
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

A Critical Look at Direct Catalytic Hydrogenation of Carbon Dioxide to Olefins

Ronda-Lloret, M.; Rothenberg, G.; Shiju, N.R.
DOI
10.1002/cssc.201900915
Publication date
2019
Document Version
Final published version
Published in
ChemSusChem
License
Article 25fa Dutch Copyright Act Article 25fa Dutch Copyright Act
(https://www.openaccess.nl/en/in-the-netherlands/you-share-we-take-care)
Link to publication

Citation for published version (APA):
Ronda-Lloret, M., Rothenberg, G., & Shiju, N. R. (2019). A Critical Look at Direct Catalytic
Hydrogenation of Carbon Dioxide to Olefins. ChemSusChem, 12(17), 3896-3914.
https://doi.org/10.1002/cssc.201900915

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://doi.org/10.1002/cssc.201900915
https://dare.uva.nl/personal/pure/en/publications/a-critical-look-at-direct-catalytic-hydrogenation-of-carbon-dioxide-to-olefins(6f0b069f-84b2-4652-8e1a-fcf2422f2b87).html
https://doi.org/10.1002/cssc.201900915


A Critical Look at Direct Catalytic Hydrogenation of
Carbon Dioxide to Olefins
Maria Ronda-Lloret, Gadi Rothenberg, and N. Raveendran Shiju*[a]

ChemSusChem 2019, 12, 3896 – 3914 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3896

ReviewsDOI: 10.1002/cssc.201900915

http://orcid.org/0000-0003-4968-6456
http://orcid.org/0000-0003-4968-6456
http://orcid.org/0000-0003-1286-4474
http://orcid.org/0000-0003-1286-4474
http://orcid.org/0000-0001-7943-5864
http://orcid.org/0000-0001-7943-5864
http://orcid.org/0000-0001-7943-5864
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcssc.201900915&domain=pdf&date_stamp=2019-08-07


1. Introduction

The increasing amount of anthropogenic carbon dioxide (CO2)

emissions is a global concern. There is a correlation between
the rise in global temperatures and the rise in atmospheric

CO2 concentration levels (Figure 1).[1] Even if this does not

imply direct causality, mankind cannot afford to take chances.

This feeling is echoed in the 2015 Paris Agreement, which
shows the willingness of policy experts, scientists, and climate
economists from 118 countries to take measures to fight cli-
mate change. Its main goal is to keep the increase in global
average temperature below 2 8C and ultimately achieve net-

zero emissions of greenhouse gases (GHGs).[2, 3]

This goal is feasible, yet difficult. Reducing the amount of

CO2 in the atmosphere could reduce the greenhouse effect,
but this requires individuals and companies to change their

behavior, which, in turn, requires economic and social incen-

tives. Controlling the carbon footprint and higher taxes on

carbon emissions or on fossil fuels are some examples. The
main sources of CO2 are power generation and manufacturing

(Table 1). Moving away from fossil fuels to cleaner energy sour-
ces remains a big challenge.

Developed countries are starting to act in terms of renew-
ables and natural gas to reduce emissions. For example, ac-

cording to the European Environmental Agency (EEA), in 2016,
Europe avoided the emission of 460 Mt of CO2 through the

use of renewable energy.[5] The main renewable energy sources

are on- and offshore wind power and solar photovoltaics for
electricity generation, as well as solid biomass-based technolo-
gies for heating and cooling.[5, 6] In addition, the EU remains a
world leader in renewable power, with 0.87 kW of renewable

energy capacity installed per person in 2017, followed by the
USA (0.71 kW/person) and Brazil (0.61 kW/person).[5] Neverthe-

less, the use of coal and its technology remains well estab-
lished. In 2017, a net capacity of 35 GW of coal-fired genera-
tion was added to the global fleet.[5] The gross addition was

67 GW (mainly in developing economies) and the capacity re-
tired was 32 GW (mainly in the USA and Europe).[5] If we look

into areas under fast economic development, such as South-
East Asia, we see that coal usage is increasing, especially with

the commissioning of numerous coal-fired power plants since

2000.[3, 7] Upon examining the magnitude and distribution of
the world energy demand, it appears that coal, oil, and natural

gas will remain our main energy sources in the next 50 years.
Changing this large-scale trend is possible only through a com-

bination of economically viable alternatives and strong regula-
tions.

One of the main initiatives for fighting climate change is to
use carbon dioxide as a resource instead of waste. In this re-

spect, thermocatalytic carbon dioxide hydrogenation to high-
added-value chemicals is a promising process. Among the

products of this reaction (alcohols, alkanes, olefins, or aromat-
ics), light olefins are interesting because they are building
blocks for making polymers, as well as other important chemi-

cals. Olefins are mainly produced from fossil fuel sources, but
the increasing demand of plastics boosts the need to develop

more sustainable synthetic routes. This review gives a critical
overview of the most recent achievements in direct carbon di-
oxide hydrogenation to light olefins, which can take place
through two competitive routes: the modified Fischer–Tropsch

synthesis and methanol-mediated synthesis. Both routes are

compared in terms of catalyst development, reaction per-
formance, and reaction mechanisms. Furthermore, practical as-

pects of the commercialization of this reaction, such as renew-
able hydrogen production and carbon dioxide capture, com-

pression, and transport, are discussed. It is concluded that, to
date, the catalysts used in the carbon dioxide hydrogenation

reaction give a wide product distribution, which reduces the

specific selectivity to lower olefins. More efforts are needed to
reach better control of the C/H surface ratio and interactions

within the functionalities of the catalyst, as well as understand-
ing the reaction mechanism and avoiding deactivation. Renew-

able H2 production and carbon dioxide capture and transport
technologies are being developed, although they are currently

still too expensive for industrial application.

Figure 1. World CO2 net emissions from 1980 to 2015.[4]

Table 1. Total CO2 emissions by sector from 1980 to 2015.[4]

Sector CO2 source Emissions [Gt]

electricity carbon-based power plants 12.4
heavy in-
dustry

production of cement, limestone, and
hydrogen

3.9

transport road>air> ship> rail 6.0>0.9>0.8>0.1
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Scientists have been studying methods for reducing CO2

emissions for decades. Capturing CO2, either from flue gases of

industrial processes or directly from the atmosphere, is one
such option. Yet, carbon capture and storage (CCS) presents

technical and economic barriers. CO2 leakage rates are uncer-
tain and there are limits in storage capacity, depending on lo-

cation. Moreover, CCS requires strong regulatory incentives be-
cause it does not produce any intrinsic value.[8] Perhaps the
strongest argument against CCS, however, is that it basically

considers CO2 as garbage. This is not a good chemical solution.
Instead, we should consider CO2 as a resource and aim for
carbon capture and utilization (CCU). If we could use CO2 as a
raw material to make profitable products, governments and

companies would be encouraged to follow suit. The basic
technology is already in place, by using the adsorption of CO2

in solvents such as monoethanolamine (MEA) to give carba-

mates.[8] During post-combustion capture, flue gases, including
CO2, are bubbled through a solution in MEA. CO2 is then recov-

ered by heating the carbamate solution.[9] Afterwards, CO2 is
cleaned (and dried if necessary) and compressed for transport

and utilization. This method still has drawbacks regarding the
energy penalty of the MEA regeneration process. Other amine

solvents are being researched, as well as physical absorption

processes by using solid adsorbents, such as activated carbons,
molecular sieves, zeolites, and polymers.[10] After capture or

separation of CO2, efforts are being made to efficiently convert
CO2 into high-value-added products, such as fuels and chemi-

cal feedstock. Converting CO2 into urea (for fertilizers) and the
production of plastics, such as polycarbonates, are performed

today.[3, 11] Methanol synthesis is industrially achieved from a

mixture of CO2, CO, and H2.[12] However, methanol is nowadays
also obtained from CO2. For example, Carbon Recycling Inter-

national (CRI) developed the world’s first commercial CO2 to
methanol plant in Iceland. The George Olah Renewable Metha-

nol Plant now recycles 5500 tonnes of carbon.[13]

Catalytic CO2 conversion to high-value-added chemicals can

be achieved through different methods. The electrocatalytic

pathway has mainly focused on the CO2 reduction reaction
(CO2RR) to hydrocarbons, as well as to CO and alcohols. This

process is already close to commercialization, but its economic
viability depends strongly on the cost of electricity.[14] Another
alternative is photocatalysis, typically with semiconductor cata-
lysts, which can enable direct solar to fuel conversion.

Although photocatalysis is independent of an electricity
source, its efficiency is still too low for industrial applications.[15]

Plasma and plasma catalytic reactions are also gaining atten-

tion, especially CO2 splitting and dry reforming of methane
(DRM).[16–18] Thermocatalytic CO2 conversion is also well known.

