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ABSTRACT: The massive burning of fossil fuels has been important for economic and social
development, but the increase in the CO, concentration has seriously affected environmental metals K
sustainability. In industrial and agricultural production, light olefins are one of the most important
feedstocks. Therefore, the preparation of light olefins by CO, hydrogenation has been intensively
studied, especially for the development of efficient catalysts and for the application in industrial | \adcu
production. Fe-based catalysts are widely used in Fischer—Tropsch synthesis due to their high

stability and activity, and they also exhibit excellent catalytic CO, hydrogenation to light olefins. Multstage
This paper systematically summarizes and analyzes the reaction mechanism of Fe-based catalysts,
alkali and transition metal modifications, interactions between active sites and carriers, the
synthesis process, and the effect of the byproduct H,O on catalyst performance. Meanwhile, the
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challenges to the development of CO, hydrogenation for light olefin synthesis are presented, and

future development opportunities are envisioned.

1. INTRODUCTION

In recent years, the excessive use of fuels such as oil, coal, and
natural gas has greatly contributed to the development of the
economy and human society, but the increasing carbon dioxide
emissions in the course of development have also brought
about various environmental challenges, such as the green-
house effect, ocean acidification, and climate anomaly.l_3
Despite CO, being a greenhouse gas, CO, is a nontoxic carbon
source that provides a fungible pathway to produce high-value-
added products.” The direct conversion of CO, into value-
added products is not only conducive to alleviating environ-
mental issues caused by excessive CO, emission, but also
realizes the resource utilization of CO,.°”' Therefore, CO,
hydrogenation to value-added chemicals is an excellent way to
reduce CO, concentrations and arouse the interest of
researchers.'' "

Light olefins (C,”—C,”) play a vital role in industry and
agriculture. In fact, light olefins as building blocks could
produce a variety of chemicals, such as solvents, cosmetics,
medicines, fuels, polymers, etc.'*!7 Industrially, light olefins
are generally produced through processes such as steam
cracking of naphtha and fluid catalgrtic cracking, which are not
only costly, but also inefficient."*™*° In addition, with the
continuous depletion of crude oil resources and the significant
demand, it is very urgent to develop a fungible way to produce
light olefins.”"”** Therefore, thermocatalytic CO, hydro-
genation to a light olefin is an effective strategy to alleviate
the environmental problem caused by excessive CO, emissions
and also provides a way to synthesize light olefins.

With the deeper investigation of CO, hydrogenation for the
preparation of light olefins, two reaction routes have been
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accepted, as shown in Figure 1:*> (1) the methanol
intermediate route (MTO): methanol is obtained by the

CO, +H,
CO + H,0 CH;0H + H,0
Fischer-Tropsch l-l7 l Methanol to olefins
(FTS) - (MTO)
C,H,, + H,0 C,H,, + H,0

Modified Fischer-Tropsch Methanol-mediated
synthesis synthesis

Figure 1. Route to CO, hydrogenation for the production of light
olefins. Reproduced with permission from ref 23. Copyright 2019
Wiley.

hydrogenation of carbon dioxide, followed by methanol
dehydration to obtain light olefins; (2) the CO, hydrogenation
Fischer—Tropsch pathway (FTS): the CO, hydrogenation
FTS route is composed of RWGS and FTS reactions, where
CO, is first converted to CO via the reverse water—gas shift
(RWGS) reaction, and then CO by the FTS route is used to
synthesize light olefins.”* The MTO route is not affected by
the ASF distribution and, as a result, has higher light olefin

Received: March 31, 2024
Revised: ~ May 21, 2024
Accepted: May 24, 2024
Published: June 6, 2024

https://doi.org/10.1021/acsomega.4c03075
ACS Omega 2024, 9, 25610—25624


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiangtao+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongchun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chong+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c03075&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03075?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03075?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03075?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03075?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/24?ref=pdf
https://pubs.acs.org/toc/acsodf/9/24?ref=pdf
https://pubs.acs.org/toc/acsodf/9/24?ref=pdf
https://pubs.acs.org/toc/acsodf/9/24?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03075?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03075?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03075?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03075?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c03075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

selectivity. The temperature at which carbon dioxide is
converted to methanol and methanol to low-carbon olefins is
different in the MTO reaction process.”> Thermodynamically,
high temperatures (400—450 °C) are beneficial for methanol
dehydration to prepare low-carbon olefins, but high temper-
atures are advantageous for CO, to produce CO rather than
methanol via the RWGS reaction.”* ** Therefore, for the
MTO route, low-temperature kinetics and high-temperature
thermodynamics limit the yield of both methanol and light
olefins. For the FTS route, the RWGS conversion of CO plays
a vital role in the downstream FTS step to light olefins. The
RWGS reaction is adsorptive, whereas the FTS reaction is
exothermic, which gives FTS a thermodynamic advantage over
MTO.” CO,-FTS with excellent RWGS performance and
high toxicity resistance requires relatively low feed gas
composition and purity and has a wider temperature operating
range, which makes it suitable for carbon-rich feed gas
produced by coal or biomass gasification.”” Moreover, CO,-
FTS is mainly a Fe-based catalyst, which is less expensive than
Co and Ru catalysts.*’

Because CO,-FTS shares a common reaction process with
conventional CO-FTS, the design and application of CO,—
FTS catalysts follow the strategy of the CO-FTS catalysts. Co-
based and Fe-based catalysts have a wide range of applications
in CO-FTS. The Co-based catalysts, however, have low RWGS
activity during the CO,-FTS reaction, and the high ability of
Co for active CO hydrogenation leads to the outstanding
selectivity of CH, in the product.”* Fe-based catalysts have
higher RWGS and FTS reactivity and catalytic stability; in
addition, Fe-based catalysts have better C—C coupling during
CO, hydrogenation, which is also favorable for the preparation
of low-carbon olefins.”>*"** Usually, the products of catalyzed
CO, hydrogenation over Fe-based catalysts obey the
Anderson—Schulz Flory (ASF) law, as shown in Figure 2.*°
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Figure 2. ASF model of product distribution for Fischer—Tropsch
synthesis. Reproduced with permission from ref 33. Copyright 2017
Royal Society of Chemistry.

