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Atmospheric carbon dioxide concentration has been
increasing in the last two decades and, as a major greenhouse
gas, it has been linked to global warming and climate changes.
Capture and conversion of CO2 into fuels and chemicals
offer opportunities to mitigate the increasing CO2 buildup, while
simultaneously adding value to CO2. The main limitation in
CO2 conversion is its high thermodynamic stability, thus
requiring catalysts and energy input to drive the trans-
formation. In this minireview, we will discuss specific reaction
pathways, mainly via catalytic hydrogenation and tandem
processes for CO2 conversion in hydrocarbons, olefins, aro-
matics, and alcohols. Most steps have been studied exten-
sively, but there are still significant challenges in developing
active, selective, and stable catalysts for CO2 conversion and
upgrade into molecules containing two or more carbons (C2+)
suitable for large-scale CO2 valorization processes.
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Introduction
Reversing climate change is one of the major challenges
faced by humankind, and its resolution is far from being
consensual, as it requires dramatic changes in social
behavior and governmental policies. The correlation
between global warming and greenhouse gases has been

well established [1,2]; however, despite the several
climate change treaties, greenhouse gas emissions have
grown exponentially in the last two decades, reaching
the historical value of 33.1 GtCO2 in 2018 [3]. At this
point, reducing CO2 emissions is not enough and more
efficient CO2 abatement measures are needed. The
carbon capture and utilization concept has been
receiving increasing attention worldwide. There is no
single solution to the CO2 problem, but the conversion
of CO2 into fuels and chemicals may lead to a circular
carbon economy. There is a significant industrial and
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academic interest in CO2 hydrogenation, despite the
issues related to H2 supply. The selective conversion of
CO2 into CO, CH4, CH3OH, dimethyl ether, olefins,
aromatics, hydrocarbons, and higher alcohols has been
studied extensively, mainly via heterogeneous and
multifunctional catalysis. The only successful commer-
cial experience regarding CO2 hydrogenation is the

George Olah plant in Grindavik, Iceland. This plant
produces methanol using hydrothermal and geothermal
energies [4]; however, its great success stems from the
readily available CO2 and low-cost heat sources, which
are specific to this location. Another target product is
carbon monoxide, which is obtained via the reverse
wateregas shift (RWGS) reaction and, when combined
with H2, can be used in the production of hydrocarbons,
aromatics, and olefins, via tandem RWGS/Fischere
Tropsch (FT) reaction. Syngas (CO/H2) can also be
used in the hydroformylation (HF) of alkenes into al-

dehydes or alcohols (obtained after hydrogenation).
Most steps have been studied extensively, but their
integration as a means to cover the transformation from
CO2 to fuels or valuable products still faces significant
challenges. Moreover, there are important side reactions
in CO2 hydrogenation, such as the conversion of CO2

into CH4 through the competing methanation reaction,
that hinder C2þ molecule productivity. Owing to the
growing interest in CO2 mitigation, we describe a se-
lection of technologies and catalyst design strategies
reported in the past few years (mainly 2017e2020) for
CO2-to-CO hydrogenation and CO2 upgrading into hy-
drocarbons, olefins, aromatics, and alcohols. More
comprehensive information on the reactions discussed
here can be found in excellent review papers in the field
[4e7].
CO2 to hydrocarbons, olefins, and
aromatics
FTreaction and HFare both classical catalytic processes
that use syngas (CO/H2) for the production of hydro-
carbons, olefins, aldehydes, and/or alcohols. The cata-
lysts ranging from heterogeneous Fe and Co (for FT)
and homogeneous Rh and Co (for HF) are well studied
and the reaction mechanisms are reasonably understood
[7,8]. FT synthesis typically yields hydrocarbons
following the AndersoneSchulzeFlory distribution, but
the utilization of bifunctional catalysts opened the
possibility to upgrade the products to obtain liquid fuels
(gasoline and diesel), aromatics, and lower olefins with
higher selectivity [8]. Considering that CO2 can be
converted to CO via the RWGS reaction, in principle,
these two processes (FT and HF) can be integrated to
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RWGS to result in the direct conversion of CO2 to liquid
products in a tandem-like process [9] (Figure 1).

