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Abstract

Understanding the oxygen uptake/release mechanism in oxygen storage materials is of
great importance in the design of energy-related materials and their corresponding
applications. In this work, the effects of Ga doping amount on the oxygen storage
capacity and thermal stability of Cax(AlixGax)MnOs+s (0 < x < 1) with a
brownmillerite-type structure were investigated. CaAIMnOs+s can reversibly
store/release a large amount of excess oxygen (~3.0 wt%) at low temperature
(between 300 and 600 °C) under oxidative atmospheres. With the increasing Ga
doping amount in Cax(Ali-xGax)MnOs:s, these materials uptake less oxygen at higher
temperature which can be attributed to the difficulty in the oxidation of tetrahedral
GaO4 blocks into octahedral GaOgs blocks under 1 atm O,. However, with the
increasing of Ga-substitution amount, these Cax(AlixGax)MnOs+5 (0 < x < 1) can start
to uptake oxygen at lower temperatures during the cooling process under flowing O»
due to the distorted structure. The results demonstrated that Caz(Ali.xGax)MnOs+5 (0 <
x < 1) can reversibly store/release large amounts of oxygen via just controlling the
surrounding temperature and/or oxygen partial pressure but without using reductive
gases, which would enable them great potentials in many applications.

Keywords: Oxygen storage materials; brownmillerite-type structure; Doping effect;

Reversible behaviour



1. Introduction

Metal oxides based on valence-changeable constituent cations have the ability to
exhibit oxygen nonstoichiometry, which is often related to oxygen uptake/release
capacity.[1-4] Those oxides with remarkable oxygen uptake/release capability can be
regarded as oxygen storage materials (OSMs), but excellent OSMs should also
possess some other properties, such as quick and reversible adsorption/desorption of
oxygen controlled by oxygen partial pressure (PO;) and/or temperature.[5, 6] One of
the most important applications of OSMs is used as three-way catalysts (TWC) for the
contaminant removal in automobile exhausts,[7, 8] in which the OSM helps to
maintain appropriate oxygen partial pressure so that both oxidation reaction (of CO,
H», and carbohydrates) and reduction reaction (of NOx) can occur effectively. The
OSMs incorporate oxygen in higher pO; and release oxygen in lower pO», therefore
for TWC, materials that can work in PSA mode (pressure swing absorption) are
recommended.[7, 9, 10] For some other specific applications (e.g., Li-oxygen
batteries), pure fresh oxygen gas released from oxides may be safer than that from the
pressurized oxygen tank. Even though some peroxides, such as CaO,, Mg0O,, can
provide fresh oxygen gas with the increase of temperature under oxidative gas, their
irreversibility limits their wide applications.[11, 12] Therefore, it is important to
develop special reversible OSMs which can release fresh oxygen gas with the changes
of temperature under inert or oxidative atmosphere.

As a well-known structure, perovskite oxides have been recognized as one of the
most important types of OSMs with excellent redox properties, high oxygen ion
mobility and highly stable structure with an unusual valence state of elements or a
high extent of oxygen deficiency.[13-20] Especially, those perovskite oxides based on

Mn are potential OSMs because of the easy conversion between Mn*" and Mn**.[21-



23] Recently, YMnOs+s has been reported to have large and reversible oxygen content
at a low temperature range under oxidative atmosphere because of the easy phase
transition between hexagonal P63cm phase and more oxidized structures (e.g., Pca2i,
R3c).[24]

Brownmillerite-type perovskite oxides with a general formula of A2B2Os can be
viewed as the anion-deficient perovskite with alternately stacked tetrahedral BO4 and
octahedral BOg layers.[22, 25, 26] They can uptake oxygen to form perovskite oxides
ABOs3, thus having the potential applications as OSMs. In addition, the reversible
phase change between brownmillerite-type perovskite with A>B>Os and perovskite
with ABOs:s could improve the reversibility oxygen release/storage. Especially,
perovskite-type oxides based on Mn have attracted remarkable attention and have
been widely researched as OSMs.[27-34] For example, BaYMn2Os+s exhibits
remarkable oxygen storage capacity (OSC, 3.7 wt%) at low temperatures below 500
°C with an excellent reversible behaviour in alternative reductive (H2) and oxidative
(O2) conditions, but it is not suitable in pure oxidative or alternative oxidative and
inert gas conditions.[5, 22, 30] Thus, excellent OSMs based on brownmillerite-type
perovskite oxides still need more research. Recently, Ca2AIMnOs+5 was reported to
have a high OSC (~3 wt%) in response to changes in surrounding temperature and
pressure of Oz in a highly reversible behaviour, accompanied with the valence change
between Mn®" and Mn*".[27, 34-36] Another similar brownmillerite-type oxide,
Ca;GaMnOs has been investigated about its magnetic structure and oxygen content
under different preparation conditions.[37, 38] Nevertheless, the detailed
understanding on the phase structure and oxygen content in the solid solutions of
Caz(AlixGax)MnOs-s is still not clear. Herein, we prepared some brownmillerite-type