For instance, DRM with CO2 is used to produce syngas, which
is then used for the production of hydrocarbons or alcohols

through the Fischer–Tropsch synthesis (FTS).[16] The thermoca-

talytic hydrogenation of CO2 is interesting because of different
products that can be obtained. These are mainly alkanes (liq-

uefied petroleum gas and gasoline), alkenes, and aromatics.
Alkenes (olefins) are divided in two subgroups: lower olefins

(C2
=–C4

=) and higher olefins (C5+
=). Higher olefins, in particular,

linear a-olefins, are important industrial intermediates for pro-
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ducing polyvinyl chloride (PVC) plasticizers, synthetic lube oils,
detergents, and surfactants.[19, 20]

Lower olefins (C2
=–C4

=), generally referring to ethylene, pro-
pylene, butylene, and 1,3-butadiene, are important chemicals

because they are the building blocks of plastics, synthetic tex-
tiles, rubbers, solvents, and coatings.[21] In particular, a summa-
ry of the most important chemicals is as follows:

1) Ethylene is one of the most important feedstocks in the
chemical industry. In the plastics sector, it is mainly used for
the production of polyethylene, but also other plastics,
such as polyethylene terephthalate (PET) and PVC.[21, 22] It is
also used for producing intermediate chemicals, such as

ethylbenzene, ethylene oxide, and ethylene chloride.
2) Propylene is mainly used for the production of polypropy-

lene (PP), as well as propylene oxide (plastics) and cumene

(solvents production).[21]

3) The most important C4 olefin is 1,3-butadiene. It is the key

monomer for producing styrene butadiene rubber (SBR),
which is the main component of car tires. Butadiene is also

used to make adiponitrile, as well as acrylonitrile–buta-
diene–styrene (ABS), polybutadiene, styrene–butadiene (SB)

latex, and nitrile rubbers (NBRs).[23] The other butenes are

used mainly in the fuel industry. Isobutylene is a raw mate-
rial for the synthesis of methyl tert-butyl ether (MTBE) and

ethyl tert-butyl ether (ETBE), which are used as octane en-
hancers in gasoline. Linear butenes are used for synthesiz-

ing methyl ethyl ketone (MEK) as well as higher olefins.[21]

Traditionally, light olefins are obtained as products of the

cracking of naphtha in the oil refinery industry.[24, 25] Plastic pro-
duction from fossil fuels increased from 15 million tonnes in

1964 to 311 million tonnes in 2014.[26] Yet, even this will not
cover the increasing demand of olefins for plastics due to the

projected expansion of the middle classes in the next two de-
cades, especially in Asia.[23] Furthermore, olefin production

itself incurs large CO2 emissions. Between 0.18 and 0.2 Gt of

CO2 emissions worldwide were estimated to be produced by
olefin production in 2000.[27, 28] If we desire a future with net-

zero emissions, we must find other carbon sources for produc-
ing olefins. The production of olefins from CO2 is then a prom-
ising option. The 34 Gt of CO2 emitted in 2015[4] is equivalent
to 9.3 Gt of carbon. Thus, one could produce 0.46 Gt of ethyl-

ene from captured CO2, even if the efficiency of the process
was only 10 %. For comparison, the global ethylene demand in
2011 was “only” 0.13 Gt.[21] The production of olefins from CO2

would not solve the entire problem of CO2 emissions, but it
would avoid part of the emissions produced by traditional

cracking processes while expanding olefin production capacity.
However, to use CO2 in any chemical process, we must over-

come its high thermodynamic stability, DG0 =@394.4 kJ mol@1,

which usually means high reaction temperatures. One way
around this problem is to use a high-energy coreactant.[11] For

this purpose, hydrogen is a good candidate. With the right cat-
alysts, CO2 hydrogenation can produce a mixture of light ole-

fins, higher olefins, and alkanes. The desired olefins can then

be separated from the mixture, for example, by using mem-
branes.[29, 30]

There are several recent and good reviews on CO2 hydroge-
nation.[31–39] These typically focus on the production of hydro-

carbons, rather than on olefins. Interest in CO2 hydrogenation
to olefins has been increasing, and several reviews have fo-

cused on this topic.[40, 41] Moreover, increasing interest in CO2

hydrogenation means that many new research results are pub-
lished and almost on a daily basis (over 1400 studies were

published on CO2 hydrogenation in 2017–2018, ca. 2 papers
per day). Here we provide an overview on the catalytic hydro-
genation of CO2 to olefins, emphasizing studies since 2017. We
discuss reaction pathways, reaction conditions, active catalysts,

and possible mechanisms. We also include a section on practi-
cal aspects of the commercialization process.

2. The CO2 Hydrogenation Reaction

CO2 hydrogenation can take place through two competing
pathways: the modified Fischer–Tropsch synthesis (MFTS) and

the methanol-mediated synthesis (see Scheme 1). These path-
ways are distinguished by their intermediates: in the first

route, CO2 is reduced to CO through reverse water gas shift

(RWGS), followed by chain propagation through FTS. In the
second route, CO2 is hydrogenated first to methanol and then
converted into hydrocarbons. In both routes, it is the chain
propagation step that generates value-added hydrocarbons.

The reaction conditions and catalysts can be tuned towards
different products, including liquefied petroleum gas (C3–C4

0),
lower olefins (C2–C4

=), gasoline (C5–C11), or aromatics.

Because both routes involve two different steps, a two-stage
reactor can be used (the indirect route). In this way, the two

steps can run by using two different catalysts and under spe-
cific reaction conditions that are optimized for each step. Yet,

because the two steps are not mutually exclusive, direct routes

with a single reactor are also possible. The direct catalytic hy-
drogenation of CO2 to olefins in a single reactor makes sense.

It is potentially more economical and energy-efficient, which is
crucial for process viability.[42] For this reason, we focus on

recent developments for this direct route.

Scheme 1. Direct routes for the production of olefins by CO2 hydrogenation.
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2.1. Catalytic CO2 hydrogenation through the MFTS route

2.1.1. The reaction

The MFTS route combines RWGS and FTS. The first step is an

equilibrium reaction [Eq. (1)] . This reaction is endothermic and
requires elevated temperatures.[33] It is also sensitive to the
actual C/H ratio on the surface. Because CO2 has a lower ad-
sorption strength than that of H2, the fast hydrogenation of

carbon species adsorbed on the surface is favored, leading to
the formation of the unwanted methane byproduct.[43] CO pro-
duced by RWGS is then hydrogenated in FTS [Eq. (2)] .

CO2 þ H2 Ð COþ H2O, DH25 2C ¼ 41:2 kJ mol@1 ð1Þ
n COþ 2 n H2 Ð CnH2 n þ n H2O ð2Þ

In practice, Equation (2) is a multistep process: reactant ad-
sorption, chain initiation, chain growth, chain termination, and

product desorption.[44] Looking at the overall process (RWGS +

FTS), RWGS is an endothermic reaction and FTS reactions are

exothermic. Reaction conditions (temperature, pressure, H2/
CO2 ratio) will affect CO2 conversion and product distribution.

This requires a compromise in the reaction conditions. Yao

et al. analyzed the thermodynamics of this system.[45] They
found that, below 500 8C, long-chain olefins were favored at

lower temperatures and short-chain olefins were favored at
higher temperatures. Temperatures of around 400 8C were suit-

able for the synthesis of light olefins. However, this study does
not take into account the formation of alkanes.

The product distribution in FTS can be described by the An-

derson–Schulz–Flory (ASF) theory, which models the chain
growth probability, depending on the operating conditions

and catalyst. This is represented by the a factor, which indi-
cates the probability that a CO/CO2 atom molecule will react

to extend the hydrocarbon chain. In practice, a multicompo-
nent product mixture is formed. ASF is useful only as an ap-
proximation.[44] Upon changing the feed gas composition from

CO/H2 to CO2/H2, the product distribution changes significantly.
Under these conditions, some catalysts do not fit to the ASF
product distribution.[46] Because the a factor is not reported in
all CO2 hydrogenation studies, we focus herein on CO2 conver-
sion and the ratio of olefins/paraffins (O/P) as indicators of cat-
alyst performance.

2.1.2. The catalysts

Reviews by Yang et al.[36] and Li et al.[37] focus on the produc-
tion of value-added hydrocarbons, covering both alkanes and

olefins. Ma and Porosoff recently published a review focused
on the use of tandem catalysts in this reaction.[40] In addition,

Wang et al. gave a short overview of the aspects of this reac-

tion, mainly by the MFTS route.[41] Herein, we only focus on
olefin production and on the fundamental aspects of the reac-

tion. With this, we aim to clarify which catalysts are suitable for
obtaining olefins from the MFTS CO2 hydrogenation route. Be-

cause MFTS involves two steps, the optimal catalyst must be
active in both RWGS (CO2 activation) and FTS chain growth

(C@C bond formation). Herein, we see that MFTS catalysts are
based on FTS catalysts.

Iron-based catalysts

Iron-based catalysts are those most commonly used for CO2

hydrogenation through the MFTS route, thanks to their good

performance in FTS and the water gas shift (WGS) reaction.[21]

Under FTS conditions, these catalysts form coexisting phases,
including metallic iron (a-Fe), iron oxides (a-Fe2O3, Fe3O4), and
iron carbides (c-Fe5C2).[47] The effect of each phase on the cata-

lytic activity is unclear because the phases themselves can
change during the reaction. Previous work showed that the

active phase for RWGS was the oxide Fe3O4,[48] whereas for the
FTS step it was the carbide c-Fe5C2.[49] Modified iron catalysts
were developed for CO2 hydrogenation. Either unsupported

catalysts or iron supported on Al2O3, ZrO2, CeO2, metal–organic
frameworks (MOFs) and carbon supports were tested. Alkali-

metal promoters are usually added to enhance the selectivity
towards olefins, but the effect of adding a second metal (Cu,

Mn, Zn) has also been studied.

The effect of dopants and supports on the CO2 hydrogena-
tion ability of iron-based catalysts was widely studied. Howev-

er, fewer studies focused on improving the performance of
pristine iron catalysts. A cellulose-templated synthesis method

and the use of ammonium glycolate complexes were studied.
Although they showed promising results, the addition of a pro-

moter was needed to perform the reaction selectively.[50, 51]

Alkali-metal cocatalysts

Adding alkali metals (K+ , Na+ , Rb+ , Cs+ , and Li+) to iron-

based catalysts improves both CO2 conversion and olefin pro-
duction, mainly because of their electronic and basic proper-

ties. Adding potassium as a basic promoter is an established

practice. It enhances the adsorption of CO2 molecules on the
catalyst surface. This can increase CO2 conversion. Furthermore,

because CO2 adsorption increases, the hydrogenation ability of
the promoted catalyst decreases.[52] This results in a lower H/C

ratio on the surface, and less methane is formed. The forma-
tion of C2–C4

= is also favored due to the electronic properties
of alkali metals. The presence of K+ on the catalyst surface
may hinder the readsorption of olefins (both electron donors),

and thus, avoid the hydrogenation of double bonds and pro-
duction of saturated hydrocarbons.[53] Adding K+ can also
affect the type and concentration of iron carbides formed

during the reaction. The formation of H-gg carbides (c-Fe5C2)
is accelerated if K+ is used.

