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Summary

Since the industrial revolution in the 1760s, the CO2 concentration in
the atmosphere has been rising incessantly driving global warming closer to
the point of no return. The world requires urgent actions to not only reduce
CO2 emissions but also capture the COz for utilization to mitigate the future
environmental crisis. CO2 hydrogenation to CHsOH offers an alternative to
produce a feasible and economic substitute for oil. This technology also
resembles the nearly 100 years old CH3OH synthesis processes from syngas
containing Hz, CO, and COz. The conventional Cu/ZnO/Al:Os catalyst has
also been applied for more than 50 years, and its high performance stems
from synergies between Cu and ZnO. However, the true nature of the
interfacial sites is still extensively debated. Moreover, lower temperature and
higher pressure are thermodynamically favorable for maximum CO2
conversion and CHsOH selectivity according to Le Chatelier’s principle and
beneficial in terms of energy consumption and catalyst stability against
sintering. The limitation in the catalytic performance of Cu/ZnO/Al2Os in
such conditions demands the exploration of novel catalysts.

Part I of this dissertation is dedicated to gaining a deeper
understanding of Cu-ZnO synergistic structure as well as other Cu-based
catalysts. In Chapter 2, we proposed a greener synthesis route for Cu/ZnO
catalysts via urea hydrolysis of acetate precursors that can achieve
comparable activity to commercial Cu/ZnO/ALOs catalysts without
producing wastewater. Co-precipitated Cu-Zn hydroxycarbonate mineral-
like precursors are crucial for a high inter-dispersion between CuO and ZnO
after calcination and providing Cu-ZnO interfacial sites for the reaction.

In Chapter 3, the effects of key process conditions, namely
temperature and pressure, on CO: hydrogenation over a commercial
Cu/ZnO/ALO:s catalyst were investigated using a space-resolved study. The
gradients of reactants/products concentration and catalyst bed temperature
within the catalytic reactor can reveal the significant effect of temperature on
the dominant reaction pathways. CHsOH is formed through direct CO:
hydrogenation at low temperatures, while CHsOH formation is mediated via
CO which is formed by a reverse water-gas shift reaction at a high
temperature. Although pressure did not influence the reaction pathway,
higher pressure helped suppress CHsOH decomposition to CO.

In Chapter 4, the decisive roles of peripheral promoters to Cu
nanoparticles in promoting CH3OH selectivity were elucidated. The model
Cu-based catalysts (Cu-M/SiO2, M = Zn, Ga, and In) were prepared via
surface organometallic chemistry (SOMC). The M* sites played important
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roles in stabilizing formate species spillovered from Cu and determining the
reactivity of formate hydrogenation. Improving the spillover and tuning the
reactivity of formate help suppress formate decomposition to CO over Cu
and ultimately boost CHsOH selectivity.

Part II is dedicated to exploring the novel catalysts for low-
temperature CO:z hydrogenation, as well as, gaining a deeper understanding
of the state-of-the-art Re/TiO: catalyst. In Chapter 5, the bifunctionality of Re
supported on TiO: was deciphered, where metallic Re functions as the H>
activator and cationic Re as the CO2 activator. Re/TiOz suffers from additional
CHs formation, and the active intermediates and reaction pathways for
CH30OH and CHas were identified. Understanding the nature of active sites
and reaction mechanisms over Re/TiO: led to approaches for CHa selectivity
mitigation in Chapter 6. Exploring various transition metals under low-
temperature conditions provided insights into the formate stabilization of the
coinage metals (Cu, Ag, and Au). Since the balance between metallic and
cationic Re limited the CHsOH selectivity of Re/TiO», the addition of Ag
complemented the role of cationic Re. A synergistic interplay between Ag
and Re did not only improve CH3OH selectivity significantly by suppressing
intermediates in the reaction pathways toward CHi but also exhibited
superior stability.

Finally, the dissertation conveys a message that obtaining the
definitive synthesis of well-defined active sites, expansive structure-activity
relationships, and comprehensive reaction mechanisms are the major
prerequisites for the rational design of novel catalysts.
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Samenvatting

Sinds de industriéle revolutie in de jaren 1760 is de CO2-concentratie
in de atmosfeer onophoudelijk gestegen, waardoor de opwarming van de
aarde steeds dichter bij het kantelpunt komt. De wereld heeft dringend
maatregelen nodig om niet alleen de CO2-uitstoot te verminderen, maar ook
om CO2 op te vangen voor gebruik en om de toekomstige milieucrisis te
beperken. CO:z-hydrogenering tot CHsOH biedt een oplossing om een
haalbaar en economisch alternatief voor olie te vinden. Deze technologie is
erg vergelijkbaar met de bijna 100 jaar oude CH3OH-syntheseprocessen uit
syngas, wat Hz, CO en CO: bevat. De conventionele Cu/ZnO/AlOs-
katalysator wordt ook al meer dan 50 jaar toegepast, en zijn hoge prestaties
komen voort uit de synergie tussen Cu en ZnO. Over de ware aard van de
interfaciale sites wordt echter nog uitvoerig gedebatteerd. Bovendien zijn een
lagere temperatuur en een hogere druk thermodynamisch gunstig voor een
maximale CO2-omzetting en CHsOH-selectiviteit volgens het principe van Le
Chatelier en gunstig voor het energieverbruik en de stabiliteit van de
katalysator tegen sinteren. De beperking van de katalytische prestaties van
Cu/ZnO/ALOs in dergelijke omstandigheden vereist de exploratie van
nieuwe katalysatoren.

Deel I van dit proefschrift is gewijd aan het verkrijgen van een dieper
inzicht in de synergetische structuur van Cu-ZnO en andere op Cu
gebaseerde Kkatalysatoren. In Hoofdstuk 2 stelden we een groenere
syntheseroute voor Cu/ZnO katalysatoren voor via ureumhydrolyse van
acetaatvoorlopers die een vergelijkbare activiteit kan bereiken als
commerciéle Cu/ZnO/Al20s katalysatoren zonder afvalwater te produceren.
Co-geprecipiteerde Cu-Zn hydroxycarbonaat mineraalachtige precursoren
zijn cruciaal voor een hoge interdispersie tussen CuO en ZnO na calcinatie en
het leveren van Cu-ZnO interfaciale sites voor de reactie.

In Hoofdstuk 3 werden de effecten van de belangrijkste
procescondities, namelijk temperatuur en druk, op CO2-hydrogenering over
een commerci€le Cu/ZnO/Al20s-katalysator onderzocht met behulp van een
ruimtelijke resolutie studie. De gradiénten van
reactanten/productconcentratie en katalysatorbedtemperatuur binnen de
katalytische reactor onthullen het significante effect van temperatuur op de
dominante reactieroutes. CHsOH wordt gevormd door directe CO2-
hydrogenering bij lage temperatuur, terwijl de vorming van CHsOH wordt
bemiddeld via CO: dat wordt gevormd door een omgekeerde water-
gasverschuivingsreactie. Hoewel de druk geen invloed had op de



reactieroute, hielp een hogere druk de ontleding van CHsOH tot CO te
onderdrukken.

In Hoofdstuk 4 werd de doorslaggevende rol van perifere promotors
van Cu-nanopartikels bij het bevorderen van de CHsOH-selectiviteit
opgehelderd. De modelkatalysatoren op basis van Cu (Cu-M/SiO2, M = Zn,
Ga en In) werden bereid via oppervlakteorganometaalchemie (SOMC). De
M sites speelden een belangrijke rol bij het stabiliseren van formiaatspecies
die van Cu werden overgeheveld en bij het bepalen van de reactiviteit van
formiaathydrogenering. Het verbeteren van de spillover en het afstemmen
van de reactiviteit van formiaat helpen de ontbinding van formiaat tot CO
over Cu te onderdrukken en verhogen uiteindelijk de selectiviteit van
CHsOH.

Deel II is gewijd aan de verkenning van nieuwe katalysatoren voor
CO»-hydrogenering bij lage temperatuur en aan een beter begrip van de
geavanceerde Re/TiOz-katalysator. In Hoofdstuk 5 werd de bifunctionaliteit
van Re ondersteund op TiO: ontrafeld, waarbij metallisch Re functioneert als
Hz-activator en kationisch Re als CO2-activator. Re/TiO2 heeft last van extra
CHs-vorming, en de actieve tussenproducten en reactieroutes voor CHsOH
en CH: werden geidentificeerd. Inzicht in de aard van actieve sites en
reactiemechanismen over Re/TiO: leidde tot benaderingen voor CHa-
selectiviteitsvermindering in Hoofdstuk 6. Het onderzoeken van
verschillende overgangsmetalen onder lage-temperatuurcondities gaf inzicht
in de formaatstabilisatie van de metallische metalen (Cu, Ag en Au).
Aangezien het evenwicht tussen metallisch en kationisch Re de CHs:OH-
selectiviteit van Re/TiO2 beperkte, vulde de toevoeging van Ag de rol van
kationisch Re aan. Een synergetisch samenspel tussen Ag en Re verbeterde
niet alleen de CH3OH-selectiviteit aanzienlijk door het onderdrukken van
tussenproducten in de reactieroutes naar CH4, maar vertoonde ook een
superieure stabiliteit.

Het proefschrift brengt tenslotte de boodschap over dat de
definitieve synthese van goed gedefinieerde actieve sites, uitgebreide
structuur-activiteitsrelaties en uitgebreide reactiemechanismen de
belangrijkste voorwaarden zijn voor het rationele ontwerp van nieuwe
katalysatoren.
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Introduction

Heterogeneously Catalyzed
CO, Hydrogenation to methanol




Summary

To minimize the harmful environmental effects of CO2 emissions, technologies for
carbon capture and CO:z recycling are needed to sustainably produce value-added
chemicals and supplement the photosynthetic carbon cycle. In this chapter, the
development of heterogeneous catalysts and processes for the direct
CO2 hydrogenation to methanol are summarized from past to present, with special
emphasis on thermodynamics considerations, catalyst designs, mechanistic
aspects, and recent advances. A more selective and technologically mature route
for alcohol synthesis from CO: hydrogenation to methanol is introduced, a key
chemical for an oil-independent economy (methanol economy). The major
challenge, apart from the high energy cost for CO; capture and H: production,
remains the true understanding of the active sites and reaction mechanism.

This chapter is based on the following publication:
Phongprueksathat, N., & Urakawa, A.
CO:2 Hydrogenation Catalysis (2021) 207-236. Weinheim, Germany: WILEY-VCH
GmbH.



1.1 Introduction

Global warming, originating from anthropogenic CO: emission, had started
to become a major concern by the end of the twentieth century since the
environmental impacts became more significant. Consequently, CO: sequestration
and utilization technologies have been developed as an approach to global warming
mitigation. Among the various technologies being used for recycling COx, catalytic
conversion of CO: into methanol, ethanol, and higher alcohols is a promising
approach in terms of high CO: conversion rates and highly desired product
selectivity. Moreover, these alcohols can be easily stored, transported, or
continuously converted into high-octane gasoline and other feedstocks for a variety
of chemical and energy industries.

In the following, we first discuss more selective and technologically matured
routes for alcohol synthesis through CO: hydrogenation to methanol and then
discuss a more challenging synthesis of higher alcohols. In each section, we highlight
suitable catalysts, industrial process configurations, thermodynamic constraints,
and recent development.

1.2 CO2 Hydrogenation to Methanol — Past to Present
1.2.1 Syngas to Methanol

Methanol synthesis by CO:z hydrogenation (Eqn. 1.1) is not a new concept.
It was discovered almost in the same period (1925) as methanol synthesis from
synthesis gas (Eqn. 1.2), a mixture primarily consisting of H2 and CO.! At that time,
the synthesis gas used for methanol synthesis had already contained a small amount
of COz — up to 10%. The CO2 and H: obtained as a byproduct of fermentation
processes were also used for methanol synthesis by some early plants operated in
the United States.? However, hydrogenation of pure CO: appeared to be too costly
because CO: requires more energy for C—O bond dissociation than CO to be
converted into methanol or any other fuel.?

CO2 + 3H2 & CHsOH + H.0 AHzosx smpa = -40.9 k] mol™ (Eqn. 1.1)
CO2+Hz2 = CO + H0 AHzosx smpa = +49.8 k] mol™ (Eqn. 1.2)
CO +2H2 = CHsOH AHz9sx5:mpa = -90.7 k] mol™ (Eqn. 1.3)

In an early process, CO2 was even considered harmful for the methanol
synthesis catalyst (e.g., ZnO/Cr2:0s and Cu/ZnO) due to its strong adsorption
characteristic.#> Moreover, investigation of COz hydrogenation is usually dismissed
by the preconception that the carbon dioxide is converted to monoxide and
subsequently follows the usual behavior of CO hydrogenation. It was not until
decades later that the promotional effect of CO2 on methanol synthesis was reported
by Klier et al. During methanol synthesis from synthesis gas (Eqn. 1.2), the Cu/ZnO
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catalysts experienced overreduction by the presence of CO that led to catalyst
deactivation, even when the catalyst was pre-reduced with Hz before reaction. It was
found that a small concentration of CO2 in synthesis gas can reoxidize the CO-
reduced Cu catalyst and maintain the catalyst in an active state during the reaction.
At higher concentrations, however, the reaction rate still suffered from strong
adsorption of CO2, and the selectivity of methanol was greatly reduced by the
formation of methane, especially when the CO: concentration is above 10%.
Therefore, the maximum reaction rate can be achieved by balancing those promoting
and retarding effects. The synthesis rate, depending on carbon dioxide
concentration, has a maximum of around 1% CO: for the commercial Cu/ZnO/Al203
catalyst (Imperial Chemical Industries [ICI] catalyst).® After this finding, the role of
CO: in methanol synthesis had been investigated widely on various kinds of
Cu/ZnO catalysts.

1.2.2 CO, to Methanol

CO2 hydrogenation has become a subject of considerable interest since CO2
was identified as the main carbon source in methanol synthesis of syngas over the
Cu/ZnO/AL0O:s catalyst.> 1° The development of a catalytic system for pure CO2 and
feed is challenging since water produced during the reaction can adsorb on active
site suppressing the catalytic activity and negatively affect the chemical equilibrium.
Therefore, the early process was usually designed to eliminate water from the
process consisting of two methanol synthesis reactors — a rectifier is simply
introduced after the first reactor to remove water and methanol from the outlet
stream before feeding into the second reactor. The CO produced from the first
reactor is claimed to be beneficial for the catalyst since it acts as a water scavenger
regenerating the Cu-active sites.!’ An increased methanol production by using such
a design approach in a pilot plant was reported by Lurgi (a German engineering
company) in 1994.12 A similar approach was applied for two-step CO2 conversion
in the carbon dioxide hydrogenation to form methanol via a reverse-water-gas-shift
reaction (CAMERE) pilot plant, in which the first reactor was designed to produce
CO via reverse water-gas shift (RWGS) (Eqn. 1.3) before feeding to the second
methanol synthesis reactor (Figure 1.1a).8 The traditional Cu/ZnO/AlLOs catalyst is
employed for both RWGS and methanol synthesis reactors. This process proves to
have a higher methanol yield than a direct CO2 hydrogenation process, achieving
100 kg of methanol production capacity per day on a pilot scale.

Generally, the economic feasibility of methanol plants depends on several
factors such as the price of oil, electricity, CO2, and byproducts. By the end of 2010,
Carbon Recycling International (CRI) company established the first commercial
direct CO2 hydrogenation plant in Iceland. The plant was named in honor of
Professor George A. Olah. The George Olah plant is capable of producing 3000 tons
of methanol per year from recycled CO: and renewable hydrogen (i.e. hydrogen
produced through renewable energy), as depicted in Figure 1.2. The CO: is recycled
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from Svartsengi geothermal plant and an aluminum pro- duction plant, and
hydrogen is generated from water electrolysis using geothermal power.13 14

Recently, the CAMERE process has been mathematically modeled in two
dimensions and optimized numerically to employ a water perm-selective membrane
in the methanol synthesis reactor for water removal (Figure 1.1b)."> The inlet
temperature and pressure of the RWGS reactor are optimized at 700 °C and 30 bar
over Ni/Ali2019 catalyst. The CAMERE process-assisted membrane can achieve a
20.8% higher methanol production rate than through the conventional route. In the
CAMERE process without a membrane, water produced acts as a poison and
deactivates the catalyst. Therefore, the CAMERE process-assisted membrane, in
which water production is notably reduced, was proposed to increase the catalyst
lifetime.

Although the CAMERE process has shown potential in prolonging catalyst
lifetime, the commercially available Cu/ZnO/Al20s catalyst still suffers from low
CO: conversion. Therefore, the concept of three-stage heat exchanger reactors
(Figure 1.1c) is proposed by the same author.’® In the three-stage configuration, the
product stream of each reactor is conveyed to a flash drum to remove methanol and
water from unreacted Hz, CO, and COsz. Then, the gaseous stream enters the top of
the next reactor as the inlet feed. Using the same catalyst volume, the COz conversion
and methanol production rate from the three-stage reactor increased by ca. 50% and
103% compared to the one-stage reactor. These studies show that advanced reaction
engineering concepts have the potential to exceed the performance of a more
conventional process, although economic evaluations need to be carefully
performed.
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Iceland

Figure 1.2 The “George Olah Carbon Dioxide to Renewable Methanol Plant” of Carbon Recycling International in
Iceland based on local geothermal energy. The first commercial carbon dioxide recycling plant operating in the
world.”

1.2.3 Thermodynamic Consideration — Chemical and Phase Equilibria

According to Le Chatelier’s principle, the thermodynamic equilibrium of
methanol synthesis is mainly governed by the fugacity and enthalpy of the reaction.
Therefore, the thermodynamically desirable conditions are low temperature due to
its exothermicity, and high pressure due to the reduction in the number of molecules
during the reaction. The reaction equilibrium calculation is based on the
minimization of the Gibbs free energy. For decades, the reaction equilibrium of
methanol synthesis from synthesis gas has been performed using the Soave-Redlich-
Kwong (SRK) equation of state.’” This equation is one of the most accurate for a
nonideal gas. In some cases, the theoretical calculation did not match with
experiment results, especially at high pressure and low temperature. It was simply
because methanol can condense to liquid at such conditions and the phase
equilibrium was not considered in those calculations. Dew-point calculations are
important for reactor and catalyst design. Precise predictive knowledge about when
methanol condenses should facilitate taking advantage of in situ condensations for
methanol synthesis beyond chemical equilibrium.

van Bennekom et al. proposed a model based on modified SRK to
simultaneously calculate the phase and chemical equilibria of methanol synthesis
from synthesis gas.” The thermodynamic equilibria are consistent with
experimental results performed in a packed bed reactor at 190-280 °C and 200 bar.
The conversion values obtained in the experiments are higher than those of one-
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phase chemical equilibrium, and this suggests that condensation is beneficial for
methanol synthesis. Moreover, the visual inspection of phase separation during
methanol synthesis of synthesis gas has been demonstrated for the first time by the
authors.’® As shown in Figure 1.3, the liquid condensation was observed from a view
cell at 200 °C and 200 bar.

Figure 1.3 Liquid formation in a view cell during methanol synthesis of H,, CO, and CO; (0.70/0.28/0.02) at 200 °C
and 200 bar.®

To exploit in situ condensation in methanol synthesis, operating conditions
may be selected to enhance the overall driving force in methanol synthesis, whereas
the conversion at phase and chemical equilibria is considerably different from that
at which condensation starts. The actual reaction rates result from a tradeoff between
the reaction rate and the condensation rate. For example, the reaction rates increase
with increasing temperature, while the saturation and condensation at the dew point
decrease with increasing temperature. Therefore, a highly active catalyst is crucial
for in situ condensation since it allows lower reaction temperature with sufficient
conversion for saturating condensable products. Nowadays, conducting in situ
condensation is possible not only in methanol synthesis from synthesis gas but also
in chemically stable CO2 thanks to the availability of active catalysts.

Thermodynamic equilibrium evaluation of methanol synthesis from only
CO2 and H: has been performed by Bansode and Urakawa?' and Gaikwad et al.??
The analysis considers both phases and chemical equilibria, and the calculation was
based on the modified-SRK model reported by van Bennekom et al.’s 1 Figure 1.4
shows the CO:z conversion and methanol selectivity derived from such a model over
a wide range of pressures and temperatures. The other possible product is CO and
only the reactions of Eqns. 1.1-1.3 were assumed to take place.

The indication of phase condensation and separation in CO2 hydrogenation
to methanol at a stoichiometric ratio (H2/CO2 = 3) is an abrupt change in CO:
conversion within a narrow temperature range, especially at 100-300 bar (Figure
1.4). For example, the CO:z conversion changes drastically within 230-240 °C at 200
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bar, which is close to that reported by van Bennekom et al. On the other hand, the
phase condensation does not seem to exist at all at H»/CO: = 10, as
thermodynamically expected, although CO: equilibrium conversion is greatly
boosted. The change in CO2 conversion becomes smoother at higher pressure (>400
bar) due to the formation of one dense phase.

The visual inspection of phase separation during CO: hydrogenation to
methanol was demonstrated in a high-pressure view cell by Kommof3 et al.?® In this
cell, a mixture of Hz, CO2, CH30H, and H>0 was prepared to simulate a product
stream outlet from a reactor at 50% CO2 conversion and 67% CHsOH selectivity. The
results confirmed an in situ phase separation at 206 °C and 150 bar, which is close to
the theoretical expectation (Figure 1.4). However, to take advantage of phase
separation at that pressure, the reaction should be operated below 206 °C, which is
not practical and kinetically favorable. The optimal temperature to maximize CO2
conversion, CHsOH selectivity, and thus methanol yield is reported to be around
260-280 °C. Therefore, to increase liquid condensation temperature to match the
optimum temperature, increasing reaction pressure is suggested.

The advantage of high pressure in CO2 hydrogenation to methanol has been
exemplified by Gaikwad et al.?> About 90% CO: conversion and >95% methanol
selectivity could be attained at 260-280 °C and 442 bar (partial pressure of the
reactants) from the stoichiometric feed (H2/CO: = 3). However, under such high-
pressure conditions, a dense phase has formed and limited the internal mass transfer
and ultimately decreasing the overall reaction rate. Mass transfer limitation inhibits
the utilization of the whole catalyst pellet, which can be eliminated by reducing the
catalyst pellet size. On the other hand, the mass transfer limitation is negligible at
331 bar and results show the almost-full (>95%) CO: conversion and >98% methanol
selectivity at 260 °C. Therefore, when mass transfer limitations are minimized, it is
possible to achieve ca. 90% methanol yield under continuous operation with
unprecedentedly high weight time yield (gram of methanol produced per gram of
catalyst per hour).

Another example of taking advantage of phase separation by a novel reactor
design was reported by Bos and Brilman.?* The reactor makes use of two
temperature zones to shift the chemical equilibrium: a high-temperature zone for
optimal catalyst activity and a low-temperature zone for full conversion by in situ
condensations of a water/methanol mixture. Since the thermodynamic limitations
are surpassed in this reactor, a full carbon conversion (>99.5%) and high methanol
selectivity (>99.5% on a carbon basis) could be achieved at relatively low
temperature and pressure (210 °C and 50 bar).

Recently, the concept of in situ water absorption has been proposed to
overcome thermodynamic limitations similar to the in situ condensation concept.?
The thermodynamic analysis has shown that the methanol yield can increase up to
>130%, leading to a 15% higher methanol productivity. From the process simulation,
in situ water sorption allows operation at much milder pressure conditions at 50 bar
and 230 °C to produce ca. 70% methanol yield, whereas the conventional process
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achieves only 25%. However, the methanol selectivity is slightly lower than the
conventional process, as the RWGS equilibrium seems to be affected more than that
of COz hydrogenation to methanol.

Generally, high-pressure conditions are thermodynamically beneficial for
methanol synthesis. At the same time, the reaction rates are enhanced by increased
partial pressures of the reactants. The phase condensation allows full CO:
conversion, and such a high conversion may offer a possibility to omit the necessity
of a recycle stream. Particularly, high-pressure shows potential for the combination
of methanol synthesis and reforming in supercritical water, where a high-pressure
synthesis gas is produced by pressurizing a liquid."
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Figure 1.4 Equilibrium CO, conversion and methanol selectivity at different temperatures with initial H»/CO>

mixtures of 3 (left) and 10 (right), and at (a) 10 bar, (b) 30 bar, (c) 100 bar, (d) 200 bar, (e) 300 bar, (f) 400 bar, and
(g) 500 bar.?®

1.2.4 Catalyst Developments

The first patented catalyst for the methanol synthesis process is Cu-based
catalysts developed by Lormand in 1925.! Despite higher activity, abundancy, and
economic advantages compared to other transition metals at that time (e.g. Pt, Ni,
Fe, and Co), these catalysts were still thermally unstable and susceptible to sulfur
poisoning — these drawbacks hindered the commercial application of Cu-based
catalysts for almost half a century.? It was not until 1966 that ICI could discover a
new co-precipitation technique for the preparation of ternary Cu/ZnO/AlL:O:s catalyst
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and overcome the intrinsic drawbacks previously mentioned. Simultaneously, gas
purification processes were improved to produce sulfur-free synthesis gas from
natural gas, naphtha, and crude oil, such as the Rectisol process developed by Lurgi.
Both cleaner feedstocks and better development ultimately resulted in a great
enhancement of methanol synthesis in terms of activity and selectivity, and
significantly milden reaction conditions toward lower temperature and pressure.
This sparked the research trend toward Cu/ZnO based-catalysts ever since and
eventually resulted in hundreds of publications. Even in the past 10 years, Cu/ZnO-
based catalysts remained one of the most investigated for CO2 hydrogenation, as
shown in a statistical breakdown (Figure 1.5).

Technically, high Cu surface area, defects, and Cu-ZnO interfaces are well
accepted to be required for the high catalytic activity of the Cu/ZnO-based catalysts.
Those requirements are directly related to the method of preparation. Among
various methods reported in the literature over the past 10 years, it is obvious that
co-precipitation is by far the most successful and preferable method for the
preparation of Cu/ZnO-based catalysts (Figure 1.6). The main advantage of the co-
precipitation method is the ability to produce nanoparticles and porous
microstructure of Cu-ZnO through a multistep synthesis route.

The prominent example is the original synthesis procedure for
Cu/ZnO/AL0Os catalyst developed by ICI shown in Figure 1.7. The initial step of co-
precipitation is the formation of mineral-like hydroxycarbonate precursors by
mixing between metal salt solution (e.g., aqueous nitrates, sulfates, or chlorides of
Cu, Zn, and/or Al) and basic precipitating agent (e.g. carbonates, bicarbonates, or
hydroxides). The hydroxycarbonate structure depends on Cu and Zn contents as
well as precipitating conditions (temperature and pH), and varies from amorphous
zincian georgeite to crystallite structure such as copper hydrozincite ((Cu »Zni-
x)5(OH)s(COs)2, when x < 0.1), aurichalcite ((CuxZni-+)s(OH)s(COs)2, when x < 0.5),
rosasite ((CuxZni+)2(OH)2(COs), when 0.5 < x < 0.7), zincian malachite ((CuxZni-
x)2(OH)2 (COs) when x > 0.7), and hydrotalcite (Cui-+yZnyAl:(OH)2(COs)x2, when 0.3
<x <04, and y = x/2).20. 2830 Typically, metastable amorphous precipitates are first
obtained, then undergo several physicochemical processes (e.g. crystallization)
upon remaining in the mother liquor under agitation — the so-called aging. Precise
control of pH and temperature during co-precipitation and aging is very crucial; a
tiny variation of pH by a fraction or temperature by a few degrees can cause a huge
effect on metastable material that further restructures into hydroxycarbonates, and
ultimately impacts the catalytic performance of resulting Cu/ZnQO catalysts.
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Figure 1.5 Types of catalyst material reported for CO, hydrogenation to methanol. The percentages have been
calculated based on ca. 200 papers selected from a Scopus search from 2006 to 2016 on the principal catalyst
materials.?®

The newly formed precipitates undergo a transformation in every stage of
preparation as shown in Figure 1.8. The existence of hydroxycarbonate structures
allows the formation of Cu/ZnO catalysts with high Cu dispersion, in spite of
significantly high copper content. During calcination, the hydroxycarbonates
undergo thermal decomposition producing interspersed CuO and ZnO mixture
with intimate contacts. The properties of the final catalyst (e.g. morphology and
defects) upon heat treatments (e.g. calcination and reduction) are dictated by
precursor chemistry (e.g. synthesis kinetics) — the phenomenon is referred to as
“chemical memory”.”” For example, the porosity catalyst after thermal
decomposition is predetermined by the geometry of the hydroxycarbonate
precursors. Thin needle-like zincian malachite with large inner-particle pores is
more desirable than large platelet-like aurichalcite for superior Cu dispersion and
has been regarded as an ideal precursor for highly active catalysts.?” 2 The last step
of preparation is to reduce the CuO component, typically in hydrogen, to produce
Cu/ZnO nanoparticles.
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Figure 1.6 Synthesis methods of Cu/ZnO-based catalysts. The percentage was calculated based on the publications
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Figure 1.7 Schematic overview of the multistep synthesis route for Cu/ZnO catalysts developed by ICl in the
1960s.7”
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Figure 1.8 Simplified preparation scheme of Cu/ZnO catalyst from zincian malachite precursor and electron
microscopy images of the different stages of preparation.?”

1.2.5 Active Sites and Reaction Mechanisms: The Case of Cu/ZnO Catalysts

Nowadays, the mechanism for CO2 hydrogenation over Cu-based catalysts
is still controversial despite almost 100 years of technological availability. It is
essential to understand the reaction pathway because mechanistic knowledge will
allow the precise control of selectivity over side products and pave the way for the
design of highly active catalysts. At a glance, the reaction pathway of CO:2
hydrogenation was perceived to be simple; CO:2 reduces to CO, then follows the
reaction pathway of the common methanol synthesis (CO hydrogenation). The
question regarding reaction pathways arose when high-pressure CO and CO:
hydrogenation (400 bar) were compared in parallel in 1945.3! In this study, dimethyl
ether (DME), the main byproduct from CO hydrogenation, was not formed during
CO2 hydrogenation. Therefore, it is possible that the CO2 hydrogenation might not
follow the usual CO hydrogenation pathway.

Various techniques have been used to differentiate the reaction pathways
and intermediates of CO and CO: hydrogenation. An isotope-labeling study allows
tracking of carbon transformation during methanol synthesis. The *CO and “CO2
isotope-labeling experiment suggests that CO: is the primary source of methanol on
Cu-based catalysts, instead of preconceived CO.? The CO2 hydrogenation rate is ~20
times faster than CO hydrogenation, especially at low conversion.*® However, the
C180: isotope labeling over the Cu/ZnO indicated that methanol can be produced
from both CO and CO: hydrogenation.!” There are other reactions occurring in
parallels such as CO-CO:z exchange and water-gas shift. From the observation, CO2
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hydrogenation is the primary pathway at low conversions and low temperatures
because of the faster reaction rate. The CO hydrogenation becomes faster than CO2
hydrogenation at high conversion due to the significant formation of water. Water
can preferentially suppress CO2 hydrogenation promoting RWGS and allowing CO2
hydrogenation to primarily pro- duce methanol. Moreover, differences in the extent
of product suppression by water during H/D isotope substitution indicate that CO2
hydrogenation and RWGS proceed parallelly on different active sites over
Cu/ZnO/ALQO:s catalyst.®* In contrast, the CO hydrogenation is observed to be the
primary reaction over the Pd-based catalysts, since the rate of methanol formation
is directly proportional to the CO partial pressure but inversely proportional to CO2
partial pressure.®® The CO adsorption and dissociation are also confirmed by a
1BCO/C'80 isotope labeling experiment.®> From these observations, it is obvious that
the nature of the active site plays a crucial role in determining the reaction pathways.

The nature of the active site is controversial for the Cu-based catalyst under
CO2 hydrogenation reaction, especially the commercially available Cu/ZnO/Al2Os
catalyst. It has been suggested that metallic copper (Cu®) is an active site with
uniform activity throughout the catalyst.?” It was found that the Cu® surface area is
directly and linearly proportional to the catalytic activity and methanol formation
from CO and CO2.3%4 Experiments on single crystal Cu(100) and Cu(110) facets and
polycrystalline Cu films (exposing mostly Cu(111) facet) demonstrate that methanol
can be synthesized over Cu® with the rate or turnover frequencies (TOFs) equal to
the real Cu/ZnO catalysts.*'-# These results suggest that the Cu® is the active site on
the real Cu/ZnO catalysts and the role of ZnO is only for enhancing Cu dispersion.
In real Cu/ZnO/ALOs catalyst, ZnO particles act as spacers between Cu® particles
enhancing metal dispersion, stabilizing Cu® particles, and forming a unique
microstructure, while Al2Os enhances thermal and chemical stability (Figure 1.9).3¢

Despite concrete pieces of evidence supporting Cu® as an active site, there is
some evidence supporting ionic copper species (Cu®). In industrial conditions, the
catalytic activity is found to be independent of the Cu® surface area in the presence
of CO2, where Cu? is partially oxidized.? The Cu’* sites originated from the presence
of impurity (promoter) incorporation of Cu into the lattice of support (e.g. ZnO)
and.® % In some cases, the presence of ZnO does not only stabilize the Cu®* that
impacts catalytic activity but also exhibits structure sensitivity during the CO2
hydrogenation.

The activity of a “structure-sensitive” catalyst can vary by orders of
magnitude depending on catalyst preparation. How the catalyst is prepared can
affect defects and lattice strain in the Cu nanoparticles and the intrinsic activity of
the Cu surface. An obvious example of structure sensitive catalyst is the industrial
Cu/ZnO/ALOs catalyst, whose activity depends on Cu particle sizes. When Cu
particle size is smaller than 8 nm, the surface-specific activity decreases
significantly.* The activity of Cu-based catalyst also depends on the presence of Zn
or ZnO. The high activity can be generated by bulk defect structure and substitution
of Zn into the Cu particles.*” The sensitivity of the Cu-Zn structure is demonstrated
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by depositing Zn on single-crystal Cu(111).% It was found that Zn with a surface
coverage of 0.19 can increase TOF of CO:z hydrogenation up to 13-fold compared
with the bare Cu(111) surface. It is demonstrated that ZnO/Cu(100) is much more
active than ZnO/ Cu(111), thus highlighting the structure-sensitivity effect of Cu
catalysts.*

Figure 1.9 Microstructural features revealed with transmission electron microscopy (TEM) and high-resolution
TEM.3®

A significant increase in activity with the presence of Zn suggests that the
Cu® site is not only the active site but there is also a Cu-Zn site that works
cooperatively with Cu®# There is evidence that surface Cu-Zn alloy formation
occurs over industrial methanol synthesis catalysts even under a mild condition.#
To identify the actual active sites, the activity between model ZnCu and
ZnO/Cu(111) sites is directly compared.®® From both experimental and theoretical
results, the surface Zn over ZnCu catalyst undergoes surface oxidation into ZnO
under the reaction conditions, allowing ZnCu to reach the activity of ZnO/Cu
catalyst and the activity increased in the following sequence: Cu < ZnCu < ZnO-Cu.
These results are in agreement with the previous experiment and pointed out that
the ZnO-Cu interface is responsible for high catalytic activity. 5 It is undeniable
that the Cu-ZnO interface plays an important role in the catalytic performance of
Cu-based catalysts, apart from structure-sensitivity effect. This role is explained
widely by “Cu-ZnO synergy.”

