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Abstract

Syngas-derived higher alcohols (C,,OH) are vital clean fuels under dual-carbon targets, yet
inherent catalytic bottlenecks hinder industrialization. This review systematically correlates
core defects across five mainstream catalyst families with targeted modification strategies
and structure-selectivity rules. Cu-Co catalysts exhibit overly broad product distribution
and phase segregation; La/Mn doping and plasma activation accelerate C-C coupling. Cu-
Fe catalysts sinter easily and undergo phase separation; Mg/K/Ce doping and carrier
tuning reinforce bimetallic interfacial synergy. Modified Cu methanol catalysts lack stable
active sites; particle size control, pH adjustment, and ammonia evaporation enrich Cu-ZnO,
interfaces. Mo catalysts resist sulfur and carbon deposition but require harsh reaction
conditions; K/La doping and porous carbon carriers improve long-chain alcohol selectivity.
Rh catalysts exhibit excellent C,,OH selectivity but incur high noble-metal costs; single-
atom immobilization reduces Rh consumption. Multifunctional tandem catalysts balance
activity and selectivity via matched dual active sites. This study establishes a “bottleneck-
modification” matching system, offering theoretical support for low-cost high-performance
catalysts and industrial syngas-to-higher-alcohol technology.
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INTRODUCTION

Against the backdrop of the low-carbon energy transition, technologies for efficient conversion and
utilization of carbon resources are vital to mitigate reliance on fossil fuels and reduce carbon emissions' 7.
Syngas can be produced from diverse feedstocks, including coal, biomass, and CO,, owing to its feedstock
flexibility and mature industrial processes, making it a fundamentally important reaction platform with
strong industrialization potential in chemical and energy conversion fields"*'"). Direct catalytic conversion of
CO, to methanol and higher alcohols is a pivotal technology for utilizing greenhouse gases to produce high-
value chemicals and fuels. Taking alcohol synthesis via CO, hydrogenation as an example, the overall
reaction process consists of two major branches: methanol synthesis and higher alcohol synthesis,
accompanied by multiple mutually competitive reaction pathways, as illustrated in Figure 1A"?. The left side
depicts the reaction pathways for methanol synthesis, encompassing four distinct channels: the HCOO’
pathway, r-HCOO™ pathway, RWGS+CO-Hydro pathway, and trans-COOH’ pathway. The right side
illustrates the synthetic routes for higher alcohols, covering three prevailing mechanisms: the CO-mediated
mechanism, formate-mediated mechanism, and methanol-mediated mechanism. Furthermore, the figure
uses lines of different colors to distinguish C-H, C-O, C-C, and O-H bond cleavage and formation,
intuitively delineating the evolution, transformation, and competitive relationships among diverse adsorbed
intermediates. First, CO, is activated to produce C, intermediates including HCOO’, COOH’, CO’, and CH_.
Second, C-C coupling occurs between CO" and CH_" to generate C,, oxygenated intermediates such as acetic
acid, propionic acid, and butyric acid. Finally, these C,, oxygenated intermediates undergo hydrogenation to
yield C,, alcohols™. Higher alcohols are compatible with existing industrial and transportation infrastructure
and offer the dual benefits of energy substitution and carbon resource recycling. Compared with
conventional routes such as biological fermentation and petroleum-based synthesis, syngas-to-higher-
alcohols technology features a simplified process, high energy efficiency, environmental friendliness, and
flexible feedstock supply, making it a promising candidate for large-scale production of higher alcohols"*'.

Although the synthesis of higher alcohols from syngas is thermodynamically feasible, formidable technical
bottlenecks remain for practical implementation. The reaction system involves an extremely intricate
reaction network that requires the synergy of dual active sites responsible for CO dissociation and CO
insertion, respectively!®. Precise matching of active sites and fine-tuning of product selectivity remain
challenging. Undesired side reactions readily occur, leading to low yields of target products and poor
economic viability, thereby severely hindering the large-scale deployment of this technology.

Accordingly, developing catalysts with high activity, superior selectivity, and excellent stability; elucidating
precise regulation strategies for dual active sites; optimizing reaction pathways; and suppressing side
reactions are critical to overcoming industrialization barriers in syngas conversion to higher alcohols. On
this basis, this study focuses on the optimized design and catalytic performance of catalysts for syngas-to-
higher-alcohols synthesis. The structure-activity relationship among catalyst structure, active sites, and
catalytic performance is systematically investigated to provide theoretical guidance and technical references
for advancing the industrialization of efficient higher alcohol synthesis"*'".

CO, TO HIGHER ALCOHOLS

Massive emissions from fossil fuels increase demand for CO, resource utilization. The cleavage energy of the
C=0 bond in CO, reaches up to 1.9 eV, imposing substantial challenges for CO, activation. The reverse
water-gas shift (RWGS) reaction can be coupled with multiple reactions, including CO, hydrogenation"?,
Fischer-Tropsch synthesis"”, and higher alcohol synthesis from syngas*”, forming a complex competitive
reaction network. Such coupling reshapes the design logic for catalytic materials considering electronic
effects, interfacial interactions, mass transfer, and active sites. Regulating multivalent active sites and
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Figure 1. (A) Various reaction pathways of CO, hydrogenation to alcohols. (a) HCOO® pathway; (b) r-HCOO® pathway; (c) RWGS + CO-
Hydro pathway; (d) trans-COOH’ pathway; (e) CO mediated pathway; (f) formate mediated pathway; (g) methanol mediated pathway.
Blue line, C-H bond breaking or formation; brown line, C-O bond breaking or formation; green line, C-C bond coupling; orange line, O-H
bond breaking or formation. (A) is reprinted with permission from Ref.l"?), Copyright © 2024 MDPI; (B) Interfacial active sites play a
central role in CO, hydrogenation to higher alcohols by promoting CO, activation, C-C coupling, and oxygenate stabilization. (B) is
reprinted with permission from Ref.133, Copyright © 2026 John Wiley and Sons; (C) Direct and indirect routes for STE conversion. (C) is
reprinted with permission from Ref.t3¢!, Copyright © 2020 Springer Nature. RWGS: Reverse water-gas shift; STE: syngas-to-ethanol; H-
MOR: hydrogen-form mordenite.

defective vacancies is the core strategy for efficient CO, activation. B-site doping of Ru/V in perovskites
reduces the formation energy of oxygen vacancies and strengthens orbital interactions with CO,"”"**. For
CuV S sulfides, in situ formation of Cu-S-V linkages stabilizes Cu’/Cu** species, prevents excessive reduction
of metallic sites, and facilitates the directional generation of methanol intermediates during thermal CO,
hydrogenation®. In C,, alcohol synthesis from syngas, mismatched sites for CO activation and carbon-chain

propagation, along with a broad product distribution, represent a common bottleneck for Cu-Co, Cu-Fe,
Mo-based, and Rh-based catalysts"”.

The RWGS reaction exhibits dual characteristics: it supplies CO in the forward direction yet generates CO,
as a byproduct, which drastically lowers carbon utilization efficiency. Two representative modulation
strategies are exemplified as follows. First, confining Cu within CeO, to construct strong metal-support
interaction (SMSI) interfaces optimizes the RWGS reaction kinetics'”. Second, hydrophobic modification of
Fe catalysts creates unidirectional water channels that isolate water molecules from active sites, suppressing
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side reactions; accordingly, CO, selectivity can be reduced to 14.3%"°!. Alcohol synthesis from syngas
requires balanced activity of the forward and reverse water-gas shift reactions. Fe-based catalysts tend to
produce CO, as a byproduct, while monometallic Cu catalysts lack sites for carbon chain growth and cannot
extend carbon chains using CO derived from RWGS. Doping Mo sulfides and carbides with K or Ni enables
precise tuning of reaction compatibility, rendering such catalysts suitable for long-chain alcohol synthesis.

Distinct stabilization strategies are required under varied operating conditions. Under reducing atmospheres,
Fe-Ru and Fe-Co alloy nanoparticles at the B site can be exsolved in situ from the parent lattice. Strong
pinning interfaces between nanoparticles and substrates suppress particle migration and agglomeration in
conventional impregnated catalysts. These catalysts operate stably at temperatures up to 800 °C with high
activity and no carbon deposition over long periods"””. Modification with composite supports (e.g., oxygen-
defect-rich composite oxides and coupled hollow zeolites) expands triple-phase boundaries (TPBs),
accelerates bulk O, transport, and significantly promotes the regeneration of active oxygen vacancies,
addressing sluggish reaction kinetics at high space velocities”**!. For thermal CO, hydrogenation systems,
heterointerface engineering, in situ construction of heteroatomic linkages, and defect modulation work
synergistically. The primary design target is to dynamically maintain multivalent active sites, inhibit deep
reduction of active metals and leaching of sulfur/oxygen species, ensure exclusive hydrogenation pathways
for intermediates during long-term operation, and achieve high selectivity for high-value C1 products such
as methanol.

Considering multiple constraints covering CO, activation, RWGS coupling and synergy, and resource
conversion under diverse conditions, three novel core requirements for catalyst design have been established.
First, precise modulation of electronic structures. Metal doping, heterointerfaces, heteroatomic bonding, and
oxygen vacancy engineering are adopted to construct synergistic multivalent active sites that balance CO,
adsorption strength with the desorption/hydrogenation kinetics of "CO and oxygen-containing
intermediates. Second, enhanced interfacial and structural stability. Strategies including in situ exsolution,
confinement encapsulation, SMSI construction, and hydrophobic modification are developed to address four
major deactivation pathways: high-temperature sintering, carbon deposition, water-induced side reactions,
and reduction/leaching of active phases. Third, multiscale coordinated mass transfer design. Integrating
porous hollow architectures, oxygen-vacancy-rich supports with high lattice-oxygen mobility, and
hydrophobic pore-channel regulation simultaneously optimizes gas diffusion, lattice-oxygen transport, and
unidirectional water transport, reconciling intrinsic catalytic activity with macroscopic reaction flux.

CATALYSTS FAMILIES

The evolution of catalysts has been driven by shifting energy demands and technological breakthroughs. The
field was pioneered in 1902 with the discovery that nickel-based heterogeneous catalysts could facilitate the
reduction of CO to methane. Between 1913 and 1925, a series of catalysts, including alkali-activated
cobalt/osmium oxides, alkali-modified iron filings, and iron-zinc oxides, were developed, marking a
significant transition in higher hydrocarbon synthesis from high-pressure to atmospheric-pressure
conditions. By the 1940s, cobalt scarcity shifted the focus to alkali-modified iron-based catalysts, which
became mainstream because of their cost-effectiveness, superior stability, and flexible product distribution.
The energy crisis of the 1970s subsequently accelerated the exploration of homogeneous catalysts, where
metal carbonyl clusters and rhodium-based systems demonstrated exceptional selectivity. Concurrently, the
emergence of specialized catalysts, such as ZSM-5 zeolites, Fe-Ti-Zn-K mixed oxides, and manganese-based
systems, enabled pivotal advancements like methanol-to-gasoline conversion and the targeted synthesis of
light olefins®®**'l. The catalytic conversion of syngas represents a crucial pathway for producing higher
alcohols, leveraging both renewable and non-renewable carbon resources. As illustrated in Figure 1B,
catalytic systems for CO, hydrogenation to higher alcohols can be broadly categorized into four classes**’.
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Extensive studies indicate that, compared with biomass fermentation and petroleum refining, syngas-to-
ethanol (STE) offers distinct advantages in environmental sustainability and economic viability®**. Figure
1C summarizes four technical routes for ethanol synthesis from syngas”®*’. Route a refers to the direct
synthesis pathway employing a single catalyst, yet it suffers from low ethanol selectivity. Routes b and ¢
correspond to multi-step indirect processes that use methanol and dimethyl ether as intermediates,
respectively; these routes require multiple sets of reaction units and incur high energy consumption
throughout the process. Route d represents the newly developed triple-tandem catalytic process, which
achieves high-selectivity one-pass ethanol production from syngas in a single reactor, circumvents the
intrinsic limitations of conventional routes, and enables the targeted synthesis of low-carbon alcohols from
syngas.

Modified Fischer-Tropsch catalyst system

Fischer-Tropsch synthesis (FTS) is a pivotal technology for the conversion of syngas (CO/H,) into
hydrocarbons. Pioneered by German scientists Fischer and Tropsch in 1923, the first fixed-bed FTS plant
was commissioned in 1935. While early FTS processes relied predominantly on Fe-based catalysts,
researchers have since developed other catalytic systems. These include Co-based catalysts, known for their
high selectivity toward long-chain hydrocarbons; Ru-based catalysts, distinguished by their superior catalytic
activity; and Mo-based catalysts, which exhibit notable resistance to sulfur poisoning ..

