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More than 1000 CO, chemistry publications within the last five years have featured the application of
bifunctional catalysts. The majority of these articles investigate hydrogenation reactions of CO, for
producing alkanes, alcohols, and ethers. Reactions using CO, and epoxides as reactants for producing
cyclic carbonates or linear polycarbonates have also been extensively researched. For all of these CO,
chemistries, an informed choice of the combined materials and their arrangement as a bifunctional catalyst
is critical to their performance. Herein, we identify the distance between active sites in bifunctional catalysts
as an important control parameter for the system performance. We show that a range of optimal distances
between the active sites can be identified for each of the interaction mechanisms enabled by bifunctional
catalysts, namely steric and electrostatic interactions as well as concentration gradients of intermediate
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1. Introduction

The catalytic conversion of CO, into valuable products has
become one of the largest and fastest-growing research areas
in recent years."™ The motivation for this is the climate crisis
caused by the increasing emission of CO, that results from
the use of fossil fuels. Although chemical product
development is often cited as the primary motivation for
research in CO, conversion, the reduction of CO, emissions
needed to avoid major climate changes cannot be achieved
solely in this way. Even by producing all chemical products
from CO,, only a small fraction of the CO, emitted by energy
production from fossil fuels would be converted.* In addition
to the energy sector, significant emissions of CO, also come
from the steel, cement, and chemical industries." Many
climate protection goals require a substantial reduction in the
use of fossil raw materials, which is referred to as the
“defossilization” of industry. Using CO, as a building block for
chemical synthesis contributes to this process, as it enables
the creation of production cycles of carbon-based chemical
products that are no longer totally dependent on finite fossil
raw materials, as is the case with today's linear value chains.’
The wide range of modern chemical value chains stems
from a small number of basic chemicals produced from
petroleum. Efforts to replace these core petrochemicals with
renewable raw materials have led to the development of an

Technische Universitdt Berlin, Institut fiir Chemie — Technische Chemie, Strafie des
17. Juni 124, D-10623 Berlin, Germany. E-mail: schomaecker@tu-berlin.de

This journal is © The Royal Society of Chemistry 2023

products. For the design of bifunctional core-shell catalysts, a model-based workflow is suggested.

assortment of base chemicals that can be fed into existing
value chains and supply the market with familiar end
products.® To develop cycles of products with CO, as an
intermediate, its conversion into compounds that can be
seamlessly introduced into value chains via short routes is
necessary to replace the base petrochemicals produced from
fossil feedstocks. The simplest concept for a CO,-centered
carbon cycle would be the conversion of CO, to CO combined
with green hydrogen to produce syngas and subsequent
syngas-based chemical industry. However, life cycle analyses
and techno-economic analyses show that the associated
energy demands render this option economically inviable.?
As an alternative, the direct conversion of CO, into higher
molecular weight compounds is being investigated. In many
publications and review articles, the diverse range of
possibilities for synthesizing several different products from
CO, is often depicted in circular diagrams symbolizing a
wheel or a sun, where each ray represents a reaction of CO,
to form a valuable product.” This diversity is somewhat
deceiving to the viewer, as multiple products of the same
reaction type are often shown. Since the carbon in the CO,
molecule is in the highest possible oxidation state, it is a very
low-energy molecule that only acquires the necessary
thermodynamic driving force for the reaction when
combined with a high-energy reactant. In this low-energy
state, very efficient activation of the CO, by catalysts is
required to achieve appreciable reaction rates with the
respective reaction partners.

Leitner et al. devised a very descriptive representation in
their review using a matrix visualized as a chessboard, which
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demonstrates the challenges associated with CO, chemistry.®
In the matrix, the first column represents the C1 compounds
of carbon in their different oxidation states. Here, CO, is
found at the bottom of the column, and methane at the top.
The rows of the matrix show the products of the C1
compounds in their respective oxidation states, obtained by
coupling reactions with different reactants. With the
exception of products in the first row and the first column,
all products within the matrix are produced directly from the
simultaneous reduction of CO, to a lower oxidation state
intermediate and the coupling reaction of this reduced
intermediate. This raises the question of whether direct
synthesis is more useful than two separate reactions, each
carried out at their optimum reaction conditions. If the
process windows for the two reactions are very different,
combining them into a tandem reaction can become an
intractable task since too many degrees of freedom are lost
in attempting to optimize them both. In many cases, this is
not the case, however, and combining the reactions may even
offer thermodynamic advantages since the reduction of CO,
is endothermic while the subsequent reactions are often
exothermic. In this situation, the released energy can be used
directly for the reduction reaction and shift its equilibrium in
favor of product formation.

For the conversion of CO, to value-added products, two
groups of reaction partners can be used: one which first
carries out the reduction followed by the linkage, and the
other which acts as a single high-energy reaction partner
(e.g., hydrogen, amines, or epoxides) capable of fulfilling both
functions simultaneously. The choice of suitable catalysts for
these reactions depends strongly on which reaction partner
must be activated with the CO,. For the simultaneous
activation of two very different reactants, or the combination
of two reactions in one reactor, new bifunctional catalysts

have been developed in recent years including
homogeneous®®'® as  well as  heterogeneous."""?
Homogeneous bifunctional catalysts combine soluble

