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Abstract

This thesis offers a comprehensive exploration into the development, exploration, and
practical implications of various catalysts, with a particular focus onplegiormance and critical
roles in the efficient and sustainable conversiolC@k through thermecatalytic processen
particular, this thesis focused dmetexploration of potential catalysts fGO, conversionand
hydrogenation processexludingvarious catalyst systems such asi@o carbides and oxides,
FelAl,O3, andCeO-based material¥he study combines experimental dhdoreticahpproaches
to discovernew insights and avenues for catdy developmentin the study of Cobalt
Molybdenum oxide and carbide catalysts for the reverse water gas shift (RWGS) reaction, the
studies conducted in this thesdentified promising activity at specific conditions but also
highlighted the need for furtheimprovementsn carburization and synthesis processes. The
investigation intoAl ,Os-supported iron catalysts f@O, hydrogenatiomeveals that tt RME
FelAl,O3 catalysts, prepared through the RME method, exhibit superior performance, particularly
in terms of CO, conversionrate and selectivity towards C2+ hydrocarbons. This finding
underscores the importance of synthesis methods and reaction conditions in catalytic performance.
Moreover, the studgonductedon CeO,-based catalysts for RWGS shegthat CuCe(, and
FelCe(; catalystsynthesized by reverse microemulsion metaagfavoredn CO, reductionto
CO, maintaining high selectivity to CO across a broad temperature range. This is attributed to the
effective doping with transition metals like Cu and Fe, which enha@@gadsorptioron CeQ
surfacesalso underscoring the significant role of oxygen vacancies generated by dop{@g in
adsorptiorand activationThese insightpaved the wayor a more nuanced understanding of the

factors influencing adsorption and subsequent catalytic actiihese findings contribute

vi



significantly to the field of catalysis, providing a robust foundation for developing more efficient
and resilient catalysts for RWGS reactions @@, conversion The novel integration of
experimental and computational methods in this thesis offers a comprehensive understanding of
the catalytic processes, setting new benchmarks for catalyst design and advancing sustainable
energy initiativesThis thesisntegrates theoretical research with practical application, providing
insights and guidelines that hold substantial promise for the future of environmental sustainability

and efficient, selectiv€O, conversionprocesses.
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Chapter 1 Introduction

1.1 Motivation
This research is motivated by two interconnected global challenges that demand urgent
attention: the continuous surge in carbon dioxid®4) emissions and the unceasing pursuit of

sustainable energy solutions.

In recent decades, the world has awakened to the stark reality of S0@irgissions and
their profound consequencestheenvironment[2] The relentless combustion of fossil fusige
to anthropological activitiescombined with industrigbroductionand landuse changedave
propelled atmosphericO, concentrationsto unprecedented levl$.This alarming trend has
givenrise to globalwarming, erratic climatic patterns, and a host of ecological crises, underscoring
the pressing need to reduce emissions to mitigate their adverse effmadst these pressing
concerns lies a transformative visid@@O, utilization. This paradigm shift aims to conve®,
from a pollutanbrnaturakespirationinto a valuable resourdea concept known as carbon capture
and utilization (CCU)[4-6] At the coreof this endeavor, catalysts and materials emerge as pivotal
componentsince thg are essential fadhestepsromtheinitial capture andtorageof CO, to the
conversion steprhich carenhane thereaction efficiencyconversion and selectivityCatalysts
play a foundational role, facilitating trmnversion ofCO; into valuable synthesis gas (syngas)
and hydrocarbons. The catalysts employeth@reactions fo€O, conversiormust becarefuly
designed to optimizeeaction conversiarselectivity, and sustainabilityf the production of the

materials utilized for th€O, conversionprocess

Transition metabased catalysts have emerged as catalysts for transformative change.

Transition metals such as copper (Cu), nickel (Ni), cobalt (Co) and iron (Fe) are commonly used
1



as catalysts for the hydrogenation of @@produce chemicals like CO, GHrhydrocarbonand
theyexhibits great potentidcilitatingthe reduction of Ceto these valuable compoun{ig-12]

Ceria (CeQ) is a versatile material used in various catalytic applications due to its unique
properties. Itis often employed as a support or promoter in catalysts for a wide range of reactions,
including oxidation, reduction, and catalytic processes involving Igatration and
dehydrogenatiorf13-17] The catalytic activity oteriabaseccatalystdin CO, hydrogenationis
attributed tooxygen storage capacity, redox properties, and the ability to enhance reaction rates
and selectivity [18, 19] These catalysts, especially integrating multiple metals when used as
dopants obimetallic materials, exhibit unique properties and synergistic effects that elevate their
catalytic performancg20-22] Thepotential oftransitionmetalandceriabasedatai/stslies in
improving the efficiency o€0O, conversiomreactions, offering a pathway to synthesize syngas
and hydrocarbons while mitigating the carbon footpbretspite théaboratory experimental wark
conductinghetheoretical studies, such as Density Functional Theory (OfaE)the potentiah

the context of C@conversion and catalyst developmeitichlies in their potential to provide
crucial insights and guidance for experimental rese®€Ef.calculations allow for the prediction

of catalytic activity, identifying materials that have the potential to be effective catahafisis

aids in the screening of a wide range of candidate materials before conductitg tisweaming

experimental work.

The method of synthessa key pointto theatalyticperformancéor CO,conversiorsince
different synthesis methods can leadverious morphology, particle sizes, evaltered active
phaseThis research focuses on an innovative appr@agmthesizing multmetallic transition
metatbased catalysts via reverse microemulsi@RIgIE), which is particularly beneficialto

synthesis of nanscale particles with enhanced surface aaed leads to superior catalytic
2



performanceThis method provides meticulous control over catalyst compaosition, particle size,
and morphology, aligning with the broader objective of creating sustainable, scalable, and
reproducible catalyst synthesis techniques. This is a pivotal step towardis gghkzfull potential

of CO, utilization.

In essencehis work aspires to contribute to the development of catalysts and processes that
facilitate theconversion ofCO;, into syngas and hydrocarbom$igh activity, selectivity and
durablenon-noble metatatalystsare required fo€ECU systems; hencéhis workaimsto explore
theadvantage of theovelpreparation methodmndthesynergistic effecthat the combinations of
metals could bring toreverse water gas shifeaction,CO, methanationand CO, direct
hydrogenation to hydrocarboriiedeepemotivation underlying this research converges at the
intersection of environmental stewardship and sustainable energy production. It endeavors to
bridge the gap between the imperative to redii®Ogemissions and the potential to harn€ss
as a resource for clean and renewable energy generation. By doing so, it addresses the pressing

challenges of our time while paving the way toward a more sustainable and -@&ficmnt future.

1.2 Researchhypothesis andobjectives

The overarching hypothesis of this thesisestablished on that the efficiency of €O
conversion processes can be significantly enhanoéedapproach to the equilibrium conversion
limit through the development and improvement of catalyst systems, includiMp@arbides
and oxides, Fe/AD;, and Ce@-based materialg.he choice of these materials is based on their
unique properties and catalytic potentials-Ko carbides and oxides are known for their
exceptional thermal stability and resistance to poisoning, making them suitable fer high

temperature reverse water glsift (RWGS) reactio. [1] Fe is a welknown catalyst for the



FischerTropsch synthesis and G@ydrogenation due to its cestfectiveness and availability
[23]. The ceriaCe(,), is a support and active material due to its unique oxygen storage capaciy
and ability to shuttle oxygemvhen doped with transition metalshowsimprovedperformance

[13]

It is proposed that by elucidating the underlying mechanisms and interactions at the
molecular level, particularly through thedvanced synthesis methoslnergistic effects of
bimetallic compositions and supportinteractions, one can achieve improved catalytic performance.
In this PhD Thesishie catalytic performance refers to higher Q©nversion rates, selectivity
towards desired productomparel to monometallic materialsand stability under operation
conditions. The hypothesis extends to the beliedt a detailed understanding of the
physiochemical properties of the catalysts, combined with insightsdoonputeraided materials
modeling, can lead to the development of tailored catalysts that are more efficient and

environmentally sustainable.

To validate this hypothesis,ifresearch aims to systematically investigate the impact of
various synthesis methods, reaction conditions, and doping strategies on the catalytic activity and
stability of the selected systems. This involves a comprehensive examination of the structural,
electronic, and surface properties of the catalysts and their correlation with catalytic performance.
The study hypothesizes that the integration of experimental findingsteibreticainsights
obtained from firsfprinciples atomistic simulationsill uncovernearoptimal catalysstructures
that promote enhanced G&dsorption, activation, and conversion pathways. Through this holistic

approach, tis PhDthesis seeks to contributeth novel methodologies and insights to the fafld



catalysis paving the way for the development of ngeheration catalysts that offer a viable

solution to the challenges posed byf{&tnissions and the need for sustainable energy sources.

The primary objective of thithesisis to investigate andxplorevarious catalysts for their
efficacy and stability ifCO, thermacatalytic conversion processe#id thesisaims toprovide
insights onthe impacif synthesis methodm thecatalyststructural properties and subsequent
activity and selectivity duringhe CO, conversionprocesseslhe specific research objectives

pursued in this thesis are as follows:

1 Exploration of reverse micreemulsion method preparedobalt (Co) and
molybdenun{Mo) based bimetallioxide and carbideatalyst$or CO, methanation
Assesshe characterizatioand catalytic performance of the CoMo oxide and carbide

anddetermine the carburization process of the bimetadiibide

1 Synthesis and charterization of Fe/Al,O; catalystspreparedby reverse micro
emulsion methodlor CO, direct reduction to hydrocarborisvaluate thecatalytic
activity of thedeveloped catalyst, arhalyze the impact of the synthesis method on

morphology andactive phase

1 Performlaboratoryscale tests oil€u dopedCeQ, catalyststo assess the catalytic
activity forreverse water gas shritactionand reveal theynergistic effects caused

by introducing Cu to Cegattice.

1 Provide insights othe underlying mechanisms duri@§, reductionontransition
metaldopedCeQ;, surfacesand screeand identity suitable dopant material for CO

reductionwith desireccatalytic property via DFanalysisand laboratorscale tests.
5



By establishing correlations between structural attributes, reaction conditions, and catalytic

performancethis PhD thesisaimsto provide insightful guidance for the future design and
development of advancedO, hydrogenatiorcatalysts, contributing to the broader goal of

environmental preservation and sustainable energy.

1.3 Thesisorganization
This thesis is structured to provide a comprehensive exploration of the research objectives
andfindings, addressing the pressing need to mitigate carbon dicx@@émissions and develop

sustainable energy solutions. The organization is as follows:

Chapter 1 offers an introductory overview of the glol&2D, emissions problem,
highlighting the increasing urgency of addressing this issue, and sets the stage for the subsequent
researchChapter 1 alsaestablishes the foundational aspects of the research, presenting the
motivation behind the study and outlining the specific objectives to be achieved throughout the

thesis.

Chapter2 presentsan indepth review of pertinent literature, covering topics suct@s
emissions, utilization, and Poweto-Gas (PtG) technology, while delving into the theoretical

underpinnings ofCO, conversionreactions and heterogeneous catalysis.

ChapteBdescribethe methods employed in this research, encompassing catalyst synthesis,
characterization techniques, and the computational tools used to gain insights into the studied

reactions.

In Chapter 4the synthesis, characterization, and performance evaluatimalt (Co) and

molybdenum (Mo) based bimetallic oxide and carbide catafgstthe reverse water gas shift
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(RWGS) reaction are comprehensively discussed, shedding light on their viabilitC®sr
conversionThe potential of reverse mictemulsion synthesis methods in crafting novel cobalt
(Co) and molybdenum (Mo) based bimetallic oxide and carbide catalysts designed for CO

methanation aranalysed

Chaptel5 centers on the developmentiafn/aluminum oxide (Fe/ADs3) catalysts using the
reverse micreemulsion technique. This chapter aims to synthesize and characterizgdze/Al
catalysts for the direct reduction of €0 hydrocarbons. The catalytic activity of the developed
catalystis evaluated, and the impact of synthesis method on morphology and active phase will be

analyzed.

Chapteb presentthe experimental investigation of coppedoped ceria (CiCe Q) catalysts
for RWGS This chapter provides insights into the synthesis, characterization, and performance
evaluation of coppetoped ceria catalysts, particularly their applicability in the reverse water gas
shift reactionThe internediates and the mechanism@®, reduction on C{Ce(, surfaces are

also investigatethy experimental techniques.

Chapters7 presents aDensity Functional Theory (DFTanalysisto investigateCO;,
adsorptioron doped ceria catalysts and the reverse water gas shift reacticansiion metal
doped ceria surfaces$his chapter combines DRJalculationsand laboratoryscale experiments
to screen and identify suitable dopant materials fos ©@@Quction on doped CeQurface, while
seeking to understand the factorsin terms of electronic properties that influence csttabyiiy

andperformance



In Chapter 8, the key findings of the research are summarized. Additionally,
recommendations for future research avenues are presented, including optimization of catalyst
synthesis methods and the potential utilization of machine learning for material screeiing in
hydrogenatiorapplications. This chapter serves as a comprehensive conclusion to the thesis,

summariseshe research's contributions and implications for future endeavors in this field.



Chapter 2 Literature review and theoretical background

2.1 CO2emissiors, CO: utilization, and Power-to-Gas

The role of human activity in global warming is still under discussion. NASA has been
tracking the activity of sun over the decades, but the average energy from the sun remained
constanf24]. Another justification is that the temperature of the upper layer of the atmosphere
experienced a decrease, but the lower laylee@mingvarmer because the greenhouse gases are

trapping the heat refl2Bjcted from the earthos

The greenhouse gases can be produced by natural processes such as respiration and human
activity such as the combustion of fossil fuels. There is plenty of evidence showing that the main
reason for global warming is the rising concentration of greenh@sse ghe atmosphe[26],
which is mainly caused bwnthropologicalactivites primarily industrial and agriculture.

Therefore, the accentuation of the greenhouse effect is the most possible cause of global warming.

Among all the greenhouse gases, water vapour is the richest in the atmosphere, butit can
participate into the natural cycle. Carbon diox{@€,) is not a strong greenhouse gas yet an
abundant component in the atmosphere but controllinG@eemissionss a criticalglobal issue
The concentration o€0; in the atmosphere has increased by-tmel since the onset of the

Industrial Revolutionandlargeamouns of COs s still being releasethto the atmospheri6].

In Canada, the total greenhouse gas emissions were 716 mega@Dseaxfuivalent (Mt
CO, eq) in 2017, which is 2.0% lower than the 2005 I§2&]. Canada has diligently workéol
reduce the emission by various approaches, including switchin¢gfigeto renewable sources)

develop the process to increase efficiency and pricing carbon poll{2i8130] The biggest



component of GHG emission is energy production, which can be summarized into three sectors,

transport, stationary combustion and fugiti{&7]

Renewable energy might replace fossil fuel energy inahgtermfuture. The proportion
of renewable energy has bgarsted up graduallin theenergymix. In Canada, renewable energy
sources currently provide about [31].Héweeef moStan ad a:
renewable energy sources, suclsakr,wind and hydro, are fluctuating and intermittent. For
example, wind power is intermittent daily, and the maximum output may appear at night when the
consumption of electricity is relatively loolarcan be considered as a efficient, economical and
clean energy, anithe advantage of solar energy systems lies in their efficiency, scalability, and
potential for aggregation with oth@rocessefo generate higher energutputs while their
disadvantages their dependency on meteorological factors, which directly impact energy
outputs[32] Biomassis also an attractive direction, particularly through Anaerobic Digestion (AD),
is highlighted as an attractive and flexible renewable energy source with the potential to reduce
water pollution, generate biogas, and contribute to decarbonizingyesyestems by transforming
organic materials into valuable fuels and fertilizgB3-35] With the increasing number of
renewable energiéeingdeveloped, the utility of surplus electricity needs to be considered wisely
hence, advancetbmputational and prediction tools must be implememeealtime to improve
the efficiency in theoperation of these systems when integrated with existing poweCénd

capture and utilization systemsch as chemical looping combustion system (CIL&5H-39]

To avoid waste of the energy generatedpék, power to gas (PtG) is a promising way to
store the electricity in the form of chemical energy inside chemical d0{isThe main idea of
PtG is to use green electrical power to produce hydrogen by wketetrolysis The resulted

hydrogen can be used directly or as the reactantfor further conversion. To make this whole process

10



renewable, the electricity consumed during water electrolysis should come from renewable energy
such as surplus electricity as described abBr@nthe utilization of ths renewabld,, the fuels
and chemicals generated fr@@, can also be renewable and eventually leads to fewer net carbon

emissions.

A disadvantage that needs to deercomdn the PtG chain is thiew efficiency of water
electrolysis[41]. The total energy will lose 30% from renewable electricity to compressed
hydrogen delivered from the electrolysis. Nowadays, there are three favoured electrolysis
approaches, alkaline electrolyg®spton Exchange MembrarieEM) electrolysis, and solid oxide
electrolysis. Among them, alkaline electrolysis is the most wildly used method for economic
reasons. However, if the costof PEM electrolysis can be cutdown by more advancedtechnologies,
PEM will be the most suitable electysis method for practicahdustrial productiorf41].

2.2 COgzconversionto fuels and chemicals
2.2.1 CO; hydrogenatiorreactions
To date, the proportion of renewable energy has been increased gradilnedignergymix.
To avoid losses of the renewable energy generatepbait[42] power to gas (PtG) is a promising
way to store the electricity in the form of chemical energy. [1] One of the concepts of PtG is to use

renewable power to produce renewable hydrogen ia waterelectrolysis

This renewableéH, can be coupled with the captur€®, to generate renewable synthetic
fuelsand chemicalsThis pathway leads to lower net carbon emisstonsugh the displacement
of fossil fuels via artificial carbon recyclglO] There are three main pathways @@, reduction
thermocatalytic, photochemical, and electrochemical. Photochemical and electrochemical
reduction have certain limitations of efficiency and capacity, as well as several advantages, such
as low operation temperature and in sitpigeneration[43, 44] Thermocatalyticonversion of

11



CO, is favoured by high reaction rates resulting from the ftgghperature reaction conditions,
allowing large scale production. Probably the main disadvantage of the thermocatalytic pathway
is that it requires gaseous$,, making reduction of the electrocatalytt, production cost

imperative.

Several pathways of thermocataly@i©, conversiorhave been studied in recent decades.
Sabatier reaction (ed-1) [45] is the CO, methanatiorprocess that can be used for renewable
natural gas (RNG) production.nlifferent catalysts and under different reaction conditions,
syngas (a mixture of CO aridh) can be obtained froi @O, via reverse water gas shift (RWGS,
eq. 2-2). [40] Syngas is an essential feed for various downstream processes including CO

methanation (e@-3), methanol production (eg-4)[46],and Fischeifropsch (FT) synthesis (eq.

