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1.1  The dilemma related to the consumption of fossil fuel resources 

Modern chemical industrials strongly rely on crude oil and its consumption grows very 

fast and even faster than its production as shown in Figure 1.1. The limited reserves 

(around 1.7×1012 barrels proved by 2018) calls for more abundant substitutions1. 

Methane, the main component in natural gas, has been considered as a promising 

substitution. The increasing natural gas reserves shown in Figure 1.2 guarantees 

relatively abundant availability of methane1. 

 

Figure 1.1 - Oil production and consumption by region (Million barrels daily)1. 

 

Figure 1.2 - Distribution of proved gas reserves: 1998, 2008 and 2018 (Percentage)1. 
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However, the wide use and large consumption of fossil fuels like coal, crude oil, and 

natural gas which establish the pillars of modern industrials, as well as the main energy 

source for our daily electricity and transportation, brings large CO2 emission, while they 

make modern life much more convenient comparing to that in the pre-industrial age. 

The combustion of fossil fuels contributes to the main anthropogenic CO2 emission. As 

shown in Figure 1.3, global CO2 emissions keep growing in the last seven decades2, 

which accelerates global warming since CO2 is green-house gas3. This is detrimental 

to the eco-system of the earth. As an evidence, the global mean surface temperature 

accordingly increases in the past years (Figure 1.4)4. To limit the global temperature 

rise within 1.5 °C in the next two or three decades, efficient measures have to be taken 

instantly. Since fossil fuels will still be the main energy source in the next decades, 

reducing emitted CO2 is a more realistic direction against the urgent environmental 

issue. 

 

Figure 1.3 - Global territorial CO2 emissions from 1960 to 20182. Sources: Gilfillan et 
al. (2019), UNFCCC (2019), BP (2019). 
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Figure 1.4 - Observed monthly global mean surface temperature (GMST, grey line up 
to 2017, from the HadCRUT4, GISTEMP, Cowtan–Way, and NOAA datasets) change 
and estimated anthropogenic global warming (solid orange line up to 2017, with orange 
shading indicating assessed likely range). Orange dashed arrow and horizontal orange 
error bar show respectively the central estimate and likely range of the time at which 
1.5°C is reached if the current rate of warming continues4. 

1.2 C1 chemistry: the solution to the dilamma 

C1 chemistry is the chemistry of molecules containing only one carbon, mainly 

involving carbon dioxide, methane, carbon monoxide, methanol and similar other one-

carbon compounds5. As illustrated in Figure 1.5, it is possible to produce lots of useful 

chemicals from the C1 chemistry building-blocks. Methane, carbon monoxide, carbon 

dioxide and methanol can play a role as the starting block, broadening modern 

chemical feedstocks from crude oil to coal, natural gas or biomass via reactions viz. 

dry/steam reforming of methane (DRM or SRM), oxidative coupling of methane (OCM), 

Fischer-Tropsch (FT), CO2 hydrogenation and methanol to olefins (MTO)5-7. Hence, 

C1 chemistry, which makes use of one-carbon containing compounds is considered 

as the most promising strategy targeting both the environment, energy and resources 

issues related to petrol. 
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Figure 1.5 - C1 chemistry block reaction network5. 

Among those reactions in C1 chemistry, OCM bridges CH4 to the feedstocks for 

chemical industries, attracting intensive interest of researchers. CO2 hydrogenation 

converts CO2 to useful compounds, becoming a more positive means to lower down 

carbon emission comparing to simply capturing it and burying it underground8. Besides, 

the hydrogenation product, CH4, CO or methanol, can start a new carbon cycle, making 

CO2 hydrogenation a promising routine to close the carbon cycle. And dry reforming of 

methane (DRM) combines methane functionalization and carbon dioxide 

functionalization into one reaction. Therefore, OCM, CO2 hydrogenation and DRM 

reactions occupy an important portion of C1 chemistry. 

As well known, catalysis plays an indispensable role in C1 chemistry. Catalysts are 

normally applied in C1 chemistry reactions to maximize the conversion of reactant, the 

selectivity of targeted products and optimize reaction time needed to reach desired 

conversion and selectivity6, 7, 9. Understanding how catalysis function in these reactions 

offer guidance to catalyst screening and reaction conditions optimization, expediting 

the development of C1 chemistry. Therefore, investigation of catalysis in OCM, CO2 

hydrogenation and DRM reactions has huge practical significance. 
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1.3  Oxidative coupling of methane 

1.3.1 A brief historical evolution of OCM 

Methane conversion to value-added products represents an attractive answer to the 

need for more sustainable and efficient processes for the production and storage of 

energy and chemicals. The large availability of natural gas reservoir, together with the 

environmental urgency of alternatives to crude oil, brought the attention of the chemical 

industry on these processes. In addition, natural gas resources are normally explored 

in remote regions. A huge demand for pipelines is required for transportation, which is 

economically unfavorable. Therefore, converting methane, the main component of 

natural gas, to more transportable forms with high energy density or higher chemical 

values on-site represents a more efficient alternative than the common burning of 

methane to generate heat or electricity. A lot of efforts have been done to achieve that 

since the last decades, for example, Andrussow or Degussa processes that directly 

convert methane and ammonia into hydrogen cyanide. On the other hand, methane 

steam reforming is the well-established technology to produce syngas as an 

intermediate, before converting into desired products such as long-chain hydrocarbon 

via FT synthesis. Among these approaches, steam reforming truly enables us to build 

a route from natural gas to a more transportable energy source and feedstock basis 

for chemical industrial. However, such an indirect route requires high energy, space, 

and facilities demanding. Therefore, the direct carbon chain expansion of methane is 

more promising.  

Methane pyrolysis was firstly implemented in the 1970s to double the methane carbon 

chain by gas-phase homogeneous reaction10. Methane is chemically ‘inert’ due to its 

strong and stable C-H bonds (439 kJ/mol). The C-H bond cleavage is highly 

endothermic and requires a high temperature up to 1300 °C for methane pyrolysis, 

making the process energy-intensive. To milden the process conditions, Kellar and 

Bhasin brought up the new idea of OCM over heterogeneous catalysts in 1982, 

enabling methane coupling with an exothermic reaction11. The global reaction is 

normally described as equation (1): methane and oxygen react to produce ethylene. 

Ethylene can be directly used as a feed in widely-mature industrial processes such as 

polyethylene production which is widely used for producing plastic commodities. In the 

last three decades, this ‘dream reaction’ has attracted great interest from researchers. 
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Although some works tried to use other oxidants such as N2O and S2, the non-toxic 

and cheap O2 was found to be the most commonly used in OCM studies, which is more 

practical for commercializing the process. 

2CH4 + O2 → C2H4 + 2H2O ΔH° 
298 K ≈ -281 kJ/mol (1) 

In 2015, Siluria Technologies built a pilot plant with the ambition to offer industrial 

application service for OCM reaction. However, large-scale commercialized industrial 

plant for OCM process is still not in production yet due to lower C2 (ethane and ethylene) 

yield than the commercial target. In order to make the OCM reaction commercially 

viable and meet the economical goal, C2 yield is of critical importance and has to be 

above 30%. Yet, it is very challenging for this reaction since the C2 yield is limited by 

the nature of the OCM reaction mechanism which is described in the proceeding 

section. 

1.3.2 OCM reaction mechanism 

1.3.2.1  C2H6 formation 

The generally accepted mechanism of OCM reaction involves radicals and proceeds 

through both heterogeneous (reactions on the catalyst surface) and homogeneous 

pathways (reactions in the gas phase). In general, CH4 is firstly activated on catalyst 

surface generating methyl radicals (eq. 2), these methyl radicals are then released and 

coupled to form ethane in the gas phase (eq. 3). Finally, the active sites on catalyst 

surface are recovered by O2 (eq. 4)12-14.  

CH4 + [M
+
O

-
]
s
 ⇄  CH3∙ + [M

+
OH

-
]
s
 (2) 

2CH3∙  ⇄  C2H6 (3) 

2[M
+
OH

-
]
s
+

1

2
O2  → 2[M

+
O

-
]
s
 + H2O (4) 

Theoretical studies and experimental proofs support such a heterogeneous-

homogeneous reaction mechanism14-22. Methyl radicals have been witnessed directly 

or indirectly by various techniques, such as matrix isolation electron spin resonance 

(MIESR)16, lead mirror experiments17, multiphoton ionization time-of-flight mass 

spectrometry (MPI-TOFMS)22 and synchrotron vacuum ultraviolet photoionization 

UNIVERSITAT ROVIRA I VIRGILI 
ADVANCING C1 CATALYSIS BY SPATIOTEMPORAL ANALYSIS AND DYNAMIC OPERATION 
Lingjun Hu   



Introduction and overviews 
 
 

 8 

mass spectroscopy (SVUV-PIMS)18, 19. Furthermore, regarding the next step, i.e. 

coupling of methyl radicals, Nelson and coworkers performed OCM reaction over 

Li/MgO at 750 °C using isotopes of methane (50/50% CH4/CD4)12. As a result, C2H6, 

CD3CH3, and C2D6 were detected as ethane, whereas C2H4, CD2CH2, and C2D4 were 

detected as ethylene. The observed kinetic isotope effects clearly suggest that the 

coupling of methyl radicals takes place in the gas phase without the involvement of 

surfaces at this step. 

1.3.2.2  C2H4 formation 

Ethylene is the most desired product of the ‘dream’ OCM reaction. Otsuka and 

coworkers confirmed that there is a negligible direct formation of C2H4 from CH4
23, 24. 

Afterwards, Nelson and coworkers demonstrated that C2H6 is the main source of 

C2H4
12. Nowadays it is well accepted that C2H4 is formed via dehydrogenation of C2H6 

under OCM reaction condition. 

Ethane dehydrogenation can take place in two pathways: (i) direct thermal pyrolysis 

without oxygen and (ii) oxidative dehydrogenation of ethane (ODH). The former only 

takes place at high temperatures (>700 °C) with prominent coke formation25. The latter 

ODH occurs in both homogeneous and heterogeneous pathways. Heracleous and 

Lemonidou studied oxidative dehydrogenation of C2H6 in the presence and absence 

of catalyst and found that the presence of O2 accelerates overall reaction rates in the 

homogeneous reaction, whereas catalyst decreases the initial reaction temperature 

from 650 to 490 °C26. Although the heterogeneous reaction pathway with catalyst leads 

to comparably lower C2H4 selectivity, the total C2H4 yield was enhanced due to higher 

C2H6 conversion. 

1.3.2.3  COX formation 

Hydrocarbon radicals can also react with oxygen, producing CO and CO2 (COx, eq. 5-

7). Recently, a study using SVUV-PIMS directly confirms methyl radicals in the gas 

phase during OCM and ODH reaction as well as another two radicals, C2H5· and 

CH3OO·, and two reactive intermediates, CH3OOH and C2H5OOH18. This provides 

convincing proofs of the elementary reaction steps related to targeted C2 (C2H6 and 

C2H4), as previously mentioned. The unwanted COX formations involve radical 
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reactions, which proceed through both homogeneous pathways and heterogeneous 

pathways.   

CH3∙ + O2  ⇄ CH3O2∙ (5) 

2CH3O2∙ → CH2O  +  CH3OH 
+ O2 
→   CO, CO2,  H2O (6) 

 C2H5∙ + HO2∙ →   C2H5OOH  
+ O2 
→    CO, CO2,  H2O (7) 

The homogeneous pathways of COX formation are expected to be more relevant at 

high temperatures and low dilution of reactants. Marquaire and coworkers27 reported 

a relevant contribution from gas-phase oxidation reactions at 800 °C over La2O3. 

Methoxy and methylperoxy radicals together with formaldehyde have been proposed 

as intermediate for the homogeneous formation of COx species28, 29. 

Besides the gas-phase oxidation reactions, experimental evidence shows the 

existence of a heterogeneous mechanism for partial and total oxidation, i.e. a surface-

mediated oxidation reactions30, 31. A balance between homogeneous and 

heterogeneous reaction steps has to be considered in the consecutive oxidation of 

methyl radicals (Figure 1.6). Simple metal oxides as La2O3 and MgO are known to 

show good catalytic activity in OCM reaction and considerable activity in COx 

formation23, 32, 33. The evaluation of the CO2 formation over La2O3 at 750 °C 

(CH4/O2=2:1) upon switching between 16O2 and 18O2 showed distinct profiles for the 

concentrations of oxygen and carbon dioxide, proving the existence of surface-

mediated oxidation rather than fast gas-phase oxidation30. The direct involvement of 

lattice oxygen was also demonstrated in similar experiments over Sm2O3 and Li/MgO 

as catalyst34. A proposed mechanism for catalytic (i.e. surface) total oxidation of 

methane involves the formation of methoxy species as the intermediate generated 

through the interaction between a methyl radical with surface oxygen35. These 

adsorbed species undergo several oxidation steps with either lattice oxygen or gas-

phase oxygen species, leading to the final COx products.  
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Figure 1.6 - Suggested pathways and intermediates in the partial and total oxidation of 

methyl radicals through gas-phase (dashed line) and heterogeneous (solid line) 

oxidation steps. 

1.3.3 Challenges for OCM 

1.3.3.1  Trade-off between CH4 conversion and C2 selectivity 

The uncertainty of radical reactions and the tightly correlated elementary reaction steps 

bring an intrinsic limit to the balance of C2 selectivity and CH4 conversion during OCM36, 

37. An upper bound of C2 yield was predicted to be 28% under conventional, packed-

bed and continuous-feed operation based on reported kinetic models and parameters36. 

As reported in the literature, over 160 elementary steps can be involved21, 38-41 in the 

OCM reaction system due to the complexity of radical reaction nature. For the sake of  

clear view of  OCM reaction system, main (net) reactions and respective reaction 

enthalpies are listed below42. 

Oxidative coupling of methane to ethane 

2CH4 + ½ O2→ C2H6 + H2O ΔH°298K = -177 kJ/mol (8) 

Oxidative dehydrogenation of ethane 

C2H6 + ½ O2→ C2H4 + H2O ΔH°298K = -103 kJ/mol (9) 

Total oxidation of methane, ethane and ethylene 

CH4 + 2O2 → CO2 + 2H2O ΔH°298K = -803 kJ/mol (10) 
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C2H6 + 7/2 O2 → 2CO2 + 3H2O ΔH°298K = -1429 kJ/mol (11) 

C2H4 + 3O2 → 2CO2 + 2H2O ΔH°298K = -1323 kJ/mol (12) 

Partial oxidation of methane 

CH4 + ½ O2 → CO + 2H2 ΔH°298K = -36 kJ/mol (13) 

Steam reforming of methane 

CH4 + H2O → CO + 3H2 ΔH°298K = +206 kJ/mol (14) 

Dry reforming of methane 

CH4 + CO2 → 2CO + 2H2 ΔH°298K = +247 kJmol (15) 

Water-gas shift 

CO + H2O ⇌ CO2 + H2 ΔH°298K = -41 kJmol (16) 

One obvious remark is that the net reaction can become exothermic despite the high 

energy required to break C-H bonds as noted above. On the other hand, although the 

steam and dry reforming reactions are highly endothermic, they can take place under 

OCM condition which normally means high temperature (above 600 °C). 

Another remark is that both CH4 reactant and targeted C2 products are involved in side 

products (COx) formation. Partial and total oxidation of CH4 are also highly exothermic 

as well as C2 further oxidation. The stronger C-H bond in CH4 (439 kJ/mol) comparing 

to that in C2H6 (423 kJ/mol)43 results in more competitive C2H6 conversion reactions 

rather than CH4 oxidative coupling. Lunsford and coworkers reported that the 

contribution of C2 oxidation to the COx formation passed from 16% (700 °C) to 41% 

(800 °C) of the total COx over Sr/La2O3, and from 16% (700 °C) to 91% (850 °C) over 

Ba/MgO44. At high methane conversions, CO2 formation has been attributed mainly to 

total oxidation of ethylene via both reactions with the active oxygen on the catalyst and 

the interaction with a methyl radical in the gas-phase, forming acetylene as 

intermediate45. These COX formation reactions are beneficial to CH4 conversion but 

detrimental to C2 selectivity. Without a catalyst, where OCM is a totally homogeneous 

reaction, C2 selectivity during OCM decreases with increased CH4 conversion, as the 

temperature increases (Figure 1.7)46. The trade-off between CH4 conversion and C2 
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selectivity brings the challenge to lift up C2 yield to the desired level for 

commercialization. 

 

Figure 1.7 - Influence of temperature effects on methane and oxygen conversions and 

on product selectivity in an empty quartz reactor with a total feed flow rate of 50 cm3 

min-1, methane partial pressure of 0.66 atm, oxygen partial pressure of 0.23 atm: (a) 

✕, oxygen conversion; ⬛, methane conversion. (b) □, ethane selectivity; ⬛, ethylene 

selectivity; ∆, CO selectivity; ▲, CO2 selectivity46. 

To overcome this trade-off and alter the reaction pathway toward a high-C2-yield 

direction, the catalyst is applied for OCM reaction. During the past decades, a wide 

range of different catalysts and reaction conditions have been studied. According to 

statistical studies based on published reports, strongly basic oxides, mainly Mg and La 

oxides, tend to be good candidate catalysts for OCM reaction while alkali (Cs, Na) and 

alkaline earth (Sr, Ba) metal dopants have a positive effect on C2 selectivity47, 48. Even 

so, few reports show C2 yield over 30% as shown in Figure 1.848, 49. 
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Figure 1.8 - Elemental compositions of OCM catalysts with a C2 yield of >25% reported 

in the literature. All the catalysts were tested in a fixed-bed reactor in the co-feed mode 

under atmospheric pressure at temperatures from 670 to 950 °C, CH4/O2 = 1.7–9.0, 

and contact times of 0.2-5.5 s48. 

1.3.3.2  Interconnectedness of influencing factors for OCM 

In the studies of OCM reaction, the CH4/O2 ratio, contact time, catalyst properties, and 

reaction temperature are the widely investigated influence factors.  

From the discussion about the OCM reaction mechanism, we can learn that the 

abundant O-containing sites and gas-phase O2 largely increase the chance of 

hydrocarbon radicals to collide with them under low CH4/O2 ratio condition, leading to 

total or partial oxidation reactions. Reversely, a higher CH4/O2 ratio enhances the 

collision of hydrocarbon radicals with each other, lifting up C2 selectivity50. However, 

too high CH4/O2 ratio also results in low coverage of active O species required for 

activating CH4 and eventually leads to low CH4 conversion50. The effect of the CH4/O2 

ratio inspired the concept of membrane reactors that allow dispersing O2 all along the 

catalyst bed. In such a configuration, OCM reaction can be operated at a locally low 

O2 concentration but with high total O2 in the feed. Multiple O2 dosing points along the 
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reactor is another answer to optimize the O2 concentration along the bed. Up to now, 

the discussion seems to show that the effect of the CH4/O2 ratio on C2 yield is a balance 

of CH4 conversion and C2 selectivity. 

Another decisive property is the contact time that mainly affects the heterogeneous 

process. Since over-oxidation of hydrocarbons involves more heterogeneous steps, 

increasing contact time should lead to higher COX production, i.e. lower C2 selectivity51, 

However, it also increases C2 yield to some extent. The latter consequence is due to 

an increase of all reactions rates especially when the mass transfer rates are the 

limiting process52, 53. 

Catalyst properties also affect reaction orientations and the choice of particular 

catalysts can influence the distribution of the final products. For example, CeO2, seems 

to favor over-oxidation of hydrocarbons than other catalysts54. This can be explained 

by  high CH3· sticking coefficient of CeO2 that represents a ratio of the number of CH3• 

reacted on catalyst surface to the number of the collisions between CH3• and the 

catalyst surface54. Catalyst basicity has also been studied to correlate to inhibiting COX 

formation55, 56, as well as surface area, although it is not clear if high surface area 

clearly promotes combustion reactions57, 58 or it plays a marginal role. 

Temperature is another key factor influencing OCM reaction, which not only affects the 

COX direct sources and COX-formation reaction rates but also has a different level 

effect on OCM. High-temperature condition exhibits positive influence on C2 

selectivity50. As shown in reactions (8) to (13), they all manifest a highly exothermic 

character. The heat released by these reactions can have a significant effect on the 

local temperature generating a huge temperature gradient within the catalyst bed as 

well as in the gas phase. 

However, other possible side reactions such as steam and dry reforming of 

hydrocarbons, are endothermic. Although steam reforming of methane on typical OCM 

catalysts has not been detected at a temperature lower than 800 °C59, the process 

cannot be neglected and evidence is found on different catalysts, including La2O3-CaO 

and CaO-CeO2 at higher temperatures. Detailed experimental analysis was conducted 

by exposing the catalyst to a mixture of hydrocarbons and steam. Traces of steam 

reforming products were found at 850 °C, and they were probably formed by the 

consecutive reaction of C2 products since a relevant conversion was found when 
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substituting methane with ethylene59. For example, on CaO-CeO2, the amount of H2 

produced by ethylene steam reforming at 850 °C was comparable to that produced in 

the OCM test at the same temperature60. Obviously, this reaction is detrimental to the 

final C2 yield, and in this sense, higher temperatures can lead to unfavorable path 

regarding OCM reaction. 

Temperature also affects catalyst properties. Dominant active sites on the catalyst 

surface can vary from weakly bonded adsorbed oxygen to lattice oxygen for CH4 

combustion61.  When lattice oxygen is the dominant active sites for CH4 combustion, 

oxygen ion mobility in the catalyst bulk takes a role in influencing the reaction. For 

instance, La2O3 exhibited much higher oxygen ion mobility than Li/MgO34, which is 

possibly one of the reasons that Li/MgO holds higher C2 selectivity at high 

temperatures.  

