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ABSTRACT: Chemical looping is an innovative technique that relies, to a large extent, on
the possibility of finding new oxygen carriers. Until now, these materials have primarily been
identified via experimental techniques and therefrom derived insights. However, this is both
costly and time-consuming. To speed-up this process, we have applied a computational
screening approach based on energetic data retrieved from the Open Quantum Materials
Database. In particular, we have considered combinations of all mono-, bi-, and trimetallic
alloys and mixed oxides with up to three distinctive phases. Here, we specifically focus on a
technique referred to as chemical looping oxygen uncoupling, which is especially suitable for
solid fuels, e.g., combustion of biomass for negative CO, emissions. The formation energies
obtained for the materials of interest were used to identify phase transitions that are likely to
occur under conditions relevant for chemical looping oxygen uncoupling. Given these
criteria, the initial list of 300000 materials is reduced by a factor of 20, and after filtering out
rare, radioactive, toxic, or harmful elements only 1000 remain. When considering the
abundance of elements in the ranking criteria, most of the highest ranking phases include Cu, Mn, and Fe. This adds credibility to
the procedure, as many viable oxygen carriers for chemical looping oxygen uncoupling that have been studied experimentally contain
these elements. While Cr-based materials have not been widely explored for this application, our study suggests that this might be
worthwhile since these occur more frequently than Fe. Other elements that would be interesting as additional components include
Ba, K, Na, Al, and Si.

Bl INTRODUCTION hydrocarbons, such as coal and biomass, is therefore not
limited by the relatively slow gasification of the char
content.”®” Indeed, it has been demonstrated that this process
is 50 times higher when using CLOU, compared to
conventional CLC."" This makes it well suited for bioenergy
with carbon capture and storage (BECCS), which is a key
technology for achieving negative carbon emissions,""*? and
thereby limit global warming to an increase in temperature of,
at most, 2 °C by the end of this century."

It should be stressed that large scale (1.5 kW) testing of the
CLOU concept has demonstrated that it is possible to
simultaneously achieve a high char conversion rate (33% s™')
and carbon capture efficiency (99.3%)."* More importantly,
efficiencies as high as 93% have recently been reported for the
combustion of biomass using a similar setup.'> Simulations
moreover indicate that the utilization of CCS based on CLOU
in a combined heat and power plant leads to a loss of a mere

. ) ) ; ; 1% in net efficiency while allowing the capture of as much as
relevant for producing various chemicals, including hydro- 99.0% (504 kg MW~"'h) of the emitted CO,."® In fact, Lyngfelt

2,56
gen.

While there exist several different variants of CLC, this study
has exclusively focused on chemical looping oxygen uncoupling Received: December 6, 2022
(CLOU), which distinguishing feature is that the metal oxide Revised:  March 30, 2023
spontaneously decomposes, thereby releasing oxygen to the gas Published: May 14, 2023
phase, under the hi_gh temperature and reducing conditions in
the fuel reactor.”~*” As a result, there are no direct interactions
between the OC and the fuel. The combustion rate of solid

Chemical looping combustion (CLC) represents an emerging
technology that can be used for realizing carbon capture and
storage (CCS), a key technology for reducing the anthro-
pogenic greenhouse gas emissions and thereby mitigating the
effects of global warming,' > This is achieved by transforming
the combustion into a two-step process through the cycling of
a solid oxygen carrier (OC), often in the form of metal oxide,
which is first oxidized in an air chamber and then reduced, in a
separate fuel chamber, as the oxygen is partially transferred to
the fuel. Consequently, the exhaust gas is, in principle, made up
only of H,0 and CO,. Since these can be easily separated by
condensing the former, the CLC process produces a pure CO,
stream that can be captured. It is also crucial to note that
chemical looping has a much broader usage than just
combustion, i.e., heat and power generation. In particular,
recent research efforts have shown that this technique can be

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.jpcc.2c08545
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and Leckner'” have estimated a carbon capture cost of around
20 €tch, using ilmenite and natural manganese ores. Even for

synthetic OCs, which are more expensive, CLC and CLOU
should still be considerably cheaper than postcombustion
systems for capturing CO,.

A key issue related to the development of CLC is the
identification of suitable OCs, since the latter must generally
satisfy a variety of different criteria.””>'® This includes
favorable thermodynamics and kinetics, with respect to
oxidation and reduction, as well as a significant oxygen storage
capacity. Various practical aspects such as high chemical and
mechanical stability to prevent breakage, agglomeration,
attrition, and fouling together with low cost, toxicity, and
environmental impact are, however, equally important. Since it
is challenging to enhance the efficiency of existing OCs, there
is a strong need for finding new materials.”'’ Fortunately,
high-throughput screening that utilizes the efficiency of
modern computers and the ever-increasing volume of data
stored in publicly available databases provides a viable route
for achieving this goal.

A practical benefit with the CLOU process is that the fuel
need not be taken into account when assessing the potential of
a prospective OC; it is enough to consider the transformation
between the oxidized and reduced phase. It has therefore been
possible to identify candidate materials based solely on
thermodynamic principles by searching the first-principles
data found in the Open Quantum Materials Database
(OQMD).*”*" In what follows, we first describe the method-
ology, beginning with the thermodynamic relationships used to
determine the theoretical viability, followed by the procedure
for generating and ranking the possible candidates. Next, we
present the main results of the study by first showing overall
statistics and then listing the highest-ranking transitions before
providing a detailed analysis of the interactions between some
of the most frequently occurring metals. This is followed by an
in-depth discussion of the phases that appear among the top 20
candidates. Finally, we summarize our major conclusions and
give our view on how these can contribute to future studies.

