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Reversible structural and colorimetric transitions
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in LuMnGaO,4 upon oxygen uptake and releasef
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We synthesized LUMNGaO,, an AB,O4-type compound, and performed structural analysis and characteriz-
ation focusing on its reversible oxygen uptake and oxidation-driven color change. The reduced phase,
LuMnGaO,, synthesized via solid-state reactions, crystallizes in the R3m space group. Heating this metal
oxide in an oxygen-rich environment induces a phase transition to the oxidized phase, LuMnGaO, s, which
adopts the P3 space group. Through neutron diffraction studies, we elucidate the structural transition upon
oxygen uptake, while in situ synchrotron X-ray powder diffraction confirms a low temperature (~T = 250 °C)
transition. The oxidation process induces a significant color shift from greenish-grey to black, and we quan-
tify this electronic transition by UV-visible spectroscopy. Electron diffraction and synchrotron X-ray data
further reveal structural modulations in the form of superlattice reflections and diffuse scattering associated
with oxygen disorder in the oxidized phase. The diffraction data show that the reversible oxygen uptake and
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release occurs in the bulk phase at relatively low temperatures, suggesting applications in oxygen transport
technologies. Furthermore, the distinct color change highlights its potential as a bifunctional material for
oxygen carriers and colorimetric oxygen sensors. This work provides a foundation for future exploration of
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1. Introduction

Transition metal oxides capable of reversibly taking up and
releasing oxygen are crucial for a wide range of technological
applications.’ These materials have been extensively studied
as oxygen carriers or transport materials in chemical-looping
technologies, such as combustion, reforming, and
gasification.®” These processes involve redox cycles where the
oxides are reduced by fuels and reoxidized in air.

Metal oxides are also increasingly explored in chemical-looping
water splitting and solar thermal water splitting for sustainable
hydrogen production and energy storage.® Non-stoichiometric per-
ovskite oxides, such as Sr,La,_ MnyAll_y03_59 and BaCe,Mn,_,O;
(BCM),'® have been widely studied for these applications. However,
their high oxidation/reduction temperatures pose a significant
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the structural and electronic evolution of AB,O4-type compounds during oxygen uptake and release.

challenge, limiting their practical applicability."""* Developing

materials that can undergo redox cycles at lower temperatures is
essential to improve energy efficiency and broaden their usability.
Recent advancements have broadened the scope of oxygen
carrier materials beyond traditional binary metal oxides and
perovskite-related oxides to include hexagonal layered
AB**B*"0,-type compounds (A = rare earth metals; B = transi-
tional metals)."'*® These materials, characterized by a trigonal
structure of alternating octahedrally coordinated rare earth
metal layers and transition metal double bipyramidal layers,
were initially recognized for their multiferroic properties.'®
LuFe,0, was the first AB**B**0, compound reported to reversi-
bly uptake oxygen at 200 °C, which is a relatively low tempera-
ture compared to previously known oxides, forming LuFe,O4
and reverting to its reduced phase.'®'” Following this discov-
ery, various A-site and B-site substituted compounds demon-
strated similar oxygen storage capacities at temperatures
around 250-300 °C in our previous work.'®?! In LuMnFeO,,
redox-active Mn>" was substituted for Fe**, while Fe** occupied
the redox-inactive site. This compound exhibited similar redox
behavior to LuFe,0,4, undergoing a phase transition from R3m
to P3 symmetry during oxygen absorption, forming
LuMnFeO, ;.>' To further investigate the effects of B-site sub-
stitution on structure and redox behavior, we substituted Ga**
for Fe®" to form LuMnGaO,. The greater disparity in size and
chemical properties between Mn and Ga, compared to Mn and
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Fe provided an opportunity to investigate the impact of
elemental substitution on structural and redox characteristics.

In addition to oxygen storage, oxygen sensors play a critical
role in modern technologies, with applications spanning food
production, automotive systems, healthcare, and environmental
monitoring.>** These sensors, categorized by mechanisms
such as electrochemical, resistive, and optical methods, are
designed to monitor oxygen levels accurately.>>>” Developing
materials that not only store oxygen but also enable real-time
sensing of oxygen capacity offers exciting opportunities for
advancing sensor technologies. Such multifunctional materials
could revolutionize oxygen monitoring by integrating storage
and sensing capabilities into a single platform.