It is clear that temperature already has complex effects on reactions in the OCM 

system. CH4/O2 ratio, contact time and catalyst properties, which affect highly 

exothermic hydrocarbon combustion or partial oxidation reactions, certainly influence 

the temperature of the catalyst bed, which in return contributes to the adjustment of 

the distribution of the final products. This interconnectedness of different influence 

factors makes it very challenging to optimize the reaction conditions. 

1.3.3.3  Spatial gradients present in the OCM system 

Due to the exo- and/or endo-thermicity of reactions occurring in methane & oxygen co-

feed OCM reactor, as well as complex gas composition (C2H6, C2H4, H2O, CO2, CO, 

and H2) present simultaneously, the temperature gradient, gaseous concentration 

gradient, and available active sites gradient on the catalyst surface, can happen along 

the catalyst bed. Generally, OCM performance is evaluated by analyzing the gas 

composition at the reactor outlet, which is a common methodology in heterogeneous 

catalysis research. However, it is much less informative way especially for the 

reactions having various gradients in the reactor, and the OCM reactor is in such kind 

of condition. Thus, studying those gradients is vital for fair and clear OCM performance 

evaluation. 

However, it is challenging to integrate available spatial analysis tools to the OCM 

reaction system attributed to the harsh reaction condition (generally above 600 °C), 
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resulting in limited reports containing spatial information during OCM. Among them, 

the Senkan group has done considerable contributions53, 62-64. With the system they 

developed (as shown in Figure 1.9), both spatial gas concentration and temperature 

data can be obtained. Based on La2O3-CeO2 nanofiber-based catalysts (Figure 1.10), 

the hotspot in front of the catalyst bed was confirmed. Temperature gradient within the 

catalyst varied with the change in reaction condition (CH4/O2 ratio, space velocity, and 

furnace temperature), and can go up to over 200 °C. Accordingly, products are mainly 

formed in front of the catalyst bed, indicating that effective catalyst bed is only a small 

part and reasonable catalyst amount diminution does no harm on catalytic 

performance. Besides, the position of COX peak is the same as the temperature peak 

position, which reasonably indicates the most exothermic nature of COX formation 

reactions in OCM system53, 63. On the other hand, steam reforming reaction is 

witnessed for the first time after the intensive reaction zone via analyzing H2O 

concentration evolution along catalyst bed64. The Senkan group also reported 

interesting work implementing OCM in a dual-packed-bed reactor with split O2 

introduction at both the inlet and the inter-bed position, demonstrated a significant 

increase in C2 yield and C2H4/C2H6 ratio with the same total amount O2 feed, comparing 

to the experiment done with O2 introduction at the inlet the alone. Strikingly, although 

it was not discussed in the report, second O2 introduction promotes less C2H6 formation 

in the second catalyst bed than the first catalyst bed. On the other hand, C2H4 formation 

reaches similar extent in both catalyst beds, and COX formation exhibits the opposite 

trend of C2H6 formation62. This verifies that the formed products also play a role in 

influencing reaction directions. In addition, the Senken group also noticed significant 

levels of prompt H2 formation at the front of the catalyst bed, but further discussion is 

absent63.  
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Figure 1.9 - The reactor system used by Senkan and coworkers to perform space-

resolved gas sampling and temperature profiling along the axial direction63. 

 

Figure 1.10 - Space-resolved profiles of catalyst (La2O3-CeO2) temperature and 

gaseous species in the reactor under OCM condition at the feed CH4/O2 ratio of 4, 

furnace temperature of 600 °C. The following symbols are used: CH4 (□), O2 (♦), C2H6 

(▴), C2H4 (▪), C3 (*), H2O (+), H2 (○), CO2 (◊), CO (×), T (—)63. 
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Apart from this group, Harold and coworkers also applied spatial analysis to OCM 

studying65. In their work, only the spatial temperature profile was studied. The 

temperature rise was studied on different catalysts and associated with catalyst 

stability. As they claimed, although high temperature rise benefits C2 yield, it 

deactivates the catalyst over time as indicated the shift of the temperature peak 

position toward the back of catalyst bed during the time-on-stream experiment (Figure 

1.11)65. It brings a new view of the temperature effect in the OCM system. With the 

operando X-ray diffraction computed tomography technique, Matras and coworkers 

were able to study La-Sr/CaO catalyst structure evolution during OCM reaction. 

Temperature and partial pressure of CO2 are found to be related to the structure 

change. High temperature causes the catalyst sintering and CO2 leads to inactive 

SrCO3 phase formation66. 

 

Figure 1.11 - (a) Dependence of conversion Xi (solid line), selectivity Si (dashed line), 

and yield Yi (dotted line) for species i as a function of TOS for Na2WO4-

Mn/SiO2 catalyst (Tf = 725 °C; WHSV = 14,400 cm3/(h•g); CH4:O2:N2 = 3:1:2.5). (b) 
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Variation in axial temperature profile with TOS. The length between the dotted lines 

represents the catalyst bed65. 

Obviously, OCM spatial analysis gives more informative details than traditional 

evaluation methods. As observed, intensive reactions happen only in the front of the 

catalyst bed and a huge temperature gradient can be achieved along that part of 

catalyst. This helps to understand the interconnectedness of the OCM system. 

However, current spatial analysis work is still not enough to unravel the detailed 

reaction pathways during OCM. More characterization techniques need to be involved 

in spatial analysis during OCM.  

1.4 CO2 hydrogenation reaction 

1.4.1 Brief review of several CO2 hydrogenation pathways 

Among those strategies targeting the reduction of CO2 emission, converting CO2 into 

valuable chemicals can not only lower down CO2 levels in the atmosphere but also 

change waste (CO2) into wealth, which is more attractive comparing to simply capturing 

CO2 and storing it underground. In nature, plants and some organisms are already 

doing this via photosynthesis – converting CO2 into carbohydrate molecules – to close 

the carbon cycle. However, the self-recycling system of nature is not able to handle 

the growing anthropogenic CO2 emission and artificial efforts are needed. CO2 

hydrogenation is one promising strategy, with the sustainable hydrogen source coming 

from photo- or electric- catalytic water splitting. Its hydrogenated products, CO, CH4, 

CH3OH or formic acid, can all be used as a building block in C1 chemistry, which 

enables the carbon recycled in unwanted CO2 and close the carbon cycle at the end. 

As well known, CO2 is relatively chemically inert. Hydrogenation of CO2 is a challenging 

process. Several reactions have been studied, such as CO2 to methanol (equation 17), 

CO2 to formic acid (equation 18), reverse water gas shift reaction (equation 19, RWGS), 

CO2 methanation or Sabatier reaction (equation 20)67-70. 

CO2 + 3 H2→ CH3OH + H2O ΔH°298K = -50 kJ/mol (17) 

CO2 + H2→ HCOOH ΔH°298K = -31.2 kJ/mol (18) 

CO2 + H2→ CO + H2O ΔH°298K = +42 kJ/mol (19) 

UNIVERSITAT ROVIRA I VIRGILI 
ADVANCING C1 CATALYSIS BY SPATIOTEMPORAL ANALYSIS AND DYNAMIC OPERATION 
Lingjun Hu   



Introduction and overviews 
 
 

 20 

CO2 + 4 H2→ CH4 + 2 H2O ΔH°298K = -165 kJ/mol (20) 

The first two reactions, methanol, and formic acid synthesis are suffering from the low 

CO2 conversion at atmospheric pressure. Relatively harsh reaction conditions, i.e. high 

pressure, are required for higher CO2 conversion and desired product selectivity. 

Reverse water gas shift reaction is endothermic and favourable at high temperature, 

resulting in high energy input demand. Among them, CO2 methanation can be 

conducted under a mild condition with considerable CO2 conversion and CH4 selectivity. 

More importantly, the CH4 product can use existing natural gas pipelines and 

infrastructures for transportation. In conclusion, CO2 methanation is a feasible and 

attractive pathway for closing the carbon cycle. 

1.4.2 CO2 methanation development 

CO2 methanation already exists in nature in methanogens71. Nevertheless, biological 

CO2 methanation exhibits slow kinetics and poor flexibility, making it unfavoured for 

industrial applications. Therefore, chemical CO2 methanation, mainly heterogeneously 

catalysed CO2 methanation reaction, has attracted much more attention72. 

Heterogeneous catalytic CO2 methanation reaction is mostly based on metal oxides 

supported metal catalysts and the active components in the catalysts are metals during 

CO2 methanation reaction. Noble metals such as Rh, Ru, Pd, and Pt73-80, and different 

metal oxides, for example, Al2O3, TiO2, SiO2, MgO, MgAl2O4, CeO2, and BaZrO3, are 

comprehensively studied for this reaction75, 79, 81-84.  

Regarding the reaction mechanism, it is commonly agreed that the reaction occurs in 

the Langmuir-Hinshelwood pathway, namely CO2 and H2 are firstly adsorbed or 

dissociated on the catalyst surface and then react to form products. However, the 

active sites for CO2 and H2 adsorption and/or dissociation generate some disputes. 

Figure 1.12 illustrates two types of catalyst where metals are the only active 

components or both metal and metal oxide support are the active components79, 80. 

Hyun et. al. and Simon et. al. studied the kinetics of CO2 methanation on spatially 

separated Pt and Co nanoparticles and Co decorated Pt atoms supported on BaZrO3 

and Al2O3. From the catalytic activity and selectivity results, they suggested that Co is 

the active component for CO2 activation, while Pt is active for H2 dissociation79, 85. On 

the other hand, over Pd/Al2O3 and Ru/CeO2 catalysts, H2 is dissociated on noble 
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metals while CO2 is activated on metal oxides supports. The dissociated hydrogen 

spilled over to the interface of the metal and metal oxide support and then reacted with 

activated CO2 forming the active intermediate, namely formate, then further 

hydrogenated to the final products78, 80. These pieces of evidence are confirmed with 

the help of advanced characterization techniques such as in situ diffuse reflectance 

infrared Fourier Transform spectroscopy combined with mass spectrometric (DRIFTS-

MS) or operando X-ray absorption near edge structure spectroscopy (XANES) and 

Raman spectroscopy. Besides, Ja Hun Kwat et. al found that when using inert multiwall 

carbon nanotubes (MWCNT) as support, no reaction takes place over Pd/MWCNT 

catalyst. However, by simply replacing MWCNT with Al2O3 or adding La2O3 into 

Pd/MWCNT, the catalyst becomes active for CO2 hydrogenation, which verifies the 

metal oxide participation in CO2 activation 86.  
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Figure 1.12 - Two different reaction mechanism types of CO2 methanation based on 

Pt-Co/BaZrO3 (a) and Pd/Al2O3 (b): (a) metals are the only active components79; (b) 

metal and metal oxide support are both active components80. 

Another argument in the CO2 methanation reaction mechanism is whether CO2 is firstly 

reduced to CO following by CO methanation or proceeds directly via formate-

intermediated species87-89. Although the agreement on this issue is not reached yet, it 

is clear that CO2 activation in this reaction is important. To improve the activity of the 

catalysts, promoters such as alkali salts and alkaline earth are normally added. Such 

metal oxides are considered as active promoters for CO2 hydrogenation due to their 

strong adsorption with CO2
90, 91. Besides, industrial CO2 emission sources normally 

contain various gases, adding gas purification costs for CO2 conversion in the 

traditional co-feed mode. To mitigate this situation, a novel CO2 capture and reduction 
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strategy was proposed to reduce high CO2 source purification cost and applied to 

RWGS reaction92-94. As shown in Figure 1.13, operating under unsteady-state 

operation by switching between H2 and CO2 flow could provide an efficient CO2 

conversion process with CO2-containing effluent directly, saving high CO2 purification 

cost.. The catalysts suitable for this process are bifunctional catalysts such as 

FeCrCu/K/MgO–Al2O3 that could capture CO2 from industrial effluent by strong 

adsorption on alkali and alkaline-earth metals (K and Mg), while captured CO2 could 

be further reduced into desired products over active metal (Fe, Cr and Cu) in the next 

half-cycle93. This concept is quite attractive for industrial implementation of CO2 

hydrogenation. Moreover, from the separation between CO2 activation and reduction 

in this concept, we can learn that the catalyst must have efficient CO2 capture ability, 

which is also applicable for the CO2 methanation reaction as mentioned above. 

Therefore, it is promising and viable to apply the CO2 capture and reduction concept 

to the CO2 methanation reaction. 

 

Figure 1.13 - Scheme of continuous capture and catalytic conversion of flue gas CO2 

to syngas in one process93. 

As mentioned in the beginning, noble metals are active and have been widely studied 

for CO2 methanation. However, its high cost hinders the commercialization of CO2 

methanation. Targeting this issue, some transition metals such as Fe, Ni, Cu, and Co 

have gone into the vision of researchers and been investigated for the reaction95 96-99. 

Among them, Ni is the most active one100-104. 
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In conclusion, adopting the new efficient strategy and exploring cheap but active 

catalysts are the potential directions coping with CO2 methanation. 

1.5  Dry reforming of methane 

1.5.1 The advantage, the challenge, and the exploration 

Dry reforming of methane (DRM), as shown in eq. 15., is the reaction converting CO2 

and CH4 to CO and H2. The products, known as syngas, are widely used as feedstock 

in the modern chemical industry as illustrated in Figure 1.5. The syngas is mostly 

provided by steam reforming of methane (SRM) industrially105. Superior to SRM, DRM 

can not only make use of CH4 but also mitigates CO2 emission. Moreover, the 

produced syngas from DRM has a lower H2/CO ratio (1:1) which is preferable for 

synthesizing heavy hydrocarbons in FT plants since excess of hydrogen suppresses 

carbon chain growth and leads to methanation reaction106-108. Meantime, DRM can 

make it easier to utilize some CH4 and CO2 co-containing gas sources such as natural 

gas, associated gas, unmineable coal seams, and biogas from biomass to avoid CO2 

sequestration process, as indicated in Figure 1.14109.  

 

Figure 1.14 - The role of dry methane reforming in mitigating CO2 and in the 

valorisation of methane, both from biogas and natural gas109. 
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Following the initial concept of DRM brought up by Fischer and Tropsch in 1928110, 

DRM has attracted great attention and been deeply studied in terms of the reaction 

mechanism, catalyst design and reaction condition optimization etc.111-114. DRM is 

generally considered to occur in two intermediate steps: methane decomposition (Eq. 

21), CO2 activation and reduction by the coke formed in methane decomposition (Eq. 

22) which is also called carbon gasification or Boudouard reaction115.  

Methane decomposition 

CH4 ↔ C + 2H2 ΔH298K =  + 75.6 kJ/mol (21) 

Carbon Gasification 

C + CO2 ↔ 2CO ΔH298K = + 172 kJ/mol (22) 

Similar to CO2 hydrogenation, catalysts applied in DRM reaction are also mostly metal 

oxide supports supported noble metals (Pt, Rh, Ru, and Pd)116-122 or non-noble 

transition metals (Ni, Fe, and Co)123-132. Among them, supported noble metals catalysts 

are active towards DRM and exhibit excellent coke resistance, which ensures the 

stability of the catalytic performance121, 133, 134. On the other hand, non-noble transition 

metals, mainly nickel, gives excellent initial activity but suffer severe deactivation 

during the long-term experiment109, 135, 136. From the economic perspective, bimetallic 

catalysts combining low-cost metal and noble metal are able to balance the activity 

and stability while using less noble metal, which turns out to be promising137-141. 

Furthermore, coke resistance of the bimetallic catalysts with two low-cost metals also 

get improved comparing to supported monometallic catalysts124, 128-130. 

Although we have gained massive knowledge about DRM, the reaction alone is not 

ready for industrial application. So far, DRM has to be combined with SRM in order to 

be conducted on an industrial scale, which required huge amount of water steam105, 

142. The main obstacle for DRM commercialization at the moment is the rapid 

deactivation of the catalysts; there is no commercial catalyst able to maintain the high 

catalytic activity in a long-term operation period. The deactivation of the catalyst mainly 

arises from coke formation and active metal particles sintering. According to the 

thermodynamic study as shown in Figure 1.15, the equilibrium conversion of CO2 is 

always lower than that of CH4 in studied temperature range. This indicates that the 

coke formed via CH4 decomposition could not be totally removed by CO2 
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simultaneously, resulting in its accumulation. The coke formation during the reaction 

will eventually block the active sites and deactivate the catalyst. In order to get the 

equilibrium conversion of CH4 and CO2 over 80% and considerable syngas yield, high 

temperature (~800 °C) has to be applied for DRM143, 144. At such high temperature, 

CH4 decomposition occurs rapidly which leads to strong whisker-type coke formation 

and  it contributes to nickel particles sintering145, 146. 

 

Figure 1.15 - The detailed theoretical thermodynamics calculation of the DRM reaction. 

Condition: F(CH4) = F(CO2); p = 1 atm143, 144. 

Many efforts have been devoted to avoid the fatal coke formation and active metal 

sintering. As discussed in the catalyst part, bimetallic catalysts are one of the options. 

Apart from that, the core-shell type of catalysts are also reported to be coke-resistant147. 

For example, a type of Ni@SiO2 core-shell catalyst was tested at 850 °C for 40 hours 

under the DRM reaction condition and negligible coke was detected148. SiO2-CeO2 

sandwiched Ni core-shell catalysts149, multi-Ni-core@Ni phyllosisicate@CeO2 shell 

hollow spheres150 and bimetallic core@SiO2
151 have been synthesized and proven to 

prevent coke formation during DRM at high temperature. Adding promoters such as 

La, Ce, and Pr also improves the stability of the catalyst152-154. By stabilizing 

nanoparticles of the active metals via core-shell structure, the synergic effect or 

enhanced metal-support interaction could also be achieved and the rational design of 

such is the most intensively studied direction targeting the coke issues112, 114, 123, 155. 

Apart from that, other attempts focusing on the reaction condition such as increasing 

CO2/CH4 ratios and lowering the reaction temperatures have also been conducted144, 

156. Nevertheless, more efforts or creative ideas are needed for industrial application 

of DRM coming true. 
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1.5.2 A new path: Chemical looping dry reforming of methane 

Inspired by the chemical looping of methane partial oxidation which separates the 

reactants (CH4 and O2) into two independent processes, some researchers came up 

with this new path for DRM. The same principles are applied in chemical looping of 

methane dry reforming (CLDR), since the active metal under DRM conditions 

undergoes a similar redox cycle during CH4 and CO2 conversion as occurring in partial 

oxidation of methane157. As shown in Figure 1.16, there are two types of CLDR based 

on the redox cycle of the active metal in DRM: the left scheme aims at full usage of 

carbon suitable for CO2 sequestration158; while the right scheme makes use of both 

carbon and hydrogen in the feed giving exactly DRM as a global reaction159. In both 

cases, the oxygen storage of catalysts is the important parameter on account of its 

direct influence on the redox cycle131, 159-161. Therefore, excellent oxygen storage 

materials such as CeO2 are commonly used as a support for Ni-, Co-, and Fe-based 

catalysts131, 159. FexOy is not only reported as a good oxygen carrier but also 

advantageous for the formation of Ni-Fe alloy as active metal. By adjusting the ratio of 

Ni/Fe in the bimetallic catalysts, More et al. proves that Ni content is responsible for 

the reducibility of the catalyst that determines CH4 decomposition rate, while Fe 

content is more related to the oxidizability that affects CO2 conversion rate161. On the 

other hand, CO2 formation during CH4 conversion procedure in the second type of 

CLDR is difficult to avoid with the catalyst having strong oxidizability, reducing the 

syngas selectivity. This is the disadvantage or the challenge for the process. 
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Figure 1.16 - Schematic for two types of CLDR based on the redox cycle of the active 

metal, shown with reduction of CO2 to CO and full oxidation of methane159, 162. 

Apart from using the redox cycle of active metals, CLDR can be also performed in a 

similar way using CO2 capture and reduction processes. For example, CaO supported 

Ni is used as the catalyst for the CO2 hydrogenation (Figure 1.17)163, where  CO2 is 

firstly captured by CaO forming CaCO3, then catalytically reduced by CH4 over the 

adjacent Ni. Although this process is efficient for recycling CO2, it is currently performed 

in a non-isothermal manner, i.e. CO2 capture and conversion processes are conducted 

under different temperatures. In order to take advantage of CO2 looping on CaO, 

Buelens et al. developed a super-dry reforming of methane process for CO2 utilization 

under isothermal condition. However, the major drawback of this process is not able to 

produce hydrogen. 
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Figure 1.17 - Process schematic of catalytic CLDR in the CO2 capture and conversion 

way based on CaO supported Ni catalyst. 

From the DRM reaction mechanism, we have learned that the overall DRM reaction 

involves two intermediate reactions. Hereby, the concept of splitting these two 

intermediate reactions as a chemical looping process was proposed164. In this type of 

CLDR, products are generated separately omitting further purification units on the 

occasions where pure hydrogen or pure CO is required. Currently, limited work has 

been reported on this topic and more effort is desired164, 165. 

1.6  Aim and overview of the thesis 

The aim of the present thesis is to develop novel approaches for studying the catalysis 

and bring new possible solutions to CH4 functionalization and CO2 emissions mitigation 

in C1 chemistry. Herein, OCM, CO2 methanation and DRM are the corresponding 

target reactions. Targeting the prominent spatial gaseous and thermal gradients along 

the catalyst bed and the complex radical-mediated reaction network during OCM with 

O2 presence, operando spatial-resolved gas and temperature analysis techniques, 

high-temperature microscope, periodic operation and microwave reactor system were 

developed and applied for better understanding of OCM reaction mechanism.  A novel 

CO2 capture and reduction (CCR) strategy was explored in CO2 methanation in order 

to make use of industrial CO2 emission sources. To combine CO2 and CH4 

functionalization, the chemical looping of DRM concept was implemented. 

