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Abstract

Active areas of research on chemical looping technologies for the conversion of CO, to CO are contrasted and discussed,
including current performance, methods for material design, and next steps in expanding their development. Genera-
tion of CO from CO, is of interest in sustainable chemistry and engineering to convert anthropogenic CO, emissions into
feedstock for Fischer-Tropsch (FT), methanol to gasoline (MTG), gas-to-liquid (GTL), and other synthesis pathways for fuels
and materials. Chemical looping strategies have been identified which not only produce CO, but also H, from H,0 and
methane sources, supplying the other key component of syngas. Configurations of these chemical looping technologies
into the materials economy potentially constitute sustainable carbon loop cycles for fuels as well as carbon sequestration
into industrial and commercial materials. Major areas of research in CO, conversion by chemical looping, collectively
referred to here as CO2CL, including Solar-Thermal Chemical Looping (STCL), Reverse Water Gas Shift Chemical Looping
(RWGS-CL), Chemical Looping Reforming (CLR), Super Dry Reforming (SDR), Autothermal Catalyst Assisted Chemical
Looping (ACACL), and Reverse Boudouard Reforming (RBR) are discussed in terms of their process characteristics, histori-
cal development of oxygen carrier (OC) material, state of the art methods for material design, and future work needed
to advance the scale-up of these technologies. This perspective centers around the non-methane utilizing processes for
CO2CL, focusing on the phenomena of oxygen transfer between gas molecules and the oxygen carrier (OC).

1 Introduction

An approach to mitigating the anthropogenic influence on climate change due to CO, accumulation in the atmosphere
is the chemical conversion of CO,. The United States government is working towards developing U.S. Long Term Strategy
(LTS) for 100% carbon pollution free electricity by 2035 and net-zero GHG emissions. The recent decarbonization efforts
are targeted towards all possible means of lowering industrial carbon footprints, which include developing chemical
processes for repurposing waste CO, and CH,. These two greenhouse gases are thermodynamically stable and dilute in
the atmosphere. Chemical looping (CL) strategies for CO, repurposing (CO2CL) address the thermodynamic challenges
by involving metal oxides in an oxygen transfer cycle to convert CO, to CO, wherein the metal oxide Gibbs energy of
formation is even lower than that of CO,, allowing for higher equilibrium conversion in a given stage of the chemical
looping process, in this work referred to as the reduction or oxidation of the oxygen carrier (OC).

Separating the redox steps not only enables more control of each step, leading to higher yields and energy efficiency,
but also eliminates the chance of secondary reactions between the primary products and reactants. Due to the closed
thermodynamic cycle of the OC, the net reaction over the complete chemical looping cycle does not include the OC
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changing through oxygen deficiency, and as a result the overall equilibrium conversion is unchanged. However, process
advantages can still be realized by leveraging the fact that species involved in the OC reduction and oxidation remain
separated. This allows for significant reduction of complexities associated with separation of desired products, and
recycling of product streams.

Conversion of CO, and CH, to CO and H, (key components of syngas) via CL approaches paves the way for high-value
hydrocarbon generation via Fischer-Tropsch routes, making it a candidate for mitigating the effects of global warming
and facilitating progress of the US LTS. Direct synthesis of methanol and plastics using CO as feedstock has also been
demonstrated. The industrial decarbonization via CO2CL in the greater economy are illustrated in Fig. 1. Innovations
and further progress lie in developing candidate materials for CL pathways for CO, reduction, probing fundamental
mechanistic insights, and scale up efforts to improve predictions of performance at commercial scale.

2 CL pathways

The concept of CL revolves around decoupling the reduction and oxidation reactions on an oxygen-rich platform (the
0OCQ). Conceptually, the CL approaches split a single reactor process into multiple steps, by introducing a material which
captures an intermediate species, allowing the same net reaction to be achieved in processes separated in space (sepa-
rate reactors) or time (cycling gas feeds to a single reactor). In the case of CO2CL, the OC materials are intervening in the
oxygen transfer from CO,. The net reactions for the reduction gas and CO, remain the same, while the OC material cycles
between oxidized or near stoichiometric state (MO,) and oxygen-deficient reduced states (MO, s), written generally as
the following equations.

General reduction reaction : 6R g + MO, - MO,_; + 6L M

General oxidation reaction : §CO, + MO,_; - MO, + 6CO 2)

In all cases of CO2CL discussed here, oxygen removed from the OC during the reduction step produces an oxygen
containing gas molecule (L), which forms part of the reactor gas effluent. The RWGS-CL and methane utilizing CO2CL
processes differ from STCL in that they utilize a reducing gas (R), which is involved in the chemistry of the material
reduction, and provides some of the atoms in the leaving group molecule (L). The reducing gas (or lack thereof) and
leaving group chosen for the oxygen introduce fundamental thermodynamic limitations to the process of OC reduction.
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RWGS-CL and methane utilizing CO2CL processes make use of hydrogen and methane, respectively, for the reducing
gas, but both processes result in the net formation of water as the leaving group for oxygen from the OC. STCL does not
utilize a reducing gas, and emits diatomic oxygen from the OC during reduction, excised from the OC lattice at very high
temperatures under primarily-entropic driving forces. The inclusion of a reducing gas with net water production in the
case of RWGS-CL and CLR incorporates the Gibbs formation energy of the water molecule, helping to drive equilibrium
conversion forward in the reduction step, and allowing these processes to achieve OC reduction at lower temperature,
as seen in Fig. 2. In all cases, the oxygen leaving the ionic solid in a gas phase molecule greatly increases the entropy of
the products through the confined vibrational states available to an oxygen anion within the solid being converted to
translational degrees of freedom exploring the gas phase volume.

Conversion of CO, to CO occurs over the reduced OC, wherein the solid material scavenges a single oxygen atom
from each CO, molecule. As the reduction and oxidation steps are separated, a critical parameter for the performance
of CO2CL is the extent of oxygen deficiency () achieved during the reduction step, which ultimately determines the
molar conversion of CO, to CO achievable for a single CL cycle. Common convention is for & reaching 1 as each formula
unit of OC is deficient a single oxygen atom. In practice, OC materials (e.g., simple metal oxides and complex ones such
as perovskites and spinels, etc.) undergo permanent changes to their structure and chemical identity prior to 6 reach-
ing 1. Such a high extent of oxygen deficiency is not explored the thermodynamic cycle of CO2CL, where the severity
of reduction conditions are chosen such that oxygen is removed without introducing permanent changes to the OC.
The extent of reduction not only determines the amount of CO, that may be converted in a given CL cycle, but also
dictates the concentration of sites and phases capable of removing oxygen from CO,, thereby affecting the kinetics of
reaction processes. While the maximum extent of reduction is an intrinsic thermodynamic characteristic of the material
at a certain reaction condition, the time span of reaction and associated kinetic information governs the formation of
reaction-relevant reduced phase (MO, _s). The ability of these materials to circle back to a similar oxidized phase (MO,)
allows for sustainable operation of these CL cycles. These net reduction steps are shown below in Egs. 3-6.

STCL : MO, — MO,_; + 60,(high temperature) (3)
RWGS - CL : MO, + é6H, - MO,_; + 6H,0 (4)
CLR : MO, + CH, » MO,_; + 60 removal (as CO, CO,, and H,0) (5)

The current status of the 3 CL approaches to CO, reduction is illustrated in Fig. 2. From both CO yield/gram of solid
material and temperature of operation, RWGS-CL merits intense development for industrial implementation.

