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The production of ethanol and higher alcohols (HA) via CO5 hydrogenation with achieving high product
selectivity and catalyst stability is a difficult scientific and technological challenge due to chemical inertness of
CO,, complexity in various reaction routes, and uncontrollability of C-C coupling from untamed surface moieties
in HA synthesis. One of the main solutions is a catalyst design, which can overcome these issues. Hence, in this
review, we summarize and analyze the recent advances in thermocatalytic direct CO3 hydrogenation into ethanol
and HA in batch and continuous fixed-bed reactors. The introductory section delves into the discourse sur-
rounding carbon capture and utilization, highlighting the constraints imposed by reaction thermodynamics, and
emphasizing the indispensable role of catalysts in the conversion of CO; to ethanol and HA. The second section
highlights the potential promising catalyst families, in a batch reactor, including modified Cu-based catalysts,
modified Co-based catalysts, and a noble-metal catalysts, together with various promoters, supports, and solvent
effects specified in each case. The third section reviews the family most active catalysts, but in continuous fixed-
bed reactor, including modified Cu-, Co—, Fe-based and noble metals catalysts. The fourth section reviews the
possible reaction mechanisms (CO-mediated pathway, formate/methoxy-mediated pathway, and C-C coupling
pathways) for ethanol and HA production. Ultimately, the conclusion and future perspectives are provided to
offer a forward-looking assessment of catalyst development including approaches to enhance selectivity towards
ethanol/HA based on the available experimental results.

1. Introduction

Every day, huge amounts of greenhouse gases (GHG) are emitted and
accumulate in the atmosphere which in turn causes global warming.
Notably, carbon dioxide (CO2) contributes to 72 % of the GHG emis-
sions, mainly due to the combustion of large amounts of fossil resources,
and its emission keeps rising in recent years (Fig. 1a) [1]. The global CO4
emissions in 2018 were approximately 33.9 Gt [2]. Therefore, carbon
capture and utilization (CCU) and/or carbon capture and storage (CCS)
are critical to reducing CO5 emissions, a major air pollutant, and miti-
gating global warming (Fig. 1b) [2], where CCU is a more attractive and
promising pathway [3]. These technologies provide substantial advan-
tages in carbon emissions reduction. The latter specifically fosters a
circular economy by encouraging industrial symbiosis among high COy
footprint industries and facilitating renewable energy storage. These
efforts align with the European policy objective of achieving a 40 %
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reduction in GHG emissions by 2030, relative to 1990 levels [4].

At present, approximately 22 million tons of coal, 10 billion m® of
natural gas, and 12 million tons of oil are combusted daily to fulfill 82 %
of the current total energy demand. This results in an annual emission
exceeding 30 billion tons of COy into the environment [5]. COy as
feedstock for chemical processes has attracted great attention since it
can reduce the cost and increase the profit for reducing CO5 emissions.
At the same time, the CO5 molecule exhibits remarkable thermodynamic
and chemical stability. When employed as a sole reactant, its utilization
demands substantial energy. However, a fascinating shift occurs when
introduced a coreactant possessing higher Gibbs free energy, such as Hj.
In this context, the reaction becomes more thermodynamically favor-
able, facilitating the transformation of CO3 into a valuable resource [6].

The “Power-to-Fuel” strategy, which utilizes excess renewable en-
ergy from wind and solar, has gained significant attention [4]. A key
component of this approach is CO, hydrogenation, especially when
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combined with CO, capture and renewable Hy production via electrol-
ysis. As a result, extensive research has focused on CO3 hydrogenation to
create a direct route for producing chemicals used as fuels or feedstocks
in alternative processes. Among the various technologies explored,
catalytic hydrogenation stands out as the most advanced and promising,
with different catalysts enabling the conversion of CO; into a wide range
of products, as shown in Fig. 2a [4]. As illustrated in Fig. 2b, the prin-
cipal outcomes of CO, activation and transformation/hydrogenation
encompass methane, methanol, higher alcohols (HA), dimethyl ether
(DME), and hydrocarbons, including olefins, liquefied petroleum gas
(LPG), gasoline, and aromatics [4,7-26].

In recent years, the research studies related to “COx or ethanol” have
experienced significant intensification, and the number of related sci-
entific publications has tremendously increased, as shown in Fig. S1. In
Fig. 3a, itis evident that CO, serves as a versatile feedstock for numerous
processes, with a diverse array of technologies available at varying
levels of technological maturity — ranging from laboratory experiments,
small pilots, and demonstrations to readily accessible commercial-off-
the-shelf (COTS) options. The analysis conducted by the International
Energy Agency (IEA) emphasizes that a substantial 75 % of the requisite
emission reductions for achieving carbon neutrality must be derived
from a multitude of technologies that are currently in an immature state.
Importantly, this does not necessitate the invention of entirely new
technologies but rather the swift scaling-up of existing benchtop tech-
nologies from laboratories to pilot projects, then demonstrations, and
ultimately integration into the market for actual industrial processes
[27]. Fig. 3b indicates a potential reduction of 50 % in CO2 emissions in
the near future when utilizing fossil CO9, and a complete elimination of
emissions in the case of atmospheric or biogenic CO; in the long term.
However, caution is necessary to prevent lock-in effects, as the majority
of fossil CO4 sources must be phased out to achieve ambitious climate
targets. Additionally, Fig. 3b underscores that CCU should only utilize
CO4 from sources with hard-to-abate emissions, avoiding those where
low-carbon energy could have been used more directly. Regarding e-
fuels or other synthesized fuels, achieving net-zero or even net-negative
emissions depends on the origin and destination of the CO. To attain the
ultimate goal of carbon negativity, the CO, must be biogenic (from
biomass) or sourced from direct air capture (DAC), followed by per-
manent sequestration. Throughout the entire process, upstream and
downstream GHG emissions must be smaller than the quantity of GHGs
removed [27].

Thus, together with the generation of renewable Hj, which can be
produced by water electrolysis with electricity generated from solar or
wind sources, CO; capture and conversion provide a sustainable way for
the synthesis of fuels and chemicals including CO, CHy, olefins, aro-
matics, dimethyl ether, liquid hydrocarbons, formates/formic acid, and
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alcohols [28-48]. One of the most promising approaches toward CO4
valorization is the direct hydrogenation of the latter into ethanol and/or
HA. The reduction of CO, can be achieved through thermal catalysis
[1,2,5,49,50], photocatalysis [51-56], or electrocatalysis [57-63], with
thermal catalysis standing out for its advantageous kinetics and
garnering considerable attention [64].

Between 1913 and 1928, BASF secured a series of German patents
[65-68] that laid the foundation for the production of a range of alco-
hols, hydrocarbons, aldehydes, ketones, and carboxylic acids from the
hydrogenation of CO under high-pressure conditions. These processes
were typically carried out at pressures of 100-200 bar and temperatures
ranging from 300 to 500 °C, employing metal oxide catalysts [69]. The
primary catalysts disclosed in these patents were predominantly ZnO,
often combined with CryO3 and/or MnO. Additionally, a variety of other
oxides, such as uranium, vanadium, and cadmium oxides, were also
explored. The inclusion of various metals, including Cu, Ag, and Pb, was
noted to enhance catalytic activity or selectivity in some cases. These
early contributions represent significant advances in the field of cata-
lytic hydrogenation and laid crucial groundwork for future de-
velopments in the field of synthetic fuel production. Intentional
incorporation of CO, into the traditional CO/H; feed gas was rarely
documented before the 1960 s. One significant exception came from
Schmidt and Ufer [70] of BASF, who in 1925 secured a patent for a
variety of mixed oxide (Cu, Na, Ti, U, V, Cr, Mg, etc.) catalysts. These
catalysts were designed to facilitate methanol production from carbon
oxides, whether CO, CO,, or a combination of both, in the presence of
Hpy. Although innovative, this approach to using CO» in methanol syn-
thesis was not widely adopted until much later. In the 1980 s, efforts
began to develop a process for synthesizing ethanol (CoHsOH) and HA
from CO3, using catalysts derived from syngas conversion methods [71].
However, the inherent low reactivity of the CO, molecule, coupled with
competition from hydrocarbons and C; compounds for selectivity, posed
significant limitations on achieving desirable yields of HA. Intensive
investigation and practical implementations have centered around
catalyzing the conversion of CO, into methanol (CH3OH), with a
particular emphasis on utilizing the Cu/ZnO/Al;O3 catalyst [6,69]. In
contrast, the conversion to CoHsOH, a safer alternative with a higher
energy density, has seen limited exploration. The primary industrial
catalyst for synthesizing CH3OH from CO; hydrogenation (CO3 + 3Hy —
CH30H + Hy0) is the Cu/ZnO/Al,03 catalyst, as highlighted in litera-
ture [72]. This catalyst predominantly produces CO and CH3OH as the
main products. However, its limitations prevent the synthesis of
CoHsO0H (2CO4 + 6Hy — CoHs0H + 3H20), attributed to challenges in C
— O bond scission and C — C coupling through adsorbed formyl (*CHO)
or formaldehyde (*CH,0) precursors [73]. The first catalytic demon-
stration of ethanol and HA synthesis from CO, hydrogenation dates back
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Fig. 1. (a) — Annual CO; emissions from various sources. Adapted with permission from Ref. [1]; (b) — Schematic representation of the circular carbon economy.

Adapted with permission from Ref. [2].
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Fig. 2. (a) — Showcases an assortment of products derived from CO, hydrogenation using different catalysts, and (b) — Demonstrates various potential routes for

creating value-added products via CO, hydrogenation.
Reproduced with permission from Ref. [4].

to 1985, when Tatsumi et al. [74] successfully employed a Mo-KCl/SiO4
catalyst. This catalyst showed moderate activity in converting CO into
Co;OH compounds, marking a significant early step in the development
of catalytic processes for the production of ethanol and higher alcohols
from CO,.

The combustion of petroleum-derived fuels results in significant CO5
emissions, and alcohols derived from COs offer a potential substitution
or blending option to reduce their overall consumption. Methanol,
ethanol, 1-propanol, 1-butanol, 1-pentanol, and 1-hexanol possess en-
ergy densities of 22, 30, 33, 36, 38, and 39 MJ/kg, respectively, with the
latter three closely approaching the lower thresholds of natural gas,
diesel, and gasoline (approximately 42 MJ/kg). These alcohols exhibit
superior combustion characteristics due to their higher octane numbers
compared to gasoline. The combination of alcohols with conventional
fuels has demonstrated a reduction in greenhouse gas emissions and
particulate matter during combustion, while also delivering engine
performance equivalent to or exceeding that of gasoline. Additionally,
these alcohols maintain a liquid state under standard temperature and
pressure conditions, allowing for storage in nonpressurized tanks [75].

Ethanol has various applications such as a clean fuel, engine fuel, fuel
additive, intermediate of manufacturing industries, feedstock, solvent,
low-temperature liquid, etc. The global bioethanol production is esti-
mated to increase from 120 billion liters in 2017 to 131 billion liters by
2027, where a half of this increase is expected to originate from Brazil,
and the other large contributors to the expansion in bioethanol pro-
duction are Thailand, China, India, and the Philippines with 12 %, 10 %,
9 %, and 5 %, respectively [76]. Ethanol can be obtained by synthetic
routes (Fig. 4a) through the hydration of ethylene over a solid acid
catalyst or by the fermentation of sugar, grain crops, and waste biomass.
The production of ethanol from ethylene has many disadvantages,
mainly including high production cost, non-environmentally friendly
route, unsustainable production, and hazardous feedstock. Therefore,
the fermentation method is more favorable. At the same time, the
toxicity of ethanol to yeast limits the concentration of ethanol in a
fermentation reaction, and further distillation is necessary to obtain the
high concentrated ethanol [76]. Moreover, ethanol production via
fertilization of corn and sugar cane is considered non-ethical (food
versus fuel discussions).

Methods for the hydrogenation of CO into ethanol or HA are in great

demand but their development is still challenging. Typically, noble-
metal-based catalysts such as Pd, Pt, and Rh were employed to address
the initial challenges of C-O activation and subsequent C-C coupling
hurdles in ethanol production via CO, hydrogenation. However, due to
the high cost associated with these catalysts, there has been a shift in
focus within the research community towards exploring abundant
transition metals as alternative options [77]. The combination of a metal
(s), metal oxides and zeolites can be considered as a multifunctional
catalyst [77-82] where impregnated transition and alkali metals will be
responsible for the hydrogenation function, C — C coupling and help to
prolong the zeolite support lifetime which possesses unique shape
selectivity and acidity (Fig. 4b).

