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Proposition

accompanying the dissertation

CO2 Hydrogenation to Chemical Energy Carriers over Ir and

10.

Mo Containing Catalysts
By Ahmad Alrefaei

Carbon capture and utilization (CCU) should NOT be identified as a
replacement for decarbonization, but as a complementary strategy to
increase storable energy sources.

Operando techniques are essential to accurately correlate catalyst
structure with performance, as ex-situ characterization may not reflect
the true active phase. (Chapter 2)

An optimal metal loading always exists in catalysts; exceeding this
optimum can negatively affect the performance in several ways, due to
structural and kinetic limitations. (Chapter 3)

Separating the effects of dispersion and loading is essential for rational
catalyst design. (Chapter 4)

Catalyst stability in CO2 hydrogenation is strongly influenced by support
surface area and metal—support interaction, particularly under RWGS
conditions. (Chapter 5)

Scientific impact depends not only on the quality of the research but
also on the scientist’s ability to communicate it clearly.

The Al revolution will play a decisive role in accelerating catalyst
discovery; however, preserving scientific critical thinking and creativity
remains essential.

A large quantity of produced data is not a measure of high-quality
science unless it is accompanied by a deep understanding, leading
ultimately to meaningful and valuable conclusions.

A true leader stays silent in moments of success to empower others and
speaks firmly in moments of crisis to protect the team.

Long-term success is built on consistency and determination rather than
on moments of exceptional performance.

These propositions are regarded as opposable and defendable, and have
been approved by the promoter Prof.dr.ir. A. Urakawa and the copromoter
Dr. A.B. Bansode
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Summary

The increasing global energy demand, driven by population growth and
industrial development, remains heavily reliant on fossil fuels, contributing
significantly to climate change. Carbon capture, utilization, and storage
(CCUS) has emerged as a critical strategy to mitigate CO2 emissions while
enabling the production of sustainable fuels and chemicals. Among CCUS
pathways, catalytic CO2 hydrogenation to methanol (MeOH) and MeOH-
derived products represents a promising route for carbon recycling,
particularly when coupled with green hydrogen. However, achieving high
activity and selectivity under industrially acceptable conditions requires a
deep understanding of catalyst structure and reaction mechanisms. This
thesis investigates iridium—molybdenum-based catalytic systems for CO:2
hydrogenation to MeOH and its derived products, with the last study focusing
on the reverse water—gas shift (RWGS) reaction.

The first part of this work examines Ir supported on different reducible
oxides for CO2z hydrogenation to MeOH and MeOH-derived products. Among
the investigated systems, Ir/MoOs demonstrated superior activity toward
MeOH-derived products, reaching 15 mg-h-'-gecat™* at 225 °C and 20 bar. The
catalytic performance was found to be highly sensitive to the reduction
temperature. Moderate reduction at 200 °C produced partially reduced Mo
species (predominantly Mo**), while reduction at 400 °C generated more
metallic Mo (Mo?). These changes significantly altered MeOH selectivity. The
in situ X-ray absorption near-edge structure (XANES) confirmed that Ir was
fully reduced at 200 °C and that variations in MeOH selectivity were primarily
linked to changes in the Mo chemical state. Repeated reaction cycles were
found to lead to additional in situ Mo reduction, correlating with enhanced
MeOH formation. These findings highlight that the catalytic behavior of
Ir/MoQgs is governed primarily by the redox and structural dynamics of the
MoOx support.

The second part of the thesis investigates the effect of Mo loading in
(1.5)Ir/xMo/AI203 catalysts (19, 32, and 48 wit% Mo). Structural
characterization showed that low Mo loading resulted in highly dispersed
amorphous Mo species, while higher loadings promoted the formation of
crystalline MoOs phases. Interestingly, IrO: crystallites were prominent at low
Mo loading but became negligible at higher Mo loading, indicating stronger Ir-
Mo interactions. Catalytic testing at 300 bar revealed that low Mo loading
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yielded the highest MeOH-derived product selectivity (48% at 150 °C),
whereas increasing Mo loading suppressed MeOH formation. Operando
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
analysis revealed that higher Mo loading diminished Lewis acid-associated
bidentate formate species, while monodentate formate remained unaffected.
The suppression of these Lewis acid-associated intermediates directly
correlated with reduced MeOH selectivity, establishing Mo loading as a critical
parameter controlling surface chemistry, intermediate stabilization, and
catalytic performance.

In the second part of the investigation, the low Mo-loading catalyst yielded
the highest selectivity for MeOH-derived products. However, it remains
unclear whether the high selectivity is primarily due to Mo loading or
dispersion, as lower loadings often led to higher dispersion. To decouple the
effects of dispersion, the third part of this study focuses on catalysts with
identical Mo loading (32 wt%) but different Mo dispersions (high and low). The
catalytic activity result demonstrated that highly dispersed Mo species
enhance MeOH and MeOH-derived product selectivity. Using a reduction
temperature of 400 °C for 1.5 h (R400), the highly dispersed catalyst achieved
97% MeOH-derived product selectivity, whereas the low-dispersion catalyst
predominantly produced CO. Operando DRIFTS identified one of the
bidentate formate and the monodentate formate species as essential
intermediates for MeOH formation.

The Ir/Mo-based system is flexible, and its role and function can be tuned
based on the condition used. To show the flexibility of the Ir/Mo-based system,
the final part of the thesis explores the RWGS reaction over Ir/MoO3 and
Ir/MoO3/Al203 catalysts under atmospheric pressure. Both systems exhibited
complete selectivity toward CO across the investigated temperature range,
confirming their suitability for RWGS. However, If/MoOs showed partial
deactivation at elevated temperatures due to its low surface area and
associated Ir sintering. In contrast, Ir/MoQO3/Al203 displayed excellent thermal
stability with negligible deactivation. A detailed kinetic study was conducted
for the stable Ir/MoQOs/Al203 catalyst. The reaction was modeled assuming
direct COz2 dissociation with C—O bond cleavage as the rate-determining step.
Oxygen vacancies in MoOx were identified as the active sites for CO:
activation, while Ir facilitated Hz activation and oxygen vacancy regeneration
through hydrogen spillover. Kinetic parameter estimation yielded a model that
accurately described the experimental data. Sensitivity analysis was
performed, and based on the analysis result, it was hypothesized that CO and
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H20 adsorption is negligible, allowing simplification of the model without
compromising predictive capability.

Samenvatting

De toenemende wereldwijde energievraag, gedreven door bevolkingsgroei
en industriéle ontwikkeling, blijft sterk afhankelijk van fossiele brandstoffen en
draagt aanzienlijk bij aan opwarming van de aarde. koolstofafvang, -
hergebruik en -opslag, carbon capture, utilization and storage (CCUS) is naar
voren gekomen als een cruciale strategie om CO2-emissies te beperken en
tegelijkertijd de productie van duurzame brandstoffen en chemicalién
mogelik te maken. Binnen de verschillende CCUS-routes vormt de
katalytische hydrogenering van CO2 naar methanol en methanol-afgeleide
producten een veelbelovende route voor koolstofrecycling, met name
wanneer deze wordt gecombineerd met groene waterstof. Het realiseren van
hoge activiteit en selectiviteit onder industrieel relevante omstandigheden
vereist echter een diepgaand inzicht in de katalysatorstructuur en de
onderliggende reactiemechanismen. Dit proefschrift onderzoekt iridium—
molybdeen-gebaseerde katalytische systemen voor CO2-hydrogenering naar
methanol en methanol-afgeleide producten, waarbij de laatste studie zich
richt op de reverse water—gas shift (RWGS)-reactie.

Het eerste deel van dit werk onderzoekt Ir ondersteund op verschillende
reduceerbare oxiden voor CO2-hydrogenering naar methanol. Van de
onderzochte systemen vertoonde Ir/MoOs de hoogste activiteit voor
methanol-afgeleide producten, met een opbrengst van 15 mg-h-'-geat* bij 225
°C en 20 bar. De katalytische prestaties bleken sterk afhankelijk van de
reductietemperatuur. Reductie bij 200 °C leidde tot gedeeltelijk gereduceerde
Mo-(voornamelijk Mo**), terwijl reductie bij 400 °C resulteerde in meer
metallisch Mo (Mo®). Deze veranderingen hadden een significante invioed op
de methanolselectiviteit. In situ XANES bevestigde dat Ir volledig
gereduceerd was bij 200 °C en dat variaties in methanolselectiviteit
voornamelijk samenhingen met veranderingen in de chemische toestand van
Mo. Daarnaast werd vastgesteld dat herhaalde reactiecycli leidden tot
verdere in situ reductie van Mo, wat correleerde met een verhoogde
methanolvorming. Deze bevindingen tonen aan dat het katalytisch gedrag
van Ir/MoO3s voornamelijk wordt bepaald door de redox- en structurele
dynamiek van de MoOx-drager en niet door veranderingen in de
oxidatietoestand van Ir.
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Het tweede deel van het proefschrift onderzoekt het effect van de Mo-lading
in (1.5)Ir/xMo/Al20s-katalysatoren (19, 32 en 48 gew.% Mo). Structurele
karakterisering toonde aan dat een lage Mo-lading resulteerde in sterk
gedispergeerde amorfe Mo-soorten, terwijl hogere ladingen leidden tot de
vorming van kristalljne MoOs-fasen. Opvallend was dat IrO2-kristallieten
prominent aanwezig waren bij lage Mo-lading, maar vrijwel verdwenen bij
hogere Mo-gehalten, wat wijst op sterkere Ir—Mo-interacties. Katalytische
testen bij 300 bar lieten zien dat een lage Mo-lading de hoogste methanol-
afgeleide productselectiviteit opleverde (48% bij 150 °C), terwijl een hogere
Mo-lading de methanolvorming onderdrukte. Operando DRIFTS-analyse
toonde aan dat hogere Mo-belading de aan Lewis-zuurcentra geassocieerde
bidentate formiaatsoorten verminderde, terwijl monodentaat formiaat
onveranderd bleef. De onderdrukking van deze Lewis-zuur-geassocieerde
tussenproducten correleerde direct met een afname in methanolselectiviteit,
wat bevestigt dat Mo-belading een cruciale parameter is die
oppervlaktechemie, intermediairstabilisatie en katalytische prestaties
bepaalt.

Hoewel in het tweede deel werd vastgesteld dat lage Mo-belading resulteert
in de hoogste methanolselectiviteit, bleef onduidelijk of deze verhoogde
selectiviteit primair toe te schrijven is aan de Mo-belading zelf of aan de
daarmee samenhangende hogere dispersie, aangezien lagere beladingen
doorgaans leiden tot betere dispersie. Om het effect van dispersie te
ontkoppelen van De samenstelling, richt het derde deel van deze studie zich
op katalysatoren met een identiecke Mo-belading (32 gew.%) maar met
verschillende Mo-dispersies (hoog en laag). De katalytische resultaten
toonden aan dat sterk gedispergeerde Mo-soorten de methanol- en
methanol-afgeleide productselectiviteit aanzienlijk verhogen. Na reductie bij
400 °C gedurende 1,5 uur (R400) bereikte de sterk gedispergeerde
katalysator een methanol-afgeleide productselectiviteit van 97%, terwijl de
laag-gedispergeerde katalysator voornamelijk CO produceerde. Operando
DRIFTS identificeerde één type bidentaat formiaat en het monodentaat
formiaat als essentiéle tussenproducten voor methanolvorming.

Het laatste deel van het proefschrift onderzoekt de RWGS-reactie over
Ir/MoQOz3- en Ir/MoOs3/Al203-katalysatoren bij atmosferische druk. Beide
systemen vertoonden volledige selectiviteit naar CO over het gehele
onderzochte temperatuurbereik, wat hun geschiktheid voor de RWGS-reactie
bevestigt. Ir/MoO; vertoonde echter gedeeltelijke deactivatie bij verhoogde
temperaturen, toegeschreven aan het lage oppervlak en de daarmee
samenhangende sintering van Ir. Daarentegen vertoonde Ir/MoOs-
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Al2Osuitstekende thermische stabiliteit zonder significante deactivatie. Voor
de stabiele Ir/MoOs/Al203-katalysator werd een gedetailleerde kinetische
studie uitgevoerd. De reactie werd gemodelleerd op basis van directe CO2-
dissociatie, waarbij de C—O-bindingbreuk als snelheidsbepalende stap werd
aangenomen. Ledig zuurstof in MoOx werden geidentificeerd als actieve
centra voor COz-activatie, terwijl Ir verantwoordelijk werd geacht voor H,-
activatie en regeneratie van Ledig zuurstof via waterstofoverloop. De
geschatte kinetische parameters leverden een model op dat de
experimentele resultaten nauwkeurig beschreef. Gevoeligheidsanalyse
toonde aan dat CO- en H20-adsorptie verwaarloosbaar waren, waardoor het
aantal kinetische parameters kon worden gereduceerd zonder verlies van
voorspellende nauwkeurigheid.



Chapter 1

Introduction
CO2 hydrogenation

Summary

Human civilization’s progress has always been correlated with energy
consumption. Despite advances in energy technologies, fossil fuels remain the
primary energy source globally. The world population is expected to reach 9.66
billion by 2050; therefore, developing sustainable and renewable energy sources
is essential. Renewable technologies have grown rapidly; however, carbon-
intensive industries remain dominant, making carbon capture, utilization, and
storage (CCUS) a necessary solution to address this imbalance. Among CCUS
strategies, CO2 hydrogenation to methanol (MeOH) and its derivatives is a
promising route for producing clean fuel and chemical feedstocks. This reaction is
thermodynamically favored under low-temperature and high-pressure conditions,
but it also requires highly selective catalysts to suppress side reactions. Recent
research highlights iridium- and molybdenum-based catalytic systems for efficient
COz2 hydrogenation. Iridium catalysts demonstrate tunable selectivity depending
on their supports, while molybdenum-based systems exhibit unique structural
flexibility that enhances CO:2 activation. In this chapter, the reported efficiency of
iridium-based catalysts used for CO2 hydrogenation is explored. Furthermore,
molybdenum-based materials were explored to better understand their unique
role in CO2 hydrogenation.



Chapter 1

1.1 Energy, society, and the need for
alternative fuel resources

The trajectory of human social development is primarily linked to energy
consumption [1,3]. As civilizations have advanced, methods for obtaining energy
have evolved; however, reliance on hydrocarbon-based fuels continues to
increase. This continued reliance poses a major challenge for the future, as future
global demands will necessitate the development of alternative renewable energy
technologies to support a continuously growing population and its technological
needs. The global population, currently estimated at approximately 8.23 billion in
2026, is expected to reach nearly 9.66 billion by 2050 [1]. Concurrently, rapid
technological advancement across all sectors of society will certainly increase the
demand for resources and energy. According to the International Energy Agency
(IEA), global energy demand increased by 2.2% in 2024, compared to an average
annual growth rate of 1.3% over the past decade, highlighting the significant rise
in energy consumption in recent years. [2]. Currently, the global energy supply is
predominantly derived from fossil fuels, coal, natural gas, and petroleum. These
resources remain the primary feedstocks for transportation fuels, electricity
generation, heating, and the production of chemicals, including plastics and
agricultural fertilizers.

It is challenging to predict the proven global oil reserves, as they are frequently
updated based on production capacity and the discovery of new reservoirs, as
recently reported by Saudi Aramco [3]. A sudden depletion is unlikely; however,
considering the economic constraints driven by the supply-demand balance,
significant price instability is expected. Furthermore, the concentration of these
resources in specific regions creates energy security concerns for other importing
nations. Therefore, these challenges, rising energy demand, resource constraints,
and mounting environmental concerns regarding greenhouse gas emissions,
highlight the urgent need for innovative technologies in energy production. As a
result, governments and international agencies have prioritized, published, and
funded research programs dedicated to advancing cost-effective and sustainable
energy solutions. These initiatives involve a wide range of approaches, including
renewable power generation and carbon capture technologies, as well as the
development of cleaner fuels and more efficient catalytic processes. All of this with
the aim of achieving long-term decarbonization.
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1.1.1 The current sources for sustainable energy

Sustainable energy production has become a basis of global strategies to
address the challenges of rising energy demand and climate change. The
increase in energy demand observed in 2024 was 4.3%, a significant increase
compared to the previous year [2]. Different energy sources were used to
compensate for the increase in energy demand. Figure 1.1 shows the contribution
of each sector to this increase in the total energy demand (the 4.3% increase). As
shown in Figure 1.1, renewable sources accounted for the largest share of the
sources contributing to the increase in energy demand in 2024. Current
sustainable energy sources include renewable technologies such as solar
photovoltaics, wind power, hydropower, geothermal systems, and bioenergy, all
of which provide low-carbon alternatives to fossil fuel-based generation [4]. Solar
and wind energy have experienced rapid technological advancement and cost
reductions, positioning them as the fastest-

growing contributors to the renewable energy I Nuclear
mix. Hydropower remains the largest o Col
renewable source globally, while bioenergy Natural gas

Renewable

and geothermal systems contribute to 8%
electricity and heat production in certain 'A
regions [2,4,5]. This confirms the significant
return on investment in renewable energy '
research, encouraging global organizations u
and governments to further support and fund
this research. However, despite these o

. Figure 1.1 Energy sectors contribution to
advances, the persistence of carbon- e totalincrease in energy demand in
intensive industries highlights the need for percentage at 2024 [2]
complementary strategies that utilize carbon.
As such, carbon capture, utilization, and storage (CCUS) has emerged as a critical
technology, offering direct mitigation of emissions from existing technology while
converting COz2 into valuable materials, thereby moving toward a sustainable and
circular energy system. CO: hydrogenation to chemical energy carriers
constitutes a critical technology within the broader framework of CO2 utilization.
Its significance stems from the dual advantage of utilizing CO2, an abundant
carbon resource, and producing chemical energy carriers to meet rising global
energy demands. Moreover, the widespread availability of CO2 makes this
technology globally accessible. When coupled with green hydrogen produced
from renewable energy sources, CO2 hydrogenation offers a pathway toward
sustainable carbon in fuels and chemicals.
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1.2 CO2 hydrogenation to valuable chemicals

Since the Industrial Revolution, the concentration of CO:2 in the atmosphere
has increased significantly, primarily due to the combustion of fossil fuels [6].
Given the impossibility of stopping CO2 emissions, global attention has shifted
towards its conversion into valuable materials to mitigate its environmental
impacts [7]. Among the various technologies being used to utilize CO2, the
catalytic conversion of CO:z is a promising approach for producing highly desired
products such as methanol (MeOH), methyl formate (MF), dimethyl ether (DME),
or carbon monoxide (CO) [8]. These products can serve as a crucial feedstock in
the chemical industry and find growing utilization in various chemical processes
[8]. Additionally, the chemical energy carriers, such as MeOH, can be used as
chemical fuels for zero-emission applications due to their high energy content.
Table 1.1 shows the lower heating value (LHV) of currently used fuels and
chemical fuels. Although conventional fuels, such as gasoline and diesel, can
produce more energy during combustion, they contribute significantly to CO:
emissions, necessitating the need for more sustainable fuels, such as MeOH.

Table 1.1 Comparison between the lower heating value (LHV) in MJ/kg for the chemical fuels and
the currently used fuels

Fuel LHV (MJ/kg) References
MeOH 22.0 [9]

DME 28.8 [10]
Gasoline 44 [11]

Diesel 425 [12]

CO:2 hydrogenation to MeOH is an exothermic reaction that proceeds via Eq.
1, favoring low temperatures. However, at low temperatures, the activation rate of
CO:s2 is slow, necessitating the presence of a highly active and selective catalytic
system. Non-selective catalysts may result in the competing methanation reaction,
known as the Sabatier reaction, which maximizes methane (CH4) production (see
Eq. 2) [13,14]. Additionally, increasing the reaction temperature will activate the
endothermic reaction, reverse water-gas shift reaction (RWGS), as shown in Eq.
3, thereby maximizing CO production. It is worth noting that maximizing CO
production at low temperatures is also considered an attractive approach to
reduce the high energy demand for this reaction. However, a highly selective
catalytic system is also required to activate the COa.
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CO2 + 3H2 = CH30H + H20 AH298 k, 50 bar = -40.9 kd/mol (Eq. 1) [17]
CO2 +4H2 = CH4+ 2H20 AH (208 K, 50 bar) = -165 kd/mol (Eq. 2) [18]
CO2+H2 = CO + H0 AH (298 k, 50 bar) = 49.8 kd/mol (Eq. 3) [17]

According to Le Chatelier's principle, applying high pressure in the MeOH
synthesis is thermodynamically favorable, shifting the reaction to the right [8,15].
This is due to the reduction in the number of molecules during the reaction, from
4 to 2 moles, as shown in Eq.1. It is worth noting that high pressure and low
temperature are also favorable for CO2 hydrogenation to form CH4, underscoring
the need for a selective catalytic system [13,14]. Despite extensive research,
most investigated low-temperature catalytic systems have exhibited suboptimal
performance concerning CO2 conversion and selectivity towards MeOH-derived
products [16].

1.2.1 Importance of high-pressure conditions in CO2
hydrogenation to MeOH-derived products

High-pressure conditions are critical in the efficient catalytic hydrogenation of
CO2 to MeOH and its downstream derivatives, such as DME and MF. The
thermodynamic equilibrium calculations confirm that increasing the pressure
would increase conversion, reaching almost a complete conversion towards
MeOH, as shown in Figure 1.2 (a) [19]. This elevated pressure is believed to
improve the availability of CO2 and H: at the catalyst surface by increasing their
concentrations and promoting higher surface coverage of reactive intermediates,
as presented in Figure 1.2 (b) [20]. The increase in the surface coverage of
reactive intermediates leads to more favorable kinetics and, if a selective catalytic
system is present, often improved selectivity toward MeOH.

Additionally, high-pressure operation increases molecular collisions, reactant
concentration, and possibly diffusion rates within the catalyst's pores, which
generally help minimize mass transfer limitations (Fick’s law) in the catalytic
system [19,20]. Exception for certain cases, where the diffusivity is highly affected
by the pressure. Moreover, in more complex reaction systems where MeOH is
further reacted to form DME or MF, high pressure enhances the thermodynamic
driving force and product phase transition. In these tandem reaction systems, the
continuous formation and possible condensation of MeOH near the active sites
will result in higher product selectivity toward DME or MF (via dehydration to DME
or esterification to MF) [21-24]. The condensation is often pressure-dependent, as
it can easily be achieved at elevated pressures.
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The importance of MeOH condensation was also recognized during the
reaction equilibrium study of MeOH synthesis, where the Soave-Redlich-Kwong
(SRK) equation of state has been the standard thermodynamic model for
describing reaction equilibria in MeOH synthesis from syngas. The model was
mainly used to represent the nonideal gas behavior. However, the SRK equation
exhibits limitations at high pressure and low temperature conditions, where
deviations between theoretical predictions and experimental observations
become substantial. These deviations arise primarily from the condensation of
MeOH and water into a liquid phase, which was not accounted for in the SRK
equation. To address this gap, another modified SRK-based model was
developed that resolves both phase and chemical equilibria for MeOH synthesis
[25]. Their approach aligns with the experimental data obtained at 190-280 °C and
200 bar, performed in a packed-bed reactor. This finding confirmed the role of
condensation in directing the reaction equilibrium [25].

Additionally, in systems that use different processes to achieve higher product
purity, high pressure can help integrate the reaction and separation steps, thereby
improving energy efficiency and potentially minimizing the space needed for
additional equipment. Moreover, applying high-pressure conditions also enhances
heat transfer, which is notably beneficial in exothermic systems, such as CO:2
hydrogenation to MeOH, where thermal management is essential for controlling
the reaction. Mass and heat transfer could also be enhanced by applying high
pressure if the CO2 phase is shifted to a supercritical state [25].

Furthermore, in multiphase or liquid-phase systems, increased pressure raises
the solubility of gaseous reactants, which is crucial for maintaining sufficient
reactant availability in the liquid phase [25]. This is particularly important when
using liquid solvents or reaction media that require adequate hydrogen
dissolution. Lastly, in membrane-assisted systems, high pressure can be used to
create pressure gradients that selectively remove products, such as MeOH or
H20, during the reaction, leading to higher single-pass conversions by keeping
the reaction away from equilibrium.

In summary, the synthesis of chemicals such as MeOH represents a well-
established example of how high-pressure conditions effectively drive equilibrium-
limited reactions forward [19,26]. Although a catalytic system is required for this
process, high pressure is also a key factor in improving overall performance.
However, despite the high energy and safety trade-offs associated with high-
pressure operation, the overall benefits, including higher yield, greater selectivity,
better control of phase behavior, and the potential integration of different
processes, often make the disadvantages less critical, particularly in processes
aiming for scalable and sustainable CO2 valorization. When suitably engineered,
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high-pressure CO2 hydrogenation systems can also align with key principles of
green chemistry, such as minimizing waste, by enabling compact, efficient, and
continuous processing routes for converting CO:2 into high-value chemical
feedstocks.
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1.2.2 Catalytic systems for CO2 hydrogenation

Several catalytic systems were investigated for CO2 hydrogenation to MeOH-
derived products, as shown in Figure 1.3 [8]. Most of these catalytic systems were
tested at moderate to high temperatures. While elevated temperatures accelerate
the reaction, they simultaneously reduce the saturation concentration of the
condensable product, MeOH. Consequently, selecting an appropriate catalytic
system that enables sufficient conversion at lower temperatures, where
condensation is more favorable, is highly desirable. The availability of highly active

and selective catalysts for different applications has opened up new pathways for
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designing and engineering suitable catalytic systems for higher MeOH production.
The catalyst design process should begin with selecting the most suitable active
metal. Subsequently, an appropriate support should be chosen to ensure optimal
metal-support interactions.

1.2.2.1 Copper (Cu)-based catalysts

The commercial catalyst (Cu/ZnO/Al203) used for syngas to MeOH has
demonstrated optimal performance in CO2 hydrogenation to MeOH. Notably,
higher MeOH selectivity was observed when the feed composition was adjusted
with CO [27]. The addition of CO2/CO mixture was reported to help in optimizing
the Zn state by keeping both metallic Zn (CO as a reducing agent) and ZnO
particles (COz2 as an oxidizing agent) [27]. The mixture of both Zn oxidation states
was found to enhance MeOH production. Moreover, a series of transition metals
with different combinations was tested, as shown in Figure 1.3. These catalytic
systems were tested over a range of temperatures owing to their pronounced
hydrogenation activity. At low temperatures, the methanation reaction prevailed,
whereas at higher temperatures, the RWGS reaction was dominant, which makes
this catalytic system optimal for CO production at high temperatures [28-31].
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1.2.2.2 Rhenium-based catalysts

Recently, the rhenium (Re)-catalytic system has shown an outstanding
performance in low-temperature CO2 hydrogenation to MeOH [29,32]. The Re
was impregnated onto several supports, and its performance was remarkable,
with a MeOH selectivity of 82% over the TiO2 support in the batch system [29].
The reaction conditions used for this investigation were 150 °C and 60 bar. The
Re/TiO2 was further investigated, but it was tested in a continuous-flow system at
150 °C and a high pressure of 331 bar [32]. The results show comparable
performance to the commercial catalyst at low temperatures, with even better
stability, as shown in Figure 1.4 (a) [32]. The investigation of the reaction
mechanism over Re/TiO2 indicates that the presence of both metallic Re® and
Re?* cation is essential for the selective conversion of CO2 to MeOH, as shown in
the simplified figure in Figure 1.4 (b) [32]. The metallic Re? species is crucial in
facilitating hydrogen dissociation, while the Re®* cation species activates the CO2
molecule. Both functions contribute to the overall efficiency of the process [32].
However, Re species exhibit complex interactions with the support, leading to the
coexistence of multiple oxidation states. Among these, the Re® - Re** oxidation
state range has been suggested to be the most favorable for enhanced MeOH
formation [32]. This narrow oxidation state implies that Re-based catalysts must
be carefully treated and maintained under specific conditions to achieve optimal
performance, limiting their flexibility for further catalyst optimization or process
upgrading during the upscaling.

a
@) ) R ;
;‘E CuonO/AI,O, decomposition to methanol to methane
S s Re/TiO, oo & L -
4 > { \ Y ©
% @ R ., p * e
] @R - o v <’
H -
8 s - 2
& Single atoms Single atoms Large clusters
g small clusters
80
Scuon ® Sco © Scu, ® Swcoock,
£ a HO OHy <y
< [ ir] Ir—,
z.]s Y m= Py
goi® . (c) 2m) s
2 . He nHa~| Step (1) M o
204 Step (v) il 2
@ Cu/ZnO/ALLO, e N F" ‘1~ nH0  Step (i)
80 = = = 'f 9 ™ " X
il i S 1} i 10
goo w w
< J © w
2 [~ n €Oz + H H OH,
= stop (" WO (TR st i) m i
8 -~ RelTiO, Cycle 1 | " Cycle 2 \©’
] yeet)
B0 LARTERIN WM . w ®
LT PRI e o oo
0 v T T H 4 i) i
0 5 10 15 20 25 [0 fir) @’ H0
Time on stream (h) zw(jm, o 2 (B) °
- g

— - iy
Step (i) Step (vi) HO"H

Figure 1.4 (a) Comparison of the CO, conversion and product selectivity between the Cu/ZnO/Al,O5
and 3 wt% Re/TiO, in CO, hydrogenation, H,/CO, = 3, T = 150 °C, and P = 331 bar [32] (b) The
proposed reaction mechanism of CO, hydrogenation over Re/TiO, system [32]. Both figures a and b
Reproduced from [32] under the CC BY-NC-ND 4.0 (c). The proposed CO, hydrogenation mechanism
for Ir-complex under solid-gas system [33]. Reproduced from [33] under the CC BY-NC-ND 4.0
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1.2.2.3 State of the art in Iridium-based catalysts

Iridium (Ir)-based catalysts have attracted growing interest in CO:2
hydrogenation due to their unique ability to activate hydrogen at low temperatures
(100 -175 °C) and to tune product selectivity by varying the support type [34-38].
Mechanistic studies of low-temperature CO2 hydrogenation over an Ir complex
system in a gas-solid reaction revealed unique behavior comparable to that of the
Re-based system, which is expected to account for the higher MeOH selectivity
observed over the Re system [33]. The findings indicate that the presence of two
distinct Ir sites, separated by a specific distance and functioning synergistically, is
critical for achieving high MeOH selectivity [33]. It is proposed that these dual sites
facilitate the concurrent activation of CO2 molecules and the dissociation of Hz,
thereby optimizing the pathway for MeOH production, as shown in Figure 1.4 (c).
These similarities between Re and Ir make the investigation of heterogeneous Ir-
based catalytic systems for low-temperature CO: hydrogenation a highly
promising path for further research.