The “synergistic effect” concept is used to explain the phenomenon when
the combination of two less active or inactive materials can produce a highly active
catalyst. As previously discussed, Cu and ZnO are considered to be such a
synergistic combination in respect of methanol synthesis. According to the
hypothesis of Burch et al., the Cu-ZnO synergy can be summarized into six
categories,> including that previously mentioned. First, the incorporation of Cu into
the ZnO lattice-generating active Cu’* species.5 Second, electronic interactions
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between Cu and ZnO lead to easier Cu reducibility or modulating the adsorption
strength of reactants.® Third, Schottky Junction effects at the Cu/ZnQO interface can
increase the O vacancies, which are considered to be one kind of active site.5 57
Fourth, the formation of CuZn alloy or Cu-Zn pair as active sites.¢ Fifth, a specific
reaction at the Cu/ZnO interface (e.g. CO formation by RWGS).# Sixth, stabilization
of Cu in a morphologically active form by ZnO. The synergy listed above all requires
intimate contact or strong metal-support interaction (SMSI) between Cu and ZnO,
which originated from ZnOx migration over the Cu surface during high-temperature
reduction by Hz or CO (Kirkendall effect).5 5 There is clear evidence that activated
Cu/ZnO catalysts carry an SMSI layer of metastable “graphitic-like” ZnOx over Cu
particles after reductive activation.®® This migrated ZnO: is reported to boost
methanol synthesis activity for both CO and CO: hydrogenation.t" © With a
mathematical model and rational design approach, a core-shell structure (Cu@ZnOx)
and a nano-core-shell structure (Cu@ZnOx/ZnO) are developed to maximize the
number of contacts between Cu and ZnO.¢> % The contacts favor Zn migration and
diffusion into Cu, thus creating an important CuxZn(1«)Oy active phase and increase
methanol formation rate (Figure 1.10).3 The authors proposed a spillover
mechanism: hydrogen is dissociated on the Cu® core, spills over the shell Cu:Zn(i-
x)Oy where CO: is adsorbed and then hydrogenates COz. The hydrogen spillover
effect can be further enhanced by introducing Pd or graphene oxide (GO) to create
more activated surface Cu sites with the assistance of ZnO as active sites.® % The
roles of Cu-ZnO synergy eventually extended to the stabilization of surface
intermediates that are essential for CO2 hydrogenation.

co,

MeOH €= CO, CO, = CO

Cu,Zn ., 0, phase
- Oxygen vacancies
- Cu®species

CuZn alloy and - Electronic effects
decoration

Figure 1.10 General scheme for methanol synthesis over Cu/ZnO-based catalysts.>
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The key intermediate species for methanol synthesis from CO: are widely
debated. As previously described, CO2 hydrogenation can occur directly from CO2
or indirectly with CO formation through the RWGS reaction. From a mechanistic
point of view, these two alternative pathways differ in the key reaction
intermediates: formate (HCOO*) or hydrocarboxyl (COOH?*) species, respectively.
Although the isotopic effect from H/D substitution confirms that COz hydrogenation
and CO hydrogenation do not share common intermediates, the intermediates could
not be actually observed by this technique.’* Therefore, various spectroscopic
techniques have been used to identify the possible intermediates together with
density-functional theory (DFT) calculations to identify possible elementary reaction
pathways.

An in situ IR spectroscopy over the Fischer-Tropsch catalyst (Fe/Al20s)
suggested three main species from both reactions: hydrocarbon, formate, and
carboxylate.®® Among those intermediates, formate (HCOO*) seems the most
commonly found from reaction over various catalysts such as ZnO/Cr20s, Cu/ZnO,
Zn0O, TiOz, and ZrO2.% ¢ The temperature-programmed reaction spectroscopy over
Cu/ZnO/ALOs catalyst also suggested that hydrogenation/hydrogenolysis of
formates is the rate-determining step in the methanol synthesis from COx.68

In the case of the Zn/Cu(111) catalyst, the formate coverage increases
linearly with Zn coverage (below 0.15), but it has no promotional effect on RWGS
indispensable for the CO hydrogenation pathway.*® The authors propose that a
formate species is formed on Cu(111) surface and then migrates to the Cu-Zn site,
where formate is hydrogenated to methanol through a methoxy species. Their
conclusion is similar to the case of the ZnCu model catalysts that become ZnO/Cu
after surface oxidation. Both experimental and theoretical studies prove that the
ZnO-Cu interface favors the binding of formate intermediates and facilitates
methanol synthesis.?

The possible reaction mechanisms of CO2 hydrogenation are summarized in
Figure 1.11. Tabatabaei et al.* observed two types of formate species during the co-
adsorption of CO2/Hz mixture over ZnO. Both methanol and CO formation (RWGS)
are reported to proceed through formate intermediates, but in different binding
geometries — bidentate formate for the RWGS reaction and monodentate formate
methanol formation. On the other hand, Yang et al.”® observed methanol formation
on Cu surfaces via formate intermediate proceeding to formaldehyde via a
dioxomethylene (H2COO). The hydrogenation of both formate and dioxomethylene
can limit the overall reaction rate of CO2 hydrogenation. Grabow and Mavrikakis”!
proposed methanol formation via formate (HCOO*) and methoxy (CHsO*) species
by fitting a microkinetic model with the experimental results over commercial
Cu/ZnO/AL2Os under realistic conditions. The DFT calculations also suggest that
formate (HCOO¥) favorably leads to the formation of formic acid (HCOOH?*), which
is further hydrogenated to CHs0O:*, transforms to formaldehyde (CH:0%), and,
eventually forms methoxy (CHsO%). Recently, the formate transformation via formic
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acid, formaldehyde, and methoxy species over Cu/ZnO was also supported by
Kattel et al.®

Contrary to formate intermediate, Yang et al.”? suggest that methanol is not
produced from the direct hydrogenation of bidentate formate (HCOO¥) on metallic
Cu. On the other hand, a significant amount of methanol is produced when Cu is
pretreated by N20 or Oz, which implies a critical role of surface oxygen or water-
derived species in the reaction. In agreement with the previous finding, Zhao et al.”
supported that CO2 hydrogenation to hydrocarboxyl (COOH) is kinetically more
favorable than formate species on Cu(111) when overall elementary steps are
considered, especially with the presence of water due to a unique hydrogen transfer
mechanism.

In reality, both CO and CO: hydrogenation pathways could be active under
typical methanol synthesis conditions due to the formation of CO via RWGS over
Cu-based catalysts. Based on DFT calculations, Yang et al.”? reported that the CO
produced from RWGS is not directly hydrogenated to methanol over Cu, but too
unstable formyl (HCO¥) species that prefer dissociation back into CO and H.
Eventually, Grabow and Mavrikakis confirmed that 2/3 of the methanol is produced
from CO:z hydrogenation under typical industrial reaction conditions.”!

1.2.6 Beyond Industrial Cu/ZnO/Al,0; Catalysts

Nowadays, the global trend of CO2 hydrogenation tends to shift toward
milder conditions or even ambient conditions. This movement was partially
triggered by the famous “12 principles of green chemistry.” Many works have
focused on developing an innovative catalyst capable of working at lower
temperatures and pressure. That poses a challenge to the well-established
conventional Cu/ZnO/ALOs catalyst for better CO: conversion and methanol
selectivity. The catalytic performance of selected catalysts is shown in Table 1.1.

The conventional Cu/ZnO-based catalysts have been improved in several
ways. Various supports have been studied, such as Al20s, SiOz, ZrOz, and ZSM-5.
Although most supports produced carbon monoxide as a byproduct, Cu/ZnO-
supported ZSM-5 produced methyl formate instead. Methyl formate is produced via
catalytic dehydrogenation of methanol over acid sites, Bronsted acid from the ZSM-
5 framework, and Lewis acid sites from incorporated Cu species. Not only is there a
superior CO:2 conversion, but the Cu/ZnO/ZSM-5 catalyst also showed high
selectivity toward methanol up to 77.70% and methyl formate up to 10%. With
further exploration, the Cu/ZnO/ZSM-5 could improve CO: valorization into a
variety of value-added chemicals.”*

The introduction of GO is reported to enhance the hydrogen spillover from
Cu to adsorbed carbon species.®® The GO-Cu/ZnO/ZrO: catalyst could achieve
selectivity up to ca. 76% at 200 °C and 20 bar and higher yield than Cu/ZnO/ZrO:
catalyst due to the increased active sites for CO2 and H2 adsorption and GO serves
as a bridge between metal- metal oxides. In another experiment, the graphitic carbon

19



nitride (g-CsNa) is used to improve the electron-richness of ZnO by the formation of
type-1II heterojunction between ZnO and g-CsNa.”> Replacing ZnO with g-CsNs-ZnO
hybrid in an industrial Cu/ZnO/Al:Os catalysts (HiFUEL-R120) leads to enhanced
selectivity up to ca. 57% at 250 °C and 12 bar. The catalyst also shows superior
methanol yield to the original HIFUEL-R120 catalyst. This study has provided a
feasible and economical method to modify the traditional catalyst.

Recently, various novel Pd-based catalysts have been extensively developed
for CO2 hydrogenation to complement some limited abilities of Cu/ZnO/Al20s3
catalysts such as moderate activity, low methanol selectivity, and stability.s> The
unsatisfied catalytic performance is explained by the activity toward RWGS, activity
suppression by water, and catalyst sintering under the reaction conditions. The Pd-
based catalysts, on the other hand, are better in H> dissociative adsorption ability
and are used to improve the methanol TOF up to 4.7 times from Cu/ZnO catalyst via
hydrogen spillover mechanism.* In the case of CeO: support, the interaction of
highly dispersed Pd and Cu led to an increase in Cu dispersion and the surface
concentration. The Pd donates electrons to Cu and CeO: generating more reduced
Cu and CeO: sites and thus enhancing the activity of the PdCu/CeO:z catalyst.®* The
Ca-doped PdZn/CeO: shows ca. 100% methanol selectivity at 220 °C, 30 bar, thanks
to Hz dissociation ability from PdZn and oxygen vacancy from reducible CeO2.76
Hydrogen dissociative adsorption ability is found to decrease with smaller Pd
particle size. Highly dispersed Pd nanoparticles with a particle size of 3.6 nm can be
prepared over In20s using thermal treatment of Pd/peptide composite.”” The Pd-
In20s interface and oxygen vacancy play in CO: activation and hydrogenation, and
the theoretical study suggested that Pd-In2Os interfaces are also active sites.
Therefore, the activity of Pd/In20s catalysts is higher than Cu- and Pd- based
catalysts reported largely in literature because of enhanced CO: and H: adsorption
ability.

There is a synergistic effect among Cu, Pd, and Zn trimetallic catalysts
prepared by impregnation.®> Pd can interact with Zn and Cu to form PdZn and PdCu
alloys selective toward the formation of methanol and CO, respectively, while the
metal particle size is found to be smaller than bimetallic PdZn catalysts. A new
preparation route with a well-controlled PdZn particle size can be derived from the
Pd@zeolitic imidazolate framework (ZIF-8) precursor.” The pore framework of ZIF-
8 confines the Pd particle growth at the sub-nano level and facilitates the formation
of Pd-ZnO interfaces during direct pyrolysis. The small-sized PdZn alloy particles
are believed to be the true active site and work together with a high content of
oxygen defects on the ZnO surface to provide excellent activity. Moreover, strong
Pd-ZnO interaction ensured the long-term stability of the catalyst. A strong Pd-Zn
interaction is also found in Pd@Zn core-shell catalysts prepared via CdSe.” Enriched
Zn decoration offers a superior Hz adsorption and activation capacity to the Cu
surface, thus providing superior activity at 20 bar comparable to the best reported
under 50 bar. The catalyst also stabilizes surface HCOO* species over COOH* and
then suppresses CO production from the RWGS reaction increasing selectivity. The
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PdZn alloy particles (3-6 nm) on ZnO, TiOz, and Al2Os prepared by the chemical
vapor impregnation (CVI) method are also reported to help stabilize HCOO*
species, especially PdZn on TiO2, which exhibits high meta dispersion and methanol
productivity.® Despite an excellent promotional effect, the lack of Pd reserve is the
main problem preventing the wide utilization of Pd in the industrial process.
Therefore, enhancing the catalytic efficiency while minimizing the loading still
remains a scientific challenge.

The efficiency per gram of Pd metal has been enhanced by nanoarchitecture
concepts. The Ag@Pd-ZnO core@shell catalyst is successfully synthesized and could
enhance both methanol selectivity and CO2 conversion, achieving 3.32 times higher
space-time yield (STY) than the Pd-ZnO catalyst of a similar size.® This core@shell
structure is benefitted from the electron-rich Pd shell to interface and the formation
of the PdZn phase that enhances the adsorption of the intermediate species. This
novel strategy with sophisticated tailoring of the surface composition is proposed to
reduce Pd loading by substitution with Ag while enhancing catalytic activity at the
same time. Apart from using as a core for the Pd shell, Ag also showed a promotional
effect on the methanol selectivity of Cu/ZrO: catalysts by the formation of special
Ag* and Zr (g < 4) sites, which are not present in Cu/ZrOz and Ag/ZrO: catalysts.®!
The new active species for CO:2 hydrogenation are created from Ag-Cu alloy
formation. Moreover, it was found that Hz can dissociatively adsorb on Cu/ZrO: and
Ag/ ZrO2, while Hz can adsorb non-dissociatively on Ag-Cu/ZrOz. Since the TOF of
methanol production is not changed by Ag addition, the increase in methanol
selectivity must be due to a synergy between Ag and Cu.¥

Finally, the development of catalysts goes beyond relying on metal. A
binary metal oxide, ZnO-ZrO: solid solution catalyst can achieve methanol
selectivity of up to 91% and CO: conversion of more than 10% within a single-pass
under the condition of 315 °C, 50 bar, H2/ CO: = 4, and gas hourly space velocity
(GHSV) = 24000 NmL g h™. The catalyst is also stable for at least 500 h under
reaction and even tolerates the presence of 50 ppm SO: or H2S without deactivation.
The excellent catalytic performance is attributed to the synergistic effect between Zn
and Zr sites for Hz activation.®?
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Table 1.1 Catalytic performances of selected catalysts for gas-phase CO. hydrogenation to methanol in a
continuous flow reactor.
Reaction conditions

Catalytic performance

Temp YmeoH SA
]
Catalysts (°C), Xcoz SMeoH [8meoH et
Space velocit H./CO m? ref
Pressure P v o/ [%] (%) Beat ! [ -]
[bar] h1l g
Cu/ZnO/AL:Os 260, 331 (G) 20,000 h! 10 95.7 98.2 1.58 17.5 20
Cu/ZnO/AL0s 280, 442 (G) 100,000 h! 3 65.3 91.9 15.2 17.5 22
W) 10,800
Cu/ZnO/ZSM-5 250, 22.5 W) 20.3 74.9 0.06 74
NmL gea? h!
GO- (W) 13,000
200, 2 4. 75. 2
CuO/ZnO/ZrO: 00, 20 NmL g h? 8 >8 0-28 65
Cu/g-CsNi- (W) 6,800 NmL
250, 12 - 7.1 . 7
ZnO/ALO: % geat b ’ > 0.09 >
Pd-Cu/ZnO 270, 45 (G) 10,800 h! 3 8.5 65 0.21 5 64
W) 2,400 NmL
Ca-PdZn/CeO: 220, 30 ( 1 o s 77 100 0.07 76
gmt
W) 21,000
Pd/In20s 300, 50 W) 4 >20 >70 0.89 77
NmL ge? h!
PdZn@ZIF-8 270, 45 (G) 21,600 h! 3 15.1 519 0.65 78
Pd@Zn core-shell 270, 20 (W) 18,000 2.9 4.9 >70 0.31 79
NmL ge? h!
(W) 9,600 NmL
Ag@Pd-ZnO 270, 45 g b 3 18 47 0.28 80
cat
W) 3,600 NmL
Ag-CuO/ZrO» 230, 10 ; 1 o mhoog 2.0 513 5.9 81
cat
W) 24,000
Zn0O/ZrO2 320, 50 W) 4 10 91 0.73 - 82
NmL g hl

(G) = GHSV = volume flow rate/bed volume, (W) = WHSV = mass flow rate/catalyst mass
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1.3 Summary

CO: hydrogenation to methanol can be a highly selective and
technologically matured route for alcohol synthesis. The promotional effect of CO2
in methanol synthesis from syn- gas has initiated a considerable interest in CO:
hydrogenation. However, water formation in CO:2 hydrogenation limits catalytic
performance, and thus forces the process design to remove water through a
multistage or membrane reactor. On the other hand, water formation could induce
in situ condensation under high pressure which is beneficial for shifting the
thermodynamic equilibrium toward higher CO: conversion. In the past 10 years,
Cu/ZnO- based catalysts prepared by co-precipitation are still the most preferable
catalysts for CO2 hydrogenation thanks to superior activities that originated from
Cu-ZnO synergy and economic advantages from the abundance of the comprising
elements. However, the nature of active sites (Cu® or Cu’*) and reaction pathways
(from CO:2 or CO) remain controversial. Various catalysts beyond industrial
Cu/ZnO/ALQO:s catalysts have been developed to shift COz hydrogenation conditions
toward a milder one and simultaneously increase methanol selectivity.

1.4 Scope of this dissertation

This thesis aims to unveil the nature of active sites that lead to high-
performance CO:z hydrogenation to methanol, especially high methanol selectivity.
Great attention was given to extracting insights from catalytic activities at various
conditions, characterization of catalyst structures, and mechanistic studies using
XAS, IR, or Raman spectroscopies. Eventually, the insights obtained from these
studies will be valuable for the rational design of highly selective catalysts. The
dissertation is divided into two parts; Part I focuses on gaining a further
understanding of the Cu-based catalysts employed industrially in methanol
synthesis and CO: hydrogenation processes, and Part II focuses on exploring the
novel catalysts for low-temperature CO: hydrogenation and gaining a deeper
understanding of such catalytic systems.

Chapter 2 describes a greener and simpler synthesis procedure of Cu/ZnO
catalysts via urea hydrolysis of metal acetates, and the focus was given on
optimizing the precipitation temperature, urea-to-metal salt ratio, and Cu-to-Zn
ratio using acetate salts. Consequently, the quality of the methanol synthesis catalyst
was improved resulting in (i) better control of the precipitation process, (ii) skipping
the washing step of cations like Na*, and (iii) avoiding the use of nitrates in the
precipitated precursor to prevent agglomeration of active Cu species upon
calcination.

Chapter 3 describes the employment of a spatially resolved experiment at
high pressure (184 and 331 bar) to clarify the reaction pathways and the sources of
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carbon for methanol formation over a commercial Cu/ZnO/ALO:s catalyst. The axial
concentration profiles were obtained quantitatively using disruptive spatial
sampling using gas chromatography (GC) as well as using non-disruptive Raman
spectroscopy. The temperature profiles were obtained using infrared (IR)
thermography. The spatial information of reactant/products and exo- and
exothermicity revealed mechanistic insights of dominating reaction pathways;
direct CO2 hydrogenation to methanol or RWGS + CO hydrogenation, at various
temperatures and pressures.

Chapter 4 describes the employment of operando DRIFTS in combination
with an isotopic transient kinetic analysis (ITKA) to elucidate the nature of the active
and selective sites for CO2 hydrogenation to methanol, which is still actively under
debate. Due to the sensitivity limitations of IR over Cu/ZnO/Al:Os catalyst, the
model catalysts were required to study the promotional effects of Zn. The model Cu-
based catalysts with molecularly-defined single-site promoters (Zn, Ga, and In) were
prepared using surface organometallic chemistry (SOMC). Transient experiments
were used to distinguish between the active species participating in the reaction and
spectators. It was revealed that the main surface intermediates and their stabilization
over promoters at the periphery of Cu nanoparticles play a crucial role in
determining the methanol selectivity. Chapter 4 marks the end of Part I of this
dissertation.

Chapter 5 describes the holistic approach to understanding the reaction
mechanisms of low-temperature CO:2 hydrogenation over Re/TiO: catalysts. The
unique structure-selectivity relationship of Re clusters play important role in
determining selectivity toward methanol or methane. To visualize the whole picture
of the catalytic process, the bulk properties of Re and TiO2 under working conditions
were studied using operando XAS and Raman, the surface properties of Re were
studied by Ambient-Pressure X-ray Photoelectron Spectroscopy (AP-XPS), and the
surface reaction intermediates were revealed by operando DRIFTS in combination
with ITKA. Transient experiments were performed using various spectroscopic
methods (similar to Chapter 4). Eventually, the origin of the structure-selectivity
relationship associated with multiple active Re species and their unique interaction
with active intermediates was revealed.

Chapter 6 is the last chapter of Part II and describes the exploration of
various transitions metals (e.g., Cu, Rh, Pd, Ag, Re, Pt, and Au) supported on TiO2
as novel catalysts for low-temperature CO:z hydrogenation and the exploitation of
the insights from catalytic activity results as well as the knowledge from Chapters 4
& 5 for the rational design of the new catalyst systems. The major disadvantage of
Re/TiOy, i.e. considerable methane selectivity, was found suppressed. The structure
of Re-Ag/TiO2 was characterized by XAS and Transmission electron microscopy
(TEM), while the mechanistic insights were obtained using operando DRIFTS. It was
revealed that the interplay between Re and Ag did not only suppress the
intermediate for methane but also promote the intermediate for methanol, hence
boosting methanol selectivity.
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Greener and facile synthesis
of Cu/ZnO catalysts

for CO; hydrogenation to methanol
by urea hydrolysis of acetates




Abstract

Cu/Zn0-based catalysts for methanol synthesis by COx hydrogenation are widely
prepared via co-precipitation of sodium carbonates and nitrate salts, which
eventually produces a large amount of wastewater from the washing step to
remove sodium (Na*) and/or nitrate (NO3’) residues. The step is inevitable since
the remaining Na* acts as a catalyst poison whereas leftover NO3" induces metal
agglomeration during the calcination. In this study, sodium- and nitrate-free
hydroxy-carbonate precursors were prepared via urea hydrolysis co-precipitation
of acetate salt and compared with the case using nitrate salts. The Cu/ZnO
catalysts derived from calcination of the washed and unwashed precursors show
catalytic performance comparable to the commercial Cu/ZnO/Al;Os catalyst in
CO2 hydrogenation at 240-280 °C and 331 bar. By the combination of urea
hydrolysis and the nitrate-free precipitants, the catalyst preparation is simpler
with fewer steps, even without the need for a washing step and pH control,
rendering the synthesis more sustainable.

This chapter is based on the following publication:
Phongprueksathat, N., Bansode, A., Toyao, T., & Urakawa, A. (2021) RSC
Advances, 11(24), 14323-14333.
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2.1 Introduction

One of the strategies to reduce greenhouse gas emissions and alleviate the
impacts of escalating global warming is carbon dioxide (CO2) conversion with green
H: (e.g., produced through water electrolysis sourced by renewable energies) into
chemicals such as methane, formic acid, methanol, dimethyl ether, and methyl
formate. Among those chemicals, methanol is positioned as the most versatile
chemical feedstock and energy carrier towards a fossil-fuel-free economy, known as
the “methanol economy”.! The green methanol production from CO: hydrogenation
has been demonstrated successfully on a relatively large scale at the “George Olah
Carbon Dioxide to Renewable Methanol Plant” in 2012 and it paves the way for
sustainable recycling of CO2.2 On the other hand, the current synthesis processes for
methanol synthesis catalysts are still far from eco-friendly. Most traditional
synthesis processes inevitably produce contaminated wastewater, which requires
extensive treatment before its release into the environment.? This harmful effluent
must be minimized and not released according to green chemistry principles as a
key path for sustainable chemical synthesis in the 21st century.*

Conventionally, the majority of industrial methanol synthesis catalysts
(e.g. Cu/ZnO/ALOs) have been prepared by co-precipitation of metal nitrate salts
and NaCO:s precipitant,’ that contributes to a considerable amount of nitrate-
containing wastewater from the washing process of the as-precipitated precursors
(approximately 500 L kg of catalyst (Supporting information)). Washing off nitrate
and sodium residues is crucial to prevent agglomeration of the active metal (Cu), its
poisoning, and thus catalyst deactivation. Concerning residual nitrate anions,
replacing Cu and Zn nitrates with other soluble inorganic salts such as respective
chlorides and sulfates are detrimental to catalytic activity since Cl and S residues
could act as poisons.®” An effective approach is the use of organic salts such as
formates or acetates, avoiding the generation of nitrate-contaminated wastewater
while forming active catalysts.”8 Concerning the residual sodium cations,
employing salts containing thermally decomposable cations, such as
(NH4)HCO:s and (NHa4)2COs, as a precipitant allows eliminating the washing step of
sodium cations, although an effective removal of anion, typically nitrate, by
calcination in the gas stream is still required to achieve the maximum
activity.” Supercritical antisolvent process is a recent approach to avoid the use of
precipitant completely although special equipment for a high volume of
supercritical CO: is required.!o"

Typically, a precipitant is added together with the metal nitrate precursor(s)
dropwise and in a controlled manner to precisely regulate the pH of the solution
and control the growth of catalyst precursor crystals. In this regard, hydrolysis of
urea (NH2CONH?2) is interesting and potentially advantageous because the
precipitant, (NH4)2COs, can be produced in situ in solution (Eqn. 2.1).12

NH2CONH:2 + 2H>0O — (NHz4)2COs Eqn. 2.1
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Similar to the co-precipitation using (NH)2COs precipitant, the
homogeneous alkalinization via urea hydrolysis of metal nitrate or chloride salts can
yield sodium-free hydroxycarbonates, such as copper hydrozincite ((CuxZni-
x)5(0OH)s(COs)2, when x < 0.1), aurichalcite ((CuxZni-x)s5(OH)s(COs)2, when x < 0.5),
rosasite ((CuxZni-+)2(OH)2(COs), when 0.5 < x < 0.7), and zincian malachite ((CuxZni-
x)2(OH)2(COs) when x > 0.7),"214 in which Cu and Zn are closely located in the same
crystalline structure.'>'¢ These hydroxycarbonates are essential for the formation of
Eqn. 2.1 of CuO-ZnO inter-dispersion during calcination, improving Cu-ZnO
contact after reduction and eventually producing more active catalysts than those
obtained by the impregnation method.'”18 On the contrary, the catalysts prepared by
urea hydrolysis usually possess higher crystallinity, smaller particle size, and more
uniform size distribution than co-precipitation using conventional precipitants
because of the gradient-free nature and less-fluctuating pH during the precipitation
process thanks to thein situ precipitant (NH4)2COs formation (Eqn. 2.1) whose
concentration is regulated by the rate of hydrolysis influenced by the consumption
of the precipitant in the solution. These features are beneficial to enhance the
reproducibility of the complex and highly sensitive synthesis process, where precise
semi-automatic synthesis equipment is generally required in the case of
conventional co-precipitation.’ Moreover, its application can be readily transferred
to an industrial-scale process employing a batch reactor.

In the past, Cu-based catalysts (e.g. Cu/ZnO and Cu/ZnO/Al:0s) prepared
by urea hydrolysis of nitrate salts have been reported for steam reforming of
methanol, - water-gas shift reaction,?-2 selective hydrogenation,®-¢ and liquid
phase methanol synthesis from syngas.?”° Most studies have shown higher copper
surface area, stronger metal-support interaction, and better catalytic performance
for COq-related reactions than conventional co-precipitated catalysts. These
properties should be highly beneficial for methanol synthesis catalysts.*%4! The
major parameters reported to influence the synthesis are temperature, aging time,
urea content, and precursors (metal salts) type,'? and they have been optimized in
the case of urea hydrolysis of nitrate salts. Such parameters, however, cannot be
applied directly for the urea hydrolysis of acetates due to the formation of different
meta-stable/stable phases.® Moreover, the washing remains crucial for nitrates-
derived catalysts, and the influence of such a step has never been investigated in the
urea hydrolysis of both nitrates and acetates.

In this study, we aim at simplifying the synthesis procedure of Cu/ZnO
catalyst and improving the quality of resulting material as methanol synthesis
catalyst by urea hydrolysis of metal acetates to (i) better control the precipitation
process, (ii) skip the washing step of cation like Na* and (iii) avoid the use of nitrates
in the precipitated precursor to prevent agglomeration of active Cu species upon
calcination. The focus of this work is given to optimize the precipitation
temperature, urea-to-metal salt ratio, and Cu-to-Zn ratio using acetate salts.
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2.2 Results and discussion
2.2.1 Influence of precipitation temperature

Temperature is one of the most critical parameters in solid synthesis by
precipitation. Here, the optimum precipitation temperature was determined
experimentally by correlating with the catalytic activity of the resulting catalyst. In
literature, the optimum temperature for co-precipitation of the precursor yielding
Cu/ZnO/AlL0:s catalyst for methanol synthesis is reported to be 60-70 °C.#2 In the case
of urea hydrolysis, however, the rate of urea hydrolysis (Eqn. 2.1) is associated with
precipitation temperature, and eventually determines the rate of alkilination (the
rate OH- generation and consequently increasing pH) in the solution. The promoted
nucleation rate from a rapid pH increase is beneficial for the formation of small
particle sizes and high crystallinity of the as-precipitated precursor.'* The smaller
Cu and ZnO particle sizes after calcination have been reported as increasing
precipitating temperature and the optimal temperature is reported at 95 °C.142343 The
catalysts prepared at the same temperature using nitrate salts in this study possess
comparable textural properties as reported in the aforementioned literature, as
shown in Table 2.2. However, the temperature of 95 °C is not suitable with acetate
salt since the catalytic activity obtained is inferior to that of 80 °C (Table 2.1). It
should be noted that mostly methanol and carbon monoxide are detected under all
conditions with only a trace amount (<1% selectivity) of other products
(e.g., methane, methyl formate, and diethyl ether).

Table 2.1 Properties and catalytic activity of the Cu/ZnO catalysts (Cu:Zn = 1:1) prepared by urea hydrolysis of
acetate at various U/M ratios at 70, 80, and 95 °C

Precipitation Average Composition® (Wt%) ¢, conversion CH30H
temperature (°C)  crystallite (%) selectivity (%)
size (nm)

CuO Zn0 CuO Zn0

70 8.1 4.7 80.1 19.9 62.3 96.0
80 4.1 6.7 45.8 55.2 67.7 97.8
95 4.9 6.4 37.6 62.4 64.6 96.5

2 Estimated by Rietveld refinement.

Clearly, incomplete precipitation of Zn?*is observed at 70 °C after 24 h of
synthesis since the rate constant of urea hydrolysis is 4 times lower than at 80 °C and
results in insufficient alkalization of the solution.* As described in the phase
diagrams of the Cu?* + Zn?* system, the Cu?* would precipitate first due to the larger
energy requirement for dehydration of aqueous Zn?,* which is directly related to
the higher solubility of zinc acetate (0.43 g mL") than copper acetate (0.072 g mL).
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Therefore, it is still challenging to carry out urea hydrolysis at even lower
temperatures e.g., 40 °C to obtain a superior zincian georgeite phase reported
recently.?

As shown in the X-ray diffraction (XRD) patterns of the as-precipitated
precursors (Figure 2.1), the major component/phase obtained at 70, 80, and 95 °C is
the aurichalcite phase. However, a large amount of CuO is precipitating at a
temperature of 70 °C. The XRD patterns of calcined catalysts are analyzed using
Rietveld refinement to estimate crystallite size and approximate phase composition
(Table 2.1). The lower CuO content in the catalyst obtained at the synthesis
temperature of 95 °C is likely associated with Cu leaching.’' On the other hand,
higher CuO content in the catalyst obtained at 70 °C can be associated with the
formation and decomposition of thermally unstable Cuz(OH)s3(CHsCOO)-H20
intermediate.> It is likely that the incomplete precipitation of Zn?* could limit the
formation of the aurichalcite phase and allows the firstly precipitated copper
intermediate to decompose. Based on these observations and also catalytic activity
(Table 2.1), the synthesis temperature of 80 °C is concluded to be optimal and is used
throughout this work.

e Aurichalcite: (Cu,Zn)s(OH)(CO,),
4 Copper Oxide (CuO)

.
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Figure 2.1 XRD patterns of the as-precipitated precursors for Cu/ZnO catalysts (Cu:Zn = 1:1) prepared by urea
hydrolysis of acetate salts with urea to metal cations molar ratio (U/M) of 10 at 70, 80, and 95 °C.

2.2.2 Influence of urea to metal ratio

The amount of urea used in co-precipitation is one of the key factors
determining the alkalinity of the solution in urea hydrolysis (Eqn. 2.1), thus
impacting the precipitating time, the structure of as-precipitated precursors, and
physical properties of the final catalyst. In early studies, an extremely excessive
amount of urea had been used together with a diluted metal salts solution to obtain
the aurichalcite structure.*3'4 However, the excess of urea promotes the formation
of copper ammonia complexes ([Cu(NHs)4(H20)2]>) that easily aggregate and in
turn, produce larger Cu particle size.”?” The optimal urea concentration should be
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identified to yield a precursor containing both Cu and Zn at the optimal molar ratio
with atomic dispersion and resulting in a highly active catalyst upon calcination.

To study the influences of urea concentration, the relationship between
catalytic activity and the urea to metal cations molar ratio (U/M ratio) was studied
using both nitrate and acetate salts (Figure 2.2). CO: conversion and CH3OH
selectivity at 260 °C and 331 bar increase significantly at a higher U/M ratio and
reach a constant value for both nitrate- and acetate-derived catalysts. The catalysts
synthesized at a higher U/M ratio exhibit comparable catalytic activity and higher
intrinsic  activity than the highly active and optimized commercial
Cu/ZnO/ALQ:s catalyst (also containing MgO promoter).

[ Nitrate
80 - [ Acetate 100 4

70+ L e

CO, Conversion (%)
8
CH,OH Selectivity (%)

10-H 0l

0-H— : 0+H—
UmM=1 2 3 4 7 10 Commercial UmM=1 2 3 4 7 10  Commercial
Cu/ZnO Cu/ZnO/AILO, Cu/ZnO Cu/ZnO/A1,O,

Figure 2.2 Influence of urea-to-metal molar ratio on the catalytic activity of Cu/ZnO catalyst (Cu:Zn = 1:1) derived

from nitrate and acetate salts, and commercial Cu/ZnO/Al,Os catalyst for CO, hydrogenation to methanol.

H2/CO2 =3, T =260 °C, P = 331 bar, GHSV = 8500 h"}, and TOS =6 h.

