
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 1087–1100 |  1087

Cite this: Mater. Adv., 2022,

3, 1087

Crystal field-induced lattice expansion upon
reversible oxygen uptake/release
in YbMnxFe2�xO4†

Tianyu Li,a Rishvi Jayathilake,a Lahari Balisetty,a Yuan Zhang,a Brandon Wilfong,ab

Timothy J. Diethrich a and Efrain E. Rodriguez *ab

We successfully form the solid solutions YbMnxFe2�xO4 for x = 0.25, 0.50, 0.75, and 1.0 in order to study

the mechanism of oxygen release and uptake as a function of Mn substitution. High-resolution

synchrotron X-ray diffraction (SXRD) reveals that YbMnxFe2�xO4 readily take up oxygen and undergo

a structural transition from R %3m to P %3 to become hyper-stoichiometric YbMnxFe2�xO4.5, which

demonstrates their potential as oxygen storage materials. X-ray photoelectron spectroscopy (XPS)

implies that Mn2+ and Fe2+ oxidize to Mn3+ and Fe3+ after the structural transition. Thermogravimetric

analysis (TGA) and in situ SXRD measurements at elevated temperatures show that O2 uptake

commences at 200 1C but the structural transition does not until 300 1C. The structural evolution under

methane and air, monitored by in situ SXRD, implies promising reversibility and structural stability in this

series. By performing structural refinements, we find that Mn substitution causes the lattice parameters,

a and c, to evolve in a diametric fashion. Strong anisotropic expansion of the lattice occurs in all the

reduced phases YbMnxFe2�xO4 (R %3m) and oxidized phases YbMnxFe2�xO4.5 (P %3). We propose that this

phenomenon can be attributed to d-electron filling and crystal field effects for the Mn and Fe cations.

1. Introduction

Oxygen storage materials (OSMs) can take up oxygen into their
crystal lattices under oxidation conditions (e.g. heating in air)
and reversibly release oxygen from their lattices to the environ-
ment during reduction (e.g. reduction by H2 or CH4). In addition
to their oxygen storage capacity, OSMs draw great interest in the
fields of gas separation,1–3 fuel combustion efficiency4–6 and fuel
conversion.7–12 Ideal OSMs should possess proper oxygen releas-
ing/uptake temperature (depending on the application), high
oxygen storage capacity, fast oxygen releasing/uptake kinetics,
good reversibility, and outstanding mechanical strength during
the oxygen release/uptake cycles.13,14

The initial and most used OSMs are binary metal oxides with
variable-valency transition metal elements, such as Fe2O3

15 and
Mn2O3.16 However, under oxygen release and uptake cycles,
binary oxides undergo extreme structural changes and sintering,
thus leading to poor reversibility and mechanical strength.17

Perovskite oxides with transition metal elements (e.g., LaFeO3)
can release/take up oxygen while undergoing minimal crystallo-
graphic changes because of their high tolerance of defects.2 This
leaves perovskite oxides with improved reversibility and mechan-
ical strength. The wide tunability of perovskite oxides facilitates
the optimization of their properties as OSMs,1,3,8,18–20 even
imparting new functionalities such as catalysis7 via chemical
modification.

However, other ternary metal oxides besides perovskites also
show promise in the field of OSMs. The hexagonal layered oxide
LnFe2O4, where Ln is a lanthanide cation, and related hexago-
nal AB2O4 materials have recently drawn attention as potential
OSMs.21–23 The crystal structure of LnFe2O4, given in Fig. 1a,
usually adopts R%3m symmetry24 and consists of alternating
layers of edge-sharing LnO6 octahedra and edge-sharing FeO5

trigonal bipyramids. The B site in the structure (Fe in this case)
is typically a redox-active transition metal with a mixed valence
of +2 and +3. The research interest in LnFe2O4 and related
phases has long focused on their multiferroic properties.25–30

Both the A and B sites can contain elements with magnetic
moments, enabling a magnetic response to an applied external
field. The +2 and +3 charges on the B sites undergo charge
ordering under certain conditions, leading to the appearance of
an electric dipole in the structure (i.e. ferroelectric order). The
arrangement of the magnetic A site into a triangular lattice also
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makes the structure a possible frustrated quantum spin liquid
system,31–33 attracting researchers in the field of quantum materials.

Although known for decades that oxygen non-stoichiometry
in LnFe2O4 can tune its physical properties,34–37 not until
recently, was it realized that LnFe2O4 can take up stoichio-
metric oxygen into its lattice to become LnFe2O4.5. This accom-
modation of extra lattice oxygen has the potential to be
exploited for oxygen storage applications. Hervieu et al. first
observed LuFe2O4 to be oxidized into the hyper-stoichiometric
compound LuFe2O4.5 at a relatively low temperature (200 1C) in
air.21 The oxidized phase exhibits a related crystal structure to
the original R%3m phase of LuFe2O4. Nicou et al. first determined
the crystal structure of the oxidized phase by studying the
oxidation of YbFe2O4 into YbFe2O4.5.22 The average crystal
structure of the oxidized phase YbFe2O4.5, as solved by Nicoud
et al., is presented in Fig. 1b. The new structure adopts trigonal
space group P%3 while maintaining the layered arrangement
of LnFe2O4. Our recent work on this system shows that the
oxidized phase LnFe2O4.5 (for Ln = Y, In. Lu, Yb) can be
reversibly reduced back to LnFe2O4 by H2 at 600 1C.23

As illustrated in Fig. 1c, the structural relationship between
the reduced and oxidized phases of LnFe2O4 reveals interesting

similarities. The slight structural rearrangement between
LnFe2O4 and LnFe2O4.5 leads to high structural reversibility
and mechanical strength during the oxidation/reduction cycles.
The oxygen storage capacity of LnFe2O4 (2–3% mass ratio) is
comparable to that of most known OSMs.21–23 More impor-
tantly, LnFe2O4 is highly tolerant towards chemical modifica-
tions, much like perovskite oxides. Both A site and B sites can
be doped and substituted with abundant elements, bringing
huge opportunities to improve their performance as OSMs by
chemical modification. Our recent study has already shown
that a change of A site elements in AFe2O4 can influence the
kinetics of the oxidation and reduction during oxygen uptake/
releasing cycles.23

