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ABSTRACT

In the pursuit of a carbon-neutral economy, CO, catalytic hydrogenation to methanol emerges as a pivotal
technology for mitigating CO, and addressing the manufacturing needs of future fuels, chemicals, and materials.
The development of this technology not only offers solutions to environmental challenges, such as the
greenhouse effect, but also facilitates the effective utilization of CO, resources. The aims of this review is reveal
intuitions into the structural and surface properties of heterogeneous catalysts, emphasizing the interface
between metal and support. The exploration of these factors delves into their functions in reaction mechanisms,
influencing catalytic activity, selectivity, and stability in CO, hydrogenation to methanol.
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INTRODUCTION

Global warming and air pollution are acknowledged as primary threats to sustainable human development.
These issues stem predominantly from anthropogenic activities involving the combustion of fossil resources,
leading to the release of substantial amounts of carbon dioxide, carbon monoxide, nitrogen oxides, and soot into
the atmosphere (Aresta et al., 2013). The CO, catalytic conversion to high-value chemicals is considered as an
ideal solution to meantime address both the environmental and chemicals issues (Mikkelsen et al., 2010).
Among various approaches, CO, hydrogenation emerges as a promising means to regenerate combusted
hydrocarbons (Bai et al., 2021).

Hydrogen (H,) serves as an effective reagent for facilitating CO, conversion, obtainable through water
electrolysis powered by renewable energy sources such as hydro, wind, solar, and geothermal (Gao et al., 2020;
Jadhav et al., 2014). However, Methanol is a significant C1 chemistry compound among potential CO,
hydrogenation products, with a demand exceeding 110 Mt/year (Figurela) in various applications. Methanol
assist as a crucial chemical intermediate and molecular platform, facilitating the synthesis of key products like
acetic acid, formaldehyde, and gasoline (MTG) (Ali et al., 2015). Due to its high octane grade, it can also be an
excellent replacement or additive for fuel and retrofit diesel engines (Jadhav et al., 2014). Thus, the production
of methanol from CO, is beneficial from an environmental and economic perspective (Ye et al., 2019). A
catalyst is typically required to convert CO, into methanol due to the high stability of CO,. Metal and/or metal
oxide-based catalysts, such as Cu (Marcos et al., 2022), Zn (Deerattrakul et al., 2019), Cr (Kirilin et al., 2017),
and Pd, are commonly used to facilitate the redox reaction. Additionally, various materials as promoters or
supports have been reported (Snider et al., 2019).

This study aims to explore the mechanistic aspects of CO, hydrogenation to methanol, with a specific
emphasis on metal-based heterogeneous catalysts. These catalysts present numerous advantages, including
enhanced stability, ease of recycling, and the potential for lower manufacturing costs, all of which are crucial for
industrial applications.

CATALYSTS of CO, CONVERSION to METHANOL

Transitional metal-based catalysts

The predominant catalyst for methanol synthesis is metal-based, such as copper-based catalysts, typically
prepared through co-precipitation from its salt using basic precipitation agents (bicarbonates, hydroxides or
carbonates) in an aqueous medium. Subsequent processes, including aging, calcination, and reduction, may be
employed (Niu et al., 2022). Previous studies indicate that both CO, and CO can undergo hydrogenation to form
methanol. On the Cu® surface, CO, acts as the predominant carbon source, while on the Cu” surface CO as the
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dominant source of carbon (Liu et al., 2017). Moreover, the hydrogenation rate of CO, is more rapid than that of
CO (Lee et al., 1993). Furthermore, Cu assists as the active sites for H, dissociation, while the supports
potentially catering more active sites, thereby facilitating CO, activation (Arena et al., 2008). In addition, ceria-
zirconia solid solution could improve the dispersion of Cu particles on the Cu/ Ce-Zr surface, and generating
Cu*—O-M (M= Ce, Zr), Ce**-Vo-Zr** (Vo= oxygen vacancy) thus led to enhanced the methanol formation
(Safi et al., 2022; Wang et al., 2021) .However (Kattel et al., 2017), conducted an investigation of the active site
of the Cu-Zn catalyst. The findings indicate methanol formation through formate intermediates (HCOO") on
both catalysts. Additionally, Zn or ZnO present in ZnCu and ZnO/Cu catalysts stabilize the *HCOOH
intermediate via Zn-0O interactions, while boosting the activation of *HCOO during hydrogenation (Graciani et
al., 2014). Moreover, trough density functional theory (DFT) calculation, the reaction mechanism was studied
on a commercial Cu-based catalyst. Cu/CeQO, presents the potential for effective CO, hydrogenation to produce
methanol. The active site for methanol synthesis from CO, has been recognized at the Cu-CeO, interface,
involving a CO intermediate in a contrasting CeO,/Cu (111) model catalyst (C. Grabow & Mavrikakis, 2011).
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Fig. 1. (a) Methanol utilization by industries, (b) diverse catalysts employed in CO,-to-methanol synthesis.