B METHODS

Density functional theory (DFT) represents a widespread
computational method that can provide information regarding
the properties of solid state materials, including many that are
of interest when assessing the suitability of a given metal oxide
as an OC. Nevertheless, such calculations can be quite
demanding, which limits the number of compounds that can
be assessed in a given study. Fortunately, there are multiple
publicly available databases containing information obtained
via such calculations for a wide variety of different materials.
Notable examples include the OQMD,””*" which has been
used in this study, the Materials Project database,”” the
aflowlib.org library””** as well as the Novel Materials
Discovery (NOMAD) Laboratory.”® At the time of writing,
the OQMD contains information for a total of 1022603
different materials, which includes both structural and
thermodynamic properties.”® These have more precisely been
obtained via DFT calculations using the implementation of the
projector augmented wave (PAW)~”*® in the Vienna ab initio
simulation package (VASP),” based on potentials in which
exchange-correlation effects have been treated as described by
Perdew—Burke—Ernzerhof (PBE).” It has also been ensured
that the crystal structures and electronic ground states have
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been converged within 0.001 eV atom™' and 0.0001 eV
atom™!, respectively.26 Moreover, the calculation parameters
have been rigorously tested”>”' so as to give a mean absolute
error of 0.096 €V atom™" for the estimated formation energies
compared with reported measurements for 1670 materials.
This includes optimizing the U values, which are crucial to
obtaining good agreement for, among others, metal oxides.
Corrections have moreover been introduced to compensate for
certain shortcomings inherent to DFT calculations, e.g, the
incompatibility of results obtained with the generalized
gradient approximation (GGA) and GGA+U methods,
respectively.

The first step of the procedure is to retrieve the formation
energies for all mono-, bi-, and trimetallic oxides, as well as the
corresponding reduced phases. Next, combinatorics is used to
generate a complete subspace that contains all available
compounds and mixtures thereof with a fixed ratio between
the metallic elements (see Supplementary Note S1). Note that
in the monometallic case, a single material consists of all
compounds Me,O,. After that, the given candidate’s potential
to act as an OC for CLOU is quantified in terms of key
thermodynamic properties. To help identify the most
promising material systems for practical applications, we have
ranked the candidates based on the average abundance of the
constituent elements (in the earth’s crust) and, in addition,
provide estimates of the oxygen transfer capacity (OTC).

Thermodynamic Criteria. To be suitable for CLOU, a
metal oxide must undergo a phase transition at a relevant
temperature and partial O, pressure.”’ An additional require-
ment is that it should provide a sufficient O, transport to the
gas phase in order to oxidize the fuel via normal combustion.
Still, the reduced OC also needs to be reoxidized in the air
reactor at a sufficiently low oxygen pressure, so as not to
decrease the efficiency of the power process by any significant
extent. This means that one must, in principle, include both
thermodynamic and kinetic aspects when judging the perform-
ance of candidate materials. While there exists a few such
studies’** based on first-principles calculations, these have
been limited to one or a few different materials and the
techniques used therein would not be practical in a high-
throughput study such as the one at hand. Furthermore, the
understanding of the coupling between the structure and
performance of OCs for CLOU is still relatively poor,*
making it difficult to identify physical descriptors. For this
reason, the selection has been performed based purely on
thermodynamical arguments.

While it is customary to use po, < 5 kPa,’"** we have

employed a much wider range, specifically 107° MPa < p,, < 1

MPa. This is mainly to ensure that we do not miss possible
candidates. Nevertheless, the chosen values on the upper and
lower bounds also reflect the uncertainty in the calculations
(see Supplementary Note S2, Table SI, and Figure S1).
Moreover, the utilization of oxygen carriers with an
equilibrium oxygen pressure higher or lower than 5 kPa may
be feasible in other chemical looping processes.’® The
operating temperature, meanwhile, normally falls between
900 and 1000 °C in the air reactor, since many good OCs
release oxygen within this range,”* and the temperature in the
fuel reactor is typically somewhat lower. One should note,
however, that there are significant variations in the reported
conditions. Here, we have chosen to consider a broader
interval, namely 750 °C—1050 °C, based on similar arguments

https://doi.org/10.1021/acs.jpcc.2c08545
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as for the O, pressure. Though the use of such broad ranges for
the critical parameters clearly has both advantages and
disadvantages, it is deemed relevant since the purpose of the
study at hand is to (i) illustrate a new type of methodology and
(ii) identify potential candidates that may be worthwhile to
investigate in the future.

To check if a given material complies with the above
conditions, it is necessary to find the most stable phases at any
given chemical potential, which represents a so-called convex
hull.”” To do so, we have followed a previousl reoported
procedure for constructing open phase diagrams.'””*~*’ From
a thermodynamic perspective, this means considering the OC
as an isothermal and isobaric system closed for all species
except oxygen, which can therefore be described by a grand
canonical potential of the form

¢(T, P, Ny, - Nyge s Ho,)
= G(T, P, Nyo, o Nue Hiy)
- '“OZNOZ(T’ P, Nyteyr - Nate s Hoy)
= E(T, P, Ny - Ny fipy)
+ PV(T, P, Ny o Nuge» Ho)

= TS(T, P, Nyge)s - Nyes Hoy)

- /"QZNOZ(T’ P, Nyes s Niye, s /402) (1)

Here, G, E, S, and V represent the Gibbs free energy, internal
energy, entropy, and volume of the system, respectively, while
{Me,;},". | are the n metallic elements. This expression can be
simplified by recognizing the fact that the volume difference
between the solid phases is generally quite small. In addition,
the entropy is dominated by the contribution from the O, gas,
which is contained within the chemical potential s . It should

be emphasized that the same approximations have been used
in earlier studies.'”**™*" Specifically, considering the entropy
of the solid phases requires, at the very least, harmonic phonon
calculations, which are too demanding when screening several
hundred thousand compounds.

After omitting the PV and TS terms and normalizing with
respect to the total number of metal atoms,

NMe = Z NMe‘
i=1 ()
eq 1 takes on the form
gt Etelo
NMe NMe (3)

where we have dropped the functional dependence for the sake
of brevity. The potential for the most stable phase
combinations can, hence, be represented by a collection of
straight line segments with intercepts E/Ny, and slopes —N /

Ny Together these will form a convex hull in the 475—/402

space (see Figure la and Figure S2). The transformations
occur as the environment changes from being reducing to
oxidizing and thus correspond to the intersections between the
lines that, for a specific chemical potential, gives the lowest ¢ .
If one considers Cu,0O,, for instance, metallic Cu is the most
stable for oxygen potentials up to ~ —4 eV O,™". At this point,
the corresponding horizontal line is intersected by Cu,O,
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Figure 1. (a) Free energy of formation as a function of the oxygen
chemical potential for metallic copper and copper oxides (dashed blue
lines) in which the most stable phase at a given chemical potential
(solid blue lines) as well as the transformations between them (red
dots) have been highlighted. (b) Modified Ellingham diagram
displaying the partial oxygen pressure as a function of the
temperature, where each line represents a hypothetical phase
transition with a specific value for the free energy of the reaction.

which has a slope of —0.5. CuO, for the which the inclination
is even higher (slope —1), has the lowest energy above ~ —2
eV 0,7, however.

