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1. INTRODUCTION

Recently, nonstoichiometric oxygen ceramic materials have
been heavily researched, because of their reversible oxygen storage/
release capacities (OSC) at elevated temperatures. These mate-
rials are strong candidates to compete with cryogenic distillation
for commercial air separation1 and are also being researched
to improve automotive exhaust catalysts,2 solar water splitting,3

hydrogen�oxygen fuel cells,4 various nonaerobic oxidation pro-
cesses,5 and assorted high-temperature production processes
that require high-purity oxygen (e.g., steel, copper, plastics, glass,
etc.). The development of improved oxygen storage or carrier
materials is also critical to the success of new energy related techno-
logies such as “oxy-fuel”6 and “chemical looping”7�9 combustion
systems for “clean coal” energy production10 and the production of
synthesis gas (H2, CO) via the partial oxidation of methane.

11

Ideal materials for application should have large OSC values
(typically measured in moles of oxygen per weight of material),
and their absorption/desorption of oxygen should occur over a
narrow temperature range at near-atmospheric conditions. Ad-
ditional properties, such as oxygen partial pressure dependence
of absorption/desorption, exothermic absorption and endother-
mic reduction, and stability/recoverability in reducing conditions
(e.g., CO and H2 atmospheres at high temperatures), are also
desired properties. Commercially, fluorite Ce1�xZrxO2+δ com-
positions have been the materials of choice for air separation,
which release excess oxygen (δ > 0) at∼500 �C and have OSCs
of∼400�500 μmol-O/g in oxygen atmospheres12,13 or can be as

high as 1500 μmol-O/g with 20% H2 reversible reduction.14

Recent studies with Ce1�xCrxO2+δ have further boosted the
OSC of the fluorite structure to 2500 μmol-O/g in air and
hydrogen atmospheres but require considerably higher reduction
temperatures (550�700 �C) and contain toxic CrO3.

15 Recently,
hexagonal cobaltites RBaCo4O7+δ (where R = Y, Dy, Ho, Er, Tm,
Yb, and Lu)16�18 and YBaCo4�xAlxO7+δ

19 have been shown to
have oxygen storage capacities up to ∼2700 μmol-O/g while
having low reductions temperatures at∼400�425 �C inO2. The
ease of reversible phase transitions between the hexagonal P63mc
YBaCo4O7 and orthorhombic Pbc21 YBaCo4O8.1 phases, which
contain tetrahedrally and octahedrally coordinated cobalt,20 is
responsible for this behavior. It should also be noted that various
perovskite materials (La1�xSrxFe1�xCoxO3+δ and Ba0.5Y0.5M-
nO3+δ, �0.5 e δ e 0) have been demonstrated to have high
OSC values (>2500 μmol-O/g) and low reoxygenation tem-
peratures (<200 �C);21�23 however, these materials require
either high temperatures (>700 �C) or strong reducing atmo-
spheres (e.g., H2, CO) to form a large amount of oxygen
vacancies and, therefore, their applications are more limited
(e.g., chemical looping combustion or fuel reforming) than the
aforementioned Dy1�xYxMnO3+δ materials, which can be used
in thermal cycling under near-atmospheric conditions.
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ABSTRACT: Polycrystalline samples of hexagonal P63cm (space group No. 185)
Dy1�xYxMnO3+δ were synthesized over complete solubility ranges under reducing
conditions with oxygen partial pressures of 5 ppm to air at high temperatures
(1200�1400 �C). All samples displayed unusually large, reversible oxygen content
excess (0 e δ e 0.35) at low temperatures of ∼200�400 �C under air and oxygen
atmospheres in thermogravimetric measurements. During heating, stoichiometric
samples showed rapid uptakes of oxygen at 200�300 �C and equally fast releases of
oxygen at 275�375 �Cwhen materials transformed back to the stoichiometric P63cm
phase. Upon slow cooling from the stoichiometric P63cm phase, all samples displayed
rapid uptakes of oxygen at 200�350 �C. Similar changes were observed as a function
of oxygen partial pressure at constant temperature. Increased, reversible changes in
oxygen content were also achieved by high-pressure annealings in oxygen and
hydrogen reduction at 400 �C. Thermogravimetric and X-ray diffraction measure-
ments indicate the presence of two new structural phases at δ ≈ 0.25 (Hex2) and δ ≈ 0.40 (Hex3). The thermal expansion
coefficient (TEC) values of the Hex2 and P63cm phases were determined to be (8.4�11.6)� 10�6 K�1 and (2.1�5.6)� 10�6 K�1,
respectively, and the chemical expansion (CE) associated with the transition between these phases was found to be (0.82�3.48)�
10�2 mol�1.
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Rare-earth manganites and their competing hexagonal and
perovskite crystal structures with 5-fold and 6-fold coordinated
Mn3+, respectively, have been studied for more than 50 years.24

