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ABSTRACT

The development of human industry inevitably leads to excessive carbon dioxide (CO,) emissions. It can cause critical

ecological consequences, primarily global warming and ocean acidification. In this regard, close attention is paid to the carbon

capture, utilization, and storage concept. The key component of this concept is the catalytic conversion of CO, into valuable
chemical compounds and fuels. Light olefins are one of the most industrially important chemicals, and their sustainable
production via CO, hydrogenation could be a prospective way to reach carbon neutrality. Fe-based materials are widely
recognized as effective thermocatalysts and photothermal catalysts for that process thanks to their low cost, high activity, and
good stability. This review critically examines the most recent progress in the development and optimization of Fe-based

catalysts for CO, hydrogenation into light olefins. Particular attention is paid to understanding the roles of catalyst composition,

structural properties, and promoters in enhancing catalytic activity, selectivity, and stability.

1 | Introduction

In recent decades, the world community has become seriously
concerned about the problems associated with climate change
due to human activity. One of the most widely discussed
problems is the increase of carbon dioxide (CO,) concentrations
in the Earth's atmosphere and ocean, leading to the greenhouse
effect [1] and water acidification [2]. Being approximately
constant over thousands of years during the preindustrial era,
CO, levels are dramatically increasing nowadays [3].

In response to these challenges, the complex concept of carbon
capture, utilization, and storage (CCUS) was proposed [4-9]. In
particular, the capture technologies involve decreasing CO,
emissions via post-combustion capture, precombustion capture,

and oxy-fuel combustion ways [10]. In turn, the storage technol-
ogies imply CO, pumping into underground reservoirs, such as
depleted oil and gas reservoirs or saline aquifers, for long-term
containment [11]. Finally, the utilization technologies propose
using CO, to produce valuable chemicals and fuels [12-14].

Therefore, the CCUS concept provides a new perspective on CO,,
considering it not only as a greenhouse gas but also as a cheap and
renewable carbon source. A wide range of value-added products,
such as chemicals, fuels, solid materials, and bio-products, can be
generated starting from CO, (Figure 1) [15-17]. Among this variety
of possible products, light olefins such as ethylene, propylene, and
butylenes attract special attention. Being of the main industrial
feedstocks for plastics, synthetic rubbers, solvents, surfactants,
paintings, and other chemicals, light olefins are increasingly in
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demand from year to year (Figure 2) [18]. This makes sustainable
production of light olefins from CO, an attractive goal [19].

However, the high stability of CO, molecules is an essential
natural hindrance to their conversion. For that reason, using
special catalysts is an inevitable requirement for this process.
Nowadays, several catalytic approaches are developed to

address CO, activation issues, including homogeneous [20]
and heterogeneous catalysis [21], and photo- [22], bio- [23],
and electro-catalysis [24, 25]. Among these strategies, ther-
mocatalytic activation over heterogeneous catalysts remains
the most adjustable, scalable, and commercially prospective
way of CO, conversion despite recent significant advances in
other areas of catalysis [26].
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FIGURE 1 | Value-added products can be obtained using CO,. Reproduced with permission: Copyright 2021, Elsevier [15].
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CO, hydrogenation stands out among thermocatalytic CO, con-
version methods thanks to its lower energy requirements, reduced
waste, potential for green hydrogen use, and scalability [27].

Iron (Fe)-based catalysts have emerged as one of the most prom-
ising candidates for facilitating CO, conversion into hydrocarbons.
The abundance of Fe-based materials, their low cost, high catalytic
activity, and good stability have driven significant research efforts
in optimizing these catalysts for CO, hydrogenation. Moreover,
tunable surface chemistry based on high sensitivity to promoters
and supports provides wide possibilities for adjusting the selectivity
of specific products [19, 28, 29]. All these advantages of Fe-based
catalysts have attracted significant interest from the scientific
community, expressed in many studies devoted to CO, hydrogen-
ation into light olefins over these heterogeneous catalysts.

This review provides a comprehensive analysis of the current state
of research on Fe-based catalysts for the thermocatalytic and
photothermocatalytic hydrogenation of CO, into light olefins. We
discuss key factors influencing catalyst performance, including the
reaction conditions, alkaline and alkaline-earth promoters, the
most studied Fe combinations with other transition metals (Zn,
Mn, and Co), and the roles of the catalysts' supports. In addition,
we analyze the mechanistic pathways of CO, hydrogenation, em-
phasizing the main opportunities to enhance the selectivity of light
olefins. Finally, we address the future prospects of this technology,
highlighting ongoing challenges and potential avenues for further
catalyst optimization. Compared with previous reviews, this article
provides a broader consideration of possible catalyst compositions
and offers a more detailed analysis of the influence of promoters.
Based on the most recent works (primarily from the last 5 years),
this article provides the most up-to-date view of the state of
the topic. Moreover, to our knowledge, this review describes
and systematically analyzes for the first time the photothermal
hydrogenation of CO, to light olefins over Fe-based catalysts.

2 | CO, Conversion: Thermodynamic Analysis

As outlined earlier, the CO, molecule is highly stable, making
its transformation difficult. So, using CO, as the single reagent
requires too much energy to be performed in moderate condi-
tions (Table 1, Equation 1). At the same time, involving
hydrogen as a reducing agent essentially facilitates CO,

conversion (Table 1, Equation 2). In this regard, CO, conversion
is mostly performed as CO, hydrogenation. Over Fe-based
catalysts, it includes two main stages:

1. Reverse water gas shift (RWGS) reaction:

CO; + H, & CO + H,0

2. Fischer-Tropsch synthesis (FTS):

nCO + 2nH, —» C,H,, + nH,0

nCO + (2n + l)Hz d CnszH_z + nHZO

In this regard, we propose to discuss the main thermodynamic
parameters of the reactions under consideration and several
principal side reactions (Table 1).

An analysis of the process trends reveals several important
observations. The RWGS (Equation 2) is endothermic,
requiring high operating temperatures to proceed effectively.
In contrast, the reactions producing olefins from CO,
(Equations 3-5) are exothermic, necessitating their operation
at relatively lower temperatures. Additionally, within the
homologous series, an increase in carbon atoms corresponds
with a slight rise in average binding energy. This results in an
enhanced thermal effect per CO, molecule, suggesting that
lowering the reaction temperature may favor the formation of
longer-chain products while reducing the selectivity toward
light olefins. Moreover, similar exothermic behavior observed
in the several side reactions (Equations 6 and 7 and analogous
pathways) contributes to product formation under the same
conditions, further diminishing the selectivity for light olefins
at lower temperatures. Consequently, the reaction tempera-
ture should not be too low—not only due to kinetic limita-
tions and reduced CO, conversion but also because of lower
temperature increasing the fraction of Cs, products at the
expense of light olefins selectivity. Conversely, excessively
high temperatures favor the formation of C; products, par-
ticularly CO. Thus, the temperature of the reaction should be
optimal. Most current studies have identified 320°C-340°C as
the optimal range for light olefins production [30-39].

TABLE 1 | Standard enthalpies (A.H°5s) and Gibbs Free Energies (A,Gg) for the reactions of CO, conversion into light olefins [21].

Equation

number Reaction ALH°505, kKJ mol™ AG°95, kT mol™!
1 CO, —» CO + %oz 293.0 257.2

2 CO, + H, = CO + H,0 41.2 28.6

3 CO, + 3H, - SCoHy + 2H,0 —64.0 —28.7

4 CO; + 3H, — ;C3Hg + 2H,0 —83.6 —42.1

5 CO, + 3H, —» ;n—C,Hs + 2H,0 —-90.3 —452

6 CO, + 4H, = CH, + 2H,0 —165.0 —113.5

7 CO, + 3H, = CH;0H + H,0 —49.5 35
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At the same time, all the reactions under discussion result in a
decrease in the number of gas moles, except the RWGS reaction.
This implies that increasing the reaction pressure should favor
the conversion of CO, toward products that involve a reduction
in gas moles, thereby decreasing the relative fraction of CO in
the product mixture. Although several studies have examined
light olefins production at atmospheric pressure, it must be
acknowledged that CO remains the predominant product under
such conditions even after catalyst optimization [40, 41]. While
increasing the reaction pressure generally enhances the hydro-
carbon fraction, excessive pressurization can promote the sec-
ondary hydrogenation of light olefins, leading to a higher yield of
paraffinic products [30, 31, 35, 42]. Consequently, as with
reaction temperature, an optimal pressure range exists. Although
the optimal pressure may vary significantly from catalyst to
catalyst, the highest selectivity for olefins is typically achieved at
pressures between 2 and 3 MPa [30, 31, 35, 37-39, 42, 43].

The H,/CO, ratio is another determinant of the CO, hydro-
genation reaction. As can be seen from Table 1, the stoichio-
metric ratio for every olefin is 3, which is generally considered
to be optimal [30, 31, 37, 39, 44]. Although increasing this ratio
above the stoichiometric one enhances CO, conversion, it also
promotes methanation and the secondary hydrogenation of
olefins to paraffins [30, 31, 37, 39]. On the other hand, a
decrease in the H,/CO, ratio leads to higher CO selectivity to
the detriment of the hydrocarbon fraction in general and light
olefins in particular [31, 37, 39]. Also, the low H,/CO, ratio can
increase Cs, product selectivity [44].

Finally, contact time can be indicated as another important general
parameter of the reacting system [45]. In the literature, it is usually
represented as the gas hourly space velocity (GHSV). A low GHSV
value (equivalent to high contact time) leads to high CO, conver-
sion. However, in this case, light olefins selectivity decreases due to
secondary olefins to paraffins hydrogenation and excessive chain
growth producing Cs, products [30, 31, 34, 35, 38]. Thus, the
highest yield of light olefins is achieved at optimal contact time,
when high olefin selectivity is combined with appropriate CO,
conversion.

3 | Alkali and Alkaline (Electronic) promoters
of Fe-Based CO, Hydrogenation Catalysts

Although there are several publications on the activity of un-
doped Fe-based catalysts [46], it is widely accepted that signif-
icant improvements in results can be achieved by modifying
these catalysts [47, 48]. In this section, we would like to discuss
the doping of Fe-based catalysts with alkali and alkaline metals.

These promoters enhance the basicity of Fe-based catalysts,
which as reported facilitate CO, adsorption and carbonization
of Fe oxides [49]. Sodium (Na)-doped catalysts are characterized
by a smaller particle size of the FesC, phase and its more uni-
form distribution. Also, Na suppresses the hydrogenation of
Fe;sC, and surface carbon, inhibiting alkanes formation [50, 51].
Moreover, it was shown that an increase in the Na content from
0.1 to 5wt% leads to a consistent increase in the olefins/paraf-
fins (O/P) ratio and selectivity of the C,-C, olefins. However,
increasing the Na content promotes hydrocarbon chain growth,

which appears to reduce the proportion of C,-C, olefins in the
reported value for the 5%Na sample compared to the 3%Na
sample [50]. Another example is the promotion of CoFe,0,
with Na [52]. Despite decreasing CO, conversion and enhanced
Cs, product formation, the Na-promoted sample shows 6 times
greater selectivity towards light olefins than the unpromoted
one. The authors associated this effect with the facilitation of
the active phase x-FesC, formation,

Potassium (K) has a similar effect on Fe-based catalysts. Thus,
Zhu et al. [53] showed that K species enhances CO, adsorption
on the Fe-based catalyst and facilitates CO formation on the
RWGS step. Also, the presence of K species, as reported, ac-
celerates the stepwise carburization of metallic Fe to Fe;C
and FesC, at the beginning of the process. As a result, the
K-promoted catalyst has a carbon-rich and oxygen-poor
microenvironment on its surface, which prevents oxidation of
the active FesC, phase by water and CO,. By varying the
potassium content in the catalyst, 28.9% selectivity toward light
olefins at 32.6% conversion of CO, was achieved. Russkikh et al.
[54] managed to prepare an effective catalyst for CO, hydro-
genation by promoting Fe-rich industrial waste (red mud) with
K, which led to favoring CO, adsorption and hydrogenation of
iron-containing species. After 50 h of reaction, K-promoted red
mud provides 34% selectivity towards light olefins which is 2.6
times more than that for the unpromoted one with almost the
same CO, conversion of 41%-42%. In one work [41], authors
investigated K-promoted Fe-Ce-Zr catalysts for CO, hydrogen-
ation at atmospheric pressure. Even though CO was the main
product in these conditions in all cases, optimal K loading
(2wt%) increased olefins fraction in C,-C; product up to > 90%.
Further addition of K decreased light olefins selectivity, which
was associated with an excessive increase in carbon concen-
tration on the catalyst surface. It stabilized low-active carbide
phases (primarily Fe,C) and led to the layered carbon deposi-
tion with deactivation of the catalyst.

