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Abstract: Temperature-dependent crystal structure alterations in the brownmillerite-type material
Ba2In2O5 play a fundamental role in its applications: (i) photocatalytic CO2 conversion; (ii) oxygen
transport membranes; and (iii) proton conduction. This is connected to a reversible uptake of up
an equimolar amount of water. In this study, in situ X-ray and neutron diffraction were combined
with Raman spectroscopy and solid-state nuclear magnetic resonance experiments to unravel the
effects of Cr doping and water content on the crystal structure transitions of Ba2In2O5(H2O)x over a
wide temperature range (10 K ≤ T ≤ 1573 K, x < 1). A mixture of isolated and correlated protons was
identified, leading to a highly dynamic situation for the protons. Hence, localisation of the protons
by diffraction techniques was not possible. Cr doping led to an overall higher degree of disorder
and stabilisation of the tetragonal polymorph, even at 10 K. In contrast, a further disordering at high
temperatures, leading to a cubic polymorph, was found at 1123 K. Cr doping in Ba2In2O5 resulted
in severe structural changes and provides a powerful way to adjust its physical properties to the
respective application.

Keywords: X-ray diffraction; neutron diffraction; Raman spectroscopy; crystal structure; in situ
studies; brownmillerite; Ba2In2O5

1. Introduction

The brownmillerite-type material Ba2In2O5 has already demonstrated striking poten-
tial in various applications, ranging from the photocatalytic CO2 conversion in the presence
of H2 [1–3] via oxygen transport membranes [4] to proton conductors [5–9]. The latter is
related to the well-known reversible uptake of H2O by Ba2In2O5. In humid atmospheres, re-
versible full hydration to BaInO3H has been reported [6,10,11]. For complementary usage as
oxygen transport membrane material, the dynamic absorption and desorption of H2O upon
temperature change can play a crucial role in the mechanical integrity of the membrane
due to large volume changes [4]. The stepwise dehydration and high-temperature phase
transition from an orthorhombic brownmillerite-type via a tetragonal intermediate phase
to a cubic defect-perovskite-type structure at T > 1300 K create a rich structural variety in
the system Ba–In–O [10–14]. The partial replacement of In by Cr forming Ba2In2−xCrxO5±δ

has shown a massive performance improvement during photocatalytic CO2 conversion
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and oxygen transport [2,4]. An important factor responsible for the improvement is that
the brownmillerite-type structure favours the oxidation of Cr3+ to Cr6+ [15] during prepa-
ration in air, hence turning the initially anticipated isovalent doping or substitution into
heterovalent doping, causing remarkable structural changes at low and intermediate tem-
peratures [3,4]. For example, thermogravimetric analysis (TGA) and chemical analysis
show the water content to increase by a factor of five [3,4]. Based on the dependence of
water vapour pressure and temperature, the protons in Ba2In2O5 are arranged in different
patterns. The resulting hydrogen bonding network leads to a rearrangement of the in
coordination polyhedra visible by powder X-ray diffraction (PXRD) [11]. More detailed
structural investigations have suggested that the protons are bound in the form of OH
groups rather than as H2O molecules, as derived from the observed bonding situation
of the oxygen atoms. Selected area electron diffraction on the same samples reveals an
eight-times enlarged unit cell. A combination of elastic powder neutron diffraction (PND)
and magic angle spinning nuclear magnetic resonance (MAS-NMR) allows establishing
a structural model of the fully hydrated compounds Ba2In2O4(OH)2 and Ba2In2O4(OD)2
(=Ba2In2O5(H2O)/Ba2In2O5(D2O)), respectively, based on the averaged structure, imply-
ing that the actual structure might be lower in symmetry than P4/mbm. This permits the
partial ordering of the protons on 4h sites next to the oxygen atoms in the equatorial plane
of the In octahedra [16]. First principle calculations based on these results confirm the
symmetry lowering and identify two energetically preferred proton configurations [17,18].
During the dehydration of Ba2In2O5(H2O), a two-stage mechanism is observed with a
critical temperature of Tc ≈ 643 K for a structural change from the perovskite-type to
brownmillerite-type when the hydration level drops below 50%. The combination of
temperature-dependent Raman spectroscopy, TGA, and inelastic neutron scattering shows
that below Tc the dehydration takes place homogenously from the lattice, whereas above
Tc a desorption from the tetrahedral layers dominates. The spectroscopic results match
with the two predicted low-energy states [10]. Further analysis of the hydrogen bonding
network reveals for the majority of protons a similar bonding strength, while a fraction of
about 10% shows remarkably enhanced bond strength due to very short O–O distances.
This is preserved within a wide range of proton contents since the protons prefer to cluster
to oxygen- and hydrogen-rich domains upon dehydration [7]. Similar effects have also
been observed during the decomposition of iron and manganese nitrides using in situ
neutron diffraction [19,20]. Recently, the influence of isovalent cationic substitution of In by
Ga, Sc, and Y has been studied, revealing that the smaller cations force a high occupation
of the proton site connecting alternating octahedral layers within the structure [8]. Other
consequences of doping with Cr are changes in the electronic band structure, leading to
the reduction of the bandgap by ca. 1 eV. Hence, providing an enhanced visible light
absorption and better conversion efficiency [2]. Besides, the doping effect, the replacement
of large In3+ (r(In3+, CN=6) = 0.80 Å) [21] by small Cr6+ (r(Cr6+, CN=6) = 0.44 Å) [21]
causes significant structural changes with respect to the unit cell size and oxygen vacancy
ordering. Both effects become dominant in high-temperature applications, such as oxygen
transport membranes [4].

