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Introduction

In recent years, oxygen production has grown in
importance because of the increasing demand from
the industry and the health sectors. The oxygen-en-
riched gas is mainly utilized in the steel industry,
welding, ammonia and methanol production, space
technologies, cleaning of the wastewater, as well as
oxygen therapy, and even oxygen as a recreation
agent [1-4]. Besides conventional cryogenic-based
oxygen production methods, alternative means using
ceramic membranes are also gaining researchers’
attention [5-7]. Another prospective method for
oxygen production is the usage of the so-called oxy-
gen storage materials (OSMs). These materials pos-
sess an ability to reversibly incorporate/release
oxygen into/from their bulk crystal structure under
specific conditions of temperatures and/or gas
atmospheres.

Generally, two types of OSMs can be defined based
on their valuable capability, the practically achievable
oxygen content changes in the material. Firstly, the
compounds that incorporate oxygen into their crystal
lattice under oxidizing atmosphere (e.g., air or O,)
and release it in reducing or ambient atmospheres
(e.g., a mixture of H, in Ar, N,, etc.). The swing of
oxygen partial pressure over the sample gave a name
to the pressure swing absorption (PSA) process.
Typically, the driving force for the oxygen incorpo-
ration/release requires changes in the oxygen partial
pressure of several orders of magnitude [8]. Impor-
tantly, this process is different from the surface-re-
lated pressure swing absorption, which is
commercially used in systems that operate with the
active material utilizing its surface selectivity for air
constituents [9-11]. The OSMs of PSA type have been
widely known since the early 1980s when the CeO,-
based materials were firstly implemented in the
three-way catalytic converters used in the exhaust
system of gasoline-fueled vehicles [12, 13]. These
OSMs work effectively as supporting catalysts to
maintain the oxygen partial pressure in the exhaust
gas at the desired level. They facilitate both, reduc-
tion of NO, and oxidation of CO and unburned
hydrocarbons (on the main catalyst). Despite the
success of CeO,, search for better-performing OSMs
is underway that exhibit improved thermal stability,
even higher oxygen storage capacity (OSC), and
show faster oxidation/reduction kinetics. Among the
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candidates are the so-called double perovskite
materials from the Y;_,R,BaMn,Os_ s (R: other than Y
rare earth elements) family that showed great
potential for application [14-16]. Of the high practical
importance, to eliminate the use of rare earth ele-
ments, is also the presented Cu/Mn-based stoichio-
metric spinel structure deposited on the Nb/Zr oxide
support [17]. In addition, owing to their intrinsic high
oxygen ion mobility, some of them have been
recently considered for application as the electrode
materials in solid oxide fuel cells [18-21]. However,
for the efficient reduction process of the PSA-type
oxygen storage materials, the hydrogen-containing
atmosphere is required. Because the released oxygen
recombines with hydrogen to form water, these
OSMs are not applicable for the oxygen production.
While the usage of inert gas for reduction is possible
in many cases, the slow kinetics of the process limits
the practical application [22].

The second group of OSMs useful for oxygen
production relies on large changes of the lattice
oxygen content by relatively small variation of tem-
perature at fixed oxygen partial pressure. This mode
of operation is called the temperature swing absorp-
tion (TSA), as the driving force for the oxygen
incorporation/release stems from the temperature
changes only. These OSMs absorb and release oxygen
at lower (< Toyy) and higher temperatures (> Treq),
respectively. The characteristic temperatures of Ty,
and T.q vary for different materials, while the gen-
eral valued concern is to keep both temperatures
quite low. However, when T,,, is too low, the
kinetics of the oxidation reaction is too sluggish to
achieve effective operation [23]. From a practical
point of view, the temperature difference AT (Tyeq-
— Toxy) should also be as narrow as possible. A
variety of materials have been tested regarding their
applicability for TSA technology, including per-
ovskite-type oxides such as (Ca,Sr)MnO;_;,
Sr(Mn,Fe,Cu)O;_;, Ca(Mn,Fe)O3_s5, YBaCo407,s,
CapAIMnOs, 5 [24-27], as well as Co-Fe perovskite
oxides with a general formula of (La,5r)(Co,Fe)O5_s
[28]. Unfortunately, the working temperatures of
those materials are typically quite high, e.g., over
500 °C as required for efficient oxidation and ~
800 °C as required for the reduction of
Lag1Sr99CopoFen103_5 [29]. A promising material
YBaCo,0;,s oxidizes around 200 °C and reduces at
350 °C in oxygen, and therefore, AT is rather high
[30]. The recently reported hexagonal YMnOj;,;
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compound and its derivatives (Y;_,R:MnO3,5 R:
other than Y rare earth elements) showed superior
results in terms of the operating temperatures.
Especially in the case of Y;TbosMnOs,.s very
encouraging results have been obtained with Toyy.-
~ 270 °C in air with practical AT = 60 °C, while in
oxygen the respective Ty =~ 300 °C and Tred-
~ 350 °C were required [31]. Substitution of Tb into
YMnO;, ; allowed to significantly increase the maxi-
mum oxygen content in the oxidized phase, up to ca.
3.44 in an O, atmosphere, as compared to ca. 3.27 for
the pure YMnOj3, 5. A new phase of highly oxidized
Yo7TbgsMnOs,5, described as Hex3 (Péscm,
0 =~ 0.45), was discovered during those studies [31].
This phase supplemented the already-known series
of phases with the excess oxygen contents: Hex2
(Pca2, 0 ~ 0.41) and Hex1 (R3¢, 6 ~ 0.28), which are
formed during the oxidation of the parent stoichio-
metric Hex0 (P6smc, 6 ~ 0) [23, 31-34]. Additionally,
among the chemically substituted Y;_,R,.MnOs,
phases studied, only the Y(;TbysMnO;,s5 showed
acceptable performance in air atmosphere (OSC =~
1.8 wt%), making it a very attractive candidate for
the oxygen separation technology. An improvement
of the oxygen storage characteristics was achieved by
suitable morphological modifications. For example,
the YMnOj,s; nanoparticles showed ca. 1.5 wt%
capacity in air. The fabrication of nanoparticles
increased the specific surface area accessible for the
oxygen reduction and reduced the diffusion lengths,
both of which resulted in a significantly better per-
formance [35].