Additionally, in heterogeneous systems, Ir is typically dispersed well on oxide
supports, and the support's nature plays a significant role in determining both
catalytic performance and the mechanistic pathway. The reducible supports have
attracted more attention for their ability to enhance CO: activation and their
interactions with the metal, which can form a unique metal-support interface [39-
42]. The metal-support interactions of Ir species with the support significantly
influence the formation of oxygen vacancies, which can be critical for stabilizing
the active intermediates [38]. Consequently, varying the reducible support type
can markedly alter both the overall activity and the specific function of Ir in the
hydrogenation process.

1.2.2.3.1 Iridium over indium oxide (Ir/In.03)

Shen et al. reported the preparation of highly active Ir/In.Os catalysts for CO2
hydrogenation to MeOH using the incipient wetness impregnation method. At 300
°C, 5 MPa, and H2/CO2 = 4, increasing the Ir loading significantly enhanced both
CO2 conversion and MeOH selectivity. The optimal 10 wt% Ir/In203 catalyst
converted 17.7% CO2 with over 70% MeOH selectivity, yielding a space-time yield
of 0.765 g. geat! h™'. Detailed characterization and DFT calculations identified the
active site as the Ir/In20s3 interface, stabilized by strong metal-support interactions
(SMSI). This interface promotes high Ir dispersion and creates oxygen vacancies
for CO2 activation, a common feature of many effective In2Os-based systems
[38,43,44]. The primary role of Ir was to enhance hydrogen dissociation and
spillover, generating surface vacancies while preventing over-reduction of the
In203 support. This mechanistic insight is critical; unlike systems that follow the
formate pathway, Ir/In2Os primarily utilizes the RWGS route. However, a key
limitation persists: significant activity requires high temperatures (>300 °C). This
10
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high-temperature condition primarily limits the equilibrium, which has a substantial
impact on MeOH selectivity, as discussed in Section 2.1.

1.2.2.3.2 Iridium over cerium oxide (Ir/Ce0Q5)

In a study by Li et al., the influence of the strong metal-support interaction
(SMSI) on product selectivity in CO2 hydrogenation was demonstrated using
Ir/CeO2 catalysts [36]. The authors developed a ligand-free synthesis method to
produce highly dispersed Ir nanoparticles with sizes ranging from 1.0 to 2.2 nm by
varying the Ir loading from 5 to 20 wt%. The catalytic performance at 300 °C
revealed a dramatic selectivity switch: while 20 wt% Ir/CeO: functioned primarily
as a methanation catalyst (88% CHa4 selectivity at 8.8% COz2 conversion), 5 wt%
Ir/CeO2 exclusively produced CO (>99% selectivity at 6.8% conversion). This
variation in product formation is attributed to both the particle size and the
chemical state of the Ir species. Higher Ir loadings led to metallic Ir° particles active
for deep hydrogenation to CHa. In contrast, lower loadings facilitated a stronger
SMSI, resulting in partially oxidized Ir®* species. The primary role of Ir in this
system is to dissociate Hz, but its chemical state critically determines the reaction
intermediates. The partially oxidized surface weakens the adsorption of CO
(carbonyl species), favoring its desorption as the final product rather than further
hydrogenation to CHa4. Therefore, tuning the chemical state of Ir via SMSI is a
powerful strategy for steering catalytic selectivity. In general, the Ir/CeO2 system
performed well in terms of conversion, with CO and CH4 as the only detected
products, with no observable MeOH.

1.2.2.3.3 Iridium over titanium oxide (Ir/TiO2)

In an investigation to demonstrate the effect of SMSI on tuning selectivity,
Zhang et al. reported that the product distribution of CO2 hydrogenation over
Ir/TiO2 catalysts could be entirely switched from CHs4 to CO by varying the
catalyst's pretreatment temperature [37]. The authors prepared a series of
catalysts, represented as Ir/TiOz2x (where x is the reduction temperature from 200
to 700 °C), which all maintained highly dispersed, and similarly sized Ir
nanoparticles (~1.2 nm). The catalytic performance at 280 °C revealed a
systematic evolution in selectivity: catalysts reduced at low temperatures (<300
°C) were exclusively selective to CH4 (near 100%), while those reduced at high
temperatures (2600 °C) produced exclusively CO (>99%), as shown in Figure 1.5
(a). This fascinating selectivity switch was not due to changes in Ir particle size or
its chemical state (which became more metallic with higher reduction
temperature), but was directly correlated to the formation of a reduced TiOx
overlayer that encapsulated the Ir nanoparticles, a classic manifestation of SMSI
[37,45]. Catalyst characterization confirmed that higher reduction temperatures
led to more extensive encapsulation, progressively blocking the Ir sites as shown
in Figure 1.5 (b). Exposed metallic Ir sites are highly active for CO dissociation
and deep hydrogenation to CH4, while the SMSI, where the TiOx overlayer is
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formed, physically covers these sites. This encapsulation process is suggested to
suppress the methanation pathway but still enables the RWGS reaction to
proceed on the TiOx surface or at the Ir-TiOx interface, leading to exclusive CO
production. The investigation demonstrates that SMSI can be carefully
engineered to physically tune the active sites and steer reaction pathways without
altering the intrinsic properties of the metal. However, it also shows that Ir's role
can be modified by the changing of the pre-treatment method, which can entirely
shift the product selectivity. In addition, it can be observed from the catalytic
activity that the Ir/TiO2 mainly results in the production of CO and CH4[29,37].

1.2.2.3.4 Iridium over molybdenum oxide (Ir/MoO3)
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Figure 1.5 (a) CO, conversion and product selectivity of Ir/TiO, system for CO, hydrogenation at
different reduction temperatures. The reaction conditions: 280 °C, 0.1 MPa, space velocity 9000 mL
h™" geat", and Ho/CO,/N, = 70/20/10 [37]. (b) Simple schematic of the structural evolution of Ir/TiOx.
The purple color of Ir species indicates the reduction of Ir NPs, while the yellow color indicates
unreduced Ir species [37]. Both figures reproduced from [37] under the CC BY-NC-ND 4.0

Sun et al. demonstrated a highly efficient and stable catalyst for CO:
conversion via the RWGS reaction, utilizing an Ir-promoted molybdenum oxide
system synthesized via flame spray pyrolysis [46]. The catalyst exhibited
exceptional catalytic activity, with CO2 conversion of 44%, and achieved a CO
production rate of 17.5 mol. gecat’ h-' at 600 °C. The catalyst was remarkably stable
over 2000 hours without deactivation. The key findings of this investigation reveal
that trace amounts of Ir (as low as 0.02 wt%) act as a structural promoter,
facilitating the formation of an oxygen-deficient Mo17047 phase. The formation of
this phase (Mo17047) enables a carburization under reaction conditions to form
unsaturated molybdenum oxycarbide (MoOC,) surface species on a cubic a-MoC
support. These MoO,C, sites are identified as the active centers responsible for
this system's high activity and stability. Isotope labeling and DFT calculations
further confirmed a carbon cycle mechanism, wherein CO: inserts into Mo
vacancies and CO is released by extracting carbon from the oxycarbide lattice, a
12
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pathway more favorable than the conventional redox route, as shown in Figure
1.6. The work highlights the role of Ir not as an active site but as a critical promoter
that enhances reducibility and accelerates carburization to form a highly active
RWGS catalyst.
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Figure 1.6 The proposed reaction mechanism for the RWGS reaction from the DFT calculations. [46]
Reproduced from [46] under the CC BY-NC-ND 4.0.

1.2.2.3.5 Summary of the Ir-based systems

Among the various Ir-based catalytic systems explored for CO2 hydrogenation,
the role of Ir is profoundly influenced by its support, which governs its chemical
state, dispersion, and interactions with the support and active intermediates. It
was found that the Ir on In203 enhances hydrogen dissociation and spillover,
promoting MeOH formation via the RWGS route. However, its chemical state on
CeO:2 (influenced by SMSI) also switched selectivity between CO and CHa.
Additionally, its function on TiO2 can be physically covered by an SMSI-induced
overlayer, allowing it to exclusively produce CO. Finally, the Ir/MoO3s system
represents a significant change, where Ir acts not as a conventional or promotional
active site, but as a structural promoter. In this unique case, traces of Ir facilitate
the formation of a defective Mo17047 precursor that undergoes in situ carburization
under reaction conditions to generate highly active MoO,C, sites for RWGS
reaction. This evolution in function from promotional effect (Ir/In203) to
conventional active site (Ir/CeO2 and Ir/TiO2) to structural promoter (Ir/MoQO3)
highlights the critical and versatile influence of the support in defining the role of
Ir, which indicates the importance of further investigating these complex systems.

1.2.2.4 Molybdenum-based catalysts

While noble metals have dominated the landscape of CO2 hydrogenation
catalysis, earth-abundant molybdenum (Mo)-based catalysts have emerged as a
promising class of materials. Sun et al. exemplifies a novel example in Mo-based
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catalysis, where the role of the metal was shifted from a traditional active site to a
structural promoter that facilitates the in situ formation of a highly active site for
RWGS [46]. The reaction mechanism shown in Figure 1.7, explored by DFT,
clearly indicates the unique flexibility of Mo species as a support (especially MoO3)
in activating CO2 molecules and producing CO. On the other hand, Mo as a
support was not only reported for the RWGS reaction but also for MeOH synthesis,
where Mo was reported to boost MeOH formation. For instance, the distinct
approach to MeOH reported by Kuwahara et al. demonstrated the efficacy of a
platinum-supported oxygen-deficient molybdenum suboxide catalyst (Pt/HxMoOs.
y) for liquid-phase CO2 hydrogenation under mild conditions (200 °C, 4.0 MPa).
[47] The catalyst exhibited a notable MeOH formation rate of 1.53 mmol. gcat™
h=' at 25% CO2 conversion and 33% MeOH selectivity. The result indicates that
the bifunctionality of the system: the quasi-stable HxMoOs-y support, rich in
oxygen vacancies and low-valence Mo species (Mo>“Mo**), served as the site for
activating CO2 molecules. In addition, active noble metal was found to be
responsible for the subsequent hydrogenation of the active intermediate to MeOH.
In conclusion, the investigation of Pt/HxMoOs-y highlights the critical importance of
Mo species in CO2 hydrogenation to MeOH, eventually boosting MeOH formation.

Another example of the unique role of Mo is the study reported by Toyao et al.,
which focused on achieving MeOH synthesis under notably mild conditions. It is
reported that a Pt-MoOx/TiO2 catalyst, prepared by sequential impregnation,
demonstrated exceptional performance for CO2 hydrogenation to MeOH. Under
low-temperature conditions (150 °C, 6 MPa total pressure), the optimized catalyst
with 3 wt% Pt and 30 wt% MoOx (Pt(3)/MoOx(30)/TiO2) achieved a
remarkable 73% vyield of MeOH at 48 hours, a value approaching the
thermodynamic equilibrium and far surpassing the performance of an industrial
Cu/ZnO/Al20Os3 catalyst under the same conditions [30]. A key finding was the
critical synergy between the active noble metal and the reduced MoOx species,
which requires further investigation. The proposed mechanism suggests a
bifunctional role: metal nanoparticles act as the primary site for H2 dissociation
and activation, while reduced MoOx species (likely possessing oxygen vacancies)
are responsible for the adsorption and activation of CO2. This work opens the way
for further investigation and understanding of the exact role of Mo species in
enhancing MeOH production.

In addition, the catalytic versatility of Mo-based materials, specifically MoOs, is
often attributed to the redox flexibility of the Mo species under reaction conditions.
A closer analysis of the MoOs structure is essential to understand this property.
Mo8* can form several structurally distinct oxides (see Table 1.2), each with unique
applications. Among these, the orthorhombic phase is predominant in catalysis
due to its high thermodynamic stability. Its primary function is often linked to the
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formation of oxygen vacancies (OVs), which are crucial for processes like CO2
activation. The possible existence of mixed valency Mo®*, Mo%*, and Mo** under
the reaction conditions for this structure could indicate the formation of these OVs
as reported previously [47-49].

Density functional theory (DFT) calculations indicate these vacancies form
preferentially at terminal oxygen (O+) sites located between bilayers along the a-
axis (Figure 1.7) [48]. Their formation creates two adjacent Mo%* species, which
induces an expansion of the van der Waals gap along the b-axis, increasing
interlayer spacing. Structurally, the expansion of the van der Waals gap along the
b-axis was reported from 13.886 A in fully oxidized MoOs to 14.062 A in the
oxygen-deficient material [21,48].

However, the literature debates the most favorable site for vacancy formation.
Contrary to the above, one investigation found that OVs form readily at intralayer
oxygen sites rather than at the Ot sites within the van der Waals gap [49,50]. This
specific vacancy placement induced lattice distortion, while the overall a-MoOs3
crystal structure remained preserved. This ongoing debate highlights the
structural flexibility of MoO3s and underscores the need for further investigation to
understand its structure-activity relationship.

Beyond OVs, another fascinating aspect of this system is the formation of
hydrogen molybdenum bronzes (HxMoOs.y). These reduced phases exhibit
several distinct structures (phases) depending on the hydrogen content (x) and
the position of the incorporated protons. Phase |, where the hydrogen content x is
between 0.23 and 0.4, is thermodynamically stable and mainly forms protons in a
cluster of 6 O-H groups with corner-sharing oxygen atoms in the channels [51,52].
Another phase (Phase Il), where the hydrogen content x is between 0.85 and 1.04.
In this phase, the protons predominantly reside as -OH2 groups in the van der
Waals gap, bonded to terminal oxygen atoms [51]. This bronze phase exhibits
high proton conductivity among other phases, as the protons are primarily located
within the van der Waals gaps, rather than in the channels. Another metastable
phase exists in Phase I, where x is between 0.6 and 0.8 (Phase lla). In this phase,
the protons are positioned within the layer and in the terminal (Van der Waals gap)
[51]. The disorder in the proton position causes a high proton conductivity and
destroys the crystallite structure of the MoOs. Phase lll, where x is between 1.55
and 1.72, is the most thermodynamically stable phase [52]. In this phase, the
protons are also located in the van der Waals gaps, but with a higher density. This
ordering creates an extensive hydrogen bond network that stabilizes the structure
[52]. In conclusion, the exceptional catalytic and functional properties of MoO3 are
fundamentally governed by its remarkable structural flexibility. This can be
observed through two key phenomena: the debated formation of OVs at various
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lattice sites, which modulates their oxidation state and reactivity, and the formation
of HMB with distinct phases, where the proton position dictates properties such
as stability and proton conductivity.

Table 1.2 MoOs structures reported in the literature.

Structure Symmetry
Type

a-MoOs3 Orthorhombic
B-MoO3 Monoclinic
h-MoOs Hexagonal
MOl “Hﬂizrw?lglrigiscs‘u re
Amorphous -
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Figure 1.7 The crystal structure of MoOs;, which includes bilayers formed by edge-sharing MoOg
octahedra (shown in grey). The bilayers are set along the b-axis (Green plane) and connected together
by weak van der Waals interactions. The main framework includes three different types of oxygen
atoms: the terminal oxygen (Oy), forms a Mo-O; bond that extends perpendicularly to the van der Waals
gap (shown in green), O, connects asymmetrically to two Mo atoms along the a-axis, and the
symmetric oxygen (Os), which exhibits three-fold coordination, forming two shorter Mo-O bonds along
the [001] direction and one longer bond along [010] [48]. Reproduced from [48] under the CC BY-NC-
ND 4.0

1.3 Summary

CO:2 hydrogenation to chemical energy carriers can be a highly selective
technology for minimizing the carbon footprint and closing the gap for the high
energy demand. Different catalytic systems have shown a potential for further
investigation due to their high performance. However, most of these catalytic
systems have shown poor performance at low temperatures. This review outlines
the diverse landscape of catalysts for CO2 hydrogenation, highlighting a clear
structure-activity relationship where the support material critically dictates the
reaction pathway and product selectivity. For noble metal systems, particularly Ir-
based catalysts, the support's nature governs the catalytic performance via strong
metal-support interactions (SMSI), steering selectivity between MeOH, CH4, and
CO. A notable exception is the Ir/MoOs system, where trace Ir acts not as an active
site but as a structural promoter, facilitating the formation of a highly active
molybdenum oxycarbide phase for the RWGS reaction. Concurrently, Mo-based
catalysts demonstrate exceptional versatility. Their catalytic flexibility stems from
the unique structural properties of MoQs, including its ability to form oxygen
vacancies and hydrogen molybdenum bronze (HMB) phases, which are crucial
for activating COa2. This is exemplified by Pt-MoOx synergy, which achieves high
MeOH yields under mild conditions. The overarching conclusion is that catalytic
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performance is not intrinsic to the metal alone but also is engineered through
metal-support interactions, which can be tailored to control the formation of active
sites and optimize the reaction pathway for a desired product. However, the exact
mechanism of the active sites' formation remains controversial.

1.4 Research gap

The catalytic hydrogenation of CO2 to MeOH has been extensively investigated
as a promising route for sustainable fuel and chemical production. Conventional
Cu/ZnO/Al203 systems remain the industrial benchmark; however, their operation
at moderate pressures and relatively high temperatures limits MeOH selectivity.
Recent studies have highlighted noble metal catalysts, particularly Re- and Ir-
based systems, for their superior hydrogen activation at low temperatures and
tunable selectivity through metal-support interactions.

Among these, Ir-based catalysts supported on reducible oxides have
demonstrated promising activity and selectivity toward MeOH-derived products.
In a specific Ir/MoOs, which exhibited enhanced MeOH-derived product formation
compared to other reducible oxides. The specific role of Mo in governing activity
and selectivity remains insufficiently understood.

In particular, there is a lack of systematic investigation into:

o The effect of Mo loading on structural evolution, dispersion, and
crystallinity of Mo species.

e The influence of Ir-Mo interactions on reducibility and active site
formation.

e The correlation between Mo content, surface intermediate formation, and
MeOH selectivity under high-pressure conditions.

e The structural and catalytic behavior of Ir-Mo systems under moderate to
high-pressure operation (20 - 300 bar), where condensation effects
strongly influence reaction pathways.

o Finally, the Ir/MoOs system was reported for its high performance in the
RWGS reaction. However, there is a clear lack of kinetic investigation of
this system under RWGS reaction conditions. Such a study will provide
valuable information on the effect of the Ir- Mo interaction under different
reaction conditions.
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1.5 Scope of this dissertation

This dissertation aimed to understand the unique role of Ir and Mo in boosting
the catalytic activity of CO2 hydrogenation to MeOH, its derived products, and CO,
since CO can serve as a crucial intermediate for MeOH. Several techniques were
employed to investigate the role of each metal, including operando Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and in situ X-ray
Absorption Near-Edge Structure (XANES). Understanding the role of these metals
will facilitate the design of a rational catalytic system. The dissertation involved
four main chapters.

In Chapter 2, the Ir was impregnated over different reducible supports to
investigate its activity towards MeOH-derived products. The results indicated the
high activity of I/MoOs. Further investigation was conducted to understand its
unique activity. Furthermore, the reduction temperature was found to have a
significant effect on the product selectivity and CO2 conversion, as explained in
sections 1.2.2.3.2 and 1.2.2.3.3. Based on this finding, the reduction temperature
protocol was investigated, which eventually led to different results. The findings
of this chapter shed light on the potential role of Mo, which was discussed in
Chapters 3 and 4.

To further understand and investigate the Mo role, the loading effect was
explored to examine the structure-activity relationship. Therefore, in Chapter 3,
different Mo loadings were impregnated over y-Al2Os3, followed by Ir impregnation.
The y-Al203 support was selected for its high surface area, which allows higher
Mo loading. In addition, Mo/y-Al2O3 is a well-established catalyst system for
various reactions, including hydrodesulfurization and other hydrotreating
reactions, making it highly attractive for investigation in CO2 hydrogenation. The
result indicated that the low Mo loading enhances the catalyst’s selectivity towards
MeOH-derived products. Operando DRIFTS was performed to understand the
effect on surface species as Mo loading increased. In this study, the Mo-related
species in the low-loading Mo catalyst were well dispersed. As mentioned, this
catalyst with a low Mo loading achieved the highest MeOH selectivity. This finding
opened the way for further investigation into whether the high MeOH selectivity is
due to the low Mo loading or to well-dispersed Mo species.

In Chapter 4, the role of Mo dispersion was investigated, since it was identified
as a potential parameter for boosting MeOH selectivity in Chapter 3. Similar to the
loading effect, the dispersion can also explore the structure-activity relationship
and provide mechanistic insight into how the catalyst works if small clusters are
present by identifying changes in surface species. Therefore, to further investigate
whether this high selectivity toward MeOH in the Ir-Mo-based system is due to a
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loading or dispersion effect, two catalysts, Ir/Mo-Al203 with similar Mo loading but
different Mo dispersions, were used. The catalytic activity indicated that the
catalyst with higher dispersion showed full selectivity towards MeOH-derived
products, with all other side reactions suppressed. The low dispersion catalyst
resulted in a dominant CO selectivity. To investigate this effect, the surface species
were analyzed by DRIFTS. The results indicated a significant difference in both
the surface species environment and Ir particle dispersion. Additionally, the
second temperature sequence was performed on the catalyst with high Mo
dispersion to investigate its effect. Finally, different reduction protocols were
implemented to further investigate their effects on the catalytic activity, as it was
found to affect the catalytic activity in the previous chapters.

Ir/MoO3 was investigated under conditions relevant to MeOH synthesis, where
catalytic behavior was shown to be highly sensitive to reaction conditions (Chapter
2). Furthermore, as discussed in Section 1.2.2.3.4, Ir/MoOs exhibits high
selectivity toward CO under conditions favorable for the RWGS reaction. These
variations in catalytic behavior under different operating conditions highlight the
tunability of this system. Although Chapter 5 explores high-temperature
conditions beyond the main scope of this thesis, examining catalyst performance
under such conditions provides valuable insights into the changes in catalyst
structure and behavior. Therefore, in Chapter 5, the kinetics of both Ir/MoO3 and
Ir/MoQzs/Al20s catalysts were evaluated for the RWGS reaction at atmospheric
pressure over a range of temperatures (400 - 550 °C). A stability test was also
conducted on both systems to assess potential catalyst deactivation under
reaction conditions, an essential step for accurate kinetic modeling. The results
revealed that the Ir/MoQOs3 catalyst exhibited noticeable deactivation, whereas the
Ir/MoQO3/Al203  system remained stable throughout the testing period.
Consequently, the kinetic model was developed solely on the basis of the
performance of the Ir/Mo/Al2Os3 catalyst.
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Summary

This study investigates iridium (Ir) supported on different reducible oxides for
CO2 hydrogenation to methanol (MeOH). Among them, Ir over molybdenum
trioxide (MoOs) demonstrated outstanding activity toward MeOH-derived
products (15 mg/h.geat at 225 °C and 20 bar). The performance was found to
depend strongly on the reduction temperature. A moderate reduction
temperature of 200 °C led to partially reduced Mo species (mainly Mo**),
whereas a higher reduction temperature of 400 °C led to more metallic Mo
(Mo9), resulting in a significant increase in MeOH-derived product selectivity.
At all tested reduction temperatures, in situ X-ray diffraction (XRD) confirmed
that the crystalline structure changed to amorphous after reduction.
Additionally, in situ X-ray Absorption Near Edge Structure (XANES) confirmed
that Ir was completely reduced before the 200 °C and that the observed high
MeOH-derived products were primarily linked to changes in the Mo chemical
state. Operando DRIFTS revealed that the reduction temperature alters the
surface chemistry, influencing the formation and reactivity of formate species
(a key intermediate in MeOH production). Furthermore, repeated reaction
cycles led to in situ reduction of Mo, as confirmed by in situ XANES, which
enhanced MeOH formation. Overall, the study demonstrates that the catalytic
performance of Ir/MoOs is primarily governed by the Mo chemical state.
Tuning the Mo chemical state can effectively direct CO2 hydrogenation toward
MeOH-derived products.
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2.1 Introduction

The relentless accumulation of anthropogenic carbon dioxide (COz2) in the
atmosphere is a primary driver of global warming, making the control and
reduction of CO2 emissions a pressing global challenge. In this context, the
catalytic conversion of CO:2 into value-added chemicals has emerged as a
highly appealing, sustainable pathway to simultaneously address
environmental concerns and meet growing energy demands [1,2]. Among
potential products, methanol (MeOH) is particularly appealing as a versatile
fuel and chemical feedstock to the chemical industry [3]. The industrial
synthesis of MeOH via CO2 hydrogenation employs Cu/ZnO/Al.O3 catalysts
at 220-250 °C and 20-100 bar [4-6]. Adding CO to the feed also alters the
chemical state of Zn, further enhancing MeOH production [7]. However,
thermodynamically, lower temperatures and higher pressures are favored.
Theoretical thermodynamic calculations reveal that full CO2 conversion and
MeOH selectivity can be achieved at low temperatures and high pressures,
facilitated by the in situ separation of condensable products, which shifts the
reaction equilibrium toward the forward direction [4,5]. Such low-temperature
operation also reduces energy consumption and mitigates catalyst
deactivation. Despite these thermodynamic advantages, several catalytic
systems have shown that high CHa selectivity is often observed below 260 °C,
even at high pressure [5,6], underscoring the need for a highly selective
catalytic system for MeOH and its derived products.

Iridium (Ir) has shown high activity in the homogeneous hydrogenation of CO2
to formate, a key intermediate in the production of MeOH [8-10]. Recent
studies on the active Ir species in multinuclear catalysts indicate a crucial role
for their proximity, which enables hydride transfer that directly reduces CO:
to formate [10]. High MeOH production in gas-solid reaction under mild
conditions (30-80 °C) was observed with no contamination by CO or CH4 [10].
In heterogeneous systems, Ir's performance is primarily influenced by the
support, which stabilizes nanoparticles and dictates product selectivity,
resulting in unique product distributions across each catalytic system [11-15].
Therefore, the choice of support material is critical, as it significantly
influences catalyst activity and performance [16,17]. Reducible supports, in
particular, have demonstrated optimal performance in CO2 hydrogenation
due to their ability to enhance CO: activation and facilitate strong metal-
support interactions (SMSI) [17-20]. Previous studies on reducible-supported
Ir catalysts have primarily focused on high temperatures (up to 300 °C). For
instance, the selectivity of Ir supported on ceria (CeO2) and titania (TiOz2) can
be tuned from CHs4 to CO by adjusting the pre-treatment conditions,
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highlighting the pronounced influence of the Ir-support interaction, which is
strongly dependent on the reduction state [11,15]. In contrast, Ir over indium
oxide (In203) favors a high selectivity towards MeOH [13]. However, the
reaction temperature was high, potentially activating other side reactions.
Also, an additional role for In20s is anticipated in directing the reaction
pathway towards MeOH via oxygen vacancies [21,22]. Ir over molybdenum
trioxide (MoOs) exhibited exclusive activity in the reverse water gas shift
reaction (RWGS) [14]. The variance in these outcomes, often studied under
disparate conditions, highlights the need for a unified experimental framework
to decouple the effects of support from the role of Ir. Therefore, this work
presents a comparative investigation of Ir supported on TiO2, CeO2, and
MoOs under standardized conditions. Among these, Ir/MoO3s emerged as the
most active catalyst, prompting a detailed study of its unique properties and
performance in CO2 hydrogenation to MeOH and its derived products.

2.2 Experimental section
2.2.1 Catalyst synthesis:

The following reagents were used as received. Ir(lll)chloride hydrate (CAS
No. 10025-83-9) was purchased from Precious Metals Online. Cerium(lV)
oxide (CAS No.1306-38-3) was purchased from DAIICHI KIGENSO KAGAKU
KOGYO. LTD. Photocatalytic titanium dioxide ST-01 was purchased from
Ishihara Sangyo Kaisha, LTD. (ISK), Japan. The MoOs (CAS No. 1313-27-5)
was purchased from Alfa Aesar. The catalysts were prepared using the wet
impregnation (WI) method with an aqueous solution of the respective metal
salt, Ir(lll) chloride hydrate. 0.071 g of the metal salt (to obtain a metal loading
of 1.5 wt% Ir per support) was dissolved in 50 mL of deionized water. The
amount of metal salt was calculated based on 3 g of support material. After
the salt was completely dissolved in the water (0.5 h), 3 g of the support
material was added to the solution. The mixed solution was then stirred at
200 rpm and 50 °C and kept overnight. Subsequently, the drying process was
performed in air at 110 °C for 10 h. The obtained powder was crushed and
calcined at 500 °C for 3 h, in the air.
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2.2.2 Catalysts characterization:

2.2.2.1 H>-temperature program reduction (H>-TPR):

200 mg of catalyst was packed inside a quartz tube reactor. H2 flow was
introduced into the reactor, and a heating rate of 10 °C/min was used until
reaching a final temperature of 700 °C. The catalysts were heated to 700 °C
and held for 10 min. The H:2 signal was recorded online with a thermal
conductivity detector (TCD).

2.2.2.2 X-ray diffraction (XRD):

The internal XRD patterns were attained using a Bruker AXS D8 Advance
diffractometer. The detector used in the experiment was a Lynxeye-XE-T
position-sensitive detector, which enabled efficient and accurate data
collection. The recorded data in the range of 5° to 90° was evaluated using
the DIFFRAC.EVA software, which provided analysis and interpretation of the
diffraction patterns obtained. The diffraction obtained from the XRD at
Synchrotron uses a wavelength of 0.53948 A. Therefore, all the simulated
diffraction patterns were obtained using this wavelength.

2.2.2.3 Inductively coupled plasma mass spectrometry (ICP-MS):
The ICP-MS was performed at MIKRO LAB located in Oberhausen,
Germany. The exact procedure for the element digestion is considered a
company secret. However, the elements Ir, Ce, Mo, Al, and Ti were measured
using a Spectro Arcos ICP after microwave digestion on a CEM MARS 6.