This study aims to understand the effect of Cr doping in Ba2In2O5 on the proton
distribution and the crystal structure transitions at elevated temperatures. In this regard, a
further understanding of the thermal behaviour of hydrated Ba2In2−xCrxO5, in particular at
temperatures above T > 873 K, is required. Therefore, we have applied in situ powder X-ray
diffraction (XRD), powder neutron diffraction (PND), MAS-NMR, and Raman spectroscopy
to track the structural changes in the temperature range of 10 K to 1573 K.

2. Materials, Methods, and Equipment
2.1. Synthesis

The materials were prepared by the solid-state reaction method described in Yoon
et al. [3]. In brief, BaCO3 (Merck, EMSURE, Darmstadt, Germany), In2O3 (Alfa Aesar,
Kandel, Germany, 99.9%), and Cr2O3 (n/s) were mixed together in the proper ratio and
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subsequently fired in ambient air in a muffle furnace (L08/14S, Nabertherm, Lilienthal,
Germany) using three temperature steps (1173 K, 1373 K, and 1473 K, each for 12 h), with
subsequent manual grinding using a mortar and pestle after reaching ambient temperature.
The natural cooling rate in ambient air was applied. The samples were stored at 296 K at a
humidity of about 37% R.H.

2.2. Thermal Analysis

Thermogravimetric analysis experiments were carried out with a ca. 100 mg sample
in Al2O3 crucibles on a STA449F3 thermal analyser (Netzsch Gerätebau, Selb, Germany).
Different temperature profiles and flowing gases were applied (see Table 1). The inert gases
(N2 and Ar) were purified by a Gatekeeper GPUS IX purifier (Entegris, Billerica, MA, USA;
p(O2) < 100 ppt, p(H2O) < 100 ppt). For compressed air a Gatekeeper GPUS WY purifier
(Entegris, Billerica, MA, USA; p(H2O) < 100 ppt, p(CO2) < 100 ppt) was used. The gas flow
was regulated by LOW-∆p-FLOW mass flow controllers (Bronkhorst, Ruurlo, Netherlands).
Simultaneous thermal analysis experiments (TGA), differential thermal analysis (DTA),
and mass spectroscopy (MS) were carried out with a ca. 180 mg sample in Al2O3 crucibles
on a STA449C thermal analyser (Netzsch Gerätebau, city, Selb, Germany) coupled to a
QMS Aeolos 403 C mass spectrometer (Netzsch Gerätebau, Selb, Germany) in flowing
argon (>99.999%, AirLiquide, city, Düsseldorf, Germany; p(O2) < 2 ppm, p(H2O) < 2 ppm).
The MS data were collected in bar graph mode covering a range of 1 ≤ m/z ≤ 50. Before
starting the measurements, the setup was purged for 45 min with the respective gas. All
measurements were corrected for buoyancy using a corresponding measurement with an
empty crucible.