It is still a challenge to achieve highly efficient conversion of CO5 due
to the low selectivity and poor catalyst stability. Moreover, the direct
CO2-to-ethanol transformation or HA, which is more challenging than
the multiple reaction processes, still exhibits poor ethanol productivity.
Achieving the direct production of ethanol or HA through CO5 hydro-
genation poses significant challenges. This difficulty arises not only due
to the thermodynamic stability and chemical inertness of CO, but also
because of the intricate nature of multiple reaction pathways and the
uncontrollable coupling of C-C bonds from unregulated surface moi-
eties. Furthermore, this process necessitates both dissociative and non-
dissociative adsorptions of C — O bonds to generate surface alkyl and C
(H)O species, respectively. The inherent mismatch in the kinetics of
these processes, coupled with the presence of various side reactions,
typically leads to low activity and selectivity in the production of HA
from CO; hydrogenation. Over the past four decades, and notably in
recent years, significant advancements were made in the preparation
methods and in situ characterization techniques for catalysts of this na-
ture. This includes thermodynamic calculations specific to HA synthesis
in comparison to other reactions involved in direct CO, hydrogenation.
The principal reactions in CO3 hydrogenation encompass the following
list of reactions [5]:

Reverse water—gas shift (RWGS):

CO, + Hy —» CO + Hy0 1)
CO3 hydrogenation to alkanes:

nCO;3 + (3n + 1)Hy — CyHap o + 2nH0 (2)
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CO3 hydrogenation to alkenes:

nCO; + 3nHy — CyHap + 2nH20 3
Methanol synthesis:

CO + 3Hz — CH30H + Hy0 )]
HA synthesis:

nCOz + 3nHy — CpH2p110H + (20 — 1)H20 5)

As illustrated in Fig. 5A and Fig. 5B, most CO, hydrogenation
pathways exhibit exothermicity and thermodynamic favorability at low
temperatures, with the exception of the RWGS reaction. Consequently,
the RWGS reaction is unlikely to occur independently, but it may act as a
parallel side-product when overall thermodynamics are favorable for all

reactions. Ethanol synthesis emerges as more favorable than methanol
synthesis at lower temperatures, attributed to its lower Gibbs free energy
of reaction and a higher equilibrium constant value. It is important to
highlight that the formation of alkanes is highly exothermic, with
calculated equilibrium constants considerably surpassing those of HA at
all temperatures, making alkanes, such as CH4 and Cy, the most ther-
modynamically favored products. In Fig. 5C, it is demonstrated that
allowing methanation as a reaction leads to an equilibrium yield of
ethanol approaching zero. This underscores the need for selective cat-
alysts to inhibit or significantly reduce methanation, which is strongly
thermodynamically driven. When restricting carbon products to only CO
and ethanol, substantial equilibrium concentrations of ethanol can be
achieved at temperatures below 350 °C (Fig. 5D). Consequently, ethanol
synthesis should be conducted at low temperatures through a different
kinetic route, introducing a barrier to the formation of alkanes before
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they become predominant products, given that all equilibria are estab-
lished at high temperatures. While methanol formation is less thermo-
dynamically favorable than ethanol synthesis, it remains a competitive
kinetic route. This is due to the likelihood of methanol synthesis and HA
synthesis sharing the same active site for the hydrogenation of C-O

bonds without the cleavage of C-O bonds in alcohol formation. Kineti-
cally, HA synthesis is more intricate than methanol synthesis and is
generally considered a combination of Fischer-Tropsch synthesis and
methanol synthesis. Therefore, based on the analysis above, an effective
HA synthesis catalyst should possess the ability to create a substantial
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kinetic barrier for alkanes formation and methanol synthesis, ensuring
high selectivity towards HA under the given reaction conditions.

He et al. [83] investigated the thermodynamics of CO, hydrogena-
tion to HA using Aspen Plus. They examined the effects of alcohol iso-
mers and methane on the reaction system, finding that methane is the
most thermodynamically favorable product, which hinders HA forma-
tion. However, low temperatures, high pressures, a high H,/CO; ratio,
and the formation of longer-chain alcohols can mitigate CH4 negative
impact on HA synthesis. Additionally, the same authors [84] demon-
strated that recycling unreacted tail gas, as well as co-feeding CO, plays a
crucial role in improving CO2 conversion to ethanol. Their thermody-
namic study, conducted using Aspen Plus, analyzed the effects of tail gas
recycling and CO co-feeding on CO; conversion and ethanol selectivity
under varying temperatures and pressures. The results revealed that
optimizing the recycle ratio and the CO/(CO + CO-) ratio in the feed
could significantly enhance ethanol synthesis. He and colleagues [85]
recognized that the process (CO5 to EtOH), despite its potential, may
generate additional COy emissions due to the consumption of heat,
electricity, and the emission of tail gas. To address this, the authors
model and investigate the influence of critical parameters, such as CO5
conversion rate per pass, tail gas splitting ratio, and reaction tempera-
ture, on the overall CO, conversion efficiency, energy consumption, and
emission reduction. Their results indicate that a moderate single pass
CO4 conversion rate (around 15 %), a high tail gas splitting ratio (around
0.8), and a relatively high reaction temperature (around 250 °C) are
optimal for practical applications of this process. With a CO; processing
capacity of 268 kt per year, their study demonstrates that up to 86.9 % of
CO; emissions could be eliminated, resulting in an annual ethanol pro-
duction of 141 kt. This highlights the high efficiency of the hydroge-
nation process in reducing CO, emissions.

The techno-economic analysis indicates that the synthesis of alcohols
from CO2 and green hydrogen has the potential to be economically
viable, provided that the separation of alcohols from other reaction
byproducts is performed efficiently [49]. Optimizing this separation
process is a key factor in improving overall process economics and
ensuring the commercial feasibility of CO2-to-alcohol conversion tech-
nologies. In the work by Vo and colleagues [86], process systems engi-
neering analysis is used to assess the techno-economic and
environmental performance of three thermocatalytic CO2-based plants
individually producing liquid hydrocarbon transportation fuels (LHTF),
methanol, and 1-propanol. The study concluded that, unlike LHTF and
methanol plants, the 1-propanol plant generates a substantial profit. The
key limiting factor for LHTF and methanol is the cost of CO, and Hj
inputs, which need to drop by approximately 80 % for these plants to
break even. The analysis also indicated that implementing a tax struc-
ture is not a viable solution, as it would need to be more than four times
the highest carbon tax currently applied in the country. In terms of
environmental performance, CO5 utilization efficiencies were reported
as 45.5 % for LHTF, 60.1 % for methanol synthesis, and -33.8 % for 1-
propanol synthesis. The negative efficiency observed in the 1-propanol
plant highlights the critical need for more sustainable ethylene pro-
duction, as ethylene serves as the key raw material for the hybrid process
involved. Despite this, when comparing the entire lifecycle of these
products to their conventional counterparts, the 1-propanol plant still
shows a significant reduction in CO5 emissions, with 85.9 % less CO4
emitted, compared to reductions of 77.4 % for methanol and 35.9 % for
LHTF.

One year later, Vo et al. [75] conducted a more comprehensive
techno-economic and environmental evaluation for the synthesis of 1-
propanol, 1-butanol, 1-pentanol, and 1-hexanol using captured CO,
and green hydrogen via the syngas route (CO to syngas to higher al-
cohols). This analysis demonstrated that, under ideal conditions for
conversion and selectivity, 1-pentanol and 1-hexanol plants exhibit
economic viability, while the costs of manufacturing 1-propanol and 1-
butanol exceed their revenues. Specifically, raw materials accounted for
83 % of the total cost of manufacturing, utilities for 12 %, and
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wastewater treatment for 5 %, excluding capital expenditures (CAPEX).
Sensitivity analysis highlights that for the 1-propanol and 1-butanol
processes to break even, the cost of hydrogen must fall from the cur-
rent level of approximately $2500 t ! to around $2100 t ! and $1700
t~1, respectively. One of the key challenges is that 55-60 % of the
hydrogen is lost to byproduct water in these processes, an inherent issue
with thermocatalytic CO2 hydrogenation. While a standalone green 1-
propanol plant is not economically viable at present, the authors pro-
pose a hybrid process combining a recently studied route using ethylene
and CO»-derived syngas with the novel route based solely on CO». This
hybrid approach has the potential to reduce the carbon footprint
without relying on carbon sequestration and could also be profitable at
the prevailing hydrogen costs.

Several research groups are actively investigating CO, hydrogena-
tion, and a series of recent reviews [1,2,5,49,50,87-98] were released,
shedding light on the latest progress in catalytic COy hydrogenation.
These reviews offer brief summaries of catalyst classifications and po-
tential reaction routes, building upon previous research discoveries.
However, to the best of our knowledge, there is a noticeable lack (or only
a limited number) of comprehensive and detailed review articles spe-
cifically dedicated to CO, hydrogenation with a focus on the production
of ethanol and HA. The field of ethanol and HA production from CO,
hydrogenation lacks an integrated and thorough analysis of active
metals, support and promoter effects, as well as the underlying reaction
mechanisms. This review aims to fill this gap by summarizing and
analyzing the progress made in the direct CO, hydrogenation to ethanol
and HA through heterogeneous catalysis over the past decade. The
initial section will concentrate on catalyst systems utilized in fixed-bed
and batch reactors, shedding light on the roles played by promoters and
supports. The subsequent section will provide an overview of the dis-
closed reaction mechanisms found in the literature. Through this, we
aim to extract valuable guidance and insights from prior works.
Furthermore, we identified key areas for further investigation based on
our critical analysis, encompassed in sections addressing strategies for
enhancing ethanol and HA selectivity. The outlook (challenges and
future perspectives) and conclusions sections provide a summary of our
findings and future directions for interested readers. This review aspires
to serve as a comprehensive resource for researchers and practitioners in
the field, fostering a deeper understanding of the challenges and op-
portunities in the quest for efficient CO, hydrogenation to ethanol and
HA.

2. Catalysts in batch reactors

The use of a batch reactor in a solvent offers a distinct advantage over
a fixed-bed reactor for ethanol and HA production, primarily due to its
enclosed recirculating environment. Developing an efficient catalyst for
ethanol and HA production through CO, hydrogenation necessitates a
dual focus on enhancing CO; activation and facilitating C — C coupling
on the catalyst’s surface [50]. Addressing this challenge entailed sig-
nificant endeavors in designing and synthesizing selective catalytic
systems. These encompass transition-based systems including Cu, Co
and bimetallic configurations, mono-metallic noble metal catalysts such
as Rh, Ru, Ir, Pd, Pt, and Au, multimetallic/multifunctional catalysts,
and metal-organic frameworks (MOFs). Within this chapter, catalysts
for the conversion of CO3 to ethanol and HA are systematically classified
into three distinct groups: Cu-based catalysts, Co-based catalysts, and
noble-metal-based catalysts. Each of these categories plays a pivotal role
in contributing unique advancements to catalytic efficiency in the tar-
geted conversion processes.

2.1. Cu-based catalysts with different promoters, supports, and solvents
Cu-based catalysts are widely employed in methanol synthesis

[99-106]. Additionally, owing to the RWGS activity inherent in Cu-
based systems, various modified catalysts were utilized for the
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synthesis of ethanol and HA from syngas [6,80,107-110]. Batch re-
actors, employing Cu-based catalysts for the hydrogenation of COj,
demonstrated superior catalytic activity compared to fixed-bed reactors,
resulting in higher selectivity towards ethanol and HA (Table 1). An
illustrative example is presented by An et al. [111], who employed a
Cs"-modified MOF catalyst (Zrj2-bpdc-CuCs) in achieving highly selec-
tive (>99 %) hydrogenation of CO; to ethanol. This reaction was con-
ducted at 100 °C for 10 h under 350 bar in tetrahydrofuran (THF),
resulting in an outstanding space-time yield (STY) of 728 mmol- g{alfh*l,
currently unmatched in the literature (Fig. 6b). The study revealed a
notable decrease in Cu TON (turnover number) as the Cu loadings
decreased. Specifically, Cu TON dropped from 279 (in 10 h) with N¢u/
SBU = 11 to 82 with N¢,/SBU = 7, and further declined to 10 with N¢,/
SBU = 3 (Fig. 6a). The authors propose, as depicted in Fig. 6¢, that alkali
plays a crucial role in the catalytic process, influencing the selectivity of
ethanol in the order of Li < Na < K < Cs. The catalytic activity is ascribed
to the cooperative behavior of bimetallic Culy centers, which not only
facilitate Hp activation but also enable the direct C-C coupling of
methanol and formyl species. The alkali-metal promoters further
contribute by creating an electron-rich environment for the Cu center,
enhancing activity, and stabilizing a formyl intermediate.

Bai et al. [112] successfully synthesized highly organized Pd-Cu
nanoparticles (NPs) designed for the hydrogenation of CO to ethanol
(Fig. 7). Through careful adjustments to the catalyst composition and
support, the optimized 1.23 %Pd;Cu NPs/P25 catalyst demonstrated
remarkable results, achieving a noteworthy ethanol selectivity of up to
92.0 % and a substantial STY of 41.5 mmol~g(;11t-h’1 at 200 °C under 24
bar in a water medium after 5 h (Fig. 7 I).

The study proposed that the enhanced selectivity observed in the
optimized PdyCu NPs/P25 catalyst is likely attributed to the charge
transfer between Pd and Cu in the well-ordered Pd-Cu NPs/P25 struc-
ture. This charge transfer is believed to enhance the reducibility of
surface oxides. Additionally, results from DRIFTS indicated (Fig. 7 II)
that the hydrogenation of *CO to *HCO is a crucial step, leading to a
reduction in *CO coverage and mitigating the adverse effects of *CO
poisoning. This particular step was identified as the rate-determining
process for the overall CO, hydrogenation to ethanol. The high cata-
lytic activity of PdoCu NPs/P25 in CO, hydrogenation to ethanol can be
attributed to the low coverage of *CO over Pd atoms, particularly in the
form of 3-fold bridge-bonded *CO species. These species are more
readily converted to ethanol compared to 2-fold bridge-bonded *CO
species present on other Pd-Cu NPs/P25 structures.

A comprehensive investigation was conducted, integrating
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theoretical insights with experimental observations, to analyze the dual
impact of surface segregation and diverse CO coverage over the CoCu
(111) surface in COy hydrogenation [113]. The results showcased a
remarkable achievement, with a selectivity exceeding 60 % towards
ethanol and a notable STY of 10 mmol-gei-h~!. The investigation
revealed that the crucial step in promoting ethanol production involves
the scission of the C — O bond and subsequent hydrogenation of the
intermediate *CH2O. This relationship was identified as a key factor
influencing the overall efficiency of the ethanol production process.
Wang et al. [114] employed CoCu-based catalysts supported on meso-
porous silica MCM-41, achieving an impressive ethanol selectivity of up
to 85.3 %, with an ethanol STY of 0.229 mmol/(gmetai®h). The study
revealed that adsorbed oxygen (O*) generated through CO, dissociation
has the ability to occupy cobalt hollow sites on the CoCu surfaces.
Significantly, these cobalt hollow sites serve as adsorption sites for C;
intermediates, facilitating further C — C coupling in the catalytic
process.

2.2. Co-based catalysts with different promoters, supports, and solvents

Co is a well-established element in the classic Fischer-Tropsch syn-
thesis [127-129] and found extensive application in the hydrogenation
of CO; to ethanol and HA (Table 1). However, it is noteworthy that Co
inherently exhibits low activity in the RWGS reaction but possesses
strong CO, methanation capabilities [130,131]. Utilizing the optimized
Cog.52Nip.48AlOx catalyst [115], an impressive ethanol STY of 15.8
rnmol~gc_alt-h_1 was achieved in a batch reactor (Fig. 8).

This catalyst exhibited a remarkable ethanol selectivity of 85.7 %
under the operating conditions of 200 °C for a duration of 12 h. The
CoAlO4-600 catalyst, composed of cobalt-aluminum oxides calcinated at
600 °C, was synthesized and examined by the same research group
[118]. Their findings revealed an impressive 92.1 % selectivity towards
ethanol, coupled with a substantial STY of 0.444 mmol-g{,}t‘h’l under
operating conditions of 140 °C and 40 bar (Fig. 9). This led to the
conclusion that reducing the extent of reduction had a notable impact on
both the STY and ethanol selectivity, highlighting a significant aspect of
catalyst performance.