It is possible to construct a so-called Ellingham diagram (see
Figure 1b) by considering the transition between a pair of
phases (red circles in Figure 1a). To do so, we use the fact that
the oxygen chemical potential can be expressed as a function of
the temperature and pressure,’

(T, p) = u (T, °>+11n(ﬁ]
Fot B Z Ro i FT T R B @)

Here (T, p°) corresponds to tabulated reference values at 1

atm.”"** This enables us to select candidates based on the
requirement that the curve must cross the area that
corresponds to a pressure 107® MPa < Po, < 1 MPa and

temperature 750 °C < T < 1050 °C. While Ellingham
diagrams are conventionally used to represent the oxidation of
individual phases,”® we apply it in a broader context. More
precisely, we include lines that correspond to reactions
between combinations of mixed metal oxides and alloys that
involve the release of oxygen gas.

Additional Properties. The OTC’ is perhaps the most
crucial property for any OC since it correlates to the amount of
oxygen that can be provided to the fuel chamber. It is,
therefore, related to the rate at which solids must be
transferred between the air and fuel reactors to achieve full
combustion. Nevertheless, experiments have shown that the
theoretical OTC is rarely reached, as the recirculation also

https://doi.org/10.1021/acs.jpcc.2c08545
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Table 1. Summary of the Screening Process Aimed at Identifying Potential Candidates for CLOU among Oxides Made up of
One (n < 1), Two (n < 2), or Three Metallic Elements (n < 3), with and without Filtering

Species Elements considered Combinations
n =1 (unfiltered) 101 101
n =1 (filtered) 26 26
n = 2 (unfiltered) 101 5151
n = 2 (filtered) 26 351
n = 3 (unfiltered) 101 171801
n =3 (filtered) 26 2951

Convex hulls

OC materials Stable transitions Candidate transitions

73 20 169 22

26 8 74 8
21836 783 125348 923
3346 152 21679 180
303919 14030 2550698 17116
16295 1010 142973 1278

I Convex hulls

OC materials W Stable transitions

Candidate transitions

108 T T T T T T
a) Unfiltered b) Filtered
2 2550698
g 0 30391 T 1
g 125348 142973
& 21836 21679 16205
S5 10* - —+ -
ey
IS
g 169 74
2 41 -
E 10 26
2 SRR
100 1 L L 1
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T T T T LR UL T UL T
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Figure 2. Diagrams summarizing the results obtained with (a, c¢) and without (b, d) filtering. This includes (a, b) the number of convex hulls (dark
red) and potential OCs (light red) together with the number of stable (dark blue) and candidate (light blue) transitions for systems, with up to one
(n < 1), two (n < 2), and three (n < 3) metallic elements. The (c, d) the oxygen transfer capacity as a function of the average abundance is also
shown, which includes data for all mono-, bi-, and trimetallic materials represented by the orange, purple, and green circles, respectively.

needs to be sufficiently high to fulfill the heat balance. To
estimate the upper limit, we will assume that the amount of
fuel combusted relative to the mass of the OC is equivalent to
the amount of oxygen released in the phase transition of the
OC. In the monometallic case, the oxidation can be
represented by the reaction

aMe,O, + O, = aMe, O, ,,/, (s)
and the transfer capacity can be written as
m Mpe,0 ~ MMe,0
(o) €.0(y12/a) e,
OTC — 2 — Y y
amMexO(y+2/a) mMexO(y+2/a) (6)

where m; is the mass of the compound i.

Since multiple factors determine the practical usability of an
OC, we have considered both a filtered and an unfiltered list of
materials. In the former case, we have, more precisely, omitted
elements that are either radioactive, toxic, environmental
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hazards, or harmful to people.43 It should be stressed, however,
that no consideration has been taken with respect to melting
temperature and volatility since these are difficult to assess
based on first-principle calculations alone. They can neither be
readily estimated for oxide phases based solely on the
constituent elements. One should, therefore, keep in mind
that some of the candidates identified in this study might not
be solid, or even stable, at the temperatures of interest. Though
this could, moreover, rule out certain alkali components, these
have been used with OCs in order to increase activity despite
being known precursors for corrosion during biomass

394445 Note also that similar arguments apply to,

combustion.
for instance, the mechanical strength or rate of oxidation and
reduction.

Since the market prices of individual elements depend on
many physical, economic, and political factors, these should be
expected to vary substantially over time. For this reason, it is

https://doi.org/10.1021/acs.jpcc.2c08545
J. Phys. Chem. C 2023, 127, 9437—-9451
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deemed more suitable to compare the average abundance of
the constituent metallic elements in the crust of the earth,*®

Z Me nMeXMe

X =
ZMe e

)
where X, is the abundance of the element Me and ny, the
number of such atoms in the compound. Because of its
significance, this property has been given a dual purpose. First,
we have excluded all metals (Me) with an abundance X, < 1.0
mg kg™ from the filtered list. In addition, X is used for ranking
the potential candidates.

B RESULTS AND DISCUSSION

The procedure presented in the previous section has been
applied to three distinct subsets, namely mono-, bi-, and
trimetallic materials. Specifically, this has involved ranking all
transitions that could be constructed from mixtures of
compounds extracted from the OQMD. In what follows, we
will first discuss some overall statistics related to this process.
We then take a careful look at the final list of candidates before
considering the interactions between the most frequently
occurring metals with a number of common ash elements.
Finally, we present some additional information from the
literature about the phases that appear among the top 20
candidates to showcase both the potential and limits of the
results obtained in this study.