Table 1. Measurement parameters used for thermal analysis.

Measurement
Program

Heating Rate
(K·min−1) Tmax (K) Cooling Rate

(K·min−1)
Gas Type and

Flow Rate

1 10 1473 10 60 sccm Ar

2 10 1473 – 60 sccm Ar

3 10 1473 10 60 sccm Air

4 10 1473 1 60 sccm Air

5 2 1473 2 60 sccm N2

2.3. Powder X-ray Diffraction

Powder X-ray diffraction was performed on a SmartLab diffractometer (Rigaku, Tokyo,
Japan), equipped with a two-dimensional high-resolution HyPix-3000 detector. Measure-
ments at elevated temperatures under nitrogen flow (p(O2) < 5 ppm, p(H2O) < 5 ppm)
were performed using nickel-filtered Cu-Kα radiation in Bragg–Brentano geometry with
an XRK 900 reaction chamber (Anton Paar, Graz, Austria). For the temperature dependent
XRD study, the sample was heated in 25 K steps from room temperature to 1123 K in the
XRK 900 reaction chamber mounted on the SmartLab diffractometer. After every heating
step plus a holding time of 30 min (which allowed the system to equilibrate), an X-ray
diffraction measurement of 30 min was performed. The study was made in a nitrogen flow
of 20 sccm (standard cubic centimetres per minute) at a pressure of 0.15 MPa in order to
ensure that evolved water is carried away from the sample. This temperature-dependent
XRD study was repeated with a sample from a different batch.

2.4. Powder Neutron Diffraction

Powder neutron diffraction experiments were performed on the focusing powder
diffractometer E6 at the Helmholtz-Zentrum Berlin (HZB), Berlin, Germany (2.44 Å, py-
rolytic graphite (002) monochromator [22]). During the neutron diffraction measurements,
the sample was filled into a leuco-sapphire single-crystal crucible, 6 mm in diameter, 32 mm
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high, and 1 mm wall thickness. Measurements were carried out for 315 K ≤ T ≤ 873 K us-
ing the diffractometer equipped with a high-temperature furnace (pmin ≥ 1 × 10−3 mbar).
The room temperature measurement was performed for 2 h. In order to follow the re-
lease of water, two successive measurements of 1 h each were made for every elevated
temperature step.

The high-resolution two-axis diffractometer D2B at the Institut Laue-Langevin (ILL),
Grenoble, France, (1.59 Å, take-off-angle 135◦, Ge (335) monochromator) was used for
the low-temperature PND studies down to 10 K. The experiments were carried out in a
standard vanadium can using the ILL cryofurnace.

For the high-temperature neutron powder diffraction measurements, the D20 diffrac-
tometer at the ILL (1.88 Å, take-off angle 120◦, Ge (115) monochromator [23]) was used.
The data were collected by using the leuco-sapphire single-crystal crucible described
above attached via a niobium can to the sample stick of an ILL high-temperature furnace
(Tmax = 1873 K). The furnace was operated in a dynamic vacuum (pmin ≥ 1.2× 10−5 mbar).

2.5. Optical Spectroscopy

Raman spectra were recorded using a QEPRO spectrometer, Ocean Optics, Stuttgart,
Germany, with a Hamatsu CCD array detector. Excitation was realised with a CW diode
laser, Innovative Photonics Solutions, Plainsboro, NJ, USA, with 100 mW, a wavelength
of 532 nm, and a beam diameter of 105 µm with a divergence of 15◦. Scattered light was
collected and transmitted via a 200 µm glass fibre optics.

For the implementation into PND measurements, the following approach was used.
The sample was heated with a hot air blower, type Electron ST, Leister, Switzerland,
while being installed on the E6 neutron diffractometer. The sample was filled in a leuco-
sapphire single-crystal crucible, as described above, and mounted on an aluminium stage
coated with neutron-absorbing varnish, as described in [24]. The temperature at the
sample surface was measured with a pyrometer [25]. To ensure a light-tight enclosure for
Raman spectroscopic measurements, the apparatus was placed in an aluminium can with
a detachable lid. The Raman probe was fixed in the middle of the lid with a polymeric
O-Ring and an ISO metric 6 mm Swagelok screw connection. Starting at room temperature,
measurements up to 673 K in steps of 100 K were performed. Further, after each heating
step, a Raman spectrum was collected for 90 s after cooling the sample (every time naturally)
down to 330(5) K in ambient air.

