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A B S T R A C T

Higher alcohol (HA) synthesis via the hydrogenation of CO2 constitutes a relatively new and exciting field of 
research that has the potential to help towards the de-carbonization of the energy sector. The process poses 
formidable challenges, as it demands the formation of at least one C-C bond, when CO2 is thermodynamically 
stable, fully oxidized and kinetically inert. This work provides a comprehensive and critical literature review of 
the catalytic formulations that have been employed, in both fixed-bed and batch reactors, which include noble 
metal catalysts, transition metal-based systems, post-transition metal catalysts, bimetallic, multimetallic/multi
functional catalysts, Metal Organic Frameworks (MOFs), perovskite-, and zeolite-based catalysts. The critical role 
of promoters and supports and the effect that the reaction conditions have on performance are also discussed. 
Emphasis has been given to single atom catalysts (SACs), as the high specific activity of these systems seems to 
hold great promise for the reaction at hand. Breakthroughs made by employing the concept of tandem catalysis 
are also critically analyzed. This review paper also discusses the thermodynamic aspects of the reaction and the 
insights that have been gained regarding the reaction mechanism. Finally, it provides an overview of the di
rection that research may move to into the future.   

1. Introduction

Τhe foundation for the economic growth that the world has gone
through since the industrial age has been provided by fossil fuels. 
However, as is now well understood, the emission of greenhouse gases 
during their combustion and the subsequent increase in their atmo
spheric concentration, is causing visible changes in global climate 
everywhere in the world. The increase in the concentration of carbon 
dioxide (CO2) in the atmosphere has jumped from a long-term mean 
average of 275 ppm in the pre-industrial epoch, to 340 in the 1980’s, to 
the current level of about 420 ppm [1]. Although the effects of climate 
change are fast becoming the familiar horsemen of a planetary apoca
lypse, results from climate model simulations indicate that our planet’s 
average temperature will rise from 1.1◦ to 5.4◦C in 2100 [2]. 

As the world is working towards de-carbonizing the energy sector, it 
is imperative that in the meantime efforts are made to not only curb, 
capture or store CO2 emissions, but also of finding ways to utilize them. 

In this direction, efforts are intensifying and include the conversion of 
CO2 via hydrogenation into valuable products such as carbon monoxide 
(CO) [3–5], light olefins (CnH2n) [6–10], hydrocarbons (HC) [11–17], 
formic acid (HCOOH) [18–21], formaldehyde (HCHO) [22], dimethyl 
ether (DME) [23–26], methanol (CH3OH) [27–30] and higher alcohols 
(C2+OH) [31–36]. 

Among the aforementioned products, the synthesis of higher alco
hols (HAs) constitutes a relatively new area of research, but recent 
geopolitical conflicts, which has plugged the chemical sector into un
certainty and caused the price of gasoline and natural gas to skyrocket, 
has made abundantly clear that the production of chemicals deserves 
additional impetus. At present, the focus of the scientific community is 
on the use of higher alcohols as alternative fuel additives, as they are 
known to offer a plethora of advantages, in comparison to for example, 
methanol, which has been extensively studied. In particular, higher al
cohols are less toxic, have lower volatility, better solubility in fuel and a 
higher energy density. Moreover, their higher-octane number leads to a 
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reduction in the emission of noxious gases (NOx, O3, CO, and VOCs) 
during their combustion [37,38]. For instance, it has been reported that 
the use of a fuel composed of 10% ethanol and 90% gasoline in internal 
combustion engines (ICEs) leads to a decline of CO emissions by 30% 
[39,40]. Higher alcohols can also be used to produce value-added 
chemicals such as olefins (which could be produced from ethanol and 
butanol via dehydration) and methyltertiarybutylether (MTBE) [41]. 
Moreover, higher alcohols can also be used as alternative energy carriers 
in fuel cells technologies [42]. Thus, due to their economic value and 
their broad range of industrial applications, higher alcohols are a very 
promising feedstock that can help pave the way for the sustainable 
development of future energy systems and the manufacture of chemicals 
[43]. 

Nowadays, C2–4 alcohols are mainly synthesized through the 
following routes: (i) fermentation of carbon-based agricultural feed
stocks (corn and sugarcane, glucose (sugar), starch, ligno-celluloses) 
[44,45], (ii) hydration of petroleum-derived alkenes [46–48], and (iii) 
hydrogenation of CO (syngas) [49–53]. However, there are a number of 
disadvantages associated with the above-mentioned processes. To start 
with, the fermentation route, which has been already commercialized, 
raises serious ethical questions (food versus fuel), as it demands the use 
of edible plants (e.g., corn and sugarcane), it is an energy-demanding 
process, and offers a rather low product yield [31]. Concerning the 
hydration route, its use not only intensifies our dependence on crude oil, 
but the process also suffers from low conversions and poor catalyst 
stability [54]. Finally, the process where syngas mixtures (CO and H2), 
derived from reforming or partial oxidation of coal, natural gas, or 
biomass, that are then hydrogenated to HAs, does not appear capable of 
meeting the overall market demand [42]. Thus, finding new, sustainable 
methods based on renewable feedstocks for the production of higher 
alcohols is a challenge worthy of pursuit. 

As an alternative, CO2 a nontoxic and renewable carbon source could 
be a promising candidate, replacing CO, for higher alcohols production 
and making possible both the simultaneous abatement of CO2 emissions 
and its effective exploitation. However, its activation and trans
formation are not easy to accomplish as CO2 is thermodynamically 
stable (its bond-dissociation energy is 526 kJ mol-1), fully oxidized and 
kinetically inert [34,54]. Therefore, its transformation to chemicals is a 
huge scientific challenge, necessitating the presence of a high energy 
molecule, such as H2, which can promote CO2 conversion making 
feasible its activation and dissociation [55]. However, caution is needed 
as a high hydrogen to carbon ratio results in C1 products (CO, CH3OH, 
CH4) due to the rapid hydrogenation of reaction intermediates [56]. 
Moreover, the success of C-C bond formation poses another formidable 
challenge, as HAs consists of one C-O bond and at least one C-C bond. 
Therefore, an effective catalyst should promote both CO2 activation and 
C-C coupling on its surface [57]. Until now, although great efforts have 
been expended to design and synthesize selective catalytic systems, 
there is still the need for further investigation and improvement prior to 
industrial use. 

Given the increased research interest in the reaction of CO2 hydro
genation for the production of higher alcohols witnessed in the last few 
years, some high-quality review papers have already been published 
[31–36]; the caveat is that such reports are still few compared to the 
existing reviews concerning the conversion of CO2 to methanol [e.g., 58, 
59], hydrocarbons [e.g., 60,61] or syngas [e.g., 62,63]. In one of the 
earliest efforts, Schemme et al. [36] reviewed the maturity of the tech
nologies used to synthesize C1-C8 alcohols. Both Gao et al. [33] and 
Zhang et al. [34] provided review papers dealing with the production of 
liquid fuels from CO2 hydrogenation, i.e., the focus of these works was 
not exclusively on higher alcohols synthesis. Another effort was carried 
out by Liu at al. [35] who focused solely on hetero-site cobalt catalysts, 
an important family of catalytic systems, for the synthesis of higher al
cohols via CO2 hydrogenation. The most recent review papers, dealing 
with advances in CO2 hydrogenation to HAs in terms of catalyst design 
and performance, as well as information into the reaction mechanism, 

have been provided by Zeng et al. [31] and Xu et al. [32]. 
Herein, we have attempted to provide a comprehensive and critical 

literature review of the catalytic formulations that have been employed, 
in both fixed-bed and batch reactors, which include noble metal cata
lysts (e.g., Rh, Pd, Au), transition-based systems (e.g., Fe, Mo, Co, Cu), 
post-transition catalysts, bimetallic, multimetallic/multifunctional cat
alysts, Metal Organic Frameworks (MOFs), perovskite-, and zeolite- 
based catalysts, to tackle the complexities and formidable challenges 
that this reaction poses. The critical role of promoters (for example, 
alkali metals are almost indispensable in the majority of catalytic sys
tems employed) and supports (such as the role of oxygen vacancies and 
of oxygen lability, metal-support interactions) and the effect that the 
reaction conditions (including the role of solvents in the works 
employing batch reactors) have on performance are also discussed. 
Particular emphasis has been given to single atom catalysts (SACs), as 
the high specific activity of these systems seems to hold great promise 
for the reaction at hand. Breakthroughs made by employing the concept 
of tandem catalysis are also critically analyzed. This review paper also 
discusses the thermodynamic aspects of the reaction and the insights 
that have been gained regarding the reaction mechanism. Finally, it 
provides an overview of the direction that research may move to into the 
future. 

2. Thermodynamics analysis 

Although there exist numerous reports in the literature that have 
presented thermodynamic analysis for the hydrogenation of CO2 to 
methane or methanol [57,64–67], the relatively recent focus of the 
scientific community to the production of HAs means that only few have 
investigated the thermodynamics of this reaction [57,68–70]. That 
being said, it is generally thought that HAs synthesis proceeds through 
the Reverse Water Gas Shift Reaction (RWGS) and the subsequent hy
drogenation of CO, as follows [57,68–73]:  

Reverse water gas shift reaction: CO2 + H2 → CO + H2O ΔH̊273Κ =

41⋅2 kJ mol− 1                                                                                 (1)  

Alcohol formation reaction: nCO + 2nH2 → CnH2n+1OH + (n − 1) H2O (2)  

Overall reaction: nCO2 + 3nH2 ↔ CnH2n+1OH + (2n-1) H2O                (3) 

All of the available works have employed the Gibbs free energy 
minimization method, which is based on the assumption that the system 
under consideration processes the minimum total Gibbs free energy at 
equilibrium, meaning that it is not necessary to know the equilibrium 
constant at each reaction step [68,74]. Jia et al. [68] conducted one of 
the earliest thermodynamic analysis of CO2 hydrogenation to ROH, but 
also for a variety of other products (CO, RCOOH, RCHO, HC). The au
thors showed that the conversion of CO2 to products with high number 
of carbons in their structure (butene, butyne, butanol, propionaldehyde, 
propionic acid) is favored at low temperature (<200 ◦C) and high 
pressure (>10 bar). Moreover, they also showed that the Gibbs free 
energy (at 25 oC) for the hydrogenation of CO2 to ethanol, propanol and 
butanol is − 32.4 kJ mol-1, − 39.9 kJ mol-1 and − 43.2 kJ mol-1, 
respectively, while that for the production of methanol is 3.5 kJ mol-1. 
Thus, the CO2 to HAs reaction is more thermodynamically favorable 
than the corresponding one for methanol production. A comparison 
between CO2 conversion to methanol and ethanol at different temper
atures and pressures is depicted in Fig. 1(a and b). As can be observed, an 
increase over a certain reaction temperature leads to a decrease of CO2 
conversion for both methanol and ethanol synthesis due to the 
exothermic nature of the reaction (ΔHΘ = − 49.3 kJ mol− 1 and − 86.7 kJ 
mol− 1), however this also strongly depends on the reaction pressure. For 
example, for the synthesis of ethanol, conversion of CO2 (XCO2) remains 
close to 100% up to 300 ◦C at 300 bar. In contrast, XCO2 declines even at 
150 ◦C, if the reaction pressure is set at 30 bar. Regarding the product 
distribution Fig. 1(c and d), the authors concluded that irrespective of 
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the H2/CO2 ratio used (1 or 5), at lower temperatures, the formation of 
butanol is favored. 

In a subsequent work He et al. [69] included in the calculations the 
presence of CH4 in the products mixture, which thermodynamically is 
the most favored product, and thus hinders the formation of alcohols. 
The authors confirmed that the production of HAs benefits from 
increased pressures and H2:CO2 ratio (up to a ratio equal to 3.5–4), while 
an increase in the reaction temperature leads to an increase in the 
selectivity to CO, and over approximately 250 oC, also to a decrease in 
the conversion of CO2 and H2. Stangeland et al. [70] took into account 
the condensation reactions and concluded that these may prove ad
vantageous during CO2 hydrogenation to higher alcohols. The authors 
were able to show that when methanol is produced as an intermediate, 
two molecules can combine between them (methanol homologation), 
and their dehydration can also lead to the production of ethanol. In the 
most recently published study, He et al. [57] also included in their 
thermodynamic analysis the effect that different C1–4 alkane isomers, 
alkene isomers and alcohol isomers have on the production of HAs. The 
authors were able to show that the more favorable thermodynamically 
alkane isomer is isobutane, for alkene isomers, the more favorable 
thermodynamically are isobutene, trans-2-butene, cis-2-butene and 
propene, and of the alcohol isomers, the more favorable thermody
namically are 1/2-propanol and 1/2/iso/tert-butanol. Moreover, this 
work also confirmed that CH4 has a negative impact on the production of 
HAs, which can however be somewhat suppressed at lower reaction 
temperatures and higher pressures. 

3. Catalyst developments 

As mentioned above, an effective HAs producing catalyst via CO2 
hydrogenation should promote both CO2 activation and C-C coupling on 
its surface. To meet this challenge, great efforts have been expended to 

design and synthesize selective catalytic systems, which include mono
metallic noble metal catalysts (e.g., Rh, Pd, Au), transition-based sys
tems (e.g., Fe, Mo, Co, Cu), post-transition catalysts, bimetallic, and 
multimetallic / multifunctional catalysts, Metal Organic Frameworks 
(MOFs), perovskite- and zeolite-based catalysts. Breakthroughs have 
also been made by employing the concept of tandem catalysis. This 
section critically discusses the aforementioned catalytic formulations 
and also provides information on the effect of the supports and of the 
catalyst structure on catalytic performance. 