Overall Statistics. Starting with 100 metallic elements, we
found a total of 73 (169), 21836 (125348), and 303919
(2550698) unfiltered materials (stable transitions) consisting
of up to one, two, and three different metals respectively (see
Table 1 and Figure 2). It should be noted that each is
represented by a convex hull that encompasses the most stable
combinations of oxides and alloys with a given ratio between
the metallic elements. In the monometallic case this would
correspond to all compounds of the form Me,O,. Specifically,
we identify a given material as a potential OC if any of the
associated phase transitions occur under CLOU conditions.
From this analysis, we find that 20 (22), 783 (923), and 14030
(17116) of the hulls (transitions) satisfy our criteria. Although
this corresponds to a vast number of candidates, we have
achieved a considerable reduction in the number of data
points. When instead considering the data obtained for the 26
elements (see Figure S3) that remain after filtering out those
that are identified as toxic, radioactive, hazardous, harmful to
the environment, or too rare, the corresponding lists become
significantly shorter. More precisely, only 8 (8), 152 (180), and
1010 (1278) of the mono-, bi-, and trimetallic hulls
(transitions), out of 26 (74), 3346 (21679) and 16295
(142973), respectively, are viewed as promising OCs for
CLOU.

As is evident from the overall analysis presented above, the
number of potential materials among the monometallic
systems is quite limited. While the estimated OTC seems to
be almost independent of the number of elements, it tends to
be smaller, although only marginally, for compounds with a
lower average abundance. This is not unexpected, however,
since heavier elements are usually less abundant and the
transitions involving many such atoms will release less oxygen
per mass unit. Since the atomic number is correlated with the
mass, toxicity, radioactivity, and abundance the OTC actually
reflects several practically relevant factors. The fact that the
OTC is somewhat larger for lighter elements should thus be
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regarded as positive. As expected, the number of candidate
transitions increases dramatically if the transitions are allowed
to involve more elements (see Figure 3). Additional atomic
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Figure 3. Number of candidates (a) together with the abundance (b)
and oxygen transfer capacity (c) versus the atomic number. Note that
the two latter properties have been calculated as averages over all
transitions that involve a given element. The corresponding insets
show the same data for the 14 most frequently appearing metals.

species can also induce other benefits, such as increased
stability against sintering or attrition. Though it is not possible
to identify any clear trends with respect to the number of
candidates, it should be noted that this result could be
influenced by the availability of source data. Still, an overall
analysis indicates that most elements are found in a similar
number of entries in the OQMD (see Figure SS). While there
exists a few outliers, it is worth mentioning that the frequent
occurrence of boron and yttrium, in this database, is not
reflected in the list of candidates (see Figure 4).

Ranking of Transitions. Even though the individual
transitions have been ranked based on the average abundance
several of the highest ranking OCs (see Table 2) contain
chemical species that would make them unsuitable for real-life
applications. For this reason, we will henceforth focus on the
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Figure 4. Periodic tables where the percentage among the top 100 (a) and 1000 (b) candidates as well as the entire list (c) that contain a given

list obtained after filtering out elements that are either
radioactive, toxic, harmful to people, environmental hazards,
or rare. Although this reduces the number of entries
considerably, namely from 17116 to 1278 when considering
all materials with up to three distinct metals, it is practically
unfeasible to discuss all of them in detail. As an example of
how to utilize these results, we will therefore focus on the top
20 filtered candidates and only present statistical measures
based on all of the transitions.

Before proceeding with the analysis, it is important to note
that the occurrence of a given metallic element among the top
100 candidate will mainly be determined by the average
abundance. By instead including the entire list, one obtains a
measure of the extent by which a given metal confers CLOU
properties based on the thermodynamic criteria. To check the
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conclusions drawn by analyzing these two lists, we have also
considered the first 1000 entries (see Figure 4) because this
will, to some extent, capture both trends.

Silicone dominates the top of the leaderboard (see Figure 5
and Figure 4 as well as Table 2) and is found in 68.0% (100.0
percent) of the top 100 (un) filtered candidates. Still, the
occurrence in the entire list is just 7.0% (2.8%). This clearly
indicates that oxides containing Si, though interesting from an
economic perspective, might not have the highest probability
of being suitable OCs. Manganese, meanwhile, is involved in as
many as 35.0% (12.3%) of all (un) filtered candidates and
should, according to the same logic, be the most likely to
provide CLOU capabilities. At the same time, it has a relatively
high abundance and, hence, appears in 35.0% (11.0%) of the
100 highest-ranking transitions. This is a key result, since there

https://doi.org/10.1021/acs.jpcc.2c08545
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Table 2. List of the 20 Highest Ranking Candidates for CLOU among the Filtered Transitions

Place Transition Oxygen transfer capacity Average Abundance
Ist 4BaFeSi,0,, + O, = 2Fe,0, + 8Si0, + 4BaSi,0; 0.0169 1.97 x 10°
2nd 1CR0; + (K809 + 0, = %Sio2 + 3K,Cro, 0.0552 1.67 x 10°
3rd IMn,ALSIO)g + O, = 28i0, + ALSIO; + Mn,SiO,, 0.0208 1.58 x 10°
4th 7BaSi,O; + = Ba,MnSi,0, + O, = 10Ba,Si,0; + Mn,SiO;, 0.00607 1.57 x 10°
Sth 2Cr,0, + 3BaySi0; + 0, = TBaCrO, + 4Basi,0; 0.0223 1.54 X 10°
6th 2Cr,0, + 1RbgSi 0,5 + 0, = 48i0, + 1Rb,CrO, 0.0493 148 x 10°
7th TCaMn,Si0;5 + 0, = 480, + ~CaSiO; + *Mn,SiO), 0.0411 1.46 x 10°
8th 2Cn0, + TK,8i,0, + 0, = TK,CrO0, + 1K, 81,0, 0.0454 1.35 x 10°
9th TALO, + TMnALSIO,g + O, = 11ALSIO; + Mn,Si0;, 0.0146 1.33 x 10°
10th 2Cr,0; + TRb,S1,0; + O, = TRb,CrO, + TRbSi; 0, 0.0277 1.28 X 10°
11th 4Ba,FeSi,0, + O, = 2Fe,0, + 8BaSiO, 0.0158 1.24 x 10°
12th 2Cr,0, + 4BaSiO; + O, = 1BaCrO, + ;Ba,Si;O; 0.0324 1.21 x 10°
13th Ba,SiO, + 4Ba,FeSi,0, + O, = BaFe,O, + 9BaSiO; 0.0134 1.2 x 10°
14th 4Ba,MnSi,0, + O, = 2Mn,0, + 8BaSiO, 0.0158 113 x 10°
15th 2Cr,0; + NaySi 05 + 0, = Na,CrO, + ;NaCrSi,0; 0.0389 111 x 10°
16th 2Ba,Si0, + 2Ba,MnSi,0, + O, = 2BaMnO, + 6BaSiO, 0.0182 1.06 x 10°
14 . . Sas 7 . 2 .
17th ?MgMn&O4 +0, = ;SlO2 + ;Mg28104 + ;Mn781012 0.0385 1.02 X 10°
17 . 1 . 7 10 .
18th " CaySi0; + ;Mn SO}, + O, = 7Ca,MnyO; + 'CaSiO; 0.0389 9.43 x 10*
19th 4VO0, + 25¢,51,0, + O, 2 45i0, + 4ScVO, 0.0364 9.4 x 10*
20th 4K,CuSi,0, + O, = 4KCuO, + 4K,Si0, + 2K,Si,0; 0.0202 9.25 x 10*
Top 100 transitions
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Figure 5. Percentages among (a, b) the top 100 and (c, d) the entire list of unfiltered (a, c) and filtered (b, d) transitions that contain a given

metallic element.