Conventionally, the formation of the perovskite phase versus the
hexagonal phase is governed primarily by the size of the rare-
earth ion in RMnO3 (with constant Mn3+ size). During high-
temperature solid-state synthesis in air, the perovskite phase
forms easily with larger rare-earth elements (e.g., La, Pr, Nd, Sm,
Gd, Tb, and Dy), while smaller size rare-earths (e.g., Ho, Er, Tm,
Yb, Lu, and Y) favor the hexagonal phase. It has been observed
that the perovskite phase is stable for a tolerance factor, t =
(R�O)/(

√
2(Mn�O)), in the range of 0.855 e t e 125

(calculated at room temperature, using Shannon’s ionic size
values for octahedrally coordinated Mn26). The perovskite struc-
ture is increasingly distorted as it approaches the lower limit of
0.855 and transforms to the hexagonal phase at t < 0.855.24

DyMnO3 and YMnO3 have tolerance factors of 0.857 and 0.854,
respectively, and will tend to form the perovskite and hexagonal
phases, respectively, under normal solid-state synthesis in air,
which results in substituted samples of Dy1�xYxMnO3 being on
the cusp of this phase transition.

Here, we describe the synthesis of the hexagonal P63cm phase
of Dy1�xYxMnO3+δ in argon by decomposition of its competing
perovskite Pnma phase, which was guided by our previous work
on the temperature and oxygen-vacancy content dependence of
the tolerance factor of perovskite manganites.27 Hexagonal man-
ganites have been largely believed to remain stoichiometric in
oxygen content at elevated temperatures; however, our thermo-
gravimetric measurements have demonstrated unusually large
oxygen absorption at low temperature of ∼200�300 �C and
return to stoichiometric P63cm phase (δ = 0) above 275�375 �C
in an O2 atmosphere.

28 In addition to temperature dependence,
we have observed the oxygen content of Dy1�xYxMnO3+δ to be
very sensitive to changes in partial pressures of oxygen. The
hexagonal phase also shows considerable stability at elevated
temperatures under reducing conditions and complete recover-
ability from a reduced state with negative values of δ. These
attributes make hexagonal Dy1�xYxMnO3+δ excellent candidates
for oxygen storage applications. For comparison, our previous
studies have shown that perovskite manganites with larger rare
earths form small amounts of oxygen nonstoichiometry at much
higher temperatures.29 This behavior decreases for smaller rare
earths, resulting in an almost-stoichiometric perovskite phase of
DyMnO3+δ over a wide temperature range (∼20�1000 �C) in
an O2 atmosphere. Finally, the thermal and chemical expansion
coefficients of hexagonal materials were measured, because these
properties are relevant for application purposes.

2. EXPERIMENTAL TECHNIQUES

Synthesis was done by solid-state reaction, which is further described
in the following section. Powder X-ray diffraction (XRD)measurements
weremade with a RigakuD/MAXpowder diffractometer in the 2θ range
of 20��70�with CuKR radiation. High-pressure annealings of materials
after initial synthesis were done at 400 �C under 250 bar of O2. Samples
for high-pressure annealing were loaded in alumina cups inside a high-
pressure containment vessel designed to be placed within a high-
temperature furnace. Thermogravimetric analysis (TGA) measure-
ments were made with Cahn TG171 and Cahn TherMax700 thermo-
balances in several different partial pressures of oxygen and hydrogen
(balanced with argon), up to 1400 �C, at heating and cooling rates of
0.1�1.0 �C/min. TGA sample masses were ∼1 g and were measured

with a precision of 5 μg. Dilatometry measurements were made with a
Linseis Model Differential Dilatometer L75 and samples were measured
with a precision of 1 μm. Pellets with approximate dimensions of 5 mm�
3 mm� 2 mm for dilatometry measurements were cut from dense, high-
temperature-sintered samples.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Stability. Polycrystalline samples of hexa-
gonal Dy1�xYxMnO3+δ were synthesized by solid-state reaction
with appropriate amounts of Dy2O3, Y2O3, and MnO2 (all with
>99.99% purity). For all samples, reactants were thoroughly
mixed in an agate mortar and fired in air in the temperature range
of 800�1300 �C with intermediate grindings, followed by
pressing the samples into high-density pellets at a pressure of
∼10 kbar. All steps of the synthesis were monitored with XRD
measurements and compared to previous diffraction reports in
the literature of hexagonal P63cm and perovskite Pnma phases of
DyMnO3 and YMnO3.

29�32 Dy1�xYxMnO3+δ samples with x =
0.9 and 1 formed single-phase hexagonal structure in air.
Dy1�xYxMnO3+δ samples that formed the perovskite or a mixed
phase in air (x = 0, 0.1, 0.3, 0.5, 0.7), were then fired under
ultrahigh-purity argon (99.999%) at 1300 and1400 �C.Dy1�xYxMn
O3+δ samples with x = 0 and 0.1 were then subsequently fired
under ultrahigh-purity argon with a hydroxyl purifier (oxygen
partial pressures of 5�10 ppm) at 1400 �C. All samples achieved
the hexagonal P63cm structure under these conditions. Figure 1
shows XRD patterns of x = 0 and 1 after synthesis of the
P63cm phase.
Considerable care was required to synthesize homogeneous