3.1. Noble metal-based catalysts 

3.1.1. Rh-based catalysts 
One of the earliest works investigating the formation of HAs via CO2 

hydrogenation was carried out in the 1990 s by Kusama et al. [75], using 
Rh-based catalysts. In this groundbreaking work, the authors examined 
the influence of a series of approximately 30 additives (Li, Na, K, Mg, Ca, 
Sr, Ba, Fe, Co, Ni, Ru, Pd, Ir, Pt, Cu, Ag, Ti, V, Mn, Zr, Nb, Mo, Re, Zn, Sn, 
La, Ce, Sm), with an atomic ratio of Rh:M= 1:1 (5 wt% Rh, M= addi
tive), to the performance of a Rh/SiO2 catalyst using a fixed-bed reactor 
(T = 200–260 ◦C, P = 1–50 bar, H2:CO2 = 0.6–9). Although the addi
tion of the promoters was generally found to increase the conversion of 
CO2, only Li, Fe, Sr and Ag led to ethanol formation, with SEtOH recorded 
as 15.5%, 3.2%, 2.5%, and 1.8%, respectively; XCO2 was 7.0%, 10.4%, 
2.8% and 2.1%, respectively (T = 240 ◦C, P = 50 bar, H2:CO2 = 3:1). 
Utilizing in-situ FT-IR, the authors suggested that the addition of Li 
increased the amount of CO intermediates, which then reacted with 
*CH3 and formed ethanol. Moreover, using the Rh-Li/SiO2 catalyst, the 
authors were also able to show that ethanol formation is favored at an 
optimum temperature (over which it declines), a low H2:CO2 ratio 
(higher ratios favor the production of hydrocarbons), and higher pres
sures (as expected by equilibrium). 

Fig. 1. (a) Equilibrium values for CO2 hydrogenation to methanol, (b) Equilibrium values for CO2 hydrogenation to ethanol, (c) Alcohol distribution in the product’s 
mixture at H2/CO2 = 1 (P = 50 bar), and (d) Alcohol distribution in the product’s mixture at H2/CO2 = 5 (P = 200 bar) [68]. 
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As mentioned in the previous paragraph, Kusama et al. [75] showed 
that apart from Li, the use of Fe as promoter also led to the production of 
ethanol, likely due to the ability of Fe to adjust the different electronic 
states of Rh. Thus, the same group [76], carried out a subsequent work in 
which they used an Rh-Fe/SiO2 catalyst, and focused their investigation 
on the effect of the Rh:Fe atomic ratio on ethanol production (the atomic 
Rh:Fe ratios used where 1:0.1, 1:0.3, 1:0.5, 1:1, 1:2, and 1:3). Notably, 
all experimental conditions were the same as those used in the work 
above, apart from the reaction temperature which was slightly higher 
(instead of 240 oC, this study reports results at 260 oC). Although the 
authors do not comment on this, this slight increase in the reaction 
temperature led to drastically different results; at 240 oC, and for Rh: 
Fe= 1:1, the reported results were XCO2= 10.4%, SMeOH= 16%, 
SEtOH= 3.2%, SCO= 6.8%, SCH4= 73.9% [75]. In contrast, and again for 
Rh:Fe ratio= 1:1, at 260 oC, the reported results were XCO2= 25.1%, 
SMeOH= 28.5%, SEtOH= 16.2%, SCO= 27.5%, SCH4= 27.6% [76]. Thus, 
the methanation activity of the catalyst was inhibited, which favored the 
production of alcohols. In terms of the effect of the Rh:Fe ratio [76], the 
authors discovered that SEtOH increased with an increase in the Rh:Fe 
ratio, while XCO2 also increased up to a ratio of 1:2; over this, XCO2 
slightly declined. The authors also estimated the amount of CO adsorbed 
on Rh, for all Rh:Fe ratios under consideration, and by hypothesizing 
that the sites onto which the CO is adsorbed are the active catalytic 
centers, came to the conclusion that the active sites decrease upon the 
addition of Fe up to the Rh:Fe= 1:1 ratio; upon further addition of Fe the 
active centers appear to increase. Thus, the authors proposed that the 
turnover frequency (TOF) of the catalysts increased upon the addition of 
Fe. 

Over a quarter of century later, Goryachev et al. [77] repeated the 
attempt to determine the optimal Fe to Rh ratio. Towards this goal, the 
authors synthesized a series of Fe promoted (5–30 wt%) Rh (5 wt%) 
catalysts supported on SiO2 and tested them over a fixed-bed reactor 
(T = 250 ◦C, P = 75 bar, H2:CO2 = 3:1). Their findings suggest that the 
optimal Rh:Fe ratio is 1:4, which differs from the 1:1 previously reported 
by Kusama et al. [76]. However, ethanol selectivity was rather low 
(SEtOH= 8 ± 2%), while methane was the major product (SCH4= 80 
± 10%) regardless of the Rh:Fe ratio used. To improve the production of 
HAs, the authors [77] then added potassium (as K2CO3) into the 
FeRh/SiO2, as K is known to favor the non-dissociated CO adsorption, 
preventing thus, the formation of hydrocarbons. The reported results 
show that the addition of even small amounts of K could stabilize CO 
intermediate production and lead in a higher rate of CO insertion. The 
optimal composition was 2 wt% K, 20 wt% Fe, and 5 wt% Rh 
(2K20Fe5Rh/SiO2), as it achieved the lowest methanation activity 
(SCH4= 46%), and the highest EtOH selectivity (15.9%) and CO2 con
version (18.4%). 

Also inspired by the pioneering work of Kusama et al. [75], Yang 
et al. [78] utilized both Fe and Li as promoters, and tested a RhFeLi (Rh: 
Fe:Li= 1:1:1) system in a fixed-bed microreactor (T = 250 ◦C, 
P = 30 bar, CO2:H2 = 1:3). The authors utilized TiO2 nanorods (NR) as 
supporting material, as this oxide aids the dispersion of Rh nanoparticles 
(nps) and promotes the creation of high-density hydroxyl groups. The 
latter, favor the formation of ethanol upon CO insertion, as they pro
tonate the methanol and dissociate it into *CHx (Fig. 2). After testing 

catalysts with different Rh contents, the authors reported that the 2.5 wt 
% RhFeLi/TiO2 NR system was able to achieve an ethanol selectivity of 
31% (XCO2= 16%), which is the highest achieved for the Rh-based cat
alysts discussed in this subsection (see also Table 1). Additionally, they 
concluded that the incorporation of the dual promoters (Fe and Li) into 
the Rh-based catalyst had a beneficial effect on both CO2 conversion and 
ethanol selectivity. 

In summary, Rh, due to its C-C coupling ability, is a popular noble 
metal for the production of HAs. However, the addition of alkali or 
transition metals is necessary to enhance the performance of such sys
tems. For instance, the addition of an alkali metal (Li or K) and/or Fe 
increases the amount of the CO intermediates, which then reacts with 
*CH3 to form ethanol. Moreover, these additives help adjust the 
different electronic states of Rh. This property is of particular impor
tance, as an electron-rich Rh surface aids the stabilization of *CH3 and 
*H species (which in turn inhibits the production of CH4) promoting the 
coupling of *CO with *CH3 to produce the desired HAs. Regarding Fe, 
caution should be exercised as the existence of Fe0 leads to the promo
tion of the undesired methanation reaction, while excess amounts of Fe 
can also block the Rh active sites. In terms of the supporting material, 
the use of TiO2, a material with a high population of oxygen vacancies, 
has been shown to create high-density hydroxyl groups, which favor the 
formation of ethanol upon CO insertion, as they protonate the methanol 
and dissociate it into *CHx. 

3.1.2. Au-based catalysts 
Although gold has a rich coordination and organometallic chemistry, 

it was not considered catalytically active until the pioneering works 
carried out firstly by Bond et al. [79], and then about a decade later, 
almost simultaneously (but independently), by Haruta [80] and 
Hutchings [81]. Bond et al. [79] investigated the hydrogenation of 
olefins, Haruta [80] the low-temperature oxidation of CO, and Hutch
ings [81] the hydrochlorination of ethyne to vinyl chloride; all 
concluded that gold-based catalysts showed excellent activity and sta
bility characteristics, and in many cases, were superior to other catalytic 
systems. Since then, an expanding number of studies have shown that 
the use of gold-based catalysts leads to exceptional activity and selec
tivity in various green and sustainable redox reactions and fine chemical 
synthesis [82–89]. Moreover, an increasing body of published works [e. 
g., [90–92]] is demonstrating that small Au metal clusters are more 
reactive in comparison to their bulk analogues, due to the presence of 
surface atoms that are in low coordination and act as active sites. 

Wang et al. [93,94], were the first to investigate the performance of 
Au nanoclusters (Au NC) for the hydrogenation of CO2 to ethanol 
(EtOH). To do so, the authors compared the performance of the Au NC to 
Pd-, Ir-, and Rh-catalysts supported on TiO2 (T = 200 ◦C, P = 60 bar, 
CO2:H2 = 1:3), using a batch reactor; the solvent utilized was N, 
N-dimethylformamide (DMF). The choice of support was inspired by 
the work carried out by Preti et al. [89], which showed that Au/TiO2 
could be used for the hydrogenation of CO2 to produce formic acid under 
high-pressure conditions. Wang et al. [93] demonstrated that the 
smaller metal particle size (1.0 ± 0.1 nm) and higher dispersion of 
active species achieved on the Au/TiO2 (Au= 1.0 wt%) led to an EtOH 
space time yield (STY) that was higher by an order of magnitude in 
comparison to the other catalysts (635.4 mmol gMetal

-1 h-1 vs approxi
mately 60 mmol gMetal

-1 h-1), and more importantly, one of the highest 
catalytic activity ever reported for EtOH synthesis via this reaction 
(Tables 1–3). The authors also investigated the effect that different 
titania polymorphs (anatase, brookite, rutile and amorphous) could 
have on catalytic activity, this time lowering the loading of the active 
phase (Au= 0.3 wt%), and reported an even higher EtOH STY 
(942.8 mmol gMetal

− 1 h− 1) for the Au/a-TiO2 catalyst (Fig. 3a). This 
improvement was attributed to the enhanced interaction between the 
Au NC and the a-TiO2 support, which was the result of the higher pop
ulation of oxygen vacancies present in this polymorph. Importantly, the 
as prepared catalyst retained a high SEtOH even after 6 catalytic cycles 

Fig. 2. Schematic representation of the CO2 hydrogenation over the Rh/TiO2 
with and without hydroxyl groups [78]. 
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Table 1 
Composition, synthesis technique, experimental conditions and performance of noble-based catalysts as reported in selected works from the literature.  

Catalyst Synthesis method Experimental conditions Catalytic activity Ref. 

5% Rh-Li/SiO2 (Rh: 
Li = 1) 

Incipient wetness impregnation fixed-bed reactor, 
T = 240 ◦C P = 50 bar, H2:CO2 = 3, 
GHSV= 6000 mL g-1 h-1 

XCO2= 7.0% 
Sethanol= 15.5% 

[75] 

5% Rh-Fe/SiO2 

(Rh:Fe = 1:2) 
Co-impregnation fixed-bed reactor, T = 260 ◦C, 

P = 50 bar, H2:CO2 = 3, 
GHSV= 6000 mL g-1 h-1 

XCO2= 26.7% 
Sethanol= 16.0% 

[76] 

2% K%− 20% Fe- 
5%Rh/SiO2 (K: 
Fe:Rh = 2:20:5) 

Wet impregnation fixed-bed flow-type, T = 250 ◦C, 
P = 50 bar, H2:CO2 = 3, 
GHSV= 7000 mL g–1 h–1 

XCO2= 18.4% 
Sethanol= 15.9% 
STYEtOH= 21.4 mLgcat

–1 h–1 

[77] 

2.5% RhFeLi/TiO2 

NRs*1 (Rh/Fe/Li 
= 1:1:1) 

Modified hydrothermal (for the support) and impregnation fixed-bed reactor, T = 250 ̊C 
P = 30 bar, H2:CO2 = 3, 
GHSV= 6000 mL g–1 h–1 

XCO2= 15% 
Sethanol= 32% 

[78] 

0.3% Au/a-TiO2 

NC*2 
Deposition− precipitation batch reactor, T = 200̊C P = 60 bar, H2: 

CO2 = 3, solvent: DMF 
XCO2= n/a*3 

Sethanol= >99% 
STYEtOH= 942.8 mmol gAu

− 1 

h− 1 

[93] 

0.1% Pd/Fe3O4 (Pd 
as single atoms) 

Magnetite nanoparticles were functionalized with a dopPPh2 linker 
by sonication in methanol for 2 h. Pd was loaded from K2[PdCl4] to 
Fe3O4dopPPh2 in water, which was followed by reduction with 
NaBH4. 

fixed-bed reactor, T = 250̊C P = 30 bar, 
H2:CO2 = 3, WHSV= 8000 mL g–1 h–1 

XCO2= 1.4% 
Sethanol= 98% 
STYEtOH= 440 mmolethanol 

gPd
–1h–1 

[98] 

0.13% Pd2/CeO2 

(Pd dimers) 
Нydrothermal method (for the support) and adsorption method for 
the catalyst 

fixed-bed reactor, T = 240̊C P = 30 bar, 
H2:CO2 = 3, WHSV= 3000 mL g–1 h–1 

XCO2= 9.2% 
Sethanol= 99.2% 
STYEtOH= 45.6 gethanol gPd 
− 1 h− 1 

[99] 

1% Pt/Co3O4 Co-precipitation method batch reactor, T = 200̊C, P = 80 bar, 
H2:CO2 = 3, solvent: H2O-DMI 

XCO2= n/a*3 

STYethanol= 29 
(100 ×mmolgcat− 1 h− 1) 
SC2+OH= 82.5% 

[95] 

1% Pt/Co3O4-m Wet impregnation fixed-bed reactor, T = 200̊C, 
P = 20 bar, H2:CO2 = 3, 
GHSV= 6000 mL g–1 h–1 

XCO2= ⁓11% 
SROH= ⁓48% 
STYHAs= 1.5 mmol gcat-1 h-1 

[56] 

0.2% Ir1/In2O3 

(Ir as single 
atoms) 

Wet impregnation batch reactor, T = 200̊C, P = 60 bar, 
H2:CO2 = 5, solvent: H2O 

XCO2= n/a*3 

SEtOH= 99.7% 
TOF= 481 h-1 

[100] 

Note: *1 NR: nanorods, *2NC: nanoclusters, *3 n/a: not available/given 

Table 2 
Composition, synthesis technique, experimental conditions and performance of transition- and post transition-based metal-catalysts as reported in selected works from 
the literature.  

Catalyst Synthesis method Experimental conditions Catalytic activity Ref. 

