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ABSTRACT

Climate change is one of the existential threats of our times. Greenhouse gases
(GHG), such as carbon dioxide, are primary drivers of this phenomenon, and their
emissions need to be urgently reduced. In 2019, the European Commission
presented the European Green Deal, which will help the EU to attain an ambitious
goal for our region: to become carbon-neutral by 2050. The decarbonization
strategies included in the roadmap towards net-zero emissions will imply the
energy transition from fossil fuels to renewable energies, with a massive reduction
of CO; deliverance. In this sense, the development of effective Carbon Capture
and Storage (CCS) and Carbon Capture and Utilization (CCU) technologies will

allow the valorization of CO,, evolving into a circular carbon economy.

The present Doctoral Thesis focuses on the design, synthesis and characterization
of innovative heterogeneous metal-based systems, which are able to transform
CO; into value-added products. Among a wide catalogue of reactions that
“connects” CO; with various carbon-based compounds, this thesis will be devoted
to the synthesis of two Cq platform chemicals of industrial interest: methanol and

methane.

Chapters 3 and 4 are dedicated to methanol synthesis, a highly hampered
exothermic process due to the inherent stability of the CO, molecule and the
presence of the competitive reverse water-gas shift reaction (RWSG). On the one
hand, Chapter 3 is focused on the promoting effect of gallium on the structural,
electronic, and catalytic properties of Cu/ZnO based materials (CZG systems). In
particular, the promoting effect of Ga3*-doped in the wurtzite ZnO lattice of a

Cu/Zn0O/Gay0; catalyst is compared to that of a zinc gallate (ZnGa;0.) phase



following a multimodal spectroscopic-catalytic approach. In Chapter 4, a
bifunctional catalyst containing 2 nm Cu nanoparticles and Cu* species is
presented, to overcome the “assumed” low activity of small copper particles that
prevents obtaining high atom efficiency and competitive catalytic results in the
CO; hydrogenation to methanol. A detailed spectroscopic study (combined with
theoretical calculations and catalytic tests) performed on a Cu-Mg-Al mixed oxide
catalyst derived from a hydrotalcite precursor by calcination and further reduction

(CuHT-230) highlights the key role of doped Cu* ions in methanol production.

The success of CCU technologies in the medium-long term will depend not only
on the development of competitive catalysts but also on their ability to operate
under milder reaction conditions, which will make these processes economically
viable. Consequently, the energy efficiency issue will be addressed in Chapter 5
with the innovative design of a core-shell structure formed by a core of metallic
ruthenium and a shell of ruthenium carbide, synthesized via hydrothermal
treatment. This catalyst (RU@EDTA-20) exhibits exceptional high activity for CO,
hydrogenation to methane (Sabatier reaction) at low temperatures (160-200 °C)
with 100% selectivity to CHs, outperforming the state of the art catalysts

operating at 400-500 °C.

Finally, Chapter 6 covers the investigation carried out on a model ruthenium-
based catalyst composed of a 2D-bilayered aluminosilicate grown over a
Ru(0001) surface during my international short-term stay at Brookhaven National
Laboratory (New York, USA). The combination of these materials in a composite
allows the creation of a confined nano-space that can be exploited as a nano-
reactor. In this project, water formation reaction (WFR) was selected as model

reaction, which was fundamentally explored at NSLS-II synchrotron.



RESUMEN

El cambio climatico es una de las amenazas de nuestro tiempo. Los gases de
efecto invernadero, como el diéxido de carbono, son los principales causantes de
este fendbmeno, siendo necesario disminuir urgentemente sus emisiones. En 2019,
la Comisidon Europa presentd el “Pacto Verde Europeo”, que serd clave para
alcanzar un objetivo tremendamente ambicioso para nuestra region: la
neutralidad climatica de aqui a 2050. Las estrategias de descarbonizacion
incluidas en su hoja de ruta van a implicar necesariamente la transicion energética
de los combustibles fésiles a las energias renovables, reduciendo de forma masiva
la liberacién de CO,. En este sentido, el desarrollo de tecnologias efectivas de
Captura, Almacenamiento y Uso del Carbono (CAUC) permitira la valorizacion del

CO,, evolucionando hacia una economia de carbono circular.

La presente Tesis Doctoral se enmarca en el disefio, sintesis y caracterizacion de
sistemas cataliticos heterogéneos innovadores basados en metales capaces de
transformar el CO; en otros productos de valor afiadido. Entre un amplio catalogo
de reacciones que “conectan” el CO, con diversos compuestos basados en
carbono, esta Tesis se centrara principalmente en la sintesis de dos moléculas C;

plataforma de interés industrial: el metanol y el metano.

Los Capitulos 3 y 4 estan dedicados a la sintesis de metanol, un proceso
exotérmico limitado termodinamicamente debido a la estabilidad inherente de la
molécula de CO,, asi como a la presencia de la reaccién competitiva RWGS. Por
un lado, el Capitulo 3 se centra en el efecto promotor del galio sobre las
propiedades estructurales, electrénicas y cataliticas de materiales basados en

Cu/ZnO (sistemas CZG). Mediante un enfoque espectroscopico-catalitico



multidisciplinar se ha comparado el efecto promotor del Ga3* dopado en la red
de un ZnO tipo wurtzita presente en un catalizador Cu/ZnO/Ga;0s3 con el de una
fase de galato de zinc (ZnGa;QOs4). Por otro lado, en el Capitulo 4 se muestra un
catalizador bifuncional que contiene nanoparticulas de Cu de 2 nm y especies
Cu*, con el objetivo de enfrentarse a la inherente baja actividad de estas
pequefas particulas, hecho que impide mejorar la eficiencia atdmica de los
catalizadores, dificultando asi la obtencion de resultados cataliticos competitivos
en la hidrogenaciéon de CO,. La realizacion de un estudio espectroscdpico
detallado (combinado con célculo tedrico y ensayos cataliticos) sobre un
catalizador 6xido mixto de Cu-Mg-Al derivado de un precursor de hidrotalcita
tras calcinacién y posterior reduccion (CuHT-230) pone de manifiesto el papel

clave de los iones Cu* dopados en estructura en la produccion de metanol.

El éxito de las tecnologias CAUC a medio-largo plazo dependerd no solo del
desarrollo de catalizadores competitivos, sino también de su capacidad para
operar en condiciones de reaccion mas suaves, permitiendo que estos procesos
sean viables econémicamente. Por ello, el concepto de eficiencia energética se
abordara en el Capitulo 5, a través de un innovador disefio de catalizador tipo
“shell/core” formado por un nlcleo de rutenio metdlico y una envoltura de
carburo de rutenio, sintetizado mediante tratamiento hidrotermal. Este sistema
(RU@EDTA-20) exhibe una actividad excepcionalmente alta para la hidrogenacion
de CO; a metano a bajas temperaturas (160-200 °C) con una selectividad a CH4
del 100%, superando a catalizadores de bibliografia que normalmente operan a

mayores temperaturas (400-500 °C).

Por ultimo, en el Capitulo 6 se estudia un catalizador modelo compuesto por un

alumino-silicato bidimensional sintetizado sobre una superficie de Ru(0001),



investigacion realizada durante mi estancia internacional en el Laboratorio
Nacional de Brookhaven (Nueva York, Estados Unidos). La combinacion de estos
dos materiales en el mismo composite permite la creacidon de un nanoespacio
confinado que puede emplearse como nanorreactor. En este proyecto, se
selecciono la reaccion de formacién de agua como modelo, que se explord a nivel

fundamental en el sincrotron NSLS-II.



RESUM

El canvi climatic és una de les amenaces del nostre temps. Els gasos d'efecte
d'hivernacle, com el dioxid de carboni, sén els principals causants d'aquest
fenomen, sent necessari reduir urgentment les seues emissions. En 2019, la
Comissié Europea va presentar el “Pacte Verd Europeu”, que sera clau per a
aconseguir un objectiu tremendament ambiciés per a la nostra regio: la
neutralitat climatica d'aci a 2050. Les estrategies de descarbonitzacié incloses en
el seu full de ruta implicaran necessariament la transici6 energética dels
combustibles fossils a les energies renovables, reduint de manera massiva
I'alliberament de CO,. En aquest sentit, el desenvolupament de tecnologies
efectives de Captura, Emmagatzematge i Us del Carboni (CEUC) permetra la

valoritzacié del CO,, evolucionant cap a una economia de carboni circular.

La present Tesi Doctoral s'emmarca en el disseny, sintesi i caracteritzacié de
sistemes catalitics heterogenis innovadors basats en metalls capacos de
transformar el CO; en altres productes de valor afegit. Entre un ampli cataleg de
reaccions que “connecten” el CO, amb diversos compostos basats en carboni,
aquesta Tesi se centrara principalment en la sintesi de dues molécules C;

plataforma d'interés industrial: el metanol i el meta.

Els Capitols 3 i 4 estan dedicats a la sintesi de metanol, un procés exotérmic limitat
degut tant a I'estabilitat inherent de la moléecula de CO, com a la preséncia de la
reacci6 competitiva RWGS. D'una banda, el Capitol 3 se centra en l'efecte
promotor del gal-li sobre les propietats estructurals, electroniques i catalitiques
de materials basats en Cu/ZnO (sistemes CZG). Mitjancant un enfocament

espectroscopic-catalitic multidisciplinari s'ha comparat |'efecte promotor del Ga3*



dopat en la xarxa d'un ZnO (wurtzita) present en un catalitzador Cu/ZnO/Ga,03
amb el d'una fase de ZnGa,O4. D'altra banda, en el Capitol 4 es mostra un
catalitzador bifuncional que conté nanoparticules de Cu de 2 nm i espécies Cu*,
amb l'objectiu d'enfrontar-se a la inherent baixa activitat d'aquestes petites
particules, fet que impedeix millorar I'eficiencia atomica dels catalitzadors,
dificultant aixi I'obtencié de resultats catalitics competitius en la hidrogenacié de
CO.. La realitzacioé d'un estudi espectroscopic detallat (combinat amb calcul teoric
i assajos catalitics) sobre un catalitzador oxid mixt de Cu-Mg-Al derivat d'un
precursor de hidrotalcita després de calcinacio i posterior reduccié (CuHT-230)
posa de manifest el paper clau dels ions Cu* dopats en estructura en la produccié

de metanol.

L'éxit de les tecnologies CEUC a mig-llarg termini dependra no solament del
desenvolupament de catalitzadors competitius, sind també de la seua capacitat
per a operar en condicions de reacci6 més suaus, permetent que aquests
processos siguen viables economicament. Per aix0, el concepte d'eficiencia
energética s'abordara en el Capitol 5 a través un innovador disseny de
catalitzador tipus “shell/core” format per un nucli de ruteni metal-lici un embolcall
de carbur de ruteni, sintetitzat mitjancant tractament hidrotermal. Aquest sistema
(RU@EDTA-20) exhibeix una activitat excepcionalment alta per a la hidrogenacié
de CO; a meta a baixes temperatures (160-200 °C) amb una selectivitat a CH4 del
100%, superant a catalitzadors de bibliografia que normalment operen a majors

temperatures (400-500 °C).

Finalment, en el Capitol 6 s'estudia un catalitzador model compost per un
alumino-silicat bidimensional sintetitzat sobre una superficie de Ru(0001),

investigacio realitzada durant la meua estada internacional en el Laboratori



Nacional de Brookhaven (Nova York, els Estats Units). La combinacié d'aquests
dos materials en el mateix “composite” permet la creacié d'un nano-espai
confinat que pot emprar-se com nano-reactor. En aquest projecte, es va
seleccionar la reaccié de formacié d'aigua com a model, que es va explorar a nivell

fonamental en el sincrotré NSLS-II.
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"A goal without a plan is just a wish”

(Antoine de Saint-Exupéry)

1.1. Climate change

Climate change is one of the existential threats of our times. Direct observations
made on the Earth’'s surface since the mid-20™ century reveal that the planet's
climate is significantly changing. These scientific evidences (as changes in
temperature and precipitation patterns, sea level and acidity, or the characteristics
of extreme weather events) are proceeding at a rate that is unprecedented over

millennia.l

The Intergovernmental Panel on Climate Change (IPCC, 1988), the United Nations
body for assessing the science related to this topic, defines the term as a “change
in the state of the climate that can be identified (e.g., by using statistical tests) by
changes in the mean andyor the variability of its properties and that persists for
an extended period, typically decades or longer. Climate change may be due to
natural internal processes or external forcings such as modulations of the solar
cycles, volcanic eruptions and persistent anthropogenic changes in the
composition of the atmosphere or in land use”.?) Although the IPCC's experts
considered “natural processes” as potential sources of the phenomenon, their
Fifth Assessment Report concluded in 2014 that “there is a more than 95 percent
probability that human activities over the past 50 years have warmed our planet”
Bl In line with this affirmation, Figure 1.1 demonstrates that there is no correlation
between the solar irradiance profile (yellow line, left) that is received from the Sun

since 1880 and the global surface temperature changes over the same period (red
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line, right). In the last 70 years, no net increase is found for the solar energy

reception, whereas the global temperature has risen markedly.

Solar Irradiance Temperature
11-year average

Yearly
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T source: GISTEMP 3.1
TSI source: SATIRE-T2 + PMOD

1900 1940 1960 1980 2000 2020
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Figure 1.1 Total Solar Irradiance (in watts per square meter) received from the Sun
compared with global surface temperature changes since 1880. Thinner lines correspond
to yearly levels. Thicker lines show the 11-year average trends. Author credits: NASA/JPL-
Caltech. No copyright intended.™

1.2. Greenhouse effect and global warming

The “greenhouse effect” is the natural phenomenon responsible for regulating
the Earth’s temperature, enabling life on our planet. It is caused by the so-called
greenhouse gases (GHG), which act as a blanket, radiating back toward the Earth’s
surface the infrared heat that are able to absorb. The most relevant GHG present
in the atmosphere are water vapor, carbon dioxide, methane, nitrous oxide, and

the rigidly regulated chloroflourocarbons (CFCs).
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The massive increase in the GHG emissions since the Industrial Revolution due to
anthropogenic activities has unbalanced the natural greenhouse effect. Table 1.1
shows a comparison between the current atmospheric concentration of CO,, CH,4

and N2O and their levels in the 18™ century.

Table 1.1 Effect of human activities on the molar concentration of GHG in the Earth's

atmosphere before the Industrial Revolution and nowadays.

GHG Pre-industrial level These days
CO> 280 ppmP! 417 ppm®
CHa 722 ppbb! 1901 ppb!
N.O 270 ppbb! 334 ppb®

Furthermore, the IPCC's 2018 Special Report stated that the 1.0 °C of global
warming occurred since the 18" century (Figure 1.1) could be followed by an
additional 1.5 °C increase between 2030 and 2052.%! This estimation was done
according to the contemporary scenario and the environmental policies that ruled

at the time.

1.3. Greenhouse gas emissions

GHG are primary drivers of global climate change and need to be urgently
reduced. In this section, some trends related to GHG at a global and European
levels will be reviewed. This brief analysis will help us size up our present point in
terms of emissions, and how the environmental responsibility is shared between

regions.

The official standard metric used to quantify the GHG emissions is the “carbon
dioxide-equivalent (CO.e) tonne. Today, about 50 billion tonnes of carbon dioxide

equivalents (COze) are emitted each year.”! As observed in Figure 1.2, carbon
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dioxide is the largest contributor with almost three-quarters of total emissions,
but not the only one. Actually, methane and nitrous oxide play a leading role in

global warming.

Carbon dioxide (CO,) Methane (CH, Fgases
744%) 17.3% [HFCs, CFCs, SF,)

Nitrous oxide (N,O)

6.2%

Figure 1.2 Global greenhouse gas emissions by gas in 2016 (converted to CO.e). Author

credits: Ritchie, H. Open access under a CC-BY License®!

Moreover, Figure 1.3 displays a visualization of annual CO, emissions (2017) by
country and region. The relative area of rectangles is proportional to the

emissions of each country.

Asia North America

19 billion tonnes CO, 6.5 billion tonnes CO,

53% global emissions 18% global emissions

China

9.8 billion tonnes CO & llion tonnes CO,
global emissions 16% global emissions

1.3 billion tonnes CO, billion tonne: ), 0.5 billion tonnes CO.
8.7% global emissions 2% global emissions 1.8% global emissions

Figure 1.3 Global CO; production-based emissions in 2017. Author credits: Ritchie, H.

Open access under a CC-BY Licensel'®
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One the one hand, notice that most of the world’s GHG emissions come from a
small group of countries: China (red, 27%), US (green, 15%), and the European
Union + United Kingdom (EU-28, yellow, ~10%). Furthermore, Asia (red) is by far
the largest emitter (53%). South America (light green), Africa (blue) and Oceania
(purple) account for less than 10% of the emissions, together. The contribution of
international aviation and shipping (gray), are not included in national or regional

emissions.

Continuing with a historical analysis, Figure 1.4 exhibits the evolution of GHG

emissions in the last 30 years.!'"
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Figure 1.4 Total GHG emissions (EU-27+UK) over the period 1990-2019 in billion tCO.e.
International transport contribution is included.'" Author credits: Cored, J,; No copyright

intended.

The first feature noticed almost instantly in this graph is the decrease of total

emissions over the period. In fact, a reduction of about 27% is observed. Another
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important point, in line with the global trend reviewed in Figure 1.2, is the major
contribution of CO; (lighter blue bars in Figure 1.4), which accounted for 82.2%
of total emissions in 2019 (the last year that has been officially reported). It was

followed by CH4 (10.0%), N>O (5.5%) and fluorinated gases (2.3%).

Complementing the evolution of GHG emissions in the last three decades, Figure
1.5 shows a comparison of the CO, emissions distribution according to the
“environment” (or sector) where they were produced.'”? The doughnut chart
confronts two temporal situations: i.e,, the first and the last year of the selected

period in Figure 1.4 (1990, outer ring; 2019, inner ring).

15.1%

Energy supply

Domestic transport

Residential and commercial
International aviation

International shipping

Figure 1.5 Distribution of CO, emissions by origin (EU-27+UK). Comparison of 1990 (outer
ring) and 2019 (inner ring) situations."? Author crediits: Cored, J,; No copyright intended.

Here, three sectors clearly stand out: Energy supply, industry and domestic
transport. Their percentages varied a lot over the period. Firstly, energy supply
(green) and industry (yellow) sectors have diminished their importance today
(from 36.6 to 27.8% and 25.3 to 20.4%, respectively), as a consequence of strong

environmental regulations. On the other hand, domestic transport (light blue) has
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become more relevant (16.8 to 26.2%) because of a continuous growing in the
global car fleet and a strengthening of emerging markets (especially China). This
latter trend is likely to change in the near future due to the introduction of
electrification in the sector. Indeed, electric cars only accounted for 2.6% of global
car sales in 2019.' Once an effective electrification will arrive to two/three-
wheelers, buses and trucks, the market is expected to expand significantly,
minimizing CO, emissions. On the other hand, residential and commercial
emissions contribution (red) remained stable over time (15.1 to 14.3%). This trend
is also found for agriculture (gray), with a small portion of total emissions (~2.5%).
Finally, an increase is observed in the other minority sectors: international aviation
(dark blue) tripled its percentage (4.7% in 2019 versus 1.5% in 1990) whereas

international shipping (gold) almost doubled its value (2.4 to 4.1%).

1.4. EU International action on climate change

1.4.1. A glimpse into the past

Nowadays, the European Union and its 27 Members take part in international
efforts to fight climate change under the United Nations Framework Convention
on Climate Change (UNFCCCQ). This international treaty was agreed in 1992 during
the “Rio Earth Summit”, held on the occasion of the 20" anniversary of the first
Human Environment Conference in Stockholm (Sweden, 1972). Now, the UNFCCC
is ratified by 197 Parties. Furthermore, this body is also responsible for two

landmark environmental agreements:

One the one hand, the Kyoto Protocol (1997), which was the first global legally
binding instrument for cutting GHG.'"Y After signing this protocol, the EU

achieved a 18% reduction of its emissions by 2012 (the target was an 8%). In view
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of the good results, the European Commission reset in 2007 an ambitious 20%

target by 2020, milestone that was finally surpassed two years before.!™

After Kyoto, the Paris Agreement (2016), that is the first-ever universal, legally
binding global climate change treaty, was adopted at the Paris climate conference
(COP21, 2015),"® entering into force the year after. Its long-term goal was clear:
limiting global warming to well below 2 °C (preferably to 1.5 °C), compared to
pre-industrial levels.'"” Likewise, countries aimed to achieve a climate neutral

world by mid-century by balancing the CO; emissions and removals.

1.4.2. Horizon 2050: towards climate neutrality

Europe’s future depends on a healthy planet. Current climate and environmental
challenges require an urgent response... and, once again, the EU has picked up
the gauntlet. Indeed, in December 2019, European Commission President Ursula
Von der Layen presented the European Green Deal, a roadmap for legislative and
non-legislative initiatives which will help the EU to attain an ambitious goal for
Europe: to become carbon-neutral by 2050. This idea goes beyond the traditional
concept of “fighting against climate change”. It is about an integral
transformation of Europe so that it can be the first continent to reach net zero
emissions. To do so, the European Climate Law was formally adopted on 29 July
2021, which will translate the EU’s political commitments on climate into legal
obligations.l" This law also sets a short-term target of an (at least) 55% reduction

in GHG emissions by 2030.0'?!

The decarbonization strategies and all the policies included in the roadmap
towards net-zero emissions imply a major challenge that countries will have to

face, sooner or later: the energy transition from fossil fuels to renewable energies.
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It will require a huge collaborative effort between governments, energy

companies and the scientific and investment communities in the next years.

This transition will bring with it a new reality full of opportunities. For example,
renewable energies are expected to shake the current geopolitical landscape,
dominated last 200 years by the control of oil, natural gas, coal and global sea
routes.' Some countries such as China are strongly investing in new
technologies related to renewables, to reinforce its global influence in the sector.
Indeed, it is the world’s largest producer, exporter and installer of solar panels,
wind turbines, batteries and electric vehicles, taking the lead in renewable energy
patents.’>2% In this renewed context, the EU has the opportunity to reposition
itself globally, profiting the enormous potential that offer these energy

alternatives.

Finally, within the EU decarbonization strategies, we can find the so-called
"Hydrogen strategy”, which underlines its potential as a future fuel. However,
decarbonizing hydrogen before its use is mandatory because the current
industrial generation and use of this energy carrier are responsible for ~2% global
CO; emissions.l Each year, ~120 million tonnes of hydrogen are produced
globally, mostly based on natural gas and coal (~95%). The remaining 5% is
obtained as a by-product from electrolytic chlorine production. Furthermore,
there is no significant hydrogen production from renewable sources yet.
Hydrogen is usually used for crude oil refining, and for ammonia and methanol
synthesis, which together, represent a ~75% of H, demand. As this energetic
vector can be produced from multiple processes and energy sources, a color code

has been recently created to classify its origin (see Figure 1.6).

11
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Color GREY BLUE TURQUOISE GREEN
HYDROGEN HYDROGEN HYDROGEN HYDROGEN

Process SMR or gasification Pyrolysis Electrolysis
with carbon capture
(85-95%)

Source Methane or coal Renewable
electricity
O

)

Figure 1.6 Color code nomenclature commonly used to denominate the way hydrogen is
produced. (SMR = Steam methane reforming). Author credits: International Renewable

Energy Agency (IRENA). No copyright intended.??!

On the one hand, gray hydrogen (grey, in British English) is produced from fossil
fuels, such as methane (through steam methane reforming, SMR) or coal
gasification. These methods entail substantial CO, emissions, making them
undesirable for the carbon-neutral scenario by 2050. As an “intermediate stage”
through clean hydrogen, blue H, appears as the most realistic option in early
stages of the energy transition. It consists of producing gray H, and sequestering
the CO; emitted during production via Carbon Capture and Storage technologies
(discussed later). Although blue H; presents some technical limitations (fossil fuel
price fluctuations, additional costs for CO, transport and storage or carbon
capture inefficiencies), it is considered the most suitable option for a fully
sustainable energy transition towards green hydrogen production. An
intermediate shade between blue and green H; appears, noted in Figure 1.6 as
turquoise hydrogen. This sort of H; is obtained through methane pyrolysis, where
carbon is permanently stored in form of solid carbon black. This approach, little-
known until now, is still at the pilot stage. Finally, the most advanced technology

for producing green H; is water electrolysis fueled by renewable energy. Through
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this green method, the International Energy Agency (IEA) estimates that the full
substitution of gray H, would mean 3000 TWh of additional renewable
production per year, equivalent to Europe's current electricity demand.
Furthermore, this technology has different characteristics (both positive and
negative) that we must take into account: Firstly, green H, production is (ideally)
100% sustainable, since there is no emission of pollutant gases during the
process. Moreover, hydrogen is easily storable, which means that it is not
necessary to be used instantly after production. In addition, it could be
transported through methane pipelines with minor modifications in structural
elements if necessary, too. Another advantage of this molecular gas is its
versatility: For instance, it can be transformed into electricity or synthetic fuels, for
domestic, industrial or mobility purposes. In contrast, critical disadvantages are
now the higher energy consumption to produce green H, compared to other
fuels, together with the high price of this energy coming from renewable and
intermittent sources. Additionally, due to its volatility and flammability, safety
issues will have to be addressed to avoid leaks or explosions. Because of these
reasons, the EU is planning to install hydrogen electrolyzers (6 GW) by 2024,
power that is expected to be increased to 40 GW by 2030, and to 500 GW by the

mid-century.!’”!

Despite these promising perspectives, we have to be cautious and realistic... At
this moment, the production of green H; is (still) not economically viable. With
the current scenario, where the price of gray hydrogen is ~1.5 €/kg, the prices
estimated by the EU for blue H, (2.4 €/kg) and green H, (up to 5.5 €/kg) are not

competitive enough.!"> However, with more mature hydrogen technologies and
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infrastructure, a stable regulatory framework and a new financial paradigm, this

tough road can turn into an exciting journey very soon.

1.5. CO2 remediation technologies

Throughout the above sections, we have reviewed the issue of climate change, its
causes and consequences, and how global and regional organizations are
working to develop integral environmental policies and setting different targets
by 2050. The main goal is clear: to achieve net-zero emissions... but how to reduce
CO; deliverance? We can adopt two different approaches: On the one hand,
avoiding its production. Although this option may sound obvious at first glance,
we have to take into account that the current chemical paradigm, based on fossil
fuels and a mature industry, presents a limited operational flexibility. To get a
realistic and effective differentiation in emissions, we will have to redesign
reactions, to find new synthetic procedures and separation processes, developing
advanced technologies... and this important transition will take time (and
investment). On the other hand, the second group of strategies is focused on CO>
management. If these emissions cannot be completely reduced, then they will
have to be removed in a certain way: to do so, this gas has to be captured,
transported, and finally stored or transformed in other chemical compounds.
These technologies, known as Carbon Capture and Storage (CCS) and Carbon
Capture and Utilization (CCU) will be described next. But before starting with CO»
remediation technologies, it is indispensable to briefly detail the characteristics of

this molecule.
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1.5.1. Physico-chemical properties of CO;

Carbon dioxide is an odorless, colorless and non-flammable gas. It is a linear 16
e  molecule belonging to the D.n geometry group, which features very short C-O
bond lengths in its ground state (1.16 A).23 This double C=0 confers high stability
to CO, (AGP = -394.4 kJ-mol"), considering it as an “inert” compound. Although
CO:; is a non-polar molecule, the electronegativity difference between C (2.5) and
O (3.5) imparts a partial electrophilic character on the carbon center and a weak
nucleophilic character on the terminal oxygen atoms. Therefore, CO, is
considered as a bifunctional (or amphoteric) molecule, with two distinct reaction
sites. In addition, CO; can react with bases since it is a weak Brgnsted acid in water
(forming H,COs). Moreover, the physical state of CO; is temperature/pressure

dependent (Figure 1.7),24 which makes it suitable for diverse applications:

P (bar)

SUPER-
CRITICAL

LIQUID

73.8

-78.5 -56.6 +31.0 T (°C)

Figure 1.7 The phase diagram of carbon dioxide. Author credits: Rothwild-Wikimedia

Commons. No copyright intended?”!
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For instance, CO, becomes solid at low temperature (-78.5 °C) and atmospheric
pressure (“dry ice”), and is used as a cooling agent in this phase, sublimating
directly below ~5 bar. In its supercritical state (exceeding the critical point at 31
°C and ~74 bar), it is applied in the pharmaceutical industry and in other sectors
to extract selectively some substances (e.g., caffeine). Moreover, supercritical and
liquid CO; is also utilized in the field of heterogeneous catalysis, since it can act
simultaneously as reactant and/or solvent in a high-pressure reaction setup,

overcoming thermodynamic limitations.[26-2%

1.5.2. CO; capture

Historically, oil and gas industries have used carbon capture as a way to enhance
the recovery of oil and gas from dried oil rigs. Some of these technologies were
already available one century ago and were used to separate CO, from methane

extracted from natural gas reserves."

The objective of CO; capture is to remove selectively this gas from a mixture to
produce a concentrated CO, stream. There are two main types of carbon dioxide
sources: The ambient air and the so-called stationary points (industrial plants).
Depending on the sort of facility, the gas composition, impurities or working
conditions can differ:B" For instance, CO»/N. mixtures are usually produced in
coal power plants and in cement or steel industries, whereas CO»/CH4 mixtures
are found in natural gas wells. In addition, CO»/H, mixtures are produced in
gasification plants. Some common impurities are H,O, Ny, O, NOy and SO..
Depending on the specific characteristics of each process, the carbon capture is
combined with different strategies, such as post-combustion, pre-combustion

and oxy-fuel combustion."
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A wide range of technologies are being developed for capturing CO,, and we will

focus on three approaches applied in stationary points:3"

e Conventional solvents: CO; capture is carried out by physical or chemical

absorption. The former procedure depends on temperature and pressure
differences, and the latter takes advantage of the acidic character of CO;
in water to neutralize it in basic media. Generally, monoethanolamine
(MEA) has been the standard absorber for post-combustion capture.
However, physical solvents (such as chilled methanol or N-
methylpyrrolidone) are used for pre-combustion capture, due to the

lower partial pressure of CO; in the mixture.

e Solid sorbents: These materials are able to bind selectively CO, from gas
mixtures and concentrate it through the mediation of pressure or
temperature. Depending on the solid characteristics, the CO, uptake
capacity, selectivity and stability can vary. For instance, zeolites, metal
organic frameworks (MOFs), and amine-grafted solid materials are

applied in this approach.

e Membranes: This option is fabricated using (semi)permeable materials,
which are good candidates for selective CO, separation. Inorganic
membranes based on ceramics, metal oxides, graphene oxide, zeolites or
MOFs are employed. Another promising options are polymeric
membranes (presenting excellent mechanical properties and low
fabrication costs) or mixed matrix membranes (a combination of a

homogeneously distributed inorganic phase and a bulk polymeric phase).
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In the future, critical issues like long-term stability, high CO, purity or tolerance
to impurities (such as water) have to be improved. In addition, some scalability
issues, long regeneration times and environmental impacts derived from

advances organic synthesis are problems to be addressed.

1.5.3. CO; transportation

After CO, capture, the next step is its transportation (in liquid or supercritical
state) to a remote location, where it can be stored. Depending on the volume of
gas and the compression applied during the capture stage, several options are
available, such as roads, ships, or pipelines. The latter is recommended if long
distances are involved. In addition, pipelines are always accompanied by
recompression stations, to solve any pressure drop that might occur during the

process.

1.5.4. CO; storage

CO; storage is the final step on CCS technologies, where the gas is stored in large-
scale geological formations with high porosity. Different sites can be selected,
depending on pore fluid dynamics, local mineralogy and geochemistry. With a
depth of at least ~1 km, the area must have a proper temperature and pressure
so that CO; can be safely injected, remaining trapped into a reservoir in liquid or
supercritical state for a long time. Then, saline aquifers, the deep ocean and
depleted oil reserves are usual locations. Related to the third place, CO; can be
used to extract more oil from existing wells or reservoirs (enhanced oil recovery,

EOR).

Over the past five decades, CCS technologies have demonstrated that are able to

reduce CO; emissions consistently and safely (~300 million tonnes of CO; stored
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to date).B? CCS can eliminate fossil-fired CO, emissions from power plants,
supporting renewable approaches that will become a reality in the near future,
addressed to the total decarbonization. Today, there are 65 commercial CCS
facilities worldwide: 26 are currently operating, storing about 40 Mt of CO, per
year (~90% CO; capture rate is currently achieved).?? The others are in different
stages (under construction and/or development, operating at a demonstration
scale...). The global distribution of these facilities is depicted in Figure 1.8, where

the US is found as central node.
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Figure 1.8 Current CCS commercial facilities in the world. Author credits: Global CCS
Institute. Open access under a CC BY-NC-ND 4.0 License.33]

1.5.5. Carbon Capture and Utilization

Carbon capture and utilization (CCU) is a broad term that covers innovative
industrial processes that aim at capturing carbon dioxide (from previously
mentioned stationary points or directly from the air) and at transforming this GHG

into a variety of value-added products, such as chemicals, fuels or building
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materials. By following this approach, and in combination with CCS technologies,

the linear carbon cycle will progressively evolve to a circular carbon cycle.

Nevertheless, the chemical utilization of CO; is not (only) a 215t century trending
topic. Industrial processes developed at the end of 19t century such as the
synthesis of urea,® the soda Solvay process,*! and the production of salicylic
acidB® already included CO; as a reactant. In the 1900s, CO, was eclipsed by the
“golden era” of CO chemistry to obtain chemicals and fuels. However, from the
1970s, a renewed interested in CO; exploitation arose, coinciding with its use as
additive in the CO hydrogenation to methanol,?” and its utilization in organic
applied chemistry (e.g., formation of organic carbonates from epoxides).l8
Despite this, it has not been widely used as raw material in industrial processes
because of its high stability. The reason of this inertness lies in the high oxidation
state of carbon atom in CO2 molecule (i.e., 4+), which means that a considerable
energy input is required to transform the molecule into higher-valued chemicals

(see Subsection 1.5.1).

In view of near-future environmental perspectives, the introduction of renewable
energy into a catalytic process is of particular interest, since it comprises ~25% of
the current global electricity capacity.?® However, we need to understand that
electricity-driven CO, transformation processes are in early stages of
development, presenting different barriers or limitations. Electricity could be
utilized directly in the COzR transformation (where, “R" means reductive), or
indirectly to obtain an energy carrier (such as Hy). Now, different accessible
approaches will be briefly discuss and compared with the traditional

thermocatalysis (which is a more mature and well established field):4%!
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Direct electrochemical pathway: An external voltage is applied across two
electrodes (separated by a selective ionic membrane) in an electrolyzer,
where CO; can be reduced to Cq-C; products such as CO, formic acid,
ethylene, ethanol, and other oxygenates. Although this technology could
be commercially deployed for C1 compounds with 100% theoretical CO;
conversion and high energy conversion efficiency, the current selectivity
to products involving a chain growth (Cy.) is low, presenting deactivation
issues that affect the long-term stability of the process. In order to
improve the catalytic features of this pathway (selectivity to certain
products, CO, conversion per pass) or solving technical problems such as
scaling up the synthesis or the cell overpotential, new catalytic materials
and membranes have to be investigated, together with a systematic
optimization of the reaction conditions (electrolytes, pH, mass transport,
etc). In line with this, it is possible to complement this pathway by using
microorganisms (i.e., microbial electrosynthesis, MES). The idea would be
to perform the CO; reduction under milder conditions in a bio-cathode
inoculated with anaerobic microorganisms, which are able to fix carbon
in a very high selective way to obtain mainly methane and acetate (and
potentially other Ci-Cs species). Despite the low productivity obtained,
the ~100% selectivity and the possibility of tuning the microorganism
characteristics via genetic engineering turn this approach very appealing.
This will need a better understanding of reaction mechanisms, a further
development in bio-compatible electrodes, and an optimization of
electrical properties (e.g., current density) without damaging the

inoculated cultures.
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Photo-electrochemical approach: the combination of electricity and light
in the same process has also appeared as a promising option because
the application of an electric field allows the physical separation of the
photogenerated charge carriers (electrons and holes) on two electrodes,
increasing the lifetime of these carriers, and consequently, the catalytic
activity.*" However, due to the multi-electronic transfer process and the
similarity of the chemical potentials needed to synthesize different C,
products (such as CO, MeOH, CH,, or formic acid), obtaining a high

selectivity in this dual process is still a challenge.

Non-thermal plasma (NTP): Also known as cold plasma, is the state of
matter comprising ionized gaseous species that are not under
thermodynamic equilibrium. The electron temperature in NTP is higher
compared to that of other molecules in the ionized gas. In those
conditions, the electrons possess an energy of about 1-10 eV, which is in
the suitable range to activate and break chemical bonds (5.5 eV for C=0
bond in CO, molecule). Depending on the reactor configuration
(dielectric barrier, microwave, or gliding arc) and the feedstock
composition (including CO, and other compounds such as H; or H,0),
different saturated and unsaturated C,-C; hydrocarbons and oxygenates
(ethanol or acetic acid) can be obtained. Although a high power demand
and low selectivity to Ca+ products are now important limitations, it is
possible to obtain a 100% theoretical CO, conversion with a flexible
feedstock. This approach has a long way to go, since commercially viable
reactor designs presenting high CO, conversions (and being energetically

efficient) are still far.
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e Indirect thermochemical approach: By combining heat, pressure, and
heterogeneous catalysts, thermocatalytic hydrogenation of CO, offers
diverse mature routes to obtain products of industrial interest. Despite
the availability of existing industrial infrastructure and knowledge of
these transformations, some technical challenges have to be addressed.
For instance, most of CO,R pathways are reversible, presenting
thermodynamic constrains that limit the single-pass conversion of CO..
Lower product yields signify additional costs related to downstream
purification. Moreover, the conventional routes are usually multistage
processes, where critical impurities (such as H,O) are removed in between
stages to minimize catalyst deactivation. Then, the overall goal must be
the development of stable multifunctional catalytic formulations, which
allow the process intensification. In addition, the thermodynamic
limitations can be overcome by using improved reactor designs or by
optimizing the operational conditions. Finally, the integration of green H»
and captured CO; in these highly energy-demanding processes will help
to reduce the environmental impact, leading the transition to a more

sustainable circular carbon economy.

1.5.6. Thermocatalytic CO; hydrogenation to value-added products

As it has been discussed above, a pivotal task for us, as scientists that investigate
in the field of heterogeneous catalysis, is to find active, selective, and stable
catalysts that assist the transformation of CO,. Accordingly, thermocatalytic CO,
hydrogenation has been extensively studied,“>#*! obtaining a wide “catalogue” of
processes and materials that “connects” CO; with various chemicals, as depicted

in Figure 1.9.
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Among all these possibilities, this thesis will be focused on the synthesis of
methanol and methane. Both C; compounds are platform chemicals (and

precursors for further synthesis of industrial interest).

ZnGa,0,/SAPO-34

‘ :

Ni, Ru Cu, Pd SAPO-34 Ethylene
—_—
Sabatier CO, + H, e Propylene
% | Higher olefins
| N,
& Cu, Rh, Ni Be, ZSM-5
< RWGS " MlTG
Higher l .
Co,Ru Co, Fe Higher
alcohols co g
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Figure 1.9 CO; chemical network to obtain diverse products of industrial interest via
thermocatalytic hydrogenation. Author credits: Concepcion, P. and Cored, J,; No copyright

intended.

1.5.7. Methanol synthesis

Methanol is one of the most important commaodities in the chemical industry and
represents a promising energetic vector for a sustainable economy with an annual
production of about 95 million tonnes.#44%1 Nowadays, almost all methanol is
produced from natural gas and coal in a two-step process. The first step, which is
the syngas (CO+H,) production, accounts for ~60% of the total cost.“?! Moreover,
this commodity attracts widespread interest because of its various applications: it
is used as common solvent, fuel additive, is employed in fuel cells, or as
intermediate for the industrial production of DME, olefins, gasolines,
formaldehyde, methyl fert-butyl ether (MTBE), among others. Most of these
compounds are also building blocks to obtain products in our daily life, such as

plastics, adhesives, resins, paints...
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Thermodynamic considerations
In view of thermodynamics, CO, hydrogenation to methanol is a highly hampered

exothermic process (Eq. 1.1):24

COz + 3 Ha 5 CH3OH + H,O (Eq. 1.1)
AHOZQSK = -495 kJ/rnoI

AGozgsK =-90 kJ/moI

Methanol synthesis competes with reverse water-gas shift reaction (RWGS, Eq.
1.2), and it is also possible that CO, formed via RWGS, undergoes toward

methanol (Eq. 1.3):1?4

COz + Hp_ S CO + HzO (Eq 12)
AH%gg¢ = +41.1 kJ/mol

AGozggK =-20.1 kJ/moI

CO + 2 H, 5 CH3OH (Eg. 1.3)
AHozgsK =-90.6 kJ/moI

AG0298K =-29.1 kJ/moI

According to Le Chatelier's principle, working at low temperatures and increasing
the reaction pressure favors methanol synthesis (Eq. 1.1), due to the exothermic
nature of the process and a decrease in the number of molecules, respectively.
These modifications does not positively affect RWGS (Eq. 1.2), since this
competing reaction is endothermic and there is no change in the number of total
molecules between reactants and products. Moreover, altering the stoichiometry
of the feed gases (i.e., high H>/CO, molar ratio) also favors methanol formation.

Figure 1.10 illustrates the thermodynamic limitations of CO, to methanol reaction
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at stoichiometric conditions (left panels) and at increased H,/CO, molar ratio

(right panels).
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Figure 1.10 Equilibrium CO; conversion and methanol selectivity at different temperatures
and at increasing pressures: (a) 10 bar, (b) 30 bar, (c) 100 bar, (d) 200 bar, (e) 300 bar, (f)
400 bar, and (g) 500 bar. Initial H2/CO, molar ratio mixtures of 3 (left panels) and 10 (right
panels) are used. Reprinted with permission from ACS Catal. 2020, 10, 14747-747185.
Copyright 2020 American Chemical Society !

As observed in Figure 1.10, operational pressure is a key factor to shift the
equilibrium conversion at any stoichiometry in the 150-350 °C temperature range.
Indeed, an abrupt change is observed when the pressure is increased from 30 ("b”
line) to 200 bar (“d” line), caused by the formation of a liquid phase.?* Indeed, at
200 bar, ~240 °C, and under stoichiometric conditions (H,/CO,=3), it is already

possible to overcome thermodynamic limitations, obtaining a theoretical value of

100% CO; conversion (see Figure 1.7). Regarding to methanol selectivity, two
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trends are highlighted: Firstly, at relatively low temperatures (i.e., <250 °C), where
methanol synthesis predominates over RWGS, the selectivity to MeOH increases
at increasing the working pressure. On the other hand, methanol selectivity
dramatically drops with rising temperature at low pressure (<100 bar), which is

caused by the enhancement of endothermic RWGS reaction.

Catalyst development

The very first industrial syngas-based (i.e.,, CO+Hy) process for methanol synthesis
was developed by BASF in the 1920s. By using ZnO-Cr,0s3 catalysts, the reaction
was operated under harsh conditions (300-400 °C and 250-300 bar).“®! In the
1960s, ICl introduced a highly selective Cu/ZnO/Al;O3 system, operating at milder
reaction conditions (220-300 °C and 50-100 bar). Since then, research has been
mainly focused on copper-based materials (in particular in Cu-ZnO
combinations), but there are three more groups of solids that have appealed
chemists last 20 years: palladium-based, bimetallic, and oxide catalysts (see Table
1.2 below for a summary of representative catalysts operating in the CO;

hydrogenation to MeOH).

¢ Cu-based systems: Typically, commercial-like catalysts are prepared by a

co-precipitation method with a 60 wt % Cu, 30 wt % ZnO, and 10 wt %
Alb,O3 composition. This preparation method consist of precipitating
metallic hydroxycarbonates or hydroxides mixing a metal precursor
solution (i.e., nitrates, acetates...) with a basic precipitating agent (COs%,
HCO3", OH"). Temperature and pH are key parameters that need to be
controlled in this step. Precipitation is followed by an aging period, where
the usually amorphous formed precipitates evolve towards crystalline

phases, such as aurichalcite or zincian malachite. To obtain the final
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catalyst, the solution is dried, and the resulting solid is firstly calcined, and
then reduced (sometimes, reduction step is carried out in situ in the
catalytic reactor). In addition to co-precipitation, another approaches such
as sol-gel synthesis, " citrate decomposition,“8->% and impregnations'>2!
have also been reported. In Cu/ZnO commercial formulations, alumina
(Al,O3) acts as a structural promoter, facilitating the dispersion of copper
particles and conferring mechanical and thermal stability to the catalyst.
ZnO also acts as a geometric spacer between CuNPs. However, it has an
additional role, modulating the electron properties owing to the
metal/support interaction (i.e., SMSI effect). Moreover, zirconia (ZrOy) is
another support that accompanies Cu in catalysts for CO, hydrogenation
to methanol. Indeed, due to the excellent mechanical and thermal
stabilities, high specific surface area, low hydrophilicity and semiconductor
properties, Cu/ZrO, based catalysts usually exhibit higher catalytic
performance than Cu/ZnO/Al,03.53-%31 Additionally, ZrO, possesses two
crystallographic phases (i.e., monoclinic and tetragonal) with distinctive
CO; to methanol catalytic behavior. Monoclinic phase (m-ZrO,) exhibits a
higher amount of Zr-OH Brgnsted groups, together with both stronger
Lewis acidity of Zr** and basicity of O% ions than tetragonal phase. These
features explain the superior activity and improved MeOH selectivity,
compared to its tetragonal analogous.®®>" The level of nanocrystallinity is
also a decisive property since the lower is the particle size, the higher is the
number of exposed surface sites, resulting in higher activity and atomic
efficiency of the catalytic system. However, methanol synthesis has been

reported as a structure-sensitivity reaction, where a drop in activity is found
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for Cu particles smaller than ~8 nm.® This issue will be addressed in
Chapter 4, where a rational design of a 2 nm copper-based catalyst will
allow obtaining competitive catalytic results. More recently, a variety of
materials such as CeO; (with its peculiar Ce**/Ce** reversible valence
change and oxygen vacancies),?%% SiO,,%" carbon derived materials, 6%
and graphene oxide®*%4 have been developed for this reaction. It is also
worth mentioning MOFs as potential materials for methanol synthesis.
Indeed, the confinement/encapsulation of CuNPs into MOFs cavities
displays a new sort of opportunities: for instance, synergy between Cu and
Zr metal centers in CucUiO-66;% or an improved rate of methanol
formation caused by electron donating functional groups in organic linkers
interacting with intermediates.’®® Additionally, the incorporation of other
metal oxides as additives (e.g., Ga,03,197%% La,03,"® Y,05,"" TiO,"?) or
noble metals as dopants (e.g., Pd"3 and Aul) is a recurring strategy to
improve the catalytic performance. Indeed, their inclusion in the catalytic
formulation improves certain characteristics such as Cu dispersion or
reducibility, modifies acid-base, redox and electrical properties, enhancing
the activity (and the selectivity to desired products). The effect of gallium
promotion in methanol synthesis will be investigated in Chapter 3, where
we will deepen into the phenomenon at a catalytic and fundamental level.
Finally, although Cu-based systems are widespread used because of their
superior performance, they occasionally suffer from low thermal and
temporal stability caused by copper sintering (under reductive conditions),

copper partial oxidation or ZnO agglomeration accelerated by water
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formation (as by-product).’” To mitigate this feature, new catalytic

compositions (and reactor configurations) are being investigated.

Pd-based catalysts: Due to the superior stability and resistance to

sintering and poisoning, Pd-based catalysts have been studied as
alternatives of Cu-based systems. Similarly to copper, different types of
supports, including oxides (ZnO,"67"1 CeQ,,"87°! Ga,0;,8%8" n,052)),
mesoporous silica,’®# and carbon materials®>#¢! have been formulated
in combination with palladium by following diverse synthetic procedures,
such as co-precipitation,’®” incipient wetness impregnation, 8! sol-

immobilization,® and citrate decomposition.”®

Bimetallic systems: These catalysts, presenting unique structural and

electronic properties, derived from the synergistic effect of two metals,
can be divided into alloys (such as Cu-X, X=Zn, (698 pd 9091 Nj [92] Ag;[3]
Pd-Znl’888 and Pd-Ga;B% Pt-Co,PY Rh-W®)) and the so-called
intermetallic compounds, where both elements are homogeneously

distributed (e.g., Ni-Ga;®® Cu-In;" Pd-X, X=Ga,?® Zn, 8 |nl9),

Oxides and hybrid oxide systems: Novel catalytic formulations with

singular structures, such a core-shell MnO,/m-Co304 and a ZnO-ZrO;
solid solution exhibit competitive catalytic activity.'°? Indeed, Li et al.
reported for the latter solid solution that the strong synergy between Zn
and Zr allows the catalyst activating both H, (adsorbed and dissociated
on Zn sites) and CO; (activated onto Zr sites)."") Moreover, the oxygen-
deficient “metal-free” In,Os has been identified as a suitable catalysts for

methanol synthesis. Despite the good selectivity exhibited by this type of
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catalysts, their activity is still improvable, fact that can be solved through
the combination with acid functionalities to obtain dimethyl ether (DME)

or olefins.

Reaction mechanism

Knowledge about reaction mechanisms at a molecular level is essential to guide
the rational design of catalysts with improved catalytic performance. As will be
further discussed in Chapters 3 and 4, many aspects in MeOH synthesis are still
under debate, some of them related to active centers and reaction mechanisms.
A combination between experimental and theoretical approaches has been

needed to unravel this reaction at a fundamental level.

The three proposed pathways for methanol formation over Cu-based catalysts
are illustrated in Figure 1.11.0192

r - Formate mechanism

Formate HCOOH* H,COOH*
species Formic Acid
HCOO* Dioxymethylene Methoxy species
H,CO0* H,CO* H,CO*
Formate mechanism
Co, Cco* HCO* CH,0H
RWGS + CO-Hydro mechanism
COOH*
Hydrocarboxyl
species COHOH* COH* HCOH* H,COH*

Trans-COOH mechanism

Figure 1.11 Proposed reaction network for methanol synthesis from CO; hydrogenation.
(*) indicates adsorbed species. Reproduced from Chem. Soc. Rev. 2020, 49, 1325-1616 with
permission from the Royal Society of Chemistry (Copyright 2020).

The most conventional and accepted mechanism occurs via formate (HCOO*,

yellow route). After CO, adsorption through the Eley-Rideal or Langmuir-
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Hinshelwood mechanisms, dioxymethylene (H.COO*) intermediate is formed
from formate, that is further hydrogenated to formaldehyde (H.CO*), methoxy
(H3CO*), and finally methanol (CH3OH*). The overall reaction rate of this route is
limited by both HCOO* and H,COO* hydrogenations, being the latter the rate-
determining step.l'®! An alternative (revised) formate pathway has also been
reported,['% where formate is (HCOO*) preferentially hydrogenated to formic
acid (HCOOH?*, green route). Then, formic acid is hydrogenated to H,COOH* and

the C-O is split to form formaldehyde (H,CO*).

The second pathway is called #rans-COOH mechanism (blue route). This pathway
starts with the formation of hydrocarboxyl intermediate (COOH*), which
isomerizes to dihydroxycarbene (COHOH*, similarly expressed as =C(OH)y).
Hydroxymethylidyne species (COH*) are formed via OH scission from COHOH?,
that is transformed to hydroxymethylene (HCOH*) after H addition. Then, HCOH*

is further hydrogenated to hydroxymethyl (H,COH*), and finally to methanol.

The third possibility is the RWGS + CO-hydro pathway (gray route), beginning
similarly to the #rans-COOH mechanism (blue). CO; is firstly converted to CO* via
hydrocarboxyl (COOH*) intermediate. Then, CO* is hydrogenated to methanol
through formyl (HCO*), formaldehyde (H.CO*) and methoxy (H3CO)
intermediates. This mechanism allows us to understand the CO formation as by-
product. Additionally, CO could be formed by direct CO, dissociation
(CO*—=CO*+0*) without the intervention of hydrocarboxyl intermediate

(COOH¥).

Industrial perspective

As it will be shown in the thesis chapters devoted to methanol formation

(Chapters 3 and 4), the methanol yield is strongly dependent on the reaction
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conditions. In fact, it is possible to optimize the methanol production by

increasing the pressure, the space velocity or the H,/CO; ratio.!'01.10%]

Although our focus is on the rational design of new catalytic formulations with
improved CO. hydrogenation performance, the development of innovative
reactors is of particular relevance at industrial level. A critical point to control at
“large-scale” is the efficient removal of heat generated on stream due to the high
exothermicity of the process. Then, several types of reactors are commonly used

to this purpose. For instance:[4>102]

e Tubular boiling-water reactor: The heat of reaction is removed from the
catalyst-loaded tubes by boiling water. The feed gas enters axially,
following a nearly isothermal trajectory, due to the good temperature
regulation. This minimizes the sintering rate of active centers, stabilizing
the conversion. Companies such as Lurgi and Haldor Topsge use this

usual design, with a maximum capacity of about 1500-2200 t/d.

e Multi-stage radial flow (MRF) reactor: In this design by Toyo and MTC,
the gas flows radially across the shell, where the catalysts is placed. A

concentric cooling zone dissipates the heat generated.

e Multi-stage adiabatic fixed-bed reactor: Until 10000 t/d can be obtained
through this large capacity design of cylindrical reactors by Haldor
Topsge (with internal cooling). This type of unit has a spherical version,
with thinner walls, lower pressure drop, and higher methanol production

rate.

e Liquid-phase methanol synthesis process (LPMEOH):%1%% The low one-

pass CO; conversion (because of the thermodynamic limitations), the
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above discussed catalyst deactivation, and the exothermicity of the process
aimed at developing this alternative configuration. There, an inert mineral
oil solvent (e.g., DMF, 1,4-dioxane, n-hexadecane, etc.) is introduced in a
slurry bubble column reactor (SBCR), absorbing the heat released during
the reaction. The catalyst slurry (in the solvent) is kept in suspension by the
bubbles produced by the reactant gases. After synthesis, the products
(mainly methanol and water) are separated from the solvent, and the latter
recirculated to the SBCR unit. The LPMEOH approach allows for an
exceptional reactor temperature control due to a very efficient transfer of
the heat delivered during the process. Moreover, the higher conversion per
pass diminishes the recycling ratio of unreacted gas. On the other hand,
working under less severe temperature conditions means minimizing the
occurrence of hot-spots, which is one of the main causes of catalyst

deactivation in a fixed-bed reactor.

Additionally, new innovative designs such as membrane reactors are being
developed to overcome the thermodynamic constrains or to improve reaction
rates. This setup facilitates the removal of water vapors from the feed gas,
increasing the methanol yield.['%! Different materials have been studied, such as
perfluorinated cation exchange materials, ceramic (silica/alumina) composites,

and zeolites.

Moreover, it is worth mentioning that several companies and institutions are
currently producing sustainable methanol (some of them even on a commercial

level) applying three types of processes (see Figure 1.12).[107)
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Figure 1.12 Companies and institutions involved in the production of sustainable MeOH.
Adapted from reference [107]. Author credits: Methanol! Institute/ATA insights. No
copyright intended.

