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CONSPECTUS: The conversion of carbon dioxide (CO,) with hydrogen (H,), generated by
renewable energy sources, into value-added products is a promising approach to meet future
demands for sustainable development. In this context, the hydrogenation of CO, (CO,-FTS)
to higher hydrocarbons (C,,), lower olefins, and fuels should be mentioned in particular.
These products are used in our daily lives but are currently produced by energy-intensive and
CO,-emitting oil-based cracking processes. The environmental compatibility and abundance of
iron (Fe) used in CO,-FTS catalysts are also relevant to sustainable development. The CO,- Y
FTS reaction was inspired by the experience accumulated in long-term research on Fischer— 2
Tropsch synthesis with CO (CO-FTS). A simple grafting of catalyst formulations and reaction Fe cat
mechanisms from CO-FTS to CO,-FTS has, however, been proven unsatisfactory, likely due \S)
to differences in surface adsorbates, chemical potentials of CO and CO,, and H,O partial Ve

pressure. These characteristics affect both the catalyst structure and the reaction pathways. amics
Consequently, CO,-FTS provides higher CH, selectivity but lower C,,-selectivity than does

CO-FTS, which appeals to fundamental research to hinder CH, formation.

In this Account, our recent progress in identifying descriptors for purposeful catalyst design is highlighted. Different from the trial-
and-error methods and chemist’s intuition strategies commonly used for catalyst design, our initial efforts were devoted to a meta-
analysis of literature data to identify catalyst property—performance relationships in CO,-FTS. The resulting hypotheses were
experimentally validated and provided the basis for catalyst development. Our other distinguishing strategy is spatially resolved
analyses of reaction-induced catalyst restructuring and reaction kinetics. As the catalyst composition changes downstream of the
catalyst bed, it is critical to consider the respective profiles to establish proper correlations between the working catalyst phase and
species and the kinetics of the formation of selective and unselective reaction products. The importance of in situ characterization
studies for understanding reaction-induced catalyst restructuring is especially highlighted. We also demonstrate the power of
transient kinetic methods, i.e., temporal analysis of products (TAP) and steady-state isotopic transient kinetic analysis (SSITKA), to
identify the mechanism and microkinetics of the activation of CO,, CO, and H, that characterize the efficiency of iron carbides for
CO, hydrogenation. The SSITKA method is also instrumental in quantifying the abundance and lifetime of surface intermediates,
leading to CO or CH,. The global network of product formation is further established by analyzing selectivity—conversion
relationships to identify primary and secondary products. Our spatially and time-resolved analyses of catalyst composition and
product formation rates can be useful for various heterogeneous reactions studied in plug flow reactors because the partial pressures
of feed components and reaction products change along the catalyst bed. Such changes can result in spatial profiles of active phases/
species. Combining catalyst structural features with kinetic/mechanistic information allowed us to elucidate the fundamentals of
controlling catalyst activity and product selectivity and the mechanism of catalyst deactivation. We also present how the derived
knowledge aids in the design of robust Fe-based catalysts, paving the way for the current studies one step closer to the
implementation of more sustainable CO, utilization.
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1. INTRODUCTION

To meet the principles of sustainable and circular economy, the

chemical industry is undergoing a grand transition in modern Received: May 20, 2024
production and energy storage scenarios. In this context, Revised:  August 21, 2024
catalysis will continue to play a crucial role, relying heavily on Accepted: September 3, 2024

the targeted development of efficient catalysts. Benefiting from
the low cost, environmental friendliness, and earth-abundance of
iron (Fe), Fe-based catalysts have found application in many
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reactions. Inspired by Fe-containing hydrogenase enzymes in
nature, iron complexes have been successfully used as
homogeneous catalysts for organic synthesis." Solid Fe-based
catalysts in the form of both supported and bulk oxides, carbides,
or metal, have attractive potential in numerous industrial
processes.”” Despite decades of research, the determination of
structure—function relationships of Fe-constituted active sites,
species, and phases remains challenging. In this regard, the
motivation to investigate Fe-based catalysts is compelling from
both fundamental research and practical application perspec-
tives. However, it is beyond the scope of this contribution to
provide a comprehensive overview of the properties and
catalytic functions of Fe-based materials, which are discussed
in previous dedicated reviews."’

Herein, we focus on the direct synthesis of C,,-hydrocarbons
(lower olefins and liquid fuels) by thermocatalytic CO,
hydrogenation, also known as CO,-based Fischer—Tropsch
synthesis (CO,-FTS),”” over Fe-based catalysts. This reaction
represents a promising approach to closing the carbon cycle,
when H, is produced on a CO,-free basis, and alleviates our
dependence on oil-based processes. Early studies of CO,-FTS
have shown that cobalt-based catalysts suffer from excessive
CH, production,” while Fe-based catalysts allow the formation
of C,,-hydrocarbons as illustrated in Scheme 1.”° However, the

Scheme 1. Overall Network of Product Formation in CO,-
FTS over Fe-Based Catalysts
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coproduction of CH, has precluded the commercialization of
CO,-FTS process(es) and has, therefore, triggered a growing
interest in the development of more selective catalysts. Rational
catalyst design is hampered by insufficient knowledge of catalyst
functioning due to the complexity of Fe-based catalysts. Their
working composition is generated in situ and depends on the
ability of iron oxides, metallic iron, and iron carbides (Feny) to
react with reducing (CO/H,/hydrocarbons) and oxidizing
(C0O,/H,0) agents.m’ll Iron carbides are accepted to be
involved in the formation of the desired products.”” They also
contribute to the formation of CH, and CO."?