In a batch reactor operating at temperatures ranging from 135 to
200 °C, with a liquid 1,4-dioxane solvent, the CO, hydrogenation pro-
cess was examined using MoyC-supported metal catalysts (Cu, Pd, Co,
and Fe) by Chen and colleagues [116]. The inclusion of Cu and Pd in the
catalyst composition was found to augment the methanol production,
whereas the presence of Co and Fe contributed to an increased chain-

Table 1
The catalytic performance and reaction conditions of heterogenous catalysts in CO, thermocatalytic hydrogenation to EtOH and/or C,,OH in a batch reactor.
Catalyst Catalytic performance Reaction conditions Ref.
STYgon Xco2 Skion or Ca. OH(%) T P Solvent H,/CO, TOS
mmol-ggi-h~! (%) (@] (bar) ®)
Zr12-bpde-CuCs 87.9 96 >99.0 100 20 THF 3 10 [111]
728 52 85 350
1.23Pd;Cu NPs/P25 41.5 N.A. 92.0 200 24 H>,0 3 5 [112]
CoCu 10 N.A. 60.0 200 40 N.A. 3 12 [113]
CoCu/MCM-41 0.229 mmol/gmetar/h N.A. 85.3 200 40 H0 3 34 [114]
Cog.52Nip.48A10x 15.8 N.A. 85.7 200 40 H>,0 3 12 [115]
Co/Mo,C 4.4 N.A. 25 200 40 1,4-dioxane 3 2 [116]
CoMoCy 0.528 N.A. 97.4 180 15 DMF 3 6 [117]
CoAlOy 0.444 N.A. 92.1 140 40 H>0 3 15 [118]
1Pt/Co304 0.509 N.A. 82.5 200 80 H>0/DMI (15/85) 3 15 [119]
Au/a-TiO, 942.8 mmol/ga,/h N.A. 99.0 200 45 DMF 3 10 [120]
Rh;/CeTiOx 5.8 mmol/ggn/h 6.3 99.1 250 30 H,0 3 5 [121]
Rh/CNP 3.68 mmol/grn/h 4.9 81.8 250 30 H>0 3 5 [122]
Ir;-Iny03 0.99 N.A. 99.0 200 60 H0 5 5 [123]
[Au;1(PPh3)gCl,]Cl N.A. 1.42 80.0 120 30 H,0 3 14 [124]
Ko.2Rho 2/f-Mo2C 33.7 umol/gcar/h N.A. 72.1 150 60 1,4-dioxane N.A. 10 [125]
Ru3(C0O)12/C04(CO)12/ 29.5 mmol/L¢a/h N.A. 90.8 200 60 DMI 2 12 [126]
PPNCI

N.A. means that the data is not available in the reference-THF - tetrahydrofuran; DMF — N,N-dimethylformamide; DMI — 1,3-dimethyl-2-imidazolidinone.
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growth capability, thereby enhancing the formation of ethanol within
this specific reactor setup. In a recent study, Zhang et al. [117] inves-
tigated the synthesis of ethanol from CO, utilizing a range of CoMoCy
catalysts. Among these, CoMoC-800 exhibited notable characteristics,
demonstrating a high ethanol selectivity of 97.4 %. However, STY was
relatively modest, reaching 0.528 mmol-gc_alt-h_l. The experiments were
conducted at 180 °C in dimethylformamide (DMF) solvent under a
pressure of 20 bar. The solvent selection plays a critical role in influ-
encing the catalytic performance within a batch reactor configuration.
He et al. [119] conducted a study on CO2 hydrogenation aiming to
generate HA (Cy—C4) using a 1 %Pt/Co304 catalyst, achieving a STY of
0.509 mmol-gea-h ™! and a selectivity of 82.5 % at 140 °C, employing
various solvents. They observed that polar solvents such as water, 1,3-
dimethyl-2-imidazolidinone (DMI), and N-methyl-2-pyrrolidone
(NMP) exhibited superior performance in alcohol synthesis. This
enhanced performance could be attributed to solvent stabilization,
potentially involving hydrogen bonding with alcoholic species.

Liu et al. [132] developed a series of Co-based catalysts derived from
CoAl-CO%~ layered double hydroxides (LDHs) by tuning precipitation
pH and reduction temperature, using water as the solvent to achieve
varied reduction degrees and dispersions. By introducing the descriptor
“fraction of reduced and surface-exposed Co (Fco )", the authors suc-
cessfully quantified the Co®>~Co%* synergy, which is crucial for CO, hy-
drogenation to methane, methanol, and ethanol. They observed a
volcano-shaped relationship between Fco s and turnover frequencies
(TOF), with the optimized catalyst (pH 8.5, 750 °C reduction) achieving
a high CO, conversion rate of 26.8 mmol geth ' at 180 °C. Additionally,
the same group [133] investigated the impact of Co-metal oxide in-
teractions on CO; hydrogenation by calcining mixed CoAl hydroxide at

various temperatures, using water as the reaction media. They found
that a moderate Co-metal oxide interaction promotes a balanced
Co%-Co?* synergy, enhancing CO; conversion via the HCOO interme-
diate at the Co%-Co?* interface. This optimized synergy results in high
TOF for CO, conversion, with CHy selectivity exceeding 98 %, while
methanol and ethanol are produced as minor byproducts.

2.3. Nobel-metal catalysts with different promoters, supports, and
solvents

Noble metal catalysts such as Au, Rh, Pt, Ir, and Ru demonstrate
superior catalytic performance in CO, hydrogenation to produce ethanol
and HA. Table 1 provides a summary of the reported catalysts and their
corresponding catalytic results. Rh-based catalysts garnered consider-
able attention for their ability to selectively synthesize ethanol from
syngas [134-137]. Research suggests that these catalysts can facilitate
both CO dissociation and CO insertion simultaneously through their
atomically adjacent Rh® — Rh™ species, leading to the generation of C,
oxygenates such as ethanol, acetaldehyde, and acetic acid from syngas.
Consequently, it is advisable to prioritize the investigation of Rh-based
catalysts, known for their relatively high catalytic performance in
ethanol and HA production via syngas, for CO5 hydrogenation processes.
Zheng et al. [121] reported on the remarkable performance of a Rh;/
CeTiOy single-atom catalyst, engineered by embedding monoatomic Rh
onto a Ti-doped CeO; support (Fig. 10I). This catalyst exhibited excep-
tionally high ethanol selectivity (99.1 %) with a STY of 5.8
mmol-ge+-h ! in a water solvent within a batch reactor. The outstanding
catalytic efficacy is attributed to synergistic effects between Ti-doping
and monoatomic Rh. Firstly, these effects facilitate the formation of
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oxygen vacancies, generating oxygen-vacancy-Rh Lewis-acid-base pairs
which enhance CO, adsorption and activation, cleavage of C — O bonds
in CHyOH* and COOH* into CHx* and CO* species, followed by C — C

coupling and hydrogenation into ethanol. Secondly, Ti-doping-induced
crystal reconstruction generates strong Rh — O bonds, enhancing sta-
bility. Very recently, Zheng et al. [122] prepared a Rh/CN catalyst
featuring Rh-Ny sites via the pyrolysis of Rh-containing MOFs. Addi-
tionally, the authors designed the Rh/CNP catalyst with Rh-N3P; sites by
substituting phosphorus atoms into the atomically dispersed Rh-N4 sites.
These catalysts displayed distinct catalytic behaviors in CO5 hydroge-
nation. The Rh/CN catalyst exhibited high selectivity towards methanol
(91.3 %), while the Rh/CNP catalyst promoted ethanol production with
a selectivity of 81.8 % and a TOF of 420.7 h! (Fig. 10I). This
enhancement in ethanol formation and CO, conversion was attributed to
the effective electron donation from the phosphorus atom, which
weakened the C — O bond in CH30H?, facilitating its cleavage into CH3*,
and enabling the coupling between CO* and CHgz*.

Ye et al. [123] examined the impact of varying Ir content in the Ir —
InyO3 catalyst, ranging from 0.2 to 1 wt%, under conditions of T =
200 °C, t = 5h, and an Hy/CO, ratio of 5. As the Ir content increased,
both ethanol selectivity and STY experienced a consistent decrease,
declining from 85.3 % (0.99 mmol-gc’alt-h’l) to 5.7 % (0.13
mmol-gz-h ™) within the 0.2-1 wt% range. The increase in Ir loading
led to the suppression of ethanol synthesis while promoting methanol
production. Moreover, the transition from small-sized to agglomerated
nanoparticles occurred as Ir loading increased from 0.5 to 1 wt%,
resulting in reduced specific surface area and active sites, ultimately
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causing a decline in ethanol yield. This phenomenon was corroborated
through SEM-EDX and TEM analysis. Wang et al. [120] conducted a
study on the direct conversion of CO» to ethanol using Au nanoclusters
supported on titania. Under the conditions of 200 °C temperature, 45 bar
pressure for 10 h, they achieved an exceptional ethanol selectivity
exceeding 99 %, along with a remarkable STY of 942.8 mmol gxth™!
This outstanding performance was attributed to the synergistic inter-
action between the Au nanoclusters and anatase-TiO9 support. Various
experiments were conducted to explore the factors influencing CO5
hydrogenation, including solvent type, reaction temperature, Hy/COq
ratio, and Au loading. Among the different titania polymorphs tested —
such as anatase (a), rutile (r), brookite (b), and amorphous (am), where
anatase-TiO; emerged as the most effective support. This preference was
rationalized based on the abundance of oxygen vacancies in the support,
with anatase-TiOy exhibiting the highest number. Notably, solvent
choice played a significant role in the direct synthesis of ethanol cata-
lyzed by Au/a-TiO2. Among the solvents tested, including NMP, cyclo-
hexane, THF, water, and DMF, where DMF stood out as the most suitable
solvent. Its superiority was attributed to unique advantages in facili-
tating CO3 dissolution and enhancing interaction between CO, and the
catalyst.

Yang et al. [124] delved into the catalytic properties of non-metallic
gold clusters, namely [Aug(PPh3)gl(NO3)3 (referred to as Aug),
[Au11(PPh3)gCl;]Cl (referred to as Aup1), and Auseg(TBBT)o4 (referred to
as Auge; TBBT = 4-tert-butylbenzenethiol), showcasing their atomicity-
dependent behavior in CO2 hydrogenation processes. These clusters
exhibit a remarkable capability to dictate the reaction pathways, steer-
ing towards either C; or Cy products. Specifically, methane is predom-
inantly produced on Aug, ethanol on Au; 1, and formic acid on Auzg. Augg
displays a selectivity of over 80 % for ethanol, a highly valued chemical,
while Ausg achieves a selectivity of over 80 % for formic acid. Notably,
the catalytic activity of these non-metallic gold clusters surpasses that of
metallic nanoparticles by a factor of 10 to 70. Ye and colleagues [125]
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synthesized a bifunctional single-atom catalyst (SAC) designated as
Ko.2Rhg 2/B-MoyC. This catalyst exhibited an impressive ethanol selec-
tivity of up to 72.1 % and STY of 33.7 umol/g/h at a temperature of
150 °C. The study revealed that atomically dispersed Rh played a crucial
role in forming bifunctional active sites when combined with the active
carrier p-MooC nanowires, thereby inducing synergistic effects that
facilitated highly specific controlled C-C coupling reactions. Further-
more, the introduction of K was observed to enhance COy adsorption
and activation, effectively regulating the balanced performance of the
two active centers and thereby improving hydrogenation selectivity.
Finally, Cui et al. [126] conducted a study to investigate the synthesis of
C2.0H from COy hydrogenation using a Rug(CO);2-C04(CO);2 bime-
tallic catalyst along with bis(triphenylphosphoranylidene)ammonium
chloride (PPNCI) as the cocatalyst and LiBr as the promoter in a 16 mL
Teflon-lined stainless steel reactor. The authors explored the efficiency
of this system in producing methanol, ethanol (STY = 29.5 mmol/L/h),
propanol, and isobutanol under mild conditions. Through experimen-
tation, they found that the combination of PPNCI and LiBr significantly
improved the overall performance of the catalytic system compared to
previously reported iodide-promoted systems. They observed that LiBr
enhanced the activity of the catalyst while PPNCI improved selectivity,
resulting in high levels of both activity and selectivity when used
together. Additionally, it was demonstrated that the catalyst could be
reused for at least five cycles without a noticeable decline in
performance.

3. Catalysts in fixed-bed reactors

This section meticulously analyzes the previously mentioned cata-
lytic formulations, offering valuable insights into how the choice of
supports and catalyst structure influences performance in a fixed-bed
reactor. As a result, COa-to-ethanol and HA catalysts are systemati-
cally classified into four groups: Cu-based catalysts, Co-based catalysts,
Fe-based catalysts, and noble-metal-based catalysts (Ru, Rh, Pd, and Pt),
each contributing unique advancements in catalytic efficiency. These
encompass transition-based systems including Cu, Co, Fe, and bimetallic
configurations, mono-metallic, multimetallic/multifunctional catalysts,
as well as perovskite- and zeolite-based catalysts.

3.1. Cu-based catalysts with different promoters and supports

Catalysts based on modified copper found extensive application in
HA synthesis from syngas within fixed-bed reactors [108,138-141].
Copper-based catalysts, including Cu-ZnO [72], Cu-ZrO2 [142], and Cu-
ZnO-ZrO4 [143] are commonly employed for methanol synthesis. The
Cu-ZnO-ZrO, catalyst demonstrates enhanced catalytic activity relative
to Cu-ZnO and Cu-ZrOg catalysts, particularly at lower temperatures
(180 to 240 °C), attributed to the ZrO, support’s weak hydrophilic na-
ture, which helps alleviate the poisoning effect of water on active sites
during methanol synthesis [144]. Cu is acknowledged to favour non-
dissociative hydrogenation of the C(Hy)O bond, yielding alcohols, but
with the introduction of other sites or promoters facilitating CHy species
formation, Cy; alcohols may form via CHy-C(Hy)O coupling through
direct C-O dissociation or H-assisted C-O dissociation [108,145]. Ac-
cording to extensive research (Table 2), the approaches can be catego-
rized into two strategies: (1) utilizing alkali-modified Cu-based catalysts
featuring an HyCO-H,CO coupling chain-growth mechanism, and (2)
employing FTS (Fe and Co) elements-modified Cu-based catalysts
operating with an HyC-HC coupling chain-growth mechanism [5].