2.2.3 Catalytic activity

The catalytic activity was evaluated in a custom-made high-pressure
setup, as shown in Figure 2.1. In a typical test, a 125 mg catalyst was loaded
into a 1/4-inch reactor tube (ID, 2.79 mm). Before loading, the catalysts were
pelletized, crushed, and sieved to obtain particles in the 90-300 ym range.
Quartz wool was used to support the catalyst in the reactor. The catalyst was
reduced at 200 °C with 90% H2/Ar (20 mL/min) for 1.5 h under atmospheric
pressure. The reduction temperature was changed to 400 °C; however,
similar duration and reducing agent were utilized. After cooling to 35 °C, the
H2/CO2/N2 mixture (70.5/23.5/6 vol%) was fed into the reactor and
pressurized to 20 bar. The space velocity was maintained at 10 NL/gcat h. The
products were analyzed by an online gas chromatograph (Compact GC 4.0m
manufactured by Global Analyzer Solutions) equipped with a flame ionization
detector for the detection of CH4, MeOH, methyl formate (MF), dimethyl ether
(DME), and ethanol (EtOH), and two thermal conductivity detectors, one for
the detection of Hz, N2, CH4, and CO. This TCD uses Ar as the mobile phase.
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The second TCD was used to detect CO2, and He is the mobile phase. The
carbon balance was monitored to be within 97-102%. The values presented
were obtained by averaging the measurements only after steady-state had
been reached. A single representative value was then reported for each
condition.
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Figure 2.1 Schematic of the reaction setup used for the catalytic activity testing. The reaction
mixture was introduced to the booster pump to increase pressure. The system has two loops to
store the mixture under high pressure, as shown in loops (1) and (2). A high-pressure mass flow
controller is utilized to feed the reactant mixture into the reactor. The system pressure is
controlled by the back pressure regulator (BPR). The condenser is used to remove the liquid
product. Finally, the product is analyzed in the compact GC shown here.

2.2.4 Operando diffuse reflectance infrared fourier

transform spectroscopy - mass spectrometry (DRIFTS-MS)
The operando DRIFTS was performed utilizing a Thermo Scientific Nicolet

6700 FT-IR connected with a Pfeiffer OmniStar GSD 300C mass

spectrometer (MS), as shown in Figure 2.2. The spectrometer is equipped
with a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector to
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collect the spectra while the MS analyzes the outlet gas stream. Gas flow
control in the setup was facilitated by six Bronkhorst mass flow controllers,
which regulated the flow rates of Hz, CO2, and He. Switching between the two
reactant gas streams was achieved using a 4-way valve. Back pressure
regulators (Bronkhorst) were employed to control the pressure of the reaction
cell and the vent side, maintaining the desired pressures within the system. A
40-50 mg of catalyst powder was placed inside a cylindrical cavity, having a
diameter of 3 mm and a vertical length of 3 mm, located in a Harrick Praying
Mantis DRIFTS accessory. The cell has an inlet on the left side, through the
catalyst, and an outlet on the right side. The thermocouple is connected to
the cell and located inside the quartz wool below the catalyst to ensure
accurate temperature measurement. Before the measurements, the catalyst
was reduced at the desired temperature using a mixture of H2 and He gases
(90/10) for 1.5 hours. Subsequently, the sample was cooled to the reaction
temperature of 75°C and pressurized to 10 bar under a He stream. The
reaction cell was exposed to a CO2:H:z feed with a 1:3 ratio (total flow rate of
15 mL/min). The spectra were acquired at a resolution of 4 cm-'. 10 spectra
were averaged and collected after 13.3 s.

[l |
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Figure 2.2 Schematic of the DRIFTS setup used for the DRIFTS experiment. The reaction
mixture was introduced after pressurizing the reaction cell to the desired pressure using He via

the blue line, while the reaction mixture is shown in orange. The reaction mixture was analyzed
using MS.
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2.2.5 Synchrotron experiments

The experiments were performed at the ALBA BL16-NOTOS beamline.
Prior to the experiment, the catalyst was diluted in boron nitrate (BN) ata 1:10
ratio. Then, A 10 cm-long capillary with an inner diameter of 1 mm and a wall
thickness of 10 ym was used to load the diluted catalyst. The central 0.5 cm
of the capillary was loaded with the diluted catalyst sample. To facilitate gas
heating, the sample was fixed with 1 cm of silicon carbide (SiC) at the outlet
and 2 cm at the inlet. Quartz wool was used at both ends to fixate the bed.
The capillary was mounted in a U-shaped cell that allowed either direct gas
flow through the capillary or in bypass mode. Subsequently, the bed was
heated with a hot blower, of which the position was calibrated to the middle
of the bed, with roughly 5 cm spacing in between the blower and the bed to
ensure the blower and catalyst temperature are linearly related up to 600 °C.
XANES spectra were taken sequentially at the Ir Lz-edge (11215 eV) and Mo
K-edge (20000 eV). Spectral acquisition times were approximately 3 minutes
for XANES and 2 minutes for Synchrotron X-ray Diffraction (XRD)
measurements. Both edges were measured in fluorescence mode using a 13-
element Si detector. In the first experiment, an Ir/MoOs catalyst was reduced
in situ under a 5 mL/min Hz flow with a ramp rate of 10 °C/min, after which the
temperature remained constant at the desired temperature for 90 minutes.
This was followed by a ramp down to 40 °C to obtain a high-resolution XAS
spectrum of the reduced state of Ir and Mo. After collecting these spectra, the
reaction mixture was switched to a 1:3 CO2:Hz mixture (10 mL/min), and the
capillary was pressurized to 20 bar. Then, the temperature was increased to
75, 225, and 75 °C. XANES spectra were collected during the temperature
ramping, and X-ray diffractions were collected after each step.

2.3.1 The catalytic activity of CO2 hydrogenation

The catalytic performance of Ir supported on various metal oxides (CeOz,
TiO2, and MoOs) was evaluated for CO2 hydrogenation at 150, 175, 200, and
225 °C under 20 bar. The reduction protocol for these catalysts is as follows:
heating to 200 °C using Hz/Ar (90/10) feed for 90 min. After reduction, the
reactor was cooled to 35 °C, then pressurized to 20 bar with feed H2/CO2 =
3. The MeOH production rates as a function of reaction temperature for the
three tested catalysts are shown in Figure 2.3. At 150 and 175 °C, MeOH was
observed only over Ir/MoOs. When the reaction temperature increased further
to 200 and 225 °C, MeOH was observed over all three catalysts, i.e., Ir/TiOz,
Ir/Ce02, and Ir/MoOs. Although MoOs, as a support, has a similar reducible
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Figure 2.3 The Methanol (MeOH) production rate in mg/h.gca during the CO, hydrogenation of
the following catalysts: Ir/CeO,, Ir/TiO,, and Ir/MoOs, evaluated at 150, 175, 200, and 225 °C,
and at 20 bar, and H,/CO; = 3. The results show the remarkable activity of Ir/MoO; towards high
MeOH production among other catalysts at all reported temperatures, indicating the catalyst's
high performance

nature to TiO2 and CeOz, the Ir/MoOs exhibits a remarkably five times higher
production rate of MeOH as compared to Ir/CeO:2 and Ir/TiO2. This substantial
difference in MeOH production rate indicates that Mo plays a crucial role in
directing the reaction toward MeOH. Furthermore, Toyao et al. investigated
the Mo effect in the Pt/MoOs system, which was found to boost activity
towards high MeOH conversion, suggesting a synergistic effect between Pt
and Mo [23]. Notably, this effect is also expected to be observed between Ir
and Mo, resulting in this high activity towards MeOH. However, over Ir/TiO2
and Ir/CeOg, Ir is expected to be highly covered by the support species, as
reported previously by Zhang over Ir/TiO2 [24]. This phenomenon is expected
to reduce the number of Ir active sites, resulting in catalyst inactivity at low
temperatures.

In addition, the MeOH production rate in Ir/MoQOs increases with increasing
reaction temperature, as shown in Figure 2.3, but the MeOH selectivity
decreases, as shown in the Figure 2.3-S (Appendix). The significant increase
in MeOH production rate with increasing reaction temperature is primarily
attributed to the enhanced CO: conversion.
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The catalytic activity performance of Ir/MoQO3 was also investigated at 300
bar, and the results are shown in Figure 2.6-S (Appendix). The Ir/MoOs shows
no significant difference in product distribution. The absence of a significant
difference in product distribution between Ir/MoOs at 20 and 300 bar
demonstrates that the catalyst operates along the same pathway at both
pressures, providing a clear advantage for this system. However, the
conversion increased with pressure, reaching in some cases almost 3 times
higher (at 200 °C using the R200 protocol, from 4% at 20 bar to 11.5% at 300
bar). This was expected, since increasing the pressure will result in higher
gas-phase concentration and surface coverage, which most likely leads to
higher conversion. Hence, the outstanding activity of Ir/MoQs3, distinct from
other reducible oxides, combined with its kinetic advantage, underscores its
unique nature and motivates a comprehensive investigation to elucidate the
origin of its high performance.

2.3.2 Effect of reduction temperature on CO2 conversion
and MeOH selectivity over Ir/MoO3

The catalytic performance of Ir/MoOs was found to be critically dependent
on the reduction temperature [25]. The reduction protocol was initially set at
200 °C for 90 min (R200) based on the H2-TPR data (Figures 2.11-S and
2.12-S, Appendix). A different reduction temperature, 400 °C (R400), was
also examined to investigate the effect of reduction temperature on catalytic
performance and the productivity of MeOH-derived products across different
reaction temperatures, as shown in Figure 2.4. Increasing the reduction
temperature to 400 °C significantly increases the rate of production of MeOH-
derived products. The higher reduction temperature steers the formation of a
specific, highly reduced Mo species that boosts MeOH formation [25].
Therefore, the reduction temperature critically governs the catalytic
performance of Ir/MoOs: higher temperatures promote selective MeOH
production likely via the formation of a specific reduced Mo species.
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Figure 2.4 The MeOH-derived product (MeOH, methylformate, and dimethyl ether) production
rate in mg/h.gest during the CO, hydrogenation of Ir/MoO; evaluated after applying the two
reduction protocols, R200 and R400. The production rate was obtained at different reaction
temperatures, at 20 bar, and H,/CO, = 3. The results indicate a significant increase in the
production rate of MeOH-derived products when the R400 reduction protocol is applied
compared with the R200 reduction protocol.

2.3.3 Effect of reduction temperature on the chemical state
of Ir/MoO3

To elucidate the origin of the changes in catalytic activity with reduction
temperature, the chemical states of Ir and Mo were investigated during and
after the reduction. In situ XANES was performed during H2-TPR to monitor
the evolution of the chemical states of Ir and Mo at each reduction
temperature. Two experiments were conducted; in each, fresh Ir/MoO3 was
reduced with hydrogen under conditions similar to those used for the pre-
treatment during catalytic activity testing. Two reduction temperatures were
tested: 200 °C (R200) and 400 °C (R400). The Ir Ls-edge and Mo K-edge
were measured during the reduction, and both are shown in Figure 2.5 at all
reduction temperatures. The Ir Lz-edge shown in Figure 2.5 (a) shows a
significant change in the Ir chemical state between the fresh catalyst and the
reduced one, evidenced by the substantial change in the white line intensity.
However, between R200 and R400, no discernible difference was observed,
suggesting that Ir is entirely reduced to its metallic state by 200 °C.
Consequently, the differences in catalytic performance between the R200 and
R400 reduction protocols are unlikely to be due to changes in the chemical
state of Ir. For the Mo K-edge, the analysis of the fresh catalyst shown in
Figure 2.5 (b) reveals that its spectrum is comparable to that of the pristine
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MoOs support. The identical spectral shape and edge energy confirm that the
Mo retains a +6 oxidation state and a similar local structure. This indicates
that Ir impregnation does not significantly impact the chemical state or
structure of the MoOs support. In contrast, the Mo K-edge of the catalyst at
R200 and R400 showed a pronounced change between the two conditions.
Through the linear combination fitting (LCF), R200 revealed a Mo** content
of ~77%, as observed by the MoO: fitting (Figure 2.5 (c)), alongside other
possible oxidation states. The analysis of the progressive change in the Mo
K-edge during temperature ramping, as shown in Figure 2.13-S (Appendix),
indicates a significant change in the pre-edge feature at ~170 °C, suggesting
a potential change in the Mo coordination environment at this temperature.
Increasing the reduction temperature to 400 °C (R400) resulted in a more
deeply reduced catalyst, as evidenced by decreases in Mo** and increases
in Mo®, as shown in Figure 2.5 (d). Similar to the R200, the progressive
change in Mo K-edge during the temperature ramping of the R400 occurred
at exactly the same temperature, ~170 °C. In summary, Ir was found to be
fully reduced at 200 °C, and the possible decisive factor in the change in
catalytic performance is the redox state of MoOs. A deeper reduction to more
reduced Mo species at 400 °C shifts the selectivity toward MeOH-derived
products.
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Figure 2.5 In situ XANES spectra collected during H, reduction of the Ir/MoOj; catalyst at 200 °C
(R200) and 400 °C (R400). (a) Ir Ls-edge, which indicates no change in the chemical state of Ir
between R200 and R400. The Mo K-edge for Ir/MoOs (b) at room temperature (RT), fresh catalyst
(c) after R200 protocol, linear combination fitting (LCF) analysis reveals the catalyst is composed
of 77% MoO; and 23% Mo° (d) after R400 protocol, LCF analysis reveals the catalyst is
composed of 52% MoO; and 48% metallic Mo. This result strongly suggests that the alteration
in the catalytic performance is due to the change in the Mo chemical state
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2.3.4 Effect of reduction temperature on the structural

evolution of Ir/MoO3

To further corroborate the shift
in the Mo chemical state observed
in the in situ XANES, in situ XRD
was performed on the support
MoOs, the fresh state of the
catalyst Ir/MoOs at room
temperature (RT), and R200 and
R400 reduced catalysts. (Figure
2.6). The XRD graph of MoO3
indicates a fully crystalline
structure comprising orthorhombic
(a-MoQO3) phases [26-29].
Quantitative analysis revealed that
the predominant phase is the a-
MoOs phase with a crystallite size
estimated at ~51 nm. The
hexagonal (h-MoQOs) phase is
expected, but due to peak
overlapping, it is challenging to
detect. The MoOs can form
multiple distinct crystal structures
(polymorphs), and the geometry
of the MoOs octahedra is different
in each. The coexistence of these
two polymorphs is frequently
observed in MoOs samples
synthesized via low-temperature
routes, such as precipitation or
hydrothermal methods [30,31].
The metastable hexagonal phase
is kinetically favored under these
conditions and can persist
alongside the stable orthorhombic
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Figure 2.6 X-ray diffraction (XRD) of the MoO3
support and the as-synthesized Ir/MoQj; catalyst. At
room temperature (RT), after reduction at 200 °C
for 90 min (R200), and after reduction at 400 °C for
90 min (R400). Other references (computed Mo
metallic, MoO,, and computed IrO,) are shown
above the diffractions. The result illustrates no
significant alteration of the MoOj; support upon
deposition of Ir. Additionally, after reduction using
the two reduction protocols, R200 and R400, a
complete transformation of the structure from fully
crystalline to amorphous was observed. All
unidentified diffractions in R200 and R400
correspond to Boron nitrate (BN). Check Figure 2.9-
S for more details. Mo metallic FCC and BCC
(simulated diffraction developed using Mercury).

phase. The presence of both phases in the support suggests a synthesis
pathway that allowed the partial formation of h-MoOs3, with incomplete thermal

conversion to the a-phase.
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Following Ir impregnation, the diffraction pattern shows no significant
change; only a small reflection corresponding to IrO2 was detected at 22.1°
(Figure 2.6), confirming the formation of a small Ir oxide crystallite phase. To
further assess the influence of Ir doping, the XRD patterns of MoO3 and
Ir/MoOs (RT) were compared. The analysis of the unit cell parameters
indicates a small expansion in the a-lattice parameter (from 0.392 nm to 0.396
nm), while the c-parameter exhibits a slight decrease. This change in the a-
and c-axes leads to an overall cell volume increase that occurs predominantly
along the a-axis [32]. The minor increase in cell volume and the absence of
change in diffraction are consistent with the in situ XANES data shown in
Figure 2.5 (b), which indicate identical spectral shapes and edge energies for
the MoOs support and Ir/MoOs. Thus, the XRD analysis corroborates the
XANES results, confirming that the MoOs support's structure remains largely
intact after Ir incorporation. The absence of the HMB phase suggests that
higher reduction temperatures and the higher heating rate used during the
experiment lead to its dehydration [25]. It is highly expected that this extent
of reduction is due to Ir, which underscores Ir's high activity in dissociating Hz,
as confirmed by the high hydrogen consumption in H2>-TPR results shown in
Figures 2.11-S and 2.12-S (Appendix) [25,33]. To investigate the reason
behind the catalyst amorphization after reduction, in situ DRIFTS was
employed during the reduction step. Loss of terminal oxygen (Mo=0) was
observed in real time during the reduction process, as shown in Figure 2.2.7-
S (Supporting information). This loss was identified by the distinct negative
peak developed in the 950 - 1000 cm-' region at a temperature of ~177 °C.
This spectral region is characteristic of the stretching vibration of Mo=0 bonds
[34]. The terminal oxygen (Mo=0) bonds, oriented perpendicular to the van
der Waals (vdW) gap, and are essential for maintaining structural integrity
between bilayers, as illustrated in the green plane in Figure 2.2.8-S
(Supporting information). Their loss is expected to trigger a collapse of the
crystallite framework, ultimately resulting in the disappearance of long-range
order. Additionally, at this temperature, the pre-edge feature of the Mo K-edge
experiences a change, as shown in the in situ XANES result (Figure 2.13-S,
Supporting information). The depletion of the Mo=0 terminal oxygen and the
alteration of the pre-edge feature in the Mo white line provide strong evidence
that the observed amorphization arises from the disruption or removal of
Mo=0O bonds, thereby destabilizing the crystalline framework. To further
investigate the amorphous structure after applying the R200, the XRD pattern
was analyzed. Two broad reflections centered at 13.5° and 21.8° (Figure 2.4)
are observed, attributed to the formation of metallic Mo and consistent with
the reference patterns [35-38]. According to the XANES results obtained
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under the R200 protocol, the fraction of MoO: is higher than that of metallic
Mo. However, it is highly expected that the MoO2 phase is amorphous,
making its detection in the XRD challenging. In the sample reduced at R400,
diffraction peaks appear at identical positions (13.5° and 21.8°) and exhibit
significantly higher intensities, indicating a higher Mo-metallic content. This
result agrees with the XAS analysis, which indicates a higher Mo-metallic
content when R400 is applied. Thus, the progressive reduction of the Ir/MoQOs,
transitioning from a crystalline to a disordered amorphous phase due to the
loss of the Mo=0 terminal oxygen, containing a lower Mo-metallic content at
R200, and finally to a higher Mo-metallic content at R400.

Following reduction using R200 protocols, the crystalline structure of both
IrO2 and MoOs disappeared, yielding an amorphous material featuring two
broad peaks at approximately 13° and 21.8°. While previous studies have
proposed the formation of a hydrogen molybdenum bronze (HMB) phase
during reduction at low temperature [39—41]No diffraction evidence for this
phase was confirmed in the present case for either R200 or R400 Figure 2.10-
S (Appendix).

2.3.5 Summary of the effect of reduction protocol on Mo
chemical state, amorphization, and selectivity toward
MeOH-derived products

The catalytic performance of the reduced Ir/MoOs catalyst is profoundly
influenced by two main factors: the average chemical state of Mo and the
amorphization of the catalyst after each reduction temperature. Applying the
R200 led to the formation of less reduced Mo species (average Mo of 23%)
compared with the R400, where the average Mo? is 48%, as measured by in
situ XANES (Figure 2.5 (d)). In addition, the structure of the R200 sample
after reduction becomes amorphous, with less intense peaks related to Mo®
(Figure 2.6). However, applying the R400 protocol also led to an amorphous
structure, with higher Mo® peak intensities. These two findings suggest that
the existence of a higher content of Mo-reduced species results in the higher
formation of MeOH-derived products, as observed in the catalytic activity
testing (Figure 2.4). Therefore, the harsher reduction condition maximizes
catalytic activity toward MeOH-derived products, consistent with previous
reports on MoOs systems [25,42,43].

Additionally, the difference in the average Mo chemical state observed
between R200 and R400 (Figure 2.5) influences the catalyst surface
chemistry [44—46], thereby leading to changes in the adsorption of surface
species under relevant operating conditions. Operando DRIFTS
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measurements were performed under a CO2/H2 feed at 75 °C and 10 bair,
after the catalyst was independently pretreated using the R200 and R400
protocols. The results of the C-O vibration region (1100-1800 cm-") for both
experiments (R200 and R400) are shown in Figure 2.7. Two peaks attributed
to bicarbonate (HCOz3") at 1431 cm™' and 1646 cm-! were observed for R200
with a difference between the symmetrical and asymmetrical vibration (Av) of
215 cm™'. However, for R400, this difference in the vibrational modes of HCO3
resulted in a Av of 222 cm-'. This change in Av suggests a different bonding
environment for the surface species, R200 and R400 [47]. This change in
surface chemistry accounts for the observed difference in activity toward
MeOH-derived products.
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Figure 2.7 Operando DRIFTS spectra of the Ir/MoO; catalyst under CO,/H; (10 bar, 75 °C) in
the C-O stretching region (1300-1800 cm™). (a) The result when the catalyst is reduced using the
R200 reduction protocol shows bands at 1646 and 1431 cm™, characteristic of bicarbonate
species. (b) For the R400 reduction protocol, the shifted bands at 1654 and 1431 cm™' indicate
the formation of bicarbonate species with a different coordination environment, revealing that the
change in reduction temperature results in a change in surface chemistry, leading to a different
CO, adsorption geometry.
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2.3.6 The effect of two consecutive temperature sequences
on the catalytic performance of Ir/MoOs

During catalytic testing at 20 bar, a standard experimental procedure was
followed in which the reaction temperature was sequentially increased from
75 °C to 200 °C (named as First temperature sequence), as described in the
Experimental Section. To ensure reproducibility, the procedure included
cooling the reaction back to 100 °C and comparing the catalytic performance
at 100 °C during the initial temperature sequence with that obtained after
cooling. A significant change in MeOH selectivity was observed between the
first and second measurements (named as Second temperature sequence)
at 100 °C, as shown in Figure 2.3-S (Appendix), indicating a potential change
in the catalyst state between the two conditions. To investigate this and to
confirm the change in the catalyst state, the catalyst was tested at 20 bar
using the R200 reduction protocol and a temperature sequence from 75 to
225 °C, as shown in Figure 2.8. The R200 was selected because of the high
CO2 conversion observed with this reduction protocol. After the first
sequence, the catalyst was subjected to a second identical temperature
sequence. The first sequence exhibited unstable behavior, characterized by
varying selectivity for CO and CHa4. In contrast, the second sequence
exhibited high MeOH selectivity at lower temperatures, which decreased as
the reaction temperature increased, while methanation became dominant.
The CO2 conversion decreased from 8% in the first sequence to almost 5%
in the second sequence at the highest operating temperature. This marked
decrease indicates that a clear catalyst deactivation occurred during
exposure to elevated reaction temperatures. Such pronounced deactivation
is likely due to Ir sintering. To elucidate the origin of this change, operando
XANES was performed. After a reduction in Hz at 200 °C, a CO2/H2feed was
introduced at 75 °C, then heated to 225 °C, and finally cooled back to 75 °C.
Both Ir Ls-edge and Mo K-edge were monitored during the reaction. The Ir Ls-
edge showed no change, indicating that the Ir chemical state remained
metallic throughout, as shown in Figure 2.21-S. However, the Mo K-edge
experienced a slight shift toward a more reduced state, as shown in Figure
2.20-S. Linear combination fitting (LCF) analysis of the Mo K-edge revealed
that the Mo** content decreased from ~80% (first temperature sequence) to
~72% (second temperature sequence), as shown in Figure 2.17-S
(Appendix). This indicates that under the reaction condition (CO2/H2), the
catalyst undergoes in situ reduction, leading to more reduced Mo species.
Interestingly, the presence of more reduced Mo species is also believed to
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modify the surface chemistry, consistent with previous observations during
the reduction temperature study, and appears to favor MeOH formation.
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Figure 2.8 Catalytic performance of the Ir/MoQO; catalyst reduced at 200 °C (R200) in CO,
hydrogenation, evaluated at 20 bar, H,/CO, = 3, different reaction temperatures, and two
temperature sequences named as First sequence and Second sequence. The catalyst exhibits
low CO, conversion at 75-125 °C, ranging from 0.2-0.5%. Increasing the reaction temperature
significantly increased conversion. Also, a notable shift in the second sequence is observed, as
indicated by the high MeOH selectivity and low CO, conversion at low temperatures (75-125 °C),
which differs from the first sequence.

To confirm this change in surface chemistry, operando DRIFTS was
performed using the same experimental procedure applied during the
operando XANES. At the first 75 °C, bands at 1649 and 1431 cm! were
observed and assigned to a bicarbonate species, as shown in Figure 2.9 (a)
[48,49]. Upon heating to 225 °C, these bands shifted to 1590 and 1381 cm-'.
Upon cooling to the second 75 °C, this shift persisted. This significant shift in
the wavenumber indicates a change in the environment of the adsorbed
species, confirming the modification of surface chemistry. Three hypotheses
were considered to explain this modification: (1) the same bicarbonate
species experiencing a weakened bonding environment due to higher
electron donation from the more reduced Mo species, shifting the
wavenumber to a lower value, (2) the formation of a new species, or (3) the
hydrogenation of bicarbonate to a new species, most likely formate. The shift
in the wavenumber exceeds 60 cm-', making it unrealistic to consider the first
hypothesis. Therefore, analysis of the C-H region (2500-3100 cm-') was
performed, and the result revealed the emergence of a broad peak at ~ 2880
cm™ during the second 75 °C step, which is characteristic of the C-H
stretching of a formate species, as shown in Figure 2.9 (b) [45,50,51].
Therefore, the new bands at 1590 and 1381 cm™' are conclusively assigned
to formate, indicating a fundamental change in the reaction mechanism
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favoring MeOH production [52-54]. Moreover, the difference between the
symmetrical and asymmetrical vibration of formate (Av) is 209 cm™,
suggesting the formation of a bidentate type [55]. However, formate species
can originate from the hydrogenation of bicarbonate over Mo or from other
sources. To confirm this point, multivariate curve resolution-alternative least
squares (MCR-ALS) was performed on the collected spectra. The result
shown in Figure 2.9 (c) indicates that at the start of the reaction, when the
temperature is 75 °C, the bicarbonate species increase, while no formate is
observed. Upon heating the reaction to 225 °C, the formate signal increases
in line with the bicarbonate signal. After cooling down the reaction to 75 °C,
the formate signal increases while the bicarbonate signal decreases. This
finding strongly suggests that the increase in the formate signal is primarily
due to the consumption of bicarbonate. The corresponding wavenumbers for
each species are shown in Figure 2.17-S (b). In summary, the catalyst
undergoes an in-situ reduction under reaction conditions, resulting in more
reduced Mo species and modifying the surface chemistry. This transformation
facilitates the hydrogenation of bicarbonate to formate, a key intermediate in
MeOH production. Consequently, the reaction pathway shifts to favor MeOH
production, explaining the change in selectivity between the first and second
temperature sequences.
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Figure 2.9 The DRIFTS result of the I/MoO; system (R200) evaluated at 10 bar and
temperatures of 75, 225, followed by cooling to 75 °C (a) The C-O stretching region (1100-1800
cm™) shows the shift in the wavenumber when the reaction temperature reaches 225 °C,
indicating the evolution of the formate species from bicarbonate and (b) the C-H region (2500-
3100 cm), confirming the appearance of a new stretching at 2900 cm™' corresponding to C-H
vibration of formate species when the reaction temperature reaches 225 °C. (c) The multivariate
curve resolution-alternative least squares (MCR-ALS) method, applied to the operando DRIFTS
data (collected at 10 bar and temperatures of 75 °C, 225 °C, and subsequent cooling to 75 °C),
confirms the evolution of formate species by showing the distinct temporal evolution behaviors
of each species.