The effect of rubidium (Rb) on Fe-based catalysts for CO, hydro-
genation was investigated by Sun et al. [55]. In this case, rising Rb
content from 0 to 8 wt % increased the average chain length and the
O/P ratio. Even the low Rb loading promoted light olefins forma-
tion, but methane and light paraffins selectivities remained high. At
the same time, excessive Rb content led to increased selectivity of
Cs, products. Thus, Rb can promote CO, adsorption and increase
the surface C/H ratio, and this effect is enhanced with rising Rb
content. Optimal results were reached over the 3wt%Rb/Fe;0,
catalyst (36.6% selectivity at 39.7% CO, conversion).

Zhou et al. conducted a systematic study on the effects of
introducing alkali metals [56]. They prepared a series of Fe-
Mo catalysts with different promoters (Figure 3). The study
confirmed that adding any alkali metal increases the number
of basic sites, thereby significantly enhancing the selectivity
for light olefins. However, Na and K favor CO, conversion
and the reaction rate while Rb and Cs decrease these values.
The authors claimed that the electronegativity of the alkali
promoter was a principal parameter of the catalytic ability of
the Fe-Mo sample. Another systematic study of alkaline
promoter effects was conducted by Barrios et al. [57]. Using
ZrO,-supported Fe,0; modified by various metals (FeM/-
Zr0,), the authors confirmed that K addition facilitates CO,
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adsorption and makes C-C coupling reactions preferable route
compared with secondary hydrogenation processes (Figure 4A).
However, K-promoted catalysts increase Cs, product fraction with
CO, conversion, which is not observed for unpromoted ones
(Figure 4B).

Combining alkali and alkaline metal promoters can provide addi-
tional enhancement in olefin production. Thus, moderate magne-
sium (Mg) addition in the KFeMn catalyst increases both CO,
conversion and olefins selectivity [58]. It was stated that Mg can
facilitate CO, adsorption while destabilizing adsorbed hydrogen
species. Moreover, the Mg additive further accelerates the reduc-
tion and carburization of Fe oxide, which leads to the formation of
the active carbide phases of FTS, promoting the conversion of the
intermediate CO into hydrocarbons. Similarly, NaSrFe catalyst
provides increased CO, conversion and value-added olefins selec-
tivity [59]. Strontium (Sr) acts as a structural promoter, increasing
the dispersion of iron-containing particles. In addition, the forma-
tion of the SrCO; phase facilitates the formation and stabilization of
iron carbides, providing 500-h stable performance for the catalyst.
Similar performance in the same conditions was observed for the
NaBaFe catalyst [60], which was associated with a synergetic effect
between Na and Ba. This effect accelerated lattice oxygen con-
sumption, leading to an increased generation of oxygen defect sites
and enhanced CO, activation. Furthermore, the formation of active
iron carbide was promoted, and its stability was maintained
throughout the reaction. In the study [61], a series of Ca, K, Fe,05
materials (where x=0-1.2) was prepared. In this case, Ca-
containing samples had many strong basic sites and oxygen
vacancies (OV). In turn, the K promoter further enhances surface
basicity and, more importantly, improves catalyst dispersity while
facilitating C-O dissociation and C-C coupling. The best CO, con-
version, light olefin selectivity, and O/P ratio were obtained over
the Ca; oK, oFe,Os catalyst. Chen et al. [62] developed a mecha-
nochemical technique to incorporate Mg into the iron oxide
structure. In addition to the basic effects of electronic promoters,
resulting “O-Fe/Mg-O” species promote both CO, adsorption and
RWGS reaction via *COOMg intermediates formation. Therefore,

Fe;0,/Mg/K,CO; reached 46.4% of light olefin selectivity at 32.1%
CO, conversion. Table 2 summarizes the catalytic performance of
electronically promoted Fe-based catalysts and compares them to
unpromoted ones.

4 | Two-Component Fe-Containing Catalysts

Fe-based catalysts can be further optimized by incorporating
other transition metals. Such combinations can improve cata-
lyst performance and enhance selectivity towards light olefins
by forming joint phases or active interfaces. In this section, we
would like to consider the most studied combinations and
propose a detailed analysis of the corresponding studies.

4.1 | Fe-Zn Catalysts

Many current works confirm that the Zn addition to Fe-based
catalysts favors the FesC, phase formation and stabilization
during CO, hydrogenation [43, 51, 63-65]. In particular, it was
reported that Zn promoted the reduction and carburization of
iron catalysts [63, 65] as well as prevented the reoxidation of
iron carbides and carbon deposition on the catalyst surface [64].
Moreover, the addition of Zn in the amount of ZnFe,0, spinel
stoichiometry has been reported to increase surface basicity and
promote CO, adsorption [66].

However, there are some controversial reports on the effects of
Zn insertion. For instance, work [65] indicates that adding Zn to
a pyrolytically prepared Fe/C catalyst enhances the secondary
hydrogenation of the produced light olefins. At the same time,
zinc oxide reduces the secondary hydrogenation of olefins on a
co-precipitated Fe-Na catalyst [63]. In the study [67], the influ-
ence of the preparation method of Fe-Zn-K catalysts on its per-
formance was consistently studied. The S-2Fe-1Zn-K sample,
prepared via a solvothermal method, exhibits the highest surface
basicity and provides the highest O/P ratio of 6.84. At the same
time, it produces the largest amount of CO. The highest selec-
tivity for light olefins (54.18%) was obtained using a co-
precipitated C-2Fe-1Zn-K catalyst. Among the 2Fe-1Zn-K sam-
ples, hydrothermal H-2Fe-1Zn-K catalyst showed the smallest
light olefins selectivity and O/P ratio. The authors attribute the
olefins' productivity to the strong interaction between Zn and Fe
species, while the separate ZnO phase decreases the selectivity of
light olefins. The work [68] draws similar conclusions that ZnO
promotes CH, and CO generation. However, it is also noted that
excessive formation of the ZnFe,0, phase can hinder catalyst
activation. In this case, the best light olefins selectivity was
obtained for 1Fe-1Zn-K catalyst (33.9% while CO, conversion
was 54.0%). On the other hand, several studies note increasing
both CO, conversion and light olefins selectivity over ZnO-x-
FesC, interface [43, 63]. So, the study [43] proposes a presumable
mechanism of CO, hydrogenation over ZnO-x-FesC, dual sites
(Figure 5).

In the proposed scheme (Figure 5), ZnO catalyzes the RWGS
reaction, while x-FesC, is responsible for Fischer-Tropsch ole-
fin synthesis. Initially, CO, and H, are adsorbed onto the zinc
oxide surface, where a hydrogenation reaction occurs between
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(A) Light olefin selectivity and (B) Cs.. selectivity vs. CO, conversion over Fe/ZrO, catalysts. T = 350°C, P =10 bar, WHSV =4.67-

18.19Lg ' h™', H,/CO, = 3, time-on-stream (TOS) = 50 h. Reproduced with permission: Copyright 2022, American Chemical Society [57].

the adsorbed CO,* and H* species forming CO* and OH*. The
OH* species subsequently reacts with H*, transforming into
water and not participating further in the main reaction
mechanism. In contrast, the CO* species can diffuse onto the
surface of iron carbide, where it undergoes further hydrogena-
tion to produce olefins. This mechanism highlights the potential
for other metal oxide phases to act as active components in the

RWGS reaction instead of iron oxide, achieving up to 36%
selectivity for light olefins.

Li et al. [69] confirmed that the Zn addition noticeably im-
proved the stability of Fe-Na catalysts that facilitated producing
light olefins during 1000 h without essential deactivation of
catalyst 1.5Na-Fe-Zn, which was explained with the optimal
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iron-containing phase distribution. Moreover, light olefins
selectivity was further improved up to the excellent 64.6% via
catalytic cracking of Cs, products over ZSM-5 nanosheets.
Table 3 summarizes the reported results for Fe-Zn binary cat-
alysts for CO, hydrogenation into light olefins.

4.2 | Fe-Mn Catalysts

Manganese (Mn) is another widely used modifier for Fe-based
catalysts in CO, hydrogenation. However, its application has
yielded both positive and negative results, possibly due to var-
iations in the interaction strength between Fe and Mn.

For example, Zhang et al. [70] examined a row of the 1%Na-Fe
catalysts doped with different Mn amounts. They showed that
the very addition of manganese, and a consistent increase in its
content, reduces both CO, conversion and selectivity towards
light olefins while selectivity towards CO increases. Contrary,
study [71] demonstrated that an optimum in Mn content can be
found: catalysts with (0.05-0.1)/1 of the Mn/Fe molar ratio
showed about 63% C,-Cs products selectivity, but the O/P ratio
was less than 1. Yang et al. [63] showed that Mn can strongly
interact with Fe inhibiting the formation of iron carbides. This

e >

co

FTO

CH,-CH
CIO*H* cle* ?0**(:IHX* —f 2 2']'n

ZnO Interface Na*—Fe5C2

FIGURE 5 | Plausible CO, hydrogenation mechanism over the
ZnO-x-FesC, interface. Reproduced with permission: Copyright 2021,
Elsevier [43].

TABLE 3 | Fe-Zn catalysts for CO, hydrogenation into light olefins.

led to weak binding of CO and its high proportion in the
mixture of products instead of the target ones.

At the same time, it was shown that Mn (as well as Zn) pro-
motes the carburization of the pyrolytic-prepared Fe/C catalyst
intensifying FesC, active phase formation. Moreover, manga-
nese inhibits the secondary hydrogenation of light olefins while
Zn promotes it [65]. In study [45], Mn addition to the Fe;0,
microspheres enhances light olefins yield via both CO, activa-
tion and inhibiting of secondary hydrogenation of the olefins.
Singh et al. [31] demonstrated that Mn doping of the Na-
CuFeO, sample increases the number of weak basic sites and
promotes reducibility and carburization of the catalyst. The
density functional theory (DFT) calculation indicated a
decrease in the activation energy barrier for generating OV in
this case. The work [72] points to a similar effect. In addition, it
highlights the synergy between Na and Mn promoters, pre-
venting excess carbon chain growth and promoting the -H
abstraction of the short alkyl-metal intermediates, leading to the
formation of light olefins. In turn, Xu et al. [73] found that close
Fe-Mn contact could negatively affect both the intrinsic RWGS
reaction rates and the olefin selectivity in CO, hydrogenation
due to the Mn-promoted transformation from the RWGS-active
iron oxide phase to the FTS-active FesC, phase. Additionally,
the steric hindrance of the Mn moiety to the FTS steps on the
FesC, sites suppressed the formation of olefins. Nevertheless,
simultaneous modification of the iron catalyst with Na and Mn
transforms the Mn into an effective promoter via weakening the
initially strong Fe-Mn interaction. As a result, a high O/P
ratio = 8.1 was achieved for the co-precipitated FeMnNa cata-
lyst. Table 4 summarizes performance values for the Fe-Mn
catalysts under discussion.

