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Chapter 1

Introduction

Converting CO: into valuable chemicals

Part of this work has been published as: “A Critical Look at Direct Catalytic
Hydrogenation of Carbon Dioxide to Olefins’, M. Ronda-Lloret, G. Rothenberg
and N. R. Shiju, ChemSusChem., 2019, 12, 3896—-3914.



The increasing amount of anthropogenic carbon dioxide (CO2) emissions is a
global concern. There is a correlation between the rise in global temperatures
and the rise in atmospheric CO:z concentration levels (Figure 1.1).1 Even if this
does not imply direct causality, mankind cannot afford to take chances. This
feeling is echoed in the 2015 Paris Agreement, which shows the willingness of
policy experts, scientists and climate economists from 118 countries to take
measures for fighting climate change. Its main goal is keeping the increase in the
global average temperature below 2 °C and ultimately achieving net-zero

emissions of greenhouse gases (GHGs).[24!
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Figure 1.1. World COz2 net emissions from 1980 to 2015.14

This goal is feasible, yet difficult. Reducing the amount of CO2 in the atmosphere
could reduce the greenhouse effect, but this requires individuals and companies
to change their behaviour. This requires economic and social incentives, such as
controlling the ‘carbon footprint’, higher taxes on carbon emissions or on fossil
fuels. The main sources of CO: emissions are power generation and
manufacturing (Table 1.1). Heavy industry, residential heating, cooking, and
road transport are the heaviest energy consumers, and this energy comes mainly
from fossil fuels.¥) Moving away from fossil fuels to cleaner energy sources
remains a big challenge, partially due to the large volumes of fossil fuels that are
consumed and available today. The total reserves of fossil fuels were >900 billion

tonnes of oil equivalent (toe) in 2015.°1 This means that, at the current
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consumption, there are enough available fossil fuels at least for another 100
years.

Developed countries are starting to act in terms of renewables and
natural gas, bringing down emissions. For example, according to the European
Environmental Agency (EEA), Europe avoided the emission of 460 Mt of CO2 in
2016 by the use of renewable energy.ll The main renewable energy sources are
onshore and offshore wind power and solar photovoltaics for electricity
generation, as well as solid biomass-based technologies for heating and
cooling.l6”I In addition, the EU remains a world leader in renewable power, with
0.87 kW of renewable energy capacity installed per person in 2017, followed by
the United States (0.71 kW/person) and Brazil (0.61 kW/person).l6! Nevertheless,
the use of coal and its technology remains well established. In 2017, a net
capacity of 35 GW from burning coal was added to the global fleet.ll The gross
addition was 67 GW (mainly in developing economies) and the capacity retired
was 32 GW (mainly in the United States and Europe).!

Table 1.1. Total CO2 emissions by sector in 2015.1

Sector CO:z source Percentage of world Emissions (Gt)
energy
consumption
Electricity Carbon-based 22.0 12.4

power plants

Heavy industry Production of 17.2 3.9
cement, limestone
and hydrogen
Transport Road > air >ship> 21.9>3.1>28>0.6 6.0>0.9>0.8>0.1
rail

In fact, if we examine regions under fast economic development, such as South-
East Asia, we see that coal usage is increasing, especially with the
commissioning of numerous coal-fired power plants since 2000.5%1 Examining
the magnitude and the distribution of the world energy demand, it looks like

coal, oil and natural gas will remain our main energy sources in the coming 50



years. Changing this large-scale trend is possible only through a combination of
economically viable alternatives and strong regulations.

Scientists have been studying methods for reducing CO: emissions for
decades. Capturing COz, either from flue gases of industrial processes or directly
from the atmosphere, is one such option. Yet carbon capture and storage (CCS)
presents technical and economic barriers. CO: leakage rates are uncertain and
there are limits in the storage capacity depending on the location. Moreover,
CCS requires strong regulatory incentives since it does not produce any intrinsic
value.ll Perhaps the strongest argument against CCS, however, is that it
basically considers CO:z as garbage. This is not a good chemical solution. Instead,
we should consider CO: as a resource, aiming at carbon capture and utilization
(CCU). If we could use CO: as raw material to make profitable products,
governments and companies would be encouraged to follow this. The basic
technology is already taking place, using the absorption of CO:2 in solvents such
as monoethanolamine (MEA) to give carbamates (Figure 1.2). During post-
combustion capture, flue gases including CO: are bubbled through a MEA
solution. The CO: is then recovered by heating the carbamate solution.!]
Afterwards, the CO2 is cleaned (and dried if necessary) and compressed for
transport and utilisation. This method still has drawbacks regarding the energy
penalty of the MEA regeneration process. Other amine solvents are being
researched, as well as physical adsorption processes using solid adsorbents such
as activated carbons, molecular sieves, zeolites and polymers, among others.[!!

After capture or separation of CO, efforts are being done to efficiently
convert CO2 into high value-added products such as fuels and chemical
feedstock. Converting COz to urea (for fertilizers) and the production of plastics
such as polycarbonates are done today.l*2l Methanol synthesis is industrially
obtained from a mixture of COz, CO and H.I3l However, methanol is nowadays
also obtained from CO:.. For example, Carbon Recycling International developed
the world’s first commercial CO: to methanol plant in Iceland. The so-called
George Olah Renewable Methanol Plant recycles now 5.5 ktons of carbon (albeit

that this was done in Iceland, where renewable energy is abundant).'4]
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Figure 1.2. Scheme of CO: capture by absorption in monoethanolamine (MEA), and

different CO2 utilisation options.

However, to use CO:in any chemical process we must overcome its high
thermodynamic stability, as its AG? =-394.4 k] mol!, which usually means high
reaction temperatures. One way of reducing the energy penalty of CO:
conversion is by using a high energy co-reactant.l'2 For this purpose, hydrogen
(AGt2) = 0.0 k] mol?) and n-butane (AG%u-cstiro) = -16.57 k] mol™) are good
candidates.

To lower the activation barrier of the reaction and speed it up we use
catalysis. Catalytic CO2 conversion to high value-added chemicals can be done
by different methods. The electrocatalytic pathway has mainly focused on the
CO: reduction reaction (CO2RR) to hydrocarbons, as well as to CO and alcohols.
This process is already at a higher technology readiness level, but its economic
viability depends strongly on the cost of electricity.'”l Another alternative is
photocatalysis, typically using semiconductor catalysts, which can enable a
direct solar to fuel conversion. While photocatalysis is independent of an
electricity source, its efficiency is still too low for large-scale applications.!¢]
Plasma and plasma-catalytic reactions are also gaining attention, especially CO2
splitting and dry reforming of methane (DRM).7-"1 Thermocatalytic CO2
conversion is also well known. For instance, DRM using CO: is used to produce
syngas, which is then used for the production of hydrocarbons or alcohols
through the Fischer-Tropsch synthesis (FTS).['7]

In this work, we study the thermal-catalytic and plasma-catalytic
conversion of CO: to high value-added chemicals. We use H: or n-butane as co-
reactants. By changing parameters such as reaction temperature, reactants ratio
and catalyst, different reactions can take place (Figure 1.3). CO: and Hz can react
in the reverse water-gas shift (RWGS, which produces CO and H20) or in the

hydrogenation of CO: to methanol. In combination with n-butane, the dry



reforming of butane to obtain syngas, and the oxidative dehydrogenation of
butane to butenes and butadiene can take place. In addition, plasma-catalysis is
able to dissociate CO: to CO.