To improve the selectivity of light olefins, the morphology,
crystal structure, reduction, and adsorption capacity of Fe-
based catalysts were modulated by adjusting the preparation
method of Fe-based catalysts, the conditions of pretreatment,
and the catalyst carrier to improve the selectivity of light
olefins.

Recently, with the growing interest in CO, hydrogenation to
light olefins, it is important to design multifunction catalysts to

achieve the synthesis of light olefins more efficiently.”** Thus,
it is necessary to conclude the recent progress and general
trends of CO, hydrogenation to light olefins. In this Review we
mainly introduce reaction routes (CO,-FTS) for the hydro-
genation of CO, to produce light olefins. For the (CO,-FTS
pathway), we discuss general trends in a few important aspects:
(1) the reaction mechanism and (2) the catalyst design
concepts (catalysts and active phases, alkali metals, bimetallic
catalysts, and catalyst carriers). We hope that the perception
provided in this Review will promote the development of CO,
hydrogenation to light olefins in thermocatalytic systems.

2. REACTION MECHANISMS

The CO, Fischer—Tropsch routes consist of two consecutive
processes to synthesize light olefins, the RWGS reaction, and
FTS. The relevant equations are as follows:”

RWGS:

CO, + H, —» CO + H,0; ArHY/ = +41.1 kJ-mol "
FTS:

2CO + 4H, — C,H, + 2H,0; ArHY/ = —210.2kJ-mol "
3CO + 6H, — C,H, + 3H,0; ArH/ = —373.6 kJ-mol *

4CO + 8H, - C,H, + 4H,0; ArH)/ = —402.2 kJ-mol ™'

Due to the two-step reaction process of RWGS and FTS in the
catalytic CO, hydrogenation process, the Fe-based catalysts
also have the corresponding catalytically active phases in
different reaction processes. For the Fe catalysts, during the
reaction, Fe,O; first undergoes a phase transition to form
Fe;O, which is then reduced to FeO and Fe, ultimately
forming catalytically active Fe,C, as seen in Figure 3.°7%
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Figure 3. Schematic diagram of the phase transition of Fe during
hydrogenation of CO,-FTS. Reproduced with permission from ref 38.
Copyright 2018 Royal Society of Chemistry.

For the RWGS reaction, three main reaction routes are
included, as shown in Figure 4a:>%% the direct dissociation
mechanism (CO,* — CO* + O%), the COOH* mediate
mechanism (CO,* + H* — COOH*), and the HCOO*
mediate mechanism (CO,* + H* — HCOO*).*” The
dissociation of CO, into O* and CO¥* is promoted due to
the easy interaction of O* with Fe and iron carbide, as seen in
Figure 4b—d.*' When Fe-based catalysts are present in the
form of Fe;O, and Fe,0;, their alkaline properties promote
CO, adsorption and inhibit direct CO, dissociation. HCOO*
intermediates are easily formed on Fe;O, surfaces, and lower
energies are required for the formation of COOH¥*
intermediates on Fe,05 surfaces (Figure 4e,f).”~** However,
the subsequent dissociation of either HCOO* and COOH*
intermediates occurring to form CHO®* and CO* requires
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Figure 4. (a) Reaction pathways for the reverse water—gas shift (RWGS) reaction. Relative energy diagrams for CO, hydrogenation via the
dissociation mechanism (blue), the COOH*-mediated mechanism (orange), and the HCOO*-mediated mechanism (green). (b) Fe (110), (c)
Fe;C (001), (d) FeC, (001) surface, (e) Fe;O, (110), and (f) Fe,O5 (001) surfaces. Reproduced with permission from ref 41. Copyright 2020

Royal Society of Chemistry.

Facile Coupling of CO,-Derived CH* on Fe-Cu Leading to C,H,

CO,* 2 HCOO* 2 HCOOH* & HCO* & HCOH* & CH* 2 CH-CH*

CO,* + H* 2 HCOO*

:

HCOO* + H* & HCOOH*
E, =127 eV (rate-limiting) .
- cies
“Q.c\\ spe

2 CH* 9 CH-CH*
E,=0.76 ¢V

CH,* +H*= CHqy

E_=1.01 ¢V

Figure S. Proposed reaction mechanism of CO, hydrogenation to CH, and C,H, over Cu—Fe bimetallic surfaces by DFT calculations. Reproduced
with permission from ref 58. Copyright 2017 American Chemical Society.
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Table 1. Summation of Fe-Based Catalysts Used for CO, Hydrogenation to Light Olefins

selectivity of hydrocarbons (%)

reaction conditions

catalysts CO, con. (%) COsel. (%) CH, C,-C)°
Fe,0, 270 359 $32 339
Na-Fe 33.0 20.9 20.7 4.5
Fe;0,-NaAc 304 185 120 45
1.18Na-Fe 40.5 13.5 15.8 7.5
K-Fe 38 7.3 21 14
OK-Fe 30.0 15 40 23
2K-Fe 30.0 22.0 23 15
4K-Fe 30.0 22 6 15
2Na-Fe-Zn 43.0 15.7 22.8 7.4
K-Fe-Zn 51.0 6.0 349 7.8
K-Fe-Zn/NC 34.6 212 242 7.1
K-Fe-Zr 54.4 3 19.8 8.3
K-Fe-Zr-Ce 57.3 3.1 20.6 7.9
10K-Fe,0,/AL0, 24.1 234 7.5 34
10K-FeC,/ALO; 315 18.6 121 44
K-10Fe/m-ZrO, 40.5 17.0 N/A N/A
K-10Fe/t-ZrO, 22.3 N/A N/A N/A
K-Fe-Cr/Nb,O4 31.0 57.0 32.0 1.0
K-Fe-Zn/NC 34.6 21.2 24.2 7.1
Na-CoFe,0,/CNTs 344 19.0 5.0 18.0
Na-CoFe,0,/TiO, 17.9 42.8 66.2 12.9