The catalytic hydrogenation of CO2 into CO has been
described as an important strategy for syngas production
and as an intermediary pathway in several gas-to-liquid
processes [6]. Typical catalysts (Ni, Cu, and Pd) show
selectivity issues because of side reactions, such as the

competing methanation reaction that is favored at low
temperature, as well as the formation of carbon deposits
on the catalyst surface [10]. The reaction mechanism is
still on debate, but the pathways reported are (i) CO2

decomposition via surface carboxyl intermediates [11]
on metals like Ni [10], or (ii) reduction from surface
formates [12] on Pd [10]. Such pathways are also
nanoparticle size-dependent [11,13]. In both cases, the
strength of CO chemisorption to the metal surface
dictates product formationdif CO is strongly bonded to
the surface, it has sufficient residence time to be hy-

drogenated to CH4; if CO is weakly bonded to the
surface, it ends up being desorbed to the gaseous phase
[12,14]. This means that improving selectivity requires
decreasing the reactivity of some surface sites to weaken
the CO bond [14]. In 2017, Gonçalves et al. [15]
achieved total selectivity to CO after submitting a Ni/
silica catalyst to a thermal treatment under an RWGS
reaction stream up to 800 �C, thus opening a discussion
on the role of carbon deposits, metal carbides, or catalyst
restructuring under reaction conditions.

The direct conversion of CO2 into liquid products has
been achieved by a tandem RWGSeFT process using
Figure 1

General scheme for tandem processes for CO2 conversion to CO
(RWGS) and into liquid fuels (gasoline and diesel) and building-block
chemicals (lower olefins, aromatics, and oxygenates).
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multifunctional iron catalysts [16]. Typically, iron cata-
lysts require alkali metal promotion to attain the desired
activity and selectivity. The addition of K increases the
carbon chain by increasing the carbon binding energy
while decreasing the H binding energy, which can in-
crease the surface carbon residence time, thus promot-
ing CeC coupling [17,18]. Wei et al. [17] combined an
iron-based catalyst with a zeolite (NaeFe3O4/HZSM-5)

producing a multifunctional catalyst able to improve
selectivity to high-octane gasoline-range isoparaffins and
aromatics under industrial relevant conditions
(Figure 2). The composition can be tuned by changing
which zeolite type integrates the multifunctional cata-
lyst, via acid site modification [19]. The introduction of
a second metal, such as Cu, in traditional FeeK FT
catalysts could reduce the energies required for oxygen
removal from CO2, facilitating hydrogenation in a
tandem RWGSeFT process [18]. Gao et al. [20] used a
bifunctional In2O3/HZSM-5 catalytic system and

achieved 78% of C5þ products. The authors suggest
CH3OH formation via CO2 hydrogenation and subse-
quent CeC coupling inside the zeolite porous structure
to obtain high selectivity for gasoline-range hydrocar-
bons. Xie et al. [21] reported the conversion of CO2 into
light hydrocarbons (C2eC4) at 60% selectivity via a
The CO2 hydrogenation/FT tandem reaction takes place in three steps:
(1) CO2 to CO intermediate via RWGS, (2) hydrogenation of CO to a-
olefins intermediate via FT, and (3) the formation of gasoline-range
hydrocarbons via acid-catalyzed reactions on zeolite [17].
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tandem RWGSeFT process on a nanoreactor composed
of Pt nanoparticles supported on CeO2 nanospheres
coated by mesoporous SiO2 with Co nanoparticles on
top. Selective conversion of CO2 and H2 into aromatics
has been demonstrated by different groups using zeolite
H-ZSM-5, which is known to convert methanol into
aromatics. Li et al. [22] reported the conversion of CO2

into aromatics with up to 73% selectivity at CO2 con-

version of 14% via a tandem CO2 hydrogenation/aro-
matics formation process on ZnZrO/ZSM-5 catalyst. Ni
et al. [23] reported a composite ZnAlOx/H-ZSM-5
catalyst, which yields 74% aromatics with extremely low
production of CH4 or CO. Zhang et al. [22,24] reported
a tandem catalyst comprising of ZnO/ZrO2 and ZSM-5
zeolite for CO2 conversion to aromatics with 70%
selectivity and very low (below 1%) formation of unde-
sirable methane (Figure 3). Similarly, Li et al. [25] used
a tandem catalysts ZnZrO/SAPO to convert CO2 with
80% selectivity to lower olefins.

