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ABSTRACT: Hexagonal manganites, RMnO3 (R = Sc, Y, Ho-Lu), are potential oxygen
storage materials for air separation due to their reversible oxygen storage and release
properties. Their outstanding ability to absorb and release oxygen at relatively low
temperatures of 250−400 °C holds promise of saving energy compared to current
industrial methods. Unfortunately, the low temperature of operation also implies slow
kinetics of oxygen exchange in these materials, which would make them inefficient in
applications such as chemical looping air separation. Here, we show that the oxidation
kinetics of RMnO3 can be improved through Ti4+-doping as well as by increasing the rare
earth cation size. The rate of oxygen absorption of nanocrystalline RMn1−xTixO3 (R = Ho, Dy; x = 0, 0.15) was investigated by
thermogravimetric analysis, X-ray absorption near-edge structure, and high-temperature X-ray diffraction (HT-XRD) with in situ
switching of atmosphere from N2 to O2. The kinetics of oxidation increases for larger R and even more with Ti4+ donor doping, as
both induce expansion of the ab-plane, which reduces the electrostatic repulsion between oxygen in the lattice upon oxygen ion
migration. Surface exchange rates and activation energies of oxidation were determined from changes in lattice parameters observed
through HT-XRD upon in situ switching of atmosphere.
KEYWORDS: oxygen absorption, oxygen exchange, oxygen storage materials, oxidation kinetics, hexagonal manganites

■ INTRODUCTION
Oxygen gas is imperative to a number of diverse applications,
such as medical treatments, and production of steel, polymer
materials, and pharmaceuticals.1 The demand for pure oxygen
gas is already high and increasing every year. The emerging
potential for using oxygen in oxy-combustion technology for
CO2 capture may also further increase the demand in the
coming years.2 Today, the bulk supply of oxygen is made
through the highly energy-demanding process of cryogenic
distillation.3,4 In recent years, air separation by oxygen
absorption has been studied as a promising energy-efficient
alternative for oxygen production.5 These methods are usually
referred to as chemical looping air separation (CLAS) and
utilize materials with reversible oxygen storage and release
properties, known as “oxygen storage materials” (OSMs),6 in
an either pressure swing- or temperature swing-based method.
A suitable material for CLAS can rapidly absorb and release
large amounts of oxygen, preferably at lower temperatures to
reduce energy costs, and must not degrade over time.2

Possible oxygen carriers include transition metal oxides,
ranging from binary manganese, iron, and copper oxides to
complex ternary metal oxides.7 Perovskite-type oxides
(ABO3−δ), such as LaxSr1−xMO3 (M = Mn, Co, Fe),
CaMnO3, or SrFeO3-based materials, are possible OSMs due
to their high oxygen storage capacities (OSC) and as their
properties can be fine-tuned due to having broad cation
compositional flexibility.8−13 These materials, which are widely

studied transition metal-based oxygen carriers, utilize oxygen
vacancies for the storage and transport of oxygen and allow for
reversible switching between a reduced ABO3−δ state and an
oxidized ABO3 state depending on temperature and partial
pressure of oxygen, pO2. These oxygen transport properties also
make perovskite oxides promising material candidates within
applications such as solid oxide fuel cells and metal−air
batteries.14,15 Generally, bulk transport of oxygen is rate-
limiting for particles larger than ∼1 μm, while the catalytic
splitting or formation of the O2 molecule on the surface is rate-
limiting for smaller particles.16 As oxygen vacancies in
perovskites have limited mobility, temperatures as high as
600−800 °C are generally required to achieve sufficiently rapid
oxygen exchange.8,17 At such elevated temperatures, these
materials are prone to degradation and kinetic demixing.18 The
OSC and oxygen exchange kinetics can be improved by doping
on the A-site, B-site, or both.10,19 Compared to Sr0.8Ca0.2FeO3
and CaMnO3, Sr0.8Ca0.2Fe0.4Co0.6O3−δ and Ca0.8Sr0.2MnO3
show faster surface oxygen exchange kinetics, shorter times
required for oxidation, and smaller activation energy for bulk
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oxygen diffusion.12,19 Similar kinetics have also been found for
SrFeO3-based materials20,21 making both material systems
good candidates for CLAS at lower temperatures.
Hexagonal manganites, RMnO3+δ (R = Sc, Y, Ho-Lu), are

possible OSMs due to their large OSCs at lower temper-
atures.22−26 RMnO3 oxides can crystallize in one of two crystal
structures depending on the size of the R3+ cation, with smaller
cations (rR3+ ≤ rHo