C,—C;7 Cgf  temp (K) P (MPa) H,/CO, GHSV (mLg'/h™') ref
5.7 17.2 613 1.0 3 4800 o
24.4 50.7 613 1.0 3 4800 o4
29.3 54.2 593 0.5 3 560 s
46.6 30.1 593 3.0 2000 o6
34 30 613 2 3 2700 67
15 7 593 2.0 3 N/A o8
24 16 593 2.0 3 N/A o8
24 33 593 2.0 3 N/A o8
54.1 7.4 593 LS 3 1000 ©
53.6 37 593 2.0 3 1000 70
40.6 28.1 593 3.0 3 7200 7!
53.6 183 593 2.0 3 1000 7
55.6 15.9 593 2.0 3 1000 7
253 40.4 593 3.0 3 3600 7
35.8 29.1 593 3.0 3 3600 &
15.0 N/A 613 2.0 4.0 N/A 74
10.9 N/A 613 2.0 4.0 N/A 7
10.0 57.0 723 1.0 3.0 3600 7
40.6 28.1 593 3.0 3.0 7200 76
38.8 40.9 613 3.0 3.0 3600 7
17.2 3.7 613 3.0 3.0 3600 77

higher energies, which is detrimental to the continuation of the
RWGS reaction."”**™*" Therefore, during the CO,-FTS
reaction, high-temperature H, reduction of iron oxides were
carried out prior to the reaction to reduce the amount of Fe,O;
that was not catalytically active.

C—C coupling is a key step in the formation of multicarbon
olefins by CO, hydrogenation.'”*® In the case of hydro-
carbons, CO* species are first hydrogenated to HCO* and
then undergo a series of hydrogenation and decomposition
processes to form CH,* substances, which are the building
blocks for the formation of low-carbon olefins.*’™>* The
reaction mechanism in Figure 5 indicates that CH* undergoes
a competitive reaction between methane and ethylene during
hydrogenation.”*~>* CH, is formed when the resulting CH* is
first subjected to a sequential hydrogenation reaction;
conversely, CH* is coupled to C—C to form C,H,*, and
then C,H,* is hydrogenated to form C,H,.**™° The authors
found that sequential hydrogenation of CH* on Fe-based
catalysts requires higher energy compared to C—C coupling of
CH¥*, and thus, the process inhibits CH, formation and
improves C,H, selectivity.”

In summary, FTS-CO, hydrogenation for direct synthesis of
light olefins mainly consists of RWGS and FTS reactions in
which CO, is first converted to CO by RWGS reaction, and
then the generated CO is further converted to olefins by the
FTS reaction. Various in situ characterization techniques and
DFT have been used to reveal the reaction mechanism of the
CO,-FTS pathway hydrogenation to olefins, however, the
intermediate species and reaction pathways during CO,
hydrogenation over Fe-based catalysts still need to be further
explored.

3. FE-BASED CATALYSTS

During the CO,-FTS reaction, RWGS plays a decisive role in
CO formation and FTS influences the distribution and
selectivity of low-carbon olefins. Generally speaking, conven-
tional Fe-based catalysts are poorly suited to catalyze CO,

25613

hydrogenation for the preparation of light olefins.”” In order to
increase the selectivity of light olefins, a series of improved
methods have therefore been derived for Fe-based cata-
lysts. ~®® Here, this paper reviewed the effects of alkali metal
promoters, transition metal promoters, carriers, preparation
methods, and byproduct H,O on Fe-based catalysts. In Table
1, the results of recent studies on CO,-FTS are summarized.

3.1. Fe-Based Catalyst Active Phase. In multiphase
catalytic systems, the composition of the catalyst active centers
and their relative contents have a _great influence on the
reaction rate and product selectivity."~* Fe-based catalysts
were utilized for the CO, hydrogenation reactions with high
selectivity for both C,—C,~ and C," in the products. The main
component of Fe in the Fe-based catalysts used for CO,
hydrogenation is iron oxide. The main forms of iron oxides
present are hematite (a-Fe,0;), magnetite (y-Fe,05), magnet-
ite (Fe;0,), and tungsten—titanium ore (Fe0).”! Zhang et
al.*” used tests such as operando Raman spectroscopy (ORS)
and X-ray diffraction (OXRD) coupled with online gas
chromatography (GC), as well as ex-situ characterization
methods of (sub)surface structures of iron-based catalysts
before and after CO, hydrogenation, have been applied to
explore the structure evolution of iron active phases. As shown
in Figure 6a, the phase transformation of a-Fe,O; (y-Fe,O;)
during CO, hydrogenation was changed to a-Fe,O; (y-Fe,0;)
— a-Fe;0, (y-Fe;0,) — a-Fe (y-Fe) — y-Fe,C, (0-Fe;C).
The adsorption capacity for CO, and the hydrogenation
capacity of iron carbides with different structures are
significantly different. Not only does y-Fe;C, require higher
energy for C—C coupling, but it also has a weaker ability to
bind H,, which results in a product with a higher selectivity for
low-carbon olefins. It is analyzed by CO,-TPD that 6-Fe;C has
a high CO, chemisorption capacity, which is conducive to
efficient C—C coupling of CO, on the surface of §-Fe;C, and
thus, the selectivity of Cs" in the product is high. Therefore, y-
Fe;C, is more selective for light olefins, but less selective for
C," compared to O-Fe. Because of the different catalytic effects

https://doi.org/10.1021/acsomega.4c03075
ACS Omega 2024, 9, 25610—-25624
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Figure 6. (a) Effect of carbonation on relative product selectivity for different Fe. Reproduced with permission from ref 82. Copyright 2018 Wiley.
(b) Reaction results of catalysts of different sizes; (c) SEM of catalysts of different sizes. Reproduced with permission from ref 87. Copyright 2021