In this study, we present a comprehensive investigation of
LuMnGaO, and its oxidized phase, utilizing neutron and syn-
chrotron X-ray powder diffraction (SXPD). In situ SXPD revealed
phase transitions and structural modulations in the oxidized
phase. Notably, LuMnGaO, displayed a color change from
greenish-grey to black upon oxidation, a phenomenon not
observed in previously studied LnFe,O, and LnMnFeO, com-
pounds. We establish a correlation between this color tran-
sition and the changes in the oxygen environment surround-
ing Mn due to structural evolution during oxidation. This dis-
tinct color change suggests potential applications for
LuMnGaO, not only in oxygen transport but also in oxygen
sensing, highlighting its potential as a bifunctional material.

2. Method

2.1 Materials synthesis

The reduced phase, LuMnGaO,, was synthesized via solid-state
reactions.® Stoichiometric amounts of Lu,0; (99.999%), MnO
(99%), and Ga,03 (99.999%) were ground to produce 2 g of the
target compound. The powder mixture was pressed into
13 mm diameter pellets, placed in a 2 mL alumina crucible,
and sealed inside an evacuated 8 mm diameter quartz
ampoule. The ampoule was heated to 1180 °C at a ramp rate of
5 °C min~", held at this temperature for 24 hours, and then
rapidly quenched in an ice-water bath to preserve the meta-
stable LuMnGaO, phase and prevent the formation of oxide
impurities. The oxidized phase, LuMnGaO, s, was prepared by
heating LuMnGaO, at 600 °C in ambient air for 12 hours, fol-
lowed by a natural cooling to room temperature.

2.2 Thermogravimetric analysis (TGA)

TGA was conducted on the reduced phase, LuMnGaO,, using a
Mettler Toledo TGA/DSC 2 HT 1600. Approximately 5 mg of
the sample was heated in air to 700 °C with a ramp rate of
10 °C min~". For reduction studies, 10 mg of the oxidized
phase was heated to 800 °C in 3% H,/Ar.

2.3 X-ray photoelectron spectroscopy (XPS)

XPS data were collected using a Kratos AXIS Supra + X-ray
photoelectron spectrometer equipped with a monochromatic
Al Ka X-ray source (1486.6 eV, 225 W). The base pressure of the
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analysis chamber was ~1 x 10™° torr. Spectra were acquired in
hybrid lens mode with slot collimation and a spot size of
700 pm x 300 pm. The pass energy and step sizes were set to
160 eV and 0.5 eV for survey spectra, and 20 eV and 0.1 eV for
high-resolution spectra, respectively. Samples were grounded
during analysis, and charging effects were minimized using a
charge neutralizer. Instrument calibration was performed
using Au 4f;;, (84.0 eV) and Cu 2p;3;, (932.6 eV) peaks from
sputter-cleaned metal foils.

Data calibration involved aligning the adventitious C 1s
peak to 284.8 eV. Deconvolution was performed using a Voigt
peak profile (70% Gaussian, 30% Lorentzian) after Shirley
background subtraction. For Ga and Lu quantification, the Ga
3psz and Lu 4p;3, peaks were used, with sensitivity factors
adjusted based on spin-orbit splitting ratios of p orbitals. All
data were analyzed using CasaXPS software.®

2.4 Electron paramagnetic resonance (EPR)

EPR measurements were carried out using a Bruker EMXPlus
X-band spectrometer equipped with a high-sensitivity Bruker
ER 4199HS-LC resonator. Spectral acquisition involved aver-
aging three scans over a field sweep of 0 mT to 600 mT, with a
magnetic field modulation of 100 kHz and a modulation
amplitude of 0.4 mT. Data processing and spectral fitting were
performed using the EasySpin toolbox.>® Standard (non-oper-
ando) measurements were conducted at a microwave power of
2 mW.

2.5 High-resolution synchrotron X-ray and neutron
diffraction

High-resolution synchrotron X-ray powder diffraction (SXPD)
was performed to characterize the crystal structures of
LuMnGaO, and LuMnGaO, ;. Measurements were conducted
at the Advanced Photon Source (APS), Argonne National
Laboratory, on the 11-BM beamline using X-rays with a wave-
length of 0.457895 A. Data were collected at room temperature
(300 K). Time-of-flight (TOF) neutron diffraction experiments
were conducted on the POWGEN®® beamline at the Spallation
Neutron Source, Oak Ridge National Laboratory, with data
acquired at 300 K. Structural analysis was performed using
Rietveld refinement with the GSAS-II software.*"

For in situ SXPD studies, data were collected on the APS
11-ID-C beamline using a high-temperature furnace. A wave-
length of 0.1173 A was used, covering a Q-range of ~0.6 A~ to
11 A™'. The sample was heated at a controlled ramp rate of
10 °C min™" in flowing air, diffraction patterns continuously
recorded during heating to monitor the real-time structural
evolution of LuMnGaO,.

