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ABSTRACT: Hexagonal manganites, RMnO; (R =S¢, Y, Ho-Lu), can reversibly store

and release large quantities of oxygen at temperatures in the range of 150—400 °C. The
oxygen storage properties can be tuned by combining different R** cations, aliovalent
dopants, and crystallite sizes in the nanometer range. Here, we study the oxygen 3+0
absorption of nanocrystalline RMn,_,Ti,O; (R = Y, Ho, Dy; x = 0, 0.15) using
thermogravimetric analysis (TGA) and high-temperature X-ray diffraction (HT-XRD)

in O, and N, atmospheres. The maximum oxygen storage capacity increases from R =Y
through Ho and Dy and even further with Ti*" as a donor dopant. Density functional
theory (DFT) calculations show that the observed trends in oxygen absorption capacity

are correlated with the enthalpy of oxidation and the lattice parameters. Ti*" also
increases the thermal stability of absorbed oxygen and thereby extends the operation range to higher temperatures where the
absorption and desorption kinetics are faster. Reducing the size of the crystallites improves the oxygen storage capacity as well as the
absorption kinetics due to shorter diffusion distances. Finally, a thermodynamic model for the oxidation of RMnOj is presented and
fitted to TGA data and the implications for the microscopic understanding of the oxidation process are discussed.

B INTRODUCTION indicated by the crystallization temperature from amorphous
gel of at least 800 °C."° The layered hexagonal manganites are
prone to anti-Frenkel defect formation'’ and can also
incorporate excess oxygen on interstitial sites, which is possible
due to the structure being less close-packed than the perovskite
structure.'* ™% Oxygen interstitials move through an inter-
stitialcy mechanism with a low energy barrier compared to
those reported for vacancy migration in perovskites,"**' >
enabling oxygen transport and exchange at lower temperatures.
Remsen and Dabrowski'® first reported this reversible
absorption and release of oxygen for Dy,_,Y,MnO, 5 (0 < &

< 0.35), and similar large excess oxygen values have later been
15,24—30

Oxides that can reversibly store and release oxygen at elevated
temperatures find a broad range of applications, such as
chemical looping combustion (CLC) for the production of
hydrogen and syngas, the separation of oxygen from air using
pressure swing adsorption (PSA), as automotive exhaust
catalysts, and as electrodes in solid oxide fuel cells
(SOFCs).'™ CeO, and Ce0,—ZrO, solid solutions are
among the most studied oxygen carriers and have been widely
used for the treatment of exhaust gas but are prone to a
decrease in surface area due to particle coarsening at higher

temperatures, causing an efficiency loss at lower temperatures 'O
P ’ & < 6 P reported for other RMnO; compositions.

and an increase in exhaust fumes.”” For high-temperature . S
o . . . RMnOj; oxides can crystallize in one of two crystal
applications like pressure swing adsorption, sorbents such as . . . L
those based on the La,_Sr.Co,_ FeyO,_ (LSCF) perovskite structures, depending on the ionic radius of the R°" cation;
1-a0L 01y FEY L35 P larger cations (rg>* > rDy3+) and a Goldschmidt tolerance

5,8-10 . 11
1 ki h YM
and double perovskites such as BaYMn,Os,; factor of t > 0.855 favor the orthorhombic perovskite structure

system™
have been widely studied. Common to these material systems
7 4 with a space group Pnma, while the hexagonal P6;cm structure
is preferred for smaller rare earth ions (rg** < ry,’") and t

is that oxygen vacancies are the main point defects involved in
<0.855.>' 7% The hexagonal phase is stabilized with respect to

oxygen storage and transport, and the concentration of
i be tuned by aliovalent dopants.” The limited ) . i
vacancles cani be funed by dHovaent copants ¢ fimite the orthorhombic phase both by high temperature and in inert

diffusivity of oxygen vacancies limits the lower-temperature

range of operation for these materials, and cation mobility at

the necessary operating temperatures can lead to degradation Received:  January 27, 2023

in the form of coarsening, kinetic demixing,12 and surface Revised:  June 21, 2023

segregation.B Published: July 24, 2023
Hexagonal manganites with composition RMnO; (R = Sc, Y,

Ho-Lu) can store large amounts of oxygen at low temper-

atures'' and are also more refractory than perovskites,
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. il 16,31 .. . .
or reducing conditions. ™" Crystallizing these materials in an

inert atmosphere at high temperatures can thus favor the
hexagonal phase for R** larger than Ho®", and conversely high
pressure,””*” low temperature,®® and oxidizing atmosphere
favor the orthorhombic phase even for smaller R**. The P6ycm
structure is composed of alternating layers of seven-
coordinated R*" and five-coordinated Mn®* in corner-sharing
trigonal bipyramids, shown in Figure 1. Interstitial oxygen sites

Figure 1. (a) Hexagonal crystal structure with a space group P6;cm of
RMnOj; with purple MnO; bipyramids, blue Ti** on the Mn-lattice,
turquoise R atoms, and green spheres indicating interstitial oxygen.
(b) Position of interstitial oxygen in the Mn—O triangular lattice, with
the added Ti on the Mn site.

are located between three Mn>* ions in the triangular lattice of
MnOs bipyramids'® and are charge-compensated by the
oxidation of two out of three nearest-neighbor Mn*" to
Mn*, as described by eq 1 in the Kroger—Vink notation

%Oz(g) + 2Mn,, — O + 2Mn}, o
For high oxygen contents, interstitial oxygen in the MnOj
layers gives rise to new hexagonal superstructures depending
on the value of 8.">***® Partial substitution of Y>* in YMnO,
with larger R** such as Tb, Ce, Nd, and Sm improves the
oxygen storage and transport properties of these materials, as
oxygen absorption and ionic radius of R* are strongly
correlated.”*"***~*" Donor dopants like Ti** on the Mn
sublattice can also further increase the maximum storage
capaci'fy,d'z’43 as oxygen interstitials (eq 2) are energetically
favored as a charge compensation mechanism for Ti*'
compared to the reduction of Mn*" to Mn*" (eq 3)*’

2 TiO, — 2Tiy, + 305 + O (2)
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1 . x / 1
TiO, + Eano3 — Tiy, + 305 + Mny, + ZOZ(g)
3)