Especially, we demonstrate the advantages of the controlled
synthesis of Fe-containing materials composed of specific phases
to analyze their changes under CO,-FT'S conditions in a spatially
resolved manner. Combined with spatially and temporally
resolved kinetic analysis of product formation, this structural
information is instrumental in establishing structure—perform-
ance relationship(s) relevant for targeted catalyst design. The
usefulness of a meta-analysis of literature data to identify catalyst
property—performance relationships in the CO,-FTS is also
discussed. The impact of the developed catalysts is demon-
strated by the comparison with state-of-the-art catalysts. Future
opportunities and remaining challenges in CO,-FTS are also
identified.

2. DATA-DRIVEN APPROACHES FOR TARGETED
CATALYST DESIGN

Interest in the application of data science and machine learning
to targeted catalyst design has recently increased and shows
great potential to overturn the traditional trial-and-error
paradigm for preparing heterogeneous catalysts.'”'* In this
context, the pioneering work of Zavyalova et al."> should be
mentioned, which used statistical analysis of literature data to
establish correlations between catalyst composition and
performance in the oxidative coupling of methane. Motivated
by this study, our group has demonstrated the potential of
regression trees and multiway analysis of variance (ANOVA)
methods to identify the key descriptors affecting catalyst
performance in CO,-FTS (Figure 1a).'"® The outcome of our
study has stimulated other research groups working on this
reaction to further study in this direction.'”'® The target
performance metrics in our study include the rates of CO,
conversion and C,, formation, the selectivity to C,,-hydro-
carbons (S(C,,)), and the molar ratio of lower olefins to lower
paraffins (O(C,—C,)/P(C,—C,)). We considered only articles
that contain quantitative catalyst composition, complete
performance data, and fully described reaction conditions.
Among the first-group descriptors (kind of catalyst, phys-
icochemical properties, and reaction conditions), the use of bulk
and promoted catalysts (Cat. kind: 2 in Figure 1b) was identified
as the most decisive descriptor influencing the selectivity to C, -
hydrocarbons.

Given the pivotal role of promoters, the second group of
descriptors that includes the kind of promoter were tested for
their significance on the above performance metrics. Sodium
was found to be the most important promoter in determining
S(C,,) (Figure 1c). Furthermore, the combination of Na with
Mn should additionally increase this performance. The multiway
ANOVA analyses further showed a particularly high statistical
significance (p < 0.000002) regarding the decisive effect of Na
on $(C,,) and O(C,—C,)/P(C,—C,)."° In contrast to their
positive influence on the selectivity of the desired products,
alkali promoters do not impose a positive effect on the CO,
conversion rate. In addition, we have successfully correlated the
statistically average values of methane selectivity with the
electronegativity of the promoter element used.'® The
fundamentals of the established effects of alkali metal promoters
are discussed in detail in Sections 4 and 5.

Guided by the findings of our meta-analysis, we prepared a
series of bulk Fe,Oj; catalysts promoted by oxides of K, Mn, or K
and Mn. The predicted synergistic effect between these two
promoters was confirmed. The highest S(C,,) of around 83% at
42% CO, conversion was obtained over the optimal catalyst
(0.04Mn-K/Fe) at 300 °C and 1S5 bar. This performance is
remarkable when compared to that of previously developed
state-of-the-art catalysts (Figure 1d). This strategy of combining
an alkali metal and a transition metal as promoters for Fe-based
catalysts has been further reported in the following works.”" By
adopting a precise synthesis procedure and modulating the key
physicochemical properties of FeO, without any promoter, we
were further able to lower the selectivity to methane (Figure le
and Section 3.1) or to practically completely suppress the
formation of all hydrocarbons in favor of CO (Figure 1f and
Section 3.2).
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Figure 1. Data-driven approach for catalyst design. (a) Illustration of meta-analysis of collected literature data. (b—c) Regression trees of S(C,,) based
on (b) the first-group descriptors and (c) the second-group descriptors. Each node is labeled with the mean value of this performance. Decoding of
catalyst kind (Cat. kind) and support material (Sup.) is given in ref 16. Reproduced with permission from ref 16. Copyright 2021 Elsevier. (d)
Comparison of the developed catalyst 0.4Mn-K/Fe with other state-of-the-art catalysts reported in the literature in terms of S(C,,) and X(CO,). (e)
S(CH,) obtained over iron oxalate-derived catalysts (red dots) and reported bulk and unpromoted Fe-based catalysts (black dots). Reproduced with
permission from ref 19. Copyright 2021 Elsevier. (f) CO selectivity and the Y(CO)/Y(CO),, ratio were obtained over Fe-TD and state-of-the-art
catalysts at different temperatures. Reproduced with permission from ref 20. Copyright 2023 Elsevier.

3. STRATEGIES FOR PREPARATION OF
WELL-DEFINED FE-BASED CATALYSTS AND THEIR
PERFORMANCE IN CO, HYDROGENATION

Since iron carbides (Feny) are the active components involved
in the formation of C,,-hydrocarbons in CO,-FTS but are
typically formed in situ or ex situ from different Fe-containing
compounds, it is highly important to understand these phase
transformations to control product selectivity. As concluded
from our meta-analysis'® (Figure 1) and a recent experimental
study using bulk Fe-Al-Cu-K and supported Fe-K-Cu/Al,O,
catalysts,”* bulk Fe-based catalysts appear to be more efficient

than their supported counterparts but may suffer from low
mechanical stability and carbon fouling. These factors may cause
the disintegration of catalyst particles and/or catalyst
deactivation in CO/CO,-FTS. Therefore, supported Fe-based
catalysts have also been developed for CO,-FTS.**~* Suitable
supports can also participate in the activation of reactants, thus
providing a synergistic effect on the catalytic performance with
Fe-containing phases together. Various approaches are used to
prepare supported and bulk Fe-containing catalysts with specific
structural properties (Figure 2a).26’27 Some representative
results are presented and discussed in the below sections.