Pristine unmodified transition metal nanoparticles suffer from significant drawbacks, including severe
particle agglomeration and sintering, as well as facile coverage of active sites by carbon deposits.
Furthermore, their uniform electronic and geometric configurations impede precise regulation of carbon
chain propagation, resulting in low CO conversion, poor selectivity toward target products, and abundant
byproducts during FTS. These limitations render these catalysts incapable of meeting the requirements for
high-efficiency, oriented catalysis, highlighting the critical need for catalyst modification and
optimization**". Current modification strategies center on tuning the catalyst microstructures. Specifically,
metal doping and crystal phase engineering modulate the electronic and lattice structures of nanoparticles,
while support confinement and surface functionalization immobilize active nanoparticles and optimize
particle size and dispersion. Together, these approaches improve catalytic performance and boost FTS
activity and selectivity toward desired products'>*'.

Figure 2A provides a comparative overview of two typical CO reduction pathways. Electrochemical CO
reduction over Cu catalysts under ambient conditions proceeds via direct coupling of two adsorbed CO
species; this CO-CO coupling acts as the rate-determining step, with a high energy barrier dominating the
production of short-chain C, products'**. Conversely, thermocatalytic Fischer-Tropsch synthesis generates
adsorbed hydrogen via H, dissociation, followed by C-O bond cleavage of CO to form CH, intermediates*.
Subsequent low-barrier CH_ coupling enables continuous carbon chain propagation to afford long-chain
hydrocarbons, yet high temperatures are required to facilitate CO dissociation. Fundamentally, this process
converts syngas over transition-metal catalysts (e.g., Fe, Co, Ni, Ru) [Figure 2B] through a multifaceted
sequence of adsorption, dissociation, intermediate transformation, and product formation. This yields
hydrocarbons (alkanes, alkenes) and oxygenates (alcohols, aldehydes), alongside byproducts such as H,O
and CO,. The reaction is inherently synergistic, involving surface-catalyzed polymerization and
hydrogenation. Furthermore, the pivotal step in FTS is carbon-carbon bond formation, which critically
depends on well-dispersed transition metal nanoparticle catalysts. Both catalytic activity and product
selectivity are intrinsically linked to the electronic and geometric structures of the nanoparticles, which are
governed by key parameters such as particle size, morphology, and crystal phase structure'*=*.
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Figure 2. (A) Schematics of different COR pathways. (a) Electrochemical CO reduction at ambient temperature. (b) Thermocatalytic FTS.
(A) is reprinted with permission from Ref.t*43, Copyright © 2025 John Wiley and Sons; (B) Carbonaceous materials supported metal
catalysts for FTS. (B) is reprinted with permission from Ref.t*¢}, Copyright © 2021 Royal Society of Chemistry; (C) Reaction mechanism for
C,,OH synthesis on the FeCo&CZA catalyst. The optimal reaction pathway for ethanol synthesis on (Fe,,,Co;,,)sC,(510) surface. Color: C:
Gray, H: White, O: Red. (C) is reprinted with permission from Ref.t52}, Copyright © 2025 Springer Nature; (D) Overview of the Redox
Mechanism and Surface Structure Changes on the Fe/CuCeO, Catalyst during the RWGS Reaction. (D) is reprinted with permission from
Ref.>4, Copyright © 2024 American Chemical Society. RWGS: Reverse water-gas shift; FTS: Fischer-Tropsch synthesis; CZA: CuZnAl.

Fe-based catalysts exhibit dual functionality in both RWGS and FTS, achieving C., hydrocarbon selectivity
exceeding 50%*. However, promoters are essential for accelerating carbide formation. Conversely, Co/Ru-
based catalysts are characterized by high methane selectivity (> 90%) but are constrained by the
thermodynamic limitations of the RWGS reaction, which limit CO partial pressure and necessitate advanced
techniques, such as membrane reactors, to enhance CO coverage™*". Wang et al.”” doped cobalt into iron to
fabricate a tandem FeCo alloy carbide/CuZnAl catalyst for CO, hydrogenation to C,, alcohols. The CuZnAl
(CZA) component activates CO, and produces abundant CH,O" oxygen-containing intermediates via the

reverse water-gas shift reaction, which subsequently spill over onto the FeCo active sites. Co incorporation

generates (Fe,,Co,,,).C, alloy carbide and modulates its electronic structure to moderate oxygen affinity,

1/4
thereby eliminating the drawbacks of monometallic iron carbide, including susceptibility to water oxidation
and excessive cleavage of C-O bonds that favors hydrocarbon formation. Two distinct active sites on the
alloy carbide surface simultaneously supply CH,0" and CH,’ species, which undergo C-C coupling with a
low 0.52 eV barrier. The coupled intermediates are further hydrogenated to preferentially yield ethanol. This
catalytic system achieves high CO, conversion, superior C,, alcohol selectivity, and outstanding long-term
stability [Figure 2C]"?. The resulting FTS products can be further refined into a diverse array of high-value
chemicals, including light olefins, gasoline, diesel, waxes, oxygenates, and a-olefins. Consequently, these
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products serve as vital precursors to bulk commodities such as synthetic fibers, rubbers, plastics, lubricants,
surfactants, and detergents.

Consequently, modifications to Fischer-Tropsch catalysts have been proposed. Modified Fischer-Tropsch
synthesis represents an optimized advancement over conventional FTS. Its core strategy addresses the
bottlenecks of traditional FTS, such as poor product selectivity, limited feedstock scope, and insufficient
catalyst stability, through catalyst modification, feedstock adjustment, or process parameter optimization.
This approach enables more efficient, targeted conversion of syngas (or CO, combined with green

hydrogen).

The regulatory mechanism governing the strong interaction between metals/metal oxides and zeolites, which
affects catalyst structure, reducibility, mass transfer performance, and catalytic activity, is the primary reason
for the enhanced catalyst performance®. Furthermore, as illustrated in Figure 2D"*, the gas recycle ratio, a
key process parameter, also plays a crucial role in regulating the reaction behavior of CO and H, conversion

to C.-C,, olefins during Fischer-Tropsch synthesis'*".

Cu-Co catalytic systems

Conventional Cu-based catalysts suffer from several inherent drawbacks, including low single-pass CO,
conversion and severe side reactions via the RWGS pathway at elevated temperatures, which lead to
insufficient methanol selectivity. Furthermore, these catalysts are prone to Cu species sintering, resulting in
poor stability and unsatisfactory economic performance®. Introducing Co facilitates the formation of Co-
Cu alloys and reduces Cu particle size, thereby suppressing carbon deposition, metal oxidation, and post-
reaction structural evolution of the catalyst®*. For simple CuCo catalysts without additives, surface hydroxyl
groups on the support play a critical and irreplaceable role in the direct synthesis of ethanol from syngas'®.
The primary challenges for CuCo-based catalysts are constructing novel active sites for alcohol formation,
suppressing hydrocarbon selectivity, and improving ethanol selectivity". Figure 3A illustrates a plausible
reaction pathway for n-butanol formation'*’. Taking Cu Co, as a typical example, Cu serves as a core
regulatory component in the system compared with pure Co catalysts. Cu precisely modulates the size of Co
active sites, inhibits C-O bond cleavage and the formation of hydrocarbon byproducts, stabilizes and
enriches undissociated CO and HCO intermediates, and effectively lowers the energy barrier for the HCO
insertion reaction'*'. Figure 3B shows the reaction network for higher-alcohol synthesis from syngas over the
optimal bulk Co-Cu catalyst with a Co/Cu molar ratio of 2:1?. Dissociative CO adsorption produces chain-
growth intermediates that either undergo B-H elimination to form olefins, which are then hydrogenated to
alkanes, or undergo CO insertion to form oxygenated intermediates, which are subsequently hydrogenated
to linear primary alcohols. Both hydrocarbon and alcohol products follow the same Anderson-Schulz-Flory
chain-growth probabilities. Hydroformylation of ethylene to 1-propanol is a minor pathway that becomes
significant only when the ethylene volume fraction exceeds 1 vol%, and its contribution to alcohol formation
is negligible under conventional steady-state conditions. This reaction model enables a unified elucidation of
the kinetic properties and surface adsorption behavior of bimetallic Co-Cu catalytic systems.

The catalytic conversion of syngas to ethanol and higher alcohols has emerged as a prominent research
hotspot in C, chemistry. However, traditional CuCo-based catalysts often suffer from a broad product
distribution and low ethanol selectivity. To address these limitations, Sun ef al.'*! introduced Mn to
modulate the catalyst architecture. The incorporation of Mn effectively inhibits Cu crystallite growth and
enhances the dispersion of both Cu and Co species. Consequently, the resulting CuCoMn catalyst achieves
highly selective direct synthesis of ethanol from syngas, attributed to its unique spherical lamellar
morphology, Cu-Co synergy, and the promoting effect of Mn. Separately, Xiang et al.!*"! systematically
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Figure 3. (A) Reaction scheme for n-butanol/ethanol dehydration and butene isomerization pathways in H-ZSM-5. (A) is reprinted with
permission from Ref.t®), Copyright © 2024 Royal Society of Chemistry; (B) Simplified reaction scheme for the HAS over the CoCu catalyst.
(B) is reprinted with permission from Ref.t?, Copyright © 2022 American Chemical Society; (C) Powder XRD analysis of the spent
catalysts after CO hydrogenation at 20 bar-60 bar and 200-380 °C after passivation at room temperature with air. The complete pattern
is visualized in (a), with the dark grey bars corresponding to the Cu (ccp) reference and the black bars corresponding to the ZnAl,O,
reference. The resulting quantification of the assigned phases by a Rietveld refinement is shown in (b). (c) Compositional dependence of
the cell parameter and domain size of the spinel phase. (d) The ccp phase shows a significant expansion of the cell parameter with the
copper content x. The red line is a linear fit to all data points; the dashed lines indicate the lattice parameters for bulk ccp Cu and Co taken
from several entries of the ICSD (#627115, 627114, 622435, 44989). The apparent domain size shows a drastic initial decrease upon
addition of copper in the catalyst system. (C) is reprinted with permission from Ref.t¢>3, Copyright © 2022 Wiley-VCH GmbH; (D)
Catalytic performance of CuCo catalysts varying Cu/Co ratio. (a) Catalytic performance of CuCo catalysts varying Cu/Co ratio; (b)
Schematic diagram of “Seesaw” phenomenon [Note: the red and black arrows in (b)] represent the decrease and increase in Cu/Co ratio,
respectively. (D) is reprinted with permission from Ref.t%8}, Copyright © 2024 MDPI. XRD: X-ray diffraction analysis.

investigated the regulatory effects of activation parameters on the catalytic performance of bimetallic CoCu
catalysts under four distinct gaseous atmospheres. The results show that increasing cobalt loading
simultaneously enhances intrinsic catalytic activity and the Anderson-Schulz-Flory (ASF) chain-growth
probability. Modulating the Co/Cu molar ratio drastically alters the fundamental physicochemical properties
of the catalysts. Based on the experimental data summarized in Table 1, the total number of surface Co active
sites jointly determines the upper limit of chain-growth factors for oxygenates «(ROH) and hydrocarbons
a(HC), while the Cu component merely tunes product branching selectivity. This observation directly
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Table 1. Performance of different Co/Cu ratios

Selectivity (wt%) Probability of ASF chain growth
Catalyst CO conversion (%) Reference
ROH RH R= CO, o(ROH) a(HC)
CoCu, 20 36.7 493 1.3 2.7 0.28 0.46
CoCu, 32 374 494 113 19 0.30 0.47
[64]
Co,Cu, 57 379 505 102 14 0.33 0.47
Co,Cuy, 1.0 30.8 532 150 10 0.37 0.53

ASF: Anderson-Schulz-Flory; ROH: alcohols; RH: alkanes.

verifies that the carbon chain-growth reaction exclusively proceeds on Co active sites. Consistent with trends
from two sets of comparative experiments, increasing the Co fraction improves CO conversion and
hydrocarbon selectivity but markedly suppresses alcohol formation. Conversely, a higher Cu/Co ratio not
only boosts catalytic activity but also facilitates selective alcohol synthesis, increasing the methanol
proportion in liquid-phase products. Figure 3C presents the Rietveld-refined X-ray Diffraction (XRD)
patterns of passivated spent Cu-Co/ZnAl, O, catalysts, which visually demonstrate the regulatory effect of Cu
doping ratio on phase composition, crystal structure, and metal micromorphology'*”. The ZnAl,O, spinel
support remains stable throughout all samples with a mass fraction of approximately 40%. The lattice
parameter of spinel shrinks with increasing Cu content, originating from the substitution of lattice Zn>* by
Co’* and thereby the SMSI. The monometallic Co catalyst contains both hcp and ccp metallic phases, with a
metal domain size of 35 nm!*”. Incorporation of a small amount of Cu drastically refines metal crystallites,
and only the ccp metallic phase is retained in Cu-containing samples, with domain size gradually decreasing
to 6.5 nm as Cu proportion rises. The linear expansion of ccp lattice parameters with Cu content confirms
that the hydrotalcite precursor generates intimate nanoscale Cu-Co contact interfaces that form alloy-like
active sites, balancing CO dissociative and associative adsorption'”. Only minor Cu,O originating from air
passivation is detected in Cu-doped samples, without crystalline cobalt carbides. The introduction of Cu
reconstructs metal crystal forms, suppresses sintering of active metal particles, and significantly alleviates
carbon deposition over Co sites via bimetallic interfacial effects, further optimizing the catalytic stability for
higher alcohol synthesis from the microstructural perspective.