Noble metal-based catalysts

However (Ou et al., 2020), studied an unsupported catalyst consisting of Pd-based nanoparticles and exhibited a
significant increase in methanol selectivity. Meanwhile, the production of methanol without supports or
promoters through pure Pd sites remains a challenging task (lwasa et al., 2004). Therefore, various oxides, such
as ZnO (Zabilskiy et al., 2021), CeO, (Choi et al., 2017), and Ga,03; (Garcia-Trenco et al., 2017), have been
utilized as supports for Pd-based catalysts. (Fujitani et al., 1995), pioneered the study of Pd/Ga,0; catalysts for
methanol synthesis through CO, hydrogenation, and employed a co-precipitation method for catalyst
preparation. Their findings revealed a Pd/Ga,0O; catalyst with a conversion rate 20-times better than that of a
Cu/ZnO catalyst. (Garcia-Trenco et al., 2017), prepared colloidal Pd,Ga-based catalysts through a simple
modification method, adjusting the Ga,O; phase by varying the molar Pd:Ga ratio from the precursors.
Additionally, an increase in Ga,O5 content led to a significant enhancement in intrinsic activity. These findings
suggest a bifunctional active site, with both the Pd,Ga and Ga,03; phases playing a role in the synthesis of
methanol. This finding exceeds Pd performance on diverse metal oxide supports like SiO,, Al,O3, Cr,O3, TiO,,
ZrO, and ZnO. The varying activity among these oxides relates to their capacity for stabilizing the Pd"™ (0 < n <
2) species (Chen et al., 2012). Furthermore (Sun et al., 2020), assessed a Pt single-atom catalyst, enhancing its
activity by efficiently incorporating Pt into In,O3 through co-precipitation. In CO, hydrogenation, positively
charged Pt species, along with reduced and sintered forms, actively facilitate the creation of oxygen vacancies
crucial for CO, activation. Additionally, Pt"™ species promote the heterolytic dissociation of H, and methanol
formation. Additionally, while metal species at the atomic scale exhibit remarkable activity, their state may
change to larger species during CO, hydrogenation due to reduction or sintering processes. Hence, generating a
stable noble catalyst, particularly a single-atom noble metal catalyst, poses a challenge. Accordingly, the
exploration of suitable synthesis strategies and/or enhanced reaction conditions is imperative.
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CONCLUSION

The global interest in carbon dioxide capture and utilization is increasing within both academic and industrial
communities. The technological process of methanol synthesis through CO, hydrogenation has the potential to
address environmental issues, generate new forms of clean energy, and produce high-value-added chemicals.
Catalysts play a crucial role in the conversion of CO, and utilization; therefore, variation in catalyst design and
preparation is of utmost importance. However, in recent studies, researchers have conducted numerous
experiments concentrating on the mechanistic aspects of the reaction. This information is crucial for advancing
the development of the next generation of catalysts. Heretofore, the potential mechanisms have been suggested:
formates and Trans COOH* pathways. (Figure 1b) shown the diverse catalysts employed in CO,-to-methanol
synthesis. Furthermore, integrating experimental work with DFT computations is crucial for exploring structure-
function relationships and accelerating the discovery of catalytic mechanisms. Nevertheless, various factors
impact catalytic behavior, making precise classification challenging. The physicochemical properties of metals
and support materials, such as state, cluster size, phase, composition, morphology, and alkalinity, significantly
influence their catalytic activity.
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