2.4 Conclusion

Ir-supported on a series of reducible metal oxides revealed that the
interaction of Ir with the support dictates the rate of formation of MeOH-
derived product. Ir/MoQOs exhibited remarkably high activity, an order of
magnitude greater than that of other supported catalysts, which motivated a
comprehensive investigation into the origin of its exceptional performance.
The subsequent investigation demonstrated that the catalytic performance is
dynamically controlled by the chemical and structural state of the MoOx
support, which can be precisely tuned via the reduction protocol. A moderate
reduction at 200 °C generates fewer reduced Mo species, resulting in a low
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MeOH-derived product production rate. In contrast, reduction at 400 °C drives
the Mo species toward a more reduced state, which modifies the surface
chemistry to enhance selectivity toward MeOH-derived products. The key
discovery of this work is that by performing an identical second temperature
sequence, the catalyst undergoes in situ reduction, leading to more reduced
Mo species. This reduced Mo species alters the reaction mechanism by
forming a formate intermediate at the expense of the bicarbonate species,
resulting in a higher MeOH selectivity in the second temperature sequence.
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Figure 2.1-S Catalytic activity performance of Ir/CeO, at 20 bar, H,/CO, = 3, using R200
reduction protocol and at different reaction temperatures. The result indicates no activity for this
catalytic system at low temperature in the first temperature sequence and very low activity toward
the methanation reaction in the second temperature sequence. As the reaction temperature
increases, the RWGS reaction becomes dominant.
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Figure 2.2-S Catalytic activity performance of Ir/TiO, at 20 bar, H,/CO, = 3, using R200 reduction
protocol and at different reaction temperatures. The result indicates activity toward the
methanation reaction at low reaction temperature, which is shifted towards the RWGS reaction
as the reaction temperature increases. No significant difference was observed in the second
temperature sequence.
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Figure 2.3-S Catalytic activity performance of Ir/MoO; at 20 bar, H,/CO, = 3, using R200
reduction protocol and at different reaction temperatures. The result indicates high activity of the
catalyst in both temperature sequences. In the first sequence, MeOH was observed at low
temperatures. As the reaction temperature increases, the selectivity of CO and CH4 becomes
dominant. In the second temperature sequence, the catalyst shows high activity toward MeOH
at low temperatures with almost full selectivity towards MeOH. As the reaction temperature
increases, the methanation becomes dominant.
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Figure 2.4-S Catalytic activity performance of Ir/MoO; at 20 bar, H,/CO, = 3, using R300
reduction protocol and at different reaction temperatures. The result in the first temperature
sequence indicates high activity towards the RWGS reaction, which was observed to be
dominant at all reaction temperatures, except at 75 °C, where methanation was observed. In the
second temperature sequence, the catalysts show high activity towards MeOH at low
temperatures, as observed when R200 was applied. As the reaction temperature increased, the
RWGS reaction was dominant and the performance became similar to the first temperature
sequence.
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Figure 2.5-S Catalytic activity performance of I/MoO; at 20 bar, H,/CO, = 3, using R400
reduction protocol and at different reaction temperatures. The result in the first temperature
sequence indicates high methanation activity at low temperatures, as the reaction temperature
increases, the catalyst performance shifted towards forming CO and DME. In the second
temperature sequence, the catalysts shows high activity towards MeOH. As the reaction
temperature increases, similar performance to the first temperature sequence is observed.
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Table 2.1-S The ICP-MS results obtained for all tested catalysts (MIKROLAB, 14/03/2023)

Catalyst Ir (%) Ce (%) Mo (%) Ti (%)
I/CeOz 1.4 77.4

IF/TiO2 1 59.2
I/MoOs3 1.2 65.4
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Figure 2.7-S Operando DRIFTS experiment performed over Ir/MoOs; when the temperature
ramping started during the reduction protocol R200. The result shows no change in the spectra
until reaching 177 °C, where a negative peak appeared between 900 - 1000 cm, which is a
characteristic region for the vibration of Mo=0 terminal oxygen. This result indicates the depletion
of this bond or structure when the reduction temperature reached 177 °C. The H-O-H bonding
(scissoring) indicates the removal of water due to the reaction of hydrogen with terminal oxygen,
confirming that this negative peak appears between 900 - 1000 cm™, corresponding to the loss

of the Mo=0 bond.
b
-
. -7

Figure 2.8-S Crystal structure of MoOj3. The structural framework consists of a layer network of
edge-sharing MoOs octahedra (shown in grey). The layer are stacked along the b direction and
bonded to adjacent layers by van der Waals (vdW) forces. The ‘terminal oxygen’ (Oy) results in a
Mo-O; bond that points perpendicular to the vdW gap (shown in green), which is believed to be
the one responsible for ensuring the structural integrity [1]
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Figure 2.9-S XRD result of computed hexagonal MoO; phase (h-MoO3), computed orthorhombic
MoO; phase (a-MoO3), Boron nitride (BN), MoOj3 support used for the catalysts preparation, and
the as-prepared catalyst, I/MoO; (RT), under room temperature conditions. The result shows
the dominance of the a-MoO; before and after Ir impregnation
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Figure 2.10-S XRD for the computed hydrogen molybdenum bronze (HMB), different phases
with the XRD of the reduced Ir/MoO3 at R200 and R400, which indicate the absence of those
phases in the catalyst after reduction
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Figure 2.11-S The H,-TPR profile of MoOs, which indicates the existence of two peaks. One
at 250 °C, and the second one starts at 500 and continues to appear at high temperatures.
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Figure 2.12-S The H,-TPR profile of I/MoQ3, Ir/CeO, and Ir/TiO,. The result shows the
remarkable hydrogen consumption of Ir/MoQOj3; in comparison with other catalysts
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Figure 2.13-S In situ XANES results obtained during the reduction of the Ir/MoO3; system
showing the progressive change in Mo K-edge. The reduction protocol used is the R200. The
result indicates that the pre-edge feature started to disappear at 170 °C
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Figure 2.14-S In situ XANES results obtained during the reduction of the Ir/MoO3 system showing
the progressive change in Mo K-edge. The reduction protocol used is the R400. The result
indicates that the pre-edge feature started to disappear at 170 °C, similar to the condition when
the R200 protocol was applied

63



Chapter 2

200 °C!

Normalized absorption

25°C

11150 11200 11250 11300 11350
Energy (eV)

Figure 2.15-S In situ XANES results obtained during the reduction of the Ir/MoO3 system showing
the progressive change in Ir Ls-edge. The reduction protocol used is the R200. The result
indicates that the white line intensity started to decrease at ~159 °C.
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Figure 2.16-S In situ XANES results obtained during the reduction of the Ir/MoO; system
showing the progressive change in Ir Ls-edge. The reduction protocol used is the R400. The
result indicates that the white line intensity started to decrease at ~157 °C.
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Figure 2.17-S (a) The Mo*" content obtained from the in situ XANES of Ir/MoQj3 (reduced using
the R200 reduction protocol), using the linear combination fitting (LCF), after holding the
temperature at 75 °C, under reaction conditions. In the first temperature sequence, the Mo**
content is shown in red, while the Mo** content obtained from the second temperature sequence
is shown in blue. The result shows the decrease in Mo*" content in the second temperature
sequence, indicating in situ reduction of the catalyst under reaction conditions. (b) The
multivariate curve resolution-alternative least squares (MCR-ALS) method, applied to the
operando DRIFTS data (collected at 10 bar and temperatures of 75 °C, 225 °C, and subsequent
cooling to 75 °C). The result shows the corresponding wavenumber of each observed species.
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Figure 2.18-S Operando DRIFTS result in the C-O region (1100 - 1800 cm™') for Ir/MoOj3 at two
different reduction protocols, R200 and R400, during CO, hydrogenation at 75 °C, 225 °C, and
cooling to 75 °C and 10 bar
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Figure 2.19-S Operando DRIFTS result in the carbonyl region (1900 - 2100 cm") for Ir/MoOj at
two different reduction protocols, R200 and R400, during CO, hydrogenation at 75 °C, 225 °C,
and cooling to 75 °C and 10 bar
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Figure 2.20-S /n situ XANES of Mo K-edge in the Ir/MoQOj3; (reduced using the R200 reduction
protocol), after holding the temperature at 75 °C in the first (red) and second (blue) temperature
sequence
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Figure 2.21-S In situ XANES of Ir Ls-edge in the Ir/MoOj3 (reduced using the R200 reduction
protocol), after holding the temperature at 75 °C in the first (red) and second (blue) temperature
sequence
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Summary

This work investigates the influence of molybdenum (Mo) loading on the
structural and catalytic behavior of (1.5)Ir/xMo/Al2O3 catalysts for CO:2
hydrogenation. Catalysts with 19, 32, and 48 weight percent (wt%) of Mo on
y-Al2O3 were synthesized to evaluate how Mo dispersion and crystallinity
evolve with loading. XRD analysis showed that low Mo loading (19 wt%) leads
to highly dispersed amorphous Mo species, whereas higher loadings (32 wt%
and 48 wt% promote the formation of crystalline Mo phases, including MoOs.
Upon iridium (Ir) impregnation, large iridium oxide (IrO2) crystallites were
observed at low Mo loading, whereas higher Mo loading resulted in IrO2
undetectable by XRD, suggesting stronger Ir-Mo interactions. Catalytic
testing at 300 bar revealed that low Mo loading leads to higher methanol
(MeOH)-derived product selectivity (59%) at 150 °C. Increasing Mo loading
suppressed MeOH selectivity. Operando DRIFTS revealed that higher Mo
loading suppresses Lewis acid (LA)-associated formate species (types | and
II), while monodentate formate remains unchanged. This suppression of LA-
associated intermediates correlates directly with a decrease in MeOH-derived
product selectivity. Overall, Mo loading is shown to be a key parameter
governing surface structure, intermediate evolution, and catalytic function in
COz2 hydrogenation.
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3.1 Introduction

Energy production from sustainable sources has become a crucial focus
in addressing the global challenge of climate change [1-3]. Utilizing CO: as
an abundant carbon source for energy production offers a promising solution.
This approach not only enables the generation of energy from sustainable
sources but also significantly reduces CO2 emissions, which are a major
contributor to global warming. Various technologies have been explored for
converting CO2 into chemical energy carriers, with the hydrogenation of CO:
to methanol (MeOH) and MeOH-derived products being the most extensively
studied [4-8], since MeOH is considered the most versatile chemical as an
energy carrier and an alternative C1 feedstock for the petrochemical industry.
The hydrogenation of CO2 to MeOH is a catalytic process that is favored at
high pressure and low temperature [9,10]. Equilibrium calculations indicate
that the hydrogenation of CO2 to MeOH could achieve 100% conversion and
100% selectivity to MeOH if the system is operated at low temperatures and
high pressures [11,12]. However, due to the high stability of CO2 molecules,
an active catalyst is required at these temperatures [13]. Copper-zinc (Cu-Zn)
catalysts are known for their high activity in CO2 hydrogenation, and
numerous studies have investigated this catalytic system [9,14]. However,
this catalytic system is known to operate at higher temperatures (220-275 °C)
and pressures (50 -100 bar) [9,10,15]. As per the equilibrium calculations
mentioned previously (Figure 1.2(a)), operating at a lower temperature and
higher pressure is thermodynamically more favorable for achieving higher
COz2 conversion and MeOH selectivity. This occurs because the condensation
of the products (MeOH and H20) under these conditions separates them from
the reactant gases, thereby driving the reaction equilibrium forward [16,17].

A wide range of noble metals has been explored for CO2 hydrogenation,
largely because of their ability to activate hydrogen even at low temperatures
[9,13]. Among these, rhenium (Re) systems have shown particularly
promising behavior. When compared with Cu-Zn catalysts under similar
conditions, Re-based catalysts demonstrated superior overall performance
[10]. These studies further revealed that the coexistence of different Re
species working together is essential for enhancing MeOH formation. Iridium
(Ir) has also attracted attention. Mechanistic studies of low-temperature CO2
hydrogenation using an Ir complex in a gas-solid setup demonstrated
remarkably high MeOH selectivity [18]. The findings emphasized that two
distinct Ir sites must operate cooperatively and that the distance between
them plays a key role in promoting MeOH production [18]. In addition, Chapter
2 investigated Ir supported on various reducible oxides, where the Ir/MoO3
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system exhibited a notably high production rate of MeOH-derived products
compared to the other catalysts. This enhanced performance was attributed
to the dynamic behavior of molybdenum (Mo) species during the reduction
step and under reaction conditions. Such structural and electronic changes in
Mo were found to strongly influence product selectivity, favoring MeOH-
derived products. This insight motivated a deeper investigation into how Mo
loading affects catalytic behavior.

Mo was impregnated onto y-Al203 at different loadings. Alumina was
chosen as the support because Mo/Al20O3 systems have been widely studied
in various reactions, including hydrodeoxygenation, hydrodesulfurization, and
other hydrotreating processes [19-23]. After preparing the Mo-modified
supports, Ir was impregnated onto each. The catalytic activity of the resulting
catalysts was evaluated at 300 bar across several reaction temperatures, and
a range of characterization techniques was employed to elucidate the role of
Mo in shaping the catalytic performance.

3.2 Experimental section

3.2.1 Catalyst synthesis:

The following reagents were used as received. Ir(lll) chloride hydrate (CAS
No. 10025-83-9) was purchased from Precious Metals Online. Ammonium
molybdate tetrahydrate (CAS No. 12054-85-2) was purchased from Merck
Sigma. y-Al20s3 99.9% (CAS No. 1344-28-1) was purchased from BASF
Nederland. The catalysts were prepared using the sequential Wet
Impregnation (WI) method with an aqueous solution of the respective metal
salt. First, the Mo precursor solution was dissolved in demineralized water.
After the Mo precursor was fully dissolved, y-Al203 was added to the solution,
and the mixture was stirred at 200 rpm overnight at 50 °C. followed by drying
at 110 °C for 12 h, and calcination under air at 500 °C for 3 h. The Mo loading
was calculated based on the elemental ratios Al/Mo = 8 ((19)Mo/Al203), 4
((32)Mo/Al203), and 2 ((48)Mo/Al203). To obtain these elemental ratios, 1.3,
2.6, and 5.2 g of the desired Mo precursor were calculated, as shown in the
appendix.

Ir(I1l) chloride hydrate (0.071 g to obtain a metal loading of 1.5 wt% Ir per
support) was dissolved in 50 mL of deionized water. The amount of metal salt
was calculated based on 3 g of support material. After the salt was completely
dissolved in the water (0.5-0.6 h), 3 g of the support material was added to
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the solution. The mixed solution was then stirred at 200 rpm and 50 °C
overnight. Subsequently, the drying process was performed in air at 110 °C
for 12 h. The obtained powder was crushed and calcined in air at 500 °C for
3 h.

3.2.2 Catalysts characterization:

3.2.2.1 H-temperature program reduction (H-TPR):

200 mg of catalyst was packed inside a quartz tube reactor. H2 flow was
introduced into the reactor, and a heating rate of 10 °C/min was used until
reaching a final temperature of 700 °C. The catalysts were held at 700 °C for
10 min. The H2 signal was recorded online with a thermal conductivity
detector (TCD).

3.2.2.2 X-ray diffraction (XRD):

The XRD patterns were attained using a Bruker AXS D8 Advance
diffractometer. The detector used in the experiment was a Lynxeye-XE-T
position-sensitive detector, which enabled efficient and accurate data
collection. The recorded data in the range of 5° to 90° was evaluated using
the DIFFRAC.EVA software, which provided analysis and interpretation of the
obtained diffraction patterns.

3.2.3 Catalytic activity

The catalytic activity was evaluated in a custom-made high-pressure
setup, as shown in Figure 2.1. In a typical test, a 125 mg catalyst was packed
into a 1/4-inch stainless steel reactor tube (ID, 2.79 mm). Before loading, the
catalysts were pelletized, crushed, and sieved to obtain a particle size range
of 90-300 uym. Quartz wool was used to support the catalyst in the reactor.
The catalyst was reduced at 400 °C with 90% H2/Ar (20 mL/min) for 1.5 h
under atmospheric pressure. After cooling to 35 °C, the H2/CO2/N2 mixture
(70.5/23.5/6 vol%) was fed into the reactor and pressurized to 300 bar. The
space velocity was maintained at 10 NL/gcat h. The products were analyzed
by an online gas chromatograph (Compact GC 4.0 manufactured by Global
Analyzer Solutions) equipped with a flame ionization detector for the detection
of CHs4, MeOH, methyl formate (MF), dimethyl ether (DME), and ethanol
(EtOH), and two thermal conductivity detectors, one for the detection of Ho,
N2, CH4, and CO. This TCD uses Ar as the mobile phase. The second TCD
was used to detect CO2, and He is the mobile phase. The carbon balance was
monitored to be within 97 - 102%. The values presented were obtained by
averaging the measurements only after steady-state had been reached. A
single representative value was then reported for each condition
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3.2.4 Operando diffuse reflectance infrared fourier
transform spectroscopy - mass spectrometry (DRIFTS-MS)

The operando DRIFTS was performed utilizing a Thermo Scientific Nicolet
6700 FT-IR and a Pfeiffer OmniStar GSD 300C mass spectrometer (MS) as
shown in Figure 2.2. The spectrometer is equipped with a liquid-nitrogen-
cooled mercury-cadmium-telluride (MCT) detector to collect the spectra while
the MS analyzes the outlet gas stream. Gas flow control in the setup was
facilitated by six Bronkhorst mass flow controllers, which regulated the flow
rates of Hz, CO2, and He. Switching between the two reactant gas streams
was achieved using a 4-way valve. Back pressure regulators (Bronkhorst)
were employed to control the pressure of the reaction cell and the vent side,
maintaining the desired pressures within the system. A 40-50 mg of catalyst
powder was placed inside a cylindrical cavity, having a diameter of 3 mm and
a vertical length of 3 mm, located in a Harrick Praying Mantis DRIFTS
accessory. Before the measurements, the catalyst was reduced at the desired
temperature using a mixture of H2 and He gases (90/10) for 1.5 hours.
Subsequently, the sample was cooled to the reaction temperature of 75 °C
and pressurized to 10 bar under a He stream. The reaction cell was exposed
to a CO2:H2 feed with a 1:3 ratio (total flow rate of 15 mL/min). The spectra
were acquired at a resolution of 4 cm'. 10 spectra were averaged and
collected after 13.3 s.

3.3 Results and discussion

3.3.1 The structural evolution of the xMo/Al203 catalysts
with varying Mo loading

The structural properties of the Mo-impregnated on Al2O3 were
investigated by XRD to identify the phases formed at different Mo loadings.

Figure 3.1 shows the XRD patterns of different Mo loading impregnated on
Al203 supports along with the diffraction pattern of the pristine y-Al2Os. The y-
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Figure 3.1 The X-ray diffraction patterns for y-Al,O; before impregnation with Mo loadings,
alongside the three different Mo loadings 19,32, and 48 wt% over Al,O3. The computed diffraction
patterns of the references, alumina molybdate, and the orthorhombic phase MoQs3, can be found

at the top of the figure. The result indicates the evolution of crystallite structure corresponding to
a-MoOj; and alumina molybdate, as the Mo loading increases

1 1

Al203 exhibits broad and weak diffraction peaks at 20 = 37°, 47°, and 66°,
which are characteristic of a microcrystalline structure with a small crystallite
size (~5 nm), indicating its low crystallinity and amorphous character [24—26].
The y-Al203 diffraction remains unchanged even after thermal treatment at
500 °C during the calcination step, excluding potential structural changes
associated with high temperature. When different amounts of Mo were
loaded onto Al20s3, the overall diffraction pattern varied with Mo loading. For
the catalyst with the lowest Mo loading (19)Mo/Al203, the diffraction pattern
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shows no significant Mo peaks. At this low loading, Mo anchors on the
partially dehydrated alumina surface, forming well-dispersed, amorphous
oligomeric species [27,28]. Furthermore, its local concentration is too low to
nucleate and grow into a long-range ordered crystalline phase, leading to the
absence of reflections attributable to crystalline Mo phases and indicating a
high dispersion of Mo species at this low loading.

At a higher Mo loading ((32)Mo/Al20s3), the diffraction shows pronounced
reflections, indicative of the development of different crystalline Mo phases.
Comparison with reference diffraction patterns of aluminum molybdate
(Al2(MoOs4)3) (20.7°, 15.3°, 22.3°, and 30.8°), and orthorhombic MoOs (a-
MoOs3) (12.6°, 23.2°, and 27.5°) confirms the coexistence of the two phases,
as shown in Figure 3.1 [21,29-31]. The formation of Al2(MoQa4)s is attributed
to a solid-state reaction during calcination, where isolated molybdate
monomers (MoQOa4?-) react with aluminum cations on the alumina lattice to form
Al2(MoOa4)s [27,32]. The thermodynamically stable a-MoOs is the phase
formed upon calcining the polymolybdate at 500 °C [32]. Its presence,
evidenced by the 23.2° and 27.5° peaks, suggests that the polymolybdate
has achieved a long-range order for crystallite formation during the calcination
step [27,33]. The highest Mo loading ((48)Mo/Al2O3) leads to a high
concentration of Mo species that promotes the nucleation of all Mo-related
phases, resulting in larger crystallites. This is evident in the sharper diffraction
peaks, the increased intensity of Al2(MoOa4)s and a-MoOQOs peaks, and the
concurrent decrease in the y-Al20s reflections in the (48)Mo/Al2Os diffraction
pattern [33,34]. In conclusion, the structural evolution of xMo/Al203 catalysts
strongly depends on the Mo loading. At low Mo loading, the material primarily
consists of highly dispersed amorphous Mo species. In contrast, higher
loadings lead to the crystallization of distinct phases, such as aluminum
molybdate and the thermodynamically stable a-MoOs.

3.3.2 The effect of Ir impregnation on xMo/Al203 structure

The 1.5 wt% Ir was impregnated onto the xMo/Al2O3 supports with varying
Mo loadings, and the corresponding diffractograms of the catalysts:
(1.5)Ir/(19)Mo/Al20s3, (1.5)Ir/(32)Mo/Al203, and (1.5)Ir/(48)Mo/Al203 are shown
in Figure 3.2 (a). The diffraction pattern of (1.5)Ir/(19)Mo/Al2O3 confirms the
presence of IrO2, evidenced by the characteristic reflections at 28°, 34°, and
40°. As the Mo loading increases in the support (1.5)Ir/(32)Mo/Al203, the
intensity of IrO2 peaks reduces, as shown in Figure 3.2 (a). Interestingly, the
diffraction peaks corresponding to a-MoOs and aluminum molybdate (Figure
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3.2 (a)) disappear after Ir impregnation, indicating a change in the Mo
structure from larger crystalline to smaller crystallite or amorphous phase
after Irimpregnation. When the Mo loading increases further, as shown in the
(1.5)Ir/(48)Mo/Al203 diffraction (Figure 3.2 (a)), the IrO2 reflections were
suppressed entirely, while the intensity of a-MoO3s and aluminum molybdate
peaks was reduced. This result suggests that the Ir impregnation is expected
to be mainly on the Mo species, which, in turn, distorts their crystalline
structure.

To investigate the interaction between Ir and Mo, H2-TPR was performed
on all three catalysts. The reduction for all the catalysts as a function of
temperature is shown in Figure 3.2 (b). The TPR profile of
(1.5)Ir/(19)Mo/Al203 shows two separate peaks at 250 and 350 °C; the first
peak corresponds mainly to the reduction of IrO2 [35]. The second peak,
observed at 350 °C, corresponds to the reduction of Mo species, which
occurred at a lower temperature due to hydrogen spillover from Ir sites [35—
37]. As the Mo species loading increases (1.5)Ir/(32)Mo/Al203 and
(1.5)Ir/(48)Mo/Al20s, the two peaks appeared to move closer until the two
peaks overlapped as observed in the TPR profile of (1.5)Ir/(48)Mo/Al20s. This
result suggests that the Ir species, which is typically reduced at ~150 °C or
even lower temperature (Figure 3.2-S, Appendix), interacts strongly with the
Mo species. The strong interaction between Ir and Mo shifts the IrOx reduction
peak to higher temperatures [38,39].
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Figure 3.2 (a) The XRD pattern of (1.5)Ir/(19)Mo/Al,O5, (1.5)Ir/(32)Mo/Al,O5, and
(1.5)Ir/(48)Mo/Al,O3 alongside the computed diffraction of IrO,. The result shows an increase in
the IrO; crystallite size as the Mo loading decreases and the disappearance of Mo-related peaks
after Ir impregnation, suggesting a distortion in the crystalline structure. (b) The H,-TPR profile of
(1.5)Ir/(19)Mo/Al,O3, (1.5)Ir/(32)Mo/Al,O3, and (1.5)Ir/(48)Mo/Al,O5, which was performed under
hydrogen from room temperature to 700 °C. The result indicates that the gap between the two
peaks narrows, eventually reaching a high Mo loading ((1.5)Ir/(48)Mo/Al,O3) at which the two
peaks overlap. This result indicates strong interaction between Ir and Mo, consistent with the
XRD, where no IrO, was observed at higher Mo loading

3.3.3 The catalytic activity performance of (1.5)Ir/xMo/Al203

The catalytic performance of the three catalysts: (1.5)Ir/(19)Mo/Al2Os3,
(1.5)Ir/(32)Mo/Al203, and (1.5)Ir/(48)Mo/Al2Os was evaluated for CO:2
hydrogenation at 300 bar and three reaction temperatures: 150 °C, 175 °C,
and 225 °C. After completing this temperature sequence, the system was
cooled back to 150 °C to assess any change in the catalyst performance that
might occur if another temperature sequence were implemented. Prior to the
reaction, all catalysts were reduced under a H2/Ar (9:1) atmosphere at 400 °C
for 1.5 h to ensure the reduction of all active species Ir and Mo, as indicated
by the H2-TPR profile (Figure 3.2 (b)). The CO2 conversion and product
selectivity for each catalyst are shown in Figure 3.3.
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A comparison of MeOH-derived product selectivity across all catalysts
reveals a clear dependence on Mo loading. During the first run at 150 °C, the
catalyst with the lowest Mo loading, (1.5)Ir/(19)Mo/Al2Os (Figure 3.3 (a)),
exhibited the highest MeOH-derived product selectivity (59%), followed by
(1.5)Ir/(32)Mo/Al203  (30%) and (1.5)Ir/(48)Mo/Al20s  (15%). As the
temperature increased to 175 °C and 225 °C, MeOH selectivity decreased for
(1.5)Ir/(19)Mo/Al203 while CO selectivity increased, indicating the increased
activity for the RWGS reaction at elevated temperatures. In contrast,
(1.5)Ir/(32)Mo/Al203 showed nearly constant MeOH selectivity with increasing
temperature, whereas (1.5)Ir/(48)Mo/Al2Os exhibited a different trend, with
MeOH selectivity increasing as temperature increased. Upon cooling back to
150 °C (second run), all catalysts showed significant improvements in MeOH
selectivity. The selectivity increased from 59% to 73% for
(1.5)Ir/(19)Mo/Al203, from 30% to 65% for (1.5)Ir/(32)Mo/Al203, and most
dramatically from 15% to 70% for (1.5)Ir/(48)Mo/Al2Os. Since the Ir loading
was kept constant, this behavior confirms that the observed enhancement in
MeOH selectivity is primarily associated with the increase in Mo species. The
increase in Mo species resulted in a higher possibility of an in situ reduction
of those Mo species and modification of their chemical state, as discussed in
Chapter 2.

Regarding CO2 conversion, all catalysts showed increasing conversion
with increasing temperature, as the kinetics of the CO2 hydrogenation
reaction are favored at higher temperatures. The (1.5)Ir/(32)Mo/Al2O3
achieved the highest conversion at 225 °C (4.5%), outperforming the other
catalysts at this temperature. In contrast, (1.5)Ir/(48)Mo/Al2O3 showed no
significant improvement in conversion compared to (1.5)Ir/(32)Mo/Al203,
despite its higher Mo loading. These results suggest the existence of an
optimal Mo loading for maximizing CO2 conversion, as increasing or
decreasing the Mo loading does not further enhance catalytic performance
and may even reduce it.

To further understand the role of Mo in the catalytic performance, an
additional catalyst containing the same Ir loading (1.5 wt%) but supported
only on y-AlzOs ((1.5)Ir/Al203) was prepared and tested under identical
reaction conditions and reduction protocol as shown in Figure 3.1-S (b)
(Appendix). The catalytic activity tests showed no measurable activity at 150
°C and 175 °C. However, at 225 °C, a MeOH-derived product selectivity of
18% was observed, significantly lower than the 32% achieved with the
catalyst containing the lowest Mo loading ((1.5)Ir/(19)Mo/Al203) under the
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same reaction conditions (Figure 3.3 (a)). Similarly, the CO2 conversion over
(1.5)Ir/Al203 at 225 °C was approximately 0.6%, compared to 3.3% over
Ir/(19)MoO3/Al203. These results demonstrate the pronounced promotional
effect of Mo incorporation on the CO2 hydrogenation activity. Even at low Mo
loadings, the presence of Mo substantially enhances both CO2 conversion
and MeOH selectivity compared to the (1.5)Ir/Al203 catalyst, highlighting its
critical role in facilitating active site formation for MeOH and in modifying
surface properties, which leads to an improvement in catalytic activity.
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Figure 3.3 The catalytic activity performance of CO, hydrogenation at 300 bar, using R400
reduction protocol and different reaction temperatures for (a) (1.5)Ir/(19)Mo/Al,Os, (b)
(1.5)Ir/(32)Mo/Al,O3, (c) (1.5)Ir/(48)Mo/Al,Os. The results show the product selectivity on the left
y-axis and the conversion on the right. The result indicates the increase in MeOH selectivity as
the Mo loading decreases (150 °C). However, the enhancement in MeOH selectivity in the second
150 °C increase, as Mo loading increases
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3.3.4 The effect of Mo loading on the product selectivity
over (1.5)Ir/xMo/Al203

To assess the influence of Mo loading on product selectivity, the catalytic
performance of the three catalysts with varying Mo loadings was compared.
As shown in Figure 3.3, the (1.5)Ir/(19)Mo/Al2O3 catalyst exhibits higher
MeOH-derived product selectivity at lower reaction temperatures, primarily
due to increased MeOH formation (Figure 3.3 (a)). Under these conditions,
CO2 hydrogenation likely proceeds via formate intermediates, favoring the
formation of MeOH at lower temperatures [40]. As temperature increases,
formate intermediates decompose, promoting CO formation via RWGS [41].
When the Mo loading is increased, the MeOH-derived product selectivity
increases with temperature, as observed for (1.5)Ir/(48)Mo/Al20s in Figure 3.3
(c). The distinct behavior between these two systems, (1.5)Ir/(19)Mo/Al203
and (1.5)Ir/(48)Mo/Al20s3, can be attributed mainly to the change in the surface
chemistry resulting from higher Mo impregnation. The Mo impregnation was
found to affect the Lewis acid sites on Al20s, leading to the formation of
Bronsted acid sites [42]. The presence of Bronsted acid sites and the increase
in reaction temperature enhance the MeOH dehydration reaction, leading to
the formation of MeOH-derived products, such as DME as observed in Figure
3.3 (c) [43,44]. The shift in product selectivity with increasing Mo loading is
attributed to Mo-induced changes in surface properties, as reflected by the
loss of MeOH selectivity at low Mo loading with increasing temperature and
the enhanced DME formation at higher Mo loading with increasing
temperature.

In addition, at low Mo loading, the Mo species are highly dispersed on the
Al203 surface, as confirmed by the XRD data in Figure 3.2 (a). These Mo
species interact strongly with the support, forming less reducible Mo species
[45]. At higher Mo loading, however, the surface contains a larger amount of
Mo species, mainly, MoOs crystallites, which are more easily reducible [45].
The reduction of these Mo species increases the number of potential active
sites on the surface, which is expected to strongly impact catalytic activity, as
observed by the increase in the CO:z conversion from 2.3% in
(1.5)Ir/(19)Mo/Al203 to 4.5% in (1.5)Ir/(32)Mo/Al20s, (Figure 3.3 (a) and (b)).

Another notable observation is made on comparing the product selectivity
at 150 °C between the first and second runs. At low Mo loading
(1.5)Ir/(19)Mo/Al2Os3, the catalyst shows almost only a 14% increase in the
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product selectivity between the two runs, as illustrated in Figure 3.3 (a).
However, as the Mo loading increases ((1.5)Ir/(32)Mo/Al203 and
(1.5)Ir/(48)Mo/Al203), the difference in product selectivity between the first
and second 150 °C runs becomes significant, with remarkably higher MeOH
selectivity in the second run. This behavior aligns with the findings presented
in Chapter 2, where a significant increase in MeOH-derived product selectivity
was observed during the second temperature sequence for the Ir/MoOs
catalyst (Figure 2.6). The Mo species undergo in situ reduction during the
reaction, producing more reduced Mo species in the second temperature
sequence, an effect also confirmed by the in situ XANES (Figure 2.3). The
formation of these reduced Mo species promotes selectivity for MeOH-
derived products during the second run. Therefore, at higher Mo loadings
((1.5)Ir/(48)Mo/Al203), where the Mo species have a higher potential for
reduction, more Mo species will undergo in situ reduction, leading to an
enhanced MeOH-derived product selectivity during the second 150 °C run. In
contrast, at lower Mo loadings ((1.5)Ir/(19)Mo/Al203), where the Mo species
are more dispersed and less reducible, the chemical state of Mo remains
largely unchanged between the two runs, leading to minimal variation in
product selectivity.