4.3 | Fe-Co Catalysts

Several studies report that adding cobalt improves the per-
formance of Fe-based catalysts. Generally, the close proximity
of Fe and Co in bimetallic catalysts is considered a key factor in

Product selectivity (%)

Reaction conditions

light
CO, olefin GHSV,

Catalyst conv. (%) CO CH, c’-c’ C,=-C4~ Cs, yield (%) O/P (mLg'h™) T (°C) P (MPa) Ref.
C-2Fe-1Zn/K 54.76 4.58 21.80 8.06 54.18 10.38 29.67 6.72 1000 h™" 320 2.00 [67]
H-2Fe-1Zn/K 51.66 7.76  20.12 7.65 49.98 12.47 25.82 6.54

S-2Fe-1Zn/K 46.34 10.01 21.38 7.33 50.08 10.14 23.21 6.84

1Fe-1Zn-K 54.00 6.29 26.29 4.36 33.87 12.17 18.29 7.78 1000h™* 320 0.50 [68]
Na-Zn-Fe 38 15 11 4.2 36 34 14 8.5 15,000 340 2.5 [43]
FeZn-Na 37.5 11.5 133 6.0 32.7 36.6 12.3 5.5 4000 320 3.0 [63]
1.5Na-FelZnl 39.0 15.6 10.7 3.6 29.1 40.9 11.3 8.0 1200 320 1.0 [69]
Fe-Zn 26.3 349 17.5 34 32.0 12.2 8.4 9.5 17,910 330 1.5 [64]
ZnFe,04 34.6 171 223 19.2 24.4 16.9 8.4 1.3 2400 300 1.0 [66]
ZnFe/C 40.60 2291 20.57 9.56 15.73 31.24 6.39 1.65 12,000 400 2.0 [65]
Fe-Zn-2Na 43 157 228 74(C2-C% 541 (C,~-Ceo) 23.3* 7.3% 10,000 320 1.5 [51]

*C,—Cs olefins yield and O/P ratio for C,-C¢ hydrocarbon products.
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TABLE 4 | Fe-Mn catalysts for CO, hydrogenation into light olefins.

Product selectivity (%) light Reaction conditions
CO, olefin GHSV, (mL

Catalyst conv. (%) CO CH, C’C, C,°-C,~ Cs, vyield (%) O/P g'*h™ T (°C) P (MPa) Ref.
10Mn-Fe;0,4 44.7 9.4  20.0 6.4 41.8 224 18.7 6.5 4000 350 2.0 [45]
2.5Mn/NCFO 36.6 335 131 9.4 35.7 8.5 13.1 3.8 3600 320 2.0 [31]
0.19Mn/ 27.0 252 105 5.8 301 283 8.1 52 40ghmol™ 320 0.5 [72]
Fe;04-NaAc

Fe;04-NaAc 30.4 185 9.8 3.7 239 44.2 7.3 6.5

MnFe/C 37.60 28.29 12.03 5.38 12.79 41.51 4.81 2.38 12,000 400 2.0 [65]
FeMnNa 35.0 18.1 10.7 31.7 (C,-C,) 39.5 22.2% 8.1* 12,000 340 2.0 [73]

*C,, olefins yield and O/P ratio for C,, hydrocarbon products.

promoting the preferential formation of light olefins. At the
same time, separate Co sites yield CH, as a main product
[52, 74, 75]. So, study [76] suggests a reactive ball milling tech-
nique to prepare Fe-Co bimetallic catalysts. Mechanical activa-
tion facilitates joint phase formation leading to CO, activation
and accelerated C-C coupling. As a result, 50.4% of light
olefin selectivity was achieved at 31.4% of CO, conversion.
In the work [74], the Co/Fe ratio was varied from 0.25 to 4 in
bimetallic catalysts. As a result, the best light olefins selectivity
was achieved for the ColFe2 catalyst. In this case, joint
x-(Co,Fe;,)sC, active phase formation was observed. Further
addition of cobalt led to the Co,C phase formation, which was
inactive for light olefins production. Moreover, the co-
precipitated catalyst demonstrated a much higher space-time
yield (STY) of olefins than the impregnated one, a result attrib-
uted to the closer proximity of the active metals (Figure 6).

Xu et al. [75] reported that Co incorporation to ZnFe,O,
spinel decreases both x-FesC, content and the average chain length.
Also, 6-FesC phase forming in this case, might inhibit secondary
hydrogenation of the olefins producing. A series of core-shell Na/
Fe@Co bimetallic structures were prepared by Li et al. [77]. These
catalysts are reported to possess both enhanced reducibility and
carburization ability as well as suitable surface basicity. As a result,
the optimal Na/Fe@CoCo-3 catalyst showed an improved light
olefin selectivity of 33.8% and a high O/P ratio of 7.5 at CO, con-
version of 50.3% while CO selectivity was only 4.6%. The study [78]
concentrates on the role of Co addition in the long-term stabiliza-
tion of the Fe/K-Al,Oj; catalyst. In the absence of cobalt, this catalyst
deactivated noticeably through carbon deposition, sintering, and the
active iron carbide phases reoxidation. An increase in the hydrogen
fraction in the reagent's mixture decreased carbon fibers and wax
deposition but destabilized the iron carbide phases. At the same
time, Co additive promoted hydrogen spillover, thereby preventing
catalyst carbonization. Moreover, cobalt incorporation enhanced the
iron carbide species stability, inhibiting their transformation into
oxides. The sintering resistance of the catalyst was also improved in
the presence of cobalt.

Finally, many studies have reported on Fe-Co bimetallic cata-
lysts supported on various materials, including oxides, carbon,
zeolites, and others. Such catalysts will be discussed later in the
corresponding chapters. Table 5 summarizes the Fe-Co catalysts
performance data.

As an interim conclusion, we propose a graphical comparison of
the most competitive two-component Fe-containing catalysts
(Figure 7). The figure indicates that no single modifier dem-
onstrates inherent superiority, as high CO, conversion rates and
light olefins selectivity can be achieved with Fe-Zn, Fe-Mn, and
Fe-Co catalysts alike. At the same time, improved catalytic
performance is observed when special attention is paid to the
synthesis method and the development of the catalyst structure.

5 | Supported Fe-Based Catalysts

Different supporting materials are widely used to improve
heterogeneous catalysts. They can provide developed structure,
dispersion, and stability of an active component as well as en-
hanced mechanical strength of a catalyst. Support can also serve
as a co-catalytic phase, modifying the acid-base and electronic
properties of a catalyst surface, facilitating adsorption-desorption
processes, and inhibiting catalyst poisoning.

Moreover, in the case of Fe-based catalysts, support can regulate
phase composition forming during the reaction, thus determin-
ing product distribution. So, Liu et al. [79] compared ZrO,, car-
bon nanotubes (CNT), Al,0O3, and SiO, as supports for Fe-based
catalysts. It was shown that surface carbonization is increasing in
the sequence: SiO, < Al,0; < CNT < ZrO,. Orderliness of surface
carbon species also rises in this sequence: FesC, phase percent-
age varies from 19.2% in the FeNa/SiO, sample to 89.4% in the
FeNa/ZrO, one. Moreover, it correlates with C,-C; olefins
selectivity: the best 54.1% value and O/P = 8.05 were obtained for
the FeNa/ZrO, catalyst while the FeNa/SiO, predominantly
produces CO. The authors associated this effect with increasing
carbon oxides adsorption of the catalyst's surface with a simul-
taneous decrease in H, adsorption intensity, which increases the
C/H surface ratio.

Bao et al. [80] synthesized iron catalysts over several metal
oxide supports (TiO,, Al,03, ZrO,, and CeO,). They showed
that iron-support interactions in the precursors gradually
strengthened in the following order of supports: TiO, <
Al,03=Z7Zr0, < CeO,. Weak interaction between Fe and TiO,
results in predominant FeO, species formation while strong
Fe-CeO, interaction primarily forms FesC, species. In turn,
moderate iron-support interaction causes the presence of both
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FIGURE 6 | Structural evolution of the Fe-Co catalysts and their performance. Reproduced with permission: Copyright 2023, Elsevier [74].

key phases in the Fe/Al,O; and Fe/ZrO, catalysts. So, surface
oxide and carbide phases demonstrate synergy in these cases,
activating the H, and CO intermediate. For that reason,
Fe/Al,O; and Fe/ZrO, catalysts demonstrate essentially better
light olefins selectivity than Fe/TiO, and Fe/CeO, ones (Table 6).

Dolsiririttigul et al. [81] systematically investigated iron-
support interactions in FeCo/K catalysts of syngas conversion
into light olefins. In their study, the support effect was
primarily manifested in the dispersion of iron species and its
influence on the FesC, active phase formation. So, the
FeCo/KSi catalyst contained small iron particles isolated
within the SiO, support matrix. It hindered the active iron
carbide phase generation and resulted in lower light olefins
production. In turn, TiO, strongly interacted with iron oxide
species, hampering their reduction and carburization. Finally,
the Al,O; support moderately interacted with iron species,
providing a higher dispersion of the catalyst components and
facilitating the FesC, phase formation, which enhanced light
olefins production.

In the following subsections, we provide a more detailed
discussion of recent studies devoted to Fe-catalysts on different
supports for light olefins production via CO, conversion.

5.1 | ALOs-Supported Fe-Based Catalysts

Aluminum oxide is extensively studied support for Fe-based
catalysts for CO, conversion into value-added products owing to
its high surface area, superior mechanical properties, and
adjustable pore size [82-84].

Chaipraditgul et al. [85] examined the influence of adding
transition metals (Cu, Zn, Co, Mn, and V) to Fe/K-Al,O; cata-
lysts (Figure 8A). They showed that incorporating either Cu or
Zn into the Fe-K catalyst enhances CO, conversion and reduces
CH, formation, but it also leads to more Cs, products. In this
case, Cu and Zn promote weakly adsorbed CO* species for-
mation during the RWGS reaction. These species readily insert
into adsorbed C,H, fragments, enhancing the formation of
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Fe-Co catalysts for CO, hydrogenation into light olefins.

TABLE 5

Reaction conditions
O/P GHSV,(mLg'h™) T (°C) P (MPa) Ref.

light olefin

Product selectivity (%)

cl-cl

yield (%)

Cs.
41.5

C2='C4_

CO, conv. (%) CO CH,

Catalyst

[77]
[76]
[52]
[75]

3.0
1.0
3.0

2.5

330
320
320
320
340

7.5 5gh mol™*

N/A

17.0

4.5 33.8

N/A

12.9

4.6

50.3

Na/Fe@CoCo-3

9600
7200
24,000
8000

19.6 15.8

50.4

12.1 N/A

9.7

314

Co-Fe bimetallic
Na-CoFe,0,

5.4

15.5

26.2

37.2

6.9

20.0

41.8
3

6.5

N/A

12.5
24.8*

34.3
) 359 (Css

31.9

4.9
38.5 (C,-C4, O+P)  60.6 (Cay

13.6 15.3
9.5

9.1

2 Wt%K-ZnCOOAsFelA504

ColFe2

[74]

2.0

)

9.2

40.9

*C,, olefins yield.

longer-chain hydrocarbon. In contrast, the Mn-promoted Fe-K
catalyst significantly increased the olefin-to-paraffin ratio but
decreased CO, conversion. In its turn, Cu, Co, and Zn essen-
tially increase the amount of weakly adsorbed hydrogen atoms,
promoting secondary hydrogenation of the formed olefin.
Nevertheless, the Fe-Co/K-Al,O; catalyst provides the highest
light olefins selectivity of 40.5%, as Co could accelerate both the
RWGS and CO hydrogenation reactions.