oxides based on Caz(AlixGax)MnOs-+s with various substituting amounts (0 < x < 1),



and investigated their oxygen storage/release properties and thermal stability against
temperature and the surrounding PO with the purpose to better understand their

oxygen storage/release mechanism.
2. Experimental Section
2.1 Synthesis

Brownmillerite-type oxides with the formula of Cax(AlixGax)MnOs (x = 0, 0.25, 0.5,
0.75, 1) were prepared via solid state method using CaCO3, ALO3, MnO> and Ga;0s
as precursors. Stoichiometric amounts of precursors were homogeneously mixed by
grounding in a mortar. The obtained powders were pressed into cylindrical pellets,
which were further fired in a tube furnace at 1250 °C under static air for 24 h and
under flowing pure argon for another 12 h. Then these obtained pellets were ground

into fine powder for XRD characterization and OSC test.
2.2 Characterization

Powder X-ray diffraction (XRD) patterns were obtained on a PANalytical Empyrean
Reflection Diffractometer using Cu Ka radiation (A = 1.541 A). The oxygen
uptake/release ability of these samples was tested by thermogravimetric analysis
(TGA) on a NETZSCH TG 209 instrument (NETZSCH-Geraetebau GmbH, Selb,
Germany) with a TASC 414/3 controller. Oxygen uptake property was obtained up to

900 °C with heating/cooling rates of +1 °C/min.
3. Results and Discussion

Fig. 1 shows the XRD patterns of as-prepared Cax(AlixGax)MnOs (i.e., post-
annealing at 1250 °C under flowing argon gas for 12 h). The XRD pattern for as-
prepared Ca;AIMnOs in Fig. 1a can be ascribed to orthorhombic structure with 7bm2

space group, similar to reported results.[39] The lattice parameters for as-prepared



Cax(Al1xGax)MnO:s after Rietveld refinement were summarized in Table 1. The lattice
parameters of our as-prepared Ca;AIMnOs are determined to be a = 5.4705(1), b =

15.0050(3), and ¢ = 5.2431(1) A.
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Fig. 1. XRD patterns of as-prepared Cax(AlixGax)MnOs (i.e., post-annealing at 1250
°C under flowing argon for 12 h): (a) Ca,AIMnOs, (b) Caz(Alo.75Gao25)MnOs, ()

Cax(Alo5Gao.s)MnOs, (d) Cax(Alo25Gao.75)MnOs, (e) Ca2GaMnOs.

The XRD patterns for the as-prepared Ga-substituted samples after post-annealing
at 1250 °C under Ar for 12 h can be indexed to orthorhombic structure with Pnma
space group.[40] The crystal structures of brownmillerite-type Ca,AIMnOs with Ibm?2
space group and Ca2GaMnOs with Pnma space group are schematically shown in Fig.
2a and Fig. 2b via Diamond software,[41] respectively, based on the structure
reported in literature.[37, 42, 43] As shown in Fig. 2a, CaxAIMnOs comprises
tetrahedral AlO4 and octahedral MnOs blocks, where the MnOg chain orientations are
fully ordered.[39] As shown in Fig. 2b, the chain orientations of MnOg in Ca,GaMnOs
are disordered, where the R-type (right-hand chains) and L-type (left-hand chains)

Ga-O chains are ordered with -L-R-L-R- alternation along the b axis.[37] The main



difference between the structures of Ca;AIMnOs and Ca;GaMnO:s is the ordering of
tetrahedron and octahedron in the orthorhombic structure, resulting in different space

groups.