Here, we conduct B site substitution on the YbFe2O4.
We substitute up to 50% Mn on Fe sites to form a solid solution
YbMnxFe2�xO4 (x = 0.25, 0.50, 0.75, and 1.0). We find that
YbMnxFe2�xO4 readily oxidizes to hyper-stoichiometric YbMnx-
Fe2�xO4.5. We study the influence of Mn substitution on the
crystal structure, oxygen uptake behavior, and transition metal
oxidation state. We perform cycling experiments on YbMnx-
Fe2�xO4 in air and a practical fuel, methane. With in situ
synchrotron X-ray powder diffraction (SXRD), we characterize

Fig. 1 The crystal structure of (a) R %3m phase YbFe2O4 and (b) its oxidized P %3 phase YbFe2O4.5 and (c) the structure relationship between YbFe2O4 and
YbFe2O4.5.
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the process by which oxygen is incorporated into the crystal
lattice. Their structural reversibility reveals their potential as
OSMs in applications in fuel combustion and conversion.

We detail the structures of YbMnxFe2�xO4 and YbMnx-
Fe2�xO4.5 for the first time and observe the effects of B site
substitution on lattice expansion. Briefly, Mn-substitution
causes the a- and c-lattice parameters to converge upon incor-
porating more oxygen. We link such an interesting phenom-
enon to the change of the electron configuration of the B site
element in the triangular bipyramid crystal field between the
reduced and oxidized phases. Such lattice properties enable
one to potentially engineer the volumetric change during
oxidation/reduction cycling, which has practical value for
avoiding mechanical failure of OSMs in a fixed-volume reactor.

2. Experiment
2.1 Materials synthesis

YbMnxFe2�xO4 (x = 1, 0.75, 0.5, and 0.25) series, labeled as the
reduced phases or R-phases, were prepared using solid-state
reactions. Yb2O3, Fe2O3, MnO, and Fe powder were ground in
1/2 : 5/6 : (5/3)x : 1/3(1�x) ratio (x refers to YbMnxFe2�xO4),
respectively, to prepare 0.5 g of the target compound. The
powder mixtures were pressed into pellets of 13 mm diameter.
The grinding and pelletization were performed in a glove box to
prevent the oxidation of Fe powder. The pellets were placed in a
2 mL alumina crucible and sealed inside evacuated 8 mm
diameter quartz ampoules. The ampoules were flushed with
N2 gas and evacuated several times to obtain the required
oxygen partial pressure for successful synthesis. Typical syn-
thesis of LnFe2O4 requires PO2 below 10�7 Torr (B1.3 �
10�10 atm).38 In our synthesis, the vacuum line we used can
reach around 3 � 10�3 Torr (B4 � 10�6 atm) pressure. In order
to achieve PO2 below 10�7 Torr from atmospheric air, N2

flushing was performed 8–10 times. The samples were sintered
at 1180 1C (heating rate 10 1C min�1) for 12 hours and then
quenched with ice water. The AB2O4 phase is metastable at high
temperatures, so we must quench the samples to kinetically
trap this phase. Quenching limits the formation of impurities.
The elemental ratio of the product was verified with ICP and
SEM-EDS. To prepare the oxidized phases, YbMnxFe2�xO4.5, for
ex situ studies, the as-synthesized samples were oxidized at
600 1C (heating rate 10 1C min�1) in air for 12 h and cooled to
room temperature. These samples were labeled as oxidized
phases, or O-phases.

2.2 High resolution synchrotron XRD

YbMnxFe2�xO4 series as well as their oxidized phases YbMnx-
Fe2�xO4.5 were characterized by high-resolution synchrotron
X-ray powder diffraction (SXPD). The experiments were per-
formed on the 11-BM beamline at the Advanced Photon Source
(APS) at Argonne National Laboratory. X-rays were of wave-
length 0.457895 Å. To compare with the SXPD patterns, we also
took time-of-flight (TOF) neutron diffraction patterns for
the reduced phases YbMnxFe2�xO4. The TOF patterns were

collected on the BL-11A POWGEN beam line at the Spallation
Neutron Source (Oak Ridge National Laboratory). Powder pat-
terns were collected at ambient temperature and pressure, and
Rietveld analysis was carried out using TOPAS 539 and GSASii.40

2.3 Thermogravimetric analysis (TGA)

TGA was conducted on reduced phase YbMnxFe2-xO4 (x = 1,
0.75, 0.5, 0.25) series using an SDT Q600 equipped with a TA
Discovery MKS104-S0212004 Micron Vision 2 Mass Spectro-
meter. 5–10 mg sample was used for each measurement. The
samples were heated to 800 1C (ramping rate 10 1C min�1) in
air, holding at every 100 1C for 10 minutes. TGA measurements
with isotherm heating were also performed. Around 10 mg
samples were heated to 350 1C (ramping rate 10 1C min�1) in air
and the temperature was held for 6 hours.

2.4 In situ synchrotron X-ray diffraction upon heating and
cycling with CH4 and air

We performed in situ SXRD experiments (transmission geometry)
on YbMnxFe2�xO4 series (x = 1, 0.75, 0.5, and 0.25) on the 17-BM
beamline at the Advanced Photon Source (Argonne National
Laboratory). A 2D PerkinElmer a-Si flat panel detector was used
with an average wavelength of 0.24108 Å. Two types of experi-
ments were carried out. First, we ramped the temperature of the
sample environment up to 700 1C in air, holding at every 100 1C
for 10 minutes to determine when YbMnxFe2�xO4 starts to be
oxidized. Second, we performed cycling experiments by switching
the atmosphere between air and methane (CH4) to mimic a
practical chemical combustion looping reactor. The samples were
heated to 600 1C in He and held at 600 1C while cycling between
the two atmospheres (air and methane). A flow-cell/furnace
sample holder was used to control the sample temperature and
atmosphere.41 The diffraction patterns were collected every 6s
during both processes. Due to the limited beam time, we were not
able to collect the cycling data for YbMnxFe2�xO4 (x = 0.5).
Automated sequential Rietveld refinements were performed using
TOPAS 5.39 In the sequential refinement, the position and occu-
pancy of each atom were fixed for simplicity. We monitored the
change of lattice parameters as well as the phase fractions.
YbMnFeO4 powder samples were characterized by SEM and EDS
before and after cycling.