A Varian 670 Fourier-transform infrared (FTIR) spectrometer with attenuated
total reflectance (ATR) unit was used to collect spectra of Ba2In2O5(H2O)0.16 and
Ba2In1.8Cr0.2O5.3(H2O)x (Figure S1).

2.6. Solid-State Nuclear Resonance Spectroscopy

Solid-state NMR measurements were conducted on a Bruker Avance spectrometer
(Billerica, MA, USA) at a magnetic field of 17.6 T and a frequency of 748.51 MHz for
1H. The MAS frequency was 10 kHz. Standard spectra were recorded with the DEPTH-
sequence [26] to remove the probe background signal. The 90◦ pulse length was 1.5 µs
and the recycle delay 8 s. For the double-quantum excitation, the back-to-back sequence
(BABA) [27] was used with one rotor period for excitation and reconversion.

2.7. Software

Rietveld refinements were performed using Fullprof.2k [28] with a Pseudo Voigt or
Pearson VII (high T XRD) profile function. NMR spectra were recorded with TopSpin 2.0
software (Billerica, MA, USA), analysed and plotted with dmfit [29].

3. Results
3.1. Thermal Analysis

Measurement program 1 (Table 1) resembles the conditions used for Figure 3 of
reference [3] to allow a determination of the water content and a comparison to pre-



Crystals 2021, 11, 1548 5 of 19

vious samples. The general progression of the TGA curves of Ba2In2O5(H2O)0.16 and
Ba2In1.8Cr0.2O5.3(H2O)x, respectively, matched well with the already published results [3].
A clear two step weight loss was observed. For Ba2In1.8Cr0.2O5.3(H2O)x, the first step
occurred in the temperature range 350 K ≤ T ≤ 800 K, and based on the previously pub-
lished TGA-MS data [3] was caused by a water release from the sample. The second step
can be found in the temperature range 800 K ≤ T ≤ 950 K. Hence, this second weight
loss seemingly correlated to the observed change in the unit cell parameters (Section 4.1,
Figures S2 and S3) in this temperature range during the PXRD experiments. However,
an exact determination of the temperature ranges was not possible since the individual
thermal processes overlapped each other. Hence, we focussed for all measurements on the
evaluation of two defined temperatures, namely, 800 K and 1473 K. Table 2 summarises
the observed weight losses after the first and second step in the respective TGA curves.
The measurement results at these temperatures matched each other within the maximum
deviation of 5%. Hence, a very similar oxygen and hydrogen content among the samples
investigated so far can be assumed. The measurement resulted in a dark-green coloured
sample. The smaller weight loss of Ba2In2O5 when heated from 800 K to 1473 K potentially
points to a lower content of carbonate impurity for the sample analysed within this study
compared to the previous one. After the measurement, a yellow sample was obtained
(Figure S4).

Table 2. Summary of the obtained weight changes during TGA measurements with different conditions.

T(K) Measurement Program ∆m(Ba2In2O5(H2O)0.16) ∆m(Ba2In1.8Cr0.2O5.3(H2O)x)

800 1; Ar, 10 K·min−1 −0.60% * −0.61% [3] −2.18% * −2.19% [3]

1473 1; Ar, 10 K·min−1 −0.82% * −1.02% [3] −2.82% * −2.81% [3]

800 2; Ar, 10 K·min−1 N/A N/A −2.28% * −2.19% [3]

1473 2; Ar, 10 K·min−1 N/A N/A −2.95% * −2.81% [3]

800 3; Air, 10 K·min−1 N/A N/A −2.23% * N/A

1473 3; Air, 10 K·min−1 N/A N/A −2.94% * N/A

800 # 3; Air, 10 K·min−1 N/A N/A +0.18% * N/A

800 4; Air, 10 K·min−1 N/A N/A −2.20% * N/A

1473 4; Air, 10 K·min−1 N/A N/A −2.90% * N/A

800 # 4; Air, 1 K·min−1 N/A N/A +0.16% * N/A

800 5; N2, 2 K·min−1 N/A N/A −2.24% * N/A

1473 5; N2, 2 K·min−1 N/A N/A −2.90% * N/A

* This work; # during cooling from 1473 K.