2.6 Raman spectroscopy

Raman spectra were collected from powder samples using a
HORIBA Yvon Jobin LabRam ARAMIS Raman microscope,
equipped with a 400 um pinhole, 100 um slit, a 50x objective
(NA = 0.9), and a 532 nm laser delivering 21 mW of power at
the sample. To minimize laser absorption and prevent sample

This journal is © The Royal Society of Chemistry 2025
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oxidation, a D2 filter and an extended exposure time (>5 min)
were employed to improve the Raman scattering signal.

2.7 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) patterns were acquired using a
JEOL 2100F field emission gun (scanning) TEM [FEG-(S)TEM]
and operated at an accelerating voltage of 200 kV.

2.8 UV-vis reflectance spectroscopy

Diffuse reflectance spectra of the powder samples were
obtained using a Shimadzu UV3600 UV-vis-NIR spectrometer
equipped with an integrating sphere attachment. Prior to
measurement, the powders were diluted with BaSO4 in a 1:4
volume ratio and packed into solid sample holders. The
recorded reflectance spectra were processed into pseudo-absor-
bance using the Kubelka-Munk transformation.

2.9 Energy dispersive X-ray spectroscopy (EDS)

The chemical composition of the reduced and oxidized phases
was analyzed on powder samples using Hitachi SU-70 Schottky

View Article Online
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FEG-SEM equipped with the Bruker energy dispersive X-ray
spectroscopy (EDS, XFlash(6/60)). The analysis results are in
Table S9.7

3. Results and discussion
3.1 Reversible oxygen uptake of LuMnGaO,

Previous studies have demonstrated that LnFe,0,'®' and

LnFeMnO,*" (Ln = lanthanides) compounds can uptake
oxygen at elevated temperatures, leading to the oxidation of
Fe’* to Fe’" (LnFe,0,) or Mn>" to Mn*" (LnFeMnO,) and the
formation of final products LnFe,0,5 and LnFeMnO,;s.
Similarly, we examined the oxygen uptake behavior of
LuMnGaO,, which contains the redox-active element Mn>** and
shares structural similarities with LnFe,0,"®'° and
LnFeMnO,.>" Thermogravimetric analysis (TGA) was per-
formed on LuMnGaO, under flowing air. As shown in Fig. 1a
and Fig. S9,f LuMnGaO, begins to absorb oxygen at approxi-
mately 250 °C, a higher temperature than LnFe,0, (<200 °C)"®
and LnFeMnO, (~200 °C).>" The oxidation process results in a

a) 3[ T T T
2 |
< 1 :
oY 1
g 0 : : 1 LL{MnGaO4 in Air
'8 T T T T T T T
g2 0 .
= -1 :
ol 00 °C
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100 200 300 400 500 600 700 800
Temperature (°C)
b) ' " Bev, c) — LuMnGaO,
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£ _
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. =
2 2
& : >
§e] [0
2 '105eV: o
> 1 3 w
Q X
© A 4
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Binding Energy (eV)

Fig. 1

Magnetic Field (G)

(a) Thermogravimetric analysis (TGA) measurements for LUuMnGaOy, in air (top) and LUuMnGaO, s in 3% H,/Ar atmosphere (bottom). (b) Mn 2p

XPS spectra comparison between LUMnGaO,4 and LUMnGaOQ, s. (c) EPR Spectra of the samples.

This journal is © The Royal Society of Chemistry 2025
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2.57(1) % weight gain in the final product, corresponding to
an uptake of 0.603(2) oxygen atoms per formula unit. This
value slightly exceeds the 0.5 moles of oxygen atoms expected
from full oxidation of Mn>" to Mn®*. We attribute this to slight
oxygen deficiency in the starting reduced material
(LuMnGaO,_;), which would result in a slightly greater weight
gain upon oxidation.