2.5 Valence state determination from X-ray photoelectron
spectroscopy (XPS) and X-ray absorption near edge structure
(XANES)

Both the reduced YbMnxFe2�xO4 series and oxidized counter-
parts were examined by XPS. XPS spectra were collected using a
Kratos Axis 165 X-ray photoelectron spectrometer operating in
hybrid mode using Al Ka monochromatic X-rays at 280 W. O 1s,
Fe 2p, Mn 2p and Yb 4d regions were examined. All XPS spectra
were calibrated to the C1s peak at 284.80 eV. All spectra fittings
were performed using CasaXPS. Shirley background was used
for background subtraction. 30% Gaussian + 70% Lorentzian is
applied as the fitted peak shape profile. To further determine
the oxidation state of Fe, we performed XANES measurements
on YbMn0.25Fe1.5O4 and its oxidized phase. Iron K-edge X-ray
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absorption spectra were collected at beamline 9-BM at the
Advanced Photon Source (APS) at Argonne National Laboratory.
Measurements were performed in transmission geometry using
gas filled ion chambers as detectors on powder samples diluted
with boron nitride and pressed into pellets.

3. Results and discussion
3.1 Crystal structure and incommensurate modulation

Room temperature SXRD patterns of the R-phase YbMnxFe2�xO4

(for x = 1) as well as the Rietveld fits to the structures are shown
in Fig. 2a. The SXRD patterns of other R-phases YbMnxFe2�xO4

(x = 0.75, 0.5, and 0.25) are presented in the ESI† (Fig. S1a–S3a).
The refined parameters are shown in Table S1 (ESI†). All the
samples are nearly phase pure with minor impurities of
Yb2O3(o1%). YbMnO3 (2.3%) and Yb2Fe3O7 (1.9%) are also
observed in the YbMn0.75Fe1.25O4 (x = 0.75) sample. All structures
for YbMnxFe2�xO4 (x = 1, 0.75, 0.5, and 0.25) are well modeled by
the parent structure of YbFe2O4 (R%3m symmetry, Fig. 1a). The
observation that Mn substitution on the B-site preserves crystal
structure YbFe2O4 is consistent with the previous reports.27

After complete oxidation, the O-phases of YbMnxFe2�xO4.5

can be obtained. The SXRD pattern of YbMnxFe2�xO4.5 (x = 1) is

displayed in Fig. 2b, and those of the other YbMnxFe2�xO4.5

(x = 0.75, 0.5, and 0.25) phases are presented in Figure S1b–S3b
(ESI†). In all cases, we observed a crystallographic transition
upon oxidation for the SXRD patterns of YbMnxFe2�xO4.5 (x = 1,
0.75, 0.5, and 0.25) and we successfully fitted the major Bragg
peaks with the P%3 symmetry model, which is reported to be the
average crystal structure of unsubstituted YbFe2O4.5

22,23

(Fig. 1b). The final refined structural and lattice parameters
are shown in Table S2 (ESI†). The oxygen insertion/uptake in
the structure occurs in the Mn/FeO layers, where the O2 and O3
sites are located (Fig. 1c). Thus, the O1 occupancy is fixed to
unity and only the occupancies of O2 and O3 are refined. The
total occupancies of O2 and O3 are constrained to be 1.25
during refinement to satisfy the oxygen stoichiometry in
YbMnxFe2�xO4.5, according to Nicoud et al.22 It is worth noting
that besides the major Bragg peaks, we also found an abun-
dance of satellite peaks in all SXRD patterns of the oxidized
phases. These satellite peaks are broadly similar for the differ-
ent samples and cannot be refined with the average P%3 model
(Fig. 2c).

Nicoud et al.22 reported a modulated, incommensurate
pattern in YbFe2O4.5, which they were able to index and fit by
creating a supercell model. By applying a similar superspace
group approach, we were able to fit the satellite peaks of the

Fig. 2 High-resolution synchrotron X-ray powder diffraction pattern and the Rietveld refinement fit of (a) R-phase YbMnFeO4 and (b) the O phase
YbMnFeO4.5. R-phase YbFeMnO4 is refined with the R %3m symmetry and O phase YbFeMnO4.5 is refined with the P %3 symmetry. (c) shows the zoomed in
region of (b) refined only with the averaged P %3 symmetry while (d) shows the zoomed in region of (b) refined with the incommensurate P%1(abg)0
superspace group. Small amount of Yb2O3 exists in the samples (indicated by green tick marks). (c) and (d) are enlarged by 50 times compared with (b).
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XRD patterns and observe a decrease of the Rwp (Fig. 2d). The
modulation parameters are listed in Table S4 (ESI†). A super-
space group of P%1(abg)0 and a nearly identical k-vector of
(0.141, 0.28, and 0.01) were used for the refinements of all
YbMnxFe2�xO4.5 structures. The incommensurate nature of
YbMnxFe2�xO4.5 is therefore intrinsic to this system and not a
function of the amount of Mn substitution. The incommensurate
nature found in YbMnxFe2�xO4.5 may be the result of cation
ordering between Fe/Mn. However, Nicoud, S. et al. observed
similar satellite peaks on the diffraction patterns of YbFe2O4.5