3.3.5 State of Ir on the catalyst surface

The XRD data shown in Figure 3.2 (a) reveal that at low Mo loading, Ir
impregnation leads to the formation of distinct IrO2 crystallites. As the Mo
loading increases, these IrOz crystallites become smaller, and at the highest
Mo loading (1.5)Ir/(48)Mo/Al20s, no Ir-related reflections were observed,
suggesting the absence of crystalline Ir species. However, the state of Ir
under reaction conditions can differ significantly. To investigate the Ir
environment under reaction conditions, operando DRIFTS measurements
were performed. During the experiment, each catalyst was reduced at 400 °C
under a Hz/He (9:1) mixture for 1.5 h, the same reduction protocol used in the
catalytic activity tests. After the reduction step, the temperature was lowered
to 150 °C, and the DRIFTS cell was pressurized to 10 bar using He. Once
both temperature and pressure stabilized, the reactant feed (CO2/H2 = 1:3)
was introduced. Spectra were collected throughout the reaction to monitor the
evolution of surface species. The carbonyl stretching region (1900-2100 cm-
) was analyzed for each catalyst to probe the Ir surface state under reaction
conditions. The collected spectra during the operando DRIFTS for the
carbonyl region is shown in Figure 3.4. For (1.5)Ir/(19)Mo/Al203, four distinct
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bands were observed at 2009, 2060, 2077, and 2094 cm™' (Figure 3.4 (a)),
indicating the presence of multiple surface carbonyl complexes. The band at
2009 cm! corresponds to Ir-bridged carbonyl species [46,47], while those at
2060 and 2094 cm- are attributed to di-carbonyl complexes [46-48]. The
broad feature at 2060 cm™' may suggest overlapping contributions from
several carbonyl species; tricarbonyl might exist in this case. The sharp band
at 2077 cm' reflects a well-defined vibrational mode characteristic of linear
carbonyl species on metallic Ir. The bands at 2060, 2077, and 2094 cm-! were
observed during the DRIFTS study of Ir/MoOs (Figure 3.3-S (b), Appendix),
indicating that the Ir species were largely impregnated over the Mo species.
However, the band at 2009 cm- is expected to correspond to a bridged Ir-
carbonyl over Al20s. Similar bands at lower wavenumbers were observed
during the DRIFTS study of (1.5)Ir/Al203 (Figure 3.3-S(a), Appendix).

(1.5)Ir/(32)Mo/Al203 also exhibits bands at 2009, 2060, 2077, and 2094
cm-', as shown in Figure 3.4 (b). However, the peak-to-peak ratios and band
shapes differ between the two catalysts, (1.5)Ir/(32)Mo/Al203 and
(1.5)Ir/(48)Mo/Al203. The ratio of the 2077 cm to 2060 cm™' bands varies
between the two catalysts, as indicated by the decrease in the 2060 cm-' band
and the increase in the 2077 cm™' band, with increasing Mo loading. This
suggests that the Ir dispersion between the two systems differs, confirming
the distinct Ir environment in each catalyst, as the carbonyl types provide
strong evidence of the metal environment. The Ir-bridged carbonyl was also
observed over (1.5)Ir/(32)Mo/Al20s, suggesting the presence of Ir species
over Al20s.

(1.5)Ir/(48)Mo/Al203 exhibited three bands at 2060, 2077, and 2094 cm-".
However, the band at 2009 cm-, which is observed in (1.5)Ir/(19)Mo/Al203
and (1.5)Ir/(32)Mo/Alz0s, is absent in (1.5)Ir/(48)Mo/Al20s. This result
suggests that all Ir species were impregnated over Mo species, and no
observable Ir-carbonyl over Al2O3, when Mo loading is high. This result is
highly expected, as the 48% Mo loading is high and could lead to coverage
of the alumina surface. In summary, the analysis of the carbonyl region
obtained during the DRIFTS study under CO:2 hydrogenation conditions
reveals variations in band intensity and profile, suggesting distinct Ir
environments and bonding interactions on each catalyst surface.
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Figure 3.4 Temporal evolution of the surface species obtained from operando DRIFTS during
CO; hydrogenation at 150 °C and 10 bar over (a) (1.5)Ir/(19)Mo/Al,Os, (b) (1.5)Ir/(32)Mo/Al,Os,
and (c) (1.5)Ir/(48)Mo/Al,O3 using R400 reduction protocol and at 10 bar and 150 °C. The result
shows the carbonyl vibration region (1900 - 2100 cm™"). The results show a change in the peak-
to-peak ratio among the three catalysts, suggesting a different Ir environment on their surfaces.

3.3.6 The temporal evolution of the surface species

The operando DRIFTS measurements were also used to investigate how
Mo loading influences catalytic activity. The analysis focused on two spectral
regions: the C-O stretching region (1100-1800 cm-') and the C-H region
(2500-3200 cm-"). The results for the C-O and C-H regions are presented in
Figure 3.5 and Figure 3.6, respectively.

In the (1.5)Ir/(19)Mo/Al2O3 catalyst, where the Mo species are highly
dispersed, the C-O region, shown in Figure 3.5 (a), displays six main bands
(1325, 1393, 1450, 1592, 1615, and 1641 cm-') along with a shoulder at 1369
cm'. The presence of multiple bands indicates the formation of a complex
mixture of surface species on Al20s, which is further influenced by Mo. The
maijority of these band groups can be attributed to the coexistence of three
distinct formate species: monodentate formate and bidentate formate types |
and Il, as reported by Ishito et al [49]. Their formation is linked to the presence
of three types of Lewis acid (LA) sites on the Al203 surface: weak, medium,
and strong [49,50]. These different LA sites stabilize different types of formate,
depending on the adsorption geometry and proximity to the LA centers, as
illustrated in Figure 3.7. The band at 1325 cm™ is assigned to the
monodentate formate, which typically appears together with accompanying
bands at 1647 and 2892 cm-' [49]. The presence of monodentate formate
was hinted by observing its C-H stretching at 2892 cm-', as shown in Figure
3.6 (a) (Shoulder in green). In addition, the bands at 1393, 1592 (Figure 3.5
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(a)), along with the band 2904 cm-*! (Figure 3.6 (a)), correspond to bidentate
formate species over two LA sites (type 1) [40,49]. The bands at 1615, 2845,
and the shoulder at 1369 cm' are assigned to formate species interacting
with nearby LA sites (Type Il) [49]. Finally, the band at 1450 cm-' corresponds
to the symmetrical vibration of bicarbonate over Al203 [40]. Its asymmetric
vibration at 1653 cm™' occurs at nearly the same frequency as the Type |l
formate species, contributing to the overlapping features [40]. Over
(1.5)Ir/(32)Mo/Al203 and (1.5)Ir/(48)Mo/Al2O3, bands at nearly identical
wavenumbers were observed; however, their intensities and peak-to-peak
ratios differ. This indicates variations in the relative surface coverage of each
species, as shown in Figures 3.5 (b) and (c) and 3.6 (b) and (c). Four main
surface species were identified in the C-O region of the DRIFTS data:
monodentate formate, formate type |, formate type Il, and bicarbonate over
Al2O:s.

To better understand the effect of Mo loading, the correlation between
these species and Mo loading was investigated. The monodentate formate
shows stretching vibrations at 1325, 1647, and 2892 cm-'. The bands at 1325
and 2892 cm' do not exhibit any notable change as the Mo loading increases.
This is supported by the shoulder next to the 2904 cm-' band (Figure 3.6 (a),
(b), and (c)), which is present in all catalysts, regardless of Mo loading. The
bands at 1325 and 1641 cm-" were not further analyzed due to overlap with
neighboring bands (Figure 3.5). Overall, these observations suggest that
varying the Mo loading has a minimal or negligible impact on the formation of
monodentate formate. In contrast, the formate species type I, which exhibits
stretching vibrations at 1615 and 2845 cm-', with a shoulder at 1369 cm-,
shows a strong dependence on Mo loading. This difference is evident through
the bands at 2845 cm-* (Figure 3.6), which diminish and eventually disappear
as the Mo loading increases, suggesting that the bidentate formate type Il
decreases with increasing Mo loading. This trend is suggested, as formate
type Il forms adjacent to LA sites. These LA sites become inaccessible upon
the increase in Mo loading [42]. As Mo loading increases, it progressively
blocks these LA sites, which eventually leads to a decrease in the density of
these LA sites on the surface, reducing the surface's ability to stabilize
formate type Il. A similar trend is observed for formate type I, which has
characteristic vibrations at 1393, 1592 (Figure 3.5), and 2904 cm-" (Figure
3.6). A clear decrease in the 2904 cm-' band is observed with increasing Mo
loading, ultimately leading to its disappearance. Since formate type | is
stabilized by two strong LA sites [49], the blockage in LA sites caused by
higher Mo loading certainly results in a corresponding decrease in type |
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formate formation. Overall, these observations demonstrate that increasing
Mo loading primarily affects formate species associated with LA sites (type |
and Il), while monodentate formate remains largely unaffected. This change
in the formate associated with LA sites primarily affects the formation of
MeOH-derived products at 150 °C, particularly as the Mo loading increases,
as observed in the catalytic activity results (Figure 3.3). Finally, the
bicarbonate species over Al203, indicated by the band at 1450 cm-', showed
no observable change as Mo loading increased, suggesting no obvious effect
on this species with Mo loading. This is expected since the bicarbonate is
adsorbed over Al2Oa.
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Figure 3.5 Temporal evolution of the surface species in the C-O stretching region during the CO,
hydrogenation at 150 °C and 10 bar, which was reduced using the R400 reduction protocol. The
results shown were obtained for the three different prepared catalysts: (a) (1.5)Ir/(19)Mo/Al,O3,
(b) (1.5)Ir/(32)Mo/Al,O3, and (c) (1.5)Ir/(48)Mo/Al,O3;. The monodentate formate stretching
vibration is highlighted in green, the formate type | stretching vibration is highlighted in red, and
the formate type Il stretching vibration is highlighted in black.
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Figure 3.6 Temporal evolution of the surface species in the C-H stretching region during the CO,
hydrogenation at 150 °C and 10 bar, which was reduced using the R400 reduction protocol. The
results shown were obtained for the three different prepared catalysts: (a) (1.5)Ir/(19)Mo/Al,O3,
(b) (1.5)Ir/(32)Mo/Al,O5, and (c) (1.5)Ir/(48)Mo/Al,O3;. The monodentate formate stretching
vibration is highlighted in green (Shoulder), the formate type | stretching vibration is highlighted
in red, and the formate type Il stretching vibration is highlighted in black
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Figure 3.7 Proposed structure of the three types of formate species over Al,O3;. These three
formate types have an adsorption geometry depending on their proximity to LA sites over Al,O;
surface [49].

3.4 Conclusion

The effect of Mo loading was investigated by preparing catalysts with
different Al/Mo elemental ratios: 8 ((19)Mo/Al20s3), 4 ((32)Mo/Al203), and 2
((48)Mo/Al20s). The structural analysis of the supports after Mo impregnation
revealed that low Mo loading ((19)Mo/Al2O3) leads to well-dispersed Mo
species, while higher Mo loadings ((32)Mo/Al203) and ((48)Mo/Al203) result
in the formation of crystaline Mo phases. To further assess catalytic
performance, 1.5 wt% Ir was impregnated onto each support. The structural
characterization showed that large IrO2 crystallites form at low Mo loading,
and these crystallites and become progressively smaller as the Mo loading
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increases. The catalytic activity was evaluated for CO2 hydrogenation at 300
bar and at three reaction temperatures: 150 °C, 175 °C, and 225 °C. After
completing this temperature sequence, the system was cooled back to 150
°C to assess the catalyst's performance during a second temperature cycle.
The results show that the highest MeOH-derived product selectivity at 150 °C
is achieved with a low Mo loading (19 wt% Mo). As the Mo loading increases,
the MeOH-derived selectivity decreases (32 wt% and 48 wit% of Mo).
Additionally, the difference in product selectivity between the first and second
150 °C runs becomes more pronounced at higher Mo loadings (48 wt% Mo),
where the largest increase in MeOH-derived products (during 150 °C in the
second run) is observed. This difference becomes smaller as the Mo loading
decreases. This shift is expected due to the in situ reduction of Mo species
that occurred at the high reaction temperature (First temperature sequence
at 225 °C), as explained in Chapter 2. Furthermore, the surface environment
of Ir was investigated using operando DRIFTS. Despite having the same Ir
loading, the catalysts showed clear differences in Ir dispersion and in the
types and surface coverage of carbonyl species formed. Finally, the DRIFTS
analysis of the surface intermediates revealed that increasing the Mo loading
selectively suppresses formate species associated with LA sites (types | and
), indicating that these LA sites are blocked by the increased Mo loading,
leading to a decrease in formate species of types | and Il. In contrast,
monodentate formate species remain largely unaffected, as they are not
dependent on Lewis acidity. The decrease in formate types | and Il is
expected to be directly reflected in the catalytic behavior, contributing to the
lower MeOH-derived product selectivity observed at 150 °C as the Mo loading
increases.
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Molybdenum loading calculation:

The calculations below were used to calculate the required quantity of Mo
precursor to obtain the desired Al/Mo ratio. These obtained quantities were
used during the catalyst synthesis.

Precursor: (NH4)s M07024-4H20
MW = 1235.86 g/mol
Each mole contains 7 Mo atoms.
Mo MW = 95.95 g Mo/mol
So 1 mole produces - 7 mole*95.95 g Mo/mole = 671.65 g Mo
Therefore: 671.65/1235.86 = 0.543

Case 1: Al/Mo =8
Precursor=1.30g
1.30 g of precursor * 0.543 = 0.71 g Mo
Total catalyst mass: 3 (Alumina) + 0.71 (Mo) =4.06 g
Al/Mo=8, the Mo wt% = (1.06/4.06) *100 = 19%

Case 2: Al/Mo =4
Precursor=2.6 g
2.6 g of precursor * 0.543 = 1.4118 g Mo
Total catalyst mass: 3 (Alumina) + 1.4118 (Mo) =4.4118 g
Al/Mo=4, the Mo wt% = 32%

Case 3: Al/Mo =2
Precursor=5.2¢g
5.2 g of precursor * 0.543 = g Mo
Total catalyst mass: 3 (Alumina) + 2.8236 (Mo) = 5.8236 g
Al/Mo=2, the Mo wt% = 48%
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Role of Molybdenum
dispersion in enhancing
the catalytic
performance of Ir/y-Al20;
for CO2 hydrogenation to
methanol

Ahmad Alrefaei, Atul Bansode, Atsushi Urakawa

The publication is in preparation

Summary

Chapter 3 discussed the effect of molybdenum (Mo) loading on the catalytic
activity of iridium/molybdenum/alumina (Ir/’xMo/Al203) catalysts. This study
investigates the effect of Mo dispersion on the catalytic performance of
Ir/xMo/Al203 catalysts in CO2 hydrogenation to methanol (MeOH)-derived
products. Two catalysts with identical Mo loading, 32 wt% of Mo, but different
Mo dispersions: high (H) and low (L), were synthesized to distinguish the
effects of dispersion from composition. Comprehensive characterization
using XRD, operando DRIFTS, and in situ XANES was conducted to correlate
structure, chemical state, and activity. The results demonstrate that highly
dispersed Mo species significantly modify the surface, leading to a substantial
enhancement in MeOH selectivity. Under the high-temperature reduction
protocol (R400), (1.5)Ir/(32)Mo/Al203-H achieved 97% MeOH-derived
product selectivity, while (1.5)Ir/(32)Mo/Al2O3-L primarily produced CO.
Operando DRIFTS identified formate type | and monodentate formate species
as the key intermediates for MeOH formation. Operando XANES revealed
that an increase in Mo** content during the second temperature sequence
correlates with a reduction in MeOH selectivity, emphasizing the role of Mo
redox behavior in catalytic performance. Overall, this study establishes that
Mo dispersion and reduction conditions are critical parameters governing
active site formation and product selectivity in CO2 hydrogenation over
Ir/Mo/Al203 catalysts.
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4.1 Introduction

In the previous chapter, the influence of molybdenum (Mo) loading on the
catalytic activity of the (1.5)iridium/molybdenum/alumina ((1.5)Ir/xMo/Al203)
in CO2 hydrogenation was examined. It was observed that the catalyst with
the lowest Mo loading, Mo = 19 wt%, exhibited the highest selectivity toward
methanol (MeOH)-derived products at 150 °C during the first reaction cycle
(Figure 3.3). Additionally, the structural characterization of the supports with
varying Mo loading (Figure 3.1) revealed that a low Mo loading (19% of Mo)
resulted in highly dispersed Mo species, whereas increasing the Mo loading
led to the formation of larger Mo-containing crystallites, as observed with Mo
loadings of 32% and 48% (Figure 3.1). This observation raised an important
question: Is the higher MeOH-derived product selectivity primarily a result of
the low Mo loading or the higher dispersion of Mo species? To address this,
two supports with identical Mo loading (32%), but different Mo dispersions
were prepared: one with high dispersion (32)Mo/Al203-H and the other with
low dispersion (32)Mo/Al2O0s-L. The 1.5 wt% of Ir was then impregnated onto
both supports using a wet impregnation method.

The catalytic performance of both catalysts was subsequently evaluated
in high-pressure CO2 hydrogenation reactions. Furthermore, as reported in
Chapters 2 and 3, the reduction temperature protocol has a significant effect
on catalyst performance, specifically the MeOH selectivity. Various reduction
protocols were applied to investigate their impact on catalytic activity. A
combination of advanced characterization techniques, including operando
DRIFTS (to monitor the evolution of surface species) and XANES (to analyze
the chemical states of Ir and Mo), was employed to gain a deeper
understanding of the structure-activity relationship of these catalysts.

4.2 Experimental section

4.2.1 Catalyst synthesis:

The following reagents were used as received. Iridium(lll) chloride hydrate
(CAS No. 10025-83-9) was purchased from Precious Metals Online.
Ammonium molybdate tetrahydrate (CAS No. 12054-85-2) was purchased
from Merck Sigma. Finally, the y-Al2Os (CAS No. 1344-28-1) was purchased
from BASF Nederland. The catalysts were prepared using the sequential Wet
Impregnation (WI) method with an aqueous solution of the respective metal
salt. First, the Mo solution was dissolved in demineralized water. After the Mo

100



Chapter 4

precursor was completely dissolved, y-Al2Os was added to the solution, and
the mixture was stirred at 200 rpm overnight at 50 °C. Consequently, the
obtained wet catalyst was dried at 110 °C for 12 h, followed by calcination
under air at 500 °C for 3 h. All calculated amounts correspond to
(1.5)Ir/(32)Mo/Al20s-L, as mentioned in the experimental section of Chapter
3. For the support Mo-Al203, which has a high Mo dispersion, the support was
purchased from Akzo Nobel. Therefore, two different supports were used; the
one with low Mo dispersion was prepared in-house, while the one with high
dispersion was purchased.

Iridium (l11) chloride hydrate (0.071 g) to obtain a metal loading of 1.5 wt%
Ir over each support) was dissolved in 50 mL of deionized water. The amount
of metal salt was calculated based on 3 g of support material. After the salt
was completely dissolved in the water (0.5 - 0.6 hours), 3 g of the support
material was added to the solution. The mixed solution was then stirred at
200 rpm and 50 °C and kept overnight. Subsequently, the drying process was
performed in air at 110 °C for 12 h. The obtained powder was crushed and
calcined at 500 °C for 3 h, in the air.

4.2.2 Catalysts characterization:

4.2.2.1 H>-temperature program reduction (H-TPR):

200 mg of catalyst was packed inside a quartz tube reactor. Hz flow was
introduced into the reactor, and a heating rate of 10 °C/min was used until
reaching a final temperature of 700 °C. The catalysts were heated to 700 °C
and held for 10 min. The H:z signal was recorded online with a thermal
conductivity detector (TCD).

4.2.2.2 X-ray diffraction (XRD):

The internal XRD patterns were attained using a Bruker AXS D8 Advance
diffractometer. The detector used in the experiment was a Lynxeye-XE-T
position-sensitive detector, which enabled efficient and accurate data
collection. The recorded data in the range of 5° to 90° was evaluated using
the DIFFRAC.EVA software, which provided analysis and interpretation of the
diffraction patterns obtained. The diffraction obtained from the XRD at
Synchrotron uses a wavelength of 0.53948 A. Therefore, all the simulated
diffraction patterns were obtained using this wavelength. The XRD patterns
were attained using a Bruker AXS D8 Advance diffractometer. The detector
used in the experiment was a Lynxeye-XE-T position-sensitive detector,
which enabled efficient and accurate data collection. The recorded data in the
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range of 5° to 90° was evaluated using the DIFFRAC.EVA software, which
provided analysis and interpretation of the obtained diffraction patterns.

4.2.3 Catalytic activity

The catalytic activity was evaluated in a custom-made high-pressure
setup, as shown in Figure 2.1. In a typical test, a 125 mg catalyst was packed
over quartz wool inside a 1/4-inch reactor tube (ID, 2.79 mm. Before loading,
the catalysts were pelletized, crushed, and sieved to obtain a particle size
range of 90-300 pm. Quartz wool was used to support the catalyst in the
reactor. The reduction temperature was changed to 400 °C; however, the
same duration and reducing agent were used. After cooling to 35 °C, the
H2/CO2/N2 mixture (70.5/23.5/6 vol%) was fed into the reactor and
pressurized to 300 bar. The space velocity was maintained at 10 NL/(gcat . h).
The products were analyzed by an online gas chromatograph (Compact GC
4.0) equipped with a flame ionization detector for the detection of CH4, MeOH,
methyl formate (MF), dimethyl ether (DME), and ethanol (EtOH), and two
thermal conductivity detectors, one for the detection of Hz, N2, CH4, and CO.
This TCD uses Ar as the mobile phase. The second TCD was used to detect
CO2, and He is the mobile phase. The carbon balance was monitored to be
within 97 - 102%. The values presented were obtained by averaging the
measurements only after steady-state had been reached. A single
representative value was then reported for each condition.

COzin — COZout Y. n¢,; % Concentration;
or
COZ in COZ in

CO, conversion =

ng; X Concentration;

Selectivity =
y Y. n¢; X Concentration;

4.2.4 Operando diffuse reflectance infrared fourier
transform spectroscopy - mass spectrometry (DRIFTS-MS)

The operando DRIFTS was performed utilizing a Thermo Scientific Nicolet
6700 FT-IR and a Pfeiffer OmniStar GSD 300C mass spectrometer (MS), as
shown in Figure 2.2. The spectrometer is equipped with a liquid-nitrogen-
cooled mercury-cadmium-telluride (MCT) detector to collect the spectra while
the MS analyzes the outlet gas stream. Gas flow control in the setup was
facilitated by six Bronkhorst mass flow controllers, which regulated the flow
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rates of Hz, CO2, and He. Switching between the two reactant gas streams
was achieved using a 4-way valve. Back- pressure regulators (Bronkhorst)
were employed to control the pressure of the reaction cell and the vent side,
maintaining the desired pressures within the system. A 40-50 mg of catalyst
powder was placed inside a cylindrical cavity, having a diameter of 3 mm and
a vertical length of 3 mm, located in a Harrick Praying Mantis DRIFTS
accessory. Before the measurements, the catalyst was reduced at the desired
temperature using a mixture of H2 and He gases (90/10) for 1.5 hours.
Subsequently, the sample was cooled to the reaction temperature of 75 °C
and pressurized to 10 bar under a He stream. The reaction cell was exposed
to CO2:H2 feed with a composition of 1:3 (total flow of 15 mL/min). The spectra
were acquired at a resolution of 4 cm'. 10 spectra were averaged and
collected after 13.3 s.

4.2.5 Synchrotron experiments

The experiments were performed at ALBA, BL16-NOTOS beamline. Prior
to the experiment, the catalyst was diluted in boron nitrate (BN) with a ratio of
1:10. A 10 cm-long capillary with an inner diameter of 1 mm and a wall
thickness of 10 yum was prepared. The central 0.5 cm of the capillary was
loaded with the diluted catalyst sample. To facilitate gas heating, the sample
was fixed with 1 cm of silicon carbide (SiC) at the outlet and 2 cm at the inlet.
Quartz wool was used at both ends to fixate the bed. The capillary was
mounted in a U-shaped cell that allowed either direct gas flow through the
capillary or in bypass mode. Subsequently, the bed was heated with a hot
blower, whose position was calibrated to the middle of the bed, with roughly
5 cm spacing between the blower and the bed to ensure that the blower and
catalyst temperatures are linearly related up to 600 °C. The XANES spectra
were taken sequentially at the Ir Lz-edge (11215 eV) and Mo K-edge (20000
eV). Spectral acquisition times were approximately 3 minutes for XANES, and
2 minutes for Synchrotron X-ray Diffraction (XRD) measurements. Both
edges were measured in fluorescence mode using a 13-element Si detector.
In the experiment, a (1.5)Ir/(32)Mo/Al20s-H catalyst was reduced in situ under
a 5 mL/min H: flow with a ramp rate of 10 °C/min. Afterward, the temperature
was maintained at 200 °C for 60 minutes. The XRD measurements were
obtained at this temperature. After the measurement ended, the reduction
temperature was gradually increased at the same ramping rate to 400°C.
After collecting the required measurements, the reaction mixture was
switched to a 1:3 CO2:H2 ratio (10 mL/min) and the capillary was pressurized
to 20 bar. Then, the temperature was increased to 75, 225, and 75 °C. XANES

103



Chapter 4

spectra were collected during the temperature ramping, while XRD was
collected after each step.

4.3 Results and discussion

4.3.1 The structural investigation of (1.5)Ir/(32)Mo/Al203
with different Mo dispersion

The structures of the supports with the same Mo loading but different Mo
dispersion before and after Ir impregnation were investigated by XRD to
further confirm the differences in Mo dispersion. The XRD patterns of both
prepared catalysts: the catalyst with low Mo dispersion (1.5)Ir/(32)Mo/Al2O3-
L and the catalyst with high dispersion (1.5)Ir/(32)Mo/Al2Os-H, along with the
supports, are shown in Figure 4.1: The diffraction of the support (32)Mo/Al203-
L was explained in detail in Chapter 3, Section 2.1. Briefly, the diffraction
patterns indicate the presence of multiple Mo species, including alumina
molybdate and a-MoOQOs. After Irimpregnation, the diffraction corresponding to
the Mo species disappeared, while the IrO2 diffraction evolved. This result
suggests that the Ir impregnation might lead to distorting the Mo crystalline
structure , resulting in the absence of Mo-related diffractions in the XRD. A
similar effect was observed with different metals, indicating a significant
impact of metal doping on the Mo crystalline structure [1-3]. On the other
hand, the diffraction of (32)Mo/Al2O3-H support shows the characteristic
diffraction peak of only y-Al203, while no diffraction peak of Mo species was
observed, indicating a well-dispersed Mo species or present as very small
Mo-containing crystallites below the detection limit of the XRD instrument.
Upon Ir impregnation, IrO2 diffractions were detected, and no change in the
support structure was observed. A comparison of the IrO2 diffractions between
the two catalysts, (1.5)Ir/(32)Mo/Al20s-L and (1.5)Ir/(32)Mo/Al20s-H, shows
that the IrO2 diffraction over (H) is sharper and more intense than (L),
suggesting the formation of large Ir crystallites when the Mo species is well-
dispersed or the Mo-containing crystallites are small. This result was also
observed during the structural investigation of (1.5)Ir/(19)Mo/Al2Os in Chapter
3 (Figure 3.2 (a)), where (1.5)Ir/(19)Mo/Al203 showed a high Mo dispersion
and resulted in the highest intensity reflection of IrO2 among other Mo
loadings. In conclusion, the XRD results indicate that a more dispersed Mo
species leads to the formation of larger IrO2 crystallites, which is are more
easily reduced, and might lead to faster reduction of Mo species.
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Figure 4.1 The X-ray diffraction of the bare supports before Ir impregnation, the low Mo
dispersion ((32)Mo/Al,Os-L), and the high Mo dispersion ((32)Mo/Al,O3-H) are shown on the
bottom side of the figure. The diffractions of the catalysts after Ir impregnation,
(1.5)Ir/(32)Mo/Al,O3-L and (1.5)Ir/(32)Mo/Al,O3-H are shown on the top. The result indicates the
formation of large IrO; crystallites when Mo is well-dispersed. This result is consistent with the
previous one (Chapter 3), where (1.5)Ir/(19)Mo/Al,O5, with high Mo dispersion, resulted in the
formation of large IrO, crystallites.

4.3.2 The catalytic activity performance of different Mo
dispersions

The catalytic performance of (1.5)Ir/(32)Mo/Al2O3-L and -H catalysts was
investigated at 150 °C and 300 bar to examine the effect of Mo dispersion.
The conversion of CO2 and product selectivity are compared in Figure 4.2.
Initially, the reduction was conducted at 200 °C for 1.5 h (R200). At this
temperature, the Mo species are not expected to be significantly reduced,
allowing a comparison between the two systems without accounting for Mo
reduction. The catalytic results obtained with the R200 protocol are shown in
Figure 4.2(a). As observed, both catalysts exhibited 74% selectivity toward
CHa4. However, the MeOH-derived product selectivity of (1.5)Ir/(32)Mo/Al203-
H (24%) is twice the MeOH-derived product selectivity of (1.5)Ir/(32)Mo/Al203-
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L (12%). This suggests that differences in surface properties, even before a
major Mo reduction, may be attributed to different Ir environments in the two
systems. To summarize, the catalytic activity under the R200 protocol resulted
in high CH4 selectivity in both systems.