3+) favoring the layered hexagonal structure
of interest here with space group P63cm (Figure 1), while

larger cations (rR3+ ≥ rDy3+) favors the orthorhombic
perovskite Pnma structure.27 The hexagonal P63cm structure
is less close-packed than the Pnma perovskite structure, and
excess oxygen is accommodated as interstitials in the hexagonal
polymorph, in contrast to cation vacancies in the perovskite
structure.28−30 Calculated energy barriers for migration of
interstitial oxygen through an interstitialcy mechanism are
about 0.4−0.6 eV and lower compared to most oxygen vacancy
migration barriers found in perovskites,28,31−33 enabling
significant transport of oxygen interstitials at temperatures
even below 200 °C. Unfortunately, at such low temperatures,
these materials suffer from slow oxidation kinetics in bulk form.
Even nanocrystalline samples, which generally show much
faster oxidation kinetics than bulk materials,34 show reduced
OSC with faster cooling rates.25,35−40 The maximum OSC of
hexagonal manganites has been improved by R-site dop-
ants.35,37,38,41 However, improving the kinetics of oxygen
exchange is crucial for potential industrial applications. E.g.
doping YMnO3+δ with larger R cations results in oxygen
contents as high as δ = 0.45 at slow cooling rates in oxygen
atmosphere.35 Unfortunately, as these compositions have
relatively slow redox kinetics, only a portion of the full

capacity can be utilized within the timeframes needed for
efficient temperature or pressure swing CLAS. Nanocrystalline
Y0.95Pr0.05MnO3 has been shown to only need minutes to
reduce from δ = 0.2 to δ = 0.0 in air at T > 270 °C, while
reoxidation to δ = 0.2 requires several hours, as this occurs at a
lower temperature where the redox kinetics are slower.37

Similar oxidation timeframes have also been reported for
undoped YMnO3 and HoMnO3.

25,36 Larger R cations do seem
to affect the redox kinetics, as using R larger than Dy3+ has
resulted in improved oxidation rates for R0.25Y0.75MnO3 (R =
Tb, Gd, Sm) and Y0.6Tb0.2Ce0.2MnO3,

38,41 and donor doping
can increase both the OSC and the thermal stability of
interstitial oxygen in hexagonal manganites.40,42,43 Ti4+ donor
doping of the Mn sublattice44 has been reported to increase
the absorption of oxygen and thermal stability of Oi in
hexagonal manganites,40,42 and there are also indications that
Ti4+-doping can improve the oxygen exchange kinetics.40 Ti4+
as a donor dopant is charge compensated by formal reduction
of Mn3+ to Mn2+ at high temperatures or low pO2 where there
is limited absorption of oxygen interstitials. At lower
temperatures and higher pO2, Ti4+ is charge compensated by
oxygen interstitials.40 The rate-limiting step for cyclic processes
like CLAS is oxidation, and the oxidation kinetics of hexagonal
manganites must be improved to enable commercial
applications.
Here, we study the oxidation kinetics of RMn1−xTixO3 (R =

Ho, Dy; x = 0, 0.15) by thermogravimetry and high-
temperature X-ray diffraction (HT-XRD) and X-ray absorption
spectroscopy with in situ switching of atmosphere. The
oxidation kinetics are improved with the increasing size of
R3+ and with 15% Ti4+ donor doping. Larger R3+ and
particularly Ti4+ doping cause an expansion of the ab-plane
and a lower ferroelectric Curie temperature, and both effects
are suggested to improve the oxygen bulk transport. Surface
exchange rates and activation energies were calculated from
lattice parameter changes, using chemical expansion to gauge
the oxygen content. The surface exchange kinetics are similar
to literature reports on state-of-the-art materials measured at
significantly higher temperatures. Finally, we discuss future
avenues for further improving the oxidation kinetics of
hexagonal manganites by aliovalent doping.