Firstly, the so-called “bio-methanol” is obtained from biomass. In this approach,
organic matter coming from forestry residues, agriculture or municipal solid
waste undergoes anaerobic fermentation or gasification at high temperature to
produce syngas, which is subsequently transformed into bio-methanol. The
second option is producing “renewable methanol” by catalytically reacting
captured CO; (from a stationary point) with green hydrogen (obtained from the
electrolysis of water by using renewable electricity). This is the case of the famous
“G. A. Olah Renewable Methanol Plant” in Iceland (CRI), which currently produces
~5 million liters of high purity renewable methanol per year (sold as gasoline

additive, Vulcanol™). CRI Company is now working in the first CO, to methanol
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plant ever that will recycle industrial waste gases (located in Henan, China).
Actually, commissioning phase was initiated last year (2021) and it is expected to
operate soon. Thirdly, we find “low carbon methanol (LCM)" production. For
instance, Methanex Corporation generates LCM by injecting sequestered CO>
from a neighboring industrial facility into the methanol synthesis process. On the
other hand, Qatar Fuel Additives Company Limited (QAFAC) have developed CO;
recovery plants to extract CO, from the exhaustion gases, reinjecting it into the

methanol production.

To end with this subsection, the integral process (from the CO, capture to the
final methanol obtention) will be briefly analyzed from an economic point of view.
Firstly, it is remarkable that the CCUs plants capital costs are lower than in a
conventional MeOH facility, whereas the variable operational costs are
significantly higher. Recently, Meunier et al. performed the simulation of an
optimized process which would be able to treat ~2500 t/d CO;, obtaining ~1550
t/d MeOH (~90% CO, conversion).l'® The catalytic reaction would be performed
at 250 °C and 80 bar over a Cu/ZnO/Al,03 commercial catalyst. The global capital
expenditures of the facility was estimated to 47M €, with ~28M € dedicated to
the installed equipment costs of both CO, capture and conversion processes.
Indeed, approximately 40% of the costs of the aforementioned category would
be associated with compressors in the CO, conversion unit and a 30% related to
heat exchangers. Considering a current average electricity price of 70 €/MWh, the
process would not be economically viable. However, with a cost of 34 €/MWh, it
could be considered as realistic in some countries such as Iceland. This simulation
is in agreement with the techno-economic evaluation reported by Szima and

Cormos for a hypothetical plant that would transform ~425 t/d CO; (running 8000
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h in a year)."%! In fact, both publications agree that the price of electricity to
generate green hydrogen is the economic bottleneck, and it should drop to half

in order to be a project “financially attractive”.

1.5.8. CO; hydrogenation to methane

The CO; methanation (so-called Sabatier reaction) has gained renewed interest
in the last years due to its application in the power-to-gas technology (P2G).["""
P2G process consists of harnessing the excess of energy from renewable sources
to produce Hy, transforming it, together with captured CO,, into CHa4, which can

be easily stored, transported, and used in the actual industrial infrastructure.l"

Thermodynamic considerations
CO, methanation is a strongly exothermic reaction (Eq. 1.4), thermodynamically
favored at low temperatures. The global reaction can be expressed as a

combination of RWGS (Eqg. 1.2) and CO methanation (Eq. 1.5):l"1"112]

COz + 4 H2 hary CH4 + 2 H?_O (Eq. 1.4)
AH0298K = -164.6 kJ/moI

AGozgsK =-130.8 kJ/moI

CO + 3 H; 5 CHs + H:O (Eq. 1.5)
AH0298K = -206.1 kJ/moI

AGozgsK =-1419 kJ/moI

Figure 1.13 summarizes the influence of some operational conditions in the
Sabatier reaction. The first remarkable feature in CO, methanation, contrary to
methanol synthesis situation, is the possibility to operate at atmospheric pressure
and relatively low temperatures (i.e, 200-250 °C) without thermodynamic

limitation. Indeed, as observed in Figure 1.13a, theoretical values of ~100% CO;
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conversion and 100% selectivity to methane in the pressure range 1-100 atm at
stoichiometric conditions can be obtained. At higher temperatures, CO;

conversion starts decreasing, but this loss of activity can be attenuated by

increasing the working pressure.
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Figure 1.13 Effect of pressure and temperature in CO, conversion (a) and CH4 selectivity
(b) at a Ho/CO, molar ratio of 4; and influence of H,/CO, molar ratio and temperature at 1
atm (1.013 bar) and 30 atm (30.397 bar) in CO, conversion (c) and CHa selectivity (d).
Reproduced from RSC Advances 2012, 2, 2358-2368 with permission from the Royal
Society of Chemistry (Copyright 2012).

Furthermore, 100% CHas selectivity can be achieved until ~450 °C, where it

decreases progressively due to RWGS, forming CO as by-product (see Figure

1.13b). Again, we can maintain an important selectivity to methane at a certain
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high temperature by increasing the pressure. This pressure effect should not be
surprising since a decrease in the number of molecules participating in the
reaction (from reactants to products) is taking place. On the other hand, lower
panels in Figure 1.13 describe the effect of H»/CO> molar ratio variation. It can be
seen that higher CO; conversion and CHj4 selectivity is obtained at either 1 or 30
atm by using a high H,/CO; ratio (i.e., 6), whereas much less competitive results

are achieved under sub-stoichiometric conditions (i.e., H2/CO,=2).

Catalyst development

Although CO; methanation is not thermodynamically limited at mild conditions,
obtaining complete CO, conversion with high selectivity values, the effective
eight-electron reduction of CO; to CHy is difficult to achieve, presenting kinetic
limitations.['™ This can be solved by operating at 350-500 °C. Nevertheless,
working at high temperature range entails certain drawbacks: For instance,
reaction temperatures above 500 °C can cause sintering of particles, leading to
catalyst deactivation. Another critical phenomenon is high temperature carbon
deposition, which causes active center coverage, with a subsequent loss of
activity. Carbon coverage can be minimized by increasing the pressure and by

working under stoichiometric or over-stoichiometric H,/CO, molar ratio.l'?

Since the discovery of this reaction more than a century ago, numerous catalysts
have been tested and developed, predominating supported transition-metal of
groups 8, 9 and 10. In particular, Yaccato et al. carried out a high-throughput
screening of more than 500 catalytic formulations, concluding that Ru, Rh and Ni
are the most active metals for CO, methanation."" Additionally, Younas et al.
ranked potential transition-metal centers according to their activity and

selectivity, obtaining:"">!
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CO: conversion: Ru > Rh > Ni > Fe > Co > Os > Pt > Ir > Mo > Pd > Ag > Au
CHg selectivity: Pd > Pt > Ir > Ni > Rh > Co > Fe > Ru > Mo > Ag > Au

Among them, nickel arises as one of the top-ranked metals, exhibiting high
catalytic performance. Although this element is less resistant to deactivation than
other more noble metals (such as Pd, Pt, or Ru) over a wide temperature range
due to carbon deposition, its lower cost and non-noble nature justify its utilization
for industrial application. In fact, Ni/Al,Os based catalysts are usually supplied by
catalyst manufacturers, such as Johnson Matthey, Topsge, and Clariant-Sud
Chemie.l'"® On the other hand, non-noble metals such as Co and Fe, together
with Ni, have been studied in CO, methanation.'' Pure Fe/Al,Os catalysts have
been found less competitive, but in combination with the other two forming

alloys (i.e., Ni and Co), boosts its selectivity to CH,.["®

However, the performance of the metal is strongly dependent on support-metal
interface interactions and physico-chemical properties. Then, the use of a certain
support affects key catalytic features such as metal dispersion, reducibility of the
metal center, surface activation of CO,, etc. Among oxides, CeO; arose as the best
support combined with Ni and Ru, compared to SiO;, ZrO; or Yttria-stabilized
ZrOy, TiO2, MgO or Al,O3.1'%-124 Indeed, Ni/CeO; reduced catalyst, that is able to
generate oxygen vacancies, exhibits high CO; adsorption and oxygen exchange
capacities, increasing the CO; hydrogenation activity.[>>12"! Futhermore, Ocampo
et al. reported that Ni/CeO; performance can be further improved by combining
Ce0,-Zr0,(60/40) supports, obtaining an outstanding value of 80.5% CO;

conversion and >99% CHjs selectivity at 350 °C, operating at atmospheric



Introduction _

pressure.[?8 Finally, several important factors that have a clear influence on

catalysis are commented below:

e Metallic content in Ni catalysts varies from 10-25 wt %, whereas Ru

materials are normally prepared in a lower range (i.e., 0.1-5 wt %), proof
of the higher inherently activity of Ru in CO, methanation. Metal content
variation typically leads to a change in the degree of metal dispersion.
Thus, low metal loadings would result in higher dispersions which implies
that metal atoms are distributed in small NPs, or even clusters. In order
to obtain the best atomic efficiency, high dispersions are needed.
However, in CO, methanation, several studies have demonstrated that
CH, yield is higher for bigger metallic particles (Ru,!"2% Ni,l'3% Rh,[131.132]
Pd["33l) than for highly dispersed systems, mainly yielding CO as reaction
product. This catalytic behavior would be explained in the basis of the
interaction between solids and species participating in the process.
Indeed, bigger particles, where metal atoms are massively surrounded by
other metals, are able to effectively dissociate H, and to strongly react
with CO, avoiding its desorption as product. Nevertheless, the interaction
between adsorbed CO and “more” isolated metal centers in small NPs or

clusters is more labile, facilitating CO desorption.!'3?

e The addition of promoters has been widely studied as a way to increase
the catalytic efficiency. In particular, two types of promoters have been
used: transition-metals, and alkali and alkaline-earth metals. The first
group of promoters (e.g., Ce, La, Zr...) are added to increase the metal
dispersion, to alter the electronics into the active center, or to modulate

the basicity of the material. For instance, Ce promotion (2 wt %) on Ni
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catalysts favors the metal dispersion and introduces oxygen vacancies
after reduction.l'* Furthermore, Wierzbicki et al. reported the effect of
La addition (2-4 wt %) in the basicity of a Ni-hydrotalcite derived
material.l'®! In particular, the incorporation of La led to an increase in
medium-strength basic centers, promoting CO, methanation. Moreover,
they found that La promotion consisted of hindering the interaction
between Ni and the support, favoring its reducibility. On the other hand,
it is possible to add noble metals in small amounts (typically less than
0.5-1.0 wt %) as promoters. As an example, Ocampo et al. reported the
addition of 0.5 wt % of Ru or Rh to a Ni/ZrO,-CeO, catalyst.l'?8! Non-
promoted sample displayed as-prepared NiO particles of about 26 nm,
whereas particle size in Ru and Rh promoted as-prepared samples was
~19 and 16 nm, respectively, which means an important increase in nickel
dispersion. Moreover, an enhanced reducibility of CeO, was found. On
the other hand, the addition of alkali (Cs*, Na*, Li*, K*) and alkaline-earth
metals (Mg?*, Ca%*, Ba’") also implies a positive effect in catalysis.
Normally, the addition of these promoters does not affect textural
properties or Ni reducibility, but it improves the CO; adsorption capacity,

as well as the basicity of the material.

To give an insight into the performance of catalytic systems operating in the

Sabatier reaction, Table 1.3 is placed at the end of the chapter.

Reaction mechanism
As previously seen in methanol synthesis mechanism, one fundamental feature to
take into account is the complexity of the reaction network for CO;

hydrogenations. The existence of several reaction paths, that sometimes are
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common for different products, as well as the stabilization of certain
intermediates on the catalyst surface, critically modulate the final selectivity of the
transformation. Although the specific mechanism of CO, methanation over a
catalyst depends on multiple factors (such as metal/oxide interaction, interfaces,
structural or electronic effects...) and there is still no consensus on the kinetics
and mechanisms, Figure 1.14 depicts the possible reaction pathways to obtain

CH4 (CO and methanol can also be obtained following the same network).[2%!
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Figure 1.14 Reaction pathways of CO, hydrogenation to CH4 (CH3OH and CO products
are also included). (*) indicates adsorbed species. Reprinted with permission of J. Am.

Chem. Soc. 2017, 139, 9739-9754. Copyright 2017 American Chemical Society.

Methane formation can occur via RWGS + CO-hydro pathway (left branch in
Figure 1.14). In this route, *CO, is associatively transformed to *CO through

hydrocarboxyl intermediate (*HOCO, labeled as COOH* in Figure 1.11). Then, *CO
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can evolve to formyl (*HCO) or to hydroxymethylidyne (*COH) species, obtaining
hydroxymethylene (*HCOH), hydroxymethyl (*H,COH) or methoxy (*H3CO).
Finally, C-O bond scission of these intermediates leads to the formation of *CHy

species, undergoing progressive hydrogenations to yield CHa.

Next mechanism takes places via direct C-O bond cleavage, which is a dissociative
mechanism (center branch in Figure 1.14). Along this pathway, *CO; dissociates
twice: firstly to *CO and *O, and then to “naked” *C and *O. Thereupon, *C is

subsequently hydrogenated to CHa.

The third option is the associative formate pathway (the revised one, according
to Figure 1.11, occurring via formic acid, *HCOOH,; right branch in Figure 1.14).
After formic acid formation, it is hydrogenated to *H,COOH, that later dissociates
to formaldehyde (*H.CO) and *OH. Then, formaldehyde can be transformed to
hydroxymethyl (*H.COH) or methoxy (*H3CO) intermediates, where the C-O
scission takes place. The resulting *CHy species will be finally hydrogenated to
CH.. Notice that along all pathways, the competition between C-O bond cleavage
in *H,CO species and their consecutive hydrogenations ultimately determines the

global CHj4 selectivity in Sabatier reaction.

On Ni/Al,O3 catalysts, CO, methanation usually occurs via direct C-O bond
cleavage pathway, where the rate-limiting step was found in *CO dissociation to
*C + *0.[%% On the other hand, DFT calculations combined with micro-kinetic
modelling concluded that CO, methanation over Ru(0001) system followed a
mixed mechanism (combining RWGS + CO-hydro and direct C-O bond cleavage
pathways), where *CO; direct dissociation to *CO and O* was followed by *CO

hydrogenation to formyl intermediate (*HCO). Moreover, formyl was dissociated
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to *O + *CH (being the rate-limiting step), that was consecutively hydrogenated

upon CH,.[37]

Industrial perspective

As it already happened in the methanol synthesis process, different reactor
configurations have been investigated to effectively remove the released heat
produced in the Sabatier reaction. Here, preventing hot spots is a priority, so
proper selection of the cooling equipment (and the catalytic unit) is required.?
Whereas wall-cooled fixed-bed reactors have been extensively used in the CO;
methanation process at a commercial level, structured or fluidized-bed reactors

are still in previous development stages. For instance:

e Multichannel mini-reactors: This is one type of structured reactor design
by Technical Research and Innovation to operate at 200-400 °C and 15
bar pressure.l'¥ The use of this configuration with smaller channel
diameter favors the catalyst/gas contact, enhancing heat transfer.
Nevertheless, the appearance of hot spots in inevitable, which is not
acceptable from a safety point of view. For this reason, the development
of reactors in series (permitting catalyst dilution) or advanced

temperature control methods are needed.

e Another possibility explored by different groups!'®'4% is coupling two-
fixed bed reactors: CO; is adsorbed in the first unit using a hydrotalcite-
based material, which is subsequently hydrogenated at low pressure (2.5
bar) in the second unit. This is a very promising approach, but the
selectivity to methane (<40% at 350 °C) is still low.[*"! This issue can be
addressed by an improved design of both the sorbent (in the first unit)

and the Ni-based catalyst (in the hydrogenation unit).
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Three-phase methanation SBCR: the introduction of a liquid phase in the
methanation allows for an effective reactor temperature control. This unit
presents several advantages, such as working under isothermal
conditions and at elevated pressures, or the possibility to replace the
catalyst during operation."? However, the reaction temperature is
limited by the evaporation/decomposition of the fluid (e.g,
dibenzyltoluene, DBZ), and mass transfer limitations could be found

depending on the operational conditions and the reactor characteristics.

Over the last decade, many companies, research institutions, and public-private
partnerships have been involved in scaling up the Sabatier reaction at industrial
level, with a leading role of Europe (and, particularly, Germany). In Figure 1.15,
most relevant projects concerning CO, methanation (from development to

commercial application) are summarized:!'">143-150]

University of Chicago [1, USA]

KIT, PoliTo, Sunfire, ERIC, EEl, NTUA, DVGW [4, EU]

P2G Project [7, NL]

HELMETH Project (coord: Sunfire, KIT, DVWG) [15, GER]
RENOVAGAS (Enagas, FCC, ICP, CNH2, Abengoa, Tecnalia) [15, SP]
Erdgas, Obersee AG, Etogas, HSR [25, CH]

ZSW, IWES [25, GER]

Juwi AG, ZSW, Etogas [25, GER]

CoSin Project (Naturgy, IREC, INERATEC) [37, SP]

ZSW, IWES, Etogas [250, GER]

Kommunale Kladranlagen als Energiespeicher [312, GER]
STORE&GO Project (coord: DVGW, KIT) [1000, GER; 700, CH; 200 IT]
H2FUTURE Project (Siemens, Verbund AG) [6000 AUT]

Electrochaea, BCH (1000, DEN)

Audi, ZSW, Etogas, EWE, IWES (6300, GER)
Tokohu Institute of Technology (-, JAP)

TenneT TSO, Gasunie, Thyssengas (100000, GER)?
INPEX, Osaka Gas (-, JAP)®

Figure 1.15 CO, methanation projects under different stages of development. Numbers
in brackets refer to the capacity/power of the plant, expressed in kW. @First module will go
into operation in 2022, full capacity in 2028. °This plant will start operations in 2024. Author
credits: Cored, J,; No copyright intended.
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From this list, it is worth mentioning the ambitious plan of INPEX and Osaka Gas
companies, which will launch the world’s largest-scale Sabatier plant at Nagaoka
(Japan) by 2025-2026.0'>" The production of synthetic methane is expected to be
~400 m3 of CH4 per hour. After achieving this milestone, the companies will be
focus in developing an outstanding production of 60000 m3cps-h™’ by 2030 in a
new plant, with the aim of exporting their technology to neighboring countries,

such as Australia.

Finally, an aspect to understand when performing an economic analysis is that
the “industrial Sabatier reaction” would take place in a two-process plant (namely,
electrolysis to obtain green H, + methanation). Considering the efficiencies of
process steps (such as green electricity generation, electrolysis, CO, methanation
and subsequent CH4 compression, transportation, etc.) the estimated net energy

efficiency for a current process would be of ~35-50%.!""!

Moreover, the official “Report on experience curves and economies of scale”
(STORE&GO project, 2018) calculated the initial costs of the electrolysis (1100-
2500 €/kW) and the catalytic methanation (600 €/kW) processes. This estimation
was made assuming a 5 MW electrolyzer and a 5 MW methanation units.!'*? The
operational conditions considered to calculate the price of the methanation step
were: 300-350 °C, 20-50 bar, and 1000-10000 h' GHSV (performed in a
honeycomb structured reactor). This means that an adequate catalytic design able
to operate efficiently at milder conditions (e.g., ~200 °C and atmospheric
pressure) would help to significantly reduce the operating costs of this step. This
issue will be address in Chapter 5, where the design of a novel ruthenium-based

catalyst is reported.
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In addition, CO, capture technologies were also evaluated: “Traditional” CO;
capture costs in different industrial sectors (e.g., refineries, iron and steel factories,
paper production, etc.) are typically in the range of 20-100 €/tco2, whereas direct

air capture costs are much elevated (~100-500 €/tco,).[>%

Together with the initial investment, another limiting factor when analyzing the
variable operational costs is the electricity price (as we already discussed in the
methanol synthesis). In this sense, Brouwer et al.l'>3 reported that the theoretical
variable cost of CH4 production in a facility located in California would be of about
60 $/MWh. Assuming 100% renewable electricity as the input energy source, the
analysis revealed that CH4 could be produced at costs comparable to those of the

conventional fuel.



Table 1.2 Performance of representative catalytic systems in the CO; hydrogenation to methanol.

Catalyst mHozll::a:izo (°TC) (B:r) G:fv vfuﬂi?fya )((;:))z s(h:/:;H (moIMe;T;cag‘-h*) REF

WHSV
Cu(1)ZnO 9:1 225 7 W 2000 48 21 8.310° [154]
Cu(15)Zn0 9:1 225 7 W 2000 39 61 1910 [154]
Cu0-Zn0 31 250 20 G 1000 8.6 45 12107 [155]
Cu@ZnO; (core-shell) 31 250 30 w 18000 23 100 46103 [156]
Cu/Zt0» 31 240 20 G 5400 6.3 488 1.1-102 [51]
Cu(12.4%)@Zr0, 31 260 | 45 w 21600 13.1 78.8 25102 [157]
40%Cu/TiO; 31 260 30 w 3600 - 64.7 2.110° [158]
C3sZ35A5 G66A Sid Chemie | 3:1 200 10 w 4400 55 53.8 14107 [159]
Cu/ZnO/ALOs (6:3:1) 31 240 20 G 6000 14.4 35.0 3.210° [160]
Cu/ZnO/AL,0; (15:7:78) 31 210 | 225 | w 10800 108 77.1 9.210° [161]
Cu/ZnO/ALOs-FHI (68:29:3) |  3.5:1 240 30 G 37000 105 44.0 24102 [162]
Cu(42%)Zn(19%)Al-HiFuel 31 250 | 45 w 21600 203 55 2.710? [163]
Cu/ZnO/ALOs 31 250 50 W 18000 19.7 48.1 20102 [164]
Cu-ZnO/ALO: 10:1 260 | 360 G 182000 | 658 773 2.410" [165]
Cu/Zn0/Zr0; (5:2:3) 31 220 30 W 6000 189 80.2 9.310° [166]
M-CZZ (16) 311 240 30 w 6000 9.7 914 5.410° [166]
50-CUosZnosZros 31 240 30 G 3600 17.0 56.2 18107 [167]

3GHSV is expressed in h™'; WHSV is expressed in mL-gcat *h".



H2/CO:

T

GHSV

Space

Xcoz2

SmeoH

STY

Catalyst molratio | (°C) | (Ban | %" | velocity" | (%) (%) | (molveorgeac™h™) | REF

WHSV
Cu-Zn0-Zr0; 31 240 | 30 G 80000 9.0 - 38102 [168]
Cu-Zn0-Zr0; (5:2:3) 31 240 | 30 w 3600 12.1 54.1 2.1-10% [169]
Cu-ZnO-ZrO/LDH (6:3:1) 31 250 | 30 w 2000 49 783 12107 [170]
(Cu/ZnO/Zr0-)@SBA-15 31 250 | 30 G 44000 19.1 26.4 10102 [171]
Cu-Zn0-Zr0; 31 240 | 50 w | 55000 9.7 62 38102 [172]
Cu(62.5%)/Zn0/Zr0: 31 220 | 80 G 3300 21 68 57-10% [173]
Cu/Ga/ZnO 31 270 | 20 w | 18000 6.0 880 12102 [67]
CuZnLDH30Ga 31 270 | 45 w | 18000 18.8 478 18102 [105]
CuznzrGaY 31 240 | 20 w | 30000 - - 17102 [174]
Cu/Gax0s/Z10; 31 250 | 20 G 2500 137 756 19107 [52]
Cu/Ba:0s/Zr0; 31 250 | 20 G 2500 15.8 67.3 2.010° [52]
Cu/Zn/Ga/hydrophobic SiO2 3:1 270 20 " 18000 5.6 99.5 1.1-107 [175]
Cu(10)/ZnCr-3.5 31 300 | 20 W 6000 25.1 31.1 47107 [176]
Cloas-Inos-Zros-O 31 250 | 25 w | 18000 | ~15 797 ~2.410° [177]
La(10%)-Cu/Zr0; 31 220 | 30 W 3600 538 72 14107 [70]
Cu(28%)/Zn/Sio: 31 220 | 30 W 2000 14.1 57.2 17107 [172]
CZA-r@CZM 31 240 | 30 w | 32000 117 730 23102 [179]
(10%)CuiLaoa/SBA-15 31 240 | 30 w | 12000 57 812 6.0-10° [180]
CsZaZosWo> 31 240 | 30 w 2400 19.7 493 22:10° [181]

aGHSV is expressed in h™'; WHSV is expressed in mL-gcat"*h".




GHSV

St mH:I/f;:izo (°::) (B:r) or v:Ir:)ac?:ya )((';:,))2 s(h:/?;H (moIMe;T-;m-‘-h-') REF

WHSV
CsZoZiWa 3:1 240 30 w 2400 56 64.0 8310 [181]
CuZnAIZr (1.5:1.0:0.8:0.2) 3:1 250 30 w 4000 25.9 492 7.310° [182]
Cunlns-In20s 3:1 280 30 w 7500 114 80.5 61103 [97]
Cus-Ines@SiO; 311 280 30 W 20000 9.8 78.1 14102 [183]
Cu/Zn/Al/ZrO; 3:1 240 40 G 9742 18.8 472 - [184]
Cu(33.5%)-LDHGa(30%) 3:1 270 45 W 18000 ~20 ~49 18102 [105]
Cu/ZnO/ALOs/ZrO; 311 190 50 G 4000 107 81.8 27103 [185]
Cu(51)/Zn0/ALOs/Y:05(02) | 311 230 50 W 10000 17.8 70.5 11102 [71]
Cu/Zn/AIPY 311 250 50 W 12000 26.9 524 16102 [186]
LaosZro2Co7ZnosOx 311 250 50 G 3600 1256 52.5 31107 [187]
LCZ-173 (La-Cu-ZnOy) 311 250 50 G 3600 6.4 57.9 16103 [187]
Ga-Cu-Zn0-ZrO; 311 250 70 w 15000 22 72 22102 [188]
CU/ZNO/Zr05/Gax05 311 250 80 G 3300 - 70 12102 [50]
CU/ZNO/Zr05/Gax05 311 250 80 G 3300 - 75 1.0102 [50]
Cu-K/ALOs 41 200 | 100 G 4000 36 42 1.310* [189]
Cu-Ba/Al:0s 41 200 | 100 G 4000 2.8 62.4 15103 [189]
Cu/ALO: 41 200 | 100 G 4000 24 462 9.6104 [189]
Cu@UiO-bpy 3:1 250 40 G 1600 56 51.9 4510* [190]
CuZn@UiO-bpy 3:1 250 40 G 18000 33 100 58107 [190]

aGHSV is expressed in h™'; WHSV is expressed in mL-gcat b,




St mHo2 I/f:izo (L) (B: r) G:fv vzlii?:y"’ )((;:)2 s(":');‘;" (moIMeiT;m(‘-h") REF
WHSV
Cu(10%)Zn/rGO 3:1 250 15 G 2400 26.0 5.1 13102 [191]
Cu(30%)Zn/rGO 3:1 250 15 G 2400 20.0 15.6 7.6-103 [191]
Cu/ZrO2/CNTs 3:1 260 30 G 3600 16.3 435 2610 [192]
Pd/ZnO 3:1 250 20 W 3600 10.7 60 2410 [88]
Pd(9.2%)-Zn(5.2%)/Ce02 3:1 220 20 W 3600 14.1 97.2 5.2:103 [79]
5%Pd1-Zns/TiOz 31 250 20 W 3600 10.1 40 1.7-10° [193]
5%Pd1-Zns/Al203 31 250 20 W 3600 8.6 19 6.4-10 [193]
Pd(5%)/Zn0O-Al.03 3:1 180 30 W 3600 2.9 79.4 7.8-10* [76]
Pd/Zn/CNTs 3:1 250 30 W 1800 6.3 99.6 1.2110° [85]
Pds-Zns-Caos/CeO2 3:1 220 30 W 2400 7.7 100 2.1103 [78]
Pd(2.5%)/Zn0O-3.93Al 3:1 250 30 W 6000 14.2 51.6 49103 [194]
PdZn-400 31 270 45 W 21600 15.1 56.2 2.0:10 [195]
Pd(5%)/plate Ga203 31 250 50 W 6000 173 51.6 5.5-103 [81]
Pd(0.91%)-P/In203 4:1 300 50 W 21000 20 70 2.8:10? [82]
Pd-In.03 CP 4:1 280 50 w 48000 9.7 78.0 3.2:10? [196]
Pd(10%)/In203/SBA-15 4:1 260 50 w 15000 12.6 83.9 1.1-102 [197]
Pds7-Cu10/SBA-15 31 250 41 W 3600 6.5 23 7.2-10* [198]
Pds7-Cu10/SiO2 31 250 41 W 3600 6.6 34 1.1-10°3 [198]
Pd-Cu/CeO2 31 250 41 w 3600 9.9 284 1.4-103 [199]

aGHSV is expressed in h™'; WHSV is expressed in mL-gcat b,



GHSV

St mHo2 I/f:izo (L) (B: r) or vzlii?:y"’ )((;:)2 s(":');‘;" (moIMeiT;m(‘-h") REF
WHSV
Pd-Cu/ZrO2 31 250 41 W 3600 15.8 26.8 1.9-10° [199]
Pd-Cu/Al203 31 250 41 W 3600 124 314 1.7-10°3 [199]
15.7%(Pd1Cus)/SiO2 3:1 250 50 W 30000 2.8 18.5 1.6-10° [90]
Au/ZnO 3:1 240 5 G 4800 03 82 1.5-10* [200]
Au(62.5%)/Zn/ZrO: 3:1 220 80 G 3300 15 100 4.1-10* [173]
NiGa/SiO2 3:1 200 1 G 6000 - - (2.8-3.9)-103 [96]
LaCrosCuosOs3 31 250 20 W 9000 104 90.8 8.7:10°3 [201]
Cu11lne-In203 3:1 280 30 W 7500 114 80.5 6.1-10°3 [97]
Pd(1.46%)ZnAl 3:1 250 30 W 15000 0.6 60 5.5-10* [98]
In(56%)@Co 4:1 300 50 W 27500 15.7 ~80 2.7-10 [202]
Ni(9.7%)/In203 4:1 300 50 W 21000 18.5 54.0 1.7-10 [203]
20-MnOy-C030,4 31 250 10 G 88800 45.1 22.1 9.8:10? [204]
IN203(9%)/ZrO> 4:1 300 50 W 20000 5.2 99.8 1.0-102 [205]
Zn0O-ZrO> 4:1 320 50 W 24000 10 91 2.3:10? [101]
Ga/ZrOx 31 300 50 W 24000 43 80 8.1-10°3 [206]
5%In203/m-ZrO; 4:1 280 50 w 24000 4.8 84.0 8.4-10° [207]
5%In203/t-ZrO: 4:1 280 50 w 24000 0.5 82.0 1.3-10°3 [207]
Ins/ZrO> 4:1 280 50 G 24000 1.8 68.2 22103 [208]
INo1/ZrO2 4:1 280 50 G 24000 1.1 21.3 4.4-10* [208]
CdZrO 31 312 50 G 24000 124 80 2.3:10? [206]

aGHSV is expressed in h™'; WHSV is expressed in mL-gcat *h".




Table 1.3 Performance of representative catalytic systems in the CO; hydrogenation to methane.

WHSV
T0Ni@MOF-5 4:1 280 1 G 2000 47.2 ~100 [244]
3wt%Ni-MCM-41 4.2:1 300 1 W 5760 16.8 96.1 [222]
10Ni/CeO; 4:1 300 1 G 10000 ~80 ~100 [234]
NngOX 4:1 300 1 G 40000 70 99 [237]
20%Ni/AlLO3 4:1 325 1 W 120000 0 100 [218]
Ni/ZrO. 4:1 350 1 G 60000 79.1 96.71 [210]
15%Ni/SiO2 4:1 350 1 W 60000 55 96.1 [216]
20Ni/AlLO3 3.5:1 350 1 W 9000 82.4 ~100 [233]
10Ni/MSN 4:1 350 1 W 50000 85 100 [239]
12Ni/CNT 4:1 350 1 W 30000 61.1 96.6 [243]
Ni/Al,O3-HT 4:1 380 1 W 75000 84 99.35 [228]
20%Ni/ZrO2 4:1 400 1 W 43500 50 100 [211]
10%Ni/SiO2 4:1 400 1 G 2400 68 66 [217]
10%Ni/Al,O3 4:1 400 1 W 15000 68 975 [219]
14Ni/USY 4:1 400 1 G 43000 65.5 94.2 [241]
5Ni/USY 4:1 400 1 G 43000 24.7 614 [241]
Ni/SiOz 4:1 450 1 W 6120 36.8 81.8 [225]
Ni/ZrO2 4:1 250 5 G 10000 90 90 [226]

aGHSV is expressed in h™'; WHSV is expressed in mL-gcat *h".




GHSV

St n::ll ::a(:izo (°TC) (B:r) WHSV vfu'ii?fya )(("2))2 s(“:/:c;H REF
20Ni@UIO-66 31 300 | 10 w 9000 57.6 100 | [209]
Fe-Ni/ALO: 24:1 250 1 w | 32000 | 221 995 | [227]
40Ni-CeosZr010: 41 275 1 w 3000 98 100 | [212)
21Ni.0.4La-HT(Mg,Al) 41 300 1 G 12000 ~80 ~99 | [238]
21Ni-HT(Mg,Al) 41 300 1 G 12000 ~65 ~99 | [238]
Ni/CeAl-p 41 300 1 W | 30000 81 99 [232]
NiRu/CeZr 41 300 1 W | 24000 53 923 [215]
NIWMgO, 41 300 1 G | 40000 86 ~100 | [237]
10Ni-10Co/Al0; 41 350 1 W | 133000 | 615 95 [218]
10Ni10La:03/Na-BETA 41 350 1 G 10000 65 99 [242]
12Ni4.5Ce/CNT 41 350 1 W | 30000 | 838 998 | [243]
5Ni/CZ(60-40) 41 350 1 G | 4300 | 805 - [128]
5Ni/CZ(80-20) 41 350 1 G | 4300 | 715 985 | [128]
5Ni-0.5Rh/CZ(80-20) 41 350 1 G | 4300 | 778 992 | [128]
K-Ni/AL2O3-HT 41 380 1 W | 75000 87 9976 | [228]
10%Ni-1%Cu/SiO2 41 400 1 W | 60000 | 395 444 | 1216]
23wt%Ni/CaO-Al0; 41 400 1 G 15000 81 98 [223]
59Ni/Zr/CNT-SEQ 51 400 1 W | 75000 55 98 [213]
5Ni15Ce/USY 41 400 1 G | 43000 55 862 | [241]

aGHSV is expressed in h™'; WHSV is expressed in mL-gcat *h".




GHSV

St n::ll ::a(:izo (°TC) (B:r) WHSV vfu'ii?fya )(("2))2 s(“:/:c;H REF
8%Ni-2%Co/Al:0s 41 400 1 w | 15000 80 983 | [219]
Ni-Co/ALOs 41 400 1 10000 78 99 [221]
Ni-Ru/CZ/15CNFr 41 400 1 G 10000 | 65.1 %62 | [214]
Ni-RU/CZ, 41 400 1 G 10000 | 822 993 | [214]
Ni-Ru/SICo 41 400 1 G 10000 | 762 984 | [214]
Pd-Ni/SiO: 41 450 1 w 6120 50.5 89 [225]
Co-Ni/Zr0; 41 250 5 G 10000 923 90 [226]
Cu-Ni/Zr0: 41 250 5 G 10000 55 70 [226]
Fe-Ni/Zr0: 41 250 5 G 10000 9% 92 [226]
35Ni5Fe0.6RUAX 41 220 | 10 w 9600 68.2 989 | [224]
Ni-Laz03/SBA-15 41 320 | 10 w 6000 90.7 995 | [231]
Co/KIT-6 461 | 280 1 W | 22000 | 489 100 | [240]
Co/CeOs-nanorods 41 400 1 G 20000 | 628 911 | [230]
Co/(0.01)PC-600 41 270 | 30 w | 72000 | 525 992 | [245]
10Co/ALLO; 41 400 | 30 w 3600 778 9%5 | [220]
10Co/Si02 41 400 | 30 w 3600 80.1 978 | [220]
10Co/AC 41 400 | 30 w 3600 405 908 | [220]
10Co/SiC 41 400 | 30 w 3600 775 %4 | [220]
10Co/Zr0: 41 400 | 30 w 3600 925 999 | [220]

aGHSV is expressed in h™'; WHSV is expressed in mL-gcat *h".




WHSV
10Co/TiO:2 4:1 400 30 W 3600 30.9 4.2 [220]
Ru/TiOz 4:1 180 1 W 864 100 100 [236]
Fe/AlL,O3 24:1 250 1 W 32000 114 96.5 [227]
0.5Ru0.2Na/TiO2 4:1 350 1 G 56000 ~40 ~97 [235]
0.5Ru/TiO; 4:1 350 1 G 56000 ~20 ~85 [235]
Rh-Ba/Al.Os 4:1 400 1 G 6000 40 95 [229]
Pd/SiO2 4:1 450 1 W 6120 40.8 104 [225]
Pd-Fe/SiO2 4:1 450 1 W 6120 447 2.8 [225]
Mg/SiO2 4:1 450 1 W 6120 0.8 10.3 [225]
Pd-Mg/SiO2 4:1 450 1 W 6120 59.2 95.3 [225]
5Ru/CeO; 4.8:1 300 - G 7640 83 99 [120]

aGHSV is expressed in h™'; WHSV is expressed in mL-gcat *h".
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The overall goal of the present Doctoral Thesis focuses on the design, synthesis
and characterization of innovative heterogeneous metal-based catalysts, as well
as the in-depth study of their reactivity in chemical processes of industrial interest.
As pointed out in Chapter 1, the catalytic systems that are able to transform CO;
into methanol and methane present several recurring problems reported in the
literature, which are: stability, atomic efficiency and energy efficiency. Therefore,
the aim of this thesis will be to address these weaknesses in order to improve the

catalytic performance, as illustrated in Table 2.1:

Table 2.1 Global strategy to be followed to accomplish the thesis objectives.

Issues Actions

- Use of promoters (Chapter 3)
Catalyst stability
- Study of model systems (Chapter 6)

Atom efficiency - Bifunctionality M"*/MO (Chapter 4)

- New formulations for low-temperature

Energy efficiency reactions (Chapter 5)

Along this thesis, the selective CO, hydrogenation reactions to methanol and
methane will be studied from a multidisciplinary perspective, combining catalytic

and advanced spectroscopic studies, to find out structure-activity correlations.
In particular, the objectives of this thesis are the following:

e In Chapter 3, we will try to increase the catalytic efficiency of
commercial-like catalysts operating in the methanol synthesis via
addition of gallium promoters. Our motivation is trying to extrapolate
the results obtained with Ga3*-doped ZnO materials in photo/

electrocatalysis to "our” thermocatalysis field, resulting in a Ga-doped
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Cu/ZnO system with enhanced catalytic properties (compared to
conventional Ga,Os-promoted Cu/ZnO catalysts). A deeper understanding
of this phenomenon, unravelling the interactions among active catalyst
components, will be done. Hence, catalytic performance carried out in a
fixed-bed reactor will be correlated with catalysts microstructure using a
multimodal spectroscopic approach, involving: synchrotron radiation
techniques such as (NAP)-XPS and XAS, laboratory operando spectros-
copies (IR and XPS) and other characterization techniques (H:D. isotopic
exchange, electrochemical impedance spectroscopy, or TPD-CO;). These
systems will be also evaluated from an industrial point of view in terms of

efficiency, scalability, and long-term stability.

In Chapter 4, we will try to overcome the low-activity of small copper
particles (2 nm) that prevents obtaining high atom efficiency and
competitive catalytic results in the CO, hydrogenation to methanol.
The approach carried out in this chapter is based in our group’s previous
knowledge of hydrotalcite-derived materials, together with the widely
discussed promoter effect of Cu* in the literature. In this direction,
bifunctional catalysts containing ex-solved CuNPs of 2 nm and Cu* species
(stabilized in the metal lattice of the support) are easily prepared starting
from Mg/Al/Cu layered double hydroxides. Then, a detailed spectroscopic
study (temperature-resolved and operando IR experiments at variable
pressures) combined with theoretical calculations and catalytic tests will be
conducted on a Cu-MgO-Al,O3 mixed oxide derived from a hydrotalcite
precursor. Existing ambiguities in the literature related to the role of

specific active sites and other catalytic features, such as the type of
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intermediates that are formed along the process, will be cleared up. Special
attention will be paid to the thermal and temporal catalytic stabilities of
the systems under study (in comparison with the commercial-like
Cu/ZnO/Al,0O3 catalyst), features of significant interest for a potential

industrial implementation.

o After two chapters devoted to methanol formation, we will proceed to CO;
methanation in Chapter 5. The introductory chapter have shown that an
improvement in the energy efficiency is necessary in order to make this
process economically feasible. In this sense, being able to work at much
lower temperatures in the methanation reaction would be a proper
solution. To do this, a novel catalytic approach that let modulating the
electronics of the active center (via metallic carbide formation) is proposed.
Although several studies in the literature have demonstrated appealing
catalytic properties of metal carbides, very few are related to RuC, being
ruthenium an active component in the CO, methanation reaction at
temperatures above ~230 °C. Then, we will present an innovative Ru-RuC
core-shell structure synthesized via a mild hydrothermal treatment with
unprecedented activity in a non-usual reactivity window for the Sabatier
reaction (i.e., below 200 °C and at atmospheric pressure). We will cover
synthesis, structure determination (by advanced techniques such as
synchrotron XPS and NEXAFS), low-temperature catalysis in a fixed-bed

reactor, and active center elucidation.

Together with the studies conducted over “real” (or bulk) heterogeneous catalysts
in Chapters 3-5 for CO, hydrogenation reactions, this thesis contains an additional

experimental chapter that will cover the investigation on “model” catalysts carried
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out during my international short-term stay at the Center for Functional

Nanomaterials (Brookhaven National Laboratory, New York):

e Acquiring fundamental knowledge on model catalysts aimed at
extrapolating it later to real heterogeneous systems is essential in our
research field. As already mentioned, the low stability of metal-based
catalysts under operating conditions is a common problem in catalysis.
Thus, we will afford this issue from a fundamental point of view by
investigating the concept of metal confinement inside host structures.
Therefore, Chapter 6 will deal with the study of a model ruthenium-based
catalyst composed of a 2D-bilayered aluminosilicate grown over a
Ru(0001) surface. The combination of these materials in the same
composite allows the creation of a unique confined nanosized space that
can be exploited as a nano-reactor, using the water formation as a model
reaction. In this chapter, a different application of (NAP)-XPS will be find
out: Indeed, confined water formation reaction will be monitored by means
of this surface science technique. Experimental results obtained at NSLS-II
synchrotron will be combined with theoretical studies (DFT), which will

allow us to unveil the mechanism operating in this chemical process.

Finally, this doctoral thesis, presented via a compendium of publications, is
conceived as an innovative and challenging approach of synthesizing and
investigating new non-conventional catalysts operating in the CO;
hydrogenation. Innovation in Science means to explore new concepts, which is
always a tough and complex task. Indeed, hard work is the only way to tackle (and
solving) current problems, such as climate change, in an imaginative manner. To

conclude, we can state that the three keywords that form the backbone of this
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thesis are: development of innovative materials, energy efficiency, and climate

change remediation (Figure 2.1).

Innovative

materials

Energy
efficiency

Climate

change
remediation

Figure 2.1 Pillars on which the doctoral thesis is supported.
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CHAPTER 3

CO; hydrogenation to methanol
over gallium promoted Cu/ZnO
commercial-like catalysts

260 °C, 20 bar, 155 % Xco2

The content of this chapter was adapted from the following published work:

“Cu-Ga3*-doped wurtzite ZnO interface as driving force for enhanced methanol production in
co-precipitated Cu/Zn0/Gaz0:s catalysts”

Cored, J,; Lopes, C. W, Liu, L; Soriano, J,; Agostini, G.; Solsona, B.; Sdnchez-Tovar, R.; Concepcion, P.
J. Catal. 2022, 407, 149-161 (Open Access 2022, Elsevier)

Distributed under the “Creative Commons Attribution License BY-NC-ND 4.0°, which permits
unrestricted use, distribution and reproduction as original author.
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3.1. Introduction

As it has been mentioned in Chapter 1, industrial methanol synthesis catalysts are
bulk systems composed of strongly interacted Cu and ZnO nanoparticles as
functional components, and 5-10 mol % Al>Os3 as a structural promoter to improve
the dispersion of copper and the catalysts thermal stability. In the last years,
environmental concerns due to the increased emission of CO, and its adverse
effects in our planet has attracted much attention toward its capture and use for
the production of chemicals and fuels, coupled with the integration of renewable
energy. In this sense, the synthesis of methanol using CO; as feedstock and H:
generated from renewable energy represents a sustainable and promising way
for CO; recycling and hydrogen storage." The performance of the current
commercial Cu/ZnO/Al;O; methanol catalysts is not satisfactory for the CO;
hydrogenation reaction, giving low methanol yields due to thermodynamic
limitations and the competitive RWGS reaction, as well as serious catalyst
deactivation issues because of the sintering of copper and ZnO components in
the presence of water as by-product.”! Thus, the development of highly active,
selective and stable catalysts remains a challenge. Extensive studies including new
catalyst developments, fundamental understanding of the nature of the active
sites, optimization of the reaction conditions and reactor designs have been
demonstrated in numerous reviews and publications.®®! In this direction, different
models of active sites are proposed in the literature, where the presence of metal-
support interfacial sites are believed to play a key role in the methanol synthesis
reaction./” In addition, many studies are focused on the structural parameters of
the Cu species, such as particle size, exposed crystal facets, defects and lattice

strains;®® formation of CuZn alloys;>' stabilization of Cu* sites and migration of
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ZnOy on the copper surface; and the formation of surface vacancies for
stabilization of intermediate species."""'>! The addition of promoters to improve
the catalytic performance of commercial-like systems has been widely reported,
and among them, Ga®* has emerged as a promising candidate.>'01316] The
promoting effect depends on the speciation of Ga3* in the final catalyst, which is
influenced by the synthetic conditions. Thus, some authors suggested that the
promoting effect of gallium depends on the size of Ga,O3; nanoparticles, in the
sense that the presence of highly dispersed Ga»Os particles favors the formation
of Cu* species.'*™ Other authors reported the formation of a ZnGa,O, spinel
phase, which can create an electronic heterojunction with excess of ZnO,
facilitating the reduction of ZnO to Zn%® % Then, reduced Zn adatoms migrate
and decorate step sites in the CuNP, resulting in CuZn alloy species. Other authors
found that the addition of gallium generates new active sites, where the
adsorption energies of intermediate species are modified, decreasing the
apparent activation energy for methanol formation, but not for the RWGS.!""!
Furthermore, Behrens et al. reported an electronic promoting effect of Ga3*, in
analogy to that observed in Al promoted Cu/ZnO catalysts at low AI3*
concentrations (<3.5 wt %).I'® In that work, the partial substitution of Zn?* with
A* and their effect on the redox and structural properties of the catalyst has

been studied and extrapolated to Ga3* and Cr3*.

On the other hand, the doping of ZnO with other elements such as N3*, A3+, In3*
or Ga** has attracted great interest in the field of optoelectronics as a way of
modulating the conductivity of ZnO as n-type semiconductor. In this direction,
the role of Ga** doped in the ZnO wurtzite structure has sustained great

expectatives for its use in electronic devices.['*?% In line with these works, the goal
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of our study is to explore the doping effect of ZnO with Ga3* in the methanol
synthesis from CO, hydrogenation, working on complex commercial-like
Cu/Zn0O/Ga0;3 systems. To do so, a combination of catalytic studies with in
situ/operando characterization techniques will be needed, in order to evaluate
the structural, electronic and catalytic promoting effects of Ga®* in two selected
samples: one of them (CZG-sp) presents a zinc gallate phase, whereas the second
(CZG-ox) exhibits a Ga**-doped ZnO lattice. These systems will also face a
benchmark catalyst (i.e,, Cu/ZnO/Al;O3, CZA), which has been prepared on

purpose for this study.

3.2. Materials and methods

3.2.1. Preparation of catalytic samples and references

Synthesis of CZG-sp and CZG-ox (CuO/Zn0O/Ga;03)

Catalysts were prepared by co-precipitation method. In particular for a
Cu0/Zn0O/Ga;03 chemical composition of 70:24:6 (CuiZn:Ga wt % ratio);
Cu(NO3)22.5H,0 (7.90 g, Sigma Aldrich, >98%), Zn(NOs3),-6H.O (3.69 g, Fluka,
>99%), and Ga(NOs)3xH,O (0.26 g, Alfa Aesar, 99.9%) metallic precursors
dissolved in deionized water (41.99 g) were pumped at 0.5 mL-min-" (kd Scientific,
KDS-200 syringe pump) to a round bottom flask containing 200 mL of deionized
water at 65 °C and under stirring. Simultaneously, a 1.4 M basic solution of a
precipitating agent (~80 mL) was pipetted to the flask in order to keep the pH
constant at 6.5. In detail, NH4HCOs (Aldrich, 99.5%) and NaOH (Scharlab, >98%)
aqueous solutions were used to synthesize CZG-sp and CZG-ox samples,
respectively. Then, the suspension was aged under stirring at 65 °C for 2 h.
Afterwards, the precipitate was filtered, washed with hot deionized water until

pH=7 and dried overnight at 100 °C to yield a colored solid (4.98 g, turquoise for
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CZG-sp; 3.39 g, dark brown for CZG-ox). The resulting solid was calcined in a
muffle furnace as follows: from 25 °C to 200 °C (2 °C:min’"; dwell time: 1 h), from
200 °C to 360 °C (2 °C:min’"; dwell time: 1 h), and finally kept at 360 °C for 9.5 h.
After calcination, a dark solid was obtained (3.78 g for CZG-sp; 3.22 g for CZG-

0X).

Synthesis of CZG-ox (CuO/Zn0/Ga»03) at variable gallium loadings
CZG-ox samples at variable Ga content were additionally prepared following the
synthetic procedure described above for CZA-ox (see Table 3.1 for experimental

details).

Table 3.1 Selected experimental details for the CZG-ox samples preparation at variable

gallium loadings. The rest of experimental conditions were kept constant in all synthetic

procedures.
Ga % wt M**(NOs)x precursor (g) g after g after
ratio Cu Zn Ga g Hz0 drying calcination
1.0 8.39 426 0.11 4493 3.90 3.72
13 8.19 4.05 0.14 43.55 3.88 3.73
4.0 7.59 332 0.41 40.09 3.54 3.35
7.5 6.70 2.92 0.70 36.55 3.15 2.96

Synthesis of CZGA-ox

Catalyst was prepared by co-precipitation. In particular, Cu(NO3)2-3H.0 (7.90 g,
Sigma Aldrich, >98%), Zn(NOz3).-6H,0 (1.93 g, Fluka, >99%), Ga(NOs)3-xH.0 (0.29
g, Alfa Aesar, 99.9%), and AI(NO3);:9H,O (2.30 g, Aldrich, >98%) metallic
precursors dissolved in deionized water (41.92 g) were pumped at 0.5 mL-min”!
(kd Scientific, KDS-200 syringe pump) to a round bottom flask containing 200 mL
of deionized water at 70 °C and under stirring. Simultaneously, a 1.4 M basic

solution of a precipitating agent (~80 mL) was pipetted to the flask in order to
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keep the pH constant at 6.5. In detail, NaOH (Scharlab, >98%) aqueous solution
was used to synthesize CZGA-ox sample. Then, the suspension was aged under
stirring at 65 °C for 2 h. Afterwards, the precipitate was filtered, washed with hot
deionized water until pH=7 and dried overnight at 100 °C to yield a colored solid
(3.98 g, dark brown). The resulting solid was calcined in a muffle furnace as
follows: from 25 °C to 200 °C (2 °C-min”"; dwell time: 1 h), from 200 °C to 360 °C
(2 °C:min’"; dwell time: 1 h), and finally kept at 360 °C for 9.5 h. After calcination,
a dark solid was obtained (3.92 g). Metallic composition (expressed in wt % ratio)

obtained by ICP was 70.0:11.5:6.0:12.5 (Cu/Zn/Ga/Al).

Synthesis of CZA (CuO/ZnO/Al:O3)

The catalyst was prepared by a co-precipitation method following the procedure
reported by Baltes et al.’" In particular, Cu(NOs)>-3H,0 (2.88 g, Aldrich, >99%),
Zn(NO3)2-6H,0 (1.79 g, Fluka, >99%), and Al(NO3)3-9H,0 (0.75 g, Aldrich, >98%)
metallic precursors dissolved in MiliQ water (60 mL) were pumped at 5 mL-min""
(kdScientific, KDS-200 syringe pump) to a round bottom flask containing 200 mL
of MiliQ water at 70 °C and under stirring. Simultaneously, a basic solution of
Na,COs anhydrous (5.31 g, 50 mL, Aldrich, >99.5%) was pipetted to the flask in
order to keep the pH constant at 6.0-6.5. Then, the suspension was aged under
stirring at 70 °C for 1 h with pH control (i.e., 7, using the metal precursor or the
precipitant agent solutions to adjust it). Afterwards, the precipitate was filtered,
washed with deionized water (3x150 mL) and dried overnight at 100 °C (2.01 g
brown solid). The resulting solid was calcined in a muffle furnace as follows: from
25 °C to 300 °C (2 °C:min’"; dwell time: 3 h). After calcination, a dark solid was

obtained (1.61 g).

95



— CO: hydrogenation over CZG catalysts

96

Synthesis of ZnGa;Oq spinel

The reference material was prepared under hydrothermal conditions.?? 10 mmol
Ga(NOs3)3xH.0 (2.56 g, Alfa Aesar, 99.9%), and 5 mmol Zn(NOs),-6H,O (1.49 g,
Fluka, >99%) were dissolved in deionized water (70 mL). The solution was
adjusted to pH=9 with an ammonia solution (25 wt %, Sigma Aldrich). The
resulting white suspension was aged under stirring for 2 h at room temperature,
transferred into a 200 mL Teflon-lined stainless steel autoclave and heated for 24
h at 100 °C. After reaction, the white precipitate was washed with deionized water

and dried at 60 °C, yielding a white solid (0.79 g).

Synthesis of CuGa;O4 spinel

The reference was prepared through thermal oxidative decomposition./?
Namely, two aqueous solutions of Cu(NO3),-2.5H,0 (2.32 g in 100 mL, Sigma
Aldrich, >98%) and Ga(NO3)s-xH.0 (5.11 g, Alfa Aesar, 99.9%) were mixed at room
temperature (RT). Triethylamine (16.7 mL, Sigma Aldrich, >99.5%) was added to
the metallic precursor solution under stirring and the pH of the solution corrected
to 6 by using HNOj3 (Sigma Aldrich, 70%). The light blue suspension was heated
at 200 °C until complete dehydration. After 1 h of an oxidative-decomposition at
that temperature, the reaction generated a powder that turned from green to
brown, releasing orange vapors during the process. Afterwards, the solid was

crushed and then calcined at 750 °C for 2 h, yielding a dark-brown solid (1.88 g).

Other materials

ZnO (Aldrich, 99.9%) and Ga;Os (Aldrich, 99.99+%) were used as reference

samples in characterization studies.
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3.2.2. Characterization techniques

Metallic content (Cu, Zn, Ga, Al) was analyzed by inductively coupled plasma

optical emission spectrometry (ICP-OES) using a Varian 715-ES spectrometer after

solid dissolution of catalysts in aqua regia.