2.1 STCL

The STCL cycles generally operate in two separate steps, reduction and oxidation, utilizing a metal oxide material (MO) as
a reactive intermediate. Here, the metal oxidate will be referred to as the oxygen carrier (OC), with common role across
the discussed processes for CO2CL. The complete chemical looping cycle for STCL is shown in Table 1 with a particular
formulation of perovskite oxide, which have been demonstrated to lower the reduction temperatures significantly [1].
The changes to a perovskite oxide OC are shown schematically in Fig. 3. Rather than the OC changing to a different
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Table 1 Summarized process for Solar Thermal Chemical Looping (STCL), utilizing perovskite as OC, reduced under high temperature, and
forming syngas from mixed CO,, H,O feed

Solid Loading
and Gas Feed Majority

(CL Stage) Major Reactions Effluent
w|L0sST0sMNOs | oo
£ Solid
S| (mnitial Solids ABO; (Perovskite General Formula)
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8
g Inert 5/20, Inert,
|
2 (Reduction °;
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Fig.3 Process schematic for STCL using a perovskite oxide (ABO;) as the oxygen carrier (OC). Distortions of the perovskite lattice due to
oxygen vacancies are schematically shown in the reduced state. However, new crystal geometries and even local phase changes may occur
in CL processes (particularly at the high temperatures of STCL) in order to lower the energy of the oxygen deficient material. (Reproduced
through MDPI Open Access [1])

crystal structure or metal oxide species, only local changes occur in the perovskite oxide upon low to moderate oxygen
deficiency. Substitutional defects occur in the formation of vacancies at sites normally occupied by oxygen anions in
the perfect crystal.

A variant of STCL utilizing methane reforming (here referred to as STCLR) at high temperature over ceria has also
been investigated by Chuayboon [2]. The use of a CH, to generate H, as a reducing gas increases the oxygen transfer
per chemical looping cycling.

Although STCL processes using binary oxides seem impractical given the high energy costs, more advanced alternative
materials have demonstrated high activity at much lower temperatures. One series of optimized substituted iron-based
spinels is Fe; ,A,O, (A=Mn, Co, Ni, Zn). The reduction behavior in this ferrite redox system can be manipulated by partial
cation substitution of Fe in the spinel. The spinel substituted iron oxide can reduce the reaction temperature by > 100 °C
(650-1100 °C). Similarly, spinel substituted perovskite oxide materials could also reduce the energy requirement for the
reduction.

In addition to CO, to CO conversion, oxygen deficient perovskites and other OC materials are also capable of scav-
enging oxygen from water, leading to production H, (Fig. 3). Consequently, if sufficient renewable energy is available,
CO2CL processes are capable of generating both the CO and H, components of syngas for material and fuel feedstocks..
While a single OC material choice and single reactor would reduce separation cost, separately designed materials and
separately sized reactors for the H, and CO production would conceptually be able to produce specific ratios of H,/CO
syngas for downstream synthesis processes.
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2.2 RWGS-CL

Rather than temperature alone to produce oxygen deficiency in the OC (as in the case of STCL), RWGS-CL uses H, as a
reactant in the reduction step, producing H,O (Fig. 4, Table 2) rather than O, as the net gas output (Fig. 3). During the
reduction step, H, adsorbs and reacts with the solid to form H,O, which desorbs, leaving point defects in the OC in the
form of oxygen vacancies in the crystal lattice. During the oxidation step, CO, adsorbs on the OC and reacts with the
oxygen vacancies, with an oxygen atom filling the lattice vacancy, and leaving CO to desorb as the gas product.

The common candidate materials for RWGS-CL are highly stable metal oxides, such as perovskite oxides. Perovskites
have a general formula of ABO;, wherein A and B are metal cation, with transition metals common for the B-site. Not all
perovskites exhibit oxygen vacancy formation at low to moderate reduction conditions under H,, such as LaFeO; [4]. As
a result, partial substitutional defects of the A and B site are common in practice. Swapping out some of the A or B site
metals with a different atom introduces strain to the material, as well as introducing electron acceptors and donors, and is
the source of the ‘tunable’ nature of perovskite materials. Many perovskite formulations are capable of maintaining their
crystal structure under oxygen deficiencies up to 6 =0.5, making them attractive materials for the OC cycling without
loss of surface area, or irreversible phase transitions over many cycles.

2.3 Methane utilizing CO2CL processes

A number of CO2CL processes have been developed which make use of methane abundant from petroleum of biologi-
cal pathways to accomplish the reduction of the OC, typically by involving catalytic reactions with methane to produce
hydrogen, which then directly reduces the OC. While the OC can be considered catalyst over the complete chemical
looping cycle (i.e. returns to its starting thermodynamic state over the process), the OC acts as a solid reagent over the
reduction or oxidation stages of the chemical looping process (i.e. undergoes stoichiometric alteration following extent
of reaction). In contrast, methane utilizing CO2CL processes (such as SDR, ACACL, and RBR) typically use a complete
catalytic process within one of the CL stages, without the OC intervening to separate the reaction into two stages.

2.3.1 Chemical looping reforming (CLR)

Chemical Looping Reforming (CLR) processes introducing an OC to typical reforming reactions between CO, and CH,
have also been developed. Both air and CO, have been demonstrated as the oxidizing gas. The reducing gas in CLR is
CH,, which receives oxygen from the OC to produce CO, commonly referred to as Partial Oxidation of Methane (POM).
The hydrogen content in the CH, also receives oxygen from the OC, producing water. The hydrogen content therefore
interferes with the atom economy of CO production by competing for the same‘reagent’in the form of oxygen deficiency
in the OC. However, involving the production of water incorporates its Gibbs formation energy and subsequently tilts
the equilibrium forward.

Some versions of CLR utilize multiple chemical looping steps (Fig. 5), differing from STCL and RWGS-CL in that
three steps are required to achieve the net reaction. The introduction of a carbon carrier (CC) in addition to the
oxygen carrier (OC) captures CO, from a concentrated flue gas stream. An addition of methane is also used as the

Fig.4 Process schematic for La() 7§Sr” 25 (Co, FC)O3
RWGS-CL with a specific for-

mulation of perovskite oxide
as the oxygen carrier, which

facilitates the transfer of
oxygen from CO, to H,O. As is
typical in RWGS-CL, formation
of limited oxygen vacancies in
the perovskite may locally dis-
tort the crystal structure, but
the cubic motif is maintained.

(Reproduced with permission
from Elsevier [3])
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Table 2 Summarized process for Reverse Water Gas Shift Chemical Looping (RWGS-CL), utilizing perovskite as OC, and undergoing reduc-
tion from H, for direct production of syngas with CO,, H,0O feed
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(CL Stage) Major Reactions Effluent
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reducing gas, allowing for the formation of H, and H,0 in the reforming step to produce syngas. Whether using an
OConly oran OC and CCin tandem, CLR maintains the advantages of using a reduction gas in that the temperatures
required are lower than STCL. However, the lower reduction severity of CH, as compared to H, puts CLR processes
in general at intermediate temperatures between RWGS-CL and STCL.

While the additional chemical looping steps in the CLR process increases the complexity of material design, it
also offers more opportunity for specializing the solid reactivity further.

2.3.2 Super dry reforming (SDR)

Super Dry Reforming makes use of a methane dry reforming catalyst bed in addition to OC and CO, sorbent in
an adjacent bed. The configuration and materials investigated by Buelens [6] are summarized in Table 3. The dry
reforming process occurs independently to the OC and sorbent reactions, with the mixed feed of CO, and CH,
encountering the dry reforming bed prior to the products flowing over the CL/sorbent bed. Reduction of the metal
oxide and capture of CO, are accomplished during the reduction stage, with H,O as the primary effluent. In the
oxidation step, an inert is flowed through the beds, which results in desorption of CO, for reaction with the reduced
metal oxide OC to produce CO. A major advantage of the SDR process is the separate production of H,0 and CO,
simplifying downstream product separation.