Subsequently, the reduction temperature was increased to 400 °C for 1.5
h (R400), where Mo species are expected to undergo reduction, as indicated
by the H2-TPR profile of both systems (1.5)Ir/(32)Mo/Al203-H and
(1.5)Ir/(32)Mo/Al20s-L, as shown in Figure 4.1-S (Appendix). The catalytic
performance of the two systems, along with that of (1.5)Ir/MoOs, is shown in
Figure 4.2 (b). The catalytic activity result of (1.5)Ir/MoOs was added for
comparison and to investigate the possible effect of Mo dispersion on Al2Os.
Upon applying the R400 protocol, the (1.5)Ir/(32)Mo/Al2Os-L catalyst
exhibited a significant suppression of CHs4 formation (down to ~10%),
accompanied by increased CO selectivity (53%), while MeOH-derived
product selectivity is 39%, nearly more than double compared to when the
R200 protocol was applied. This product selectivity closely resembles that of
the Ir/MoQs system, suggesting similar active site characteristics that lead to
a similar reaction pathway. This similar product selectivity suggests that,
during the preparation of (1.5)Ir/(32)Mo/Al20s-L, Ir was predominantly
deposited over Mo species, forming a distinct Ir-Mo phase dispersed on the
alumina support (most likely Ir/MoOx). However, the CO2 conversion of
(1.5)Ir/(32)Mo/Al203-L was observed to be five times lower than Ir/MoQOs. To
investigate the difference in conversion between the two systems, the H>-TPR
for both (1.5)Ir/(32)Mo/Al20s-L and Ir/MoOs was compared, and the Hz-TPR
profiles of the two systems are shown in Figure 4.2-S, Appendix. The total
hydrogen consumption of I/MoOs was calculated to be 3.71 mmol. However,
over (1.5)Ir/(32)Mo/Al20s-L, hydrogen consumption was calculated to be
0.087 mmol. The higher hydrogen consumption of Ir/MoOs during H2-TPR,
compared to (1.5)Ir/(32)Mo/AI203-L, indicates greater hydrogenation activity
of Ir/MoOs, leading to faster CO: activation (higher conversion).

In contrast, the (1.5)Ir/(32)Mo/Al203-H exhibited entirely different behavior
under the same conditions, with the complete suppression of CH4 and CO
formation, yielding exclusively MeOH-derived products, about 97%. This
result suggests that Ir impregnation on a well-dispersed Mo/Al2O3 support
likely facilitates the formation of selective intermediates that favor the
formation of MeOH.
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Figure 4.2 The comparison of CO, conversion and product selectivity of (1.5)Ir/(32)Mo/Al,O5-L
vs (1.5)Ir/(32)Mo/Al,O3-H at 300 bar and 150 °C using (a) the R200, and (b) the R400 reduction
protocol, with adding the activity performance of (1.5)Ir/MoO3; (R400) for comparison. The R200
result shows similar product activity and selectivity between the two catalysts, except for MeOH,
which exhibited double selectivity in (1.5)Ir/(32)Mo/Al,Os-H. Changing the reduction protocol to
R400 led to significant differences between the two catalysts

4.3.3 Effect of a second temperature sequence on the
catalytic activity

For all Mo-containing catalysts, performing a second temperature
sequence resulted in a noticeable change in catalytic activity. To further
investigate this behavior in Mo-dispersion catalysts, the same experimental
protocol was applied to both catalysts, (1.5)Ir/(32)Mo/Al203-H and
(1.5)Ir/(32)Mo/Al20s-L. The procedure began with catalyst reduction using the
R400 reduction protocol, followed by pressurization to 300 bar under a
CO2/H2 (1:3) feed mixture. The reaction temperature was sequentially
increased to 150 °C, 175 °C, and 225 °C, then cooled back to 150 °C. The
catalytic performance of (1.5)Ir/(32)Mo/Al2Os-L is shown in Figure 3.3 (b),
while that of (1.5)Ir/(32)Mo/Al203-H is presented in Figure 4.3 (a).

For the (1.5)Ir/(32)Mo/Al2Os-L catalyst, CO was the dominant product at
all tested temperatures (150, 175, and 225 °C). However, upon cooling the
reaction back to 150 °C, the selectivity toward the MeOH-derived product
increased substantially to 65%. In contrast, (1.5)Ir/(32)Mo/Al203-H displayed
a different trend, as illustrated in Figure 4.3 (a). At 150 °C, the catalyst
exhibited 97% selectivity for MeOH-derived products. As the temperature
increased, the RWGS reaction became dominant, resulting in higher CO
selectivity. Interestingly, when the temperature was decreased back to 150
°C, the selectivity for the MeOH-derived product dropped from 97% in the first
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sequence to 61% in the second sequence, suggesting a negative effect of the
second temperature sequence. This behavior was not observed in any of the
other catalytic systems. For the CO:2 conversion, a slight increase was
observed in the second temperature sequence for both catalysts, indicating
that the Mo dispersion has a negligible effect on CO2 conversion. It is worth
mentioning that over (1.5)Ir/(19)Mo/Al20s, which has a well-dispersed Mo
species, the increase in the selectivity of MeOH-derived product in the second
temperature sequence was negligible compared to other Mo loadings. This
result suggests a possible correlation between the dispersion of Mo species
and the change in selectivity in the second temperature sequence. In our
previous investigation (Chapter 2), the increase in MeOH-derived product
selectivity in the second temperature sequence was attributed mainly to a
change in the Mo chemical state, with a more reduced state in the second
sequence (Figure 2.17-S). Therefore, it is highly expected that the Mo
chemical state in (1.5)Ir/(32)Mo/Al203-H during the second temperature
sequence would exhibit different behavior.

To further explore this negative change in the MeOH-derived product
selectivity of (1.5)Ir/(32)Mo/Al203-H in the second temperature sequence, the
Mo chemical state was investigated through operando XANES. During the
experiment, the catalyst was first reduced using the R400 reduction protocol.
Following the reduction, the system was pressurized to 20 bar under a helium
atmosphere. The temperature was then increased to 75 °C, after which the
feed was switched from helium to a CO2/Hz2 (1:3) mixture. The reaction
temperature was subsequently increased to 225 °C and then cooled back
down to 75 °C. Throughout these steps, the Ir Ls-edge and Mo K-edge were
monitored to detect potential changes in their chemical states. The Ir Ls-edge
and Mo K-edge are shown in Figures 4.7, 8, and 9-S (Appendix). For the Ir
Ls-edge, no change in the chemical state of Ir was observed at all
temperatures. However, a slight change in the Mo chemical state was
observed. To gain more insight into that change, the Mo** content was
analyzed at each reaction temperature using linear combination fitting (LCF).
The Mo** content over time at all tested temperatures is shown in Figure 4.3
(b). At 75 °C, the average Mo** content was 64%. After increasing the reaction
temperature to 225 °C, the average Mo** content decreased to 61%. After
cooling the reaction temperature back to 75 °C, the average Mo** content
increased to 68%, indicating a shift toward a higher oxidation state. Contrary
to the behavior observed for Ir/MoOs in Chapter 2, where a more reduced Mo
state during the second temperature sequence enhanced MeOH-derived
product selectivity, the (1.5)Ir/(32)Mo/Al203-H catalyst showed the opposite
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trend. In this case, an increase in Mo** content during the second temperature
sequence was observed and accompanied by a decrease in the selectivity of
the MeOH-derived product. This result suggests that the increase in Mo**
content observed in the second temperature sequence is the primary reason
for the negative impact on the selectivity of the MeOH-derived product during
this sequence (Figure 4.3 (a)).

Additionally, to further investigate this change in the Mo chemical state,
operando XRD was performed for (1.5)Ir/(32)Mo/Al2Os-H at all tested reaction
temperatures. The XRD patterns are shown in Figure 4.3 (c). The peak,
positioned at 12.72°, appeared after the reduction was completed. This peak
was present at 75 °C. After increasing the reaction temperature to 225 °C, the
peak became broad. In the second temperature sequence at 75 °C, a peak
appeared with a slight increase in intensity (compared to the observation at
225 °C) and a slight shift to a higher angle of 12.8° (compared to the first 75
°C). To explore this shift in the peak position, MoO2 and Mo® were used as
references for further verification. The peak at 12.72° indicates the formation
of the Mo® phase (Figure 4.3 (c)). At a reaction temperature of 75 °C, no
significant change in the Mo chemical state is expected, as this low
temperature is not expected to cause any change. This led to no noticeable
change in the diffraction pattern during the first 75 °C run. As the reaction
temperature increased to 225 °C under a CO2/H: feed, the formation of the
Mo** phase was observed, as evidenced by the broadening of the peak
located between 12.72° and 12.8°. When the reaction temperature cooled to
75 °C (second run), the peak shifted to 12.8°, indicating the formation of Mo**.
This finding suggests that the Mo species shifts toward a higher oxidation
state (Mo**), which correlates with increased CO selectivity. The transition
from Mo® to Mo** in the (1.5)Ir/(32)Mo/Al2O3-H catalyst can be attributed to
the oxidative-reductive CO2/Hz reaction environment. Under these conditions,
CO2 acts as a mild oxidant, while Hz serves as a reductant, creating a dynamic
redox balance that governs the chemical state of Mo. The observed
stabilization of Mo** is likely due to this redox interplay, further influenced by
strong metal-support interactions that modify the reduction behavior of Mo
species. This result is also consistent with the operando XANES result, which
shows that more Mo** was measured in the second temperature sequence.
In contrast to Ir/MoOs in the second temperature sequence, where in situ
reduction was observed, this behavior was not observed over
(1.5)Ir/(32)Mo/Al203-H, likely due to the strong metal-support interaction, as
explained previously. Hence, a higher content of Mo** was measured in the
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second temperature sequence, which is expected to shift the product
selectivity from high MeOH-derived product to high CO.

(a) MeOH CH, () ¥ Mo (Fm-3m ICSD 9008474)
100 2 % 4% 10 ‘ | [
= 18% ;l | MoO,
a0 39% {8 J | | ‘ | |||
IS o CO,iH, at 75°C Rep2
2 63% 33% <5 < i
& 60 {6 € i
2 1% 2 "
] ° 8 i
20 it 30 4 %’ "
9 20 20 {2 h
£ ‘; Mnaﬁ“,\* ‘ !
ol o s i | COyH,at225°C
150 175 225  150-2nd >
(b) Temperature (°C) = f
70 = f:
75 °C — First rep (] "
225°C ] E ::
6875 °C — Second rep [ ] — \“.\‘J
g il s
< s ¢
€ | CO,/H, at 75°C
£ 84 o ;
[ Y '
e |
&Ec’ 62 .
L] H
60 e v
» ran )
58 L———————— — v .
0 20 40 60 80 100 120 140 10 15 20 25 30
Time (min) 20 (")

Figure 4.3 (a) The catalytic activity result of CO, hydrogenation over (1.5)Ir/(32)Mo/Al,O3-H
performed at 300 bar and three different temperatures (150, 175, and 225 °C) followed by cooling
down again to 150 °C using the R400 reduction protocol. The results indicate a negative impact
on product selectivity when a second temperature sequence was implemented, as observed in
the 150-2nd result. (b) The Mo** content during the CO, hydrogenation over (1.5)Ir/(32)Mo/Al,O3-
H. The results obtained from applying LCF on the operando XANES experiment, performed at
20 bar and three different temperatures. The results show an increase in Mo oxidation state in
the second implemented 75 °C. (c) Operando XRD, which was conducted during CO,
hydrogenation for (1.5)Ir/(32)Mo/Al,O5-H at 10 bar, and three different temperatures.

4.3.4 Effect on the surface species environment with
different Mo dispersion

To provide insight into the surface species environment during CO:2
hydrogenation, operando DRIFTS was performed on the catalysts
(1.5)Ir/(32)Mo/Al20s-L and -H. During the experiment, the catalysts were
reduced using the R400 reduction protocol (400 °C for 1.5 h). The catalysts
were then cooled to 150 °C and pressurized to 10 bar with He, followed by
the introduction of the feed (H2/CO2 = 3). The collected spectra were analyzed
in different regions, v(C-O) region (1000 - 1800 cm-"), v(Carbonyl) region
(1900 - 2100 cm-') and v(C-H) region (2500 - 3200 cm-"). Figure 4.4 shows
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the evolution of the surface species in the v(C-O) vibration region (1000 -
1800 cm-') with time for both catalysts (a) (1.5)Ir/(32)Mo/Al2O3-L and (b)
(1.5)Ir/(32)Mo/Al203-H. The spectra of (1.5)Ir/(32)Mo/Al20s-L  reveal two
broad bands: the first, positioned between 1300 and 1400 cm, and the
second, between 1550 and 1700 cm-'. Another small band was observed at
1453 cm-'. The analysis of the spectra of these surface species is described
in Section 2.6 of Chapter 3. In brief, the spectra indicate that the bands at
1392 and 1593 cm-! correspond to the presence of formate species (type |,
formate adsorbed on two Lewis acid (LA) sites) over Al203 [4—7]. The band at
1367 and 1648 cm' corresponds to formate species (type Il, adsorption
adjacent to LA sites) [6]. Additionally, the band at 1319 cm- is most likely the
monodentate formate [6]. The band at 1616 cm™' was not observed due to
the overlap with other bands in the same region. Finally, the band at 1453 cm-
1 corresponds to the symmetrical vibration of bicarbonate over Al203, while its
asymmetrical vibration is expected within the broad band between 1550 -
1700 cm-.

The spectra for the v(C-O) region of (1.5)Ir/(32)Mo/Al2Os-H, shown in
Figure 4.4 (b), exhibited a large broad band between 1500 and 1700 cm-',
which is an overlap of different bands: at 1640, 1612, and 1588 cm-'. Another
three bands were observed over 1453, 1392, and 1324 cm-'. The spectra
analysis reveals the existence of formate type | via the bands at 1392 and
1588 cm! and the monodentate formate via the bands at 1319 and 1646 cm-
1. The absence of a band at 1367 cm-! indicates that formate type Il was not
formed. To confirm the presence of formate type | and the absence of formate
type I, the C-H stretching region was analyzed. The results are shown in
Figure 4.5-S (Appendix). (1.5)Ir/(32)Mo/Al203-H exhibited a clear band at
2907 cm-' corresponds to the C-H vibration of formate type I; however, the
band at 2845 cm! was only observed in (1.5)Ir/(32)Mo/Al203-L and not in in
(1.5)Ir/(32)Mo/Al203-H, shows the absence of formate type |l over
(1.5)Ir/(32)Mo/Al203-H. This band at 2845 cm-' was assigned to the C-H
stretching vibration of formate type Il (Section 2.6, Chapter 3). Additionally,
the shoulder feature, which was identified in Section 2.5, Chapter 3 as the C-
H stretching vibration of the monodentate formate, was also observed in
(1.5)Ir/(32)Mo/Al203-H, as shown in Figure 4.5-S (b), Appendix. This result
suggests that the presence of well-dispersed Mo species modifies the surface
chemistry, leading to a higher coverage of formate species type | and,
consequently, higher selectivity for MeOH-derived products. Furthermore, the
band at 1453 and 1612 cm corresponds mainly to bicarbonate, similar to
what was observed over (1.5)Ir/(32)Mo/Al2Os-L. In summary, the formate
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species type |, which binds to the surface via two LA sites, and the
monodentate formate were identified as the key intermediates for higher
MeOH-derived products. However, since formate type Il was not observed
over (1.5)Ir/(32)Mo/Al20s3-H, it is expected that this formate (type Il) is not
directly related to the formation of MeOH-derived product.
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Figure 4.4 Temporal evolution of surface species obtained from operando DRIFTS during CO,
hydrogenation at 150 °C and 10 bar over (a) (1.5)Ir/(32)Mo/Al,Os-L and (b) (1.5)Ir/(32)Mo/Al,O3-
H. The result here shows the C-O vibration region (1200-1800 cm™), indicating a significant
difference in the surface species environment between the two catalysts.

4.3.5 Effect of the Ir state over (1.5)Ir/(32)Mo/Al20s3-L and -H

To further investigate the differences between the two systems,
(1.5)Ir/(32)Mo/Al20s-L and -H, the carbonyl region (1900 - 2100 cm ') was
analyzed, and the spectra for both catalysts are shown in Figure 4.5. For the
(1.5)Ir/(32)Mo/Al20s-L (Figure 4.5 (a)), the spectra show mainly four distinct
bands with different shapes. The band at 2077 cm-' was sharp, indicating a
well-defined vibration mode of linear Ir-carbonyl species [8—10]. The other
three bands were observed at 2008, 2060, and 2094 cm-', corresponding to
the vibrations of bridged carbonyl and dicarbonyl species over Ir (v-s and v-
as, respectively) [8—-11]. For the (1.5)Ir/(32)Mo/Al20s3-H (Figure 4.5 (b)), the
spectra show three distinct bands at 2064, 2077, and 2094 cm-'. The band at
2077 cm corresponds to linear Ir-carbonyl. The other two bands (2064 and
2094 cm-) are assigned mainly to dicarbonyl species over Ir (v-s and v-as).
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Two findings were obtained from this investigation: first, the peak-to-peak
ratio between 2077 and 2064 cm-' indicates that the 2077 cm-! band in
(1.5)Ir/(32)Mo/Al203-H is noticeably broader and less intense than that in
(1.5)Ir/(32)Mo/Al203-L. Additionally, the band at 2008 cm-", which is observed
over (1.5)Ir/(32)Mo/Al20s-L, was not observed over (1.5)Ir/(32)Mo/Al203-H,
and since this band is assigned to bridged carbonyl [11]. Then, the Ir-bridged
carbonyl is unlikely to be present on (1.5)Ir/(32)Mo/Al203-H. This indicates a
more dispersed Ir over (1.5)Ir/(32)Mo/Al203-H than over (1.5)Ir/(32)Mo/Al20s-
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Figure 4.5 Temporal evolution of surface species obtained from operando DRIFTS during CO,
hydrogenation at 150 °C and 10 bar over (a) (1.5)Ir/(32)Mo/Al,Os-L and (b) (1.5)Ir/(32)Mo/Al,O3-
H. The result shows the carbonyl vibration region (1900-2100 cm™), indicating differences in the
peak-to-peak ratio between the two catalysts.

4.3.6 The effect of the reduction protocol on the catalytic
performance of (1.5)Ir/(32)Mo/Al203-H

To assess the effect of the reduction protocol on catalytic performance,
two reduction procedures were compared: one at 200 °C for 1.5 h (R200) and
another at 400 °C for 1.5 h (R400). The catalyst (1.5)Ir/(32)Mo/Al2O3-H was
chosen for this study because it exhibited high selectivity toward MeOH-
derived products when reduced using the R400 protocol in the first
temperature sequence. Catalytic testing was carried out for CO:2
hydrogenation at 150 °C and 300 bar. The conversion of CO2 and product
selectivity at different reduction protocols is shown in Figure 4.6. A notable
difference in the conversion was also observed. The CO: conversion
achieved after R200 reduction was approximately four times higher than that
obtained after R400 reduction. This significant increase in conversion
indicates the potential for more accessible Ir sites, leading to a faster

113



Chapter 4

hydrogenation reaction. The faster hydrogenation reaction was confirmed by
observing the product selectivity when R200 was applied, where CH4 was the
dominant product, with a selectivity of 74%, as shown in Figure 4.6.

Regarding product selectivity, the graph clearly demonstrates the strong
influence of the reduction protocol. After R200, 74% CHas selectivity was
observed, as reported previously, while the remaining selectivity (26%)
corresponds to MeOH-derived products. In contrast, reduction under the
R400 protocol drastically shifted the selectivity toward MeOH-derived
products, achieving 97% selectivity. The substantial shift in product
distribution also suggests that significant structural or chemical changes
occur during the reduction step. To further understand these changes, in situ
XANES and operando DRIFTS measurements were performed to
characterize the catalyst state following each reduction protocol.
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Figure 4.6 The CO; conversion and product selectivity of the (1.5)Ir/(32)Mo/Al,O3-H during CO,
hydrogenation at 300 bar and 150 °C using the two selected reduction protocols, 200 °C for 90
min (R200) and 400 °C for 90 min (R400). The results show the increase in MeOH-derived
product selectivity when the R400 was implemented.

4.3.6.1 The investigation of the chemical state of the catalyst
during each reduction protocol

To explore the catalyst's chemical state, in situ XANES was performed
during reduction. Hydrogen was fed under conditions similar to those used
during catalytic performance testing. The reduction temperature was
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increased gradually to 200 °C. After reaching the desired temperature of 200
°C, XANES spectra of Ir Ls-edge and Mo K-edge were obtained. Following
completion of this step, the temperature was increased to 400 °C, and
measurements of the Ir Ls-edge and Mo K-edge were obtained again. The Ir
Ls-edge and the Mo K-edge measured for the fresh catalyst at room
temperature (RT), after reaching 200 °C (R200), and after reaching 400 °C
(R400) are shown in Figure 4.7.

The Ir Ls-edge shown in Figure 4.7 (a) shows that the Ir chemical state
experienced a significant change from Ir4* and Ir 3* to almost metallic Ir® when
the reduction temperature reached 200 °C. The progressive measurement
obtained during the temperature ramping indicates that the change in Ir
chemical began at ~150 °C. Following the reduction at 200 °C, the
temperature was increased further to 400 °C. Negligible spectral changes
were observed, confirming that the Ir state was nearly fully metallic at 200 °C.

The Mo K-edge was analyzed for the fresh catalyst at room temperature
(RT), and the results are shown in Figure 4.7 (b). The Mo K-edge of
(1.5)Ir/(32)Mo/Al203-H was compared with the Mo K-edge of the reference
crystalline MoOs. The linear combination fitting (LCF) confirmed that the Mo
oxidation state is predominantly +6. However, in the post-edge region,
changes in the spectra were observed, indicating a difference in the local
coordination environment. This is consistent with the XRD data (Figure 4.1,
(1.5)Ir/(32)Mo/Al203-H), which showed no diffraction peaks corresponding to
crystalline MoOs, confirming that the Mo species is amorphous.

As the temperature increased to 200 °C, a slight change was observed in
the Mo K-edge results, as shown in Figure 4.7 (c). The LCF indicates that the
Mo oxidation state remains dominant at +6, which shows a 95.7% match to
MoOs. The remaining 4.3% of Mo species indicate the presence of both Mo?
and Mo**. When the temperature increased to 400 °C (R400), the pre-edge
feature changed in the Mo K-edge, as shown in Figure 4.7 (d), indicating a
change in the Mo coordination environment. Additionally, the LCF shows Mo8*
content of 15.5%, Mo** of 53.5%, and Mo® of 31%, indicating a significant
change in the Mo chemical state when the R400 reduction protocol is applied.
In summary, in situ XANES analysis was performed to monitor the chemical
states of Ir and Mo during the R200 and R400 reduction protocols, which
corresponded to the observed changes in catalytic performance. The results
indicate that the oxidation state of Ir changed to metallic after R200 reduction
and remains mainly unaffected by the reduction temperature. In contrast, the
Mo species undergoes a significant chemical change. This major change in

115



Chapter 4

the Mo chemical state is proposed as the primary factor responsible for the
shift in catalytic performance between the two protocols.

(a) (b)
3
5 f\ c o~
g \ 2"
22 I g‘
< 1\‘ 2 |
- || ® /
) (4 3
E 1 J "o i cipmti AT N A
©
H | (1.5)Iri(32)Mo/AI,05H (RT) £
H /J (1.5)Ir/(32)Mo/Al;0,-H (R200) 5 o,
= 00,
o) S— o]
11150 11200 11250 11300 11350 19960 19980 20000 20020 20040 20060
Energy (eV) Energy (eV)
(c) (d)
c 95.7% MoO, g | 15.5% MoO,
2 1 13% Mo0, = 53.5% MoQ,
-5 o
= 2
o ]
2 £
< <
° -1
® ®
£ £
& 5
g ol (1.5)Ir/(32)MofAl,O,-H (R200) z ] (1.5)Ir/(32)Mo/Al,O;-H (R400)
19960 19980 20000 20020 20040 20060 19960 19980 20000 20020 20040 20060
Energy (eV) Energy (eV)

Figure 4.7 In situ XANES results, obtained from (1.5)Ir/(32)Mo/Al,O3-H during the reduction
using the R200 and R400 under a hydrogen environment, (a) the Ir Ls-edge measured for the
fresh sample, R200, and R400. The Mo K-edge for the catalyst at (b) room temperature (RT)
with the reference MoOs, (c) after implementing the R200 reduction protocol (200 °C for 1.5 h)
alongside other references, and (d) after implementing the R400 reduction protocol (400 °C for
1.5 h) alongside other references.

4.3.6.2 The structural change during each reduction protocol

To investigate the structural changes under different reduction protocols,
in situ XRD measurements were performed on the fresh catalyst at RT, after
the R200 and R400 reduction protocols. The resulting diffraction, along with
the references for computed Mo?, MoO2, y-Al203, and orthorhombic MoQs, is
shown in Figure 4.8. The XRD data for (1.5)Ir/(32)Mo/Al203-H at room
temperature (RT) shows four identified and five unidentified reflections. The
unidentified reflections at 14.8°, 15°, 18.5°, 25°, and 27° correspond to boron
nitride (BN), which was used to dilute the catalyst during the XRD
measurements. The identified reflections at 12.1°, 16°, 18.3°, and 22.5° are
attributed to a-MoOs (12.1° and 18.3°) and y-Al203 (16° and 22.5°). The small
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diffraction peaks observed in the Mo-related component confirm the presence
of very small crystallites of the Mo-related component (which was not
detected in the previous XRD equipment, Figure 3.1). Upon heating to 200
°C in R200, no major change in the diffraction was observed, as shown in
Figure 4.8 (R200). This result is consistent with our in situ XANES
observations, which showed no major change in the Mo chemical state
(Figure 4.7(c)). With a further increase in the reduction temperature to 400
°C, the reflections at 12.1° and 18.3° disappeared, and a broad reflection
emerged at 12.72°, indicative of the presence of Mo® (Figure 4.8, R400). This
result indicates that the a-MoOas-related reflections disappeared, suggesting
a partial or complete reduction of this phase to Mo?, as evidenced by the
appearance of the Mo-metallic peak. This result is also consistent with the in
situ XANES data, which show a significant decrease in Mo®" content
accompanied by a corresponding increase in Mo®. In addition, the catalyst
maintained an amorphous structure throughout all reduction temperatures,
indicating good thermal stability.
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Figure 4.8 The XRD result of the (1.5)Ir/(32)Mo/Al,Os-H catalyst after different reduction
conditions: room temperature (RT) for the fresh catalyst, at 200 °C (R200), and at 400 °C (R400).
Reference patterns for crystalline a-MoO3 (ICSD 1011043), MoO, (ICSD 9008474), and Al,O3
(COD 2015530) are provided for comparison. The catalyst shows an amorphous feature overall;
the peaks that were not identified correspond to boron nitride (BN) diffraction.

4.3.6.3 The investigation of the surface species difference
between each reduction protocol

To further explore the difference in the catalytic activity when changing the
reduction protocol, the surface species environment was investigated via
operando DRIFTS. During the DRIFTS experiment, the catalyst
(1.5)Ir/(32)Mo/Al203-H was reduced using the selected reduction protocols
(R200 and R400). After reduction, the temperature was lowered to 150 °C,
and the pressure was increased to 10 bar using helium. Following these
steps, the H2/CO2 = 3 feed was introduced. The spectra were collected during
the reaction. The analysis was conducted across three regions, as mentioned
previously. The carbonyl region (1900 - 2100 cm') obtained from the
(1.5)Ir/(32)Mo/Al203-H when applying the R200 reduction protocol is shown
in Figure 4.9 (b). When applying the R400 reduction protocol, the results are
shown in Figure 4.5 (b).
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The spectra of the carbonyl region for R200 show the emergence of four
distinct bands, 2010, 2067, 2077, and 2094 cm-'. The assignment of those
bands was already discussed in section 2.5, where the 2077 cm™' band is
assigned to linear carbonyl species over metallic Ir [8—10]. The bands at 2067
and 2094 cm! are assigned to dicarbonyl over Ir [8-10,12]. The band at 2010
cm' is assigned to Ir-bridged carbonyl species [12]. R400 spectra are also
discussed in Section 2.5. The band at 2010 cm-! was not observed in the case
of R400, indicating the absence of Ir-bridged carbonyl species at R400.
Furthermore, the peak-to-peak ratio between 2077 and 2067 cm™ varied
between the R200 and R400. Although in situ XANES analysis (Figure 4.7
(a)) revealed no substantial change in the Ir oxidation state, the observed
spectral differences suggest a modification in Ir dispersion or surface site
distribution, leading to this change in the collected spectra. Additionally, the
catalytic activity presented in Figure 4.6 shows that applying the R200
reduction results in a COz conversion that is four times higher than that
obtained after R400. This difference is attributed to a faster hydrogenation
reaction, likely due to a higher number of accessible Ir active sites following
reduction at 200 °C, indicating the different Ir environment after applying each
reduction protocol. This difference in the Ir environment can be further
confirmed by the difference in the collected spectra, as shown in Figure 4.5
(b) for R400 and 4.9 (b) for R200. Thus, it is also suggested that the Ir plays
also a significant role in this difference in catalytic performance.

The (C-O) region of (1.5)Ir/(32)Mo/Al203-H using R200 is shown in Figure
4.9 (a), and using R400 is shown in Figure 4.4 (b). The spectra when R200
was applied indicate the existence of five distinct bands, at 1394 with a
shoulder at 1367, 1452, 1587, 1618, and 1646 cm-' (Figure 4.9 (a)). The
bands at 1394 and 1587 cm™ correspond to formate species [7,13]. To
confirm if this formate is type |, the C-H stretching vibration, which normally
appears at 2904 cm-', was investigated. In this case, the spectra of the C-H
region, shown in Figure 4.6-S, Appendix, do not show this band. However,
another bands were observed at 2917 and 2955 cm-, indicating a new
formate type. Additionally, the bands at 1367 and 1618 cm-! correspond to
formate type Il, as previously explained. The monodentate band, normally
observed at 1325 cm, and its C-H stretching, shown as a shoulder at 2895
cm', were not observed in this case. However, the spectra at R400 (Figure
4.4(b)) show the existence of six distinct bands: 1324, 1392, 1453, 1589,
1612, and 1642 cm', which were explained and assigned in Section 2.4.