X-ray powder diffraction (XRD) was recorded with a PANalytical Cubix Pro

diffractometer with a CuKy X-ray source (A=0.15406 nm). Data were collected over
a 20 range of 5-90° at a scan rate of 2 min~', operating at 40 kV and 35 mA.
Diffractograms were compared with the PDF2 database (codes in parentheses)

for adequate identification.

Surface areas of solid samples (250 mg) were calculated by applying the
Brunauer-Emmett-Teller (BET) model to the range of the N adsorption isotherm
where a linear relationship is maintained. These isotherms were obtained from
liquid nitrogen adsorption experiments at -196 °C, in a Micromeritics flowsorb

instrument.

High-resolution transmission electron microscopy (HR-TEM) measurements were
performed in a JEOL-JEM 2100F operating at 200 kV. The instrument was
equipped with and EDX X-Max 80 detector, which supplied qualitative chemical
information. Samples were prepared by dropping the suspension of the powder
catalyst using ethanol (Scharlab, absolute) as the solvent directly onto holey-

carbon coated copper grids.

Temperature-programmed reduction (TPR-H,) analysis was performed on a
Micromeritics Autochem 2910 instrument. About 50 mg of sample was initially
cleaned with 30 mL-min"" of argon at RT for 30 min, and then a mixture of 10 vol

% of Hy in Ar was passed through the solid at a total flow rate of 50 mL-min’’,
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while the temperature was increased up to 600 °C (heating rate of 10 °C:min™).
The H, consumption was measured using a thermal conductivity detector (TCD),

previously calibrated using the reduction of CuO as reference.

The amount of surface copper metal sites was measured by N,O surface

oxidation?4 followed by temperature-programmed reduction with Hz (TPR-H>) in
a Micromeritics Autochem 2910 instrument, assuming an adsorption
stoichiometry of 1:2 (H»:Cus). Before measurements, about 50 mg of catalyst was
activated in 20 mL-min-' H, flow (pure Hy, 3 h, 200 °C for CZG samples; 10 vol %
H, in Ar, 1 h, 200 °C for CZA). After reduction, the sample was cleaning at the
same temperature under argon flow. The temperature was decreased to 25 °C
and the surface oxidation using N>O (1 vol % in He, 10 mL-min"") from Cu® to Cu,O
was performed for 1 h. After the first treatment, the sample was flushed with
argon (15 min) at room temperature. Finally, TPR-H, was submitted until 400 °C

(10 vol % H; in Ar, 50 mL-min-", 10 °C:min™").

Temperature-programmed desorption (TPD-CO,) studies over in situ reduced

samples were performed using a quartz reactor, connected online to a mass
spectrometer (MS) Balzer QMG 220M1. 100 mg of sample was firstly activated in
a 20 mL:-min~' H; flow at 200 °C for 3 h (1 h and 10 vol % H: in Ar for CZA sample,
pure H; for the others). Then, the sample was flushed with argon (18 mL-min-") at
230 °C for 1 h and the temperature decreased to RT. After stabilization, CO, was
pulsed 15 times using a four way-valve (100 pL loop). After the adsorption step,
the temperature was increased to 650 °C, maintaining the inert flow (10 °C:min™").

CO; desorption was followed by MS (m/z=44).
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Hydrogen/Deuterium (H/D) exchange experiments were carried out in a flow

reactor at 25 and 90 °C. The feed gas consisted of 4 mL:-min™' H, 4 mL-min" D
and 18 mL-min~" argon, and the total weight of catalyst was 41 mg. The sample
was diluted with 360 mg of SiC. Reaction products (H,, HD and D,) were analyzed
with a mass spectrometer (Balzer QMG 220M1). The m/z values used were 2 (H>),
4 (D,) and 3 (HD). The sample was in situ reduced at 200 °C (10 mL-min’"; 100 vol
% Hz, 3 h for CZG-sp and CZG-ox; 10 vol % H, in Ar, 1 h, for CZA) with a
temperature-rising rate of 10 °C:min-". Then, the temperature was decreased to
25 °C and, once stabilized, the H, feed was changed to the reactant gas
composition. The temperature was kept at 25 °C for about 60 min and then,

increased to 90 °C, maintaining 60 min at that temperature.

Electrochemical impedance spectroscopy (EIS) tests were performed in a three-

electrode electrochemical cell connected to a potentiostat using the catalyst as
working electrode (with an exposed area to the electrolyte of 0.5 cm?), an Ag/AgCl
(3 M, KCl) reference electrode and a platinum tip as counter electrode. The
working electrode was made by the deposition of 30 mg of ex situ reduced
catalyst dispersed on 0.5 mL of ethanol (Scharlab, absolute) on a FTO glass. The
deposition was carried out using a spin coating at 3000 rpm. EIS experiments were
performed at 0 Vag/agcr and applying a potential perturbation of 10 mV from 10
kHz to 10 mHz. Additionally, Mott-Schottky plots were conducted scanning the
potential from 0.2 V to -1.0 V at a rate of 50 mV-s~" at 5000 Hz. The electrolyte

used for the electrochemical measurements was 0.1 M Na>SO,4 (PanReac, 99.0%).

Infrared (IR) spectra were recorded with a Nicolet (Nexus) 8700 FTIR spectrometer
using a DTGS detector and acquiring at 4 cm™" resolution. An IR cell allowing in

situ treatments in controlled atmospheres and temperatures from -176 °C to 500
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°C was connected to a vacuum system with gas dosing facility. For IR studies,
samples were pressed into self-supported wafers and submitted to hydrogen
atmosphere prior to CO titration. For the reduction studies, CZG-sp, CZG-ox and
CZA samples were treated at 200 °C in H. flow (10 mL-min~"; 100 vol % H>, 3 h for
CZG-sp and CZG-ox; 10 vol % H; in N, 1 h, for CZA) followed by evacuation at
10* mbar (using a TBM pump, Pfeiffer) at the same temperature for 1 h and
cooling down to -50 °C under dynamic vacuum conditions. CO was dosed at -50
°C and at increasing pressure (2-18 mbar). IR spectra were recorded after each

dosage.

Laboratory X-ray photoelectron spectroscopy (XPS) spectra were recorded with a

SPECS spectrometer equipped with a Phoibos 150 MCD-9 multichannel analyzer
using a non-monochromatic AlK, (1486.6 eV) X-ray source. Spectra were recorded
with an X-ray power of 50 W, pass energy of 30 eV and under an operating
pressure of 10° mbar. The sample (~30-50 mg) was pressed into a pellet and
loaded onto a SPECS stainless steel sample holder. Before XPS analysis, CZG
samples were submitted to different treatments in a high-pressure cell reactor
(HPCR) connected under UHV to the XPS analysis chamber: i) H, reduction (10
mL-min flow) at 200 °C and at atmospheric pressure for 3 h; ii) CO;
hydrogenation reaction at 220 °C and 280 °C (~2 h), 9 bar pressure in a CO2:H>
mixture (1:3 molar ratio, 8 mL-min" total flow). Gases were flown through two
mass flow controllers (Bronkhorst). Reaction evolution was analyzed with a mass
spectrometer Balzer QMG 220M1 coupled to the HPCR cell. The m/z values used
to monitor each product were 44 (CO,), 31 (MeOH), 28 (CO), 18 (H20), 15 (CHa)

and 2 (H,). XPS spectra were referenced to the C 1s peak (284.5 eV) and data
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treatment was addressed using the CASA XPS software. Shirley-type background

and Gaussian/Lorentzian-type curves were used in the spectra fitting.

Near ambient pressure X-ray photoelectron spectroscopy experiments ((NAP)-

XPS) were performed at ISISS beamline (HZB/Bessy Il Electron Storage Ring,
Berlin, Germany), where the photon energy range is 80-2000 eV. The endstation
is equipped with a Petersen-type plane grating monochromator (PGM). Data were
acquired with a Phoibos HSA 3500 electron energy analyzer (SPECS GmbH), pass
energy of 20 eV, a step of 0.1 eV and beamline exit slit of 111 um. The focus size
was 100x80 (HxV) um?. Incident photon energies of 1200, 1290, 1386 and 1600
eV for Cu 2ps/z; 1200, 1290 and 1600 eV for Zn 2ps/»; 1290, 1386 and 1600 eV for
Ga 2psp; 1200 and 1386 eV for Cu LVV AES and 700 eV for O 1s were used,
allowing to probe sample depths between 2.0 and 4.3 nm. The probing depth was
obtained using the Tanuma Powell and Penn algorithm (TPP2M), calculating the
inelastic mean free path for ZnO model.*! The sample (~30 mg) was pelletized,
mounted onto a sapphire sample holder and transferred directly to the analysis
chamber with an insertion tool. Gas mixtures for in situ experiments were set in a
proper ratio adjusting various mass flow controllers (Bronkhorst) present in a gas
manifold that was directly connected to the analysis chamber through a leak
valve. CZG-sp, CZG-ox and CZA samples were reduced in situ before performing
CO; hydrogenation reaction. For that purpose, constant pressure of 0.5 mbar H;
(10 mL-min-") was kept in the chamber and the temperature raised from 25 to 200
°C (2 °C-min’") for a total reduction time of ~2 hours. After complete reduction of
copper, the atmosphere was switched to a 2.5 mbar gas mixture of CO; and H:
(1:3 mol ratio, 12 mL:-min’") to perform the CO, hydrogenation reaction. XPS data

were acquired under reaction conditions at 220 °C (~5-7 h) and at 280 °C (~3-4
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h). Products evolution was monitored using a Prisma Balzers Mass Spectrometer,
which was connected to the chamber via a leak valve. The m/z values used in the
identification were: 32 (MeOH), 2 (H), 18 (H20), 44 (CO;) and 28 (CO). Energy
scales of XPS spectra were calibrated using the Fermi edge position. CASA XPS
software was used to analyze the data. Shirley-type background and

Gaussian/Lorentzian-type curves were used in the spectra fitting.

X-ray absorption experiments at Cu (8979 eV) and Zn (9659 eV) K-edges were

performed at the BL22 (CLASS) beamlinel?®! of ALBA synchrotron (Cerdanyola del
Vallés, Spain). The white beam was monochromatized using a Si(111) double
crystal; harmonic rejection was performed using Rh-coated silicon mirrors.
Spectra were collected in transmission mode by means of the ionization chambers
filled with appropriate gases. Samples in the form of self-supported pellets of
optimized thickness were located inside in-house built cells allowing in situ
experiments. Several scans were acquired at each measurement step to ensure
spectral reproducibility and a good signal-to-noise ratio. Data reduction and
extraction of the x (k) function as well as the EXAFS data analysis were performed
using the Demeter package.”?”! Phase and amplitudes were calculated by FEFF6

code.

CO, hydrogenation catalytic studies were performed in a stainless steel fixed-bed
reactor (inner diameter of 11 mm and 240 mm length), equipped with a back-
pressure regulator (BPR, Swagelok) that allows for working at a pressure range of
1-20 bar. Typically, 180 mg of catalyst (particle size 400-600 um) was diluted in
SiC in a weight ratio 0.12 (Cat/SiC). Samples were in situ reduced at atmospheric
pressure prior to catalytic tests (25 mL-min~" H,, 200 °C, 3 h, 10 °C:min" for CZG

samples; 25 mL-min~" with 10 vol % H. in Nz, 200 °C, 1 h, 10 °C:min”", for CZA
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sample). Tests at constant weight hourly space velocity (WHSV, ~31000 mL-gca
-h’") were performed under concentrated reaction conditions (23.7 vol % COx,
71.3 vol % Hy, 5.0 vol % N) at 20 and 1 bar. Reaction temperatures varied from
160 to 260 °C. Each temperature was maintained for at least 1.5 h. Catalytic
experiments at variable WHSV (~24000-134000 mL-get *h™") were carried out at
constant 3:1 H, to CO, mol ratio and 20 bar. Long-term experiments were
conducted at 240 °C and 20 bar over 100 h at constant WHSV (~28500 mL-gcat”
-h"") and under the concentrated conditions described above. Direct analysis of
the reaction products was done by online gas chromatography (GC), using a
SCION-456-GC equipment with TCD (MS-13X column) and FID (BR-Q Plot
column) detectors. Blank experiments (in the presence of SiC) shown the absence
of a homogeneous contribution to the reaction. Intrinsic activity (expressed as
MOlproductMolcys™-s") was calculated through the number of copper exposed sites
obtained by N,O copper surface oxidation followed by TPR-H, studies (see

above).

3.3. Results and discussion
3.3.1. Synthesis and physico-chemical properties of calcined and reduced
CZG catalysts

The importance of synthetic conditions in the stabilization of different crystalline
precursor phases influencing the structure of the final catalyst has been reported
in many works.®! Commercial-like Cu/ZnO catalysts are usually prepared by co-
precipitation of the corresponding metal precursors using carbonates (e.g.
Na>COs, NH4HCO:3) as precipitating agent at controlled pH (~6.5), resulting in the
formation of zinc malachite, aurichalcite or hydrotalcite precursor phases.?®?

With the addition of other cations like AI** or Ga**, the composition of the
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precursor phases may change. In this direction, Tsang et al. disclosed the
formation of a ZnGa,O4 spinel phase in coexistence with ZnO, introducing 5-20
mol % Ga®* into a Cu/ZnO precursor mixture, co-precipitated in the presence of
Na,CO;.”! In contrast, the doping of ZnO with other elements such as Al**, Ga3*or
Cr3* has been shown critical if a carbonate route is used, being strongly
dependent on the synthesis conditions.[® Therefore, an alternative precipitation

route in absence of carbonates, i.e., using NaOH, has been selected in our work.

Thus, two CuO/ZnO/Ga0s catalysts (CZG) are prepared by a co-precipitation
method at controlled pH and in the presence of different precipitation agents
(ammonium hydrogen carbonate for the CZG-sp sample and sodium hydroxide
for the CZG-ox sample) (see details in Experimental Section 3.2.1). In the first case,
zincian malachite is formed in the as-precipitated sample, whereas in the second
case, wurtzite ZnO and CuO are obtained (details in Subsection 3.5.1). The
composition of CZG systems has been settled similar to that of the commercial-
like CuO/ZnO/Al,O; catalyst (i.e., 70:24:6 wt % ratio for Cu, Zn, and Ga or Al).[212%
After calcination in air at 360 °C, the samples were reduced in Hz (25 mL-min’") at
200 °C for 3 h. For comparative purposes, a commercial-like catalyst
(Cu/ZnO/Al;03, labeled as CZA) with identical chemical composition has also
been prepared using a procedure described in the literature®” (details in

Experimental Section, 3.2.1).

The structural properties of the reduced catalysts were analyzed by XRD and X-
ray absorption spectroscopy (XAS) at the Cu and Zn K-edges, where the
identification of ZnO and Cu® are confirmed in all samples (see 3.5.1 in Sl section).
Meanwhile, diffraction peaks associated to any gallium phase are not detected in

the XRD patterns, inferring for a high dispersion of the Ga species (Figures 3.12-
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3.16). In addition, according to the Scherrer equation, the average particle sizes
of Cu® in all samples are above the threshold defined in the CO, hydrogenation
for highest activity.®” Thus, values of ~11 nm in the CZG-sp sample, ~17 nm in

CZG-ox, and ~9 nm in the CZA sample are obtained.

Regarding the speciation of gallium, XAS at the Ga K-edge reveals a different local
environment around Ga atoms in both CZG catalysts. Normalized XANES spectra
at Ga K-edge (10367 eV) of CZG samples and Ga-based standards are shown in
Figure 3.1a, where all spectra show similar absorption edge positions (10372 eV),
corresponding to Ga3* compounds. CZG-ox displays a spectrum with a typical
feature beyond the edge (10389 eV, marked with an arrow), which is attributed
to Ga atoms involved in a wurtzite-type structure.?'33! According to the chemical
composition of our samples, the possible wurtzite structures prone to be formed
are GaN or Ga3*-doped ZnO phase (replacement of Zn?* with Ga3*). However, the
performed chemical analysis ruled out the formation of GaN, then suggesting that
Ga atoms are inserted into zinc oxide crystalline structure. This hypothesis is
supported by the comparison made in the inset of Figure 3.1a, in which both Ga
and Zn K-edge spectra of CZG-ox are displayed with the same XANES features,
which was already reported in the literature as proof of wurtzite structure
formation.233 On the other hand, CZG-sp catalyst showed a XANES spectrum
quite similar to that of ZnGa,O4. A small undulation noticed before the marked
ZnGa04 feature could be associated to a minor presence of Ga,Os; or even a
percentage of Ga with wurtzite structure as in CZG-ox, once this shoulder lies at
the same energy values. The k?-weighted y(k) functions and |FT| of Figure 3.1b
and 3.1c were useful to further support the features observed in XANES, despite

the short k-space (2.0-7.5 A"), which limits our discussion to the first oscillations
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and, consequently, qualitative first shell analysis. The (k) functions of CZG-sp and
ZnGa,04 present the same in-phase oscillations with higher intensities for the
latter (due to its more crystalline character), which resulted in similar EXAFS
spectra after applying the Fourier-transform. Conversely, the y (k) function of CZG-
ox catalyst is rather different, especially in the 6.0-7.5 A-" range, corresponding to

a Ga’*-doped ZnO phase.
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Figure 3.1 Normalized XANES spectra at Ga K-edge (a), phase-uncorrected, k?-weighted
x(k) functions (b) and EXAFS spectra (c) of CZG catalysts and Ga-based references. The inset
in panel (a) shows a comparison of CZG-ox sample measured at Ga and Zn K-edges.

Analysis of the samples microstructure performed with high-resolution
transmission electron microscopy (HR-TEM) imaging shows the coexistence of
domains with different composition in both gallium promoted samples. Thus, the
integration of Cu (d111=0.20 nm), ZnO (d101=0.24 nm) and ZnGa»O4 (d111=0.48 nm)
phases, in close intimacy, are observed in the CZG-sp sample (Figure 3.2a). Similar
features of Cu and ZnO phases are observed in the CZG-ox sample (Figure 3.2b),
while the identification of the Ga3*-doped ZnO phase was hardly visualized from
HR-TEM imaging because of the very small variation of the lattice distance due

to the Ga doping. From energy dispersive X-ray (EDX) mapping results, Ga
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overlaps with Zn in the CZG-ox sample (Figure 3.2c), which could be related to
the formation of Ga**-doped ZnO phase in which the Ga species are present as
dopants in the ZnO nanoparticles. In contrast, a more homogeneous distribution
of all elements (Cu, Zn, and Ga) is visualized in the EDX mapping of CZG-sp

sample (Figure 3.2d).

a

EDS Layered Image 5

Dom o

Figure 3.2 Structural characterization of CZG-ox and CZG-sp samples. High-resolution
transmission electron microscopy (HR-TEM) images of CZG-sp (a) and CZG-ox (b) samples.
The different phases are marked according to their lattice fringes. STEM-EDX mapping
results of CZG-ox (c) and CZG-sp (d). The Ga (red), Zn (cyan) and Cu (green) are indicated

by different colors in the images.

Moreover, the electronic properties of the samples under study, presenting
different structural features as already discussed, have been proven by

electrochemical impedance spectroscopy (EIS) measurements. In particular, the
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total resistance of each catalyst can be obtained from the Bode-module plot,
reading the impedance module value at low frequencies (Figure 3.3). As shown in
Figure 3.3, an increment in the conductivity (i.e., a decrease in the total resistance)
of Ga promoted samples (CZG-ox and CZG-sp) versus the undoped commercial-
like catalyst (CZA) is clearly observed. This can be explained in view of Al,O3
microstructural role, mainly acting as dispersing agent of the ZnO and Cu
nanoparticles. In this sense, the electrical interparticle transport is hindered due

to the intrinsic isolating properties of Al;Os.
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Figure 3.3 Bode-module plot and total resistance values of the reduced CZG-ox, CZG-sp
and CZA samples in 0.1 M NazSOj4 at 0 Vag/agcl.

In the case of Ga promoted samples, both show similar total electrical resistances,
being it slightly lower in the CZG-sp system, which indicates a higher amount of
structural defects (according to Np values of Figure 3.19: 4.92:10" and 1.73-10"
cm3 for CZG-sp and CZG-ox samples, respectively). The low carrier mobility
observed in the CZG-ox sample may be due to carrier compensation, where part

of the Ga atoms occupy interstitial sites as neutral defects.*4! Besides, an excess
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of Ga might form a low proportion of Ga,Os, not detected spectroscopically,
which could be somehow responsible for the higher total resistance value of CZG-
ox catalyst due to a reduction of the carrier density.?43¢! Additionally, the positive
slope showed in the Mott-Schottky plots confirms the n-type semiconductor
behavior of the catalysts, with oxygen vacancies and Zn?* interstitials as main

defects (Figure 3.19).

3.3.2. Catalytic activity in the CO; hydrogenation to methanol

The catalytic performance of the Ga promoted samples (CZG) and that of the
commercial CZA sample, as reference, in the CO, hydrogenation at 20 bar and at
a space velocity (WHSV) of ~31000 mL-gct*h" is included in Table 3.2. The
variation of the CO, conversion and the selectivity to products at different

reaction temperatures are summarized in Figure 3.4a-c.

Table 3.2 Catalytic results of CZG and CZA samples at 20 bar pressure and at variable
temperature (180-260 °C).

STY Intrinsic activity

lectivity (%
CO: selectivity (%) (MOlprodgeat "*h™")  (Molproa-molcus'-s™)

T(°C) Cat. Xcoz(%) MeOH co HCOOMe MeOH co MeOH co

CZA 2.9 94.8 43 0.9 8.7810° 3.9810* 8.76:10* 3.97-10°

180 CZG-sp 3.6 95.9 32 0.9 1.08-:10% 3.60-10* 1.26:10° 4.20-10°
CZG-ox 24 97.0 2.0 1.0 7.46:10°  1.54-10* 1.63-10° 3.36:10°

CZA 5.6 89.5 10.1 0.4 1.60-10% 1.81-10% 1.60-10° 1.80-10*

200 CZG-sp 6.2 91.7 7.9 0.4 178102 1.53-10° 207-10° 1.78-10*
CZG-ox 4.9 94.6 4.9 0.5 148102 7.69:10¢ 3.25-10° 1.68-10*

CZA 10.0 79.9 19.9 0.2 255102 6.36:10% 2.54-10° 6.34-10*

220 CZG-sp 10.5 84.0 15.8 0.2 276102 5.19-10% 3.21-10° 6.04-10*
CZG-ox 9.0 89.0 10.8 0.2 257102 3.11-10° 5.61-10° 6.81-10*

CZA 15.9 63.8 36.1 0.1 3.2410% 1.83-10% 3.23-10° 1.83-103

240 CZG-sp 15.2 67.4 325 0.1 3.20-10% 1.55-10% 3.73-10° 1.80-103
CZG-ox 125 79.8 20.1 0.1 3.19-10% 8.05-10% 6.99-10° 1.76:103

CZA 20.9 453 54.7 0.0 3.02:10% 3.65-10% 3.02:10% 3.64-103

260 CZG-sp 21.1 51.3 48.7 0.0 338102 3.21-10% 3.94-10% 3.74-103
CZG-ox 153 65.0 349 0.1 3.18102% 1.71-10% 6.97-10% 3.74-103
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Figure 3.4 Selected catalytic features for the CO;, hydrogenation to MeOH on CZG and
CZA samples: CO; conversion (a), MeOH selectivity (b), and CO selectivity (c) versus
temperature; MeOH selectivity versus space-time yield to MeOH at 260 °C (d).

Similar catalytic performance in terms of CO; conversion is observed for CZG-sp
and CZA samples, being these more active than CZG-ox sample. Normalizing the
samples production to MeOH and CO per gram of catalyst (STY), a comparable
value is found for the former product at all the temperatures for the three
catalysts (Table 3.2). However, a ~2 times higher MeOH production is observed
in the CZG-ox system when the normalization is done to square meter of catalyst
(Table 3.7). In addition, if the variation of the selectivity to the main product (i.e.,
MeOH) is plotted versus its productivity (Figure 3.4d), a difference of 20

percentage points is found for the selectivity between CZG-ox and the
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commercial CZA systems, and 15 points between CZG-ox and CZG-sp samples.
This trend suggests a strong inhibition of CO formation in the gallium promoted

samples and, in particular, in CZG-ox catalyst.

An analogous behavior is observed when plotting the variation of the selectivity
to methanol with the CO, conversion obtained at different contact times. This is
displayed in Figure 3.5 at two temperatures (i.e., 220 °C and 240 °C) as examples,

and the catalytic data included in Tables 3.8-3.10 and Figure 3.20.
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Figure 3.5 Variation of the methanol selectivity vs. carbon dioxide conversion at 220 °C (a)
and 240 °C (b).

In both graphs, a nearly parallel catalytic behavior is found for the CZG and CZA
systems, being CZG-ox the most selective one at any operational condition. Thus,
at 220 °C and 9.5% CO; conversion, an 89.0% methanol selectivity is obtained
with CZG-ox catalyst, being higher than the other two (85.5% with CZG-sp and
82.1% with CZA). The enhanced methanol selectivity is even more remarkable at
higher temperatures, i.e, 260 °C (Figure 3.21), at which the RWGS reaction
becomes predominant. In this case, at a ~15.5% CO, conversion, a selectivity to
methanol of 65.0% is achieved with the CZG-ox, being 9% and 16% higher than

those with the other samples (i.e., 56.2% and 49.0% with CZG-sp and CZA,
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respectively). Due to the different amount of exposed copper atoms on the
surface of CZG and CZA samples (see Table 3.3), additional normalization of the
catalytic activity to the exposed Cu surface area (SAc, measured by N,O
chemisorption) is done for qualitative analysis, being aware of the controversy
about the meaning of this value, particularly for reactions requiring the concerted
involvement of metallic and oxide species. Then, the highest intrinsic methanol
activity in this project is found for the CZG-ox sample (6.99-10°3 molyeon-molcy,s
.5 at 240 °C), which is 2 times higher than in CZG-sp and CZA samples (3.73-10°
3 molmeornrMoOlcys s and 3.23:103 molveon-molcys'-s™!, respectively). In view of
these results, a promoting effect in methanol production can be concluded for

the CZG-ox sample, compared to the CZA and CZG-sp samples.

In the next, in order to define the catalytic role of Ga3*-doped in the ZnO lattice
of the CZG-ox sample, the performance of the herein studied catalysts has been
compared to other gallium-promoted catalysts from the literature. This is
collected in Table 3.12, where the methanol production (i.e., STY) and other
catalytic features, such as MeOH selectivity, are summarized. Direct comparison
is complicated due to the diverse reaction conditions usually used in the
literature, being methanol formation favored at high pressures and high space
velocities. However, despite these dissimilarities, analyzing the methanol space-
time yields (STYwmeon) at a selected temperature and contact time (Figure 3.22), the
herein reported catalysts appear among the most active ones, with the benefit of
a lower working pressure, endowing as promising candidates in the CO;

hydrogenation to methanol.

The effect of Ga loading on the catalytic performance of the most active sample

(i.e, CZG-ox) has been studied, with metal loadings between 1.0 and 7.0 wt %
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(details for synthesis and catalytic performance are found in Sections 3.2.1 and
3.5.2, respectively). As shown in Figure 3.23 and Table 3.13, a similar methanol

production was obtained regardless the Ga loading in the final catalyst.

3.3.3. Determination of catalytic sites involved in MeOH synthesis

In order to understand the effect that the speciation of gallium as promoter has
on the properties of active sites, (i.e, copper electronic properties, surface
basicity, ZnO decoration, etc.), and trying to correlate them with the catalytic
activity of the studied samples, spectroscopic characterization combining state of
the art techniques, like near ambient pressure (NAP)-XPS and IR of CO as probe

molecule, with TPD-CO; and H,/D; isotopic exchange have been done.

(NAP)-XPS

The XPS BE of Cu 2psp, Zn 2ps32 and Ga 2pss core levels acquired at variable
sampling depth (between 2.0 and 4.3 nm) and at the different chemical
environments (H» and CO,/H>) (see 3.2.2 Subsection for more details) correspond
in all cases to Cu® (Cu 2ps/2 ~932.2 + 0.1 eV and CulsM4sMas 919.5 eV), Zn?* (Zn
2p32 ~1021.8 + 0.3 eV) and Ga** (Ga 2p32 ~1118.0 £ 0.2 eV). The corresponding
values are included in Tables 3.14-3.16 and the XPS core level displayed in Figures
3.24-3.26. Those values are similar in all samples and do not demonstrate the
differences reflected in the Ga K-edge absorption spectra discussed previously. A
similar trend has been observed in other studies, concluding that the Ga 2p core
levels were not sensitive enough to the chemical environment around the
atoms.B”l Some authors, specifically in the case of gallium promoted Cu/ZnO
samples, identified a component in the Zn 2p XPS line at 2 eV lower BE than that
of ZnO that has been ascribed to Zn° species.”'% However, identification of Zn°

by XPS is controversial due to the overlapping of the BE of zinc oxide with Zn?®,13%
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42l making those assessments doubtful. Analysis at the O 1s XPS core line acquired
at the most surface sensitive conditions (i.e., at low X-ray energy (700 eV), Figure
3.27 and Table 3.17) reveals three components at ~530.6 eV, 531.4 eV and 532.9
eV, corresponding to lattice oxygen "O?%", oxygen vacancies and/or surface
hydroxyl groups (-OH) and carbonate species, respectively.*® The lower
percentage found for the 531.4 eV component corresponds to the CZG-ox
sample, in agreement with a less defective structure, as determined by EIS

measurements.

The surface composition at variable sampling depth in reduced and working
catalysts under steady-state conditions is displayed in Figure 3.6 for the three
samples under different environments. Significant deviation from the nominal
composition determined by ICP-OES for all three measured samples is observed
(Tables 3.18-3.20), with Zn enrichment at the surface, in agreement with previous

results obtained on Cu/ZnO based catalysts.[#447]

According to Figure 3.6a, a higher surface coverage of ZnO is observed in the
reduced CZG-ox sample compared to the other ones (Figure 3.6d for CZG-sp and
3.6g for CZA). As consequence, the number of exposed surface Cu sites (SAcy)
determined by N>O chemisorption (see Table 3.3) is markedly lower in CZA-ox
catalyst. Furthermore, the ZnO coverage does not match with the catalyst
reducibility (see Subsection 3.5.1 for TPR-H, analysis), while should be related to
the dissimilar interaction among the precursor phases in the different synthetic
methods used in each case. In addition, from XPS depth profile analysis, it can be
observed that the distribution of Ga and Zn species with respect to Cu is different
in the reduced CZG-sp (Figure 3.6d) and CZG-ox samples (Figure 3.6a), compared

to CZA (Figure 3.6g), which may correspond to dissimilar locations and
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interactions of different chemical phases within the catalyst. Thus, the stabilization

of distinct copper-metal oxide interfaces, i.e, Cu-Zn (ZnO) in CZA and CZG-sp

samples, and Cu-Ga (Ga3*-doped ZnO) in CZG-ox sample can be predicted.

Undoubtedly, the stabilization of different interfaces influences the electronic

properties of the adjacent copper sites, as revealed in the next subsection by IR

spectroscopy using CO as probe molecule.

20

201

a CZG-0x b CZG-0x C CZG-0x
o . H, reduction N oM, @20°0) | . CO,+H, (280° C)
@ w’ e R zn ) - ] =
S . < [ Zn € n
310 m 510 . 510 “m
(8] [8) .- (s}
5 ¥ e Cu 5 goo-w--me . CU e
1 m el T T T ] - - -m |
| Ga | Ga | Ga Cu
(-10) (-10%) (-10%
2 3 2 2 3 4 5 2 3 4 5
w0 Sampling depth (nm) Sampling depth (nm) Sampling depth (nm)
- 50 50+
d CZG-sp e CZG-sp f CZG-sp
0] H, reduction 0 COH, (220°C) 4, =% CO,+H, (280 °C)
2 30 @ 30 Zn @ 30 zn
3 g B 5 i 5
S = w0 Cu 8 2 8 20
Zn s " [ = Cu -
104 . 10{ Ga e 101 Ga _\hIHWEHxKCu
(109 [ Bl S s Ga (-10% w8 -m (-109) L o--m "
2 3 4 2 3 4 5 2 3 4 5
Sampling depth (nm) Sampling depth (nm) 6 Sampling depth (nm)
6+ 6+ -
g CZA h CZA i CZA
54 o H, reduction 54 CO,+H, (220 °C) 51 CO,+H, (280 °C)
[ g '
4 4 44
g o 0" 2
< . 15 c 7n
33 'S 33 n g 33 T 1
o ~ o N (s} - cu
24 R, 2{ ¥ LR S 24
- e
14 Cu 14 Cu 14
(109 (-109) (109
2 3 2 2 3 2 5 20 22 2.4

Sampling depth (nm)

Sampling depth (nm)

Sampling depth (nm)

Figure 3.6 CZG-ox (a,b,c), CZG-sp (d,ef) and CZA (g,h,i) XPS depth profile spectra at
different reaction conditions. Left: spectra of reduced catalysts. Middle: spectra under

COz+H; atmosphere at 220 °C. Right: spectra under CO,+H, atmosphere at 280 °C.

Exposing the catalysts to conditions close to the reaction inside the XPS analysis

chamber, i.e., 10 mL-min~" CO./H: flow at 2.5 mbar, a slight migration of ZnO, over
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the CuNP is observed in the CZG-sp sample at the usual reaction temperatures
(i.e., 220 °C, Figure 3.6e and Figure 3.28a), being more prominent at higher
reaction temperature (i.e., 280 °C, Figure 3.6f and Figure 3.28b). The dynamic
migration of ZnOy and the redistribution of interfacial sites under reaction
conditions are less pronounced in the CZG-ox (Figure 3.6b,c and Figure 3.29), and

practically not detected in the CZA sample (Figure 3.6h,i).

In order to correlate the (NAP)-XPS spectroscopic data obtained in the “mbar
range” with the catalytic structural features presented under practical catalytic
reaction conditions (i.e., 20 bar), MS analysis of the reaction products in the (NAP)-
XPS studies has been tracked, together with catalytic studies performed in the
flow reactor at lower pressure (1 bar), and compared to those at 20 bar (Table
3.21 and Figure 3.30). As presented in Figure 3.31, online MS data show that the
formation of methanol (m/z=32), CO (m/z=28), and H,O (m/z=18) increases
with the reaction temperature. Notably, the ratios of CO/CO; (m/z=28/44) and
MeOH/CO, (m/z=32/44) in the three samples match linearly with the CO and
methanol yield obtained at 220 °C and 20 bar in the catalytic flow reactor (see

Figure 3.32).

/R-CO probe

The electron charge density of surface copper species was analyzed by IR
spectroscopy using CO as probe molecule. Since the adsorption of CO may cause
the reconstruction and sintering of copper particles,*® IR adsorption experiments

have been done at low temperature (i.e., -50 °C) in this work.

According to the results shown in Figure 3.7, different types of copper species are

distinguished, characterized by dissimilar CO vibration frequencies.
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Figure 3.7 Infrared spectra of CO adsorbed at -50 °C on in situ reduced CZG-sp, CZG-ox
and CZA samples.

Thus, a band at 2122 cm™ with a small shoulder at 2092 cm™ is perceived in the
CZG-ox sample. This band is also detected in the CZG-sp sample, in addition to
IR bands at 2092 and 1892 cm. In the CZA sample, IR bands at 2118, 2080 and
1897 cm™" are observed. IR bands below 2100 cm™! are due to CO adsorption on
metallic Cu, where the IR bands at 2092-2080 cm™' are associated to linearly
bonded Cu®-CO on high indexed Cu surface planes, and the 1897-1892 cm™ IR
bands to bridging CO species on the Cu(111) surface.“>>% The IR band at 2118
cm' is also related to copper species, most probably located at the interface to
the metal oxide.*?! Regarding the assignation of the IR band at 2122 cm’, it has
been assigned to linear CO species adsorbed on Cu* B4 or to positively charged
Cu®* ¥ or defective Zn3*. The promoting effect of Ga in stabilizing Cu* species
has already been reported in the literature.l'*'! In fact, the IR band at 2122 cm™’
is only observed in the gallium promoted samples. Interestingly, metallic copper
is detected in minor extent in the CZG-ox sample, which remarkably shows a
strong CO inhibiting effect in the catalytic studies. Assuming that copper species,
as Cu® are involved in the activation of Hy, this raises a considerable distrust about

the effective activation of H in the CZG-ox sample. In order to address this issue,

18‘00
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H.-D; isotopic exchange experiments were performed, showing similar exchange

ability in all samples (Figure 3.8).
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Figure 3.8 H, -D; isotopic exchange results for CZG and CZA samples at 90 °C.

TPD-CO:

Surface basic sites have been proposed in several studies to play an important
role in the stabilization of different reaction intermediate species, being moderate
basic sites?®>>8 that are critical for enhanced methanol selectivity. Indeed, some
authors found a linear correlation between the amount of basic sites and
methanol selectivity. >>>%¢! |n this regard, TPD-CO; analysis has been performed,
and the corresponding TPD patterns of the herein studied catalysts are displayed
in Figure 3.9, and that of reference samples (i.e., ZnO, ZnGa;O4, CuGa;O4 and

Gay03) in Figure 3.39.

Three different regions are clearly observed: <200 °C, 200-400 °C and >400 °C. At
low temperature (<200 °C), a peak around 80 °C is distinguished in all samples,
ascribed to weakly interacting CO, molecules with surface hydroxyl groups. On

the other hand, desorption peaks above 400 °C may not contribute to the catalytic
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activity due to the high interaction strength with the catalyst surface, and can be
considered as spectator species. Therefore, only desorption peaks in the 200-400
°C range can be considered as relevant for the catalytic process, being ascribed
to metal-oxygen pairs, surface defects and low coordinated oxygen anions.>6>"]
In fact, it is in this temperature range where the main differences between

catalysts are observed, revealing different nature of basic sites (Figure 3.9).
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Figure 3.9 TPD-CO; experiments performed on CZG and CZA catalysts.
The amount of basic sites increases in the studied catalysts compared to that of
the reference samples (Figure 3.39), where the highest CO, desorption is observed
in the CZG-ox sample (Table 3.24). In addition, a different desorption pattern is
observed in this sample, with a desorption peak at 356 °C, slightly lower than that
in CZG-sp and CZA samples (with maxima at ~375-385 °C). In fact, (NAP)-XPS
shown a highest amount of surface metal oxide (i.e., ZnO) decorating CuNPs in

the CZG-ox sample, which may account for a higher number of surface basic sites.
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Determination of structure-activity correlations

In the CO; hydrogenation to methanol many interrelated parameters are usually
involved, making a clear distinction of active components difficult. That is the
reason why a multimodal approach is necessary in order to address the
complexity of commercial-like catalysts. In our study, Ga**-doped ZnO has been
shown as a more efficient promoter than ZnGa;O. enhancing methanol
selectivity versus CO formation. Different spectroscopic tools have been used in
order to unveil the reason behind this promoting effect. It is shown that the
presence of gallium increases the conductivity of the catalysts, behaving both
CZG-ox and CZG-sp as n-type semiconductors. The concentration of surface
defects is higher in CZG-sp sample (containing ZnGa,04) than in the Ga3*-doped
ZnO sample (i.e, CZG-ox). In the CZG-sp sample, the presence of surface
vacancies (i.e., defects) with loosely bounded electrons increases the conductivity
of the material. These defects have been considered as important active sites in
CO; activation. Nevertheless, surface basicity is important for the stabilization of
intermediate species, directing the selectivity of the reaction. In this work, a higher
concentration of moderate surface basicity is observed in the Ga**-doped ZnO

sample, (i.e., CZG-ox), behaving this as the most selective sample.

In addition, based on depth profile XPS studies, different interfaces are visualized
among the samples, being the copper-gallium interaction favored in the CZG-ox
sample. In agreement with other studies, the gallium interface stabilize Cu*/®*
ions, which are observed using IR of CO as probe molecule in both gallium
promoted samples. The stabilization of Cu*/®* species boosting methanol
synthesis has been reported by several authors,[''"" and agrees with the higher

selectivity to methanol observed on both CZG samples, compared with the CZA



CO2 hydrogenation over CZG catalysts _

one. Significantly, metallic copper (Cu®) surface species appear as a minor
component in the IR studies of the CZG-ox sample. This material exhibits the
highest intrinsic activity if methanol production is normalized to the exposed
copper surface area determined by N,O, which may indicate a different nature of
active sites, either at the copper particle or at copper interfacial sites. In particular,
depth profile XPS studies show a high surface coverage with zinc oxide species in
the CZG-ox sample, which would explain the higher number of surface exposed
basic sites observed from TPD-CO; studies. Moreover, while it has been generally
reported that the presence of dopants in metal oxide lattice modify its surface
acid/base properties,®®1 we cannot confirm at this stage if Ga** doping
contributes to the acid/base properties of the ZnO support, but we can safely
assess that the density of surface sites with moderate basicity has increased
compared to the rest of the samples and the pure ZnO. In a recent work of Bonura
et al., the methanol formation rate has been discussed as a function of the
N,0O/CO; ratio.[%? This parameter represents the extent of metal and oxide surface
sites, where a balanced amount of both sites has been proposed to promote
methanol production. In our case, methanol production is shown to be sensitive
to the number of surface basic sites (see Figure 3.40), being enhanced at
increasing the number of moderate surface basic centers. This result indicates the
importance of surface basic sites in CO; activation, in agreement with previous
studies in the literature.®-¢"1 Moreover the lower amount of surface metallic
copper determined by IR-CO in the CZG-ox may also contribute to the inhibiting
effect of CO formation, where metallic copper has been correlated by several

authors with the CO production by the RWGS reaction.['7:6364
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Application at large scale: opportunities and limitations

Progress in the thermo-catalytic CO; reduction through innovative design of new
catalysts and process engineering are important aspects in order to accelerate
and expand the deployment of these technologies in a circular carbon economy
market. In this direction, we are studying a new type of gallium promoted copper-
based catalyst containing Ga3*-doped ZnO species in this chapter. Here, we found
a promoting effect in methanol production on a Ga**-doped ZnO copper-based
catalyst (CZG-ox), compared to a reference catalyst with similar formulation
containing ZnGa;O4 phase (CZG-sp) and the commercial Cu/ZnO/Al;O3 catalyst
(CZA). The CZG-ox system looks promising, with enhanced methanol selectivity,
specifically at conditions where the RWGS starts to predominate (260 °C), but it is
limited by its low surface area, reducing its activity. In this sense, further studies
are ongoing in order to improve the physico-chemical characteristics that
definitely affects the methanol production. Despite of it, the catalyst competes
well with the most active ones reported in the literature (as already depicted in

Figure 3.22).

Another important feature for its potential application at large scale is the long-
term stability under reaction conditions. In this respect, catalytic tests over 100 h
time-on-stream have been performed at 240 °C, 20 bar and at a space velocity
(WHSV) of 28500 mL-gcat -h™" on the CZG-ox and compared to the commercial-

like CZA sample (Figure 3.10).

On both catalysts, a decrease in methanol production is mainly observed in the
first ~25 h, remaining then practically stable until the end of the experiment. The
initial decrease in methanol production is higher in the CZG-ox sample (~38%)

than in the CZA one (~16%).
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Figure 3.10 Long-term experiments conducted on CZG-ox and the commercial CZA
samples at 240 °C, 20 bar and ~28500 mL-gcat'-h".

This deactivation has been usually ascribed to sintering of the copper
nanoparticles due to water formation under reaction conditions or due to
poisoning of active sites by water adsorption. The XRD analysis of the samples
prior and after reaction are shown in Figure 3.15 and Table 3.4, revealing slight
change in crystal size. Since the addition of Al,Os has been reported to enhance
catalyst stability, a preliminary study has been done on the CZG-ox sample adding
12.5 % wt ratio Al,O3 (namely, CZGA-ox, details of the synthesis can be found in
Subsection 3.2.1). As verified in Figure 3.41a, an improvement in the catalyst
stability is achieved, while keeping similar selectivity pattern as in the original
CZG-ox sample (Figure 3.41b and Table 3.25). However, further studies are
needed in order to investigate the implications that the reformulation of CZG-ox
system has in its physico-chemical characteristics, connected to the catalytic

performance and the active center operation.

3.4. Conclusions
The promoting effect of gallium on the structural, electronic and catalytic
properties of two selected CuO/Zn0O/Ga,0s catalysts in the methanol synthesis

from CO; hydrogenation has been studied in this chapter. Although the

SMEOH (%)
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promoting effect of Ga has been subject of many research papers, Ga3*-doped
wurtzite ZnO has been scarcely studied in the methanol synthesis reaction. In
addition, a deeper understanding of the promoting underlying mechanism and
interactions among the active components will help in uncovering the complexity
of industrial-like Cu/ZnO catalysts, requesting a multimodal spectroscopic-
catalytic approach. In this work, we found that Ga3*-doped in ZnO is a more
effective promoter than the already reported ZnGa,O4 phase. The speciation of
gallium can be controlled by simply changing the precipitating agent during the
co-precipitation of metal precursors, keeping the rest of variables constant. Thus,
Ga’*-doped ZnO is formed by co-precipitating with NaOH, while ZnGa,O4
appears by using NH4HCOs. Compared to the reference Cu/ZnO/Al,O3 (CZA)
catalyst, an inhibition of CO formation is observed in the gallium promoted
samples and, in particular, in the one characterized by the presence of Ga®*-
doped ZnO domains (CZG-ox). Long-term catalytic test over 100 h time-on-
stream shown a decrease in methanol production of ~38% in the first 25 h of
reaction, remaining stable until the end of the experiment. This value is higher
than that observed in the commercial Cu/ZnO/Al;O3 (CZA) catalyst, where Al,O3
behaves as a structural promoter. In fact, adding 12.5 % wt Al;O3 to the CZG-ox

catalyst results in a less marked catalyst deactivation.

As a result of our work, a complex scenario where both the electrochemical
potential of the sample and the structural properties of the catalyst are mutually
influenced, underlining the need for a multidisciplinary spectroscopic approach

for accurate catalytic characterization.

Finally, the promoting effect of Ga3*-doped ZnO wurtzite phase for enhanced

methanol synthesis found in this work may open new perspectives in the design
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of novel catalytic systems with tailored interfaces, not only in thermal, but also in

photo/electro reduction of carbon dioxide. However, further studies are needed

in order to be competitive for industrial applications.

3.5. Supporting Information
3.5.1. Physico-chemical properties of calcined and reduced CZG catalysts

Table 3.3 Main physico-chemical properties of studied catalysts.

Composition (wt % ratio)  BET surf N20-TPR-H: P. size
Cat. ) : XRD
Cu Zn Ga/Al m /gcat mL Hz sTP/gcat mOICu,s/gcat (nm)
CZG-sp 69.0 25.0 6.0 52 29.2 2.385-10°3 11
CZG-ox 70.5 235 6.0 20 15.5 1.269:103 17
CZA 66.5 27.0 6.5 49 34.7 2.836-10°3 9

210

TCD Signal (a.u.)

100 200 300 400
Temperature (°C)

Figure 3.11 Temperature-programmed reduction (TPR) studies in 10% H./Ar flow, for CZG

and CZA catalytic samples.
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X-ray diffraction (XRD)
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Figure 3.12 Diffractograms of as-prepared (a) and calcined (b) CZG-sp sample.
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Figure 3.13 Diffractograms of as-prepared (a) and calcined (b) CZG-ox sample.
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Figure 3.14 Diffractograms of reduced samples.

127



— CO: hydrogenation over CZG catalysts

CZG-ox CZGA-ox
a | b

]‘ I After reaction M
5 e ) 2 |
; ___*....JUU LULJ\»“JW@ g ‘\ After reaction
2 2 } A
2 2l N A
g g
£ =

Reduced Reduced
20 30 40 50 60 70 80 20 30 40 50 60 70 80
Diffraction angle (28, °) Diffraction angle (28, ©)

CZA n C CZG-sp ﬁ d
|
|
‘ \‘\ After reaction

] Wﬂv'\/w/ \\NAM/\W

Intensity (a.u.)
Intensity (a.u.)

Reduced Reduced

T T T T T T
20 30 40 50 60 70 80 20 30 40 50 60 70 80
Diffraction angle (28, ©) Diffraction angle (28, ©)

Figure 3.15 Comparison between XRD patterns before (black) and after reaction (red).

Table 3.4 Crystallite size of reduced and spent catalysts by XRD.

Cu® cryst. size
Catalyst Treatment Yy

(nm)
Reduced 17
CZG-ox

After reaction 12
Reduced 8

CZGA-ox
After reaction 10
Reduced 11

CZG-sp )
After reaction 7
Reduced 9
CZA

After reaction 12

2Average Cu® crystallite size (JCPDS: 01-070-3038) was calculated from the main peaks
(43.1, 50.2, 73.9; 26) using the Scherrer equation and assuming a shape factor k=0.9.
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Figure 3.16 Diffractograms of as-prepared (a) and calcined (b) CZG-ox samples at variable

gallium loadings.
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XAS characterization on reduced samples

Figure 3.17a shows the normalized XANES spectra at Cu K-edge of CZG-ox, CZG-
sp and CZA measured at 200 °C during H; reduction, as well as those of Cu-based
standards measured at room temperature. The absorption edge position (8979
eV) and shape of the spectra in all catalysts resemble those of Cu foil, indicating
that the Cu atoms are involved in metallic domains, which is in good agreement
with XRD and TEM results. More insights on the size of metallic copper
nanoparticles can be obtained from EXAFS data (Figure 3.17b). As already
observed in the XANES region, the catalysts spectra present the same features in
the moduli of Fourier transform (see inset of Figure 3.17b for data in k-space),
with a main contribution between 2-3 A which is related to the Cu-Cu interatomic
distances. Furthermore, the presence of a signal at a higher distance (3-6 A)
suggests a high degree of ordering of the copper nanoparticles. This statement
is supported by the quantitative EXAFS results (Table 3.5), which shows Cu-Cu
coordination numbers and distances typical of big nanoparticles. It is important
to underline that the differences in the magnitude of the |FT| between the Cu foil
and the samples are purely related to the increased Debye-Waller factor, as a
consequence of the thermal disorder imposed by the reduction treatment (absent

in the Cu standards).
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Figure 3.17 Normalized XANES spectra at Cu K-edge (a) and, phase-uncorrected, k*-
weighted EXAFS spectra (b) of CZG catalysts and Cu-based references. Inset of (b) reports

the corresponding k?- (k) functions.

Table 3.5 Summary of optimized parameters by fitting Cu K-edge EXAFS data of catalysts
collected at 200 °C in Hy.2

Sample Necu-cu Reu-cu (R) o (A% BE,(eV)  Reactor
Cu foil 12 2.539 + 0.002 0.0084 + 0.0002 0.0034
CZG-ox 10.3 £ 0.5 2.536 + 0.002 0.0126 + 0.0006 40 + 0.3 0.0074
CZG-sp 10.2 + 0.5 2.535 + 0.003 0.0126 + 0.0008 0.0052

CZA 97 +09 2.533 + 0.003 0.0125 + 0.0010 0.0225

aFits were performed on the first coordination shell (AR=1.0-3.0 A) over FT of the k'k2k3-
weighted x(k) functions performed in the Ak=2.6-13.0 A-" interval. $¢>=0.87 from Cu foil
(collected at RT).

Figure 3.18a shows the normalized XANES spectra at Zn K-edge of CZG samples,
CZA and Zn-based standards. According to the position of the absorption edge
(ca. 9662 eV) and the shape of XANES spectra, the Zn atoms in the bulk of CZG-
ox, CZG-sp and CZA are involved in the same oxidation state and local

environment, more specifically, as ZnO ensembles.
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Figure 3.18 Normalized XANES spectra at Zn K-edge (a) and, phase-uncorrected, k?-
weighted EXAFS spectra (b) of CZG catalysts and Zn-based references. Inset of (b) reports

the k?-weighted phase-uncorrected x (k) functions.

The three peaks marked as A, B and C are characteristic of electronic transitions
1s—4p along the ¢ a4 and b axes of the ZnO hexagonal unit cell, respectively.[®!
No features regarding the presence of ZnGa,O4 spinel are observed, which if
present, should be in small percent. The first feature on the absorption edge is
less defined in the samples in comparison with ZnO standard, pointing towards a
less crystalline character in the catalysts than in the bulk counterpart, which is
typical of nanosized species. EXAFS spectra (Figure 3.18b) confirm this hypothesis
once higher Zn coordination shells (at 2.9 and 4.0 A, respectively) show lower
intensities for the Hy-reduced CZG and CZA samples in comparison with ZnO
standard, while the first shell (typical of Zn tetrahedrally coordinated to four
oxygen atoms) maintains similar intensities. Unfortunately, due to the limited k-
space (2-8 A ") in this dataset (see inset of Figure 3.18b), a quantitative analysis
of the EXAFS data was hindered and only a qualitative analysis of ZnO species can

be given.
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Electrical properties

Table 3.6 Metallic species identified in CZA and CZG reduced samples.

CZA CZG-sp CZG-ox
Zn0O ZnGay04 spinel  Ga3*-ZnO doped
A|203 Zn0O ZnO
Cu Cu Cu
50 -
m CZG-ox u®®
40 ® CZG-sp -l
E 30/ m Catalyst Np (em3)
5 _' CZG-ox 17310
S 204 . o' CZG-sp 4.92:10%°
b '.
el 10 [ ] LJ
] »
m L®
2

0_
-1.0 -0.8 -06 -04 -02 00 02
E/V vs (Ag/AgCI)

Figure 3.19 Mott-Schottky plots and Np values of the CZG-ox and CZG-sp catalysts.

Capacitance values were calculated from EIS data. Then, Mott-Schottky plots were
constructed (Figure 3.19). The charge carrier density can be calculated from the

slope of the Mott-Schottky plots according to the following equation:

2
S1 = — Eq.3.1
ope e-g€-gy-Np q

Where: e is the electron charge (1.6-10"° C); € is the dielectric constant of wurtzite

ZnO;%8! gg is the vacuum permittivity (8.85:10'* F/cm); and Np is the donor

density.
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3.5.2. Catalytic activity in the CO; hydrogenation to methanol

Table 3.7 Extended catalytic results at constant WHSV (~31000 mL-gc.t *-h™") at 20 bar.

CO; selectivity (%)

STY (molproa-geat "+h™)

STY2 (Molproa-[M2cat] "+h™)

T(C) Cat.  Xcoz(%) MeOH CO  HCOOMe MeOH co MeOH co
CZA 29 94.8 43 0.9 8.7810°  3.9810* 17910* 8.13-10°
180 CZG-sp 36 95.9 3.2 0.9 1.0810%  3.6010* 2.0810* 69310
CZG-ox 24 97.0 2.0 1.0 746103  1.5410% 37310 7.69-10°
CZA 5.6 89.5 10.1 0.4 160102 181103 3.2710* 3.69:10°
200 CZG-sp 6.2 91.7 7.9 0.4 178102  1.53-10° 3.42:10% 2.9510°
CZG-ox 49 94.6 49 0.5 148102  7.6910* 7.4210* 3.8410°
CZA 10.0 79.9 19.9 0.2 255102  6.3610° 521-10%  1.30-10*
220 CZG-sp 105 84.0 15.8 0.2 276102 519103 53010* 9.9810°
CZG-ox 9.0 89.0 10.8 0.2 257102  3.1110°  1.28103 1.56-10*
CZA 15.9 63.8 36.1 0.1 324102 183102 6.6110* 3.7410*
240 CZG-sp 152 67.4 32,5 0.1 3201102 155102 6.1610* 297-10*
CZG-ox 125 79.8 20.1 0.1 3.19102  8.0510° 1.60-10° 4.02:10*
CZA 20.9 453 54.7 0.0 3.021102  3.6510° 6.17-10* 7.45.10*
260 CZG-sp  21.1 51.3 487 0.0 338102 321102 6.5110* 6.1810*
CZG-ox 153 65.0 34.9 0.1 318102 171102 159103 85510*

Table 3.8 Catalytic results at variable WHSV and 20 bar for the CZA sample.