Takagawa et al. [146] discovered 26 years ago that a K/Cu-Zn-Fe
oxide catalyst is highly effective for synthesizing ethanol through the
catalytic hydrogenation of CO5. Under specific conditions of 7.0 MPa
pressure, a GHSV of 5 000, and a Hy/CO3 ratio of 3 in the feed, the
catalyst exhibited an ethanol selectivity of 20 %, coupled with a COy
conversion rate of 44 %. Notably, an ethanol STY of 290 g/L¢at/h was
achieved at a GHSV of 20 000. Additionally, the introduction of Cr
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water volume of 20 mL, temperature at 250 °C, initial pressure of 3.0 MPa (H,/CO5 = 3), duration of 5 h, stirring at 400 rpm. b) Comparison of the STY of ethanol
achieved in this study with other Rh-based catalysts reported in the literature. c) Recycling test of synthesized Rh,/CeTiOy catalyst over five 5 h runs under conditions
described in (a). d-f) Optimized structures depicting Rh atom dispersion on CeO; (d), TiO (e), and CeTiOy (f) surfaces. g-h) Schematic representation of the reaction
process for long-term stability testing in CO, hydrogenation to ethanol using single-atom Rh supported on CeO, (g), TiO, (h). Adapted with permission from
Ref. [121]. II — a) Comparative analysis of activity and selectivity between Rh/CN and Rh/CNP catalysts. Reaction conditions: catalyst amount of 30 mg, water
volume of 20 mL, temperature of 250 °C, initial pressure of 3.0 MPa (Hy/CO> = 3/1), duration of 5 h, stirring at 400 rpm. b) Comparison of the STY of ethanol
achieved in this study with other Rh-based catalysts reported in the literature. c-d) Recycling tests of Rh/CN (c) and Rh/CNP (d) catalysts over five 5 h runs,
examining product selectivity and CO5 conversion over time. Reaction conditions are identical to those described in (a). Adapted with permission from Ref. [122].
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Table 2
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The catalytic performance and reaction conditions of heterogenous Cu-based catalysts in CO, thermocatalytic hydrogenation to EtOH and/or C,,OH in a continuous

fixed-bed reactor.

Catalyst Catalytic performance Reaction conditions Ref.
STYgom Or Cp, OH Xcoz Sgion or Co OH(%) T P GHSV H,/CO, TOS
mmol-ggi-h~! (%) o] (bar) (h™h (h)
Cu@Na — Beta 8.64 14.0 100 300 21 12,000 3 100 [147]
CuZnAl/K-CuMgZnFe 2.24 42.3 90.0 320 50 N.A. 3 60 [148]
Cs-Cup gFe; 0Zn; o 1.47 36.6 19.8 330 50 N.A. 3 30 [149]
4.6 K-CuMgZnFe 1.47 30.4 15.7 320 50 N.A. 3 N.A. [150]
Cu-CoGa-0.4 1.35 17.8 23.8 220 30 6000 mL/g/h 3 3 [151]
CuFeZn-0.7PDA 1.26 10.6 N.A. 310 40 7200 3 96 [152]
CuZnFe sKo 15 2.84 mmol/mL 32.4 11.8 350 60 5000 3 N.A. [153]
Cu 0.002 N.A. 84.0 190 1 9000 1 N.A. [154]
K/Cu-Zn-Fe 290 g/Lear/h 44 20.0 300 70 5000 3 500 [146]
CuNaFe 153 mg/gcar/h 32.3 10 310 30 28800 mL/g/h 3 38 [155]
PDA/CuFeZn-N450 55.9 mg/mLc,/h 7.2 39.8 320 40 N.A. 3 264 [156]
(KP)o.1CuFeZn 53.8 mg/mLcar/h 38.1 14.7 320 40 7200 3 N.A. [157]
0.6S — KCuFeZn 50.7 mg/gcar/h 36.1 22.9 320 50 3000 mL/g/h 3 35 [158]
0.6S-KCuFeZn/CuZnAlZr 173.9 mg/gca/h 36.6 18.2 12000 mL/g/h

N.A. means that the data is not available in the reference.

significantly reduced catalyst deactivation, thereby enhancing its prac-
tical utility. Overall, the K/Cu-Zn-Fe-Cr oxide catalyst was deemed ad-
vantageous for industrial applications. Exceptionally high selectivity
(100 % for EtOH) was reported by Ding et al. [147]. The authors utilized
8.24 wt% Cu modified Na-Beta zeolite in a fixed-bed reactor system.
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Fig. 11. Catalytic performance of the Cu@Na-Beta catalyst: (A) Evaluating the
impact of varying reaction temperatures (12 000 mL-gca-h~%; 1.3 MPa; CO, +
3H). (B) Exploring the influence of different reaction pressures (12000
mL-gc’alt-h’l; 300 °C; CO5 + 3Hy). (C) Investigating the effect of space velocity
(1.3 MPa; 300 °C; CO5 + 3Hy) (D) Long-term reaction stability test (300 °C; 1.3
MPa; 12000 mL~g§alt~h’1; CO, + 3Hj. Inset: collection of products by a
condenser during the initial 24 h period. (E) Analysis of product selectivities for
syngas conversion (1.5 MPa; 12000 mL-gei-h™!; 300 °C; CO + 2H,). (F)
Assessment of ethanol selectivity in organic products using a blend of CO, CO,,
and H, as reactants (1.5 MPa; 12 000 mL-gc’alt-h’l; 300 °C). Reprinted with
permission from Ref. [147].
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They reported remarkable stability, even after 100 h of time on stream
(Fig. 11D). The selectivity remained at 100 % even if the feed stream
contained up to 30 % of carbon monoxide. As the reaction temperature
rises from 200 °C to 350 °C, the CO, conversion rate escalates from 0.85
% to 12.2 %. At 250 °C, CO emerges as a byproduct, with its selectivity
increasing to 45.2 % as the temperature further climbs to 350 °C
(Fig. 11A), while ethanol remains the sole organic product. The pressure
significantly impacts catalyst performance. With pressure varying from
0.5 to 2.1 MPa (at 300 °C), CO, conversion notably surges from 2.0 % to
18 %, accompanied by a decrease in CO selectivity from 94.6 % to 21 %
(Fig. 11B). Remarkably, ethanol remains the exclusive organic product
observed during the reaction tests. As the space velocity escalates from
6000 to 18000, CO, conversion diminishes from 13.5 % to 3.7 %, while
CO selectivity increases from 26.9 % to 35.9 % (Fig. 11C). The ethanol
yield in a single pass was achieved ~14 % at 300 °C, ~12000 mL/gca-h,
and 21 bar, corresponding to a STY of =398 mg/gc.h or 8.64
mmol-g(;,lt-h’l.

Xu et al. [148] examined the impact of different reactor filling con-
figurations of CuZnAl/K-CuMgZnFe catalysts on catalytic performance
(Table 2). Their results indicated that utilizing the powder mixing mode
resulted in the highest CO; conversion (42.3 %), HA selectivity (90 %),
and STY (2.24 mmol-ggi-h ™). Conversely, excessive proximity between
the catalysts, as achieved through mortar mixing, led to decreased cat-
alytic activity. This decline was attributed to the presence of the K
promoter in the K-CuMgZnFe catalyst, which, when excessively close,
could inhibit the CuZnAl oxide. Therefore, selecting an appropriate
mixing mode is essential for optimizing the performance of both cata-
lysts. The same group synthesized the Cs-Cug gFe;j ¢Znj o [149] and 4.6
%K-CuMgZnFe [150] active catalysts with STY of 1.47 mmol-ggi-h ! in
both cases. The authors [151] successfully fabricated a series of CuCo-
based catalysts for the hydrogenation of CO5 to ethanol using single-
source CuCoGaAl layered double hydroxides precursors. Particularly,
they found that the Cu-CoGa-0.4 catalyst with a Ga:Co molar ratio of 0.4
exhibited promising results, achieving a high ethanol selectivity of 23.8
% at a conversion rate of 17.8 %. Additionally, this catalyst showed a
STY value of 1.35 mmolEtOH-g;,lt-h’l. The authors attributed these
enhanced catalytic properties to the introduction of Ga, which
strengthened the interaction between Cu and Co species and regulated
the electronic structures of Cu and Co. This led to the formation of
abundant interfacial structures like Cu-CoGaOy and Cu'-CoGaOy, ulti-
mately improving the catalyst’s performance in CO3 hydrogenation to
ethanol.

Yang et al. [152] successfully prepared N-doped CuFeZn catalysts
using 2,6-pyridine dicarboxylic acid (PDA) as the organic ligand via a
co-current co-precipitation method. The optimized catalyst, CuFeZn-
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0.7PDA, demonstrated excellent catalytic performance, achieving a total
alcohols selectivity of 34.8 % at a CO; conversion rate of 10.6 %.
Furthermore, it exhibited a high Co;OH/ROH fraction of 95.3 % and a
remarkable Cq, alcohols STY of 1.26 mmol-g{alt-h’l. Through the char-
acterization of the catalysts and their catalytic performance for CO4
hydrogenation, the authors discovered that the enhanced catalytic
performance can be attributed to the coordination between PDA and
active metal ions. This coordination facilitates electron transfer and the
reduction of metallic oxides, leading to the uniform dispersion of active
components within the catalyst.

The authors [153] developed a two-stage bed catalyst system for
synthesizing HA from CO hydrogenation. They investigated the roles of
K20 and ZnO promoters in Cu-based catalysts and found that K;O im-
proves the interaction between CuO and ZnO, while ZnO acts as a sup-
port for promoting the dispersion of copper species. It was optimized the
loading mode and volume ratio of the catalyst combination system and
identified the CuZnKj 15(1.5)//CussFessCo3K3(4.5) combination as
effective for synthesizing HA from CO; hydrogenation, benefiting from
thermal and product conversion coupling effects between the catalysts.

Recently, the authors [154] drawing inspiration from CO3 electro-
reduction findings, demonstrated that ethanol synthesis can occur at
atmospheric pressure using metallic Cu catalysts in CO5 hydrogenation
with water steam (CO3 + Hy + H20), achieving a selectivity of 84 % and
a productivity of approximately 0.002 mmol-ggi-h™! at 190 °C. Inter-
estingly, similar trends were observed even when only water steam
(without Hy) was utilized. This study marks the first reported instance of
ethanol synthesis at atmospheric pressure using only CO3 and water as
reactants in a thermocatalytic process. Despite the low ethanol pro-
ductivity and catalyst stability observed, this research offers novel av-
enues for future investigations in CO hydrogenation. The authors
suggest that enhancing water content may lead to higher selectivity
towards other HA. Additionally, they propose utilizing a feed gas
mixture of COy, Hy, and HyO over catalysts more resilient to water
reduction, such as copper supported in oxides or multi-metallic mate-
rials, to achieve improved catalyst stability and simultaneous enhance-
ment in carbon-metal strengthening through water enhancement.

Si et al. [155] achieved successful fabrication of a highly active
CuNaFe catalyst using a self-made physical sputtering method for CO5
hydrogenation. This catalyst demonstrates the ability to efficiently
catalyze the reaction, resulting in the production of high-value olefins
and ethanol. The sputtering of Cu onto NaFe facilitates a highly active
Cu — Na — Fe coordination, leading to the formation of metallic Cu
surrounding FesCy active sites in a COy hydrogenation environment.
This sputtered Cu enhances CO, adsorption, promotes Fe reduction, and
facilitates subsequent carbonization during CO hydrogenation, ulti-
mately resulting in the formation of more active FesC, sites.

Jia and colleagues [156] investigated nitrogen-doped CuFeZn cata-
lysts to address challenges in HA selectivity and catalyst stability, syn-
thesizing them by calcination in a Ny atmosphere using 2,6-pyridine
dicarboxylic acid (PDA) as a nitrogen source. The optimal catalyst
(PDA/CuFeZn-N450) demonstrated a high Cy; alcohol selectivity of
39.8 % and maintained stability for 264 h, with nitrogen doping and
oxygen vacancies playing key roles in enhancing stability. However,
potential deactivation due to metal sintering and migration of active
species was noted as a limiting factor. Very recently, the same group
[157] successfully modified CuFeZn catalysts with different amounts of
K3POy, achieving enhanced catalytic performance, with the (KP)g ;Cu-
FeZn catalyst demonstrating 15.8 % total alcohol selectivity at 38.1 %
CO2 conversion. They found a linear relationship between the pro-
portions of Fe?*, Cu®, and medium base to the STY of C, OH, high-
lighting that the Cu® phase has the most significant impact. The
introduction of K3POy4 reduces Fe?t while increasing Cu*/(Cu*+Cu?),
thereby promoting C-C coupling and improving CyOH synthesis, while
FesC or Fe304 formation negatively affects catalyst stability. At the same
time, Wang et al. [158] conducted an investigation into the effects of
sulfate modification on a CuFe-based catalyst for HA synthesis from CO5
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hydrogenation. Their research revealed that sulfate modification en-
hances the catalyst’s CO5 conversion activity, reaching peak HA activity
when the KCuFeZn catalyst is modified with an optimal sulfate con-
centration (0.6 wt%). They observed that sulfate modification facilitates
the reduction of CuFe oxides while also controlling the growth of Cu
particles during the reduction process. Furthermore, they found that
sulfate modification, when applied in the correct amount, can regulate
the activation behavior of CO dissociation/nondissociation, thus
improving hydrogenation capacity and enhancing the HA performance
of CuFe-based catalysts.