https://doi.org/10.1021/accountsmr.4c00160
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Figure 2. Synthesis of bulk or supported Fe-based catalysts and catalytic performance of the latter. (a) Summary of representative methods for the
preparation of bulk and supported Fe-based catalysts. (b) K-edge extended X-ray absorption fine structure (EXAFS) of the MgFeAl-LDH material and
LDH-derived catalysts. Reproduced with permission from ref 24. Copyright 2021 Wiley-VCH. (c) Phase transformations of m-ZrO,- or t-ZrO,-
supported Fe-containing catalysts during CO pretreatment. Reproduced with permission from ref 25. Copyright 2021 American Chemical Society. (d)
CH, and C,—C, olefins selectivity and iron-related space time yield of CO conversion as well as the level of carbon deposition in CO-FTS over Fe/a-
Al, O, prepared with ammonium iron citrate as precursor (SAFe and SAFeP) or with iron nitrate as precursor (SNFeP). Reproduced with permission
from ref 23. Copyright 2013 Elsevier. (e) The preparation of Fe,N material and its reconstruction to Fe,C, in CO,-FTS. Reproduced with permission

from ref 30. Copyright 2021 Wiley-VCH.

3.1. Supported Fe-Based Catalysts

Impregnation of a support material with a solution of an Fe-
containing salt is still the most commonly used method for the
preparation of technical catalysts.”® Both the type of Fe-
containing precursor and support material and catalyst treat-

ment conditions influence the physicochemical properties of the
resulting phases. For example, the CO-induced carburization of
FeO, species/phases on the surface of monoclinic ZrO, to
Fe;C, was found to occur via FeO as an intermediate phase due
to the strong interaction between the Fe-containing species/

https://doi.org/10.1021/accountsmr.4c00160
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Figure 3. Bulk Fe-based catalysts prepared by decomposition of FeC,0,-2H,0. (a) Scheme showing the preparation procedure of Fe-based materials
through decomposition of commercial or homemade FeC,0,-2H,0, including their presentative scanning electron microscope (SEM) images and X-
ray diffraction (XRD) patterns. Accordingly, the resulting materials are abbreviated as “Fe_c_”and “Fe_h_”, while the ending codes “x nm” and “y%”
represent the crystallite size of single-phase a-Fe,O5 and the weight fraction of @-Fe,O5 in mixed-phase catalysts, respectively. (b, c) TGA profiles of
Fe,O,C, samples upon (b) reduction in H, and (c) the following reoxidation in CO,. (d) The effect of the reduction rate of the Fe,O,C, catalysts on
the CO, consumption rate in CO,-FTS. (e) S(CH,) over the Fe,O,C, catalysts (red dots) and previously reported bulk and unpromoted Fe-based
catalyst (black dots). Reproduced with permission from ref 19. Copyright 2021 Elsevier. (f, g) Profiles of H, flow upon H,-TPR of catalysts initially
consisting of (f) a single a-Fe,O; phase or (g) mixed a-/y- Fe,O; phases. (h) The effect of the C/Fe ratio in Fe;C, on the rate of methane formation in
CO,-FTS. (i) CH, selectivity (excluding CO) over in-house synthesized catalysts (red dots) and previously reported unpromoted (black dots) or
promoted bulk (blue dots) Fe-based catalysts. Reproduced with permission from ref 34. Copyright 2022 American Chemical Society.

phases and monoclinic ZrO,, lowering the carburization rate 2¢).”> The slower the rate, the smaller the size of the Fe,C,
compared to the catalyst based on tetragonal ZrO, (Figure particles. Barrios et al.”” prepared a series of ZrO,-supported Fe-
E https://doi.org/10.1021/accountsmr.4c00160
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Figure 4. Bulk Fe-based catalysts prepared with iron nitrate as precursor. (a) Mdssbauer spectra of fresh Fe-based catalysts and their spent counterparts
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based catalysts with different promoters to elucidate their role in
CO,-FTS. In agreement with our meta-analysis,'® it was
concluded that the combination of potassium with another
promoter (Cs, Mo, Cu, Ga, or Ce) is a promising strategy for the
design of catalysts with high selectivity to light olefins. The
promoters influence iron dispersion and carburization, as well as
catalyst basicity.

The phase transformation of Fe-containing layered double
hydroxide (LDH) materials represents an effective approach for
the synthesis of supported catalysts with a tunable composition.
The oxidation state of Fe in the LDH-derived Fe/MgO-AlL,O,
catalysts depends on the treatment temperature (300—700 °C)
of the MgFeAl-LDH nanosheets (Figure 2b).** A moderate
temperature of 500 °C resulted in a highly active catalyst (Fe-
500) that displays a C,,-selectivity of 53% at 50% CO,
conversion in photothermal CO, hydrogenation.

To achieve a homogeneous distribution of iron carbides on a
support, de Jong et al.”® used ammonium iron citrate as a
precursor for impregnation of Al,O;. The resulting catalyst
(SAFeP) showed a higher activity in CO-FTS (iron time yield,
FTY) than the catalyst (SNFeP) prepared with iron nitrate

(Figure 2d). Moreover, a higher level of carbon deposition was
determined for the latter catalyst.

Catalysts based on carbon supports with confined FeO,
species have received increasing attention due to the tailorable
surface properties and appropriate mechanical strength of the
support materials. These catalysts can be prepared by conven-
tional impregnation of various carbonaceous materials or by
pyrolysis of metal—organic framework (MOF) materials.”'
Zhao et al.’’ recently developed a method to prepare iron
carbides (Fe,C,@C) from carbon-wrapped iron nitride (Fe,N@
C) (Figure 2e). The resulting Fe,C,@C catalyst displayed 31%
selectivity to lower olefins (CO-free basis) at 34% CO,
conversion in the CO,-FTS reaction at 250 °C and 10 bar.