K/Cu-Zn-Fe (K:Cu:Zn:Fe=
0.08:1:1:3) 

co-precipitation fixed-bed reactor, T = 300̊C, P = 70 bar, H2:CO2 = 3, 
GHSV= 5000 mL g–1 h–1 

XCO2= 44.2% 
Sethanol= 19.5% 
STYEtOH= ⁓120 mmol g− 1 

h− 1 

[102] 

CuZnFe0.5K0.15 (Cu:Zn:Fe:K=
1:1:0.5:0.15) 

co-precipitation and incipient 
wetness impregnation 

fixed-bed reactor, T = 300̊C P = 60 bar, H2:CO2 = 3, 
GHSV= 5000 mL g–1 h–1 

XCO2= 42.3% 
SROH= 36.67% 
STYROH= 0.17 g/mL h− 1 

C2+OH/C1OH= 6.76 

[73] 

CoMoS co-precipitation fixed-bed reactor, T = 340̊C P = 104 bar, H2:CO2 = 3, 
WHSV= 0.5 kg kgcat

–1 h–1 
XCO2= 32% 
SEtOH= 5.5% 
SPrOH= 0.5% 
ROH/CnH2n+2 = 1.58 

[117] 

Mo1Co1K0.8 co-precipitation fixed-bed reactor, T = 320̊C, P = 120 bar, H2:CO2 = 3, 
GHSV= 3000 mL g–1 h–1 

XCO2= 28.8% 
SC2+OH= 10.9% 
SROH= 81.8% 

[37] 

Mo1Co0.3K0.9/AC (Mo/activated 
carbon= 12%) 

incipient wetness impregnation fixed-bed reactor, T = 320̊C P = 50 bar, H2:CO2 = 3, 
GHSV= 3000 mL g–1 h–1 

XCO2= 23.7% 
SC2+OH= 10.0% 
SROH= 83.2% 

[118] 

CoAlOx-T (T = 600oC-reduction 
temperature) 

co-precipitation batch reactor, H2O solvent, T = 140̊C, P = 40 bar, H2: 
CO2 = 3 

XCO2= n/a*1 

SEtOH= 92.1% 
STYROH= 0.444 mmol g–1h–1 

[122] 

FeNaS (Na= 2.4%, S= 0.6%) precipitation fixed-bed reactor, T = 320̊C, P = 30 bar, H2/CO2 = 3, 
GHSV = 8000 mL g–1 h–1 

XCO2= 32.0% 
SROH= 16.1% 
STYC2+OH= 78.5 mg gcat

− 1h− 1 

[127] 

2.5K5Co-In2O3 precipitation and impregnation fixed-bed reactor, T = 380̊C, P = 40 bar, H2/CO2 = 3 XCO2= 36.6% 
STYC2+OH= 169.6 g kgcat

− 1h− 1 

C2+OH/ROH= 87.4% 

[141] 

(K2O)5%/CuZnFeZrO2 co-precipitation and impregnation fixed bed micro-reactor, T = 250℃, P = 30 bar, H2:CO2 

= 3, GHSV= 3600 h–1 
XCO2= 25.49% 
STYROH= 0.32 g/mL⋅h 

[104] 

Note: *1n/a: not available/given 
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(Fig. 3b). Moreover, the authors also investigate the effect that different 
solvents had on the reaction (an important consideration for batch re
actions) and reported that the use of DMF, in comparison with 
N-methyl-2-pyrrolidone (NMP), cyclohexane, tetrahydrofuran (THF), 
and water, helped dissolve the CO2 species and carry them between the 
TiO2 surface defects and the Au surface atoms, improving thus, the hy
drogenation of CO2 to EtOH. 

Thus, these works [93,94] demonstrated not only that Au can be a 
very effective CO2 hydrogenation to higher alcohols catalyst, but also 
that the use of TiO2, a supporting material with a high population of 
oxygen vacancies, is beneficial to the reaction, as it helps tune the 
metal-support-interaction and activate the CO2 molecule. 

3.1.3. Other noble-based catalysts 
We begin the discussion on this sub-section by referring again to the 

work carried out by Wang et al. [93] (discussed above), because the 
authors chose to focus on Au/TiO2 catalysts, after initial tests (carried 
out in a batch reactor at T = 200 ◦C, P = 60 bar, CO2:H2 = 1:3, using 
DMF as solvent), showed that STYEtOH followed the order Au/TiO2 
(282.5 mmol gMetal

-1 h-1) > Rh/TiO2 (59.6 mmol gMetal
-1 h-1) > Pd/TiO2 

(50.2 mmol gMetal
-1 h-1) > Ir/TiO2 (41.1 mmol gMetal

-1 h-1) (all noble metals 
were loaded at 1 wt%). In the same work, they also reported that the 
STYEtOH for an Au/Co3O4 was higher than that of a Pt/Co3O4 (128.9 and 
60.3 mmol gMetal

-1 h-1, respectively). 
On the other hand, in an earlier work, He et al. [95], again using a 

batch reactor (T = 200 ◦C, P = 80 bar, CO2:H2 = 1:3), reported that the 
selectivity to C2+OH followed the order Pt/Co3O4 (82.5%) > Rh/Co3O4 

(65.4%) > Ru/Co3O4 (42.4%) > Pd/Co3O4 (5.6%) (all noble metals 
were loaded at 1 wt%). For the Pt-based catalyst, the authors also 
showed that the effect of loading follows a volcano type trend in relation 
to SC2+OH, i.e., 0.2Pt (54.4%) < 1Pt (82.5%) > 5Pt (72.5%). The selec
tivity of the best performing catalyst Pt/Co3O4 to C2+OH was also higher 
in comparison to Pt/ZrO2 and Pt/CeO2, which the authors attributed to 
the formation of oxygen vacancies on Co3O4, which, in synergy with Pt, 
were then able to dissociate H2O, with H acting as a further source of H2, 
at the metal-support interface. The values reported above were achieved 
when H2O-DMI (1,3-dimethyl-2-imidazolidinone) was used as solvent, 
which needs however caution in handling, as it is toxic. That being said, 
the authors also put a lot of emphasis on investigating the effect of 
different solvents (H2O, DMI, NMP (N-methyl-2-pyrrolidone), cyclo
hexane, n-decane, and mixtures of these with H2O), and concluded that 
the best selectivity to HAs was achieved in the presence of polar solvents 
(SHAs was exceedingly low when non-polar solvents were used), likely 
because alcohols are also polar compounds. Unfortunately, the authors 
have not provided values for the conversion of CO2 for any of the cat
alysts discussed above, which somewhat hampers the assessment of their 
potential for HAs production. As a side note, the low selectivity to 
ethanol reported by Wang et al. [93] regarding the Pt-based catalysts 
(discussed above), in comparison to He et al. [95], may be explained by 
the use of DMF as solvent, which although polar, it also is aprotic, 
meaning that it does not have the capacity to donate protons and thus 
promote the production of ethanol. 

Considering fixed-bed reactors, the only works that we have found in 
the literature that report on the performance of Pt-based catalysts for the 

Table 3 
Composition, synthesis technique, experimental conditions and performance of bimetallic and multimetallic-based catalysts as reported in selected works from the 
literature.  

Catalyst Synthesis method Experimental conditions Catalytic activity Ref. 

1%Na-50Co50Fe oxalate route (using oxalic 
acid) 

fixed-bed reactor, catalyst activation with CO, T = 270̊C, 
P = 9.2 bar, H2/CO2 = 2.5, SV = 2.0 nLgcat− 1 h− 1 

XCO2= 22.7% 
Soxygenates= 5.3 mol% 

[142] 

4 K-X-FeIn/Ce− ZrO2_T (X = Fe/(Fe+In)=
0.82) (T = 900-calcination temperature) 

wetness impregnation and 
mixing with K2CO3 

fixed-bed reactor, 0.4 g of the catalyst with 3.0 g of SiC, H2/ 
CO2 = 3, P = 100 bar, T = 300̊C, GHSV= 4500 mLg− 1 h− 1 

XCO2= 29.6% 
SHAs= 28.7% 

[144] 

Pt1Ru2/Fe2O3 co-precipitation method batch reactor, T = 200̊C, P = 200 bar, H2:CO2 = 8:12, 
solvent: DMI 

activity= 2.4 mmolCO2gcat
- 

1h-1 

SC2+OH= 36% 

[147] 

1.23%Pd2Cu NPs*1/TiO2 n/a*2 batch reactor, T = 200 ̊C, P = 32 bar, H2:CO2 = 3, solvent: 
H2O 

XCO2= n/a*2 

SEtOH= 92.0% 
TOFPd= 359.0 h-1 

[148] 

Cu-Co-Zn-Al-T (T = 500 ◦C reduction 
temperature) 

co-precipitation method batch reactor, T = 200 ̊C, P = 80 bar, H2:CO2 = 3, solvent: 
THF 

STYEtOH= 41 C 
μmol⋅gcat

–1 ⋅h–1 

STYPrOH= 12 C 
μmol⋅gcat

–1 ⋅h–1 

[149] 

Note: *1NPs: nanoparticles, *2n/a: not available/given 

Fig. 3. (a) Catalytic activity of Au/TiO2, using different TiO2 polymorphs, and (b) Recyclability of the best performing catalyst, i.e., Au/a-TiO2 [93].  
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hydrogenation of CO2 to higher alcohols have been carried out by Li and 
co-workers [56,96]. However, the first study that this group published 
[96], although testing Pt/Co3O4 catalysts, placed its emphasis on the 
investigation of the effect that different morphologies of Co3O4 (nano
rods and nanoplates) have on catalytic performance; one of the main 
conclusions drawn was that it was the partly reduced Co3O4 nanorods 
that had a significant effect on HAs production. Moreover, in their 
subsequent work [56] (discussed in detail in the section dealing with 
Co-based catalysts), they reported that the STY of HAs on Pt/Co3O4 
(1.5 mmol gcat

-1 h-1) was lower than that of Co3O4 (1.6 mmol gcat
-1 h-1), at 

the same reaction conditions. 

3.1.4. Single atom catalysts (SACs) 
Single atom catalysts (SACs) combine the advantages of both ho

mogeneous (atomic dispersion) and heterogeneous catalysts (easy sep
aration), as the active metallic species either exist as isolated single 
atoms stabilized by the support or by alloying with another metal. This 
concept was first pioneered by Qiao et al. [97] who were able to syn
thesize a catalyst that consisted exclusively of only single atoms that 
were anchored on an oxide support (Pt/FeOx) and to show that it was 
highly active and stable for both CO oxidation (the Pt1/FeOx SAC was 
three times more active than its nano-Pt counterpart), and preferential 
oxidation (PROX) of CO in a H2 reach stream. 

The first to investigate the effect that SACs have on the hydrogena
tion of CO2 for the production of C2+OH was Llorca and his co-workers 
[98], who synthesized Pd catalysts supported on Fe3O4 that contained 
either only Pd single atoms (0.1 wt% Pd) or Pd clusters (0.4 wt% Pd) or 
Pd nanoparticles (3 wt% Pd). Initial tests were performed in a fixed-bed 
reactor at T = 300–400 ◦C and CO2:H2 = 1:4. The authors reported 
outstanding EtOH selectivity for the single atom Pd catalyst, which was 
97.5% at 300 oC, while the STYEtOH was 413 mmol gMetal

− 1 h− 1, 
concluding thus, that there is a direct correlation between the Pd par
ticle size and ethanol yield. What is remarkable about this result is that it 
was achieved at atmospheric pressure. However, XCO2 was very low, as it 
stood at 0.3% at 300 oC, rising to 3.9% at 400 oC. Another drawback was 
that the catalysts were particularly prone to deactivation, especially at 
higher temperatures. The authors also investigated the effect of pressure 
on the 0.1 Pd catalyst and at 30 bar (T = 250 ◦C, CO2:H2 = 1:3) recor
ded a virtually unchanged SEtOH (98%) and an improved XCO2 (1.4%); 
STYEtOH was improved at 440 mmol gMetal

− 1 h− 1. 
Lou et al. [99], also compared the performance of different sized Pd 

catalysts in a fixed-bed reactor (T = 240 ◦C, P = 30 bar, CO2:H2 = 1:3), 
using (a) Pd nanoparticles and (b) Pd dimers; both were supported on 
CeO2. The authors reported that Pd dimers were remarkably active, 
giving a tremendously high ethanol selectivity (99.2%) as well as 
STYethanol (45.6 gethanol gPd

− 1 h− 1), outperforming both the nano-
Pd/CeO2, but also other literature catalysts used under similar reaction 
conditions (Table 1); XCO2 stood at 9.2%. The authors inferred that the 
improved catalyst activity was due to the Pd dimer structure, which has 
the ability to both optionally promote the C-C coupling reaction and 
inhibit the production of C1 products, leading thus the reaction directly 
to ethanol. Using density functional theory (DFT) simulations the au
thors further argued that the two-atom structure of Pd dimers enabled 
the activation of CO2 via direct dissociation (activation barrier of 
0.70 eV) and bound the as formed CO intermediates. As a result, the 
desorption of CO was prevented (activation barrier of 2.91 eV) and the 
coupling of CO and *CH3 intermediates (activation barrier of 1.09 eV) 
was promoted (Fig. 4). 

Ye et al. [100], took advantage of the opportunities offered by SACs 
and synthesized a novel catalytic system with Ir atomic active sites that 
were uniformly distributed on a partially reduced In2O3 support; the 
reduction of In helped to generate oxygen vacancies which then served 
as anchoring sites for the Ir single atoms. For comparison purposes, the 
authors also synthesized an Ir/In2O3 with a higher Ir loading (1 wt%, 
when only 0.2 wt% was used to produce the SA catalyst) in which the Ir 
formed 1–2 nm particles (Fig. 5). Experiments were carried out in a 

batch reactor (at T = 180–240 ◦C, P = 60 bar, H2:CO2 = 5), using H2O 
as solvent. The authors were able to obtain outstanding SEtOH (99.7%) 
and TOF (481 h-1) at the optimum reaction conditions and show that the 
atomically dispersed Ir and the adjacent Ov on In2O3 formed a Lewis 
acid-base pair that constituted two distinct catalytic centers. In this way, 
a synergistic effect was created into which the CO2 dissociation occurred 
through the adsorption of the C atom to the Ir atoms and the adsorption 
of one of the O atoms to the In2O3 Ov. In agreement with He et al. [95], 
the authors also argued that the production of ethanol proceeds via a 
methanol-intermediated mechanism in which the polar solvents, being 
able to donate protons, aid the production of HAs. Regarding the use of 
solvents, the authors reported that the SEtOH was in the order of H2O 
(99.7%) > DMF (85.6%) > DMI (77.6%). Testing different noble metals 
as active phases, they also presented the following activity order 
Ir/In2O3 (99.7%) > Rh/In2O3 (87.4%) > Pt/In2O3 (65.7%) > Pd/In2O3 
(0.5%). 