where only Fe exists on the B sites. We conclude that cation
ordering is unlikely. Charge ordering is also reported to lead to
incommensurate structures in metal oxides. Indeed, charge order-
ing was extensively studied in LnFe2O4, but usually appears at a
relatively low temperature.25–30 However, charge ordering does not
occur at the temperatures of interest in this study, and there is no
possibility of charge order in the fully oxidized phases. Nicoud, S.
et al. mentioned a possible origin of the incommensurate struc-
ture of YbFe2O4.5 deriving from the coexistence of FeO4, FeO5, and
FeO6 polyhedra within the (FeO)2 block. Although the average
crystal structure shows that Fe atoms are surrounded by 8 closest
oxygen atoms, Fe Mössbauer verified the coexistence of FeO4,
FeO5, and FeO6 coordination in LnFe2O4.5 systems.22,34 Based on
the fact that Mn substituted series YbMnxFe2�xO4.5 show the
same crystal symmetry, and that FeO4, FeO5, and FeO6 polyhedra
were also identified in the LnMnFeO4.5 (x = 1),42 we believe that
the coexistence of (Fe, Mn)O4, (Fe, Mn)O5, and (Fe, Mn)O6

polyhedra also likely occur in the Mn-substituted series.
Another possible origin for the incommensurate modula-

tion is oxygen vacancy ordering within the [(Fe, Mn)O]2 layer. As
shown in Table S2 (ESI†), the oxygen sites O2 and O3 are
partially occupied. As presented within the average crystal
structure, the distance between the O2 and O3 positions
(Fig. 1b) is 2.06–2.14 Å (listed in Table S3, ESI†), which is far

below twice the radius of O2� (2.42–2.56 Å).43,44 Coexistence of
O2 and O3 in the same unit cell would imply a highly unstable
O–O species in YbMnxFe2�xO4.5, which is unlikely since we
observe this phase to be air and water stable at room tempera-
ture. Thus, we believe that there is vacancy ordering at the O2
and O3 sites to avoid simultaneous occupation of the O2 and
O3 positions. Alternate occupancy of the O2 or O3 positions in
one unit cell is consistent with evidence that a Fe/MnO8

polyhedron is highly unlikely in YbMnxFe2�xO4.5.

3.2 Transition metal oxidation states in the R-phases and
O-phases

The transition from YbMnxFe2�xO4 to YbMnxFe2�xO4.5 involves
oxidation of the transition metals. The reduced parent phase
YbFe2O4 is reported to contain 1 : 1 ratio of Fe3+ and Fe2+.22,27

The transition from YbFe2O4 to YbFe2O4.5 is accompanied by
the full conversion of Fe2+ to Fe3+.22 For the reduced phase,
YbMnFeO4 (x = 1) is proved to contain Fe3+ and Mn2+.27,45,46

Fig. 3 compares the Fe 2p, Mn 2p, O 1s XPS spectra of
YbMnFeO4 (x = 1) to those of the oxidized phase YbMnFeO4.5.
The Mn 2p3/2 spectra are strictly fitted following the protocols
previously reported,47 as is presented in Fig. 3b (top). For the
reduced phase YbMnFeO4, the Mn 2p3/2 spectrum is fit satis-
factorily with the Mn2+ profile. A satellite peak around 646 eV is
also characteristic of Mn2+. After oxidation to the O-phase of
YbMnFeO4.5, we observe a shift of the Mn 2p3/2 to a higher
binding energy and the disappearance of the satellite peak
(Fig. 3b bottom). The Mn3+ profile can fit the Mn 2p3/2 spec-
trum well; we thus conclude that the transition of YbMnFeO4 to
YbMnFeO4.5 involves the oxidation of Mn2+ to Mn3+. The Mn 2p
XPS spectra for the rest of the series (x = 0.75, 0.5, and 0.25)
are presented in Fig. S5 (ESI†). The oxidation of Mn2+ to Mn3+ is
always observed for the transition from YbMnxFe2�xO4 to
YbMnxFe2�xO4.5.

Fig. 3 Comparison of Fe 2p (a), Mn 2p (b) and O 1s (c) XPS spectra between R-phase YbMnFeO4 and the O phase YbMnFeO4.5. Upper figures show the
spectra from R-phase YbMnFeO4. Lower figures show the spectra from O phase YbMnFeO4.5.
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For the Fe 2p3/2 spectra of YbMnFeO4 (x = 1) and YbMnFeO4.5,
which is presented in Fig. 3a, nearly identical spectra were
observed for both reduced and oxidized phases, which can be
fitted with the Fe3+ profile.48 It seems to indicate that Fe adopts +3
valence state in both YbMnFeO4 and its oxidized phase YbMn-
FeO4.5. It is unsurprising that reduced phase YbMnFeO4 consists
of Fe3+ and Mn2+ instead of Fe2+ and Mn3+, given the stable d5

configuration of Fe3+ and Mn2+ cations. A previous magnetic
susceptibility study on YFeMnO4 and YbMnFeO4 also indicates
the existence of Fe3+ and Mn2+.27,49

The Fe 2p spectra for the rest of the series (x = 0.75, 0.5, and
0.25) are presented in Fig. S4 (ESI†). Theoretically, a mixed
Fe3+/Fe2+ should exist in the R-phase for bulk samples as long
as the Mn substitution ratio is smaller than 1 (i.e. x o 1) to
satisfy charge balancing rules since Mn element exists in the
form of Mn2+. However, upon oxidation to form an O-phase, Fe
will only exist in the form of Fe3+, similar to what is reported for
YbFe2O4/YbFe2O4.5,22 where the valence state of Fe is deter-
mined by Mössbauer spectroscopy. Surprisingly, in our XPS
measurement, the shape of the Fe spectra remains nearly
identical for all the samples before and after oxidation. The
determination of the valence state of Fe with XPS still remains
challenging as Fe3+ and Fe2+ spectra heavily overlap. Generally,
there should be a characteristic peak around 710 eV for Fe2+ 2p
spectra,48 which we did not observe in the R-phase and
O-phase. The shape of the Fe 2p3/2 spectra for both R-phase
and O-phase seems to fit with the Fe3+ profile, same as the case
for YbMnFeO4 to YbMnFeO4.5. While we did observe a very
slight red shift after oxidation, such a shift does not correspond
to the transition from Fe2+ to Fe3+ (blue shift should be
expected) and is very likely caused by the charge compensation
due to the different conductivities between the R-phase and
O phase.50,51 The oxidation of Fe2+ to Fe3+ on the surface in
an ambient environment is a common phenomenon for Fe2+

containing materials.48 Since XPS is a surface-sensitive

characterization method, we suspect that the Fe2+ on the sur-
face of the R-phase YbMnxFe2�xO4 (x o 1) oxidizes to Fe3+ due
to its instability upon exposure to air.

