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Abstract 

In recent years, due to the abundant storage and development of hydraulic techniques, 

studies relating to the inexpensive shale gas source have drawn increasing attention among both 

academic and industrial researchers. Besides the utilization in heating and electricity of ordinary 

life, the more important application of shale gas is to be used as the raw carbon source in the 

chemical industry. As a chemical feedstock, it can be converted to various value-added 

intermediates, such as oxygenates, olefins and heavy hydrocarbons, via distinct catalytic processes. 

In this dissertation, there are five significant catalytic processes discussed in detail, 

including the one-step production of acetic acid by coupling methane with carbon monoxide and 

oxygen under mild conditions, the complete oxidation of methane at relatively low temperature, 

the oxidation of ethane to form carboxylic acids (acetic acid and formic acid) at near room 

temperature and near ambient pressure, the stable dehydrogenation of ethane to produce ethylene, 

and the synthesis of formic acid directly from carbon monoxide at low temperature.  

To improve the efficiency of these catalytic transformations, the design of novel catalysts 

exhibiting good activity of the activation of methane or ethane and high selectivity of the ideal 

product is the key. Thus, a variety of novel catalysts were prepared through different synthetic 

methodologies and were used in these catalytic transformations of short-chain alkanes. 

Specifically, the singly dispersed rhodium atoms anchored in microporous aluminosilicate 

materials were employed for the effective conversion of methane and ethane into acetic acid that 

is one of the most significant chemical materials due to its wide applications. In addition, the 

coordination-number dependent nickel oxide catalysts were applied in the complete oxidation of 

methane at relatively low temperatures. Moreover, Pd promoted Zn-based catalysts were used for 

the enhancement of activity and stability of the production of olefin from ethane dehydrogenation. 
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Furthermore, the new type of the zeolitic material - nanosheet FAU catalysts, synthesized by using 

the graphene oxide with confined spaces as a special template, were utilized to produce formic 

acid from carbon monoxide, which could be formed from methane, reacting with water at low 

temperature.  

As these proposed catalysts presented good performances of the listed catalytic 

transformations, it is essential to know how these catalysts activate methane or ethane and convert 

them into ideal products. In this dissertation, fundamental understandings of authentic structures 

of synthesized catalysts at an atomic level were obtained by using the multiple ex-situ and in-situ 

characterization techniques. Through the integration of the fundamental understanding of local 

structures of these catalysts under catalytic conditions and the experimental explorations of their 

catalytic performances, the correlation between the structure of catalysts and their activities can 

be built. The establishment of such intrinsic structure-activity correlation is meaningful for the 

advances of new types of catalysts in science and is beneficial to the future realization of feasible 

processes.  

To conclude, investigations in this dissertation demonstrated the design and fundamental 

understanding of novel catalysts for efficient transformations of shale gas components under 

relatively mild conditions. The applied methodologies and achieved results in these studies will 

provide insights into both essential studies and practical processes involving the activation and 

conversion of light hydrocarbons (methane and ethane). 
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Chapter 1 Introduction 

1. The significance of inexpensive source shale gas 

Recently, the development of novel catalytic processes for transforming inexpensive 

carbon-containing resources to value-added chemicals or commodities has drawn significant 

attention due to the increasing emission of CO2 in petrochemical industries1, 2, limited reservoirs 

of petroleum or coal3 and burgeoning energy demand4. Among potential alternatives, the shale gas 

progressively becomes the most promising energy and chemical feedstock5, given its abundant 

storage, global availability and quite low cost.  

Shale gas is one of the most important unconventional reservoirs of light alkanes that are 

essential raw materials of chemical and energy industries. The global storage of shale gas has been 

estimated to reach approximately 456×1012 cubic meters6. In the last decade, innovative methods 

in the extraction of shale gas from shale rock have made a vast amount of shale gas resource 

technically accessible to the world. Notably, the well-developed hydraulic fracturing technology 

has primarily increased the availability of shale gas in the United States7, 8.  

Table 1. 1 Composition of shale gas9 

Component CH4 C2H6 C3H8 C4H10 C5H12 CO2 H2S N2 He 

Volume fraction (%) 70-90 0-20 0-10 1-2 1-5 1-2 1-2 1-5 <0.5 

 

Table 1.1 demonstrates the composition of shale gas. The main components of shale gas 

are methane, ethane, and propane, whose volume fractions vary at different locations. As 

illustrated in Figure 1.1, other than the substitution of coal for household heating supplies and 

electricity generation in power plants, light hydrocarbons, especially methane and ethane, are 

significant building blocks in chemical industries. These short-chain alkanes can be converted to 
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numerous important chemical intermediates used in the production of commodities of daily life10-

13. There are numerous efforts devoted in the field of heterogeneous catalysis toward the 

development of new catalytic processes. 

This dissertation will conclude research works involving methane conversion into 

oxygenates (acetic acid and formic acid), complete oxidation of methane, oxidation of ethane to 

produce acetic acid and dehydrogenation of ethane to form ethylene. Compared to engineering-

oriented efforts in formulating any catalytic processes, this research dissertation is interested in 

how shale gas molecules could be chemically transformed through distinct chemical reactions. In 

short, the objectives of this dissertation are to design novel catalysts for efficient utilization of light 

hydrocarbons and to fundamentally understand the reaction mechanisms in transformations of 

short-chain hydrocarbons at a molecular level by using multiple characterization methods. 

 

Figure 1. 1 utilization of light hydrocarbons 

 

2. Background information on methane conversion 

Methane, the primary component of shale gas, is the most stable molecule in the library of 

hydrocarbons. The four strong and localized C-H bonds (∆𝐻𝐶−𝐻 = 413kJ/mol)  and the absence 

of low-energy unoccupied orbitals and high-energy occupied orbitals make it barely possible to 

participate in a chemical reaction without the presence of a catalyst14. Such inertness has made 

methane-based chemical processes to operate at intermediate temperature (400oC-500oC) or high 

temperature (>500oC). To increase the efficiency of these thermal catalytic processes involving 
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methane activation, effective catalysts and optimized catalytic conditions are necessary. A vast 

amount of investigations relating to these aspects could be found in literature11, 12, 15-18. In terms of 

fundamental studies of chemical transformations of methane, tremendous efforts have been made 

in the last decades12, 17-20. Two projects in this dissertation are aiming to the fundamental 

understanding of methane transformation relevant to the conversion of methane into oxygenates 

and methane combustion. Thus, in the following section, the background information and current 

challenges of these two projects are briefly reviewed, which include practical transformations of 

methane to produce acetic acid and complete oxidation of methane at different temperatures. 

 

2.1 Methane conversion into oxygenates under mild conditions 

2.1.1 Industrial production of acetic acid 

In the 1940s, the German chemical corporation, Badische Anilin und Soda Fabrik (BASF), 

firstly reported the process of acetic acid manufactured from methanol and carbon monoxide at 

high temperature and high pressure with cobalt-based catalysts21. In the late 1960s, the low-

pressure carbonylation of methanol process was developed by Monsanto with a rhodium iodide 

promoted catalyst system which provides significantly higher activity and selectivity than the 

previous cobalt-based process21, 22, resulting in over 90% yield of acetic acid referring to methanol. 

Methanol carbonylation is currently the dominant process for production of acetic acid. According 

to literatures21, 22, the percentage of produced acetic acid through this low-pressure methanol 

carbonylation, developed in the 1960s, in the total annual production of acetic acid in the United 

States has increased from less than 10% in the 1970s to approximately 46% in the 1990s, and 

recently it has been more than 90%21.  
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Scheme 1. 1 Production of acetic acid (BASF process)23. a) Preheater; b) Reactor; c) Cooler; d) High-

pressure separator; e) Intermediate pressure separator; f) Expansion chamber; g) Separation chamber; h) 

Degasser column; i) Catalyst separation column; k) Drying column; l) Pure acid column; m) Residue 

column; n) Auxiliary column; o) Wash column; p) Scrubbing column. 

 

The BASF process of methanol carbonylation is schematically shown in Scheme 1.123. In 

the beginning, both carbon monoxide and methanol (containing up to 60% dimethyl ether), with 

the recycle and the makeup of catalysts will be introduced into the high-pressure reactor (b in 

Scheme 1.1). After the occurrence of the reaction, products will be cooled and sent to the high-

pressure separator (d). The liquid product will be expanded to a relatively lower pressure of 0.5-

1.0 MPa in the intermediate-pressure separator (e) and then will go through the expansion chamber 

(f) to generate the raw acid. The gas from two separators flowing to the wash column (o), and the 

gas from the chamber flowing to the scrubber (p), will be discarded as the off-gas containing 65-

75 vol% CO, 15-20 vol% CO2, 3-5 vol% CH4, and the balance CH3OH. The methyl iodide and 

other iodine-containing volatile compounds in both scrubber and wash column will be recovered 

via methanol feed to form a methanolic solution that will be returned to the reactor (b). The raw 
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acid containing 45 wt% acetic acid, 35 wt% water, and 20 wt% esters (mainly methyl acetate) will 

be purified in five distillation towers.  

 

Scheme 1. 2 Production of acetic acid (Monsanto process)24. a) Reactor; b) Flasher; c) Light-ends column; 

d) Dehydration column; e) Heavy-ends column. 

 

Other than the BASF process, the Monsanto prosses is described in Scheme 1.224. To start 

the reaction, carbon monoxide and methanol will be continuously introduced to a back-mixed 

liquid phase reactor (a) at conditions of 150-200oC and 30-60bar. While the non-condensable 

byproducts (CO2, H2, and CH4) are emitted from the reactor to maintain the carbon monoxide 

partial pressure in the reactor, the liquid products from the reactor will be forwarded to the flasher 

(b). Here, the catalyst will be separated as a residue stream from the crude acetic acid product and 

recycled to the reactor. The crude acetic acid, including methyl iodide, methyl acetate, and water 

will be taken from the head of the flasher to the light-ends column(c). Here, the light components 

(methyl iodide, methyl acetate, and water) will be recycled to the reactor as a two-phase overhead 

stream, while wet acetic acid will be removed as a side stream and sent to the dehydration column 

(d). An aqueous acetic acid overhead stream from (d) will also be recycled to the reactor, and a 

dry acetic acid product residue stream will be forwarded to a heavy-ends column (e). As a residue 
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stream in column (e), propionic acid, the major liquid byproduct of the process, will be sent out 

with other higher boiling carboxylic acids. Product acetic acid will be obtained in column (e) as a 

side stream, and the overhead stream will be recycled to the purification section of the process. 

The off-gas from the reactor and the purification section will be combined and sent to a vent 

recovery system in which the light ends, including organic iodides such as methyl iodide, will be 

scrubbed before the non-condensable gases are flared.  

2.1.2 Challenges in the current industrial processes and motivation of the work 

Other than being an important ingredient of foods, acetic acid is one of the important 

intermediates of chemical industries. The global demand of acetic acid is over 10 million metric 

tons per year (Mt/a)21, 25. Currently, it is produced from methanol carbonylation, in which CO 

reacts with methanol to form acetic acid. However, methanol is synthesized from syngas (CO and 

H2) at a temperature range of 250-300oC26; the mixture of CO and H2 is commonly produced from 

steam reforming processes of natural gas27 or partial oxidation of coal28 at quite high temperatures, 

600-800oC. The production process from raw materials natural gas or coal to acetic acid 

significantly involves high-temperature catalysis, which makes it a high energy-demanded and 

high-cost process. In addition, to reuse the pricy rhodium-based homogeneous catalysts, the 

separating and recycling during the process are required. Thus, it would be ideal if a catalytic 

reaction could directly transform methane to acetic acid through one-step heterogeneous catalysis 

under mild condition by using cost-effective catalysts instead of the high concentration of precious 

metal complexes.  

Motivated by these challenges, this work prepared a single-atom based catalyst which 

efficiently uses precious metal, Rh. Carbon addition rection, CH4+CO+O2, was applied to produce 

acetic acid. Experimental findings of this work confirmed that the single-atom Rh catalyst is active 
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for activation of CH4 and further oxidation of intermediate to form acetic acid at a low temperature 

of 150oC. Chemical and coordination environment of Rh atoms of catalytic sites were identified 

through a variety of characterization techniques such as electron microscopy and XANES as well 

as EXAFS spectra. 

 

2.2 Methane completed oxidation at relatively low temperature 

2.2.1 Processes of methane complete oxidation at different temperatures 

In modern times, unburned hydrocarbons are commonly generated from power plants or 

exhausted from engines of vehicles that use gasoline, diesel, natural gas, or even liquid petroleum 

gas2, 4. These remained hydrocarbons must be oxidized to CO2 and H2O before being released into 

the atmosphere. In addition, as the significantly increased application of natural gas in the 

generation of electricity and heat, the complete combustion of methane is necessary to produce 

more energy. Thus, the complete oxidation of light hydrocarbons, particularly methane, has been 

a significant topic in the field of heterogeneous catalysis for decades.  

Currently, the combustion process of methane is usually operated at high temperatures by 

using highly thermal stable catalysts. For example, barium hexaaluminate anchored on CeO2 

nanoparticles was reported to exhibit high thermal stability and good catalytic performance of 

methane complete oxidation at a quite high temperature (>1000oC)29. Mixed oxides catalysts have 

been reported in publications to be active for the oxidation of methane30-33. In the 1960s, the mixed 

oxides Co3-xCuxO4, Co3-xZnxO4, and Co3-xNixO4 were firstly found to be active for the oxidation 

of hydrocarbons and were investigated continuously in the following studies34, 35. A very recent 

study demonstrated that high activities of these oxides in the oxidation of a mixture of liquefied 

petroleum gas with or without CO36. Noble metals (Pt or Pd) supported on support such as Al2O3 
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is another type of well-studied catalysts37. Recently, a catalyst of Pd nanoparticles caged in a 

porous CeO2 shell supported on Al2O3 was found to be remarkably active for the complete 

oxidation of methane at high temperature up to 850oC38, 39. In addition, in the last decades, 

mechanisms of complete oxidation of methane over these noble metal catalysts have been 

conclusive studied37, 40 and catalytic performances of these Pt- or Pd-based catalysts have been 

optimized36. For instance, distinct mechanisms of the activation of C-H bonds on Pd-based 

catalysts were investigated at a molecular level, illustrating the involvement of Pd and O active 

centers in the complete oxidation of methane40. 

Besides operating at high-temperature, catalytic conversion of CH4 is needed to be 

performed at a relatively lower temperature range for the removal of the exhausted methane from 

engines that use natural gas as the fuel. The exhausted gas from engines using methane normally 

contains CH4 (about 1,000ppm.)37, 41. Thus, the highly efficient complete oxidation of methane is 

significant for the abatement of the unburned methane in the exhaust of engines and the mitigation 

of greenhouse gases in the ambient environment37, 41, 42. As the combustion temperature in this 

application is typically lower than 550oC, catalysts with high activity at intermediate temperatures 

are requested.  

2.2.2 Challenge in the fundamental understanding of methane complete oxidation and 

motivation of this work 

The high cost of catalysts composed of precious metals has driven the development of 

catalysts composed of earth-abundant elements. Compared to Pd and Pt, early transition metals are 

much more inexpensive due to their relatively high abundance. Thus, the catalyst consisting of 

transition metal oxides, a promising alternative to the noble metal catalysts, has been considerably 

investigated to enhance the activity of methane complete oxidation at relatively low temperatures33, 
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43. Transition metal oxide (TMO) based catalysts play significant roles in the transformations of 

short-chain alkanes in chemical and energy industries44, 45. A recent report in the literature 

illustrated that Ni cations are active for activation of CH4 at a temperature as low as 60oC33. To 

develop a transition metal oxide-based catalyst with high activity at a low-temperature regime, the 

fundamental understanding of its active sites is crucial. The chemical and coordination 

environment of a transition metal cation is proposed to be correlated with the activity of the catalyst 

for methane activation and oxidation since the cation of early transition metal in the surface acts 

as the center of a catalytic site.  

However, in contrast to a vast number of explorations of metal catalysts in the last few 

decades37, 45-48, there has been a significant lack of fundamental studies of TMO-based catalysts. 

A primary reason is that the intrinsic complexity of TMO-based catalysts resulting from the 

coexistence of multiple valences of most transition metal cations, the presence of multiple phases 

at the catalytic temperatures, the richness in surface defects of catalysts in terms of oxygen 

vacancies. The coexistence of cations and anions on the surface of TMO-based catalysts increases 

the difficulty of revealing their local structures. From the characterization technique point of view, 

the low conductivity and magnetic properties of TMO have made characterizations of surface and 

structure of TMO catalysts more challenging to some extent. It is well acknowledged that a catalyst 

can only be well designed after the fundamental understanding of the reaction mechanism on a 

related catalyst is achieved. Consequently, the objectives of this work are to achieve the synthesis 

of different transition metal oxide catalysts exhibiting distinct catalytic performances and to obtain 

an atomic-scale understanding of the catalytic mechanism of complete oxidation of methane on a 

transition metal oxide. 
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To explore the chemical and coordination environments of cations on surface of TMO and 

build an intrinsic correlation between authentic surface chemistry of TMO and their corresponding 

catalytic performances, NiO was chosen as a probe catalyst since Ni cations were reported to be 

active in the activation of CH4 at a relatively low temperature33. In this project, NiO with different 

surface structures including planar sheet NiO with mainly exposed (110) surface, cubic NiO with 

mainly exposed (100) surface, and octahedral NiO with mainly exposed (111) surface were 

synthesized. These catalysts exhibited distinct catalytic performances, suggesting that 

coordination environment-dependent catalytic performances were uncovered. Through operando 

AP-XPS studies and computational studies, an intrinsic correlation between surface chemistry of 

NiO and their corresponding catalytic predominance was built.  

 

3. Background information on ethane conversion 

Ethane, the second main component of shale gas, is one of the most important feedstocks 

to produce commodity chemicals. Due to the relatively lower C-H bond enthalpies (∆𝐻𝐶−𝐻 = 

423.3 kJ/mol) than methane49, C-H of ethane can be activated at a relatively mild condition14. To 

this extend, ethane is a more promising material to be used as chemical feedstocks in industries. A 

variety of value-added chemical intermediates, including olefins50, 51, oxygenates52-54 and heavy 

hydrocarbons55, 56, can be formed by converting ethane through different catalytic processes. In 

recent years, enormous efforts have been devoted in efficient transformations of ethane13, 50, 57. 

Two projects in this dissertation aim to the fundamental investigations of ethane transformations 

relating to oxidation of ethane to produce acetic acid and dehydrogenation of ethane to form 

ethylene. Thus, in the following section, the background information and challenges of these 
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projects are concisely reviewed, including current oxidation process of ethane and ethane catalytic 

dehydrogenation.  

 

3.1 Oxidation of ethane to acetic acid at low temperature 

3.1.1 Industrial production of acetic acid from ethane oxidation 

The oxidation of ethane is another economically potential process for the synthesis of acetic 

acid due to the low cost of ethane as the raw material21. As shown in the following, the oxidation 

of ethane is exothermic and thermodynamically favorable at room temperature, 𝐶2𝐻6 + 1.5 𝑂2  →

 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻2𝑂 ∆𝐻298𝐾
0 =  −478𝑘𝐽/𝑚𝑜𝑙. A number of efforts were made for synthesis of 

acetic acid through direct oxidation of ethane with the most inexpensive oxidant, O2
21. For instance, 

the Ethoxene process58 was developed for the production of acetic acid with less by-product 

ethylene through the addition of water in the feedstock of this catalysis. In this process, a catalyst 

comprised of molybdenum, vanadium, niobium, calcium, and antimony was used for the 

coproduction of ethylene and acetic acid, and an ethylene hydration catalyst was added for the 

promotion of selectivity of acetic acid. Moreover, the process with catalyst of vanadium oxide or 

vanadyl pyrophosphate supported on titanium dioxide is patented by Rhône-Poulenc to make 

acetic acid from ethane oxidation59, 60. It has demonstrated that the yield of acetic acid was favored 

over ethylene and carbon oxides when the catalysis was conducted at 300oC. They also claimed 

that the addition of molybdenum enhances acetic acid selectivity, and the rate-determining step is 

speculated to be the desorption of acetic acid from the catalyst surface. Moreover, it is reported 

that the addition of other metals such as niobium, rhenium or palladium to mixed metal oxide 

catalysts can enhance selectivity for the production of acetic acid54, 60-62. Notably, the mixed metal 

oxide (MMO) Mo-V-Nb catalysts doped with Pd exhibited the best performance, obtaining yields 
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to acetic acid as high as approximately 3-5% at 300oC63. A two-site mechanism was proposed for 

this catalyst for the formation of acetic acid: ethane reacts with lattice oxygen of the MMO at 

reactive V5+ sites to form ethylene and then ethylene will diffuse to dispersed Pd2+ atoms forming 

acetic acid through a Wacker-like reaction64. Additionally, the role of water was reported to be 

crucial for the assistance in the Wacker-like process at the Pd2+ active sites by facilitating acetic 

acid to deposit from the surface. 

3.1.2 Challenges in direct oxidation of ethane to acetic acid and motivation of this work 

The transformation of ethane to acetic acid through direct oxidation using molecular O2 is 

not competitive as the mature methanol carbonylation process. The challenge is the extremely low 

yield at a level of a few percentages, which is far lower than the requested conversion of a potential 

candidate for replacement of the current methanol carbonylation. On the other hand, the current 

oxidation of ethane with O2 requests activation of molecular O2 at a relatively high temperature, 

300oC or even higher. At 300oC or higher, it is challenging to control the extent of oxidation, since 

multiple by-products can be activated at a relatively high temperature and thus be further oxidized. 

In addition, at a relatively high temperature, intermediates in the pathway to the formation of acetic 

acid can gain enough energy to across energy barriers of alternative pathways to form by-products. 

Particularly, at a relatively high temperature, intermediate could be completely oxidized into CO2 

and H2O since complete oxidation of intermediate to CO2 and H2O is the most thermodynamically 

favorable process65.  

 Compared to these reported channels to form acetic acid through aerobic oxidation of 

ethane at high temperatures, oxidation of ethane at low temperatures would be more attractive to 

be developed. A near room temperature process would be ideal if possible since it could save a 

significant amount of energy and avoid a side-reaction of complete oxidation. Thus, in this work, 
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the synthesis of acetic acid at near room temperature was achieved through direct oxidation of 

ethane by using singly dispersed Rh sites anchored to micropores of zeolite as the catalyst and 

H2O2 as an oxidizing agent. 

 

3.2  Dehydrogenation of ethane to ethylene on a catalyst with reasonable thermal stability 

3.2.1 Different routes for production of ethylene 

Ethylene is one of the most significant materials owing to the wide applications in chemical 

industries. The production of ethylene in the petroleum industry is the steam cracking of ethane at 

quite high temperatures, typically 750-950oC, which is an intensive energy-consumption process.66 

Oxidative dehydrogenation (ODH) of ethane is another channel to transform ethane to ethylene.50, 

51, 58 With the participation of O2 to oxidize H to H2O, the dehydrogenation of ethane to ethylene 

becomes more thermodynamically favorable than the non-catalysis thermal dissociation of ethane 

to ethylene and hydrogen50. ODH of ethane can be performed at a temperature as low as 500-

650oC. However, to obtain high yield for producing ethylene through ODH is challenging. Side 

reactions involving the formation of oxygenates from ethane oxidation or further oxidation of 

ethene must be suppressed. An additional route of producing ethylene is the oxidative coupling of 

methane (OCM) at high temperatures of 700-850oC11, 12, 67-70. The limit of low activity and 

selectivity and a quite high catalysis temperature have made this reaction channel unrealistic in the 

production of ethylene. 

3.2.2 Challenges of catalytic dehydrogenation of ethane with good activity and thermal 

stability and motivation of this work  

Catalytic dehydrogenation of ethane process can be operated at relatively low temperatures 

since the participation of catalytic sites can create a new pathway with the lower activation barrier. 
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It has been found that Zn-based catalysts are active for catalyzing the dehydrogenation of ethane 

to ethylene71-73. It exhibits good activity at relatively low temperatures <700oC, although the 

selectivity of ethylene decreases along with the increase of temperature. Additionally, its catalytic 

activity obviously decays within ten hours. The experimental findings indicated that the addition 

of noble metals such as Pt on the Zn-based catalysts could enhance the activity of ethylene 

production and prevent the deactivation of Zn-based catalysts74. There is a lack of insights into the 

complete deactivation of Zn active sites and the promotion effect of the second metals in catalysts. 

Thus, in this work, fundamental investigations were conducted to understand the deactivation of 

Zn-based catalysts and the role of palladium in promoted catalysts. Catalytic performances were 

evaluated by using three series of catalysts including microporous materials supported Zn only, Pd 

only and both Zn and Pd, respectively. In-situ XANES and EXAFS characterization techniques 

were engaged in building the intrinsic correlation between the local structures of proposed catalysts 

and their catalytic performance. 

 

4. Transformation of hydrocarbon molecules via microporous aluminosilicate 

4.1 Applications of zeolitic catalysts in small molecules transformation 

In past years, along with the development of synthetic methodologies of zeolites, these 

microporous aluminosilicate materials are increasingly applied in chemical and energy industries56, 

66, 75-82. Sizes of particles of porous aluminosilicate are typically a few hundreds of nanometers or 

even larger. In other words, the lengths of these porous channels are typically a few hundreds of 

nm or longer. In petrochemical industries, this type of microporous material was used to catalyze 

reactions performed at high temperatures (>500°C), e.g., the cracking process16, 78, 83, 84. Such broad 

applications of zeolites result from their unique property of shape selection and good thermal 
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stability derived from their high crystalline structure. The elevation of the molar ratio of silicon 

and aluminum can enhance the thermal stability of zeolite. The high silica zeolites can be achieved 

by adjusting the composition of Si and Al sources in hydrothermal gel, while low silica zeolites 

are usually obtained through post-synthesis treatments. 

Another main feature of the classical zeolites is acidic properties, resulting from the extra 

negative charge corresponding to the Al tetrahedral sites. The microporous aluminosilicate usually 

contains both Brønsted acid sites associated with proton located in Al sites of the framework and 

relatively less amounts of Lewis acids sites assigned to the dehydroxylated Al species left or linked 

in the external framework, probably coming from high temperature annealing. By substituting Al 

or Si atoms with other species or cations such as Ti or Ge, different families of zeolitic materials 

could be developed, exhibiting distinct properties. This strategy makes it possible to synthesize 

the microporous materials with controllable acidity. For example, the materials that make 

replacement of aluminum by tetravalent cations have presented very specific Lewis acidity and 

redox properties. 

The ion exchange property of zeolitic material is found to be critical in the utilization of 

zeolites in various catalytic reactions78, 85. Some unique properties could be generated by ion 

exchange with alkali cations or by the incorporation of basic metals and metal oxides. As reported 

in literature86-93, these microporous supports can be used to anchor catalytic metal atoms/sites for 

the transformation of CH4 to intermediates of chemical industries such as acetic acid in the liquid 

phase at a relatively low temperature. Typically, anchoring cations on zeolites can be achieved 

through ionic exchange between proton and cations. As the acidic sites are singly dispersed, the 

anchored cations are singly dispersed. It is one method to develop single-atom catalysts. The 

anchored cations have specific chemical and coordination environments. Compared to the 
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periodically packed M cations in the surface lattice of oxide particle MxOy (M-O-M-O-M-O), 

these singly dispersed cations, Mn+ anchored in microporous aluminosilicate exhibit distinguish 

chemical and coordination environments86, 90, 94. These catalytic sites presenting unique chemical 

and coordination environments are expected to provide quite different catalytic performances.  

 

4.2 Challenges in the transportation of reactants and products in zeolitic catalysts at low 

temperature and motivation of this work 

Recently, amounts of studies have suggested that wide applications of metal modified 

microporous materials in the activation and conversion of light hydrocarbons53, 55, 90-92, 95-98. The 

commercial microporous aluminosilicate particles engaged in different catalytic processes usually 

have sizes of 0.5-10 m. Thus, the diffusion of molecules in these zeolitic materials is an affecting 

factor of the reaction rate. It is not a problem for the utilization of microporous aluminosilicate in 

industrial hydrocracking because these reactions are performed at high temperatures in the gas 

phase. Unfortunately, for production of chemicals at low temperatures through zeolite-based 

catalysts, a significant limit in the diffusion of reactant and product molecules can be seen.  

The limit of molecular diffusion in the catalytic process results from the long diffusion path 

of molecules in channels of aluminosilicate with the size of a few hundreds of nanometers and 

very limited pore diameter at a sub-nanometer scale. Thus, the kinetics of a catalytic reaction could 

be reduced when it is performed on active sites anchored in the microporous aluminosilicate buried 

in the liquid phase at a low temperature (< 200°C). To avoid such diffusion limit, in this work, 

FAU at the nanoscale (nanoFAU) was synthesized by growing the layered porous aluminosilicate 

in confined space between adjacent graphene oxide layers and sequentially removing the graphene 

oxide through calcination at a high temperature. The synthesized nanosheet FAU exhibits a lateral 



17 

dimension of tens of nanometers but a thickness of only 2-3 nm in terms of a single unit cell of 

zeolite. The Na+ cations anchored on Brønsted site in micropores of the synthesized nanosheet 

FAU, namely Na@nanoFAU, is active for the synthesis of formic acid from CO and H2O in 

aqueous solution at 150oC under the gas phase of 10 bar CO.  

 

5. Organization of the dissertation 

 This dissertation started with this introductory chapter (Chapter 1). In the introduction 

chapter, the background of each project was briefly reviewed. The challenges and motivation of 

the work performed in the research activity of this dissertation were presented. After the 

introduction chapter, experimental approaches used in the experimental work of projects in this 

dissertation were described in Chapter 2 entitled experimental methodology. The key attributes for 

the design of distinct catalysts were illustrated in this chapter. These defined catalysts can be 

obtained through distinguished synthesized methodologies. The emphasis of this chapter is the 

description of operando characterization techniques, including the use of ambient pressure X-ray 

photoelectron spectrometer (AP-XPS) and the application of X-ray absorption spectroscopy 

namely X-ray absorption near edge structure (XANES) and extended x-ray absorption fine 

structure (EXAFS). These techniques are widely used by numerous research groups of catalysis 

worldwide, allowing to characterize the authentic surface chemistry of catalysts and chemical or 

coordination environments of catalysts during catalysis. Through such authentic information of 

catalysts during catalysis, intrinsic correlations between structures of catalytic sites at the atomic 

scale and their corresponding catalytic performances were established in this dissertation. With 

these intrinsic correlations, fundamental understandings of the mechanisms of these reactions were 
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achieved. Moreover, five different research projects of this dissertation were presented in chapter 

3-7.  

Chapters 3 and 4 are transformations of CH4 at low temperature (150oC) or relatively low 

temperature (300oC). Chapter 3 entitled single rhodium atoms anchored in micropores for efficient 

transformation of methane under mild conditions focuses on the catalytic synthesis of acetic acid 

from methane at 150oC or lower through a carbon addition reaction using O2 as the oxidizing agent 

(2CH4 + 2CO + O2 → 2CH3COOH). The catalyst for this carbon addition reaction is the singly 

dispersed Rh atoms anchored in microporous aluminosilicate. Fundamental understanding of the 

catalytic mechanism of this carbon addition reaction was achieved through DFT calculations. 

Chapter 4 entitled the understanding of coordination number-dependent catalyst - transition metal 

oxide for methane complete oxidation uses CH4 complete oxidation as a probe reaction and NiO 

as a model catalyst. Three types of NiO, including planar sheet NiO, cubic NiO and octahedral 

NiO, exposing faces of (110), (100) and (111), respectively, were prepared and they exhibited 

distinct catalytic performances. Experimental findings indicate that the coordination number of 

oxygen anions around a Ni cation plays a crucial role in the activation of CH4. Only Ni cations on 

NiO(110) coordinating with four oxygen atoms exhibited high activity. Computational studies 

rationalized the observed difference in activities of complete oxidation of CH4. In addition, this 

work demonstrates that catalytic activity of an inert surface such as (100) of cubic NiO could be 

triggered by manipulation of the coordination environment of Ni cations to a favorable 

coordination environment.  

Chapters 5 and 6 are catalytic transformations of ethane into value-added chemicals.  

Chapter 5 entitled Catalytic oxidation of ethane to carboxylic acids in the liquid phase at near 

room temperature and near ambient pressure presents the catalysis of oxidation of ethane to acetic 
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acid. The feature of this catalytic process is its operational temperature, near to room temperature. 

At such a low temperature, ethane can be transformed into acetic acid with relatively high 

conversion. It suggests a promising channel of producing acetic acid from the second richest 

component of shale gas, ethane at near ambient temperature and ambient pressure. Chapter 6 

entitled Fundamental understanding of Pd promoted Zn-loaded microporous catalysts for ethane 

dehydrogenation focuses on the experimental exploration of how catalytic performance of Zn-

based catalysts can be promoted and stabilized with the addition of Pd. In this study, through 

extensive in-situ characterizations using XANES and EXAFS, the mechanism of the promoting 

effect and stability of Pd to Zn catalyst was uncovered. Operando studies suggest that the formation 

of Pd-Zn alloy by adding Pd to Zn-based catalysts can suppress the vaporization of metal Zn 

anchored to microporous supports.  

Chapter 7 entitled Synthesis of Na@nanoFAU zeolite catalyst and catalysis for the 

production of formic acid with Na@nanoFAU is the last project of the dissertation work. It 

illustrates the synthesis of the new type of zeolite – nanosheet FAU that is expected to exhibit a 

minimum limit in the diffusion of molecules. The Na cations anchored in the nanosheet of 

microporous aluminosilicate are proposed as active sites in the coupling of CO and H2O to form 

formic acid. 
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Chapter 2: Experimental methodology 

1. Preparation of heterogeneous catalysts

1.1 Importance of preparation of heterogeneous catalysts 

Heterogeneous catalysis plays a crucial role in energy and chemistry industries worldwide 

since most transformations of raw materials to value-added chemicals involve heterogeneous 

catalysis99. In order to improve activities of heterogeneous catalysis, novel heterogeneous 

catalysts are essential to be designed and developed. 

The preparation of catalysts is the key to the function of catalysts for efficient 

transformations of reactants to ideal products with good activity and high selectivity and long 

durability. From the fundamental understanding point of view, the preparation of a catalyst with 

well-controlled structural and chemical specifications is crucial as well since these specifications 

are essential for the activity of a catalyst. Even if a catalytic reaction is performed in the micropores 

of a zeolitic material, the internal surface of the micropore is essential for understanding the 

catalytic performance of this microporous aluminosilicate. Literatures reported a variety of 

synthesis methodologies that can be used in the preparation of heterogeneous catalysts100-102. To 

achieve a proper catalyst consisting of specific active sites and structures, the selection of 

appropriate synthetic approaches is significant. This section will introduce factors of 

catalysts affecting catalytic performances and briefly review the basic preparation methods of 

proposed catalysts used in transformations of shale gas constitute. 

1.2 Structural and chemical factors determining the catalytic performance of a catalyst 

In principle, typical heterogeneous catalysis normally involves the following steps99:  

a) The reactants diffuse through external areas surrounding the catalyst particle.
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b) The reactants diffuse into internal pores of catalysts reaching to the active sites. 

c) The reactants are adsorbed onto the active sites. 

d) Surface reactions occur on the active sites, including activation of reactants, formation or 

conversion of various adsorbed intermediates and production of products, and possibly 

involving surface diffusion steps.  

e) The products desorb from the catalyst sites.  

f) The products diffuse out the internal pores of catalysts.  

g) The products diffuse through the external areas surrounding the catalyst particle.  

Here the rate of heterogeneous catalytic reaction could be controlled by different regions during 

these steps, namely (i) film diffusion (Steps a and g); (ii) pore diffusion (Steps b and f); and (iii) 

intrinsic reaction kinetics (Steps c to e)99. And the overall reaction rate is usually determined by 

the surface reaction rate related to the activity of a catalyst. Thus, it is essential to design catalysts 

exhibiting good performance to improve the efficiency of the heterogeneous catalytic process. To 

obtain a good heterogeneous catalyst, several key attributes need to be considered99:  

1) Good selectivity of a catalyst for high yield of desired products and minimal formation of 

undesirable byproducts. 

2) Adequate rate of a reaction under desired conditions of the process. 

3) Stable performance at reaction conditions for a long time. 