T 0 W/E WHSV Xcoz CO; selectivity (%) STY (mol-gc.t -h™")
(mg-min-mL")  (mL-gec™h") (%) MeOH co HCOOMe MeOH co
1.52 39430 3.0 953 3.5 1.2 115102  4.2410*
180 1.92 31216 2.9 94.8 43 0.9 8.77-10°  3.98-10*
2.28 26287 3.7 94.8 4.2 1.0 943.10°  4.18-10*
0.45 134118 1.9 92.0 6.7 1.3 2.4010°  1.75-1073
0.90 66511 3.6 91.2 8.0 0.8 2.2310%  1.96-10°3
200 1.52 39430 55 91.0 8.5 0.5 2.02:10%  1.89-10°
1.92 31216 5.6 89.5 10.1 04 1.60-10% 1.81-103
2.28 26287 6.7 894 10.2 04 1.61-10% 1.84-103
0.45 134118 3.7 87.1 12.2 0.7 4.42-10°%  6.19-10°3
0.90 66511 57 82.2 17.4 04 3.19-102%  6.751073
220 1.52 39430 9.6 82.1 17.7 0.2 3.18102% 6.851073
1.92 31216 10.0 79.9 19.9 0.2 2.5510%  6.36-10°3
2.28 26287 11.0 78.2 216 0.2 231102 6.39-10°3
0.45 134118 6.2 76.7 229 04 6.50-10°  1.95-1072
0.90 66511 9.8 67.9 32.0 0.1 453102 2.13-102
240 1.52 39430 14.9 66.7 33.2 0.1 4.01-102  2.00-102
1.92 31216 15.9 63.8 36.1 0.1 3.24102% 1.83-107?
2.28 26287 17.0 62.5 374 0.1 2.8610° 1.71-1072
0.90 66511 15.4 49.0 51.0 0.0 513102  5.34-10%
260 1.52 39430 20.3 47.6 52.4 0.0 390102  4.29-10%
1.92 31216 209 45.3 54.7 0.0 3.02:102%  3.65107
2.28 26287 217 44.9 55.1 0.0 2.62:102  3.22-1072
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Table 3.9 Catalytic results at variable WHSV and 20 bar for the CZG-sp sample.

T¢0 W/F WHSV Xco2 CO; selectivity (%) STY (mol-gc.c"-h™")
(mg-min-mL")  (mL-ga™h") (%) MeOH co HCOOMe MeOH co
0.99 60317 23 96.4 23 13 137102 3.26:10*
180 1.62 36997 3.1 96.2 2.8 1.0 113102  3.29-10*
1.96 30563 36 95.9 32 0.9 1.08102% 3.60-10*
249 24129 4.0 95.8 33 0.9 946103 3.26:10*
0.99 60317 42 93.8 5.5 0.7 243102  1.43-103
- 1.62 36997 5.6 92.6 6.9 0.5 196102 146103
1.96 30563 6.2 91.7 7.9 0.4 178102 1.53-10°3
2.49 24129 6.9 91.3 83 0.4 156102 1.41-1073
0.99 60317 6.9 86.4 13.2 04 368102 5.62-10°
220 1.62 36997 9.7 85.5 143 0.2 314102  5.251073
1.96 30563 10.5 84.0 15.8 0.2 276102 519103
249 24129 113 82.5 174 0.1 230102  4.85-103
0.99 60317 10.8 74.6 253 0.1 497102 1.69-102
1.62 36997 14.0 70.7 29.2 0.1 375102 1.55-1072
240 1.96 30563 15.2 67.4 32,5 0.1 3.2010%  1.54-1072
249 24129 16.5 65.8 34.1 0.1 268102 1.39-10°
0.99 60317 15.6 56.2 438 0.0 541102  4.22-10%
260 1.62 36997 19.1 50.4 496 0.0 3.6410% 3.59-1072
1.96 30563 21.1 51.3 487 0.0 338102 3.21-10%
2.49 24129 212 472 52.7 0.1 24710° 276107

Table 3.10 Catalytic results at variable WHSV and 20 bar for the CZG-ox sample.

o W/F WHSV Xco2 CO; selectivity (%) STY (mol-gc.+'-h™")
TC0 (mg-min-mL") (mL-gech") (%) MeOH co HCOOMe MeOH co

146 41186 1.8 97.2 1.6 1.2 737102 1.21-10*

180 1.92 31301 24 97.0 2.0 1.0 746103  1.5410*

243 24712 42 95.0 44 0.6 1.01-10%  4.67-10*

146 41186 39 95.0 44 0.6 156102 7.23-10*

200 1.92 31301 49 94.6 49 0.5 148102 76910

243 24712 74 89.9 9.8 0.3 168102 1.83103

1.46 41186 6.9 90.6 9.1 0.3 2.63102 265103

220 1.92 31301 9.0 89.0 10.8 0.2 257102 3.11:10°3

243 24712 11.6 80.1 19.8 0.1 235102 581103

146 41186 10.6 81.6 18.2 0.2 3.64-102 8.13-10°3

240 1.70 35294 11.6 80.1 19.8 0.1 334102  7.91-103

1.92 31301 12.5 79.8 20.1 0.1 3.19102  8.05-107

1.46 41186 14.2 714 285 0.1 391102  1.57-10%

260 1.92 31301 15.3 65.0 34.9 0.1 3.18102  1.71-107%

243 24712 14.9 70.0 29.9 0.1 243102 1.041072

135



— CO; hydrogenation over CZG catalysts

136

.h‘l)

1
cat

STY MeOH (mol-g;

5.0x107 1 a 7.5x107 1 b
| | '_; | |
2 0x10° ] = CZA B = CZA
CZG-sp ) CZG-sp
A CZG-ox € 5.0x1071 Ao CZG-ox
% [ ]
[ ] u [0
3.0x107° s Al
£ x
A
- . %) .
220°C " 25x10°1 240 °C
2.0x10” T T T T T T T T T T
0.5 1.0 15 2.0 25 05 1.0 15 2.0 25
WI/F (mg-min-mL?) W/F (mg-min-mL?)
6.0x107 1 C
a [ ]
< = CZA
o 45x10° CZG-sp
g im A CZG-ox
T
? . p
2 3.0x10%4
z "
1)
260 °C
1.5x10° T T T T
1.0 15 2.0 25

WI/F (mg-min-mL™)
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CO2 hydrogenation over CZG catalysts _

Table 3.11 Analysis of the apparent activation energy (Eaapp) (Arrhenius plot).

Ea.app MeOH (kJ-mol-1)? Ea.app CO (kJ-mol)?
CzA 490+ 18 CZA 1406 + 1.1
CZG-sp 477 + 34 CZG-sp 137.6 + 4.9
CZG-ox 451 + 26 CZG-ox 123.9 35

aApparent activation energy corresponding to MeOH and CO are an average of catalytic
results obtained at different weight hourly space velocities (WHSV). In detail, the reaction
conditions were the following: Temperature (160-240 °C); Pressure (20 bar); Ratio H/CO>
(3:1); WHSV (24000-134000 mL: geat"-h7).

The apparent activation energy values are of 45-49 kJ-mol' for methanol, and of
123-140 kJ-mol™" for CO (Table 3.11), being in the range of those described in the
literature.[16:1767-691 Regardless of the small differences among the catalysts, the
lowest values are notoriously obtained on CZG-ox sample. However, it is difficult
to define any correlation, specifically taking into account that these values rely

not only on the nature of the active sites but also on the reaction mechanism.
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Table 3.12 State of the art of Cu-based catalysts in the CO, hydrogenation to methanol.

E:lgy Catalyst Preparation HZ/CO.Z oT P G:fv Spac.e X: o2 s“:eoH STY P T‘_’,F REF
3.22 mol ratio (°C) (Bar) WHSV Velocity® (%) (%) (molyeorgeat '-h™") (s"

- CuZn@UiO-bpy In situ reduction 31 250 40 G 18000 33 100 - 2.6:10° [70]

- CuZnZrGaY Co-precipitation 31 240 20 W 120000 5.0 - - 2.0-10° [8]

1 Cu-ZnO-ZrO> Reverse co-precip. 3:1 240 50 w 55000 9.7 62 3.8:10° - [71]

2 CZA Co-precipitation 3:1 240 20 w 31200 15.9 63.8 3.24-10 3.23-10° | Our work
3 CZG-sp Co-precipitation 3:1 240 20 w 30500 15.2 67.4 3.20-102 3.73-10° | Our work
4 CZG-ox Co-precipitation 3:1 240 20 w 31300 12,5 79.8 3.19-10 6.99-10° | Our work
5 Ga-Cu-Zn0O-ZrO; Co-precipitation 3:1 250 70 w 15000 22 72 2.2:10 - [16]

6 Cu/ZnO/Al0;3 Co-precipitation 31 250 50 W 18000 19.7 48.1 2.0:10? - [72]

7 CuZnLDH30Ga AMOST® 31 270 45 W 18000 18.8 47.8 1.8-102 - [10]

8 CuZnZrGaY Co-precipitation 31 240 20 W 30000 - - 1.7-102 - [8]

9 Cu/Zn/Al/Y Co-precipitation 31 250 50 W 12000 26.9 52.4 1.6:102 - [73]

- Cu/Zn0O/Zr02/Gax03 Citric complexing 3:1 250 80 G 3300 - 70 1.2:102 - [47]
10 Cu/Ga/ZnO Co-impregnation 3:1 270 20 W 18000 6.0 88.0 1.2:102 - [13]

- Cu/ZrOz Depos.+Co-precip. 3:1 240 20 G 5400 6.3 48.8 1.1-10° - [74]

11 | Cu/Zn/Ga/hydrophobic SiO2 Co-impregnation 31 270 20 W 18000 5.6 99.5 1.1-102 - [14]

- Cu/Zn0O/ZrO,/Gaz0s Co-precipitation 3:1 250 80 G 3300 - 75 1.0-107 - [47]
12 Cu11lne-In20; Co-precipitation 3:1 280 30 W 7500 114 80.5 6.1-10°3 - [75]
13 M-CZZ (16) Co-precipitation 3:1 240 30 W 6000 9.7 914 5.4-103 2.1:10° [40]

- Cu/Ga203/NC ZrO2 Depos.+Co-precip. 3:1 250 20 G 2500 13.7 75.6 1.9-10°3 - [76]

aGHSV is expressed in h™'; WHSV is expressed in mL-get”"*h™'. PAqueous miscible organic solvent treatment.
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Figure 3.22 Comparison of the catalytic performance of studied CZG and CZA samples at
different temperatures in the CO, hydrogenation to methanol with other Cu-based

catalysts in the literature. Numbers refer to the entries placed at Table 3.12 (first column).

Points located within the yellowish area correspond to CZG and CZA systems at
selected WHSVs and 20 bar (see Tables 3.8-3.10). The gray area corresponds to
literature values at 20 bar (i.e., operational pressure used in this work). Generally,
literature catalysts operate at higher pressures (30-80 bar). Unfilled blue symbols
are interpolated points for our catalytic samples at 250 °C, included for

comparative purposes.
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Figure 3.23 STY at 220 and 260 °C in CZG-ox samples at different levels of Ga doping.

Table 3.13 Catalytic performance of CZG-ox series at different levels of Ga doping.

T  Gawt%  Xco CO; selectivity (%) STY (mol-ge.™-h™) Intrinsic act.
. . MeOH
°C) ratio (%) MeOH co HCOOMe MeOH co (mol-molcys™s")
1.0 23 96.7 24 0.9 738103  1.42-10* 1.23-10°3
13 1.8 97.4 17 0.9 5.83-103  7.90-10° 1.00-10°3
180 40 2.1 96.7 25 0.8 6.7510°  1.35.10* 1.25:10°3
6.0 24 97.0 2.0 1.0 746103  1.5410* 1.63-10°3
7.0 23 96.5 26 0.9 6.47-10°  1.7410* 1.1510°3
1.0 47 94.2 53 0.5 147102 75110 242107
13 42 94.7 48 0.5 1321102 6.10-10* 2241072
200 40 43 94.2 53 0.5 135102 6.89-10* 248107
6.0 49 94.6 49 0.5 148102 7.69-10* 3.25107
7.0 47 94.1 5.4 0.5 1301102  7.40-10* 2.281073
1.0 9.0 88.4 114 0.2 263102  3.0410° 435103
13 8.4 89.3 10.5 0.2 248102 262103 423103
220 40 79 87.8 12.0 0.2 2.29-10° 2.81-10° 424107
6.0 9.0 89.0 10.8 0.2 257102  3.11-10°3 5611073
7.0 8.8 87.9 11.9 0.2 226102  3.05103 3.99-10°3
1.0 11.6 79.0 20.9 0.1 3.13-10% 7.8310° 5.19-1073
13 113 80.5 19.4 0.1 3.12110%  7.12-10°3 5.31-107
240 4.0 10.7 79.4 20.5 0.1 291-10° 7.10-10°3 5381073
6.0 12.5 79.8 20.1 0.1 3.19-10% 8.0510° 6.99-107
7.0 11.8 78.9 21.0 0.1 2.7110° 7.23-10° 481103
1.0 15.5 63.4 36.5 0.1 3.04102 1721072 5.05-1073
13 15.0 66.0 33.9 0.1 3.07102 155107 5241073
260 40 144 65.6 343 0.1 293102 1.51-10 5.42-107
6.0 15.3 65.0 349 0.1 3.18102  1.71-10? 6.97-107
7.0 15.8 64.6 353 0.1 298102  1.63-10% 5271073
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3.5.3. Determination of catalytic sites involved in MeOH synthesis

(NAP)-XPS
Table 3.14 BE (eV) of the Cu 2p3,, Zn 2ps3s2 and Ga 2ps,. core levels of CZG-sp sample

under different conditions.

Treatment KE (eV) Depth (nm) Cu 2p3.2° Zn 2p3;? Ga 2p3/2?

174 2.0 - 10217 -

267 25 9322 10216 11177
H. 362 3.0 . . .

459 35 932.1 . 11177
623 43 932.2 10216 .

174 20 ; 102138 1118.1

Oy H, 267 25 9322 10219 1117.9
220 °C 362 30 9322 . -

2l 459 35 932.1 ; 11181
623 43 9323 10219 -

174 20 ; 10219 1118.1

Oy H, 267 25 9323 10218 11180
280 °C 362 30 9323 . .

4h 459 35 932.1 . 11180
623 43 9322 10218 .

aAll BE are corrected to the fermi level.
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Table 3.15 BE (eV) of the Cu 2ps/2, Zn 2ps/2 and Ga 2ps/. core levels of CZG-ox sample

under different conditions.

Treatment KE (eV) Depth (nm) Cu 2p3/2? Zn 2p3;2? Ga 2p3/?

174 20 - 10217 11180

267 25 932.1 102138 11180
H. 362 3.0 - . .

459 35 9322 . 11188
623 43 9322 102138 .

174 20 ; 10219 11180

COytH, 267 25 9322 102138 11180
220 °C 362 3.0 932.1 . .

Ul 459 35 9323 ; 1118.0
623 43 9322 10219 .

174 20 - 10219 11180

Oy H, 267 25 9322 10218 1118.1
280 °C 362 3.0 932.1 . .

3h 459 35 9323 . 11180
623 43 932.1 10219 .

aAll BE are corrected to the fermi level.
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Table 3.16 BE (eV) of the Cu 2p3/2 and Zn 2psy. core levels of CZA sample under different

conditions.

Treatment KE (eV) Depth (nm) Cu 2p3/2° Zn 2p3.2°

174 20 - 1021.9

267 25 932.2 1022.1
H. 362 3.0 9322 ;
459 35 - -

623 43 9322 1021.9

174 20 - 1021.9

267 25 932.3 1022.0
c;;;i? 362 3.0 932.2 -
459 35 932.3 -

623 43 9322 1021.9

174 20 - 1021.8

267 25 932.1 1021.8
c2<;:)+ol-clz 362 30 - -
459 35 - -

623 43 9322 1021.8

aAll BE are corrected to the fermi level.
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Figure 3.24 (NAP)-XPS spectra of CZG-sp catalyst acquired at different reaction
conditions. Core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c) at KE=268 eV and Cu LVV AES (d)

at hv=1290 eV are shown.

144



CO2 hydrogenation over CZG catalysts _
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Figure 3.25 (NAP)-XPS spectra of CZG-ox catalyst acquired at different reaction
conditions. Core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c) at KE=268 eV and Cu LVV AES (d)
at hv=1290 eV are shown.
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Figure 3.26 (NAP)-XPS spectra of CZA catalyst acquired at different reaction conditions.
Core lines of Cu 2p (a) and Zn 2p (b) at KE=268 eV and Cu LVV AES (c) at hv=1290 eV are

shown.
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Figure 3.27 Deconvoluted spectra of the O 1s core level under CO,+H, reaction at 220 °C
on CZG-ox (a), CZA (b), and CZG-sp (c) samples.
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Table 3.17 Deconvolution of O 1s core level under different gaseous conditions.

Sample H: reduced CO.+H: at 220 °C CO2+H: at 280 °C
CZG-ox 5306 5317 5329 5306 5314 5329 5306 5312 5329
62.5% 228% 147% 61.0% 232% 158% 653% 229% 11.8%
CZA 530.5 531.3 532.6 530.3 531.3 532.8 530.3 531.1 532.8
514% 37.8% 10.8% 49.0% 31.0% 200% 469% 34.0% 19.1%
e - ) ) 5304 5315 5326 5303 5315 5322

555% 355% 9.0% 646% 276% 18%

Table 3.18 Chemical composition of CZG-sp catalyst at different sampling depth and
under different conditions (ICP at % ratio: Cu:Zn:Ga = 70.0/24.5/5.5).

% mol
Treatment  KE (eV) Depth .
(nm) Cu Zn Ga
268 2.5 442 46.6 9.2
H: 358 29 46.1 44.8 9.1
467 3.5 494 423 83
268 2.5 29.0 61.2 9.8
CO2+H:
220 °C 358 2.9 314 59.3 9.3
5h
467 35 36.0 55.9 8.1
268 2.5 14.5 78.8 6.7
COz+H:
280 °C 358 29 15.0 78.6 6.4
4h
467 3.5 19.4 75.2 54
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Table 3.19 Chemical composition of CZG-ox catalyst at different sampling depth and
under different conditions (ICP at % ratio: Cu:Zn:Ga = 71.5/23.0/5.5).

% mol
Treatment  KE (eV) Depth >
(nm) Cu Zn Ga
268 2.5 224 58.0 19.6
H: 358 2.9 23.8 57.0 19.2
467 3.5 26.4 55.6 18.0
268 2.5 23.0 56.3 20.7
CO2+H:
220 °C 358 29 25.6 54.6 19.8
7h
467 3.5 284 53.1 18.5
268 2.5 18.5 58.4 23.1
COz2+H:
280 °C 358 29 214 56.7 219
3h
467 3.5 26.0 54.4 19.6

Table 3.20 Chemical composition of CZA catalyst at different sampling depth and under
different conditions (ICP at % ratio: Cu:Zn = 71.7/28.3).

% mol
Treatment KE (eV) Depth -

(nm) Cu Zn
267 2.5 434 56.6
H: 362 3.0 48.5 51.5
454 34 49.5 50.5
267 2.5 47.0 53.0

COz2+H:
220 °C 362 3.0 457 54.3
454 34 49.5 50.5

CO2+H:
280 °C 267 2.5 471 52.9
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Figure 3.28 Time-dependent dynamic surface migration under reaction conditions on the
reduced CZG-sp sample at 220 °C (a) and 280 °C (b) acquired at a depth of 2.5 nm (268

eV KE).
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Figure 3.29 Time-dependent dynamic surface migration under reaction conditions on the
reduced CZG-ox sample at 220 °C (a) and 280 °C (b) acquired at a depth of 2.5 nm (268

eV KE).
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150

Table 3.21 Influence of pressure in the CO, hydrogenation to methanol. Comparison

between 1 and 20 bar at the same temperature.

CO: selectivity (%)

STY (mol-geat ™-h™")

STY; (mol-[m?.,]""-h"")

I T

(bar)  (°C) (%)  MeOH €O Hcoome MeOH co MeOH co
CZA 100 799 199 02 255102 63610° 52010 130-10*

20° 220 CZG-sp 105 840 158 02 276102 51910° 53110 9.9810°
CZG-ox 90 890 108 02 257102 311103 12910° 1.56104
cZA 17 399 601 - 24510° 3.7010° 5.0010° 7.5510°

1 220 CZG-sp 21 389  61.1 - 2.8310° 444107 54410° 85410°
CZG-ox 12 650 350 - 27410° 14710 13710% 7.3510°

Reaction conditions: 2n(CO2):n(H2)=1:3, 31000 mL-geat "-h”"; °n(CO2):n(H2)=1:3,
33700 mL-gear h'1.

As observed in Table 3.21, CZG-ox catalyst is slightly less active than CZG-sp and

CZG samples at 1 and 20 bar. At both pressure ranges, CZG-ox is more selective

to methanol than the other catalysts. Finally, STY to MeOH per square meter of

catalyst is higher in the CZG-ox sample at atmospheric pressure and at 20 bar.
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3.0x107 7 8.0x10° 7
a
I CZA
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E 2 < “ox
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Figure 3.30 Influence of pressure in the CO; hydrogenation to methanol (a) and CO (b).

Increasing the pressure (1 to 20 bar) positively affects the productivity of MeOH,

keeping the CO yield constant (at least at low-mid temperatures, i.e., 220 °C).
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Figure 3.31 Mass spectra analysis in (NAP)-XPS experiments on CZG-sp (a), CZG-ox (b)
and CZA catalysts (c).
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Figure 3.32 Catalytic correlation between (NAP)-XPS (+MS coupled) experiments
performed at Bessy Il Synchrotron and catalytic experiments carried out in the 20 bar fixed-
bed reactor. A linear correlation for MeOH (a) and CO (b) productivity is observed for the

three samples under study.
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XPS at a laboratory scale + HPCR (9 bar)

Pressure gap is an important handicap in (NAP)-XPS studies, especially when
spectroscopic data has to be correlated with the catalytic performance of the
samples operating under high-pressure conditions, as in this case. In order to
overcome this limitation, laboratory XPS studies have been done on post reacted
samples after being exposed to reaction conditions at 9 bar in a high-pressure
cell reactor (HPCR) connected under UHV to the XPS analysis chamber (more

details in Experimental Section 3.2.2).

The BE of Cu 2ps3/2, Zn 2ps/2 and Ga 2ps/2 core levels and the corresponding auger
parameters (a') are given in Table 3.22, and the respective core lines plotted in
Figures 3.33-3.36. The BE of the elements corresponds to Cu’ Zn?* and Ga**. In
addition, the o’ of Zn (~2009.9 eV) and Ga (~2180.2 €V) in all samples are slightly
lower than that of reference ZnO (2010.1 eV), Ga>0s (2181.3 eV) or ZnGa;04
(2010.1 eV (Zn a') and 2181.3 eV (Ga a')). This may correspond to surface oxygen
vacancies, as already evidenced in (NAP)-XPS studies. The higher sampling depth
in the laboratory XPS studies (~4-6 nm) does not allow the accurate detection of
surface oxygen vacancies based on the O 1s core line. On the other hand,
ZnLsMysMas auger line (Figure 3.37) shows a shoulder at ~3 eV higher kinetic
energy (KE=990.7 eV) from the main peak (KE~987.3 eV), which may be originated
from both oxygen vacancies and Zn®. The last one cannot be discarded, however

no additional proofs of alloy formation could be observed in our work.

Based on the chemical composition of the samples determined from the XPS data,
the surface enrichment in ZnO is not as clear as in (NAP)-XPS. However, as above,
the distribution of Ga respect to Cu species differs between samples, being close

to 1.0 (Cu:Ga atomic ratio) in the CZG-ox, while higher ~1.6 in the CZG-sp sample.
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Moreover, migration of ZnO species over the CuNP under reaction conditions is
also detected in the CZG-sp sample. Altogether shows a good correlation
between the XPS data acquired after sample exposure at reaction conditions at 9

bar (Figure 3.38) and under in situ conditions at 2.5 mbar.

Table 3.22 Laboratory scale XPS results in reduced CZG samples and after 9 bar reaction

at HPCR.
Cu 2p3/2 Zn 2p3)2 Ga 2ps2 % mol
Cat. Treatment
BE(eV) a'(eV) BE(eV) o'(eV) BE(eV) a'(eV) Cu Zn Ga
CZG H2 932.7 1851.1 1022.4 20099 1118.7 21802 27.1 557 172

SR CO2+H: 9324 18512 10224 20099 11185 21799 218 612 170
CczZG H: 9327 18513 10224 20098 11186 21803 21.0 585 205
ox CO2+H: 9327 18512 10224 20098 11187 21803 20.2 593 204

Table 3.23 Laboratory scale XPS results in the reduced CZA sample.

Cu 2ps.2 Zn 2p32 Al 2p % mol
BE (eV) «oa'(eV) BE(eV) a'(eV) BE(eV) Cu Zn Ga

Cat. Treatment

Hz 9327 18512 1022.6 2009.5 74.9 23.1 286 483
CZA

COz+Ho - - - - - - - -

154



CO2 hydrogenation over CZG catalysts _
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Figure 3.33 XPS core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c), Cu LVV AES (d), Zn LMM AES
(e), and Ga LMM AES (f) at hv=1486.6 eV excitation energy of the reduced CZG-sp sample.
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Figure 3.34 XPS core lines of Cu 2p (a), Zn 2p (b), Ga 2p (), Cu LVV AES (d), Zn LMM AES
(e), and Ga LMM AES (f) at hv=1486.6 eV excitation energy of the CZG-sp sample after 9
bar CO; hydrogenation in HPCR.
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Figure 3.35 XPS core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c), Cu LVV AES (d), Zn LMM AES
(e), and Ga LMM AES (f) at hv=1486.6 eV excitation energy of the reduced CZG-ox sample.
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Figure 3.36 XPS core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c), Cu LVV AES (d), Zn LMM AES

(e), and Ga LMM AES (f) at hv=1486.6 eV excitation energy of the CZG-ox sample after 9
bar CO; hydrogenation in HPCR.



CO2 hydrogenation over CZG catalysts _

%) %)
o o
O O
Zn LMM AES Zn LMM AES
CZG-sp CZG-ox
975 980 985 990 995 1000 975 9é0 9é5 9é0 9SI)5 10IOO

KE (eV) KE (eV)
Figure 3.37 Zn LMM AES line of CZG-sp (a) and CZG-ox (b) reduced samples (black) and
after being exposed to CO,+H, reaction at 9 bar (blue). Spectra were acquired at

hv=1486.6 eV.
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Figure 3.38 MS of CZG-sp (a) and CZG-ox (b) catalysts during the CO, hydrogenation at 9

bar performed in the HPCR unit. Numbers in parentheses correspond to m/z values.
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Figure 3.39 TPD-CO; on reference samples.

Reference samples show desorption peaks at 293 and 402 °C for ZnGa,0. (blue),
314 and 432 °C for ZnO (pink), 351 °C for CuGa;0Os4 (light green), and a broad peak
in the range 230-350 °C for Ga,Os (dark green). All pure metal oxide supports,
except ZnGay04, show low amount of surface basic sites (i.e., low desorption peak

area).

Table 3.24 TPD-CO; integrated peaks for CZG and CZA samples.

Peak area (A-s) Total Area % Area (A-s)
Catalyst
Weak Medium Spectators (A-s) Weak Medium Spectators
CZG-ox  7.01-10" 5.21-10°1° 6.92:10"  6.60-107° 10.6 78.9 10.5
CZG-sp  1.52:10°° 6.49-10™" 1.03-10"  3.20-107 47.5 204 321
CZA 5.55-10°1° 1.51-10 28610  9.93-107° 55.9 15.3 28.8
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Figure 3.40 Correlation of STY, with medium basicity (a), exposed copper (b), and the ratio

of both properties (c).
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Figure 3.41 Long-term experiments performed on CZG-ox and CZGA-ox samples at

240 °C, 20 bar and 28500 mL-get"-h™" (a) and comparison of catalytic features at that

temperature (b).
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Table 3.25 Catalytic results at variable WHSV on the CZGA-ox sample at 20 bar.

T¢0 V\{/F WHSV Xco2 CO; selectivity (%) STY (mol-gc.t'-h™)
(mg-min-mL")  (mL-gec™h™) (%) MeOH co HCOOMe MeOH co
1.41 42686 124 77.8 222 - 408102 1.16102
2.10 28457 14.7 75.8 242 - 314102 1.00-10%
240 2.81 21343 15.9 734 26.6 - 247102 891103
422 14229 183 704 296 - 1.82:102  7.64-107
1.41 42686 16.3 63.9 36.1 - 440102 248107
260 2.10 28457 19.3 60.7 39.3 - 330102 2.13-102
2.81 21343 20.8 58.4 416 - 257102  1.83-10
422 14229 22.7 54.4 456 - 174102 146107
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4.1. Introduction

Establishing a carbon-neutral economy is going to be one of the main targets in
our near-future society. In this context, greenhouse gas recycling, where the
carbon dioxide released into the atmosphere is captured and converted into
chemicals and fuels, represents a hotspot in catalysis research as a means to close
the carbon cycle™ Accordingly, the methanol synthesis from CO/CO;
hydrogenation is attracting widespread interest since this product is a platform
chemical with a total annual production of 95 million tonnes per year in 2019, as
mentioned in Chapter 1.>% On this point, high catalyst efficiency is one of the
most pursued challenges researchers are dealing with. One appealing way to
enhance the catalytic performance in many processes is to decrease the size of
the active component to the nano- or sub-nanometer range, thus increasing the
number of exposed surface atoms and the density of low-coordinated surface
sites. This results in most cases in greater activity for smaller particle sizes.”
However, an opposite trend has been reported in the methanol synthesis from
CO/CO; hydrogenation, where the activity decreases significantly for Cu particles
smaller than 8 nm,®® specifically when using inert or non-redox supports in the
absence of promoters.®'% Additionally, it has been reported that, with decreasing
particle sizes, CO formation by the reverse water-gas shift reaction (RWGS) starts
to dominate versus methanol synthesis,["" resulting in a low catalytic efficiency.
In this sense, the possibility to develop new synthetic strategies, whereby it might
be possible to modify the selectivity and inactivity of small particle size catalysts,
is of particular significance from an economic efficiency viewpoint. This becomes
especially interesting when using non redox supports, low metal loadings (<10%)

and in the absence of promoters. In this respect, Yu et al. reported on the
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possibility of enhancing methanol production by stabilizing Cu* ions in a
shattuckite-like structure in a 17 wt % Cu/SiO; catalysts containing highly
dispersed 2.6-3.8 nm copper particles prepared by flame spray pyrolysis.['?
Methanol yield of ~1.1-1073 mol meon-geat -h™" at 230 °C and 30 bar (CO2:H, molar
ratio 1 to 3; GHSV=2040 h™") is obtained, surpassing that of conventional Cu/SiO>
catalysts, which have been usually considered as inert catalysts.?'" In other
studies, Cu/Al O3 catalysts containing other metal oxides like MgO, CaO, SrO and
BaO with a Cu:M:Al molar ratio of 50:30:20 and prepared by a co-precipitation
method have been investigated. Methanol yield of 5.1-10% molveon-geat -h" and
31% selectivity to methanol at 200 °C and 20 bar (CO2:H, molar ratio 1 to 2.8;
GHSV=2000 h') have been reported for the most active Cu/MgO/Al,O;
catalyst.l'¥! In analogy, low methanol selectivity (29.8% at 4.3% CO, conversion)
has been reported for copper catalysts supported on MgO-maodified by TiO, "
and for Cu-doped MgAl,O4 catalysts containing nano-sized (1-5 nm) CuNPs
(displaying methanol selectivity below 20% at 2% CO, conversion).['! In summary,
all these results converge in an insufficient activity when non-promoted catalysts

using non-redox supports are considered.

Aiming at enhancing the activity of small CuNPs, Copéret et al., using a surface
organometallic chemistry method, obtained well dispersed and narrowly
distributed CuNPs (2-4 nm) on a SiO; support decorated with different types of
promoters acting as Lewis acid sites (i.e., Ti**, Zr**, Ga**, and Zn?*).l"6-19 Without
a promoter, the catalyst shown poor activity, being enhanced after adding a
second metal. In that case, methanol formation rates up to 1.7-10 molueon-geat

-h-" with 86% methanol selectivity are obtained at 230 °C, 25 bar (CO2:H, molar
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ratio 1 to 3 and WHSV=24000 mL-gcat "*h'") on a Cu-Zn"@SiO; catalyst, composed

of 4 nm CuNPs, containing 4.16 wt % Cu and 1.62 wt % Zn.I'!

As a precursor of well dispersed metal species, layered double hydroxides (LDH)
with hydrotalcite-like structure and a general formula [M2*1M3*(OH),]**-[A™
2n'MH>01% have shown great interest in catalysis. Although most of the material
comprises low-cost earth available elements (Mg-Al), the possibility to introduce
a wide range of chemical compositions and structural features have made them
suitable catalysts in many organic transformations.?” Especially, due to their
basicity, they proved to be excellent candidates for CO, capture and
utilization.??? In this regard, many catalysts formulations, including divalent
(Ni%*, Co?*, Mg?*, Cu?*, Zn?*) and trivalent (Fe3*, Ga3*, AI3*, Mn3*) cations have
been reported, resulting in complex bi- and multimetallic systems with interesting
CO; hydrogenation activity to methanol.?'?4 |n the simplest formulation,
containing only one metal besides Mg?* and AI**, most studies have been focused
on Ni2* and Co?*,2" and recently on Cu?*, giving in all cases CO and CH, as main
reaction products.?”! In the latter case, a reduced Cu-Mg-Al LDH-derived catalyst,
with basicity and operating conditions selected explicitly for the RWGS reaction,
displayed an enhanced specific activity towards CO due to the improved CO;

adsorption on the material.

Consequently, seeking cost-efficient and non-promoted copper-based catalysts
with high atom efficiency in the CO, hydrogenation to methanol, hydrotalcite-
derived materials seem to be a promising alternative. Therefore, and supported
on our previous experience in hydrotalcite-like materials,?® a Cu-MgO-Al,Os
mixed oxide catalyst containing small ex-solved CuNPs (2 nm) derived from a Mg-

Al-Cu hydrotalcite precursor (HT) will be explored in this chapter. Despite the
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absence of promoters and the redox inertness of the support, this catalyst
appears as an appealing candidate, exhibiting a methanol formation rate of
2.6:10"2 molmeor-geat *h" at 230 °C and 20 bar, with 71% methanol selectivity (mol
ratio Ho/CO,=3, WHSV=28500 mL-gcat "-h™"). As it will be further discussed, this
catalyst presents high thermal and temporal stability, outperforming other
analogous non-promoted nano-sized copper-based catalysts performance.
Moreover, the beneficial role of the HT-derived structures will be puzzle out by
comparing our aforementioned systems with a Cu/Al,03/MgO sample that does
not derive from a hydrotalcite structure (together with a Cu/SiO; reference) at a
catalytic level. Finally, IR-mass spectrometry experiments at variable pressure,
combined with IR surface titration experiments, will let us disentangle the effect
of Cu* in enhancing methanol formation. In this way, concepts such as operando
catalyst restructuration, HT-memory effect or the role of formate intermediates in
Cu* promoted methanol synthesis will be thoroughly addressed, shining light on

the ambiguity of literature studies.

4.2. Materials and methods
4.2.1. Preparation of catalytic samples and references

Synthesis of CuHT-230 and CuHT-450

Hydrotalcite-type materials were prepared by a co-precipitation through a
mesoscale flow synthesis procedure described elsewhere.?’-? Besides, and to
maximize the yield and bring forth a material with satisfactory physico-chemical
properties, synthesis and aging conditions (i.e., pH, temperature, time) were
selected according to a recent optimization described in reference [26]. The
synthesis method started from two different aqueous solutions. On the one hand,

solution A, containing the metallic species (i.e.,, Mg, Al, Cu) in the desired molar
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ratios to achieve a M?*/M3* mol ratio ~4 as nitrates (i.e, Mg(NOs)6H20,
AI(NO3)3:9H.0 and Cu(NOs),-2.5H,0, from Sigma-Aldrich) and 1.5 M of total
cationic concentration. On the other hand, solution B, with the same total mass
as solution A, but containing sodium carbonate (Fisher) and sodium hydroxide
(Scharlab) in adequate amounts to accomplish a COs*> / (sol. A total cationic
number) molar ratio equal to 0.66 and OH" / (sol. A overall positive charge) molar
ratio equal to 1, respectively. These solutions were added at the same rate (20
mL-h"") to an empty beaker with continuous stirring at 200 rpm and room
temperature (RT). After that, the precipitates were aged at 60 °C overnight under
sealed conditions, without agitation. The resulting solids were filtered, washed
with Milli-Q water until pH ~7, and dried overnight at 100 °C. Finally, the
hydrotalcite was calcined at 550 °C for 6 h under static air to attain the
corresponding mixed oxide. Before their use in catalysis and for spectroscopic
measurements, the mixed oxides were in situ reduced under an H, flow (20
mL-min") at either 230 °C (CuHT-230) or 450 °C (CuHT-450), always using a ramp

rate of 5 °C-min" and for 3 h at maximum temperature.

Synthesis of Cu/HT (w) and Cu/HT (ACN)

Initially, the pure hydrotalcite-derived material used as support (HT; just
containing Mg and Al as metallic species) was synthesized following the same
procedure above described for the Cu-Mg-Al hydrotalcite-derived materials.
Nonetheless, in this case, the hydrotalcite was calcined at 450 °C (2 °C-min’’, for a
total time of 10 h) under an airflow (100 mL-min™") to attain the corresponding
Mg-Al mixed oxide, as usually performed for simple Mg-Al hydrotalcites./?”3% The
incorporation of copper onto this support was carried out by the incipient

wetness impregnation method using a solution of Cu(NO3),-2.5H,0 in water (w)
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or in acetonitrile (ACN) at an adequate concentration to achieve a metal loading
of ~10 wt % in the final solid. The latter solvent (i.e., ACN) was used alternatively
to avoid the presence of water during the impregnation process, minimizing the
HT memory effect. The impregnated solid was dried in a stove at 100 °C for 24 h
(Cu/HT (w)) or in a fume hood at room temperature for 6 h (Cu/HT (ACN)).
Afterwards, the catalytic system was calcined at 550 °C (3 °C-min”', 5 h) under air.
Finally, the catalyst was thermally reduced at 230 °C (5 °C-min") under a H, flow

(20 mL-min") for 3 h, prior to their use in catalytic experiments.

Synthesis of Cu/(Al>203/MgO)

An intimate physical mixture of Al,Os and MgO was used to support Cu
nanoparticles for comparative purposes. This composite was prepared by
incorporating AI(NO3)3-9H,O onto a high surface area MgO (MgO Nanoactive
Plus, Nanoscale Corp.) by incipient wetness impregnation, followed by a
calcination program analogous to that used for the pure Mg-Al hydrotalcites. The
amount of Al(NOs);-9H,0 was calculated to keep the M?*/M3* at the same value
used throughout this work (i.e, ~4), aiming at achieving acid-base properties
analogous to those obtained for the HT-derived materials. Afterwards, copper
was incorporated onto this support by incipient wetness impregnation using an
aqueous solution of Cu(NO3)»-2.5H,0, at an adequate concentration to achieve a
metal loading of ~10 wt % in the final solid. Finally, the catalyst was thermally
reduced at 230 °C (5 °C:min"") under a H; flow (20 mL-min™") for 3 h, prior to their

use in catalytic experiments.

Synthesis of Cu/SiO:

Nonporous silica spheres were synthesized via a technique reported by Stober et

al.B” Then, copper was deposited via incipient wetness impregnation, followed
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by drying and calcination. Before impregnation, the SiO, support was dried at 150
°C under vacuum for 1 h to remove adsorbed water. After that, the support was
impregnated with an aqueous solution (0.1 M HNOs) of copper nitrate
(Cu(NO3)23H,0, Sigma-Aldrich) with the adequate concentration to achieve 1.5
wt % of Cu in the final material. The material was dried overnight under vacuum,
at room temperature. Subsequently, the sample (~1 g) was heated at 350 °C (2

°C-min") in a flow reactor with 750 mL-min-' of N..

4.2.2. Characterization techniques

Copper content, and hydrotalcite/mixed oxide compositions were characterized

by inductively coupled plasma optical emission spectrometry (ICP-OES), with a
Varian 715-ES spectrometer, after sample digestion in an HNO3/HCl| aqueous
solution for those materials containing Mg, and HNOs/HCI/HF aqueous solution

for the Cu/SiO; sample.

X-ray powder diffraction (XRD) measurements were performed using a

PANalytical Cubix Pro diffractometer with a CuKy X-ray source (A=0.15406 nm),
provided with a variable divergence slit and working in fixed irradiated area mode.
Data were collected over a 28 range of 5-90° at a scan rate of 2 min~", operating
at 40 kV and 35 mA. Diffractograms were compared with the PDF2 database

(codes in parentheses) for adequate identification.

Surface areas of solid samples (250 mg) were calculated by applying the
Brunauer-Emmett-Teller (BET) model to the range of the N, adsorption isotherm
where a linear relationship is maintained. These isotherms were obtained from
liquid nitrogen adsorption experiments at -196 °C, in a Micromeritics flowsorb

instrument.
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High-resolution transmission electron microscopy (HR-TEM) images were

collected on a 200 kV Jeol JEM-2100F instrument. The microscope was also
equipped with a high-angle annular dark-field (HAADF) detector to be run in a
STEM mode, thereby achieving better compositional contrast between CuNPs
and the oxide support. In this manner, the particle size distribution for each
reduced samples was obtained with its statistical parameters (the + o value). In all
cases, a minimum number of 200 particles was considered. This study was done
employing an image analyzer software (ImageJ). The instrument also had an EDX
X-Max 80 detector, with a resolution of 127 eV, which supplied qualitative
information about which elements were in the sample. Therefore, maps with
different colors depending on the element were obtained. These analyses allowed
us to confirm the presence of copper nanoparticles as the bright dots in the STEM
images. Additionally, Field Emission Scanning Electron Microscopy images were
collected on a Zeiss Gemini SEM 500 instrument for the sample Cu/SiO; to check

that the Stober silica support was prepared correctly.

Temperature-programmed reduction (TPR-H,) analysis was performed on a

Micromeritics Autochem 2910 instrument. About 50 mg of sample was initially
cleaned with 30 mL-min™" of Ar at room temperature for 30 min. Then, a mixture
of 10 vol % of Hz in Ar was passed through the solid at a total flow rate of 50
mL-min”’, while the temperature was increased up to 800 °C at a heating rate of
10 °C:min”". The H, consumption was measured using a thermal conductivity

detector (TCD), previously calibrated using the reduction of CuO as a reference.

The amount of surface copper metal sites was measured by N.O surface

oxidation®33! followed by TPR-H; analysis in a Micromeritics Autochem 2910

instrument assuming an adsorption stoichiometry of 1:2 (H2:Cus). Before
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measurements, about 50 mg of catalyst was activated in 20 mL-min~" H, flow (3 h,
230 °C for CuHT-230 sample). After reduction, the sample was cleaned at the
same temperature under Ar flow. Then, the temperature was decreased to 25 °C
and the surface oxidation from Cu®to Cu.O using N>O (1 vol % in He, 10 mL-
min~') was performed for 1 h. After this, the sample was cleaned with Ar (15 min)
at room temperature. Finally, TPR-H, was submitted until 400 °C (10 vol % H; in

Ar, 50 mL-min’", 10 °C:min™") to reduce the previously oxidized Cu.O to Cu®.

mol
The copper surface area was calculated as: Cusurfarea (M2cu/Qeat) = (%M'NA /Cwm),
ca

and the mass of exposed copper has been calculated as: Masscysurf (gcu/Qeat) =

(%“’S‘”f~63.546 g/mol), where molcusurf o Jatermined from the amount of Ha
cat

8cat

consumed to reduce the surface of copper particles (Cu,0—Cu® that have been
previously oxidized by N.O, applying a factor considering the 1:2 (H2:Cu)
stoichiometry. Na is the Avogadro’'s number; Cy is the number of surface Cu
atoms per unit surface area (1.47-10"° at/m?); 63.546 g/mol is the atomic weight

of copper.

Temperature-programmed desorption (TPD-CO;) studies over in situ reduced

samples were performed using a quartz reactor, connected online to a mass
spectrometer Balzer QMG 220M1. 100 mg of sample was first activated in a 20
mL-min~' H flow at 230 °C (5 °C-min™") for 3 h. Then, the sample was flushed with
Ar (18 mL:‘min") and the temperature decreased to RT. After stabilization, CO>
was pulsed 19 times using a four way-valve (100 uL loop). After the adsorption,
the temperature was increased to 600 °C, maintaining the inert flow (10 °C:min‘").

CO; desorption was followed by MS (m/z=44).
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Infrared (IR) spectra were recorded with a Nicolet (Nexus) 8700 FTIR spectrometer
using a DTGS detector and acquiring at 4 cm~" resolution. For IR measurements,
samples were pressed into self-supported wafers and submitted to activation

conditions prior to each experiment.

IR characterization of reduced materials using carbon monoxide as probe

molecule was carried out by treating the samples at 230 °C (or 450 °C for CuHT-
450 sample) in Hz flow (10 mL-min-", 2.5 h), followed by evacuation at 104 mbar
(using a TBM pump, Pfeiffer) at 150 °C for 1.5 h. After that, the sample was cooled
down to -170 °C under dynamic vacuum conditions. CO was dosed at -170 °C and
at increasing pressure (up to 5 mbar). IR spectra were recorded after each dosage.
Spectra deconvolution has been done using the Origin software. In a first
instance, derived curves and the parameters involved in the Gaussian fitting (i.e.,
Yo, X, W, and A) associated to the support were obtained. With these values, the
IR spectra of the copper containing samples were deconvoluted. Additional
titration experiments at RT were performed on selected reduced samples using

CDsCN as a probe molecule (see Subsection 4.5.4).

Operando CO, hydrogenation IR studies at atmospheric pressure were performed

in a homemade IR catalytic cell connected online to a mass spectrometer (Balzer
QMG 220M1). The IR cell allows in situ treatments in controlled atmospheres and
temperatures from -176 °C to 500 °C, connected to a vacuum system with a gas
dosing facility. Samples were firstly reduced in H, flow (see above). After
activation, the temperature was decreased to 160 °C, and the gas feed switched
to reaction conditions (20 mL'min" total flow, 5 mL-min-' CO», and 15 mL-min™’
H,). After 15 min of stabilization monitored by MS, the temperature was increased

to 200 °C and kept there for 30 min. After this reaction step, the temperature was
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set at 230 °C for another 30 min. IR spectra were acquired after all the
experimental steps and every 15 min during catalysis. Additional offline GC
analysis was also performed at all the temperatures. After reaction, the
temperature was decreased to 180 °C, followed by evacuation at 10" mbar
(primary pump, Leybold). Once the sample was at RT, the system was cooled
down to -170 °C under dynamic vacuum conditions (10 mbar, using a TBM
pump, Pfeiffer). CO was dosed at -170 °C and at increasing pressure (up to 5

mbar). IR spectra were recorded after each dosage.

Operando CO, hydrogenation IR studies at high pressure (9 bar) were performed

in a commercial IR catalytic cell (model #2000-A, Aabspec) connected online to a
mass spectrometer (Balzer QMG 220M1). This type of experiment initially presents
the same two first steps that the IR-operando CO, hydrogenation at atmospheric
pressure (activation + reaction at 1 bar, see the previous procedure above). After
1 bar reaction, the temperature was decreased to 160 °C, removing CO; from the
gas mixture and fixing 25 mL:-min"" pure H,. Then, a back-pressure regulator (BPR,
Swagelok), connected in the outlet port of the IR cell, was constrained to increase
the pressure to 9 bar. After pressurization, the reaction mixture (20 mL-min™" total
flow, 5 mL'min”' CO; and 15 mL-min™' H,) was submitted into the cell and
stabilized for 15-30 min. Then, the temperature was increased to 230 °C and kept
there for 2 h. IR spectra were acquired after all the experimental steps and every
15 min during catalysis. The reaction was monitored by online MS and by offline
GC. A three-way valve was installed before the MS instrument, to extract the
downstream gas through a plastic syringe to the latter tracking. After 2 h on

stream, the temperature was decreased to 180 °C and the cell was depressurized.
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The cell evacuation and the CO titration experiment were performed by following

the previous procedure at a temperature of -170 °C.

Hydrogenation experiments after operando IR CO,+H; reaction were performed

at 1 and 9 bar. The experimental procedure until the hydrogenation step has
already been explained above for both pressures. After reaction, the temperature
was decreased to 100 °C and the gas mixture switched to 30 mL-min-'; 10 vol %
H./N.. Then, a progressive hydrogenation at increasing temperatures and H, %
vol concentrations was carried out. Further details can be found in Subsection

4.5.6.

Mass analysis was performed using a mass spectrometer Balzer (QMG 220M1)
coupled to IR reaction cells. The m/z values used to monitor each compound
were: 44 (COy), 31 (MeOH), 29 (HCOH), 28 (CO), 18 (H20), 15 (CH4) and 2 (H>).
Additionally, m/z values of 3 (HD), 4 (D), 34 (CH,DOD), 19 (CHDs) and 20 (CDa)

were monitored during IR isotopic experiments (see Subsection 4.5.6).

Laboratory X-ray photoelectron spectroscopy (XPS) experiments were performed
on a SPECS spectrometer equipped with a Phoibos 150 MCD-9 multichannel
analyzer using a non-monochromatic AlK, (1486.6 eV) X-ray source, an X-ray
power of 50 W, pass energy of 30 eV, and under an operating pressure of 10-°
mbar. The sample (~30-50 mg) was pressed into a pellet and loaded onto a SPECS
stainless steel sample holder. Before XPS analysis, samples were submitted to
different treatments in a high-pressure cell reactor (HPCR) connected under UHV
to the XPS analysis chamber: i) H, reduction (10 mL-min" flow) at 230 °C and
atmospheric pressure for 3 h; ii) CO, hydrogenation reaction at 230 °C and 1 and

9 bar pressures in a CO»:H, mixture (1:3 molar ratio, 8 mL-min™" total flow) for 2 h.
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Gases were flown through two mass flow controllers (Bronkhorst). XPS spectra
were referenced to the Mg 1s peak (1303.9 eV) and Si 2p peak (103.5 eV). Data
treatment was addressed using the CASA XPS software. Shirley-type background

and Gaussian/Lorentzian-type curves were used in the spectra fitting.

UV-VIS spectra were acquired in a Cary 5000 spectrometer equipped with a
diffuse reflectance accessory (Praying Mantis Harrick). Calcined and ex situ
reduced (20 mL-min™" Hp, 230 °C, 3 h, 5 °C:min’") samples were both measured in

the 200-800 nm range.

Density functional theory (DFT) calculations were carried out in collaboration with

Dr. Ganduglia-Pirovano’s group (ICP) using the slab-supercell approach,?4 with
the Vienna Ab-initio Simulation Package (VASP version 5.4.4).B%3¢1 We explicitly
treated the Mg (2p, 3s), O (2s, 2p), Cu(3p, 3d, 4s) and C (2s, 2p) electrons as
valence states within the projector augmented wave (PAW) method, whereas the
remaining electrons were considered as part of the atomic cores, with a plane-
wave cutoff energy of 525 eV and the Perdew, Burke and Ernzerhof (PBE)
generalized gradient approximation (GGA) functional.®” Long-range dispersion
corrections were considered with DFT lattice constants, employing the so-called
DFT-D3 approach.B3839|n this study, the Cu,O bulk has been modeled with the
nonlocal HSEO6 hybrid functional®’! and standard PBE-D3 approaches with a
6x6x6 k-point mesh sampling and optimized lattice constant of 4.25 and 4.24 A,
respectively. No long-range dispersion corrections were included in the hybrid
calculations. The CuxO(110) surface was modeled with (1x1) periodicity and a
Cu,0 slab consisting of 6 alternating Cu—0O and Cu layers (see Figure 4.33). Cu,0O
slabs were repeated in z-direction and separated by vacuum layers of 15 A. The

two bottom layers were kept fixed during geometry optimization. The Cu bulk has
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been modeled with the PBE-D3 approach with optimized lattice constant of 3.61
Aand a 12x12x12 k-point mesh sampling. The MgO bulk has been modeled with
a unit cell containing four Mg and O atoms and a 15x15x15 k-point mesh
sampling. The calculated lattice parameter of 4.217 A is in excellent agreement
with the experimental value of 4.213 A® The MgO(100) surface has been
modeled with (2x2) periodicity and a three-layers slab with eight Mg and O atoms
per layer (Mg240z4, see Figure 4.33) with a vacuum separation of 15 A. During
geometry optimization, only the bottom layer of the slab has been fixed
according to the MgO bulk structure. As for the interaction with Cu with the MgO
surface, it was considered that Cu species may dope the MgO surface or adsorb
on it. In the first case, one Mg?* was replaced by two Cu (formally Cu*) atoms,
while in the second case, Cum (m=2, 5) clusters were adsorbed on the oxide
surface (see Figure 4.33). The adsorption energy of CO per molecule was
calculated according to the following equation: E.qs=[E[nCO/Surf.] — E[Surf] —
nE[COgasll/n, where E[nCO/Surf] is the total energy of n=2, 8 CO adsorbed
molecules on the surface model; E[Surf] is the total energy of the surface without
the adsorbates; and E[COgas] is the energy of one CO molecule in gas phase.
Vibrational frequencies and normal modes were obtained by diagonalization of
the Hessian matrix, calculated from finite differences with atomic displacements
of +0.015 A. Infrared (IR) intensities for each normal mode were calculated as the
square of the first derivative of the zcomponent of the dynamic dipole moment.
The in-phase CO stretching vibrational frequency has been scaled by the factor
A =veP/vale being ve® = 2143 cm’’ for the PBE and HSE functionals (A8 =2127 cm-

Tand A™SE06 = 2235 cm).
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CO,_hydrogenation catalytic tests were performed in a stainless-steel fixed-bed

reactor (inner diameter of 11 mm and 240 mm length), equipped with a back-
pressure regulator (BPR, Swagelok) that allows working at a pressure range of 1-
20 bar. Typically, 200 mg of catalyst (particle size 400-600 pm) was diluted in SiC
in a weight ratio 0.13 (Cat/SiC). Samples were in situ reduced at atmospheric
pressure prior to catalytic tests (20 mL-min™" Hp, 230 °C, 3 h, 5 °C:min"" for all
samples; 450 °C for CuHT-450 sample). Experiments at a constant weight hourly
space velocity (WHSV~28500 mL-gc.t -h'") were performed under concentrated
reaction conditions (23.7 vol % CO,, 71.3 vol % H,, 5 vol % N,) at 20 bar and
reaction temperatures from 230 to 280 °C. Each temperature was maintained for
at least 1.5 h. Catalytic experiments were also performed at different contact times
(WHSV~570 to 134000 mL-gcat -h”"), maintaining the 3:1 H, to CO, molar ratio at
20 bar pressure. The thermal stability of CuHT-230 sample was evaluated at 230
°C after 3 high temperature steps at 280 °C (45, 90 and 90 min) and 20 bar
(WHSV~5700 mL-gat'-h™). In addition, a long-term stability experiment was
carried out at 230 °C and 20 bar (WHSV~5700 mL-gcat -h") for 85 h. Direct analysis
of the reaction products was done by online gas chromatography (GC), using a
SCION-456-GC equipment with TCD (MS-13X column) and FID (BR-Q Plot
column) detectors. Blank experiments (in the presence of SiC) shown the absence

of a homogeneous contribution to the reaction.