As TGA is not capable of chemical speciation of the evolved molecules, measure-
ment program 2 (Table 1) aims for the TGA-MS measurement of Ba2In1.8Cr0.2O5.3(H2O)x
(Figure S5) in order to confirm the two-step release of H2O (m/z = 18). Additionally, a
potential release of CO2 (m/z = 44) and O (m/z = 16) or O2 (m/z = 32), respectively, at the
highest temperatures was investigated. As can be seen from Table 2, the weight changes
at 800 K and 1473 K still matched within the 5% interval with respect to the other TGA
measurements even though the instrument and the initial sample mass changed. In full
agreement with the former TGA-MS experiment [3], a two-step release of H2O (m/z = 18)
was obtained. The first increase of the m/z = 18 curve started at about 350 K and lasted up
to about 700 K. Afterwards the signal faded out and returned back to the baseline level
before the water release at 850 K. Above 873 K, the signal intensity started to increase
again, indicating the beginning of the second step, which lasted up to about 1030 K. After-
wards, no H2O was detected, pointing to a complete dehydration of the sample. Slightly
overlapping with the second H2O release from the sample, a release in CO2 (m/z = 44)
was observed at 973 K, which lasted in three major steps up to 1473 K. The MS signal
of O (m/z = 16) exactly followed the MS signals of H2O and CO2, thus not providing an
additional indication of an oxygen release above the detection limit from the sample as
also the MS signal of O2 (m/z = 32) remained at its background level. The four observed
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endothermal DTA peaks matched well with the thermal behaviour seen in TGA and MS.
The first two endothermal peaks were located at T = 380 K and T = 520 K, parallel to
the first release of H2O. The emergence of two energetic signals might be caused by the
rather large sample requiring a higher temperature to remove the water from the bottom
part of the sample. The third endothermal peak was found at T = 938 K, correlating with
the second H2O release. This was followed by the last endothermal peak at T = 1096 K,
matching with the major step of CO2 release as observed by MS. At about T = 1150 K, the
DTA curve showed an endothermal progression overlaid by a very small DTA peak at
T = 1250 K, the latter being in correlation with the second release of CO2 as obtained in the
MS curve of CO2.

Measurement program 3 (Table 1) is designed to simulate the combined PND and Ra-
man spectroscopic measurement using ambient air. Up to 800 K, the TGA curve (Figure S5)
agreed properly with that observed from the measurement in argon atmosphere, pointing
to the fact that changes in the gas atmosphere play only a minor role as long as dry gases
are used. The two-step progression of the TGA curve was maintained, but the weight loss
was about 0.05% less (∆m = −2.42% (air) vs. ∆m = −2.47% (argon)). In contrast, at higher
temperatures (above 1100 K), a steeper slope for the measurement in air was observed.
Most probably this was caused by kinetical effects, such as a 5% less sample mass, differing
particle sizes within the sample, or potential inhomogeneities with respect to carbonate.
During cooling (10 K·min−1) to T = 1073 K, a slow but continuous weight gain of 0.11% was
detected followed by a rather fast weight gain (step in TG curve) of 0.07% during further
cooling to 873 K. The recognised weight gains potentially point to a partial reoxidation of
Ba2In1.8Cr0.2O5.3–y during cooling after the removal of (most) of the hydroxyl groups, water
molecules, and CO2. After the measurement, a dark red sample was obtained (Figure S5),
agreeing later on with the presented Raman spectroscopic results (Section 3.3.5).

Measurement program 4 (Table 1) aims on a slower cooling in air in order to force
a more complete reoxidation. As seen from Figure S5 and Table 2, basically the same
progression of the TGA curve during heating within the already observed 5% deviation
interval was obtained. During cooling (1 K·min−1) the basic progression was maintained;
however, the ratio between the (reoxidation) processes was altered. Upon slow cooling to
T = 1073 K, a weight gain of 0.05% was measured, while the sharp weight gain increased
to 0.11% during cooling to T = 873 K. Additionally, the inflection point of the step in the
TG curve shifted by ca. 40 K towards a higher temperature compared to the measurement
with 10 K·min–1 as expected by the lower cooling rate.