For Ti*"-doped samples, the value of § therefore depends on
both the Ti** concentration and on the fraction of Mn present
as Mn* in the system, as all oxidation of Mn is caused by
excess oxygen.”’ The addition of Ti*" also stabilizes the high-
temperature P6;/mmc structure from above the ferroelectric
T¢ of ~980 °C** to room temperature when cooling down the
material in air or oxygen atmosphere.”” This can be
understood as Ti*" and O; softening the Kj distortion mode
driving the ferroelectric transition,>>**¢ resulting in an
expansion of the ab-plane, a contraction of the c-axis, and a
net unit cell expansion. The oxygen absorption of hexagonal
manganites can also be tuned by particle size and
morphology.*”*” In general, the catalytic activity for the
splitting or recombination of O, molecules increases with
decreasing particle size and increasing surface area.”**’
Furthermore, the diffusion distance in smaller particles will
be shorter and oxygen saturation will occur faster.”” Both
Asakura et al.*” and Klimkowicz et al.”" have showed that the
oxygen storage and release rate in YMnO; were enhanced for
nanoparticles synthesized using a wet chemical synthesis
method, compared to YMnO; bulk samples.

While the oxygen absorption of prototypical YMnOj; has
been studied with respect to aliovalent doping,””*’ R-site
substitution,”*~3%3%*® and particle size, "1 we hypothesize
that these effects can be further enhanced by replacing Y** with
Ho" or Dy, as both bulk undoped HoMnO; and DyMnO,
show larger oxygen storage capacity than YMnO3.14’15’24
Nanocrystalline and donor-doped HoMnO; and DyMnO;,
are hence expected to show improved oxygen storage capacity
compared to the corresponding YMnO;-based materials.

Here, we study oxygen absorption and desorption in
nanocrystalline hexagonal RMnO; (R = Y, Ho, Dy), with
and without 15% of Ti donor doping. The oxygen storage
capacity increases with smaller crystallite size and larger R**
cation from Y through Ho to Dy. Donor doping with Ti*" on
the Mn sublattice further increases the oxygen storage capacity
and increases the thermal stability of excess oxygen, thereby
extending the range of possible operating temperatures. We
corroborate the experimental findings with DFT calculations,
which show a correlation between the enthalpy of oxidation
and the enthalpy of formation for oxygen interstitials for
different R%*, as well as with lattice parameters. Unit cell
expansion is suggested as an explanation for enhanced oxygen
storage capacity, regardless of whether it is caused by chemical
expansion from larger R**, softening of the ferroelectric mode
by Ti** doping, or by finite size-induced lattice expansion.'®

B METHODS

Synthesis. Undoped and Ti-doped nanocrystalline RMnOj;
samples were prepared using a modified citric acid synthesis method
previously reported by Bergum et al.'® For the precursor solutions,
Y(CH,;CO,);*«H,0 (Sigma-Aldrich), Ho(CH;CO,);-xH,0 (AlfaAe-
sar), Dy(CH;CO,);«H,0 (AlfaAesar), and Mn(CH;CO,);«H,0
(Riedel-de-Haén) were each dissolved in a mixture of citric acid (99%,
Sigma-Aldrich) and deionized water while stirring at 400 rpm on a hot
plate set to 150 °C, resulting in a molar ratio of cation to citric acid of
1:15 for Y**, 1:20 for Ho®, 1:35 for Dy**, and 1:5 for Mn®*'. For the
Ti** precursor solution, titanium (IV) isopropoxide (TTIP) (Sigma-
Aldrich) was added to a mixture of citric acid and deionized water
kept at 60 °C under stirring in a molar ratio of 1:6.3. Stoichiometric
amounts of cation precursors were mixed with ethylene glycol (EG)

https://doi.org/10.1021/acs.chemmater.3c00189
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(Merck), with a 1:1 molar ratio between EG and citric acid. The final
solutions were kept on a hot plate at 150 °C until a viscous gel was
formed. This gel was heated to 400 °C and kept for 3 h, before
heating to 600 °C at a rate of 200 °C h™" and calcined for 6 h. The
resulting amorphous powders were crystallized in a N, atmosphere at
temperatures ranging from 850 to 1000 °C to obtain different
crystallite sizes. Ho- and Dy-containing samples were preannealed in
5% H, in N, to reduce a fraction of Mn®* to Mn”* prior to
crystallization to reduce the effective tolerance factor and favor
crystallization of the hexagonal phase.

Characterization. X-ray diffraction (XRD) was performed with a
Bruker D8 Focus with Cu Ka radiation. Lattice parameters and
average crystallite size of the powders were determined by Pawley
refinement using TOPAS 5.°> Oxygen stoichiometry was determined
by thermogravimetric analysis (TGA) with a Netzsch STA 449C
Jupiter with a flowing O,. The samples were first heated to 800 °C at
200 °C h™" and subsequently cooled using rapid rates of 20 °C min™"
inside the TGA to purge excess oxygen before measurements. An
exception was the Ti-doped DyMnOj; sample that was annealed for 10
h at 600 °C in N, to avoid rapid oxidation of this material during
cooling. TGA was carried out from ambient to 800 °C in an O,
atmosphere with heating and cooling rates of 1 °C min™", except for
the Ti-doped DyMnOj; sample, which could be measured at 10 °C
min~' due to very fast oxidation kinetics. High-temperature X-ray
diffraction (HT-XRD) was performed with a Bruker D8 Advance with
Cu Ka radiation to investigate the changes in lattice parameters for
the samples in O, and N, atmospheres. The samples were measured
with 25 °C intervals for 35 min at each temperature, first during
heating to 550 and 700 °C for undoped and Ti-doped samples,
respectively, then during cooling to 50 °C, and thereafter during
reheating to 550 or 700 °C, respectively. The samples were finally
cooled to room temperature, and the measurements were repeated in
a N, atmosphere. All samples were heated to 500 °C in a N,
atmosphere for 10 h prior to the HT-XRD measurements to purge
excess oxygen. The heating and cooling rates were 12 K min~". Tests
showed that these nanocrystalline samples did not require any
equilibration time for the lattice parameters to stabilize before each
measurement. The lattice parameters were determined by Pawley
refinements using TOPAS 5.°*** Diffractograms of all samples were
refined with the P6;cm space group, except for DyMnO; where the
Ia3 space group was included to account for the presence of Dy,Os.
The R3¢ structure'>** was used instead of the P6ycm for the highly
oxidized h-DyMnO; phase in an O, atmosphere to account for
superstructure reflections. The ¢ lattice parameter of the R3¢ structure
(Z = 18) was divided by 3 for direct comparison with the P6,cm (Z =
6) structure.