4.3. Results and discussion

4.3.1. Synthesis, characterization and catalytic properties of calcined-
reduced catalysts

Two Cu-Mg-Al mixed oxide catalysts containing 10 wt % Cu have been prepared

starting from a Cu-Mg-Al hydrotalcite (HT) precursor (details in Subsection 4.2.1).
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In this study, the molar ratio Cu?*/Mg?*/AI** has been fixed to 6/74/20, which,
based on our previous work,?®! results in materials of large surface area (Sger ~200
m?/g), high metal dispersion and moderate basic sites. These features, which are
critical for an enhanced CO; hydrogenation activity and methanol selectivity, are
found in the range of previously reported catalysts®44?l and that of a commercial-
like Cu/ZnO/Al,O3 sample (i.e., CZA, see Chapter 3) synthesized as reference
catalyst (see Figure 4.18). The co-precipitated Cu-Mg-Al-hydrotalcite catalysts
were first calcined at 550 °C under an air atmosphere, and then reduced in H; at
two temperatures: 230 and 450 °C. After this procedure, two ex-solved copper-

based systems are obtained, labeled as CuHT-230 and CuHT-450, respectively.

Catalysts properties derived from physico-chemical characterization techniques
areincluded in Table 4.1 (together with those of reference samples) and discussed

in the Supporting Information (Section 4.5).

Table 4.1 Main physico-chemical properties of Cu-based materials.

Catalyst MZ*/M:"" . Mg/Al Cu conteant Surfz. ar(:a P. sizt: Cu zexp. a:e?
(mol ratio) (wt %) (wt %) (m?/g) (nm) (M*cu"Geat ™)

CuHT-230 4.1 40.1/11.7 9.4 180 1.9 35.7 [5.5:10]

CuHT-450 4.1 40.1/11.7 9.4 180 2.3 29.8 [4.6:10]

Cu/HT (w) 4.1 33.7/10.0 8.8 169 2.3¢ 26.0 [4.0-107]
Cu/HT (ACN) 44 28.3/7.8 7.1 147 - -

Cu/(Al203/MgO) 3.6 38.8/13.0 83 144 2.6f 19.1[2.9-107]
Cu/SiO2 - - 1.5 162¢ 3.3¢ -

aMeasured by ICP. PValues calculated from the N adsorption isotherm by applying the
BET method. “Surface area of the bare support. “Average Cu particle size by HR-TEM (a
minimum of 200 particles was considered) for the reduced material. ¢Considering >60%
particles (see Subsection 4.5.1). fConsidering >70% particles (see Subsection 4.5.1).
9Considering >90% particles (see Subsection 4.5.1). "Cu surface area determined by N,O

and mass of exposed copper [gcugeat '] in brackets.
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Firstly, XRD provides convincing proof of the formation of the desired hydrotalcite
phase in as-prepared samples and the corresponding mixed metal oxide in
calcined and reduced samples (see Figure 4.9). Diffraction peaks associated with
other phases (like MgAl,O4 spinel or Al;Os) or copper related species are not
detected, suggesting a high copper dispersion (see Subsection 4.5.1). Indeed, in
the reduced samples, the ex-solution of small and narrowly distributed CuNPs
with a particle size of ~2.0 nm has been confirmed by high-resolution
transmission electron microscopy (HR-TEM), independently of the reduction
temperature, ascertaining a remarkable stability of the so-formed CuNPs (Figure
4.1). Elemental EDX analyses were used to properly distinguish CuNPs from the

support (see Figure 4.13).
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Figure 4.1 Left, HR-STEM images of CuHT-230 (a) and CuHT-450 catalysts (c). Right,
particle size distribution for CuHT-230 (b) and CuHT-450 catalysts (d). More than 200

particles have been measured in each sample.
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It has been reported that nano-sized copper NPs (<4 nm), supported on non-
redox supports and in the absence of promoters, result in low methanol
formation.’' This behavior is not observed in our study (Tables 4.2-4.4). In
particular, the methanol yield at 230 °C, 20 bar and WHSV of ~28500 mL-gcarh™
over the CuHT-230 catalyst is 2.6:10°3 molveon-geat -h™", which normalized by the
amount of exposed copper determined by N,O titration (5.5-10 gcuy'geat ', Se€
Table 4.1) results in 4.7-10"2 molveon-gcy "-h™! with 71% methanol selectivity (Table
4.3). This value surpasses that of a previously reported Cu/MgO/Al,O; catalyst,'¥!
where 8.2 mgwmeon-MLeat ™-h" (5.1-10 molmeor-geat '-h™") at 20 bar, 200 °C and GHSV
of 2000 h™" has been found. Moreover, the catalytic activity of the herein reported
Cu-HT-derived catalysts outperforms that referred in the literature with similar
particle size (Figure 4.20), including Cu-M@SiO, promoted catalysts reported by
Copéret et al.,l"®% when working at high contact time. In opposition to these
previously reported catalysts, the ones in this study do not need expensive
promoters or a complicated air sensitive synthesis methodology, thus leading to

promising cost-efficient catalysts.

In order to figure out if the hydrotalcite precursor plays a critical role in the
catalytic performance of the final material, an alternative Cu/(Al,03/MgO) catalyst
was prepared. In this case, the support does not derive from a HT precursor,
although displaying similar acid-base properties as the HT-derived catalysts
(Figure 4.19). In this sample, copper has been added using the incipient wetness
impregnation methodology onto an Al,O3/MgO support, resulting in a
heterogeneous particle size distribution, with most particles around 2.6 nm
(Figure 4.16). Using the same synthetic approach, two Cu impregnated Mg-Al HT

catalysts (Cu/HT (w) and Cu/HT (ACN), where "w"” and "ACN" denote impregnation
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in either water or acetonitrile) were also prepared, resulting in similar particle size
distributions as the Cu/(Al,03/MgO) sample (Figure 4.15). Finally, the
performance of these catalysts in the CO, hydrogenation has been compared to
that of a Cu/SiO; catalyst of 3.3 nm particle size (Figure 4.17), prepared as in refs.

[31, 43, 44]. More details are found in Subsection 4.2.1 and Table 4.1.

As shown in Figure 4.2, and according to the data in Table 4.3, the methanol yield
(STY) increases in the order: Cu/SiO; < Cu/(Al,03/MgO) << CuHT-450 < Cu/HT
(ACN) ~ Cu/HT (w) < CuHT-230. Notoriously, all HT-based samples show
significantly higher methanol production than the other catalysts, highlighting

the positive role of the HT-type precursor.
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Figure 4.2 Methanol productivity of studied Cu-based samples at variable temperature

and 20 bar pressure (3:1 H»/CO; vol % ratio, WHSV ~28500 mL-gcat™"-h").
The effect of the contact time on the catalytic activity and selectivity has been

studied on three selected samples (CuHT-230, Cu/(Al,03/MgO), and Cu/SiO,

details in Table 4.4). Firstly, the variation of the selectivity to methanol with the
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CO; conversion obtained at 230 °C is given in Figure 4.3a. A higher selectivity is

observed in CuHT-230 catalyst, with a methanol selectivity around 67-70% at

conversions <22%, while it is lower in the case of Cu/(Al,03/MgO) and Cu/SiO;

samples (i.e., 50-57% and 5-8%, respectively). Interestingly, the CuHT-230 sample

maintains a remarkable methanol selectivity when the CO; conversion is risen up

to the equilibrium level (i.e., ~22%), an unusual behavior in conventional Cu/ZnO-

based samples, where the methanol selectivity tends to drop as the CO»

conversion increases (Figure 4.3b).
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Figure 4.3 Variation of the MeOH selectivity versus CO; conversion at 230 °C and 20 bar

on samples under study (a) and comparison between a commercial Cu/ZnO/Al,Os catalyst

(CZA) and CuHT-230 sample under the same catalytic conditions (b). CZA was prepared

according to the work of Baltes et al.*”! and discussed in Chapter 3. Intrinsic formation

rates of methanol and CO for representative catalytic systems (c). Long-term stability of
CuHT-230 system at 230 °C, 20 bar and 5700 mL-gcst ™-h™" (d).
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Analyzing the initial formation rates of methanol and CO (obtained by
extrapolating the respective rates to zero contact time, Figure 4.21), both CO and
methanol appear as primary products in all three catalysts (Figure 4.3¢). In CuHT-
230 catalyst, methanol formation is favored over CO formation. In contrast, CO
predominates over methanol formation in Cu/(Al,03/MgO) sample and,
particularly, in Cu/SiO; system. This last behavior has been reported for non-
promoted nano-sized Cu catalysts, being more active for the RWGS than for
methanol synthesis."4546] According to this, the opposite trend observed in the
CuHT-230 sample may indicate a different active site condition, as determined

later.

In catalysts for methanol synthesis, long-term and thermal stabilities are crucial
for practical applications. Significantly, CuHT-230 catalyst shows high long-term
stability with ~85 h of time-on-stream (TOS) (Figure 4.3d) operating at 20 bar,
230 °C, and 5700 mL-geat -h7'. An initial decrease in methanol formation (8%) is
observed during the first ~33 h, remaining stable until the end of the experiment.
It is worth noting that conventional Cu-based catalysts in the absence of Al,Os as
stabilizer tend to deactivate when operating at high temperatures (280-300 °C).
In contrast, CuHT-230 catalyst displays high thermal resistance against alternating
cycles of temperatures between 230 and 280 °C (Figure 4.22), without apparent

deactivation.

In this direction, the stability of the CuNPs in CuHT-230 material has been
evaluated by HR-TEM on the spent catalyst (Figure 4.23), reflecting a change in
the particle size from 1.9 to 3.2 after one catalytic cycle, and then remaining quite
stable reaching 4.1 nm after four high-temperature steps at 280 °C. Such particle

stability is likely induced by the stable ex-solution sites, at which the particles are

191



n CO: hydrogenation over Cu-HT catalysts

192

tightly anchored.“® Interestingly, lattice fringes corresponding to the laminar
structure of the hydrotalcite are observed in CuHT-230 sample after being
submitted to several cycles of temperature. This feature corresponds to the “"HT-

memory effect”, a behavior later discussed.

In order to understand the reason behind the outstanding activity of the herein
Cu-HT derived samples, spectroscopic studies using surface sensitive tools have
been performed (i.e., X-ray photoelectron spectroscopy (XPS) and operando IR-

MS studies combined with IR-CO titration experiments).

4.3.2. Spectroscopic catalyst characterization

Laboratory XPS and IR-CO experiments
The chemical state of CuNPs has been studied by XPS and IR-CO. XPS spectra

show the presence of Cu® in all reduced samples, characterized by BE of ~932.5
eV at the Cu 2ps,. core line and a Cu L3VV auger peak maxima at around 918.4 eV
KE (Figure 4.24 and Tables 4.6-4.8). Throughout XPS and auger peaks analysis, the
presence of minority Cu* species is hard to detect. However, by IR spectroscopy
using CO as probe molecule, a higher surface sensitivity is obtained, and Cu*
species (IR band at 2138-2135 cm™"), together with Cu® (IR bands at 2100-1990
cm’) and Lewis acid sites and OH groups of the support (~2168 and ~2150 cm-
) can be observed on reduced samples (Figure 4.4).14°-5" The amount of Cu* in
the HT-derived samples follows the order: CuHT-230 > CuHT-450 >> Cu/HT (w) ~
Cu/HT (ACN) (Figure 4.4e); being absent in Cu/(Al,03/MgO) and Cu/SiO, samples
(details in Subsection 4.5.4). Furthermore, Cu* ions are unexpectedly observed in
the Cu/HT (w) sample, prepared by impregnation of a calcined Mg-Al HT support

with an aqueous solution of a copper salt. It is known that the presence of water
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promotes the so-called "HT-memory effect” (as observed in the XRD pattern of

Figure 4.11), favoring the relocation of Cu®*/* ions in lattice positions.?
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Figure 4.4 IR of CO adsorption at -170 °C and saturation coverage on reduced Cu-HT-
derived samples: CuHT-230 (a), CuHT-450 (b), Cu/HT (w) (c), Cu/HT (ACN) (d). Color code
for deconvoluted components: orange (HT support), dark cyan (Cu* species), navy (Cu®
species). Comparison between the amount of Cu* species normalized to sample weight

analyzed at saturation coverage (e).
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Especially, it has been reported that the reconstruction of the hydrotalcite
structure has a beneficial effect on maximizing the Cu*/Cu® ratio in the
corresponding reduced materials.53 Indeed, even when performing the same
impregnation procedure with an organic solution using acetonitrile, a reversion
toward the HT structure is again detected from the XRD pattern, although to less

extent, together with the stabilization of lattice Cu* ions in the IR-CO spectra.

Concerning the nature of Cu* ions, a detailed analysis of the IR data, supported
by DFT simulations and combined with UV-VIS studies, allows for assigning the
IR band at ~2137 cm™ to highly dispersed Cu* ions in metal oxide lattice
positions. Indeed, when CO interacts with CuO, its frequency appears around
2118-2127 cm11#954571 while when it coordinates with isolated Cu* ions, it has
been reported at 2137 cm".58-6% Similar shifts in the CO frequencies with respect
to the gas phase molecule have been retrieved from the DFT simulations (see
Subsection 4.5.5), where the IR band at 2137 cm™" has been correlated to dopant
Cu ions in the metal oxide lattice. In addition, the presence of isolated Cu?* and
Cu* ions in the metal oxide lattice is confirmed by diffuse reflectance UV-VIS
analysis (bands at 265 and 227 nm, respectively, see Figure 4.32) being the
amount of Cu* ions enhanced in the reduced CuHT-230 sample. In conclusion,
the above reported results reveal the coexistence of CuNPs and Cu* ions likely
located in lattice positions of the reduced HT-derived mixed oxide catalysts. The
fact that Cu* ions are only observed in HT-derived samples and not in
Cu/(Al,03/MgO) or Cu/SiO, systems could explain the different catalytic
performance of the materials, considering that Cu* has been reported in several

works to enhance methanol production.['261:62]
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It must be highlighted that water is formed under reaction conditions, and as
indicated above, this by-product promotes the reconstruction of the metal oxide
structure allowing the relocation of Cu* ions in lattice positions. At the same time,
it may also behave as an oxidant competing with the reducing effect of H; in the
reaction feed or even assisting the desorption of the so-formed methanol or
methoxy species during reaction. Thus, it is not surprising that operational
conditions (as the reaction pressure) strongly influence the identification of
copper species (Cu®, Cu,0, CuO), as well as the stabilization of lattice Cu* ions,
feature confirmed through operando spectroscopic studies, as detailed in the

next subsection.

Operando IR studies combined with titration experiments

From infrared studies, significant transformations have been identified on the
catalyst surface depending on the working pressure. This is revealed on the
quenched sample after 2 h of reaction at 230 °C and 1 or 9 bar, submitted to CO
titration at low temperature (-170 °C) (see Subsection 4.2.2 for more experimental
details). For instance, while similar trends are observed in all samples, a titration
experiment performed on the most active CuHT-230 sample after reaction at 1
bar reveals slight oxidation of copper nanoparticles with the formation of surface
Cu0 species, whereas at 9 bar the copper nanoparticles appear fully reduced
(Figure 4.35). In addition, compared to the reduced catalyst, a decrease in the IR
band ascribed to Cu® sites, especially those appearing at lower v(C=0)
frequencies, is observed at both pressures. This decrease is due to the poisoning
of the copper surface by species involved in the process, as will be demonstrated
later. Simultaneously, an increase in surface doped Cu* ions (IR band at ~2137

cm") is detected. This is particularly observed when working at 9 bar, (Figure 4.36
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and 4.37), and it is linked to the higher reactivity of the samples (and, accordingly,
water formation) at increasing reaction pressure. This feature is confirmed by
online MS analysis and is aligned with catalytic studies performed at different

pressures (Figure 4.38 and Table 4.14 and 4.15).

In the next, considering all samples studied in this work, we calculated the
concentration of Cu® and surface doped Cu* sites, before and after operando IR
reaction at 9 bar, which is given in Figure 4.5 (the corresponding spectra and their
respective deconvolution are shown in Figure 4.4, 4.25-4.28, 4.36). Notably, the
concentration of Cu* increases after reaction in all CuHT samples (Figure 4.5a),
reaching a final value of 0.55-0.65 in all of them. In addition, a decrease in the Cu°®
sites is observed in all samples (Figure 4.5b), being ~70% in the CuHT-230 sample,

for instance.
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Figure 4.5 Normalized area of the IR component associated with CO coordinated to Cu*
(IR band at ~2135 cm™) (a); and Cu® (IR bands between 2115-1990 cm™") (b); before (i.e.,
reduced samples) and after CO; hydrogenation at 9 bar.

In order to establish structure-activity correlations and identify the nature of

active sites, IR-CO titration experiments after high pressure operando IR reaction
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at 9 bar have been compared with the catalytic performance of the samples in
the fixed-bed reactor. On the one hand, the amount of unblocked Cu® sites has

been correlated with catalytic activity and/or selectivity.

In general, it is widely accepted that Cu® sites are needed for CO;
hydrogenation,!83-¢7! in particular for H, dissociation. Some authors reported a
linear relationship!'"2>33! between the methanol yield and the copper surface area,
while other studies did not convey such a linear correlation.!'84468] |n other cases,
metallic copper has been associated with the RWGS reaction.®”! In our case, we
do not find a clear correlation between the amount of Cu® and the CO or
methanol production (Figure 4.39). In contrast, when representing the amount of
surface doped Cu* species under operando IR conditions at 9 bar versus the
methanol yield (STY), a good linear correlation is obtained despite the pressure

gap (Figure 4.6), thus highlighting the positive role of Cu* in methanol production.
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Figure 4.6 Correlation between methanol production at 20 bar in a fixed-bed reactor (STY
MeOH, X axis) and the amount of Cu* species normalized to sample weight obtained in

the operando IR studies at 9 bar (Y axis).
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In definitive, while Cu® is necessary for catalytic activity, the controlling step in
methanol production is determined by the presence of Cu* sites in the mixed

metal oxide surface.

Going one step further and aiming to gain mechanistic insights into the type of
intermediate reaction species involved in the CO, hydrogenation to methanol,
and the role of Cu* in the mechanism, temperature resolved IR-MS studies have
been done. In these experiments, the evolution of surface species in the infrared
spectra are monitored on the most active CuHT-230 sample, together with the

reaction products tracked by online MS.

Working at 9 bar and in the temperature range from 160 to 230 °C, a complex set
of IR bands growing in intensity in the 1670-1200 cm" region, associated with the
contribution of different types of carbonate and formate species, are observed
(see Figure 4.40A-C). Thus, IR bands%" due to monodentate (m) formate
(vas(COO) 1670-1650 cm', §(C-H) 1355-1340 cm, v5(COO) 1310-1300 cm);
bridge (b) formate (vas(COO) 1587-1579 cm, §(C-H) 1398-1395 cm™", vs(COO)
1374-1369 cm™"); bidentate carbonate (vas(COO) 1536-1524 cm™, v5(COO) 1330-
1327 cm"); and bicarbonate species (vas(COO) 1638-1621 cm™!, v(COO) 1442-
1440 cm™, §(OH) 1248-1237 cm™) are observed. Cul-bonded formate
(characterized by an IR band at 1350 cm™') and methoxy species (v(C-O) 1087-
1080 cm™") are also detected (Figure 4.40A-C). At this point, identifying kinetically
relevant intermediate species is challenging since no correlation between the MS
and a parallel disappearance in the IR bands could be detected. This may be
caused by the high working pressure, which enhances the rate of the sequential
reaction steps and, accordingly, inhibits the detection of short-lived intermediate

species. In fact, by performing isotopic studies replacing part of the H, flow by D;
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under steady-state conditions at 230 °C and 9 bar, the whole set of IR bands in
the 1670-1200 cm™ remains unaltered, and only the detection of OD bands (2630
cm™), and a very weak IR band at 1019 cm™", associated with §(C-D) vibration, are
observed (Figure 4.41). Based on these results, it becomes evident that most of
the identified IR species are not directly involved in the reaction mechanism,
behaving as spectators, and blocking active sites of the copper surface, as
described above. Further confirmation has been attained by exposing the sample
after IR operando conditions (i.e., in a CO»/H; flow at 9 or 1 bar and 230 °C) to a
H2/N, flow at 230 °C during 4.5 h, followed by a subsequent IR-CO titration
experiment. As shown in Figure 4.42, the intensity of the Cu®-CO signal is restored,
confirming that most of these species are blocking the copper surface under
reaction conditions. Remarkably, hydrogenation of those adsorbed species
results in CH4 and CO formation, disregarding them as intermediate species in
the methanol synthesis and behaving mostly as spectators (Figure 4.43, 4.44 and
Table 4.16). Noticeably, the poisoning of the Cu surface by a high coverage of
adsorbed species has been reported by other authors as one of the reasons

causing the low activity of small CuNPs.[7®!

Therefore, with the aim of slowing down the reaction kinetics, operando IR studies
at lower pressure (i.e., 1 bar) have been carried out. At these conditions and
through temperature resolved IR-MS experiments, accurate identification of
reaction intermediate species in methanol, methane and CO formation is attained
(Figure 4.7). Thus, by increasing the temperature from 160 to 200 °C, the
disappearance of IR bands at 2934, 1660, 1348 and 1319 cm', associated with
Vstretch(C-H), vas(COO), 6(C-H), and vs(COO) vibrations of monodentate (m)
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formate species, 7274771 respectively, parallels with the exclusive detection of

methanol in the MS (Figure 4.7 and Figure 4.45, left side).
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Figure 4.7 Temperature-resolved IR studies under operando conditions at 1 bar in CO»/H,
flow over CuHT-230 catalyst. Sequential steps at 200 and 230 °C are displayed on the left
and on the right side, respectively. First row panels show IR spectra at indicated
temperatures. Middle row panels exhibit the subtracted spectra. Third row panels show the

reaction products evolution monitored by online MS.
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A concomitant vanishing of the IR bands at 2853 and 1350 cm™" assigned to
formate species onto the copper surfacel’ is also observed, whereas its
participation in the reaction can be ruled out.””! A further increase in the reaction
temperature to 230 °C results in the disappearance of additional IR bands at
around 2872 ¢cm™,1578 cm™, 1397 cm™ and 1370 c¢m™, associated with the
Vstretch(C-H), vas(COO), 8(C-H) and vs(COO) vibrations of bridge (6) formate
species, respectively, paralleling the detection of methane and CO in the MS,
confirmed by offline GC analysis (right panels in Figure 4.7, Figure 4.46, 4.47 and
Table 4.17, 4.18). Assignation of both formate species is supported by their
dissimilar Avas-s(COO) splitting, i.e., 341 cm™ for monodentate and 208 cm™" of

bridge formate species.[’”

These findings allow us to associate m-formate and b-formate species as
intermediate in methanol and methane/CO formation, respectively. These
correlations have been controversially discussed previously in the literature and
scarcely supported experimentally. Moreover, the earlier detection of methanol
(onset temperature of 160 °C) in comparison to methane and CO (onset
temperature of 230 °C) sustains the higher reactivity of m-formate species, in

agreement with previous literature studies.[708%

4.4. Conclusions

In this chapter, a copper-based catalyst, mainly composed of inexpensive earth
abundant MgO and prepared by an easy synthetic procedure in the absence of
promoters, has demonstrated to be a potential candidate for the CO:
hydrogenation to methanol. This copper mixed oxide catalyst was obtained after

calcination and further reduction of a Mg-Al-Cu hydrotalcite precursor. The
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striking activity of our CuHT systems compared to conventional Cu/Al,03/MgO
catalysts has been ascribed to the stabilization of Cu* ions in lattice positions. This
stabilization seems to be promoted under reaction conditions, which results in
partial reconstruction of the metal oxide lattice linked to the "HT-memory effect”
in the presence of water. This feature confers high resistance to the catalyst during
alternative sequential temperature cycles, overcoming usual deactivation, one of
the most critical drawbacks in methanol synthesis via CO. hydrogenation.
Operando temperature resolved IR-MS experiments have enabled the
discernment of monodentate formate species as the intermediate in methanol
synthesis. These m-formate species are much more reactive than b-formate
species, behaving the latter ones as intermediates in methane and CO formation.
By combining spectroscopic and catalytic studies, we found that the stabilization
of m-formate species is ascribed to surface doped Cu* ions, thereby explaining
the superior catalytic performance of the Cu-based HT-derived materials. In
addition, other essential aspects that remained ambiguous in the literature have
been clarified in this study. Thus, high coverage of adsorbed species blocking
preferentially low coordinated sites in the CuNPs has been visualized. Especially
predominant in small copper nanoparticles, these species behave mostly as non-
intermediate species (i.e., spectators), whose hydrogenation results in undesired

methane and CO formation.

In conclusion, this study represents a step further in unraveling fundamental
aspects that could help in the design of a new generation of efficient catalysts for

CO; valorization.



CO; hydrogenation over Cu-HT catalysts _

4.5. Supporting Information

4.5.1. Physico-chemical properties of calcined-reduced catalysts
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Figure 4.8 Temperature-programmed reduction studies in 10% H,/Ar flow.
A reduction peak around 218-244 °C is observed in all the catalytic samples,

associated with the reduction of highly dispersed and/or nano-sized CuO.®1-83]
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X-ray diffraction (XRD)
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Figure 4.9 XRD patterns of HT-type samples under study before (a) and after (b)

calcination. “s” label in left panel refers to synthesized/as-prepared hydrotalcites.
A hydrotalcite phase is observed before calcination (Figure 4.9a). This crystalline

phase collapses into a mixed oxide with a MgO-like structure after the thermal

treatment (Figure 4.9b).

Cu/(Al,O4/MgO)

Intensity (a.u.)

Cu/sio,

T T T
10 20 30 40 50 60 70 80 90
Pos.[*2Theta]

= MgO (PDF2: 00-004-0829) a CuO (PDF2: 00-002-1040)  AlLO, (PDF2:00-001-1243)

Figure 4.10 XRD patterns of non-HT-derived samples after calcination.
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Figure 4.11 "Memory effect” observed in the HT-derived materials. XR diffractograms for
Cu/HTs (w) and Cu/HTs (ACN) after impregnation and comparison with as-prepared Mg-
Al hydrotalcite (labeled as HTs) and collapsed Mg-Al-mixed oxide (labeled as HT) (a). Basal

spacing calculations and results (b).

Figure 4.11 shows the influence of the impregnation with water or organic solvent
(ACN) on the formation of hydrotalcite, mixed oxide and intermediate crystalline
structures. The reversion from the oxide to the hydrotalcite occurs for both
impregnated systems (Cu/HTs (w) and Cu/HTs (ACN)). Nonetheless, the
transformation is slightly higher when using water as the solvent during the

synthesis, as indicated by a higher basal spacing in the Cu/HTs (w) sample.
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Figure 4.12 HR-STEM (a) and HR-TEM (b) micrographs, and particle size distribution (c)
for reduced CuHT-230 sample.

SOnm SOnm 25nm

Figure 4.13 lllustration of Cu nanoparticle identification by EDX mapping in STEM mode
for reduced CuHT-230 sample.
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Figure 4.14 HR-STEM (a) and HR-TEM (b) micrographs, and particle size distribution (c)
for reduced CuHT-450 sample.
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Figure 4.15 HR-STEM (a) and HR-TEM (b) micrographs, and particle size distribution (c)
for reduced Cu/HT (w) sample.
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Figure 4.16 HR-STEM (a), HR-TEM (b) micrographs, and particle size distribution (c) for
reduced Cu/(Al,03/MgO) sample.

20.0 nm
—
] 1] (inset containing J =
©° 801 >90 % of the
b= P particles) A3 E T2
a2 £
&
5 60 :
S 2
- B igl
20
®0 05 1 15 2 25 3 35 4 45 5 55 6 65
Particle size (nm)
0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Particle size (nm)

Figure 4.17 HR-STEM (a), HR-TEM (b) micrographs, and particle size distribution (c) for
reduced Cu/SiO, sample.
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TPD-CO: experiments
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Figure 4.18 TPD-CO; patterns of CuHT-230 and the commercial-like sample (CZA).

As already discussed in Chapter 3, surface basic sites have been proposed in
several studies to play an important role in the stabilization of different reaction
intermediate species, being moderate basic sites critical for enhanced methanol
selectivity.?4848] |n particular, Gao et al. reported that strong/moderate basic
sites are related with methanol formation, while medium basic sites give CO.4 In
fact, a weak CO; adsorption on the catalyst surface prevents the sequential
hydrogenation via C-O bond dissociation, enhancing the parallel RWGS reaction
with CO formation.2887 Thus, an adequate control of basic sites is key in this
reaction. In this sense, CuHT-230 sample shows moderate basic sites with TPD-
CO; desorption peaks in the range to that of the commercial-like CZA sample (see

Figure 4.18).
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Figure 4.19 TPD-CO; performed on reduced CuHT-230 and Cu/(Al,03/MgO) samples.

4.5.2. Catalytic activity in the CO; hydrogenation to methanol
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Figure 4.20 Comparison of the catalytic performance of the herein reported Cu-HT-
derived samples at different temperatures in the CO; hydrogenation with other nano-sized
Cu-based catalysts in the literature. Numbers refer to the entries placed in Table 4.2 (first
column). Entries 13-15 represent interpolated values of CuHT-230, Cu/HT (w) and
Cu/Al,03/MgO samples at 250 °C and ~28500 mL-get'-h™, respectively (included for

comparative purpose).



Table 4.2 State of the art of nano size Cu-based catalysts in the CO, hydrogenation to methanol.

E:i:y - Preparation Ioa(t::ltilng cs‘i':P H./CO, | T P | GHSV | WHSsV Xcoz | Sweon STY TOF | oo

* H o, -1 q “1h-1 () () q 1.1 -1

4.20 % wt) (nm)* mol ratio | (°C) | (bar) | (h") | (mL-gat™h) | (%) (%) | (molmeon-geat '-h") [ (s7)
1 Cu/SIO: Flame spray 17.8 3.8 (0) 3:1 190 | 30 | 2040 - 5.2 79 9.010* 3310 | [12]

(shattuckite) pyrolysis
104
2 Cu/MgO/Al03 Co-precipitation 51 29 (b) 2.8:1 200 20 2000 - 3.6 31 >.1-10 Lo, 11.3103 | 13]
8.2 mgmeon'MLeat *h"
- Cu/TiO2 (C/T) Impregnation 10 30.9 (b) 3:1 220 30 4800 - 43 29.8 - 6.8:103 | [14]
i Cu/MgO/TiO2 . . _ - 1073
(C/1%MT) Impregnation 10 30.8 (b) 3:1 220 30 4800 52 379 6.9:10 [14]
103

3 CuHT-230 Co-precipitation 10.2 1.9 (a) 3:1 230 20 14963 28429 1.3 70.5 2610 At - Our
1.5 gmeon-geu'-h work
N 1.7-10°3 Our
- CuHT-230 Co-precipitation 10.2 1.9 (a) 3:1 230 20 1425 2849 8.3 71.2 1.0 gmeor-gea " - work
4 Cu/HT (w) Impregnation 8.8 2.3 (a) 3:1 230 20 14978 28457 1.1 70.1 2.3-10°3 - “?(:rk
5 Cu/(Al203/MgO0) Impregnation 8.3 2.6 (a) 3:1 230 20 22894 28274 0.3 50.5 4.0-10* - ‘:’)(:L
- | Cu/(A1,0:/MgO) | Impregnation 8.3 2.6 (a) 3:1 230 | 20 | 2193 2851 1.9 50.5 2.8-10% - v?:r’k
6 Cu/SiO: Impregnation 1.5 3.3 (a) 3:1 230 | 20 | 11888 27104 <0.1 7.1 7.1-10°¢ - “?;’k

*Nanoparticle size calculated through microscopy (a), XRD (b), chemisorption (c).




E:i::jry Catalyst Preparation Ioacdl;ng csl;:lep H2/CO: L i (159 RN Xcoz SwecH SR/ Ok REF
b . o, -1 . -1, -1 ) o, . -1 y-1 -1
4.20 (% wt) (nm)* mol ratio | (°C) | (bar) | (h") | (mL-gcat’-h™) (%) (%) | (molmeon-geat-h") | (s7)
7 Cu/a-Zr0; 'mprza'/‘)at'o” 10 ~2 (a) 31 230 | 30 ; 7200 40 65 20103 - [88]
8 Cu/Zr0: Grafting 0.8 22 (@) 3:1 230 | 25 - 1908 2.1 55 21104 - [89]
- Cu/Zr0: Grafting 0.8 22 (@) 3:1 230 | 25 - 7400 ~0.7 72 - 73104 | [89]
- Cu/Sio; Grafting 23 2.1(a) 3:1 230 | 25 - EXtrat'Zo(;ated - 49 - 1.7-10* | [89]
9 Cu/Sio: Grafting 23 2.1 (@) 31 230 | 25 : 3276 2.1 32 25104 - [89]
- Cu/Sio: Grafting 23 2.1 (@) 31 230 | 25 : 7400 ~0.7 4 - 1610% | [89]
) Cu/SiO2 Flame spray . ) ) ) 103 )
shattuckite) Pt 178 3.8 () 31 230 | 30 | 2040 1110 [12]
- Cu/Sio: surf. organom. 20 2.8 (a) 31 230 | 25 : - <10 | 490 - 23104 | (17]
chemistry
104
10 Cu-Zn/Si0s Surf. organom. 416 3.9 (a) 3:1 230 | 25 - 24000 15 86 17107 - | no
chemistry 1.6 gmeoH-gcu” -h
105
. Cu-Zn/si0: surf. organom. 416 39 (a) 31 230 | 25 . 2400 44 72 4110 . [19]

chemistry

0.4 gmeor-gey h

*Nanoparticle size calculated through microscopy (a), XRD (b), chemisorption (c).




E:i:y . O— Io;‘;ng c;:lep HCO, | T P | GHSV WHSV Xcoz | Sweon STY TOF | oo
b . o, -1 . -1, -1 ) o, . -1 y-1 -1
4.20 (% wt) (nm)* mol ratio | (°C) | (bar) | (h") | (mL-gcat’-h™) (%) (%) | (molmeonrgeat™*h") | (s")
104
1 Cu-Ga/Sios Surf. organom. 3.88 46 (a) 31 230 | 25 - 24000 0.8 90 14107 - | e
chemistry 1.3 gmeon-gcu *h
. Surf. organom. ) 4.2:10%
- Cu-Ga/SiO: chemstry 3.88 46 (a) 3:1 230 | 25 - 2400 2.7 81 04 grgor b’ - [18]
12 | cu/zro. (OP3) Deposition / 30.0 16 3:1 240 | 20 | 5400 - 63 | 488 11102 - [90]
co-precipitation
16 | Cu/Ga,0s (W) 'mp“a?/\';)a“on 2 - 3.4:1 250 | 30 | 20000 - 1.09 58 26102 - [54]
17 Cu/m-SiO: Impregnation 12.1 30.5 (b) 31 250 | 50 : 6000 2.1 223 31104 - [9]
18 Cu@m-SiO; Sol-Gel 12.0 47 (b) 31 250 | 50 : 6000 102 | 265 18103 - [9]
19 CuHT-230 | Co-precipitation | 10.2 1.9 (a) 3:1 260 | 20 | 14963 28429 40 | 508 6.010° ; Our
precip i : : : : 3.4 gmeon-gcu -h”! work
20 Cu/HT (w) Impregnation 8.8 2.3 (a) 3:1 260 | 20 | 14978 28457 34 | 511 5.1-10° - v?;’k
21 | Cu/(Al,05/MgO) | Impregnation 8.3 2.6 (a) 3:1 260 | 20 | 22894 28274 09 | 354 9.1-10* - “?;’k
22 Cu/SiO2 Impregnation 15 3.3 (a) 3:1 260 | 20 | 11888 27104 0.1 5.5 1.210° ; “‘,’;rk

*Nanoparticle size calculated through microscopy (a), XRD (b), chemisorption (c).




Entry

Cu

CuNP

Fig Catalyst Preparation loading size Hz/CO: T P GHSV WHSV e S STY TOF REF
- H ° -1 o 1.1 (:) o, . 1.1 -1
4.20 (% wt) (nm)* mol ratio | (°C) | (bar) | (h") | (mL-geat'-h") (%) (%) | (molmeorrgeat *h") | (s")
23 Cu/a-Zr0; 'mprz\gl\r/‘)a“o” 10 ~2 (a) 3:1 260 | 30 - 7200 8.0 43 27107 4510 | [88]
24 Cu/SiO2-AE Ammonia 10.7 21 (@) 41 260 | 30 - 16000 ~8.0 40 4410 - [10]
evaporation
25 Cu-4.2/5i0, Water-in-oil 99 42 (a) 3:1 260 | 8 - 2000-4500 - 1-3 3.010° 3.0-10% | [11]
microemulsion
- Cu/Sio: Water-in-oil 99 5.0 (a) 31 260 | 8 : 2000-10000 | 1.4 6.5 - 22105 | [45]
microemulsion
- Cu/TiOz2 (C/T) Impregnation 10 309 (b) 31 260 | 30 | 4800 - 95 21 - - [14]
Cu/MgO/TiO; . _
TN Impregnation 10 30.8 (b) 31 260 | 30 | 4800 10.2 24 [14]

*Nanoparticle size calculated through microscopy (a), XRD (b), chemisorption (c).
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Table 4.3 Catalytic results of samples under study at 20 bar pressure and variable
temperature (230-280 °C). WHSV ~28500 mL-gcat "-h™! (27104 mL-gear"*h™! for Cu/SiOy).

CO:; selectivity (%) STY (molprod-geat '-h™")
T (°C) Catalyst Xcoz (%) MeOH co HCOOMe CHa MeOH co

CuHT-230 1.3 70.5 28.6 0.8 0.1 2.6:10°3 1.1-103
CuHT-450 1.1 61.8 36.6 0.7 0.9 2.0-10°3 1.2:10°3
230 Cu/HT (w) 1.1 70.1 28.8 0.9 0.2 2.3-10°3 9.4-10*
Cu/HT (ACN) 1.1 69.1 254 0.9 4.6 2.2:10°3 8.0-10*
Cu/(Al203/MgO) 03 50.5 437 0.9 4.9 4.0-10 3.5-10*
Cu/SiO; <0.1 7.1 79.6 0.0 13.3 7.1-10°¢ 8.0-10°
CuHT-230 1.8 64.2 35.1 0.5 0.2 34103 1.9:10°3
CuHT-450 1.6 57.6 41.3 0.5 0.6 2.6:103 1.9:10°3
o Cu/HT (w) 1.6 64.6 345 0.6 0.3 3.0-10°3 1.6:1073
Cu/HT (ACN) 1.5 64.9 31.8 0.6 2.7 2.9-10°3 141073
Cu/(Al203/MgO) 0.4 44.6 499 0.7 4.8 5.0-10* 5.6-10*
Cu/SiO. <0.1 6.8 81.3 0.0 11.9 9.510°¢ 1.1-10*
CuHT-230 4.0 50.8 48.9 0.2 0.1 6.0-10°3 5.7-10°3
CuHT-450 33 46.7 52.7 0.2 04 451073 5.1-10°3
Cu/HT (w) 34 51.1 48.4 0.2 03 5.1-10°3 481073
260 Cu/HT (ACN) 3.2 52.6 46.1 0.2 1.1 49103 431073
Cu/(Al203/MgO) 0.9 354 60.3 03 4.0 9.1-10* 151073
Cu/SiO2 0.1 5.5 80.3 0.0 14.2 1.2:10° 17104
CuHT-230 8.5 36.7 63.2 0.0 0.1 9.1-10°3 1.6:102
CuHT-450 7.1 34.8 64.8 0.1 03 7.2:10°3 1.3:10
Cu/HT (w) 7.1 37.8 62.0 0.1 0.1 7.8-103 1310
280 Cu/HT (ACN) 6.7 39.1 60.3 0.1 0.5 7.6:103 1.2:107
Cu/(Al203/MgO) 2.0 289 67.8 0.1 3.2 1.6:1073 3.8:10°3
Cu/SiO2 0.1 4.5 79.5 0.0 16.0 1.6:10° 2.9-10*
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Table 4.4 Catalytic results of selected samples at 230 °C, 20 bar and variable WHSV.
Selectivity to minor products (i.e., HCOOMe and CH,) not shown.

W/F WHSV Xcoz CO:; selectivity (%) STY (mol-get'-h")
Catalyst . a 1
(mg-min-mL") (mL-geat-h™") (%) MeOH co MeOH co
2.1 28429 13 70.5 28.6 2610%  1.11073
10.5 5695 49 69.9 29.5 20103  8510*
CUHT 230 14.0 4271 6.1 715 28.0 1.910%  7.5-10*
21.1 2849 8.3 712 283 1710%  6.810*
42.1 1424 13.2 69.6 29.9 13-10%  57-10*
105.1 571 223 67.0 325 8710  4.210%
22 27104 <0.1 7.1 79.6 7.110¢  8.010°
Cu/Siox 6.2 9653 0.25 5.1 90.9 13-10%  23-10*
7.8 7722 0.44 7.8 89.8 27105 3.1-10%
2.1 28429 03 50.5 437 4010° 35104
10.5 5700 1.1 492 46.5 3310 3.1-10%
cu/ 14.0 4274 14 498 46.0 3.010%  2.810*
(Al203/MgO) 21.0 2851 1.9 50.5 453 2810  2.510%
42.1 1426 33 51.1 44.9 2410%  2.110*
105.0 571 7.0 54.1 424 2210*  1.7-10*
0.4 134118 48 82.8 16.1 54102  1.0-102
0.9 66511 7.6 75.2 24.2 39102 12107
1.5 39430 12.2 737 24.4 36102  1.210?2
1.9 31216 12.9 737 263 3.0102  1.1110?2
CZA 2.3 26287 13.9 69.8 28.9 26102 1.110?2
2.5 24255 14.8 68.8 308 25102 1.1-10?2
2.8 21195 16.8 67.1 328 24102 1.210?
42 14130 19.3 64.1 35.9 18102  1.0-107
8.5 7065 21.9 61.7 37.9 9.810% 6.0-103
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Figure 4.21 Extrapolation to “zero contact time” conditions at 230 °C and 20 bar in selected
samples: CuHT-230 (a), Cu/(Al,03/MgO) (b), and Cu/SiO; (c). MeOH and CO intrinsic

formation rates obtained for catalysts under study (d).

For CuHT-230 and Cu/(Al,03/MgO) catalysts, both methanol and CO formation

rates decrease at increasing contact time, behavior already observed in other

catalysts such as the commercial-like Cu/ZnO/Al,Os3 catalyst.'?)

CO; hydrogenation over Cu-HT catalysts _
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Table 4.5 Analysis of the apparent activation energy (Eaapp) (Arrhenius plot).

Catalyst Eaapp MeOH Ea,app CO

(kJ-mol") (kJ-mol")
CuHT-230 61.6 125.0
CuHT-450 58.6 111.8
Cu/HT (w) 57.2 121.6
Cu/(Al,03/MgO) 65.8 111.9
Cu/SiO> 45.0 64.7

The values of E,app calculated for MeOH and CO production at 20 bar are in the

range of those reported on similar Cu catalytic systems.®"

280 °C 280 °C 280 °C
2.0x10° 45' 90’ 90"

.h'l)

1
cat

1.5x10° 4

1.0x10°

5.0x10™ A

STY MeOH (mol-g’

0.0-

1 2 3 4
Number of cycles

Figure 4.22 Methanol production on the CuHT-230 catalyst after alternating cycles of CO,
hydrogenation at 230 and 280 °C (20 bar and WHSV of 5700 mL-get-h™"). The intervals
placed between blue bars correspond to the time in minutes at which the catalyst has been

exposed to high temperature (i.e., 280 °C) MeOH synthesis conditions.

218



CO; hydrogenation over Cu-HT catalysts _

sl @ CuHT-230 (fresh catalyst)
d=19+10

v
] -
[*]
£ 60 I ) =
S 2
o d= + 2>
5 2
= 404 £
2 9uHT-230 (after 4 cycles) £
= d=4.1+38
Z 20

0_

2 4 6 8 10 12 14 18 10 20 30 40 50 60 70 80 90
Particle size (nm) Pos. [°2Theta]

Figure 4.23 Stability of CuNPs in the CuHT-230 catalyst under long term (85 h) reaction
conditions at 230 °C, 20 bar and 5700 mL-ge.t"h™, followed by alternating cycles of
temperature between 230 and 280 °C (1 and 4 cycles): Cu particle size evolution
throughout the catalytic processes calculated by STEM imaging by measuring at least 200
particles (a), X-ray powder diffraction pattern for CuHT-230 sample before and after
reaction, STEM (c) and TEM (d) images for CuHT-230 after the catalytic processes.

After the long-term experiment (Figure 4.3d), CuHT-230 sample presented a
slight increase in particle size from 1.9 to 3.2 and 4.1 nm (for 1 and 4 thermal
cycles, respectively). In addition, microscopy performed on the spent sample
revealed laminar structures, characteristic of LDH. This observation indicates a
partial surface reversion from the collapsed oxide to the hydrotalcite phase during

catalysis.
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4.5.3. X-ray photoelectron spectroscopy (XPS) characterization

CPS

—
950 945 9

40 935 ' 930 ' 92
BE (eV)

CuHT-230

after 9 bar
after 1 bar

reduced
calcined

Figure 4.24 XPS core lines of Cu 2ps/; at hv=1486.6 eV excitation energy of CuHT-230

sample at different reaction conditions.

Table 4.6 XPS core levels and surface chemical composition of CuHT-230 sample under

different reaction conditions (hv=1486.6 eV excitation energy).

CuHT-230 Cu 2ps/2 Mg1s Al2s % mol Mg/Al  Cu/Al
treatment (:\E[;a (:\E[;a ( :V) (:5) (:\E[) Cu Mg Al o) ratio ratio
Calcined 935.1 = 18514 13039 1194 203 2290 11.85 63.22 1.93 0.17
Reduced 9348 9325 18508 13039 1194 150 2372 13.10 61.68 1.81 0.11
After 1bar 9351 9327 1850.0 13039 1194 145 2477 1248 6130 1.98 0.11
After 9 bar 9348 9327 1850.0 13039 1194 134 2435 1292 6139 1.88 0.10

aBE; corresponds to Cu?*, which appears as minor fraction in the reduced and in the

working catalysts; BE, corresponds to Cu.

220



CO; hydrogenation over Cu-HT catalysts _

Table 4.7 XPS core levels and surface chemical composition of the reduced samples

(hv=1486.6 eV excitation energy).

Cu 2ps/2 Mg1s Al2s % mol

Mg/Al  Cu/Al

BE1 BE: o BE BE Cu Mg Al o ratio ratio

Catalyst (eV)* (eVy® (eV) (eV) (eV)

CuHT-230 9348 9325 18508 13039 1194 150 2372 1310 61.68 1.81 0.11
Cu/HT (w) - 9326 18511 13039 1196 213 1423 828 7536 1.72 0.26
Cu/(AlOs/MgO) 9352 9327 18509 13039 1194 299 18.03 1451 6447 1.24 0.21

aBE; corresponds to Cu?*, which appears as minor fraction in the reduced working
catalysts; BE; corresponds to Cu®.

Table 4.8 XPS core levels and surface chemical composition of the reduced Cu/SiO;
sample (hv=1486.6 eV excitation energy).

Cu 2p3/z Si Zp % mol cu/Si
Catalyst BE1 (eV)® o' (eV) BE (eV) Cu Si o ratio
Cu/SiOz 932.0 1850.4 103.5 0.47 41.05 58.48 0.01

2BE, corresponds to Cu®.

4.5.4. Infrared characterization: Identification of Cu* species
FTIR using CO as probe molecule

CO has been widely utilized as probe molecule in IR spectroscopy due to its high
sensitivity to the oxidation and coordination state of the metal ions.™ Then, the
FTIR spectra of CO adsorption on the reduced supports and on the

corresponding copper-based catalysts are discussed below.
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Figure 4.25 IR-CO deconvoluted spectra of reduced supports.

HT and Al/Mg supports: Three same features are observed in both spectra.

The two bands at higher wavenumbers are ascribed to Mg?* under-
coordinated Lewis acid sites and OH groups.’%%2%4 The band placed at a

lower frequency (2131 cm™ for HT and 2134 cm™" for Al/Mg) corresponds to

a CO multilayer, which

SiO; support: On the one hand, the band placed at 2156 cm™ is ascribed to
hydroxyl (OH) groups.®" The band that appears at lower wavenumbers (2139

cm™) is assigned to a CO multilayer interacting with the surface, as in the

other supports.®?

is in direct interaction with the surface.l®?

e Copper-based catalysts

CuHT-230 samples: In Figure 4.25, the reduced HT support presents a minor

component at 2131 cm™. A similar band at ~2137 cm™" (but more intense)
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appears in the reduced CuHT-230 derived samples, increasing in intensity
after 9 bar reaction (see Figure 4.26 and Table 4.9). In the literature, similar
IR bands have been ascribed to isolated Cu* ions in Cu-ZSM-5F8 and to Cu*
ions strongly interacting with the support in a Cu/TiO-SiO- catalyst.>® In the
last case, a band around 2140 cm™ has been assigned to the vs modes of
Cu*(CO); species, being the asymmetric mode around 2100 cm™. In other
studies, a band at 2135 cm™" has been assigned to Cu* cations interacting
with CO.[% The presence of Cu* species in the reduced and reacted samples
is supported by the shift in the copper auger parameter to lower values
(Table 4.6) observed from XPS data on the CuHT-230 sample. A more
detailed analysis of the IR band at 2137 cm™ and its assignation to Cu*

species combining UV-VIS and DFT simulation is found in Subsection 4.5.5.

Cu/(Al,03/MgO) sample: In this case, the IR band at ~2137 cm™ is also

present in the reduced Al/Mg support. The area of this IR band (normalized
by the respective sample weight) is higher in the reduced Al/Mg support
than in the reduced and reacted Cu/(Al,03/MgO) samples (Figure 4.27 and
Table 4.10).

Cu/SiO;, sample: Similar to the above discussed Cu/(Al,03/MgO) sample, the
component at 2139 cm™ in the Cu/SiO; catalyst, remains constant in intensity
after different treatments, and analogous than in the SiO, support. (Figure

4.28 and Table 4.11).

Thus, the assignation of these bands to Cu*, in both cases is unclear. Therefore,
an additional probe molecule (i.e., CD3CN) has been selected and discussed to

reinforce our hypothesis.
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Figure 4.26 IR-CO spectra of reduced HT support (first row), and CuHT-230 catalyst before
(middle row) and after (third row) 9 bar CO; hydrogenation. Left panels contain full range
spectra before (red) and after (black) CO adsorption. Right panels exhibit the deconvoluted

Table 4.9 Quantification of Cu* species on the reduced HT support and CuHT-230 catalyst

HT support Reduced 9 bar

Area comp. 2135 cm™! 1.92 4.66 6.67
mg pellet 8.7 10.5 10.3
Area-mg’’ 0.22 0.44 0.65




CO; hydrogenation over Cu-HT catalysts _

Al/Mg support 0.1 Al/Mg support
reduced reduced

Absorbance (a.u.)
Absorbance (a.u.)

0.4

3600 3200 2800 2400 2000 1600 1200 2200 2150 2100 2050
Wavenumber (cm™) Wavenumber (cm™)

Cu/(Al,0,/MgO) 0.1 Cu/(Al,0,/MgO)
reduced reduced

Absorbance (a.u.)
Absorbance (a.u.)

|0.3

3600 3200 2800 2400 2000 1600 1200 2200 2150 2100 2050 2000 1950
Wavenumber (cm™) Wavenumber (cm™)

Cu/(Al,0,/MgO)
after 9 bar
CO,+H,

0.1 CU/(A'ZOE/MQO)
after 9 bar
CO,+H,

Al

3600 3200 2800 2400 2000 1600 1200 2200 2150 2100 2050
Wavenumber (cm™) Wavenumber (cm™)

Figure 4.27 IR-CO spectra of reduced Al/Mg support (first row), and Cu/(Al,03/MgO)
catalyst before (middle row) and after (third row) 9 bar CO; hydrogenation. Left panels

|0.2

Absorbance (a.u.)
Absorbance (a.u.)

contain full range spectra before (red) and after (black) CO adsorption. Right panels exhibit

the deconvoluted v(C=0) region.

Table 4.10 Quantification of Cu* species on the reduced Al/Mg support and
Cu/(Al,03/MgO) catalyst under different reaction conditions.

Al/Mg support Reduced 9 bar

Area comp. 2134 cm’” 2.09 142 1.55
mg pellet 6.5 7.2 8.7
Area-mg” 0.32 0.20 0.18
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Figure 4.28 IR-CO spectra of reduced SiO; support (first row), and Cu/SiO, catalyst before
(middle row) and after (third row) 9 bar CO; hydrogenation. Left panels contain full range
spectra before (red) and after (black) CO adsorption. Right panels exhibit the deconvoluted
v(C=0) region.

Table 4.11 Quantification of Cu* species on the reduced SiO; support and Cu/SiO; catalyst

under different reaction conditions.

SiO: support Reduced 9 bar

Area comp. 2139 cm! 5.88 5.77 6.85
mg pellet 6.1 72 6.7
Area-mg’’ 0.96 0.80 1.02
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FTIR using CDz:CN as probe molecule

e Cu/(Al03:/MgO) sample: Adsorption of CD3CN at increasing dosing (0.05 to
8.2 mbar) results in one band at 2260 cm™' due to physisorbed CDsCN (Figure
4.29). No band characteristic of CD;CN interacting with Cu* ions (2297 cm™) is

observed.P?!

Cu/(Al,0,/MgO) Cu/(Al,0,/MgO)
reduced reduced
2160

Absorbance (a.u.)
Absorbance (a.u.)

0.1 0.005

3600 3200 2800 2400 2000 1600 1200 2350 2300 2250 2200 2150
Wavenumber (cm™) Wavenumber (cm™)

Figure 4.29 IR-ACN spectra adsorbed at 25 °C on the reduced Cu/(Al,03/MgO) sample.