3.2. Co-based catalysts with different promoters and supports

Co is a traditional component in Fischer-Tropsch synthesis and found
extensive use in the conversion of CO or COy-based Fischer-Tropsch
synthesis to hydrocarbons [128]. Despite its historically limited per-
formance in the RWGS reaction, Co demonstrates robust hydrogenation
capabilities (Table 3). Consequently, its primary role in CO; hydroge-
nation is often as a catalyst for methanation [5]. Okabe et al. [159] first
reported and successfully synthesized highly dispersed Co-based cata-
lysts supported on SiO, using acetate and utilized them for the hydro-
genation of CO; to alcohols. By incorporating a small quantity of Ir into
the catalyst, the authors significantly enhanced its catalytic activity.
Remarkably, methanol was produced at a yield of approximately 20 %,
which is higher compared to Co-based catalysts derived from nitrate
precursors. Additionally, the selectivity towards ethanol was increased
to 7.9 % by introducing Na salt into the Ir/Co-based catalyst supported
on SiOs. Witoon et al. [160] synthesized and examined K-Co supported
on Iny03 catalysts for the COy hydrogenation process to produce HA.
They initially prepared pure In;O3 as a catalyst, observing its activity in
transforming CO, to CO without CO dissociation. Following this, they
decorated InyO3 with either K or Co separately, but found no significant
improvement in HA formation. However, they proceeded to combine K
and Co with InyO3, which resulted in a notable enhancement in HA
production. The authors optimized the K-Co-InpO3 catalyst (Fig. 12I)
and evaluated its catalytic performance, achieving the highest STY (3.73
mmol~g;£t~h’1) and distributions of HA (57.9 %) with exceptional sta-
bility over a prolonged period of operation (200 h). They attributed this
improved performance to the formation of K-O-Co sites on the catalyst
surface, which enhanced the interaction of Hy with the catalyst and
suppressed the hydrogenation of alkyl species, thus promoting the for-
mation of HA from COs.

Lage et al. [161] synthesized a K-Co-Cu-Al catalyst via a coprecipi-
tation method, exploring various Co to Cu ratios, reduction tempera-
tures, and reaction conditions including temperature, space velocity,
and Hy/CO, ratio to optimize its efficiency (Fig. 12II). They determined
that the catalyst composition Co; gCug 9AlOy, containing 1 wt% K and
reduced at 400 °C, exhibited outstanding performance. This specific
catalyst configuration achieved a notable selectivity of 44.8 % for HA,
with ethanol contributing 20.8 % to the overall selectivity. Moreover, it
displayed a significant STY of 3.08 mmol-gga-h ! of ethanol under mild
operating conditions. These findings establish the catalyst as one of the
top performers among Co-based catalysts, showcasing its potential for
enhanced alcohol synthesis.

Zhang and co-authors [168] conducted research on Co-catalyzed
CO hydrogenation, exploring various supports including Al;Os, ZnO,
AC, TiOy, SiO,, and SigNy4. Their investigation revealed that inert sup-
ports such as SiO, and Si3Ny effectively stabilized Co,C in environments
containing carbon, thereby providing active sites for ethanol and HA.
Notably, Na—Co/SiO5 demonstrated relatively high catalytic activity,
achieving a CO; conversion rate of 18.8 %, a selectivity of 8.7 % towards
Cs. alcohols, and an 87.5 % fraction of C, OH. Later, the same authors
[163] achieved stable Na—CosC active sites by fine-tuning the interac-
tion between Na and Co species. By enhancing the interaction of Na with
CosC, resulting in the formation of Na-Co bonds, the authors facilitated
the dispersion of Co2C and reduction of particle size. This adjustment
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Table 3
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The catalytic performance and reaction conditions of heterogenous Co-based catalysts in CO, thermocatalytic hydrogenation to EtOH and/or C,,OH in a continuous

fixed-bed reactor.

Catalyst Catalytic performance Reaction conditions Ref.
STYgon or Co OH Xco2 Sgion or Co, OH(%) T P GHSV H,/CO, TOS
mmol-ggt-h~! (%) Q) (bar) (h™) (h)
2.5K5Co0-In,03 3.73 36.6 57.9 380 40 N.A. 3 200 [160]
1 K/Co, Cug oAlOy 3.08 (5.54) 12.2 20.8 (44.8) 250 30 14,200 1.5 6 [161]
Co,C and CuZnAl 2.2 21.2 18.3 250 50 12,000 3 N.A. [82]
Cu/Co304 1.87 13.9 15.2 250 30 N.A. 3 N.A. [162]
2Na-Co/SiOy 1.1 53.2 6.8 310 50 N.A. 3 N.A. [163]
CoMoS 0.6 28.0 4.2 310 104 0.6 kg/kg/h 3 N.A. [164]
Na-CuCo-9 80.8 mg/gcar/h 20.1 26.8 330 40 5000 mL/g/h 1 48 [165]
CoGay Al 004/Si04 N.A. 4.8 20.1 270 30 3000 3 N.A. [166]
Co/LasGasy0q9 N.A. 4.6 35.0 270 35 3000 3 45 [167]
Na-Co/SiO, N.A. 18 62.8 250 50 4000 3 300 [168]
Mo;Co01Kp g-S N.A. 12.6 10.9 320 120 3000 mL/g/h 3 20 [169,170]
Ir/Co(A)-Na,0/SiO, 7.9 g~dm’3-h’1 7.6 8.0 220 21 2000 3 6 [159]

N.A. means that the data is not available in the reference.

notably enhanced the rate of the RWGS reaction and the selectivity to
ethanol, leading to a significant increase in the ethanol STY. Optimal
results were attained with a moderate interaction achieved at 2 wt% Na,
where the ethanol STY reached an impressive 1.1 mmol-gga-h™!, rep-
resenting a tenfold increase compared to the catalyst without Na. The
same group [82] recently investigated the intricate reaction pathways
occurring on CoyC and CuZnAl multifunctional tandem catalysts by
strategically designing surface adsorption — desorption reactions, con-
ducting in situ chemical transient kinetics experiments, and employing
theoretical calculations. These multifunctional tandem catalysts
demonstrated a notable STY of Cy,OH, reaching 2.2 mmol~g{alt~h_l.
Besides, Yang et al. [162] successfully synthesized Co304 nanorods
characterized by low reducibility and high activity in the RWGS reac-
tion. Catalysts consisting of Cu supported on Co304 nanorods exhibited a
CO, conversion rate of 13.9 %, accompanied by an ethanol yield of 1.87
mmollggalrh’l. Retaining the partial reduction of Co304 to Co is iden-
tified as a pivotal characteristic of the catalyst for yielding HA. More-
over, leveraging the strong metal-support interaction between Co and its
supports to prevent excessive reduction and stabilize active Co centers
represents a promising strategy in catalyst design. Nieskens et al. [164]
reported a relatively modest ethanol selectivity of 4.2 % and a STY of 0.6
rnrnol-gc_alt-h_1 over CoMoS catalysts at 340 °C under a pressure of 10.4
MPa.

Very recently Irshad and co-authors [165] demonstrated that a Na-
promoted Co—Cu bimetallic tandem catalyst can achieve an unprece-
dentedly high STY (80.8 mg-gzi-h ™) of C3, OH. The initial restructuring
of the catalyst morphology during the initial period of CO5 hydrogena-
tion led to the migration of Co nanoparticles to the outermost surface of
the dendritic Cu substrate. Furthermore, the Cu-Co catalyst exhibited
exceptional stability up to 1000 h by effectively suppressing re-
oxidation and carbon deposition. The authors observed a process of
segregation where Cu and Co domains separated, with Co migrating
towards the periphery and accumulating at the outer surface throughout
CO; hydrogenation, as illustrated in Fig. 13. This restructuring of the
catalyst persisted until Co particles became adorned on stabilized Cu
domains, leading to an increase in Co particle size from 6 nm after 36 h
to 15-20 nm after 200 h. Interestingly, the size of Co particles remained
stable for up to 1000 h. The initial 200 h period of CO2 hydrogenation
exhibited a restructuring phase, akin to an “induction” period, during
which the catalyst underwent significant changes. Consequently, the
initial decline in CO5 conversion rates can be attributed to the reduction
in active catalytic surface area due to sintering. Upon close examination
of the spent catalyst after 1000 h, both cu® and Cu,0 phases were
observed within the Cu phase.

An et al. [166] developed a Co-based catalyst supported with Ga,
derived from a Co-Al-O spinel precursor, aimed at enhancing synergistic
catalysis for the conversion of CO» to ethanol. By adjusting the ratio of
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Ga to Al in the catalysts, they found that Co® — Co®" active sites were
preferentially formed with an optimal Co®/Co®* ratio due to variations
in the interaction between Co-Ga and Co-Al species. The selectivity of
ethanol reached 20.1 % over the reduced CoGaj gAl; ¢O4/SiO; catalyst
at 270 °C and 3.0 MPa. Characterization results indicate that the strong
interaction between Ga oxide and cobalt induced the formation of Co® —
Co®* active pairs, thereby promoting the process of ethanol synthesis. A
series of composite materials based on Mo—-Co-K sulfide were success-
fully synthesized via a straightforward co-precipitation and stepwise
impregnation techniques [169,170]. By optimizing the K/Mo molar
ratio within the range of 0.3-1.2, maintaining a Co/Mo molar ratio of
1.0, and controlling reaction conditions appropriately, the Mo;CoxKy
sulfide catalyst demonstrated promising potential for producing Ca
alcohols through CO, hydrogenation. Activated carbon was identified as
a potent promoter for Mo;CoxKy, surpassing the effects of SiO, Al>O3,
and TiOs. The inclusion of activated carbon enhanced the interaction
between Mo and Co, elevated the Mo** content on the catalyst’s surface,
and influenced its adsorption capacity and strength for CO5 and Hj.

3.3. Fe-based catalysts with different promoters and supports

Fe-based catalysts are recognized for their efficiency in COy con-
version and the formation of C-C bonds [1,36]. Notably, FeK oxides
employed in Fischer-Tropsch synthesis were effective in converting CO,
into hydrocarbons, CO, and alcohols [171-180]. Therefore, incorpo-
rating Fe into a CuZnK catalyst is expected to enhance the production of
ethanol and HA (Table 4). Indeed, Li and colleagues [181] shown that
incorporating Fe promoter into the K/Cu-Zn catalyst has a significant
impact on both its microstructure and performance in the synthesis of
HA from CO3 hydrogenation. By adding a moderate concentration of Fe
promoter to the K/Cu-Zn catalyst, the interaction between Cu and Fe is
improved, which aids in the dispersion and reduction of CuO and
CuFey04 spinel. This facilitates the production of CO through the RWGS
reaction. Moreover, it enhances the interaction between Zn and Fe,
resulting in the dispersion and reduction of ZnFe2O4 spinel, thus pro-
moting the conversion of CO through CO hydrogenation. The combined
effect of Cu-Fe and Zn-Fe interactions improves the catalyst reduction
process, leading to an increase in the amount of dispersed Cu and Fe
carbide species. Consequently, this enhances the selectivity towards HA
and boosts the catalytic activity of COy hydrogenation.

A recent breakthrough by Zhang et al. [182] introduces a novel K-
CuZnAl/Zr(0.03)-CuFe composite catalyst, showcasing exceptional
performance in converting CO, into ethanol and HA. Operating at
320 °C, 4 MPa, and a space velocity of 6000 mL g{alth’l, the catalyst
achieves a CO4 conversion of 40.6 % and a Cy, OH selectivity of 22.4 %,
with CO selectivity as low as 10.3 % and sustained for at least 200 h
(Fig. 14I). Scaling up the space velocity to 24000 mL geh ! raises the
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Fig. 12. I- CO; conversion and products selectivity: (a) distribution of hydrocarbon and oxygenated products, and STY of C,, OH over various catalysts; (b) STY of
CoOH across different catalysts; (c) — CO5 conversion, product selectivities, and STY of Cy, OH over time-on-stream of the 2.5K5Co-In,0j3 catalyst reduced at 380 °C.
Adapted with permission from Ref. [160]. II — Effect of the Hp/CO» ratio on the selectivity and CO, conversion: (a) variation in selectivity and CO, conversion; (b)
distribution of hydrocarbons (HCs) and oxygenates; (c) analysis of STY of Co; gCug 9AlOy reduced at 400 °C. Adapted with permission from Ref. [161].

C2,OH STY to 195.1 mg geath ™!, surpassing that of most reported Fe-
based catalysts. The introduction of K-CuZnAl has been verified to
facilitate the formation of a greater quantity of non-dissociative CO*
species. Additionally, by controlling its proximity to Zr-CuFe, the
interaction between CHy species and CO* is enhanced, resulting in the
generation of a higher quantity of HA.

Liu and colleagues [183] shown that the creation of interfaces be-
tween K and ZrO, significantly enhances the activity of HA production in
the direct conversion of CO;, over FeCu-based catalysts (Fig. 141I). The
KFeCu/a-ZrO, catalyst, after optimization, exhibits a HA production
rate 4.6 times higher than that of KFeCu/SiO2. Under the optimal con-
ditions of 320 °C, 4 MPa, and 12 L-gc_alt-h_l, the most effective catalyst
achieves a HA STY of 125.0 mg-gea-h 1. The combined findings from in
situ spectroscopy and chemisorption indicate that the presence of K —
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ZrO; interfaces prompts the generation of oxygen defects on the amor-
phous ZrO, support. This process leads to a surplus of exposed Zr sites
functioning as Lewis acid sites, facilitating the nondissociative adsorp-
tion and activation of CO. Zhang and co-authors [184] conducted a
study on various Cr-modified CuFe catalysts. The authors found that the
addition of small amounts of Cr enhances the interaction between Cu
and Fe species, thereby mitigating CO over-dissociation and suppressing
the formation of iron carbides. The CO5 conversion rate, as well as the
selectivity and STY of Cy,OH over the 1 %Cr-CuFe catalyst, reached
38.4 %, 29.2 %, and 104.1 mg-gz:-h !, respectively, at operating con-
ditions of 320 °C, 4.0 MPa, and 6000 mL-gg,lt-h’l. Moreover, with a
higher space velocity of 48000 mL-gg+-h~!, the STY of C2, OH could be
further increased to 268.5 mg-gea-h ™!, surpassing that of most Fe-based
catalysts reported in the literature (Table 4).
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Fig. 13. Diagram illustrating the morphological reconstruction of the Na-CuCo-9 catalyst throughout calcination, reduction, induction, and long-term hydrogenation

processes. Adapted with permission from Ref. [165].

Table 4

The catalytic performance and reaction conditions of heterogenous Fe-based catalysts in CO, thermocatalytic hydrogenation to EtOH and/or C,,OH in a continuous

fixed-bed reactor.

Catalyst Catalytic performance Reaction conditions Ref.