American Chemical Society.

of Fe;C, and Fe;C for CO, hydrogenation, Fe;C, and Fe;C
can be synthesized with different structures by adjusting the
reduction atmospheres of Fe-based catalysts.”’ Tang et al.**
had gained an in-depth understanding of the structural
evolution mechanism of Fe-based catalysts under different
heat treatment atmospheres by in situ analysis and found that
the Fe-based catalysts would undergo deoxygenation, carburi-
zation, hydrogenation, and carbon-accumulation under a
reducing atmosphere and that the Fe,C, active phase was
formed after the Fe catalysts underwent the reduction and
carburization reaction when H, was used as the reducing gas.
Wang et al.® found that FeO, carburization that can be
induced through PdFe alloys, so PdFe oxide catalysts were
prepared by hydrothermal and impregnation methods, and
then a PdFe alloy-Fe;C, catalyst was prepared using H,
thermal reduction. Liu et al.*® found that the reducing gas
can affect the phase transition from iron oxide to FeC,, and the
H,/CO, mixture can promote the in situ formation of Fe;C on

Fe-based catalysts, and experiments have shown that the
overoxidation or reduction of Fe-based catalysts can be
avoided when the H,/CO, ratio is 2, which can lead to the
in situ formation of Fe;C.

During CO, hydrogenation, the impact on the RWGS
reaction process is not only related to the content of Fe;O, in
Fe-based catalysts, but also, the particle size of Fe;O, plays a
crucial role. Liu et al.*’ synthesized Fe;O, nanoparticles with
different particle sizes, as shown in Figure 6c, using a
hydrothermal method and investigated the effects of reduction
and carburization on the catalytic performance of Fe-based
catalysts in the catalytic CO, hydrogenation process. In situ
XRD of larger particle sizes of Fe;O, requires more reduction
time at the same temperature, and H,-TPR indicates that the
Fe,0; — Fe;0, and Fe;O, — Fe processes require higher
temperatures as the particle size increases. As a result,
nanoparticles of Fe;O, with larger particle sizes are difficult
to reduce, which affects the carburization of Fe and therefore

https://doi.org/10.1021/acsomega.4c03075
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reduces the conversion of CO,. As shown in Figure 6b, when
the Fe;O, nanoparticle size is 130 nm, the highest conversion
of CO, is 41.7%, the selectivity of C,”—C,” is 24.6%, and the
selectivity of O/P (olefins/paraffinic) is 1.71.

In summary, iron carbide is an active phase in the CO,-FTS
chain growth process. Different crystalline Fe,O; forms
different crystalline iron carbide after reduction and carburiza-
tion, and often the Fe;C, formed is more favorable for CO,
hydrogenation to light olefins.

3.2. Alkali Metal Promoters. As reported above, Fe;O,
was the active phase mainly responsible for RWGS; and the
metallic iron carbides and Fe could activate CO and produce
hydrocarbons. However, controlling hydrocarbon chain growth
to synthesize the target product (C,”—C,”) is a challenge due
to the Anderson—Schulz—Flory (ASF) distribution, limiting
the product selectivity.”® Alkali metal doping onto Fe catalysts
is an effective method to enhance the selectivity of light
olefins.*”°

As a molecular acid gas, CO, prefers to absorb electrons
during the catalytic process. Alkali metals are efficient electron
donors that increase the alkalinity of the catalyst surface,
thereby achieving the adsorption of CO, with the catalyst.”" In
addition, the electron-donating properties of Na and K metals
make the catalysts less electrophilic, resulting in a lower
hydrogen adsorption capacity increasing the C/H ratio of the
catalysts and inhibiting the hydrogenation of light olefins to
alkanes.”””* For example, Figure 7a”* and b* show that with
the increase of K/Fe from 0 to 1.0, the olefin/alkane ratio also
followed, and the selectivity of CH, in the product was
significantly reduced. Wang et al.”” investigated the effects of
five alkali metals for CO, hydrogenation on the catalytic
activities of Fe/ZrO catalysts. It was reported that Li-modified
Fe-based catalysts have an inhibiting effect on RWGS and FTS
reactions. The other alkali metals, Na, K, Rb, and CS,
observably decreased the selectivity of CH, and light paraffins
and significantly increased the selectivity of olefins. Meanwhile,
the promotion of Fe-based catalysts by Na, K, and CS
increased the conversion of CO, as a result of the alkalinity
effect of Na, K, and CS. They also found that another function
of alkali metals is to promote the generation of the Fe;C,
phase, which is the catalytically active site in the FTS route.

K not only increases the alkalinity of the Fe catalyst surface,
but also has a hydrogen-sparing effect, thus improving the
selectivity of light olefins. Furthermore, different K salts have
distinguished catalytic effects on the catalytic hydrogenation of
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CO,. Han et al.” indicated that K,SO,, KCI, and K,CO, have
different effects on the formation of the y-Fe;C, active phase,
as seen in Figure 8a,b. The Fe phase of the K,SO,-modified
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Figure 8. (a) Diagram of reaction of CO, hydrogenation to light
olefin. (b) Product distribution of various K-modified catalysts.
Reproduced with permission from ref 96. Copyright 2020 American
Chemical Society.