Chapter 2 describes methods, reaction systems, materials and reaction evaluation 

tools and techniques involved in the thesis. The emphasis is on the self-designed, 
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multiple-mode reaction system integrated with operando spatial analysis and 

visualisation tools, and its operation and corresponding data analysis methods. 

Chapter 3 comprehensively shows the global and spatial OCM behaviour in the co-

feed mode at different temperatures based on two simple metal oxides, La2O3 and 

MgO, as well as doping effect of alkali and alkali-earth metals (Li and Sr). By analysing 

the similar or different OCM performance, the contribution of spatial gradients to the 

catalytic performance evaluated at the outlet of the reactor and the preferable reaction 

pathways (heterogeneous or homogeneous) of the catalysts are discussed. 

Chapter 4 further investigates the intrinsic activity of the two simple metal oxides to C2 

formation, CO formation and the coking behaviour with the aid of different modes of 

unsteady state operation and visualisation tools.  

Chapter 5 shows some preliminary results of the application of microwave heating in 

OCM reaction based on the catalysts used in Chapter 3. This attempt evaluates the 

potential of microwave heating in radical-mediated catalytic reaction.  

Chapter 6 deals with the application of CCR strategy in CO2 methanation based on 

ZrO2 supported Ni catalyst. The impact of the two promoters, K and La, are thoroughly 

investigated on the CO2 capture capacity and reduction rate. Further ravelling of 

reaction mechanism is conducted with operando DRIFTS. 

Chapter 7 presents the attempt of the chemical looping concept for DRM. Ni-based 

catalysts are applied in this reaction strategy. Several parameters such as supports, 

promoters and temperature are explored in terms of CO2 conversion and CH4 

conversion in the two phases respectively. 

Chapter 8 concludes the most remarkable results of the thesis and offers a brief 

outlook on the application of new techniques in C1 chemistry. 
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2  MATERIALS AND METHODS 
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2.1 Catalysts synthesis 

2.1.1 Impregnation method 

Impregnation method consists of the immersion of the solid materials (supports or one 

active solid component) into the precursor solution containing active component1-4. 

Because of capillary force, the solution can permeate inside the pores on the solid 

materials, ensuring a good dispersion of active phase on the solid surfaces1. The 

method is easy to operate and commonly used in industrial catalysts synthesis.  

Two different types of impregnation method can be recognized: wet impregnation 

which uses excess solution, and incipient wet impregnation in which the volume of 

precursor solution is equal to the total pore volume of the material to impregnate1. The 

wet impregnation can achieve the uniform active phase dispersion, but the loading of 

the active phase is fixed, equals to the maximum loading of the solid material that can 

hold. The incipient wet impregnation is superior considering this, since it is feasible to 

control the active phase loading. Considering this, incipient wet impregnation method 

was adopted for the Ni-based catalyst synthesis in the thesis. 

2.1.2 Mechanical milling method 

Mechanical milling method is grinding the precursors with some medias such as balls 

and grinding rod to obtain desired material, and widely used in nanomaterial synthesis5. 

It is also easy to operate and to scale the synthesis up to tons of product. For brittle 

ingredients mixing, mechanical milling method is advantageous. The method was 

applied to OCM catalyst synthesis in the thesis. 

2.2  Catalyst characterization tools 

Power X-ray diffraction (PXRD) was performed on D8 Advanced Powder 

Diffractometer (Bruker) equipped with a vertical 2theta-theta goniometer in 

transmission configuration, with a Kα1 germanium monochromator for Cu radiation 

(λ=1.5406 Å), at a scan step of 0.02°·s-1 from 10° to 80°. 

Brunauer−Emmett−Teller (BET) surface area of catalysts was determined by N2 

physisorption using Autosorb iQ (Quantachrome Instruments). 
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H2 temperature programmed reduction (H2-TPR) and reductive CO2 temperature 

programmed desorption in H2 atmosphere were performed on TPDRO 1100 (Thermo 

Fisher Scientific) equipped with a TCD detector. Soda lime (CaO+Na2O) trap was used 

to adsorb H2O and CO2. 

2.3  Reaction systems and operando measurement setups 

2.3.1 CO2 capture and reduction (CCR) reaction system  

 

 

Scheme 2.1 - The overall scheme of CCR setup. 

For CCR reaction, CO2 was diluted in He and the dilution was controlled by two mass 

flow controllers (MFCs, Bronkhorst). Diluted CO2 and pure H2 were alternatively 

introduced into the reactor via an electric 4-way valve as shown in Scheme 2.1. The 

effluent after the reactor flew into the ALPHA infrared (IR) detector previously 

calibrated. The calibration procedure is described in Section 2.4.1. The reactor 

consisted of a 3/8’ stainless steel tube placed in a furnace. To monitor the temperature, 

a K-type thermocouple was inserted in the quartz tube with the tip in contact with the 

catalyst bed. The thermocouple was connected to the heating controller. The electric 

4-way valve and IR detector were controlled by the computer via a lab-designed 

LabVIEW program. The reaction operation is described in Section 2.4.3. 
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2.3.2 CCR Space- and time-resolved operando DRIFTS 

Space- and time-resolved operando DRIFTS was performed using a reaction cell 

mimicking the action of a fixed-bed plug flow reactor, with a similar design to that 

reported previously, as shown in Scheme 2.2. The cell was mounted in a Praying 

Mantis (Harrick) optical accessory (Harrick) fixed in Vertex 70V FTIR spectrometer 

(Bruker). The composition of the effluent stream was analyzed by mass spectrometer 

(OmniStar, Pferiffer Vacuum) and in the gas cell of the ALPHA IR spectrometer (Bruker) 

in a synchronized manner with the DRIFTS measurements. 

 

Scheme 2.2 - Space- and time-resolved operando DRIFTS. 

2.3.3 Oxidative coupling of methane (OCM) and dry reforming of 

methane (DRM) reaction system 

The reaction setup consists of a gas-controlling system, a reactor zone and the on-line 

gas analysis part as shown in Scheme 2.3 and Figure 2.1. The gas controlling system 

includes MFCs (Bronkhorst, 0 – 150 bar, 0 – 120 mL/min, the range is calibrated with 

Helium) and electric-actuated 4-way valves. Different gases (O2, He, N2 and CH4) firstly 

flow into the inlets (I1, I4, II1, II4) of the two electric 4-way valves with the flow rate 

controlled by MFCs. By changing the position (A, B) of the electric 4-way valves, two 

different inlet-outlet pairs for each valve are achieved, resulting in different gases 

flowing into the reactor (as shown in Table 2.1). For conducting unsteady-state 

operation, the 3-way valve after switching valve I is selected to the vent. For steady-

state operation, the same 3-way valve is selected to the reactor and the 4-way valves 

are set at position I-B and II-B. The pressure indicator and metering valve allows 

monitoring and keeping the pressure of the vent and reactor lines well balanced, in 
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order to avoid the flow fluctuation in the reactor gas line. A flowmeter is used to 

calibrate the MFCs with the proper gas before reaction. 
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Scheme 2.3 - Overall scheme of OCM and DRM reaction system. 

 

Figure 2.1 - Real picture of OCM reaction system. 

Table 2.1 - 4-way valve positions and corresponding gas flowing into the reactor 

Valve position 
Port connection Gas to reactor 

 Valve I Valve II 

A A 
I1 → I2; I4 → I3 

II1 → II2; II4 → II3 
O

2
/CO

2
 

A B 
I1 → I2; I4 → I3 

II1 → II3; II4 → II2 
CH

4
/H

2
 

B A 
I1 → I3; I4 → I2 

II1 → II2; II4 → II3 
Pure He  

B B 
I1 → I3; I4 → I2 

II1 → II3; II4 → II2 
CH

4
/H

2
 

 

The reactor consists of a lab-designed furnace and a quartz tube (OD: 6 mm, ID: 4 

mm). In the furnace, the resistance heating alloy line is densely half coiled on a quartz 

tube, which contains a steel tube inside to distribute heat homogeneously on the 
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catalyst bed charged in the reactor quartz tube (shown in Figure 2.3). The resistance 

heating alloy line is connected to a proportional–integral–derivative controller (PID) 

heating controller (Watlow) with a K-type thermocouple inserted into the quartz reactor 

tube and its sensitive tip placed at the end of the catalyst bed. At the reactor outlet, a 

water condenser is used to remove H2O produced during OCM reaction which is 

deleterious for the analytic instruments. 

The on-line gas analysis part includes several analytic instruments: an ALPHA Fourier-

transform infrared spectrometer (ALPHA, Bruker), a mass spectrometer (MS, 

OmniStar, Pferiffer Vacuum) and a gas chromatography (GC, Agilent 7890B) with one 

thermal conductivity detector (TCD) and two flame ionization detectors (FID). Before 

doing the quantitative analysis, ALPHA and GC are calibrated with calibration mixtures. 

ALPHA calibration procedure is described in section 2.4.1. ALPHA detector and MS 

allow the measurement with high time resolution, which is needed for unsteady-state 

operation. In combination with these techniques, GC allows the quantitative detection 

of H2 (IR transparent) and a more accurate distinction of the different carbon-containing 

species compared to MS in which the ion fragmentation leads to equivocal signal 

assignment. 

2.3.4 Spatial analysis module 

The spatial analysis module is shown in Scheme 2.4 and Figure 2.2. It consists of a 

base platform on which two supports are placed: one is fixed directly to the platform, 

keeping the tube in position, the other one is connected to the x-moving stage, 

controlled by computer. It allows precise movement with minimum distance of 100 μm. 

A tubular channel, connected to the reactor longitudinally, contains the fused silica 

capillary (OD: 650 μm, ID: 150 μm) used for in-situ gas sampling. The rubber bellow 

ensures the sealing while the distances between the two stages is changed. One end-

tip of the capillary is placed at the end of the catalyst bed, another end-tip is connected 

to the detector, GC or MS.  The capillary is inserted in the tubular channel and the 

connection ensured by a 1/16 female nut and graphite ferrule. When running the 

spatial-resolved gas sampling experiment, the gas is sucked from the end-tip inside 

the reactor and goes to the detector through the capillary. The spatial profile of the 

composition in the gas phase is obtained then by step movement of the x-moving stage, 

with the capillary end-tip sliding from the end to the front of the catalyst bed. To be 
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noticed, when the gas analysis is performed by GC, a vacuum pump (Vacuumbrand) 

and a metering valve are connected to the outlet of the GC. The combination creates 

a mild driving force enabling to suck the gas with a flow rate of less than 5 mL/min. For 

measuring the spatial temperature profile, a K-type thermocouple replaces the capillary 

inserted into the catalyst bed. The thermocouple is connected to a temperature reader 

(Watlow).  

 

Scheme 2.4 - Spatial analysis system. 

 

Figure 2.2 - Picture of Spatial analysis module. 

2.3.5 Visualization analysis module 

The module of visualization analysis refers to a combination of two instrumentations 

and related techniques. An USB camera and an infrared camera (IR camera, Micro-

SWIRtm 320CSX Camera, Sensors Unlimited) are placed on the top of the reactor, as 

illustrated in Scheme 2.5 and Figure 2.3. In the view of implementing this technique, 

the reactor setup was modified with the following implementations. The quartz reactor 
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tube is half coiled with the resistance heating alloy line, avoiding the obstruction of the 

optical path in the upper part of the reactor. With a glass plate on the top of reactor 

tube channel in the furnace, the heat is reserved inside the furnace, visible light and 

short wavelength infrared are able to go out and be detected by the corresponding 

cameras which are both connected to the computer. The USB camera, correctly placed 

and focus on the catalyst bed, is able to acquire images and videos, detecting visible 

changes during reaction. For the infrared camera, the temperature profile is not directly 

obtained. To gain that, a preliminary calibration step has to be performed (details in 

section 2.4.2). 

 

Scheme 2.5 - Infrared thermal camera measurement system. 
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Figure 2.3 - Picture of the visualization system. 

2.3.6 Microwave reactor system 

Heating by exposure to microwave radiation has been evaluated as an efficient way to 

enhance the reaction rate in heterogeneous catalysis6. Thanks to its ability to  heat the 

solid catalyst selectively, this technique has the potential to suppress CH4 partial or 

total oxidation in gas phase during OCM7. The system consists of a microwave 

generator, an aggregator, a cavity with a quartz reactor (OD: 6 mm) inserted inside, an 

infrared temperature sensor and a computer as shown in Figure 2.4. The solid catalyst, 

loaded in the quartz reactor, is located in the middle of the cavity. The microwave 

radiation generated (2.45 GHz ± 50 MHz) goes through the tuner and reaches the 

cavity, where it can heat up the catalyst. The tuner can adjust the ratio of the reflected 

microwave to the input microwave. The temperature of the catalyst is monitored by the 

IR temperature sensor and the resonance frequency of microwave inside the cavity is 

measured by the detector. With the feedback of these two parameters, a LabVIEW 

program allows controlling the catalyst temperature and/or the heating power.  
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Figure 2.4 - Scheme of microwave heating system. 

Thanks to its compact size, the microwave heating system is easily integrated in the 

OCM and DRM reaction system (Figure 2.1, Scheme 2.3) by simply replacing the 

furnace with the cavity previously described. 

2.4  Methods 

2.4.1 Alpha calibration 

The ALPHA infrared spectrometer (ALPHA) is an instrument analyzing gas 

composition via the technique of infrared spectroscopy. Those gas molecules 

exhibiting dipole moment change for some vibrational modes are ‘active’ for infrared, 

and the molecule absorbs the infrared with the same frequency of its vibration. Different 

gases have different structures, thus their characteristic infrared absorptions happen 

at different frequencies.  

 According to Lambert-Beer law, the intensity of this absorption, namely absorbance, 

is proportional to the optical path length and the molar concentration of the 

corresponding molecular. In the spectrometer, the optical path length is fixed. Hence, 

it is possible to determine the amount of different gases by analyzing the absorbance 

of their characteristic infrared absorption. The data ALPHA acquired is the infrared 

absorption spectrum of the exhaust flowing into it, like Figure 2.5. The absorption is 

not at a specific wavenumber (a parameter inversely proportional to frequency) point, 

but at a range of wavenumber due to the rotation vibration mode of molecules. To 
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determine the concentration of a target species in the gas flow, a relation between 

absorbance and concentration is obtained in the calibration step, by acquisition of 

spectra of known calibration mixtures.  Based on this, with a spectrum of unknown gas 

composition, the gas concentration of each analyte can be calculated by integrating 

the area of the chosen characteristic absorption peak and taking it into the mathematic 

relation built during calibration. 
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Figure 2.5 - IR absorbance spectra of methane, ethane, ethylene and CO2. 

The main species of interest in the context of this thesis are CO2, CO, CH4, C2H6, C2H4, 

H2, He, N2, H2O. Among them, H2, He, N2 are IR ‘inactive’ while quantification of H2O 

is not performed because of the presence of a water condenser in the outlet line. Figure 

2.5 shows some of the IR spectra of the species of interest. To deal with the presence 

of overlapping regions of the spectra, the calibration has to performed at frequencies 

that are specific for each analyte. In addition, regions of the spectra showing saturation 

of the absorbance when the corresponding species presents in high concentration, 

have to be avoided, in order to verify the relation between concentration and 

absorbance.  Based on these two principles, we choose 2260 – 2280 cm-1, 2040 – 

2060 cm-1, 1200 – 1220 cm-1, 2850 – 2990 cm-1 and 940 – 960 cm-1 for CO2, CO, CH4, 

C2H6 and C2H4 quantification respectively. To be mentioned, C2H6 is a special case 

since its absorption peaks are highly overlapped with CH4 and C2H4. The wavenumber 

range we chose for its quantification mainly overlaps with absorption peak of CH4. For 

the calibration of C2H6, the standard sample should not contain CH4. For C2H6 
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quantification in OCM reaction results, CH4 absorption peak is mathematically 

removed by subtracting the spectrum of pure methane with multiplying a constant 

factor from the targeted spectrum. The constant factor is obtained by fitting the targeted 

spectrum to the spectrum of pure methane in the range of 3050 – 3250 cm-1 where 

methane absorption peak prevails.  

In order to complete the calibration, the spectra of different gases with known 

composition and concentration are acquired. Since the model is linear, at least three 

different concentration levels are needed for each gas. With the spectra of different 

calibration gases, we can get the specific areas of chosen wavenumber range for each 

gas with different concentrations. After that, the mathematic model is built between 

these two variables for each gas. For CO2 hydrogenation part, carbon balance was 

applied to confirm the precision of the models built and the variation is controlled within 

+ 5%. For OCM during unsteady-state operation, carbon balance is no more suitable 

since the conversion is limited, thus GC measurement is applied at some points to 

crosscheck the quantification result.  A specific MATLAB script is developed and 

optimized for performing the calculation, ensuring a fast analysis and reliable 

quantification. 

2.4.2 IR camera calibration 

Every material above 0 K, that possesses thermal energy, can emit electromagnetic 

radiations8, 9. According to Planck ś Law10, the intensity and the frequency distribution 

of this radiation is a function of the object temperature.  The wavelength at which the 

maximum emission intensity occurs is inversely proportional to the temperature and is 

determined by Wien ś Law. For a catalyst subjected to high temperatures, as is the 

case of the reactions here investigated, a thermal radiation in the region of infrared is 

expected. Considering that quartz is transparent for the spectral region of interest, an 

infrared camera is a suitable analytic tool to measure the temperature of the catalyst 

bed. 

The IR camera is a device that detects infrared radiation and converts it to digital signal. 

The digital signal is and saved as the pixel in pictures of observed objects. Here we 

make use of an IR camera with high sensitivity in the wavelength interval of 0.9 – 1.7 

μm. The output pixel in the IR camera picture is scaled intensity of the infrared radiation 

detected on the surfaces of the object. To convert it to temperature, a calibration is 
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needed to relate the intensity of the infrared radiation to the temperature of the targeted 

object.  

The targeted object here is the catalyst bed. During the calibration, 2000 pictures of 

the catalyst bed surface at each temperature were taken with the IR camera.  The 

average pixel value of observed surface of catalyst bed is chose to build the 

mathematic model with the temperature. As mentioned in section 2.3.3, the heating 

controller used in the furnace is a PID controller. Figure 2.6a shows the periodic 

fluctuation of infrared radiation of SiC heated up with the PID heating controller.  To 

make the calibration more accurate, a direct current heating power supply is applied in 

the furnace, resulting in a more stable infrared radiation (Figure 2.6b). With the average 

value of the 2000 pictures at each temperature, a linear model can be built as shown 

in Figure 2.7. 

 

Figure 2.6 - Average value of pixels in the pictures of SiC heated up with different 

heating method: (a) PID heating controller, 800 °C; (b) Direct current heating power 

supply, 797.7 °C. 
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Figure 2.7 - A linear fitting between logarithm of averaged pixel value and the 

corresponding temperature. 

To be noticed, the intensity of IR radiation that the camera detects varies with the 

distance between the observed object and the camera, the angle between the 

observed surface and the camera, the focus and exposure of the camera. Besides, 

different materials have different emissivity of thermal radiation.  Considering that, 

before each measurement, the calibration was performed on the same material with 

the fixed camera settings and distances. The calculation is performed by proper 

MATLAB script, making use of the Image processing toolbox. 

2.4.3 Reaction operation and data analysis 

In this thesis, the reactions were performed in two main operation modes: steady-state 

operation and unsteady-state operation. The former is a conventional co-feed strategy, 

with the different gases mixed before reaching the reactor. The latter consists of 

alternate pulses of different reactants to the reactor: CO2 and H2 in CCR case; CH4, 

O2 and/or He in OCM case; CH4, CO2 and/or He the case of DRM. A LabVIEW program 

is made to control the setup described in section 2.3.3. The interface of the LabVIEW 

program is shown in Figure 2.8. It consists of four sections:  4-way valve control, MFC 

control, OPUS control and cycle mode control. When the valves are set in ‘Manual’, 

steady-state operation is performed by fixing the two valves at B position as mentioned 
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in section 2.3.3. When the valves are set in ‘Auto’ state, unsteady-state operation is 

possible. 
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Figure 2.8 - The interface of unsteady-state operation controlling LabVIEW program 
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Unsteady-state operation has four different modes: X → Y, X → Y → F, X → F → Y, X 

→ F → Y → F (X: O2 /CO2, oxidant phase; Y: CH4 /H2, reductant phase; F: pure He, 

flushing phase). The phase length is controlled by the number of spectra acquired by 

ALPHA and the interval time between two spectra (interval time > required time for 

acquiring one spectrum). The fast response of ALPHA (2 – 3 s) ensures the on-line 

monitoring of each phase. The alternation of pulses is implemented by the combination 

of the 4-way valves positions as listed in Table 2.1. To improve the signal/noise (S/N) 

of the detection and make sure the result is reproducible, at least six cycles were 

conducted for each unsteady-state evaluation. The final profile is the average of cycles 

from the second to the last, thus discarding any initial non-reproducible behavior of the 

first cycle. 

For CCR, only one 4-way valve is used, so that only one mode, i.e. CO2 → to H2, was 

applied. 