In this work, further attempts were made, aiming
at improvement of the oxygen production and stor-
age-related operation in air, which were based on a
partial substitution of Y** in Y;_,R,MnOs,; with
larger Tb®>" and simultaneously by cerium, which
may be present either at the + 3 or + 4 valence state
(the relevant ionic radii for the eightfold coordination
are: ryss = 1.019 A, rpay = 1.040 A, reess = 1.143 A,
Tcear = 0.970 A [36]). The crystal structure and
microstructure of Yg;Tbg15Cep15MnOs,s and Yge.
Tbp,CepoMnOs5, s oxides were characterized in the
reduced and oxidized states. Samples were examined
in terms of their suitability for temperature swing
absorption (TSA) and oxygen partial pressure swing
absorption (PSA) processes, as well as in the com-
bined temperature/pressure swing absorption
(TPSA) route.
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Experimental details

Hexagonal Y0A7Tb0.15Ce0,15MnO3+o~ and Y0_6Tb0.2_
CepoMnOs, s materials were prepared using a self-
combustion-type method, with respective nitrates
initially dissolved in a stoichiometric proportion in
deionized water. EDTA dissolved in diluted ammo-
nia was added as a complexing agent. The mixture
was then heated in a mantle heater up to 400 °C in
air, which allowed for evaporation of water, as well
as the removal of nitrogen and carbon during the self-
combustion stage. The obtained precursor was cru-
shed in a mortar and pressed into pellets. The actual
synthesis was carried out at 1000 °C for 8 h in Ar gas
flow, which is known to promote the formation of the
desired hexagonal structure [37]. Initially, the sin-
tered samples were taken out from a warm furnace
and exposed to the atmospheric air, which caused
partial oxidation (see the discussion below). The
route utilized in this study enables synthesis at rela-
tively low temperatures in comparison with the
standard solid-state reaction method [32, 38]. More
details regarding the preparation procedure can be
found elsewhere [31-33].

Structural X-ray diffraction (XRD) studies were
conducted on Panalytical Empyrean or Rigaku
SmartLab diffractometers. The measurements were
carried out in a 10-110 deg range using Cug, radia-
tion. The structural analysis was performed by the
Rietveld method using GSAS/EXPGUI software
[39, 401.

Morphology of the samples was investigated using
a JEOL JSM-7100F scanning electron microscope
(SEM) equipped with energy-dispersive X-ray spec-
troscopy (EDS) detector, which was used to confirm
the chemical homogeneity of the samples. High-res-
olution transmission electron microscopy (TEM)
imaging was conducted using a JEOL JEM-2100 field
emission electron microscope, operated at an accel-
erating voltage of 200 kV. The specific surface area
tests were conducted by the N, adsorption method
using a BELSORP MINI II apparatus. About 0.5 g of
the powdered material was used in the experiments.
Data were analyzed assuming Brunauer-Emmett—
Teller (BET) isotherm.