(a2) Ca,AIMNnO;  (b) Ca,GaMnO;  (¢) Ca,AIMnO; 5
Fig. 2. Schematic illustration of the crystal structures with single cell of (a)
brownmillerite-type CaxAIMnOs, (b) brownmillerite-type CaxGaMnOs, (c) the fully
oxygenated form CaAlMnOss. The illustration was obtained from Inorganic Crystal
Structure Database (ICSD) web and prepared via Diamond Software [41, 44] based

on the structure reported in literature.[37, 42, 43]

The lattice parameters for the as-prepared Caz(AlixGax)MnOs in Table 1 indicate
that with the increasing substitution of Ga amount (0 < x < 1), the b and c lattice
parameters increased obviously and the cell volume also slightly increased, which can
be attributed to the increased thickness of the (Al,Ga)O4 layer due to the larger ionic
radius of Ga** (0.62 A) than that of A" (0.535 A). However, there is some slight
decrease in the a lattice parameters with the increasing of Ga amount in the
brownmillerite-type Cax(Ali-xGax)MnOs (0 < x < 1.0), which can be attributed to the

tilting of the oxygen position in the MnOs octahedron blocks.[45, 46]



Table 1. Lattice parameters of as-prepared Cax(Ali-xGax)MnOs and oxygenated

Cax(AlixGax)MnOs:s.

Cell
Samples Space A) b (A)* c(A) volume Rwp Rp v

group (A)*
Ca,AIMnOs Ibm2  5.4705(1) 15.0050(3) 5.2431(1) 430.38(2) 10.38% 7.02% 4.99
CasAIMnOs: Imma 53732(4) 14.7160(2) 5.2534(4) 415.45(1) 16.73% 11.50% 5.96
Cas(Alo75Gaoss)MnOs  Prnma  5.4698(2) 15.0802(6) 5.2488(4) 432.95(4) 1626% 11.77% 611
Casx(Alo75Gao2s)MnOsss  Imma  5.3892(2) 14.7810(1) 5.2669(2) 419.56(7) 11.34% 8.28% 2.85
Cax(AlosGao.s)MnOs Pnma 5.4700(2) 15.1643(6) 5.2561(2) 435.99(4) 16.50% 11.76% 5.98
Cax(AlosGaos)MnOsss  Tmma  5.4072(2) 14.8300(1) 5.2793(2) 423.35(1) 13.18% 10.38% 3.66
Cax(Alo2sGaoss)MnOs  Pnma 5.4617(2) 15.3012(6) 5.2629(2) 439.82(4) 1631% 11.89% 587
Prma  5.4630(1) 15.1820(2) 5.2634(6) 436.60(1) 1131% 9.15% 3.12

Cax(Alo25Gao.75)MnOs+s

Imma 5.4204(4) 14.9110(2) 5.2955(4) 428.00(1) 13.12% 10.21% 4.23
Ca2GaMnOs Prma 54611(1) 153303(3) 5.2664(1) 440.92(2) 15.05% 11.41% 5.00
Ca:GaMnOs-5 Pnma  5.4629(1) 153023(3) 5.2707(1) 440.61(2) 13.70% 10.27% 431

* b parameter and cell volume of /mma structure was divided by 2 to compare with those in /bm2 and Pnma

Based on the TGA test results under O, atmosphere (Fig. 4), all the samples

obtained the highest weight at around 450 °C. Therefore, these as-prepared Cax(Al;-

xGax)MnOs samples were treated in air atmosphere at 450 °C for 12 h in a furnace for

oxygenation in order to check the phase structure changes of oxygenated samples.

The XRD patterns of oxygenated samples are shown in Fig. 3 and their lattice

parameters were also summarized in Table 1. The XRD patterns of oxygenated

Ca;AIMnOs+s (Fig. 3a) can be ascribed to the orthorhombic structure with Imma

space group (a = 5.3732(4), b = 29.4320(2) and ¢ = 5.2534(4) A), similar to reported