Computational Details. All calculations were performed using
plane-wave periodic density functional theory (DFT) within the
Vienna ab initio Simulation Package (VASP)**~%% and the PBEsol”’
functional. The projector-augmented wave (PAW) method® was
employed to describe the interactions between the core and the
valence electrons using the Y_sv, Dy_3, Ho_3, Er_3, Mn_pv, Ti_sv,
and O pseudopotentials supplied with VASP, where all f-electrons are
kept in the pseudopotential core. A Hubbard U®' value of 3 €V on Mn
3d was used to account for self-interactions, and a frustrated collinear
antiferromagnetic (F-AFM) order was set to approximate the true
noncollinear magnetic structure."®

Structural optimizations of bulk RMnO; were performed using a
plane-wave energy cutoff of 550 eV and a I'-centered k-point mesh of
4 X 4 X 2 allowing atomic positions, lattice vector, and cell angle and
volume to relax until forces on all atoms were less than 0.01 eV A™".
To simulate the effects of oxygen absorption, the formation enthalpy
of an oxygen interstitial (O;), corresponding to a very low &, was
calculated using 2 X 2 X 1 supercells (120 + 1 atoms) created from
relaxed bulk structures. To simulate a very high & value, two O; were
inserted into the 30-atom unit cell, one in each Mn—O layer, giving a
stoichiometry of RgMngO,, or RMnO;;; and the cells were fully
relaxed. To simulate Ti-doping, 1 out of 24 Mn in a 120-atom
supercell was replaced by Ti. This lower concentration (~4%)
compared to the experimental (15%) was chosen instead of 1 out of 6
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Mn in a 30-atom unit cell (~17%) to avoid artificial Ti-ordering due
to periodic boundary conditions.

The enthalpy of formation of a defect (D) in a charge-neutral cell
was calculated from

AH/(D) = (E”" — E*) + ) (B + )

i (4)
where E” and EP4 are the total energies of the undoped host and
defect supercells, respectively, and E; and y; correspond to the
elemental reference energy of species “i” and the associated chemical
potential, respectively. Charged supercells were not calculated due to
the large nonstoichiometry found in these materials. The enthalpy of
oxidation was calculated per mole O, (g) using eq 5

RgMngOyq (s) + O, (g) = RgMngO,, (%)

B RESULTS

The hexagonal P6scm structure is the main phase in all
investigated samples, as indicated by the X-ray diffractograms
of the as-synthesized materials shown in Figure 2, where the

o~ <

i % JM\J 5 jLDMTO3O
. —n M ~_\DMO3Q |
« M tj HMTO28

| R {lx HMO38

) LY Mo HMOQ25
YMTO21

YMO39

YMO25
10 15 20 25 30 35 40 45 50

20

Figure 2. X-ray diffractograms of as-synthesized materials with
compositions and labels explained in Table 1. The asterisks indicate
reflections originating from the competing orthorhombic perovskite
phase, the circle indicates the presence of Dy,0;, while the triangle
marks an unidentified reflection.

characteristic four distinct reflections of the hexagonal phase
are visible between 20 and 34° 26. Traces of the orthorhombic
Pnma phase are found in the Ho-containing samples, indicated
with asterisks. The DyMnOj sample contains ~14% Dy,O; as
a secondary phase as determined by Rietveld (Supporting Note
1). Preannealing in 5% of H, atmosphere followed by high-
temperature crystallization in N, favors the hexagonal phase,
while a one-step crystallization of samples with R = Dy in N,
gave mainly the competing orthorhombic perovskite phase.
The increased background in Ti-doped YMnOj is caused by
the Kapton polyimide film protecting the sample. The (012)
and (014) reflections, characteristic of the P6;cm space group,
are less pronounced for the samples containing Ti compared to
undoped materials.

Refined lattice parameters from the Pawley refinement show
that the unit cell dimensions increase with R cation size, with
Ti-doping, and with smaller crystallite size, in agreement with
previous work.'®® All samples are nanocrystalline with average
crystallite sizes ranging from 21 to 39 nm. The composition,
sample labeling, refined lattice parameters a and ¢, and refined
crystallite size for all as-synthesized samples are summarized in
Table 1. All samples are labeled based on the composition and
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Table 1. Composition, Naming, and Pawley Refined Lattice Parameters and Crystallite Sizes of As-Synthesized RMn,_,Ti, O,

Samples”

composition crystallite size (nm) sample name

YMnO, 25+ 1 YMO25
YMnO; 39+1 YMO39
YMnyg5Tio.150; 21+ 1 YMTO21
HoMnO, 25+ 1 HMO25
HoMnO; 38+1 HMO38
HoMng s Ti 1505 28 + 1 HMTO28
DyMnO, 30+ 1 DMO30
DyMnyg5Ti,1503 30+ 1 DMTO30

“All samples were refined within the P63cm space group.

a (A) c (A) volume (A%) c/a
6.141(4) 11.365(4) 3712 1.850
6.132(5) 11.351(5) 369.7 1.851
6.194(4) 11.383(8) 378.3 1.837
6.131(0) 11.371(0) 370.2 1.854
6.130(1) 11.361(6) 369.7 1.853
6.141(8) 11.400(0) 372.4 1.856
6.162(3) 11.368(8) 373.9 1.844
6.199(3) 11.433(3) 380.5 1.844

crystallite size. The a and ¢ parameters are similar in value for
all of the undoped RMnO; samples, with DyMnOj; having a
subtly larger a parameter, expected from the larger Shannon
radius of 7-coordinated Dy (1.027 A) compared to that of Y
(0.96 A) and Ho (1.015 A).°* The samples with the largest
refined crystallite sizes are also the same samples that were
crystallized at the highest temperatures. The thermal and
atmospheric history of all samples is summarized in Table SI.
While Ti** (0.51 A) is smaller than Mn*" (0.58 A), the
expansion of the unit cell with the addition of Ti*" can be
rationalized from the charge-compensating reduction of Mn**
(0.58 A) to the larger Mn®* (0.75 A) in a N, atmosphere.
An essential property of oxygen carriers is the amount of
oxygen that can be stored within the material. The maximum
oxygen storage capacity of all investigated samples increases
with increasing R cation size, decreasing crystallite size, and
with the addition of Ti. The changes in oxygen stoichiometry
as a function of temperature, measured using thermogravim-
etry, are shown in Figure 3. All undoped samples (Figure 3a)
absorb oxygen during heating starting from about 200 °C, with

a _——
3.35_( ) DMO30
--- HMO25
3.30} —— HMO38
YMO25
3.25 _\‘\-\}‘_\ YMO39
2 3.20f N
+ / [RY
(42 ~—-q “l‘
3.10f=»--"" N\ ‘.l',
N 1
300 'T""T""T"::T::‘.'_.._ n T
b —
33510 DMTO30
—— HMTO28
3.30} YMTO21
3.25}F
2 3.20¢}
m
3.15}
3.10}
3.05}
3.00