From the works discussed in this subsection it is clear that the high 
specific activity achieved using single atom catalysts holds great promise 
for the production of HAs via the hydrogenation of CO2, as these systems 
appear capable of aiding the successful cleavage of the C––O bond and 
the preferential formation of a C-C bond. Moreover, as by definition, 
SACs provide highly dispersed metal species, such catalysts can be cost 
effective alternatives to their nanoparticle and sub-nanometer clusters 
counterparts. Finally, we note that these works again demonstrate the 
benefits derived by strengthened metal support interaction, achieved via 
the use of oxides with abundant oxygen vacancies (Fe3O4, CeO2). 

Table 1 provides a summary of the catalytic systems, reactor con
figurations, reaction conditions and results obtained in terms of CO2 
conversion and ethanol production for the noble-based systems dis
cussed above. 

3.2. Transition metal-based catalysts 

3.2.1. Cu-based catalysts 
Cu/ZnO-based catalysts have been repeatedly shown to have high 

activity in methanol reforming, methanol synthesis and the WGSR re
action, with Zn acting as a reservoir for hydrogen atoms, helping to 
promote the reduction of Cu [101]. To achieve the shift from C1OH 
production to C2+OH, Cu/ZnO-based catalysts have been combined with 
Fe, a metal known to be highly active in the RWGS reaction and an alkali 
component (K or Cs) to regulate the amount of CO and alkyl species 
produced [102–105]. 

This idea was first put forward by Takagawa et al. [102], who carried 

Fig. 4. Schematic representation of the elementary steps and their activation 
barriers (in eV) for formation of EtOH using the Pd2/CeO2 catalyst. The O atoms 
are represented by the red spheres and the Pd atoms by the blue spheres [99]. 
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out one of the earlier studies on the production of HAs via the hydro
genation of CO2. Experiments were carried out in a fixed-bed reactor at 
250 and at 300 oC (P = 70 bar, CO2:H2 = 1:3). The K/Fe catalyst (K:Fe=
1:5) tested at 250 oC showed a low XCO2 (3.3%), producing mainly CO 
(SCO= 73.8%) and C1-C5 hydrocarbons (SHC= 20.9%); the selectivity 
towards ethanol was very low, as it stood at only 1.3%. The increase in 
the reaction temperature improved XCO2 (25.9%), helped decrease the 
selectivity to CO (SCO= 18.8%) and improved the selectivity to C1-C5 
hydrocarbons (SHC= 47.9%). Notably, the authors also observed an in
crease in the selectivity to ethanol (SEtOH= 5.5%) and oxygenates 
(Soxy= 5.8%, from a meager 0.3%). However, the latter category in
cludes not only propanol and butanol, but also acetaldehyde, methyl 
acetate and ethyl acetate, and unfortunately, the authors did not 
quantify the contributions of the individual oxygenates. The CuZn 
catalyst (Cu:Zn= 1:2) on the other hand, and irrespective of the reaction 
temperature used, did not produce any EtOH, oxygenates or C1-C5 hy
drocarbons, but as expected, showed a rather high SMeOH (67% at 250 oC 
and 42.1% at 300 oC) and SCO (33% at 250 oC and 57.4% at 300 oC). The 
authors then combined the aforementioned elements into a single cat
alytic system, K/Cu-Zn-Fe (K:Cu:Zn:Fe= 0.08:1:1:3) and went on to 
successfully produce the desired HAs. Specifically, SEtOH was found at 
10.5% at 250 oC and 19.5% at 300 oC and Soxy at 3.9% at 250 oC and 
7.4% at 300 oC. The increase in the reaction temperature was also 
beneficial to XCO2 (22.3% at 250 oC and 44.2% at 300 oC). Moreover, as 
the reaction products exhibited a Flory-Schulz distribution, the authors 
suggested that the C-C bonds were formed by a mechanism similar to the 
Fischer–Tropsch reaction. It is noted that the results reported by Taka
gawa et al. [102] compare favorably with those reported above for 
Rh-based systems [75–78]. A major disadvantage of the K/Cu-Zn-Fe 
catalyst was its propensity to deactivation, caused by the segregation 
of its components, but the authors managed to stabilize the spinel 
structure of the catalyst by the addition of a fifth element, Cr [102,103]. 
Time-on-stream results for the K/Cu-Zn-Fe-Cr showed that after a slow 
drop during the first 40 h of time-on-stream, SEtOH stabilized close to 
15% for the rest of the experiment (approximately another 450 h). 

Fifteen years later, Chen and co-workers [73], also investigated the 
hydrogenation of CO2 to higher alcohols on a K/Cu–Zn catalyst that was 
promoted with Fe and attempted to clarify the role of Fe on the reaction. 
The authors carried out the catalytic tests in a fixed-bed reactor, using 
T = 300 ◦C, P = 60 bar, and H2/CO2 = 3:1. For this purpose, they pre
pared a series of K/Cu–Zn (K:Cu:Zn= 0.15:1:1) catalysts adding different 
amounts of Fe (x = 0, 0.25, 0.5, 0.75, 1.0 and 1.5) and reported as 
optimal the catalyst that contained a medium iron content (x = 0.5 and 
Fe/(Cu + Zn + Fe)= 0.2 or CuZnFe0.5K0.15). For this sample, CO2 con
version was 42.3%, STYROH was 0.17 g mL-1⋅h-1 and SROH was 36.67%. 
Moreover, the C2+OH/C1OH ratio was 6.76 (thus, the SHAs was 31.9%). 
Specifically, the authors reported that an increase in the Fe/(Cu +Zn 

+Fe) ratio from 0 to 0.2 led to an increase of XCO2 (from 25.1% to 
45.1%); upon a further increase of this ratio (up to 0.429), XCO2 begun to 
decline (from 45.1% to 33.8%). The same pattern was observed for the 
selectivity and STY of alcohols which reached the value of 36.67% (from 
10.91%) and 0.17 g mL-1⋅h-1 (from 0.04 g mL-1⋅h-1) at Fe/(Cu +Zn 
+Fe)= 0.2, before declining to 22.44 wt% and 0.06 g mL-1⋅h-1 (at 
Fe/(Cu +Zn +Fe)= 0.429), respectively. Thus, the authors were able to 
show that the selectivity to HAs follows a volcano-shaped relationship to 
the Cu/Fe ratio. Moreover, based on the findings discussed above, and 
the physicochemical properties of the materials, the authors were able to 
conclude that the addition of Fe (at medium concentration) improved 
the interaction of both Cu-Fe and Zn-Fe, which helped generate 
dispersed CuO, CuFe2O4 and ZnFe2O4 spinel phases. In turn, during the 
CO2 hydrogenation reaction, CuO and CuFe2O4 were reduced to Cu 
species, while ZnFe2O4 reduced to FeCx (low or high Fe concentrations 
resulted at incomplete reduction). As is well understood, FeCx promotes 
CO dissociation, C-C chain growth and the hydrogenation reaction, 
while Cu promotes the non-dissociation of CO. 

Guo et al. [104] also utilized a K2O (1, 3, 5 and 7 wt%) modified 
CuZnFeZrO2 catalyst. The tests were carried out in a fixed bed reactor 
and the authors reported that the highest catalytic performance 
(STYROH= 0.32 g mL-1⋅h-1 and a XCO2= 25.49%) was achieved when 
K= 5% at T = 250℃, P = 30 bar, and H2/CO2 = 3:1. In agreement with 
the works reported above the authors concluded that the addition of K 
helped improve the catalytic activity and stability. 

In another interesting work, Hong and co-workers [105] used Cs 
(instead of K) and tested x%Cs- CxFyZ1.0 (CuFeZn) in a fixed-bed reactor, 
using T = 260–330 ◦C, P = 50 bar, and H2/CO2 = 3:1. The authors 
initially attempted to clarify the role of Cs during the hydrogenation of 
CO2 for HAs synthesis and for this purpose they tested catalysts with 
different Cs contents (Cs= 0, 1, 2, 3, 5 wt% in C0.9F0.1Z1.0). TPR ex
periments showed that the addition of Cs had a negative effect on cat
alytic reduction, which in turn affected the hydrogenation ability of the 
materials, leading to lower CO2 conversion and methanol selectivity. 
Moreover, as the authors observed that the increase in Cs content led to 
an improvement in the CO-free Solefin and SHAS, and to a decline in 
CO-free Salkanes, they surmised that Cs favors alkyl dehydrogenation and 
CO insertion and inhibits alkyl hydrogenation. These conclusions, in 
regard to the role of Cs, are in agreement with other literature works 
reporting on the role of K or other alkali metals [72,106,107]. The best 
performing catalyst was the one containing 3 wt% Cs, at 310 oC, with 
XCO2 ≈ 24% and STYC2+OH ≈ 37 mg gcat

-1 h-1. The authors also tried to 
optimize the Cu/Fe molar ratio, and in agreement with Chen and 
co-workers [73], reported that the relationship to SHAs is volcano sha
ped. Moreover, and again in agreement with Chen and co-workers [73], 
they argued that as the Cu/Fe ratio increases, so does the production of 
non-dissociative CO, while that of CH4 (dissociative CO) declines, up to 

Fig. 5. HAADF-STEM images of the: (a) atomically dispersed Ir/In2O3, and (b) the nanoparticle Ir/In2O3 [100].  
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an optimal ratio. In other words, the highest performance (the top of the 
volcano) is achieved when there is a balance between the active sites 
that are responsible for the dissociation (FeCx) and non-dissociation (Cu) 
of CO, which allows the desired amount of CO and alkyl species to be 
produced. The best performing catalyst was 3%Cs-C0.8F1.0Z1.0, at 
330 oC, with an improved STYC2+OH close to 73 mg gcat

-1 h-1, a value 
which is one of the highest reported in the literature for this reaction 
(Tables 1–3). 

Hong and co-workers [108] carried out an additional work on the 
hydrogenation of CO2 to HAs, this time using a K modified CuMgZnFe 
(C1.0M1.5Z0.5F1.0) catalyst. The aim of the work was to clarify the role of 
K, so the K content was varied at 0.1%, 1.4%, 4.6% and 17.6%. Notice 
that the molar ratio of CZF is different to the work reported above (their 
previous work). Experiments were carried out in fixed-bed reactor, using 
T = 320 ◦C, P = 50 bar, and H2/CO2 = 3:1. As expected, the authors 
showed that the increase in the K content lowered the conversion of CO2 
and favored the production of HAs up to a K content of 4.6 wt%, i.e., the 
relationship between HAs synthesis and K content is volcano-shaped 
(Fig. 6). Further, using in-situ DRIFTS and chemisorption studies the 
authors were able to confirm that the synthesis of HAs follows a 
CO-mediated insertion pathway. The role of K is similar to that discussed 
for Cs above, i.e., it helps regulate the hydrogenation capacity, lowers 
the production of methanol and balances the active sites that are 
responsible for the dissociation and non-dissociation of CO, which al
lows the desired amount of CO and alkyl species to be produced. 

In summary, as Cu/ZnO-based catalysts are highly active in meth
anol synthesis, the effort to shift their activity from C1OH production to 
C2+OH has focused on the addition of an alkali metal (K or Cs) in 
combination with Fe, a transition metal known for its high activity in the 
RWGS reaction. The aim is to regulate the amount of CO and alkyl 
species produced, by striking a balance between FeCx species, which 
promote the dissociation of CO, the C-C chain growth and the hydro
genation reaction, and of the Cu species, which promote the non- 
dissociation of CO. Alkali metals help lower the production of alkanes 
via the hydrogenation of the intermediates (CxHy), which improves HAs 
synthesis, lower the production of methanol and balance the active sites 
that are responsible for the dissociation and non-dissociation of CO. 

3.2.2. Mo-based catalysts 
Mo based catalysts, such as MoS2, Mo2C, MoOx, and MoP, modified 

with alkali and/or transition metals have been applied effectively over 
the past four decades for the hydrogenation of CO to alcohols such as 
methanol, ethanol and propanol [109–112]. In addition, CoMoS2 cata
lysts, modified with alkali metals, have been shown to work for 
Fischer–Tropsch synthesis and for the RWGS reaction [113–116]. Thus, 
this dual functional property has made them a candidate for HAs pro
duction via CO2 hydrogenation. 

Nieskens et al. [117] was one of the first groups that tested a K 
modified CoMoS catalyst in higher alcohols synthesis via CO2 hydro
genation. The experiments were conducted in a fixed-bed reactor under 
varied H2:CO2 ratios (1 and 3) as well as temperatures (310 and 340 ◦C) 

while the pressure was set at 104 bar. From the experimental results 
presented, HAs formation was rather low, as these catalysts were more 
selective towards methanol and CO production. However, the authors 
also showed that an increase in the reaction temperature (from 310 to 
340 oC), while using H2:CO2 = 3:1, was beneficial to HAs production as 
SEtOH increased from 4.2% to 5.5% and SPrOH from 0.2% to 0.5%, while 
SMeOH dropped from 31.0% to 20.0%; SCO remained virtually unchanged 
(at around 58%). Surprisingly, the authors reported that the decrease in 
the H2:CO2 from 3:1–1:1, affected only the selectivity to methanol 
(leading to lower values), irrespective of the temperature at which the 
reaction was carried out. Regarding SHAs, while still examining the effect 
of the lower H2:CO2 ratio, at 310 oC, the values given for both ethanol 
and propanol were identical (SEtOH= 4.2%, SPrOH= 0.2%), while at 
340 ◦C, there was a slight drop for ethanol (from 5.5% to 4.6%) and a 
small increase for propanol (from 0.5% to 0.7%). As expected, CO2 
conversion was higher at the higher H2:CO2 ratio, and increased some
what with the increase in the reaction temperature (28–32%). 