2.3.3 Catalyst assisted chemical looping (CACL)

Catalyst Assisted Chemical Looping (CACL) makes use of dry reforming catalyst and metal oxide OC in a mixed bed. The
so-called “catalyst assistance” comes in the form of a dry reforming catalyst which converts CH, to H, for use as a reducing
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Table 3 Summarized process for Super Dry Reforming (SDR) which utilizes a dry reforming catalyst in tandem with metal oxide as oxygen
carrier (OC), and CaO as a CO, sorbent

Solid Loading
and Gas Feed Major Reactions Majority
(CL Stage) Reactor Sections or Pretreatment Phases Effluent
NiO/MgALL0, |
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(Initial Solids NiO/MgAl,0, : Mixed Fe,05/MgAl,04 and CaO/Al,03
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IS T
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s |
né y ] s'j'l?d .......... \’\_“/< .............. e e >_\ H,O
&| (Reduction :Fe304 3Fe Fes0, 3Fe CaO CaCO;
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Q. T
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.................. e D
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Table 4 Summarized process for Autothermal Catalyst Assisted Chemical Looping (ACACL), which utilizes dry reforming reactions and com-
bustion of methane to produce syngas and satisfy heat demand, respectively

Solid Loading
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Table 5 Summarized process for Reverse Boudouard Reforming (RDR), which utilizes methane cracking catalyst to supply H, for OC reduc-
tion, and the reverse Boudouard reaction to recover solid carbon from methane cracking into the CO product stream
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and Gas Feed Major Reactions Majority
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gas [7]. A variant using a co-feed of oxygen to achieve autothermal operation (ACACL) has also been suggested, with
materials and process steps investigated by Hu [8] are summarized in Table 4. After initial pretreatment of metal oxide
and support, the CL process is started by reducing the OC under H,. Subsequent feed of CH,, CO,, O, mixture during
the oxidation phase constitutes the autothermal production phase of the process. The dry reforming activity in the bed
produces CO from CH, and CO,, and CO production is intensified by the reducing activity of the metal oxide OC. A small
co-feed of oxygen combusts CH, and H, in the system to offset the endothermic dry reforming reaction, allowing for
autothermal operation of the bed.

2.3.4 Reverse Boudouard reforming (RBR)

The Reverse Boudouard Reforming (RBR) process utilizes a staged bed of two sections, loaded with methane cracking
catalyt, and a metal oxide OC. Materials and configuration investigated by Keller[9] are summarized in Table 5. During
the reduction stage, CH, is fed into the methane cracking bed, where C and H, gas are produced. These gases proceed
to the OC bed, where H, gas reduces the metal oxid. Gas feed direction is then switched, and feed gas changed to CO,,
which enters the CL bed first, and is converted to CO. Unreacted CO, exiting the CL bed then proceeds to the methane
cracking bed, where CO, and C, combine to produce CO by the reverse Boudouard reaction.

2.4 Pathways comparison and placement

As the CO2CL pathways further evolve and specialize, their applications and most economic placement will consequently
diversify. However, all the of the CO2CL pathways discussed here are closely linked in their chemistry, and historical
development. These processes share the use of metal oxide structures to aid in the extraction of oxygen from highly
stable H,0 and CO, molecules by incorporating the formation energies of the metal oxide ionic solids in oxygen transfer.
The resulting product is one or both primary components of syngas (i.e., CO and H,) for use in synthesis pathways in the
materials economy. In all cases, significant energy input is required due to the high temperature of the process. Reduc-
tions in the required operating temperature have been realized by the incorporation of reducing gases (i.e., CH,and H,),
however the advantage of lower energy demand is offset by the cost of these new feedstocks.

Solar-concentrator powered reactors limit STCL to areas with high and consistent solar power densities at ground level.
RWGS-CL sidesteps the requirement for solar concentrator reactors, but at the cost of H, demand. If sustainable versions
of RWGS-CL are sought, the primary source of H, would likely be renewable energy fueled electrolysis. The placement
of a sustainable RWGS-CL process would therefore have to be within range of large amounts of renewable energy (e.g.,
wind, solar, etc.). RWGS-CL usage of renewable H, could constitute an off-demand usage of renewable energy, allowing
off-peak power production to be directed into H, generation by hydrolysis, for later use in mitigating CO, emissions from
natural gas power production when local electrical demands are at peak capacity.

In the case of CLR, the abundance of natural gas following the fracking revolution in the United States makes CLR
initially attractive for co-location with natural gas power generating facilities. With the power plant already having a
CH, supply chain structure, and generating CO, in large quantities, the feedstocks for CLR are present in abundance at
present power generation sites.

In all cases of CO2CL, the design of the OC material is paramount to maximizing production over chemical loop-
ing cycles. We further delve into a description of these oxygen carrier (OC) materials, and the course of their historical
development.

3 Oxygen carrier materials and historical development

Candidate materials for these reactions are typically transition metal oxides and mixed metal oxides like perovskites
and spinels, which have tunable surface and bulk chemistries through the incorporation of substitutional defects (i.e.
different metal or molecular ions occupying lattice sites). Design of these OC materials by calculation of material stability
while oxygen deficient has led to formulations which vastly increase the extent of oxygen deficiency the OC is capable
of achieving under fixed reduction conditions (Table 6). The OC materials maintain stability under increasing oxygen
deficiency by a number of mechanisms, including forming associates between defects [10, 11], diffusion of defects
within the bulk structure [12], and local or bulk phases changes into metal oxide species [13] that differ as the extent of
oxygen deficiency varies across the chemical looping cycle. High extent of reaction for the reduction phase and kinetics
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Table 6 Performance of candidate materials for CO,CL processes

Name Type CL process Reaction temperature  CO yield (mmol/g,.) References
Qe

CeO, Binary oxides STCL 1400 0.25 [14,15]
RWGS-CL 1000 1.5 [16]
CLR 800 - [17,18]

NiO Binary oxides CLR 950 - [19]

Fe,03/Fe;0, Binary oxides CLR 1200 0.12 [20]

CuO Binary oxides CLR 800 0.77 [21]

Fe;0, Binary oxides STCL 1400 0.27 [13,22,23]

SnO, Binary oxides STCL 1600 - [24]

Zn0O Binary oxides STCL 1600 - [25, 26]

SrpelagsMng gAly 405 _s Perovskite oxides STCL 1000 0.14 [27]

Fey35Nig 650y Spinel oxides STCL 1400 0.17 [28]

Feg 45C00.550, Spinel oxides STCL 1400 0.09 [28]

Lag 4SroeMng 4Aly O3 Perovskite oxides STCL 1050 0.13 [29]

Lag ¢Sty sMng Al 4,05 Perovskite oxides STCL 1050 0.25 [29]

Lag 551y sMnO; Perovskite oxides STCL 1050 0.22 [30]

La, sBa, sFeO; Perovskite oxides RWGS-CL 500 0.20 [4]

LaCoy ,5FeysMng 55FeO; Perovskite oxides RWGS-CL 600 0.90 [31]

Lag ;5Srg.5Fe05 Perovskite oxides RWGS-CL 600 1.50 [32]

Lag ;551 ,5Fe03 / SiO, Perovskite oxides RWGS-CL 600 0.65 [33]

Lag 7551 ,5Fe03 / SBA-15 Perovskite oxides RWGS-CL 700 1.75 [34]

Co30,4/ Lag755r ,5Fe0; Spinel oxides RWGS-CL 600 1.15 [35]

Co-In,04 Metal supported RWGS-CL 500 1.64 [36]

6% K/BaFeHAl Metal supported RWGS-CL 550 0.38 [37]

Fe,0;-Zr0O, Binary oxides RWGS-CL 650 0.69 [38]

CeO, Ceria STCLR 1050 2.16 [2]

Lag 95CugosFe0; Perovskite Oxide CACL 850 2.28 [39]

Ni/Ce0O2-FeO3 Bifunctional MO CACL 700 1.9 (7]

Cu-ZnO-ALO, Bifunctional MO RBR 850 5.0 [9]

of the OC reduction and subsequent oxygen scavenging from CO, (a low severity oxidant), hold the key to efficient CL
reactions for the OC oxidation step. To constrain the material design, a given reduction condition must be chosen for
the development of an OC, which distinguishes different CO2CL processes.

The CO2CL process takes the OC through a cycle which swings in non-stoichiometric oxygen deficiency at elevated
temperature. Suitable materials for the process must therefore have high stability across a region of oxygen composi-
tion, in contrast to steady state catalytic processes, where a material may be frozen in a particular defect or crystal
geometry configuration to best serve kinetic and selectivity outcomes. In addition to thermodynamic stability, the OC
must maintain a stable microscopic morphology over many cycles of CL. Significant sintering, agglomeration, or metal
species migration within the OC over time has the potential to alter available surface area and surface composition for
the heterogeneous reactions of the reduction and oxidation steps. In processes where oxygen vacancies are able to dif-
fuse through the bulk, the length scale of the OC crystallites has a significant effect on time to complete a given extent
of reduction or oxidation.