Left panel contains full range spectra before (red) and after (black) CD3CN adsorption.

Right panel exhibits the zone marked by the gray square.

e Cu/SiOz sample: Adsorption of CDsCN at increasing dosing (0.05 to 8.2 mbar)
results in one band at 2273 cm™' due to CD3CN interacting with the OH of
sylanol groups®® (Figure 4.30). Similarly to the Cu/(Al.O3/MgO) sample, no

band associated with Cu* is observed in the Cu/SiOz system.
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Figure 4.30 IR-ACN spectra adsorbed at 25 °C on the reduced Cu/SiO; sample. Left panel
contains full range spectra before (red) and after (black) CD3CN adsorption. Right panel
exhibits the zone marked by the gray square.
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e CuHT-230 sample: In this case, a strong overlapping of IR bands associated
with the copper-free HT support at 2293 and 2261 cm™' is observed (Figure
4.31), impeding the identification of Cu* species at 2297 cm". Therefore, in the

HT-based catalysts CO is a more suitable probe molecule for identification of

Cu™ ions.
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Figure 4.31 IR-ACN spectra adsorbed at 25 °C on the reduced CuHT-230 (black) and HT
support (orange) samples. Left panel contains full range spectra after CDsCN titration.

Right panel exhibits the zone marked by the gray square for both systems.

4.5.5. Assignation of the IR band at 2137 cm™ to Cu* ions in metal oxide
lattice positions

As discussed above, the IR band at 2137 cm™ has been ascribed in the literature

to CO interacting with Cu* ions.’%%% In order to reinforce the assignation of this

type of Cu* species, UV-VIS studies and theoretical (DFT) simulation of CO

frequencies interacting with different types of Cu ions have been done.

uv-vis
The substitution of Mg atoms by copper in the hydrotalcite structure and the

corresponding Cu-based Mg-Al-O mixed oxide derived from decomposition of
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the layered double hydrotalcite structure has been confirmed by several authors
using high resolved %Al MAS NMR and diffuse reflectance UV-VIS
spectroscopy.’” 1% An in depth structural characterization of Cu ions in mixed
metal oxides has been done by Chaudhari et al.'%! allowing discriminate between
highly dispersed isolated Cu?* ions in octahedral coordination (band at 260 nm)
in the metal oxide lattice, Cu®* in oligomeric (Cu-O-Cu)y species in octahedral and
distorted octahedral coordination (410 and 360 nm, respectively) and bulk-like
CuO (620 nm). Additionally, a band at 230 nm had been assigned by Schmal et
al, to isolated Cu* species.’® In our study, the UV-VIS spectra of the calcined and
reduced CuHT-230 sample is shown in Figure 4.32.

Cu?*-0?" (isolated),
Cu in Oy, coordination

a Cuzt-02 (isolated), 7 209 997 b 065 227
Cu in Oy, coordination Cu?*-0%" (Cu-O-Cu
oligomers), Cu in Oy
and distorted Oy,
— coordination -
3 /" 360
VCUZ*-OZ' (Cg-O-Cu CuHT-230 8 Lowgl[-s(y:T(;nelw {
oligomers), Cu in Oy, and (10 wt.9% Cu) 8 d ~_ 410
distorted Oy, coordination € |square planar \\\‘
/360 CuHT-230  S|™ ik cwo
) ~
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HT _2 e
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T4 CuO symmetry T~
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Figure 4.32 UV-VIS spectra of (a) calcined and (b) ex situ reduced systems. A CuHT-230
sample with 1 wt % Cu (blue line) has been synthesized for comparative purposes following
the synthetic procedure indicated in Subsection 4.2.1 (adjusting the amount of copper

precursor).

According to the literature, the band at 227 nm, whose intensity increases in the
reduced sample, can be ascribed to isolated Cu* species,® and the band at 265
nm is associated to LMCT from O% to an isolated Cu?* ion in octahedral

coordination.l'® Both ions can be considered to be doping the MgO lattice. In
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addition, a shoulder at 410 and 360 nm, which may be ascribed to Cu?*-O-Cu?®*
oligomers, is observed in both calcined and reduced CuHT-230 (10 wt % Cu)
samples (green line), while absent in the reference Cu HT-230 (1 wt % Cu) samples
(blue line). From these results we can confirm the presence of Cu* ions in metal

oxide lattice positions.

DFT simulations (collaboration with Dr. Ganduglia-Pirovano’s group from ICP)

¢ Cu oxidation state

To determine the oxidation state of Cu species in the different models considered,
the Bader charges of metallic Cu and Cu2O bulks were first calculated. In Cu bulk,
each atom is Cu® with a Bader charge of 17 (see Table 4.12) that matches the
number of valence electrons: 3p® 3d'% 4s’. Instead, in Cu,O, we have formally Cu*
and a Bader charge of 16.442, which is 0.558 less than Cu®. On the other hand,
when doping with one Cu atom the MgO(100) surface, we replace a Mg?* by a
Cu?* and it turns out that the calculated charge of Cu?* is close to 16. By using
these data as a reference, we conclude on the oxidation state of Cu ions in the

other model systems considered in this work.

On one hand, when replacing one Mg?* ion at the MgO(100) surface by two Cu
ions (see Figure 4.33f), the latter are formally in the +1 oxidation state. This is
corroborated by the calculated Bader charge of the Cu atoms, since they differ by
only 0.032 and 0.058, respectively, from the Bader charge of Cu in Cu,0 bulk (see
Table 4.12). On the other hand, the Bader charges of Cu species when they are
adsorbed and in direct contact with the MgO surface, as it is the case of the
Cux/MgO(100) system (see Figure 4.339), indicate a slight increase of the charges

compared to Cu® species in bulk Cu (Table 4.12), defining these species as Cu®".
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Table 4.12 Cu Bader charge values for each model studied. The differences with respect
to Cu (Cui-Cupyi) and Cu20 (Cu;-Cu,0) bulks are also indicated.

Model Cu charge A(Cui-Cupuik) A(Cui- Cu20)
Cu bulk 17.000 0.000 0.558
Cu20.HSE bulk 16.442 -0.558 0.000
Cuytoring 16.474 -0.526 0.032
16.500 -0.500 0.058
3y 17.109 0.109 0.667

Cuz®*

17.132 0.132 0.690
17.174 0.174 0.732
16.954 -0.046 0.512
Cus*% 16.978 -0.022 0.536
17.174 0.174 0.732
16.973 -0.027 0.531

|l'||lll'I||‘I|.|I‘|ll'|l.|l'||l'll|

-1.87 eV/at. -2.32 eV/at.
Figure 4.33 MgO (a), Cu (b) and Cu,O (c) bulk unit cells. Top and side view of: MgO(100)
(d), Cux0(110) (e), Cup-doped MgO(100) (f), Cuz (g), and Cus (h) adsorbed nanoparticles on
MgO(100). For each Cu-containing model, the Cu oxidation state is indicated. The

adsorption energies of the Cu clusters per atom with respect to atomic Cugas of the models

(g,h) are indicated. Color code: Mg (orange), O (red), and Cu (blue).
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When the size of the adsorbed Cu nanoparticles is larger, as for the example of
Cus®®, it can be observed that only two Cu atoms are bound to oxygen atoms of
the MgO support, while the others are bound only to Cu atoms. The Bader
charges of the three Cu atoms that are not in direct contact with the MgO support
are formally Cu®, since their charge differ by only 0.022, 0.027 and 0.046 from that
of Cu in metallic Cu bulk (Table 4.12). Figure 4.33 also indicates the adsorption
energy per Cu atom in the Cun?® models (m =2, 5). These results suggest that Cu
tends to form compact nanoparticles and that the formation of Cu-Cu bonds is

favored, which is in good agreement with the structure reported by Geudtner et

al.[101]

e CO adsorption
The objective is here to demonstrate that the CO stretch frequencies of CO
molecule adsorbed on the model systems described above are not only sensitive

to charge state but configuration-dependent.

Recently, Zhang et al. studied the morphology-dependent reduction kinetics and
the surface copper species evolution of a Cu,O catalyst under a reductive CO
atmosphere. They reported DRIFT results at 123 K where CO, bound to Cu*, has a
stretch vibrational frequency of 2107 (Av = -36 with respect to gas phase CO) and
2109 cm™" (Av = -34) in nanocrystals with orientations (110) and (111), respectively,
while for the (100) orientation, CO would not adsorbed.['% Moreover, Soon et al.
reported a theoretical shift of -26 cm™ for Cu* in CuO(111).'%% For metallic
surfaces of Cu (Cu%), there is also a dependence with the surface orientation, as
summarized by Braglia et al. "% with experimental redshifts of -49, -55 and -71
cm™" for high CO coverage on the three most stable (110), (100) and (111) surfaces,

respectively. Generalizing these results might be an oversimplification of the
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complexity of the systems, but they undoubtedly demonstrate how the oxidation

state and chemical environment of Cu could affect the CO stretch frequency.

The one monolayer adsorption (saturation coverage) of CO molecules on the
(1x1)-Cu20(110) surface was simulated with two CO. The formation of di-
carbonyls, (CO),, was found to be energetically preferred compared to that of two
mono-carbonyls, 2(CO), -0.23 and -0.02 eV, respectively (Figure 4.34b). The
calculation of frequencies and corresponding intensities allowed us to discard
those frequencies with zero (or very low) intensity. Table 4.13 reports the
calculated frequencies as obtained from the simulations as well as the scaled
values and the corresponding shifts with respect to the stretching frequency of
CO in gas phase. For Cu* in the surface layer of Cu,O(110) is -22 cm™", which lies
within the -16 to -36 cm™' range of experimental shifts reported in the literature
for systems with Cu* as Cu0, including Cu,O surfaces,*®'%? and Cu nanoparticles

partially oxidized interacting with ZnO,! MgO,% Ga,0;,54 Si0,,P> and Al,03.57)

Table 4.13 CO vibrational frequency and corresponding shift.

Model CO ads. Eads Cu oxid. Frequency (cm)
type (eV/molec.) state Calculated  Scaled Shift
COgas PBE - - - 2127 2143 0
COgas HSE - - - 2235 2143 0
MgO 8CO -0.18 - 2134 2150 +7
Cu20(110) (CO)2 -0.23 Cu* 2213 2122 -22
Cuz doping CObrg -0.54 cut 2118 2134 -9
Cuz?d 2(CO)2 -1.25 Cu® 1928 1943 -200
2(CO)2+ CObry -1.25 Cu® 1859 1873 -270
Cusds (CO)m -1.03 Cud/Cu® 2062 2078 -65

The adsorption energy and stretching frequencies for full CO coverage has also

been calculated for a number of Cu-containing (2x2)-MgO(100) surfaces. We
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assumed that full coverage is achieved by considering 8 CO molecules since the
surface unit cell has 8 Mg atoms in its top most layer. In Figure 4.34, the most
stable states of 8 CO adsorbed on MgO(100), Cu,-doped MgO(100), and
Cum?¥/MgO(100) (m =2, 5) are shown. The results indicate a red shift when the
catalysts contain Cu, in contrast to a blue shift of +7 cm™" on the clean MgO(100)
surface (Figure 4.34 and Table 4.13). When CO is adsorbed on the Cu-containing
surfaces, it is observed that dicarbonyls, Cu-(CO),, tend to form, as it has been
suggested in previous experimental publications on supported silica.b%691%!] |n
the case of the Cuz-doped MgO(100) (2Cu*), in the most stable state (hereinafter
referred to as called COpq state, Figure 4.34¢), it is observed that CO significantly
displaces Cu from their equilibrium position in the pristine surface, and a CO is
bound to the two Cu atoms and another CO is bound to a single Cu. In the case
of Cu* dopants, the CO stretch frequency shift with respect to gas phase CO is

-9 cm™, in line with the experimentally observed -8 cm™ in this work.

In the Cu,2¥/MgO(100) system, two iso-energetic states were found (Figure 4.34d
and 4.34e, where a (CO), species was adsorbed on each Cu. The difference
between the two states is that in one of them, one CO binds to both Cu atoms
(COurg). These calculations allow us to affirm that if the copper species were
adsorbed in direct contact with the MgO(100) support, such interfacial species
would have a Cu® oxidation state, and the CO vibration would be greatly
redshifted, as it is the case for Cu,?¥/MgO(100) systems with shifts in the -200 to
-270 cm, something that in no case was observed in our experiments.
Furthermore, if somewhat larger 3D Cu clusters would form, those Cu atoms that
are not in direct contact with the MgO support would retain their metallic

character, Cu®, and the redshift would be about eight times larger than what was
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observed in the experiments (-8 cm™), as it is the case for Cus?/MgO(100) system
with a -65 cm™ frequency shift, for which a more complex adsorbate structure
with COprg and (CO), appears. The shift is in line with those reported for metallic
Cu surfaces with experimentally observed shifts between -71 and -49 cm~".1106-111]
It should be noted that since Cu tends to form 3D nanoparticles, the existence of

Cux® is unlikely compared to larger nanoparticles such as Cus®®, therefore the

200-270 cm" shifts are not expected to be observed experimentally.

mW‘pW.MW‘NW
rl"l"lml'l'! ||||I'U,,|!||

-li'llli i'. |'|'. l!l'
:I'lnl'ﬂ:l'llllul'l'li "l

m'ﬁhﬂl"ﬂ'
||.’ .]. lm.]f .l. :

-1. 25 -1 25
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Figure 4.34 Eight adsorbed CO molecules on MgO (a), Cu0(110) (b), Cu,-doped

MgO(100) (c), Cux?% (d,e), and Cus?¥s (f). The adsorption energy in eV for each state is

indicated (bold-type numbers) and also the frequency shifts (Av) in cm™". Colors refer to
Table 4.13 values.
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The calculated frequencies allow us to conclude that when CO is adsorbed on the
surface of a Cu*-doped catalyst, there is a blue shift of -9 cm™, in line with the
experimental data, which is about 2.3 times smaller than that of CO adsorbed on
the Cu,0(110) surface. In addition, when copper is metallic (Cu®), as it is the case
of Cu atoms in 3D Cu nanoparticles on MgO that are not interfacial, the redshift

is about 7.2 times larger.

4.5.6. Operando Infrared studies and structural-activity correlations

2125

Ccu’ ‘
2135 L
N\ ‘ Reduced
After 1 bar
After 9 bar

Absorbance (a.u.)

2200 2150 2100 2050 2000 1950
Wavenumber (cm™)

Figure 4.35 IR-CO titration study on the CuHT-230 sample after reduction (blue), and after
guenching the operando IR reaction (2 h at 230 °C), at 1 bar (green) or 9 (red) bar pressure.

All spectra are normalized by sample weight.

After reaction at 1 bar, a shoulder at 2125 cm™" is observed in the CO-IR spectra
corresponding to surface Cu,O species, while it is absent at increasing reaction
pressure to 9 bar. In addition, compared to the reduced catalyst, a decrease in the
IR band ascribed to Cu® sites is observed at both pressures, together with an

increase in the amount of surface Cu* species (2135 cm™).
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Figure 4.36 IR-CO deconvoluted spectra of spent samples after 9 bar reaction. Color code

for deconvoluted components: orange (HT support), dark yellow (Al/Mg support), gray

(SiO2 support), cyan (Cu* species) and navy (Cu® species). All spectra correspond to CO

saturation at -170 °C.
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Figure 4.37 IR-CO spectra at saturation conditions at -170 °C of in situ H-reduced

catalysts (blue spectra) and after exposing them to 9 bar reaction conditions (red spectra).

For comparison purposes, spectra are normalized by sample weight.
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Pressure gap influence

A positive influence of reaction pressure in MeOH production is observed in Table
4.14, where online MS analysis (m/z=31) coupled to the IR cell shown an

increased methanol formation at 230 °C and 9 bar versus atmospheric pressure.

Table 4.14 Pressure effect on MeOH formation in the IR cell.

Pressure (bar) A(MeOH)/CO;
1 6.508-106
9 1.558:10-

This behavior is in good correlation with catalytic studies performed at different
pressures (1, 14 and 20 bar) and at identical temperature (i.e., 230 °C) in the fixed-

bed reactor, where a linear trend is found (see Table 4.15 and Figure 4.38).

Table 4.15 Pressure effect on MeOH formation in the fixed-bed reactor.

Pressure (bar) STY MeOH (mol-gc.t'-h")

1 1.5-10
14 1.9-10°3
20 2.6:103
3.0x10° 1
230 °C
£~ 2.5x10°4 ®
<
H‘c_;:J 2.0x10° o
©
E 1.5x10°
T
(e}
2 1.0x10°1
>_
|_ 4
) 5.0x10™
[}
0.0 T T
0 10 20

Pressure (bar)

Figure 4.38 Correlation between pressure and MeOH production in the reactor.
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Figure 4.39 Correlation between the amount of exposed Cu® sites (determined by IR

titration experiments after operando IR reaction at 9 bar and 230 °C) and MeOH (a) and

CO (b) productivity obtained in the catalytic studies.

As depicted in both graphs, there is no clear correspondence between metallic

copper sites (Cu®) and the formation of MeOH and CO.
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Figure 4.40 Evolution in the 1800-1000 cm™ spectral region during IR operando CO;
hydrogenation at 9 bar and at increasing temperatures for CuHT-230 sample: original
spectra (A), subtracted spectra respect to the reduced starting point (B), deconvolution of
the subtracted spectra at steady-state reaction conditions (C). Online MS profile of

methanol (D, m/z=31), methane (E, m/z=15) and CO (F, m/z= 28) formation.

241



n CO: hydrogenation over Cu-HT catalysts

242

MS Signal (A)

3.0x107 1 i
CO,+H, (120) CuHT-230 i COH, | CO,#H,+D,
, 2.0x107 1
_ CO,+H,+D, (50" o107 H, (2)
=] — N :
< < | HD (3)
— 2.0x10° A i
g g
s ‘ & 15x10° 1 i
2 ; " ‘
(]
2 v (0-D) = | CO, (44) :
'5: 2630 1.0x10 2
230°C 5.0x10° -
o1 9 bar CO (28) :
T T Za T T T T 0.0 T T T T
3000 2600 1600 1400 1200 1000 12500 15000 17500 20000
Wavenumber (cm™) Time (s)
C d
CO,+H, |CO,+H+D, 3.0x10™ CO,+H, |CO,+H,+D,
1.0x10™ 1 1 2.5x10™ 1
CH,OH (31) 200t
7.5x10™° <
— -11 |
‘ §1.5x10 | CHA (15)
5.0x10™ 1 1 CH,DOD g 1.0x10™ 1
L (34) =
5 10 ! 5.0x10™ !
5x10™ 1 CD, (20) ‘
I 4 |
‘ 0.0 i e

T T T T T 1 T T T T T 1
12000 14000 16000 18000 20000 22000 12000 14000 16000 18000 20000 22000

Time (s) Time (s)
Figure 4.41 IR-MS isotopic studies, where part of the H, flow is replaced by D, under
steady-state conditions (CO2:Hz 1:3 molar ratio), at 230 °C and 9 bar, on the CuHT-230
sample.
The isotopic experiment performed under steady-state conditions at 230 °C and

9 bar in an IR cell (MS coupled) reveals that the whole set of IR bands in the 1670-

1200 cm™' range remains unaltered when D; replaces part of the H. flow.

In detail, after 2 hours of experiment, D, is submitted in the reaction mixture, and
OD bands (2630 cm™") and a very weak band at 1019 cm™' (associated with §(C-
D)) appear in the IR spectrum (blue line in Figure 4.41a). Regarding the MS
information, during the first part of the experiment until ~19000 s (CO,+H. gas

mixture), the production of CO (m/z=28, gray line in Figure 4.41b), methanol
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(m/z=31, red line in Figure 4.41c) and CH4 (m/z=15, red line in Figure 4.41d)
are observed. After 2 hours on stream, D; is also submitted in the gas mixture
(CO2+H2+Dy, shaded region). At that moment, a fast response in the m/z=3 (HD)
is found (green line in Figure 4.41b), due to H,/D; isotopic exchange. Moreover,
the MS signal of deuterated products derived from CHa4 (i.e., CD4, m/z=20; CHDs,
m/z=19, blue lines in Figure 4.41d) grows in the same manner. On the other
hand, deuterated methanol starts to be formed at the end of the experiment
(CH,DOD) m/z= 34, blue line in Figure 4.41c). Based on these results, it becomes
clear that a different kinetic isotopic effect is observed for methane and methanol
formation, pointing that the two reactions do not proceed through a common

intermediate.

0.25

H, reduction (230 °C)
CO,+H, reaction (230 °C)
Hydrogenation (up to 230 °C)

Absorbance (a.u.)

CuHT-230

2250 2200 2150 2100 2050 2000 1950
Wavenumber (cm™)

Figure 4.42 IR-CO spectra at saturation conditions (acquired at -170 °C) of CuHT-230:
reduced sample (black); quenched sample after operando IR studies in a CO»/H; flow at 9
bar and 230 °C for 40 min (blue); sample after IR operando conditions and later exposed
to a Ha/N; flow at the same temperature for ~4.5 h (red). As observed, the intensity of the

Cu®-CO signal is restored after hydrogenation of the spent catalysts.
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Figure 4.43 Hydrogenation of CuHT-230 after operando IR CO,+H, reaction at 1 bar and
230 °C: IR spectra at different steps (in brackets, see Table 4.16 below) of the hydrogenation

process (a). Subtracted IR spectra at each step versus the one before starting the treatment.

Table 4.16 Experimental steps followed in the hydrogenation of CuHT-230 at 1 bar.

Spectrum T (°C) % vol H: Time (min) Spectrum T (°C) % vol H2 Time (min)

1 100 10 0 10 230 10 152
2 100 10 15 11 230 10 167
3 100 10 60 12 230 10 192
4 10 71 13 230 30 198
5 10 86 14 230 30 218
6 10 96 15 230 30 228
7 200 10 120 16 230 30 243
8 200 10 135 17 230 30 253
9 200 10 145 18 230 75 259

19 230 75 299
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Figure 4.44 Evolution of products detected by MS during the hydrogenation treatment of
CuHT-230 after operando IR CO,+H; reaction at 1 bar and 230 °C.

Up to 230 °C, CO; (m/z=44) and water (m/z=18) are detected in MS (Figure
4.44a-b), due to carbonates desorption. In fact, IR bands that disappear during
low temperature steps (1587 and 1325 cm"; 1567 and 1366 cm™") are assigned to
bidentate carbonates (Figure 4.43).797" Then, at 230 °C, formaldehyde (m/z=29)
and methane (m/z=15) are formed (Figure 4.44c-d). In the IR spectra, these
products are associated with formate-like intermediates (i.e., bridge formates),
presenting characteristic bands at 1596 and 1378 cm™.[’®”"l Finally, methanol

(m/z=31) was not detected at any temperature during the experiment.

After finishing the hydrogenation treatment, some species were still adsorbed

onto the support, as observed in cyan spectrum in Figure 4.43a.
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Figure 4.45 C-H stretching region corresponding to the temperature-resolved IR studies
under operando conditions at 1 bar in CO»/H; flow over CuHT-230 catalyst shown in Figure
4.7. Sequential steps at 200 and 230 °C are displayed on the left and on the right side,
respectively. First row panels show IR spectra at specific temperatures. Second row panels

exhibit the subtracted spectra.
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Dual tracking of operando IR by MS and GC

In order to double check the representativeness of catalytic data obtained during
the IR operando CO; hydrogenation, two techniques were used to monitor the
reaction evolution: online MS and offline GC. As an example, we will discuss the

operando IR study performed at atmospheric pressure in Figure 4.7.

Firstly, Table 4.17 summarizes representative MS values for the main reaction

products in the operando study and their normalization to CO, MS intensity:

Table 4.17 Selected MS values (in A) for the operando IR study at 1 bar.

Mass Spectrometry

t(s) t'(s) T(°C) CHia(A) CH:OH(A) CO(A) CO2 (A) CH4/CO2 CH30H/CO2 CO/CO:

3000 O 160  1.669-10""  1.019-107"% 3.740-10° 3.694-10% 4.517-10* 2.75810° 1.012-10™
3600 600 160 1.682:10"" 1.073-10" 3.677-10° 3.666:10° 4.58810* 2.926:10°  1.003-10"
4200 1200 160 1.719-10"" 1.1481072 3.670-10° 3.670-10% 4.684-10* 3.12810°  9.999-1072
4700 1700 200 1.739-10"" 1.14910"? 3.67810° 3.686:10° 471910 3.117-10°  9.980-102
5200 2200 200 1.740-10"" 1.268-107? 3.623-10° 3.647-10° 4.771-10* 3.47510°  9.932:10?
6500 3500 230 2734107 183410 3.73510° 3.65810®° 7.47510* 5013-10° 1.021-10"
7600 4600 230 3.598107"" 2.010-10"> 3.839-10° 3.659-10° 9.831-10* 5493-10°  1.049-10"

aTime correction considering to=3000 s.

If X/CO; ratios (X = CH4, CH3OH, CO) are plotted versus time (Figure 4.46a-c), we
obtain analogous trends to that obtained in Figure 4.7. As it can be seen below,
CO/CO; MS ratio remains stable up to 200 °C, increasing its value when the
temperature is set at 230 °C (Figure 4.46¢). Since the mass signal of CO (m/z=28)
overlaps with CO; fragmentation, accurate analysis of CO formation by MS is
challenging. Then, an additional analysis of the evolved products in the operando
IR studies by using an external GC was performed (Figure 4.47 and Table 4.18). A
good correlation is found by comparing the CO/CO, and CH4/CO; ratios obtained

in the MS with that of the simultaneous analysis in the GC.
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Figure 4.46 Evolution of reaction products in operando IR CO; hydrogenation: methane
(a), methanol (b), carbon monoxide (c). Values in Y axis are normalized to CO, MS signal.
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Figure 4.47 By-products formation (CO and CH4) observed under operando IR conditions

in online MS (a) and in offline GC (b). Values in Y axis are normalized to CO; signal.

248



CO; hydrogenation over Cu-HT catalysts _

Table 4.18 Selected GC values for the operando IR study at 1 bar.

Gas Chromatography
t(s) t'(s) T(C) CH4/CO: (mol/mol) (CO/CO: (mol/mol)
4500 1500 200 1.2:104 1.2:1073
6300 3300 230 9.9-104 2.1-10°3

aTime correction considering to=3000 s.
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5.1. Introduction

Among the processes discussed in Chapter 1 for carbon dioxide capture and use,
CO2 methanation reaction (the so-called Sabatier reaction) has received renewed
interest in the last years as a way to store surplus renewable energy in the form
of CHa4, which is easily stored, transported, and used in the actual industrial
infrastructure.”’ Carbon dioxide methanation is a simple reaction, favored
thermodynamically at low temperatures (COz + 4 Hz 5 CHs + 2 H20; AH g« =
-164.6 kJ-mol"), but limited kinetically because of the high stability of CO,. The
catalysts proposed in patents and in the literature for producing CH4 from CO;
are based on metals like Ni, Ru, Pd, Rh, mono- or multimetallic, with or without
promoters (Na, K, Cs, rare-earth elements, etc.) on different supports (TiO,, SiO,,
Al;,Os, CeO,, ZrO,, carbon nanotube (CNT) doped with N).>“ In all cases, high
temperatures (300-500 °C) are employed, which results in large energy input, high
operational costs for large-scale production, and negative impact on catalyst
stability. Ruthenium is a highly active metal for CO, methanation at lower
temperature; however, the highest space-time yield to methane reported up to
now does not exceed 0.9 umolca-geat s at 165 °C and 2.6 pmolcpa-gear s at
200 °C and atmospheric pressure, obtained at a 1.6 mL-get'-s™ gas feed rate on
a Ru/TiO; catalyst, still too low for industrial application.>® Therefore, a
breakthrough in the CO, methanation reaction will require a highly active and

selective catalyst able to operate under mild reaction conditions.

Transition-metal carbides appear as appealing catalytic alternatives with
interesting properties for many processes, such as isomerization of n-heptane,!”
steam reforming of methanol,® dry reforming of methane® CO

hydrogenation,!'2 and CO, hydrogenation.l'*'! Molybdenum carbide (B-
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Mo,Q)"*! and metal-supported carbides (M/Mo,C,["® Me=Ni, Co, Cu, or M/TiC,['3
M=Cu, Ni, Au) have shown high activity for CO, hydrogenation (i.e., 6-8% CO;
conversion at 200 °C, 20 bar and 2.5 mL-g.t s gas feed rate),['® being 3-5 times
higher than the corresponding metals supported on conventional oxide supports.
However, the selectivity to the target product is relatively low (29% and 42% CHa4
at 200 °C on B-Mo.C and Ni/Mo,C, respectively)'® due to CO formation (39% and
37%, respectively). The high activity has been ascribed to the intrinsic activity of
metal carbides to adsorb and activate the CO, molecule through a net charge
transfer from carbide to the CO, molecule.'"*'® The reactivity, i.e., C-O bond
cleavage of the CO, molecule, strongly depends on the carbon/metal ratio. Thus,
CO; dissociation occurs spontaneously on a Mo-terminated B-Mo,C surface,
yielding CO and O, while on a carbon-rich surface (i.e., -MoC) a hydrocarboxyl

(HOCO) intermediate is formed, resulting in different product selectivity.

In an early study, Moreno-Castilla et al.l" reported the formation of ruthenium
carbide (RuC) in a Ru-activated carbon catalyst prepared by sublimating Rus(CO)1.
on a carbon support, followed by thermal decarbonylation in He at 150 °C. On
the basis of CO and H, chemisorption data, they argued the formation of a Ru**
active phase, which according to the authors has been assigned to RuC. This result
has to be reviewed considering the low tendency of ruthenium to form carbides
or a solid solution with carbon, those usually requiring elevated pressure (5 GPa)
and temperatures (1700-2500 °C) for their synthesis.?-23l Moreover, the reported
yield of methane in the CO,/H; reaction was not higher (~1.4-1.0 times) than that
of a similar sample without carbide species, which makes the assignation to RuC

doubtful.
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In the present chapter, we show the possibility of synthesizing ruthenium carbide
catalysts (labeled as Ru@C) by an easy and mild hydrothermal method instead of
using the harsh treatments previously reported. Most importantly, the as-
synthesized Ru@C catalysts show unprecedented activity for the low temperature
(160-200 °C) CO, hydrogenation reaction to CH4. Methane yields up to 3.5
pumMolchageat s at 160 °C and 13.8 umolchageat s at 200 °C are achieved at
atmospheric pressure and at 7.9 mL-geat s feed rate, surpassing by far the most
active Ru catalyst reported up to now.#>62425 The catalysts also show good
stability under operational conditions with CH4 selectivity above 99.9%. Finally,
we will demonstrate that the formation of CH4 is taken place by direct activation

and hydrogenation of CO..

5.2. Materials and methods

5.2.1. Preparation of catalytic samples and references

Synthesis of Ru@C-EDTA-X

Samples with different Ru contents were prepared using the same synthetic
procedure but modifying the amount of Ru precursor. In general, G (G = 1.5, 3.1,
53 and 6.6) g of Ru(acac)s (acac=acetylacetonate) (Aldrich, >97%), 1.77 g
Na;EDTA-2H,O (EDTA=ethylenediaminetetraacetic acid derived salt) (Aldrich,
99%) and 0.39 g NaOH (Acros, 98%) were dissolved in 8 mL of deionized water.
Then, 4 mL of methanol was added to the mixed aqueous solution with stirring at
room temperature (RT), resulting in a red suspension, which was transferred into
a 35 mL Teflon-coated stainless steel autoclave followed by static hydrothermal
processing at 200 °C for 24 h. Afterward, the autoclave was taken out of the oven
and cooled down to RT over 3 h. The generated precipitate was filtered and

washed with deionized water and acetone five times. Samples were labeled as
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Ru@C-EDTA-X, where X corresponds to the ruthenium loading, determined by
ICP (Table 5.3 in Subsection 5.5.1).

Synthesis of Ru@C-Glucose
A 120 mg portion of glucose (Aldrich, 99%) dissolved in 7 mL of deionized water

was stirred at RT for 0.5 h. Then, 100 mg of RuO; (Aldrich, 99.9%, particle size 32
nm, determined by XRD) was added and the mixture was ultrasonicated (Branson
3510 operating at 40 Hz) for 0.5 h, obtaining a black suspension. The so-obtained
suspension was transferred into a Teflon-coated stainless steel autoclave of 12.5
mL. The autoclave was introduced in an oven at 175 °C and kept under static
conditions for 18 h. Afterward, the autoclave was taken out of the oven and
cooled down to RT over 2 h. The content of the autoclave was then filtrated under
vacuum conditions, recovering a black solid. The solid was washed five times, first
with water and later with acetone. Finally, it was dried in an oven at 60 °C for 12
h. The loading of ruthenium in the sample was 24.3 wt %, according to ICP

analysis.

Synthesis of Ru/C-WI

The sample was prepared by a wet impregnation method as follows: 396 mg of
Ru(acac); was dissolved in 20 mL of toluene for 0.5 h. Then, 900 mg of carbon
(activated charcoal Norit, Aldrich) was added and the mixture stirred for 15 h at
RT. The final suspension was evaporated under vacuum, resulting in a black solid.
The solid was reduced in 50 mL-min~" H; at 250 °C for 3 h with a heating ramp of
10 °C:min”, followed by cooling down in N, to 25 °C. After this, it was oxidized in
50 mL-min~" O flow at 400 °C for 3 h. The loading of ruthenium in the sample was
3.0 wt %, according to ICP analysis. XRD analysis is shown in Figure 5.12,

Subsection 5.5.1).
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Synthesis of Ru/C-Ar800

A 58 mg portion of Ru(acac)s was dissolved in 20 mL of acetone and stirred at 50
°C. Subsequently, 1.47 g of Na,EDTA and 120 mg NaOH were dissolved in water
(20 mL), and the resulting aqueous solution was added to the metal solution and
stirred at 50 °C for 0.5 h. Then, 1.60 g of carbon (activated charcoal Norit, Aldrich)
was added and the mixture was refluxed at 50 °C for 24 h. After cooling, the
suspension was rotoevaporated, washed with water, filtered, and dried at 100 °C
overnight. The black solid was pyrolized in an Ar flow (10 mL:-min") at 800 °C for

5 h (5 °C:min”"). XRD analysis is shown in Figure 5.12 (Subsection 5.5.1).

Synthesis of Ru@C/NG

The catalyst was synthesized according to reference [26]. Briefly, graphene oxide
(GO) support was prepared following the improved Hummers method. GO was
doped with nitrogen using formaldehyde (37% in water, Aldrich) and melamine
(Acros, 99%), and the suspension was transferred into a Teflon-coated stainless
steel autoclave (12.5 mL) and kept at 180 °C for 12 h. The gel obtained was
submitted to pyrolysis in a N, flow at 750 °C for 5 h. The nitrogen-doped
graphene (NG) support was dispersed in a phosphate-buffered solution with the
metal precursor (RuCl3-:3H,0, Johnson Matthey, 99%), dopamine hydrochloride
(Aldrich, 98%), and cetyltrimethylammonium bromide (CTAB) (Acros, +99%) and
hydrothermally treated at 140 °C for 6 h. The resulting suspension was centrifuged
and the solid was washed with water and dried. The catalyst was obtained after a

high-temperature treatment in argon (800 °C, 10 mL-min") for 3 h.

Synthesis of Ru3(CO)12/C
The catalyst was synthesized according to reference [19], following a sublimation

technique. First, Rus(CO)12 (27 mg, Aldrich, 99%) and carbon (490 mg, activated
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charcoal Norit, Aldrich) were physically mixed in a glass ampoule. Afterwards,
vacuum (5 mbar) was made at RT for 4 h. After this step, the temperature was
decreased with liquid N, to obtain a pressure of 1 mbar and the ampoule was
sealed. Then, the sealed vial was mechanically rotated at 70 °C for 4 h, to

encourage the carbonyl compound to sublime onto the support.

Ruthenium references
Commercial Ru on carbon (Ru/C-com; Acros Organics, 5 wt % Ru) and Ru-black
(Aldrich, >98%) were used as reference samples in catalytic and spectroscopic

studies. XRD are shown in Figure 5.12 (Subsection 5.5.1).

5.2.2. Characterization techniques
The Ru_content was analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES) using a Varian 715-ES spectrometer. The samples were

dissolved in aqua regia at 60 °C for 20 h.

X-ray powder diffraction (XRD) was recorded with a PANalytical Cubix Pro

diffractometer with a CuKq X-ray source (A=0.15406 nm). Data were collected over
a 20 range of 5-90° at a scan rate of 2 min~", operating at 40 kV and 35 mA.
Average particle size was calculated from the main peaks (38.4, 42.2, 44.0, 58.3,

69.4, 78.4; 28) of Ru® (JCPDS: 00-006-0663) using the Scherrer equation.

High-resolution transmission electron microscopy (HR-TEM) measurements were

performed on a JEOL-JEM 2100F operating at 200 kV. Samples were prepared by
dropping a suspension of the powder catalyst using ethanol (Scharlab, absolute)

as the solvent directly onto holey-carbon coated Cu grids.

The amount of surface ruthenium metal sites was measured by CO chemisorption

at 25 °C on a Quantachrome Autosorb-1C instrument by extrapolating the total
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gas uptakes in the adsorption isotherms at zero pressure and assuming an
adsorption stoichiometry of 1:1 (Ru:CO).['! Before measurements, about 300 mg
of catalyst was activated in a helium flow at 100 °C (2 h) and in a vacuum at the

same temperature (1 h).

Temperature-programmed reduction (TPR-H,) studies were performed using a

quartz reactor, connected online to a mass spectrometer (Balzer QMG 220M1). A
120 mg portion of catalyst was flushed with argon at 25 °C for 30 min and then
switched to a 70 vol % Ha in Ar flow (14 mL-min™"). The reaction was carried out at
increasing temperatures (160, 180, 200, 220, 260 and 280 °C, 10 °C:min™"). The
m/z values used to monitor each product were 44 (CO,), 28 (CO and COy), 2 (Hy),
15 (CH4), 16 (CH4) and 18 (H.0).

Raman studies were performed using a Renishaw “In via” spectrometer connected
to an Olympia microscope. The instrument is equipped with a He-Ne green laser

(514 nm), a diode laser (785 nm), and a CCD detector.

Laboratory X-ray photoelectron spectroscopy (XPS) experiments were performed
on a SPECS equipment with a Phoibos 150 MCD-9 multichannel analyzer and
using non-monochromatic AlK. (1486.6 eV) X-ray radiation. The pass energy was
20 eV and the X-ray power was 100 W. The sample (~30-50 mg) was pressed into
a pellet and loaded onto a SPECS stainless steel sample holder. Binding energies
(BE) were calibrated with respect to C 1s signal settled at 284.5 eV. CASA XPS
software was used to analyze the data. Shirley-type background and Lorentzian-

type curves were used in the spectra fitting.

Synchrotron X-ray photoelectron spectroscopy (XPS) experiments were

performed at beamline BL24-CIRCE (NAPP branch) at ALBA Synchrotron Light
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Source (Cerdanyola del Valles, Barcelona, Spain). CIRCE is an undulator beamline
with a photon energy range of 100-2000 eV. Data acquisition was performed
using a PHOIBOS 150NAP electron energy analyzer (SPECS GmbH). The spectra
were acquired with an exit slit of 20 um and a pass energy of 20 eV. The X-ray
spot size was 100x65 (HxV) um?. Incident photon energies of 500 and 1150 eV
for Ru 3d and C 1s were used to record the XPS spectra. The sample (50 mg) was
pelletized, mounted onto the sample holder, and measured at room temperature
at a 10 mbar pressure without previous activation. Binding energies (BE) were
calibrated with respect to C 1s signal settled at 284.5 eV. Shirley-type background

and Lorentzian-type curves were used in the spectra fitting.

Near-edge X-ray absorption fine structure (NEXAFS) spectra at the Ru L»/L3-edges

were collected by the total fluorescence yield via a Lytle detector at beamline
16A1 at the Taiwan Light Source. The spot size was 500x500 (HxV) um?, where
probed at the Ru powder sample at an incident angle of 45°. X-ray energy from
Si (111) monochromator was calibrated using the energy jump of standard Mo

foil at L3-edge.

Isotopic 3CO/™CO,/H, experiments with carbon-labeled species were performed

in a homemade stainless steel cell connected online with a mass spectrometer
(Balzer QMG 220M1). The catalyst (15 mg) was pelletized and kept in a vacuum
at 120 °C for 0.5 h. In the case of Ru/C-com, the sample was additionally reduced
in situ with a H> flow (280 °C, 1 h, 10 mL-min™") before reaction. After activation, a
mixture of *CO/'2CO»/H, (1:1:6 vol %) was fed continuously at 15 mbar total
pressure. Then, the temperature was increased to 160 °C, and finally, the pressure

was set at 25 mbar. The reaction evolution was monitored by mass spectrometry
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(MS) with m/z values of 44 (12CO,), 45 (3C0O,), 28 ('2C0O), 29 (*CO), 15 ('2CHa), 17
("3CHa), 18 (H20) and 2 (Hy).

CO; hydrogenation catalysis was performed in a stainless steel fixed-bed reactor

with an inner diameter of 11 mm and 240 mm length. Typically, 210 mg of catalyst
(particle size 400-600 um) was diluted in SiC in a weight ratio of 0.14 (cat./SiC).
Ru@C-EDTA and Ru@C-Glucose were not activated before reaction. Ru3(CO)12
was in situ activated in a N, flow (25 mL:-min") at 400 °C (2°C-min”" heating ramp)
for 12 hours. The other samples were in situ reduced prior to catalytic tests (25
mL-min™" Hp, 280 °C, 1 h, 10 °C:min”"). The reaction took place at atmospheric
pressure, and the reaction temperatures were 160, 180, and 200 °C. Each
temperature was maintained for at least 1.5 h. The reaction was carried out at
21428 h™' GHSV under concentrated (23.7 vol % CO», 71.3 vol % Ha, 5.0 vol % N»)
or diluted (5.0 vol % CO», 20.0 vol % Hy, 75.0 % vol N,) conditions. Direct analysis
of the reaction products was done by online gas chromatography (GC), using a
SCION-456-GC equipment with TCD (MS-13X column) and FID (BR-Q Plot
column) detectors. Blank experiments (in the presence of SiC) showed the
absence of a homogeneous contribution to the reaction. Turnover frequency

values (TOFs) were obtained from CO chemisorption data.

CO hydrogenation catalysis was performed in the CO, hydrogenation reactor
setup described before. In this case, the inlet gas mixture was 30.0 % vol CO, 60.0
% vol Hy, and 10.0 % vol Ar with identical total flow (100 mL-min~"). The process
took place at atmospheric pressure and in a temperature range of 160-240 °C,

using 210 mg of catalyst.
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Reactants partial pressure influence study was also performed in the CO;

hydrogenation reactor setup described above. In particular, 212.5 mg of Ru@C-
EDTA were loaded and the total flow was 100 mL-min’'. The experiment was
carried out at 160 °C. To monitor the H. influence, 5 mL'min”" CO, was kept
constant, and the H, proportion was varied. To monitor the CO; influence, 30
mL-min~' H, was kept constant while varying the CO; proportion. N, was used to

balance in both series.

5.3. Results and discussion

5.3.1. Synthesis and characterization of Ru@C-EDTA catalysts

Ru@C-EDTA samples are prepared under hydrothermal conditions (details in
Subsection 5.2.1), modifying the amount of Ruthenium(lll) acetylacetonate
(Ru(acac)s) in the synthesis gel, while the ethylenediaminetetraacetic acid
disodium salt dihydrate (Na;EDTA-2H,0) is kept constant. The synthesis takes
place at autogenous pressure at 200 °C for 24 h. The ruthenium loading in the as-
prepared samples, determined from ICP analysis, takes values between 6 and 28
wt % (Table 5.3). Representative TEM images obtained from the Ru@C-EDTA
samples are presented in Figure 5.1 and Figures 5.6-5.9, which show the presence
of Ru® nanoparticles (RuNPs) embedded in a carbon matrix. A homogeneous
distribution of small RuNPs with average particle sizes of 2-5 nm is observed in
the Ru@C-EDTA-6, -12, and -20 samples. However, a more heterogeneous size
distribution of small (2-5 nm) and bigger (10-15 nm) Ru nanoparticles can be

detected in the RU@C-EDTA-28 sample (Figure 5.9).
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Figure 5.1 TEM images of Ru@C-EDTA samples prepared by hydrothermal synthesis with
different ratios of Ru/EDTA: Ru@C-EDTA-6 (a), Ru@C-EDTA-12 (b), Ru@C-EDTA-20 (c),
and Ru@C-EDTA-28 (d).

This is in accordance with the bulk information extracted from X-ray
diffractograms (Figure 5.12), where the peak broadening observed in samples
Ru@C-EDTA-6, -12, and -20 samples corresponds to a small crystallite size,
whereas some sharp peaks are visualized in the Ru@C-EDTA-28 sample,
corresponding to crystalline Ru® (hexagonal, JCPDS: 00-006-0663). The nature of
the carbon matrix studied by Raman spectroscopy shows a graphitic structure
(1600 cm") with defects (1371 cm™") and some amorphous carbon (1506 cm)!28!
(Figure 5.11). In addition, concerning the nature of the ruthenium species, XPS
studies performed in a laboratory-scale spectrometer using AlK, (1486.6 eV) X-
ray energy (Figure 5.13) displays the presence of Ru® (279.3 eV) and RuO; (281.0

eV). However, high-resolution XPS using synchrotron radiation allowed us to
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obtain surface-sensitive information of the Ru@C-EDTA samples working at
variable X-ray excitation energy. In fact, at low X-ray excitation energy (500 eV)
with a probing depth of around 2.2 nm,?® an additional ruthenium specie at 279.6
eV, together with Ru® (at 279.1 eV) and RuO: (281.0-280.4 eV), is clearly observed
(Figure 5.2a). The surface concentration of this new specie slightly increases from

~56% to ~70% upon decreasing the Ru content in the samples (Figure 5.2b).
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Figure 5.2 Synchrotron XPS of the C 1s and Ru 3d core levels at 500 eV X-ray excitation
energy on fresh Ru@C-EDTA samples (a). Color code for components: Ru® (red), RuC (blue),
RuO; (green), and C (gray). Surface concentration of the ruthenium carbide phase (RuC)
relative to the total ruthenium (RuT) (b).

On the basis of XPS depth profile analysis, at a sample depth of 4.4 nm, the
contribution of the new component at 279.6 eV to the total Ru peak intensity
decreases ~30-40% in all samples at the expense of the Ru® component (Figure

5.13), meaning that the new Ru specie identified by synchrotron XPS is

preferentially located on the upper surface layers of the catalyst. This new
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component is ascribed in our work to ruthenium carbide (RuC) species. However,
its assignation is not straightforward, due to the lack of reference data associated
with RuC and uncertainties that exist in the literature regarding to the assignation
of ruthenium chemical states.’% Our assignation has been made based on
previous studies, where a +0.5 eV shift with respect to the metal was related to
carbide species,®" and is also supported by HR-TEM analysis (Figure 5.3a and
Figure 5.10), where lattice fringes at 0.21 and 0.31 nm, corresponding to Ru® and
RuOy, respectively,?? and at 0.25 and 0.28 nm, due to RuC (JCPDS: 01-089-3016)

are detected.
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Figure 5.3 HR-TEM image of the RU@C-EDTA-20 sample (a). The Ls-edge spectra (left
panel) and Ly-edge spectra (right panel) of Ru®, Ru@C-EDTA-20, and RuO; (b). Curve-
fitting simulation from the NEXAFS spectra at Ls- (c) and L,- (d) edges on RuO,, Ru@C-
EDTA-20 and Ru®.

275



— CO: hydrogenation over Ru@C catalysts

276

In addition to XPS and HR-TEM analysis, the assignation of the new detected
specie to RuC is supported by NEXAFS analysis performed on the Ru@C-EDTA-
20 sample at the Ru Lo/Ls-edges, which is compared with that of RuO, and Ru®
references (Figure 5.3b). The spectra reflect the electronic structure of surface Ru
species and their local environment, which do not correspond to RuO; nor Ru’.
Indeed, the Ru L-edge white lines of Ru@C-EDTA-20 (located around 2840 and
2969 eV for the L3 and Ly, respectively) are shifted to higher photon energy
compared to that of Ru metal, and to lower energy with respect to that of RuO,
while they are compatible with the RuC phase.3! Moreover, the global spectral
shapes characteristic of Ru® and RuO; are incompatible with the spectra collected
on the Ru@C-EDTA-20 sample, where both the double-peak structure around
2850 (Ls) / 2980 (L,) eV (characteristic of the metal phase) and the one broadened
peak structure of the white line (characteristic of the RuO;, phase) are absent
(details in Figure 5.15a,b). Curve-fitting simulation from the NEXAFS spectra at
Ls/L, edges is shown in Figure 5.3¢,d, representing two peaks corresponding to
the electronic transition 2p — 4d-t24 (A) and 4d-eq (B) states. The A/B ratios in RuO>
and Ru metal at L3-edge (L) are 0.024 (0.17) and 2.61 (2.92), respectively, which
are the opposite of that expected from their electronic configurations (4d* and
4d? electrons). In the Ru@C-EDTA-20 sample, the A/B ratios result at the Ls- and
L,-edge, 1.19 and 2.00, respectively, is between that of RuO, and Ru metal,
reflecting a different feature symmetry and ligand environment in the Ru@C-
EDTA-20 sample. This agrees with the previous results and indicates that the
upper surface of our catalysts is most likely ascribed to RuC. To our knowledge,

this is the first time that a ruthenium carbide phase is formed under mild
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conditions (hydrothermal synthesis at 200 °C) as opposed to the harsh conditions
(5 GPa and 1000-2500 °C) usually required for its synthesis.[20-23!

5.3.2. Catalytic properties and active site elucidation in the Sabatier reaction.
From the point of view of their application in the CO; hydrogenation reaction, an
important issue to deal with is the thermal stability of the Ru@C-EDTA catalytic
systems under Hx-rich conditions, which is proved by a TPR-H; study. In this
experiment, performed in H, flow at atmospheric pressure, the CH4 formation
(due to carbide and/or carbon hydrogenation) is followed by online MS. Under
these conditions, CH4 MS signal (m/z=15) clearly evolves above 240 °C (Figure

5.16), limiting the catalytic studies to this temperature.

The herein reported RuU@C-EDTA catalysts show markedly high activity at low
temperature (160-200 °C) and atmospheric pressure for the CO, hydrogenation
reaction, with 99.9% selectivity to methane, operating at 21428 h-! GHSV (details
in Subsection 5.2.2). The CO; conversion and the methane space-time yield
(STYcha) in the 160-180 °C temperature range at concentrated reaction conditions
is summarized in Table 5.1 where an increase in the catalytic activity is observed
at increasing Ru loading in the samples.

Table 5.1 Catalytic activity in the CO, hydrogenation reaction at concentrated reaction
conditions? on the Ru@C-EDTA samples.

160 °C 180 °C
Catalyst Xcoz (%) (umolsc:I;Z”-S") Xeoz (%) (umolscH;:';"-S")
Ru@C-EDTA-28 49 3.8 13.2 10.1
Ru@C-EDTA-20 4.6 3.5 9.8 7.6
Ru@C-EDTA-12 2.7 2.2 6.5 53
Ru@C-EDTA-6 1.3 1.8 2.5 35

2Conditions: 1 bar, GHSV 21428 h™', and reactant feed composed of 23.7 vol %
COy, 71.3 vol % Hy, 5.0 vol % No.
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The catalyst stability of Ru@C-EDTA-20 sample tested over a period of ~15 h
reaction time at 160 °C is plotted in Figure 5.4. A decrease in activity (~8%) is

observed in the first 12 h of reaction, while it remains stable in the last 3 h.

200- 2.0
o] | 1.6 H’(;
. d
°°°0°o.0........o....oo.o..ooooo' g
o
:\o\ 12-0- -1.2 g
§ .Oooooo..o.ooooo.ooo.oooo.O S
3 sol ®escceee L3 o
S
I
io. F0.4 J©
RU@C-EDTA-20
00 I . . r 0.0
0 300 600 900

Time on stream (min)

Figure 5.4 CO; conversion (left axis, black) and methane STY (right axis, blue) on the
Ru@C-EDTA-20 catalyst at 160 °C, 21428 h"' GHSV, and 5.0 % vol CO», 20.0 % vol Hy, and
75.0 % vol Na.

The observed loss of activity corresponds to a partial removal of surface
ruthenium carbide species under reaction conditions, as evidenced from XPS
studies using synchrotron radiation performed on the spent catalysts (Figure
5.17a), while the carbonaceous matrix where the RuNPs are embedded is
maintained (see Raman spectra of the spent catalysts in Figure 5.11). In fact, a loss
of RuC species is observed in all samples according to the XPS spectra acquired
at 500 eV X-ray excitation energy, being on the order of 23-31% on the Ru@C-
EDTA-6, -12, and -20 samples and of 5% on the Ru@C-EDTA-28 sample (Figure
5.17b). Based on this data, a fairly good correlation between the amount of
surface RuC of the spent Ru@C-EDTA catalysts and the STYcus at 160 °C (Table

5.1) is found, as displayed in Figure 5.5. These results suggest that the RuC species
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should play a key role in the catalytic activity of the Ru@C-EDTA samples, as

discussed later.
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Figure 5.5 Methane STY (left axis, black) at 160 °C, 21428 h™' GHSV, and 23.7% CO,, 71.3%
Hy, 5.0% N2 (% vol). On the right axis (blue) is the RuC/RuT atomic ratio obtained from XPS
analysis on the spent Ru@C-EDTA catalysts at 500 eV X-ray excitation energy (Figure 5.17).
The activity of the Ru@C-EDTA samples surpasses by far that of other synthesized
ruthenium carbon catalysts, as shown in Table 5.2, and is markedly higher than
that of most active ruthenium catalysts we found in the literature (Table 5.4).
Being aware that the CO, methanation on Ru catalysts has been reported to be
size-dependent, where large particles were found to be more active than smaller
ones,?4 reference catalysts with different particle sizes have been considered. All
catalysts prepared by different synthesis strategies, some of them reproducing
those of the literature, 92635 and the commercial-type catalysts (such as Ru/C-
com and Ru-black) show negligible activity under the mild operation conditions
considered in this work. Moreover, the selectivity to methane is almost 100 % on
the Ru@C-EDTA samples, while other by-products like CO or CiHy, are formed on

the other samples (Figure 5.18). Altogether this indicates a very promising catalyst
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for the Sabatier reaction. In addition, the synthesis of this type of catalyst can be
also achieved starting from other precursors, like RuO, and glucose, using water
as solvent (see Subsection 5.2.1 and Figure 5.19). The similar catalytic activity
achieved in the Ru@C-Glucose catalyst (see Table 5.5) allows one to discard the
notion that the enhanced catalytic activity of the Ru@C-EDTA catalysts is due to
the presence of nitrogen or Na* additives coming from the Na;EDTA precursor.