For example, in Fe/SiO2 catalysts, the rate of carburization
(reduction of FeOx to carbide phase) increased in the order:

unpromoted catalyst<Li+<Na+ <K+&Rb+&Cs+ .[54] Recently,

Wu et al. showed that iron catalysts supported on a 3D gra-
phene called honeycomb-structured graphene (HSG) and pro-

moted with potassium converted more CO2 and gave higher
selectivity towards C2–C4

= than that of the unpromoted cata-

lyst.[52] Mçssbauer analysis of 57Fe showed that the sample
FeK1.5/HSG after the reaction contained more c-Fe5C2 (74 %)
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and could stabilize an extra carbide phase, e’-Fe2.2C (8.5 %),
compared with that of the unpromoted Fe/HSG catalyst

(50.4 % c-Fe5C2). The change in electron density of iron species
in the presence of K+ might also affect the strength of the

chemical bonds on the catalyst surface: the C@O bond in CO
molecules can be weakened and the Fe@C bond can be

strengthened to accelerate the formation of iron carbides.[54]

Copper-based catalysts

Copper is often used as a promoter to facilitate FeOx reduction
and carbidization to the H-gg iron carbide, as well as for pro-
moting the dispersion of iron particles.[55] It is also used as an

active site in the RWGS reaction, which inhibits methane pro-
duction, in contrast with Co, Ni, and Ru.[33] Thus, adding
copper enhances CO2 conversion while keeping the product

distribution constant. The correct Cu/Fe ratio is needed to
obtain a positive effect from adding Cu. The addition of 10 %

Cu to a Fe@K/Al2O3 catalyst increased CO2 conversion to 41 %,
relative to the unpromoted catalyst (24 % of CO2 conversion).[56]

The obtained O/P ratio was 4.9, which was similar to that of

the sample without Cu (4.3). Higher Cu loadings showed lower
CO2 conversion. Wang et al. found that the optimal Cu/(Cu +

Fe) atomic ratio was 0.17, which corresponded to 17 % total
metal loading.[57] This bimetallic catalyst supported on Al2O3

reached the highest CO2 conversion among all tested ratios. Its
XRD pattern showed a new peak at 458, which was ascribed to

Fe@Cu alloy species. Because adding copper did not change
the product distribution, potassium was also added. They ob-

served a linear correlation between the O/P ratio and K/Fe

atomic ratio.

Manganese and zinc cocatalysts

The promotion of iron-based catalysts with other transition

metals, such as manganese or zinc, was also studied. Zinc acts
as a structural promoter: it increases the surface area of the

catalyst and improves the dispersion of iron active sites.[58, 59]

The introduction of ZnO clusters leads to highly dispersed and

small Fe crystals, which increases the mass-specific activity.
However, it also forms the ZnFe2O4 spinel phase, which is not
reducible, and therefore, inactive.[60] Previous studies showed
that higher Zn/Fe ratios decreased CO2 conversion, but in-

creased the amount of lower olefins in the product mixture by
suppressing the formation of heavy products.[59] If Mn is copre-
cipitated with a-Fe2O3, some of the Fe3+ ions are replaced by

Mn3 + ions, which gives an a-(Fe1@xMnx)2O3 solid solution.[61]

The electronic effect of Mn and Zn is a controversial topic. In

general, the surface basicity (usually determined by CO2

uptake measurements) of the catalyst is higher upon adding

Mn or Zn,[61] although there are exceptions.[59] Its effect on CO2

conversion and olefin selectivity does not correlate with higher
CO2 conversion and/or olefin production.[62, 63] Falbo et al. com-

pared zinc- and manganese-containing bulk iron-based cata-
lysts.[64] The former showed higher surface basicity, which

slightly improved CO2 conversion and increased the O/P ratio
in the C3–C6 range. However, previous studies reported that

Mn-doped catalysts showed better surface basicity than that of
Zn-based catalysts.[61] A recent study by Wang et al. showed

that the electronic effect of these metals strongly depended
on the metal loading and preparation method.[65] Zn@Fe/K pre-

pared by a coimpregnation method showed a higher CO2 ad-
sorption capability (higher basicity) than that of catalysts

prepared by solvo- or hydrothermal methods. However, the
catalytic differences were minor: the coimpregnated sample
showed a slightly higher CO2 conversion, but the O/P ratio was

similar.

Cobalt-based catalysts

Cobalt-based catalysts are traditional FTS catalysts that show

high activity and selectivity towards heavy hydrocarbons from
syngas.[34] However, they are poor RWGS catalysts, and thus un-

suitable for CO2 hydrogenation. The C2–C4 hydrocarbon pro-
duction is limited, with methane as main product.[66] Despite

this, cobalt was used as dopant in Fe/K catalysts. Adding a
small amount of Co (2.6 wt %) to a Fe (12.4 wt %) catalyst

showed higher CO2 conversion than an unpromoted Fe cata-

lyst.[67] The addition of potassium remains essential to produce
olefins. In another study, highly alkalized Co@Fe/K/Al2O3 cata-

lyst (8.7 wt% of K) decreased the amount of weakly adsorbed
H2 and enhanced CO2 adsorption, resulting in a decrease in the

hydrogenation of produced olefins. This catalyst gave a 5.2 O/
P ratio.[68] Another study showed higher O/P ratios if higher cal-

cination temperatures were used during synthesis of the cata-
lyst.[69] O/P ratios were up to 7.3 if calcined at 800 8C, at the ex-

pense of CO2 conversion. At higher calcination temperatures,

iron oxide particles are bigger and harder to reduce than that
at lower calcination temperatures, which diminishes CO2 con-

version values. KAlO2 species also form. These can suppress
the further hydrogenation of the olefin products, increasing

the O/P ratio. Although methane production is still considered
to be an issue if using cobalt, the latest advances show that

these catalysts can restrict the formation of CH4 to 15 % or

less.[57, 69]

Supported catalysts

Supports are useful for dispersing the active phase and avoid-
ing agglomeration during the reaction. Many studies used g-
Al2O3 as a support, due to its high surface area and strong
metal–support interactions that prevented sintering.[70] Yet, the
strong metal–support interactions achieved with g-Al2O3 might

impede carbidization of iron species, lowering the catalytic ac-
tivity of the material.[71] Other popular supports are SiO2 and

TiO2,[33] whereas other studies showed that Fe@K catalysts with
ZrO2 as a support were more active for CO2 hydrogenation

than that with g-Al2O3, SiO2, or TiO2.[53] This may be related to

the surface basicity and its capability to adsorb CO2. Redox-
active supports, such as ceria, are also interesting because they

can modify the properties of the catalyst without the use of
promoters; thus facilitating the reduction of FeOx species.[72]

The appropriate amount of Ce in the Fe@Zr@K catalyst in-
creased the surface basicity and decreased Fe2O3 particle
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size.[73] Therefore, the dispersion of Fe active sites and their re-
ducibility were enhanced. CO2 conversion and olefin selectivity

were improved to give O/P ratios up to seven.
Nontraditional supports, such as MOFs, have gained atten-

tion for CO2 conversion due to their high surface area and
large pore volumes.[74] Guo et al. reported the superior per-

formance of catalysts formed by Fe2O3 being ground together
with MIL-53(Al) or ZIF-8, compared with conventional Fe2O3/g-
Al2O3 or unsupported Fe2O3.[75] MIL-53(Al) showed a lower CO2

activity and no formation of olefins due to its acidic properties.
The O/P ratio with ZIF-8 was very small (0.2) compared with
that reported in the literature, so further improvements in this
type of catalyst are needed to compete with other iron-based

catalysts. MOFs were also utilized as templates or precursors of
porous carbon materials with nanostructured metal species

through thermal decomposition. MIL-88(Fe) pyrolyzed at

600 8C was found to lead to the optimum Fe3O4/c-Fe5C2 pro-
portion.[71] This catalyst showed the lowest surface area and

highest CO2 conversion value than that with pyrolysis tempera-
tures of 500 or 700 8C. Upon adding K+ , olefin production was

significantly enhanced (O/P = 5.5). Although, in this case, the
O/P values are higher, 20 % CO and 25 % CH4 are reported,

which decreases the suitability of MOFs and carbon-based ma-

terials for CO2 hydrogenation. Improvements were achieved
with regard to CO and CH4 selectivity. Another iron-based MOF

(BasoliteF300) was used as a template for the preparation of a
Fe/C catalyst, which was promoted with potassium.[76] At

350 8C, the catalyst gave 38.5 % CO2 conversion with a C2–C6

olefin selectivity of 38.8 %. In this study, the CO and CH4

amounts decreased to 8 and 10 %, respectively.