The studies of X-ray photoelectron spectroscopy
(XPS) were performed using PHI 5000 VersaProbe II,
supplied by ULVAC-PHLI, Inc. Japan, to elaborate on
the oxidation state of the constituent elements. The
survey spectra for Yg;Tbo15Cep1sMnO;,5 were
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measured in a 0-1100 eV binding energy range at
room temperature, with a monochromatic Mg Ka
X-ray (1253.6 eV) as an excitation source.

The oxygen storage-related performance of the
materials was evaluated using the thermogravimetric
(TG) technique. The temperature swing and pressure
swing measurements were carried out using a TA
Q5000 IR apparatus. Initially, a temperature swing
experiment was performed in air with a relatively
slow heating rate of 1 °C min~" to achieve the lowest
and highest oxygen contents of the studied sample.
The consecutive heating and cooling up to
800-850 °C with a ramp of 5 °C min~' were applied
after switching the gas to argon to reduce the sample
completely. Additional experiments up to ca. 900 °C
(not reported here) revealed a stable weigh above
800 °C, indicating that the material attains its oxygen
stoichiometric composition (6 ~ 0). The tempera-
tures of oxidation and reduction (Toyy, Treq) Were
determined as read-off extrema from the first-order
derivative graphs.

TSA experiments were conducted at varying tem-
peratures in the range of 190-360 °C in air. Further-
more, as the speeds of the oxidation and reduction
processes are different, the reaction durations needed
to be optimized to achieve the highest OSC. As the
oxidation takes place at lower temperatures, the
oxidation rate is generally lower than the reduction
rate (at higher temperatures). After testing different
conditions, the optimized oxidation time was selected
as 45 min, while 15 min was adequate for the
reduction. The PSA experiments were conducted
upon switching the gas atmosphere between air and
N3 (99.999% pure, < 2 ppm O,) at 254 °C and 241 °C
for Yo7Tbg.15Ce.1sMnO3 ;5 and Yo 6Tbo ,Cep 2MnOs 5,
respectively, at which the maximum oxygen contents
were registered upon heating at 1 °C min~' in air
(indicated in Fig. 3a, b).

Additionally, the combined TSA and PSA tests
were conducted using a Rigaku Thermo plus EVO2
TG-DTA8122 device. The temperatures were set at
220 °C for the oxidation and 360 °C for the reduction.
These temperatures yielded the highest capacity in
the TSA studies for Yo;Tbg15Cep15sMnO3,s5. The
oxygen partial pressure swing was applied simulta-
neously by the gas change between N, (99.999%
pure) and O, or air. Prior to every TG run, the sam-
ples were reduced in Ar at 800 °C to completely
remove excess oxygen (6 =~ 0) and thereby to ensure
accurate oxygen content measurements. The absence
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of excess oxygen in the treated samples was further
confirmed by room temperature XRD, in which no
trace of the oxidized phases was evidenced.

Results and discussion

Samples characterization and structural
studies

As presented in Fig. 1a, the as-synthesized samples
of the hexagonal Y ;Tbg15Cep15MnO3,s and Yge-
Tbo2CepMnO;, s materials showed some oxygen
excess (6 > 0), which can be concluded from the
presence of both the Hex0 (6 ~ 0) and Hexl
(6 =~ 0.28) phases in XRD patterns. By using Rietveld
refined phase weight ratios and the previously
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Figure 1 Room temperature XRD data with refinement for
Y0.7Tbo.15Ce0.1sMnO; .5 and  Yo6Tbo2Ceo2MnOs, 50 a  as-
synthesized, and b after reduction at 800 °C in Ar flow.
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established oxygen contents [23], the average oxygen
excess was found to be 0.137 for Y(,Tbg15Ceq 15-
MnO;,s and 0.098 for YoeTbg>CeyoMnO3, ;5. The
oxygen contents derived from the XRD data are in
good agreement with those obtained from the ther-
mogravimetric measurements presented below.
Additional heat treatment at 800 °C for 5 h in Ar gas
flow was found to reduce the samples, with both
materials containing only the Hex0 structure (6 = 0)
contaminated by the same small amount of CeO,
(Fig. 1b). The XRD-derived structural parameters of
the constituent phases are presented in Table 1.
Noticeably, the impurity CeO, does not change the
oxygen content in Ar between 1000 and 800 °C [41]. It
should be mentioned that the synthesis of single-
phase Y(eTbgs_CeyMnOz; was successful up to
x = 0.2 for samples fired at higher temperatures of
1400 °C (not reported in this work). However, the
materials obtained in this way were not suitable for
oxygen storage studies due to their limited specific
surface areas.

