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A B S T R A C T   

One mixed oxide with 5 cations in equimolar proportions in the sublattice, to fulfil high-entropy oxide (HEO) 
criteria, has been developed and investigated as oxygen carrier for chemical looping combustion processes. As far 
as we know, nobody has explored this class of material for chemical looping combustion. Material is prepared by 
direct mixing of five metal oxides (CuO, Mn2O3, Fe2O3, TiO2, MgO), followed by calcination at 1000, 1100 and 
1200 ◦C for 6 h in air. XRD characterization provides strong evidence that the synthesized oxygen carriers possess 
the hallmark properties of HEO, and SEM-EDX analysis shows an overall homogeneous metal distribution. 
Materials have one main cubic phase with the empirical formula MnCuMgFeTiO7, dominating under all con-
ditions. One of the key objectives of this study is achieved, reduce chemical stress during redox cycles. Oxygen 
transfer capability is investigated by thermogravimetric analysis and batch fluidized bed reactor experiments for 
different fuels and atmospheres. Mass-based oxygen transport capacities for lattice oxygen and oxygen uncou-
pling are around 5.5 wt% and 1.1 wt%, respectively. This work opens up a new dimension for the future 
preparation of oxygen carriers for chemical looping processes, since the vast compositional space of HEO pro-
vides opportunities to tune both chemical and physical characteristics.   

1. Introduction 

CO2 capture and storage (CCS) systems are widely regarded as 
effective, albeit temporary, options for reducing anthropogenic emis-
sions [1]. Specifically, these allow CO2 to be captured from 
energy-related sources before being transported and stored at a suitable 
storage site, preventing it from entering the atmosphere. Chemical 
looping (CL) processes can be used for a variety of efficient fuel con-
version processes [2,3]. These include chemical looping gasification 
(CLG) and chemical looping combustion (CLC), which are suitable for 
low-cost CO2 capture [1]. In a CLC process, metal oxides, also referred to 
as oxygen carriers (OCs), are used to transport oxygen between the air 
reactor and the fuel reactor, thereby preventing direct contact between 
the air and fuel. Consequently, only CO2 and H2O form in the fuel 
reactor, given that combustion is complete. In the air reactor, the used 
OC is regenerated with O2 in preparation for the next cycle, which 
means that the only outlet gases are N2 and unreacted O2. 

A substantial number of OCs have been tested over the past two 
decades, ranging from simple mono-metallic oxides to complex and 

multi-component oxides, such as perovskites [2–7]. High-entropy oxides 
(HEOs) form a relatively new class of materials that have been inten-
sively studied for diverse energy applications [8], including catalysis 
[9–16] and energy storage [17–21]. While no precise definition exists 
for high-entropy materials (HEMs), a consensus has been reached 
regarding some of their key characteristics. Specifically, a HEM should 
consist of a single crystalline phase in which the constituent elements 
are randomly distributed on all length scales. Although the lower limit 
on the configurational entropy is still under debate, a common criterion 
is that the value should be greater than 1.5R [22], where R is the gas 
constant. While this rule originally stems from a naïve estimate of the 
configurational entropy of an alloy with five distinct elements, for which 
Sconf = 1.61R [8,22,23], experiments have verified that certain func-
tional properties are enhanced above this limit. 

While an equimolar mixture will give the highest configurational 
entropy, slight deviations from such a composition could potentially 
enhance key properties for a given application, which would therefore 
provide significant possibilities for optimization. As long as the 
Sconf≥1.5R criterion is satisfied, the phase should be stabilized and thus 
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less prone to decomposition, particularly at high temperatures. 
Although the exploration of OC materials in recent decades has resulted 
in a large number of possible compositions, there are some compelling 
reasons why HEOs could also be of great interest also CL. In addition to 
opening up a vast number of new compositions, the use of HEOs presents 
a possible solution to the loss of stability of OC particles due to the 
chemical stress induced by the reduction-oxidation (redox) cycles 
[24–30]. Furthermore, theoretical and experimental research suggest 
that there could be other benefits. Notably, there is evidence of the 
stabilization of oxygen vacancies [31], increased oxygen mobility [32], 
and sluggish metal atom diffusion, as well as improved mechanical 
properties [8]. Consequently, the use of HEOs could potentially solve 
some of the key issues related to OCs for CL processes, i.e., by enhancing 
the capacity and rate of oxygen release, as well as the resistance to 
attrition, fragmentation, and decomposition. As of yet, such materials 
have not been studied as OCs for CL combustion processes. Recently it 
has been published a study of the use of a HEO as oxygen carrier for the 
production of H2 by chemical looping reforming coupled with water 
splitting (CLR-WS) in a fixed bed reactor [33]. They obtained good re-
sults in terms of H2 generation using toluene as a model fuel. However, 
they found that the main phase changed after the reduction step, from 
HEO to High entropy Alloy (HEA) [33]. 