Table 5.2 Catalytic activity in the CO, hydrogenation to methane at 160 °C and

concentrated reaction conditions® of the RuU@C-EDTA-20 sample compared to that of

other reference ruthenium carbon samples.

o CO: selectivity (%

Catalyst [pz:zf (r?:)]‘ )((50)2 (umolscII;T;"-S") CH. : co = c)sz
Ru@C-EDTA-20 20.2 [2-5]¢ 46 35 99.9 - 0.1
Ru/C-WIP 3.0[17] <0.1 4.010 383 61.5 0.2
Ru/C-com 5.0 [2]9 <0.1 7.0102 92.7 6.8 0.5
Ru/C-Ar800° 401[] 0.1 <107 734 25.6 1.0
Ru@C/NG? 13.07 [] <0.1 - - - -
Rus(CO)r2/Ce 2.5[1.2]° <0.1 <10 - 100.0 0.0
Ru-black (Aldrich) 100 [20] 03 0.2 99.9 - 0.1

aConditions: 1 bar, GHSV 21428 h™', and reactant feed composed of 23.7 vol % CO,, 71.3
vol % Ha, 5.0 vol % N,. PPrepared by wet impregnation of Ru(acac)s on a carbon support.
Prepared by pyrolisis of the metal precursors according to ref. [35]; 9Prepared through
thermal annealing of polydopamine (PDA)-coated RuNPs supported on a three-
dimensional N-doped graphene layer as in ref. [26]; ¢Prepared from Rusz(CO)1, precursor
as described in ref. [19]; fCalculated by XRD; 9Calculated by HR-TEM.

Regarding the ruthenium surface speciation in the samples, Ru® is the only specie
present in all reference catalysts (Table 5.2). However, in Ru@C-EDTA materials, a
combination of Ru® and RuC (that predominates in upper layers) exists, together
with a carbon coating, which could explain their much superior performance. In

fact, if the RuC phase in Ru@C-EDTA-20 is removed by treating the catalyst in H
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at 280 °C, the catalytic activity strongly decreases (Figure 5.20). This result
reinforces our previous assumption of RuC species as a key component
responsible for the high catalytic reactivity obtained in the CO, methanation

reaction at low temperature.

The reaction mechanism (direct CO, hydrogenation, via RWGS, or through direct
C-O bond cleavage) of the Ru@C-EDTA samples has been studied by combining
catalytic studies feeding a CO/H, mixture with isotopic studies using a
13C0O/12CO,/H. (1:1:6) reactant feed. For this purpose, the Ru@C-EDTA-20 catalyst
is selected as the reference sample that presents surface RuC species, and its
behavior is compared to that of a sample containing only Ru° (i.e., commercial
Ru/C-com). Catalytic studies show negligible CO conversion (<0.05%) on the
Ru@C-EDTA-20 sample in the 180-240 °C temperature range, while CO reacts on
the commercial Ru/C sample (Table 5.6). Isotopic studies in the presence of
13C0O/2CO; show a very high preferential 2CO, hydrogenation versus *CO on the
Ru@C-EDTA-20 sample, since only 2CH, is detected (Figure 5.21a). Meanwhile,
3CO is preferentially hydrogenated versus '?CO, on the Ru/C-com sample,
resulting in *CH, formation (Figure 5.21b). Combining both results, and taking
into account the different selectivity to CO obtained during the CO;
hydrogenation (CO is not detected for the RU@C-EDTA-20 sample, while it is
formed as the major by-product in the Ru/C-com sample; see Figure 5.18), we
can conclude that a direct CO, hydrogenation path to CH4 takes place on the
Ru@C-EDTA-20 sample, while contribution of a RWGS reaction mechanism
occurs on the Ru/C-com sample in the presence of Ru’, in agreement with
previous studies.?436-411 Moreover, the fact that *CH4 is not observed in the

isotopic studies of the Ru@C-EDTA-20 sample allows one to disregard the

281



— CO: hydrogenation over Ru@C catalysts

282

coexistence of Ru® species on the catalyst surface or, if present, they should be
exist in a very low amount, being that the activity is ascribed predominately to
the presence of RuC species. Finally, the influence of CO; and H; partial pressure
on the initial reaction rate has also been evaluated (Figure 5.22). On the basis of
it, a core-shell structure containing a metallic core and an upper shell of
ruthenium carbide and carbon species can be proposed for our catalysts. The RuC
phase has been proven to be the active species in the CO, hydrogenation, which

in accordance with the literature!™8 favors CO, binding and activation.

5.4. Conclusions

We have described an easy hydrothermal synthesis method that allows the
stabilization of surface ruthenium carbide species on a metallic ruthenium core.
Advanced surface-sensitive characterization techniques, such as synchrotron XPS,
NEXAFS, and HR-TEM, were required to elucidate the presence of these carbidic
species, which are not present in other catalysts previously reported. Surface RuC
enables CO; activation, which is hydrogenated to methane in a direct reaction
pathway, yielding 100% selectivity to CH4. The high activity at low temperature
(160-200 °C) and the absence of CO in the gas effluent make the herein
synthesized Ru@C-EDTA and Ru@C-Glucose samples very promising candidates

for the Sabatier reaction.
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5.5. Supporting Information

5.5.1. Synthesis and characterization of Ru@C-EDTA catalysts

Table 5.3 Ru@C-EDTA-X synthetic details and ruthenium loading on final catalysts.

Ru(acac); Ru(acac)s/Na:EDTA Ru loading ICP

Catalyst [g] [mol ratio] [wt %]
Ru@C-EDTA-28 6.6 34 28.1
Ru@C-EDTA-20 53 2.7 20.2
Ru@C-EDTA-12 3.1 1.6 12.0

Ru@C-EDTA-6 1.5 0.8 57

Microscopy images

-

Figure 5.6 TEM images of Ru@C-EDTA-6 catalyst. Ru nanoparticles of 2-5 nm

encapsulated by thin carbon layers can be seen in this sample.
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Figure 5.7 TEM images of Ru@C-EDTA-12 catalyst. Ru nanoparticles of 2-5

encapsulated by thin carbon layers can be seen in this sample.
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Figure 5.8 TEM images of Ru@C-EDTA-20 catalyst. Small Ru nanoparticles of 2-5 nm
encapsulated by thin carbon layers can be seen in this sample, in addition to few bigger

Ru particles.
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Figure 5.9 TEM images of Ru@C-EDTA-28 catalyst. Both small Ru nanoparticles of 2-5 nm

encapsulated by thin carbon layers and big Ru nanoparticles can be seen in this sample.
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Figure 5.10 HR-TEM images of RU@C-EDTA-20 sample, showing the presence of Ru°,
RuO; and RuC phases.
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Figure 5.11 Raman spectra of Ru@C-EDTA-20 acquired with 785 nm laser. Color code:
Fresh sample (blue); after catalytic test sample (red).
The lower intensity of the Raman bands at 634 and 508 cm™' (ascribed to RuO>)
in the spent catalyst is in accordance to the XPS data of Figure 5.17, where a lesser

amount of RuO; is detected on the Ru@C-EDTA-20 sample.

287



— CO: hydrogenation over Ru@C catalysts

X-ray diffraction (XRD)
3200 - 3200 - »
a Ru® (hexagonal) b Ru® (hexagonal)
° 00-006-0663 00-006-0663
2400 7| 2400 4
£ 1600 - £ 1600 -|
Pl
£ RU@CEDTA412 } i H &
[ I =
8 b ! 2
£ 3500 [ i I £ go0 | Ru@C-EDTA-28
P i i
Ru@C-EDTAS | ! Ru@CEDTA-20 /'
0 - 04
0 20 30 40 50 60 70 80 g0 0 20 33 40 50 e 70 80 90
Difraction angle (29, 9 Difraction angle (26, °)
10000 - 1000
C Ru/C-WI d Ru/C-com
8000 800 4
C carbon (hexagonal)
600 -
3 60001 RO (hexagonal) 3 . 00-026-1083
© ©
g 00-006-0663 < 4004
2 4000 z
2 2 °
£ £ 200
= 2000 4 =
e
0
T T T T T 1 T T T T T T T 1
30 40 50 60 70 80 90 10 20 3 40 5 60 70 8  9C
Difraction angle (26, °) Difraction angle (26, ©)
1800 -
Ru-black ° Ru/C-Ar800
1000{ @ f
1500
12000 - 1200 4
5 Ru% (hexagonal) e o Ru® (hexagonal)
© ﬂ'j -
> 8000- 00-006-0663 > 00-006-0663
2 2 600
[ [53
= €
4000 ~ 3004
0
30 40 50 60 70 80 9% 30 40 50 60 70 80 o
Difraction angle (26, ©) Difraction angle (29, ©)

288

Figure 5.12 XRD patterns of Ru@C-EDTA-6 and RU@C-EDTA-12 (a), Ru@C-EDTA-20 and
Ru@C-EDTA-28 (b), Ru/C-WI (c), Ru/C-com (d), Ru-Black (e), and Ru/C-Ar800 (f).
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Figure 5.13 Laboratory XPS spectra of the C
20 sample. (AlK,=1486.6 V).
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Figure 5.14 Synchrotron XPS of the C 1s and Ru 3d core levels at Eexc=1150 eV (4.4 nm

depth) on fresh Ru@C-EDTA samples (a).

Surface concentration of ruthenium carbide

(RuC) relative to the total ruthenium (RuT) species compared at two sample depths.
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Figure 5.15 X-ray absorption spectra of RU@C-EDTA-20, Ru metal, and RuO; at L,/Ls-
edges (a,b). Spectra of Ru@C-Glucose and Ru references at Lp/Lz-edges (c,d). The

"difference” spectra is the spectral intensity of Ru metal subtracted from Ru@C samples.

To confirm the oxidation state of Ru@C samples, we could compare their NEXAFS
spectra to that of RuO, at Ru Ly/Ls;-edges, subtracting the Ru® contribution.
Because the white line of Ru metal has lower photon energy position than that of
RuO;, the method to subtract Ru metal contribution, owing to the core-shell
shape (Ru-RuC), is to set the zero intensity around the pre-edge range. In Figure
5.15a,b, the difference spectra (green curve) of Ru@C-EDTA-20 show three
features (orange bars). It characterizes the crystal-field splitting of Ru@C-EDTA-
20 different from the orbitals hybridization in RuO; (blue), respective of the similar
L,/Ls-edge observation. In Figure 5.15¢,d, the difference spectra of Ru@C-Glucose
at Ru Ly/L3-edge behaves the asymmetric shape (orange bar), leading to other

orbital splitting condition.
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5.5.2. Catalytic properties and active site elucidation in the Sabatier reaction.
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Figure 5.16 TPR-H, of Ru@C-EDTA-20 catalyst.
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Figure 5.17 Synchrotron XPS of the C 1s and Ru 3d core levels at Eex=500 eV (2.2 nm
depth) on the spent Ru@C-EDTA samples (a). Surface concentration of RuC relative to total

ruthenium (RuT) species on the fresh catalysts compared to the spent ones (b).
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CO, Hydrogenation at 160 °C (1 bar)
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Figure 5.18 Product selectivity in the CO,/H, reaction at 160 °C (1 bar, 7.9 mL-gcat s, Gas
mixture: 23.7 % vol CO,, 71.3 % vol H, 5.0 % vol Ny).
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Table 5.4 State of the art of Ru and/or carbon-based catalysts in the CO;, to CH4 reaction.

Catalyst P ,T WHS.Y -1 STYCH-: -1 Y T(-)1F Ref
(bar) (°C) (mL-geat's") (umolgat’s?) (%) (s™)
B-Mo:C 20 200 25 02 29 - [13]
Ni/MozC 20 200 25 05 42 - (3]
E{SUS(ES/)%C) 1 250 - 44 947 135102 [19]
'?;fv'v?z/';if 20 165 16 09 ~100 - [5]
MO m om e m w
(SR;{QCF’;J) 1 160 208 - - 6010° (6]
(O'F;Lx:;?éu) 1 160 0.24 - ~100 15102 [24]
NIRRT s o o O
Rﬁiﬁyjﬁjo 1 200 79 138 ~100 54107 M?:r:(

Table 5.5 Catalytic activity of studied samples at concentrated reaction conditions

(reactant feed composed of 23.7% CO,, 71.3% H,, and 5.0% N (% vol), GHSV=21428 h'").

Catalyst ; X:oz STYCH_41 ; T91F
(O (%) (umol-gear's™) (s™
160 4.6 35 14107
Ru@C-EDTA-20 180 9.8 7.6 29107
200 17.8 13.8 5.4-10"
160 6.0 438 8.6:102
Ru@C-Glucose 180 - - -
200 12.0 9.8 1.8-10"
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Figure 5.19 NEXAFS spectra of Ru@C catalysts (EDTA-20 and Glucose) at Ls, L>-edges.
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Figure 5.20 Activity of the as-prepared RuU@C-EDTA-20 sample (fresh), and after being
exposed to 280 °C reaction temperature (used) catalyst. Reaction conditions: 180 °C, 5.0%
CO,, 20.0% Hy, and 75.0% N> (% vol), GHSV of 21428 h-".
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Table 5.6 Catalytic activity of Ru@C-EDTA-20 and Ru/C-com samples on the CO
hydrogenation reaction (30.0%, 60.0% and 10.0% (vol %), 1 bar, WHSV=7.9 mL-gcat"s™).

T Xco CO: selectivity (%)

Catalyst o
(0 (%) CO: CHa4 CHs CHs GCHs CsHe Others

180 001 274 683 43 - = = -
RU@C 200 001 242 708 50 = = = -
EDTA-20 250 002 276 669 55 - - = =
240 005 261 675 64 - - - -

160 0.02 79.0 15.5 1.9 0.2 0.8 0.8 1.8
Ru/C
com

200 0.05 42.6 424 5.1 04 23 2.2 5.0
240 0.44 73 68.5 83 0.7 38 3.6 7.8
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Figure 5.21 Combined catalytic+MS studies with reactant feed '3CO/'2CO,/H, on Ru@C-
EDTA-20 (a) and Ru/C-com samples (b). Blank experiment (c).
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Figure 5.22 Influence of reactants on the initial reaction rate in the CO, hydrogenation to
methane. Experiments were carried out at 160 °C. 5 mL-min~' CO, (constant) varying H;

proportion (a). 30 mL-min~" H, (constant) varying CO, proportion (b). N, was used to
balance in both series.

According to Figure 5.22 a dependence between the CH4 formation and the H»
partial pressure is observed, while no influence is found for the CO; partial
pressure. This behavior may indicate that the controlling step of the reaction
would be in some way related to the presence of active hydrogen species. Indeed,
in most Ru-based catalysts, the hydrogenation of the CO intermediate specie has
been considered as rate-determining step in the CO, methanation,3436-40 rather

than CO; activation.*"
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6.1. Introduction

The effects of nanoscale confinement are common in nature, and their
importance is becoming increasingly recognized in different chemical research
areas."?! Depending on the size and shape of the confined space, the “molecule-
host material” or "molecule-molecule” interactions can be altered or even
controlled, which can have a fundamental impact in a variety of fields, especially
in catalysis.>®! Some ordered nanoporous materials, such as zeolites or metal-
organic frameworks (MOF), have been used to explore confinement effects in
heterogeneous catalysis. In addition to the sort of interaction of molecules with
the material, the extent of the confinement can affect the activity and the
selectivity of a chemical process, introducing steric requirements for substrates
participating in the reaction.””? For instance, carbon-derived materials (such as
carbon nanotubes, CNTs) have been used to drive reactions with improved
formation rates, favoring the activation of stable chemical functionalities, such as
C-H bonds.®?! Moreover, the combination of CNTs with metallic nanoparticles
(i.e., copper) has been shown as a good strategy to improve the catalytic
performance in the hydrogenation of methyl acetate to methanol and ethanol. In
that work, the selectivity to the C; alcohol was found to be dependent on the
inner diameter of the CNT, being the nano-confinement also responsible for the
improved long-term stability of the catalyst.'” On the other hand, zeolitic
materials have been applied in a wide variety of industrial processes (Fischer-
Tropsch, partial oxidation of aromatic molecules, C-C coupling, etc.) because of

their structural versatility and outstanding thermal and chemical stabilities.!""

Another type of architecture that attracted growing attention in past decades is

the confined space that appears in weakly bound composites formed by a metal
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substrate and a thin film or layered 2D structure. In this sense, the interfacial
confinement existing in these materials can also alter the mechanism operating
in a particular chemical process.'>'® For example, it is well known that
carbonaceous deposits formed during hydrogenation reactions involving carbon-
based compounds can poison metallic surfaces, blocking active sites. However,
the adequate use of 2D-graphene covering a Pt(111) surface creates a unique
confined interface that reduces the activation energy for the CO oxidation
reaction by 0.15 eV, compared to a bare platinum surface.'™ Furthermore, it is
possible to promote the hydrogen evolution reaction (HER) on a nickel surface by
depositing graphene. As a consequence, the initial dissociative adsorption of H,
molecules at the metal/graphene interface is ~0.2 eV weaker compared to the
bare Ni. Other side phenomena taking place during HER can be enhanced due to

this confinement, such as H; spillover, to increase the reaction rate.!"

Additionally, porous thin-film silicates weakly interacting with metallic supports
(via van der Waals forces, vdW) have been applied for the same purpose. These
materials, considered 2D models (or simplified mimics) of zeolitic structures,
consist of a ~0.5 nm thick bilayer SiO; scaffold of hexagonal prims. The parallel
-(Si-O-Si)- sheets that form the bilayer are interconnected by oxygen atoms,
generating pores of about 5 A[1617 Different crystallinities can be obtained
depending on the synthetic procedure, including vitreous!'® or mixed vitreous-
crystalline arrangements.'®?% The structure of these composites can be

characterized using surface science tools and theoretical approaches.['%21-23

Due to the crystalline porous structure of 2D bilayer silica, the permeation of small
molecules or atoms (such as CO, Oy, Ha, H20, Ar, Au, Pd) through the 2D nano-

space is feasible, permitting in this manner the interaction of these adsorbates
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with the bilayer or with the metallic surface.?43% Furthermore, the structural and
electric features of these SiO./metal heterojunctions (and subsequently, the
nature of the interfacial space that is created) can be tuned by modifying the
surface where the silicate is grown (e.g., Pd(111) and (100),2"32 Pt(111),*3 and
Ru(0001)1"621) Additionally, it is possible to control the magnitude of the
interfacial distance by replacing some of the Si atoms with Al during the
synthesisi®¥ or by introducing chemisorbed species into the nano-space,?®”
inducing electrostatic interactions. Some examples of reactions affected by this
confinement, such as CO oxidation!"! or furfuryl alcohol evolution to different
furan derivatives,*® have been recently published by our group, highlighting the

importance of exploring this novel chemistry at a subnanometric scale.?

The structures that will be the subject of study in Chapter 6 are presented in Figure
6.1. Side views of bilayer silica (Figure 6.1a), bilayer aluminosilicate (6.1b), and
hydroxylated bilayer aluminosilicate (6.1c) supported on Ru(0001) are shown,
together with the top view of the hydroxylated aluminosilicate bilayer (6.1d). All
of them are based on density functional theory (DFT) calculations described in

more detail below.

On the other hand, the chemical process selected to carry out this study is the
water formation reaction (WFR, 1/2 Oz + H, 5 H,0, AH=-285.8 kJ-mol™"). Despite
its apparent simplicity, the mechanism of WFR has been the object of
investigation because the individual steps involved in the reaction pathway (i.e.,
dissociative adsorption of H, or O, molecules onto a metal, or the combination
of *H and *O to yield the hydroxyl intermediate) are common to very diverse
catalytic transformations. For instance, the oxidation of fuel molecules (Hy) is a

key electrochemical process that takes place in solid oxide fuel cells (SOFC).13"]
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Some of the aforementioned steps also occur in hydrogen or oxygen evolution
reactions (HER and OER, respectively).2® Therefore, significant efforts have been
made to understand the fundamentals of this process, in order to discover new

active centers that compete with platinum-based materials.?

a  (Si0,)4/40/Ru b (Aly,:Sio7s0,)s/30/Ru
¢ ‘ts‘“u ‘b‘} L AR A A
426 A

MU G

L,[ ! e [‘I}m &‘%u%}fu

d (Ho25Al025Si0750,)s/30/Ru

€ (HoasAlg,5Sip750,)s/30/Ru

Figure 6.1 Atomic structures of (SiO,)s/40/Ru (a) and (Alo25Sio7502)8/30/Ru(0001) (b). Side
(c) and top (d) views of the bilayer aluminosilicate film growth on Ru(0001) with two H*
bound to the bridging O in (Al-O)-Si to compensate the framework charge [i.e,
(Ho.25Al0.25Si0.7502)s/30/Ru(0001)]. The black rectangle on the top view (panel d) indicates
the unit cell. Color code: Ru (silver), Si (yellow), Al (blue), H (white), O in aluminosilicate
(red), and O chemisorbed on Ru (pink).

In fact, the WFR has been studied on the Pt(111) surface over a wide temperature
range: i.e, below 150 K#0-4 and 250-450 K341 Based on DFT studies,“®
combined with high-resolution electron energy loss spectroscopy (HREELS) and

scanning tunneling microscope (STM) experiments,*”! Figure 6.2 shows the dual-

path mechanism suggested for the WFR on Pt(111) substrate.
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The WFR mechanism starts with the H, molecule adsorption and dissociation onto
the metallic surface (TS1). Afterward, the rate-limiting step, i.e., hydroxyl group
formation, occurs. As marked in Figure 6.2, *OH intermediate formation can be
produced via two alternative pathways: (a) a direct hydrogen addition (*H + *O
5 *OH; TS2, blue line) or (b) a disproportionation pathway (*H.O + *O S 2 *OH;
TS2', red arrow).#”! In the latter option, a *H.O molecule that has already been
synthesized combines with a chemisorbed oxygen to form two *OH. The
"activation” of one or the other pathway depends on both the reaction
temperature and the desorption temperature of water on the material. For
Pt(111), this temperature is found around 150 K. Then, below that point, the
disproportionation pathway (TS2') dominates, with a low activation energy of
~0.33 eV.1“ However, above the water desorption temperature, *OH formation
occurs via direct H addition (TS2), exhibiting higher activation energy (~1 eV).14¢!

Direct H addition

*H, & 2 *H mmmb *H + %0 < *OH =mmb *OH + *H < *H,0 === *H,0 <> H,0 (g)

TS2'
*H,0 + *0 <> 2 *OH —]

t

Disproportionation

Figure 6.2 Dual-path reaction mechanism of water formation reaction (WFR) reported on

the Pt(111) surface. (*) indicates the species adsorbed on the platinum surface.

Besides platinum, ruthenium (Ru(0001) can also catalyze the WFR.“34 Hence,
since bilayer silicates and aluminosilicates are well studied on Ru(0001), this
architecture lends itself as an ideal model to study the effect of interfacial
confinement in the reactivity of this surface. In this system, O, molecules can

permeate through the silicate and chemisorb dissociatively on the Ru(0001)
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surface. There, *O can be reduced by H, under mild conditions to generate water,
which finally desorbs from the interface as a product.43>3051 In prior work by our
group (using (NAP)-XPS) and by Prieto et al. (using LEEM), the WFR was studied
under confinement at the BL-silica/Ru(0001), reporting a comparable decrease of
the apparent activation energy (Eaapp) by 0.38 eV and 0.32 eV, respectively, with
respect to the Ru(0001) case.’>*3] Moreover, temperature-programmed
desorption (TPD) experiments and HREELS characterization demonstrated that
the dual-path WFR mechanism proposed for Pt(111) in Figure 6.2 also operates
on bare Ru(0001).4849 Finally, a detailed study of the kinetic aspects of
confinement aiming at understanding the distribution of species across the
reaction fronts and the differences in the E.app have been recently reported by
Prieto et al.b4 In that work, carried out at 540 K and low H; pressure (~107 Torr)
on a crystalline BL-SiO»/Ru(0001) sample, they reported that the H-adsorption
step is strongly affected by the presence of the silica bilayer, influencing the

propagation of the reaction cascade.

In the present study, synchrotron-based near ambient pressure X-ray
photoelectron spectroscopy was used to determine the E; app Of the WFR through
the reduction of chemisorbed oxygen at elevated H, pressures on the BL-
aluminosilicate/Ru(0001) interface. The reaction order with respect to H, was also
determined experimentally. Moreover, DFT was used to examine the WFR at this
confined interface, considering both discussed reaction pathways to produce the
*OH intermediate, namely: the direct hydrogenation (TS2) and the dispropor-
tionation (TS2'). The energy profiles for both alternatives were compared to

understand the effect of doping the silicate with Al in the WFR under confinement.
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6.2. Materials and methods

6.2.1. Material synthesis

The Ru(0001) single crystal surface was cleaned with several cycles of Ar*
sputtering and annealing at 1200 K (e-beam heating). The temperature was
measured by a K-type thermocouple attached to the side of the sample. The
surface was then exposed to 3-10° Torr O, at 1200 K in order to form a (2x2)-
30/Ru(0001) surface. The aluminosilicate bilayer film was grown on the (2x2)-
30/Ru(0001) surface as described in detail elsewhere.?" Briefly, Si and Al were
thermally evaporated onto the (2x2)-30/Ru(0001) surface at room temperature
under 21077 Torr O, followed by oxidation at 1200 K in 3-10® Torr O, for 10 min.
Then, the temperature was decreased to 300 K, keeping the O, pressure constant.
The bilayer nature of the aluminosilicate was verified using infrared reflection
absorption spectroscopy (IRRAS). The IRRAS system is home-built, using a Bruker
Vertex 80 V spectrometer. After synthesis, the sample was transported through
air to the near ambient pressure XPS system (NAP)-XPS at the 23-ID-2 (IOS)
beamline of the National Synchrotron Light Source Il (NSLS-II, Upton, New York,
USA). To clean the surface from airborne carbonaceous contamination, the
surface was firstly annealed to 700 K in 5:102 Torr O, followed by annealing to
373 Kin 1.0 Torr of H,. The sample cleaning procedure was monitored in situ by
(NAP)-XPS. The annealing in H, was performed to remove the chemisorbed

oxygen formed during the previous step.l%

6.2.2. Water formation reaction procedure
Catalytic experiments were performed at the beamline 23-ID-2 (IOS, APPES
branch) of NSLS-II. IOS beamline offers ultrabright X-rays ranging from 250 to

2000 eV, delivered by a pair of identical elliptical polarized undulators (EPU49),
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with a variable line spacing plane grating monochromator (VLS-PGM). Data
acquisition was performed using a PHOIBOS 150NAP electron energy analyzer
with a 1D-DLD detector (SPECS GmbH). The spectra were acquired with a pass
energy of 10 eV and a step of 0.05 eV. The X-ray spot size was 80x20 (HxV) pm?2,
Incident photon energy of 650 eV was used to acquire alternatively the Si 2p and
O 1s core levels during catalysis. Two type of experiments were carried out in the
analysis chamber: WFR at constant pressure (0.1 Torr) and variable temperature
(380, 400, 420 and 450 K); and WEFR at fixed temperature (420 K) and variable
pressure (0.1, 0.2, and 0.5 Torr). Binding energies (BE) were calibrated with respect
to C 1s signal settled at 284.5 eV. CASA XPS software was used to analyze the
data. Shirley-type background and Gaussian/Lorentzian-type curves were used in

the spectra fitting.

6.2.3. Computational methods

DFT calculations were performed using the projector augmented wave method
implemented in the Vienna Ab initio simulation package (VASP).5>%¢! The non-
local vdW interactions were described by the optB86b-vdW functional.>7->% The
system consists of the BL-aluminosilicate film adsorbed on Ru(0001) in a 5.392 A
x 9.339 A x 27 A super cell, which includes five layers of Ru atoms in the slab
model, the bilayer aluminosilicate, and O atoms adsorbed at the BL/Ru surface. A
kinetic energy cutoff of 800 eV was used and the Brillouin zone was sampled with
an 8x4x1 mesh. The reaction pathways and energy barriers were calculated using
the climbing image nudged elastic band method (CI-NEB)®% implemented in
VASP. The BL-aluminosilicate, chemisorbed O atoms, and top two layers of Ru
atoms were allowed to relax until forces were smaller than 0.02 eV/A in the

structural optimization and smaller than 0.05 eV/A in the CI-NEB calculations.
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6.3. Results and discussion

6.3.1. Kinetic study of the water formation reaction at constant pressure (0.1
Torr H;) by (NAP)-XPS
For all the experiments shown in this work, the starting coverage of chemisorbed
oxygen (*O) is estimated to be 0.375 ML, based on the O 1s peak area ratio
between chemisorbed oxygen (*O) and the framework oxygen of the BL-
aluminosilicate. The initial coverage was obtained by annealing the sample in
oxygen atmosphere (3:10 Torr) at 823 K for 30 min. The WFR was first studied in
situ by (NAP)-XPS at a Hy pressure of 0.1 Torr by acquiring alternatively the Si 2p
and the O 1s core level spectra as a function of time to follow the *O consumption
evolution. This was done at four different temperatures: 380, 400, 420, and 450 K.
Figure 6.3a,b show respectively the XPS Si 2p and O 1s core level spectra before
(black line) and after (blue line) the WFR at the 2D-aluminosilicate/Ru(0001)
interface at 450 K. In prior work, for the all-Si silica bilayer, the consumption of
O 1s component corresponding to chemisorbed O was used to quantitatively
follow the progress of the water formation reaction. In the current paper, the
presence of Al in the framework complicated the reliable use of this method,
given the additional component of framework oxygen bridging between Si and
Al, and the fact that this O atom can also be in the hydroxylated (Figure 6.1c) and
non-hydroxylated (Figure 6.1b) forms. The complexity of deconvoluting these
components is shown in Figure 6.3c, where four peaks are used to deconvolute
the O 1s region before the start of the reaction, at 450 K. This region can be
deconvoluted into four peaks located at 533.5, 531.9, 531.3, and 530.0 eV,
corresponding to O atoms in OH-AI** groups, Si-O-Si and Si-O-Al environments,

and O chemisorbed on the Ru(0001) surface (*O), respectively. Given this, and the
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fact that four components can easily fit an elephant, we have chosen to use the
shift of the Si 2p spectrum as a measure of the reaction progress. Note that in
prior work,®?! it has already been determined that the magnitude of the blueshift
of Si 2p is proportional to the consumption of chemisorbed O, as the Ru-O
dipoles are removed during the reaction. Figure 6.9 in Section 6.5 shows the plot

of Si 2p shift vs. change in coverage that is used for reference.

Si2p a 01s
450 K 450 K
0.1 Torr t, 0.1 Torr
v [2]
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CPS
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Figure 6.3 Si 2p (a) and O 1s (b) core level spectra before and after reaction at 450 K in 0.1

Torr of H,. Deconvolution of the O 1s core level spectrum before reaction (c).

Figure 6.4 shows the shifts of Si 2p and O 1s (Si-O-Si and Si-O-Al) core levels (left
axis, solid symbols) as a function of time at 450 K and 0.1 Torr of H,. The open

circles (right axis) show the corresponding coverage of chemisorbed oxygen. As
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it was for the all-SiO; bilayer, there is an induction period before the reaction
starts taking place. Additionally, as the temperature stabilizes at the beginning of
the reaction, the current in the filament that heats up the sample takes a few
minutes to stabilize. As the filament current is changing in this brief period, there
are changes in the induced electric field, resulting in artifacts in the peak position.
For this reason, we have chosen to discard these initial data points, and the plot

starts at 400 s. The full plot for all temperatures is included in Figure 6.10 (see

Section 6.5).
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Figure 6.4 Core level shifts (solid symbols) for Si 2p and O 1s (Si-O-Si and Si-O-Al
components) as a function of time at 450 Kin 0.1 Torr of H,. The coverage of chemisorbed

O (open circles) is also shown for comparison.

In Figure 6.5a, we plot the linear part of the coverage (after the induction period)
vs. time, in order to obtain the initial rate of reaction at four different
temperatures, namely 380, 400, 420, and 450 K. This temperature range was
chosen so that obtained rates of consumption of chemisorbed oxygen could be
tracked by near ambient pressure XPS considering the constraints of our time

resolution. This rate was then used to obtain the Arrhenius plot shown in Figure
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*O coverage (ML)

6.5b (blue triangles). An apparent activation energy of 55 kJ-mol" was obtained.
This was much higher than the case of the all-Si bilayer, but lower than the case
of bare Ru. The Arrhenius plots for these cases (reproduced from reference [52])

are also included in Figure 6.5b for comparison.
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Figure 6.5 Plot of *O coverage vs. time at 380, 400, 420, and 450 K (a). Arrhenius plots for
WEFR at the BL-aluminosilicate/Ru(0001) interface (this work, blue triangles), compared to
similar prior work on bare Ru(0001) (black circles) and BL-SiO»/Ru(0001) (red squares) (b).

6.3.2. DFT calculations

DFT calculations revealed that the rate-limiting step of the WFR is the formation
of *OH on the Ru(0001) surface via the first hydrogen addition step (*H + *O S
*QOH).#6>2 Bilayer silica films (Figure 6.1a) create a large desorption barrier that
trap water molecules at the interface (dry-0=3.85 A) and activate an alternative
disproportionation reaction pathway (*H.O + *O S 2 *OH; TS2' in Figure 6.2) to
form *OH groups, with a barrier of 0.25 eV lower than the first hydrogen addition
step.”? The structure of aluminosilicate film is similar to that of the bilayer silica

film, and thus it is expected to also trap water molecules at the interface. Here,
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we perform DFT calculations to study both reaction pathways to determine the

energy barriers for WFR at the aluminosilicate/Ru interface.

Figure 6.1b shows the super cell of the bilayer aluminosilicate/30/Ru(0001)
system including two aluminosilicate nano-cages, eight surface Ru atoms, and
three O atoms adsorbed on the Ru surface. The O coverage corresponds to 0.375
monolayers (ML) in the experiment. The Al concentration in the BL-aluminosilicate
is 25%: two Al atoms are included in a unit cell [(Alo25Sio7502)s]. The substitution
of Si with Al results in an [AlO4]” center that attracts an extra electron to saturate
one O to form four Al-O bonds. The negative charge on [AlO4] is locally
compensated by a proton or another cation. Our previous studies have shown
that this charge compensation can also be supplied by the Ru substrate.?4 Upon
H, adsorption, we found that the adsorption energy of two H atoms is much
larger in magnitude at the bottom layer of the BL-aluminosilicate than on the Ru
surface, indicating that charge compensation from the H atoms is more stable
than the Ru substrate. Therefore, our studies on the water formation reaction
(WFR) start from a new substrate [(Alo25Sio.7502)s-2H/30/Ru] (Figure 6.1¢c,d) where
two H atoms are bonded to two O atoms in the bottom layer of the BL-
aluminosilicate. Due to the adsorption of H, the interface space (dry-0=3.55 A) is

much larger than the aluminosilicate/30/Ru system (dru-0=2.47 A in Figure 6.1b).

Figure 6.6a shows the reaction pathway for first hydrogen addition reaction
(*H + *O S *OH), where a *H atom migrates to bond to an *O atom on Ru. The
activation energy is 1.12 eV, which is close to the bare Ru and silica/Ru
interface.”? The water molecules formed from the initial first hydrogen addition
reaction can be stabilized by the BL-aluminosilicate film, which activates the

disproportionation pathway.
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Figure 6.6 Potential energy diagram for the WFR at the BL-AISiO,/Ru(0001) interface via
first hydrogen addition step (*H + *O S *OH, TS2) (a) and disproportionation pathway
(*H.O + *O 5 2 *OH, TS2') (b). Potential energy diagram for the disproportionation
pathway (TS2') at the silica/Ru(0001) interface (c). Color code: Ru (silver), Si (yellow), Al
(blue), H adsorbed on BL-AISiO; (small white), O in BL-AISiO; (red), *O chemisorbed on Ru
(pink), and *H adsorbed at the BL-AISiO»/Ru(0001) interface that react with *O (large white).
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The initial state of the disproportionation pathway involves a water molecule
adsorbed at the interface. Figure 6.6b shows that one of the *H atoms of *H,0
migrates to combine with a nearby *O atom (*H,O + *O & 2 *OH) with an

activation energy of 0.93 eV, which is lower than the hydrogen addition reaction.

To compare with the disproportionation reaction at the silica/Ru interface, we also
show this pathway in Figure 6.6¢c. The activation energy of *H,O + *O S 2 *OH at
the aluminosilicate/Ru interface (0.93 eV) is slightly higher than the silica/Ru
interface (0.85 eV in Figure 6.6¢).*? Moreover, the disproportionation reaction at
the silica/Ru interface only involves *H and *O atoms migrating on Ru. In the
aluminosilicate case, one *H atom dissociates from the water molecule, and its
migration to the nearby *O atom, is facilitated by a framework O atom bridging

between Si and Al, as seen in the transition state in Figure 6.6b.

6.3.3. Reaction order with respect to H:

Another interesting feature to analyze in the WFR under interfacial confinement
is the impact of H, pressure during the catalytic process. In Subsection 6.3.1., 0.1
Torr H, was set at a constant pressure, and the temperature was varied from 380
to 450 K. In this second set of experiments, the pre-activation of the sample was
identical (3-10® Torr O, at 823 K, 30 min). The initial O coverages were also 0.375
ML. Based on the results obtained at variable temperature, 420 K was chosen to
carry out the experiments, and three H, pressures were used, namely: 0.1, 0.2, and
0.5 Torr. Figure 6.7 shows the 8+ evolution for these three pressures. For 0.1 Torr
H,, the endpoint of the reaction is reached in ~27 min (~1600 s). Increasing the
pressure increases the reaction rate, reaching the final coverage at approximately

17 min (~1050 s) at 0.2 Torr and 12 min (~750 s) at 0.5 Torr Ha.
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Figure 6.7 WFR reaction evolution at 420 K and variable pressure conditions (0.1-0.5 Torr

Hy). Vertical lines indicate the endpoint of the reaction at each working pressure.

Examining the initial catalytic evolution, we observe that 8«0 decreases linearly

with time at all pressure ranges after the induction period. This linear region is

shown in Figure 6.8a.

0.4
N " a 1.0x10° b J
. .
0.3 AN "
S . 8.0x10™
* L% 0
N\ © o
A . . = . -
N . B 6.0x10%
i 'S ~ = — B
02 ‘ . = / y=A- ()
L 2 4.0x10"{ * B =048
: P, (Torr) &
0.14 . = 01
]
WER a e 02 2.0x10 WFR
420 K 4 05 420 K
0.0 T T T ) 0.0 T T T T T
200 400 600 800 0.0 0.1 0.2 0.3 0.4 05
Time (s) P, (Torr)

Figure 6.8 Initial WFR reaction evolution at different temperatures (380-450 K) at 0.1 torr

H> (a) and dependence between the initial rate and the H; pressure (b).

Then, the kinetic constant (k) can be calculated by assuming a zero-order kinetics

with respect to 6+, as done in Subsection 6.3.1. By plotting the value of the kinetic
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constant (k) vs. H pressure, an exponential fitting can be proposed, obtaining a
reaction order of ~0.5 with respect to H, (Figure 6.8b). Note that this reaction
order of 0.5 is based on only three data points and, while it provided a reasonable
approximation, further experiments would be needed to obtain a more accurate

value.

6.4. Conclusions

In this chapter, we studied the water formation reaction at the confined interface
between an aluminosilicate bilayer and Ru(0001) surface (i.e, Aly2sSio7502/
Ru(0001)). The system can be thought of as a nano-reactor. The reaction kinetics
were followed by synchrotron-based near ambient pressure XPS, complemented

by DFT calculations.

First, a catalytic study on the model system at constant H, pressure (0.1 Torr) and
at variable temperature (380-450 K) was performed. In all cases, the initial *O
coverage was 0.375 ML. The temporal evolution of chemisorbed oxygen on the
Ru(0001) surface during the reaction was monitored by (NAP)-XPS at each
temperature. These data were used to obtain rate constants from the initial
reaction rates to produce an Arrhenius plot. An apparent activation energy of 55
kJ-mol-' was determined. This value is similar to that obtained for the bare Ru (64
kJ-mol") and surprisingly higher than the E.app value recently reported by our

group in the pure BL-SiO2/Ru(0001) (i.e., 27 kJ-mol™).

The presence of aluminum in the doped-bilayer introduces negative charges in
the framework that are likely compensated by a proton bound to a bridging O
(Si-O-Al). Therefore, the substrate used to carry out the theoretical calculations

was [(Ho2sAlo25Sio7502)8/30/Rul, exhibiting a slightly smaller interfacial space
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(dru-0 =3.55 A) than its pure silicate (dr,-0=3.85 A) counterpart. While the confine-
ment at such an interface favors the disproportionation pathway, as was the case
for bilayer silica (at the conditions used in our work), the activation energy for the
hydrogen is higher than in the pure silica (0.93 eV for the BL-AISIiO; vs. 0.85 eV
for the BL-SiOy). This agrees with the experimentally obtained apparent activation

energy lower than that of bare Ru(0001) but higher than that of bilayer silica.

Finally, the impact of H, pressure in the water formation reaction was evaluated.
The (Ho25Alo25Si07502)s/30/Ru was kept at a temperature of 420 K, while the
kinetic experiment was run at different pressures. This allowed us to determine a

reaction order with respect to H, of 0.5.

6.5. Supporting Information
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General conclusions

The results presented in the different chapters of this Doctoral Thesis have led to

the following general conclusions:

Chapter 3
e Gallium is an effective promoter in commercial-like Cu/ZnO catalysts in the

CO; hydrogenation to methanol.

e The nature of gallium species in Cu/ZnO systems can be easily tuned by
selecting the appropriate precipitating agent. The use of NHsHCO3 and NaOH

resulted in zinc gallate (ZnGa,0.) and Ga**-doped ZnO wurtzite, respectively.

e Methanol production via CO; hydrogenation is promoted doping Ga** ions in
ZnO in a commercial-like Cu/ZnO system (CZG-ox). This results in a methanol
selectivity of 65.0% at 260 °C and ~15.5% CO; conversion, being 9% and 16%
higher than those of the ZnGa,04 (CZG-sp) and a commercial Cu/ZnO/Al,Os
(CZA) catalysts (i.e, selectivity of 56.2% and 49.0%, respectively, at iso-

conversion).

e Despite the promising higher methanol selectivity of the Ga** doped Cu/ZnO
(CZG-ox) catalyst, its activity per gram of catalyst is lower, due to its lower
surface area. However, when normalizing it to surface area, it presents a two-

fold higher activity compared to the other samples (CZG-sp and CZA catalysts).

e The industrial application of the Ga3* doped Cu/ZnO (CZG-ox) catalyst is
hampered by its reduced long-term stability, with an initial decrease (~38%)
in methanol production over the first 25 h time-on-stream. A preliminary
reformulation including Al;Os let us obtain a more stable temporal profile,
avoiding deactivation. However, further studies are needed in the future to

understand the fundamental implications of this catalyst modification.
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Operando spectroscopic studies revealed surface basic sites, the stabilization
of Cu* surface species, and a low amount of surface metallic copper due to
ZnO migration over CuNPs as fundamental features for enhanced methanol

production versus CO formation in the Ga3*-doped Cu/ZnO (CZG-ox) catalyst.

Chapter 4

High methanol production has been obtained on copper-based catalysts
containing small particle size (2 nm). The reported low activity of small copper
particles has been overcome by the stabilization of doped Cu* ions in the
metal oxide lattice of a Cu-Mg-Al catalyst derived from a hydrotalcite

precursor.

Supported on operando IR studies performed under relevant reaction
conditions, a linear correlation between the STYmeon and the amount of Cu*

species has been observed.

The partial reconstruction under reaction conditions observed on the metal
oxide due to the "HT-memory effect” in presence of water conferred thermal
and temporal stability to the Cu-Mg-Al mixed oxide catalyst system (CuHT-

230), avoiding a massive sintering that usually causes the catalyst deactivation.

Advanced IR operando CO, hydrogenation experiments at variable pressure
(1-9 bar) revealed that the presence of Cu* doped ions favors the stabilization
of m-formate intermediates, responsible for the methanol formation. Less
reactive b-formate species were also detected in transient experiments,

yielding CO and methane.



General conclusions

Chapter 5

e Aninnovative core-shell structure formed by a core of metallic ruthenium and
a shell of ruthenium carbide, embedded in a carbon matrix, was synthesized
via hydrothermal treatment (RU@EDTA-20). This catalyst exhibited
unprecedented activity in a non-usual reactivity window for the Sabatier
reaction (i.e., below 200 °C and at atmospheric pressure), outperforming the

state of the art catalysts operating above ~350 °C.

e Due toits innovative conceptual design, exceptional catalytic performance and
potential application as an industrial catalyst operating in the low temperature
Sabatier reaction, this system was recently patented at national (ES2828458

A1) and international (WO/2021/105537 A1) level.

e Ruthenium carbide species are responsible for CO;, activation, which is
subsequently hydrogenated to methane in a direct reaction pathway (in
contrast to conventional catalysts that usually follow the RWGS mechanism),

yielding 100% selectivity to CHa.

Chapter 6

o A 2D bilayer Alo25Sip7502/Ru(0001) model was selected to study the water
formation reaction under interfacial confinement. The nano-space generated
by the combination of the 2D aluminosilicate and the Ru crystal “activates” the
disproportionation pathway (TS2'), as it was already reported in the pure
silicate. However, the introduction of AI3* in the system caused a small nano-
space contraction of 0.3 A, which is not beneficial to the progress of the

reaction, as confirmed by DFT calculations (0.93 eV TS2'asi vs. 0.85 eV TS2's)).
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8.1. List of abbreviations and acronyms

a.u.: arbitrary unit

A: angstrom

acac: Acetylacetonate

ACN: Acetonitrile

AES: Auger electron spectroscopy

at: Atomic

b: Bridge (also brg)

BE: Binding energy

BET: Brunauer-Emmett-Teller

BL: Beamline

BPR: Back-pressure regulator

bpy: 2,2'-Bipyridine

Cat: Catalyst

CC BY-NC-ND: Creative Commons BY Non-commercial No-derivatives
CC-BY: Creative Commons BY

CCS: Carbon Capture and Storage

CCU: Carbon Capture and Utilization

CFC: Chloroflourocarbons

CNT: Carbon nanotube

COze: Carbon dioxide equivalent

COzR: CO; reductive transformation

CPS: Counts per second

CTAB: Cetyltrimethylammonium bromide
DFT: Density Functional Theory

DME: Dimethyl ether

DMF: Dimethylformamide

DTGS: Deuterated triglycine sulfate detector
e.g.. For example (exempli gratia)

Eaapp: Apparent activation energy

Eass: Adsorption energy

EDTA: Ethylenediaminetetraacetic acid derived salt
EDX: Energy-dispersive X-ray detector

Eexc: Excitation energy

EIS: Electrochemical impedance spectroscopy
EOR: Enhanced oil recovery

EU: European Union

eV: Electron-volt
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EXAFS: Extended X-ray absorption fine structure spectroscopy
FID: Flame ionization detector

FT: Fourier-transform

FTS: Fischer-Tropsch synthesis

GC: Gas chromatography

GGA: Generalized gradient approximation

GHG: Greenhouse gas

GHSV: Gas Hourly Space Velocity

HER: Hydrogen evolution reaction

HPCR: High-pressure cell reactor

HREELS: High-resolution electron energy loss spectroscopy
HR-TEM: High-resolution transmission electron microscopy
HT: Hydrotalcite

i.e.: Thatis (id est)

ICP-OES: Inductively coupled plasma optical emission spectrometry
IEA: International Energy Agency

IMFP: Inelastic mean free path

IPCC: Intergovernmental Panel on Climate Change

IRENA: International Renewable Energy Agency

IRRAS: Infrared reflection absorption spectroscopy

JCPDS: Joint Committee on Powder Diffraction Standards
k: Kinetic constant

KE: Kinetic energy

LCM: Low carbon methanol

LDH: Layered double hydroxide

LPMEOH: Liquid-phase methanol synthesis process

m/z: Mass-to-charge ratio

M: Metal

m: Monodentate

MCD: Multi channeltron detector

MEA: Monoethanolamine

MES: Microbial electrosynthesis

ML: Monolayer

MOF: Metal-organic framework

MRF: Multi-stage radial flow

MS: Mass spectrometry (or spectrometer)

MTBE: Methyl tert-butyl ether

MTG: Methanol-to-gasoline

MTO: Methanol-to-olefins
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NAP-XPS: Near-ambient pressure X-ray photoelectron spectroscopy
NEXAFS: Near-edge X-ray absorption fine structure
NP: Nanoparticle

NTP: Non-thermal plasma

OER: Oxygen evolution reaction

P: Pressure

P2G: Power-to-gas

PAW: projector augmented wave

PBE: Perdew, Burke and Ernzerhof

PDA: Polydopamine

PGM: Plane grating monochromator

Ref: Reference

RT: Room temperature

RWGS: Reverse water-gas shift reaction

S: Selectivity

Sa: Surface area

SBCR: Slurry bubble column reactor

SI: Supporting information

SMR: Steam methane reforming

SOFC: Solid oxide fuel cell

STM: Scanning tunneling microscope

STY: Space-time yield

T: Temperature

TBM: Turbomolecular pump

TCD: Thermal conductivity detector

TOF: Turnover frequency

TOS: Time-on-stream

TPD: Temperature-programmed desorption
TPP2M: Tanuma Powell and Penn algorithm
TPR: Temperature-programmed reduction
TS: Transition state

UNFCCC: United Nations Framework Convention on Climate Change
UV-VIS: Ultraviolet-visible

VASP: Vienna ab-initio simulation package
vdW: Van der Waals

vol: Volume

w: Water

WFR: Water formation reaction

WHSV: Weight hourly space velocity
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WI: Wet impregnation

wt: Weight

X: Conversion

XANES: X-ray absorption near-edge spectroscopy
XAS: X-ray absorption spectroscopy
XRD: X-ray diffraction

a': Auger parameter

&: Symmetric bending vibration

6: Coverage

vas: Asymmetric stretching vibration
vs: Symmetric stretching vibration

2D: Two-dimensional
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8.2. List of Figures

Figure 1.1 Total Solar Irradiance (in watts per square meter) received from the Sun compared with
global surface temperature changes since 1880. Thinner lines correspond to yearly levels. Thicker lines
show the 11-year average trends. Author credits: NASA/JPL-Caltech. No copyright intended

Figure 1.2 Global greenhouse gas emissions by gas in 2016 (converted to CO2e). Author credits:

Ritchie, H. Open access under a CC-BY License]

Figure 1.3 Global CO: production-based emissions in 2017. Author credits: Ritchie, H. Open access

under a CC-BY License’”

Figure 1.4 Total GHG emissions (EU-27+UK) over the period 1990-2019 in billion tCO2e. International

transport contribution is included." Author credits: Cored, J. No copyright intended.

Figure 1.5 Distribution of CO2 emissions by origin (EU-27+UK). Comparison of 1990 (outer ring) and
2019 (inner ring) situations.!"! Author crediits: Cored, J. No copyright intended.

Figure 1.6 Color code nomenclature commonly used to denominate the way hydrogen is produced.
(SMR = Steam methane reforming). Author credits: International Renewable Enerqy Agency (IRENA).
No copyright intended.?

Figure 1.7 The phase diagram of carbon dioxide. Author credits: Rothwild-Wikimedia Commons. No

copyright intended?*!

Figure 1.8 Current CCS commercial facilities in the world. Author credlits: Global CCS Institute. Open
access under a CC BY-NC-ND 4.0 License.?%

Figure 1.9 CO: chemical network to obtain diverse products of industrial interest via thermocatalytic

hydrogenation. Author credits: Concepcion, P. and Cored, J. No copyright intended.

Figure 1.10 Equilibrium COz conversion and methanol selectivity at different temperatures and at
increasing pressures: (a) 10 bar, (b) 30 bar, (c) 100 bar, (d) 200 bar, (e) 300 bar, (f) 400 bar, and (g) 500
bar. Initial H2/CO2 molar ratio mixtures of 3 (left panels) and 10 (right panels) are used. Reprinted with
permission from ACS Catal. 2020, 10, 14147-14185. Copyright 2020 American Chemical Society.*’]

Figure 1.11 Proposed reaction network for methanol synthesis from COz hydrogenation. (*) indicates
adsorbed species. Reproduced from Chem. Soc. Rev. 2020, 49, 1325-1616 with permission from the
Royal Society of Chemistry (Copyright 2020).

Figure 1.12 Companies and institutions involved in the production of sustainable MeOH. Adapted

from reference [107]. Author credits: Methanol Institute/ATA insights. No copyright intended.

Figure 1.13 Effect of pressure and temperature in CO2 conversion (a) and CHa selectivity (b) at a
H2/CO2 molar ratio of 4; and influence of H2/CO2 molar ratio and temperature at 1 atm (1.013 bar) and
30 atm (30.397 bar) in CO2 conversion (c) and CHa selectivity (d). Reproduced from RSC Advances
2012, 2, 2358-2368 with permission from the Royal Society of Chemistry (Copyright 2012).
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Figure 1.14 Reaction pathways of CO2 hydrogenation to CHs (CH3OH and CO products are also
included). (*) indicates adsorbed species. Reprinted with permission of J. Am. Chem. Soc. 2077, 139,
9739-9754. Copyright 2017 American Chemical Society.

Figure 1.15 CO; methanation projects under different stages of development. Numbers in brackets
refer to the capacity/power of the plant, expressed in kW. 2First module will go into operation in 2022,
full capacity in 2028. *This plant will start operations in 2024. Author credlits: Cored, J. No copyright

intended.
Figure 2.1 Pillars on which the doctoral thesis is supported.

Figure 3.1 Normalized XANES spectra at Ga K-edge (a), phase-uncorrected, k?>-weighted x(k) functions
(b) and EXAFS spectra (c) of CZG catalysts and Ga-based references. The inset in panel (a) shows a

comparison of CZG-ox sample measured at Ga and Zn K-edges.

Figure 3.2 Structural characterization of CZG-ox and CZG-sp samples. High-resolution transmission
electron microscopy (HR-TEM) images of CZG-sp (a) and CZG-ox (b) samples. The different phases
are marked according to their lattice fringes. STEM-EDX mapping results of CZG-ox (c) and CZG-sp
(d). The Ga (red), Zn (cyan) and Cu (green) are indicated by different colors in the images.

Figure 3.3 Bode-module plot and total resistance values of the reduced CZG-ox, CZG-sp and CZA
samples in 0.1 M NazSO4 at 0 Vag/agal.

Figure 3.4 Selected catalytic features for the CO2 hydrogenation to MeOH on CZG and CZA samples:
CO2 conversion (a), MeOH selectivity (b), and CO selectivity (c) versus temperature; MeOH selectivity
versus space-time yield to MeOH at 260 °C (d).

Figure 3.5 Variation of the methanol selectivity vs. carbon dioxide conversion at 220 °C (a) and
240 °C (b).

Figure 3.6 CZG-ox (a,b,c), CZG-sp (d,e,f) and CZA (g,h,i) XPS depth profile spectra at different reaction
conditions. Left: spectra of reduced catalysts. Middle: spectra under CO2+H> atmosphere at 220 °C.
Right: spectra under COz+H: atmosphere at 280 °C.

Figure 3.7 Infrared spectra of CO adsorbed at -50 °C on in situ reduced CZG-sp, CZG-ox and CZA

samples.
Figure 3.8 Hz-D: isotopic exchange results for CZG and CZA samples at 90 °C.
Figure 3.9 TPD-CO: experiments performed on CZG and CZA catalysts.