A similar catalytic system was studied by Liu et al. [37] who inves
tigated the influence of different K/Mo (0–1.2) and Co/Mo (0–1.2) 
molar ratios, under different reaction conditions (T = 280–340 ◦C, 
P = 30–120 bar, H2:CO2 = 3:1), in the performance of a series of 
Mo1CoxKy sulfide catalysts, in a fixed-bed reactor. From the experi
mental results, the best catalytic performance was achieved by the 
Mo1Co1K0.8 system, at 320 ◦C and 120 bar, with a total CO2 conversion 
around 22%, while the selectivity to total alcohols and C2+ alcohols 
reached the values of 82% and 11%, respectively, at the end of a 
time-on-stream experiment. To improve the catalytic performance the 
authors also examined the effect of different additives (SiO2, Al2O3, 
TiO2, activated carbon). Although they had identified the Mo1Co1K0.8 as 
the best performing system, these experiments were carried out using a 
Mo1Co1K0.6 catalyst, probably because they had previously argued that 
over a K/Mo ratio of 0.3 there was not much difference in performance. 
The experimental results (Fig. 7) revealed that the CO2 conversion was 
rather similar between SiO2-, Al2O3-, and TiO2-containing catalysts 
(⁓24.5%) in comparison to the unmodified Mo1Co1K0.6 catalyst 
(25.5%). Similarly, the SiO2-, Al2O3- and TiO2 additives favored the 
RWGS reaction giving CO selectivity values of 82.5%, 80.5% and 79.9%, 
respectively, higher than that for the unmodified Mo1Co1K0.6 catalyst 
(73.2%). However, the addition of activated carbon (AC), although led 
to an important decrease of CO2 conversion from 25.5% to 8.5%, it also 
resulted at a catalyst that was more selective towards C2+ alcohols 
(15.5%) –in contrast with the other modifiers (3.4–6.3%) and the 
unpromoted Mo1Co1K0.6 catalyst (5.8%)– and less selective towards 
methanol (49.7% vs ⁓85%). The authors attributed the higher HAs 
production to an improvement in the Mo-Co particles interaction, and to 
the adsorption strength of CO2 and H2 molecules on the surface of the 
activated carbon. 

The same group published a subsequent work [118] in which they 
compared the performance of the aforementioned Mo1Co1K0.6-AC 
bulk-phase catalyst, with Mo1-Cox-Ky sulfide catalysts that were supported 
on activated carbon using a fixed-bed reactor (T = 320 ◦C, P = 50 bar, 

Fig. 6. Schematic representation of the product distribution in relation to the K content [108].  

A.I. Latsiou et al.                                                                                                                                                                                                                               



Catalysis Today 420 (2023) 114179

10

H2:CO2 = 3). Unfortunately, it is not possible to provide a direct com
parison between these works, i.e., [37] and [118], as the authors used 
somewhat different reaction conditions (apart from a smaller diameter 
reactor, the GHSV used in the latter study was calculated based on 
catalyst volume instead of catalyst mass, as in the previous work). The 
authors first showed that the addition of excess amounts of activated 
carbon to the bulk catalyst (Mo:AC= 9, while in the previous work Mo: 
AC= 185) resulted at a dramatic drop in SMeOH, and SEtOH (SCO2 and SCO 
remained unaffected, and SHC increased by a factor of 2), probably 
because of a reduction in the amount of the active phase available to the 
reactants. However, when comparing the performance of the bulk 
catalyst containing the excess amount of AC (Mo1Co1K0.6-AC-9%) to that 
of a supported catalyst containing also the same amount of activated 
carbon (Mo1Co1K0.6/AC-9%), they concluded that the supported catalyst 
had a higher XCO2 (23.4% compared to 8.1%) and SEtOH (5.8% compared 
to 1.2%). For the supported catalysts, the authors, using this time a 
Mo1Co0.3K0.9/AC catalyst, also showed that using even higher amounts 
of activated carbon (Mo:AC= 3 instead of Mo:AC= 9) ratio were detri
mental to both XCO2 and SEtOH. However, it is also noted that the 
Mo1Co1K0.6/AC (which was the best performing catalyst that was sup
ported on AC), had a rather similar performance to the catalyst con
taining no activated carbon (Mo1Co1K0.6). Unfortunately, the authors 
never tested a Mo1Co1K0.6/AC catalyst with a Mo:AC= 185, which 
would have provided a more concrete answer over the improvement 
that the supported AC-based catalyst would have brought. 

Summarizing, although Mo-based catalysts, modified with alkali 
and/or transition metals, have been successfully applied for the hydro
genation of CO to alcohols and CoMoS2 catalysts, modified with alkali 
metals, have been shown to work for Fischer–Tropsch synthesis and the 
RWGS reaction, their performance for HAs production is not encour
aging, as from the works reported in the literature, the shift from 
methanol and CO production to C2+ alcohols has not materialized to a 
satisfactory extend. 

3.2.3. Co-based catalysts 
Cobalt based catalysts have been widely used for the production of 

heavy hydrocarbons through Fischer–Tropsch synthesis, but they have 
very low WGS activity and act primarily as methanation catalysts when 
CO2 is used instead of CO [119,120]. Gnanamani et al. [121] however, 
utilized a Co (20 wt%) supported on SiO2 catalyst that was promoted 
with Na (1 wt%) and attempted to lower its methanation activity by 
controlling the chemical nature of the cobalt phases through the acti
vation procedure (the authors used H2, syngas and CO). Tests were 
carried out in a fixed-bed reactor (T = 220 ◦C, P = 19 bar and H2:CO2 =

3) and the authors observed that the XCO2 conversion dependent on the 
reducing gas, in the order of CO > syngas > H2 (Fig. 8). Moreover, CH4 
selectivity followed the opposite trend, i.e., the highest SCH4 was 
recorded when pretreatment was undertaken using H2, and the lowest 
when it was carried out under CO. In addition, the highest alcohol 
selectivity was recorded when reduction was carried out under CO at
mosphere. These findings helped the authors conclude that the carbu
rization of the Na-Co/SiO2, which occurred under CO, helped lower the 
hydrogenation to methane activity of the catalyst, either through Na 
deposition on Co2C or by stabilization of the Co2C on to the catalytic 
surface. 

Another interesting study using Co-based catalysts was carried out by 
Li and co-workers [99]. Specifically, based on their previous work 
regarding Pt/Co3O4, where they concluded that partly reduced Co3O4 
nanorods had a significant effect on HAs production, they subsequently 
compared the performance of mesoporous Co3O4 (Co3O4-m), which they 
synthesized using a high surface (728.2 m2 g-1) mesoporous silica 
(KIT-6) as a hard template, with that of Co3O4 nanoparticles (Co3O4-np), 
and of Pt supported on the Co3O4-m [56]. The catalytic tests were car
ried out in a fixed-bed reactor using relatively mild reaction conditions 
(T = 160 or 200 ◦C, P = 20 bar, H2:CO2 = 3). Initially, the authors 
evaluated the activity of the Co3O4-m and Co3O4-np at different reduc
tion (250 and 300 oC) and reaction temperatures (160 and 200 oC). As 
expected, given that CO2 conversion depends upon the availability of 

Fig. 7. Performance of the Mo1Co1K0.6 catalyst with different additives: (a) XCO, SCO and XCO2, and (b) SHC, SMeOH, SEtOH and SPrOH (reaction conditions: T = 320 ◦C, 
P = 50 bar, H2:CO2 = 3, GHSV= 3000 mL g-1 h-1) [37]. 

Fig. 8. Effect of activation procedure on the product selectivity during CO2 
hydrogenation using a Na-Co/SiO2 catalyst (reaction conditions: T = 220 ◦C, 
P = 19 bar, H2:CO2 = 3:1) [121]. 
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Co0, higher reduction temperatures led to higher XCO2 values, for both 
catalysts. Moreover, higher reaction temperatures were beneficial to the 
production of HAs, as the STY rose from 1.3 to 1.6 mmol gcat

-1 h-1 for the 
Co3O4-m and from approximately 0.1 to 0.25 mmol gcat

-1 h-1 for the 
Co3O4-np (Fig. 9). As the distribution of CoO, fcc-Co (fcc: face 
centered-cubic) and hcp-Co (hcp: hexagonal close-packed) was similar 
for both catalytic systems (albeit at different reduction temperatures), 
the authors concluded that the improvement in the production of HAs 
was owned to the mesoporous structure of the Co3O4-m catalyst. The 
authors attempted to explain this by arguing that the mesopore channels 
helped the formation of C-C bonds, as they confine the *CHx species, 
forcing them to come into contact with one another, forming long chain 
carbon species, preventing thus their undesired hydrogenation to CH4. 
The authors also tried to further improve the performance of the 
Co3O4-m, by synthesizing a Pt/Co3O4-m however, although SCH4 
declined and SROH increased, the STY of HAs was slightly lower than the 
non-noble metal Co3O4-m. 

The group of Xiao [122,123] also investigated the performance of 
Co-based catalysts during the hydrogenation of CO2. In the first of these 
works [122], the authors prepared cobalt catalysts derived from a 
Co-alumina layered double hydroxide (LDH); denoted as CoAlOx-T, with 
T indicating different reduction temperatures (from 300 to 650 oC). 
Catalytic tests were carried out in a batch reactor (T = 140 or 200 ◦C, 
P = 40 bar, H2:CO2 = 3) using H2O as solvent. Among the tested cata
lysts, the best performance was recorded for the CoAlOx that was 
reduced at 600 oC, giving an ethanol selectivity of 92.1% and an alcohol 
STY of 0.444 mmol g-1 h-1 at 140 oC (Fig. 10). Comparative tests showed 
that this performance was higher than a commercial Co3O4, a Cu/Z
nO/Al2O3 and alumina-supported Fe and Ni catalysts. The authors 
attributed this performance to the ability of the CoAlOx-600 to promote 
the formation of acetate from formate species, by insertion of *CHx, 
which consequently leads to ethanol production. Nonetheless, it is noted 
that the STYEtOH value of 0.444 mmol g-1 h-1 is approximately 4.5 times 
lower than that reported by Wang et al. [93] for an Au NC-TiO2 dis
cussed above (albeit the STY reported by Wang et al. [93] was achieved 
at 200 oC and at P = 60 bar). 

In the second work from the group of Xiao [123], the authors 
employed again the CoAlOx catalysts discussed in the previous para
graph and used Ni, Pd and Pt as an additive (ComMnAlOx) in an effort to 
affect the production of *CHx and *HCOO intermediaries towards C2+
production. It is noted that catalysts with different Co/Ni ratios were 
also synthesized. Catalytic tests were again carried out in a batch reactor 
(T = 140 or 200 ◦C, P = 40 bar, H2:CO2 = 3) using H2O as solvent and 
from the results obtained it was obvious that the addition of the pro
motes helped enhance ethanol production in comparison with the bare 
CoAlOx. Specifically, STYEtOH was 11.2 mmol gcat

-1 for the ComPt0.05AlOx 

and 10.4 mmol gcat
-1 for the ComPd0.05AlOx. However, the highest STYE

tOH (15.8 mmol gcat
-1 ) was achieved using the Co0.52Ni0.48AlOx, which 

they attributed to the formation of a CoNi alloy that had a profound 
effect of the adsorption of CO2 and in turn, to the hydrogenation of 
*HCOO species. 

From the works discussed in this sub-section it becomes clear that the 
performance of Co-based catalysts depends to a large extent on the 
formation of Co0, CoO, Coδ+ and Co2C and the synergy between these 
species. These Co hetero sites depend on the reduction process, the 
presence of alkali metals and the interaction between Co and the sup
ports/promoters. However, these works also make clear that these sys
tems exhibit low CO2 conversion and HAs selectivity, in comparison 
with other systems reported in the literature, with obvious drawbacks 
regarding commercialization. More information, specifically on Co- 
based catalysts, for the CO2 to higher alcohols hydrogenation, can be 
found in a recent review paper by Liu et al. [35]. 

3.2.4. Fe-based catalysts 
Iron has been widely used for the conversion of CO2 [124] and for the 

formation of hydrocarbons via Fischer–Tropsch synthesis. It has also 
been shown to have high activity in the RWGS reaction, and to have the 
ability to dissociatively adsorb the produced CO [125,126]. CO disso
ciation in particular, occurs through the formation of a σ-bond between 
iron and carbon, and the simultaneous donation of Fe electrons to the 
2π* orbital of carbon monoxide. This causes a strengthening of the Fe-C 
bond, while it also weakens the C-O bond to a point where CO dissoci
ation is possible. Thus, as discussed above, Fe has been utilized as sup
porting material in Pd-based catalysts [98], as a promoter in Rh-based 
systems [75–78] or in combination with other transition metals (Cu-Zn 
[73,102,103]). 

Yao et al. [127] however were able to show that a monometallic 
Fe-based catalyst, promoted only with Na and S (FeNaS) was capable of 
producing HAs during the hydrogenation of CO2. Specifically, FeNaS-x 
catalysts with different sulfur content (x = 0.03, 0.1, 0.6, 3.0) were 
evaluated using a fixed-bed reactor (T = 320 ◦C, P = 30 bar, H2:CO2 =

3), and the FeNaS-0.6 was found to exhibit the optimal CO2 conversion 
(32.0%) as well as alcohols selectivity (16.1%) and C2OH space-time 
yield (78.5 mg gcat

− 1h− 1). They argued that this notable performance, 
for a non-noble, monometallic catalyst, was due to the excellent syner
gistic interaction between Na and S in the Fe-based catalyst, with Na 
assisting the dissociation of CO, and S, helping to provide additional Fe 
sites where the non-dissociation of CO was possible. Thus, this work 
showed that Fe can favor the growth of the carbon chain required for 
HAs production in single component systems. 

Fig. 9. Space time yield of total and higher alcohols using the: (a) Co3O4-m, and (b) Co3O4-np (Reaction conditions: T = 160 or 200 ◦C, P = 20 bar, H2:CO2 = 3, 
GHSV= 6000 mL gcat

-1 h-1) [56]. 
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3.3. Post-transition metal-based catalysts 

Indium, which derives its name from the indigo color line of its 
spectrum, was one of the least explored elements in heterogeneous 
catalysis, despite published works that demonstrate that In-based sys
tems show high activity and selectivity in catalytic reactions that involve 
the transformation of CO2, such as its photocatalytic reduction to CO 
and its electrochemical conversion to formic acid [128–130]. However, 
after the seminal works of Ge and his co-workers [131,132], who, using 
DFT studies, showed that In2O3 is highly active in the adsorption and 
activation of CO2, In2O3-based catalysts emerged as one of the most 
promising materials for the hydrogenation of CO2 into methanol 
[133–139] and gasoline range hydrocarbons [140]. 