The direct carbonylation of alkenes to aldehydes (and
subsequent hydrogenation into alcohols) with CO2 in-
volves a tandem RWGSeHF process mostly based on
ruthenium complexes. Tominaga and Sasaki [26], back
in 2000, reported the production of alcohols from CO2,
H2, and alkenes in the presence of LiCl and
H4Ru4(CO)12. The same authors made an important
contribution to the field by discovering the important
effect of halide saltsdmainly LiCldon the catalytic
activity and selectivity of the ruthenium complex [27].
Figure 3

The CO2 hydrogenation/FT tandem reaction to convert CO2 directly to
aromatics. Reprinted from Ref. [22]. Copyright (2019), with permission
from Elsevier.
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Other additives, such as ionic liquids [28], different
ruthenium precursors [29], and ligands [30], have been
tested. In 2017, Martin et al. [31] reported their find-
ings on site-selective carbonylation with CO2 and H2O
from a wide range of unsaturated hydrocarbons using a
nickel complex as a catalyst. In the same year, Ding et al.
[32,33] published two articles on the direct HF of ole-
fins using CO2. Kondratenko et al. [34] performed in situ
spectroscopic study of the effect of the dopant and
support of Au nanoparticle catalyst for the conversion of
C2eC3 olefins to C3eC4 alcohols with CO2 and H2.
Dupont et al. [35] reported an efficient Ru/ionic liquid
homogeneous catalyst system for a RWGS/HF/hydro-
genation cascade reaction achieving alcohols at mild
reaction conditions (60 bar H2/CO2 1/1, 120 �C). The
RWGSeHF tandem process avoids the use of toxic CO
and improves the safety of the traditional HF process to
provide valuable aldehydes and alcohols.
CO2 to methanol
CO2 hydrogenation into methanol has already been
intensely described [36e42]. Methanol (CH3OH) is
one of the most promising platform molecules obtain-
able from CO2, as it can be integrated in several

upgrading processes. Until now, the only large-scale
process for CO2 conversion into methanol has been
developed by Carbon Recycling International at the
George Olah plant, in Iceland. This process uses a
classical approach based on copper oxide (CuO), zinc
oxide (ZnO), and/or aluminum oxide (Al2O3). Despite
their economic viability, these catalysts have an impor-
tant drawback that they are sensitive to water [43].
Therefore, new catalysts with different metal combi-
nations have been designed to improve hydrogen
dissociation and CO2 activation. A synergy effect is often
achieved through the combination of a fully reduced

metal with one or more metal oxides, which are known
to enhance CO2 activation [17,44], but the reduction of
metal oxides is related to deactivation on CO2 hydro-
genation to methanol [44]. Jiang et al. [45] have
recently reported a fixed-bed process to convert CO2 in
methanol using a series of Pd/In2O3/SBA-15 catalysts.
The authors achieved high selectivity (84%) at a 13%
conversion rate and correlated the obtained results with
the increased oxygen vacancies on In2O3 via the addition
of Pd, facilitating CO2 activation. In addition, Pd was
able to dissociate H2 easily, providing a large amount of

H to hydrogenate CO2 into methanol. Similar results
have been reported by Martin et al. [46] on In2O3/ZrO2

catalysts. Different authors demonstrated the impact of
oxygen vacancies on methanol production. For instance,
Zhou et al. [47] also reported the great importance of
oxygen vacancies for both CO2 activation and methanol
formation rate over ZnOeZrO2 catalysts. In fact, these
authors confirmed that the methanol formation rate was
dominated by the total amount of oxygen vacancies
present in the catalyst. Another good example was
urrent Opinion in Green and Sustainable Chemistry 2020, 26:100386
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brought up by Lian et al. [48], who have prepared Co/
CeN and Co@Co3O4/CeN catalysts for CO2 hydroge-
nation to methanol in a fixed-bed reactor. The authors
verified that Co was the main activity site for CO2 hy-
drogenation and that the oxygen vacancies in
Co@Co3O4/CeN were essential not only to improve
CO2 dissociation, but also to enhance methanol pro-
duction. Following the same trend, Chou and Lobo [49]

have reported a continuous flow process for the con-
version of CO2 to methanol, showing that yttrium and
lanthanum improved up to 60% the indium oxide cata-
lyst selectivity for methanol. This doping effect was also
found in other materials. Song et al. [50] reported that a
surgical aluminum doping of Pd/ZnO catalysts produced
a positive impact on methanol production with low
amounts of Al (below 4 wt.%) and confirmed that
aluminum doping could change the electronic state of
Zn, affecting the reducibility of ZnO and, consequently,
its interaction with PdZn. From density-functional

theory calculations, the authors demonstrate that the
adsorption energy of CO2 on PdZn/ZnOeAl was lower
compared with PdZn/ZnO (�0.86 eV vs �0.37 eV),
which indicates a lower activation barrier for CO2.
Moreover, they also showed that the absolute charge
carried by the adsorbed CO2 at the interfaces increases
in the presence of aluminum, indicating that aluminum
doping into ZnO promotes CO2 activation and facilitates
its hydrogenation. Increasing the defects via the doping
strategy is one of the current trends in improving the
performance of a given catalyst and in the development

of novel materials to allow the conjugation of different
substrates in one surface. A good example of such
approach was reported by Yang et al. [51], during the
simultaneous conversion of CH4 and CO2 to methanol
using binuclear cluster species (RhVO3