Dy-rich samples. The hexagonal phase of DyMnO3 has been
previously achieved by epitaxially stabilized crystal growth with
thin films,33 thermal decomposition with polynuclear coordina-
tion compound precursors,34 and quenching methods from
1600 �C in air35 or at 1250 �C in argon for 3 days with sol�gel
methods.30 Our work confirmed that synthesis in argon at high
temperature tends to favor the formation of the hexagonal phase,
while synthesis in oxygen tends to favor the perovskite phase.36

Figure 2 shows the fraction of the hexagonal phase determined
from relative XRD peak intensities after several synthesis steps.
Clearly, increasing reducing conditions are needed to form the
hexagonal phase as the average ionic radius of the R-site cation
increases. The reducing conditions needed for production of
bulk polycrystalline samples of DyMnO3 and Dy0.1Y0.9MnO3 by
firing methods in argon were very near to decomposition to
simple oxides, and many attempts were needed to determine the
most favorable temperature and length of the firings. Increased
substitution of Y in DyMnO3 was found to considerably ease the
necessary reducing conditions to synthesize the hexagonal phase.
The oxygen content dependence of the tolerance factor, which

we have previously studied for substituted SrMnO3,
27 is most

likely responsible for this behavior. The formation of oxygen
vacancies in RMnO3+δ (δ < 0) causes a change in oxidation state
in some of theMn3+ cations toMn2+, resulting in a netMn(3+2δ)+

cation, which increases the Mn�O bond length with decreasing
δ. TGA measurements in oxygen were used to determine the
reduced oxygen contents after synthesis of single phase hexago-
nal samples in argon; as will be later discussed, Figures 3 and 4,
and Table 1, show the oxygen content of all samples after the final
synthesis step. The resulting larger Mn�O bond lengths of these
samples decrease their tolerance factor below the lower limit
of 0.855 and result in the perovskite phase undergoing a phase
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transformation to the hexagonal phase. To have te 0.855, using
Shannon room-temperature data,26 the minimum necessary
value of δ ranges from �0.023 to �0.0027. However, we have
observed that samples with such δ values did not transform
completely to the hexagonal phase and slightly smaller δ values
were necessary to form single-phase samples (see Table 1). Our
previous in situ measurements with Ca- and La-substituted
SrMnO3

27,37 have shown that both Ca,Sr,La�O and Mn�O
bond lengths increase with temperature in a manner that
increases the value of the tolerance factor. Therefore, the transi-
tion from the perovskite phase to the hexagonal phase will most
likely occur in various oxygen pressures at δ, which are a function
of temperature (for example, in ∼10 ppm O2 at 1400 �C, as we
observed here, or in air at 1600 �C, as previously reported for
DyMnO3+δ).

35 Further high-temperature in situ structural mea-
surements should be performed to completely substantiate this
dependence. Several other factors may also affect this transition.
It may be enhanced by the difficultly of maintaining the 12-fold
coordination of R that is required for the perovskite at high
temperatures and in oxygen-deficient atmospheres, thus result-
ing in the 8-fold coordination of the hexagonal structure. It has
also been suggested that the relative large difference in density
between the perovskite and hexagonal phases may play a signi-
ficant role in the relative stability of these phases.38 The crystal
strain of the perovskite phase caused by Jahn�Teller distortions
may also destabilize the structure to favor the hexagonal phase,
because Mn3+ cations are not Jahn�Teller active in the hexago-
nal phase’s 5-fold coordinated bipyramids.
The stability of hexagonal Dy1�xYxMnO3+δ compounds was

also tested by firing samples in oxygen at high temperatures of
1100�1400 �C. Since reducing conditions favor the hexagonal
phase with δ < 0, atmospheres that allowmaterials to remain near
stoichiometric in oxygen content (or yield excess oxygen con-
tent, δ > 0) at high temperature will favor the perovskite phase
over the hexagonal phase, because of the smaller size of the
Mn(3+2δ)+ cation. Dy-rich samples (x = 0, 0.1) began slight
decomposition back to the perovskite phase at 1100 �C and
completely transformed to the perovskite phase at 1400 �C. The
remaining samples retained a hexagonal structure with no signs
of decomposition back to the perovskite phase up to 1400 �C.
These results are in agreement with the presented tolerance factor

arguments and may also explain why small rare-earth manganites
(R = Y, Ho, Er, Tm, Yb, and Lu) have been observed to transform
to the perovskite phase under high oxygen pressure,39,40 while
smaller A-site cations (R = Sc and In) will not transform to
perovskite under similar conditions.41