CO +0,
M, Thermal activation
o © Plasma activation
C,H,, I
CH,0H +——=—m CQ, === O +H,

CH,,
J

CO+H,0 )L/\/

Figure 1.3. CO:z conversion reactions studied in this thesis.

1.1. CO:z and H:

CO: hydrogenation will ideally use hydrogen produced from a clean source.
Currently, hydrogen is obtained from steam methane reforming (SMR). This
process requires (natural) methane gas as a feedstock and emits COz, which does
not help alleviating COz emissions.[?) Water electrolysis is the main sustainable
route for producing hydrogen, provided that renewable energy is used to do so.
Renewable energy is mainly obtained from wind power, hydropower and solar
photovoltaics, or from excess of electrical energy from non-carbon-based sources
(geothermal energy and nuclear power plants during the night).?/221 One of the
main drawbacks of using renewable energy is its storage, because the demand
of electricity is not constant in time. While the storage of this energy in batteries
or electric grids is under development, the production of Hz with the surplus of
energy from renewable electric plants will help alleviating the storage problem.
Other major drawbacks are the current high cost of renewable energy, which
translates into high costs on the production of renewable Hz, and safety issues

regarding Hz storage.
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CO2 hydrogenation is a versatile reaction for the valorisation of carbon dioxide.
One can alter the reaction parameters (COz/H: ratio, temperature and pressure),
and the catalyst composition (Cu, Ga and noble metal based catalysts, among
others) to control the product distribution.[?®! Depending on these factors, a wide
range of chemical building blocks and high-value-added chemicals can be
produced, including carbon monoxide (CO), methane (CHs), methanol
(CHsOH), ethanol (C2HsOH) and lower olefins (C2——Cx).

CO is an important chemical feedstock because it is a basic building
block for a variety of important chemicals, such as paraffins and olefins obtained
from the Fischer-Tropsch synthesis.[?l The reverse water-gas shift (RWGS, eq. 1)
reaction is an endothermic process that produces CO at relatively elevated
temperatures (500-600 °C).l24 This reaction is sensitive to the C/H ratio on the
catalyst surface. Due to the relative low heat of CO: adsorption, the fast
hydrogenation of carbon intermediate species adsorbed on the surface is
favoured. This leads to the formation of the unwanted methane by-product by

the exothermic Sabatier reaction (eq. 2).1%%!
CO, +Hy,== CO +H,0 AHysoc=41.2k] molt (1)
CO,+4Hy,== CH,+2H,0 AHys.c=-165k] mol! (2)

The main objectives when performing the RWGS are decreasing the reaction
temperature while maintaining high conversion levels, and avoiding the
production of undesired methane. Copper-based catalysts have been widely
studied, with the main focus of elucidating the reaction mechanism.?6271 Liu et
al. reported that at temperatures below 600 °C in Cu-Ni/y-AlOs systems, Cu
favours the formation of CO while Ni favours CH4 production.?8! Noble metal-
based catalysts are very popular due to their high hydrogenation ability.
However, they are expensive and tend to yield mainly methane. Promoters are
used to improve the selectivity.? For example, among different mono- and bi-
metallic noble metal catalysts, PtCo/y-Al20s showed the highest selectivity to CO
with little CHs production.? However, the high cost of noble metals makes
them unattractive for large scale applications. Transition metal carbides (TMCs)
are a promising type of catalysts that showed activity in RWGS. Porosoff et al.
reported that the catalytic performance of molybdenum carbide (Mo:C) catalyst

was much better than those of bimetallic noble metal-based systems (PtCo, PtNj,
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PdCo, PdNi supported on CeOz).31 Mo2C catalyst gave 8.7% CO:z conversion and
93.9% CO selectivity at 300 °C. Transition metal carbides are promising materials
for RWGS due to their low cost and their potential to selectively perform at low
temperatures.

Another possible product from CO: hydrogenation is methanol.
Methanol is a very valuable precursor of products such as formaldehyde,
dimethyl ether, gasoline and olefins.[32% It is also considered a potential fuel-
substitute and an efficient energy storage chemical.l’*-%! Production of methanol
in industry uses mixed syngas (CO/H2/COz) as feed and Cu/ZnO/ALO:s as
commercial catalyst. The reaction runs at 210-270 °C and 50-100 bar, and is
highly selective towards methanol (99%).7%%1 The main drawback of this process
is that methane steam reforming (SMR), a highly endothermic reaction that
requires the combustion of natural gas, is used to produce the CO2/CO/H:
feedstock mix.l**l Efforts are being done to develop a direct methanol synthesis
process independent of fossil fuels, using CO: combined with hydrogen
produced from renewable energy.

Converting CO: to methanol (eq. 3) is an exothermic reaction, therefore
favoured at lower temperatures.[*! It is also favoured at high pressures because
fewer molecules are produced. Typically, the endothermic RWGS reaction (eq.
1) occurs in parallel, thus CO is produced as a side product, especially at higher

temperatures. A compromise is usually reached at temperatures below 300 °C.

CO, +Hy== CO+H,0 AH,soc=41.2k] mol? (1)
CO, +3 H,== CH;0H +H,0 AH,;.-=-49.5k] mol! (3)

The catalyst design must take into account that, contrarily to the commercial
methanol synthesis, CO: hydrogenation produces water as by-product, which
can decrease catalyst activity and lifetime. The Cu/ZnO/Al:Os catalyst used in
the commercial production of methanol from CO/H2/CO: was also tested in
direct CO2 hydrogenation to methanol. Optimization of the reaction parameters
(H2/CO2 ratio of 10:1, 260 °C, 360 bar and 10,471 h' gas hourly space velocity,
GHSV) over this catalyst achieved >95% of CO: conversion and >98% of
methanol selectivity.* However, the pressure is too high for commercial
application. Other Cu-based catalysts, especially Cu/ZnO catalysts, were widely
studied.l?l Additives such as Al20s, SiO2 and Ga20s are added to enhance
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activity, stability and thermal resistance. For example, a Cu-Zn-Ga layered
catalyst was found to have a higher Cu surface area and dispersion, improving
its catalytic performance compared to the commercial catalyst.*!l Pd-based
catalysts were also studied despite its high cost. While Pd on its own is mainly
selective to CO, the formation of the PdZn alloy enhances selectivity to
methanol.2 Supports such as TiO2 and Al:Os can be used to enhance the
dispersion of the PdZn alloy.*}l Cheaper elements such as Ni or Co doped with
Ga are promising materials, as seen in the volcano plot of Figure 1.4. NisGas
supported on SiO: yielded methanol at atmospheric pressure, in a temperature
range of 150-250 °C and using a H2/CO2 ratio of 3:1.144

10
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Figure 1.4. Volcano plot with the calculated turnover frequencies (TOF) relative to copper
(TOF<!) of methanol synthesis as a function of oxygen binding energies (AEo) for different
active sites. Calculations were performed at 250 °C, 6.67 bar CO2 and 23.33 bar Ha.