Following on these footsteps, Limtrakul and his co-workers [141] 
became the first group that studied the performance of unpromoted 
In2O3 catalysts and In2O3 catalysts that were promoted with K or/and 
Co, in the hydrogenation of CO2 to HAs. The authors carried out the 
experimental work on a fixed-bed reactor (T = 260–380 ◦C, P = 40 bar, 
H2:CO2 = 3). The initial screening of the materials was carried out at 
380 oC and the results showed that the unpromoted In2O3 catalyst was 
not able to produce higher alcohols, but had the capacity to transform 
CO2 to CO, without it being further dissociated to C and O. Moreover, 
despite the fact that the In2O3 catalyst promoted with only K or only Co, 
were also not selective towards HAs, the authors were able to deduce 
that K-In2O3 was capable to retard the formation of CH4 and promote the 
production of methanol, while Co-In2O3 led to an increase in the pro
duction of methane, and also produced a small amount of ethanol. Thus, 
the authors synthesized In2O3 catalyst that utilized both K and Co as 
promoters and showed that the 2.5K5Co-In2O3 catalyst not only ach
ieved a significantly high C2+OH distribution of 87.4% in the total 
alcohol products, but also exhibited one of the highest HAs STY reported 
in the literature (169.6 g kgcat

− 1 h− 1); notably, the catalyst was stable for 
> 200 h. A combination of XPS and XANES analysis helped the authors 
to conclude that the improved catalytic performance achieved using 
both promoters was due to the formation of K-O-Co sites which 
strengthened the interaction of H2 with the catalytic surface. This in 
turn, suppressed the hydrogenation of CxHy species to hydrocarbons and 
allowed the insertion of carbon monoxide into the CxHy * intermediate 
species, leading to the formation of higher alcohols (Fig. 11). 

Table 2 below presents information on the catalyst formulation, 
reactor configuration, reaction conditions and performance in terms of 
CO2 conversion and ethanol production for transition and post- 
transition metal systems discussed herein. 

3.4. Bimetallic catalysts and multimetallic/multifunctional catalysts 

As mentioned above, cobalt based catalysts are widely used for the 
production of heavy hydrocarbons through Fischer–Tropsch synthesis, 
but they have very low WGS activity and act primarily as methanation 
catalysts when CO2 is used instead of CO [119,120]. However, Gnana
mani et al. [121], discussed above, showed that for a Co/SiO2 catalyst, 
its promotion with Na and its activation with CO, helped create carbu
rized Co, with the system (Na-Co/SiO2) then being selective towards 
alcohols. The authors sought to exploit this finding in a subsequent work 
[142] in which they attempted to keep Fe and Co in proximity in a 
carburized form. To do so, the authors synthesized a series of Co-Fe 
bimetallic oxalates, i.e., Co0.9Fe0.1, Co0.5Fe0.5, Co0.25Fe0.75, as well as 
monometallic Fe and monometallic Co and tested them in a fixed-bed 
reactor at moderate temperature and pressure (T = 200–270 oC, 
P = 9.2 bar, and H2:CO2 =2.5). Initially, they were able to show that the 
addition of Fe, up to 50% (Co0.5Fe0.5), had a positive effect on catalytic 
performance, as by increasing the Fe content, the selectivity to C2-C4 
hydrocarbons and oxygenates also increased, while SCH4 decreased; the 
conversion of CO2 also decreased. It is noted that pre-treatment (acti
vation) for all the above-mentioned catalysts was carried out using CO. 
Subsequently, using the Co0.5Fe0.5 catalyst, the authors sought to clarify 
(similarly to their previous work, i.e., ref. [121]) the effect that metallic 
or carburized forms of Co-Fe have on catalytic performance under 
different pre-treatment conditions, using either H2 or syngas or CO. They 
again showed that the use of CO was beneficial, as it resulted at a ma
terial that was less selective towards CH4. Finally, the authors investi
gated the effect of alkali metal addition, by promoting the Co0.5Fe0.5 
either with 1 wt% Na or 1.7 wt% K, and concluded that catalytic per
formance further improved upon alkali promotion, as the 1Na-Co0.5Fe0.5 
and 1.7 K-Co0.5Fe0.5 showed a higher selectivity to oxygenates and a 
decrease in the selectivity of CH4. Gnanamani et al. [143] produced yet 
another work on the CO2 hydrogenation to higher alcohols, again 

Fig. 10. Comparison of the activity obtained over different CoAlOx-T (T indicates reduction temperatures from 300 to 650 oC) at P = 40 bar, H2:CO2 = 3: (a) 
T = 140 oC, and (b) T = 200 oC [122]. 

Fig. 11. Proposed mechanism for the formation of HAs over the 2.5K5Co-In2O3 
catalyst [141]. 
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utilizing a Co-Fe system that was promoted with K. The authors, despite 
concluding in ref. [142] that very high Fe contents (over 50%) do not 
bring an improvement upon catalytic performance, in this study, they 
synthesized a Fe0.9Co0.1 catalyst and investigated the effect of the 
addition of different K contents (0, 0.5, 1.0, 2.0, 3.0 wt%) at low reac
tion temperature and pressure (T = 240 oC, P = 12 bar, H2:CO2 = 3), 
using a fixed-bed reactor. Again, the carburized form of cobalt was 
formed using an oxalate precursor and under pretreatment with CO, 
while the use of K as promoter helped produce FeC and graphitic carbon 
on the surface of Fe during the activation procedure. The authors 
concluded that the addition of small quantities of K (up to 1 wt%) lowers 
the selectivity to HC and improves the selectivity to CO and oxygenates. 
However, they observed that increased amounts of K (over 1 wt%) lower 
the selectivity to ethanol and promote the formation of acetic acid. 

As mentioned above, a number of researchers have tried to utilize the 
properties of transition metals used in the synthesis of methanol (Cu-Zn) 
with those of metals known to work on Fischer–Tropsch synthesis (Fe, 
promoted with an alkali metal), by combining them into single catalytic 
systems [72,73,102,103]. Xi et al. [144], working under the same 
principle, replaced the CuZn part of the catalyst with In2O3 (as 
mentioned above, this post-transition element has recently emerged as 
one of the most promising materials for the hydrogenation of CO2 into 
methanol [133–139]). Moreover, as a number of works have shown that 
oxygen vacancies are the active sites for CO2 activation [81,93–95], the 
authors chose to utilize Ce-ZrO2 as supporting material (with a Ce:Zr 
ratio of approximately 1:5), as it is well known for its ability to act as an 
oxygen buffer, storing/releasing oxygen via the Ce3+/Ce4+ redox couple 
[145,146]. Thus, the authors synthesized a series of FeIn/Ce-ZrO2 cat
alysts that were promoted with K and carried out the catalyst testing in a 
fixed-bed reactor at T = 300 oC, P = 100 bar, and H2:CO2 = 3. Initially, 
they examined the effect of the addition of K, utilizing a Fe:In ratio of 
almost 1:1 (K-0.48FeIn/Ce-ZrO2) and carrying out the catalyst activa
tion procedure with CO as the reducing agent. The authors were able to 
show that the addition of a small amount of K (1%) helped improve XCO2 
(from 15.1% to 18.9%) and led to a decrease in the selectivity to 
methanol and to an improvement in the selectivity to HAs. A further 
increase of the K content to 4% brought about a small improvement in 
the SHAS (and a subsequent drop in SMeOH), but it also resulted at a slight 
decrease in the XCO2. Moreover, a further increase in the K content did 
not result at a further improvement in the selectivity to HAs; rather it 
was the selectivity to CO that continued to increase (Fig. 12a). Using the 
4 K-0.48FeIn/Ce-ZrO2 the authors also investigated the effect that 
different reducing agents (N2, H2, CO) have on catalytic performance, 

and showed that activation with CO lead to the highest SHAS, probably 
because it helped the formation of FeC species. These in turn acted as 
active centers, helping to promote the RWGS reaction, the dissociation 
of CO and the C-C coupling reaction. The authors next turned their 
attention to the investigation of the Fe/In ratio, by first showing that 
only the presence of Fe could lead to the production of HAs. Specifically, 
the catalyst that did not contain Fe (4 K-In/Ce-ZrO2) was selective to
wards methanol and CO, while the catalyst that contained only Fe 
(4 K-Fe/Ce-ZrO2,) was selective towards hydrocarbons and HAs 
(Fig. 12b), in agreement with the earlier work reported by Takagawa 
et al. [102]. After testing various Fe/(Fe+In) molar ratios, they showed 
that the best performance towards HAs was achieved by the 
4 K-0.82FeIn/Ce-ZrO2, although the improvement in relation to the 
Fe-only containing catalyst was rather small. 

He et al. [147] prepared and tested, for the CO2 to C2+ alcohols re
action, Pt-Ru supported on Fe2O3 catalysts, with different Pt/Ru molar 
ratios (1:2, 1:1, 1:3). The experimental work was carried out in a batch 
reactor, between 160 and 200 oC and at 200 bar, using the 1,3-dimethy
l-2-imidazolidinone (DMI) as solvent. The results indicated that the 
optimal composition was the Pt1Ru2/Fe2O3 catalyst, which showed 
higher activity (2.4 mmolCO2gcat

-1 h-1) and C2+OH selectivity (36%) than 
the monometallic Fe2O3-supported catalysts (Pt/Fe2O3 or Ru/Fe2O3); 
importantly, the catalyst was stable and active for five cycles. The au
thors also showed that an increase in CO2 and/or H2 pressure led to an 
increase in CO2 conversion and C2+OH selectivity, due to the enhanced 
solubility of reactants. This improved catalytic performance was 
attributed to a synergistic effect between Pt and Ru. 

Bai et al. [148] synthesized ordered Pd-Cu nanoparticles (NPs) 
supported on different oxides (SiO2, CeO2, Al2O3 and TiO2) and inves
tigated the optimal conditions (Pd/Cu ratio, support, reaction temper
ature) for the selective CO2 hydrogenation to ethanol. The authors 
utilized a batch reactor, and experiments were carried out at 150, 175 
and 200 oC, at 32 bar and H2:CO2 = 3, using H2O as solvent. Among the 
different catalytic systems, Pd2Cu/TiO2 exhibited the highest catalytic 
performance and stability (6 cycles). Moreover, an increase in reaction 
temperature from 150 to 200̊C led to a significant increase in the 
C2H5OH yield (from 10 mmolg-1h-1 to 40 mmolg-1h-1) and selectivity 
(from 78.1% to 92.0%); the TOFPd was recorded at 359.0 h− 1. This 
excellent result was attributed to the existence of oxygen vacancies on 
the TiO2 surface and the charge transfer, which enhanced the CO2 hy
drogenation via prompting the hydrogenation of *CO to *HCO species. 

In another recent study, Li et al. [149] prepared a series of 
Cu-Co-Zn-Al catalysts, under different reduction temperature (300, 400, 

Fig. 12. XCO2 and product selectivity for the: (a) K-0.48FeIn/Ce-ZrO2 catalysts (different K contents), and (b) 4 K-In/Ce-ZrO2, K-Fe/Ce-ZrO2, K-FeIn/Ce-ZrO2 
(different Fe/(Fe+In) molar ratios) (reaction conditions: T = 300 oC, P = 100 bar, and H2:CO2 = 3, GHSV= 4500 mL g-1 h-1) [144]. 
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500, 600 and 700 ◦C), to catalyze the direct CO2 hydrogenation to al
cohols (methanol, ethanol, n-propyl alcohol). Experiments were carried 
out in a batch reactor under T = 200 ◦C, P = 80 bar and H2:CO2 = 3, 
using tetrahydrofuran as solvent. From the studied catalysts, the 
Cu-Co-Zn-Al-500 exhibited the best performance with carbon yields of 
116 Cμmol⋅gcat

–1 ⋅h–1 (total carbon), 31 Cμmol⋅gcat
–1 ⋅h–1 (methanol), 

41 Cμmol⋅gcat
–1 ⋅h–1 (ethanol), 12 Cμmol⋅gcat

–1 ⋅h–1 (n-propanol), and 
32 Cμmol⋅gcat

–1 ⋅h–1 (isopropyl ether) arguing that the sheet-like 
morphology of the catalyst led to higher catalytic performance due to 
the plethora of active sites on its surface. Surprisingly, the catalysts 
activated at high temperatures (Cu-Co-Zn-Al-600, Cu-Co-Zn-Al-700) 
favored the production of C3 alcohols (propanol) and their derivatives 
(di-isopropyl ether) while the Cu-Zn-Al catalyst led to the production of 
C1 products. Further, the authors proposed that the addition of Co par
ticles, in the form of Co2+ and Co0, enhanced the synthesis of C2+
products as it is known to be an important element for the C-C bond 
formation during the reaction. Also, they suggested that Cu acted as the 
activator of C––O bond on the surface of the catalyst, ZnO acted as 
promoter, improving the dispersion and stability of Cu particles, while 
the use of Al2O3, a support with Lewis acid sites, favored the methanol 
and di-isopropyl ether formation. 

Although the array of metal combinations for the production of HAs 
through CO2 hydrogenation is wide, careful consideration is needed 
regarding the role of each individual component, especially over the 
need to regulate the amount of CO and alkyl species produced. This can 
be achieved via combinations of transition metals, noble metals or a 
synergy between the two. Table 3 presents information on the catalyst 
formulation, reactor configuration, reaction conditions and perfor
mance in terms of CO2 conversion and ethanol production for selected 
bimetallic and multimetallic systems discussed herein. 

3.5. MOFs 

Since the seminal work of Yaghi et al. [150], which earned the first 
author the moniker “the father of MOFs”, Metal–organic frameworks 
(MOFs), due to their ultrahigh and well-defined porosity, variable 
composition, structural tunability, excellent chemical stability and 
scalable functionality have become a family of materials widely used in 
adsorption, separation, and catalytic processes [151,152]. However, the 
only work that our literature search uncovered that utilized MOFs for 
the hydrogenation of CO2 to higher alcohols was performed by An et al. 
[153]. Specifically, the authors utilized Zr12 nanoclusters as secondary 
building units (SBUs) and synthesized bimetallic CuI

2 sites supported on 
a Zr12-MOF promoted by different alkali metals (Li, Na, K, Cs). The 
experimental investigation was carried out in a batch reactor at 
T = 100 oC, P = 20 bar, H2:CO2 = 3 using tetrahydrofuran (THF) as 
solvent and the reported ethanol selectivity was > 99%. The authors 
argued convincingly that this high EtOH selectivity was achieved via the 
synergistic action between the bimetallic CuI

2 centers, which promote 
the activation of hydrogen and the direct C–C coupling of methanol and 
formyl species, and the alkali-metal promoters, which provide an 
electron-rich environment for the Cu centers to enhance activity and 
stabilize the formyl intermediates. Moreover, the authors also showed 
that the alkali metals tested affected the SEtOH in the order of 
Li<Na<K<Cs. 