Comparing the published structural data for nearly
oxygen-stoichiometric YMnOj [31] and the Tb**-for-
Y3+ substituted Y, ,TbysMnQOj5 [32], it can be noticed
that the reduced Tb-containing material (Hex0 phase)
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exhibits larger values of the cell parameter a, while
smaller values of the ¢ parameter, and overall the unit
cell volume is considerably larger than for the parent
YMnO; (Table 1). The difference is significant and
matches with bigger Tb>" in relation to smaller Y>* at
the same crystal coordination. In the case of Ce-con-
taining materials, it is necessary to reduce them (in
Ar) to get the oxygen content close to the stoichio-
metric one. In this case, a significant part of Ce spe-
cies has to be at +3 oxidation state, as the unit cell
volume for the reduced Y ;Tbgi5Ceq15MnO5; and
Yo0.6Ibp2Cep>oMnO; is even larger. (Ce** is smaller
than Y**, while Ce*" is larger even than Tb>" in the
same coordination.) Notably, the unit cell volume of
Y0.6TbgCep>2MnQO3 is somewhat smaller than that of
Yo.7Tbo.15Ce01sMnO3, which is likely related to the
amount of CeO, contamination present in the
samples.

The SEM micrographs of the as-synthesized sam-
ples are presented in Fig. 2a, b. The insets show
micrographs taken at higher magnifications, which
allowed to conclude that the size of primary grains is
in the order of hundreds of nanometers. The particles
form relatively loosely adhered aggregates and
agglomerates. Both samples seem to have a highly

Table 1 Structural parameters of the Yo 7Tbg 15Ceo.1sMnO5 s and Yo ¢Tbo-Ceo,MnO;, s materials as-synthesized and after additional

reduction in Ar

Sample Phases content (wt%) a A c (A) 1% (A3) pr (%) )(2
As-synthesized Y.7Tbg 15Cep.1sMnO3,s  Hex0 6.1961 (3) 11.2636 (10) 374.49 (5) 9.65 1.34
47
Hex1 6.2075 (3)  33.5454 (27)  1119.44 (12)
49
As-synthesized Y0A6Tb0‘2Ceo'2MnO'§+5 Hex0 6.195 (3) 11.2111 (22) 372.68 (4) 9.99 1.23
57
Hexl 62027 3) 33481 (25  1114.12 (11)
35
Reduced Y 7Tb 15Ceo 1sMnO3 Hex0 6.1901 (1)  11.3428 (2) 376.40 (1) 3.1 4782
97
Reduced Yo ¢Tbg2Cep oMnO} Hex0 6.1996 (1) 11.3006 (1) 376.15 (1) 3.6 6.187
92
Yo.7Tb sMnO§ Hex0 6.1612 (1)  11.4143 (2) 375.12 (1) 65 1.529
YMnO$ Hex0 6.1486 (1)  11.3898 (1) 37291 (1) 18 2.209
Both materials contain CeO, contamination, as presented in Fig. 1b in an amount
3 wt%
8 wt%

“Data from [31]
9Data from [32]
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developed surface, which was confirmed with BET
tests. The values for the specific surface area were
12.9 m? g{l and 9.33 m® g*l for Yo7Tbg15Ceq.15-
MnOg3, s and Yy ¢Tbg2Cep2MnOs, 5, respectively. For
comparison, the YMnOj3,s obtained by the sol-gel
method and sintered at 1100 °C showed a specific
surface area of 7.2 m> g~' [32]. The higher specific
surface area registered for the Tb-/Ce-substituted
samples originates from the lower sintering temper-
ature of 1000 °C in comparison with the reference
YMnOj;, s material sintered at 1100 °C. Since the
oxygen intake/release proceeds with many steps,
and it also involves adsorption/desorption and
reduction/oxidation, and therefore, the highly
developed surface through which the process pro-
ceeds improves the kinetics of the observed reactivity
with oxygen [31]. If materials possess similar BET
specific surface areas, the differences in the measured
kinetic characteristics can be interpreted to arise
mainly from the difference in the chemical composi-
tion of the compounds.

The TEM studies (Fig. 2c) revealed good crys-
tallinity of the samples, as well as allowed to confirm
the presence of the Hex0 phase in the reduced Yy 7.
Tbo.15Cep1sMnO3. The high-resolution images taken
at two different areas showed the presence of lattice
fringes, which were identified as originating from the
(110) and (004) planes.