Reproduced with permission from Springer Nature.*!

Comparison with conventional Cu/ZnO/AL:Os catalysts showed the same or
better methanol synthesis activity, as well as considerably lower production of
CO. In another study, CosGas/SiO: catalyst showed promising selectivity
towards methanol at 250 °C and 30 bar, although the conversion was lower than
the commercial Cu/ZnO/ALQOs catalyst.*s! Both NiGa and CoGa catalysts are
promising materials for methanol production at relatively low pressures.
However, gallium and its precursors are expensive, making these catalysts too
costly (6 to 8 €/geatalyst) compared to the commercial copper based catalyst (0.15
€/geatalyst). Overall, COz hydrogenation is usually performed at around 250 °C and



20 bar. Optimization of the catalyst composition and/or reaction conditions are

needed to increase the competitiveness against the commercial process.

1.2. CO: and n-butane

Light alkanes (methane, ethane, propane and butane) can be used as feedstock
in the chemical industry. Light alkanes, and specifically butane, can be found as
side products in naphtha and oil cracking. Even if these side products are minor,
they are valuable due to the vast amounts of fossil fuels that are currently
consumed (11.7 billion toe in 2015).1% Light alkanes are also present in shale gas.
Although the main component of shale gas is methane (its concentration ranges
from 50% to 90% of the total mixture), it also contains impurities such as
nitrogen, carbon dioxide and longer light alkanes. The specific composition
usually depends on the location of the shale gas source. The mixture of ethane,
propane, n-butane, i-butane and pentane (also known as natural gas liquids,
NGLs) can represent up to 50% of the shale gas composition, and butanes
usually represent around 4% of the mixture.*l The large volumes of cracking
streams and shale gas, as well as their greenhouse effect when emitted to the
atmosphere, make the production of high-added-value chemicals from light
alkanes interesting.

Combination of light alkanes and CO:2 can result in the formation of
syngas through dry reforming reactions (eq. 4).1*”1 Syngas is a common precursor
of valuable chemicals, such as fuels or alcohols through the Fischer-Tropsch
synthesis (FTS).[#7481 Dry reforming of methane (DRM, eq. 5) is the most studied
dry reforming reaction, mostly because methane is widely available in shale gas,
natural gas and biogas, and it is also considered a greenhouse gas when emitted
to the atmosphere.* In addition, DRM gives a CO/H: ratio close to one, which
makes it suitable for the production of long chain hydrocarbons through FTS.
However, DRM is strongly endothermic, meaning that high temperatures (700-
900 °C) are needed to achieve the desirable conversion levels. This results into
fast catalyst deactivation by sintering (agglomeration of nanoparticles) and
coking (deposition of carbon species on the active sites). Most studies focused
on the development of non-noble metal catalysts due to their low cost,
availability and high catalytic activity.l%51 Ni-based catalysts are the most active

catalysts, but they suffer severe deactivation problems due to sintering and
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coking.l’2 Different strategies have been studied to improve the stability of Ni-
based catalysts, including the use of supports, promoters and second metals.!5-
%l Despite its potential, the commercialization of DRM is limited by high

temperature requirements and the low stability of the catalysts.

n CO, + C Hyq)== 2n CO + (n+1) H, 4)
CO,+CH,; == CO+H, AHy5.c=247.3Kk] mol?! (5)
4CO,+CH)y == 8CO+5H, AH,5.-=817.1k]J mol" (6)

N-butane is thermodynamically less stable (AG%n-csti0) = -16.57 kJ/mol) than
methane (AG%crs = -50.45 k]J/mol), making dry reforming of butane (DRB, eq. 6)
an interesting alternative to DRM. DRB can operate at lower temperatures (500—
600 °C), decreasing catalyst deactivation by sintering. However, coking
remains an issue in DRB, due to the large number of coke sources. Formation of
coke during dry reforming can come from the deposition of carbon atoms and/or
from the formation of olefins. Carbon atoms are typically formed by the
Boudouard reaction (2CO - COz + C), but they can also be a product of the total
cracking of butane.%>-571 Partial cracking or dehydrogenation of butane produces
olefins, which can condensate and form polycyclic aromatic compounds.!5!
Although few studies focused on DRB (Table 1.2), a common factor is
the use of Ni-based catalysts. Panczyk et al. studied the effect of doping a
commercial Ni/Al:Os catalyst with Mo, W, Ba, K and Ce.®! The addition of
promoters increased resistance towards coking, although all the catalysts
experienced strong coking after 20 min under stream. Yan et al. studied the
reaction using a bimetallic PtNi/CeO:2 catalyst, with a Pt/Ni ratio of 1:3.1€1 The
catalyst showed 20% CO: conversion and 15% butane conversion at 600 °C and
CO: to butane ratio of 4:1. Although the PtNi catalyst showed slight deactivation,
the conversion values and its resistance to coking were enhanced compared to
the monometallic analogues, showing the benefits of the PtNi alloy. Li et al.
studied the behaviour of a 1.5 wt.% Ni - 0.5 wt.% Fe/CeO:2 catalyst at 600 °C,
using a CO: to butane ratio of 2:1.111 After an initial decrease in activity due to
coking, the catalyst showed 59.3% CO:2 conversion and 30.9% butane conversion
after 8-10 hours at steady state. However, in this case the bimetallic catalyst did
not show a significant improvement in the catalytic behaviour compared to the

monometallic Ni/CeO2 catalyst. Overall, DRB commercialization is interesting
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due to its reduced energy cost compared to DRM. However, more research on
catalyst development needs to be done to inhibit coking, and therefore increase

catalyst lifetime.

Table 1.2. CO2 conversion (Xco,), butane conversion (Xg,), turnover frequency values
(TOF) and CO selectivity (Sco) monometallic and bimetallic catalysts during dry
reforming of butane (at 600 °C and 1 atm).