For the purpose of exploiting the possible advantages previously 
described, a mixed oxide was prepared according to the principles of 
HEMs with the intention of testing its use as an OC. Pure oxides of Cu, 
Mn, Fe, Ti and Mg were used in the synthesis. The selection was based on 
previous research into mixed metal oxides for CLC and Chemical 
Looping with Oxygen Uncoupling (CLOU) [34,35]. Three of the metals 
form oxides with redox properties. Specifically, those based on Cu and 
Mn are able to release O2 at high temperature for CLOU, or lattice ox-
ygen for CLC [34,35]. Oxides of Fe are also well-known OCs, although 
they do not typically possess properties that enable the release of oxygen 
to the gas phase at relevant temperatures. The prepared materials were 
characterized by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and energy dispersive X-ray spectroscopy (EDX). Properties 
related to the release of gaseous O2 for CLOU and lattice oxygen for CLC 
in redox cycles were investigated using a thermogravimetric analyzer 
(TGA) and a batch fluidized bed reactor (BFBR) for the purpose of 
analyzing the suitability of the materials as OCs. 

2. Experimental section/methods 

2.1. Oxygen carrier 

In order to prepare the high-entropy oxygen carrier (HEOC) material, 
five powdered metal oxides (CuO [Merk, ≥99%], TiO2 [Sigma Aldrich, 
≥99.8%], Fe2O3 [Fisher Scientific, ≥99.8%], MgO [Sigma Aldrich, 
≥97%], Mn3O4 [Sigma Aldrich, ≥97%]) were mixed in equimolar 
fractions. The mixture was ground in a ball mill (alumina jar with zir-
conia balls) overnight before being calcined in a muffle furnace in air for 
6 h at 1000, 1100, or 1200 ◦C, and then allowed to cool freely inside the 
furnace. The heating ramp for calcination was as follows: 20 ◦C/min 
from room temperature to 800 ◦C, 5 ◦C/min from 800 ◦C to the set 
calcination temperature, followed by 6 h of calcination at the desired 
temperature. The HEOCs were finally milled and sieved to obtain par-
ticles with a size of 100–250 μm. 

A Shimpo FGN-5 digital force gauge apparatus was used to determine 
the crushing strength which was then used as the force required to break 
a particle. The values for all the HEOC materials, each averaged over at 
least twenty measurements on randomly chosen particles within the 
desired range of 100–250 μm, were found to be higher than 2 N and did 
not depend on the calcination temperature. Note that a crushing 
strength higher than 1 N is considered acceptable for use in CL systems 
[36]. 

XRD was used to identify the crystalline solid phases. The corre-
sponding diffractograms were collected by a Bruker D8 Advance X-ray 

powder diffractometer, equipped with an X-ray source in the form a Cu 
anode working at 40 kV and 40 mA, and an energy-dispersive one- 
dimensional detector. In all cases, the diffraction pattern was recorded 
over a 2θ range of 10◦–80◦ with a step of 0.019◦. The phases in the 
HEOCs were identified using DIFFRAC. EVA software, which supports a 
reference pattern database derived from the Crystallography Open 
Database (COD) and Powder Diffraction File (PDF). 

Microstructure was examined via SEM-EDX analysis using a JEOL 
JSM-7800F Prime instrument. To expose the cross-sections, some of the 
samples were dispersed in epoxy resin, modulated, cut, and polished 
before SEM− EDX characterization. 

