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Abstract

The catalytic conversion of waste CO, into light olefins offers a sustainable pathway for green chemicals
production in the future. Over a tandem catalyst with the bifunctional active sites for methanol synthesis
(CTM) and methanol to olefins (MTO), CO> can be efficiently converted via intermediate methanol into
amixture of light olefins (ethylene, propene, butene). In the study of CO, hydrogenation, the moderately
acidic SAPO-34 molecular sieve is often used as the MTO catalyst component. SAPO-34 performs well
for the formation of C-C bonds without fast coking, and minimal further hydrogenation of olefins. These
qualities give the catalyst a long lifetime and high selectivity for light olefins. Unfortunately, under high-
pressure hydrothermal conditions, it easily suffers structural damage.

In this context, the SSZ-13 zeolite, an alternative MTO catalyst with higher hydrothermal stability, but
also stronger acidity, was systematically investigated and modulated with the aim to achieve high
selectivity for light olefins and high stability during CO- hydrogenation. Firstly, in order to identify the
effect of zeolite acidity on product distribution and coke deposition, two types of SSZ-13 zeolites with
similar bulk composition, but different protonic acid site distributions, were synthesized. They were
combined with a stable CTM catalyst (bulk indium oxide, In,O3) as a tandem catalyst and were evaluated
in CO; hydrogenation. The SSZ-13 with isolated acid sites had a lower Brensted acid site (BAS) density
and exhibited a higher selectivity for light olefins compared with the one with paired protonic acid sites.
By exchanging Na* cations to tailor the BAS density of SSZ-13 zeolite, the comparative experiments
further indicated that the BAS density, rather than BAS distribution, had a high correlation with the
selectivity for light olefins, which proved that the BAS density had the primary impact on the product
distribution. The high BAS density promoted hydrogenation which reduced the selectivity for light
olefins, while low BAS density tended to accumulate excessive coke leading to catalyst deactivation,
but with improved selectivity for olefins. Thereafter, over the tandem catalysts with the optimized BAS
density, a transient experiment with varying reaction conditions was carried out to investigate the coke
evolution during CO; hydrogenation. The results indicated that the coking behavior of SSZ-13 zeolite
was significantly affected by reaction conditions. By manipulating the reaction temperature and
pressure, the active coke species, or so-called hydrocarbon pool species (HCPs), can be deposited inside
the zeolite in a targeted manner, thereby modifying the catalyst to achieve a higher MTO activity and
lower olefin hydrogenation activity. Continuous transient experiments further revealed a dynamic
equilibrium between the formation and degradation of coke inside SSZ-13 zeolite. This balance is
established under the appropriate BAS density and optimized reaction temperature and pressure. Using
the conditions of 20 bar and 375 °C, with a H, to CO, mole ratio of 3, the results obtained for the pre-
coked tandem catalysts of In,O; and SSZ-13 (BAS density = 0.23 mmol*g™') exhibited very stable
activity, with selectivity for light olefins around 70% = 2% (among hydrocarbon products), and low
average coke deposition rate of 0.016 wt.%*h' over 100 h time-on-stream. This result also
experimentally confirmed the success of pre-coking modification and verified the balance mechanism
of coke accumulation.

Keywords: CO; hydrogenation, methanol-intermediate, light olefins, tandem catalysts, MTO reaction,
SSZ-13 zeolite, Bronsted acid density, Al distribution, pre-coking, HCPs
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1 Introduction