is strong expenmental evidence that Mn-based oxides display
CLOU properties.”** The same holds true for Cu, which
occurs in 25.7% (9.9%) of the entries and is the second (third)
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most common element in the (un) filtered list. Interestingly Cr
is the third and Fe the fourth most frequently appearing metal
among the filtered transitions. This is somewhat surprising

https://doi.org/10.1021/acs.jpcc.2c08545
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Table 3. List of the 20 Highest Ranking Candidates for CLOU among the Filtered Transitions That Do Not Contain Si

Place Transition Oxygen transfer capacity Average Abundance
58th 4Fe,0, + O, = 6Fe,0, 0.0334 5.63 x 10*
60th 6MnAL O, + O, = 6Al,0; + 2Mn,0, 0.0299 5.52 x 10*
61st 2Cr,0, + 1BaALO, + O, = JALO, + 1BaCrO, 0.0525 5.5 % 10*
62nd 1CR0; + SSrALO; + O, = JALO; + {StCrO, 0.0589 5.49 x 10*
66th 1LaAlO; + SMnALO, + O, = TALO; + TLaMn,0; 0.0411 5.17 x 10*
68th 4Fe,Cu0, + 4RbFe,,0,, + O, = 26Fe,0, + 4RbCuO, 0.00656 4.88 x 10*
69th Mn,0, + 2RbFe,,0,, + O, = 11Fe,0, + 2RbMnO, 0.015 477 x 10*
72nd 1Cr0, + {BaALO, + O, = 1BaALO, + 1BaCrO, 0.0393 472 x 10*
73rd 2Cr,0, + 38rALO, + 0, = ISrALO, + {SrCrO, 0.047 471 x 10*
74th 2BaAl,0, + 4AICu0, + O, = 4CuO + 2BaAl,0, 0.031 471 x 10*
75th 4AICu0, + 2SrAl,O, + O, = 4CuO + 2SrAlL0, 0.0343 471 x 10*
78th 22Ca,Fe,0; + 2CaMn,0, + O, = 22CaFe,0, + 4CagMnOy 0.00497 4.67 x 10*
79th 4Fe,0, + 12NdAIO, + O, = 6Al,0, + 12NdFeO, 0.00892 462 x 10*
80th 4Fe,0, + 12LaAlO, + O, = 6AL,0, + 12LaFeO, 0.00908 462 x 10*
81st 4KAIO, + Na,ALOg + O, 2 4KO + 7NaAlO, 0.0403 4.58 x 10*
82nd 4Fe,0, + 1Rb,TiO, + O, = 1°RbFe;,0;; + -Rb,Ti, O 0.0256 447 x 10*
83rd 2Mn, 0, + TSrALO, + O, = {SrALO, + 181,Mn,0, 0.0222 442 x 10*
84th 2Cn,0, + (NaAlO, + 0, = $ALO; + {Na,CrO, 0.0909 424 x 10*
85th 2Fe,BO, + O, = 2Fe,BO; 0.0583 422 x 10*
86th 1CaAL O, + 2CaCr, 0, + O, = CaALO; + FCaCrO, 0.109 413 x 10*

since the former has not been widely explored in this context
while the latter is found in many good OCs. It is important to
note that Mn, Cu, Cr, and Fe not only appear to confer CLOU
properties but are also fairly abundant.

Additional noteworthy elements are Al, Ba, K, Rb, Na, and
V. After comparing their relative occurrence, Ba > K 2 Rb >
Na 2> V > Al and abundance, Al > Na > K> Ba > V > Rb,
one can conclude that oxides made up of Na or Ba together
with Mn, Cu, Cr, and Fe appear to be the most interesting. In
particular, such materials should be reasonably cheap and have
a fair chance of being suitable OCs for CLOU. Even though Si
or Al are less likely to enhance the CLOU properties, one
could consider adding either as an extra component to reduce
the cost. In addition, we have found that especially Mn has a
comparatively high probability of forming new OCs through
interactions with common ash elements (see Figure S6 and
Supplementary Note S3). Even though the number of
possibilities is lower for Cu, Cr, and Fe as well as Na and
Ba, there exists significant variations depending on the
composition of the ash. As such, one could potentially match
the OC with a specific fuel.

The 20 Highest Ranking Transitions. From a practical
perspective, it is especially interesting to consider combina-
tions of compounds that have never been explored as OCs. For
convenience, however, we will limit the following discussion to
the 20 highest-ranking filtered transitions (see Table 2 and
Table 3). As will become apparent, there are several interesting
trends and the discussion has, therefore, been divided into a
number of subsections concerning candidates with similar
composition. In particular, many transitions involve one or
more phases that are either identical or chemically similar. In
cases where the only difference between a pair of candidates is
the identities of the elements, it can be assumed that a new OC
suitable for CLOU would be obtained by mixing the two. This
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is an intriguing prospect, since the resulting enhancement of
the entropic contribution to the free energy could help stabilize
the stoichiometric phase as well as oxygen vacancies.