results.[27] The crystal structure of the full oxygenated Ca,AlMnOs s is shown in Fig.
2c based on the structure reported in literature.[42] After oxygenation, the fully
oxygenated Ca;AlMnOss was composed of alternating tetrahedral AlOs and
octahedral AlO¢ blocks, which are separated by octahedral MnQs.[27] The structure
differences between the pristine Ca2AIMnOs and the oxygenated Ca;AIMnOs s imply
that the oxygen uptake process mainly occur in the b-lattice direction with the partial
oxidation of the tetrahedral AlOs4 to octahedral AlOs, but still half of the AlO4
tetrahedron are intact in the oxygenated CaxAIMnOs s, which has been considered to
be linked with its reversible oxygen uptake/release process.[27] The XRD patterns of
oxygenated Cax(Aly.75Gao25)MnOs+s and Caz(AlosGao.s)MnOs+s can also be ascribed
to the orthorhombic structure with /mma space group. In contrast, the XRD patterns
of oxygenated Caz(Alo25Gao.75)MnOs+s can be indexed to intermixed orthorhombic
Pnma/lmma space group, indicating the formation of octahedral AlOs blocks from
tetrahedral AlO4 blocks during the oxidation process while the GaO4 blocks are still
intact. Comparing the lattice parameters of the pristine materials (i.e., CaxAIMnOs,
Cax(Alo.75Gao25)MnOs, Cax(AlosGaos)MnOs and Cax(Alp25Gao7s)MnOs) and their
oxygenated counterparts (i.e., Ca;AIMnOsss, Cax(Alo.75Gao.25)MnOsss,
Caz(AlosGaos)MnOs+s and Caz(Alo25Gao75)MnOs:5), there is a large increase (a bit
smaller than double) in the b lattice parameter, indicating the oxygenation reaction
takes place topotactically with the formation of octahedral AlO¢ from tetrahedral AlOa.
With the increase of Ga-substituting amount (0 < x < 0.75) in the oxygenated Cax(Al;-
xGax)MnOs+5, the lattice parameters (a, b and c) and cell volumes increased due to the
larger ionic radius of Ga** (0.62 A) than that of AP* (0.535 A). When completely
substituting Al with Ga (ie., x = 1.0) in Cax(AlixGax)MnOs+35, the oxygenated

Ca;GaMnOs+5 (Fig. 3e) still maintains the same orthorhombic Pnma space group as



its pristine Ca2GaMnOs. Comparing the lattice parameters of the pristine samples (i.e.,
Caz(Alp25Gao.75)MnOs and CaxGaMnOs) and their oxygenated counterparts (i.e.,
Caz(Alo25Gao.75)MnOs+s and CaxGaMnOs+5) with Prma space group, there are slight
increases in a and c lattice parameter and obvious decrease in b lattice parameters,
which can be attributed to the slightly compressed oxygen tetrahedra around the Ga
atoms along the b axis during the oxidation process in air atmosphere at 450 °C for 12
h.[37, 39] However, it has been reported that oxygenated CaxGaMnOs39 can be
obtained by treating Ca,GaMnOs under the oxygen partial pressure of 80 atm O, at
415 °C for 15 h.[37] The XRD results in the pristine materials and their oxygenated
counterparts indicate that Ga-substitution in Cax(AlixGax)MnOs would affect their

oxygen uptake ability, which will be further investigated by TGA technique in

following paragraphs.
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Fig. 3. XRD patterns of oxygenated samples after treated at 450 °C under static air for
12 h: (a) CaxAIMnOs+5, (b) Cax(Alo.75Gao25)MnOs+s, (¢) Caz(AlosGaos)MnOsss, (d)

Cax(Alo25Gao.75)MnOs+s, (€) Ca2GaMnOs:s.



Fig. 4 shows the oxygen uptake/release properties of as-prepared samples under
pure Oz with 1 °C/min heating and cooling rate between room temperature and 900 °C.
The results show that upon heating in O, atmospheres, these samples firstly remain
almost stable between room temperature and 300 °C, then sharply gain weight from
300 °C to reach the maximum peaks at about 370-470 °C, which are different
according to different Ga substituting amounts. The maximum weight gain (AW) and
its corresponding temperature, OSC, oxygen content and the oxygenated samples
were summarized in Table 2, in which the Mn valence in the as-prepared samples is
assumed to be Mn*". Cax(Aly75Gag25)MnOs shows the maximum weight at 450 °C
with a 3.16 wt% weight gain (Fig. 4b), corresponding to the OSC of 1975 umol-O-g™!,
while Ca;AIMnOs in Fig. 4a shows the second recorded highest OSC at 370 °C with a
2.97 wt% weight gain, corresponding to the OSC of 1856 umol-O-g’, indicating
substituting Al with 0.25 atomic Ga would improve the oxygen uptake ability maybe
due to the enhanced oxygen mobility by the increased lattice parameters. It is
noteworthy that even though Ca(Alo75Gao25)MnOs showed the highest weight
increase during the initial heating process from room temperature to 400 °C, it can’t
lose weight to its original value at room temperature during the consequent heating
process from 550 °C to 900 °C, which can be attributed to the difficulty in the
transformation of octahedral GaOs to GaOs tetrahedron. Further increasing the Ga
substituting amount to x > 0.50 on the Al-site would result in reduced OSC, which is
maybe due to the difficulty in the oxidation of GaO4 tetrahedron in brownmillerite-
type structure to octahedral GaOs in air atmosphere at 450 °C, as well as the higher
atomic weight of Ga than AL[39] As a result, Ca2GaMnOs in Fig. 4e can only uptake
about 0.62 wt% weight gain, corresponding to the OSC of 388 umol-O-g™'. It has