■ METHODS
Synthesis. Nanocrystalline RMn1−xTixO3 samples were prepared

using a previously reported modified citric acid synthesis route.40,46

Metal acetates Ho(CH3CO2)3·xH2O (AlfaAesar), Dy(CH3CO2)3·
xH2O (AlfaAesar), and Mn(CH3CO2)3·xH2O (Riedel-de-Haen̈) were
each dissolved in a mixture of citric acid (99% Sigma-Aldrich) and
deionized water with a molar ratio of cation to citric acid of 1:20 for
Ho3+, 1:35 for Dy3+, and 1:5 for Mn3+. The precursor solutions were
stirred on a hot plate set to 150 °C until clear. For the Ti4+ precursor
solution, titanium(IV) isopropoxide (TTIP) (Sigma-Aldrich) was
added to citric acid dissolved in deionized water, with a molar ratio of

Figure 1. (a) Hexagonal P63cm crystal structure with turquoise R3+

cations, red oxygen atoms, and the MnO5 trigonal bipyramids shown
as purple polyhedra. (b) Mn−O plane is seen along the c axis, with
the added Oi (green) on the interstitial site in between Mn. Figures
are made using VESTA.45

Table 1. Composition, Naming, and Pawley-Refined Lattice Parameters and Crystallite Size of As-Synthesized RMn1−xTixO3
Samplesa

composition crystallite size (nm) a (Å) c (Å) volume (Å3) c/a Rwp (%)

HoMnO3 25 ± 1 6.131(0) 11.371(0) 370.2 1.854 6.54
HoMn0.85Ti0.15O3 28 ± 1 6.141(8) 11.400(0) 372.4 1.856 8.51
DyMnO3 30 ± 1 6.162(3) 11.368(8) 373.9 1.844 11.12
DyMn0.85Ti0.15O3 30 ± 1 6.199(3) 11.433(3) 380.5 1.844 2.91

aAll samples were refined within the P63cm space group.
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cation to citric acid of 1:6.3, and stirred on a hot plate set to 60 °C
until clear. The cation precursors were mixed in stoichiometric
amounts, and ethylene glycol (EG) (Merck) was added with a 1:1
molar ratio between EG and citric acid. The solutions were stirred on
a hot plate set to 150 °C until a viscous gel was formed, which was
then dried at 120 °C for 3 days. The dried gels were heated to 400 °C
and kept for 3 h and subsequently calcined at 600 °C for 6 h. The
calcined amorphous powders were then crystallized at temperatures
ranging from 850 to 950 °C in N2 atmosphere for 1 h. Some of the
samples were pre-annealed in 5% H2 in N2 atmosphere at
temperatures ranging from 250 to 300 °C prior to crystallization to
achieve phase pure powders.40

Characterization. To investigate phase purity and lattice
parameters, XRD was performed using a Bruker D8 Focus with Cu
Kα radiation. Lattice parameters and average crystallite size of the
different powders (Table 1) were determined by Pawley refinement
using Bruker AXS TOPAS 5.47 All samples were refined within the
P63cm space group. The DyMnO3 sample contains 14 molar% Dy2O3,
inferred from Rietveld refinement. Oxygen stoichiometry as a function
of temperature was analyzed by thermogravimetric analysis (TGA)
using a Netzsch STA 449C Jupiter with 30 mL min−1 O2 gas flow.
The samples were heated to and subsequently cooled from 800 °C
using heating rates of 5, 10, and 20 °C min−1. Calculations of δ were
based on a reference point chosen at the lowest mass at T > 700 °C
where all Mn is assumed to be found as Mn3+, corresponding to δ = 0
and δ = 0.075 for undoped and Ti-doped samples, respectively. Prior
to the TGA measurements, all samples were heated to 600 °C for 10 h
in N2 atmosphere to remove excess oxygen.