1.1 Reducing CO:2 emissions

The surge in global energy demand, combined with an overreliance on fossil fuels, has led to a dramatic
surge in the emissions of harmful greenhouse gases (GHGs), especially carbon dioxide, over the past
hundred years. In 2021, the Global CO, emissions from the combustion of fossil fuels and industrial
processes reached the highest level ever of 36.3 gigatons (Gt) (seen in Figure 1), which led the
concentration of CO» in the atmosphere to be as high as 417.19 ppm, which is 1.5 times what it was at
the beginning of the pre-industrial revolution era (in 1750) [1]. The consequences of these anthropogenic
emissions are far-reaching, disrupting the Earth’s natural carbon cycle and causing global warming,
ocean acidification, sea-level rise, and other harmful impacts, including climate change. Aiming to
tackle the climate crisis, world leaders reached a consensus via the Paris Agreement in 2015 and pledged
to limit the global temperature increase during this century to 2 °C, while continuing efforts to limit the
increase even further to 1.5 °C [2]. As per the Paris Agreement, more stringent restrictions on emission
levels of GHGs were recommended across the globe, and by the end of 2020, the world's major
economies and countries have given the promise to achieve net-zero CO, emissions by mid-century [2].
In view of its commitment to the Paris Agreement, the European Union (EU) is taking a leading role to
achieve higher emission reduction targets than the current ones [3]. In the "European Green Deal"
communication, the European community proposed to increase the GHGs emission reduction target for
2030 to at least 50%, and towards 55% compared with 1990, in order to achieve net zero GHGs
emissions by 2050, and thereby become the world's first major economy to achieve climate neutrality
by mid-century [4]. However, the actions required to achieve this goal are far more difficult than
realized. As there is no silver bullet for net-zero emissions, achieving this grand "blue map" requires a
combination of a series of efforts, not only including the upgrading of energy-saving policies and
consumption technologies, the adoption of alternative energy (e.g., nuclear, renewable energy), but also
the contribution from carbon capture and storage (CCS) and carbon capture and utilization (CCU) [4,5].
The McKinsey report estimated the global CCS potential at 3.6 Gt, and Europe at 0.4 Gt — roughly 20%
of the total European emissions reduction potential in 2030 [6]. This means that a large amount of CO;
will become gradually available for permanent storage or use in the future. Considering the high
economic cost, and the potential geological and ecological risks of storage by CCS [1,5,6], a more
pragmatic method is to convert CO; into carbon-based materials and fuels by using chemical methods
in order, to realize sustainable utilization of carbon resources. From this perspective, CO, will be
regarded as a raw carbon-based material rather than a waste.
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Figure 1 CO; emissions and their annual change from 1900 to 2021. Reprinted from ref. [1]. MDPI
Open Access License.
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Until now, the utilization of CO, remains small compared to global anthropogenic CO, emissions. The
use of COy; is estimated from 200 Mt to 500 Mt per year [3], Although 150 known chemicals can be
obtained by converting CO; [7], most of which are limited to a few industry processes, such as food,
agrochemicals (urea and carbonate fertilizer), welding, foaming, fire extinguishers, propellants, etc.
[1]. Due to the high thermodynamic stability of CO, molecules, the conversion of CO, requires high
energy and technical input [7]. In addition, other factors such as environmental (carbon tax) and
economic indicators (CO; capture cost and product value) also may discourage the use of CO». In
recent years, with the large-scale application of renewable resources to produce carbon-free energy
and green hydrogen, the conversion of emitted CO, by hydrogenation is ushering in major
opportunities [8]. More and more attention has been paid to conversion of CO; to high value-added
products, such as fuels and light olefins.

1.2 Green light olefin production from CO2 hydrogenation

Light olefins (Ethylene, Propylene, and Butene) are the building blocks of the modern chemical industry.
Currently, most of the produced ethylene and propylene are used to produce polymers, such as
polyethylene (PE), polyvinyl chloride (PVC), ethylene glycol (EG), acrylonitrile, cumene, and acrylic
acid, widely used in packaging, textile, paint, and other industries. In addition, isobutylene is a basic
raw material for plastics, rubber, and pharmaceutical products [9]. By the end of 2022, global ethylene
consumption reached 177 million tons per year [10], and propylene consumption reached 125 million
tons per year [11]. Traditionally, most of the raw materials for the production of light olefins comes
from crude oil and natural gas (shown in Figure 2) [6], and more than 60% of the production capacity
comes from the steam cracking process [9]. However, this production is the most energy-consuming
process and one of the major contributors to the emissions of CO,. Steam cracking accounts for
approximately 3 EJ of primary energy use (due to the combustion of fossil fuels, excluding the energy
content of the product) and almost 200 Mt of CO; emissions (due to the combustion of fossil fuels). The
pyrolysis section of the Naphtha steam cracker alone consumes approximately 65% of the total process
energy and accounts for approximately 75% of the total energy losses [6]. In contrast, if the emitted CO-
is converted into low-carbon olefins with the help of green hydrogen produced by renewable energys, it
will not only effectively reduce the consumption of fossil energy, but also effectively store and transport
the renewable energy resources. Therefore, there is a tremendous benefit to producing green olefins
from CO; and green hydrogen in terms of mitigating climate change. The benefits include: (i) Avoidance
of the severe CO, emissions and fossil resource consumption during the current production processes;
(i1) Re-use of waste CO»; (iii) The ability to store CO; in the commodities made from olefins with
relatively long lifecycles, such as polymer products [6].
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Figure 2. Production routes for light olefins regarding various raw materials. The dashed lines indicate
processes under development. Reprinted with the permission from ref. [6]. Copyright (2011) WILEY-
VCH