The amount of graphitic carbon also affects the olefin pro-
duction rates. Gupta et al. studied the catalytic behavior of

iron-based carbon-coated core–shell nanocatalysts.[77] They
showed that, upon increasing the amount of carbon in the

shell, the O/P ratio decreased. Graphitic carbon is known for its
good ability of H2 adsorption and mobility (spillover effect),

leading to a higher production of methane and paraffins.[53]

Graphene (or reduced graphene oxide (rGO)) is an interest-
ing carbon support due to its characteristics, such as large sur-

face area and 2D structure.[78, 79] Because metal–support interac-
tions are moderate with carbon, iron catalysts can exhibit a

high degree of reduction and carburization.[80] If rGO was
tested as a support of Fe@K catalysts for the FTS reaction, it

gave high O/P ratios (up to 11) with 67 % selectivity towards
olefins. The activity, expressed as moles of CO converted to hy-

drocarbons per gram Fe per second (iron time yield to hydro-
carbons, FTY), was 220 mmolCO gFe

@1 s@1.[80, 81] The synthesis of
olefins from CO2 hydrogenation with rGO-based materials was

also reported.[52] The same study also reported a novel 3D
structure derived from HSG, which showed slightly better cata-
lytic performance than that of rGO. This material is able to dis-
sipate reaction heat, and therefore, impede the agglomeration
of iron carbide nanoparticles. Despite the novel properties of
this 3D structure, considerably higher CO and CH4 selectivity

values were reported. Table 2 compares the various MFTS-

based catalysts and their performances.

2.1.3. Reaction mechanisms

As outlined above, the MFTS route is a two-step process. The

CO2 molecules dissociate in the RWGS step, producing CO,
which is then hydrogenated in the FTS step. Several mecha-

nisms were proposed for the RWGS and FTS individually ; these
were dependent on the nature of the catalyst used.

Two main mechanisms for the RWGS reaction were pro-
posed: 1) the redox mechanism, and 2) the associative mecha-
nism.[33] However, the actual route may well combine both

pathways and differ between catalysts. Kinetic studies showed
that, for a Fe@K/Al2O3 catalyst, a combination of redox and as-

sociative pathways occurs, with the redox mechanism domi-

nating.[82] Scheme 2 shows the elementary reactions for each
proposed mechanism. In the redox pathway, CO2 adsorbs and

dissociates on the reduced active sites, which leads to the oxi-
dation of active sites. H2 reduces the active sites back, which

forms water. During the associative mechanism pathway, ad-
sorbed CO2 reacts with dissociated H2 to form a surface inter-

mediate (in this case, the main carbon-containing intermediate

was detected by means of IR as formate). This intermediate de-

Table 2. A selection of some recent studies on CO2 hydrogenation to lower olefins. Only results with CO2 conversion values between 20 and 40 % are
shown.

Catalyst XCO2
Selectivity[a] [%] O/P Reaction conditions Space velocity Ref.

[%] CO CH4 C2
=–C4

= ratio[b] T [8C] H2/CO2 ratio P [MPa] [mL gcat.
@1 h@1]

80 Fe20 Cu/K/Al2O3 30 5.7 9.2 n.r.[c] 5.5 300 3/1 2 756 [56]
Fe@Cu(0.17)/K(1)/Al2O3 29.3 17.0 7.0 n.r. 5.2 300 3/1 1.1 3600 [57]
Fe@Co/K/Al2O3 37.2 28.9 13.5 30.2 7.3 320 3/1 2 3600 [69]
5 Fe@1 Zr@1 Ce@K 28.2 10.5 41.8 22.6 1.1 320 3/1 2 n.r. [73]
Fe/ZIF-8 30 17 25 8 0.2 300 3/1 3 3600 [75]
FeK1.5/rGO 37 46 n.r. 30.24 5.6 340 3/1 2 2200 [52]
ZnGa2O4/SAPO-34 37 85 0.8 6.8 1.0 450 3/1 3 5400 [95]
In@Zr/SAPO-34 35.5 85 0.6 11.5 4.6 400 3/1 3 9000 [93]
ZnZrO/SAPO 20 65 1.8 28 8 400 3/1 2 3600 [87]
In@Zr/SAPO-34 26.2 63.9 0.7 26.9 3.5 380 3/1 3 9000 [98]
CuZnZr@Zn-SAPO-34 19.6 58.6 6.1 25.0 3 400 3/1 2 n.r. [106]

[a] The selectivity values in this table are calculated on a carbon basis, including CH4, CO, C2–C4 olefins, C2–C4 alkanes, and C5 + compounds. [b] O/P ratio
refers to the difference in olefins to paraffins in the product mixture. [c] n.r. refers to data that has not been reported.
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sorbs as CO and water. Other structures of carbon-containing
intermediate were proposed, such as carbonate, carbonyl, or
carboxylate species.

For iron-based catalysts, magnetite (Fe3O4) is usually consid-

ered as the active phase in RWGS. Fresh iron catalysts consist
of a-Fe2O3 (hematite phase), and so catalysts are generally re-

duced prior to the reaction. Under a H2 atmosphere, reduction

to Fe3O4, FeO, or metallic iron (Fe0) can take place. Under a
syngas atmosphere, as well as a CO2 + H2 atmosphere, all of

these reduced iron species can convert into iron carbides, such
as c-Fe5C2, e’-Fe2.2C, and q-Fe3C (Scheme 3). The carburization

ability follows the order Fe3O4<FeO<Fe0.[83]

The c-Fe5C2 iron carbide, usually formed under reaction con-

ditions, is considered to be the active phase for the FTS reac-

tion, because hydrocarbon species are only detected after its

formation.[83] Riedel et al. verified this by measuring how the
product composition changed through time if a Fe@Al@Cu@K-

containing catalyst was exposed to a H2/CO2 atmosphere.[84]

Scheme 2. Redox (left) and associative (right) reaction pathways for the
RWGS reaction.[82]

Scheme 3. Reduction and carburization steps of an iron-based catalyst.[83]

Scheme 4. Catalytic activity (top) and iron-phase composition of the catalyst (bottom) as a function of time during the reaction. Reaction conditions: H2/
CO2 = 3, 250 8C, 1 MPa, Fe@Al@Cu@9 K catalyst. FT refers to the Fischer–Tropsch reaction. Arrows indicate the increase or decrease of reaction yield/iron phase
during a certain episode.[84]
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They identified five steps with different kinetic regimes, indi-
cated as “episodes of synthesis”. These steps were correlated

to compositional and structural changes of the catalyst
(Scheme 4). In episode I, the reactants adsorb onto the catalyst

surface and carbon deposition takes place predominantly. This
shows that the freshly reduced catalyst is not active in FTS. In

episode II, carbon deposition continues and the products of
RWGS are obtained. In episode III, RWGS activity increases,

whereas carbon deposition declines. Between episodes I, II,

and III, there is little change in the Fe-phase composition, but,
in episode IV, if the FTS increases, metallic iron (a-Fe) is con-

sumed and Fe5C2 carbide is formed. In episode V, FTS activity
achieves steady state and all metallic iron is consumed. Even

at steady-state conversion, the catalyst composition continues
to change. Fe2O3 and Fe3O4 phases disappear and a new amor-

phous, probably oxidic, iron phase (FeOx) forms. Because iron

carbide is formed under a H2/CO2 atmosphere, freshly reduced
catalysts usually show an induction period in CO2 conversion

upon exposure to the reactive feed.[69]

Several mechanisms for the FTS process were proposed. The

most plausible route for the hydrocarbon formation reaction
on iron-based catalysts is the carbide mechanism.[44] The mo-

nomer here is a methylene (CH2) species. Scheme 5shows one

of the proposed pathways, in which CO and H2 adsorb disso-
ciatively (1). Species such as CH, CH2, and CH3 can form this

way (Scheme 5, pathway 2). Then, chain propagation occurs by
insertion of the monomer into a growing alkyl chain

(Scheme 5, pathway 3). Olefins are obtained if the process is
terminated by dehydrogenation (Scheme 5, pathway 4). If, in-

stead of dehydrogenation, a CH3 species or hydrogen are

added, paraffins will be obtained (Scheme 5, pathway 4).[44]

Other pathways involving different surface species were also

proposed. For example, in the enolic mechanism, undissociat-
ed adsorbed CO reacts with hydrogen. After that, the enolic

monomer (HCHO) dissociates, giving water and methylene.
Chain growth proceeds in a similar way to that in the carbide

mechanism.[44] Mechanisms that involve different monomers

were also described, involving CO insertion and formate and
alkyl species.[35]

These mechanisms correspond to the individual RWGS and
FTS reactions. The overall CO2 hydrogenation reaction mecha-

nism was also proposed (Scheme 6).[36] First, CO2 adsorbs on a
FeII site (Scheme 6, step 1), which oxidizes the active site to

FeIII. Hydrogen dissociates on the formed surface group

(Scheme 6, step 2). If the residual HC radical attacks the carbon-
yl C, formic acid is formed (Scheme 6, step 3 b). If HC attacks

the OH group, H2O and CO are formed (Scheme 6, steps 3 a
and 4 b). However, if the carbonyl radical formed after step 3 a

dissociates H2 (Scheme 6, step 4 a), the next HC can attack the
group again and form either a formaldehyde (Scheme 6,

step 5 b) or an alcohol (from steps 5 a to 7 b). After Scheme 6,

step 7 a, the Fe@CH2C radical is formed and is considered to be
a carbon–carbon propagation species. The CH2C radical attacks

another CO2 molecule and the reaction follows the same path-
way. Termination occurs if hydrogen is abstracted from the

carbon chain, which reduces the Fe species back and forms an
olefin. Chain propagation is considered to be a major route be-

cause, in the performed study, the main products were higher

hydrocarbons. The mechanism describes a redox pathway be-

Scheme 5. Carbide mechanism for the FTS.[44]

Scheme 6. Overall mechanism proposed for CO2 hydrogenation to olefins.[36] Dashed arrows refer to the minor route and plain arrows to the major route.
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tween iron active sites and CO2, followed by chain propagation
through a carbide-type mechanism.

