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Enhancement of Methanol Yield in CO, Hydrogenation by
Promoting CO, Activation and Unlocking the RWGS + CO-
Hydrogenation Pathway over Cu—La/ZrOy Catalysts

Jiangwei Yang, Tengfei Gao, Jinhai Yang, Fukui Xiao, Shoujie Liu, Ning Zhao,* Dong-bo Cao,*
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ABSTRACT: Cu-based catalysts have been widely recognized as the most
representative systems for the hydrogenation of CO, to methanol, and they also
serve as the primary catalysts for the reverse water—gas shift (RWGS) reaction,
However, effectively tuning the active sites and reaction pathways of Cu-based catalysts
through promoters to overcome the trade-off between CO, conversion and methanol
selectivity remains a significant challenge. In this work, a RWGS + CO-hydrogenation
pathway was established on Cu—La/ZrOy (CLZ-X) catalysts by selectively enhancing
the interaction between La;O; and Cu. In situ X-ray absorption spectroscopy (XAS)
demonstrated that the coordination environment of Cu was altered upon La;O;
addition, rendering it highly sensitive to the reaction atmosphere and the reaction
conditions. Meanwhile, La,0; enhanced CO, adsorption and activation on the catalyst

Formate pathways
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surface and optimized its distribution, leading to a 1.5- to 2.4-fold increase in CO, cenversion, accompanied by a simultaneous
enhancement in methanal selectivity, with the CLZ-3 catalyst achieving the highest value of methanol selectivity (76.33%). In situ
DRIFTS and DET caleulation results indicated that the hydrogenation of CO; to methanol was more favorable on La,05/Cu(111),
where the resulting *CO species could be efficiently converted into subsequent intermediates with the rate-determining step further
optimized, whereas the conventional formate pathway primarily occurred at the Cu~Zr interface. These two pathways cooperatively
promoted the hydrogenation of surface oxygenate intermediates. The findings offer clear and practical guidelines for controlling

active sites and reaction pathways in CO, hydrogenation.
KEYWORDS: CO, hydrogenation, methanol, pathway, coordination, in situ XAS, DFT

1. INTRODUCTION

methanol.” However, excessively strong bonding affinity of

The synthesis of methanol from the hydrogenation of CO,
represents a promising pathway for achieving a carbon-neutral
economy. However, the activation and controlled conversion
of CO, remain challenging due to its thermodynamically stable
and chemically inert nature.' Among the active components,
copper (Cu) is widely used owing to the high activity under
low pressure and cost-effectiveness.” As a support, zirconia
(ZrO,) can interact with both active metals, Cu, and other
oxides,” thereby modulating the activity and selectivity of the
catalysts.”

The synergistic effects induced by ZrO, are achieved by
enhancing metal dispersion, modifying surface basicity and
interacting with components such as metals, cosupports, or
promoters.” Studies have shown that ZrO, could influence the
CO, adsorption and activation, enhance the H, dissociation
and the spillover of atomic hydrogen to alter the reaction
pathways, and/or affect the binding of key intermediates for
further conversion.” Additionally, the catalytic performance
was strongly influenced by the metal-support interface, which
was crucal for the converston of the Intennediates (o

© XXXX American Chemical Society
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Zr sites toward the O-containing species was undesirable as it
introduced competition between these species and CO, for the
limited interface sites. Since such active interface sites were
already scarce in catalysts, the further occupation resulted in a
low CO, conversion, even though the barriers for CO, direct
hydrogenation/decomposition were relatively low. This
observation was consistent with experimental results, showing
that the CO, conversion over Cu—ZrO, catalysts was typically
below 10%, despite the measured barrier for methanol
formation not being high. When a notable enhancement in
CO, conversion was observed, it was usually caused by the
reverse water—gas shift (RWGS) reaction, thereby leading to a
pronounced decrease in methanol selectivity.
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La-Promoted Conversion of Reaction Intermediates Over
H3BTC-Modified ZrOx/Cu Catalysts for Methanol Synthesis

From CO, Hydrogenation
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ABSTRACT

Given the growing importance of CO; hydrogenation to methanol for future Energy systems, extensive research focuses on
identifying the active sites, interactions, and reaction pathways. However, the formation and conversion of intermediates are
unavoidable in this process. In this study, a series of La-ZrOy/Cu catalysts are synthesized by co-precipitation followed by treatment
with H;BTC. In situ XAS and in situ XPS results demonstrate that the coordination environment of Cy and the Cu® fraction are
significantly modified upon H;BTC treatment, rendering the catalysts highly sensitive to the reaction atmosphere and conditions.
This improvement is lead not only to the significant enhancement of €O, adsorption and activation an the La-modified Cu
surface, together with the increased proportion of Cu* and low-coordinated Cuy, but also to the synergistic effect between an
appropriate proportion of Zr3* and the enriched Cu-ZrO, interface with OXygen vacancies. As a result, a high methano| selectivity
0'92.98% is obtained, while the CO, conversion is increased by 2.38 times compared with that of the ZrQy/Cu. This work therefore
provides a viable strategy for generating uniformly dispersed active sites and, with the assistance of La, improving the conversion
of intermediates in CO, hydrogenation, rather than creating new reaction pathways,

1 | Introduction

The activation and transformation of CO, had long been regarded
as a subject of extensive research interest because of its essential
role in the carbon-neutral cycle and the sustainable production
of valuable chemicals [1]. Chemicals and fuels such as methanol,
light olefins, and gasoline were produced through CO, hyidro-
genation [2]. Among them, methanol was recognized as an
important liquid fuel for transportation and a hydrogen carrier in

© 2026 Wiley-VCH GmbH

renewable energy-to-chemicals schemes, In addition, methano]
was widely utilized as a feedstock for the synthesis of other
chemicals such as olefins [3].

Cu-based catalysts were extensively studied due to their low
cost and high catalytic performance under intermediate reaction
temperatures [4]. The catalysts were reduced before the reaction,
resulting in metallic Cu as the primary active phase [5, 6]. To
enhance the activity, various strategies had been developed to
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