4) Good accessibility of reactants and products diffusing to the active sites. 

To achieve these essential characteristics, the design of catalytic sites and catalyst particles 

are of vital importance. Especially, the first three characteristics are primarily relevant to the 

interaction between reactants/products with active sites of a catalyst. As enormous efforts have 

been devoted to insightfully exploring active sites exhibiting exceptional efficiency in reactions, 
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various descriptors of active sites are introduced and proposed for the good design. From 

literatures83, 103, the key aspects include the particle size, shape, chemical composition, interaction 

between metal and support, and metal-reactant/solvent interaction. 

The size of active sites is the first primary factor having a significant influence on the 

performance of a catalyst. For example, metal catalysts in the form of single atoms, nanoclusters, 

nanoparticles exhibit distinct catalytic performances for the same reaction. Based on the 

literature103, the electronic state of a catalytic site can largely vary along with the decrease of the 

size of a catalyst particle, leading to an obvious change of adsorption energy to a reactant molecule 

or intermediate. The size-dependent variation of electronic state intrinsically results from the size-

dependent coordination environment of metal atoms. It has been found from some perceptive 

studies that this relationship between the size of catalytic species and activity of catalysis is related 

to the distinct coordination environment of active sites with different sizes. As summarized in 

literatures12, 104-109, single-atom catalysts are recently discovered to present good performances in 

multiple catalytic reactions, including thermal catalysis such as CO oxidation or water-gas shift, 

photocatalysis and electrocatalysis. Especially, single-atom catalysts exhibit high activities in the 

activation of small molecules, resulting from the unique electronic and geometric properties of 

single-atom catalysts. Thus, in the work of this dissertation, the single-atom catalysts are proposed 

to active small molecular alkanes including methane and ethane.  

Besides the size of sites on a catalyst, another key characteristic is the shape of the catalytic 

species. Most of the heterogeneous catalysts used nowadays are existed in crystalline structures 

exposing multiple facets. Which facets the metal nanoparticles could expose is dependent on the 

shape of the catalyst particle. As well documented in the literature103, 110, the shape of catalyst 

particles can be controlled through dedicated synthesis. For example, as illustrated in Figure 2.1, 
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metal nanoparticles could form cube, tetrahedron, octahedron, truncated octahedron and sphere, 

presenting different facets in the surface. A uniform surface structure of a metal catalyst can be 

obtained by controlling the shape of its crystal during the preparation process. By forming a 

different shape of catalyst particles, the coordination number of atoms on a certain facet of metal 

nanoparticles can be distinct, leading to the variation of the adsorption energy of reactant 

molecules or intermediates on the surface of a catalyst. It is suggested that this difference could 

largely affect the selectivity and activity of a heterogeneous catalyst in reactions. Thus, in the work 

of this dissertation, transition metal oxide catalysts with distinct shapes in terms of different 

exposed surfaces are proposed for the complete oxidation of methane. 

 
Figure 2. 1  Schematics of metal nanoparticles in different shapes: cube (a), tetrahedron (b), octahedron 

(c), cuboctahedron (d) and sphere-like shape (e). Only (100) facets are available on a cube. Only (111) 

facets are available on a tetrahedron. Both (100) and (111) facets are available on a truncated octahedron. 

Reproduced with permission from Ref.111. Copyright 2010, American Chemical Society. 

 

The composition and the phase of active sites often significantly vary the performance of 

a catalyst. The best example is the bimetallic catalysts that are one of the most critical types of 

catalysts in petrochemistry due to the tunability of the electronic and geometric structures of 

bimetallic species derived from the contribution of the second metal112-114. As demonstrated in 

literature115, four general structures are proposed to describe the mixing pattern between two 

elements of a bimetallic species, including core-shell structures116, 117, sub-cluster segregated 

nanoalloys, homogeneously mixed structures118, and multi-shell nanoalloys119, schematically 
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shown in Figure 2.2. Moreover, mixed metal oxides with or without supports are also conclusively 

investigated in enormous researches. For example, the vanadium pyrophosphate (VPO) catalyst 

was a well-studied metal oxide catalyst for oxidations of C1-C4 alkanes. According to the studies 

in literatures13, 30, catalysts consisting of multiple compositions exhibit enhanced activities of 

different reactions, presumably resulting from their different electronic states and synergetic effect 

of the active sites. In the work of this dissertation, catalysts with multi compositions are designed 

and fundamentally investigated for transformations of ethane. 

 
Figure 2. 2 Schematic representation of some possible mixing patterns:  core-shell (a), subcluster 

segregated (b), mixed (c), three shell (d). The pictures show cross-sections of the clusters. Two certain 

elements are represented by red particles and yellow particles, respectively. Reproduced with permission 

from Ref.115. Copyright 2008, American Chemical Society 

 

Other than the above three factors, the porous structure within a catalyst particle is another 

crucial factor that largely impacts the activation of reactants because of the confinement effect and 

specific coordination environment of an active site. Microporous materials, namely zeolite, are 

commonly utilized in the industrial catalytic process such as cracking, due to its shape selectivity 

and molecular sieving properties. Diameters of zeolite micropores are very close to the size of 

many molecules, so they are capable of distinguishing among compounds with even a small variety 

of sizes. This feature makes the zeolites are favored in product distribution leading to the 

outstanding selectivity in many reactions.  

However, the zeolite channels with small diameters also limit the diffusion of reactants and 

products inside of zeolites, restricting the overall rate of heterogeneous catalysis. Therefore, in 
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recent research, the exploration of a promising alternative of conventional three-dimensional 

zeolites has been attracted considerable interest. New zeolitic materials have been developed, 

including nano-sized, hierarchical, and two-dimensional zeolites. Here a 2D zeolite is defined as 

a zeolite with a thickness in one dimension less than several nanometers corresponding to about 

one- or two- unit cells. It has been reported that there are significant advantages associated with 

new zeolitic materials. These new types of zeolite exhibit enhanced accessibility of basic 

properties such as porosity or acidity, and also have developed external/mesopore surface area. 

One obvious advantage of 2D zeolites in contrast to conventional microporous aluminosilicate is 

the largely enhanced diffusion of reactant and product molecules, intermediates and products. Thus, 

in the work of this dissertation, the new type of zeolitic catalyst is proposed for the conversion of 

short-chain alkanes, especially at low temperatures. 

 

1.3 General methods for the preparation of heterogeneous catalysts related to the works in 

this dissertation 

As activities of heterogeneous catalysts in multiple reactions are conclusively dependent 

on the structure of the catalyst, the structure-orientated synthesis methods are of essential 

importance in the formation of a specialized structure providing necessary properties. Here, several 

general synthesis strategies for preparing the proposed catalysts are concisely summarized.  

One necessity of applying a single-atom catalyst in heterogeneous catalysis is to sustain 

the atoms of an ideal species to singly dispersed on proper supports. However, it is challenging to 

achieve the stable structure of such SACs, because the aggregation of single metal atoms is 

intended to occur, especially under high-temperature circumstances. As reviewed in literature108, 

the mass-selected soft-landing techniques and improved wet chemistry methods are the most 
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promising methods employed to obtain atomic dispersion of the metal species on specific supports, 

illustrated in Figure 2.3. 

 

Figure 2. 3 Methods for preparing SACs: mass-selected soft-landing (A) and wet chemistry (B). 

Reproduced with permission from Ref.108. Copyright 2013, American Chemical Society 

 

The mass-selected soft-landing technique is able to exactly control the size of metal species 

by manufacturing mass-selected molecular/atomic beams on the precisely adjusted surface 

structure of the support and combing ultrahigh vacuum surface science procedures120-122. By using 

this technique, model catalysts with a range of sizes from single atoms to nanoclusters could be 

provided for fundamental studies to establish the relation of catalytic performance and the size of 

catalytic sites. However, this strategy is expensive and inefficient to be widely applied in practical 

industrial heterogeneous catalysis. As a good alternative, the modified wet chemistry has been 

significantly investigated and improved for the preparation of single-atom catalysts. A general 

protocol is to anchor the single atoms of defined metal species from precursors to the supports via 

chemical reactions. The anchoring of isolated atoms can be achieved through appropriate chemical 

interaction between the metal complex and the surface of supports. Here a strong metal-support 

binding is a crucial attribute to prevent atoms aggregating on the surface during the post-treatment 

processes. To offer singly dispersed active sites needed in heterogeneous catalysis, the selection 

of precursors of metal species such as organometallic ligands and the removal of useless or even 
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poisonous ligands/ions are necessary. Additionally, to stabilize the isolated atoms of metal species, 

some strategies, for example, introducing alkali-ion contaminants as aggregation inhibitors or 

remaining organic ligands during the preparation process, are applied. Moreover, to provide 

sufficient single-atom active sites, the high-surface-area supports are generally required. In short, 

the combination of all these strategies allows the formation and application of single-atom catalysts. 

In terms of shape- or surface- dependent catalysts, different preparation routes of the metal 

or oxide nanoparticles with controlled shapes or surfaces have been reported in literatures103, 110, 

123, 124. The solid-state methods are the general routes to synthesize the oxide nanoparticles and are 

applicable for large-scale production. The drawbacks of such routes are the high cost from high-

temperature annealing and the aggregation of nanoparticles due to the uncontrolled nucleation and 

growth processes. To address these challenges, new wet-chemistry methods have been explored 

in the last decade, including the hydro-solvothermal route, the two-phase route, thermolysis, and 

reverse micelle colloidal process. These new wet-chemistry synthetic routes can form the nucleus 

with a similar size by regulating the homogenous nucleation processes under the same conditions. 

After growing at the same rate, these nuclei eventually form the uniform oxide nanoparticles 

existing in a specific shape. 

To prepare designed catalysts consisting of multi-species, the selection of precursors and 

the control of preparing conditions are critical. These controlled attributes will affect the 

interaction between the precursors of different elements and supports that may occur in a gas-

solid/liquid-solid interface or a solid matrix, resulting in the various structures of the multiple 

compositions on catalysts. From the intensive studies of synthetic methodologies, co-impregnation, 

coprecipitation and co-deposition are common approaches to introduce the various species into 

supports to form oxide compositions. In terms of a bimetallic catalyst, a variety of methods are 
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available in literature114, 125. Among the potential synthetic approaches, the chemical  After 

introducing the metal species into support, a followed reduction, such as co-reduction or successive 

reduction, will be carried out to produce the bimetallic structures. Different steps will determine 

the distinct final structure of a bimetallic catalyst due to the complexity of two metal components 

present in the preparation process. Consequently, an appropriate approach is required to form 

catalysts containing ideal species with a defined structure and properties of interest. 

Regarding zeolitic materials, hydrothermal synthesis is the basic method. For achieving the 

new types of microporous catalysts, special templates and post-synthesis modification protocols 

are required. According to the crucial review article126, there are three general approaches for the 

synthesis of 2-dimensional zeolites, demonstrated in Figure 2.4. Firstly, an ADOR representing 

assembly, disassembly, organization and reassembly mechanism is engaged in the top-bottom 

synthetic procedure by introducing Ge to form germanosilicate zeolites with anisotropic structures. 

After hydrolysis of Ge-O, the layers will be reconnected in different ways, coming out as layered 

zeolite with various framework structures.  In addition, some zeolites with a framework of FER, 

MWW, NSI, SOD, and several others can be directly prepared as lamellar precursors by using the 

special template such as the large molecular surfactant C22H45-N
+(-CH3)2-C6H12-N

+(-CH3)2-C6H13, 

namely C22-6-6, to create mesoporous bridges between two sheets consisting of micropores at a 

thickness of several nanometers. These lamellar can be subsequently processed or modified 

through various routes such as swollen or pillared protocols to form the nanosheet zeolites with 

the preserved 2D structure. Moreover, the restricted crystal growth mechanism is carried out to 

realize the formation of 2D zeolites. In this procedure, the precursor agents will be inserted into a 

surfactant such as graphene oxide thin films with a specially designed structure to block the crystal 
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growth in one of the crystallographic directions, thereby, resulting in the synthesis of sheet-like 

single crystals.  

 

Figure 2. 4 Post-synthesis modifications of layered zeolites. Reproduced with permission from Ref.126. 

Copyright 2018, the Royal Society of Chemistry. 

 

2. Characterization techniques for the fundamental understanding of catalysts 

2.1 Transmission electron microscopy 

The transmission electron microscopy (TEM) is a feasible technique to acquire the local 

structure of catalysts owing to its capability in capturing images of material microstructures. In the 

work of this dissertation, to understand prepared catalysts at an atomic level, high-resolution 

transmission electron microscopy (HR-TEM) and scanning transmission electron microscopy 

(STEM) are employed. TEMs used in this the works of this dissertation were commercial products 

owned by university electron microscopic centers or the university collaborators worked. 
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2.1.1 HR-TEM 

A transmission electron microscopy includes electron source, condenser lens, specimen 

stage, objective lens and projector lens along its optical path, as in Figure 2.5 left. When an electron 

beam accelerated by high voltage hits the solid sample located in the specimen stage under the 

high vacuum, the multiple interactions, mainly transmission and diffraction, as shown in Figure 

2.5 right, between the electron beam and the sample will occur. After the interaction, a bright-field 

image will be generated when the transmitted beam passes the objective aperture; in contrast, a 

dark-field image will be obtained by allowing one diffraction beam to pass the objective aperture.  

 

Figure 2. 5 Schematic views of TEM (left) and the basic principle of TEM (right). Reproduced with 

permission from Ref.127. Copyright 2010, John Wiley and Sons 

 

Among the different types of electron microscopies, the high-resolution transmission 

electron microscopy (HR-TEM) is powerful to provide structural information of materials at the 
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atomic scale, such as lattice or unit cell of the crystalline material, because its highest resolution 

can realize around 0.5Ǻ.  The principle of HR-TEM is referred to the phase contrast of TEM, 

which must involve at least two electron waves that are different in the wave phase. These 

minimum two beams (the transmitted beam and a diffraction beam) must participate in image 

formation. A phase difference between these two beams will be generated from the periodic lattice 

structure of a crystalline specimen. And during the propagation of the objective lens, the 

transmitted beam and the diffracted beam will interfere with itself to generate additional phase 

difference. Eventually, an interference pattern with periodic dark–bright changes on the image 

plane will be formed form the recombination of transmitted and diffracted beams.  

2.1.2 STEM 

The scanning transmission electron microscopy (STEM) is another type of TEM equipped 

with scanning coils to be used in the understanding of the atomic level structure of a catalyst. 

Unlike the conventional TEM, the electron beam of STEM will scan over the sample in a raster 

illumination system by focusing on a fine spot (typically at a size of 0.05-0.2 nm) with the beam 

parallel to the optical axis. This process allows STEM to be feasible for analytical techniques such 

as Z-contrast annular dark-field imaging, and spectroscopic mapping by energy-dispersive X-ray 

(EDX) spectroscopy. The direct correlation of images and spectroscopic data through the 

simultaneous collection of both signals could be established. 

The high-angle annular dark-field scanning transmission electron microscopy is possible 

to form atomic resolution images by collecting scattered electrons via an annular detector that is 

located outside of the path of the directly transmitted beam. The contrast of the image from 

HAADF-STEM is directly related to the atomic number and atom density, so it is a sensitive tool 

to detect low concentration species of a catalyst and to identify multiple elements with distinct 
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atomic numbers on support. In addition, by combining the EDX spectroscopy, it is available to 

investigate the location of a certain species or distribution of elements by estimating the element 

concentrations spatially in the selected area of a catalyst.  

 

2.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy, as known as element surface chemical analysis (ESCA), 

is a surface-sensitive technique to detect the composition and chemistry of surficial sites of a 

catalyst both qualitatively and quantitively. The XPS instruments were invented by Kai Siegbahn 

in the early 1970s’128. There are numerous instrumentation corporations mainly in Germany, Japan, 

UK and Sweden producing whole systems of XPS and parts of XPS systems such as various types 

of energy analyzers, X-ray sources, pumps, sample manipulators, and reaction cell. To 

fundamentally understand the chemical and electronic status of active sites on the surface of a 

catalyst, XPS experiments conducted in the vacuum and during catalysis are applied in the work 

of this dissertation. 

2.2.1 Ultravacuum X-ray photoelectron spectroscopy 

The basic principle of X-ray photoelectron spectroscopy (XPS) is the photoelectronic effect, 

which is described as the emission of electrons or other free carriers when electromagnetic 

radiation hits a material. Specifically, the X-ray photoelectron is the electron ejected from an 

electron shell of an atom when the atom is irradiated by X-ray photons. Thus, by using soft X-ray 

sources such as Mg Kα and Al Kα invented in the 1960s to “kick out” electrons from subshells of 

an atom, X-ray photoelectron spectroscopy could collect these photoelectrons with certain kinetic 

energy EK by using energy analyzer which was designed and first manufactured by Siegbahn in 
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1960’s-1970’s and offered him the Nobel Prize in Physics.  Given the kinetic energy EK, the 

binding energy EB of an element can be calculated on the basis of the following relationship: 

𝐸𝐾 = ℎ𝑣 − 𝐸𝐵 −  ∅ 

where hv is the energy of the incident photon (h is Planck’s constant and ν is the frequency), 𝜙 is 

work function representing the energy required for an electron to escape from the surface of a 

material, EB is the binding energy of the electron shell, and Ek is the kinetic energy of ejected 

photoelectron.  

Among the various characterization methods of solid materials, XPS plays an essential role 

in the study of chemistry and structures of a catalyst whose active sites are normally on the surface. 

This advantage results from the short mean free path of photoelectron when passing through a 

condensate material. Here the mean free path of the electron is defined as the average distance 

when the electron travels between collisions. For example, the mean free path of a photoelectron 

with kinetics energy in the range of 0.1-1.4 keV is about a few nanometers when it travels a solid 

material. The following equation presents the signal intensity of photoelectron I(x) after traveling 

through a material with profile distance x: 

𝐼(𝑥) =  𝐼0 ∗  𝑒−𝑥/𝜆 

where λ is the mean free path, and I0 is the initial intensity. It can be clearly seen that the intensity 

of photoelectron decreases exponentially, along with the increase of x. After integration, the total 

photoelectron signal collected from the surface of material could be obtained: 

𝐼 =  ∫ 𝐼(𝑥)𝑑𝑥 =  ∫ 𝐼0 ∗ 𝑒−
𝑥
𝜆

𝑥=𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒

𝑥=0

𝑥=𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒 

𝑥=0

𝑑𝑥 =  𝜆 ∗  𝐼0 

And the proportion of the signal contributed from the depth between x1 and x2 over the total signal 

could be gained: 
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𝑃 =  
∫ 𝐼(𝑥)𝑑𝑥

𝑥2

𝑥1

∫ 𝐼(𝑥)𝑑𝑥
𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒

0

=  𝑒
−𝑥1

𝜆 −  𝑒
−𝑥2

𝜆  

Typically, when x1=0, x2=3λ, the signal portion is 95%. This indicates the surface layer in a 

thickness of 3λ contributes to 95% of the total XPS signal. Therefore, XPS is a highly surface-

sensitive technique. Usually, XPS is conducted under ultravacuum conditions (10-9 mbar) to 

collect more photoelectrons from atoms of a sample. 

In photoelectron spectroscopy, a certain element can be identified from the analysis of 

binding energies, as binding energies of atomic electrons are characteristic values. Thus, the 

qualitative information of a catalyst, such as surface composition, could be investigated by 

scanning a wide range of spectra to measure all characteristic features of surface elements.  In 

addition, the oxidation state of a target element could be revealed from the shifting of binding 

energy in XPS. Owing to the shielding effect, the apparent binding energy of the photoelectron 

can be affected by the local electron density. Specifically, atoms at higher oxidation state have 

higher binding energy because of the reduced electron density. The coordination environment of 

an ideal element is also possible to be found by comparing it with the reference database129. 

Moreover, quantitative information of a catalyst such as the relative surface atomic ratio of 

elements could be explored from high-resolution spectra of the most intensive features of elements, 

such as 2p feature for 3d transition metal, 3d feature for 4d transition metal and 4f feature for 5d 

transition metal. The intensity of a photoelectron I is given by 𝐼 = 𝑛 ∗ 𝑆 where n is the surface 

atom number in unit volume and S is the surface sensitivity factors; thereby, the percentage of an 

ideal element in the total composition of a catalyst could be estimated. 
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2.2.2 Ambient pressure X-ray photoelectron spectroscopy (AP-XPS) 

It is promising to study the catalyst surface under real catalytic conditions by performing 

operando XPS experiments due to its superior surface sensitivity. Atoms on the top few layers of 

a catalyst contribute a large portion of total signals that can be detected by XPS. These atoms are 

directly relating to the catalytic activity of a catalyst. In contrast, atoms in deeper layers or in the 

bulk of material contribute a negligible signal in XPS spectra. Thus, the peak shift in XPS spectra 

detected under catalytic conditions is associated with the change of active sites of a catalyst during 

catalysis.  

A significant challenge of achieving the XPS of a sample during catalysis is the pressure 

gap. The ultravacuum (UHV) is required in conventional XPS because the expensive devices, such 

as electron energy analyzer and X-ray source, can only work under UHV conditions (10-9 mbar). 

Moreover, the UHV circumstance is beneficial for the collection of sufficient signals by avoiding 

the depletion of photoelectrons through collision. Nevertheless, heterogeneous catalytic reactions 

involve the interface between solid with gas or liquid. The existence of the gas or liquid phase 

above solid catalysts will dramatically decrease the signal of photoelectrons, because of the 

collision with gas or liquid molecules. Thus, to assemble a reactor on the UHV system, many 

efforts in instrumental development have been made in handling the pressure, temperature and 

flow of the fluidic reactant.  

In the 1970s-1980s, Kai Siegbahn started the use of XPS to studies of surfaces of various 

samples in the gaseous phase128, 130, 131. Significant progress of ambient pressure X-ray 

photoelectron spectroscopy (AP-XPS) in heterogeneous catalysis has been achieved. As reported 

in literatures132-135, some strategies were applied to address the challenge of pressure gap, such as, 

the installation of the in-situ reactor cell, the use of the high focusing lens system and the utilization 
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of high flux density X-ray source which could be achieved in synchrotron light source in a national 

lab. AP-XPS systems are available in many research groups around the world. The AP-XPS 

systems can be purchased from companies in the form of whole systems or different parts including 

X-ray source, energy analyzer, UHV chamber, sample manipulator, sample holder, vacuum pumps, 

reaction cell, gas-introduction manifold and others, which could be assembled in-house. In recent 

research, many useful instrumental parts were designed from manufactures to provide more 

functions of the XPS systems.  

 

2.3 X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS), including X-ray absorption near edge structure 

(XANES) and extended X-ray absorption fine structure (EXAFS), is a crucial technique to 

investigate the coordination environment of atoms in a catalyst. To fundamentally understand the 

nature of atoms in a catalyst at molecular levels, both ex-situ and in-situ experiments of X-ray 

absorption spectroscopy are used in this dissertation work. 

2.3.1 Basic principle 

XAS is developed on the basis of the phenomenon of inelastic scattering, in which the 

intensity of an incident beam of X-ray photons decreases when it passes through a substance. As 

shown in Figure 2.6 (a), by adsorbing the sufficient energy 𝐸 = ℎ𝑣 of a photo, an electron can be 

emitted from the internal shells, such as 1s at the K edge, 2s for the LI edges, 2p for the LII and 

LIII edges, of a core atom. By passing through the material, the intensity of the X-ray beam is 

attenuated according to a Beer–Lambert-type absorption law; thereby, the loss of intensity ΔI is a 

function of the initial intensity I0 and the thickness x crossed:  

∆𝐼(𝐸) =  −𝜇(𝐸) • 𝐼(𝐸)𝑑𝑥, 
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where μ(E) is the linear absorption coefficient. And the integration format is: 

𝐼
𝐼0

⁄ =  𝑒−𝜇𝑥 , 

where I0 and I are the incident intensity and the intensity transmitted after crossing through the 

homogeneous sample. After the excitation of an electron in core shell of an atom, the electrons in 

outer shells of the atom could relax to fill the hole left by ejected electron, thus emitting 

fluorescence. Fluorescence is also a characteristic of a specific element, which can be collected in 

the XAS experiment. The absorption coefficient of the sample μ(E) can be plotted as a function of 

X-ray photon energy to form the XAS spectrum, as displayed in Figure 2.6 (b). A sharp absorption 

edge jump in the XAS spectrum is observed when the energy of an incident X-ray photon equals 

to the binding energy of a core level electron. Then, the emitted photoelectron from the absorbing 

atoms could scatter with surrounding atoms and interfere with the original X-ray photons. The 

combination of constructive and destructive interference leads to the oscillation feature after the 

absorption edge in the XAS spectrum. In the XAS spectrum, the X-ray absorption near edge 

structure (XANES) is assigned to the region from the edge jump to ~100 eV above the absorption 

edge, while the extended X-ray absorption fine structure (EXAFS) is associated to the region of 

oscillation features after XANES. These two structures provide different aspects of the absorption 

atoms.  
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Figure 2. 6 (a)The photoelectric effect, in which an atom absorbs X-ray and emits a core-level electron, 

creating a photoelectron and leaving behind a hole in the core electron level. (b) XAS occurs because the 

photoelectron can scatter from a neighboring atom. The scattered photoelectron can return to the absorbing 

atom, modulating the amplitude of the photoelectron wave-function at the absorbing atom. This, in turn, 

modulates the absorption coefficient μ(E), causing the EXAFS. Reproduced with permission from Ref.136. 

Copyright 2014, Mineralogical Society of America. 

 

The oxidation status of the core atom could be deduced from the XANES spectrum. The 

edge jump energy of the absorption coefficient in the XANES spectrum is the energy for the 

excitation of a core shell electron. This main feature of the edge jump is related to the electric-

dipole allowed transitions (∆𝑙 = ±1) following the selection rule, such as 1s → (n+1)p in K edge. 

A weak pre-edge is also possibly formed from the selection rule forbidden transition, such as 1s 

→ nd for K edge if there is p-d hybridization. Additionally, XAS could sensitively analyze 

chemical state change and electron density difference of a catalyst, due to the shielding effect. For 

instance, the atom with higher oxidation state and lower electron density will exhibit an upshifted 

energy of the edge adsorption. By comparing the shape and position of peaks in a sample with 

references, more detailed information of the absorbing atom could be uncovered, such as 

coordination geometry, the unoccupied state and orbital hybridization. 
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On the other hand, the coordination information of the adsorbing atom can be deduced 

from the EXAFS spectrum. The main feature of oscillation is considerably affected by surrounding 

atoms. By performing the simulation of the oscillation spectrum, the structural parameters 

including the number of coordinating atoms Nj, the respective distance between the core atom and 

coordinating atoms Rj and the Debye-Waller factor σj relating to the thermal disorder and static 

disorder, can be obtained with following EXAFS equation:  

𝜒(𝑘) = ∑ 𝑁𝑗𝑆0
2 𝑓𝑗(𝑘)(

1

𝑘
𝑅𝑗

2)exp (−2𝑅𝑗/𝜆)exp (−2𝑘2𝜎𝑗
2)

𝑗

sin [2𝑘𝑅𝑗 + 𝜙𝑖,𝑗(𝑘)] 

where S0 is a scaling factor (amplitude reduction factor), generally at 0.7-1, created when a valence 

electron fills the hole emitting the excited atoms. It is necessary to take two damping factors into 

account; one refers to the mean free path of an electron and another is related to the disorder on 

the distribution of neighbors j. The structural information generated from the interference function 

is limited to a maximum of 10Ǻ around the absorbing atom.  

In a typical processing protocol, the energy space spectrum of EXAFS is firstly converted 

to k-space, and then Fourier transferred to the R-space spectrum, also known as the radical function 

of EXAFS. The peaks in R-space are associated with the specific bonding path between the core 

atom and surrounding atoms. The data of energy space and R-space will be analyzed through the 

Athena and Artemis software in the IFEFFIT package137. The spectra energy will be calibrated 

using metal foils of each element as references, and data will be normalized by subtracting the 

background. The distance of a certain path will be gained from the atomic cluster built via the 

FEFF6.0 code (running within Artemis) by introducing the atomic positions from crystallographic 

data of standard materials. The amplitude reduction factor (S0
2) of each element will be obtained 

by refining the spectrum of a standard metal foil. The fitting procedure is typically performed on 
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the k2-weighted Fourier transformed EXAFS spectra (Hanning window) using a k range of 2-

13Å−1 and an R range of 1-3Å.  

2.3.2 In-situ X-ray absorption spectroscopy 

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) are promising techniques to characterize heterogeneous catalysts under 

realistic catalytic conditions. Thus, the oxidation state and coordination environment of interested 

elements of catalysts during catalysis can be obtained. Numbers of efforts have been devoted to 

the development of this in-situ study. Inspired by the creation of reaction cells in other X-ray 

techniques such as X-ray diffraction, the quartz tube cells were broadly engaged in XAS studies, 

allowing the XAS experiments carried out under catalytic conditions. In a typical in-situ 

experiment, the catalyst powder will be located in the middle of a quartz tube cell and remained 

under reaction conditions by flowing the reactant gasses into the reaction cell and heating to the 

whole cell to catalytic temperature. h-BN and Kapton can be the substitution of quartz because of 

their low X-ray absorption. These materials will be used in different conditions of the in-situ XAS 

experiments due to their own advantages and disadvantages. Firstly, a quartz tube can stand very 

high temperature (>950oC) in most gaseous reactants, but it only works best for elements with the 

higher absorption edge energy (>10keV), due to the self-absorption of lower energy photos. In 

terms of the h-BN tube, the relatively smaller adsorption of lower energy is beneficial to using the 

h-BN tube as the complimentary of the quartz tube. It is also stable and inert in an oxidizing 

environment at high temperatures up to 850oC. The drawback of h-BN is the difficulty of it being 

machined into a thin wall tube. On the other hand, Kapton is feasible to be used in studies of an 

element with lower energies (<10keV) owing to its much better capability of X-ray transmission, 

although it can only be used at lower temperatures (<400oC).  
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Figure 2. 7 scheme of a typical XAS experiment setup in synchrotron center. Reproduced with 

permission from Ref.136. Copyright 2014, Mineralogical Society of America. 

 

A typical XAS experiment setup is displayed in Figure 2.8. After being focused by a 

monochromator, the incident X-ray beam will sequentially pass through the sample, installed 

between the gas ionic detector I0 and I1, and the reference (normally metal foil), located between 

the gas ionic detector I1 and I2. The intensities of the incident X-ray beam and transmitted signals 

will be monitored by I0, I1 and I2, respectively. Meanwhile, the fluorescence signal If released from 

the sample can be collected by a dedicated detector such as a Ge-13 detector. The absorption 

coefficients for the sample collected by transmission mode (μt) and fluorescence mode (μf) can be 

calculated by equations 𝜇 = ln (
𝐼0

𝐼𝑡
)  and 𝜇 = ln (

𝐼0

𝐼𝑡
) , respectively. In recent researches, many 

revised or updated reaction cells have been proposed and tested for the in-situ XAS studies to 

present better capability of various catalytic conditions, different reactants and products, and a 

wider range of studied elements. 

 

2.4 Significance of ex-situ and in-situ characterization studies  

As described previously, the heterogenous catalysis refers to a surface reaction that is 

conclusively dependent on the surface interaction between reactant/product molecules with the 

active sites on the surface of a catalyst. On active sites of the surface, the reactants will be adsorbed 
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and converted to a series of intermediates in numbers of elementary steps, eventually forming 

products that will desorb from the catalytic sites. Thus, to understand the mechanism of a catalytic 

process, the investigation of the nature of the catalytic structure, especially active sites, is required. 

The conventional ex-situ studies can characterize the local structure of the active sites of a catalyst. 

For example, the formation of single-atom catalysts or bimetallic catalysts can be identified by 

high-resolution TEM, HAADF-STEM and ex-situ EXAFS. The shape and surface of metal oxide 

particles or nanosheet zeolites can be recognized by high-resolution TEM. And the XPS can 

provide information on the composition and oxidation states of a prepared catalyst. 

However, these ex-situ studies can only provide information on a heterogeneous catalyst 

before or after reactions. It has been found that the authentic catalyst structure before or after 

reactions is different from the catalyst under catalytic conditions in many cases. And this difference 

results from various factors due to the complexity of the catalytic process. Specifically, the partial 

pressure of reactants and products around the catalyst surface is reported to affect the chemical 

potential of the system; thereby, it changes the chemical state of the catalyst under reaction 

conditions. For instance, the study of supported metal nanoparticle catalysts for CO oxidation has 

demonstrated that the surface structure of the metal nanoparticle is altered due to the coordination 

with carbon monoxide. Thus, to investigate the nature of active sites on the catalyst surface, 

techniques allowing to characterizing catalysts under catalytic conditions such as the presence of 

reactant/product gasses, high temperature and a certain pressure are needed. In the field of catalysis 

and surface science, the in-situ studies are proposed in many publications to describe the studies 

that aim to obtain information on structures of catalyst surface or bulk when it is in a gas or liquid 

phase composed of reactants at catalytic temperature and pressure. In principle, the amounts of 

reactants and yields of products should be monitored during the characterizing process to guarantee 
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that the signal is collected from the catalysts under working conditions. Here, the AP-XPS and in-

situ XAS experiments can be conducted through designed instruments in worldwide institutions 

to provide the surface chemistry and coordination information of a catalyst in a similar 

circumstance where it performs the catalysis.  

In short, both ex-situ and in-situ studies of a heterogenous catalyst through techniques at 

molecular or atomic levels are essential for the fundamental understanding of the catalysis 

mechanism and identification of the authentic active sites, leading to the design of novel catalysts. 

 

3. Summary 

This section has briefly reviewed the appropriate synthetic approaches of proposed 

heterogeneous catalysts and introduced important characterization methods for fundamentally 

understanding local structures and the nature of active sites of a catalyst. Enormous efforts have 

been devoted to the significant advances in preparation methodologies of heterogeneous catalysts 

in literature. Correlation between the structure of a catalyst and catalytic performance of the 

catalyst can be established through the integration of advanced characterizing explorations of the 

catalyst during catalysis and careful investigations of catalytic performance. Such establishment 

of the structure-function relationship is vital for providing a guideline for the deep understanding 

of reaction mechanisms of ideal catalysis performed on well-defined catalysts and potential 

development of catalysts with high activity and selectivity.   
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Chapter 3: Single rhodium atoms anchored in micropores for efficient 

transformation of methane under mild conditions 

1. Introduction 

CH4 has been one of the inexpensive energy resources since the maturation of hydraulic 

fracturing technology. So far, most processes of chemical transformation of CH4 to intermediate 

compounds of chemical industries including steam or dry reforming, partial oxidation and 

oxidative coupling are performed at quite high temperatures19. One side effect of these high-

temperature catalytic processes is the deactivation of catalysts due to carbon deposition138. For 

example, coke-like carbon layers are readily formed to cover catalyst sites at a high temperature138, 

139. Another is the input of a huge amount of energy to process these catalytic reactions at quite 

high temperatures. Thus, activation of C-H of CH4 at a low temperature is necessary in order to 

transform shale gas to intermediate compounds for the chemical industry in an energy-efficient 

manner53, 88, 97, 140-144.  

Acetic acid is one of the important chemical intermediates due to its wild applications. The 

global demand is 6.5 million metric tons per year (Mt/a). Most of them are produced from methanol 

carbonylation, in which CO reacts with methanol to form acetic acid. Unfortunately, methanol is 

synthesized from CO and H2 which are produced from steam reforming of methane or coal at a 

quite high temperature (>700oC).145 Replacement of the current high-temperature catalysis step 

toward the production of acetic acid with catalysis at low temperature would be feasible if a 

catalytic process could efficiently, directly transform CH4 to acetic acid under a mild condition. 

Direct transformation of methane to acetic acid at a low temperature through a homogeneous 

catalytic process on free Rh3+ cations in solution was reported146-148, in which oxidation of CH4 

and CO with H2SO4 or superacid, or O2 produces oxygenates at 140-180oC in a liquid phase. 
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Challenges in this transformation of homogeneous catalysis are (1) the separation of oxygenates 

from homogenous catalysts in the same phase, (2) the extremely low catalytic activity, only 5.610-

6-1.710-5 oxygenate molecules formed on per Rh active site per second, and (3) requirement of 

highly efficient recycling and reusability of the precious metal.  