Apparently XPS here is not suitable for the determination of
the valence state of Fe. To prove that mixed Fe2+/Fe3+ trans-
forms into Fe3+ upon oxidation of YbMnxFe2�xO4 into YbMnx-
Fe2�xO4.5, we picked YbMn0.25Fe1.75O4 and YbMn0.25Fe1.75O4.5

(x = 0.25) to perform X-ray absorption near edge structure
(XANES) measurements. Fig. 4 depicts the XANES spectra of
the reduced and oxidized phases (x = 0.25) overlapped with
Fe-standards with different oxidation states. As illustrated, the
absorption edge of the reduced phase lies in between that of
FeO and Fe2O3 while the absorption edge of the fully oxidized
phase overlaps with that of Fe2O3. This confirms that the
reduced phase has both Fe2+ and Fe3+ while the oxidized phase
only has Fe3+ ions.

Interestingly, we also observe that the binding energy of
lattice oxygen systematically shifts to a lower energy from the
R-phase to O-phase in the O 1s spectra, as shown in Fig. 3c and
Fig. S6 (ESI†). Generally, the lower the binding energy of the
oxygen atoms, the more ionic and ‘‘free’’ the oxygen will be in
the lattice.52 This observation implies that the overall oxygen
atoms (or anions) in the O-phase YbMnxFe2�xO4.5 may more
easily migrate compared to those in the R-phase due to their
more ionic nature. This heightened mobility may be attributed
to the partial occupation of O2 and O3 sites in the O phase.53–55

Further studies on ionic conductivity need to be conducted to
verify such a hypothesis.

3.3 Oxygen uptake and structure transitions at high
temperatures

Characteristic TGA curves in air up to 800 1C, given in Fig. 5,
show that the maximum weight gains in YbMnxFe2�xO4 (x = 1,
0.75, 0.5, and 0.25) are within the range of 2–3% (error of 0.5%),
which corresponds closely to the theoretical oxygen uptake
from YbMnxFe2�xO4 to YbMnxFe2�xO4.5 (around 2.2% gain for
all samples). The TGA curves measured with isotherm heating
at 350 1C are displayed in Fig. S7 (ESI†). All samples show
around 2.5% mass gains. The theoretical and the measured
oxygen storage capacity for each composition are listed in
Table S5 (ESI†). The mass gain remains stable after the samples
are cooled to room temperature. All the samples start to gain
mass when the temperature reaches 200 1C with negligible
variances (as shown in Fig. 5 and Fig. S7, ESI†), consistent with
what is reported for other LnFe2O4 materials.22,23,37

Apart from TGA, we also performed in situ SXRD with the
same heating profile as in our TGA measurement in air.
We then performed sequential Rietveld refinement on the
time-resolved patterns. The in situ patterns are shown in
Fig. 6. The refined phase composition and lattice parameters
versus time are displayed in Fig. S8–S11 (ESI†). A clear oxidized
phase appears at around 300 1C for all the samples. The kinks
at 300 1C shown in TGA curves (Fig. 5) also confirm a phase
transition at that temperature. The temperature where new
phase appears (300 1C) differs from the temperature where
the materials start to gain mass (200 1C), indicating that

Fig. 4 Fe X-ray absorption near edge structure (XANE) of YbMn0.25-
Fe1.75O4 and YbMn0.25Fe1.75O4.5 in comparison with Fe2O3 and FeO
reference.
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YbMnxFe2�xO4 series can tolerate some oxygen uptake (around
0.9%) while maintaining its R%3m structure. The oxygen non-
stoichiometry of LnFe2O4+d as the reduced phase (R%3m) has
been previously reported and studied.21,35 In addition, as the
time-resolved XRD patterns and refinements show, the phase
fraction changes over time, even when the temperature remains
constant. Such behavior indicates: (1) the phase transition from
the R-phases to O phases is not merely driven by the tempera-
ture, and (2) kinetics limits the extent of the observed structural
transition, possibly by oxygen diffusion into the lattice.

The TGA and in situ heating diffraction measurements imply
that the Mn substitution does not have a significant influence
on the oxygen uptake and phase transition kinetics, as the
oxygen uptake temperature and phase transition temperature
for the whole series appear at nearly identical temperatures
(200 1C). No significant difference of oxygen uptake kinetics is

observed among different Mn substitution levels, as the mass
gain saturates at roughly similar temperatures in the isotherm
heating measurement (Fig. S7, ESI†).

3.4 Reversible structural evolution during oxygen uptake and
release

To examine the reversibility of YbMnxFe2�xO4 as an oxygen
storage material, we performed cycling experiments under
oxidizing (air) and reducing (methane) atmospheres. The
R-phase samples YbMnxFe2�xO4 (x = 1,0.75.0.25) were first
heated to 600 1C in helium before switching the atmospheres
at the same temperature. YbMnxFe2�xO4 retains the R%3m struc-
ture during the heating in helium, as shown in Fig. S12a (ESI†).
For the cycling experiment, the in situ time resolved SXRD
contour plot of YbMnFeO4 (x = 1) is presented in Fig. 7. The
R-phase (R%3m) quickly transitions to the O-phase (P%3) upon

Fig. 6 (a) Heating profile (temperature vs. time) of in situ characterization of YbMnxFe2�xO4 and (b) the corresponding contour plots of the SXPD
patterns (vs. time) when YbMnxFe2�xO4 is heated in air. The dashed lines separate the regions of R %3m phases, R %3m/P %3 mix phases and P %3 phases.

Fig. 5 Thermogravimetric analysis (TGA) depicting the weight change as a function of time and temperature for R-phases YbMnxFe2�xO4 in air.
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Fig. 7 Contour plots of synchrotron X-ray diffraction patterns of the YbMnFeO4 (x = 1) during cycling between oxidizing (air) and reducing (methane) atmospheres
at 600 1C. Two cycles are performed and cycle 1 is followed by cycle 2. Dashed lines separate the regions of R%3m phase, R%3m/P%3 mix phases and P%3 phase.