Fe-based catalysts was mainly Fe;O,, indicating that K,SO,
was not able to promote the formation of active iron carbide in
the Fe-based catalysts; Although the KCl-modified Fe-based
catalysts formed Fe;C,, KCl did not form an agglomerated
particle structure with Fe;C,; the K,CO;-modified Fe-based
catalysts formed a unique Fe;C,—K,CO; interface. The
Fe;C,—K,CO; interface in Fe/C catalysts promoted potassium
to iron electron transfer to increase olefin selectivity. That
enabled the Fe/C—K,CO; catalyst to achieve a CO,
conversion of 32.4% and an increase in the total olefin yield
from 19.0% to 74.3%. Numpilai et al.”” incorporated K into
Fe—Co/Al,O; catalysts by equipotential impregnation to
promote the selection of light olefins. With the introduction
of K, the increased alkalinity of the Fe catalyst surface
promoted CO, adsorption and dissociation and inhibited the
alkylation of low-carbon olefins. When the content of K
reaches 0.5 wt %, the olefin/alkane (O/P) ratio is increased by
24.5 times. Jiang et al.”® examined the catalytic properties
between K and Fe—Mn catalysts by in situ Raman reflectance
FTIR, and they found that K can promote the formation of
metal clusters from Fe, but an excessive amount of K can mask
Fe clusters to reduce the catalytic performance. You et al.’’
found that the presence of K promotes the formation of Fe;C,
phase on Fe-based catalysts, which facilitates CO, adsorption
and activation, and they were also amused to find that when
the content of K in the catalysts exceeds 5%, the excess of K
poisons the active sites on the surface of the catalysts and
reduces the catalytic reaction activity.
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Similar to K, Na is an alkali metal that is frequently used in
Fe catalysts. Na accelerates the dissociation of light olefins and
avoids the secondary hydrogenation of carbon olefins to
alkanes.”” Tu et al."” investigated in-depth phase transition
studies for Na-modified Fe;C,—ZnO catalysts, as shown in
Figure 9a—c. They found that Na plays an important role in
inhibiting the oxidation of Fe;C, and improves the stability of
the Fe;C, phase. In addition, Na promoted the activation of
CO* and H* by altering the alkalinity of the Fe;C,—ZnO
catalyst surface, facilitating the coupling of CH* intermediates
to generate low-carbon olefins. Meanwhile, Liang et al.'*! also
indicated that Na not only promotes the adsorption of CO,
over Fe catalysts, but also has the advantage of improving the
stability of Fe;C, and inhibiting the hydrogenation for light
olefins. Wei et al.'”” investigated the effect of Na content on
the selectivity of low-carbon olefins, and when the Na content
was increased from 0 to 0.5 wt %, the ratio of olefins to alkanes
increased dramatically from 0.7 to 5.67. In situ Raman
spectroscopy and in situ XRD showed that Na can enhance
the stability of Fe;C, by inhibiting the secondary hydro-
genation of intermediate products to alkanes.

In summary, alkali metals K and Na are commonly used as
promoters for Fe-based catalysts. K can increase CO,
activation through alkalinity and avoid secondary hydro-
genation of olefins through hydrophobicity; Na can inhibit
the oxidation of Fe;C, to improve the stability of the catalysts,
and Na can accelerate the dissociation of light olefins to
increase the olefin yield.

3.3. Transition metal promoters. Another way to
improve the CO, conversion and selectivity of light olefins is
to add secondary metals such as Zn, Mn, and Cu, which can
increase the dispersion of active centers to increase the active
sites of the catalyst.

Zn as an electron-donating group can increase the alkalinity
on the surface of Fe-based catalysts, thus improving the
adsorption and activation of CO, and inhibiting the secondary
hydrogenation of olefins; Second, the stronger interaction
between Fe and Zn improves the degree of iron dispersion and
prevents the aggregation of iron species to increase the number
of active sites of iron catalysts.'” Liu et al.">* investigated the
role of Zn for iron-based catalysts in CO, hydrogenation to
olefins. It was found that Zn could inhibit the further oxidation
of active phase Fe;C, and carbon deposition on the catalyst
surface during CO, hydrogenation, thus enhancing the long-
term stability of the catalysts, and Zn could promote the
adsorption of oxygen atoms on the surface and the desorption
of H,0 during hydrogenation, thus reducing the possibility of
oxidation of the surface carbons. Yang et al.'”® found that Zn
promoted the formation of Fe;O4 and Fe;C, reactive phases,
and the ZnO/Fe,C, reactive phase facilitated olefins to be
easily solubilized on Fe—Zn catalysts, inhibited the secondary
hydrogenation reaction of olefins, and resulted in the
selectivity of light olefins of 36.9%. Zhang et al."® explored
the reaction model of ZnO for Fe-based catalysts, as seen in
Figure 10. CO, and H, were first reactivated on the surface of
ZnO to produce CO,* and H,*, then CO,* was reduced to
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form CO* and H¥, and then H* reacted with OH* to produce
water. CO* undergoes a C—C coupling reaction with H* via
diffusion on the surface of Na—Fe;C, to form a low-carbon
olefin. Meanwhile, the selectivity of olefins remained almost
unchanged when the Zn content was increased from 0 to 28 wt
%, while the selectivity of olefins in the products decreased
significantly with the further increase of Zn content and the
selectivity of CH, and C,—C, alkanes increased. Zhang et al.'"’
investigated the effect of Fe—Zn bimetallic interaction on
linear a-olefins by in situ XPS characterization, showing that
Zn promotes Fe reduction through electron-donating inter-
action. In addition, they found that the content of Zn in the
catalyst could affect the ratio of FeC,/FeO, and thus regulate
the RWGS and FT interactions. The yield of C,—C, olefins in
the catalyzed product was 47.3% when the Fe/Zn molar was 2,
which was 2.4 times higher than that of Fe,O; catalysts.