been reported that the electron mobility to the MnOg layers is weakened because of



the fully filled electron orbitals of Ga**(d'°) ions.[47] As a result, the super-exchange

interactions between the GaO4 and MnOg layers in the brownmillerite structure are

suppressed perpendicular to the octahedral MnOg layers.[47]
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Fig. 4. TGA curves of as-prepared samples (i.e. post-annealing Ca>(Al;xGax)MnOs at

1250 °C under Ar for 12 h): (a) CaAIMnOs, (b) Cax(Alo.75Gao25)MnOs, (¢)

Cax(AlosGaos)MnOs, (d) Cax(Alo2sGao75)MnOs, (e) CaGaMnOs. The data were

obtained under flowing O with a scan rate of 1 °C/min between 20 and 900 °C.

Table 2. The maximum weight increase (AW), the temperature, OSC and oxygen

content obtained from the oxygen uptake/release curves in Fig. 4, assuming the

valence of Mn in the as-prepared samples is Mn>".

Maximum Temperature OSC Oxygen
As-prepared sample Oxygenated sample
AW (°C) (umol-O-g')  content &
CaAlMnOs 2.97 wt% 392 1856 0.45 CaAIMnOs 45
Caz(AlostaO‘zs)MnOs 3.16 wt% 450 1975 0.5 Caz(Alo_75Gao_25)Mn05_5
Cay(AlosGag.s)MnOs 2.62 wt% 448 1637 0.43 Cay(Alo.sGags)MnOs 43
Cay(Alp25Gag.75)MnOs 2.13 wt% 452 1331 0.36 Cay(Alo.25Gag.75)MnOs 36
Ca,GaMnOs 0.62 wt% 454 388 0.11 Ca,GaMnOs 11




Further increasing temperature would result in an abrupt weight loss at around 650
°C and plateau between 700 and 900 °C, and Ca;AlMnOs shows the least weight
difference with its initial value. Interestingly, during the subsequent cooling stage in
flowing O, these samples could re-gain weight from ca. 600 °C and keep almost
stable below 400 °C. In these five samples, Ca2AIMnOs can almost re-gain the same
weight (ca. 2.73 wt% corresponding to & = 0.41 and OSC of 1688 umol-O-g™!) as the
weight lost during the heating process. However, for the Ga-substituted samples, they
can't re-gain the same weight that is lost during the heating processes. With the
increasing Ga-substituting amount, the re-gained weight during the cooling process
decreased, which can be attributed to the suppressed oxygen-ion mobility and
desorption by the increased intact GaOs4 layers in the structure. For CaxGaMnOs
shown in Fig. 4e, there is almost no weight uptake during the cooling process, which
is in good agreement with its XRD results. In addition, the starting temperature for
oxygen uptake during the cooling process decreased from ca. 600 °C for Ca2AIMnOs
to 470 °C for Cax(Alo25Gao.7s)MnOs, which may be due to the different oxygen-ion
mobility and distorted structure between (Al/Ga)Os and MnOs caused by the
increased b-lattice parameter with the increasing of Ga-substituting amount. The
thermal hysteresis and the differences in the TGA curves during the heating/cooling
processes may be caused by their different oxygen uptake/release kinetics which is
related with their composition.[27] Fig. 4 shows that the oxygen uptake/release in
Caz(AlixGax)MnOs+s can be achieved under pure O by adjusting temperature in a
small range, which can be attributed to the redox equilibria of competing valence
states (such as Mn**/Mn*") in the constituent transition metals,[27] similar to reported
YBaCo407+5[48-50] and Dy1.xYxMnO3+5.[51]