Fig. 8 The evolution of crystal cell volume, a lattice parameter and c lattice parameter as a function of time during cycling between oxidizing (air) and
reducing (methane) atmospheres at 600 1C for YbMnFeO4 (x = 1). Note that one unit cell of R-phase corresponds to 3 vertical stacked unit cells of O
phase (shown in Fig. 1). Thus, the normalized cell volume and c lattice parameter of the R-phase are used for comparison (1/3 of actual number). The data
at 600 1C are extracted from the sequential Rietveld refinement of in-situ synchrotron X-ray diffraction patterns (Fig. 7).
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exposure to air. The satellite peaks are still visible in this
condition (Fig. S12b, ESI†), implying the stability of the modu-
lated structure in the O-phase. The existence of the satellite
peaks in the diffraction patterns also supports that it is not
caused by charge ordering as this phenomenon generally
appears at relatively low temperatures. Under methane, we
observe a much slower transition from the O-phase back to
the R-phase. A mixture of phases is visible for a long period
under methane before the O-phase finally disappears. Two
cycles of experiments were performed, and nearly identical
structural evolutions are observed. No obvious new phases
are detected and the XRD pattern at the end of cycles is nearly
unchanged (Fig. S12c, ESI†), indicating good structural stability
and cyclability.

We performed sequential refinements on the diffraction
patterns throughout two cycles and extracted phase fractions
and lattice parameters. The plot of refined phase fractions for
the first cycle, given in Fig. 8a, and for two cycles, shown in
Fig. S16 (ESI†), clearly show that both transitions (R - O in air
and O - R in methane) are gradual processes, though the
oxidation displays much faster kinetics. Fig. S13 (ESI†) plots
the refined crystal grain size change in the first oxidation–
reduction cycle. It is clear that, during both oxidation and

reduction, as the phase fraction changes, the crystal grain size
also changes according to whether the phase is growing or
contracting. As mentioned earlier, the reaction kinetics may be
limited by oxygen ion diffusion into the lattice, such that both
oxidation and reduction first occur on the surface and then
proceeds to the bulk. Such a mechanism leads to cycling
between the growth and contraction of the crystalline size.
After the reduction/oxidation cycle the refined crystal size
remains nearly unchanged, implying the non-sintering nature
of the materials during the cycling. SEM images are also taken
before and after the cycling, which is presented in Fig. S14
(ESI†), and no obvious particle size or shape change is
observed. EDS elemental mapping (Fig. S15, ESI†) shows that
Yb, Mn and Fe are homogenously distributed within the
particles before and after the cycling, implying no elemental
separation during the cycling and good cycle stability.

Fig. 8b–d present the refined lattice parameters (unit cell
volume, a and c). The transition from the R-phase to O-phase is
accompanied by the crystal volume contraction, with elonga-
tion in the a-direction and contraction in the c-direction.
We discuss the lattice parameter differences between the
R-phase and O-phase in more detail in the next section.
Another interesting phenomenon is that the lattice parameters

Fig. 9 The Influence of Mn substitution on the lattice parameter a, lattice parameter c and cell volume of R-phase YbMnxFe2�xO4 (blue) and the O phase
YbMnxFe2-xO4.5 (red) at room temperature (a–c) and 600 1C (d–f). The lattice parameters are normalized. The lattice parameters of R-phase YbMnFeO4

(x = 1) are chosen as references (set as 1). Data for x = 0 (YbFe2O4 and YbFe2O4.5) from the literature are displayed for comparison.22,23 a and c lattice
parameters at 600 1C are not listed as the author in the previous literature did not indicate what they were.
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for both phases gradually change during cycling. During oxida-
tion of the R-phase, the a-lattice parameter grows while the
c-lattice parameter contracts. During reduction of the O-phase,
the opposite occurs. These trends hold before the phase
transitions and afterwards during the mixed phase stage. Such
lattice parameter changes cannot be attributed to thermal
expansion or contraction since the cycling experiments are
held at a constant temperature. Thus, it implies that both the
R-phase and O-phase can tolerate oxygen non-stoichiometry
before phase transitions occur. The R-phase, as is discussed
previously, can tolerate some oxygen uptake (around 0.9%)
maintaining its rhombohedral structure. The same appears to
be true for the O-phase, which can release oxygen from its
lattice while keeping its P%3 phase. Due to the very fast material
evolution in the cycling and the relative insensitivity of X-rays
for oxygen (compared to the metal sites), we were not able to
obtain the critical oxygen occupancies for either the R-phases
(R%3m) or O-phases (P%3).

Other YbMnxFe2�xO4 samples (x = 0.75 and 0.25) exhibit
similar behavior during the cycling experiments, as displayed
in Fig. S17 and S18 (ESI†). The R-phases for both samples
cannot be totally converted to the O-phase during the given air
exposure time, which is possibly due to the powder packing
issue in SXRD quartz tube cells. Nevertheless, both samples
undergo reversible structural transitions during switching
atmospheres, as the XRD patterns remain nearly identical at
the beginning and at the end of the cycles. Our in situ cycling
experiments show that Mn substitution does not have a sig-
nificant impact on the oxygen uptake/release reversibility of
YbFe2O4.

3.5 Crystal field effects on lattice volume expansion and
contraction

As a potential oxygen storage material, the volume change
before and after oxygen release/uptake is a key metric. Large
volume expansion and contraction of the material during the
cycling can lead to severe mechanical failure of the containers
or reactors.56 Thus, understanding the crystal lattice changes
between the reduced phase and oxidized phase is of practical
relevance. The relative values of the lattice parameters of the
R-phase and O-phase are shown in Fig. 9 at room temperature
(Fig. 9a–c) and 600 1C (Fig. 9d–f). All the values for the same
lattice parameters are normalized with the corresponding value
of the R-phase YbMnFeO4 (x = 1) at room temperature. Data at
room temperature are extracted from the refinement of high-
resolution SXRD, while the data at 600 1C are extracted from the
refinement of in situ SXRD during the cycling experiment.
We also included the lattice parameters for YbFe2O4 and
YbFe2O4.5 reported elsewhere22,23 for comparison.