Moreover, extraordinary catalytic performances are achieved by high
pressure where the CO:2 conversion and CHsOH selectivity are boosted by the
enhanced reaction rate, thermodynamically favorable conditions, and surpassed
chemical equilibrium due toin situ condensation of methanol and
water.#0414748 COz conversion and CHsOH selectivity obtained with Cu/ZnO
catalysts under such conditions are by far the state-of-the-art.** Nevertheless, the
values of the intrinsic activity are probably not representing a true intrinsic activity
since the specific Cu surface area determined by N:O titration may not be identical
to the surface area during the reaction (severe deactivation).

The inferior activity of catalysts prepared at low U/M is attributed to poorer
physical properties of calcined catalysts such as lower BET surface area and larger
crystallite size of CuO and ZnO (Table 2.2). The XRD patterns of as-precipitated
precursors using the nitrate salts (Figure S2.1) indicate the formation of the
gerhardtite phase (Cu2(OH)3(NOs)) at low U/M as the main phase. This phase was
reported as an intermediate for aurichalcite and rosasite phases which were
observed during precipitation at low pH.® The presence of such a crystal phase
containing Cu as the only metal element should be avoided to obtain finely mixed
CuO-ZnO after calcination. Too low alkalinity due to the little amount of urea likely
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induced incomplete precipitation of Zn? since it requires a higher pH value (pH
10.1) than Cu? (pH 8.1) due to significantly higher solubility of zinc nitrate (184 g
mL-) compare to copper nitrate (0.419 g mL1).4¢

When acetate salts are used, the XRD patterns of as-precipitated precursors
(Figure 2.3) show the mixture of aurichalcite and CuO phase at a low U/M ratio of
4. The surprising formation of CuO without calcination treatment is explained by
the formation and decomposition of thermally unstable Cu2(OH)3(CHsCOO)-H20
intermediate as reported by Jia et al.*> On the other hand, the undesired copper
ammonia complex ([Cu(NHs)«(H20)2]*) is not observed at a high U/M ratio of 7 and
10 (Figure 2.3). Therefore, the optimal U/M ratio for urea hydrolysis of acetate is
found to be at least 7 up to 10.

4 Copper oxide: CuO
e Aurichalcite: (Cu,Zn)5(OH)4(CO;),

A i UM =4

i \ 1 H‘\ i
\~W\-f‘/ \J\\J‘u VVNW}*UW_/M =7

26 (°)

Intensity (a.u.)

Figure 2.3 XRD patterns of the as-precipitated precursors of Cu/ZnO catalysts (Cu:Zn = 1:1) prepared by urea
hydrolysis of acetate salts with various urea to metal molar ratios (U/M) of 4-7 at 80 °C.
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Table 2.2 Textural properties of the Cu/ZnO catalyst (Cu:Zn = 1:1) prepared by urea hydrolysis of nitrate and acetate salts at various U/M ratios

Average crystallite size® (nm)

Precipitation U/M ratio BET surface area  Cu surface area? Intrinsic activity®

Catalysts temperature (°C) (m2g?) (m2g?) Cuo 7n0 (mmolCH OH mc,™2 h?)
Cu/ZnO (nitrate) 95 1 9 — 40.5 427 -

95 2 28 — 27.5 18.7 —

95 3 74 - 6.2 7.8 —

95 4 57 — 6.9 6.9 —

95 10 64 — 5.1 7.1 —

80 10 53 7 6.9 8.5 5.0
Cu/ZnO (acetate) 80 4 56 11 8.5 5.1 2.8

80 7 54 19 8.7 8.8 1.8

80 10 70 13 4.1 6.7 2.6
Commercial Cu/ZnO/Al;03 _ - 102 19 6.3 4.2 1.8

aDetermined by N2O chemisorption. ® Estimated by Rietveld refinement. ¢ Based on methanol productivity at H,/CO, = 3, T = 260 °C, P = 331 bar, GHSV = 8500 h-1,
and TOS = 6 h.
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2.2.3 Influence of metal salts and washing step

To compare the influence of metal salts on as-precipitated
precursors, the urea hydrolysis of nitrate and acetate salts is carried out at the
same temperature (80 °C) and U/M ratio of 10. The pH evolution of the
suspension of nitrate and acetate salts is measured as shown in Figure S2.2.
The nitrate and acetate solutions have different initial pH and progression
suggesting the formation of different meta-stable phases. The overall pH of
both nitrate and acetate suspension increases during urea hydrolysis and
eventually reaches the same value of 6.5 after 24 h. It should be noted that the
pH of 6.5-7 is commonly used for conventional co-precipitation where the
alkaline solution is constantly added to maintain the pH value.?® A gradual
increase in pH and simultaneous aging allows precipitation and active phase
transformation to take place slowly, which improves crystallinity. However,
there are sudden drops in pH during 2-8 h, which may indicate the
crystallization ~of rosasite  ((Cu,Zn)2(OH)2COs) and  aurichalcite
((Cu,Zn)s(OH)s(CO3)2).5%51 As shown by XRD patterns of as-precipitated
precursors (Figure S2.3), only the aurichalcite phase is observed in the
acetate-derived precursors, while the rosasite phase is abundant in the
nitrate-derived precursors. It should be noted that the precursor structure is
sensitive to the precipitation temperature; only the aurichalcite phase is
observed in the nitrate-derived precursors if prepared at 95 °C.

Moreover, the platelet shape of the aurichalcite phase and the needle-
like shape of rosasite are confirmed by a scanning electron microscope (SEM)
(Figure 2.4). The needle-like structure of rosasite has been proposed to give a
superior catalyst after calcination than an unfavorably larger platelet
structure of aurichalcite.’® However, it is noticeable that the crystallite sizes
of the platelet aurichalcite derived from acetate salts (Figure 2.4b) are
apparently much smaller than needle-like rosasite derived from nitrate salts
(Figure 2.4a). The smaller crystallite size of the aurichalcite phase is evident
from the XRD patterns (Figure S2.3). The less thickness (smaller size) of the
crystallite needle is reported to be one of the critical properties that affect Cu
particle size since it makes Cu more accessible to reactant gas upon
decomposition.”?? Therefore, the smaller crystallite size of aurichalcite may
explain the favorable textural properties of the acetate-derived catalysts after
calcination in terms of metallic copper and total surface area than those of the
nitrate-derived one (Table 2.3).
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Figure 2.4 Representative SEM images of washed as-precipitated precursors for CuO/ZnO (Cu:Zn = 1:1)
derived from urea hydrolysis of a nitrate and b acetate salts

Table 2.3 The textural properties of Cu/ZnO catalysts (Cu:Zn = 1:1) derived from urea hydrolysis of nitrate
and acetate salts at 80 °C for 24 h with the urea-to-metal molar ratio of 10 and commercial

Cu/ZnO/Al203 catalyst

Average crystallite

Intrinsic activity®

BE a . b

Catalyst arez ?runrzfac_?) cu Sl;r::?ci?rea size” (nm) (mmolcxzon Mmeu™

& & cuo Zno h-%)
Nitrate-unwashed Cu/ZnO 25 4 19.2 47.9 3.9
Nitrate-washed Cu/ZnO 53 7 6.9 8.5 5.1
Acetate-unwashed Cu/ZnO 70 16 4.8 6.6 2.3
Acetate-washed Cu/ZnO 70 13 4.1 6.7 29

i Z

Commercial Cu/ZnO/Al,03 102 19 6.3 42 1.9

(64/25/ 10 wt%)

2 Determined by N2O chemisorption.  Estimated by Rietveld refinement. ¢ Determined by ICP elemental
analysis.*® Based on methanol productivity at Ho/CO2 = 3, T = 280 °C, P = 331 bar, GHSV = 8500 h%, and

TOS=6h.

Scanning transmission electron microscopy (STEM) with high-angle
annular dark field (HAADF) and X-ray energy dispersive spectroscopy (EDS)
mapping images of the catalyst obtained after calcination of the washed

41



acetate-derived precursor are shown in Figure 2.5. The images confirm the
inter-dispersion of ca. 8-10 nm size CuO and ZnO comparable to crystallite
size as obtained from the Rietveld refinement (Table 2.3). Similar
homogeneous inter-dispersion of CuO, ZnO and AL:Os particles is observed
in the EDS mapping from commercial Cu/ZnO/AL:Os (Figure 2.6). On the
other hand, the EDS mapping of the washed nitrate-derived catalyst (Figure
2.7) shows inter-dispersion Cu and Zn components but with larger CuO and
ZnO particle sizes of 30-100 nm, which results in a relatively lower copper
surface area than the acetate-derived catalyst (Table 2.3).

Figure 2.5 Representative HAADF-STEM images a-c and EDS analysis d-f of fresh CuO/ZnO (Cu:Zn = 1:1)
catalyst derived from urea hydrolysis of acetate salts (washed).
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Figure 2.6 a-b Representative HAADF-STEM images and c-f EDS analysis of fresh commercial
Cu0/Zn0O/Al203 catalyst.

Figure 2.7 a Representative HAADF-STEM images and b-d EDS analysis of fresh CuO/ZnO (Cu:Zn = 1:1)
catalyst derived from urea hydrolysis of nitrate salts (washed).



The washing procedure did not affect XRD patterns (Figure 5§2.3) and
those of the washed and unwashed precursors are identical. On the other
hand, the presence of unwashed residues is evident from the
thermogravimetric analysis with derivative thermogravimetry (TGA/DTG)
results (Figure S2.4). The total mass loss of as-precipitated precursors is 28-
30% for the nitrate-derived catalysts and 26-28% for the acetate-derived
catalysts. The unwashed residues account for ca. 2.5% of extra mass loss. The
major mass losses at 350 and 400 °C are attributed to the decomposition of
aurichalcite and rosasite, respectively,! which correspond to the phases
identified by XRD (Figure S2.3). From the TGA/DTG results (Figure S2.4), a
high-temperature carbonate phase (HT-COs) is found only in the case of
acetate-derived precursors atca.480 °C,'similar to previously reported
zincian georgeite precursor.® The existence of HT-CO:s after calcination
provides a positive effect on Cu dispersion by suppressing sintering Cu
during exothermic reduction pretreatment.’*5* However, low-temperature
mass losses at 225 and 260 °C are detected only in the case of unwashed
nitrate and acetate precursors, which are attributed to the decomposition of
NH4(NOs) and CHsCOONHa4, respectively.®5 The decomposition of such
ammonium residues during calcination is exothermic and promotes not only
the metal agglomeration but also the removal of the high-temperature
carbonate phase.® Table 2.3 shows that the washing step is essential for
nitrate-derived catalysts to exhibit more favorable textural properties as
active catalysts. The activity loss during calcination of nitrate is due to the
formation of NOx that promotes metal agglomeration,’ and can be avoided
by decomposition under the gas flow (N2, NO, or air), which was found to
effectively remove remaining nitrate from the unwashed Na-free
precursors.” On the other hand, the textural properties of the catalyst derived
from unwashed acetate precursors are not penalized, even upon calcination
in the stagnant air of the muffle furnace, suggesting that the washing step
could be skipped completely.

The catalytic performance of the materials listed in Table 2.3 in
comparison to the commercial Cu/ZnO/AlL2Os catalyst in high-pressure
CO2 hydrogenation to methanol at 240-280 °C and 331 bar is shown in Figure
2.8. The commercial Cu/ZnO/AlLOs catalyst shows increasing COz conversion
and CHsOH selectivity with increasing temperature from 240 to 280 °C. The
improvement in the catalytic performance is small above 260 °C due to the
shift from a kinetically controlled to a thermodynamically-controlled regime
which can be achieved under very high-pressure conditions.*’ The optimal
temperature is found to be 280 °C and higher temperatures will in turn
decrease both CO:conversion and CHsOH selectivity due to the
thermodynamic equilibrium limitation.*! The catalysts derived from washed
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acetate and nitrate precursors exhibit similar trends and achieve comparable
CO:z2 conversion and CHsOH selectivity as commercial
Cu/ZnO/ALOs catalysts, although the performance of the acetate-derived
catalyst is superior. Importantly, the washing step did not affect the catalytic
performance of the acetate-derived catalysts. In contrast, the unwashed
nitrate-derived catalyst shows much lower activity than the washed one, as
expected from the inferior textural properties (Table 2.3). The results clearly
show that urea hydrolysis using acetate salts can produce a very active
catalyst and render the catalyst preparation simpler with less amount of
wastewater.
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= 240 °C = 240°C
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Nitrate-precursor Acetate-precursor Cu/ZnO/AlL O, Nitrate-precursor Acetate-precursor Cu/ZnO/AlL O,

Cu/ZnO via urea hydolysis Cu/ZnO via urea hydrolysis

Figure 2.8 Influences of washing of as-precipitated precursors derived from nitrate and acetate salts on
a COz conversion b CH30H selectivity of Cu/ZnO catalyst (Cu:Zn = 1:1) for CO2 hydrogenation to
methanol. H2/CO2 = 3, T = 240, 260 and 280 °C, P = 331 bar, GHSV = 8500 h'l, and TOS=6h.

It should be noted that Cu content in Cu/ZnO (1:1) catalysts (50 wt%
CuO) is lower than the commercial Cu/ZnO/Al:0Os catalyst (64 wt% CuO) by
14 wt% so is the Cu surface area (Table 2.3). This indicates that the intrinsic
activity is higher, which agrees with the study done by Behrens et al.; the
intrinsic activity of Cu® significantly decreases with increasing Al2Os content
and higher Cu surface area.” However, the Cu surface area alone cannot
reflect the catalytic activity of the catalyst since Cu in the vicinity of ZnO has
been reported to be particularly active for methanol production (e.g. Cu steps
decorated with Zn atoms or strong metal-support interaction).% The Cu
content up to 80 wt% is employed for the preparation of Cu/ZnO or
Cu/ZnO/AlL0O:s catalysts via conventional co-precipitation since it is favorable
for the formation of zincian malachite phase forming a highly active structure
after calcination.># With urea hydrolysis of acetate salts, an active catalyst
can be prepared with lower active Cu metal usage and less water treatment,
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which likely, in turn, reduces the cost of catalyst production. Therefore, the
effect of Cu content (Cu:Zn ratio) will be further investigated in the following
section.

2.2.4 Influence of Cu:Zn ratio

In addition to the studied parameters reported above, the ratio
between Cu?" and Zn? during co-precipitation plays also a decisive role in
determining the structure of precipitated hydroxylcarbonate precursors that
finally determine the Cu-ZnO inter-dispersion and the catalytic activity of
final Cu/ZnO catalysts. The common reported structures are copper
hydrozincite ((CuxZnix)5(OH)s(COs)2, when x < 0.1), aurichalcite ((CuxZnu-
)5(OH)s(CO:s)2, when x < 0.5), rosasite ((CuxZni-x)2(OH)2(COs), when 0.5 < x <
0.7), and zincian malachite  ((CuxZni+)2(OH)2(COs)  when x>
0.7).1516 Industrially, Cu:Zn ratios in the range of 7:3 to 2:1 are chosen to yield
a desired zincian malachite precursor.® In this study, catalysts derived from
acetate salts (washed) having Cu:Zn ratios of 1:3, 1:1, and 3:1 are tested. The
XRD patterns of as-precipitated precursors confirm the formation of different
phases upon changing from the Cu-rich to the Zn-rich solution. The
aurichalcite phase is the main phase at the Cu:Zn ratio of 1:3 and 1:1, while
the zincian malachite phase is the main one at 3:1 (Figure S2.5). Calcination
of these precursors produce CuO/ZnO (or Cu/ZnO after reduction) with
textural properties shown in Table 2.4. As expected, the increasing relative
amount of Cu (i.e. higher Cu/Zn ratio) results in decreased Cu dispersion,
while increasing the specific Cu surface area with a maximum at the Cu:Zn
ratio of 1:1 (Table 2.4). In literature, the Cu:Zn ratio of 1:1 is hypothetically
favorable for a highly active catalyst. The hydroxylcarbonate precursors with
the Cu:Zn ratio of 1:1 should yield the smallest CuO and ZnO particles and
the highest inter-dispersion upon decomposition (nano-structuring).252 The
excess amount of Cu leads to lower specific Cu surface area and larger
crystallite size mainly due to CuO agglomeration and insufficient ZnO
stabilizer functioning as a spacer to prevent sintering (3:1, Table 2.4). As a
reflection of the highest Cu surface area, the highest CO: conversion and
CH3OH selectivity are obtained with Cu/ZnO (1:1) catalyst (Figure 2.9).
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Table 2.4 The textural properties of Cu/ZnO catalysts derived from urea hydrolysis of acetate salts at 80 °C for 24 h with the urea-to-metal molar ratio of 10 with
washing step, and commercial Cu/ZnO/Al,0s catalyst

Cu:Zn molar ratio BET surface area Cu surface Average crystallite size® (nm) Intrinsic activity?

2 -1 - Cu dispersion (%) R
of Cu/ZnO catalysts (m2g™) area® (m?g) Cuo 7n0 (mmolcxzon meu™? h?)
1:3 65 9 18 2.8 7.1 3.8
1:1 70 13 13 4.1 6.7 2.9
3:1 71 12 8 4.8 3.8 3.0
Commercial
Cu/Zn0O/Al,03 102 19 16 6.3 4.2 1.9
(64/25/10 wt%)©

2 Determined by N>O chemisorption. ® Estimated by Rietveld refinement. ¢ Determined by ICP elemental analysis. ¢ Based on methanol productivity at Ho/CO, = 3, T =

280 °C, P = 331 bar, GHSV = 8500 h~', and TOS =6 h.
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Even though the catalytic activity of Cu/ZnO (1:3) is slightly lower
than the commercial Cu/ZnO/Al20s and other Cu/ZnO catalysts reported
in Figure 2.9, Cu utilization (weight basis) towards methanol formation is the
highest thanks to the high copper dispersion. The weight-time-yields of
methanol (WTYcusOH) per amount of Cu at 280 °C and 331 bar are found to
be Cu/ZnO (1:3) > Cu/ZnO (1:1) > Cu/ZnO/Al20s3 > Cu/ZnO (3:1) for 5177 >
2780 > 1887 > 1656 mg gcu™ hl, respectively. This suggests that the amount of
Cu metal could be reduced with a slight compromise of catalytic activity.
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Figure 2.9 Influences of Cu:Zn molar ratio in Cu/ZnO catalyst derived from acetate salts (washed) on a
CO2 conversion and b CH30H selectivity from CO2 hydrogenation to methanol. H2/C02 =3, T=260°C, P =
331 bar, GHSV = 8500 h_l, and TOS =6 h.

2.2.5 Stability test

The stability of the Cu/ZnO derived from the unwashed acetate
precursors was compared with a commercial Cu/ZnO/Al20s catalyst at 280
°C and at a relatively high space velocity to induce faster deactivation (Figure
2.10). Both catalysts have shown similar trends of activity with time-on-
stream (TOS) followed by a gradual decrease in CO:conversion. The
Cu/ZnO/ALOs catalyst (Figure 2.10a) reached the maximum conversion of
76% and CHsOH selectivity of 96% within 7 h, then these values started to
decrease by 9% and 1.5% after 94 h, respectively. On the other hand, the
Cu/ZnO catalyst (Figure 2.10b) has reached the same value of maximum
conversion and selectivity within 5 h of TOS. However, the activity started to
decline more rapidly, and the catalyst lost up to 24% lower CO2 conversion
and 3% lower methanol selectivity after 147 h. This comparably poor stability
of the Cu/ZnO catalyst is expected since Al20zis known to function as a
structural promoter that provides resistance against sintering.c
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Incorporation of such promoters using Al(CHsCOO)2(OH) via this
synthesis route is possible without precursor washing; however, this is out of
the scope of this work and the influences of Al amount on catalyst structures
and activity need to be investigated.

Characterization of the spent catalysts by XRD (Figure 52.6) confirms
that Cu sintering is the main cause of deactivation; the crystallite size of
metallic Cu increases on average from 11.2 nm to 20.7 nm toward the end of
stability testing. The increase in Cu size over time is related to a slight increase
in CO selectivity, which reflects the structure-activity of the Cu/ZnO
catalyst.st The Cu crystallite growth over the Cu/ZnO/Al:Os catalyst due to
the presence of the water partial pressure is reported.s Under a very high-
pressure condition of 331 bar, CO:z can react with ZnO into a more stable
phase ZnCOs.22 The formation of rigid ZnCOs helps slower growth of Cu
crystallite size.© Moreover, weaker interaction between water and
ZnCOs than ZnO seems to improve the activity of the Cu-based catalyst
under liquid phase methanol synthesis.® The understanding of the involved
mechanisms and electronic properties of both ZnO and ZnCO:s is still limited,
and the role of ZnCOs on catalytic activity and stability will be investigated
in future work.

2.3 Conclusions

The sodium- and nitrate-free precursors of the Cu/ZnO catalysts
were successfully prepared via the facile urea hydrolysis method using
acetate and nitrate salts. At the optimal preparation conditions, the small
aurichalcite structure is obtained leading to superior catalytic activity from
the nitrate-derived catalyst. Moreover, the washing step was completely
omitted from the acetate-derived catalyst while retaining high catalytic
activity. This unwashed acetate-derived catalyst exhibited excellent time-on-
stream stability even in an absence of Al20s which is normally present as a
structural promoter in the commercial Cu/ZnO/Al20s.

2.4 Experimental
2.4.1 Raw materials

The following raw materials were used for co-precipitation: copper
(I) nitrate trihydrate (p.a. 99-104%, Sigma-Aldrich), zinc (II) nitrate

hexahydrate (98%, Sigma-Aldrich), copper (II) acetate hydrate (98%, Sigma-
Aldrich), zinc (II) acetate dihydrate (297%, Alfa Aesar), urea (99%), deionized
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water was used from a Millipore system. The commercial methanol synthesis
catalyst (Cu/ZnO/Al:0Os) was purchased from Alfa Aesar (Product ID: 45776).

2.4.2 Preparation of Cu/ZnO via urea hydrolysis method

The Cu/ZnO catalysts were prepared batchwise in a 500 mL round-
bottom flask with reflux condensation and internal temperature control. An
aqueous solution containing Cu(CH3COOQ)2, Zn(CHsCOO)2, and urea were
freshly prepared and mixed at room temperature. The total concentration of
Cu? and Zn?" in the solution was kept constant at 0.25 M. The Cu:Zn ratio in
the solution was varied from 1:3 to 3:1 to adjust the Cu content of the
CuO/ZnO catalyst, while the molar ratio of [urea]/[Cu? + Zn?"] was varied
from 1-10. The mixed solution was added to the flask and heated to 70-95 °C
with 10 °C min™ using a heating mantle and while stirring vigorously at 1000
rpm using a magnetic stirrer. After 24 h of the precipitation process, the as-
precipitate precursor was filtrated, optionally washed with adequate
deionized water, and dried in an oven at 80 °C overnight. The dried precursor
was calcined at 300 °C in a muffle furnace for 1 h at a heating rate of 2 °C
min™. The calcined catalyst powder was pelletized with a pressing die,
crushed in a mortar, and sieved to the size of 100-300 um. The palletization
pressure was 370 kg cm™ or ca. 363 bar, similar to the reaction pressure, to
ensure no deformation of the catalyst pellets during gas pressurization. The
same synthesis procedure was used to prepare catalysts from aqueous
Cu(NOs)2, and Zn(NO:s)2 solution.

2.4.3 Catalyst characterizations

The fresh and spent catalysts were characterized by various methods.
The thermal decomposition of catalyst precursors is measured by a Mettler
Toledo DSC822 thermogravimetric analyzer (TGA). The BET surface area of
the catalyst was analyzed using a Quantachrome Autosorb 1-MP surface area
analyzer. The reducibility of the catalyst is studied by temperature-
programmed reduction (H2-TPR) on Thermo TPDRO 1100 equipped with a
TCD detector. The copper surface areas were measured by N20 pulse
chemisorption at 90 °C, in which samples were reduced by 5% H2 in the He
stream at 300 °C before analysis.# A relatively harsh reduction condition is
used to ensure the reduction of the catalysts as shown (Figure S2.7). Powder
X-ray diffraction (XRD) patterns were attained using a Bruker AXS D8
Advance diffractometer equipped with a Cu tube. The Rietveld refinement
ware calculated using X'Pert HighScore Plus. Scanning electron microscope
(SEM) images were obtained by Hitachi HD-2000. High-angle annular dark-
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field imaging (HAADF) was performed using a JEM-ARM200F scanning
transmission electron microscope (STEM) equipped with a JEOL JED-2300 X-
ray energy dispersive spectrometer (EDS). Samples were prepared by
dropping an ethanol solution containing the catalyst on carbon-supported
Mo grids.

2.4.3 Catalyst testing

The catalytic tests were carried out in a high-pressure setup as
reported elsewhere.® In a typical test, 200 mg catalyst was packed between
quartz wool inside a 1/4 inch fixed-bed continuous flow reactor (ID 2.79 mm).
The catalyst was reduced in situ at 260 °C with 90% Hz/Ar (25 NmL min) for
2 h under atmospheric pressure. A relatively harsh reduction condition was
used to ensure the reduction of the catalysts and to reach a stable state of the
catalyst shortly. The reduction temperature had negligible effects on the
catalytic activity (Figure S2.8). After cooling down to 30 °C, the H2/CO2/Ar
mixture with vol% of 69%/23%/8% was fed into the reactor and pressurized
to 360 bar (the reactant pressure is 331 bar). The total flow rate of the gas
mixture is kept at 16.7 NmL min to achieve a gas-hourly space velocity of
8500 h! equivalent to 5 NL g ! h™l. The products were analyzed by an online
gas chromatograph (Bruker, GC-450) equipped with a flame ionization
detector for methanol, methyl formate, diethyl ether, and other
hydrocarbons, and a thermal conductivity detector for permanent
gases e.g. COz, Ho, Ar, CO, CHa.
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Supporting information

Chapter 2

Estimation of wastewater production

According to the study of Prieto et al. (Catal. Today, 2013, 215, 142-
151.), the influence of washing on physical properties and -catalytic
performance has been thoroughly studied. The as-precipitated precursors
were submitted to up to 7 washing steps by resuspending the solid in
deionized water, vigorously stirring the suspension for 5 min, and following
by filtration of the solid. Each washing step required 50 mL g~ dried solid
and 7 steps are required to remove nitrate and sodium from the precipitate
and achieve the highest catalytic performance. From that information, the
amount of wastewater produced per amount of catalyst can be calculated as
follows (assuming 70% weight loss from calcination).

The volume of wastewater =
50 L 100 kgprecipitate

x =500 L /
- step 70 kgcatalyst kgcatalyst

7 steps x
precipitate
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Figure S2.1 XRD patterns of the as-precipitated precursors and calcined Cu/ZnO catalysts (Cu:Zn = 1:1)

prepared by urea hydrolysis of nitrate salts with various urea to metal molar ratios (U/M) of 1-10 and
washing step at 95 °C
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Figure S2.2 Evolution of the pH of the solution during synthesis of Cu/ZnO catalysts (Cu:Zn = 1:1) through
urea hydrolysis of nitrate or acetate salts with urea to the metal molar ratio (U/M) of 10 at 80 °C.
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Figure S2.3 XRD patterns of as-precipitated precursors for Cu/ZnO (Cu:Zn =
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hydrolysis of nitrate and acetate salts with urea to the metal molar ratio (U/M) of 10 at 80 °C.
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Figure S2.4 Thermogravimetric analysis (TGA) and differential thermal gravimetric (DTG) of washed and
unwashed as-precipitated precursors derived from urea hydrolysis of nitrate and acetate metal salts with
urea to the metal molar ratio (U/M) of 10 at 80 °C. T = 30-600 °C, ramp rate 10 °C min~* under air.
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Figure S2.5 XRD patterns of as-precipitated precursors for Cu/ZnO with Cu:Zn of 1:3, 1:1, and 3:1
prepared by urea hydrolysis of acetate salts.
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Figure S$2.6 XRD patterns of Cu/ZnO (1:1) catalyst prepared by urea hydrolysis of acetate salts without
washing step after reduction and stability test. H,/CO, = 3, T =280 °C, P = 331 bar, and GHSV 17,000 h™.
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Figure S2.7 Hx-TPR profiles of the CuO/ZnO catalysts with various Cu contents.
Reduction conditions: 5% Hz/Na, F =20 NmL min?, T = 50-600 °C and ramp rate = 2 °C min%.
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Figure S2.8 Effect of reduction temperature on the catalytic activity of the Cu/ZnO (1:1) catalyst.
Reduction conditions: 90% Ha/Ar, F =20 NmL min~%, and T = 220-340 °C. Reaction conditions: H,/CO = 3,
T =260 °C, P =331 bar, GHSV =8500 h™%, and TOS =6 h.
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3

From CO or CO,?:

space-resolved insights

into high-pressure CO; hydrogenation
to methanol over Cu/ZnO/Al,03




Abstract

The reaction pathway of high-pressure CO; hydrogenation over a
Cu/ZnO/Al20s catalyst is investigated through the gradients of
reactants/products concentration and catalyst temperature within the
catalytic reactor. This study reveals that methanol is formed through direct
CO2 hydrogenation at low temperature, while above 260 °C methanol
formation is mediated via CO which is formed by reverse water-gas shift
reaction.

This chapter is based on the following publication:
Gaikwad, R., Reymond, H., Phongprueksathat, N., Rudolf von Rohr, P., &
Urakawa, A. (2020) Catalysis Science & Technology, 10(9), 2763—2768.
“The three first authors contributed equally to this work.
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3.1 Introduction

The increasing atmospheric CO: concentration demands urgent
actions to reduce CO:z emissions by converting CO: into useful chemicals and
fuels. Among various chemicals derived from CO2 methanol has
considerable potential as a liquid fuel, hydrogen carrier, and
Ci feedstock.’? Methanol can now be synthesized on commercially relevant
scales via CO:z hydrogenation over Cu/ZnO/Al:Os-based catalysts at 200-300
°C and 10-100 bar,** which is by far the most mature technology for efficient
CO2 conversion.! From a mechanistic point of view, methanol synthesis from
COz20ver  Cu/ZnO/ALQO:s catalysts may  occur  through  direct
CO2 hydrogenation (Eqn. 3.1) or through reverse water-gas shift (RWGS)
(Eqn. 3.2) followed by CO hydrogenation (Eqn. 3.3).2

Since methanol synthesis from CO:accompanies CO formation,
early studies concluded that CO hydrogenation is the main reaction pathway
over Cu/ZnO catalysts.>” However, the C*O2 isotopic labeling indicated that
methanol can be produced from both CO and CO: by which
CO:z hydrogenation is the primary pathway at 220 °C.8 The “CO
and “CO:z isotopic labeling also supported that COz2 is the primary source of
methanol instead of CO at 250 °C.° The intrinsic CO2 hydrogenation rate is
~20 times faster than CO hydrogenation, especially at low
conversion,'’ although the CO:hydrogenation is suppressed at high
conversion due to water formation.!! In contrast, DFT calculations showed
the rate of the RWGS to form CO becomes ~100 times higher than
CO: hydrogenation to methanol at a higher temperature (300 °C), in
agreement with the experiment.!”? However, such CO rather accumulates as a
product since CO hydrogenation is slower than CO:z hydrogenation. Another
set of DFT calculations fitted to published experimental rate data under
realistic conditions suggested that CO2 hydrogenation is responsible for ~2/3
of methanol production.’®It was later confirmed by isotope tracing
experiments in *CO/"2COz/Hz that CO2is the dominant carbon source in
methanol product at 240 °C. However, the source of carbon gradually shifts
from COzto CO as the temperature is lowered (toward 160 °C)."* It was
proposed that CO hydrogenation could also be inhibited by the formation of
formate intermediates at higher CO2 concentrations (230 °C).1516 The isotopic
labeling using H/D substitution suggested that methanol formation from
CO2 does not occur via consecutive RWGS and CO hydrogenation (at 250
°C),"” and rather RWGS and CO: hydrogenation occur independently (220-
260 °C).1718 Although some debates exist, methanol formation from CO: as
the carbon source is currently the most widely accepted mechanism for
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Cu/ZnO-based catalysts, supported by both experimental findings and
theoretical calculations mentioned above.

Thermodynamically, both CO and CO:hydrogenation reactions
produce methanol, but the predominant reactions depend on the operating
conditions.!” The favorable conditions for CO: hydrogenation to methanol
are high pressure and low temperature according to Le Chatelier's principle,
as obvious from Eqn. 3.1,>and the advantages of high-pressure reaction
conditions above 200 bar in terms of CO:conversion (>90%), methanol
selectivity =~ (>95%), and methanol vyield have been recently
demonstrated.?0?! In practice, however, there is an optimum reaction
temperature where reaction kinetics are favorable, and simultaneously,
endothermic RWGS does not rule the product selectivity. For example, in the
previous studies (200 and 360 bar), the CO selectivity is surprisingly high at
170-200 °C, while it starts to decrease to the minimum as the temperature
increases to 260 °C, indicating the CO hydrogenation towards the formation
of methanol.?! Similarly, CO selectivity increases at high space velocities,
implying that CO-mediated path may be active under high-pressure
conditions, which is indeed in accordance with early studies at high pressure
(415 bar).> Most mechanistic studies aiming at elucidation of the reaction
pathway are performed at low to moderate pressure (<30 bar) and there are
no convincing mechanistic clues reported to date for high-pressure methanol
synthesis above such pressure.

This study aims at clarifying dominating reaction pathways and the
source of carbon, CO or COy, resulting in methanol from the concentration
profiles of the reactants/products as well as that of the catalyst temperature
along the axial direction of the reactor packed with a commercial
Cu/ZnO/AL0Os catalyst at 200 and 360 bar (reactant pressure of 184 and 331
bar).202! Changing space velocity by varying the reactant flow rate and/or
catalyst amount is one way to gain the information;?? however, this approach
may influence mass transfer characteristics and also temperature gradient
(higher mass flow rate can result in more prominent temperature gradient
due to endo-/exo-thermicity of the reactions). In this study, we developed a
method to study quantitatively the concentration of reactant/product fluids
based on gas chromatography (GC) and Raman spectroscopy looking at
different locations of the catalyst bed. Furthermore, infrared (IR)
thermography was used to monitor the catalyst temperature
under operando high-pressure reaction conditions to gain support on the
reaction mechanisms through exo- and endo-thermicity.
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3.2 Experimental

The high-pressure reactor setup and used materials are explained in
detail in  supporting information. Briefly, the commercial
Cu/ZnO/ALQ:s catalyst® was packed in a stainless steel (SS) or sapphire
capillary reactor where three split catalyst beds were separated by empty
spaces (P1-P4) for gas sampling and quantification. In the case of the SS
reactor (Figure 3.1a), the gas sampling for GC analysis was performed by
needle valves connected to the void sections. The amount of the sampled gas
was sufficiently small (confirmed by GC) so that it did not affect the overall
catalytic activity. For Raman spectroscopic determination of fluid
concentration, a Raman laser (532 nm) was focused onto the void sections
filled with quartz wool in the sapphire reactor (Figure 3.1b, S3.1 and
§3.2, holding reactant pressure up to 200 bar, 350 °C). The major advantage
of the GC analysis is the accuracy in the quantification and that of the Raman
analysis is the non-perturbing nature of the sampling on the flow behavior.

online GC analysis

~ 1

Catalyst bed

Inlet i S Outlet  gpiine GC
il B I3 Bl gt

operando Raman spectroscopy

Figure 3.1 Schematic of catalyst beds configuration for a a stainless-steel reactor with gas sampling valves
at P1-P4, and b a sapphire reactor with Raman spectroscopic gas analysis at P1-P4 and gas
chromatographic analysis at the outlet.

