and (b-c) 

magnification of ZnO lattice fringes. 

  

a b 
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Figure S2.4. XPS spectra: (a) survey scan, and (b) O 1s, (c) Zn 2p, and (d) C 1s regions. 

  

a b 

c d 
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Figure S2.5. XANES spectra of Zn L23 region: high Ca loading samples compared to pure ZnO. 
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Figure S2.6. XPS scans of (a) Ca 2p and (b) Zn 2p regions characterizing 2% Ca/ZnO before and after an 

argon etch of the surface. 
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Figure S2.7. Methane coupling activity per calcium site demonstrates effectiveness of each calcium atom 

for different calcium loadings. 
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Figure S2.8. DRIFTS temperature programmed desorption of carbonate on ZnO in nitrogen ramping 1 

°C/min. Spectra have been subtracted from sample at corresponding temperature prior to carbonate 

adsorption. Data are shown with the same axis scales as in main text Figure 2.4, for comparison. 
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Figure S2.9. (a) DRIFTS-TPD profiles of integrated carbonate region and sigmoidal fit, (b) derivative of 

sigmoidal fits. 
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Figure S2.10. DRIFTS spectra characterizing the carbonate region at 850 °C in the absence and presence 

of 10% CO2 during the temperature ramp. 
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Chapter 3. Impact of Local Structure in Supported CaO Catalysts for Soft 

Oxidant-Assisted Methane Coupling Assessed through Ca K-edge X-ray 

Absorption Spectroscopy 
 

Reprinted from submission to Journal of Physical Chemistry C. 2023 American Chemical Society 

 

3.1 Abstract  

Soft oxidant-assisted methane coupling has emerged as a promising pathway to upgrade methane from 

natural gas sources to high-value commodity chemicals, such as ethylene, at selectivities higher than those 

associated with oxidative (O2) methane coupling (OCM). To date, few studies report investigations into the 

electronic structure and the microscopic physical structure of catalytic active sites present in the binary 

metal oxide catalyst systems that are known to be effective for this reaction. Correlating catalyst activity to 

specific active site structures and electronic properties is an essential aspect of catalyst design. Here, we 

used X-ray absorption spectroscopy at the Ca K edge to ascertain the most probable local environment of 

Ca in ZnO-supported Ca oxide catalysts. These catalysts are shown here to be active for N2O-assisted 

methane coupling (N2O-OCM) and have previously been reported to be active for CO2-assisted methane 

coupling (CO2-OCM). X-ray absorption near edge structure features at multiple Ca loadings are interpreted 

through simulated spectra derived from ab initio full multiple scattering calculations. These simulations 

included consideration of CaO structures organized in multiple spatial arrangements – linear, planar, and 

cubic – with separate analyses of Ca atoms in the surfaces and bulk of the three-dimensional structures. 

Experiment and theory show that for low-Ca-loading catalysts (≤1 mol%), which contain sites particularly 

active for methane coupling, Ca primarily exists as oxidized, one- or two- dimensional clusters on the ZnO 

surface. In addition to their unique nanoscale structures, spectra also indicate that these clusters have 

varying degrees of undercoordinated surface Ca atoms that could further influence their catalytic activities. 

The local Ca structure was correlated with methane coupling activity from N2O-OCM and previously 

reported CO2-OCM reactor studies. This study provides a unique perspective on the physical and electronic 
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structure correlates of active sites for soft oxidant-assisted methane coupling that informs future catalyst 

development. 

3.2 Introduction 

There has been a recent surge in natural gas development, and the U.S. Department of Energy expects 

continual growth for at least the next several decades.1 Natural gas is often a byproduct of oil extraction2 in 

low-population areas which poses a major economic challenge for gas transportation.3 As a result, it is often 

flared into carbon dioxide or released, emitting greenhouse gases to the atmosphere.2 Roughly 90% of the 

end-use of natural gas is combustion for heat or energy, further adding carbon dioxide to the atmosphere.4 

Upgrading methane, the dominant chemical species present in natural gas, into a more energy-dense 

chemical or fuel would allow for a more efficient utilization of this abundant resource and help to reduce 

greenhouse gas emissions. 

 Oxidative coupling of methane (OCM) is a highly explored avenue of methane upgrading to larger 

hydrocarbons via C-C bond formation.5 However, the presence of strong oxidant species at high 

temperatures leads to a strong trade-off between methane conversion and C2 product selectivity6 where 

undesirable combustion reactions of methane and C2 products limit product yields below 30%.7  However, 

the use of softer oxidants that do not form gas-phase oxygen species offers an opportunity to break the 

trade-off relationship. Carbon dioxide and nitrous oxide are both emerging oxidants to replace oxygen 

during OCM.8–11 C2 product selectivity over 80% can easily be achieved with binary metal oxide catalysts, 

notably when coupling a basic oxide with a reducible oxide.12–14  

This cooperation had been demonstrated by previous efforts to characterize these binary oxide 

catalysts. For many bulk reducible metal oxides including MnO2,15 CeO2,14 CoO, CuO, Bi2O3, and Fe2O3,16 

XRD and XPS17 have demonstrated their partial reduction after reaction. Reaction in the absence of any 

oxidant leads to complete reduction,13 indicating CO2- and N2O-OCM proceed through a Mars van-

Krevelen mechanism where oxygen vacancies are formed during the reaction with methane and are 

replenished by the oxidant.12 The presence of oxygen vacancies has been confirmed in PrO2 via O2-TPD.18 
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Addition of a basic metal oxide can promote CO2 chemisorption for increased conversion over the reducible 

sites during CO2-OCM, demonstrated by CO2-TPD.12,19 Catalyst basicity and reducibility were also shown 

to correlate with C2 product yields for N2O-OCM.20 

Recent work used CO2-IR-TPD to establish a volcano relationship between catalyst basicity and 

CO2-OCM performance.21 The interface between basic and reducible metal oxides in a Ca/ZnO catalyst had 

a presence of medium-strength basicity and was proposed to be responsible for selective methane coupling. 

It was also observed that very low concentrations of calcium (~0.6 mol%) exhibited excellent catalytic 

performance, and the Ca sites had electronic and geometric properties that were not characteristic of bulk 

CaO species, according to various characterization methods, including Ca L-edge X-ray absorption near 

edge structure (XANES). However, the specific nature of these Ca species has not previously been 

thoroughly investigated.  

X-ray absorption spectroscopy (XAS) is a useful tool for determining local structure of metal oxide 

nanoparticles. Decreases in second and third shell coordination numbers, relative to bulk metal oxide, have 

been correlated to nanoparticles of defined sizes.22,23 These results in tandem with DFT calculations have 

predicted specific structures of supported metal oxide clusters with 9-13 metal atoms.24 There have been 

few studies that use Ca K-edge extended X-ray absorption fine structure (EXAFS) to inform on Ca-

containing nanoparticle sizes and structure of highly dispersed 25,26 and nanoparticle Ca species.27,28. 

Changes in Ca-O coordination can be observed during mineral crystallization as the solid phases become 

larger and more ordered.29 Ca deposition on coal via impregnation and ion-exchange yielded catalysts that 

lacked any Ca-Ca coordination due to a high degree of dispersion.25 The aggregation of CaCO3 and CaO 

species was observed after high-temperature treatments.  

This work uses Ca K-edge XAS paired with theoretical XAS simulations to evaluate the local 

coordination environment of Ca species in Ca/ZnO catalysts over the wide range of Ca compositions 

previously studied21 and correlate structure to CO2-OCM and N2O-OCM performance. The structure of 

low-Ca-loading catalysts is contrasted with that of bulk CaO species to reveal the presence of ultra-small 

CaO clusters with one-dimensional linear and two-dimensional planar geometries. The difference in active 
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site structure is associated with enhanced methane coupling performance for low-Ca-loading Ca/ZnO 

catalysts. 

3.3 Materials and Methods 

Catalyst Synthesis 

Calcium carbonate (98% purity) and calcium hydroxide (98% purity) were acquired from VWR and Acros 

Organics, respectively. Calcium oxide-zinc oxide composite catalysts were prepared via a wet impregnation 

synthesis as described earlier.21 Briefly, calcium nitrate tetrahydrate (99% ACS Reagent, MP Biomedicals) 

was dissolved in MilliQ (18 Mohm) water. Zinc oxide (99.9% metal basis, Alfa Aesar) was added, and the 

resulting slurry was sonicated, and stirred partially covered overnight. The resulting white solids were dried 

at 120 °C for 24 h before calcining in 50 mL/min air (zero air, Praxair) at 850 °C (ramp 5 °C/min) for 4 h. 

Henceforth, the Ca loading will be denoted by the resulting Ca/(Zn + Ca) ratio, or mol% of cation. Calcium 

oxide was synthesized by heating 100 mL of a 0.25M calcium nitrate solution in an oil bath to 80°C.30 

Under vigorous stirring, a 50 mL solution of 1M NaOH was added dropwise, resulting in a cloudy solution 

of white precipitate. The solids were vacuum filtered, washed with deionized water, and dried overnight at 

120 °C before calcination (see above). Calcium composition was determined by ICP-OES (Table S1). 

Materials Characterization 

Calcium K-edge XAS data were collected at beamline 4-3 of the Stanford Synchrotron Radiation 

Lightsource equipped with a double-crystal Si(111) monochromator at an orientation of Φ = 90°. Helium 

was used as the ionization chamber gas, with the ion chamber voltage at 200 VDC and negative polarity. 

To minimize absorption by air at these low photon energies, a UHP helium-purged tube was installed 

between the first ion chamber and the sample stage. The photon energy was initially calibrated with a Ti 

metal foil in transmission mode. The beamline was calibrated by defining the edge energy, the maximum 

if the first derivative of the Ti foil spectra, to 4966.0 eV. Subsequently, an initial reference spectrum of 

CaCO3 was acquired where E0 was observed to be 4037.6 eV. Measurements of CaCO3 were repeated at 

least every 24 h, and E0 was aligned to 4037.6 eV to account for any drift in the monochromator. Spectra 



43 

 

were acquired between 3805.0 and 4645.0 eV. At least 4 spectra of each sample were acquired and merged 

to improve the signal-to-noise ratio. All data was collected in fluorescent mode. For calcium catalysts with 

≤2 mol%, data was collected using a 7-element Canberra silicon-drift detector. For all other samples and 

standards, a PIPS detector was used. Approximately 1-3 mg of sample were ground to a fine powder and 

smeared as a thin uniform layer onto a zero sulfur-containing adhesive tape and placed in an air-tight cell 

inside a glovebox and then transferred to the beamline stage with helium flow. 

Post-processing and analysis of the XAS data were performed using the Athena and Artemis 

software of the Demeter package.31 Energy correction was applied from the corresponding CaCO3 glovebox 

reference spectrum. Normalization of the pre-edge region in the range of 43.4 to 20.0 eV below the edge 

with a linear fit, and in the range of 50.0 to 400.0 eV above the edge with second-order polynomial fit. The 

data were modeled in q-space to reduce any errors associated with fitted coordination numbers by filtering 

out high-frequency (scattering paths at longer R) components from the data. The data was fit in the q-range 

of 3.4 to 9.1 Å-1
. The same k-range and a back Fourier transform R-range of 1.0 to 3.5 Å was used. EXAFS 

models were built using scattering paths generated from cif files using FEFF6. cif files were downloaded 

from the Materials Project32 and consisted of Ca(OH)2 (mp-23879), CaO (mp-2605), and ZnO (mp-2133) 

where the central Zn atom was replaced with a Ca atom to simulate an isolated Ca atom within the ZnO 

lattice. The amplitude reduction factor 𝑆0
2 was determined from a fit of 2 mol% Ca/ZnO to be 0.73. For all 

catalysts, the Ca-O coordination number was fixed to 6. 

Computational Details 

The XANES simulations were performed with FEFF10.33–35 The SCF stage used a cut off radius of 5 Å, 

and maximum angular momenta of 3 and 2 for Ca and O, respectively. The FMS stage used a cut off radius 

of 9 Å, with maximum angular momenta of 4 and 3 for Ca and O, respectively. These values ensured 

convergence for the bulk case. The model for the bulk CaO simulations was generated from the 

experimental structure36 of CaO with space group Fm3̅m and lattice constant 4.8105 Å, resulting in a Ca-O 

bond distance of 2.405 Å. The model for the Ca in the surface was generated by cleaving the bulk model in 

order to expose the (100) surface. The cluster models were generated by repeating the neutral Ca4O4 cubic 
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unit along one, two, or three directions in order to generate “linear”, “planar” and “cubic” clusters (as shown 

in insets of Figure 3.4). These are labeled as (n,l,m) according to the number of cubic units in each direction. 

For simplicity, all structures retain the original crystal structure. All calculations used the final state rule 

approximation for the core hole, and the default Hedin-Lundqvist approximation for the self-energy. The 

calculations also included room temperature thermal damping at the level of single scattering, using the 

correlated Debye model with a Debye temperature of 562 K. This temperature was chosen to match the 

fitted σ2 for the Ca-O paths in the catalysts at 300 K. While the bulk and surface simulations were performed 

on a single representative Ca atom, for the (n,l,m) clusters the XANES calculations were performed for 

each Ca atom in the structure, and the resulting spectra averaged to obtain the final result. The effect of 

dipole-forbidden transitions was studied by adding the MULTIPOLE card to the FEFF calculations to 

include quadrupole contributions. In addition, the effect of s→d transitions were quantified by removing 

the s→p contributions from the total spectra. The theoretical spectra were normalized using a procedure 

similar to that used in EXAFS analysis in which the post-edge decay of the atomic background is removed. 