Catalyst Xco,(%)  XBu(%)  TOFco, TOFs: Sco(%) CO2/Bu Ref

lal fal ratio
Pt/CeO2 1 1 31 12 56 4:1 61
Ni/CeO2 12 9 628 112 98 4:1 61
PtiNis/CeO2 19 12 552 92 98 4:1 61
Ni/CeO: 64 31 6852 1662 96 2:1 62
Fe/CeO: 11 7 876 292 54 2:1 62
NisFe1/CeO2 59 31 3506 914 91 2:1 62

[aITOF units: mol-molmetar’-min!

Lower olefins (C2—C#) can be another product of light alkanes. Lower olefins
are important chemicals for the production of plastics, synthetic textiles, rubbers,
solvents and coatings.l?! These olefins are traditionally obtained from the
cracking of naphtha in the oil refining industry. They are also obtained on large-
scale from the dehydrogenation of alkanes (eq. 7). Several companies, such as
Linde-BASF and Clariant (with the CATOFIN catalyst, Figure 1.5), commercially
produce propene and butenes using chromium-alumina dehydrogenation
catalysts.[2l Yet, these processes require high temperatures (>550 °C) because of
the endothermic nature of the reaction.l®® As a side-reaction, thermal cracking
generates coke on the catalyst surface, leading to the progressive deactivation of
the catalyst and requiring periodic regeneration.

Oxidative dehydrogenation (ODH, eq. 8) of alkanes is an excellent
alternative for the production of olefins. ODH is an exothermic reaction that can
produce olefins at lower temperatures than direct dehydrogenation. The lower
reaction temperature, and the possible removal of coke and its precursors by
oxygen (air), increases catalyst stability. However, controlling the selectivity of
this reaction is a huge challenge. Especially at high alkane conversion levels,
selectivity to alkenes is restricted due to total oxidation to CO and COsz. The use

of oxygen also raises safety concerns, as the exothermic reaction forms
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potentially flammable mixtures.l®®! Alternating alkane and O: streams over a
solid oxygen carrier (SOC) catalyst is a way to increase the safety of the

process.[6667]

Figure 1.5. Propane and butane dehydrogenation plant of Hengli Petrochemical (Dalian,
China) Refinery Co., Ltd using the CATOFIN catalyst.[*4]

CoHymery = CHp + Hy 7)
CpHyp1y +0.50,== C H,, +H,0 (8)
CoHynigy + CO, == C H, +CO+H,0  (9)

As an alternative to oxygen, CO: is emerging as a potentially greener oxidising
agent. COz2 has a lower oxidation strength than Oz, decreasing total oxidation
and improving the selectivity to olefins. The safety of the process also increases
by reducing the explosion risk. The disadvantage of using CO: is its high
thermodynamic stability and the endothermic nature of CO:-ODH. Therefore,
CO2-ODH wusually requires higher reaction temperatures to obtain similar
conversions than conventional O.-ODH. In addition, oxidative dehydrogenation
using CO2 (CO2-ODH, eq. 9) has the added value of using a greenhouse gas as
feedstock to produce valuable chemicals. Considering the overall demand of Co,
Cs, and Cs olefins (8-10"2 mol/year),l®®! and assuming that one mole of alkane
reacts with one mole of COz, 0.34 Gt of CO2 emissions could be avoided through
CO:-ODH. This represents 8.7% of the heavy industry emissions (see Table 1.1).

Of all lower alkanes, n-butane is a low cost and abundant raw material
found in natural gas and as side product in naphtha and oil cracking. In addjition,
butenes and 1,3-butadiene (Figure 1.6) are important intermediates in synthetic

chemistry. 1,3-butadiene is the key monomer for producing styrene butadiene
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rubber (SBR), which is the main component of car tires. Other butenes are used
mainly in the fuel industry. Isobutylene is a raw material for the synthesis of
methyl tert-butyl ether (MTBE) and ethyl tert-butyl ether (ETBE), which are used

as octane enhancers in gasoline.[*!

P e N
P OZ/COZ 1-butene 2-butene

/\/)k

1,3-butadiene  isobutene

CO, CO,, H,0

Figure 1.6. Possible products from butane oxidative dehydrogenation, using Oz or CO:2 as

oxidising agents.

Many studies on butane O>-ODH focused on the application of transition metal
oxides catalysts, specifically vanadium and molybdenum catalysts.[6369-73]
Vanadium oxide supported on MgO, denoted as VMgO, is one of the most
studied catalysts.l*7* The coexistence of MgO and orthovanadate (MgsV20s)
gave a good selectivity to butenes, while pyrovanadate (Mg2V20y7) favored non-
selective reactions.””! Tellez et al. reported the performance of a VMgO catalyst
with 24 wt.% of metallic vanadium.”s! At 500 °C and an oxygen to butane ratio
of 2:1, the catalyst showed 78% selectivity to butenes at 5% butane conversion.
More recently, the performance of vanadium dispersed on mesoporous
titanosilicates catalysts has been explored (see table 1.3).1778l These catalysts are
characterized by highly dispersed vanadium oxide species over the mesoporous
structure given by the SiOz, and excellent redox properties given by the titania
and vanadia oxygen vacancies. These catalysts use a significant lower metal
loading (1 wt.% V) than VMgO catalysts, and they are active at a lower
temperature (460 °C). At this temperature, a V/Ti-SBA-15 catalyst showed its
maximum selectivity to butene and butadiene (60%) at 6.1% butane

conversion.!””1
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Table 1.3. Performance of vanadia-based catalysts tested in butane ODH. Xz« and S,

refer to butane conversion and butenes selectivity (monobutenes and 1,3-butadiene),

respectively.
Catalyst OzButane  Temperature Xsu (%) Sc, (%) Ref
ratio (°C)

VMgO 2:1 520 5 75 76
VMgO 2:1 500 5 78 77
V/Ti-SBA-15 2:1 460 6 60 78
V/Ti-SBA-15 2:1 460 23 32 78
V/Ti-HMS 2:1 460 14 37 79

Work on vanadia-based catalysts remarks the importance of the oxygen
vacancies or lattice oxygen species in the activation of n-butane.””? Reducible
metal oxide catalysts are believed to follow a Mars-van Krevelen (redox)
mechanism, depicted in Figure 1.7. In this mechanism, the lattice oxygen atoms
of the catalyst participate in the abstraction of hydrogen atoms from the alkane,
producing the respective olefin and water. This results into reduced centres in
the form of oxygen vacancies in the oxide lattice, which can react with Oz to re-

form the oxidized centres.[79.80

N + 00000 — AN+ 000 ® + HoO

© Metal @ Oxygen

.... + %0, —— ..... "> Oxygen vacancy

Figure 1.7. Oxidative dehydrogenation of n-butane to 1-butene, following the Mars-van

Krevelen mechanism.