2.4.4 Catalytic activity characterization parameters 

Catalytic activity is evaluated with the following parameters:  

- Re conversion: reactant conversion (CO2 and H2 in CCR; CH4 and O2 in OCM, 

CH4 and CO2 in DRM);  

- P selectivity: product selectivity (CO and CH4 in CCR; C2H6, C2H4, CO, CO2, H2 

and H2O in OCM, CO in DRM);  

- P yield: product yield   

These quantities are defined as follows: 

Re conversion =  
mole of converted Re

total mole of Re in the feed
 × 100% 

P selectivity =  
mole of needed carbon − containing Re for producing P

mole of converted carbon − containing Re
 × 100% 

P yield =  
mole of needed carbon − containing Re for producing P

total mole of carbon − containing Re in the feed
 × 100% 
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3  OCM IN COFEED MODE 

 

Catalytic oxidative coupling of methane: 

heterogeneous or homogeneous reaction? 
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3.1  Introduction 

Converting methane to valuable chemicals is an imperative way to efficiently make use 

of relatively limited nature gas, comparing to simply burning it to generate heat or 

electricity. Currently, the commercialized methane transformation is based on an 

indirect route: CH4 – CO and H2 – diverse chemicals. The extra process leads to high 

demand of energy and cost. Direct methane converting routes is more attractive in a 

view of economic advantages. Among them, oxidative coupling of methane (OCM), 

simply upgrading methane to more valuable industrial feedstock -ethylene - in an 

exothermic environment as illustrated in equation (1), is considered as a ‘dream 

reaction’ and has attracted intensive attention in last decades1. In reality, OCM is a 

complex reaction due to multiple interconnected parallel and series reactions under 

typical OCM conditions, which arise from the radical intermediate reaction nature of 

OCM (Scheme 3.1). These homogeneous parallel reaction pathways leads to sacrifice 

of C2H6 and C2H4 (C2) selectivity when increase CH4 conversion2, resulting a low upper 

bound of C2 yield and finally restricting OCM commercialization.  

2CH4 + O2 → C2H4 + 2H2O        ∆H°298K = -281 kJ/mol                (1) 

 

Scheme 3.1 Reaction networks in OCM system 

To alter the trade-off between C2 selectivity and CH4 conversion, catalysts are applied. 

This increases the complexity of the reaction because of the heterogeneous reaction 

steps on the catalyst surface, This complexity obstructs the study of the impacting 

factors and optimizing OCM reaction conditions. The side total & partial oxidation 

reactions as illustrated in Scheme 3.1 are highly exothermic, making the catalyst bed 

temperature uncontrollable. Furthermore, huge temperature gradients along the 

catalyst bed have been witnessed3. These generate a question: is it reliable to evaluate 
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catalysts with conventional catalytic activity method, i.e. studying the vent composition, 

since temperature is closely related with methane activation4 and oxygen activation5. 

Notwithstanding it is possible to avoid the temperature variation by using customized 

micro reactor, it is far from the realistic catalyst working condition6. To understand the 

real role of the catalyst, combining traditional methods with advanced spatial analysis 

tools which offers the detail information of the reaction7 is promising as shown in this 

work.  

3.2  Experimental 

3.2.1 Catalyst preparation 

MgO (≥ 99% trace metal basis, Sigma Aldrich) and La2O3 (99.99%, Alfa Aesar) were 

used as simple metal oxides catalysts directly without any further treatment. The doped 

catalysts were prepared via a direct solid mixing method. The simple metal oxides and 

corresponding dopant metal carbonate salts (SrCO3 for La2O3 and Li2CO3 for MgO) 

were mixed respectively in agate mortars with certain amount deionized water. After 

that, the slurry was dried in the oven at 80 °C for 12 h, then calcined in the furnace at 

800 °C for 4 h. 

3.2.2 Catalyst characterization 

Power X-ray diffraction (PXRD) was performed on D8 Advanced Powder 

Diffractometer (Bruker) equipped with a vertical 2theta-theta goniometer in 

transmission configuration, with a Kα1 germanium monochromator for Cu radiation 

(λ=1.5406 Å), at a scan step of 0.02°/s from 10° to 80°.  

3.2.3 Catalytic reactions 

The reaction setup is the one described in Chapter 2 (Section 2.3.3). 200 mg of catalyst 

material (pelleted, crushed and sieved to the size of 300-400 μm) was charged into a 

quartz tube reactor, fixed with quartz wool. To be mentioned, for La2O3, the catalyst 

was pre-oxidized in 50 vol.% O2 in He (50 mL/min) at 700 °C for 30 min before reaction. 

The reason to do this is that La2O3 is very sensitive to moisture in the air. From the 

XRD profile (Figure 9.1) we can only find characteristic peaks of La(OH)3 rather than 

La2O3 in the profile of directly purchased La2O3 and it is able to get clean La2O3 

diffraction patterns simply by oxidizing the sample under the condition mentioned 
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above. This re-oxidized La2O3 can be completely hydrated at room temperature with 

the sample vial closed.  

Then a mixture of 40 vol.% CH4 (Abelló Linde), 10 vol.% O2 (Abelló Linde), 13 vol.% 

N2 and 37 vol.% He with a total flow rate of 80 mL/min was introduced into the reactor. 

The reactor temperature was controlled by a Watlow heating control with a 

thermocouple inserted at the end of catalyst bed. The exhaust was analyzed by a gas 

chromatography (GC, Agilent 7890B, equipped with two FID and one TCD) after 

passing through a mini-water-condenser cooled by water circulation. For the 

experiment studying H2 formation effect, 1.46 vol.% H2 was added into the feed and 

N2 volume portion goes to 11.54%. 

3.2.4 Spatial analysis and visual inspection 

Gas spatial analysis tool is the module described in Section 2.3.4 of Chapter 2. For the 

temperature and catalyst bed visualization, the reactor furnace cover was modified by 

opening a ca. 3 cm × 1 cm window on it and the window was covered with a glass plate 

which is transparent to short wave length infrared light and visible light. An USB digital 

microscope (800 - 1000× magnification) was used to obtain zoom-in images and 

videos at the level of the catalyst particles. Meanwhile, the infrared camera (Micro-

SWIR 320CSX camera, Sensors Unlimited) was settled to take thermal images that 

can be converted to temperature images after calibration of the infrared camera placing 

at the same position. 

3.3  Results and discussion 

To avoid generating puzzles, simple metal oxide, La2O3 and MgO, typical active OCM 

catalysts were studied. The gross catalytic activity of La2O3 evaluated with classic 

method is superior than that of MgO in terms of CH4 conversion and C2 yield (Figure 

3.1A, C), especially at low temperature range (550 – 650 °C) with remarkable partial 

oxidation products formation (CO and H2, Figure 3.1B, D). We suspect that the 

superiority of La2O3 is related with its preference for unselective partial oxidation 

reaction. This suspect was confirmed by evaluation of the intrinsic catalytic activity 

obtained on La2O3 when only CH4 was present in the flow (Figure 3.2A). The transient 

profiles of CO and H2 signals show high coherency, confirming the existence of a 

partial oxidation route, with lattice oxygen providing high selectivity towards this route. 
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The observable higher C2 formation with MgO comparing to La2O3 under this unsteady 

state operation gives the opposite conclusion about the catalytic activity: MgO is 

intrinsically more inclined to OCM than La2O3. The total and partial oxidation reactions 

are strongly supressed when only lattice oxygen presents as oxidant, indicated by the 

limited CO formation and barely produced CO2, which agrees with other transient 

experiments8, 9. This verifies that the heat effect on the dominant catalytic activity 

coming from these highly exothermic reactions is negligible here. Therefore, for the 

intrinsic OCM catalytic activity, MgO is superior than La2O3. In another word, the 

superiority of La2O3 in presence of O2 is not coming from the intrinsic OCM catalytic 

activity but related with other reactions in the system. 

 

Figure 3.1 Catalytic performance evolution of MgO (black), La2O3 (red) and 5 wt.% 

lithium doped MgO (Li/MgO, blue) in terms of  CH4 conversion (A), CO concentration 

(B), C2 yield (C) and H2 concentration (D) during OCM under steady state operation 

(CH4/O2 = 4, 80 mL/min, He and N2 diluted, N2 also plays as inner standard for gas 

chromatography analysis) at different temperatures. 
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Figure 3.2 Concentration of C2H6, C2H4, CO2 and CO and ion intensity of H2 (m/z = 2) 

in methane phase during OCM under unsteady state operation on La2O3 (A) and MgO 

(B) at 900 °C. C2H4, CO2 and CO concentration is quantified based on infrared spectra 

and C2H6 concentration is quantified with mass spectrometer data which is calibrated 

via simultaneous gas chromatography result, both are the average value of last three 

cycles. 

To be addressed, lattice oxygen of the catalysts can be only activated at very high 

temperature (traces of partial oxidation products at 700 °C and OCM products only at 

900 °C) for unsteady state operation. Interestingly, the co-feed catalytic performance 

gets close for the two catalysts when temperature reaches 700 °C where O2 is almost 

fully consumed and CH4 total and partial oxidation products reach similar level (Figure 

3.1 and 9.2). In this case, theoretically the gross heat effect from the highly exothermic 

oxidation reactions is getting equivalent for the two catalysts. To study this heat effect 

in reality, the USB camera and infrared camera have been applied. They visually 

demonstrate that the distinguishable hotspot (Figure 3.3A, B) only presents in the front 

of catalyst bed, inferring the reaction gradients along the catalyst bed. Further spatial 

temperature measurement (Figure 3.3C) reveals that the temperature rise starts before 
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the catalyst bed, and there is difference between the hotspots of the two catalysts: the 

hot zone in La2O3 is in the more front position of catalyst bed than that in MgO, which 

suggests that reactions happen more intensively in front of La2O3.  

 

Figure 3.3 Visualization and quantification of hotspot formed during OCM under steady 

state operation on MgO and La2O3 respectively at 800 °C: A, images of catalyst beds 

obtained by general USB camera; B, images of catalyst beds acquired via infrared 

camera; C, spatial temperature rise (∆T) profile, the temperature rise is calculated by 

subtracting the temperature measured with 10 vol.% O2 in N2 at 800 °C from the 

temperature measured during OCM under steady state operation (same feed as used 

in Figure 3.1) at 800 °C at respective positions on corresponding catalysts. 

The reaction gradients suggested by catalyst bed temperature profile are confirmed in 

the spatial gas concentration profile (Figure 3.4A, B). In agreement with other spatial 

gas analysis, products are mainly produced in the front of catalyst bed7, 10, 11. Rapid O2 

consuming happens within 2 mm for MgO but 1 mm less for La2O3 in the front of 

catalyst bed, which means the rest of catalyst bed does no positive effect on the final 

catalytic performance and can be detrimental with gas phase O2 presence considering 

the decaying of C2H6 or C2H4 concentration after the initial peak value. As an evidence, 

the slightly better catalytic activity of MgO in much less amount (40 mg, comparing to 

200 mg) when temperature is up to 700 °C (Figure 9.3) confirms that only small portion 

of catalyst in the front functions in the reaction system. Impressively, products appear 

even before the feed reaches catalyst bed, which is more conspicuous for La2O3 at 

700 °C and gets distinct when temperature is lifted up to 800 °C for MgO (Figure 9.4A, 
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B). This phenomenon is observed for the first time here. One plausible explanation is 

that it is simply the back diffusion of products. However, the addition of SiC in the front 

of the catalyst bed does not lead to substantial reduction or elimination of the 

phenomenon (Figure 9.5). Furthermore, O2 depletion occurs less deep in the catalyst 

bed and larger amount of unselective oxidation products are formed, which are 

symptoms of gas phase reaction dominated reaction system. Considering the radical 

mediated reaction nature of OCM, it is reasonable to deduce that homogeneous 

reactions prevail on these two simple metal oxides especially at high temperature 

range (≥ 700 °C). Radicals formed on the front catalyst surface initiate the gas phase 

reactions and it explodes to the catalyst-free zone because the relatively inert quartz 

wool or SiC in front does not quench or further reacts with these radicals. In this way, 

high temperature is needed to generate enough initiator radicals rapidly to keep the 

homogeneous reaction zone.  That is why this phenomenon can become distinct as 

temperature increases (Figure 4A and Figure 9.4A) and the catalytic activity reaches 

maximum once homogeneous reactions are fully decisive. The C2 yield decay passing 

the maximum point is caused by the C2 reforming reactions according to spatial 

analysis of OCM on MgO at 850 °C (Figure 9.6). 

Astonishingly, La2O3 can have almost all products prompt formation in catalyst-free 

zone even at 700 °C. Among these products, H2 concentration rise shows up earlier 

than other products for both catalysts. According to Maxwell distribution of speeds, the 

lighter molecular diffuse faster, which explains that H2 back diffuse further away from 

the catalyst bed. At 0 mm, La2O3 gives 3.6 vol.% H2, almost double of that (1.9 vol.%)  

given by MgO. Higher concentration gives larger diffusion driving force, enabling H2 

back diffusing further in front of La2O3. ‘Hot’ H2 and O2 react forming H2O and it is 

confirmed by spatial H2O formation profile calculated via oxygen balance which match 

with H2 concentration rise. This oxidation reaction is also highly exothermic and can 

heat up the surrounding gases. This benefits C2 formation which requires higher 

activation energy comparing to unselective oxidation reactions. Another rational 

deduction is that hydroxyl radicals are generated from water vapour heated up by the 

oxidation reactions. Hydroxyl radicals mediated OCM was reported to be more 

selective to C2 formation via introducing H2O into the feed12. This explains the higher 

selectivity of La2O3. The positive effect of H2 is later confirmed by adding 1.4 vol.% H2 

into OCM feed with SiC or La2O3 or MgO as catalyst (Figure 9.7). By placing a small 
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portion of La2O3 in front of MgO, we also confirm the significant enhancement of 

catalytic performance contributed by front La2O3 (Figure 9.8).  

 

Figure 3.4 Spatial concentration profiles of O2, C2H6, C2H4, H2 and formed water 

between two data points (∆H2O) measured on MgO (A), La2O3 (B) and Li/MgO (C) 

during OCM under steady state operation (same feed as used in Figure 3.1 and 3.3) 

at 700 °C for (A), (B) and 800 °C for (C), (D). ∆H2O is the difference value between 

H2O amount at one position and H2O amount at previous front neighbour position, H2O 

amount is calculated based oxygen balance. 

Through these discussions, the two simple metal oxides used here behave more as 

‘trigger’ rather than catalyst role and only a small portion does the positive contribution 

during OCM when temperature is up to 700 °C. The prevailing homogeneous reactions 

limit the final C2 yield. Is it possible to make the catalyst decisive in controlling C2 yield?  

As an effort, dopants are added into these two metal oxide. For Li doped MgO (Li/MgO), 

the superior C2 selectivity has been reported in many works13-15. Here, we carefully 

compare the behaviours of pure MgO and Li/MgO under OCM conditions. As shown 

in Figure 3.1, the activity pattern is totally different from that of simple metal oxides: the 

evolution of CH4 conversion and C2 yield follows exactly same trend of simple rise with 

temperature increasing, and unselective oxidation reactions are strongly suppressed 

especially partial oxidation (Figure 9.2). These imply the real catalyst role of Li/MgO. 

The spatial gas concentration profile of OCM on Li/MgO at 800 °C (Figure 3.4C) further 

verifies it with demonstrating a continuous C2 formation all along the catalyst bed with 
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scarce H2 production. The water formation is also limited comparing to the pure simple 

oxides. As a consequence, hotspot is not observed during OCM on Li/MgO (Figure 

3.3). Strontium doped La2O3 (Sr/La2O3) also exhibits suppression of unselective 

oxidation reactions and homogeneous reaction in catalyst-free zone although the 

extent is much less (Figure 9.9 and Figure 9.4C). It is easy to understand that the 

reactions happen in different way here: from homogeneous reactions dominated way 

to heterogeneous reactions dominated way, which allows the catalyst achieve its 

function of altering the trade-off of CH4 conversion and C2 selectivity in OCM in the 

absence of catalyst. As shown in Figure 9.10A, C2 selectivity and O2 conversion grow 

up along the catalyst bed for Li/MgO but reach a stable value in the front rapidly for 

MgO. Furthermore, the relatively lower C2H4/C2H6 ratio of Li/MgO (Figure 9.10B) reveal 

its intrinsic selectivity to coupling of methane and less selectivity to consecutive 

oxidative dehydrogenation of C2H6 (ODH). This is another proof of detailed reaction 

mechanism change.  

3.4  Conclusion 

Different behaviours of simple metal oxides and doped ones points out different roles 

that they play in OCM reaction. Two types of reaction mechanism, homogeneous 

dominated reactions or heterogeneous dominated reactions, have been proposed. 

These findings confirm that single conventional evaluation method of catalytic activity 

is not always suitable in OCM reaction and diverse technologies are needed for 

acquiring comprehensive information in OCM system. Besides, how the dopant 

changes the reaction mechanism asks for more work. The mysteries may point the 

direction to efficient C2 yield increase.  
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4.1  Introduction 

The utilization of methane, the main constituent in natural and shale gas, in a 

high-value added way, is crucial for mitigating the environment and energy 

issues triggered by the huge consumption of crude oil. One efficient way to 

make use of methane is oxidative coupling of methane (OCM), which directly 

converts methane to ethylene, the raw material for plastics. 

As generally accepted, methyl radical is firstly formed after the cleavage of C-

H bond on the active sites, then released to the gas phase, coupled to form 

ethane1-3. C-H bond breaking in ethane on the active sites leads to ethyl radical 

formation which further forms ethene in the gas phase4. The methyl radical and 

ethyl radical can also react with gaseous O2 or reacts with oxygen species on 

the catalyst surface, leading to CO and CO2 (COx) formation5-8.  

To avoid the overoxidation of hydrocarbons by gaseous O2, the chemical 

looping strategy was considered for OCM reaction. The strategy was firstly 

used for lifting up the energy efficiency in combustion process, which 

alternatively introduces fuel gas and O2 into the reactor using metal oxides as 

reaction intermediates. Therefore, the active oxygen species on the metal 

oxides has to be able to remain in the inert feed without gaseous O2. In catalytic 

OCM, lattice oxygen, weakly adsorbed oxygen, strongly adsorbed oxygen and 

oxygen vacancies on the catalyst surface are reported as the active sites for 

methane activation9-15. This makes it possible to operate chemical looping of 

OCM (CLOCM). Several groups have already successfully operated CLOCM 

using Mg6MnO8 and Na2WO4/Mn/SiO2
14, 16. However, the active oxygen 

species can also oxidise methyl and ethyl radicals causing unselective products 

formation. The reactivity of the active oxygen species towards methyl and ethyl 

radicals has not been discussed in the reported CLOCM yet. 
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To study the activity and selectivity of different active oxygen species, un 

unsteady state operation with different modes was designed and applied herein 

to OCM based on two simple metal oxides, MgO and La2O3. O2-containing feed, 

methane-containing feed (and pure He) were alternatively introduced into the 

reactor, creating different evolution pattern of gaseous O2 while methane was 

activated on the catalyst. The behaviour of the catalyst during methane-

containing feed at different modes of the unsteady-state operation was studied. 

4.2  Experimental 

4.2.1 Catalyst preparation 

The preparation of the catalysts and the reaction system are exactly as 

described in Chapter 3. 

4.2.2 Catalytic reactions 

During unsteady state operation, O2-containing feed, pure He and pure CH4 are 

alternatively fed into the reactor via two 4-way valves. When O2-containing feed 

is introduced into the reactor, the period of this flow is called catalyst activation 

phase (abbr. as X phase). Similarly, pure He flow is called purging phase (abbr. 

F phase) and pure CH4 is called reaction phase (abbr. as Y phase). The 

abbreviations are defined based on the description of the unsteady state 

operation in Chapter 2. O2-containing feed is 25 vol.% O2 in He. During the 

reaction, all the feed was introduced into the reactor with the flow rate at 50 

mL/min. CO, CO2 and C2H4 in the outlet gas are tracked by ALPHA infrared 

spectrometer (Bruker). 

The unsteady state operation in this Chapter involves three modes: periodic 

switching between X and Y phase (named as XY); periodic switching from X to 

F phase, then to Y phase (named as XFY), periodic switching from X to Y phase, 

then to F phase (named as XYF). If it is not mentioned specifically, each phase 
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lasted 150 s. 

XFY was conducted at 850 °C to study the lifetime of active species by changing 

the length of F phase in the range from 0 s to 150 s. To study the coke behavior 

during Y phase, XYF was performed at different temperatures (650 °C, 700 °C, 

750 °C, 800 °C, 850 °C) with the length of Y phase at three values (50 s, 150 s, 

250 s). For the coke quantification, total amount of CO and CO2 produced in X 

phase was integrated, which was originated from the re-oxidization of the coke 

formed in Y phase. At the same time, the catalyst bed was monitored by a 

camera through a glass window on the top of the reactor as shown in Chapter 

2.  