Mn can promote the dispersion of Fe and thus effectively
improve the efficiency of the CO, hydrogenation for the
synthesis of light olefins. Moreover, the interaction between Fe
and Mn species accelerated the RWGS and C—C coupling,
which was attributed to the Mn promoter facilitating the
transition from the Fe;O, phase to the Fe;C, phase in the FTS
reaction, separately.'”” In addition, the interaction of Fe and
Mn could weaken the carbon chain growth and improve the
selectivity of light olefins.”>'*” Fedorov et al.''® performed a
detailed experimental analysis of the reaction pathway of CO,
hydrogenation on Fe catalysts, and Fe-based catalysts undergo
not only RWGS and FTS reactions, but also methanation.
When the chain growth probability is lower than 0.18, the
active site has higher CH, selectivity, and when transition
metal Mn is doped in the Fe-based catalysts, the methanation
of the Fe-based catalysts can be effectively inhibited, thus
improving the chain growth ability of the catalysts. Due to the
low light olefin selectivity of traditional Fe-based catalysts,
Yang et al.'"" used alkali metal K and transition metal Mn as
promoters to improve the light olefins selectivity of Fe-based
catalysts. The CO, conversion of Fe—Mn—K catalysts at 300
°C was 42.3%, and the light olefin selectivity was 30.4%, of
which the olefin selectivity of C," was even as high at 83.1%.
Zepeda et al.''? synthesized Fe—Mn catalysts with a high
specific surface area by coprecipitation and supercritical drying.
Mn promoted the dispersion of catalytically active phases and
made Fe more susceptible to reduction and carburization, thus,
enhancing the activity of Fe-based catalysts. When the Mn/Fe
atomic ratio was 0.05, the catalyst was able to achieve 44.2%
CO, conversion and 68% light olefin selectivity. Liang et al.'"*
investigated the effect of Mn on the performance of Na/Fe
catalysts, which inhibited carbon chain growth due to the
interaction between Mn and Fe. Therefore, the favorable CO,
conversion (38.6%) and low-carbon olefin selectivity (30.2%)
were exhibited when Mn and Na were S and 1 wt %. Zhang et
al."'"* investigated the structural effects of Mn on Fe species in
the reaction. Since Fe,O; is converted to FesC, during the

carburization reaction, Mn can promote the carburization
reaction to take place. Kinetic studies further evidence that
MnO,, accelerates CO generation, reduces the number of olefin
adsorption sites, and inhibits secondary hydrogenation of low-
carbon olefins and improvement of light olefin selectivity.

The advantage of Cu in the CO, hydrogenation catalytic
system is that it can accelerate the RWGS reaction activity and
inhibit methane production. Hence, Fe—Cu bimetallic catalysts
have received widespread attention in the study of CO,
hydrogenation for the preparation of light olefins. Wang et
al."'® investigated the CO, hydrogenation process over Fe—Cu
bimetallic catalysts and the interaction between Fe and Cu.
The hydrogenation of CO, over Fe—Cu catalysts was
investigated by product distribution analysis and in situ drift
in both direct and indirect ways. The direct pathway leads to
the formation of more HCs, while the indirect pathway mainly
produces CO as the main product. This in-depth study
elucidates the complex process of CO, hydrogenation and
provides important new information about the role of Fe—Cu
bimetallic catalysts in the production of olefin-rich hydro-
carbons. Choi et al.''® synthesized CuFeO, catalysts by
hydrothermal crystallization, the structure of which can
accelerate the reduction and carburization of Cu for Fe-
based catalysts, thus increasing the selectivity of olefins in the
product, and thus O/P in the product reached 7.7.
Chaipraditgul et al.'”” found that the addition of Cu to Fe/
K—Al,O; significantly increased the number of weakly
adsorbed H atoms and thus improved the CO, conversion.
Fe—Cu/K—AlL,O; catalyst achieved 36% CO, conversion and
44.2% light olefins selectivity at 340 °C, 20 bar. Nie et al.>®
investigated the energy level change of Cu—Fe catalysts for C—
C coupling to produce ethylene by DFT calculations. When
forming a Cu—x-Fe;C, catalyst, it can reduce the binding
energy of C—C coupling and speed up the reaction to increase
the light olefins yield.

In summary, transition metals improve the activity of Fe-
based catalysts by increasing the dispersion of Fe particles and
forming interactions; Zn has a positive effect on inhibiting the
further oxidation of the active phase Fe;C, and the carbon
deposition on the catalyst surface; it also has a positive effect
on the dissociation of light olefins; Mn interacts positively with
Fe to weaken the chain growth of Fe-based catalysts and
improve the low carbon olefin selectivity; and Mn also
promotes the reduction and carburization of Fe to improve the
catalytic effect. selectivity, Mn also promotes the reduction and
carburization of Fe to improve the catalytic effect; Cu can
improve the RWGS reaction activity of Fe-based catalysts, and
Cu facilitates the carburization of Fe to improve the light olefin
selectivity.

3.4. Supports. The catalyst carrier is the dispersant, binder
and support for the main catalyst and cocatalyst in the catalyst,
and the catalytic carrier plays a key role in the service life of the
catalyst."'”~""? Therefore, catalyst carriers with a high specific
surface area can promote the dispersion of Fe and increase the
number of reaction sites of the catalyst.

3.4.1. Oxide Supports. Metal—carrier interactions can be
formed between metal oxides and Fe-based catalysts for better
bonding of metal nanoparticles and improved -catalyst
lifetime.'*°~"** It was shown that the high specific surface
area of the ZrO, carrier could avoid the deactivation of Fe-
based catalysts due to high-temperature sintering. Gu et al.”*
investigated the effect of different ZrO crystal phases on the
performance of K/Fe catalysts, and the results are shown in
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Figure 11. Performances of two samples for light olefins: (a) the
conversion of CO,; (b) the selectivity of light olefins; (c) the stability
for 100 h at 340 °C. Reproduced with permission from ref 74.
Copyright 2021 Elsevier.