To further verify the valence change of LuMnGaO, upon
oxidation, XPS and EPR measurements were conducted on
LuMnGaO, before and after oxidation. The Mn 2p XPS spectra
are shown in Fig. 1b. For LuMnGaO,, the binding energy of
Mn 2p;,, and the satellite separation are 641.2 eV and 5.6 €V,
respectively, while for LuMnGaO, 5, these values are 641.8 eV
and 10.5 eV. These results are consistent with reported values
for Mn*" and Mn*' in MnO and Mn,0;.>*™*° Additional ana-
lysis on Mn 3s XPS spectra is included in the ESI (Fig. S1).}

EPR measurements further corroborated the oxidation from
Mn*" to Mn’". Since Mn is the only magnetic center in
LuMnGaO,.,, the EPR signal of LuMnGaO,., exclusively orig-
inates from Mn. In parallel-mode X-band EPR spectroscopy,
only ions with non-integer spin values respond to the mag-
netic field gradient.?® The Mn>" cations in LuMnGaO, are S =
5/2 (d®, high spin) or § = 3/2 from 3 e~ occupation of the e”
manifold and, therefore, displays an EPR response, as pre-
sented in Fig. 1c. However, after oxygen uptake, the EPR signal
becomes silent, indicating oxidation to Mn** (d*, S = 2) rather
than Mn** (d?, S = 3/2).

Overall, the TGA, XPS, and EPR data consistently demon-
strate that LuMnGaO, transforms into LuMnGaO, s upon oxygen
uptake, accompanied by the oxidation of Mn*" to Mn*" within
the structure. To investigate the reversibility of this process, TGA
measurements performed on the oxidized phase,
LuMnGaO, 5, under a reducing atmosphere (3% H,/Ar gas), as
shown in Fig. 1a. A weight decrease of —2.64(1) % was observed
in the final product, indicating a reversible oxygen release, con-
verting LuMnGaO, s back to LuMnGaO,. After reduction, the
sample returned to its original greenish-grey color.

were

3.2 Crystal structure of the reduced phase LuMnGaO,

The room-temperature neutron diffraction pattern of
LuMnGaO,, along with its Rietveld refinement, is shown in
Fig. 2a. The structure was confirmed to be isostructural to the
parent phase LnFe,0,,"""'**” belonging to space group R3m,
which served as the initial model for the refinement. The
phase is nearly pure, with a minimal impurity of Lu;GasO;,
(<0.3%). The structure consists of alternating layers of Lu in
octahedral coordination layers and trigonal bipyramidal Mn/
Ga, where Mn and Ga are completely disordered as illustrated
in Fig. 3a.">%

The refinement was initially conducted with Lu positioned
at the Wyckoff position, 3a (0, 0, 0), yielding an agreement
index (Ryp) value of 8.198% (Fig. S4, Table S2t). The sub-
sequent introduction of anisotropic thermal displacement for
Lu reduced the R, by half (Fig. S5, Table S3t). However, the
notable large thermal parameter along the c-axis for Lu indi-
cated static disorder in its positional arrangement along this

13434 | Dalton Trans., 2025, 54,13431-13442
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direction, a phenomenon commonly observed in related
compounds.?®*° Consequently, in the final structural model,
Lu was slightly displaced from its ideal position and assigned
to the 6¢ (0, 0, 2) site,*® with the refined value of z = 0.00675(4).
In this final refinement, the thermal vibration for Lu was iso-
tropically refined, yielding a satisfactory fit consistent with pre-
vious observations for LuCuGa0,.*° The refinement para-
meters are summarized in Table 1. The positional disorder of
Lu is likely due to the significant chemical disparity between
Mn and Ga, which share the same crystallographic site. The
size difference between Mn (0.75 A)*' and Ga (0.55 A)** creates
variations in the local environment, particularly in their inter-
actions with surrounding oxygen atoms bonded to Lu, result-
ing in a displacement of Lu along the c-axis.

The crystal structure of hexagonal-type AB,O, compounds
can also be represented by the space group C2/m, a maximal
non-isomorphic subgroup of R3m.*> The Rietveld refinement
of the neutron pattern is shown in Fig. S2.1 Refinement of the
anisotropic thermal vibration of Lu and oxygen atoms yielded
an Ry, of 4.793%, with a notably large thermal elongation of
Lu along the c-axis, similar to the case for R3m (Tables S1 and
S3t). However, no peak splitting due to lattice distortion was
observed in the Bragg peaks of the neutron diffraction pattern
or high-resolution SXPD patterns (Fig. S2 and S37), indicating
no need to lower the symmetry. Therefore, we conclude that
the space group R3m best describes the reduced phase,
LuMnGaO,.