Oxygen storage properties

To determine the characteristic temperatures of oxy-
gen incorporation/release, the samples were sys-
tematically tested on a thermogravimetric device. The
initial oxygen content in Y, ;Tbg15Cep1sMnO35 and
Yo.6Tbo2Cep2MnO5, s registered in TG measurements
(Fig. 3) is in agreement with the oxygen level calcu-
lated based on the XRD data (Fig. 1). As can be seen
in Fig. 3a, b, the weight of the as-synthesized samples
during slow heating (1 °C min™") in air initially
increases and then decreases. The data indicate the
oxidation of the nearly stoichiometric phase obtained
in Ar, with a weight change corresponding to the
oxygen content increase exceeding 0.35 and then the
reduction (oxygen release) at higher temperatures.
The oxygen content in the samples was determined
under the assumption that the stable weight at ca.
800 °C in Ar corresponds to the oxygen-stoichio-
metric composition. The Hex0 phase (6 =~ 0) of
hexagonal oxides is stable at high temperatures, as it
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= 100 nm

Figure 2 SEM

micrographs of
a Yo7Tbg15Cep.1sMnOs 5 and b Yo6Tbo>Cep,MnOs, 5 at
different magnifications. ¢ TEM bright-field image of the
reduced Y ,Tbg 15Ceo.1sMnO3 with the selected areas observed

as-synthesized

using a high-resolution mode. The calculated d-spacings
correspond to (110) and (004) planes of the Hex0 phase.

was already documented in all other papers devoted
to studies of this class of materials [23, 31-33].
Because the substituted cerium tends to have +4
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Figure 3 Temperature dependence of the oxygen content
registered during heating and cooling for
a Yo7Tbg.15Cep1sMnO3 5 and b Y6Tbg2Ceo,MnO3, 5. The
measurements were conducted in air and Ar atmospheres with
scan rates of 1 and 5 °C min~ . The characteristic temperatures of
oxidation and reduction, as well as the temperature of maximum
oxygen content during heating in air (later utilized in PSA
studies), are indicated in the figure.

oxidation state in air, the considered compounds
show rather a mixture of the oxidized Hex1 and Hex0
phases, unless properly reduced, e.g., in Ar (Table 1).
It is evident that both materials show oxygen excess
even at 800 °C in air, indicating the strong oxygen
affinity due to Ce substitution. Also, some oxidation
was visible on cooling even in 5 N pure argon. (The
buoyancy effect was assumed as negligible.) This
makes them promising materials for oxygen
scavengers.

Since there are visible inflections present on the TG
curves recorded in air (Fig. 3), determination of the
characteristic temperatures of oxidation and reduc-
tion is somewhat hindered. The location of one of the
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inflections in the vicinity of  ~ 0.28 seems to cor-
respond to the formation of the Hexl phase and
indicates its relatively high stability. Likely, at lower
temperatures in air, both materials consist of mix-
tures of the Hex1 and Hex3 phases (Fig. 4, Table 2),
while at higher temperatures the Hex0 and Hex1
phases coexist. However, this conjecture requires
some further in situ structural studies at high
temperatures.

The temperature readouts of the particular pro-
cesses are placed in Fig. 3 and are color-coded. For
the Y(sTbooCepoMnO5,;5 sample, the oxidation
occurs at lower temperatures, while the reduction is
registered at higher temperatures than in Y, ;Tbg 5.
Cep15sMnO3,s5. A narrower working temperature
range for Y, ;Tbg15Cep.15sMnO3, s is advantageous to
prospective practical applications. Interestingly, the
temperature of the maximum oxygen content upon
heating with 1 °C min~"' was registered to be 241 °C
for Yo ,Tbg15Cep15MnOs5, and 254 °C for Yg¢Tbgo-
CepoMnOs,5, which is significantly lower than
289 °C measured under the same conditions for the
Yo.7Tbo3MnOj3, s material (registered on 0.1 °C min~!
heating) [26]. The cerium-substituted materials exhi-
bit not only lower operating temperatures, with
comparable, very narrow AT range but also relatively
high oxygen storage capacity achievable in air. The
maximum oxygen contents after cooling to room
temperature with 1 °C min~' were 3.407 and 3.413 for
Yo0.7Tbo.15Ce0.1sMnO3, s and  Yo.6Tbo2Cep2MnOs 5,
respectively (Fig. 3), i.e., the OSC ~ 1900 umol O
gfl. For comparison, the performance of the Y;_,R,.
MnOs, 5 family remained poor, e.g., with the oxygen
content of only 3.05 for Y, ;TbysMnO;3,; in the same
conditions, while measured with an order of magni-
tude slower cooling rate of 0.1 °C min™' reached 3.25
[26].