A large range of materials have been used till date—from well-known ceria-zirconia materials to state-of-the-art
mixed metal oxides like perovskites or spinel oxides, as shown in Table 6. The material property of these oxides differs
in terms of oxygen storage capacity, thermodynamic constraints for redox transformations, phase transition behavior,
and internal oxygen diffusion characteristics.

However, the OC materials for CO2CL do share common characteristics: (1) They are ionic solids, with most bonds in
the solid having predominantly ionic character over covalent, with nearly full electron transfer between atoms (2) They
contain oxygen anions (3) Metal centers (typically transition metals) are present which are capable of multiple oxidation
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states, allowing local electron transfer to accommodate the effective charge of vacancies. These features are all central
to the OC’s ability to maintain structural stability in the lattice when transitioning between different extents of oxygen
deficiency. When an oxygen is removed from a lattice site, electroneutrality of the overall solid can be maintained by
electron transfer to transitional metal centers, which undergo redox reaction. In a covalent material, the loss of a coor-
dination site would necessarily result in an alteration in connectivity and structure. However, in the ionic solid, several
mechanisms are present which may counteract the increased energy of the solid upon loss of a constituent oxygen anion.
Local distortions of the crystal lattice may take place, moving remaining cations and anions to charge compensate the
oxygen vacancy defect and the charge defect of the transition metal center which received electrons. At high tempera-
tures, these materials exhibit substitutional defects which occur in equilibrium, including the established Schottky and
Frenkel defect pairs. Diffusion of these defects allows them to coordinate with the oxygen vacancy defect, and accom-
plish charge compensation by associating defects with opposite signs of effective charge. Additionally, local changes
in phase can take place, in which the crystal structure is altered to a new motif, with local charges and stoichiometry no
longer matching the parent structure (analogous to a metal oxide transitioning from Fe;0, to FeO). In this case, while
the CO2CL chemistry may remain reversible, atomic and even microscopic rearrangement may occur over many cycles,
leading to reduction resistant species, and sintering effects altering surface area and diffusion timescales. A tradeoff in
material design is therefore struck between a formulation that is flexible, allowing for rapid diffusion of defects, and one
that rigid in its thermodynamically preferred crystal structure.

Substitutional defects introduced in the material stoichiometry are the primary tool for altering the prevalence of
the system for adsorption, dissociative adsorption (if necessary), and diffusion of oxygen vacancies between the bulk
and surface. However, distribution of the substitutional (atom exchange) defects are not completely under the control
of the experimenter by stoichiometric formulation. For example, swapping some of the A-site cations in the perovskite
oxide LaFeO; for Ba (resulting in a formula La,Ba;_,FeOs), does not produce a solid with homogeneous Ba composi-
tion throughout the solid. It has been observed that the surface becomes Ba enriched [4, 40-42], indicating the system
thermodynamically favors the placement of Ba cations at the A-site on the surface over La cations. Diffusion of atoms
between lattice sites at process temperatures may therefore place limits on the degree of control over local composi-
tion under certain formulations, as the alteration of local crystal composition may aid or hinder individual steps in the
reduction and oxidation mechanism.

3.1 Course of material development

Early investigations into candidate materials for OC's were focused on metal oxides, and gradually moved to more com-
plex structures like perovskites and spinels. The development course also incorporated reduction gases (in the cases of
RWGS-CL and CLR) primarily aimed at reducing the required reaction temperature. The development of these materials
brings to light their advantages and disadvantages.

3.1.1 Generation 1. metal oxidate material for solar thermochemical CO, to CO reaction

The thermochemical redox cycles generally operate in two separate steps, reduction and oxidation, utilizing a metal
oxidate material (MO) as a reactive intermediate. For Fe;0,, the redox steps are shown in Egs. (6) and (7) [43, 44]. The
first thermal reduction step requires high energy input in reaction (1) (generally greater than 1200 °C), which is highly
endothermic (AH®,5g¢ =319.5 kJ/mol). In the second step, the reduced oxide is reacted with H,0 and CO, at a lower
temperature to produce H, and CO [45].

Fey0, — 3Fe0 +0.50, (6)

6FeO + CO, + H,0 — 2Fe;0,+ CO + H, (7)

Due to the extremely high-temperature requirement for the reduction, the category of metal oxide is divided to
volatile and non-volatile materials (Table 7). For volatile materials, such as ZnO, the metal oxide can undergo significant
gas-solid phase transitions at high temperatures in the reduction step [46]. For non-volatile materials, such as Fe;0,, the
metal oxide material remains in the solid state during the reduction [47]. Generally, volatile materials produce more O,
in the reduction step than non-volatile, which potentially converting more CO, to CO at the oxidation step, at the cost
of potentially emitting metals from the reactor. To enhance the conversion yield of non-volatile materials, it is possible
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Table7 Common volatile

) . Category Materials Reduction reaction References
and non-volatile metal oxide
materials for thermochemical  yjo|atile Sno, SnO, (s)—SnO (g)+% O, 125, 26]
CO, to CO conversion 7n0 ZnO (s)—Zn (g) +% O, [24]
Non-Volatile Fe;0, Fe;0, (s) —3FeO (s)+%2 O, [13,22,23]
CeO, CeO, (s)—>CeO (s)+%2 0, [14,15]
Perovskite oxides (ABO;) ABOj; (s) —ABO3, (s)+x/2 O, [27,49]

to increase the reaction temperature to force the reaction to the volatile process. For example, the thermal reduction
to FeO requires temperatures above the melting point of both FeO (1377 °C) and Fe;0, (1597 °C), the Fe,O; converts to
FeO at 1700 °Cin 2 min for a single pellet of metal oxide in a solar concentrator reactor [48].

Although the thermochemical reaction successfully converts CO, to CO, the extremely high-temperature requirement
in the reduction step is a major drawback limiting further its application. One method to develop the reaction is to use
solar energy as the energy source to lower the costs [50]. However, a materials challenge induced by such high reduction
temperatures is sintering. Methods such as mechanical crushing or milling for material regeneration. These limitations
lead to the alteration of composition within stable crystal structures to influence reaction mechanisms.

3.1.2 Generation 2. Spinel substituted metal oxide for thermochemical CO, to CO reaction

Due to the challenge of the high energy requirement for thermochemical CO, to CO reaction, several optimized materi-
als have been developed to lower the reaction temperature. One series of optimized materials is spinel substituted iron
oxide (Fe; A0, (A=Mn, Co, Ni, Zn)). The reduction behavior in the ferrite redox system can be influenced by partial
cation substitution of Fe in the spinel. The spinel substituted iron oxide can reduce the reaction temperature by > 100 °C
(650-1100 °C). Similarly, spinel substituted perovskite oxide materials could also reduce the energy requirement for the
reduction. The common materials and their conversion properties are shown in Table 8.

3.1.3 Generation 3. Metal oxide material for CO, to CO reaction through RWGS-CL

To excise oxygen anions from the formulated spinels and perovskites at lower temperature, a reduction gas is introduced.
The use of H, results in a leaving gas of H,O rather than oxygen, lowering the net change in Gibbs energy, and therefore
increasing equilibrium reduction at lower temperatures. The similarity to the established water gas shift (WGS) reaction
led to the description of this process as RWGS-CL. The first step in RWGS-CL is to reduce the metal oxide material by H,,
forming the material with oxygen-vacancy (3). The second step is to oxidize reduced metal oxide by donating O from
CO,, producing the original metal oxide structure and CO (4).

MO, + 6H, - MO,_s + 6H,0 (8)

MO,_; + 5CO, - MO, + 5CO )

where MO, represents a metal oxide and MO, _g represents a reduced metal oxide. Several perovskite oxide materials,
including those supported on porous, inert oxides, are shown in Table 9.

The further developments of RWGS-CL materials can be focused on improving the materials properties in CO, to CO
conversion, such as synthesizing the high surface area metal oxides and improving the dispersion by adding support
material.