 
Figure 3. 1 Schematic showing the difference between continuously packed catalytic sites and singly 

dispersed catalytic sites. (a) Continuously packed cation sites on the surface of an oxide (O-M-O-M-O-

M-O). (b) Singly dispersed cation sites on the surface of an oxide (O-A-O-M1-O-A-O). (c) Singly 

dispersed Rh cation anchored on the internal surface of micropore of aluminosilicate through ion exchange 

of Rh cations with Brønsted acid sites. 

 

The formation of single sites is a significant approach of the development of a catalyst 

toward high catalytic activity and selectivity90, 149-154. Separately anchoring catalytic sites (M1) on 

the oxide support (M1/AxOy) could tune the electronic state of catalytic sites of M which are 

typically continuously packed on the surface of metal nanoparticles (M-M) or periodically packed 

on the surface of a metal oxide (M-O) nanoparticle. Through singly immobilized active sites on 

the oxide substrate, the “coordination ligands” of an isolated singly dispersed cation site (M1), such 

as oxygen atoms, could largely tune the catalytic performance of the cation sites (M1). Thus, 

compared to continuously packed M atoms on the surface of metal nanoparticles (M-M-M) 

and periodically packed M cations on the surface lattice of a metal oxide nanoparticle (O-M-O-

M-O-M-O) (Figure 3.1a),150, 155 these isolated cation sites (M1
*) anchored on the surface of a 

(a) (b)

M1  

atom

Oxide catalyst (MxOy) Rh1 atom anchored in ZSM-5

(c)

M1 atom bonded to O
atoms of support (AaOb)

M
atom
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oxide



46 

substrate oxide (AaOb) could have distinct coordination environments (O-A-O-M1
*-O-A-O-A) 

as shown in Figure 3.1b. Thus, those isolated cations (M1) could exhibit a catalytic performance 

different from a metal oxide nanoparticle (MxOy) or a metal nanoparticle (Mn). Compared to Rh3+ 

freely moving without a closely packed coordination shell, the distinguished coordination of Rh 

atoms anchored in micropores of an aluminosilicate support offers higher activity in transforming 

methane to oxygenates such as methanol in published works90, 93.  

Here we separately anchored Rh cations on the internal surface of micropores of an 

aluminosilicate, ZSM-5 (Figure 3.1c) through ion exchange between Rh3+ in solution and H+ on 

the internal surface of micropore. As these Bronsted sites are typically isolated, Rh3+ cations can 

be separately anchored on Bronsted sites. Production of acetic acid through coupling CH4 with CO 

and O2 (2CH4+2CO+O2 = 2CH3COOH) is efficiently catalyzed by these singly dispersed Rh sites, 

Rh1O5. This heterogeneous catalyst exhibits good activity in transforming CH4 to acetic acid, 0.07 

CH3COOH molecules per Rh site per second with a selectivity of ~70% for production of acetic 

acid. Isotope-labeled experiments using 13CH4 and 13CO show that CH3 of CH3COOH results from 

activation of CH4 and C=O of CH3COOH from the insertion of CO. The reaction pathway referring 

to one-step synthesis of acetic acid from methane was proposed in this work. 

 

2. Experiment  

2.1 Preparation and characterization of catalyst 

Two steps were involved in the preparation of a Rh/ZSM-5 catalyst. The first step is the 

preparation of H-ZSM-5 by calcining commercial NH4-ZSM-5 with a molar ratio of SiO2/Al2O3 

= 23 (Alfa Aesar) in air at 400°C for 12h, as reported in publications85. Four Rh/ZSM-5 catalysts 

with different Rh concentrations (0.01wt%, 0.05wt%, 0.10wt%, 0.50wt%) were synthesized 
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through a method integrating vacuum pumping and incipient wetness impregnation (IWI) of an 

aqueous solution containing a certain amount of rhodium(III) nitrate hydrate (~36%Rh basis, 

Sigma-Aldrich) at room temperature. Typically, 500 mg of H-ZSM-5 was placed in a 50ml three-

port flask. The three ports were sealed with three corks. One port was connected to a vacuum pump. 

Before injecting Rh(NO3)3 solution, air in the flask containing 100 mg H-ZSM-5 was purged for 

3-5h by a vacuum pump when the H-ZSM-5 powder was being stirred. The size of the stirring bar 

is about 5mm for maximizing the amount of H-ZSM-5 to be stirred. Then, 0.30 ml of 1.0 mg/ml 

Rh(NO3)3 aqueous solution was added to the H-ZSM-5. The injection needle quickly reached the 

powder to avoid the dispersion of the solution to the flask wall since the flack is in a vacuum. In 

addition, the tip of the needle needs to reach H-ZSM-5 powders as close as possible during 

injection, minimizing diffusion of the solution to the flask wall. After adding solution consisting 

of Rh3+ precursor, the H-ZSM-5 should be continuously, vigorously stirred for sufficient ion 

exchange. Then, the samples were further dried in an oven at 80°C for 3h and calcined in air at 

550°C for 3 h. Figure 3.2 schematically shows the evolution of the structure of the anchored Rh 

atoms in ZSM-5 of 0.10wt%Rh/ZSM-5. 

Actual Rh concentration of prepared catalysts before and after the reaction were 

determined by inductively coupled plasma atomic emission spectrometry (ICP-AES), as described 

in Appendix A. Figure S3.2 is the standard curve of ICP-AES for the measurement of Rh 

concentrations. TEM (FEI, Titan 80-300) was used to characterize the morphology of the catalyst. 

Extended X-ray adsorption fine structure (EXAFS) studies of Rh K-edge of prepared catalysts 

were taken at SPring-8 synchrotron center. The adsorption fine structure spectra of Rh K-edge 

were fitted using the IFEFFIT package and FEFF6 theory. Reference samples including Rh metal 

foil and Rh2O3 nanoparticles supported on Al2O3 were also studied with EXAFS. Their R-space 
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spectra of these reference samples were fitted with the same software. XPS was performed using 

a PHI5000 VersaProbe Spectrometer with monochromated Al Kα as an X-ray source. 

 

2.2 Catalytic reactions 

Transformation of methane to acetic acid on 0.10wt%Rh/ZSM-5 was performed in a Parr 

high-pressure reactor (Series 4790, Parr) containing a Teflon liner vessel (Figure S3.1 in Appendix 

A). 28 milligram 0.10wt%Rh/ZSM-5 was added to 10 mL H2O in the reactor. After evacuating the 

air left in the reactor by flowing CH4 (99.9%, Matheson) and purging for five times, the system 

was pressurized with reactant gases in a sequence of CH4, CO (99.9%, Matheson) and O2 (99.9%, 

Matheson) to their desired pressures. The ratios of methane and carbon monoxide in oxygen were 

controlled below the lower explosive limit or above the upper explosive limit156, 157. The high-

pressure reactor was completely sealed and then heated to the desired reaction temperature 

(typically 150°C) by placing it in an oil bath. The temperature controller of the heating plate (VWR 

International) was used to measure the temperature of the solution in the Parr reactor through the 

thermocouple placed inside of the reaction solution and to control the temperature through 

outputting tunable power to the heating plate. Once the desired catalysis temperature was reached, 

the solution was vigorously stirred at 1200 rpm and was maintained at the reaction temperature for 

a certain amount of time. After completion of the reaction, the vessel was cooled in an ice bath to 

a temperature below 10°C to minimize the loss of volatile products. The solution with liquid 

products was filtered from the catalyst powder. The clean liquid containing acetic acid, formic 

acid, and methanol was analyzed by 1H-NMR or 13C-NMR.  
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2.3 Measurements of products with NMR and GC.  

1H NMR spectra were collected at room temperature on a Bruker AVANCE III HD 400 

spectrometer. The measurements were calibrated by using 3-(trimethylsilyl)-1-propanesulfonic 

acid sodium salt (DSS) residual signal at δ = 0.0 ppm. Figure S3.3 in Appendix A is a typical NMR 

spectrum of products formed from CH4 transformation. Obviously, the peak of DSS can be 

identified. Typically, 0.7 ml collected filtrate and 0.1 ml of D2O (with 0.02wt% DSS) were mixed 

in an NMR tube for analysis. The identified oxygenated products were acetic acid (δ = 2.08 ppm), 

formic acid (δ = 8.24 ppm) and methanol (δ = 3.34 ppm). A solvent suppression program was 

applied in order to minimize the signal originating from H2O, similar to previous published 

studies90. Standard curves were built for the quantitative analysis of major products. To establish 

a standard curve of a specific product such as acetic acid, a series of standard solutions with 

different concentrations of acetic acid were prepared. For instance, to establish a standard curve 

acetic acid, a series of standard solutions with different concentrations of acetic acid were prepared. 

NMR spectra of these standard solutions were collected with the exact same parameters of NMR 

measurements. The ratio of the area of peak of acetic acid (δ = 2.08 ppm) to the area of DSS of the 

same solution was calculated. These ratios of solutions with different concentrations of acetic acid 

were plotted as a function of the concentrations of acetic acid. Thus, as demonstrated in Figures 

S3.4 a, b and c in Appendix A, standard curves of acetic acid, formic acid, and methanol were 

created with the similar protocol. The concentration of a product (such as acetic acid) in a reaction 

solution was determined by locating the ratio of the peak area of the product to the area of DSS 

(y-axis) in the standard curve and then finding the corresponding value (x-axis) representing the 

amount of the product in the unit of μmol. Gases in the head of the Parr reactor after catalysis were 

analyzed with GC. Table S3.2 in Appendix A presents the amounts of all reactants before catalysis 
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and all products as well as left reactants after the catalysis; this catalysis was performed on 28 mg 

0.10wt%Rh/ZSM-5 dispersed in 10 mL deionized H2O under 50 bar CH4, 10 bar CO, and 8 bar 

O2 for 3h. Bruker Topspin 3.5 software was used to acquire, process, and visualize the NMR data. 

 

3. Result and Discussion 

3.1 Preparation of single Rh atom-based catalytic site 

Rh cations were introduced to the internal surface of micropores of ZSM-5 through a 

method integrating vacuum pumping and incipient wetness impregnation (IWI). To minimize the 

amount of Rh cations to be deposited on the external surface of a ZSM-5 particle, solution of Rh3+ 

with the same volume as the pore volume of ZSM-5 was slowly dropped to ZSM-5 powder with 

a syringe pump when the catalyst powder was continuously stirred and remained in a vacuum. 

During IWI, Rh cations exchanged with singly dispersed Brønsted acid sites of H-ZSM-5, which 

was prepared through calcining NH4-ZSM-5 at 400°C for 12h. After the introduction of Rh3+, the 

samples were further dried in an oven at 80°C for 3h and calcined in air at 550°C for 3h, forming 

the catalyst, Rh/ZSM-5. The evolution of the chemical environment of Rh cations in ZSM-5 was 

schematically shown in Figure 3.2. The concentration of Rh cations in a synthesized catalyst was 

measured through inductively coupled plasma atomic emission spectroscopy (ICP-AES). Before 

an ICP-AES measurement, 28 mg of 0.10wt%Rh/ZSM-5 was dissolved in aqua regia. For catalyst 

with a nominal mass ratio of Rh to aluminosilicate, 0.10wt%, the measured weight percent was 

0.10wt%, which suggests no obvious loss of Rh atoms during the preparation. X-ray photoelectron 

spectroscopy (XPS) studies of the synthesized 0.10wt%Rh/ZSM-5 displayed a lack of Rh atoms 

in the surface region of catalyst particles (red spectrum in Figure 3.3c) since the XPS is a surface 

sensitive technique. The lack of Rh atoms in the surface region revealed with XPS together with 

the 0.10wt%Rh in the synthesized catalyst measured with ICP-AES suggests that these introduced 
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Rh atoms were only anchored in micropores of ZSM-5 particles instead of the external surface of 

ZSM-5 particles. In terms of the catalyst sample with a high loading (0.50wt%Rh/ZSM-5), 

however, rhodium oxide nanoparticles at a size of around 2-4 nm were formed on the external 

surface of ZSM-5 as evidenced by the low contrast patches in transmission electron microscopy 

(TEM) images (Figure 3.3b), which is consistent with the observed Rh 3d photoemission feature 

in studies of the sample 0.5wt%Rh/ZSM-5 using XPS (black spectrum in Figure 3.3c)158. 

 
Figure 3. 2 Schematic showing the synthesis and structural feature of isolated Rh atoms in ZSM-5. 

Schematic (a-c) and pictures (d-f) showing the preparation of 0.10wt%Rh/ZSM-5 catalyst in which Rh1O5 

sites were formed in the micropores of aluminosilicate. (a) NH4-ZSM-5 as purchased. (b) Formation of H-

ZSM-5 upon calcination of NH4-ZSM-5 at 400oC for 12h. (c) Formation of ZSM-5 with anchored Rh1O5 

sites through integrated vacuum pumping and incipient wetness impregnation (IWI) of Rh3+ to micropores 

through ion-exchange in aqueous solution; after impregnation, catalyst precursor was centrifuged; the 

precipitant was dried in an oven at 80oC for 3h and calcined in air at 550oC for 3h. (d), (e), and (f) are ball-

stick model figures of the corresponding schematics (a), (b), and (c). 
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Figure 3. 3 Structural characterizations of ZSM-5 with anchored Rh cations and confirmation of single 

dispersion of Rh cations in 0.10wt%Rh/ZSM-5. (a) TEM image of particles of 0.10wt%Rh/ZSM-5; (b) 
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TEM image of particles of 0.50wt%Rh/ZSM-5; (c) Rh 3d XPS peak of 0.l0wt%Rh/ZSM-5 and 

0.50wt%Rh/ZSM-5; (d) Energy space of Rh K-edge of 0.l0wt%Rh/ZSM-5 and Rh foil (reference sample) 

of X-ray absorption spectra; (e) R-space of Rh-K edge of experimental (black) and calculated (red) data of 

the k2-weighted Rh K-edge EXAFS spectra of used 0.10wt%Rh/ZSM-5; (f) Coordination number of O 

atoms to a Rh atom and bond length of O-Rh on average of used 0.10wt%Rh/ZSM-5; (g) and (h) R-space 

of Rh-K edge of experimental (black) and calculated (red) data of the k2-weighted Rh K-edge EXAFS 

spectra of Rh metal foil and Rh2O3 nanoparticles supported on Al2O3, respectively. 

 

The existence of Rh atoms in the micropores of ZSM-5 after catalysis was confirmed by 

the measured concentration of Rh atoms remained in micropores with ICP-AES, which was 

0.098%. Extended X-ray absorption fine structure spectroscopy (EXAFS) was used to characterize 

the chemical environment of anchored Rh atoms of used 0.10wt%Rh/ZSM-5 (the catalyst after 

reaction). After catalysis, the used catalyst powder was centrifuged and thus washed with 

deionized H2O several times and then dried in an oven at 200 °C. The obtained powder was used 

for EXAFS studies in flowing He at 150 °C. the R-space spectrum of K-edge of Rh atoms of the 

used catalyst shows that Rh atoms bond with oxygen atoms and the average coordination number 

of oxygen atoms to a Rh atom is CN(Rh-O) of 5.23±0.52 (Figure 3.3e, f). Notably, no contribution 

of Rh–Rh metal bonds needed to fit the R-space spectrum of Rh K-edge (Figure 3.3e), suggesting 

that there is no evidence for the formation of Rh–Rh metal bonds. This is consistent with the 

oxidization state of Rh shown in Figure 3.3h. Similar to literature159-161, the second shell of 

rhodium oxide at 2.60 Å in the R-space spectrum (Figure 3.3h) was clearly observed in our 

reference sample Rh2O3 nanoparticles. However, there is a lack of Rh-O-Rh peak at 2.60 Å in the 

R-space spectrum of 0.10wt%Rh/ZSM-5 (black line in Figure 3.3e). It shows Rh atoms of our used 

catalyst do not have the second coordination shell of Rh atoms in terms of lack of Rh-O-Rh and 

thus there are no rhodium oxide nanoclusters formed in our used catalyst (0.10wt%Rh/ZSM-5). 

Inspired by work of Gates group, particularly the assignment of intensity at about 2.7 Å in the R-

space spectrum of Rh K-edge to Rh-O-Al with a Rh-(O)-Al distance of 3.02 Å, we fit the small 
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peak (α) at about 2.7 Å in Figure 3.3e to Rh-O-Al. In addition, we fit the intensity at about 3.3 Å 

(β) in the R-space of Rh K-edge to Rh-O-Si (Figure 3.3e); the coordination numbers of Al to Rh 

through O atom and Si to Rh through O atom are 1.55 ± 0.66 and 1.68 ± 0.71, respectively; the 

distances of Al and Si atoms to the Rh atoms are 3.168 ± 0.032 Å and 3.514 ± 0.072 Å, respectively. 

Thus, these EXAFS studies show that Rh atoms of 0.10wt%Rh/ZSM-5 are singly dispersed in 

micropores of ZSM-5, and each Rh atom bond with about five oxygen atoms on average. In the 

following paragraphs, sometimes we used Rh1O5@ZSM-5 when we need to point out the 

coordination environment of the Rh atoms on average. Figure 3.2 schematically shows the 

structure of a catalytic site of Rh1O5 anchored in micropores of ZSM-5. 

 

3.2 Catalytic performance of Rh1O5@ZSM-5 catalyst at 150oC 

Experiments for the synthesis of acetic acid were conducted by using same amount of 

different catalysts under identical catalytic conditions. With 28 mg of 0.10wt% Rh/ZSM-5, about 

246 μmol of total products (acetic acid, formic acid, and methanol) were produced at 150oC in the 

first hour (entry 4 in Table S3.1 in Appendix A). Under the same condition, the yields of the total 

organic compounds formed from 0.50wt%Rh/ZSM-5 (entry 5 in Table S3.1 in Appendix A) are 

similar to 0.10wt%Rh/ZSM-5. This similarity in catalytic performances shows that the rhodium 

oxide nanoparticles formed in 0.50wt%Rh/ZSM-5 are not active for this transformation. In other 

words, the catalytic activity of 0.10wt%Rh/ZSM-5 in this chemical transformation is contributed 

from the Rh1O5 sites anchored in micropores of ZSM-5 instead of rhodium oxide nanoparticles. 

As calculated in Appendix A, the conversions of CH4 in studies of Figure 3.4 and Table S3.1 are 

lower than 20%. Thus, we used these conversions to calculate the turn-over frequency with the 

equation 
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𝑇𝑂𝐹 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑚𝑜𝑒𝑙𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑒𝑐𝑡𝑠

𝑡𝑖𝑚𝑒 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑆) ×𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑖𝑡𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 (𝑅ℎ1𝑂5) 
.  

This calculation is based on the assumption that all loaded Rh atoms are active sites, as described 

in Appendix A. The activities for production of acetic acid and total oxygenates at 150°C are 0.070 

and 0.10 molecules per Rh atom per second (entry 3 of Table 3.1), respectively. 

 
Figure 3. 4 Yields of acetic acid, formic acid, and methanol (left vertical axis) as well as the selectivity to 

acetic acid (the right vertical axis) were plotted as a function of different pressures of CH4 (10 or 50 bars) 

and different reaction times (2 h or 12 h). 28 mg of 0.10wt%Rh/ZSM-5 was used for each catalysis. Each 

catalysis consists of 10 bar CO and 8 bar O2 and certain pressure of CH4 as noted on the X-axis (10 or 50 

bars). The catalysis temperatures of all studies here are 150oC here. 

 

To check whether Rh atoms anchored in micropores of ZSM-5 could detach from ZSM-5, 

the clear solution was obtained by filtration for removal of Rh/ZSM-5 catalyst particles from the 

solution after catalysis at 150°C for 12h. ICP-AES test of this solution shows that only 2% of the 

total Rh atoms of 28 mg of 0.10wt%Rh/ZSM-5 detached from ZSM-5 to the solution. Thus, most 

Rh atoms remained in ZSM-5 after catalysis. Due to the negligible amount of Rh3+ detached from 

0.10wt%Rh/ZSM-5 and the extremely low TOF of free Rh3+ in solution evidenced in entry 1 in 
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Table 3.1, the contribution of the detached Rh3+ to the measured catalytic activity in the formation 

of acetic acid is negligible. It suggests that the anchored Rh atoms are active sites. 

Table 3. 1 Comparison of turn-over frequency (TOF) for formation of acetic acid or oxygenates including 

acetic acid, formic acid and methanol on 0.10wt%Rh/ZSM-5 and homogeneous catalyst 

Note: the unit of TOR here is number of product molecules formed from per site per second. 

Entry Catalyst 
Catalytic 

temperature 

TOF of acetic 

acid (molecule 

per site per 

second) 

TOF of total 

oxygenates[a] 

(number of 

molecules per site 

per second) 

Selectivity for 

production of 

acetic acid 

1 Rh(NO3)3 [a] 150oC 6.3 x 10-6 [b] 2.4 x 10-5 [b] 26.3% 

2 
0.10wt% 

Rh/ZSM-5 [a] 
150oC 0.040[c] 0.099[c] 40.0% 

3 
0.10wt% 

Rh/ZSM-5 [a] 
150oC 0.070[d] 0.10 [d] 70.1% 

[a]: Here, oxygenates include acetic acid, formic acid and methanol (CO2 was not included). Calculations 

of TOFs of these catalysts were described in Appendix A. 

[b]: Five milliliters of 0.01 mol/L Rh(NO3)3 was added in Parr reactor and 50  bar CH4, 10  bar CO, and 

8  bar O2 were introduced to the Parr reactor and then the Parr reaction was sealed; the reaction was 

performed at 150°C for about 90h. This measurement was done for comparison with 0.10wt%Rh/ZSM-5 

in which Rh1 cations were anchored in micropores 

[c]: The catalysis condition of 0.10wt%Rh/ZSM-5: a mixture of 50 bar CH4, 10 bar CO, 8 bar O2, 2h; the 

yields of acetic acid and all oxygenates were listed in Figure 3.4. 

[d]: The catalysis condition of 0.10wt%Rh/ZSM-5: a mixture of 50 bar CH4, 10 bar CO, 8 bar O2, 12h; the 

yields of acetic acid and all oxygenates were listed in Figure 3.4. 

 

To further confirm the contribution of Rh1O5 sites to the formation of acetic acid, control 

experiments were performed on these catalysts including 28 mg of H-ZSM-5, 28 mg of 

0.10wt%Rh/SiO2 and 28 mg of 0.10wt%Rh/Al2O3 under the exactly same condition as that of 

28 mg 0.10wt%Rh/ZSM-5 at 150°C in the mixture of 50 bar CH4, 10 bar CO and 8 bar O2 for 2h. 

As shown in Table 3.2, the amounts of acetic acid, formic acid, or methanol produced on 28 mg 

of 0.10wt%Rh/SiO2 and 28 mg of 0.10wt%Rh/Al2O3 are lower than 10 μmol, which are at the level 

of the error bar. All the reported yields in this work are the measured products formed from 28 mg 

catalyst. In conclusion, these control samples in terms of Rh supported on these nonporous oxides 

and even on a couple of commonly used reducible oxides are not active for the production of acetic 

https://www.nature.com/articles/s41467-018-03235-7#Tab1
https://www.nature.com/articles/s41467-018-03235-7#Tab2
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acid or methanol from the coupling of CH4 with CO and O2. Thus, these studies suggest the 

significant contribution of Rh1O5 sites encapsulated in ZSM-5 to the formation of acetic acid. 

Table 3. 2 Catalytic performances of 28 mg catalysts of 0.10wt%Rh supported on different supports in a 

mixture of 10 bar CH4, 10 bar CO, and 8 bar O2 at 150 °C for 3 h with 10 mL H2O in a high-pressure reactor 

Entry Catalyst 
Methanol 

(μmol) 

Formic acid 

(μmol) 

Acetic acid 

(μmol) 

Total products 

(μmol) 

1 H-ZSM-5 3.67 2.28 1.87 7.82 

2 0.10wt%Rh/SiO2 8.71 4.62 6.13 19.46 

3 0.10wt%Rh/Al2O3 0.91 3.05 9.64 

Acetic acid, formic acid, and methanol were identified as products. Reactants on pure H-ZSM-5 was also 

performed at the same conditions as a blank experiment (entry 1) 

The participation of all these three reactants (CH4, CO, and O2) was confirmed with three 

parallel studies on 0.10wt%Rh/ZSM-5 under the exactly same catalytic condition as displaced in 

Figure S3.5 a, b, c; in each of these studies, only two of the three reactants were introduced to the 

Parr reactor; none of these studies produced acetic acid, formic acid, or methanol due to the lack 

of the third reactant gas. Those studies clearly show that all three gases (CH4, CO, and O2) are 

necessary reactants for the formation of CH3COOH.  

3.3 Participation of molecular O2 in the synthesis of acetic acid 

Here we used low-cost molecular oxygen (O2) or compressed air as an oxidant in the 

oxidative transformation of CH4 and CO to acetic acid. To further confirm the direct participation 

of molecular O2, we performed catalysis at different pressures of O2 (2 bar, 4 bar, 8 bar, 12 bar, 

and 16 bar) but all other conditions are the same in these parallel studies; in each of these parallel 

studies, 28 mg of 0.10wt%Rh/ZSM-5 was added to 10 ml H2O. The reaction was performed at 

150oC for 2 h in a mixture of 30 bar CH4, 10 bar CO and different pressures of O2, investigating 

the correlation of yields of products (acetic acid, formic acid and methanol) with the pressure of 

O2. As shown in Figure 3.5a, the highest yields of acetic acid and formic acid were obtained from 

5.68 

https://www.nature.com/articles/s41467-018-03235-7#MOESM1
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the catalysis using 8 bar O2. The increase of yield of acetic acid and formic acid along with the 

increase of O2 pressure shows that O2 does participate in the formation of acetic acid and formic 

acid. It is expected that high coverage of oxygen atoms on a Rh atom formed at high pressure of 

O2 could saturate the coordination of Rh1 atom and thus poison the catalyst sites at high pressure 

of O2, resulting in a low yield of oxygenates at high pressure of O2.   

 
Figure 3. 5 Yields of methanol (black), formic acid (blue) and acetic acid (red) in the chemical 

transformation of CH4 at 150oC in aqueous solutions at different pressure of (a) O2, (b) CO, (c) CH4. (a) 30 

bar CH4, 10 bar CO and different pressure of O2 at 150oC for 2h. (b) 50 bar CH4, 8 bar O2 and different 

pressure of CO at 150oC for 2h. (c) 10 bar CO, 8 bar O2 and different pressure of CH4 at 150oC for 2h. 

 

3.4 Direct participation of CO to the synthesis of acetic acid 

To further confirm the participation of CO in the formation of acetic acid, the influence of 

the partial pressure of CO on both the conversion of CH4 and selectivity for the production of 

acetic acid was investigated through parallel studies (Figure 3.5b). In each of these studies, the 

partial pressures of CH4 and O2 were fixed at 15 bar and 8 bar, respectively. However, the pressures 

of CO in the five studies are 2 bar, 5 bar, 10 bar, 15 bar, and 30 bar. The increase of the amount of 

acetic acid while CO pressure was increased from 2 bar to 10 bar, suggesting that CO directly 

participates in the formation of acetic acid. The lack of activity for production of acetic acid at 30 

bar CO showed that catalyst sites are blocked at such a high pressure of CO. CO molecules must 

have directly interacted with the Rh cations. At high pressure of CO, high coverage of CO could 
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saturate the coordination of CO molecules to a Rh1 atom and deactivate the catalyst. We measured 

the concentrations of Rh in the liquid (α) after filtering the catalyst experienced catalysis at 10 bar 

CO, 15 bar CH4 and 8 bar O2, and in another liquid (β) after filtering the catalyst experienced 

catalysis at 30 bar CO, 15 bar CH4 and 8 bar O2. The amounts of Rh atoms in the liquids α and β 

are 3.1% and 13.0% of Rh atoms of 28 mg of 0.10wt%Rh/ZSM-5, respectively.  Thus, the much 

larger loss of Rh atoms at high pressure of CO (30 bar) suggests that Rh atoms form carbonyl at 

high pressure of CO and some of these formed rhodium carbonyl species desorb and dissolve in 

solution. Thus, Rh species detached at high pressure of CO. 

One molecular-level evidence on the direct participation of CO is the following isotope 

experiment. 0.7 bar 13CO (Aldrich, 99 atom%) was mixed with 6.3 bar of CO, 14 bar CH4 and 4 

bar O2 for catalysis of 10 hours (Figure 3.6a). 40 mol of 13CH3OH (Aldrich, 99 atom%) was 

added to the collected solution after catalysis as a reference to quantify the amount of potential 

isotope products 13CH3COOH, CH3
13COOH, or H13COOH. As (1) the amount of produced 

CH3OH is negligible and (2) the chemical shift of 13CH3OH in 13C spectrum can be readily 

distinguished from reactants and acetic acid and formic acid,  40 mol of 13CH3OH (Aldrich, 99 

atom%) was added as a reference to quantify the amount of isotope products CH3
13COOH, 

H13COOH, and 13CH3COOH. Due to the natural existence of 13C in regular CO with a natural 

abundance of 13C of 1.1%, contrast experiments (Figure 3.6b) are necessary for elucidating the 

chemical bonding of 13C in the formed products. Contrast experiments using the mixture of 7 bar 

of CO, 14 bar CH4 and 8 bar O2 were performed. As shown in Figure 3.6b, the intensity ratio of 

CH3
13COOH to 13CH3OH of the solution of isotope experiment (Figure 3.6a) is obviously larger 

than that in the contrast experiment (Figure 3.6b) by about 6.4 times. In addition, the intensity ratio 

of H13COOH to 13CH3OH in the isotope experiment is higher than the contrast experiment by about 
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2.6 times. Notably, the intensity ratio of 13CH3COOH to 13CH3OH in isotope experiment (Figure 

3.6a) is similar to the ratio of the contrast experiment. It suggests that the C atoms of CH3 of 

CH3COOH do not come from the reactant CO.  

 

 
Figure 3. 6 13C NMR spectra of products of acetic acid, formic acid and methanol on 28 mg 

0.10wt%Rh/ZSM-5 at 170oC for 10h in gas mixture :(a) mixture of 0.7 bar 13CO, 6.3 bar CO, 14 bar CH4 

and 8 bar O2, (b) mixture of 7 bar CO, 14 bar CH4 and 8 bar O2, (c) mixture of 7 bar CO, 0.7 bar 13CH4, 

13.3 bar CH4 and 8 bar O2, and (d) mixture of 7  bar CO, 14 bar CH4 and 8 bar O2. (a) and (b) are isotope 

experiments; (c) and (d) are their corresponding contrast experiments. 

 

One potential pathway to form acetic acid is the coupling of CO with a formed formic acid 

molecule; if so, the yield of acetic acid should increase along with the increase of CO pressure. 

However, as shown in Figure 3.5b yield of acetic acid decreases along with the increase of CO 

pressure (≥10 bar). Thus, coupling formic acid with CO to form acetic acid is not a pathway. To 

further check the possibility of reaction between HCOOH and CO to form acetic acid, we 

performed three control experiments at 150°C for 3h under the following conditions including a 

mixture of 28 mg 0.10wt%Rh/ZSM-5, 108 μmol HCOOH, and 10 mL DI H2O without any CO, 
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with 5 bar CO, and with 10 bar CO, respectively. As shown in Figure S3.6 in Appendix A, no 

acetic acid was formed in these experiments. 

 

3.5 Direct participation of CH4 instead of coupling CH4 with formic acid to the synthesis of 

acetic acid 

The influence of CH4 pressure on the catalytic performance was explored at 150oC under 

a mixture of 10 bar CO and 8 bar O2 and different pressure of CH4 (10 bar, 20 bar, 30 bar, 40 bar 

and 50 bar) for 2 hours (Figure 3.5c). The progressive increase of yield of acetic acid shows that 

CH4 directly participates in the formation of acetic acid. The apparent increase of yield of acetic 

acid along the increase of CH4 pressure demonstrates that CH4 directly participates in the 

formation of acetic acid (Figure 3.5c), which excluded a pathway in which CH4 couples with 

formic acid to form acetic acid. If acetic acid was formed from a coupling of formic acid with CH4, 

the amount of formic acid should have decreased along the increase of pressure of CH4 since more 

formic acid should have been consumed along with the increased amount of CH4 to form acetic 

acid. 

To elucidate the source of carbon atoms at the molecular level, 13CH4 isotope experiments 

were performed. 0.7 bar 13CH4 (Aldrich, 99 atom%) was mixed with 13.3 bar of CH4, 7.0 bar CO, 

and 4.0 bar O2 for isotope experiment on 28 mg of 0.10wt% Rh/ZSM-5 at 170oC for 10 hours 

(Figure 3.6c). As shown in Figure 3.6c, CH3
13COOH, H13COOH and 13CH3OOH were observed. 

A contrast experiment using the mixture of 14 bar unlabeled CH4, 7.0 bar of CO, and 8 bar O2 was 

performed at exactly the same catalytic conditions (Figure 3.6d). 13CH3COOH were formed in the 

two experiments. However, the ratio of 13CH3COOH to reference (13CH3OH) when 13CH4 was 

used (Figure 3.6c), is much larger than that when unlabeled CH4 was used (Figure 3.6d). This 
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difference shows that the carbon atom of CH3 of acetic acid comes from CH4 instead of CO. If C 

atoms of C=O of CH3COOH could come from CH4, the ratio of CH3
13COOH to reference 

(13CH3OH) in Figure 3.6c would be much larger than the ratio in Figure 3.6d since the isotope 

experiment contains a significant amount of 13CH4. In fact, in both regular and isotope experiments, 

we did observe a small amount of CH3
13COOH but there is no large difference between their ratios 

to reference (13CH3OH) in the experiments of both Figures 3.6 c and d. Here, the formation of 

CH3
13COOH is due to the natural abundance of 13CO in unlabeled CO. Thus, CO does not 

contribute to the formation of CH3 of CH3COOH. 

 

3.6 Direct coupling of reactants for the formation of acetic acid 

It is noted that the amount of methanol in any of our studies is always much lower than 

acetic acid and formic acid. One potential argument for the low yield of methanol could be that 

methanol has been formed but it could have acted as an intermediate compound in the formation 

of acetic acid; in other words, formic acid could have been consumed through coupling with CO 

to form acetic acid. Depending on whether CH3OH could act as an intermediate product in the 

formation of acetic acid or not, two categories of potential pathways α and β were proposed in Fig. 

3.7a. In potential pathway α, CH4 couples with CO to directly form acetic acid; methanol is not an 

intermediate product of this type of reaction pathway. In potential pathway β, however, CH3OH is 

an intermediate product and then be consumed in the formation of acetic acid; CH4 is first oxidized 

to CH3OH (the first step) and then CH3OH couples with CO to form acetic acid (the second step); 

the second step of the potential pathway β is called carbonylation of methanol by CO; it is in fact 

the Monsanto process162, 163. In order to identify whether methanol carbonylation (pathway β) 
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could be a pathway for the production of acetic acid on our catalyst Rh1O5@ZSM-5, carefully 

designed isotope experiments described in Appendix A were performed. 

 
Figure 3. 7 Isotope-labelled studies for elucidating whether acetic acid could be formed through coupling 

methanol with CO. (a) Two potential pathways  and  for production of acetic acid; in pathway , CH3OH 

is not an intermediate for formation of CH3COOH; in pathway , CH3OH is an intermediate for formation 

of CH3COOH. (b) Potential catalytic products formed from 0.10wt%Rh/ZSM-5 in the mixture of 13CH3OH 

and H2O in solution under mixture of CH4, CO and O2 if the transformation of CH4, CO and O2 follows 

pathway , , or both  and . (c) NMR spectra of the products formed from 28 mg of 0.10wt%Rh/ZSM-

5 after reaction in 10 bar CH4, 5 bar CO, and 4 bar O2 at 150oC for 1h; there was no any isotope-labelled 

methanol, 13CH3OH added to the rector before catalysis. (d) NMR spectra of the products formed from 28 

mg of 0.10wt%Rh/ZSM-5 after reaction in 10 bar CH4, 5 bar CO, and 4 bar O2 at 150oC for 1h.; notably, 

1.0 mmol 13CH3OH was added to H2O before catalysis. 