The samples after oxidation in air followed by slow
cooling to room temperature contain multiple phases,
with a high amount of Hex3 and the remaining Hex1
being present (Fig. 4a). The existence of any of the
Hex2 phase with the oxygen content 6 ~ 0.41, which
is close to the one obtained in the TG measurements,
was ruled out by the refinements. As seen in Fig. 4b,
some peaks are left unassigned (marked with an
asterisk sign), if such an assumption is considered.
On the other hand, the overall high (average) oxygen
content is consistent with the presence of the Hex3
phase (6 ~ 0.45), as indicated by the refinements.
Also, as a high tendency of formation of the Hex1
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Figure 4 Room temperature XRD data for
Yo0.7Tbo.15Ce0.1sMnO3497 and  Yo6Tbo2Cep2Mn03 413  after
oxidation in air, refined with a the Hex3 and Hex1 phases,
b the Hex2 phase only, for the selected angular range, ~other
hexagonal phases.

phase ¢ ~ 0.28 was shown in the synthesis process
(Table 1), and likely also in the TG experiments
(Fig. 3), its presence becomes visible. Despite the
difficulty in deconvolution of the overlapping
diffraction patterns of the two phases, the calculated
excess oxygen amounts based on the weight ratio of
the Hex]l and Hex3 phases, to 6 ~ 0.369 for Ygs.
Tbp2CepoMnO;3, s and 6 ~ 0.404 for Yo,Tbg15Ceq.15.
MnOj3, s, are in good agreement with the TG data.
This supports the correctness of the assumed phase
compositions and the refinements. The lattice
parameters of the dominant Hex3 and secondary
Hex1 phases in the samples are summarized in
Table 2.

@ Springer

For the oxidized materials, the direct comparison
of the structural properties is more difficult because
of different oxygen content in the Hex1 and Hex3
phases, as well as possible small variations of the
oxygen stoichiometry in the Hex0 phase. However, it
can be stated without ambiguity that the observed
larger unit cell volume of the Ce/Tb-doped samples
should be beneficial for the ionic transport because of
geometric reasons related to the looser crystal struc-
ture. A closer look at the data also reveals that in
comparison with the oxidized Y;;Tby3;MnO; 45
(Table 1), both the studied samples show larger unit
cell parameter ¢, which appears to be influencing
oxygen transport in the ab-plane in the structure. This
can be interpreted as structural flexibility along the z-
direction.

To further elaborate on the oxidation state of the
elements, the XPS measurements were conducted. As
can be seen in Figs. 5a, b, for the reduced Y ;Tbg 1s.
Cep1sMnO; (0 ~ 0) and the oxidized Y,;Tbgis
Ce(.1sMnO3, s materials the survey spectra measured
in the 0-1100 eV binding energy range revealed the
expected Ce3d, Mn2p Ols and Tb4d signals (with
carbon signal being visible as well). A closer look at
Ce3d spectra indicated several peaks (Fig. 5b),
among which the peak at ca 917 eV designated in the
literature as a satellite u’”” peak [42] is considered to
be the signature of Ce*" cations. However, the
remaining part of the spectra also indicates the
presence of Ce”". It can be stated that cerium is most
likely in a mixed-valent state Ce’*/Ce*" in both
samples. However, it is virtually impossible to eval-
uate the relative amount of both cations from the XPS
studies. Nevertheless, it should also be stated that the
change in the cerium signal between the oxidized and
the reduced samples is rather small. While initially
this can be interpreted that Ce is not active in the
materials for the oxygen storage, the TG data pre-
sented in Fig. 3a, b suggest otherwise, as both sam-
ples are able to release considerably more oxygen in
argon than in air, getting close to the stoichiometric
composition at ca. 800 °C. Importantly, both the
samples slightly oxidized on cooling down to RT
with the residual oxygen being present in Ar gas (ca.
10> atm of 5N Ar). It is important to notice that
direct evidence for Ce>* (and no Ce**) would require
XPS studies at high temperatures.

There is a significant visible shift of the Mn2p
signal (Fig. 5b) for the oxidized sample toward
higher binding energies, which qualitatively can be
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Table 2 Lattice parameters of the Hex3 P6;mc and Hex1 R3c phase in Y ;Tbg 15Ceq.15sMnO3 497 and Y ¢Tbg»Cep,MnO; 413 materials

oxidized in air

Phase composition Phase content (wt%) a (A) c (A) vV (A% Repp (%0) e
Y.7Tbg.15Ceq.1sMnO3 497 Hex3 7.1570 (1) 11.1784 (2) 495.87 (1) 3.23 4.17
78
Hexl 6.2113 (2) 33.2211 (23) 1109.95 (10)
19
Yo.6Tbo2Ce0>MnO3 413 Hex3 7.1548 (1) 11.1734 (3) 495.35 (2) 2.81 2.56
78
Hex1 6.2097 (3) 33.2261 (25) 1109.56 (11)
15
Y7 Tbo3MnOs 45 Hex3 7.1575 (2) 11.1552 (4) 494.92 (3) 2.9 4.03
100
Both materials contain CeO, contamination, as presented in Fig. 1b in an amount
3 wt%
8 wt%