Finally, the difference between the XANES of the catalysts and that of bulk CaO (XANES) was 

quantitatively compared to that of the (n,l,m) clusters and the theoretically simulated bulk CaO. This was 

done using a Frechet form figure of merit (FOM), described in detail in the SI. 

Catalytic Activity Measurements 

N2O-OCM experiments over a series of Ca loadings were conducted in a quartz down-flow, packed-bed 

reactor with 4 mm ID. A sample mass of 0.750 g was sieved between 250 and 425 μm and loaded into the 

tube, supported by quartz wool (Acros Organics). The reactor was heated in a tubular furnace at 5 °C min-

1 to 800 °C under 13.3 mL min-1 argon (99.997%, Praxair) and then quickly cooled to 550 °C. Flow was 

then switched to bypass the reactor and adjusted to 3.3 mL min-1 methane (99.9995%, Matheson), 6.7 mL 

min-1 nitrous oxide (99.998%, Linde), and 3.3 mL min-1 argon prior to flow through the reactor. Reaction 

products were measured by an online Agilent 7890A gas chromatograph (GC) with a CP-SilicaPLOT 

column to quantify hydrocarbon species with FID and Porapak Q and ShinCarbon ST columns to quantify 

all other species with TCD. Activation energies were determined after verifying the reactor was in a 
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differential regime. A sample mass of 0.2 g and a total flowrate of 30 mL min-1 with varying feed ratios 

were used. The reactor was heated in a tubular furnace at 5 °C min-1 to 800 °C under 13.3 mL min-1 argon 

and then quickly cooled to 520 °C. Flow was then switched to bypass the reactor and stabilize for 45 

minutes. Reactor temperature was held for 2.5 h while injecting to the GC, then quickly ramped by 10 °C 

and held for another 2.5 h. This proceeded from 520 °C to 560 °C. Steady state data over the 2.5 h period 

was averaged.  

3.4 Results and Discussion 

XANES and Pre-Edge Evaluation of Calcium Structure 

The XANES spectra of Ca/ZnO catalysts with varying concentrations of Ca are compared to common bulk 

Ca reference compounds – CaO, Ca(OH)2, and CaCO3 – in Figure 3.1. The overall shape of the spectra of 

all Ca/ZnO catalysts resemble that of CaO, with the white line absorption centered at 4046.8 eV and a 

significant shoulder feature at 4037.9 eV. Spectra of catalysts with 2 mol% and higher Ca content are nearly 

identical to that of CaO, indicating that Ca exists in its bulk oxide phase in these higher Ca-loaded catalysts 

(Figure S3.1). This is consistent with XRD, TEM, and L-edge XANES results, published in prior work.21 

Below 2 mol% Ca content, the shoulder feature diminishes, the white line peak decreases and broadens, a 

new pre-edge feature grows at 4034.3 eV, and post-edge oscillations are significantly dampened. These 

features resemble those seen in the spectrum of Ca(OH)2, but rigorous EXAFS analysis verifies the absence 

of a hydroxide phase; XAS associated the hydroxide phase is addressed later. The new pre-edge feature is 

only present in the two lowest Ca-loading catalysts. Several different physical assignments of this peak 

have been reported.37,38 Theoretical simulations of Ca local density of states, provided later in this report, 

provides justification for assigning this peak to a Ca 1s to p electronic transition. 
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Figure 3.1. Ex situ Ca K-edge XANES spectra collected at room temperature in He. Dashed line to visualize 

pre-edge feature. Spectra offset for clarity. 

 

Structural Characterization Analyzing Extended X-ray Absorption Fine Structure Spectroscopy  

Modeling of the EXAFS spectra provides information on the local structure of dispersed Ca sites present 

in the low-Ca-loading catalysts – 1 and 0.6 mol% Ca/ZnO. To determine the precise Ca coordination 

environment, a q-space fit was used39 to filter out high frequency components to quantify observed changes 

in specifically the first two scattering paths (see Methods for more details). At high Ca composition, self-

absorption40 distorts the data for >2 mol% Ca, which prevents EXAFS analysis of those catalysts. The 2 

mol% Ca/ZnO catalyst was reported to contain CaO particles >40 nm in size, determined by XRD.21 This 

sample has well-defined XAS features that demonstrate the absence of the self-absorption effects observed 

with higher Ca loadings. Combined, these results reinforce our assumption that the Ca speciation in 2 mol% 

Ca/ZnO catalyst is equivalent to that of bulk CaO. Thus, the 2 mol% Ca/ZnO catalyst was used to determine 

the value of 𝑆0
2, 0.73 (Figure S3.2, Table S3.2), which is consistent with a previously reported value of 

0.8.41 

The magnitudes of the Fourier transforms of the EXAFS spectra for the low-Ca-loading catalysts 

are shown in Figure 3.2. The first peak is comparable in intensity across the three catalysts. The 1 and 0.6 

mol% Ca/ZnO catalysts exhibit a significant decrease in all peak intensities at distances beyond 2.4 Å. Path 
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analysis of CaO (Figure S3.3) shows that the first peak is associated with Ca-O at bonding distance 2.42 Å 

and the second peak is only associated with Ca-Ca single scattering at a distance of 3.42 Å. These results 

suggests that, at loadings ≤1 mol%, the Ca exists as nanoparticles significantly smaller than those in the 

higher-Ca-loading catalysts, where we henceforth refer to the ultra-small microstructure of Ca in the two 

low-Ca-loading catalysts as clusters. 

 

Figure 3.2. Magnitude of the Fourier transform of phase-uncorrected k2-weighted EXAFS of low-Ca-

loading Ca/ZnO catalysts using k-range of 3.4 to 9.1 Å-1. 

 

The two low-Ca-loading catalysts were modeled with the Ca-O and Ca-Ca scattering paths of bulk 

CaO. The Ca-O coordination was first allowed to float, but always converged to a value close to 6. In 

subsequent models, it was fixed to 6 to simply the model. This is a safe assumption since the first shell peak 

intensity in R-space is equivalent to the 2 mol% Ca/ZnO reference, and isolated Ca atoms have been 

reported to maintain a bulk Ca-O coordination number.25 The fitting results are shown in Figure 3.3 and 

Table 3.1. The data of the high-Ca-loading catalysts are presented in R-, q-, and k-space in Figure S3.4 

without fits. All fits result in oxygen and calcium distances associated with bulk CaO with little to no 

increases in the σ2. The lack of difference in the Ca-O bond length supports a similar coordination number 

to that of bulk CaO.42 This is consistent with reports that Ca nanostructures undergo negligible lattice 

distortion and maintain rigidity.43,44 The Ca-Ca CNs are 5.9 ± 0.4 and 4.1 ± 0.7 for the 1 mol% and 0.6 
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mol% Ca/ZnO catalysts, respectively. These CN are significantly smaller than the bulk CaO Ca-Ca CN of 

12, indicating that calcium exists as nanoparticles of decreasing size.22,45 Structural disorder could also lead 

to a reduction of long-range coordination but would predominately influence the third and higher shells.22 

No influence of the ZnO support is observed in the EXAFS data. While the data can be fit with a Ca-Zn 

scattering path, the σ2 and ΔE0 values are large and make less chemical sense than of the model with only 

Ca-O and Ca-Ca scattering paths. Thus, models with Ca-Zn scattering paths are rejected. (Figures S3.5-6, 

Tables S3.3-4). Similarly, models of calcium hydroxide or mixtures of oxide and hydroxide were ruled out 

due to poor fitting of the data with large R-factor, σ2, and ΔE0 values (Figures S3.7-8, Tables S3.5-6). 

 

Figure 3.3. The magnitudes and imaginary portions of the k2-weighted R-space functions for spectra 

associated with the low-Ca-loading catalysts are shown using solid blue and red lines, respectively; fits 

shown with dashed lines. The data were back Fourier transformed in the R-range of 1.0 to 3.5 Å and fit in 

the q-range of 3.4 to 9.1 Å-1. 

Table 3.1. Best fit of the EXAFS parameters for Ca/ZnO catalysts.  
Path N R (Å) σ2 x 103 

(Å2) 

ΔE0 (eV) R-Factor 𝑺𝟎
𝟐 

1% Ca/ZnO Ca-O 6 2.37 ± 0.01 6.1 ± 1.6 0.8 ± 1.0 0.0111 

0.73 
Ca-Ca 5.9 ± 0.4 3.41 ± 0.01 4.6 

0.6% Ca/ZnO Ca-O 6  2.36 ± 0.02 6.7 ± 1.9 1.6 ± 1.8 0.0347 

Ca-Ca 4.1 ± 0.7 3.42 ± 0.03 4.6 

Notation: N, coordination number; 𝑆0
2, amplitude correction term; ΔE0, energy correction factor; R, 

scattering path length; σ2, disorder term. A k-range of 3.4-9.1 Å-1 and R-range of 1.0-3.5 Å were used. 

Values without error bounds were held constant. 
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Computational Simulation of X-ray Absorption Spectra of Ca Nanoparticle Structures  

Theoretical simulations of XANES spectra provide additional, complementary insight into the specific 

structures responsible for spectral features observed. The XANES spectra associated with the Ca/ZnO 

catalysts were simulated using FEFF10, as described in the Methods section. These simulations included 

consideration of CaO structures organized in multiple spatial arrangements, with separate analyses of Ca 

atoms in the surface and bulk of three geometries – linear, planar, and cubic – shown in insets of Figure 

3.4. The spectrum of bulk CaO was simulated using a Ca atom surrounded by 6 and 7 full coordination 

layers for O and Ca, respectively. This system was used to find the best computational parameters for FEFF 

and to assess the quality of the XANES simulations for a system with known structure. The spectrum 

contains all major features found in the experimental spectrum (Figure S3.9). Using those parameters, the 

XANES of a Ca atom on the (100) surface of CaO was also calculated (Figure S3.10) and found to 

qualitatively reproduce all the characteristic differing features in the spectrum for a low-Ca-loading catalyst 

versus bulk CaO – decreased intensity of the shoulder, white line, and EXAFS oscillations, as well as 

increased intensity of a new pre-edge peak. The agreement between the spectrum for 0.6 mol% Ca/ZnO 

and that simulated for surface atoms supports the existence of clusters with a high fraction of exposed and 

undercoordinated Ca atoms. Computational investigations into the growth of (CaO)n nanoclusters found 

that cubic-like structures, including linear and planar geometries, were most favorable and stable.44,46,47 

Therefore, unrelaxed clusters with a range of sizes and Ca-Ca CNs were modeled in linear, planar, and 

cubic geometries (Figure S3.11). The unrelaxed structures provide a convenient, sound approximation 

because of the negligible differences in Ca-O bond distance and σ2 between the experimental bulk CaO and 

low-Ca-loading EXAFS fits. The experimentally determined Ca-Ca CNs were 4.1 ± 0.7 and 5.9 ± 0.4 for 

0.6 mol% Ca/ZnO and 1 mol% Ca/ZnO catalysts, respectively, which best correspond to linear and planar 

structures.  

Figure S3.12 show the average theoretical spectra for each of these structures, compared to bulk 

CaO. Since the main objective is to determine the origin of differences between the low-Ca-loading systems 
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and bulk CaO, the difference spectrum (XANES) between the 0.6 mol% Ca/ZnO catalyst and bulk CaO 

was generated – it provides a direct visualization of differences in each spectral region. This difference in 

experimental results was compared to the differences between the theoretical XANES of the linear, planar, 

and cubic CaO clusters and that of bulk CaO. To provide a more quantitative measure of agreement between 

theory and experiment, a normalized Frechet distance was calculated as a FOM (Table S3.7) for the 

complete theoretical energy range as well as individual ranges that characterize energy regions of 

importance – pre-edge, shoulder, white line, post-edge, and low EXAFS. The baseline accuracy of the 

theoretical spectra to the experimental spectra was assessed by applying the Frechet analysis to the 

experimental versus theoretical CaO bulk data. We find that the largest deviations between theory and 

experiment (Table S3.7, bottom) occur in the shoulder and white line regions of the spectra. This is likely 

due to the use of the muffin-tin potential approximation in FEFF. Therefore, these regions should be 

considered less relevant when assessing the XANES results. 

Visual inspection of the XANES results shows the spectra generated from linear clusters ranging 

from 7.2 to 26.5 Å in length in Figure 3.4 agree most closely with the experimental spectra in the post-

white line and low EXAFS regions, showing little difference for different cluster sizes. The longer linear 

clusters also give reasonable results in the shoulder region. However, all linear clusters display significant 

discrepancies relative to the experiment in the pre-edge and white line regions. The Frechet FOM supports 

this qualitative assessment, showing that the linear clusters provide the best quantitative results in the post-

white line region and near-best results in the low EXAFS region. Despite the visual discrepancies in the 

white line region, the long linear clusters provide best results in these regions of all clusters studied. Similar 

agreement and discrepancies with respect to experiment are observed for the planar clusters with side length 

of 7.2 to 26.5 Å, but with slightly better agreement in the pre-edge and shoulder region (Figure 3.4b). Thus, 

these clusters provide the best overall agreement of all shapes and sizes simulated here. Simulated spectra 

for cubic clusters begin to resemble those of simulated and experimental bulk CaO, notably in the post-

white line and EXAFS regions of the spectra (Figure 3.4c). Despite providing the best agreement in the pre-
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edge region, discussed in more detail below, they show an overall less satisfactory agreement than spectra 

simulated based on the linear and planar structure. Thus, if present, they can be regarded as a minority 

species. In summary, this analysis suggests that simulated spectra generated from larger linear and planar 

structures agree best with experimental results. With this data, it is not possible to definitively conclude 

which of these structures with low dimensionality is the majority species present in these catalysts, since 

each produces spectra with similarities to experimental results in different spectral regions. Without 

privileging specific spectral regions in the assessment of structures, the results suggest that a mixture of 

these ultra-small supported one-dimensional and two-dimensional CaO clusters is likely. 