To address the challenges of mismatched electronic structures, facile agglomeration of active sites, and low
ethanol selectivity in CuCo catalysts, Sun et al.'”) systematically elucidated, for the first time, how N-doping
levels and calcination temperatures regulate the electronic synergy of CuCo and ethanol selectivity. In
summary, the incorporation of various metals can significantly enhance the catalytic performance and
target-product selectivity of CuCo-based catalysts. However, higher loadings of the introduced metal do not
always yield better results; rather, an optimal concentration exists. Furthermore, metal doping can effectively
boost overall catalytic activity, while the Co/Cu ratio and activation conditions also play a crucial role in
determining catalytic performance [Figure 3D]*.

Catalytic screening was carried out under 240 °C, 40 bar and an H,/CO feed ratio of 1.5. CoCu catalysts were

synthesized by thermally decomposing oxalate precursors in a continuous H, stream at 370 °C.

Cu-Fe catalytic systems

Establishing dense and robust interfacial interactions between metallic components is essential for designing
efficient catalytic systems. However, Fe-Cu bimetallic catalysts often suffer from intrinsically poor interfacial
contact efficiency. Consequently, particle agglomeration and phase separation readily occur during
operation, leading to rapid passivation or structural degradation of surface-active sites and resulting in
interfacial instability'™”. These challenges ultimately trigger a continuous decline in catalytic activity, or even



Page 10 of 38 Chen et al. Energy Mater. 2026, 6, 600124

complete deactivation, thereby severely restricting the long-term stability and industrial viability of Fe-Cu-
based catalysts. Furthermore, monometallic counterparts have inherent limitations: Fe-based catalysts
typically show inadequate low-temperature activity, whereas Cu-based catalysts are highly prone to thermal
sintering at elevated temperatures.

Conversely, the synergistic interaction between Fe and Cu in bimetallic systems effectively addresses these
limitations. Specifically, Cu significantly lowers the reduction temperature of Fe, thereby facilitating mild
activation, while Fe promotes the dispersion of Cu species to prevent sintering and enhance structural
stability. This synergy allows the catalyst to preserve surface oxygen vacancies and active interfacial
structures under in situ mild reduction conditions, ultimately delivering superior low-temperature catalytic
activity”.

Chen et al." synthesized a series of Mg-modified FeCu-based catalysts with varying Mg contents via a co-
precipitation method. They found that introducing an appropriate amount of Mg effectively suppressed
metal particle agglomeration and improved dispersion. This modification regulated the catalyst’s structure,
interfacial activity, and adsorption properties, thereby enhancing catalytic selectivity and product yield. In a
related study, Ding et al.”” prepared CuFeMnZnO catalysts by co-precipitation, followed by impregnation
with a potassium (K) promoter (using KNO, at loadings of 0, 0.2, 0.5, 1.0, and 1.5 wt.%). Their results
showed that the K promoter facilitated the migration of bulk iron species to the catalyst surface and
strengthened Fe-Cu interactions. However, it also reduced specific surface area and hindered the reduction
of Cu and Fe. Optimal catalytic performance was achieved at a K loading of 0.5 wt.%; however, excessive
loading (> 0.5 wt.%) reduced activity due to active-site blockage. Furthermore, Jiang et al.” systematically
investigated CO, conversion via Fischer-Tropsch synthesis using carbon-supported iron-based catalysts,
employing three modification strategies: screening iron salt precursors, doping with a K promoter, and co-
adding organic ligands. These modifications optimized the dispersion of active components, regulated the
active-phase composition, and improved surface adsorption properties, enabling efficient CO, conversion
with C_, hydrocarbon selectivity up to 55%. A subsequent study by Xu et al.” further confirmed that these
modification strategies and their underlying mechanisms are equally applicable to the hydrogenation of CO,
to higher alcohols. Modulating structure, interface, and adsorption with Mg, Mn, and K alleviates
deactivation in FeCu-based catalysts. Mg isolates metal particles to suppress sintering and carbon
deposition); Mn stabilizes the lattice and anchors active components”. Appropriate K enriches surface Fe
species and strengthens Fe-Cu interaction, while excess K covers active sites and hinders metal reduction.
For carbon-supported Fe catalysts, K synergizes with iron precursors and organic ligands to tune active
phases and reduce carbon deposition. This modification strategy is feasible for CO, hydrogenation to long-

chain hydrocarbons and higher alcohols.

In summary, optimizing preparation methods and incorporating metal promoters can effectively enhance
catalytic performance. However, metal promoters have an optimal doping concentration; excessive addition
tends to block active sites, thereby compromising catalytic activity. For example, varying the Fe/Cu ratio
significantly affects catalytic efficiency. Experimental evidence indicates that optimal performance is
achieved at a Fe/Cu molar ratio of 1:1, with deviations from this ratio resulting in diminished catalytic
effectiveness'””.

Modified methanol synthesis catalyst

Smith and Anderson first described the chain-growth process for alcohol synthesis from syngas over
modified methanol catalysts in 1982 as a 1-2 carbon-addition mechanism involving a- and B-carbons"™. As
shown in Figure 4A, the synthesis of liquid fuels from CO, and H, follows various catalytic pathways that

cover core reactions, key catalysts, intermediates, and applications. This forms a classic technical roadmap
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for CO, resource utilization””’. Figure 4B systematically illustrates the reaction pathways of CO
hydrogenation to C,, alcohols over the catalysts'**!. Differences in product distribution for syngas
hydrogenation to alcohols over four CuZn-based catalysts (CZ: CuZn, CZA, CZC:CuZnCr, and CZG:
CuZnGa) clarify the synergistic catalytic mechanism involving multiple active sites. From the perspective of
the microscopic reaction process, Cu’ mediates CO dissociation to generate CH_ species; oxygen vacancies
cooperate with Cu* to capture CO and form CH O intermediates via non-dissociative adsorption. Zn% serves
as the functional site for C-C coupling, driving the combination of CHx and CHxO to produce C,
intermediates, which are further hydrogenated into ethanol. When Znd* coupling sites are scarce, CH O’
tends to be directly hydrogenated to methanol. These findings establish a progressive structure-activity
relationship: promoters modulate the concentration of oxygen vacancies; oxygen vacancies coordinate the
synergistic behavior of multiple active sites; and the spatial distribution of active sites regulates the carbon-
chain-length distribution of alcohol products.
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Historically, modified methanol synthesis catalysts can be classified into two main categories. High-
temperature catalysts are primarily composed of ZnCrO_and MnCrO, systems doped with alkali metal
promoters, which deliver a higher ratio of higher alcohols to methanol and eliminate the need for methanol
recycling. Conversely, low-temperature catalysts represented by Cu/ZnO and Cu/Zn/Cr systems have
emerged as the industrial mainstream for CO, hydrogenation to methanol, benefiting from mild reaction
conditions and the cost-effectiveness of copper-based components. Among them, Cu/ZnO/AlOQ, is the most
widely adopted low-temperature copper-based catalyst, and the dynamically reversible synergistic interaction
between Cu and Zn species is the primary origin of its superior methanol catalytic activity, distinguishing it
from high-temperature Cr-based catalysts”®'. As illustrated in Figure 4C, the in situ generated H,O during
catalysis drives the re-oxidation of transient CuZn alloys, which restores the Cu lattice parameter to the
benchmark value of pure Cu and enables the continuous reversible interconversion between CuZn alloys and
Cu-ZnO interfacial sites, thereby stabilizing the dynamic equilibrium required for catalytic cycles'®!. This
unique dynamic redox cycle mechanism microscopically explains why low-temperature copper-based CZA
catalysts are more suitable for directional methanol synthesis than high-temperature Cr-based counterparts,
which in turn sustains stable catalytic activity toward CO, hydrogenation over long-term operation and is

tully consistent with their outstanding methanol synthesis performance under steady-state conditions.

Historically, modified methanol synthesis catalysts were divided into two categories. High-temperature
catalysts, primarily ZnCrO, and MnCrO_+K/Cs, are noted for their high higher-alcohol-to-methanol ratio
and the absence of a methanol recycling requirement. Conversely, low-temperature catalysts, such as
Cu/ZnO and Cu/Zn/Cr+Cs/K, benefit from milder reaction conditions and the cost-effectiveness of Cu-
based components.

He et al."*) prepared a quaternary Cu/Zn0O/ZrO,/MgO catalyst via a co-precipitation method. The
introduction of Mg significantly optimized the catalyst’s microstructure, improved the dispersion of active
components, and created appropriate basic sites. In terms of microstructure, Mg inhibited the agglomeration
of CuO and ZnO particles, reducing particle size, increasing specific surface area and pore volume, and
enhancing active-site exposure'®. Furthermore, it regulated surface properties by constructing medium-
strong basic sites, which strengthened CO, adsorption and activation. Additionally, Mg promoted inter-
species interactions, specifically enhancing the synergy between Cu and ZnO, which improved the dispersion
and reducibility of Cu species, increased the content of chemisorbed oxygen, and ultimately optimized
catalytic activity.

Traditional Cu/ZnO/Al O, catalysts still have room for performance improvement, as water produced during
the reaction can induce the sintering and deactivation of Cu and ZnO. Therefore, it is imperative to develop
Cu-based catalysts with both high activity and high stability. The catalytic activity of bifunctional hybrid
catalysts is closely linked to the reducibility of copper oxide in the calcined products. Introducing ZrO, into
the Cu-ZnO catalyst system can effectively enhance the reducibility of copper oxide and significantly lower
its reduction temperature'®. Chang et al.”™ fixed the mass fraction of Cu at 30% to investigate the regulatory
effect of the ZnO/ZrO, mass ratio on catalytic performance. The results revealed that the ratio drastically
modulates the catalyst microstructure (CuZn alloy formation and Cu dispersion) and surface adsorption
properties (the number of active CO, adsorption sites). According to the data summarized in Table 2, the
CO, desorption capacity, surface metallic Zn’ (CuZn alloy) content, and methanol space-time yield all
exhibited typical volcanic trends, with the optimal catalytic performance achieved over the C3Z2Z5 catalyst
at a ZnO:ZrO, mass ratio of 2:5. In Zn-poor and Zr-rich systems, increasing the ZnO proportion facilitates
CuZn alloy generation, enriches Cu-ZrO, interfaces and CO, activation sites, and thus continuously elevates
catalytic activity. Once the ratio exceeds 2:5, insufficient ZrO, content drastically reduces Cu-ZrO, interfaces

and aggravates Cu particle agglomeration, simultaneously lowering CO, adsorption capacity and CuZn alloy
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content, which deteriorates catalytic activity. These volcanic profiles arise from the synergistic balance
between two types of active sites: CuZn alloys and Cu-ZrO, interfaces. The maximum catalytic performance
is achieved when the synergistic effect of these two sites reaches an optimal balance. The synergistic effect
between Cu and oxides (ZnO, ZrO,), particularly through the CuZn alloy and Cu-ZrO, interface, is crucial
for enhancing the catalytic performance of CO, hydrogenation to methanol and provides a theoretical basis

for designing high-efficiency catalysts'*’.

Zr does not incorporate into the precursor lattice; instead, it integrates into the ZrO, lattice to form a solid
solution after calcination. As shown in Figure 4D, modification with CeO, and ZrO, lowers the reduction
temperature of CuO and improves catalyst reducibility™. Among all samples, CZA/Zr exhibits the lowest
reduction peak temperature. The strong interaction between MnO, and Cu species significantly shifts the
reduction peak toward higher temperatures, inhibiting CuO reduction. The reducibility follows the order:
CZA/Zr > CZA/Ce > CZA > CZA/Mn, which directly corresponds to the differences in Cu dispersion over
various catalysts and elucidates the intrinsic origin of their distinct low-temperature catalytic activities.
Furthermore, Lopez-Luque et al."™' found that the methanol formation rate shows a volcanic trend with the
surface spacing of Cu nanoparticles. Thus, in addition to mass ratio and doping elements, particle spacing is
another critical design parameter for metal-oxide interface catalysts.