complexes with different functionalities and catalytic activity,
which are either covalently linked or electrostatically
bound." In heterogeneous bifunctional catalysts, the active
sites are located on the surface of solids or support
materials."” Very close spacing at the molecular level or large
mesoscopic spacing can occur, for example, when different
nanoparticles are immobilized on support materials. Short
distances between the different active sites, often referred to
as proximity, can be highly beneficial for accelerating the
second reaction by a high local concentration of the product
of the first catalyst. On the contrary, adverse effects might
occur when a product of the first catalyst inhibits the second
or the catalytic material react with each other, causing
deactivation. A trade-off between such effects will result in an
optimal distance between the active sites that need to be
adjusted by the catalyst preparation method. Three recent
reviews summarized the synergetic effects offered by
bifunctional catalysts for CO, conversion to value-added
products.’>™"”
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In this mini-review, we discuss the use of bifunctional
catalysts for the conversion of CO, to valuable materials with
a focus on reactions with epoxides and hydrogen. In this
context, the catalysts for reactions with epoxides are
examples of catalysts that activate both reaction partners
simultaneously by at least two different active sites. In these
reactions, no stable intermediates are formed that are
released from the catalysts. On the surface of the bifunctional
catalysts that react CO, with hydrogen, often stable
intermediates are formed that must be transported between
the active sites by mass transfer mechanisms. We present a
design concept for a bifunctional catalyst for the cooperative
activation of two substrates and a workflow for active
material selection, and a structural design of bifunctional
catalysts for tandem reactions.

2. Value-added products from CO,
and epoxides

Generally, the catalysts for the coupling of CO, and epoxides
are binary systems, including a Lewis acid and a
nucleophile."”® The Lewis acid activates the epoxide toward
the ring opening due to the attack of the nucleophile on the
less substituted carbon atom as illustrated in Fig. 1.
Subsequently, a CO, unit is inserted by the nucleophile,
resulting in an alkyl semi-carbonate unit that can enter into
different consecutive steps (Fig. 2a): i) a ring closure to a
cyclic carbonate via a back-biting mechanism that leaves the
active site ready for a new catalytic cycle, ii) an insertion of
further epoxide and CO, units to generate a linear alternating
polycarbonate, and iii) the further insertion of additional
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Fig. 1 Mechanism of the formation of cyclic carbonates via a
bifunctional catalyst system consisting of a Lewis acid and a
nucleophile.
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Fig. 2 a) Competitive reaction pathways of cyclic carbonate and linear polycarbonate formation, b) energy profiles of reactions producing cyclic

carbonates vs. linear polycarbonates.

epoxides leading to
carbonates.*®

The formation rate ratio of these reactions not only
depends on the used epoxides and the reaction conditions
but also on the catalyst systems. Linear polycarbonates are
thermodynamically favored over cyclic polycarbonates due to
entropic reasons, as shown in Fig. 2b. The lower activation
barrier for the copolymerization allows for the formation of
polymers due to the kinetic control of the reaction. Since a
mixture of cyclic carbonates and linear polycarbonates would
be undesired, the objective of the catalyst and process design
is a highly active and selective catalytic reaction for each
separate reaction product, since both the cyclic carbonates
and linear polycarbonates find a wide range of industrial
applications.

Homogeneous catalysts for cyclic carbonate formation that
have been intensively investigated include complexes of
magnesium, aluminum, chromium, cobalt, zinc, zirconium,
and other metal ions coupled to mono, bi-, or multidentate
ligands like phenolates, porphyrins, phthalocyanines, salen,
salphene or N-heterocyclic carbenes.” These electron-
withdrawing ligands tune the Lewis acidity of the metal ions
for the activation of the epoxide. Halogen anions (Cl', Br~ or
I') assist this elementary step and control the insertion of

random polyethers or polyether

This journal is © The Royal Society of Chemistry 2023

CO, and the subsequent steps to the cyclic or linear product.
The binding strength of both the Lewis acid and the
nucleophile to the intermediate is very sensitive to the
formation rate ratios of the final products, making it
challenging to develop a robust catalyst system with a broad
substrate scope. Despite these challenges, highly active
catalysts with Al and Fe salen complexes have been
demonstrated.

Inoue et al. first described the copolymerization of carbon
dioxide and epoxides in 1969."° They copolymerized CO, with
propylene oxide by using dioxane as a solvent and a 1:1
catalyst mixture of diethylzinc and water. As a result of this
groundbreaking work, a variety of heterogeneous and
homogeneous catalysts have been developed to copolymerize
epoxides and CO, with higher yields and higher efficiency.
Interestingly, the majority of these catalysts contain both
base metals (such as Mg, Na, or Al) and earth-abundant
transition metals (such as Co, Cr, Zn, Ti, Fe, and Ni). A
detailed mechanistic study has revealed that most of these
catalysts, both homogeneous and heterogeneous, require
intermediates of two or more metal centers to achieve high
turnover numbers (TONs) and turnover frequencies (TOFs).>°

For much better control of selectivity towards linear
polycarbonates, bimetallic catalysts with two Lewis acid sites