2-5). [47]
. kJ
Coz +4H, = CH4 2 Hzo DH e = ]’64m_0| (2-1)
. kJ
CQ,+H,=CO +H,0 DH,y = 41— (2-2)
mol
. kJ
CO+3H,=CH, 4,0 DH, s = 206@ (2-3)
. kJ
CO+2H, = CH,OH DHjes = 91— (2-4)
mol
. kJ
nCO+(2n 4) H, 'q H.» 1FIH2C DH g = ]765m_0| (2-5)

2.2.2 Mechanisns of CO, conversionusingheterogeneousatalysis
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[ Mechanism of reverse water gas shift

Dependingon the conditions, hydrogenatio@®& can lead to various produstgsch a0,
methane, methanghnd other valuable chemicaMethanation ofCO, (Sabatier reaction) and
reforming to methanol are the two most competitive side reactions when it is under the RWGS
operation condition. Understanding tbaderlyingmechanism of the reactions is essental
identify attractivemateriabthat can be further optimizéldus accelerating the discovery of novel

catalyst materiald48, 49]

Table2-1 Element reactions of three RWGS mechanisms. [59]

Redox mechanism Formate mechanism

Carboxyl mechanism

H, + 2 *+H* + H* H, +2*—H* +~H"

€O, *CO," €O, *CO,"

CO," +*CO* =0 €O, H,0"—HCOO* + OH*

H,0* + 0*—0H* 4 OH* CO,*— H*—~HCOO" +*
0" + H¥ s OH* 4 *
H* + OH*—H,0® +*
H,0%—H,0+*
CO*—CO+*

H*+ OH*—H,0* + *
H,0%—H,0+*
CO*—CO + ¥

HCOO* — *—CO* - OH*

H, —2%—H? 4 H*
CO, —*—=C0"

CO* —H,0%—=CO0H* — QH*
CO,* — H*+—=COOH* 4 *
COOH* —*—C0O¥% + OH*

H* 4+ OH*—H, 0% +*
H,0%—H.,0—*
CO*—CO—*

The mechanism of reverse water gas shiftis still under investigation. Depends on different

kinds of catalysts, reaction conditions including temperature, pressur€@sid, ratio, the

pathways and reaction order may diff@&0] Through the studies proposed so far, mechanisms on

copper and Pbased catalysts attracted attention intensiyBli}. The mechanism of WGS is often

discussed together with RWGS since the elementary reactions can be revassshiewnTable

2-1, three reaction mechanisms have been widely recoghizédde RWGS reactio(i) TheCO,

is reduced by the metal to form a metal oxide and CO while the oxidized metal is further reduced

by hydrogen returningto metal stg&2, 53](ii) A reactive radicalintermediate, formate (HCOO)

is involved throughout the reaction and split to hydroxyl and &3hown ifrigure2-1. [54, 55]
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(i) A relatively new pathway was also reported recently, that a reactive radical intermediate,

carboxyl (COOH) is dominant on Cu(111) during the reactjbf-58]

H, +CO, adsorption

A) (B)

C \\\',’> C C
¢) O HHHO 0 0 0

Cu # «xo

‘ D

H H H ‘ ©
)l ‘ - O H © O HOWgy

(. ( ) s . .
0”0 HHHO 0 070 C O nun €0 CH
Cu l_] K:0 Cu B‘:{] K,0

{

H,0+CO desorption

Figure2-1 RWGS mechanism over-Ku/SiO, catalyst.[55]
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Figure2-2 RWGS mechanism over B&Q, catalyst53]

Goguet et al[53] proposed a direct rexidation reaction scheme of RWGS onGdG;
catalyst. The dominated intermediate was the surface carbonates as sHogurer2-2. CO,
molecules were adsorbed on tBeQ, support and react with oxygen vacancies to form carbonate
species. Then CO was released via two parallel routes, which are directly released by the

carbonates or the carbonates can migrate to the platrewia interface and released CO by
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forming Ptbound carbonyl intermediates. Although formate and carbonyls were detected as well,
they were all demonstrated not to be the main routes and the CO generated from those two

intermediates is limited.

Shido et al[54] suggested thatthe intermediate on ZnO during RWGS was bidentate formate
and the decomposition of the formate species was highly promoted by-#ts@gtion oH, but
inhibited by the ceadsorption ofCO,. They also claimed thatthe water gas shiftreaction also took
place through bidentate formate but at different active sites. RWGS @iGGpromoted by
potassium was reported to follow a formate mechanism angdt@ssiuncan improve the
adsorption ability ofCeO,. [55] As indicated irFigure2-2, adsorbed hydrogen atoms can spill to
the interface between® and copper to form formate ahidO, followed by releasing CO and

H20.

Recently, some experimental and DFT studies on water gas shift over Cu-laaset
catalysts suggested that on some catalysts, even formate species were generated during reaction
but they were not involved in the elementary reactions and were more s@p#cator species.

[56, 58]Moreover, in other studies, formate species were reported to block the active sites instead
of being intermediates. Carboxyl (COOH) formed from adsofl@gland H was identified to be

the critical intermediate on the contrary, which was highly reactive yet hard to iddB8fly.
li Mechanism ofCO, hydrogenatiorto hydrocarbons

CO, can also be hydrogenated to hydrocarbons through direct or indirect pathways. The

indirect routes are often RWGS reacti@q|. 22) followed by FischeiTropsch process (eg-5).

v vy v ”, rQl!)
O 00z ¢ou ¢O 20 (eq. 22) [40]
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60 ¢oz 60 OO0 O Qo (eq. 2-5)[59]
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Figure2-3 Reaction mechanism &0, hydrogenatiorto hydrocarbong60]

Lee et al]60] proposed a modified mechanism of direct conversion to hydrocarbon on Fe
based catalysts and the deactivation of Fe catalysts was also indhigledZ-3). Formate species
are the intermediates and with the attacking of HCHg radical can be formed which was the
chain growth step. A lowdi, uptake was proposed to be beneficial to the selectivity towards

long-chain hydrocarbons, which means a suitable hydrogen ratio in the feed is crucial to the

reaction behaviour.
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i Mechanisns of otherCO, hydrogenatiorreactions

The mechanism o€0O, methanatioralso remains controversial and the two mainstream
opinions aref61] (i) CO;is first converted to CO and the routes are identical as RVilEsved
by CO methanation reactiof62] (ii) direct methanation occurs without forming CO as
intermediate[63] Marwood et al.[62] demonstrated that th€O, methanatiorover 2 wt%
Ru/TiO, experienced a pathway that first forms formate species to produce CO then followed by
CO methanationHigure2-4). On Pd/ZrQ catalyst, the generation pathwayGHl, was proposed
to be the direct hydrogenation of adsorbed surface formate and no CO intermediate was observed.

[63]

Figure2-4 Reaction pathway of formation of methanol on Cu/ZrO2 cata]@¢4i.

Methanol is also an important product fo®, hydrogenationTwo reaction pathways were
proposed[65] formate pathway and hydrocarboxyl (trad®©CO) pathway[66] On Cu/ZrQ
catalyst, methanol can be produced through a-dit@lreaction[64] Figure 2-5 indicates the
reaction mechanism that metatide interface was critical for the formation of intermediate

formate. The migration of H subsequently resulted in the release of methandi@nd
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CO, Ol ), (HCOO )1 ¢ (HCOO')s
(COm
U+6HM
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Figure2-5 Mechanism ofCO, methanatiorover 2 wt% Ru/TiO2[62]

2.3 Heterogeneous catalysifor CO2 hydrogenation

2.3.1 Catalysts foreverse water gas shift

The most studied materials for RWGS are cogpesed catalysts, noble metal catalysts and
supported ceria. Copper is advantageous for RWGS to perform activity even at low temperature
(~165 °C) and high selectivity towards ¢&2]. However,CO,is difficult to dissociate on clean
copper metal surface when the ratioHBfCO, is low [67, 68] which leads to numerous studies
focused orvarious supports and promoters cooperating with copper. Copper is also used in the

reverse reaction, waster gas shift reaction.

Chen et al. investigated the behaviour ofléased catalyssupportedn Al,O3; andSiO;
[69-71]. With the increase dfl,/CO,ratio, a small amount of methane will start to form from
H,/COqratio is 1 at 500 °CTheyemphasised the necessity of hydrogen in the dissociatiG@.of
on the catalyst surface and the formation of intermediates to CO. The mechanism was also
proposed in several studies that the key intermediate of RWGS is formate species and the
decomposition of formate is the dominated pathway of the reagt@n

The promotion effect of potassium on Si@, catalysts was studied by Chen et al. as well

[55]. At 600 °C, with the presence pbtassiumtheconversion ofCO, wasdoubledcompared to
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monometallic catalyst C8IO,. The role of K is to generate new active interfacial sites between K
and Cu; hence the adsorbing capacit€et, is an order of magnitude greater than&@5. Iron

can also promote the catalytic performance of1@], asFigure 2-6 depicts, not only to create

new active sites but also can strengthen the stability of Cu at higher temperatures, which means

preventing sintering and inhibiting the oxidation of Cu.
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Figure2-6 The comparison of 10 wt% CAIl,O3 with and without 0.3wt% Fe: (A) the

dependence o£0, conversionon reaction time foH,/CO, with 1:1 ratio.[72]

Noble metals (Pt, Pd and Rh) exhipatodstability during the reactioocompared to copper
catalystsespecially at high temperaturasdthe sintering and coking effectis much lower on
noble metal catalyst®evertheless, the notable weakness of noble metal catalysts lies in their
substantially higher cosklatinum supported on Ceria catalysts were reported to have catalytic
activity at low temperature (16800 °C). On PUTIiQ catalyst, with 1 wt% Pt loading, a 20%

conversion ofCO, and 95% selectivity towards CO can be achieved at €QGith a gas hourly
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space velocity (GHSV) of 6,000 mL1.,1, CO./H./N,=45/45/10. RPO,-Ti3* sites are the active

sites during the RWGS reaction, while thed® formedonly on Pt particle cannot produce CO

at low temperaturf/ 3]. K wasalso reported to promote Pt/mullite catalyisibly as shown in

Figure 2-7. The participation of K between Pt and Cf3sistedthe formation of formate
intermediates and the interaction between Pt and K facilitated the decomposition of formate to CO

which result in enhancement €0, conversionas well as the selectivity to C[@4].
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Figure2-7 Catalyst performance of Pt/TiO2 as a function of temperature. Reaction

conditions: GHSV=30,000 mL-fhgcatl, CO,/H,/N2=45/45/10][74]

Inoue et al[75] reported the performance of rhodium on various supports;(2M6,0s,
MgO and TiQ). Rh/ZrQ, and Rh/NBOs showed the highest activity towar@€©, methanation
while on Rh/TiQ CO is produced immediately. However, soshediesuggested that on Ru/Ti0
the formation of CO is not evident and most of the product is meffi@heérhe product is highly
dependent on the precursor and preparation conditiolh The combination of Fe and Ru can

increase the selectivity to CO on Ru/%i@round 40%), bustillincomparable to Fe/Tig§around

90%)[78].
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Transition metals are considered as more valuable catalysts for RWGS since most of them
are affordable and can providinilar catalytic activity as some precious metals. Nidkased
catalysts(NiO/Ce(Q,) with low Ni loading (<3 wt%) were observed to have 100% selectivity
towards C(J20]. NiO/CeG, was tested by Lu and Kawamoto at atmospheric pressure in a range
of 400-900 °C withH2:CO,=1, GHSV=14,400 mL #gs1. With the increasing of NiO loading,
theconversion ofCO, increased but the byroduct methane started to form when Niloading was
higher than 3 wt%. However, when the temperature continued to rise to 900 °C, the selectivity
could reach 100% approximately and the conversion differences are naf&®jddm etal.[79]
reported the performance ofbased catalysts. Unsupported Fe oxide was tested for 19 hours, at
600 °C, atmospheric pressure, GHSV=6,000 mig-lsl, H,:CO,=1, and the conversion was
stabilized at 31%, with 100% selectivity to CO during the reaction which exhibited good activity

and stability[79].

Table2-2 Summary of conversion, TOF and selectivity of Mo catalysts and selected bi

metallic catalysts[22]

Catalysts Conversion [%] TOF [min-1] CO:CH,4 Ratio
PtColCe(, 6.6 14.6 4.5
PdNiCeG, 2.5 5.6 0.6

Mo,C 8.7 25.7 14.5

Co-Mo,C 9.5 16.1 51.3

Molybdenum has been interested for its impact on bbtldissociation andCO, scission

[22]. Mo,C showed superior performance in RWGS than precious metal based catalysts as
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summarized iMable2-1, PtCoCe( and PdNiCeO,, which are proposed to be more active than
monometallic catalysts, Pt or P22]. The addition of Co to Mo carbide can further promote the
performance which will be introduced in part 2.5 in detail. (}et al. successfully synthesized
UMoCix a n d-MofC (XRD patterns showed iffigure 2-8) by controlling the preparation
conditions and both catalysts performed excellent catalytic activity, selectivity and stability. At
600 °C, 1 atm, GHSV=36,000 ml1fi!, H2:CO,=4, theconversion ofCO, was around 60%

which almost approached the equilibrium conversion and no othprdducts observef80].
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Figure2-8TEM i ma gMo€.,(od aln d -Mo)C (caanddd); XRD patterns (e) of

Mo,C samples calcined at different temperatufég]

Ceria Ce(Q) is well known in catalysis and widely used as a support material due to its high
oxygen storage capacity. Ceria has the ability to reversibly store and release oxygen while
switching the cerium charge from €do Cée*. The oxygen vacancies formed can act as active
sites for catalytic reactior[81, 82] Ceria can exist in different morphologies (cube, rod and
particle) with different crystalline planes exposed on the sufB®JeWhile the use of ceria as a
support or a promoter is well documented, only a few studies have been reported on the RWGS

reaction over pure ceria.
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Liu et al.[84] explored the properties of ceria nanocubes, nanorods, and nanooctahedra
crafted through hydrothermal synthesis techniques. These catalysts uniformly showcased a 100%
preference for generating CO, with nanocubes featuring six distinct (100) planes acthieving
highest conversion rates. Specifically, a 45% conversion gfwz® attained at 800 °C, whereas
at a lower temperature of 500 °C, the conversion significantly dropped to 5%. In a related study,
Konsolakis et al[85] documented a 45% conversion of £d a 90% selectivity for CO when
using ceria nanorods and nanocubes, also synthesized hydrothermally, under conditions of 500 °C,
1 atm, and a gas flow rate of 20,000 mlhgt in a quartz fixed bed reactor. The experiments were
conducted with a HICO, feed ratio of 9. Dai et a[86] investigated the RWGS reaction using
purely synthesized ceria via hard template, complex, and precipitation methods. Tested under 1
atm, with a H/CO, ratio of 4 and g@as flow rateof 60,000 mL/(g h) across temperatures ranging
from 300580 °C in a quartz reactor, these catalysts demonstrated a perfect CO selectivity and a
CO, conversion rate varying betweerl8% at 580 °C, compared to the equilibrium conversion
of 65%. Mordekovitz et a[21] studiedthe effects of gas adsorption on-@ad Tidoped Ce®
surfaces. Their catalytic efficacy was evaluated in a quartz reactor across a tem pangtofe
450-700 °C, at 1 atm, using a;€O, ratio of 1 and a flow rate of 72,000 ml/(g h). The findings
revealed that pure CeQeached a peak conversion of 20% at 700 °C, with a 3% conversion
observed at 500 °C. A modest enhancement ip €&@@version to 23% at 700 °C was seen with
Cey gslio.10;,, attributed to its improved reducibility.

2.3.2 Catalysts foICO, hydrogenatiorto hydrocarbons

Recent studies haygovedthat at certain conditions and on certain cataly3®, can be
converted directly to hydrocarbons, including alkanes and olefins, which can be regarded to as
modified FT process. C2kased products, namelyid,, CHg, alcohols, CHOCH; (DME),

gasoline, and jet fuel, are of increased energy density, wider application range, and higher
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economic value with increasing demaffl’/] The design of catalysts f@0O, hydrogenatiorio
hydrocarbonwia thermocatalytic conversion is among the most important challenges to be
addressedince an appropriate catalyst must be active for both RWGS (eq. 2) and FT (eq. 5).
Moreover,CO, and CO methanation are competing reactions, making the selectivity towards C

bond formation imperative.

Multiple factors may contribute to the catalyst activity and selectivity towards formation of
long carbon chains. Increasing amount of literature is devoted to the development of highly
selective and cosdffective catalysts (cost considerations are importantramtigal applications).
Various metabased catalysts have been studied for Fis@hepsch synthesis. These catalysts
could be typically considered as candidates for modified FT conversion as well. Iron (Fe) have
been employed as a convention@ld¢atalyst fordecads, [88-92], and is still the most favoured
catalystforconvertinGO,to hydrocarbons directhbtudieson Febased catalysts mainly focuses
on various promoters, as well as on different types of supports. Several promoters, including K,
Cr, Mo, Zn, and La[93-95] have been reported to enhance the actiiigweverthe most
challengingssueis to improve the selectivity to C2+ hydrocarbgres., reducgéheconversion of
CO, towards CO andCH,, but promote the & coupling reactiorwhich leads toC2+
hydrocarbongdnitial observations from earlier studies have suggested that K is the most prominent
promoter. A comprehensive study of-Based catalysts doped with various promotersIoOs
conversionto small hydrocarbons was conducted by Barrios ef9&l} Among 15 promoters
investigated, the Gpromoted Fe catalyst showed the highest conversion with space time yield
(STY) of approximately 3.5 mmofidr! at 10 barand 350 °C, while all promoters studied showed

suppression effect 0@0, conversion Ding et al. reported the FefC0p 15250 30Ko1d01.63Catalyst
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for light olefin production with a STY of 4.93 mmoldt at 310 °C and 2.0 MPa, and revealed

the importance of surface oxygen vacancies and hydroxyl groups for catalytic perforf@aipce.

Riedel et al.[98] indicated that RWGS is the first step &0, hydrogenationand,
subsequently, hydrocarbons are producedvia FT reaction on alkalised iron catalysts. Supports also
can influenceCO, conversion selectivity, and hydrocarbon yields. Riedel et al. observed the
highestCO, conversioron Al,O3 as compared t8i0O, and TiG, due to the increasing amount of
adsorbedCO,, with the selectivity remaining virtually unaffected by the support tjgf. With
the addition of K(alkali promotion), not only th€0O, conversiorwas increased, but also the
carbon product distribution moved significantly to higher hydrocarbons and olefins, which was

explained by the facilitating effect of K for Fe carburization under the reaction cond{i9djs.

Cu-Fe bimetallic catalysts attractedadeinterest because of the synergetic promoting effect,
preventing the formation d@H, and enhancing the selectivity towards C2+ hydrocarlieak.
Choi et al.[47] proposed that Gire catalysts synthesized from delafos§lteFeQ precursor
enhanced t he f or maFsC)pwhichid corsitleged the paimabyiactive pHase
for Febased FT synthesis.-doped FeCo bimetallic catalysts were successfully synthesized
through a pordilling incipient wetness impregnation method by Satthawong efl@D] The
selectivity to C2+ hydrocarbons and the chain growth probability eppase hydrocarbons were

significantly improved by the presence of K.

Chen et al.[101] reported the possibility of M&-supported metal catalysts for C2+
hydrocarbon synthesis. The reaction was carried out at relatively low temperatures (135 °C and
200 °C), and several different metals (Cu, Pd, Co, and Fe) were dispersed onteGhsuiploort.

Cu- and Pdbased catalysts promoted the formation of methanol, while the addition of Co and Fe

facilitated the formation of C2+ hydrocarbons.
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2.3.3 Catalysts for othe€O, hydrogenatiorreactions

RNG can be stored or distributed to end users througkxisting natural gas infrastructure.
Additionally, the system can be utilized to store excess energy from intermitted renewable sources
through the poweto-gas (PtG) approadl0]. The technical and economic feasibility of such a
system will depend on multiple factors, including the type of catalyst. Proper catalyst selection to
achieve high activity, selectivity and stability at low cost is the key. Sabatier reaction is
thermodynangally favorable at high pressure and low temperdi®&]; however, searching for
materials that can resultiast reaction rates at low temperature is challenging. Therefore, there is
strong need to develop highly actaed stableatalytic materials that selective@, formation.
Normally, elements of group VIII to X of the periodic table can be used to synthesize Sabatier
catalysts. Activities and selectivities for different metadsvebeencomparedn the literature
Mills et al. ranked the activity towards Sabatier reaction as Ru > Fe > Ni > Co[20@p In the
same study, the selectivity was ranked as follows: Ni > Co > Fe HEL&3|. Typically, metal

oxides such as alumin@l(O;) are used as supports to provide increased surfacgléyéh

The highest catalytic activity reportéldusfar was for the Ribased catalyst. Abe et al.
reported 100%C O, conversiorand selectivity with a 0.8wt% Ru/Ti@t 160 C, but at very low
GHSV of 0.24 mL g1 h'1[105]. Adifferent study on a 5wt% RAl,Ozcatalystfound conversion
and selectivity to be 55% and 95% respectively at 8§206]. In another study, the performance
of Rh-based catalysts was compared while manipuldtiegupport materials. It was found that
ZrO; had the highest conversion, followed kO3 andSiQ [107]. Swalus et al. investigated the
synergetic effect oAlOymeddNCHLOS8]. Thay foupd thatithe enided Rh / o
catalyst is 100% selective towar@sl, and observed high&H, production compared to the

single catalyst. 1ALOzallavs forquick gdsasptiom dCOtwhilak,isRh / 2

26



adsorbed by the Ni/C, resulting in high@lH, production. Xu et al. found that Ru/Ti@s more

active in CO, methanatiorthan RuAl,O; (3 times higher reaction rat¢)09]. Sharma et al.
reported 55% 0O, conversiorwith 99%CH, selectivity for ceria doped Ru cataly$i0]. Other
precious metals, such as Pt and Pd, were studied as well, showing good conversion and selectivity
to Sabatier reactiofi11, 112] Martins et al. studie@O, methanation over the shapentrolled

Pd nanoparticles encapsulated in mesoporous Ellic3]. Encapsulation improved tis¢ability of

the naneparticles against sintering. Howevegapite their excellent catalytic properties precious
metals are not feasible for industrial, large scale RNG generation systems, simply due to their high
cosf104]. Especially consideringthe factthat RNG is adoaue commodity and its selling price

should be comparable, or at least reasonably close to the price of natural gas.