100 200 300 400 500 600 700
Temperature (°C)
Figure 3. Oxygen stoichiometry during heating and cooling in O, for

hexagonal RMnOs, 5 (R =Y, Ho, Dy) for different rare earth cations
and crystallite sizes with (a) 0% and (b) 15% Ti donor doping.
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the absorbed oxygen being stabilized toward increasingly
higher temperatures from Y through Ho to Dy. The maximum
0 values also follow the same trend, with Dy having a
maximum of § = 0.25 during cooling (the Dy,O; phase in this
sample is assumed not to oxidize). The value of § compares
well with those reported for measurements performed at 1 °C
min~! in previous studies.”®*>*' The smaller crystallite
samples, YMO25 and HMO2S, display a greater oxygen
absorption than the larger crystallite samples, YMO39 and
HMO38. The temperature interval where oxygen desorption
occurs also becomes increasingly narrower from Y to Ho and
especially Dy. A hysteresis in the oxygen content, with a width
of up to 100 °C, is observed during cooling and heating, as also
reported for other RMnQ,.””*

For the Ti-doped samples in Figure 3b, the same trend in
the maximum value of § as a function of R can be seen as for
the undoped samples in Figure 3a. The temperature intervals
for which oxygen absorption and release occur are also
significantly expanded for all of the Ti-doped samples
compared to those of the undoped materials. An anticipated
plateau at § = 0.075, corresponding to all Mn present as Mn*",
is not reached even at 800 °C, which is the highest temperature
measured. Donor doping with Ti*" thus strongly stabilizes O,
to higher temperatures. Compared to the undoped samples
displayed in Figure 3a, the maximum excess oxygen for each
RMnO;,; is also greatly enhanced with Ti substitution, with an
increase from 6 = 0.10 in YMO2S5 to 0.27 in YMTO21, from &
= 0.17 in HMO2S to 0.33 in HMTO28, and from 6 = 0.2 in
DMO30 to 0.35 in DMTO30. The point of maximum excess
oxygen during heating is also shifted toward higher temper-
atures for R = Y, Ho. Some thermal hysteresis in the oxygen
content can be seen for the R = Y, Ho samples, while
DMTO30 shows little to no hysteresis, suggesting significantly
faster oxygen transport kinetics for the latter sample. For
calculating 6, a reference point where all Mn is assumed to be
Mn®" was chosen at the minimum mass from TGA above 500
°C for each measurement. This point was set to d =0 and 6 =
0.075 for undoped and Ti-doped samples, respectively,
although the Ti-doped samples do not reach a stable plateau
even at 800 °C.

X-ray diffractograms for all investigated samples measured
with 25 °C increments during cooling in an oxygen
atmosphere are displayed in Figure 4. Incorporation of
interstitial oxygen causes a unit cell expansion in the ab-
plane and a unit cell contraction along the c-axis, with the latter
easily seen from the position of the (004) reflection. For both
undoped and Ti-doped Y- and Ho-containing samples, the
(004) reflection is shifted toward higher 26 values, while an
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The (004) reflection at approximately 20 = 31.4° in all

additional reflection adjacent to the (004) appears for the diffractograms is shifted toward higher 20 angles during
DMO30 and DMTO30 samples, as discussed further below. oxidation, signifying a contraction of the ¢ lattice parameter.
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for an explanation).

This shift in the (004) position becomes more pronounced
from R =Y through Ho to Dy for both undoped and Ti-doped
samples. The onset temperature for the shift occurs between
150 and 250 °C for undoped samples and at increasingly
higher temperatures for the Ti-doped samples from R = Y
through Ho and Dy. Ti-doped samples display this (004)
position shift over a wider temperature range compared to
undoped RMnO; samples. Both the relative magnitude and the
temperature ranges of the (004) shifts agree with the oxygen
storage capacities and oxidation onset temperatures observed
from the TGA data in Figure 3. Along with the shift of (004),
the (110) and (111) reflections are clearly shifted toward
lower 20 angles for Y-containing samples, while this is less
pronounced for HMO2S and negligible to subtly opposite for
the HMTO28 and Dy-containing samples. For all undoped R
=Y and Ho samples, broadening of the (004) reflections is
observed upon oxidation, most prominently for HMO2S, and
this is attributed to inhomogeneous lattice strain caused by
oxygen interstitials. For the DMO30 sample, the shift of the
(004) reflection is accompanied by new reflections at
approximately 26 = 31.5 and 35° (Figure 4c) and at ~27
and ~63° (Figure S2). Similar reflections are also observed for
the DMTO30 sample in Figure 4f, with the new reflections
gradually appearing at 26 = 31.5 and 35°, while the original
(004) reflection is shifted toward 26 = 32° during cooling. For
the DMO30 sample, the reflection appearing at ~29° 26 is due
to the Dy,0; secondary phase.

The lattice parameters reflect the oxidation of the materials
as the incorporation of interstitial oxygen into the MnOj layers
causes significant anisotropic chemical expansion, as already
evident from the X-ray diffractograms presented in Figure 4.
All samples show shifts in refined lattice parameters (Figure 5)
during heating and cooling in an O, atmosphere, but not in a
N, atmosphere, confirming that the structural changes are
caused by the reversible absorption and release of oxygen. The
thermal evolution of lattice parameters a and ¢ in O, and N,
atmospheres is shown for undoped samples in Figure Sa and
Ti-doped samples in Figure Sb. For the undoped RMnO; (R =

Y, Ho, Dy) samples, there is an abrupt and large change in
both lattice parameters during cooling in O, from high
temperatures as oxygen is absorbed at temperatures between
150 and 300 °C, depending on R. The c-axis contracts and the
ab-plane expands over a temperature interval of approximately
100 °C for R = Y, Ho, while for R = Dy, the temperature
interval is only ~25 °C. During heating, the reverse changes
take place as oxygen is released, but this occurs over a smaller
temperature interval of only ~25 °C and at slightly higher
temperatures than the absorption during cooling for R =Y, Ho,
constituting a small hysteresis. For R = Dy, no hysteresis can
be seen, which is in accordance with the small thermal
hysteresis found from TGA results presented in Figure 3. The
temperature ranges of abrupt anisotropic changes in lattice
parameters agree with the TGA results presented in Figure 3,
confirming oxygen absorption and release as the origin of the
anisotropic lattice contraction and expansion, respectively. The
magnitude of change of the ¢ parameter in Figure Sa reflects
the increasing amount of incorporated O; from Y to Ho and
Dy as shown in Figure 3. As expected, during heating and
cooling in N,, no abrupt changes in lattice parameters are
observed.