�). One of the
highlights is the introduction of CO2, which provides
oxygen to methane, acting as soft oxidant, and altering
the thermodynamics of methane conversion.
Figure 4

Direct CO2-to-ethanol hydrogenation using PdCu nanoparticle catalysts. Rep
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CO2 to higher alcohols
Despite the knowledge on methanol conversion, the

production of higher alcohols directly from CO2 has had
limited success [52e54]. Ethanol and higher alcohols
are preferred for some applications because they have a
higher energy density and can generate more complex
products in upgrading processes. The direct synthesis of
higher alcohols from CO2 usually involves the combi-
nation of several reaction steps: CO2 hydrogenation,
RGWS, and CeC coupling, where the CO generated on
RGWS step is crucial to increase the alkyl chain alcohol
in an FT-like process [55]. Hence, the catalyst used to
accomplish the conversion of CO2 to higher alcohols

generally combines features of both FT and methanol
catalysts. A good example was described by Caparrós
et al. [56], showing that a catalyst based on palladium
single atom (Pd-SA) deposited on an Fe3O4 surface was
quite active during the hydrogenation of CO2 to ethanol
at different temperatures and pressures. These authors
also showed that the metaleoxide interface had a dra-
matic impact on catalytic performance by addressing the
stabilization of Pd-SAs on Fe3O4. A specific PdeFe3O4

interaction takes place, generating the single atom
configuration that was found on PdeCeO2 and Pde
Al2O3 interfaces. Although the highest CO2 conversion
was achieved for a Pd/Fe3O4 catalyst having Pd nano-
particles, the selectivity for ethanol is surprisingly
higher on the Pd-SA configuration. Another good
example reported by Wang et al. [57], suggested the use
of non-noble cobalt catalysts (CoAlOx) under batch
conditions (4.0 MPa [H2/CO2 = 3:1]). The obtained
catalyst showed a remarkable selectivity for ethanol
(92.1%) at 140 �C with an ethanol time yield of
0.444 mmol g�1 h�1. On a similar fashion, He et al. [58]
showed the formation of ethanol from CO2 hydrogena-

tion using Pt/Co3O4 catalysts and different solvents.
The authors found that water was the best solvent
(achieving ca. 80% of selectivity to ethanol) and that
rinted from Ref. [53]. Copyright (2017), with permission from ACS.
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methanol synthesis is an intermediate reaction that
leads to ethanol. Bai et al. [53] optimized the compo-
sition of bimetallic CuPd nanoparticles supported on
titania and found that Pd2Cu NPs/P25 is an efficient
catalyst for CO2 hydrogenation into ethanol exhibiting
up to 92% selectivity, turnover frequency of 359 h�1, and
excellent stability. Mechanism studies using vibrational
spectroscopy revealed that the high ethanol production

and selectivity can be ascribed to boosting *CO hydro-
genation to *HCO, the rate-determining step for the
CO2 hydrogenation to ethanol (Figure 4).
Conclusions and perspectives
Fundamental research will be needed to tackle major
scientific challenges, including improving fundamental
understanding of catalysis coupled with the develop-
ment of more effective catalysts. For instance, the recent
developments on the elucidation of reaction mechanisms
using both spectroscopic and theoretical approaches will
allow the production of high added-value molecules
directly from CO2, combining different catalytic pro-
cesses, such as RGWS, CO2 hydrogenation, and CeC
coupling on the same catalytic surface. On the other
hand, green hydrogen (the dependence on an external

H2 supply is a concern) has yet to be produced to
improve reaction selectivity (avoid methane and carbon
deposits) and enhance catalyst productivity. Hydroge-
nation is the most straightforward way to transform CO2;
however, its energy input is still a concern, thus urging
the development of low temperature processes. Alter-
native reaction pathways for CO2 conversion, which
avoid the use of molecular hydrogen, have been drawing
attention, including the dry reforming of methane, which
produces syngas, and the oxidative dehydrogenation of
ethane and propane, which produces CO and the corre-
sponding olefindan added value product. Moreover,

photocatalytic and electrocatalytic strategies can provide
carbon reduction using water as the H source and the
combination of both with biotechnology will dramatically
expand the range of products that can be produced
directly and indirectly from CO2, hopefully, in processes
with lower energy requirements.
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