Unlike precious metals, nemoble transition metals are promising candidates for lacgi
commercial applications due to their high availability, low cost, and reasonably high catalytic
activity [114]. Ni-based catalysts have been studied quite extensively for Sabatier réb&jon
Garbarino et al. studie@O, hydrogenation over a 20wt% Mil,O; catalyst ad00 C and GHSV
of 55,000 mL gyt h'1[116]. Theyobtained 81%O,conversiorwith 96%CH, selectivity. Cai
et al. modified the N#&I,O3 catalyst by the addition afrO,, resulting in better activity and
stability [117]. Takano et al. reported 82%0, conversiorwith 100%CH, selectivity over Ni
supported on Yoped ZrQat 350 °C, indicating that the oxygen vacancies formed due to the
doping of Y3 to ZrO, are responsible for high activijd18]. Rahamani et al. studied the
performance of different Ni supported mesopordiig; catalysts[119]. They observed a
decrease in specific surface area from 177 to 139 as the Ni content increased from 10 to
25wt%, with the 20wt% NAI,O3 catalyst showing the higheSO, conversion(~79%) with 100%

selectivity toCH, formation at 350 °C. Tada et el. carried @@, hydrogenatiommver a sponge
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Ni catalyst (the sponge has high thermal conductivity avoiding hot spots) and observ€®83%
conversiomat 250 °C and GHSV of 4208L g1 h1[120]. However, despite good catalytic
activity and selectivity, Ni catalysts are vulnerable to deactivation. At typical operation
temperatures of Sabatier reaction (780 K), catalyst deactivation is predominately due to
carbon deposition on the catalyst swdgcoking). Coking further results in surface fouling,

blocked active sites and reduction in overall catalyst activity ovefti@2&].

In several studies nenoble transition metals other than Ni were investigated for their
catalytic performance i€@0O, methanationAlrafei et al. studie€€O, methanatiorover alumina
supported NiCo catalysts for various loading of Ni and Co. They observed that the presence of
Co increased the activity and selectivity towa@,due to its positive effect on Nireducibility
[122]. Primo et al. investigate@O, methanatiorover Mo$S supported on graphene (MgS)

[123]. The experiments showed promising results for MB8Sas a methanation catalyst as
compared to bulk MoShat favors the RWGS reaction. Recently, Zhong et al. utilizeddt&Ni

for CO, methanatiorf124]. LaNisHs plays a dual role, serving as a solid stetesource and
providing at the same time reduced Ni for catalytic reduction. Despite a considerable amount of
work on Sabatier reaction catalysis, most of studies focused on expensive noble mdtadedNi
catalysts are loveost but vulnerable to deactivaui.

2.3.4 Bi-metallic and multmetallic catalysts

i.  Bi-metallic and multmetallic oxide catalysts

It has been reported that the combination of two or even more metal elemects wiate
to theadvantages of individual metalschthattheyprovide unique propertighatresult from the
synergy betweethe metals. The utilization of binetallic catalysts has been investigated for

various applications. For instance, Jiang €tl&l5] studied the P&Cu bimetallic catalysts faO,
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hydrogenationo methanol. The XRD patternsindicated the formation of CyRfter calcination

and the bimetallic oxide was reduced to Pd§alloy in the prereduction. The synergistic effect

was observed on the alloy which led to the promotion of the methanol formation rate which was
higher than the sum of the monometallic Cu and Pd catalysts. Huangetiteported a Co©
NiO-Al,0O3 system foICO, reforming of CH,4. The presence of Co conduced to superior stability
thanNiO-Al,O3 catalyst owing to the mesoporous monometallic alloy from reduction before the

reaction.

RegardingRWGS bi-metallic and multmetallic catalysthave also madan important
contribution to development of RWGS catalysts. It has been reported that the addition of Mo to
F e -Ala0; can improve the activity due to better Fe dispersion and smaller particle size of Fe
species. From the TPR patterdsg(re 2-9), it can be seen that the temperature of khe
consumption peaks of Hdo/Al O3 are higher than for the monometallic catady$he structure
of the FeO-Mo is monoclinic Fg(MoO,); and ths bi-metallic oxide is harder to reduce than Fe
oxide which provides the enhancement of stability by inhibiting the reduction of the catalyst under

reaction condition[127]

Ye et al.[128] demonstrated thatompared with P&iO, catalyst, bimetallic PdIn/SiO,
exhibited lower activity figure 2-10) and the number of active sites on the surfaceHpr
chemisorption was lesshich leads to lower conversion 60,. However, the selectivity towards
CO at high temperature is much higher tharSRa/ which because of weaker adsorption of CO
on PdIn surface. Ro et 4L29]reported the AuMoX3iO, catalysts with different AlMo ratios
that were synthesized by controlled surface reactions and the performance for RWGS was tested
with and without the addition of visible light. It showed that;Mo, /SIO, is the most active

catalyst and is 30 times more active than monometallic Au catalyst benefited from the formation
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of interfacial sites. Furthermore, the addition of visible light can also increase the activity by

around 5 times.

Fe-Mo/ALO,

_//_/\ PN
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Figure2-9 TheH,-TPR patterns of calcined Mal,O3, FeAl,O; and FeMo/Al,O; catalysts.
[128]

Barium zirconatebased perovskiteype catalysthave also beetested for RWGS reaction.
At 600 °C, Zn and Y- doped catalyst (BagdgY 0.16ZN0.0403) Showed superior activity but the
introduction of Ce into the catalyst can decrease the actjti3Q] It was reportedthat both
promotion and restraining effects were caused by vacant oxygen sites. On the one hand, increasing
the vacantoxygen sites can be beneficial to the activitghlbytcaralso can decrease the stability
of the catalystduringreaction. Meg-Al-O catalysts were prepared by Dharanipragadal@dl]
and a MgFeAlQ@ phase was confirmed in all samples. The presence of the spinelimproved the

activity also the stability of the Fe catalyst to a great extent. The CO yield obtained on this catalyst
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was 10 times higher than 10 wt%,Bg/Al, O3 and was stable throughout over 60 cycles of

reduction and r@®xidation between Feto Fe+ at 750 °C.
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Figure2-10 Pdi In/SiO, and Pd&iO, catalysts catalytic performance and XRD patterns (a)
CO, conversion(b) CH, yield and (c) Xray diffraction patterng128]

ii.  Bi-metallic and multmetallic carbide catalysts

Most of the transition metals can fodifferent carbides and nitrides, excéptsome second
and thirdrow elements. Recestudiegndicated that transition metal carbides hauéstanding
catalytic performance in terms of activity, selectivity and poisoning resistance. Due to those
advantages, transition metal carbides have been investigated on plenty of -tzeatytc
reactions. To modify the catalysts and searchfor preteepssformance, addition of another metal
as promoter on the surface or oduce another metal atom into the lattice oetify the catalyst

propertieswhich may contribute to various improvements.

CosWO, was used as the precursor of (BRC catalyst after a muilstep carburization
process in the mixture @0, and COJ[132] The synthesized G@/sC is a decent heterogeneous
catalystfordry reforming of methane at high temperature. Thegballic carbide was not efficient
at a range 0500-850°C, howeverwhen the temperature reaches 850 °C, an active and stable

phase which contains Co, WC and C can be formed and was active even at lower temperature. Du
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et al.[133] reported CeMo carbide catalysts applied in dry reforming of methane. Though no
CoMoC, phase is observed in XRD patterns, they indicated that cobalt incorporated inta@he Mo
carbide by replacing the atoms inside lattice while the framework was not changed significantly.
When the loading of the fmetallic carbide reached 15 wt%, tb@nversion oCO, andCH, were

both increased significantly with the addition of Co.

Co-W carbides were also investigated in the applicatio@ldf partial oxidation and the
results showed that the catalytic performance was better than molybdenum da@ditighaoet
al. [135] prepared a series of Mo carbide catalysts by sgel method for CO hydrogenation.
For catalysts with Ni/Mo ratio over 0.17,dMosC might form but for the catalysts with a ratio
equalled 0.17, no bimetallic carbide peaks were observed while the catalyst consists of NiO and
b-Mo,C. The highest conversion and selectivity towards alcohol was achieved,gdddi
sample and the active site for alcohol formation was thgMd§C phase derived from

characterization results.

There have been relatively few studies that specifically concentraternathllic carbides
for reverse water gas shift (or water gas shift) reacost of the bimetallic carbide catalysts
developed were one metal dispersed on another type of metal carbide and more often, only small
proportionof bi-metallic carbide phase was observigldst of the studies were based on }o
because of its outstanding properties in RW({58] Various promoters and modifications have
been applied to M& to improve the catalytic performance especially on the activity while the

Mo.C itself exhibited superior stability during the reaction.

32



Intensity

f-MhoeC]

POFNES-3T66
I } i1 AMD;C )
1 1

i " 2 2 2a

POF#39-2838

| 1Cw
| s

— — ; r — T -

3 I 40 45 S 5 60 6 T 75 80 85

2Thetal®)

Figure2-11Lef t : El ectron microscopiMo,Ceample:@)c t er i z
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(f) Cu + Mo. Right: XRD patterns of CMo,C catalysts[136]

As summarized iTable2-2, Mo,C outperforms PtC&eQ, and PdNiCe(Q,, and with the
promotion of Co, theconversion ofCO, was even highef22] The ability of CeMo,C to
dissociateCH, strengthen the selectivity todCand MaeC was maintained in carbide state by re
carburization effect during the reaction. CoM@zwas formed and considered to be responsible
for the superior performance of RWGS. Zhang ef{#36] synthesized highly dispersed metal
copper-Mx@ferrRWEBS however no bimetallic carbide phase was detected in XRD
pattern Figure 2-11). Copper ishighly active for RWGS but can easily deactivate due to
aggregation at a high temperature which is required for high conversion for RWGS. With the
presenk®eC,oft hbe di spersion of CtMo,®asstheelantertn c e d
mapping indicates ikigure2-11, and no aggregation or sintering of Cu was detected after a 40h
RWGS reaction at 600 °C. Moreover, Cwas detected in the sample which revealed the

interaction between Cu and MB, making Cu species more active fo®, hydrogenation
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Therole of Cs and Cu on M€ catalysts was also proposed by Zhang ¢1al7]. The CO;,
conversioron CuMo,C and CuCsMo,C wer e q u i iMe,C whiclmwerealpse to the b
equilibrium conversion and GMo,C exhibited higher selectivity towards CEidure2-12). Cs
Mo,C showed relatively lower conversion compared to other counterparts but the selectivity
outperformed other catalysts particularly at low temperature which may attribute to the electronic
effects of Cs on MgC. Furthermore, the G8lo,C catalyst showed higher activity (conversion
from 54.8% to after 50

6 6 %) h our sMosifstalsleat e a m a

around 60%).
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Figure2-13 Left: (A) Conversion of CO over (a) CuZn catalyst (b)@d0, sC, anc
(c) MoC,. (B) Conversion of CO at (d) 5 and (e) 300 min over théNIm carbides wit
various Co/Mo ratiosRight: XRD patterns of catalysts carburized at 875K: (a)®™ab;

C0p.29M00.7:C, (€) Ca.sM0g sC, and (d) Ce7gM0o.2:C [1]

Nagai et al[1] particularly discussed the @do carbide catalysts for water gas shift with
different Co/Mo ratios and GMo3sC phase was detected when Co/Mo is 1 or highigu(e2-13).
Co-Mo carbide with Co/Mo ratio of 1 was found to be the most active catalyst amonglsith Co
carbidesffigure2-13) but the conversion of CO was higher than commercial CuZn catalyst only
at the first 5 minutes on the stream but less after. ThougM&@€& phase was observed in
Coy.sM0g sC, the amorphous CWlo oxycarbide was considered as an active phase responsible for
the high activity.
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Based on the above, the literature indicatesliratetallic catalysts have been reported to
be active andelective to RWGSNhile there have been numerous studies on various types of bi
metallic catalysts for different applications, there is a relative scarcistuafiesspecifically
focused on bmetallic carbides for RWGS or water gas shift reactions. Most of the attention in
thisfield has been on monometallic carbides, particularlg@®jaue to their exceptional properties
in RWGS. The promising results achieved with o carbide catalysts in dry reforming of
methaneemphasizethe potential for enhancedO, conversiorandCH, conversion with the
addition of Co[1] These findings suggest that -G4o carbides may hold untapped potential for
improving RWGS catalysis.

2.4 Density functional theory (DFT) modeling of CO2 reduction & hydrogenation
2.4.1 Density functional theory simulations @O, hydrogenatiorreactions

Computational methods have been developed for matpriaperty investigation and
catalysts desigrDensity Functional Theory (DFT) is a computatioteahnique widely used in
guantum mechanics to model the electronic structure of Fbady systems, especially atoms,
molecules, and solids. In material science and condensed matter physics, DFT is an indispensable
toolforunderstandingand predicting fhreperties of materials atthe electronic le¥ek catalyst
design, DFT allowshe studyof surface reactions at the atomic level. It provides insights into the
adsorption energy, reaction pathways, and activation energy barriers for different remwtants
intermediates.The investigation of catalysts using DFT is an essential part of modem
computational catalysis and material science. The main aim is to understand the mechanisms by
which a catalystaccelerates a particular reaction, as well as to design new, masteftaiy sts.

[138-140]
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DFT can be employed to screen various materials like metals, metal alloys, and metal oxides
to find candidates that show promising activity f&®, hydrogenation[141] The screening is
often performed using descriptors like binding energiesloanid centers that correlate with the
catalytic activity Once a candidate materialis identified, DFT can be used to map outthe potential
energy surface (PES) for the reaction pathway. This incltltegstimation othe activation
enepy barriers and identifying intermediates and transition state€C®phydrogenationDFT
is particularlyusefulto elucidate the competing pathwagfsthe conversion ofCO, to various
productge.g.,carbon monoxidenethane, methanol) and identify the rameiting stepsDFT can
also estimat¢he adsorption energies GO, and hydrogen on different catalyst surfad&42]
Strong adsorption energies are often indicative of higher reactivity, but they must be balanced to
allow for efficientformation of attractivegproducs, e.g.CO, CH, and methanoDFT is used to
calculate the energy barriers for crucial steps in the reaction mechanism, @leasivation,
hydrogen activation, and-8 bond formation. Theseactionbarriersfor the rate limiting steps
significantly influence the reaction rat®ne of the challenges i60O, hydrogenations the
molecule's thermodynamitability, which makes it difficult to activate. DFT studies can provide
insights into how a catalyst can lower the energy barrie€Cforactivation, a critical step for its

hydrogenation[143]

2.4.2 Density functional theorgimulatiors of CeG; (cerid) catalyst§or RWGS reaction

As indicated i2.2 2, studieshave proposed two principal mechanissth®WGS reaction
namely the Surface Redox Mechanism and the Associative Mechanism, which have been
elucidated through a combination of reaction kinetics studies, spectroscopy, and density functional
theory (DFT) simulationsHowever, these redox and associative mechanisms havetheeen

subject ofintensiveDFT studies ofRWGS on different materials.
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In the RWGS reaction's redox mechani&®, 53, 144]CO;, is reduced to CO while the
catalystundergoes direct oxidation. Subsequertlyeduces the catalystto complete the catalytic
turnover. This mechanism relies on two key conditionsh@)ability ofH, to reduce the catalyst
surface and (ii) effective reoxidation of the partially reduced catalyst surface under RWGS
experimental conditions. Reducible oxide catalysts, easily reducible and oxidizable due to the
oxygen provided by the support, predominantly follow this mechajiidsj. For example, in the
case ofCe(, CO adsorbs on a metal surface, oxidized by oxygen atoms from{tdf6Catalysts
with different supportssuch as P8e(G-TiO,, have shown that both redox and dissociation
mechanisms coexist in the RWGS reactlon DFT simulations Additionally, the catalytic
mechanisms of RWGS on ceria nanocrystals involve oxygen vacancies in ceria. Oxygen vacancy
transport through bulk active oxygen was observed in ceria, and the nanostructure of ceria
enhanced oxygeion conductivity and surfacexygen vacancy densif$4, 147] which also
opens the direction afsing DFT catulationsto investigate oxygen vacancy effedtote that this
IS an emerging topic that has been widely studied for different applications given their potential to
explain enhanced per f.@8, Ma]imsuenmarn themedoxenedhanisns 6 d e

plays a vital role in the RWGS reaction, particularly with reducible oxide catalyst€&ke.

One notable mechanism, termed the "associative mechanism," @@adsisorption on the
catalyst surface, followed by interactions with dissociated hydrogen (H*) to form transitional
molecules like formate (*HCOO), carboxyl (*COOH), carbonate {£Cand bicarbonate (HGO
species[54-58] These intermediates then undergo transformations, ultimately yielding the final
RWGS products, CO antdhO. Importantly, the decomposition of formsamd the carbonate route

are both significant pathways in the RWGS react[@B88] Surface carbonates are considered
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reaction intermediates, while formates are termed "minor intermediates” due to their stronger

bonding and lower exchange ratfi48]

Based on the abovéhe redox mechanism emerges as a critical focal pain€O,
hydrogenatiomeactionsThe GO, reduction orthe catalyst surfaces will llBscussedn Chapter
7 based on this mechanisfhis is supportedby the fact that the RWGS reaction's redox
mechanism, as outlined previous report§52, 53, 144] elucidates the interplay of reactions
occurringon the catalyst surfag®espite theliscussion of mechanism of RWGS, Dédlculation
iIs a powerfukool to explore and benchmark the activitytb€ material, providingheoretical
descriptors of the performance suclhadsorption energy @O, and binding energy of surface O
to evaluate a catalyst befaraminingn the laboratory experimentSection 2.3.1 focused on the
discussion of catalysts fR®WGS includingCe O, basedcatalystsn terms of experimental works,
while there aralso theoretical studies focus erploration ofeffectivedopedCeG; catalysts for
RWGS. Metallic Cu[149] andFe [150] were bothreportedn DFT studiesto have activityfor
RWGS [151] Their corresponding oxides were also good catalyistd aretheoretically
energetically preferred foeverse water gas shifL51] The best active surface to BaOamong
Cu oxideq152, 153Jand FgO,4[154, 155Jamong Fe oxidedNi[156] and C¢157]are reported to
be active forCO, hydrogenatiorbut are more favadfor CO, methanatiorwith enhanced
selectivity toward€H,. Theseelementsnay have the potential to béective dopargto pranote
the catalytic activityof CeG; sinceall the candidatesxhibit goodCO, hydrogenatiorability.
Studies have been conductiedinvestigatesynergistic effect®f these transition metals to the
performance ofe(, system [158-160] However,a comparison betweeall these transition

metabk (Cu, Fe, Co and NiusingDFT, and thé cross validation with experimental results
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conductedfor consistent synthesized materiaisd similar transition metal conterdt same
reaction conditios, still requirea comprehensive exploratipaspecially for RWGS reaction.
2.5 Reversemicroemulsion (RME) for heterogenous catalysts preparation
2.5.1 Thermodynamic and kinetic properties elverse microemulsian

In general, lhe preparation methods of the catalydteninfluencecatalytic performance.
For instance, the particle size may differ from different synthesis methods and normally, smaller
particle size and volume to area ratio will lead to higher specific surface area of the material thus
providing more active sites whids beneficial to the catalytic performance. Various innovation
synthesis methods have been developed and appliedto catalyst preparationand one of the common
objectives in those methods is to reduce the catalyst particle size and to control the pzaticle

distribution in a limited range.