3.2. ThermogravimetricMeasurements of OSC.After initial
synthesis of the hexagonal phase, all samples were annealed in
TGAup to 500 �Cwith heating and cooling rates of 0.1�1 �C/min
in various partial pressures of oxygen and hydrogen to measure
OSC values and to demonstrate temperature and oxygen-partial
pressure dependence of oxygen content. The oxygen content
after the initial synthesis of DyMnO3+δ and YMnO3+δ were then
determined via TGA, using the difference in weight between
oxygenated samples and their respective reduction products,
Dy2O3, Y2O3, and MnO (verified by XRD), obtained by first
annealing in 21%O2 at 1 �C/min and followed by slow reduction
in 42% H2/Ar at 0.1 �C/min (example of DyMnO3+δ is shown
in Figure 3). Thus, Figure 3 is normalized to reduction products
(δ =�0.5). DyMnO3 and YMnO3 were observed to be reduced
to stable stoichiometric P63cm phase in oxygen above 375 and
275 �C, respectively. Using this information, the oxygen con-
tent of all samples in TGA were normalized to δ = 0 above
400 �C in oxygen atmospheres. Table 2 is a compilation of OSC
values achieved by the various annealing methods listed in this
section.
Temperature dependence of oxygen content ofDy1�xYxMnO3+δ

materials were measured in TGA with heating and cooling rates

Figure 1. XRD patterns of hexagonal DyMnO2.963 and YMnO3.004 after synthesis.

Figure 2. Phases observed during synthesis of Dy1�xYxMnO3+δ.
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of 0.1 and 1.0 �C/min under high-purity oxygen. The result-
ing TG curves (0.1 �C/min; see Figure 4) clearly show the
reversible absorption and desorption of oxygen below 400 �C
in a narrow temperature range. OSC values were measured by
the difference in oxygen content between the stoichiometric
P63cm phase observed above 400 �C (δ = 0) and the final
oxygen content after cooling (δ = 0.01�0.29), which yielded a
large range of values (54�1200 μmol-O/g; see Table 2).
Comparing the heating and cooling rates of 0.1 �C/min versus
1.0 �C/min, the resultant TGA curves, and OSC values,
indicate that oxygen absorption rates increased with Dy
content. Yet, the x = 0.1, 0.3, 0.5 samples were able to achieve
higher oxygen content than the pure Dy sample during cooling
at a rate of 0.1 �C/min. Y-rich samples (x = 0.7, 0.9, and 1) were
also able to yield larger OSC values than observed in TGA
when long isothermal steps were used with slow cooling. This
indicates that, if given enough time (>24 h), these samples
would reach excess oxygen contents, up to δ ≈ 0.25. Four
different temperatures were also identified from TGA curves in

O2, which are plotted in Figure 5 (approximate uncertainty:
(2 �C):
• the average temperature of maximum oxygen absorption

upon heating and cooling,

dðOxContÞ
dðTempÞ ¼ local maximum

Figure 4. TGA oxygen content versus temperature for Dy1�xYxMnO3+δ with heating (top) and cooling (bottom) rates of 0.1 �C/min in O2.

Figure 3. TGA annealing in 21% O2 after initial synthesis in argon (curve 1) and subsequent reduction of DyMnO3+δ in 42%H2 to Dy2O3 and MnO
(curve 2).

Table 1. Hexagonal�Perovskite Transition δ-Valuesa,b

x δTheo δobs t(δobs)

0 �0.0230 �0.037(0) 0.852(8)

0.1 �0.0201 �0.049(3) 0.847(0)

0.3 �0.0143 �0.015(1) 0.854(9)

0.5 �0.0085 �0.020(9) 0.853(1)

0.7 �0.0027 �0.017(1) 0.852(7)
aData taken fromref 26. bFromcondition t(δTheo) =0.855,δobs are observed
values from TGA, and values of t are calculated with Shannon values.
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• maximum oxygen desorption,

dðOxContÞ
dðTempÞ ¼ local minimum

• transition temperature from oxygen absorption to
desorption, and

• the temperature where samples return to stoichiometric
composition,

dðOxContÞ
dðTempÞ ¼ 0

(these can be approximately identified in Figure 4 by
inspection). Temperature cycling over narrow temperature
ranges of ∼220�300 �C (x = 1) to 310�390 �C (x = 0)
would produce large changes of oxygen content, i.e., large
amounts of O2 can be stored and released for various
industrial processes.

Samples were also annealed at an O2 pressure of 250 bar at
400 �C, followed by cooling to room temperatureat a rate of
0.1 �C/min. The oxygen content of these samples after annealing
were determined in TGA by the difference in weight between
their starting weight and their weight at 375 �C (1 �C/min
heating) in 21% O2 normalized to δ = 0 (Figure 6). All samples
showed a significant increase in OSC (particularly with samples
rich in Y content) achieved in high-pressure annealing versus
identical cooling in 1 bar ofO2 (see Table 2). Figure 6 also reveals

increased stability of oxygen content during heating in air at
∼300 �C for all samples, which suggests the existence of a stable
phase at Dy1�xYxMn3+0.5Mn4+0.5O3.25 and, possibly, the pre-
sence of another stable phase at or above an oxygen content of
3.35. XRD data of these phases for Dy1�xYxMnO3+δ (see
Figure 7) indicate the formation of super structures at δ ≈
0.25 (Hex2) and δ ≈ 0.40 (Hex3), which we are currently
studying with neutron and synchrotron powder diffraction
measurements. Although these samples show significantly in-
creased oxygen content from atmospheric pressure oxygena-
tions, theMn3+ cation is still not completely oxidized to theMn4+