Numpilai et al. [83] compared the performance of the Fe-Co/K-
Al,O5 catalysts, pre-calcined at different temperatures from
400°C to 800°C. They demonstrated that increasing temperature
leads to particle size growth and decreasing reducibility of iron
oxide. However, the F-700 sample exhibited the best O/P
ratio ="7.6 which can be explained by KAIO, joint phase for-
mation effectively preventing secondary hydrogenation. At the
same time, the F-600 sample provided the best light olefins
selectivity. Another study [84] was devoted to determining the
most appropriate Al,O3 pore size (Figure 8B). It was shown that
increasing support pore size led to the growth of iron crystallites
and facilitated their reduction. In turn, it enhances the activity
of the catalyst and selectivity towards hydrocarbons, including
light olefins. Large catalyst pore size also facilitates product
diffusion and increases the O/P ratio. However, increasing the
catalyst pore size led to a higher selectivity for Cs, products,
which reduced the selectivity for light olefins. So, the large-pore
CL-ALO; sample (152.3nm) exhibited lower light olefins
selectivity than the medium-pore CM-Al,O; sample (49.7 nm).

Witoon et al. [86] showed that the preparation method of Fe-
Co/K-Al,O; catalysts significantly affects their phase composi-
tion, reducibility, adsorption-desorption properties, and overall
catalytic performance. They demonstrated that, among the
catalysts prepared, the one-pot C1 sample achieved the highest
CO, conversion and hydrocarbon selectivity, attributed to its
superior Brunauer-Emmett-Teller (BET) surface area and well-
developed small-mesoporous structure. However, potassium
was not precipitated with the other metal oxides by this
method, which made paraffins the main fraction in the product
distribution. In turn, the stepwise precipitation-reduction pre-
pared catalyst C3 enhanced the reducibility of metal oxides,
providing many medium CO, adsorption sites and decreasing
the number of weak H, adsorption sites. This catalyst showed
the best selectivity towards light olefins (39.3%) among those
studied. Polsomboon et al. [87] proposed a microwave calcina-
tion technique to prepare Fe-Co/K-Al,O; catalysts. In this case,
an increase in the microwave power from 364 to 700 W en-
hanced the Fe-K interactions, thereby raising the O/P ratio. At
the same time, the best light olefins yield of 24.5% was achieved
at the medium-high 616 W power level because of the optimal
FeC,/Fe;0, ratio of 0.34.

In the work [36], a different amount of Zn (0-1.74 wt%) was
added to the Fe-Co/K-Al,O3 composition. It was shown that Zn
addition enhanced the dispersion of iron species and facilitated
their reducibility, thus forming more adsorption sites. At the
same time, Zn loading to the Fe-Co/K-Al,O3 catalyst promoted
hydrogen adsorption and decreased the O/P ratio. The best yield
of light olefins (19.9%) at the selectivity optimum (37%) was
achieved for the 0.58%Zn-Fe-Co/K-Al,O; catalyst. Dai et al. [44]
modified the Fe-Co/Al,O; catalyst with EDTA-2Na. It was
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FIGURE 7 | Performance comparison of two-component Fe-based catalysts.

TABLE 6 | Supported Fe-based catalysts for CO, hydrogenation: Supports comparison.

Product selectivity (%)

Reaction conditions

light
CO, olefin GHSV
Catalyst conv. (%) CO CH, c’-c’ C,~-Cs~ Cs, yield(%) O/P (mlg'h™) T(CC) P (MPa) Ref.
FeNa/ZrO, 32.7 171 221 6.7 (C.0-C,%) 541 (C,~-CyY) 17.7+ 8.1* 9000 320 2.0 [79]
FeNa/CNT 31.5 16.5 233 11.7 (C,-C,°) 48.5(C,=-C;7) 15.3* 4.1%
FeNa/Al,O, 38.5 100 356 27.3(C0-C,%) 27.2(C,0-C;7) 10.5* 1.0*
FeNa/SiO, 18.9 684 221 2.7(C-CY  2.7(C,-CyY) 0.5* 1.0*
Fe/ZrO, 35.2 156 126 8.1 304 333 10.7 3.8 4800 320 2.0 [80]
Fe/AlLO; 38.2 120 7.6 3.7 263 504 10.0 7.1
Fe/CeO, 22.8 59.0 18.8 15.4 5.5 1.3 1.3 0.4
Fe/TiO, 7.7 97.7 0.0 0.0 0.0 2.3 0.0 0.0

*C,-C; olefins yield and O/P ratio for C,-C, hydrocarbon products.

assumed that decomposing EDTA can produce additional
reducing gas, facilitating iron oxide reduction. At the same
time, EDTA-2Na weakens iron-support interaction via com-
plexation, thereby inhibiting catalyst sintering. It also promotes
the interaction between Fe, Co, and Na, which increases light
olefins fraction in the product distribution. Table 7 summarizes
the performance data for the Al,Oz-supported Fe-based cata-
lysts that were discussed.

5.2 | ZrO,-Supported Fe-Based Catalysts

ZrO, attracts attention as a supporting material for hetero-
geneous CO, conversion catalysts thanks to its advantageous
thermal, electrical, optical, and co-catalytic properties.
Moreover, being a p-type semiconductor, ZrO, readily gen-
erates oxygen vacancies (OV) and can facilitate CO,
destructive sorption and promote interactions between active

components [88-90]. Ding et al. [91, 92] showed that the
ZrO,-supported Fe-Co-K catalyst (R-FCKZr) is significantly
more active than the unsupported one (R-FCK). In this case,
the ZrO,-supported catalyst had a much lower surface area
but provided many OVs for the dissociative CO, sorption. As
a result, enhanced CO production and decreased CH, selec-
tivity were achieved. Moreover, the ZrO,-supported R-FCK
catalyst produces olefins more actively than the Al,0;-
supported analog thanks to its higher surface OV and —OH
group density, facilitating carbonate and carboxylic inter-
mediates formation (Figure 9A).

The catalytic performance also depends on the type of
crystal phase of ZrO,. So, Gu et al. [90] showed that
monoclinic ZrO, (m-ZrO,) produces OV more readily than
tetragonal tetragonal t-ZrO,. It makes m-ZrO, the preferred
support phase for Fe-based catalysts. As was shown, ZrO,
exhibited its activity in the CO, hydrogenation reaction, but
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FIGURE 8 | (A) Effect of transition metal promoters on the Fe/K-Al,O; catalyst performance. Reproduced with permission: Copyright 2021,

Elsevier [85]. (B) Effect of Al,O; support pore size on the Fe-Co/K-Al,0O; catalyst performance. Reproduced with permission: Copyright 2019,

Elsevier [84].

CO was the predominant product (86.9% CO selectivity at
26.1% CO, conversion).

The addition of Fe alters the composition of the product mix-
ture by increasing the overall hydrocarbon fraction, particularly
enhancing light olefins formation. Among the compositions
studied, the maximal light olefin selectivity was reached at
10wt% Fe in the catalyst (14.9% at 40.5% CO, conversion). At
the same time, further iron addition decreased the O/P ratio
and CO, conversion value. In the study [94], the dynamic
evolution of iron-zirconia catalysts was investigated. The 15%

Fe-K/m-ZrO, catalyst exhibited both the best CO, conversion
(38.8%) and selectivity for light olefins (34.3%). The enhanced
activity of the Fe-containing species was attributed to the
increased surface OV on m-ZrO, and the electron-donating
properties of the iron, which facilitated better charge transfer
between Fe and the ZrO, support.

Zhao et al. [35] fabricated K-modified Co-Fe/ZrO, catalysts. They
demonstrated that support-stabilized defective FeO, species can act
as the main active phase for light olefin production thanks to its
enhanced CO, and CO binding as well as facilitated H, dissociation
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TABLE 7 | AlOs-supported Fe-based catalysts for CO, hydrogenation into light olefins.

Product selectivity (%) light Reaction conditions
CO, olefin GHSV
Catalyst conv. (%) CO CH, C’C C,~C,~ Cs, yield(%) O/P (mlg'h™) T(CC) P(MPa) Ref
Fe-Co/K- 59.3 11.7 30.1 6.4 41.3 10.4 24.5 6.4 9240 360 2.0 [87]
Al,03 (MH)
Fe-Co/K-Al,05 (C) 54.0 16.0 26.5 6.2 40.7 10.5 22.0 6.6
0.58%Zn-Fe-Co/K- 46.5 N/A N/A ~12 37.0 N/A 17.2 ~3 9000 340 2.5 [36]
Al,05
C3 (Fe-Co-K-Al 42.2 6.2 N/A N/A 39.3 N/A 16.6 N/A 3600 350 3.0 [86]
oxides)
Fe-Co/K-Al,04 40.0 12.2 218 6.9 40.5 18.6 16.2 5.9 7200 340 2.0 [85]
Fe-Mn/K-Al,03 29.4 20.2 149 5.2 38.8 20.8 114 7.4
F-600 41.4 14.8 185 5.4 38.2 23.0 15.8 7.1 7200 320 2.0 [83]
F-700 37.6 24.5 13.8 4.3 33.0 24.4 12.4 7.6
CL-AlL,03 41.6 12.1 283 5.3 36.2 18.1 15.1 6.8 7200 320 2.0 [84]
CM-ALO; 41.0 124 29.6 5.6 36.0 16.4 14.8 6.4
Na, s-Fe-Co 32.8 8.1 12.6 4.5 29.9 44.9 9.8 6.6 6000 350 3.0 [44]
(B)

High C,, products selectivity: 77.1%
High C,, products yield: 27.3 %

® 0 0 0 0 0 0 Co
Defective FeO, Cu%Cu* C H Cu* Cu® Fe Zr O O,

FIGURE 9 | Schematic mechanism of CO, hydrogenation (A) over the R-FCKZr catalyst (Reproduced with permission: Copyright 2020,
Elsevier [92]) and (B) over the 0.2-CuFe/ZrO, catalyst (Reproduced with permission: Copyright 2024, Elsevier [93]).

abilities. Among the compositions studied, 0.3Co-Fe/ZrO, exhibited
the best performance (34.7% of light olefin selectivity at 48.9% CO,
conversion). Xu et al. [95] also emphasized the importance of strong
interactions between an active Fe-based component and ZrO,
support. In their study, the MOF-derived Fe,O;@ZrO, sample
showed enhanced activity and higher light olefin selectivity than the
mechanically mixed one. In the latter case, separate ZrO, species
overly increased CO, adsorption producing Cs, hydrocarbons pre-
dominantly. In contrast, strong iron oxide-support interactions
optimized the CO, adsorption ability of the MOF-derived sample.
They also formed electron-rich iron oxide species that were more
easily reduced and carburized. The electronic structure of the sur-
face FeO, species can also be modified with copper oxide incor-
poration [93]. It was shown that the close proximity between highly
dispersed Cu species and iron oxide particles can promote the

formation of Cu-Fe;0, interfaces on ZrO, instead of Cu-Fe,C ones
while iron carbide phases shaping in the interior of the Fe-Cu/ZrO,
catalyst (Figure 9B). A small amount of copper oxide species
facilitates reactions involving the CO intermediate and accel-
erates C-C coupling. However, adding too much Cu increases
the fraction of long-chain hydrocarbons. The optimal light
olefin selectivity (32.6% at 29.8% of CO, conversion) was
achieved for the 0.2-CuFe/ZrO, catalyst.

Li et al. [96] compared Fe-Co-Zr polymetallic fibers and
impregnated FeCo/ZrO, catalyst. They showed that the strong
interactions between metal species in the electrospun fibers
provided better dispersion and effective sintering resistivity.
Moreover, this synergy also contributed to higher CO, conver-
sion and light olefin selectivity.
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The study [97] revealed that combining ZrO, with a small
amount of CeO, increases both CO, conversion over the K-Fe/
ZrO, catalyst and light olefins selectivity by enhancing surface
basicity and restraining iron oxide crystallites growth. Addi-
tionally, the CeO, and ZrO, combination offers improved
thermal and mechanical stability compared to the individual
oxides. Moreover, this mixed-oxide support produces surface
OV more easily [98, 99]. The principal performance values for
the ZrO,-supported iron catalysts are summarized in Table 8.

