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Methane, the main constituent of natural gas and biogas is deemed to be an
alternative source to replace crude oil in the production of chemicals and fuel. Non-
oxidative methane conversion enables methane coupling or splitting to produce
hydrogen and more significant hydrocarbons, but catalyst deactivation has been a
challenge in past research. This dissertation addresses catalyst deactivation issues in
non-oxidative methane conversion by inventing novel catalyst systems.

For direct non-oxidative methane coupling, a pathway for methane upgrading
into hydrogen, olefin, and aromatic products, the silica-supported catalysts were
synthesized by flame fusion of a mixture of quartz silica and metal silicate precursors.
Compared to the cristobalite silica-supported catalysts reported previously, vitreous

silica-supported catalysts have disordered Si-O bonds and structural defects, enabling



better metal dispersion and more vital metal-support interaction. The as-prepared
vitreous silica-supported iron catalyst had a shorter induction period in methane
activation and lower coke yield. The increase in iron concentration elongated the
catalyst induction period and promoted aromatics and coke formation. Among different
transition metal catalysts, the cobalt supported by vitreous silica had the best methane
conversion, hydrocarbon product yield, and catalyst stability.

For catalytic methane pyrolysis, a pathway producing COx-free hydrogen and
valuable carbon product, a siliceous zeolite-supported cobalt catalyst was invented. In
comparison to the methane pyrolysis catalysts in literature, the siliceous zeolite support
in the invented catalyst has limited Bronsted acidity and increased mesoporosity, which
limited the acid-catalyzed deactivation mechanism and facilitated the mass transport,
and thus significantly increased the catalyst lifetime. The cobalt sites change the cluster
sizes and coordination structures with the loading concentrations in the zeolite support,

which leads to carbon products with different properties.
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Chapter 1: Introduction

1.1 Motivation of Methane Upgrading

The advancement of human civilization over the past two centuries has led to
the production and release of massive amounts of greenhouse gases into the
atmosphere, significantly affecting the environment. A key contributor is carbon
dioxide (CO2). According to the Global Monitoring Laboratory’s annual report,
atmosphere CO concentration has already reached a dangerous level of 421 parts per
million (ppm) by the end of 2023'. The growth has been 50% since the Industrial
Revolution in the 1800s, primarily due to the reliance on fossil fuels for industrial
operations, urban heating, and transportation. The elevated levels of CO; in the
atmosphere contribute to a host of complex environmental problems, including global
warming?, which in turn threatens our climate, oceans, and ecosystems”. Immediate
action is required to reduce CO> emissions. In response to this urgent need, the concept
of'a net-zero economy has been proposed, aiming to significantly reduce CO> emissions
and ultimately achieve a balance where the amount of CO, emitted is equal to the
amount removed from the atmosphere. This strategy involves all human activities,
including transportation, energy production, and industrial processes. Achieving net-
zero emissions has become a critical development strategy for numerous countries,
including the United States, Germany, and China. Currently, efforts are being made

worldwide to advance towards this goal through developing essential technologies,



formulating new energy policies, and designing innovative energy frameworks to
support the objective of net-zero emissions.

To achieve future net-zero emissions for human activities, there is an essential
push towards developing technologies that seek CO: reduction in the comprehensive
energy chain, from energy production to supply, storage, and recycling. Among them,
the most effective way to reduce CO> emissions is adopting carbon-free, renewable
energy sources to replace conventional fuels but also aim to capture and convert current
COz emissions into valuable hydrocarbons, thereby fostering a sustainable carbon
cycling economy. In the various non-fossil fuel-based energies under development,
hydrogen energy emerges as a leading candidate to propel the world towards net-zero
emissions. Because of its abundance, clean, renewable, and higher heat combustion
value than conventional fossil fuels, hydrogen stands out as an ideal candidate for
powering future transportation, industrial, and residential needs. Deploying hydrogen
fuel cells, which convert hydrogen into electricity with high efficiency and energy
density under moderate conditions, is critical in energy networks to achieve net-zero
emissions® .

Although hydrogen is a rich element in the earth, relying on current
technologies to produce large amounts of hydrogen as a renewable fuel is not feasible.
At present, hydrogen is primarily extracted from reforming processes with high energy
penalties and creates significant CO, emissions, contradicting the goals of net-zero
emissions. The recently proposed variety of innovative technologies, such as
photocatalysis and electrolysis of water, presents a cleaner alternative. Still, it is limited

by its high equipment costs, materials costs, and substantial power requirements. The
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source must be abundant, and processing costs must remain low as the prerequisite to
enable large, affordable hydrogen to become available. To avoid CO; emissions, if
carbon-containing raw materials are used, it is essential to consolidate the carbon to
liquid or solid form when processing the energy or powder. Based on these ideas, non-
oxidative methane upgrading is a promising strategy to separate hydrogen and carbon
without CO> emissions. It could produce hydrogen at a cost that supports net-zero
emission goals if scaled up with profits. This method promises a cleaner way to utilize
methane and aligns with the transition toward cleaner fuel options.

Beyond hydrogen production, non-oxidative upgrading methane to
hydrocarbons is also an option for fully utilizing carbon resources while addressing the
growing demand for petroleum chemicals amidst expanding human activities and
economies. Daily, vast quantities of petroleum chemicals like gasoline, diesel, paraffin,
aromatics, lubricating oil, and heavy oils are refined, serving many human needs across
transportation, packaging, pharmaceuticals, defense, and construction sectors. With
petroleum being a non-renewable resource at risk of depletion based on current
consumption rates and given the high energy input and greenhouse gas emissions
associated with petroleum refinement, there is an urgent need to develop alternative,
emission-free chemical processing methods. Adopting non-oxidative conditions for
methane upgrading into hydrocarbons represents a promising technology that meets the

demands for future chemical production and adheres to net-zero emission principles.



1.2 Conventional Use of Methane as Feedstock: A Brief History

Natural gas, recognized early in history, was initially used in Europe during the
early 1800s as a source of light and residential heating®. Its transformation into a critical
industrial feedstock began with the development of steam reforming of methane in the
1930s’. This period marked the preference for natural gas over coal for steam
reforming, mainly due to the established natural gas pipeline infrastructure and the
introduction of catalysts that significantly enhanced the conversion of methane to
syngas (a mixture of hydrogen and carbon monoxide, with a small amount of carbon
dioxide). Syngas are a useful fuel and essential feedstock for metallurgy, the petroleum
industry, and ammonia synthesis, which enhances the steam methane reforming (SMR)
as a critical industrial process. By 2020, global hydrogen production reached 87 million
tons, with the SMR process accounting for over 68 % of this output'®. Today's SMR
technology is sophisticated and designed to produce syngas with precise compositions
at competitive costs—approximately $1.2 to $3.0 per kilogram, excluding CO>
capture”.

Beyond hydrogen production, the conversion of syngas into more valuable
chemicals became feasible in the 1920s, with processes developed for synthesizing
methanol and long-chain hydrocarbons. Germany launched the world's first
commercial-scale syngas-to-methanol plant in 1923'2. The later advances in materials,
reactor designs, and catalysts enabled more efficient syngas to methanol processes
developed in the 1970s'2. By 2018, the global capacity of over 90 plants reached 110
million tons'?, becoming the dominant methanol production process. The Fischer-

Tropsch (FT) process, developed in the late 1920s, provided a path to convert syngas
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into valuable hydrocarbons like diesel, wax, and gasoline'*. During World War I, Nazi
Germany used the FT process to manufacture synthetic fuels, generating roughly
130,000 barrels between 1939 and 1945. This production largely met the demand for
traditional chemicals, gasoline, and wax, especially when access to petroleum
resources was constrained'>. Modern FT processes operated by most major oil
companies, including Sasol and Shell, established methane to be used in higher-valued
hydrocarbons, which is extremely promising for regions with limited petroleum
resources.

Although the current methane used as feedstock is well-developed and
dominates the current hydrogen production, the critical disadvantages of current
methane utilization cannot be ignored, such as low efficiency, high energy penalty,
complexity reactions, and high CO2 emissions, which could limit its development when
the cost of CO; capturing is accounted for. Addressing these disadvantages and aligning
them with the net-zero emission goal requires methane utilization with a much simpler
process path, high carbon utilization, and CO. emission-free, which is still under

development.

1.3 Abundance of Methane

The critical element of methane upgrading to hydrogen, hydrocarbons, and
value-added chemicals depends on the base reserves of methane availability and the
price. Notably, Earth's subsurface is rich in natural gas, the presence of both
conventional non-associated and associated gases, which constitute the primary sources

of natural gas extraction today, located beneath geological seals'®. However, it is
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essential to recognize that these conventional reserves account for a small segment of
the overall natural gas endowment and have been extracted. In contrast, the non-
conventional gas reserves, comprising tight sand gas, gas-rich shale, and coalbed
methane, are collectively estimated to contain between 1503 and 2500 trillion cubic
feet (tcf)!” but have not yet been extracted due to requiring advanced drilling
technology. Additionally, the reserves of methane hydrates are believed to encompass
an extraordinary volume ranging from 100,000 to 1,000,000,000 tcf'’. These hydrates
are primarily situated in continental margins beneath oceans and within permafrost
sandstone, where the current extraction has not yet been realized due to the significant
technological challenges involved'’. The exploration and utilization of unconventional
gas reserves stand at the forefront of strategic development within the natural gas
sector. The shift towards these reserves heralds a significant phase in diversifying and
expanding global energy resources, contingent upon overcoming the technical hurdles
associated with their extraction in the next 100 years. This paradigm shift underscores
the imperative for continuous innovation in drilling and extraction technologies aimed
at unlocking the vast potential of unconventional gas to meet burgeoning energy
demands.

The exploration and development of unconventional natural gas resources,
including shale and tight gas, have seen significant advancements over the past few
decades. An important breakthrough in drilling technologies in the United States has
set the stage for shale gas to become the dominant gas source since 2020, occupying

8

approximately 50 % of overall gas production'®. The projections demonstrated

increasing nearly 120 tcf of total gas production by 2050, where % comes from shale
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gas. This provides sufficient evidence for future natural as abundant, low-cost
feedstocks.

Beyond traditional extraction methods, natural gas can also be sourced from
sustainable practices, such as converting landfill waste, food waste, and wastewater
into biogas and digestates through anaerobic digestion processes'® %, This technique is
exceptionally viable in rural areas for converting agricultural and animal waste into
biogas. Predominantly composed of methane, biogas emerges as a renewable energy
source that can significantly lower the costs associated with energy production and
supply while simultaneously reducing greenhouse gas emissions. The potential of
biogas as a renewable energy source is underscored by estimates projecting its growth
to 32 kilotons of oil equivalent (ktoe) per year by 2022, an 88% increase from 20122,
Europe and Asia lead in biogas production, with the United States also showing a
steady rise in production capabilities. The potential for expanding the biogas market in
the United States is particularly notable, given the country's large-scale, technologically
integrated agricultural and farming sectors, which can efficiently minimize the costs of
collecting organic waste for biogas production, expect to expand 3-5 % of total natural
gas market??. In summary, the prospects for the future utilization of natural gas, both
from conventional drilling and sustainable biogas production, appear promising. The
ability to harness methane from diverse sources enables methane to be an affordable,
abundant, well-dispersed location, suitable feedstock for clean hydrogen and value-

added hydrocarbon production.



1.4 Strategies of Methane Upgrading for Net-zero Emission

Methane used as feedstock for upgrading to hydrogen and hydrocarbons is a
promising reaction to create value-added chemicals and hydrogen. As previously
introduced, the increasing demand for renewable, green hydrogen as the primary power
source can be expected worldwide to reduce CO; emissions. Meanwhile, petroleum, as
a non-renewable resource, faces risks of depletion. Therefore, looking for alternative
ways of processing petroleum chemicals without emission means significant net-zero
emission development. The methane upgrading to value-added hydrocarbons could be
incorporated into the renewable hydrogen economy to fulfill necessary needs and

1%, The general picture

indirectly reduce COz emissions, as demonstrated in Figure 1.
shows that methane upgrading is primarily used for hydrogen and value-added
hydrocarbon production, with unconventional techniques such as solar, wind, nuclear,
and geothermal as the auxiliary. The hydrogen upgraded from methane can be directly
used as a fuel cell for power generation for the energy network and transportation fuel.
To achieve this, it is necessary to understand and analyze the methane upgrading
technologies. This section provides a systematic overview of the currently developed

technologies for methane upgrading, including indirect and direct methane upgrading.

The contrast of these technologies will be discussed as part of this dissertation design.
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Figure 1.1. The energy network adopted hydrogen as a future renewable energy source,
incorporating methane upgrading strategies (the original energy network design was
proposed in the literature®).

1.4.1. Indirect Methane Upgrading to Hydrogen

Methane as the feedstock can be upgraded to syngas (carbon monoxide and
hydrogen), the process known as SMR can be expressed as below?*:

CHy(g) + Hy0(g) © COg) + 3Hy (g AH; = +206.17 k] /mol (1.1)

Hydrogen can be furtherly extracted from the syngas by water gas shift reaction
with greenhouse emission:

CO(g) + H,0(g) < COy(q) + Hy(g) AHp = —41K]/mol (1.2)

Due to the reaction in eq. 1.1 is highly endothermic and requires external

thermal energy to drive the reaction. Typically, commercial SMR is driven by another
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combustion reaction with heat recovering from the fuel gas convection to reach higher
efficiency and maintain profitability; the process is also known as auto thermal
reforming (ATR). The typical SMR is performed at 973-1173 K under 20-40 bar
pressure to avoid coking on the catalysts?®. Using catalysts such as supported single or
bimetallic Co?, Fe?®, Ni, and Ru?’ can effectively promote the reaction by activating
the C-H bonds and boosting the reaction kinetic. The reaction mechanism undergoes a
surface catalysis route: methane absorbs over the catalyst surface to weaken the C-H
bonds. It is uncleaned by the surface adsorbed OH or O sites to form hydrogen and CO.
The rate determination is the adsorption of methane, which means the main challenge
is still methane activation. The CO. was also generated in the side reaction by
continuous reforming of CO with the stream, which was often used to adjust the H,/CO
ratio, as an essential parameter of syngas determines its further applications. The
overall SMR can reach a high hydrogen yield efficiency of around 74 % with an
estimated cost of $ 1.8 per kg of hydrogen?®. This process is currently the most popular
hydrogen acquisition method because of its low capital cost. However, the drawback
of SMR is that the reaction towards hydrogen will be harmful to the environment in the
long term due to the significant CO; emissions as carbon footprint, which contradicts
the goal of net zero emission®’. The future SMR could use biomethane, a renewable
energy that effectively reduces greenhouse gas emissions. However, the overall process
still cannot avoid CO; emissions. When CO; emission price increases, traditional SMR
will no longer be more profitable in addition to emission-free technologies. The hope
is to combine CO» capturing technology with SMR to reduce CO> emissions and

convert to more value-added fuel.
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Alternative way such as dry reforming of methane (DRM) was proposed to

produce syngas using CO to reform methane via the below equation®’:

CHag) + COp ) © 2C0(g) + 2Hy(g) AH; = +247.3 k] /mol (1.3)

Ideally, the CO; can be reduced to valuable hydrocarbons. This more
endothermic reaction than SMR requires a high operating temperature above 973 K3!
to reach profitable methane conversion and avoid coke formation. The major challenge
remaining in the DRM is the coking caused by the boundary reaction over the catalyst,
which typically has a low CO, removal rate and causes rapid coke formation®?. Because
of this, DRM is still on the trip of extensive adoption, but the small-scaled has been
established since the 1990s**. DRM currently uses two processes: CALCOR** and
SPARG?®. The CALCOR process pursues maximum CO production, which is feasible
to avoid coke thermodynamically®. Thus, the product typically has a low H2/CO ratio
and can be purified to nearly 99 % CO after CO,, Hz, and H,O recovery®*. In the
SPARG process, a sulfur poisoning strategy was used to prevent coking on catalysts by
sacrificing reaction rate and overall activity. Both CALCOR and SPARG were
developed to overcome the coke formation. The high CO production remains a small
market; hence, the DRM is not ideal for producing hydrogen. The future direction of
DRM is aimed at a more broadly applicable process with a more comprehensive
understanding of coke formation to assist catalyst design.

To improve the energy efficiency of syngas production, partial oxidization of
methane (POM) was proposed with better energy efficiency operated under less intense
condition (773 - 1173 K) for syngas synthesis®’°, the reaction can be express as

following:
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1 o
CHyg) + EOZ(g) © CO(q) + 2Hy( AHf = —36 k] /mol (1.4)

The overall reaction is exothermic with energetic benefits, which makes the
POM more competitive than SMR in modern industry. The reaction uses oxygen to
cleave the C-H bond, and the water-gas shift reaction formed the CO and H: as the
secondary reforming since oxygen is a much more potent oxidizer than CO; and H>O.
In commercial-scale POM, a reaction at high temperatures is required to pursue a high
yield of syngas and hydrogen, but this might jeopardize the activity of catalysts.
Therefore, in some commercial-scale facilities, POM was operated under high
temperatures and pressurized conditions without catalysts, known as partial oxidization
(POX)%.

Given the high operating temperature of POX®’, ATR can be designed with
SMR and POX incorporated to reach thermal neutrality, which requires no external
heat to achieve high efficiency. This enables ATR to generate syngas cost-effectively,
making ATR promising and attractive in the industry*!. However, the challenges
remain in the ATR, such as harsh reaction conditions and the cost of equipment, raising
the high capital costs in the current ATR process (based on the unit hydrogen cost)*?.
ATRs are expected to be more cost-effective than SMRs when an extensive CO»
capture system can be incorporated to convert CO; into value-added syngas and fuel*’,
where the future SMR economy will depend on the cost of CO> capturing!!. When the
COz capturing cost increases, ATR will become more competitive than conventional
SMR to reach near-neutralized CO> emission. In European countries, ATR will become
the leading new blue hydrogen production route, combining CO> emission reductions

in the next few years.
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1.4.2. In-direct Methane Upgrade to Alcohol and Hydrocarbons

Syngas from the in-direct methane conversion, such as SMR, POM, POX, and
ATR, can further convert to hydrocarbons and alcohols via the FT process and syngas
reduction. A suitable H2/CO ratio is required for the specific process to govern the
formation of different products. The dominated hydrocarbons can be adjusted since the
SMR and different reforming processes produce syngas with different H2/CO ratios.
Here, a product range of syngas as feedstock for FT and syngas reduction is shown in
Table 1.1. below, indicating the methane upgrading to alcohol, hydrocarbons, and
hydrogen-based on specific Ho/CO ratio**.
Table 1.1. Application of syngas as feedstock to downstream products based on

different Ho/CO ratio*.

Feedstock | H»/CO Process Downstream Further Downstream
<1 Ethanol Ethanol Variety of industrials
DME Gasoline
5 Methanol Ethylene, Polymers materials,
Conversion Acetic Acid Ketc?ne, acetlf: ester,
Methyl acetate | Acetic anhydride, fine
Syngas Formaldehyde Resin, polymers,
Fischer- Wax Variety of industrials
>2 Diesel-Kerosene Fuel
Tropsch Gasoline Fuel
Naphtha Ethylene, reforming,
> 50 Hydrogen Hydrogen Refinery, metallurgy,
Power Gas turbine, fuel cell

Methanol is the most considerable downstream alcohol from syngas. The
process typically requires a 2:1 Ho/CO ratio for methanol formation and follows the

stereochemistry of syngas from SMR. As for the reduction of CO by Hb, the reaction
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was carried out under 5-20 MPa at 423-523 K over supported Cu and Zn-based

catalysts®® 4. The general reaction can be expressed as below*S:

Methanol produced from syngas is the essential precursor for higher-valued
downstream products, such as formaldehyde, plastic, and fibers. The current methanol
production has reached 110 million metric tons annually*’, and it is estimated to
increase the market size to fossil level in the next 10 years*®. The low cost of natural
gas and future syngas technology enables methanol obtained from syngas to become
the most popular process adopted by industries to obtain methanol. However, the
conventional method is not emission-free. The estimate shows that approximately 97-
110 g CO2 eq/MJ carbon footprint was obtained for most state-of-the-art alcohol
production from natural gas*’. Hence, an alternative method to produce methanol with
a CO2 emission-free or COz-neutralized path is needed, such as CO> capturing
combined CO; reduction to the technique, which is still under development.

For the indirect methane conversion to higher hydrocarbons, the FT process
requires syngas with higher (> 2) H»/CO as the essential process used to convert syngas
to olefins. The below (unbalanced) reaction can express the general reaction of FT:

2(n + 1H; () + n CO(gy = ChH(zn42) + n Hy0(g (1.6)

The FT process is typically carried out over Fe'4, Co'* %2, and Ru-based

catalysts!* 33

under high pressure (20-40 bar) to promote the reaction and make the
process profitable. The typical products from FT highly overlap with the chemicals

from petroleum refinement, with even less sulfur contamination, including light

olefins, low-sulfur diesel, gasoline, synthetic wax, and aromatics>*. The H,/CO ratio
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plays a vital role in determining the length of hydrocarbon yield. For example, in the
case of high-temperature FT at 573- 623 K, C;-Cis hydrocarbons and olefins can be
obtained using a low H»/CO ratio (<< 2). In low-temperature FT conditions at 473 -
523 K, a board range of hydrocarbons C;-Cioo can be obtained with a high H2/CO ratio
(1.75-2) feed™. Therefore, the FT process can be a significant means to the region with
limited petroleum resources. In terms of efficiency, although the FT process produces
hydrocarbons, the efficiency of carbon utilization remains low, around 50 %% 7. This
means a high carbon footprint remains for FT, with considerable carbon emitted as
CO;. The modern commercial-scale FT facilitated has already developed several
successful plants by major oil companies. The future FT process will expand the

feedstock capability, such as biomass and COz> to reduce the total carbon footprint.

1.4.3. Direct, Methane Upgrading to Hydrocarbons

Direct methane upgrading was proposed as the competitive process to substitute
the conventional, multiple steps involved in methane upgrading to hydrocarbons.
Direct methane conversion undergoes a single step converting methane to hydrogen or
hydrocarbons. However, the reaction faces a few challenges, such as the high stability
of methane and efficient catalysts. Given the high stability of methane, the direct
approach using oxygen to active C-H bond was attempted at the beginning of 1980s°%
59 known as the direct, oxidative coupling of methane (OCM) reactions, which can be

expressed as below equations:

1 o
2CH4 ®) + 502 ® - C2H6(g) + HZO(g) AHf = =177 k]/mol (1.7)

1 °
C2H6 ® + 502 ® 4 C2H4(g) + HZO(g) AHf = —150 k]/mol (1.8)
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The process is attractive because of its single step to yield light olefins, which
is much simplified than conventional processes such as FT and petroleum cracking.
The reaction is exothermic in thermodynamics but limited by the kinetic, which
requires efficient catalysts. Typical catalysts used for OCM includes supported oxides
such as: Mn-NaWO04/Si0%°, PbO/AL,Os, and LagsSro2GaosMgo203s%!. The
perovskite oxide catalysts have recently become attractive for OCM due to the high
structural defects that favor methane activation®’, oxygen transports®?, and its
distinguished thermal stability®?. To reduce the coke formation, the reaction conditions
were carried out under high temperature (973-1173 K) and pressure (up to 250 kPa);
however, this required high thermal stability of catalysts and reactor®®. Another
challenge regarding OCM is that the C2 formation undergoes a gas-phase radical
reaction route, where side reactions are hard to avoid. Methane radicals are active
species that react with H>O in the gas phase and can jeopardize the C; by forming COa,
which is impossible to prevent because forming CO; is more favorable in
thermodynamics®. Although evidence shows CO, could increase the selectivity of
C>%, the total conversion is decreasing with the side reaction promotion. Besides, water
can reform the C» to contribute to the formation of CO. The reaction system undergoes
combined surface and gas phase routes®®, and suppressing the side reactions in OCM
is challenging. The progress of commercial-scale OCM is still under development. The

current OCM can reach 40-50 % methane conversion®” with 60-70 % C» olefins

68-70 63, 71

selectivity*®™, which produces C; higher than conventional process . Despite

catalyst design, technical challenges such as reactor design and process optimization

make commercial-scaled OCM profitable. The possible strategies can be applied to
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reduce the effect of side reactions and promote the hydrocarbon formation for OCM,
such as designing efficient catalysts to produce dissociated oxygen, using a membrane
63,72

reactor to deliver oxygen ions, removing CO> and C; products to shift the reaction

to make the overall process become profitable.

1.4.4. Direct, Non-oxidative Upgrading Methane Towards Hydrocarbons

and Hydrogen

Methane can be directly coupled to various hydrocarbons via a non-oxidative
methane coupling reaction (NMC). The absence of oxygen enables an overall emission-
free process, potentially reaching 100 % of carbon utilization. NMC produces a variety
of essential hydrocarbon products such as C. olefines (Acetylene, ethylene, and
ethane), aromatics (benzene, toluene, and naphthalene), and hydrogen, which is a
promising path for these essential hydrocarbons acquisition alternative to the
conventional petroleum chemicals. The reaction can be generally expressed via the

several equations shown as below:

2CH4 (® - C2H4(g) + Hz(g) AH; =+ 202.2 k]/mol (19)
6CH, () = CeHe(y + 9Hz (g AH; = + 498.2 k] /mol (1.10)
10CH, g) = C1oHg(s) + 16Hz g AH; = +825.7 k] /mol (1.11)

The product selectivity can be towards differently depends on the reaction
condition and catalysts. However, the reactions are highly endothermic in
thermodynamically and limited by kinetic, which requires considerable energy impute

and effective catalyst to promote the reaction, respectively. Consequently, challenges
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3. 74 catalyst sintering’®, and high cost of

have emerged such as spontaneous coking
equipment which significantly drag down the commercial scaled NMC development.
Although the challenges regarding NMC has not yet been fully resolved, the promising
features of NMC have never been shaded. NMC will become attractive in small-
medium onsite processes to produce hydrocarbons for the regions with high cost of
petroleum chemicals. The NMC could be more attractive than the conventional
methane upgrading process when emissions cost will be accounted’®. The one-step
reaction of NMC is also an advantage over conventional processes. These competitive
features of NMC enable it to become the most promising and attractive topic in research
and commercial interests.

Methane can be decomposed to hydrogen and solid carbon under non-oxidative
methane decomposition (NMD) process, which has recently received intensive
attention due to the growing need for hydrogen for future renewable energy to meet
zero-emission. Methane is the ideal feedstock with abundant reserve, affordable price,
and high hydrogen content. The ultra-pure, COx-free hydrogen, and solid carbon can
be produced via the following reaction without greenhouse emission’’:

CH, (g) = C(s) + 2Hyq AH; = + 75 kJ/mol (1.12)

The reaction is endothermic which requires energy input to drive. Under the
promotion of catalysts such as supported Ni catalysts, the reaction temperature can
rapidly decrease as low as 773 K””. However, the reaction faced the critical challenge
of catalyst deactivation, which inhibited commercial-scale methane decomposition.
The technological-economic evaluation of NMD exhibited a promising future in that

NMD can be profitable and suitable to produce hydrogen on a small/medium industrial
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scale’®. However, the current price of hydrogen from NMD is still higher than that of
SMR. To make NMD profitable, conducting necessary studies and resolving technical
issues in catalysis and reaction engineering are required before the commercial-scale
development of NMD®. In the meantime, carbon as a by-product can also contribute
to NMD profits. The different morphology/structure of carbon can be obtained
depending on the reaction conditions. The NMD will become more economical and
profitable when valued carbon products such as carbon nanotubes (CNTs) can be

produced, which have the potential for the carbon materials market.