4.3  Results and discussion 

An unsteady state operation of periodically flowing 25 vol.% O2 (X phase) and 

pure CH4 (Y phase) into the reactor was firstly conducted at different 

temperatures based on MgO and La2O3. Figure 4.1 displays C2H4 and CO 

concentration evolution during Y phase at different temperatures using MgO as 

the catalyst. When the flow is switched from O2-containing feed to CH4, the 

concentration of C2H4 increases rapidly to a peak value, then decays with time 

goes. The former corresponds to the filling of CH4 into the reactor, while the 

latter is related to the depletion of gaseous O2 in the reactor, namely less 

oxygen supply for reactivating the active sites after CH4 activation on these 

sites and the desorption of weakly adsorbed oxygen species. The peak value 

of C2H4 concentration distinctly rises, while the decay slows down with the level-

off value rising when the reaction temperature is up to 800 °C. These point out 

that the oxygen species towards the formation and releasing of methyl and ethyl 

radical is highly temperature-dependent, and 800 °C is the critical temperature 

for the activation of this active oxygen species.  
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For CO concentration profile, a totally different trend is observed: the peak 

value of CO concentration shows independent from the temperature change; a 

shoulder appears on the curve of CO concentration after the first peak value 

when the temperature reaches 800 °C. The former certainly proves that there 

are two types of oxygen species for the radical generation: one easily releases 

methyl and ethyl radical, favoring C2H4 formation; another one strongly adsorbs 

methyl and ethyl radical, leading to CO formation. The shoulder on the curve of 

CO concentration implies the activation of new type of active sites favoring CO 

formation at 800 °C. This type of active sites probably also contributes to the 

rise of level-off value of CO concentration starting at the same temperature.  

 

Figure 4.1 C2H4 and CO concentration in Y phase during OCM under XY mode 

on MgO at different temperatures. 

As shown in Figure 4.2, similar trend of C2H4 concentration is found on La2O3 

with higher peak value at low temperature range (≤ 750 °C) and less directional 

change of the level-off value on the decaying curve comparing the 

corresponding ones on MgO, which means the active oxygen species for C2H4 

formation on La2O3 is also temperature-dependent, and its activity is higher 

than that on MgO at low temperature range (≤ 750 °C). For the evolution of CO 

concentration, the peak value also shows temperature dependence, especially 
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from 700 °C to 800 °C, which is different from the case of MgO. These suggests 

that there is only one type of active oxygen species on La2O3 probably.  

 

Figure 4.2 C2H4 and CO concentration in Y phase during OCM under XY mode 

on La2O3 at different temperatures. 

To further evaluate the stability of all the active oxygen species, an XFY mode, 

adding a He flushing phase (F phase) with different length (0 s, 5 s, 10 s, 20 s, 

50 s, 150 s) before switching from O2-containing feed to CH4, was applied to 

the two simple metal oxides at 850 °C, at which point all the active sites are 

activated based on the above results.  

Figure 4.3 exhibits both C2H4 and CO concentration profile in F and Y phase 

obtained with MgO. The initial peak value of C2H4 concentration drops sharply 

with extending the length of F phase within 20 s, then stays almost stable at the 

level-off value in XY mode at 850 °C. Differently, the initial peak value of CO 

concentration shows little change while the shoulder on the curve gradually 

disappears with varying the length of F phase. This confirms that the oxygen 

species towards C2H4 and CO formation are different. As the available gaseous 

O2 is neglect in the reactor when the length of F phase is 150 s, and the weakly 

adsorbed oxygen species hardly survive that long at 850 °C, it can be deducted 

that the active site is lattice oxygen or strongly adsorbed oxygen. Due to the 
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supplying cut of strongly adsorbed oxygen, the concentration of corresponding 

product should decrease along Y phase, which meets the profile of CO 

concentration. Therefore, strongly adsorbed oxygen has stronger interaction 

with formed methyl and ethyl radicals than lattice oxygen, contributing CO 

formation at the beginning of Y phase. 

 

Figure 4.3 C2H4 and CO concentration in Y phase during OCM under XFY mode 

on MgO at 850 °C with the length of F phase varying from 0 s to 150 s. 

The catalytic performance of La2O3 under XFY mode is shown in Figure 4.4. 

The peak value of C2H4 concentration drops rapidly to almost zero within 20 s 

of F phase. However, CO concentration behaves differently: the peak value 

increases firstly in 5 s of F phase, then gradually decreases to 0.4 vol% with 

the length of F prolonging. The fast dropping of C2H4 concentration and the 

maintained CO formation suggest that the active oxygen species on La2O3 have 

good activity to dissociate C-H bond in CH4, but have strong ability to adsorb 

methyl and ethyl radical, resulting in higher CO selectivity.  
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Figure 4.4 C2H4 and CO concentration in Y phase during OCM under XFY mode 

on La2O3 at 850 °C with the length of F phase varying from 0 s to 150 s. 

Coke formation during Y phase was studied with the unsteady state operation 

of XYF mode. Figure 4.5 displays the amount of coke formed at different 

temperatures with the length of Y phase at 50 s, 150 s and 250 s on MgO and 

La2O3. For the two catalysts, the coke increases with extending the length of Y 

phase. This increase is gradually enhanced with the rise of the temperature for 

La2O3. While it follows similar trend until 800 °C when the increase is largely 

enhanced for MgO. This confirms that only one temperature-dependent active 

oxygen species contributes to CH4 activation on La2O3, while a new type of 

active sites, lattice oxygen, is activated at 800 °C on MgO. The higher amount 

of coke at low temperature (≤ 750 °C) formed on La2O3 is in accordance with 

the higher activity of La2O3 towards CH4 activation comparing to that of MgO. 
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Figure 4.5 Coke amount with CH4 exposure at different time (50 s, 150 s, 250 

s) on La2O3 and MgO at different temperatures. 

During the coke study, the catalyst bed was monitored with an USB camera. 

Interestingly, the visible coke (the dark area) starts to appear at the front of 

catalyst bed of MgO, but at the end of catalyst bed of La2O3 in Y phase as 

shown in Figure 4.6. Since La2O3 has stronger basicity than MgO17, the coke 

on MgO is mostly polymerized and cracked hydrocarbons with richer hydrogen 

than that on La2O3
18. This is in line with the darker colour of the coke on La2O3, 

also reflects the strong ability of active oxygen species to cleave C-H bond on 

La2O3. However, to explain the different appearing position of the coke on the 

two catalysts beds, further studying is needed. 

 

Figure 4.6 Photographs of catalyst bed of MgO and La2O3 at the end of Y phase 

during XYF with 250 s Y phase at 750 °C, 800 °C, and at the end of F phase 
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(150 s) in the same mode at 800 °C. The pictures were taking during the 

measurement of the coke amount. The gas flow is from the left to the right. 

Besides, the visible coke on the catalyst bed can be partly removed in F phase 

when pure He was flowing in the reactor (Figure 4.6). This phenomenon is more 

distinct on MgO than on La2O3. Since the active oxygen species on the surface 

must be consumed for the coke formation where the catalyst bed is covered by 

the visible coke, the removal of the visible coke can be only attributed to the 

lattice oxygen in the bulk or sub surface. This demonstrates the mobility of the 

lattice oxygen in the two metal oxides, and the mobility of lattice oxygen in MgO 

is higher than that in La2O3. 

4.4  Conclusion 

In this work, unsteady-state operation with different modes has been developed 

to identify and qualify the active sites on MgO and La2O3. Strongly adsorbed 

oxygen and lattice oxygen species are assigned to the active sites for CH4 

activation on MgO. The former can adsorb produced methyl and ethyl radical 

strongly, favouring CO formation. The latter shows good selectivity to C2H4 and 

is mainly activated at high temperature (≥ 800 °C). For La2O3, only one type of 

active oxygen species is detected, which has strong activity towards CH4 

activation but leads to mainly CO formation without the presence of gaseous 

O2. In conclusion, MgO shows higher potential in chemical looping of oxidative 

coupling of methane. 
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The effect of heating methods on oxidative 
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UNIVERSITAT ROVIRA I VIRGILI 
ADVANCING C1 CATALYSIS BY SPATIOTEMPORAL ANALYSIS AND DYNAMIC OPERATION 
Lingjun Hu   



Microwave-assisted oxidative coupling of methane 
 
 

 

84  

 

5.1 Introduction 

Oxidative coupling of methane (OCM) reaction has been considered as a promising 

route to functionalize methane, the predominant component in natural gas and/or 

shale gas1. The desired product of OCM, ethylene, is the precursor for producing a 

wide range of chemical products, such as plastics, ethylene oxide and ethylbenzene2-

5. In consequence, this route enables the relatively abundant natural gas and/or shale 

gas to become an alternative feedstock for the modern chemical industry which 

currently relies mainly on crude oil1.  

Despite the huge attention researchers paid to OCM, its industrial application has not 

been implemented yet, due to the limited C2 (ethane and ethylene) yield (less than 

30%). This is limited by the reaction mechanism of OCM. As introduced in Chapter 

1.2.2, ethylene formation in catalytic OCM proceeds in four steps: methyl radical 

generation on the catalyst surface (1), methyl radical coupling forming ethane in the 

gaseous phase (2), ethyl radical generation on the catalyst surface (3), ethylene 

formation from ethyl radical in the gaseous phase (4). Methyl and ethyl radicals can 

also react with gaseous O2, producing CO and/or CO2 decreasing C2 products 

selectivity6-10. The high temperature of the gas phase exacerbates the unwanted CO 

and CO2 formation reactions in the gas phase. One way to target this issue is to use 

microwave heating to replace the conventional furnace heating11. The former can 

selectively heat up the solid catalyst rather than heat both the catalyst and the gas 

feeds like the latter. This is proved to be effective for reducing further oxidation of C2 

products in the gas phase11. The study of applying microwave to catalytic dry reforming 

of methane also elucidates the reduction of secondary gas-phase reactions via 

microwave heating12.At the same time, microwave heating is considered as an efficient 

method to shift the equilibrium to the desired products for some heterogeneous 

catalytic reactions13. 

In previous reports, microwave-assisted reactor systems are commonly clumsy12, 14, 

and unpractical for conducting flexible investigations such as implementing operando 

techniques. Herein, we customized a compact microwave system, which is open to 

incorporate with some analytic techniques such as microscopy. The microwave 

system was successfully integrated to our OCM reaction system. The study of the 
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effect of microwave heating on OCM was performed with this microwave-assisted 

reactor system, using the catalysts reported in Chapter 3: MgO, Li/MgO and La2O3. 

5.2 Experimental 

For the reaction conducted using the furnace reactor, the preparation of the catalysts 

and the reaction system are exactly as described in Chapter 3. Herein, only the specific 

conditions for the reaction performed with microwave reactor are presented. 

5.2.1 Catalyst preparation 

MgO-SiC (1:1) and La2O3-SiC (2:1) were prepared by simply mixing MgO (≥ 99% trace 

metal basis, Sigma Aldrich) and La2O3 (99.99%, Alfa Aesar), respectively, with SiC 

(0.125 mm, Cats Import, Hoogvliet). The catalystswere pelleted, crushed and sieved 

to the size of 300-400 μm. Li-doped magnesium oxide (Li/MgO) was prepared as 

described in Chapter 3. 

5.2.2 Catalytic reactions 

The reaction setup uses the same gas controlling and on-line gas analysis 

components as those reported in Chapter 3. The difference is that a microwave cavity 

is adopted for heating up the quartz reactor, as shown in  Figure 5.1. An USB camera 

is placed on the top of the cavity, monitoring the catalyst bed in situ through an open 

window. The temperature of the catalyst bed is controlled with the aid of an infrared 

temperature sensor through another open window at the side of the cavity. 
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Figure 5.1 - Microwave reactor system 

The sieved catalyst material was loaded into a quartz tube fixed with quartz wool. The 

length of the catalyst bed was fixed at 5 mm (100 mg for SiC, 56 mg for MgO-SiC and 

59 mg for La2O3-SiC) and placed at the center of the microwave cavity. Then a mixture 

of 40% CH4 (Abelló Linde), 10% O2 (Abelló Linde), 13% N2 and 37% He with a total 

flow rate of 80 mL/min was introduced into the reactor. The catalyst bed was heated 

up to the desired temperature. The outlet feed was analyzed by gas chromatography 

(GC, Agilent 7890B, equipped with two FID and one TCD) after passing through a mini 

water condenser cooled by water circulation. 

5.3  Results and discussion 

To apply microwave heating to assisting catalytic OCM reaction, the microwave 

generator and cavity were customized with a portable size, a light cooling jacket 

attached to the bottom of the cavity and an open window on the top of the cavity. The 

customized features allow its easy integration into the existing reactor system. and do 

not hinder the implementation of operando characterization techniques such as 

operando microscopy and spectroscopy.  

5.3.1 Activation of customized microwave reactor for OCM reaction 

To test the heating efficiency of our compact microwave reactor system, SiC was used 

since it exhibits microwave absorption. The experiment has shown that SiC can be 

heated up to 900 °C within 2 min with less than 100 W power input. The temperature 
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drops rapidly once appled power is stopped. This proves the high heating efficiency of 

the microwave cavity. 

Comparing the catalytic behaviour of SiC during OCM reaction using the microwave 

reactor (MW) and the furnace reactor (FN) shown in Figure 5.2, both CH4 conversion 

and C2 yield are significantly enhanced at 850 °C and 900 °C, as well asC2H4/C2H6 

ratio. This is in accordance with previous observations that microwave heating 

improves OCM activity11, 15. Since SiC is considered as an inert material for OCM 

reaction, the enhancement of OCM activity can be only ascribed to the unique feature 

of microwave heating: the catalyst is hotter than the reactor wall, resulting in quenching 

of the formed products, inhibiting their further oxidation, which is also mentioned in 

previous report16.  
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Figure 5.2 - CH4 conversion, C2 yield and C2H4/C2H6 ratio during OCM on SiC with 

furnace reactor (open symbols) and microwave reactor (solid symbols) at 700 °C, 

850 °C and 900 °C. 
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5.3.2 The effect of microwave heating on MgO-based catalysts for 

OCM reaction 

How does microwave heating affect the catalytic OCM behaviour with an active 

catalyst present? To answer this question, the simple metal oxide, MgO, having been 

studied in our previous work, was tested first. Due to the microwave inertness of the 

material, MgO powder was mixed with SiC in a weight ratio of 1:1, named as MgO-

SiC, which can be heated up to maximum 550 °C. Within the investigated temperature 

range, both CH4 conversion and C2 selectivity increases with temperature rise (Figure 

5.3). According to the results obtained with the furnace reactor in Chapter 3, increasing 

temperature can promote both CH4 conversion and C2 selectivity. In comparison, 

microwave heating notably lowers down the reaction temperature and lifts up C2 

selectivity for achieving similar CH4 conversion. This proves that microwave heating 

improves the activity of MgO towards OCM and the improvement is not equivalent to 

the effect of simply increasing the reaction temperature.  
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Figure 5.3 - CH4 conversion, C2 yield and C2H4/C2H6 ratio during OCM with furnace 

heating (FN, open symbols) and microwave heating (MW, solid symbols) for the 

reactor at different temperatures on MgO-based catalyst; MgO and MgO-SiC were 

used for furnace reactor and microwave reactor respectively. 
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A lower temperature required for equivalent CH4 conversion in the furnace reactor and 

the microwave reactor was also observed for Li-doped MgO (Li/MgO, Figure 5.4), 

which is active for microwave heating. The difference from MgO-SiC is that C2 

selectivity decreases at higher CH4 conversion with temperature rise. This is also 

opposite to the C2 selectivity trend using the furnace reactor, indicating the specific 

microwave effect on Li/MgO during OCM.  
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Figure 5.4 - CH4 conversion and C2 yield during OCM on Li/MgO with furnace reactor 

(solid symbols) and microwave reactor (open symbols) at different temperatures. 

Comparing the photographs of Li/MgO catalyst bed before and after OCM reaction at 

550 °C (the red colour is the focusing light from the infrared temperature sensor), it is 

found that Li/MgO looks melted during OCM and the ‘melted’ catalyst even corrodes 

the wall of the quartz reactor tube (Figure 5.5). This phenomenon starts to happen 

when the reaction temperature reaches 800 °C in the furnace reactor. Chen et al. 

pointed out that there is a huge temperature gradient in the catalyst bed when using 

microwave heating, a ‘hot spot’ can be generated on point defects or a weak surface 

bond whose temperature is much higher than the normalized catalyst bed temperature 

indicated by the equipped temperature sensor17. A similar conclusion is reported by 

another group13. Hence, the unique catalytic behaviour of Li/MgO under microwave 

heating is attributed to the nonuniform thermal effect. To study that, a precise spatial 

temperature analysis tool suitable for microwave heating is of high importance. 
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Figure 5.5 Pictures of Li/MgO catalyst bed before OCM reaction (left), just stopping 

OCM reaction at 550 °C (middle) which is still hot, and after the spent catalyst cooling 

down to ambient temperature (right). The gas flow is from the left to the right of the 

reactor tube.. 

5.3.3 The effect of microwave heating on La2O3-based catalysts for 

OCM reaction 

La2O3 was also tested under OCM condition in microwave reactor. Similar to MgO, it 

is mixed with SiC (named as La2O3-SiC), but in a weight ratio of 2:1, to make the 

catalyst sensitive to microwaves, which enables the catalyst to reach 800 °C in the 

microwave reactor. Figure 5.6 compares the catalytic performance of the La2O3-based 

catalyst in the microwave reactor and the furnace reactor in the range of 500 °C to 

800 °C. Microwave heating shows distinct advantages in low temperature range (< 

700 °C) giving much higher CH4 conversion and C2 yield compared to those obtained 

with the furnace reactor. It is also found that C2 yield is higher with the microwave 

reactor than with the furnace reactor at equivalent CH4 conversion. Therefore, the 

preference towards C2 product formation when microwave heating is used for OCM 

reaction in this temperature range is also proved on La2O3-based catalyst. This is 

originated from the selective heating for the catalyst which inhibits further oxidation of 

hydrocarbons in the gas phase. 

However, in the high temperature range (≥ 700 °C), CO and H2 formation increases 

rapidly in the microwave reactor, competing for O2 with OCM reaction, resulting in the 

loss of CH4 conversion and especially C2 yield for the La2O3-based catalyst. As 

discussed in Chapter 3, the CO and H2 formation coming from partial oxidation of CH4 

in low temperature range (< 700 °C) in the furnace reactor is superiority of La2O3 

compared to MgO, since the exothermic partial oxidation contributes to hotspot 

formation at the front of the catalyst bed, finally enhancing OCM reaction. Obviously, 
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the preference for CO and H2 formation in the microwave reactor in the high 

temperature range is the unfavourable case, which is detrimental to OCM. In the 

photograph of the catalyst bed taken during OCM reaction at 750 °C with microwave 

heating (Figure 5.7), the formation of a hotspot is also observed, but it appears in the 

middle of the catalyst bed rather than at the front of catalyst bed, as observed in the 

case of furnace heating. Furthermore, heavy coking was also observed in the middle 

of the catalyst bed after OCM reaction (Figure 5.7). Since CH4 decomposition is 

endothermic and favoured at high temperature conditions, it confirms that the 

temperature of the middle part of the catalyst is higher than its surrounding parts. Dry 

reforming or steam reforming of hydrocarbons producing CO and H2 is also favoured 

in the high temperature region. This explains the extremely high CO and H2 formation 

with the microwave reactor. These endothermic side reactions decrease the 

advantage of microwave heating for OCM reaction in the high temperature range in 

terms of CH4 conversion and C2 yield.  
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Figure 5.6 - CH4 conversion, C2 yield and C2H4/C2H6 ratio during OCM with furnace 

heating (solid symbols) and microwave heating (open symbols) for the reactor at 

different temperatures on La2O3 based catalyst; La2O3 and La2O3-SiC were used for 

furnace reactor and microwave reactor respectively. 
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For the whole investigated temperature range, a higher C2H4/C2H6 ratio is obtained in 

the microwave reactor compared to the furnace reactor (Figure 5.6c), indicating that 

microwave heating favours C2H6 dehydrogenation. C2H6 dehydrogenation requires 

higher activation energy comparing to C2H6 formation18. Hence, high temperature 

favours C2H4 formation, which is also confirmed by the increase of the C2H4/C2H6 ratio 

with temperature rise. Hence, the hotspots inside the catalyst bed caused by 

microwave heating can contribute to the high C2H4/C2H6 ratio. Besides, C2H4 formation 

requires two radical generation steps (methyl radical and ethyl radical generation), 

which are mainly initialized on the catalyst surface, according to the reaction 

mechanism of OCM.  From this point of view, the selective heating of catalyst also 

promotes C2H4 formation. Another explanation is that microwave heating leads to an 

effective ‘quenching’ of formed C2H4, preventing its further oxidation in the gas phase, 

finally resulting in high C2H4/C2H6 ratio5. 

 

Figure 5.7 Pictures of La2O3-SiC catalyst bed before OCM reaction (left), during OCM 

reaction at 750 °C (middle), and after OCM reaction (right). The gas flow is from the 

left to the right of the reactor tube. 

5.4  Conclusion 

A portable and flexible microwave reactor was customized and successfully applied to 

OCM reaction. The effects of microwave heating on catalytic OCM reaction were 

studied using MgO-based and La2O3-based catalysts. Due to the properties of material, 

the maximum temperature that the MgO-based catalyst could reach in microwave 

reactor was 550 °C and the maximum temperature the La2O3-based catalyst could 

reach was 800 °C.  

By comparing the catalytic performance of these catalysts using the microwave reactor 

and the conventional furnace reactor, the advantage of microwave heating on C2 

product selectivity was witnessed for all the investigated catalysts, at temperatures 
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lower than 700 °C. This advantage is related to the selective heating of the catalysts 

by microwaves, which supresses further oxidation of hydrocarbons in the gas phase, 

more than the thermal effect of the hotspot caused by the nonuniform microwave 

heating, originating from the nonuniformity of the catalyst material. However, 

microwave heating loses its superiority in the high temperature range (above 700 °C) 

for the La2O3-based catalyst, due to unfavourable endothermic reactions taking place 

in the hotspot zone in the middle part of the catalyst bed. In the whole studied 

temperature range, the C2H4/C2H6 ratio is promoted by microwave heating. This 

promotion can be related to the thermal effect of the hotspot, the radical-involving 

reaction mechanism of C2H4 formation or the ‘quenching’ effect on formed C2H4, due 

to the selective heating of the catalyst by microwave. 