The morphology of the samples was studied using transmission
electron microscopy (TEM) imaging, performed on an aberration-
corrected Jeol JEM ARM200F equipped with a cold field emission
gun operated at 200 kV. Bright-field TEM and scanning TEM
(STEM) images were acquired and are shown in Figure 2 for
HoMnO3 and HoMn0.85Ti0.15O3. For the STEM image acquisition, a
beam semi-convergence angle of 27 mrad and collection angles of
67−155 mrads were used.

HT-XRD and X-ray absorption near-edge structure (XANES)
measurements with in situ switching of atmosphere were carried out
at the BM31 beamline of the Swiss-Norwegian Beamlines (SNBL) at
the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. A few milligrams of each sample were each placed in a
capillary with quartz wool on each side. All experiments were
performed using 10 mL min−1 gas flow, which was verified using a
Pfeiffer Vacuum Omnistar spectrometer. For diffraction measure-
ments, a wavelength of 0.338591 Å and a Dexela 2923 area detector
were used. A Hitachi Vortex single-element silicon drift detector was
used to measure the XANES fluorescence signal. Absorption
measurements were done in fluorescence mode, as the transmission
for Mn was weak due to the heavy rare earth elements attenuating the
signal. XANES measurements were performed prior to, and after, each
XRD measurement. In addition, each sample was measured once
using XANES with in situ switching of atmosphere at a temperature
chosen for each sample to display reasonable kinetics. Prior to the

synchrotron measurements, all samples were heated to 600 °C in N2
atmosphere to remove any excess oxygen from the structure. The
samples were heated 500 °C in N2 atmosphere in between each
measurement. TOPAS 5 operating in launch mode was used for
Pawley refinement of lattice parameters. Larch48 was used for the
normalization of XANES measurements.

■ RESULTS
The changes in oxygen stoichiometry as a function of
temperature, measured by TGA at different heating and
cooling rates in O2 atmosphere, are shown in Figure 3. All
samples show oxygen absorption at temperatures below ∼350
°C during heating and cooling, with the maximum oxygen
stoichiometry during heating found at ∼300 °C. The
maximum oxygen stoichiometry decreases with increasing
heating rates as less time is spent in the temperature region
where oxidation occurs. All samples reach a plateau in oxygen
stoichiometry when cooling to temperatures below 200 °C,
where further oxidation is hindered by slower kinetics at low
temperatures. For the undoped samples in panels (a) and (c),
the oxygen stoichiometry at this plateau decreases significantly
with faster cooling rates. These materials also display a
significant thermal hysteresis in oxygen stoichiometry during
heating and cooling, and the width of the hysteresis for
DyMnO3 increases from ∼30 to ∼60 °C when increasing the
rate from 1 to 5 °C min−1. No differences in the kinetics of
oxidation between HoMnO3 and DyMnO3 can be inferred
from the TGA measurements.
In contrast to the undoped materials, the Ti-doped materials

(Figure 3b,d) show no thermal hysteresis in oxygen
stoichiometry upon heating and cooling, and the OSC is
insensitive to increasing cooling rates. During heating, these
samples start to oxidize at much lower temperatures than
undoped samples, with temperature onsets of oxidation at
∼100 °C for HoMn0.85Ti0.15O3 and DyMn0.85Ti0.15O3,
compared to ∼150 and ∼200 °C for HoMnO3 and
DyMnO3, respectively. This indicates that Ti4+ donor doping
greatly improves the kinetics of oxidation as well as that it
stabilizes oxygen interstitials to higher temperatures.
All samples display a partial oxidation of Mn, from Mn3+ to

Mn4+, when exposed to O2 atmosphere. Normalized X-ray
absorption near-edge structure (XANES) spectra of the Mn K-
edge measured before and after oxidation at 300 °C are shown
in Figure 4 and at other temperatures in Supplementary
Figures S2−S4. The spectra collected after oxidation, noted
“O2” in Figure 4, are all shifted toward higher energies than the
spectra measured in N2. As shown by the Mn2O3 and MnO2
references, with the Mn K-edge of MnO2 being at higher
energies than that of Mn2O3, this shift indicates an oxidation
process from Mn3+ to Mn4+, which is the expected charge
compensation mechanism upon absorption of oxygen. The Ti-
doped samples in panels (b) and (d) display a shift with
greater magnitude than the undoped samples, indicating that a
larger amount of Mn3+ has been oxidized to Mn4+. This
corresponds well with the larger oxygen content that Ti-doped
samples possess at 300 °C (Figure 3). The spectra of HoMnO3
in (a) show the smallest change in absorption edge energies
after being exposed to O2, as this composition shows low OSC
(δ ≈ 0.06) at this temperature.
XANES spectra measured during oxidation after in situ

switching of the atmosphere from N2 to O2 are shown in
Figure 5. The Mn K-edge position shifts progressively to
higher energies with time, with the Ti-doped samples reaching