 

These isotope experiments show that acetic acid cannot be formed from carbonylation of 

methanol by CO on our catalyst. In one isotope-labeled experiment, 1.0 mmol isotope-labeled 

13CH3OH (99 atom% 13C, Aldrich) was added to 10 ml deionized H2O before the introduction of 

10 bar CH4, 5 bar CO, and 4 bar O2 to the Parr reactor. If CH3OH could not be an intermediate for 

the formation of acetic acid, the added 13CH3OH would not particulate into the formation of 

isotope-labeled acetic acid, 13CH3COOH. Thus, no 13CH3COOH could be observed if 

carbonylation of methanol by CO would not be involved (possibility 1 in Figure 3.7b). The NMR 
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spectrum of the solution of products formed in the reactor having 12CH4, 
12CO, and O2 in H2O 

(13CH3OH was not added) after the reaction of 2h was presented in Figure 3.7c. Figure 3.7d is the 

NMR spectrum of the products formed after the catalysis for 1 h under a condition of a mixture of 

13CH3OH, 12CH4, 
12CO, and O2 at 150°C. The observed peaks A, B, C, D, and E in Figure 3.7d 

were assigned to CH3COOH, CH3OH, HCOOH, 13CH3OH, and H13COOH, respectively. As 

neither peak of H atoms of 13CH3 of 13CH3COOH in 1H spectrum nor peak of 13C atoms of 

CH3
13COOH in the 13C spectrum was observed in the NMR, pathway β is not a pathway for the 

formation of acetic acid. Thus, these isotope studies showed that acetic acid is not formed from 

carbonylation of methanol by CO. Additionally, H13COOH was observed clearly in Figure 3.7d, 

suggesting that 13CH3OH can be oxidized to H13COOH under the current catalytic condition. 

Directly reforming CH4 with CO2 to produce acetic acid at a temperature 250oC was 

reported in literatures164-169. Presumably, one potential reaction pathway for the formation of acetic 

acid on our catalyst is that CO is first oxidized by O2 to form CO2 and then CO2 couples with CH4 

to form acetic acid. To check this possibility, 30 bar CH4 and 30 bar CO2 were introduced to the 

Parr reactor and the reaction was performed under the same catalytic condition on 28 mg 

0.10wt%Rh/ZSM-5 (at 150oC for 4h). As shown in Figure S3.7, no acetic acid, formic acid or 

methanol was formed. Thus, the pathway involving CO oxidation to from CO2 and then reforming 

CH4 with CO2 to form acetic acid was excluded.  

The mechanism of one-step synthesis of acetic acid by coupling methane with carbon 

monoxide and oxygen through homogeneous catalysts was proposed in literatures147, 148. 

Nevertheless, the reaction pathway was uncovered due to the lack of fundamental understanding 

of the authentic structure of heterogeneous catalysts at atomic level. It is challenging to 

characterize the structure of the single-atom Rh catalyst under catalytic conditions for the one-step 
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synthesis of acetic acid from methane owing to the complexity of the gas-liquid reaction system. 

Thus, it is expected to overcome the difficulty of in-situ studies in the future research to explore 

the mechanism of producing the acetic acid through methane direct transformation.  

 

3.7 Ready separation of hydrophilic products from a hydrophobic solvent 

The above chemical transformation was performed in aqueous solution. As the products of 

this chemical transformation, acetic acid, formic acid, and methanol are hydrophilic, it is not 

feasible to separate these hydrophilic products from water. Thus, a hydrophobic solvent, n-

dodecane, was used to attempt to make hydrophilic products automatically separate from the 

solvent after synthesis. 

 
Figure 3. 8 Yields of acetic acid, formic acid and methanol from 28 mg 0.10wt%Rh/ZSM5 in 10 ml 

dodecane at 150oC in the mixture of 30 bar CH4, 10 bar CO and 5 bar O2 for 2h. 

 

As shown in Figure 3.8, the yields of catalysis at 150oC on 28 mg 0.10wt%Rh/ZSM-5 in 

10 ml n-dodecane in the mixture of 50 bar CH4, 10 bar CO and 8 bar O2 for 2 hours are slightly 

higher than that using 10 ml DI water under the same catalytic conditions as shown in Figure 3.4. 

The significant advantage of using an organic solvent is that the hydrophilic products of this 
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reaction (acetic acid and formic acid) can readily separate from the hydrophobic solvent, without 

energy cost. 

 

3.8 Feature of this chemical transformation in liquid under mild condition 

CH4 and CO can be oxidized with different oxidants including O2, concentrated H2SO4, or 

a superacid by using the homogeneous catalyst RhCl3, 
147, 148, 170, 171 in which acetic acid and other 

products (formic acid and methanol) were formed. One control experiment using Rh(NO3)3 was 

done (entry 1 in Table 3.1); the turn-over-frequency (TOF) of the homogenous catalyst, Rh(NO3)3 

without a promoter, is only 6.3 x 10-6 molecules per rhodium cation per second at 150°C. Here, 

the Rh1O5@ZSM-5 catalyzes the oxidation of CH4 and CO with a low-cost oxidant, molecular 

oxygen or even air at 150°C at a solid-liquid-gas interface. TOF of the catalytic sites Rh1O5 

anchored in microporous aluminosilicates reaches 0.070 CH3COOH molecules per Rh1O5 site per 

second in a mixture of 50 bar CH4, 10 bar CO, and 8 bar O2 (entry 3 of Table 3.1). The TOF for 

production of acetic acid on singly dispersed Rh1O5 sites is much higher than those reported 

homogenous catalysts by >1000 times. As shown in Figure 3.4, 840 μmol of acetic acid, 352 μmol 

of formic acid, and 82 μmol of methanol were produced from 28 mg 0.10wt%Rh/ZSM-5 at 150°C 

for 12h under a catalytic condition of 50 bar CH4, 10 bar CO and 8 bar O2, which correspond to 

conversion of 10.2% of CH4 under this condition. Selectivity for production of acetic acid among 

all organic products reaches about 70% under this condition. Other than the highest catalytic 

efficiency on Rh1O5@ZSM-5, a significant advantage of this catalytic process is the ready 

separation of liquid products from the solid catalyst and solvent. 
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4. Conclusion 

In this work, the heterogeneous single-atom catalyst, 0.10wt%Rh/H-ZSM-5 consisting of 

single dispersed Rh1O5 sites anchored in the microporous aluminosilicate, was synthesized. The 

anchored Rh1O5 sites exhibited unprecedented catalytic activity in the production of acetic acid 

from carbon monoxide addition. The TOF for the formation of acetic acid over the single-atom Rh 

catalyst is 0.70 moles acetic acid per mole Rh1O5 sites per second, higher than that of free Rh3+ in 

aqueous solution by >1000 times under mild conditions. The mechanism of the synthesis of acetic 

acid was proposed to be the coupling of three reactants (methane, carbon monoxide and oxygen) 

over Rh1O5 sites. This heterogeneous catalytic process suggests a new route for the one-step 

synthesis of acetic acid through direct utilization of methane under a mild condition at 150°C or 

lower by using a low-cost oxidant O2, in place of the current industrial process based on 

carboxylation of methanol. 

 

Contributions of the project: 

The synthesis of catalysts and catalytic performances of prepared catalyst were mainly 

done by Yuting Li; Characterizations of catalysts were done by Yu Tang and collaborators.
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Chapter 4: The understanding of coordination number-dependent catalyst – 

transition metal oxide for methane complete oxidation 

1. Introduction 

The extensive studies of metal catalysts in the last four decades have uncovered that the 

packing of metal atoms on the surface of a metal particle is essential for the catalytic performance 

of metal catalysts99, 172. Compared to metal catalysts, transition metal oxide (TMO) and TMO-

based catalysts catalyze more than half of the reactions of chemical and energy transformations in 

industries. However, much less understanding of the reaction mechanisms on TMOs and TMO-

based catalysts at a molecular level has been achieved in contrast to catalysis on metals. Compared 

to the considerable fundamental studies of surface structures of metal catalysts and their 

corresponding catalytic performances99, 172-175, very few intrinsic correlations between different 

surface structures of a TMO catalyst and their corresponding catalytic performances have been 

established. That is partially due to the high complexity of surface structures of TMO catalysts. 

Such structural complexity results from the coexistence of cations with different coordination 

environments, the coexistence of cations of different valences, and the coexistence of different 

surface defects. In addition, a dramatic restructuring of surfaces of a TMO catalyst could happen 

along with a transition of bulk phase from a low-temperature phase to high-temperature one when 

the temperature of catalysis is increased since a TMO often exists in forms of more than one phase. 

These complicated, interacting factors have made the establishment of an intrinsic correlation 

between an atom-scale surface structure of a TMO catalyst and its corresponding catalytic 

performance extremely challenging. 

To explore the correlation of surface structures of a TMO and their corresponding catalytic 

performances, NiO was chosen as a probing TMO since a Ni cation anchored on Co3O4 surface 
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lattice plays a significant role in the activation of C-H bond of CH4 in methane complete 

oxidation33, 176-178. In this study, planar sheet NiO, cubic NiO and octahedral NiO were synthesized, 

whose exposed surfaces are (110) facet, (100) facet and (111) facet, respectively. Ni2+ cations in 

surfaces of these three catalysts were found to coordinate with 4, 5, and 6 oxygen atoms, 

respectively. Experimental studies demonstrated that a Ni cation coordinating with four oxygen 

atoms on (110) of planar sheet NiO is highly active for activation of CH4 and CH4 complete 

oxidation in contrast to the inertness of both (100) of cubic NiO and (111) of octahedral NiO at 

temperatures lower than 400oC. It suggests that the coordination environment of a Ni cation plays 

a crucial role in determining the catalytic activity of NiO catalysts. It is also found that the catalytic 

activity of inert (100) surface of cubic NiO for CH4 complete oxidation was improved by 

decreasing the coordination number of O atoms surrounding a Ni atom [CN(Ni-O)] through the 

H2 reduction at a temperature 225oC. The combination of experimental explorations and 

theoretical studies indicates an intrinsic correlation between the coordination environment of the 

Ni2+ active sites and their catalytic activities. In short, this work demonstrated (1) coordination 

environment of cations on surface of a transition metal oxide is crucial for catalytic performance 

on TMO, and (2) catalytic activity on an inert TMO surface can be triggered through manipulation 

of coordination environment of cations on the surface if the ideal coordination environment of 

cation for a catalytic reaction is revealed.  

 

2. Experiment  

Planar sheet NiO was prepared through the calcination of hexagonal plates of nickel 

hydroxide, Ni(OH)2 synthesized with a hydrothermal reaction. 0.540 gram of Ni(NO3)2 6H2O and 

1.2 gram of dodecylbenzenesulfonate were dissolved in 120 ml deionized water completely. 0.250 
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of NaOH was added to the prepared solution. The well-mixed solution was stored in an autoclave. 

The hydrothermal reaction was performed at 150oC for 36h. After the reaction, the formed 

nanocrystals were washed with deionized water and then ethanol with the following drying in air 

at 60oC for 6h, forming crystallized hexagonal plates of Ni(OH)2. Then, the well-crystallized 

Ni(OH)2 was calcinated at 400oC for 2h in air. The formed NiO appears as planar sheets. 

Cubic NiO was purchased from Aldrich (99.99%) without further treatment. The 

crystalline structure of the commercial cubic NiO was confirmed. In addition, cubic NiO was also 

synthesized with a method called one-step spray pyrolysis reported in literature.179, 180 In a basic 

process, Ni(NO3)2•6H2O was dissolved in distilled water to form the spray solution. Then, the 

aqueous spray solution consisting of nickel components was introduced into the high-temperature 

diffusion flame at a flow rate of 150 ml/h. Citric acid was added to be the chelating agent forming 

the clear spray solutions. The synthetic cubic NiO particles have very similar size and surface area 

as those of commercial NiO.  

Octahedral NiO was prepared by thermal decomposition of hexagonal nanoplate of 

Ni(OH)2, a method reported in literature.181, 182 In a typical synthesis, NiCl2•6H2O (0.808g, 3.4 

mmol) and 0.5 g polyvinylpyrrolidone (PVP) was dissolved in a prepared mixture of 5 ml DI water 

and 40 mL anhydrous ethanol. Then, 0.10 gram of NaOH was added to the solution under vigorous 

stirring. The mixture was transferred to a Teflon lined stainless steel autoclave and kept at 200oC-

250oC for 4h. After the hydrothermal treatment, the solid product was collected and washed with 

DI water and ethanol. Then it was dried in the oven at 60oC for 12h. Octahedral NiO was finally 

obtained by annealing the solid at 450oC in air for half hour. 

The high-resolution transmission electron microscope (HR-TEM) images and high angle 

annular dark-field (HAADF) imaging technique in STEM mode (HAADF-STEM) were used to 
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take images from these NiO catalysts on FEI Tecnai F20 XT located at John M. Cowley Center 

for High-Resolution Electron Microscopy at Arizona State University and Department of 

Inorganic Chemistry at Fritz Haber Institute. Powder X-ray diffraction (XRD) patterns of used 

catalysts were recorded with a Rigaku Ultimate IV operating in reflection mode with Cu Kα 

radiation that was monochromatic with a secondary graphite monochromator. The surface of 

catalysts during catalysis of complete oxidation of methane was characterized when a catalyst was 

under a catalytic condition by ambient pressure X-ray photoelectron spectroscopy (XPS). Details 

of how AP-XPS was used for operando studies of the surface of catalysts were reviewed in recent 

reviews183. 

All the DFT calculations were carried out with a periodic slab model using the Vienna ab 

initio simulation program (VASP) by Hu group at The Queen’s University, Belfast.184-187 The 

generalized gradient approximation (GGA) was used with the Perdew-Burke-Ernzerhof (PBE) 188 

exchange-correlation functional. The projector-augmented wave (PAW) method 189, 190 was 

utilized to describe the electron-ion interactions; the cut-off energy for the plane-wave basis was 

450eV. 

 

3. Result and Discussion 

3.1 Synthesis of NiO catalysts with different surface structures  

Planar sheet NiO with a surface area of 127 m2/g was prepared through the calcination of 

hexagonal plates of Ni(OH)2 that were synthesized with the hydrothermal method. As shown in 

Figures 4.1a and b, the average size of a planar sheet NiO is 50-100nm  50-100nm with a 

thickness of 3-4 nm. The exposed planar face is (110), evidenced by HAADF-STEM studies in 

Figure 4.1a-f. For instance, the measured lattice fringes crossing the thickness of the sheet in Figure 
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4.1c is the interplanar distance of (110) facets; thus, the surface of the planar sheet is (110). In 

addition, in Figure 4.1f, measured lattice fringes marked with red lines are the interplanar distance 

of two adjacent (200) faces; measured lattice fringes marked with blue lines are the interplanar 

distance of two adjacent (111) faces in the same HAADF-STEM image; these lattice fringe 

measurements show that the large plane of the planar sheet is the (110) facet.  

Figures 4.1g and 4.1h are HAADF-STEM images of cubic NiO particles. The (100) surface 

was on the exposed surface of a cubic NiO particle, evidenced by the measured interplanar 

distances of (002) and (200) marked with yellow lines of the same cube in the same image (Figure 

4.1h).  As both (002) and (200) are parallel to the beam direction, the exposed surface of the cubic 

NiO particle is (100). The surface area of cubic NiO is quite low, 5-6 m2/g.  

Figures 4.1i and 4.1j are images of octahedral NiO. The interplanar distances along (111) 

are 2.08Å. It suggests that the exposed surfaces of the octahedron are (111). The observed 

morphology of octahedral NiO is consistent with literature182, 191, 192. The surface area of octahedral 

NiO is about 21.5 m2/g. 

Obviously, the three types of NiO particles exhibit different but specific surface structures, 

i.e. (110) face on planar sheet NiO, (100) face on cube NiO and (111) face on octahedron NiO. 

Extensive studies of catalytic performances showed that these surfaces exhibit distinct catalytic 

performances, as discussed in the following sections.  
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Figure 4. 1 HAADF-STEM studies of morphology and lattice fringes of planar sheet NiO, cubic NiO, and 

octahedral NiO. (a) HAADF-STEM images of planar sheets NiO; the exposed face is (110). (b) HAADF-
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STEM image of planar sheets NiO (side view). (c) HAADF-STEM image of a single planar sheet along the 

(110) direction which show the side view of a planar sheet. (d-f) HAADF-STEM images of planar sheet 

NiO; the exposed face is (110). (g, h) HAADF-STEM images of cubic NiO; the exposed face is (100). (i, 

j) HAADF-STEM images of octahedral NiO; the exposed face is (111). 

 

3.2 Distinct catalytic performances of NiO(110), NiO(100) and NiO(111)  

CH4 Complete oxidation was chosen as a model reaction to explore differences in catalytic 

performances of (100) surface of planar sheet NiO, (100) surface of cubic NiO, and (111) surface 

of octahedral NiO. The detailed measurements of catalysis of three NiO are described in Appendix 

B. Conversion of CH4 on (100) surface of planar sheet NiO (100 mg) is about 8% at 300oC, 56% 

at 350oC and reaches 99% at 375oC and 100% at 400oC (Figure 4.2d). However, (111) surface of 

octahedral NiO (500 mg) with similar surface area as 100 mg planar sheet NiO is not active for 

complete oxidation of CH4 in the temperature range of 250-400oC (Figure 4.2d) under the same 

catalytic condition as planar sheet NiO. Here surface areas of 100 mg of planar sheet NiO and 500 

mg of octahedral NiO are 12.7 m2 and 10.75 m2, respectively. The lack of catalytic activity on 

(111) surface of octahedral NiO and higher activity on (110) surface of planar sheet NiO clearly 

indicates the significant difference in catalytic activity between the two surfaces of NiO. In 

addition, as shown in Figure 4.3a, 100 mg of cubic NiO with a surface area of 0.5 m2 does not 

show activity for this reaction at the temperature lower than 450oC under the same catalytic 

condition as planar sheet NiO, showing that (100) surface of cubic NiO is not active for CH4 

complete oxidation in this temperature range. These studies showed that only (110) surface of the 

planar sheet NiO is active for complete oxidation of CH4. Figures 4.2a-c present structures of (110), 

(100) and (111) surfaces of NiO optimized with DFT. The coordination numbers of O atoms 

around a Ni cation on (110), (100) and (111) surfaces of NiO are 4, 5, and 6, respectively. Thus, 

only the surface with Ni atoms coordinating with four oxygen atoms is active for complete 
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oxidation of methane, suggesting a crucial role of the coordination environment of Ni in the 

activation of methane.  

 
Figure 4. 2 Surface structures of NiO(110), NiO(100) and NiO(111) and experimentally measured catalytic 

performances of NiO. (a) (110) surface of planar sheet NiO; each Ni cation of (110) surface coordinates 

with four oxygen atoms. (b) (100) surface of cubic NiO; each Ni cation of (100) surface coordinates with 

five oxygen atoms. (c) (111) surface of octahedral NiO; each Ni cation of (111) surface coordinates with 

six oxygen atoms. (d) Conversion of planar sheets of NiO, cubic NiO and octahedral NiO as a function of 

temperature for complete oxidation of CH4 in the temperature range of 250-500oC; 100 mg of planar sheet 

NiO and 500 mg of octahedral NiO was used in the measurement of catalytic performances.  

 

To check the significance of the coordination number of O atoms around a Ni cation for 

complete oxidation of methane, the surface of cubic NiO was partially reduced by 5% H2 at 225oC, 

250oC, 275oC, or 300oC to generate oxygen vacancies on (100) surface of cubic NiO. These 

catalysts are named cubic NiO-H2-225oC, cubic NiO-H2-250oC, cubic NiO-H2-275oC, and cubic 
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NiO-H2-300oC. Upon such partial reductions, the potential catalytic performances of these 

catalysts were measured under the same condition as planar sheet NiO. As shown in Figures 4.3a-

d, these partially reduced cubic NiO particles are active at temperatures higher than 375oC. Thus, 

a partial reduction of inert (100) surface of cubic NiO triggered the activity of methane complete 

oxidation for inert cubic NiO. 

Ambient pressure X-ray photoelectron spectroscopy (AP-XPS), a surface-sensitive 

technique183, was used to explore any potential differences on surfaces among cubic NiO without 

any partial reduction, cubic NiO-H2-225oC, cubic NiO-H2-250oC, cubic NiO-H2-275oC, and cubic 

NiO-H2-300oC.  Details of the AP-XPS studies of surfaces of cubic NiO catalysts are described in 

Appendix B.  Figure 4.3b presents the surface O/Ni atomic ratios of cubic NiO-H2-225oC, cubic 

NiO-H2-250oC, cubic NiO-H2-275oC, and cubic NiO-H2-300oC during catalysis. These O/Ni 

surface atomic ratio was calculated by setting the O/Ni surface atomic ratio of cubic NiO without 

any reduction to 1.0; then, the surface O/N atomic ratio of the four catalysts was calculated with 

the equation, 

𝐴𝑂 1𝑠 (𝑐𝑢𝑏𝑖𝑐 𝑁𝑖𝑂 𝑢𝑝𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑟𝑒𝑑𝑢𝑡𝑖𝑜𝑛)

𝐴𝑁𝑖 2𝑝(𝑐𝑢𝑏𝑖𝑐 𝑁𝑖𝑂 𝑢𝑝𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑟𝑒𝑑𝑢𝑡𝑖𝑜𝑛)
𝐴𝑂 1𝑠 (𝑐𝑢𝑏𝑖𝑐 𝑁𝑖𝑂 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑎𝑛𝑦 𝑟𝑒𝑑𝑢𝑡𝑖𝑜𝑛)

𝐴𝑁𝑖 2𝑝(𝑐𝑢𝑏𝑖𝑐 𝑁𝑖𝑂 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑎𝑛𝑦 𝑟𝑒𝑑𝑢𝑡𝑖𝑜𝑛)

, where AO1s and ANi2p mean peak areas of O 1s and 

Ni 2p in ex-situ XPS spectra.  For example, as shown in Figure 4.3b, the O/Ni surface ratio of 

cubic NiO that is pretreated in 5% H2 at 225oC for 1 hour is 0.95. A cubic NiO experienced a 

reduction at higher temperatures in 5% H2 for 1 hour exhibits a lower O/Ni surface atomic ratio 

during catalysis. In other words, these in-situ studies of surface O/Ni atomic ratio on cubic NiO 

suggest that more surface oxygen vacancies were generated at a higher temperature of reduction 

in 5% H2. As a Ni cation of (100) surface of cubic NiO coordinates with 5 oxygen atoms, the Ni 

cation at an oxygen vacancy of (100) surface coordinates with only 4 oxygen atoms after losing 

one oxygen atom through partial reduction. Clearly, such a partial reduction turned the 
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stoichiometric (100) surface of cubic NiO to nonstoichiometric. This stoichiometric nature drove 

the observed catalysis from these catalysts (Figure 4.3a). 

Significantly, as shown in Figure 4.3a-d, these partially reduced (100) surfaces of cubic 

NiO are active for complete oxidation of CH4.  TOFs of four modified catalysts (cubic NiO-H2-

225oC, cubic NiO-H2-250oC, cubic NiO-H2-275oC, and cubic NiO-H2-300oC) at 400oC, 425oC and 

450oC (catalysis temperatures) were calculated with method 1 (Figure 4.3c) and 2 (Figure 4.3d). 

In method 1, TOFs for complete oxidation of CH4 on the four modified catalysts (Figure 4.3c) 

were calculated by dividing the number of converted CH4 molecules per second with the number 

of oxygen vacancies in terms of Ni cations coordinating with 4 oxygen atoms. Thus, it is expected 

that TOFs at 450oC on the four catalysts (the four red bars in Figure 4.3c) are very similar, although 

their O/Ni surface ratios in terms of density of oxygen vacancies are quite different as shown 

Figure 4.3b. The nearly same TOFs of the four modified cubic NiO catalysts at the same 

temperature, such as 450oC, suggests that these four catalysts have the same type of active sites 

for complete oxidation of CH4. On the other hand, at the same catalysis temperature such as 450oC, 

100 mg of cubic NiO with a higher density of oxygen vacancies in terms of lower O/Ni surface 

atomic ratio (Figure 4.3b) exhibited higher conversion of CH4 as shown in Figure 4.3a. For 

instance, conversions of CH4 on cubic NiO-H2-300oC with O/Ni ratio of 75% and cubic NiO-H2-

225oC with O/Ni ratio of 94% at 450oC are 18.3% and 3.5%, respectively. The correlation between 

surface densities of oxygen vacancies of the four catalysts and their activities suggests that Ni 

cations at oxygen vacancies are active sites for this reaction. 
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Figure 4. 3 Catalysis on the partially reduced surface of cubic NiO and their catalytic activity. (a) Catalytic 

performances of 100 mg of cubic NiO catalyst which was pre-reduced in 5% H2 for 1 hour at different 

temperatures (225oC, 250oC, 275oC, and 300oC); thus, the four catalysts are named, cubic NiO-H2-225oC 

(green), NiO-H2-250oC (blue), NiO-H2-275oC (cyan), and NiO-H2-300oC (magenta). (b) Measured atomic 

ratios of O/Ni of the four catalysts. (c) List of TOFs of the four catalysts at catalysis temperatures 425oC 

and 450oC; these TOFs were calculated with Method 1 by dividing the number of consumed CH4 molecules 

at a specific temperature such as 400oC or 450oC with the number of Ni atoms in oxygen vacancies on the 

surface measured with XPS; green and red bars are TOFs at 425oC and 450oC, respectively. (d) List of 

TOFs of the four catalysts at catalysis temperatures 425oC and 450oC; these TOFs were calculated with 

Method 2 by dividing the number of consumed CH4 molecules at a specific temperature such as 400oC or 

450oC with the number of all nickel cations on the surface measured with XPS. 

 

Upon removal of a portion of oxygen atoms on the surface through partial reduction, some 

Ni cations only bonded to 4 oxygen atoms.  Thus, the nonstoichiometric (100) surface of NiO 

consists of both Ni cations coordinating with 5 oxygen atoms and Ni cations coordinating with 4 
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oxygen atoms. Assuming both two types of Ni cations were active for this reaction, TOFs of the 

four catalysts  (cubic NiO-H2-225oC, cubic NiO-H2-250oC, cubic NiO-H2-275oC, and cubic NiO-

H2-300oC) were calculated by dividing the number of converted CH4 molecules per second by the 

total number of the two types of Ni cations (Method 2). Figure 4.3d lists these “TOF” values 

calculated with Method 2. As these TOFs for catalysis on these four tailored cubic NiO catalysts 

at different temperatures, such as 450oC (red bars in Figure 4.3d), are quite different, the 

assumption that both Ni cations coordinating with 4 oxygen atoms and those with 5 oxygen atoms 

are active sites is not reasonable. Comparison of Figure 4.3c and Figure 4.3d confirmed that the 

active sites on (100) surface of cubic NiO for CH4 complete oxidation are Ni cations next to oxygen 

vacancies, coordinating with 4 oxygen atoms instead of 5. This finding is highly consistent with 

the high activity of (110) surface of planar sheet NiO where each Ni cation coordinates with four 

oxygen atoms. The introduction of activity of Ni cations coordinating with 4 oxygen atoms on 

nonstoichiometric (100) surface of cubic NiO is further supported by our extensive DFT 

calculations presented in the next section. 

 

3.3 The crucial role of the coordination environment of Ni cations on NiO in CH4 complete 

oxidation  

To confirm that Ni atoms on (110) surface of planar sheet NiO coordinating with 4 oxygen 

atoms directly participate in CH4 complete oxidation, the surface of a planar sheet NiO catalyst 

performing catalysis at different temperatures was tracked via AP-XPS. Photoemission features in 

terms of XPS peaks of Ni 2p, O 1s, and C1s were collected (Figures 4.4a-c). As shown in Figure 

4.4a, the main peak of Ni 2p3/2 at 853.7 eV and the satellite peak of Ni 2p3/2 at 860.9 eV do not 

shift at all along with the increase of catalysis temperature.  
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Figure 4. 4 Operando studies of the surface of planar sheet NiO and cubic NiO during catalysis. (a) Ni 2p 

of planar sheet NiO in the temperature range of 25oC-400oC in the mixture of CH4 and O2. (b) O 1s of planar 

sheet NiO in the temperature range of 25oC-400oC in the mixture of CH4 and O2; the shoulders were marked 

with red dash-line. (c) C 1s of planar sheet NiO in the temperature range of 25oC-400oC in the mixture of 

CH4 and O2. Spectra were deconvoluted to peaks 1 and 2 and a minor peak at 284.3eV. (d) Plot of fraction 

of area of O 1s shoulder to the total area of O 1s photoemission feature. (e) Fractions of areas of peaks 1 

and 2 of C 1s in total areas of peaks 1 and 2 as a function of reaction temperature. (f-h) Ni 2p, O 1s and C 

1s of cubic NiO in the same temperature range of 25oC-400oC in the same mixture of CH4 and O2 as planar 

NiO sheets. 
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Before the introduction of the reaction mixture, O2 was introduced to react with potential 

carbon contaminants on catalyst surface to form CO or CO2, by which surface carbon contaminants, 

if only, were removed. The lack of carbon species on the surface of catalysts was evidenced by the 

lack of C 1s photoemission feature (Figure 4.4c). Upon the preparation of a carbon-free surface of 

planar sheet NiO, the mixture of CH4 and O2 with a molar ratio of 1:5 was flowing to the reactor 

in the AP-XPS system. While the mixture of CH4 and O2 was flowing through the catalyst, the 

peak at 285.6eV, labeled as peak 1 in Figure 4.4c, was clearly observed from the catalyst surface 

at 50oC (Figure 4.4c2). As CH4 is the only reactant containing the carbon atom, peak 1 must result 

from activation of CH4 on Ni cation or oxygen anion. Based on literatures,193-195 the peak 1 at 

265.6eV observed in Figure 4.4c can be assigned to a methyl species bound to the catalyst surface. 

This suggests that the high capability of nickel cations in surface of a NiO for the activation of C-

H bond of methane. 

Other than peak 1, another peak at 288.4eV, labeled as peak 2, was clearly observed at 

50oC (Figure 4.4c2). A similar C 1s peak at 288.5 eV was observed at 60oC on Co3-xNixO4 in the 

mixture of CH4 and O2 in our previous work193, 194, attributed to C 1s peak of an intermediate; that 

high binding energy peak at 288.5 eV was assigned to the photoemission features of format-like 

species formed on Co3-xNixO4
193, 194. Notably, the intensity of peak 2 in Figure 4.4c changes along 

with the increase of catalysis temperature. The evolutions of fractions of peaks 1 and 2 of C 1s 

spectra were given in Figure 4.4e. The fraction of peak 2 increased first and then decreased along 

with the increase of catalysis temperature, exhibiting a volcano-like evolution. Such an evolution 

of C 1s of peak 2 (red line in Figure 4.4e) is similar to the evolution of O 1s (Figure 4.4d). Such 

similarity suggests that one or more intermediates containing both O and C atoms were formed 

and accumulated on the catalyst surface at a relatively low temperature. When they gained enough 
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thermal energy at higher temperatures, they transited to the next intermediate or final product. The 

intermediate cannot transform to the next intermediate or product at low temperatures due to the 

relatively high activation barrier of that rate-determining steps; sometimes, it is even called a 

“stable” intermediate. Based on the evaluated turning point of the intensity of peak 2 in Figure 

4.4e from studies of AP-XPS, the temperature where the intermediates can transform to next 

intermediate till product molecules is about 250oC that is consistent with the catalytic temperature 

300oC where product molecules CO2 started to form.  

Parallel studies of (100) surface of stoichiometric cubic NiO (without any reduction in 5% 

H2) were performed with AP-XPS under the exact same condition as planar sheet NiO. Different 

from planar sheet NiO, only a weak C 1s peak at 285.6 eV (Figure 4.4h) was observed at 100oC, 

and its intensity and peak position remained nearly no change in the temperature range of 100oC-

400oC. On (100) surface of cubic NiO (Figure 4.4h), the obvious lack of photoemission feature of 

intermediate at 288.5eV (peak 2) observed on planar NiO sheets (Figure 4.4c) illustrates that (100) 

of cubic NiO without any reduction could not take the reaction pathway of CH4 complete oxidation 

adopted by (110) of planar NiO sheets. In fact, cubic NiO without any partial reduction is not 

active at all for complete oxidation of CH4 in the temperature range of 300-425oC. The observed 

peak at 285.6eV in Figure 4.4h was assigned to a spectator. Thus, the quite different surface 

chemistry in terms of surface species (spectator or intermediate) formed on (100) surface of cubic 

NiO (without pre-reduction in 5% H2) in contrast to (110) surface of planar sheet NiO confirms 

that Ni cations coordinating with 4 oxygen atoms instead of Ni cations coordinating with 5 oxygen 

atoms are active for CH4 complete oxidation. 

Isotope 18O atoms-labeled planar sheet Ni16O1-x
18Ox was used to perform complete oxidation 

of CH4. A mixture of CH4 and 16O2 was introduced to the reaction cell that was loaded the catalyst, 
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Ni16O1-x
18Ox. Gas after the reaction was delivered to the chamber of mass spectrometer through a 

capillary tube of quartz with an internal diameter of 50 m. Isotope-labeled product molecules 

containing 18O atom, C16O18O (m/e=46) and H2
18O (m/e=20) were clearly observed when Ni16O1-

x
18Ox performed the catalysis at a temperature  260oC. It clearly showed that surface lattice 

oxygen atoms of (100) surface of planar sheet NiO directly participated in this catalysis, further 

supported by DFT calculations in the next section. The direct participation of surface lattice 

oxygen atoms was also confirmed by another set of experiments in which a mixture of 18O2 and 

CH4 was introduced to the surface of planar sheet NiO, and then C16O18O (m/e=46) and H2
18O 

(m/e=20) were formed during catalysis.   

 

3.4 Mechanistic understanding of coordination number-dependent catalysis at a molecular 

level 

To understand the origin of coordination number-specific catalytic activity on the surface 

of NiO, elementary reaction steps and possible reaction pathways of methane complete oxidation 

on (110) and (100) surfaces of NiO were investigated through DFT calculations.  

Methane complete oxidation on (110) of a planar sheet NiO begins with the dissociative 

adsorption of first C-H of CH4 with an activation barrier of 0.42 eV. The geometry of transition 

state for activating the first C-H of CH4 on NiO(110) is shown in Figure 4.5a1, in which C atom 

of a CH3 binds to a Ni cation coordinating with 4 oxygen atoms and H atom binds to a surface 

lattice oxygen atom, respectively. After the dissociation of methane, the C atom of -CH3 is bound 

with two Ni atoms through a bridge-like binding configuration, as shown in Figure 4.5a2 and 

Figure 4.6a1. 
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Figure 4. 5 Geometries of transition states and final states of the transformation of CH4 and O2 to CO2 and 

H2O on (110) surface of planar sheet NiO. (a1 and a2) Structures of transition state and final state for 

cleaving the first C-H of CH4. (b1 and b2) Structures of transition state and final state for dissociating CH3 

to CH2 and H. (c1 and c2) Structures of transition state and final state for oxidizing CH3 to CH3O. (d1 and 

d2) Structures of transition state of hydrogen transfer and final state of water desorption and oxygen 

molecule adsorption. (e1 and e2) Structures of transition state and final state for dissociating CH2 to CH 

and H. (f1 and f2) Structures of transition state and final state for oxidizing CH2 to CH2O. (g1 and g2) 

Structures of transition state and final state for CH2O dehydrogenation to CHO. (h1 and h2) Structures of 

transition state and final state for CHO dehydrogenation to CO and H. (i1, i2, and i3) Structures of transition 

(a1) (a2) (b1) (b2)

(c1) (c2) (d1) (d2)

(e1) (e2)  (f1) (f2)  

(g1) (g2)  (h1) (h2)  

(i1) (i2)  (i3)  
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state and final state for water desorption and oxygen molecule adsorption, and transition state of CO 

oxidation to form CO2.  

 

The formed CH3 could further dissociate to CH2 and H or be oxidized to CH3O. A further 

dissociation of CH3 is most likely found on metal oxides such as nickel doped cobalt oxide196, 

while oxidization of CH3 is a common path to transfer to the next intermediate in the oxidation of 

CH4 on metal catalysts197, 198. Here both dissociation of CH3 to CH2 and H and oxidation of CH3 

to CH3O were considered for (100) surface of NiO. The activation barriers and enthalpy changes 

of the two possible paths in terms of dissociation and oxidation for transforming CH3 were 

calculated. The optimized geometries of the transition states and final states for the two paths are 

presented in Figures 4.5b and c, respectively. DFT calculations show that the activation barrier for 

directly dissociating C-H of CH3 is 1.04 eV (Figure 4.6b), and the activation energy of oxidation 

of CH3 is 1.87 eV. Therefore, dissociation of C-H of CH3 to CH2, also called dehydrogenation, is 

a kinetically favorable pathway on (110) of NiO.  