state, which would be ideal for maximum OSC values. Attempts
were also made to oxygenate samples (x = 0.5, 0.7, and 0.9) at
higher temperature at 890 �C and 90 bar of O2 (with a 12-h hold,
followed by cooling at a rate of 10 �C/min), but these annealings
yielded similar oxygen contents and the Hex2/Hex3 mixed
phases as the high-pressure annealings at 400�500 �C. Table 2
includes these as well as theoretical values of OSC for a reversible
Mn3+�Mn4+ (δ = 0�0.5) transition. The significant increase of
calculated OSC values with increased Y content seen in Table 2 is
due to the smaller molar weight of Y cation and is one of the
reasons why the Dy1�xYxMnO3+δ system was chosen for study
after our initial work with hexagonal DyMnO3+δ.

42

Oxygen partial-pressure dependence of oxygen content of
Dy1�xYxMnO3+δ and absorption/desorption reversibility were
demonstrated with TGAmeasurements during cycling in O2 and
argon atmospheres every ∼12 h at various temperatures (see
Figure 8). Samples were held at temperatures near their respective

Table 2. Oxygen Storage Capacity (OSC) of Dy1�xYxMnO3+δ
a

Oxygen Storage Capacity, OSC (μmol-O/g)

Cooling Rate = 1.0 �C/min Cooling Rate = 0.1 �C/min Cooling Rate = 0.1 �C/min Isotherm Theoretical Max. Isotherm

atmosphere O2 O2 250 bar O2 Ar�O2 Ar�O2/O2 �with H2 reduction

x = 0.0 812 926 1327 770 1884* +455

x = 0.1 729 1138 1388 1937* +499*

x = 0.3 444 1200 1397 1149 2055* +596*

x = 0.5 637 1169 1625 1091 2187* +705

x = 0.7 133 849 1542 493 2337* +829*

x = 0.9 176 952 1694 2501* +972*

x = 1.0 53 666 1338 95 2606* +1051
a Isotherms in Ar�O2 were obtained near the “Transition Temp.” on Figure 5, and reductions in H2 were conducted at 400 �C (asterisk (*) indicates
calculated values).

Figure 5. Temperatures relevant for oxygen storage/release for Dy1�xYxMnO3+δ. See text for definitions.
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“transition temperatures” defined from Figure 5 (T = 330, 300,
280, 250, and 230 �C for x = 0, 0.3, 0.5, 0.7, and 1, respectively)
and yielded OSC values of 95�1149 μmol-O/g (see Table 2).
Besides DyMnO3+δ, which comes to equilibrium in O2, these
OSC values are comparisons of absorption after 12 h. Given
more time, these samples can achieve higher oxygen content (for
example,δ≈ 0.28was obtained forDy0.3Y0.7MnO3+δ after∼60 h).
Isothermal measurements also show oxygen content to have
asymptotic behavior significantly lower than achieved upon
cooling (most noticeably for x = 1 and 0). Further isothermal
TGAmeasurements at various temperatures have also shown this
kinetically oxygen-content-limiting behavior, which increases
equilibration time at lower temperatures (this limiting behavior
accounts for the significant differences in absorption rates of
Figures 4 and 7). Therefore, the OSC of the x = 0 and 1 samples
would probably increase at lower temperatures and the desorp-
tion rate of x = 0.7 would most likely increase at slightly higher
temperatures. The nature of these transitions from the P63cm
phase (δ = 0) to the Hex2 phase (δ = 0.25) and from the Hex2
phase to the Hex3 phase (δ = 0.40) appears to easily equilibrate
to intermediate oxygen content values at various oxygen partial
pressures and temperatures. As a result, a mixture of several
phases will occur: low temperatures (150�200 �C) may favor
the Hex3 phase; intermediate temperatures (230�330 �C) favor
the Hex2 phase; and high temperatures (above ∼275�375 �C)
favor the stoichiometric P63cm phase (these ranges are depen-
dent on the oxygen partial pressure and the Dy/Y content). The
slope of oxygen content versus temperature during the P63cm�
Hex2 phase transition at constant temperature (as well as upon
cooling in Figure 4) decreases with increasing Y content, which
again indicates slower absorption rates of Y-rich samples. How-
ever, direct comparisons of these absorption rates are compli-
cated by slower oxygen ion kinetics at lower temperatures, which
can be approximated by D = D0 e