 

Figure 3.4. Difference between the experimental spectra of 0.6 mol% Ca/ZnO and CaO reference compared 

to the difference between simulated spectra of CaO nanoparticles of varying sizes and bulk CaO for the (b) 

linear, (c) planar, and (d) cubic morphologies. The numbers in parentheses represent the number of unit 

cells of each dimension. 
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The angular momentum decomposed local density of state (LDOS), shown in Figure 3.5, helps to 

qualitatively identify which electronic transitions contribute to each region of the spectra. Given the 

computational cost of the LDOS simulations, here we use the Ca on the surface as a proxy for the behavior 

of undercoordinated atoms in the clusters. In bulk CaO, the white line is dominated by transitions to Ca 4p 

states, in agreement with selection rules and previous assignments.48 The shoulder and post-white line 

regions show clear Ca p – O p hybridization, reflecting oxygen ligation. No electronic transition in the pre-

edge region is observed. The LDOS for a surface Ca atom demonstrates hybridization with oxygen p states 

in the shoulder and post-white line regions, as observed for bulk CaO, but also with much lower intensity. 

In the LDOS for surface Ca atoms, a pre-edge feature arising from Ca p states is found to exist, likely due 

to empty p states formed from reduced coordination. When the surface Ca atom is fully coordinated by the 

addition of a single oxygen atom (Figure 3.5c), the pre-edge feature disappears, likely due to the conversion 

and shift to higher energies of the empty p-like surface state into a σ* state associated with the new CaO 

bond. This pre-edge peak has been reported to be the Ca 1s to 3d transition of asymmetric clusters,37,49 an 

assumption taken from the interpretation of 3d transition metals. However, Figure 3.5 demonstrates that the 

pre-edge can result from the Ca p states of undercoordinated surface Ca atoms. Simulations of the 1s to 3d 

transition required the activation of quadrupole transitions. Figure S3.13 deconvolute the influence of the 

1s to p and 1s to d transition on the LDOS. The 1s to d transition has a negligible contribution to the rise of 

the pre-edge peak in the undercoordinated surface Ca atom. Geometric distortions around the central 

absorbing Ca atom do not increase the intensity of the 1s to d transition (Figures S3.13b,d,f). The LDOS 

and the weight of the quadrupole transitions suggest the pre-edge peak results from the empty Ca p states 

in undercoordinated Ca for the unrelaxed structures simulated here. This analysis of the pre-edge peak must 

be carefully reconciled with the fact that the EXAFS best fit is obtained with fully O-coordinated Ca. 

Therefore, it is possible that the too large pre-edge peaks observed for the linear and planar clusters 

compared to the experimental result is due to the presence of too-many undercoordinated atoms in these 

systems, and better results might be obtained by partially capping them. Altogether, computational analysis 
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of XANES data suggests that catalysts with 1 mol% Ca or less are comprised of ultra-small supported CaO 

clusters organized into linear and planar atomic structures with monolayer thickness. 

 

Figure 3.5. Projected local density of states for (a) bulk CaO, (b) surface Ca atom, and (c) oxygen-

terminated surface Ca atom. Dotted line represents Fermi level. 

 

Initial CaO Nanocluster Speciation Affects CO2-OCM Performance 

Evaluation of the CO2-OCM performance of these catalysts, reported previously, showed that selectivity to 

methane coupling was significantly greater for catalysts with less than 2 mol% Ca compared with those 

with higher Ca loadings.21 In the low-loading regime, increased Ca loading was associated with increased 

C2 product yields. The further observation that the rate of methane coupling normalized by Ca loading was 

similar among low-loading samples suggested that in the low-loading regime, C2 production rate increases 

with an increase in the number of interface sites between CaO and ZnO. At and above 2 mol% Ca loading, 
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further Ca addition only slows the production rate of C2 species due to the formation of an inactive bulk 

CaO phase. Characterization revealed that the low loading catalysts were electronically distinct from bulk 

CaO, likely due to increased interaction with ZnO.21  

 The XAS results reported here validate the previous hypothesis that the Ca species present in the 

low loading catalysts are highly dispersed as ultra-small clusters. As Ca loading increases, the cluster size 

becomes slightly larger. Increasing the size of linear and planar CaO structures decreases the amount of the 

exposed ZnO surface, blocking sites unselective to coupling and creating new, highly selective interfacial 

sites. For an equivalent number of atoms, the fraction of CaO-ZnO interfacial atomic sites is considerably 

higher for linear and planar structures than for the cubic structure. The undercoordinated Ca species present 

in the clusters, as suggested to exist by the presence of the pre-edge feature, may also serve as selective 

methane coupling sites independent of the ZnO interaction.50,51 

Relating Ca Structure to N2O-OCM Performance and Kinetics 

The Ca/ZnO catalysts with varying Ca loadings were evaluated in this study for their N2O-assisted methane 

coupling (N2O-OCM) activity, which complements prior catalysis results reported for CO2-OCM.21 As was 

observed for CO2-OCM catalysis, it is revealed that there are two regimes of catalytic activity, defined by 

Ca loading: below 2 mol% Ca, where C2 product selectivity is 39%, and higher Ca-loadings, where C2 

product selectivity decreases with Ca loading to only 3% over CaO. The transition between these two 

catalytic regimes correlates to the changes in Ca structure observed by XAS. The catalysts with low-Ca-

loading that display higher selectivity to C2 products were found to have ultra-small linear and planar CaO 

clusters, while the less selective catalysts have bulk CaO phases. The distinct activity in the low-loading 

regime is reflected in Figure 3.6 by the increase in both selectivity and yield of C2 products between 0.2 

mol% and 0.6 mol% Ca loading; this is the same composition range where maximum C2 products formed 

during CO2-OCM.21 At the lowest Ca loading examined, 0.2 mol%, the presence of Ca on the surface had 

only a minor influence on N2O-OCM catalysis. However, further addition of linear/planar CaO structures 

can quickly cover the catalyst surface with selective sites, reflected in the strong influence of loading on 

performance. Normalizing the activity shown in Figure 3.6 of the supported cluster catalysts by the mass 
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of Ca, as determined by ICP, results in normalized C2 product yields of 98 and 35 mmol/h/gCa over the 1 

mol% Ca/ZnO and 0.6 mol% Ca/ZnO catalysts, respectively. The low dimensionality of the CaO clusters 

suggests that nearly all Ca atoms are surface-exposed. The normalized C2 product yield decreases as the 

cluster size become larger, likely due to the undercoordinated Ca concentration decreasing with increasing 

cluster size, represented by the decreasing pre-edge feature. C3+
 selectivities and yields trend with those of 

C2 products. These higher hydrocarbons are likely secondary products formed by further coupling of C2 

species.52 Catalysts with ≥35 mol% Ca where large, bulk CaO particles exist, have reduced methane 

coupling performance with increasing loading, and partial or complete combustion to COx is favored with 

increasing loading (Table S3.8); activity resembles that of pure CaO at the highest loadings.50,53 The trends 

of selectivity and product yields for N2O-OCM are strongly correlated, suggesting that methane oxidation 

is in direct competition with methane coupling (presumably with the release of methyl radicals54) over these 

catalysts, an observation that is in contrast with findings from CO2-OCM catalysis, where bulk CaO phases 

were inactive due to stable carbonate formation.  

 

Figure 3.6. Effects of Ca loading on C2+ selectivity (■) and C2+ yield (●). Reaction conditions: 550 °C; 0.75 

g catalyst; 13.3 mL min-1 total gas flow rate with PCH4 = 0.23 atm, PN2O = 0.45 atm, PAr = 0.32 atm; 7 h on 

stream. All Ca loadings are reported in molar concentration of metal cations, as determined by ICP-OES 

(Table S3.1). All reactant conversions and product yields are reported in Table S3.8. Dotted lines are 

included to guide the eye. 
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Analyses of results from XAS and reactor studies establish that there are distinct regimes of both 

CaO structure and catalytic activity as Ca loading is varied. The impact of the two structural and catalytic 

regimes – methane coupling-selective small CaO clusters and unselective bulk CaO particles – on reaction 

kinetics was further studied by comparing the activation energies of 1 mol% Ca/ZnO and 35 mol% Ca/ZnO 

(Figure 3.7). Plots of reactant conversion and product yields versus inverse space velocity in Figure S3.14 

confirm the reactor is operating in the differential regime. The activation energies for ethane formation, the 

primary product of methane coupling, are 183 ± 1.9 kJ/mol and 256 ± 9.8 kJ/mol for 1 mol% Ca/ZnO and 

35 mol% Ca/ZnO, respectively. The energy of 183 kJ/mol is in good agreement with that previously 

reported for a similar reactant composition over Li/MgO, where oxygen incorporation from N2O to the 

catalyst surface was determined to be the rate-determining step.52 The significantly larger Ea of 35 mol% 

Ca/ZnO suggests either a different active site structure, a change in the rate-determining step, or both. The 

initial CaO structure differs based on the XAS results here, with undercoordinated Ca sites in 1-2D clusters 

only existing in the low-Ca-loading catalysts. For basic metal oxide catalysts, the presence of CO2 from 

reaction products can inhibit methane coupling, shifting the Ea to higher energy due to the formation of 

carbonate species.51,52,55 Carbonate can poison CaO active sites and will require higher temperatures to 

desorb on the high-Ca-loading Ca/ZnO catalysts.21 Therefore, it is likely that the higher Ea in the catalyst 

with a bulk CaO phase is due to a different active site structure that has a different rate-determining step 

than the structure present in 1 mol% Ca/ZnO. 
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Figure 3.7. Comparison of methane coupling to ethane activation energies over 1 mol% Ca/ZnO and 35 

mol% Ca/ZnO: 200 mg catalyst, total flow of 30 mL/min, methane:N2O:argon feed ratio of 1:2:1, 

temperature range of 520 °C to 560 °C. Error calculated from linear fit. 

 

Bulk CaO is very effective at N2O decomposition to N2 and O2.56–58 N2O decomposition rates are 

completely unaffected by the presence of methane over CaO,59 supporting our finding that bulk CaO does 

not perform N2O-OCM but facilitates N2O decomposition and secondary oxidation reactions. During N2O 

decomposition, surface oxygen species are formed as intermediates in the reaction path leading to desorbed 

O2.60,61 Various adsorbed oxygen species have been found responsible for the overoxidation of methane and 

hydrocarbon products during OCM.62,63 The surface species formed on CaO during N2O decomposition 

likely interact strongly with the hydrocarbons present, leading to eventual oxidation. Gas-phase oxidation 

to COx species can also occur via CH3● oxidation by molecular O2.64 Therefore, the ethane observed to be 

generated over 35 mol% Ca/ZnO is likely a result of the reaction occurring at interfacial sites between CaO 

and ZnO.  

The generation of CO2 leads to the formation of a stable CaCO3 phase at reaction temperature.51 

While CaO is still the dominant phase in Ca/ZnO catalysts after N2O-OCM, the carbonate phase can be 

observed by XRD on all catalysts with ≥1 mol% Ca content after N2O-OCM (Figure S3.15). However, pure 

CaO seems to convert mostly to carbonate. CaCO3 is a poor N2O decomposition catalyst.65 This may be due 

to the inhibition of surface O2
-  generation.66 Figure S3.16 compares the activity of CaO and CaCO3. The 
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conversion of N2O over CaO is initially 100% and gradually decreases with time on stream, likely as 

carbonate surface species form. The steady state C2 product selectivity over CaO and CaCO3 are 3% and 

14%, respectively. Calcium carbonate formation on bulk CaO therefore does not significantly improve the 

methane coupling performance but inhibits N2O decomposition. Higher C2 product selectivities are 

observed over ZnO-supported CaO clusters than over bulk CaO or CaCO3 catalysts. While carbonate 

deposition likely occurs on supported CaO clusters during reaction, these catalysts maintain their enhanced 

methane coupling performance relative to bulk CaO. Neither the rate of carbonate deposition nor any 

potential in situ evolution of CaO during reaction are studied here. All results presented herein indicate the 

presence of a relationship between the microstructural environment of ZnO-supported Ca in the synthesized 

catalysts and activity toward methane coupling with the alternative oxidants N2O and CO2. 