Among the many methods of CO; valorization, thermochemical conversion of CO; with the aid of
heterogenous catalysts is considered to be the closest route to industrial application [12]. Specifically,
in the area of heterogeneous catalysis for CO, to light olefins (CTO), there are two accepted reaction
pathways: (1) the CO-intermediate pathway: hydrogenation of CO; to CO via a reverse water-gas shift
(RWGS) reaction, followed by hydrogenation of CO via the Fischer—Tropsch synthesis (FTS) reaction
to produce olefins; (2) the methanol-intermediate pathway: hydrogenation of CO, to methanol followed
by the dehydration of methanol to form light olefins [1,9,12-15]. These two routes involve two different
steps, the entire reactions can be either carried out in separate reactors (indirect route) or one reactor
(direct route). Usually, when the two steps are not mutually exclusive, conduction within a single reactor
(direct route) is feasible. Therefore, the direct catalytic hydrogenation to convert CO; to olefins in a
single reactor is of interest because it may be more economical and energy efficient, which is critical to
process viability.

1.3 Catalytic hydrogenation of CO: to light olefins over a tandem catalyst

Recent research has focused on optimizing single-step processes for the synthesis of olefins from CO,
as well as developing more efficient catalysts [9,12,15]. In a CO-intermediate pathway, the entire
reaction of CO to CO by RWGS and subsequent conversion of CO to hydrocarbons by FTS, can occur
simultaneously on a standalone Fischer-Tropsch (FT) catalyst. Therefore, this pathway is also referred
to as a CO, modified FT process. As the proliferation of hydrocarbon chains directly follows the
mechanism of the FTS reaction, in the FT process, the maximum selectivity of the light olefin products
is limited by the Anderson—Schulz—Flory (ASF) distribution. The maximum selectivity for C,-Cs
hydrocarbons is only 58% [16]. In contrast, in a methanol-intermediate pathway, CO is first converted
to methanol (CTM) over a CTM catalyst, followed by the transformation of methanol to olefins (MTO)
over a zeolite/zeotype catalyst. This sequence of processes can obtain a higher selectivity for light olefins
among hydrocarbon products, and it can also be achieved in a single reactor where a tandem catalyst
system is used exhibiting bifunctional properties (CTM and MTO) as discussed above. In a tandem
approach, the CTM and MTO catalysts are mixed to varying degrees of intimate contact, such as
granular and powder, to achieve maximum synergy [15]. The catalysts for the CTM have been
extensively reported, including industrial catalysts Cu/ZnO/Al,O; and newer catalysts such as In,O;
oxides and others [17-21]. The zeolite/zeotype catalysts, such as SAPO-34 molecular sieve and SSZ-13
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zeolite, have been widely addressed for C-C formation in MTO reaction due to their special CHA
topology that shape selectively prefers light olefin products [22-26]. However, since these CTM and
MTO reactions have their respective optimized reaction condition regimes, integrating them in one
reactor needs stringent requirements to be met, including the use of mutually suitable reaction conditions
that are also appropriate for the sensitive properties of the catalyst components [27]. For example, the
CO; molecule is relatively inert, and requires elevated temperatures to be activated during the
hydrogenation. The hydrogenation of CO; to methanol is also accompanied by the reverse water gas
shift (RWGS) reaction to form CO. Therefore, the high temperature in the CTM reaction increases the
conversion rate of CO,, which greatly favors the RWGS thermodynamically, giving a higher selectivity
for CO in the product [17-21]. In addition, in the MTO reactions with H, co-feeding (similar atmosphere
as the methanol-mediated CO, hydrogenation), higher temperatures tend to be favorable for good
stability of the zeolite/zeotype catalyst [28-29]. However, high temperatures also promote excessive
hydrogenation of olefin products, resulting in decreased selectivity for alkenes and increased selectivity
for alkanes, especially over strong acidic MTO catalysts, such as SSZ-13 zeolite [29]. Recently, some
new studies have found that the co-feeding of water and hydrogen with methanol can effectively
alleviate the quick coke deposition over SAPO-34 at high temperatures while maintaining high
selectivity for olefins. Unfortunately, under high-temperature hydrothermal conditions, the SAPO-34
catalyst experiences structural damage [30]. In contrast, the SSZ-13 zeolite has better hydrothermal
stability [31], and stronger BAS strength [29], resulting in an optimal production rate of olefins at a
lower temperature [32]. However, due to its strong acidity, SSZ-13 tends to have a quicker deactivation
under pure MTO reaction conditions, and exhibit high selectivity for paraffins during the hydrogenation
of CO or CO; [27]. So far, there are few studies on how to tailor SSZ-13 zeolites and apply them as
effective MTO catalysts in the CO, hydrogenation to light olefins process.