STYgon or Co OH Xco2 Sgcon or G2 OH(%) T P GHSV H,/CO, TOS

mmol-get-h ™! (%) Q) (bar) (G (h)
CuZnFe sKo 15 0.17 g/mLca/h + MeOH 42.3 36.7 300 60 5000 3 N.A. [181]
K-CuZnAl/Zr-CuFe 195.1 mg/gca/h 40.6 22.4 320 40 24000 mL/g/h 3 200 [182]
KFeCu/a-ZrO; 125.0 mg/gcar/h 25.7 26.1 320 40 12,000 3 80 [183]
1Cr-CuFe 104.1 (268.5) mg/gca/h 38.4 29.2 320 40 6000 3 120 [184]
PdFe alloy-FesC, 87.8 mg/gca/h 35.6 18.2 320 50 6000 mL/g/h 3 3 [185]
0.3K1Pd/Fe;03 48 mg/gcar/h 30.0 13.4 320 50 6000 mL/g/h 3 3 [186]
10Mn1K-FeC N.A. 40.5 10.5 300 30 6000 3 N.A. [187]
Na-Fe@C/CuZnAl N.A. 39.2 35.0 320 50 N.A. 3 8 [77]
Ko.g2FeIn/Ce-ZrO, N.A. 29.6 28.7 300 100 4500 3 100 [188]
Feln/K-Al;03 N.A. 36.7 42.0 300 20 4000 mL/g/h 3 20 [189]
5Rh-Fe(1:2)/SiO, N.A. 26.7 16.0 260 50 6000 mL/g/h 3 N.A. [190]

N.A. means that the data is not available in the reference.

Recently, Wang and colleagues [185] demonstrated a novel method
for fabricating PdFe alloy-FesC, interfaces in situ, serving as active sites
for highly efficient and stable production of HA from CO, hydrogena-
tion. The PdFe alloy plays a crucial role in regulating the adsorptive
activation of Hy and COy, leading to the complete transformation of Fe
species into FesCy and the formation of abundant PdFe alloy-FesCy
interfacial sites. The authors achieved an HA yield of 86.5 mg-gei-h ™!
with a selectivity of 26.5 % at operating conditions of 300 °C, 5 MPa, and
a space velocity of 6000 mL gc_alt-h_l. Additionally, the same group [186]
synthesized the 0.3 K-1Pd/FeyO3 catalyst, which exhibited superior
catalytic performance, with an HA STY of 48 mg gc_alt~h_1 at 320 °C, 5
MPa, and a space velocity of 6 L ger-h 1. This STY was 3.5 times higher
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than that of 1Pd/Fe;O3 and 35 times higher than that of the 0.3 K/Fe2O3
catalyst. The authors observed that the in situ generated PdFe alloy and
K synergistically stabilize the iron carbide phase, responsible for CO
dissociation and alkyl formation, while the PdFe alloy serves as an active
site for CO non-dissociative activation and CO insertion.

Huang et al. [187] presented findings on a catalyst composed of iron
carbide modified with Mn and K. This catalyst demonstrates a CO,
conversion rate exceeding 40 % and a selectivity towards HA exceeding
10 %. Moreover, the proportion of propanol and butanol in the alcohol
products exceeds 30 %. In contrast, unpromoted iron carbide exhibits a
strong tendency for hydrocarbon chain growth, leading to rapid for-
mation of hydrocarbon products rather than HA. However, on the Mn-
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Fig. 14. I- Catalytic results of K-CuZnAl/Zr-CuFe composite within 200 h in CO, hydrogenation to G, OH at 320 °C, 4 MPa and GHSV of 24000 mL gc.th . Adapted
with permission from Ref. [182]. II — Catalytic performance of the KFeCu/a-ZrO, catalyst. (a) CO conversion and product distribution and (b) alcohol distribution at
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280-320 °C, 5 MPa, and 3 L-ggalt-h’l; (c) effect of reaction pressure (2-5 MPa) on the STY of alcohols at 320 °C, 3 L-gcat-h’l; (d) effect of GHSV on the STY of alcohols
at 320 °C, 4.0 MPa; (e) TOS test at 5 MPa and 3 L-got-h™'; (f) comparison of HA STY/selectivity of the KFeGu/a-ZrO, catalyst with other reports. Adapted with

permission from Ref. [183].

and K-modified iron carbide catalyst, K serves to increase the surface C/
H ratio of the catalyst by enhancing the adsorption of CO, on the cata-
lytic surface. This increased C/H ratio is crucial for the formation of HA,
and the addition of manganese promoter significantly enhances the
production of HA, particularly the formation of propanol and butanol. Xi
et al. [188] investigated a new type of catalyst composed of K-promoted
bimetallic Fe and In on a Ce — ZrOy support. They prepared and
examined FeIn/Ce — ZrO, precursors with varying Fe contents,
providing detailed characterization of the catalysts. The analysis
revealed well-dispersed Fe;O3 and In,O3 phases with oxygen vacancies.
The most promising performance, featuring a CO, conversion rate of
29.6 % and a selectivity towards HA of 28.7 %, coupled with excellent
stability (100 h), was achieved with the Ky goFeln/Ce — ZrO, catalyst
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after activation under a CO atmosphere. The authors attributed these
results to the influence of individual catalyst components (K, Fe, and In)
on the overall catalyst performance. Wang and colleagues [77]
employed a novel approach involving the combination of an alkene
synthesis Na-Fe@C catalyst with a potassium-doped methanol synthesis
CuZnAl catalyst to achieve the selective direct conversion of CO5 to
ethanol, achieving a CO, conversion rate of 39.2 % and ethanol selec-
tivity of 35.0 %. Further in-depth in situ characterizations and DFT
calculations were conducted, revealing the crucial roles played by
unique catalytic interfaces, intimate modes of interaction among
multifunctional catalysts, and the presence of aldehyde species in-
termediates in facilitating the higher conversion rate of CO; to ethanol.

Goud et al. [189] pioneered the development of a novel catalyst by
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incorporating In into FepOs. Through optimal substitution of In into
Fep0O3 supported on Al;Os, and subsequent promotion with K, they
achieved impressive activity, boasting a CO; conversion rate of 36.7 %
and HA selectivity of 42 %, resulting in a corresponding yield of 15.4 %.
This superior performance is attributed to the heightened strain induced
by In substitution, surpassing that of Fe due to its larger size. Further-
more, the strain was further manipulated with K promotion, favoring
increased CO, conversion and setting a new record value for HA selec-
tivity. Kusama et al. [190] investigated the synthesis of ethanol through
the catalytic hydrogenation of CO, using Rh-Fe/SiO5 catalysts prepared
via co-impregnation. The authors observed that the amount of added Fe
influenced both ethanol selectivity and CO; conversion within the range
of Fe/Rh = 0 — 3. The product selectivity was found to correlate with the
percentage of Fe evaluated by X-ray photoelectron spectroscopy. It was
suggested that Fe altered the electronic states of Rh and that elemental
iron promoted methanation while hindering the formation of ethanol, as
well as CO and methanol. Ultimately, the study achieved an ethanol
selectivity of 16.0 % and a CO conversion of 26.7 %.

3.4. Nobel-metal catalysts with different promoters and supports

Table 5 provides a summary of the catalytic performances observed
for noble-metal (Ru, Rh, Pd, and Pt) catalysts in the continuous fixed-
bed reactor for the hydrogenation of CO; to ethanol and HA. Rh-based
catalysts promoted by metal oxides found extensive application in CO»
hydrogenation, particularly in ethanol synthesis. Nonetheless, this pro-
cess often encounters challenges such as low CO2 conversion, alcohol
selectivity and poor catalyst stability, primarily attributed to the for-
mation of byproducts methane and CO [191-193].

Ver recently, Ji et al. [193] successfully demonstrated that the
2Rh0.5Fe0.5Na/CeO3 catalyst exhibits high catalytic activity for CO2
conversion, particularly in ethanol production. By systematically vary-
ing the reaction temperature and space velocity, they identified the
optimal conditions — 250 °C, 3 MPa pressure, and a space velocity of
4000 mL-g~!-h~! under which the catalyst achieved a CO, conversion of
13.0 % and a notable ethanol selectivity of 29.8 % (Fig. 15I). The study
highlighted that while higher temperatures improve COy conversion,
they also reduce oxygenate selectivity, with ethanol production peaking
at 250 °C. Additionally, lower space velocities were found to favor
ethanol formation, despite generally reducing CO2 conversion. The
catalyst’s ethanol productivity of 116.7 mmol-ggt-h™! or 2.33
mmol-ggi-h~! surpassed that of previously reported Rh-based catalysts
and was comparable to or even exceeded the performance of the best
non-Rh-based catalysts, underscoring its potential for efficient CO»-to-
ethanol conversion.

A highly effective catalyst was introduced, comprising vanadium
oxide-promoted Rh-based catalysts confined within the mesopores of
MCM-41 [192]. The Rh-0.3VOy/MCM-41 catalyst demonstrates

Table 5
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outstanding performance (STY = 47.9 g-kges-h™!) with approximately
12 % CO4 conversion and ethanol selectivity reaching around 24 % in
CO; hydrogenation. This enhanced performance can be ascribed to the
synergistic effects of the high dispersion of Rh facilitated by the
confinement effect of MCM-41 and the formation of VOx-Rh interface
sites. Oyang et al. [194] investigated the utilization of two types of
Co304 with distinct morphologies (nanorods and nanoplates) as sup-
ports for Pt nanoparticles in the preparation of Pt/Co304 catalysts. The
synergistic effect arising from Pt, Co nanoparticles, and oxygen va-
cancies within Co304-x enhanced the adsorption of Hy and COa,
resulting in the highest yield of G OH at 0.56 mmol-gz:-h™! achieved
at 200 °C and 2 MPa.

Zhang et al. [191] reported that zeolite silicalite-1 embedded Na-
promoted Rh nanoparticles (Na-Rh@S-1) exhibit remarkable produc-
tivity and stability (100 h) for CO, hydrogenation to EtOH. The Na-
Rh@S-1 catalyst achieved an ethanol selectivity of 24 % at a CO5 con-
version of 10 %, and a STY of ethanol reaching 72 mmol-ggp-h™!
(Fig. 15II). The Na' modifier plays a crucial role in enhancing CO,
conversion and ethanol selectivity by suppressing methane formation.
Characterization results suggest that the presence of Na' enables the
coexistence of Rh® and Rh™ species, enhancing CO, adsorption and
thereby boosting ethanol formation. Lou and colleagues [195] showed
that CeOy-supported Pd dimers efficiently convert CO; to ethanol,
achieving a selectivity of 99.2 % to ethanol with a STY of 45.6 g-gpd-h 1.
The unique Pd204 configuration and high homogeneity of the Pd dimers
allow for the direct dissociation of CO5 to CO, triggering C-C coupling
while appropriately inhibiting further Cy, coupling, thereby favoring
selective ethanol formation. The Pd;04 configuration strongly binds CO
on Pdy/CeO,, preventing CO desorption and promoting coupling be-
tween CO and CHj intermediates to form ethanol precursors. Goryachev
and colleagues [196] synthesized and tested a series of SiOs-supported
Rh-based catalysts. Through high-throughput screening, they identified
an optimal catalyst composition. Systems containing 2 wt% K, 20 wt%
Fe, and 5 wt% Rh demonstrated the lowest selectivity of CHy4 at 46 %,
with selectivity of ethanol at 15.9 % and CO, conversion at 18.4 %. The
authors found that the presence of Fe is essential for alcohol formation,
while K promotion plays a crucial role in reducing the undesired direct
methanation of CO,. Fe facilitates chain growth, while K promotion
enhances CO dissociation, leading to higher ethanol selectivity. Despite
the exceptional activity of Rh-based catalysts (with proper oxidation
states) in CO3 hydrogenation, their industrial application is constrained
by their lack of economic feasibility. Consequently, there is a need for
further research aimed at the development of catalysts based on non-
noble metals.

Yang et al. [198] conducted the synthesis of a catalyst termed
RhFeLi/TiOy NR, where TiO, nanorods (TiO2 NR) served as the support
material. The presence of TiO NR facilitated the dispersion of Rh
nanoparticles, while the abundant hydroxyl groups on the TiO NR

The catalytic performance and reaction conditions of heterogenous noble-metal-based catalysts in CO, thermocatalytic hydrogenation to EtOH and/or C,,OH in a

continuous fixed-bed reactor.

Catalyst Catalytic performance Reaction conditions Ref.

STYgcon or Co.OH Xco2 Skron or Ca, OH(%) T P GHSV H,/CO, TOS

mmol-gerh ! (%) €] (bar) () ()
2Rh0.5Fe0.5Na/CeO, 2.33 13.0 29.8 250 30 4000 mL/g/h 3 N.A. [193]
Rh-0.3VO,/MCM-41 47.9 g/kg/h 12.1 24.1 250 30 6000 3 N.A. [192]
Pt/Co304 0.56 28.0 26.7 200 20 6000 mL/g/h 3 50 [194]
Na-Rh@S-1 72 mmol/ggn/h 10.0 24.0 250 50 N.A. 3 20 [191]
Pd/CeO, 45.6 greon/gea/h 9.0 99.2 240 30 3000 3 1 [195]
2K20Fe5Rh/Si0, 21.4 mL/g/h 18.4 15.9 250 50 7000 3 [196]
Ru/Iny03-ZrO, 130 mggron/gru/h 1.0 70.0 225 6 1333 mL/g/h 3 24 [197]
RhFeLi/TiO, N.A. 15.0 32.0 250 30 6000 3 7 [198]
Li/RhY 0.12 13.1 2.7 250 30 6000 mL/g/h 3 N.A. [199]
Rh-Li/SiO, N.A. 15.5 7.0 240 50 6000 mL/g/h 3 N.A. [200]

N.A. means that the data is not available in the reference.
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Fig. 15. I — The effect of transition metal promoters (a) and alkali metals (b) on the catalytic performance of Rh/CeOs, including CO, conversion, selectivity,
oxygenate distribution, and ethanol productivity, was examined for both non-promoted and Fe and/or Na-promoted Rh/CeO, catalysts in CO, hydrogenation (¢ and
d). The reaction conditions were as follows: 0.3 g of catalyst, 250 °C, 3 MPa, H,/CO, molar ratio of 3, and a space velocity of 6000 mL-g~*-h~!. Adapted with
permission from Ref. [193]. II — Performance of Rh-based catalysts in CO, hydrogenation: (a) CO, conversion and product selectivity; (b) STY of CoHsOH and the
fraction of CoHsOH in C,, oxygenates. Adapted with permission from Ref. [191].

played a pivotal role in the production of HA through CO5 hydrogena-
tion. Consequently, the authors achieved a CO, conversion rate of 15 %
and a HA selectivity of 32 % under conditions of 250 °C, 3 MPa, and
6000 mL-gea-h 1. It was observed that as the hydroxyl density on the
surface-treated TiO nanorods increased, the selectivity towards
methane and ethanol also increased. These hydroxyl groups were found
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to stabilize formate species and protonate methanol, which then un-
derwent dissociation into *CHy. Subsequently, CO generated from the
RWGS reacted with *CHy to form CH3CO*, followed by hydrogenation of
CH3CO* to produce ethanol. Bando et al. [199] investigated the CO5
hydrogenation reaction using Li-promoted Rh ion-exchanged zeolite
catalysts (Li/RhY). They found that as the amount of added Li increased,
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the main product of the reaction shifted from methane to CO. Addi-
tionally, they observed increased production of ethanol and methanol.
Furthermore, when 1.8 % of CO was added to the reactant gas, the
selectivity for ethanol significantly increased up to 13 % on Li/RhY
catalyst, while no such influence was observed on undoped Rh ion-
exchanged zeolite catalyst. Kusama et al. [200] conducted hydrogena-
tion of CO; to ethanol using Rh/SiOy-based catalysts. Initially, methane
was the primary product over the unpromoted catalysts. However, upon
adding various metal oxide promoters, both CO4 conversion and selec-
tivity to alcohols (methanol and ethanol) increased. Notably, Li salts
demonstrated the most significant effect on ethanol production among
the 30 promoters tested. Through optimization of reaction conditions,
the authors achieved the highest ethanol selectivity of 15.5 % with a CO4
conversion rate of 7.0 %.