5.3 | Carbon Materials Supports

Carbon supports also can offer essential benefits for Fe-based
catalysts of CO, hydrogenation to light olefins. Among them, we
can highlight active phase distribution, pore size control, struc-
turization, and spatial tuning of the active site. In this chapter, a
detailed consideration of carbon-supported Fe-based catalysts is
proposed. For instance, K. P. de Jong's group [100] studied syn-
thesis gas conversion into light olefin. The authors achieved up to
60 wt% selectivity for light olefin using iron nanoparticle catalysts
promoted with sulfur and sodium, dispersed on weakly inter-
active a-alumina or carbon nanofiber supports. Witoon et al.
[101] prepared a series of impregnated Fe-Co-K catalysts over
microporous (MC) and micromesoporous (MMC) carbon sup-
ports. In both cases, the catalysts exhibited smaller metal oxide
particles, enhanced reducibility, activity, and light olefins selec-
tivity compared with the unpromoted catalyst. In particular, the
high dispersive metal oxide species inside the micropores of the
MC support provided the best CO, conversion of about 42%.
However, this high dispersity also decreased the number of Fe-K
interfacial sites, leading to a predominance of methane produc-
tion over C,, hydrocarbons. In contrast, the micromesoporous
(MMC) support, with slightly lower particle dispersion and CO,
conversion, provided more Fe-K interfacial sites, resulting in a
more selective formation of light olefins. Zhang et al. [37] pre-
pared a series of mesoporous-carbon (MC)-supported Fe-based
catalysts, promoted with Zr, W, and Mn. The best results were
achieved using the 20%Mn-1.2Fe@MC catalyst (65.7% of C,—Cs
selectivity at 59.6% of CO, conversion). It was shown that catalyst
modification essentially affected the C/H ratio over the catalytic
surface. In particular, Mn addition enhanced the FeO,/FeC, ratio
and provided electron transfer to Fe;C nanoparticles, which

inhibited secondary hydrogenation of light olefin formed. The
Mn additive also promoted the stability of these species.
Another work of the team [30] reported Fe-K@N-OMC (N-
doped ordered mesoporous carbon) catalysts, which were
modified in another way—via nitrogen incorporation in the
mesoporous carbon material. Such N-OMC support had
abundant alkaline sites, which enhanced the CO, adsorption.
Also, it facilitates Fe transformation into FeC, active phases
thanks to Fe ions complexation and their step-by-step trans-
formation into FeN, and FeC,. In addition, the K* and N
atoms increase the electron density by transferring electrons to
the Fe active center, which inhibits the adsorption/dissocia-
tion of H,, leading to enhanced selectivity towards light ole-
fins. The proximity of Fe;O, and FeC, species made this
catalyst bifunctional for both CO, dissociation into CO and its
further transformation into light olefins. The best results in the
series were demonstrated for the 0.8Fe-0.1 K@N-OMC catalyst
(65.6% light olefins selectivity at 54.5% CO, conversion). In the
further study [39], different non-metal promoters, such as B, F,
P, and Se, were added into mesoporous carbon-supported iron-
based catalysts. The F-promoted 0.8Fe@0.28F-MC + 0.02K
catalyst demonstrated the best CO, conversion and light olefin
selectivity values thanks to easy reducible FeF, formation and
increased defectiveness of FeO, species. Moreover, the
F-doping enhanced the catalyst stability, inhibiting its sinter-
ing and oxidation (Figure 10).

Zhao et al. [102] proposed an expanded graphite (EG)-
supported Fe-based catalyst modified with ammonium citrate.
This modification improved the dispersity of the iron species
and their anchoring on the carbon support, making them more
resistant to sintering. In addition, the presence of nitrogen
species on the catalyst surface enriched the iron with electrons,
thereby facilitating its reduction and carburization. As a result,
the catalyst achieved a light olefins selectivity of 37.0% at a CO,
conversion of 41.8%, along with an increased STY of light ole-
fins. Study [103] describes Na-promoted CoFe,O, catalyst,
supported on CNT. It was shown that the CNT-supported
sample effectively forms joint x-(Co,Fe,,)sC, carbide phase,
which makes this catalyst much more efficient in light olefin
production than the mechanically mixed one. In this composi-
tion, Co containing x < 0.2 was optimal to obtain the most stable
and active catalyst.

TABLE 8 | ZrO,-supported Fe-based catalysts for CO, hydrogenation into light olefins.
Product selectivity (%) light Reaction conditions
CO, olefin GHSV
Catalyst conv. (%) CO CH, GC’C C, ~-C7~ Cs, vyield(%) O/P (mLg'h™) T(CC) P (MPa) Ref.
35Fe-7Zr-1Ce-K 57.3 3.1 19.9 7.6 53.6 15.28 30.71 7.08 1000h™! 320 2.0 [97]
R-FCKZr 39.9 6.3 210 17.6 54.4 ~0 21.7 3.2 3500h~" 290 2.0 [92]
0.3-CoFe/Zr0, 48.9 89 165 14.5 34.7 25.3 17.0 2.4 4800 320 2.0 [35]
Fe,0;@ZrO, 37.1 19.3 15.7 13.9 36.6 14.5 13.6 2.6 7500 340 3.0 [95]
15Fe—K/m-ZrO, 38.8 19.9 241 10.3 343 11.5 13.3 33 10,000 320 1.5 [94]
10K13Fe2Co0100Zr ~43 N/A N/A N/A 27.5 N/A ~12 N/A 7200 400 3.0 [96]
0.2-CuFe/Zr0O, 29.8 225 115 8.4 32.6 25.0 9.7 39 4800 320 2.0 [93]
10Fe-1K/m-ZrO, 40.5 12.6  65.5 5.9 14.9 ~0 6.1 2.6 1200 340 2.00 [90]
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Many current studies are devoted to the development of pyro-
lytic carbon-supported catalysts. So, Chen et al. [104] prepared
core-shell FeK@CS(0.5)-py catalyst via iron-chitosan complexes
reduction in carbothermal conditions. The ratio of Fe cations to
chitosan was identified as a crucial parameter in the synthesis
affecting both the surface and the bulk carbide compositions. A
higher proportion of the carbide phase was directly correlated
with an increased yield of hydrocarbon products. Additionally,
the core-shell structure of the FeC, catalyst was likely to
improve its stability over time. In the study [105], FeNaC cat-
alysts were synthesized via thermal decomposition of Fe-Na
EDTA salt in different atmospheres (Air, H,, or N,). Among the
produced materials, the FeNaC-N, catalyst demonstrated the
best selectivity towards both light and higher olefins. The pro-
nounced olefin productivity was associated with the high
dispersity of sodium and iron species within the carbon
matrix support, as well as the presence of carboxylates and
N-functional groups on the catalyst surface, promoting CO,
adsorption while suppressing CH, and CO byproducts release.
Luo et al. [106] constructed a core-shell P-1.2 catalyst via a soft-
template technique using phenolic resin as a carbon source and
P123 polymer as a template. The produced material consisted of
an unpromoted FeO,-FeC, core, active in CO, hydrogenation
reaction, and a thin graphite shell, which prevented the core
from sintering and promoted CO, adsorption (Figure 11).
As a result, 45.1% of light olefin selectivity was obtained at
48.0% CO, conversion.

Direct pyrolysis of ferrous fumarate (FF) was applied to prepare
iron carbide catalysts in the study [107]. In this case, all the
pyrolytic-prepared materials were more active than the
impregnated reference sample. It was shown that both low
(350°C) and high (600°C) pyrolysis temperatures increase sur-
face disorder and amorphous carbon content, which hindered
iron carburization. Among the different process atmospheres,
air and hydrogen promote both iron oxides and iron carbides
formation, which leads to increased catalytic performance of
these samples compared with the under-nitrogen prepared one.
Thus, the NaFe-Air-400 catalyst demonstrated the best CO,
conversion (33.7%) while NaFe-H,-400 was the most selective
towards light olefins (39.9% with O/P =6.0). Jin et al. [38]
prepared a series of Fe-based biocarbon-supported catalysts via
the thermal treatment of pomelo peel. They showed that the
pyrolysis temperature regulated an amount of residual natural
oxygen-containing functional groups on the surface of bio-
prepared support: lower pyrolysis temperatures saved more of
these groups. It resulted in stronger metal-support interactions,
increased active phases content, and better performance. So, the
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Fe/C-400 catalyst demonstrated 47.1% light olefins selectivity
at 41.9% of CO, conversion and perfect stability during 200 h
of the CO, hydrogenation reaction.

Metal-organic frameworks (MOFs) can also be used as precur-
sors or sacrificial templates in the pyrolytic synthesis of carbon-
supported Fe-based catalysts. For example, Dong et al. [108]
prepared a series of carbon-encapsulated Fe-Co/NC materials
via pyrolysis of ZIF-67-supported precursors at different tem-
peratures (400°C-700°C). In this case, a nanocarbon (NC) layer
was formed, which provided enhanced dispersity of metal
particles and promoted their reduction and carburization. Also,
it was shown that the MOF pyrolysis temperature significantly
affected the catalyst formation by changing many of its char-
acteristics such as active particle size, surface metal loading,
and carburization degree. As reported, at least 500°C of pyrol-
ysis temperature is required for effective ZIF-67 pyrolysis and
carbon-metal mixing. At the same time, the temperature rising
to 700°C led to the excessive carburization of iron-containing
species and the largest particle size. As a result, the Fe-Co/NC-
600 sample demonstrated the best catalytic outcomes thanks
to well iron dispersity within the carbon matrix, better
Fe;0,4/FesC, ratio, and Co,C phase forming. The latter as re-
ported can also be an active site of FTS, promoting CO con-
version into hydrocarbons. MOF-derived pyrolytic materials
were also reported [109]. In this study, N-doped carbon-coated
Fe-based catalysts were synthesized via NH,-MIL-88B pyrolysis
under a nitrogen atmosphere. Two-stage (350°C and 500°C)
moderate-temperature calcination was established as optimal
pyrolysis conditions providing mild precursor decomposition
and resulting in balanced Fe;0,4-FeC, structures. In turn, high-
temperature calcination led to excessive reduction and carbu-
rization. Chen et al. [110] proposed a FeCuNa catalyst obtained
via Cu-modified MIL-101(Fe) metal-organic framework pyrol-
ysis. In this study, Na and Cu synergy promoting light olefin
formation was revealed. As a result, 34.36% of light olefin
selectivity was reached at 42.13% CO, conversion. Moreover,
the authors proposed a principal mechanism of CO, hydro-
genation reaction over the FeCuNa catalyst (Figure 12).

Fe-containing MIL-53(Al)-derived catalysts were synthesized
and investigated [111]. It was noted that iron oxide crystal-
lite size was an essential factor in producing C,, hydro-
carbons from CO,, and it can be controlled by adjusting
the Fe content and promoting the material with another
metal. Among the promoters evaluated (Co, Cu, and Zn),
Zn was particularly effective for hydrocarbon formation
since it promotes CO, and H, adsorption over the catalytic

0.8Fe@0.28F-MC

X

%M;’z}fﬁi | — ﬁ’{

FIGURE 10 | Structure and stability of an active site of MC-encapsulated iron catalysts. Reproduced with permission: Copyright 2023,

Elsevier [39].
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FIGURE 12 | The proposed mechanism of light olefins formation over pyrolytic FeCuNa MOF-derived catalyst. Reproduced with permission:

Copyright 2024, Elsevier [110].

surface. In turn, secondary hydrogenation was inhibited
with K addition. As a result, 0.15K-0.1Zn-58%FeAlyr.-s3
showed the best 40.1% of light olefin selectivity at 36.0% of
CO, conversion.