Figure 2. (a) BF TEM image of the nanocrystalline HoMnO3
powder. (b) STEM image of a crystallite in the HoMn0.85Ti0.15O3
sample.
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the highest oxidation state faster than the undoped samples.
The largest shifts in edge position occur during the first 10 min
for all samples. Temperatures for each sample were chosen
where the oxidation progresses at a speed allowing good
quality spectra to be collected within a reasonable time.
Synchrotron X-ray diffractograms measured at 300 °C upon

in situ switching of atmosphere from N2 to O2 are shown in
Figure 6, depicted as waterfall plots in (a)−(d) and as 2D
contour plots in (e)−(h). Measurements at other temperatures
can be found in Figures S6−S11. All samples show shifts in the
position of the (0 0 4) reflection at ∼6.8° 2θ toward higher
angles during oxidation, reflecting a contraction of the c axis
when interstitial oxygen enters MnO planes. This contraction
is attributed to partial rectification of the tilting of the MnO5
bipyramids and the smaller radius of Mn4+ which is charge
compensating interstitial O2−. In the Dy-containing samples,
shown in panels (c, d) and (g, h), the single (0 0 4) reflection
of the P63cm structure (marked with triangles ▲) is replaced
by the two (1 0 10) and (0 0 12) reflections (marked with
asterisks *) of the new structure with space group R3c during
oxidation, respectively. The appearance of these two reflections
demonstrates the transition to the oxygen-rich structure with
space group R3c (δ > 0.28), where the c axis is tripled
compared to the stoichiometric structure with space group
P63cm.

24,26,40 Another observable in Figure 6 is the faster
oxidation process for the Ti-doped samples compared to the
undoped samp le s ; bo th HoMn0 . 8 5T i 0 . 1 5O3 and
DyMn0.85Ti0.15O3 stabilize within 2 min, while DyMnO3
needs over 15 min to fully oxidize. The HoMnO3 sample
does not oxidize significantly at 300 °C, as shown in the TGA
measurements in Figure 3.
Changes in lattice parameters are proposed to be closely

linked to the oxygen stoichiometry through chemical
expansion,49 through which the kinetics of oxidation can be
investigated indirectly.50 Lattice parameters of HoMnO3,
HoMn0.85Ti0.15O3, and DyMn0.85Ti0.15O3 as a function of
time after switching from N2 to O2 atmosphere at different
temperatures are shown in Figure 7, with measurements of
DyMn0.85Ti0.15O3 at additional temperatures included in Figure
S12. For all samples, the oxidation process is faster with

Figure 3. Oxygen stoichiometry 3 + δ measured by TGA during heating (dashed lines) and cooling (solid lines) in O2 atmosphere using different
heating and cooling rates for (a) HoMnO3, (b) HoMn0.85Ti0.15O3, (c) DyMnO3, and (d) DyMn0.85Ti0.15O3. The horizontal dashed lines indicate
the oxygen stoichiometry where all Mn is assumed to be Mn3+; for Ti-doped samples, this corresponds to δ = 0.075.

Figure 4. Normalized XANES spectra at the Mn K-edge of (a)
HoMnO3, (b) HoMn0.85Ti0.15O3, (c) DyMnO3, and (d)
DyMn0.85Ti0.15O3 before (N2) and after oxidation (O2) at 300 °C.
The spectra of Mn2O3 and MnO2 are shown as references.
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increasing temperatures, as expected. The net expansion and
contraction of the lattice parameters decrease with increasing
temperature, as the materials oxidize less at higher temper-
atures. This is most significant for HoMnO3 (Figure 7a), with
almost no change in lattice parameters above 300 °C where
most of the excess oxygen has already desorbed, as measured
by TGA (Figure 3). Both undoped (Figure 7a) and Ti-doped
HoMnO3 (Figure 7b) show an expansion in the a parameter
during oxidation, while Ti-doped DyMnO3 (Figure 7c) shows
initially an expansion and then a contraction as the sample
oxidizes further. This is in accordance with previous work on
Ti-doped DyMnO3.