In order to establish the metal distribution within the particles, mi-
crographs were analyzed using the positive matrix factorization (PMF) 
method [37], also known as nonnegative matrix factorization (NMF) 
[38]. This is a multivariate factor analysis technique that has been 
successfully used in CLC applications [39]. The function of the PMF is to 
identify factors that can describe common features between datasets. In 
the present work, the PMF method was applied to the elemental maps 
obtained from the SEM-EDX analysis through the use of an open-source 
EPA PMF program [40]. In addition, the correlation between each two 
elements were quantified through Pearson correlation coefficient which 
was calculated with a MATLAB code developed in previous work [39]. 
This means that the clustering results show the correlations between the 
elements and their spatial distributions. More information on this 
technique can be found elsewhere [39]. 

2.2. Experimental methods 

In order to assess whether the synthesized materials could function 
as HEOCs, experiments were conducted to determine their oxygen 
transfer capacity, as well as their ability to release gaseous oxygen, 
which has been found to be highly beneficial for the fuel conversion 
process. 

2.2.1. Thermogravimetric analyzer 
The reactivity of the HEOCs was tested in a TGA through multiple 

redox cycles, either with H2 and CH4 as fuels, or with N2 to determine 
their oxygen uncoupling capability, while air was used to analyze the 
oxidation reaction. Details regarding the TGA (CI Electronics) has been 
described elsewhere by Adánez et al. [41]. 

Data evaluation: OC conversion was calculated as follows, using 
reactivity data obtained from the redox cycles in the TGA: 

Reduction: 

XRed =
mOx − m

mOx − mRed
(1) 

Oxidation: 

XOx = 1 −
mOx − m

mOx − mRed
(2)  

here m is the sample mass at each time; mOx the mass of the fully 
oxidized sample; and mRed the mass after complete reduction. The rate 
index (RI) was calculated as: 

RI = 100 ⋅ 60 ⋅
(

dω
dt

)

norm
= 100 ⋅ 60 ⋅ ROC⋅

(
dXi

dt

)

norm
(3)  

here, 

ω=
m

mOx
= 1 − ROC(XOx − 1)= 1 − ROCXOx (4)  

is the mass-based conversion and Xi is the conversion for reduction or 
oxidation. The normalized reactivity is defined as: 
(

dXi

dt

)

norm
=

Pref

PTGA

(
dXi

dt

)

(5) 
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where Pref is the reference partial pressure of the fuel gas (0.15 atm), and 
PTGA is the partial pressure of the gas used in the TGA experiments. 

2.2.2. Batch fluidized bed reactor 
Experiments for analyzing CLOU behavior were carried out in a 

quartz BFBR with a height of 870 mm high and width of 22 mm. Fig. 1 
shows the experimental setup scheme used in the present work, which 
has been described in detail elsewhere [11,42]. The exit gas stream from 
the reactor was led into a condenser to remove the water produced 
during H2 combustion. The composition of the dry gas was determined 
by a Rosemount NGA-2000 analyzer, which measured the concentration 
of O2 through a paramagnetic channel; CO2, CO, and CH4 through 
infrared channels; and H2 through thermal conductivity. 

Experimental procedure: For each batch of HEOC particles, 15 g of 
particles were introduced into the BFBR, oxygen release and regenera-
tion experiments were carried out at 850, 900, and 950 ◦C under CLOU 
conditions (N2 flow stream of 850 ml/min) followed by reactivity ex-
periments with synthesis gas (50 vol% H2 and 50 vol% CO, with a flow 
stream of 450 ml/min) at 950 ◦C. After repeating the previously 
described experiments, the samples were removed from the reactor 
before being checked for signs of bed agglomeration with naked eyes 
and SEM. In all cases, oxidation took place in a stream with 11 vol% of 
O2, N2 for balance, and a flow rate of 850 ml/min. Each HEOC was, 
consequently, analyzed for a duration of approximately 10 h of high- 
temperature fluidization. More details regarding the BFBR experi-
ments can be found in section 1 of the Supplementary Material (SI). 

Data evaluation: Equation (6) was utilized to calculate the reduction 
conversion Xred as a function of time from the measured concentrations 
of different gaseous species during the reduction period: 

Xred =
1

ROC

∫t1

t0

ṅoutMO

mox

(
2yCO2 + yCO + 2yO2 − yH2

)
dt (6)  

where Xred is the instantaneous mass-based conversion at time t1, ṅout the 
molar flow rate of dry gas at the reactor outlet as measured by the 
analyzer, and MO the molar mass of oxygen, while t0 and t1 represent the 
initial and final time of measurement. 