Catal. Sci. Technol., 2023, 13, 3469-3482 | 3471
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have been designed based on dimeric salen ligands bridged
by linkers of different lengths.>" For these catalysts, one
metal center activates the epoxide, and the other metal center
coordinates with the alkoxide anion or carbonate anion of
the polymer chain. The activated species takes the role of the
nucleophile by promoting CO, insertion to the epoxide,
followed by internuclear migration. Linear polycarbonates are
produced as long as this process is continued. These
catalysts, developed by the groups of Williams,>>*
Rieger,>**> Darensbourg,”® and Kim,”” show not only a high
selectivity for linear polycarbonates but also a strong
influence on the length of the linkers between the two sites.
This effect is either caused by the distance between the sites
controlled by the linker length or by the dynamics of the
complexes caused by the linker flexibility.>® For distances
between the sites that are too large, they act individually by
promoting the formation of cyclic carbonates. In solutions,
the cooperation of two Lewis acid sites is made possible with
two individual monomeric complexes, enabling the
formation of linear polycarbonates. By tuning the distance
between the Lewis acid sites, selectivity either to cyclic or
linear polycarbonates can be adjusted. In general, large
distances increase the CO,/epoxide reaction selectivity to
cyclic carbonates, while short distances facilitate cooperation
of the Lewis acid sites for linear polycarbonate formation.
These sorts of reactions can be realized with metal-organic
frameworks (MOFs) whose large linkers provide adequate
spacing between the Lewis acidic metal ions and catalytically
expedite the highly selective production of cyclic
carbonates.”® In contrast, so-called double metal catalysts use
small ligands (e.g., cyanides) to form well-structured
compounds with short distances between the metal sites,
facilitating their cooperation within the catalytic cycle of CO,
as well as epoxide activation for copolymerization.>°

Double metal catalysts were first introduced for the
homopolymerization of epoxides in a 1966 patent by General
Tire and Rubber. The usage of a double metal catalyst for ring-
opening-copolymerization was later patented by the Dow
Chemical Company in 1985. Since then, these catalysts have
been utilized for the ring-opening of epoxides with amines as
well as hydroamination, transesterification, hydrolysis, and
condensation reactions.”® Among the reported heterogeneous
catalysts, double metal cyanide (DMC) catalysts have been
evaluated extensively for their use in the copolymerization of
CO, with epoxides, yielding high CO, incorporation (up to 75
mol%) in the case of CO,/cyclohexene oxide copolymerization.
DMC catalysts are generally prepared by reacting metal salts of
the general formula M'X, with cyanometalate compounds of
the general formula M* [M*(CN),(A).],, where M" is a metal ion
selected from the group consisting of Zn**, Fe**, Fe**, Co*, and
Co®"; M? is a metal ion selected from the group consisting of
Fe**, Fe**, Co** and Co®', and Ir*"; M® is an alkali metal or
alkaline earth metal, and A is an anion.?® In a typical synthesis,
aqueous solutions of an excess amount of ZnCl, and K3Co(CN)e
are mixed, and tert-butyl alcohol (+-BuOH) is simultaneously
added as a complexing agent (CA) to the produced slurry. After
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filtration purification of the product through repeated washing
steps with aqueous #BuOH, an active catalyst of the general
formula Zn;[Co(CN)s],-a(ZnCl,-b(H,0)-c(t-BuOH)) is prepared
for copolymerization reactions. In this manner, DMC catalysts
are the reaction products of four major compounds: (i) a water-
soluble metal salt, (ii) a water-soluble metal cyanide salt, (iii) an
electron-donating CA, and (iv) water. Generally, the activation of
the DMC catalyst is induced by the CAs incorporated into the
catalyst matrix. Extensive research has shown that DMC
catalysts bearing water-soluble aliphatic alcohols, particularly
t-BuOH, produce the best results in terms of both the
polymerization activity and resulting polymer properties. The
copolymers produced with these catalysts show versatile
product properties, such as polyurethane foams® or surface-
active compounds.®”

The highly versatile toolbox of MOF chemistry allows for
the preparation of finely tuned MOF catalysts for CO,/epoxide
copolymerization. The metal ion selected as the Lewis acidic
active center can be incorporated into a solid framework
using a variety of spacers with varying lattice constants,
generating a broad range of structures and geometric
properties. As a typical synthesis example, the preparation of
MOF-5 is given in ref. 31.

The structural characterization of the two types of
catalysts described above is represented in Fig. 3. A distinct
difference becomes obvious. While the shortest metal-metal
(Zn-Zn) distance for MOFs is in the range of 10 A and
tuneable by the selection of different spacers, the shortest
Zn-Zn distance in DMC catalysts is only ~7 A.**7° The data
presented in Fig. 3 were reported by Mullica et al.>* and Allen

. N i
B
o N[ ST W [h\\\N/ o

b.) Zn Zn

Fig. 3 Schematic structures of solid bifunctional catalysts for CO,/
epoxide conversion to cyclic carbonates or linear polycarbonates: a.)
metal-organic framework (MOF),*® b.) double metal cyanide catalysts
(DMC).*?
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et al, respectively.®> They were all obtained by XRD
measurements. The crystallographic information files can be
found in the supporting literature of the respective
publication. It should be noted that the distance of the Zn
atoms varies depending on the measurement method and
metal atom under consideration and is thus only intended as
an approximate classification. With this shortest difference
in distance, the metal centers of the DMC catalyst can
cooperate, while those of the MOF catalysts are too much
separated from each other, thus favoring the interaction with
the nucleophile as a co-catalyst. For the copolymerization
reaction of CO, with different epoxides, fine-tuning through
the choice of different spacers or ligands for the catalyst
synthesis has been detailed in the literature.®

3. Value-added products from CO,
and hydrogen

A variety of catalysts have been developed for the reduction
of CO, with hydrogen to C1 products, which produce their
respective products with high selectivity and remain stable
under the conditions required by thermodynamics. Similar
developments have been made for the catalysts that convert
the C1 synthesis building blocks into the downstream
products of the various value chains. Particularly interesting
material candidates for combination into bifunctional
catalysts have been investigated for the production of CO or
methanol, as well as for the conversion of CO or methanol
into hydrocarbons, olefins, aromatics, ethers, and esters.
Such material coupling possesses great optimization
potential for syngas production where the energy of the
exothermic Fischer-Tropsch (FT) reaction downstream can be
used to drive the endothermic reverse water gas shift reaction
(RWGS). At the same time, the consumption of CO in the FT
reaction can advantageously shift the equilibrium of the
RWGS, achieving high CO, conversions at lower reaction
temperatures. A similar situation arises for methanol
synthesis from CO, when its equilibrium is shifted by the
formation of ethers, esters, or olefins from the methanol. In
this context, there is the potential to operate at lower
pressures than a pure methanol synthesis process. Both
scenarios are depicted in Fig. 4.