ZrO, surface and the electron-donating ability of Fe promote
charge transfer between Fe and ZrO, carriers the m-ZrO,-
loaded catalyst with a Fe/K molar ratio of 10/1 showed a CO,
conversion of 40.5% and a light olefin selectivity of 14.9%. The
redox-active carrier CeO, can change the nature of the
catalysts to facilitate the reduction of FeO, species without the
use of promoters. Zhang et al.”” added an appropriate amount
of CeO, to the Fe—Zr—K catalyst, thereby increasing the
catalyst surface alkalinity, reducing the particle size of Fe,O;,
promoting the reduction of Fe, and dramatically improving the
CO, conversion and light olefin selectivity.

The pore structure of the carrier also affects the diffusion of
the feedstock and distribution of the products. Al,O5 is widely
used as an effective carrier for CO, hydrogenation to light
olefins, and its pore size not only affects the reducibility of
Fe,0;, but also the selectivity of the products.'”’ The larger
pore size of AlL,O; is good for the reduction of Fe,O; to
metallic iron and promotes the CO, hydrogenation. Wang et
al.” found that Al O, catalysts with larger pore sizes had lower
diffusion resistance and therefore higher olefin yields (14.2%)
than AL, O; catalysts with smaller pore sizes (12.6%).

MgO and TiO, were also commonly used catalyst carriers
for the preparation of low carbon olefins by CO, hydro-
genation. The electron-donating property and surface alkalinity
of MgO promoted the dissociation and adsorption of CO,
limiting the hydrogenation ability of the Fe-based catalysts,
while the stability of the basic sites effectively prevented the
loss of the active substances and the basic sites during the
reaction process, which improved the selectivity of light
olefins."**'** XRD and CO,-TPD measurements showed that
the (111) crystalline facets of MgO increased the surface
alkalinity of the catalyst, facilitated the dissociative adsorption
of CO, and accelerated the reaction rate.'**'?” The oxygen
vacancies in the TiO, carrier help bridge the adsorption of
carbonate species and promote the decomposition of
carbonate species into carbon intermediates, accelerating the
C—C coupling reaction.'*”

In conclusion, the high specific surface area of ZrO, carrier
can avoid the deactivation of iron-based catalysts due to high

temperature sintering; CeO,, MgO, and TiO, are used to
increase the alkalinity of the catalyst surface and disperse the
particle size of Fe to achieve the enhancement of catalytic
activity; and the pore structure of Al,O; affects the diffusion of
raw materials to regulate the product distribution.

3.4.2. Carbon Supports. Compared with metal oxides,
porous carbon materials with a larger specific surface area can
effectively limit the migration and agglomeration of iron
carbide nanoparticles and improve the stability of Fe-based
catalysts.'*”"*° Graphene and carbon nanotubes (CNTs) as
representative carbon materials were often used as Fe-based
catalyst carriers due to their outstanding structural features,
including high specific surface area, abundant porosity, and
specific nanostructures.

CNTs had a high mechanical strength, which was important
for supporting Fe nanoparticles to extend the lifetime of the
catalyst. Bao et al."*' conducted the first detailed study on the
application of CNTs in FTS, which laid the foundation for the
subsequent use of CNTs as Fe catalyst carriers. It was found
that the domain-limiting effect of CNTs could induce the self-
reduction of iron oxides, while Fe,O encapsulated inside the
CNTs was easier to reduce than Fe,O; encapsulated outside
the CNTs, which made the CNTs favorable for the formation
of iron carbides. Kim et al.”’ prepared Na-CoFe,0,/CNTs
catalysts, and CNTs facilitated the formation of a unique
bimetallic alloy carbide (Fe;_,Co,);C, structure for Fe—Co
catalysts, which was able to achieve 34% CO, conversion and
39% light hydrocarbon selectivity.

Graphene not only exhibited an ultrahigh specific surface
area, but also a honeycomb structure that facilitated mass
transfer and inhibited the agglomeration of iron carbide
nanoparticles.>>"*> Wu et al."”** showed that Fe-based
catalysts with 3D porous graphene material loading had higher
catalytic activity and selectivity for light olefins. The
mesoporous structure of honeycomb graphene contained the
agglomeration phenomenon of iron oxide nanoparticles and
improved the dispersion degree of Fe-based catalysts. The
highly dispersed Fe-based catalyst exhibited excellent light
olefin selectivity (59%), and the honeycomb graphene material
effectively avoided the sintering problem of Fe-based catalysts,
which did not show any significant deactivation after 120 h of
catalyst cycling. Peng et al.'>® showed through theoretical
calculations that graphene as a carrier has high stability, which
greatly changes the electron density on Fe—Co clusters and
thus facilitates the coupling of C—C bonds. In addition, the
dispersion of graphene carriers could obtain a narrow particle
size distribution of Fe—Co catalysts, which resulted in 36%
CO, conversion and 51% light olefin selectivity.

In conclusion, the rigidity of CNTs can support iron
nanoparticles to extend the catalyst lifetime, and the CNTs
facilitate the formation of iron carbide from Fe by
carburization; The large specific surface area and three-
dimensional porous structure of cellular graphene can
accelerate mass transfer and inhibit the agglomeration of iron
carbide nanoparticles

3.5. Preparation Method. In addition to the influence of
alkali and transition metal promoters and carriers, the
preparation method also affected the Fe-based catalyst
properties. Albrecht et al.'*® compared Fe,0;—CT600
prepared by cellulose synthesis with Fe,O;—P prepared by
coprecipitation. By Musburger spectroscopy, Fe,0;—CT600
has 80% carbides, whereas Fe,O;—P contains about 30%
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Figure 12. Effect of H,O content on catalytic performances of Na—Zn—Fe catalyst for CO, and CO hydrogenation: (a) catalytic performances and
(b) hydrocarbon distribution in CO, hydrogenation. Reproduced with permission from ref 138. Copyright 2020 Elsevier.

carbides, which leads to higher CO, conversion and olefin
selectivity of Fe,O;—CT600.