Upon the formation of CH2 (Figure 4.6a2), both further oxidation of CH2 to form CH2O 

and dissociation of C-H of CH2 to form CH were investigated. The specific geometries of transition 

states and final states are presented in Figures 4.5e and f. The activation barriers for the oxidation 

and dissociation are 0.43 eV and 1.18 eV, respectively; thereby, the oxidation of CH2 to CH2O 

(Figure 4.6a4) is the favorable path for activating CH2 on (110) of NiO in contrast to dissociation 

of CH2 to form CH.  

For the formed CH2O, it is found that a further dehydrogenation to CHO and H is 

favorable thermodynamically and kinetically, with a barrier of only 0.05 eV and enthalpy change 

of -1.03 eV, respectively (Figure 4.6b). The transition state for dehydrogenation of CH2O to CHO 

and H is shown in Figure 4.5g1 in which one H atom of CH2O transfers to a surface lattice O atom 

on (100) of NiO. Upon the formation of CHO (Figures 4.5g2 and 4.6a5), dehydrogenation of the 



86 

CHO is found to be not as easy as CH2O in the early step. As shown in Figure 4.5h, the dissociation 

of the C-H bond of CHO to CO and H on (100) of NiO is facilitated by a lattice oxygen of (110) 

surface. This step has the highest activation barrier among all steps of this pathway on (110) 

surface, 1.08 eV (Figure 4.6b), suggesting that the CHO should be a “stable” intermediate which 

is formed at low temperature but is only able to be transformed to next intermediate or product at 

a reasonably high temperature. That is consistent with the high binding energy of peak 2 of C 1s 

observed in AP-XPS studies (Figure 4.4c). 

 
Figure 4. 6 The most favorable reaction pathway of CH4 complete oxidation on (110) surface of planar 

sheet NiO proposed by DFT calculations (a) and its corresponding energy profile (b). 

 

Based on these calculations, Figures 4.6a and b present the most favorable pathway of CH4 

complete oxidation on (110) surface of planar sheet NiO and its corresponding energy profile, 

respectively. The biggest energy drops in the overall pathway are the two oxidation steps, referring 

to the oxidation of CH2 to CH2O and the oxidation of CO to CO2 (Figure 4.6b). The highest 

activation barrier among all elementary steps of the catalytic cycle is 1.08 eV in the dissociation 
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of CHO to CO and H. Furthermore, all activation barriers in the most favorable pathway in Figure 

4.6a are less than 1.08, showing that (110) surface of NiO is quite active for CH4 complete 

oxidation as experimentally observed in Figure 4.2d. As Ni cations of (110) of NiO are the sites 

of CH4 activation, Ni cation coordinating with 4 oxygen atoms is the active site of CH4 complete 

oxidation.  

Other than the molecular mechanism of CH4 complete oxidation on (110) surface of NiO, 

reaction pathway on (100) surface of cubic was explored. Similar to (110) surface of NiO, 

oxidation of CH4 starts with methane activation on (100) surface of NiO. The geometries of the 

transition state and the final state for activating the first C-H bond of CH4 are shown in Figures 

4.7a1 and a2, respectively. The activation energy and enthalpy change of this step are 1.41eV and 

1.38eV, respectively (Figure 4.8b). Thus, activation of the first C-H bond of CH4 through 

dissociation of the C-H bond on (100) of NiO is quite unfavorable kinetically.  

 
Figure 4. 7 Geometries of transition states and final states of CH4 complete oxidation on (100) surface of 

cubic NiO. (a1 and a2) Structures of transition state and final state for activation of CH4. (b1 and b2) 

Structures of transition state and final state for dissociating CH3 to CH2 and H. (c1 and c2) Structures of 

transition state and final state for oxidizing CH3 to CH3O. (d1 and d2) Structures of transition state of 

hydrogen transfer and final state of CH3O dehydrogenation. (e1 and e2) Structures of transition state and 

(a1) (a2) (b1) (b2) (c1) (c2)

(d1) (d2) (e1) (e2) (f1) (f2)

(g1) (g2) (g3) (h1) (h2) (h3)
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final state for oxidizing CH2 to CH2O. (f1 and f2) Structures of transition state and final state for 

dehydrogenation of CH2O. (g1, g2 and g3) Structures of transition state of CHO dehydrogenation, final 

state of water desorption and oxygen molecule adsorption, and transition state of CO oxidation of pathway 

A (h1, h2 and h3) Structures of transition state and final state of CHO oxidation, and transition state of 

CHO2 dehydrogenation. 

 

The stabilities of surface lattice oxygen atoms of (100) and (110) surfaces of NiO in respect 

to a gas phase oxygen molecule were studied. It is found that the stability of a surface lattice 

oxygen atom of (100) of NiO is much higher than that of (110) of NiO since the energy of surface 

lattice oxygen atom on (100) is lower than (110) by 2.09eV. Thus, the low activity of (100) of NiO 

in CH4 complete oxidation likely results from the inertness of its surface lattice oxygen. As shown 

later, the inertness of these surface lattice oxygen atoms of (100) of NiO makes them not readily 

participate in these dehydrogenation steps since binding H atom to surface lattice oxygen atoms 

can largely assist these dehydrogenation steps (Figure 4.7e-g). However, the surface lattice oxygen 

atoms of (110) of NiO largely assisted those dehydrogenation steps on (110) surface of NiO. This 

is understandable since each O atom on the inert (100) surface of NiO coordinates with 5 Ni atoms 

but each O atom on (110) surface of NiO coordinates with only 4 Ni atoms.  

After the formation of CH3, the CH3 could be dehydrogenated or oxidized on (100) of NiO. 

The two potential paths of transforming CH3 on (100) of NiO are not favorable due to their 

extremely high barriers of 2.37 eV for dehydrogenation and 2.28 eV for oxidation, respectively. 

Figures 4.7b and c present the transition and final states of the dehydrogenation of CH3 to CH2 and 

H and the oxidation of CH3 to CH3O on (100) of NiO. DFT calculation shows that there are two 

potential paths to transform CHO to CO2, namely the path A and path B. In path A, the CHO firstly 

dissociates into CO and the H atom from CHO couples with the surface hydroxyl group of the 

surface to form one H2O molecule. Then, an oxygen molecule is adsorbed and dissociated on the 

surface to oxidize the CO into CO2 (Figure 4.7g2). In path B, the oxidation of CHO is performed 
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through a transition state, O-CHO. Then, the O-CHO dehydrogenates to form CO2. From the 

calculated energy profile, path A is kinetically favorable over path B, so that path A was chosen 

to achieve the overall transformation as displayed in Figure 4.8b.  

 

Figure 4. 8 The most favorable pathway of CH4 complete oxidation on (100) surace of cubic NiO proposed 

by DFT calculations (a) and its corresponding energy profile (b). 

 

The energy profiles of (100) of NiO and (110) of NiO in the landscape of free energy at 

400˚C were compared. From the energy profiles and the calculation results presented above, the 

following conclusions can be drawn. (110) surface of a planar sheet NiO is much more active than 

(100) surface of NiO for complete oxidation of methane. On (110) of NiO, all the barriers are 

lower than 1.10 eV. However, most of the activation barriers of C-H on (100) of NiO are quite 

high, especially for the dehydrogenation steps with barriers of 2.37 eV. The low activity of (100) 

of NiO is actually correlated with the high stability of surface lattice oxygen atoms. Compared to 

(110) of NiO, surface lattice oxygen atoms of (100) of NiO coordinating with 5 Ni atoms cannot 
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assist the dehydrogenation of CHx steps due to their high stability. The activation energy of 

methane activation on (110) of planar sheet NiO is only 0.42 eV, which is much lower than most 

catalysts reported catalysts.197, 199-204 Thus, planar sheet NiO, mainly exposed (100) surfaces, is 

expected to be an excellent candidate for catalyzing the complete oxidation of methane.  

 

4. Conclusion 

In this work, three NiO catalysts with different surface structures, including (110) of planar 

sheet NiO, (100) of cubic NiO, and (111) of octahedral NiO, exhibited distinguished catalytic 

activity in CH4 complete oxidation. 

Experimental explorations demonstrated that the activities of three NiO catalysts strongly 

depended on the number of coordinated oxygen atoms around a Ni cation on the surface of NiO. 

Ni cation coordinating with four oxygen atoms of (110) surface of planar sheet NiO is highly active 

for the complete oxidation of methane, reaching almost 100% conversion of methane at 375oC or 

higher temperature. In contrast, there is a lack of activity of CH4 complete oxidation on (111) 

surface of octahedral NiO where each Ni cation coordinates with six oxygen atoms. Moreover, the 

conversion of methane on (100) surface of cubic NiO is increased to approximately 40% by 

modifying the coordination environment of Ni atoms on this surface via the partial reduction in 

H2. Computational studies indicated that a Ni cation coordinating with four oxygen atoms on (110) 

of planer sheet NiO is the active site to catalyze elementary steps of CH4 compete oxidation with 

lower activation barriers than those on (100) of cubic NiO on which a Ni cation coordinates with 

five oxygen atoms.  
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Consequently, this work demonstrates the coordination number-dependent catalysis of 

transition metal oxide and suggests a new method of designing catalysts through the modification 

of the coordination environment around a cation on the surface of transition metal oxide.  

 

Contributions of the project: 

The catalytic performances of prepared catalyst were mainly done by Yuting Li; 

Characterizations of catalysts were done by Luan Nguyen and collaborators from Arizona State 

University; DFT calculation was done with collaboration work from Queen’s University.  
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Chapter 5:  Catalytic oxidation of ethane to carboxylic acids in the liquid 

phase at near room temperature and near ambient pressure 

1. Introduction 

Ethane is the second most abundant component in shale gas5, 205. Catalytic transformation 

of ethane to intermediates such as carboxylic acids is significant for chemical industries since it is 

an alternative approach for filling chemical feedstock of chemical industries. That is particularly 

important under the circumstance of switching raw materials of chemical industries from crude oil 

to shale gas components. Partial oxidation30, 206-208, steam reforming209-213, dry reforming214-216, 

and oxidative dehydrogenation (ODH)50, 51, 217-220 of ethane at high temperatures were studied for 

utilizing this inexpensive resource44, 56, 65, 221. These catalytic transformations are typically 

performed at a temperature higher than 600oC 50, 51, 217-220, 222, 223, thus requiring a large energy 

supply. Other than these processes, an alternative transformation of ethane is direct 

dehydrogenation (DDH) to produce ethylene224, 225; unfortunately, due to the endothermic nature 

of this reaction, a higher catalysis temperature (>750oC) is requested for achieving a reasonable 

conversion.  

Compared to these high-temperature catalytic transformations, low-temperature oxidation 

leading to the production of organic oxygenates such as alcohol and the carboxylic acid is an 

alternative process since low-temperature oxidation is thermodynamically allowed.53, 65, 226 

Hutchings and coworkers reported that partial oxidation of ethane to oxygenates on 2.5%Fe/ZSM-

5(30) could convert 56% ethane to oxygenates; the TOF of their catalysis at 50oC is 150.7 mol of 

total products per mol of metal per hour53. A significant advantage of the low-temperature 

oxidation process is its inexpensive footprint of the transformation of ethane without using any 

high-temperature reactors65.  
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Formic acid and acetic acid are important intermediate compounds of chemical industries. 

For instance, formic acid is a preservative and antibacterial agent used in the livestock feed and 

the substitution of mineral acids for various cleaning products227-230. Acetic acid is widely applied 

in several important fields including the medical use in cervical cancer screening231, the production 

of ether, the synthesis of vinyl acetate monomer and the formation of vinegar. Currently, acetic 

acid is mainly produced through thermal catalysis and fermentation. More than 75% of acetic acid 

was produced from carbonylation of methanol at around 200-300oC25, 230, which reached 90% yield 

of acetic acid under 6.0-8.0 MPa CO with cobalt organic complexes produced by BASF and even 

99% yield of acetic acid under 3.0-6.0 MPa CO when the Monsanto process catalyst, rhodium 

organic complex was used. Although the production of methanol from syngas is performed at an 

intermediate temperature, the reactant syngas is usually produced at high temperatures through 

steam reforming of methane or partial oxidation of methane202, 206, 212, 232. It would be ideal if formic 

acid or acetic acid could be directly synthesized from shale gas components, methane or ethane 

without the involvement of any high-temperature catalysis.  

Thus, this work explored the synthesis of carboxylic acid at near room temperature by 

using H2O2 instead of O2 was used as the oxidant to transform ethane into oxygenates. The single-

atom Rh catalyst was prepared and used to activate the ethane. It was found that approximately 

37% of ethane was converted into acetic acid and formic acid at 50oC with 1.5 bar ethane. It is 

expected that the single-atom catalyst could exhibit a good performance of ethane oxidation at 

near room temperature and near ambient pressure.  
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2. Experiment  

2.1 Synthesis of catalysts 

H-ZSM-5 with loaded Rh cations was prepared with a method integrating vacuum pumping 

and a following incipient wetness impregnation (IWI). H-ZSM-5 was prepared by annealing NH4-

ZSM-5 (SiO2:Al2O3 = 23:1, Alfa Aesar) at 450oC in air for 12h. Rhodium cations were introduced 

into the micropores of H-ZSM-5 through ion exchange in IWI and the followed calcination. Before 

anchoring single Rh atoms on the wall of micropores of H-ZSM-5, H-ZSM-5 was loaded to a 

sealed flask. The air in the flask was evacuated through a vacuum pump to decrease the pressure 

in the flask from 760 Torr to 0.75 Torr. A certain amount of Rh(NO3)3 solution was slowly added 

to H-ZSM-5 by a syringe pump. The needle of the syringe pump was inert to reach the bottom of 

the flask containing a certain amount of ZSM-5 power so that the injected solution can diffuse to 

micropores of ZSM-5 readily in the vacuum. Then, the H-ZSM-5 containing Rh(NO3)3 was dried 

at room temperature for 12h. The dried powder, H-ZSM-5 loaded with a certain amount of Rh 

cations was calcined in air at 550oC for 3h with a ramping rate of 2oC/min. 2.0wt% Rh/ZSM-5 

were prepared with the same method. The loading is defined as the mass ratio of Rh of the added 

Rh(NO3)3 solution to the aluminosilicate of H-ZSM-5. As Brønsted acid sites of H-ZSM-5 are 

singly dispersed on the internal surface of micropores of H-ZSM-5, it is expected that these Rh3+ 

sites anchored through ion exchange are dispersed on the wall of micropores of ZSM-5 in the 

format of a single atom.  

 

2.2 Characterization of catalysts 

Crystal structures of the prepared H-ZSM-5 and 0.10wt%Rh/ZSM-5 were checked with X-

ray powder diffraction (XRD) on a Bruker diffractometer equipped with a Mo sealed-tube X-ray 



95 

source, a graphite monochromator, Mono Cap collimator and a SMART APEX charge-coupled 

device (CCD) area detector. Morphologies of parent H-ZSM-5, 0.10wt%Rh/ZSM-5 and 

2.0wt%Rh/ZSM-5 were examined with transmission electron microscopy (TEM) (FEI, Titan 80-

300). Surface compositions of catalyst particles of 0.10wt%Rh/ZSM-5 and 2.0wt%Rh/ZSM-5 

were characterized with X-ray photoelectron spectroscopy on a PHI5000 VersaProbe 

Spectrometer using monochromatic Al Kα as X-ray source. Surface area and pore volume of H-

ZSM-5 and 0.10wt%/ZSM-5 were measured by BET instrument (Quantachrome Autosorb iQ). Rh 

concentrations of catalysts and the leaching amount of Rh in solution after catalysis were detected 

through ICP-AES (JY 2000 2 made by HORIBA) by building standard curves. Details of ICP tests 

are described in Appendix C. 

XANES and EXAFS studies was performed at SSRL national lab with NSLS-II. About 

100mg 0.10wt%Rh/ZSM-5 samples were loaded to the EXAFS reactor. The reactor was 

specifically made for EXAFS studies readily installed between synchrotron radiation and detectors 

of XANES and EXAFS. The EXAFS data of 0.10wt%Rh/ZSM-5, rhodium metal foil, and rhodium 

oxide nanoparticles supported on alumina were analyzed by Demeter software153, 233.   

 

2.3 Measurements of catalytic performances  

Oxidation of ethane by hydrogen peroxide with 0.10wt%Rh/ZSM-5 was performed in a 25 

ml stainless steel high-pressure and high-temperature Parr reactor (Series 4790, Parr). It is a batch 

reactor sealing gas through a Viton gasket. A glass beaker with a volume of 15ml was placed in 

the Parr reactor. 10 ml aqueous solution of H2O2 (typically 3.4% w/w containing 10mmol H2O2) 

was prepared by diluting a commercial solution of H2O2 (30% w/w aqueous solution) from Sigma 

Aldrich with deionized water. 30 mg of 0.10wt%Rh/ZSM-5 was dispersed in the 10 ml solution 
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of H2O2 (3.4%w/w) through sonication for 15 mins. Then, both this mixture and a magnetic stirring 

bar were added into the glass beaker to be placed in the Parr reactor. The remained volume inside 

of the Parr reactor for reactant gases is about 10 ml. Before experiments, air in the reactor was 

removed by repeating a process of flowing ethane and then purging it several times. Then, the 

reactor was pressurized with pure ethane (99.99% purity, Matheson) to an ideal pressure such as 

1.5 bar.  

The Parr stainless steel reactor was put in an oil bath (typically 50oC). Temperatures of the 

solution in the Parr reactor were directly measured with a K-type thermocouple which was inserted 

into the aqueous solution. This K-type thermocouple directly measures the temperature of a 

solution containing solvent, dissolved CH4 and dispersed catalyst powder. Appropriate heating 

power was applied to heat the oil bath based on the feedback loop of temperature measurement of 

the VWR heater. It is noted that the temperature reading reported in the following is the actual 

temperature of the aqueous solution containing the stirred catalyst in the Parr reactor. In other 

words, in this work, the temperature of aqueous solution and the catalyst dispersed in it were 

always directly measured with the thermocouple. Once the aqueous solution reaches a set 

temperature, the stirring bar started to stir the solution to a certain speed. When the reaction was 

finished, the reactor was taken out from the oil bath immediately and put into an ice-water bath to 

cool down to 10oC or lower for collecting the majority of formed products. The cold reactor was 

connected to the ten-way valve of our GC equipped with FID-methanizer to detect the composition 

of components in gas phase above the solution after catalysis. Then, the mixture of solution and 

catalyst particles was filtered after catalysis; the clear aqueous solution was collected after 

filtration. Typically, it contained acetic acid, formic acid, a small amount of CH3OH, CH3CH3OH, 
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H2O, and a small amount of surplus H2O2. The amounts of the formed acetic acid and formic acid 

in the collected solution were measured through 1H-NMR.  

1H-NMR spectra were collected from a Bruker AVANCE III HD 400 spectrometer. 4,4-

dimethyl-4-silapentane-1-sulfonic acid (DSS) was added into samples as reference (δ=0.0 ppm) 

for calibration. Before the NMR test, 0.540 ml of collected liquid after filtration and 0.060 ml of 

DSS solution (0.02wt% DSS dissolved in D2O) were mixed in an NMR test tube. Similar to our 

previous studies86, 90, a water suppression program was applied in all NMR measurements of this 

work for minimizing the signal generating from H2O. The main oxygenated products, acetic acid 

and formic acid can be qualitatively identified by checking its chemical shift =2.08 ppm for acetic 

acid and =8.25 ppm for formic acid. Figure S5.2 in Appendix C is an exemplified 1H-NMR 

spectrum. By-products including methanol and ethanol in liquid phase after filtration of solid were 

also detected. They were quantitatively identified on the basis of the chemical shift =3.35 ppm 

associated with -CH3 of methanol and chemical shift at =1.16-1.19 ppm (triplet) assigned to -CH3 

of ethanol.   

The quantitative analyses of carboxylic acids and alcohols were done by building standard 

curves. They were established by building the correlation between the ratio of peak area of products 

to peak area of DSS and the amount of carboxylic acid and alcohol in the tested solutions. Test 

solutions were prepared by mixing (1) 0.540 ml of a standard solution containing the known 

amounts of standard products such as acetic acid or formic acid, with (2) 0.060 ml of DSS solution 

(0.020wt% DSS dissolved in D2O). For instance, to establish a standard curve of a specific product 

such as acetic acid, a series of 10 ml aqueous solutions with different concentrations of acetic acid 

were prepared. They are called standard acetic acid solutions. 540μl of a standard acetic acid 

solution was mixed with 60μl DSS solution before the measurement of 1H-NMR. Ratios of the 
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area of acetic acid (=2.08 ppm) peak to the area of DSS peak in 1H-NMR spectra were plotted as 

a function of the amount of acetic acid in the unit of mol. The unknown concentration of acetic 

acid in the solution after catalysis was determined by using the standard curve. With the same 

method, standard curves of formic acid, ethanol, and methanol were established, presented in 

Figure S5.3 in Appendix C. Notably, for a product with an amount lower than 10 mol of this 

study, no turn-over rate was calculated for it since the error bar of measurement of the amount of 

these carboxylic acids and alcohols is 5 mol even larger. 

 

3. Result and Discussion 

3.1 Characterization of Rh catalyst structure 

As shown in Figure 5.1b, the diffraction pattern of 0.10wt%Rh/ZSM-5 is the same as H-

ZSM-5 (Figure 5.1a). Thus, the prepared 0.10wt%Rh/ZSM-5 remains the microporous structure 

of the original H-ZSM-5, supported by the preservation of pore volume after introducing 0.10wt% 

Rh to micropores (shown in Table 5.1). XPS examined compositions of surface regions of 

0.10wt%Rh/ZSM-5 and 2.0wt%Rh/ZSM-5 in a high vacuum (shown in Figure 5.2). Although Rh 

3d photoemission feature was observed clearly (Figure 5.2c) when the loading of Rh on ZSM-5 is 

2.0wt%, no signal of Rh 3d was observed from the surface region of 0.10wt%Rh/ZSM-5 (Figure 

5.2b). ICP measurement of the as-synthesized 0.10wt%Rh/ZSM-5 confirmed that the actual 

weight ratio of Rh to aluminosilicate in 0.10wt%Rh/ZSM-5 is approximately 0.10wt% (Table 5.2). 

Thus, the majority of these Rh atoms of 0.10wt%Rh/ZSM-5 must have anchored in micropores of 

H-ZSM-5 instead of on the external surface of H-ZSM-5 particles since no Rh 3d photoemission 

feature was observed in XPS studies. The lack of photoemission features of Rh 3d for 

0.10wt%Rh/ZSM-5 is further supported by the lack of dark dots on the representative TEM images 
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of 0.10wt%Rh/ZSM-5 (Figures 5.3a and b). Under the same TEM imagining condition, however, 

rhodium oxide nanoparticles were clearly observed on 2.0wt%Rh/ZSM-5 (Figures 5.3c-f). This 

TEM observation is consistent with the observation of Rh 3d5/2 peak at 308.8 eV which is in 

agreement with the values of Rh2O3 reported in literature234.  

 
Figure 5. 1 XRD patterns of (a) pure H-ZSM-5 and (b) 0.10wt%Rh/ZSM-5. No any diffraction peaks of 

rhodium oxide nanoclusters were observed. 

 

 
Figure 5. 2 Photoemission features of (a) H-ZSM-5, (b) 0.10wt%Rh/ZSM-5 and (c) 2.0wt%Rh/ZSM-5. Rh 

3d photoemission features were not observed from 0.10wt%Rh/ZSM-5, but clearly shown on 

2.0wt%Rh/ZSM-5. 
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Figure 5. 3 TEM images of 0.10wt%Rh/ ZSM-5 (a and b) and 2.0wt%Rh/ZSM-5 (c-f). There are no dark 

spots on the external surface of 0.10wt%Rh/ZSM-5. Rhodium oxide nanoclusters on 2.0wt%Rh/ZSM-5 

were readily observed in Figures 5.6c-f.  

 

Table 5. 1 Surface area and pore volume of the catalysts 

Sample Surface area (cm2/g) Pore volume (cm3/g) 

H-ZMS-5 433.5 0.1881 

0.10wt%Rh/ZSM-5 441.3 0.1995 

 

50 nm
a b

c d

e f

50 nm

50 nm 50 nm

20 nm20 nm

0.10wt%Rh/ZSM-5 0.10wt%Rh/ZSM-5

2.0wt%Rh/ZSM-5 2.0wt%Rh/ZSM-5

2.0wt%Rh/ZSM-5 2.0wt%Rh/ZSM-5
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Table 5. 2 Rhodium concentration of fresh and used 0.10wt%Rh/ZSM-5 

 Fresh Rh/ZSM-5 Used Rh/ZSM-5 

Rh concentration (wt%) 0.10wt% 0.093wt% 

 

Oxidation state and coordination environment of Rh atoms anchored in micropores of 

0.10wt%Rh/ZSM-5 were studied with XANES and EXAFS, respectively. H2O molecules in the 

ambient environment could readily adsorb on Rh atoms of 0.10wt%Rh/ZSM-5 during a process 

of cooling the calcinated catalyst from 550oC to 25oC in air. If water molecules are adsorbed on 

the Rh atoms anchored in the micropores of 0.10wt%Rh/ZSM-5, the measured coordination 

number of oxygen atoms to Rh atom is different from that during catalysis. To exclude the 

contribution of adsorbed water molecules of air to the coordination number of oxygen atoms to 

the anchored Rh atom, 0.10wt%Rh/ZSM-5 was heated to 150oC in flowing dry helium and 

remained at 150oC for one hour before data acquisition of XANES and EXAFS, by which weakly 

adsorbed H2O molecules can be removed. Thus, the EXAFS data are assumed to provide 

information on binding between Rh atoms and native oxygen atoms of the wall of micropores of 

aluminosilicates. Rh K-edge was recorded when the catalyst was annealed at 150oC in He and 

remained at 150oC in the flowing He. As shown in Figure 5.4a, the K-edge of Rh atoms of 

0.10wt%Rh/ZSM-5 located at 23.22 keV clearly suggests that Rh atoms are at a cationic state. 

Rhodium metal foil and rhodium oxides on alumina were used as references and their XANES 

spectra were shown as blue line and red line in Figure 5.4a, respectively. Compared with the shapes 

of rhodium metal foil and rhodium oxides spectra, XANES studies suggest that Rh atoms of 

0.10wt%Rh/ZSM-5 are at oxidized states based on the similarity between shapes of edge features 

of Rh K-edges of Rh2O3 and 0.10wt%Rh/ZSM-5. Figures 5.4b and c are R-space spectra of Rh K-

edge of Rh metal foil (reference sample) and 0.10wt%Rh/ZSM-5, respectively. As shown in Figure 
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5.4b, the main peak of the R-space of Rh K-edge of Rh foil was contributed from the first 

coordination shell of Rh atoms bonded to Rh atoms (Rh-Rh). It appears at 2.46Å before a phase 

correction, assigned to the Rh-Rh bond of Rh foil (2.72Å) in the FCC lattice of Rh metal. 

Compared to the peak in the R-space of Rh metal foil, the position of Rh K-edge of 

0.10wt%Rh/ZSM-5 is in fact at 1.46Å before phase correction (Figure 5.4c) and  2.00Å after phase 

correction consistent with Rh-O bond of Rh2O3
160, 235, 236. Figure 5.4d is the R-space of Rh K-edge 

of Rh2O3 nanoparticles supported on Al2O3. One obvious peak appeared at 2.67Å, which is 

assigned to the second shell of rhodium oxide (Rh-O-Rh) 
160, 235, 236. Compared to the observed 

peak at 2.67Å of Rh-O-Rh (before phase correction) in the R-space of Rh K-edge of Rh2O3 

nanoparticles, the R-space of Rh K-edge of 0.10wt%Rh/ZSM-5 in Figure 5.4c does not have any 

peak at 2.67 Å. Thus, EXAFS studies of R-space of Rh K-edge of 0.10wt%Rh/ZSM-5 clearly 

show no rhodium oxide nanoclusters or rhodium nanoparticles formed in 0.10wt%Rh/ZSM-5. 

Fitting of the R-space of Rh K-edge gives the coordination number of oxygen atoms around a Rh 

atom of 0.10wt%Rh/ZSM-5 on average, CN(O-Rh) = 5.38±0.89 (Table 3). Therefore, these 

EXAFS studies suggest that single Rh atom sites are presented in micropores of 0.10wt%Rh/ZSM-

5 particles through bonding with about five oxygen atoms. 

 

Table 5. 3 Coordination number and bond length of Rh atoms in 0.10wt%Rh/ZSM-5 at 150oC in flowing 

helium 

 

Sample  CN(O-Rh) R(O-Rh) (Å) 2(Å2) 

0.10wt%Rh/ZSM-5 5.380.89 2.0010.014 0.0030 
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Figure 5. 4 XANES and EXAFS studies of 0.10wt%Rh/ZSM-5, Rh foil and Rh2O3 nanoparticles supported 

on Al2O3. (a) Energy space of 0.10wt%Rh/ZSM-5 in flowing He at 150oC obtained by XANES technique. 

(b) R-space of Rh K-edge of Rh metal foil obtained by EXAFS technique. (c) R-space of Rh K-edge of 

0.10wt%Rh/ZSM-5 in flowing He at 150oC obtained by EXAFS technique; obviously, there is a lack of the 

second shell of Rh K-edge of Rh-O-Rh. (d) R-space of Rh-edge of Rh2O3/Al2O3 obtained by EXAFS 

technique. The lack of peak of Rh-Rh bond and the lack of Rh-O-Rh (the second coordination shell of 

rhodium oxide) in the R-space of Rh K-edge of 0.10wt%Rh/ZSM-5 suggests the lack of formation of 

rhodium oxide or metal rhodium nanoclusters. 

 

3.2 Identification of the role of Rh atoms  

Oxidation of ethane by H2O2 is chosen as a reaction model to fundamentally understand 

the oxidative transformation of shale gas components on single Rh atoms anchored on the internal 

surface of micropores of 0.10wt%Rh/ZSM-5. A certain amount of H2O2 was added to deionized 

water to prepare a solution of H2O2 with a total volume of 10.0 ml. Then, 30mg of H-ZSM-5 or 
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0.10wt%Rh/ZSM-5 was dispersed into 10ml H2O2 solution through sonication. Pure C2H6 was 

introduced into the Parr reactor to reach certain pressure (1.5 bar, 5 bar, or 15 bar). The solution 

was continuously stirred during catalysis. The aqueous solution obtained after catalysis was 

analyzed with 1H-NMR as described in the experimental section. Gas in the head part of the Parr 

reactor was analyzed by the FID detector of GC instrument with FID-methanizer to identify 

whether CO or CO2 or ethene could be products formed under this mild reaction condition. 

 
Figure 5. 5 Influence of amount of H2O2 dissolved in deionized water (the volume of the H2O2 solution is 

always 10 ml) on the amounts of formed acetic acid and formic acid on 30 mg of pure H-ZSM-5 or 30 mg 

of 0.10wt%Rh/ZSM-5. (a) Amounts of formic acid and acetic acid formed on 30 mg of pure H-ZSM-5 in 

15 bar ethane by oxidation with different amounts of H2O2 at 50oC for 2h. (b) Amounts of acetic acid and 

formic acid formed on pure 0.10wt%Rh/ZSM-5 in 15 bar ethane by oxidization with different amounts of 

H2O2 at 50oC for 2h. (c) The molar fraction of all products generated by 30 mg of pure H-ZSM-5 among all 

products formed by 30 mg of 0.10wt% Rh/ZSM-5. The contribution of H-ZSM-5 in formation of acetic 

acid and formic acid is minor in contrast to Rh1O5 sites of 0.10wt% Rh/ZSM-5 when the amount of H2O2 

is 10 mmol or less. Thus, the amount of H2O2 is 10 mmol in 10 ml H2O. 

 

Based on the NMR measurements, the main products of oxidation of ethane with H2O2 in 

the liquid phase are acetic acid and formic acid. After a typical oxidation reaction with 1.5 bar 

C2H6 at 50oC for 2h, the gas in the head part of the Parr reactor was analyzed with gas 

chromatography. Upon qualitative identification and quantitative analyses, the carbon balance of 

this reaction was checked. As mentioned in Appendix C, products and their amounts were listed 

in Table S5.1 by introducing 1.5 bar C2H6 and Table S5.2 by using 15 bar C2H6, respectively. The 

carbon balances for the transformation of C2H6 of 1.5 bar and 15 bar were 97-98%. After a reaction, 
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the used 0.10wt%Rh/ZSM-5 was separated from the liquid and dried in an oven at 120oC for 3h. 

The concentration of rhodium in the used catalyst measured by ICP-AES is 0.093% (Table 2), 

suggesting that most Rh cations remain in catalyst 0.10wt%Rh/ZSM-5 after catalysis at 50oC.  

Figures 5.5a and b present the yields (left axis) of products and conversion (right axis) of 

ethane by using pure H-ZSM-5 (Figure 5.5a) and 0.10wt%Rh/ZSM-5 (Figure 5.5b) as catalysts, 

respectively. As shown in Figure 5.5a, the amounts of products including acetic acid and formic 

acid produced from pure H-ZSM-5 are nearly zero when 15 bar ethane and 5 mmol H2O2 were 

used for catalysis at 50oC for 2h. The amount of produced acetic acid on H-ZSM-5 significantly 

increase to 87 μmol when the amount of H2O2 was 25 mmol. Compared to the pure H-ZSM-5 

zeolite (Figure 5.5a), the yields of the formed acetic acid and formic acid on 0.10wt%Rh/ZSM-5 

are much higher in any amounts of H2O2 used in experiments (Figure 5.5b). It suggests that the 

single-atom sites Rh1O5 do catalyze the activation of C-H bond and oxidize ethane to acetic acid 

and formic acid. In order to explicitly present the contribution of Rh1O5 sites of 0.10wt%Rh/H-

ZSM-5 to the oxidative transformation of ethane to formic and acetic acids, the amounts of acetic 

acid and formic acid produced from pure H-ZSM were subtracted in all the reported amounts of 

acetic acid and formic acid in the following Figures 5.6-5.9. Each reaction in Figures 5.6-5.9 was 

performed twice, one on 30 mg of pure H-ZSM-5 and the other on 30 mg of 0.10wt%Rh/ZSM-5. 

The difference in yield between pure H-ZSM-5 and 0.10wt%Rh/ZSM-5 is the net amounts of 

acetic acid and formic acid, presented in Figures 5.6-5.9. In other words, the given amounts of 

acetic acid and formic acid in Figures 5.6-5.9 are these solely contributed from these anchored 

Rh1O5 sites.  

In this ethane oxidation, TOF was calculated as the molecules of products (acetic acid or 

formic acid) per rhodium sites per second or per hour. Thus, TOFs for the oxidation of ethane at 
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50oC are 0.060 acetic acid molecules per Rh1O5 site per second (or 216 moles of acetic acid from 

1 mol of Rh1O5 sites per hour), and 0.127 formic acid molecules per Rh1O5 site per second (or 457 

moles of formic acid from 1 mol of Rh1O5 sites per hour), respectively. 

 

3.3 Influence of pressure of ethane on amounts of products and conversion of ethane 

To explore potential influence of ethane pressure on amounts of products and conversion 

of ethane, parallel studies using ethane of 1.5 bar, of 5 bar and of 15 bar were performed. As shown 

in Figure 5.6, the amounts of produced acetic acid and formic acid are about 110 mol and 210 

mol for the oxidation of ethane on 30 mg 0.10wt%Rh/ZSM-5 dispersed in 10 ml solution of H2O2 

with1.5 bar ethane; the reaction was performed at 50oC for 2h. Based on the gas volume (10 ml), 

the introduced 1.5 bar C2H6 at 25oC is about 6.0 mmol. Thus, 30 mg of 0.10wt% Rh/ZSM-5 at 

50oC can transform ~ 37% of ethane (6.0 mmol) within 2 hours. As shown in Figure 5.6, the 

conversion of ethane was decrease when operating the reaction at a higher temperature. However, 

along with the increase of pressure of ethane, the amount of produced formic acid (red bar) was 

increased to some extent but not significantly. Thus, the relationship of yields of these two 

carboxylic acids and pressure of ethane is not proportional. Additionally, the amount of acetic acid 

marked with blue bar remains no obvious change with the increase of the pressure of ethane. 