The increased oxygen storage capacity and thermal stability
of O; caused by Ti-doping of RMnOj, evident from the TGA
data in Figure 3, are also reflected by the changes in lattice
parameters upon heating and cooling in O, and N,. Both
lattice parameters are subtly larger for Ti-doped YMTO21 than
for undoped YMO?2S, indicating a net expansion of the unit
cell upon Ti-doping. Lattice parameters a and ¢ for the Ti-
doped YMTO21 show qualitatively similar changes in O, as for
the undoped YMO2S, but the chemical expansion and
contraction are spread out over a wider temperature interval,
as expected from the TGA data in Figure 3. YMTO21 also
differs from YMO2S by displaying little to no hysteresis upon
heating and cooling, and a plateau at T = 350 °C is reached
during heating in O,, after which only thermal and no chemical
expansion is observed as the sample is heated further. Even at
higher temperatures, there is a gap between the ¢ parameter
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measured in O, and in N, indicating that a significant content
of absorbed oxygen is stabilized toward higher temperatures by
Ti-doping. In a N, atmosphere, no significant change in lattice
parameters can be seen beyond thermal expansion in the ab-
plane.

In an O, atmosphere, the HMTO028 and DMTO30 samples
behave similarly to the YMTO21 sample. For HMT 028, the
sample does not seem to reach a definitive plateau where only
thermal expansion is observed during heating, indicating that
chemical expansion from interstitial oxygen vacating the
structure occurs up to at least T = 700 °C. There is also a
visible shift in the ¢ parameter during heating and cooling in a
N, atmosphere, suggesting that some incorporation of O; takes
place even in a low pO, atmosphere (nominally 5.0 purity,
~107* to 107 atm). The gap between the high-temperature
values of the ¢ parameter in O, and N, atmospheres indicates
that O; is stabilized to higher temperatures to a greater extent
than in YMTO21. No hysteresis in the lattice parameters can
be seen for neither the HMTO28 nor the DMTO30 samples in
O,, but there is a visible hysteresis in N, for the ¢ parameter for
the former and for both parameters for the latter. For
DMTO30, the transition from the highly oxidized state at low
temperatures to the low oxidized state at higher temperatures
in O, is gradual and occurs over a broad temperature interval,
as can be seen from the ¢ parameters in Figure Sb for
DMTO30. The ¢ parameter differs significantly between N,
and O, atmospheres even at 700 °C, indicating a significant
concentration of O; in an O, atmosphere at high temperatures.

For all samples, the expansion and contraction in the ab-
plane during absorption and desorption of O; are less
significant for the Ti-doped samples, with almost no change
in values for HMTO28. For DMTO30, the expansion/
contraction in the a parameter is reversed during absorp-
tion/release in O, compared to the other samples, as discussed
further below. For the latter sample, expansion and contraction
are also seen for the a parameter in a N, atmosphere.

The DFT-calculated lattice parameters of RMnO; and the
“maximally oxidized” model case of RMnO;3; are strongly
correlated with the size of the R** cation, as shown in Figure
6a. The lattice parameters for R = Dy, Ho, and Er scale close to
linearly with cation size, while R =Y has somewhat larger than
expected lattice parameters compared to the other R, which are
4f rather than 4d elements. The trends in lattice parameters
reflect the experimentally observed in Table 1 and Figure S. Er
is included in the computational study as a reference to
illustrate the trends with R>* radius as isostructural ErtMnOj is
known to oxidize less readily than the materials studied here.'®
The DFT-calculated 0 K chemical expansion (calculated using
eq S2) resulting from incorporating two O; per 30-atom unit
cell is presented in Figure 6c. While the qualitative trends
between different R are reproduced, the chemical expansion
from DFT is smaller than what was experimentally measured
using HT-XRD, shown in Figure S. This quantitative difference
is attributed to the calculations being done for a 0 K situation
and with artificially ordered O; because of periodic boundary
conditions. The highly anisotropic chemical expansion, with
expansion of the ab-plane and contraction of the c-axis upon
oxidation, becomes smaller for larger R. The potential for
chemical expansion of the ab-plane is smaller for larger R
where the lattice parameters are already expanded by the
chemical pressure exerted by larger R cations. This trend is
supported by the lattice parameters inferred from HT-XRD in
N, and O, in Figure 5. The contraction of the c-axis follows a
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reduction of the amplitude of the K distortion mode™* driving
the ferroelectric transition. Inclusion of O; leads to a reduction
of the MnOj tilting angle,'® and the corrugation of the R layer
is strongly coupled to this polyhedral tilting through the short
and strong R2-O4 ionic bond.*

The thermodynamic driving force for oxidation is now
computationally addressed. For low contents of absorbed
oxygen, supercells with stoichiometry ~RMnO;, are used to
calculate the enthalpy of formation for a single O. A clear
trend is observed that the incorporation of an O; defect
becomes more energetically favorable for larger R (Figure 6d),
although the formation enthalpies are of very similar
magnitude. The formation enthalpies are plotted as a function
of DFT-relaxed unit cell volume for stoichiometric materials.
Compared to the undoped compounds, Ti-doping strongly
stabilizes O; formation by 0.49—0.75 eV and more for larger
than smaller R (Figure 6e). A negative enthalpy of formation
for a point defect is uncommon and depends strongly on the
choice of oxygen chemical potential (here: oxidizing limit, po =
—5.14 eV) and on the choice of Hubbard U as a larger U will
favor occupation of transition-metal d-states and thus energeti-
cally disfavor oxidation. However, a negative enthalpy of
oxidation is necessary to give a negative Gibbs free energy of
oxidation, as experimentally observed, as the oxidation reaction
where O, molecules are consumed must have a large negative
entropy of reaction.