The compatibility of the materials must be considered
when combining two catalysts into a bifunctional catalyst so

——————» CH,0H

co, —|

RWGS

£33N

Fig. 4 Hydrocarbon formation by CO, hydrogenation via the syngas
or methanol route.

(CH,), Aromatics

[cat. 201
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that no wunintended reaction between the materials
diminishes their respective catalytic functions.’® In a
bifunctional catalyst, both active centers must also have
contact with the reactants and products of the other center.
This can lead to inhibitory adsorption, side reactions, or even
deactivation. Therefore, when choosing catalytic components
for a bifunctional catalyst, such interactions must be
considered in order to combine suitable -catalysts in
coordinated proportions to yield an optimal arrangement.
Taking these considerations into account, researchers
optimizing bifunctional catalysts for the reduction of CO, to
value-added products typically do not simply combine the
best catalysts for the two individual reactions.

For the production of hydrocarbons from a CO, Fischer—
Tropsch synthesis (FTS), different combinations of catalysts
have been developed for the RWGS and FTS reactions.
Additionally, the reaction temperature must be matched to
the FTS kinetics to produce products with molecular weight
distributions suitable for use as fuels. Although the RWGS
reaction does not achieve high conversion at these
temperatures due to thermodynamics, the coinciding FTS
reaction can shift the equilibrium to the product side.

Early publications on the direct hydrogenation of CO, to
hydrocarbons featured Fe- and Co-based catalysts supported
on Al,O; or Si0,.*”® Since Fe had also been known as an
RWGS catalyst, it was the preferred choice for a catalyst with
bifunctional activity. Alkali metals were added during the
catalyst synthesis by co-precipitation as promoters. Structural
analysis revealed the formation of multi-phase systems under
reaction conditions containing different oxides and carbides
active for RWGS and FTS. By using the same precursor, these
formed active sites, which are active for both reactions, are
located in close proximity to each other at the surface of the
support material. As a drawback, this preparation provides
little control of the number and ratio of active sites for both
reactions and, consequently, of their distance to each other
as well as the rates of both reactions.

Typical experimental conditions fix the temperature
between 300 and 400 °C and pressure around 10 bar for a
feed mixture of CO, and H, with a molar ratio of 3:1. At
moderate conversions of CO, between 20 and 50%, product
mixtures with light hydrocarbons were obtained, but with
major fractions of methane (Table 1).

With different catalyst optimization strategies, an
improvement in CO, conversion has been achieved along
with the suppression of methane formation leading to an
increase of higher molecular weight hydrocarbon products.
One such strategy is the addition of alkali metal promoters
that improves the adsorption of CO, and increases the rate of
the RWGS while at the same time suppressing methane
formation by reducing the adsorption of hydrogen. These
catalyst modifications, combined with lower reaction
temperatures (300 to 340 °C) and increased pressures (25 to
30 bar), adjust the rates of RWGS and FTS to increase the
conversion of CO, as well as product selectivity to C5 to C15
species. To overcome the thermodynamic limitation of the

Catal. Sci, Technol.,, 2023, 13, 3469-3482 | 3473
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Table 1 CO, hydrogenation to Fischer-Tropsch-type products
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Catalyst Category H,/CO, ratio T/°C p/bar X(CO,)/% S/% Ref.
First works

Fe-K/Al,O, b3 3 400 20 70 C2-C4 (48), C5+ (36) 37
Fe-K/Al,0;-MgO b3 3 300 10 28 C2-C5+ (59) 38
Fe-Co-K/AL, O, b3 3 300 11 36 C2+ (71) 39
Co-Na-Mo/SiO, b3 3 370 1 44 C2-C4 (44), C5+ (10) 40
Fe-La-Cu-K/TiO, b3 3 300 10 27 C2-C4 (21), C5-C15 (40) 41
Fe-Ru-Zn-K/TiO, b3 3 300 10 27 C2-C4 (23), C5-C15 (37) 11
Fe-Zr-Cu-K/TiO, b3 3 300 10 25 C2-C4 (18), C5-C15 (30) 41
C2-C4 as target

Fe-Zn-K b3 3 320 5 51 C2-C4 (61), C5+ (4) 42
Pt/Ce0,-Co/SiO, c 3 250 25 C2-C4 (40), C5+ (<5) 43
Pt/Si0,-Co0/SiO, c 3 350 6 20 C2-C4 (40), C5+ (<5) 44
C2-C5+ as target

88.3Fe7.1K4.6Co b3 3 300 25 55 C2-C4 (32), C5+ (47) 45
92.6Fe7.4K b3 3 300 25 42 C2-C4 (30), C5+ (59) 45
Na-Fe;0,/HZSM-5 b3 3 320 30 34 C2-C4 (18), C5+ (74) 46
Na-Zn-FeC — 3 340 25 38 C2-C4 (47), C5+ (40) 47
Fe-K~(Co/Ru) b3 3 300 25 55 C2-C4 (8), C5+ (47) 48
FeAlO,~Na b3 3 330 35 35 C2-C4 (21), C5+ (75) 49
Aromatics as target

ZnFeO-nNa/HZSM-5 b3 3 320 30 41 C2-C4 (10), C5+ (10), Aro (76) 50
Na-Fe/HZSM-5 b3 2 340 30 45 C2-C4 (20), C5+ (10), Aro (65) 51

Catalyst arrangement category: a: dual bed, non-mixing; b1: mechanical mixing of particles (without external forces); b2: mixing in aqueous
dispersions; b3: pressure-mediated physical mixing (grinding, milling); c: chemical mixing (e.g. core-shell).