3.3 Crystal structure of the oxidized phase, LuMnGaO, 5

As anticipated from similar compounds, LuMnGaO, s is struc-
turally distinct compared to its reduced phase,
LuMnGaO,."*" A significant change in diffraction patterns
(X-ray and neutron) is observed upon the oxygen uptake of
LuMnGaO, (Fig. 2b and Fig. S11}). The Raman modes also
show notable deviations before and after oxidation, indicating
a change in crystal symmetry (Fig. S17f). Previous studies
suggest that LnFe,0, and LnFeMnO, transition from the R3m
to P3 space group upon oxidation.'®%** Here, the P3 struc-
tural model of LnFe,O,5; and LnFeMnO, s was used as the
starting model to refine the average structure of LuMnGaO, s,
yielding good agreement with the observed diffraction pattern,
as shown in Fig. 2b.

Initial refinements were conducted with Lu maintained at
its special position (0, 0, 0) and isotropic thermal parameters,
resulting in an R, value of 8.576% (Fig. S6 and Table S4%).
Subsequent refinement of the thermal parameters for Lu and
the oxygen atoms improved the fit. Similar to the refinement
of LuMnGaO,, Lu exhibited an unusual ellipsoidal elongation
along the c-axis. Therefore, Lu was assigned to the 2c (0, 0, 2)
site, slightly shifted from its ideal position. The O2 and O3
oxygen atoms also exhibited elongation in the xy-plane,
leading to slight shifts that placed them in disordered posi-
tions (Fig. S7 and Table S57). This oxygen disorder was identi-
fied for the first time in LnM,0, s-type materials and attribu-
ted to the distinct chemical and size disparity between Mn and
Ga. Compared to compounds where B sites are occupied by

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Neutron powder diffraction patterns with Rietveld fits for (a) the reduced phase, LuMnGaOy,, and (b) the oxidized phase, LuMnGaO, s. Data
were collected using the POWGEN?? instrument at the Spallation Neutron Source, Oak Ridge National Laboratory, with a center wavelength of 0.8 A

at 300 K.

similar ions (e.g., Fe*"/Fe* or Mn>"/Fe®*),>>*! the significant
differences between Mn®" and Ga®" ionic radii contribute to
local disorder. This disparity is evident when comparing
neutron and electron diffraction patterns, as materials with
less ion size disparity exhibit substantially less diffuse scatter-
ing than LuMnGaO, 5.>*>"*> Additionally, this oxygen disorder
brought on by Mn/Ga mixing leads to a more diffuse nature in
the superlattice reflections, which get broadened out into the
background of the neutron (Fig. 2b) and 11-BM powder diffrac-
tion patterns (Fig. S11%). For the final refinement, the occu-
pancies of O2 and O3 oxygens were constrained to have a sum
of 0.417, and only the isotropic thermFal parameters were
refined. The final refinement results are provided in Table 2.
The results from a dual refinement of the oxidized phase’s
structure at 300 K with both the neutron diffraction and syn-
chrotron PXRD data sets can be found in Fig. S121 and the
resulting structural parameters in Table S8.t

As shown in Fig. 3b, oxygen is inserted into the Mn/Ga-O
layers to occupy the O3 sites. The disordered oxygen sites are

This journal is © The Royal Society of Chemistry 2025

depicted in Fig. 3c. The Mn/Ga site in the bilayer is coordinated
by eight oxygen atoms, with partial occupancy at the O2 and O3
positions, which cannot be occupied simultaneously due to their
short interatomic distance of 1.589(7) A. This suggests that the
observed Mn/Ga-O,, polyhedral structure represents the average of
multiple local polyhedral configurations. In a previous study on
YbFe,0, s, Nicoud et al. described a rearrangement of Fe coordi-
nation polyhedra following the insertion of interstitial oxygen,
forming a range of FeO,, polyhedral units (n = 4, 5, 6) within the
double bipyramid layer.”® Similarly, for LuMnGaO, 5, we propose
that the bilayer consists of a superimposition of trigonal bipyra-
mid, tetrahedral, and octahedral polyhedra (Fig. 3d). Ours is a
qualitative suggestion based on the work by Nicoud et al.,”® as we
have not conducted a quantitative analysis to determine the exact
proportion of each polyhedral unit. The splitting of oxygen posi-
tions O2 and O3 from their special positions indicates complex
oxygen disorder, likely contributing to the structural modulation
observed in the oxidized phase, as evident in the selected-area elec-
tron diffraction (SAED) patterns discussed below (Fig. 4d-f).