Two interesting trends are worth noting: (1) anisotropic
lattice expansion upon oxygen uptake and (2) crystal field
effects upon Mn-substitution. For the first trend, we found that
all the R-phases take up oxygen into the lattice, and its effect on
the a- and c-lattice parameters occurs in a diametric fashion.
Typically, in metal oxides, the attraction between ions is
isotropic. For example, the lattice expansion due to the removal

of cations from the lattice is commonly reported in the fluorite
and perovskite systems.57,58 In the present series, such lattice
expansion is strongly anisotropic. Upon oxidation, if only
change of the ionic radius (from Fe2+ to Fe3+, and from Mn2+

to Mn3+) is taken into consideration, an isotropic expansion
should be observed. From the R-phase to O-phase, the a-lattice
parameter undergoes an expansion while the c-lattice para-
meter significantly contracts. This trend is consistent with the
previous study on the LnFe2O4

22,23 and applies at room tem-
perature as well as at 600 1C. The diametric evolution of the
lattice parameters is the result of the crystal structure adjusting
to oxygen insertion. As shown in Fig. 1c during the oxidation of
the R-phase, oxygen ions insert into the middle of the Fe/MnO
double layer; at the same time, the individual Fe/MnO layers
shift in opposite directions along the ab-plane due to the
Coulombic repulsion between oxygen anions. The crowded
oxygen ions in the ab-direction result in an increased repulsion
between each oxygen ion, leading to the expansion of the
a-parameter.

Fig. 10 The influence of c-direction distortion on the energy of d orbitals
in the (a) octahedral crystal field and (b) trigonal pyramidal crystal field.
Distortion leads to rearrangement of d orbitals in the octahedral crystal
field system (Jahn Teller effect) and results in a change of relative energy
difference of d orbitals in a trigonal pyramidal crystal field.
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In the c-direction, we observe a contraction because the
radius of the Fe3+/Mn3+ ion in the oxidized phase is smaller
than that of the Fe2+/Mn2+ ion in the reduced phase,44,59 and
the extra oxygen ions give rise to the extra attractive force
between the oxygen anions and the closest Mn/Fe cations.
At room temperature, the degree of the contraction of the
c-lattice parameter is much larger than the expansion in the
a-direction. The normalized crystal cell volume of the R-phase
is therefore always larger than that of the O-phase (Fig. 9c),
consistent with the c-lattice parameter trend. At a certain point
of Mn-substitution, however, we observe that the unit cell
volume values intersect at 600 1C (Fig. 9f). This crossover point
implies that the amount of Mn-substitution affects the thermal
expansion of the lattice.

The second interesting trend is that Mn substitution has an
opposite influence on the lattice parameters of the R-phases
and O-phases. For the R-phase (blue line) in Fig. 9a and b, we
can observe that the increase of the Mn substitution level
leads to the contraction in the a-direction but an expansion
along the c-direction. Contrastingly, for the O-phase (red line)
as shown in Fig. 9a and 9b, an increase of Mn-substitution
causes the expansion along the a-direction and contraction
along the c-direction. We term this phenomenon a ‘‘double
distortion’’ effect of Mn-substitution on the crystal structure.
Practically, it leads to an enlarged gap between the lattice
parameters of R-phases and O-phases as the Mn-substitution
level increases.

The ‘‘double distortion’’ effect cannot be simply explained
by the different ionic radii of the cations since the influence of
Mn substitution is very anisotropic in this system. Therefore,
what is the real driving force for the opposite impact of
Mn-substitution? In short, we hypothesize that the distortions
result from the crystal field effects. Even though the Fe/MnO5

bipyramidal bilayer in the R-phases becomes more complex
after oxidation into the O-phase, the same bipyramidal poly-
hedra exist in both phases.22 We propose that in the bipyrami-
dal crystal field, different d-electron fillings of Mn2+/Fe2+ in the
R-phase and Mn3+/Fe3+ in the O-phase lead to the diametric
and strongly anisotropic influence of Mn- substitution on the
crystal structure.

It is well known that for octahedral crystal fields (ideal point
group Oh), if the metal center is Jahn–Teller active (e.g. d2, d4),
the ML6 octahedron will undergo an anisotropic distortion to
lower the Oh symmetry. The distortion lifts the energy-level
degeneracy of the d-orbital manifold, and the electron filling
occurs so the energy of the system is lowered in the newly
modified crystal field60,61 (Fig. 10a). We believe that a similar
phenomenon occurs in our Fe/MnO trigonal bipyramidal systems.

In the trigonal bipyramidal crystal field, compression or
elongation along the c-direction does not change the site
symmetry (e.g. D3h, C3v). Unlike the case for octahedral coordi-
nation, such distortions for trigonal bipyramids do not lead
to the rearrangement of d-orbital energy levels. However, the
relative energy level of the d-orbitals can be significantly

Fig. 11 Illustration of how Mn substitution influences the trigonal pyramidal crystal field R-phase YbMnxFe2�xO4 and the O phase YbMnxFe2�xO4.5.
In R-phase YbMnxFe2�xO4, Mn substitution leads to the replacement of Fe2+ (d6) by Mn2+ (d5). However, in O phase YbMnxFe2�xO4.5, Mn substitution
leads to the replacement of Fe3+ (d5) by Mn3+ (d4).
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modified. As is illustrated in Fig. 10b, in the trigonal bipyr-
amidal field, compression in the c-direction increases the
energy level of the ag (dz2) orbital while those of the doubly
degenerate e1g (dxy, dx2-y2) and e2g (dxz, dyz) decrease so that the
total orbital energy of the system does not the change.