Fig. 5 shows the oxygen uptake ability and OSCs of the as-prepared Cax(Al-



xGax)MnOs oxides at 450 °C under flowing Oz with a 25 mL/min flowing rate. These
as-prepared samples were firstly treated from room temperature to 450 °C and
maintained at 450 °C for 1 h under flowing argon with 25 mL/min to remove the
possible adsorbed surface oxygen species. Then, the gas was switched from argon to
O, for the oxygen uptake test dependent on reaction time at 450 °C. For Ca2AIMnOs
and Cax(Alo.75Gao25)MnOs, they uptake oxygen immediately to the maximum amount
(ca. 2.73 wt% corresponding to & = 0.41 and OSC of 1688 umol-O-g' for
Ca;AIMnOs 41, and 2.41 wt% corresponding to & = 0.38 and OSC of 1500 umol-O-g!
for Cax(Alo.75Gao25)MnOs3g) in 10 min. However, further increasing the Ga-
substitution amount to x > 0.5 in Cax(AlixGax)MnOs would result in less oxygen
uptake in a longer time due to the lowered ionic diffusion related to the Al-O/Ga-O
chemical bonds. For example, Cax(AlosGaos)MnOs would uptake oxygen to the
maximum amount (ca. 2.1 wt% corresponding to 6 = 0.34 and OSC of 1313 umol-
O-g! for Cax(AlysGaos)MnOs 34) in about 50 min while Cax(Aly25Gao75)MnOs needs
even more time (ca. 220 min) to reach the maximum oxygen uptake amount (ca. 1.6
wt% corresponding to § = 0.27 and OSC of 1000 umol-O-g' for
Cax(Alo25Gao.75)MnQOs27). CaxGaMnOs can uptake only a very small amount of
oxygen (ca. 0.11 wt% corresponding to & = 0.02 and OSC of 13 umol-O-g" for
Ca;GaMnOs02) with the increasing time to 220 min, in good agreement with their

XRD patterns and lattice parameter analysis results.
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Fig. 5. Isothermal TGA curves at 450 °C for as-prepared Caz(AlixGax)MnOs with

various x values after switching the gas flow with 25 mL/min from Ar to Oo.

As shown by the results in Fig. 4, these as-prepared samples, especially for
CaAIMnOs and Cax(Alp.75Gao25)MnOs, could change their oxygen content in a
narrow temperature range (500-700 °C) under flowing O, atmosphere. Thus, it can be
expected that remarkable oxygen uptake/release capacities can be obtained via
adjusting the temperature in a small range even under pure O,. As demonstrated in Fig.
6, a large amount of oxygen can be reversibly stored/released for CaxAIMnOs and
Cax(Alo.75Gao25)MnOs by adjusting the temperature between 500 and 700 °C.
Ca;AIMnOs shows a reversible and stable weight change with 2.4 wt%, larger than
that of Cax(Alo.75Gao25)MnOs with 1.9 wt%, and the results are consistent with the

TGA results in Fig. 4.
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Fig. 6. TGA curves for Ca,AIMnOs (a) and Caz(Alo.75Gao25)MnOs (b) in flowing O»
upon temperature swing between 700 and 500 °C. The sample temperature is also
shown with a blue curve.

Fig. 7 shows the oxygen uptake/release cycles of as-prepared Cax(Ali-xGax)MnOs
oxides at 500 °C under alternating Ar and O for three cycles. The results indicate that
all these five samples exhibit excellent reversibility in oxygen uptake/release via
switching the gas flow between argon and O> at 500 °C. With the increase of Ga
substituting amount from x = 0 to x = 1.0 in Caz(AlixGax)MnOs, the total oxygen
uptake/release content decreased from about 2.4 wt% for Ca2AIMnOs to 0.05 wt% for
Ca;GaMnOs. Even though the OSCs of these as-prepared samples are different, they
all have good reversibility for three cycling times under inert (Ar) and oxidative gas

(O2) at 500 °C, which is important for long-term usage in practical applications.
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Fig. 7. TGA curves of as-prepared samples (i.e., post-annealing Cax(Al; xGax)MnOs at
1250 °C under Ar for 12 h) obtained at 500 °C under alternating Ar and O> for three
cycles: (a) CaxAIMnOs, (b) Cax(Alo75Gao25)MnOs, (¢) Cax(AlpsGaos)MnOs, (d)
Cax(Alo25Gao.75)MnOs, (e) CaxGaMnOs.