“Data from [31]

interpreted as the oxidation of Mn®>" to Mn** [43].
The overall behavior can be therefore interpreted as
follows: during heating in air up to 800 °C, only Mn
changes its oxidation state; however, cerium, which
initially is at mixed + 3/+ 4 state, can also be
reduced to + 3 upon heating in Ar. This corresponds
to the increased oxygen release. Because Ce®" affinity
to oxidize (to Ce*") increases at lower temperatures,
the material absorbs residual oxygen, so cerium can
be oxidized even in Ar atmosphere, in which Mn
remains largely as + 3.

To determine the temperature range ensuring
effective operations, i.e., delivering the maximum
change of the oxygen content (the oxygen storage
capacity) in the TSA process, both samples were
extensively tested under various temperature chan-
ges. The exemplary TSA results are presented in
Fig. 6 for Y ¢Tbo2CepoMnOs_ 5.

Even though the earlier presented experiments
(Fig. 3) have shown that the working temperature
differences can be quite low, in practice, due to the
kinetic reasons, a larger AT was required to induce
sufficient oxygen content changes. Furthermore, the
optimized time periods for oxidation and reduction
may result in evenly shaped cycles, and the 45 min
oxidation and 15 min reduction times were found to
be more suitable for the majority of the conducted
redox cycles. The averaged data from five consecu-
tive cycles shown in Fig. 6 allowed to evaluate the
practical OSC wunder particular conditions, as

presented in Fig. 7a for Y, ;Tbg15Cep1sMnO3, 5 and
Fig. 7b for Y(6Ibo2CepoMnOs,s5. The results are
shown as a function of the oxidation and reduction
temperatures.

The largest change of & recorded in air for Y.
Tbg.15Cep1sMnOs5, 5 is 0.181, which was obtained
during the swing between 220 and 360 °C. It should
be noticed that in the selected measured ranges, the
oxidation temperature does not influence the results
considerably, while the higher OSC values are
obtained at higher reduction temperatures. The
reversible OSC is higher than Aé = 0.16 achieved for
Yo7TbosMnO3,s in O, during the 45 min cycle
(300-350 °C) [26]. Interestingly, the Ce-substituted
samples in the present study are working in a higher
range of oxygen content (ca. O35 < O3z36) than the
Ce-free material Y, ;TbysMnOs3 s, where an efficient
TSA cycling is achieved at ca. O3 < Oz,. Essen-
tially, even though the TSA measurements for Y.
TbosMnO3, s and the Ce-substituted samples look
similar in terms of the registered capacity, the struc-
tural transformations and the involved crystal struc-
tures are different [26].

As demonstrated above, the hexagonal YMnO;-
based OSMs can effectively store/release oxygen by
using the TSA method in air. In this work, an addi-
tional investigation was conducted regarding their
applicability for operations involving oxygen partial
pressure changes. The results of PSA processes con-
ducted between air and Ar atmospheres (ca. 30 min

@ Springer
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Figure 5 a XPS survey spectra for the reduced

Yo0.7Tbg.15Cep.15sMnO3 0 ~0) and the oxidized
Y0.7Tbg.15Cep.1sMnO3_ 5. b Detailed data corresponding to Ce3d
and Mn2p regions.

per step) are presented in Fig. 8. The respective
temperature of the experiment was chosen based on
the result given in Fig. 3, i.e., as the temperature of
the maximum oxygen content registered during the
heating in air at 1 °C min~" for the given sample. As
can be seen, the attainable oxygen content changes
are rather low, in the order of 0.05 for both samples.
Achieving higher capacity in PSA might be possible
when the operating temperature was further opti-
mized. However, the goal of this study was just to
check the materials’ susceptibility to the PSA condi-
tions, rather than focusing on improving the rever-
sible oxygen storage capacity.

It should be emphasized that the laboratory studies
of the candidate OSMs are commonly carried out
only in either TSA or PSA conditions. Despite rather
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Figure 6 Selected TSA cycles (5 at each condition) recorded for
Yo0.6Tbp2Cep,MnO3 5 in air at various sets of temperatures (with
45 min oxidation and 15 min reduction times). Rapid heating and
cooling of 100 °C min~" were applied during the temperature
change.

small OSC values obtained in PSA experiments, the
fact that the considered material shows reversible
changes in the oxygen content induced by both
temperature swing and pressure swing processes
has, to our best knowledge, never been reported for
this class of materials. To further utilize the possi-
bilities of TSA and PSA processes, the combined
temperature pressure swing absorption (TPSA) pro-
cess was developed, demonstrating larger changes of
o in a highly reversible manner, as presented in
Fig. 9. The designed conditions were as follows: the
45-min oxidation period at 220 °C in O, or air
atmospheres, and the reduction at 360 °C in N, flow
for 15 min. Because of the uneven shape of the reg-
istered curves, indicating ongoing changes in oxida-
tion and reduction capacities, the direct readout of
OSC is difficult from the curves. Therefore, the oxy-
gen content change for every cycle is presented sep-
arately in Fig. 9c. Noticeably, the OSC values remain
relatively stable within 5 consecutive cycles.