Recent computational work indicated an alternative reaction
pathway, without going through CO as intermediate if using

Fe@Cu(100) surface, as shown in Equation (3).[57, 85, 86] The main
path over a monometallic Fe (100) surface is shown in Equa-

tion (4).

CO2* ! HCOO* ! HCOOH* ! HCO* ! HCOH* !
CH! CH@CH*

ð3Þ

CO2* ! CO* ! HCO* ! HCOH* ! CH* ! CH@CH* ð4Þ

2.2. Catalytic CO2 hydrogenation through the methanol-
mediated route

2.2.1. The reaction

As shown in Scheme 1, the methanol-mediated synthesis of
olefins comprises two reactions: CO2 hydrogenation to metha-

nol and methanol to olefins (MTO). The stoichiometric reaction

of CO2 hydrogenation to methanol is shown in Equation (5).

CO2 þ 3 H2 Ð CH3OHþ H2O, DH25 2C ¼ @49:5 kJ mol@1 ð5Þ

Converting CO2 into methanol is exothermic.[87] The endo-

thermic RWGS reaction [Eq. (1)] occurs in parallel ; thus CO is
produced as a side product, especially at higher temperatures.

The production of methanol in industry uses mixed syngas
(CO/H2/CO2) as a feed and Cu/ZnO/Al2O3 as a commercial cata-

lyst. The reaction runs at 210–270 8C and 50–100 bar (1 bar =

105 Pa).[88] This reaction is highly selective towards methanol
(99 %).[89] Methanol can be converted into olefins over a solid

acid catalyst through the MTO reaction.[90] The involved reac-
tions are shown in Equation (6). ZSM-5 and SAPO-34 are indus-

trially used as catalysts for methanol conversion into olefins.[91]

Further undesired recombination of olefins would produce par-
affin, aromatics, and higher hydrocarbons.[92]

2 CH3OH! CH3OCH3 þ H2O! CnH2n þ n H2O ð6Þ

MTO is thermodynamically more favorable at high tempera-

tures.[87] For instance, 400–450 8C is the optimal temperature
over SAPO-34.[93] However, the previous step of the methanol-
mediated route (CO2 to methanol) is not favored at such high

temperatures, and CO is produced instead through RWGS. Op-
timal CO2 to methanol conversion was achieved at 300–

325 8C.[94] The combination of both processes (CO2 to metha-
nol + MTO) requires a compromise in the reaction temperature,

at which, ideally, CO formation is avoided (,300 8C), but the

zeolite is active for C@C coupling (+350 8C).[95] Most recent
publications on this topic run the reaction between 380 and

400 8C.

2.2.2. The catalysts

The catalysts used for CO2 hydrogenation through the metha-
nol-mediated route are usually composite materials comprising

a methanol synthesis catalyst (mixed-metal oxides) and a zeo-
lite for methanol conversion.[96] Excellent reviews on the advan-
ces in CO2 hydrogenation to hydrocarbons, alkanes, and alco-
hols are available, covering the methanol-mediated route,
among other strategies in the period until 2017.[37, 97] Herein,
we focus on recent reports on this topic (2017–2018). The
metal oxide component of the bifunctional catalyst is responsi-
ble for CO2 conversion to methanol and the zeolite component
is responsible for further methanol conversion through selec-

tive C@C coupling.[98] Synergy between both phases decreases
CO selectivity, thereby increasing olefin selectivity. The desired

synergy is achieved if the components are in close contact.[87, 98]

Metal oxides and zeolites are usually incorporated together in
the reactor; thus forming a physical mixture obtained by physi-

cal grinding (mortar-mixing method or shaking method).
There is no specific metal oxide for this bimetallic catalyst.

The Cu/ZnO/Al2O3 system currently employed for methanol
synthesis from mixed syngas exhibits limited activity in CO2 hy-

drogenation, so it is not a good candidate. Previous work fo-

cuses on In2O3 and Ga2O3 metal oxides, in which the presence
of oxygen vacancies plays a key role. These studies indicate

that the oxygen vacancies of In2O3 and Ga2O3 may be the cata-
lytic sites at which CO2 is activated and hydrogenated to meth-

anol.[93, 99–101] ZrO2 is sometimes added as a textural and elec-
tronic promoter. In CO2 hydrogenation to olefins, adding ZrO2

increases the stability of the catalyst by preventing sinter-

ing.[93, 98] It also increases the density of oxygen vacancies,
thereby increasing CO2 activation.[98] These new oxygen vacan-

cies can stabilize the key intermediates, decreasing the
amount of the side product CO.[93, 98] However, the presence of

>40 % CO in the product mixture is still a problem in this type
of reaction.

The acid sites of zeolites are responsible for the chemical

conversion of methanol into valuable hydrocarbons. Product
selectivity is tuned by the zeolite pore architecture. ZSM-5 is
one of the zeolites commonly used in methanol conversion re-
actions. It is an aluminosilicate with MFI topology of straight

channels (5.1 V 5.4 a) and intersecting sinusoidal channels
(5.4 V 5.6 a), forming a large space with a diameter of around

8.9 a.[92, 102] ZSM-5 has strong acid sites, which makes it active
in methanol conversion. However, its large channels do not
constrain the growth of hydrocarbons to form longer chain hy-

drocarbons and aromatics; thus lowering the selectivity to ole-
fins. For this reason, it is typically used for the methanol to

gasoline (MTG) process.[103] The structure of ZSM-5 can be
tuned to obtain propylene in the methanol to propylene pro-

cess (MTP).[104] Modifications include changing the Si/Al ratio,

steam treatments, and inserting different metals.[105] Another
popular catalyst for producing olefins is SAPO-34. This is a sili-

coaluminophosphate molecular sieve with the CHA framework
that has large cages (6.7 V 10.9 a) connected by smaller cavities

(3.8 V 3.8 a). The acid sites of SAPO-34 are weaker than those
of ZSM-5, but SAPO-34 is more hydrothermally stable, and
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therefore, more selective towards light olefins. For CO2 hydro-
genation, the structure of SAPO-34 is sometimes modified with

zinc atoms to increase the basicity; thus restraining secondary
reactions of the primary olefins.

Based on previous CO2 to methanol catalysts, zinc-based bi-
functional catalysts have been recently developed for CO2 hy-

drogenation to olefins. Liu et al. showed that Cu@Zn@Al mixed
oxide (the well-known catalyst for methanol synthesis from a
mixture of CO, CO2, and H2) in combination with SAPO-34 pro-
vided only CO, paraffins, and methane as products, but not
olefins.[95] The same researchers found that the combination of
ZnGa2O4 mixed oxide with SAPO-34 could offer a high O/P
ratio of 7.8. CO2 conversion was 13 %, with a relatively low CO

selectivity (46 %) and a high fraction of light olefins (86 % cal-
culated on a carbon basis, excluding CO). In another study, a

“tandem” catalyst formed by ZnO@ZrO2 mixed-metal oxide and

Zn-doped SAPO-34 was tested.[87] The resulting catalyst
(ZnZrO/SAPO) successfully converted 12.6 % CO2, with 47 % CO

selectivity. Among all hydrocarbon products, 80 % were lower
olefins (C2

=–C4
=), 14 % C2–C4 paraffins, 3 % CH4, and 3 % C5

+ hy-

drocarbons. The catalytic behavior was maintained up to 100 h
on stream without deactivation.

Regarding catalysts with ZrO2, a bifunctional catalyst com-

posed of indium–zirconium composite oxides and SAPO-34
zeolite was prepared.[93] The authors showed that the incorpo-

ration of Zr into In2O3 created new kinds of vacancies that en-
hanced the activity, relative to In2O3/SAPO-34 or ZrO2/SAPO-34.

On one hand, In2O3/SAPO-34 showed 32 % CO2 conversion and
86 % CO selectivity and ZrO2/SAPO-34 showed 9 % CO2 conver-

sion and 97 % CO selectivity. On the other hand, the In@Zr/

SAPO-34 catalyst achieved 35.5 % CO2 conversion and 85 % CO
selectivity. Excluding CO, the selectivity to lower olefins was

72.4 %, with a O/P ratio of 4.6. In addition, the incorporation of
Zr increased the thermal stability of the catalyst. Dang et al. in-

vestigated the effect of the atomic ratio of In/Zr in the In2O3/
ZrO2/SAPO-34 catalyst.[98] The composite catalyst with a 4:1

atomic ratio of In/Zn showed the highest CO2 conversion

(26.2 %); 74.5 % lower olefins were obtained among the hydro-
carbons, resulting in a O/P ratio of 3.5. DFT calculations in both
studies suggested that CO2 chemisorption at the oxygen va-
cancy sites near Zr atoms was much stronger, which stabilized

the adsorption of intermediate species. This resulted in a de-
crease of RWGS activity and production of CO, which was ben-

eficial for olefin formation. In a recent study, a core–shell
CuZnZr@(Zn-)SAPO-34 catalyst was prepared and compared
with a conventional, physically mixed composite.[106] The core–

shell material showed higher CO2 conversion and higher selec-
tivity towards olefins, due to better control of the interface be-

tween the mixed oxide and SAPO-34, as well as the proximity
of the two active sites.

The results obtained for catalysts of the methanol-mediated

route are also shown in Table 2.