3.6. Perovskite based composites 

Perovskites are an interesting class of materials with applications 
that range from fuel cell electrodes to heterogeneous catalysts [124, 
154]. Their use in the hydrogenation of CO2 to higher alcohols has been 
studied by Liu and co-workers [155,156]. In the first of these works 
[155] the authors used a series of LaCo1− xGaxO3 perovskites (x = 0, 0.2, 
0.3, 0.4 and 0.5) and after reduction, the compositions x = 0.2, 0.3 and 
0.4 resulted in Co/La2O3-La4Ga2O9 catalysts, while x = 0.5 led to the 
Co/La4Ga2O9 structure. The authors decided to use Ga in the system as 

they reasoned that it would help inhibit the hydrogenation ability of Co 
towards CH4. For this purpose, they examined catalytic performance in 
ethanol production in a fixed bed reactor under reaction conditions of 
T = 230–290 ◦C, P = 30 bar and H2/CO2 = 3.0. Initially, the authors 
investigated the catalytic activity and stability of the materials during 
18 h time-on-stream tests, carried out at T = 240 oC and as expected, the 
substitution of Co by Ga led to a significant decrease in the XCO2 and SCH4 
and to an increase in the SROH. The selectivity to ethanol in relation to 
the Ga content was volcano shaped, as this improved only up to Ga= 0.3 
(LaCo0.7Ga0.3O3) and declined when the Ga concentration increased to 
0.4 (LaCo0.6Ga0.4O3); it is noted that although tested, no results 
regarding the alcohol distribution were provided for LaCo0.5Ga0.5O3. 
The authors argued that the production of ethanol was due to presence 
of Ga in the perovskite matrix, which allowed the coexistence of Co0 and 
Coδ+ on the catalyst’s interface. However, over longer time-on-stream 
tests (108 h) the authors observed a significant decrease in the con
centration of ethanol in the products’ mix and a parallel increase in 
methanol, which they attributed to the oxidation of Co0 to CoO by CO2 
and/or H2O. 

In the subsequent work [156], the authors used the LaCo0.5Ga0.5O3 
system, in order to prove that the catalytic activity observed in their 
previous work [155] was the result of Co/La4Ga2O9 and not La2O3. The 
experimental work was again carried out in fixed bed reactor using 
H2/CO2 = 3.0, but this time the temperature under which the reaction 
was carried out was 270 ◦C and the pressure was varied from 25 to 
35 bar. The authors were able to show that La4Ga2O9 promotes mainly 
the RWGS producing CO, which is then hydrogenated on the Co0 to *CHx 
and on the Co2+ to *CHxO; following, the unhydrogenated CO or the 
*CHxO species are inserted in the *CHx species to produce ethanol. 

Thus, this work showed that it is possible to synthesize an active and 
selective catalyst for the CO2 to ethanol reaction by using only one active 
metal in different oxidation states, combining with a component 
responsible for catalyzing the reverse water gas shift reaction in order to 
generate CO species. 

3.7. Zeolites 

Zeolites are crystalline aluminosilicates with pores that range is size 
form a few angstroms to a couple of nanometers and a Si/Al ratio greater 
than one. This group of heterogeneous catalysts is widely used in the 
petrochemical industry and has been shown to have great potential in 
environmental catalysis [157,158]. Ding et al. [159] sought to take 
advantage of the properties of beta zeolite, a disordered intergrown 
hybrid tetragonal and clinorhombic system, and those of Cu to synthe
size a catalyst for the CO2 to ethanol hydrogenation reaction. Thus, the 
authors synthesized and tested a Cu@Na-Beta catalyst in a fixed-bed 
reactor at T = 200–350 oC, P = 5–21 bar, H2:CO2 = 3, showing an 
optimal ethanol and space-time yield of ~14% and 
~398 mg⋅gcat− 1⋅h− 1, respectively (at 300 ◦C and 21 bar); importantly, 
the catalyst exhibited stable operation during 100 h of operation (this 
time P = 13 bar). The authors argued that the high-performance of the 
catalyst resulted from the successful combination and synergy of copper 
nanoparticles (2~5 nm) embedded into Na-Beta zeolite framework, 
reflecting the importance not only of the catalytic centers, but also of 
their surroundings. 

3.8. The effect of the support 

As is well understood, the interaction of the support with the active 
metallic component plays a crucial role in determining the activity and 
stability of a catalytic system. Thus, the investigation of the effect that 
different catalysts’ supports might have to the CO2 hydrogenation re
action is of great importance. An interesting report along these lines has 
been provided by Zhang et al. [71] with the group studying the influence 
of Na-promoted cobalt catalysts supported on Al2O3 (an amphoteric 
oxide), ZnO and TiO2 (oxides with oxygen vacancies), AC (a material 
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that possesses an extremely high surface area) and SiO2 and Si3N4 (inert 
materials) on CO2 conversion and ethanol selectivity. Catalytic tests 
were performed in a fixed-bed reactor at T = 250 oC, P = 50 bar, H2: 
CO2 = 3 and catalyst activation was undertaken using CO as the 
reducing agent. The authors observed that during reaction CoO (which 
was the main phase identified on the reduced catalysts) transformed to 
Co2C only on the SiO2 and Si3N4 supported catalysts and to hcp-Co on all 
other systems. Given that only the SiO2 and Si3N4 supported catalysts 
were selective towards alcohols (about 9%, while SROH for the other 
systems was << 1%) they concluded that Co2C was the active phase in 
this system. Importantly, the authors also showed that the Co based on 
SiO2 and Si3N4 catalysts were stable for 300 h, a behavior which they 
attributed to the strong-metal-support interaction (SMSI) originating 
from the Si-O-Co bond. This conclusion is similar to that drawn by 
Gnanamani et al. [121] (discussed above) who used a Na-Co/SiO2 and 
showed that different reduction conditions (H2 or syngas or CO) had an 
important effect on catalytic performance, and that the carburization of 
the Na-Co/SiO2, which occurred under CO, helped lower the hydroge
nation to methane activity of the catalyst, either through Na deposition 
on to Co2C or by stabilization of the Co2C on to the catalytic surface. 

Another interesting work has been provided by Kiatphuengporn 
et al. [43] who used MCM-41 mesoporous silica as supporting material, 
due to its high surface area and ordered hexagonal structure. To inves
tigate catalytic performance on CO2 hydrogenation to higher alcohols 
production the authors synthesized Fe-doped Cu-based catalysts 
(xFe–10Cu), with x = 0, 0.5 and 3 wt%, utilizing unimodal (SS) and 
bimodal (T) MCM-41. The experimental results (fixed-bed reactor at 
T = 160–350 oC, P = 10 bar, H2:CO2 = 3) revealed that the xFe–10Cu/ 
MCM-41 (T) catalysts with a Fe loading of 3 wt% exhibited the optimal 
catalytic activity with alcohol selectivity of 80–99% at T = 160–200 ◦C 
and a TOF of alcohols of 1.08⋅10-25 mol surface metal atom-1 min-1. This 
outstanding catalytic performance was attributed by the authors to the 
existence of pores with different sizes (smaller and larger mesopores) on 
the supporting material, which favored the HAs production by weak
ening the metal-support interaction, leading in turn to highly active Cu 
and Fe surface atoms. It can thus be concluded that the pore charac
teristics of the supports can influence the performance of the final 
catalyst towards a specific direction. 

3.9. The effect of catalyst structure 

Catalyst morphology is of great importance for the CO2 hydrogena
tion reaction. As mentioned above, an early study that examined the 
effect of structure on performance has been provided by Li and co- 
workers [55,96] who, using a Pt/Co3O4, concluded that the specific 
morphology of Co3O4 (nanorods or nanoplates) had an important role in 
the reduction ability of the catalyst. Specifically, the Co3O4-p promoted 
the reduction to metallic Co at high temperatures, which favored CO2 
hydrogenation to hydrocarbons. Yang et al. [160] also investigated the 
relationship between the different structures, and therefore the different 
crystallographic planes of the catalysts and the product distribution for 
the reaction at hand. In particular, the authors synthesized and tested 
two kinds of Co-based catalysts, Co3O4-0 h (rhombic dodecahedra) and 
Co3O4-2 h (nanorods). Moreover, by moderating the hydrothermal time 
(0 h or 2 h), the authors affected the catalyst reducibility, as well as the 
energy requirement for the formation of oxygen vacancies. Tests were 
carried out in a fixed-bed reactor at T = 250–360 oC, P = 1–30 bar, H2: 
CO2 = 3 and the results revealed that the Co3O4-0 h catalyst was 
reduced to Co0 and CoO which favors CH4 production (SCH4= 85%) 
while Co3O4-2 h reduced only to CoO which leads to CO production 
(SCO= 95%) and therefore to alcohols formation. It was demonstrated 
that the selectivity of the catalyst is strongly influenced by the crystal
lographic planes, e.g., it was observed that CO selectivity increased 
when the plane changed from {111} to {110}. Also, they prepared and 
tested 10 wt% Cu over Co3O4 (0 h and 2 h) catalysts under higher 
pressures (1–30 bar) conditions. As the authors expected, the 

Cu/Co3O4-2 h exhibited an ethanol yield of 1.87 mmol gcat-1h-1 almost 
nine time higher than Cu/Co3O4-0 h (0.19 mmol gcat-1h-1). This result 
was attributed to the plethora of VO existing on Cu/Co3O4-0 h (111 
plane) which can easily scission the *CH3O bond and lead to methane 
formation. Thus, the authors were able to conclude that during the CO2 
hydrogenation the cobalt oxides with different crystallographic planes 
have the ability to transform into another structure and therefore 
regulate the product distribution. 

3.10. Tandem catalysis 

A number of literature reports [72,161–163] have tried to take 
advantage of tandem catalysis, a concept that was first defined by Fogg 
and dos Santos [164] almost 20 years ago. Simply put, in tandem 
catalysis the products formed during the first reaction step serve as the 
reactant or part of the reactant to the subsequent reaction step, thereby 
coupling the two reaction steps [9]. Thus, CO2 hydrogenation for the 
production of HAs is an obvious example of a tandem reaction, as ac
cording to the accepted mechanism scheme, CO, produced through the 
RWGS reaction, is adsorbed either dissociatively or non-dissociatively 
and the dissociated CO* is then hydrogenated to *CHx, which can 
couple with non-dissociated CO* to produce EtOH. 

Chen and co-workers [72] reported a second study on the hydroge
nation of CO2 for HAs synthesis (the first, i.e., ref. [73] has been dis
cussed above) in a fixed-bed reactor (T = 350 ◦C, P = 60 bar, and 
H2/CO2 = 3:1). The authors again attempted to combine a catalyst 
(CuZnK0.15) known for its promoting effects on RWGS and methanol 
synthesis, with a catalyst (Cu25Fe22Co3K3) known for favoring HAs 
production via CO hydrogenation. However, similarly to Rahimpour 
et al. [165,166], who used a twin catalytic bed for methanol synthesis, 
the authors also used a two-stage bed catalyst system, instead of trying 
to combine these functions in a single catalyst. In particular, they pre
pared three catalyst combination systems CFCK(x)//CZK(y), CZK 
(y)//CFCK(x) and CFCK(x)–CZK(y), in an effort to determine the 
optimal loading mode (which catalyst will be placed first in the bed) and 
volume ratio (volume to be used from each catalytic system), reporting 
that the highest catalytic activity, with XCO2= 32.43%, SROH= 11.82 wt 
% and STYROH= 131.0 mg mL-1⋅h-1 were achieved using the CZK 
(1.5)//CFCK(4.5) combination. The authors concluded that ZnO helped 
the dispersion of Cu and that K facilitated the CuO-Zn interaction, by 
adjusting the transfer of surface O2 species. Moreover, they suggested 
that the two-stage bed catalyst system likely aided the synthesis of HAs 
via a thermal coupling effect (a low-temperature RWGS catalyst with a 
high-temperature modified F–T synthesis catalyst) and a product con
version coupling effect. 

We now turn our attention to two works produced by Hong and co- 
workers [161,163], a group that has been very active on the CO2 to 
higher alcohols hydrogenation reaction (apart from refs. [161,163], refs. 
[105,108] from the same group have been discussed above). In the first 
of these works [161] the authors successfully combined, by powder 
mixing, a commercial CuZnAl catalyst, known to promote the RWGS 
reaction (thus, the production of CO, the key intermediary for C2+
synthesis) with a self-synthesized K-CuMgZnFe catalyst, known to pro
mote the production of HAs. The experiments were conducted in a 
fixed-bed reactor, at T = 320 ◦C, P = 50 bar, and H2/CO2 = 3:1, the sole 
CuZnAl showed an SCO of 90.9% and a XCO2 of 26.8% and no CH4 or C2+
products. At the same reaction conditions, the sole K-CuMgZnFe catalyst 
showed a XCO2 of 30.4% with SHAs= 15.8% and STYHAs= 70.6 mg gcat

-1 

h-1. When the authors combined the CuZnAl with the K-CuMgZnFe, by 
powder mixing, in a single catalyst bed, they recorded a STYHAs of 
106.5 mg gcat

-1 h-1 with a HAs fraction of 90.2%; this result was achieved 
with a powder mass mixing ratio of 1:1. In the second work [163], the 
authors combined a system known to work for HAs synthesis, i.e., 
KCuFeZn with systems known to promote methanol (CH3OH) and CO; 
these systems were CuZnAlZr, ZnZr and ZnCrAl. The best performing 
combination was that of CuZnAlZr with KCuFeZn which nearly doubled 
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SHAs and STY compared to the use of the sole KCuFeZn (SHAs rose from 
17.4% to 33% and STYHAs increased from 42.1 mg⋅gcat

− 1⋅h− 1 to 
84.0 mg⋅gcat

− 1⋅h− 1). Thus, in this way, the authors were able to show that 
extra *CHxO/*CO species have a key role to play for the reaction at 
hand. 