The reactivity of a given OC is quantified in terms of CO2 yield, γCO2
, 

and is defined as the fraction of fully oxidized fuel divided by the carbon- 
and hydrogen-containing gases in the outlet stream: 

γCO2
=

yCO2

yCO2 + yCO
(7) 

The H2 conversion, XH2 , is defined as: 

XH2 = 1 −
yH2 ,e

yH2 ,i
(8)  

here yi,e denotes the concentrations (vol%) obtained from the gas 
analyzer in the exit stream, and yi,i the concentrations (vol%) of the 
respective gases fed to the reactor. 

3. Results 

3.1. HEOC characterization 

The prepared HEOCs were characterized in order to verify whether 
they possessed the hallmark properties of HEOs, and their main prop-
erties are listed in Table 1. Based on comparisons with previous works 
[2,3], their OC characteristics were deemed to be acceptable. 

Fig. 2 shows the XRD patterns of fresh particles after calcination at 
different temperatures in air. Evidently, there are no significant differ-
ences between the three diffractograms since all indicate the presence of 
a major cubic phase, together with a contribution from a minor rhom-
bohedral phase. It should be noted that no reference for a single crystal 
phase that contains all five of the metallic elements used in the synthesis 
of the HEOCs could be found in the Inorganic Crystal Structure Database 
(ICSD). However, multiple entries from the Powder Diffraction File 
(PDF) database could be fitted to the peaks assigned to cubic structures 
(e.g., PDF 89–2807 Mn0.43Fe2.57O4, PDF 75–1373 Fe2.75Ti0.25O4, PDF 
73–2314 CuFe5O8, PDF 74–2072 Cu0.5Mn0.5Fe2O4), while the peaks 
assigned to rhombohedral structures are compatible with PDF 06–0494 
MgTiO3. This is in agreement with an earlier work on perovskites in 
which different polymorphic phases with rhombohedral or cubic 
structures were obtained depending on the cooling rate applied during 
the synthesis process [43]. According to Aamalid et al. [22], the pres-
ence of secondary phases could be related both to the cooling rate and 
the preparation method. In particular, solid-state synthesis, used in the 
present study, has in some cases been associated with a higher degree of 
elemental segregation. 

3.2. HEOC CLC/CLOU reactivity in TGA and batch fluidized bed reactor 

3.2.1. TGA reactivity 
According to Fig. 3 (a), which shows the reduction conversion with 

H2 (15 vol% H2+20 vol% H2O) at 800 ◦C as a function of time, reactivity 
was very high and showed no significant variation between the different 
calcination temperatures. As indicated in Table 1, the same applies to 
the oxygen transport capacity associated with the lattice oxygen supply 
(ROCL), and a value of around 5.5 wt% was obtained in all three cases. 

To assess the release of gaseous O2, oxygen release capability, ROC, 

CLOU, was measured by reduction in a TGA at 950 ◦C in N2. Fig. 3 (b) 
shows that CLOU reduction reactivity was low, even though it increased 
slightly with the calcination temperature. Although R0C,CLOU was limited 
to 1.2–1.1 % and given that there is room to improve the oxygen 
transport capacity for combustion processes, these materials have 
interesting properties and can be used in other processes, for example, 
for a controlled supply of O2 in other oxidation processes such as de-
hydrogenations [11]. Table 2 shows a comparison of the oxygen 

Fig. 1. Diagram of the experimental setup used in this work [11,42].  

Table 1 
Properties of the fresh HEOC calcined at different temperatures in air.   

HEOC_1000 HEOC_1100 HEOC_1200 

Fresh Used Fresh Used Fresh Used 

Oxygen transport, ROCL (wt 
%) 

5.5 5.6 5.6 5.8 5.4 5.6 

Oxygen transport, ROC,CLOU 

(wt%) 
1.2 1.2 1.1 1.2 1.1 1.2 

Crushing strength (N) 2.3 2.0 2.2 2.1 2.3 1.9 
Bulk density of particles (kg/ 

m3) 
3450 3420 3500 3490 3420 3400 

Specific surface area, BET 
(m2/g) 

<0.5 <0.5 <0.5 <0.5 <0.5 <0.5  
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transport capacity for oxygen carriers based on simple oxides and oxides 
containing 2, 3 and 4 metallic elements, as representative of 
low-medium entropy oxides. It is clear that, the oxygen transport ca-
pacities and reactivities of the HEOCs are of the order of magnitude as 
oxygen carriers previously tested in continuous units. 