3.2. Bulk Fe-Based Catalysts

From a fundamental point of view, our efforts have been focused
on tuning the reducibility of iron oxides to verify if and how this
material property influences the formation of iron carbides and
their structural properties, which could bring distinctive
performance in CO,-FTS. In general, the reducibility of metal
oxides can be controlled by constructing interface(s) between
supported metal and bulk oxide, by introducing metal dopant, or
by optimizing the nanostructure of the bulk oxides.*” To avoid
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Figure 5. Spatially resolved analysis of Fe-containing phases and kinetics of product formation. (a) A scheme showing catalyst layer in a reactor. (b, c)
Composition of fresh and spent (b) Fe_330and (c) Fe_330_650 determined by the analysis of Mossbauer spectra. Reproduced with permission from
ref 19. Copyright 2021 Elsevier. (d—i) Spatial distribution of Fe-containing phases along the catalyst bed and segmental rates of overall CO,
consumption, C,, formation, CH, formation, and the ratio of the two latter rates for (d) Fe_h_23%, (¢) Fe_h_31 nm, (f) Fe_c_64%, (g) OM/Fe, (h)
0.005Li/Fe, and (i) 0.005Na/Fe. The catalysts for (d—f) are shown in the right panel of Figure 3a. In (g—i), FeC,0,-2H,0 with or without alkali
promoter was directly used as fresh catalysts. (d—f) Reproduced with permission from ref 34. Copyright 2022 American Chemical Society. (g—i)
Reproduced from ref 37 with permission from The Royal Society of Chemistry.

any effects of a secondary metal for Fe-based catalysts, we
focused on the latter method by controlling the dimensionality,
composition, and morphology of iron oxides. To this end,
various iron oxides were prepared from either iron(II) oxalate
dihydrate (FeC,0,-2H,0 in Section 3.2.1) or iron(III) nitrate
(Section 3.2.2) with different procedures or synthetic methods.

3.2.1. Controlled Decomposition of Iron(ll) Oxalate.
FeC,0,-2H,0 serves as a suitable platform for the synthesis of
Fe-containing materials with tunable composition.”® For
example, its decomposition in Ar results in materials consisting
of iron oxides, carbides, and metallic iron, which are referred to
in this manuscript as Fe,O,C, (left panel in Figure 3a)."” The
exact composition depends on the decomposition temperature/
duration and determines the redox properties of Fe,O,C,
materials as demonstrated by thermogravimetric analysis
(TGA), using H, and CO, as reducing and oxidizing agents,
respectively. The highest reduction rate was determined for
Fe_330, which has Fe;O, with the smallest crystallites (Figure
3b). Metallic Fe formed during this reduction process can be

reoxidized with CO, (Figure 3c). The rate of this process
correlates with the size of metallic Fe crystallites.

Interestingly, the CO, consumption rate in CO,-FT'S over the
Fe,O,C, materials is positively correlated with the rate of their
reduction (Figure 3d). As the RWGS reaction over FeO,
catalysts (i.e., the first step of CO,-FTS) is widely reported to
follow the redox mechanism,”” the high rate of lattice oxygen
removal from FeO, may facilitate CO, conversion. Benefiting
from the suppressed CO/CO, methanation activity,
Fe 330 550 and Fe 330 650 displayed low CH, selectivity
compared with unpromoted state-of-the-art catalysts (Figure
3e).

In contrast to the decomposition of FeC,0,-2H,0 in Ar, the
decomposition of this material in air produced single-phase a-
Fe,0; or mixed-phase a-Fe,O; and y-Fe,O; (right panel in
Figure 3a).”* The final composition is dependent on the
calcination conditions applied. For the single-phase materials,
H,-TPR tests revealed that the temperature of the maximal rate
of a-Fe,0; reduction to Fe;0, (T,.,) increases with increasing
size of a-Fe,Oj crystallites (Figure 3f). In the case of the mixed-
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phase catalysts, the higher the fraction of the y-Fe,O; phase, the
lower the T, (Figure 3g). This dependence was explained by
the similarity of the crystal lattices of Fe;O, and y-Fe,O;. The
structural and redox properties of Fe,O; discussed above were
established to be important for the defectiveness of Fe;C,
formed in situ in CO,-FTS, defined as the C/Fe ratio
determined by fitting Mossbauer spectra. Importantly, this
ratio appears to be a descriptor relevant to the rate of CH,
formation in the CO,-FTS (Figure 3h). The defect-less FesC,
has a higher ability to activate CO and CO, with a limited ability
to activate H,. As a result, the Fe_h * catalysts show much
lower selectivity to methane compared to reported unpromoted
Fe-based catalysts and even are comparable to promoted
catalysts (Figure 3i).

3.2.2. Fe,0; Prepared from Iron Nitrate. Fe(NO;);-
9H,O0 is one of the most often used precursors to prepare iron
oxides.”® For example, a-Fe,0; materials were prepared by
using the cellulose-templated (Fe,0; CT600) and precipita-
tion (Fe,O,_ P) methods.>® Their H,-TPR profiles revealed an
easier reducibility of the former catalyst. The spent
Fe,0;_CT600 after 120 h on stream contains about 80 wt %
iron carbides higher than 30 wt % in the spent Fe,O;_P (Figure
4a). Consequently, the former catalyst achieved S(C,,) of 65%
at 40% CO, conversion, outperforming the latter and other
reported state-of-the-art catalysts.*

The presence of iron carbides was not proven to be sufficient
to produce C,,-hydrocarbons.”® a-Fe,0O;-based catalysts were
synthesized from Fe(NO;);-9H,0 using precipitation (Fe-CP),
sol—gel (Fe-SG), and thermal decomposition (Fe-TD)
methods. In situ XRD measurements of catalyst reduction in
H, showed that Fe,O; is first reduced to Fe;O,, followed by the
formation of metallic Fe (Figure 4b). These processes were
accelerated as the crystallite size of Fe,O decreased.