2.2.3. Reaction mechanisms

CO2 hydrogenation to olefins by the methanol-mediated route
is a coupling reaction of CO2 to methanol and MTO. Experi-

mental work shows that the catalyst needs to contain a combi-
nation of a metal oxide and a zeolite/molecular sieve.[87, 93] Indi-

vidual metal oxides can hydrogenate CO2 to methanol, but
they are not active for methanol conversion. Conversely, SAPO-

34 alone is not active for CO2 hydrogenation. Thus, the metal
oxide component is responsible for CO2 conversion to metha-

nol and the zeolite component is responsible for further meth-
anol conversion through selective C@C coupling. There is an
agreement on where the reactions happen, but finding out

how they take place remains a challenge.
Different reaction pathways were proposed for CO2 hydroge-

nation to methanol, depending on the species formed if CO2 is
adsorbed and hydrogenated on the catalyst surface. Experi-

mental and computational studies were used to identify the
predominant intermediates during CO2 hydrogenation on the

Cu/ZrO2 catalyst.[107] The results showed that carbonate and bi-

carbonate species formed if CO2 adsorbed on the surface. For-
mate (HCOO) and methoxy (H3CO) species were detected as

reaction intermediates. A mechanistic study was performed on
the Pd(111) surface during CO2 hydrogenation to methanol by

using DFT calculations.[108] The authors showed that CO2 first
hydrogenated to HCOO (formate intermediate) or COOH (car-

boxylic acid intermediate). They found that both routes could

take place because the HCOO route had a lower activation bar-
rier, but the COOH route was kinetically favorable. Both HCOO

and COOH then reacted with surface H to form HCOOH, which
next dissociated to HCO and OH. The hydrogenation of HCO

species to form H2CO, H3CO, and finally H3COH (route 1) was
the most favorable route. A second route, through which HCO

was hydrogenated to HCOH, had a higher activation barrier.

Elsewhere, DFT calculations on the elementary Cu(111) surface
showed that, after CO2 hydrogenation, the stable intermediate

was HCOO.[109] However, the authors proposed a different hy-
drogenation pathway through which HCHO was then hydro-

genated to CH3O2. The splitting of the OH group formed CH2O,
which was hydrogenated to CH3O to finally form CH3OH. The

overall hydrogenation sequence is CO2!HCOO!HCOOH!
CH3O2!CH2O!CH3O!CH3OH. In summary, all studies agree
that formates are key intermediates during CO2 hydrogenation.

In situ IR spectroscopy on the ZnGa2O4 mixed oxide showed
that carbonate species formed after the adsorption of CO2.[95]

The introduction of H2 rapidly generated formates. Upon pro-
longing the reaction time, methoxide species became observa-

ble. Assuming that @Ga@O@ and @Zn@O@ pairs may dissociate
H2, generating H species, the overall hydrogenation of CO2 was
proposed in this study (Scheme 7). The formation of formates

and methoxide species was also experimentally confirmed on
the surfaces of the ZnZrO catalyst.[87] Scheme 7 shows the cru-

cial role of oxygen vacancies in the catalytic cycle—they act as
the active sites for CO2 adsorption, based on the fact that the

CO2 conversion rate increases with an increase in the density

of oxygen vacancies.
Many studies were performed on the MTO reaction. Never-

theless, C@C bond formation remains one of the most impor-
tant questions in the MTO mechanism. Herein, we provide a

summary of the most established mechanisms.[91, 92] There are
more than 20 proposed pathways for C@C bond generation
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from methanol, which are differentiated by the reaction inter-

mediates. However, based on experimental evidence and theo-
retical calculations, reports in the literature acknowledge that

this reaction follows an indirect mechanism. During MTO, the

methanol conversion rate is very low in the initial stage, but it
rises up to 100 % suddenly after reacting for a period of time.

This initial stage is the “dynamic induction period” and is diffi-
cult to explain by direct mechanisms. Once olefin products are

initially formed, methanol conversion will increase through effi-
cient indirect pathways with the regeneration of olefins or

active cyclic organic compounds. Because the presence of

small amounts of products leads to an enhanced rate of con-
version, the MTO reaction is considered to be autocatalytic.

The pool mechanism is the most accepted indirect mecha-
nism. It was proposed by Dahl and Kolboe at the beginning of

the 1990s and is based on experimental data for SAPO-
34.[110, 112, 113] Here, (CH2)n represents the hydrocarbon pool, but
the chemical structure of the pool was not completely speci-

fied. The authors proposed that methanol first formed active
hydrocarbon pool species in the molecular sieve. Then, metha-
nol reacts with the active hydrocarbon pool species to produce
light olefins, and these olefins are further transformed by con-

densation, alkylation, cyclization, and hydrogen transfer to pro-
duce higher olefins, alkanes, and aromatic hydrocarbons (see

Scheme 8 a). Several changes and developments were pro-

posed for the pool mechanism. The most accepted of these is
the dual-based cycle concept, in which an aromatic-based

cycle and an olefin-based cycle take place during the methanol
to hydrocarbon reaction over ZSM-5.[111, 114] In this cycle, ethane

is formed from the methylation of lower methylbenzenes and
side-chain elimination, whereas propene and higher alkenes

form by alkene methylation and cracking. Propene can form

through the aromatic-based cycle and, simultaneously, alkenes
are converted into methylbenzenes through oligomerization

and cyclization (Scheme 8 b).

2.3. Effects of operating conditions

Experimental conditions, such as temperature, pressure, H2/CO2

ratio, and space velocity, affect CO2 conversion and the prod-

uct distribution of the reaction. Taking the most recent publi-

cations on CO2 hydrogenation, together with a reported ther-
modynamic analysis, we summarize herein the main effects of

the experimental conditions on the reaction performance.
The effect of temperature on conversion and selectivity

during CO2 hydrogenation is not straightforward. Thermody-
namic analysis by Yao et al. showed that reaction temperatures
of around 400 8C were suitable for synthesizing light olefins.[45]

At higher temperatures, RWGS is favored and CO selectivity in-
creases.[87] Moreover, CO2 conversion decreases at tempera-

tures ranging from 100 to 450 8C.[45] However, experimental
data does not show the same tendency. Iron-based catalysts

(used in the MFTS route) or SAPO-34-based materials (metha-
nol-mediated route) show higher CO2 conversion upon increas-

ing the temperature over the temperature range of 250–
400 8C.[50, 51, 56, 87, 93, 95] Optimal temperatures differ between stud-
ies, but a higher O/P ratio was obtained upon increasing the

temperature from 200 to 300 8C.[51, 56] A further increase of the
temperature to 340 8C decreased the O/P ratio.[56]

Thermodynamic studies at 400 8C and a 3:1 H2/CO2 ratio
showed that CO2 conversion increased sharply if the pressure

increased between 0 and 2 MPa.[45] At the same time, CO selec-

tivity decreases with pressure. Above 2 MPa, the increase is
less steep, but still between 3 and 5 MPa CO2 conversion with

an increase in olefin selectivity. Experimental data for a bulk
Fe-based catalyst at 250 8C showed a strong increase in CO2

conversion and a decrease in CO selectivity with pressures of
up to 0.5 MPa, with minor improvements at 0.5–1 MPa.[50]

Scheme 7. Proposed reaction mechanism for the conversion of CO2 to meth-
anol over the Zn@Ga@O catalyst.[95]

Scheme 8. a) Proposed hydrocarbon pool mechanism for the conversion of
methanol over SAPO-34.[110] b) Proposed dual-cycle concept for the conver-
sion of methanol over ZSM-5.[111]
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A SAPO-34 catalyst at 380 8C showed the same tendency, but
with fewer olefins and more paraffins in the hydrocarbon dis-

tribution upon increasing pressure from 1 to 5 MPa.[93]

The effect of the H2/CO2 molar ratio on the thermodynamic

equilibrium conversion (400 8C, 3 MPa) shows an increase in
CO2 conversion upon increasing the H2/CO2 ratio.[45] In addi-
tion, selectivity towards C2–5 olefins is predominant if the H2/
CO2 ratio is higher than three. Experiments with bulk Fe2O3 cat-
alysts (MFTS route) showed an increase in CO2 conversion, a

decrease in CO selectivity, and an increase in CH4 selectivity
upon increasing the H2/CO2 molar ratio from 1 to 3 MPa.[50] The
rate of CO hydrogenation to hydrocarbons increases with in-
creasing H2 content and the O/P ratio is slightly lower at 3 MPa

due to further hydrogenation of olefins. Catalysts for the meth-
anol-mediated route for CO2 hydrogenation show similar re-

sults.[93]

Regarding the effect of adding an inert gas, upon increasing
the N2/CO2 ratio, the CO2 conversion and total olefin selectivity

decrease by around 10 %.[45] Conversely, propene selectivity
rises at the same time. Adding N2 has little influence on the

conversion of CO2, but is beneficial to the selectivity of pro-
pene. In addition, because in the MFTS route all reactions are

exothermic, the addition of an inert gas will help to dissipate

heat generated by the process.
Experimental studies have determined the effect of the

space velocity, which is expressed as mL gcat.
@1 h@1. Higher

space velocities decrease CO2 conversion values due to the re-

duced contact time. In most cases, C2–C4 olefin selectivity is in-
creased with the space velocity because there is not enough

time to convert olefins into higher olefins, alkanes, or CH4,[87, 93]

although there are some exceptions.[50]

2.4. Catalyst deactivation and its causes

Both MFTS and methanol-mediated CO2 hydrogenation routes
give water as a byproduct. This water can be a problem for

the reaction equilibrium and catalyst stability. High concentra-
tions of water vapor in the gas mixture decrease the CO2 con-

version rate because the equilibrium is limited.[45] A high water
partial pressure can also affect the catalyst by enhancing oxi-

dation or sintering of the active sites.[115, 116] Although this issue
was studied in the FTS reaction,[117] MFTS CO2 hydrogenation

studies rarely refer to the effect of water on the catalytic per-
formance. This might be because the latest studies always in-
troduce potassium as a promoter, which has been shown to

enhance the resistance of the catalyst towards oxidation.[118]

The incapability of the catalyst (in both routes) to achieve

higher conversion values may reflect the production of water
as a side product. To remove water during the reaction, one of

the best solutions is to use inorganic water permeoselective

membranes.[119, 120] Common deactivation problems, such as
coking and thermal sintering, were reported for iron-based cat-

alysts during MFTS CO2 hydrogenation.[77, 121] Phase changes
during the reaction can also lead to a decrease in conversion.