In the study presented herein, reverse microemulsion (RME) method was implemiénted
the aim to obtairsmaller particle size and narrower size distributi@®.1] A microemulsion
system consists of the water phase, oil phase and surfactant. The microemulsion looks
homogeneous in appearance but at the molecular level, it contains two separate phases. In this
study, as shown iRigure2-14, the continuous phase is the oil phase and small water phase droplets
are surrounded by surfactant molecules inside the oil phase. This water in oil system is defined as
reverse microemulsion (RME). The hydrophilic heads of the surfactant moleculesactedby
the water phase and pointinto the water droplet, while their hydrophobic tails extend out of the
droplets. Cesurfactant is also introduced to the system to increase stability. During the reaction of
different RMEs, the nandroplets act amicroreactors to limit the amount of reactant to restrain
the resulted particle size. When two micelles meet, the surfactant shell may aggregate, and the

content inside may react.
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RME method igavoredby the advantages of the higher specific surface area odthiking
particles. The particle size of the productcan be controlled by varyingthe composition of the RME
system, the mole ratio of water to surfactant, etc. RME method was also reported to be a suitable
way for bimetallic catalysts synthesis and has its acagggRME method is applied to obtain
coresheltstructure particles which was reported by Yang et al. They coated CdTe particles with
SiO; by RME method and the gacle size was controlled between 45 to 109 nm an&i@ecoat

also performs decent enhancement towards photostability of the CdTe encap$lLGgd.
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Figure2-14 RME nanodroplets and reaction sketch. [1]

2.5.2 Applications of reverse microemulsion method to catalyst synthesis

RegardingCO, conversionPark et al[163] studied the impact of preparation methods on
the PAMg/SIO, catalytic performance faZO, methanationThe PdMg/SIO, catalyst prepared
by RME showed higher activity and selectivity to methane tnadgitionallywet impregnation

Mg/PdSiO, catalyst and wastableafter 10hoursreaction at the reaction temperature. However,
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the particle size before the reaction is ~10 nm while aggregation occurred after the 10 hours
reaction | eadi ng t-Al,OasapportaddNiMg smas successfullysyr@hesized. 9
by DiegueZ164]and tested for dry reforming of methane and propane. The RME system enhanced
the interaction of Mg and Ni phase which resulted in homogeneous and stable bimetallic catalyst
phase. Kishid§l65] [166] also proposed that the particle sizeQd, hydrogenatiorcatalyst

prepared by RME method, RBi0, is 50% smaller than conventional impregnation method.

Santana et al[167] investigated the effect of synthesis method onpgdbdmoted Cu/zn
catalysts forCO, hydrogenatiorto methanol. Among coprecipitation, depositiprecipitation,
wet impregnation, and incipient wetness impregnation, small particle size and higher specific
surface area were achieved on the catalyst prepared by coprecipfatuher studyocusecbn
CO, hydrogenatioto methanaindicatedhe importance of preparation meth[ib8] The activity
(both conversion and selectivity to methanol) of the Cu/24€; catalyst prepared by oxalate
gel coprecipitation was significantly enhanced as compared to the conventional coprecipitation
sample. According to a study by lablokov ef&69], the regulation of particle size is crucial for
CO, hydrogenationlt wasfoundthat Co nanoparticles within the range 613 nm, obtained
through precise control of the synthesis conditions using the hotinjection method, exhibited higher
turnover frequency compared to larger particles. Sathyamurthy [@7&l] employed the RME
method to synthesize polyhedstlapeCeO, nanoparticles with an average size of ca. 5 nm and
a surface area of 168.3%m for use as a UV absorbent. Paschalidou & Theoclhari$]
investigated the effect of the tail length of Tritrsurfactants on the surface propertie€et)
synthesized via the RME method, resulted in the nanoparticle size distributions kb @hen2
range, with the highest specific surface area of 134§ obtained after calcination at 300.

Bumajdad et al172] employed the RME method to prepare the nanosizd®{®m) cubidcCeQ
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for combustion catalysis. The highest obtained surface area before calcination wa&gf&0 m
the RME method compared to 119/gnby thermal decomposition. After the higgmperature

calcination at 800C, the surface area was reduced teb85n#/g.

The RMEbased catalysts also showed superior catalggcformance which can be
explained by the higher specific surface area andthe composition of the metal atoms on the support.
The increasing radiative forcing caused by accelerating emissions of greenhouse gases is calling
attention and becoming a worldwide consensus, and thus heightened interests for controlling
greenhouse gases emissions, particularly antropoges@. [173-175] Carbon capture and
utilization (CCU) has recently attracted attention due to its great potential for redDOing
emissions As opposed to carbon capture and storage (CCS), the output of cap@uiiedCCU
process is a commercial product, used either as a chemical feedstock or for direct utilization, e.g.,
for enhanced oil recovery (EORL76]

2.6 Summary

Powerto-Gas (PtG) technology is introduced as a promising means of storing surplus
electricity through hydrogen production via water electrolysis, potentially leading to reduced
carbon emissiond.he review orexisting reports onarious catalysts used in the Reverse Water
Gas Shift (RWGS) reactiorhas highlightedthe importance of coppédrased catalysts,
molybdenum, and ceria in facilitating GOonversion to COAIso, recent studiebas indicated
that CQ can be directlyransformednto hydrocarbons, underscoring the potential of-mohle
transition metals as catalysts for these reactidwislitionally, the use ofinnovative reverse
microemulsion (RME) method for catalyst synthesikey to achievemaller particle sizes and
improved control over size distributiohhe use of Density Functional Theory (DFT) nebtidg to

understand and evaluate catalyst performance ph@@rogenation and RWGS reactiqorevides
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insights into atomidevel mechanisnmand offers valuable insights into critical aspects of catalysis,
such as adsorption energy, reaction pathways, and activation energy barriers for different reactants

and intermediates.
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Chapter 3 Experimental and computational methods

3.1 Catalyst synthesisby reverse microemulsionmethod
3.1.1 Catalyst synthesis

I. Cobaltmolybdenum oxide and carbide catalysts

The RME system, comprising three segmé&ndgsirfactant, oil, and water in a 2:8:7 ratio
employs a Triton X100 and Cesurfactant blend, cyclohexane, and a specific salt/alkali solution,
respectively. Initial mixing involves the surfactant components, folkbtaxe the oil phase, and
then gradualinclusion of the aqueous part. Translucencynp@shdicates the needfor additional

co-surfactant until clarity is regained, with a further-8inute stir to ensure system stability.

Uniform synthesis of cobalt and molybdenum within the RME system required multiple
attempts to perfect composition and procedure. This method promotes the creationsitedno
evenly spread bimetallic particles. Instability issues of Ammonium heptaatylbetrahydrate
(AHM) with cobalt nitrate were resolved by dissolving AHM in excess ammonia, aiding in
aluminum and Co precipitation while maintaining RME translucency. Separate RMEs are
combined slowly, ensuring no premature reactions and a clear mixIilws blend is then
incrementally introduced to RME #3 with continuous stirring for uniform aluminum and cobalt
distribution. Despite the system's translucent appearance, the absence of visible particles indicates

extremely small precipitate sizes. A &ih8-hour stir guarantees thorough reaction completion.
ii. Al,Oz-supported iron catalysts

Three reverse microemulsions (RME) containing appropriate amounts of ferric nitrate
(Fe(NG)-®H,0, SigmaAldrich), aluminum nitrate (AI(N@s®H,O, Fisher Scientific) and
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ammonium hydroxide (1M NEDH, LabChem Inc.) were prepared by mixing aqueous phase (DI
water), surfactant (TritonX00, Acros Organics), esurfactant (propane, SigmaAldrich), and

oil phase (cyclohexane, Sigafddrich). Briefly, aluminum nitrate RME was first mixed with
NH,OH RME (acting as a precipitation agent), and then ferric nitrate RME was added dropwise
immediately to prevent precipitation of large particles resulted from the separation of phases. The
resulted mixture was mixed using a magnetic stirrer for 8 h andaped overnight (12 h) for

stratification (settle the precipitation for easy separation).

The resulted gelike precipitate was separated by centrifugation with subsequent washing
by a mixture of ethanol and deionized water (3:1). This centrifugation/washing procedure was
repeated 4 times. The washed precipitate was collected and dried ovetnigl0 °C. K was
subsequently added by wet impregnation using a dilutgeicK solution (0.13 mol/L) as an
impregnation medium. After that the precipitate was calcined at 400 °C for 3 h under flow of air.
To prepare for reaction, the powder catalystspedietized and sieved to 28125 um pellets. The

catalyst synthesized using the method described above was denoted as RMBsFe/

Two reference catalysts were prepared for comparison. The Fe/RME catalyst was
synthesized by loading Fe via wet (aqueous) impregnation (using Ep®H0) onto the RME
gAl,0O3 support. The RMEAI,O3 support was prepared by the same RME method as described
above, butwithout Fe and K introduction. TheAlgD;catalystwas synthesized via wet (aqueous)
impregnation using Fe(N§p®OH,O as Fe precursor and a commercial supgd,0; (Alfa
Aesar). Prior to reaction tests, all powder catalysts wetketized and sieved to 254R5 pm

pellets.
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iii. CeOQ-based catalysts

Three reverse microemulsions (RMEs) were synthesized by combining an aqueous phase
comprising cerium nitrate (99.5% Ce(NQ®&H0, Alfa Aesar), copper nitrate (CuUNOHO,
SigmaAldrich), and ammonium hydroxide (280% NH,OH, LabChem Inc.) with a surfactant
(Triton X-100, Acros Organics), a esurfactant (propan€e?, SigmaAldrich), and an oil phase
(cyclohexane, Sigmaldrich) in a proportion of 1:1:4.5:3.5. The RME containing copper nitrate
was introduced gradually intbé RME with cerium nitrate, while continuously stirringfor 4 hours.
Subsequently, the RME containing ammonia was incrementally added to the mixture, maintaining
a consistent stirring for another 4 hoursitiba precipitate emerged. This precipitate was
thoroughly rinsed four times using deionized (DI) water and then subjected to centrifugation.
Afterward, the cleaned precipitate was left to dry overnight and subsequently calcined at 275°C
for a duration o hours. For catalytic reactions, the resultant powdered catalyst was molded into

pellets and sifted to yield pellet sizes ranging from-226 pm.

3.2 Catalysts characterization

X-ray diffraction (XRD) patterns of the fresh and spent catalysts were obtained on a powder
diffractometer (D8 Discover, Bruker). Temperature programmed reduéiish®R) of fresh and
spent catalysts were carried out under pure hydrogen from 100 °C to 800 °C, with a ramping rate
of 10 °C /min with the help of a catalyst characterization instrument {3MLite). Surface area
analysis (SAA) was performed on the sam&rmment with the singieoint BET method. The
degree of coking of the spent catalystd bad investigated by thermal gravimetric analysis (TGA)
with an inLine FTIR analyzer (MultiGa¥ 2030, MKS Instruments) conducted (referredinto
situ TGA-FTIR). Scanning electron microscope (SEM), scanning electron microscopy coupled

energy dispersive spectroscopy (SHIPS) and Transmission electron microscopy (TEM)
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micrographs will be obtained by a Zeiss microscopy to determine the shape and particle size

distribution of asprepared catalysts.

3.2.1 X-ray powder diffraction’ XRD)

To understand the components and the crystatsof the existing phases,-¥ay powder

diffractionis a commonly used technology. In 1912, German physicist M. von Laue proposed that

crystal lattice can diffract Xays since the wavelength offdy is at the same magnitude as the

distance between atoms the crystal[177] Constructive interference can be generated when

filtered X-rays passes through the crystal phases from many directions. The superposition of the

diffracted waves will intensify the signal in some directions and weakened in others then provide

a uningger pfiinto of the sampl e.
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In 1913, the British physicist Dr. Brafy78] proposed an equation based on Laue's theory,
Brag' s | aw: 2d s i nd=proble obtBiyed @anitha phptagraphg filin,hiihe
crystalline structure can be obtained. Eacystalplanewill have its own peak positions and

intensities. Comparing with the standard JCPDS card, the components can be id¢h#ifi¢d.
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3.2.2 Inductively coupled plasma optical emission spectromettiCP-EOS)

ICP-EOS method is applied in this study to determine the composition of the elements in the
catalyst samples. An ICGBES schematic diagram is showrFigure3-2. When an atom or ion in
the ground state is under the plasma, its extranuclear electrons will be excited to a higher energy
level. The unstable extranuclear electron will transit back to the ground and release the energy in
the form of electromagnetic wavAtoms can release various characteristic emission spectra of
different wavelengths under the plasma, which will provide the element information. The
concentration of an element in the sample caado@iredoy comparing the intensity of the waves
with the standard curve. lihis study ICP-EOS is capable to analyse the elements including K,
Co, Mo, Fe and Al, but some nanetal elements such as C or O are unable to define since they

are already included in the acid soluti¢h80]
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Figure3-2 ICP-OES schematic diagrarfiL81]

3.2.3 Temperaturgorogrammedexperiments
i. Temperaturgorogrammed reduction (TPR)
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The TPRmethod is a useful experiment to study the reducibility of the catalysts. In a typical
TPR experimengetup(Figure 3-3), a certain amount of metal catalystis fixed in a tube reactor,
and a low concentration hydrogen stream is passed through the catalyst with a constant flow rate.
At the same time, the reactor is being heated programmatically. The oxide componertiénside t
catalysts will be reduced when the temperature inside the reactor rises. The consumed hydrogen is
proportional to the amount of reduced cataldstoncentrationin the outlet steam is continuously
detected by a gas thermal conductivity detector (TCD detector), and the recorded data can deduce
a TPR curve. Each peakinthe curve generally represents the transformation of a reducible species,
for exanple from one type of oxide to another with different oxidation states, or metal. The area
integrated is pportional to the amount of consumed hydrogen in the stream. TPR profile can
reflect the change of metal oxidation states, the interaction between two metals and the interaction

between metal oxide and support.

1 h"‘“\
\u.._________,.-/)
Sample
tube \ TCD detector
\\
%
ﬁe I . o o
| Exit 10% H,/ 90 % argon
~ Thermocouple

Figure3-3 Temperature programmed experimestiematic diagram.

i. Temperaturgorogrammediesorption(TPD)

The results of CO,-TPD could reflect the adsorption strengih CO,. Before performing

TPD, the samples were heated in 30 mL/min 109AHwith a ramping rate of 10C/min. TPD
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adsorption step was conducted at Z@fter dehydration, with C&flow rate at 25 mL/min, then
flushed He at the same temperatioel hourto remove gas phase ¢l the tube, followed by

heating in the same flowrate of He with a ramping rate ofQ/éin from 25 to 800 C.

3.2.4 Surface area analysis (SAA)

The specific surface areas of the catalysts are analyzed by one point BET method. Surface
area analysis is the application of the BET (Brunakermett Teller) theory[182] which
describes the physical adsorption of gas molecules on the solid surface. At atmospheric pressure,
gas nitrogen molecules can physically adsorb on the surface of the catalyst when the sample is
immersed in liquid nitrogen. The specific surface afdh® sample can be calculated base on the
amount of adsorbed gas. Removing the liquid nitrogen and bring the system back to room
temperature will release the adsorbed nitrogen molecules. Usually, the change of the nitrogen in
the stream is analyzed by &€ detector which will generate two peaks in the TCD signal curve.
The amount of adsorbed and desorbed molecules can be calculated by the area of the peaks which
will rise to two surface area numbers. In this study, the specific surface areas are dlyttaked

the average number of adsorption and desorption.

3.2.5 X-ray photoelectron spectrosco}PS)

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA), is a sophisticated surface analytical technique that reveals the elemental
composition, electronic state, and chemical environment of atoms withatteaial. Based on the
photoelectric effect, it measures the kinetic energy of electrons ejected from a sample's surface
when irradiated with Xay photons. Because of its inherent surface sensdiwypically probing
the topmost 4110 nanometefs XPS is invaluable in various scientific and industrial realms.

Specifically, it's instrumental in studying thin film compositions, evaluating surface contamination,
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characterizing catalysts, investigating battery materials, and understanding the chemistry of
semiconductor interfaces. Its precision offers a comprehensive view of material surfaces, making

it pivotal in advancements in nanotechnology, renewable enemgyel@ctronics.

3.2.6 Transmission electron microscopy (TEM)

The morphology of the catalysts is studied by TEM and SEM electron microscopy.
Transmission electron microscopy is a higisolution electrapptical technigue that the image is
generated by transmitting a beam of focused electrons through the sampl&aifi@alear vision
of the sample, the thickness of the sample should be as small as possible to allow the electron to
go through. The ideal occasion is that only one layer of atoms is penetrated by the electron beam.
TEM consists of an electroptical sysem, a power supply and control system, and a vacuum
system. The electrons after the sample are received by an imaging system consist of a phosphor
screen and after processing and magnification, the information of the material can be provided as

pictures.[183]

3.2.7 Scanning Electron Microscope (SEM)

Scanning Electron Microscope (SEM) is an electron microscope developed after TEM. The
difference is that the information collected is the reflected signal of the electron beam generated
from the source after scanning the surface of the sample-pwipoirt. [184] A 2-dimensional
image of a selected area (usually from 1 cm to 5 microns in width) on the sample surface can be
generated. SEM is favoured in generating stereoscopic images, large magnification range,
continuous adjustment, high resolution and the samppearation is simpler than TEM. The
dispersion of elements on the surface is also an important characteristic of a catalyst. By combining
the SEM and energglispersive Xray spectroscopy (EDS), the element distribution shown as an

elemental mapping can lodbtained.
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3.2.8 Thermogravimetric analysis (TGA)

Thermogravimetric Analysis (TG or TGA) is conducted to analyze the thermal stability,
carbon existence and oxidation behaviour of the catalysts. The change of mass along with the
temperature can be derived from the experiment. Usually, the sample is pespeadnmatically
in a continuous stream then the relation of weight change and the temperature is recorded. The
thermogravimetric method is widely used due to its accuracy measuring the mass [t&hjge.

TGA can analyze processes involvingweight change such as sublimation, vaporization, adsorpton,

desorption.

In this study, the TGA instrument is conducted to execute tempefatageammed
oxidation with air as the oxidation gas stream. The weight change in this study is mainly caused
by desorption of the water al@D,, and the oxidation of the deposition carbon or catalysts itself.
The outlet stream from the TGA instrument is also analyzed by an FTIR to determine the products

released from the sample then the information related to deposition carbon, etc., canlbd.revea

3.2.9 Fourier transform infraredpectroscopyFTIR) for gas composition analysis

Infrared spectroscopy is a technique that analyses the infrared spectrum after the absorption
of the sample. The beam contains many frequencies generated from the source and will pass
through to the sample at the same time and repeat several times irt pesioal. The adsorbed
infrared wavelengths, intensities and shapes depend on the category of the chemical bond and the
atomic weight of the atoms connected at both e[id&6] The chemical bonds that reflect the

structure of compounds can be revealed by infrared spectroscopy.

In this study, the outlet stream from a process is measured continuousHitg FTIR

analyzers. Target gases were set up in advance and a single beam infrared goes through specially
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designed narrow banrplass optical filters and the energy of the inferred is limited to obtain the
specified signal. The adsorption intensity was compared with a standard comparator to measure

the concentration quantitatively in the stream.

3.2.10In-situ FTIR

A transition type irsitu FTIR instrumentKigure 3-4) is also used to determine the
intermediates during the reaction. The inferred signal generated from the source transmits the
sample pellet, which consists of the mixture of sample catalyst and KBr and then arrives at the
detector. When the reactions tgiace on the catalyst's surface, the adsorbed species, as well as
the gas phase in the reactor, can be identified. Spectra at different temperatures and different time
on-stream are obtained to study the possible pathway of reactions. Background spectra a
collected at the same temperature as reaction condition in inert gas to eliminate the interference of

lab environment.