To assess the thermodynamic driving force for “full”
oxidation, the enthalpy of oxidation is calculated per O,
molecule, as shown in Figure 6f. Following the arguments
above, the enthalpies of oxidation are negative as expected and
this is the driving force for the oxidation reaction. The
calculated values for different R show the same spread as the O;
formation enthalpies in Figure 6d, with values corresponding
to —78 to —84 kJ mol™', but do not follow the same simple
trend with the R** radius. This suggests that thermodynamics
alone cannot explain the experimentally observed differences in
oxygen storage capacity for different R, as discussed further
below.

B DISCUSSION

Nanocrystalline samples show greater oxygen storage capacity
than bulk material cooled at the same rate. As reducing the
crystallite size does not increase the thermal stability of
absorbed oxygen, the observed increase in capacity is mainly
attributed to shorter diffusion distances, which allow the
exchange of oxygen with the atmosphere down to lower
temperatures.” A larger surface area will also improve the
oxygen surface exchange kinetics, but it is not known whether
bulk diffusion or surface exchange is the rate-limiting factor for
oxygen absorption and desorption in these materials.
Ti-Doping and Application Potential. As evident from
TGA (Figure 3) and HT-XRD (Figures 4 and S), Ti-doping
increases both the measured maximum oxygen absorption
capacity and the thermal stability of absorbed oxygen
compared to undoped materials, following eq 2. As a donor
dopant, Ti* on Mn** sites increases the electrostatic attraction
for O, in the position illustrated in Figure 1 and only one Mn**
needs to be oxidized instead of two for charge compensation in
the vicinity of Ti**. Furthermore, as eq 3 describes, a Ti*
donor dopant that is not charge-compensated by an O, leads to
a reduction of d* Mn®" to d* Mn*". In the trigonal bipyramidal
crystal field splitting, this implies occupation of the higher-
energy Mn 3d, orbital,”® creating a strong thermodynamic

https://doi.org/10.1021/acs.chemmater.3c00189
Chem. Mater. 2023, 35, 5764—5776


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00189/suppl_file/cm3c00189_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

driving force for the absorption of O; (eq 2) to avoid the
reduction of Mn** to Mn®* (eq 3) and furthermore a
stabilization of absorbed excess oxygen to higher temperatures.
This interpretation is supported by the present and previous®®
DFT calculations. Increasing the stability of absorbed oxygen
to higher temperatures may increase the kinetics of pressure
swing separation of oxygen from air, but the broad temperature
interval of oxygen absorption for Ti-doped samples is less ideal
for temperature-swing separation. Ti-doping also reduces
thermal hysteresis in oxygen absorption (Figure 3), and
further studies are needed to understand the kinetics of bulk
mass transport and oxygen surface exchange to identify
possible rate-limiting steps. In contrast, for undoped materials,
R = Dy gives both the highest oxygen storage capacity and
thermal stability as well as a narrow temperature interval of
oxidation, which is preferable for temperature-swing separation
of oxygen from air.

Chemical and Thermal Expansion. The large differences
in oxygen absorption for the different R cations agree with
literature reports' *'¥*~*° on undoped materials. Y-containing
samples display the smallest absorption and Dy-samples the
largest, following a trend in Shannon radii where larger R*
cations give larger oxygen absorption, although no significant
difference in lattice parameters was observed experimentally
between YMnO; and HoMnO; with similar crystallite sizes
(Table 1). The change in the c lattice parameter upon oxygen
absorption and release is correlated with the amount of oxygen
absorbed, while a corresponding trend is not seen for the ab-
plane. The larger R** cations are believed to expand the ab-
plane and thus reduce the electrostatic repulsion between O;
and regular planar O3 and O4 and therefore thermodynami-
cally favor oxygen absorption. For initial oxygen absorption for
low 6 values, this hypothesis is supported by the DFT-
calculated O; formation enthalpies in Figure 6d, while the
situation is likely to become more complex upon gradual filling
of vacant O; sites as no simple trend is observed for the
enthalpy of oxidation in Figure 6f. Following the unit cell
expansion hypothesis, Ti-doping also expands the ab-plane
(Table 1) despite the smaller Shannon radius of Ti** compared
to Mn’', and this expansion is attributed to the partial
rectification of tilted corner-sharing MnO; bipyramids.*

Anisotropic chemical expansion (CE) and thermal ex-
pansion (TE) are summarized in Figure 7 where the thermal
expansion (Figure 7a) is inferred from HT-XRD data collected
upon cooling in a N, atmosphere. Details on how CE and TEC
were calculated are given in the Supporting Information. Any
“excess” expansion or contraction of the lattice parameter i in
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Figure 7. Thermal expansion coefficients (TECs) and chemical
expansion (CE) for RMn,_,Ti,O; samples.

an O, atmosphere upon cooling is attributed to chemical

expansion (Figure 7b) and calculated from CE = %(%), with

A6 taken from the TGA measurements presented in Figure 3.
Estimated error bars are smaller than the symbol size.

Thermal expansion is more anisotropic for larger R and
more isotropic for Ti-doped than undoped samples. In
contrast, chemical expansion is more anisotropic for smaller
R and generally much smaller for Ti-doped samples. Smaller
CE for larger R is qualitatively in agreement with the DFT
results in Figure 6b but with larger values than the calculated.
A quantitative comparison between 0 K calculation and finite
temperature measurements is difficult, also because the
chemical expansion of transition-metal oxides is sensitive to
computational parameters.”” As Ti-doping already expands the
ab-plane by partly rectifying the MnOj tilting, "’ the smaller CE
observed for Ti-doped samples may be rationalized from the
ab-plane already being more expanded prior to oxygen
absorption compared to undoped samples. Correspondingly,
the chemical contraction of the c-axis is much smaller for Ti-
doped samples and of similar magnitude for all R. A possible
reason for the smaller chemical expansion of Ti-doped samples
is that the ab-plane is already expanded before oxygen
absorption occurs because of the mentioned untilting of the
MnO; bipyramids, which both Ti-doping and O;'® incorpo-
ration induce. With the already partly rectified bipyramids, the
expansion caused by the incorporation of O; may then be
counteracted and even dominated by the considerably smaller
radius of Mn** (0.46 A, CN = §, interpolated from CN = 4,6)
compared to Mn®** (0.58 A).°* Ti-doped HoMnO,
(HMTO30) and particularly Ti-doped DyMnO; (DMTO30)
display nonlinearity in lattice parameters also in a N,
atmosphere (Figure S), in contrast with the other samples,
which is likely an effect of trace amounts of oxygen in 5.0 N,
gas.