Ba—Fe—Si-System. The highest ranking transition, as well
as two others, involves barium, iron, and silicone,

4BaFeSi,0,, + O, = 2Fe,0; + 88i0, + 4BaSi,O;  (8)

4Ba,FeSi,0, + O, = 2Fe,0; + 8BaSiO; (9)
Ba,SiO, + 4Ba,FeSi, O, + O, = BaFe,O, + 9BaSiO,
(10)

This is interesting since such combinations have not been
explored in this context, even though iron oxides are well-
known oxygen carriers. Unfortunately, the reduced phase
BaFeSi, O, has been found to decompose in air already at 570
°C,*** far below the temperature range of interest for
practical applications. This also applies to BaFe O, which
breaks down at ~650 °C.°° The stability of Ba,FeSi,O,,
however, is potentially higher since it can be obtained with a
96.5% phase purity via a solid state reaction at 1050 °C.>"
Sanbornite (BaSi,Os) and BaSiO, meanwhile, both seem to be
stable up to relatively high temperatures.”” > The latter has
even been shown to have catalytic properties.”
Cr—Si-System. As Cr,O; occurs in as many as 7 (5) of the
top 20 (10) transitions, it can be inferred to possess significant
CLOU capabilities. Even though there are examples of
chromium OCs,”*”~®° this conclusion is still unexpected. In
particular, such materials have not been as extensively studied
as those based on Mn, Cu, or Fe, and, to the best of our
knowledge, never for CLOU. At the same time, Cr,O; is a
well-known catalyst®’ and has been shown to be one of the
dominant phases in bimetallic Cr—Fe and Cu—Cr OCs.*” Our
results should, therefore, be regarded as an indication that

https://doi.org/10.1021/acs.jpcc.2c08545
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further investigations of chromium oxides would be worth-
while.

Three of the transitions are almost identical but involve Na,
K, and Rb, respectively,

2 8 4 4
5C1‘203 + EKZSiZOS + 02 = EKZCI'O4 + §K28i409

(11)
2 10
5CI‘203 + ?Rb281205 + 02
= *Rb,Cr0, + 2Rb,Si,0
= — r = i
3 2 4 3 6°110~23 (12)
8 )
2Cr 05 + gNazSdzO5 + 0,
= 4N CrQ, + 8N CrSi, O
= —Na,Cr —NaCrSi
3 2 4 3 26 (13)

In fact, all lead to the formation of (Na,K,Rb),CrO,. These
phases have at the very least been experimentally charac-
terized® and, in the case of (Na,K),CrO,, observed to possess
some catalytic ability.®>°* This also applies to
(Na,K,Rb),Si,04,°"” which is found on the left-hand side
of the equations. The composition of the second product, on
the other hand, takes the form of K,Si,Oy Rb¢Si;;O,3 and
kosmochlor (NaCrSi,Og), respectively. Specifically, the former
has been identified as a major phase in chemical looping
gasification with potassium modified Mn-based OC®® while
both of the latter have been successfully synthesized and
characterized.”””°

Additionally, two transitions based on K and Rb lead to the
formation of (K,Rb),CrO, together with quartz (SiO,),

2 16
250, + 2K,81,0, + 0, = 22510, + 2x,Cr0,
3 3 3 3
(14)
2 4 40 4
ZCR0, + —RbgSi0,; + 0, & —Si0, + —Rb,CrO,
3 9 9 3
(18)

The two Ba-based transitions both lead to the formation of
BaCrO, that, along with SrCrO,, presumably has some
photocatalytic properties,”’

2 8 4

ECrZO3 + EBazSgO8 +0, = gBaCrO4 + 4BaSi, O
(16)

2 . 4 4 .

ECrZO3 + 4BaSiO; + O, = EBaCrO4 + 5B32513O8

(17)
These also involve BaSi,Og and BaSiOj; as well as Ba,Si;Oy, the
latter of which should be stable at even higher temperatures
than the two former™*”*

Mn—Si-System. As was mentioned in the previous section,
manganese oxides are the most common candidates, and it is
therefore not surprising that the top 20 (10) include no less
than 8 (4). Intriguingly, 6 (4) involve Mn,SiO;,, which is
known to possess CLOU properties,73 This can be seen as a
direct confirmation that the approach employed in this study
leads to reliable predictions. While there are few other
similarities, two feature a synthetic variant of the mineral
cordierite (Mn,ALSisO;3), about which there exists very little
information,

9445

7
EMH2A14S15018 + 02

19 14 2
= —SiO, + —Al,SiO; + —Mn,SiO
3 2 3 2 S 3 7 12 (18)
1 7
?9A1203 + EMHZALtSiSOlS + 02
= ALSIO; + 2M SiO
- 1 —IVin~d1
2 S 3 7 12 (19)

In both these cases, the product is a combination of Mn,SiO,,
and ALSiO;. There is evidence that the latter should not only
be stable at practically relevant temperatures’” but might even
have catalytic properties.

There is also a pair of Ca-based candidates that both lead to
the formation of the known catalyst CaSiO,,°

7
~CaMa,SisOy; + O,

7 2
= 4510, + —CaSiO; + —Mn-SiO
2 6 3 3 7 12 (20)

1 1
%ca25104 + M SO, + 0,

7 10
= gCazMn308 + ?CaSiO3 (21)
In the first of the two transitions, there is a single reduced
phase in the form of the mineral rhodonite (CaMn,SisO;s).””
The second, meanwhile, involves Ca,SiO, and Ca,Mn;Oy,
which should both be stable within the temperature range of
interest.”*~*" Interestingly, the former has been found to act as
an OC®' while the latter possesses catalytic abilities.*’

Though Mg is found in several known OCs,>**" it only
occurs in a single transition (17th) among the top 20,

14 .
?MgMnSIO4 + 0O,

S 7 2
= gSiOZ + gMgZSiO4 + gMn7Si012 (22)
Nevertheless, the reactant MgMnSiO, seems to have a
relatively high stability since it can be synthesized via a solid
state reaction at 1250 °C.%* Mg,SiO,, on the other hand, can
act as a catalyst,*” but should not be expected to function as an
OC in itself, unlike the second product Mn,SiO,.