RWGS, the rate of the FTS must be substantially higher than
that of the RWGS reaction. Therefore, the selection of
promoters is always guided by a compromise between RWGS
conversion and FTS selectivity. The addition of Zn as a
promoter modifies the FTS selectivity to enhance the
production of lower olefins while suppressing the formation
of higher hydrocarbons. Promotion with noble metals
increases hydrogenation activity for the olefins but decreases
the CO, conversion slightly and reduces methane formation
due to the increased consumption of hydrogen.*’

Work conducted by Liu et al*®* on catalytic CO,
hydrogenation serves as an informative example of how to
fine-tune a functional catalyst by adding promoters. Their
results demonstrated that removing a major fraction of
formed water from the reaction system drives the RWGS
reaction and significantly improves the CO, conversion
efficiency. In addition, they highlighted the conversion of the
CO intermediate during the FTS reaction as an important
step for effectively boosting CO, conversion. To achieve this
boost in conversion, a K and/or Co (Ru) component was
added to the precipitated Fe catalysts, directing the formation
of iron carbide sites active for the FTS reaction. Specifically,
the electron donation from K to Fe promotes chain growth of
the hydrocarbons and prevents the direct hydrogenation of
Fe-(CH,), intermediates, which significantly increases the
selectivity to C2+ hydrocarbons, particularly lower olefins.
Since Co (Ru) has no WGS activity, it exclusively accelerates
the FTS reaction's production of the CO intermediate without
catalytically converting CO into CO,, thereby significantly
improving CO, conversion. The intimate relationship
between the Co and Fe site effects has also been studied,

3474 | Catal Sci. Technol., 2023,13, 3469-3482

from the nanoscale to the centimeter scale. The results show
that the close contact between Fe and Co sites enhances their
selectivity for C2+ hydrocarbons. This is because the CO
intermediate easily spills over from Fe;O, to Co sites,
resulting in a higher CO concentration than at Co sites. On
the other hand, the selectivity to CH, increases dramatically
as the distance between the Fe and Co sites increases. This
could be due to the increased direct methanation of CO, and
the decreased chain growth possibility of the FTS reaction
caused by the lower CO concentration over the Co sites.

As an example of the importance of material selection,
Kim et al.*® reported a bifunctional iron aluminum oxide
(FeAlO,) catalyst that directly converts CO, into C5+
hydrocarbons with an overall selectivity of 77.0% and CO,
conversion of 20.2% at an H,/CO, ratio of 1:1. Notably, the
selectivity for linear a-olefins (LAOs) was 52.4%, accounting
for 78.4% of the total C4+ olefins. At a higher H,/CO, ratio of
3:1, the yield of C5+ hydrocarbons increased to 19.7%. The
existence of crystalline-/amorphous-structured active sites in
the single FeAlO, catalyst was proposed. The reducible
magnetite (Fe;0,) phase, which contained surface oxygen
vacancies, facilitated the RWGS reaction to form CO via CO,
hydrogenation, and subsequent C-C coupling over Hégg iron
carbide afforded lower olefins (C2-C4=). Long-chain LAOs
were then formed on the surface of amorphous aluminum
oxide (AlO,) via the re-adsorption of C2-C4=. In addition, the
amorphous AlO, phase enhanced CO, and H, adsorption,
which facilitated the formation of carbonate, bicarbonate,
and formate species via the RWGS reaction and the
subsequent formation of long-chain hydrocarbons via the
Fischer-Tropsch reaction. The bifunctional FeAlO, catalyst

This journal is © The Royal Society of Chemistry 2023
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showed excellent stability for up to 450 h on stream,
demonstrating its potential as a practical-scale catalyst for
the conversion of CO, into value-added liquid fuels and
chemicals.

Catalyst preparation by single or multiple-step
impregnation of a single support precursor combined with
post-treatment and activation steps can efficiently develop
multiple active sites well-dispersed on this support. Under
reaction conditions, multi-phase systems are often
established and controlled by their thermodynamic stability.
Not only are the compositions of these phases
uncontrollable, but neither is the number of active sites on
each of these phases nor their arrangement. For better
control of these properties, core-shell structures have been
utilized for catalyst preparation using different precursors
located in the core and the shell of these particles. This
versatile approach for catalyst synthesis is comprehensively
fleshed out in a review by Pérez-Ramirez et al,”® and
significantly broadens the range of design parameters for the
optimization of bifunctional catalysts. The loading of the core
and shell can be varied individually, and the distance
between the catalysts can be adjusted by the inclusion of an
inert separation layer that is permeable to the reactants and
prevents the migration and interaction of the active phases.
Core-shell catalysts for the combination of RWGS and FTS
reactions have been published by Somorjai** and Thomas.**
Through modification of FTS catalysts, comparable results to
the systems described above were achieved at lower
temperatures in the case of ref. 43 and lower pressure in the
case of ref. 44. These results can be considered as a proof of
concept with great potential for improvement by using the
large space of design parameters, specifically the ratio of
different active sites as well as their distance and
arrangement.