Chemical expansion is most easily visualized from the (004)
reflection (Figure 4). Pronounced broadening of the (004)
reflection upon oxidation for the Y- and Ho-containing
samples indicates structural disorder and inhomogeneous
lattice strain caused by the incorporation of O;. This reflection
broadening is not as prominent in the DMO30 sample, but
here a new reflection appears adjacent to the (004) reflection.
This apparent splitting of the (004) reflection has been
attributed to a new hexagonal phase named Hexl with the
space group R3¢, which has been reported at higher oxygen
content (6 > 0.28).">** In this superstructure, the c-axis of the
original unit cell is tripled, with the appearance of two
reflections at ~31.5° 26 and ~32° 26 having Miller indices
(1010) and (0012), respectively. Even if the DMO30 sample
has a maximum oxygen content of § = 0.25 from TGA (Figure
3), the appearance of this reflection could stem from a Hexl
phase, even though this structure is usually observed for higher
0. The absence of a distinct extra reflection for the other
samples with 6 > 0.28, HMTO028 and DMTO30, implies a
more disordered structure or distribution of O,.

Thermodynamic Model. We now address the thermody-
namics of oxidation of hexagonal manganites. While a variation
in the maximum 6 of 0.33—0.35 in RMnOj, 5 has been reported
for cooling in an O, atmosphere'***° (even larger values of
up to 0.45 have also been reported for Y,,Tby;MnO5,5”%), we
here use 6 = 0.33 to approximate the maximally oxidized phase
as the stoichiometry R;Mn;0O,,. We note that only the HMTO
and DMTO materials reached comparable values for ¢ from
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Figure 9. Fitted oxygen stoichiometry as a function of temperature with pO, set to 1.0 is shown as solid lines; experimental data are shown as
dashed lines for nanocrystalline (a) YMnOs,5 (b) HoMnOs,s (c) DyMnOs,s (d) YMnggsTig 505, (e) HoMnggsTig ;5055 and (f)
DyMny s Tig1503,5 Horizontal dashed lines correspond to all Mn present as Mn*>* and thus & = 0 for (a—c) and & = 0.075 for (d—f).

TGA with a cooling rate of 1 °C min™" (Figure 3). Following
these assumptions, complete oxidation of RMnOj; to RMnOj3, 5
can be described by eq 6

2 RMn3*0, + 0,(g) @ 2 R;Mn**Mn3i*0O,, (6)
To discuss the thermodynamics of the oxidation reaction, the
solid solution model by Bakken et al.” for the formation of
oxygen vacancies in a perovskite, ABO;_; is adapted, utilizing
that oxidation of RMnOj,s from RMnO; o, with 6 = 0.00 to
RMnO;;; with 6 = 0.33 is analogous to oxidation of ABO,,
brownmillerite to perovskite ABO;,. Equivalent to RMnOj;
incorporating “excess” O;, unfilled interstitial sites in
RsMn;Oyy 5 can be regarded as oxygen vacancies where
stoichiometric RMnOj is written as R;Mn3;O,. The formation
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of oxygen vacancies, V&, in R;Mn;O,y is shown in the

Kroger—Vink notation in eq 7

205 + 4Mny,, © 2V + 4Mnjy, + O,(g) (7)

The equilibrium constant, K, for the defect formation in eq 7 is

given by

VST [Mn), I*

T oPMng, It

(®)
The Gibbs energy of formation for any given configuration of
RMnO;,s can now be expressed from a reaction between
R3;Mn;04 and R;Mn;0,,

https://doi.org/10.1021/acs.chemmater.3c00189
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AfGC(Raanow—a) = (2 - 25)AfGr?1(R3Mn3OIO)

+ 284Gy (RyMny0,) ©)
Ideal solution is assumed in eq 9, implying no interactions
between oxygen interstitials. By expressing the site fractions [i]
in eq 8 as a function of oxygen vacancies, 6, the partial pressure
of oxygen can be described by eq 10

log pO, = (m)[ZAfGO(R3Mn3Ow)

— 28;G°(R;Mn;0;)] + 4[log(2 — 25)

=
10 -6 (10)

To model the oxygen stoichiometry of RMnO;, ;s measured by
TGA as a function of temperature in a pure O, atmosphere,
pO, in eq 10 is set to 1.0 and eq 11 expresses the Gibbs energy
of oxidation

— log(28)] — ZIOg(

A,G" = 24,G°(RMn;0,y) — 24,G°(R;Mn,0,)

= onHo - TAaxSO (11)
for the oxidation reaction in eq 6. Before fitting the
experimental TGA data, we first illustrate how the enthalpy
and entropy of oxidation influence the temperature-dependent
6 in Figure 8 with a range of values chosen from the
experimental work on related ternary transition-metal perov-
skites.”~7!

The plots of the thermodynamic model show that an
increasingly negative A H° (Figure 8a) stabilizes absorbed
interstitial oxygen to higher temperatures, counteracting the
positive TA_,S° contribution to A G°. This implies that A_ H°
should become increasingly negative for larger R,"*'*** e.g., by
substituting Y in YMnOj with larger R** cations like Tb*,”**°
Ho*, and Dy**, and upon donor doping with Ti** (this study)
and Zr*,* in qualitative agreement with the present and
previous experimental observations. The effect of increasingly
negative A, S” (Figure 8b) is to make the temperature interval
of complete oxidation narrower, simultaneously shifting both
the onset and completion of oxidation to lower temperatures.
We note that the DFT-calculated A, H° cannot quantitatively
explain the experimental observations as the calculated values
are too small and would predict oxidation at lower temper-
atures than experimentally observed, unless a correspondingly
small A_,S° is used to compensate. Furthermore, attempts to fit
the TGA data to the thermodynamic model with DFT-
calculated A ,H and A, S° values below 150 J K™ 'mol ™" give a
much broader temperature interval of oxidation than that
observed experimentally. The trends between the different
materials studied were, however, reproduced by the DFT
results in Figure 6d—f. )

As this is a thermodynamic model, kinetics and ergodicity’
are ignored, and in real h-RMnO; materials, oxygen becomes
immobile and effectively frozen in the lattice below ~150 to
200 °C.'*#'*?*2¢ ‘While the thermodynamic model implicitly
assumes that a maximum oxygen content of § = 0.33 is always
reached; 6 measured by TGA deviates from the thermody-
namic model at lower temperatures where the available
thermal energy is insufficient for thermodynamic equilibrium
to be reached. For this reason, we also only fit TGA data upon
cooling as the material starts in equilibrium at higher
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temperatures and because it is difficult to quantify at what
temperature ergodicity is broken.