3.3 Result and discussions

First, concentration profiling atP1-P4 was performed during
CO2 hydrogenation at the stoichiometric ratio (H2/CO2 = 3) in the SS reactor
at three temperatures (180, 260 and 340 °C) and two pressure conditions (184
and 331 bar). CO2 conversion and carbon-based mole fractions F (both in %),
which are defined as CO: conversion scaled by respective product selectivity
(thatis in 0-1 scale, leading to Fcrson + Fco = Xcoz). These quantities were used
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to understand in a facile fashion how much CO: is converted and into which
product.

Figure 3.2a and 3.2b show the catalytic performance in terms
of Xcoz, Ferson and Feo at 180 °C at 184 bar and 331 bar, respectively. At this
low reaction temperature, we observe low CO: conversion but high methanol
selectivity, thus a high fraction of methanol. What is prominent are
the X and F profiles and their differences. At this low conversion, virtually
the partial pressure of the reactants (CO2 and H>) is unaltered throughout the
catalyst bed and generally one expects little change in the reaction rate and
product selectivity due to full kinetic control at different positions of the
catalyst bed. However, this is not the case and lower COz2 conversion is more
prominent at the lower investigated pressure (184 bar, Figure 3.2a) where
CO:z conversion does not linearly increase between P2-P3, and even drops
between P3-P4. When the rate of CO2 conversion is decreased, the fraction of
methanol also decreases. Assuming that the intrinsic reaction selectivity at
this temperature is almost 100% towards methanol (judging from the values
atP2), the only explanation for the CO:2conversion drop is methanol
decomposition (CHsOH — CO + 2Hz),? especially between P2-P3. However,
since the water partial pressure is expected to rise along with along the
catalyst bed and the CO:conversion between P3-P4, steam reforming
(CHs0H + H20 — CO2 + 3H>) is supposed to take place. Although the reports
on gas-phase methanol decomposition and steam reforming at such high
pressure are expectedly limited, there is evidence suggesting that such
reactions occur even at 250-450 bar under supercritical water,? and its
kinetics can be enhanced as the number of collisions increases with pressure.
Moreover, the slight decrease in CO fraction also indicates the forward water
gas shift reaction. This explanation is also in accordance with high CO
selectivity at low temperatures, as found in the previous work.?! Based on the
profiles of CO:2 conversion and product fractions, at 331 bar (Figure 3.2b) this
methanol decomposition and steam reforming to CO and CO: (generalized
as “methanol decompositions”) also takes place but to a significantly lesser
extent. This is likely due to the pressure effects affecting to shift the
equilibrium towards the product (methanol) side, showing one of the unique
advantages of high-pressure reaction conditions.?02!

64



60 1 P2 P3 P4 P1 P2 P3 P4 oo

e 184bar, 340°C f 331bar,340°C

45 45
——Xco,

z
% —*—Fcnon // %0
—4—Feo
15 74 15
c 184 bar, 260 °C d 331 bar, 260 °C
45 45

30

Xco, Fenyons Foo (%)
o o 15
f\
= o
[
w

a 184 bar, 180 °C b 331 bar, 180 °C
6 6
/g
/
4 }\! 4
2 2
/a\‘ " A
0 4 0
P1 P2 P3 P4 P1 P2 P3 P4
Positions Positions

Figure 3.2 CO, conversion (Xco2), the mole fraction of methanol (Fcuson) and CO (Fco) at different axial
positions (P1-P4) during CO hydrogenation to methanol over the commercial Cu/ZnO/Al,Os catalyst.
H»/CO, =3, T =180, 260, and 340 °C, P = 184 and 331 bar, and GHSV = 10000 h'.

The same experiment was performed at two higher temperatures
(260 and 340 °C) and the results obtained at 260 °C are summarized in Figure
3.2¢ and 3.2d. First, the CO:2 conversion values are about one order of
magnitude higher than those at 180 °C. Also, at both examined pressures,
relatively high CO selectivity was observed. At 184 bar (Figure 3.2¢c), CO was
the major product, but then the fraction of CO decreased towards the outlet
position. This is indicative of CO conversion to methanol, although there is a
possibility of water-gas shift reaction forming CO:z and Hz from CO and H20
(reverse reaction of Eqn. 3.2). However, the methanol fraction drastically
increases as CO fraction dropped towards the outlet direction. This indicates
the former reaction (i.e. CO hydrogenation to methanol, Eqn. 3.3 is likely the
major active path under the studied reaction condition. At 331 bar (Figure
3.2d) CO fraction remained relatively constant, whereas the methanol
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fraction increased drastically along with CO: conversion between P2 and P3.
At 184 bar (Figure 3.2c) CO:2 conversion linearly increased and did not drop
as observed at 180 °C. These results indicate three important insights into
high-pressure CO:z hydrogenation at 260 °C: (i) methanol formation is faster
than its decompositions, (ii) CO: is constantly converted to methanol or CO
as the intermediate at 184 bar and (iii) there is another factor
promoting/enhancing CO: conversion at 331 bar. Regarding the point (ii), at
184 bar at P2, very high CO selectivity was observed and its continuous
decrease and drastic increase in methanol production towards the reactor
outlet implies that CO2 is converted to CO at an almost constant rate and then
CO is further converted to methanol. In this case, the latter reaction rate
would mainly determine the final fraction of methanol and CO in the reactor.
The point (iii) indicates the important effects of reaction pressure. According
to Figure S3.4, at 260 °C, we expect phase condensation at 331 bar but not at
184 bar. This may explain the sudden surge in CO: conversion between P2-
P3; the CO2 conversion was sufficiently high to reach the dew point of the
condensable products (methanol and water) at this position in the reactor,
positively impacting on the reaction rate or shifting the equilibrium towards
methanol.

The presence of water in the fluid phase can promote Cu crystallite
growth? and induce transformation of ZnO into ZnCOs, as shown in the XRD
patterns of spent catalysts (Figure S3.3 and Table S3.1). However, it is still
difficult to establish the relationship between mechanism and catalyst
structure from the existing results, especially using the bulk sensitive
techniques.

Furthermore, the results obtained at the highest examined
temperature (340 °C) are presented in Figure 3.2e and 3.2f. Similar to the case
of 260 °C, a large amount of CO was observed with a decrease in its fraction
with respect to methanol towards the reactor outlet. On the other hand,
CO2 conversion increased almost linearly. These two observations indicate
that RWGS is the first main step of CO2 hydrogenation and produced CO
reacts further with Hz to produce methanol. It is also interesting to note the
boosted methanol formation between P3-P4. A similar observation at 260 °C
was interpreted to be caused by phase condensation. At this temperature,
however, we do not expect such phase condensation to occur (Figure S3.4).
One possibility may be a dense phase formation, like surface wetting, in the
pore of the catalyst which is virtually identical to phase condensation.
Besides, it is worth highlighting the maximum CO fraction observed in the
reactor at 260 and 340 °C. According to the thermodynamic calculation
(Figure S3.5), the equilibrium CO: conversions for RWGS at H2/CO:2= 3
are ca. 14% and 21% at 260 and 340 °C, respectively. A careful look at Figures
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3.2e and 3.2f shows that the CO fraction is close to the equilibrium
COz conversion in the middle of the reactor (since the fraction is the
percentage of CO:z converted to methanol; therefore, these numbers can be
directly compared). Still, the CO fraction decreases accompanying the
increase in methanol fraction close to the outlet of the reactor, implying that
the methanol synthesis rate is accelerated at the position. It is speculated that
the dense phase formation over the catalyst accelerates CO hydrogenation to
methanol. In addition, methanol decompositions may take place, but it is not
possible to gain information about this point from the data obtained.
Nevertheless, it is certain that the consumption rate of CO and CO: to form
methanol is much greater than the methanol decompositions rate under these
high-pressure conditions.

Based on the above studies, we conclude that the pressure effects on
the reaction paths are relatively minor compared to the temperature effects,
although increasing pressure is indeed advantageous for methanol synthesis
because of favorable kinetics (more collisions), phase separation, and
chemical equilibrium.? Interestingly, at 260 °C where we find optimum
catalytic performance and liquid-phase condensation seems indeed to boost
the reactivity of CO:z to methanol by a concerted kinetic and thermodynamic
interplay.

Furthermore, similar concentration profiling experiments were
performed using Raman spectroscopy instead of GC. The major advantage of
this spectroscopic approach is that the reaction and flow patterns are not
disturbed in contrast to the case of GC analyses. Figure $3.6 shows a typical
Raman spectrum of the reaction stream obtained at 260 °C at the outlet (P4).
The rotational transitions of H2 (355, 587, 812, 1033, 1246, 1447 cm™), as well
as the Fermi dyad of CO:2 and satellite bands (1265, 1286, 1387, 1408 cm™),
were clearly identified. Because of the small Raman scattering cross-section
of CO, its characteristic feature at 2140 cm™ was not sufficiently strong for
quantitative analysis and only its formation could be confirmed at high CO
concentration. The features at 2840 and 2945 cm™! are attributed to methanol,
showing a too weak signal for quantitative analysis. For these reasons, the
intense bands of H:and CO:at 587 and 1387 cm™, respectively, were
considered here to gain mechanistic insights.

Figure 3.3 shows the evolution of the H2/CO:z ratio determined from
the band areas at different void positions (Figure 3.1) at 180 °C and 260 °C at
184 bar. The initial area ratio at P1 was scaled to 2.5 to represent the molar
ratio of unreacted feed confirmed by GC measurements. The reaction at 180
°C showed a slight decrease in the ratio moving from P1 to P2, before
increasing towards P3, and no major change was observed moving from P3
to P4.
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Figure 3.3 H,/CO: ratio at different positions during CO, hydrogenation to methanol over the commercial
Cu/Zn0O/Al,0s5 catalyst. Ho/CO, = 2.5, T = 180 and 260 °C, P = 184 bar, and GHSV = 80000 h-*.

In the case of direct methanol synthesis from CO: (Eqn. 3.1), 3 moles
of H> would be consumed per mole of COz for the production of methanol,
rendering H>the limiting reactant in our experimental condition (feed
H2/CO2 = 2.5). On the other hand, if CO: is consumed to form CO via RWGS
(Eqn. 3.2), CO2 would become a limiting reactant. Therefore, a decrease in the
H2/COz ratio would signify an excessive H2 consumption as in the former
case of direct methanol synthesis, whereas an increase in the ratio would be
a sign of a gradual CO: shortage by RWGS. In case methanol is a secondary
product obtained from the subsequent hydrogenation of CO, as a net, the
ratio is expected to decrease as an equivalent amount of H:is required
whichever the COx (x =1 or 2) is the carbon source in the methanol. The initial
slight decrease in the ratio at P1-P2 at 180 °C implies a direct methanol
synthesis reaction. Then at P2-P3, the ratio increases, which is indicative of
RWGS. However, as discussed above, this is most likely due to the
decompositions of methanol since such drastic selectivity change is unlikely
at the low CO:conversion level. The increase in the ratio is therefore
attributed to methanol decompositions, which is fully consistent with the
observation and the previous results at 180 °C (Figure 3.2). In this Raman
study, however, the ratio did not increase further as expected from the results
in Figure 3.2. This may be due to the higher space velocity of this Raman
study compared to the study by GC and the consequent less pronounced
change in the ratio from less prominent methanol decompositions.

At 260 °C there was a clear initial increase of the ratio and then a
decrease towards the outlet (Figure 3.3). The increasing ratio indicates the
increase in the amount of CO by RWGS in the reactor and then the
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subsequent decrease indicates the increase in the amount of methanol, no
matter which reaction paths (Eqn. 3.1 vs. Eqn. 3.3) are active. This profile is
in full accordance with the results presented in Figure 3.2 obtained in a
comparable reaction condition where initially CO was produced and then CO
was hydrogenated to methanol.

The sharp drop in the ratio at 260 °C coincided with the observation
of condensation as liquid droplets at the rear end of the packed bed at P4
(Figure S3.8). As discussed above, the condensation is attributed to enhanced
methanol synthesis via CO or CO, by in situ separation of the less volatile
components, namely water, and methanol. Indeed, upon focusing the Raman
laser spot on the condensed phase, a more intense methanol peak was
observed, and the Hz/COz ratio dropped to further lower values, suggesting
the higher miscibility of CO2 than Hz in the condensed phase. According to
the thermodynamic expectations at H2/CO2= 3 (Figure S3.4), liquid phase
condensation is not expected at 184 bar, 260 °C.

Lastly, IR thermography was used to measure the temperature of the
catalyst bed under the reaction in order to validate the sequential nature of
the methanol formation (RWGS and CO hydrogenation to methanol) from
the endo-/exo-thermicity of the reactions (Eqn. 3.1-3.3). The reaction was
performed at the stoichiometric ratio at 184 bar in a sapphire reactor similar
to the Raman study without separating the catalyst bed, as shown in Figure
3.4a. At 180 °C, the IR signal, as well as CO:z conversion, were too low to detect
changes in the temperature of the catalyst bed. Thus, the experiments were
performed at 260 and 340 °C. To detect subtle differences in the temperature
of the catalyst bed, the thermogram showing a temperature distribution is
obtained by the subtraction of thermograms during reaction and calibration,
as shown in Figure 53.9.

The differential IR thermogram (Figure 3.4b) displays an exothermic
region of the catalyst bed during the reaction. The differential temperature
profiles (Figure 3.4c) are calculated from the radial temperature average
along the catalyst bed. Evidently, the temperature profile at 340 °C is spatially
varying. A relatively colder region located close to the front of the catalyst
bed at 340 °C and subsequent temperature increase (then decrease) along the
flow direction indicate endothermicity of RWGS near the fluid inlet and then
methanol is formed. Such a temperature variation along the catalyst bed is
barely observable at 260 °C (Figure S$3.10), indicating that RWGS and CO
hydrogenation likely occur in close proximity and cause overlapping of the
two regions. The results at two different temperatures are in line with the
methanol and CO selectivity profiles and the reaction mechanisms suggested
above.
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Figure 3.5 Major reaction pathways in high-pressure CO; hydrogenation over Cu/ZnO/Al,Os catalyst at
180 °C, 260 °C, and 340 °C at 184 and 331 bar. The width of the arrow shows the amount of one species’

transformation to others.

70



3.4 Conclusion

In conclusion, the effects of temperature and pressure on reaction
pathways were clarified by the space-resolved methodologies
under operando conditions. The temperature has a significant influence on the
dominant reaction pathways of methanol synthesis, as summarized in Figure
3.5. It is confirmed that methanol is produced via direct CO2 hydrogenation
at 180 °C, and via RWGS and CO hydrogenation at 260-340 °C. This could be
explained by the limited RWGS activity at 180 °C, and more dominant RWGS
activity as temperature increases. Moreover, there is a sign that methanol
could possibly decompose or be steam reformed after formation, which is
effectively suppressed by increasing pressure. Although pressure seems to
have no influence on the reaction pathways, it greatly enhances methanol
selectivity by inducing in situ condensation. This work demonstrates how
spatially resolved operando study can be performed at high-pressure
conditions to gain insights into the reaction mechanisms that have practical
implications of potential advantages of multicomponent catalysts
(i.e., selective in CO or CO: to methanol) in a reactor.
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Supporting information

Chapter 3

Experimental

Chemicals

A commercial methanol synthesis catalyst (Cu/ZnO/Al20s, Product
No.: 45776) was purchased from Alfa Aesar. A COz/H2/Ar (23/69/8%) gas
mixture cylinder was purchased from Abellé Linde (Spain). A sapphire
capillary reactor with outer diameter = 1.5 mm, inner diameter =1 mm, and
length = 100 mm was purchased from Saint-Gobain Crystals, USA.

High-pressure reactor setup

The details of a high-pressure reactor setup are explained elsewhere.!
High-pressure CO:2 was dispensed from a syringe pump and H: was
pressurized and controlled by a gas booster and a mass flow controller,
respectively. The total pressure of the reactor was controlled by a back-
pressure regulator. The commercial Cu/ZnO/Al:0s catalyst was packed in a
specific type of reactor explained later. Two pressure indicators were used to
measure the pressure drop over the catalyst bed, which was negligible in all
experiments (<2 bar). Prior to running the reaction, the catalyst was reduced
with 90% Hz/He at 330 °C for 30 min then cooled down to room temperature.
The reactor was pressurized by the feed gas to the desired pressure before
started heating to the reaction temperature.

Experimental setup for space-resolved gas analysis using
SS reactor

The space-resolved gas analysis was performed in a high-pressure

setup explained elsewhere. 2 The commercial Cu/ZnO/Al0s catalyst with a
particle size of 100-300 pm was packed in a 1/8" SS tube reactor. As shown in

73



Figure 3.1b, the catalyst was separated into three catalyst beds, B1, B2, and
B3, with 60 mg each. Each catalyst bed was supported on a 10 um frit to avoid
moving due to high-pressure flow. The space before/between each catalyst
bed (P1, P2, P3, and P4) was created for gas sampling purposes and a
sampling rate of 2 mL min~' was controlled by a needle valve. The impact of
gas sampling on catalytic performance was minimized by meticulous valve
opening to maintain overall pressure and flow pattern. The gas composition
from four different positions was analyzed by online GC and MS.

Experimental setup for operando Raman spectroscopy

The sapphire capillary reactor setup for operando Raman
spectroscopy is shown in Figure S3.1. The most crucial part for operating at
a pressure of up to 200 bar is a leak-tight sealing between the sapphire
capillary and SS VICI fitting. For this purpose, the polyimide film was coated
at the end of the capillary to provide adhesion between graphite-reinforced
polyimide ferrule and the sapphire surface. The commercial Cu/ZnO/AlL:Os
catalyst with a particle size of 63-80 um was packed in the same manner as
the previous setup. As shown in Figure S3.2, three catalyst beds (5 mg and 5
mm each) were supported on quartz wool and SS rods (OD 0.6 mm), and
separated with 10-12 mm void sections for gas analysis purposes. The gas
products and intermediates in the void sections were analyzed by a Raman
microscope (Renishaw, InVia, A = 532 nm) in backscattering mode, as
reported elsewhere.® A fiber-coupled Raman probe was mounted and
motorized remotely along the axial direction of the reactor by a linear
actuator. The probe was focused on the P1-P4 positions shown in Figure §3.2
to analyze the unreacted feed and the product after each catalyst bed. The
phase condensation in void sections was inspected simultaneously by a
white-light camera. Eventually, the outlet composition was analyzed by an
online GC.

The H2/CO:2 feed ratio was decreased from the usual stoichiometric
ratio of 3 to 2.5 in order to improve the signal-to-baseline ratio and the quality
of the Raman spectra as a result of increasing density. An increase in density
lessened the light transmittance through the transparent reactor and
improved the light-collection efficiency. However, the decrease in signal
intensity due to complicated light-matter interactions (e.g., refraction and
reflection) still existed.
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Thermocouple Raman probe fixed on motorized stage

Heating block Sapphire reactor tube
with catalyst

Figure S3.1 High-pressure reactor setup for operando Raman spectroscopy.

Raman probe

ositions
2 P1Glasswool P2 P3 P4
Catalyst bed
\ | 0.2cm
Inlet Outlet
— —_
SS rod 5 mg 1.0cm
0.5cm

Figure $3.2 a The picture of the sapphire capillary reactor packed with the catalyst, b Schematic of the
catalyst bed configuration with multiple catalyst beds and void sections. P1-P4 denote the positions
analyzed by Raman microscopy.
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Characterization of the spent catalysts by XRD

XRD patterns were recorded on Bruker AXS D8 advance
diffractometer equipped with a Cu tube, a Ge (111) incident beam
monochromator (1.54184 A), and Vantec-1 PSD operated in transmission
mode. Signal was recorded in 20-80° 20 with a step size of 0.02° and a
counting time of 4 seconds per step. Crystal phases were confirmed using
Bruker X'Pert Pro software and the JCPDS database. The spent catalyst beds
extracted from P1-P4 were analyzed by XRD, as shown in Figure S3.3. The
bulk copper oxidation state was found to remain in metallic copper (Cu?).
However, the crystallite size of Cu (111) has increased since the presence of
water in the fluid phase can promote Cu crystallite growth.* The ZnO phase
has also been transformed to ZnCOs at the bed positions towards the outlet
due to the production of water that likely induces the formation of carbonic
acid (H2COs) by contacting high-pressure CO2. However, the presence of
ZnCO:s in the catalyst does not seem to pose any negative influence on the
activity of the Cu-based catalyst, and in turn, either ZnO or ZnCOs has
probably the coordinating assistance to the catalytic activity of the Cu-based
catalyst.?

180 °C, 360 bar 260 °C, 360 bar 340 °C, 360 bar

Intensity (a.u.)
Intensity (&)
o
8

Intensity (a.u)

4 n o ] 0 ]

50
20 (degree)

2 (degres)

Figure $3.3 PXRD analysis of the catalyst beds B1, B2, and B3 placed between P1-P2, P2-P3, and P3-P4
respectively. The reaction was performed at 180, 260, and 340 °C at 360 bar.

Table S3.1 The average crystallite size of Cu (111) was calculated from the Scherer equation of the spent
catalyst under COz hydrogenation at various temperatures and 360 bar.
Average crystallite size of Cu (111) (nm)

Catalyst bed 180 °C 260 °C 340°C
B1 14 12 18
B2 18 15 21
B3 25 19 27
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Thermodynamic calculations

In order to facilitate the interpretation and discussion of the results,
the thermodynamic equilibrium of CO: hydrogenation was calculated by
Aspen HYSYS V8.6 simulation software using the Soave Redlich Kwong
(SRK) equation of state (EOS). The binary interaction parameters for CO, CO,
Hz, methanol, and water were modified according to to van Bennekom et al.6”
The equilibrium CO:2 conversion and product selectivity from CO2
hydrogenation and RWGS at the temperature range of 150-400 °C, and
pressure of 184 and 331 bar were shown in Figure S3.3 and S3.4, respectively.

a b
1004 ] 100 - ]
80 E 80 4 331 bar
—_ 331 bar —
= 604 — = B0 4
= 404 4 w 40 184 bar 4
184 bar
20| 4 20 B
0-— T T T T T 0 T T T T T
150 200 250 300 350 400 150 200 250 300 350 400
Temperature (°C) Temperature (*C)

Figure S3.4 Thermodynamic equilibrium of CO2 conversion and methanol selectivity (the rest is CO) at
H2/CO = 3 at P = 184 and 331 bar. The steep increase in CO; conversion shows the phase transition due
to liquid phase condensation at lower temperatures.

40

354 g
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10 1
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Temperature (°C)

Figure $3.5 Thermodynamic equilibrium of CO2 conversion from RWGS reaction at H,/CO; = 3, T = 150-
400 °C, and P = 184 and 331 bar.




Raman spectroscopy for quantitative analysis

A typical Raman spectrum of the reaction stream obtained at 260 °C
at the reactor outlet (P4) is shown in Figure S3.5 The rotational transitions of
H: (355, 587, 812, 1033, 1246, 1447 cm™) and the Fermi dyad of CO: and
satellite bands (1265, 1286, 1387, 1408 cm™) are clearly identified.® Due to a
small Raman scattering cross-section, the characteristic feature of CO at 2140
cm™ and the features of methanol at 2840 and 2945 cm™! are too weak for
quantitative analysis. Therefore, the most intense bands of Hz at 587 cm™, and
CO, at 1387 cm™! are considered for quantitative composition analysis. All
band areas were normalized with respect to the most intense band of all (Hz
at 587 cm™) to correct for the difference in focal depth. The initial area ratio
at P1 is scaled to 2.5 to match the molar ratio of unreacted feed confirmed by
online GC analysis at room temperature.
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[ J—\
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> ‘—H
% 15000
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co MeOH
J l ¥ \
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500 1000 1500 2000 2500 3000
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Figure S3.6 Representative Raman spectrum at T = 260 °C, 184 bar at P4.
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Figure $3.7 CO; conversion (Xcoz2), selectivity of methanol and CO (Sweon, Scorespectively) observed in CO,

hydrogenation over the commercial Cu/ZnO/Al,Os catalyst using sapphire reactor tube at T = 180, 230,
260, and 290 °C, P = 184 bar, H/CO; = 3, and at P1-P4 at 80000 h~*.

Condensed phase Glass wool

Figure $3.8 Phase condensation at the P4 position during CO. hydrogenation to methanol over
Cu/Zn0O/Al,0s catalysts. H2/CO2 = 3, T = 260 °C, P = 184 bar, and GHSV = 80000 h*.
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Reactor setup for thermal imaging using IR camera

The CO: hydrogenation at stoichiometric ratio (H2/CO:2 = 3) was
carried in a sapphire capillary reactor as previously mentioned in the operando
Raman spectroscopy. In this setup, however, a heat gun (Bosch, GHG 660)
was used to control the reaction temperature to minimize infrared
interference. The reactor was covered with firebricks to minimize heat loss
and light disturbance. The thermal images during the reaction were taken
from the top of the reactor by an IR camera (Sensors Unlimited, Micro-SWIR
320CSX). The IR camera took 1000 images at 60 frames per second before
averaging into a single image shown in Figure $3.9 After the reaction, the
thermal image under Hz flow at 1 atm was used for temperature calibration.
Finally, the thermal image taken during the reaction was subtracted with
calibration to investigate the temperature change contributed by exothermic
and endothermic reactions.

Quartz Empty

wool void Cu/ZnO/Al,0, catalyst (15 mg ) Quartz wool
Before reaction
(25°C and 200 bar)
Reaction e ——rra——
(200 bar) _

H, flow at 1 atm |
after reaction

Xcoz = 34% e
Scrson = 26% After subtraction -5 4

Figure $3.9 Thermal images during CO: hydrogenation to methanol reaction over the commercial
Cu/ZnO/Al,0s3 catalyst. H2/CO2 = 3, T =340 °C, P = 184 bar, and GHSV = 80000 h-*.
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Figure $3.10 a IR thermogram along the catalyst bed and b temperature deviation (AT) profile and during
CO; hydrogenation to methanol over the commercial Cu/ZnO/Al,0s catalyst. H,/CO, = 3, T = 260 and 340
°C, P = 184 bar, and GHSV = 80000 h2.
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CO; hydrogenation over Cu-based catalysts




Abstract

The nature of the active site of the industrial Cu/ZnO/Al,Os3 catalysts is still
under debate despite 50 years after the discovery. The structures of active
Cu-ZnO synergy were prevalently reported; however, their roles in the
mechanistic aspects are still ambiguous. Moreover, interfacial metal sites
such as Ga and In at the periphery of Cu nanoparticles can also play a
similar role in boosting methanol selectivity over Cu-based catalysts. In this
study, operando transient DRIFTS-SSITKA was employed to elucidate the
roles of cationic M sites (Zn, Ga, and In) on Cu-M/SiO2 catalyst prepared via
surface organometallic chemistry (SOMC). The M* sites at the periphery of
Cu particles can stabilize formate species spillovered from Cu for faster
hydrogenation. Formate over Zn is more reactive, while the formate
spillover toward Ga is more facile. Rapid formate spillover can improve
methanol selectivity by suppressing formate decomposition to CO over Cu.
This highlights the essence of interfacial sites of Cu-M in determining
selectivity and provides important insight towards rational design of nano-
structured catalysts for selective CO2-to-methanol.

This chapter is based on the following publication:
Phongprueksathat, N., Docherty, S.R., Noh, G., Copéret, C. & Urakawa, A.
In preparation
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4.1 Introduction

One of the strategies to reduce greenhouse gas emissions and
alleviate the impacts of global warming is CO2 conversion with green Hz (e.g.
produced through water electrolysis sourced by renewable energies) into
methanol, which is positioned as the most versatile chemical feedstock and
energy carrier toward a fossil-fuel-free economy, known as the “methanol
economy”.!

CO: hydrogenation in the major presence of CO to CH3OH is a well-
established technology and commercially employed Cu/ZnO/Al:Os catalyst.?
However, the origin of the high performance of the industrial Cu/ZnO/Al203
catalyst for methanol synthesis is still ambiguous since the nature of the
active sites and the mechanism are being highly debated. Moreover,
Cu/ZnO/ALOs catalyst is dynamic and continuously changes structure.?
During reductive catalyst activation, Cu-Zn alloy could be formed via
migration of ZnOx onto Cu’* Under CO2 hydrogenation, CO2 oxidizes Zn?
into Zn® species at the defective Cu® surface leading to Cu® particles partially
covered with ZnOx.> This also increases the activity of the catalyst due to the
creation of adsorption sites for oxygen-bound intermediates. Further
migration of Zn forms a graphitic-like ZnOx layer, ¢ and subsequently forms
a more crystalline and stable thick ZnO layer on Cu® which is reported to
facilitate methanol formation via formate intermediates.” The reduction of
CuO and the ripening/re-oxidation of ZnO upon CO2 hydrogenation are the
drastic events that determine Cu-ZnO synergy.?*

The pressure gap toward industrial conditions has recently been
bridged in terms of catalyst structures.” However, the material gap remains
an impediment for mechanistic studies over industrial Cu/ZnO/AlOs
catalysts due to the heterogeneity of active site structures, requiring model
but relevant catalysts.’® Such model Cu-based catalysts with molecularly-
define single site promoters can be prepared using surface organometallic
chemistry (SOMC)."! The interface between copper particles and ZrO:
support (e.g. Zr* sites) plays roles in adsorbing and converting formate
intermediate to methoxy and methanol, which is absent over Cu/SiO2.1? The
structural and bulk properties of ZrO;, e.g. oxygen vacancies, apart from Zr*
at the periphery of Cu particles are not responsible for CHsOH selectivity.!?
Moreover, the Lewis acid nature of isolated Ti# sites over Cu-Ti/SiO: plays
an identical promotional role to Zr* sites with higher methanol formation
rates.' Interestingly, the presence of isolated Lewis acidic Zr# and Ti* sites
is sufficient to promote CHsOH activity/selectivity by forming the same
formate/methoxy intermediate species. In the case of Cu-Zn/SiO2, the Cu-Znx
alloy is also partially converted into Cu’ and Zn?* under reaction conditions.>
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The similar alloying/dealloying behavior of CuGa and PdGa over Cu-Ga/SiO:
and Pd-Ga/SiO:, respectively, is consistent with the higher methanol
selectivity.!617 This is contrast to Cu-Ti/SiOz2 and Cu-Zr/SiO: that remained as
isolated Ti* and Zr* sites during activation of Cu. Notably, the Cu-Ga/SiO:
and Cu-Zn/SiO: displayed CHsOH selectivity up to 90% and 86%,'51
respectively, higher than the Cu-Ti/SiO2 (85%),'* benchmark Cu/ZnO/Al:Os3
(79%),%5 Pd-Ga/SiOz2 (78%),'7 Cu-Zr/SiO2 (77%),'® and Cu/SiO:z (48%).12

The formate intermediates were unobservable ex situ with IR or solid-
state NMR over Cu-Zn/SiOz, Cu-Ga/SiOz, and Pd-Ga/SiO:2 in contrast to Cu-
Ti/Si0Oz, and Cu-Zr/SiO2. However, operando IR over Pd-Ga/SiO:z confirms the
presence of formate intermediate under reaction conditions in contrast to ex
situ experiments. Therefore, in this study, we aim to employ operando IR to
elucidate the nature of the active and selective sites for CO2 hydrogenation to
methanol over the copper-based catalysts with single-site promoters (Cu-
M/SiO2, M = Zn, Ga, and In) prepared precisely via SOMC.151? The example
of Cu-Zn/SiO:2 prepared by such a technique is illustrated in Figure 4.1. The
common intermediates during the reaction were identified by operando
DRIFTS, while the roles of the promoter were shed light by isotopic transient
experiment (SSITKA).

4.2 Results and discussion
4.2.1 Temporal evolution of surface species during CO, hydrogenation

The surface intermediate species formed during the CO:
hydrogenation over Cu/SiOz, Cu-In/SiO2, Cu-Ga/SiO2, and Cu-Zn/SiO:
catalysts were investigated by operando DRIFTS at the relevant catalytic
conditions (230 °C, 10-20 bar, Figure 4.1b) after the pretreatment in H2 (300
°C, 2 h) followed by purging with He. The evolution of surface species was
monitored after switching to the Hz/CO2 = 3 gas flow. The identification and
assignment of each IR band. Table S4.1. During the transient state, bidentate
formate on Cu (x2-HCOO*(Cu)) at 2856 and 2931 cm™ was the first and
common surface species detected over all catalysts, which appeared
simultaneously with bidentate formate on ZnO (x2-HCOO*(Zn?*)) over Cu-
Zn/SiO2 (Figure 4.1a). However, k2-HCOO*(on Ga* or In**) was not observed
during CO:2 hydrogenation. The time-resolved operando DRIFT spectra of
Cu/Si0Oz, Cu-In/SiO2, and Cu-Ga/SiO:z catalysts are similar (Figure S4.4). After
reaching 90 mins, methoxy on SiO2 CH3O*(SiOz2) at 2858 cm™ and surface-
bound methanol (CHs:OH¥) at 2981 cm™ built up slowly on the catalysts
(Figure 4.2). This resulted from the adsorption of CHsOH product over Si-
OH as indicated by the delay in mass spectrometry response of CHsOH from
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H:0 (Figure 4.1b). It should be noted that carbonyl species (CO*) were not
detected over all catalysts.

a Cu-Zn/Si0, -~ : ' . .
. W Te g% e
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Figure 4.1 a Structure of Cu-Zn/SiO- prepared via SOMC reported elsewhere,’> and structures of relevant
surface species. b Time-resolved operando DRIFT spectra of the surface species formed during the CO2
hydrogenation reaction over pre-reduced Cu-Zn/SiO; catalysts. ¢ Corresponding normalized ion current
signal obtained from mass spectrometry. Pretreatment was performed at 300 °C under 10 NmL min~! of
H, for 2 h. Reaction conditions: ca. 10 mg catalyst, H2/CO, = 3, T = 230 °C, P = 10 bar, and Fotal = 10 NmL
mint.
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Figure 4.2 Operando DRIFT spectra of the surface species formed during the CO, hydrogenation reaction
over Cu/SiO,, Cu-In/SiO2, Cu-Ga/SiO,, and Cu-Zn/SiO; catalysts. Pretreatment was performed at 300 °C
under 20 NmL min~* of H; for 2 h. Reaction conditions: ca. 10 mg catalyst, H»/CO>=3,T=230°C,P =10
bar, Fotat = 10 NmL min~%, and TOS = 180 min.