1.5 Direct, Non-oxidative Methane Upgrading: Reaction Overview

The abundance of methane with grown shale gas mining in the next 30-50 years
is expected to support low-price methane as a hydrogen and hydrocarbon production
feedstock under non-oxidative conditions with CO, emission-free. Both reactions for
methane upgrade to hydrogen or hydrocarbons are endothermic and unfavorable in
thermodynamics, which requires intensive energy input, shown in Figure 1.2 A and
reaction equation 1.9-1.11. From the thermodynamics data, the formation of
hydrocarbons to reach equilibrium requires extremely high temperatures beyond 1200
K, where the methane decomposition to carbon reaches zero Gibbs free energy much
faster, around lower 1000 K to spontaneous. This demonstrated that coke formation is
more thermodynamically favorable than forming hydrocarbons, which can be a
significant challenge that needs to be addressed when moving toward hydrocarbon

formation. The calculation also shows the maximum allowance of thermodynamic

19



equilibrium for methane upgraded to hydrocarbons, typically smaller than hydrogen,

in Figure 1.2 (B)”.
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Figure 1.2. Thermodynamic data of typical non-oxidative methane conversions to
carbon, hydrogen, ethylene, and aromatics. (A) Gibbs free energy of non-oxidative
methane reactions as a function of temperatures (Data adapted from NIST Chemistry
Web Book?®?), (B) Equilibrium conversion of non-oxidative methane coupling reactions
(cited from literature”).

Besides the thermodynamic limitations, the reaction is an equilibrium-limited
reaction. As the reaction equations described in equations 1.9-1.12., the overall volume
is expanding towards forming value-added hydrocarbons and hydrogen. Pressuring the
system will result in a reaction backward from the equilibrium condition, thus reducing
the total conversion. The equilibrium conversion of methane to hydrocarbons drops if
the system is pressurized, the reaction will fall into a much lower equilibrium

conversion and take very long to reach actual conversion®!. To address the dilemma of

20



reaction suppressed by equilibrium limitation, previous studies have pointed out that if
hydrogen as the byproduct can be removed via a hydrogen-permeable reactor, the
reaction can be further shifted to break the limitation of equilibrium. Attempts have
been made to use perovskite oxides such as Eu-doped SrCeO; as the hydrogen
permeable membrane to demonstrate shifted equilibrium to elevate hydrocarbon yield
successfully®>#,

The direct, one-step NMC reaction to hydrocarbons is much simpler than the
conventional gas-to-liquid (GTL) process. It can be foreseen that the NMC can
significantly reduce the cost of operation and maintain a conventional process. The goal
is converting methane into useful hydrocarbons, making neither coke nor CO». The
carbon utilization efficiency for NMC can be evaluated as the selectivity of
hydrocarbons, compared with the conventional GTL as below:

Carbon utilization (CU) efficiency of NMC:

Ncv—~mc = Hydrocarbons selectivity (C — atom basis) = 99 % %°(1.13)

Carbon utilization efficiency " of GTL:

__ Converted Hydrocarbons (C—atom basis)

Nev-ere = Total Feeded CO =60% (1.14)

Kinetic limitation is another critical challenge to NMC. Without catalysts
present, the formation of hydrocarbons typically requires a much higher temperature
beyond 1500 K with a very minimum methane conversion. Applying an effective
catalyst can significantly reduce the reaction temperature and boost the reaction rate by
creating a catalytic path; the detailed discussion is available in the subsequent section

and chapters 2 and 3.
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Regarding methane upgrading to hydrogen and carbon, the reaction also faces
challenges in thermodynamics, as described in section 1.4.4. The reaction has hydrogen
formation enthalpy (+75 kJ/mol), which requires high energy impute but much less
than NMC. The energy efficiency of the methane upgrade to hydrogen (~ 51 %) is
much smaller than conventional SMR (~ 89 %) due to no CO, emission’®. Similar to
NMC, the reaction is also equilibrium limited due to the formation of hydrogen causing
the pressure build-up, which depresses the truth equilibrium conversion’® . When
pressure builds up, the equilibrium conversion will shift to lower due to the reaction
reversal, where the hydrogen starts reforming the carbon back to methane. This can
significantly limit the formation of hydrogen. Although the methane decomposition to
hydrogen and carbon is more favorable than NMC, the reaction is also limited by
kinetic as the high stability of methane requires high energy impute to active C-H bond.
A suitable catalyst can significantly reduce the reaction temperature by reconfiguring
the reaction path with much lower activation energy and rapidly improving the reaction

rate. The detailed discussion will be continued in section 1.7 and further chapters.

1.6 Catalysts Development for Non-oxidative Methane Upgrading

1.6.1 Early Development of Catalysts and Methane Activation

The origin of non-oxidative methane upgrading can be traced to the early
thermal decomposition of methane without catalysts. Bone et al. first demonstrated the

thermal decomposition of methane to obtain unsaturated hydrocarbons, hydrogen, and
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coke in Berlin porcelain tubes up to 1273 K*. Due to the absence of a catalyst, the
reaction received a low selectivity of hydrocarbon yield. Similar results were observed
by Jones using thermal treatment to decompose methane in a quartz reactor, and a trace
amount of olefins was obtained®. Such low conversion and selectivity can be attributed
to the absence of a catalyst, and Kassel agreed that it’s impossible to reach equilibrium
without catalysts’'. Besides the conventional thermally non-catalytic methane
upgrading, Jones first reported that platinum wire electric sparking could decompose
methane but received a very minimum higher hydrocarbon yield of less than 10 %,
Storch reported that a carbon filament lamp was designed to decompose methane from
temperatures ranging from 1730-1973 K, which can effectively form C; hydrocarbons,
thus reducing the coke selectivity. Although the non-catalytic methane upgrading is
inappropriate for reaction promotion toward reasonable conversion with valuable
product selectivity, these early findings in non-catalytic methane decomposition have
inspired the route of converting methane into higher hydrocarbons®* 3.

Back to the early studies of the thermal decomposition of methane. Bone et al.
first reported the effect of surface packing materials in the reactor that can promote
methane decomposition at relatively lower temperatures ¥. A similar phenomenon was
also discovered in Slater’s study that different materials such as quartz, magnesia, silica
bulbs, graphite, silica carbide, iron, and copper were investigated as the surface for
methane decomposition®. The results show that Fe, C, and silica carbide received
higher methane activation than other materials. Since then, metals have become
possible candidates for methane activation. In 1927, Yamaguti reported that reduced

Ni from NiO has a remarkable activity to decompose methane toward hydrogen and
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carbon between 873 -1273 K with methane conversion up to 18 % . Holliday et al.
verified that the Ni catalyst can significantly boost reaction toward equilibrium in
methane decomposition®®. The extraordinary performance of Ni catalyst was also
recognized by Cantelo”’. These early studies have demonstrated the promising
performance of catalysts to boost methane decomposition to hydrogen and carbon but
cannot move toward hydrocarbons significantly. However, Ni-based catalysts received

intensive attention as successful catalysts for upgrading methane to hydrogen.

1.6.2 Supported-Nanostructured Catalysts for Methane Upgrading

Towards Hydrogen

The catalyst development in the early study focused on bulk metal oxide and
metals; the insufficient activity remains due to the inhomogeneous distribution of sites,
insufficient surface area, and particle size. New catalysts prepared by dispersing the
transition metal nanoparticles and clusters on specific supporting material can
effectively overcome the above issues in bulk-form catalysts. Ni-based catalysts are the
most popular studied for methane decomposition toward hydrogen due to their
favorable methane activation®®!%. These catalysts primarily have Ni active sites in
nanoparticles or cluster forms distributed on the surface of supporting materials, which
create suitable surfaces for methane adsorption with very low energy and favor

dissociation of C-H bonds''®. Other transitional metals such as Fe!?7 111-113 o107, 114-

16 pgli7-119 ptl03.120. 121 were investigated showing activity decomposition of methane.
The supported nanostructured catalysts can significantly reduce the reaction

temperature below 873 K!% 19 form carbon nanotube with CO, free hydrogen by
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116, 122

following the typical tip and base grown mechanism based on Langmuir-

123

Hinshelwood principle'“”. However, the major drawbacks in supported nanostructured

124, 125

catalysts, including deactivation caused by coking , sites migrating'??, and

sintering!?¢

at high temperatures, significantly limited its applications in commercial-
scaled processing. To better understand the structure-properties-performance
relationship, the effect of support™ 14127 the effect of particle size'?® '?°, and the effect

106, 130.

of promotors were investigated, which can be further used to design robust,

coking tolerance catalysts for methane decomposition.

1.6.3 Unconventional Liquid Phase Catalysts for Methane Upgrading

Towards Hydrogen

To overcome the deactivation issues discussed in the supported nanostructured
catalysts, the liquid phase systems were reported as effective catalysts and media to
separate the carbon generated from methane decomposition. Serban reported Sn, Pb
can be used to isolate the carbon generated from the methane decomposition'®!. Plevan
and GeiBler et al. evaluated the Sn system in a bubble column reactor and received
active NMD performance'*> 133, However, the methane conversion was low in the Sn
and Pb system due to the Sn and Pb being less active for methane activation. Wang et
al. proposed using liquid Mg as both catalyst and separation media and discovered

Mg3C; as reaction catalytic intermedia'>*

. Upham et al. reported a Ni-Bi binary system
for methane decomposition at 1338 K with much higher methane conversion up to 95

%!3%. The Ni-Bi system has atomic dispersed Ni, which is the extraordinary active

catalyst for methane decomposition. This remarkable Ni-Bi system received attention
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and further inspired many valuable works in the following, such as Ni-Sn'3¢ 137 Ni-Bi-
Mo, and Cu-Bi'* systems. Other than liquid systems were also investigated, such
as: MnCL'%, FeCl,'*!, Ga® and Te!*?. The liquid phase catalysts also exhibited some
disadvantages such as the Ni-Bi system having carbon contamination issues'#*, catalyst
deactivation'3®, and metal evaporation'*}, which is unacceptable to make profits. The
molten salt system can largely suppress the evaporation, but the activity is much lower
than the Ni-Bi system. Therefore, the technological challenges of liquid phase catalysts

remain and must be addressed before they are scaled up commercially.

1.6.4 Early Catalysts Development for NMC

The catalyst developments for NMC were initiated from the same early study
of methane decomposition discussed in section 1.6.1. The methane converted to higher
value-added hydrocarbons is promising but unsuccessful due to a lack of effective
catalysts. The bulk catalysts such as Pt'* carbon filament!'*> ¢ silica®, Ni'¥’, and
Fe®* reported from these early studies, did not observe promising performance due to
insufficient surface area and low activity. To overcome the kinetic limitation, suppress
the coke selectivity, and improve the overall activity, supported nanostructured
catalysts were developed to significantly improve the methane activation performance
by reducing process temperature. Nanostructured catalyst such as 6 %-Pt/SiO> was
evaluated with active performance to produce higher hydrocarbons but received very

8

low conversion after exposure to methane'*® at 523 K. To improve the overall

hydrocarbon production and suppress coke formation, bi-metallic design of Pt-Sn'*’,

Pt-Bi"°, and Ni-P'3! demonstrated successfully of coke suppression and improvement
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of hydrocarbons selectivity by tailoring the electronic structure of Pt and Ni. Other
types of nanostructured catalysts were also reported such as GaN/Silica and Ga

152133 and tailoring the electronic structure of catalysts by bi-metallic

modified zeolite
design gains valuable inside of methane activation under non-oxidative conditions,
however, did not significantly receive improvement due to insufficient conversion and

high coking selectivity, which is not acceptable for commercialized development of

NMC.

1.6.5 Zeolite-Supported Mo Catalysts for Methane Upgrading Towards

Hydrocarbons

High-surface area and three-dimensional silica-aluminate framework zeolite
are popular supporting materials for catalysis. In 1993, Wang et al. first reported
zeolite-supported Mo/ZSM-5 catalyst exhibiting exclusive high aromatic selectivity at
973 K!3*, The success of Mo/ZSM-5 has become the state-of-art, most popular catalyst
for NMC in the past few decades. Unlike other nanostructured catalysts, the ZSM-5
framework provides a satisfactory spatial effect for aromatics formation'*>'>’. The
studies have revealed two well-recognized mechanisms of aromatics formation over
Mo/ZSM-5. First, Mo species were carburized to Mo>C, dispersed Mo2C», or MoC
species after exposure to the methane, depending on the actual loading catalysts. In the
hydrocarbon pool mechanism, the highly activated, unsaturated aromatics precursor
CxHy intermediates were formed by dehydrogenation on the Mo>C surface and inside
the ZSM-5 channel. The unsaturated aromatics precursor CxHy can be reformed by

hydrogen to yield aromatics'>®. In the bifunctional mechanism, the Mo speices firstly
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cleave the C-H bond and convert methane to C; as intermediates, then the C, was
dehydrogenated at the Bronsted acid sites of ZSM-5 to form aromatics'>’. The Bronsted
acid sites in zeolite are unique features to improve the dispersing of the Mo site and
provide oligomerization opportunities, which can be adjusted with suitable Si/Al ratio
and type of structure. Based on this, the Mo/ZSM-5 structure can be tailorized with
different proprotors'®% 11 Si/Al ratio'®?, and active sites'®* to enable selectivity shifts
and activity improvements. These investigations also expanded to other catalysts such
as Zn'® 165 Fe!7: 166 Ga, and W' 7 which exhibited active NMC performance.
Although Mo/ZSM-5 is the active catalyst for NMC which has been intensively
studied. The drawbacks remain on Mo/ZSM-5 were still not fully addressed. Coking
formed inside the zeolite channel during NMC reaction can often block the contact of
catalytic sites to methane, has significantly deactivated the NMC performance, and
requires regeneration'>® 161- 168 Besides, the high operating temperature also causes Mo
site sintering'®®, which irreversibly damages the catalysts. These drawbacks must be
addressed before establishing a commercial NMC process using the Mo/ZSM-5

catalyst.

1.6.6  Singel-atom Catalysts for Methane Upgrading Towards

Hydrocarbons

Singel-atom catalysts (SACs) are atomically dispersed supported catalysts
recently become attractive in catalysis engineering due to their unique design and
extraordinary catalytic performance. The atomic dispersing of SACs can effectively

utilize the catalyst, thus significantly reducing the metal loading and cost in catalysts.
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Noble metals such as Ru, Rh, Pd, and Pt could be produced with SAC configuration to
withstand even better performance at less cost. However, atomic dispersing is
metastable in thermodynamics, which tends to agglomerate to nanoclusters or particles.
Because the agglomerate of a single site is typically irreversible and highly coordinated,
strong bonding of the active center to the support is typically used to maintain
dispersing and immobilizing the atomic active center. Xie et al.!”® reported SACs
Pt1@CeO: exhibiting active NMC performance with 75 % hydrocarbon selectivity in
14.4 % methane conversion at 1248 K. The high stability of SAC Pt;@CeO: can be
attributed to its unique synthesis method via the crystallization of CeO, with PtCl4
precursor under hydrothermal conditions. The metal-organic synthesis method
successfully built robust SACs on different surfaces. Soulivong et al. innovated a single
atom Ta supported by silica as an active center for NMC exhibiting high selectivity of
C> (>98%) with 0.5 % methane conversion at 748 K'”!. The catalyst has a unique

configuration as ((=Si10).Ta—H) prepared by wet chemistry metal-organic synthesis,

as the method to secure single dispersed Ta atoms. Similar methods were adopted in
silica-supported Fe single site for NMC reported by Sot et al.'”?. The direct wet
impregnation method has also been used to synthesize SACs Mo/MCM-22, where Mo
can also exist as the isolated site in porous silica/zeolite!”> 7%, These SACs can
effectively activate methane, but the performance is low and unacceptable for
commercial-scaled NMC.

Despite the wet-chemistry prepared SCAs, a remarkable SAC developed by
Guo et al. using fame fusion of Fe>Si04 with silica to confine single atom Fe catalyst

(denoted as Fe©Si0y), which exhibited highly high performance in NMC with 45 %
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methane conversion at 1373 K without coking®®. Fe©SiO; is a promising candidate
combining high performance and low coke selectivity as the current state-of-the-art
SAC for NMC. It has unique Fe single atoms confined by the silica lattice, created by
flame fusion of Fe2SiO4. The Fe coordinated to the support has high strength with a
low surface area of support, resulting in reduced coke formation and high methane
activation. The mechanism of NMC over Fe©SiO; was disclosed with the co-existence
of multiple complex processes. Firstly, FeSiC,©SiO; carburized from fresh state
FeO3©Si0: by activating, verified as the actual active center for methane activation®®
175 A radical process was reported as a possible mechanism involving surface catalytic
reaction and gas phase. For C; formation, Liu et al. proposed a surface activation path
of methane activation via absorption followed by dissociation of C-H over
FeSiC2©Si0,!7®. The critical step inside is to activate methyl on FeSiC2©SiO2, which can
couple the carbon atom on FeSiC>©Si0; to form C; and restore by reforming CHy
molecules. The mechanism can successfully explain the activation of the C-H bond but
is insufficient to explain the formation of lavishing compounds. Kim et al. proposed
that the FeS1C2©Si10; active methane undergoes synergic surface catalytic path and gas
phase path!”’. In the surface reaction path, methane firstly absorbed to FeSiC,©SiO
center and dissociated the C-H bond. The following formation of C> was assisted by
CHj3 radicals reforming. In the gas phase path, the role of the active center involving
many radicals such as methyl, ethyl, and hydrogen radicals is essential for hydrocarbon
formation and regenerating the catalytic sites, which has been reported by many

literatures!’81%°, Regarding the aromatic formation, Puente - Urbina et al. reported a

gas phase path starting from ethylene as the precursor via dehydrogenation and
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coupling to higher unsaturated hydrocarbons'®!. The key finding by detecting the Cs-
Cs intermediates is highly correlated to aromatics formation. Postma et al. studied the
effect of C, co-feeding. They discovered that co-feeding improves the formation of
aromatics and elevates the overall methane conversion by the gas phase process 7% 182,
Overall, the combined surface catalytic and gas phase reaction seems to be a general
feature for SACs in NMC reactions. Besides the reaction mechanism, Fe-based SACs
were incorporated with reactor design to promote hydrocarbon formation, such as
catalytic wall reactor and membrane reactor. The results indicate the robustness of the
Fe-based SACs-coated catalytic wall reactor; even when coke formation occurs, the
reaction does not exhibit deactivation'®® ¥, The membrane can effectively shift
equilibrium forward over the catalyst and drive the formation of hydrocarbons®*%,
Except for the experimental efforts, processing design, and reaction optimization were
also studied using computational methods and provided valuable guidance to design
NMC to receive profits!®187. The catalyst development on Fe-based SACs was also
investigated. Han et. al. reported cristobalite-supported Fe SACs prepared via furnace
fusion and studied the effect of bi-metallic by incorporating Co, Ni, Pd, and Pt with
Fe/SiO2 and received promotional effect'®® 8%, More than experimental evidence,
computational catalyst design provides inside guidance for future catalyst design by
DFT simulation'®® and screening!®!. These results have systematically contributed to

gaining new understanding of NMC over Fe-based SACs, which can be used as

enlightenment for the further NMC process design.
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1.7 Challenges for Non-Oxidative Methane Upgrading

Following the goal of net zero-emission, the growth value of processing
hydrogen and valuable hydrocarbon without greenhouse emissions can be anticipated.
To become commercially profitable, the overall process of methane upgrading needs
to produce hydrogen and hydrocarbons at a much lower cost of production. Blue
hydrogen still holds the most competitive price, around $ 1.8-3 per kg. The methane
price in March of 2024 was $ 1.752 mmbtu'®?, equivalent to $ 1.97/kg hydrogen, but
still higher than the conventional SMR. There are two possible factors for NMD to
become profitable: when the cost of CO2 emission is included and the carbon market
rises’. If NMD can be developed with yields of high-valued, advanced nanocarbon
materials such as carbon nanotubes or fibers, it should make NMD more competitive.

Based on the process simulation'®, the NMC to value-added hydrocarbons
process requires less than 20 % coke formation and an overall methane conversion
more significant than 25 % to achieve profitability with the distribution of 26.8 %
ethylene, 22.9 % benzene, plus 20.2 % naphthalene. The investigation indicates that
low-cost and high-performance catalyst development is essential for the NMC to
become profitable. To meet these requirements, the following challenges need to be
resolved.

1) Limitation by Reaction Kinetic and Pressure Effect

The critical challenge in methane upgrading is the kinetic of methane activation.
Based on the previous discussion, the high symmetry of methane molecules requires a

very high temperature (> 1500 K) to active methane without presenting catalysts.
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Without a catalyst, the reaction reached equilibrium conditions as the final
dehydrogenation and jeopardized the formation of hydrocarbons. Figure 1.2
demonstrates the thermodynamic equilibrium of methane converted to hydrocarbons
and carbons without presenting a catalyst. A conflict of increasing overall methane
conversion by rising temperature will spontaneously allow coke formation, thus
attenuating the selectivity of hydrocarbon. This is because, at higher temperatures, the
gas phase reaction is more dominated. Under the gas-phase condition, increasing the
temperature does not help the hydrocarbon selectivity increase. The conversion
increases result in the hydrogen partial pressure, which could neutralize the important
intermediates, causing the C2 product to decrease, but the aromatics increased!®>.
Therefore, a necessary catalyst is required to produce hydrocarbons and suppress the
kinetic limitation by turning selectivity to specific products, regulating gas phase

reactions, and significantly reducing the reaction temperature.

2) Challenges of Low Robustness and Coking in Catalyst Development

Developing a suitable catalyst is needed besides the kinetic challenges
remaining in non-oxidative methane upgrading. Several issues remain from the
previous discussion of catalyst development status for non-oxidative methane
upgrading. Coking is the most critical issue to deactivation and needs to be addressed
immediately. For non-oxidative methane converts to hydrocarbons, conventional
Mo/ZSM-5 and nano-structured catalysts cannot satisfy the current demands due to
their low coking tolerance and rapid deactivation during reaction conditions. This is

because the coke deposition can create diffusion limitation between catalytic sites to
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the methane, making catalysts out of function. Typically, coke deposition cannot be
removed uncles under an oxidative environment, which is unsuitable for commercial-
scaled processing. The only hope to minimize the coke formation is to understand the
nature of the coke formation mechanism and develop a suitable catalyst combined with
low coke selectivity and high coke tolerance without sacrificing its performance. To
begin with, this requires the catalyst to have high activity, rationally dispersed catalytic
sites such as SACs, and a support that does not favor coking. For methane upgrading
to hydrogen and solid carbon, coking is an even more severe problem that harms the
catalysts, such as conventional supported metal catalysts deactivated by a coking-
caused diffusion barrier, as discussed above. The recently developed non-conventional
catalysts, such as liquid metal catalysts, also face deactivation issues caused by coking.
Although the liquid metal does not wet with the carbon, a tiny portion of carbon can
still dissolve into the liquid metal, which can cause deactivation and be extremely hard
to remove. A similar problem also existed in the molten salt system, which has no such
way to resolve. A possible solution can be created by creating a surface reaction catalyst
with a high carbon transfer ability that directionally guides carbon accumulation.
Besides the coking, the high-temperature condition of methane upgrading is
another crucial challenge to the catalyst that must be durable under elevated
temperature conditions. Because thermodynamics requires methane activation, the
NMC and NMD must be operated at high temperatures. Conventional zeolite-
supported nano-catalysts cannot tolerate temperatures above 1073 K due to their
instability of structure!**!'%. Typically, there are two types of instability: structural

collapse and catalytic site migration. For structure collapse, such as zeolite-type
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support, becomes unstable under high temperatures. This has limited the application of
zeolite catalysts for high-temperature NMC. Regarding the catalytic site migration, the
high temperature can severely jeopardize the catalytic sites, resulting in sintering!®”- 1%,
evaporation'”®, and phase separation’”’, which can be ascribed to the quantum size
effect!2201:202 of nano or atomic-scaled objects. For example, the melting temperature
of a 4.3 nm nickel nanoparticle is approximately 1200 K?%, where the bulk nickel is
1726 K. Therefore, the sized-dependent physical and chemical properties could be
endangered when reaction temperatures range from 800-1200 K. These catalytic site
migrations are often irreversible, causing the catalysts to be permanently malfunction
or deactivated. To go against these catalyst failures under high temperatures, it is
necessary to develop catalysts with robust structures and establish stable bounding
between catalytic sites with the supports. Possible strategies could be selecting
thermally stable catalyst support, applying chemical or physical treatment, and using
synthesis techniques to enhance the bonding between catalysts to the support. This is

especially meaningful to the progress of non-oxidative methane upgrading.

3) Engineering Challenges for Non-oxidative Methane Upgrading

The remaining engineering challenge in the commercial development of non-
oxidative methane upgrading is improving overall efficiency. Thermal management is
the most essential engineering control strategy, so the goal is to maximize heat
efficiency. With the high-temperature demand for NMC, improving heat transfer to the
methane becomes the most critical challenge. In the conventional fixed bed reactor, the

heating profile goes by convection from the heating element to the reactor wall,
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followed by convection from the wall to the catalyst bed. However, utilizing a catalytic
wall reactor design could improve the heat transfer efficiency and reduce the
convection by bridging continuous conduction-dominated heat transfers, so the heat
transfer gradient from the heating source to the catalyst can be significantly reduced'®*.
In the meantime, the reaction efficiency can be improved by preheating the recent gas,
as demonstrated in some previous study'®. The coupling of the NMC or NMD with
the methane oxidization to an autothermal reactor will also contribute to reaching high
thermal efficiency. To move forward with these designs, necessary studies, and tests
are required to prove ideas, estimate the overall cost, and optimize the process condition
if applicable, which has not been fully discovered.

Besides thermal management challenges, engineering strategies have not been
fully understood to boost the production reaction rate to reach a sufficiently high level,
as the guarantee for the overall process maintains profits. Necessary engineering
designs have not been investigated, such as reactor space, contact time, and temperature
profile related to the reaction. These results are critical to pursuing a commercial-scaled
process. The carbon product removal strategies also need to be considered. Since the
coking cannot be suppressed entirely, the high-valued coke (carbon nanomaterials)
must be retrieved. The process of retrieving carbon from spent catalyst needs to be
studied to establish a complete production line for non-oxidative methane upgrading.
Several fundamental works have proposed method address the above challenges for

135, 142

methane upgrade to hydrogen , where the NMC remain under development.
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1.8 Dissertation Objective and Overview

Techniques of non-oxidative methane upgrading to hydrogen, hydrocarbons,
and advanced carbon materials are promising strategies for zero-emission goals. The
technologies can satisfy the gigantic need for hydrogen for power generation via fuel
cells, chemicals, and materials using less expensive, renewable, and non-fossil sources,
which can establish a robust, self-sufficient economy ecosystem. Two core
technologies, NMC and NMD are still facing several critical challenges, as discussed
in the ed in above sections. To address these challenges, this dissertation focused
catalyst to understand how structure and different catalytic elements affect the
performance of NMC and NMD, plus providing catalytic solutions while solutions with
considering how to produce value-added coke.