In conclusion, microwave heating is a potential solution for increasing C2 product yield 

in OCM reaction. To make use of this advantage, one possible solution is to develop 

novel catalysts that are active both to microwave heating and OCM, enabling more 

efficient heating of the catalyst. Development of suitable spatial temperature analysis 

techniques for gas phase and solid phase under microwave conditions is also 

important for further unravelling the mechanism of the influence of microwave heating 

on catalytic OCM.  
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6  CO2 HYDROGENATION 

 

Continuous CO2 capture and reduction in 

one process: CO2 methanation by 

unpromoted and promoted Ni/ZrO2  
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6.1 Introduction 

Fossil fuel, the main energy source of industry and modern human life, is a two-edged 

sword, bringing unparalleled convenience as well as enormous CO2 emission. The 

latter is considered as the culprit for global warming and climate change. Current 

global strategies to tackle this problem are aligned along two directions: (i) carbon 

capture and storage (CCS), i.e. capture CO2 and store it in the deep underground and 

(ii) carbon capture and utilization (CCU), i.e. capture CO2 and utilize it, with particularly 

promising paths by converting it to other useful chemicals such as methanol and 

methane to close the carbon cycle 1-5. Despite the global efforts, risks and difficulties 

are known with the two approaches. Recent studies show that while CCS can store 

theoretically a vast amount of CO2, there is a risk of releasing CO2 back to the 

atmosphere 6. Furthermore, for both CCS and CCU the common denominator is the 

CO2 capture process, which is known to be costly and energy intensive 7 since the 

industrial effluent for CO2 capture contains low concentration CO2 (3-13 vol%) with 

various other gases.  

Based on this background, we recently developed a process combining CO2 capture 

and catalytic reduction steps, so-called CO2 capture and reduction (CCR) process. 

CCR is operated under isothermal, unsteady-state condition to induce the 

bifunctionality of catalyst. In the capture phase, CO2 is chemically stored over catalyst 

and before/upon saturation the gas atmosphere is switched to reducing one like 

hydrogen (i.e. reduction phase) to convert the stored CO2 into a targeted product. In 

our first studies, a catalyst containing Cu as the main active reduction sites and K as 

CO2 capture sites was developed and CCR was demonstrated with >99% CO2 capture 

efficiency with diluted CO2 effluent streams even in the presence of oxygen and water 

and with high conversion efficiency to CO (in practice to syngas due to the presence 

of unconverted hydrogen) via reverse water-gas shift reaction (RWGS) 8, 9.  

Among CO2 hydrogenation reactions, CO2 methanation has recently attracted 

considerable interests as a path for CO2 utilization as well as renewable energy 

storage 10-12. The major advantage of methane is that its transport infrastructure 

through pipelines is globally well established because it is the major component of the 

natural gas. This renders the molecule uniquely attractive for rapid and large-scale 
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implementation of synthetic natural gas synthesis, as often discussed in the context of 

the power-to-gas scenario.  

Hence, in this work our efforts were directed to investigate the potential of the 

isothermal CCR approach for methanation reaction, particularly to understand the 

important components for efficient CO2 capture and formation of methane. Among 

active metal components for CO2 methanation, nickel was chosen for its widely 

recognized activity and its high natural abundance, whereas ZrO2 was chosen as the 

support material for its good synergetic function in the reaction when used in 

conjunction with Ni. Besides K was added as promotor since it was found effective for 

CO2 capture in our previous study, the use of La was also investigated for its distinct 

function to capture CO2 under CCR conditions. Furthermore, the reaction mechanism 

and the roles of each components on the active surface species formed over the 

catalysts were studied in depth by operando space- and time-resolved diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS). 

6.2  Experimental 

6.2.1 Materials and catalyst preparation 

Nickel nitrate hexahydrate (>98%, Alfa Aesar), potassium carbonate (>99%, Acros), 

lanthanum nitrate hexahydrate (>99.9%, Alfa Aesar), zirconium oxide (Alfa Aesar, 90 

m2/g) were used as received. All catalyst materials were synthesized by the incipient 

wetness impregnation method. Ni/ZrO2 (15/85 wt%, NZ) and Ni-La/ZrO2 (15/5/80 wt%, 

NLZ) were prepared by (co)impregnating the aqueous solution of the corresponding 

nitrate salts onto ZrO2 (Alfa Aesar, 90 m2/g). For Ni-K/ZrO2 (15/5/80 wt%, NKZ), firstly 

nickel nitrate was impregnated on ZrO2, dried overnight at 80 °C and then calcined at 

500 °C for 5 h. Subsequently, the aqueous solution of K2CO3 was impregnated on 

Ni/ZrO2. After the impregnation step, all samples were dried overnight at 80 °C and 

then calcined at 500 °C for 5 h.  

6.2.2 Catalyst characterization 

Power X-ray diffraction (PXRD) was performed on D8 Advanced Powder 

Diffractometer (Bruker) equipped with a vertical 2theta-theta goniometer in 

transmission configuration, with a Kα1 germanium monochromator for Cu radiation 

(λ=1.5406 Å), at a scan step of 0.02°/s from 10° to 80°. 
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H2 temperature programmed reduction (H2-TPR) was performed on TPDRO 1100 

(Thermo Fisher Scientific) equipped with a TCD detector. 50 mg of catalyst material 

was pretreated at 300 °C for 30 min under N2 flow (30 mL/min) and the sample was 

cooled to 30 °C under N2. Then the gas atmosphere was changed to 5 vol% H2 in N2 

at 30 mL/min. The sample temperature was raised from 30 to 800 °C at the ramp rate 

of 10 °C/min and H2 consumption was monitored by the TCD detector. Soda lime 

(CaO+Na2O) trap was used to adsorb mainly H2O and CO2. 

Reductive CO2 temperature programmed desorption in H2 atmosphere (termed as 

“CO2-TPD with H2”) was conducted on TPDRO 1100. 20 mg of catalyst material was 

placed in the quartz tube, reduced at 450 °C for 2 h, then degassed in He for 30 min 

at 50 °C,  followed by CO2 (4 vol% in He) saturation for 1 h and He flushing for 30 min 

at same temperature. Subsequently, reductive CO2-TPD with H2 was performed in H2 

(5 vol% in N2 at 20 mL/min) by ramping from 50 to 700 °C at the rate of 10 °C/min. 

The composition of the effluent gas during the ramping was identified by online mass 

spectrometer (Omnistar, Pfeiffer Vacuum). 

6.2.3 Catalytic reaction 

Catalysts were first pelleted, crushed and sieved to the size of 200-300 μm. 1 g of a 

catalyst material was charged into a stainless steel tube reactor, fixed with quartz wool 

and pre-reduced in pure H2 (50 mL/min) at 450 °C for 1 h before reaction. Then the 

reactor was cooled down to the desired reaction temperature (250, 300, 350 or 450 °C) 

in He and the catalyst was evaluated under a CCR condition. During the CO2 capture 

phase 4.7 vol% CO2 (>99.9998%, Abelló Linde) in He and during the reduction phase 

pure H2 (>99.999%, Abelló Linde), both at 50 mL/min for ca. 5 min for each phase, 

was alternately passed through the reactor at the ambient pressure. The flow 

sequence was controlled by a computer-controlled switching valve which was 

synchronized with the gas detection. Time-resolved quantitative gas analysis of CO2, 

CO and CH4 was performed using the transmission IR spectroscopy through the gas 

cell mounted in ALPHA FT-IR spectrometer (Bruker), giving a time-resolution of ca. 

2.5 s. To improve the S/N of the detection, six CCR cycles were evaluated for each 

catalyst at a specific experimental condition and the concentration profiles were 

averaged into one CCR cycle after making sure that the profiles are reproducible.  
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6.2.4 Space- and time-resolved DRIFTS 

Space- and time-resolved operando DRIFTS was performed using a reaction cell 

mimicking the action of a fixed-bed plug flow reactor, with a similar design to that 

reported previously 13. The cell was mounted in a Praying Mantis (Harrick) optical 

accessory (Harrick) fixed in Vertex 70V FTIR spectrometer (Bruker). 200 mg catalyst 

sieved in 75–150 μm particle size was charged into the channel on the cell (2 x 2 mm2 

cross section) to form a catalyst bed with ca. 10 mm length and also fixed by quartz 

wool. Prior to DRIFTS measurement, catalyst was pre-reduced under pure H2 with at 

10 ml/min at 350 °C for 2 h. The catalyst was treated under a CCR condition at 350 °C 

with repeated CCR cycles (5 vol% CO2 in He vs. pure H2 at 10 mL/min) for ca. 12-15 

h to activate and stabilize the catalyst for CCR.  Then the catalyst was cooled down to 

a desired temperature (250, 300 or 350 °C) to perform DRIFTS under the CCR 

condition (each phase of ca. 200 s). 55 spectra were collected per phase at 4 cm-1 

resolution with a liquid N2 cooled MCT detector at four positions along the axial 

direction of the catalyst bed (we call, Front, Middle 1, Middle 2 and Back). Each 

measurement was performed for 9 CCR cycles at each position of the catalyst bed 

and the last 7 or 8 cycles were averaged into one cycle for the detailed analysis. The 

composition of the effluent stream was analyzed by mass spectrometer (OmniStar, 

Pferiffer Vacuum) and in the gas cell of the ALPHA IR spectrometer (Bruker) in a 

synchronized manner with the DRIFTS measurements. 

 

6.3  Results and discussion 

For the sake of more straightforward discussions on the catalyst structure-activity 

relationships, firstly catalytic performance is described, followed by ex situ and in 

situ/operando characterization of the catalysts and reactive surface species.  

6.3.1 CCR performance of unpromoted and K- or La-promoted 

Ni/ZrO2 catalysts 

In this study, sufficiently long CO2 capture and reduction periods were used to 

compare the performance of the catalyst materials investigated. In practice by 

shortening the periods, one can optimize the CCR process by avoiding the release of 

CO2 and the waste of H2, respectively 8. It is important to match the duration of CO2 
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capture and reduction periods for process intensification using a two-reactor system 8. 

The aim of this work is to understand the roles of promoters in CCR and thus no 

process optimization was attempted.  

 

Figure 6.1 - Effluent concentration profiles of CO2 (black) and reduction products, CH4 

(blue) and CO (red) during CO2 capture (white area, 4.7vol% CO2 in He, 50 mL min-1) 

and reduction (grey area, pure H2, 50 mL min-1)   processes over the three Ni-based 

catalysts at 350 °C and atmospheric pressure.  Blank test was performed at room 

temperature without charging the reactor with catalyst. 

Figure 6.1 shows representative CO2, CH4 and CO concentration profiles during CCR 

for Ni/ZrO2 (NZ), Ni-K/ZrO2 (NKZ) and Ni-La/ZrO2 (NLZ) at 350 °C. For comparison 

the concentration profiles for the empty reactor at room temperature (Figure 6.1, top 
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panel, Blank) are also shown. At 350 °C mainly CH4 was formed as the product and 

little CO was detected for all catalysts examined. The CH4 selectivity (the rest is CO 

selectivity) was 89, 98, 99% for NZ, NKZ and NLZ, respectively. For comparison, we 

performed CO2 hydrogenation under steady-state conditions (4 vol% CO2 and 50% H2 

in He at 100 mL/min at atmospheric pressure) using the same catalysts (Supporting 

Information, Table 6.1). The major difference between the catalytic performance under 

steady- and unsteady- state operation is the function of K where selectivity to CO was 

notably increased under steady-state conditions (43 and 24% CO selectivity at 250 

and 350 °C, respectively), while this was not the case under unsteady-state conditions 

where high selectivity (>90%) to CH4 was achieved for NKZ. The steady-state activity 

is in agreement with the previous findings where potassium enhances CO selectivity 

of Ni catalysts by lowering the activation energy for CO formation 14, 15, indicating that 

the catalytic properties can be largely altered and distinct reactivity can arise by 

unsteady-state operation.  

Table 6.1 - Catalytic performance of Ni/ZrO2, Ni-K/ZrO2 and Ni-La/ZrO2 for steady-

state CO2 hydrogenation (4 vol% CO2 and 50% H2 in He at 100 mL/min at atmospheric 

pressure) 

Catalyst 

(wt%) 

CO2 conversion/% CH4 selectivity/% 

250 °C 350 °C 450 °C 250 °C 350 °C 450 °C 

NZ(15/85) 
13 86 99 100 99 99 

NKZ(15/5/80) 
12 50 86 57 76 95 

NLZ(15/5/80) 
58 100 97 95 100 98 

 

Most strikingly, prominent effects of the K and La promoters on the dynamic CO2 

capture and reduction processes were evidenced. When K was used as promoter, the 

CO2 capture efficiency (i.e. how much CO2 was captured on the catalyst during the 

whole capture phase) was drastically increased from 11% (NZ) to 44% (NKZ) as 

evident from the full CO2 capture for ca. 30 s for NZ and for ca. 120 s for NKZ. On the 

other hand, the La promoter was not as effective as K, and the CO2 capture efficiency 

of NLZ was 32% (ca. 80 s full capture). In all cases, the increase in CO2 concentration 

after saturation is rapid and steep. This concentration profile indicates highly active 
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and efficient CO2 capture of these materials and this is one of the most important 

characteristics to be a CCR catalyst. 

Very large differences were observed for CH4 formation during the reduction phase. 

Due to the differences in the amount of captured CO2, consequently the amount of 

CH4 produced during the reduction phase was increased by 4-fold and 2-fold for NKZ 

and NLZ, respectively, in comparison to NZ. Also, the durations after CH4 formation 

until 1 vol% CH4 concentration was reached were comparable for NZ (ca. 40 s) and 

NLZ (ca. 60 s), whereas that for NKZ was significantly longer (170 s) as evident from 

the tailing concentration profile observed for NKZ (Figure 6.1). As mentioned earlier, 

the duration of the reduction time with respect to CO2 capture duration is of paramount 

importance for process intensification. When two CCR reactors are used for 

continuous CO2 capture by switching between the function of the two reactors, the 

durations for CO2 capture and reduction should be matching. In case of NKZ, the 

reduction time is remarkably longer by ca. 50 s than full CO2 capture duration under 

the condition evaluated. This means that the capture phase should be switched to the 

reduction phase much before full utilization of CO2 capture capacity. In this regard, 

NLZ performs more suitably for CCR under the duration of ca. 60 s capture and 

reduction periods where the catalyst’s capture capacity is more efficiently exploited 

and the duration is sufficient for regeneration for the subsequent CO2 capture. This 

shorter reduction period implies also more efficient use of H2 by minimizing the release 

of unreacted H2 in the effluent. Nevertheless, it should be noted that the CO2 capture 

capacity and reduction duration vary significantly by the reaction conditions such as 

temperature and space velocity and they should be optimized for a promising catalyst 

for practical applications.  

Another important observation was the release of unreacted CO2 during the reduction 

phase (Figure 6.1). The larger amount of CO2 release for NLZ is evident from Figure 

6.1. The amounts of unreacted, released CO2 in the reduction phase with respect to 

those captured (the amount of CO2 present in the effluent stream of the blank case 

was subtracted) were 14% (NZ), 7% (NKZ) and 21% (NLZ). This means that about 

80% of captured CO2 was converted to CH4 and the rest was released as CO2 for NLZ. 

The coverage of hydrogen atoms over Ni is known to restrain CO2 adsorption 16 and 

the differences may stem from unique interactions between hydrogen and CO2 with Ni 

for the three catalysts. However, operando DRIFTS studies to be presented later 
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indicate the differences of CO2 release among the three catalysts likely reflect the 

material-dependent mechanism of CO2 capture over the catalyst surfaces.  

 

Figure 6.2 - Concentration profiles of CO2 and reduction products (CH4 and CO) during 

CO2 capture (white area, 4.7 vol% CO2 in He, 50 mL min-1) and reduction (grey area, 

pure H2, 50 mL min-1) processes over the three Ni-based catalysts at different 

temperatures and atmospheric pressure. 

Furthermore, the CCR performance of the three catalysts was evaluated in the range 

of 250-450 °C and the results are summarized in Figure 6.3 (the CCR profiles are 

presented in Figure 6.2). As mentioned earlier, the values are highly condition-

dependent; therefore they are for indicative and comparative purposes only. NZ 

displayed the poorest catalytic performance among the three with lowest CO2 
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conversion and a significant decrease of CH4 selectivity from 96 to 73% as the 

temperature was increased from 250 to 450 °C, while the CO2 conversion remained 

almost constant at 20%. Upon K-promotion (NKZ), both CO2 conversion as well as 

CH4 selectivity have improved drastically. Remarkably the selectivity to CH4 was >95% 

in the temperature range, while CO2 conversion was highly temperature dependent as 

the function of K for CO2 capture is greatly enhanced up to ca. 60% at 450 °C (Figure 

6.3). NLZ, on the other hand, presented also high CH4 selectivity (>90%), notably with 

almost constant CO2 conversion (ca. 35%) in the temperature range. The latter seems 

decreased slightly at higher temperatures (Figure 6.3) and this is attributed to the 

enhanced release of unreacted CO2 during the reduction phase at higher 

temperatures (Figure 6.2). Depending on the determining factor of a process (e.g. CO2 

capture capacity, faster reduction duration and operation temperature), one can 

choose more suitable catalyst composition; NKZ for high temperature operation while 

NLZ for low or varying temperature operation.  

 

Figure 6.3 - CO2 conversion and CH4 selectivity for Ni/ZrO2 (triangle), Ni-K/ZrO2 (circle) 

and Ni-La/ZrO2 (square) at different temperatures under the CCR operation (4.7% CO2 

in He vs. H2 at 50 mL/min). 
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6.3.2 Catalyst characterization  

The structure of the three catalysts before (labelled as fresh) and after the CCR 

(labelled as spent) was studied by X-ray diffraction (Figure 6.4). Most reflections 

present in the XRD patterns belong to monoclinic ZrO2 (JCPDS: 00-036-0420). The 

only difference engendered by the reaction is that nickel oxide (JCPDS: 00-047-1049) 

in the fresh catalysts is reduced to the metallic form (JCPDS: 01-087-0712). This is 

reasonable since the reaction was stopped after reduction phase. La and K, which are 

expected to exist as La2O3 and K2CO3, respectively, based on synthesis condition 

were not detectable by XRD. Considering the rather high loading of the two 

components (5 wt%), the results indicate high dispersion of these species as 

nanocrystallites or in amorphous phase, which may be responsible for the prominent 

promoter effects observed in CCR.   

 

Figure 6.4 - XRD patterns of Ni/ZrO2 (NZ), Ni-K/ZrO2 (NKZ) and Ni-La/ZrO2 (NLZ) 

before (“fresh”) and after (“spent”) the CCR. (•) nickel (II) oxide and (*) metallic nickel. 

Figure 6.5 shows the H2-TPR results of the three catalysts. For all materials, an 

agglomerated broad reduction peak starting at ca. 300 °C with characteristic peak 

shapes and completion temperature of reduction was observed. The reducibility of Ni 

is similar for NZ and NKZ, with some differences in the presence of high temperature 
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peaks for NKZ. The reduction profile of NLZ is markedly different from those of the 

other two catalysts, exhibiting a sharp peak at ca. 350 °C. According to literatures, the 

reduction peak at low temperature is related to relatively free NiO which has higher 

reducibility while the one at high temperature is assigned to reduction of complex NiOx 

species due to the metal-support interactions 17, 18. Based on this interpretation, we 

can conclude that the metal-support interactions between Ni and ZrO2 are similar for 

NZ and NKZ, whereas they can be largely altered by the La-promotion, leading to 

enhanced reducibility of NiO. The excellent catalytic activity of NLZ at low temperature 

may be due to the high reducibility of Ni, thus attaining high conversion efficiency of 

captured CO2 and high selectivity to CH4.  

 

Figure 6.5 - H2-TPR profiles of Ni/ZrO2, Ni-K/ZrO2 and Ni-La/ZrO2. 

To understand better the temperature-dependent catalytic activity and CCR properties 

of the catalysts, reactive (reductive) CO2-TPD in the presence of 5 vol% H2 was 

performed with simultaneous analysis of released gaseous products by mass 

spectrometry (MS). Figure 6.6 (top panel) shows the TCD signal of the temperature-

programmed experiments. All catalysts presented three main peaks with largely 

different desorption/formation characteristics, and the MS profiles (Figure 6.6, lower 

three panels) clarifies the origin of the peaks.  

Interestingly the first peak observed for all catalysts is due to an uptake of H2 taking 

place at ca. 100-150 °C without H2O formation (not shown). In case of NLZ and NKZ, 

these peaks are overlapped with another broad one due to CO2 desorption as 
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supported by the MS profiles. This CO2 desorption was not observed for NZ and this 

originates from the presence of the K/La promoter.  

At slightly above 200 °C, NZ and more prominently NLZ showed another peak due to 

CH4 formation. In contrast, for NKZ the formation of CH4 was observed starting at 

300 °C in a wider temperature range, indicating the higher stability of the surface 

species formed by CO2 capture on NKZ. The sharpness of the CH4 peak of NLZ 

compared to NKZ is in accordance with the faster reduction time observed in CCR 

(Figure 6.1). It is worth pointing out that the CH4 peak was observed at lower 

temperature for NLZ compared to NZ, which is in accordance with the H2-TPR results, 

showing the higher reducibility of NLZ than NZ. Besides, there is another peak due to 

CH4 formation at even higher temperature (>500 °C) for all catalysts. The amount of 

CH4 formed at this high temperature was minor compared to the former one. 