There are fewer published studies on butane CO.-ODH.[6811 Active catalysts in
O:-ODH are not always active in CO2-ODH, as seen by previous studies using a
VMgO catalyst (Table 1.4).52 The effect of the support on vanadia-based
catalysts was studied several times.[#3] The good dispersion of vanadium oxide
over a CeO2-ZrO: support, combined with good redox properties, improved the
catalytic performance compared to other supports (TiO2-ZrOz, SnO2-ZrO2 and
Z102).184%81 12 wt.% V205/CeO2-ZrO: catalyst showed 40% butane conversion and
50% Ca alkenes selectivity. However, CO2-ODH conditions lead to faster catalyst
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deactivation and parallel dry reforming of butane.’$5 Li et al. performed CO:-
ODH at 600 °C and COz/butane ratio of 2:1.1" In this study, a 0.5 wt.% Ni - 1.5
wt.% Fe/CeO2-ZrO2 catalyst showed the best dehydrogenation ability, showing
13.9% of butane conversion and 37.2% selectivity to Cs alkenes. A catalyst with
higher loading of nickel, 1.5 wt.% Ni - 0.5 wt.% Fe, mainly catalysed dry
reforming of butane. Dasireddy et al. directly compared Oz and CO:2 as oxidising
agents over a Ni-Mo/AL2Os catalyst.[56 At 450 °C, CO2-ODH showed significant
lower conversion but slightly higher selectivity compared to O:-ODH (Table
1.4). Authors concluded that CO: increases alkenes selectivity by limiting the
formation of electrophilic oxygen species (peroxide O2* and superoxide Ox),
which are believed to be responsible of the total oxidation of alkenes to COx
species.l¥”] Overall, catalysts used in CO2-ODH give lower activity than in Oo-
ODH. This is likely related to the poor ability of CO: to re-oxidise the catalyst
surface, and its tendency to stay adsorbed on the catalyst surface.l®! Bifunctional
catalysts, which are able to effectively dissociate CO:2 and perform alkane
dehydrogenation, need to be developed to increase CO>-ODH conversion values

while maintaining good alkene selectivity.

Table 1.4. Summary of catalysts tested in CO2-ODH of butane.

Catalyst Ox Ox:Bu Temp. (°C) XBu (%) Sc,(%)  Ref
agent ratio
VMgO Oz 2:1 527 30 60 83
VMgO CO2 7.5:1 527 0 - 83
V205/SnO2- CO2 5:1 600 20 35 85
ZrO2
V205/CeO2- CO2 5:1 600 35 50 86
ZrO2
V205/TiO2- CO2 5:1 600 40 25 86
ZrO:
Ni-Mo/Al20s Oz 2:1 450 71 57 87
Ni-Mo/ALOs CO2 2:1 450 8 66 87
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1.3. Exploring new catalyst families: MAX phases and MXenes

Supported catalysts, formed by metal or metal oxide nanoparticles dispersed
over a supporting matrix, are commonly used in heterogeneous catalysis.
Typically, the active component is the metal or metal oxide cluster, while the
support is stable and unreactive. Commonly used supports are gamma alumina
(y-AL0s), silica (S5i02) and titania (TiOz2).1%5! Although most of the attention is
usually focused on the active site, the support plays a crucial role in catalysis.
The support can indirectly enhance the reaction performance by increasing the
dispersion of active sites and charge transfer effects, as well as modifying
interface sites and nanoparticles morphology.[$8! Most importantly, the support
can prevent catalyst deactivation and boost the industrial application of high
temperature reactions.®!

For these reasons, we studied a new group of materials, namely MAX
phases, as catalyst supports. MAX phases (Mn+1AX») are a family of layered
ternary carbides and nitrides with hexagonal crystal structures.® Their name
reflects their chemical composition, as represented in Figure 1.8. Typically, M is
an early transition metal, A is an A-group element (mostly from groups 13 and
14), X is carbon or nitrogen, and n =1, 2, or 3.°! Since the 1960s, approximately
155 different MAX phases have been prepared.? MAX phases naturally classify
by their n number into 211 (Ti2AIC), 312 (TisAlCz) and 413 (TisAIN3) compounds,
sharing a common structure consisting on Mw1Xn layers intercalated with pure
A-group element layers (Figure 1.9).°2%! The strong M-X bond has a mixed
covalent, metallic and ionic character, whereas the M-A bond, with metallic

character, is relatively weak.[%%4
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Figure 1.8. The MAX phase periodic table, with all elements incorporated in MAX phases

up to date. Reproduced with permission from Elsevier.[2]
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Figure 1.9. MAX phase unit cells: (a) 211, (b) 312, and (c) 413 phases. Every third layer in
the 211 compounds (a) is an A-group, in the 312 (b), every fourth layer is an A-group, and
in the 413 compounds (c), every fifth layer is an A-group. Reproduced from Annu. Rev.
Mater. Res.*l
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MAX phases are interesting materials due to their unusual combination of
properties. Like ceramics, they show high-temperature strength and stiffness,
and at the same time they are tough, ductile, and conduct electricity and heat
like metals.*%71 In addition, they are easy to prepare at high temperature and
pressures using solid solutions of the M, A or MX elements.[®l Due to these
unique properties, MAX phases have been mainly used for mechanical and
thermal applications,®®*] such as structural coatings in fission and fusion
reactors.[1001011 Only recently, Ng ef al. showed that MAX phases also have
interesting catalytic properties.”2 Though a carbide, TisAlIC2 MAX phase
catalysed butane oxidative dehydrogenation (ODH) with a higher selectivity
than common oxide materials. The non-stoichiometric oxide surface layer
containing oxygen vacancies made this material catalytically active.

In this thesis, we focus on Ti-based MAX phases, TisAlC2 and Ti2AIC, as
catalyst supports for high temperature reactions (500-700 °C). We were
triggered by their high oxidation resistance, up to 1100 °C in the case of Ti2AIC,
which originates from the formation of an oxide protective layer.*! In addition,
their electronically rich surface and high conductivity might enhance the metal-
support interactions compared to traditional supports, affecting the binding
energy and reactivity of adsorbates. MAX phases also contain structural defects
(dislocations) that can improve their reactivity.l®21%2 They also have a good
mechanical stability, which makes them resistant to manufacturing processes
when scaling-up the reaction. MAX phases have a very low surface area (<10
m?/g), which a priori might seem a disadvantage in catalysis.['%®] Nevertheless, we
were interested on studying the effect of this unusual combination of properties
on the catalytic activity.