1.4 Objectives and scopes

The purpose of this work is to investigate an efficient and stable MTO catalyst component in the tandem
catalyst for CO; hydrogenation to light olefins. Specifically, the SSZ-13 zeolite, a zeolitic homologue
of the SAPO-34 molecular sieve with highly hydrothermal stability and varying acidity, was synthesized
and used as zeolite component of the tandem catalyst. Its catalytic performance was investigated for
light olefins production in CO; hydrogenation, and the mechanism related to olefins formation and coke
deposition was explored based on catalyst modification and process optimization.

In Paper 1, starting from the synthesis of SSZ-13 zeolites with varying acid densities and acid sites
distributions, the physicochemical properties of SSZ-13 zeolites were characterized, and their catalytic
performance was systematically investigated in catalyzing CO; hydrogenation to olefins. By correlating
the reactivity with the physicochemical properties of catalysts, before and after the reaction, it was
revealed that the Brensted acid density of zeolites was the main factor affecting product selectivity and
coke formation.

Then, in Paper II, taking the low acidic SSZ-13 catalyst as the research subject, a transient experiment
with varying reaction conditions was carried out to investigate the formation and degradation of trapped
coke within the catalysts during the hydrogenation of CO, to olefins, in combination with various
characterization techniques including N adsorption, DRIFTS, TGA, GC-MS, and TPO. A dynamic
balance mechanism between the formation and degradation of coke was disclosed, and a pre-coking
method was proposed for upgrading the fresh catalyst in order to improve the selectivity for product and
the stability of the catalyst. Finally, the balance mechanism was verified through a long-term (100 h)
stability test, and the pre-coking modification was also confirmed to be successful in improving the
reaction performance of SSZ-13 within the In,O3/SSZ-13 tandem catalyst.



1.5 Outline of thesis
The outline of this thesis is as follows:
Chapter 1: General introduction, motivation, and objectives.

Chapter 2: Introduction to the technical background, progress, and challenges of methanol-mediated
CO: hydrogenation to olefins.

Chapter 3: Description of the material synthesis and characterization methodology used in the
experiments.

Chapter 4: Key findings and associated interpretations in papers.
Chapter 5: Main conclusions.

Chapter 6: Future work.






2 Background

The Methanol-mediated synthesis of light olefins from CO, comprises two consecutive reactions: CO»-
to-MeOH (CTM) and MeOH-to-olefins (MTO) processes. In this chapter, the CTM and MTO reactions
as well as their catalyst components, will be introduced respectively. The synergy within the tandem
catalyst system will also be elaborated.

2.1 CO:2 to Methanol (CTM) catalyst

In the context of applying either CO or CO; as a feedstock in methanol synthesis, catalyst development
and mechanism research for methanol synthesis has continued uninterrupted for nearly one hundred
years. All catalysts developments are based on the following three main coupled equilibrium reactions
[18]:

COZ + 3H2 = CH30H + Hzo, AH298 50bar = —50k]mol -1 (1)
O, + H, = CO + H,0, AHsoax 10par = 41kjmol ~1 2
co + 2H2 = CH30H, AH298K,50bar = _91k]mol -1 (3)