For Fe-based catalysts, the calcination temperature could
modulate the interaction between iron oxides and other metal
oxides and carriers. Numpilai et al.'’’ concluded that
increasing the calcination temperature of Fe—Co—K/AlL O,
enhances the interaction of iron oxides with promoters and
carriers, but at the same time inhibited the reduction of Fe-
based catalysts and the formation of iron carbides. In addition,
the length of the calcination time was also able to affect the
structural phase of Fe-based catalysts, and the slow heating rate
and long calcination time tended to form structurally stable
Fe,0;, which was unfavorable to the reduction and
carburization of Fe-based catalysts.

To summarize, Fe-based catalysts prepared by different
methods have different reduction and carburization abilities,
which leads to different iron carbide contents. High calcination
temperatures and long calcination times favored the formation
of structurally stable and difficult-to-reduce Fe,O; catalysts.

3.6. The Effect of H,0. As evidenced by the CO,
hydrogenation reaction, the RWGS reaction produces the
byproduct H,O, which accelerated the oxidation of iron
carbide and inhibited the RWGS reaction. Zhang et al.'**
investigated the CO, hydrogenation over Na—Zn—Fe catalysts
at different H,O contents. The results in Figure 12a,b show
that with the increase of H,O content from 0% to 40%, the
CO, conversion and CO selectivity decreased significantly to
20% and 6%, respectively, while the product distribution
remained unchanged. According to thermodynamic calcu-
lations, the equilibrium conversion of CO, was 60%, but
currently reported CO, conversion rates are 30—50%. This was
due to the fact that the H,O produced during the RWGS
reaction inhibited the activation of CO, and the properties of
FeC,, thus reducing the CO, conversion."* Guo et al."*’ used
a multistage reactor for the removal of H,O from the reaction
system and achieved some results, and the Fe catalyst of the
multistage reactor system achieved a CO, conversion rate of
69.9%. However, the high cost and consumption of multistage
reactors are not advantageous for industrial-scale catalytic
reactions.

Modification of iron-based catalysts with hydrophobic
substances to accelerate the diffusion of H,O generated on
the catalyst surface is a promising strategy. Shi et al.'*!
designed an iron-based catalyst with trimethylchlorosilane
(TMCS) as the hydrophobic agent and polyvinylpyrrolidone
(PVP)-modified Prussian blue (PB, Fe,[Fe(CN)];) as
precursor. The chemical reaction pathways were modulated
by the hydrophobic surface of the catalysts, and a 48%
selectivity for low-carbon olefins was achieved. Zhao et al.'*

25619

achieved the preparation of hydrophobic iron-based catalysts
by impregnating ferric ammonium citrate solution on
expanded graphite (EG), a hydrophobic functional carbon
material. Ferric ammonium citrate formed a smooth hydro-
phobic iron salt film on the surface of EG by high-temperature
calcination, which was helpful in reducing the toxicity of H,O
during the catalytic process. The optimal results of this catalyst
were 42.4% CO, conversion and 14.8% light olefin yield.

In summary, the design of multistage reactors can effectively
remove H,0 to improve CO, conversion, but this approach
has the disadvantage of high cost and cannot be industrialized;
The iron-based catalyst modified with hydrophobic compo-
nents or groups is an effective strategy for rapid diffusion of
H,O on the surface of the catalyst in order to improve catalytic

stability.

4. CONCLUSIONS

In recent years, to realize CO, energy saving and emission
reduction and alleviate the global energy crisis, several scholars
have carried out a lot of research on the conversion and
utilization of CO,, and some progress has been made. In
general, the preparation of low-carbon olefins from CO, by
hydrogenation can be a new path for the continuous
preparation of CH compounds. In this Review, the CO,—
Fischer—Tropsch method for the preparation of low-carbon
olefins is introduced, and the reaction mechanism and catalytic
system of the method are summarized.

In the CO,—FTS route, Fe-based catalysts have the ability to
accomplish CO, activation, H, activation, and C—C coupling
at the same time, which has led to the deepening of research
on Fe-based catalysts. Alkali metal promoters characterized by
K and Na were generally effective in the reduction and
carbonization of microscopic catalysts, and their alkaline
character also facilitated CO, dissociation, adsorption, and
iron phase carbonization; Transition metal promoters
represented by Zn, Mn, and Cu tend to optimize the iron
phase distribution of the catalysts and promote the reduction
and carbonization of Fe-based catalysts. Metal oxides, which
were commonly used as carriers for Fe-based catalysts, can
form suitable metal—carrier interactions with Fe-based
catalysts, thereby enhancing the catalytic effect; Porous carbon
carriers exhibited better performance due to their diverse
configurations, large specific surface area, and abundant surface
defects; Different preparation methods and high-temperature
treatment conditions predetermine that the performance of Fe-
based catalysts may also differ to some extent; Fe-based
catalysts were prone to agglomeration and water toxicity
during the reaction process, which made the use of Fe-based
catalysts very limited.
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Therefore, in-depth studies on the preparation of Fe-based
catalysts, the selection of carriers, and the control of reaction
conditions with Fe-based catalysts are still needed. For
example, (1) further studies are still needed on the nature of
the active sites of the reaction catalysts, the interactions
between the active components and the carriers, and the
reaction mechanisms; (2) it is of practical significance to
develop an all-in-one catalyst multifunctional catalyst with high
catalytic activity by combining the RWGS and FTS reactions;
(3) it is also important to effectively remove the water
generated during the RWGS process to extend the catalyst life,
ensure the catalyst activity, and improve the selectivity of low-
carbon olefins in the product; (4) the combination of DFT
calculations and in situ testing provides an in-depth analysis of
the reaction history of Fe-based catalysts and the active sites of
the catalysts, which can help to achieve catalyst modulation
and large-scale application to industrial production.
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