Measurement program 5 (Table 1) uses a slower heating rate of 2 K·min−1 with flowing
nitrogen gas coming closer to the conditions used for the PXRD studies (Section 3.2).
The fundamental progression of the TGA curve, including the two-step behaviour, was
conserved while lowering the heating rate. The respective weight changes still matched
within the observed 5% range. The onset temperatures shifted towards lower temperatures
by about 10 K and 50 K, respectively, for the two steps. This can be easily understood by
the lowered heating rate, bringing the system closer to equilibrium conditions. After the
measurement, a dark-green sample (Figure S5) was obtained, which is in agreement with
the PXRD results presented later on (Section 3.2).

In the investigated system, a translation of the observed mass changes to the respec-
tive sum formula is not trivial. In previous studies of the Ba–In–O system, especially
when hydrated, an inconsistent way of expressing the sum formula has been used, in-
cluding a description via crystal water Ba2In2O5(H2O) [7,10,11] and hydroxyl groups
Ba2In2O4(OH)2 [16–18]. In the present research work, a combination of TGA, MAS-NMR
(Sections 3.3.2 and 4.4), and PND (Sections 3.3.1, 3.3.4 and 4.3) was used in order to
try to resolve this. Rietveld refinements of high-temperature PND data (Section 3.3.4)
yielded a sum formula of Ba2In1.8Cr0.2O5.32(4), which does not account for the two dif-
ferent kinds of protons (Sections 3.3.2 and 4.4). With no clear indication for their distri-
bution and ratio, a potential sum formula, respecting the mentioned issues, would be
Ba2In1.8Cr0.2O5.32(4)−y(OH)y(H2O)x near room temperature.
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Our current study has proven that in [3], an oversimplified model to calculate the
water content of the Cr-containing sample has been used by extracting the water content
from the weight losses during the TGA measurement. The old model was based on the
assumption of an isovalent substitution of In3+ by Cr3+, leading to a base sum formula
of Ba2In1.8Cr0.2O5(H2O)x [3]. Using the same model to our new data given in Table 2
would confirm a water content of x = 0.74. However, this neglects the higher oxygen
content of 5.32(4) determined by PND (Section 3.3.4) being in accordance with the charge
neutrality regarding the stated heterovalent substitution of In3+ by Cr6+ [15]. Taking into
account the higher oxygen content of the chromium substituted sample, a water content of
x ≈ 0.5 (Ba2In1.8Cr0.2O5.32(4)(H2O)0.5) would be in agreement with the present TGA and
the previous chemical analysis [3] results. For simplicity and to enable an easy comparison
to previous studies (e.g., [3]), we decided to express the sum formula herein as follows,
Ba2In1.8Cr0.2O5.3(H2O)x, even that hydroxyl groups and/or crystal water might appear in
the sample.

3.2. X-ray Diffraction

Ba2In1.8Cr0.2O5.3(H2O)x samples from different batches were studied by in situ powder
X-ray diffraction. Since hydrogen typically cannot be localised in the crystal structure using
X-rays, the main focus of this study was on the change in the lattice parameters during
the release of water as an indirect marker. The in situ plot (Figure 1) shows significant
reflection shifts between 450 K and 600 K, as well as between 750 K and 900 K. For a more
detailed view, the development of lattice parameters, as extracted by Rietveld refinements,
and the cell volume during the reaction are plotted in Figure S2. The refined parameters are
summarised in Table S1. The decrease in lattice parameters between 450 K and 600 K can
be assigned to the release of water, in agreement with former studies by mass spectrometry
and thermal analysis [3].
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be assigned to the release of water, too. The amount of released water in the second step 

Figure 1. In situ X-ray diffraction patterns of Ba2In1.8Cr0.2O5.3(H2O)x (first batch) while heating
under nitrogen flow of 20 sccm (p = 0.15 MPa, p(O2) < 5 ppm, p(H2O) < 5 ppm) in an XRK reaction
chamber; for clarity reasons only 27◦ ≤ 2θ ≤ 90◦ is shown.

The second decrease in the lattice parameters, taking place from 750 K to 900 K, can
be assigned to the release of water, too. The amount of released water in the second step
is probably smaller than in the first step, as its impact on the lattice parameters is smaller
compared to the first step [3].