The selective etching of the A element from the MAX phases results in
the formation of MXenes, a new family of two-dimensional (2D) transition metal
carbides, nitrides and carbonitrides.['™ Since the synthesis of the first MXene
(TisC2Tx) in 2011,11%51 almost 30 new MXenes have been successfully prepared.'!
The interest on the application of MXenes arises from the enhanced interlayer
space and surface area compared to MAX phases, as a result of the etching of the
A element (Figure 1.10).007108] [n addition, MXenes are hydrophilic, chemically

stable and excellent electrical conductors.[104109]
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The general formula of MXenes is Mn1XnTx, where M is an early transition metal,
X is carbon and/or nitrogen, and n=1, 2, or 3. Tx represents surface terminations
such as fluorine, hydroxyl and/or oxygen atoms, depending on the etching
method.l'"l MXenes are typically prepared using aqueous fluoride-containing
acidic solutions, such as hydrofluoric acid (HF) or a solution of hydrochloric acid
(HCI) and lithium fluoride (LiF).l'"" Other methods avoiding strong acids have
been also developed, as summarized in reviews on the topic.[1061111121 After
etching, the selectively dissolved atomic layers are replaced by various
terminations (Tx), and the multiple layers held together by weak interactions

(hydrogen and/or van der Waals bonds).[1]
MAX phase MXene

Etching

At )

400 nm

Figure 1.10. Schematic representation of the etching of a MAX phase to a MXene. SEM
images show the tightly packed layers of Ti2AlIC MAX phase, compared to the Ti2CTx
MXene.

The preparation method and post-synthesis treatments can tune the properties
of the final MXene by changing the type of Tx surface terminations, the layer
thickness and their thermal stability.['1% Due to their high electrical conductivity
and the high ion diffusion rate between layers, MXenes have been mainly used
for energy storage devices (such as Li-ion batteries and super-capacitors) and

electrocatalysis.[106108113-115] The presence of functional surface groups and the
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tunability of band gap structures in MXenes also boosted their application in
photocatalysis.[104116117]

The potential of MXenes in heteregenous catalysts has been scarcely
explored, even though they have a relatively high surface area and stability. Diao
et al. found that TisC.Tx MXene is active in the direct dehydrogenation of
ethylbenzene.l''8! Compared to graphene and nanodiamond, TisC2Tx showed
better conversion and selectivity. Li et al. tested a Nb2CTx MXene as support for
platinum particles.l'"l Water-gas shift reaction kinetics revealed that the reactive
metal-support interactions (RMSI) stabilize the nanoparticles and creates alloy-
MXene interfaces, which have a higher H2O activation ability compared to a non-
reducible or a bulk niobium carbide. We must continue exploring the potential
of MXenes in thermal heterogeneous catalysis, so we can identify the active sites

and elucidate the catalytic mechanisms of MXene-based catalysts.

1.4. Plasma-catalysis: An alternative to high temperature reactions

In the previous sections, we discussed some strategies to decrease reaction
temperature in thermal-catalysis. The combination of CO: with high energy co-
reactants, as well as the appropriate catalyst, can lower the energy penalty and
the activation barrier of CO2 conversion reactions. Despite these efforts, reaction
temperatures in thermal-catalysis remain relatively high. For instance, CO:
hydrogenation is usually performed at 250 °C or higher, while dry reforming
reactions operate at 600-800 °C.

Activation of stable molecules like CO2 by plasma-catalysis has a great
potential because, contrarily to thermal activation, plasma activates directly the
vibrational mode of the molecule. The energy is not wasted on the activation of
other degrees of freedom that don’t induce dissociation, such as rotational and
translational modes. The energetic electrons in the plasma can activate inert
molecules, while the bulk gas phase of the plasma remains near room
temperature. Therefore, using plasma-catalysis we can convert CO: to useful
chemicals at near-ambient temperature and pressure.

Plasma, also known as the ‘fourth state of matter’, is a partially ionized
gas that contains electrons, excited molecules and atoms, radicals, ions and

neutral gas species (Figure 1.11).0201 This ionized gas is usually created by
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applying an electric discharge between two parallel electrodes, which are

located inside a reactor filled with gas.[20]

Solid Liquid Gas Plasma
+ @ -
== 4 Em) ¢©°0

® - 't
Molecule O Excited molecule @ Free electron - (+ lons . Molecular fragment
Figure 1.11. The four states of matter, ordered by increasing added energy.

There are two main types of plasma: high-temperature plasma (for example
thermonuclear fusion plasmas) and low-temperature plasma. Low-temperature
plasmas can be further classified into thermal and non-thermal plasmas,
depending on the extent to which the species in the plasma reached thermal
equilibrium. In thermal plasma, the applied energy and time for equilibration
are sufficient for the species to reach the same temperature. Therefore, thermal
plasma is defined by a single temperature. Plasma species in non-thermal
plasmas do not have the same temperature, thus the plasma is characterised by
multiple temperatures.

In non-thermal plasma, the bulk gas temperature (i.e., the translational
temperature of the heavy particles) remains low (300-1000 K), while the
temperature of the electrons can be near 10+-10° K. This is related to the higher
kinetic energy of the electrons compared to the energy corresponding to the
random motion of the molecules in the gas.[?!l Therefore, non-thermal plasmas
are far from the thermodynamic equilibrium. These hot electrons are responsible
for the activation of stable gas molecules to reactive species such as radicals,
excited atoms, molecules and ions. Fast moving electrons collide with heavier
molecules, transfer their energy and cause reactions.???

There are two available ways for the energy transfer from the electron
to the molecule. Firstly, in the single direct excitation all the required energy is
transferred in one step. However, as the energy barrier is high for many
reactions, only a few electrons can supply all the required energy to the
molecule. The alternative way is the stepwise vibrational excitation, also known

as vibrational ladder climbing, where the molecules reach the activation energy
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through stepwise rise in energy (Figure 1.12). Several electron-molecule
collisions induce molecule vibration. When the vibration is strong enough, the
collision leads to dissociation or formation of radicals, which can react with other
molecules and form new compounds. Compared to single direct excitation, the
stepwise vibrational excitation requires less energy. In addition, a broader range

of electrons with different energies can contribute to the activation through this

way.[122]
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Figure 1.12. CO2 electronic and vibrational levels during single direct excitation and
stepwise vibrational excitation (ladder climbing). Reproduced from the Royal Society of
Chemistry.['221

Plasma alone is non-selective. The reactive species created by the electrons can
recombine into many different products, and these products can be destroyed
by new electron collisions. This was observed in a study on plasma assisted dry
reforming of methane, where besides syngas, a significant amount of higher
hydrocarbons (C2-Cys), liquid hydrocarbons, polymers and oxygenates were also
formed.!'>?] Therefore, in plasma-catalysis, the role of the catalyst is to regulate
the selectivity towards a specific product, as well as lowering the activation

energy barrier of the reaction.
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Plasmas and catalysts can be combined in two main configurations, represented
in Figure 1.13. In the two-stage configuration, the catalyst is placed separately
from the plasma chamber, typically downstream of the plasma discharge. The
typical lifetimes of vibrationally excited species at atmospheric pressure are
extremely short (1-100 ns).?!l Therefore in a two-stage configuration these
vibrational species are not involved in the reaction. Only the end-products and
the long-lived intermediates interact with the catalyst.l'?0l In the single-stage
configuration, the catalyst is directly placed in the discharge chamber. Besides
long-lived species, the catalyst also interacts with the short-lived species of the
plasma, including excited species, radicals, photons and electrons. In this
configuration, the catalyst and the plasma influence each other. This might
enhance the catalytic performance of a reaction compared to only plasma by
increasing the reactants conversion and/or increasing selectivity to a certain

product.

a) Plasma

-

Plasma Catalyst

- -

!