�EA/(RT). The lower tempera-
tures at which the Hex2�P63cm phase transition occurs for
Y-rich samples prevents comparisons of absorption rates at
similar temperatures; thus, the differences observed in Figure 8
are due to both differences in activation energy and temperature.
In addition, the increased rate of transition from the P63cm phase
to the Hex2 phase may also be due to increased distortion to the
P63cm structure caused by larger average R-site anions. On the
other hand, the transition from the Hex2 to Hex3 phase (δ g
∼0.25) appears to favor Y-doped DyMnO3.25 samples (x = 0.1,
0.3, 0.5) over pure DyMnO3.25, as seen upon cooling in Figure 4.
Hydrogen reductions on TGA for DyMnO3+δ and YMnO3+δ,

which were initially done to determine oxygen content, showed

the stability of both the stoichiometric phase (δ = 0) up to
300 �C and of δ = �0.12 and �0.20 on slow reduction below
420 �C, respectively (see Figure 3). Subsequently, Dy0.5Y0.5-
MnO3+δ material was also reduced on TGA under identical
conditions and shown to have enhanced stability at δ = 0 and
δ = �0.16 on slow reduction below 420 �C. To test for reco-
verability of the P63cm phase, the DyMnO3+δ, Dy0.5Y0.5MnO3+δ,
and YMnO3+δ reduced materials with these oxygen contents
were prepared “in situ” at 400 �C in 42% H2/Ar on TGA. These
samples were then cooled in argon to 330, 280, and 230 �C,
respectively, and then annealed at these temperatures under O2.
Samples quickly returned to stoichiometric oxygen content (>1 h)
and continued to absorb oxygen, as seen during oxygen cycles in
Figure 8. XRD measurements after this process confirmed that
samples did not show any traces of decomposition to simple
oxides. In addition, a sample of DyMnO3+δ was slowly reduced
on TGA in 42% H2 at 350 �C and then fast-cooled to room

Figure 6. TGA reduction in 21% O2 of high-pressure annealed Dy1�xYxMnO3+δ to a stable oxygen content of 3.0.

Figure 7. XRD patterns for DyMnO3+δ samples: P63cm (δ = �0.12),
the Hex2 (δ = 0.24) and mixed Hex2 and Hex3 phases (δ = 0.35).
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temperature to synthesize a sample for XRD with an oxygen
content of δ =�0.12. The XRD pattern of this oxygen-deficient
sample also did not show any signs of decomposition, which
confirms preservation of the P63cm phase at δ = �0.12 (see
Figure 7). Thus, the addition of hydrogen cycling at 400 �C to
either thermal or oxygen partial-pressure cycling would yield an
additional OSC of ∼450�1050 μmol-O/g (for x = 0�1) and
would place these materials to near-record levels of OSC, ranging
from 1150 μmol-O/g to 2650 μmol-O/g (seen in Table 2; the
calculated values assume the stabilities seen at δ = �0.12, �0.16,
and�0.20 change proportionally with x for intermediate samples).
While the values measured here do not surpass the best

observed OSC in the literature and the slow oxygen kinetics of
Y-rich samples (x = 0.7, 0.9, 1) may be a limiting factor for their
potential use for OSC application, the Dy1�xYxMnO3+δ system
does have several key advantages for application over these other
candidates. First and foremost, the Dy1�xYxMnO3+δ system has
the lowest reported reduction temperature, being ∼25�125 �C
lower than the best reported reduction temperature of YBa-
Co4�xAlxO7+δ (with significant OSC values). Upon further
comparison to YBaCo4�xAlxO7+δ, which decomposes at
550�700 �C in air, Dy1�xYxMnO3+δ has far superior stability,
remaining stable up to 1100�1400 �C. In addition, from a
hazardous waste and cost standpoint, manganese oxides is much
preferable to that of cobalt or chromium oxides. Finally, large
changes in Mn oxidation state in hexagonal Dy1�xYxMnO3+δ (as
seen also with YBaCo4�xAlxO7+δ) rely on reversible phase
transitions between several structures containing transition-
metal ions in variable coordination, unlike the majority of OSC
materials, which depend on the creation of oxygen-ion vacancies
or interstitial sites at high temperatures. The potential OSC of
related hexagonal manganites could easily surpass the current
highest reported values, if they can be modified by chemical
substitution to easily and reversibly transition between phases
with large amounts of Mn2+ and Mn4+ at low temperatures.
Finally, apart from any possible OSC application, it should be

noted that hexagonal manganites have been largely believed, to
the best of our knowledge, to remain stoichiometric in oxygen
content at elevated temperatures. In situ structural measure-
ments at high temperatures have reported a displacement of the
MnO5 bipyramids and a transition to the P63/mmc structure,
which occur for YMnO3 at ∼650 �C and ∼950 �C, respec-
tively.43,44 Slight excesses of oxygen content (δ ≈ 0.01) have
been reported at 1200 �C for YMnO3+δ and ErMnO3+δ

45 but not
at the lower temperatures, as we have observed with thermo-
gravimetric and XRDmeasurements. This behavior may not have
been previously observed in other hexagonal manganites due to
the narrow range of temperatures (∼200�350 �C) at which
these new phases exist upon heating before returning back to