Mo-based catalyst

Mo-based catalysts exhibit remarkable sulfur tolerance during the conversion of CO to higher alcohols. They
can tolerate trace sulfur impurities in feedstocks, thereby avoiding the need for stringent desulfurization
pretreatment and broadening their practical applicability. Furthermore, their selectivity can be precisely
tailored through modification strategies, including alkali metal doping, transition metal incorporation, and
support optimization”"!. However, these reactions typically require harsh operating conditions (high
temperature and pressure), and selectivity toward target products remains suboptimal, limiting their
industrial viability"".

In the direct synthesis of higher alcohols from syngas, Mo-based catalysts face the dual challenges of harsh
reaction conditions and suboptimal product selectivity. Conventional Mo-based catalytic systems typically
operate at temperatures exceeding 300 °C and pressures above 80 bar, where methanol is the dominant
product, severely limiting the effective generation of C,, alcohols”?. Consequently, developing Mo-based
catalysts that achieve high C,, alcohol selectivity under milder conditions, especially at low pressure, holds

substantial scientific significance and practical value.

In industrial practice, implementing low-pressure reaction conditions not only significantly reduces energy
consumption but also simplifies facility design and decreases operational and maintenance costs. This
approach simultaneously enhances both the environmental sustainability and economic competitiveness of
the process, providing critical technical support for the green, large-scale production of higher alcohols*).
Mo-based catalysts hold significant promise for converting syngas to higher alcohols because of their
abundant availability and remarkable sulfur tolerance. However, their product selectivity and space-time
yield still necessitate further improvement®’. Molybdenum sulfide-based catalysts have long been a primary
research focus for mixed alcohol synthesis owing to their outstanding sulfur tolerance and high activity in
the water-gas shift reaction, making them appealing candidate catalysts for this reaction'”>*’. Because mixed
alcohol synthesis is often coupled with the reverse water-gas shift process, efficient CO, conversion helps
tune product distribution. Related investigations on molybdenum-based catalysts further reveal that
unsaturated molybdenum oxide (Mo 0, ) delivers high activity toward the reverse water-gas shift reaction
without pre-carburization, while maintaining stable operation at 600 °C over 2,000 h"®”. Accordingly, this
review focuses on two prominent catalyst classes: Mo-S and Mo-C systems.
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Table 2. Performance comparison of Cu/Zn0/Zr0O, catalysts with different ZnO/ZrO, mass ratios

The
mass ifi . . X H, adsorption CO, desorption
. Contentof Pecific Aperture Cudispersion CuParticle * . P 2 P
Catalysts ratio of Cu (Wt%) surface (nm) (%) size (nm) capacity amount Key features Reference
ZnO to ° area (m?/g) ? (mmol/g.,) (mmol/g,)
Zr0,
c3z20z7 07 28.62 955 13.0 14.6 1310 0.0147 0.244 No ZnO, only Cu-ZrO; interface, moderate CO,
desorption amount
37126 16 28.89 94.4 131 219 8.82 0.0147 0.278 The CuZn alloy content is relatively low, while CO,
desorption is relatively high
) The CuZn alloy has the best interface synergy with Cu-
32275 25 3080 887 15.2 252 818 0.0148 031 ZrQO,, and the CO, desorption amount is the highest
C373z4 34 30.73 805 171 289 713 0.0139 0250 The CuZn alloy has an appropriate content, and its
catalytic performance is second only to C3Z2275
R i [86]
37473 23 2854 75 19 380 502 0.0141 0.203 The content of ZrO, decreases, and the Cu-ZrO, interface
decreases
37572 59 2819 1.0 20.0 333 567 0.0155 0.180 The coqtent of ZnO'is rela.tlvely'hlgh, and the tendency of
Cu particles to aggregate is obvious
Th fZ i ly | h f
C3z671 61 3022 707 210 383 5.29 0.0161 0117 e content of ZrO, is extremely low, and the amount o
CO, desorption has significantly decreased
Without ZrO,, only the Cu-ZnO system was used. Cu
C32720 7:0 3113 30.7 28.6 - 0.97 0.0092 0.061 dispersion was poor, and adsorption capacity was the

lowest

Mo-S catalyst

Molybdenum disulfide (MoS,)-based sulfides are a class of non-noble metal catalytic materials with significant industrial potential. Their most prominent advantage is

excellent sulfur tolerance, which enables direct use with crude sulfur-containing syngas feedstocks without pre-desulfurization, thereby simplifying the overall process

flow and reducing production costs. Numerous studies have shown that alkali metals (e.g., potassium) can act as modification promoters that simultaneously optimize

intrinsic catalytic activity and the directional synthesis of higher alcohols in MoS,"*. Catalytic performance depends strongly on atomic-scale regulation of MoS,’s

layered nanostructure. Specifically, the type and abundance of interlayer and edge sulfur vacancies, as well as the stacking number of two-dimensional nanosheets, are

key regulatory targets for product distribution in syngas conversion'*.. From the perspective of microscopic reaction mechanisms, Mo edge sulfur vacancies tend to

drive CO insertion and promote C-C coupling reactions, facilitating preferential ethanol formation. Conversely, basal plane sulfur vacancies dominate the single-

carbon hydrogenation pathway and are conducive to methanol generation!

101

|, Nevertheless, excessive disordered sulfur vacancies can induce complete cleavage of C-O
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bonds, markedly increasing selectivity toward low-carbon hydrocarbons such as methane. Accordingly,
directional modulation of the main product distribution in syngas conversion can be achieved by precisely
regulating the interlayer sulfur vacancy density and nanosheet morphology of MoS,"*>'**).

MoS,-based sulfide catalysts inherently possess outstanding resistance to sulfur poisoning and carbon
deposition. Precise construction of interlayer sulfur vacancies via metal doping and layered-structure
regulation enables directional optimization of carbon-chain growth efficiency and higher alcohol selectivity.
Cobalt promoters can reconstruct edge sulfur vacancies in MoS, nanosheets, forming highly active Co-Mo-S
sites that substantially improve the selectivity of C,, alcohols and the space-time yield of total alcohols.
However, the formation of inert Co,S, phases disrupts the ordered sulfur-vacancy structure and deteriorates
catalytic activity"**. Li et al."* verified that pure hydrogen pretreatment can generate sulthydryl groups at
the edges of Co-Mo-S nanosheets. Electron transfer at sulfur sites anchors Co atoms, inhibits the
precipitation of inert Co,S,, and stabilizes the configuration of interlayer sulfur vacancies, providing a
theoretical basis for the activation mechanism of MoS,-based catalysts. For potassium-doped modified
systems, intercalation of K species into MoS, nanosheets expands the interlayer spacing, remodels interlayer
sulfur vacancies and coordinatively unsaturated sites, and forms tightly coupled MoS,/KMoS, heterogeneous
dual-active interfaces. Figure 5A compares the evolution of surface species, intermediate distribution, and
reaction pathways over ER-MoS,-K and PD-MoS,-K during hydrogen pretreatment and CO
hydrogenation!"*”. Edge-rich ER-MoS,-K generates abundant edge sulfur vacancies upon H, reduction,
which efficiently facilitate C-O cleavage of CH O intermediates to produce CH_ species. The C-C coupling
intermediate CH, CO is captured, directing the reaction pathway toward carbon chain growth for the
synthesis of higher alcohols such as ethanol. This catalyst exhibits lower activation energy for methanol
hydrogenation and superior C-O dissociation activity. Conversely, plane-dominated PD-MoS,-K mainly
possesses in-plane sulfur vacancies"””. CH,O species readily undergo hydrogenation and desorption to form
methanol, so they fail to accumulate stable C-C coupling intermediates; thus, the reaction pathway is
dominated by methanol formation. Accordingly, the population and spatial distribution of sulfur vacancies
dictate catalyst selectivity for lower and higher alcohols.

Furthermore, the support plays a pivotal role in catalyst architecture. The alcohol product distribution over
MMO-supported catalysts deviates significantly from the ASF distribution, exhibiting a distinct profile
compared with the typical distribution of ethanol, n-propanol, and n-butanol. Notably, this catalyst yields
the highest chain growth factor («) among all samples, indicating a markedly enhanced probability of long-
chain alcohol formation, substantial suppression of methanol production, and a pronounced preference for
C.,, alcohols"*.

Mo-C catalyst

In recent years, research on Mo-based catalysts has increasingly focused on the Mo,C system. Compared
with MoC-based catalysts, Mo,C-based catalysts exhibit superior total alcohol selectivity, largely due to
abundant non-dissociative CO adsorption sites. Nevertheless, low CO conversion and insufficient selectivity
toward higher alcohols remain significant bottlenecks that hinder the large-scale industrial application of
Mo,C-based catalysts"*''". Figure 5B presents schematic diagrams of three typical structures on the Mo,C
surface, namely Mo’ sites formed via over-reduction, carbon vacancy defects, and molybdenum vacancy
defects, which visually distinguish the Mo species and coordination environments associated with different
defects"""). Coordinatively unsaturated Mo sites adjacent to carbon vacancies serve as the core active sites for
CO hydrogenation to mixed alcohols. Conversely, Mo’ species are readily oxidized to catalytically inactive
high-valent Mo® during catalyst passivation, leading to inferior catalytic activity'**.. Mo species associated
with molybdenum vacancy defects also show weak catalytic performance. Both Mo” and Mo vacancy defects
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Figure 5. (A) In situ ED-XAS: (a and b) coupling in situ DRIFTS; (c and d) characterizations of ER-MoS,-K during H, pretreatment measured
with a hyphenated technology. Relative intensity in (a) was obtained by subtracting each spectrum from the first spectrum. (e) In situ
DRIFT spectra of CO hydrogenation over the H,-pretreated catalysts at 25 °C, H,/CO of 2 and 1 bar. (f) Arrhenius plots calculated based
on the reaction rate for methanol hydrogenation over PD-MoS,-K and ER-MoS,-K. (g) In situ DRIFT spectra of CO hydrogenation over the
H,-pretreated catalysts at 240 °C, H,/CO of 2 and 30 bar. (h) In situ SVUV-PIMS detection of the CO hydrogenation intermediates and
products over the H,-pretreated catalysts at 240 °C, H,/CO of 2 and 5 bar. (i) Quasi in situ SRPES detection of the CO hydrogenation
intermediates. SRPES spectra were obtained after the treatment of the H,-treated catalysts with reaction gas (H,/CO = 2) at 240 °C and 5
bar for 0.5 h. (j) Proposed reaction mechanism for CO hydrogenation to methanol and ethanol on edge and in-plane sites of MoS,. (A) is
reprinted with permission from Ref.[%¢], Copyright © 2023 Springer Nature; (B) Schematic diagram of Mo,C surface. (a) Mo?, (b) carbon
defects and (c) Mo defects. (B) is reprinted with permission from Ref.l", Copyright © 2021 MDPI; (C) Schematic of catalyst synthesis
process and its performance for RWGS reaction. (C) is reprinted with permission from Ref.l"=), Copyright © 2024 The American
Association for the Advancement of Science; (D) Transformations of Mo/NC and Ni-Mo/NC catalysts after H, reduction and DRM
reaction. (D) is reprinted with permission from Ref.l"*, Copyright © 2025 WILEY. RWGS: Reverse water-gas shift; ED-XAS: Energy-
dispersive x-ray absorption spectroscopy; DRIFTS: diffuse reflectance infrared fourier-transform spectroscop; DRM: dry reforming of
methane; NC: nitrogen-doped carbon; SRPES: synchrotron-radiation photoelectron spectroscopy.

tend to promote complete CO dissociation, producing substantial hydrocarbon by-products. This schematic
clearly establishes the correlation among carbon vacancy defects, coordinatively unsaturated Mo sites, and
activity toward alcohol synthesis. Furthermore, it elucidates the intrinsic mechanism underlying the volcano-
type variation in catalytic performance upon Ni doping-induced modulation of lattice carbon content from
the perspective of defects. This study provides visualized theoretical support for understanding the structure-
activity relationship among lattice carbon content, surface defects, and catalytic selectivity.