4. Mechanistic aspects
4.1. Co-mediated pathway

The reaction mechanism for ethanol and HA from CO; hydrogena-
tion remains controversial due to the coexistence of a diverse array of
surface species at varying concentrations, necessitating further in situ or
operando studies for clarity [5]. Accepted mechanisms for activating
CO» in catalysts for ethanol and HA synthesis typically involve two
pathways (Fig. 16I): (I) the CO-mediated pathway, which consists of two
steps: firstly, the conversion of CO, to CO, followed by the subsequent
hydrogenation and/or dissociation of CO; (II) the formate/methoxy-
mediated pathway, wherein CO5 reacts with hydrogen to yield C; in-
termediates such as formate (HCOO*) and/or methoxy (CH30*) species
[49]. Among the available studies, the CO-mediated mechanism pro-
posed by Kusama et al. [200] is widely accepted. This mechanism can be
understood as a combination of CO5 conversion to CO and syngas con-
version to ethanol and HA. Thus, the CO»-to-ethanol (HA) reaction in-
volves the RWGS to produce CO, followed by the formation of
dissociated CO and Hy to aid carbon-chain growth, resulting in the
formation of CyHy intermediates. Subsequently, undissociated CO
insertion occurs (either through CO insertion into alkyl groups or alkyl
groups reacting with CO), followed by hydrogenation to form ethanol
and HA. On oxide surfaces with plentiful oxygen vacancies, direct CO4
dissociation is a prevalent occurrence. These vacancies readily accom-
modate oxygen species (0O*) generated during dissociation. Subse-
quently, the resulting CO* species undergo hydrogenation to form CH*.

For instance, Liu and colleagues [113] investigated how moderate
surface segregation influences the promotion of CO5 hydrogenation to
ethanol on CoCu catalysts using DFT analysis. The authors verified that
CO4 was hydrogenated to produce CO through the RWGS reaction on
these catalysts. Additionally, a variety of CHy species were identified as
participants in the coupling process with CO (Fig. 16II). This suggests
that the generation of CO and its subsequent dissociation to form CHy
species play crucial roles. The pathway from adsorbed *CO to ethanol
production involves several steps: *CO conversion to *CH,0, electron
transfer from CO to *CH0O, and the splitting of *CH20 into *CHj. The
energy required for methanation was found to be higher compared to
the energy needed for CO insertion. This energy difference favored the
formation of *CH3CO ethanol intermediates. Ye and colleagues [123]
conducted DFT calculations, which elucidated the direct dissociation of
CO4 to CO* on both pristine and Ir-promoted InyO3 catalysts in the
context of COy hydrogenation to ethanol. It is noteworthy that the
presence of Ir dopants in InyO3 not only facilitates CO, dissociation but
also enhances CO5 chemisorption through the formation of distinctive
active site configurations (Fig. 16III). Initially, CO5 is adsorbed onto the
In metal site as COy*, followed by CO, activation initiated by its con-
version into CO on the Ir metal site. The intermediate Ir>* —CO* plays a
crucial role in ethanol generation. The Lewis acid-base interaction be-
tween the monatomic Ir and nearby oxygen abundance on InyOs is
significant for CO, activation. Theoretical calculations and infrared
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spectra suggest the formation of a Lewis acid-base pair between
monatomic Ir and nearby oxygen abundance on InyOs, resulting in the
creation of two distinct catalytic sites that facilitate the reduction of CO4
to active intermediates and promote C-C coupling, ultimately leading to
ethanol generation. Under hydrogenation conditions, CHO* is formed
from CO, while CO5 undergoes hydrogenation to form the crucial CH3O*
intermediate. Further hydrogenation yields the CoHs0* species on Ir
metal sites. Eventually, ethanol is produced as the final product through
the hydrogenation of this species.

4.2. Formate/methoxy-mediated pathway

The formate/methoxy-mediated pathway is another prevalent route
for ethanol and HA synthesis [49]. Unlike the CO pathway, which in-
volves the direct cleavage of the C-O bond in CO or cleavage via the
formation of a COOH* intermediate, the formate/methoxy-mediated
pathway occurs on catalysts that exhibit a higher propensity for hy-
drogenating carbon atoms. These catalysts often feature Lewis-acid-base
pair sites. As illustrated in Fig. 171, when single-atom Rh catalysts are
supported on Ti-doped CeO,, CO2* attaches to a Lewis acid-base pair
arrangement, where the carbon atom is bound to a Lewis acid site (Rh)
and the oxygen atom is bound to the neighbouring oxygen vacancy (Ov)
[121]. When CO; is adsorbed in this configuration, it adopts a bent
structure, facilitating accessibility to the carbon center for hydrogena-
tion into HCOO*. Subsequently, HCOO* undergoes further hydrogena-
tion and deoxygenation, leading to the formation of C; building blocks
like CHyOH*, CHy*, and CO*. These intermediates are crucial for
ethanol and HA formation through C-C coupling reactions.

The formate/methoxy pathway over the Pt/Co304 catalyst was first
suggested by researchers [119] based on experimental evidence gath-
ered in a batch reactor. The authors conducted a '3CH;0H-labeling
experiment to probe the reaction mechanism. Upon adding *CH3;O0H
into the reactor before the reaction, they observed peaks at m/z = 47, in
addition to the expected peak at m/z = 46, which corresponds to
ethanol. The presence of the m/z = 47 peak suggests the formation of
either *CH3CH,OH or CHA*CH,OH, indicating that the carbon atom in
ethanol might originate from methanol.

Lately, the same viewpoint was claimed by Yang et al. [198] over the
RhFeLi-TiO, NR catalyst in a fixed-bed reactor. As depicted in Fig. 1711,
the presence of surface hydroxyl groups is beneficial for stabilizing
formate intermediates and facilitating the cleavage of C-O bonds in
methoxy species. The authors assert that the *CHj species originates
from the formate/methoxy pathway. Additionally, they highlight a
linear correlation between the total amount of *CHj and the density of
hydroxyl groups on the supporting TiO». Therefore, hydroxyl groups are
believed to protonate methoxy, serving a similar function to using water
as a solvent.

A reaction mechanism for transforming CO» into ethanol was intro-
duced by researchers [122] in a recent study. They employed a batch
reactor and the Rh/CNP catalyst, and their proposal was backed by DFT
calculations (Fig. 17III). The process begins with the adsorption and
activation of CO2, where the most favorable pathway for CO formation
involves the RWGS reaction through a COOH* intermediate, followed by
its dissociation. Additionally, adsorbed CO, can undergo hydrogenation
to form HCOO*, a crucial intermediate that can further transform into
H;COO* and HCOOH* over the Rh/CNP model. The production of
ethanol is attributed to the coupling between CO* and CHs* species
generated from the dissociation of CH3OH*. These findings highlight
that Rh-N3P; and Rh-Ny sites display distinct catalytic behaviors due to
their varying abilities to activate the dissociation of CH3OH*. Specif-
ically, Rh-Ny sites may be deficient in facilitating the coupling between
CHs* and CO*, thus rendering them less favorable for ethanol
production.
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Fig. 17. 1 - Catalytic cycle illustrating ethanol formation from CO2 hydrogenation on the Rh;/CeTiOy catalyst. Adapted with permission from Ref. [121]. II -
Diagram depicting the CO, hydrogenation process over the Rh-based catalyst with and without hydroxyl groups on TiO,. Hydroxyl groups are pivotal in expediting
the CHx—O* scission and enhancing ethanol formation. Adapted with permission from Ref. [198]. III — Proposed reaction mechanism for ethanol production from CO,
hydrogenation over Rh/CNP catalyst. Adapted with permission from Ref. [122].

4.3. C-C coupling pathways

COs, activation can yield various C; intermediates such as CO, CH,O,
and CHy, which are capable of undergoing C-C coupling reactions to
generate Cy. intermediates, thereby facilitating the formation of ethanol
and/or HA. The stability of these C; intermediates, determined by their
adsorption strength and the abundance and activity of surface hydrogen,
influences their composition on the surface and, consequently, the
mechanism of C-C coupling. Accepted mechanisms for C-C coupling
include CO insertion, CO. insertion, CHy-CH,O/CHy coupling, and
CHx-HCOO coupling [49]. In addition to HA synthesis, C-C coupling can
result in the production of alkanes, olefins, aldehydes, and other
byproducts. The widely accepted CO insertion mechanism facilitates HA
synthesis via CO; hydrogenation on catalysts such as Cu-based and
noble metals, entailing the reaction of CO* with alkyl species (CHx*)
followed by the hydrogenation of Cy. intermediates into ethanol and
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HA. The CO insertion mechanism for HA synthesis necessitates a delicate
equilibrium between surface CHy* and CO* species, achieved by regu-
lating dissociative CO activation (alkylation) and nondissociative CO
activation rates on the catalyst. Xu and colleagues [149] have proposed
an integrated reaction mechanism with CO insertion for CO, hydroge-
nation over Cs-CuFeZn catalysts, illustrated in Fig. 18I. The synthesis of
methanol follows a direct pathway from CO2 to methanol via HCOO*
intermediates, facilitated by Cu-ZnO interfaces. The promotion of
methanol formation is impeded by the presence of the Cs promoter.
Moreover, at elevated temperatures, particularly above 300 °C, ther-
modynamic constraints limit the equilibrium of the reaction, causing
methanol to revert back to CO, and H,, with a concurrent acceleration in
CO formation. Conversely, HA synthesis is observed to be more favor-
able over this catalyst at elevated temperatures. This is attributed to Cu-
ZnO catalyzing the RWGS reaction to produce CO, while copper-iron
carbide facilitates the insertion of C(H)O* intermediates into surface
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hydrocarbon species, resulting in the formation of HA at a comparable heightened surface coverage of CO* promoted the CO insertion reaction

rate. (CHy* + CO* - CHy*-CO) at Cu-FesC; interfaces, consequently aug-
Throughout the CO;-to-HA conversion process, the Cs promoter menting the productivity of HA.

plays a crucial role in enhancing the CO insertion reaction by modu-

lating the hydrogenation capability of the CuFeZn catalysts. Liu and co- 4.4. Other C—C coupling pathways

authors [183] demonstrated the significant influence of K promoters in

their research on K-Cu-Fe catalysts, whicsh were supported on amor- In addition to the previously mentioned CO and formate/methoxy-
phous ZrOs. As depicted in Fig. 18I the Zr"' sites and oxygen vacancies mediated mechanisms, in batch reactors with solvent have also pro-
on the surface of K-ZrO, interfaces provided unoccupied 4d orbitals posed alkyl-formate-coupling and formyl-methanol-coupling mecha-
capable of accepting lone'palr'el?cUons from the' carbon atom of CO, nisms. For instance, An et al. [111] presented a fresh catalytic cycle for
thereby enhancing non-dissociative CO adsorption. Consequently, a CO, hydrogenation to methanol and ethanol, observing that C-C
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coupling occurs between methanol and formyl species over diatomic Cub
centers, enhanced by alkali metals such as Cs or Li, on Zrjs-bpdc-Cu
catalysts (Fig. 19I). The process initiates with Hy activation on bime-
tallic Cu™ sites, leading to the formation of (Cu2+—H')2 species, followed
by CO; hydrogenation to methanol and formyl species. The C-C
coupling proceeds through nucleophilic attack, facilitated by electron-
rich formyl species stabilized by Cu?* and Cs*, onto the methyl group
in methanol activated by neighbouring Cu?*. The resulting CHsCHO
species undergoes stepwise hydrogenation to ethanol.

The coupling of CHy and CHO species has been widely recognized as
a significant C-C coupling process, supported by numerous observations
[201-206]. In catalyst systems where the adsorption of CHy and CH,O
species prevails over that of CO, the CHy-CH,O coupling pathway is
considered more plausible for C-C bond formation than CO insertion.
Zhang and colleagues [82] employed DFT to investigate a reaction
pathway, delineating the growth of carbon chains and the formation of
HA over Cug/ZnAl;,04(110), identified as the most stable structure
(Fig. 191IIa). Calculation of AG and E, indicated that only the AG of CO
insertion into CH, or CH3 exceeded zero, corroborating the unfavorable
nature of the CO insertion mechanism (Fig. 19IIb,c). Conversely, the
coupling between CH, and CHO exhibited the lowest AG (—1.60 eV) and
Ea (0.35 eV) compared to other couplings such as CHy — CH0, CH3 —
CHO, and CHs — CH30. These findings strongly indicate that the most
advantageous mechanism for C-C coupling entails CHy — CHO coupling
on multifunctional tandem Co,C||CuZnAl catalyst. During the reaction,
R — CH,CHO can undergo successive hydrogenation steps, ultimately
leading to the production of Cz;OH.