The reduction temperature (300, 400, or 500 °C) of Fe-CP
prior to CO,-FTS was not found to affect the selectivity to CO
and hydrocarbons (Figure 4c). These products were also formed
over Fe-SG and Fe-TD prereduced at 400 or 500 °C. However,
CO was formed exclusively over these materials prereduced at
300 °C. Although iron carbides were observed in all spent
catalysts, their careful characterization by XRD and X-ray
absorption spectroscopy revealed planar defects in Fe;C, of
spent Fe-CP and perfectly crystallized FeC, of spent Fe-TD.
Similar defects were also found in the iron sublattice of Fe,O; in
fresh Fe-CP.

On this basis it was concluded that the smaller the crystallite
size of Fe,O;, the higher the reducibility and the higher the
imperfection of Fe;C, structure. The imperfection determines
the formation of surface species from CO,, CO, and H, (Figure
4d,e), which explains the different catalytic performance in CO,-
FTS. Importantly, CO adsorption was hardly observed over
spent Fe-TD and Fe-SG prereduced at 300 °C.

4. SPATIALLY RESOLVED ANALYSIS OF
FE-CONTAINING PHASES AND KINETICS OF
PRODUCT FORMATION

Although there is no doubt that Fe,C, is formed in situ under
CO,-FTS conditions,'”"" our studies'”***” have demonstrated
the need to control its spatial distribution for eflicient
production of the desired products (Figure S). The uneven
distribution of steady-state Fe-containing phases is caused by
changes in the partial pressures of the reducing (H,/CO/
hydrocarbons) and oxidizing (CO,/H,0) reaction components
along the catalyst bed, which contribute to the formation/

oxidation of Fe,C, Taking the Fe 330 and Fe_330_650
catalysts from Figure 3a as examples, it is obvious that their
composition after CO,-FTS depends on the position in the
reactor (Figure Sa—c). Compared to the fresh catalysts, the
fraction of Fe;O, in the upstream 1/6 layer of their spent
counterparts decreased strongly due to the formation of Fe;C, in
situ. While Fe;O, was found to be the main phase in the
downstream 5/6 layer of spent Fe_330 (Figure Sb), a significant
fraction (50%) of Fe.C, was identified in the downstream 5/6
layer of spent Fe_330_650. The difference between the catalysts
is probably due to the easier carburization of FeO present in the
fresh Fe 330 650 catalyst (Figure Sc). These results suggest
that the differently prepared catalysts have different abilities to
generate and stabilize Fe,C,. The redox properties and/or
imperfection of Fe,O; (Figure 3f—h) appear to influence the
spatial distribution of FesC, (Figure 5d—f).**

The presence and kind of alkali metal promoter is another
factor affecting the spatial profiles of the steady-state Fe-
containing phases in the catalysts synthesized by impregnation
of FeC,0,2H,0 with an aqueous solution of alkali-metal
carbonate (Figure 5g—i).”” For all catalysts, the fraction of Fe;C,
decreases downstream of the catalyst bed. However, the
decrease is less pronounced for alkali-promoted catalysts,
underscoring the role of the promoter in generating and/or
stabilizing Fe5C2.37 Furthermore, the surface concentration of
Na in differently loaded Na/Fe,0j; catalysts was identified as a
descriptor influencing the (un)steady-state catalyst composition
under the fluctuating conditions of CO,-FTS, i.e., the periodic
removal of H, or CO, from the reaction feed.*”

The discovery of the spatial distribution of Fe-containing
phases motivated us to investigate the spatial kinetics of product
formation. Since its inception in the work of Birtill,*” the study
with spatially resolved manner has been applied in catalysis
research by our group and other researchers to analyze the
changes in the rates of reactant conversion/ product formation
along the catalyst bed.””*' Such segmental rate analysis in CO,-
FTS could also explain the spatial distribution of Fe,C, because
they are responsible for the formation of higher hydro-
carbons™”***"** (Figure 5d—i). The rates determined in the
first layer can also be used to compare the intrinsic activities of
different catalysts due to differential reactor operation. In this
regard, Fe;C, formed in situ from Fe_c_64% shows the highest
rate of C,, formation (r(C,,) in Figure Sd—f). Due to the
transition from differential to integral reactor operation, the
segmental r(C,,) decreases downstream of the catalyst bed with
the strongest decrease observed for Fe_c_64%. This difference
can be explained by the greater ability of the Fe h-* catalysts to
generate/stabilize Fe;C,. Moreover, Fe c 64% displayed
higher CH, formation rates in all segments in comparison to
Fe_h_* catalysts. As a result, the ratio of r(C,,)/r(CH,) for
Fe h * catalysts is much higher than that for Fe c_64%,
leading to low CH, selectivity over the former catalysts (Figure
3i).