For the trigonal bipyramidal (Mn,Fe)O5 polyhedra in the
present series, the electron count will determine whether a
compressed crystal field will lower the total energy of the
systems. The influence of Mn2+, Fe2+, Mn3+, and Fe3+ in the
MO5 trigonal bipyramidal polyhedron crystal field is presented
in Fig. 11. We assume that the metal ions in the MO5 trigonal
bipyramids always adopt a high spin configuration. In the
R-phase, Mn2+ has a d5 electron configuration and all orbitals
are singly occupied. Therefore, the compression of the trigonal
bipyramids has no effect on the total energy of the system.
In the case of Fe2+, the d6 electron configuration leads to an
extra electron in the e2g manifold, and the total energy of the
system will be lowered if the trigonal bipyramids are com-
pressed. Thus, we term Fe2+ is ‘‘distortion-active’’ while Mn2+ is
‘‘distortion-inactive’’. As the level of Mn-substitution increases,
the MO5 polyhedra will be less compressed, resulting in an
expansion along the c-direction and contraction in the ab-plane
for the R-phase. Conversely, in the O-phase, Mn3+ has a d4

electron configuration and the ag orbital is therefore empty.

Compression of the trigonal bipyramids significantly lowers the
energy of the electrons in the e1g (dxy, dx2�y2) and e2g (dxz, dyz)
levels. Mn3+ is therefore ‘‘distortion-active’’ whereas Fe3+ with
its d5 electron configuration is ‘‘distortion-inactive’’. Increasing
the Mn-substitution in the O-phase favors the compression of
MO5 polyhedra, causing the contraction along the c-direction
and expansion in the ab-plane. Therefore, we have an explana-
tion for the ‘double distortion’ effect observed in the lattice
parameter evolution by considering whether the phase includes
distortion-active or distortion-inactive cations.

In addition to lattice parameters, we can also follow the metal–
oxygen interatomic distances from diffraction data to understand
this crystal field-driven distortion. Fig. 12 shows the influence of
Mn substitution on the Mn/Fe–O bond distances in the R-phases
and O-phases. As the Mn-substitution level increases in the R-
phases, the Mn/Fe–O bond distances along the c-direction expand
while the bond distances in the ab-plane contract. The opposite
trend occurs in the O-phases. These trends of metal–oxygen bond
distances along different directions are consistent with our
hypothesis regarding the MO5 trigonal crystal fields. The influ-
ence of Mn3+ and Fe3+ on the lattice parameters in the MO5

trigonal bipyramidal polyhedron is also reported in the hexagonal
LnMn1�xFexO3 (Ln = Y, Lu, Yb).62–64 Similar to our O-phase,
the hexagonal LnMn1�xFexO3 system displays a decrease in the

Fig. 12 Influence of Mn substitution on different Fe/Mn–O bond lengths of R-phase YbMnxFe2�xO4 (blue) and the O phase YbMnxFe2�xO4.5 (red). The
bonds labeled as R/R0 (b), S/S0 (c) and T/T0 (d) are indicated in Fig. 12a. The bond lengths are normalized. The bond lengths of R-phase YbMnxFe2�xO4

(x = 1) are chosen as references (set as 1, change as 0%).
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Fe/Mn–O bonds along the c-direction and an increase in the ab-
plane as the Mn ratio increases.

Outside the present system, it is quite rare in metal oxides
to observe Mn2+ and Fe2+ in MO5 trigonal bipyramidal coordina-
tion. Therefore, it is instructive to examine cases of analogous
molecular complexes. Pritchard et al. reported the existence of
M2+L5 trigonal bipyramidal polyhedra in [M(II)Cl3(Hdabco)(dabco)]n

and [M(II)Cl3(HdabcoH)2] complexes where dabco = 1,4-
diazabicyclo[2.2.2]-octane. In these complexes, the M2+ coordinates
to three Cl� ions in the equatorial plane and two N atoms of the
ligand in the apical position. Upon exchanging Mn2+ by Fe2+, the
M—Cl bond elongates while the M—N bond shortens the bond,65

which is consistent with our observation on the influence of Mn on
the M–O bonds in R-phases. To our knowledge, we are the first to
observe here a reversible valence change of ML5 trigonal bipyra-
mids leading to a diametric effect on the lattice parameters.

The change in the Mn/FeO layer also slightly impacts the
presumably rigid YbO layer itself. The expansion of the Mn/FeO
layer applies a force on the neighboring YbO layer, driving it to
be compressed, even though it remains chemically unchanged
by the Mn-substitution. As presented in Fig. S19 (ESI†), the
Yb–O bond length grows in the O-phase while it decreases in
the R-phases with increasing Mn-substitution. This trend is
consistent with that of the a-lattice parameter.

4. Conclusion

In summary, like their parent structure, the Mn-substituted R-
phases show promising performance as oxygen storage materials.
All YbMnxFe2�xO4 compositions studied here readily take up
oxygen at relatively low temperatures and undergo a phase
transition to the O-phases; YbMnxFe2�xO4.5, Mn-substitution does
not lead to a separate phase transition for either R-phase YbMnx-
Fe2�xO4 or O-phase YbMnxFe2�xO4.5. R-phases adopt R%3m sym-
metry while the average crystal structure phase of the O-phase is
P%3. All display a complex incommensurate modulation (super-
space group P%1(abg)0), indicative of ordering of MOn polyhedra
for n = 4, 5, and 6. Our in situ diffraction studies indicate that the
oxygen uptake temperature and the reaction kinetics are not
greatly impacted by the Mn substitution. In addition, all YbMnx-
Fe2�xO4 can reversibly transit between R-phases and O-phases in
the alternative air and methane environment, showing their great
cycling stability and potential to be applied in fuel combustion
and conversion as OSMs.

Interestingly, in this system with reversible phase transi-
tions driven by oxidation, the change in the d-electron configu-
ration dictates the lattice expansion properties. The effect on
the diverging a- and c-lattice parameters was termed a ‘‘double
distortion’’ effect and we hypothesize that it is derived by
crystal field effects in this system. The change from Mn2+/Fe2+

to Mn3+/Fe3+ in the MO5 trigonal bipyramidal causes a switch in
which the metal ion is the ‘distortion-active’ ion. Because of the
switching of roles upon oxygen release and uptake (e.g. Mn3+ is
distortion-active whereas Mn2+ is not), the Mn-substitution
leads to opposite influences on the lattice parameters of the

R-phases and O-phases. This tuning of the lattice volume
changes with Mn-substitution could be exploited to minimize
the volume changes upon using this system as an OSM.
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