Finally, Tsubaki and co-workers [162] combined a catalyst able to 
produce alkenes, Na-Fe@C, with a catalyst known to work on HAs 
synthesis, K-CuZnAl; the weight ratio used was 1:1 and the catalytic 
performance tests were carried out in a fixed-bed reactor at T = 320 ◦C, 
P = 50 bar, and H2/CO2⁓ 3:1. The authors reported a CO2 conversion 
of 39.2% and an ethanol selectivity of 35%, which compares very 
favorably with the literature [72,75,78,102,118], and via in-situ char
acterizations and DFT calculations concluded that the catalytic in
terfaces, achieved by the combination of these catalytic systems, and the 
formation of intermediate aldehyde species were responsible for these 
excellent results. 

Table 4 presents information on the catalyst formulation, reactor 
configuration, reaction conditions and performance in terms of CO2 
conversion and ethanol production for tandem catalytic systems dis
cussed herein. 

4. Mechanistic studies 

Concerning the reaction mechanism, two main approaches have 
been reported in the literature. The first approach, and based on the 
existing studies the most widely accepted, is that the HAs synthesis 
proceeds via a CO-mediated pathway; this mechanism was first put 
forward by Kusama et al. [75,76], using a Rh-Fe/SiO2 catalyst. Specif
ically, this mechanism involves the following steps: (i) CO is formed 
through the RWGS reaction; (ii) the dissociative adsorption of CO leads 
to the formation of alkyl species (*CxHy) and the non-dissociative 
adsorption of CO leads to its insertion into the alkyl species 
(*CxHyCO); (iii) hydrogenation of the latter (i.e., *CxHyCO) then leads to 
the desired higher alcohols (e.g., CxHyCH2OH). Hong and co-workers 
[105] investigated the origins of alkyl species for the CO insertion 
mechanism over Cs-modified CuFeZn (CFZ) catalysts. They conducted a 
methanol steam reforming experiment under H2 flow in order to reveal 
the possibility of methanol C-O bond cleavage over the studied catalyst. 
From the received products (CO2, CO) as well as from in-situ DRIFTS 
experiments, they concluded that the *CH3 formation is a result of hy
drogenation of dissociated CO (Fig. 13). 

In a similar way, Yao et al. [127] discussed above, studying the in
fluence of different Fe sites on the surface of a FeNaS catalyst reported 
that *CO dissociation and conversion to *CHx and other hydrocarbon 
moieties was favored when Fe was away from S atoms, while the latter 

could modulate the *CHx–*CO coupling reaction. As a final example, 
Limtrakul and his co-workers [141], using KCo-In2O3, also proposed a 
CO-mediated pathway. Specifically, the authors argued that the support 
(In2O3) provided oxygen vacancies over which the RWGS reaction 
produced CO and that Co0 was responsible for the dissociative adsorp
tion of CO, the growth of the C-C chain and the production of *CxHy 
through the hydrogenation of the adsorbed carbon. The non-dissociative 
CO migrated from the CoO sites to Co0 in order to couple with *CxHy 
species to form HAs (Fig. 11). 

The second approach, originally proposed by He et al. [95] using 
Pt/Co3O4 catalysts, proceeds via a methoxy-mediated pathway. Specif
ically, after carrying out labelling experiments, the authors were able to 
show that H2O also participates in the reaction, which led them to 
propose that the production of ethanol proceeds via a 
methanol-intermediated mechanism in which the H that results from the 
dissociation of H2O can protonate the produced methanol. This in turn 
can dissociate into *CH3, *OH, and *H, with *CH3 then being able to 
couple with CO to form *CH3CO, which finally produces ethanol via its 
further hydrogenation. Similarly, Ding et al. [159], testing a 
Cu@Na-Beta catalyst, proposed an acetate/methoxy-mediated pathway. 
Specifically, the authors proposed that CO2 is hydrogenated to *CH3O 
and/or *CH3OH on the surface of the catalyst either through the RWGS 
reaction and the hydrogenation of the produced *CO or hydrogenation 
of *CO2 to formate (*HCOO) followed by its hydrogenation and disso
ciation to methoxy or methanol. *CH3O (Eq. 4) and/or *CH3OH (Eq. 5) 
in turn scission to form *CH3 species. Then, through the C-C coupling 
reaction of *CO2 with *CH3 or *CH3O acetate species (*CH3COO) are 
formed and finally, the *CH3COO species undergo additional hydroge
nation to produce ethanol (Eqs. 6 and 7) [159].  

*CH3O → *CH3 + *O                                                                     (4)  

*CH3OH → *CH3 + *OH                                                                (5)  

*CO2 + *CH3 + 2 H2 → *CH3CH2OH + *OH                                    (6)  

*CO2 + *CH3O + 2 H2 → *CH3CH2OH + *O + *OH                         (7) 

Liu and co-workers [155], using a Co/La2O3-La4Ga2O9 catalyst, 
suggested a formate/methoxy pathway. Specifically, the authors argued 
that the dissociated and non-dissociated *CO2 reacts with hydrogen 
atoms to form *CH3 and *HCOO species, respectively. The latter can be 
decomposed into *CO followed by its coupling with *CH3 species to form 
*CH3CO species. EtOH can then be synthesized from the hydrogenation 
of *CH3CO. 

It is noted that, the *CHx species produced during the CO2 hydro
genation reaction, apart from *CHx − *CO coupling to form C2+

Table 4 
Composition, synthesis technique, experimental conditions and performance of catalysts as reported in selected works of tandem catalysis from the literature.  

Catalyst Synthesis method Experimental conditions Catalytic activity Ref. 

CZK(x)//CFCK(y) (loading volume: 
x = 1.5, y = 4.5) (CZK: 
CuZn1.0K0.15 CFCK:Cu25Fe22Co3K3) 

K/Cu–Zn catalysts were prepared by co-precipitation 
impregnation method and CFCK were prepared by 
impregnation method 

fixed-bed reactor, T = 350 ◦C, 
P = 60 bar, H2/CO2 = 3, 
GHSV= 5000 h− 1 

XCO2= 32.43% 
SROH= 11.82% 
STYROH= 131.0 mg mL- 

1⋅h-1 

C2+OH/C1OH= 1.24 

[72] 

CuZnAl with K-CuMgZnFe (mass 
mixing ratio of 1:1) 

K-CMZF catalysts were prepared by a coprecipitation 
method and mixed with commercial CuZA catalyst 

fixed-bed reactor, T = 320 ◦C, 
P = 50 bar, H2/CO2 = 3, 
GHSV= 6000 mL gcat

− 1 h− 1 

XCO2= 42.3% 
SEtOH= 17.4% 
STYHAs = 106.5 mg gcat

-1 h- 

1 

C2+OH/ROH= 90.2 wt% 

[161] 

CuZnAlZr with 4.7KCuFeZn (1:1- 
powder mixing) 

Both K–Cu–Fe–Zn and Cu–Zn–Al–Zr catalysts were 
prepared by a coprecipitation method 

fixed-bed reactor, T = ◦C, P = 50 bar, 
H2/CO2 = 3, GHSV= 3000 mL gcat

− 1 

h− 1 

SHA= 33% 
STYHAs= 84.0 mg⋅gcat

− 1⋅h− 1 
[163] 

2%Na-Fe@C with 5%K-CuZnAl 
(weight ratio= 1:1) 

Fe@C catalysts were prepared by pyrolyzing the Fe- 
MOFs which were prepared by a hydrothermal method. 
CuZnAl catalysts were prepared by precipitation method. 

fixed-bed reactor at T = 320 ◦C, 
P = 50 bar, and H2/CO2 = 2.65 

XCO2= 39.2% 
SEtOH= 35% 
SPrOH= 4.0% 
SBtOH= 1.2% 
SC5= 0.7% 
YEtOH= 12.4% 

[162]  
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alcohols, can undergo different additional possible reactions leading to a 
plethora of by-products (alkanes, alkenes, alcohols), as shown in the 
below reaction scheme [108].  

*CHx + *H → CH4 (*CHx termination by hydrogenation)                      (8)  

2*CHx → C2H4 (*CHx-*CHx coupling)                                               (9)  

2*CHx + *H → C2H6 (*CHx-*CHx coupling and termination by hydrogena
tion)                                                                                            (10)  

*CHx + *CO + *H → C2H5OH (*CHx-*CO coupling and termination by 
hydrogenation)                                                                              (11) 

Thus, the discussion above over the prevailing mechanistic theories 
makes clear that although there have been many efforts in exploring the 
mechanism of C2+ production via CO2 hydrogenation, our mechanistic 
knowledge is yet at an early stage due to the greater complexity of re
action pathways in comparison with the well-studied mechanism of C1 
production. 

5. Conclusions and future perspectives 

Higher alcohol (HA) synthesis via the hydrogenation of CO2 consti
tutes a relatively new and exciting field of research that has the potential 
to help towards the de-carbonization of the energy sector. The review 
paper presented herein provides a comprehensive and critical literature 
review of the catalytic formulations that have been employed, in both 
fixed-bed and batch reactors, and of the critical role of promoters and 
supports and discusses the thermodynamic aspects of the reaction and 
the insights that have been gained regarding the reaction mechanism. 

Succinctly, various noble metal catalysts appropriately modified 
have been shown to be active in producing HAs via CO2 hydrogenation. 
For example, Rh-based catalysts modified by the addition of an alkali 
metal (Li or K) and/or Fe have been shown to increase the amount of the 
CO intermediates, which then react with *CH3 to form ethanol. Alkali 
metals help lower the production of alkanes via the hydrogenation of the 
intermediates (CxHy), which improves HAs synthesis, lower the pro
duction of methanol and balance the active sites that are responsible for 
the dissociation and non-dissociation of CO. Moreover, the use of sup
porting materials with a high population of oxygen vacancies is bene
ficial to the reaction, as they help tune the metal-support-interaction and 

activate the CO2 molecule. 
Regarding transition metal-based catalysts, alkali modified Cu/ZnO/ 

Fe catalysts are the standout candidates, as they have been shown to be 
active in producing HAs via CO2 hydrogenation. These systems combine 
the methanol synthesis capability of Cu/Zn with the RWGS reaction 
activity of Fe, but it is important to balance the FeCx species, which 
promote the dissociation of CO, the C-C chain growth and the hydro
genation reaction, and Cu species, which promote the non-dissociation 
of CO. Co-based catalysts on the other hand exhibit relatively low CO2 
conversion and HAs selectivity, with their performance being highly 
dependent on the formation of Co0, CoO, Coδ+ and Co2C and the synergy 
between these species. These Co hetero sites depend on the reduction 
process, the presence of alkali metals and the interaction between Co 
and the supports/promoters. However, Co has been successfully used as 
promoter in In2O3 based systems or in combination with another metal 
(e.g., Fe or Cu) in bimetallic/multimetallic catalyst formulations. 
Finally, the Mo-based catalysts tested so far have not been shown to be 
successful in making the shift from methanol and CO production to C2+
alcohols. 

The literature review that we have carried out shows that the high 
specific activity achieved using single atom catalysts holds great promise 
for the production of HAs via the hydrogenation of CO2, as these systems 
appear capable of aiding the successful cleavage of the C––O bond and 
the preferential formation of a C-C bond. The SACs systems reported so 
far also clearly show the benefits of using oxides with abundant oxygen 
vacancies. Moreover, as by definition, SACs provide highly dispersed 
metal species, such catalysts can be cost effective alternatives to their 
nanoparticle and sub-nanometer clusters counterparts. 

Core-shell structured catalysts is another family of materials that 
should be considered for the production of HAs through CO2 hydroge
nation. Such catalysts constitute a relatively new family of materials 
which have already been shown to provide advantages in CO2 conver
sion reactions (e.g., reforming of methane, hydrogenation to CO, CH4, 
methanol, C2+ hydrocarbons and oxygenates). For instance, their 
structure promotes the interaction between the different catalytic 
components, enhancing their bifunctionality, a property which is sig
nificant for C2+OH production. We hypothesize that in a typical core- 
shell catalyst, the metal of the core is likely to promote the RWGS re
action producing CO, while the outer shell could promote the FTS re
action producing alkyl species which then could react with the produced 

Fig. 13. Schematic representation of the reaction pathway followed over Cs-CuFeZn catalysts during CO2 hydrogenation [105].  
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CO towards C2+OH. 
Tandem catalysis also seems to hold great promise in HAs synthesis 

through CO2 hydrogenation, as according to the accepted mechanism 
scheme, CO, produced through the RWGS reaction, is adsorbed either 
dissociatively or non-dissociatively and the dissociated CO* is then hy
drogenated to *CHx, which can couple with non-dissociated CO* to 
produce EtOH. Research on such systems focuses not only on finding the 
appropriate catalytic systems, but also on the powder mass mixing ratio, 
loading mode and volume ratio. 

Regarding the understanding of the reaction mechanism, the current 
state of understanding is yet at an early stage, due to the great 
complexity of reaction pathways, especially in comparison with the 
well-studied mechanism of C1 production. In general, it is thought that 
the reaction proceeds either through a CO- or a methanol-mediated 
pathway however, efforts to verify the precise mechanism, employing 
computational chemistry and in-situ or operando techniques should be 
intensified. In this direction the use of artificial intelligence, may also 
prove useful. 

Future research efforts should also be directed towards investigating 
the in-situ methanol homologation reaction. The term “homologation” 
refers to a reaction in which a molecule is transformed to a product by 
the addition of a carbon atom, to form a C-C bond, and as methanol 
production via CO2 hydrogenation is already well established, it might 
be possible to couple methanol-methanol to form the desired HAs. 
Moreover, the synthesis of new bifunctional catalysts capable of pro
ducing and transforming dimethyl ether (DME) to C2+OH may also be 
worthy of investigation. 

At the same time, in addition to tailoring and optimizing the catalytic 
materials for the selective production of higher alcohols it is clear that 
the operating parameters such as temperature and pressure and the ratio 
of hydrogen to carbon dioxide should be carefully considered, as they 
have an important effect on performance and selectivity. Moreover, in 
batch reactors, it is important to also use an appropriate solvent. 
Research towards this direction shows that polar, protic solvents should 
be preferred as these have the ability to donate protons and aid the 
production of HAs. However, the choice of solvent should also be made 
keeping in mind the need to design an integrated process in line with the 
principles of green chemistry and circular economy. Lastly, the coupling 
of catalytic HAs production with electromagnetic radiation (such as 
microwaves, ultrasound or an integrated photothermal process) may 
potentially increase selectivity and efficiency at milder operating 
conditions. 
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