Dalton Trans., 2025, 54,13431-13442 | 13435
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Fig. 3 Crystal structures of (a) LuMnGaO,4 (R3m) and (b) LuMnGaO, 5 (P3) along the c-axis. (c) LuMnGaOQ, structure rotated 90° to display the ab
plane, highlighting the disordered oxygen. (d) Superimposed Mn/Ga-O,, polyhedra (n = 4, 5, 6) forming the average Mn/Ga—-0O,, double layer

structure.

Table 1 Structural parameters obtained from Rietveld refinement of neutron diffraction data for LuMnGaO,4 (R3m) at 300 K, with Rup = 4.851%

Atom Wyec. pos. X y 4 Site occ. Uiso Uy Us, Uss Usp Uiz Uss
Lu 6¢C 0 0 0.00675(4) 0.5 0.0047(2)

Mn 6¢c 0 0 0.22046(6) 0.5 0.0045(

Ga 6¢c 0 0 0.22046(6) 0.5 0.0045(

o1 6¢c 0 0 0.29271(3) 1 0.0267(4) 0.0267(4) 0.0363(5) 0.0134(2) 1] 0
02 6¢C 0 0 0.29271(3) 1 0.0267(4) 0.0267(4) 0.0363(5) 0.0134(2) 0 0

Lattice parameters. a = b = 3.42515(2) A, ¢ = 25.7621(2) A, a = f = 90°, y = 120°, vol. = 261.741(2) A,

Table 2 Structural parameters obtained from Rietveld refinement of neutron diffraction data for LuMnGaOQ, 5 (P3) at 300 K, with Rup = 6.196 %

Atom Wyec. pos. x y z Site occ. Uiso

Lu 2¢ 0 0 0.0284(4) 0.5 0.0148(6)
Mn 2d 0.66667 0.33333 0.345(1) 0.5 0.019(2)
Ga 2d 0.66667 0.33333 0.345(1) 0.5 0.019(2)
o1 2d 0.66667 0.33333 0.1227(3) 1 0.0203(4)
02 6g 0.242(2) 0.552(1) 0.4061(4) 0.265(2) 0.011(1)
03 6g 0.011(4) 0.087(2) 0.3147(5) 0.152(2) 0.002(2)

Lattice parameters. a = b = 3.4801(1) A, ¢ = 8.1714(2) A, a = # = 90°, y = 120°, vol. = 85.707(3) A>.

3.4 Diffuse scattering and modulation structures

Fig. 4a, c and d, f present the SAED patterns for the reduced and
oxidized phases, respectively, with the reciprocal lattice indicated
and several reflections (A, &, {) labeled. In the reduced phase, the
SAED pattern along the [001] zone axis in Fig. 4a reveals regular

13436 | Dalton Trans., 2025, 54,13431-13442

Bragg spots of {110} and {300}. Additionally, weak {100} Bragg
reflections are present, which might result from multiple scatter-
ing due to the increased specimen thickness. The electron diffrac-
tion was performed on crushed powders with a selected-area
aperture covering a dimension of a few hundred nm scale.
Furthermore, the SAED pattern along the [110] zone axis in

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Selected-area electron diffraction patterns along [001] (a and d) and [110] (c and f) zones axis for (a and c) LuMnGaO,4 and (d and f)
LuMnGaOy,s. Indexed diffraction spots are labeled in yellow. In (a and c), diffuse scattering is indicated by red circles and streaks marked by green
circle observed in LUuMnGaO,. In (d and f), the blue cube and arrows indicate structural modulation in LuMnGaOg,s. (b and e) The HRTEM images
recorded along the [001] zone axis for (b) LuMnGaO,4 and (e) LuMnGaOy, 5. It reveals modulation structure in (e).

Fig. 4c reveals regular Bragg spots accompanied by weak diffuse
streaks, which are within the green circle indicated by the red
arrow. This diffuse streak is parallel to the [106] direction and
may correspond to the background hump observed in the
neutron diffraction pattern at lower Q (Fig. 2a).

Upon oxidation and structural transformation, the SAED
patterns show significant differences. First, the [001] zone axis
SAED pattern for LuMnGaO, ;5 in Fig. 4d reveals a sharp inten-
sity of the {100} Bragg spots compared to the weak reflection
condition in Fig. 4a, indicating different reflection conditions.
Second, six additional diffuse satellite reflections appear around
each Bragg reflection, marked by a blue cube, which cannot be
indexed using the unit cell of the P3 space group listed in
Table 2. Furthermore, the [110] zone axis SAED pattern for
LuMnGaO, s in Fig. 4f reveals additional weaker {1/3 0 0} and {0
2/3 0} superlattice reflections, in contrast to the diffuse streaks
seen in Fig. 4c. These satellite reflections indicate the presence
of structural modulations, which lead to a new periodic arrange-
ment in the HRTEM images from Fig. 4b to d, caused by oxygen
order leading to a superlattice. These satellite peaks are also
evident in the SXPD data shown in Fig. 5.