MFC
Gasinlet Gas outlet
Source . I i *| Detector
/ _— ™ Sample pellet
KBr windoﬁs Heating block

Figure3-4 in-situ FTIR schematic diagram

3.3 Catalytic performance evaluation
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3.3.1 Flow system setup

The flow system conducted to address the catalytic evaluation is demonstrated in

MFC
St}

CH, Feed

@@

H, Feed

CO, Feed

N, Dilution
Feed

Furnace

1
:
ol
I ! BPR Cooling Coil
FTIR o ooling Coi
<]
Analyzer
Moisture

Trap

Exhaust Dq_ Mist Trap

Figure3-5. Reaction feedstock is regulated by three mass flow controllers connected to the
cylinders and the pressure is adjusted by a back pressure regulator (BPR, S01094789B, Swagelok).
Thereactor is assembled by stainletsel parts (Swage Lock) and placed inside a programmable
furnace (Lindberg/Blue W Mini-Mite™, thermo Fisher Scientific). The internal space of a
stainlesssteel reducer (1/4" to 1/2") is used as the fix bed reactor and the catalysts are fixed
between quartz wood. A 1/4" stainless steel tube and a 1/2" tube are attached to the reducerto
conducthe flow system. 1/2" tube is applied for a larger opening to load and unload the catalysts.
The temperature of the catalyped is measured and controlled precisely bytgge thermocouple
(TC, 1/ 8n, Omega Engineering) installing fron
(UP150, Yokogawa) of the furnace (Lindberg/Blu&Mini-Mite™, thermo Fisher Scientific).
Moisture in the outlet stream is removed by a mist trap (ARMAQ-Z-A, SMC Corporation) and

a silica gel (Fisher Scientific) column. An IR analyzer-@B8, Infrared Industries) is applied to
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measure the concentration@®,, CO andCH, in the outlet stream while the data are recorded by

an analogo-digital converter (ADC, USB 6008, National Instruments) and LabView (National

N, Dilution
Feed

Mrc
CH, Feed <
H, Feed < ® @----.-_.--.®
0, Feed < ? Il [
>t

&

Furnace

1
:
FTIR
<]
Analyzer
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3 @ Cooling Coil
Moisture w

Trap
Mist Trap

t

Exhaust

Instruments).

Figure 3-5 and Figure 3-6 indicates the modified flow system setup for hydrocarbon
detecting. Npurge line wasnergednto the outlet from the reactor to dilute the concentration of

hydrocarbon components (f6ld) for more accurate measuring. FTIR analyzer was conducted to
detect products up to C4 hydrocarbons.
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Figure3-5Flow system setup. Abbreviations: BPRack pressure regulator, FTiFourier
transform infrared gas analyzer, GCgas chromatograph, MFC mass flow controller, PT
pressure indicator, PQpersonal computer, TCthermocouple, Ti temperature Til temperature

indicator, RHi relative humidity sensor.

Figure3-6 Flow system conducted for catalytic performance tests.

3.3.2 Catalytic performance evaluation

The catalytic performance of the prepared catalysts is tested in terms of temperature and

pressure, gas hourly space velocity (GHSV), and the stability of the catalysts.

In RWGS reactionests (in Chaptet, 6 and J, theCO,/H; ratio is maintained at 4 by mass

flow controllers in all experiments. The temperature effectis evaluated in a range of 300 °C to
600 °C with constant GHSV and pressure. GHSV test will also be carried out from 5,000 mL h
19t t0 200,000 mL Hge! with other parameter fixed. Before each test, the catalysts are reduced
in pure hydrogen f to expose the active site and activate the catalysts. In tempaeatngent

test (Ftest) and GHSV testt@&ach reaction condition point, e@ur duration is given to reach
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the steady state and the interval for staging is 30 min. Detailed reaction conditions of each

experiment will be described in Chapter@haptels and Chapter.6

Gas hourly space velocity (GHSV) is calculated using the following equation:

GHSV= Q%V (3-1)

Ineq3-1 0 andw are the volumetric flowratendthe weight of the catalysts, respectively.
In RWGS reactionCO, conversiorand CO selectivity were defined by e8:2) and eq.3-3) for
RWGS.o ho andw are the mole fraction ofCO,, CH, and CO respectively on a dry

basis. X is the conversion an8is the selectivity.

+
Xcoz — Yer, T Yeo (3-2)
Yeo, + Yen, tYeo
- Yeo
So = (3-3)
° Yen, * Yeo

Carbon balance is defined as the total rate of carbon fed to the reactor divided by the rate of
carbon exiting the reactor. Carbon balance (CB) was continuously monitored and recorded in all
experiments (using LabVIEW). The carbon balance of the systgivans by eq.§-4), wherg

is the ratio ofH,/CQOs in the feed, which is 4 in RWGis the conversion towards product i.

CB= (yCOZ *Yeo 'ycHa)(l at fp 4 ch) (3-4)
a=—— (3'5)

F F

f —_ yco 1 CO,out —CQ out
co ™ + F F
yCO2 yCO +yC|—|4 G out co, f

(3-6)
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Yen,

fCH4 — 1 I:CH‘,,out ECH4, out (3_7)
Yeo, ¥ Yoo tYen, Fe out Feo ¢

Eq. (3-4) is obtained from the carbon balance definition, Beg), using Eq 8-5to 37) and
Eq. 3-9)to define the total outlet molar flow rat®f is the outlet molar flow rate of all carbon
containing specie$co outdaNdFchg ourcorrespond ted, consumption in RWGS and methanation,

according to reaction stoichiometry):

_ (Yoo, + Yeo Hen) Frow

CB (3-8)
FCOZ,f
Ft,out = FCQ, f 'H:Hz, f FCQ out 4F CH, ou (3'9)

In CO, hydrogenatiorto hydrocarbon reactions, the reaction can be described as:

4x+y 1

CO,+— ~H, = GH, 2H, (3-10)

TheCO,/H; ratio is controlled from 1 to 4n Chapter 5with a constant GHSV= 3000 mL
hlg.il. The temperature effectis evaluated in a range of 300 °C to 375°C with a constant GHSV
and a pressure of 10 bar. Before each test, the catalysts are reduced in pure hydrogen at 400 °C for
3 hours. At each reaction condition point,-a&ur duration is gien to reach the steady state and
the interval for staging is 10 min. The hydrocarbon distribution was calculated based on carbon

moles and the related calctitmn equations are listed below.

yCH4 * Yeo '*a X )QHY

Xoo = _ . (3-12)
Yoo, Yon, Moo A X YR
-
S = a ch.*”y _ (3-12)
Yen, T Yoo 1A X QHy
CB= + 3 5 1 ad tx af, /XY ¢ 3-13
(Yo, Mo ¥ou @t x %) @ a0 &5 4Ly a— ~- ky) (3-13)
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Carbon balanceis given by eg-14 to 318), wherg istheH,/CO;ratio in the feedp and
"Qis the mole fraction an@0, conversiorto species i, respectively, ad s the total mole
fraction of carborcontaining species which calculated by the mole fraction of each species
multiply by the number of carbon in the corresponding molecule, as shown iB8-&§). (To
calculate the carbon balance, the total carbon mole fraction formula was substituted iBto eq. (

16). The conversion to each species was introduced and rearranged3dlépagd eq. §-18).

60 —0O -00 ¢O0U (3-149)
0 @ W @ B waw (3-15)
v » B—O0

00 O zZ p | (3-16)
66 6 zp | Q 1TQ B—IiQ (3-17)
00 Gy @y Qg B oot Qg L P Qs T9q B % t'Qq (3-18)

3.3.3 Mass and heat transferiterion

The Mears criteriofil87]is applied to estimate if mass transfer heat transfer from the bulk
gas phase to the catalyst surface can be neglected because of the low reactideisaterater
criterionis used to determine if internal diffusion is limiting the reactja87] When Eq 319 and
3-22 can be satisfiedh& absence of interphase, and intraparticle, mass and heat transfer limitations

was confirmed by calculating correspondja@7, 188]criteria (all symbols are the List of

Symbols:
NG
M <« 0.15 (Mears criterion for interphase mass trangfer (3-19)
chCOZ,b
DH Ri 0.15TR
| RWG;JT ood d p 3 ¢ (Mears criterion for interphase heat transjer (3-20)

60



iy r.2
% <1 (WeiszPrater criterion for internal diffusign (3-21)

Co,s

|DH RWGSI Riob[ krzp<< 0.731 B ¢

isothermal pellet criterio 3-22
/T = ( p n (3-22)

Interphase mass and heat transfer coefficidptn(dh) were calculated using the following

correlations:

kcdp

11
Sh= = =2 0.6Ré St (3-23)

m

hd 1o
Nu=—= =2 86Ré Pt
g (3-24)

Calculations were conducted for low and high conversions in th€350C range and for the
wide range of activation energids,& 20-200 kd/mol). In all cases, all transport limitations were
completely negligible, as expected for the small size of catalyst pelletsi&m®m) used in the

experiments.

3.4 Computational methods

3.4.1 Model construction
Density Functional Theory (DFT) calculations were carried out using the Vienna Ab Initio

Simulation Program (VASH189] packageA planewave basis set was employed, with aaftit
kinetic energy set at 450 eV. The simulation utilized the Projestgmented Wave (PAW]190]
methodologyfor describing the corgalence interactigralongside the PerdéBurke Ernzerhof
(PBE) [191]functional,correctedvith the van der Waals Density Functional Theoryw{vidFT).

The spinpolarized Generalized Gradient Approximation plus Hubbard U (GGARR2]method

was applied taceria andransition metalso properly characterize the electronic structamd

correct theon-site coulomb repulsion of Ce 4f orbit§l 8, 193, 194]
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Bulk CeQ structure wasptimized andthe lattice prametersverecarefullyconfirmedwith
those reported ithe liteature.[195] Then (111), (100), and (110) surfaces of @&, were
constructed and optimized 15 A vacuum thicknessasintroducedbetween periodislabs to
mitigate interaction between tiperiodiccells. The periodic cell consist of 3 layers of Ce dmel
top layer was alloweéor relaxationwhereaghe bottom layers of the structuweere fixed at
structureoptimizationto mimic the bulk regionModificationsand dopingvereperformed to the
top Ce layer The convergence criteria were set to>HY forsystemenergy and 0.01 eV/A for
interatomic forcesDue to therelatively large slab celBrillouin zone sampling was conducted
using a(2 x 2 x 1) Monkhorst Pack grid this was chosen since it has been previously reported to

achieve an acceptable convergence perform§ig).

3.4.2 Calculationof oxygen vacaay formation energybindingenergiesandactivation
energies

The oxygen vacancy formation ener@fyoy) on a certain surface can be calculated by the

following equation

Eov = Esiapovyt ~Eoz - Eslan(stoi) . (3-25)

Where the Eanovy Eo2 and Eiapstoicorresponding to the energy of a slab with one oxygen
vacancy, energy of gas phase oxygen molecule and energy of a stoichiometric slab without oxygen

vacancy

Binding energies of aadsorbeapeciesverecalcdated based on the following formu
26). Eads, [gjap+adst)Eadsg@nd Eianovyrepresento thetotalenergy of theadsorbedystem, energy

of the gas phase adsorbate, and the energy dfahesurfacerespectively

Eads= Eslabtadg) - (Eads(g) + Esabov) (3-26)
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Transition states were identified using the Nudged Elastic Band (NEB) mibaadtivaton
energy (Ea) was calculatedingthe energy difference between the initial state and transii#iten
andwere verified through vibrational frequency calculations by identifyingimaginary frequencies.
To calculate the free energies of the process, entropypoendenergy, and enthalpy correction
were determined for alladsorbed structures using statistical thermodynan@dsASPKIT code

was used for pogtrocessing of the VASP calculated dstatemperature correctiond 97, 198]

Eae = Ersi Es . (3-27)
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Chapter 4 Cobalt-molybdenum oxide and carbide catalysts foreverse water

gas shift

This chapter explores the CoMmased bimetallic catalysts for GQhermaocatalytic
conversion, with a particular focus on their potential for the Reverse Water Gas Shift (RWGS)
reaction at 600°CTheinvestigation including the impact of gas hour space velocity (GHSV),
stability assessment, and extensive characterization experimesassideredAs the global
pursuit of sustainable energy solutions intensifies, the development of efficient catalysts for CO
conversion becomes increasingly imperative. Caddsed catalysts offer promise in this context,
andthis chaptermims to unravel their performance, behavior, and underlying mechanisms in the

guest for more effective and e¢oendly CO, conversion processes

4.1 Catalyst synthesis

The RME system consists of three parts, surfactant phase, oil phase and water phase in a
ratio of 2:8:7. The surfactant phase is a combination of Tritdr®& (Acros Organics), and €o
surfactant (propan€?, SigmaAldrich). Cyclohexane is employed to bethil phase and the water
phase is the solution of demand salt or alkali. Under vigorous stirring, the surfactantand co
surfactant are mixed first and then the oil phase is introduced. After 15 minutes of mixing the
surfactant and csurfactant phase, tlegjueous phase is added to the system dropwise. When the
solution is completely introduced, the mixture is translucent which demands additienal co
surfactant. Extra-propanol is added dropwise carefully till the system turns transparent again.
RMEs are stred for extra 30 minutes before mixing with other RMESs to enhance the stability of

the system.
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Figure4-1 Process schematic for synthesizing CoM@D,0; and CoMoG/Al,O3 catalysts
by RME method.

To synthesiea uniform RME system containing both cobaltand molybdenum, several trials

of RME composition and mixing order have been made. RME method allows a uniform system
that is beneficial to the formation of nanometric and well dispersed bimetallic particies. S
AHM (Ammonium heptamolybdate tetrahydrate) solution can be unstable and tend to precipitate
when mixing with cobalt nitrate solution, AHM was dissolved into the excess ammonia, which
serves as the precipitator for aluminum and Co. The excess ammlortes the AHM and with

the insulation of the RME micelles, AHM RME remains translucent instead of forming chunky

precipitates when mixing with cobalt RME.

Table4-1 RME composition of CoMo catalysts.

#3. NH,OH + Volume

RME #1. Co(NG)2 #2. AI(NOz3)3
AHM ratio
0.0826 g cobalt 1.499 g aluminium 160 mL 1M
Aqueous
nitrate hexahydrate 41 nitrate nonahydrate + ammonia + 15
phase
2.25 mL DI 6.65 mL DI 0.05g AHM
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17.78 mL Triton

Surfactant 1.5 mL Triton X100 4.45 mL Triton X100 10
X-100

Co 71.1 mL

6 mL Propanc 17.72 mL Propanel 40
surfactant Propanoi2
62.2 mL

Oil phase 5.5 mL cyclohexane 15.6 mL cyclohexane 35

cyclohexane

The detailed compositions of each RME and the preparation procedure are shdalae in
4-1 andFigure4-1 separately. Separate RMEs are prepared for mixing and RME #1 and RME #2
were mixed slowly. At this time, no reaction occurs in the RME and a transparent RME mixture
IS obtained as shown iRigure 4-2. Then the mixture was added into RME #3 dropwise under
magnetic stirring to make sure the aluminum and cobalt are dispersed evenly onto the alumina
supportThesystem is translucerfigure4-3), butno recognizable particles were observed which
means the size of the resulted precipitate is minuscule. The mixture of all RMEs is stirred for 8

hours to allow a complete reaction.

RME #1 RME #2
Co(NO,), + DI AI(NO,), + DI

Transparent
mixture

Figure4-2 RME appearance of RME #1, RME #2 and the mixture
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Mixture of RME RME #3 Translucent mixture, no
#1 and #2 AHM + ammonia precipitate formed.

Figure4-3 RME appearance of RME #3 and the mixture of three RMEs.

'(b)

After washing and drying the After calcination at 550 °C for 4h.
precipitate.

Figure4-4 CoMo hydroxide precursor (a) and oxide catalysts (b).

After the RMEs are well mixed and precipitated completely, the systemis aged overnight to

delaminate. The cloudy precipitate is settled at the bottom and the supernatant fluid is removed by

centrifugation. The catalystgelis washed by DI water and etljaater : ethanol=1:3Fpurtimes

to fully removed the surfactant and oil phase. The precipitate is dried at 100 °C overnightand

ground to powder and this is the precursor of the CoMo bimetallic oxide. Oxide catalysts are

obtained after 4 hours of cah@tion at 550 °C to remove the water and remaining organic

components. The colour of the pink powder transformed to pale blue which indicated the phase

change as shown Figure4-4. Besides the alumina support, the oxide catalyst contains a mixture
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of monooxide (cobalt oxide and molybdenum oxide) andigtallic oxide which can be identified

in the XRD pattern.

To obtain the carbide catalysts, a temperapmgrammed carburization process was
conducted. The oxide catalysts are placed in a quartz tube under the micttgamfdH, (CH;;
H, = 1:4) and the tube is heated with a 1 °C/min ramping rate till 250 °C and hold for 1 hour to
remove moisture and the physically adsorbed species inside the sample, and then continue heated
to 800 °C. The catalysts are held at 800 °C for 2 hours folldyedhour reduction with puté,
at the same temperature. The acquirdédlgsts are pure black. The outlet stream from the system
Is analyzed by idine FTIR (MultiGasM 2030, MKS Instruments). As indicated kigure 4-5,
most of the moisture was removed at 250 ° C and the products detecte@@eand CO

generated from 500 °C.

Hold at 250 °C Hold at 800 °C
for 1 hour for 2 hour
G0 25
— 02, ppm
E 500 ],
(=™
'E: 400 r 4 1.5 ___5_:
£ 300 1y £
", 200 | 105 g
-
) =
100 10
0 -0.5

0 200 400 600 800

Temperature, °C

Figure4-5 Products profile of carburization process.

4.2 Catalyst characterization
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4.2.1 Crystdlinity

To understand the samples, several characterization techniques were applied. The
composition of the catalysts was determined by-@HS. Specific surface areas are obtained by
onepoint BET. XRD patterns were recorded to identify the existing phase. TBRamalucted to
study the reducibility. The morphology of the sampless investigated by SEM and TEM
microscopy.Specific surface area values are listedTable 4-2. The calcined oxide catalyst
showed extremely high surface area which indicates the success of RME method, however, the
specific surface area of the catalyst after the carburization process dropped over 50% which
probably due to the sintering effect ocdr during the extremely high temperature treatment. This

pointed out a potential orientation of future work to optimize the carburization conditions.

The XRD patterns are shown Figure 4-6. Peaks were unable to identify in CoMoOx
sample and the possible reason is that the particles synthesized from RME method were too small
also amorphous. After carburization, the alumina, as well as other Co and Mo related phases, can
be recognized. A bietallic carbide CeMo3sC was detected in the fresh carbide samples and a
bimetallic oxide CoMoQwas also identified. The bimetallic oxide is considered as the precursor

of the carbide species and remained as a leftover of incomplete carburization.

Table4-2 Characterization results of CoMo catalysts.

specific surface area _ .
Co loading (wt%) Mo loading (wt%)

(m?/g)
Fresh CoMoOx 410.5 12.5 8.4
Fresh CoMoCx 173.2 154 9.6
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20
——CoMoOx fresh —CoMoCx fresh

—CoMoOx spent —CoMoCx spent

Figure4-6 XRD patterns of fresh &hQdYsQGoeatmetaCo/ Mo

I CoMoQy; 3 :CosMo3C.)

4.2.2 Reducibility

The reducibility of the two fresh catalysts was studied by temperptagrammed reduction.
With the increase of the temperature, the catalysts were reduced by hydrogen and the consumption
of the hydrogen was detected by TCD and recorBigdire4-7 shows the TPR profiles of the two
fresh CoMo catalysts. In general, oxide catalysts can be reduced at higher temperatures than
carbides. The peak around 400 °Cis related to the reduction of Cgthafother oxide, CoMaD
Deep reduction to metal alloy happened after 550 °C and mostly around 700 °C, indicating the

difficulty of reduction to metal for CoMo oxide.
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The CoMo carbide tended to be reduced at a relatively low temperature before 700 °C. The
sharp peak showed at 310 °C represented the reduction of oxycarbide species weakly bonded to
the alumina support while the peak above 600 °C was a deep reductionidéspecies to metal.

It is worth noting that a mild peak appeared at around 400 °C in carbide sample which has the
identical position as in the oxide catalyst, corresponding to the reduction of CAMGOMaO;,

possibly indicating there was still binadtic oxide in the carbide sample.