δ = 0 above∼350 �C and the slow cooling or high oxygen partial
pressures that they require. This temperature range has not been
of particular interest for structural and multiferroic studies of
RMnO3, as most studies have been done either at low tempera-
ture, to study magnetic ordering (e200 K), or at high tempera-
ture, to measure the rattling behavior of theMnO5 bipyramids or
structural transitions (g500 �C).46�54 Our results indicate that
the hexagonal RMnO3+δ family is most likely prone to consider-
able oxygen nonstoichiometry and also suggest a direct relation-
ship between reduction temperature and sorption rates of oxygen
to the average ionic size of R. If this is the case, other hexagonal
RMnO3+δmaterials with rare earths that are close in ionic size to
that of Y (e.g., Ho and Er) will have similar nonstoichiometric
behavior. It should be noted that our synthesis of YMnO3+δ

under fast cooling to room temperature yielded small, but measu-
rable, excesses in oxygen content (δ = 0.004). Many studies of
RMnO3+δ use samples prepared at elevated temperature, fol-
lowed by various cooling rates, which would yield slightly
nonstoichiometric samples for low-temperature measurements.
Properties associated with excess oxygen content (e.g., disrup-
tions to the exchange interaction or the presence of Mn4+) may
very well have had a significant impact on the multiferroic
properties of these samples, because we have observed that even
slight oxygen and cation nonstoichiometries can have profound
effects on magnetic and transport properties of perovskite
manganites.55,56 In the following section, we will show that this
effect has a considerable impact on the thermal and chemical
expansion properties of Dy1�xYxMnO3+δ.
3.3. Thermal and Chemical Expansion. Expansion of the

crystal lattice can occur through two mechanisms: thermal
expansion (TE) and chemical expansion (CE). TE, as discussed
in tolerance factor arguments, is caused by expansion of the R�O
and Mn�O bond lengths due to increased thermal energy at
elevated temperature. CE is caused by expansion of the lattice
due to changes in oxygen stoichiometry. Our TGA measure-
ments of Dy1�xYxMnO3+δ materials, discussed at length in the
previous section, have shown large changes in oxygen stoichi-
ometry between two stable oxygen content regions, which occur
upon heating over a relatively short time scale (e2 h) and narrow
range of temperatures (∼100 �C). These characteristics allowed
us to measure the effective CE over a narrow range of tempera-
tures by simply subtracting the relatively small value of TE from
the observed value of CE. Similarly precise measurements of TE,
without any effect fromCE, were possible in temperature regions
of stable oxygen content. It should also be noted that, in some
cases, the thermal expansion coefficient (TEC) is considered to
be the net result of both CE and TE; here, we consider these to be
separate effects, thus TEC in this report is only attributed to TE.
The following equations were used to calculate TEC and CE:

TEC ¼ 1
L0

1
n�m

� �
∑n

i¼m
ΔLiþ1 �ΔLi
Tiþ1 � Ti

� �

measured in units of K�1, where L0, ΔL, and T are the sample
starting length, the change in length, and the temperature, res-
pectively, and m and n are the sets from the measured tempera-
ture ranges and

CE ¼ 1
Δδ

ΔL
L0

� �
� ÆTECæΔT

� �

measured in units of (moles of O)�1, where Δδ is the absolute
change in oxygen content from the stoichiometric value of 3.0

Figure 8. TGA of Dy1�xYxMnO3+δ during switching between Ar and
O2 at temperatures of 330, 300, 280, 250, and 230 �C for x = 0, 0.3, 0.5,
0.7, and 1, respectively.



3825 dx.doi.org/10.1021/cm2006956 |Chem. Mater. 2011, 23, 3818–3827

Chemistry of Materials ARTICLE

and ÆTECæ is the average TEC of the two oxygen-content-stable
regions.
Pellets for dilatometry measurements were cut from dense

samples (x = 0, 0.3, 0.5, 0.7, 1) after synthesis of the hexagonal
material and were then annealed at 400 �C with cooling at a rate
of 0.1 �C/min inO2. The oxygen contents of these dense samples
were also measured with identical conditions on TGA to deter-
mine the appropriate temperature ranges to separately extract TE
and CE coefficients (the structural phases present and after
dilatometry measurements were also confirmed with XRD). TE
values were measured for these samples in their respective
temperature regions of stable oxygen content observed in TGA
for δ = 0.22�0.29 (∼50�300 �C) and for δ = 0 (∼600�
850 �C). CE values were measured during the reduction between
these stable oxygen contents over an approximate temperature
gradient of ∼100 �C in the range of 240�390 �C, where ∼90%
of the total oxygen reduction occurs. Figure 9 shows these
measurements for DyMnO3 and illustrates how the combination
of dilatometry and TGA measurements was used to determine
TE and CE for all Dy1�xYxMnO3+δ samples. The lower starting
oxygen contents after annealing in oxygen and the slower reduct-
ion of dense pellets (as seen for DyMnO3+δ in Figure 9a) versus
the small chucks of material observed in Figure 4 during TGA
measurement are due to the differences in the samples’ density,
surface area, and diffusion distances. The TEC values of the
hexagonal phases in these two temperature regions of stable
oxygen content were found to be quite different: (8.2�10.2) �
10�6 K�1 (δ = 0.22�0.29) and (2.1�5.6)� 10�6 K�1 (δ = 0),
which indicates that the TEC values of the stoichiometric Hex2
(δ = 0.25) and P63cm phase are ∼(8.4�11.6) � 10�6 K�1 and
(2.1�5.6)� 10�6 K�1, respectively (Figure 10a). The CE values
during a loss of oxygen content are (0.82�3.48) � 10�2 mol�1