In this dissertation, chapter 2 reported the development of a flamed fused
vitreous silica-supported Fe catalyst for NMC with low coking selectivity and high
coking tolerance. The flame fusion enables rapid phase change of silica, which can
create sufficient structural defects to confine Fe sites and maintain isolated dispersion.
The vitreous silica is a superior support than cristobalite due to less coking and
exhibiting no degradation even if a small amount of coke was formed. This successful
development of catalyst can be used for continuous NMC reaction.

Chapter 3 investigated Mn, Fe, Co, Ni, and Cu transitional metal catalysts using
a vitreous silica support platform to screen suitable alternative catalysts for NMC. The
study revealed that variation of NMC activity resulted from different structures, which
were determined by flame fusion and correlated to the inside fundamental properties of

these transitional metals.
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Chapter 4 introduced a novel catalytic wall reactor that demonstrated high
methane conversion under NMC conditions. This reactor can be used to produce
valuable hydrocarbons, hydrogen, and carbon nanospheres.

Chapter 5 described a newly developed robust zeolite support Co catalyst for
catalytic methane decomposition. By posttreatment, such as dealumination, zeolite
BEA can maintain its original framework structure but gain abundant defects, which
can be utilized to increase the confinement of Co atoms or nanoparticles. The design

catalyst targeted low-temperature NMD, process hydrogen, and utilizable CNTs.
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Chapter 2: Develop Vitreous Silica Supported Fe/SiO2
Catalyst for Direct, Non-oxidative Methane Coupling

Towards Hydrocarbons Production

This chapter is adapted from Liu, Zixiao, Sichao Cheng, Emily Schulman, Weiqi Chen,
Dionisios G. Vlachos, Yuying Shu, Dat T. Tran, and Dongxia Liu. "Direct non-
oxidative methane coupling on vitreous silica-supported iron catalysts." Catalysis

Today 416 (2023): 113873.

2.1 Abstract

In advancing direct NMC as a promising route for converting methane into
valuable olefins and aromatics, the role of silica-supported iron catalysts, specifically
Fe/SiOy, has not yet been discovered. This study delves into the largely unexplored
territory of how the structural property of silica supports the influence of catalyst
behavior and NMC performance by introducing a novel catalyst, Fe/SiO;-v, created
through the flame fusion of quartz silica and fayalite. The investigation reveals that
vitreous silica supports, characterized by their disordered Si-O bonds and structural
defects, facilitate improved iron dispersion and stronger metal-support interaction
compared to the traditional crystalline cristobalite supports. This leads to a notable
decrease in the induction period for methane activation and reduced coke formation
during NMC. Moreover, an increase in iron content within the Fe/Si0,-v catalysts is

observed to extend the induction period while also enhancing aromatic and coke

39



production, with the coke generated by the spent Fe/SiO2-v catalyst showing a more
uniform composition than that from cristobalite-supported iron catalysts. This
highlights the potential benefits of employing vitreous silica as a support material in

developing more efficient iron-based NMC catalysts.

2.2 Introduction

Direct NMC is one of the approaches to convert methane into chemicals such
as ethylene (C2H4), benzene (Cg¢Hg), and naphthalene (CioHs), which combined are
referred to as Cy+ hydrocarbons, and hydrogen (H2). In the absence of oxygen (O2),
fully or partially oxidized by-products (e.g., carbon dioxide (CO2), carbon monoxide
(CO), and water (H20)) do not exist, both carbon and hydrogen in methane in the NMC
can approach high carbon utilization efficiency.

The earliest studies for direct NMC demonstrated non-catalytic thermal
decomposition in closed batch reactors towards hydrogen and carbon products %6204,
High temperature (e.g., >1473 K) and sizeable heated surface area are essential to reach
high methane conversions. C>+ hydrocarbons from methane production in NMC were
mainly studied in flow reactors at medium-high temperatures (e.g., ~1273 K) in
catalysts with mixed surface and gas-phase reactions’* 205298 Therefore, the role of
catalysts is insignificant due to rapid gas-phase radical chemistry in the studied
temperature conditions. Considerable efforts have been devoted to -catalyst
development for catalytic NMC reactions at relatively low-temperature conditions

(e.g., ~1023K) in the past decades®® ¥ 15+ 20 Bylk metal, metal oxide, boron nitride,

zeolite-supported metal, metal oxide-supported metal, etc. catalysts have been widely

40



studied?!® 2!, The molybdenum/zeolite (e.g., Mo/ZSM-5) has been the most
extensively studied catalyst!*® 157 168: 212 Although a substantial enhancement of the
hydrocarbon product selectivity has been realized in NMC over the Mo/ZSM-5 catalyst
compared to non-catalytic methane pyrolysis, methane conversion is relatively low
(e.g., ~16% at 1023 K), and the catalyst has speedy deactivation. The iron/silica
(Fe/Si02, Fe species embedded in SiO; matrix) is a catalyst actively studied in recent
years®®: 178 188 Compared to the Mo/ZSM-5 catalyst, the Fe/SiO, enables NMC at
higher temperatures (e.g., ~1273 K), produces C>+ hydrocarbons, and minimizes
coking when proper temperature and space velocity are selected.

Following the potential of Fe/Si0O; catalysts in the NMC chemistry, studies for

172, 175, 213

fundamental insight into the type of active site , and reaction mechanism '7%

177, 179, 181 of this catalyst system have been actively pursued. The engineering of
reactors to manipulate the mixed surface-gas phase chemistry to optimize the Co+
hydrocarbon production and minimize coke formation has also been investigated 34 7%
180, 183, 182 1p all these studies, it should be noted that the Fe/SiO> catalyst was prepared
from a mixture of quartz and fayalite in a melt-fusing process at 1973 K in a heating
furnace®? %% 188 The silica support in the as-fused catalysts has a crystalline cristobalite
polymorph. Compared with other silica supports, such as zeolite or amorphous silica
synthesized from low-temperature processes in the Fe-containing catalyst analogues®®
188 the cristobalite-supported iron catalysts had a higher resistance to structural
sintering and coke deposition. As the most abundant metal oxide in the earth’s thrust,

silica has multiple polymorphs. Studies have shown that all the polymorphs have

different Si-O bond lengths, angles, ordering, etc., which determine different
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physicochemical properties®'*. However, the studies for Fe/SiO: catalysts have not
explored other silica support polymorphs except for cristobalite in the open literature
that we can locate.

Here, we aimed to prepare the Fe/SiO; catalysts supported by amorphous
vitreous silica and study their physicochemical properties and catalytic performance in
the NMC reactions. The quartz silica was used as the precursor material of vitreous
silica. The catalysts were prepared by flame fusion of quartz support and fayalite
particles using an oxyhydrogen torch. The phase transformation under high
temperature distorts the Si-O bonding structure and creates structural defects in the
vitrified silica in comparison to the crystalline silica polymorphs, which is expected to
influence the iron habitation environment in the as-developed catalysts and the
consequent NMC performances. The as-prepared Fe/SiO»-v catalyst was studied by
elemental composition analysis, N2 adsorption/desorption isotherm, X-ray powder
diffraction (XRD), Raman spectrometry, X-ray photoelectron spectroscopy (XPS),
diffuse reflectance UV-vis spectroscopy (DR UV-vis) and hydrogen-temperature
programmed reduction (H2-TPR) collectively. The catalyst activation and steady-state
performance in the NMC were studied and compared to those of the cristobalite-
supported Fe/SiO» catalyst. The effects of the iron content in the Fe/SiO»-v were also
studied. The spent catalysts were analyzed by thermogravimetric analysis and

temperature-programmed oxidation (TPO) to understand coke properties.
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2.3 Experimental Methods

2.3.1 Materials

High-purity, low Fe containing silica powder (Quartz phase, 0.4 ppm Fe, IOTA-
4, Sibelco, Inc) and fayalite (Fe2Si04) were used as precursors for synthesizing the
vitreous silica-supported iron (Fe/Si0z-v) catalysts. A sol-gel method first reported by
DeAngelis, Michael T., et al. was adopted to synthesize the Fe>SiO4 21°, with the purity
verified by XRD. Nitric acid (HNO3, ACS grade) was purchased from Fisher Scientific.
Deionized water used by the experiment was supplied by Milli-Q® EQ 7008/16

ultrapure water system.

2.3.2 Prepare Flame Fused, Vitreous Silica-supported Fe/SiO, Catalysts

Fe/SiO;-v catalysts were prepared by the following procedures: 10.00 g silica
(Quartz phase, IOTA-4, Seblco Group) mixed with a certain amount of Fe>SiO4
material in a 125 mL Nalgene® high-density polyethylene (HDPE) bottle, followed by
a well-mixing in a jar mill for 24 h. The mixture was then pressed to a pellet under five
metric tons in a stainless-steel die (28.6 mm in diameter, Carver, P/N:2090-0). The
pellet was placed on the top of an alumina insulation block and fused by an oxy-
hydrogen flame to form a glassy ingot. The apparatus used for flame fusion is
demonstrated in Figure. The ingot was then crushed into pieces and sieved to 40-80
mesh particle size range by the ASTM standard mesh set. The as-sieved Fe/SiO»-v
particles were suspended in 1.0 M HNOj solution (the weight ratio of catalyst to HNO3

solution = 1:10) under rigorous magnetic stirring at ambient temperature for 3 h.
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Subsequently, the particles were collected by centrifugation, washed with deionized
water three times, and dried at 343 K overnight. Finally, the Fe/SiO>-v sample was
calcined in dry air (100 mL min-1, Airgas) by raising the furnace temperature from 298
K to 823 K at a ramp rate of 5 K min™ and kept for 4 h at 823K. After cooling to room
temperature, the sample was transferred into a glass vial and kept in a desiccator for
further characterization and catalysis tests.

To study the effects of iron concentration in the catalysts, FeSiOz-v samples
with nominal iron loadings of 0.10 wt. %, 0.50 wt. % and 1.50 wt. % were prepared.
For comparison purposes, the cristobalite-supported iron catalyst (denotated as
Fe/Si0;-c) containing 0.10 wt.% iron was prepared following the same procedure as
the Fe/Si102-v catalyst, except that the sample was fused in a high-temperature furnace

(SentroTech, ST-1800-121216) at 1973 K under ambient air for 6 h.

2.3.3 Catalyst Characterization

XRD pattern of catalysts and Fa>SiO4 were measured on a Bruker® D8
diffractometer using the Cu-Ka radiation. The scan was performed with a step size of
0.02 degrees and a step time of 3 s. The iron content in the catalyst was determined by
the inductively coupled plasma-optical emission spectrometry (ICP-OES). Raman
spectra were collected at room temperature using HJY LabRam ARAMIS Raman
spectrometer under 532 nm wavelength, 600 grid/mm gathering size, and calibrated at
520 cm-1 using an intrinsic silicon wafer standard. X-ray photoelectron spectroscopy
(XPS) data were measured using a Kratos Axis 165 spectrometer with Al

monochromatic X-ray source. Nz isotherms were measured at 77 K using an Autosorb-
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1Q analyzer (by Quantachrome Instruments). Before the measurement, samples were
evacuated overnight at 573 K under 1 mmHg pressure. DR UV-vis spectra were
obtained using an Ocean Optics USB2000 + spectrometer equipped with an 1S200-4
integrating sphere detector.

Temperature programed reduction of under H> gas (H>-TPR) for the fresh
Fe/SiO; catalysts were carried out by the Quantachrome Autosorb-iQ analyzer
equipped with a thermal conductivity detector (TCD). The sample was thermally
treated under N> gas flow (40 mL min-1, Research grade, Airgas) at 823 K for 4 h
before the measurement. After cooling to 323 K, the gas was switched to 5 % H2/N»
(40 mL/min). The catalyst sample was then heated to 1223 K with a 10 K/min ramp
rate and dwelled for 10 min at the final temperature. An inline liquid nitrogen cold trap
was used to condense water vapor generated during the experiment to avoid TCD signal

interference.

2.3.4 Catalyst Test Under NMC Conditions

The NMC reaction was conducted in a straight tubular packed-bed quartz
reactor with a scheme shown in Figure 2.1 A. In each experiment, the catalyst sample
(0.375 g) in the reactor was placed in a vertical tube furnace aperture (Figure 2.1 B),
heated from room temperature to 1273 K under a flowing N2 (50 mL min™!, UHP grade,
Airgas) at a ramping rate of 10 K min™'. The tube furnace has a sufficient isotherm zone
that enables the catalyst bed's uniformly distributed temperature profile. After reaching
the set temperature, methane (Research grade, Airgas) flow at 16 mL min™' mixed with

Ar gas (internal standard) at 4 mL min™! was introduced into the reactor. The catalyst
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temperature was measured using a K-type thermocouple whose tip was placed at the
middle position of the catalyst bed on the external surface of the quartz reactor. The
reaction effluents were analyzed using a gas chromatograph (Agilent 7890A)
containing a methyl-siloxane capillary column (HP-1, 50.0 m % 320 um X 0.52 um)
connected to a flame ionization detector (FID) and a packed column (ShinCarbon ST
Columns, 80/100 mesh, 1.83 m) configured to a TCD. Methane activation on the
catalyst in the initial stage of the reaction was monitored by mass spectroscopy (MS,
Prima BT, ThermoFisher Scientific). Before reaching the MS equipment, the product
effluents flowed through a dry ice/acetone cold trap to condense out the aromatic

products to prevent blockage of gas lines in the MS system by aromatics products.
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Figure 2.1. Schematics of quartz reactor (A) and inside view of reactor position in the

furnace as well as measured temperature profile (B) used in the NMC reaction.
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2.3.5 Analysis of Spent Catalysts

The coke quantity in the spent catalysts was determined by the
thermogravimetric analysis (TGA, Shimadzu, TA-50) method. Typically, 0.05 g of
spent catalyst was exposed to 50 mL min™! flowing air (Research grade, Airgas) and
ramped from room temperature to 1273 K with a 10 K min™' rate. The weight loss
resulting from the combustion of coke on the catalyst was recorded. The coke nature
of the spent catalyst was examined using the TPO. The spent catalyst was placed inside
a quartz cell, immobilized by quartz wool, and then set in a temperature-controlled
furnace. The temperature was monitored by a K-type thermocouple attached to the
outer wall of the quartz sample cell. The furnace was ramped to 1123 K at a ramp rate
of 10 K min™! under a flowing Ar (45 mL min ™!, ultrapure, Airgas) and O> (5 mL min ™",

ultrapure, Airgas) atmosphere. The Oz, CO», and CO profiles were monitored using the

same mass spectrometer in the catalytic NMC reaction experiments.

2.4 Results and Discussion

2.4.1 Fe/SiO; Catalysts with Different Silica Polymorph Supports.

2.4.1.1 Physicochemical Properties of as-prepared Fe/SiO, Catalysts

To study the effect of silica support in the catalysts, Fe/SiO>-c and Fe/Si02-v
containing 0.1 wt.% nominal iron loading were studied comparatively. Firstly, XRD
was used to determine the phase and structure. The sharp diffraction peaks in the XRD
pattern (Figure 2.2 (A)) confirm the existence of a cristobalite support phase in the

Fe/SiO;-c catalyst, consistent with the Fe/SiO; catalysts prepared by fusing at 1973 K
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in a heating furnace in previous reports. The Fe/SiOz-v, however, only has a broad peak
centered at 2 theta (20) goniometer equals to 21.75° indicating the presence of
amorphous silica phase for the catalyst prepared by the oxyhydrogen flame fusing. Both
samples have distinct XRD patterns from the quartz, the precursor Fe>SiO4 for both
Fe/Si102-c and Fe/Si0»-v catalysts. The actual iron contents in both catalysts are 0.102
and 0.097 wt.%, respectively, close to the nominal loadings used in the catalyst
preparation (Table 2.1). The photographs of both samples (Figures 2.3 (A-B)) show
that Fe/Si02-V is transparent, while Fe/SiO2-C exhibits a pale-yellow, translucent
color. The N> adsorption/desorption isotherms (Figures 2.4 (A-B)) show that both

catalyst samples have identical but low surface areas, i.e., ~0.30 m? g’!.
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Figure 2.2. The characterization data of 0.1 wt.% Fe/Si02-V and 0.1 wt.% Fe/Si02-C
catalysts: (A) XRD patterns, (B) Raman spectra, (C) DR UV-vis spectra, and (D) H»-

TPR profiles. The characterization data for quartz support are included for comparison

purpose.

Table 2.1. Fe Concentration in the prepared Fe/SiO; catalysts

Catalyst Quartz  0.10 wt.% 0.10 wt.% 0.50 wt.% 1.50 wt.%

Nominal Loading 0.000 0.100 0.100 0.500
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Actual Loading 0.003 0.102 0.097 0.460 1.290

©

Figure 2.3. Images of catalysts prepared in the experiments: (A) 0.1wt.% Fe/Si0,-C,

(B) 0.1wt.% Fe/Si0,-V, (C) 0.5wt.% Fe/Si0,-V, and 1.5wt.% Fe/Si0,-V.
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Figure 2.4. N, adsorption/desorption isotherms of 0.1wt.% Fe/Si0,-C (A) and 0.1wt.%
Fe/SiO2-V (B) catalysts.

The silica bonding environment in the quartz support (before the high-
temperature treatment process), Fe/SiO2-v, and Fe/SiOz-c catalysts were revealed by
Raman spectroscopy. As shown in Figure 2.2 (B), all the spectra contain three
frequency regions of > 700 cm™!, 500-350 cm™!, and < 350 cm!, which are assigned to
the vibrational modes of Si-O stretching, Si-O-Si symmetric stretching and bending,
and O-Si-O bending and torsional/twisting vibrations, respectively. A close
examination of these spectra shows that these three silica polymorphs have different
band shapes and positions. Both quartz support and cristobalite (i.e., support in the
Fe/Si02-c sample) have symmetric and sharp Raman bands, especially for the one
belonging to the Si-O-Si symmetric stretching and bending vibrations. The band
positions for the same type of vibration modes in these two crystalline silica samples
are different, which is caused by the bond lengths and angles and short-range

connectivity of the bond network in different silica polymorphs. For the amorphous
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vitreous silica in the Fe/S102-v sample, the bands in the Raman spectrum are broad and
asymmetric. For example, the Si-O-Si symmetric stretching and bending vibrations
exhibit an intense broadband at 437 cm™ and a shoulder at 488 cm™!. The changes in
the band shape and shifts of the band positions in the Fe/SiO»-v catalysts correspond to
the defects present in the structure, which results in wide variations of bridging Si-O-
Si bond lengths and angles. It should be noted that no band related to iron-based
structures was detected in Raman spectra in Figure 2.2 (B), which should be due to the
low iron loadings in both Fe/SiO2 samples.

The DR UV-Vis spectra in Figure 2.2 (C) show the coordination environments
of iron species in the catalysts. The iron concentration in the quartz support is very low,
so the absorption peaks are weak. The presence of iron in the silica support leads to
intense UV-vis absorptions in both Fe/S102-c and Fe/S10;-v catalysts. The Fe/S102-c
has three bands centered at ~250 nm, ~385 nm and ~490 nm, which can be assigned to
the isolated ionic iron species, small iron oxide (FeO), oligonuclear clusters, and iron
oxide nanoparticles, in sequence. The strong intensity of the band at ~250 nm and broad
band at ~490 nm indicates co-existence of isolated iron species and iron oxide
nanoparticles in the Fe/Si0-c catalyst. The Fe/SiO;-v catalyst also has three absorption
bands at the similar wavelengths to those of the Fe/SiO2-c sample. The bands assigned
to the small iron oxide (FeO), oligonuclear clusters and iron oxide nanoparticles,
however, are much weaker. This result indicates that the majority of iron stays as
isolated species in the Fe/SiO;-v sample. The better dispersion of iron in the vitreous
silica should be related to the diverse Si and O bond lengths and angles in the defective

amorphous support.
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The H2-TPR profiles in Figure 2.2 (D) show the reducibility of iron species and
the interaction between the metal and support in the Fe/SiO2-v and Fe/Si02-c samples.
The quartz support does not show any detectable reduction peaks due to its low iron
content. The H>-TPR profile of Fe/SiO;-c catalyst has three reduction peaks: a weak
one at 556 K, a strong peak at 699 K and a weak one at 843 K, in sequence. In agreement
with previous reports, the first peak at the lower temperature can be related to the
reduction of Fe203 to Fe;Oy4, the second peak at the middle-temperature range can be
attributed to the reduction of FesOs to FeO, whereas the third peak at higher
temperature can be caused by the reduction of FeO to metallic iron. The strong peak at
699 K and weak peaks at the other two temperature ranges suggest that the majority of
iron species are not fully oxidized in the Fe/SiO2-c catalyst. The H2-TPR profile of
Fe/Si0;-V sample is relatively simple, only showing a predominant peak at 731 K. This
peak can be attributed to the reduction of Fe;O4 to FeO species. The peak position is
about 32 K higher than that of the Fe/SiO:-c catalyst. These results hint that the
Fe/SiO2-v catalyst prepared by the flame-fusing method has more uniform ion
oxidation states. The oxidation degree is lower, and the interaction between the iron
and the silica support is possibly stronger than those of the Fe/SiO;-c catalyst. The
longer fusing time in the preparation of the Fe/SiO»-c catalyst in the static air might
contribute to the higher oxidation degree of iron species in the resulting catalyst. On
the contrary, it only took 25 s at the flame temperature to prepare the Fe/SiO»-v catalyst
in the oxyhydrogen flame fusing approach. Such a short processing time mitigates the

solid-state migration, and thus could contribute to better Fe dispersion.
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The bonding environment of elements in the Fe/SiO2-v and Fe/SiO»-c catalysts
were studied by the XPS spectra. Figure 2.5 (A) shows that the survey scan only
detected Si, O, and C elements, confirming the absence of other metal contaminants in
the as-prepared catalysts. The carbon peak is attributed to adventitious carbon present
on the catalyst surface. The iron concentration is too low to detect in the XPS spectra.
This is further confirmed by the absence of peaks in the Fe 2p line shown in Figure 2.5
(B). Figure 10(C) presents the XPS spectra of Si 2p in both Fe/SiO2-v and Fe/Si02-c
samples. The shape of the Si 2p line is less symmetric in Fe/SiO2-v than that of Fe/Si0»-
c. The position of this peak shifts slightly to lower binding energy in the Fe/SiO»-v
sample, which should be caused by the disordered defective Si-O bonding structure in
the amorphous vitreous silica support. The XPS spectra of O 1s in Figure 2.5 (D) show
that the Fe/Si0O,-v exhibits a less asymmetric peak than that of the Fe/SiO»-c sample.
The O 1s peak can be deconvoluted into two peaks located at 532.7 and 533.2 eV,
which can be assigned to the Si-O-Si and Si-O-H bonds, respectively. The results from
the XPS data further show diverse Si-O bonding environments in the vitreous silica

support than the crystalline cristobalite polymorph.
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Figure 2.5. XPS spectra of survey scan (A), Si 2p (B), O Is (C), and Fe 2p (D) of 0.1

wt.% Fe/ SiOz—V and 0.1 wt.% Fe/S10 2—C catalysts.

2.4.1.2 Methane Activation over Fe/SiO> Catalysts

Methane activation over the Fe/SiO; catalysts in the initial stage of the NMC
reaction was tracked by the mass-to-charge ratio (m/z) signals in the mass

spectrometry. As shown in Figures 2.6 (A)-(B), the methane reactant (m/z = 16) was
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first detected in the effluent stream. Following the methane event, hydrogen (m/z = 2)
signal was clearly observed. The signals belonging to acetylene (m/z = 26), ethylene
(m/z = 28), and ethane (m/z = 30) then appeared, although the intensity of the ethane
signal was much weaker compared to the other C> hydrocarbons. The time required to
reach stable m/z signals in NMC over the Fe/Si0»-c catalyst is ~250 s (Figure 2.6 (A)),
135 s later than that of Fe/SiO2-v catalyst (Figure 2.6 (B)). This suggests that the
Fe/Si10,-V catalyst prepared by the flame fusion process has a shorter induction period,
which should be consistent with its more uniform iron species in the support, as

evidenced in Section 2.4.1.1 above.
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Figure 2.6. Methane activation over 0.1wt% Fe/Si02-C (A) and 0.1 wt.% Fe/Si0,-V
(B) versus TOS tracked by a MS instrument. (C) and (D) show MS signals at TOS of
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To better understand the events at the very beginning of catalyst activation, we
zoomed in on the time-on-stream (TOS) of 100 s in the NMC on both Fe/SiO;-v and
Fe/SiO;-c catalysts, and the data shown in Figures 2.6 (C)-(D), accordingly. Right after

the methane signal evolution, the ethylene (m/z=28) and acetylene (m/z=26) were

—miz=2 ——m/z=16
——miz=26 ——m/z=28
—mi(z=30

)

20 40 60
Time (seconds)

, Ar used as internal standard)

57

Time (seconds)



detected, ahead of hydrogen (m/z=2) signal, in both catalysts. After TOS of 16 s in
Fe/SiO;-c (Figure 2.6 C) and 26 s in Fe/SiO-v catalyst (Figure 2.6 D), when the
hydrogen signal surpassed those of ethylene and acetylene compounds. The
suppression of hydrogen production in the very initial stage of the methane activation
should be caused by the catalyst reduction since the catalyst was only exposed to the
Ar gas in the pretreatment stage. The co-existence of iron species in different
coordination environments in Fe/SiOz-c, as evidenced by the DR UV-vis spectra in
Figure 2.2 (C), could contribute to the faster Hz signal surpassing over the C» signals,
but a longer induction period to reach stable product signals was needed. On the
contrary, the relatively more uniform dispersed iron species in the Fe/SiO»-v catalyst
led to a longer period of active site reduction, indicated the longer TOS before the H»
signal surpassed the hydrocarbon products, but the catalyst can reach stable NMC
reaction stage more quickly (Figure 2.6 (B)) once the iron species were all activated in
the initial stage.