From the above reactions, it can be seen that methanol formation and the reverse water-gas shift (RWGS)
reaction compete with each other [Egs. (1) and (2)]. According to the results of isotope labeling and
kinetic experiments, it has been proven that CO; is the predominant carbon source for methanol
synthesis, and CO, can be directly converted to methanol without a preliminary reduction to CO. In
view of thermodynamics, since the methanol formations [Egs. (1) and (3)] are exothermic while the
RWGS reaction is endothermic, a low reaction temperature and high reaction pressure are more
favorable for methanol synthesis. However, a higher temperature is helpful for CO, activation from a
kinetic aspect. Therefore, a compromise is usually made, where a moderate reaction temperature is used
(at ~ 230 °C) to achieve a high yield (~ 30% at 50 bar) of methanol from CO;[33]. In general, low
temperatures, high pressures, and high H,: COy ratios are beneficial for high methanol yields. In
addition, the ratio of CO/CO; is another key factor affecting the methanol yield. Under conditions
applying CO-rich syngas (CO + H>) as feedstock, the water-gas shift reaction [WGS, reverse of Egs.
(2)] is prevalent. Adding a certain amount of CO; in the CO/H; feed can drastically improve the yield
of methanol and the energy balance. So far, in industrial applications, the amount of CO, added has
reached as high as 30% of the total carbon in the syngas [17]. While, under CO,-enriched feed
conditions, the RWGS reaction is dominant, and strongly affects the equilibrium yield of methanol due
to the formation of additional water and CO in this parallel reaction. As the result, the thermodynamics
for methanol production from CO, are lower than those for the production of methanol from CO. For
example, the equilibrium yield of methanol from COx is less than 40% at 200 °C and 50 bar, whereas
the yield from CO is greater than 80% at the same conditions [17]. In industrial production, in order to
obtain a higher methanol yield and CO; conversion rate as close to the equilibrium as possible, the CO
product would be separated from the liquid products (water, methanol, and other high alcohols) and
recycled back to the reactor inlet, mixed with fresh CO, and reacted again in the reactor at an optimized
CO/CO; ratio [19]. Fornero et al. performed a process simulation for the hydrogenation of CO; to
produce methanol in a reaction system with recycling non-condensable gas, it was found that a complete
conversion of CO; over a process could be achieved using a recycle ratio (the ratio of the molar flow
rate of the recycle gases to that of the fresh feed gases) of 5 at T=250 °C (P>40 bar), or at T=235 °C
(P>30 bar) [34].



The commercial CuO/ZnO/Al,O5 catalysts, widely used in the production of methanol from syngas,
present poor performance for CO, hydrogenation at high temperatures [18-21]. The increased
temperature can facilitate CO, activation, however, the undesirable CO and H,O are formed by RWGS,
reducing methanol selectivity. Moreover, a large amount of water generated during CO, hydrogenation
to methanol and RWGS reaction are adsorbed on the surface of the catalyst, which seriously decreases
the stability of the CuO/ZnO/Al,O; catalyst. Water is considered to accelerate the growth of copper
crystals at high temperatures, reduce the specific surface area, and cause sintering. At the same time,
water will also accelerate the separation of Cu and ZnO active components at high temperatures,
reducing their synergy and losing their activity [35]. Thus, at higher operation temperatures, the water
and strong reductive atmosphere can lead to the formation of inactive Cu’-Zn° bulk alloy, thereby
eventually causing complete deactivation.

To improve the reactivity and stability during CO, hydrogenation, alternative catalysts for
CuO/Zn/Al,0O3 have been extensively investigated, and most of them can be divided into three
categories. One category involves improved Cu-based catalysts, and the other is noble metal-based
catalysts and a third is novel oxides catalysts [18-21]. In modified copper-based catalysts, most of the
work attempts to enhance or maintain the Cu-ZnO binary core active components by introducing
promoters or alternative supports. For example, the addition of noble metal promoters (such as Pt, Au,
Rh, and Pd, et .al) are used to improve the low-temperature activity of the Cu-Zn catalyst. The promoters
of Zr, Ga, and F were reported to modify the basicity /acidity and physiochemical properties of Al,O3
supports, which can enhance the activity or increase the selectivity towards methanol. In addition to
being used a dopant, zirconia is often used to replace alumina as a support of Cu-Zn catalysts, and
demonstrated a beneficial effect on CO; hydrogenation, where the enhanced activity and increased
selectivity to methanol was assigned to the stabilization of highly dispersed Cu nanoparticles on the
surface, and additional CO; adsorption on its basic sites, followed by hydrogenation on the adjacent Cu-
ZnO active sites. The enhanced stability was attributed to the weak hydrophilic character of ZrO,, which
alleviates the strong adsorption of water on the catalyst surface [21]. In addition to the above-mentioned
copper-based catalysts, noble metal catalysts, represented by Pd and Au, have also been widely reported.
Supported on CeO,, ZnO, Ga,03, and In,Os, Pd-based catalysts exhibit good performance in CO,
hydrogenation to methanol, and especially demonstrate a high selectivity for methanol at low
temperatures (250 °C), but lower activity compared with copper-based catalysts [20]. In addition, noble
metal catalysts have higher sulfur tolerance than copper, which offers another advantage of noble metal
catalysts. However, at high temperatures (>300 °C), noble metal catalysts also exhibit strong activity
toward RWGS and methanation reactions, resulting in high selectivity for CO and CHj4 in the product
[20-21]. In recent years, the novel oxide catalysts represented by In,Os-based oxides and ZrO»-based
solid solutions M,ZrOy (Zn, Ga, Cd), are emerging as an effective catalyst for CO, hydrogenation to
methanol. Most typically, these are outstanding with a high selectivity for methanol and good stability
at high reaction temperatures (>300 °C). Unlike copper-based catalysts, the active centers in these In,O;-
based or ZrO,-based catalysts are derived from the oxygen vacancies generated by the partial reduction
of the surface. It is considered that the active oxygen vacancies provide a strong binding for adsorbed
species such as CO; and H, allowing hydrogenation at high reaction temperatures. Furthermore, the CO
formation via surface redox mechanisms is reduced due to slight surface reduction [20].