Plasma + Catalyst

-

b)

Wi e

—ln-uwli-

Figure 1.13. a) Scheme of different plasma-catalyst configurations. Only plasma without
a catalyst (top), catalyst downstream of the plasma discharge (middle), and catalyst inside
the discharge zone (bottom).l'?%l b) Catalyst inside a radio-frequency plasma discharge

(white) during CO:z hydrogenation.

There are several different types of non-thermal plasma depending on the

electric field used to drive the plasma formation: microwave discharges, radio-
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frequency discharges, glow discharges, gliding arc discharges and dielectric
barrier discharges (DBDs), among others. Excellent reviews on plasma-catalysis
describe in detail the operating conditions, configuration and properties of each
type of plasma.l'20125126l DBD plasma is by far the most studied option in plasma-
catalysis. DBDs usually work at ambient temperature and atmospheric pressure,
while the electrons are heated up to 20,000-30,000 K.['2l The main advantages of
DBD plasmas are their low cost, simple operation and simple integration of a
catalyst.

DBDs contain two electrodes surrounding the discharge volume,
containing at least one dielectric barrier, as shown in Figure 1.14. The dielectric
barrier is a material with high relative permittivity such as quartz, glass and
ceramics. Its function is to limit the amount of charge and keep an equal
distribution of charge over the electrode surface.'””l The DBD is a non-uniform
plasma discharge, which consists of many little discharge channels, known as
micro-discharges or filaments. These micro-discharges cover the surface of the
dielectric material and extend across the discharge gap. The dielectric barrier
limits the flow of current, and therefore the micro-discharges are extinguished.
Sinusoidal alternating currents (AC) are used to build up again a sufficient field
in the discharge gap and create a continuous pulsed behaviour plasma. This

results in the continuous formation of nanosecond micro-discharges.[120128]

Il High voltage electrode
Ground electrode
Dielectric barrier
Discharge gap

Figure 1.14. Basic configurations of the cylindrical dielectric barrier discharge. 2!

The combination of non-thermal plasma and a catalyst results in a complex chain
of interactions. The chemical and physical properties of both the plasma and the
catalyst can be modified by the presence of each other. These interactions often
enhance the reaction in terms of conversion, selectivity and energy efficiency.
The term ‘synergy’ is used when the combined effect of plasma and catalyst is
larger than the sum of the two separate effects. However, it is very difficult to

isolate the effects and directly relate to the catalytic activity. In order to clarify
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the type of interactions in a plasma-catalyst system, they are divided into two

categories: the effects of the catalyst on the plasma and the effects of the plasma

on the catalyst.

are:

ey

(2)

3)

@

The most common effects that the catalyst incurs on the plasma discharge

Electric field enhancement. The electric field may be enhanced due to
surface roughness and porosity of the catalyst.'””! This is attributed to
polarization effects and the accumulation of charges on the surface of the
packed material.'?4 This effect is determined by the contact angle, the
curvature and the dielectric constant of the packed material.[?6] This physical
effect leads to chemical effects on the plasma, since the electron impact
dissociation and ionization rates are affected, influencing the chemical
composition of the plasma and the energy efficiency of the reaction.[130]
Formation of micro discharges inside the catalyst pores. Because the
electric field inside the pores is very strong, the discharge characteristics
between catalyst pores and plasma bulk are very different. This leads to
different production and loss rates of the species in the plasma, and thus to
a change in the plasma composition.['”] This enhanced field can lead to an
increase on the concentration of active species.['3]

Change in discharge type. The presence of a packing material promotes the
development of different type of surface discharges, such as filamentary
micro discharges and homogeneous surface discharges.'3!l If the discharge
can propagate along the catalyst surface, the plasma region can be
expanded, creating more active species in the plasma volume and increasing
the conversion of the reactants.l'?1%] However, when the reactor is fully
packed, the discharge mode can change from filamentary to predominantly
surface discharges, which may decrease the conversion. 133134

Reagent concentration in plasma. Gas molecules can be adsorbed on the
catalyst surface, leading to an increase on the retention time and
concentration in the plasma discharge zone. This could improve the
conversion, selectivity and energy efficiency of the process, because of the
higher probability of collisions between the adsorbed molecule and the

active species generated in plasma.['3!
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The plasma discharge can also affect the catalyst properties and how it interacts

with the reactants. Some of the most commonly reported effects are:

(1

(2)

3

Change in the physicochemical properties of the catalyst. Plasma can

induce several physicochemical changes on the catalyst surface. A number

of effects have been experimentally observed, which are usually correlated
to each other:

- The bombardment of the catalyst surface by plasma charged species can
lead to the formation of smaller nanoparticles in the catalyst, increasing
nanoparticles dispersion and total surface area of the catalyst.[133135-137)
In addition, compared to thermal-catalysis, temperatures in plasma-
catalysis are lower, leading to less agglomeration of particles.

- Plasma can induce changes in the oxidation state of the catalyst. For
example, a manganese catalyst in the form of Mn(Ill) was reduced to
Mn(ILIII) by active oxygen in the plasma.l'¥l The oxidation of Mn(IV) to
Mn(V) by active oxygen was also reported.!’38! Other species, such as
adsorbed carbon coming from the fragmentation of CHs during dry
reforming, were shown to reduce NiO to metallic Ni.[13

Formation of hot spots. Non-thermal plasmas operate near or slightly above

room temperature. Regions where the temperature is locally higher can be

formed due to strong microdischarges in the vicinity of sharp edges and
corners of adjacent catalyst pellets or catalyst pores.[40 This thermal effect
might increase the catalytic activity.[12¢]

Decrease in the plasma species activation barriers. Vibrationally excited

species, which are more reactive than their ground state counterparts, are

present in the plasma discharge. The internal energies of these species can
be too low to perform reactions in the plasma gas phase. Compared to
plasma alone, the activation energies for reactions involving vibrational

species can be lowered when adsorbed to a catalyst surface.['?0]