Figure 5C illustrates the facile, scalable synthesis of cubic a-Mo,C catalysts, along with a schematic of their
application in the high-temperature RWGS reaction""”.. Nanocrystalline a-Mo,C was directly synthesized by
carburization under an H, atmosphere at 500 °C, utilizing ammonium molybdate as the molybdenum

precursor and sucrose as a sustainable carbon source. Under RWGS reaction conditions (600 °C, 0.1 MPa),
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Table 3. Comparison of catalytic performances of different catalysts

Th rti fC i

CO conversionrate Selective alcohol € proportion of L. Methane Reaction

Catalyst (%) property (%) alcohols among selectivity (%) pressure Reference
alcohols (%) (MPa)

Mo,C 513 11 17.3 - 3

Rh/Mo,C 652 4.2 15 56.9 3

K/Mo,C 14.0 30.8 - - 3 [115]

RhK/Mo,C 9.9 44.4 85.6 20.7 1

RhK/Mo,C 20.2 51.4 71.0 20.7 3

this catalyst achieved 100% CO selectivity and maintained exceptional stability for over 500 h. Conversely, p-
Mo,C can undergo electron transfer with Pd, forming SMSI.

Promoter doping remains a mainstream strategy for modifying Mo,C-based catalysts. Figure 5D illustrates
the phase evolution, variations in active centers, and deactivation pathways of N-doped carbon-supported
Mo,C and Ni-Mo bimetallic catalysts during H, reduction and dry reforming of methane (DRM)"'"*.. This
schematic clearly explains how N species and Ni promoters regulate the valence state and crystal phase of
Mo species, as well as the mechanisms governing catalyst stabilization and deactivation. Although
introducing Ni can facilitate reduction via hydrogen spillover and enhance initial catalytic activity, it also
oxidizes Ni and Mo,C, triggers formation of the inert Ni,Mo,N phase, and accelerates gasification and

degradation of carbon supports, ultimately leading to rapid catalyst deactivation.

Wang et al.'""*) proposed a strategy to enhance the CO insertion capability of Mo,C-based catalysts by
introducing Rh® and K species, achieving excellent catalytic performance for higher alcohol synthesis (HAS)
at a mild reaction pressure of 1.0 MPa. As shown in Table 3, RhK/Mo,C demonstrates optimal overall
performance under identical reaction conditions. It maintains high alcohol selectivity even at low pressure,
with significantly lower methane by-product selectivity compared to Rh/Mo,C. Consequently, co-
modification with Rh and K significantly improves the HAS performance of Mo,C catalysts, enabling them
to achieve 44.4% alcohol selectivity at low pressure and overcoming the traditional reliance of Mo-based
catalysts on high-pressure conditions.

Conversely, Yang et al."*”’ employed K and Ni as promoters. As in previous studies, the synergistic effect
between K and Ni significantly enhanced the catalytic performance of Mo,C. Among the tested catalysts,
KNiMo,C/Al O, exhibited the optimal performance, achieving a total alcohol selectivity of 67.6% and a
remarkably high C,, alcohol selectivity of 56%. Meng et al.! also synthesized a series of K- and Ni-promoted
Mo,C-based catalysts via impregnation; however, they used lignin-derived carbon as the support. As
highlighted in Table 4, dual promotion with K and Ni is crucial for enhancing higher-alcohol selectivity in
Mo,C-based catalysts. Furthermore, catalytic performance is closely tied to support architecture: mesoporous
structures facilitate mass transfer, whereas support-metal interactions influence active-site formation.
Consequently, reaction conditions must be tailored to catalyst characteristics: milder temperatures and
pressures favor alumina supports, whereas higher temperatures and pressures better suit the highly active
sites of lignin carbon supports. Additionally, He et al.""! successfully fabricated Mo,C catalysts with a three-
dimensional hierarchical porous (3DHP) structure using a hard-template method, which significantly
optimized the specific surface area, pore architecture, and active site distribution. The synergistic effect
between the 3DHP structure and K modification proved pivotal for performance enhancement, offering
novel insights for designing high-efficiency Mo,C-based HAS catalysts and broadening the application scope
of 3DHP materials.
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Table 4. Comparison of the performance of the two catalysts

Catalysts Mo,C/Al,O, Mo,C@LC
References [109] [94]
Carrier type v-AlL,O, LC

Carrier characteristics

Catalyst preparation

The role of key
additives

Reaction conditions

Optimal catalyst

Catalytic performance

Stability

Specific surface area: 121 m?/g, mesoporous
structure (pore diameter: 29 nm), pore volume:
1.23cm¥/g

Excessive impregnation method + programmed
temperature carbonization (at 700 °Cin N,
atmosphere), M/Mo atomic ratio 0.2, stepwise
loading of Mo and K/Ni

K: Increases the crystallinity of B-Mo,C, increases
the proportion of high-valent Mo (Mo*®*), and
enhances the non-desorbed adsorption of CO

Ni: Reduces the reduction temperature of Mo
oxides, promotes the formation of Mo?", and
catalyzes the water-gas shift (WGS) reaction

Temperature: 300 °C, Pressure: 3.0 MPa, H,/CO
=2

KNiMo,C/AlLO,

CO conversion rate: 7.2%

Total alcohol selectivity: 67.6%

C,, alcohol selectivity: 56% (ethanol accounts for
37%)

STY: 64.84mg/g..h (0.065g/g,..h)

The continuous reaction lasted for 80 h, and the
CO conversion rate and product selectivity
remained stable

Specific surface area: 615.6 m2/g, open mesoporous structure (pore
diameter: 5.0 nm), pore volume: 0.22 cm?®/g, with defective carbon
structure

Impregnation method + programmed temperature carbonization (at
850 °C in an atmosphere of 10% H,/N,), Mo/K = 5/1, Mo/Ni = 2/1.
It can be impregnated separately or simultaneously

K: Increases the proportion of high-valence Mo (Mo®*/Mo*%*),
enhances the catalyst's alkalinity, and promotes the growth of carbon
chains

Ni: Facilitates Mo reduction through hydrogen overflow, increases
the size of Ni particles, and balances hydrogenation capacity with
carbon chain growth

Temperature: 340-380 °C, Pressure: 7.0 MPa, H,/CO =1

Ni/K/Mo,C@LC

CO conversion rate:

47.9% (Ni/K/Mo,C@LCq,0)/23.0% (NiKMo,C@LC)

Total alcohol selectivity: 57.9%

C,, alcohol selectivity: 76.7% (ethanol accounts for 50.9%)
STY:0.455 g/g...h (380 °C)

The reaction was carried out continuously for 100 h. The
characteristic peaks of Mo,C and Ni were retained, and the ethanol
proportion remained at approximately 40%

The reaction conditions are mild (low
temperature and low pressure), with high overall
alcohol selectivity and a significant inhibitory
effect of methanol

The space-time production rate is extremely high (7 times that of the
left), and the carrier is resource-based (utilizing paper waste), with a
high proportion of C,, alcohols

Core advantage

The STY value is low, the CO conversion rate is
also low, and the carrier has no resource
utilization value

The reaction pressure is quite high (7 MPa), and it requires a high

Insufficiency temperature (380 °C) to achieve the optimal performance

STY: Space-time yield; LC: lignin carbon.

Mixed alcohols can serve not only as clean fuels that substitute fossil energy but also as solvents, chemical
intermediates, and gasoline additives, and directly producing them from synthesis gas (syngas, H, + CO) -
typically generated through the pyrolysis and gasification of carbonaceous feedstocks such as coal and
biomass - realizes the clean and efficient utilization of carbon resources!""". At the heart of this syngas-to-
alcohol process lie the thermally driven decomposition that releases syngas and the subsequent dissociation
and activation of reactant molecules on the catalyst surface; in particular, the C-O bond of CO must be
activated in a controlled manner, so that the balance between dissociative CO adsorption and non-
dissociative CO insertion directs the growing surface intermediates toward alcohols rather than
hydrocarbons. Molybdenum carbide (Mo,C) is well suited to this activation chemistry because of its noble-
metal-like electronic structure, in which the insertion of carbon atoms into the Mo lattice elongates the Mo-
Mo distance, contracts the Mo 4d orbitals, and enriches the density of states near the Fermi level "' Shou et

112

al."” further showed that Ni doping promotes CO hydrogenation to mixed alcohols on Mo,C: Ni inhibits
the agglomeration of Mo,C crystallites and suppresses surface carbon deposition, thereby enlarging the active
surface area, whereas the electron transfer from Ni to Mo increases the electron cloud density of the Mo
species and favors the non-dissociative adsorption and insertion of CO. More importantly, decreasing the
number of carbon atoms in the Mo,C lattice on the catalyst surface generates coordination-unsaturated
molybdenum species that exhibit higher catalytic activity and mixed-alcohol selectivity; among the catalysts

examined, MC-Ni-1.5 (Ni/Mo = 1.5:8.5), which possesses the largest amount of such species, delivers the
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highest space-time yield of mixed alcohols - about three times that of the undoped Mo,C catalyst - under the
relatively mild conditions of 180 °C and 5 MPa.

In summary, Mo,C-based catalysts show outstanding potential for syngas-to-alcohol synthesis through
multidimensional modification and broad applicability. By synergistically regulating promoters (such as Ni,
Rh, and K)"'7""*l and strategically selecting supports with distinct properties (e.g., lignin-derived carbon and
y-ALO,), these catalysts can be effectively tailored to diverse reaction scenarios. Constructing three-
dimensional (3D) hierarchical porous structures offers a promising direction for further enhancing catalytic
performance. Mechanistic studies of chlorinated volatile organic compound (CVOC) abatement reveal that
the dissociation and activation of recalcitrant molecules are governed by surface acid-base and redox
properties, with C-Cl bonds dissociating on Lewis acid sites and the resulting intermediates undergoing
dehydrochlorination by hydroxyl species!"**). Moreover, catalytic steam reforming over 8-Mo,C/y-Al O,

116]

converts refractory CVOC waste into syngas with a conversion efficiency above 95% at 600 °C!"'*), coupling
pollutant removal with feedstock supply for alcohol synthesis and providing an innovative route for

environmental remediation and carbon-resource recycling.

Rh-based catalyst

Among various catalysts for CO hydrogenation, Rh-based catalysts are considered highly promising for
synthesizing C, oxygenates from syngas, owing to their unique capability. However, the commercial
application of rhodium (Rh) is significantly constrained by its high cost as a noble metal"*>"*°). While
traditional homogeneous Rh-based catalysts exhibit high activity and selectivity, they pose challenges for
product separation. Conversely, heterogeneous catalysts, though easily recoverable, often suffer from
insufficient activity and selectivity due to low ligand concentrations and limited mobility of active sites"').
These limitations can be mitigated by using supports with high specific surface area, hierarchical pore

122

structures, and high nitrogen content!??). Metal particle size is a critical parameter governing the
performance of heterogeneous catalysts; typically, the specific atomic activity increases markedly as particle
size decreases. When the metal particle size reaches the ultra-small limit, single-atom catalysts (SACs)
form[123,124].

125

Arevalo et al."*” found that deep hydrogenation to produce methane readily occurs on stepped Rh surfaces;
therefore, modification and promoter tuning are required to modulate the kinetic competition between CH_
hydrogenation and CO insertion. Figure 6A illustrates the full reaction pathway for higher alcohol synthesis
from syngas on stepped Rh (211) surfaces. The reaction is initiated by CO hydrogenation to form CHO
(Formyl), from which multiple competing reaction branches diverge. The CHO intermediate can be
hydrogenated to methanol or undergo dehydroxylation to yield CH_ species. C, fragments react with
CO/CHO via insertion to form ethanol; ethanol can further undergo dehydroxylation to generate ethyl
species, which sequentially produce n-propanol. Continuous hydrogenation of CH_ species leads to methane
formation. Colored arrows in the figure distinguish insertion, hydrogenation, dehydroxylation, and
desorption processes, explicitly revealing the competitive mechanism that governs the formation of target
alcohols and methane byproducts. Figure 6B presents catalyst structural models and density functional
theory (DFT)-calculated Gibbs free energy profiles to compare the reaction energy barriers at high-
coordination terrace sites of Rh (111) and low-coordination step sites of Rh (221)"*\. Theoretical calculations
confirm that low-coordination Rh (221) step sites facilitate C-O bond cleavage and 'CH_hydrogenation,
promoting the formation of a methane byproduct, while boron oxides can spontaneously and selectively
anchor and block such step sites"?”. Conversely, high-coordination Rh (111) terrace sites favor the coupling
of "CH, with CO/"CHO to produce C, oxygenates'*". Collectively, boron species shield active sites for
methane formation and raise the energy barrier for C-O cleavage and hydrogenation while preserving sites
for carbon chain coupling. This clarifies the intrinsic mechanism by which boron modification suppresses
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Figure 6. (A) The overall reaction cycle for HAS consisting of CO insertion (red), hydrogenation (black), and OH elimination (blue). (A) is
reprinted with permission from Ref.['?], Copyright © 2024 Springer US; (B) (a-d) Gibbs free energy diagrams and configurations for four
intermediate steps on Mn,O, supported on the Rh (111) facet (black line) and (221) facet (red line) at 595 K. The insets in (a—d) show the
configurations of the initial state (IS), transition state (TS) and final state (FS) on Rh (111). (B) is reprinted with permission from Ref.t26},
Copyright © 2025 The Royal Society of Chemistry; (C) Schematic reaction process for long-term stability testing in CO, hydrogenation to
ethanol over single-atom Rh supported on CeO,, TiO, (a), and CeTiO, (b). (C) is reprinted with permission from Ref.l"2¢!, Copyright © 2022
WILEY; (D) Summary of selectivities for syngas conversion over Rh/SiO, and Rh-based multimetallic catalysts. (D) is reprinted with
permission from Ref.l32), Copyright © 2017 American Chemical Society; (E) Optimized structures of Rh*-Rh® /Ui0-67 (a) and Rh°/t-
Zr0,(101) (b). C, brown; O, red; H, white; Zr, green; Rh*, purple; RhO, blue; this color code is used throughout the paper. Details of model
construction and charge analyses can be found in the Supporting Information. (E) is reprinted with permission from Ref.1?%}, Copyright ©
2024 WILEY. HAS: higher-alcohol synthesis.

methane generation and boosts ethanol selectivity at the molecular scale.