Figure 3.10 Long-term experiments conducted on CZG-ox and the commercial CZA samples at 240
°C, 20 bar and ~28500 mL-geac-h™".

Figure 3.11 Temperature-programmed reduction (TPR) studies in 10% Hz/Ar flow, for CZG and CZA

catalytic samples.

Figure 3.12 Diffractograms of as-prepared (a) and calcined (b) CZG-sp sample.
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Figure 3.13 Diffractograms of as-prepared (a) and calcined CZG-ox sample (b).
Figure 3.14 Diffractograms of reduced samples.
Figure 3.15 Comparison between XRD patterns before (black) and after reaction (red).

Figure 3.16 Diffractograms of as-prepared (a) and calcined (b) CZG-ox samples at variable gallium

loadings.

Figure 3.17 Normalized XANES spectra at Cu K-edge (a) and, phase-uncorrected, k*-weighted EXAFS
spectra (b) of CZG catalysts and Cu-based references. Inset of (b) reports the corresponding k?- x(k)

functions.

Figure 3.18 Normalized XANES spectra at Zn K-edge (a) and, phase-uncorrected, k*-weighted EXAFS
spectra (b) of CZG catalysts and Zn-based references. Inset of (b) reports the k?-weighted phase-

uncorrected x(k) functions.

Figure 3.19 Mott-Schottky plots and Np values of the CZG-ox and CZG-sp catalysts.
Figure 3.20 STY vs W/F at 220 °C (a) and 240 °C (b) for CZA and CZG systems.
Figure 3.21 MeOH selectivity under iso-conversion conditions at 220 and 260 °C.

Figure 3.22 Comparison of the catalytic performance of studied CZG and CZA samples at different
temperatures in the CO2 hydrogenation to methanol with other Cu-based catalysts in the literature.

Numbers refer to the entries placed at Table 3.12 (first column).
Figure 3.23 STY at 220 and 260 °C in CZG-ox samples at different levels of Ga doping.

Figure 3.24 (NAP)-XPS spectra of CZG-sp catalyst acquired at different reaction conditions. Core lines
of Cu 2p (a), Zn 2p (b), Ga 2p (c) at KE=268 eV and Cu LVV AES (d) at hv=1290 eV are shown.

Figure 3.25 (NAP)-XPS spectra of CZG-ox catalyst acquired at different reaction conditions. Core lines
of Cu 2p (a), Zn 2p (b), Ga 2p (c) at KE=268 eV and Cu LVV AES (d) at hv=1290 eV are shown.

Figure 3.26 (NAP)-XPS spectra of CZA catalyst acquired at different reaction conditions. Core lines of
Cu 2p (a) and Zn 2p (b) at KE=268 eV and Cu LVV AES (c) at hv=1290 eV are shown.

Figure 3.27 Deconvoluted spectra of the O 1s core level under CO2+H: reaction at 220 °C on CZG-ox
(a), CZA (b), and CZG-sp (c) samples.

Figure 3.28 Time-dependent dynamic surface migration under reaction conditions on the reduced
CZG-sp sample at 220 °C (a) and 280 °C (b) acquired at a depth of 2.5 nm (268 eV KE).

Figure 3.29 Time-dependent dynamic surface migration under reaction conditions on the reduced
CZG-ox sample at 220 °C (a) and 280 °C (b) acquired at a depth of 2.5 nm (268 eV KE).

Figure 3.30 Influence of pressure in the COz hydrogenation to methanol (a) and CO (b).
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Figure 3.31 Mass spectra analysis in (NAP)-XPS experiments on CZG-sp (a), CZG-ox (b) and CZA

catalysts (c).

Figure 3.32 Catalytic correlation between (NAP)-XPS (+MS coupled) experiments performed at Bessy
Il Synchrotron and catalytic experiments carried out in the 20 bar fixed-bed reactor. A linear correlation

for MeOH (a) and CO (b) productivity is observed for the three samples under study.

Figure 3.33 XPS core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c), Cu LVV AES (d), Zn LMM AES (e), and Ga
LMM AES (f) at hv=1486.6 eV excitation energy of the reduced CZG-sp sample.

Figure 3.34 XPS core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c), Cu LVV AES (d), Zn LMM AES (e), and Ga
LMM AES (f) at hv=1486.6 eV excitation energy of the CZG-sp sample after 9 bar CO, hydrogenation
in HPCR.

Figure 3.35 XPS core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c), Cu LVV AES (d), Zn LMM AES (e), and Ga
LMM AES (f) at hv=1486.6 eV excitation energy of the reduced CZG-ox sample.

Figure 3.36 XPS core lines of Cu 2p (a), Zn 2p (b), Ga 2p (c), Cu LVV AES (d), Zn LMM AES (e), and Ga
LMM AES (f) at hv=1486.6 eV excitation energy of the CZG-ox sample after 9 bar CO. hydrogenation
in HPCR.

Figure 3.37 Zn LMM AES line of CZG-sp (a) and CZG-ox (b) reduced samples (black) and after being
exposed to COz2+H: reaction at 9 bar (blue). Spectra were acquired at hv=1486.6 eV.

Figure 3.38 MS of CZG-sp (a) and CZG-ox (b) catalysts during the CO2 hydrogenation at 9 bar

performed in the HPCR unit. Numbers in parentheses correspond to m/z values.
Figure 3.39 TPD-CO:; on reference samples.

Figure 3.40 Correlation of STY> with medium basicity (a), exposed copper (b), and the ratio of both
properties (c).

Figure 3.41 Long-term experiments performed on CZG-ox and CZGA-ox samples at 240 °C, 20 bar

and 28500 mL-geat "-h™" (a) and comparison of catalytic features at that temperature (b).

Figure 4.1 Left, HR-STEM images of CuHT-230 (a) and CuHT-450 catalysts (c). Right, particle size
distribution for CuHT-230 (b) and CuHT-450 catalysts (d). More than 200 particles have been

measured in each sample.

Figure 4.2 Methanol productivity of studied Cu-based samples at variable temperature and 20 bar
pressure (3:1 Hz/CO2 vol % ratio, WHSV ~28500 mL-geat -h).

Figure 4.3 Variation of the MeOH selectivity versus CO2 conversion at 230 °C and 20 bar on samples
under study (a) and comparison between a commercial Cu/ZnO/Al:Os catalyst (CZA) and CuHT-230
sample under the same catalytic conditions (b). CZA was prepared according to the work of Baltes et

al.*" and discussed in Chapter 3. Intrinsic formation rates of methanol and CO for representative
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catalytic systems (c). Long-term stability of CuUHT-230 system at 230 °C, 20 bar and 5700 mL-geat"-h™
(d).

Figure 4.4 IR of CO adsorption at -170 °C and saturation coverage on reduced Cu-HT-derived
samples: CuHT-230 (a), CuHT-450 (b), Cu/HT (w) (c), Cu/HT (ACN) (d). Color code for deconvoluted
components: orange (HT support), dark cyan (Cu* species), navy (Cu® species). Comparison between

the amount of Cu* species normalized to sample weight analyzed at saturation coverage (e).

Figure 4.5 Normalized area of the IR component associated with CO coordinated to Cu* (IR band at
~2135 cm™) (a); and Cu® (IR bands between 2115-1990 cm™) (b); before (i.e., reduced samples) and
after COz hydrogenation at 9 bar.

Figure 4.6 Correlation between methanol production at 20 bar in a fixed-bed reactor (STY MeOH, X
axis) and the amount of Cu* species normalized to sample weight obtained in the operando IR studies
at 9 bar (Y axis).

Figure 4.7 Temperature-resolved IR studies under operando conditions at 1 bar in CO2/H. flow over
CuHT-230 catalyst. Sequential steps at 200 and 230 °C are displayed on the left and on the right side,
respectively. First row panels show IR spectra at indicated temperatures. Middle row panels exhibit

the subtracted spectra. Third row panels show the reaction products evolution monitored by MS.
Figure 4.8 Temperature-programmed reduction studies in 10% Hz/Ar flow.

Figure 4.9 XRD patterns of HT-type samples under study before (a) and after (b) calcination. “s” label

in left panel refers to synthesized/as-prepared hydrotalcites.
Figure 4.10 XRD patterns of non-HT-derived samples after calcination.

Figure 4.11 "Memory effect” observed in the HT-derived materials. XRD for Cu/HTs (w) and Cu/HTs
(ACN) after impregnation and comparison with as-prepared Mg-Al hydrotalcite (labeled as HTs) and

collapsed Mg-Al-mixed oxide (labeled as HT) (a). Basal spacing calculations and results (b).

Figure 4.12 HR-STEM (a) and HR-TEM (b) micrographs, and particle size distribution (c) for reduced
CuHT-230 sample.

Figure 4.13 lllustration of Cu nanoparticle identification by EDX mapping in STEM mode for reduced
CuHT-230 sample.

Figure 4.14 HR-STEM (a) and HR-TEM (b) micrographs, and particle size distribution (c) for reduced
CuHT-450 sample.

Figure 4.15 HR-STEM (a) and HR-TEM (b) micrographs, and particle size distribution (c) for reduced
Cu/HT (w) sample.

Figure 4.16 HR-STEM (a), HR-TEM (b) micrographs, and particle size distribution (c) for reduced
Cu/(Al203/MgO) sample.
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Figure 4.17 HR-STEM (a), HR-TEM (b) micrographs, and particle size distribution (c) for reduced
Cu/SiO2 sample.

Figure 4.18 TPD-CO:; patterns of CuHT-230 and the commercial-like sample (CZA).
Figure 4.19 TPD-CO; performed on reduced CuHT-230 and Cu/(Al.03/MgO) samples.

Figure 4.20 Comparison of the catalytic performance of the herein reported Cu-HT-derived samples
at different temperatures in the CO2 hydrogenation with other nano-sized Cu-based catalysts in the
literature. Numbers refer to the entries placed in Table 4.2 (first column). Entries 13-15 represent
interpolated values of CuHT-230, Cu/HT (w) and Cu/Al203/MgO samples at 250 °C and ~28500 mL-gcat

h7, respectively (included for comparative purpose).

Figure 4.21 Extrapolation to “zero contact time" conditions at 230 °C and 20 bar in selected samples:
CuHT-230 (a), Cu/(Al203/MgO) (b), and Cu/SiOz (c). MeOH and CO intrinsic formation rates obtained
for catalysts under study (d).

Figure 4.22 Methanol production on the CuHT-230 catalyst after alternating cycles of CO:2
hydrogenation at 230 and 280 °C (20 bar and WHSV of 5700 mL-gcat -h™"). The intervals placed between
blue bars correspond to the time in minutes at which the catalyst has been exposed to high

temperature (i.e., 280 °C) MeOH synthesis conditions.

Figure 4.23 Stability of CuNPs in the CuHT-230 catalyst under long term (85 h) reaction conditions at
230 °C, 20 bar and 5700 mL-geat"-h ™", followed by alternating cycles of temperature between 230 and
280 °C (1 and 4 cycles): Cu particle size evolution throughout the catalytic processes calculated by
STEM imaging by measuring at least 200 particles (a), X-ray powder diffraction pattern for CuHT-230
sample before and after reaction, STEM (c) and TEM (d) images for CuHT-230 after the catalytic

processes.

Figure 4.24 XPS core lines of Cu 2ps2 at hv=1486.6 eV excitation energy of CuHT-230 sample at

different reaction conditions.
Figure 4.25 IR-CO deconvoluted spectra of reduced supports.

Figure 4.26 IR-CO spectra of reduced HT support (first row), and CuHT-230 catalyst before (middle
row) and after (third row) 9 bar CO2 hydrogenation. Left panels contain full range spectra before (red)

and after (black) CO adsorption. Right panels exhibit the deconvoluted v(C=0) region.

Figure 4.27 IR-CO spectra of reduced Al/Mg support (first row), and Cu/(Al.0s/MgO) catalyst before
(middle row) and after (third row) 9 bar COz hydrogenation. Left panels contain full range spectra

before (red) and after (black) CO adsorption. Right panels exhibit the deconvoluted v(C=0) region.

Figure 4.28 IR-CO spectra of reduced SiO2 support (first row), and Cu/SiO2 catalyst before (middle
row) and after (third row) 9 bar COz hydrogenation. Left panels contain full range spectra before (red)

and after (black) CO adsorption. Right panels exhibit the deconvoluted v(C=0) region.
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Figure 4.29 IR-ACN spectra adsorbed at 25 °C on the reduced Cu/(Al.03/MgO) sample. Left panel
contains full range spectra before (red) and after (black) CDsCN adsorption. Right panel exhibits the

zone marked by the gray square.

Figure 4.30 IR-ACN spectra adsorbed at 25 °C on the reduced Cu/SiO2 sample. Left panel contains
full range spectra before (red) and after (black) CD3CN adsorption. Right panel exhibits the zone
marked by the gray square.

Figure 4.31 IR-ACN spectra adsorbed at 25 °C on the reduced CuHT-230 (black) and HT support
(orange) samples. Left panel contains full range spectra after CD3CN titration. Right panel exhibits the

zone marked by the gray square for both systems.

Figure 4.32 UV-VIS spectra of (a) calcined and (b) ex situ reduced systems. A CuHT-230 sample with
1 wt % Cu (blue line) has been synthesized for comparative purposes following the synthetic

procedure indicated in Subsection 4.2.1 (adjusting the amount of copper precursor).

Figure 4.33 MgO (a), Cu (b) and Cuz0 (c) bulk unit cells. Top and side view of: MgO(100) (d), Cu20(110)
(e), Cuz-doped MgO(100) (f), Cuz (g), and Cus (h) adsorbed nanoparticles on MgO(100). For each Cu-
containing model, the Cu oxidation state is indicated. The adsorption energies of the Cu clusters per
atom with respect to atomic Cugas of the models (g,h) are indicated. Color code: Mg (orange), O (red),
and Cu (blue).

Figure 4.34 Eight adsorbed CO molecules on MgO (a), Cu20(110) (b), Cuz-doped MgO(100) (c), Cuz®*
(d,e), and Cus®* (f). The adsorption energy in eV for each state is indicated (bold-type numbers) and

also the frequency shifts (Av) in cm™. Colors refer to Table 4.13 values.

Figure 4.35 IR-CO titration study on the CuHT-230 sample after reduction (blue), and after quenching
the operando IR reaction (2 h at 230 °C), at 1 bar (green) or 9 (red) bar pressure. All spectra are

normalized by sample weight.

Figure 4.36 IR-CO deconvoluted spectra of spent samples after 9 bar reaction. Color code for
deconvoluted components: orange (HT support), dark yellow (Al/Mg support), gray (SiO2 support),

cyan (Cu* species) and navy (Cu® species). All spectra correspond to CO saturation at -170 °C.

Figure 4.37 IR-CO spectra at saturation conditions at -170 °C of in situ Hz-reduced catalysts (blue
spectra) and after exposing them to 9 bar reaction conditions (red spectra). For comparison purposes,

spectra are normalized by sample weight.
Figure 4.38 Correlation between pressure and MeOH production in the reactor.

Figure 4.39 Correlation between the amount of exposed Cu® sites (determined by IR titration
experiments after operando IR reaction at 9 bar and 230 °C) and MeOH (a) and CO (b) productivity

obtained in the catalytic studies.

Figure 4.40 Evolution in the 1800-1000 cm™ spectral region during IR operando CO: hydrogenation

at 9 bar and at increasing temperatures for CuHT-230 sample: original spectra (A), subtracted spectra
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respect to the reduced starting point (B), deconvolution of the subtracted spectra at steady-state
reaction conditions (C). Online MS profile of methanol (D, m/z=31), methane (E, m/z=15) and CO

(F, m/z=28) formation.

Figure 4.41 IR-MS isotopic studies, where part of the Ha flow is replaced by D2 under steady-state
conditions (COz:Hz 1:3 molar ratio), at 230 °C and 9 bar, on the CuHT-230 sample.

Figure 4.42 IR-CO spectra at saturation conditions (acquired at -170 °C) of CuHT-230: reduced sample
(black); quenched sample after operando IR studies in a CO2/H: flow at 9 bar and 230 °C for 40 min
(blue); sample after IR operando conditions and later exposed to a Hz/Nz flow at the same temperature
for ~4.5 h (red). As observed, the intensity of the Cu®-CO signal is restored after hydrogenation of the

spent catalysts.

Figure 4.43 Hydrogenation of CuHT-230 after operando IR COz+H: reaction at 1 bar and 230 °C: IR
spectra at different steps (in brackets, see Table 4.16 below) of the hydrogenation process (a).

Subtracted IR spectra at each step versus the one before starting the treatment.

Figure 4.44 Evolution of products detected by MS during the hydrogenation treatment of CuHT-230
after operando IR COz+H: reaction at 1 bar and 230 °C.

Figure 4.45 C-H stretching region corresponding to the temperature-resolved IR studies under
operando conditions at 1 bar in CO2/H: flow over CuHT-230 catalyst shown in Figure 4.7. Sequential
steps at 200 and 230 °C are displayed on the left and on the right side, respectively. First row panels

show IR spectra at indicated temperatures. Middle row panels exhibit the subtracted spectra.

Figure 4.46 Evolution of reaction products in operando IR CO2 hydrogenation: methane (a), methanol

(b), carbon monoxide (c). Values in Y axis are normalized to CO2 MS signal.

Figure 4.47 By-products formation (CO and CH4) observed under operando IR conditions in online

MS (a) and in offline GC (b). Values in Y axis are normalized to CO: signal.

Figure 5.1 TEM images of Ru@C-EDTA samples prepared by hydrothermal synthesis with different
ratios of Ru/EDTA: Ru@C-EDTA-6 (a), Ru@C-EDTA-12 (b), Ru@C-EDTA-20 (c), and Ru@C-EDTA-28
(d).

Figure 5.2 Synchrotron XPS of the C 1s and Ru 3d core levels at 500 eV X-ray excitation energy on
fresh Ru@C-EDTA samples (a). Color code for components: Ru° (red), RuC (blue), RuOz (green), and C
(gray). Surface concentration of the ruthenium carbide phase (RuC) relative to the total ruthenium
(RuT) (b).

Figure 5.3 HR-TEM image of the Ru@C-EDTA-20 sample (a). The Ls-edge spectra (left panel) and L.-
edge spectra (right panel) of Ru®, Ru@C-EDTA-20, and RuO: (b). Curve-fitting simulation from the
NEXAFS spectra at Ls- (c) and Lz- (d) edges on RuOz, Ru@C-EDTA-20 and Ru®.

Figure 5.4 CO: conversion (left axis, black) and methane STY (right axis, blue) on the Ru@C-EDTA-20
catalyst at 160 °C, 21428 h™' GHSV, and 5.0 % vol CO, 20.0 % vol Ha, and 75.0 % vol Na.
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Figure 5.5 Methane STY (left axis, black) at 160 °C, 21428 h™ GHSV, and 23.7% CO., 71.3% Hz, 5.0%
N2 (% vol). On the right axis (blue) is the RuC/RuT atomic ratio obtained from XPS analysis on the
spent Ru@C-EDTA catalysts at 500 eV X-ray excitation energy (Figure 5.17).

Figure 5.6 TEM images of Ru@C-EDTA-6 catalyst. Ru nanoparticles of 2-5 nm encapsulated by thin

carbon layers can be seen in this sample.

Figure 5.7 TEM images of Ru@C-EDTA-12 catalyst. Ru nanoparticles of 2-5 nm encapsulated by thin

carbon layers can be seen in this sample.

Figure 5.8 TEM images of Ru@C-EDTA-20 catalyst. Small Ru nanoparticles of 2-5 nm encapsulated

by thin carbon layers can be seen in this sample, in addition to few bigger Ru particles.

Figure 5.9 TEM images of Ru@C-EDTA-28 catalyst. Both small Ru nanoparticles of 2-5 nm

encapsulated by thin carbon layers and big Ru nanoparticles can be seen in this sample.

Figure 5.10 HR-TEM images of Ru@C-EDTA-20 sample, showing the presence of Ru®, RuO; and RuC

phases.

Figure 5.11 Raman spectra of Ru@C-EDTA-20 acquired with 785 nm laser. Color code: Fresh sample

(blue); after catalytic test sample (red).

Figure 5.12 XRD patterns of Ru@C-EDTA-6 and Ru@C-EDTA-12 (a), Ru@C-EDTA-20 and Ru@C-
EDTA-28 (b), Ru/C-WI (c), Ru/C-com (d), Ru-Black (e), and Ru/C-Ar800 (f).

Figure 5.13 Laboratory XPS spectra of the C 1s and Ru 3d core levels of the Ru@C-EDTA-20 sample.
(AlIK.=1486.6 eV).

Figure 5.14 Synchrotron XPS of the C 1s and Ru 3d core levels at Eexc=1150 eV (4.4 nm depth) on
fresh Ru@C-EDTA samples (a). Surface concentration of ruthenium carbide (RuC) relative to the total

ruthenium (RuT) species compared at two sample depths.

Figure 5.15 X-ray absorption spectra of Ru@C-EDTA-20, Ru metal, and RuO: at L./Ls-edges (a,b).
Spectra of Ru@C-Glucose and Ru references at Lz/Ls-edges (c,d). The “difference” spectra is the

spectral intensity of Ru metal subtracted from Ru@C samples.
Figure 5.16 TPR-H, of RU@C-EDTA-20 catalyst.

Figure 5.17 Synchrotron XPS of the C 1s and Ru 3d core levels at Eex=500 eV (2.2 nm depth) on the
spent Ru@C-EDTA samples (a). Surface concentration of RuC relative to total ruthenium (RuT) species

on the fresh catalysts compared to the spent ones (b).

Figure 5.18 Product selectivity in the CO2/H> reaction at 160 °C (1 bar, 7.9 mL-geat"-s™!, Gas mixture:
23.7 % vol CO2, 71.3 % vol Hz, 5.0 % vol Na).

Figure 5.19 NEXAFS spectra of Ru@C catalysts (EDTA-20 and Glucose) at Ls, L2-edges.
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Figure 5.20 Activity of the as-prepared Ru@C-EDTA-20 sample (fresh), and after being exposed to
280 °C reaction temperature (used) catalyst. Reaction conditions: 180 °C, 5.0% CO, 20.0% H., and
75.0% N2 (% vol), GHSV of 21428 h™".

Figure 5.21 Combined catalytic+MS studies with reactant feed *CO/">CO2/Hz2 on Ru@C-EDTA-20 (a)
and Ru/C-com samples (b). Blank experiment (c).

Figure 5.22 Influence of reactants on the initial reaction rate in the CO. hydrogenation to methane.
Experiments were carried out at 160 °C. 5 mL-min”" CO: (constant) varying Hz proportion (a). 30
mL-min"" H2 (constant) varying CO2 proportion (b). N2 was used to balance in both series.

Figure 6.1 Atomic structures of (SiO2)s/40/Ru (a) and (Alo.25Sio.7502)s/30/Ru(0001) (b). Side (c) and top
(d) views of the bilayer aluminosilicate film growth on Ru(0001) with two H* bound to the bridging O
in (Al-O)-Si to compensate the framework charge [i.e., (Ho25Alo.25Si07502)s/30/Ru(0001)]. The black
rectangle on the top view (panel d) indicates the unit cell. Color code: Ru (silver), Si (yellow), Al (blue),

H (white), O in aluminosilicate (red), and O chemisorbed on Ru (pink).

Figure 6.2 Dual-path reaction mechanism of water formation reaction (WFR) reported on the Pt(111)

surface. (*) indicates the species adsorbed on the platinum surface.

Figure 6.3 Si 2p (a) and O 1s (b) core level spectra before and after reaction at 450 K in 0.1 Torr of Ha.
Deconvolution of the O 1s core level spectrum before reaction (c).

Figure 6.4 Core level shifts (solid symbols) for Si 2p and O 1s (Si-O-Si and Si-O-Al components) as a
function of time at 450 K in 0.1 Torr of Hz. The coverage of chemisorbed O (open circles) is also shown

for comparison.

Figure 6.5 Plot of *O coverage vs. time at 380, 400, 420, and 450 K (a). Arrhenius plots for WFR at the
BL-aluminosilicate/Ru(0001) interface (this work, blue triangles), compared to similar prior work on
bare Ru(0001) (black circles) and BL-SiO2/Ru(0001) (red squares) (b).

Figure 6.6 Potential energy diagram for the WFR at the BL-AISiO2/Ru(0001) interface via first
hydrogen addition step (*H + *O 5 *OH, TS2) (a) and disproportionation pathway (*H.0 + *O 5 2
*OH, TS2') (b). Potential energy diagram for the disproportionation pathway (TS2') at the
silica/Ru(0001) interface (c). Color code: Ru (silver), Si (yellow), Al (blue), H adsorbed on BL-AISiO:
(small white), O in BL-AISiOz (red), *O chemisorbed on Ru (pink), and *H adsorbed at the BL-
AISiO2/Ru(0001) interface that react with *O (large white).

Figure 6.7 WFR reaction evolution at 420 K and variable pressure conditions (0.1-0.5 Torr Hz). Vertical

lines indicate the endpoint of the reaction at each working pressure.

Figure 6.8 Initial WFR reaction evolution at different temperatures (380-450 K) at 0.1 torr Hz (a) and

dependence between the initial rate and the Hz pressure (b).

Figure 6.9 Correlation between the Si 2p core level shift (in AP-XPS) and the change in chemisorbed

oxygen (*O) coverage.

Figure 6.10 Full plot of *O coverage evolution at 380-450 K corresponding to Figure 6.5.
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8.3. List of Tables

Table 1.1 Effect of human activities on the molar concentration of GHG in the Earth’s atmosphere

before the Industrial Revolution and nowadays.

Table 1.2 Performance of representative catalytic systems in the COz hydrogenation to methanol.
Table 1.3 Performance of representative catalytic systems in the CO2 hydrogenation to methane.
Table 2.1 Global strategy to be followed to accomplish the thesis objectives.

Table 3.1 Selected experimental details for the CZG-ox samples preparation at variable gallium

loadings. The rest of experimental conditions were kept constant in all synthetic procedures.

Table 3.2 Catalytic results of CZG and CZA samples at 20 bar pressure and at variable temperature
(180-260 °C).

Table 3.3 Main physico-chemical properties of studied catalysts.
Table 3.4 Crystallite size of reduced and spent catalysts by XRD.

Table 3.5 Summary of optimized parameters by fitting Cu K-edge EXAFS data of catalysts collected
at 200 °Cin Ha.

Table 3.6 Metallic species identified in CZA and CZG reduced samples.

Table 3.7 Extended catalytic results at constant WHSV (~31000 mL-get "-h™") at 20 bar.
Table 3.8 Catalytic results at variable WHSV and 20 bar for the CZA sample.

Table 3.9 Catalytic results at variable WHSV and 20 bar for the CZG-sp sample.

Table 3.10 Catalytic results at variable WHSV and 20 bar for the CZG-ox sample.

Table 3.11 Analysis of the apparent activation energy (Eaapp) (Arrhenius plot).

Table 3.12 State of the art of Cu-based catalysts in the CO2 hydrogenation to methanol.
Table 3.13 Catalytic performance of CZG-ox series at different levels of Ga doping.

Table 3.14 BE (eV) of the Cu 2p3/2, Zn 2p3/2 and Ga 2ps3/2 core levels of CZG-sp sample under different

conditions.

Table 3.15 BE (eV) of the Cu 2ps/2, Zn 2ps/2 and Ga 2ps2 core levels of CZG-ox sample under different

conditions.
Table 3.16 BE (eV) of the Cu 2ps32 and Zn 2ps,2 core levels of CZA sample under different conditions.
Table 3.17 Deconvolution of O 1s core level under different gaseous conditions.

Table 3.18 Chemical composition of CZG-sp catalyst at different sampling depth and under different
conditions (ICP at % ratio: Cu:Zn:Ga = 70.0/24.5/5.5).
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Table 3.19 Chemical composition of CZG-ox catalyst at different sampling depth and under different
conditions (ICP at % ratio: Cu:Zn:Ga = 71.5/23.0/5.5).

Table 3.20 Chemical composition of CZA catalyst at different sampling depth and under different
conditions (ICP at % ratio: Cu:Zn = 71.7/28.3).

Table 3.21 Influence of pressure in the CO2 hydrogenation to methanol. Comparison between 1 and

20 bar at the same temperature.

Table 3.22 Laboratory scale XPS results in reduced CZG samples and after 9 bar reaction at HPCR.
Table 3.23 Laboratory scale XPS results in the reduced CZA sample.

Table 3.24 TPD-CO:; integrated peaks for CZG and CZA samples.

Table 3.25 Catalytic results at variable WHSV on the CZGA-ox sample at 20 bar.

Table 4.1 Main physico-chemical properties of Cu-based materials.

Table 4.2 State of the art of nano size Cu-based catalysts in the CO2 hydrogenation to methanol.

Table 4.3 Catalytic results of samples under study at 20 bar pressure and variable temperature (230-
280 °C). WHSV~28500 mL-geat "-h™" (27104 mL-gea -h™" for Cu/SiOz).

Table 4.4 Catalytic results of selected samples at 230 °C, 20 bar and variable WHSV. Selectivity to
minor products (i.e, HCOOMe and CH4) not shown.

Table 4.5 Analysis of the apparent activation energy (Eaapp) (Arrhenius plot).

Table 4.6 XPS core levels and surface chemical composition of CuHT-230 sample under different

reaction conditions (hv=1486.6 eV excitation energy).

Table 4.7 XPS core levels and surface chemical composition of the reduced samples (hv=1486.6 eV
excitation energy).

Table 4.8 XPS core levels and surface chemical composition of the reduced Cu/SiO> sample
(hv=1486.6 eV excitation energy).

Table 4.9 Quantification of Cu* species on the reduced HT support and CuHT-230 catalyst under
different reaction conditions.

Table 4.10 Quantification of Cu* species on the reduced Al/Mg support and Cu/(Al20s/MgO) catalyst

under different reaction conditions.

Table 4.11 Quantification of Cu* species on the reduced SiOz support and Cu/SiO2 catalyst under

different reaction conditions.

Table 4.12 Cu Bader charge values for each model studied. The differences with respect to Cu (Cui-
Cubuik) and Cu20 (Cui-Cuz0) bulks are also indicated.

Table 4.13 CO vibrational frequency and corresponding shift.
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Table 4.14 Pressure effect on MeOH formation in the IR cell.

Table 4.15 Pressure effect on MeOH formation in the fixed-bed reactor.

Table 4.16 Experimental steps followed in the hydrogenation of CuHT-230 at 1 bar.
Table 4.17 Selected MS values (in A) for the operando IR study at 1 bar.

Table 4.18 Selected GC values for the operando IR study at 1 bar.

Table 5.1 Catalytic activity in the CO hydrogenation reaction at concentrated reaction conditions on
the Ru@C-EDTA samples.

Table 5.2 Catalytic activity in the CO2 hydrogenation to methane at 160 °C and concentrated reaction
conditions of the Ru@C-EDTA-20 sample compared to that of other reference ruthenium carbon

samples.
Table 5.3 Ru@C-EDTA-X synthetic details and ruthenium loading on final catalysts.
Table 5.4 State of the art of Ru and/or carbon-based catalysts in the CO2 to CH4 reaction.

Table 5.5 Catalytic activity of studied samples at concentrated reaction conditions (reactant feed
composed of 23.7% CO2, 71.3% Hz, and 5.0% N2 (% vol), GHSV=21428 h'").

Table 5.6 Catalytic activity of Ru@C-EDTA-20 and Ru/C-com samples on the CO hydrogenation
reaction (30.0%, 60.0% and 10.0% (vol %), 1 bar, WHSV=7.9 mL-gcat "s™).
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8.4. Fundamentals of selected characterization techniques

8.4.1. X-ray diffraction (XRD)

The physical phenomenon of X-ray diffraction occurs when a solid interacts with
a monochromatic beam of X-rays of wavelength similar to the interplanar spaces
of crystalline structures (in the A scale). Indeed, the diffraction is the combination
of two phenomena: coherent scattering and constructive interference. Diffraction
peaks (i.e., diffraction maxima) that appear in the pattern result when coherently
scattered X-ray photons of the same wavelength constructively interfere. The
technique is mathematically described by the Bragg law, which relates the
incident angle of the radiation to the interplanar space for each diffraction peak,

according to Eq. 8.1:
n-A=2-dy,sin(6) Eq.8.1

Where d is the interplanar space of crystalline planes with Miller indices (hkl); A is

the wavelength of incident X-ray beam; 0 is the incident angle of X-rays.

This technique provides information about the crystalline (or amorphous) nature
of a material, allowing the identification of phases that are present. In this thesis,
the experimental XRD patterns were compared with JCPDS crystallographic files

through X'Pert HighScore Plus software.

Moreover, XRD allows the estimation of the average crystallite size since the width
of the X-ray diffraction signal is related to the imperfections of the crystalline
structure of a phase. This degree of imperfection is, in turn, mainly related to the
crystal size. Thus, smaller crystals offer wider diffraction signals. This idea is the
basis of the Scherrer equation (Eq. 8.2), which relates the width of the diffraction

peak at FWHM (Full Width at Half Maximum) to the average crystal size:
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K-2A

D = FWHM - cos(0)

Eq.8.2

Where D is the average size of the ordered crystalline domains (considered as
particle size); K is a dimensionless geometric factor (this value is of about 0.9,
assuming sphericity of crystals); A is the wavelength of the incident radiation;
FWHM is the line broadening at that condition (instrumentally corrected); 8 is the
position of the analyzed diffraction signal. X'Pert HighScore Plus software

implements a Scherrer Calculator tool to facilitate this task.

8.4.2. Infrared spectroscopy (IR)

IR spectroscopy is an instrumental technique mainly applied for the structural
determination of organic (or organometallic) compounds. It is normally used to
identify functional groups, since a molecule absorbs characteristic frequencies of
radiation, coinciding with the vibration frequency of their chemical bonds,

allowing a vibrational transition.

The harmonic oscillator is the simplest model to describe the vibration of a
chemical bond, assuming that the atoms are connected through a “spring” that

obeys Hooke's Law (Eq. 8.3):
k Eq.8.3
v=—-" |- g.8.
1

Where v is the classic frequency of the oscillator; k is the force constant of the
spring (which "symbolizes” the chemical bond strength); pis the reduced mass of
the system (mi-my/[m1+my]). Then, the expression found for the (quantized)
vibrational energy after solving the Schrédinger equation for the simplified

system is:
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E —(V+1> h ! K Eq. 8.4
(V)_ 2 ZTI H q' "

Where h is Planck’s constant; k is the force constant; p is the reduced mass of the
system; V are the possible vibrational quantum numbers (V = 0, 1, 2,...). It is
important to note that to be "IR active”, a vibrational mode must be associated
with changes in the permanent dipole. Moreover, in vibrational spectroscopy, it
is more usual to express the spectral information in wavenumbers (¥, cm™", which

is the inverse of the wavelength), than in frequency units.

The infrared region of the electromagnetic spectrum is divided into three regions:
The far-IR (400-10 cm™"), the mid-IR (4000-400 cm"), and the near-IR (14000-4000
cm"). Our region of study is the mid-IR, where we can find the fundamental

vibrations of typical functional groups.

However, in the area of heterogeneous catalysis, IR can be exploited to obtain
surface information from a sample (such as electronic features of active centers
or acid-base properties) via adsorption of a probe molecule. The overall idea of
this method is using a molecule with certain chemical characteristics that is IR-
active. On the one hand, we need to know the position of its fundamental
vibrations (IR bands) when the molecule is “free” (i.e., not interacting with the
surface). After dosing the probe molecule, we should observe a change (e.g. a

band shift or depletion) in the IR spectrum, caused by the probed surface/catalyst.

In the particular case of this thesis, carbon monoxide (CO) has been usually used
as a probe molecule because of its permanent dipole, small molecular size and
simple spectrum. The frequency of the stretching vibrations of the C-O bond in

the gaseous phase occurs at 2143 cm™, being altered when the probe interacts
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with the catalysts surface. CO is an amphoteric probe able to titrate either acidic
or basic sites, depending on the nature of the substrate under study. In Chapters
3 and 4, CO was utilized to examine the electronics of copper surface species
present in the catalysts. The binding between CO and the metal (Cu in this thesis)
involves a o-donation from the filled CO 50 molecular orbitals (interacting
through the carbon atom) to the unfilled metal d-orbital. At the same time, a back
donation from the filled metal d-orbitals to the vacant CO t*-antibonding orbital
can occur. Thus, the weakening or strengthening of the C-O bond (manifested in
the IR spectrum as a band shift to lower or higher wavenumbers, respectively) will
depend on the combination of these two electronic effects, governed by the
nature of the metallic centers (oxidation state, geometry, dispersion, etc.) and the
number of CO molecules and the way they interact with the surface (e.g., linear,

bridge).

Dosing CO at -170 °C by cooling down with liquid N: in a catalytic cell coupled to a

Thermo Nicolet Nexus IR spectrophotometer
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8.4.3. X-ray photoelectron spectroscopy (XPS)

XPS is a non-destructive analysis technique that allows to study the surface
characteristics (6-10 nm) of solids (such as polymers, catalysts, thin films, etc.).
Heterogeneous catalysis is a surface phenomenon, and consequently, XPS is a
powerful and versatile spectroscopy that can be applied to obtain quantitative
information about surface composition of samples, speciation of chemical
elements (it differentiates among different oxidation or coordination states), and

also compositional depth profiling.

This technique is based on the concept of photoelectric effect. When a sample is
irradiated with photons of a certain energy (20-2000 eV, 1 eV = 1.595-10°" )),
electrons are ejected from its surface. Depending on the energy range, two types
of spectroscopies are distinguished: i) ultraviolet photoemission (UPS, below
~150-200 eV), that allows the emission of electrons from the valence band; and
i) X-ray photoemission (XPS, 200-2000 eV), concerning the liberation of electrons
from internal levels. In this thesis, the higher energy range (200-2000 eV) was

used at both laboratory and synchrotron levels.

The theoretical model proposed in 1964 by Berglund and Spicer (known as

"Three-step model”) divides the photoemission process in:

e Photoionization: Firstly, the atom absorbs the energy provided by a
photon. If this energy is sufficiently high, the atom can ionize, causing the

emission of a core electron from a given orbital (conserving the energy).

e Then, the photoelectron travels from the excitation site to the surface of
the solid. Throughout this second step, the electrons whose mean free path

is greater than this distance (i.e., excitation site-surface) and have not been
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affected by other electrons (elastic scattering) will give rise to the main
photoemission peak. However, some electrons can interact to others,
undergoing inelastic collisions, losing kinetic energy and altering its
momentum. The inelastic scattering affects the background of the XPS
spectrum, and can cause additional phenomena: For example, if an electron
loses part of its kinetic energy but it still achieves to arrive to the surface
maintaining its momentum, we will observe peak broadening or extrinsic
satellites. Moreover, an electron could come to the surface but losing the
information of initial state because it suffered too many inelastic collisions

(these are called secondary electrons).

¢ Finally, the electrons have to escape into the vacuum. To do so, they have
to overcome a potential barrier called “sample work function (¢s)”, which
is defined as the minimum energy required to move an electron from the

Fermi level to the vacuum.

The kinetic energy of the emitted photoelectron (KE), which is the magnitude
analyzed by the spectrometer, is given by the following equation:

KE =hv—-BE — ¢, Eq.85
Where hv is the photon energy of the incident X-rays employed; BE is the binding
energy (needed to remove a particular electron from its nucleus); (ps(also ds) is

the sample work function.

In metallic samples, the BE is generally measured with respect to the Fermi level.
During a measurement, the sample holder and the analyzer are in electrical
contact and grounded to prevent the sample surface from becoming charged. In

this configuration, the Fermi level of the sample and the instrument are aligned.
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In consequence, to calculate the BE from the KE measured in the XPS analyzer, it

is only required to know the work function of the analyzer:

KE = hv — BE — @apalyzer EQ.8.6

The BE of an electron depends on its chemical environment, mainly determined
by the electrostatic Coulomb interaction force with other electrons and with the
atomic nucleus. Changes in the environment of the initial state of the atom prior
to the photoemission process would cause a shift into the binding energy.
Chemical shifts are observable and interpretable in the XPS spectra. Furthermore,
this ability to discriminate between different oxidation states and chemical
environments is the reason why XPS is a very useful technique in the field of
heterogeneous catalysis to characterize samples, not only before/after reaction,

but also under operando conditions.

Although XPS is a surface analysis method, it is possible to use this technique to
provide compositional information as a function of depth (see Chapters 3 and 5
of this thesis as examples). This can be achieved by optimizing the geometry of
the sample holder during the experiment (usually done at laboratory level with X-
ray sources emitting at constant energy, with less depth variation); or by varying
significantly the kinetic energy of the emitted electron (which is a consequence
of working at variable excitation energy, i.e., at a synchrotron facility). The XPS

depth of analysis (in nm) is approximated as:
Depth =3-A-cos(8) Eq.8.7
Where A is the inelastic mean free path of the emitted electron (which expresses

the averaged distance that the photoelectron travels through a material before

losing energy); 8 is the angle of emission (between the normal to the sample and
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the trajectory of the analyzer axis). The maximum depth is achieved at 8=0°
(normal emission), where the electron energy analyzer is aligned to the electron
emission. QUASES-IMFP-TPP2M software was used in this thesis to obtain the A
value. This tool includes a database with parameters for all chemical elements and

many different substrates (such as oxides, polymers, organics, etc.).

In order to avoid the collision of the emitted electrons with the environment, the
XPS measurements are usually performed under ultra-high vacuum (UHV)
conditions (below ~10® mbar). This technical requirement is solved by using
turbomolecular vacuum pumps (TBMs), which maintain the UHV not only in the
analysis chamber, but also in other devices/chambers connected through transfer
lines and valves. The components that can be found in a XPS station are (there

are multiple options depending on the laboratory and the research area):

e Load lock: chamber where the sample is inserted and depressurized to UHV

conditions.

e Preparation chamber: space where different procedures can be carried out

(such as thermal treatments, sputtering, evaporation of metals...).
¢ Analysis chamber: where the XPS measurements actually take place.

e High pressure cell reactor (HPRC): device coupled to the system where a
“high-ambient pressure” reaction can be performed (sometimes with MS

monitoring capabilities).

e Parking: chamber where samples can be stored under UHV conditions

(calibration references, air-sensitive materials under study).
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e Other ports: it is possible to couple other instruments to the UHV station

(such as an Infrared spectrophotometer) that operate under similar

experimental conditions.

Analysis chamber (left) and HPCR (right) units of the XPS Laboratory at the ITQ
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8.4.4. X-ray absorption spectroscopy (XAS)

XAS is an analysis technique that allows to study the bulk characteristics of solid
materials. In particular, it is a unique tool for observing the local structure (at the
“atomic” scale) around selected chemical elements that are contained within the
material (crystals, films, membranes, solutions, etc.). Important features such as
element speciation (differentiating among different oxidation states), the number
and nature of neighboring elements, or structural disorder can be revealed by
using this technique. In order to acquire XAS spectra, an energy-tunable X-ray
source is required. This is the reason why these type of experiments are performed

at synchrotron radiation facilities.

When discussing X-ray absorption, we must first define the absorption coefficient
(W), which gives the probability of a photon to be absorbed, according to Beer's

Law:

[=1,-e™™® Eq.8.8
Where | is the intensity transmitted through the sample after photon attenuation;
lo is the X-ray intensity incident on a sample; W is the absorption coefficient; x is
the sample thickness. Moreover, the absorption coefficient depends on the
sample composition and the incident energy (E) of X-rays (i.e., u(E)). In fact, as the

energy increases, a decrease in the absorption coefficient is found:

we ozt

Eq.8.9

Where p is the sample density; Z is the atomic number; A is the atomic mass.
When the incident X-ray photon has an energy equal to that of the binding energy

(BE) of a core level electron, a sharp rise in absorption appears, known as
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absorption edge, corresponding to the promotion of this core level electron to
the continuum. Since every atom possesses specific core level electrons with well-
known BE (usually tabulated), it is possible to study different absorption edges
(mainly K and L levels in the hard X-ray regime) tuning the energy of the incident
X-rays. Most of the elements can be probed with photons in the range of 5-35

keV, which makes XAFS an “element-specific” technique.

A XAS spectrum can be divided into two regions, with the absorption edge (Eo)

being a key feature for distinguishing/locating them.

XANES EXAFS
< >
x
=2
5
Qo
N
©
£
=
=}
=
Backscattered
waves
T T T T T T T T T
8800 9000 9200 9400 9600 9800

Energy (eV)

Graphical example of a XAS spectrum identifying XANES and EXAFS regions

The region surrounding the Eo (i.e, Eo = 50 eV) is known as XANES (X-ray
absorption near-edge spectroscopy). This region is important to determine the
oxidation state of the element, the ligand types, or the geometry around the

absorber. Because of this, XANES is utilized as a “fingerprint” tool, where the
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sample under study is compared with references (presenting a particular
crystalline structure and oxidation state). On the other hand, the region located
beyond the Eo (up to ~Eq+1000 eV) is called EXAFS (extended X-ray absorption
fine structure spectroscopy). The appearance of pronounced oscillations in this
part of the spectrum is very characteristic, which is caused by single scattering
processes. In particular, these features are due to the interaction between the
ejected photoelectron of the absorber and the backscattered radiation produced
by the neighboring atoms. Moreover, the crests and the valleys in the EXAFS
region are due to constructive and destructive interferences (respectively) of
incoming and outcoming waves. The deep analysis of these oscillations gives us

information about the local environment of the absorber.

The EXAFS oscillations are defined by the function x (E), which describes solely the

interactions with neighboring atoms:

_ R(E) — po(E)
x (E) = B Eq.8.10

Where p(E) is the measured absorption coefficient; po(E) is a smooth background
function representing the absorption of an isolated atom; Apo(E) is the measured

jump in the absorption coefficient at the threshold energy Eo.

For a better understanding of EXAFS region, and taking into account the
undulating behavior of the photoelectron originated in the absorption process, it
is common to convert the X-ray energies to wavenumbers (k), whose dimensions

are 1/distance, being defined as:

Z'm'(E_Eo)
k= /T Eq.8.11
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Where m is the electron mass; E is the measured energy; Eo is the energy in the
absorption edge; h is the Planck constant. Finally, the sum of frequencies that
compose the EXAFS oscillations correspond to different near-neighbor
coordination shells, which can be modeled according to the following equation

(as a function of k):

Nj (k) e 2T
X(k)=z R -sin[2-k-Rj + 8;(k)] Eq.8.12

j
Where f(k) and &(k) refer to scattering properties of the neighbor atoms
(amplitude and phase-shift, respectively); Njis the number of neighbor atoms (i.e.,
coordination number); R;j is the distance separating the absorber and the
neighbor atom; 62 represents the disorder in the neighbor distance. All the
equations, together with different mathematical tools that allow us to process
and interpret XAS spectra (in K(E), x(E) and R-space plots), are implemented in a

free software package (i.e., Athena).

Moving to an experimental point of view, the scheme shown below represents

the basic configuration for XAS measurements (transmission and fluorescence

modes).
p=log (IO/IT) j,l.:lOg (Itﬂref)
]0 [r Iref
—— ]
——T ) -
reference
noclog (I/1)

Fl. detector

Schematic representation of a typical experimental setup for XAS measurements
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Although transmission is the most selected mode due to its “easiness” and
accuracy, sometimes it cannot be used due to technical issues. For instance, if the
amount of absorber is too low (i.e., the metal to be analyzed is too diluted in the

sample), fluorescence mode can be applied (with a detector positioned at 90°).

XAS is a powerful spectroscopic technique, however it presents some limitations:
On the one hand, it is not possible to distinguish chemical elements with similar
atomic numbers (such as C, O, and N). Moreover, if more than one absorber is
present in the sample (e.g., bimetallic catalysts, alloys, etc.) the analysis of the
spectral information becomes very challenging because XAS is an average
technique. Finally, when in situ/operando experiments are performed, the degree
of thermal disorder increases (02 factor) due to the harsh conditions submitted in
the cell (temperature/pressure). This feature makes the data interpretation
difficult, introducing uncertainty in the calculation of different parameters (such

as coordination number, N;).

XAS sample holders containing solid (1, 2, 4-high throughput) and liquid (3) samples
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8.4.5. Catalytic tests in the fixed-bed reactor
The reaction setup designed, built and utilized for the catalytic tests conducted

during my predoctoral stage consisted of three parts/zones:

e Feeding system: Gas mixtures (typically CO», H, and Ny) are set in a proper
ratio adjusting various mass flow controllers (Bronkhorst). The mixture is

then submitted to the reaction zone.

e Reaction system: CO, transformations take place in a stainless steel fixed-
bed reactor (inner diameter of 11 mm and 240 mm length), equipped with
a back-pressure regulator (BPR, Swagelok) that allows for working at a
pressure range of 1-20 bar. In parallel to the reactor, a bypass is connected

to offer the possibility of isolating the reactor without stopping the flow.

e Analysis system: Analysis of the obtained reaction products is done by
online gas chromatography (GC), using a SCION-456-GC equipment with

TCD (MS-13X column) and FID (BR-Q Plot column) detectors.

All the lines and valves forming the reaction system are conveniently heated (up
to ~150 °C), in order to avoid possible condensation of reaction products. The

scheme (and a real image) of the reaction setup is shown below.
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Stainless steel fixed-bed reactor setup (7-20 bar)
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Finally, the main catalytic parameters discussed in the thesis are defined below:

1 1
(%)coz,in - (%)Coz,out

CO, conversion (X¢o,, %) = — 100 Eq.8.13
(5 )eo,im
(%)
h /iout 100 Eq.8.14

Selectivity to i (S;, %) = ol ol
(5o~ CF o, o

mol
. . mol; (T)coz in “Xeo, S
Space time yield (STYi, ) = : Eq.8.15
cat * h masScatalyst
(%)
. . mL h reactants,in
Weight hourly space velocity (WHSV, ) = : Eq.8.16
Bcat h masScatalyst
(%)
h .
Gas hourly space velocity (GHSV,h™1) = —_feactantsin Eq.8.17
mLcat. bed
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“Ill Encuentro de Jovenes Investigadores de la SECAT” in Valencia (2018)

8.6. Synchrotron projects

During my predoctoral period, | participated in about twenty research projects
related to industrial catalytic processes as a member of the “Experimental Team”.

Consequently, a highly specialized training in this sort of singular facilities has
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been obtained, with more than 2000 h of operation at five synchrotrons

worldwide.

8.6.1. ALBA Synchrotron (Cerdanyola del Vallés, Barcelona, Spain)

2020

20719

2018

“Influence of the reaction conditions on the nature of Ruthenium sites in a
Ru@carbon catalyst with unprecedented activity in the low temperature CO:

hydrogenation reaction” (ID-2020024706, Beamline: BL22-CLAESS, 18 shifts).

“State of the nature of active sites in an ex situ activated Ru carbon catalyst resulting
in improved activity in the low temperature CO- hydrogenation reaction” (ID-

2020024066, Beamline: BL24-CIRCE, 12 shifts).

“Monitoring the In situ formation of active sites in a Ru carbon catalyst with
exceptionally high activity in the low temperature CO, hydrogenation reaction” (1D-

2079093692, Beamline: BL22-CLAESS, 6 shifts).

"XAS studies on the nature of the active species generated under reaction
conditions in the hydroformylation of 71-hexene by a ruthenium chitosan

nanocomposite” (ID-2019023481, Beamline: BL22-CLAESS, 9 shifts).

“Methanol oxidation on CeO./Cu inverse model catalysts and real catalysts” (IH-

2079043587, Beamline: BL24-CIRCE, 9 shifts).

“In-house Experiment” (IH-2019033576, Beamline: BL22-CLAESS, 6 shifts).

“Study on the evolution of subnanometric bimetallic clusters under reaction

conditions by in-situ XAS” (AV-2018022706, Beamline: BL22-CLAESS, 15 shifts).

“Methanol oxidation on CeO./Cu inverse model catalysts and real catalysts” (IH-

2018052860, Beamline: BL24-CIRCE, 217 shifts).
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BL-22 (CLAESS) at ALBA Synchrotron Light Source (2018)

2017

o ’Influence of the support and gas environment on the stabilization of surface cobalt
sites in Co-Ru/TiO> catalysts and their applications in Fischer-Tropsch” (ID-
2017022091, Beamline: BL24-CIRCE, 12 shifts).

o “Analysis of the active site of CuZnGa catalysts with enhanced catalytic performance
in the low temperature Methanol Steam Reforming” (ID-2017032114, Beamline:
BL22-CLAESS, 15 shifts).

e “Methanol Oxidation in inverse model and in real catalysts” (IH-2017102522,
Beamline: BL24-CIRCE, 12 shifts).

o “Analysis of the active site of CuZnGa catalysts with enhanced catalytic performance
in the low temperature Methano! Steam Reforming” (ID-2016097943, Beamline:
BL24-CIRCE, 12 shifts).

20716

e “fundamental knowledge of the Surface properties of metal nanoparticles under
reaction conditions by means of NAPP-XPS” (ID-2015027233, Beamline: BL24-
CIRCE, 36 shifts).
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8.6.2.
2079

8.6.3.
2018

8.6.4.
2018

8.6.5.
2017

BL-24 (CIRCE) at ALBA Synchrotron Light Source (2016)

NSLS-Il (Brookhaven National Laboratory, Upton, NY, United States)

"Ambient-Pressure X-ray Photoelectron Spectroscopy for Chemistry in Confined

Spaces” (Beamline: 23-1D-2 [I0S], 9 shifts).

European Synchrotron Radiation Facility, ESRF (Grenoble, France)

“Time resolved monitoring of the catalytic active sites in Cu-GaO3-Zn0O catalyst in

the Methanol Steam Reforming reaction” (CH-5285, Beamline: ID24, 18 shifts).

DIAMOND Light Source Ltd. (Didcot, Oxfordshire, United Kingdom)

“Tuning the catalytic properties of Pd Nanoparticles by C dissolution onto and into
the Pd particle. Role of the carbon support” (SI-18179-1, Beamline: BO7-1, 18 shifts).

BESSY Il Photon Source, HZB (Berlin, Germany)

“Low temperature NO reduction with CO catalysed by Pt clusters of less than 10
atoms” (16204137-ST-1.7-P, Beamline: BL-ISISS, 21 shifts).
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BL-ISISS at BESSY Il Photon Source (2018)

8.7. Scientific dissemination

In 2020, | became one of the finalists in the 15t National Video Contest for CSIC
PhD Students “Yo investigo. Yo soy CSIC". This activity was an open call
announced by the Postgraduate and Specialization Department (DPE) of the
Spanish Research Council (CSIC) aimed at predoctoral CSIC researchers. The
contest consisted of presenting our doctoral thesis investigation to a non-
specialized audience in a three-minute video. | recorded all takes during my short-

term stay at Brookhaven National Laboratory (2019).

379



BN Appendices

Youtube Link: Attps./www.youtube.com/watch?v=5Sx0bfGaDt90

. CENTER FOR FUNCTIONAL

" NANOMATERIALS

Shooting of the documentary at Brookhaven National Laboratory (2079)

8.8. Dr. Patricia Concepcion’s group

=

“Research in times of pandemic”. From left to right: J. Soriano, J. M. Salas, C. Tébar, P.
Concepcion, J. Cored, C. Cerdd, D. Soriano, A. Murioz (2021)
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