3.5 Conclusion 

This work investigates the local physical and electronic structures of Ca in ZnO-supported CaO soft 

oxidant-assisted methane coupling catalysts through Ca K-edge XANES and EXAFS. XANES results have 

been interpreted through simulated spectra derived from ab initio multiple scattering calculations (FEFF), 

which elucidates the structural correlates of sites that are active for methane coupling. Results show that 

below 2 mol% Ca loading, the Ca sites exist as CaO clusters organized as one-dimensional and two-

dimensional structures with approximately one atomic layer thickness. The Ca-Ca coordination numbers 

derived from EXAFS data suggest that the size of these clusters is approximately 7.2 to 26.5 Å. The 

simulated spectrum of a surface Ca atom matches well with the experimental spectrum measured for the 

low-Ca-loading catalysts. An increasing pre-edge intensity with decreasing Ca loading indicates the 

presence of undercoordinated surface Ca atoms, according to local densities of states calculations. Catalysts 

containing these low-dimensional CaO clusters yield enhanced CO2- and N2O-assisted methane coupling 

activity when compared with catalysts containing CaO particles with bulk properties. Significantly different 

activation energies for ethane formation over 1 mol% Ca/ZnO and 35 mol% Ca/ZnO catalysts are observed 

(183 ± 1.9 kJ/mol and 256 ± 9.8 kJ/mol, respectively), which is attributed to observed differences in active 

site structure and carbonate stability. These results suggest that future investigation of this system should 
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involve in situ characterization of the Ca speciation during reactions to probe the significance and influence 

of carbonate formation on reactivity. These results provide fundamental insights into the active site structure 

of binary metal oxide catalysts, which contributes to optimization of C2 product yields during soft oxidant-

assisted methane coupling. 
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Table S3.1. Calcium concentration determined from ICP-OES. 

Labeled 

mol% 

ICP Quantification 

mol% 

ICP Quantification 

wt% 

0.2% 0.17 0.084 

0.4% 0.39 0.193 

0.6% 0.58 0.287 

1% 1.33 0.659 

2% 2.4 1.23 

35% 34.5 19.0 

45% 45.4 26.0 
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Figure S3.1. Ex situ Ca K-edge XANES spectra characterizing Ca/ZnO catalysts of varying composition 

collected at room temperature in He. Dashed line to visualize pre-edge feature.  
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Figure S3.2. The magnitude (blue) and imaginary (red) portion of the k2-weighted Fourier transforms of 

the EXAFS spectra (top left) and q-space function (top right) used to calculate  
𝑆0

2 from 2 mol% Ca/ZnO, with fits are shown in dotted lines; k-space (k2-weighting) data and fits in black 

and red, respectively (bottom). 

 

Table S3.2. Best-fit of the EXAFS parameters of 2 mol% Ca/ZnO. Notation: N, coordination number; 𝑆0
2, 

amplitude correction term; ΔE0, energy correction factor; R, scattering path length; σ2, disorder term. Values 

without error bounds were held constant. A k-range of 3.4-9.1 Å-1 and R-range of 1.0-3.5 Å were used. 

Reference Path N R (Å) σ2  x 103 

(Å2) 

ΔE0 (eV) R-Factor 𝑺𝟎
𝟐 

2% Ca/ZnO Ca-O 6 2.39 ± 0.01 5.2 ± 2.0 0.3 ± 0.6 0.0044 0.73 

Ca-Ca 12 3.41 ± 0.01 4.6 ± 1.0 
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Figure S3.3. Magnitude of the Fourier transform of the first two phase-uncorrected single-scattering paths 

of CaO: Ca-O at bond distance of 2.42 Å and Ca-Ca at 3.42 Å, simulated with FEFF6. The comparison of 

the simulated paths to 2 mol% Ca/ZnO confidently describes the first 2 peaks of the data.  
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Figure S3.4. The magnitude and imaginary portion of the k2-weighted Fourier transforms of the EXAFS 

spectra (top left) are shown using solid blue and red lines, respectively and q-space data (top right) shown 

in red, where fits are shown with dotted lines; k-space (k2-weighting) data and fits in black and red, 

respectively (bottom). 
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Figure S3.5. The magnitude and imaginary portion of the k2-weighted Fourier transforms of the EXAFS 

spectra (top left) are shown using solid blue and red lines, respectively, and q-space data (top right) of the 

0.6 mol% Ca/ZnO sample shown in red, where fits using a model of an isolated calcium atom on ZnO are 

shown with dotted lines; k-space (k2-weighting) data and fits in black and red, respectively (bottom). 

Table S3.3. Best-fit of the EXAFS parameters. Notation: N, coordination number; 𝑆0
2, amplitude correction 

term; ΔE0, energy correction factor; R, scattering path length; σ2, disorder term. Values without error 

bounds were held constant. A k-range of 3.4-9.1 Å-1 and R-range of 1.0-3.5 Å were used. 

Path N R σ2  x 103 (Å2) ΔE0 (eV) R-Factor 𝑺𝟎
𝟐 

Ca-O 6 2.23 ± 0.02 10.1 ± 1.7 11.9 ± 1.3 0.0104 0.73 

Ca-Zn 9.1 ± 3.1 3.25 ± 0.01 12.8 ± 3.7 
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Figure S3.6. The magnitude and imaginary portion of the k2-weighted Fourier transforms of the EXAFS 

spectra (top left) are shown using solid blue and red lines, respectively, and q-space data (top right) of the 

0.6 mol% Ca/ZnO sample are shown in red, where fits using a model of calcium oxide nanoparticles on 

ZnO are shown with dotted lines; k-space (k2-weighting) data and fits in black and red, respectively 

(bottom). 

 

Table S3.4. Best-fit of the EXAFS parameters. Notation: N, coordination number; 𝑆0
2, amplitude correction 

term; ΔE0, energy correction factor; R, scattering path length; σ2, disorder term. Values without error 

bounds were held constant. A k-range of 3.4-9.1 Å-1 and R-range of 1.0-3.5 Å were used. 

Path N R σ2  x 103 (Å2) ΔE0 (eV) R-Factor 𝑺𝟎
𝟐 

Ca-O 6 2.34 ± 0.3 7.5 ± 4.0 -0.6 ± 63.8 0.00566 0.73 

Ca-Ca 4.7 ± 95.6 3.38 ± 1.0 4.6 

Ca-Zn 6.5 ± 910.0 3.10 ± 8.8 16.5 ± 108.1 -22.4 ± 827.1 
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Figure S3.7. The magnitude and imaginary portion of the k2-weighted Fourier transforms of the EXAFS 

spectra (top left) are shown using solid blue and red lines, respectively, and q-space data (top right) of the 

0.6 mol% Ca/ZnO sample shown in red, where fits using a model of pure calcium hydroxide are shown 

with dotted lines; k-space (k2-weighting) data and fits in black and red, respectively (bottom). 

 

Table S3.5. Best-fit of the EXAFS parameters. Notation: N, coordination number; 𝑆0
2, amplitude correction 

term; ΔE0, energy correction factor; R, scattering path length; σ2, disorder term. Values without error 

bounds were held constant. A k-range of 3.4-9.1 Å-1 and R-range of 1.0-3.5 Å were used. 

Path N R σ2  x 103 (Å2) ΔE0 (eV) R-Factor 𝑺𝟎
𝟐 

Ca-O 6 2.37 ± 0.3 12.1 ± 17.4 1.8  ± 25.6 0.5453 0.73 

Ca-Ca 0.0 ± 16.8 3.63 10.8 ± 183472 
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Figure S3.8. The magnitude and imaginary portion of the k2-weighted Fourier transforms of the EXAFS 

spectra (top left) are shown using solid blue and red lines, respectively, and q-space data (top right) of the 

0.6 mol% Ca/ZnO sample shown in red, where fits using a model of both calcium hydroxide and calcium 

oxide are shown with dotted lines; k-space (k2-weighting) data and fits in black and red, respectively 

(bottom). 

 

Table S3.6. Best-fit of the EXAFS parameters. Notation: N, coordination number; 𝑆0
2, amplitude correction 

term; ΔE0, energy correction factor; R, scattering path length; σ2, disorder term. Values without error 

bounds were held constant. A k-range of 3.4-9.1 Å-1 and R-range of 1.0-3.5 Å were used. 

Path N R σ2  x 103 (Å2) ΔE0 (eV) R-Factor 𝑺𝟎
𝟐 

Ca-O 6 2.36 ± 0.1 6.9 ± 7.7 0.9 ± 9.6 0.0088 0.73 

Ca-Ca 

(oxide) 

11.5 ± 34.6 3.47 ± 0.1 4.6 

Ca-Ca 

(hydroxide) 

11.1 ± 43.3 3.63 4.5 ± 1.1 -6.9 ± 14.5 
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Figure S3.9. Comparison of experimentally measured Ca K-edge XANES spectrum of CaO reference to 

simulated XANES spectrum of a Ca atom from within the bulk of a large CaO structure. 
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Figure S3.10. Comparison of experimental spectra of 0.6 mol% Ca/ZnO and bulk CaO reference to 

simulated spectra of a surface Ca atom of a CaO slab and a bulk Ca atom. 
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Figure S3.11. CaO structures of varying size and morphology used to simulate Ca K-edge spectra 

 

  

Ca-Ca CN 

Dimension 

Side Length (Å) 

Linear 

(2,1,1) (4,1,1) (6,1,1) 

4.0±1.0 4.5±0.8 4.7±0.6 

7.2 16.8 26.5 

Planar 

(2,2,1) (4,4,1) (6,6,1) 

5.3±1.4 6.6±1.6 7.0±1.4 

7.2 16.8 26.5 

Cubic 

(2,2,2) (3,3,3) (4,4,4) 

6.8±2.3 8.3±2.2 9.2±2.4 

7.2 16.8 12.0 
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Figure S3.12. Comparison between the simulated XANES spectra of bulk CaO and varying sizes of (a) 

linear, (b) planar, and (c) and cubic structures.  

 

a b 

c 
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Table S3.7. Total and regional XANES matching Frechet-distance-like errors between theory and 

experiment. The Frechet figure of merit (FOM) is defined as: Given a reference function 𝑓1 and a target 𝑓2 

represented by the curve segments with coordinates {𝑥1𝑖, 𝑦1𝑖} and {𝑥1𝑖, 𝑦1𝑖}, we define the vector 𝑑1𝑖2 =

{𝑑1𝑖2𝑗} of distances from point 𝑖 in 𝑓1 to any point in 𝑓2. With these distances we can define the FOM as 

𝐹𝑂𝑀 = ∑ min[𝑑1𝑖2]𝑖 𝐿⁄ , where the normalization factor 𝐿 is the length of the 𝑓1 curve segment defined as 

𝐿 = ∫ 𝑑𝑥1 √1 + (
𝜕𝑓1

𝜕𝑥1
)

2𝑥1𝑛

𝑥11
. 

NP Pre-edge Shoulder WL Post-WL Low EXAFS Total

Ln_01_01_01 5.09 6.72 5.07 0.74 0.34 0.82

Ln_02_01_01 3.72 4.59 4.19 0.70 0.33 0.69

Ln_03_01_01 3.22 3.29 4.03 0.68 0.31 0.62

Ln_04_01_01 3.23 3.93 3.79 0.70 0.31 0.63

Ln_05_01_01 3.05 3.63 3.62 0.69 0.31 0.61

Ln_06_01_01 2.96 3.51 3.56 0.69 0.31 0.60

Pl_02_02_01 2.65 2.82 3.85 0.70 0.35 0.62

Pl_03_03_01 2.10 2.54 3.63 0.68 0.33 0.57

Pl_04_04_01 1.80 2.42 3.82 0.71 0.30 0.55

Pl_05_05_01 1.67 2.40 3.84 0.71 0.30 0.54

Pl_06_06_01 1.56 2.39 3.75 0.72 0.30 0.53

Cu_02_02_02 1.73 2.59 4.20 0.70 0.35 0.60

Cu_03_03_03 1.18 2.92 4.71 0.85 0.33 0.61

Cu_04_04_04 0.83 3.02 3.99 0.85 0.36 0.60
 

NP Pre-edge Shoulder WL Post-WL Low EXAFS Total

CaO Expt vs Theo 0.11 0.84 0.51 0.28 0.10 0.15  
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Figure S3.13. Decomposition of the dipole and dipole+quadrupole contributions to the theoretical spectra 

of (a-b) bulk CaO, (c-d) surface Ca atom, and (e-f) oxygen-terminated surface Ca atom into their s→p and 

s→d components (a, c, e) without and (b, d, f) with a distortion applied to the central Ca atom of +0.1 Å 

along the z-axis. 

  

a 

c 

e 

b 

f 
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Table S3.8. Summary of catalytic performance over the range of Ca loadings. 