3.2 CLR materials

The development of chemical looping approaches to reforming (in this paper broadly referred to as CLR) were originally
driven by the development of POM processes to limit the complete oxidation of CH, into CO, during syngas production.
By incorporating an OC, the thermodynamics driving the oxidation of CH, through the desired product of CO and into the
terminal combustion product of CO, could be modified. The OC for CLR is therefore responsible for transferring oxygen
to an adsorbed CH, molecule, to produce CO and H,0 in the reduction step. As OC’s for CLR developed, and interest in
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Fig.6 Equilibrium O, partial pressure of metal oxides as a guiding tool for their use in chemical looping processes at desired reaction tem-
peratures. A higher partial pressure of O, at equilibrium indicates a greater capacity for the solid to accommodate oxygen deficiency. (figure
reproduced with permission from American Chemical Society [58])

CO, emission mitigation increased, OC’s for CLR were developed to use CO, as the oxidation gas. Certain configurations
of CLR have the potential to create CO in both steps of its CL cycle, from CO, in the oxidation step, and from CH, in the
reduction step.

The need to activate CH, in CLR leads to different material formulations than those found in STCL and RWGS-CL. While
the spinels and high temperature stable ionic solids common in other CL pathways are used in CLR, metal promoters such
as Ni, Mn, and Co are used for their reforming chemistry and stability[54]. The primary metrics for a POM OC'’s are CH,
conversion and CO selectivity (over CO, in the reduction step). In adapting the process to using CO, as the oxidizing gas,
a further performance constraint is added in the ability of the OC to receive oxygen from the relatively weak oxidizing
agent of CO,. It is here that perovskite oxides enter again, in the familiar form of transition metal containing perovskite
oxides acting as OC, and also capable of CH, activation [55]. With the incorporation of perovskite oxides and mixed metal
oxides, the transition metals applicable to high performance in CLR is broadened to Ni, Cu, Fe, Mn, and Co [56].

3.3 Thermodynamics

The chemical looping process of CO, conversion revolves around redox cycling of OC by varying non-stoichiometric
oxygen deficiency. The equilibrium extent of OC reduction at a given temperature and reducing gas partial pressure
dictates upper limit of CO, conversion per cycle, which is ultimately a thermodynamic limit. Theoretical calculations to
investigate phase changes are important to explore the oxygen exchange capacity (or more conventionally, oxygen stor-
age capacity). Phase diagrams and/or Ellingham diagrams are helpful in illustrating the stability of metal oxides under
different oxygen partial pressure, and reaction-relevant temperatures (Fig. 6). A greater equilibrium partial pressure of
O, maintained by the OC indicates a greater capacity for the solid to reversibly accommodate oxygen deficiency within
its structure, which directly impacts the amount of oxygen that can be transferred in a single CL cycle.

Expanding from the reduction pathway to the process as a whole, iron oxide processes for CO2CL (both with and with-
out reducing gases) have been thermodynamically modelled to investigate energy requirements for CO production [57].

Phase stability studies on Mn-Fe-0 systems [59] have elucidated the role of Mn-content on the redox capacity
of these materials at 850-950 °C. The extent of reducibility of materials as studied via phase diagrams has led to
the computational discovery of materials for chemical looping H, production [60]. Ab-initio investigation of phase
diagrams are not only useful to predict the most stable bulk phases, but they can also provide insights into the most
stable surface terminations and facets. For example, Zasada et al. have shown how reaction conditions dictate the
surface structure of Co;0, spinel oxides [61]. The specific surface termination in abundance sets the stage for the
process by dictating the possible adsorbed species intermediates and adsorption energies for the gas—solid interface.
The energy of oxygen vacancies in the lattice also differs between not only bulk and surface states, but also between
different surface terminations, therefore altering the availability of oxygen vacancies at the surface as predicted
by statistical mechanics models. Thermodynamically favored surface terminations can vary widely across process
relevant temperatures, as shown in Fig. 7 for spinel structures. While each formulation of OC will vary in its surface
termination in response to the temperature, this feature of the ionic solids relevant to CL processes introduces a
complication to the development of kinetic models. As the high mobility of vacancies and defects within these solids
at process temperatures allows the reconfiguring of their surface, the conditions for reaction mechanism steps (e.g.

@ Springer



Discover Chemical Engineering (2023) 3:15 | https://doi.org/10.1007/543938-023-00030-9 Perspective

1.8
d2
1.7
(100)-8.CO,
1.6
(100)-V,-CO, (100)-8-44.0
1.5
(100)-V,,-H,O
(100)-8 1.4 {100)-Ve
(100)-8
1.3 (100)-S- (100) 5~ 1.3
{100).8.0
1.2 1.2
200 300 400 500 600 700 300 320 340 360 380
T/*C T/*C
1.8
b2 (100)-8-CO,
i //
. (100)-v,-CO,
(100)-8-H,0
- -
_'. _'. 1.5 (100).8-0
é é (100)-V,,-H,0
1.4 ﬁ’_
(160)-3 (100)-V,
1.3
1.2 o L i L
450 475 500 525 550
T/°C

1.8/
C (100)-S-CO (100)-V,-CO

(100).8.0
1.7 /

1.6 1 (100):5-H,0

=
1.5
- (100): V-0
€1a
(100)-8
13 P (100)-V,
(100)-2Vy """ sremen
T T 12 T - T 1.2 ........
200 300 400 500 600 700 600 650 700 750
T/°C T/C

Fig.7 Zasada et. al used first principles calculations to identify the most stable surface terminations of Co;0, spinel oxides under appropri-
ate reaction environment. The most stable surface state changes from a stoichiometric form (a1, a2) to an oxygen deficient state (b1, b2) to
a more reduced surface (c1, c2) as the CH, conversion increases with temperature. (Reproduced with permission from the American Chemi-
cal Society [61])

adsorption, vacancy formation, etc.) at the surface may change significantly. As a result, the energy change associated
with a given mechanistic step may be a function of temperature, violating simple Arrhenius rate laws.

Quantum chemical calculations, primarily based on DFT methods, have been used to probe the thermodynamic
properties of these materials [62]. The vast range of complex mixed metal oxides being studied for these CL reac-
tions is linked to successful prediction of metal compositions with CO, conversion abilities [3]. These are primarily
descriptor-based efforts based on oxygen-vacancy formation energies, enthalpy of formation, band gap, atom-
projected electronic density of states, appropriate for CO,-conversion [63]. Oxygen vacancy formation energy (E)
and enthalpy of formation of these oxides stand out as obvious choices for OC design criteria, as the chemical loop-
ing mechanism is intricately related to redox cycling of the materials. Ease of oxygen removal from a metal-oxide is
thus a critical factor.
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Table 8 Common spinel

substituted metal oxide for Materials Reaction temperature (K) CO yield (mmol/g,,) References
:Zaez?;nchemicﬂ CO,t0 CO NigsMnosFe;04 1073 - (51,52]
Feg35Nig 650, 1673 0.17 28]
Fe(.45C00550, 1673 0.09 28]
Lag 4SrosMng 4Aly 605 1323 0.13 [29]
Lag¢STe.4Mng 6Al 405 1323 0.25 [29]
Lag 55t sMnO; 1323 0.22 (30]

While large oxygen vacancy formation energy (E,) corresponds to higher energy demand to break an oxygen
atom free of the lattice, thus requiring higher temperatures for CL operation, too favorable oxygen vacancy for-
mation (lower Ey) can result in so many vacancies that the crystal lattice collapses, resulting in irreversible phase
changesin the OC. Thus, based on CL process needs, there is a fine balance of which materials can be used as redox
platforms. These modeling efforts have proved to be useful for material property prediction, they stem from a static,
thermodynamic perspective. More complete kinetic process descriptions require diffusion and reaction mechanisms,
necessitating more expensive calculations.

3.4 Bulk and surface chemistry/defects

Mobility of defects between the surface and bulk is a major material property of interest in OC materials. In the
absence of near molecular control over OC layer thickness on a catalyst substrate, diffusion of oxygen vacancy (and
other charge compensating) defects allows the full bulk of the material to be utilized for oxygen cycling. Without
significant defect diffusion, the oxygen cycling capacity will be fundamentally limited by the surface area of the OC.
Increased concentration of surface bound defects will also increase the local strain on the lattice, potentially lead-
ing to phase changes, whereas an OC capable of distributing defects throughout its bulk will experience lower local
strain, potentially delaying the onset of phase changes as reduction severity is increased.