To test the catalyst performance after the induction period, methane
conversions and hydrocarbon formation rates on both Fe/SiO;-c and Fe/SiOz-v
catalysts were monitored continuously for a TOS of 5 hours. As shown in Figure 2.7
(A), after the catalyst induction period (i.e., TOS of ~2 h), both catalysts reached stable
methane conversion and hydrocarbon formation. In particular, both catalysts had
similar methane conversions of ~5.8%, much higher than the conversion (~1.0%)
obtained in the blank test, in which the reactor was loaded with vitreous silica supported
in the absence of iron species (Figure 2.7 (A)). The hydrocarbon product formation

rates over both catalysts (Figures 2.7 (B)-(C)) are in the order of ethylene > benzene >

58



acetylene > ethane > toluene ~ naphthalene. The ethylene, benzene and acetylene
production rates were higher in the Fe/SiO»-v catalyst than these products in the
Fe/S10,-v catalyst. The blank experiment (Figure 2.7 (D)) showed the formation of
similar hydrocarbon products, but all of them had very low production rates compared

to either Fe/Si02-v or Fe/S10,-c catalyst.
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Figure 2.7. Methane conversion as function of TOS (A), and hydrocarbon product

formation rates versus TOS over 0.1 wt.% Fe/Si0»-C (B), 0.1 wt.% Fe/Si0,-V (C), the
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quartz blank (D). (NMC conditions: 1273 K, WHSV=3200 h™!, 81.04 kPa CHa, Ar used

as internal standard)

2.4.1.3 Analysis of Spent Fe/SiO» Catalysts

The carbon deposits on the spent catalysts were quantified by the TGA
measurements. Prior to this test, the as-prepared catalysts were tested in the NMC
reaction for a TOS of 5 h, as described in Section 2.4.1.4 above. As shown in Figure
2.8 (A), Fe/Si0z-v catalyst contained 2.14 wt.% carbon deposition, while the Fe/SiO»-
c catalyst had 7.1 wt.% carbon deposit, ~3.4 times higher than that on Fe/SiO;-v
catalyst. The TGA data indicate that Fe/SiO;-v has less tendency to coking than the
crystalline cristobalite supported iron catalyst.

The properties of coke on the spent catalysts were studied by the TPO profiles.
Figures 13(B)-(C) illustrate CO2 and CO evolutions in the spent Fe/SiO2-c and Fe/Si10,-
v catalysts. The COz signal from the spent Fe/SiO.-c catalyst (Figure 2.8 (B)) displayed
a relatively broad peak, with an onset of ~721 K and completion at ~1112 K, a span of
~392 K. The peak temperature is centered at ~994 K, with two shoulder peaks on both
sides of the peak temperature position. The shoulder peak at the lower temperature side
is much stronger than the high temperature one. The CO: profile of the spent Fe/Si0O»-
v catalyst has a similar shape to the Fe/SiO-c, but the onset and ending temperatures
are higher and lower relatively. In addition, the peak temperature moved to a slightly
high position (i.e., ~1005 K), and the high-temperature shoulder is much smaller. The
CO profiles in Figure 2.8 (C) show the same features as those of CO2 profiles of both

spent catalysts. The CO> and CO evolution profiles can be deconvoluted into three
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peaks at low-, medium- and high-temperature regions, which correspond to soft
amorphous coke, polymeric aromatic carbon deposit, and ordered graphitic hard coke
in sequence. Clearly, the dominant coke type in both spent catalysts is the polymeric
aromatic carbon deposit, while the one on Fe/SiO2-v needs a slightly higher
temperature to remove. The spent Fe/SiO»-c has more soft and hard cokes than the
spent Fe/S10,-v catalyst. Overall, the coke type in the spent Fe/Si0;-v catalyst is more

uniform compared to the spent Fe/SiO»-c catalyst.
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Figure 2.8. TGA data (A) and TPO profile of CO2 (B), and CO (C) of spent 0.1 wt.%
Fe/Si0;-C and 0.1 wt.% Fe/Si0;-V catalysts. (NMC conditions: 1273 K, WHSV=3200

h'!, 81.04 kPa CH4, Ar used as internal standard, TOS of 5 h)

2.4.2 Vitreous Silica-supported Fe/SiO> Catalysts: Effect of Fe

Concentrations

2.4.2.1 Physicochemical Properties of the High Fe Loading Fe/SiO>-v Catalysts

To examine the effects of iron content in the Fe/SiO;-v catalysts on the NMC
reaction, the vitreous silica supported iron catalysts with iron concentrations of 0.50
wt.% and 1.50 wt.% were studied. With increasing iron concentration, the Fe/SiO;-V
catalyst changed the color from transparent white (i.e., 0.1 wt.% in Figure 2.3 (B)) to
grayish dark (0.50 wt.% and 1.50 wt.%, see Figure 2.3 (C)-(D)). The actual Fe
concentrations of these two catalyst samples are slightly lower than the nominal
loadings (Table 2.1) because the acid treatment could remove a sort of Fe species. The
silica polymorph of these two catalysts was verified with the XRD measurements. As
shown in Figure 2.9 (A), similar to 0.1 wt.% Fe/Si0,-V sample, both 0.50 wt.% and
1.50 wt.% Fe/S10,-V catalysts only have a broad peak around 20 = 21.89°, suggesting
the absence of silica crystallinity in the catalyst support. In addition, no peak associated
with iron species was detected in the XRD patterns, suggesting better iron dispersion

in these catalysts, even when the iron concentration was as high as 1.5 wt.%.
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The Raman spectra of these catalysts were presented in Figure 2.9 (B). The
spectrum of 0.5 wt.% Fe/Si0»-V shows the same vibrational bands to those of 0.1 wt.%
Fe/SiO;-V catalyst. For the 1.5 wt.% Fe/Si02-V sample, all the vibrational bands are
similar to those in the other two catalysts in this figure, except for the band centered at
663 cm™ which is assigned to the iron oxide species. The detection of vibrational band
belonging to the iron species in the Raman spectra indicates that large iron oxide
particles could form in the Fe/SiO»-V catalysts when the iron loadings were high in the
silica support.

The coordination environments of iron species in Fe/SiO»2-V catalysts with
different iron loadings were characterized by the DR UV-vis spectra (Figure 2.9 (C)).
Similar to the 0.1 wt.% Fe/Si102-V, the other two catalysts show three absorption peaks
centered around ~262 nm, ~380 nm and ~480 nm, corresponding to the isolated ionic
iron species, small iron oxide (FeO)n oligonuclear clusters, and iron oxide
nanoparticles, respectively. With increasing iron concentration in the silica support, the
peak intensity at 262 nm position decreases, while intensities of the other two peaks at
higher wavelength positions increase. This indicates the increase in the quantity of
aggregated iron species in the samples with high iron loadings, accompanied with a
decline in the amount of isolated iron species. The H>-TPR profiles in Figure 2.9 (D)
shows broad and strong peaks in the Fe/SiO2-V catalysts with higher iron
concentrations. As discussed in Section 2.4.1.1. above, the peak at 556 K is related to
the reduction of Fe2O3 to Fe3Os, the peak at 699 K can be attributed to the reduction of
Fe;04 to FeO, whereas the peak at 843 K can be caused by the reduction of FeO to

metallic iron. The increase in iron loading in the vitreous silica support apparently
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increased the aggregation sizes of iron species, which lead to the consecutive reduction
steps in the H>-TPR profiles. This also reflects the interaction between the iron sites
and silica support becomes weaker since these iron species can be easily reduced to
lower oxidization states.

Figures 2.10 (A)-(C) shows the XPS spectra of Fe 2p, Si 2p and O s,
respectively, of the Fe/SiO,-V catalysts with different iron concentrations. In
comparison to 0.1 wt.% Fe/SiO»-V sample, the peaks correlating to Fe** binding
energie, which appear at ~701.7 eV and ~725.1 eV, are observed, although the signal-
to-noise ratio is relatively high. In addition, one more peak around 707.4 eV was
detected in the 0.5 wt.% and 1.5 wt.% samples, which is attributed to the reduced Fe
species. The oxyhydrogen flame environment could be the reason that led to the
formation of reduced iron species in the as-prepared catalysts, as it is known that the
oxyhydrogen flame structure could create local reducing environment. The Si 2p scan
in Figure 2.10 (B) shows that all three samples have nearly similar peak shape and
position, suggesting a similar Si bonding environment. The O 1s scan in Figure 2.10
(C) shows the shoulder peak position (~531.5 eV) moves slightly to lower binding
energies with increasing iron loading in the catalyst. This should be caused by the

interaction between Fe-O bond and Si-O bond in the vitreous silica support.
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Figure 2.9. Characterization data of 0.5 wt.% and 1.5 wt.% Fe/Si0,-V catalysts: (A)
XRD patterns, (B) Raman spectra, (C) DR UV-vis spectra, and (D) H2-TPR profiles.

The characterization data for 0.1wt% Fe/Si02-V are included for comparison purposes.
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Figure 2.10. XPS spectra of Fe 2p (A), Si 2p (B), and O 1s (C) of 0.5 wt.% and 1.5
wt.% Fe/Si02-V catalysts. The characterization data for 0.1 wt.% Fe/SiO2-V are

included for comparison purpose.

2.4.2.2 Methane Activation Study over Fe/SiOz-v with Different Loading

The methane activation over the Fe/SiO,-V catalysts with 0.5 wt.% and 1.5 wt.%
iron concentrations were firstly monitored by the MS instrument. As shown in Figures

2.11 (A)-(B), the signal of m/z = 16, which should be attributed to the methane feed,
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was firstly detected in the effluent stream. Right after the methane signal, the hydrogen
(m/z = 2) signal were detected, followed by m/z = 26, m/z = 28 and m/z =30 signals
that belong to the Cz hydrocarbons. With increasing iron concentration in the catalyst,
the product signals need a longer time to reach stability, as indicated a TOS of ~249 s
in 0.5 wt.% Fe/S102-v and 302 s in 1.5 wt.% Fe/SiO»-v, in contrast to the TOS of 175
s in the 0.1 wt.% Fe/SiO»-v (Figure 2.11 (B)). A close examination on the very initial
stage of (i.e., within TOS of 140 s) catalyst activation was done by the zoomed in plots
in Figures 2.11 (C)-(D). Similar to 0.1 wt.% Fe/SiOz-v, the hydrogen (m/z=2)
production was suppressed in the very beginning, but it surpassed the C, product
signals after a TOS of 12 s in 0.5 wt.% Fe/Si0;-v and 16 s in 0.5 wt.% Fe/SiOz-v
catalysts. The higher iron concentration in the catalyst apparently needs to a longer time
to reach stable NMC performance, while the catalyst requires a short time to start to
function to the activating methane for hydrocarbons production.

The methane conversion and hydrocarbon product formation rates were
measured for a TOS of 5 h. As shown in Figure 2.12 (A), the 0.50 wt.% Fe/Si02-V
catalyst had a methane conversion close to that of 0.1 wt.% Fe/Si0;-v, but slightly
higher than 1.50 wt.% Fe/SiO2-v. The product formation rate in the 0.5 wt.% Fe/SiO;-
V catalyst follows the order of ethylene > naphthalene ~ benzene > acetylene > ethane
~toluene (Figure 2.12 (B)). For the 0.5 wt. % Fe/Si0,-V sample, the product formation
rate is in the order of ethylene > naphthalene > benzene > acetylene > ethane ~ toluene
(Figure 2.12 (C)). In both catalyst samples, the naphthalene formation rates were
increased significantly than that of 0.1 wt. % Fe/SiO2-v. The higher iron concentration

in the catalyst seems to induce heavy aromatic formation in the NMC reaction.
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Figure 2.11. Methane activation over 0.5wt% (A) and 1.5wt% (B) Fe/SiO2-V versus
TOS tracked by a MS instrument. (C) and (D) show MS signals at TOS of <140 s in

(A) and (B), respectively. (NMC conditions: 1273K, WHSV=3200 h!, 81.04 kPa CH4,

Ar used as internal standard)
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2.4.2.3 Analyses of spent Fe/SiOx-v catalysts with different Fe concentrations

The coke quantities in the spent catalysts with higher iron concentrations were
measured by the TGA instrument. As shown in Figure 2.13 (A), the weight losses were
2.81 % and 3.14 % for 0.5 wt.% and 1.50 wt.% Fe/SiO2-v, which arel.34 and 1.50
times higher than that of the 0.1 wt.% Fe/Si0O»-v catalyst. The coke formation increases
with increasing iron concentration in the vitreous silica support. In addition, the onset

of the coke combustion temperature decreases with iron concentration in the catalysts.
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Figure 2.13. TGA data (A) and TPR profile of CO2 (B) and CO (C) of spent 0.50 wt.
% Fe/Si02-V and 1.50 wt. % Fe/Si0,-V catalysts, the present of 0.1 wt. % Fe/Si0»-V
as comparison purpose. (NMC conditions: 1273K, WHSV=3200 h™!, 83.04 kPa CHa,
Ar used as internal standard, TOS of 5 h)

The properties of the coke on the spent catalysts were further explored by the
TPO measurement. Figure 2.13 (B)-(C) presents the CO> and CO evolution profiles of
the spent catalysts with high iron loadings. The CO2 evolution peak from the spent 0.5
wt.% Fe/Si02-v spans from ~733 K to near ~1123 K, with the peak maximum at 982
K and a small shoulder at 1073 K. The 1.5wt.% Fe/SiO»-V catalyst has a broad CO»
profile, spanning from the onset temperature of 673 K to the ending temperature of
1123 K. The peak maxima stay at 970 K, and no clear shoulder is observed in this spent
catalyst. In comparison to that of 0.1wt.% Fe/SiO;-v, the CO; evolution in the TPO
measurement shifts to lower temperatures with increasing iron concentration in the
catalysts. In addition, the peak shape becomes more symmetric. The CO profiles in
Figure 2.13 (C) show the same trends as those of the CO: profiles. Overall, more soft

coke was formed in the spent catalysts with higher iron loadings.

2.5 Summary

We developed vitreous silica-supported iron catalysts using flame fusion,
involving a quartz and fayalite mixture and an oxyhydrogen torch. This method
converted crystalline quartz silica into amorphous vitreous silica. The results from
characterization revealed a disordered Si-O bonding and structural defects in the

vitreous silica, promoting iron dispersion and strong iron-silica bonds. Compared to
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crystallized cristobalite-supported Fe/SiO2 catalysts, our vitreous silica-supported
Fe/SiO; showed better performance in methane activation, with reduced coke deposit
and a more uniform coke type. However, increasing iron content in the catalyst did not
enhance methane conversion. Instead, it favored the production of benzene, naphthene,

and coke, and lengthened the catalyst induction period.
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Chapter 3: Experimental Screening Vitreous Silica
Supported M/SiO2 (M = Mn, Fe, Co, Ni, and Cu) Catalysts

under Direct, Non-oxidative Conversion of Methane.

This chapter is adapted in part from Zixiao Liu, Charles J. Titus, Cherno Jaye, Daniel
A. Fischer, Antara Bhowmick, Genwei Chen, Yuying Shu, Evan P. Jahrman, and
Dongxia Liu, “Vitreous Silica Supported Metal Catalysts for Direct Non-oxidative
Methane Coupling”. Manuscrpit submitted to Chemical Engineering Journal. March,

2024

3.1 Abstract

Direct NMC transforms methane into valuable chemicals and hydrogen, which
is a promising pathway to boost industrial decarbonization. The reaction, however, is
challenged by high C-H bond activation temperature, catalyst coking, and low
selectivity towards hydrocarbon products. Here we studied the efficacy of five vitreous
silica supported 3d transition metal (Mn, Fe, Co, Ni, and Cu) catalysts (denoted as
M/Si0,-v) for NMC. These catalysts were prepared by flame fusion of mixtures of
quartz and metal silicate precursors. The metal species in the as-synthesized catalysts
were fully or partially oxidized, with their stability following the order of Mn > Fe =
Co > Ni > Cu in the NMC reaction. The Cu species has low methane reaction rate, due
to the high adsorption and dissociation energies of methane. The Mn and Ni species

have high methane reaction and coke formation rates, which is supported by easy
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kinetics of methane deep dehydrogenation to carbon. In contrast, Fe and Co species
showed the best hydrocarbon product selectivity. Particularly, the Co species emerged
as the optimal catalyst for NMC, showcasing a balanced methane activation,
hydrocarbon formation, and low coke yield. The relationship between the evolved
metal species under reaction conditions and their NMC performance was discussed.
The present study screens and provides effective catalyst formulations for NMC

reactions.

3.2 Introduction

According to the US Department of Energy's industrial decarbonization
roadmap®'®, technological advances producing cost-effective clean energy and
sustainable chemical feedstocks are crucial to reducing greenhouse gas emissions.
Methane (CHa), the main ingredient of natural gas, is anticipated to gain popularity as
a cost-effective feedstock, courtesy of the vast reserves within the US, underpinning
the supply of clean energy and valuable chemicals®!’. Presently, methane is primarily
consumed by combustion for electrical power generation and syngas production, yet
both processes yield significant amounts of greenhouse gas emissions®'® 2!, However,
deliberate management and utilization of methane to produce clean energy and
chemicals could become key strategies to boost industrial decarbonization and reduce
global carbon footprints.

Direct NMC is one of the promising processes toward decarbonized clean
energy and chemical production®?. It transforms methane into olefins (e.g., ethylene

(C2H4) and acetylene (C:H»2)), aromatics (e.g., benzene (CsHg) and naphthalene
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(Ci0Hsg)), and hydrogen (H2), without greenhouse gas emissions. The reaction,
however, is challenged by high reaction temperature, low catalyst stability and low
hydrocarbon selectivity. Zeolite supported metal catalyst (e.g., molybdenum/ZSM-5
(Mo/ZSM-5)) has been the most extensively studied NMC catalyst since 1993'34,
Substantial enhancement in hydrocarbon product selectivity and catalyst stability have
been realized in NMC over the metal/zeolite catalysts in the past decades, but the
reaction typically occurs < 1023 K due to catalyst stability and is limited by low CH4
conversion (=16% at 1023 K) and by fast catalyst deactivation (<10 h) due to coke
deposition™ 221222 The silica supported metal (e.g., Fe/SiO,, Fe species confined in
SiO, matrix) is a more recent NMC catalyst reported in 2014%. Compared to the
metal/zeolite catalysts, this catalyst works at higher temperatures (e.g., ~1273 K),
produces higher hydrocarbon yields, and reduces coking when proper reaction
conditions were selected.

The fundamental studies for the Fe/SiO> catalysts in the NMC chemistry have

86,175,188 and methane

been focused on the elucidation of structures of the active sites
reaction mechanisms!’% 178179 181,223 'The Fe/Si0 catalyst was reported to contain an
iron atom coordinated by one Si and two C atoms and thus embedded within the Si02
matrix. The isolation of the iron atoms in the silica matrix through bonding to Si and C
atoms achieves high selectivity toward hydrocarbons and reduces coke formation under
high-temperature reaction conditions®’. Additionally, it has been proposed that the
reaction mechanism follows the activation of methane by dehydrogenation over Fe sites

to generate -CHs and -H radicals, which subsequently release from the catalyst surface

and undergo a series of gas-phase reactions to form dehydrogenated and cyclized
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products®?®. The engineering of reactors®> 184

can manipulate the mixed surface-gas
phase chemistry to optimize the Co+ hydrocarbon production and minimize coke
formation.

The synthesis of M/SiO; catalysts for NMC has been focused on cristobalite
supported iron species, which was formed by fusion in a high temperature furnace 8.
The effects of polymorphs of silica support and/or types of metal species in the M/Si0O2
catalysts on NMC have been explored recently. For example, silica dehydroxylated at
1353 K!2, porous SBA-15%**, ZSM-5'73225 and silica®, as well as vitreous quartz**°
have been used as the metal supports for NMC. The high surface area from the porous
silica support led to high coke formation??®. The vitreous silica support that was
prepared by a flame fusion method has disordered Si-O bonds and structural defects,
enabling better iron dispersion and more vital metal-support interaction, and
consequently a shorter induction period in methane activation and lower coke yield in
NMC?%, The metal type, including bi-metallic sites (e.g., Fe combined with Co, Ni,
Pd, Pt)!% or Co-, Ni-, Cu-, Mo-, and Ru-based nanocatalysts*** have been prepared in
M/Si0; catalysts for NMC. The alloying of Fe species in the bimetallic catalysts is
reported to suppress coke formation, in contrast to catalysts comprising singular
elements'®’. In tandem with experimental studies, computational endeavors have also
yielded significant insights on effects of metal types in the silica support on NMC. For
instance, He et al.!”! evaluated the potential of 25 transition metal candidates for

inclusion in the silica-based catalyst and found that Mn, Fe, W, and Re exhibited

elevated performance for methane activation, a key step in the NMC research. It should

76



be noted that the experimental screening of the catalyst formulations for the NMC
reaction has been rarely explored.

This work aimed to experimentally screen the performance of vitreous silica
supported transition metal catalysts for NMC. The catalyst was synthesized as the
previous report??® on the Fe/SiOs-v catalyst. The 3d transition metals Mn, Fe, Co, Ni,
and Cu were used in the M/SiO;-v catalysts. The correlations between the NMC
performance, catalyst structure, and physiochemical properties were investigated. The
present study provides effective catalyst formulations and guides the future
development of silica-based catalysts for the selective conversion of methane to higher

hydrocarbons in NMC.

3.3 Experimental Methods

3.3.1 Materials

Metal silicates (M2SiO4, M = Mn, Fe, Co, Ni) and copper polysilicate (CuSiO3)
were used as M/SiO;-v precursors and were synthesized via the sol-gel method
described in previous publication®> 2!> 226 Silica (quartz phase, IOTA-4, Sibelco
Group, USA), nitric acid (HNO3, ACS Grade, Fisher Chemical), and deionized (DI)

water were used without extra purification.

3.3.2 Catalyst Preparation

For the preparation of the M/SiO»-v catalyst, certain amount of MnSiOs4,
Fe2S104, C02S104, Ni2Si04, and CuSiOs precursor was mixed with 20.00 g of quartz

into a 50 mL dense zirconia ceramic milling jar to ensure 0.5 wt. % of total metal
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loading. Another 100 g of 6 mm zirconia milling media was added into the jar and
followed by milling on the jar milling machine (755 RMV, US. Stoneware) for 24 h
with 100 rpm speed. The grounded powder was pressed into a pellet in a carbon steel
die under 5 metric tons of force. The pellet was fused by oxy-hydrogen flame to form
a glassy ingot. A detailed procedure of catalyst processing after flame fusion, including

grinding, sieving, and cleaning, was described in the previous publication [35].

3.3.3 Catalysts Characterization

The crystalline phase of the catalyst was measured via XRD by Bruker® D8
diffractometer under Cu-Ka radiation. The 0.02-degree step size and 3 s of step time
were selected as scan parameters. The actual metal loading in the as-prepared catalysts
was determined by Spectro Arcos II inductively coupled plasma-optical emission
spectrometry (ICP-OES). Raman spectra of the catalysts were collected using a HJ'Y
LabRam ARAMIS Raman spectrometer with 532 nm wavelength, 600 grid/mm
gathering size. The XPS data were measured using a Kratos Axis 165 spectrometer
with a monochromatic Al X-ray source. DR UV-vis spectra of the catalysts were
measured using the Cary 60 UV-vis spectrophotometer.

The temperature-programmed reduction (H,-TPR) profiles of the catalysts were
measured in the Quantachrome Autosorb-iQ system, which is equipped with a thermal
conductivity detector (TCD) with a sampling frequency of 1 Hz. Before the
measurement, the catalyst was pre-treated under N> gas flow (40 mL min’!, Research
grade, Airgas) at 823 K for 4 h. After cooling to 323 K, the gas was switched to 5 %

H/N; (40 mL min™). The catalyst sample was then heated to 1223 K at a 10 K min™!
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ramp rate and kept at the final temperature for 10 min. An inline liquid nitrogen cold
trap was equipped to remove moisture produced during the experiment to avoid

possible interference with the TCD signal.

3.3.4 Catalytic reaction test

The NMC reaction was conducted in a straight-packed bed reactor made from
fused quartz. Typically, a 0.375 g catalyst sample was placed in the reactor, heated
from room temperature to 1273 K under 50 mL min" flowing of Ar (UHP grade,
Airgas) with the ramping rate of 10 K min™'. After reaching 1273 K, 16 mL min™’
methane (Research grade, Airgas) mixed with 4 mL min™' Ar (as the internal standard)
was introduced into the reactor. The temperature of the catalyst bed was monitored by
using a K-type thermocouple. The reactor outlet was analyzed using a gas
chromatograph (Agilent 7890A) equipped with a methyl-siloxane capillary column
(HP-1, 50.0 m x 320 pm x 0.52 pm) configured to a flame ionization detector (FID)
and a packed column (ShinCarbon ST Columns, 80/100 mesh, 1.83 m) configured to a
TCD.

For methane activation in the initial stage of the reaction, the reactor outlet was
monitored by mass spectroscopy (MS, Prima BT, ThermoFisher Scientific). Since the
MS records the mass to charge ratio (m/z), the matrix deconvolution method was used
to retrieve the actual species signal based on previous work 22’. To prevent blockage of
gas lines in the MS system, an inline dry ice/acetone cold trap was used to condense

liquid-phase hydrocarbon products.
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3.3.5 Analysis of spent catalyst

The coke formation in the spent catalysts was determined by the TGA method
by the Shimadzu TA-50 TGA system. Typically, around 20 mg of the spent catalyst
was exposed to 50 mL min™! flowing air (Breathing grade, Airgas) immobilized in a
fused quartz sample cell and ramped from room temperature to 1273 K with a 10 K
min’! rate. The nature of coke formed on the spent catalyst was examined using the
temperature-programmed oxidation (TPO) technique. The temperature was monitored
by a K-type thermocouple attached to the outer wall of the quartz sample cell. The
furnace was ramped from room temperature to 1123 K at a ramp rate of 10 K min’!
under a flowing Ar (45 mL min!, ultrapure, Airgas) and Oz (5 mL min"!, ultrapure,
Airgas) atmosphere. The nature of coke was profiled by the temperature-dependent

consumption or formation of O, CO;, and CO species based on pervious study?%.

3.3.6 X-ray absorption fine structure measurements

Metal L-edge near-edge X-ray absorption fine structure (NEXAFS) spectra
were taken at the microcalorimeter end station of the NIST SST-1 beamline, 7-ID-1, at
the National Synchrotron Light Source II (NSLS-II). Powdered samples were prepared
on conductive tape on top of an aluminum bar. Measurements were conducted under
UHYV conditions with a ring current of 400 mA. X-rays from an elliptically polarized
undulator source were monochromatized with a 1200 I/mm plane grating
monochromator with an exit slit of 25 pm, providing about 0.1 eV full width at half
maximum (FWHM) energy resolution in a 1.5 x 1.5 mm spot on the sample. Spectra

were recorded in Total Electron Yield mode (TEY) via drain current, and in Partial

80



Fluorescence Yield (PFY) mode via a Transition-Edge Sensor array with 1 eV FWHM
resolution, operated as described by Lee et al. 22® Spectra were normalized by the beam
intensity, as measured by the drain current from a gold mesh.

Hard X-ray measurements were performed on the NIST BMM beamline, 6-BM,
at NSLS-II. A 3-pole wiggler delivered an unfocused beam tuned by a Si (111)
monochromator across the K-edges of Mn, Fe, Co, Ni, and Cu. A series of oxides for
each element were sourced from NSLS-II to serve as empirical standards. These
standards were measured in transmission mode with a metallic foil of the corresponding
element simultaneously measured downstream to verify the stability of the
monochromator. Catalyst samples were measured in fluorescence mode with the
powders spread between layers of polyimide tape. To facilitate proper pre-edge
subtraction and post-edge normalization, each spectrum was collected from 200 eV
below the corresponding edge to an energy above the edge corresponding to a
photoelectron momentum of 15 A!. Standard normalization procedures were applied
in the Athena software package®”’.