As mentioned earlier, plasma-catalysis can activate CO2 near room temperature,

which attracted the attention of researchers over the last decade. Studies on CO:2

conversion using DBD plasmas mainly focused on CO: splitting, dry reforming

of methane and CO: hydrogenation reactions.[%1201411142] Here, we focus on

recent studies on CO2 hydrogenation in DBD plasma.
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Previous work on CO: hydrogenation shows that CO is usually the main
product, and CHs4 the main side product.l'¥-1471 For example, Liu et al. tested a
series of perovskites using a Hz/CO: ratio of 1:1 in a DBD plasma at low
temperature (35-120 °C) and atmospheric pressure.l'¥3 At 90W, a La-Sr-Ni-Fe-O
perovskite showed the best performance: 56% of CO: conversion and 84%
selectivity to CO, almost suppressing the formation of CHas. These values were
superior to plasma only and to other perovskites (La-Ni-O, La-Sr-Ni-O and La-
Sr-Fe-O). Its good catalytic performance was attributed to the formation of a
uniform Ni-Fe alloy, a good metal-support interaction and to the enhanced
redox properties of this catalyst. Sun et al. combined DBD plasma with a Pd/ZnO
catalyst, which is commonly used in thermal-catalysis for the production of
methanol.#6! At a Hz/CO: ratio of 3:1 and at a power of 30 W, the catalyst
improved the reaction performance compared to only plasma, showing 32.5% of
CO: conversion and 96.6% selectivity to CO. In situ spectroscopy indicated that
the Pd-ZnO interface promotes the formation of carbonates and formates, which
are reaction intermediates.

In addition to CO, small amounts of methanol and dimethyl ether were also
detected in some studies.¥$141 Only recent studies reported a significant
production of methanol by plasma-catalysis. For example, Wang et al. examined
the effect of 15 wt.% Cu/y-ALOs and 1 wt.% Pt/y-ALOs catalysts on CO:
hydrogenation, using a H2/CO: ratio of 3:1 and a specially designed water-cooled
DBD reactor.[3% Both catalysts increased CO:z conversion and the concentration
of methanol compared to only plasma. Cu/y-AlOs catalyst enhanced the CO2
conversion from 13% to 21.2%, and the methanol yield from 7.2% to 11.3%. The
methanol selectivity was kept around 54%, but CO selectivity also increased
from 30% to 40%. These changes in conversion and selectivity indicate the
presence of plasma-assisted surface reactions in addition to the gas phase
reactions when plasma and a catalyst are placed together. Men et al. also
observed a significant production of methanol (23.2% methanol yield) by
plasma-catalysis.5]  Highly dispersed Pt nanoparticles on a cold-
plasma/peptide-assembly (CPPA) film and further combined with In20s were
prepared and tested in the DBD plasma discharge at 30 W. The catalyst showed
37% of CO2 conversion and 62.6% methanol selectivity. Authors relate the good
performance of the Pt/film/In20s catalyst to the large surface area of the catalyst

that leads to a high Pt dispersion and to a large metal-support interface, which
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promotes CO:z adsorption and conversion. In addition, CO2 adsorption studies
using FTIR show that the catalyst also produces methoxy species, which are key
intermediate species in methanol production.

In general, plasma-catalysis has a positive effect on CO:2 conversion and
selectivity to a specific product compared to only plasma. However, there is still
little understanding on the fundamental reasons of this enhancement. Isolating
the effects of combining plasma and a catalyst, and directly relating these to the
catalytic activity, is difficult. We must continue studying the effect of
introducing different packing materials in plasma reactors, so we can
understand the relationship between catalyst properties and the reaction
performance. In-situ spectroscopy techniques are also being developed to
identify the reaction intermediates, and therefore reveal the possible reaction
mechanisms in plasma-catalysis. Ultimately, we will be able to rationally design
catalysts for plasma reactions, instead of basing our research on previous

thermal-catalysis work.

1.5. Scope of this thesis

This thesis describes different ways of converting CO2 to high value-added
chemicals. For that, we tested traditional (y-AlOs, TiO: and MgO based
catalysts) and non-traditional (MAX phase and MXene based catalysts) materials
in different thermocatalytic reactions: butane dry reforming (where CO: reacts
with butane to produce syngas), reverse water-gas shift (RWGS, where CO:
reacts with Hz to CO and H20), and butane oxidative dehydrogenation (ODH)
to produce butenes. In addition to thermal-catalysis, we used plasma-catalysis
to perform CO:z splitting and CO:z hydrogenation to methanol. The remainder of
this thesis comprises five chapters.

Motivated by the unusual set of properties that MAX phases present and
the little knowledge about their application in catalysis, in Chapter 2 we report
the studies of a Ti2AlC-supported cobalt oxide catalyst in the dry reforming of
butane reaction. We compared its properties and catalytic performance to
traditional catalysts, CosO4/TiO2 and Co30s4/y-Al20s. We found that the thermal
stability and basicity of Ti2AlC increases the coke resistance, and therefore
stability over time, of CosO4/Ti2AlC catalyst.
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Chapter 3 examines the potential of TisAlC: MAX phase as a support for
molybdenum oxide for the reverse water-gas shift reaction (RWGS), comparing
this new catalyst to more traditional materials. The catalyst showed higher
intrinsic activity than MoO3/TiO2 and MoQOs/Al:O0s catalysts, due to the
exceptional electronic properties of the TisAlC: support that enhance the
reducibility of MoO:s species during reaction.

In Chapter 4, we describe the potential of a 2D Ti2CTx MXene in butane
oxidative dehydrogenation (ODH). We found that the material was partially
oxidised after synthesis, and completely oxidised after ODH. Nevertheless, the
presence of vacancies and the electronic properties of the TiO2/Ti2CTx material
enhanced its conversion and selectivity during O-ODH. A commercial TiC
catalyst showed lower conversion and selectivity than the MXene-derived
catalyst. In addition, the TiO2/Ti2CTx catalyst was not active when CO: was used
as an oxidising agent.

In Chapter 5, we report the use plasma-catalysis to convert CO: near
ambient conditions. We performed CO:z hydrogenation in a DBD plasma reactor
near room temperature and ambient pressure. We found that basic MgO support
was more active than the acidic y-Al20s. MgO-supported cobalt oxide catalysts
with a good metal-support dispersion improved the conversion and the
methanol selectivity.

Finally, Chapter 6 looks at the effects of plasma-catalysis during CO2
splitting in a radio-frequency plasma setup. The combination of plasma and
metal meshes enhanced CO: conversion compared to plasma alone. We believe
that impact dissociation of excited COzis favoured on surface defects (steps) of
the metal meshes. After CO:z dissociation to CO and O atoms, the metal meshes
also act as recombination catalysts of oxygen atoms, avoiding the undesired
recombination of CO and O atoms to COz. We also found that metal oxide
catalysts have no effect on CO: conversion under these conditions, as they don’t

promote the impact dissociation mechanism.
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