Ca 

Loading 

CH4 

Conversion 

(%) 

N2O 

Conversion 

(%) 

C2H6 

Yield 

(mmol/h) 

C2H4 

Yield 

(mmol/h) 

C3,4 Yield 

(mmol/h) 

CO Yield 

(mmol/h) 

CO2 Yield 

(mmol/h) 

ZnO 8.6 11.4 0.06 0.01 0.001 0.004 0.56 

0.2% 9.9 13.9 0.06 0.02 0.002 0.005 0.63 

0.4% 9.0 9.2 0.11 0.03 0.006 0.009 0.43 

1% 9.3 9.3 0.12 0.03 0.009 0.014 0.42 

2% 9.3 7.4 0.15 0.03 0.013 0.029 0.35 

35% 8.0 8.0 0.10 0.02 0.004 0.069 0.35 

45% 3.4 5.2 0.03 0.00 0.000 0.000 0.22 

CaO 1.2 11.4 0.00 0.00 0.000 0.006 0.10 

Reaction conditions: 550 °C; 0.75 g catalyst; 13.3 mL min-1 total gas flow rate with PCH4 = 0.23 atm, PN2O 

= 0.45 atm, PAr = 0.32 atm; 7 h on stream. All Ca loadings are reported in molar concentration of metal 

cations, as determined by ICP-MS (Table S#). 
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Figure S3.14. Inverse space velocity of reactant conversion and product rates confirming differential 

regime during steady state N2O-OCM at 560 °C, 43.75 mL/min total flow, methane:N2O:argon feed ratio 

of 1:3:1, varying catalyst mass (0.15 g, 0.25 g, 0.35 g). 
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Figure S3.15. X-ray diffractograms of catalysts after N2O-OCM. Diffractograms were collected using a 

Bruker D8 Advanced Diffractometer with Cu Kα radiation. Powder catalysts were sieved through a 304 

stainless steel wire cloth disc with a mesh size of 200 to ensure a random distribution of exposed facets, 

then adhered to silica sample holders with Dow Corning high vacuum grease. 
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Figure S3.16.  Reactivity of CaO and CaCO3 over the course of N2O-OCM. Reaction conditions: 550 °C; 

0.75 g catalyst; 13.3 mL min-1 total gas flow rate with PCH4 = 0.23 atm, PN2O = 0.45 atm, PAr = 0.32 atm. 
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Chapter 4. Effects of Reaction Conditions on Kinetics and Product 

Distributions across Multiple Oxidants: CO2, N2O, and O2 

4.1 Abstract  

The CO2-OCM and N2O-OCM catalytic performances of Ca clusters on ZnO have been compared with that 

of bulk CaO on ZnO in Chapters 2 and 3, respectively. There are assumed to be many mechanistic 

similarities between CO2-OCM, N2O-OCM, and OCM, but few studies comparing all three reactions over 

similar catalysts exists. In this chapter, Ca/ZnO catalytic performances for CO2-OCM, N2O-OCM, and 

OCM are presented, which demonstrate the kinetic differences between OCM and soft oxidant-assisted 

OCM that result in differing dependencies of C2 yields on reactant concentrations and temperature. 

4.2 Introduction 

Soft oxidant-assisted methane coupling is being explored as an alternative to OCM. The yields of C2 

products from OCM fall short of the commercial expectation of >25% single-pass yield due to the formation 

of undesired products, CO and CO2, via overoxidation.1 However, little is understood about the soft oxidant-

assisted methane coupling mechanism and the influence of reaction parameters compared to OCM. CO2 

addition to OCM over Pb/MgO and Li/MgO decreases total methane conversion but increases C2 product 

selectivity. Higher C2 product selectivity are observed with CO2 present in the reactant feed at similar 

degrees of methane conversion.2,3 However, very few studies have compared catalyst performance between 

OCM and CO2-OCM. Comparisons between N2O-OCM and OCM have demonstrated the positive 

influence of N2O on C2 product selectivities over Sm2O3 and Li/CaO.4,5 A preliminary result of N2O addition 

to OCM feed over MgO suggests an improvement of C2 product selectivities as well.6 However, there have 

been very limited studies that compare catalytic performance of a single, well-defined catalyst for all three 

of these methane coupling reactions. In this chapter, reaction conditions of CO2-OCM, N2O-OCM, and 

OCM are varied to measure similarities and differences in their impact on reaction kinetics and product 

distributions over impregnated metal oxides, namely Ca/ZnO. 
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4.3 Experimental Methods 

Catalyst Synthesis 

Calcium oxide-zinc oxide composite catalysts were prepared via a wet impregnation synthesis as described 

earlier.7 Briefly, calcium nitrate tetrahydrate (99% ACS Reagent, MP Biomedicals) was dissolved in MilliQ 

(18 Mohm) water. Zinc oxide (99.9% metal basis, Alfa Aesar) was added, and the resulting slurry was 

sonicated, and stirred partially covered overnight. The resulting white solids were dried at 120 °C for 24 h 

before calcining in 50 mL/min air (zero air, Praxair) at 850 °C (ramp 5 °C/min) for 4 h. Calcium oxide was 

synthesized by heating 100 mL of a 0.25M calcium nitrate solution in an oil bath to 80°C.8 Under vigorous 

stirring, a 50 mL solution of 1M NaOH was added dropwise, resulting in a cloudy solution of white 

precipitate. The solids were vacuum filtered, washed with deionized water, and dried overnight at 120 °C 

before calcination (see above). 

Calcium was ion-exchanged onto ZnO by first creating 40 mL of a 50 mM Ca(NO3)2 solution, then 

adding 0.3 g ZnO powder to the solution while stirring. A 1 M NH4OH solution was added dropwise until 

the pH of the calcium solution reached 10.8. The solution was stirred for 24 h with periodic pH adjustments. 

The solids were vacuum filtered and rinsed with MilliQ water 3 times, then oven dried overnight at 80 °C 

before calcination (see above). 

ZnO of varying morphology was synthesized hydrothermally by dissolving 1.5 g zinc nitrate 

hexahydrate (99% metals basis, Alfa Aesar) in 200 mL MilliQ water. Trisodium citrate anhydrous (99%, 

Alfa Aesar) was added to the solution to result in a citrate:Zn ratio of 0.002 only for the plates.9 A second 

solution of 0.7 g hexamethylenetetramine (99.0+%, TCI America) dissolved in 200 mL MilliQ water was 

made. Both solutions were cooled in an ice bath for 10 min before being combined in an autoclavable bottle, 

shaken, and heated at 95 °C for 4 h for plates or 21 h for rods. The resulting suspension was cooled in an 

ice bath, filtered, rinsed with MilliQ water 3 times, then oven dried overnight at 120 °C before calcination 

(see above).  
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Li/MgO catalysts were synthesized by first adding 1.0 g MgO (99+%, 100 nm) to 20 mL MilliQ 

water at 50 °C and sonicating the solution. LiCO3 (=99%, ACS Reagent Grade, MP Biomedicals) was 

added to the solution. The mixture was stirred uncovered for roughly 48 h or until all water evaporated.10 

The solids were oven dried at 80 °C overnight before calcination (see above). 

Pt/MgO11 and Pd/MgO12 catalysts were acquired from collaborators. 

Catalytic activity measurements 

All reactor experiments were conducted in a quartz down-flow, packed-bed reactor with 4 mm ID. 

Generally, catalyst powder was loaded into the tube, supported by quartz wool (Acros Organics). The 

reactor was heated in a tubular furnace to reaction temperature under nitrogen (99.999%, Praxair) for CO2-

OCM and N2O-OCM or dry air for OCM. Flow was then switched to bypass the reactor and adjusted to the 

desired reaction mixture prior to flow through the reactor. Reaction products were measured by an online 

Agilent 7890A gas chromatograph (GC) with a FID and TCD. Empty reactors were used to determine 

conversion in the absence of catalyst prior to each experiment. Experiments that involve ramping the 

reaction temperature consisted of pretreating the catalyst in situ according to its typical calcination 

procedure before cooling to the initial reaction temperature and stabilizing reactant flowrates. The heating 

rate was either programmed such that each GC injection occurred every 25 °C or held at the target 

temperature until reaching steady state before ramping to the next target temperature. Specific experimental 

details, including space velocity, reaction temperature, and reactant concentrations, accompany the 

respective data in figure captions below. 

Materials characterization 

Calcium loading was quantified by inductively coupled plasma optical emission spectroscopy (ICP-OES). 

CO2-TPD experiments were performed with a Netzsch STA 449 F3 Jupiter thermogravimetric analysis unit 

with QMS 403 D Aeolos mass spectrometer. Roughly 30 mg of material are loaded into the sample cup and 

pretreated with 40 mL min-1 dry air at 850 °C (5 °C min-1) ramp for 4 h. Once cooled to room temperature 

(< 30 °C), 50 mL min-1 CO2 was flowed for 1 h, then purged with 50 mL min-1 N2 for 1 h or until the MS 

signal had stabilized. The TPD was carried out in 30 mL min-1 N2 and heating to 900 °C (10 °C min-1). 
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Nitrogen physisorption isotherms were measured using a Micromeritics 3Flex physisorption/chemisorption 

instrument. Physisorption measurements were made at -196 °C. Samples were degassed at 300 °C for 3 h 

under vacuum prior to analysis. Surface areas were determined by the BET method. Scanning electron 

microscopy (SEM) was performed on a Thermo Fisher Scientific Quattro ESEM. Samples were pressed 

onto carbon tape on a sample stub. Images were acquired under vacuum using a spot size of 3 and an 

accelerating voltage of 5 kV. X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advanced 

Diffractometer with Cu Kα radiation. Powder samples were sieved through a 304 stainless steel wire cloth 

disc with a mesh size of 200 to ensure a random distribution of exposed facets. They were adhered to silica 

sample holders with Dow Corning high vacuum grease. Synchrotron X-ray absorption spectroscopy (XAS) 

experiments were conducted at beamline 7.3.1 of the Advanced Light Source (ALS), Lawrence Berkeley 

National Laboratory. Spectra of total electron yield (TEY) were collected and charge-corrected by 

referencing a standard to known values.13,14 Diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) was performed with a Bruker VERTEX 70 FTIR Spectrometer equipped with a Pike 

Technologies DiffusIR MidIR Accessory. Spectra were collected with 128 scans at a resolution of 2 cm-1. 

In situ calcinations were performed by heating the sample 10 °C min-1 to 850 °C for 30 min under 20 mL 

min-1 of dry air flow. At room temperature (below 30 °C), N2O was introduced by flowing 10 mL min-1 of 

N2O. After the signal stabilized, the cell was purged with 50 mL min-1 of N2 for 10 min. 

4.4 Results and Discussion 

Kinetic Analysis of N2O-OCM 

The influence of active site structure on the N2O-OCM rate was discussed in Chapter 3. Here, the effect of 

reactant concentration on kinetic parameters is investigated. First, the activation energy of ethane 

production, shown in Figure 4.1, gradually increases with increasing N2O concentration. The activation 

energy over 1% Ca/ZnO still remains significantly lower than that over 35% Ca/ZnO. This minor change 

in activation energy can be a result of a minor change to the active site structure during reaction. The main 

differences in the reaction conditions are the concentrations of oxidant and COx products. The calcium sites 
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begin as oxidized clusters and transform during reaction into carbonate crystallites of undetermined size 

(Chapter 3). N2O adsorption does not form stable surface species (Figure 4.7), but COx adsorption does. It 

is possible that the carbonate phase on the catalyst surface is larger and has a great inhibitory effect with a 

higher concentration of COx in the gas phase. Surface carbonate formation is known to significantly impact 

reaction kinetics15 and makes determination of inherent N2O-OCM kinetics in the absence of carbonate 

difficult. 

 

Figure 4.1. Comparison of methane coupling activation energies over 1% Ca/ZnO and 35% Ca/ZnO with 

varying reactant feed compositions: 200 mg catalyst, total flow of 30 mL/min, PCH4 = 0.25 atm, temperature 

range of 520 °C to 560 °C. Error calculated from linear fit. 

 

By changing the partial pressure of N2O, we can determine the methane coupling rate dependence on 

the reactant concentration (Figure 4.2). As N2O partial pressure increases from 0.25 to 0.5 atm, the rate of 

ethane formation increases. Higher than 0.5 atm, the rate seems to decrease, but additional work would be 

needed to prove the statistical significance of the trend. A lack of N2O partial pressure dependence on the 

ethane formation rate at high pressures indicates a high surface coverage of reactive surface oxygen 

intermediates formed from N2O dissociation. Again, CO2 poisoning could be playing a major role in the 

observed rates.15 Experiments that measure the methane coupling rate and other relevant kinetic parameters 

should also be conducted with controlled addition of CO2 to quantify its effects. 
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The reaction order of N2O for the rate of ethane formation was found to be 0 at partial pressures greater 

that 0.5 atm. Below that, the reaction order was experimentally determined in Figure 4.3 to be ~0.15 at all 

temperatures measured. The lack of change with temperature is likely because the temperature is not 

changing the coverage of surface oxygen species formed from N2O dissociation. The positive, non-integer 

value of the reaction order suggests the ethane formation rate is controlled by multiple steps, yielding a 

complex mechanism and rate law. 

 

Figure 4.2. Effect of N2O partial pressure on the steady state methane coupling rate at PCH4
 = 0.25 atm and 

balance argon measured at 5 different temperatures between 520 °C to 560 °C; 30 mL/min total flow over 

200 mg of 1% Ca/ZnO. 
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Figure 4.3. Steady state methane coupling rate law dependence on N2O partial pressure at PCH4
 = 0.25 atm 

and balance argon measured at 5 different temperatures between 520 °C to 560 °C; 30 mL/min total flow 

over 200 mg of 1% Ca/ZnO. 

 

 

 N2O concentration has a small effect on the methane coupling rate, but we hypothesize it would 

have a larger impact on methane oxidation to COx species. There was no change in COx production rate at 

partial pressures above 0.5 atm, again suggesting that the catalyst surface is covered predominately by 

active surface oxygen species formed from N2O dissociation. Below 0.5 atm N2O, the reaction order is 

~0.86 with respect to N2O for both CO and CO2 formation (Figure 4.4). The positive, non-integer value of 

the reaction order suggests the methane oxidation rate, too, is controlled by multiple steps, yielding a 

complex mechanism and rate law. The same reaction order for CO and CO2 formation indicates that the 

rate limiting step for their formation is the same one involving N2O. 