4.2.2 Mechanistic insights from isotopic transient experiments

The isotopic transient switching can provide insights into active
species without disturbing feed conditions (e.g., partial pressure of CO2 and
H:). As shown in Figure 4.3 after switching from H2+CO: to D2+CO:z and vice
versa, k2-HCOO*(Cu) at 2931 and 2850 cm! and k2-HCOO*(Zn2*) at 2896 cm™!
exchanged instantaneously to x2-DCOO*(Cu) at 2167 cm™? and «2-
DCOO*(Zn?) at 2181 cm™, while CHsO*(SiO2, 2958 and 2858 cm-!) and
CDs0O*(Si02, 2080 cm™) exchanged slowly. The separation of kinetically
unique spectral features of the surface species during the SSITKA experiment
can be obtained from the multivariate spectral analysis enabling blind-source
separation (i.e., without references). Here, multivariate curve resolution
(MCR) was used.??! As shown in Figure 4.4, MCR analysis of the time-
resolved spectra shown in Figure 4.3 yielded deconvoluted spectra of
kinetically similar but distinct species. The kinetics of formation and
hydrogenation of the x>-HCOO* (Zn*) were indistinguishable from #«?-
HCOO* (Cu) with the time resolution of this study (10 sec). The fast decay
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responses of surface k-HCOO* (Cu and Zn?") and the inversely symmetrical
response of x2-DCOO* indicate that they were easily hydrogenated to
CHs0H and not a spectator in CO2 hydrogenation. The isotopic exchange of
xk2-HCOO*/x2-DCOO* species is almost instantaneous (Figure 4.4b),
suggesting that Hz/D: dissociative adsorption and formates formation were
not affected by kinetic isotope effects (KIE) and not the rate-limiting step. On
the other hand, prominent KIE was observed for CHsOH/CDsOD formation
after switching from H2+CO2 to D2+COz and vice versa (Figure 4.4c), which
suggests the presence of KIE for both formate hydrogenation to CHsOH
and/or also for CH3zO* activation for H addition/activation towards
formation/desorption of CHsOH. A closer look indicates that the latter seems
to be affected more significantly by the CHsOH formation/desorption rate,
while there was a slight KIE for formate hydrogenation (Figure S4.5). Since
the exchange of the surface CH3O* (and CHsOH, (Figure 4.4b) is linked to the
formation rate more directly (Figure 4.4c), the desorption of CH3OH seemed
to be rate limiting during CO2 hydrogenation.

Sio, Cu Zi Zn2* bz vl v $i057
Methoxy Formate Formate Formate Formate Methoxy
on Si0, (HCOO-Cu)  (HCOO-Zn?*)  (DCOO-Zn?")  (DCOO-Cu) on Si0,
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(H,CO-Si) N l / | ¢ /

CO, +H,

Time (min)

CO,+D,

0
3100 3050 3000 2950 2900 2850 2800 2200 2150 2100 2050 2000 CO,+H,
Wavenumbers (cm™)

Figure 4.3 Transient responses of surface species and gas products during transient isotopic switching
from CO2+D; to CO2+H, over Cu-Zn/SiO: catalysts. Time-resolved DRIFT spectra of a u(C—H) region and b
u(C-D) region. Reaction conditions: 10 mg catalyst, Hz(or D2)/COz = 3, T = 230 °C, P = 10 bar, Fital = 10
NmL min™,

The vibrational frequencies of the surface formates provide hints to
understand the effects of the single site promoters in the vicinity of Cu
nanoparticles. Introduction of the single site, namely Zn?, Ga¥, or In¥, to
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Cu/SiO2 weakens the C-O bond and strengthened the C-H bond of x2-
HCOO*, as summarized in Figure 4.5a. Lewis acid sites over transition metal
oxides (M = YOy, ScOx, ZrOx, TaOx) on Cu-M/y-AlOs can similarly weaken
the C-O bond while strengthening the C-H bond of x>-HCOO* due to
increasing electron-withdrawing character.? Stronger Lewis acidity
stabilizes HCOO* and may reduce apparent activation energy for CHsOH
formation. Similarly, the enhanced CHsOH formation rate by Lewis acid sites
on Cu-M/SiO2 (M = TiOx, ZrOx, HfOx, NbOx, TaOx) prepared by SOMC is
likely originating from the stabilization of HCOO* and CHsO* at the
periphery of Cu nanoparticles.”®> The increased stability of HCOO* can
suppress CO selectivity produced via HCOO* decomposition and promote
CH3OH selectivity.?* However, over-stabilization of HCOO* due to strong
Lewis acidic Al2Os can promote further reaction with CHsOH to HCOOCHz3
and subsequent decomposition to CO (and CHsOH), thus promoting CO
selectivity.?
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Figure 4.4 Transient responses of surface species and gas products during the steady-state isotopic
switching from CO2+D; to CO2+H2 over Cu-Zn/SiO; catalysts. a Components spectra obtained by MCR
applied on the time-resolved DRIFT spectra. b Concentration profiles of the spectra of the corresponding
components obtained by MCR. ¢ Corresponding normalized ion current signal of isotope-labeled
products. Reaction conditions: 10 mg catalyst, H2(or D2)/CO, = 3, T = 230 °C, P = 10 bar, Ftotal = 10 NmL
mint,

High CH3OH selectivity of Cu-Zn/SiO2 (86%) and Cu-Ga/SiO2 (90%)
at H2/COz =3, 230 °C and 25 bar reported previously,'> can also be explained
by stronger C-D bond and weaker C-O bond compared to those of Cu/SiO:
(48%). As shown in Figure 4.5b, x>-HCOO* decomposition to CO (RWGS)
involves both C-O and C-H bonds cleavage,? and strengthening the C-H
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bond by introducing promoters could in principle suppress x>-HCOO*
decomposition while facilitating CH3OH formation. Therefore, the major role
of M* promoters is to destabilize C—O bond for faster hydrogenation.
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(beoo-cuy Veo Cu > Cu-Ga > Cu-Zn > Cu-In {on SiO,)
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b Reverse water gas shift (RWGS)

Involves both C—H and C-O bonds scissions
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HCOO* + H* H,CO* + H* + OH*

CH,OH H,0

Methanol synthesis via CO, hydrogenation
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Figure 4.5 Mechanistic insight obtained from isotopic transient experiment. a wavenumber of u(C-D)
and u(C-0) of DCOO* species located on Cu/SiOz, Cu-Zn/SiO,, Cu-Ga/SiO,, and Cu-In/SiO. catalyst. b
Proposed pathways for reverse water gas shift,2® and CO hydrogenation to CHsOH over Cu.?’

Notably, Cu/SiOz, Cu-In/SiOz, and Cu-Ga/SiO:z during the isotopic
transient experiment showed a similar response of surface species and
isotopic methanol products, suggesting the common reaction mechanism via
formate hydrogenation (Figure S4.6-S4.8). However, the intriguing details
lay in the resolved spectra after MCR analysis. Similar to Cu-Zn/SiOz, the
kinetics of ¥--HCOO*(Ga*) are indistinguishable from x2-HCOO* (Cu) (i.e.
they appear in the same MCR-resolved spectrum, Figure $4.7) and suggest
the similar role of Ga¥ to Zn?*. On the other hand, x2-HCOO*(In*) was not
observed after MCR analysis (Figure S$4.8). Furthermore, the relative
intensity of ¥>-DCOO* to CD3O* during the D2+CO2 phase can be related to
the hydrogenation rate of ¥>-DCOO* to CD3O*. Only over Cu-Ga/SiO2 was
the x¥2-DCOO* intensity lower than CDsO* suggesting faster x2-DCOO*
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hydrogenation to methanol/methoxy than any other catalysts. This led to less
abundant and unobservable surface xk>-HCOO* (Ga*) during the Hx+CO:
phase and consequently less x>-HCOO* decomposition to CO.

The nature of the active site of Cu/ZnO-based catalyst remains highly
debated and it was proposed that CO:2 hydrogenation of CH3OH occurs via
Zn(HCOO): intermediates originated from hydrogen dissociation over Cu,
H-spillover to ZnO, and subsequence CO:2 activation over ZnO.? Even using
a well-defined Cu-Zn/SiO2 prepared via SOMC, it was also challenging to
pinpoint the origin of the high CH3OH selectivity due to the presence of
Lewis acidic zinc sites and/or reduced zinc sites (alloy).’> However, Lewis
acidic sites can play an important role as an active perimeter site and a
reservoir for ¥>-HCOO¥, which can spillover from the metal particle and be
stabilized.?30 The selectivity to CH3OH over CO should be both related to the
spillover rate toward M+ sites (Zn?, Ga* and In*") as well as the stability of
HCOO* over M+ sites, which can be elucidated by transient experiments (vide

infra).

4.2.3 Insights into species spillover using transient experiment

Separating the CO2 and Hz activation steps in a transient experiment
by alternatingly passing CO2 or Hz can provide further insights into CO:
activation and subsequence hydrogenation. The limited supply of reactants
(especially Hz) allows the capturing of the fast-forming species (e.g. CO* or
xk2-HCOO* over Zn* or Ga®*) which were readily hydrogenated during
steady-state CO2 hydrogenation.

The evolution of the surface species during the CO2 and H: phases
over the Cu-Zn/SiO: are presented in Figure 4.6 (the MCR-resolved spectra
are shown in Figure S$4.9). Unlike the previous experiment, the responses of
k-HCOO (Cu) and x>-HCOO (Zn?*) (e.g., formation and consumption)
became kinetically distinguishable. At the beginning of the H2 phase (after
CO: saturated the surface), it was obvious that the k2-HCOO (Cu) formed
earlier than x>-HCOO (Zn*) and was rapidly consumed. After delayed
formation, x¥>-HCOO (Zn*) also started to decay at a much slower rate than
x2-HCOQO (Cu) and the decay profiles correlate with the CHsOH formation
profile detected by MS. This evidence of x2-HCOO (Cu) spillover to Zn?* sites
and its hydrogenation to methanol. The Zn?* sites play a role as a ¥>-HCOO
stabilizer as well as for selective hydrogenation by strengthening the C-H
bond while weakening the C-O bond of x>-HCOO (Zn%), as previously
discussed.

92



H, + He CO, + He

w — N
8.3 c
Ege » © e ¢
o gz .
Ss6 ! CH,OH o0 0 o @
'k ? si0; cu .
G % g : Methoxy Formate mate Carbonyl
z £ onsio, (HCOOCu) (HCODZn*)  (CO-Cu)
b Bold: C-H region HCOO-Zn?* (H;CO-8i)
Dash: C-O region
o ﬂormate spillover and hydrogenaliorx
= ¥
3 e oo
£e b e +
EE ; o o N
° 5 ' |
88 | - Zn" Cu
x 9 | —
g ;
[ oo Sio, *
\ >z e J
0 5 10 15 20 25 30
Time {min)

Figure 4.6 Transient responses of surface species and gas products during switching from He+CO: to
Ha+He over Cu-Zn/SiO; catalysts. a Corresponding normalized ion current signal of CHsOH products. b
Concentration profiles of the spectra of the corresponding components obtained by MCR. ¢ the proposed
reaction pathway for formate hydrogenation via spillover to Zn?* sites. Reaction conditions: 10 mg
catalyst, He/CO; = Hy/He =3, T =230 °C, P = 20 bar, Fotal = 10 NmL min=t.

During the transient experiment, Cu/SiO2 Cu-Zn/SiO: and Cu-
In/SiO2 produced CO* (on Cu’) under the CO:z phase apart from x-HCOO
(Cu and Zn?*) (Figure S4.9-S4.11). Both xk>-HCOO and CO* are converted
rapidly under the Hz phase and formed reproducibly under the CO:2 phase.
However, CO* remains undetectable over Cu-Ga/SiO: (Figure 54.12), which
likely resulted from faster formate hydrogenation making it less susceptible
to decomposition to CO (more selective toward CHsOH). This suggested that
x2-HCOQ plays a role as an intermediate for CO* formation. The interplay
between xk-HCOO* (Cu) and CO* can be observed during the CO:2 phase; the
decrease of HCOO* (Cu) species after formation in the opposite trend to the
increase of CO* species over Cu/SiO2 Cu-Zn/SiO:z and Cu-In/SiO: catalyst. In
contrast, Cu-Ga/SiO2 has shown rapid «>-HCOQO hydrogenation to CHsOH as
shown by indistinguishable MCR-resolved spectra among x2>-HCOO (Cu), x?-
HCOO (Ga¥*), and CHsOH (Figure S4.12). Unobservable x2-HCOO (In*)
might be the indication that In3 cannot stabilize x2-HCOO for further
hydrogenation.

Based on the weaker C-O bonds and stronger C-H bonds of 2
DCOO shown in Figure 4.5b, x>-HCOO (Zn?*) is more reactive for
hydrogenation to CHsOH than x>-HCOO (Ga*"), which explains the origin of
the higher intrinsic CHsOH formation rate of Cu-Zn/SiO2 (1.6 g h™ gcu?) than
Cu-Ga/5i02 (1.3 g h™' geu™) in our previous work.!516 Notably, the intrinsic CO
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formation rate of Cu-Zn/SiO:z is similar to Cu/SiO2 (0.3 g h™' gcu™) while the
CHsOH formation rate was boosted by 5 times. This indicated that Zn?
introduction to Cu/SiOz did not play role in suppressing CO formation. On
the other hand, the Ga®* introduction did not only suppress CO formation
over Cu-Ga/SiO:z (0.1 g h! geu!) by 3 times lower than Cu/SiO:2 but also
boosted the CH3OH formation rate was boosted by 4 times. The lower
intrinsic CO formation rate over Cu-Ga/SiO: is hypothetically due to much
faster k-HCOO (Cu) spillover to Ga’* sites than to Zn*, which made -
HCOO (Cu) less susceptible to decomposition into CO and ultimately
improved CHsOH selectivity.

4.3 Conclusion

The Cu-M/SiO: catalysts (M = Zn, Ga, and In) were prepared by
surface organometallic chemistry. Formate on Cu is the common
intermediate over Cu-M/SiO:z catalyst. The role of M* sites is the stabilization
of formate species resulting in weakened C-O bond and strengthen C-H
bond. Stabilized formate is more reactive toward hydrogenation to methanol.
Moreover, the transfer of formate from Cu to M* sites via spillover can
suppress formate decomposition to CO over Cu. Despite more reactive
formate over Zn?, the formate spillover toward Ga® is faster, leading to
higher CH3OH selectivity due to suppressed formate decomposition to CO.

All the Cu-M/SiO: catalysts proceeded through the same reaction
mechanism via formate hydrogenation. The H: dissociative adsorption and
formates formation were not affected by kinetic isotope effects (KIE). There
was slight KIE for formate hydrogenation and significant KIE for methanol
activation towards formation/desorption to methanol. The latter was
identified as the rate-limiting step for CO: hydrogenation. The mechanistic
insights from the model Cu-Zn/SiOz catalyst help explain the nature of highly
debated Cu-ZnO synergy that plays a crucial role in defining the catalytic
activity of the industrial Cu/ZnO/Al:Os catalysts. Moreover, understanding
the roles of interfacial metal sites at the periphery of Cu nanoparticles can
facilitate the rational design of highly selective catalysts and the nano-
structures/acidity around the metal site where formates can be formed.
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Supporting information

Chapter 4

1. Transient experimental setup and procedures of
operando DRIFTS

The flow of gases (Hz, CO, and He) is controlled by 6 mass flow
controllers (Bronkhorst). Switching between two reactant gas streams is done
by a 4-way valve. The pressure of the two gas streams (to the cell and vent)
is controlled by back pressure regulators (Bronkhorst). The outlet gas stream
is analyzed by a Pfeiffer OmniStar GSD 300C mass spectrometer.

Before the measurements, the sample is reduced in situ at 300 °C in
the Hz stream (20 NmL min Hz) for 1 h and subsequently cooled to a reaction
temperature of 150 °C in the He stream. The cell is pressurized to 10-20 bar
and immediately exposed to the reactant mixture (H2/CO2 = 3/1 molar ratio,
total flow 20 NmL min) at the same pressure by the switching valve. The
transient experiment utilizes a periodic perturbation of a system by external
parameters (stimulation) to influence the concentration of active species.!
This experiment is performed in the above-mentioned setup by using a
switching valve to change the stream of reactant gases to introduce the
periodic concentration perturbation.

Operando DRIFTS experiment

The catalyst powder (10-15 mg) is located in a cylindrical cavity (3
mm in diameter and 3 mm vertical length) of a custom-made high-pressure
reaction cell (tested up to 40 bar). The cell is mounted in a Harrick Praying
Mantis diffuse reflection (DRIFTS) accessory. The spectra were collected
using a Thermo Scientific Nicolet 6700 FT-IR spectrometer equipped with a
liquid-nitrogen-cooled MCT detector at 4 cm™' resolution. The spectra were
acquired continuously every 10 seconds in a time-resolved manner to
monitor the reaction, stabilization process of the catalysts as well as evolution
of surface species. No baseline correction was applied to the time-resolved
spectra due to the baseline movement.
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Temporal evolution of surface species after introducing H.+CO>

H, He H, + CO,
reduction purge (Steady state, 3 h)

300°C
230°C

>

RT

Figure S4.1 Experimental procedure for the temporal evolution of surface species Reduction condition:
300 °under 10 NmL min~* of Hz for 1 h. Reaction conditions: ca. 10 mg catalyst, H2/CO2 =3, T=230 °C, P
=10 bar, Fotal = 10 NmL min~2.

Steady-state isotopic transient kinetic analysis (SSITKA) using D>+CO,

H, He H, + CO, D, + CO, H, + CO,
reduction purge (steady state, 3h) (steady state, 3h) (steady state, 3h)

300 °C
230 °C

RT

Figure S4.2 Experimental procedure for SSITKA. Reduction condition: 300 °C under 10 NmL min~* of H,
for 1 h. Reaction conditions: ca. 10 mg catalyst, H2/CO, or D2/CO2 = 3, T = 230 °C, P = 10 bar, Fiota = 10
NmL min™.
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Transient experiment using He+CO; vs H,+He

H, He H, + He He + CO, (3:1) vs H, + He (3:1)
reduction purge (steady state)  (6-12 cycles, quasi-steady state)

300 °C
230°C
RT

Figure S4.3 Experimental procedures for the transient experiment. Reduction condition: 300 °C under
10 NmL min~? of H; for 1 h. Reaction conditions: ca. 10 mg catalyst, He/CO; or Ho/He =3, T=230°C, P =
10 bar, Frotal = 10 NmL min,

Multivariate spectral analysis

Multivariate spectral analysis is performed by the Multivariate
Curve Resolution-Alternating Least Squares (MCR-ALS) algorithm, as
described elsewhere.? MCR is a chemometric method used for better data
processing and deconvolution of complex spectra down to individual
components based on kinetic resolution. It can deliver the pure response
profiles (e.g. spectra, pH profiles, time profiles, elution profiles) of the
chemical species of an unresolved mixture when no previous information is
available about the nature and composition of these mixtures.
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Temporal evolution of surface species during CO, hydrogenation

Tables S4.1 Assignment of surface species

Wavenumber Vibrational Band assignment Ref.
(cm™) mode
2996 Vas(C—H) Adsorbed methanol (CH;OH*) 34
2958 Vas(C—H) Methoxy (CH30*) on SiO; 34
2936 v(C=H) Bidentate formate (k>-HCOO*) on Cu 57
2926 Vas(C—H) Methoxy (CH30*) on Cu 3
2921 vs (C—H) Adsorbed methanol (CHsOH*) 34
2893 v(C-H) Bidentate Formate (k>-HCOO*) on ZnO 4
2858 vs (C—H) Methoxy (CHsO*) on SiO> 3
2853 v(C-0) + Bidentate formate (k>-HCOO*) on Cu 57
6(C-H)
2852 vs (C—H) Adsorbed methanol (CH;OH*) 34
2842 Vas(C—H) Methoxy (CH30*) on ZnO 4
2830 vs (C—H) Methoxy (CH3O*) on ZnO 4
2815 vs (C—H) Methoxy (CH3O*) on Cu 3
1604 v (C-0) Bidentate formate (k>-HCOO*) on Cu 8
1590 v(C-0) Bidentate formate (k>-HCOO*) on ZnO 8
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Figure S4.4 Time-resolved operando DRIFT spectra of the surface species formed during the CO:
hydrogenation reaction over Cu/SiO,, Cu-Zn/SiO, Cu-Ga/SiO2, Cu-In/SiO; catalysts. Reduction condition:

300 °under 10 NmL min~* of H; for 1 h. Reaction conditions: ca. 10 mg catalyst, H./CO. =3, T =230 °C, P
=10 bar, Frota = 10 NmL min,

Mechanistic insights from the isotopic transient experiment

Figure S4.5 Transient responses of surface species and gas products during the steady-state isotopic
switching from CO»+D, to CO2+H): Corresponding normalized ion current signal of isotope-labeled
products. Reaction conditions: 10 mg catalyst, Ha(or D2)/CO2 = 3, T = 230 °C, P = 10 bar, Fiota = 10 NmL
mint.
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Figure S4.6 Transient responses of surface species and gas products during transient isotopic switching
from CO2+D; to CO2+H. over Cu/SiO,. Time-resolved DRIFT spectra of u(C—H) region and u(C-D) region.
Component spectra obtained by MCR were applied to the time-resolved DRIFT spectra. Concentration
profiles of the spectra of the corresponding components obtained by MCR. Corresponding normalized
ion current signal of isotope-labeled products. Reaction conditions: 10 mg catalyst, Ho(or D;)/C02=3, T =
230 °C, P =10 bar, Frotal = 10 NmL min™.
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Figure S4.7 Transient responses of surface species and gas products during transient isotopic switching
from CO.+D; to CO2+H. over Cu-Ga/SiO,. Time-resolved DRIFT spectra of u(C—H) region and u(C-D)
region. Component spectra obtained by MCR were applied to the time-resolved DRIFT spectra.
Concentration profiles of the spectra of the corresponding components obtained by MCR. Corresponding
normalized ion current signal of isotope-labeled products. Reaction conditions: 10 mg catalyst, Ha(or

D2)/CO2 =3, T =230 °C, P =10 bar, Frotal = 10 NmL min.
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Insights into species spillover using transient experiment
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Figure S4.9 Transient responses of surface species and gas products during switching from He+CO: to
Ha+He over Cu-Zn/SiO; catalysts: Components spectra obtained by MCR applied on the time-resolved
DRIFT spectra. Reaction conditions: 10 mg catalyst, H2/CO2=3, T =230 °C, P = 20 bar, Fiotai = 10 NmL min~%.
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Figure S4.10 Transient responses of surface species and gas products during switching from He+CO, to
H>+He over Cu/SiO; catalysts: Components spectra obtained by MCR applied on the time-resolved DRIFT
spectra. Concentration profiles of the spectra of the corresponding components obtained by MCR.
Corresponding normalized ion current signal of products. Reaction conditions: 10 mg catalyst, H2/CO2 =
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Hx+He over Cu-In/SiO; catalysts: Components spectra obtained by MCR applied on the time-resolved
DRIFT spectra. Concentration profiles of the spectra of the corresponding components obtained by MCR.
Corresponding normalized ion current signal of products. Reaction conditions: 10 mg catalyst, H2/CO; =
3,T=230°C, P =20 bar, Frotai = 10 NmL min?.
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Abstract

Lower-temperature and higher-pressure are thermodynamically more
favorable conditions to achieve high conversion and high methanol
selectivity in CO2 hydrogenation. However, low temperature activity is
generally very poor due to the sluggish kinetics, and thus designing highly
selective catalysts active below 200 °C is a great challenge in CO2-to-
methanol. Recently, Re/TiO, was reported as a promising catalyst. We
show that Re/TiO: is indeed more active in continuous and high-pressure
(331 bar) operations at 150 °C compared to an industrial Cu/ZnO/Al>0O3
catalyst which suffers from the formation of methyl formate which is
decomposed to carbon monoxide. At lower temperatures, precise
understanding and control over the active surface intermediates are
crucial to boost the conversion kinetics. This work aims at elucidating the
nature of active sites and active species by means of in situ/operando XAS,
Raman, AP-XPS, and DRIFTS. Transient operando DRIFTS studies uncover
the activation of CO: to form active formate intermediates leading to
methanol formation and also active rhenium carbonyl intermediates
leading to methane over cationic Re single atoms characterized by rhenium
tricarbonyl complexes. The transient techniques afford to differentiate the
active species from the spectator one on TiO2 support, such as less reactive
formate originating from spillover and methoxy from methanol
adsorption. The AP-XPS supports that metallic Re species act as H2
activators, leading to H-spillover and importantly to hydrogenation of
active formate intermediate present over cationic Re species. The origin of
the unique reactivity of Re/TiO2 was suggested as the coexistence of
cationic highly-dispersed Re including single atoms, driving the formation
of monodentate formate, and metallic Re clusters in the vicinity, activating
the hydrogenation of the formate to methanol.

This chapter is based on the following publication:
Phongprueksathat, N., Ting KW., Mine, S., Jing, Y., Toyoshima, R., Kon-
doh, H., Shimizu, K., Toyao, T., & Urakawa, A
In preparation
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5.1 Introduction

Recycling fossil fuel-derived carbon dioxide (CO:) by converting it
into chemicals or fuels such as methanol, ethanol, and dimethyl ether is a
promising approach toward alleviating the impact of global warming.!
Among those chemicals, methanol is one of the most versatile chemicals as
an energy carrier and an alternative petrochemical feedstock towards a less
fossil-fuel-dependent and/or circular economy, known as the “methanol
economy” .2

Methanol can be synthesized on industrially relevant scales via CO:
hydrogenation over the most known Cu/ZnO/Al:Os catalysts at 220-250 °C
and 10-30 bar.? According to Le Chatelier’s principle, however, lower
temperature and higher pressure than the aforementioned conditions are
more thermodynamically favorable. Taking both chemical and vapor-liquid
equilibria into the thermodynamic calculation, conditions below 200 °C and
above 150 bar are required to achieve nearly full CO:z conversion and CHsOH
selectivity.* This is thanks to the in situ separation of condensable products
(e.g., methanol and water) from reactant gases, thereby driving forward the
reaction equilibrium.5¢ Furthermore, operating the reaction below 200 °C is
expected to be not only beneficial by reducing energy consumption but also
alleviating deactivation due to sintering.

In practice, low-temperature high-pressure CO:z hydrogenation over
a Cu/ZnO/AlLOs catalyst yields high CO selectivity below 260 °C despite the
thermodynamically favorable conditions towards methanol formation (P =
331 bar and H2/CO2 = 10).” At and above 260 °C, the reaction mechanisms of
methanol formation appears as reverse water-gas shift and subsequent CO
hydrogenation according to the residence time and space-resolved operando
studies.? CO hydrogenation was kinetically limited at a lower temperature,
whereas the direct CO2 hydrogenation to methanol is the major path at a low
temperature (180 °C). The reaction path may be condition (e.g. pressure and
catalyst) dependent; one study reports contrary results where the source of
carbon can gradually shift from CO: to CO as the temperature decreases
toward 160 °C.° In literature, it is widely accepted that using Cu-based
catalysts CO:z is the main source of carbon in CHsOH and that CO is formed
independently via different intermediates and converted to methanol via CO
hydrogenation, by an order of magnitude slower than CO2 hydrogenation.!01!
Moreover, CHsOH formed via direct CO2 hydrogenation can decompose to
CO.# Lewis-acidic sites over Al2Os play a key role in CH:OH decomposition
to CO via methyl formate-mediated pathway.!? Thus, the development of
novel catalysts with well-defined active sites with a clear understanding of
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the reaction mechanisms is crucial for suppressing CO formation, while
achieving high CO:2 conversion and CH3OH selectivity.

Supported Re catalysts show remarkable potential in heterogeneous
catalysis, especially for COz hydrogenation.'3-15 Recently, Re/TiO2 was found
to exhibit the highest turnover frequency (TOF) and CHsOH selectivity
among various metal catalysts (Co, Ni, Cu, Ru, Rh, Pd, Ag, Re Ir, and Pt)
supported on TiO2, bulk Re catalysts (Re?, NHsReOs, ReOz, ReOs, Re207), and
Re supported on various supports (ZrOz, AlOs, SiO2, C, CeO2, MgO, SiO»-
AlOs, SnO2, H-ZSM-5, HY) under a batch reaction condition at 150 °C and 60
bar (H2/CO: = 5, 24 h).'s Despite the uniquely high activity, the major
challenge of the catalyst is the formation of CHs as a byproduct. CH4
selectivity over Re/TiO: is promoted not only by the reaction conditions
(higher reaction temperature and longer contact time'415),17.18 but also by the
catalyst structures such as larger Re cluster size and Re oxidation state.
Structural chemistry of Re on metal oxide support materials is complex. The
reduction of Re”™ (Re207) supported on y-Al20s can disperse Re particles into
majorly single Re atoms, Re nanoclusters, and unreduced Re (due to
oxophilic nature).’” After a similar reduction treatment to Re207/TiO;,
subnanometer Re clusters are formed with oxidation numbers between Re®
and Re* that were suggested to be favorable for high CHsOH selectivity.!o
The fluxional oxidation states of both Re and Ti can influence the nature of
the acid site on Re/TiO2; the hydroxyl group attracted by Re®* or Re¢*
generates Bronsted acid sites, while the incorporation of Re* into TiO2
forming Re™—O-Ti*(Ti*) bonds creates Lewis acid sites? For Cu-based
catalysts, the Lewis acid strength of Ti sites next to Cu can stabilize surface
intermediates such as formate and methoxy in proximity to metal
nanoparticles leading to boosting the CHsOH formation rate.?»? For Re/TiOz,
in situ IR, showed that formate and methoxy are possible intermediates for
CHs0OH formation, while carbonyls are a possible intermediate for CHa
formation.'¢’” However, the observable surface species under the steady-state
DRIFTS experiment could be both active or spectator species. Elucidation of
the precise reaction mechanisms and involved active species requires more
advanced approaches such as transient techniques with periodic external
stimulus for species discrimination.?>? Transient techniques are applicable
for pinpointing the state and structure of active sites from multi-oxidation
states Re particles and understanding the interrelationship between the
nature of active sites and surface intermediates.

In this study, the catalytic activity of Re/TiOz was investigated at low
temperature and high pressure of 150 °C and 331 bar. The results from
various in situ/operando spectroscopy techniques such as diffuse reflectance
infrared Fourier transform spectroscopy (DRIFT), X-ray absorption
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spectroscopy (XAS), Raman spectroscopy, and ambient-pressure X-ray
photoelectron spectroscopy (AP-XPS) provide insights into surface species,
the oxidation state of Re, and the structural change of TiOz. DRIFTS combined
with steady-state isotopic transient kinetic analysis (SSITKA) using D2 and
13CO:z elucidate distinct surface intermediates and pathways toward CHsOH
and CHa formation. Correlating the surface species, catalyst structures, and
outlet gas product, we provide molecular-level insights into the reaction
mechanisms and the nature of active sites, which could further assist the
development of superior catalysts.

5.2 Results and Discussion

5.2.1 Selectivity progression during low-temperature CO, hydrogenation at
high pressure.

The catalytic performance of 3 wt% Re/TiO: and commercial
Cu/ZnO/AL0s (64/25/10 wt%) were studied at the stoichiometric H2/CO: ratio
of 3 at 150 °C and 331 bar (reactant pressure, the reaction pressure is 360 bar
including an inert gas for calibration) for 24 h (Figure 5.1). Initially, both
catalysts showed higher CO: conversion that declined with time-on-stream,
more prominently for Cu/ZnO/ALQOs. Re/TiO2 showed a comparable and
higher CO: conversion to Cu/ZnO/Al2Os over time despite significantly lower
metal loading. CH3OH selectivity displayed three distinguished stages
within the 24 h experiment: activation (0-10 h), stable performance (10-20 h),
and stabilization and deactivation (>20 h). During the activation period,
methyl formate (HCOOCH?) is the main product over Cu/ZnO/ALQO:s. After
initial >60% selectivity followed by a decrease, methyl formate selectivity
reaches ca. 47% at ca. 8 h before a rapid decline to less than 5%. Along with
the decrease of methyl formate selectivity, CHsOH and CO selectivities
gradually increase and become stable. On the other hand, Re/TiO2 shows a
high initial CHa selectivity (>40%) that rapidly declines within 5 h. HCOOCH?
selectivity over Re/TiOz is lower than that of Cu/ZnO/Al:Os during the first
10 h, but it becomes higher over time. Generally, the drops in HCOOCH:3
selectivity accompany counteracting increase of methanol selectivity,
implying their close correlation and balance of the surface intermediates
leading to the two products.
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Figure 5.1 Catalytic activity of Cu/ZnO/Al>0s and 3 wt% Re/TiO; in CO, hydrogenation. H2/CO2. =3, T = 150
°C, P =331 bar, and GHSV = 2,000 h™* (2 NL geat* h72).

The selectivity toward HCOOCHs has become increasingly
noticeable at low temperatures and high-pressure operations, especially over
Cu/ZnO/ALOs. The Lewis acid sites on Al20s can strongly adsorb formate
(HCOO*) intermediates that react further with CHsOH to HCOOCHs (Eqn.
5.1),% or transiently produced formic acid through protonation of the formate
may undergo esterification reaction with adsorbed CHsOH to produce
HCOOCHSs. The sudden drop in HCOOCH:s selectivity contrarily to the
increased CHsOH and CO selectivity suggested that the HCOOCHs

decomposition path over AlOs into CH3OH and CO (Eqn. 5.2) is likely
active.1?

CH:OH + HCOO* — HCOOCH; + OH* (Eqn. 5.1)
HCOOCH; — CHsOH + CO (Eqn. 5.2)
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Considerable amounts of H20 formed during the reaction can
activate hydrophilic A2Os and create Bronsted acid sites that promote
HCOOCHs decomposition. On the other hand, weaker Lewis acidic sites and
less hydrophilicity of TiO2 compared to Al20s? result in generally lower
HCOOCHs selectivity over Re/TiO2. A closer look into the CO formation
profile of Re/TiO2 shows that it behaves similarly or rather identically to that
of HCOOCHs, indicating a different mechanism for HCOOCHs;
formation/decomposition or the CO formation pathway for the two catalysts.
The initial high selectivity to HCOOCHs and its unstable formation profile
are interesting by themselves. Based on the observations and also the
previous studies aiming at HCOOCH: synthesis where methanol adsorption
is found rate-limiting and the support, especially its perimeter with an active
metal, plays decisive roles, the amount of surface methanol and thus the
coverage of methanol on the catalyst surface is important for the formation
of HCOOCHS.26%7 During the initial phase of the reaction, the concentration
of adsorbed methanol is expected to vary drastically where formed methanol
reacts immediately with reactive formates/formic acid on the catalyst surface,
but at a certain point this will reach a steady value and this may decrease the
amount of reactive formates/formic acid, explaining the formation profile of
methyl formate. Overall and importantly, Re/TiO:z exhibits a superior activity
for CHsOH production to Cu/ZnO/AlL:0:s at the low temperature and different
activation mechanisms are indicated from the product selectivity and their
temporal profiles.