It is worth mentioning that the formate species types | and monodentate
formate were not observed when R200 was implemented. At the same time,
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the catalytic activity indicates very minimal MeOH-derived product selectivity.
This observation is consistent with our finding that formate type | and
monodentate formate are the key intermediates for high selectivity toward
MeOH-derived products. In addition, formate type Il was absent when the
reduction protocol R400 was used, but present when R200 was used,
indicating that formate type Il is not directly related to the formation of high
levels of MeOH-derived products.
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Figure 4.9 Temporal evolution of surface species obtained from the operando DRIFTS during
CO; hydrogenation at 150 °C and 10 bar over (1.5)Ir/(32)Mo/Al,O3-H when applying the reduction
protocol R200 (a) the (C-O) region (1200 - 1800 cm™) (b) the carbonyl vibration region (1900 -
2100 cm™)

4.4 Conclusion

This study demonstrates that Mo dispersion, along with Mo loading, plays
a decisive role in determining the structural, electronic, and catalytic
properties of Ir/Mo/Al203 catalyst for CO2 hydrogenation. By preparing two
catalysts with identical Mo loading but different Mo dispersions, it was
demonstrated that highly dispersed Mo species significantly influence both
the catalytic activity and the surface species environment. Catalytic testing
revealed that Mo dispersion significantly influences product selectivity. Under
the R400 reduction protocol, the highly dispersed Mo catalyst
((1.9)Ir/(32)Mo/Al203-H) exhibited exceptional MeOH-derived product
selectivity  (97%), whereas the Ilow dispersed Mo catalyst
((1.5)Ir/(32)Mo/Al203-L) produced mainly CO. Operando DRIFTS confirmed
that formate type | and monodentate formate intermediates correlate strongly
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with high MeOH selectivity. Moreover, the second temperature sequence was
also implemented over (1.5)Ir/(32)Mo/Al20s3-H, and the result revealed the
opposite behavior, with a decline in MeOH selectivity observed, which is
found to be due to the increase in Mo** content, as confirmed by the XANES
data. Finally, the reduction protocol investigation was also performed, which
indicated that R200 resulted in high CH4, while R400 resulted in almost full
MeOH-derived product selectivity. The chemical state of Mo was investigated
using XANES, which revealed a significant change in the Mo chemical state
when the reduction protocol was altered. The surface species investigated
using operando DRIFTS confirm our finding regarding the formate type | and
monodentate formate intermediates, which were found to be the active
intermediates for MeOH formation, since they were observed when R400 was
implemented and were absent when R200 was implemented.
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Appendix
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Figure 4.1-S H, reduction profile of (1.5)Ir/(32)Mo/Al,O3-H and -L, which was performed under
hydrogen from room temperature to 700 °C
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Figure 4.2-S H, reduction profile of (1.5)Ir/(32)Mo/Al,Os-L and (1.5)Ir/MoQ3, which was
performed under hydrogen from room temperature to 700 °C
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Figure 4.6-S Surface species evolution that was obtained during the operando DRIFTS
experiment at 150 °C and 10 bar under CO, hydrogenation using the R200 reduction protocol.
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Figure 4.7-S In situ XANES results obtained for the (1.5)Ir/(32)Mo/Al,O3-H at 20 bar and 75 °C (first
temperature sequence) under CO./H, feed. Left side is the Ir Ls-edge and right side is the Mo K-edge.
The spectra collected after reaching and fixing the temperature at 75 °C for 60 min.
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Figure 4.8-S In situ XANES results obtained for the (1.5)Ir/(32)Mo/Al,O3-H at 20 bar and 225 °C under
CO./H; feed. Left side is the Ir L;-edge and right side is the Mo K-edge. The spectra collected after
reaching and fixing the temperature at 75 °C for 60 min.
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Figure 4.9-S /n situ XANES results obtained for the (1.5)Ir/(32)Mo/Al,O3s-H at 20 bar and 75 °C (Second
temperature sequence) under CO2/H, feed. Left side is the Ir L;-edge and right side is the Mo K-edge.
The spectra collected after reaching and fixing the temperature at 75 °C for 60 min.
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Summary

This study investigates the catalytic behavior of Ir/MoOs and Ir/MoOs3/Al203
systems in the reverse water-gas shift (RWGS) reaction, a crucial process for
converting CO2 into CO, which is an important feedstock for sustainable fuel
synthesis. The catalysts were investigated over a wide range of operating
conditions at atmospheric pressure. Both catalytic systems exhibited 100%
selectivity toward CO over the entire operational range, confirming their
effectiveness and suitability for promoting the RWGS reaction. Stability with
time-on-stream experiments revealed partial deactivation at high
temperatures for the Ir/MoOs catalytic system, attributed to its low surface
area and consequent Ir sintering. Conversely, the Ir/MoOs/Al2O3 catalytic
system exhibited high thermal stability, with no sensitive deactivation with
time-on-stream. A comprehensive kinetic study of the RWGS reaction over
Ir/MoO3/Al203 was conducted, assuming a direct CO: dissociation pathway
with C-O bond cleavage of adsorbed CO: as the rate-determining step.
Oxygen vacancies in MoOx were considered the active sites for CO:2
activation, while Ir facilitated Hz activation and regenerated oxygen vacancies
via hydrogen spillover. Kinetic parameters were estimated, yielding a model
that accurately described the system's catalytic performance. Sensitivity
analysis revealed that CO and H20 adsorption were negligible, allowing
reduction of the number of kinetic parameters from 12 to 8 without loss of
predictive accuracy.
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5.1 Introduction

In recent times, the ever-increasing amount of post-combustion emissions
released into the atmosphere has led to significant increases in pollution
levels and climate disruptions [1]. COz is claimed to be one of the primary
causes of climate change, as it is by far the most emitted pollutant on a daily
mass basis [2]. Driven by global political and social efforts toward
decarbonization, carbon capture and storage (CCS) has emerged as a
reliable and sustainable approach to mitigate CO2 emissions from industrial
processes. If captured CO:z is chemically converted with green Hz to produce
products such as CO and methanol (MeOH), new sustainable market
solutions can be pursued. The effectiveness and economic feasibility of this
strategy significantly depend on the availability of green hydrogen to react
with CO2 [3]. In particular, the Reverse-Water-Gas-Shift (RWGS) reaction is
considered a feasible method for transforming CO: into CO, which can be
used as a raw chemical in other processes, such as MeOH synthesis,
Fischer-Tropsch synthesis, and olefin and hydrocarbon production [4]. Due to
the endothermic nature of RWGS, high temperatures are required to avoid
thermodynamic constraints and achieve high, relevant CO2 conversion
values.

Catalytic approaches are necessary to lower the high activation barrier
related to CO2 activation, which is a consequence of the significant
thermodynamic stability of COz, thus enabling a higher reaction rate. In
particular, thermal catalysis has been the preferred method for promoting this
reaction due to its greater scalability and feasibility. In this line, many
homogeneous and heterogeneous catalysts have been thoroughly
investigated over the years for CO2 hydrogenation [5], mostly based on
transition metals.

Platinum (Pt), palladium (Pd), ruthenium (Ru), nickel (Ni) and rhodium
(Rh)-based catalysts are known for their high activity; however, they often
suffer from CO selectivity issues due to the strong adsorption of CO on their
surfaces, which promotes C-O bond dissociation and subsequent carbon
hydrogenation, resulting in the formation of more highly hydrogenated
products, such as methane [6]. Among them, Ni-based catalysts such as
Ni/Al203 [7] and Ni/CeO2 [8] have been widely investigated for CO:
hydrogenation purposes, given their high activity and lower price compared
to the aforementioned transition-noble metal [7]. Despite their remarkable
thermal stability and high activity, these catalysts exhibit limited CO
selectivity, particularly at lower reaction temperatures, leading to methane
formation [7].
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On the other hand, Cu-based catalysts have been reported to exhibit weak
CO adsorption features, leading to the desorption of this compound without
being further hydrogenated, hence attaining a higher CO selectivity [5]. In this
line, Cu-based catalysts have been reported to reach up to 100% CO
selectivity. However, these materials suffer from sintering because of the high
surface mobility of Cu nanoparticles at reaction conditions [9], thus creating
challenges for their industrial applicability.

In light of the issues exposed above, catalyst development for the RWGS
reaction still requires significant effort to further improve catalytic activity,
selectivity, and thermal stability.

Recently, Sun ef al. [10] reported the use of novel Ir/Mo-based catalytic
systems as suitable materials for promoting RWGS. This material has been
reported to be remarkably active, selective, and stable for this reaction,
achieving 100% CO selectivity at 600 °C. Despite these promising results,
there is still no sufficient deep mechanistic understanding or kinetic studies
on this catalytic system. It is worth mentioning that this specific system (Ir-
Mo) was investigated in the previous Chapters (2, 3, and 4) for its high
performance in MeOH synthesis, which can be tuned with reaction conditions.
Therefore, it was attractive to test the catalysts and assess their performance
under high-temperature and low-pressure conditions. This study could
deepen understanding of Ir/Mo-based systems, ultimately leading to rational
catalyst design.

In this study, we investigated Ir/Mo-based catalytic systems for the RWGS
reaction to gain mechanistic and kinetic insights. A detailed reaction
mechanism was proposed and in-depth analyzed, and a kinetic model was
developed, which was found to be robust enough to describe the
experimental data over a wide range of operating conditions. In addition, the
subsequent kinetic analyses identified key steps in the process and the main
features of the different compounds present in the catalytic system.

5.2 Experimental section

5.2.1 Catalyst synthesis

The following reagents were used as received. Iridium(lll) chloride hydrate
(IrCl3-xH20) (CAS No. 10025-83-9) was purchased from Precious Metals
Online, and Molybdenum trioxide (MoOs) (CAS No. 1313-27-5) was obtained
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from Alfa Aesar. In addition, MoOs/Al2O3 catalyst (3E) 211456 was supplied
by AzkoNobel and used as received as catalyst support.

The Ir-containing catalysts were prepared by the incipient wetness
impregnation (IWI) method. The MoOs or MoOs/Al203 support was previously
pelletized and sieved to a particle size of 90-180 ym. The supports were
impregnated with an IrCls in water solution, containing the corresponding
amount of IrCls so as to achieve an Ir loading of 6 % in the final calcined
catalyst. After impregnation, the resulting material was dried overnight at
120 °C under static air conditions and subsequently calcined at 500 °C for 3
hours. The resulting samples were denoted as Ir/MoQOs and Ir/MoQO3/Al20s.

5.2.2 Characterization of the catalysts

The porous texture of the materials was characterized by N2 physisorption
at -196 °C using a Tristar Il 3020 instrument (Micromeritics). Samples were
previously outgassed under vacuum overnight at 150 °C. From the N:
adsorption-desorption isotherm, the apparent surface area (ABET) was
determined by applying the BET equation [11].

X-ray diffraction patterns (XRD) of the prepared materials were recorded
on a Bruker D8 Advance X-ray diffractometer using Cu Ka radiation
(wavelength of 1.5406 A) at a scan step of 0.05 °/s over the range 5-90°. All
patterns were background-subtracted to eliminate contributions from air
scatter and potential fluorescence.

The reducibility of the catalysts was studied by temperature programmed
reduction (H2-TPR). In these experiments, 50 mg of the sample was loaded
into a quartz fixed-bed microreactor, which was placed inside a vertical
furnace with temperature control. The sample was heated from 25 to 700 °C
at a heating rate of 10 °C/min, under a constant flow of 30 mL/min (10 % Hz
in Ar). H2-TPR profile was registered using a TCD detector.

5.2.3 CO2 hydrogenation catalytic experiments

Catalytic experiments were carried out using a customized laboratory-
scale, continuous-flow reaction system provided with a quartz fixed-bed
microreactor (i.d. 4 mm). The catalyst bed temperature was controlled by a
Watlow heating control with a K-type thermocouple inserted at the end of the
catalyst bed. In a typical experiment, the catalyst (pelletized to a 90-180 ym
particle size) was loaded in the quartz reactor and fixed with quartz wool.
Prior to starting the reaction, the catalyst was in situ reduced at 450 °C,
under a constant flow of 10 % Hz in He (50 mL/min), for 90 minutes. Once the
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reduction stage was completed, the temperature was set to the reaction
value, and the reaction mixture was introduced. Experiments were performed
at atmospheric pressure in the temperature range 400 - 550 °C, with varying
space velocity (in the range 40 - 600 NL/gcat h), the Hz to CO2 ratio (from 1 to
4), and the CO2 partial pressure (0.025 - 0.065 bar). The outlet gas
concentration was analyzed by gas chromatography (GC, Agilent 7890B,
equipped with two FIDs and one TCD). N2 was used as an internal standard
for GC analyses.

CO2 conversion was defined as the ratio of the amount of CO2 converted
to the amount supplied to the reactor and was expressed in molar %. The
selectivity to each product, also expressed in molar %, was defined as the
ratio of carbon moles in a specific product to the moles of CO2 converted.

5.3 Result and discussion

5.3.1 Catalytic activity result

The catalytic activity of the Ir-based catalysts, Ir/MoO3 and Ir/MoO3/Al203,
was evaluated in CO2 hydrogenation at atmospheric pressure over the
temperature range 400 - 550 °C, and the results are shown in Figure 5.1. At
these temperatures, the RWGS reaction was observed to occur, with 100%
selectivity towards CO at all studied temperatures. Catalytic experiments at
different space velocities were also conducted, with the results showing a
higher CO2 conversion value with reducing the space velocity, while keeping
the high selectivity to CO at all the studied conditions (see Table 5.1-S), for
both Ir/MoOs and Ir/MoQs/Al203 catalytic systems, which evidences the high
activity and selectivity for the RWGS reaction.

When comparing the catalytic activity of both systems, it was noticed that
Ir/MoQ3 achieved a higher CO2 conversion than Ir/MoQOz3/Al203 (see Figure
5.1). However, it is important to mention that stability tests, performed for both
catalytic systems, with the results shown in Figure 5.1-S, evidenced a
deactivation process with time on stream for the Ir/MoOs3; system, which was
accentuated at high temperatures (= 500 °C). Conversely, Ir/MoQ3s/Al203
showed no deactivation with time on stream, and the attainment of a steady
state COz2 conversion value.

The loss of activity with time on stream, intensified at high temperatures,
observed for the Ir/MoOs catalyst, is consistent with a deactivation process
due to sintering of the active metal [12]. The sintering of the active Ir metal is
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not surprising considering the low specific surface area of the MoOs support,
which was calculated as 3.98 m2/g, using the BET method (see Figure 5.2-
S(a)). This low surface development may hinder the dispersion of Ir species,
making it more prone to agglomeration under high-temperature reaction
conditions. These larger Ir particles lose active surface area, thus catalytic
activity. Conversely, the MoOs/Al20s support presented a much higher
porosity and specific surface, with a BET surface area value larger than 220
m?/g (see Figure 5.2-S(b)). This considerably higher textural development in
the support promoted a better dispersion and may have led to a more stable
anchoring of Ir particles, hindering the agglomeration process leading to
sintering of these metal particles. In addition to the evident increase in the
textural properties, it is worth mentioning the presence of AlzOs in the Ir/MoOs-
Al203 catalytic system, which can also impact the Ir-support interactions. To
investigate this latter effect, H>-TPR was conducted on the studied catalysts
(see Figure 5.3-S). For the Ir/MoOa3/Al203 catalytic system, the results showed
that the Hz consumption peak associated with the reduction of the Ir species
appeared at a temperature of 250 °C, whereas the reduction process for the
Ir/MoO3 started at 150 °C. These findings suggest an enhanced metal-
support interaction due to the presence of Al20s in the system, which could
minimize the sintering of the Ir phase and, consequently, catalyst
deactivation. Besides, H2-TPR results indicated that the presence of Ir
lowered the reduction temperature of MoOs, which highlights the intimate
contact between these two phases in both catalytic systems.
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Figure 5.1 Catalytic activity results of CO, hydrogenation over Ir/MoO; and Ir/MoO3/Al,O; at

atmospheric pressure and different temperatures. The CO, to Hy ratio is 1:2, CO, partial pressure

is 0.05 bar and the space velocity used is 600 NL/gcat h.
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Figure 5.2 shows the Arrhenius plots for both catalytic systems, assuming
a pseudo-first-order reaction model with respect to CO2. Apparent activation
energies were estimated as 50 and 62 kJ/mol for Ir/MoO3/Al203 and Ir/MoQOs,
respectively. These values are higher than those reported by Sun et al. [13],
who estimated a value of 35 kJ/mol for an Ir/MoQs3 catalyst prepared by flame
spray pyrolysis. When comparing the values obtained for the two catalytic
systems prepared in the present study, it was found that the presence of Al2O3
in the catalytic system not only impacted the metal-support interactions and
the stability with time on steam, but also slightly lowered the apparent
activation energy.

Table 5.1 summarizes the catalytic performance of active catalysts for
RWGS. The thermally stable system studied in this work, Ir/MoOs3/Al20s,
showed superior catalytic performances compared to non-noble metal-based
catalysts. Ir/MoQOs/Al203 outperforms 5% Ni/Al203 [7] from the CO selectivity
point of view, while reaching slightly lower conversion, operating at much
lower reactant pressure. Moreover, Ir/MoO3/Al20s was able to convert
significantly more CO2 than Pd-In/SiOz [14], a noble metal containing catalyst,
even when operating with lower reactant concentrations and residence time.
Similarly, Ir/MoQz3/Al203 gave rise to a higher CO yield than 5% Cu/Al203 [7]
even when operating with lower reactant concentration and residence time.

Table 5.1 Catalytic performance data for different systems reported in literature.

Catalyst GHSV T Pco2 Pu2 Conv. | Sel. | Ref.
[L/gea/n] | [°C] | [bar] [bar] [%] [%]
This
MoO3/Al,O3 300 600 0.05 0.1 14.8 100
work
This
6% Ir/MoO3/Al,O5 300 600 0.05 0.1 30.0 100 work
5% Ir/MoQ3 300 600 0.24 0.72 44.0 100 | [10]
5% Ni/Al,O3 240 600 0.4 0.4 35.8 79.7 | [7]
5% Cu/Al,O4 240 600 0.4 0.4 16.5 100 | [7]
3% Pd-In/SiO, 60 600 0.2 0.2 9.57 100 | [14]
4Cu/Al,O3 spinel 300 600 0.33 0.66 47.0 100 | [15]
0.3% Pt/CeO, 72 450 0.15 0.45 35.0 98.0 | [16]
2% Pt/CeO, 200 290 0.01 0.04 21.7 100 | [17]
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Figure 5.2 Arrhenius plots and apparent activation energies (E,) of I/MoO3 and Ir/MoO3/Al,O3
catalysts.

Overall, the results previously presented evidence of the potential and
effectiveness of the prepared materials as a suitable catalyst for promoting
the RWGS reaction, especially for the Ir/MoOs/Al203 catalytic system, which
presented not only remarkable activity but also very high stability with time on
stream. Therefore, this catalytic system was further studied through a
comprehensive kinetic investigation.

5.3.2 Detailed mechanistic and kinetic study

This section presents the results related to the analysis of the reaction
mechanism and kinetics -including modelling- of the RWGS reaction on
Ir/MoQ3s/Al20s catalytic. This includes the identification of plausible detailed
reaction pathways, the derivation of the corresponding reaction rate
describing the reaction mechanism, the estimation of the associated kinetic
parameters, the validation of the model, and a sensitivity analysis for the
identification of kinetically relevant reaction steps.

5.3.2.1 Reaction mechanism of RWGS on Ir/MoO3/Al,O3

Several studies in the literature report multiple plausible reaction pathways
for the reverse RWGS reaction over metal-based catalysts [18]. These
studies identify two main reaction mechanisms: the redox mechanism and the
associative mechanism [5]. In the redox mechanism, CO:2 acts as an oxidant,
donating one of its oxygen atoms to the support, resulting in the formation of
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CO as a product. The hydrogen role in this pathway is indirect, facilitating the
regeneration of the active sites for the subsequent CO2 activation and closing
the catalytic cycle [5]. In contrast, the associative mechanism involves the
direct participation of hydrogen in the reaction by its interaction with adsorbed
COz, leading to the formation of hydrogen-containing (partially hydrogenated)
intermediates such as formate (HCOO*) or carboxyl (COOH*) species, which
subsequently decompose to produce CO.

Catalytic systems containing reducible supports, such as TiO2 and CeOz,
are known to generate oxygen vacancies, which can strongly interact with
CO2, potentially activating the molecule and facilitating its further
transformation [19]. In this line, a previous study on Pt/MoOx/TiO: identified
the redox pathway to occur on MoOx species during RWGS at 250 °C [20].
The catalytic system analyzed in the present study contains MoO3, which is
susceptible to being reduced in the presence of Hz, as can be seen in the Hz-
TPR analysis (See Figure 5.3-S). The partial reduction of MoOs to MoOx could
lead to the generation of oxygen vacancies, which are one of the proposed
active sites for CO: activation [21]. Based on this, a direct CO2 dissociation
mechanism (redox pathway) was considered in the present study. Besides,
in order to elucidate the role of the different component conforming the
catalytic system (i.e., Ir, MoOs, Al203) in the reaction mechanism, the catalytic
behavior of MoO3/Al203 was also addressed. MoOzs/Al20s showed low-to-
moderate activity for CO2 hydrogenation to CO, and thus it was further
investigated from a kinetic and reaction mechanism perspective.

5.3.2.2 Direct CO; -redox- dissociation mechanism for MoO3/Al,O;

A parametric study of the RWGS reaction over this catalyst was
conducted, with the results, presented in the Appendix (Figure 5.4-S),
showing a selectivity to CO close to unity for all the operation conditions
analyzed. The catalytic activity of this material was associated with the
presence of partially reduced molybdenum oxide species (i.e., MoOx), which
can generate oxygen vacancies that are considered as active sites for the
reaction. In line with this single type of active species, one type of active site
was assumed for the subsequent reaction mechanism derivation. Table 5.2
presents the elementary steps of the proposed reaction mechanism for the
RWGS reaction, in which oxygen vacancies associated with MoOx serve as
the catalytically active sites. This reaction mechanism assumes that CO:
adsorbs on the active sites (Step 1) and is further activated on the active site
via a redox surface reaction (Step 2), yielding an adsorbed carbonyl and an
oxidized active site, as reported for other metal oxides [22]. The adsorbed
carbonyl species may undergo further hydrogenation to methane. However,
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given the high selectivity to CO observed for this catalyst, the only
consumption of the carbonyl species was related to its CO desorption (Step
3). Active site regeneration is assumed to be hydrogen-mediated, proceeding
through two consecutive elementary steps followed by H20 desorption (Steps
4-6).

Table 5.2 Elementary steps of the direct CO, dissociation reaction mechanism on MoO3/Al,Os.

Reaction step number Elementary reaction step

1 COz2(g+* = CO2*
CO2* +* = CO* + O*
CO*=*+CO ()
Hz )+ 20* = 20H*

20H* = O* + H,0"

o o | WO DN

H20* = * + H20 (g)

To derive the reaction rate expression, all the steps were considered as
reversible elementary reactions, and the mass action law was applied to
determine the reaction rate expression for each individual elementary step.
C-O bond cleavage (i.e. Step 2) was assumed to be the rate-determining
step, and the reaction equilibrium assumption (REA) was considered for the
remaining steps. By enforcing the site balance for the active sites, the
following reaction rate expression was derived (Eq. 1). See the Appendix for
full derivation details.

PcoPH,0
kapp(PCOZ Ph, = Keq(T) )

r=

s Eq.1

PH,0 | PHy0
PH2 1+KC0PCO+KC02PC02+KH20PH20+KA K PZ —2
BYHz KBPHZ

In this expression, kapp represents the apparent kinetic rate constant,
defined as the product of kintr and Kcoz, where kintr is the intrinsic reaction rate
constant (kinetic constant of the r.d.s., i.e., elementary step 2). Kcoz, Kco, and
Krnzo account for the adsorption equilibrium constant of carbon dioxide,
carbon monoxide, and water vapor. Keq represents the equilibrium constant
of the RWGS reaction, calculated from the thermodynamic properties of the
reactants and products. Ka describes the lumped reaction effects of the
regeneration of MoOx sites via consumption of adsorbed OH* species,
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production of adsorbed water, and ultimately desorption. Ks describes the
equilibrium constant related to the reaction between gas-phase Hz and the
oxygenated sites on MoOx. Pi represents the partial pressures of the i-th
compound.

5.3.2.3 Direct CO; -redox- dissociation mechanism for
Ir/MoO3/Al,03

The reaction mechanism for the RWGS reaction on Ir/MoO3/Al203 was
developed by extending the previously established mechanism for MoOs-
Al203 to account for the contribution of Ir. As previously stated, H>-TPR results
(see Figure 5.2-S) indicated that the presence of Ir facilitated the reduction of
MoO:s. This was attributed to the high Hz activation activity of this metal [23],
and the close interaction between the Ir and MoOs phases within the catalyst.
Based on these results, Ir was considered as an active site for hydrogen
activation, and the reaction mechanism for MoO3/Al203 was integrated with
the hydrogenation reactions occurring on Ir. Therefore, two different types of
active sites were assumed for the proposed reaction mechanism. Table 5.3
presents the elementary steps included in the RWGS reaction mechanism
proposed in the present study. The inclusion of Ir in the catalytic system
resulted in three additional elementary steps in the reaction mechanism
(Steps 7, 8, and 9). These steps are related to Hz activation, by dissociative
adsorption on an Ir metal active site (Step 7), and the hydrogen spillover from
Ir to an oxidized MoOx active site (in the form of O* or OH*), in a similar fashion
to the spillover phenomena reported for Pt/MoOs [24]. Subsequent to
spillover, adsorbed water vapor is generated (Steps 8 and 9), and it is finally
desorbed into the gas phase, closing the catalytic cycle and regenerating
MoOx, the active site. As can be seen in the resulting reaction mechanism,
two routes may take place, in parallel, for the regeneration of the MoOx active
sites (i.e., Steps 4 and 5, and Steps 7-9). Given the high hydrogenation
activity of Ir, the catalytic route involving this active phase (Steps 7-9) was
assumed to be kinetically faster than the direct gas-solid reaction between Hz
and the oxidized sites of the MoOx phase (Steps 4 and 5). Therefore, these
latter steps were neglected for the derivation of the reaction rate expression.
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Table 5.3 Elementary steps of the direct CO, dissociation reaction mechanism on
|I’/M003/A|203.

Reaction step number Elementary reaction step

1 COz2 g+ * = CO2*

COz* +* = CO* + O

CO* = *+CO (g

Hz @+ 20* = 20H*

20H* = O* + H20*
H20* 2 * + H20 (g)
Hz g+ 2° = 2H°

O*+Ho =+ OH* +°

©| o N| o o] A W N

OH* + H? = + H20* +©

As in the previous section, all steps were considered as reversible
elementary reactions, and the mass action law was applied to determine the
reaction rate expression for each individual elementary step. C-O bond
cleavage (i.e. Step 2) was assumed to be the rate-determining step, and the
reaction equilibrium assumption (REA) was considered for the remaining
steps. By applying the site balance to the two distinct active sites, the reaction
rate expression was obtained (Eq. 2). Full derivation details can be found in
the Appendix.

PcoPH,0
kaPP(PCOZP”Z_ Keq(T) )

r=

Eq. 2

2

PH,0 PH,0
PH2<1+KCOPCO+KCOZPCOZ+KH20PH20+KA PHZZ +KBJPLH2>
In this expression, kapp represents the apparent kinetic rate constant,
defined as the product of kintr and Kcoz, where kintr is the intrinsic reaction rate
constant (kinetic constant of the rds, i.e., elementary step 2). Kcoz, Kco, and
Kn2o account for the adsorption equilibrium constant of carbon dioxide,
hydrogen, carbon monoxide, and water vapor. Keq represents the equilibrium
constant of the RWGS reaction, calculated from the thermodynamic
properties of the reactants and products. Ka describes the lumped reaction
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effects of the regeneration of MoOx sites via consumption of adsorbed OH*
species, production of adsorbed water, and ultimately desorption. Ks
describes the equilibrium constant related to the reaction between gas-phase
H2 and the oxygenated sites on MoOx. Pirepresents the partial pressures of
the i-th compound.

5.3.2.4 Reactor model and parameters estimation

RWGS catalytic experiments were carried out in a laboratory-scale fixed-
bed reactor (i.d. 4 mm) using the Ir/MoOs/Al2Os catalyst diluted with SiC
pellets/particles. All experiments were carried out at atmospheric pressure,
under isothermal, steady-state conditions. The catalyst particle/pellet size
was set to the range of 90-180 pm, aiming to minimize the possible
contribution of heat and mass transport limitations. The presence of internal
and/or external mass transfer limitations (MTL) was evaluated by applying the
Weisz-Prater and Mears’ criterion [25], respectively, which indicated the
absence of such limitations. The absence of intraparticle and extraparticle
heat-transfer limitations was also theoretically checked following the criteria
suggested by Moulijn et al. [26]. On the other hand, axial dispersion was
evaluated using Mears’ criteria [27] and found to be negligible. Therefore,
transport limitations were ruled out for the kinetic analysis in the present work.
Wall effects were analyzed according to the criteria reported by Perez-
Ramirez et al. [28]. Wall effects were neglected, given that the ratio between
the bed diameter and the particle diameter is larger than 10. Axial dispersion
phenomena were also considered negligible, since the smallest ratio of the
bed length and the particle diameter was 50. In addition, it was assumed that
the active sites were uniformly distributed on the catalyst surface and that the
reactor operated at steady-state conditions. These assumptions allowed us
to consider a plug flow integral reactor for the interpretation of the
experimental data. The reactor model is obtained by applying the mole
balance equation (Eqg. 3) to each of the individual species.

oF;
OWeat

=V I Eq3

Where Fi denotes the molar flow rate of species i in mol h-', Weat is the weight
of the catalyst in the bed, vi is the stoichiometric factor, and ri is the reaction
rate expression.

The reactor model (i.e., mole balance for the chemical species involved in
the reaction mechanism) constitutes a system of ordinary differential
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equations that was numerically integrated to estimate the kinetic parameters,
namely ki and Ki, involved in the corresponding reaction mechanism. The
dependence on temperature for the kinetic rate constants, ki, was considered
to follow an Arrhenius law (Eq. 4), whereas the equilibrium constant, Ki, was
described by the Van't Hoff equation (Eq. 5).

k; = ko jexp (_:;'i) Eq. 4
K; = Kqexp (_Q:i) Eq.5

In these equations (Eq. 4 and 5), ko, and Ko, are the preexponential factor, R
is the universal gas constant, T is the temperature, Ea; is the activation
energy, and AH; is the enthalpy of adsorption/reaction.