Structural distortion facilitates the incorporation of Rh atoms and the formation of shorter Rh-O bonds
[Figure 6C], while significantly increasing the aggregation energy barrier of Rh single-atom sites (Rh
SASs)!"**). This confirms a strong interaction between Rh single atoms and surface O atoms, which endows
the Rh /CeTiO, catalyst with exceptional structural stability, thereby ensuring high catalytic performance and
outstanding long-term durability for ethanol production. Consequently, regulating support doping is pivotal
for optimizing single-atom catalyst performance. Notably, maintaining a low Rh loading is crucial for
achieving high ethanol selectivity. Conversely, high loading tends to induce Rh cluster formation, shifting the
reaction pathway toward methanol or methane formation"*.
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The active centers of SACs consist of isolated metal atoms, which provide single metal sites but cannot
inherently form metal-metal bonds"*. To address this limitation, Gong et al."*"! fabricated RhFeO /TiO,
catalysts via drying and calcination treatments using P25 (anatase/rutile mixed-phase TiO,) as the support,
with iron introduced as a promoter. Benefiting from a fourfold synergistic effect, the Fe promoter constructs
composite RhO—RhS*—OV—Ti3+ active sites at the anatase-rutile phase boundaries of P25. Specifically, Fe
generates abundant O -Ti** defects, synchronously regulates the coexistence of Rh” and Rh* species,
strengthens the SMSI at the phase junctions, and immobilizes ultrafine Rh nanoparticles at the anatase/rutile
interfaces. This strategy addresses the inherent drawbacks of conventional single-atom catalysts and
markedly accelerates the C-C coupling reaction.

Although introducing two promoters simultaneously can greatly improve overall selectivity toward
oxygenates and C, hydrocarbons, systematic modulation of the deposition sequence and metal molar ratio is
required; random doping weakens the synergistic effect. Figure 6D compares the carbon selectivity
distribution of all products across monometallic Rh, binary Rh-Fe/Rh-Mn catalysts with different molar
ratios, and ternary Rh-Fe-Mn catalysts prepared via varied deposition sequences'*?. Stepwise controllable
surface deposition enables independent tuning of the surface coverage of Fe and Mn sites on Rh. Fe sites
continuously convert acetaldehyde to ethanol, while Mn sites selectively facilitate C, olefin formation.
Monometallic Rh mainly produces methane and acetaldehyde. Binary catalysts reduce methane selectivity
and increase the proportion of ethanol or olefins, respectively. The ternary system simultaneously boosts the
selectivity of ethanol and light hydrocarbons. Conversely, binary catalysts with a single promoter show
competition between Fe and Mn for active sites on Rh, leading to a mutual offset of the two promoters'
functions and only a limited reduction in methane selectivity"*\.

Interface modulation between metal-support and metal-promoter interactions is a core strategy to tailor
catalytic activity and product selectivity in CO, hydrogenation!"**/. Figure 6E compares the atomic
arrangement and charge distribution between the confined dual-site model of Rh*-Rh"’/UiO-67 and the
oxide-supported model of metallic Rh°’/t-ZrO,(101)"**\. Rh dimers anchored inside UiO-67 cavities serve as
Rh" sites, whereas intracavity Rh clusters act as Rh’ sites with direct interfacial connections. Positively
charged Rh* atoms construct a charge-differentiated dual active interface. Conversely, Rh nanoparticles on
the t-ZrO, surface are nearly zero-valent metallic Rh, lacking cationic Rh sites and heterogeneous charge
interfaces!"**). Bader charge analysis confirms that the metal-organic framework (MOF) framework
modulates the charge distribution of Rh atoms to intrinsically generate adjacent Rh*/Rh”’ sites. Oxide
supports only immobilize homogeneous Rh clusters and cannot spontaneously form neighboring dual sites
with separated valence states. Metal doping modification of Rh/ZrO, merely slightly adjusts the electron
density of Rh, failing to reproduce the atomic-level valence-separated interface enabled by MOF
confinement. Precise spatial confinement is a unique strategy for constructing charge-heterogeneous dual
active sites.

In comparison with MOF-derived Cu/ZrO,-DM catalysts for CO, hydrogenation to methanol, Cu-based
catalysts enhance methanol yield by virtue of their large specific surface area and highly dispersed Cu active
sites!”””.. Conversely, Rh-based catalysts precisely manipulate reaction pathways via interfacial electronic
effects. Together, these catalytic systems show that reactant adsorption and activation dictate product
distribution, providing a theoretical framework for interfacial modulation in the rational design of catalysts
for CO, hydrogenation to methanol and ethanol.

Multifunctional catalyst
In recent years, 85% of global energy and most chemical production have relied on fossil fuels. The resulting
massive CO, emissions have significantly exacerbated global warming. This necessitates implementing

technologies such as CO, capture!” and utilization (CCU)"**"**! to achieve carbon cycling. Although
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catalysts can significantly improve target-product yields, current transition-metal- and noble-metal-based
catalysts suffer from critical limitations, including low ethanol yields and unsatisfactory selectivity. These
challenges have prompted researchers to explore novel strategies for ethanol synthesis via CO,

hydrogenation!*"*,

Figure 7A illustrates the tandem reaction pathway over solid Co FTS catalysts and molecular Co reductive
hydroformylation (RHF) catalysts, whose performance is predominantly governed by the spatial distance
between the two components"*?. When active sites are closely adjacent and molecular catalysts can diffuse
into the pores of solid supports, the in situ formed 1-alkenes are rapidly trapped and converted into higher
alcohols. Conversely, a large separation between active sites facilitates re-adsorption and hydrogenation of
alkenes to paraffins, and only a small fraction of linear alcohols is produced directly via FTS"*\. Short inter-
site distances reduce the diffusion path of alkene intermediates and suppress undesired saturation side
reactions, thereby markedly boosting alcohol selectivity. Artificially isolating active sites leads to a substantial
decline in alcohol yield. Although ligands enable fine-tuning of the linear-to-branched alcohol ratio, intimate
synergism within confined pore channels is a prerequisite for efficient alcohol synthesis in this tandem
system; simple physical mixing fails to deliver optimal catalytic performance. Accordingly, suitable spatial
separation between the two components of bifunctional catalysts is critical to optimize intermediate

[143-145

migration, match reaction kinetics, and improve overall catalytic performance | For supported Cu-based
catalysts applied in ethanol conversion, an unbalanced spacing between Cu dehydrogenation sites and ZrO,
acid sites impairs catalytic efficiency. Excessively large separation extends the diffusion pathway of reaction
intermediates and accelerates side reactions, thereby lowering the selectivity toward ethyl acetate and
substrate conversion. Conversely, an overly short distance causes metallic Cu to encapsulate zirconia acid
sites, triggers sintering of Cu nanoparticles and deterioration of metal dispersion, and mismatches the
reaction rates of dehydrogenation and condensation, ultimately hindering the formation of target
products"*. Figure 7B presents the Zr X-ray Photoelectron Spectroscopy (XPS) high-resolution spectra and
the proportion of oxygen-deficient Zr** (Zr, species) over CuCoAl, CuCoAl|m-ZrO,, and CuCoAl|t-ZrO,

147

catalysts'*”. The composite system incorporating tetragonal ZrO, generates more oxygen-deficient Zr* sites,
whereas fewer oxygen-deficient sites are formed in the monoclinic ZrO, composite system. Oxygen vacancies
facilitate the water-gas shift reaction and stabilize oxygen-containing intermediates. The disparity in oxygen-
deficient-site concentration directly governs CO, production and higher-alcohol selectivity. Accordingly,

oxygen defects act as critical surface sites for modulating product distribution.

To address the challenges of low selectivity and insufficient stability in the conversion of syngas to (C, OH),
Luan et al."** adopted a “reaction coupling strategy” to develop a bifunctional system composed of
ZnCrAlO, (zinc-chromium-aluminum mixed oxide) and a K/Ni-promoted Mo-based sulfide (KNiMoS-
MMO). Through component synergy, promoter modulation, and structural optimization, they achieved
efficient conversion of syngas into low-carbon alcohols. Furthermore, leveraging proximity regulation, Lin et
al."*) engineered a catalyst comprising CoMn oxide and CuZnAlZr oxide. During extended operation, this
catalyst maintained stable CO conversion rates, CO, selectivity, and product distribution (specifically the
ratio of oxygenates to olefins) without significant deactivation, thereby satisfying the rigorous stability
requirements for industrial applications [Figure 7C]. In another advancement, Jiang et al.”! developed a
multifunctional catalytic system centered on carbon matrix-encapsulated iron-based catalysts (Fe@NC)
through a triple strategy involving precursor screening, K-promoter modification, and the co-addition of
organic ligands. This design not only ensures efficient coupling between the RWGS and FTS reactions but
also suppresses by-product formation, substantially improving selectivity toward long-chain hydrocarbons.
Figure 7D compares the chemical states of surface carbon on catalysts modified by different alkali metals.
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FTS catalyst is also indicated as a source for primary, strictly linear higher alcohols. (A) is reprinted with permission from Ref.[423,
Copyright © 2022 WILEY; (B) XPS spectra of CuCoAl, CuCoAljm-ZrO, and CuCoAljt-ZrO, catalysts after reduction. (a) Zr 3d, (b) The
relative concentrations of Zrl species. (B) is reprinted with permission from Ref.t"73, Copyright © 2021 John Wiley & Sons.; (C) Stability
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permission from Ref.[%3, Copyright © 2025 WILEY. XPS: X-ray photoelectron spectroscopy.

Four types of carbon characteristic peaks, namely graphitic carbon, C-Mo bonds, C-O, and C=0, can be
fitted for all samples"*”. The C-Mo peak verifies the stable existence of the molybdenum carbide phase.
Doping with Li, Na, K, and Cs does not alter the category of carbon species but only slightly adjusts the
relative intensity of each carbon peak; the electronic effect of alkali metals exerts negligible influence on the
surface carbon skeleton structure of catalysts. Compared with the unmodified catalyst, the proportion of
oxygen-containing impurity carbon species in alkali-modified samples shows no obvious variation, and the
peak position of the C-Mo characteristic peak remains nearly unchanged"*". This indicates that alkali metals
cannot directly regulate the electronic structure of molybdenum carbide, and the carbon carrier acts merely
as a skeleton without modulating Mo valence states. Although alkali metals can tune metallic Mo active sites,
they do not change the distribution of surface carbon species. Hence, carbon spectra cannot be adopted to
screen the optimal promoters for alcohol synthesis. Overall catalytic performance is synergistically governed
by multiple intrinsic preparation parameters, including fabrication procedures, thermal treatment
temperature, and the physicochemical properties of carbon supports. Specifically, the nitrogen doping level,
degree of graphitization, and porous structure of carbon supports can efficiently modulate electron-transfer
efficiency and reactant mass-transport rates within the catalytic system.