Ba is involved in three transitions together with Mn and Si,

2 1
3?BaSiZO5 + ?A‘.BazMnSiZO7 + 0,

2
= 10Ba,Si;04 + —Mn,SiO
2V73M8 3 7 12 (23)

4Ba,MnSi,0, + O, = 2Mn,0, + 8BaSiO, (24)

2Ba,Si0, + 2Ba,MnSi,0,; + O, = 2BaMnO; + 6BaSiO,
(25)
Similarly to the cases discussed earlier, the first leads to the
formation Mn,SiO,, Ba,MnSi,O,, which should be stable up
to at least 1200 °C,%* appear as a reactant in the other two
candidates. In addition, both lead to the formation of BaSiO,
together with the good OCs Mn,O; and the perovskite
BaMnO,,* respectively.
Remaining Transitions. Interestingly, only the last two of
the top 20 candidates are based on transition metals other than

https://doi.org/10.1021/acs.jpcc.2c08545
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Fe, Cr, or Mn. The first of these should be regarded as very
promising,

4V0, + 25¢,51,0, + O, = 4Si0, + 4ScVO, (26)

Specifically, VO, has been shown to function as an OC*® while
both ScVO, and Sc,Si,O, have a high-temperature stabil-
ity," =" By contrast, the second candidate is one of the few
that involves a phase, K,CuSi, O, for which no record exists in
the literature,

4K,CuSi,0, + O, = 4KCuO, + 4K,SiO; + 2K,Si,0;

(27)
More information is available regarding KCuO,, but it
decomposes at temperatures higher than about 450 °C,”
and K,SiOs, which seems to have some catalytic properties.*®
This case exemplifies the fact that we cannot guarantee that the
proposed transitions will occur.

The Top 20 Candidates without Si. Since Si is found in
each of the first 57 entries, we deem it worthwhile to also
consider the list obtained when excluding this element.
Interestingly, this means that a vast majority (14) of the top
20 candidates are instead based on Al

Fe-Based without Si. The highest-ranking transition reveals
the main weakness in our methodology,

4Fe,0, + O, = 6Fe,0, (28)

More precisely, it involves Fe;O,/Fe,0;, which presumably
does not possess any CLOU capability between 950 and 1000
°C despite being one of the best known and most extensively
studied OCs.** The reason for this discrepancy is that we have
chosen to use wide temperature and pressure intervals in the
screening process to reduce the risk of overlooking interesting
candidates. Inevitably, this leads to the inclusion of some that
do not actually possess CLOU properties.

Since the thermodynamics could become more favorable in
the presence of additional phases, it is noteworthy that Fe;O,,
or Fe,0;, appears in five more of the top 20 candidates. Three
of these also feature RbFe,; O, of which little is known except
that it has a magnetoplumbite structure,”’

4Fe,Cu0Q, + 4RbFe,,0,, + O, = 26Fe,0, + 4RbCuO,

(29)
Mn,O, + 2RbFe, 0, + O, = 11Fe,0, + 2RbMnO,
(30)
4Fe,0, + %szTiO3 +0,
= %RbFe“O” + %szTiZOS 1)

The two first cases are questionable, however, since Fe,CuO,
decomposes already at 500 °C”* while there is no reference of
RbMnO; in the literature. The third transition is more relevant
since Rb,TiO; and Rb,Ti,O5 have both been experimentally
characterized.””*

There are also two Fe-based candidates that both involve a
pair of perovskites,

4Fe,0, + 12NdAIO, + O, = 6Al,0, + 12NdFeO,
(32)
(33)

This class of materials has received significant interest as OCs
for a variety of CLC processes,% including CLOU.** Even

4Fe,0, + 12LaAlO, + O, = 6AL,0, + 12LaFeO,
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though neither (Nd,La)AlO; nor (Nd,La)FeO; have been
explored in this context, they have all been shown to possess
catalytic properties as well as a high thermal stability.”* ™"’

The first of the two final Fe-based transitions shows even
more promise,

22Ca,Fe, O + 2CaMn,0, + O,

= 22CaFe,0, + 4CagMnOq (34)

In particular, it features three phases, specifically Ca,Fe,O;,
CaMn,0,, and CaFe,O,, that are known OCs.""”'"" There
exists no information regarding CagMnQOy, however.

The last case, which involves boron, is less interesting from a
practical perspective because of the relative scarceness of this
element,

2Fe,BO; + O, = 2Fe,BO, (35)

In addition, the Fe;BOg4 phase has never been regorted, even
though Fe;BOg has been explored as a catalyst."’

Al—Mn-System. There are three additional Mn-based
candidates, which all involve Al,

6MnAlLO, + O, = 6A1,0; + 2Mn,;0, (36)
4 8 10 4
—LaAlO; + —MnAl, O, + O, & —AIl,0; + —LaMn,0;
3 3 3 3

(37)

16 8
2Mn, 0O, + ?SrAIZO4 +0,= ESrAL‘O7 + %SrZMn3O8

(38)
Interestingly, they also include at least one phase that is known
to have CLOU properties. This applies not only to the
aforementioned Mn,05/Mn;0, pair but also MnAL,O,.'” In
addition, SrAl,O,, SrAl,0,, LaMn,0Oys, and LaAlO; have been
shown to possess catalytic capabilities.'””'*> No record of
Sr,Mn;Oq4 could be found in the literature, however.
Al—Cr-System. A large number of transitions involve Cr (6),
and most commonly Cr,O; (S), together with Al. The first
four candidates are very similar, since the catalysts Cr,0; and
(Ba,Sr)CrO, always appear on the reduced and oxidized side,
respectively,

2 4 8 4
—Cr,0; + —BaAl,0, + O, & —ALO; + —BaCrO,
3 3 3 3
(39)
2 4 8 4
—Cr0; + =SrAL,O,; + O, = —AL,O; + —SrCrO,
3 s T OIS, 2= Y TS  (40)
2 8 4 4
—Cr,0; + —BaAl,0, + O, & —BaAl,0, + —BaCrO,
3 3 3 3
(41)
2 8 4 4
—Cr0; + =SrAL,O, + O, = —=SrAL,O; + =SrCrQ,
3 3 3 3
(42)

Moreover, (Ba,Sr)Al,O, either appears as a product, in
addition to(Ba,Sr)AL,O,, or a reactant, together with Al,O;.
There is evidence to suggest that all of these phases are
sufficiently stable,'% In addition, BaAl,O, has been shown to
function as an OC," and SrAlL, O, as a catalyst.