Interchange of defects between bulk and surface of the OC also has a significant effect on the kinetics of the
process. Even in the limiting case where the oxygen vacancy diffusion rate far exceeds the surface reaction rate, the
distribution of defects between the surface and bulk will then be dictated by thermodynamics. As a result, the defects
at the surface available for reaction will always be a fraction of the total defects within the solid. Without statistical
mechanics correction, kinetic rate law parameters may be under estimated due to the over estimation of surface site
(i.e. surface oxygen vacancies) concentration.

4 Reaction mechanisms

From a broad perspective, the minimum reaction steps during the CO2CL process are adsorption, surface reaction and
solid reorganization, and desorption. There remains a lot of work to be done to elucidate the mechanistic steps of CO,
conversion via CL techniques, and more importantly exploring the atomistic insights to design better solid reactants.
The chemical looping approach to CO, reduction is based on a transient, dynamic evolution of the OC as the extent of
oxygen deficiency changes over chemical looping steps. Most of the conventional catalyst performance metrics (per-
centage conversion, CO yield, conversion rates, TOF) for CL reaction scheme are either averaged over the cycle time or
reported as the highest results per cycle. To have a better control of the reaction, and make the best of these dynamic
reaction schemes, more detailed mechanistic investigations are required. During reduction/oxidation step, the solid
reagent undergoes transitions/transformations in terms of oxidation state of metals [64, 65], varying reaction-available
surface concentration of metals and oxygen [66], vacancy and crystal defects in varying forms [67], different metal-
support interactions [33, 68], an ensemble of metal-oxide phases, crystal shapes and sizes, all having a significant effect
on the electronic structure/state of the active sites [62, 67, 69, 70]. General characterization of new OC materials typically
includes the use of XRD and TPR/TPO (Fig. 8). XRD is used to confirm the stability of the crystal structure across reaction
conditions, or identify the formation of new phases. The example here shows the perovskite has maintained its crystal
structure across the reduction and oxidation conditions, despite the evidence of stoichiometric loss of oxygen from
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Table9 Common materials

for CO, to CO reaction Materials Reaction temperature (K)  CO yield (mmol/g,,) References

through RWGS-CL Lag sBag sFeO, 773 0.20 [4]
LaCoy ,sFeysMng 55FeO, 873 0.90 [31]
Lag 55ty 5Fe0; 873 1.50 (32]
Lag 75519 5Fe05/Si0, 873 0.65 [33]
Lag 755T,5Fe05/SBA-15 973 1.75 [34]
Co;0,/Lag 7551 »5Fe0; 873 1.15 [35]
Co-In,0, 773 1.64 [36]
6% K/BaFeHAIl 823 0.38 [37]
Fe,0,-Zr0, 923 0.69 (38]
Mn,,Cop gFe,0, 923 8.80 (53]

the crystal. The TPR result (Fig. 8c) shows two major peaks for water emission. The evolution of water from 200-300C is
common for perovskites, and considered to be mainly the loss of adsorbed species [4], which is convoluted with the
water peak centered on 350C, which is ascribed to chemical reduction of the perovskite by generation of water. The TPO
result (Fig. 8d) shows the production of CO from the reaction of CO, with oxygen deficient perovskite. The significant
difference between the peak reduction and oxidation temperatures is driven by the severity of the reducing/oxidizing
environment and stability of the products of the reaction. While these tools are crucial in verifying the bulk structure
and general chemistry of the material formulation, they are unable to provide a detailed description of the changes in
the OC across the CL cycle.

The XRD and integration of TPR/TPO results give indication of bulk changes to the perovskite or OC. However, local
changes in defect concentration and association may occur at the surface, as well as distribute throughout the solid. As
discussed in relation to Fig. 7, changing thermodynamic conditions has a large effect on the stability of surface configu-
rations of defects, and surface terminations for the perfect crystal itself. As a result, the structure and configuration of
active sites resulting in the desired reactions may change across thermodynamic regimes. XPS, DFT and other surface
characterization or modeling techniques are required to gain insights into identifying the configuration of heterogene-
ous reaction sites.

4.1 Adsorption

For the operating temperatures of CO2CL processes, chemisorption is expected to dominate over physisorption, due
to the larger adsorption energies required for persistent binding at high temperature. DFT studies have been carried
out to identify stable adsorbed species. Even when idealized surfaces are simulated, candidates for intermediate
species and adsorption sites vary depending upon the crystal termination plane, and stage of the chemical looping
process.

Fig. 8 Examples of material
(Lag sBay sFeO,) characteriza- (@
tion results. XRD results are
used to confirm the formation
of the expected crystal struc-
ture. TPR and TPO under the
relevant reduction and oxida-
tion gases reveal the onset of
significant reactivity. a XRD
result of fresh LBF, b XRD
result of post-CL LBF, ¢ TPR-H,
result, and d TPO-CO, result.

(Reproduced with permission J._J
from Elsevier [4])
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For example, in the case of RWGS-CL oxidation step, DFT studies have revealed carbonate (CO;) as a stable adsorption
species with an incoming CO, gas molecule chemisorbing to an oxygen in the solid lattice [71]. Presence of carbonate is
also corroborated by DRIFTS measurements over the same reaction step [4, 72]. However, the DFT studies indicate that
the formation energy for the same carbonate species at an exposed oxygen site varies based upon the crystal surface
termination plane. Accurate prediction of the adsorption rate from adsorption energies would therefore require a quan-
tification of relative amounts of crystal termination area across the solid. The same complication arises when attempting
to kinetically model the surface reaction and desorption rates, leading to the application of power law and equilibrium
modified kinetic models [73].

4.2 Surface reaction and solid reorganization

Once a gas molecule has adsorbed at an appropriate site, a surface reaction and solid reorganization must occur for the
reaction to proceed. It is unclear from experimental studies if the surface reaction is distinguishable from a desorption
step, in which an oxygen atom exchanges between the OC and gas phase species. lonic solid electroneutrality requires
the redox induced restructuring (and a subsequent altering of effective charge) of elements within the solid OC to allow
the transfer of oxygen anions to and from the OC. The redox reaction may be followed by the formation of point and
extended defects within the same (or slightly distorted) crystal structure, or can result in the formation of new crystal
phases within the OC. The manner in which the OC reorganizes to accommodate the change in extent of oxygen defi-
ciency can therefore be distinguished by vacancy and phase change behavior.

4.3 Vacancy mediated oxygen carriers

Quantum mechanical simulation [10] and thermodynamic studies [11] coupled with experiment on oxygen deficient
perovskites have indicated the redox primarily occurs at transition metal sites within the OC. Further, these studies also
come to the same conclusion that the reduced transition metal sites and oxygen vacancies within perovskites are strongly
correlated, and exist as associates of defects (also referred to as complexes or extended defects). In perovskites, the oxy-
gen vacancies are highly mobile, allowing them to distribute throughout the bulk of the crystal structure following their
formation on the surface through heterogenous reaction with the reactant gases. The extent of oxygen vacancy at the
surface of the OC, and the relative rate of the diffusion of these vacancies relative to the rate of surface reaction result in
a changing electronic environment on the surface of the OC. Since reaction is inherently governed/dictated by electronic
interactions, this transient evolution of the solid surface impacts the CL performance as well. Starting with detailed ab-
initio studies towards developing detailed microkinetic mapping of the reaction pathway and operando spectroscopic
studies can lead to explore the dynamic behavior of these reactions. Ab-initio calculations to discover new material
formulations have also been conducted to enable increased performances (e.g. oxygen vacancy formation energy) and
validated by experiment (CO production per CL cycle) (Fig. 9 [66]). The general tunability of perovskites is demonstrated
here, with fractional substitutions of A and B sites in the ABO3 structure altering the oxygen vacancy formation energy.