As can be seen from Fig. S1, all the O2 transferred in the lattice ox-
ygen and oxygen uncoupling reactions can be regenerated, which in-
dicates that the oxidation reactions were complete. A similar behavior 
was observed when using CH4 as fuel, as shown in Fig. S2. OC 

conversion was completed in both redox reactions, and reactivity was 
maintained across the redox cycles. 

The RI for the different reactions was determined and compared with 
values reported for different OCs used in CLC [3,24,46] and CLOU [4,45, 
52,53] processes. According to Table S1, the HEOCs have comparable 
rates for both reduction and oxidation reactions. 

3.2.2. Batch fluidized bed experiments 
BFBR can be seen as a complementary technique for determining 

reactivity and CLOU properties. It also provides information on behavior 
under more realistic conditions, i.e., redox reactions during fluidization. 
In total, the materials were subjected to 30 h of operation, which 
included cycles that either mimicked CLOU conditions or involved 
burning syngas via CLC. 

The time evolutions for O2 release and OC conversion are plotted in 
Fig. 3 (c) for different operating temperatures when fresh material was 
used. The released oxygen concentration follows a profile that is typical 
for mixed oxides, since it increases with temperature and displays a 
direct correspondence with OC conversion [54–59]. The values were 
almost always lower than the equilibrium concentrations for the active 
redox pairs CuO/Cu2O and Mn2O3/Mn3O4, except at 850 ◦C, where the 
HEOC released more O2 than previous Cu-based and Cu–Mn mixed ox-
ides CLOU OCs (see Fig. S5). As expected, reduction conversion 
increased with operating temperature. 

The same experiments were conducted using samples taken after the 
syngas combustion. The activation of the particles is clearly indicated by 
the slightly higher oxygen concentration and the significant increase in 
the reduction conversion visible in Fig. 3 (d), which shows a comparison 

Fig. 2. (a) XRD profile of HEOC particles calcined at different temperatures 
in air. 

Fig. 3. The reactivity of prepared materials when (a) reduced with H2 at 800 ◦C and (b) in an oxygen uncoupling reaction at 950 ◦C, measured in a TGA, in addition 
to O2 generation and OC reduction conversion (c) at different temperatures and (d) before and after syngas combustion at 950 ◦C obtained from BFBR experiments for 
fresh HEOC_1100. 
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between the results obtained before and after the syngas tests at 950 ◦C. 
This fact was corroborated by the TGA analysis, since an increase of the 
ROC,CLOU from 1.1 to 1.2 wt% and the ROCL from 5.6 to 5.8 wt% was 
observed for HEOC_1100, see Table 1, while still maintinating1 and 
maintaining the reactivity, see Fig. S4. Moreover, the crushing strength 
only shows a slight decrease for HEOC_1000 compared to HEOC_1100 
while HEOC_1200 is more stable. Finally, the oxygen carriers calcined at 
different temperatures can be fully regenerated in both the batched 
reactor and TGA tests. 

3.3. Characterization of oxygen carrier particles 

3.3.1. XRD characterization 
XRD diffractograms for the HEOCs in the oxidized state were 

collected after the BFBR experiments. As can be seen in Fig. 4 (a), the 
main change between the patterns of the fresh and used samples is the 
increase in the intensity of the rhombohedral phase in the latter. 

A decrease in the metallic elements involved in the cubic structure 
could lead to a contraction, while reduced oxygen content can weaken 
the lattice and expand the cell. This has been observed in a number of 
Cu-containing perovskites and Brownmillerite type structures, which 
leads to the coexistence of cubic and rhombohedral domains [60]. 
Nevertheless, a high number of cationic vacancies can make the phases 
unstable and, depending on the metals ratio, cause a segregation to 
occur. 

A detailed high-angle reflection is included in Fig. 4 (a), which gives 
a qualitative idea as to the changes after the BFBR experiments. The 
presence of two partially overlapping peaks for the fresh sample suggests 
the presence of a pair of cubic phases with different cell parameters. 