—CoMoOx fresh

—CoMoCx fresh

TCD signal

100 200 300 400 500 600 700 800
Temperature, °C

Figure4-7 TPR patterns of fresh CoMg@nd CoMoG.
4.3 Catalytic performance evaluation
The catalytic performance was tested in terms of temperature and time depende@¢€®. The
conversiomand selectivity towards CO as a function of temperature are shdviguire4-8. The

temperature tests were conducted from 300 °C to 600 °C with an interval of 50 °C at 3 bar with
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GHSV = 60,000 mL Ageit (HG4) and GHSV = 10,000 mLAg.,1 (LG4). The volumetric ratio
of H,:CH,was kept at 4 for all experimeni&he catalystsvere reduced at 35C€ under 300 ccm
H, for 2 hours before the introduction of reaction ga3ée. equilibrium conversion curve (Eq4

in Figure4-8) of RWGS was added for comparison as well.

CoMo carbide catalyst showed higher conversion than oxide sample at all temperatures but
exhibited lower CO selectivity after 450 °C. When the temperature reached 600 °C which is the
favoured conditionby RWGS, the selectivity increased to 0.9 and lha@H&V and low GHSV,
respectively. The oxide sample did not offer distinguishable performance at high GHSV but when
the GHSV was 10,000 mLig.1, the difference o€O, conversiorbetween oxide and carbide
was degraded. Regarding the selectivitgMDO, showed advantages over CoMo@nd

maintained 1 at all temperatures at high GHSV.
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Figure4-8 CO, conversionand CO selectivity of CoMo catalysts as a function of
temperature. Reaction condition: P = 3 Bd/CO, = 4, GHSV = 60,000 mLigcatl (HG4)
and GHSV = 10,000 mL-H#gcatl (LG4).

Compare to the equilibrium conversion curve, CoMt&Sted at lower GHSV is the closest

one, especially neighbouring 500 °C whereas over 30% oE@econversionwvas contributed
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from CO, methanationnstead of CO production. However, if the GHSV is increased to 60,000
mL hlgy! (CoMoGC, HG4), the conversion at 600 °C remained comparable level but the
selectivity towards CO surprisingly increased back to 1 which is desired. Overall, Gokidide

exhibited superior performance than CoMa® a higher temperature and higher GHSV.

4.4 Discussion and concluding remarks

In conclusion, this chapter presents a comprehensive investigation into -Gaddd
bimetallic catalysts for C&xthermaocatalytic conversion, with a particular focus on their potential
forthe Reverse Water Gas Shift (RWGS) reaction. The exploration of these catalysts encompasses
crucial aspects such as gas hour space velocity (GHSV) impact, stability assesstexi¢ raive
characterization experiments. The catalyst synthesis process involvingthe RME method is detailed,
emphasizing the need for a uniform system to facilitate the formation othgekrsed bimetaliic
particles. The subsequent steps, includingggvashing, and calcination, are outlined to obtain
both oxide and carbide catalysts. Characterization techniques encompassigSCBET
surface area analysis, XRD patterns, and TPR profiles are employedto assess catalyst composition,
surface area, gstallinity, and reducibility.The catalytic performance evaluation reveals that
CoMo carbide catalysts exhibit higher €&nversion rates compared to oxide samples across a
range of temperatures. However, CO selectivity decreases in carbides afterré60@ding to
desirable levels at 6, particularly at high GHSV. CoMo oxide samples, on the other hand,
exhibit better selectivity under certain conditiomssummary, the study underscores the potential
of CoMo-based bimetallic catalysts, especially carbides in €@hversion applications, while
highlighting the influence of temperature, GHSV, and selectivity. Further reseaghdasted to
improve thecarburization conditions and deepen the understanding aftfadytic mechanism

which can pavehte way for more efficient and sustainable L&Onversion processes.
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Chapter 5 Al,0s-supported iron catalystsfor CO2 hydrogenation to light

hydrocarbons

This chapter presents arvestigation into C@direct hydrogenation ttight hydrocarbons
using Febased catalysts, aiming to compare the impactwdrse microemulsion method (RME)
and reaction conditions. Three catalygas synthesised for comparisoRME Fe/AbLOs3,
precipitation on RMEsynthesized AD; (Fe/RMEAI,O3), and precipitation Fe/ADs.
Characterization of the catalysts reveals that RME R&Aboasts smaller 8, particle sizes
facilitate the generation a¥-Fe;C, phaseunder reaction conditioand superior Fe dispersion on
the alumina support. Notably, RME Fe#®s demonstrate outstanding C@conversion and
selectivity for C2+ hydrocarbons, with the highest conversion rate observed at 375°C and a
maximum conversion of 56%nvestigation of the impact of O, ration was also conducted
Lowering the H/CO; ratio results in reduced conversion rates and a 10% decrease in selectivity
toward C2+ products while maintaining a comparable spateyield. Examining spent catalysts
confirms the transformation of magnetite to carbides during the reaction, confyitusustained
cataltic activity. The smaller particle size from the RME procedure enhances catalyst activity and
stability which highlights RME Fe/AbO; as a promising candidate for industrial £0

hydrogenation applications, particularly for the production of light hydrocarbons.

5.1 Catalystsynthesis

To synthesizerAl,Os-supported Fe catalyst via the reverse microemulsion (RME) method,
three RMEs containing appropriate amounts of ferric nitrate (Feg®®,0, SigmaAldrich) and
aluminum nitrate (AI(NQ):®H,0, FisherScientific), and ammonium hydroxide solution (1M

NH4OH, LabChem Inc.) were prepared (target loading was 40wt% FegifF£)3). RMES were
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obtained by mixing aqueous phase (DI water), surfactant (Tritd@X Acros Organics), co
surfactant (propan€, SigmaAldrich), and oil phase (cyclohexane, SigiAklrich) using the
1:1:4.5:3.%olumetric ratio. The prepared RMEs were mixed in the order shown in Supplementary
Information (Fig. S1). Briefly, aluminum nitrate RME was first mixed with /& RME (acting

as a precipitation agent), and then ferric nitrate RME was added dropwise immediately to prevent
precipitation of large particles resulted fndhe separation of phases. The resulted mixture was
mixed using a magnetic stirrer for 8 h and then aged overnight (12 h) for stratification (settle the

precipitation for easy separation).

The resulted gelike precipitate was separated by centrifugation with subsequent washing
by a mixture of ethanol and deionized water (3:1). This centrifugation/washing procedure was
repeated 4 times. The washed precipitate was collected and dried ovetnigl0 °C. K was
subsequently added by wet impregnation using a dilutgeicK solution (0.13 mol/L) as an
impregnation medium (the target value was 5 wt% K ifrddg-Al,O3). After that the precipitate
was calcined at 400 °C for 3 h under flow of air.prepare for reaction, the powder catalysts was
pelletized and sieved to 25125 um pellets. The catalyst synthesized using the method described
above was denoted as RME &O3. Two reference catalysts were prepared for comparison. The
Fe/RMEAI,O; catalyst was synthesized by loading Fe via wet (agueous) impregnation (using
Fe(NG).OH,0) onto the RMEg-Al 05 support. The RMErAI,O; support was prepared by the
same RME method as described above, but without Fe and K introduction. Ahglgeatalyst
was synthesized via wet (aqueous) impregnation using F§488,0 as Fe precursor and a
commercial suppog-Al,O3 (Alfa Aesar, 250 rf/g). Prior to reaction tests, all powder catalysts

were pelletized and sieved to 2825 pm pellets.
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Figure 5-1 Schematic representation of the reverse microemulsion (RME) synthesis (RME
FelAl,03), combined RMEprecipitation method (Fe/RMEI,O3), and direct precipitation

synthesis (F&1,03).
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5.2 Catalyst characterization
5.2.1 Crystallinity

To investigate elemental composition, crystallinity and morphology, fresh (calcined) and
spent (posteaction) catalysts were characterized via -[@ES, gas adsorption, XRD, and
HRTEM. Elemental composition analysis showed Fe loadings in theZ8BRBwt%range Table
5-1), with the average value of 39.5 £ 1.31 wt%, i.e., 3.32% standard deviation. The target loading
was 40wt% FeXl,O3; and the average standard deviation between 3 analyzed samples (for each
catalyst) was 0.93 wt%. Potassium (K) loading was 4.5wt% and 4.9wt% for FeARNE and
FelAl O3, respectively, with the RME F&f,03; sample value deviating by ca. 2wt%aple5-1).

The target value was 5wt%, and the higher value obtained for the RME method can be attributed
to the relatively lower K washout during the centrifugation/washing procedure. It has been
reported in the literature that the Fiscii@opsch catalytic actity of iron catalysts is notenhanced
above K/Fe atomic ratio of 0.05 (in the current study K/Fe atomic ration wasOQ256or 4.5

6.6wWt% K loading)[199]

Table 5-1. Specific surface area (SSA), I@keasured loading (L), and crystallite size
calculated from XRD patterns (DXRD) for fresh (calcined) and spent{gastion) catalysts. For
spentsamples, the followingreaction conditions were used: T83380CH,/CO,= 3-4, GHSV

= 3,000 mL/(g h), P = 10 bar (absolute); the total tiomestream was 70 h

SSA, n¥/g L, wt% Dxrp, NM

fresh spent

Al -03 FeOs Al 203 FeOq FeC

fresh spent| Fe K

RME
Foll,0, | 219 110 |383 66| 33 - B.0£1.0 12.742.3
Fe/RME 199 131 [39.3 45| 3.9 i ——  65:1.3 13.0
Al,0q
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Figure 5-2 XRD patterns of fresh (a) and spent (b) catalysts synthesised by RME method
(RME FeAl,03), precipitation on RMRAI 03 (Fe/RMEAI,O3), andprecipitation (FeAl ,Os). For
spentsamples, the following reaction conditions were used: T3360CH,/CO,=3-4, GHSV

= 3,000 mL/(g h), P =10 bar, timen-stream =70 h.

SSA values of as prepared catalysts (after calcination) are listed in Table 2. RMEOge/

has the highest SSA value (219/g) that emphasizes the advantage of the RME method in
synthesis of high surface area materials. Fe/RNYO; (for which g-Al,O3; support was
synthesized viathe RME method) also showed higher SSA compareAtgd-@repared by wet
impregnation on commercigdAl,O3 (199 nt/g vs. 160 rdg). The obtained values are consistent
with the high SSA of the RMiBynthesizedrAl,O3 (299 nt/g, Table 2), which is substantially
higher than that for commerciglAl,O3 (250 n?/g, see Section 2.1) indicating that the alumina

supportis also sensitive to the preparation method and willimpact the SSA of the catalysts after
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Fe,0O3; was deposited. For spent catalysts after 70 h on stream, there was a significant reduction of
SSA for RMEbased catalysts, probably attributed to sintering of the high surface area RME
synthesizedrAl,Os. Interestingly, there was no SSA reduction for¥tegDs, which is apparently

related to high durability of the previously stabilized commergial,Os. [199]

Fresh (calcined) and spent (posaction) catalysts were characterized via XRD to study the
phase change behaviour and crystallite size evolution under reaction conditibase phase
was not detectable, as expected due to the low K loading. In gteFefl,O3 sample (Figuré&-
2a), diffraction peaks observed atFe®dhasA, 35.
(PDF: 330664), while the two peaks detectedat45.8° and 66.8° are charactegsticGk (PDF:
29-1486). In fresh RME Fé&l,03; and Fe/RMEAI,O3; (Figure5-2a), broad peaks were scarcely
det ect aAeD:¢33.8°@nd 3%)5°) angtAl,O3 (45.8° and 66.8°) phases corresponding to
the highestintensity peaks . Scherrer equation was used for crystallite size calculation (reported in
Table5-1). Peaks at 45.8° and 66.8° were used fogtAe,O3; phase and peaks located at 33.3°
and 35.5A we r-eOsphasadin thedmal,0t sample For RME F&l,03; and
Fe/RMEAI,O3 samples, only a peak at 66.8° was relatively clear. The larger crystallite sige for
Al,OzintheFeAl,Oss ampl e Iis consi stent wieOskrystllitssima | | e r

was below 10 nm indicating a relatively good dispersion.

In spent catalystdgure 5-2), F&O3; was transformed to @, (as expected for highly
reducing environment), with the characteristic peaks located at 30.1°, 35.4°, 43.1°,53.4°, 56.9°
and 62.5° (PDF: 19629) observed for Fal,0s;. ThegAl,O3 phase was also clearly detectable
for FeAl,O3 (at 45.8° and 66.8°), and no other phase was detected. For RME®eand

Fe/RMEAI,O3 -F&C, was detected (at 39.4°,40.9°,43.5°,44.2°,47.3°, and 50.2°; PDF: 36
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1248)in addition to F©,andgAl,Os. Thee-FesC, phase wamore definedin the RME F&1,03

sample, while foFe/RMEAI,O; this phase wascarcelydetectable. The absence of thEeC,

phase irFe/Al,O; indicates that the RME synthesis promotes the formation of the carbide phase.
G-FesC, is widely reported as an active phase in the-ibased FT synthesis, with both,Bgand

Fe;04being precursors @kFe;C,. [200] The structure evolution of the Fe catalyst starts from the
activation of FgO3 t 0-Fef, by CO, oxidation to F©, by CO,, and regeneration
FeC, by CO.[201] | nt er e st FeCqg phase was hot detected in the spenARE);

catalyst that has a significantly largers;6g crystallite size as compared to the Ri&sed

catalysts (able5-1). This observation may indicate that the smaller crystallite size resulted from

the RME synthesis facilitated the transformation of magnetite to carbide.

For spentcatalysts, tigeAl ,O; crystallite size was only calculated for Re&/Osusing anon
overlapping peak located at 66.8°. Note thatdi®d O3 crystallite size in the spent Rd,O;
catalystis slightly lower than thatfor fresh RBO3z (Table5-1), which is consistent with a slightly
higher SSA value for the spent catalyst. TheQzecrystallite size was calculated using peaks
|l ocated at 30. 1A, 33. 3A, -BeX,pHhaketheErgstalfteisizawasd 6 2 .
calculated using peaks located at39.4°,40.9° and 50.2° for RMEBegand 50.2° for Fe/RME
Al,O;;, as other peaks wer e e i-Relerystaliterszeisralgively ng or
large, although it should be emphasized that the related peaks were not clear that can cause
significant errors in crystallite size evaluation. Still, qualitativelp e a k i -kegC, pedkearec
rather sharpRigure5-2b), which is indicative of a relatively large crystallite size. It is important
to emphasize that, although the SSA for spent RMEIE®4 was relatively small, the calculated

Fe;0, particle size still showed the smallest value (6.0 dimble 5-1), suggesting that the
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reduction in SSA in RME F&l,03is mainly due to the RMEynthesizedrAl ,Oz particle growth

and agglomeration under reaction condition.

5.2.2 Reducibility

H,-TPR results of fresh (calcined) and spent (pesiction) catalysts are summarized in
Figure 5-3. The low temperature peak centered at ca. 350 °C, which was detected for fresh
FelAl,O; and RME Fehl,0; catalysts, corresponds tokg being reduced to E©,4. The higher
temperature of the F®;A Fe;0O4 reduction for Fe/RMEAILO3 (ca. 450 C) can be attributed to
the larger FgO; nanoparticle size resulted from the wet impregnation method. The high
temperature peak centered at ca. 700 °C, which was observed for all catalysts, indicates the direct
reduction of FgO,to F&. [202, 203]The intermediate peak that appeared ilAF€); at 510 °C
can be referred to the formationfefO(W(istite) that retards the direct reduction of®gto Fé.
[202-204] It was reported that ®; reduction to Fetypically follows a threestep route, i.e.,
Fe03A FesOA FeQA Fe, [202, 204, 205hs it was observed for PdLO;. However, RME
FelAl,Oz and Fe/RMEAI,Ozundergo twestep reduction (F©s3A FesOA FeEP), which is evident
from the absence of the intermediddenperature reduction peak. The absence of th@ReFeO
step in the RMEbased catalysts can be explained by the enhanced dispersion of Fe species on the
RME-synthesizedrAl,O3; support resulting in the stronger active phagpport (FeO4-g-Al,05)

interaction.
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Figure5-3 H,-TPR profiles of as prepared, calcined (a) and spent, after 7@tne@m (b)
catalysts, comparing the catalysts prepared by the RME method (RME®$)/ precipitation on

RME-synthesizedrAl O3 (Fe/RMEAI,O3), and precipitation on commerc@hl 03 (Fe/Al ,03).

For spent catalysts, qualitatively similar TPR profiles were obtained, with the two reduction
peaks observed, although located at somewhat different temperature range. The first peak located
in the 240450 °C range is related to pasiaction residuals ahe catalyst surface (adsorbed CO,

CO,, hydrocarbons, as well as amorphous and polymeric carbon), as it was supported by the TPR
off-gas analysis (sdegure5-15andSupplementary Informatigri-rom the same offjas analysis,

it can be seen thatthe second peakthatstarts to appear at6&®GBJdepending on the sample)

is first associated with C@;H, andH,0 signals, and then predominantly with H signal. On

the other hand, this peak appears in the similar temperature range asQ IF reduction

peak in fresh catalyst$-igure 5-2). Therefore, it can be a combination of graphitic carbon

hydrogenation (resulting i€H, formation) and F¢O, reduction (leading td1,0 generation). It
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has been reported that hydrogenatios-66C, occurs above 500C[201, 206]but the presence
of the postreaction residuals on the catalyst surface does not allow for deconvolution of this

process from hydrogenation of carbonaceous species.

5.2.3 Morphology

Nanomorphology of fresh, calcined catalysts was characterizedvia STEM, including STEM
HAADF elemental mappingFigure 5-4 to Figure 5-6. For FeAl,Os, fresh catalysts show
agglomerated nanoparticled.,O; nanoparticles with a diameter ofZD nm EFigure5-4b,c) and
d-spacing of 0.24, 0.193 and 0.14 nm were observable for (311), (400) and (440) facets
respectively, while some of thid,03; phase was in the form of a large crystalline structure with
unclear boundaries. Particle size distribution analyEgufe 5-4a,d) of well defined particles
indicated thatin the fresh P40 catalyst, the particles primarily compriabOzand FeOz with
a nanoparticle size of 9.1 + 1.7 nFidure 5-4a). After 70 h on stream, ca. 3 nm growth in the
average particle size was observed, resultingin the 10.3 + 2.8 niRigize6-4d), with the spent

catalyst showing identified phasesAlf,O; and FgO..

In addition to the relatively uniformly distributed nanoparticles showirigure 5-4d,
relatively large nanoparticles with a diameter ranging from8@m were also found in the spent
FelAl,O3 catalyst Figure 5-4e). This nanoparticles has a ceafeell structure that is clearly
observablen both STEM images and HAADF mappirfgqure5-4e,f,g), where the Feich core
Is surrounded by an amorphous shell enriched with O while K evenly distributed on the Fe
containing particle andl,Os;supportFrom combining the elemental mappikigure5-4g), with
d-spacing analysisqgure5-4e,f), the core can be ascribed#®0O, (d-spacing of 0.25 and 0.49
nm). Interplanar distance analysis indicated that the existing phases@r111)( d = 0. 483

andFe;04(311)( d = 0.Thi Bn8ingagrees with the XRD resulBdure5-4b) that showed
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Fe;0, as the only irorcontaining phase in spent Pé4O3;, while no iron carbide phase was

detected.

Nanoparticles in the fresh Fe/RMHE O3 catalyst after calcination mainly had a particle size
of 5.6 £ 1.9 nmFKigure5-5a). Interestingly, F#,was found as spherical nanoparticlethimfresh
catalyst Figure 5-5b) by dspacing analysis, which in XRD pattern, onlyyGgandAl,O3; were
identified. The nanoparticle size grow to 8.5 £ 3.0 nm for spent Fe/RMB; catalyst with a
slightly decentralized particle size distributidfigure5-5c¢). Similar coreshell structure was also
identified in the spent Fe/RMEI,O; catalyst as in the spent PéfO; catalyst. However, large
Fe-containing nanoparticles over 50 nm as showifrigure 5-5e were not detected in spent
Fe/RMEAI,O3, which might be attributed to the enhanced dispersion from the RME synthesized
g-Al, O3 support The enhanced dispersion of Fe species on D3 seems to play a pivotal
role in preventing aggregation during the reaction and remain well distributed. This aspect

showcases the efficacy of RME alumina in maintaining a favourable particle size distribution even

under high temperature, there by conttbun g t o t he catalystoés stabi
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Figure 5-4 STEM images of fresh {a) and spent (d) Fe/Al,O; catalysts, also showing
particle size distribution (a, d) and HAADF (g) elemental mapping of a single particle in the spent

FelAl,O; catalyst (g).