 

Figure 4.4. Steady state methane oxidation rate law dependence on N2O partial pressure at PCH4
 = 0.25 atm 

and balance argon measured at 5 different temperatures between 520 °C to 560 °C; 30 mL/min total flow 

over 200 mg of 1% Ca/ZnO. 
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 The steady-state conversion-selectivity trend of N2O-OCM over 1% Ca/ZnO developed by 

changing both catalyst mass and reactant flowrates is shown in Figure 4.5. Some discontinuity is observed 

between conditions with different masses of catalyst. Ethane, CO, and CO2 selectivity trends do not 

approach 0 with decreasing conversion, but ethylene and C3,4
 products do. This indicates that ethane, CO, 

and CO2 are primary reactions products from methane coupling, partial oxidation, and complete oxidation, 

respectively. Ethylene and C3,4
 products are secondary products. The rising trend of CO2 complements the 

decrease in CO selectivity, suggesting that higher methane conversion leads to more complete oxidation. 

Ethane selectivity also decreases with increasing methane conversion, while the selectivities of ethylene 

and C3,4
 products increase. At higher conversions, ethane further reacts and undergoes dehydrogenation or 

coupling.  

 

Figure 4.5. Selectivity–conversion relationship of product distribution during N2O-OCM over 1% Ca/ZnO. 

Conversion varied by changing the space velocity 0.4-1.8 gcat/(gCH4/h). 
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 Product ratios are plotted in Figure 4.6 as both a function of temperature and N2O/CH4 ratio to 

illustrate the changes in product distribution under varying conditions. With increasing temperature, CO is 

further oxidized to CO2, and ethane dehydrogenates more readily to ethylene. The rate of C2 product 

formation increases more rapidly than COx production with temperature. There is a large increase in COx/C2 

and C2H4/C2H6 ratios once N2O composition is in excess of methane. The higher concentration of oxidant 

leads to deeper oxidation to secondary products.   

 

Figure 4.6. Influence of N2O/CH4 feed ratio on product distribution over 1% Ca/ZnO: 200 mg catalyst, 

total flow of 30 mL/min, PCH4 = PAr, temperature range of 520 °C to 560 °C. 

 

 The ability of Ca/ZnO to adsorb and desorb CO2 during CO2-OCM was determined to be 

as strong descriptor of methane coupling activity.7 We hypothesize that the adsorption and desorption of 

N2O is of equal importance. Ab initio calculations predict N2O preferably adsorbs side-on to a corner O2- 

site on CaO(100), but dissociation occurs by oxygen end-on interaction with a surface O2-.16 Attempts to 

characterize the adsorption with in situ DRIFTS is shown in Figure 4.7. After exposing CaO to N2O, bands 

at 3655 cm-1 of calcium hydroxide17, 2250-2175 cm-1 of gaseous N2O18, and 1600-1320 cm-1, 1080 cm-1, 

and 866 cm-1 of calcium carbonate19 were observed. The hydroxide and carbonates surface phases formed 

from exposure to gas impurities of H2O and CO2. No additional peaks corresponding to adsorbed N2O or 

NO species at 1031 cm-1  or 1265 cm-1,20 respectively, were observed. Contrary to CO2 adsorption, N2O 
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exposure does not yield any surface-stable adsorbates. Therefore, interactions with the catalyst surface must 

be very brief for N2O decomposition. 

 

Figure 4.7. DRIFTS spectra (a) before (black) and after (red) introducing CaO to a gas stream of N2O. (b) 

Difference between before and after spectra.  

 

Mechanistic Investigation of CO2-OCM and Comparisons to Traditional OCM 

The work in Chapter 2 focused predominately on the geometric and electronic active site structure of CO2-

OCM catalysts. Here, we conduct a preliminary investigation into the reaction mechanism and influence of 

process parameters – temperature, oxidant concentration and identity – over Ca/ZnO catalysts and others. 

The influence of CO2 concentration on CO2-OCM conversion and product distribution are shown in Figures 

4.8-9. An excess of CO2 in the reactant feed at a partial pressure of 0.67 atm drastically increases both 

methane conversion and C2 product selectivity. Conversely, decreasing CO2 concentration and eventually 

removing it decreases methane conversion and C2 product selectivity in favor of methane reforming to CO. 

The production of CO in the absence of an oxidant leads to catalysts reduction by lattice oxygen removal.21 

A significant increase in C2 product selectivity at low CO2 concentrations and little effect at high 

concentrations is consistent with reducible oxide supported CaO catalysts.22 The activity is not reversible 

under these conditions, demonstrated by the changes in activity and selectivity between conditions of 

a 
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identical feed composition of 0.5 atm CO2. There is significant catalyst deactivation observed for CO 

formation. Due to this deactivation, the reaction order of CO2 cannot be determined.  

 By taking the median product yields at each feed condition (as in Figure 4.9), the selectivity of C2 

products scales with the concentration of CO2 in the reactant feed. CO2 is critical for the active surface 

oxygen species formation that is selective for methane coupling.21 A higher CO2 concentration results in 

deeper ethane dehydrogenation to ethylene. CO2-assisted ethane dehydrogenation is proposed to operate by 

a similar Mars van Krevelen mechanism.23 A C2H4/H2 ratio of 1.0 would be expected for non-oxidative 

ethylene formation. This ratio is greater than 1.0 for all conditions with CO2 present and increases as CO2 

concentration increases. Water is produced at the expense of hydrogen likely due to a combination of 

oxidative coupling and dehydrogenation as well as reverse water gas shift (RWGS). RWGS is relevant at 

the reaction temperature of 850 oC24 and affects CO2-assisted ethane dehydrogenation.25 

 

Figure 4.8. Effect of CO2 partial pressure on CO2-OCM activity over 0.1 g 35% Ca/ZnO. 13.3 mL/min 

total flow, PCH4 = 0.25 atm with nitrogen balance, 850 oC.  
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Figure 4.9. Effect of CO2 partial pressure on CO2-OCM product distribution over 0.1 g 35% Ca/ZnO. 13.3 

mL/min total flow, PCH4 = 0.25 atm with nitrogen balance, 850 oC.  
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Ion-exchange is an effective method of dispersing cationic species on a support to generate near-

homogenous sites.26 Dispersed Ca on ZnO exhibits unique catalytic performance for CO2-OCM and N2O-

OCM, shown in Chapters 2 and 3, respectively. Calcium ion-exchange was explored as a method of catalyst 

synthesis and compared to the wet impregnation method, shown in Figure 4.10. Higher C2 product 

selectivity is achieved over the Ca-ZnO ion-exchanged catalysts, compared to pure ZnO and 0.4% Ca/ZnO 

synthesized via wet impregnation. C2 product yields are roughly comparable to CO yields over Ca-ZnO, 

while CO yields are 50 and 10 times greater than the C2 product yields over ZnO and 0.4% Ca/ZnO, 

respectively. The rates of product formation over Ca-ZnO are stable with time on stream for at least the 4 

hours measured. The product yields continually change over the 0.4% Ca/ZnO catalyst. We hypothesize 

that the Ca sites formed during ion-exchange are highly disperse, yielding maximum Ca-ZnO interface 

sites. These sites may be resistant to sintering and thus highly stable. The Ca loading of the Ca-ZnO catalyst 

and the Ca site structure was not studied here, but that information could inform on the catalytic 

performance of highly disperse Ca sites over ZnO.  

 

 

Figure 4.10.  CO (filled) and C2 (hollow) product rates of ion-exchanged Ca-ZnO compared to pure ZnO 

and 0.4% Ca/ZnO. 850 °C; 100 mg catalyst; 13.3 mL min-1 total gas flow rate with PCH4 = 0.25 atm, PCO2 = 

0.5 atm, PN2 = 0.25 atm. 

 



97 

 

 Another synthesis method explored is the wet impregnation of zinc oxide onto CaO. The 

comparison between 50% CaO/ZnO and 50% ZnO/CaO is shown in Figure 4.11. Identical synthesis 

procedures were followed, except for the change of precursors. We hypothesized that different interfacial 

sites would form by swapping the support, independent of catalyst composition. Higher C2 product yield 

and selectivity are achieved over the CaO/ZnO catalyst than ZnO/CaO. This may result from the blocking 

of ZnO reforming sites on the catalyst surface by CaO species. ZnO/CaO exhibits higher stability over at 

least the 4 hours of time on stream measured. The reason for this is currently unknown. Characterization of 

these catalysts in situ and after reaction would inform on the catalyst structure changes during reaction. The 

difference in catalytic performance between these two catalysts demonstrates that CO2-OCM activity is not 

only composition-dependent but dependent on CaO/ZnO interface structure. 

 

Figure 4.11. Effect of synthesis order on product yields with 50% CaO/ZnO (hollow) and 50% ZnO/CaO 

(filled). 850 °C; 100 mg catalyst; 13.3 mL min-1 total gas flow rate with PCH4 = 0.25 atm, PCO2 = 0.5 atm, 

PN2 = 0.25 atm. 

 

 The catalytic OCM performance was evaluated over the stable 50% ZnO/CaO catalyst. Reactant 

conversion and product selectivity is shown in Figure 4.12 at times on stream less than 150 minutes. CO 

and CO2 were the dominant products formed with ca. 10% ethane selectivity and negligible ethylene 

formation. 50% ZnO/CaO catalyzes methane oxidation more effectively than methane coupling. The 

addition of CO2 to OCM reactant feeds has been reported to enhance C2 selectivity.2,3 After 150 minutes on 



98 

 

stream, half of the oxygen in the reactor feed was replaced with CO2 to be at a O2/CO2 ratio of 1. Methane 

and O2 conversions significantly dropped. Ethane selectivity increased slightly while ethylene selectivity 

remained negligible. CO selectivity increased, but some of the CO originates from CO2 dissociation rather 

than methane oxidation making determination of methane coupling activity difficult. CO2 production is no 

longer able to be quantified.  

 Product yields and selectivities directly comparing OCM and CO2-OCM are shown in Figure 4.13 

to further quantify the significance of CO2 on the reaction rates. Here, C2 selectivity during CO2-OCM is 

defined as the fraction of C2 products in the total product stream, and CO selectivity is the fraction of CO 

in the total product stream resulting from both methane oxidation and CO2 dissociation. Despite quantifying 

the total product output and not only the products formed from methane, lower C2 product yield and higher 

C2 product selectivity were attained during CO2-OCM compared to OCM. Oxygen can more effectively 

activate methane, leading to higher conversion, but it also leads to lower C2 product selectivities due to 

methane and hydrocarbon oxidation.27 The addition of CO2 to the OCM feed (≥150 min) does improve the 

C2 product selectivity compared to the absence of CO2. The C2 product yield and selectivity is higher during 

CO2-OCM without any oxygen present in the feed than with a co-feed of oxidants. Pure CO2 as the oxidant 

enhances C2 selectivity likely by limiting overoxidation. 

CO2-OCM was performed at 850 °C while OCM was performed at 650 °C. CaO/ZnO catalysts are not 

active for CO2-OCM at 650 °C, while secondary reactions like oxidation and dehydrogenation become 

dominant during OCM at 850 °C. This temperature difference may also influence the distribution and 

concentration of surface intermediates. Carbonate may be stable in higher concentrations at 650 °C. 

Reactant feed concentrations also differ to avoid a flammable reaction mixture during OCM. Direct 

comparisons of reactions that are very endothermic and exothermic is difficult for these reasons. Comparing 

product yields and selectivities at similar methane conversions may be the best future course of action. The 

results presented here are only valid over a catalyst with bulk CaO; evaluating the influence of oxidant 

concentrations over a catalyst with lower Ca concentration, and CaO clusters, may provide different results. 
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Figure 4.12. OCM performance of 50% ZnO/CaO without and with CO2. 650 °C, 0.1 g catalyst, 20 mL/min 

total flow rate with PCH4 = 0.2 atm, PO2 = 0.04 atm, PN2 = 0.76 atm. After 150 min on stream flow was 

changed to PCH4 = 0.2 atm, PO2 = 0.02 atm, PCO2 = 0.02 atm, PN2 = 0.76 atm. 

 

 

Figure 4.13. OCM performance of 50% ZnO/CaO without (hollow) and with CO2 (filled) compared to 

CO2-OCM performance.  
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Instead of using a fixed O2/CO2 ratio of 1, as shown above, we hypothesize that a lower composition 

of O2 in the feed could reduce the overoxidation of hydrocarbons and improve C2 product selectivity and 

yields. A range of O2/CO2 ratios from 0 to 0.8 were used in Figure 4.14. Introduction of a small amount of 

O2 (O2/CO2 = 0.03) decreases CO yields, likely due to a decrease in the amount of CO2 being reduced to 

CO during CO2-OCM. CO yields further decrease a slightly higher O2 concentrations O2/CO2 = 0.09 but 

then rise again when O2/CO2 = 0.8. The increase at a ratio close to 1 can be attributed to an increase in the 

extent of alkane oxidation occurring with higher O2 concentrations. Addition of O2 to CO2-OCM increases 

the overall C2 product yields. At O2/CO2 ratios ≥ 0.09, ethylene yields surpass those of ethane. The extent 

of ethane dehydrogenation increases in more oxidative reaction environments.28 Conditions with O2 present 

seem to result in more stable product signals with time on stream than under pure CO2-OCM. Inability to 

quantify methane reforming product CO and oxidation product CO2 prevents the determination of the 

reaction orders of O2 or CO2. The use of a low-Ca-loading catalyst and higher reaction temperatures to 

prevent stable carbonate formation limit the extent of comparisons between this data and Figures 4.12-13. 