The same approach was also applied to investigate the
promoting effect of alkali metals on Fe,O;-based catalysts (M/
Fe, M stands for alkali metal). In contrast to the unpromoted
catalyst (OM/Fe) and 0.005Li/Fe, the production of C,,-
hydrocarbons was observed throughout the bed of 0.005Na/Fe
(Figure Sg—i). The phase profile shows a higher FeC, content
especially in the downstream layer of 0.005Na/Fe (Figure Si).
Further, r(CH,) was higher than r(C,,) in the first three
segments of OM/Fe (Figure Sg). However, the difference
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Figure 6. Reaction networks of CO,-FTS. The dependence of the selectivity to (a) CO, (b) CH,, and (c) C,,-hydrocarbons on CO, conversion over
Fe-based catalysts. (d) Graphical representation of the reaction network where the values in cycle represent the selectivity to CH, and CO at zero CO,
conversion. Reproduced with permission from ref 42, which was published under the Creative Commons CC-BY-NC-ND license. Copyright 2022

The Authors.

disappeared for 0.005Li/Fe, and r(CH,) was considerably
lowered for 0.005Na/Fe.

5. MECHANISTIC AND KINETIC ASPECTS OF CO,-FTS
5.1. Reaction Network of CO,-FTS

Understanding the product formation scheme and the factors
influencing each pathway is a prerequisite for a rational catalyst
design. To this end, the selectivity to CO, CH,, and C,,-
hydrocarbons was determined at different levels of CO,
conversion by varying the space velocity, while holding the
temperature and feed composition constant.'”>**%*>** Note,
that products with nonzero selectivity at zero conversion are
called primary products, while those with zero selectivity are
called secondary products. In this context, CO and CH, should
be formed directly from CO, over the M/Fe catalysts (Figure
6a,b).”> As the CO, conversion progresses, the CO selectivity
decreases and the selectivity to C,,-hydrocarbons gradually
increases from zero (Figure 6¢). This means that the primarily

formed CO is further hydrogenated to form C,,-hydrocarbons.
Based on these results, the overall pathway is described in Figure
6d and Scheme 1, i.e., CO and CH, are primary products, while
the C,,-hydrocarbons are secondary products formed through
CO-FTS. This conclusion does not depend on the promoter
content within the investigated range. Meanwhile, additional
analysis has suggested that lower olefins are formed directly from
CO and then further hydrogenated to the corresponding
paraffins resulting in a decrease in their selectivity with
increasing CO, conversion. "

The presence and kind of alkali metal promoter affect the
individual contribution of two primary reactions, i.e.,, CH,
formation through CO, methanation and CO formation
through the RWGS reaction, to the overall CO, conversion. It
is clearly seen that the ratio of the CH, selectivity to that of CO
at zero CO, conversion over the 0AM/Fe catalyst (0.75) is
much higher than that of Li/Fe (0.39—0.43), Na/Fe(0.05—
0.18), and the catalysts promoted by K, Rb, or Cs (<0.05)
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permission from ref 48. Copyright 2023 American Chemical Society.

(Figure 6). Therefore, the presence of alkali promoters
suppresses the CO, methanation.

Another important conclusion from Figure 6b relates to the
effect of the alkali promoter on the pathways of CH, formation.
The response of the CH, selectivity to the increase in the CO,
conversion depends on the kind of alkali metal promoter. It
increases with rising CO, conversion over the K-, Rb-, or Cs-
promoted catalysts, suggesting the occurrence of a hydro-

genation of CO to CH,. This process does not occur in CO,-
FTS over the unpromoted or Li- or Na-promoted catalysts. The
pathways of CH, formation can also be controlled by the
defectiveness of FesC, formed in situ from unpromoted Fe,O;**
and the particle size of Fe,O5 on Fe,0;/ZrO,.”> An approach to
estimate the contribution of CO and CO, hydrogenation to the

overall CH, formation has been developed in our recent study.**
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The former reaction predominates in the CO,-FTS over Rb- or
Cs-doped catalysts.

In contrast to the above studies, Fedorov et al.* suggested
that C,,-hydrocarbons can be formed over Fe-K and Fe-K-Mn
without the involvement of gas-phase CO. This conclusion was
reached because about 30% selectivity to C,,-hydrocarbons
could be obtained when extrapolated to zero CO, conversion. It
has been suggested that some iron carbides can directly
hydrogenate CO, to form C,,-hydrocarbons. However, no
mechanistic concept explaining C—C bond coupling with CO,
was suggested. Further studies are needed to validate the direct
pathway of C,,-hydrocarbons formation from CO, and to check
ifit can help to hinder the undesired CO, hydrogenation to CH,.

In addition to establishing the global network of product
formation in CO,-FTS, it is of fundamental importance to
elucidate the activation/evolution of reactants/intermediates at
the molecular level, with the goal of fully mapping the catalytic
functions of the active phase/species. Transient techniques, in
particular, the temporal analysis of products (TAP) reactor
operating with a submillisecond resolution,* allow the analysis
of the activation of feed components and reaction products. The
derived mechanistic and kinetic aspects are strongly related to
the catalytic performance of the catalysts studied, as
demonstrated in, e.g., CH, oxidation and CO-FTS,* although
the TAP reactor operates in vacuum. The abundance and
lifetime of surface intermediates leading to a certain gas-phase
product can be determined by steady-state isotopic transient
kinetic analysis (SSITKA)."” These methods have been used to
distinguish the reactivity of active phases in differently prepared
catalysts,”** to reveal the fundamentals behind the promoting
effect of alkali metal plromoters,“’44 and to provide kinetic
informf;cion in the process of catalyst deactivation as described
below.

5.2. Fundamentals and Applications of Metal Promotion for
Fe-Based Catalysts in CO,-FTS

Based on a quantitative microkinetic analysis of CO, activation
over bare Fe,O; and its counterparts promoted with an alkali
metal in the TAP reactor,”” the formation of adsorbed CO and
O species proceeds in two steps including reversible non-
dissociative CO, adsorption and reversible dissociation of
adsorbed CO,. The presence of alkali metal promoter was found
to increase the rate constant of CO, adsorption which was
positively correlated with the difference between the electro-
negativity of Fe and alkali metal (Figure 7a). A similar trend was
observed for the constant of the dissociation rate of adsorbed
CO,. H/D exchange experiments in the TAP reactor showed
that the activation of H,, i.e., the formation of surface H species,
was strongly inhibited on iron carbides with the presence of Na
or K (Figure 7b). Therefore, alkali metal promoters directly
affect the surface ratio of C-containing species to H-containing
species, resulting in a lower intrinsic CH, formation rate but
favoring C—C coupling reactions leading to higher hydro-
carbons (Figure 7c).