However, after use in the BFBR, the shapes are considered to have 
changed since the lower (higher) angle peak decreases (increases) in 
height, suggesting a partial transformation of the corresponding phases. 
According to Fig. 4 (a), the overall reduction in the contribution from 
cubic phases is, moreover, linked to an increase in the rhombohedral 
phase content. This could be a consequence of the temperature changes 
during the redox reactions in the BFBR and the following cooling, as 
explained in the section concerning characterization of the fresh HEOCs. 

3.3.1.1. Effect of redox processes on crystalline HEOC phases. Fig. 4 (b) 
shows XRD profiles collected for the reacted particles after the TGA tests, 
following reduction via oxygen uncoupling, as well as reoxidation. 
Though a new phase appears in the sample reduced by CLOU, it disap-
pears after reoxidation. 

Accordingly, the main differences are found in the reduced sample, 
in the form of new peaks that could be fitted with other rhombohedral 
phases (PDF 83–1284 Cu3TiO4 and PDF 750519 FeTiO3). The emergence 
of deficient phases could be due to oxygen vacancy-induced 

rhombohedral transformations from the cubic phases [60]. This could 
explain the limited oxygen release capability in the TGA experiments 
reported in section 3.1. In addition, if Cu is found in the new phase (PDF 
83–1284 Cu3TiO4), this could have an impact on the CLOU performance. 

XRD patterns were collected and evaluated for partially reduced 
samples, i.e., with H2 for 30 s to reach 50% of Xred, as well as after full 
reduction in the TGA. As can be seen from Fig. 4 (c), the corresponding 
XRD patterns feature new peaks that could be fitted with reduced copper 
species PDF 04–0836 Cu and PDF 39–0246 CuFeO2. Still, all the main 
peaks present in the fresh sample are also found in the reduced samples, 
except for those that correspond to ilmenite, which decreased after 50% 
reduction and disappeared after 100% reduction. It should be noted that 
the reduced copper phases vanish in favor of the cubic phases after re- 
oxidation, resulting in a crystal state similar to that of the fresh sam-
ple. This fact is in agreement with the results obtained in the TGA 
measurements of HEOC reactivity, which is stable across multiple 
cycles. 

3.3.2. SEM-EDX 
The shape of the particles as well as their metal distribution were 

analyzed using SEM-EDX. It is apparent that the particles do not show 
any structural modifications after use in the BFBR (see Fig. S6). As can be 
seen from the SEM-EDX mappings in Fig. 5, a homogeneous distribution 
of the five elements can generally be observed in the interior of both a 
fresh and an oxidized particle, taken from the BFBR after 30 h of oper-
ation and a cool-down from 950 ◦C at a rate of 90 ◦C/min. 

In SEM images Fig. 5 (a) and (g), dark areas can be observed, which 
occur more frequently and are larger in the fresh particle. The EDX 
mappings in Fig. 5 (b) and (h) show that these subdomains are enriched 
in Mg, while the other metallic elements are practically undetectable. A 
plausible explanation could be the different cool-down rates experi-
enced by the fresh particles after calcination (slow cool-down) and the 
used particles in the BFBR (fast cool-down at a rate of 90 ◦C/min). 
Another reason could be the charge balance since, unlike the other el-
ements, Mg cannot have multiple oxidation numbers. In particular, one 
should consider the fact that there should be a semi-local charge balance 
in the structure, which would be easier to accommodate if all the 
metallic elements within a certain volume are flexible with regards to 
their valence. The fact that Mg does not even become completely dis-
solved in the fully oxidized HEOC indicates that the charge balance 
would not be maintained if all the Mg atoms were to be incorporated 
into the main cubic phase. It is therefore quite reasonable that more Mg 
is “lost” as the amount of oxygen decreases. 

However, most of the particles do not show this Mg segregation at 
microscale, as can be seen in Fig. S6, and the number of particles with 
theses clusters are reduced after their use in the BFBR. Therefore, in 
accordance with Aamalid et al. [22], given the presence of this 

Table 2 
Comparison of the oxygen transport capacity for oxygen carriers based on simple oxides and oxides containing 2, 3 and 4 metallic elements, as representative of low- 
medium entropy oxides.  