To meet fuel specifications, even higher molecular weight
products are required. These can be obtained by the addition
of further active sites to the catalyst systems. Acidic sites
provided by zeolites (e.g.,, ZSM-5) can catalyze the
oligomerization and isomerization of lower olefins to fuel or
aromatic hydrocarbons. Combinations of the tandem
catalysts for CO,-FTS with different amounts and
modifications of ZSM-5 can produce high yields of alkanes®®
or aromatics.*>**

The methanol route for the conversion of CO, into a
value-added product offers even more degrees of freedom for
the design of bifunctional catalysts since two catalysts that
have been optimized individually can be combined in one
reactor for the tandem reaction of methanol synthesis and
conversion to dimethyl ether (DME), olefins, or carbonates.
Here again, the second reaction can shift the equilibrium of
the first reaction and obtain a higher conversion of CO,. The
important question for the design of the catalyst system is
the selection of two compatible catalysts, the ratio of the
amounts of these catalysts, their arrangement, and the
determination of optimal operating conditions for this
system.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Arrangement of bifunctional catalysts for CO, conversion. a)
Dual catalyst bed without any mixing, bl) mechanical mixing of
catalyst particles without applying external forces, b2) mixing in
aqueous dispersions, b3) physical mixing of catalyst powders applying
external forces (grinding, milling), c) chemical mixing by impregnation
of core-shell particles.

Several publications have described the synthesis of
methanol and its simultaneous conversion to DME or olefin
products. For the first step of this tandem reaction, different
metal oxide-based methanol catalysts were selected with a
focus on the chemical stability in presence of acidic
zeolites.*****® In many cases, the different catalysts were
prepared with a mass ratio of 1:1 using differing degrees of
mixing. Some authors only performed mechanical mixing of
catalyst pellets,®” while others mixed powders and pelletized
these powders.®> An even more intensive mixing was achieved
by impregnation of a support with both active materials.
Fig. 5 illustrates the different arrangements of the two
catalysts for the tandem reactions that have been investigated
by various groups. The performance of a dual bed
arrangement (case a) is often compared to simply
mechanically mixed catalyst particles (case b1), a mixture
prepared in aqueous dispersions (case b2), or by applying
external physical forces to the mixture of catalysts by
grinding or milling (case b3) for reducing the distance
between the active sites further. With layered systems, the
layer thickness is a well-suitable tuning parameter for the
distance between the different active sites. The best-defined
arrangement is achieved by impregnation of core-shell
particles with the active phases of the two catalysts in a way
that keeps them separated between core and shell. Some
chose one arrangement,®*® while others compared all of
them.®®

In some publications, catalysts have been filled into
reactors in layers to demonstrate the advantages of tandem
reactions with bifunctional catalysts with a summary of
results and relevant citations provided in Table 2. Different
combinations of copper-based methanol catalysts (Cu-ZnO,
CZA, CZZA, Cu-Mo), indium, and chromium oxide catalysts
combined with ZSM-5, H-ZSM5, and SAPO show good
stability and performance in catalytic tests. With typical
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Table 2 Relevant bifunctional catalysts for CO, hydrogenation to methanol and dehydration to value-added products like DME, alkanes olefins, and

aromatic hydrocarbons

Preparation Selectivity =~ Conversion
Catalyst method Catalyst mass ratio H,/CO, Temp./°C Pressure/bar DME/% CO,/% Ref.
DME as target
Cu-ZnO/Al, O3 b2 1:1 3:1 270 30 35 7.0 67
CZA/HZSM-5 b3 2:1 3:1 260 30 49.2 30.6 68
CZA/HZSM-5 b2 1.7:1.5 10:1 280 360 89.0 97.0 69
CZZA/HZSM-5 b1 1:1 3:1 240 28 17.5 > 14.3 26.8 > 24  (Ref. 66) 100 hours
on stream
CZA/NaHZSM-5 b1 1:1 2:1 275 40 77.5 35.0 63
CZZ/HZSM-5 b3 10:1C:Z:Z 3:1 250 30 67.6 22.2 70
(0.5/0.2/0.3)
Cu-Mo/HZSM-5 c 1:1 3:1 240 20 77.2 12.4 71
Cu-Fe-Ce/HZSM-5 b1 — 4:1 260 30 63.1 20.9 72
0.5Pd-CZZA/HZSM-5 b1l 1:1 3.3:1 200 30 73.56 18.67 73
CZA@silica alumina ¢ Film coatings 4.7 and 3:1 266 30 42.4 47.1 65
7.1 on solid ilica core
CZA/SAPO-18 b3 1:1and 10:1 3:1 275 30 ~88 ~16 74
CIZO-SAPO b1/b2/a 1:1 (weight distribution) 3:1 250 30 60 4.3 62
Pd/ZnO bio-ZSM-5 c/a/bl 1:1 3:1 300 30 31 ~9 75
Preparation Catalyst mass Selectivity CO,
Catalyst method ratio H,/CO, Temp./°C Pressure/bar hydrocarbons/% conversion/%  Ref.
Hydrocarbons as target
In-Zr/SAPO-34 b3 2:1(In:Zr=1:4) 3:1 400 30 C2-C4 (93), C5+ (3) 36 56
In,03-ZnZrO,/SAPO-34 b1 1: 3:1 380 30 C2-C4 (96), C5+ (2) 17 76
1 granule stacking
Zn0O-Y,0;/SAPO-34 b1 1:1 4:1 390 40 C2-C4 (97), C5+ (1) 28 54
In,0,/HZSM-5 b3 2:1/1:2and 4:1  3:1 340 30 C2-C4 (20), C5+ (64), 13 36
best results 2: 1 Aro (15)
Zn0-Zr0,/ZSM-5 b3 1:2 3:1 340 30 C2-C4 (21), C5+ (8), 9 77
Aro (70)
Cr,03/Zn-ZSM-5@Si0, b3 Different layer 2.7:1 350 30 C2-C4 (23), C5+ (3), 22 78
thicknesses tested Aro (70)
No further data
given
Cr,0,4/H-ZSM-5 b3 1:1 3:1 350 30 C2-C4 (16), C5+ (6), 35 79
Aro (76)
ZnO-Zr0,/H-ZSM-5 b1 1:2 3:1 340 40 C2-C4 (16), C5+ (3), 15 80
Aro (81)