In contrast to the extensively studied alkali metal promoters
for Fe-based catalysts, the promotion effects induced by
transition metals are still far from being satisfactorily understood
because the latter promoters are typically combined with the
former promoters, making it difficult to understand their role.
Limited studies using individual transition metals have focused
on Co and Mn. The former enhances the degree of CO,
conversion and the selectivity to C,,-hydrocarbons when the
Co/(Fe+Co) atomic ratio is between 0.10 and 0.17.*” Higher

Co content led to a strong increase in the CH, selectivity. An
appropriate amount of Mn in Fe-based catalysts with a Mn/Fe
molar ratio of 0.05 could reduce the selectivity to CH, from 49%
to 29% compared to a Mn-free reference material due to changes
in catalyst basicity.”” However, the participation of Mn-
containing species in catalyst restructuring and their effects on
the performance of Fe,C, are unclear.

Through harnessing the promotional effects of metals in Fe-
based catalysts, product distribution in CO,-FTS could be
further controlled to maximize the selectivity to high-value
added products with specifically defined carbon numbers, e.g,
jet fuel (Cg—C¢),”" linear high carbon a-olefins (C > 4),°% and
higher alcohols (C > 2) ,>37%° besides lower (C,—C,) olefins and
liquid fuels (Cs,). The combination of Na or K with Zn or Mn
seems to be decisive for the catalyst performance. For example,
the proportion of linear a-olefins in total C,,-alkenes was 85.9%
for Na-promoted Fe;C,-ZnO catalysts.”” Besides Cu-modified
traditional FTS catalysts that have been used in the synthesis of
higher alcohols from CO,,”’ the approach of sodium-sulfate
comodification was developed to regulate the electronic
properties of active Fe-containing phases with balanced
capabilities toward dissociative and nondissociative CO
activation.”* Gao et al.”® reported a ZnFe,0,/Fe-Zn-Na
composite catalyst with an exceptional C;,OH vyield of 5.3%
that was attributed to the facile coupling between CH, and
CHO species at the interfacial sites between ZnFe,O, and
Fe,C,.

5.3. Origins of Catalyst Deactivation

Catalyst deactivation is the main challenge in the development
of CO/CO,-FTS catalysts and, thus, elucidating the mechanism
of catalyst deactivation has always been a central topic in CO-
FTS studies over the past decades.’® ® Extensive studies by
Niemantsverdriet et al.”” on CO-FTS over Co-based FTS
catalysts developed by Sasol have shown that carbon deposition
and/or sintering of metallic Co species, rather than metal
oxidation are the main reason(s) for catalyst deactivation.
Relevant studies dealing with the deactivation mechanisms of
Fe-based catalysts in FTS with CO or CO,, especially for the
latter, are relatively scarce and vary widely in their conclusions.
Deactivation is generally attributed to oxidation of iron carbides
by CO,/H,0, formation of inactive carbonaceous deposits,
and/or Feny sintering.’é_58

Combining in situ XRD, XPS, and Raman spectroscopy, our
recent study did not find any reoxidation of Fe,C, up to 60 h on
CO,-FTS stream at ambient pressure but confirmed the
deactivation mechanism by carbon deposition.”® The SSITKA
method was instrumental in understanding how the overall
number (N;) and lifetime (7;) of surface intermediates leading to
gas-phase CO and CH, change during catalyst deactivation. The
SSITKA experiments were performed after different times on
stream (TOS) via periodically replacing '*CO,:H,:Ar (1:11:7)
with *CO,:H,:He:Ar (1:11:0.5:6.5). To determine the
concentration of reversibly adsorbed CO, species after different
times on the CO,-FTS stream, we analyzed the normalized
transients of He and *CO, collected during a switch from
BCO,:H,:He:Ar = 1:11:0.5:6.5 to *CO:Hy:Ar = 1:11:7. In
general, the '*CO, transient response overlapped that of He,
suggesting a low coverage of molecularly adsorbed CO, species.
The N¢p, and N, as well as 7¢y, and 7, were determined
from the normalized transient of *CH,, (Figure 7d) and *CO
considering the inert reference He. Although both Ny, and
N decrease with rising TOS, the trends of ¢y, and 7o do not
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match each other (Figure 7e). This suggests that CO and CH,
are produced at different sites.

To verify the heterogeneity of the sites producing CH,, the
BBCH, transients were fitted by models considering single (one
kind of site) or parallel (two different sites) carbon pools (Figure
7f). The transients could be well described by the parallel-pool
model, indicating that CH,, formation involves at least two kinds
of carbon pools with different lifetimes. The fitting results
showed that the number of short-lived intermediates (high
reactivity) decreases gradually with the TOS, which also explains
why the overall 7y, increases with the TOS (Figure 7e). The
short-lived intermediates are responsible for the production of
CH,, leading to the linear correlation between their number and
the CH, formation rate (Figure 7g). Due to the buildup of
carbon deposits, the activation of CO, and H, was hindered as
demonstrated by CO, pulse and H/D exchange experiments
with spent catalysts collected after different TOS. As a result, the
rates of CO, consumption and CH, formation decreased
(Figure 7h,i).