5.5.2 Effect of Re loading

In the previous study on Re/TiOz, a sub-nanometer size of Re was
found important for high CHsOH selectivity, whereas larger Re clusters
favored CHs formation by the Re loading study.!® Figure 5.2 confirms the
finding and shows that higher Re loading does not have a positive impact on
the catalytic performance, decreasing both CO: conversion and CHsOH
selectivity. This trend is uncommon and shows the strikingly high structure
sensitivity or the presence of a highly reactive active site to form methanol
when Re is highly dispersed.

Larger Re cluster size due to increased Re loading promotes not only
CHs but also HCOOCH: selectivity instead of CH:OH selectivity. CHa
selectivity reaches a plateau above 10 wt% and further increase of Re loading
only resulted in the promotion of HCOOCH: selectivity. Interestingly, CO
selectivity appears to be independent of Re loading. This independence of
HCOOCHs and CO formation amount may indicate that the latter, as
reported for Cu/ALQOs,% is not formed by the decomposition of the former on
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Re/TiO2 or that the formation of CO takes place at a specific site which is not
Re-loading dependent.
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Figure 5.2 Effect of the Re loading (wt%) of Re/TiO: in CO, hydrogenation. H,/CO, =3, T=150°C, P =331
bar, GHSV = 2,000 h~! (2 NL geot™ h2), and TOS = 15 h.

The previous study indicated that highly dispersed Re particles
having oxidation states higher than Re? and below Re** (ReO:) are beneficial
in achieving high CHsOH selectivity.'® The results of this study once again
show that higher Re loading has negative effects and larger Re particles
accelerate both CHs and HCOOCHs formation. Most importantly, the Re
loading affects the active sites and reaction pathways, which needs to be
elucidated under operando conditions.

5.5.3 In situ characterization of fresh and reduced Re/TiO; catalysts

Re is well-known to alter its oxidation state in a wide range and TiO:
is also known for its redox properties.?>3! The combination of Re and TiO:
yields the uniquely active catalyst and the reducible/oxidizable nature of
these may be important for the creation of the active sites or inducing specific
reaction pathways. To gain deeper insights, the structure of fresh and
reduced Re/TiO:2 was characterized in situ using XAS and Raman
spectroscopy to follow the oxidation states of Re and structural
changes/disorder of the TiO: lattices, respectively.
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The Re Ls-edge XANES spectra of Re/TiO:z before and after reduction
are shown in Figure 5.3a. The white line intensity and position of calcined
(fresh) catalyst at 10542.0 eV have decreased and shifted toward lower energy
of 10540.1 eV after reduction with H2 at 500 °C for 0.5 h indicating the
reduction of Re207 species. Determining the precise oxidation states of
reduced Re is challenging since the white line intensity is also influenced by
the cluster size of Re.”? The relatively low loading of Re (3 wt%) and high
XAS measurement temperature would render an EXAFS analysis difficult. In
addition, as can be seen in the HAADF-STEM images, the Re species are
highly dispersed and heterogeneous. These features should render an EXAFS
analysis particularly difficult. Note that we found that Re/TiOz with 5 wt%
Re loading contains features associated with both Re-O and Re-Re bonds.??
The coordination numbers of the Re-O and Re-Re bonds were determined to
be 2.7 and 3.4, respectively.

On the other hand, the Raman spectra of fresh Re/TiO: catalyst
(Figure 5.3b) have shown a peak at ca. 970 cm™, which is attributed to vs
(Re=0O) of highly oxidized Re species (isolated hydrated Re207 species).®
There are no other peaks of Re=O bonds from the reduced catalysts
suggesting that most Re2O7 particles were transformed into more reduced
ReOx. The peaks position at 163 (Eg), 193 (Eg), 390 (Big), 510 (A1g or Big), and
632 (Eg) cm™ are assigned to the vibrational modes of the lattice and O-Ti-O
bonds of the anatase structure. The peak position of TiO2 remains the same
after reduction suggesting no change in the anatase phase after reduction at
500 °C. The emergence of a new broad peak at 810 cm- after H2 exposure can
either indicate the surface structural changes due to the formation of oxygen
vacancies®? or the formation of vs (Re-O) of Ti-O-Re or Re-O-Re bridging
oxygen within the RexOy clusters.?* Although the origin of the broad peak
cannot be understood by this study, the increase in Ti-O-Re coordination
was expected because Re/TiO2 showed the tendency to form single atoms Re
and sub-nanoclusters after reduction.’” The same observation was made in
this study, in which Re disperse into single atoms after reaction (vide infra)
and the broad peak may indicate the atomic dispersion of Re into the TiO2
surface.
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CO:z hydrogenation over Re/TiOz2 under working conditions of 150 °C
and 10 bar was investigated using operando XAS, Raman, and DRIFTS. The
Re Ls-edge XANES before and during steady-state reaction showed a slight
increase in the white line intensity with a minor shift by ca 0.2 eV (Figure
S5.1a). These changes indicate reoxidations of Re by CO2 and/or redispersion
of the Re cluster. More detailed results and discussion are given later. The
Raman spectroscopy (Figure S5.1b) showed no shift in peak positions but a
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Figure 5.3 In situ characterization of 3 wt% Re/TiO- catalyst before and after reduction with H, at 500 °C,
atmospheric pressure: a in situ Re Ls-edge XANES spectra and b in situ Raman spectra.

5.2.4 Structural changes and temporal evolution of surface species during
CO; hydrogenation over Re/TiO;



decreased baseline, which is only related to the reduced and oxidized state of
the TiOz surface.

Time-resolved DRIFTS provides insights into the temporal evolution
of surface species during CO: hydrogenation over the freshly reduced
catalyst (Figure 5.4). Identified surface species are kinetically distinguishable,
which facilitates the identification and assignment of each IR band. Table
S5.1. summarizes the peak assignments from literature for each surface
species and IR vibrational modes. CO:2 hydrogenation using D2 (2Hz) helps
identify surface species containing H atoms, e.g., through C-H and O-H
bonds due to the shift in the vibrational frequencies (Figure §5.2). Moreover,
kinetic isotope effects (KIE) can alter the intermediate/product formation
rates and one can learn about rate-limiting steps.®°On the other hand, 1*CO2
hydrogenation helps identify the species containing the C=O bond (Figure
§5.3). For example, in this study both D2 and *CO:z played a crucial role in
the identification of rhenium hydride (Re-H), which are obscured by
carbonyls (CO¥).

The v(C-H) bands in the 2500-3200 cm-! region are presented in
Figure 5.4a, while v(C-O) bands in 1000-1800 and 1800-2300 cm~! regions are
shown in Figures 5.4b and 5.4c. The structures of relevant surface species are
illustrated in Figure 5.4d. The characteristic IR bands of rhenium hydride
(Re-H, 1965 cm) and bridging or chelating bidentate formate on TiO2 (-
HCOO*, 2950, 2869, 1560, and 1357 cm™') appear immediately after the
reaction was initiated. Linear carbonyl species (u-CO*, 2030 cm') appear
after 0.5 min. Bridge carbonyls (u2-CO*, 1936 and 1880 cm™') appear after 2
min. However, we later confirm that the bands assigned pi-CO* and p2-CO*
are the parts of the rhenium tricarbonyls complex (Re(CO)s) (vide infra). The
bands that appeared simultaneously at 2883, 2848, 2732, 1640, and 1405 cm!
can be assigned to adsorbed methyl formate (HCOOCHS:*)%% or adsorbed
formic acid (HCOOH?).4041 However, those adsorbed molecules were not
usually observed under operando DRIFTS since they are prone to chemically
adsorbed in form of xk2-HCOOQO*.262742 These bands were later assigned as
monodentate formate on Re (x-HCOO¥*) or bridging formate (u2-HCOO*)
over Re or Re-O-Ti interface.** Methoxy species (CHsO*, 2829, and 2927 cm')
appear in the latest order after 10 min of reaction.

In summary, the surface species temporally evolved in the following
orders: k--HCOO* = Re-H (0.25 min) — p1-CO* (0.5 min) — p2-CO* (Re(CO)3
formation) = p2-HCOO* (2 min) — CH3O* (10 min). It should be highlighted
that a faster spectral acquisition than 10 s is required to distinguish the
formation rate between x>-HCOO* and Re-H.
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An identical experiment was performed over bare TiO: to
understand the role of TiO2 support (Figure S5.4). In absence of Re metal,
only monodentate carbonate (x-COs*, 1369 and 1583 cm™'), monodentate
bicarbonate (x-HCOs*, 1429, and 1656 cm-!), bidentate bicarbonate (x2-
HCOs*, 1223, 1503 and 1618 cm), and weakly adsorbed carbon dioxide
(COz*, 1334 cm™') form over TiO2. There is no signal of C—H bonds in the 2500-
3200 cm-'region, confirming that formate cannot be formed without Re. COs*
and HCOs* could form with CO: via lattice oxygen and surface hydroxy
group (Ti-OH), respectively. Additionally, no traces of CO* were detected
since coordination to Re atoms is required for CO* species.

The formation of carbonyl species over Re/TiO:2 during the reaction
(Figure 5.4b) indicates the reduction of the Re=O bond, which is generally
required to form a coordination complex with CO. The tentatively-assigned
u1-CO* and p2-CO* form with distinct kinetics. However, the formation of
bridge carbonyls is less favored or not possible on atomically-dispersed Re
due to the lack of adjacent Re atoms. At the reaction temperature, the
adsorption of CO can lead to disruption and dispersion of Re crystallites,
which indeed takes place during the reaction as described later, and
eventually, lead to the formation of rhenium carbonyls complexes like
Re(CO)s.# Here, based on the spectral features, the carbonyl species are
assigned to Re(CO)s, although the number of carbonyls can fluctuate
depending on the coordinating groups and environment around Re.

The involvement of Re-H (1965 cm™) in the HCOO* formation is
confirmed by both CO: hydrogenation (Figure S5.3) and CO2
hydrogenation using D2 (2Hz) (Figure S5.2). Since Re-H band is usually
overlapping with that of CO*, the red-shift of all CO* species bands using
1BCOz2 can reveal an unaffected Re-H vibrational band. On the other hand, the
consumption of Re-H (formed during reduction) was revealed by the D2
exchange, causing the red-shift of Re-D to 1355 cm! (overlapping with x2-
HCOO%). However, the role of Re-H in HCOO* formation remains
ambiguous: through hydrogenation of COs* and/or HCOs* on TiO2,% or direct
activation of CO: via hydride transfer over the Re atom.

The normalized IR bands of surface species and mass spectrometry
(MS) signals of gaseous products are compared in Figure 5.5. During the CO2
hydrogenation, CHsOH formation (Figure 5.5d) reaches a steady state within
20 min and its profile is similar to that of k2-HCOO* formation (Figure 5.5a).
In contrast, CHsO* formation has shown a significant delay in its increase on
the catalyst surface. This suggests that the observed CHsO* is not required as
the intermediate for CHsOH formation. *CO2 hydrogenation yielded similar
temporal evolution of surface and gaseous species to the case of 2CO2
(Figures 5.5¢ and 5.5f).
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Figure 5.5 Temporal evolution of normalized absorbance of the main surface species obtained from
operando DRIFTS during reaction with a H2+CO;, b D2+CO;, and ¢ H.+'3CO; over pre-reduced 3 wt%
Re/TiOz. Corresponding normalized ion current signal of methanol and methane obtained from mass
spectrometer during reaction with d H,+CO,, e D>+CO,, and f H,+3CO; over 3 wt% Re/TiO2. Wavenumber
(cm™): k>-HCOO* (1565), u:-CO* (2026), CH3O* (2830), k>-DCOO* (2181), uz-CO* (2026), CDs0* (2063),
OD* (2074), k*-H3COO* (1527), u:-3CO* (1976), 3CH30* (2827). The MS of CD4 at m/z = 18 is shown
instead of m/z = 20 because of overlapping with DO and H.O contribution was assumed to be negligible
(Table S5.2).

Furthermore, an identical isotopic labeling experiment was
performed using D: instead of Hz. During the CO2 hydrogenation with D2, a
similar ¥>-DCOO* (2180 cm™) formation profile to that of HCOO* is observed,
suggesting that CO: activation to ¥>-HCOO* is not affected by the KIE (Figure
5.5b). However, the CDsOD formation (Figure 5.5e) is much slower
compared to CHsOH formation (Figure 5.5d) while CDs is virtually
unaffected (Figure 5.5e). This indicates completely different formation
mechanisms and involved intermediates to form methanol and methane. The
CDsOD signal shows a similar profile to that of CDsO* (2061 cm-), which
behaves oppositely to the terminal deuteroxyl group (OD*, 2704 cm™). To
understand the location and roles of this CDsO* as well as the correlation
between CDs;O* and OD¥, a CH3OH adsorption experiment was performed,
followed by titration using D2 (Figure S5.5). After CHsOH was adsorbed as
CHs0¥, titration of CHsO* by D2 produced CHsOD and regenerated OD*
similar to the inverted relationship between CD3O* and OD*. This suggested
that the observed CHsO* species are located on TiO:z support and originated
from CHsOH adsorption over the Ti-OH sites. A similar experiment is
performed over TiO:z support (Figure S5.6). However, the Ti-OD at 2704 cm-
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1 was not observed, which indicates that the formation of the Ti-OH group
via heterolytic dissociation of H: is not possible over TiO:, at least at this
temperature. This confirms the role of Re for Hz dissociation and hydride
transfer over TiO: via H-spillover.* Moreover, the CD3O* is unreactive to D2
without Re. From the results above, it is clear that CDsOD produced during
CO2 hydrogenation (with D2) reacted with OD* to form CD3O*. Therefore, the
slower product formation rate due to CDsOD adsorption led to delayed
detection of CD30OD compared to CDa.

The instantaneous formation of OD* during CO2 hydrogenation with
D2 suggests that D-spillover from Re is rapid within the time-scale of the
experiment compared to the consumption of Re-H (produced during catalyst
activation via reduction with Hz) to form DCOO*. The gradual decline of the
OD* concentration discarded the Ti-OH role in x>-HCOO* formation via CO2
activation into HCOs* and its subsequent hydrogenation at low
temperatures, since x2-HCOO* saturation on the surface was significantly
faster than OD* consumption. Notably, the quickly formed OD* on TiO:z is
gradually replaced by CDsO*. This gradual surface species evolution might
be linked to the initial selectivity changes and consequent methyl formate
formation during the catalytic tests (Figure 5.1).

In addition, CO hydrogenation was also carried out to understand
the mechanistic differences to CO2 hydrogenation, as shown in Figure S5.7.
Compared with CO:2 hydrogenation, similar Re(CO)s (2029, 1915, and 1873
cm) are observed. The gaseous CO (2169 cm™') and, additional peaks of
Re2(CO)10 (2104 and 1995 cm™) also appear. Only a trace amount of adsorbed
H20, x2-HCOO*, and CH30* is observed, which indicated the lack of CHsOH
formation.! There is no indication of formyl (HCO*) and formaldehyde
(H2CO*) produced via stepwise hydrogenation of carbonyls as the main
intermediate for CO hydrogenation.#” The formate specie which is a more
natural intermediate in CO2 hydrogenation via hydride transfer to COz seems
indeed the key intermediate in producing methanol over Re/TiOz. The roles
of both HCOO*, CH3s0O*, and CO* were further investigated using D2 and
13CO2 SSITKA.

5.2.4 Steady-state isotopic transient kinetic analysis (SSITKA)

The SSITKA-DRIFTS is a powerful technique that combines transient
isotopic exchanges and operando surface species responses while maintaining
the characteristics of the steady-state operation keeping the constant partial
pressure of reactants. The time-resolved DRIFT spectra containing the
kinetically separable and isotopically labeled surface species were analyzed
using multivariate spectral analysis, more precisely multivariate curve
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resolution (MCR),%4 to obtain their kinetically pure spectra and
corresponding concentration profiles. Furthermore, the surface species
concentration will be correlated with the concentration of gaseous products
detected by MS to extract mechanistic information. To avoid
misinterpretation, it should be noted that we show the MS signals of the
isotopic products that the m/z are not overlapping. For example, the
abundant signals of CDs at m/z 20 and 18 overlap with D20 and H:0,
respectively (Table S5.2).

The roles of formate and carbonyls can be investigated by switching
from the 3CO2+Hb: to the 2CO2+H: stream. As shown in Figures 5.6a and 5.6b,
1BCO* (1936, 1872, and 1836 cm) and x2-H®BCOO* (1527 and 1334 cm™),
formed during the steady-state *CO: hydrogenation, disappeared after
isotopic switching, leading to the formation of 2CO* (2030, 1936 and 1880 cm-
1) and x2-H"2COO* (1560 and 1357cm™), respectively. The overlapping bands
could be deconvoluted by MCR. Especially, if the concentrations of surface
species are kinetically distinguishable, MCR affords to obtain a chemically
pure spectrum of each surface species. The MCR-resolved spectra of x2-
HCOO* (Figure 5.6d) show two distinguishable characteristics of #?-
H"2COO* and x>-H®COO*. On the other hand, the MCR-resolved spectra of
CO* show three bands with the same kinetic response, confirming the
formation of Re(CO)s complexes (Figure 5.6c) with kinetically
indistinguishable carbonyls on this time-scale.®

The MCR-resolved concentration profiles of CO* and HCOO* are
shown in Figure 5.6e. The symmetrical responses between *C- and 2C-
containing species after isotopic switching are observed. The
consumption/formation of x?>-HCOO* is noticeably faster than that of
Re(CO)s, indicating higher reactivity of «>-HCOO* toward hydrogenation.
Moreover, the Re('2CO)s formation had shown a significant delay compared
to xk2-H"2COO* after isotopic switching. This indicates that «>-HCOO* could
be the intermediate for CO* via k-HCOO* decomposition,® and eventually
transforms into Re(CO)s complexes. This finding is consistent with the result
from the temporal evolution experiment, in which Re-H and HCOO* were
the first species to form (vide supra).

In the gas phase, the BCH3OH response decays faster than *CHa
(Figure 5.6f), which is congruent to the faster consumption rate of x?-
H®BCOO* compared to ®CO* (Figure 5.6e). This suggested the different
pathways of CHsOH and CHa formation: CH3OH via direct hydrogenation of
k-HCOO*, and CHs via CO* formation and subsequent hydrogenation. It
should be noted that there was no noticeable change in the CHsO* profile
detected from v(C-H) upon switching from the B¥CO2+H: to the 2CO2+H2
stream, which suggested no correlation between CHsO* and CHa.
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Figure 5.6 Transient responses of surface species and gas products during the steady-state isotopic
switching from 3CO2+H; to 2CO,+H.. Time-resolved DRIFT spectra of a 2CO* and *CO*, and b H*?2COO*
and H3COO*. c and d Components spectra obtained by MCR applied on the time-resolved DRIFT spectra.
e Concentration profiles of the spectra of the corresponding components obtained by MCR. f
Corresponding normalized ion current signal of isotope-labeled products. *The formation of 2CHs and
12CH30H are not shown due to the contribution from *CHs and **CHsOH. Reaction conditions: 10 mg
catalyst, H,/CO2 =3, T =150 °C, P = 10 bar, Fiota = 10 Nml min™,

Transient isotopic switching from steady-state CO2+Dz to CO2+Hz
feed can shed light on the roles of x¥>-HCOO* and CH3O*. As shown in Figure
5.7a, k¥>-DCOO* and CDsO* formed during the previous steady-state started
to disappear after isotopic switching, leading to the formation of x>-HCOO*
and CHs0O%, as shown in Figure 5.7b. However, the consumption/formation
of k2-DCOO*/x2-HCOO* was noticeably faster than those of CDsO*/CHsO*.
Similar profiles were observed in transient isotopic switching from steady-
state CO2+Hz to CO2+D:2 (Figures S5.8 and S5.9). The MCR provides two
kinetically distinguishable spectra of x2-HCOO* and CHs;O* in the C-H
stretching region, and the other two spectra of x>-DCOO* and CD3O* in the
C-D stretching region (Figures 5.7c and 5.7d), as well as their concentration
profiles (Figure 5.7e). The concentration profiles obtained by MCR show a
symmetrical relationship between deuterated species and hydrogenated
species, indicating the isotopic exchange. CDsOH spiked rapidly after
isotopic switching followed by a long decay (Figure 5.7f), indicating that the
reaction between CDsO* and spilled-over H takes place and takes time due
to the high stability of the former on TiOx.

Importantly, CHsOH is produced right after switching and reaches
the steady state after 20 min regardless of the remaining x>-DCOQO* that
disappears after 60 min and of CDsO* that reacts slowly and remains on the
surface even after 120 min. This piece of evidence confirms that observable
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CH30* on TiOz is a spectator and not the intermediate for CHsOH formation.
Similarly, the slowly reacted x?>-HCOO* on TiO: could be proven as a
spectator as well. However, there is the possibility that only x>-HCOO*
located adjacently to the Re is the active species, while those not in proximity
are unreactive. Transient techniques are required to capture the short-lived
surface species responsible for CHsOH.
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Figure 5.7 Transient responses of surface species and gas products during the steady-state isotopic
switching from CO2+D; to CO2+H.. Time-resolved DRIFT spectra of a DCOO* and CDsO*, and b HCOO*
and CH3zO*. c and d Components spectra obtained by MCR applied on the time-resolved DRIFT spectra. e
Concentration profiles of the spectra of the corresponding components obtained by MCR. f
Corresponding normalized ion current signal of isotope-labeled products. Reaction conditions: 10 mg
catalyst, Ha(or D2)/CO2 =3, T =150 °C, P = 10 bar, Fioras = 10 Nml min~2.

5.2.5 Transient experiment: concentration modulation

The transient experiment can utilize not only isotopes but also the
drastic changes in the reactant concentration, e.g., passing only one of the
reactants momentarily, allowing the detection of surface species responding
to periodic perturbation. This technique can improve sensitivity and unveils
spectral features that are not accessible by steady-state experiments. The
transient experiment requires multiple modulation cycles for the system to
reach a quasi-steady state. Such states include the oxidation state of active
metal, local structure, surface species coverage, etc. The responses of those
states after the quasi-steady state are similar in the following cycles, allowing
cycle averaging to improve the signal-to-noise ratio.?>2

128



Log (lon current)/ A

The example of a quasi-steady state over Re/TiOz2 is clearly shown in
the transient experiment of the modulated flow of H>+CO:z vs. COz. As shown
in Figure 5.8a, the reaction under H2+CO: had reached a steady state (1)
before the transient experiment. Modulation with CO: induced structural
change of Re/TiOz, leading to an increase in the CHsOH signal in the gas
phase. The structural change reached a quasi-steady state after 3 cycles ((2))
and remained irreversible after the transient experiment (®). The Re Ls-edge
XANES showed a notable increase in the white line intensity compared to the
previous steady-state (Figure 5.8b). During the quasi-steady state ((2)) the
change in response to the periodic concentration change was infinitesimal,
but the subtle change was confirmed by the phase-resolved spectra obtained
by phase-sensitive detection (Figure 5.8c).>> The in-phase and out-of-phase
positions are at 10537 eV and 10543.5 eV, but they are assumed to be
artificially created peaks to describe the shift of absorption peaks. Rather this
study shows that the Re redox state does change, although the extent is small,
around the peak around 10540 eV, which can be in the range of Re?-Re*".
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Figure 5.8 Transient H2+CO and He+CO; experiment. a Corresponding normalized ion current signal from
a mass spectrometer. b operando Re Ls-edge XANES spectra. ¢ Phase-resolved amplitude spectra from
Re Ls-edge XANES: Spectra is within ¢™P= 0-360° at steps of $"*°= 15°. He balances are used in the CO,
phase to maintain partial pressure. Reaction conditions: H2/CO2 = 3, T = 150 °C, P = 10 bar, Fotal = 10 Nml
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Representative HAADF-STEM images of reduced and spent Re/TiO2
(Figures 5.9a and 5.9b) show that increased dispersion of Re clusters is
responsible for the irreversible change until reaching the quasi-steady state
(D). As shown in Figures 5.9¢ and 5.9d, the particle size distribution of Re
clusters becomes narrower toward single Re atoms and clusters containing a
few Re atoms after the transient reaction. The decomposition and
(re)dispersion of metal nanoparticles are often related to the concentration of
defect sites that enthalpically stabilize adatoms.*>* The Raman spectra
during the transient experiment show no shifts in two Eg modes (163 and 193
cm™) toward higher frequency as an indication of oxygen vacancy over
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TiO2.55% However, the lower signal intensity during H2+CO: than He+CO2
due to the baseline shift implies the relatively oxygen-deficient TiO2 that may
facilitate the decomposition and (re)dispersion of Re particles (Figure S5.10).
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Figure 5.9 Representative HAADF-STEM images of Re/TiOa: a after reduction (500 °C in H,) and b after
the transient experiment (150 °C and 10 bar). ¢ Re cluster size distribution of Re/TiO, was determined
from HAADF-STEM: c after reduction (500 °C in Hz) and d after the transient experiment (150 °C and 10
bar). Normalized frequency = Number of atoms in a specific cluster size x Frequency.

To gain more precise insights into the redox state of Re, an AP-XPS
study was performed (Figure 5.10). Re/TiO2 was reduced at 450 °C, which is
lower than the standard reduction temperature for the pretreatment, due to
a limitation of our experimental setup (For more detailed experimental and
analysis procedures, see the Supporting Information). Re/TiO2 after reduction
at 450 °C was found to contain multi-oxidation states of Re such as Re?, Re?,
and Re*. Although Re? is not known to exist as a stable bulk oxide, it can
exist as surface species.?? Note that other species including Re?** and Re',
which have been reported as surface species and/or in metal complexes,? can
also be present although the fitting with Re? Re?*, and Re* gave a sufficient
fit in the present study. The amount of surface cationic Re%* species increased
under the CO: atmosphere at 150 °C, suggesting the Re? oxidation by CO:
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(Table 5.1). The subsequent introduction of H2 reduced the formed cationic
Re?* species, followed by reoxidation by COz. These results indicate that CO2
oxidizes the supported Re and the oxidized Re is reduced by H: reversibly,
suggesting the participation of surface cationic Re% species such as Re** and
Re? in CO: hydrogenation, while the remaining Re’ plays role in H2
activation. We are aware that measurements at low pressures (millibar scale)
may lead to different conclusions to identify catalytic species.’” However,
direct observations of the surface Re species under repeated reduction (Hz) —
oxidation (CO2) cycles with XPS techniques can give qualitative insights into
the redox behavior of the Re species.
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Figure 5.10 (a) Experimental conditions during the AP-XPS study. (b) Re 4f AP-XPS spectra of Re/TiO,

under exposure to (i) Hy, (i) COy, (iii) H2, and (iv) CO2 at 150 °C. Blue dots: raw spectrum; black line: sum;
green: Re*; red: Re?; light blue: Re®; yellow: Ti 3p.
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Table 5.1 Peak concentrations in the Re 4f AP-XPS spectra of Re/TiO, at 150 °C under various gas
conditions (Figure 5.10).

Peak concentration / %

Gas condition

Re® Re?* Re®
(i) 0.1 Torr Hz? 83.2 14.5 0
(i) 0.1 Torr CO2 73.9 204 4.4
(iii) 0.1 Torr Ha (29) 76.8 22.8 0.4
(iv) 0.1 Torr CO; (279) 74.5 21.6 3.9

2Measured at 150 °C right after the Hz reduction pretreatment at 450 °C.

The transient DRIFT spectra obtained by alternatingly passing
H2+CO:z and (He+)CO: are shown in Figure 5.11a. After CO2 hydrogenation
at a steady state, the surface of the catalyst, especially the TiO, is expected to
be saturated with CHsO* and HCOO*, and switching to CO: allows capturing
the activation process of CO2 by Re-H with less formate spillover. The MCR-
resolved spectra obtained after a quasi-steady state reveal additional surface
species at 1643, 1583, 1405 1359 1307 cm! (Figure 5.11b, green)>5131.32 apart
from x>-HCOO* (Figure 5.11b, blue). Regarding «>-HCOO*, H spillover from
Re over TiO: may create OH*, but the reaction D+CO: (Figure 5.5b)
suggested that CO2 was not activated over OH* into HCO3* which could be
further hydrogenated to HCOO*. These observations pointed out that the
origin of HCOO* on TiO: is via formate spillover from the Re sites. The Ti*
Lewis acidic sites at the interface could promote formate spillover similar to
the surface chemistry observed over Ag on Al2Os or Zr0Q2.26%7

On the other hand, the more complex spectra (Figure 5.11b, green)
could be interpreted as H20* COs*, HCOs*,%% or even HCOOCHS;:*.38%
However, MCR-resolved spectra of COs* and HCOs* identified under the
CO2 hydrogenation condition over TiO2 did not match with the spectral
features of the observed surface species excluding the possibility of
(bi)carbonates. 222* The bands at 1583, 1405, and 1359 cm-! can be assigned to
bridging formate (u2-HCOO*) located over Re or Re-O-Ti interface.®* The
unassigned bands at 1643 and 1307 cm-! could be carboxylate on rhenium
(Re-COOH), 1647 cm1), 525 but this is unlikely with CO:2 directly interacting
with Re. On the other hand, CO: can be hydrogenated molecularly over
Re(CO)s complexes (i.e. its hydride form).® Thus-formed monodentate
formate (x’-HCOO*) binding on the rhenium center of Re(CO)s complexes
was reported around 1630 and 1280 cm~"%-57 which is in close agreement with
the observed bands. All assignments seem congruent with the results
obtained during CO: hydrogenation (Figure 5.4), in which these bands
appeared after the formation of the Re(CO)s complex. The complexity of the
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MCR-resolved spectrum suggested that CO2 activation over Re-center and
subsequent hydrogenation of CO2 over Re-H into p2-HCOO?¥, located on Re
or Re-O-Ti, and x!-HCOO* are kinetically indistinguishable at the current
time resolution as they appear in the same spectrum (Figure 5.11b, green).

The concentration profiles of the two kinetically distinguishable
spectra obtained by MCR are shown in Figure 5.11c. During the CO:z phase,
the amount of Re-H and x'-HCOO* decreases rapidly and gradually,
respectively, while x>-HCOO* increases via spillover of formate from Re to
TiOz. This indicates that CO: is immediately activated by Re-H and the
formed formate spills over onto TiO2 very quickly. The gradual decrease of
x!-HCOO* indicates that the formate on Re is unstable under CO: without
hydrogen as expected, but the slow decay may imply that the formates on
TiO2 may be reversibly transformed to x-HCOO* to some extent and thus
delaying its decomposition. After switching to the H2+CO: phase, Re-H is
rapidly regenerated and subsequently produces x’-HCOO* (fast formate) as
a source of CHsOH (Figure 5.11d). Interestingly, x>-HCOO concentration
decrease, indicating that the k--HCOO* close to the perimeter spills over back
towards Re instantaneously. The proposed mechanisms of formate formation
and spillover are summarized in Figure 5.11e.

The MCR-resolved spectra obtained in C-H stretching region (Figure
S5.11) have shown a multi-band spectrum of HCOO* with a similar
concentration profile of k-HCOO* in the C-O stretching region, while that of
CHs0* on TiO: is kinetically non-overlapping and behaves similarly to «?-
HCOO* during CO: phase but decays much slower in H2+COz phase. This
CHs0* is produced via x'-HCOO* hydrogenation to CHsOH that instantly
adsorbed TiO:2 to form relatively stable CHsO*.

Furthermore, aiming to decouple the influences of two reactive
components on surface species evolution, another type of transient
experiment was performed by alternatingly passing (He+)CO2 and Hz(+He)
over Re/TiOz. From the pristine reduced catalyst under H>, surface species
from CO: started to evolve every cycle after switching to CO: until a quasi-
steady state is reached, indicating the reaction between CO: and adsorbed
Re-H. Due to its transient nature, a short-lived species that cannot be
detected under steady-state CO: hydrogenation can be revealed (Figure
5.12a). The MCR resolved spectra show a characteristic band at 1690 cm-'
apart from x>-HCOO* (Figure 5.12b), which can be assigned as formyl group
(HCO*)e1-63 or formic acid (HCOOHY).#.¢¢ The missing corresponding C-H
bonds suggested that such species could also be carboxylate (COOH*) on
Re,55-¢7 or x!- or k2-HCOs* on TiO2.5 However, the formation of HCOs* was
more congruent with the role of TiOz support in CO: activation to COs* and
HCOs* during CO2 hydrogenation in absence of Re (Figure S5.4).
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The concentration profile (Figure 5.12c) showed that x>-HCOO*
forms during the CO: phase faster than HCOs* while both are rapidly
converted off during the H: phase. However, not all x>-HCOO* was
completely removed during the H: phase (Figure 5.12a), confirming the
existence of unreactive or slow formates as spectators. On the other hand, the
vanishing of HCOs* suggested the short-lived nature that makes it
unobservable during steady-state CO2 hydrogenation (Figure 5.4). HCOs*
appeared only during the CO: phase due to the limited hydrogenation (by
Re-H or H¥). Since the CHs is produced in combination with HCOs*
formation during the CO2 phase (Figure 5.12d), hydrogenation of HCOs* into
Re-CO could be the pathway for CHs formation. This was supported by the
observation of methyl (CHs*) on ReOx at 2975 cm, which forms
simultaneously during the CO2 phase (Figure S5.12).% The SSITKA: D2+CO2
to Ho+CO2 experiment (Figure $5.9) also confirms the hydrogenation of CDs*
intermediate into CHDs, which occurs before CH4 formation. A long decay in
the CHD:s profile and delayed CHa4 formation suggest that CDs* is less reactive
than HCOO* intermediates forming CHsOH. Moreover, HCOs*
hydrogenation to Re—-CO is less favorable under common CO: hydrogenation
conditions due to the tendencies for HCOO* formation assisted by Re-H, as
well as the occupation of Re sites in the form of Re(CO)s. This is confirmed
by the slower exchange between Re(CO)s isotopes than HCOO* during the
SSITKA: BCO2+H2 to 2CO2+tH:2 experiment (Figure 5.6). All mechanistic
insights from transient experiments affirm the main intermediates for both
CH30H and CHs formation over sub-nano cluster Re/TiO2. Unfortunately,
the insight into intermediates of HCOOCH:s remains missing in this study
due to the pressure limitation. However, the mechanism can be extrapolated
from our previous works in which CH3OH reacts with HCOOH retaining by
HCOO* spillover??” and surface-coverage dependent productivity (Figure
5.1). HCOOH formation from HCOO* was proposed over cluster-sized
Cd4/TiOz2 via hydride-coordinated metal center and proton-bonded O site of
TiO2,%° which could be similar in the case of Re/TiO:x.
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5.2.6 Proposed reaction mechanisms

The mechanistic insights uncover the origin of high performance
observed for the Re/TiO: catalyst at low temperatures. For 3 wt% Re/TiO,
redispersion of Re clusters into smaller clusters and single-atom Re improved
the CHsOH formation performance. The redispersion of Re clusters resulted
in an increase in the number of highly-dispersed Re®* species while
maintaining a large number of Re? species in the (sub)nano-clusters. The Re?
sites play a role as an H: activator and transfer H to the Re%* species present
near the perimeter or rather single-atom Re®. The latter forms Re(COs)
complex and its hydride (Re-H). Such Re’* species can activate CO2
molecularly, especially after k’-HCOO* formation. Notably, the observed «!-
HCOO* is rarely reported over metal-supported catalysts since its formation
is likely not possible over the extended metal surface (e.g. Re?), yet they can
be identified over the metal active center of molecular complexes (e.g. Ru and
Ir complexes).”7! Further hydrogenation of x-HCOO* to CHsOH requires H
supplied from Re? species, thus requiring two types of sites for efficient
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hydrogenation of x-HCOO* The simplified mechanism is shown in Figure
5.13.