Further carbidization of c-Fe5C2 gives q-Fe3C, which is not
active in FTS.[49]

Regarding the effect of water on methanol-mediated CO2

hydrogenation, water can also affect the acid sites of the zeo-

lites. Hydrophobic modifications of zeolites with organic com-
pounds were performed to improve their stability in water.[96]

Steam treatments were also applied to decrease deactiva-
tion.[105] In addition, SAPO-34 (the most common zeolite used

in CO2 hydrogenation to olefin catalysts) has a high hydrother-
mal stability, which prevents its deactivation. Zeolites can also
suffer from coking because the acid sites enhance the forma-

tion of carbon deposits.[98] SAPO-34 suffers more from coking
than ZSM-5 because of its smaller pore size. Increasing the
mesoporosity of SAPO-34 while preserving the micropores, can
decrease the rate of deactivation.[105] Another approach is to

decrease the crystallite size through microwave synthesis.[122]

Agglomeration of metal oxide nanoparticles in a SAPO-34 cata-

lyst was also observed to be a factor for deactivation at

400 8C.[93] This problem can be prevented, for example, by
adding ZrO2 to the metal phase.

2.5. Implementation of CO2 hydrogenation in industry

To date, CO2 hydrogenation to olefins is performed on the lab-
oratory scale only. The need for a better catalyst to improve

the reaction efficiency is slowing its commercialization. Howev-
er, another important issue is the technology to obtain the

main reagents: hydrogen and carbon dioxide. In this section,
we discuss the current status of the production of renewable

H2 and capture of CO2. Regarding the economics of these pro-

cesses, the main bottlenecks are the price of renewable energy
for the production of renewable H2, and the capture and trans-

port of CO2.
In the production of hydrogen, the total cost and carbon

footprint of the process are influenced by technology. H2 is
currently commercially obtained from steam methane reform-

ing (SMR). SMR requires (natural) gas as a feedstock and emits
CO2,[123] which does not help the environmental problem we

are addressing. Electrolysis is the main alternative for the pro-

duction of H2, if renewable energy is used in the process. Re-
newable energy is mainly obtained from wind power, hydro-
power, and solar photovoltaics, or from an excess of electrical
energy obtained from non-carbon-based sources (nuclear

power plants during the night).[124, 125] One of the main draw-
backs of using renewable energy is its storage because the

demand for electricity is not constant over time. Although the
storage of this energy in batteries or electric grids is under de-
velopment, the production of H2 with a surplus of energy from

renewable electric plants will help to alleviate the storage
problem. Renewable energy is then used to produce renewa-

ble H2 through water electrolysis [Eq. (7)] .

2 H2O! 2 H2 þ O2, DHSTP ¼ 237 kJ mol@1 ð7Þ

Water electrolysis is a strongly endothermic process. Even at

100 % efficiency, it requires nearly 40 kW h to produce 1 kg of
hydrogen.[126] There are various types of electrolyzers. Alkaline

electrolysis (alkaline electrolysis cell) is the oldest technology. It
is generally cheap due to the low cost of the electrode materi-
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als (usually nickel), but its efficiency is limited.[127, 128] The
proton exchange membrane (PEM) is younger technology that

shows higher efficiencies.[129] It presents several advantages,
such as high response rate and production of H2 under pres-

sure, in modern electrolyzers; thus avoiding further compres-
sion steps.[125] However, many of the PEM electrolyzers use IrO2

as their anode catalyst, which increases the capex.[130] Solid
oxide electrolysis cells operate at a high temperature (950–
1000 8C), which results in higher efficiencies ; this technology is

still in development.[131, 132]

The main bottlenecks to establishing electrolysis as a pre-
ferred technology to produce H2 are the price of crude oil and
the price of renewable energy, that is, competition between

old and new technologies. The price of renewable H2 mainly
depends on the cost of renewable electricity and the cost of

electrolysis technology. Previous reports estimate that 1 kg of

renewable H2 will cost around E 8–10 by 2020.[125] This is still
too expensive for industrial implementation. In addition, an

electrolysis plant nowadays is much smaller in capacity than
that of a SMR plant. There are, however, efforts for rapid scal-

ing of technology. Several companies are already developing
electrolysis plants. Siemens is a large producer: it supplied

6 MW, by using PEM electrolyzers, to the power-to-gas project

Energiepark Mainz in 2014.[133] The installation of PEM electro-
lyzers keeps expanding: in 2018, Air Liquide installed HyBa-

lance; a pilot site for the production of carbon-free hydro-
gen.[134] The electrolyzer, with a capacity of 1.2 MW, produces

about 500 kg hydrogen per day.
The second reactant we need is CO2. CO2 emissions come

mainly from power plants and heavy-industry flue gases. Tech-

nologies for capturing CO2 directly at the emission source are
being developed.[8] However, the further implementation of

these technologies will only take place if it is economically
profitable for industry. The cost of CO2 (or tax on its emission)

needs to be significant enough for companies to reconsider
discarding it. In November 2017, the price of a tonne of CO2

under the European Union Emissions Trading Scheme (EU ETS)

was approximately E 8.[126] The EU ETS price is expected to in-
crease, but stricter measures are needed. If coming from flue
gases, the source of CO2 will determine its purity and the cost-
efficiency of its recovery. High-purity CO2 can be obtained
from chemical processes such as ammonia production, ethyl-
ene oxide production, and H2 production from natural gas.[135]

During the production of bioethanol or biomethane in biorefi-
neries, a considerable amount of CO2 is produced and usually
released into the atmosphere.[136]

Several companies, including the Linde Group and Air Liq-
uide, are already investing in CO2 capture. The Linde Group is

focused on developing and improving technologies for coal-
fired power stations.[137] Air Liquide has developed a CO2 cap-

ture technology based on a cryogenic process (Cryocap) that

can be adapted to specific applications: steel plants, thermal
power stations, or hydrogen production units.[138] In 2015, a

Cryocap unit was connected to Air Liquide’s largest hydrogen
production unit in France, with an annual capture capacity of

100 000 tons of CO2. Each industrial process will require a
tailor-made solution for CO2 recovery. CO2 capture technolo-

gies are commonly classified as precombustion capture, post-
combustion capture, and oxyfuel combustion capture.[139]

Large-scale postcombustion capture systems are already op-
erational. They are mainly based on liquid amine adsorption

techniques. A technoeconomic study on CO2 chemisorption in
MEA is reported elsewhere.[126] Based on the literature,[140] the

authors estimated a capital cost of adsorption of about E 80
per tonne of CO2 capture capacity per year for a capture plant
with a lifetime of 20 years delivering 99.9 % pure CO2 at 99.9 %

yield. Electricity consumption is 55 kWh t@1 CO2 for the capture
process and 115 kWh t@1 CO2 for compressions to 110 bar
(needed for transportation). To regenerate the MEA solvent, a
low-pressure steam consumption of 3.2 GJ t@1 CO2 is

needed.[141] The overall cost comes to E 35 t@1 CO2. Different
studies approximate E 60 t@1 CO2 or E 25 t@1 CO2 if waste heat

can be used.[142]

Another important possibility is direct air capture (DAC). This
process is mainly limited by the low CO2 concentration in the

atmosphere (400 ppm).[143] DAC technologies use chemical
sorbent materials. If the sorbent is full, heat is used to release

CO2 molecules in a very pure stream. The processes differ in
design and sorbent. DAC is a relatively young technology and

its capture costs are estimated at E 40 t@1 CO2.[126, 144]

Even after capture, CO2 compression and transport remain
expensive. Trucks are commonly used to deliver CO2 by road.

The transportation costs will depend on the delivery distance
and size of the tanker. It was estimated that in a biomethane

production plant the price of only transportation was E 25–
40 t@1 CO2.[136] In addition, if the transport of CO2 is achieved by

using fossil-fuel-based trucks, this will emit further CO2 into the

atmosphere. Transport of CO2 by pipelines is also being stud-
ied, but this is only cheaper than that of transport by truck on

a large scale.[139] Pipelines are already operational, for example,
the CO2 Smart Grid is a climate initiative that plans a large-

scale CO2 transportation infrastructure across the Nether-
lands.[145] The CO2 Smart Grid plan is based on the existing CO2

pipeline infrastructure in the Netherlands (operated by OCAP),

potential CO2 suppliers, potential geological storage locations,
current CO2 demand by the horticultural industry, and future

CO2 demand for innovative reuse technologies. The current
OCAP infrastructure delivers approximately 450 kilotons of CO2

to around 500 greenhouses annually. Shell’s Pernis refinery and
the Alco biorefinery are already connected to the OCAP net-

work for CO2 delivery.