40 The equilibration time for the oxidation
decreases with increasing R cation size and with Ti-doping; at
250 °C, HoMnO3 takes over 20 min to reach equilibrium,
while Ti-doped HoMnO3 and DyMnO3 each take ∼15 and ∼5
min, respectively. At 350 °C, both Ti-doped samples oxidize
very rapidly, with Ti-doped HoMnO3 reaching equilibrium in
<1 min, and Ti-doped DyMnO3 in a few seconds. Lattice
parameters for undoped DyMnO3 are not shown due to
unstable Pawley refinements of the data collected under the
gradual transition between P63cm and R3c during oxidation.

■ DISCUSSION
Ionic Radii of R. The oxidation kinetics of hexagonal

manganites improve from Ho3+ (1.015 Å, C.N = 751) to the
larger Dy3+ (1.027 Å), as seen from the X-ray diffractograms
(Figure 6) and lattice parameters (Figure 7). A direct
comparison of the kinetics between undoped HoMnO3 and
DyMnO3 is not straightforward as these materials oxidize at
different temperatures. The relationship between unit cell
volume and oxygen diffusion rate has previously been reported
for R0.25Y0.75MnO3, which showed improved oxygen absorp-
tion and release rates with larger R3+ cations than Dy3+.38 We
hypothesize that the expansion of the unit cell caused by the
larger R3+ cations, which necessarily increases the interatomic

distances in the Mn−O sublattice, reduces the electrostatic
repulsion between planar oxygen ions and the migrating Oi ion
in the interstitialcy mechanism.28 It is not known if the same
structural changes also favor the surface exchange reaction
where O2 molecules adsorb and split, but empirically we
observe that unit cell expansion, particularly in the ab-plane,
improves the kinetics of oxygen absorption and desorption.

Ti Donor Doping. As evident from both TGA (Figure 3)
and time-resolved in situ measurements (Figures 5−7), there is
a significant increase in the oxidation rate upon doping with
15% Ti, reducing the time for full oxidation by an order of
magnitude. In the hexagonal P63cm structure, each MnO5
bipyramid in the ab-layer is slightly tilted in a pattern of
trimers, and the R3+ cations are displaced along the c axis.52

Ti4+ ions on the Mn3+ sites have been shown to stabilize the
high symmetry P63/mmc phase with untilted bipyramids and
nondisplaced R to lower temperatures.53 We hypothesize that
the less distorted structure, comparable to the high-symmetry
phase, also favors faster oxidation, as higher symmetry in
general promotes ionic conductivity and because of the ion
migration mechanism in these materials, as discussed below.
We hypothesize that the presence of Ti may also enhance the
ecatalytic splitting of O2 molecules in the surface exchange
reaction, although this cannot be proven based on the
literature or the present data. HoMn0.85Ti0.15O3 and
DyMn0.85Ti0.15O3 display larger a lattice parameters compared
to their undoped counterparts both before (Table 1) and after
oxidation (Figure 7), resulting in an expanded ab-plane similar
to the effect of larger R3+.
The average c/a ratios determined from the refined lattice

parameters of oxidized samples (Figure 7) are shown in Figure
8, showing an evolution toward, and beyond, the value of 1.81
found at the TC of YMnO3.

52,54 The change of structure
toward the P63/mmc structure as induced by Ti-doping is also
significant because it implies a reduction of the distortion

Figure 5. Normalized time-resolved XANES collected upon in situ switching of atmosphere from N2 to O2 for (a) HoMnO3, (b) HoMn0.85Ti0.15O3,
(c) DyMnO3, and (d) DyMn0.85Ti0.15O3 at different temperatures. Measurements done in O2 are labeled as the time after switching from N2 to O2
atmosphere.
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mode amplitude of the K3 distortion mode driving the
transition to P63cm.