Apart from the CO insertion pathways outlined previously, another
avenue for C — C coupling involves the coupling of CO, with CHz*. This
process entails initial hydrogenation of a fraction of adsorbed CO2* to
CHs* on metallic sites, followed by its reaction with an adjacent non-
hydrogenated CO2* molecule, resulting in the formation of CH3COO*.
Subsequently, CH3COO* undergoes hydrogenation to yield ethanol.
Ding et al. [147] presented a groundbreaking perspective, highlighting
the importance of the CO5 insertion mechanism (*CH3—*CO5) from the
isotopic-labeling experiments and DFT calculations conducted on a
Cu@Na-Beta zeolite catalyst in a fix-bed continuous flow reactor. As
depicted in Fig. 201, three types of surfaces — perfect, Cu vacancy, or O-
doped - specifically at the edge Cu (221) models, were compared based
on their DFT calculations. The researchers discovered that the barrier/
reaction heat for the breaking of the C-O bond in *CH3O is higher than
that of *CH3OH for the O-doped Cu (221) surface. This suggests that
methyl formation via the cleavage of the C-O bond in CH3OH is more
favorable in this scenario, while the synchronous variation of the
12CH§3CH20H signal with the 13C02 feed indicates the ready reaction of
gaseous 13c0, with surface '?CHs* to yield 12CHA3CH,OH on the step
sites of the zeolite-entrapped Cu nanoparticles.

The coupling of CHyO-CHy, widely recognized as a compelling
mechanism for C-C coupling, is supported by extensive observational
evidence, and notably enables the formation of Cs alcohols. Irshad and
colleagues [165] have proposed a viable mechanism for n-butanol for-
mation in a fixed-bed reactor, as shown in Fig. 20II. While the precise
mechanism of the RWGS reaction over CuCo-based surfaces remains
ambiguous, the presence of Cu® and O, in the NAP-XPS profiles suggests
that Hy-assisted CO5 dissociation might be the primary RWGS pathway
over the Na-CuCo-9 catalyst. Maintaining a delicate balance between
dissociated and non-dissociated C-O bonds is crucial to enhance the
activity for forming Cs,OH species, which are pivotal for favorable
C3+OH production kinetics. The generated CO can undergo concurrent
transformation with CH30* and CHs* species on Cu and Co sites,
respectively, due to their differing intrinsic activities. CHs* interacts
with *CO to yield a Cy; oxygenate intermediate, eventually hydroge-
nating into acetaldehyde. The inhibition of CHy to CH4 over the Co
surface, which competes with the crucial CO insertion for generating the
aldehydic intermediate necessary for n-butanol formation, presents a
challenge. Subsequently, the acetaldehyde intermediate re-adsorbs and
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activates as CH3CHOH* + CH,CHO* on the Cu surface. The facilitated
C-O bond dissociation of CH3CHOH* over the Co site produces CH3CH*,
initiating a subsequent C-C coupling reaction between CH3CH* and
CH,CHO* to yield C4 oxygenates as precursors for n-butanol formation
in a tandem reaction. Hence, the formation of n-butanol critically hinges
on the kinetics of several key elementary steps, including C-C coupling,
C-O dissociation, and C-H formation.

5. Challenges and future perspectives

Given the challenges posed by global warming, it is crucial to take
immediate and resolute actions to reduce and ultimately eliminate CO»
emissions. In the past decade, there has been a significant shift in public
opinion, driven by evolving governmental policies that vary across re-
gions and evolve over time. This shift has catalyzed rigorous research
efforts not only towards developing more efficient CO5 capture tech-
nologies but also towards exploring methods to utilize carbon-
containing resources more effectively. Among these methods, the hy-
drogenation of CO, into Cy; alcohols emerges as a compelling tech-
nology for transforming CO5 into valuable chemicals and fuels, receiving
extensive study and attention over recent decades.

Currently, the direct hydrogenation of CO3 to Cyy alcohols faces
challenges such as low CO; conversion rates, insufficient selectivity to-
wards ethanol/HA, and intense competition from side reactions and
catalyst stability. The detailed description of challenges that must be
addressed for further advancement of CO, hydrogenation into ethanol/
HA (1. Catalyst performance in different reactor types; 2. Effect of sol-
vents; 3. Role of supports; 4. Comprehensive characterization and
mechanistic investigations; 5. Engineering next-generation catalysts) is
presented in the Support Information file. Various promising catalyst
categories have been explored, ranging from noble-metal catalysts to
those based on Cu, Co, and Fe, often in conjunction with alkali metals.
This research has investigated the impact of catalyst structure, pro-
moters, supports, precursor materials, and reaction conditions on cata-
lytic performance. Additionally, there have been suggestions regarding
correlations between structure and performance, as well as proposed
reaction mechanisms. This review provides a comprehensive overview
and analysis of recent advancements in diverse catalyst formulations,
the impacts of promoters and supports, as well as potential reaction
mechanisms in both batch and fixed-bed reactors.

The efficiency of producing Cy, alcohols is largely determined by the
kinetic rates governing critical processes, such as C-C coupling, C-O
dissociation and insertion, and C-H formation. This insight stems from
the detailed mechanistic analysis mentioned earlier. To attain peak Ca,
alcohols selectivity, it’s essential to maintain a precise equilibrium be-
tween non-dissociated and dissociated activations of C-O bonds. This
equilibrium plays a pivotal role in augmenting Cy alcohols production.
Boosting selectivity towards Ca; alcohols requires a kinetic suppression
of undesirable competitive reactions, notably the formation of CO,
methanol and hydrocarbons. As a result, increasing ethanol selectivity
may require either raising the energy barrier for *CHs hydrogenation or
lowering the activation energy of the CO-insertion reaction. Adjusting
*CO levels or *H coverage on distinct metal surfaces could also be
pivotal in achieving high C,. alcohols selectivity. This highlights the
significance of maintaining an optimal *CHs coverage to minimize
selectivity towards CO or methanol. In summary, fine-tuning the
adsorption strengths of these surface species through electronic pro-
moters to alter their fundamental adsorption behaviors and lifetimes
could greatly influence the selectivity towards Cy alcohols. Moreover,
there is a need to develop new catalysts with bifunctional active sites, as
both carbon chain propagation and alcohol formation are crucial aspects
of Co alcohols synthesis. An efficient catalyst for Co; alcohols synthesis
should possess dual sites capable of providing both functions.

Fig. 21 presents a summary of the catalytic performance of the most
active catalysts in both batch and fixed-bed reactors. In batch (tank)
reactors, the ethanol/HA STY of the catalysts is ranked as follows: Cu-
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Fig. 21. Comparison of ethanol and HA production from CO; hydrogenation in batch (a) and fixed-bed reactors (b-d).

based catalysts > noble-metal catalysts > Co-based catalysts (Fig. 21a).
While most catalysts were tested in continuous flow fixed-bed reactors,
intriguingly, the highest catalytic performances were observed in batch
reactors, particularly when various solvents were present. One expla-
nation for the high STY of ethanol and HA in batch reactors is the
“solvent entrapment effect.” Polar solvents, in particular, have been
shown to significantly enhance ethanol and HA selectivity by partici-
pating in specific elementary reactions and increasing the solubility of
CO3. Mechanistically, these solvents likely stabilize polar intermediates
on the catalyst surface, promoting reaction pathways such as the
formate/methoxy mechanism, alkyl-formate coupling, formyl-methanol
coupling, and alkyl-CO2 coupling [5]. These pathways are less
commonly observed in fixed-bed continuous flow reactors where sol-
vents are typically absent. Through careful catalyst design, both noble
and non-noble metal catalysts can achieve remarkable ethanol (or HA)
selectivity (greater than 90 %) and STY, often surpassing the perfor-
mance of fixed-bed reactors by several times. This optimization of
catalyst structure enables enhanced interaction with reactants,
contributing to superior catalytic efficiency. For example, the Zrj-bpdec-
CuCs catalyst in a batch reactor achieved an impressive STY of 728
mmol-gea-h ! (Fig. 21a), which is significantly higher than that of most
fixed-bed reactors. This underscores the importance of solvent effects
and the potential for optimizing catalytic performance through careful
catalyst design, irrespective of whether noble or non-noble metals are
used.

However, it is also important to note that while batch reactors may
offer enhanced selectivity and STY due to solvent interactions, they face
inherent limitations such as the inability to operate continuously, a key
advantage of fixed-bed reactors for industrial-scale applications.
Furthermore, cost-effective catalysts based on Cu, Co, and Fe provide

additional advantages in terms of scalability due to their simpler prep-
aration methods and lower costs compared to more complex MOF-based
catalysts, making them more suitable for large-scale industrial pro-
cesses. In summary, the primary reasons for the clear differences in
catalytic performance between batch and fixed-bed reactors are the
presence of solvents, reaction mechanisms facilitated by solvent in-
teractions, and the differences in contact time and reaction environment
between the two reactor types. These factors significantly influence the
selectivity and yield of ethanol and highlight the importance of tailoring
catalysts specifically to the operating conditions of each reactor system.
In fixed-bed continuous flow reactors, the catalyst families rank as
Cu-based > Co-based > noble-metal > Fe-based catalysts in terms of
their Cy alcohols STY (Fig. 21b). In fixed-bed reactors, the selectivity
and STY towards Cy alcohols are typically low. This is attributed to the
limited contact duration between the feed gas and catalyst, potentially
leading to the destabilization of crucial surface species. It is hypothe-
sized that prolonging the contact time can increase the chances of CHy —
C(H)Ox coupling, consequently resulting in enhanced selectivity to-
wards Cy, alcohols. Notably, the Cu@Na-Beta catalyst displayed
exceptional catalytic activity in a fixed-bed reactor, achieving 100 %
ethanol selectivity and STY of 8.64 mmol-gc_alt-h_l, despite its relatively
low CO; conversion (Fig. 21b,c). Similarly, noble-metal catalysts, such
as Pd/CeO,, exhibited high ethanol selectivity but even lower CO,
conversion compared to the Cu@Na-Beta catalyst (Fig. 21d).
Considering both catalyst activity and cost considerations, Cu-based
catalysts warrant increased attention in future explorations in both
batch and fixed-bed reactors. Recent significant findings have high-
lighted the use of porous supports for accommodating small metal cat-
alysts and tailoring the active sites at an atomic scale, particularly in
enhancing selectivity towards Cy. alcohols. Further exploration is
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warranted due to indications that the surface properties and confine-
ment effects of porous supports play a role in influencing the stability of
crucial surface species of trapped metals, similar to solvents. Moreover,
it is crucial to further explore the capability of supports to transport
adsorbed species to the enclosed active surface, thereby enhancing the
collaborative synthesis of Cy, alcohols. This necessitates conducting
more rigorous experiments, including *C/2H labeled experiments and
in situ infrared spectroscopy under high pressure, alongside theoretical
calculations. The integration of these methods with in situ X-ray
photoelectron spectroscopy, in situ X-ray absorption spectroscopy, in situ
X-ray powder diffraction, and in situ transmission electron microscopy is
paramount for future studies aimed at achieving an advanced under-
standing of the reaction mechanism at the atomic level. In conclusion,
we anticipate that through improved/optimized catalyst preparation,
comprehensive characterization, and thorough mechanistic in-
vestigations, customized non-noble metal-based catalysts, potentially
trimetallic ones with alkali metal promotion, could be engineered as
next-generation catalytic systems for CO, hydrogenation, facilitating the
synthesis of ethanol and/or HA. Finally, we are optimistic that these
breakthroughs will soon yield advanced catalysts for synthesizing
ethanol and/or HA, meeting the urgent demand for economically viable
CO4 conversion technologies suitable for widespread implementation.

6. Conclusions

In light of the pressing need to combat global warming, immediate
action to reduce and ultimately eliminate CO5 emissions is crucial. Over
the past decade, evolving governmental policies and a shift in public
opinion have driven extensive research efforts, not only to develop more
efficient CO, capture technologies but also to explore methods for uti-
lizing carbon-containing resources more effectively. One promising
approach is the hydrogenation of CO5 into Cy; alcohols, which holds
potential as a viable technology for converting CO» into valuable
chemicals and fuels. However, significant challenges remain, including
low CO5 conversion rates, insufficient selectivity for ethanol/HA, and
issues related to catalyst stability. This review has provided a compre-
hensive analysis of the current progress in catalyst development for CO5
hydrogenation to Cy; alcohols, with a focus on noble-metal and non-
noble metal catalysts, such as Cu, Co, and Fe. Through detailed mech-
anistic studies, the kinetic limitations that govern the critical processes,
such as C-C coupling, C-O dissociation, and C-H formation, have been
identified as key factors influencing Cy alcohol production. Achieving
high selectivity towards Ca. alcohols requires the delicate balancing of
adsorption behaviors and reaction pathways, which can be manipulated
through careful catalyst design and the use of electronic promoters. The
use of batch reactors, particularly in the presence of polar solvents, has
demonstrated superior catalytic performances, largely attributed to the
“solvent entrapment effect” that stabilizes polar intermediates and
promotes key reaction mechanisms. However, batch reactors also face
inherent limitations in terms of scalability and continuous operation,
making fixed-bed reactors more suitable for industrial applications.
Nevertheless, fixed-bed reactors still struggle with lower selectivity and
STY due to limited interaction between the feed gas and catalyst, sug-
gesting that strategies to enhance contact duration and improve catalyst
stability could lead to better outcomes. In conclusion, Cu-based cata-
lysts, particularly trimetallic ones with alkali metal promotion, emerge
as promising candidates for future research due to their favorable ac-
tivity, cost-effectiveness, and potential for enhanced Cs, alcohol selec-
tivity. These catalysts hold significant promise for overcoming current
challenges in CO5 hydrogenation and advancing towards economically
viable and scalable CO5 conversion technologies. The exploration of
porous supports and bifunctional catalysts, along with advanced in situ
characterization techniques, will be crucial for developing next-
generation catalysts. These advancements are expected to overcome
current limitations and enable the efficient synthesis of Cy, alcohols,
such as ethanol, thereby contributing to sustainable and economically
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viable CO, conversion technologies for widespread application.
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