[

i -
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Figure 5.13 The simplified mechanism involving Re® and Re%* species.

The mechanistic propositions above are congruent with the
structure-relationship reported previously.!¢ In the previous work, the wt%
of Re/TiO2 was studied at 0.2, 1, 5, 10, and 20 wt %. The highest CHsOH
selectivity was obtained from the 1 wt% Re/TiO, which contained the
subnanometer size of the Re species. The CHas selectivity gradually increases
with the loading of at 5-20 wt%, which should be related to the increased
fraction of Re® species that can over-hydrogenate CO* to CHs. However,
isolated single Re species more dominantly present for 0.2 wt% Re sample
favor CO formation via formate decomposition, since single atom Re?%
species alone lack the ability to activate H2 when formate is coordinating to
the Re center, and further hydrogenate «’-HCOO* to CHsOH. Therefore, it
can be concluded that the Re/TiO2 requires both Re? and Reé* species for
efficient methanol formation. Insufficient H supply from Re? species can lead
to formate decomposition to CO, while the excess leads to over-
hydrogenation to CHai. Re% species can activate CO2 and stabilize x-HCOO*
for faster hydrogenation to CHsOH.

5.3 Conclusion

In summary, Re/TiO: was superior to Cu/ZnO/Al:0s for CO:-to-
CHsOH at low temperatures thanks to the distinct reaction pathway,
activated by the unique interactions between Re and TiO2, and less formation
of HCOOCHs over Lewis acid sites on Al20s. During operation using 3 wt%
Re, Re clusters become more dispersed, increasing the number of cationic Re
single atoms and forming rhenium tricarbonyl complexes. On the other hand,
metallic Re species remain a major fraction and act as an H: activator for H-
spillover to the cationic Re sites. The formation of Re-H is the first step in CO2
activation to monodentate formate over the cationic Re species before its
further hydrogenation to CH3OH or spillover onto TiO2 support, becoming
less reactive bidentate formate (spectator). Formed CHsOH tends to adsorb
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strongly over the hydroxyl sites on TiO2, forming methoxy species
(spectator). Surface bicarbonates are observed as an intermediate for carbonyl
species, which is further hydrogenated into methyl species, leading to CHa
formation. These mechanistic insights explain the unique reactivity of
Re/TiO:2 with two kinds of sites, being able to form active formate and further
hydrogenation at low temperatures and, can help polish the concept to
design more selective low-temperature methanol synthesis catalysts.

5.4 Experimental

Experimental — procedures, commercial chemicals, catalyst
preparation procedures, instrument specifications, and characterization
techniques are covered in greater detail in the Supporting Information.
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Supporting information

Chapter 5

Supplementary experimental
Materials and catalyst preparation

The obtained reagents were used as received. TiO: (ST-01) was
purchased from Ishihara Sangyo Co., Ltd. Its BET (Brunauer-Emmett-Teller)
specific surface area is 188 m?/g'. Re207 and ReO: were purchased from
Strem Chemicals Inc. and Hydrus Chemical Inc., respectively. NHsReOs and
metallic Re were purchased from Sigma Aldrich. The commercial methanol
synthesis catalyst (Cu/ZnO/Al:0s) was purchased from Alfa Aesar (Product
ID: 45776).

Precursors for Re/TiO: were prepared by mixing the support material
with the metal sources, that is, an aqueous solution of NHsReOs, For the
preparation of Re/TiOz, typically 0.072 g of NHsReOs was added to a glass
vessel (500 mL) containing 100 mL of deionized water ([Re] = 0.0027 M). After
sonication (1 min) to completely dissolve the NHsReOs, TiO2 (4.95 g) was
added to the solution. The mixed solution was then stirred at 200 rpm for 30
min at room temperature. Subsequently, the solvent of the mixture was
evaporated at T = 50 °C, followed by drying in the air (T = 110 °C; t = 12 h).
The thus obtained material was calcined (T = 500 °C, t =3 h, in the air).

Catalyst characterization procedure

Scanning electron microscope (SEM) images were obtained by
Hitachi HD-2000. High-angle annular dark-field imaging (HAADF) was
performed wusing a JEM-ARM200F scanning transmission electron
microscope (STEM). Samples were prepared by dropping an ethanol solution
containing the catalyst on carbon-supported Cu grids.
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Catalytic activity testing procedure at high pressure

The catalytic tests were carried out in a high-pressure setup
as reported elsewhere.! In a typical test, 500 mg catalyst was packed between
quartz wool inside a 1/4 inch fixed-bed continuous flow reactor (ID 2.79 mm).
The catalyst was reduced in situ at 450 °C with 90% Hz/Ar (25 NmL min') for
1 h under atmospheric pressure. After cooling down to 30 °C, the H2/CO2/Ar
mixture with vol% of 69%/23%/8% was fed into the reactor and pressurized
to 360 bar (the reactant pressure is 331 bar). The total flow rate of the gas
mixture is kept at 16.7 NmL min-! to achieve a gas-hourly space velocity of
2000 h' equivalent. The products were analyzed by an online gas
chromatograph (Bruker, GC-450) equipped with a flame ionization detector
for methanol, methyl formate, diethyl ether, and other hydrocarbons, and a
thermal conductivity detector for permanent gases e.g. COz, Hz, Ar, CO, CHa.

Transient experimental setup and procedures of operando XAS, Raman,
and DRIFTS

The flow of gases (Hz, CO:, and He) is controlled by 6 mass flow
controllers (Bronkhorst). Switching between two reactant gas streams is done
by a 4-way valve. The pressure of the two gas streams (to the cell and vent)
is controlled by back pressure regulators (Bronkhorst). The outlet gas stream
is analyzed by a Pfeiffer OmniStar GSD 300C mass spectrometer.

Before the measurements, the sample is reduced in situ at 500 °C in
the Hz stream (20 NmL min' Hz) for 1 h and subsequently cooled to a reaction
temperature of 150 °C in the He stream. The cell is pressurized to 10-20 bar
and immediately exposed to the reactant mixture (Hz/CO2 = 3/1 molar ratio,
total flow 20 NmL min-! ) at the same pressure by the switching valve. The
transient experiment utilizes a periodic perturbation of a system by external
parameters (stimulation) to influence the concentration of active species.?
This experiment is performed in the above-mentioned setup by using a
switching valve to change the stream of reactant gases to introduce the
periodic concentration perturbation.

Operando XAS

Operando XAS measurements were carried out using a fixed-bed
capillary reactor (ID: 2 mm) at 150 °C, 10 bar, and H2/COz = 3/1 coupled with
the detection of the formed products by the mass spectrometer. XAS
measurements were performed over Re (3 wt%)/TiOz at Re Ls-edge (10.54
keV) will be performed.
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Operando Raman

Raman measurements were performed using a BWTEK dispersive i-
Raman portable spectrometer equipped with a 785 nm excitation laser and a
TE-cooled linear array detector. The reaction was carried out in a fixed-bed
capillary reactor (ID: 2 mm) with identical procedures to operando XAS.

Operando DRIFTS and SSITKA

The catalyst powder (10-15 mg) is located in a cylindrical cavity (3
mm in diameter and 3 mm vertical length) of a custom-made high-pressure
reaction cell (tested up to 40 bar). The cell is mounted in a Harrick Praying
Mantis diffuse reflection (DRIFTS) accessory. The spectra were collected
using a Thermo Scientific Nicolet 6700 FT-IR spectrometer equipped with a
liquid-nitrogen-cooled MCT detector at 4 cm™! resolution. The spectra were
acquired continuously every 10 seconds in a time-resolved manner to
monitor the reaction, stabilization process of the catalysts as well as evolution
of surface species. No baseline correction was applied to the time-resolved
spectra due to the baseline movement.

Multivariate spectral analysis

Multivariate spectral analysis is performed by the Multivariate
Curve Resolution-Alternating Least Squares (MCR-ALS) algorithm, as
described elsewhere.> MCR is a chemometric method used for better data
processing and deconvolution of complex spectra down to individual
components based on kinetic resolution. It can deliver the pure response
profiles (e.g. spectra, pH profiles, time profiles, elution profiles) of the
chemical species of an unresolved mixture when no previous information is
available about the nature and composition of these mixtures.

AP-XPS

Ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
measurements were performed at beamline 13B of Photon Factory (PF) at the
High Energy Accelerator Research Organization (KEK). A powder of Re/TiO2
with Re loading of 3 wt%, pre-reduced under H: at 500 °C for 30 min, was
coated on a Si substrate by using deionized water as a dispersant with a drop-
and-dry method. The temperature of the samples was measured by using a
thermocouple directly attached to the sample holder in the analysis chamber.
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The gases were introduced into the chamber by using variable leak valves.
The samples were pretreated by exposure to H2 (0.1 Torr) at 450 °C for 30 min
followed by cooling to 150 °C under the H: atmosphere. Gases were then
introduced into the analysis chamber and all the XPS spectra were collected
at 150 °C. Re 4f measurements were performed with a photon energy of 630
eV. Binding energy was calibrated using the Ti 2ps2 peak of Ti* species (TiOz;
485.5 eV). XPS spectra were analyzed with the convolution of Gaussian and
Lorentzian with a Shirley background in the range of 34-46.5 eV. An
asymmetric Doniach—Sunjic peak shape was used to fit the peaks for metallic

rhenium.

Table S5.1 Assignment of surface species

Wavenumber (cm™)

Vibrational .
Band assignment Ref.
COzH2 COsD: 3CO,+H, mode
Feed Feed Feed
3716 2704 3716 v(O-H) Hydroxy (OH*) on TiO> 4
as! ) +
2950 2941 vé(((é_‘;)) Formate (HCOO*) on TiO; 57
2927 2918 Vas(C—H) Methoxy (CH3O0*) on TiO> 589
2869 2121 2860 v(C—H) Formate (HCOO*) on TiO; 57
2829 2065 2821 Vs (C=H) Methoxy (CH30*) on TiO2 589
1960 1335 1960 v(Re—H) Rhenium hydride (Re—H) 10-14
Monodentate bicarbonates
1 - 15
636 Vvs(C0) (HCOs*) on TiO,
Bidentate bicarbonates
161 — 15
618 v=(C-0) (b-HCO5*) on TiO,
Monodentate carbonate
1583 2s(C—0 15
va(C-0) (m-COs*) on TiO,
1560 1560 1527 Vas(C—0) Formate (HCOO*) on TiO> 57
1503 Vas(C-0) Bidentate bicarbo.nates (b-HCO3*) 15
on TiO:
Monodentate bicarbonates
1429 2s(C—0 15
v=(C-0) (HCO5*) on TiO;
*
1369 Vas(C-0) Monodentate ca.rbonate (COs*) on 15
TiO2
1357 1357 1334 vs(C-0) Formate (HCOO*) on TiO> 57
1334 vs(C-0) Adsorbed carbon dioxide (CO,*) »
1223 Vo(C-O-H) Bidentate bicarbonates (HCOs*) 15

on TiO:
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Table S5.2 Mass-to-charge ratio mass spectrometer

Gases m/z
H> 2
He 4
CHa 15
13CH, 17
CHsD 17
H.0 18
CH2D:> 18
CHDs 19
CDs 20
Cco 28
Bco 29
CH3OH 31
13CH3OH 33
CHs0D 33
CDsOH 35
CDsOD 36
CO: 44
13CO; 45

Supplementary results

In situ characterization of the catalyst during CO, hydrogenation

a b

After reduction
Steady state reaction

Normalized p (a.u.)
Intensity (a.u.)

10520 10530 10540 10550 10560 200 400 600 800 1000

Energy/ eV Raman shift/ cm?

Figure S5.1 In situ characterization of 3 wt% Re/TiO: catalyst after reduction and during steady state
reaction with H,+CO.: a operando Re Lsz-edge XANES spectra and b operando Raman spectra. Reaction
conditions: ca. 10 mg catalyst, H»/CO2 =3, T = 150 °C, P = 10 bar, Fiota = 10 NmL min~2.
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DRIFTS: CO; hydrogenation (using D) over Re/TiO>
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Figure S5.2 Temporal evolution of surface species obtained from in situ DRIFTS during reaction with

D,+CO; over 3 wt% Re/TiO.. Reaction conditions: 10 mg catalyst, H,/CO = 3, T =150 °C, P = 10 bar, Frotal =
10 NmL min=.
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DRIFTS: *CO, hydrogenation over Re/TiO;

120 min
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Figure S5.3 Temporal evolution of surface species obtained from in situ DRIFTS during reaction with
H2+3CO; over 3 wt% Re/TiO,. Reaction conditions: 10 mg catalyst, H2/CO2 =3, T = 150 °C, P = 10 bar, Fota
=10 NmL min™.
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DRIFTS: CO; hydrogenation over TiO,
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Figure S5.4 Temporal evolution of surface species obtained from in situ DRIFTS during reaction with
H2+CO; over TiO; (top), components spectra obtained by MCR applied on the time-resolved DRIFT spectra
(bottom-left), and concentration profiles of the spectra of the corresponding components obtained by
MCR (bottom-right). Reaction conditions: 10 mg catalyst, H2/CO, =3, T=150 °C, P = 10 bar, Fotai = 10 NmL
min.
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DRIFTS: CHsOH adsorption over Re/TiO; and titration of CH;O* adlayer
with D,

Hydroxyl Methoxy Adsorbed
(Ti-OH) (H;CO*) H,0*

3700 3600 3000 2900 2800 1700 1600
Wavenumbers / cm™

¥ ¢ %

CH,OH CH,0D

Methoxy Deuteroxyl
(H,C0%) (T-0D) Surface species responses Mass spectrometer signal

Deuteroxyl
(Ti-0D)

Absorbancei ALl
Fl

Methoxy ' CH,0H
(H,CO")

w0 2500 ) ot e w m = w e

[ T——

with D after flushing with He (bottom). Reduction condition: 300 °C under 10 NmL min~* of H, for 1 h.
(pre-reduced at 500 °C with H> and passivated with 1%0/N>). Reaction conditions: ca. 10 mg catalyst,
2000 ppm CH3OH in N2, T =150 °C, P =5 bar, Fiotal = 20 NmL min~2.
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DRIFTS: CH;OH adsorption over TiO; and titration of CH;0* adlayer with D,
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Figure S5.6 Time-resolved CH3OH adsorption over TiO: (upper) and the reaction of CH3O* adlayer with
D, after flushing with He (bottom). Reduction condition: 300 °C under 10 NmL min™* of H, for 1 h.

Reaction conditions: ca. 10 mg catalyst, 2000 ppm CH3OH in N2, T =150 °C, P = 5 bar, Fiota = 20 NmL min~
1
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DRIFTS: CO hydrogenation over Re/TiO;

120 min
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Figure S5.7 Temporal evolution of surface species obtained from in situ DRIFTS during reaction with

H>+CO over 3 wt% Re/TiO2.Reduction condition: 300 °C under 10 NmL min~ of H for 1 h. (Pre-reduced

at 500 °C with H; and passivated with 1%02/N>). Reaction conditions: 10 mg catalyst, H,/CO = 3, T = 150
°C, P = 10 bar, Frota = 10 NmL min~.
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DRIFTS-SSITKA: H,+CO; — D2+CO;
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Figure S5.8 Transient responses of surface species and gas products during the steady-state isotopic
switching from CO2+H to CO,+D,. Time-resolved DRIFT spectra of a DCOO* and CD30*, and b HCOO*
and CH3O* (top) Concentration profiles of the spectra of the corresponding components obtained by
MCR (bottom-left). Corresponding normalized ion current signal of isotope-labeled products bottom-
right). Reaction conditions: 10 mg catalyst, H2(or D2)/CO; = 3, T = 150 °C, P = 10 bar, Frota = 10 NmL min™.
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DRIFTS-SSITKA: H,+CO; — D»+C0O,; — H,+CO;

§ Mass spectrometer signal

MCRresolved spectra

T
x107?

.
/\/¥ D, + CO, H, + CO,

2180 2160 2140 , 2120 2100 2080 2060

05
3200 3100 3000 2900 2800 2700 2600 2500 o 50 100 150 200 250
Wavenumbers / crit time /min

Surface species responses

MCRresolved concentration profiles

CH,OH

Intensity / A.U.
lon current /A

| CH,0D

| cD,0D

D, + CO, H, + CO,

|H, +CO,

-

D, + CO H, + CO. Formate

. 09 2 2 2 2 (HCOO) CH,
<3(. 08 ¥
Sor Methoxy <
g ad (H,CO%) 8 CH;OH
5 06 So
§os Methoxy S,
2 * B
EO,A (D:COY) § 2
3
Sos \ Formate So
E o (DCOO*) CD,0D
=7 Baseline shift

0.1

0 CD,
0 50 100 150 200 250 0 50 100 150 200 250
time / min Time / min

Figure S5.9 Transient responses of surface species and gas products during the steady-state isotopic
switching from CO2+H> to CO2+D; to CO2+H,. Components spectra obtained by MCR applied on the time-
resolved DRIFT spectra (top-left). Concentration profiles of the spectra of the corresponding components
obtained by MCR (bottom-left). Corresponding normalized ion current signal of isotope-labeled products
(right). Reaction conditions: 10 mg catalyst, Ha(or D2)/CO2 = 3, T = 150 °C, P = 10 bar, Fiota = 10 NmL min~
1
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Raman: Transient H,+CO; vs He+CO;

Intensity / AU

T T T T T
200 400 600 800 1000
Raman shift / cm™

Figure S5.10 /n situ characterization of 3 wt% Re/TiO, catalyst during transient H,+CO, vs He+CO,

experiment before (blue) and after (red) quasi-steady state. Reaction conditions: ca. 10 mg catalyst,
H2/CO, =3, T =150 °C, P = 10 bar, Fiota = 10 NmL min~t.
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DRIFTS: Transient H,+CO; vs He+CO;
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Figure $5.11 Transient DRIFTS study on CO; hydrogenation over 3 wt % Re/TiO: catalyst, time-resolved
DRIFT spectra upon transient concentration perturbation using H,+CO: (0-15 mins) and Hz+He (15-30

min). Reaction conditions: 10 mg catalyst, Ho/He = He/CO, = 3, T = 150 °C, P = 10 bar, Fotal = 10 NmL min~
1
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DRIFTS: Transient H,+He vs He+CO;
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Figure $5.12 Transient DRIFTS study on CO, hydrogenation over 3 wt % Re/TiO; catalyst, time-resolved
DRIFT spectra upon transient concentration perturbation using He+CO; (0-15 mins) and Hz+He (15-30
min). Components spectra obtained by MCR applied on the time-resolved DRIFT spectra (bottom-left).
Concentration profiles of the spectra of the corresponding components obtained by MCR (top-right).

Reaction conditions
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6

A synergistic interplay between
Ag and Re supported on TiO;

promotes methanol selectivity
in low temperature CO; hydrogenation




Abstract

The major challenge of low-temperature CO2 hydrogenation to methanol
is overcoming the sluggish kinetics, thus leading to the exploration of
highly active and selective catalysts below 200 °C. Various M/TiO2 (M = Cu,
Rh, Pd, Ag, Re, Pt, or Au) were tested at 150-200 °C and 60 bar, and Re/TiO>
remained the most promising. The main commonality between Re/TiO2
and the conventional Cu/ZnO/Al;0s is high methyl formate selectivity at
low temperatures (125 °C), which reflects the ability to stabilize formate
species against its decomposition to CO. High methyl formate selectivity at
increasing temperatures (175 °C) over Ag/TiO2 demonstrated the excellent
formate stabilization of metallic Ag. The addition of a small amount of Ag
to Re/TiOz improved the methanol selectivity significantly by suppressing
methane formation. STEM-EDS showed that Re clusters migrated and
distributed around the Ag nanoparticles over Re-Ag/TiO: after the
reaction. Ex situ XAS reveals no alloy formation between Re-Ag after
reduction. After CO2 hydrogenation, Ag remained metallic while Re was
oxidized creating cationic Re species. Operando DRIFTS studies confirm
that the reaction mechanism over Re-Ag/TiO: is identical to that of Re/TiO:
but Ag addition helps boost forming surface formate species while
suppressing carbonyl species which is the intermediate for methane
formation. Metallic Re species act as H: activators, leading to H-spillover
and importantly to hydrogenation of active formate intermediate present
over cationic Re species. The role of metallic Ag is ascribed to
complementarily activate CO: to formate and supply it to cationic Re
species via spillover, driving forward the hydrogenation of the formate to
methanol. Re-Ag/TiO: showed high stability in COz-to-methanol and
improved catalytic performance over time on stream up to 40 h.

This chapter is based on the following publication:
Phongprueksathat, N., Wirner L.C., Phadke S.M., Safonova O.V. &
Urakawa, A
In preparation
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6.1 Introduction

Carbon dioxide (CO2) utilization is one of the emerging strategies to
minimize the effects of climate change for future generations.! From the
possible compounds that can be synthesized from CO:, methanol is an
attractive choice due to its importance as a bulk chemical and the potential to
achieve a carbon-neutral economy, independent of fossil fuels.? Currently,
conventional Cu/ZnO/Al2Os catalysts for methanol synthesis from syngas are
employed for commercial-scale CO: (together with CO) hydrogenation to
methanol, under conditions of 200-300 °C and 10-100 bar.? However, it is
thermodynamically not possible to achieve both very high CO: conversion
and methanol selectivity under such conditions without effluent stream
recycling. Lower temperatures are more favorable according to Le Chatelier’s
principle to achieve almost full CO2 conversion and CH3OH selectivity.
Moreover, less energy consumption and less deactivation by sintering are
expected at lower temperatures.

In practice, the catalytic activity of Cu-based catalysts is not optimal
below 200 °C.5¢ Even at thermodynamically favorable conditions (P = 331 bar
and H2/CO:2 = 10), Cu/ZnO/AL0O:s also suffers high CO selectivity below the
optimal temperature of 260 °C,”# and requires, for example, the promotion by
amine or alcohol additives for high CHsOH selectivity (TON up to 7.6 at up
to 170 °C).>11 Cu-based catalysts are also less selective to CHsOH at low
temperatures than noble metal catalysts (e.g. Pd, Pt, Au, Ag) since the latter
are superior in activating hydrogen and CO: under milder conditions.?

Most state-of-the-art low temperature CO2-to-methanol catalysts
take advantages of bifunctionality originating from metal-metal, metal-
support, metal-N, and metal-OH interactions, or tandem catalysts (involving
the cooperation of catalysts and additives).’* Cu/Mo2C and Pd/Mo:2C were
found active for the CHsOH production via direct CO2 hydrogenation with a
small amount of CO and CHs formation since Mo:C served as both a support
and a co-catalyst possessing distinct sites for CHsOH after Cu and Pd
deposition (0.7 h™* TOF, Scuson = 79%, Hz/CO2 = 3, 135 °C, and 40 bar).*
Recently, MoS:2 was shown to be active in COz2 dissociation at in-plane sulfur
vacancies enabling selective CO:z hydrogenation at low temperature (Xcoz =
12.5%, Scrson = 94.3%, H2/CO:2 = 3, 180 °C, and 50 bar).1520 Pts«Co(nanowires)
with abundant steps/edges on Pt-rich surfaces were found active and stable
for CO:2 hydrogenation (1773 h' TOF, H2/CO2 = 3, 150 °C, and 31 bar).® Au
nanoclusters supported on ZrO2 show higher activity in methanol formation
than other M/ZrO2 (M = Co, Ni, Ru, Pd, and Pt) due to small Au size and
appropriate electron transfer from ZrO:z support compared to CeO, TiOz, and
ZnO (20 h~' TOF, Scuson = 73%, H2/CO2= 3, 180 °C, and 40 bar).!” Pt/TiO:z could
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be selective for CHsOH formation in the presence of reduced MoOx
(Pt/MoOx/TiOz, 3588 TON, Scrson = 92%, H2/CO2 =5, 150 °C, and 60 bar), since
the redox of Mo species takes place and catalyzes CO2 hydrogenation via the
oxygen-vacancy-driven  mechanism.’® Pt/UiO-67 (Pt nanoparticles
encapsulated in Zr-containing MOF) showed higher activity than Pt/Al2Os
and Pt/SiO:z (36 h-'TOF, Scrzon = 40%, H2/CO2 =6, 170 °C, and 1 atm).*® The
proximity between Pt and Zr metal played a crucial role in the stabilization
of intermediates.’> Re/TiO2 showed the most promising activity (44 TON,
Schson = 82%, H2/CO2 = 5, 150 °C, and 60 bar) among various metal catalysts
(e.g. Pt, Pd, Rh, Ir, Ru, Ni, Co, Ag, and Cu) and supports (e.g. ZrO2, S5iOz,
ALQOs, CeOy, etc.), and the subnanometer size Re with average oxidation
states between Re’ and Re** served as active sites for methanol formation.!
The bi-functionality of Re supported on TiO2 was elucidated in Chapter 5.
Multiple transition metal catalysts supported on metal oxides
reported previously for low-temperature methanol synthesis (<200 °C) were
studied under batch conditions where Re was found particularly promising
when supported on TiO2.182! In this study, the focus is given to evaluate
promising transition metals for CO: hydrogenation under a continuous
operation using a fixed-bed reactor and TiO: as the support material. For the
most promising catalyst, additional promotion by a coinage metal (Cu, Ag,
or Au) is evaluated due to its known function to activate CO2 to produce
reactive formates, which could further facilitate methanol formation.

6.2 Results and Discussion

6.2.1 Insights from the catalytic performance of M(3)/TiO; catalysts (M =
Cu, Rh, Pd, Ag, Re, Pt, and Au)

The catalytic activity of M(3)/TiO2 (M =Cu, Rh, Pd, Ag, Re, Pt, or Au)
and the commercial Cu/ZnO/Al20s at 150 °C and 60 bar is summarized in
Table 6.1. The Cu/ZnO/AL2:Os showed very low CO2 conversion (<1%) at a
low temperature, despite the highest CHsOH selectivity among the studied
catalysts. The effects of temperature over M/TiO2 and Cu/ZnO/Al:Os are
shown in Figure S6.1. Although CO: conversion increases with temperature,
the effects of the metal on CH3sOH selectivity vary among catalysts. Over
most catalysts except for Ag/TiO2 and Pt/TiO2, the CHsOH selectivity
declined above 150 °C and exhibited a trade-off between CO2 conversion and
CH30H selectivity at the reaction pressure of 60 bar. The formation rates for
each product over M/TiO: are also summarized in Figure 6.1.

The commonalities between Re/TiO2 and Cu/ZnO/Al2Os are high
selectivities towards CHsOH and methyl formate (HCOOCHs) at 150 °C,
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although CHa selectivity increases with temperature over the former.
HCOOCHs formation becomes significant at low temperatures, which is not
usually observed under the higher temperature of the industrial methanol
synthesis conditions due to its tendency to decompose to CHsOH and CO.?
On the other hand, the HCOOCHS: formation reflects the ability to stabilize
formate species (HCOO?) in the presence of adsorbed methanol,?-?> which
can occur over Lewis acidic sites of Al203? as well as cationic Re% species and
TiO2 (Chapter 5). As shown in Figure 6.2, both Cu/ZnO/ALOs and Re/TiO2
show high activity for HCOOCH: formation, especially at 125 °C. The decline
in HCOOCH: at higher temperatures was hypothesized due to HCOOCH3
decomposition and/or HCOO* decomposition. Based on the insights from
Chapters 4 & 5, high CO selectivity at higher temperatures originates from
the inability to stabilize HCOO* and/or hydrogenate HCOO*.

2.0 o o [ JCH,oH
125 °C ol 150 °C [Jco

— [_cH,

[[]HCOOCH,
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Figure 6.1 Formation rates of products during CO2 hydrogenation over M(3)/TiOz (M = Cu, Rh, Pd, Ag, Re,
Pt or Au). Reaction conditions: T = 125-200 °C, P = 60 bar, H,/CO, = 3, SV = 3505 NmL geac * h™, TOS =4 h.

Notably, Ag/TiO: exhibited unique CHs3OH and HCOOCH:s3

selectivity trends among all catalysts, giving the maximum selectivity at 175
°C (Figure 6.2 and S1).
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Figure 6.2 Effects of temperatures on HCOOCH;s selectivity during CO2 hydrogenation over M(3)/TiO2 (M
= Cu, Rh, Pd, Ag, Re, Pt, or Au) and Cu/ZnO/Al,Os catalysts. Reaction conditions: T = 125-200 °C, P = 60
bar, Ho/CO2 =3, SV = 3505 NmL gear* h™, TOS =4 h.

From the mechanistic insights disclosed in Chapter 5, Re/TiO2
exhibited high performance due to the combination of Re® species as an
excellent hydrogen activator, and Re% species as a monodentate HCOO*
stabilizer. However, the limitation of Re/TiO: to control and enhance CHsOH
selectivity is the balance between Re%* and Re? species, which is determined
by cluster sizes and the size distribution. The high dispersion of Re clusters
is also influenced by the reducibility of the supports (e.g. CeO2, TiO2, and
Z102).2 The Lewis acidity plays important role in driving reaction toward
CHs0H, e.g. Re/ZrO: favors CHsOH formation, while Re/SiO:2 favors CHs
formation.?” The role of Zr# sites as Lewis acidic sites in promoting CHsOH
selectivity is related to the HCOO* and CHsO* intermediates at the Zr* sites,?
which was expected to occur via formate spillover as described in Chapter 4.

Several combinations of Re with other transition metals have been
investigated for a library of reactions, ranging from the hydrogenation of
carboxylic acids and amides to the production of biomass-derived
chemicals.?-%2 The addition of Re to Pt/TiO2 decreased the particle size of Pt,
while Pt assisted the reduction of ReOx via H spillover.? Similar effects were
observed over Pd-Re/SiO, where Pd aided in partial reduction of Re207 to
active Re* state.?® The Re addition on Ag, can promote ethylene epoxidation
by weakening the Ag-O bond and reducing the electron density of adsorbed
O*.31 ReOx with Re* to Re’ states also dispersed around the Ag particles
causing electrons to shift toward the Re atom and facilitating the formation

164



of weakly adsorbed O*.32 Despite not being directly related, less affinity
toward O of metal suppresses CO formation via CO:2 dissociation.®

In the previous work, coinage metals (e.g. Cu, Ag, or Au) were shown
to act as CO: activators to form bidentate formate (x>-HCOO),? followed by
further spillover to Lewis acidic support.?* Addition of those metals to
Re/TiO2 is expected to complement the roles of Re% sites in activating COz,
stabilizing x-HCOO* for further hydrogenation to CHsOH, and/or
supplying x>-HCOO* to Re® sites via spillover. The promotional effects of
Re-M/TiO2 (M = Cu, Ag, or Au) will be discussed in the next section.

Table 6.1 Catalytic activity of M(3)/TiO2 (M = Cu, Rh, Pd, Ag, Re, Pt, or Au) during CO> hydrogenation and
Cu/Zn0O/AlL0s. Pretreatment: reduction under H, (27.4 NmL min=%, T = 500 °C, 90 min). Reaction
conditions: T =150 °C, P = 60 bar, H/CO. = 3, 500 mg catalyst, SV = 3505 NmL gcar * h™,TOS =4 h.

€Oz Selectivity (%)
Catalysts conversion

o, CHsOH Cco CHa HCOOCHs; CH30CHs

(%)
Re/TiO, 3.6 67.5 27.8 2.4 2.3 0.0
Cu/TiO; 13 0.0 96.6 3.4 0.0 0.0
Rh/TiO2 2.7 23.4 52.7 23.8 0.1 0.0
Pd/TiO, 2.9 10.9 86.5 1.8 0.7 0.0
Ag/TiO; 14 3.9 90 3.1 0.5 2.5
Pt/TiO> 3.8 5.0 93.9 1.0 0.1 0.0
Au/TiO2 1.4 12.2 86.3 0.5 1.0 0.0
2 Cu/Zn0O/Al,03 0.6 86.5 10.1 0.1 33 0.0

2 reduction temperature of 300 °C was used.
6.2.2 Promotional effects of Cu, Ag, and Au on Re/TiO;

H»-temperature programmed reduction (TPR) (Figure S6.2) shows
the influence of Cu, Ag, and Au addition on the reduction temperature of
Re/TiO2 indicating higher or lower reducibility of Re(3)-M(1)/TiO2 (M = Cu,
Ag, or Au). Obviously, these coinage metals facilitate the reduction of bulk
RexOy (the first major peak), likely by enhanced Hz activation and H-spillover
on TiO2.23¢ However, the broad shoulders at ca. 350 °C from all promoted
catalysts suggests the presence of some residual isolated ReOx species
attached to the TiO: surface that was less influenced by H-spillover. These
ReOx species interacted strongly with TiO2 and cannot be reduced completely
at 500 °C, which resulted in multi-oxidation states of Re.?! This indicated that
the Re® species remain over Re-M/TiO: after the addition of Cu, Ag, or Au.

The influences of the reaction temperature on the catalytic activity of
Re-M/TiO2 are shown in Figure 6.3. Most prominently, the addition of Ag
over Re/TiO2 increased the CH3sOH selectivity across the temperature range
studied (up to 7% at 150 °C) but did not improve CO2 conversion. The
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enhanced CH3OH selectivity originated from the suppression of CO and CHa
formation. On the other hand, the promotional effects of Cu and Au on
CHsOH selectivity were more prominent at 125 °C, but they became
negligible at 150-200 °C. The CO: conversion was improved by the addition
of Cu and Au. Notably, all Cu, Ag, and Au promoters did not alter the
HCOOCHS selectivity (Figure S6.3), indicating the HCOOCHs formation is
governed by factors other than the coinage metal, for example, the nature of
support.2

The catalytic activity of Re-M/TiO2 at the optimal temperature for
CH3OH selectivity is summarized in Table 6.2. The CH3OH selectivity
decreases in the order of Ag > Au > Cu, which is congruent to a more facile
formation of stable k2-HCOO* over Ag (111), i.e., lower activation barriers to
form bidentate formate as predicted by DFT calculations in the following
order of the activation energy Ag (0.61 eV) < Cu (0.71 eV) < Au (0.97 eV).2
Since the activation energy is the interplay between weak HCOO* adsorption
and strong H* adsorption, the lowest value over Ag is attributed to weak H*
binding and sufficiently strong HCOO* binding to Ag. On the contrary, the
higher values are attributed to too weak HCOO* binding over Au, and too
strong H binding over Cu.