Notably, the conversion of ethane is obviously decreased along with the increase of pressure of 

ethane (the green line in Figure 5.6). The lack of an obvious increase of the amounts of acetic acid 

and formic acid suggests that the dissolution of ethane in liquid H2O has nearly saturated even at 

1.5 bar. To increase amounts of products (acetic acid and formic acid), the solubility and reaction 

rate should be promoted. Thus, it is expected to achieve a higher reaction rate of producing acetic 

acid and formic acid if a solvent with higher solubility of ethane could be used to replace H2O.  
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Figure 5. 6 Influence of pressure of ethane on amounts of acetic acid and formic acid formed by oxidizing 

ethane at 1.5, 5, or 15 bar with 10mmol H2O2 in 10ml H2O at 50oC for 2h. 30mg 0.1%Rh/ZSM-5 was used 

as the catalyst in each experiment. 

 

3.4 Influence of temperature on amounts of products and conversion of ethane 

To investigate the influence of reaction temperature on the catalytic performance, catalytic 

reactions on 30 mg of 0.10wt%Rh/ZSM-5 at 50oC, 57.5oC, 65oC, and 80oC were performed when 

the pressure of the introduced ethane was 15 bar. Each reaction was performed with 30 mg fresh 

catalyst with 10mmol H2O2 under 15 bar ethane at one of those specific temperatures for 2h. The 

conversions of ethane at different temperatures were plotted in Figure 5.7. An obvious increase of 

conversion of ethane was found in the temperature range of 50oC-65oC. However, there is little 

increase of conversion of ethane when catalysis temperature was increased from 65oC to 80oC. 

The lack of increase of conversion of ethane at 80oC likely results from the decomposition of H2O2 

at 80oC or the decrease of solubility of ethane in water at the relatively high temperature, 80oC. 
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Figure 5. 7 Influence of temperature of catalysis on conversion of ethane and amounts of acetic acid and 

formic acid formed by oxidizing 15 bar ethane with 10mmol H2O2 in 10ml DI H2O at 50oC, 57.5oC, 65oC, 

and 80oC for 2h. Fresh 30mg 0.1%Rh/ZSM-5 was used in catalysis at each temperature. 

 

3.5 Reaction pathway and kinetics  

Formic acid and acetic acid are the main products of oxidation of ethane with H2O2. To 

investigate whether acetic acid is formed from formic acid or not, time-dependent catalytic 

oxidation reactions were performed by performing parallel catalysis for different durations (30 

min, 60 min, 90 min, 120 min, 180 min, or 360 min). In each independent experiment, the catalytic 

condition including pressure of ethane, amount of H2O2, amount of catalyst, and stirring rate are 

exact same. After performing each experiment of the parallel studies for a specific amount of time 

at 50oC, the Parr reactor was taken out from the heating bath immediately and was then placed to 

an ice bath to stop the reaction immediately by cooling the reactor to 10oC with ice water. Typically, 

cooling from 50oC to 10oC took about 10 minutes. Such a fast cooling can reduce the error of the 
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analysis of products. Each of these parallel experiments used 30 mg of fresh catalyst and 

0.10wt%Rh/ZSM-5, respectively.  

 
Figure 5. 8 Amounts of acetic acid and formic acid formed from 15bar C2H6 oxidized by 10mmol H2O2 at 

50oC in different duration. The data of at each time (30 min, 60 min, 90 min, 12 min, 180 min, or 360 min) 

was achieved from an independent experiment using the same amount of fresh catalyst (30 mg 

0.10wt%Rh/ZSM-5). In other words, six experiments with different reaction times were performed. Each 

of the six experiments was performed under the same condition on fresh 30 mg of 0.10wt%Rh/ZSM-5.  

 

The amounts of formed acetic acid and formic acid were measured and then plotted as a 

function of reaction time (Figure 5.8). As shown in Figure 5.8, both acetic acid and formic acid 

continuously increase along the prolongation of reaction time from 0.5 to 6 hours. If acetic acid 

was formed through formic acid or even formic acid was produced from acetic acid, the evolutions 

of formic acid and acetic acid should follow of the evolution of a classic sequential reaction, 

A→B→C in which A is a reactant (C2H6 and H2O2), B is the intermediate product (acetic acid or 

formic acid), and C is a final product (formic acid or acetic acid) formed from the intermediate 

product B. In other words, the amount of formic acid should have increased as a function of 
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reaction time and then should have deceased along the prolongation of reaction time if acetic acid 

(or formic acid) was formed from formic acid (or acetic acid).  For example, the amount a final 

product should have been low at the beginning of the catalysis but increase fast when the 

intermediate product (formic acid here) is produced. However, there are no such evolutions of 

formic acid and acetic acid observed along with the increase of reaction time. Thus, we prefer to 

think that formations of acetic acid and formic acid take their own reaction pathway instead of a 

sequential reaction.  

 
Figure 5. 9 Arrhenius plot of Ln r (reaction rate) versus 1/T in the temperature range of 50oC-72oC. The 

activation barriers for productions of (a) acetic acid and (b) formic acid are 32.5 kJ/mol and 35.5 kJ/mol, 

respectively.  

 

Since the formations of acetic acid and formic acid follow independent reaction pathways, 

we can evaluate their activation barriers based on kinetics studies, individually. Based on the 

measured amounts of acetic acid and formic acid at 50oC, 57.5oC, 65oC and 72oC, we calculated 

the reaction rate for producing acetic acid and formic acid by equation (1) and (2), respectively. 

𝑟𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 =
∆𝑛𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑒  𝑓𝑜𝑟 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑

∆𝑡 (𝑠𝑒𝑐𝑜𝑛𝑑)
=

∆𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑

∆𝑡 (𝑠𝑒𝑐𝑜𝑛𝑑)
  (1) 

𝑟𝑓𝑜𝑟𝑚𝑖𝑐 𝑎𝑐𝑖𝑑 =
∆𝑛𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑  𝑒𝑡ℎ𝑎𝑛𝑒 𝑓𝑜𝑟 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑓𝑜𝑟𝑚𝑖𝑐 𝑎𝑐𝑖𝑑

∆𝑡 (𝑠𝑒𝑐𝑜𝑛𝑑)
=

∆𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑓𝑜𝑟𝑚𝑖𝑐 𝑎𝑐𝑖𝑑

∆𝑡 (𝑠𝑒𝑐𝑜𝑛𝑑)
 (2) 
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Thus, Arrhenius plots for the formation of acetic acid or formic acid can be generated. 

Figures 5.9a and b present the Arrhenius plots which represent the kinetics for the formation of 

acetic acid and formic acid, respectively. As the conversions of ethane at these temperatures were 

lower than 10%, we evaluated the overall activation barriers for production of acetic acid or formic 

acid from the slope of the Arrhenius plots (Figures 5.9a and b). The overall activation barriers for 

the production of acetic acid and formic acid are 32.5 kJ/mol and 35.5 kJ/mol, respectively.  

 

4. Conclusion 

This work demonstrated that the catalyst of singly dispersed Rh sites anchored in 

micropores of H-ZSM-5 exhibited high activity for oxidation of ethane with H2O2 at 50oC. The 

conversion of ethane (1.5bar) to acetic acid and formic acid at 50oC for 2h is about 37%. The TOFs 

for the oxidation of ethane at 50oC are 0.060 acetic acid molecules per Rh1O5 site per second (or 

216 moles of acetic acid from 1 mol of Rh1O5 sites per hour), and 0.127 formic acid molecules per 

Rh1O5 site per second (or 457 moles of formic acid from 1 mol of Rh1O5 sites per hour), 

respectively. This study suggests that oxidation of ethane with the heterogeneous single-atom 

catalyst at near ambient temperature in aqueous solution is a prospective approach for achieving 

the efficient transformation of ethane into acetic acid and formic acid under mild conditions.  

 

Contributions of the project: 

The synthesis of catalysts, characterization of catalysts and the evaluation of catalytic 

performances of prepared catalysts were mainly done by Yuting Li. 
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Chapter 6:  Fundamental understanding of Pd promoted Zn-loaded 

microporous catalysts for ethane dehydrogenation 

1. Introduction 

Dehydrogenation of ethane has attracted significant attention in the last decades due to the 

increasing availability of inexpensive ethane from shale gas95. Transformation of ethane can be 

done under harsh conditions such as thermal cracking237, requiring to be performed at extremely 

high temperatures as high as 800-1000oC. Compared to the current high-temperature thermal 

cracking, synthesis of ethylene through catalytic dehydrogenation of ethane with or without the 

participation of oxygen exhibits advantages in catalytic conditions including ambient pressure of 

reactants and relatively low catalysis temperature (<700oC). These mild catalytic conditions of 

ethane dehydrogenation are beneficial to the efficient utilization of inexpensive shale gas 

components to generate useful chemicals. 

Driven by the advantages of performing transformation of ethane to ethylene at relatively 

low temperatures, many efforts have been made in the last few decades. Various types of catalysts 

consisting of Zn, Pd, Mo and other metal species were reported active for the dehydrogenation of 

short alkanes73, 95, 238-241.  Among these reported catalysts, Zn supported on zeolite has drawn 

increasing attention due to its high activity in the activation of the C-H bond of ethane50, 72, 242. 

However, the activity and thermal stability of current studied Zn-based catalysts for the catalytic 

dehydrogenation of ethane to ethylene are not comparable to the thermal cracking process. Thus, 

it would be ideal for developing the stable catalyst exhibiting good activity of production of 

ethylene from thane dehydrogenation. From studies in publications, it is reported that the activity 

of Zn catalyst could be significantly enhanced by adding a noble metal such as platinum74, 243.  



113 

In ethane dehydrogenation, H2 is one of the main products and stoichiometrically its 

amount is equal to ethylene (C2H6→C2H4+H2). These H2 molecules are formed through the 

coupling of atomic H that is generated through C-H cleavage in the activation of ethane molecules. 

As known, the oxidizing or reducing capability of a reactant gas could restructure the surface of a 

bimetallic catalyst. It was reported that reducing reactants such as CO and oxidizing reactants such 

as NO could alternatively reduce an oxide and oxidize a metal and thus result in the restructuring 

of the surface of a bimetallic catalyst in catalytic oxidation of CO with NO158. In terms of ethane 

dehydrogenation (C2H6→C2H4+H2), the only reactant ethane is neither an oxidizing nor a reducing 

chemical. However, one of the products of the dehydrogenation of ethane is H2. It is reported that 

molecular H2 is typically formed through coupling H atoms produced in elementary steps of the 

dehydrogenation of ethane. Thus, we hypothesized that these intermediate atomic H could readily 

reduce the surface of the catalyst during the dehydrogenation of ethane. At high temperature, these 

highly active H atoms could directly couple with oxygen atoms bonding to a metal atom of a 

catalytic site to form an OH group. Then OH group could couple with another intermediate H atom 

to form an H2O molecule, by which oxygen atoms of a catalytic site can be removed from the 

catalyst surface through the formation of H2O and then desorption. Such removal of oxygen atoms 

from the surface of a catalyst is expected to dramatically restructure chemical and coordination 

environments of metal atoms of catalytic sites. This hypothesized restructuring here is different 

from the reported restructuring resulted from segregation and migration of metal atoms of a 

bimetallic catalyst such as Rh0.5Pd0.5 bimetallic reported in literature158, 244. The proposed 

restructuring would play an essential role in the catalytic performance of zinc catalysts. 

Consequently, in this work, catalysts including 2.0wt%Zn/silicalite-1, 1.0wt%Pd/silicalite-

1, and 2.0wt%Zn/1.0wt%Pd/silicalite-1 were prepared to conduct the dehydrogenation of ethane. 
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Moreover, fundamental studies of the prepared catalysts at a molecular level were explored by 

using realistic operando studies of X-ray absorption near edge structure (XANES) and extended 

X-ray absorption fine structure (EXAFS). This work would reveal: (1) if the H2 generated during 

ethane dehydrogenation can readily restructure catalytic sites, resulting in the rapid deactivation 

of the original catalyst; and (2) how the addition of Pd atoms could promote the activity of Zn-

based catalyst. 

 

2. Experiment  

2.1 Catalyst preparation 

The silicalite-1 supports were prepared by the hydrothermal mothed reported in literature245. 

The starting gel contains the Si source and templates with the molar composition of 1.0 SiO2: 0.4 

TPAOH: 35 H2O. In a typical protocol, 13g TPAOH solution (Sigma Aldrich) was mixed with the 

deionized water with vigorously stirring for 10 min. Then, 8.32 g TEOS was dropwise added into 

the above mixture, with a followed stirring for 6 h. When TEOS was fully hydrolyzed and the 

mixture became clear, the reaction mixture was transferred into a 100 ml Teflon-lined stainless-

steel autoclave for crystallization in a conventional oven at 170 °C for 4 days under static 

conditions. After centrifuging, washing with water and ethanol for several times, the as-

synthesized solid powders were dried at 80 °C in the oven overnight and followed calcination at 

550 °C for 8 h. Thus, the high crystalline silicate-1 was obtained, named as S-1. The three types 

of S-1 supported metal catalysts were continued prepared by an IWI method employed in other 

literatures86, 94.  

Silicate-1 supported Zn catalyst is named as Zn/S-1. 93 mg of Zn (NO3)2 (Sigma Aldrich, 

98%) was dissolved in 1.0 ml of deionized water and then the mixed solution was sonicated about 
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10 mins to form a transparent Zn(NO3)2 solution. 1.00 gram of silicate-1 was added to a 50 ml 

beaker, and the prepared Zn(NO3)2 solution was gradually dropped to the porous silica powder 

placed in the beaker. In the meantime, the silica powder in the beaker was stirred vigorously to 

make a well-dispersed slurry. The gained slurry was further stirred at room temperature overnight 

and then was dried at 80oC in air for 3 h, followed by calcination in Muffle furnace at 650oC in air 

for 6 h with a ramping rate of 2oC/min. 

The catalyst of silicate-1 with supported Pd (1.0wt%Pd/S-1) was prepared with the same 

method as that of 2.0wt%Zn/S-1 described above. 25.0 mg of Pd (NO3)2 (Sigma Aldrich, ~40% 

metal basis) was dissolved in 1.0 ml of deionized water to make a transparent Pd (NO3)2 aqueous 

solution. Then, the prepared Pd (NO3)2 solution was gradually added to the silicate-1 placed in a 

50 ml beaker while the powder in the beaker was stirred vigorously to make a well-dispersed slurry. 

The gained slurry was continuously stirred at room temperature overnight and then was dried at 

80oC in air for 3 h, followed by calcination in Muffle furnace at 650oC in air for 6 h with a ramping 

rate of 2oC/min. 

In terms of 2.0wt%Zn/1.0wt%Pd/S-1, the anchoring of Zn and Pd was conducted 

sequentially.  Firstly, the precursor of Zn2+, Zn(NO3)2 solution was introduced to support powders 

through the same IWI method as that used for the preparation of 2.0wt%Zn/S-1. Upon drying and 

calcining steps, the catalyst precursor was cooled to room temperature in air, forming 2.0wt%Zn/S-

1. Then, the prepared 2.0wt%Zn/S-1 was used as the catalyst precursor to be transferred to a 50 

ml beaker. A prepared Pd (NO3)2 solution was introduced to the well-prepared 2.0wt%Zn/S-1 

placed in the beaker drop by drop. After drying at 25oC overnight and then at 80oC in air for 3 h 

with a followed calcination at 650oC in air for 6 h, the catalyst 2.0wt%Zn/1.0wt%Pd/S-1 was 

prepared. 
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2.2 Catalyst characterization 

Concentrations of zinc and palladium introduced to silicate-1 were measured through ICP-

AES (JY 2000-2, HORIBA). Surface area and pore volume of silicate-1 before and after loading 

zinc or/and palladium were measured with BET (Quantachrome Autosorb iQ). Crystal phases of 

the support of these catalysts were checked with powder X-ray diffraction (XRD) performed on a 

Bruker SMART APEX diffractometer.  

Chemical and coordination environments of Zn and Pd of these catalysts during catalysis 

were studied with a realistic operando approach. Here, a realistic operando approach is referred to 

a study where data of characterization was being collected while it is catalyzing a reaction at a 

specific catalytic temperature under a realistic catalytic condition. Certainly, gaseous reactant(s) 

must flow through the catalyst bed that was remained at the catalytic temperature when the 

characterization of the catalyst was being performed.  

Operando studies of 2.0wt%Zn/S-1, 1.0wt%Pd/S-1, and 2.0wt%Zn/1.0wt%Pd/S-1 using 

XANES and EXAFS were performed at SPring-8 in Japan and Argonne National Laboratory in 

the United States. The typical experimental steps of an operando study of 2.0wt%Zn/S-1 catalyst 

were taken as an example to be described in the following so that these operando characterizations 

can be readily repeated. About 40mg of catalyst, 2.0wt%Zn/S-1, was added to a quartz tube with 

an internal diameter ID of 2.0 mm; then the quartz tube was installed in an XAS reaction cell for 

performing operando studies of XANES and EXAFS. As reported, this quartz tube can be heated 

up to 850oC and remain at 850oC for at least 6 h when reactant gasses with a pressure up to 3 bars 

is flowing through a catalyst bed in the quartz tube. Scanning of energy window covering Zn K-

edge was performed at room temperature while 5mL/min N2 (Matheson, 99.99%) was flowing 
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through the catalyst bed. Then, 5mL/min N2 was continuously flowing through the catalyst bed in 

the quartz tube while the catalyst was gradually heated to a specific temperature such as 650oC. 

Once the temperature of the catalyst bed reached 650oC, the pure N2 was replaced by 10% ethane 

(balanced with argon) to perform catalysis. Then, 5mL/min 10% ethane was flowing through the 

catalyst bed while the catalyst bed remained at 650oC. After maintaining at 650oC for 1h, XAS 

data was started to be collected. Notably, the catalyst bed was maintained at 650oC and 5mL/min 

10% ethane was flowing through the catalyst bed when XAS data was being collected.  

For operando characterization of 2.0wt%Zn/1.0wt%Pd/S-1, the exactly identical protocol 

of 2.0wt%Zn/S-1 was used to collect XAS spectra. Scans of Zn K-edge and Pd K-edge of the 

bimetallic catalyst will be collected separately by using two sets of the fresh catalyst, 

2.0wt%Zn/1.0wt%Pd/S-1. Generally, each scan of the spectrum of Zn K-edge or Pd K-edge 

containing both XANES and EXAFS regimes takes 20mins. Typically, a few scans of Zn K-edge 

or Pd K-edge were collected for hours. 

XAS spectra containing XANES and EXAFS regions were analyzed by Demeter software, 

a front end to Feff6, Larch, and IFEFFIT, providing the proper fitting of R-space spectra and 

sensible parameters of coordination environment of Zn and Pd atoms, including the coordination 

number of atoms surrounding the core atom and the radius of each coordinating bond also known 

as the distance between surrounding atoms and the core atom. 

 

2.3 Evaluation of catalytic performances of ethane dehydrogenation 

Catalytic performance including catalytic activity in conversion of ethane and selectivity 

for producing ethylene on these catalysts were performed on a fixed-bed flow reactor that was 

connected to an on-line GC equipped with a flame ionization detector (FID). The temperature of 
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the catalyst bed was measured with a K-type thermocouple inserted to the middle of the catalyst 

bed and controlled by the PID temperature controller. Specifically, the PID controller measures 

actual temperature and transfers the difference between the measured temperature and the 

programmed set temperature to a signal to a relay, so that reply can apply an appropriate voltage 

to the heater of the reactor. In this way, the catalyst can be heated or cooled down with a certain 

ramping rate or remained at a required catalysis temperature for a certain amount of time. This 

operating system was used to measure catalytic activity and selectivity for all catalysts discussed 

in this work and to evaluate the durability of catalytic performance of catalysts at a specific 

temperature for certain amount of time. 

In each measurement of catalytic performance, 0.100 g of catalyst was diluted with 0.500 

g of quartz sand.  The quartz sand was purified by being soaked in aqua regia solution and stirred 

for 24h and then being washed with deionized water several times until the pH of the left solution 

after washing to 6.5-7. After being purified, the quartz sand was dried at 120oC for 5 h. The mixture 

of catalyst powder and the purified quartz sand was loaded into the middle of a quartz tube with 

OD of 9.0 mm. After the tube being installed to the reactor, 10 mL/min N2 (99.99%, Matheson) 

was flowing through the catalyst bed while heating the reactor to a certain catalytic temperature 

such as 650oC with a ramping rate of 10oC/min. After maintaining the catalyst at that temperature 

under the atmosphere of inert gas for 30mins, the nitrogen was replaced with 10 mL/min of 10% 

ethane balanced with argon (Matheson). The stainless-steel tube connecting the outlet of the 

downstream of the fixed-bed flow reactor to the inlet of the ten-way value of online GC was always 

kept at 150oC during measurements of catalytic performance for the complete delivery of all 

products of this catalysis. 
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The gas leaving from the outlet of the fixe-bed flow rector contained both unreacted 

reactants and formed products which were separated by a HayeSep D (6′ × 1/8″) packed column, 

a molecular sieve 13 × (6′ × 1/8″) packed column and then analyzed with a flame ionization 

detector (FID). The conversion of ethane and the selectivity for producing ethylene were calculated 

with the following equations. The mole flow rate of unreacted ethane was calculated by dividing 

the measured peak area of the unreacted ethane with a sensitivity factor of ethane. The mole flow 

rate of produced ethylene was calculated by dividing the measured peak area of the produced 

ethylene with a sensitivity factor of ethylene. 

Conversion (X) = 
𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑡𝑟𝑜𝑢𝑐𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑒 −𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑒 

𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑒
 ×  100% 

Selectivity (S) = 
𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑐𝑢𝑒𝑑 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 

𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑒−𝑀𝑜𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑡ℎ𝑎𝑛𝑒 
× 100% 

Yield (Y) = Conversion (X) × Selectivity (Y). 

In the time-on-stream studies, the gas leaving from the downstream of the reactor was 

continuously flowing into the ten-way valve of GC. It was automatically injected to GC columns 

every 40 minutes in a period of a total time of 15 h or longer. 

 

3. Result and Discussion 

3.1 Structural characterization of as-synthesized catalysts 

The measured concentrations of zinc or palladium of the prepared catalysts were listed in 

Table 6.1. They are consistent with the nominal concentrations of the introduced precursors of zinc 

or palladium. Based on the BET measurements, these catalysts remained surface area and volume 

similar to those of the support, parent S-1 (Table 6.2), suggesting that these preparations did not 

modify the microporous structure. Additionally, as shown in Figure 6.1, the crystal phase of these 

catalysts was identified through powder XRD. These XRD patterns are associated with the 
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crystalline structure of the MFI framework, reported in literatures245, 246. The similarity of XRD 

patterns of S-1 before and after loading metals indicates the preservation of the crystalline structure 

of these prepared catalysts. The lack of diffraction peaks of metallic or oxidic species of zinc and 

palladium in these XRD patterns suggests that there were no large particles formed on these 

catalysts. 

Table 6. 1 Loading of Zn or Pd to catalysts measured with ICP-AES 

Catalysts Zinc concentration (wt%) 
Palladium concentration 

(wt%) 

2.0wt%Zn/S-1 1.92wt%  

1.0wt%Pd/S-1  1.08wt% 

2.0wt%Ga/1.0wt%Pd/S-1 1.89wt% 0.95wt% 

 

Table 6. 2 Surface area and pore volume of catalysts measured with BET 

Catalysts Surface area (m2/g) Pore volume (cm3/g) 

S-1 330.3 0.2128 

2.0wt%Zn/S-1 312.7 0.2101 

1.0wt%Pd/S-1 300.9 0.2077 

2.0wt%Zn/1.0wt%Pd/S-1 281.3 0.2081 

 

 
Figure 6. 1 XRD patterns of S-1 (black), 1.0wt%Pd/S-1 (red) 2.0wt%Zn/S-1 (blue), and 

2.0wt%Zn/1.0wt%Pd/S-1 (purple). 
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3.2 Catalytic performance of S-1 supported with Zn and studies of its active sites 

Catalytic performances of S-1 and 2.0wt%Zn/S-1 for ethane dehydrogenation in the 

temperature range of 500-650oC were measured. As shown in Figure 6.2a, pure S-1 was basically 

not active in the dehydrogenation of ethane, whereas 2.0wt%Zn/S-1 exhibited much higher activity 

(Figure 6.2b) at the same temperature. It suggests that Zn-based sites are active for the activation 

of ethane and dehydrogenation of ethane. Notably, the conversion of 2.0wt%Zn/S-1 increased 

along with the increase of catalysis temperature from 500oC to 650oC (blue line in Figure 6.2b), 

while its selectivity for producing ethylene obviously decreased along with the increase of catalysis 

temperature (red line in Figure 6.2b). 

 
Figure 6. 2 Catalytic performance of (a) S-1, (b) 2.0wt%Zn/S-1, (c) 1.0wt%Pd/S-1 and (d) 

2.0wt%Zn/1.0wt%Pd/S-1 in the temperature range of 500-650oC. 100 mg of the catalyst was used. It was 

diluted by 500 mg purified quartz 10 ml/min 10% ethane was flowing through the catalyst bed. 
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As shown in Figure 6.3a, operando studies of the Zn K-edge show that Zn atoms of 

2.0wt%Zn/S-1 are in the oxidic state since the energy position of Zn K-edge is different from the 

edge position of Zn foil (9659eV) but quite close to that of ZnO247. In the R-space spectrum of Zn 

K-edge collected before catalysis at 25oC (Figure 6.3b), the main peak of Zn-O bonds at 2.04 Å 

(after phase correction) was observed, which is consistent with the Zn-O bond length of ZnO 

species248. Compared to the strong peak of Zn-O-Zn bonds at about 3.30 Å in R-space spectrum 

of Zn K-edge of ZnO species248, the quite weak peak of Zn-O-Zn bonds of the catalyst 

2.0wt%Zn/S-1 in Figure 6.3b suggests (1) few ZnO nanoparticles were formed, or (2) size of ZnO 

nanoparticles is smaller than 1 nm even if they were formed. Notably, the peak of Zn-O-Si was 

also observed before catalysis at 25oC since these cationic Zn atoms were anchored on the support, 

S-1. These Zn cations anchored on the micropores S-1 are proposed to be active for the ethane 

activation. 

Figure 6.3c is the R-space spectrum of Zn K-edge of 2.0wt%Zn/S-1 collected at 650oC 

during catalysis. The observed peak of Zn-O bonds was still the main peak, and the weak peak of 

Zn-O-Zn bonds was still observed during catalysis at 650oC. No peak of Zn-Zn bonds of Zn metal 

nanoparticles was observed, suggesting that no metal Zn nanoparticles were formed during 

catalysis at 650oC. Additionally, similar to the catalysis before catalysis at 25oC, the peak of Zn-

O-Si was still observed during catalysis at 650oC. Although some of the introduced Zn atoms were 

removed through reduction and immediate vaporization, the rest of the loaded Zn atoms could 

have migrated to the framework of S-1. Thus, the peak of Si-O-Zn was still observed in Figure 

6.3c. The correlation of the loss of Zn atoms and the migration of Zn atoms in 2.0wt%Zn/S-1 

during catalysis at high temperatures will be further discussed in the following sections.  
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Figure 6. 3 Operando studies of Zn K-edge of 2.0wt%Zn/ S-1 using XANES and EXAFS. (a) Energy space 

spectra of Zn K-edge of Zn foil (as reference), 2.0wt%Zn/ S-1 at 25oC before catalysis and catalyst during 

catalysis at 650oC. (b) R-space spectra of Zn K-edge of 2.0wt%Zn/ S-1 before catalysis at 25oC. (c) R-space 

spectrum of Zn K-edge of 2.0wt%Zn/ S-1 during catalysis at 650oC. (d) List of parameters used in fitting 

R-space spectra of Zn K-edge in (b). (e) List of parameters used in fitting R-space spectra of Zn K-edge in 

(c). 

 

3.3 Rapid deactivation of catalytic performance of S-1 supported with Zn and intermediate-

driven restructuring of Zn-based sites of the catalyst 

The durability of the catalytic performance, referring to the evolution of activity and 

selectivity of 2.0wt%Zn/S-1 as a function of time, was studied with a time-on-steam mode. As 

shown in Figure 6.4a, although the selectivity of ethylene raised to almost 50% at the 8th hour, the 

conversion of ethane was considerably decreased to reach less than 10% at the 10th hour. Thus, the 

maximum yield of ethylene was approximately 22%. As demonstrated in Figure 6.2a, S-1 can 

convert about 18% of ethane to methane and carbon species. It suggests that the conversion of 

ethane on 2.0wt%Zn/S-1 at 650oC at the 10th hour (Figure 6.4a) would be largely contributed from 

the support S-1 instead of Zn-related species or from the thermal cracking.  

Although a limited amount of ZnO nanoparticles was observed on the external surface of  

S-1 during catalysis at 650oC (Figure 6.3c), these species did not contribute to the rapid 
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deactivation of the catalytic activity for converting the ethane and selectivity for producing 

ethylene.  

 
Figure 6. 4 Durability of catalytic performance based on time-on-stream examination under the same 

catalytic condition at 650oC. (a) 0.200 gram of 2.0wt%Zn/S-1 at 650oC, and (b) 0.200 gram of 

2.0wt%Zn/1.0wt%Pd/S-1 at 650oC. 

 

The rapid decay of catalytic performance on 2.0wt%Zn/S-1 must result from the 

restructuring of active sites during catalysis at high temperatures. ICP-AES studies suggest that a 

large amount of Zn atoms loaded to 2.0wt%Zn/S-1 lost after catalysis at 650oC for 15 hours. 

Although a certain amount of Zn atoms remained in the catalyst after catalysis at 650oC for 15 

hours, they were not active for producing ethylene any more. Thus, the restructuring consists of 

loss of Zn atoms through vaporization and variation of chemical or/and coordination environments 

of the catalytic active Zn cationic sites. 

It is well known that ZnO has a higher melting point at 1975oC249, 250, in contrast to many 

early transition metal oxides such as Fe2O3 (mp, 1565oC)249, FeO (mp, 1377oC)251, Co3O4 (mp, 

895oC)251, CuO (mp, 1326oC)251 and any oxides of all 4d metals and 5d metals252. ZnO exhibits 

high thermal stability up to almost 2000oC.  However, the metal Zn, the reduced product of ZnO, 

has the second lowest melting point, 419.5oC, among all d-block metals. Correspondingly, it 
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exhibits a much higher vapor pressure than all d-block metals except Hg at the same temperature. 

Vapor pressures of a solid and liquid Zn can be calculated with the following equations253: 

log(𝑝 𝑎𝑡𝑚⁄ ) = 6.102 −
6776

𝑇
  (for solid Zn) and log(𝑝 𝑎𝑡𝑚⁄ ) = 5.378 −

6286

𝑇
 (for liquid Zn); here 

T is the temperature of solid or liquid zinc. Based on these equations, the vapor pressure of metal 

Zn at the melting point (419.5oC) is as high as 0.16 Torr. Vapor pressure of liquid Zn at a catalysis 

temperature (650oC) used in literature is as high as 28.3 Torr. It is even higher than the vapor 

pressure of liquid water at 40oC. Obviously, this is an extremely high vapor pressure for a liquid 

metal. Thus, It is expected that 0.100 g liquid Zn at 650oC could be vaporized in a few seconds, 

although no specific kinetic data of the vaporization of liquid metal zinc was reported. The 

extremely high vapor pressure of metal Zn at high temperature could result in a rapid deactivation 

during catalysis. 

Other than the final product molecular H2, atomic H are formed during the process from 

activating C-H bonds of reactant ethane molecules to the formation of product ethylene molecules. 

These atomic H can readily reduce Zn cations of active sites to form metallic Zn atoms and then 

these metallic Zn atoms sinter to form small Zn nanoparticles. As Zn nanoparticles have a quite 

low melting point at 495oC, these Zn nanoparticles formed at 650oC are at a state of liquid Zn 

which has a very high vapor pressure. Thus, metal Zn nanoparticles immediately vaporize at 650oC 

once they are formed. 

Operando XANES and EXAFS spectra could not observe the formation of liquid metal Zn 

nanoparticles. That may result from (1) liquid metal Zn nanoparticles are expected to have a very 

short lifetime due to its high vapor pressure at 650oC (28.3 Torr) and (2) the high disordering of 

Zn atoms in liquid Zn nanoparticles at 650oC makes them invisible in XAS even if they have a 

long lifetime. The immediate vaporization after the formation of liquid Zn nanoparticles is 
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supported by the decrease of intensity of the Zn-O peak in R-space spectrum collected during 

catalysis at 650oC as a function of time (Figure 6.5). Based on the R-space spectrum of Zn K-edge 

during catalysis at 650oC (Figure 6.3c), these Zn atoms were bonded with O atoms. As catalytic 

measurements suggest that these remained Zn species did not contribute to the formation of 

ethylene at 650oC, we deduce that these remained Zn atoms migrated to the framework of S-1 

instead of anchored on the internal wall of the micropores. These embedded Zn atoms survived 

under the catalytic condition at 650oC. 

 
Figure 6. 5 Sequential R-space spectra of Zn K-edge of 2.0wt%Zn/S-1 studied with EXAFS technique 

during catalysis at 650oC (Scan #1 is the first spectrum and scan #4 is the last one). 

 

The loss of Zn atoms during catalysis at 650oC was supported by the decrease of the 

intensity |χ(R)| of the peak of Zn-O bonds in the R-space spectrum of Zn K-edge of the 2wt%Zn/S-

1 catalyst at 600oC as a function of time (Figure 6.5). In Figure 6.5, the intensity of a scan collected 

early, such as scan #1, is larger than the one collected later, such as scan #4. Notably, all scans in 

Figure 6.5 were collected under the same catalytic condition with the same data acquisition 

parameters of XAS; thereby, they are comparable. 
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3.4 Enhancement of activity and durability of Zn-base catalyst by adding Pd 

As reported from the publication254, Pd presents a good capability for the dissociation of 

C-H bond of short alkanes. In addition, the metallic Pd is pretty stable at high temperatures since 

it exhibits a much higher melting point, 1555oC and correspondingly much lower vapor pressure 

than metallic Zn. Vapor pressures of solid and liquid Pd can be calculated with the following 

equations253:log(𝑝 𝑎𝑡𝑚⁄ ) = 9.502 −
19813

𝑇
− 0.9258 × log (𝑇) (for solid Pd) and log(𝑝 𝑎𝑡𝑚⁄ ) =

5.426 −
17899

𝑇
 (for liquid Pd). At 650oC, the vapor pressure of metal Pd is 1.50×10-12 Torr which 

is lower than 28.3 Torr of metal Zn by 13 orders of magnitude. The formation of Zn-based alloy 

could stabilize the Zn-based sites since PdZn alloy has a melting point much higher than pure Zn255. 

Thus, Pd was introduced to 2.0wt%Zn/S-1. Before evaluating the catalytic performance of 

2.0wt%Zn/1.0wt%Pd/S-1, the Pd-modified S-1, 1.0wt%Pd/S-1 was prepared with the same 

method as that of 2.0wt%Zn/S-1 as a reference. Figure 6.2c presents the catalytic performance of 

0.100 g of 1.0wt%Pd/S-1. Here, the conversion of ethane at 550oC was over 90% and did not 

further increase when the temperature increased to 600oC and 650oC. Unfortunately, the selectivity 

for producing ethylene was quite low, near to zero. It suggests that Pd-based sites of this catalyst 

are active for the activation of ethane, but the selectivity for the production of ethylene is quite 

low. As demonstrated in Figure 6.2d, the activity of ethane dehydrogenation into ethylene with 

2.0wt%Zn/1.0wt%Pd/S-1 were considerably increased along with the temperature elevated from 

500oC to 650oC, reaching more than 55% conversion of ethane and over 30% selectivity of the 

production of ethylene. The yield of ethylene reached approximately 30% at 650oC. These findings 

confirmed that the addition of Pd promotes the catalytic activity of dehydrogenation of ethane into 

ethylene.  
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Moreover, Figure 6.4b presents the time-on-stream catalytic performance of 

2.0wt%Zn/1.0wt%Pd/S-1 for ethane dehydrogenation for 15 h. In terms of the durability of 

catalytic performance, it is much different from that of 2.0wt%Zn/S-1. As shown in Figure 6.4b, 

the 2.0wt%Zn/1.0wt%Pd/S-1 provided a 30% yield of ethylene for over 15 hours. Thus, the 

addition of 1.0wt%Pd to 2.0wt%Zn/S-1 obviously enhanced the durability of catalytic 

performance of 2.0wt%Zn/S-1. The observation of constant yield of 2.0wt%Zn/1.0wt%Pd/S-1 for 

over 15 hours demonstrated that the addition of the second metal could enhance the durability of 

catalytic performance of another metal. Through operando studies of chemical and coordination 

environment of these metals during catalysis at 650oC, the fundamental understanding of the effect 

of Pd to Zn was achieved and will be discussed in the following sections. 