Fe speciesin additional to &, Hagg iron carbideras also identified by-dpacing analysis,
with phases afe-FesC, ( 51 0) ( d =PBesC2(818 ) )(,d = 0Insid® t8e corshell
structure, the carbide phase was well defined and disperg@gldred FeC, particles were also
observedin some area on the supportwithouta clear shell. Small amoutpaftieées were also

identified on the support which might be the intermediate of the formation of the carbide phase.
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Figure 5-5 STEM images of fresh (a, b) and spent (c, d) Fe/RMED; catalysts with
particle size distribution (a, c), HAADF intensity profile of a typical eehell nanoparticle in the

spent catalyst (e) alongthe direction pointed in (f), and elemental mapping of this nanoparticle (g).

In the elemental analysis of a single parti€ig(re 5-5e,f,g), it can be determined Fe and
K are finely distributed and well dispersed on the esirell structure particle after 70 h on stream.
The carbide core was well defined while from the O distribufiégure5-5g), although the shell
Is amorphous, it could be deduced that the shell consists of oxiadeoxides. The HAADF
intensity profile (Figure 6e) of the particle showrFigure5-5f along the direction pointed also
indicates the oxygen intensity changes across the particle. The formation of this Fe carbide (code)
oxide (shell) structure may due to the CO dissociation on Fe (110) surface under the reaction
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condition which C leads to the formation of carbide and O leads to the oxidd2hAIt-spacing
analysis to the corshell structure, it was also revealed t&;C, andFe;0O, phases can exist in

the same core of a ceshell particle which further support the evolution scenario.

0 "FENe 8 01012 14
particle size, nm

04 8 12 16 20 g
particle size, nm

Figure5-6 STEM images of fresh {&) and spent (d) RME FeAl,O3 catalysts with particle

size distribution (c, d), and HAADF elemental mapping of the spent RV Je&/ catalyst (g).

In fresh RME FeAl,03, amorphous phase was widely obsenkgdyre5-6a,b). In addition,
uniform nanoparticles with a relatively narrow particle size distribution were detdatpdd
5-6¢), with a nanopatrticle size of 6.0 £ 2.1 nm. Nanoparticles under 10 nm are still dominantin

the spenRME FeAl,0O3; sample Figure5-6d), with the average nanoparticle size of 6.7 £ 3.2 nm.
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Sphericab-Fe;C,and FgO4 nanoparticles without noticeable oxide shell can be identified in spent
RME FeAl,O3 (Figure5-6d,e). A slight increase in the average nanoparticle size from 6 to 7 nm
was observed. Nanoparticles witksgacing of 0.20 nm and 0.182 nm (facets (510) and (312),
respectively) were assignedad-e;C,, Figure5-6d,f. FeO,was also identified in RME FAI,O3,

from the dspacing of 0.475,0.157 and 0.293 nm, corresponding to (111), (511) and (220) planes,

respectively (JCPDS 10629).[208]

From the elemental analysBigure5-6g), K was evenly distributed on the surface and that
Fe-rich nanoparticles were wellispersed on thAl,O3 support. It is clear that the Fe mapping
overlaps with the HHADF images suggesting that the spherical nanoparticles-iach. 7l
analysis also indicates that the-fieh particles attach to thA ;O3 support and potentially interact
with the support. From the intensity of the O mapping, O signal was not intensifieeiel Fe
region which suggests that O mainly came fromAh€®; support.The existence of iron carbide
species was also proved by the FPRR experimentkigure 5-15), in whichCH,4 and light
hydrocarbons desorbed from the catalyst surface whenthe sample was reduced at high temperature,

indicating the possibility of the-FesC, + 2H, A CH4 + F&C reaction [206]

The STEM analysis unveiled distinctnanomorphology amory Ke4, Fe/RMEAI,Osand
RME FeAl,O; catalysts. The nanoparticle size o,Gg andAl,O3 in RME-synthesized fresh
samples (RME F&l,0sand Fe/RMEAI,O3) was considerably smaller than that forAdeDs (ca.
6 nm, Figure 5-5a,b andFigure 5-6¢), indicating that the RME method enhances active phase
dispersion. The fresh F&,03 catalyst exhibited agglomerated nanoparticles, transitioning to a
coresshell structure postaction, while the Fe/RMB&I,O3 catalyst avoided aggregation due to
enhanced Fe dispersion on RME alumina. Conversely, RMEl &/ displayed an amorphous

phase initially, transitioning te-Fe;C, and FgO, nanoparticles pogeaction without corehell
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structure observed. These findings underscore

Fe species dispersion and stability.

5.2.4 Surface property
In order to analyze th€O, adsorptiorstrength CO,-TPD was performed on both fresh and

spent catalystCO, desorption peaks are showrFigure5-7. Fresh (calcined) catalysts showed
a single peak centered at ca. 80 °C for all three methods, corresponding {G@eaisorption

[209] A relatively small shoulder that appeared at 185 °C for Fe/R#D3; and RME FeAl ;03

can be attributed to molecul&O, with moderate adsorption strengf@09, 210]

after reaction
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Figure5-7 CO,-TPD profiles of as prepared (after calcination) and spent, after reaction (70

h on stream) catalysts.
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For spent catalysts after dehydration at 200 °C, TPD profiles were quite complicated. The
same peak centered at ca. 90 °C for fresh catalysts, which is associated wittC@gak
physisorption, was also for all spent catalysts. The second peak at 185 °C was also observed as a
shoulder in RME F&l,03and FeAl,O3, and as a distinct peak in Fe/RM¥O3. Notably, in
spent catalysts the second peak (at 185 °C) was of significantly higher intensity compared to the
first peak (at 80 °C), indicating that the friaet of active sites associated with the molecGi@y
adsorptionwith moderate strength has increased significantly after the exposure to reaction

conditions for 70 h.

In addition to these two desorption peaks that were also observed in fresh catakysts,
additionalpeaks were observed in spent catalysts at higher temperatures. The two peaks centered
at 232 °C and 375 °C can be ascribed to moderate and strong adsor@ion (@11, 212]The
two moderate adsorption peaks cantered 185 and 232 °C may corresponding to the chemisorption
of CO;, at two different active sites and there is a great chance that the active site of the peak at
232 °Cis formed irsitu during reaction due to its absence in fresh catalysts. The peak centered at
493 °C for RME FeAl,03and at 535 °C for Fe/RMBI,Oz;and FeAl,Osmay be attributed to the
desorption of CO that is generated from the dissociation of surface species such as formates and
carbonates adsorbed tre active sites under reaction conditio24.3] Fresh catalysts exhibits
weak CO, adsorption while spent catalysts after exposure to reaction condition showed more
complex profiles with increase2io, adsorptiorpeaks at higher temperatures, suggesting changes

in active sites and potential chemisorptionGiD,.

5.3 Catalytic performance evaluation
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5.3.1 Effects of operating conditions
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Figure 5-8 Catalytic performance evaluation of RME REO; for T = 325375 °C and
H,/CO, = 3and4, showing product distributio&O, conversior(X, squares), and carbon balance

(CB, circles). Operating conditions: GHSV = 3,000 mL/(g h), P =10 bar (absolute).

Before reaction tests, thoatalysts were reduced at 400, 1 bar,under 300 ccm kifor 3
hours to expose the active sit&mnceRME FeAl,0; is the most promising candidate, reaction
tests were performed at various reaction conditions to investigate the effect of temperature and
H,/COratio (Figure5-8). conversion ofCO, increased along with the temperature whigiCO,
is 4 as expected and the highest selectivity (0.59) was achieved at the lowest temperd@ire 325

butdue to the supressed conversion, the space time yield (STY) was omyB®3/8g../k), while
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STY at 375 °Cwas 7.75 mmoligh).H,/CO, was tuned down which aimed for higher selectivity
towards C2+ hydrocarbons, the conversion was lower which follows the reaction kinetics, but

surprisingly, the selectivity towards C2+ at higl@d, mole fraction was lower and.

5.3.2 Comparison between catalysts

The catalytic performance of the threemspared catalysts faZO, hydrogenatioro
hydrocarbon reaction were tested under-325°C, pressure of 10 bat,/CO,=4 or 3, and 3,000
mL/(g h) condition. The conversion, STY and product distribution are summari#eglire5-O.
RME FeAl,O; displayed outstanding catalytic performance with the highest selectivity among
these three catalysts at all reaction conditions tested, particularly achieved 0.52 selectivity towards
C2+ hydrocarbons at 378, H,/CO,=4. Itis noteworthy that the superior of RME &kBO3 over
the reference catalyst was enlarged at a higher temperature°& 8@mpared to 35¢C in terms
of STY and selectivity to C2+ hydrocarbons. The’€0f increment in the temperature not only
provided a growth of selectivity, 0.11 and 0.02 for RMEMFgD;and Fe/RMEAI O3 respectively,
but also pumped up the reaction rates for all catalystsc@dheersion ofCO, increased with the
increasing temperature from 380 to 375°C where the highest conversion yet highest growth
was both observed on RMERAI,O3, from 0.42 to 0.56. Fe/RMBI,O3; showed comparable but
slightly lower conversion to RME F&l,03 while the selectivity was unable to exceed the latter,
resulting in a lower STY at 37% whenH,/CO,=4. However, comparing to the reference sample
FelAl,O3, RME FeAl,Osstill have the advantages both in conversionand selectivity. Considering
the SSA results, it can be seen thatthe RME method can enhance the surface areédfg)both
support as well as the active Fe phase. Interestingly, a postatenship(Figure 5-9d) was

observed which the selectivity towards C2+hydrocarbonincrease witbtiversion o€0,. The
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similar trend was observed by Barrios and Liu €8], 96]and this may suggest that CO is the

primary product while th€H, and hydrocarbons are secondary products.
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Figure5-9 Catalytic performance comparison atdifferentoperating condition. Product distribution,
CO, conversionand spacéime yield (STY) are shown for the three catalystg)at = 350 °C,
Ho/CO,=4,b) T = 375 °CH,/CO, = 4, andc) T = 375 °C,H,/CO;, = 3. Repetition was done to
confirm the repeatability and the standard deviation between 2 baedtedat T = 375 °C,
H,/CO, = 4 are shown in (aBelectivity to C2+ vsCO, conversioris shown in(d), for the data
reported in (ec). Operating conditions: GHSV = 3,000 mL/(g h), P =10 bar (absolute

The productdistribution, conversion, and STY of RME¥gD; evaluated under conditions

ranging from 308875 °C anH,/CO; ratios of 24, are depicted ifrigure 5-10a. Note that the
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product distribution was quantified based on the FTIR signal with a detection range limited to C1
C4 hydrocarbons. Atl,/CO, ratio of 4, the conversion steadily increased with temperature and
reached its maximum value at 375 °C, while observing a slight decrease in the selectivity towards
C2+ hydrocarbon products. However, when tHgCO, ratio was decreased at a constant
temperature of 375°C, th€O, conversionrate decreased due to reaction equilibrium

considerations, also resulting in a 10% decreaskedrsélectivity towards C2+ products.
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Figure 5-10 Catalytic performance evaluation of RME R&fO; for T = 300375 °C and
H,/CO, = 2-4, showing product distributio,O, conversior(X, squares), selectivity to G4 (S,
triangle), and spaetme yield (STY, diamond). Selectivity to C2+ 80O, conversions shown
in (b), for the data reported in (a). Operating conditions: GHSV = 3,000 mL/(g h), P = 10 bar

(absolute).

Despite the reduction inl,/CO; ratio, the STY remained comparable as the GHSV was
maintained constarfEigure5-10b presents the correlation betwe&g®@, conversiorand selectivity
towards C2C4 hydrocarbons. A near linear relationship is observed between these two parameters,

which is a considerable improvementas compared to the results depléitpdeb-9d, indicating
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the linear relationship is observed to be stronger for individual catalysts under different reaction
conditions.Table 5-2 summarizesatalysts reported for direct hydrogenation of ,G® C2+
hydrocarbons, includiripis work.Considering theelatively lowpressure conducted in this study
theSTY of C2+ hydrocarbonsn RME Fe/A}O; catalysts achieved a comparable value with this
mild conditionof 10 barsince long chain production usuatlquires high pressure to push the
equilibrium.Based on referencgd9, 100]presentedh Table5-2, it canbe observedhat the
incorporation of additional metals, such as Cu, has the potential to enhance performance. This

insight should be taken into account in future work.

Table5-2 Summary of experimental reports on direct@@drogenation to hydrocarbons.

GHSV, | feed | P, —. | X(CQ), Product distribution, % Y(C5+) Y(C2+)| STY(C2+)
Catalyst mU@g )| Hico | bar | T C| o [SCO)[SC2) T caca [ csv| % | % |molcigh) &
6.6%K Currg
38.39RME 3000 4 | 10| 375 | 55.8| 17.1 | 51.8 | 48.2| 409 | 109| 6.1 | 289 7.7 nt
Fe/ALOs work
CuFeQ 1800 3 | 10| 300 | 173 | 3.7 | 665 | 2.7 | 310 | 663| 7.8 | 115 23 | 47
1.18%NeFe0, | 2000 3 | 30| 320 | 405 | 135 | 728 | 158| 541 | 30.1| 105 295 6.6 |[214]
Na
FoOJ/HMCM22| 4000 2 |30 320 25.9| 171 | 763 | 9.0 | 100 | 82.0| 176 | 198 | 118 |[215
FeO; 1140 3 | 15| 350 | 400 | 150 | 730 | 141| 435 | 42.4| 14.4| 29.2 37 |[216]
79%Ce
D TAOX 1 8 | 200 | 153| 04 | 616 | 466| 534 | 84 | - 9.4 ; [217]
ZnCr 3000 3 | 49| 400 | 3.7 | 858 | 132 | 68 | 682 | 250| L1 | 42 14  |[218]
E_izbgtzar'HZSM 3000 3 | 50| 340 | 149 | 386| 605 | 15| 70.7 | 26.8| 2.5 | 9.0 3.0 |[219]
FeMnK 2400 3 | 10| 300 | 382 | 56 | 846 | 104| 27.7 | 61.9] 223 323 87 |[220]
15%Ce 1200 3 5| 300 | 423| 82 | 242 | 736| 243 | 21| 08 | 102 0.2
6%K/AIOs [221]
15%Co
BRI, 1200 3 5| 300 | 122 | 335 | 506 | 239| 761 | 00| 00 | 6.2 0.1
3.8%K 2000 3 | 25| 300 | 506 | 82 | 76.4 | 16.8| 347 | 485| 22.5| 38.7 8.6 |[222]
18.4%Fe/MPC : : : : : : : : :
8.7%K57. 7%Fe
7 BOUAD, 5000 3 | 25| 300 | 37.0| 95 | 80.0 | 13.6| 339 | 525| 176 | 2096 | 165 |[223]
0.9%K13.4%Fe
L 6%CoTio 3600 3 | 11| 300 | 239 | 31.0| 460 | 333| 159 | 50.7| 84 | 110 4.4
1.3%La0.9K [94]
1.7%Cu 3600 3 | 11| 300 | 231 330 540 | 19.4| 134 | 67.2| 104 125 5.0
13.3%Fe/TiQ
10%K13%Fe
kol 7200 3 |30 400 | 420 - 520 | - | 326 | 67.4| - | 218 | 176 [[224]
8.7%K2.6%Co
12, 4F el AO, 3600 3 | 11| 300 | 32.0| 180 69.0 | 159]| 841 | - - | 214 8.6 |[100]
2.696K2.8%Cu
2 2%reln0. | 3600 3 | 11| 300 | 314 | 16.0| 69.0 | 17.9] 821 | - - | 217 8.7 | [99]
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Figure5-11 Stability test of the RME F&l,0; catalyst, showing product distributio@,
conversion(X, squares), and selectivity to C2+ (triangles). Operating conditions: T = 375 °C,

H,/CO, =4, GHSV = 3,000 mL/(g h), P =10 bar (absolute).

5.3.3 Sability tests

Since stability is a crucial descriptor to the performance of a catalytic matehi,
FelAl,O3 was tested on stream for over 125 h at the condition with the highesFRjLiYeb-11).
Surprisingly the conversion experienced a 9% growth during 40 h to 50 h and maintained at the
same level for the rest of the experiments. Nevertheless, the production efficiency of C2+
hydrocarbons decreased gradually which can be revealed from th@rdysplectivity. Methane

started becoming the dominant product from 50 h but CO fraction remained constant indicating

96



methane might be the biggest competitor of light hydrocarbons. It was reported that the catalyst
phase with high content @fFe;C, might show a gradual increment after a long time on stream.
[225, 226]
5.4 Postreaction characterization

In order to study the phase changes and behavior differences before and after the reaction,
characterization technics were also conducted for the spent catalgpsnte/Al ,O3, large core
shell particles having size of around 60 nm were widely observed which the diameter was tripled
compared to the fresh catalysSigure5-4d). However, in the Fe/RM#I,0O3 sample, even though
the Fe was loaded to the support by wet impregnation, the Fe particlé-gjaee G-5d) after
reaction was still much smaller than ABO3, and only grew by about 150%, suggesting a superior
support not only can provide higher specific surface area but can also prevent the sintering of

active phase.

The effect of size to the selectivitifiure5-9) is also agree with the observation of Suo et
al, [227] the selectivity towards C2+ increases with decreasing particle size. It also has been
proposed that the particle size of Fe carbide catalysts is vital to the surface specific activity and
the apparent turnover frequency of conversion to hydrocarbonsasesewnith a descending
particle size, which was proved in this study as well that smaller particle size correspondingto
higherCO, conversiorand space time yield228] A elemental mapping of three catalysts at a
smaller resolution were summarizedHigure 5-12and it can be seen for al samples, Fe and K

were well dispersed on thd,03 support.
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Figure5-12HAADF elemental mapping comparison of spent®gD; (a), Fe/RMEAI,O5

(b), and RME Fe&Xl,0O3 (c) catalysts.

XPS analysis was also conducted to understand the surface chemical nature of the spent
catalysts and the Fe 2p and C 1s region for each spent catalyst were skayunes-13. Peaks
around 710.5 and 723.6 eV in all 3 catalysts can be assigneé‘tddteblet{229]while peaks
near 713.9 and 727.3 eV areFdoublets with a satellite peak appeared at 711.9230] As
shown inFigure5-13, 295.2 and 292.5 eV are the 2p peaks fgd R31]and the peak observed
at 284.8 eV was ascribed to-Eels.[232] Fe&sC, appears at ~707 and ~720 édamparing the
Fe2* ratio determined from Fe 2p regidRME FeAl,O3; showed slightly higher content, 80.5%,
than Fe/RMEAI,O3(78.1%) and F&l O3 (77.3%). This small discrepancy may not be sufficient

to conclude the enhanced catalytic performance of RMEI @4 was from higheFe2* or Fe;O4
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content, the smaller particle sized resulted from RME synthesis is still a more compelling reason

of the superiority.
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Figure5-13 XPS patterns of spent Pd4/03, Fe/RMEAIO3, and RME Feil O3 catalysts.

The TPO profiles of the catalysts after 70 h time on stream under reaction conditions are

shown inFigure 5-14. Three distinclCO, peaks represent the presence of three carbonaceous

species.
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amorphous carbon phasedathe Fe carbides phase, as well as the Fe carbide sj20&233,
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of the Fe carbide speci¢233, 234|Consider thatthe total weightloss for all samples during TGA
analysis were around 3.5 wt%, the presence and higher content of Fe carbide sgRRIES in
FelAl,O3; and Fe/RMEAI,O; is further supporteldy the larger intensity af-peak, additional to

the postreaction XRD results.
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Figure 5-14 TGA-FTIR files of post reaction catalysts (70 h on stream). Stability test

conditions: T =375 °CH,/CO, =4, GHSV = 3,000 mL/(g h), P =10 bar (absolute).
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Figure 5-15 TPR-FTIR profiles of the spent RME R&l,O; catalysts (70 h on stream).