4.4 Phase mediated oxygen carriers

In the case of phase mediated OC, the reduction of metal centers results in reorganization of the solid to a new crystal
structure geometry and/or local stoichiometry. The bulk diffusion of altered local phases is expected to be less than that
of smaller extended defects, from the perspective of activated transport of the complete phase. However, reorganization
of individual atoms at the boundaries between phases may result in the apparent motion of phases between the bulk
and surface of the OC, in a process that is analogous, but more complex, than that of the diffusion of point defects and
extended defects still occupying the original crystal lattice geometry. Issues of transport of altered phases, and mor-
phological alterations such as sintering and grain boundary formation are of critical importance to maintaining CO2CL
performance across many cycles for phase mediated OC.
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Fig.9 Discovery of Earth-abundant perovskite oxides for CO, conversion by reverse water gas shift chemical looping (RWGS-CL) process by
theoretical material calculations followed by experimental verification. Screened materials include perovskite composed with: A-site cations
of La, Ba, and Ca; B-site cations of Cr, Mn, Fe, and Al. Ab-initio materials modeling of oxygen vacancy formation energy (A), normalized by
property of reference material La, ;55r, ,5FeOs. Experimental performance of CO production across serial CL cycles (B) for candidate material
from theoretical search. Ab-initio oxygen vacancy formation energies were used as descriptors for the design search. (Reproduced with per-
mission from the Royal Society of Chemistry [66])

4.5 Perspective on reaction mechanism development

Major performance features for OC in CL processes have been identified, here shown for the CLR process (Fig. 10). From
the perspective of reactor design, larger conversion per unit of reactor volume decreases the frequency of cycling
between reduction and oxidation stages. To this end, the utilization of the OC centers around its fundamental Oxygen
Carrying Capacity (i.e. how much oxygen can be reversibly removed from the structure), Bulk Diffusion of defects to
access the internal bulk of the OC, and sintering resistance to prevent mounting mass diffusion resistance. The reactor
performance is also linked to the Surface Reaction rate, allowing higher WHSV, and selectivity for targeting high value
products. As such, the material design process will of course benefit from a detailed understanding of the mechanism
for the given CO2CL process.

As a function of timescale of reaction, and the allowed phase transformation under appropriate reaction envi-
ronment, detailed microkinetic investigations are needed to capture the dynamic formation of reduced states
(phases, or surface elements, and/or oxygen vacancies) and CO, activation as well. Dynamic phase transition is
another key element. Ab-initio Ellingham diagrams [59, 69, 75] are great to showcase the phase evolution under
reaction conditions. These studies can elaborate on the extent of material reduction from lattice oxygen vacancies
on surfaces, to bulk, and finally phase transformation to metallic phases. These thermodynamic insights need to be
coupled with kinetic properties to have a much better understanding of the time-dependent CL processes. Dynamic
oxygen storage capacity (DOSC) is such a parameter that provides insights on the materials’ capacity for oxygen
exchange [76-79] during each step of the CL process. Thus, a detailed description of oxygen diffusion kinetics and
thermodynamic properties [74, 78] are required for the design of new OC materials. During the reduction step of
CL, the surface lattice oxygens are the first ones to get depleted, which get replenished from the bulk. Materials like
perovskite oxides with more open oxygen sublattices exhibit higher bulk-oxygen diffusivities [74]. These materials
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thus allow faster bulk-to-surface oxygen transport and are more favorable for CL applications. Ab-initio oxygen dif-
fusion barriers have been calculated. A combination of lower E,, and oxygen diffusion barrier is desired for higher
reduction of a material [80]. To delve into more intricate material crystal complexities, dynamic evolution of the
surface states—charge states, spin states, selective surface segregation of elements, and vacancy configurations
should be considered towards explaining the intrinsic reaction rates and activation barriers. Complexities involv-
ing mixed metal oxides are manifold as not only do they present several surface terminations with varying metal
compositions, but the undercoordinated surface metals can also switch between coordination states, spin states,
thus presenting a different electronic state from their bulk coordination environment [70]. Thus, more rigorous
theoretical calculations coupled with operando studies are encouraged. While most theoretical studies are still
involved in probing certain metal-reactant interactions, more holistic approaches involving coverage dependence,
metal-vacancy dual sites, spillover mechanisms [81], can provide more reaction-relevant insights. These studies are
not meant just to explore the mechanistic behavior but can also guide the design of dynamic CL operation towards
maximum flexibility, energy-efficiency, and enhanced CO, conversion.

The role of operando studies cannot be ignored in the pursuit of intrinsic mechanistic insights, especially for a
dynamic process. Operando investigation of variation of the crystal structure, charge states of the surface species,
and site agglomeration, are critical in understanding the varying reaction rates. In-situ studies have shown the
evolution and/or stability of the material phases over CL cycles [13, 67]. In-situ Raman spectroscopy studies are
great to investigate the progression of CL reactions as oxygen non-stoichiometry evolves [82]. While post reac-
tion characterizations showcase the evolution of surface metal concentrations [66] and metal-support interac-
tions [68], rigorous operando studies are required to elaborate these material transformations. Vacancy defects,
their concentration, and their charge states need to be explored. While it has been shown that CO, conversion
increases with higher oxygen non-stoichiometry on perovskite oxides [3], operando studies are crucial for the
purpose of elucidating the oxides’ defect chemistry [83, 84] and CO, activation mechanism—a joint metal-Vo site
driven activation, or CO, activation solely on metal, with subsequent O-spillover and diffusion to vacant sites. The
site-specific mechanistic differences as a function of different reducing agents (heat, H,, and CH,) deserve special
attention as well. Particularly the role of C-deposition during CL reforming needs to be probed towards exploring
subsequent C-V, mediated CO, activation. The lifetime of surface-active intermediates are important parameters
as well. Isotopic labelling studies, along with pump-probe experiments in the Temporal Analysis of Products (TAP)
reactor [85, 86] can provide specific insights on surface lifetimes [87] and intrinsic surface-state specific reaction
rates [88], and oxygen exchange, instead of an ensemble average of varied reaction rates. TAP-studies with in-situ
spectroscopic investigations can pave the way for providing such site-specific CO, activation rates. The intrinsic
CO, conversion rates as a function of O-vacancy concentrations can be probed via state-defining experiments [89]
in the TAP reactor. DFT-calculations along with these experimental approaches are pathways for unraveling the
transient CL reaction mechanisms.

5 Reactor operations and scale-up

Reactor strategies for CO2CL require the separation of reduction and oxidation conditions for the oxygen storage
material. These conditions can be separated in time using a single packed bed reactor, in which the feed gas or
temperature is switched, or separated in space by using circulating fluidized bed reactors, in which one reactor
operates at the reduction condition and the other at the oxidation condition. While the primary motivation for
CO2CL over direct metal oxidation is the elimination of net production of metal oxides (and therefore the demand
for reduced metal species), significant advantages in operational and equipment costs are also realized through
simplified separations. In a catalytic process for CO2 to CO using OC materials, the product (CO) would be mixed
with unreacted CO,, as well as the gas phase products and reactants from the reduction reaction (H,, H,O, CH,, O,
etc.). Separating the reduction and oxidation steps in time or space eliminates contamination of the CO product by
reduction reaction species, making acid gas adsorption for CO,/CO separation a potential single step separation for
product purification. Additionally, decoupling of product purity specification with recovery of unreacted reactants
for recycle further reduces separation demand, as a plant may be able to tolerate more loss of reduction chemistry
reactant in a stream that is not subject to downstream product purity constraints.
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5.1 Reactor configuration: fixed and fluidized beds

While processes for CO2CL consisting of a cycling packed bed reactor (CPBR) or pair of circulating fluidized bed
reactors (CFBR) may both reap the separations advantages of CL, there are significant tradeoffs in advantages and
disadvantages between them [90].

A cycling packed bed reactor (CPBR) for CO2CL would consist of a reactor loaded with an OC on a pellet substrate
to limit excessive pressure drop and maintain the mechanical integrity of the packing. The CPBR would be fed reduc-
tion gas, purged, then oxidation gas, and purged to complete one CL cycle. Effluent collection and purge systems
would be switched over corresponding to the stage of reaction/purge within the reactor.

A pair of circulating fluidized bed reactors (CFBR) would consist of two fluidized bed reactors with separate gas
inlets and effluents, while circulating solids between them. The circulating solid would be an OC on a powder cata-
lyst, of spherical geometry and mechanical resilience to undergo the fluidization and cyclone separation of gas/
solid without significant attrition. Each reactor would operate continuously, with reduction of the OC occurring in
one fluidized bed, and oxidation in the other. Each reactor effluent would be continuously routed to the relevant
product separation and recovery system.