3.5 Structural evolution of LuMnGaO, during oxygen insertion

An in situ SXPD experiment was conducted to investigate the
structural evolution of LuMnGaO, upon heating. Fig. 5a shows

This journal is © The Royal Society of Chemistry 2025

the contour plots of in situ SXPD patterns for LuMnGaO,
heated in air up to 700 °C. Below 350 °C, no new reflections
were observed, indicating that the room temperature structure
of LuMnGaO, was maintained. A phase transition began at
approximately 350 ©°C, consistent with the TGA results
(Fig. 1a). Sequential refinement of the in situ measurements
revealed that this transition differs from that of the parent
phase LuFe,O,, which forms a supercell structure around
250 °C, as evidenced by satellite reflections in SXPD data.'®
Additionally, an intermediate phase appears before LuFe,O,
fully oxidizes to LuFe,O,s. In contrast, for LuMnGaO, the
phase transition occurs without an intermediate phase and
directly coincides with oxygen absorption.

Fig. 5c presents four selected SXPD patterns from the
sequential in situ measurements at 50 °C, 350 °C, 450 °C, and
600 °C, illustrating the changes in SXPD patterns upon
heating. The evolution of lattice parameters a and ¢ over the
entire temperature range is depicted in Fig. 6, where the ¢
parameters of the oxidized phases (P3) are multiplied by three
for direct comparison with those of the reduced phases (R3m).
As the reduced phase oxidizes, the lattice parameter a
increases, while ¢ decreases. These structural changes align
well with the weight changes observed in TGA. The Rietveld
refinements of the SXPD patterns at 50 °C, 350 °C, 450 °C, and
600 °C are shown in Fig. S13-S16.7 A closer examination of the

Dalton Trans., 2025, 54,13431-13442 | 13437
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Fig. 5 In situ SXPD of LUuMnGaO, as it oxidizes. (a) Contour plots of in situ SXPD data for LuMnGaO, heated in air from 25 °C to 700 °C. (b)
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Fig. 6 Evolution of phase fractions and lattice parameters, a and nor-
malized ¢, as a function of temperature in air, derived from sequential
Rietveld refinements of in situ SXPD data. The top panel shows the
phase fraction transition from LuMnGaO,4 to LuMnGaO,s, while the
middle and bottom panels display the corresponding changes in the
lattice parameters a and c, respectively. The red dashed lines indicate
where phase transformation or structural changes occur.

magnified SXPD patterns reveals additional satellite peaks
(Fig. 5b and Fig. S18t), also observed in the SAED patterns
(Fig. 4c and d). These peaks emerge above 400 °C during

13438 | Dalton Trans., 2025, 54,13431-13442

Enlarged view (magnified 20x) highlighting the appearance of satellite peaks. (c) Selected diffraction patterns at 50 °C, 350 °C, 450 °C, and 600 °C.

heating and indicate a structural modulation that resembles
one observed previously in LnMnFeO,.>"

3.6 Color change from LuMnGaO, to LuMnGaO, 5

The structures of LuMnGaO, and related compounds are
closely correlated with the YIn,_,Mn,O; phases, as studied by
Subramanian, et al., where the hexagonal structure consists of
layers of Y*>* ions separating layers of corner-shared MOj trigo-
nal bipyramids (M = In, Mn).***® This compound exhibits a
bright-blue hue due to the crystal field splitting of Mn®" in tri-
gonal bipyramidal coordination. Building on this understand-
ing, we investigated the distinct color change in LuMnGaO,
upon oxygen insertion, focusing on the role of the Mn site
during oxidation.

The reduced phase of LuMnGaO, exhibits a greenish-grey
hue as shown in Fig. 7. Following oxidation, the color tran-
sitions to black. Diffuse reflectance spectra and approximated
absorbance spectra, calculated using the Kubelka-Munk func-
tion, confirmed this chromatic shift.*” The blue curve in Fig. 7
represents the absorbance spectra of LuMnGaO,, with two
major peaks at 3.7 eV and 2 eV, while the red curve for
LuMnGaO, 5 displays broad absorption across the visible spec-
trum, consistent with the black color. The absorbance spec-
trum of the impurity, LusGasO;,, is included in Fig. S8,T
which corresponds to the white color of the material.