In summary, multifunctional catalyst design does not follow a single, fixed paradigm. Instead, catalytic
systems with target performance can be constructed by precisely combining and structurally regulating
multiple components tailored to specific reaction requirements. Nevertheless, moderate proximity is
imperative to achieve efficient synergy among various active sites.
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INFLUENCING FACTORS

Preparation method

Currently, research on the catalytic hydrogenation of carbon dioxide to methanol has gradually focused on
developing novel catalysts that are low-cost, environmentally friendly, and highly active. By regulating the
interfacial contact between active metals and supports, as well as metal-support strong interactions, catalyst
preparation protocols can simultaneously modulate the dispersion, reducibility, surface electronic structure
of active components, and the adsorption-dissociation capacity of reactants. Meanwhile, these strategies
enable precise control over the amount of target active phases formed during the reaction and improve
catalyst sintering resistance'”*”. Originating from the intrinsic physicochemical properties of catalysts, these
approaches ultimately achieve simultaneous optimization of catalytic activity, methanol selectivity, and long-
term operational stability. Accordingly, precise tuning of key physicochemical parameters (e.g., crystallite
size, oxygen vacancy concentration, and the proportion of high-valence active species) via customized
preparation strategies can systematically enhance the overall catalytic efficiency of CO, hydrogenation to
methanol"****l. Table 5 systematically compares the core characteristics of four conventional catalyst
synthesis routes, namely co-precipitation, ammonia evaporation, impregnation, and hydrothermal method,
and summarizes the merits, drawbacks, and optimal applicable reaction domains of each technique. Precise
modulation of catalytic performance can be achieved via these versatile synthetic strategies"**. Based on
practical reaction requirements, researchers can rationally select or further modify synthetic protocols to
maximize advantages and mitigate deficiencies. Catalyst physicochemical properties can be optimized along
multiple dimensions, including metal dispersion, pore structure, and metal-support interaction, thereby
accommodating the distinct demands of diverse catalytic reactions in terms of activity, selectivity, and
stability. For example, metal-organic frameworks (MOFs) are commonly prepared via six routes:
solvothermal synthesis, microwave-assisted synthesis, direct pyrolysis, the sacrificial template method, post-
synthetic modification, and supercritical fluid deposition (SFD). Comparative analyses reveal that MOFs
prepared via these distinct methods have unique advantages, making them suitable for specific
applications”. Similarly, San et al."* investigated Cu/ZrO, catalysts synthesized through four different
methods and reached the same conclusion. Notably, compared with catalysts prepared by traditional
methods, the Cu/ZrO,-DM catalyst - synthesized via ligand replacement (partial substitution of terephthalic
acid with amino terephthalic acid) combined with incipient wetness impregnation for Cu loading - exhibits
superior catalytic performance!"*”. In the broader context of catalyst optimization, refining preparation
methods remains a pivotal approach to enhancing overall efficacy. By precisely regulating process parameters
(e.g., reaction temperature, precursor ratios, and post-treatment conditions), the morphological structure,
active site distribution, and electronic properties of catalysts can be optimized, thereby significantly
improving their catalytic activity, selectivity, and stability"*.

Catalyst supports

Catalytic performance can be significantly enhanced through synergistic elemental interactions, optimized
structural design, and strategic selection of supporting materials"*. Metal supports play a multifaceted role
in catalysis: they regulate the dispersion and valence state of active components to optimize active site
architecture; facilitate reactant adsorption, activation, and intermediate transformation to streamline
reaction pathways; strengthen metal-support interactions to bolster stability; and fine-tune pore structures
and surface acid-base properties to improve mass transfer and selectivity**'**'****\. Collectively, these effects
synergistically elevate catalytic activity, selectivity, and durability. Carbon modification, a widely adopted
support engineering strategy, effectively promotes the generation of surface oxygen vacancies, thereby
strengthening CO, adsorption and activation. More importantly, carbon species intimately bound to metal
components serve as efficient channels for hydrogen spillover. This saturates surface hydrogen adsorption
and renders the H, reaction order near zero, effectively overcoming the kinetic limitations inherent in CO,

hydrogenation to methanol"”. Given the positive linear correlation between total alcohol selectivity and
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Table 5. Comparison of core properties of Co-precipitation, ammonia evaporation, impregnation and hydrothermal methods

. . Ammonia s Hydrothermal (in situ
Impregnation (conventional wet . Co-precipitation .
. . . evaporation (for N encapsulation &
. impregnation/methanol-assisted . (Co-, Ni-, CuzZnAl e e
Evaluation impregnation, e.g., Ni/KIT-6 metal loading on multi-metal crystallization,
index preg v €-8ur ! carbon/oxide NiMo@CNT, MOR
NiMo/AC) systems) .
supports) zeolite)
References [155,156] [157-159] [160,161] [162,163]

Metal dispersion

Pore structure
regulation

Metal-support
interaction

Advantages

Disadvantages

Cost&Scalability

Moderate to poor; metal precursors tend to
agglomerate with large particle sizes (15-20
nm for Ni/SiO,). Methanol modification and
confined supports slightly improve
dispersion

Metal particles easily block original support
pores; BET surface area and pore volume
drop sharply (733 — 497 m2/g for KIT-6
after impregnation); broad pore size
distribution

Weak, dominated by physical adsorption;
low reduction temperature (372 °C for
Ni/SiO,), limited electron transfer and poor
sintering resistance

Simple operation, low equipment cost, wide
precursor range, accurate metal loading
control, suitable for large-scale production

Severe metal sintering at high temperatures,
blocked pores increase mass transfer
resistance, mediocre cycling stability

Lowest cost, fully mature industrial
technique

Excellent; ammonia
complexes metal ions
for uniform slow
deposition, narrow
particle size
distribution; high
dispersion for
mono/bimetallic
catalysts

Slight pore blockage;
thin uniform metal
layer coats pore walls,
preserving intrinsic
support texture with
narrow pore
distribution

Moderately strong;
chemical bonding
forms between metal
and support hydroxyl
groups with tunable
electronic properties

Optimal metal
dispersion, compatible
with
carbon/SiO,/Al,0,
supports, narrow
particle size, good
repeatability

Long preparation cycle
(12-24 h ammonia
volatilization); local
agglomeration at high
metal loadings

Medium cost, widely
used in labs, limited to
pilot trials

Superior dispersion for
multi-metals, poor for
single metals.
Simultaneous
precipitation realizes
atomic mixing of
diverse metals, yet large
aggregates and grain
coarsening emerge after
calcination

Abundant mesopores in
precipitates, yet severe
pore collapse upon
calcination, disordered
pores and lost
micropores; poor
repeatability even with
precipitant adjustment

Strong multi-interfacial
interactions between
metals and metal-
oxides via co-
crystallization, though
bulky composite oxides
readily form

One-step synthesis of
multi-metal composites,
low cost, easy scale-up,
abundant multi-metal
synergistic interfaces

High pH sensitivity,
inconsistent batch
performance, residual
inorganic impurities,
irreversible pore
collapse after
calcination

Low cost; mainstream
industrial route for
CuZnAl methanol/DME
catalysts

Excellent, controllable
particle size (10-20 nm).
Slow hydrothermal
crystallization and in situ
confinement suppress
metal migration and
agglomeration

Ordered mesopores
(KIT-6, CNT, zeolites) can
be precisely tailored;
tubular/cage confined
structures are maintained
for efficient mass transfer

Extremely strong dual
effect of confinement and
chemical bonding;
directional electron transfer
(Mo — Ni) generates
abundant oxygen vacancies
for enhanced activation

Precise control over
catalyst structure and
defects; accessible in situ
metal encapsulation,
tunable acidity for N-doped
carbon/zeolites

High cost of high-pressure
reactors, low single-batch
yield, difficult industrial
scale-up, sensitive to
temperature/pH/time

Highest cost, only lab-scale
small-batch synthesis

AC: Activated carbon; CNT: carbon nanotubes; MOR: mordenite; BET: brunauer-emmett-teller; DME: dimethyl ether.

oxygen vacancy concentration, increasing the density of surface oxygen vacancies is a proven approach to

enhance total alcohol selectivity"”. For example, in comparative studies of monometallic (Pt, Ni, Co) and

bimetallic (PtNi, PtCo, PdNi) catalysts supported on CeO, (a reducible support) versus y-AL,O, (an

irreducible support), the support type was found to primarily dictate catalytic activity and the extent of

bimetallic bond formation"”?. As a representative reducible support, the morphology of CeO, directly

influences oxygen vacancy concentration as well as the dispersion and stability of active metal species.

Furthermore, particle size, modulated by calcination temperature, alters metal-support interactions and

ultimately determines overall catalytic performance. Notably, CeO, can stabilize Rh in the +2 oxidation state,

enabling efficient conversion of CO, to methane!”"”*. Conversely, irreducible supports like y-Al,O, generally
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exhibit lower intrinsic activity but favor higher CO selectivity. Loading metals onto y-Al O, also modifies the

catalyst’s basicity, yielding greater energy efficiency for syngas conversion and product formation"”.

Although product selectivity in catalytic reactions is intrinsically governed by supported active metal
components, supports act far beyond simple physical scaffolds. Instead, they participate deeply in catalytic
cycles and modulate reaction behavior across multiple dimensions, as shown by the Cu-based modified
methanol synthesis catalysts and noble-metal single-atom Rh catalytic systems discussed in the foregoing
sections. Previous literature has systematically summarized four core mechanisms by which supports
regulate catalytic processes: in situ generation of auxiliary active sites, stabilization of key adsorbed reaction
intermediates, construction of metal-support interfaces with electronic synergies, and modulation of reaction
kinetics for the conversion of reactants and intermediates'"*?. Collectively, these four mechanisms alter the
intrinsic catalytic properties of catalysts.

Taking the Cu/ZrO, catalytic system for CO, hydrogenation to methanol elaborated in earlier chapters as an
example, multiple regulatory effects originating from the support directly determine CO, conversion activity,
target methanol selectivity, and long-term operational stability. ZrO, possesses moderate Lewis acidity and
outstanding high-temperature anti-sintering capacity, which can anchor Cu nanoparticles and preserve
mesoporous pore structures, rendering it the most suitable support for this reaction system"”*. Furthermore,
the distance between the catalyst-relevant periphery (CRP) regions on the support surface and Cu active

177

particles must be precisely matched to generate interfacial synergy"””. Mismatched particle spacing directly
disrupts the kinetic balance between CO, activation and formate intermediate transformation, and only
optimized spacing can maximize catalytic efficiency. Such interfacial synergy rules serve as a critical

prerequisite for high-efficiency production of oxygenates via CO, hydrogenation.

Extending to the single-atom noble metal catalytic system for selective ethanol synthesis through CO,
hydrogenation discussed previously, the Rh,/CeTiO, catalyst with Ti-doped CeTiO, support further
highlights the multi-functional regulatory capacity of supports!"*\. This composite oxide support is not
merely an inert substrate for immobilizing isolated Rh single atoms; rather, it comprehensively reconstructs
the catalytic system via four coupled core effects: (1) reversible surface structural reconstruction of the
support to create high-density oxygen vacancy defects; (2) generation of SMSI between the support and Rh
single atoms to precisely tune the electronic states of active sites; (3) fabrication of bifunctional active centers
relying on defect sites and doped heterogeneous interfaces; (4) lattice confinement effect to suppress the
migration and agglomeration of Rh single atoms and significantly improve the thermal stability of catalysts.
These multi-layer regulatory mechanisms jointly determine the electronic distribution, spatial configuration
of active sites, and complete reaction pathway covering CO, activation and C-C coupling, ultimately
governing the overall catalytic activity, ethanol selectivity, and long-cycle durability of catalysts. This also
provides clear theoretical guidance for the rational design of supports for single-atom noble metal catalysts.

Promoter

Consistent studies show that the performance of reactions represented by higher-alcohol synthesis from
syngas and RWGS largely depends on modulating the surface chemical properties of catalysts''7*,
Introducing secondary-metal or alkali-metal promoters into Mo-based (molybdenum carbide or
molybdenum sulfide) catalysts is an effective way to precisely regulate the chemical structure and electronic
environment of active sites"*").

The conventional RWGS reaction typically operates at elevated temperatures (400-700 °C), which not only
predisposes catalysts to deactivation but also requires complex heat-exchange systems. Conversely, at lower
temperatures (< 600 °C) and high pressure, CO, hydrogenation tends to favor methane and methanol

formation, resulting in extremely low CO selectivity. Therefore, there is a critical need to develop catalysts
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with both high activity and selectivity, and this demand can be effectively met by modifying catalysts with
metal promoters. The synergistic interaction between the two metals alters the binding energies of reactants
and reaction intermediates, fundamentally influencing the reaction’s chemical behavior!®*,

Alkali metal K represents the most widely adopted modifier/promoter in catalytic systems for higher alcohol
synthesis from syngas. In recent years, K has emerged as a core tuning strategy to optimize catalytic activity,
C,, alcohol selectivity, and long-term operational stability by precisely modulating the electronic
environment of active sites, surface defects, and reactant adsorption configurations"*'. It is compatible with
various mainstream catalytic systems, including Mo-based catalysts and bimetallic Cu-Fe catalysts, providing
an efficient regulatory route to overcome the intrinsic performance bottlenecks of different catalyst families.