Number of metallic elements Active phase/support Oxygen transport, ROCL (wt%) Oxygen transport, ROC,CLOU (wt%) Entropy Reference 

1 Hematite 2.4 – Low [2] 
Mn-ore 5.1 2.2 Low [44] 
Cu/Al2O3 3 1.5 Low [2] 
Fe–Al2O3 5.1 – Low [2] 
Cu/MgAl2O4 12 6 Low [45] 

2 Ilmenite 4 – Low [46] 
Cu–Mn 8 4 Low [29,34] 
CaMnO3-δ 0.9 – Low [47] 

3 CaMn0.875Ti0.125O3 9 1.2 Low-Medium [48] 
CaMn0.9Mg0.1O3-δ 10.1 1.5 Low-Medium [49] 
Cu30MnFe_mag 4 2 Low-Medium [34,35] 
Cu30MnFekao7.5 4.6 2.3 Low-Medium [50] 

4 CaxLa1-xMn1-yMyO3-δ – 0.37–0.76 Medium [51] 
CaMn0.775Ti0.125Mg0.1O2.9-δ 9.1 1.6 Medium [51] 

5 MnCuFeMgTiO7 5.4 1.1 High Present Work  
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clustering, its origin, and the scale with which it can be observed, we can 
include the OC material prepared in the present work under the um-
brella of HEO, and are, thus, classified as HEOC material. 

To gain a better understanding of the chemical composition of the 
particles, point EDX analyses were performed in the main part of their 
interior and Mg-enriched subdomains, as well as the transition zones 
(see Fig. S7). The results, compiled in Table S3, indicate that there is an 
even distribution of Cu, Mn, Fe, Ti, and Mg (Cu:Mn:Fe:Ti:Mg =
1:1:1:1:1) in the main region. The corresponding empirical formula, 
MnCuMgFeTiO7, is consistent with the theoretical formula, MnCuMg-
FeTiO6.8, which is obtained by combining stoichiometric amounts of 
CuO, Fe2O3, Mn3O4, TiO2, and MgO. The Mg-enriched subdomains 
mostly consist of oxygen and Mg (33.3–33.8 at%), together with small 

amounts of Cu (around 3 at%) and Mn (around 2 at%). Specifically, this 
would correspond to the empirical formula MnCuMg12O22. 

3.3.3. Positive matrix factorization analysis 
The Pearson correlation coefficients between the elements in the 

HEOC particles were obtained from statistical analysis and are presented 
in Table 3. Obviously, pairs consisting of only a single element are lin-
early associated as the resulting coefficients equal 1. The coefficients 
involving combinations of different elements, meanwhile, are always 
lower than 1, meaning that the elements are not linearly dependent and 
could possibly have a nonlinear relationship. Since all such coefficients 
are in a narrow range of 0.54–0.70, this can be seen as a further indi-
cation that the metallic elements are all evenly distributed within the 
material. 

PMF analysis was performed on the EDX mappings of both the fresh 
and used HEOC samples. According to a factor selection study using 
several factor numbers, the use of six factors is found the most appro-
priate. In particular, the use of six factors for the PMF analysis gives the 
best match between corresponding “base” and “boot” values in the EPA 
PMF program, which is a key criterion for proper factor selection. 

Fig. 6 shows the species and factor profile from PMF analysis for used 
HEOC_1000. The species (factor) profile gives the percentage of each 
factor (element) in every element (factor). In particular, Ti is found to be 
mainly associated with factor 4, O with factor 3, Mn with factor 6, Mg 
with factor 5, Fe with factor 1, and Cu with factor 2, and vice versa. The 
fact that all six elements can be relatively well separated into six distinct 
factors should be regarded as additional evidence of an even elemental 
distribution. Furthermore, the reconstructed EDX images, which are 
shown in Fig. 7, are found to be consistent with the originals. 

4. Discussion 

One of the objectives behind the preparation HEOCs was to minimize 
chemical stress during redox cycles, and thereby the structural changes 
caused by both reduction and oxidation reactions. Encouragingly, the 
main phase was retained throughout the redox cycles in a TGA for both 
complete and 50% reduction with H2. While some minor phases dis-
appeared in the fully reduced sample, they were recovered after 
oxidation. Although similar results were observed for the oxidized 
samples taken after the syngas redox cycles in the BFBR, they showed 
small crystalline phase changes. This suggests reduced chemical stress 
across the redox cycles, which warrants further investigation in order to 
optimize the material synthesis and open new possibilities for investi-
gating combinations of metal oxides for use as HEOCs. At the same time, 
the BFBR tests did not indicate any major attrition or reactivity loss, in 
spite of the slight tendency for segregation. Given the moderate reac-
tivity of the HEOC material produced in this study, it could be used for 
modulated oxygen supply in processes other than CLC and CLOU, such 
as selective oxidation and oxidative dehydrogenation reactions of hy-
drocarbons [10,11]. 