The thermal stability of the oxygenated samples under pure argon with temperature
is shown in Fig. 8. The results show that these samples are almost stable between
room temperature and 400 °C under flowing argon. Further increasing temperature
would result in sharp weight loss from 400 to 600 °C, and then keep stable between
600 and 900 °C. With the increasing amount of Ga, the weight loss amount between
400 and 650 °C decreased from about 2.9 wt% for CaxAIMnOs+5 to 0.25 wt% for
Ca;GaMnOs+s. The results also indicate that substituting Ga into the Al site would
reduce the OSC under flowing argon, which is in good agreement with the TGA cycle
test results shown in Fig. 7. As discussed in the aforementioned paragraphs, in the Ga-
substituting samples, Ga would occupy the Al-site of tetrahedral AlO4 to form GaO4
blocks. During the oxygenation process, tetrahedral A1O4 would transfer to octahedral
AlO¢ while tetrahedral GaOs is very difficult to be oxygenated to octahedral GaOg

under 1 atm O conditions, therefore Ga-substituted samples would result in less OSC.
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Fig. 8. TGA curves under flowing Ar of as-prepared samples after treating at 450 °C
in air for 12 h: (a) CaAlMnOs+s, (b) Cax(Alo75Gag2s)MnOs+s,  (€)
Cax(Alo5Gao.s)MnOs-s, (d) Caz(Alo2sGao.75)MnOs-s, (€) Ca2GaMnOs+s. The data were
measured up to 900 °C under flowing pure Ar with 10 °C/min increasing rate.

Based on the TGA results, the Cax(Alo.75Gao25)MnOs could uptake as much as 1975
umol-O-g"! during the heating process under flowing O» even though its OSC in
reversible test is a bit lower than that of CaxAIMnO:s. In addition, Cax(AlixGax)MnOs
(x < 1) can store/release oxygen reversibly via controlling the temperature or
alternating Ar and O,. The OSCs of Cax(Alp.75Gao25)MnOs and Ca,AIMnOs are
higher or comparable with the OSCs in reported results, as show in Table 3. Even
though the OSCs of YBaCo4O; and BaYMn:Os are higher than those of
Caz(Alp.75Gao25)MnOs and Ca;AIMnOs in this work, the much lower abundance and
higher price of Y than those of Ca and Al would increase the cost and limit their wide
applications.

Table 3. Comparison of the OSC values in this work with the reported results.

OSC Temperature Gas Rate
OSMs . Ref.
(umol-O-g™) (°C) atmosphere  (°C-min’!)




Caz(AlysGag.s)MnOs 1975 450 02 1.0 This work

CaAlMnOs 1856 392 0> 1.0 This work
Y0.7Tbo3MnOs:5 ~770 ~320 02 1.0 [23]
DyMnOs ~810 ~400 02 1.0 [51]
YBaMn,Os+5 ~2240 ~400 H," 1.0 [52]
YBaCo0407:5 ~2180 ~400 02 1.0 [53]
Ce1xZrxO2+5 360-750 ~500 H," - [54]

"H, is used for reduction to calculate the OSC.
4. Conclusions

Several pure-phased brownmillerite-type oxides with the formula of Cax(Ali-
«Gax)MnOs were prepared via a solid state method. The substitution of Ga on the Al-
site would result in the change of space group from /bm2 for CaxAIMnOs to Pnma for
Cax(AlixGax)MnOs (x > 0). Substituting Al with 0.25 atomic Ga (ie.,
Cax(Alo.75Gao.25)MnOs) would result in improved oxygen uptake content from 1856
umol-O-g"! for CaxAIMnOs to 1975 umol-O-g™! for Cax(Aly75Gao25)MnOs during the
heating process under flowing O; but less oxygen release amount during the cooling
process. The Cax(AlixGax)MnOs (x < 1) can store/release oxygen reversibly
depending on temperature between 500 and 700 °C, or alternating Ar and O, at 500 °C,
in which Ca;AIMnOs shows the highest OSC of about 2.9 wt% depending on
temperature, and 2.4 wt% depending on alternative Ar and O; at 500 °C, as well as
excellent reversibility. With the increasing of Ga-substituting amount on the Al-site,
their OSC decreased to only 0.11 wt% for Ca2GaMnOs which are attributed to the
difficult oxidation of tetrahedral GaO4 into octahedral GaOs blocks under 1 atm O:
condition. In brief, the ability of CaxAli.xGaxMnOs OSMs to work both in pressure
and temperature-controlled modes enables them great potentials in many energy-

related applications.
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