Surprisingly, there was a formation of CO observed only for NKZ. Only small portion 

of CH4 formed for NZ and NLZ, but a large amount of CO formed for NKZ starting its 

formation at 550 °C and ending at 800 °C. This is likely due to a highly stable 

potassium carbonate species, which was reduced to CO by H2. This result indicates 

that some portion of K components may be present as stable carbonates and do not 

participate in the reaction during CCR and that NKZ likely exhibits much lower CH4 

selectivity at >500 °C due to more favorable CO formation. The results are in full 

accordance with the high temperature dependence of the CCR performance of NKZ 

and the independence and low temperature CCR activity of NLZ.  
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Figure 6.6 - (top panel) Reactive (reductive) CO2-TPD profiles with H2 of Ni/ZrO2, Ni-

K/ZrO2 and Ni-La/ZrO2. (lower three panels) The MS signals observed during the CO2-

TPD with H2. The number and formula in brackets represent the mass to charge ratio 

(m/z) and the corresponding plausible chemicals. 

6.3.3 Space- and time-resolved operando DRIFTS 

With the convincing observations and evidences of the promoter effects, we further 

investigated the effects of the promoters on the formation and evolution of surface 
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species along the axial direction of the catalyst bed by DRIFTS. Time-resolved 

DRIFTS spectra were measured at equally-spaced 4 positions (we call them Front, 

Middle 1, Middle 2 and Back) along the catalyst bed. It should be noted that the last 

spectrum of the reduction phase, where the catalyst surface is likely the cleanest 

during a CCR cycle was taken as the internal background to calculate the DRIFT 

spectra. In other words, if there are surface species stably present during CCR, e.g. 

stable potassium carbonate as indicated before, the spectral feature will not appear 

and only those responding to the CCR unsteady-state condition and responsible for 

CCR chemistry appear in the spectra. 

 

Figure 6.7 - Space- and time-resolved operando DRIFT spectra of ZrO2, Ni/ZrO2, Ni-

K/ZrO2 and Ni-La/ZrO2 at 350 °C under the CCR condition (5 vol% CO2 in He vs. pure 

H2, both at 10 mL/min). The last spectrum of the CCR cycle was taken as the 

background. The scale is shown in absorbance unit. 
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Figure 6.7 shows the evolution of surface species during CCR for the three catalysts 

and also for ZrO2 which was also evaluated as a comparative reference. For the ZrO2 

support, the main bands observed during the capture phase were at 1320, 1420, 1522 

and 1629, which can be assigned to bicarbonate and carbonate species formed over 

ZrO2 19. After impregnating Ni on the support (i.e. NZ), the spectral features changed 

completely; these bands disappeared and the bands of formate species (1351 and 

1521cm-1) and weakly bound carbonate species (1400 cm-1) appeared in the capture 

phase 19, 20. The La-promoted catalyst (NLZ) exhibited the similar spectral features to 

those of NZ with some band broadening likely caused by the strong interaction 

between Ni and La which impacts on the reducibility of Ni (Figure 6.5). It is interesting 

to note some signatures of adsorbed CO species on Ni (linear one at 2013 cm-1 and 

bridged one at 1850 cm-1) for NZ and NLZ 21, 22. This indicates that the Ni surface is 

reduced and exposed during the CCR. In contrast, K-promotion (NKZ) totally changed 

the type of surface species formed during the capture phase with the formation of the 

bands possibly assigned to formyl species (1760 cm-1) and bidentate carbonate (1277 

and 1657 cm-1) 23, 24. The former is generally considered as a plausible intermediate 

for CO2 methanation 23. This is a strong evidence that the function of K and La 

promoters are chemically and completely different in capturing CO2 on the catalyst 

surface.  

There are two important observations one can make based on the space-resolved 

approach. The first one is the travelling of the so-called CO2-capture front, i.e. a 

gradual movement of position towards the back position where CO2 capture (surface 

species formation) starts, which is more clearly visible for NKZ and NLZ (CO2 

concentration profiles extracted from DRIFTS data are shown in Figure 6.8). On the 

other hand, such CO2 capture front is not clearly visible for ZrO2 and NZ, indicating 

less aggressive CO2 capture. The second important observation is the spatial gradient 

of the amount of surface species formed upon CO2 capture as indicated by the value 

of absorbance (i.e. color in Figure 6.7) along the catalyst bed. For ZrO2, the amount 

of surface species is homogeneously distributed over the catalyst bed, while a very 

large concentration gradient of surface species was observed for NZ and NKZ and to 

a lesser extent for NLZ. It is important to notice that most of the CO2 capture processes 

take place near the front position of the catalyst for NKZ, whereas NLZ captures CO2 
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throughout the catalyst bed with much less concentration gradient of the surface 

species.  

In the reduction phase, the formed surface species are consumed completely, forming 

CH4 and releasing CO2, depending on the catalyst. The action of reductive surface 

species transformation is also very distinct for the two contrasting catalysts, NKZ and 

NLZ. In case of NKZ, the transformation starts at all positions but very slowly by 

gradually consuming surface species for CH4 formation. On the other hand, the 

reduction process of NLZ is a fast process with a drastic decrease in the concentration 

of the surface species, forming a slight but firm reduction front (reducing the surface 

species step-by-step towards the back position). This reduction profile is ideal for CCR 

process since most of the H2 is consumed for the transformation and thus H2 utilization 

efficiency is high.  
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Figure 6.8 - Temporal evolution of the band area of gas phase CO2 extracted from 

space- and time-resolved DRIFT spectra acquired at 350 °C at the four positions. 

6.4  Conclusions 

CO2 methanation by Ni-based catalysts using the isothermal unsteady-state operation 

enabling CO2 capture and conversion steps in one process, i.e. CO2 capture and 

reduction (CCR) approach, was investigated. The roles of two promoters, K and La, 

to Ni/ZrO2 in CO2 capture as well as CO2 conversion to methane were studied and 

their functions were elucidated by H2-TPR, reductive CO2-TPD in H2 atmosphere and 

space- and time-resolved operando DRIFTS. First, all Ni-based catalysts are highly 
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selective in CH4 formation. The K-promotion is more effective in enhancing CO2 

capture capacity, but the capacity and consequently the CCR performance 

deteriorates at low temperature. In contrast, the La-promotion affords to enhance CO2 

capture capacity moderately and importantly to convert the captured CO2 very rapidly 

to CH4 with high H2 utilization efficiency as evidenced by space- and time-resolved 

DRIFTS. The TPR and TPD studies show that the La-promoter improves reducibility 

of Ni without changing the reaction mechanism from that of Ni/ZrO2 by forming active 

formate intermediate species for CH4 production. On the other hand, the K-promotion 

altered the reaction mechanism completely where formyl species cooperated with 

bidentate carbonates are the active surface species which are more difficult to be 

reduced by H2 to CH4. This study firmly shows the possibility to achieve high CO2 

conversion and high CH4 selectivity at low temperature (e.g. 250 °C) using Ni-La/ZrO2 

and at increased capacity using Ni-K/ZrO2 only at high temperature (efficiently 

at >350 °C) by the CCR approach. The K-promoted catalyst binds CO2 strongly and 

is advantageous in avoiding the release of unreacted CO2 during the reduction phase. 

This work shows clearly the distinct advantages of the two promoters to the Ni catalyst 

in CCR operation and is expected to open further discussions and technical evaluation 

of CCR process in comparison to the conventional, two-step CO2 capture and 

conversion approach. 
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7.1  Introduction 

As the greenhouse gases, both CO2 and CH4 functionalization are meaningful for 

mitigating the global warming. Meantime, CO2 functionalization turns the ‘waste’ to 

valuable chemicals such as CO and CH3OH1, 2, and CH4 functionalization can make 

use of the relative abundant natural gas more efficiently rather than simply burning it 

to generate heat or electricity. Thus, to functionalize CO2 and CH4 has great 

significance from the view of both environment and economics. 

Dry reforming of methane (DRM), as shown in equation (1) is the reaction can convert 

both CO2 and CH4 into syngas, i.e. CO and H2, which are widely used in the modern 

chemical industrial, such as Fischer–Tropsch (FT) synthesis. Moreover, CO/H2 ratio 

in the products of DRM is lower than that from currently industrialized steam reforming 

of methane (SRM) process3, which is more favourable for long-chain hydrocarbon 

synthesis in FT process4-6. As generally accepted, the reaction mechanism of catalytic 

DRM can be depicted in two steps: methane decomposition (eq. 2) and carbon 

gasification (eq. 3)7. Both steps are endothermic. Hence, the reaction is normally 

conducted at high temperature (above 700 °C)8, 9. Coke is hardly avoided under this 

condition and its accumulation commonly causes the catalyst deactivation10-14. This is 

one of the main reasons that limit the industrial application of DRM. 

Global DRM:        CH4 + CO2 → 2CO + 2H2     ΔH°298K = +247 kJ/mol          (1) 

Methane decomposition: CH4 ↔ C + 2H2             ΔH298K = + 75.6 kJ/mol                    (2) 

Carbon Gasification:          C + CO2 ↔ 2CO        ΔH298K = + 172 kJ/mol                (3) 

Targeting this problem, a new concept was brought up to make use of the coke 

formation by splitting DRM into two independent reactions based on its reaction 

mechanism. This is chemical looping dry reforming of methane (CLDR): alternativly 

flowing CO2-containing gas and CH4 containing gas into the reactor15, 16. Products 

formed in CLDR is naturally separated, which is favourable for the applications that 

need pure CO or pure H2. CLDR has been successfully implemented with SiO2 

supported Ni catalyst, and the catalytic performance was studied in terms of CO2 and 

CH4 conversion. It showed that the full CO2 and CH4 conversion was not reached yet16.  
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To improve the catalytic performance, the knowledge about how methane 

decomposition and carbon gasification behaves in the independent steps is needed. 

Hence, we aim at exploring how the catalyst affects the two independent steps herein. 

Ni-based catalyst is used in this work due to its low cost and excellent activity towards 

DRM. SiO2, ZrO2 and Al2O3 have been studied as the support materials. The influence 

of Fe, K and La as promoters on methane decomposition and carbon gasification is 

deeply discussed as well as the temperature. 

7.2  Experimental 

7.2.1 Materials and catalyst preparation 

Nickel nitrate hexahydrate (>98%, Alfa Aesar), potassium carbonate (>99%, Acros), 

lanthanum nitrate hexahydrate (>99.9%, Alfa Aesar), iron (III) nitrate nonahydrate (≥ 

98%, Sigma Aldrich), zirconium oxide (Alfa Aesar, 90 m2/g), alumina (Alfa Aesar, 

gamma phase, 1/8 pellet) and silica (Alfa Aesar, 261 m2/kg) were used as received. 

All catalyst materials were synthesized by the incipient wetness impregnation method. 

Ni/SiO2 (15/85 wt%, NS), Ni/Al2O3 (15/85 wt%, NA), Ni/ZrO2 (15/85 wt%, NZ), Ni-

Fe/ZrO2 (15/5/80 wt%, NFZ)  and Ni-La/ZrO2 (15/5/80 wt%, NLZ) were prepared by 

(co)impregnating the aqueous solution of the corresponding nitrate salts onto SiO2, 

Al2O3 or ZrO2. For Ni-K/ZrO2 (15/5/80 wt%, NKZ), firstly nickel nitrate was impregnated 

on ZrO2, dried overnight at 80 °C and then calcined at 500 °C for 5 h. Subsequently, 

the aqueous solution of K2CO3 was impregnated on Ni/ZrO2. After the impregnation 

step, all samples were dried overnight at 80 °C and then calcined at 500 °C for 5 h.  

7.2.2 Catalyst characterization 

Power X-ray diffraction (PXRD) was performed on D8 Advanced Powder 

Diffractometer (Bruker) equipped with a vertical 2theta-theta goniometer in 

transmission configuration, with a Kα1 germanium monochromator for Cu radiation 

(λ=1.5406 Å), at a scan step of 0.02°/s from 10° to 80°. 

7.2.3 Catalytic reaction 

Catalysts were first pelleted, crushed and sieved to the size of 200-300 μm. 200 mg 

of certain catalyst was charged into a quartz tube reactor, fixed with quartz wool and 

pre-reduced in pure H2 (50 mL/min) at 450 °C for 30 min before reaction. Then the 
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reactor was heated up to the desired reaction temperature (450, 550, 650, 750 or 

800 °C) in He and the catalyst was evaluated under a CLDR reaction condition. CO2-

containing flow (10.6 vol% in He), pure He, CH4-containing gas (11.2 vol% in N2)  and 

pure He were alternatively introduced into the reactor with all flow rates at 50 mL/min 

at the ambient pressure, and they are named as CO2 phase, flushing phase, CH4 

phase and flushing phase respectively. As described in Chapter 2, the flow sequence 

was XFYF mode (CO2 – He - CH4 - He), and it was controlled by two computer-

controlled switching valves which were synchronized with the gas detection using the 

transmission IR spectroscopy through the gas cell mounted in ALPHA FT-IR 

spectrometer (Bruker). The gas detection gives a time-resolution of 5 s for quantitative 

gas analysis of CO2, CO and CH4. To improve the S/N of the detection, six XFYF 

cycles were evaluated for each catalyst at a specific experimental condition and the 

concentration profiles were averaged into one XFYF cycle after making sure that the 

profiles are reproducible. Figure 7.1 shows the averaged concentration profile of CO2, 

CH4 and CO in the blank test conducted at ambient temperature without catalyst. The 

concentration of these three gases was integrated separately for the calculation of 

CO2/CH4 conversion and ratio of converted CO2 to converted CH4. Besides, H2 

evolution was monitored by mass spectrometer, confirming that H2 was only produced 

in CH4 phase (profiles not shown in the chapter)  
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Figure 7.1 - Averaged concentration profile of CO2 (red), CH4 (black) and CO (blue) in 

one cycle of CLDR during blank test at room temperature without catalyst: CO2 phase 

is in pink area (10.6 vol% CO2 in He, 50 mL min-1), CH4 phase is in grey area (11.2 

vol% in N2, 50 mL/min) and flushing phase is in white area (pure He, 50 mL/min). 

7.3  Results and discussion 

Ni-based catalyst supported by different metal oxides and with different promoters 

were firstly characterized by PXRD. As shown in Figure 7.2, only the patterns of NiO 

and corresponding supports, SiO2, γ-Al2O3 and monoclinic ZrO2, emerge in the profiles. 

The promoters, Fe, K and La are not detectable by PXRD, even though the loading of 

these components is 5 wt%, indicating that these species are well distributed 

nanocrystals or present in amorphous phase.   
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Figure 7.2 - PXRD profiles of catalysts adopted in the chapter. 

7.3.1 The effect of different support materials 

Firstly, SiO2, ZrO2 and Al2O3 as support materials have been studied for CLDR. Figure 

7.3 displays the CO2/CH4 conversion and ratio of converted CO2 to converted CH4 on 

the corresponding Ni-based catalysts during CLDR at 550 °C and 650 °C. The last 

descriptor describes the reactivity of CO2 reducing coke formed via CH4 decomposition: 

ideally, when the value reaches 1, it represents full conversion of the coke. Generally, 

the value of three descriptors increase with temperature rise and the values of the last 

descriptor are all below 1, which verifies the positive effect of temperature on CLDR, 

and it is more difficult to convert CO2 than CH4. This is related with the positive 

enthalpy of the two step reactions (methane decomposition and carbon gasification) 

in CLDR and the relative higher enthalpy of carbon gasification. ZrO2 and Al2O3 

supported catalysts display similar catalytic activity, and they give higher CO2 

conversion at both temperatures and higher CH4 conversion at 650 °C comparing to 

SiO2 supported catalyst. Therefore, the three support materials follow the sequence in 

terms of their catalytic performance during CLDR: ZrO2 ≈ Al2O3 > SiO2. Considering 

the slightly higher ratio of converted CO2 to CH4 on ZrO2 supported catalyst, ZrO2 is 

used as the support in the following studying in the chapter. 
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Figure 7.3 - CO2, CH4 conversion (left) and ratio of converted CO2 to converted CH4 

with SiO2, ZrO2 and Al2O3 supported Ni catalysts during CLDR at 550 °C and 650 °C. 

7.3.2 Temperature effect on CO2 conversion and CH4 decomposition 

ZrO2 supported Ni catalysts have been studied at different temperatures. 

Corresponding concentration profiles of CO2, CO and CH4 during CLDR are shown in 

Figure 7.4. The pink and the grey background marks CO2 phase and CH4 phase 

respectively, and the white area is He flushing phase which avoids the co-existence 

of gaseous CO2 and CH4, making sure CH4 decomposition and carbon gasification 

occur independently.  

Looking into the grey area, CH4 is immediately detected when the flow switches from 

flushing phase to CH4 phase at the temperature from 450 °C to 650 °C, but CH4 

detection is delayed for ca. 50 s when the temperature reaches 750 °C (Figure 7.4a, 

b, c, d). It means that CH4 conversion changes from taking place on the whole catalyst 

bed to occurring gradually along the catalyst bed from the beginning of CH4 phase. 

This tells a drastic improvement on the kinetics of CH4 conversion once lifting up the 

temperature to 750 °C. The level-off values of CH4 concentration are all lower than 

that in the feed (11.2 vol%) and decays significantly from 450 °C to 750 °C, also 

demonstrating the efficient enhancement of CH4 conversion by increasing temperature. 

Further arising temperature from 750 °C to 800 °C does little help on CH4 conversion 

(Figure 7.4d, e). To be noticed, there are some CO and CO2 formation (concentration 

peak value ≈ 1.3 vol%) at the beginning of CH4 phase since 650 °C. This CH4 

overoxidation is detrimental to catalytic performance of CLDR. As reported in the 
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literature, absorbed oxygen species are favourable for DRM reaction17. Thus, the 

overoxidation of CH4 here is probably attributed to the highly oxidative lattice oxygen 

sites generated in CO2 phase such as oxidised Ni. 

 

Figure 7.4 - Averaged concentration profiles of CO2 (red), CH4 (black) and CO (blue) 

in one cycle of CLDR on Ni/ZrO2 at 450 °C (a), 550 °C (b), 650 °C (c), 750 °C (d) and 

800 °C (e): CO2 phase is in pink area (10.6 vol% CO2 in He, 50 mL/min), CH4 phase 

is in grey area (11.2 vol% in N2, 50 mL/min) and flushing phase is in white area (pure 

He, 50 mL/min). 

In the pink area (CO2 phase), CO formation is well synchronised with CO2 conversion 

as shown in Figure 7.4. At 450 °C and 550 °C, CO concentration rapidly rises to a 

peak value then slowly decays with time goes in the remaining CO2 phase. At 650 °C, 

CO concentration peaks at higher value (9.8 vol%) comparing that at 550 °C and drops 

sharply to almost zero after 120 s where carbon formed via CH4 decomposition is 

almost fully re-oxidised to CO. However, CO2 (ca. 5 vol%) still exists during the high 

CO concentration plateau. These demonstrates the slow kinetics of CO2 conversion 

and the positive effect of temperature on CO2 conversion. Similar to CH4 conversion, 

delayed CO2 detection in CO2 phase is desired as it represents the full conversion of 

CO2. However, this full conversion of CO2 in the pink area emerges until the 

temperature reaches 750 °C exactly where a period of CH4 full conversion happens 

as shown in Figure 7.4. The difference is that, this full CO2 conversion can be 

UNIVERSITAT ROVIRA I VIRGILI 
ADVANCING C1 CATALYSIS BY SPATIOTEMPORAL ANALYSIS AND DYNAMIC OPERATION 
Lingjun Hu   



Dry reforming of methane 
 

 

125  

lengthened by increasing the temperature from 750 °C to 800 °C, showing higher 

temperature dependency of CO2 conversion than CH4 conversion, which is in 

accordance with the higher difficulty of CO2 conversion shown in the studying of 

support effect. 

7.3.3 The effect of different promoters (Fe, K, La) 

To improve the catalytic activity of Ni/ZrO2 for CLDR, three promoters, Fe, K and La, 

have been doped into the catalyst and studied under CLDR condition at different 

temperatures. Figure 7.5 exhibits CO2/CH4 conversion and ratio of converted CO2 to 

converted CH4 during CLDR on ZrO2 supported Ni catalyst with / without promoters.  

It is clear that potassium addition lowers down CO2 and CH4 conversion markedly, 

which is opposite to its effect in co-feed DRM process18. As reported, adding K can 

improve the catalyst stability via reducing coke formation, which answers for the lower 

CH4 conversion that is mainly originated from CH4 decomposing to coke in CLDR 

process. And the less available coke finally results lower CO2 conversion. This 

explanation is verified by the highest peak value of CH4 concentration in CH4 phase 

and similar peak value of CO concentration in CO2 phase for K-promoted catalyst 

among the profiles for the four catalysts shown in Figure 7.6. In terms of the ratio of 

converted CO2 to converted CH4, NKZ also shows lower value generally, i.e. it is less 

capable to remove coke in CO2 phase, indicating its damage on the activity of carbon 

gasification reaction. Therefore, K addition restrains both the activity of CH4 

decomposition and carbon gasification. 