52,54−56 In real space, the ionic displace-
ment vectors resulting from freezing in the K3 mode have
strong similarities to those describing the transition state of the
interstitialcy migration mechanism for Oi.

28 While the
connection between phonons and ionic migration is generally
poorly understood,57,58 we hypothesize that Ti doping-induced
partial melting of the K3 mode, pushing the material toward
higher symmetry, also enhances the kinetics of oxygen bulk
transport.
The absence of thermal hysteresis during heating and

cooling, the increased maximum OSC, and the close-to-zero

decrease in OSC upon increasing cooling rate found through
TGA (Figure 3) show that Ti-doped RMnO3 can be utilized
for oxygen absorption at faster rates than undoped materials.
As demonstrated here (Figure 3) and in previous studies,40,42

interstitial oxygen is stabilized toward higher temperatures for
Ti-doped samples. Compared to undoped samples, Ti-doping
enables pressure swing absorption at higher temperatures
where the kinetics of oxidation and reduction will be much
faster.

Surface Exchange Rate. The significant contraction along
the c axis induced by the incorporation of interstitial oxygen
can be used as a measure of the oxygen content, and thus the

Figure 6. X-ray diffractograms and 2D contour plots of (a, e) HoMnO3, (b, f) HoMn0.85Ti0.15O3, (c, g) DyMnO3, and (d, h) DyMn0.85Ti0.15O3
measured at 300 °C as a function of time after in situ switching of atmosphere from N2 (blue) to O2 (black). The baseline intensity at 6.0° 2θ in
(a−d) indicates the time in min after switching from N2 to O2 purge gas. Vertical dashed lines (blue) indicate the initial position of the (0 0 4)
reflection measured in N2. The triangles (▲) indicate the (1 0 10) reflection, and the asterisks (*) indicate the (0 0 12) reflection, both
characteristic for the R3c space group.
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oxygen surface exchange rate can be inferred from the transient
lattice parameters during oxidation after switching from N2 to
O2 atmosphere. We investigated the kinetics of oxidation by
fitting refined lattice parameters to the model developed by
Moreno et al.50 For sufficiently small sample dimensions,
usually below a few tens of micrometers, the surface exchange
reaction is the rate-limiting step for oxygen incorporation.59,60

Using the contraction of the c parameter as a measure of the
degree of oxidation of the material, a direct correspondence
between unit cell parameter and concentration of oxygen is
assumed. The defect concentration at a given time, c(t), will
then follow an exponential equation:
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where ceq is the equilibrium concentration, ct=0 is the start
concentration, kexch is the surface exchange rate coefficient, and
d is the average size of the material sample, e.g., film thickness,
or in our case half the particle size. The surface exchange rate k

can now be estimated by fitting the refined c lattice parameters
presented in Figures 7 and S12 to eq 1.
The calculated oxygen surface exchange rates for HoMnO3,

HoMn0.85Ti0.15O3, and DyMn0.85Ti0.15O3 are presented in
Figure 9. The surface exchange rates increase with increasing

R cation size, and with Ti-doping, and the rates of the Ti-
doped samples are comparable to what has been reported for
perovskites and other oxides at much higher temper-
atures.16,50,59,61−66 The surface exchange rate for HoMnO3 at
300 °C is not included, as very little oxidation happens in this
sample at higher temperatures, and the resulting calculated
exchange rate is therefore unreliable.
The activation energies calculated from the surface exchange