Catalyst arrangement categories: a. dual bed non-mixing, b1. mechanical mixing of catalyst particles (without external forces), b2. mixing in
aqueous dispersions, b3. pressure-mediated physical mixing (milling, grinding), c. chemical mixing (e.g. core-shell).

methanol synthesis conditions at temperatures between 200
and 300 °C and pressures around 30 bar, tandem systems
with highly active acidic catalysts show CO, conversions
above the thermodynamic limit due to the fast removal of
methanol from the reaction mixture by its conversion to
DME. At the same time, this suppressed the formation of CO
by the reverse water gas shift reaction.

The operation of the tandem hydrogenation of CO, at
temperatures above 300 °C required a catalyst combination
with improved stability such as the pairing of indium oxide
or chromium oxide with HZSM-5 or SAPO-34. The increased
activity of the zeolites at these temperatures results in the
formation of lower olefins and aromatic hydrocarbons. Again,
the equilibrium of methanol synthesis is shifted due to the
higher rate of the consecutive reaction. Selectivities for
aromatics of up to 80% have been obtained. Due to the
complexity of the catalyst systems, only a few kinetic studies

3476 | Catal. Sci. Technol., 2023, 13, 3469-3482

have been performed. Variations of the reaction conditions
like temperature, pressure, or molar ratio of H, to CO,
showed the expected impact on the conversion of CO, and
product selectivity.

For mechanically mixed catalysts, in general, variations of
their mass ratios only weakly influence performance as long
as the activity of the acidic catalyst is substantially higher
than that of the methanol synthesis catalyst. Nevertheless,
Gao et al.*® observed a synergetic effect of catalyst proximity
when comparing different catalyst arrangements and degrees
of mixing. For the combination of indium oxide as a
methanol catalyst with HZSM-5, the hydrogenation of CO, to
hydrocarbons was studied under identical conditions with
layered catalysts and differently treated mixtures of the
catalyst. With a decreasing distance between the active sites,
achieved by mixing smaller catalyst particles, the synergetic
effect of the tandem catalyst was improved. But for a mixture

This journal is © The Royal Society of Chemistry 2023
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Table 3 Effect of catalyst arrangement
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Catalyst Preparation method H,/CO, Temp./°C Pressure/bar Selectivity DME/% Conversion CO,/% Ref.
CIZO-SAPO b1 3:1 250 30 ~60 4.3 62
CIZO-SAPO b3 3:1 250 30 ~60 3.7 62
CIZO-SAPO a 3:1 250 30 ~60 2.9 62
Pd/ZnO/bio-ZSM-5 a 3:1 300 30 4.5 8.9 75
Pd/ZnO/bio-ZSM-5 b1 3:1 300 30 31 10.6 75
Pd/ZnO/bio-ZSM-5 c 3:1 300 30 2.9 9.1 75

Catalyst arrangement: a. dual bed non-mixing, bl. mechanical mixing of catalyst particles (without external forces), b2. mixing in aqueous
dispersions, b3. pressure-mediated physical mixing (grinding, milling), c. chemical mixing (e.g. core-shell).

of the catalyst powders, the selectivity shifted completely
from C2 to C5 alkanes and olefins to methane. The same
effect was shown later for other combinations of catalysts for
CO, hydrogenation to DME.”> This effect was also
demonstrated at higher temperature ranges, where aromatic
hydrocarbons are generated. Some representative results for
a variation of the catalyst distance, as a measure of proximity
are compiled in Table 3.

4. General discussion

Similar findings related to the strong impact of structural
features on bifunctional catalyst performance were also
reported in a review by Roldan and Strasser for the
electrochemical conversion of CO,.*' The influence on the
performance of particle composition, nanostructure, size,
and distance can finally be assigned to the electrostatic
interactions within the overlapping electrical double layers at
the catalyst surfaces, which tailor the adsorption of reactant
and spectator molecules and thus activity and selectivity. The
typical length scale at which these phenomena occur is on
the order of several nanometers, depending on the ionic
strength of the electrolyte that controls the thickness of the
double layer.*>®* This length scale is well above the length
scale for the site distances of traditional bifunctional
catalysts that interact via steric interaction on the scale of
one nanometer and below, as described above. In both cases,
the interaction of the two sites causes simultaneous binding
and activation of one or two substrates for conversion within
one stoichiometric reaction.