As summarized from the foregoing comparative investigations of MoS, and Mo,C molybdenum-based
catalysts, under identical K and Mo loadings, MoS, sulfide catalysts construct abundant interlayer sulfur
vacancies and heterogeneous MoS,/KMoS, interfaces'*, which substantially strengthen CO insertion and C-
C coupling kinetics. Accordingly, MoS, delivers superior C,, alcohol selectivity and space-time yield relative
to Mo,C carbides. Conversely, the intrinsic active sites of Mo,C favor the single-carbon hydrogenation
pathway, yielding methanol and light alkanes as dominant products accompanied by abundant surface acidic
sites!*). Standard K doping dosages fail to deliver satisfactory regulation effects for Mo,C; higher K loadings
are therefore required to neutralize surface acidic sites, restructure CO adsorption modes, and ultimately
elevate the fractions of total alcohols and long-chain alcohols in product distribution.

For the Mo,C/y-Al,O, catalytic system described in previous sections, single-K modification improves the
crystallinity of the B-Mo,C phase and optimizes the valence distribution of Mo species®. When combined
with Ni to form a dual-promoter system, K and Ni generate synergistic electronic effects that simultaneously
tune the non-dissociative CO adsorption strength and balance the competing reactions of carbon chain
propagation and hydrogenation. This suppresses excessive C-O bond hydrogenolysis from a kinetic
perspective, mitigates the formation of hydrocarbon byproducts such as methane, and markedly boosts the
yield of liquid alcohol products.

Within the bimetallic Cu-Fe catalyst category belonging to modified Fischer-Tropsch systems discussed
earlier, the K promoter exerts multiple regulatory functions. On one hand, K accelerates the RWGS reaction
over catalyst surfaces, continuously supplying active CO intermediates. Conversely, it modulates the electron
density at metal-metal interfaces to enhance linear CO adsorption while weakening bridged CO adsorption,
thereby delicately balancing the two competing pathways of CO dissociative and non-dissociative activation.
Meanwhile, K lowers the energy barrier for C-C coupling and inhibits over-activation of H,, restraining
alkylation side reactions at the source to reduce alkane and alkene byproducts and selectively enrich C,,
alcohols"*. Such regulatory effects effectively alleviate the inherent drawbacks of Cu-Fe catalysts, including
facile phase segregation and overly broad product distribution.

COMPARISON OF DIFFERENT CATALYSTS IN SYNGAS-TO-HIGHER-ALCOHOL SYNTHESIS

Based on the above-mentioned catalytic systems for syngas-to-higher-alcohol synthesis, Table 6 statistically
evaluates modified Fischer-Tropsch catalysts, Cu-based methanol-synthesis catalysts, Mo-based catalysts, Rh
single-atom catalysts, and multifunctional composite catalysts under varied operating conditions, covering
optimal temperature, pressure, H,/CO molar ratio, CO conversion, total alcohol selectivity, and C,*-alcohol
fraction. Combined with the intrinsic active-site configuration, support microstructure, and promoter
modulation strategy of each category, this comparative analysis dissects how bimetallic interfacial
interactions, defect engineering, surface electronic modulation, and tandem-site coordination govern CO
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activation, C-C coupling, carbon-chain propagation, and final product distribution during syngas
hydrogenation. This review emphasizes the underlying working mechanism, inherent bottlenecks, and key
inter-system differences among these catalyst classes.

Modified Fischer-Tropsch catalysts rely on bimetallic interfacial sites to mediate C-C coupling and carbon-
chain propagation, delivering superior long-chain-building capability relative to other monometallic
alternatives, which renders them promising for higher-alcohol production. Nevertheless, two intrinsic
drawbacks limit their practical deployment: narrow allowable temperature-pressure windows and abundant
competing side reactions, creating a performance trade-off in which high CO conversion and high higher-
alcohol selectivity cannot be readily achieved simultaneously. By comparison, Cu-based methanol-synthesis
catalysts activate CO and H, via metallic Cu sites under mild conditions with low energy input; however,
they lack efficient sites for C-C coupling™'. This mechanistic deficiency fundamentally limits their capacity
to generate long-chain alcohols. Moreover, Cu sites are prone to thermal sintering at elevated temperatures,
leading to more severe deactivation than observed for modified Fischer-Tropsch and Mo-based counterparts.

Distinguished by unique lattice and electronic structures, Mo-based catalysts exhibit strong tolerance to
sulfur and other impurities, enabling direct processing of crude, sulfur-containing syngas feedstocks - a
major practical advantage that Cu-based and Rh-based catalysts cannot match. Unfortunately, their intrinsic
catalytic activity is generally low, which compels harsh high-temperature/high-pressure operation to attain
reasonable CO conversion and thus increases process energy consumption. In sharp contrast, Rh single-
atom catalysts leverage atomically dispersed Rh sites to precisely steer reaction pathways, achieving the
highest C,, alcohol selectivity among the surveyed systems while suppressing undesired side-product
formation. The principal barriers for Rh single-atom catalysts stem from material and structural aspects: high
precious-metal cost, facile migration/leaching of isolated Rh sites, and complex fabrication protocols, which
greatly compromise structural durability and industrial scalability compared with earth-abundant Cu- and
Mo-based catalysts.

Multifunctional composite catalysts are designed to offset the weaknesses of single-component systems.
Through defect engineering, surface electronic tuning, and tandem-site coordination, they integrate the
carbon-chain-growth merit of modified Fischer - Tropsch catalysts, the mild-operation feature of Cu-based
catalysts, the anti-poisoning robustness of Mo-based catalysts, and the high-selectivity trait of Rh-based
catalysts. Such multi-site synergy enables balanced activity, alcohol selectivity, and operational stability, along
with much greater flexibility in tuning product distribution than monofunctional catalysts. Even so,
composite systems face formidable practical hurdles: precise component matching, sophisticated interfacial-
synergy control, and unsatisfactory long-term stability, all of which pose technical barriers to real-world
implementation relative to well-established single-component catalysts.

Collectively, the key distinctions across these catalyst families stem from their active-site nature:
monometallic-type catalysts operate on relatively fixed reaction pathways with pronounced trade-offs among
activity, selectivity, and stability, whereas composite catalysts rely on multi-site tandem synergy to break
these trade-offs but require elaborate material fabrication. In terms of operational-condition compatibility,
modified Fischer-Tropsch and Mo-based catalysts are adapted to harsh high-T/high-P environments,
whereas Cu-based and Rh single-atom catalysts prefer milder, low-energy-consumption reaction regimes.
This cross-system comparison clarifies mechanistic origins, pros and cons, and core differentiators of
representative catalytic platforms, furnishing rational theoretical guidance for structural design and targeted
modification of advanced syngas-to-higher-alcohol catalysts, and facilitating performance optimization and
industrial-relevant evaluation of state-of-the-art syngas-conversion technologies.
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Table 6. Master performance table of catalyst systems
H,/CO
. timal . Total alcohol C,. alcohol proportion .
Catalyst System Optimal temperature Op feed CO conversion .. 2 prop Optimal catalyst References
pressure A selectivity in total alcohols
ratio
Modified F-T Cu-Co-based catalysts 240 °C 40 bar (4 MPa) 1.5 11.0% (Co,Cu,) 30.8% / Co,Cuy, [64]
P— e o 27.3% (peak at 0.5 wt% 0.5 wt% K modified
Modified F-T Cu-Fe-based catalysts 260 °C 40 bar (4 MPa) 2.0 K) / / CuFeMnZnO [72]
Modified methanol synthesis No unified temperature & CO, conversion follows 8 Highest methanol C3Z275 (Zn0:ZrO, mass ratio
Cu/Zn0,/Zr0 pressure for the optimal / / volcanic curve with space-time yield Almost no C,, alcohols =25 [86]
? formulation C3Z275 maximum value '

MoS, molybdenum sulfide catalysts  300-340 °C 3-7 MPa 1-2 Moderate High :ihhzlr:port'c’” ofCa K & Co co-doped Mos, [106]
Mo,C molybd bid

0.~ moybaenum carbide 300 °C 3.0 MPa 2 7.2% 67.6% 56% (37% ethanol) KNiMo,C/ALO, [109]
supported on Al,O,
Mo,C molybdenum carbide 380 °C 7.0 MPa 1 47.9% 57.9% 76.7% (50.9% ethanol)  Ni/K/Mo,C@LC [94]
supported on lignin carbon (LC)

. . Low temperature range: . . . Outstanding ethanol Ethanol as the dominant . .
Single-atom Rh noble metal catalysts 220-270 °C 1-3 MPa 2 Medium to high selectivity product Rh1/CeTiOx, RhLi@SiO, [125]
H 0 0,

RhK/Mo,C composite catalysts :‘;ixeﬂus"’e temperature 1 \ipa/3MPa E/'lia/‘; (IMP2)/20.2% G 44 49%,/51.4% 85.6%,/71.0% RhK/Mo,C [15]
Multifunctional tandem CoMn- : . No obvious decay over High oxygenate Stable product Composite of CoMn oxide &
CuZnAlZr catalysts 220-240°C 6 MPa 2 long-term operation selectivity distribution CuZnAlZr oxide [149]
FeCo Alloy carbide/CuZnAl tandem  Working condition for CO, . . High ethanol Ethanol as the major
catalyst hydrogenation / / High CO, conversion selectivity product (Fes,Co,,):C,/CZA [52]

F-T: Fischer-Tropsch synthesis.

CONCLUSION AND OUTLOOK

A multi-system collaborative research paradigm has been established for higher-alcohol synthesis from syngas, yet each catalyst category suffers from inherent

drawbacks and limited modification options. Modified Cu-Co Fischer-Tropsch catalysts are prone to metal-phase segregation, a seesaw effect triggered by variations in

the Cu/Co molar ratio, sintering, and carbon deposition. Cu-based catalysts derived from modified methanol synthesis systems readily undergo water-induced

deactivation at high temperatures and exhibit mismatched active interfaces. Molybdenum-based catalysts require harsh temperature and pressure conditions, and

single-alkali modification fails to balance catalytic activity and C,, alcohol selectivity. Rhodium-based noble metal catalysts incur excessive material costs, while high Rh

loadings facilitate the formation of methane byproducts. Multifunctional tandem catalysts face difficulties in precisely tuning the spatial distance between active

components, resulting in unsatisfactory interfacial synergy efficiency.
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Unlike conventional reviews that merely tabulate catalytic performance and isolate modification rules, this
review offers unique, systematic insights. Centered on the integrated reaction network of CO/CO,
hydrogenation, it compares and analyzes CO activation and C-C coupling mechanisms across five major
catalyst families. This research systematically summarizes the regulatory boundaries of four synthetic routes,
supports, and promoters in modulating defect vacancies and metal-support interactions, as well as in tuning
product distribution. A comprehensive structure-performance correlation framework linking synthesis
procedure, microscopic morphology, active sites, and catalytic behaviors is constructed, offering systematic
guidance for the rational design of high-efficiency catalysts.

Building on these advancements, future research on converting syngas to higher alcohols should focus on
achieving breakthroughs in the following directions:

(i) Deepen mechanistic insights and structure-performance relationships. Leveraging advanced
characterization techniques, including DFT calculations and attenuated total reflection surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS), is essential for accurately elucidating the formation
mechanisms of active sites, the CO adsorption-activation-coupling pathways, and the specific roles of
promoters. This will provide a robust theoretical foundation for the rational and directed design of catalysts.

(ii) Advance collaborative innovation and performance optimization of catalyst systems. By integrating the
structural advantages of diverse catalyst systems, high-efficiency composite catalytic materials can be
developed. Research should target critical challenges - such as enhancing the activity of Mo-based catalysts
and controlling the cost of Rh-based systems - by exploring novel promoter combinations and structural
modification strategies to further improve C, OH selectivity and long-term catalytic stability.

(iii) Accelerate process scale-up and industrialization. To overcome bottlenecks in process scaling, efforts
must focus on optimizing reactor design and reaction conditions to establish low-cost, energy-efficient
production processes tailored to China’s energy structure. Furthermore, in-depth studies of catalyst
deactivation mechanisms and regeneration technologies are crucial for resolving key industrial issues,
including coking and the loss of active components.

(iv) Broaden feedstock diversity and application scenarios. Aligned with the “dual carbon” goals, research
should intensify efforts on the coupled conversion of CO, and syngas into higher alcohols. Developing
flexible catalytic processes adaptable to multi-feedstock systems will promote the diversified application of
higher alcohols as fuels and chemical intermediates, thereby contributing to the construction of a sustainable,
low-carbon energy system.
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