 

Figure 4.14. Effect of oxygen partial pressure on product distribution and yields during CO2-OCM over 

2% Ca/ZnO. 850 °C; 100 mg catalyst; 13.3 mL min-1 total gas flow rate with PCH4 = 0.25 atm and balance 

nitrogen. 
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 A CO2-OCM “light-off” curve was developed by increasing the reaction temperature while flowing 

the typical reactant gas stream to assess catalytic performance as a function of temperature over 2% 

Ca/ZnO, shown in Figure 4.15. No conversion was detected in absence of a catalyst. Non-zero methane 

conversion was first measured at 700 °C. This coincides with the temperature where calcium carbonate 

decomposes, potentially supporting the inhibition of methane activation by adsorbed CO2, as reported.29 

Low-temperature methane conversion is moderately selective to C2 product formation but increasing 

temperature in the range of 700-800 °C promotes CO formation via methane reforming. At temperatures 

above 800 °C, methane coupling begins to outcompete methane reforming. This may be due to the higher 

enthalpy of reaction of CO2-OCM than methane reforming.30 The rate of ethane dehydrogenation is 

observed to increase with temperature. 

Using a similar procedure to that in Figure 4.15 but with a standard OCM reactant feed, methane 

conversion was first observed over both Ca/ZnO and Li/MgO at 600 °C – a temperature lower than the 

light-off of CO2-OCM – in Figure 4.16. At this temperature, higher methane and O2 conversions are 

observed over Ca/ZnO than Li/MgO. Lower C2 product selectivity is observed over Ca/ZnO than during 

CO2-OCM and compared to Li/MgO, a well-recognized OCM catalyst. Alkanes could be more susceptible 

to subsequent oxidation over the Ca/ZnO catalyst for a number of reasons; notably, Ca/ZnO could more 

strongly bind hydrocarbon intermediates to the catalyst surface where further C-H activation occurs, or a 

lower concentration of generated methyl radical in the gas phase could lead to a higher probability of 

reaction with gaseous O2. It is not possible at this time to conclusively state why lower C2 product selectivity 

is observed here. Like CO2-OCM, the extent of ethane dehydrogenation increases with temperature over 

both catalysts.  
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Figure 4.15. Effect of temperature ramp during CO2-OCM over 2% Ca/ZnO. 100 mg catalyst; 13.3 mL 

min-1 total gas flow rate with PCH4 = 0.25 atm, PCO2 = 0.5 atm, PN2 = 0.25 atm, ramp rate of 2 °C/min. Held 

for 30 min at each temperature prior to data collection. 
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Figure 4.16. Effect of temperature ramp during OCM. 100 mg catalyst; 20 mL min-1 total gas flow rate 

with PCH4 = 0.2 atm, PO2 = 0.04 atm, PN2 = 0.76 atm, ramp rate of 2 °C/min. Held for 30 min at each 

temperature prior to data collection. In situ calcination at 850 °C (ramp rate of 5 °C/min) for 10 min in 5% 

O2 prior to reaction. 
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 The natural log of methane conversions and product yields measured during the CO2-OCM and 

OCM temperature ramps (Figures 4.15-16) were plotted against temperature to determine activation 

energies over 2% Ca/ZnO. During the CO2-OCM temperature ramp, methane conversion remained below 

2%, suggesting the reactor was in a differential regime. Here in Figure 4.17a, the activation energy 

measured for ethane formation was 173 ± 18.2 kJ/mol whereas that for CO formation via methane reforming 

was 200 ± 4.5 kJ/mol, where the error values are from deviations from the linear fit of the data. These values 

are very similar, but the activation energy of ethane formation is statistically lower than that of CO 

formation, supporting the observation that Ca/ZnO is a selective CO2-OCM catalyst. The activation energy 

is also consistent with that measured for N2O-OCM over 1% Ca/ZnO. 

During the OCM temperature ramp, the reactor quickly left a differential regime since higher 

methane conversions were achieved at lower temperatures. The data from the 2 lowest temperatures where 

conversion was below 5%, highlighted in green in Figure 4.17b, were used to calculate the activation 

energies of ethane formation to be 170 kJ/mol, CO formation to be 148 kJ/mol, and CO2 formation to be 

206 kJ/mol. This is consistent with the observation that partial methane combustion to CO and methane 

coupling are favored at lower temperatures, but higher temperature favors complete oxidation. Comparing 

activation energies between the two reactions demonstrates that C2 product formation may more readily 

occur during OCM, but there is also higher chance of oxidation to COx. 

 

Figure 4.17. Arrhenius plots derived from temperature ramps during CO2-OCM (left) and OCM (right) 

over 2% Ca/ZnO where product yield is measure in mol/s/gcat. 
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 A 1 wt% Pd/MgO catalyst has been reported to effectively catalyze methanol oxidation to 

oxygenated products, including the rarely observed methoxymethanol.12 Due to its ability to activate C1 

species, the catalyst was evaluated for its OCM activity, shown in Figure 4.18. A significantly lower 

methane conversion light-off temperature of 350 °C was observed, compared to the Ca/ZnO catalysts. 

However, only oxidation products – CO and CO2 – were observed in abundance. At temperatures lower 

than 500 °C, a very small amount of C2 products were observed, but the rate of C2 product formation quickly 

drops to near-zero as temperature and conversion increase. Isothermal conversion of methane at 650 °C 

produces an increasing concentration of COx products and decreasing concentration of C2 products with 

time on stream. At these high temperatures and conversions, the C-H activation of C2 products becomes 

more facile.31 

 

Figure 4.18. Effect of temperature ramp during OCM over 1% Pd/MgO. 0.1 g catalyst; 10 mL min-1 total 

gas flow rate with PCH4 = 0.2 atm, PO2 = 0.04 atm, PN2 = 0.76 atm, ramp rate of 2 °C/min. Held for 30 min 

at each temperature prior to data collection. In situ calcination at 400 °C (ramp rate of 5 °C/min) for 2 h in 

air prior to reaction. 
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The OCM performances of other MgO-supported metals were also evaluated using the well-

characterized 0.05 wt% Pt/MgO, where Pt is known to exist as isolated cations in the subsurface layer of 

MgO near a magnesium point-vacancy.11 Initially, a CH4/O2 ratio of 5 was flowed over the catalyst, where 

higher methane conversion was observed over the Pt/MgO catalyst than 5% Li/MgO. A conversion of ~12% 

is comparable to that achieved by Pd/MgO in Figure 4.18. Interestingly, similar conversions were achieved 

with 20 times lower noble metal loading. At 100 minutes of time on stream, the reactant flowrate was 

doubled with a CH4/O2 ratio of 2.5. This change in reactant flows dramatically increased the methane 

conversion over Pt/MgO, but little change was observed over Li/MgO. At 200 minutes on stream, the 

reactor temperature was gradually cooled to 350 °C to determine if the Pt/MgO catalyst was catalytically 

active at low temperatures, like had been reported for Pd/CeO2.32 No activity below 500 °C was observed. 

 

Figure 4.19. Methane conversion of MgO-supported catalysts during OCM. Initial conditions: 0.2 g 

catalyst; 650 °C; 20 mL min-1 total gas flow rate with PCH4 = 0.2 atm, PO2 = 0.04 atm, PN2 = 0.76 atm. At 

100 min flow was changed to 40 mL min-1 total gas flow rate with PCH4 = 0.1 atm, PO2 = 0.04 atm, PN2 = 

0.86 atm. At 200 min the temperature began cooling to 350 °C. 
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The product yields and selectivities of OCM over Li/MgO and Pt/MgO, above, are shown in Figure 

4.20, where selectivity is defined on a carbon-basis. Over Pt/MgO, all methane was oxidized into COx 

species. An increase in the concentration of CO formed relative to CO2 was observed at 100<t<200 minutes 

on stream, which is likely due to the increase in the reactant space velocity. Moderate ethane selectivity and 

yield were observed over Li/MgO. Increasing the space velocity and O2 concentration resulted in a higher 

concentration of COx species and lower concentration of C2 products due to oxidation. 

 

 

Figure 4.20. (a-b) Product yields of MgO-supported catalysts during OCM, and product selectivities over 

(c) 5% Li/MgO and (d) 0.05% Pt/MgO. Initial conditions: 0.2 g catalyst; 20 mL min-1 total gas flow rate 

with PCH4 = 0.2 atm, PO2 = 0.04 atm, PN2 = 0.76 atm. At 100 min flow was changed to 40 mL min-1 total gas 

flow rate with PCH4 = 0.1 atm, PO2 = 0.04 atm, PN2 = 0.86 atm. At 200 min the temperature began cooling 

to 350 °C. 
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Catalyst Characterization after CO2 Adsorption and Reaction 

The Ca/ZnO catalysts were thoroughly characterized in Chapters 2 and 3. Here, we present additional 

characterization results of the initial and final states after CO2-OCM. The basicity of binary metal oxide 

CO2-OCM catalysts strongly affects the catalytic performance.33 CO2-TPD was attempted to qualitatively 

characterize the types of basic sites by the number and shape of peaks observed, and quantitatively 

determine relative concentrations of each by peak areas. Figure 4.21 shows the mass loss and CO2 mass 

spectrometer signal during CO2-TPD over 35% Ca/ZnO and 2% Ca/ZnO. Over the 35% Ca/ZnO catalyst, 

one main peak at ~550 °C is observed. The presence of a singular peak with a slow rising edge at > 500 °C 

in the MS signal is consistent with Ca/ZnO catalysts.21,34 This confirms the presence of strongly basic sites 

corresponding to the large CaO particles present. The temperature of CO2 desorption is slightly higher than 

that observed in Figures 2.4 and 2.5 due to the faster ramp rate. No distinguishable features are observed in 

the mass loss or MS profiles over the 2% Ca/ZnO catalyst. The concentration of basic sites is too low to 

detect an appreciable signal. This constraint that prevented the characterization of the low Ca loading 

catalysts prompted the development of the IR-TPD method of characterization CO2 desorption specifically 

at the catalyst surface.  

 

Figure 4.21. CO2-TPD using TGA after CO2 adsorption at room temperature, monitoring mass loss of 

sample and the MS signal for m/z = 44 corresponding to CO2 while heating at 10 °C min-1. 
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Ca L-edge XANES was reported for freshly calcined Ca/ZnO catalysts in Figure 2.3. Here, the Ca 

L-edge XANES spectra of the catalysts after undergoing CO2-OCM are compared to the fresh catalysts in 

Figure 4.22. The changes in line shape after reaction – sharpened t2g and the presence of two new pre-edge 

peaks around 347.3-348.3 eV – indicate the transformation of CaO to a CaCO3 phase.13,35 The eg peaks are 

shifted to higher energy compared to the fresh catalysts in the high Ca loading catalysts, which is 

characteristic of CaCO3. However, the peaks of the low Ca loading catalysts do not shift and now present 

at lower energy than the high Ca loading catalysts. This may be a result of the different density of states of 

the surface Ca atoms compared to those in the bulk phase, similar to that for the Ca K-edge simulations in 

Figure 3.5. XANES simulations like those in Chapter 3 would be required to definitively conclude this.  

 

Figure 4.22. Ca L-edge XANES of Ca/ZnO catalysts (top) after CO2-OCM and (bottom) before. 
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The transformation of CaO to CaCO3 after CO2-OCM is more easily demonstrated by the 

comparison of the 2% Ca/ZnO before and after reaction in Figure 4.23. The shift to higher energy and 

narrowing of the peaks becomes more noticeable. Using CTM4XAS simulation package, these changes 

associated with carbonation of the catalyst surface can be captured by increasing the crystal field splitting 

parameter 10Dq from 0.6 to 1.1. CaO and CaCO3 both have 6-coordinate octahedral geometry.36 Therefore, 

this change in crystal field splitting can be explained by the more oxidizing CO3
2- ligand replacing the O2- 

ligand. This is roughly consistent with reported calcium carbonate 10Dq value of 1.5. 37 

 

Figure 4.23. Comparison of Ca L-edge XANES spectra (left) before and after CO2-OCM over 2% Ca/ZnO, 

and (right) simulated spectra with 10Dq values of 0.6 and 1.1 in blue and red, respectively. 

 

XANES spectra of the O K-edge of the Ca/ZnO catalysts before and after CO2-OCM are shown in 

Figure 4.24. Fresh catalysts with ≤ 2% Ca only exhibit spectral features consistent with pure ZnO. As Ca 

content increases, the spectra resemble a linear combination of ZnO and CaO. Since all 3d orbitals of ZnO 

are occupied, only peaks corresponding to oxygen 2p hybridization with Zn 4sp states are present.38 After 

reaction, the ZnO spectrum does not change. The CaO spectra corresponds to that of CaCO3,13 consistent 

with Ca L-edge XANES results. Again, the spectra of the high Ca loading catalysts are a linear combination 

of ZnO and CaCO3 spectra. Spectra of the low Ca loading catalysts still resemble that of ZnO, but the 

carbonate π* peak around 534 eV39 is present in even the 0.4% Ca/ZnO catalyst, suggesting even the CaO 
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clusters undergo some degree of carbonation during reaction. This is especially noticeable when comparing 

spectra of the catalysts before and after reaction (Figure 4.24c-d) 

 

Figure 4.24. O K-edge XANES of Ca/ZnO catalysts (a) before and (b) after CO2-OCM. Comparison of 

spectra before (solid) and after (dotted) CO2-OCM for (c) 45% Ca/ZnO and (d) 0.4% Ca/ZnO. 