Iron addition does little change on both CO2 and CH4 conversion at the temperature 

from 450 °C to 650 °C, but shows negative effect at 750 °C and 800 °C. Differently, 

the ratio of converted CO2 to CH4 on NFZ is higher than that on NZ at the whole studied 

temperature range and it goes even above 1 at 750 °C. From the concentration profile 

of CO, CO2 and CH4 at 800 °C, it can be concluded that CO formation on NFZ in CO2 

phase has two plateaus: the fast CO formation until 50 s at the beginning of CO2 phase 

and the continuous but slower CO formation in the rest part of CO2 phase. In CH4 

phase, CH4 concentration for NFZ increases faster and reaches higher value than that 

for NZ, showing the activity reducing of CH4 decomposition. Strikingly, CO2 and CO 

formation at the beginning of CH4 phase is notably enhanced, which proves the strong 

oxidative ability of NFZ. The enhancement on the oxidative ability by Fe agrees with 
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previous reports19, 20. The oxidative sites generated via Fe addition get reduced in CH4 

phase via oxidising CH4 to CO and CO2, then become re-oxidised by CO2 in CO2 

phase, causing CO2 conversion without contributing removal of coke. This explains 

the high ratio of converted CO2 to CH4 on NFZ. Besides, the oxidative sites re-

oxidisation may also contributes to the second plateau of CO concentration curve in 

CO2 phase. In a conclusion, iron addition is unfavourable for ZrO2 supported Ni 

catalyst applied to CLDR process. 

La promotor promotes both CO2 and CH4 conversion at the whole studied 

temperatures, and these conversions continuously increase with temperature rise, as 

well as the ratio of converted CO2 to converted CH4 that even gets close to 1 at 800 °C. 

These demonstrate the positive effect of La addition. Moreover, almost full CH4 

conversion is observed in the concentration profile of NLZ, and the full CO2 conversion 

length (90 s) is doubled comparing to that (45 s) for NZ (Figure 7.6). More importantly, 

the CO and CO2 formation in CH4 phase is prominently suppressed. Therefore, La 

promoter truly enhances the catalytic performance of ZrO2 supported Ni catalyst for 

CLDR process. 
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Figure 7.5 - CO2 conversion (top panel), CH4 conversion (middle panel) and ratio of 

converted CO2 to converted CH4 (bottom panel) on ZrO2 supported Ni catalyst (black, 

NZ) without / with Fe (red, NFZ), potassium (blue, NKZ) and La (green, NLZ) 

promoters during CLDR at 450 °C, 550 °C, 650 °C, 750 °C and 800 °C. 

UNIVERSITAT ROVIRA I VIRGILI 
ADVANCING C1 CATALYSIS BY SPATIOTEMPORAL ANALYSIS AND DYNAMIC OPERATION 
Lingjun Hu   



Dry reforming of methane 
 

 

128  

 

UNIVERSITAT ROVIRA I VIRGILI 
ADVANCING C1 CATALYSIS BY SPATIOTEMPORAL ANALYSIS AND DYNAMIC OPERATION 
Lingjun Hu   



Dry reforming of methane 
 

 

129  

Figure 7.6 - Averaged concentration profiles of CO2 (red), CH4 (black) and CO (blue) 

in one cycle of CLDR at 800 °C on Ni/ZrO2 (top panel, NZ), Ni-Fe/ZrO2 (second panel, 

NFZ), Ni-K/ZrO2 (third panel, NKZ), Ni-La/ZrO2 (bottom panel, NLZ): CO2 phase is in 

pink area (10.6 vol% CO2 in He, 50 mL/min), CH4 phase is in grey area (11.2 vol% in 

N2, 50 mL min-1) and flushing phase is in white area (pure He, 50 mL/min). 

7.3.4 The effect of CH4 phase length on CO2 conversion 

To be noticed in Figure 7.6, the peak value of CO concentration in CO2 phase for NLZ 

(13.9 vol%) is relatively lower than that for other three catalysts (above 15.5 vol%), 

which reflects the initial slow kinetics of CO2 conversion. As CH4 is almost fully 

converted on NLZ, it suggests the large amount of coke formed in CH4 phase may 

change the reactivity of the coke or cover the active sites, hindering CO2 conversion 

in CO2 phase. To verify that, we conducted the CLDR process with different length of 

CH4 phase (33 s, 55 s, 105 s) on NLZ at 800 °C. 

Figure 7.7 displays the corresponding peak value of CO concentration in CO2 phase 

and when it appears based on the concentration profiles obtained from the above 

experiments. The lowest peak value of CO concentration and shortest time to reach 

the peak value of CO concentration are both shown when the CH4 phase length is 30 

s, which can be assigned to the least available coke formed during CH4 phase. 

Interestingly, the highest peak value of CO concentration and the longest time to get 

the peak value of CO concentration appear with different length of CH4 phase: the 

former is with 55 s of CH4 phase and the latter is with 105 s of CH4 phase. This 

manifests that the coke amount really affects its gasification rates. Less coke 

accelerates carbon gasification reaction kinetics. As reported, CH4 decomposition can 

form different types of coke such as polymeric, filamentous, and graphitic coke21.  And 

the reactivity of carbon in its gasification is related with carbon type22. Hence, one 

plausible explanation is that varying CH4 phase length changes the type of coke 

formed via CH4 decomposition, finally affects the kinetics of CO2 conversion in CO2 

phase. Further investigation can be done for the identification of the coke type.  
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Figure 7.7 - The time when the peak value of CO concentration shows vs. 

corresponding the peak value of CO concentration in the concentration profiles 

obtained on NLZ during CLDR with different length of CH4 phase (30 s, 55 s and 100 

s) at 800 °C. 

7.4 Conclusion 

Chemical looping dry reforming of methane (CLDR) has been successfully applied to 

functionalising both CO2 and CH4 for independent CO and H2 synthesis using Ni-

based catalysts. Three support materials, SiO2, Al2O3 and ZrO2, have been studied 

and ZrO2 gives the optimal performance among these materials. Based on ZrO2 

supported Ni catalyst, the positive effect of temperature on both CO2 conversion and 

CH4 conversion is viewed and it is found that CO2 conversion step is more 

temperature-dependent. Iron, potassium and lanthanum have been investigated as 

promoters for CLDR. Based on the catalytic performance of these catalysts under 

CLDR condition at different temperatures, Fe addition is proved to enhance the 

oxidizability of the catalyst, causing over-oxidation of CH4 during CH4 decomposition 

step. Different from the case in the co-feed dry reforming of methane reaction, K 

addition suppresses both CO2 conversion and CH4 conversion. La is the promising 

promoter for CLDR process due to its effective improvement on both CO2 and CH4 

conversion, which makes it possible to achieve full conversion of both CO2 and CH4 

in one CLDR process. Besides, the length of CH4 phase is found to have effect on the 
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kinetics of CO2 conversion step. And this is suggested to refer to coke types formed 

via CH4 decomposition. Further studying can be conducted for its clarification. 
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8.1  Summary of the thesis 

Due to the resources and environment issues, effective utilisation of both CH4 and 

CO2 is crucial for modern industry, making the two processes attractive in C1 

chemistry. However, the relatively inert property of these two molecules makes the 

two processes very challenging. To meet the challenge, the thesis focuses on three 

catalytic reactions aiming at utilising CH4 and CO2, oxidative coupling of methane 

(OCM), CO2 methanation and dry reforming of methane (DRM). 

Firstly, a versatile setup with online gas chromatograph (GC), infrared spectrometer 

and mass spectrometer (MS) as the detectors was designed and built in the lab 

(Chapter 2). The setup has a flexible gas controlling part with two electric-actuated 4-

way valves. It enables both cofeed mode, namely steady state operation, and 

unsteady state operations, making it possible to conduct the reactions under different 

modes. A lab-designed furnace reactor was built, allowing the efficiently localised 

heating of the catalyst bed, meeting the high temperature requirement of OCM. A 

compact microwave reactor was also customized. Both furnace reactor and 

microwave reactor with an open window on the top, can be attached to the gas 

controlling component, allowing the study about the effect of different heating ways on 

the reaction, while the visualisation of temperature and catalyst bed is achieved with 

the USB camera and infrared camera. Besides, a spatial-resolved gas sampling and 

temperature measurement tool was built and integrated to the setup for the operando 

spatial analysis of gaseous concentration and temperature.  

Secondly, catalytic OCM was conducted under steady state at different temperatures 

on MgO and La2O3 based catalysts (Chapter 3). CH4 conversion and C2 (C2H6 and 

C2H4) yield were higher obtained on La2O3 than that on MgO, especially at low 

temperature range (< 700 °C). The spatial analysis revealed that reactions fiercely 

took place in the front, the superiority of La2O3 was originated from its high selectivity 

to partial oxidation of CH4 in the front of catalyst bed, which resulted in the larger 

temperature gradient in the front of catalyst bed by the burning of formed H2. It further 

implies the irrationality of simply study the catalytic performance via the conventional 

method, analysing the gaseous composition of the effluent at the end of catalyst bed. 

Therefore, the unsteady-state operation was applied to study the intrinsic activity of 
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the catalysts. It confirmed the high activity of La2O3 towards partial oxidation reaction 

and the relatively higher C2 selectivity of the lattice oxygen on MgO comparing to La2O3. 

A homogeneously dominated reaction mechanism was proposed for OCM on the two 

simple metal oxides, MgO and La2O3.  With Sr dopant on La2O3 (Sr/La2O3) and Li 

doping into MgO (Li/MgO), the catalytic behaviour was significantly changed, 

especially for Li/MgO. The spatial analysis suggested a different reaction mechanism 

for the doped catalysts, heterogeneously dominated reaction mechanism. 

To further study the activity of MgO and La2O3 towards CH4 activation, unsteady-state 

operation was applied in different modes (Chapter 4), i.e. reasonably arranging the 

gas fed into the reactor. The activity of different active oxygen species was discussed. 

On MgO, both lattice oxygen and strongly adsorbed oxygen species could activate 

CH4, lattice oxygen was more selective to C2H4 formation and mainly activated at high 

temperature (≥ 800 °C). Different from MgO, only one type of active oxygen species 

was assigned to activate CH4 on La2O3. Furthermore, this active oxygen site showed 

higher selectivity to CO formation without the presence of gaseous O2, which 

contributed to the lower intrinsic OCM activity of La2O3 than MgO. 

Then, a customized microwave reactor was used to explore the possibility of inhibiting 

unselective oxidation of methyl radical in gas phase during OCM via changing the 

heating method (Chapter 5). By comparing the catalytic performance obtained with 

furnace and microwave reactor using the above MgO and La2O3 based catalysts, 

microwave heating demonstrated its advantage of enhancing CH4 conversion and C2 

selectivity at low temperature (< 700 °C) via suppressing further oxidation of 

hydrocarbons in gas phase. A hotspot was observed in the middle of catalyst bed, 

which was caused by the nonuniformity of the catalyst material. The phenomenon 

counteracted the advantage of microwave heating at high temperature, deteriorating 

C2 selectivity. To avoid that, the catalyst active to both microwave and OCM with 

uniform structure was important while applying microwave heating in OCM system.  

Thirdly, targeting CO2 utilisation, a novel CO2 capture and reduction (CCR) approach 

was applied to CO2 methanation (Chapter 6). The CCR approach enabled CO2 capture 

and conversion steps in one isothermal process, allowing the direct utilisation of CO2 

in the industrial effluent, which made the process more economic than the 

conventional CO2 capture and storage strategy. In the thesis, ZrO2 supported Ni 
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(Ni/ZrO2) catalysts with two promoters, K and La, were investigated to implement CCR 

process. Although K increased the capacity CO2 capture more significantly than La, 

La enhanced the rate of CO2 methanation and made the efficient utilisation of H2, while 

K slowed down CO2 methanation process in H2 feed. H2-temperature-programmed 

reduction (H2-TPR), reductive CO2-temperature-programmed desorption in H2 

atmosphere (reductive CO2-TPD) revealed that La improved the reducibility of Ni/ZrO2 

without changing formate-mediated reaction mechanism proved by space- and time-

resolved operando (DRIFTS). The operando DRIFTS also showed that K promotion 

led to the formation of different intermediates, formyl species cooperated with 

bidentate carbonates, which resulted in the slower CO2 methanation process, 

especially at low temperature (< 350 °C). The study proved the potential of conducting 

CO2 methanation at low temperature (250 °C) via CCR process with La-promoted 

Ni/ZrO2. K could be an effective promoter for catalysts used at high temperature 

(>350 °C) for CCR process. 

At the end, the study focused on the reaction combining CH4 and CO2 utilisation, dry 

reforming of methane (DRM). Based on the reaction mechanism of DRM, the reaction 

was split into two independent process, CH4 decomposition to coke and coke re-

oxidation by CO2, to meet the challenge of catalyst deactivation in the cofeed DRM. It 

was also called chemical looping dry reforming of methane (CLDR). Ni-based catalyst 

was used in the work due to its proved activity to DRM. ZrO2 was selected firstly as 

the optimal support among three support materials, SiO2, Al2O3 and ZrO2, for further 

investigation. By performing CLDR at different temperatures with Ni/ZrO2, high 

temperature was found to benefit both CO2 conversion and CH4 decomposition 

processes, especially for the former process. After that, the role of three promoters, 

Fe, K and La was investigated. Among them, La gave the best promotion on both two 

processes, while Fe led to over-oxidation of CH4 during CH4 decomposition process 

via strongly increasing the oxidizability of the Ni/ZrO2, and K was detrimental to both 

processes. Besides, the types of coke formed during CH4 decomposition was believed 

to affect the kinetics of its re-oxidation by CO2 to produce CO. Further studying with 

operando Raman and transmission electron microscope (TEM) should help to clarify 

the phenomenon. 
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8.2  Outlook 

CH4 and CO2 functionalisation play critical role in building sustainable carbon cycle for 

modern industrials. As well known, the challenge lies in activating the 

thermodynamically stable CH4 and CO2 molecule and guiding them to form more 

valuable products. The thesis has made effort on this topic via elucidating the real 

obstacles in implementing OCM, exploring the possibility of applying more economic 

and industrially operable approaches to CO2 hydrogenation and DRM. 

According to the study of catalytic OCM, we have learnt that the oxidation of 

hydrocarbons by gaseous O2 is the main culprit for the loss of C2 selectivity in cofeed 

OCM (Chapter 3), which can be suppressed via using microwave heating that 

selectively heats the catalyst (Chapter 5). To apply microwave heating to OCM, the 

catalyst that has both high intrinsic activity to OCM and strong adsorption of microwave 

radiation is required. Furthermore, the structure of the catalyst has to be uniform to 

avoid hotspot, as indicated in Chapter 5. MgO is proved to have relatively high intrinsic 

OCM activity at high temperature (≥ 800 °C) via unsteady state operations in Chapter 

4. However, MgO is relatively inert to microwave radiation, while SiC that is inert to 

OCM has strong adsorption of microwave radiation.  

Hence, integrating the two materials together in a core-shell structure with SiC as the 

core (MgO@SiC) could be the solution. Atomic layer deposition method (ALD) could 

be used to synthesize MgO@SiC, due to its specializing in synthesis of nanomaterials 

with core-shell structure1-4. As reported, Bis(ethylcyclopentadienyl) magnesium 

(Mg(CpEt)2) has been successfully used as the precursor for forming the shell of MgO5. 

With the nanosized SiC, it is possible to get MgO@SiC with ALD, as shown in Scheme 

8.1. After obtaining MgO@SiC with uniform structure, it should exert the advantage of 

microwave heating in OCM system, efficiently enhancing C2 yield. 
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Scheme 8.1 Synthesis of MgO@SiC with Bis(ethylcyclopentadienyl) magnesium 

(Mg(CpEt)2) and nanosized SiC via ALD. 

For CH4 functionalization in DRM, microwave heating could also be interesting. Its 

positive effect has already been demonstrated with Ru-doped SrTiO3 perovskite 

catalysts during DRM in co-feed mode6. Regarding to CLDR, microwave heating could 

significantly lower down the temperature required for CO2 conversion based on 

theoretical calculation, as shown in Figure 8.27. In CLDR, CO2 conversion process 

has higher temperature dependence than CH4 conversion (Chapter 7). This makes 

CO2 conversion lower than CH4 conversion in isothermal condition. To achieve CO2 

and CH4 conversion in the stoichiometric ratio, the function of microwave 

demonstrated in Figure 8.2 meet exactly the challenge. Meanwhile, the Ni-based 

catalysts studied for CLDR in Chapter 7 showed considerable adsorption of microwave 

radiation in our preliminary test. Hence, the catalysts active to DRM could be directly 

used in microwave reactor. In a conclusion, applying microwave heating to CLDR is a 

promising strategy to improve the catalytic performance. 
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Figure 8.2. Mole fraction of CO (red line) and CO2 (blue line) as a function of 

temperature for the microwave (solid) and thermal (dashed) Boudouard reaction, 

predicted from the calculated equilibrium constants and assuming 1 atm of pressure7.  

In addition, the selective heating of the catalyst via microwave enables fast change of 

the catalyst temperature. Therefore, microwave heating is also advantageous for non-

isothermal operation. This expands the potential of microwave heating in those 

chemical-looping type reactions, such as our CCR process and CLDR. 
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Appendix A Supporting information of Chapter 3 

 

Figure 9.1 XRD profile of La2O3 sample with different treatment: (a) directly purchased 

La2O3; (b) after calcining (a) at 700 °C  in air for 5 h; (c) after keeping (b) in a closed 

sample vial at room temperature for 1 day; (d) after calcine (a) in 50 vol.% O2 in He 

(50 mL/min) at 700 °C for 30 min 
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Figure 9.2 Comparison of OCM catalytic behaviour over MgO (black), La2O3 (red) and 

Li/MgO (blue) in terms of CO2 concentration (solid lines) and O2 conversion (dash 

lines). 

 

Figure 9.3 Comparison of catalytic performance over MgO with different amount (40 

mg and 200 mg) in terms of CH4 conversion & C2 yield (A) and CO & CO2 yield (B)  
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Figure 9.4 Spatial concentration profiles of O2, C2H6, C2H4, H2 and formed water 

between two data points (∆H2O) measured on MgO (A), La2O3 (B) and Sr/ La2O3 (C) 

during OCM under steady state operation at 800 °C. ∆H2O is the difference value 
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between H2O amount at one position and H2O amount at previous front neighbour 

position, H2O amount is calculated based oxygen balance. 

 

Figure 9.5 Spatial concentration profile of O2, C2H6, C2H4, CO2, CO and H2 during 

OCM under steady state operation over MgO (A) and La2O3 (B) with 4 mm SiC in front 

at 800 °C 
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Figure 9.6 Spatial concentration profile of O2, C2H6, C2H4, CO2, CO, H2O and H2 during 

OCM under steady state operation over MgO at 850 °C, H2O is calculated based 

oxygen balance 
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Figure 9.7 CH4 conversion and C2 yield during OCM over SiC (A) and C2 yield during 

OCM over La2O3 and MgO (B) with/without H2 in the feed under steady state operation 

at different temperatures, and concentration of O2, H2 and CO during OCM over SiC 

with H2 in the feed under steady state operation (C). It shows H2 addition participates 

in O2 consuming and lifts up CH4 conversion and C2 yield when SiC is applied, and it 

enhances C2 yield at 700 °C but lowers that at 800 °C when La2O3 and MgO are used. 

The harm to C2 yield at high temperature of H2 addition is because that the 
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temperature rise caused by H2 burning shifts the reaction system to its activity 

dropping range (≥ 850 °C). 

 

Figure 9.8 Comparison of OCM catalytic activity over La2O3, MgO and 1L9M under 

steady state operation at different temperatures in terms of CH4 conversion and C2 

yield (A), and spatial concentration profile of O2, C2H6, C2H4, CO2, CO and H2 during 

OCM under steady state operation over 1L9M (B). 
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Figure 9.9 Comparison of La2O3 and Sr/La2O3 catalytic activity in terms of CH4 

conversion & C2 yield (A), CO&CO2 yield (C) and spatial gas concentration profile of 

O2, C2H6, C2H4, CO2, CO and H2 during OCM under steady state operation over La2O3 

(B) and Sr/La2O3 (D) at 800 °C. 
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Figure 9.10 Comparison of MgO (black) and Li/MgO) spatial catalytic behaviour in 

terms of C2 selectivity, O2 conversion (A) and the ratio of C2H4/C2H6 (B) 
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SHORTHAND AND GLOSSARY 

 

ΔH°298 K Standard enthalpy of reaction 

BET Brunauer-Emmett-Telle 

C2 Ethane and ethylene 

CCR CO2 capture and reduction 

CLDR Chemical looping of dry reforming of methane 

COX CO and CO2 

DRIFTS Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

DRIFTS-MS Diffuse reflectance infrared Fourier Transform spectroscopy combined 

with mass spectrometric 

DRM Dry reforming of methane 

F phase Flushing phase 

FID Flame Ionization Detector 

FT Fischer-Tropsch 

GC  Gas chromatography 

H2-TPR H2 temperature programmed reduction 

ID Inner diameter 

IR Infrared 

MFC  Mass flow controller 

MIESR Matrix isolation electron spin resonance 

MPI-TOFMS Multiphoton ionization time-of-flight mass spectrometry 

MS  Mass spectrometry 
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MTO Methanol to olefins 

MWCNT Multiwall carbon nanotubes 

OCM Oxidative coupling of methane 

OD Outside diameter 

ODH Oxidative dehydrogenation of ethane 

P Product 

PI  Pressure indicator 

PID Proportional–integral–derivative 

PXRD Power X-ray diffraction 

Re Reactant 

RWGS Reverse water gas shift reaction 

SRM Steam reforming of methane 

SVUV-PIMS Synchrotron vacuum ultraviolet photoionization mass spectroscopy 

TCD Thermal conductivity detector 

TEM  Transmission Electron Microscopy 

X phase Oxidant phase 

XANES X-ray absorption near edge structure spectroscopy 

Y phase Reductant phase 
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