Operation of the CPBR is fundamentally simpler than maintaining the CFBR, but at the cost of semi-batch in the
packed configuration (fixed inventory of OC, continuous gas feed) instead of the continuous operation of the fluid-
ized configuration. Capital cost of the CFBR configuration is also increased due to the requirement of cyclones for
separating process gas from the fluidized bed solids. However, commercial advantage despite increased cost of
capital expenditure and complexity of operation in CFBR has been demonstrated at scale in FCC. FCC is a catalytic
process, but one in which a coke byproduct forms on the catalyst that rapidly diminishes process kinetics through site
deactivation and transport resistance. While the mechanism of FCC deactivation through coke formation is different
from the CO2CL process, the consumption of oxygen deficiency in OC occurs over similar timescales. In short, both
processes utilize a solid in a heterogeneous reaction in which the solid rapidly loses its ability to react. The success
of FCC at the highest industrial scales and the similarity in time scale of solids deactivation between FCC and CO2CL
suggests the consideration of CFBR process configuration for CO2CL, and subsequently demands the refinement of
kinetic modeling and substrate formulations for CO2CL over specific OC formulations to compare the process con-
figurations of CPBR and CFBR. Despite incomplete understanding of mechanism steps, a variety of power law and
equilibrium limited kinetic expressions have been developed [90], and applied to particular process configurations,
and particle geometries for internal transport models [91, 92].

Wenzel et. al. [90] simulated RWGS-CL processes in a single PBR and FBR to evaluate the reactor design choice. The OSM
utilized is Fe,0;-Ce, sZr, sO,, wherein the iron oxide undergoes a phase-mediated oxygen transfer, as evidenced by the
construction of the rate laws utilizing equilibrium relationships between gas phase species and the various configura-
tions of the iron oxides. Local advantages are found for conversion in the PBR design, where reaction fronts result in high
gas partial pressures, while the FBR designs had higher performance near equilibrium conditions. Performance metrics
were suggested to draw attention to these characteristics, including OSM Utilization, and average CO concentration.

5.2 Process efficiency and performance

Wenzel et al. [57]. investigated overall process efficiency for production of syngas from solar powered hydrolysis
sources of renewable hydrogen, with a number of operating schemes involving conventional RWGS and RWGS-CL.
The reactor operation for the RWGS-CL was a pair of CPBRs, which cycled between reduction and oxidation stages
for the OSM. Quasi-steady state production is achieved through one reactor producing (oxidation stage) while the
other is regenerated (reduction stage). Efficiency gains for the solar-to-syngas evaluation boundary were obtained
primarily through heat integration, and the optimum H2/CO2 ratios identified for RWGS-CL which leveraged the
already lower separation costs in CL processes over conventional catalytic systems.

Also investigating performance in RWGS-CL processes, Metcalfe et al. [93]. determined an information theory approach
to tracking the state of oxygen deficiency in the OSM, coining the term “Memory Reactor” to describe the process of a
reversible heterogeneous reaction wherein the solid remains captured in the bed. RWGS-CL was reported in this work
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to exceed the equilibrium limit of conventional WGS/RWGS catalytic processes when the reaction quotient is calculated
from the time-averaged reactor effluent concentrations over the reduction and oxidation stages of the CL process.

In the realm of solar thermal chemical processes, Bulfin et al. [94]. have developed and suggested non-dimensional
performance metrics to allow for more rapid comparison on developing technologies and models. As pointed out in
Wenzel's work [57], common system boundaries and definitions must be used for direct translation of performance
metrics between investigations. Energy efficiency and reaction performances are defined, both for the well estab-
lished ‘thermochemical redox CO2 splitting’ (in this work referred to as STCL), Solar Methane Reforming, and Biomass
Gasification, as well as for any generic process utilizing solar energy to directly drive chemical processes.

In further extension of this work, extensive reactor modeling and experimental validation was carried out by Bulfin et al.
[95] investigating the performance of RWGS-CL in a counter current, cycling fixed bed reactor, and comparing to conven-
tional RWGS using a membrane reactor. As with their previous work, significant advantages in conversion and operating
temperature were realized when utilizing CL rather than the catalytic process. The use of counter current (opposite flow
directions of reduction and oxidation gases between stages) was justified on the grounds of maintaining a strong chemical
potential difference over the reactor. As the reaction front proceeds through the OSM, a counter current arrangement keeps
high concentrations of reagent gases in contact with sections of the bed where oxygen vacancies (or more general oxygen
chemical potential) in the OSM are low, thus making better usage of the reactor volume in a concept analogous to maintain
the log mean temperature difference in a counter current heat exchanger.

5.3 Reactor media

Substrate requirements for packed bed and fluidized bed reactors diverge in size, morphology, and mechanical properties,
but share the necessity of large surface area and OC stability and adhesion over many CL cycles. Packed beds fundamentally
require larger support geometries (0.5-5 cm) to prevent excessive pressure drop, while fluidized beds operate with small
particles (50—200micron) that can be easily fluidized and separated from gas effluent by cyclones. In order to experimentally
validate modeling efforts, candidate OC materials must be combined with reactor appropriate supports, beyond the pure
and crushed materials generally used in micro-packed bed evaluations of particular OC formulations.

5.4 Conversion limits for defect and phase mediated ocs in cpbrs

Theoretical conversion limits at long times on stream (t_.) in CPBR configurations of CO2CL differ based upon the OC being
defect or phase mediated. For a CPBR, the t_, is defined as an extended period of time flowing the feed gas for the particular
CL stage, long past the time when the desired product gas has ceased generation. In this scenario, calculation of the reaction
quotient necessarily involves zero concentration (and therefore zero activity) of the product gas species. If the Gibbs energy
of the reaction at present conditions predicts forward reaction, the absence of product gas would seemingly result in con-
tinued forward reaction. This is indeed the case with an OC operating on a phase mechanism, where a pure substance metal
oxide is converted to reduced metal or a form of the metal oxide with a different oxidation state, and a theoretical complete
conversion of the solid reagent (from the perspective of a single CL stage) is possible. In contrast, in defect mediated OC,
an equilibrium limitation is met as the solid accumulates defects, which in the case of OC occurs primarily as substitutional
defects in the form of oxygen vacancies.

The behavior of equilibrium limitation during the CL stage accumulating defects in the OC results from the Gibbs energy
of the OC being a function of the oxygen deficiency (5). DFT results have shown that oxygen vacancy formation energy
increases linearly with increase of oxygen deficiency in perovskites for low to moderate oxygen deficiency [67]. As a result,
the internal energy of the OC increases quadratically with mounting oxygen deficiency. The combinatorics component of the
entropy of the solid decreases as the vacancy concentration increases, combining with the internal energy increase to drive
up the Gibbs energy of the solid. As a result, in defect mediated OCs, the Gibbs energy of reaction for the reduction of the
OC changes not just with temperature and pressure, but also with the oxygen deficiency. Sufficiently high oxygen deficiency
will halt the OC by an equilibrium limit, even in the absence of product gas, as is the case for t_, in a CPBR. As a result, long
run times for the reduction stage in a CPBR with phase mediated OCs can theoretically convert all OC to the reduced state,
but defect mediated OCs cannot reach complete solids conversion under reduction conditions.
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6 Summary and conclusions

While chemical looping technologies are an exciting pathway for CO, conversion into feedstock for fuels and materials
for sustainable carbon loops or carbon sequestration, the energy demand and reducing gas demand (where applicable)
must still be met, likely by co-location with large CO, emitters, current natural gas pipelines or production areas, and
renewable energy installations. Materials for high performance oxygen carriers (OC) from abundant metals have been
identified, synthesized, and tested in small scale fixed bed reactors by a number of researchers. Further scaleup requires
detailed kinetic models for the oxidation and reduction steps of the chemical looping process, and are likely to require
state of the art tools such as TAP reactor studies. The development of OC’s on suitable substrates for fixed or fluid bed
operation is also required to increase the scale of reactor performance studies beyond that of sub-micron powders in
fixed beds to validate the preliminary reactor modeling studies.
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