Based on the information and observation above, the highest CH:OH
selectivity at 125 °C over Re-Au/TiOzcould be originated from more HCOO*
species on Au that more strongly adsorb and/or are less likely to decompose
at relatively lower temperatures. On the other hand, Re-Cu/TiO: promoted
CH: selectivity via produced CO* since dissociation of CO2% and
decomposition of strongly bound HCOO* to CO* can occur over Cu (Chapter
4) and also CO* is an intermediate for CHs (Chapter 5). The suppression of
CHa selectivity over Re-Ag/TiOz is directly related to CO*/HCOO* ratio on
the surface (vide infra). In summary, higher CH3OH selectivity over a catalyst
originated from a lower CO:z activation barrier promoted by coinage metals.

Figure 6.4 shows the stability tests of Re(3)/TiO2 (Figure 6.4a) and
Re(3)-Ag(1)/TiO: (Figure 6.4b) at 150 °C and 60 bar for 40 h, demonstrating
gradually improving catalytic performance over the time on stream. The CO2
conversion over both catalysts noticeably increased, while CH3OH selectivity
increased slightly against CO selectivity. The improved CH3OH selectivity
may be originated from the redispersion of Re into smaller clusters or single
atoms due to electronic interactions between Re and TiO2,26 as shown in
Chapter 5. The addition of Ag did not seem to hinder this process, and its
agglomeration did not affect the catalyst stability within 40 h of the reaction.
The nature of the active site over Re-Ag/TiOz will be discussed in the next
section.
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Figure 6.3 Effects of temperatures on CO; conversion and product selectivities of b CHsOH ¢ CO and d
CH4 during CO; hydrogenation over Re(3)-M(1)/TiO2 (M = Cu, Ag, or Au). Reaction conditions: T = 125-
200 °C, P = 60 bar, H2/CO2 = 3, SV = 3505 NmL gear t h™%, TOS = 4 h.

Table 6.2 Catalytic activity of Re(3)-M(1)/TiO2 (M = Cu, Ag, and Au) during CO; hydrogenation at optimal
conditions. Pretreatment: reduction under H, (27.4 NmL min~, T = 500 °C, 90 min). Reaction conditions:
T =150 °C, P = 60 bar, H,/CO; = 3, 500 mg catalyst, SV = 3505 NmL gesr * h™1, TOS =4 h.

CO, Selectivity (%)
Temperature .

Catalyst C) conversion

(%) CH30H co CH4 HCOOCH3
Re/TiO2 150 3.6 67.5 28.0 24 2.3
Re-Cu/TiO2 150 5.1 67.0 28.0 2.7 2.0
Re-Ag/TiO2 150 3.6 74.5 21.2 2.2 2.1
Re-Au/TiO: 125 4.3 69.3 25.3 2.1 33
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6.2.3 The unique i

adding 1wt% Ag
further by varying
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lity during CO2 hydrogenation of a Re(3)/TiO2 and b Re(3)-Ag(1)/TiO>. Reaction
conditions: T =150 °C, P = 60 bar, H2/CO; = 3, SV = 3505 NmL gcar * h™%.

nterplay between Re and Ag on Re-Ag/TiO>

The promotional effects of Ag on Re were so far investigated by
to Re(3)/TiO2 The effects of Re/Ag ratios were studied
the Re and Ag amounts, Re(x)-Ag(4-x)/TiOz2(x=1, 2, or 3).
The effects of temperature on CO:z conversion and product selectivities over
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Re-Ag/TiO2 were similar to those over Re-Cu/TiO2 and Re-Au/TiO, giving
the optimal temperature for CHsOH selectivity at 150 °C (Figure 56.4). At the
optimal temperature, the influences of Re and Ag on catalytic activity (Figure
6.5, and Table 6.3) showed that a small amount of Ag addition (Re(3)-
Ag(1)/TiOz) improves the CHsOH selectivity of Re/TiO:z by suppressing CO
and CHas formation. The improved reducibility was also observed (Figure
S6.5 and Table S6.1). On the other hand, a smaller amount of Re, i.e., Re(1)-
Ag(3)/TiOg, can significantly improve the CO:z conversion as well as CH:OH
and HCOOCH selectivities of Ag/TiOx.

Notably, the highest HCOOCHS: selectivity over Re(1)-Ag(3)/TiO:
confirmed the role of Ag in CO2 activation to HCOO?, the role of active Re®*
sites in HCOO* stabilization, and the roles of Re? in H2 dissociation and
spillover to Re?®* sites for CH3OH formation. Subsequently, the abundance of
HCOO* over Ag led to HCOOCH: formation via reaction with CHsOH, as
well as, less tendency of HCOO* decomposition to CO. Increasing Re/Ag
ratio not only resulted in lower CO selectivity due to HCOO* hydrogenation
(than decomposition) but also higher CH4 selectivity due to excessive
hydrogenation of CO*. The optimal CHsOH selectivity was obtained from
Re(3)-Ag(1)/TiO2, which originated from the balance between HCOO*
supplied by Ag and adsorbed H via H: dissociation over Re?.

100 4
CH,OH

—=—CO
CH,
80 1 —s— HCOOCH,

(%)

3

and CO selectivities (%)
B D
o o
1 1

and HCOOCH, selectivities

\/

20

Rel(3) Re(3)lAg(1) R5(2)1A€1(2) Re(1)1A9(3) AQI(3)
ITiO,

Figure 6.5 Effects of Re/Ag ratios of Re-Ag/TiO> on the selectivity of CH3OH, CO, and CHa. Reaction

conditions: T =125-200 °C, P = 60 bar, H,/CO;, = 3, SV = 3505 NmL geat > h™, TOS = 4 h.

169



Table 6.3 Catalytic activity of Re(x)-Ag(4-x)/TiO2(x = 1, 2, and 3) during CO; hydrogenation. Pretreatment:
reduction under Hz (27.4 NmL min~, T = 500 °C, 90 min). Reaction conditions: T = 150 °C, P = 60 bar,
H2/CO; = 3, 500 mg catalyst, SV = 3505 NmL gear* h™, TOS =4 h.

CO2 Selectivity (%)
Re/Ag ratio conversion

(%) CHsOH co CHay HCOOCHs; CH30CH3
3:0 3.6 67.5 28.0 24 2.3 0.0
31 37 74.5 21.0 2.2 2.1 0.0
2:2 4.0 68.0 28.0 1.8 2.1 0.0
1:3 4.8 63.0 32.0 1.4 3.7 0.0
0:3 14 3.9 90.0 3.1 0.5 2.5

The structure of Re(3)-Ag(1)/TiO:2 was further investigated using
scanning transmission electron microscopy (STEM). After calcination, RexOy
and AgxO particles on Re(3)-Ag(1)/TiO2 become highly and homogeneously
dispersed, as shown in Figures 6.6 and S6.6. Average particle sizes of Re and
Ag were found to be ca. 0.8 and 1 nm, respectively. As shown by HR-TEM
Ag in Ag(3)/TiOz tends to agglomerate to larger particles (Figure S6.7a) in
contrast to atomic dispersion and ultimately sub-nanometer size clusters of
Re in Re(3)/TiO2 (Figure S6.7b). Notably, a small amount of Re also aided Ag
in improving its dispersion over Re(1)-Ag(3)/TiO:, keeping the particle sizes
smaller than Ag(3)/TiO2, 0.8 nm and 1.2 nm respectively (Figure S6.8).

After the reaction, Re clusters migrated and distributed around the
Ag nanoparticles as shown by STEM-EDS (Figure 6.7). The particle size of Ag
on spent Re(3)-Ag(1)/TiO:z increased to ca. 5 nm. In the previous work, the
effects of Ag particle size were not evidenced for the formation of HCOOCH3
and CO when methanol was cofed with CO2 and Hz to enhance HCOOCH3
formation.?* Under such a condition, support, and metal-type effects were
more pronounced than the particle size, because methanol adsorption, found
to be the rate-limiting step of HCOOCH: formation, is mainly determined by
the nature of the support material. However, in CO: hydrogenation the
balance between CO* and HCOO* populations on metal (e.g. Pd) is
influenced by particle size (wt% loading) and eventually affected CH4 and
CO selectivity.®> As reported in Chapter 5, the size of Re does play role in
altering selectivity. Hence, the particle size changes and the unique assembly
of Re and Ag during the reaction are likely important to understand the
reactivity and product selectivity.
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Size | Dwell | HT ‘ 50 nm Size Dwell | HT Scan fov | STEM Mag 10 nm
165 x 249 | 50.0 s | 300 kv | 169 x 205 50.0 s | 300 kV | 229 nm | 436 kx

Figure 6.6 Representative high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and energy dispersive spectroscopy (EDS) analysis of calcined Re(3)-Ag(1)/TiO,.

Size Dwell [HI  |Scantov | SIEMMag|  Snm
155 % 179 | 50.0 s 300KV | 323 nm | 1.22 Mx

Scan fov | STEM Mag | Pixel size | CL
185 x 132 | 50.0 us | 300 kV | 229 nm | 436 kx 447.9 pm | 145 mm | 6

Figure 6.7 Representative high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and energy dispersive spectroscopy (EDS) analysis of spent Re(3)-Ag(1)/TiO>.

The Ag K-edge XANES spectra of calcined Ag(3)/TiO2 and Re(3)-
Ag(1)/TiOz (Figure $6.9) showed lower edge energy than Ag foil suggesting
the presence of Ag20.% A higher white-line intensity of Re(3)-Ag(1)/TiOz than
that of Ag(3)/TiO2 was attributed to smaller particle size as shown by HR-
TEM. After reduction, the white line energy of all samples matched with the
reference Ag foil (Figure 6.8), suggesting the reduction of Ag20 to Ag®. The
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unchanged white line position also suggests the unoxidized Ag?after reacting
with CO2 due to the weak O binding on Ag.

i Ag foil
Ag(3)-TiO, reduced
— Re(3)-Ag(1)/TiO, reduced
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Figure 6.8 Ag K-edge XANES spectra of Ag foil reference, reduced Ag(3)/TiO,, reduced and spent Re(3)-
Ag(1)/TiO2. The XAS spectra were taken at room temperature without exposure to air after the reduction
treatment by sealing the samples under Na.

The Re Ls-edge XANES spectra (Figure S6.10) showed the shift in
absorption edge energy indicating the reduction of Re207 species toward
metallic Re? over both Re(3)/TiOz2 and Re(3)-Ag(1)/TiO2.3 As described in
Chapter 5, Re after reduction contains multi-oxidation states of Re?, Re?, and
Re*. Both the calcined and reduced samples of Re(3)-Ag(1)/TiO2 had higher
absorption energy than Re(3)/TiO2, The addition of Ag does not change the
oxidation state of Re but the spent Re(3)-Ag(1)/TiO:2 displayed higher
absorption edge energy by 1.2 eV compared to the reduced sample (Figure
6.9), which indicated the oxidation of Re? after reacting with CO2. This finding
is consistent with the results from AP-XPS in Chapter 5.
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Figure 6.9 Re Ls-edge XANES spectra of calcined, reduced, and spent Re(3)-Ag(1)/TiO.. The XAS spectra
were taken at room temperature without exposure to air after the reduction treatment by sealing the
samples under Na.

The low signal-to-noise of the Re L-edge spectra in the EXAFS region
limits the quantitative analysis (Figure S6.11a). Visual comparisons between
the R--space plots displayed a diminished intensity of a peak after reduction
treatment at an average radial distance of 1.3 A representing a Re-O (Figure
S6.11b). As shown in Figure 6.10 the EXAFS analysis from the Ag K-edge of
Ag(3)/TiOz and Re(3)-Ag(1)/TiO2 showed no Re-Ag interaction indicating the
absence of alloy formation. However, the increase in the average
coordination number of the spent Re(3)-Ag(1)/TiO2 (Table 6.4) suggested
larger particle sizes of Agf as confirmed by STEM. The time-resolved
operando XAS would be a powerful technique to observe the changes of Ag
and Re during the time on stream. In this study, the time-resolved operando
DRIFTS was used to observe the surface species over Ag, Re, and TiO2 and
provide insight into the reaction mechanism.
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—-—- Ag(3)/TiO, reduced %
—— Re(3)/Ag(1)/TiO, reduced !

—— Re(3)/Ag(1)/TiO, spent {

Radial distance (A)
Figure 6.10 Fourier-transformed Ag K-edge EXAFS of Ag foil, reduced Re(3)-Ag(1)/TiO,, reduced and
spent Re(3)-Ag(1)/TiO,. The XAS spectra were taken at room temperature without exposure to air after
the reduction treatment by sealing the samples under Na.

Table 6.4 Model parameters obtained from fitting of Ag K-edge EXAFS spectra. The amplitude reduction
factor (So?) was set to 0.973. N = average coordination number, 62 = average variation in path length, AE®
= adjustment used for fitting, R = average distance between atoms.

Sample Scatter N R (A) Eo (eV) 02 (A?)
Ag foil (reference) Ag-Ag 10.76 £ 0.60 2.86 3.80 0.01
Ag(3)/TiO2 reduced Ag-Ag 7.18 £ 0.54 2.85 2.90 0.01
Re(3)-Ag(1)/TiO; reduced Ag-Ag 8.13+0.83 2.85 4.20 0.01
Re(3)-Ag(1)/TiO; spent Ag-Ag 9.27 +0.54 2.85 4.20 0.01

6.2.4 Mechanistic insight over Re-Ag/TiO;

Operando DRIFTS provided insights into surface species over TiO,
Re(3)/TiO2, Ag(3)/TiO2, and Re(3)-Ag(1)/TiO2 during CO: hydrogenation at
125-200 °C and 20 bar. Over TiO: (Figure S6.12 and S6.13), bicarbonate
(HCOs*, 1223, 1429, and 1503 cm™), bidentate carbonate (x?-COs*, 1369 and
1583 cm™), weakly adsorbed carbon dioxide (CO:*, 1334 cm™) and water
(H20*, 1610 cm™) were the only surface species from CO:
activation/interaction. Undetectable bidentate formate (k2-HCOO¥*) over TiO2
suggested the role of supported metals for C-H formation.

As shown in (Figure S6.14), on the other hand, the ¥2-HCOO* on TiO:
(1370, 1570, 2870, and 2950 cm™) was the major intermediate across
temperature ranges over Ag/TiOz. The methoxy on TiO2 (CHsO* (TiOz), 2830
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and 2930 cm™) originated from CHsOH adsorption on hydroxyl group (OH¥)
and appeared above 175 °C. This is congruent with catalytic testing results
when Ag/TiO:z becomes active for CHsOH and HCOOCHSs formation at that
temperature. Notably, no carbonyls (CO*) were detected due to its weak
binding to Ag and more favorable desorption of CO* to CO.3®

The temporal evolution of surface species over Ag/TiO: (Figure
$6.15) showed a broad peak at 1395 cm™ at the initial state of reaction (0.1-0.5
min), which is attributed to HCOO* on Ag.?* The HCOO* (Ag) subsequently
disappeared with the appearance of xk2-HCOO* (TiOz) at 1370 cm!, which
supports the formate spillover to TiO2 support, as described in Chapter 5.

Over Re/TiO: (Figure S$6.17) a similar x2-HCOO* (TiO2) was observed
while CHsO* (TiOz2) was formed at lower temperatures (125 °C). The less
pronounced x2>-HCOO (TiO2) intensity compared with CHsO* (TiOz) is
consistent with the HCOO* hydrogenation activity of Re. The CO* species on
Re at 2030, 1910, and 1875 cm™! were also identified as rhenium tricarbonyl
complexes (Re(CO)3).* As shown in Figure $6.17, the consumption of
rhenium hydride (Re-H, 1960 c¢cm™),% and the subsequent formation of
monodentate formate on Re (x’-HCOO, 1420 and 1590 cm™) at the initial state
of reaction (0.1-0.3 mins) confirmed the initial CO: activation over Re?* via
hydride transfer in Chapter 5. The appearance of x>-HCOO* (TiO) after «!-
HCOO (Re) also suggested a similar formate spillover as on Ag/TiOx.

In general, the surface species over Re-Ag/TiO: (Figure S6.18) were
similar to those over Re/TiO2 and Ag/TiO:, and CO: conversion seemed to
follow the same reaction pathways i.e. CO:z activation over both Ag and Re?%*
to formate and subsequent spillover to TiO:2 support (Figure 6.11). The
formation of Re(CO)s occurred after formate spillover (0.5 min) and after
consumption of Re-H, which supports CO* formation over Re via
carboxylate (Chapter 5).

Cza00

Avsorbance f AU,

T P S . L L L L L L
3200 300 3000 2900 2800 2700 2200 2150 2100 2080 2000 1950 1900 1850 1800 1700 1800 1500 1400 1300 1200
Wavenumbers 7 cm !

Figure 6.11 Temporal evolution of surface species obtained from operando DRIFTS during reaction CO>
hydrogenation over Re(3)-Ag(1)/TiO.. Reaction conditions: 10 mg catalyst, H»/CO, =3, T =125 °C, P = 10
bar, Frotai = 10 NmL min™ .
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Lastly, the role of Ag on surface species concentration over Re-
Ag/TiO2 was studied by evaluating the ratio between the relative intensity of
CO* and HCOO* (Figure 6.12). The reduction in the CO*/HCOO* ratio, which
represented the ratio of Re(CO)s/x2-HCOO*(TiOz2), could be originated from
either the increase in HCOO* surface concentration supplied by Ag or the
decrease CO* concentration over Re. Hydrogenation of CO* formed via
formate decomposition is the rate-determining step for CHa4 formation over
Pd/AlL:Os, and the balance between HCOO* and CO* hydrogenation kinetics
can govern the selectivities of CHs and CO.* From Chapter 5, CHi formation
occurs from the hydrogenation of CO* on Re. On the other hand, Ag made
CO* desorption more favorable than undergoing CO* hydrogenation to CHa.
Ag can stabilize more HCOO* for hydrogenation by Re.

307 o Re(3)/TiO,

—e— Ag(3)/TiO,
—e— Re(3)-Ag(1)/TiO,
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Figure 6.12 Effect of Ag addtiton of CO*/HCOO¥* ratio calcualte from absorbance during operando DRIFTS
over Ag(3)/TiOz, Re(3)/TiO2 and Re(3)-Ag(1)/TiO.. Reaction conditions: 10 mg catalyst, H»/CO, =3, T =
125-200 °C, P = 10 bar, Fiota = 10 NmL min=t, TOS =4 h.

6.3 Conclusion

CHs0H selectivity over 3 wt% Re/TiO2 can be improved by adding a
small amount of Ag (1 wt%). During the reaction, Re clusters relocated to the
vicinity of Ag nanoparticles. Despite the absence of alloy formation between
Re-Ag, parts of Re’ were transformed into Reé* species, expectedly by
redispersion, while Ag? remained in its original state. The role of Ag was
attributed to more facile activation of CO2 to HCOO* in the form of bidentate
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formate, in contrast to the monodentate formate over Re%*. This formate form
on Ag likely facilitates its spillover toward the TiO: support. Enhanced
formates formed over Ag® improved CH3OH selectivity of Re-Ag/TiO:
possibly via HCOO* spillover to Re% for further hydrogenation, while Re®
plays a role as an Hz activator similar to the original Re/TiOx.

Moreover, unfavorable CO* adsorption over Ag suppressed CO
hydrogenation to CHs, ultimately increasing CHsOH selectivity. The
improved catalytic performance over time on stream up to 40 h also
suggested great stability of Re-Ag/TiO.. This work has important
implications for other bifunctional systems where the balance between
different catalytic functions determines the rates and product distribution.

6.4 Experimental
6.4.1 Catalyst materials and preparation

All chemical precursors used to synthesize the catalysts were
acquired from commercial suppliers. TiO2 (ST-01 anatase) was supplied by
Ishihara Sangyo Ltd. For the synthesis of various transition metals on TiO2
(TM(3)/TiO2 where TM = Cu, Rh, Pd, Ag, Re, Pt, Au), respective metal
precursors were mixed with TiO:, following the wetness impregnation
method. These precursors were NHiReOs, Au(CHsCOO), 4NHsPt(NOs)z,
nitrates of Cu and Ag, and chlorides of Rh and Pd. For the preparation of
Re(3)/TiO2, 0.090 g of NHiReOs powder was dissolved in 40 mL of water.
After sonication (1 min) to ensure thorough dissolution, 2.0 g of TiO2 was
added to the solution. The resulting mixture was allowed to mix for 30
minutes at 250 rpm at room temperature, followed by evaporation of water
at 50 °C for 12 h. Subsequently, the resulting powder was dried further for 10
h at 100 °C and finally calcined in the air (T =500 °C, t =3 h, heating rate = 10
°C min™). All other TM(3)/TiOz catalysts were synthesized with the method
described above.

Equal precursors were used to synthesize Re(3)-M(1)/TiO2 (M = Cu,
Ag, Au). Furthermore, a similar procedure as described above was followed
with the addition of the respective precursor together with NH4ReOa.

6.4.2 Catalyst Characterization
X-ray diffraction (XRD) measurements were performed using a
Bruker D8 Advance-ECO with a Bragg-Brentano X-ray diffractometer. For

transmission electron microscopy (TEM) imaging, a JEM3200-FSC (JEOL)
microscope was utilized, operated at 300 kV. Temperature programmed
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reduction (TPR) was performed in an in-house setup. For STEM-EDS
mapping analysis, an FEI cubed Cs corrected Titan was used. Ex situ Ag K-
edge and Re Lsi-edge X-ray absorption spectra were measured at the
superXAS beamline at SLS (Villigen, Switzerland). DRIFTS experiments
were carried out in an in-house high-pressure reaction cell equipped with a
ZnSe window mounted on a Praying Mantis (Harrick). A ThermoScientific
Nicolet 6700 FT-IR spectrometer equipped with an MCT (Mercury Cadmium
Telluride) detector was used to obtain the IR spectra. The detector was
constantly cooled with liquid N2. Gases (Hz, CO2, and He) were controlled via
mass flow controllers (Bronkhorst). All samples were reduced at 300 °C under
H2 (19.1 mL min™) and subsequently reacted with CO2 and H: at 20 bar (T =
125, 150, 175, 200 °C, H2/COz = 3, 19.0 mL min" ).

6.4.3 Catalytic testing

Hydrogenation at lower pressure was performed using a commercial
PID Microreactivity Efficient reactor. 500 mg of catalyst was added to a
quartz reactor (ID =4 mm) and was reduced under H2 (27.4 mL min?) at T =
500 °C (300 °C in the case of Cu/ZnO/AlL:Os). After cooling to 25 °C under N,
the reaction took place at 125, 150, 175, and 200 °C at 60 bar (23.5 vol% COs,
70.5 vol% Hz, 6 vol% Nz). Outlet gases were analyzed using a gas
chromatograph (Interscience) equipped with a flame ionization detector
(FID) and two thermal conductivity detectors (TCD). Stability tests were
performed similarly to that described above, with the difference of
maintaining 150 °C for 40 h.
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Chapter 6

1. Exploring the transition metals for low temperature
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Figure S6.1 Effects of temperatures on a CO; conversion and product selectivities of b CHsOH ¢ CO and d
CHa during CO hydrogenation over M(3)/TiO: (M = Cu, Rh, Pd, Ag, Re, Pt or Au). Reaction conditions: T =
125-200 °C, P = 60 bar, H,/CO; = 3, SV = 3505 NmL geat * h™2, TOS = 4 h.
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2. Promotional effects of Cu, Ag, and Au on Re/TiO,
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Figure S6.2 H,-TPR profiles of Re(3)/TiO,, Ag(1)/TiO2, Re(3)-Au(1)/TiO2 and Re(3)-Cu(1)/TiO,. Reduction
conditions: 5% H2/N,, F =20 mL min™, T = 50-650 °C and heating rate = 2 °C min™..
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Figure S6.3 Effects of temperatures on HCOOCHSs selectivity during CO, hydrogenation over Re(3)-

M(1)/TiO2 (M = Cu, Ag, and Au). Reaction conditions: T = 125-200 °C, P = 60 bar, H2/CO, = 3, SV = 3505
NmL gesr L h™l, TOS =4 h.
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3. The unique interplay between Re and Ag on Re-Ag/TiO,
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Figure 6.4 Effects of temperatures on a COz conversion and products selectivities of b CHsOH ¢ CO and
d CHs4 e HCOOCH3 during CO hydrogenation over Re(x)-Ag(4-x)/TiOz (x = 1, 2, and 3). Reaction conditions:
T =125-200 °C, P = 60 bar, H,/CO; = 3, SV = 3505 NmL gear* h™%, TOS =4 h.
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Figure S6.5 H,-TPR profiles of Re(3)/TiO,, Re(3)-Ag(1)/TiO, and Ag(3)/TiO.. Reduction conditions: 5%
H2/N2, F =20 NmL min™, T = 50-650 °C and heating rate = 2 °C min™%.

Table S6.1 Data obtained from TPR analysis, including peak reduction temperature, normalized area of
the peak reduction concerning Re(3)/TiO., and its full width at half maximum (FWHM)

it ol
Re(3)/TiO: 306.9 1.0 35.4
Re(3)-Ag (1)/TiO; 269.7 1.0 60.4
Ag(3)/TiO; 275.9 0.4 83.6
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N:28 Min: 0144
Mean: 0.336 Max 0.718
StdDev: 0.160 Mode: 0.125 (12)
Bins: 8 Bin Width: 0.125

0

N43 Min:0.317 3 N:44 Min: 0.0766
Mean: 1186 Max 2.143 Mean: 0.214 Max 0.400
StdDev. 0.505 Mode: 1.125 (1) 8 || StdDev: 0.0829 Mode: 0.100 (16)
Bins:8 Bin Wi Bins: 8 Bin Width: 0.100

Figure S6.7 Representative HR-TEM images of calcined a Ag(3)/TiO2 and b Re(3)/TiO.

NSt Min: 0.302
Mean: 0.796 ac
St9Dev. 0.328 Mode: 0,600 (15)

Bin Width: 0.200

Figure S6.8 Representative HR-TEM images of calcined Re(1)-Ag(3)/TiO.
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Figure S6.9 Ag K-edge XANES spectra of calcined Ag(3)/TiO, and Re(3)-Ag(1)/TiO,. The XAS spectra were
taken at room temperature without exposure to air after the reduction treatment by sealing the samples
under Na.
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Figure S6.10: Re Ls-edge XANES spectra of calcined and reduced Re(3)/TiO, and Re(3)-Ag(1)/TiO2. The
XAS spectra were taken at room temperature without exposure to air after the reduction treatment by
sealing the samples under Na.
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4. Mechanistic insight Re-Ag/TiO,
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Figure S6.12 a-c Effects of temperatures on surface species obtained from operando DRIFTS during CO>
hydrogenation over TiO.. d Corresponding normalized ion current signal of products obtained from the
mass spectrometer. Reaction conditions: 10 mg catalyst, H2/CO2 =3, T = 125-200 °C, P = 10 bar, Fota = 10
NmL min=.
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Figure S6.13 Temporal evolution of surface species obtained from operando DRIFTS during reaction CO>

hydrogenation over TiO,. Reaction conditions: 10 mg catalyst, Ho/CO2 = 3, T = 125 °C, P = 10 bar, Fotal =
10 NmL min=.
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Figure $6.14 a-c Effects of temperatures on surface species obtained from operando DRIFTS during CO>
hydrogenation over Ag(3)/TiO.. d Corresponding normalized ion current signal of products obtained from
the mass spectrometer. Reaction conditions: 10 mg catalyst, H2/CO, = 3, T = 125-200 °C, P = 10 bar, Fiotal
=10 NmL min™.
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Figure $6.15 a-b Temporal evolution of surface species obtained from operando DRIFTS during reaction
CO; hydrogenation over Ag(3)/TiO.. Reaction conditions: 10 mg catalyst, H,/CO2 =3, T = 125 °C, P = 10
bar, Fiotal = 10 NmL min=.
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Figure S6.16 a-c Effects of temperatures on surface species obtained from operando DRIFTS during CO>
hydrogenation over Re(3)/TiO.. d Corresponding normalized ion current signal of products obtained from

the mass spectrometer. Reaction conditions: 10 mg catalyst, H,/CO, = 3, T = 125-200 °C, P = 10 bar, Fiotal
=10 NmL min~%.
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Figure S6.17 Temporal evolution of surface species obtained from operando DRIFTS during reaction CO:
hydrogenation over Re(3)/TiO.. Reaction conditions: 10 mg catalyst, H,/CO, = 3, T = 125 °C, P = 10 bar,
Frotal = 10 NmL min~2.
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Figure $6.18 a-c Effects of temperatures on surface species obtained from operando DRIFTS during CO>
hydrogenation over Re(3)-Ag(1)/TiO2. d Corresponding normalized ion current signal of products

obtained from the mass spectrometer. Reaction conditions: 10 mg catalyst, H2/CO, = 3, T = 125-200 °C, P
=10 bar, Frotal = 10 NmL min™.
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Outlook




Soon, the technologies for recycling CO: into chemicals or fuels will
become more crucial in alleviating environmental problems caused by global
warming. As a well-established and relatively matured technology, CO:2
hydrogenation into methanol will play an important role in closing the
carbon cycle and utilizing CO: sustainably. In such processes, the Cu-based
catalysts will remain extensively employed due to high performance and
cost-effectiveness. However, the limitation of theoretical methanol yield by
thermodynamics at current industrial conditions (>220 °C) will be the
rationale behind low-temperature CO2 hydrogenation. This chapter provides
the outlooks for the two important parts of the dissertation focusing on Cu-
based catalysts (Part I) and rhenium-based catalysts for low temperature
(Part II).

The next steps for Cu-based catalysts

The long-lasting three challenges for CO2 hydrogenation to methanol
over Cu-based and any other catalysts are (1) catalytic activity, (2) selectivity,
and (3) stability. The ideal catalyst should achieve reasonable CO:2 conversion
and maximum CHsOH selectivity under industrially relevant conditions
with the ability to maintain its catalytic activity for a longer period.
Comprehending the fundamentals of reaction conditions, the nature of active
sites and reaction mechanisms that determine the catalytic performance is
always useful in the design and synthesis of novel catalysts.

The greener synthesis route in Chapter 2 produced less wastewater
during the co-precipitation process. However, catalysts prepared via co-
precipitation methods always require high Cu content to achieve the optimal
activity (e.g. up to 68 wt% for Cu/ZnO/Al20s). The catalyst did not utilize
most Cu atoms suggested by the Cu particle. The catalyst synthesis process
should use less metal by enhancing the Cu dispersion and maximizing
interaction between Cu and ZnO with suitable catalyst preparations (e.g.
with a surfactant or reducing agent). The Cu-ZnO synergy is also determined
by Cu-Zn alloying during activation and ZnO dealloying during the reaction.
Yielding an active and long-lasting catalyst still requires optimization of the
start-up process. Moreover, high-pressure conditions promote the formation
of a more stable phase ZnCQOs, which might be beneficial against water and
sintering.

The space-resolved methodologies used in Chapter 3 helped study
the effects of temperature and pressure under operando conditions on
dominant reaction pathways. However, detecting the reactants/products in
situ without disturbing reaction and/or creating spaces between catalyst beds
remains the challenge since they affect the axial concentration, temperature,
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and pressure profiles. High-pressure spatial samplings of reactants/products
from within the catalyst bed using capillary sampling and simultaneously
measuring temperature using a thermocouple probe is a novel approach to
obtaining the actual concentration and temperature profiles, which are
necessary for kinetic modeling. Moreover, in situ/operando characterization of
catalyst structures using the existing space-resolved methodologies
described in this dissertation could study the dynamic changes during
activation and reaction.

The promotional effects of supports are usually defined by catalyst
properties, e.g. improved dispersion, redox ability, oxygen mobility, and
acidity. In Chapter 4, the effects of promoters on methanol selectivity were
unveiled by mechanistic studies using operando transient DRIFTS combined
with isotopic transient kinetic analysis (ITKA). Even though the reaction
mechanisms are still under debate, comprehending the roles of promotors on
active intermediates, which can be common between methanol and CO
formation, can help suppress excessive CO formation and achieve higher
methanol selectivity. These insights will be more powerful when combined
with simultaneous operando characterization of catalyst structure to obtain
activity—structure relationship. A holistic understanding of the functions of
catalyst structures on surface intermediates will allow the synthesizing of
suitable catalysts that destabilize the undesired surface species or redirect the
reaction pathway toward the desired products. This will require a design of
a reactor (cell) that is suitable for reaction engineering (e.g., kinetic studies)
and operando characterizations (e.g., by X-ray absorption spectroscopy (XAS)
and DRIFTS) under identical mass transfer regimes or flow patterns.

Rational design of catalysts for low temperatures

Exploring high-performance catalysts for low-temperature CO2
hydrogenation to methanol is a contemporary research subject and remains
a challenging task. Although high pressure is still required for desirable
catalytic performance, low pressure will significantly reduce the energy
demand. In such conditions, noble metals are required to overcome the
inferior activity of Cu-based catalysts despite the high price and limited
resources. Improved metal utilization can be assisted by support, e.g.
through a strong metal-support interaction.

The optimal bifunctional properties of metal-support combinations
are crucial for high methanol selectivity. In Chapter 5, the bifunctionality of
Re was enhanced by TiO:2 yielding both sub-nanoclusters and single atoms of
Re. This did not only improve the metal utilization but also provide multiple
oxidation states of Re, which are the origins of high methanol selectivity. As
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mentioned in Chapter 4, the holistic understanding of the functions of Re
species and their interactions with surface intermediates allowed the rational
modification of Re/TiO: with a small amount of Ag to destabilize the
undesired surface species (carbonyl) and redirect selectivity toward desired
methanol, as described in Chapter 6. A deeper understanding of the interplay
between Re and Ag and the dynamic nature of the Re-Ag/TiO: catalyst
remains unexplored by operando transient techniques used in previous
chapters. Future insights will help modify the preparation technique to
maximize the synergistic interplay between Re and Ag. For example, the
precise control of Re cluster sizes and the way they are depositing over Ag.
Lastly, DFT simulation and micro-kinetic modeling will become more
important to fully grasp the whole reaction pathways of Re/TiO:z and relevant
intermediates, especially the experimentally undetectable fast-forming
intermediates after formate hydrogenation steps.
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“You should never sacrifice

what you could be for what you are.”

— Jordan B. Peterson
from 12 Rules for Life: An Antidote to Chaos
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