 

3.5 Formation of Pd-Zn alloy in the proposed catalyst 

XANES and EXAFS studies of 2.0wt%Zn/1.0wt%Pd/S-1 before catalysis and during 

catalysis at 650oC. As shown in Figure 6.6a, the edge feature of Pd K-edge before catalysis at 25oC 

is quite different from that of Pd foil. Compared to Pd foil, the energy position of Pd K-edge of 

this catalyst during catalysis at 650oC was up-shifted, suggesting that Pd atoms of this catalyst 

before catalysis were in the oxidic state. On the contrary, the shape and energy position of Pd K-

edge of this catalyst during catalysis at 650oC was close to that of Pd foil, indicating that Pd atoms 

were reduced during catalysis at 650oC. 

Figure 6.6b is the R-space spectrum of Pd K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 before 

catalysis. Two main peaks were observed at 2.00 Å, and 2.92 Å, attributed to Pd-O and Pd-O-Pd, 

respectively, which is supported by the observation of peaks at 2.06 Å for Pd-O and 3.00 Å for 

Pd-O-Pd in literature256, 257. Compared to 2.0wt%Zn/1.0wt%Pd/S-1 before catalysis at 25oC 
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(Figure 6.6b), R-space spectrum of this catalyst during catalysis at 650oC (Figure 6.6c) is distinct. 

Based on the position of the peak of Pd-Zn bonds in Pd-Zn alloy nanoparticles reported in 

literature258, 259, the main peak at 2.52 Å observed in 2.0wt%Zn/1.0wt%Pd/S-1 during catalysis at 

650oC is assigned to Pd-Zn bonds. It clearly shows that most Pd atoms alloyed with Zn atoms. 

Probably, this peak could cover a small portion of Pd-Pd bonds since the peak position of Pd-Pd 

bonds of a Pd metal nanoparticles is at 2.78 Å (after phase correction) based on literature260. 

Consequently, the R-space spectrum of the catalyst during catalysis at 650oC provided solid 

evidence for the formation of Pd-Zn alloy under this catalytic condition. It is understandable since 

H2 is the product of ethane dehydrogenation (C2H6→C2H4+H2). Molecular H2 is typically formed 

through the coupling of H atoms. In ethane dehydrogenation, H atoms are intermediate formed in 

C-H cleavage of ethane and dehydrogenation of ethane to form ethylene. The formed H atoms 

could directly bond with oxygen anions to form a hydroxyl group; a hydroxyl group can bond with 

another H atom to form an H2O molecule. With desorption of H2O molecules, oxygen atoms 

coordinating with some metal atoms of the catalyst surface are removed. The removal of oxygen 

atoms through the formation of H2O molecules results in a reduction of surface cationic Pd atoms 

bonding with oxygen atoms into Pd atoms at metallic state. Similarly, oxygen atoms bonding to 

Zn cations can be removed through the formation of H2O molecules, by which Zn cations were 

reduced to Zn atoms at metallic state. These reduced Pd and Zn atoms can readily form Pd-Zn 

alloy during catalysis at 650oC. 
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Figure 6. 6 Operando studies of Pd K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 using XANES and EXAFS. (a) 

Energy space spectra of Pd K-edge of Pd foil, catalyst before catalysis at 25oC and catalyst during catalysis 

at 650oC. (b) R-space spectra of Pd K-edge before catalysis at 25oC. (c) R-space spectrum of Pd K-edge of 

the catalyst during catalysis at 650oC. (d) List of parameters used in fitting R-space spectra of Pd K-edge 

in (b). (e) List of parameters used in fitting R-space spectra of Pd K-edge in (c). 

 
Figure 6. 7 Operando studies of Zn K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 using XANES and EXAFS. 

(a)Energy space spectra of Zn K-edge of Zn foil, the catalyst before catalysis at 25oC and the catalyst during 

catalysis at 650oC. (b)R-space spectra of Zn K-edge of the catalyst before catalysis at 25oC. (c)The R-space 

spectrum of Zn K-edge of the catalyst during catalysis at 650oC. (d)List of parameters used in fitting R-

space spectra of Zn K-edge in (b). (e)List of parameters used in fitting R-space spectra of Zn K-edge in (c). 

 

The formation of Pd-Zn alloy nanoparticles was further supported by studies of Zn K-edge 

of 2.0wt%Zn/1.0wt%Pd/S-1 before catalysis at 25oC and during catalysis at 650oC. Figure 6.7a is 
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the energy space spectra of Zn foil and 2.0wt%Zn/1.0wt%Pd/S-1 before catalysis at 25oC and 

during catalysis at 650oC. Obviously, the edge feature of the catalyst before catalysis at 25oC was 

different from Zn foil, suggesting that Zn atoms of the catalysts before catalysis is not in the 

metallic state. The energy position of the Zn K-edge (red spectrum) at 25oC indicated that Zn atoms 

of the catalyst were in the oxidic state248. In contrast, the edge feature of 2.0wt%Zn/1.0wt%Pd/S-

1 collected during catalysis at 650oC (blue spectrum in Figure 6.7a) was quite different with either 

Zn foil or ZnO nanoparticles, suggesting that the cationic Zn atoms of the catalyst before catalysis 

at 25oC were reduced during catalysis at 650oC to some extent. 

The R-space spectrum of Zn K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 before catalysis at 25oC 

(Figure 6.7b) has a main peak at 2.00 Å and a quite weak peak at 3.27 Å, corresponding to Zn-O 

and Zn-O-Zn, respectively based on R-space spectrum of ZnO nanoparticles248. The intensity of 

the weak peak of Zn-O-Zn at 3.27 Å is probably negligible, suggesting that the size of ZnO clusters 

is extremely small even if a minimum portion of Zn atoms are in the second shell of Zn atoms. In 

fact, the major peak of Zn-O and the negligible peak of Zn-O-Zn in R-space spectrum suggest that 

most Zn atoms are at the cationic state and mainly singly dispersed in this catalyst. 

Compared to the catalyst 2.0wt%Zn/1.0wt%Pd/S-1 before catalysis at 25oC (Figure 6.7b), 

the catalyst 2.0wt%Zn/1.0wt%Pd/S-1 during catalysis at 650oC exhibits a quite different R-space 

spectrum of Zn K-edge (Figure 6.7c). Although the peak of Zn-O was still the main peak, two 

additional peaks at 2.58 Å and 2.89 Å in Figure 6.7c were obviously observed from this catalyst 

during catalysis at 650oC. Based on the Zn-Pd bond length of Pd-Zn alloy reported in literature258, 

259, the peak at 2.58 Å in Figure 6.7c is associate with Zn-Pd bonds. This clearly shows the 

formation of Pd-Zn alloy for 2.0wt%Zn/1.0wt%Pd/ S-1, which is consistent with the peak of Pd-

Zn bonds in R-space spectrum of Pd K-edge of the same catalyst during catalysis at 650oC (Figure 
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6.6c). This consistency makes us safely conclude that Pd and Zn did form alloy during catalysis 

on 2.0wt%Zn/1.0wt%Pd/ S-1 at 650oC. In addition, the peak at 2.89 Å in Figure 6.7c was observed 

and assigned to Zn-O-Si. It seems that the peak of Zn-O-Si in catalyst before catalysis at 25oC was 

quite weak (Figure 6.7b). Probably, working at 650oC for a few hours had made some of the Zn 

atoms migrate to the framework of S-1. This migration increased the ordering of the atoms (Si) in 

the second shell of Zn atoms since Zn atoms could be embedded in the framework at 650oC instead 

of capping on the internal surface of the micropore at 25oC. The high ordering of Si atoms in the 

second shell of these embedded Zn atoms, thus results in a relatively higher intensity of the peak 

of Zn-O-Si in the R-space spectrum of Zn K-edge of 2.0wt%Zn/1.0wt%Pd/S-1. 

 
Figure 6. 8 Evolutions of energy space spectra of (a) Zn K-edge and (b) Pd K-edge of 

2.0wt%Zn/1.0wt%Pd/S-1 before catalysis at 25oC (red), during catalysis at 500oC (yellow), during catalysis 

at 600oC (green), and during catalysis at 650oC (blue) studied with operando XANES. 

 

Temperature-dependent evolutions of edge features of Zn K-edge and Pd K-edge of 

2.0wt%Zn/1.0wt%Pd/S-1 are presented in Figure 6.8. Clearly, chemical environments in terms of 

oxidation states of Zn atoms at 500-650oC are significantly different from that before catalysis at 

25oC. A certain amount of Zn atoms was reduced during catalysis. At 650oC (blue spectrum in 

Figure 6.8a), the pre-edge of metallic Zn atoms was basically seen. It suggests that a certain amount 
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of metallic Zn was formed; based on studies of R-space of Pd K-edge in Figure 6.9a, these metallic 

Zn atoms are from Pd-Zn alloy. Figure 6.8b presents the evolution of edge features of Pd K-edge 

of 2.0wt%Zn/1.0wt%Pd/S-1 during catalysis at different temperatures. Before catalysis at 25oC, 

Pd atoms were at oxidic state (red spectrum in Figure 6.8b). A major change of edge features of 

Pd K-edge occurred at 500oC, showing Pd atoms were turned to the metallic state (yellow 

spectrum).  

On the other hand, the obvious transition of the oxidation state of Pd atoms of 

2.0wt%Zn/1.0wt%Pd/S-1 to a metallic state can be readily seen from the evolution of R-space 

feature of Pd K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 during catalysis (Figure 6.9). At 500oC, the peak 

of Pd-Pd bonds in the R-space spectrum of Pd K-edge was the main peak, while the peak of Pd-

Zn bonds was also obvious obtained (Figure 6.9a). Notably, there was a lack of peak of Pd-O 

bonds during catalysis at 500oC, showing that all Pd atoms during catalysis at 500oC were at a 

metallic state, although a portion of Zn atoms coordinates with oxygen atoms (Figure 6.10a). 

Reduction of all Pd atoms to the metallic state during catalysis at 500oC or even at a lower 

temperature is reasonable as the conversion and selectivity of this catalyst at 500oC are 20% and 

22%, respectively (Figure 6.2d). Along with the rising of catalysis temperature, the intensity of the 

peak of Pd-Zn bonds increased and even almost became the dominant peak during catalysis at 

600oC (Figure 6.9b). This increase of relative intensity of the peak of Pd-Zn bonds suggests that 

more Pd atoms directly bond with Zn atoms at 600oC; in other words, higher catalysis temperature 

led to better alloying between metallic Pd atoms and metallic Zn atoms. Interestingly, the peak of 

Pd-Pd bonds disappeared at 650oC (Figure 6.9c). As Pd does not vaporize at 650oC, the 

disappearance of the peak of Pd-Pd bonds at 650oC suggests that all Pd atoms fully mixed with 

metallic Zn atoms to form Pd-Zn alloy. In principle, the intensity of the peak of Pd-Zn bonds at 
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650oC in Figure 6.9c should be higher than that of 500oC or 600oC (Figures 6.9a and 6.9b) since 

more Pd-Zn bonds formed at 650oC than 500oC or 600oC. It is deduced that the larger thermal 

factor at 650oC probably decreased the intensity of the peak of Pd-Zn bonds even though the 

number of Pd-Zn bonds at 650oC is larger than that during catalysis at 500oC or 600oC. 

 
Figure 6. 9 Evolutions of R-space spectra of Pd K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 (a) during catalysis at 

500oC, (b) during catalysis at 600oC, and (c) during catalysis at 650oC. (d) List of parameters used in fitting 

R-space spectra of Pd K-edge in (a). (e) List of parameters used in fitting R-space spectra of Pd K-edge in 

(b). (f) List of parameters used in fitting R-space spectra of Pd K-edge in (c). 

 
Figure 6. 10 Evolutions of R-space spectra of Zn K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 (a) during catalysis 

at 500oC, (b) during catalysis at 600oC, and (c) during catalysis at 650oC. (d) List of parameters used in 
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fitting R-space spectra of Zn K-edge in (a). (e) List of parameters used in fitting R-space spectra of Zn K-

edge in (b). (f) List of parameters used in fitting R-space spectra of Zn K-edge in (c). 

 

Better alloying at a higher temperature is also supported by the evolution of features of the 

R-space spectrum of Zn K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 along with the increase of catalysis 

temperature from 500oC to 650oC (Figure 6.10). As shown in Figure 6.10a, the peak of Zn-O bonds 

was the dominant peak during catalysis at 500oC. The contribution of Zn-Pd bonds to the R-space 

spectrum of Zn K-edge (Figure 6.10a) did not appear as a separate peak, although the contribution 

of Pd-Zn bonds to R-space spectrum of Pd K-edge was quite obvious at a higher temperature 

shown in Figure 6.9c.  

In terms of the evolution of the R-space spectrum from 25oC to 500oC, the feature of R-

space of Zn K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 during catalysis at 500oC (Figure 6.10a) is similar 

to that before catalysis at 25oC (Figure 6.7b). However, in the case of the evolution of energy space 

spectrum from 25oC to 500oC, the feature of energy space spectrum of Zn K-edge of 

2.0wt%Zn/1.0wt%Pd/S-1 during catalysis at 500oC (yellow spectrum in Figure 6.8a) is different 

from that before catalysis at 25oC (red spectrum in Figure 6.8a). The inconsistency between the 

evolution of the R-space spectrum of Zn K-edge and the evolution of the energy space spectrum 

of Zn K-edge for the same catalyst 2.0wt%Zn/1.0wt%Pd/S-1 remains unknown here. Considered 

this unsolved inconsistency, the invisibility of peak of Zn-Pd bonds of 2.0wt%Zn/1.0wt%Pd/S-1 

at 500oC in R-space spectrum of Zn K-edge (Figure 6.10a) would not be taken as evidence to 

against the formation of Pd-Zn bonds firmly evidenced in the clear observation of Pd-Zn bonds in 

R-space spectrum of Pd K-edge of 2.0wt%Zn/1.0wt%Pd/S-1 during catalysis at 500oC (Figure 

6.9a). Along with the increase of catalysis temperature to 600oC, the contribution of Pd-Zn bonds 

became a visible shoulder at 2.59 Å (Figure 6.10b). Compared to the shoulder at 600oC, a separate 

peak of Pd-Zn bonds was clearly observed during catalysis at 650oC (Figure 6.10c). Thus, the 
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evolution of the contribution of Pd-Zn bonds in the R-space spectra of Zn K-edge supports the 

better extent of alloying at a higher temperature. 

 

4. Conclusion 

This work investigated the Pd promoted Zn-based catalysts exhibiting decent activity and 

durability of the production of ethylene from ethane dehydrogenation at high temperatures. 

Compared to the rapid decay of catalytic activity of 2.0wt%Zn/S-1 for ethane conversion within 

the first few hours, 2.0wt%Zn/1.0wt%Pd/S-1 exhibited a constant yield of ethylene (about 30%) 

at 650oC for at least 15h. The fundamental studies of two catalysts by using operando XAS 

techniques explored the following understandings of catalysts:  

(1) The deactivation of Zn-based catalysts. It was found that active sites of 2.0wt%Zn/S-1 were 

restructured at a high temperature during catalysis via two routes. One is the formation of 

Zn metal nanoparticles with a followed immediate vaporization since metal zinc has a quite 

low melting point and liquid metallic Zn at high temperatures has extremely high vapor 

pressure. Another is the migration of Zn atoms to the framework of micropores of the 

catalyst. These findings indicate that the significant restructuring of catalytic sites could be 

derived from product molecules or intermediates of a reaction during the catalysis. 

(2) The role of Pd in the Pd-Zn catalyst. The in-situ XAS experiments confirmed the formation 

of Pd-Zn alloy during catalysis. Such alloy, associated with active sites for the production 

of ethylene, could effectively prevent Zn from being lost through vaporization. The 

demonstration of the enhancement of activity and durability of catalytic performance of 

Zn-based catalytic sites through the formation of Pd-Zn alloy suggests a potential path 
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toward developing a catalyst with high selectivity and durability of catalytic performance 

at high temperature. 

 

Contributions of the project: 

The synthesis of catalysts, characterizations of catalysts, evaluation of catalytic 

performances of prepared catalysts and in-situ EXAFS studies were mainly done by Yuting Li. 
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Chapter 7:  Synthesis of Na@nanoFAU zeolite catalyst and catalysis for 

production of formic acid with Na@nanoFAU 

1. Introduction 

Microporous aluminosilicates are widely used in chemical and energy industries56, 66, 75-82. 

These supports can be used to anchor catalytic metal atoms/sites for the transformation of CH4 to 

intermediates of chemical industries such as methanol or acetic acid in liquid phase at a relatively 

low temperature86-93. Sizes of particles of porous aluminosilicate are typically a few hundreds of 

nanometers or even larger. In other words, the lengths of these porous channels are typically a few 

hundreds of nm or longer. In petrochemical industries, this type of microporous material was used 

to catalyze reactions performed at high temperature (>500oC)16, 78, 83, 84. At a high temperature, 

reactant and product molecules can diffuse in micropores at a reasonable rate. When such 

microporous materials are at a low temperature (<200oC) or are in liquid phase53, 65, 226, 

unfortunately, slow molecular diffusion in the confined microspores (<1 nm) with a long travel of 

a few hundred nanometers in a liquid media could largely limit the rate of reaction performed in 

the micropores. In this case, molecules of reactant in liquid at a low temperature (<200oC) have to 

diffuse through the confined liquid environment in microporous channels to reach the catalytic 

sites in the micropores; in addition, product molecules have to diffuse from catalytic sites 

immobilized in micropores to the external surface of an aluminosilicate particle to enter the 

solution. The long diffusion paths are schematically shown in Figures 7.1a and 7.1b.  
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Figure 7. 1 Schematic showing molecular diffusion in micropores of FAU (a and b) and nanoFAU (c and 

d). At a relatively low temperature, there could be a diffusion limit of reactant and product molecules in 

regular FAU particles (a and b) due to both the small micropores with a diameter of subnanometer and the 

long channels with a length of a few hundreds of nm. Such diffusion (a and b) could be minimized by the 

synthesis of nanoFAU (c and d) which has a thickness of a few nanometers. 

 

To avoid such a mass diffusion limit of reactants and products of catalysis performed at a 

low temperature in liquid, here we synthesized nanosheets of zeolite261, 262 as schematically shown 

in Figures 7.1c and 7.1d. Figure 7.2a is a schematic of the precursor used for synthesizing 

Na@nanoFAU. The first step is the crystallization of aluminosilicate in a limited space between 

adjacent graphene oxide layers. The lamellar graphene oxide structure263-266 acts as a scaffold. 

After the formation of aluminosilicate in the confined interlayer spaces formed by layered 

graphene oxide (Figure 7.2a), the graphene layers were removed through the formation of CO2 

and H2O by calcination of the graphene oxide layers in air at a high temperature. It is found that 

the as-synthesized Na@nanoFAU with a thickness of 2-3 nm can catalyze the synthesis of formic 
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acid from CO and H2O in aqueous solution at 150oC while the regular FAU anchored with Na+ 

(Na@FAU) is not active for this reaction under the same catalytic condition. This difference 

suggests that the synthesis of ultrathin zeolite can provide a platform for promoting catalytic 

reactions performed in micropores in the liquid environment at a relatively low temperature. 

Notably, there is no commercially direct catalytic route of synthesizing formic acid from CO. The 

well-known catalytic process developed by BASF and Kemira229, 267, 268 involves the reaction of 

pure methanol and CO of 5 MPa to form methyl formate at high temperature and a followed 

hydrolysis of methyl formate with an excess of water at 200ºC to form formic acid-methanol-

methyl formate aqueous mixture. Compared to the industrial process of synthesis of formic acid 

with a starting material methanol, here a direct synthesis of formic acid from CO and H2O on 

nanosheets FAU with anchored Na+ (Na@nanoFAU) was demonstrated.   

 

2. Experiment  

2.1 Synthesis and characterizations of Na@nanoFAU  

Na@nanoFAU was synthesized through using layered graphene oxide263-265 as a lamellar 

template. By filling precursor of aluminosilicate269 in the space between graphene oxide layers, 

NaOHaq and Al powder were reacted to form low molecular weight sodium aluminate species, and 

NaOHaq and Ludox HS-30 colloidal silica were employed as a source of low molecular weight 

sodium silicate species. The total gel composition was 9Na2O: 0.7Al2O3: 10SiO2: 180H2O. 

Graphene oxide GO-Na@nanoFAU composite was formed via hydrothermal synthesis at 50 ºC 

for 50 h under autogenous pressure. High-temperature combustion of the graphene oxide in air 

removed the graphene layers, forming nanosheet-like Na@nanoFAU.  
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The formed Na@nanoFAU was identified with the scanning electron microscope (SEM) 

and transmission electron microscope (TEM) techniques. SEM images were taken by Zeiss 

Ultraplus thermal field emission scanning electron microscope with ~5 nm sputtered gold coating. 

Transmission electron microscope (TEM) JEOL 2100F 200 kV FEG-STEM/TEM microscope was 

equipped with a CEOS Cs corrector on the illumination system. High angle annular dark-field 

(HAADF) images were acquired with a Fischione Model 3000 HAADF detector.  

The thickness of the prepared nanosheet FAU was also estimated by the AFM technique. 

AFM images were obtained on TT-AFM system under vibration mode with a 10 nm wide tip and 

analyzed by Gwyddion 2.41 software.  

Dynamic light scattering (DLS) measurements: the average hydrodynamic diameter of the 

nanocrystals in suspensions was determined with a Malvern Zetasizer Nano in the backscattering 

mode with the scattering angle 173°, HeNe laser with 3 mW output power at 632.8 nm wavelength. 

X-ray Diffraction (XRD) measurements: XRD spectra were collected by a Rigaku D/Max 

2100 Powder X-ray Diffractometer (Cu Kα radiation) in increments of 0.02 degrees and an 

exposure time of 1.2 s/step in the angular range of 5-60 degrees.  

The surface area of the as-synthesized Na@nanoFAU was measured with BET. Nitrogen 

adsorption isotherms were measured on Micrometrics ASAP 2020 BET analyzer. Samples were 

degassed at 250°C under vacuum for 5 hours prior to the measurement. The external surface area 

was calculated using the t-plot method.  

 

2.2 The evaluation of catalysis via Na@nanoFAU  

Catalysis on nanoFAU in terms of synthesis of formic acid from CO and H2O was 

performed in a standard Parr batch reactor. 30 mg Na@nanoFAU catalyst was dispersed in 10 mg 
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deionized water in a beaker which was placed in the Parr reactor. Gas was introduced from a high-

pressure gas cylinder of CO. It was sealed in the Parr reactor. CO pressure in the Parr reactor was 

read and monitored through a pressure gauge installed on the cap of the reactor. The liquid 

containing Na@nanoFAU was heated to a certain temperature by placing the main body of the 

stainless reactor to a heated silicon oil bath. The oil bath was heated with a VWR heating plate 

with a function of tuning output power through the feedback gained from thermocouple through 

a proportional-integral-derivative controller. The thermocouple probe was directly inserted into 

liquid near to the bottom of the glass beaker containing H2O and catalyst particles.  

The liquid containing a catalyst below gas phase of CO was vigorously, continuously 

stirred by a stirring magnetic bar coated with Teflon. The stirring motion of the stirring bar was 

driven through the magnetic force applied by the VWR heating/stirring plate. Most catalytic 

reactions were performed at 150oC. When the temperature reached 150oC, the stirring bar started 

to stir; the moment of starting to stir was considered as the starting time of experiments. After a 

certain amount of time, typically 3h, the reaction was stopped by immediately removing it from 

the hot oil bath to a water/ice bath. 

 

3. Result and Discussion 

3.1 The formation of Na@nanoFAU  

The Na@nanoFAU was synthesized through the following steps. The zeolite synthesis gel 

was prepared from colloidal silica precursor and Al powder as a source of aluminate anions269. 

The gel was mixed with lamellar graphene oxide layers. A thorough insertion of the gel into the 

spacing between graphene oxide layers was done through centrifugation. After centrifugation, the 

precursor of zeolite was trapped into the space between graphene layers266. It was demonstrated 
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that the approximate spacing between the layers of swelled graphene oxide is in the range of 1 nm 

(unswelled) and 7 nm (fully swelled). This confined space likely limits the thickness of zeolite 

crystals to be grown266. Then, preparation was then performed at 50oC with regular synthesis gel 

of FAU (physically separated from the GO-FAU composite), forming the nanocomposite 

consisting of graphene oxide and FAU. Figure 7.2a schematically shows the nanocomposite 

formed at this step. Its morphology can be seen from the SEM image of the integrated nanoFAU 

crystal and graphene oxide (Figure 7.2b). Compared to widths of diffraction peaks of XRD of 

typical FAU crystals246, 270, the broadened width of peaks in Figure 7.2c suggest that the crystals 

in the GO-zeolite nanocomposite are nanosized. Subsequently, this nanocomposite was purified 

by ten successive centrifugation/redistribution cycles in deionized water. Then, the scaffold-like 

graphene oxide layers were removed by calcination in air at 400oC. Figure 7.3a-d is the 

morphology of Na@nanoFAU after the removal of graphene oxide.   

 
Figure 7. 2 Schematic of synthesis and SEM images of nanocomposite of graphene oxide and precursor of 

synthesizing aluminosilicate. (a) Schematic showing the formation of nanosheets of FAU by filling 

precursor to the limited space confined by graphene oxide layers. (b and c) SEM image and XRD of the 

nanocomposite of graphene oxide and precursor before calcination at 400oC. (d and e) SEM image and 
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XRD of as-synthesized Na@nanoFAU formed after calcination at 400oC in air to remove graphene oxide 

flake. 

 

 
Figure 7. 3 TEM images and structural model of Na@nanoFAU. (a-c) Representative SEM images of the 

sonicated dilute colloidal suspension of Na@nanoFAU (after graphene oxide was removed) after being 

dried on the TEM grid and then being sputtered with a gold film (60 seconds sputtering, ~5-10 nm 

thickness). These images show that these well-defined Na@nanoFAUs were successfully synthesized. (d) 

Representative SEM image of the commercial FAU crystals with a lateral dimension and thickness of 300-

500 nm. (e-g) View of a Na@nanoFAU with a thickness of a single unit cell (2-3 nm) along Z-direction. 

 

The synthesized nanoFAU species have nanosheet-like morphology (Figure 7.3). Based on 

TEM images, the sizes of nanosheets are in the range of 20-40 nm Thickness of these nanosheets 

of FAU was measured with AFM. Line profiles of the three nanosheets of Na@nanoFAU in Figure 

7.4a were plotted in Figure 7.4b. These line-profiles of AFM measurements show that these 

nanosheets have thicknesses of about 2-3 nm. These characterizations allow us to conclude that 

nanoFAU was successfully synthesized with this new method. Here we call these nanosheets 

Na@nanoFAU. Notably, this nanoFAU is distinctly different from the commercial FAU82, 271 

which typically has a thickness of a few hundreds of nanometers in all directions. The sizes 

measured with AFM in Figure 7.4 are relatively smaller than the sizes measured with SEM in 
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Figure 7.3. This is understandable since AFM typically has the convolution effect in measuring 

sizes of particles.272, 273  

 
Figure 7. 4 Size and thickness of Na@nanoFAU studied with AFM. (a) AFM images of three pieces of 

Na@nanoFAU; their two-dimensional size is in the range of 200-300 nm. (b) Line profile of the height of 

the three Na@nanoFAUs of (a); the Y-axis of (b) gives the thickness of these Na@nanoFAUs; it is about 

2-3 nm, only a unit cell of a regular FAU crystal. 

 

The crystallization of as-synthesized nanoFAU sheets was confirmed with high-resolution 

cryogenic TEM at Electron Microscopy Center at Arizona State University. In TEM image (Figure 

7.5), there are many “aggregates”. Each “aggregate” is a Na@nanoFAU particle consisting of 

several stacked nanosheets. The size of an aggregate measured with high-resolution TEM images 

(20-40 nm) is quite consistent with the average size of Na@nanoFAU suggested from the dynamic 

light scattering profile of dilute colloidal suspension of Na@nanoFAU (Figure 7.6a). Nitrogen 

physisorption shows that the external and total surface areas are 430 and 820 m2/gram, respectively 

(Figure 7.6b). The amount of loaded Na cations in the catalyst was calculated according to the 

molar ratio of the composition gel. It is 10.050.25wt%. In the following paragraph, 

Na@nanoFAU or 10wt%Na@nanoFAU was used to denote this catalyst.  
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Figure 7. 5 HAADF-STEM images of Na@nanoFAU. (a)  Image consisting of several Na@nanoFAU 

aggregates (or called nanoparticles); in each aggregate, several Na@nanoFAU sheets are stacked in parallel; 

the green circles mark aggregates; morphologies of these nanosheets can be seen well. (b) Enlargement of 

the section marked with red box in (a); each dashed line marks a nanosheets. The distance between two 

nanosheets is about 2.5 nm. The successful observation of these nanosheets shows the successful synthesis 

of Na@nanoFAU with a thickness of a single unit cell of a FAU crystal. 

 

 
Figure 7. 6 Dynamic light scattering profile of dilute colloidal suspension of Na@nanoFAU (a) and N2 

physisorption isotherm on Na@nanoFAU (b). 

 

nanosheet

2.5 nm

Aggregate of 
nanosheets

(a)

(b)

0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400

500

600

700

A
m

o
u

n
t 

o
f 

N
it

ro
ge

n
 a

d
so

rb
e

d
, 

m
l

(S
C

C
)

P/Po

0 50 100 150 200

0

5

10

15

20

25

30

35

N
u

m
b

e
r,

 p
e

rc
e

n
t

Crystal size (nm)

(a) (b)



147 

3.2 The production of formic acid via Na@nanoFAU  

The formation of formic acid from CO and H2O on Na@nanoFAU in aqueous solution in 

a Parr reactor under high-pressure CO was studied. Before examining the potential activity of 

Na@nanoFAU for the synthesis of formic acid from CO and H2O, a series of control experiments 

were performed. The yields of HCOOH in these control experiments were presented in Table 7.1. 

In the first control experiment (A in Table 7.1), no catalyst was added; 10 ml deionized water was 

added to the Parr reactor, 10 bar CO was introduced to the reactor and the reactor was heated to 

150oC for 3h. As shown in Table 7.1, the yield of formic acid in the control experiment was almost 

0 mol. To test whether free-standing Na+ cations in water could be catalytic sites for the formation 

of formic acid from CO and H2O, the same amount of Na+ cations as that of 30 mg 

10wt%Na@nano-FAU (1.310-4 mol Na+) was dissolved in 10 ml deionized water (no 

heterogeneous catalyst was added). Here, 7.6 mg of NaCl (1.310-4 mol Na+) was added to 

simulate the amount of Na+ of 30 mg 10wt%Na@nanoFAU (1.310-4 mol Na+); the control 

experiment (B in Table 7.1) was performed under the same condition as the control experiment A; 

only 2 mol of formic acid was observed in this control experiment (B in Table 7.1). It suggests 

that free-standing Na+ cations in aqueous solutions are not active for the synthesis of formic acid 

from CO and H2O.  

To check whether Brønsted acid sites (H) in Na@nanoFAU could be active for the 

synthesis of formic acid or not, H@nanoFAU was prepared through ion exchange. 30 mg H-

nanoFAU was used in this control experiment under the same condition as the control experiment 

A. As shown in C of Table 7.1, there were about 10 mol formic acid formed from H-nanoFAU. 

It suggests that the Brønsted sites of H@nanoFAU are not very active for the synthesis of formic 

acid from CO and H2O. In addition, we also checked whether the Brønsted sites of a regular H-
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FAU could be active for the formation of formic acid or not. 30 mg H-FAU was examined under 

the same condition; less than 5 mol formic acid was found (D in Table 7.1). To test whether the 

Brønsted acid sites of commercial NH4
+-FAU are active sites or not, the same control experiments 

were done on 30 mg 10.0wt% NH4
+-FAU (E in Table 7.1). Only 5 mol of formic acid was formed 

in control experimental E. Another control experiment was done by using 30 mg 

5.0wt%Na@ZSM-5. However, only 3 mol formic acid was observed.  

Table 7. 1 Control experiments performed under specific reaction parameters described in the following.  

Reaction condition A B C D E F 

Amount of formic acid (μmol) 0.5 1.7 10.7 4.8 5.9 3.4 

All the six control experiments were performed under a common condition of 10 bar CO,10 ml deionized 

H2O, 150oC for 3 h. (A) Experiment A did not use any catalyst. (B) Experiment B used 7.62 mg NaCl 

(1.310-4 mol Na+) which has the same amount of Na+ as 30 mg 10wt%Na@nanoFAU (1.310-4 mol Na+). 

(C) Experiment C used 30 mg nanoFAU which does not have any Na+. (D) Experiment D used 30 mg 

H@FAU which does not have any Na+. (E) Experiment E used 30 mg of commercial NH4@FAU. (F) 

Experiment F used 30 mg 5.0wt%Na@ZSM-5. 

 

30 mg of the as-synthesized Na@nanoFAU was used as a catalyst in each of the following 

experiments. The mass concentration of Na+ in Na@nanoFAU is 10wt%. Its activity was examined 

under the same condition as these control experiments of Table 7.1. When the pressure of CO was 

10 bar, about 108.5 mol HCOOH was synthesized (Figure 7.7a) after the catalysis of 3h. By 

increasing the pressure of CO to 50 bar, the amount of formic acid was increased to 221.6 mol 

(Figure 7.7a). The increase of the amount of formic acid is probably due to the increased amount 

of CO dissolved in water at a higher pressure of CO. This finding suggests that the enhancement 

of CO pressure is favored to the formation of formic acid in this equilibrium reaction. In addition, 

as shown in Future 7.7b, the increase of reaction time from 3h to 9h has definitely increased the 

amount of formic acid. After a reaction of 9h at the CO pressure of 10 bar, 291.0 mol formic acid 
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was synthesized. It is nearly 3 times of the amount of formic acid formed in regular reaction time, 

3h.  

 
Figure 7. 7 Catalytic performance of 30 mg Na@nanoFAU (10wt%Na@nanoFAU) at 150oC dispersed in 

10 ml deionized water under 10 or 50 bar CO sealed in a Parr reactor. (a) Yields of formic acid formed on 

30 mg 10wt%Na@nanoFAU at 10 bar and 50 bar CO; 10 bar or 50 bar CO was introduced into a Parr 

reactor which loaded with 10 ml deionized water, respectively. Each reaction was performed at 150oC for 

3 h; the catalyst was vigorously stirred during catalysis. (b) Yields of formic acid catalyzed by 30 mg 

10wt%Na@nanoFAU in 10 ml deionized water under 10 bar CO for 3 h and 9 h; the reaction was performed 

at 150oC. 

 

A major concern is that Na cations could detach from the Al sites to form a free-standing 

Na+ sites and the detached Na+ cations could act as active sites for the formation of formic acid 

from CO and H2O. ICP-AES analyses of the concentration of Na+ in the solution after the synthesis 

of formic acid were performed at the University of South Carolina. Only 10%-15% of the anchored 

Na+ cations of Na@nanoFAU was found in the solution after three cycles of the reaction of 3 h at 

150oC. The Na+ observed by ICP-AES may come from two sources. The portion of the Na+ cations 

anchored in the 30 mg Na@nanoFAU could have detached into the aqueous solution during 

catalysis at 150oC. In addition, the Na@nanoFAU could have degraded into smaller pieces of 

Na@nanoFAU; this degradation could accelerate the detachment of Na+ to the aqueous solution. 