Speciation analyses were performed using the X-ray absorption near-edge
structure (XANES) results. For all elements except Fe, this was accomplished by linear
combination analysis. This entailed fitting a spectrum of interest to a linear combination
of reference spectra using the statsmodels python library?*. For the Co, Mn, and Cu K-
edges, this was done to estimate the fraction of metallization occurring during reaction.
Therefore, the spectra corresponding to the as-prepared M/SiO»-v catalyst and the
metal foil were selected as references. As significant metallization was found in the as-

prepared Ni/SiO2-v sample, it was deemed preferable to fit the Ni/SiO»-v spectra to a
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linear combination of NiO and Ni metal. For the Fe/SiO2-v catalysts, assigning
oxidation state distributions for oxides at the Fe K-edge requires detailed peak fitting!"
232 We fit the pre-edge of the as-prepared sample’s spectrum according to procedures
reported elsewhere >3, First, the edge position of metallic Fe was set to 7110.75 eV,
consistent with Kraft et al.>** Two Gaussian features were used to accommodate the
background shape and an additional two were assigned to the pre-edge features with
their widths constrained to be equal. The fraction of Fe atoms present as Fe (III) was
then estimated from the centroid position according to the calibration curve established
by Wilke et al.?*? for a similar family of vitreous silica materials. This method was
chosen in lieu of constructing a variogram due to the complex coordination
environments that Fe is known to occupy in vitreous silica frameworks.

Extended X-ray absorption fine structure (EXAFS) fitting was performed to
analyze the local atomic environment of several transition metals. First, a FEFF
calculation was performed according to methods described elsewhere®*>. As first shell
fits were desired, model structures were constructed by substituting transition metal
and oxygen atoms into the structure of rock salt. The path corresponding to the first
shell was then fit in real-space using the appropriate functions in the Larch library 23¢.
Fits varied four variables, the radial distance of the ligand (R), the coordination number
(C.N.), the Debye-Waller factor (6?), and the change in the photoelectron energy shift
needed to align theoretical calculations to the experimental edge position (AEo). Varied
k-weightings of k, k%, and k> were incorporated to heighten the contrast between
spectral effects caused by coordination number and disorder”*’. To enable the

calculation of coordination numbers, the passive amplitude reduction factor was fixed
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for each edge according to the value produced by a fit to an empirical standard after

asserting chemical transferability.

3.4 Results and Discussion

3.4.1 Physicochemical properties of M/SiO>-v catalysts

3.4.1.1 Morphology and composition of M/SiO:-v catalysts

The morphology of as-prepared M/S10,-v catalysts is shown by photographs
(Figures 3.1 (A-E)) in the Supporting Information. Due to the metal species
incorporation, Mn- and Cu/S102-v (Figures 3.1 (A) and (E)) are light yellow, Fe- and
Ni/Si0z-v (Figures 3.1 (B) and (D)) are grey, and Co/SiO»-v (Figure 3.1 (C)) is blue.
The particle sizes in all samples were in the range of 177 pm — 400 um. The actual
metal loadings in these catalysts are around 0.5 mass %, consistent with their nominal
concentration (Table 3.1). The surface areas of these catalysts are ~0.30 m?> g’!,
determined by the N»-isotherms and analysis method described in the previous work??®.
The XRD patterns (Figure 3.2 (A)) show the as-synthesized M/SiO»-v catalysts have
a broad peak at 20 = 20.94°, suggesting the amorphous feature of vitreous silica
support. The absence of any other obvious peaks suggests that the metal species is well

dispersed in the silica support.
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Figure 3.1. Picture of fresh Mn/SiO02-v (A), Fe/Si02-v (B), Co/Si02-v (C), Ni/SiO2-

v (D), and Cu/Si02-v (E) catalysts.

Table 3.1. Metal concentration in the prepared M/SiO2-v catalysts.

Catalvst Fresh Fresh Fresh Fresh Fresh
aAYSB  Mn/Si0,-v  Fe/SiO,-v  Co/SiO,-v  Ni/SiO,-v  Cu/SiO,-v

Nominal 0.50 0.50 0.50 0.50 0.50
Actual 0.46 0.65 0.46 0.30 0.37

3.4.1.2 Bonding environments in M/SiO»>-v catalysts

The silica bonding environment in the M/SiO;-v catalysts was probed by the

Raman spectra (Figure 3.2 (B)). For all samples, the main band located at 442 cm™! can

be attributed to high membered (6 or more) Si-O ring structures, which is the key
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characteristic band of amorphous silica?*® 23°. The bands at 492 cm™ and 604 cm™! refer
to the 4 membered Si-O rings and 3 membered Si-O rings, respectively, indicative of
amorphous silica with structural defects>**2*°. The band presenting at 800 cm™ can be
assigned to the vibrations in the random network of Si-O bonds?*!, which further
evidences the defects in the vitreous silica support. Another two bands at 1069 cm!
and 1202 cm™ are assigned to the asymmetric stretching of the bridging oxygen

species??® 242,
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Figure 3.2. Basic properties of fresh M/SiO2-v (M = Mn, Fe, Co, Ni, and Cu) catalysts
characterized by (A) XRD, (B) Raman spectra, (C) UV-vis DRS spectra, and (D) H2-
TPR profile.

The coordination environments of metal species in the M/SiO;-v catalysts were
studied by DR UV-vis spectra (Figure 3.2 (C)). The Mn/SiO»-v has a very strong
absorption band at =230 nm which can be assigned to the charge transfer involving
Mn(ID)-O(II) site in the silica matrix***2**, A weak absorption band at =410 nm can be
assigned to d—d transitions of octahedral Mn*" ions***. Although the DR UV-vis
absorption spectrum of Mn/SiO>-v has a broad tail, no obvious absorption band extends
beyond 500 nm, which suggests the majority of Mn species forms isolated sites?*S. The
Fe/Si0;-v sample contains a strong band at =250 nm and a broad tail without obvious
absorption bands beyond 350 nm, which evidences isolated Fe sites are the primary
species in the catalyst. The Ni- and Cu/SiOz-v samples have the similar DR UV-vis
spectroscopic features to those of Fe/SiOz-v, except that there are a few absorption
bands at higher wavelengths. For the Ni/Si02-v sample, the absorption bands at =250
nm and =410 nm can be assigned to charge transfer involving Ni (II)-O site and d-d
transition of Ni-O-Ni site (II), respectively?*’. Similarly, the bands at ~250 nm, 310
nm, and 450 nm are contributed by charge transfer of isolated Cu (I, I1I)-O, chain
structure of Cu-O-Cu as Cu oxide cluster®*® 2, and tetrahedral nanoparticles of Cu (I,
II), in sequence >*°. The appearance of bands at wavelength of > 300 nm suggests that
these two samples contain more aggregated metal species 2°'"2>*. The Co/SiO»-v has the
highest number of absorption bands, distributed at =230 nm, =500 nm, ~600 nm and

~690 nm in sequence. The band at =250 nm can be ascribed to Co (II) coordinated by
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235 which is evidence of isolated Co sites in the silica

oxygen in the tetrahedral site
lattice framework. The other three bands can be assigned to extra-framework Co (II)
ions in the octahedral site at 600 nm and tetrahedral site at 683 nm, evidence of small
clustering or nanoparticle formation®> 2%, The very strong peak at ~250 nm suggests
the isolated Co (II) is dominant in the as-prepared Co/SiO;-v catalyst. In summary, the

DR UV-vis spectra suggest that Mn/SiO2-v has the highest amount of isolated metal

sites, while the other four samples have a mixed single metal sites and clusters.

3.4.1.3 Reducibility of metal species in M/SiO;-v catalysts

The reducibility of the metal site and bond strength was probed by the H>-TPR
profiles (Figure 3.2 (D)). For comparison purpose, the H>-TPR profiles of bulk MnO»,
Fe>03, Co304, NiO, and CuO were measured and included. The Mn/SiO,-v catalyst
does not have obvious peaks except for the weak broad one at =960 K, while the bulk
MnO:; sample contains the reduction of Mn (IV) to Mn (III) at 632 K and Mn (III) to
Mn (II) at 760 K, respectively®®’. The broad weak peak at =960 K in Mn/SiO,-v could
be assigned to the reduction of Mn (II) species. In combination with the DR UV-vis
data above, it seems that Mn (I) is the dominant species in the Mn/SiO»-v catalyst.

The H2-TPR profile of Fe/Si0O»-v catalyst exhibited two peaks at 778 K and 993
K, which are assigned to reduction of Fe (II, III) to Fe (II) and Fe (II) to metallic Fe in
sequence?®. Compared with the reduction of Fe (I1I) to Fe (11, III) at 659 K in the Ha-
TPR profile of bulk Fe3Oa, Fe species predominately stayed as a mixed Fe (I, III) state
in the Fe/SiO;-v catalyst. The H2-TPR profile of Co/SiO;-v catalyst exhibits three

reduction peaks at 620 K, 727 K, and 847 K, which can be ascribed to reduction of Co
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(IT) to Co (0), smaller Co (II) clusters to Co (0), and stronger Co-O-Si interaction based
on previous studies®” ! 25, The bulk Co3O4 only show a broad reduction peak centered
at 641 K, which often lumps the reduction steps of Co (III) to Co (II) and Co (II) to
metallic species together®® 2%°, The shifting of reduction peaks to high temperatures in
the Co/SiO2-v sample suggests the strong bonding between Co species and silica
support. Similarly, the H>-TPR profiles of Ni- and Cu/SiO;-v catalysts have broader
peaks than those of the bulk metal oxides. The extension of the reduction peaks to
higher temperatures should be caused by the interaction between metal (Ni or Cu)
species and the vitreous silica support. In comparison with the Mn-, Fe-, and Co/Si10;-
v catalysts, the existence of strong peaks associated with reduction of NiO and CuO
bulk oxides in their H>-TPR profiles indicates the existence of these species or weak

interaction between the metal and silica support in these two samples.

3.4.1.4 Oxidation states of metal species in M/SiO>-v catalysts

The oxidation states of metal sites in the M/SiO»-v catalysts were studied by
XPS (Figures 3.3 (A-E)) and NEXAFS (Figures 3.3 (F-J)) data. The Mn 2p XPS scan
in Mn/Si0»-v sample (Figure 3.3 (A)) have two peaks at binding energies of 642.0 eV
and 654.0 eV, contributed by transitions from Mn 2p3/» and Mn 2p12 states, which could
nominally originate from the Mn (II) species 2% 26!, The proximity of binding energies
from differing Mn oxidation states and Poisson noise, however, complicates a definite
assignment at the exclusion of others. To support this assignment, the NEXAFS spectra
corresponding to excitations from the same core states, Mn 2p32 and Mn 2p1., are

presented in Figure 3.3 (F). Notably, these spectra probe the dipole-allowed transitions
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into the unoccupied density of states near the Fermi level, and thus provide a sensitive
fingerprint of the local electronic structure. As a further contrast to XPS, the sample’s
NEXAFS spectrum was collected via partial fluorescence yield which, unlike the
electron based XPS, is particularly well suited for studies of dilute metals in insulating
materials. Here, a large characteristic resonance at 639.6 eV aligned well with that
observed from the Mn (II) reference. Furthermore, the spectral shape agreed with

previous reports for hydrated Mn (II) and Mn (II) coordinated to acetylacetonate 2%

263 confirming Mn (II) species were present.

The Fe 2p XPS scan in Fe/Si0;-v sample (Figure 3.3 (B)) has peaks at 712.0
eV and 726.1 eV as the binding energy for Fe 2p3»2 and Fe 2pi». This should be
attributed to the presence of mixed Fe species has (II, III) oxidation states 2°*2%°, In
particular, the broadness of the Fe 2ps/2 peak is suggestive of a mixture of the Fe (II)
and Fe (III) oxides. Meanwhile, two low-intensity peaks located at binding energy
718.6 eV and 733.5 eV were found as satellite peaks affiliated with the Fe 2p3» and Fe

2p1;» features belonging to the Fe (III) oxidation states 2.

More precisely, the
NEXAFS spectrum of as-prepared Fe/Si10: in Figure 3.3 (G) shows two peaks at 708.6
eV and 710.0 eV which are close in energy but of significantly different intensities than
peaks found with a Fe;O3 standard. Other researchers have attributed such peaks to
Fe(II) and Fe(Il) in silicates®, thus the greater relative intensity of the peak at 708.6
eV suggests reduction of the catalyst and further evidences the presence of Fe (II, III)
oxidation states.

The Co 2p XPS scan of Co/SiO;-v (Figure 3.3 (C)) has two distinct peaks at

binding energies of 780.6 eV, and 796.5 eV, which correspond to the Co 2ps2 and Co
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2p1/2 states. These binding energies indicate the presence of Co (II) oxidation states¢”

268 in the catalyst sample. However, instead of pursuing rigorous fits of a spectrum
dominated by Poisson noise, a clearer fingerprint of the chemistry can be obtained from
the NEXAFS results. Specifically, the decline of Co (III) species is evidenced by the
NEXAFS spectra in (Figure 3.3 (H)), where the as-prepared Co/SiO2-v spectrum was
well aligned with the CoO features at 777.5 eV t0779.4 eV, and 793.7 eV. Notably,
the Co/SiO2-v spectrum did not exhibit the resonance at approximately 775 eV, which
is often attributed to Co species in an octahedral coordination state 2. The Ni/SiO2-v
in (Figure 3.3 (D)) shows XPS features at a binding energies of 854.8 eV for Ni 2p3»»
and 873.3 eV for Ni 2pi2, which correspond to the Ni (II) species 2’ ?’!. Besides, two
low-intensity peaks were found with binding energy at 862.4 eV and 881.8 eV, which
were assigned to the satellite peaks affiliated with the Ni 2p32 and Ni 2pi/» features 27%
272 The result was also supported by NEXAFS spectra in (Figure 3.3 (I)), as the Ni
(IT) presented in Ni/SiO2-v, though the lower feature intensities may indicate the
presence of Ni metal. This will be investigated further in the context of the K-edge
XANES results.

The Cu/SiO;-v exhibited its Cu 2p32 and Cu 2p1,2 peaks at binding energies of
933.2 eV and 953.5 eV that are contributed by Cu (I, II) species *>7*. Due to the low
concentration resulting in an insufficient signal-to-noise ratio of the Cu 2p peaks, only
qualitative statements can be made based on the XPS. Clearer evidence is provided by
the NEXAFS spectra in (Figure 3.3 (J)). Note that CuxO features found at 929.6 eV
and 949.5 eV are indicative of some surface oxidation as it is difficult to obtain a

pristine Cu20 reference 2’4, Finally, the catalyst’s spectrum exhibited multiple features
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roughly aligned with those found in Cu20 and CuO reference oxides. As the Cu(I)
feature is of similar intensity to those of Cu,0 and the Cu (II) features are significantly
less intense than those from CuO, it was determined that the catalyst contains a mixture
of Cu(I) and a minor Cu (II) phase. It should be noted that the overall interpretations of
the metal 2p XPS and NEXAFS features of the M/SiO»-v catalysts agree with the DR
UV-vis and H>-TPR results discussed above.

The survey scan of vitreous silica catalysts in Figures 3.4 (A-D) found
significant features for only Si, O, and C, and did not reveal any obvious contamination
elements. In Figure 3.4 (B), the Si 2p scan found all of the peaks to be symmetric with
a binding energy near 704.4 eV, falling into the Si-O bonds in vitreous silica?’>2”". The
O 1s scan in Figure 3.4 (C) shows all samples had the O 1s peak between 533.1 eV
and 533.5 eV, corresponding to the typical Si-O-Si bonds in amorphous silica phase®*%
278280 The C 1s scan in Figure 3.4 (D) exhibited typical adventitious carbon with
binding energy around 285.2 eV, which corresponds to C-C and C-H bonds®*!-%3. Not
surprisingly, the formation of adventitious carbon is due to the natural contamination

of specimens which were prepared and treated under an ambient air environment.
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Figure 3.4. XPS survey scan (A), and high-resolution scan of Si 2p (B), O 1s (C), and

Cls, (D) for M/Si0,-v catalysts.

3.4.2 NMC reaction over M/SiO,-V catalysts

3.4.2.1 Methane activation in the initial reaction stage

A mass spectrometer was used to track methane activation over the M/SiOz-v

catalysts during the early stages of the NMC reactions. Upon introduction of methane
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into the M/S10:-v catalysts, H> product formed, and its signal increased proportionally
with the CH4 event (Figures 3.5 (A-E)). Within time on stream (TOS) < =20 s, C2Hs
and C>H; products appeared, followed by CoHs and higher hydrocarbon species such
as C3Hg. With the progress of NMC reaction (e.g., TOS > =20 s), the signals of C
products increased and then reached plateau values at TOS of >=150 s. The C2H4 signal
increased significantly in the reaction period of TOS < =100 s. All the M/SiOz-v
catalysts show a similar trend in evolution of these product species versus the reaction

time.

The fine differences in methane activation over these catalysts can be detected
by a close examination of species evolution data (Figures 3.5 (A-E)). Firstly, the
generation of Hz over Mn- and Ni/SiOz-v catalysts (Figures 3.5 (A) and (D)) was
sooner than that of Fe-, Co- and Cu/SiO2-v (Figures 3.5 (B), (C) and (E)) catalysts,
suggesting the former two catalysts have stronger C-H scission capability. In contrast,
Cu/Si0;-v catalyst has the slowest hydrogen formation, which might be caused by the
sinking of Cu sites into the silica surface that cannot provide suitable site for anchoring
methyl groups'®!. Secondly, the formation of C2Hx product quantity over these catalysts
followed the trend of Mn > Ni > Fe > Co > Cu, indicating Mn and Ni have the high
activity for C2Hz formation. CoHz has been reported to be the precursor of coke
deposition?®, and thus it is expected that Mn- and Ni/SiOx-v catalysts could have high
coking rates. The last different feature is the formation of CO and CO; signals over
these M/SiO»-v catalysts. Ni-, Fe- and Cu/Si0;-v (Figures 3.5 (B), (D), and (E)) have

obvious CO and detectable CO; signals at TOS of < 50 s, while these signals were very
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weak in the Mn- and Co/Si10;-v catalysts. The COx signals should be attributed to the
reduction of metal species to the lower oxidation states. It seems that the as-prepared
Mn and Co/SiO»-v catalysts have more stable metal species than the other three

catalysts that were formed in the flame fusion process.
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Figure 3.5. Species revolution as a function of TOS in methane activation over
M/SiO2-v Mn (A), Fe (B), Co (C), Ni (D), and Cu (E) monitored by a MS. (NMC

Condition: 1273 K, WHSV = 6400 h!, 81.4 kPa, Ar as internal standard)

3.4.2.2 Methane conversion and product selectivity over M/SiO2-v catalysts

Methane reaction and product formation rates were measured in the NMC over
the M/SiO;-v catalysts with TOS of 5 h. After the induction period of TOS of =1 h, the
NMC reaction reached stable performance. Averaged methane reaction and product
formation rates were plotted against metal type for further analysis. In Figure 3.6 (A),
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Mn- and Ni/SiO;-v have the highest methane reaction rates, followed by Co- and
Fe/Si10,-v catalysts, and then by the Cu/SiO»-v catalyst. The low reaction rate over Cu
species in the silica support agrees with previous computation work '°!, showing that
Cu is a poor methane activator due to an over-inflated geometry at the Cu site, causing
the d,? orbital to have electron distribution below the Fermi level and thus forming

ineffective interaction with C-H bond.
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The dominant products from the NMC reactions are C> (i.e., ethane, ethylene,
and acetylene) and aromatics (i.e., benzene, toluene, and naphthalene), in which
ethylene and benzene are the dominant products (Figures 3.6 (B-C)). Among these
five different NMC catalysts, Co- and Ni/SiO;-v catalysts have the highest C, and
aromatics formation rates, followed by Mn- and Fe/SiO;-v catalysts. The Cu/SiO02-v
has the lowest hydrocarbon product formation rate, which should be caused by its low
methane reaction rates due to inferior methane activation on this catalyst. The coke
formation rates (Figure 3.6 (D)), quantified by TGA measurement, follows the order
of Mn > Ni > Fe > Co > Cu. Mn and Ni species exhibited high methane conversion
with relatively lower hydrocarbon selectivity, which could be due to their high deeper
dehydrogenation capability of forming carbon product?*> 2%, The Cu/SiO»-v exhibited
low methane conversion due to its resistance to methane activation. Overall, the
Co/Si10;-v catalyst demonstrated reasonably high methane reaction rate, hydrocarbon

formation and low coking rates.

3.4.3 Coking species in spent M/SiO»>-v catalysts

The carbon deposits on the spent catalysts were probed by the O2-TPO profiles after
TOS of 5 h in the NMC reaction. Figures 3.7 (A-C) shows the CO,, CO, and O
evolution profiles in the measurement. Two distinct differences among the five spent
catalysts were observed. Firstly, the peak evolution temperatures follow the order of
Co <Ni=Fe <Mn = Cu in the M/SiOz-v catalysts. Secondly, the degree of asymmetry
of the CO2, CO and O peaks increase in the trend of Mn = Ni < Fe < Co < Cu. In

particular, the combustion of spent Mn/SiO»-v catalyst displayed relatively narrow and
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slightly symmetric TPO profiles (Figure 3.7 (A)), with an onset of 896 K and
completion occurring at 1127 K, a span of 231 K. The Co/Si0;-v catalyst has a clear
shoulder peak (centered at 897 K) at the low temperature region of the TPO profile.
The tail on the lower temperature range (854 K) is relatively smooth. For Cu/SiO2-v
catalyst, there is a clear low temperature peak, which can be easily separated from the

high temperature peak at 980 K.
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Figure 3.7. CO: formation rate (A), CO formation rate (B), and O2 consumption rate
(C) in TPO profile of spent M/SiO;-v catalysts after 5 hours of NMC reaction. TPO
profiles measured for spent catalysts as CO; formation rate (A), CO formation rate (B),
and O consumption rate (C), TPO peak temperature as effect of catalysts (D).

The TPO peak temperatures reflect the types of coking species in the spent
M/Si0;-v catalysts. The TPO spectra for each spent catalyst can be deconvoluted into
three peaks - low, medium, and high temperature peaks - as reported previously??®. The
low temperature peak can be ascribed to amorphous and oxidized “soft” coke, the
medium temperature peak to polymeric aromatic carbon, and the high temperature peak
to the ordered, graphitic “hard” coke. The formation of diverse carbon species in the
NMC reaction has been observed in Mo/ZSM-5%21 286 287 and metal/sulfated zirconia

288-290 a5 well as in methane pyrolysis in the absence of any catalyst*!2%*. The

catalysts
Co/Si10;-v catalyst has the highest amount of low temperature coke, which can be
actively involved in the reaction. The Mn/SiO;-v accumulated the hardest ordered

graphitic coke. Figure 3.7 (D) shows the coke removal temperature exhibits a volcano

shape with regards to the positions of these five transition metals in the periodic table.

3.4.4 Evolution of metal species in M/SiO»>-v catalysts in NMC reaction

To study effects of NMC reaction on the metal sites in the vitreous silica
supported metal catalysts, X-ray absorption fine structure (XAFS) can be used to
measure the local electronic and atomic structure of the transition metals in each
catalyst, which includes their oxidation states and coordination environments before

and after the NMC reaction activation. The procedure of catalyst activation under NMC
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was carried out by exposing 0.375 g of as-prepared catalyst to NMC conditions for 15
mins, producing so called activated catalysts. In Figure 3.8 (A), the Mn K-edge
XANES spectra for the as-prepared Mn/SiO»-v and activated Mn/SiO»-v are nearly
superimposed and exhibit edge positions in general alignment with MnO, suggesting
Mn (I) is the predominant oxidation state of the Mn atoms in the catalysts. From the
inset, the pre-edge features are also elevated in intensity relative to that of octahedral
MnO, which indicates the Mn atoms may be in a site without inversion symmetry>*>.
This result is supported by the corresponding EXAFS results shown in Figure 3.8 (B)
and reported in Table 3.2, which demonstrate the Mn is approximately four-fold
coordinated to oxygen, albeit slightly undercoordinated. Moreover, these results reveal
almost no change of the coordination environment in as prepared and activated
catalysts. The fitted results of Fourier-transformed EXAFS from (Figures 3.8 (E and
F)) exhibit a single predominate peak at ~1.595 A (not phase corrected) for both as-
prepared and activated Mn/SiO2-v. The lack of significant peaks at higher radial
distances suggests the Mn atoms are occupying disordered sites without long-range
order, which is consistent with the Mn atoms dispersing on the vitreous silica matrix as
opposed to forming metallic clusters.

Table 3.2. EXAFS fitting results for the selected catalysts. Uncertainties correspond

to one standard error.

Samble Mn/SiO,-v Mn/SiO,-v Co/SiO,-v Cu/SiO,-v
P (Fresh) (Spent) (Fresh) (Fresh)
Bond Result Stand. Result Stand. Result Stand. Result Stand.
T Err. Err. Err. Err.
ype Mn-O Mn-O Co-0 Cu-0

AE,(eV) 346 0.13 4.9 0.5 -5.4 0.3 -0.8 0.4
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C.N. 3.60 0.05 3.88 0.19 4.08 0.10 1.93 0.06
R (A) 2.082 0.001 2.073 0.005 1979 0.002 1.850 0.003

5 (Az) 0.0057 0.0002 0.0066 0.0007 0.0077 0.0004 0.0038 0.0005

The Fe K-edge XANES spectra of Fe/Si02-v are shown in Figure 3.8 (C). The
as-prepared Fe/Si102-v catalyst’s edge position was found to be slightly higher in energy
than the divalent references. This is consistent with the results of pre-edge peak fitting
shown in Figure 3.9 (A) which found the centroid to be at 7113 eV, according to the
method of Wilke et al.?*2. This suggests that = 36 % of the Fe atoms are Fe (III) while
the remainder are Fe (II), see Table 3.3. This agrees with the earlier DR UV-vis, H,-
TPR, and XPS results, which found a combination of Fe (II, III) oxidation states.
Notably, the reacted Fe/SiO;-ve XANES spectrum resembles fayalite (Fe2SiOs),
suggesting the Fe atoms were reduced to Fe (II) and occupied an octahedral Fe-O
environment very similar to fayalite. The corresponding Fourier-transformed EXAFS
spectra are shown in Figure 3.8 (D). Both the as-prepared and activated Fe/SiOz-v
catalyst spectra exhibit clear first and second shell peaks, indicating formation of Fe
oxide nanoparticles or clusters over the vitreous silica support, which is consistent with
the DR UV-vis and H>-TPR results. Furthermore, the reacted catalyst’s EXAFS
spectrum bears considerable resemblance to fayalite. This again suggests a similar local
structure in those two samples.