Liang et al. [112] developed a series of Fe-Co catalysts supported
over graphene oxide (GO). They confirmed that joint Fe-Co
surface species with a low Co/Fe ratio are responsible for light
olefins formation. At the same time, spatial Fe and Co separa-
tion and an increase in the Co/Fe ratio intensified the carbon
chain growth, resulting in predominant liquefied petroleum
(LPG) formation. Thus, the graphene fencing technique, pro-
posed in the study, can be effectively used for fine product
distribution tuning (Figure 13). Table 9 presents the perform-
ance data of the carbon-supported Fe-based catalysts for CO,
hydrogenation into light olefins.

5.4 | Zeolite-Modified Fe-Based Catalysts

Zeolites are widely studied and used as catalyst supports and co-
catalysts thanks to their highly porous structure, tunable acid-
ity, and good thermal stability. However, combining Fe-based
catalysts with zeolites can decrease the selectivity of light ole-
fins due to promoted hydrogen transfer, leading to aromatics
and paraffins formation [113]. This may be the reason for
the relatively small number of articles presenting mixed iron +
zeolites catalysts for light olefin production. Nevertheless, zeo-
lites with decreased acidity, such as SAPO-34, MOR, or
alkaline-modified ZSM-5, as well as control of mixed catalysts
preparation, can provide several benefits for CO, hydrogenation
to light olefins, including enhanced active species dispersity and
anchoring as well as activating CO, sorption and dissociation.
Moreover, appropriate zeolite support can also serve as a
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FIGURE 13 |

Performance and stability of Fe-based catalysts, prepared via graphene fencing technique. (A-D) CO, conversion and product

distribution data. (E) The GO-Fe/K-Co catalyst stability. (F) The GO/K-Fe-Co catalyst stability. (G) Schematic representation of the graphene fence-
modulated Fe-Co active sites determining product type. Fe, Co, and K species are depicted as red, light blue, and purple spheres, respectively.
Characters in different colors denote corresponding active site types. Reproduced under the terms of the CC-BY license (http://creativecommons.org/
licenses/by/4.0/): Copyright 2024, The Authors, published by Springer Nature [112].

cocatalyst, promoting the additional methanol-to-olefins (MTO)
pathway in addition to RWGS-FTS, thereby overcoming the
polymerization kinetics limitations of the latter.

Ding et al. [32] developed a series of Fe-Cu-K+ SAPO-34
catalysts. Among them, the Fe45Cu45Ko10/SAPO-34 (R-FCK/-
SAPO) catalyst demonstrated the best values of 49.7% CO, con-
version, 62.9% light olefin selectivity, and STY 4.19 mmol g.,, " h™™"
This outstanding performance was explained by several causes,
such as the exposure of joint Cu-Fe(100) interface, facilitated

reducibility of the catalyst, promoted CO, adsorption and dissoci-
ation, 6-Fe;C sites formation, and accelerated reacting gases dif-
fusion. Additionally, a three-pathways mechanism was proposed
(Figure 14).

In the study [33], the FeZnK catalyst was prepared and mixed
with SAPO-34 in three different ways, which had a noticeable
effect on the resulting performance. So, the FeZnK/SAPO-M
sample, prepared by joint milling in a mortar, showed the worst
activity and light olefins selectivity of less than 2%, which was
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@Fc OCu@Cc @O IH

FIGURE 14 | Three-pathways mechanism of CO, hydrogenation into light olefins over R-FCK/SAPO catalyst. Reproduced with permission:

Copyright 2012, Royal Society of Chemistry [32].

assigned to excessive ions exchange between FeZnK and SAPO-
34, dramatically decreasing surface K ions concentration. In
turn,

joint shaking of FeZnK and SAPO-34 granules produced the
FeZnK/SAPO-G sample with the best activity, light olefin
selectivity, and good 72 h stability. In this case, the enhanced
performance was attributed not only to a higher surface con-
centration of potassium ions but also to the ZnO, Fe;0,4, and x-
FesC, active phases formation. Numpilai et al. [114] combined
Fe-Co/K-Al,0; with In,O5/SAPO-34 in a single catalytic sys-
tem. They demonstrated that the mixture configuration
arrangement critically influences both CO, conversion rate and
product distribution. Simple physical mixing leads to substan-
tial pore blockage, In,O; reduction, and hydrogen spillover,
promoting the excessive hydrogenation of olefins to paraffins.
In contrast, a dual-bed configuration with In,O5/SAPO-34 po-
sitioned upstream of Fe-Co/K-Al,O; (the T-InS/B-FeCo cata-
lytic system) achieved significantly improved performance. In
this arrangement, the front bed selectively converts CO, into
light olefins, while the downstream bed further transforms the
residual CO, into additional olefins, collectively achieving a
21.5% yield. However, reversing the bed order compromises
performance, as the subsequent In,0;/SAPO-34 bed tends to
hydrogenate the olefins formed over Fe-Co/K-Al,Os, lowering
the olefin yield to 16.2%. Oni et al. [42] proposed a Y,03/Fe-Co/
SAPO-34 catalyst. This micro-mesoporous composite material
combines both acid and basic sites on its surface while dis-
persed metal particles are uniformly distributed within SAPO-
34. In turn, defective Y,05 increases basicity and facilitates CO,
dissociation. As a result, 53.9% of light olefin selectivity was
achieved; however, CO, conversion was only 19.9%.

According to one study [115], the Fe,O;@KO,/MOR catalyst
demonstrated 33.2% of light olefins selectivity at 47.1% of CO,
conversion. In this case, the zeolite surface can efficiently link
CO intermediate into formate species with further hydrogena-
tion, decreasing CO fraction in the product mixture with addi-
tional light olefin production. Also, MOR replacement with
ZSM-5 leads to the intensive formation of aromatic compounds.
However, the acidity of ZSM-5 can be modified to increase light
olefins selectivity. So, in the study [116], zeolite was impregnated
with calcium nitrate, and the sample containing 6 wt% calcium
was found to be optimal for light olefins production. As a result,

combined Fe,0;@KO, + Ca-ZSM-5 catalyst (6Ca_Z) demon-
strated 37.9% of light olefin selectivity at 46.6% of CO, conver-
sion. In the work [117], a multifunctional Fe,O;@KO,/ZrS/
SAPO-34 catalyst was prepared. As reported, the Fe,O;@KO,
component was responsible for RWGS and FTS processes while
SAPO-34 zeolite linked CO intermediate. In turn, ZnS cracked
Cs, products, further increasing the light olefins fraction in the
product distribution. As a result, about 24% of light olefin yield
was reached. Table 10 summarizes the performance data of the
zeolite-modified Fe-based catalysts for CO, hydrogenation to
light olefins.

6 | Other Two-Component and Multi-Component
Fe-Based Catalysts

In the previous chapters, we have considered the most dis-
cussed compositions of Fe-based catalysts for light olefins pro-
duction via CO, hydrogenation. At the same time, current
research offers a wide diversity of catalysts, which is challeng-
ing to classify consistently. For that reason, we propose dis-
cussing such compositions in this special chapter.

Cai et al. [118] investigated the effects of Mn and Al promotion
on a CaCOs-supported Fe-based catalyst. Their findings
revealed that these modifications increased the Fe;0,/FeC,
ratio, with the simultaneous addition of both promoters being
the most effective. Consequently, the fraction of light olefins
increased while the proportion of Cs, products decreased.
Nevertheless, the higher product fraction was still predominant,
and the best achieved light olefins selectivity was 13.3% at the
35.9% CO, conversion. Another work [119] investigates K/La-
FeBO; perovskite catalysts (where B=Zn, Ni, Mn, Al, Zr, or
Cu). It was shown that incorporating either Cu or Zn into these
catalysts significantly increases lattice oxygen mobility, which
in turn facilitates CO, adsorption and enhances its conversion.
However, the K/LaFeCuO; sample predominantly produced
CO, whereas only the K/LaFeZnOj; catalyst mainly yielded light
olefins, demonstrating 30.5% light olefin selectivity at 48.5%
CO, conversion. In the study [120], a 3D-printing approach was
adapted to prepare a monolithic spiral-organized Na-Fe@C-3D-
spi catalyst. Developed pore structure, and optimized mass and
heat transfers, as well as electron-rich surface, provided 37.2%
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TABLE 10 | Zeolite-modified Fe-based catalysts for CO, hydrogenation into light olefins.

co, Product selectivity (%) light Reaction conditions
conversion C,~- olefin GHSV

Catalyst (%) CO CH, CY’C, C; Cs, yield(%) O/P (mlg'h™) T (°C) P (MPa) Ref.
R-FCK/SAPO 47.5 9.7 14.6 8.8 62.9 2.3 29.9 7.2 1500 330 1.5 [32]
T-InS/B-FeCo 48.0 4.0 259 9.6 44.8 15.8 21.5 4.7 3000 360 2.5 [114]
FeZnK/SAPO-G 49.4 234 12.7 5.9 40.1 17.8 19.8 6.9 4500 320 1.5 [33]
Fe,O;@KO,/ZrS/ 49.0 13.0 N/A N/A 42.0 N/A 19.0 N/A 5000 375 3.0 [117]
SAPO-34

6Ca_Z 46.6 13.0 144 4.6 379 30.0 17.7 8.2 5000 375 3.0 [116]
Fe,O;@KO,/MOR 47.1 129 13.7 N/A 332 N/A 15.6 N/A 5000 375 3.0 [115]
Y,03/Fe-Co/ 19.9 347 1.4 12.6 539 N/A 10.7 4.3 10,000 400 2.0 [42]
SAPO-34

light olefin selectivity at 32.4% CO, conversion. Elishav et al.
[121] developed an electrospinning technique for K/Fe-Al-O
nanobelts production. This well-structured material with good
dispersion of potassium provided 52% of C,-Cs olefins selec-
tivity at 48% of CO, conversion. Zhang et al. [122] showed that
FeNa-catalyst doping with Ce enhances both CO, conversion
and hydrocarbon formation. At the same time, this results in
additional methanation and decreasing in light olefins selec-
tivity. They also demonstrated that replacing the pre-reduction
atmosphere from H, to CO resulted in lower CO selectivity and
a higher fraction of light olefins in the product mixture. This
effect was attributed to increased Fe;0,/Fe,C, and Na/Fe sur-
face ratios, along with less concentration of surface OV asso-
ciated with enhanced CO formation. At the same time, Guo
et al. [123] reported that minor Ce introduction (Ce/Fe = 1/99)
enhanced light olefin selectivity while methane formation was
inhibited. This effect was explained by promoting CO* and
CH,* intermediates formation and Fe;O, phase generation.
However, further Ce content increases CO production due to
simultaneous (1) rapid CO generation over OV and (2)
inefficient hydrocarbon formation due to strong Fe-Ce inter-
actions suppressing FTS-active iron carbides phases formation.
In one work [124], hierarchical $-Mo,C was synthesized and
promoted with Fe. Although CO, conversion did not exceed
10% in any conditions studied, this combined catalyst demon-
strated outstanding 79.4% ethylene selectivity at 300°C and 92%
at 400°C. Wang et al. [125] suggested K-Fe-Ti layered metal
oxide (LMO) system. This structure is characterized by a low
surface area, which complicates FeO, species reduction and
carburization. However, acid treatment creates many vacancies
and develops the catalyst's structure. It resulted in a much
better light olefins selectivity (59.3% in the hydrocarbon mixture
and O/P ratio = 7.3) for the 0.8K-2.4Fe-1.3Ti catalyst. Never-
theless, CO selectivity was 70.1% in this case. In the further
study of the authors [126], the K-Fe-Ti LMO structure was
modified by replacing part of Fe with Zn. Although no evident
trends are progressing with the increase in Zn content, several
tendencies can be noted. Firstly, adding any amount of Zn in
the studied range (0.2—0.5 in Zn/Fe ratio) leads to a dramatic
decrease in CO, conversion (from 35.2% to 13.0%). At the same
time, CO formation is significantly suppressed, which increases
the hydrocarbon product fraction. As a result, the best light