The fact that a minimum of five cations are needed in order to ach-
ieve a sufficiently high configurational entropy means that the compo-
sitional space for HEOs is enormous. It can therefore be speculated that 
more optimized systems can be found that are better suited for specific 
CL applications. As an example, there are 4242 ways of combining five 
of the metals that are either currently found in OCs (Co, Cr, Cu, Fe, Mn, 
Ni, and V), provided that there must be at least one, or materials that can 
act as supports (Al, Ba, Ca, Ce, La, Mg, Sr, Ti, and Zr). Nevertheless, some 
of these combinations will likely not form a single phase. It is, however, 
possible to tweak the ratios between the elements for the purpose of, for 
instance, increasing oxygen transfer capacity and, hence, usability as an 
OC. HEOCs could also be selected based on the crystal symmetry, given 
that perovskite, spinel, rock salt, pyrochlore, magnetoplumbite, bixby-
ite, garnet, monoclinic, rutile, and even lamellar structures have been 
reported [32]. 

As far as we know, this material is the first that fulfills the main 

Fig. 4. XRD patterns showing comparisons between fresh HEOC_1100 and 
samples collected after (a) the BFBR and TGA experiments, including oxidation 
in air, under (b) CLOU and (c) CLC (15 vol% H2 + 20 vol% H2O) conditions. 
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structural criteria for HEOs and is suitable for CLC reactions. However, 
further investigations are needed to measure its performance in a 
continuous unit to demonstrate that the attrition losses are reduced, 
thereby increasing the lifetime of the oxygen carrier. 

5. Conclusion 

Five metal oxides (CuO, Mn2O3, Fe2O3, TiO2, MgO) were mixed in 
equimolar proportions and calcined to produce HEOCs. XRD analysis of 
the fresh particles suggest the presence of one main cubic crystalline 
phase together with a minor rhombohedral phase in both the reduced 
and oxidized states. 

SEM-EDX analysis showed that the metallic elements are, on the 
whole, evenly distributed within the particles and suggests that the 
material can be represented by the empirical formula MnCuMgFeTiO7. 
Moreover, PMF analysis showed that each of the six elements is mainly 
associated with a single factor, confirming that elemental distribution is 
homogenous. Taken together, the XRD, SEM/EDS, and PMF results 
indicate that the material can be classified as a HEO. 

The HEOCs possess properties that makes them adequate for both the 

supply of lattice oxygen and the release of gaseous oxygen for CL pro-
cesses. According to the experiments (TGA and BFBR), they display a 
reasonable reactivity compared with the rates of reaction for different 
benchmark OCs comprising of Cu, Fe and Mn. Furthermore, the chem-
ical and physical characteristics of the materials make them suitable for 

Fig. 5. SEM-EDX mapping of different elements present in the inner part of fresh (a–f) and used (g–l) HEOC_1100 particles: (a,g) SEM image; (b,h) Mg-mapping; (c,i) 
Fe-mapping; (d.j) Mn-mapping; (e,k) Cu-mapping; (f,l) Ti-mapping. 

Table 3 
Coefficients of all the elements based on a statistical analysis using EDX mapping 
(x75) of fresh HEOC_1100.   

Cu Fe Mg Mn O Ti 

Cu 1      
Fe 0.54 1     
Mg 0.61 0.57 1    
Mn 0.57 0.54 0.62 1   
O 0.59 0.57 0.67 0.61 1  
Ti 0.65 0.60 0.70 0.63 0.68 1  

Fig. 6. (a) Species and (b) factor profiles from PMF analysis with a factor of six 
for used HEOC_1000. 
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use in fluidized beds. The current work, therefore, clearly demonstrates 
that the prepared HEOCs can be used in both CLC and CLOU processes. 

CRediT authorship contribution statement 
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