rates for each sample were found to be 0.54 eV for
HoMn0.85Ti0.15O3 and 0.68 eV for DyMn0.85Ti0.15O3. The
activation energy for HoMnO3 was not calculated as this
sample had only two data points, which would result in a high
uncertainty in the calculated value. These activation energies
are slightly lower than the typical values reported for hexagonal
Pr0.05Y0.95MnO3 (0.8−0.9 eV)67 and for perovskites (∼0.7−1.1
eV).16,63,68,69 From Figure 7, it can be observed that
DyMn0.85Ti0.15O3 displays an initial expansion followed by a
contraction in the ab-plane during oxidation, which differs
from the other samples that only show expansion. One possible
explanation for this is that the electrostatic attraction between
the Ti4+ present in the already expanded ab-plane and the
negatively charged Oi entering the lattice is larger than the
electrostatic repulsion between planar oxygen and Oi, causing a
contraction along the a axis and an increase in stability of
interstitial oxygen in the structure compared to the undoped
samples. Substituting YMnO3 with larger R cations such as
Sm3+ can stabilize the oxidized phase and thus lower the
oxygen release rate.38 The TGA data in Figure 3 show no sign
that the stronger bond between Ti4+ and Oi is lowering the rate
of oxygen release, and the lack of thermal hysteresis confirms
that the kinetics of reduction is still fast.
For hexagonal manganites to be used for CLAS, both the

OSC and the kinetics of oxidation and reduction must be
sufficiently high. While the OSC of hexagonal manganites has
become competitive compared to other material classes, future

Figure 7. Refined lattice parameters a and c as a function of time after
switching from N2 to O2 atmosphere for (a) HoMnO3, (b)
HoMn0.85Ti0.15O3, and (c) DyMn0.85Ti0.15O3. For DyMn0.85Ti0.15O3,
which were refined within the R3c space group, c/a is shown for easier
comparison with the refinements within the P63cm space group.

Figure 8. Average c/a of oxidized HoMnO3, HoMn0.85Ti0.15O3, and
DyMn0.85Ti0.15O3. For DyMn0.85Ti0.15O3, c/3 was used instead of c for
easier comparison between the R3c and P63cm structures.

Figure 9. Temperature dependence of oxygen surface exchange rates
k upon changing atmosphere from N2 to O2. Surface exchange rates
f o r S r T i 0 . 6 5 F e 0 . 3 5 O 2 . 8 2 5 + δ f r o m S k i b a e t a l . , 6 3

(La0.60Sr0.40)0.95(Co0.20Fe0.80)O3−δ from Acosta et al.,66 and
La0.6Sr0.4CoO3‑δ and LaNiO3−δ from Moreno et al.16 are included
for comparison purposes. Exchange rates marked with an asterisk (*)
were measured using pO2 = 0.21.
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work on RMnO3 for CLAS should focus on improving the
oxidation kinetics. It is now established that larger R3+

improves both the oxidation rate and OSC, and large rare
earth dopants should be included in future studies. The
addition of Ti4+ affects both the OSC and the kinetics of
oxidation positively, but it also limits these materials to
pressure swing applications, as the broad temperature interval
for oxidation and reduction is impractical for temperature
swing processes. Other aliovalent dopants may also be
beneficial; e.g., Zr4+ on the Y-sublattice has displayed similar
effects as Ti4+ on the Mn-sublattice for the OSC and thermal
stability of Oi,

43 but its effect on oxidation kinetics is unknown.

■ CONCLUSIONS
The kinetics of oxidation of nanocrystalline RMnO3 has been
studied by thermogravimetric analysis and HT-XRD upon in
situ switching of atmosphere from N2 to O2. The rate of
oxidation increases for larger R3+ cations and with 15% Ti4+-
doping on the Mn sublattice. The OSC of Ti-doped samples is
insensitive to the rate of cooling in O2 atmosphere, signifying
very fast kinetics of oxidation. Changes in lattice parameters
inferred from HT-XRD showed that the oxidation times
decrease substantially when Ho3+ is replaced by the larger Dy3+
and even more when substituting 15% Ti4+ on the Mn
sublattice. The oxidation of DyMn0.85Ti0.15O3, which showed
the fastest kinetics, was completed within only a few seconds at
350 °C in O2 atmosphere. Faster oxidation kinetics were
correlated with expansion of the ab-plane caused by the larger
ionic radius of Dy3+ and the Ti4+-doping-induced partial
rectification of the tilted MnO5 trigonal bipyramids, which also
results in a smaller c/a ratio. The change in structure toward
the high symmetry P63/mmc phase is also hypothesized to
improve the kinetics of oxygen transport. The changes in
lattice parameters were used to calculate surface exchange
rates, which also showed improvement with larger rare earth
cations and with Ti doping.
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