 

SEM images of the 5% Li/MgO OCM catalyst used in Figures 4.19-20 inform if and how the 

average particle size and morphology change before and after calcination and reaction. Directly after 

synthesis and oven drying at 80 °C, the particles consist of ultra-thin sheets with a diameter on the order of 

a 1-2 μm densely packed into large aggregates. After calcination at 850 °C, the particles were no longer 

sheets but more cubic with a large deviation in size, ranging from 0.2 to 2 μm. Significantly more particle 

sintering occurred during OCM, increasing the average particle size and decreasing its surface area. 
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Figure 4.25. SEM images of 5% Li/MgO (left) as prepared after drying, (middle) after calcination, and 

(right) after OCM. Bottom row is at higher magnification than top. 

 

Exploration of Morphology Dependence of CO2-OCM over Ca/ZnO Catalysts 

An interesting property of ZnO as a support is its easily tunable morphology.40 Hexagonal ZnO 

preferentially grows along the c-axis during hydrothermal synthesis,41 changing the aspect ratio 

(length/width) of particles with time. Capping agents like sodium citrate can preferentially bind to the (001) 

facet, preventing growth along the c-axis.41 The catalytic performances of ZnO-supported catalysts have 

been demonstrated to be dependent on morphology.42,43 Chapter 2 concludes that the interface between Ca 

and ZnO is critical for CO2-OCM performance. The structure of ZnO at that interface may have an 

important impact on reactivity. Here, ZnO of varying aspect ratios – plates, rods, and commercial – were 

hydrothermally synthesized and used in 2% Ca wet impregnation. The CO2-OCM performance of these 

catalysts are compared in Figure 4.26. The catalyst mass-normalized product yields over the rod and 

commercial morphologies are identical. The C2 product yield over the plate morphology was also similar 

to the others, but its CO yield was drastically less. The plate-shaped catalysts achieved a much higher 

selectivity toward C2 products.  
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The catalysts have different surface areas due to their different morphologies which impact product 

yields. The surface area of the ZnO rods was measured to be 21.0 ± 0.4 m²/g, and that of the commercial 

ZnO was 7.3 ± 0.1 m²/g. The surface area of the ZnO plates was not measured. The product yields were 

then normalized by exposed catalyst surface area rather than mass (Figure 4.26b). Rod-shaped catalysts 

have significantly lower activity for both CO and C2 production than the commercial ZnO catalyst. The 

lower activity could be attributed to the higher density of the exposed (100) facet. It is a non-polar surface, 

electronically balanced between O2- and Zn2+ species,44 which may lead to less reactivity. Contrarily, the 

(001) facet dominant in the plate-shaped catalyst may be the reason for higher C2 product selectivity. It is 

currently unknown to what extent the catalytic activity of the ZnO surface is controlled and the morphology 

is affecting the structure of the active Ca/ZnO interface. It has been demonstrated that polar surfaces of 

ZnO can create strong metal-support interactions between the (002) facet of ZnO and cationic Cu, 42 where 

ZnO morphology affects its reforming activity.45 The variation in facets in the commercial ZnO catalyst 

may result in more dispersed CaO nanoparticles than on ZnO rods, which would have improved CO2-OCM 

performance, as demonstrated in Chapters 2 and 3. Further characterization of the catalysts after calcium 

deposition and after reaction could elucidate any differences in active site structure over different 

morphologies. 

 

Figure 4.26. CO2-OCM performance of 2% Ca/ZnO with varying ZnO morphologies (a) before and (b) 

after normalizing CO (filled) and C2 (hollow) product yields by catalyst surface areas. 850 °C; 100 mg 

catalyst; 13.3 mL min-1 total gas flow rate with PCH4 = 0.25 atm, PCO2 = 0.5 atm, PN2 = 0.25 atm. 
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SEM images of the 2% Ca/ZnO catalysts with varying morphologies after CO2-OCM are shown in 

Figure 4.27. The plates mostly maintain their hexagonal structure but become rounder and larger along the 

c-axis, making them less plate-like. The rods also become more rounded and decrease in length, decreasing 

the particle aspect ratio. Catalysts made with commercial ZnO significantly sinter into much larger, rounded 

particles. They maintain having a lower surface area than the rods after reaction. The rounding of the 

catalysts edges may indicate a higher reactivity of undercoordinated atoms. 

 

Figure 4.27. SEM images of hydrothermally synthesized ZnO with morphologies of (a) plates, (c) rods, 

and (e) the commercially available ZnO; (b,d,f) after wet impregnation of 2% Ca and CO2-OCM. 
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Exploration of Ethane Reactivity over Methane Coupling Catalysts 

Ethane, the primary product of methane coupling reactions, undergoes oxidative dehydrogenation during 

the reaction to form ethylene. Specialized techniques like VUV-PIMS46 and TAP31 allow for the in situ 

study of the ethane dehydrogenation reaction. Here, a Ca/ZnO catalyst was evaluated for its ability to 

catalyze ethane dehydrogenation with CO2 (CO2-EDH). The activity of 0.1 g of 0.6% Ca/ZnO was 

contrasted to that of 2.8 g solid inert Al2O3. The rate of ethylene production over the Ca/ZnO catalyst was 

on the same order of magnitude as the solid inert, indicating that the catalyst is not highly active for EDH. 

More methane was produced over the catalyst experiment, indicating that hydrocarbon cracking is more 

prevalent. However, this could simply be due to the homogenous gas-phase reaction at this temperature.47 

Experimental limitations on reactant flowrates prevented a simulation of EDH consistent with CO2-

OCM conditions. A better metric of the extent of dehydrogenation occurring is the ethylene-to-ethane ratio 

exiting the reactor. Less than 1 of every 2 ethane molecules dehydrogenates to ethylene during CO2-OCM, 

while 3 of 4 ethane molecules dehydrogenate during CO2-EDH. The discrepancy in ethylene-to-ethane ratio 

during the two reactions is most probably caused by a significantly larger partial pressure of ethane, 0.02 

atm, during EDH compared to what is produced during CO2-OCM, 0.001 atm. The extend of 

dehydrogenation that occurs suggests that a combination of surface-mediated and gas-phase EDH is likely 

occurring during CO2-OCM, with no way of deconvoluting these two pathways currently. The effect of 

ethane partial pressure likely plays a large role in the rate of dehydrogenation. 
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Figure 4.28. (Left) Product yields of CO2-EDH over 0.1 g of 0.6% Ca/ZnO (hollow) and 2.8 g alumina 

(filled). 13.3 mL/min total flow, PC2H6 = 0.02 atm, PCO2 = 0.5 atm, PN2 = 0.48 atm, 850 oC. Lines are included 

to guide the eye. (Right) Comparison of ethylene/ethane ratio during CO2-DH and CO2-OCM. 

 

C3 species are generated during CO2-EDH and N2O-OCM (Figures 4.28 and 3.6), which forms by 

further coupling of C2 species. There are two coupling routes to form C3 products: methyl radicals further 

couple with existing C2 species in the gas phase, or C4 species generated from C2 oligomerization crack into 

methane and C3 products. Methane had been reported to couple with C2 species over zeolite-supported 

silver catalysts.48,49 Attempts to reproduce these results with silver or other transition metals on ZSM-5 

were unsuccessful. Instead, products were observed using a traditional methane coupling catalyst Li/MgO.50 

Very low product signals were detected at 650 °C due to the highly endothermic nature of this non-oxidative 

reaction.51 However, at this temperature, the concentration of C4 products was higher than that of C3 

products with no measurable methane conversion, tentatively supporting the initial generation of C4 species 

from C2 oligomerization. There is a minor increase in product signal detected with a higher Li content in 

the catalyst, likely due to the increase in F center active sites.52 As temperature is increased and conversions 

increase, the concentration of C3 products now exceed that of C4 species, likely due to cracking which is 

more favorable at higher temperatures.53 With data over a wider range of conversions, the relationship 

between product selectivity and conversion would more accurately be able to address this hypothesis. 

However, the presence of an oxidant could drastically affect the reaction network observed here. 
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Figure 4.29. C3 (filled) and C4 (hollow) product yields from alkane coupling with methane and ethane over 

Li/MgO catalysts. 50 mg catalyst, 50 mL/min total flow, PC2H6 = 0.1 atm, PCH4 = 0.1 atm, PN2 = 0.8 atm. 
Lines are included to guide the eye. 

 

4.5 Conclusion 

The work in this chapter probes the influence of both reaction conditions and physical properties of Ca/ZnO 

catalysts on reaction kinetics and product distributions over several related light alkane upgrading reactions 

– CO2-OCM, N2O-OCM, OCM, and ethane DH. Probing the kinetics of N2O-OCM reveals a positive 

reaction order for C2 and COx product formation on N2O composition and a dependence on active site 

structure. Similar experiments with CO2-OCM yield a strong dependence of C2 yields on CO2 concentration 

in the feed. Over Ca/ZnO catalysts, the activation energy for ethane formation is lower than that for CO 

formation during CO2-OCM, but the activation energy for ethane formation is higher than for methane 

oxidation during OCM at similar conditions. Ca L-edge XANES of Ca/ZnO catalyst before and after CO2-

OCM are contrasted to reveal calcium carbonate formation in all catalysts after reaction, including the low-

Ca-loading catalyst where ultra-small one- or two-dimensional clusters were shown to exist. Varying ZnO 

morphologies – plates and rods – synthesized hydrothermally were used as the catalyst supports for 2 mol% 

Ca deposition. The CO2-OCM performance of these catalysts was compared to catalysts with the 

commercially available ZnO. The 2% Ca on commercially available ZnO catalyzed high C2 product yields, 

indicating the dependence of reactivity on exposed ZnO crystal facet. Performing CO2-assisted ethane 
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dehydrogenation over 0.6% Ca/ZnO revealed that the reaction does take place, but the catalyst is not 

significantly active. Non-oxidative coupling of methane and cracking of C2+ products is negligible at similar 

conditions. 

These results suggest that future investigation into these reaction systems should quantify the strong 

influence of stable intermediates, like carbonate, on reaction kinetics, and experimentally determine kinetic 

parameters for methane coupling that are independent of carbonate coverage. These kinetic parameters may 

be compared across different oxidants over the same catalytic active site. These results provide preliminary 

insights to mechanism determination and the influence of active site structure on reaction kinetics for 

methane coupling reactions. The similarities and differences between CO2-, N2O-, and O2-assisted methane 

coupling can inform future catalyst and reactor design for optimizing methane upgrading with greenhouse 

gases.  
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Chapter 5. Perspective 

The scientific challenge of simultaneous methane upgrading with other greenhouse gases is accelerating 

the study of alternative oxidant-assisted OCM, like CO2- and N2O-OCM, which have been studied here. 

Most articles on this subject were published prior to the year 2000 and the rise of modern materials 

characterization techniques. Many of such articles focus on catalyst discovery and evaluation of previously 

unused materials for these reactions but lack characterization results that could elucidate identifying 

information of active site structure.  

We were motivated by this gap in knowledge to provide a detailed characterization of a catalyst 

system that had demonstrated remarkable methane coupling selectivity. The published work of Chapter 2 

sought to characterize the Ca site structures of Ca/ZnO catalysts over a range of Ca composition and 

correlate the structure to catalyst performance. However, there were many challenges to characterize the 

low-Ca-loading catalysts. The Ca species were too dispersed to be observed with XRD. Low Z-contrast 

between Ca and Zn, along with high dispersion, made imaging of Ca with electron microscopy not possible. 

However, results from a suite of techniques – TEM, XRD, XPS, L-edge XANES, and CO2-IR-TPD as 

described in Chapters 1 and 2 – corroborated that the Ca sites on catalysts with < 2 mol% Ca were highly 

dispersed on ZnO, leading to a higher population of Ca-ZnO interface sites with unique electronic and 

geometric properties that enhanced the CO2-assisted methane coupling performance.  

The work of Chapter 3 confirms the high degree of Ca dispersion. The complementary theoretical 

XANES simulations provided critical evidence to determine the specific Ca site structures. It was found 

that the Ca sites exist as ultra-small one- or two-dimensional linear or planar oxide clusters. A pre-edge 

feature unique to the low-Ca-loading catalysts was determined to arise from the Ca 1s to 4p electronic 

transition of under-coordinated Ca surface atoms. With a better understanding of the Ca site structure, we 

can now learn specifically how changes in this site influence methane coupling reactivity. 

At the same time, the Ca/ZnO catalysts and other similar materials were also evaluated for their 

catalytic potential to upgrade light hydrocarbons in similar reactions, like OCM and ethane 
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dehydrogenation. The effect of reaction conditions, such as temperature and reactant composition, of CO2-

OCM, N2O-OCM, and OCM on reaction kinetics and product distribution was measured over a wide range 

of conditions and catalyst materials. Physical properties of the Ca/ZnO catalysts – composition of the 

support oxide, Ca dispersion, ZnO morphology – were varied by varying the synthesis method, and the 

influence of these properties on CO2-OCM performance was studied. This work is summarized in Chapter 

4. These experiments provide preliminary data that have potential to inspire future studies of soft-oxidant 

assisted methane coupling catalyst properties and reaction conditions. 

The field of soft-oxidant assisted methane coupling is still young, relative to OCM. There are many 

avenues of exploration into mechanism determination and the influence of active site structure on reaction 

kinetics worth studying. The work in this dissertation took a first step into answering these research 

questions and aimed to revive interest in this field to address both environmental and energy concerns. 

 