olefins selectivity (23.6% and O/P = 6.5) was achieved at the Fe/Zn
ratio of 2. At the same time, better O/P ratio was reported to Fe/
Zn=4 while light olefins selectivity remained relatively high
(21.7% and O/P=17.1). Another paper [127] reports layered
double-hydroxide (LDH) derived Fe-Co bimetallic catalysts based
on MgO. In this case, the high CO, conversion of 40.6% and light
olefin selectivity of 36.4% were reached thanks to the pronounced
CO, adsorption over the MgO support and the synthetic way
providing strong interactions between Fe and Co, forming joint
Co,Fes,C, species. Sun et al. [128] developed a K/Lag4Cop4-
Fey 05 oxygen carrier for CO, hydrogenation. They demonstrated
that the reaction proceeds via a dual mechanism. In this case, Co-
promoted defective lanthanum oxide species enhance conversion
into formate species while bimetallic Co-Fe species (first of all,
Co,Fe;) catalyze the FTS process. Zhao et al. [129] reported a
K-promoted trimetallic Fe-Co-Ni catalyst providing both excellent
CO, conversion of 47.5% and light olefin selectivity of 46.8%. This
performance was explained by an appropriate Fe;0,/FesC, ratio,
developed pore structure, and alkali metal promotion. In the study
[130], a serial of Fe-M (M = Co, Mn, Cu, Zn) double metal cyanide
catalysts was prepared. Among these compositions, the Fe-Co (R)
catalyst showed the best light olefin selectivity thanks to enhanced
CO, and CO adsorption ability promoting their conversion into
hydrocarbons. At the same time, this catalyst demonstrated the
lowest O/P ratio due to enhanced H, adsorption and secondary
hydrogenation of the light olefins formed. In contrast, the Fe-Mn
(R) catalyst demonstrated the best O/P ratio among the serial since
its weaker H, sorption ability. However, it is also less active in the
adsorption of carbon oxides, which leads to the lowest CO, con-
version ratio and the highest CO fraction in the product distri-
bution. Table 11 summarizes the performance data achieved using
the catalysts discussed in this chapter.

7 | Photothermal Conversion of CO, Into Light
Olefins Over Fe-Based Catalysts

Photothermal catalysis, combining the photo- and thermo-
chemical effects of sunlight, offers an alternative approach to
driving chemical reactions by enhancing reaction rates and al-
tering selectivity patterns under moderate conditions [131].
Additionally, photothermal catalysts demonstrate exceptional

21 of 33

85U80|7 SUOWWOD aA 8.0 (el (dde au Aq pausenob ae sejone VO @sn JO Sa|nJ Joj A%eiq)auljuO 8|1 UO (SUORIPUCO-pUe-SLWLIRIAL0D A8 |Im Ae1q U1 [UO//:SANY) SUORIPUOD pue swi 1 8y} 89S *[5202/0T/8z] Uo AriqiTauliuo Ae|im ewelign(T jo AiseAlun Aq 98002 '2/480/Z00T OT/I0p/W0D A8 | IM Aleiq 1 eul|uo//Sdny Wwoiy pepeoumoqd ‘0T ‘GZ0Z ‘89E6LE92



26379368, 2025, 10, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/cey2.70036 by University of Ljubljana, Wiley Online Library on [28/10/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Carbon Energy, 2025

"PIOIA SUSTAUNH o
'syonpoid wo0qIedoIpAy 2)-¢) 10J onjel J/Q Pue PRIA SULPAO 2D~ 4u
‘sjonpoid uoqIedoIpAy Y-y 10J O1jel /O PUE P[AIA SULRI0 D-TD 4

[veT] 0¥ 00% V/N V/N #0506 V/N ("HD) 0t6 (O ,f0) €y TT SO 86 DPON-(S°0)°d

0 #8'ST (D) 0T (L°2--D) 868 (P0D) 86 TOF 08 L'6E 9D%T«eNd
[cer] 0C (143 0006 09 €91 D) oe (P02 Tor (DD LL LTE ¥OT Tse 9D%0sENRA
[1zT1] 01 00¢ LUT=%9PASHM 00T ST (M) (50-2%0) 0TS (0,D)S 00T 091 0'8¥ SI[9qOUEU O-TV-d/A

$9 Te L6 9'€C 9€¢ 76 T6b 0°€l L1LE T-UZ8 0-049 T-38°0
[ozT] TL (43 6'8 L1 0¢ 08 9€S 91 L€ T-UZ8Y'0-2dC6'T-38°0
[ser] 0C (1143 -4 0001 €L LY e €€l 8T TS To0L Tse LLE T-0d4'C-38°0
[s11] 0°€ 1143 000°CT 99 7 L9y €€l 0C 86 T 9°s¢ eDOT[VCUNOTR
[8zT] 0T (1749 1-4000T 61 8’8 6'S SHe 0°€T T0r +91 09¢ £0%%4" %" %e /A
[ozT] 0€ 1143 000C v's 154! 06 TLE 69 LT €6C v'ee 1ds-qe-D@ad-eN
[611] 0C (1143 -4 0001 v'T 81 L61 $0¢ 9Tl 9Tl L'ST S8 fouzade1/d
[zzT] 0€ 1143 002L 93 81 €7C v'9¢ 701 08T 96 90 HAT-T:6-0094
[ogT] 0C (1143 009¢ S's 671 001 '8¢ 69 0TE €I 1'6€ (¥) 00—24
[eeT] ST 1143 000°01 0'8 TSt €91 Tse vy T6T 671 8T 29D1
[6z1] 0T (1143 0r0°TI 0C e v's Loy S€T LT €L S'Ly (®)3-ND4
P4 (BdN)d (D) I (U3 TWw) ASHD d/0 (%) PPRK *D e D 0’00  YHO 0D (%) 1srered

uyaro 31 UOISIIAUOD
SUOTIIPUOD UOI}OedY (%) £31A1399]93s 1onpoIg ‘00

'suryafo IYSI ojul uoreuadoIpAy QD 10§ sisA[eres jusuodwod-nfnw pue jusuodwod-om], | TI ATAV.L

22 of 33



sunlight utilization efficiency, effectively harnessing nearly the
entire solar spectrum, including ultraviolet (UV), visible, and
infrared (IR) light [132]. Since its proposal in 2014, photothermal
catalysis has rapidly advanced, garnering attention for its ability to
integrate into industrial processes and enabling various reaction
systems like CO, hydrogenation, RWGS, methane dry reforming,
and FTS-related processes [133, 134]. By utilizing solar energy, it
facilitates the production of renewable solar fuels such as CO,
CH,, CH;OH, syngas, higher hydrocarbons, and light olefins,
offering a sustainable alternative to fossil fuels and addressing
critical energy and environmental challenges. Light olefins are
predominantly produced through the steam cracking of light
hydrocarbons like naphtha, a highly energy-intensive and CO,-
emitting process that releases over 180 Mt of CO, annually
(Figure 15IA). In contrast, the photothermal catalytic hydrogen-
ation of CO, using sunlight offers a sustainable alternative, en-
abling the production of high-value light olefins with minimal
carbon emissions when hydrogen is sourced from renewable
energy (Figure 15IB-C) [135].

Intensive efforts have focused on advancing photothermal
industrialization, with large-scale solar systems like heliostat
fields and towers envisioned to deliver high-temperature con-
ditions for driving fuel production and traditional industrial
processes [137]. Compared to thermocatalysis, photothermal
catalysis not only reduces fossil energy consumption but also
modifies the electronic structure of catalysts under sunlight,
enhancing CO, reduction selectivity. While photocatalysis can
convert CO, without H,, photothermal CO, hydrogenation of-
fers distinct advantages, including nearly 100% sunlight
absorption by narrow- or zero-band-gap materials and an
ultrahigh CO, conversion rate exceeding 100 mmol g-1h-1,
making it a promising candidate for industrial applications
[132, 138].

Among the various metal-based photothermal -catalysts,
Fe-based catalysts have garnered widespread attention in the
RWGS reaction due to their abundant earth resources, rela-
tively low cost, high CO, conversion rate, and superior pho-
tothermal conversion efficiency, making them ideal for
photothermal CO, conversion with excellent catalytic activity
and selectivity [132, 138, 139]. Fe-based catalysts, featuring
versatile operating conditions and adaptable product distri-
bution, uniquely integrate reactive sites for both the RWGS
and FTS, where the active phases Fe;04, Fe;C, and Fe;sC,
play a critical role in ensuring stability, equilibrium, and
synergism between the reaction steps, thereby enabling
controllable chain growth and achieving high olefin selec-
tivity (Figure 15I1) [135, 136, 139].

For instance, Song et al. [136] developed Fe-based catalysts
(Fe30y4; Fe;04 + Fe; Fe; Fe;C + Fe; Fe;C) through hydrogen-
ation/carbonization of Fe;0, to achieve tunable selectivity in
the photothermal conversion of CO, (Figure 16I). The authors
demonstrated full selectivity toward CO (100%) with Fe;Oy4
and high hydrocarbon selectivity (>97%) with 6-Fe;C,
achieving activities of 11.3 mmolg~1h-! and 10.9 mmol g-!
h-1, respectively, while highlighting the role of nonthermal
effects in enhancing catalytic performance. Later, the same
group [135] investigated solar-driven CO, hydrogenation
to produce light olefins, addressing the challenge of C-C

coupling in photothermal catalytic processes. Using a
K-promoted Ru/Fe;0, catalyst, the authors achieved a pro-
duction rate of 0.63 mmol g—! h~! and an O/P ratio of 10.2,
with Ru-FeO, interfaces playing a crucial role in C-C bond
formation and photochemical contributions enhancing CO,
activation and olefin selectivity (Figure 16II). The direct
interaction at the Ru/Fe;0, interface is crucial for C,, prod-
uct formation, with olefin production enhanced by alkali
metals like K or Na under irradiation, while alternative
metals or supports fail to achieve similar results. It has been
confirmed that photothermal catalysis exhibits distinctly dif-
ferent performance compared to thermal catalysis over the
K-Ru/Fe;0, catalyst at the same catalyst bed temperature
(Figure 16IIC), highlighting the significant role of the pho-
tochemical contribution in the photothermal reaction process.
Furthermore, the K-Ru/Fe;0, catalyst exhibits excellent sta-
bility, maintaining consistent light olefins selectivity and high
CO, conversion over 10 cycles. Under natural sunlight, it
achieves an impressive light olefins selectivity of 49.3% with
an O/P ratio of 12.3, underscoring its potential for efficient
CO, hydrogenation to lower olefins without the need for ex-
ternal energy input.

8 | Mechanistic Aspects of CO, Hydrogenation
Over Fe-Based Catalysts Into Light Olefins

Preparation of Fe-based catalysts from available raw materials
usually results in Fe,Os. However, this iron oxide does not show
significant activity in the CO, hydrogenation reaction [140]. For
this reason, catalyst pre-reduction in H, or CO flow is a wide-
spread practice. The reduction process is stepwise following the
sequence:

Fe,0; — Fe;0; —» FeO — Fe

Although complete reduction of iron oxide species requires
relatively high temperatures (> 600°C) [141], the noteworthy
fact is Fe;0, activity in the RWGS reaction [142-144]. Because
of that, the pre-reduction stage is often performed in mild
conditions. Although a certain amount of metallic iron forms,
the CO,-FTS conditions make this phase unstable, primarily
due to high CO, and H,O concentrations [19]. Then, during the
CO, hydrogenation reaction, adsorbed carbon species (C*) can
diffuse into the iron oxides matrix and form iron carbides
phases, such as 6-Fe;C, e-Fe,C, x-FesC,, and others [145, 146].
Afterward, these iron carbides can oxidize if water and CO,
contents predominate over hydrogen and CO contents. The iron
carbide phases (especially Hégg iron carbide x-FesC,) are rec-
ognized as the main active species for the Fischer-Tropsch
hydrocarbon synthesis, so their reoxidation is usually
undesirable. Since the main catalytic phases formation occurs
in situ during the CO, hydrogenation, this phenomenon is
named “selforganization of the catalyst” [147]. The complete
scheme of iron phases transformations is presented in
Figure 17A.