The color change could be attributed to either a d-d tran-
sition or ligand-to-metal charge transfer. First, we describe the
transition arising from the Mn/Ga-O trigonal bipyramidal
coordination. Subramanian et al. explained that the blue hue
of Y(In,Mn)O; arises from the crystal field splitting of Mn** in
trigonal bipyramid coordination.*® Similarly, LuMnGaO, con-
sists of double layers of edge-sharing trigonal bipyramidal
units, where Mn and Ga are disordered at the same site. In the
reduced phase, Mn**, with five d-electrons, occupies the

This journal is © The Royal Society of Chemistry 2025
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3d orbitals in trigonal bipyramidal coordination are shown, with poss-

ible electronic transitions (e" — a’ and e” — a’) contributing to the observed color of LUuMNGaO,.

doubly degenerate e’ and e” energy levels. Spin- and symmetry-
allowed transitions would therefore include e’ — a’ and e” —
a', corresponding to the absorption peaks at 2 eV and 3.7 eV,
respectively. The lack of absorption in the 450-600 nm range
results in the greenish-grey hue. Upon oxidation, Mn oxidizes
to the +3 state, as confirmed by XPS and EPR spectra (Fig. 1b
and c). This oxidation alters the coordination geometry from
trigonal bipyramidal to a combination of octahedral, tetra-
hedral, and trigonal bipyramidal configurations. These
complex crystal field environments produce broad absorption
across the visible spectrum, which results in the black color.

The second possibility to understand the origin of color in
LuMnGaO, is the ligand-to-metal charge transfer (LMCT).
Manganese(i1) oxide (MnO), which crystallizes in a cubic rock-
salt structure with Mn?" ions in octahedral coordination, exhi-
bits a green color.*® MnO has been widely studied as a border-
line between a Mott insulator and a charge-transfer
insulator.”®>° The optical band gaps of the colloidal MnO
nanoparticles have been reported to be 3.19 eV and 2.18 eV,
attributed to the direct and indirect transitions respectively,
arising from the O 2p-Mn e, transitions.>" Although the Mn/
Ga sites in LuMnGaO, adopt a trigonal bipyramidal coordi-
nation rather than an octahedral, the UV-vis absorption
occurred at 3.7 eV and 2 eV are similar to those in MnO. The
resemblance suggests that LMCT transitions involving O 2p to
Mn 3d orbitals may also contribute to the optical absorption
in LuMnGaO, alongside crystal field effects.

The pronounced color change from greenish-grey
(LuMnGaO,) to black (LuMnGaO, 5) highlights the potential of
this material for colorimetric oxygen sensing. Color sensing,
which translates color changes into quantifiable data, has
applications in environmental monitoring, diagnostics, and
industrial processes.>>>® These systems leverage reflected or

This journal is © The Royal Society of Chemistry 2025

transmitted light to detect chromatic transitions, employing
advanced algorithms and optical systems for enhanced sensi-
tivity.>* In LuMnGaOy,, the oxidation-induced Mn coordination
transformation enables efficient oxygen detection, positioning
this material as a potential candidate for oxygen and colori-
metric sensing applications.

4. Conclusion

In this study, we have synthesized and characterized the
reduced and oxidized phases of LuMnGaOQ,, exploring their
structural evolution and unique color changes upon oxygen
insertion. Using neutron and SXPD diffraction, we determined
that the reduced phase (LuMnGaO,) crystallizes in the R3m
space group, while the oxidized phase (LuMnGaO, ;) adopts
the P3 space group. Our in situ SXPD experiments revealed a
phase transition during oxidation, accompanied by a distinct
shift in color from greenish-grey to black, confirmed through
UV-visible spectroscopy. The observed color change is attribu-
ted to changes in the coordination geometry of the Mn/Ga-O
layer, which transitions from trigonal bipyramid to a combi-
nation of octahedral, tetrahedral, and trigonal bipyramidal
configurations. The structural modulations and satellite peaks
indicate complex oxygen ordering and disordering. These find-
ings highlight the potential of LuMnGaO, as a bifunctional
material, with promising applications in both oxygen transport
and sensing technologies at relatively low temperatures. This
study provides new insight into the structure-property relation-
ships of AB,O,-type compounds and lays the groundwork for
further investigations into the effects of elemental substitution
and phase transitions in oxygen carrier materials.
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