2.6. Discussion

The two CO2 hydrogenation routes are differentiated by the

type of catalyst. In Scheme 9, we show an overview of the
most commonly used catalysts for CO2 hydrogenation. In the

MFTS route, iron catalysts are preferred (usually doped with

alkali metals). Alkali metals, especially potassium, are essential
as promoters for obtaining high selectivity to olefins. g-Al2O3 is

the most commonly used support. Nontraditional supports,
such as MOFs and porous carbons, are less stable and give

lower olefin yields. The conversion of these catalysts can be in-
creased by adding metals, such as Cu, Co, Mn, or Zn. Converse-
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ly, the methanol-mediated route is catalyzed by Group IIIA

metal oxides, such as In2O3 and Ga2O3. ZrO2 is added to in-
crease the number of vacancies and the overall stability. SAPO-

34 is an essential part of the bifunctional catalyst for olefin syn-

thesis.
The MFTS route has better catalytic performance than that

of the methanol-mediated route. At the same CO2 conversion
level (see Table 2), it gives higher selectivity to olefins, but the

MFTS route also has a theoretical limit for C2–C4 olefin selectivi-
ty because it follows the ASF distribution for which the maxi-
mum yield of C2–C4 olefins is about 60 %.[34] The methanol-

mediated route does not have this limitation. Light olefin se-
lectivity values (excluding CO) were reported to be up to
80 %.[93] However, this holds only at low CO2 conversion
(&13 %). Higher conversion will result in more side reactions

and lower olefin selectivity.
Overall, the main challenge of CO2 hydrogenation is the

wide product distribution, which is independent of the route.
Apart from CO and CH4, C2–C4 alkanes and C5 + hydrocarbons
are present; these hinder industrial application. These findings

are in line with previous reviews,[31, 32, 36, 37, 40, 97] which emphasize
the need for a better understanding of the reaction pathways

and structure–activity correlations. To enhance catalysis, we be-
lieve that the following four aspects should be focused upon:

1) Increase the C/H ratio on the catalyst surface if following
the MFTS route. First, increasing the amount of adsorbed

CO2 with an optimum bond strength is beneficial for CO2

conversion. Second, once olefins are formed, readsorption

and further reaction lead to the formation of side products,
such as alkanes, through hydrogenation. Increasing the

metal@C bond strength, compared with the metal@H bond,

would increase the C/H ratio, which, in turn, would inhibit
the readsorption of olefins and secondary reactions. This

aspect has been addressed by doping iron-based catalysts

with alkali metals, commonly potassium. Alkali metals have
been shown to accelerate alkene desorption from the sur-

face and suppress secondary hydrogenation of alkenes.[60]

The addition of these dopants is a key factor that makes

catalysts more suitable for the production of olefins, rather
than paraffins. However, as observed from the results in
Table 2, the olefin selectivity is still low. The development

of new and efficient synthetic methods would increase
olefin selectivity. For example, K in a K-doped Fe/C catalyst
derived from biopromoters (combustion of corncob)
showed stronger migration ability than that of K in chemi-

cal promoters during CO2 hydrogenation.[20] This effect
leads to a potassium-enriched surface that could promote

the formation of carbides and suppress alkene hydrogena-
tion; thus resulting in a higher amount of olefins.

2) In the methanol-mediated route, the interface and proximi-
ty of the two catalyst components affect the product distri-
bution. Close proximity and a large interface between

oxides and SAPO-34 reduce the acidity of the latter, which
decreases secondary hydrogenation reactions, and there-

fore, increases olefin selectivity. To date, physical mixing is
the preferred technique, but other synthetic methods
should be explored. Recent studies already showed the

benefits of using core–shell catalysts versus those that are
physically mixed.[106]

3) The mechanism of CO2 hydrogenation remains unclear. The
reaction pathways of either MFTS or the methanol-mediat-

Scheme 9. Catalysts for CO2 hydrogenation to olefins. The percentages are calculated based on 26 papers published between 2016 and the beginning of
2019.
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ed route are based on individual reactions. In situ charac-
terization and computational studies are needed to gain an

insight into the overall mechanism and improve the cata-
lyst design process.

4) Regarding the catalyst stability, it is important to under-
stand the effect of water as a side product. We believe that

the removal of water during the reaction would increase
conversion and the catalyst stability.

Regarding the third point, the fact that CO2 hydrogenation
is a two-step reaction makes it difficult to study the overall
mechanism. To date, the general approach has been to study
the mechanism by looking at individual reactions.

On one hand, knowledge of CO2 hydrogenation through the
MFTS route is based on the two reactions that take place: the

RWGS reaction on iron-based catalysts and the C@C coupling

reaction based on FTS studies. The latest studies in this field
make use of computational calculations (DFT) to elucidate the

reaction pathway on Fe and Fe@Cu catalysts.[85, 86] The authors
proposed formates as reaction intermediates if a Fe@Cu cata-

lyst was used. On the other hand, Satthawong et al. concluded
that CO was the reaction intermediate with a Fe@Co catalyst.[68]

The authors based their findings on detecting variations in the

product distribution upon changing the reaction parameters.
There are no spectroscopic studies that confirm the formation

of formates or CO as reaction intermediates. Therefore, for the
MFTS route, one needs to combine spectroscopic techniques

(under conditions similar to those employed during the reac-
tion) with kinetic and computational studies to confirm which

species are the reaction intermediates. This will depend on the

catalyst and reaction conditions used.
Recent studies on the methanol-mediated route used ex situ

and in situ spectroscopy and DFT calculations to elucidate the
reaction intermediates.[87, 93, 95, 98] An excellent example is the

study of CO2 hydrogenation on a Cu/ZrO2 catalyst performed
by Larmier et al.[107] Using kinetic studies, in situ diffuse reflec-

tance infrared Fourier transform spectroscopy (DRIFTS), and

NMR spectroscopy combined with isotopic labeling strategies,
as well as DFT, they showed that formate and methoxy species
were formed during the reaction. Similar conclusions were ob-
tained by Li et al. ,[87] who used in situ DRIFTS and quantitative
analysis through a chemical trapping–mass spectrometry
method. Nevertheless, these studies limit their mechanistic in-

vestigations into CO2 to methanol conversion, with no in-
depth studies on the MTO reaction.

Studying the two steps individually makes sense. However,

we cannot conclude that the overall reaction will follow an
identical pathway if a bifunctional catalyst is used. Studying

the overall mechanism remains a challenge due to the com-
plex reaction network. As indicated by Ma and Porosoff,[40]

more realistic DFT calculations (not only over single crystals,

but over heterogeneous catalysts ensembles, as well as under
real reaction conditions) together with spectroscopic analysis

will make an impact on knowledge of the reaction pathway.
The catalyst design also will benefit from the application of

multiscale modeling combining different reactor length scales,
including the catalyst active center, adsorption, and diffusion

processes inside the pores and full-scale reactor.[147] The cou-
pling of first-principles with computational fluid dynamics and

reactor-scale simulations can translate molecular-scale mecha-
nistic knowledge to the reactor scale; thus enabling compari-

sons with in situ and in operando experimental measurements.
An example is the recent report on the simulation of CO oxida-

tion on RuO2 at the reactor scale, which was compared with
experimental studies employing catalytic powders consisting
of microscale particles.[148] Such studies are scarce and need to

be carried out.
Wide product distribution problems can be tackled by using

the different diffusion abilities of olefins and paraffins in a
porous structure, as well as their affinity to metal sites, to ma-
nipulate the yield of the desired products. For example, in a
mixture of olefins and paraffins, siliceous zeolites often give

high selectivity to olefins. In contrast, cationic zeolites and tita-
nosilicates preferentially adsorb olefins. Recently, it was report-
ed that a pure silica zeolite could kinetically separate ethylene

from ethane with a high selectivity, by utilizing its distinctive
pore topology and framework flexibility.[149] Another example is

the use of zeolites with DDR topology in the MTO reaction.
High selectivity towards light olefins was obtained by using

this topology. The formation of hydrocarbons bigger than C4

was suppressed completely and only traces of ethane and pro-
pane were formed. In addition, the selective removal of silanol

defects by a mild treatment in the presence of NaOH/cetyltri-
methylammonium bromide improved the catalyst lifetime.[146]

Thus, the identification of suitable topologies of porous materi-
als and understanding the physicochemical properties that in-

fluence the diffusion and adsorption of olefins and paraffins

within the structural framework, whether it is neutral or
charged, can help significantly in designing new catalysts for

CO2 to olefin conversion.
Because most of the studies published in 2018 focused on

the development of catalysts for the methanol-mediated route,
we expect increasing interest and a faster development of cat-

alysts for this type of reaction. In addition, the two reactions

that take place in the process (CO2 to methanol and the MTO
reaction) are commercialized individually, so the implementa-
tion of a process that incorporates both steps might be easier
than that for the MFTS route. Research should focus on devel-

oping materials with a strategic placement of different func-
tionalities and on improving the interfacial contact of the cata-

lyst. We believe that these factors will improve the reaction
performance; thus bringing CO2 hydrogenation closer to indus-
trial application.

3. Summary and Outlook

The two main routes for catalytic CO2 hydrogenation to olefins

are the MFTS route and the modified-methanol route. In both

cases, avoiding the formation of side products, such as CO,
CH4, C2–C4 alkanes, and C5 + hydrocarbons, is crucial for indus-

trial implementation. This needs further research efforts, such
as modifications of the relative strengths of metal–carbon and

metal@H bonds, strategic placement of different functions
within the catalyst, and an understanding of the mechanism of
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the combined reaction. In addition to catalyst design and
product distribution, other challenges must be met before

these reactions can be applied on a large scale. First, renew-
able H2 production is under development, and several electro-

lyzers have been commercialized; however, electrolysis is still
too costly. CO2 compression and transport remain an issue,
due to high costs and emission of GHGs. Although the cost of
renewable H2 will strongly depend on the price of renewable
energy, estimations shown herein indicate that the production

of H2 from PEM electrolyzers is more expensive than that of
the capture and transport of CO2 from flue gases. Thus, the
use of CO2 and H2 as clean olefin sources remains a challenge.
Economic and social incentives can encourage investigations

that aim to develop more efficient catalysts, as well as at-
tempts to make the production of renewable H2 and capture

of CO2 more economically attractive.
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