Stability test conditions: T =375 °E,/CO,= 4, GHSV = 3,000 mL/(g h), P =10 bar (absolute).
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To further confirm the surface carbonaceous species, TPR for spent catalysts was perform
and thespecies inthe effluent were analyzed by FTIR as showhRigure5-15. Small amount of
CO, was detected at low temperature range from 260 to 400 °C, which may due to the physical
and chemical adsorption on the surface and it was interesting to observe ©@ thas reduced
to CO starting from 400 °C producing water as by product. The first methane peak at 425 °C could
be assigned to the hydrogenation of Fe carji@s] while the second peak at higher temperature

at 630 °C is ascribed to the graphitic carbon deposifRi3b]

5.5 Discussion and concluding remarks

The present study sought to investigate @@, hydrogenatiorreaction over Fdased
catalysts, comparing catalysts prepared by the RME method (RM¥,6g), precipitation on
RME-synthesizedl 03 (Fe/RMEAI,O3), and precipitation (F&,0s3), and to identify the impact
of different synthesis methods aneaction conditions. The characterization of fresh catalysts
showed that RME F&l,0; exhibited smaller particle sizes of#k and alumina support, which

led to an enhancement in Fe dispersion on the alumina support.

RME FeAl,03; showedexcellentperformance in terms &0, conversiorand STY inCO,
hydrogenationAtH,/CO,=4, the highest conversion rate was observed at 375°C, with a maximum
conversion of 56%, and the STY was 7.75 mmgi&D at this temperature. The selectivity
towards C2+ hydrocarbons at his condition was 0.52, which was the highest selectivity achieved
among the three tested catalysts. The results also showed that a decreddg@Chmtio led to
a reduction in the conversion rate due to neace¢quilibrium considerations, also resulting in a

10% decrease in the selectivity towards C2+ products while maintaining comparable STY.
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The coreshell structure observed in the spent Fe/RMED; and FeAl,O; catalysts
supported the transformation of magnetite to carbides during the reaction, contributing to the
sustained catalytic activity. Moreover, the uniform structure of the-sbedl nanoparticles
observed in the spent Fe/RME,03; sample suggested that a superior support can prevent the
sintering of active phase, leading to better stability. The microscopy results suggested that the
smaller particle size resulting from the RME prduee facilitates the transformation of magnetite
to carbides, enhancing the activity of the catalyst. The spent RM& ,;Bg/sample consists
primarily of-FeC anadhkgO,patibles with @ pdrticlesize under 10 nm, and a
slight increase in average particle size of 0.8 nm was observed during the analysis, which showed
smaller particle size and decelerated growth after 70h on stream compared to HFdARNi&nd
FelAl,Os. Overall, RME FeAl,O; demonstrated excellent performance fGO, direct
hydrogenation to light hydrocarbons making it a promising candidate for future industrial

applications.
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Chapter 6 Experimental investigation of copper-doped ceria CuCe0,)

catalystsfor reverse water gas shift

This chapter presents a comprehensive exploration of CufZeélystsynthesized through
reversemicro emulsion methqaffering insights into their performance, stability, and underlying
mechanisms in C&eduction processesheinfluenceof Cu doping concentratioon thecatalyst
performances investigatd andunderscores the balance betweendadingand catalystintegrity,
as confirmed by XPS and XRBnalyses. Longerm stability testseveal minimal degradation
over 110 hours, highlighting resistance to coking and sinteringitrFTIR analysis unveils the
crucial role of oxygen vacancies generated by Cu doping, facilitating &i®orption and
activation. The findings emphasize the potential of Cu/Ce&talysts in C@ reduction
applications, while also highlighting the importance of Cu doping levels. Insights into the reaction
mechanism and the dynamic nature of surface adsorbates offer valualdaaior catalyst
design, with room for further computational studies to deepen mechanistic understanding and

catalystdevelopment.

6.1 Catalyst synthesis

Three reverse microemulsions (RMEs) were synthesized by combining an aqueous phase
comprising cerium nitrate (99.5% Ce(M@6H,0, Alfa Aesar), copper nitrate (CuNO®H0O,
SigmaAldrich), and ammonium hydroxide (280% NH,OH, LabChem Inc.) with a surfactant
(Triton X-100, Acros Organics), a esurfactant (propan€e?, SigmaAldrich), and an oil phase
(cyclohexane, Sigmaldrich) in a proportion of 1:1:4.5:3.5. The RME containing copper nitrate
was introduced gradually intbé RME with cerium nitrate, whilgontinuously stirringfor 4 hours.

Subsequently, the RME containing ammonia was incrementally addednbixtibes maintaining
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a consistent stirring for another 4 hours, until a precipitate emerged. This precipitate was

thoroughly rinsed four times using deionized (DI) water and then subjected to centrifugation.

Afterward, the cleaned precipitate was left to dry overnight andespuently calcined at 27

for a duration of 4 hours. For catalytic reactions, the resultant powdered catalyst was molded into

pellets and sifted to yield pellet sizes ranging from-226 um.

RME 1 — Ce(NO,);

(925 RME-1 + RME-2
L mix Calcination

'ﬁ. lli

RME 2 — Cu(NO;),

%

80
[

RME 3 - NH,OH

RME 1 + RME 2

Centrifugation
Figure6-1 RME Synthesis schematic for Qg0 catalyst preparation

6.2 Catalyst characterization
6.2.1 Crystallinity

Figure 6-2 presents the XRD patterns of both newly calcined and used-ig@astion)

catalysts. The specified percentages (0, 0.62,1.17, 5.36, 10.20, and 26.54%) correspond to atomic
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percentages (at%) computed as Cu/(Ce+Cu) on a molar basis, as verified Q8 fPefer to
Table6-1). For fresh catalysts, the diffraction peaks are notably broad, suggesting the presence of
small nanocrystallites. In contrast, tepentcatalysts display distinct, sharp peaks. The XRD
patterns of botliresh and spertatalysts match the Ce@luorite structure (PDF 0034-0394).
Importantly, no additional crystalline phases of Cu or Cu oxides (such as CuQ@©y ware
observed in all XRD patterns, indicating that Cu is primarily integrated into the @¢t@e,
replacingCe ions. It's also plausible that saanometric clusters of Cu or Cu oxides exist on the
surface, although these clusters would remain undetected by XRD. Thietej of Cu doping

observed aligns with findings from previous studi286]

a) o~ ) o CeO, b) o~ i~ © CeO,
- a = - -
: o = ~ = gll = - 8
S A - 3 2 =T -~ Za 2 B
g o ~ S,- Qe o 2 a S -
') T —26.54% oL od I o35
o =~ o] o —26.54%

“ A “ A —10.20%
—5.36%
‘ A \ —1.17%

Intensity, a.u.

Figure 6-2. XRD patterns of as prepared, calcined catalysts (a) and of catalysts after 20 h

under reaction conditions (b).

Table6-1 illustrates the sizes of crystallites derived from XRD patterns using the Scherrer
formula. Peaks of (111), (220), and (311) (of highest intensity) were utilized to compute the mean

crystallite size Deviations reported iTable6-1 refer to standard deviations between the three
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values.The findings indicate that ifreshcatalysts, the size of the nanocrystalldesreasevith

theincreaseof Cu doping, stabilizing after reaching 10.20 at%.

Table 6-1: Cu loading (Cu/(Ce+Cu) at% adetermined by ICROES), BEFmeasured

specific surface area (SSA), and crystallite size as determined from XRD pattegss (D

SSA, il
Cu loading, g Dxro NM
at%
° fresh spent fresh spent
0 115 15 5.2 15.1
0.62 - - 4.2 11.2
1.17 143 20 5.3 12.0
5.36 143 32 4.2 9.8
10.20 127 13 3.3 11.1
26.54 127 12 3.1 12.7

The behavior of crystallite sizes in spent catalysts deviates from that observed in fresh
catalysts. The alteration in crystallite size can be attributed to two primary factoep dee ment
of larger Cé* ions with smaller C# ions, reducing crystallite size, and the creation of oxygen
vacancies due to Cu doping, which could potentially expand the |dRi8€] These competing
effects result in a more complex relationship between Cu doping level and nanocrystallite size in
spentcatalysts. Additionally, the observed variations in crystallite sizes may be influenced by other
factors, as lattice size is not dirgctproportional to nanocrystallite size. Surface area
measurements through BET analysis, usingadsorption, indicated that lower Cu doping
concentrations yield higher SSA in fresh catalysts, though this trend reverses at higher Cu

concentrations (10.20 and 26.54 at%).

6.2.2 Surface property
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Figure6-3. XPS spectra of fresh (calcined) catalysts showing Qegidn for pureCeQ (0

at%) and CedopedCe(, (0.62-26.54 at%).

Surface elemental compositionand chemical states were evaluated throughgdRS( 3).
Analysis of the Ce 3d subshell, comprising five orbitals in two spin s@dgsdnd 3dy,), revealed
10 welldefined peaks. Peak fitting criteria were established for all samples, resulting in a
consistent 3:2 peak area ratio between thg &add 3d,,doublet peakg238] 10 well fitted peaks
wereobtainedfor all samplesu,, u, u', u", u™, v, v, v', v", v"(u represents peaks associated with
the 3ds/2spin state, whiler associated with the 3dspin state). Concentration of €and Cé*

states can bealculatedas follows (witheq. 63 representing the fraction of €dons)

Ce"'=y 4 ¥ Vv (6-1)
Ce"=u+ it MV+V (6-2)
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ce”

Ce :Ce3*+Cé*

(6-3)

The Cé+and Cé*states were identified by summingthe areas of peaks associated with each
oxidation stateFigure6-4 demonstrates a correlation between the concentration’ot@d the
Cu doping level, revealing a significant decrease i#t @é&h increasing Cu, except at the highest
Cu loading. This suggests Cu substitution a**Giees near the surface, as XPS primarily probes
the few subsurface atomic layers of the nanopartittlsswidely recognized that elevated levels
of Ce3+ are associated with an increased presence of oxygen vacancies, which typically form in
proximity to theCe3* ion [239]. Consequently, a decrease in the&@®ncentration leads to a
correspondingreduction in oxygeacancies. Conversely, the introduction ofGans can create
additional oxygen vacancy sites, thereby augmenting the overall concentration of oxygen
vacancies as a result of Cu dopimbis substitution of C& with Cu?* markedlyincreaseshe
number of oxygen vacancy sites, which in temhancedhe chemisorption capacity for GO
Interestingly, ata 26.54 at% Cu doping level, there is a notable increase irftlte @entration,

although it remains significantly lower compared to the concentratipuiria CeQ.
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Figure 6-4. XPSmeasured Ce/(Ce3* + Ce**) chemical state ratio vs. Cu/(Cu+Ce) atomic

ratio as determined by ICBES.

Figure 6-5 displays the C@temperaturgorogrammed desorption (TPD) profiles for both
unreduced and reduced catalysts. I n these pro:
at relatively low temperatures, along with a highee mp er at ur e p Ehasketheee si gn &
desorption peaks correspond to distinct;@@sorption sites/configurations, indicative of weak,
moderate, and strong G@dsorption strengths, respectivédlyor t he unreduced sa
peak consistently appears arounddID °C across all doping levels, including the pure £eO
sample which is associated with the weak adsorption of §i@cies on theurface T h epedlt
is likely related to bicarbonate desorption due to its weak interaction with the sudisare.

r e d u ct i-peakbecomeb rmorefpronounced, maintainingits temperature postibnepedk

that related to the moderate adsorptiohile less discernible for the 26.54 at% sample, shows a

slight shift to higher temperatures, ranging from approximately 150 °C to around 170 °C at
intermediate Cu doping leveld.o we v e rpeak ¢xhilsts anotable shift to substantially higher
temperatures, especially at increased Cu loadings, ranging from about 190 °C to approximately
300°C.I n c o nt-peaksstsifjuatedat@appmximatd10-420 °C for all sample3h e-peak
consistently shifts to temperatures -paaksaree 500
possibly linked to monodentate or bidentate desorption configurations, which are characterized by

stronger surface binding40]
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Figure 6-5. CO, TPD profiles obtained for unreduced (fresh, after calcination) samples (a)

and samples after reduction at 40 (b).

Additionally, the activation energy of desorption, @& was calculated from the obtained
TPD profiles byPolanytWigner equatiorand showed ifrigure6-6. The Eq4esv a1l Uues -f or t h
peak remained relatively consistent across all samples, both unreduced and reduced, with the
notable exception of a marked decrease at a Cu loading of 10.20 at% in the reduced sample. In the
C as e opkaktallight rise infg.swas noted for the unreduced samples, although this was
not applicable for the 26.54 at% loading due to detection challenges. Contrastingly, in the reduced
samples, there was a distinct increase.igfzalues at lower Cu doping levels, which eventually
plateaued between 5.36 at% and 26.54 at%. Overall, a significant escalatigawak observed
in the reducedatalyst, escalating from 145 kJ/mol at 0 at% to 173 kJ/mol at a Cu loading of 26.54
at%.The observed elevation in the activation energy fop@@ s or pti on associ at «

peak suggests that this specific adsorption site or configuration may be linked to the presence of
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surface oxygen vacancies, which are likely formed as a result of Cu incorporation. These sites are
potentially responsible for the enhanced adsorption of @@ importantto note that the XPS
findings indicated anincreased concentration of oxygen vacancies, which could be a consequence

of substituting C& ions with C&* ions, as detailed ifigure 6-4.
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Figure 6-6. Activation energy of desorption (Ea,des) vs. Cu loading (Cu/(Cu+Ceg-for

peak (left panelp-peak (right panela- andb-peaks correspond ©O, TPD peaks presented in

Figure6-5.

6.3 Catalyst performance evaluation

The performance of the synthesized catalysts was thoroughly evaluated in termg of CO
conversion and CO selectivity. This assessment was conducted through reaction tests over a
temperature range of 3@DO°C, with a gas hourly space velocity (GHSV) set at 60,000 ml/(g h).
Prior to these tests, all catalysts underwent a reduction process using@ir@dd°C for two
hours, ensuring an optimal staaed activatiorfor reacting with the feed gaseBSigure 6-7a
illustrates the C@conversion (X) and CO selectivity (S) across various temperatures for the
Cu/CeQ samples. Remarkably, all samples demonstrated complete selectivity # €l@ser
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examination of C@ conversion revealed detectable levels starting at 4D0for doping
concentrations ranging from 0 to 1.13 at%. Pure g=Mibited a relatively poor performance,
achieving a maximum conversion of only 40% at 8G0 In contrast, doping concentrations of

1.13 at% and 5.2 at% achieved higher conversion rates of 47% and 49%, respectivel§{Cat 600
Notably, a significant enhancement in catalytic performance was observed for samples with 10.2
at% and 26.54 at% Cu doping, even at lower teapees. At 400C, these samples showed a
twofold improvement in conversion, reaching approximately 20%, compared to purge CeO
Furthermore, at higher temperatures, their conversion rates approached equilibrium values, nearty
60% at 600C. Intriguingly, the catalytic performance of 10.2 at% and 26.54 at% Cu loadings was
similar, indicating a saturation point in copper doping beyond which further increases do not

significantly enhance performance. This observationis in agreementwigsthls obtaineddm

XPS and XRD analyses.
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Figure 6-7. a) Catalytic performance evaluation of all samples ofO8@ catalyst as a
function of temperature (36600 °C) b) Catalytic performance evaluation of all samples of

CulCeQ;, catalyst as a function of GHSV (20,000120,000 ml/(g h)). The solid black line
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represents RWGS equilibrium. Parameters: P = 3B#L0, = 3 (feed), a) GHSV =60,000 mL/(g

h) b) T =500C.

To extend the evaluation of catalytic performance, GHSV tests were carried out at 500°C,
spanning a range of space velocities from 20,000 ml/(g h) to 120,000 miAghhthe results
presented ifrigure6-8b. Itwas observed that all catalysts exhibited superior performance atlower
GHSV, likely due to the increased residence time allowing for more effective reaction dynamics.
CeQ continued to show limited effectiveness, with its conversion dropping to zero at the highest
GHSV of 120,000 ml/(g h). In comparison, the-G@oped catalysts demonstrated significantly
better performance, particularly at the lowest GHSV of 20,000 ml/(gm@re conversion rates
for Cu loadings of 1.17 at% to 24.54 at% ranged betweetb38. Interestingly, the performance
drop for a doping concentration of 1.4 at% was more pronounced and stabilized as GHSV
increased. However, this trend was less evidemighier Cu concentrations (10.2 at% and 26.54
at%), suggesting that higher doping levels might reduce the rate of sintering, thereby enhancing

performance in terms of GHSV.

Arrhenius plot, shown ifrigure6-8a, was used to estimate the activation energy of reaction
(Eaxn)- EQ. 64 and 65 were used to calculate the CO generation rate and activation energy,

respectively.

Foo 3 X

Reo =~ —— (6-4)

IN(R) =In(A &, (6-5)
R, T
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Figure6-8. a) Arrhenius plot (In(R) vs 1/T) of all samples b) Activation energy of reaction

(Eamn Vs atomic ratiqCu/(Cu+Ce)) of all samples.

The CO generation rate and activation energy were calculated using equatians &5,
respectively. To ensure the validity of the residiss,was evaluated attemperatures below 550°C,
where the C@conversion for all catalysts remained below 26%gure6-8b reveals that th&;
for CeQywas the highest at 119 kJ/mol. Significantly, there was a marked decré&aggvalues
from CeQto 60 kd/mol for the 26.54 at% Cu/Cgbllowing a decreasing trend indicative of an

inverted power law relationship.

Notably, the activation energy plateaued as the Cu doping concentration reached 26.54 at%,
reinforcing the observed doping limit in copper, as indicated by XPS, XRD, and reaction test
results. The decrease in & in Cu-doped Ce@can be attributed to the formation of oxygen
vacancies, a consequence of Cu doping, which enhancesa@sbrption and activation.
Consequently, as Cu doping increases, thenHKlecreases, leading to improved catalytic

performance.
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6.4 Mechanigic study of CO2 reduction on copper-doped ceriasurface

Theadsorption behavior @O, andreaction mechanism were investigalgadn-situ FTIR
technigues. ComparimureCeQ,and Cu dope@eQ, stoichiometric surfacg-igure6-9), similar
species were identified on the surface with no distinguish peak pqggidoaaling that the
adsorptionbehaviour on stoichiometriCeQ, and CuCeG;, are similar Peals centred at 1508
1369, 129&mlcorrespondingto thigequencies of2-Obondin theunidentatearbonatelenoted
asl.21in[241], in whichthethreeintegerandicate that thearbonate is bounaly threeoxygen
The intege® in the middle indicates that tieghest cordinae of thethreeoxygen atoms is and
meanwhileghe othetwo oxygenatomsare coordinatedto orige cationwhile the pointepresents
that one of the oxygen is coordinated to a neighbor Ce buthe® Ceatoms in the highest
coordinatePrevioudDFT calculation also suggested that tasbonate configurationine ofthe

most stableCO, adsorptionconfiguratiors on theCeG, surfacewith oxygen vacancy241]

Reaction test was also conducted wittsitu FTIR measuremerfigure6-10indicates the
comparison of the ksitu FTIR profile between reduc&tQ,and Cu dope@eG,at 300 C under
CO, andH, mixture. Only carbonates were detected as carbonaceous species at 15 min after
introducing the reaction mixture, and CO peak also proves the occurrence of RWGS reaction.
Moreover, no noticeable difference was detected between the two samples whichthagtest

intermediate species and reaction mechanism did not change with Cu doping.

To further investigate the relation of adsorbed species and the intermedisias HRIR

with reaction gases (2@60,/8%H,/Ar) was tested for 10.2% OC0£G; at three temperature from
100-300 C and the spectra are showrrigure6-11. The OH peaks are visible at 1214 and 1389

cnrl, indicating some hydrogen carbonates on the surface of the catalysts. However, as the catalyst
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was heated up to 20, the hydrogen carbonate disappeared and only carbonate species are

detectable.

a) b)

d)

Absorbance, a.u.

Absorbance, a.u.

2150 1950 1750 1550 1350 1150 950 750 2150 1950 1750 1550 1350 1150 950 750
Wavenumber, cm1 Wavenumber, cm1

Figure6-9 In-situ FTIR profiles of a) reducede; catalyst, b) reduced 10.2 wt% QaQ,
c) unreduce€eQ; catalyst and d) unreduced 10.2 wt% Ce®, at 300 C under 5%CO./He

flow.
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