Co K-edge XANES spectra for Co/SiO2-v are shown in Figure 3.8 (E). The
edge position of both the as-prepared and activated samples is well aligned with CoO,
indicating the presence of the Co (II) oxidation state. However, the white line at 7725

eV reduces intensity upon reaction, while the pre-edge region around 7710 eV increases
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in intensity. This can be explained by the corresponding Fourier-transformed EXAFS
spectra in Figure 3.8 (F). For the as-prepared catalyst, the Co/SiO»-v exhibits a single
predominate peak which can be assigned to four-fold coordination with oxygen, see
Table 3.2. While there is some spectral weight in the second shell, a wavelet transform
analysis present in Figures 3.10 (A-B) revealed that the peaks are due to scattering
from a neighbor lower in atomic number than Co. Finally, the fitted Fourier-
transformed EXAFS spectra in (Figure 3.9 (G)), no significant peaks were found after
3.5 A (not phase corrected). These results indicate the formation of isolated Co species
in the vitreous silica matrix rather than metal agglomeration. In contrast, the activated
Co/Si10;-v exhibits a second peak at a position roughly consistent with metallic Co
from Figure 3.8 (F) and more intense than the second peak of the as-prepared catalyst’s
spectrum. Returning to the Co K-edge XANES results in (Figure 3.8 (B)), fitting the
activated Co/Si102-v spectrum to a linear combination of the as-prepared catalysts and
the metallic Co’s spectra provided excellent agreement with the activated spectrum and
revealed that =15 % of the Co atoms formed metallic particles during reaction, as
presented in Table 3.3.

Table 3.3. K-edge XANES fitting with results of linear combination for species types

and fractions for Co, Ni, and Fe/SiO»-v catalysts.

Co/Si102-v Ni/S102-v Ni/Si102-v Fe/S102-v

Catalyst Spent Fresh Spent Fresh

Species Type Co (II) Co (0) Ni(II) Ni(0) Ni(Il) Ni(0) Fe (Ill) Fe (II)

Species Fraction 0.85 0.15 0.18 082 -0.02 1.02 036 0.64
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Stderr 0.002 0.002 0.004 0.004 0.004 0.005 0.050 0.050

The Ni K-edge XANES spectra in (Figure 3.8(G)) reveal strong similarities
between both the as-prepared and activated Ni/SiO2-v with the metallic Ni spectrum.
These spectra indicate the presence of metallic Ni particles over the vitreous silica
support. Notably, the as-prepared sample exhibited a white line at 8350 eV that was
slightly more intense than Ni (0), suggesting some Ni (II), which NEXAFS also
observed in Figure 3.3 (I). Here, linear combination analysis revealed the as-prepared

spectra is well-reproduced by a mixture of ~18 % Ni (II) oxide and ~82 % Ni metal;

the fitting results are presented in Figure 3.9 (C) and Table 3.2. This demonstrates that
some Ni (II) species are present in the as-prepared sample and then become completely
reduced to metallic Ni during the reaction. Furthermore, the Ni K-edge Fourier-
transformed EXAFS spectra in Figure 3.8 (H) further confirm the presence of metallic

Ni in both the as-prepared and activated Ni/SiO-v catalysts.
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Figure 3.8. XANES and EXAFS spectra for fresh and activated M/Si02-v catalysts
(M =Mn, Fe, Co, Ni, and Cu) for Mn (A-B), Fe (C-D), Co (E-F), Ni (G-H), and Cu (I-

D).
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Figure 3.9. XANE Spectra with the fitted curve for Fe/SiO2-v (A), Co/SiO2-v (B),
Ni/SiO2-v (C-D) to determine the catalyst site status. K-edge Fourier-transformed
EXAFS spectra with the fitted curve for Mn (F-G), Co (H), and Cu/SiO2-v (I) as the

demonstration of the short-range coordination status of these catalyst sites.

The Cu K-edge XANES spectra in Figure 3.8 (I) indicate Cu atoms in the as-
prepared Cu/SiOz-v catalyst are primarily found in a Cu (I) oxidation state. In
particular, the shoulder feature at 8984 eV strongly indicates monovalent copper*°.
However, a slight chemical shift to higher energies suggests the Cu (I) oxidation state
likely co-existed with Cu (II), consistent with NEXAFS results in Figure 2 (J). In
contrast, the XANES spectra reveal Cu (0) species were formed in the spent Cu/Si0;-
v, as the spectra are well-aligned in the pre-edge and rising edge with metallic Cu. From
the Fourier-transformed EXAFS spectra in Figure 3.9 (H). A single predominate peak
for Cu/SiO»-v at 1.41 A (not phase corrected) can be found. Fitting revealed the Cu
atoms are two-fold coordinated, see Table 3.3, consistent with the peak exhibiting an
intensity roughly identical to Cu2O. The remaining features up to 4 A resemble the
Cu20 and CuO spectra but lack significant intensity, perhaps indicating some small
nanoparticles or clusters of Cu (I, IT) over the Cu/SiO»-v catalyst. Finally, the reacted
Cu/Si0z-v spectra exhibited significant overlap with the metallic Cu, meaning the Cu

sites have been fully converted to metallic Cu, as can be verified from Figures 3.8 (I)

and (J).
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Figure 3.10. Fourier transform (left panel) and Morlet Wavelet transform (right panel)
for the k*-weighted Co K-edge EXAFS signals for fresh Co/SiO2-v (A), and metallic

Co (B).

The XAFS data reveal that M/SiO»-v catalysts have increasing fractions of
metal sites and metal aggregation as the metal type change from Mn, Fe, Co, Ni to Cu.
This behavior should result from their different solubility in the silica phase, as

evaluated from the phase diagrams*’-*%. Flame fusion involves solid-state dissolution
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reactions. A thermally stable metal silicate precursor is needed for the successful
incorporation of metal sites into the silica matrix. Figure 3.11 shows the thermal
dynamic stability of silicate precursors. Although Mn, Fe, Co, Ni, and Cu have stable
silicate compounds, the insufficient thermal stability results in the decomposition of
Ni2Si04 and CuSiOs to NiO + Si0,%7 and CuO/Cu0 + Si0,*!3%2 at high-temperature
conditions, while Mn, Fe, Co silicate are spinode compound that tend to melt before
decomposition based on their phase diagrams®**3%. The formation energy and
melting/decomposition temperature can be used to indicate the degree of stability and
metallic species evolution in the flame fusion process for preparation of M/SiO-v
catalysts. The trend shows these five transition metals have a decreasing stability in
term of their silicate compounds when moving to the right side in the periodic table**-

396 This is why we observe a high fraction of reduced metal sites in the Cu- and

Ni/S102-v samples.
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Figure 3.11. Thermal dynamic stability of metal silicate precursors described by their
formation energies and melting/decomposition temperature of metal precursors. (Data

were extracted from reference?7-306)

3.4.5 Correlation between catalyst type and NMC performance

The screening of metal type in silica matrix for NMC has been studied
computationally by Chang and co-workers!”!. They replaced the Fe site in silica support
with 25 different transition metals and examined their performance under the same
activation conditions. The performance trends in terms of methane activation, ethylene
formation and coke deposition across these transition metals have been explained by
descriptors of the adsorption and dissociation energies of methane, the dissociation
energy of second methane, and the deep dissociation of methylene generated from
ethylene, respective. It was reported that Mn has a high adsorption energy and medium
activation energy barrier for dissociation of the first C—-H bond in methane, which is
expected to give a high methane conversion rate. The dissociated methyl and hydrogen
generated from scission of the first C-H bond prefer to be adsorbed at the Mn site and
one carbon site of the active center in the Mn/SiO; catalyst. For coinage metals such as
Cu, the atoms likely sink into the support surface and cannot provide a suitable site for
anchoring methyl groups, which means Cu has a low methane activation rate. These
computational findings are surprisingly consistent with our experimental observations
for methane reaction rates over Mn- and Cu/Si10:-v catalysts. In terms of the ethylene
formation and coke deposition trends, He et al. did not screen all these transitional

metal catalysts as was done for the C-H activation step in NMC. The performance
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behavior of Co/S10;-v in NMC in our experimental tests, in terms of coke resistance,
methane activation, hydrocarbon production, is the best. This finding was not noted in
the computational efforts in literature. It should be pointed out the computational work
has been focused on the active centers that are one metal atom coordinated with two
carbon atoms and one silicon atom simulated on the (001) surface of B-SiO> through
replacing the unit of SiO; by FeSiC;% "7 Y1 Ag evidenced in our catalyst
characterization data, the actual catalyst composition is far more heterogeneous in
terms of the size and oxidation states of active centers in the vitreous silica matrix.

A descriptor for quantifying the site heterogeneity in M/SiO»-v catalysts could
be the fraction of metallic sites in the activated catalysts. The increase in the fraction
of metallic sites indicates the migration and aggregation metal atoms in the catalysts to
form dimers, clusters or nanoparticles, in comparison to the single metal sites in the

silica matrix. The computational study>"’

suggests that the active centers involving dual
metal sites could lead to strong bonding to both methyl and hydrogen species upon
dissociation of C-H bond in methane. This can lead to higher reaction rate, high
temperature stability and coke resistance than single metal sites or clusters. Among the
studied M/SiO;-v catalysts (Section 3.4), the Co/SiO-v has a fraction of 15 % metallic
Co (0) sites in the activated catalysts. In comparison to Mn/SiO;-v that primarily
contains Mn (II) single sites and Ni- and Cu/SiO;-v catalysts that dominantly contain
Ni (0) and Cu (0) sites, the Co/SiO»-v has a higher tendency to form dimer or trimer

Co (0) sites that could contribute to the high coke resistance and hydrocarbon yield in

the NMC reactions.
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3.5 Summary

In summary, we synthesized five vitreous silica-supported transition metal (i.e.,
Mn-, Fe-, Co-, Ni and Cu/SiO2-v) catalysts and screened selected physiochemical
properties and NMC reaction performance. Among the metal silicate precursors
utilized in catalyst preparation, the thermal stability exhibits a decreasing trend from
Mn to Cu in the periodic table. As a result, the as-prepared Mn/SiO>-v primarily
contains isolated Mn (II) sites, while Fe- and Co/SiO»-v predominantly feature isolated
Fe (II) and Co (II) sites alongside a small fraction of metal oxide nanoparticles. In
contrast, Ni- and Cu/SiOz-v have higher metal oxide components.

Upon catalyst activation in NMC, metal sites were generated through the
reduction of their oxide forms in the fresh catalysts. The quantity of reduced metal sites
increases from Mn to Cu in the catalysts. This site heterogeneity in the activated
catalysts influenced the NMC performance. Moving through Mn-, Fe-, Co-, Ni- and
Cu/Si0Oz-v catalysts, Mn/SiO2-v demonstrates the highest methane reaction rate and
highest coke formation rate, whereas Cu/SiOz-v exhibits the lowest methane reaction
rate and coke formation rate. The Co/Si0»-v catalyst emerges as the optimal candidate
for NMC, excelling in methane reaction rate, hydrocarbon formation and coke
resistance. It is noteworthy that the activated Co/SiO;-v was determined to have ~85%
Co (IT) and =15% metallic sites, likely forming small oligomers (i.e., Co-Co dimers)
contributing to the observed performance. This work provides examples and guidance
for the further development and optimization of NMC catalysts, contributing to the

decarbonized production of clean energy and chemicals.
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Chapter 4: Direct, Non-oxidative Conversion of Methane

over Fe/SiO2 Catalytic Wall Reactor

This chapter is adapted in part from Zixiao Liu, Sichao Cheng, Antara Bhowmick,
Yuan Zhang, Dongxia Liu, “Vitreous Silica Supported Fe Catalytic Wall Reactor for

Non-oxidative Conversion of Methane”. Manuscrpit in Preparation

4.1 Abstract

Lattice-confined, single-atom Fe on silica is a recently developed highly active
catalyst for direct, NMC with extraordinary performance and low coke selectivity.
Rational design and utilize the catalyst in a catalytic wall reactor can reduce the use of
catalysts, improve heat efficiency and reaction performance much more than the
conventional fixed bed reactor. In this work, a vitreous silica-supported Fe catalyst was
incorporated into a catalytic wall reactor (CWR) and demonstrated improved
performance in NMC. At temperatures lower than 1273 K or higher space velocity
conditions, the CWR demonstrated selectivity towards light olefins. When temperature
increases above 1273 K, the reactor majorly produces aromatics and hydrogen. The
overall reactor demonstrates stable catalytic performance without degradation, even if
the coke was forming. The filter aperture in CWR can effectively collect active, high-
purity, and uniformed carbon nanospheres as advanced carbon materials, which

improves the overall process profitability.
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4.2 Introduction

Towards net-zero emission requires zero carbon footprint for industrial,
especially energy acquisitions. Due to the high carbon footprint, conventional energy
process is not acceptable for net-zero emission economy. In the future net-zero
emission economy, the abundant reserves of natural gas and new drilling technology
could enable methane with more affordable price, which is an ideal feedstock to
produce hydrogen and essential chemicals. Non-oxidative methane upgrading
established an alternative path directly convert methane to value-added chemicals, such
as hydrogen (H:), acetylene (C:H>), ethylene (C2H4), and ethane (C:Hs), benzene
(CsHp), toluene (C7Hs), and naphthalene (Ci0Hs). The technology could reach very high
caron utilization efficiency than conventional GTL processes, which is extraordinary

promising to satisfy the demand of net-zero emissions.

Although non-oxidative methane upgrading is an attractive technology to net-
zero emissions. However, the challenges remained in the technologies including
thermodynamic and kinetic limitation, insufficient understanding of reaction
mechanism, low activity of catalysts and requires reaction engineering. These
inadequate has significantly inhibited commercial development of non-oxidative
methane upgrading. The thermodynamic nature of non-oxidative methane upgrading,
is not favorable for both hydrogen and hydrocarbons production, which require high
temperature or products removal to shift equilibrium. The high stability of C-H bond
in methane requires effective catalysts and suitable reaction conditions, which can

significantly improve hydrocarbon selectivity and reduce the reaction temperatures. In

113



terms of catalysts development, conventional nanostructured, supported metal-based
catalysts favors hydrogen + coke but exhibited low activity for hydrocarbons
selectivity. The recently developed single atom catalysts exhibits much active
performance and favors hydrocarbons selectivity. The state of art catalysts, a Fe single-
site catalyst supported by silica (Fe©Si0O,) was developed by Guo and their co-works
in 2014 which lattice confined Fe operating at high temperatures above 1273 K3%. This
catalyst can produce Cz+ hydrocarbons, aromatics with the minimal amount of coke
under the proper condition. Several critical studies has revealed the Fe©SiO» can active
methane via surface reaction® 7% 177 form C, hydrocarbons (C2Hs and C>Ha), which is
the important precursors for aromatics (benzene, toluene, and naphthalene) via gas
phase dehydrogenation reactions'®!. Besides, Fe site also initialed methane radicals,
which is the key precursors for C, hydrocarbons!”’. Therefore, Fe©SiO; provides dual
pathways for reaction via catalytic and gas phase reactions'’’, which offers valuable
information to catalysts developed, mechanism understanding, and future processing
development.

Process simulation and reaction engineering are especially valuable to
understanding the key factors in establishing commercial-scaled non-oxidative
methane upgrading processes. To date, there rarely studies regarding process
stimulations of non-oxidative methane upgrading and reaction engineering with
essential information that to make the overall process profitable. Huang and the co-
works evaluated the process, suggested overall conversion reaches > 25 % with coke
formation less than 15 % to make process profitable 8% % This demands catalysts

with high activity and hydrocarbon selectivity, which the current Fe/SiO» can satisfy.
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Since coke formation cannot be avoided entirely in a commercially scaled fixed bed
reactor, there might be a risk of a coke-caused diffusion barrier with the continuous
reaction for long-term operation. Of course, discontinuing the response to generate
catalysts increases new costs for the processes. To reduce the frequency of reactor
maintenance and avoid blockage caused by coking, a CWR is an effective solution.
Developing a layer of catalyst bonded with the reactor can effectively reduce the coke
blockage of the catalyst and reactor. Oh, and the co-workers developed a millisecond
catalytic wall reactor for NMC, exhibiting the continuous reaction without
deactivation, even if coke is formed %%, On the other hand, the catalytic wall reactor is
more efficient in thermal management than a conventional fix-bed reactor due to the
catalysts bonding with the reactor having conductivity-dominated heat transfer, which
is much more efficient than convection and radiation. In commercial development, a
catalytic wall reactor is even promising to couple with another endothermic reaction to
become an auto thermal reactor, especially for non-oxidative methane upgrading
carried out at 1273 K!8 ¥ Given by this, in this study, we use the vitreous silica-
supported Fe catalysts to develop a catalytic wall reactor and discover its possibilities
under high conversion conditions. Here for the first time, we demonstrated the CWR
with high methane conversion (up to 91%). The CWR exhibited dual function: Product
hydrocarbons and hydrogen with nano carbon materials. Lower 1273 K, such CWR
will undergo NMC reaction to produce hydrocarbons. When temperature elevated
above 1273 K, the CWR functioned for NMD reaction to produce hydrogen, carbon,
and aromatics. The developed CWR is robust without degradation in 140 hours of the

continuous test. Such CWR is also a nanomaterial fabrication device that can produce
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carbon nanospheres (CNSs) in the gas phase with roughly 150 nm diameter, which
turns the low-valued coke into high-valued, advanced carbon materials. The

characterization of CNSs exhibited a solid sphere with graphitic properties.

4.3 Experimental method

4.3.1 Materials

Quartz (99.99% purity, IOTA-4) purchased from Sibelco Inc was used as the
catalyst support. The catalyst precursors (Fe2SiO4) were synthesized via a sol-gel
method by following previous publications. Nitric acid (HNOs;, ACS grade) was
purchased from Fisher Scientific. DI water was prepared from an ultrapure water
system (Milli-Q® Direct, Millipore Sigma) with an electric resistance of 18.4 Q at 298
K. The fused quartz tubing and quartz frit disks were purchased from the Technical

Glass Products and cleaned by DI water before usage.

4.3.2 Catalyst synthesis and CWR fabrication

The synthesis of the M/SiO,-v catalysts followed by pervious study **°. The
mixture was then pressed by packed in a 25 cm long, 12.7 mm diameter fused quartz
tube and fused on the tube by a continuous oxy-hydrogen flame until the tube wall
became bright white and slightly soft. A hollow catalyst wall tube was obtained by
withdrawing the residual catalyst from the fused quartz tube after flame fusion. The as-
fused catalyst wall tube was washed in an aqueous HNO; solution (1.0 mol L!,) under
rigorous magnetic stirring at ambient conditions for 3 h and followed by another three

times DI water washing steps to remove residual acid, followed by drying at 343 K
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overnight. A calcination step was carried out in a muffle box furnace at 823 K for 4 h
under ambient conditions to remove the residual HNOs. Finally, the catalytic wall
reactor was obtained by welding the wall tube with other 12.7 mm to 6.35 mm adaptor,
and a quartz frit in one end via the oxy-hydrogen flame and denoted as Fe/SiO>-CWR.
4.3.3 Characterization

To determine the amount of catalyst loaded on the CWR, a conventional
analytical balance (MS150DU, Mettler-Toledo) was used to measure the total weight
difference of the quartz tube packed with the catalyst before flame fusion and after
withdrawal of the unfused catalyst from the quartz tube. X-ray diffraction patterns were
measured on a Bruker ® D8 diffractometer using Cu Ko radiation with a step size of
0.02 degrees. The microstructure of the Fe/SiO2-CWR was visualized by a scanning
electron microscope (SEM, GAIA 3, by TESCAN®). The Raman spectra were
collected by using HIY LabRam ARAMIS Raman spectrometer, which was equipped
with a 532 nm wavelength laser and calibrated at 520 cm™ using a silicon wafer

standard.

4.3.4 Catalytic reaction test

The as-prepared CWRs were tested on the apertures described in Figure 4.1.
The temperature of the reactor was monitored by a thermal couple probe (Type K,
Omega Engineering) attached to the outside of the CWR. Typically, a continuously
flowing of 10 mL min™! N> (UHP grade, Airgas) was introduced in the CWR firstly.
Then, the CWR was heated by a program-controlled tube furnace (Model 3210,

Applied Test System) from room temperature to the designated temperature with a 10
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K min’! ramping rate. After reaching the designated temperature, a reactant stream of
4 mL min! methane (Research grade, Airgas) and 2 mL min™' Ar internal standard
(UHP grade, Airgas) was induced to the CWR. The effluents of the reaction were
continuously monitored by gas chromatography (GC, 6890 A, Agilent) which has
equipped with a methyl-siloxane capillary column (HP-1, 50.0 m % 320 um x 0.52 um)
configured to a flame ionization detector (FID), and a packed column (ShinCarbon ST
Columns, 80/100 mesh, 1.83 m) configured to a TCD. An inline cold trap was set to
trap the heavy hydrocarbons produced from the CWR, due to the condensation of heavy

hydrocarbons could potentially block the sampling line.
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Figure 4.1. Scheme of catalytic wall reactor testing aperture.

4.3.5 Analysis of spent CWR

The reactor was measured weight change after reaction. The coke produced
from the CWR can be retrieved by using a diamond saw to cut the reactor and collect
powder liked coke materials. The morphology and microstructure of the advanced

carbon were analyzed by SEM (GAIA 3, TESCAN®) and transmission electron
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microscopy (TEM, JEOL-2100). The surface area of the advanced carbon was
measured by N> isotherms method via the Quantachrome Autosorb-Qi automated gas
sorption analyzer. The sample was pre-treated at 573 K under lmm Hg pressure prior
to the measurement. The electronic conductivity of the advanced carbon was examined
via the electrochemical impedance spectroscopy (EIS) method carried by an impedance
analyzer (1260 A, Solartron) at room temperature from 0.1 to 10° Hz frequency. The
detailed procedure of electronic conductivity measurement and the experimental
scheme were described in the supporting materials.

The nature of advanced carbon was determined by the thermogravimetric
analysis (TGA, Shimadzu, TA-50) method, which typically uses 0.05 g sample exposed
to 50 mL min™! air (Medical grade, Airgas) flow and ramped from room temperature to
1123 K with 10 K min™' rate. The TPO was also used to study the carbon nature. The
carbon sample was placed in a tubular sample cell, immobilized by quartz wool, and
then set in a temperature-controlled furnace. The temperature was monitored by a K-
type thermocouple attached to the outer wall of the sample cell. The furnace was
ramped to 1123 K at a ramp rate of 10 K min™ under a flowing Ar (45 mL min !,
ultrapure, Airgas) and Oz (5 mL min™!, ultrapure, Airgas) atmosphere. The Oz, CO»,
and CO streams were monitored by using the mass spectrometer (Prima-BT,

ThermoFisher).
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4.4 Result and Discussion

4.4.1 Physicochemical properties of Fe/SiO,-CWRs

The fabricated Fe/SiO2-CWR are configured with a 13.0 cm catalytic wall
contains only 5.16 g catalyst with a loading density of 0.40 g cm™' along the reactor
tube demonstrated in Figure 4.2 (A). The catalysts loading is significantly less than a
conventional packed bed reactor. The microstructure images of the catalyst wall were
shown in Figures 4.2 (B) and (C), indicating a 300 um uniform catalyst layer with 100
um sized catalyst particles. The identical catalyst Fe/Si0-v were used, which should
exhibit similar properties as in section 2.4 and 3.4. Apparently, the flame fusion did not
completely melt the catalyst particles, but the partially fused with the fused quartz tube.

Hint that catalysts are strongly bonded in the CWR.
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Figure 4.2. Picture of as-prepared Fe/SiO2-CWR (A), and microstructure of as-
prepared Fe/SiO-CWR in cross section view (B), and surface of Fe/SiO-CWR

catalytic wall (C).

4.4.2 Catalytic performance of CWR

The performance of Fe/SiO>-CWR was unrevealed by testing under NMC
reactions from 1073- 1373 K, shown in Figures 4.3 (A-D), Fe/SiO2- CWRs have very
low olefins selectivity, where the reaction is majority turns to methane cracking at 1373
K (Figure 4.3 (A)). When the temperature drops to 1273 K and towards 1073 K, the
Fe/SiO-CWR has olefines selectivity increase but attenuated with the methane
conversion. When the temperature finally reached 1073 K, the Fe/SiO.-CWR only
shows < 1 % methane conversion where the reaction is almost terminated. This
demonstrated the necessary of reaction temperature for NMC require 1273 K to enable
sufficient activity. The C: olefines exhibited attenuation of selectivity verse
temperature, which can be explained by the thermodynamic instability of olefines at
higher temperature which favors deactivation via gas phase reactions, results rapidly
increasing of aromatics (Figure 4.3 (B)). A notable trend in Figure 4.3 (B) observing
grown CyHe, as the evidence of gas phase reaction promotion by methyl radicals
coupling!7”- 181,

The fabricated Fe/SiO> also exhibited stable performance under typical NMC
conditions for more than 140 hours without degradation (Figures 4.3 (C-D)). A notable

selectivity change can be visible as the reduction of C in (Figure 4.3 D), the C; olefines

decreased rapidly in the first 20 hours. The Cs+ also observed a grown trend, a rapid
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increasing of Ce+ in the first 20 hours. This selectivity change could be attributed to
the carbon deposition to the catalyst surface has blocked the Fe catalytic site, resulting
diffusion barrier to produce C> products. However, within the 140 hours of the test, the
methane conversion did not have obvious drop, indicating even the coke formation
cover the Fe catalyst, the carbon species might also contribute to the methane
conversion. Evidence by the SEM image of spent Fe/SiO,-CWR after 140 hours test
under NMC condition, visible carbon coating layer with thickness can be observed.
This indicating that to a point the diffusion barrier has been established and the
conversion of methane relying on carbon as the active species, combined with the gas
phase reaction.

Space velocity also a key factor governing selectivity of Fe/SiO,-CWR under
NMC conditions. In Figures 4.4 (A) and (C), lower the flow rate to 2 mL/min CHs +
I mL/min Ar resulting much higher Cs+ selectivity and slightly increasing of overall
methane conversion, compared with the flow rate under 4 mL/min CHs + 2 mL/min
Ar. This can be attributed to the lower flow rate enables better contact of methane to
the catalysts, thus the overall conversion got increased. Regarding the Cs+ selectivity
increasing can be attributed to the lower gas flow resulting higher chance for C;
dehydrogenated to aromatics. The low hydrogen selectivity in Figure 4.4 (C) indicates
the reaction shift its selectivity to aromatics. When increase the flow rate to 2 mL/min
CH4 + 2 mL/min Ar in Figure 4.4 (B), the overall methane conversion remains almost
same with Figure 4.4 (C), but increased selectivity in Cz and hydrogen. Slightly
increase the velocity can reduce possibility of coke and aromatics formation, however,

increases the Ce+ selectivity as well.
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Figure 4.3. Methane conversion and species selectivity as a function of temperature
for Fe/Si02-CWRs (A), and species formation rate versus temperature (B), selectivity
and methane conversion of CWR operated under 1273 K for 140 hours (C), and species
formation rate of CWR operated under 1273 K for 140 hours. (NMC Condition: 1073-

1273 K, 67.55 kPa, Ar as internal standard).
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Figure 4.4. Catalytic performance of Fe/SiO>-CWR tested between 1073-1373 K under
different flow rates conditions. 4 mL/min CH4 + 2 mL/min Ar (A), 2 mL/min CHy + 2

mL/min Ar (B), 2 mL/min CH4 + 1 mL/min Ar (C).