The role of proximity in tandem reactions was postulated
by Weisz in his theoretical studies on mass transfer
limitations within bifunctional catalysts for hydrocracking
where he called it the “intimacy criterion”, which has often
been interpreted simply as ‘the closer the better’ for
positioning metal and acid sites.** A lack of synthesis and
material-characterization methods with nanometer precision
has long prevented in-depth exploration of this postulate.
Only as recently as 2015 did Martens et al. publish an
experimental investigation of a model system that supports
the postulate and indicates further potential for the
optimization of such systems.®

This synergetic proximity effect on tandem reactions
suggests a coupling of the two catalysts through a concentration

This journal is © The Royal Society of Chemistry 2023

gradient of the intermediate product in the environment of the
methanol conversion catalyst. The closer the conversion catalyst
is located to the methanol synthesis catalyst, the more it
decreases the local concentration of methanol, thus shifting the
equilibrium to higher conversion. This observation motivated
Wang to increase the proximity of the catalysts further through
the design of core-shell systems with the methanol catalyst as
the core and the zeolite as the shell.*® A further increase in CO,
conversion and DME synthesis was reported for this catalyst
structure. In the review by Pérez-Ramirez et al. the versatility of
core-shell particles for catalyst design was presented,’* as well
as in a perspective published in 2019 by Ma et al.®® The catalytic
activity and transport processes within the catalyst particles can
highly be tuned by varying the thickness of the core, shell, and
inert separation layer between them, as well as using different
loadings of core and shell catalyst material. The huge number
and range of design parameters prevent empirical optimization.
Furthermore, attempting to guide bifunctional catalyst
optimization with kinetic investigations requires a considerable
number of experiments due to the large number of model
parameters that need to be quantified simultaneously.
Assuming a formal kinetic model with four parameters and a
two-parameter model for the mass transfer results in 10
unknown model parameters. A simple 3-step design of

catalyst A

catalyst B

Fig. 6 Core-shell catalyst with catalyst A as core catalyzing the
methanol reaction with rate R;. A shell with thickness ¢ separates
catalyst B from catalyst A. At catalyst B methanol is converted to DME
at a rate R,. The decaying curve represents the concentration profile
of methanol as the intermediate product in this tandem reaction.
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experiments would result in about 60000 measurements for
parameter estimation. For example, an investigation of the
impact of a design parameter on the catalyst like core-shell
distance would be needed for each distance. This time and
resource-intensive investigation should be replaced by a
modeling-based approach, as shown by Brosigke et al. for core-
shell systems.®” In this approach, illustrated in Fig. 6 a much
smaller set of experimental data is required for completing and
adjusting the model to the interactions between the two
catalysts. For the given example, it would be a few hundred data
points.

For a postulated core-shell catalyst, a model was developed
from kinetic models for the individual catalysts and a transport
model based on diffusive transport.®”” By applying numerical
methods, the material balances for a single particle were solved
to determine the performance parameters of CO, conversion
and DME yield. Simulations for catalysts with different
separation distances between the active sites adjusted by the
thickness of the shell layer confirmed the intimacy criterion,
which is not supported by experimental results. The applied
model for the methanol synthesis does not consider the
adsorption of the water that is formed in the consecutive
methanol conversion at the methanol catalyst, which causes an
inhibition by blocking active sites. An extended model that
considers this effect as feedback between the catalysts gives a
different result for the distance variation. Only at a certain
distance between the two catalysts can the diffusion of the water
to the core be suppressed sufficiently for a good performance of
the overall system. The modeling studies showed that for
various “feedback scenarios” different distances of the active
sites result in a synergetic performance. With further
comparisons between model predictions and experimental
results, the model can be extended and adjusted to the catalyst
systems. With a validated model, there is a chance for catalyst
optimization without extensive experimental effort. From this
study described above, a workflow can be derived for the design
of a core-shell catalyst. Instead of chemical intuition, a
simulation with the mean-field model combining the kinetic
models of the two catalyst candidates should be the starting
point. With this, the operation window for the tandem reaction
can be identified, especially the ratio of the two active materials.
This model should be validated by kinetic studies with a powder
mixture of the two catalysts at the identified conditions. An
extension of the model by interaction and transport terms will
provide a model for a more detailed simulation of a single core-
shell catalyst, which allows a variation of the distance between
the active sites and a search for an ideal value for this
parameter. These results can guide the preparation of the
desired bifunctional catalyst, which should need only a few
iterations for optimization. From these considerations of the
special aspects of CO, activation and a knowledge transfer from
the more mature field of bifunctional catalysts for hydrocarbon
treatment® ** a general workflow can be derived that is
illustrated in Fig. 7.

After the identification of a possible operation window for
a tandem reaction by thermodynamic calculations, two
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Fig. 7 Proposal for a general workflow for the design of bifunctional
catalysts for tandem reactions.

suitable catalysts can be selected on an empirical basis and
tested for their material compatibility, e.g. by TGA. Kinetic
studies of the separate catalysts will provide two kinetic
models that can be combined for a simulation of the tandem
reaction. Also, the influence of components involved in the
second reaction on the individual catalyst needs attention in
this step. The simulation of the tandem reaction will indicate
the appropriate ratio of the two catalysts in the bifunctional
catalyst and suitable operating conditions. The prepared
bifunctional catalyst is tested and its performance is assessed
against the predictions by the simulations. Strong deviations
caused by interactions between the catalysts, the reactants, or
mass transfer processes are accounted for in an extension of
the model by appropriate terms. With the new model, an
optimization of the ratio of the catalyst as well as their
distance can be used for a further feedback loop to the
catalyst preparation. The benefits of this modeling-supported
catalyst design are nicely demonstrated by Ramirez et al.”*

From a more general perspective, two catalysts can show a
synergetic catalytic function in a tandem reaction if the
operation window for the coupled reaction is close to the
optimal individual operation windows. Still, tandem
operation represents a loss of degrees of freedom in the
process design that need to be matched with advantages in
other aspects like overcoming thermodynamic limitation,
omitting a separation step, or improving selectivity. If this is
given, the mechanism of interaction of the two catalysts
should be considered for choosing their arrangement. In
general, the three different types of interaction involved in
the mechanism of the reaction at bifunctional catalysts
require distances of the active sites that allow for tuning and
optimization of their interaction.
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