Since it was first reported in 2016, indium oxide (In,Os) has been regarded as a breakthrough system
due to its very high methanol selectivity [36]. The kinetic experiments by Pérez-Ramirez et al. found
that the apparent activation energy of CO, hydrogenation to methanol over a bulk In,Os catalyst was
lower than that of the RWGS reaction, which was consistent with the high selectivity for methanol in
experimental observation [37]. Some detailed mechanistic studies also indicated that the hydrogenation
of CO2 to HCOO was thermodynamically and kinetically favorable over the oxygen vacancies on the
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surface of In,O3(110), which can also stabilize the key intermediates involved in the formation of
methanol, including HCOO, H,COO, and H>CO. On the contrary, the H2CO and H.COO species were
not stable on the surface of Cu (111) [38-39]. In a related mechanism rooted in the creation and
elimination of oxygen vacancies (mark as V, sites as active sites) on In,O3; (110) (seen in Figure 3), the
hydrogenation of H,CO was proposed as the rate-determining step (RDS). In a whole reaction cycle
mechanism, the oxygen vacancies could be recovered during CO; hydrogenation [39].
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Figure 3. The Mechanism for the Hydrogenation of CO; to Methanol on Vo Sites of In,O3. Reprinted
with the permission from ref. [39]. Copyright (2019) American Chemical Society

In the study of CO; hydrogenation, a high-performance In,O3-ZrO- catalyst has been developed by using
monoclinic zirconia (m-ZrO;) as support, compared with bulk In,Os catalysts or In,Osz-based catalysts
with other carriers. In,03-ZrO, achieved a great improvement in reactivity (5.2% of CO, conversion,
99.8% of methanol selectivity) and ensured stability for over 1000 h time-on-stream (T=300 °C, P = 5.0
MPa, H,: CO, =4:1, and GHSV = 16000 h''). These results were attributed to the formation of
epitaxially-grown In,Os or solid In,O3-ZrO, solutions, providing the additional and/or super oxygen
vacancies and thereby promoting CO; activation [36]. Later, Akkharaphatthawona et al. reported that
incorporation of Ga into the crystalline lattice of In,O3 at x = 0.4 (Gag4In; ¢O3) remarkably boosted the
methanol yield at higher reaction temperatures (340 °C —360 °C), which was related to an increase in
the binding energy of the adsorbed intermediate molecules on the surface of the catalyst [40]. In order
to overcome the rate-limiting of H, splitting on bulk In,O3 and further improve the reactivity, some
hydrogenation metals (Pd, Au, Rh, Pt, Co, Ni) were also added as promoters into In,Os-based catalysts.
Among many dopants, the Pd was embedded into the In,O3 with a low-nuclearity cluster form, that
boosted the productivity of methanol without displaying the RWGS activity [41]. Considering that the
CO could be present in the feedstock of CO, as an impurity or recycled byproduct from CO;
hydrogenation in industry, the sensitivity of the In,Os-based catalyst to CO was also investigated in
many reports [36, 42]. Co-feeding of CO seems to be beneficial to generating more oxygen vacancies
in situ and significantly increasing the methanol yield. However, in the atmosphere of only H, and CO,
the indium oxide catalyst will be completely reduced to metallic indium, resulting in complete
deactivation [36]. When CO co-feeding, reached an equimolar CO to CO: ratio during CO;
hydrogenation, Pérez-Ramirez et 