4.4.3 Analysis and Characterization of spent Fe/SiO»-CWR

Spent CWR was carefully cut to collect the coke from catalytic wall. A total of
5 different types of carbon were found and distributed in the different locations of the

CWR. The carbon deposited on the catalyst wall was denoted as AC-1. A non-reflective
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carbon with dendrite-liked morphology was found at the end of catalytic wall, denoted
as AC-2. The spongy liked carbon collected at the quartz frit was denoted as AC-3. The
microstructure images of AC 1-3 carbon were shown in Figures 4.5 (A-C). From the
outlet of the reactor, AC-3 shows nearly perfect spherical morphology with a diameter
of 150-200 nm. The AC-2 has similar morphology to AC-3 with a much larger diameter
around 1 pm, formed by stacking of the carbon layers described in a zoom out picture.
The AC-1 carbon has 25-30 um grain covered the entire catalyst surface, with a cross-
section viewed microstructure shows the catalyst grain was completely covered by a
thick layer of carbon, which evidenced that the selectivity change might because of this
in Figures 4.3 (C-D). AC-1 Carbon deposited at the end of the catalytic wall very
similar to the AC-3, hint that methane decomposed to coke are likely produced in gas
phase and fly to the end of reactor due to the AC-3 are small and fine nano particles
can be careered in gas phase. The TEM images of AC-3 shown in Figure 4.5 (D)
verified that AC-3 has as a solid core, polymer filler bonded, contains graphitic planes,
amorphous carbon, crystallite edge, and silt-shaped cavity, which is identical to the
result reported from the previous study>®-3!°. The zoomed-in view of AC-3 in Figure
4.5 (D) exhibited typical lattice fringes, which refers to the II-bounded, stacked

aromatic layers described in literature®!”,

This explained the possible grown
mechanism of AC-3 undergoes the grown source from gas phase active species and
flying to the filter. The zoomed-out view of AC-3 in Figure 4.5 (E) demonstrated the
AC-3 has 150 nm diameter, which is agreed with Figure 4.5 (C) and the results from

pervious study?>'°.
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Figure 4.5. Microstructure and morphology of carbon product formed in spent
Fe/S10,-CWR under typical NMC reaction for 140 hours. (NMC condition: 1273 K,
67.55 kPa, Ar as internal standard).

To understand the properties of ACI1-3 formed in the CWR, Raman
spectroscopy in Figure 4.6 (A) demonstrated D band at 1344.55 cm™ and G band
1595.17 cm™ for all AC 1-3 carbons. The G band at 1582 cm™! refers to graphite, in the
case of AC carbons shifted to higher band can be attributed to graphite nanocrystalline,
evidenced by the pervious publication®'!. D band at 1358 cm! refers to the disordered
feature of carbon, the lower shifting of D band in AC carbons to 1344.55 cm™' generally

refers to increasing of structural defects®!>*13, The intensity ratio of D and G bands
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were used to evaluate the defects®'*. By comparing the I(D)/I(G) listed in Figure 4.6
(A), the AC-3 lowest I(D)/I(G) ration as 1.25, it means highly dense defect remaining
in the structure. The AC-1 and 2 has slightly lower I(D)/I(G) ranged from 1.10-1.18,
hint less defect than AC-3. Since these two carbons are primary from reactor zone, the
dehydrogenization of methane could be a reaction to continuous supply carbon source

to make up the defects, as pressing with less defects in AC-3.

AC-1 120 AC-1
(A) ——AC-2 (B) ——AC2
AC-3 — AC-3
= 115928 113344 =y 100
- 1 | o 3
- o~
. | -‘E —
& f'ﬁ] o 80
g %ﬁ a; I i | 8
= | 1) = 60
& 10 PR =
S ' S |
4]
8 40
< < .
20
1800 1600 1400 1200 1000 800 373 873 1073 1273
Raman Shift (cm™) Temperature (K)

Figure 4.6. Property of carbon product from spent Fe/SiO.-CWR by Raman
spectroscopy (A), and weight loss profile by TGA.

The activity of AC carbons obtained from Fe/SiO-CWR was examined by
TGA and presented in Figure 4.6 (B). In weight loss as a function of temperature
profile of TGA shows weight lost percentage as AC-3x=AC-2>AC-1. The incompletion
of weight loss in AC-1 due to AC-1 are sampling from the catalytic wall, with the
residual weight corresponding to the actual catalyst. A notable difference of carbon
activity can be examined by the weight loss staring temperature for the AC carbons.

The AC-3 demonstrated very high activity than other carbons by its lowest temperature
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of the weight loss as early as 778.10 K, followed by AC-2 (840.3 K), and AC-1 (979.8
K). This information reveals the high activity of AC-3, due to its lower particle size
and intense defects evidenced in Figure 4.6 (A). The TPO profile of AC carbons in
Figures 4.7 (A-C) reveled more property information of AC1-3. The activity of AC
carbons can be reflected from the peak position of CO2, CO, and O species. In Figure
36 (A), the AC-3, 2, and 1 has CO> peak temperature at 932.7 K, 1095.3 K, and 1130.1
K, respectively. The lower temperature of CO> revolution reflects less barrier of
oxidation, hints higher activity than AC-1 and 2. The CO and O: evolution in Figures
4.7 (B) and (C) represent same trend and peak position corresponding to the CO> in
Figure 4.7 (A). The TPO profile can be deconvoluted to low, medium, and high-
temperature peaks, which generally correspond to soft amorphous coke, polymeric
aromatic deposition, and ordered graphitic hard coke. Back to Figure 4.7 (A), the CO»
and CO TPO profile exhibits an unsymmetric peak for AC-3 with a shoulder at 1066.7
K, indicating that AC-3 contains primarily soft, disordered carbons. For AC-2, the left
shoulder peak presented at 986.7 K with the right shoulder peak at 1187 K, indicating
the exist of much harder, graphitic, and ordered carbon. As for AC-1, the peak becomes
more boarded with a left shoulder peak around 970 K, primarily composed of ordered,
graphitic carbon. The O signal in Figure 4.7 (C) shows much symmetrical peak with
the degree of AC-3> AC>2 >AC-1, indicating more uniform of soft carbon in AC-3,

and combined medium and hard carbon in both AC-1 and 2.
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Figure 4.7. TPO profile of CO2 (A), CO (B), and O of spent Fe/SiO,-CWR under
NMC condition for 140 hours. (TPO conditions: 20 mg spent catalyst, 10 K/min under

flow rate of 50 mL/min 10 % O»/Ar).

4.5 Summary

The presented study has originated and demonstrated a dual function CWR for
both NMC and NMD reactions. The Fe/Si0.-CWR functioned by the catalyst initiate
the reaction, then followed by a combination of catalytic and gas phase reaction
collaboration. For NMC reaction, the CWR demonstrated better performance than

conventional fixed bed reactor. At lower 1273 K with 7.27 % methane conversion and
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45 % Co+ selectivity and 20 % Ce+ selectivity. When temperature raised up to 1373 K,
the CWR functioned for NMC reaction with 70 % + hydrogen selectivity and near 60
% conversion. The developed CWR demonstrated long lasting performance, high
temperature tolerance, which can be furtherly manipulated with space velocity to
control the reaction reaching suitable selectivity. Besides, the developed CWR is a
nanofabricator can produce value added carbon nano spheres with uniform diameter of
150 nm, which can be easily collected as utilized. The obtained exhibited conductivity
of 0.39 S/cm, similar with the carbon black used for fuel cell and advanced catalysis.
The TPO, TGA analysis of carbon products generated from CWR shows the obtained

is the most promising product by its very high activity.
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Chapter 5: Robust Siliceous Zeolite Supported Cobalt
Catalyst for Non-oxidative Methane Decomposition Towards
Hydrogen and Cabon Nanotube Production

This chapter is adapted from: Zixiao Liu, Antara Bhowmick, Ali Kamali, Song Luo,
Genwei Chen, Juyan Zhang, Yuying Shu, and Dongxia Liu. “Siliceous Zeolite
Supported Cobalt Catalyst for Hydrogen and Cabon Nanotube Production from Non-

oxidative Methane Decomposition”, Manuscript in preparation, March 2024.

5.1 Abstract

Dealuminated zeolite-supported cobalt (i.e., Co-DeAl-BEA) catalysts were
prepared and tested for non-oxidative methane (CH4) decomposition to produce COx-
free hydrogen (Hz) and carbon nanotube materials. In comparison to the zeolite BEA-
supported cobalt (Co-BEA) catalyst, the Co/DeAl-BEA catalyst has limited Bronsted
acid sites and increased mesoporosity, which limited the acid-catalyzed deactivation
mechanism and facilitates the mass transport, and thus significantly increased the
catalyst lifetime. The cobalt sites change their cluster size and coordination structure
with their concentration in the zeolite support, which leads to different catalytic
behaviors. The low Cobalt (Co) loading leads to isolated Co sites, which is insufficient
to enable methane pyrolysis. The increase in Co concentration to 3 wt. %, led to
methane dihydrogen reaching high activity with long-term stability without obvious

degradation. The carbon product includes multiwall carbon nanotubes (MWCNTs)
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demonstrated lavish, highly active, uniform multiwall carbon nanotubes majority
grown with base grown mode, thanks to the dealumination in zeolite BEA can improve

the Co catalysts stability and long-lasting lifetime.

5.2 Introduction

Consumption of energy is a daily necessity in the modern world, dramatically
increasing along with the improvement in the quality of life and the increase in world
population. The majority of energy required worldwide is created from the combustion
of fossil fuels®!% 316, Although these resources are essential to the world, the combustion
of fossil fuels has resulted in increased health risks and global warming. Hydrogen
technology has the potential to meet the energy needs of today’s world and lessen the

undesirable effects of energy consumption®!’

. As the energy source, the burning of
hydrogen (Hz) has no environmental impact apart from water as a byproduct. Compared
to the conventionally used hydrocarbons, hydrogen exhibits higher energy yield. Thus,
the use of hydrogen as an alternative fuel in the industrial, residential, and
transportation sectors are desired since it has nearly zero emissions.

Currently, hydrogen is primarily produced from fossil fuels such as SMR, in
which methane CH4 and steam react over a catalyst to produce a mixture of H> and
carbon dioxide CO2*!®3!°, The process often consists of a series of operating units,
such as a reformer followed by high-temperature and low-temperature water-gas shift

WGS reactors, and equipment for H> separation and purification. Due to the

endothermicity of SMR, the operating temperatures and pressures for reformers are in
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the range between 1073 to 1273 K and 15 to 20 bar. The effluent stream contains a
hydrogen-rich gas mixture with substantial CO content. The WGS reactors are used to
convert CO into COz, so the outlet stream from the WGS reactor contains primary H»
and CO2, with a small amount of CO and CHs impurities. To obtain high-grade
hydrogen, intensive separation and purification steps are needed. As part of the process,
the formation of CO> products is unavoidable, and its release to the atmosphere causes
the greenhouse effect and climate change.

As an alternative to hydrogen production from SMR, hydrogen can be produced
from direct methane decomposition®?® 32!, Without an oxidant, CHs directly splits into
hydrogen and solid carbon (C), as exemplified in equation 1.12. Hydrogen produced in
this pathway contains COx (1.e., CO and CO) free, which is the essential feedstock of
hydrogen fuel cells. Previous research has studied the non-catalytic thermal
decomposition of methane®??. The structural symmetry and high C-H bond energy
make CH4 to be the most stable hydrocarbon. Thus, the non-catalytic methane
decomposition requires a high temperature ( > 1473K) for C-H bond breakage to reach
complete methane conversion®?3-3?7,

Catalysts can facilitate C-H bond activation and lower reaction temperatures in

methane decomposition. In catalytic methane decomposition, on the basis of

323-327 328-330 88, 134-139, 143

experimental and theoretical studies , carbon , molten metals ,
salt'*!, and transition metals'?!> 107> 119, 130, 331-335 haye been shown to be effective
catalysts in enabling methane decomposition. In carbon catalysts, defects such as
dislocations, low-coordination sites and vacancies are considered the main active sites.

Disordered carbon such as activated carbon and carbon black are catalytically more
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active than graphite or diamond structures. The catalytic activity of carbon catalysts is
relatively low. High temperatures (~1073-1373K) are often required. Molten metals
(e.g., Ni, Pb, Sn) and salts (e.g., KBr, NaCl) can activate methane at temperatures
around 1273K. They are not very active catalysts either, but density differences
between carbon and molten catalysts lead to carbon floats on the top of the liquid
catalysts, avoiding the reactor blockage issue that occurs in other catalyst systems. The
high operating temperature and reactor corrosion remain challenges for the
applicability of this technology for methane decomposition on an industrial scale.
Transition metals (e.g., Ni, Fe, and Co) have partially filled “d,” orbitals that
can accept electrons from the C—H bonds of methane. They are the most active catalysts
and can enable NMD at lower temperatures (e.g., <1023K). Specialty carbon products
such as nanotubes or nanofibers are often formed in these catalysts. The widely
believed mechanism for catalytic methane decomposition involves the chemisorption
of CH4 onto the catalyst surface followed by stepwise dissociation reactions resulting
in elemental carbon and hydrogen*% 337, The formation of carbon nanotubes or fibers
is well explained by the vapor-liquid-solid (VLS) model**® 33°, The elemental carbon
on the catalyst surface dissolves into the bulk of the catalyst particles giving rise to a
liquid metastable carbide and diffuse within the particles driven by the temperature
and/or concentration gradient. The solid carbon precipitates at the backside of the
catalyst particles and forms carbon nanostructures. However, the transition metal-based
catalysts suffer from quick deactivation caused by thermal sintering and encapsulation

within formed carbon deposits.
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The use of catalyst supports including silica, alumina, zeolite porous carbon,
etc., has been shown to affect metal dispersion and catalytic performance in NMD?3?’.
In particular, zeolite-supported catalysts are little studied in NMD, but give the best
results in the co-production of hydrogen and solid CNTs, better than most of metal
oxide-supported catalysts. The ordered micropores and high surface areas of zeolites
promote metal dispersion, resulting in higher catalytic activity, longer lifetime, and
higher carbon accumulation. In literature, zeolites-supported metal catalysts were
frequently studied such as the effect of structural promotors®*’, the effect of activity
promotors®*!-3* the effect of Si/Al ratio®”, and the effect of metal particle size
correlated to carbon nanotube formation®*°. Based on this literature, it concludes that
zeolite-based support faces similar challenges as conventional oxides supported
catalysts, such as coke-caused deactivation, catalyst site migration, and catalyst
sintering effect, which requires establishing strong interaction of catalytic sites with the
zeolite frameworks. Many zeolites contain an aluminate structure, which could be used
as a strong structure promotor to enhance interaction between metal sites to the
supports, but also causes the Bronsted acidity increase which much favors
oligomerization reaction and coke deposition. As it is known that pure silica-based
support does not have an aluminate site, but typically contains very limited surface area
and microporosity. Here we report a robust zeolite-supported cobalt (i.e., Co-DeAl-
BEA) catalyst for NMD reaction. In comparison with conventional BEA zeolite
support, the DeAl-BEA has a very limited Bronsted acidity and an increase in surface
area and mesoposority. The former property is expected to eliminate the coke

deposition caused by acid chemistry in the zeolite pores and channels, and thus
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removing one major catalyst deactivation mechanism. The creation of mesopores by
dealumination created rich silanol chemistry that functions as a host for the cobalt
particles. Therefore, a stable Co particle distribution in zeolite support is achieved to
promote stable DMC chemistry. The Co-DeAl-BEA catalyst showed high catalyst

performance and stability.

5.3 Experimental Methods

5.3.1 Materials

Commercial zeolite BEA (Product Number: 45874, Alfa-Aesar, ammonium-
form, Si0O2/Al>03 ratio of 38:1) was used as the precursor for preparing DeAl-BEA
support. Cobalt nitrate hexahydrate (Co(NO3)2:6H20, ACS reagent, Sigma-Aldrich)
was used as the Co metal precursor. Nitric acid (HNO3, 70% vol., Fisher Scientific)
was used in the dealumination process. Deionized (DI) water (resistance 18.4 Q-cm, at
298 K) was supplied from Milli-Q® EQ 7008/16 Ultrapure & Pure Water System.
Santa Barbara Amorphous-15 silica (SBA-15) was used as the catalyst support for

comparison purposes, which was purchased from ACS Materials.

5.3.2 Catalyst synthesis

To prepare the DeAl-BEA support, the as-purchased BEA zeolite was firstly
treated at 823 K for 4 hours in a muffle furnace with 500 mL/min air flow (Medical
grade, Airgas) to obtain the proton-form BEA (denoted as H-BEA) zeolite. For

dealumination, a procedure reported previously was used*’. Typically, 6.0 g of H-BEA
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was suspended in 150 mL 70 vol. % concentrated HNOs3 in a PTFE bottle and thermally
treated at 353 K for 16 hours in a silicone oil bath with vigorous stirring. The sample
was collected by centrifugation and washed with DI water until the pH reached neutral.
The sample was then dried in an oven at 343 K overnight and then calcined at 823 K
for 4 hours in the muffle furnace with 500 mL/min air flow.

The loading of Co into DeAl-BEA was done via the wet impregnation method.
For instance, to prepare 3.0 wt.% Co loading into the DeAl-BEA support (denoted as
3.0wt% Co-DeAl-BEA), 0.1527 g of Co(NO3)2:6H20 was dissolved in 0.5 g of DI
water in a glass vial, and the solution was added dropwise to 1.0 g DeAl-BEA with
vigorously grounding in an agate mortar with a pestle. The mixture was dried at room
temperature overnight and calcinated at 823 K for 4 hours with a 5 K/min ramp rate in
a muffle furnace under 500 mL/min airflow. After calcination, the catalyst powder was
placed in a 125 mL Nalgene ® HDPE bottle, rolling on with 125 rpm on a jar roller
mill (755 RMV, U.S. Stoneware), then passed 40-80 mesh sieves to obtain a suitable
round particle in the size range of 0.18-0.42 mm. The same procedure was also used
to prepare other catalysts used in this study, such as 1.0 wt. %, 6.0 wt. % Co on DeAl-
BEA support (denoted as Co-DeAl-BEA-100, 600 respectively), and 3.0 wt. % Co

supported by H-BEA (Co-BEA-300) and SBA-15 (Co-SBA-300) for comparison

purpose.

5.3.3 Catalysts Characterization

The XRD pattern of each catalyst sample was measured on a Bruker® DS

diffractometer using the Cu-Ka radiation. The scan was performed with a step size of
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0.05 degrees and a step time of 5 s. The cobalt, aluminum, and silicon content in the
catalyst were determined by inductively coupled plasma-optical emission spectrometry
(ICP-OES, Spectro Arcos II). N> isotherms were measured at 77 K using an Autosorb-
iQ analyzer (Quantachrome Instruments). Before the measurement, samples were
evacuated overnight at 573 K under 1.0 mmHg pressure. Diffuse reflectance UV-vis
(DR UV-vis) spectra were obtained using an Ocean Optics USB2000 + spectrometer
equipped with an IS200-4 integrating sphere detector. The morphology of the catalyst
was characterized by SEM (Zeiss Auriga 60 CrossBeam) and TEM (Zeiss Libra 120).

The H>-TPR profile of the catalysts was carried out by the same Quantachrome
Autosorb-1Q analyzer equipped with a TCD detector. The catalyst was pretreated under
N2 gas flow (40 mL/min, ultrahigh purity grade, Airgas) at 553 K for 4 hours. After
cooling to 298 K, gas was switched to 5 % H2/N2 (40 mL/min) and ramped to 1223 K
from room temperature with a 10 K/min rate dwelled for 10 min. An inline liquid
nitrogen cold trap was equipped to remove moisture vapor produced throughout the

experiment to prevent interference with the TCD signal.

5.3.4 Catalysis test

The catalytic performance tests for as-prepared catalyst samples were carried
out in a tubular packed-bed reactor. 0.375 g of catalyst granular was placed in the
reactor and reduced at 773 K for 2 hours under 5% H2/Nz (50 mL/min, Airgas) with
the 5 K/min ramp rate. After pre-treatment, the feed was switched to a mixture gas flow
(5 mL/min methane flow (Research grade, Airgas) and 5 mL/min Ar (UHP Grade,

Airgas, use as internal standard)). The temperature of the catalyst bed was monitored
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using a K-type thermocouple (TJ36-CAIN-14E-6, Omega Engineering) on the external
surface of the quartz reactor. The reaction effluents were analyzed using a gas
chromatograph (Agilent 7890A) equipped with a methyl-siloxane capillary column
(HP-1, 50.0 m x 320 pm x 0.52 pm) configured to a FID and a packed column

(ShinCarbon ST Columns, 80/100 mesh, 1.83 m) configured to TCD detector.

5.3.5 Spent catalyst analysis

The coke formation in the spent catalysts was determined by the TGA method
carried out by the Shimadzu TA-50 TGA system. Typically, appromixly 20 mg of the
spent catalyst was exposed to 50 mL min™' flowing air (Medical grade, Airgas) and
ramped from room temperature to 1073 K with a 10 K min™ rate. The nature of coke
formed on the spent catalyst was examined using the TPO experiment. Typically, 20
mg of spent catalyst sample was immobilized by quartz wool in a 12mm diameter U-
shaped quartz sample cell and loaded in a temperature-controlled furnace with outlet
monitored by a mass spectrometer under ion monitoring mode MS. The temperature
was monitored by a K-type thermocouple attached to the outer wall of the quartz
sample cell with temperature data recorded by a data logger (Type TCO1, National
Instruments) The furnace was ramped from room temperature to 1123 K at a ramp rate
of 10 K min™! under a flowing 50 mL min™' 5 % O; balanced with Ar (ultrapure, Keen
Gas) atmosphere. The nature of coke was profiled by the temperature-dependent

consumption or formation of O, CO, and CO species based on pervious study?%S.
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5.4 Results and discussion

5.4.1 Physiochemical properties of Co/DeAl-BEA catalysts

The compositions of Co-DeAl-BEA catalyst and other control catalyst samples
are shown in Table 5.1. The actual Co loadings are close to those nominal loadings,
showing no metal loss in the sample preparation process. The Al content in the
dealuminated DeAl-BEA support is low, with a Si/Al ratio of more than 4000 +,
indicating the successful removal of Al element from the support, consistent with
previous reports>*’. Figures 5.1 (A-C) shows the XRD patterns of H-BEA, DeAl-BEA
and Co-DeAl-BEA catalyst samples. Major characteristic peaks at 2 6 = 7.87°, 13.36°,
14.55°, and 22.48° were detected, corresponding to the typical BEA polymorph
structure’*®. The dealumination treatment did not cause significant crystalline structure
change of the zeolite support. A right shift of all the XRD peaks can be visible in
Figures 5.1 (B-C) for the DeAl-BEA sample was detected in comparison to the H-
BEA zeolite, which means a decrease in d-spacing and unit-cell volume due to the
removal of Al atoms®**. Meanwhile, the crystallinity of DeAl-BEA slightly decreased,
which can be visualized from the attenuation of the XRD peak intensity at 20 of 7.86°
and 22.48° in Figures 5.1 (B-C). The loading of Co particles seems to restore the peak
positions, as Co-DeAl-BEA samples demonstrated a left-shift of the XRD peaks
compared to those in the DeAl-BEA sample. A tiny peak at 20 = 36.42° corresponding
to Co304 oxides was observed for only Co-SBA-300, indicating non-uniformed
dispersing of Co particles. For other Co loaded samples, no obvious peaks were

correlated to Co and Co oxide, indicating that Co-DeAl-BEA-100, Co-DeAl-BEA-300,
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Co-DeAl-BEA-600 and Co-BEA-300 has uniform Co high dispersion of Co species in
the catalysts.

Table 5.1. Actual Co loading determined by ICP-OES.

Co- Co- Co-
H- Co- Co-
Sample Name 1~ peal- DeAlR DeAl- - DeAl- pp — opa-
BEA o BEA-  BEA- BEA- 200
100 300 600
Co
Concentration 0 0 9795 28806 55766 26982 28237
(ppm)
ALO,
Concentration 3.78 002 000 000 000 411 001
(%)
SUALAtomic ) 1/ 440653 +o  +o0  +oo 1998 856476
Ratio

N2 isotherm of the Co-DeAl-BEA sample demonstrated in Figures 5.1 (D-E)
demonstrate the surface area (m*/g) change before and after dealumination and cobalt
loading. The dealumination process demonstrated the decreasing surface area of H-
DeAl-BEA (465.51 m%/g), compare with the H-BEA (514.11 m%/g) in Figure 5.1 (D).
The decreasing of surface area can be attributed to the structural defects created by
dealumination, as agreed by XRD data in Figure 5.1 (A-C). Dealumination by
removing Al-O4 center can jeopardize the mesopore structure cause overall BET
surface area reduced®®. After loading with Co, the surface area slightly decreased to
(354.9 m?/g) for Co-DeAl-BEA-300 sample, indicating the Co species has filled the
H-DeAl-BEA structures as agreed by XRD crystallinity recovering in Figure 5.1 (A-
C). Similarly, Co loading fill in mesoporous H-BEA to create partially blockage thus

reduce the BET surface area, as demonstrated in Figure 5.1 (B-C). An interesting result
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shows that for SBA-15 and BEA support, Co species loading on the support only
reduced surface area around 50 cm?®/STP , which can be attributed to Co dispersed at
the surface of SBA-15 and H-BEA evidence by Figures 5.1 (D) and (E). Since the
absent of silanol cage in SBA-15 and H-BEA cannot withhold Co like H-DeAl-BEA.
Other Co loaded samples exhibited decrease trend of surface area as Co loading
increased, exhibited BET surface area Co-DeAl-BEA-100 >Co-DeAl-BEA-300 >Co-

DeAl-BEA-600.
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Figure 5.1 Fundamental physiochemically properties of as-prepared Co catalysts
characterized by XRD (A), zoomed in XRD peak in 5-10° 2theta (B), zoomed in XRD
peak in 20-25° 2theta (C), N2 isotherm of Co-DeAl-BEA catalysts (D), N2 isotherm of

Co-BEA-300 and Co-SBA-300 (E).