To check whether the Na+ cations were still remained in the potentially degraded Na@nanoFAU 

or not, the catalyst was used for catalysis of 3 h; its precipitate was collected; the precipitate was 
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washed with deionized water for removing Na+ cations adsorbed on potentially degraded 

Na@nanoFAU and then it was centrifuged again before a final collection. The catalyst gained in 

the final collection was dissolved with HNO3 before ICP-AES measurements. In fact, the ICP-

AES measurements showed that 96% of all Na+ cations still remained in the collected catalyst. In 

other words, the majority of Na+ anchored in Na@nanoFAU did not detach to the solution to 

become free-standing cations. In fact, based on the control experiment B in Table 7.1, free-standing 

Na+ cations in aqueous solution contribute very less to the synthesis of formic acid. Thus, the 4% 

of the anchored Na+ cations of 30 mg Na@nanoFAU detached from the Na-nanoFAU after 

catalysis of 3 h at 150oC did not contribute to the formation of formic acid. 

A possible explanation to the detachment of 4% of Na+ cations from Na@nanoFAU to 

solution is that protons of the aqueous solution could replace 4% of Na+ cations anchored in 

micropores of Na@nanoFAU. If 4% of Na+ cations were replaced by H+ cations of the aqueous 

solution, such a potential replacement of 4% of all Na+ cations (1.310-4 mol) should have 

consumed 5.210-6 mol of protons. To provide 5.210-6 mol of protons, 5.210-6 mol H2O 

molecules should have been hydrolyzed. Thus, hydrolysis should have form 5.210-6 mol of OH-. 

Then, the concentration of OH- in the 10 ml solution could have been 5.210-4 mol/l. Then, the pH 

value of the solution should have been 11-12. By carefully checking the pH of the solution after 

the catalytic reaction, it is in fact 7.0-8.0. It suggests that the explanation of the replacement of Na+ 

cations by H+ during catalysis is not reasonable.  

Another study was done to test whether a potential exchange between the anchored Na+ 

cations and free H+ in solution could happen at 150oC. 30 mg Na@nanoFAU with a concentration 

of Na+ at 10% was added to 10 mg deionized water and then 10 bar N2 was introduced to a Parr 

reactor; then, the reactor was heated to 150oC and remained at 150oC for 3h. Upon this control 



151 

experiment, the solution was cooled to 25oC and pH was measured. It is 7.5. Clearly, the measured 

pH, 7.5 is much different from the expected 11-12. Thus, a potential replacement of Na+ by H+ in 

solution at 150oC was excluded. The detached Na+ cations could be the Na+ weakly physiosorbed 

either in microspores or on the external surface of the as-synthesized nanoFAU sheets since Na+ 

was used in the preparation of this catalyst. Alternatively, it could be Na+ cations anchored on 

broken or degraded Na@nanoFAU. 

 
Figure 7. 8 Kinetics studies of the formation of formic acid from CO and H2O on 30 mg Na@nanoFAU in 

the temperature range of 150-180oC. (a) Amount of formic acid formed through catalysis on 30 mg 

Na@nanoFAU (10wt%Na@nanoFAU) at different temperatures. (b) Arrhenius plot for the formation of 

formic acid under kinetics control regime. 

 

Yields of formic acid at 160oC, 170oC, and 180oC were measured under the same condition 

(30 mg Na@nanoFAU in 10 ml deionized water under CO gas of 10 bar). As shown in Figure 7.8a, 

the yields of formic acid at 150oC, 160oC, 170oC, and 180oC are 109.0, 158.0, 199.4 and 249.3 

mol, respectively. The formation of formic acid from CO and H2O is exothermic229, 274, so 

pressure increase and temperature decrease could shift the equilibrium of this reaction in favor of 

the production of formic acid. From the kinetic point of view, the high temperature could enhance 

the reaction rate. The obviously increased yields of formic acid in Figure 7.8a, along with the 
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increase of temperature, would result from the catalyst-driven kinetics instead of temperature-

promoted kinetics. By plotting the Ln[X] as a function of 1/T, an Arrhenius plot was generated in 

Figure 7.8b. Here X is the conversion of CO which is definitely lower than 10% under the current 

catalytic condition275. The apparent activation barrier calculated from the slope of this Arrhenius 

plot is 50.1 kJ/mol. 

 

4. Conclusion 

In this work, Na@nanoFAU was prepared by synthesizing FAU at a nanoscale via a 

template of layered graphene oxide. The catalyst is active for the formation of formic acid from 

CO and H2O by introducing 10 bar CO into the aqueous solution at 150oC. The apparent activation 

barrier for the synthesis of formic acid from carbon monoxide and water catalyzed by 

Na@nanoFAU is 50.1 kJ/mol in the temperature range of 150oC-180oC. The lack of contribution 

from the Brønsted acid sites of Na@nanoFAU or detached Na+ cations to the formation of formic 

acid suggested that the anchored Na+ sites in the Na@nanoFAU are essential in the catalysis. This 

study demonstrated a direct synthesis of formic acid from CO with the microporous heterogeneous 

catalysts and suggested a potential application of nanosheet zeolitic material in the transformation 

of small carbon-containing molecules. 

 

Contributions of the project: 

The synthesis of catalysts and characterizations of catalysts were done with collaboration 

work from Rensselaer Polytechnic Institute. The evaluation of catalytic performances of prepared 

catalysts was done by Yuting Li. 
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Chapter 8:  Summary 

1. Conclusion 

Overall, this dissertation includes five distinct projects investigating the efficient 

transformation of the main components of shale gas, methane and ethane, by using novel catalysts 

and performing different catalytic processes. The designed catalysts exhibited remarkable activity 

of conversions of methane or ethane into the ideal products. Additionally, the fundamental 

understandings of proposed catalysts used in different catalytic processes were explored by 

characterizing local structures of catalysts at a molecular level through multiple techniques. Upon 

the integration of experimental explorations and fundamental understandings, these studies 

provide insights into 1) the design of novel catalysts with high activation of the C-H bond of short-

chain alkanes, and 2) the advance of heterogeneous catalytic transformations of light hydrocarbons 

into value-added materials. Significant findings from each project are concisely summarized in the 

following section: 

1.1 Single rhodium atoms anchored in micropores for efficient transformation of methane 

under mild conditions 

• Singly dispersed heterogeneous catalyst 0.10wt%Rh/ZSM-5, consisting of singly dispersed 

Rh1O5 sites anchored in the micropores of H-ZSM-5, exhibit unprecedented catalytic activity 

in the synthesis of acetic acid by directly converting methane under the presence of carbon 

monoxide and oxygen (low-cost oxidant) at a relatively low temperature of 150oC 

• The TOR for the formation of total oxygenates over the single-atom Rh catalyst at 150oC is 

0.10 moles of total products per mole Rh1O5 sites per second with a selectivity of ~70%, higher 

than that of free Rh3+ in aqueous solution by >1000 times under mild conditions. 
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• The mechanism of production of acetic acid from the direct coupling of three reactants (CH4, 

CO and O2) over the Rh1O5 active sites catalyst was revealed by the integration of isotope 

experiments and theoretical simulations, suggesting that C-H bond of methane could be 

activated and dissociated by single Rh atom sites. 

• This heterogeneous catalytic process is a promising alternative of conventional two-step 

production of acetic acid, to synthesize acetic acid directly from methane under a mild 

condition. 

 

1.2 Coordination number-dependent catalysis on transition metal oxide for methane 

complete oxidation 

• The complete oxidation of methane was conducted with three NiO catalysts with different 

shapes exposing the various surfaces, namely (110) facet in planar sheet NiO, (100) facet in 

cubic NiO, and (111) facet in octahedral NiO. The planar sheet NiO exhibited the highest 

activity of the complete oxidation of methane, reaching >99% conversion at 375oC, while cubic 

NiO and octahedral NiO were not active for conversion of methane.  

• The enhancement of the catalytic activity on cubic NiO could be derived from the decrease of 

the coordination number of O atoms around a Ni in (100) face of cubic NiO from five to four 

by creating oxygen vacancies in (100) face through the reduction of cubic NiO in H2 at a 

temperature 225oC,  

• It is found that Ni cations coordinating with four oxygen atoms are active sites with the lowest 

activation barrier for catalyzing the complete oxidation of methane. That is confirmed by the 

high activity on (110) surface of planar sheet NiO where each Ni cation coordinates with four 
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O atoms and the inertness on (111) surface of octahedral NiO on which each Ni cation 

coordinates with six O atoms. 

• An intrinsic correlation at a molecular level between the coordination environment of active 

sites on transition metal oxide and their corresponding catalytic performances was established 

through the AP-XPS experiments and computational studies. 

• The demonstrated coordination number-dependent catalysis of transition metal oxide suggests 

a new method of designing catalysts by modulating the coordination environment around an 

atom of active sites on a catalyst.  

 

1.3 Catalytic oxidation of ethane to carboxylic acids in the liquid phase at near room 

temperature and near ambient pressure 

• The single-atom Rh catalyst presented good performance of the oxidation of ethane to acetic 

acid at near room temperature (50oC) with 1.5 bar ethane and 10mmol H2O2, reaching about 

37% of conversion of ethane.  

• TOFs for the oxidation of ethane to produce acetic acid and formic acid at 50oC are 0.060 

acetic acid molecules per Rh1O5 site per second (or 216 moles of acetic acid from 1 mol of 

Rh1O5 sites per hour), and 0.127 formic acid molecules per Rh1O5 site per second (or 457 

moles of formic acid from 1 mol of Rh1O5 sites per hour), respectively.  

• It indicates that the singly dispersed Rh sites in the single-atom catalyst could active the C-H 

bond of ethane, and this heterogeneous catalysis could open a new route of the transformation 

of short alkanes under mild conditions. 
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1.4 Fundamental understanding of Pd promoted Zn-loaded microporous catalysts for ethane 

dehydrogenation 

• The Zn-based catalyst with the introduction of Pd (Pd/Zn/S-1) demonstrated a significantly 

enhanced selectivity and durability of dehydrogenation of ethane into ethylene, exhibiting a 

~30% yield of ethylene at 650oC for more than 15 hours. In contrary, the activity of the reaction 

on Zn supported on silicate-1without the addition of Pd (Zn/S-1) dramatically decreased within 

9 hours to reach less than 10% conversion of ethane at 650 oC at the 10th hour and present 

maximum 22% yield of ethylene in the overall time-on-stream study. 

• The rapid decay of catalytic activity and complete deactivation for producing olefin on 

monometallic Zn/S-1 was understood by operando XAS studies, which presumably results 

from the significant reconstruction of catalytic sites by atomic H or molecular H2 generated 

during the dehydrogenation of ethane. 

• The cationic Zn species were confirmed as active sites of 2.0wt%Zn/S-1 for dehydrogenation 

of ethane. They were restructured at a high temperature during catalysis through two pathways: 

(1) to form the small Zn nanoparticles with a followed immediate vaporization; and (2) to 

migrate into the framework of micropores of the support S-1.  

• The promotion effect of added Pd in Zn/S-1 resulting from the formation of Pd-Zn alloy during 

catalysis at high temperatures was explored by XAS studies, which is because that the 

formation of Pd-Zn alloy could effectively prevent Zn sites from being restructured.  

• The promotion of activity and durability of catalytic performance at high temperatures by the 

introduction of Pd atoms to form alloy suggests a promising route of developing efficient 

heterogeneous catalysts with the thermal stability at high temperatures. 
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1.5 Synthesis of Na@nanoFAU zeolite catalyst and catalysis for production of formic acid 

with Na@nanoFAU 

• A new type of nanosheet zeolite, namely Na@nanoFAU, was prepared through a novel 

synthetic methodology by crystalizing FAU nanosheet via a template of layered graphene 

oxide. 

• The nanosheet zeolitic catalyst is active for the formation of formic acid from 10bar CO by 

direct reaction with water at 150oC.  

• The contribution from the Brønsted acid sites of Na@nanoFAU or detached Na+ cations to the 

formation of formic acid are small, thus confirming the catalytic role of the anchored Na+ in 

the Na@nanoFAU. 

• Compared with the conventional microporous materials, the nanosheet or 2-D zeolite are 

proposed to improve the reaction rate by diminishing the diffusion limitation of the reactants 

and products during catalysis in liquid at low temperature.  

• This nanoFAU zeolitic catalyst is expected to be applied in the efficient transformation of small 

molecules in liquid at low temperatures. 

 

2. Recommendations 

The findings of these studies imply several important following-up works: 

2.1 The improvement of selectivity of ideal products formed by converting methane or 

ethane via single-atom catalysts in the gas-liquid-solid reaction system 

As demonstrated in projects 1 and 3, one challenge of these reactions is that the selectivity 

of the acetic acid, ideal product, was lower than that of the formic acid by converting methane or 

ethane in liquid under mild conditions. As known, the separation of acetic acid and formic 
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acid cannot be easily obtained via distillation due to the closeness of the vapor pressures of two 

materials. The extraction distillation can be performed to remove the formic acid in the acetic acid, 

but that process requires to use acids or organic solvent. Thus, to avoid the challenge of separation, 

it would be essential to significantly improve the selectivity of one product, either acetic acid or 

formic acid, during the coupling of methane with carbon monoxide and oxygen as well as the 

oxidation of ethane by hydrogen peroxide.  

From the catalyst point of view, the properties of a catalyst will affect the performance of 

the catalyst in reactions. As the ZSM-5 with a low ratio of Si/Al used in studied works provides a 

large amount of Brønsted acid sites, the acidity of such ZSM-5 is strong. Such strong acidity is 

possible to promote the cleavage of the C-C bond in acetic acid resulting in the formation of formic 

acid. Thus, one potential approach for improving the selectivity of acetic acid in studied reactions 

is to choose the ZSM-5 with a relatively weaker acidity in terms of a higher ratio of Si/Al to be the 

support anchoring the singly dispersed metal atoms.  

On the other hand, in the study of the oxidation of ethane into acetic acid, the hydrogen 

peroxide was used as an oxidizing agent. However, the oxidizing property of hydrogen peroxide 

is quite strong; thereby, it is possible to promote the activation of the C-C bond of the acetic acid. 

Therefore, the alternative of hydrogen peroxide by a relatively soft oxidizing agent should be 

explored. Moreover, in recent research, one in-situ formation of the H2O2 method, referring to 

simultaneously generating hydrogen peroxide/hydroxyl radicals during the oxidation process, 

could be attempted to replace the addition of high-cost hydrogen peroxide.  
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2.2 The enhancement of activities of transformations of light alkanes  

One main challenge of the studied projects is the activity obtained from current catalytic 

processes via proposed catalysts are limited, especially for the transformations of methane or 

ethane under mild conditions. To tackle this challenge, some potential strategies could be 

considered.  

One promising approach is to enhance the number of active sites in the proposed catalysts. 

In general, the number of active sites in proposed catalysts, including the singe-atom metal catalyst, 

transition metal oxide exposing specific surface where a metal cation has the low coordination 

number, and the bimetallic catalyst, is limited. For example, the amount of all Rh atoms anchored 

in 0.1wt%Rh/ZSM-5 is only 2.8 x 10-7 mol. To increase the number of active sites on catalysts, the 

development of useful synthetic methodologies is critical. 

• Regarding the catalyst consisting of singly dispersed metal sites, the post-synthesis thermal 

treatment mothed was reported in publications to achieve the high concentration of single-

atom active sites on supports.  

• In terms of transition metal oxide, more oxygen vacancies could be created by the high-

temperature reduction or the doping of a second metal.  

• As for bimetallic catalysts, the bimetallic nanoparticles should be controlled in small size 

by using appropriate synthesis protocols. From the exploration in publications103, 108, the 

small size of nanoparticles would provide sites with lower coordination numbers, which 

could lead to a decrease of the activation barrier of a certain reaction pathway.  

On the other hand, for transformation of methane or ethane in liquid at low temperatures, 

the reaction system, in fact, has a significant influence on the kinetics of the reaction. The affected 
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factors include the solubility of methane or ethane gas in the liquid and the diffusion of reactants 

and products in the channels of microporous materials.  

• A solvent effect on the gas-liquid-solid reaction system is crucial to be investigated. An 

inert organic solvent is considered to perform the reaction to improve the solubility of 

methane or ethane, leading to a higher concentration of reactants participated in the 

reaction. 

• For reducing the limitation of internal diffusion in the micropores reaching active sites, one 

approach is using the 2D zeolitic materials in reactions. However, the nanosheet FAU 

zeolite needs to be modified to provide the necessary active sites for the activation and 

conversion of short-chain alkanes into value-added materials. 

 

2.3 The understanding of reaction mechanisms of ethane transformations 

The mechanism of a reaction is essential for the design of novel catalysts and the 

development of advanced processes. Here, reaction mechanisms of ethane oxidation and 

dehydrogenation are expected to be revealed. 

In terms of the fundamental study of ethane oxidation into formic acid in aqueous solution, 

it is difficult to perform in-situ X-ray characterization experiments in the gas-liquid-solid system, 

due to the complexity of the complicated interaction between X-ray photos with various materials 

such as reactants in gas, solvent as well as products in liquid, and catalyst powders. It is challenging 

to obtain convinced signals presenting useful information of catalyst. Therefore, the computational 

simulations or kinetics modeling approaches can be applied to understand the reaction pathway of 

ethane oxidation in gas-liquid-solid via a single-atom Rh catalyst. In the theoretical study of the 
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ethane oxidation, several significant attributes are necessary to know for the understanding of the 

overall reaction pathway: 

1) How single atom Rh sites activate the C-H bond of ethane. 

2) The overall reaction pathway for the oxidation of ethane to produce carboxylic acids (acetic 

acid and formic acid) could be uncovered. 

3) If the radicals were generated and involved in the reaction. 

4) If the Brønsted acid sites participated in the reaction. 

On the other hand, in the investigation of ethane dehydrogenation to produce ethylene, the 

local structure of the bimetallic catalyst was uncovered from the in-situ XAS studies. Thus, it 

would be feasible to utilize the DFT calculation method to understand how bimetallic sites 

performed the overall dehydrogenation of ethane. In the theoretical study of the ethane 

dehydrogenation, the following information could be explored from the understanding of the 

overall reaction pathway: 

1) How bimetallic Pd-Zn sites activate the C-H bond of ethane. 

2) The promotion effect of bimetallic sites could be explored by calculating the adsorption 

energy of reactants, intermediates and products on Zn sites and Pd-Zn sites, respectively. 

3) The sites exhibiting the best catalytic performance could be found by screening elements 

in the periodic table to form the bimetallic alloy. 
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Appendix A More experimental results of chapter 3 

Setup of experiments 

 
Figure S3. 1 Setup of the catalytic transformation of CH4 to acetic acid and other products in a Parr reactor. 

Typically, 28 mg catalyst was loaded to the catalyst and dispersed in 10 ml (aqueous water or dodecane). 

Gases with certain pressure were introduced and mixed. The Parr reactor containing catalyst and a mixture 

of reactants was loaded to an oil bath. The output power of the heating plate was modulated by the K-type 

thermocouple that was inserted into the liquid solution in the Parr reactor. The reading temperature during 

catalysis is T1oC; here T is typically 150oC. When the temperature of the liquid in the Parr reactor reaches 

the set temperature such as 150oC, the stirring bar started to stir to make the solid catalyst dispersed in liquid 

homogeneously. 

  

 

ICP-AES measurements of concentrations of Rh in catalysts 

ICP-AES was used in the measurements of Rh concentration in catalysts before and after 

catalysis. Four standard solutions with different concentrations of Rh3+ (0.1ppm, 1ppm, 5ppm, 

10ppm) were prepared by dissolving Rh(NO3)3 into de-ionized water. The volume of each solution 

is 40 ml. The standard curve was built through measuring the four solutions under the exactly same 

setup and parameters of the ICP-AES (mode: JY 2000 2 manufacture: HORIBA) and then plotting 

the known concentrations of the four solutions as a function of the optical emission spectrometry 

intensity.  Figure S3.2 is the plot of the known concentration of the solution as a function of the 

Gas 
molecules 
diffuse to 
solvent

(a)

Catalyst 
particles

Solvent

Wall of high pressure
reactor

CH4 gas 
(high pressure)

Temp oC RMP

Stirring bar

(b)

Heating 
plate

High pressure 
reactor

Silicone 
oil bath

Heating
plate



196 

atomic emission spectrometry intensity. It is the standard curve for the measurements of the 

concentration of Rh in the fresh and used catalysts. 

         To prepare a test solution of ICP-AES analysis, a certain amount of fresh or used catalyst 

(0.10wt%Rh/ZSM-5) was dissolved in NaOH solution through simply mixing the accurately 

weighed catalyst into 10mL (>1M) NaOH solution and then sonication the mixture for about 12h. 

Then, aqua regia (a mixture of nitric acid and hydrochloric acid) was added to the solution until 

the pH was less than 5. After filtration, the transparent solution was diluted by adding DI water to 

make the volume of the diluted solution to 30 ml. All test solution was tested under the exact same 

setup and parameters of the same ICP-AES. 

 

 
Figure S3. 2 Standard curves for measurement of the concentration of Rh cations in solution with ICP-

AES. 
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Catalysis evaluation by NMR measurements  

 

Figure S3. 3 1H-NMR spectrum of solution in Parr reactor after chemical transformation of CH4 to acetic 

acid, methanol and formic acid on 0.10wt%Rh@ZSM-5. 

 

 

Figure S3. 4 Standard curves built for measurements of amount of acetic acid (a), formic acid (b), and 

methanol (c) through 1H-NMR spectra. 
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Carbon balance and extra experiments of the transformation of methane to acetic acid 

Table S3. 1 Analysis of carbon-containing reactants before the catalytic transformation of CH4, CO and O2 

and the left carbon-containing reactants and the formed carbon-containing products in Parr reactor 

 

Carbon of 

CH4 

(mol) 

Carbon of 

acetic acid 

(mol) 

Carbon of 

formic acid 

(mol) 

Carbon of 

methanol 

(mol) 

Carbon of 

CO 

(mol) 

Carbon of 

CO2 

(mol) 

Carbon 

in total 

(mol) 

Before 

catalysis 
20848.4    3207.4  24055.8 

After 

catalysis 
19857.2 224.2 146.3 37.0 2046.0 None 22310.7 

Note: Catalytic condition: 28 mg 0.10wt%Rh/ZSM-5 in 10 ml deionized H2O, 50 bar CH4, 10 bar CO and 

8 bar O2, 2 h of reaction time. 112.1 mol acetic acid, 146.3 mol formic acid, 37 mol of methanol were 

produced.  

 

Table S3. 2 Catalytic performances of 28 mg catalysts with different loadings of rhodium. The reaction was 

conducted in 10 ml H2O under gas phase of a mixture of 10 bar CH4, 5 bar CO and 2 bar O2 at 150oC in a 

Parr reactor. The reaction time is 1 h. 

Entry Catalyst 

Mixture of 

reactants 

(bar) 

Temperature 

(oC) 

Methanol 

(mol) 

Formic 

acid 

(mol) 

Acetic 

acid 

(mol) 

Total 

products 

(mol) 

1 H-ZMS-5 

CH4: 10 bar 

CO: 5 bar 

O2: 2bar 

150 3.75.0 2.35.0 1.95.0 7.85.0 

2 
0.01wt%Rh/Z

SM-5 

CH4: 10 bar 

CO: 5 bar 

O2: 2 bar 

150 7.45.0 4.65.0 5.75.0 17.615.0 

3 
0.05wt%Rh/Z

SM-5 

CH4: 10 bar 

CO: 5 bar 

O2: 2 bar 

150 12.45.0 89.45.0 44.05.0 145.815.0 

4 
0.10wt%Rh/Z

SM-5 

CH4: 10 bar 

CO: 5 bar 

O2: 2 bar 

150 14.05.0 153.45.0 58.75.0 246.015.0 

5 
0.50wt%Rh/Z

SM-5 

CH4: 10 bar 

CO: 5 bar 

O2: 2 bar 

150 11.25.0 144.15.0 86.65.0 241.815.0 
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Calculations of TOF of 0.10wt%Rh/ZSM-5 and Rh(NO3)3 

The turn-over frequency of Rh1O5/ZSM-5 and Rh(NO3)3 used in this work were calculated 

in terms of the number of product molecules per Rh site per second. The following paragraphs will 

describe how they were calculated.  

For catalyst, Rh1O5/ZMS-5 (0.10wt%Rh/ZSM-5), as shown in entry 4 of Table S3.1, 58.7 

mol of acetic acid was formed from 28 mg of catalyst at 150oC per hr. The concentration of 

rhodium in the catalyst is 0.10wt%. The amount of all Rh atoms is 
28×10−3𝑔𝑟𝑎𝑚 ×0.10% 

104 𝑔𝑟𝑎𝑚 𝑝𝑒𝑟 𝑚𝑜𝑙 𝑅ℎ
=

2.8 × 10−7𝑚𝑜𝑙. By assuming all Rh atoms anchored to ZSM-5 participate in this catalysis, TOF 

for production of acetic acid can be calculated as the following: 

𝑇𝑂𝐹 =
58.7×10−6𝑚𝑜𝑙×𝑁𝐴

2.8×10−7×𝑁𝐴×3600 𝑠𝑒𝑐𝑜𝑛𝑑
= 0.06 acetic molecules per Rh site per second.  

The TOFs of 14.0 mol methanol and 153.4 mol formic acid can be calculated via the same 

approach. 

A similar experiment was performed with Rh cations without any supports in aqueous 

solution.  5 ml of 0.01 mol/l Rh(NO3)3 was added in the Parr reactor and then 50 bar CH4, 10 bar 

CO and 8 bar O2 was introduced the Parr reactor. The reaction was performed at 150oC for about 

90 h. With the same calculation method, the TORs were calculated. The TORs of all organic 

products (CH3COOH, CH3OH and HCOOH) and TOR of acetic acid are 2.410-5 organic 

molecules and 6.310-6 acetic acid molecules per Rh site per second generated from homogeneous 

catalyst Rh(NO3)3 without any promoter.  
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Control experiments for confirming the participation of three reactants 

 
Figure S3. 5 Yields of acetic acid, formic acid and methanol from 28 mg 0.10wt%Rh/ZSM-5 in aqueous 

solution at 150oC for a certain amount of time as shown in figures in (a) the mixture of 30 bar CH4 and 10 

bar CO, (b) the mixture of 30 bar CH4 and 10 bar O2, (c) the mixture of 10 bar CO and 10 bar O2, and (d) 

the mixture of 30 bar CO2 and 30 bar CH4. 

 

 
Figure S3. 6 Yields of acetic acid when 118 mol HCOOH was mixed with different pressure of CO at 

150oC for 3 h 
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Isotope-labeled experiments using 13CH3OH.  

To test whether acetic acid could form from carbonylation of CH3OH on our catalyst 

0.10wt%Rh/ZSM-5, 1.0 mmol isotope-labeled 13CH3OH (99 atom% 13C, Aldrich) was added to 

10 ml deionized H2O before the introduction of 10 bar CH4, 5 bar CO, and 4 bar O2 to the Parr 

reactor. The purpose of adding isotope-labeled 13CH3OH to H2O before catalysis is to test whether 

13CH3OH could act as an intermediate to react with CO on the catalyst to form isotope-labeled 

acetic acid, 13CH3COOH. In the reaction pathway  acetic acid is formed through carboxylation 

of methanol; in other words, methanol should be involved definitely, while the reaction pathway 

 does not involve CH3OH. There would be three sets of possible products if 13CH3OH was added 

as a probe agent. Figures 3.7c and 3.7d are a regular 1H NMR spectrum of the solution obtained 

from 10 bar CH4, 5 bar CO and 4 bar O2 and the 1H NMR spectrum of the solution obtained from 

10 bar CH4, 5 bar CO and 4 bar O2 with added 1 mmol 13CH3OH, respectively. 



202 

Appendix B Supplementary information of chapter 4 

Measurements of catalytic performances of NiO catalysts 

Catalytic performances of complete oxidation of methane on NiO catalysts were measured 

in a fix-bed flow reactor made of quartz. The reactant gases were a mixture of 20 ml/min 10% CH4 

balanced with Ar and 10 ml/min pure O2 (99.99%). They were mixed before flowing into the 

reactor. The molar ratio of CH4 to O2 in the mixture is 1:5. A certain amount of catalyst powder in 

40-60 mesh was used in each measurement as noted in figure captions or text. The gas mixture 

leaving downstream of this reactor was introduced to the introduction port of a gas chromatograph 

equipped with columns and FID and TCD detectors. The gas components in the mixture were 

separated with GC columns first and then the concentrations of CH4, CO2 and CO was measured 

with FID equipped with a methanizer. In addition, concentrations of CH4, CO2, and potential CO 

were measured with TCD as well, although the sensitivities of TCD to CH4, particularly CO2 and 

CO are low. These measurements were performed in an on-line mode. At each temperature, the 

catalyst was remained for about two hours for the acquisition of multiple sets of data. At least three 

sets of data were collected at each temperature.  

The conversion of methane was calculated using the following equation: X𝐶𝐻4
% =

𝑀0−𝑀𝑡

𝑀0
× 100%, where M0 is the peak area of methane without any consumption, and Mt is the 

peak area of unreacted methane after conversion of certain portion of CH4 at each temperature. No 

CO was found in the gas mixture, showing that partial oxidation of methane was not a side reaction 

on NiO catalysts. Carbon balance at each temperature suggested no deposition of atomic carbon, 

probably due to excess O2 in the mixture of reactants, the high molar ratio of O2 to CH4 in the gas 

mixture introduced to upstream of the fixed-bed flow reactor. Planar sheet NiO has much higher 

surface area (127 m2/g) than octahedral NiO (21.5 m2/g). For a fair comparison of catalytic 
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performances of CH4 complete oxidation on planar sheet NiO and octahedral NiO, 100 mg planar 

sheet NiO and 500 mg of octahedral NiO which have some similar surface area, were used in the 

measurements of catalytic performance under the same catalytic condition [a mixture of reactants 

is the mixture of 20 ml/min 10% CH4 balanced with Ar and 10 ml/min pure O2 (99.99%)]. The 

conversions of CH4 on the two catalysts were presented in Figure 2d in the main text. Planar sheet 

NiO and octahedral NiO exhibited distinctly different catalytic activity in complete oxidation of 

CH4 in the temperature range of 250oC-400oC. Planar sheet NiO is highly active for CH4 complete 

oxidation but octahedral NiO is not active at all 

Compared to planar sheet NiO (127 m2/g), surface area of cubic NiO is much lower. It is 

only 5-6 m2/g due to its large size. 100 mg of cubic NiO without any pre-reduction in 5% H2 was 

used as catalyst; activity in CH4 complete oxidation on 100 mg of cubic NiO was measured under 

the same condition as that used for 100 mg of planar sheet NiO and 500 mg of cubic NiO.  

 To generate oxygen vacancies and thus to decrease the coordination environment of Ni 

atoms on (100) surface of cubic NiO, cubic NiO was partially reduced in 5% H2 for one hour. 

Through this partial reduction at 225oC, 250oC, 275oC, and 300oC in 5% H2, four catalysts were 

prepared in the fixed-bed flow reactor before immediately followed measurements of catalytic 

performance for CH4 complete oxidation. The four catalysts were named, cubic NiO-H2-225oC, 

cubic NiO-H2-250oC, cubic NiO-H2-275oC, and cubic NiO-H2-300oC.  
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Appendix C Extra experimental results of chapter 5 

The Rh concentration of fresh and used catalysts measured by ICP-AES 

Four standard solutions with different concentrations of Rh3+ (0.1ppm, 1ppm, 5ppm, 

10ppm) were prepared by dissolving a certain amount of Rh(NO3)3 into 40ml deionized water. The 

standard curve (shown in Figure S5.1) was built by plotting the known concentration of Rh in 

solutions as a function of the atomic emission spectrometry intensity measured by the same setup 

of ICP-AES. The built standard curve was used for the measurements of the concentration of Rh 

in the fresh and used catalysts. A test solution of ICP-AES analysis was prepared by dissolving a 

certain amount of fresh or used catalyst into 10ml NaOH solution (>1.0 M). In order to dissolve 

the framework of ZSM-5, the mixture was sonicated and heated at 50oC overnight. After the 

dissolution and filtration, several drops of aqua regia (a mixture of nitric acid and hydrochloric 

acid) were added to the solution to adjust the pH less than 5. Then, the transparent test solution 

was diluted by adding DI water to make the total volume of 30 ml and then was examined under 

the same setup of the ICP-AES as used for previous solutions used for building the standard curve.      

 
Figure S5. 1 Standard curve of ICP-AES to measure the Rh concentration of fresh and used catalysts 

 

1H-NMR spectrum of the filtered aqueous solution after ethane oxidation reaction by 

hydrogen peroxide 
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Figure S5. 2 1H-NMR spectrum of the filtered aqueous solution after ethane oxidation reaction by hydrogen 

peroxide. 

 

Standard curves established for measuring amounts of acetic acid, formic acid, ethanol and 

methanol  

 
Figure S5. 3 Standard curves established for measuring amounts of (a) acetic acid, (b) formic acid, (c) 

ethanol and (d) methanol formed in aqueous solution through oxidation of ethane with H2O2. 
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Catalytic performance of 3. 0.1wt%Rh/Silicalite-1 

30mg 0.10wt%Rh/Silicalite-1 prepared through the same incipient wetness impregnation 

(IWI) method and calcination condition as that of 0.10wt%Rh/ZSM-5 was used to catalyze ethane 

oxidation at 50oC for 2h by introducing 15bar C2H6 and 10mmol H2O2. A significant decrease of 

amounts of products indicates that Rh not anchoring on ion-exchange sites would not be active to 

ethane partial oxidation at near room temperature. 

 

Figure S5. 4 Comparison of activities of ethane partial oxidation between 0.1wt%Rh/ZSM-5 and 

0.10wt%Rh/Silicalite-1. Both reactions were performed with 30mg catalysts at 50oC for 2h by introducing 

15bar C2H6 and 10 ml aqueous solution of 10mmol H2O2. 

 

Influence of product diffusion on the amounts of the products 

To check whether the formed acetic acid and formic acid experienced diffusion limits in 

aqueous solution during catalysis, parallel catalytic studies on 30 mg 0.10wt%Rh/ZSM-5 at 50oC 

dispersed in 10 ml solution of H2O2 under ethane of 15 bar sealed in a Parr reactor were performed 

at different stirring speeds, 350 rpm and 850 rpm. As shown in Figure S5.5, the amount of acetic 
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acid only slightly increased after the stirring rate largely rise from 350 rpm to 850 rpm although 

the amount of formic acid increased. It suggests there is no obvious diffusion limit.  

 

Figure S5. 5 Influence of diffusion of product molecules from catalyst particles to solution on amounts of 

acetic acid and formic acid by using 30 mg 0.10wt%Rh/ZSM-5, introducing 15bar C2H6 and  10 ml aqueous 

solution of 10mmol H2O2, heating at 50oC for 2h, at 350rpm and  850 rpm, respectively. Contribution of 

H-ZSM-5 to formation of acetic acid and formic acid was subtracted. 

 

Relationship between the activity and amount of catalysts 

Amounts of acetic acid and formic acid were generally proportional increased with a 

linear relationship when adding an amount of catalysts proportionally. This may suggest that the 

kinetics gained from 45-72oC is the true activation barrier of the ethane partial oxidation during 

this range of temperature. 
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Figure S5. 6 Influence of amount of catalyst on amounts of acetic acid and formic acid by adding 30mg, 

60mg and 90mg 0.10wt%Rh/ZSM-5, respectively, with 15bar C2H6, 10 ml aqueous solution of 10mmol 

H2O2, performed at 72oC for 2h. Contribution of H-ZSM-5 to the formation of acetic acid and formic acid 

was subtracted. 

 

Carbon Balance for catalysis at 50oC and 72oC 

Table S5. 1 Carbon balance of the reaction with 1.5bar ethane and 10ml of 10mmol H2O2 solution 

conducting at 50oC for 2h 

 

Table S5. 2 Carbon balance of the reaction with 15bar ethane and 10ml of 10mmol H2O2 solution 

conducting at 72oC for 2h 
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