For both the materials, the swing between nitrogen
and oxygen yields a higher capacity than that
between nitrogen and air (Fig. 9c). Further, in the
range of 220-360 °C and air-N, conditions, the oxy-
gen content change reaches A = 0.26, corresponding
to 1200 pmol O g~ '). Theoretically, the capacity for
Y:1_,RMnO;, s materials is limited by ¢ ~ 0.45 for
the Hex3 P6scm structure. In the measurements pre-
sented in Fig. 3, the highest registered practical
capacity for the studied sample was related to the
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Figure 7 Oxygen content change data plotted in the form of a
matrix, based on the results of the TSA process in air conducted at

T, for oxygen incorporation and T4 for oxygen release (45 min
oxidation and 15 min reduction) for a Y, ,Tbg ;5Ceo.1sMnOs s
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Figure 8 Oxygen content changes during PSA cycles between air
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at

241 °C

and

15663

oxygen content increase up to 6 = 0.41. Therefore, the
Ad = 0.26 achieved in the TPSA study constitutes
almost 63% of the total registered capacity.
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Figure 9 Oxygen content changes induced by combined TSA
and PSA (TPSA) processes for a Yo ;Tbg 15Ceo.1sMnO3, s and
b Y6Tbg2Cep,MnO;, s during swing between 220 and 360 °C,
and using N, as the reducing gas, while either O, or air as the

oxidizing one. ¢ Oxygen storage capacity, calculated for the
respective TPSA cycles.

@ Springer



15664

In PSA and TSA processes, the changing conditions
(gradient) of pressure and of temperature separately
cause changes in the oxygen stoichiometry of the
samples. In the combined TPSA process, those effects
are superposed, and therefore, the registered capacity
is naturally greater than in the individual TSA or PSA
process. As documented above, the superior perfor-
mance observed for the Tb/Ce-containing Y;_(Tb/
Ce),MnOj3, s materials in TSA and TPSA processes
with oxidation in air promises their application in the
air enrichment and oxygen production technologies.

Conclusions

Partial substitution of yttrium by equal amounts of
Tb and Ce in Y;{_,(Tb/Ce),MnOs s led to the for-
mation of the desired hexagonal materials, with only
a trace amount of CeO, impurity. As-synthesized
samples of these materials exhibited excess oxygen in
their structure, which can be interpreted as a very
strong affinity of the compounds for oxidation. A
reduction step at 800 °C in Ar was necessary to
obtain oxygen-stoichiometric samples. It was found
that the temperature needed for oxygen incorpora-
tion in the Hex0 phase is very low for both compo-
sitions x = 0.15 and 0.20, with the effective oxidation
occurring as low as 185-195 °C in air and the maxi-
mum measured capacity of 1900 pmol O g~'. The
samples oxidized at lower temperatures release
oxygen quite rapidly at 280-290 °C and higher tem-
peratures. During the TSA process in air, a swing
between 220 and 360 °C yielded the highest oxygen
storage capacity of 860 pmol O g*1 for Yo7Tbg1s.
Cep15MnO3, s and a swing between 230 and 360 °C
for Yo6Ibo2CepoMnO;5, 5 yielded 760 pmol O g_l.
Both samples exhibited rather small changes in the
oxygen content during the PSA processes between air
and Ar at 241 °C and 254 °C for the former and latter,
respectively. The combined TSA and PSA (TPSA)
approach, utilizing the superposed effect of the
temperature and pressure changes, revealed the sig-
nificant performance of both the materials during the
swing conducted at 220-360 °C and O,-N, condi-
tions, and also a promising performance of both the
materials when the air was used for oxidation. The
reversible OSC of ca. 1200 umol O g~ was achieved
in such operating conditions. It can be summarized
that the Y;_,(Tb/Ce),MnO;,; exhibit superior oxy-
gen storage-related properties among known
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compositions for the whole family of hexagonal
Y1_xRMnOs, 5. In particular, they seem suitable for
air enrichment and/or the oxygen production using
the TSA and/or TPSA methods.
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