5.4.2 Coordination structure of Co-particles in Co-DeAl-BEA catalysts

The Co species loaded on the DeAl-BEA support exhibited nanoparticle
configured by Co304 evidenced by the DR UV-vis of Co-DABEA catalysts in Figure
5.2 (A). The Co species were determined as surface Co3O4 nanoparticles for Co-DeAl-
BEA -100, 300, and 600 samples due to three characteristics bands at 258.8, 447.1, and
720.6 nm, which agreed with the typical Co3O4 spinel structure’!-3>3, The peak at 258.8
nm can be assigned to charge transferring of Co (II) with the oxygen ligands in
tetrahedral symmetry®>. The boarded peak centered at 447.1 nm is corresponding to
Co (IIT) octahedral site, where the boarded peak at 720.6 nm can be attributed to the

presence of Co (II) octahedral site***

. No significant Co (II) tetrahedral site shown up
which typically utilized as the evidence of atomic dispersing of Co*3* 3%, The Co-
DeAl-BEA-100 exhibits characteristic bands at 236.3, 365.4, 661.9, and 734.8 nm,
indicating the presenting of mixed Co (II, III) nano particles based on the following
band assignment: The band at 236.3 nm refers to charge transferring of Co (II) and
oxygen ligands?>’. The band centered at 365.4 nm can be attributed to Co (III)
species®®> 3%, The band centered 661.9 correspond to Co (II) tetrahedral site, and the

734.8 nm as the Co (II) octahedral site. The Co-SBA-300 behaved very similar to Co-

DABEA samples, as it can be seen the features in the range of 400 -550 nm, indicating
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the present of Co (III) species. The Co (II) feature of Co-SBA-300 can be found at near
700 nm, which indicating the solely presenting of Co (II) in Co-SBA-300. The H-DeAl-

BEA contains no features related to Co, indicating the above features are exclusively

belong to Co304.
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Figure 5.2 Coordination environment and status of Co catalysts sites characterized by

UV-vis DRS (A), and H>-TPR profile of Co-DeAl-BEA catalysts.

5.4.3 Reducibility of Co-particles in Co-DeAl-BEA catalysts

The reducibility of Co-DeAl-BEA catalysts were examined by H>-TPR
showing the profiles in Figure 5.2 (B). The Co-DeAl-BEA-300 exhibits three reduction
events at 588.9 K, 630.7 K, and 742.8 K, which can be attributed to the reduction of
Co (IIT) to Co (II), Co (II) reduced to Co (0), and small Co (II) in tetrahedral site reduced
to Co (0). The splitting of the peak and shifting to higher temperature indicates some

portions of Co are strongly coordinated with the support, which should be the
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contribution of silanol cage in H-DeAl-BEA created by dealumination. However, The
TPR profile of Co-BEA-300 showing a boarded peak centered at 679.4 K, which can
be deconvoluted to reduction of Co (III) to Co (II), and Co (II) to Co (0). Although the
deconvolution of this peak is challenge, the large particle of Co3O4 often reduced in
single step. The overall peak shifted to higher temperature could be the formation of
CoAl>O4 in Co-BEA-300. In Co-DeAl-BEA-100, a board peak centered at 625.1 K can
be deconvoluted to two reduction events: Co (III) reduced to Co (II), and Co (II) reduce
to Co (0). The peak position well overlapping with the bulk Co3O4, indicates the surface
Co spices are nano particles. In Co-DeAl-BEA-600, the higher loading yields more Co
oxide nanoparticles, evidenced by the peak centered at 564.1 K. and 591.2 K, which
can be attributed to the reduction of Co (III) to Co (II), and Co (II) reduced to Co (0),
respectively. Co-DeAl-BEA-600 has much larger Co oxide nano particles as the
reduction peak shifted to lower temperature, hints that less interaction between Co and

DABEA support, agreed by the results of UV-vis and Raman.

5.4.4 Catalytic performance of Co-DeAl-BEA in methane decomposition

Figure 5.3A shows time on stream methane decomposition performance over
Co-DeAl-BEA catalysts at 773 K. Typically, the catalysts exhibit around 1 hours of
induction period then reach stable performance. For comparison purpose, the non-
loaded H-DABEA support did not exhibit any methane activation, indicating the
methane decomposition is exclusively resulted from Co species. For the DeAl-BEA
supported samples, the Co-DeAl-BEA -300 exhibited high and stable methane

conversion around 15.3 % for 8 hours without significant deactivation. For the Co-

145



DeAl-BEA -600, the methane conversion started from 14.6 % and eventually reached
19.5 %. This can be understood by the increase of Co particles in DeAl-BEA support
provide more catalytic sites for methane decomposition. However, the Co-DABEA-
100 shows much lower methane conversion around stable at 3.5 % for 8 hours of
reaction. Such low methane decomposition activity can be attributed to the insufficient
of Co sites for methane decomposition. Distinctly, Co-DeAl-BEA-300, Co-BEA-300,
and Co-SBA-300 exhibited different catalytic performance under methane
decomposition condition. For Co-BEA-300, maximum conversion around 8.6 % was
reached at the then rapidly deactivated and lose activity within 4 hours. The trend
follows typical deactivation profile of supported metallic catalyst under methane
condition. The Co-SBA-300 also exhibited deactivation. After exposure to methane
condition, the Co-SBA-300 reach methane conversion as high as 18.3 %, then start
deactivating after 2 hours of reaction. Only Co-DABEA-300 and Co-DABEA-600 able
to exhibit stable performance without deactivation for 8 hours, hints that the high
stability and activity contributed by the silanol caging effect by the dealuminated site.
In terms of product formation, only hydrogen was detected by the GC TCD, no other
hydrocarbons products (except methane) were detected in both TCD and FID detector,
indicating the reaction is a typical catalytic derived methane decomposition. Based on
this, a time on stream of hydrogen production was showing in Figure 5.3 (B). The
stable hydrogen formation rate around 137 pmol-min™'-g”! was reached by Co-DeAl-
BEA-600 within 8 hours of continues reaction, higher than 119 pmol-min™-g™! by Co-
DeAl-BEA-300. The difference of hydrogen formation rate between Co-DeAl-BEA-

300 and Co-DeAl-BEA-600 corresponding to the methane conversion in Figure 5.3
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(B). The zoomed in figure in Figure 5.3 (B) demonstrated Co-DeAl-BEA-100 only
reached 2.1 pmol'min'-g!, then rapidly deactivated. This is because the low loading
did not form sufficient Co sites, as it can be verified in DR UV-vis data in Figure 5.2
(A) with low intensity at 400-500 nm region and 700-750 nm indicating the low
concentration Co (III) and Co-O-Co frameworks. For the deactivation of Co-BEA-300
and Co-SBA-300. Their initial hydrogen formation rate can reach high around 59.2
pumol-min-g! and 158.3 pmol'min’!-g!, respectively, then followed by rapidly
deactivation. The high hydrogen production rate by Co-SBA-300 can be attributed by
its high surface area. However, both catalysts deactivated because no caging effect

provided by the silanol groups to stable Co sites on BEA and SBA.
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Figure 5.3. Catalytic performance of Co-DeAl-BEA under NMD conditions
demonstrated methane conversion (A), H, formation rate (B), long term stability (C),
and reaction activation energy measured from 723 K to 823 K (D). (NMD reaction
conditions: 0.375 g catalyst, 773 K, WHSV=6400 h!, 10 mL/min 50 % CHa balanced
in Ar as internal standard).

Regarding the stability of Co-DeAl-BEA-300 and Co-DeAl-BEA-600, the
long-term stability test in the same condition (773 K, WHSV=6400 h!) was performed
for 20 hours showing in Figure 5.3 (C). With in 20 hours of continuous reaction, Co-

DeAl-BEA-300 exhibit stable conversion around 18.9 % for Co-DeAl-BEA-300 and
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20.64 % for Co-DeAl-BEA-600. The hydrogen formation rate is corresponding to their
methane conversion, indicating no additional byproducts were formed. The overall
methane decomposition performance shows high stability for 20 hours without obvious
deactivation. Although the Co loading in Co-DeAl-BEA-600 double times than Co-
DeAl-BEA-300, the activity only improved for 8.4 %. To understand the activation
energy of methane decomposition over Co catalysts, the Co-DeAl-BEA-300 was
examined from 723 K to 823 K under typical flow conditions. The rate of hydrogen
formation was determined and plot with Arrhenius equation to determines overall
reaction activation energy as 70.14 kJ/mol, much smaller than thermal methane

decomposition and liquid catalysts®>’.

5.4.5 Spent catalysts characterization and analysis.

Microstructure of spent Co-DeAl-BEA catalysts after 8 hours of methane
decomposition were visualized by SEM and TEM, presented in Figure 5.4 (A-O).
Distinct CNTs formed on the spent catalysts exhibit different quantity, morphology,
and configuration. For Co-DeAl-BEA-100, 300, and 600 catalysts, different amount of
CNTs can be visible in proportion to the Co loading (Figures 5.4 (A, D, and G)). A
notable difference between Figure 5.4 (A) contrasts with Figures 5.4 (D) and (G) that
almost no CNTs formed for spent Co-DeAl-BEA-100, where the spent Co-DeAl-BEA-
300 and 600 formed lavish CNTs between catalyst particles. This can be attributed to
the low catalytic activity in Co-DeAl-BEA-100 evidenced in Figures 5.3 (A-B). For
spent Co-BEA-300 and Co-SBA-300 in Figures 5.4 (J) and (M) the CNTs were barely

able to be found, primarily because of their low catalytic activity and rapidly
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deactivation so the reaction did not accumulate CNTs. With carefully examination of
Figures 5.4 (J) and (M), the spent Co-SBA-300 exhibited more CNTs than Co-BEA-
300, which should be attributed to the higher activity and less deactivation rate of Co-
SBA-300 than Co-BEA-300 as evidenced in Figures 5.3 (A-B).

Besides the quantity of CNTs, the morphology of CNTs and grown mechanism can be
revealed from the microstructure of spent catalyst. The TEM image in Figures 5.4 (B-
C, E-F, H-1, K-L, and N-O) demonstrated multiwall configured CNTs (MWCNTs)
generated with different diameters and wall thicknesses. In spent Co-DeAl-BEA-100,
the TEM image in Figure 5.4 (B) shows two type MWCNTs with diameters
approximately 21 nm with wall thickness 5 nm, and 8 nm diameter with wall thickness
around 2 nm, respectively. Two dark dots marked in a yellow circle are reacted Co
nanoparticles (NPs), which have been pulled out from the catalyst surface, indicating
the typical tip-grown mechanism of MWCNTs. Figure 5.4 (C) snapshot of a tip grown
just cause the reacted Co-NPs (marked in yellow circle) leaving the support, the
particles covered by few layers of CNTs forming a capsule convert the reacted Co-NPs
leaving the surface. The reacted Co-NPs remaining in the support can also be visualized
from the catalysts marked in blue circles, around 17-20 nm in size. In spent Co-DeAl-
BEA-300, the SEM image (Figure 5.4 (D)) shows visible CNTs grown from the
catalyst surface, which should be identified as base-grown (violet circles). The tip
growth is also visible in Figure 5.4 (D), identified by the light dots on the CNTs (Green
circles). From the image, it can be concluded that the base grown is more dominant
than the tip grown in Figure 5.4 (D), thanks to the dealumination created by the silanol

caging, which can be used to enhance the Co site with support. The zoomed-in
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configuration of spent Co-DeAl-BEA-300 and CNTs in Figure 5.4 (E) and (F) indicate
much smaller Co-NPs distributed on the H-DeAl-BEA matrix with 10-15 nm size since
the silanol cage has limited ability to withhold Co-NPs. The morphology of CNTs
indicating primarily MWCNTs with 17-20 nm outer diameter and wall thickness 7-8
nm. As for Co-DeAl-BEA-600, the SEM image revealed more tip grow (Figure 5.4
(G)) than base grow cases. The morphology of CNTs in Figures 5.4 (H-I) indicates
that MWCNTs were presented with outer diameter around 36-38 nm, much higher than
the Co-DeAl-BEA-100 and 300. This can be attributed to the size of the reacted Co
NPs on tip. A snapshot of tip grows in Figure 5.4 (I) demonstrated a pear-shaped
reacted Co-NP at the tip of MWCNT, has diameter close correlated to the out diameter
of MWCNTs. The thicker MWCNTs mainly caused by larger particles, and its more
likely from tip grown due to larger particle size cannot fit into the silanol cage to be
stabilized. Back to Co-BEA-300 and Co-SBA-300, although the insufficient CNTs did
not provide distinct tip or base grown of CNTs in Figures 5.4 (J) and (M). The TEM
image in Figures 5.4 (K-L) and (N-O) exhibited morphology MWCNTs and a
snapshot of tip growth for the two spent catalysts, has a much larger out diameter 25-
40 nm with corresponding wall thickness 12-16 nm. The snapshot of reacted Co-NPs
on MWCNT tip (Figures 5.4 (L) and (O)) showing pear shaped, reacted Co NPs on
the tips to enable MWCNTs gown. A notable strong shape changing of reacted Co NPs
can be found in Figure 5.4 (L), where the nanoparticle has been pulled to a reversal
cone shape by the MWCNTs. Due to no silanol caging the Co particles in Co-dabea-

300 and Co-SBA-300, the contraction force of CNTs can significantly change the
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geometry of nanoparticles and make it much easy to release from the surface, as

evidence by literatures®>® 3%,
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Figure 5.4. Microstructure and morphology of spent Co-DeAl-BEA catalysts after 8
hours of NMD. SEM images of CNTs distributions (A), (D), (G), (J), and (M), TEM

image of CNTs morphology (B-C), (E-F), (H-I), (K-L), and (N-O).

Although carbon formation characterized by SEM and TEM provides
morphology and growth mechanism. More physicochemical properties can be
examined by TGA and TPO methods. In TGA analysis, spent catalysts under 8 hours
of continues methane decomposition are presented in Figure 5.5 A. From the weight
loss curve, Co-DABEA-600 accumulated the highest weight loss as 70.3 %, then
followed by Co-SBA-300 (47.4 %), Co-DeAl-BEA-300 (35.2 %), Co-BEA-300 (9.5
%), and Co-DeAl-BEA-100 (1.3 %). In the details of the weight loss curve, Co-
DABEA-300 started weight loss at 581 K, much lower than the Co-BEA-300 (638.3
K) and Co-SG-300 (660 K). Such low weight loss temperature often indicates higher
activation of carbon species generated in the reaction. The weight loss starting
temperature for these catalysts hits different activity of carbon was formed. Typically,

sharper and lower weigh loss temperature refers to the carbon with higher activity.

The CNTs deposits on the spent catalysts were probed by the TPO after 8§ h
TOS under catalytic methane decomposition reaction. Figures 5.5 (B-D) shows the
important species of CO2, CO, and O evolution. One notable difference which used to
describe the different activity of CNTs can be explained by the peak revolution event
at different temperatures. The CO; trend shows peak temperature has Co-DeAl-BEA-

100 (731.7 K) < Co-DeAl-BEA-300 (753.81 K) < Co-DeAl-BEA-600 (782.3 K) = Co-
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BEA-300 (783 K) < Co-SBA-300 (788.7 K). Although the Co-DeAl-BEA-100 has
highest activity CNTs, the low activity of methane decomposition did not make it as an
effective catalyst. Back to its microstructure in Figures 5.4 (B) and (C), the existing of
thin MWCNTs indicating it growth from smaller Co active site, thus the MWCNTs
could exhibited higher activity in TPO due to less thickness. Similar, more active CNTs
in Co-DeAI-BEA-300 than 600 can be also evidenced in Figures 5.4 (D) and (G). The
similar active CNTs found in Co-BEA-300 with Co-DeAl-BEA-600 can be ascribed to
their similar morphology. The lowest activity found in spent Co-SBA-300 due to its
high thickness of CNTs in Figures 5.4 (N) and (O). Besides, the peak shape and
geometry such as asymmetry in the CO, CO and O: peaks also corresponding to
different carbon configuration such as crystalline, ordering, hybridization, although
they are all MWCNTs. Spectra for each spent catalyst sample can be deconvoluted into
three peaks - low, medium, and high temperature peaks - as reported previously. In this
case, the low temperature peak can be thin, low wall thicknessed carbon nano tube
contains high density of defects. The medium peak temperature represents the
intermediate thick and number of walled MWCNTs. The high peak temperature
represents ridged, ordered, and thick MWCNTs or even carbon nanofibers. Based on
this, the MWCNTs formed in Co-DeAl-BEA-100 and 300 are very active, low
thicknesses with structural defects. The MWCNTs in Co-DeAl-BEA-600 and Co-
BEA-300 are intermediated thickness, much more robust than the MWCNTSs from Co-
DeAl-BEA-100 and 300. The hardest MWCNTSs have high thicknesses due to the
absence of silanol have no control over the particle size of Co species, and generate

MWCNTs with the highest wall thickness (Figures 5.4 (N-O)), which are more robust
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than the previously spent catalysts. A notable TPO feature in spent Co-DeAl-BEA-300,
600, and Co-SBA-300, an additionally peak can be found right after their major peak.
This secondary peak could be the oxidation of the carburized Co-NPs or carbon
deposits which is not CNTs configuration. Based on the size of the peak, Co-SBA-300
has highest intensity than Co-DeAl-BEA-300 and 600, hints that the peak contains
possible low active coke, with the carbon dissolved in the Co-NPs. Interestingly, the
spent Co-BEA-300 only present a mini, highly symmetry peak, which can be ascribed
to its low activation of Co did not function due to the strongly bonding with the

aluminate in H-BEA.
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Figure 5.5 Spent catalysts analysis after 8§ hours NMD reaction at 773 K by TGA (A),
and TPO profile of CO> evolution signal (B), CO evolution signal (C), and O>

consumption signal (D).

5.5. Summary

The developed Co-DeAl-BEA catalyst demonstrated stable methane
decomposition activity toward hydrogen and MWCNTs production at relative low

temperature at 773 K. The results show dealumination BEA zeolite could stably
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supported Co species with NPs configuration by its silanol group caging the Co species
to prevent deactivation. At 773 K, both Co-DeAl-BEA-300 and Co-DeAl-BEA-600
exhibited stable NMD performance over 20 hours without deactivation. The
characterization shows different morphology of CNTs, that can be ascribed to the
dealumination of support. Without silanol caging effect in the support, Co speices tend
to be grown higher thickness CNTs and with tip growth process, resulting Co speices
leave the support, such as Co-DeAl-BEA-600, Co-BEA-300, and CoSBA-300.
However, with the silanol caging effect, the Co-DeAl-BEA-300 exhibits majority base
growth due to the silanol can stabilize Co-NPs. Besides, the loading of Co species could
also result in different activity and performance depending on the Co site configuration.
Although both Co-DeAl-BEA-300 and 600 exhibited high activity of NMD, the Co-
DeAl-BEA-300 has much uniform, relatively smaller spent Co NPs than Co-DeAl-
BEA-600 catalysts, which nits that at least a portion of Co speices were not confined
by silanol cage in Co-DeAl-BEA-600. When reducing the loading to 1 wt. %, the Co-
DeAl-BEA-100 exhibits low catalytic activity, probably because of insufficient sites

and the majority of them are confined by the silanol groups.
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Chapter 6. Conclusions, Limitations, Recommendations, and

Contributions

6.1. Conclusions of the Thesis Study

Methane upgrading is an essential technology system produces key products
such as hydrocarbons, syngas, methanol, chloride, and sulfide. The current,
conventional methane upgrading process cannot satisfy the goal of net-zero emission
of CO2 by 2050 due to irreducible emissions. When carbon pricing increases, non-
oxidative methane upgrading can become the crucial technology for economically
obtaining hydrogen and essential chemicals. Engineeringly, there are still some
challenges that need to be resolved, such as processing study to reach a profitable
production rate for commercialization. From this aspect of science, the challenge
remaining is the high energy penalty to active C-H bonds in methane molecules. The
reaction is strongly limited by thermodynamics and kinetic, which require effective
catalysts to break through kinetic limitation. Besides, the spontaneous coke formation
can strongly cause deactivation under non-oxidative methane upgrading, which needs
to be addressed to move forward and develop this technology. This dissertation
primarily focused on designing robust and active catalysts with strong coking tolerance
for non-oxidative methane upgrading. Towards hydrocarbon production via NMC, the
dissertation targeted understanding and developing methane-active, coking tolerance
catalysts to be continuously operated under high temperatures. For converting methane

into hydrogen and carbons, the dissertation proposed stable, zeolite-supported Co
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catalysts functioning at much lower temperatures around 773 K. The brief conclusions
of the dissertation studies are listed below.

Chapter 2 introduced the novel vitreous silica supported Fe/SiO, catalysts
prepared via oxyhydrogen flame fusion method. Thanks to the rapid melting and
quenching of the flame fusion enable phase transition from quartz to vitreous status
amorphous silica. The characterization revealed that high density of defects created by
the flame fusion which existed in the vitreous silica structure can significantly enhance
the stability of Fe isolated sites, and maintain high methane activation at 1273 K. The
developed vitreous Fe/SiO: also exhibiting lower coke selectivity than cristobalite
supported Fe catalysts, indicating the vitreous Fe/SiO: is an effective catalyst for NMC.
Chapter 3 provide detail discussion of silica catalyst development for NMC and
investigated the alternative catalyst screened by NMC. Given by the 4d transition
metals are active catalysts for methane activation, different CHs interaction over these
catalysts as the specific electronic structures. Using vitreous silica support, Mn, Fe, Co,
Ni, and Cu species supported by vitreous silica were evaluated and exhibiting a volcano
shaped trend. The detail of characterization indicated that only Mn, Fe, and Co species
supported by silica has isolated site configuration, where Ni and Cu species stay as
surface nano particles configuration. This difference of configuration resulting
controversy performance under NMC conditions. The Co/SiO2 received lowest coke
formation and highest C, formations, where Mn has highest activity to response NMC,
but favors coke formation. Cu/SiO2 and Ni/SiO; are not possible to be fabricated with
a single site in this way: Both Cu and Ni are easy to be reduced, and they do not have

stable silicate precursors such as Mn, Fe, and Co.
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To explore the high conversion and continued reaction, vitreous silica
supported Fe/SiO in Chapter 4 was configured to a 13 cm long catalytic wall reactor
and studied the performance that demonstrated 60 % methane conversion and reached
equilibrium. The overall CWR exhibited better thermal efficiency than conventional
fixed bed reactor, due to its thermal conductivity dominated by conductivity, much
more efficient than convection and radiation. Besides, the CWR design uses fewer
catalysts than fixed the bed design. In terms of products olefins, aromatics, and
collectible carbon nanospheres (with a diameter around 150-200 nm) were obtained.
The product distribution can also be shifted between hydrogen or hydrocarbon-
dominated parts and aromatics by adjusting the reaction conditions. The unique design
of the catalytic wall reactor can continue the reaction without degradation, as proven
by long-term stability with 140 hours of continuous testing.

In Chapter 5, we demonstrated a dealuminated zeolite BEA-supported catalyst
for methane upgrade to hydrogen and solid carbon at lower temperatures. With
dealumination removed AI** ions, the dealuminated BEA exhibits no more Bronsted
acid, which is known as the key active site of hydrocarbon oligomerization in zeolite
chemistry. The “left-over” silanol group can provide a confinement effect to stabilize
the nano sized Co spices, which is critical to the catalyst stability during carbon
nanotube growth. The Co-DeAl-BEA-300 exhibits a majority base gown of MWCNTs
grown, with continuous hydrogen production over 20 hours without obvious

degradation.
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6.2. Limitations and Recommendations

The thesis has overviewed and addressed challenges in non-oxidative methane
upgrading technologies by developing effective and robust catalysts, which has great
potential towards commercial scale development. However, there are still enigma and
challenges remain in the overall technology which cannot be fully resolve by this thesis.

Given by this, we recommend future research focused on below directions.

6.2.1 Distinct the Surface Reaction and Gas Phase Reactions for Fe/SiO,

System

The study has revealed that of surface reaction combined with gas phase
reaction co-existed. To fully understand the surface catalytic contribution and
mechanisms of Fe/SiO: based catalysts, it is recommended to establish the control
space velocity and temperature of reactor to reduce the effect the gas phase reaction.
Using the spices MS probing as advanced characterization techniques is expected to
distinguish the contributions of gas phase and surface catalytic reactions, which might
further answer critical spices evolution from in-situ viewpoint with better

understanding of non-oxidative methane chemistry over Fe/SiOx.

6.2.2. Innovation in Catalysts Development for NMC with Control

Environment

Although we developed flame fused vitreous silica supported single site Fe,
Mn, and Co/SiO; catalysts, the open flame and natural of precursors has some possible

chemical status changes which was beyond our control. Given that the rapidly heating
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and melting is critical to the catalyst’s development, which could also be carried out
under controlled environments. We proposed using ultra-fast, sparks plasma sintering
of precursor with the silica could control the oxidation of metal, maintain high
dispersing, and expand to more metals. Given that the stability and availability of silica
precursor is very limited, this technique compactable with alternative precursors and

can tolerate rapidly cooling and heating under controllable of atmospheric.

6.2.3. Requires More Processing Stimulation and Reaction Engineering

Studies

More engagement of process simulation from the aspect of reaction engineering
or economy is required to provide more scope, viewpoint, and valuable information to
understand the overall technology. Reaction engineering is also required to understand
how NMC and NMD operate. Based on the previous discussion in Section 1.5 that the
NMC is strongly limited by pressure, removing hydrogen using a durable, efficient
proton conductive membrane is a promising technology. The materials and membrane
study can greatly promote NMC. We truly wish the recent membrane development
could be combined with NMC as a membrane reactor to break through the current
equilibrium limitation. Besides the membrane reactor, develop auto auto-thermal
reactor from NMC as an efficient reactor system suitable for commercial-scaled
development will be useful. However, this requires more process control study,
especially for our developed high conversion reactor, which requires a more
comprehensive process condition study to produce hydrogen or hydrocarbons

depending on the demand.
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6.2.4. Tailoring Catalyst Configuration for NMD and Discovering Spent

Catalyst Utilizations

Co-DeAl-BEA catalyst exhibited different activity of NMD and CNTs products
by its loading and the silanol caging effect of Co NPs. However, we still do not
understand the detailed confinement effect and the geometry of Co NPs based on
current results. A study to reveal the Co-DeAl-BEA system from processing parameters
to control the size and distribution of NPs, which can potentially change the particle
size and interact with the silanol groups, is much needed. Besides, the bimetallic design
can also change the activity and interaction with the silanol, such as alloying Co with

Mo, Fe, and Sn, which has not yet been discovered in the DeAl-BEA system.

6.3. Contributions

The contribution provided by this dissertation not only to the catalysts
development for non-oxidative methane upgrading toward hydrocarbons and hydrogen
production to indirectly reduce CO> emissions. It also systematically demonstrated
creating defects sites in the support are critical strategies to improve robustness and
activity of catalyst. For different type and properties of support, defects creation
dependent on treatment condition to tailoring defects formation using removal, phase
transformation, and incorporation method. The dissertation also practiced and
demonstrated systematic approaches of testing and characterize these defects formation
to build strong interactions with the catalytic active phase using simple and complex
instruments. The dissertation also established an approach from catalyst fundamental

to actual reaction engineering, such as the catalytic wall reactor, which demonstrated
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possible ways of continuous NMC reaction operation with carbon removal. The

byproducts are solid carbon spheres with a diameter 150-200 nm, which is very ideal

cathode material for fuel cells. The dissertation also investigated low-temperature

NMD to hydrogen process. The proposed catalysts (Co-DABEA-300) were validated

for methane upgrade to hydrogen and MWCNTs with increases the long-term stability.

The byproduct of MWCNTs is more value-added than the amorphous carbon form

conventional methane pyrolysis, which is a promising process to improve overall

profits for NMD.
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