The schematic mechanism of CO, hydrogenation is demon-
strated in Figure 17B. As outlined earlier, CO, hydrogenation
over Fe-based catalysts begins with the RWGS reaction:
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CO, + H, & CO + H,0

At this stage, iron oxide species are reduced by hydrogen,
producing water and creating OV on the catalyst surface. These
defective FeO, centers promote CO, adsorption and dissocia-
tion, resulting in CO* species formation. These intermediates
can then evolve through three main pathways. Firstly, they can
dissociate into atomic species with subsequent carbon migra-
tion to iron oxides, leading to their carburization—converting
into carbides. Efficient carburization at the initial process time
is one of the determinant factors in further hydrocarbon
formation. Second, CO* species can desorb with gaseous CO by-
product formation. Finally, CO* intermediates can transfer to
FTS active sites and participate in the further polymerization
process. The FTS is the second main stage of CO, hydrogena-
tion over Fe-based catalysts:

nCO + 2]’1H2 d CnHZn + nHZO

nCO + (2n + 1)H2 d CnH2n+2 + nH20

This stage primarily occurs on iron carbides, with Higg iron
carbide x-FesC, considered the most active. On these sites,
numerous C-C coupling reactions occur alongside the hydro-
genation of intermediates, resulting in a wide variety of hy-
drocarbons (both saturated and unsaturated) and oxygenated
products. Several factors that determine the distribution of
these products can be identified.

First, reaction kinetics restricts the proportion of each hydrocarbon
fraction. This limitation can be expressed with sufficient accuracy
by the Anderson-Schulz-Flory (ASF) distribution derived from the
assumption that the rate of addition of a hydrocarbon unit does not
depend on the current size of the growing chain [150]:

X, =n(l —a)-a®

n

a= ,
n+rn

where y, is the weight fraction of C, hydrocarbon products,
is the chain growth probability, n is the number of carbon
atoms in a product molecule, r; is the chain propagation rate,
and r, is the chain termination rate. A graphical representation
of this distribution is shown in Figure 18.

As shown in Figure 18, only ~60% of C,-C, products can be
obtained in the hydrocarbon mixture via FTS. It is important to
note that this value represents “CO-free selectivity”, as the

distribution excludes desorbed CO, which does not participate
in the Fischer-Tropsch reaction. Furthermore, this percentage
includes both light olefins and light paraffins selectivities. As a
result, the main strategic goals are (1) increasing olefins fraction
among the C,-C,4 products and (2) decreasing CO selectivity.

The most common solution for the first issue is to modify the
catalytic surface with alkali and alkaline earth metals. Acting as
electronic promoters, these additives facilitate CO, adsorption
while hindering H, adsorption. This increases the C/H ratio on
the catalyst surface, thereby improving catalyst surface carbu-
rization, reducing methanation, promoting chain growth in
Fischer-Tropsch synthesis, and reducing secondary hydrogen-
ation of the resulting olefins. A detailed consideration of
the effects of such electronic promoters is proposed in the
corresponding chapter.

The second issue can be solved by enhancing the CO*
involvement in hydrocarbon synthesis rather than allowing its
desorption. This can be accomplished by structuring the active
center, for example, by deliberately creating interfaces between
iron oxide and iron carbide. Additionally, the structure and
composition of the active site can be modified through catalyst
promotion with a transition metal or by optimizing iron-support
interactions. Such modifications may also activate alternative
reaction pathways that could overcome ASF limitations. We
discuss several corresponding examples in the chapters devoted
to specific catalyst compositions.

9 | Cutting-Edge Catalysts and Future Prospects

To discuss recent trends in CO, hydrogenation into light
olefins via the CO,-FTS pathway, we prepared a scheme,
demonstrating the performance of the best current catalysts
reported (Figure 19). As can be seen, a wide range of Al,O3-,
Zr0,-, carbon-supported catalysts, as well as multifunctional
catalysts, such as Fe-Co, Fe-Mn, and others, demonstrate
both high light olefins yield and their space-time productiv-
ity. Among this diversity, the zeolite-functionalized iron
catalysts achieve better percent olefins yield, while the sup-
ported Fe-Co catalysts demonstrate better STY values.
Nevertheless, most of the discussed catalysts show compa-
rable performance values (red circle).

At the same time, a few catalysts stand out clearly. Notably,
three of these five compositions are well-structured carbon-
supported iron catalysts. Two of these—the P-1.2 [106] and the
0.8Fe@0.28F-MC + 0.02K [39]—represent core-shell structures,
comprising a FeO,-FeC, core with close proximity of active
phases and a graphite or mesoporous carbon shell, preventing
the core from sintering and chemical degradation. In turn, a

FIGURE 15 | (I) Schematic representation of light olefins production. (A) The conventional large-scale production process in the petrochemical

industry. (B) A conceptual process diagram illustrating the solar-driven production of light olefins using abundant CO, and H,0. This approach

demonstrates a viable method for producing CO,-derived light olefins under sunlight. H, is generated through light-driven water splitting. A crucial

aspect of this process is the photodriven hydrogenation of CO, into light olefins, efficiently achieved using the photothermal catalytic method
developed in this study with the K-Ru/Fe;0, catalyst. The photothermal catalyst, powered by sunlight, produces light olefins with a high O/P ratio.
Reproduced with permission: Copyright 2024, Elsevier [135]. (II) Photothermal conversion of CO, with tunable selectivity using Fe-based catalysts
transition from oxides to carbides. Reproduced with permission: Copyright 2020, American Chemical Society [136].
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GO/K-Fe-Co [112] catalyst was prepared via directed en-
gineering of joint metal active phase utilizing the novel gra-
phene fencing technique.

The best light olefins percent yield of about 30% was achieved
over an R-FCK/SAPO [32] catalyst, which was represented with
Fey45Cup4sKo 10 and SAPO-34 zeolite mechanical mixture. In
this case, SAPO-34 not only improved the Fe-Cu-K dispersity

|
(A) Hyd ti
Fe304 ydrogenation
Treatment
\QW g
SO T
7S S

Fe304+Fe— el o

but also promoted exposure of the active Cu-Fe(100) interface.
Moreover, this mixed catalyst provides new pathways for CO*
species hydrogenation, including the formation of additional
HCOO* and *COOH intermediates, further enhancing light
olefins selectivity. Finally, the MOF-prepared K-promoted tri-
metallic Fe-Co-Ni catalyst (FCN-K(a) [129]) also demonstrated
both excellent light olefins yield and productivity. In this case,
its performance was primarily attributed to developed porosity,
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FIGURE 17 | (A) Iron phases transformations during catalytic CO, hydrogenation. Reproduced with permission: Copyright 2021, Royal Society

of Chemistry [148]. (B) Schematic mechanism of CO,-FTS process. Reproduced with permission: Copyright 2017, American Chemical Society [149].

an optimal Fe;0,/FesC, ratio, and the effects of alkali metal engineering of the active center structure can be designated.

promotion. Developing synthetic approaches with precise tailoring of the

active center structure can bring principal advancement in the
Therefore, beyond the most common Fe-catalyst design direc- activity, stability, and selectivity of Fe-based catalysts by
tions, such as improving catalyst dispersion, electronic promo- bringing he active phases proximity closer, generating new

tion, and optimizing phase composition, the discussed edge active interfaces, and steric protection of an active site. Another
studies propose two novel strategies. First, the directed strategy is multifunctional tandem catalyst development. In this

FIGURE 16 | (I) (A) Preparation method for photothermal catalysts with varying levels of hydrogenation and carbonization. (B, C) Repre-
sentative high-resolution transmission electron microscopy images of Fe;C, with the inset showing the selective area electron diffraction of the
highlighted white-framed region. (D) X-ray diffraction patterns of catalysts with different degrees of hydrogenation and carbonization. (E) Catalytic
performance of photothermal CO, conversion using various Fe-based catalysts, where the dashed line represents CO, conversion (right axis) and the
colored bars indicate product selectivity (left axis). Reaction conditions: 150 mg catalyst, xenon light, 2.05 Wem™? light intensity, 4 h, CO,/H,/Ar =
20:60:20. Reproduced with permission: Copyright 2020, American Chemical Society [136]. (II) Catalytic performances of various catalysts in the CO,
hydrogenation reaction. (A) Photothermal catalytic performance of K-Ru/Fe;0, and other control catalysts after 0.5 h of illumination in a batch
reactor. (B) Continuous photothermal catalytic testing with the K-Ru/Fe;0, catalyst. Reaction parameters: 80 mg catalyst, xenon light source,
2.05Wcm™2 light intensity, gas mixture CO,/H,/Ar =20:60:20, 2mLmin™" flow rate, and 0.1 MPa pressure. (C) Comparison of hydrocarbon
production rates and selectivity across different reactor types using the K-Ru/Fe;0, catalyst under thermal (T) and photothermal (P) conditions.
Thermal flow reaction conditions: 420°C, 2 mL min~" flow rate. (D) Hydrocarbon production rate achieved with the K-Ru/Fe;0, catalyst under
xenon light and natural sunlight (with a Fresnel lens) in a batch reactor. Reproduced with permission: Copyright 2024, Elsevier [135].
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regard, suitable zeolite (first of all, SAPO-34), being added to a
Fe-based material, could not only regulate its CO,-FTS activity
but also serve as a co-catalytic component facilitating new
reaction pathways in addition to the classical RWGS-FTS with a
potential to overcome the Fischer-Tropsch kinetics limitations.

10 | Conclusions

This review provides a comprehensive overview of the current
Fe-based thermocatalysts and photothermal catalysts for light
olefins production via CO, hydrogenation. The low cost, high
activity, and stability of iron-containing materials make them
promising catalysts for efficient light olefins production. How-
ever, critical challenges remain in optimizing CO, activation,
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FIGURE 18 | Anderson-Schulz-Flory distribution for the Fischer—

Tropsch synthesis.

overcoming the Fischer-Tropsch kinetic limitations, and

achieving high selectivity amid a broad product distribution.

The current literature demonstrates that electronic promoters
can significantly improve catalyst performance by increasing
the surface C/H ratio, which in turn enhances catalyst carbu-
rization, promotes C-C coupling, and reduces both methana-
tion and secondary hydrogenation of the olefins formed.
Moreover, the modification of Fe-based catalysts with transition
metals—such as Zn, Mn, and Co—has been shown to enhance
performance through the formation of joint phases and inter-
facial active surfaces. Iron-support interactions offer an addi-
tional approach to modifying catalyst properties. In this context,
oxide (such as Al,O; or ZrO,) and carbon-based supports rep-

resent the most extensively studied options.

The development of tandem catalysts, including combinations
of Fe-based materials with zeolites, presents another promising
strategy by enabling alternative CO, conversion pathways that
may overcome the intrinsic kinetic constraints of the Fischer—
Tropsch synthesis. Finally, photothermal approaches further
enhance both CO, conversion and light olefins selectivity by

highly efficient solar energy utilization.

Collectively, these advancements underscore the potential of
Fe-based catalysts in addressing challenges in CO, utiliza-
tion. Future research aimed at fine-tuning catalyst composi-
tion, structure, and support interactions is expected to yield
further improvements in activity, selectivity, and stability,
ultimately advancing the sustainable production of light

olefins.
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