Fits of the thermodynamic model to experimental data from
TGA are presented in Figure 9 where A, H® and A, S° were
used as fitting parameters. For fitting the data of Ti-containing
samples, the minimum value of 6 in eq 10 was adjusted to
0.075. At higher temperatures, where the materials are in
equilibrium, the model fits the experimental data for all
undoped samples well. The deviation between the model and
measured data starts at progressively higher values of 6 for R =
Y, Ho, and Dy, reflecting the difference in oxygen storage
capacity for different R. The temperature onset of deviation
can be regarded as the temperature where ergodicity is broken,
and this occurs at ~250 °C for R =Y and Ho and at ~325 °C
for R = Dy. For Ti-doped samples, shown in panels (d—f) in
Figure 9, the deviation between model and data at lower
temperatures is less significant due to the larger maximum 6
measured for these samples. At temperatures over ~450 °C,
the model predicts a lower 6 for R = Ho, Dy than what has
been measured. Possible reasons for this deviation are that in
the present model with a maximum & of 3.33, neither surface
adsorption nor possible oxidation of Dy** to Dy*”* is
considered. Given that the thermodynamic model assumes
ideal solution with no interactions between absorbed O; and
thus a -independent A, H° and A_S° the fitted values of
these thermodynamic quantities must be examined further and
are summarized in Table 2. Fitted values for A H° and A_S°

Table 2. Entropy and Enthalpy of Oxidation of
RMn,_,Ti,0;,5 (R = Y, Ho, Dy) Used for Fitting the Ideal
Solid Solution Model to the Experimental Data from TGA
Measurements

sample A,S A H°
composition name g K_fmol_l) (kJ mol™)

YMnO,, ; YMO25 ~200 —97.5
HoMnOs, HMO25 ~290 ~160
DyMnOs,, DMO30 —2400 —1485
YMnggsTig 05,5 YMTO21 ~195 -135
HoMnggTig 05,5 ~ HMTO28 -315 -225
DyMnggTio1sOs.s  DMTO30 —400 -310

are of similar magnitude for both undoped and Ti-doped R=Y
and Ho and are comparable to previously reported values for
related perovskite materials.””’"”>”* The DFT-calculated
A H° values only give a reasonable match for the undoped
YMnOj; and apparently underestimates the A, H° values for
the other materials studied here. The fitted values for A, S° for
the Ti-doped for R = Y, Ho samples are slightly larger
compared to those of the undoped samples. The values for the
Ho-sample are somewhat larger than for that based on Y,
reflecting the higher temperature of oxidation for the Ho-
sample (trends are illustrated in Figure 8). The same trend can
be seen for all Ti-doped samples, where the fitted values
increase for increasing R cation size. The fitted values for
DyMnOs,; are, in contrast, unphysically large but necessary to
fit the measured data to the applied model, which is based on
the ideal solution. Clearly, an ideal solution model with o-
independent A, H° and A_.S° cannot describe the oxidation of
DyMnOj, s as it occurs over a too narrow temperature interval.
Following the preceding discussion of the role of ab-plane
expansion, it is possible that partial oxidation strongly
facilitates further oxidation of DyMnO;, 5 as O; causes chemical
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expansion of the ab-plane, possibly reducing O—O; repulsion
and thus making A H° more negative, up to a value of 5 where
0,—O; repulsion is expected to dominate and make A, H° less
negative. This anticipated 5-dependent variation of A H’ is
not captured by an ideal solution model where defect—defect
interactions are ignored. Different diffusion kinetics at different
oxidation temperatures are also not accounted for in a purely
thermodynamic model, and this is expected to affect the
temperature interval of oxidation measured upon a finite
cooling rate (here 1 °C min™"). Finally, the collective ionic
motion’®> may also contribute to the narrow temperature
interval of oxidation observed for DyMnOj, s, especially given
the inherently cooperative nature of the interstitialcy
mechanism established for migration oxygen ions,'”'® but
the longer-range cooperative jonic motion has not yet been
studied for finite oxygen hyperstoichiometry in hexagonal
manganites.

B CONCLUSIONS

The oxygen storage capacity of nanocrystalline hexagonal
RMnOj,s has been observed by thermogravimetric analysis
(TGA) to increase with increasing size of the R*" cation and
with 15% of Ti-doping of the Mn sublattice. The thermal
stability of absorbed oxygen, signified by the onset temperature
for absorption upon cooling, was found to be ~75 °C higher
for R = Dy than for R =Y and Ho, in agreement with previous
studies of bulk materials. Ti-doping stabilizes absorbed oxygen
to higher temperatures, and Ti-doped samples oxidize over a
wider temperature range than undoped samples. High-
temperature X-ray diffraction in O, and N, showed that the
chemical expansion from oxygen absorption is smaller for
larger R in undoped samples and significantly smaller for Ti-
doped samples than for undoped. Super-reflections emerge
upon oxidation of DyMnO; and DyMn,gsTij 503, signifying
the appearance of a new ordered phase, while only shifts in the
Bragg reflections were observed for the other samples studied
by HT-XRD. Density functional theory (DFT) calculations
support the experimental observations of chemical expansion,
predict a correlation between the initial thermodynamic
driving force for oxidation at low values of J and the size of
R*, and show that Ti-doping strongly stabilizes absorbed
interstitial oxygen. A trend in the enthalpy of oxidation from &
=0 to 6 = 0.33 with R could not be inferred from the DFT
calculations, suggesting that the process in real materials is
complex and involves both thermodynamic and kinetic factors.
A thermodynamic model for oxidation was derived assuming
ideal solution, and this model could be fitted to TGA data for
R =Y and Ho with reasonable values for the enthalpy and
entropy of reduction but not for R = Dy, where the narrow
temperature interval of oxidation yields unphysically large
values for these thermodynamic quantities. The limitations of
the ideal solution thermodynamic model are discussed with
respect to the microscopic mechanisms involved in oxygen
absorption in hexagonal manganites.
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