The kinetic parameters were estimated by numerically integrating the
reactor model equations and minimizing an objective (cost) function defined
as the mean absolute relative residual (MARR; Eq. 6). CO2 conversion was
used as the comparison variable between experimental data and model
predictions. Given the virtually complete selectivity toward CO, CO:
conversion was equivalent to CO yield. The minimization procedure was
performed using a genetic algorithm routine (MATLAB R2024a), followed by
local refinement with the built-in Isgnonlin function.

exp _mod
Nexp |Xi —Xi |
Zi:l Xf—xP -100 Eq 6

MARR [%] = ——
e

Xp

Physical constraints were imposed during parameter estimation to ensure
the physical consistency of the adsorption enthalpies and pre-exponential
factors of the adsorption constants (Eqgs. 7 and 8) as reported by Vannice et
al. [29]:

AH,gs < 0, 0 < —AS,q5 < S%s EQ. 7

Kiags = K{ exp (%) = exp (—A§;d5> exp (_A:;ds) Eq. 8
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No constraints were applied to lumped kinetic terms describing the surface
fractional coverage of reaction intermediates. The thermodynamic equilibrium
constant, Keq was computed by using thermodynamic data from [30].

5.3.2.5 Kinetic modelling results for MoO3/Al,O3

Table 5.4 summarizes the kinetic parameter values of the activation energy
or enthalpy of adsorption and the preexponential factors (ko,, Ko,) for the
reactions implied in the proposed mechanism for the MoQOs/Al203, obtained
from the numerical fitting of the experimental data to the reaction model
schemed in section 2.2.1. The results showed an activation energy value of
101 kJ/mol. In addition, low values were obtained for the adsorption constant
values of CO and H:0, indicating a weak interaction of these components
with the catalyst surface. This weak CO-catalyst interaction implies rapid CO
desorption upon formation and is consistent with the high CO selectivity
observed for this catalyst. This is also consistent with DFT studies and
experimental data, which indicate that CO adsorption is weak in systems
presenting a high selectivity towards CO [31]. Figure 5.3 shows the parity
plot containing the CO2 conversion calculated by the kinetic model vs. the
experimental CO2 conversions. As can be seen, a good agreement can be
found between the experimental and calculated datasets (MARR = 10.91 %),
with the majority of the points lying within the 10 % deviation. These results
indicated that the reaction mechanism and kinetic model developed in this
study are consistent with the experimental observations and can effectively
describe the catalytic behavior of the system.

Table 5.4 Kinetic parameters of the MoO3/Al,O3 kinetic model.

g;r:::eter k? or K¢ Unit E, or AH,4 Unit
Kapp 5.7894E+03 mol/h/gcat/bar | 48.7996 kd/mol
Keo 8.3309E-10 bar -23.6350 kd/mol
Kco, 3.5353E-03 bar -52.6434 kd/mol
Ku,0 2.3537E-10 bar -50.3730 kd/mol
Ka 1.071eE-04 bar -41.5248 kd/mol
Kg 2.2871E-03 bar -1.2290 kd/mol
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Figure 5.3 Parity plot resulting from the MoO3/Al,O3 kinetic model.

5.3.2.6 Kinetic modelling results for Ir/MoO3/Al.O;

As previously stated in section 2.2.2, the reaction mechanism for the
RWGS reaction on Ir/MoOs/Al20s was developed by extending the
MoQzs/Al203 mechanism to account for the contribution of Ir through the
addition of elementary steps associated with active-site regeneration. This
latter set of reactions was assumed to be predominant over those present in
the MoOs3/Al203 catalytic system. To confirm the validity of this assumption,
the kinetic model developed for MoO3/Al203 was used to fit the experimental
data for I/MoOs/Al203, and the results are shown in Figure 5.5-S. The
catalytic performance of the Ir-containing system cannot be described by the
kinetic model developed for MoOs/Alz03, which accounts for only
approximately 12% of the experimentally observed activity (see Appendix for
calculation details). This discrepancy highlights the critical role of Ir in
promoting the RWGS reaction and confirms the validity of the initial
assumption.

Table 5.5 presents the estimated values of the kinetic parameters
associated with the reactions included in the proposed Ir/MoQO3/Al203
mechanism, obtained by numerical fitting of the experimental data to the
reaction model described in section 5.2.2.2. The activation energy of the
intrinsic reaction kinetic constant showed a value of 51 kdJ/mol, which is lower
than the one obtained for the MoOs/Al20s. This activation energy value is in
line with the apparent measured activation energy of other active RWGS
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catalysts, such as Pd/Al20s [32] and Cu/CeO:2 [33]. The adsorption constant
values for CO and H20 were very low, indicating, for this catalytic system, a
very weak CO-catalyst interaction, in line with the very high CO selectivity
observed, and revealing no further sensitive CO-catalyst interaction due to
the presence of Ir. Figure 5.4 (a) shows the parity plot of simulated CO2 vs.
experimental CO2 conversions, and a fairly good agreement is observed, with
most of the points lying within 10 % deviation. The computed MARR value
was 6.62 %. The quality and robustness of the kinetic model are also
observed in Figure 5.4 (b), which presents the CO2 conversion as a function
of temperature for different H2:CO:2 ratios at the reactor inlet. The CO:2
conversion values predicted by the model are shown in solid lines for
comparison, and it is remarkable that there is good agreement between the
experimental data and the calculated values provided by the model.

Table 5.5 Kinetic parameters of the Ir/MoOs/Al,O; kinetic model.

E;;Z:IT?eter k? or K? Unit E, or AH,4 Unit
Kapp 1.2271E+03 mol/h/gcat/bar | 24.2139 kJd/mol
Keo 5.6237E-07 bar -0.4671 kJ/mol
Keo, | 2.1344E-01 bar -26.9993 | kJ/mol
Ku,0 1.3915E-09 bar -2.1486 kd/mol
Ka 4.0543E-02 - -43.4498 kJ/mol
Kg 1.0048E-01 baro5 -30.4451 kd/mol

® (a) 5D(h)

Experimental CO, Conversion [%] Temperature [*C]

Figure 5.4 (a) Parity plot for the Ir/MoQO3/Al,O3 kinetic model. (b) Comparison of simulated and
experimental CO, conversion at 80 NL/gca/h and P¢o2=0.05 bar.

Figure 5.5 presents the simulated evolution of CO2 conversion, the fraction
of free active sites, and the fractional coverage of the intermediate species
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involved in the RWGS reaction mechanism on Ir/MoO3/Al203 as a function of
the dimensionless reactor coordinate for a constant temperature of 500 °C.
The fractional coverages corresponding to the CO and H20 were negligible
as compared to the rest of the surface species and the fraction of free sites.
On the other hand, the fractional coverage of free sites, i.e. oxygen vacancies
present in the MoOx phase, decreased as advancing in the reactor. This effect
could arise from the progressive depletion of H2 as advancing in the reactor,
which reduces the availability of activated Ir-H species necessary for fully
regenerating the active sites, thereby increasing the fractional coverage of
oxidized surface species, O* and OH*.
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Figure 5.5 Simulation of site (oxygen vacancies) coverage along the reactor coordinate at
500°C, 300 NL/gcat'h, Pco2=0.05 bar, and Py,=0.1 bar.

5.3.2.7 IrrMoO3/Al.03 model simplification

Kinetic models usually involve a large number of parameters. Reducing
this number is highly desirable, especially for reactor design and simulation
purposes, where reducing computational effort is critical. Nevertheless, this
model simplification must be carried out carefully, while preserving the
chemical essence of the process. The analysis of the fractional coverages
shown in the previous section highlighted the predominance of some surface
species. This indicated that the developed kinetic model could be simplified
through proper data analysis and kinetic interpretation. This objective was
achieved through a sensitivity analysis.

The sensitivity analysis and simplification procedure were applied to the
adsorption terms. For this, sensitivity coefficients were computed for each
adsorption term to identify which parameters are essential for model accuracy
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and which can be neglected without compromising predictive capability. For
more information about the sensitivity analysis procedure and details about
the calculation, please refer to the Appendix.

Figure 5.6 shows the scaled sensitivity bars for each adsorption term in
each rate equation. Negative values imply a reduction in the reaction rate
associated with the corresponding adsorption term. Conversely, positive
values imply an increase in the reaction rate associated with this parameter.
The magnitude of the sensitivity bar corresponds to the parameter's impact
on the overall reaction rate. The results show that CO and H20 adsorption
terms have a negligible effect on the overall reaction rate. This is in line with
the low fractional coverage calculated for the surface species generated by
the adsorption of these two species. On the other hand, the highest relative
value of sensitivity bars was found for the kinetic parameters that describe
the fractional coverage of the oxidized active sites, namely: O* and OH*,
especially the former.

|

Scaled sensitivity coefficient

Ka Ks Keo Keo, Kito

Figure 5.6 Scaled sensitivity bars for the kinetic parameters of the Ir/MoO3/Al,O3 model.

Based on these results, the model was simplified by neglecting the terms
associated with CO and H20 adsorption, which, mechanistically, assumes the
desorption of these two species (steps 3 and 6 in Table 5.3) to be
instantaneous. This simplification process reduces the number of kinetic
parameters from 12 to 8 and yields a new reaction rate expression governing
the process, shown in Eq. 9.

PcoPH,0
Kapp(Pco, P, Keq(T) )

Eq.9

r =
PHzO PHzO

2
Py, <1+Kcoz Pco,+Ka PH, +KBJP—T>
2
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Figure 5.6-S compares the performance of the simplified model to the
original rate equation by showing the parity plots for both models. As shown,
the simplified models can still represent the experimental data with excellent
accuracy. The MARR values were 6.62% and 6.70% for the original (full) and
simplified models, respectively. These results further confirm that the model
simplification, based on mechanistic understanding and sensitivity analysis,
did not compromise the accuracy of the original model.

5.4 Conclusions

The RWGS reaction was investigated over two catalytic systems, Ir/MoO3
and Ir/MoO3/Al203, at high-temperature and atmospheric-pressure
conditions. Catalytic performance experiments revealed that both Ir/MoOs3
and Ir/MoQO3/Al203 are highly active and fully selective toward CO formation
at elevated temperatures, confirming the dominance of the RWGS reaction
pathway. Ir/MoOs showed a deactivation with time on stream, which was
accentuated at higher temperatures, and was related to sintering of the active
phase. Conversely, Ir/MoOs/Al203 exhibited superior thermal stability and
resistance to deactivation, with the attainment of a stable catalytic activity,
which was associated with its higher surface area provided by the alumina,
allowing a much higher dispersion of the active phases.

A comprehensive kinetic study of the RWGS reaction over the
Ir/MoO3/Al203 catalyst was conducted, assuming a direct CO2 dissociation
pathway in which C-O bond cleavage of adsorbed CO: was the rate-
determining step. The detailed reaction mechanism was developed stepwise,
with a first mechanistic and kinetic inspection of the MoO3/Al203 component
of the catalytic system, followed by the inclusion of the elementary steps
associated with Ir. Oxygen vacancies associated with MoOx were considered
as the catalytically active sites for CO:z activation. The role of the Ir metal
phase was associated with Hz activation and its subsequent involvement in
the catalytic cycle, through the regeneration of oxygen vacancies via
hydrogenation of oxidized surface species via hydrogen spillover.

Kinetic parameters were estimated, minimizing the mean absolute relative
residual (MARR). The resulting kinetic model demonstrated excellent
accuracy in representing the catalytic behavior of the RGWS process on this
catalyst. The kinetic model developed for the Ir/MoOa3/Al203 catalyst was
simplified through detailed mechanistic inspection and sensitivity analysis of
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the estimated parameters, in which sensitivity coefficients were computed to
identify those essential for model accuracy. The analysis revealed that CO
and H20 adsorption were negligible. Consequently, the number of kinetic
parameters was reduced from 12 to 8, without compromising the accuracy of
the resulting simplified model. These results further validated this model
simplification process, based on mechanistic understanding and sensitivity
analysis.

In conclusion, and in correlation with the findings presented in Chapter 4,
Chapter 5 provides valuable insights into the effect of Ir dispersion on catalytic
activity. Under high-temperature conditions, Ir sintering was observed,
leading to a decrease in dispersion. This observation is consistent with the
results in Chapter 4, where variations in Ir dispersion were identified under
different reduction conditions during the DRIFTS investigation, despite no
significant change in the chemical state of Ir
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Appendix
Chapter 5

Table 5.1-S CO, conversion [%] and CO selectivity [%] on Ir/MoQO3/Al,O3 and Ir/MoO; at 400°C

and at different space velocities and partial pressures of reactants.

GHSV Pc02=0.025 bar Pco2=0.05 bar Pco2=0.065 bar
Catalyst [Lgeadh] P12=0.05 bar P12=0.05 bar Px2=0.05 bar
cat/
Conv. Sel. Conv. Sel. Conv. Sel.
450 7.0 100 4.03 100 3.20 100
I"MoOy/Al,0 600 4.66 100 3.60 100 2.16 100
TMoO 450 12.32 100 6.34 100 5.03 100
s 600 11.27 100 531 100 4.04 100
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Figure 5.1-S Conversion vs time on stream (TOS) of (a) I/MoOsand (b) Ir/MoO3/Al,O; at
500°C and the same feed conditions.
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Figure 5.2-S N, adsorption-desorption isotherms of (a) I/MoOj3 and (b) Ir/MoO3/Al,O3.
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Figure 5.4-S Example of the results of the parametric study on MoO3/Al,O3. Data obtained at
Pco2=0.05 bar.

Derivation of the kinetic models

The following steps describe the derivation of the mechanism for
MoOs/Al203, according to the steps shown in Table 2 of the main manuscript.
The symbol 6y, is used to quantify the surface coverage fraction of the i-th
adsorbed species on MoOx sites. 0y, is used to quantify the fraction of
unoccupied MoOx sites. 8;, is used to quantify the fraction of unoccupied Ir
sites and O, y. It is used to quantify hydrogen that dissociates and is

adsorbed on Ir sites.
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Table 5.3-S Mathematical development steps for the MoOs/Al,O3 reaction rate.

Step | Reaction rate Mathematical elaboration
1 rp~0= k1Pc029Mo — k_10mo/c02 Omoscoz = KiPeo,Om0
2 PH,0Pco8%
r =1, = K;0M0/c0,0M0 — K-20Mo/c0OMo/0 r= sz1Pc029§40 - k—zﬁ
3 r3 # 0 = Kk30m0/c0 = K_3PcoOmo Omosco = K5 PeoBumo
4 ry = 0 = KyPy, 031070 — K_40%10 /00 Bmosm,0 = K& ' Pi,00mo
Pr1,00

5 rs 2 0 = Ks8310/0n — K-56M0/08mo/m,0 Omo/0 = KAI,Z(:( l::z

PH,00M
6 re = 0 = KeOymo/m,0 — K-6Pu,00Mm0 Omo/on = ﬁv:m

The site balance on Mo-type sites (oxygen vacancies) yields:
1 = Bmo + Omosco + Omo/co, + OMosm,0 + Omos0 + OMojoH

PH 0 pH (8]
1= 0o [ 1+ K3 Peo + Ky Peo, + Kg Pz + 2o + ;
Mo( 3 7co T Rafco, T Re TH20 Ty p K5Kg+/K4Py2

Proceeding with the derivation, the site balance and the expression of the
rate equation can be combined and rearranged:

Py,0Pco
kaK, (PCOZP“Z T KKK, K4K5K6)

r=

2
_ _ Pu0 Pu,0
Py, (1 + K3'Pco + Ky Peo, + Kg'Py,0 + K4K512<6PH2 K ZK >
506 41H2

In particular, K3 represents the adsorption constant of CO, K, the adsorption
constant of CO2 and K;! the adsorption constant of H20. Moreover, at
thermodynamic equilibrium, the following two conditions are verified:

r=0
Pco, Pu
22 = Keq(T)
Py,0Pco

By imposing such conditions, it follows that K; K,K;K,KsKg = Keq (T). Finally,
k,K; are lumped in a single kinetic term k,,, describing the apparent kinetic
constant (while k, represents the intrinsic kinetic constant). Finally, K5 and K¢
into the term K,. Finally, the rate expression for MoOs/Al2Os3 is obtained:

PeoPu,0
Ko (Reos P ~ Koy

2

Py

2

PH [0) PH [0)
1+ KCOPCO + KCOZPCOZ + KHZOPHZO + KA< z + —

KB PHZ A/ KB PHZ
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The following steps describe the derivation of the mechanism for
Ir/MoO3/Al203, according to the steps shown in Table 3 of the main
manuscript.

Table 5.4-S Mathematical development steps for the Ir/MoOs/Al,O3 reaction rate.

Step | Reaction rate Mathematical elaboration
1 rp~0= k1Pc029Mo — k_10mo/c02 Omoscoz = KiPeo,Om0
2 Pi,0Pco®ito
r =T, = Ky0pM0/c0,0M0 — K-26Mo/c0Omo/0 r= k2K1Pc029§/lo - k—zm
3 r3 = 0 = K30m0/c0 — K-3PcoOMo Bmosco = K5'PeoBmo
6 re ® 0 = KgOumo/mz0 — K—6Pu,00M0 Bmosi20 = Ko ' Pr,00mo
7 r;~0= l(71:'1-12912r - k—7912r/H OmMosh20 = O1ry/ K7 Py,
P1,00Mo
8 r;=0= kseMo/Oelr/H - k—leMo/OHeIr Omoj0 = %
PH,00Mo
9 rg=0= kQGMo/OHelr/H - k—9eMo/HZOelr OMoson = m

The site balance on Mo-type sites (oxygen vacancies) yields:
1 = Bumo + Omo/co + Omosco, + OMosH,0 + OMos0 + OMo,on
Pu,0 Pu,0
1 =0y, |1+ K5'Po + K;Peo, + Kg'Pypo + £ + 2
Mo ( 3 1COo 11CO, 6 TH20 K6K7K8K9PH2 Kng\/’m

Proceeding with the derivation, the site balance and the expression of the
rate equation can be combined and rearranged:

Pu,0Pco
o kyKy (PCOZPHZ - K1K2K3K5K7K8K9>

2
Pi,0 Pi,0

Py [ 1+ K5'Pco + KiPeo, + KZ2Py o + 2 + Z

H2< 3 fCo 11CO; 6 'H0 K6K7K8K9PH2 KK, (—K7PH2

In particular, K3 represents the adsorption constant of CO, K;the adsorption
constant of CO2 and K;! the adsorption constant of H20. Moreover, at
thermodynamic equilibrium, the following two conditions are verified:

r=20
Peo, Pu,
———— = K¢q(T)
Py,0Pco e

By imposing such conditions, it follows that K;K,K;K¢K;KgKe = Keq(T).
Finally, k,K; are lumped in a single kinetic term k,,, describing the apparent
kinetic constant (while k, represents the intrinsic kinetic constant). Finally,
products of kinetic terms such as K, K, Kg and K, into the respective terms
K, and Kg. Finally, the rate expression for Ir/MoOs/Al203 is obtained:
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PeoPu,0
K (Peo, P = Keq(f)‘)

r=

2
Pu,0 Piy,0
Py, (1 + KcoPeo + Keo, Peo, + Kn,oPu,0 + Ka 572+ Kg 2

Py, [Py,

Analysis of kinetic mechanisms

It is of interest to evaluate how much the performance of the MoO3/Al203
model is distant from the ability to accurately represent the experimental data
of I/MoQOs/Al20s. Figure 5.5-S(a) shows the parity plot resulting from the
attempt to reproduce Ir/MoQOs/Al203 data with the MoO3s/Al203 mechanism. It
is clear that MoOs/Al203, being less active than Ir/MoOz3/Al203, yielded a
kinetic model that consistently underestimates the conversion on Ir-
MoOzs/Al203. A more in-depth analysis was also performed: the rate equation
of MoOs/Al203 (with the previously estimated parameters) is implemented in
a parameter optimization script, as well as the rate equation of Ir/MoO3/Al203
with no kinetic parameters implemented a priori. Hence, the reactor mole
balance is described by Eq. S1:

OF; _
Wear Vi (rM003/A1203 + rlr/M003/A1203) Eq. S1

Combining the two rate equations conceptually describes the interaction of Ir-
poor regions of Ir/MoOs/Al2Os, simulated with the MoOs/Al203 model, and Ir-
rich regions. Quantifying the numerical contributions of the Ir-rich regions
highlights the critical role of Ir in promoting RWGS, providing grounds for
neglecting steps 4 and 5 in Table 5.3 in the main manuscript. After estimating
the missing kinetic parameters, the numerical contributions of Ir-poor regions
in the i-th experiment are computed by comparing the total amount of CO:
converted to the amount converted by Ir-poor regions only. In mathematical
terms, the computation is described by Eq. S2:

Weat
contribution; = <7— Jy rM°O3/?,:,zot3 Weat Eq. S2
Jo 'TM003/A1,05 dWear + Jo o TIr—Mo03/Al,03 dWeat
Figure 5.5-S(b) demonstrates that integrating the two rate equations can
accurately describe the experimental data with MARR = 7.08%. Figure 5.5-S
(c) quantifies the contributions of the MoO3/Al203 mechanism, which accounts

for only 12% on average of the total converted CO:2. The result indicates that
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the Ir/MoO3/Al203 system can be successfully modelled with a single rate
equation derived from the assumption of homolytic dissociation of Hz on Ir.

2 2

Simulated CO, Conwersion [%]
Cantribution factar
&

Simulated €O, Conversion [%]

B

e TR
. o N U o
Experimental CO; Convarsion {ir-Mo0,/ALO) %] Experimental CO, Canversion (%) Experimental CO, Canvresion [%)

Figure 5.5-S (a) Parity line resulting from the attempt to model Ir//MoOs/Al,O3 experimental data
with the MoO3/Al,O3; model (b) Parity line resulting from the refitting of the two-rate model (c)
mapping for the MoO3/Al,03 model contribution with respect to Ir/MoO3/Al,O; data.

160



Chapter 5

Sensitivity analysis

The method is based on the evaluation of the sensitivity coefficients S;;
that describes the extent of change of the i-th variable of interest (or objective
function) with respect to the j-th parameter. To make sensitivity coefficients
comparable, they should be normalized and nondimensionalized. In this
study, the impact of each kinetic term at the denominator of the rate equation
(K;) on the modelled CO2 conversion (x;) was computed, then an averaged
value for each conversion datapoint was estimated, ultimately resulting in the
sensitivity bar plots. CO2 conversion is used as the objective function since it
is directly related to the numerical behavior of the rate equation.

5, =5 o
Xi 9K;

Sensitivity analysis can be performed according to different procedures
and normalization techniques. In this study, the use of a brute-force approach
was deemed sufficient. Hence, multiple numerical perturbations were applied
to each K; term (£10%, £20%, +30%), thus resulting in the value 9K;. Then,
the numerical ODE system was solved multiple times for each perturbation
value, ultimately resulting in an average S;; coefficient. The resulting
sensitivity coefficients, plotted as bars, are nondimensional and lack physical
meaning, making sensitivity analysis a qualitative rather than quantitative
method. Hence, the absolute value of the sensitivity bars is not reported, as
relevant insights only lie in comparing the sign and quantitative height
between one bar and another.
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Comparison of original and simplified Ir-
MoOs/Al203 models

50
Model results with original rate equation e
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Figure 5.6-S Comparison between the original Ir/MoO3/Al,O3; model (all kinetic parameters)
and the simplified model.
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Conclusions and
Outlook

The development of human society has been closely linked to rising energy
demand. Despite the progress in energy technologies, fossil fuels continue to
dominate the global energy market. With the world’s population growing, the
development of sustainable, renewable energy solutions has become
increasingly urgent. Although renewable energy technologies have expanded
rapidly, carbon-intensive industries still play a major role, underscoring the
need for carbon capture, utilization, and storage (CCUS) to mitigate
emissions. Within CCUS strategies, CO2 hydrogenation to chemical energy
carriers is a particularly attractive pathway for producing clean fuels and
value-added chemicals. This reaction is thermodynamically favored at low
temperatures and high pressures, necessitating the use of catalysts with
excellent selectivity to minimize undesired side reactions and high activity to
increase the CO2 conversion. Recent studies have highlighted the potential
of iridium- and molybdenum-based catalytic systems for efficient CO:2
hydrogenation. lIridium catalysts exhibit support-dependent and tunable
selectivity, while molybdenum-based materials offer distinctive structural
flexibility that promotes CO:2 activation. In this chapter, the outlook of the
iridium and molybdenum-based systems was discussed.
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Developing high-performance catalysts for low-temperature CO:2
hydrogenation to chemical energy carriers remains a significant challenge.
Copper-based catalysts have demonstrated good performance for high
methanol (MeOH) selectivity at elevated temperatures. However, overcoming
the limitations of this reaction requires efficient operation at lower
temperatures, since CO2 hydrogenation to MeOH is exothermic. Noble
metals, such as iridium (Ir), exhibit strong hydrogen-activation capabilities at
low temperatures, making them particularly attractive for this application.

This work aimed to elucidate the role of Ir—support interactions in high-
pressure CO, hydrogenation to MeOH. To this end, Ir was impregnated onto
different reducible supports, which were selected based on their previously
reported unique interactions with noble metals. Among the systems
investigated, Ir/MoOs was identified as a highly promising catalyst for further
study. Nevertheless, supports with different chemical natures were not
explored in this work. Investigating Ir-based catalysts supported on a wider
range of support materials with different natures would provide deeper insight
into the specific role of Ir-support interactions, as each support can induce
distinct electronic and structural effects on the active metal sites.

Following the identification of Ir/MoQO3 as a promising catalytic system, this
work focused on developing a comprehensive understanding of the structural
and electronic interplay between Ir and Mo species during high-pressure CO2
hydrogenation. The results presented in Chapter 2 highlight the critical role
of the reduction environment in governing catalytic performance and steering
product selectivity toward MeOH. These findings emphasize the importance
of exploring the chemical state of both metals under reaction conditions.
Accordingly, the chemical states of Ir and Mo were investigated using in situ
XANES. The results revealed no significant change in the oxidation state of
Ir, whereas pronounced changes were observed in the Mo oxidation state.
Such variations in the Mo chemical state are expected to strongly influence
its interaction with Ir species, ultimately leading to distinct catalytic behaviors.
Another key observation was the change in MeOH selectivity during the
second temperature sequence. Since the Ir chemical state remained
unchanged, this behavior can be attributed to the further reduction of Mo
species.

In addition, operando DRIFTS was performed on Ir/MoOs during the COz2
hydrogenation. The technique offered valuable insights into the formation and
evolution of surface intermediates, particularly formate species, and their role
in governing MeOH-derived product selectivity. The enhanced formation of
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formate species observed during the second temperature sequence
correlates strongly with the increase in MeOH selectivity, reinforcing the role
of formate as a key intermediate in methanol synthesis.

Looking forward, further studies are needed to deepen the understanding
of the interaction between Ir and Mo, potentially indicating the formation of a
unique Ir-Mo interfacial phase. This could be achieved through extended
operando extended X-ray absorption fine structure (EXAFS) measurements
of both metals under reaction conditions to improve structural resolution. The
low Ir loading presents a challenge for such analysis, which requires these
extended measurements. The extended measurement will provide valuable
information on the Ir bonding environment, leading to a deeper understanding
of its states under reaction conditions. In summary, the dynamic behavior of
the Ir/MoO3 system clearly arises from the unique interaction between the two
metals. These insights could provide a foundation for the rational design of
highly efficient catalysts for CO2 hydrogenation to chemical energy carriers.

Following the identification of changes in Mo's chemical state as a
potential driver of the pronounced shift in product selectivity, further efforts
were devoted to elucidating the specific role of Mo in the catalytic system. In
Chapter 3, catalysts with varying Mo loadings were prepared by impregnating
Mo onto y-Al203 while maintaining a constant Ir loading. The results clearly
demonstrate that increasing the Mo loading significantly affects catalytic
performance during high-pressure CO:2 hydrogenation to MeOH, with higher
Mo loadings leading to lower MeOH selectivity. This observation indicates that
excessive Mo content can adversely affect MeOH formation.

Structural characterization revealed that catalysts with higher Mo loading
exhibit lower Mo dispersion, whereas those with lower Mo content exhibit
much higher dispersion. This finding highlighted the critical role of Mo
dispersion, suggesting that the high MeOH selectivity observed at low Mo
loading is closely linked to the highly dispersed Mo species. Directed by this
finding, Chapter 4 focused on separating Mo loading from dispersion effects
by preparing Mo/y-Al,O3; catalysts with similar Mo loadings but different
dispersion states. The catalytic results revealed a clear distinction in MeOH
selectivity, with the highly dispersed Mo catalyst exhibiting substantially full
selectivity towards MeOH-derived products. These findings confirm that Mo
dispersion plays a key role in governing catalytic activity and product
selectivity.

Looking ahead, the observation that highly dispersed Mo species can drive
almost full selectivity toward MeOH-derived product makes this system
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particularly attractive for further exploration. In this context, investigating
single-atom Mo catalysts represents a promising direction for future catalyst
design for this system. Additionally, further studies could focus on developing
preparation strategies that enable high Mo loadings while maintaining high
dispersion, thereby combining high metal content with optimal catalytic
performance and potentially leading to higher conversion and MeOH
selectivity. Furthermore, the selection of Al2Os was based on its high surface
area. However, the Al20s acidity function directed MeOH toward MeOH-
derived products, such as methylformate (MF) and dimethyl ether (DME).
Investigating the same system with different supports and different natures
could possibly lead to full selectivity towards MeOH or one of the derived
products.

Previous studies have reported the potential of the Ir/MoO3 system for the
reverse water-gas shift (RWGS) reaction under specific operating conditions.
In Chapter 5, the performance of Ir/MoOs and Ir/MoQOs/AlzOs catalysts was
systematically evaluated under identical RWGS conditions, followed by a
detailed kinetic investigation of the most suitable system. The results
demonstrate that Ir/MoQO3/AlzO3 exhibits high thermal stability across the
investigated temperature range, whereas Ir/MoOs undergoes partial
deactivation at elevated temperatures. Consequently, kinetic modeling was
performed exclusively for the Ir/MoQO3/Al;O3 catalyst.

Looking forward, further investigation of the deactivation mechanisms
affecting the Ir/MoOQ3 catalyst is recommended, as such an investigation could
guide rational catalyst design for RWGS applications and deepen the
understanding of Ir-Mo-based catalytic systems under varying reaction
conditions. Moreover, as demonstrated in Chapter 2, the dynamic evolution
of Mo species in the I/MoOs system under reaction conditions results in
significant changes in catalytic activity and selectivity. Therefore, future
studies should incorporate operando XANES measurements under RWGS
conditions to obtain more detailed insight into the chemical states and
structural evolution of both Ir and Mo during reaction.
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