It is worth noting that the last two transitions, which involve
Na and Ca, respectively, have much in common with those
discussed above,

https://doi.org/10.1021/acs.jpcc.2c08545
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2 8
Cn0; + SNaAlo, + 0, = %A1203 + %NaZCrQ

(43)
1 2
CaALO; + SCaCr0, + O,

1 4
= 3,C::LAI4O7 + 3CaCrO4 (44)
This is especially true for the latter since the (Ba,Sr,Ca)Cr,0,,
(Ba,Sr,Ca)Al,O,, and (Ba,Sr,Ca)CrO, phases can be assumed
to display similar properties. Only CaCr,O, has been shown to
form spontaneously during solid fuel combustion,'” however.
Even so, experiments indicate that CaAl,O, and CaCrO, are
also stable up to relatively high temperatures.'’*'*” Unfortu-
nately, there seems to be no information available regarding
Ca;Al,0y. The Na-based candidate is, nevertheless, more
interesting because Na,CrO, is catalytic while NaAlO, has
been shown to enhance the performance of an Fe-based
OC. 110

Remaining Transitions without Si. Two of the final three
candidates among the top 20 both involve Cu,

2BaAl,0, + 4AICuO, + O, = 4CuO + 2BaAl,O,  (45)

4AICuO, + 2SrAl, O, + O, = 4CuO + 2SrALLO,  (46)

which should both be regarded as fairly promising since
(Ba,Sr)ALO, are catalysts and CuO/CuO, is one the best-
known OCs. Also, there is evidence to suggest that
(Ba,Sr)AL,O, as well as AlCuO, display good thermal
stability." "'

The last remaining transition is unlikely to be of practical
relevance,

4KAIO, + Na,ALO; + O, = 4KO + 7NaAlO, (47)
First, KO has a strong tendency to react with water to form
hydroxides''” while little is known about Na,Al,Og.'"® This is
unfortunate since KAIO, possesses catalytic properties,114 as
well as a high thermal stability,''> and NaAlO, has been used
in CLC processes.

B CONCLUSIONS

This paper is focused on a comprehensive study of candidate
OCs for CLOU via a high-throughput screening method. The
data were, more precisely, retrieved from the OQMD, in the
form of ab initio calculations for all mono-, bi-, and trimetallic
alloys and mixed oxides. We have more precisely used this
information to construct convex hulls for all available ratios
between the selected sets of elements with respect to the
oxygen chemical potential. Identification of candidates was
then achieved by plotting Ellingham diagrams and comparing
the curves for each of the possible transitions with the
requirement for CLOU. Accordingly, the transformation
between the oxidized and reduced state should take place
somewhere between 750 and 1050 °C under an oxygen partial
pressure of S kPa. To account for the inherent uncertainty in
the calculations, all transitions were included that crossed the
aforementioned temperature interval between 10° MPa. This
allowed us to identify 14030 potential OC materials out of a
total of 260320 convex hulls. When only monometallic oxides
were considered, however, the former number is reduced to
just 20. This clearly shows that it is necessary to consider
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systems that involve at least two different metals to have a
reasonable chance of discovering novel OCs.

The individual transitions were then ranked based on their
average abundance. As expected, the top of the leaderboard is
dominated by Si since it is one of the most abundant elements
in the Earth’s crust. Strong evidence for the efficacy of the
methodology applied in this study is that manganese, copper,
and iron, which are found in the best OCs, appear the most
frequently in the entire list of candidates. Interestingly,
chromium is just as common, even though materials based
on this element have, to the best of our knowledge, never
before been considered for this particular application. In fact,
the most frequently appearing compounds among the highest
ranking candidates are Cr,0; and Mn,SiO,,, which have been
shown to possess catalytic and CLOU capabilities, respectively.
Other elements that are deemed worthwhile to explore include
Ba; K; Rb; Na; and V, especially if combined with Mn; Cu; Fe;
or Cr. The same applies to Al and Si due to their high
abundance, even though they are unlikely to confer CLOU
properties given their relatively low occurrence among all
candidates. The above conclusions appear even more robust if
one also considers the number of possible OC materials that
could be produced via chemical reactions with common ash
elements. In particular, it can be concluded that materials
based on Mn followed by Cu, Cr, and Fe have the highest
probability of forming new OCs with CLOU properties
through such interactions. Even so, it should be possible to use
the data generated in this study to identify a material that is
particularly suitable for a specific fuel.

Further analysis of the 20 highest-ranking candidates, with
and without Si, reveals that most are not only stable in the
temperature interval of interest but also possess catalytic
capabilities. In a few cases these have even been used as OCs in
the CLC processes, which is true for Mn,SiO,,; Ca,Fe,Os;
CaMn,0,; CaFe,0, MnAl,O, and BaAlL,O, as well as
Mn,05/Mn;0,; CuO/CuO,; and Fe;0,/Fe,0;. In addition,
it is not uncommon that several transitions feature structurally
similar phases in which one of the elements has been replaced
by a neighbor in the periodic table. This is, for instance,
observed for the alkali metals Na, K, and Rb as well as the
alkaline earth metals Ba and Sr. Mixtures of these candidates
should, moreover, result in new CLOU materials, which paves
the way for the discovery of high-entropy stabilized OCs.

Note that a more exhaustive and detailed analysis is beyond
the scope of this study. Additionally, it is questionable in terms
of relevance due to the limitations in the information generated
from the high-throughput screening. We have, for instance, not
accounted for a number of key aspects that determine the
usefulness of a given OC. This includes the chemical and
mechanical robustness or, in other words, the tendency for
fouling, attrition, and agglomeration. Indeed, such issues mean
that many OCs with high OTCs and favorable thermodynamic
properties cannot be used in CLC without support.”** Hence,
it is imperative that this exploratory effort is followed by more
detailed experimental investigations of a selection of the most
promising candidates.

As we have indicated, the number of potential materials can
be significantly reduced through the application of chemical
knowledge and comparisons with known OCs. Still, extensive
possibilities exist to refine and extend the procedure outlined
in this manuscript. According to our tests, a higher accuracy
would, for example, be achieved by taking the temperature-
dependent vibrational contribution to the free energy into

https://doi.org/10.1021/acs.jpcc.2c08545
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account (see Supplementary Note S2, Table S1, and Figure
S1). In addition, it could be relevant to compare the results
obtained when using data retrieved from different databases,
such as the Materials Project database® and the aflowlib.org
library.”>** While it is entirely feasible to consider systems with
four metallic elements, or more, such efforts would probably be
limited by a lack of first-principles data. Even so, we believe
that our study clearly shows that the main obstacle to the
discovery of novel OCs is the experimental efforts required to
properly assess the viability of candidate materials identified via
high-throughput screening.
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