Although our studies discussed above at ambient pressure
identified carbon formation as the main reason for the activity/
selectivity changes in CO,-FTS over Fe-based catalysts with
TOS, the oxidation of iron carbides cannot be excluded under
industrially relevant conditions where the oxidation potential of
in situ formed water could be stronger due to its higher partial
pressure. Thus, both experimental (preferably under operando
conditions) and theoretical studies are urgently needed to
improve the knowledge of the deactivation mechanisms of Fe-
based catalysts in this promising process.

6. SUMMARY AND OUTLOOK

Fe-based catalysts still suffer from high selectivity to CH, in
CO,-FTS. Knowledge of the structure—activity-selectivity
relationships is key to targeted catalyst design. In this Account,
we have demonstrated the potential of combining data science,
controllable synthesis of well-defined FexOyCZ materials, in situ/
operando characterization techniques, and kinetic studies to
derive mechanistic and kinetic insights into catalyst dynamics
and its impact on product formation to control product
selectivity in CO,-FTS. These complementary studies allowed
us to revisit several long-debated topics in the field, such as the
promoting effects of alkali metal, the mechanisms of catalyst
deactivation, and the spatial distribution of steady-state Fe-
containing phase in the catalyst bed. The derived fundamental
knowledge was used to propose synthesis-property-function
relationships to improve the selectivity to C,,-hydrocarbons and
to suppress CH, formation. The results and approaches may also
provide inspiration to other researchers working with Fe-based
catalysts, e.g., in CO-FTS or NHj synthesis. The introduced
spatially resolved analysis of catalyst composition and gas-phase
product formation can be applied to any heterogeneous
reaction.

Additionally, bifunctional metal oxide-zeolite (also known as
OX-ZEO) catalysts, originally proposed by the groups of Bao™
and Wang®' for syngas conversion, have been applied to CO,
hydrogenation, aiming to selectively produce lower olefins or
aromatics.”>~** Unlike CO,-FTS over Fe-based catalysts where
CO formed from CO, is hydrogenated to higher hydrocarbons,
OX-ZEO catalysts based on In,0;, ZnO, or Cr,0; hydrogenate
CO, to methanol and dimethyl.”* These products are further
converted into target hydrocarbons through methanol-to-olefins
(MTO over SAPO-34 zeolite) or methanol-to-aromatics (MTA
over ZSM-S zeolite) processes. However, the insufficient

hydrogenation ability of the OX-ZEO catalysts results in inferior
levels of CO, conversion compared to those of Fe-based
catalysts. Simultaneously, the relatively high selectivity to CO
(>45%) in the course of CO, conversion to methanol limits the
yield of lower olefins (below 7—10%) and therefore hinders the
industrial application of OX-ZEO systems for CO, hydro-
genation.65 Further, the effective integration of metal oxide and
zeolite requires precise control of the proximity between them,
which increases the operational complexity. Nevertheless,
further research efforts are needed to understand the effects of
the properties of metal oxides (e.g., their defective structure)
and zeolites (e.g., their acidic properties) on the mechanisms
involved in CO, hydrogenation over OX-ZEO systems,
targeting to optimize product distribution and minimize the
formation of CO.

Finally, we have also identified the following research areas
pertaining to the development of CO,/CO-FTS catalysts that
may be used in industry.

(i) The role of alkali metal promoters for improving C,,-
selectivity in CO,-FTS should be further elucidated. The
promoters are simply suggested to influence the electronic
properties of iron in iron carbides. Detailed studies
demonstrating the direct involvement of species/phases
containing an alkali metal promoter in CO, conversion
are still lacking. However, computational studies of CO-
FTS predict that K,O can stabilize the high-index facets of
Fe and therefore affect geometric properties of active
phase.”® Such studies on CO,-FTS have not been
performed to check if alkali metal act as a structural
promotor for iron carbide phase(s).

(ii) An important but still unknown feature of promoted Fe-
based catalysts is the location and chemical state of
metal(oxides) promoters under different conditions such
as catalyst activation, reaction, and deactivation. To fill
this gap, in situ/operando characterization studies using
cells like catalytic reactors are urgently needed. The
methods should allow high spatial and temporal
resolution. This is also applicable to NH; synthesis.

(iii) Since the concentration of Fe,C, decreases downstream
of the catalyst bed and the efliciency of CO, hydro-
genation to C,,-hydrocarbons decreases accordingly, it is
important to understand the factors (e.g., initial phase
composition or morphology, redox properties, and kind of
promoter) that influence reaction-induced structural
changes of iron carbides. To this end, the controllable
synthesis of active Fe,C, ex situ or in situ is a major

challenge that deserves dedicated studies in the future.

(iv) Reaction intermediates involved in CO,-FTS and their
reactivity are other less-discussed topics in the literature.
SSITKA tests coupled with infrared spectroscopy may be
useful to detect the reaction intermediates and simulta-
neously determine their lifetime. Due to the dark color of
Fe-based catalysts, the sensitivity of the spectrometers

should be improved.

(v) To achieve net negative CO, emissions, H, used for CO,
hydrogenation must come from non-CO,-emitting
processes with sustainable energy. To this end, the
comprehensive techno-economic analysis and life cycle
analysis for the full scenario of carbon capture and
utilization may aid in the identification and design of
efficient chemical processes for deep decarbonization. In
the course of CO,-FTS, the use of tandem reactors,
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separating RWGS and CO-FTS, may break the
constraints induced by the different condition require-
ments of two reactions, likely resulting in an increase in
the overall yield of higher hydrocarbons. Furthermore,
tandem electrocatalytic—thermocatalytic CO, conversion
is effective to produce C;-oxygenates and valuable carbon
nanofibers.””®® This approach may provide new oppor-
tunities for the applications of renewable electricity and
facilitate the development of decentralized CO, utiliza-
tion.
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