(see Figure 10b), which increase significantly with Dy content.
Previous reports of single-crystal hexagonal RMnO3 materials

(R = Y, Ho, Sc, and Lu) have been shown to have lattice
parameters that linearly increase in-plane and decrease along c
with increasing temperature.46,57 The contraction of the c-axis
has also been shown to increase for larger R ions. Thus, the effect of
substantial contraction of the c-axis is responsible for the observed

small change of volume of the unit cell and significantly reduces
the TE value of our polycrystalline P63cm material, when
compared to their Hex2 or perovskite phases (7.3 � 10�6 K�1

and 6 � 10�6 K�1 for the perovskite phase of DyMnO3 and
YMnO3, respectively

58,59). It is also in agreement with the decrease
in the net TE value with increased Dy content for P63cmmaterials,
as seen in Figure 10a. However, this tendency is reversed for the
Hex2 phase, which has been shown to have increased TEC values
with increased Dy content. Finally, an increased rate of contraction
along the c-axis at the Curie temperature, ∼650 �C, was reported
previously for YMnO3 and HoMnO3 in one study,

57 but was also
not observed in another report.46Wedid not observe any anomalous

Figure 9. (a) TGA and (b) dilatometry measurements for DyMnO3+δ in 21% O2.

Figure 10. (a) TEC values for the P63cm and Hex2 phases and (b)
chemical expansion (CE) parameter during the Hex2�P63cm phase
transition for Dy1�xYxMnO3+δ.
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behavior near this temperature; however, this effect may be
beyond the sensitivity range of our dilatometer for a polycrystal-
line sample, where anisotropic effects are averaged out. On the
other hand, if dense hexagonal RMnO3 materials are also prone
to small nonstoichiometric behavior upon heating, as seen here
for the temperature range of 400�600 �C (0 < δ < 0.015), this
effect could be due to the CE associated with the reduction of a
slightly oxygenated sample to stoichiometric oxygen content.
Our measurements show the importance of understanding oxygen
content behavior, as slight changes in oxygen content can have
similar effects on the net expansion as structural changes, which are
not associated with changes in oxygen content (e.g., the P63cm to
P63/mmc phase transition).
The CE value during the transition from the mixed-state

Hex2/P63cm (∼85%�100%, δ ≈ 0.22�0.25) materials, relative
to that of almost single-phase P63cm has a much larger effect on
the total expansion than the TE value. As discussed with the
tolerance factor arguments, the primary cause of the CE seen
during the P63cm/Hex2 transition is due to the change in ionic
radius of the Mn(3+2δ)+ cation. Finally, for comparison, the CE
values reported here are of the same order of magnitude as the
CE associated with the absorption and desorption of oxygen in
perovskite LaMnO3 or similar substituted perovskite manga-
nites (∼2.4 � 10�2 mol�1 and ∼(1�4) � 10�2 mol�1).60�62

However, the effect of CE for the hexagonal structure is much
more prominent than in the perovskite phase, because of the
larger change in oxygen content, occurring over a much narrower
temperature range.

4. CONCLUSIONS

Our synthesis results and previous work with perovskite
manganites suggest that increasingly stronger reducing condi-
tions are needed to form hexagonal Dy1�xYxMnO3+δ with
decreasing x (for x e 0.7). Previous reports of synthesis of the
perovskite phase from the hexagonal phase with smaller rare
earths (Ho, Er, and Y), under high pressure, support the argu-
ment that transformations occur at specific values of the toler-
ance factor, because of the temperature, oxygen nonstoichiome-
try, and compressibility dependence of the R�O and Mn�O
bond lengths. Hexagonal Dy1�xYxMnO3+δ materials were ob-
served to reversibly absorb large amounts of oxygen at ∼200 �
300 �C and to sharply desorb oxygen during transition back to
the stoichiometric P63cm phase above∼275�375 �C or at lower
temperatures in lower partial pressures of oxygen. Increased
reversible changes in oxygen content were achieved by annealing
at high pressures (δ = 0.25�0.35) and with hydrogen reduction
at 400 �C (δ values between �0.12 and �0.20), which, if com-
bined, can yield reversible oxygen storage capacities (OSCs), up
to ∼2650 μmol-O/g. Rates of oxygen absorption were also
observed to decrease significantly with increasing yttrium con-
tent. The thermal expansion (TE) values of the Hex2 and P63cm
phases were determined to be quite different: (8.4�11.6) �
10�6 K�1 and (2.1�5.6) � 10�6 K�1, respectively, and
the chemical expansion associated with the transition between
these phases was found to be (0.82�3.48) � 10�2 mol�1. The
nonstoichiometric oxygen content of these hexagonal manga-
nites no doubt has profound influence on their multiferroic
properties. We are currently measuring these new structural
phases of the Dy1�xYxMnO3+δ system with neutron powder
diffraction, as well as studying their magnetic and transport
properties.
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