Yoon et al. [3] showed a release of carbon dioxide, starting at about 1150 K. However,
the constant increase in cell volume beginning at 900 K in the presented measurement
disagrees with the release of carbon dioxide coming from the Ba2In1.8Cr0.2O5.3(H2O)x.
Most probably, an impurity phase remaining from the synthesis, likely BaCO3, not seen by
XRD, starts to release carbon dioxide in this temperature range. Boyd et al. [30] showed
that the pyrolysis of BaCO3 begins at 973 K and is 97% completed at 1273 K under vacuum,
which is in accordance with the determined temperature range.

A phase transition into a defect perovskite-type structure, as known for Ba2In2O5, was
observed at 1123 K. The c/a ratio of the sample increases significantly at the last heating
step, being close to the value of 2

√
2.

After the experiment the sample had shrunk and showed a colour change (Figure 2).
The interior of the sample was green as well as several spots on the bottom side, where
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nitrogen was flowing through the sample. However, after grinding, the powder was ho-
mogenously light green, while the sample had a red to brown colour before the experiment.
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Figure 2. Bottom side of the Ba2In1.8Cr0.2O5.3(H2O)x sample after being heated in nitrogen flow
(p = 0.15 MPa, p(O2) < 5 ppm, p(H2O) < 5 ppm) at 1123 K.

3.3. Neutron Diffraction Experiments and Nuclear Magnetic Resonance Spectroscopy
3.3.1. High-Temperature Neutron Diffraction Experiments at E6

Because of the weak X-ray scattering contribution of H and O in comparison to Ba, In,
and Cr, a powder neutron diffraction experiment at the E6 diffractometer of HZB Berlin
was conducted at 315 K and 873 K to extract further information on the water and oxygen
content as well as potentially localising the protons. Using thermogravimetric analysis
in argon, the net composition of Ba2In1.8Cr0.2O5.3(H2O)x was found (Figure S5, Table 2).
The comparison of neutron diffraction measurements at 315 K and 873 K, both having
the same measurement time, shows a significant difference concerning their background
and the refined lattice parameters of Ba2In1.8Cr0.2O5.3(H2O)x (Figure 3 and Table S2).
Hydrogen causes considerable incoherent scattering of thermal neutrons and thus the drop
in background intensity is due to water release.

1 
 

 
Figure 3. Powder neutron diffraction data of Ba2In1.8Cr0.2O5.3(H2O)x at 315(1) K and 873(2) K
with 2 h data collection time each and without offset, contribution of the Nb-heating element of
the furnace marked with *, E692925 and E692936–E692937. The furnace was operated in dynamic
vacuum (pmin ≥ 1 × 10−3 mbar).

In a second set of experiments, powder neutron diffraction data were taken at seven
temperatures at 315 K ≤ T ≤ 873 K. Lattice parameters, extracted by Rietveld refinements,
(Figure 4) show the same trends as for the X-ray diffraction experiment. During the first
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heating step, the lattice parameter increases significantly during the second measurement
compared to the first one. Possible reasons are discussed in Section 4.3.
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Figure 4. Lattice parameters a, b, and c of Ba2In1.8Cr0.2O5.3(H2O)x determined by Rietveld refine-
ments based on neutron diffraction data; filled points represent the first measurement, and open
points the second measurement at the target temperature, ±σ within dot size. The measurements
were taken in dynamic vacuum (pmin ≥ 1 × 10−3 mbar).

The release of water by the sample should result in oxygen vacancies in the structure.
The X-ray data (discussed above) did not give evidence of oxygen vacancies at a temper-
ature of 873 K. In case of neutron radiation, with oxygen as the best coherent scattering
contributor, an oxygen content of 5.26(7) was found at 873 K, which is slightly higher than
the expected value of 5 for the brownmillerite-type structure. However, considering the
doping by Cr6+, an enlarged oxygen content of 5.3 is plausible for ensuring charge neutrality.
In the temperature range of T ≤ 873 K, neither in the collected PXRD (Figure 1, Figure S2)
nor PND (Figure 5) experiments, indications for the formation of oxygen vacancies could
be observed. Attempts to localise hydrogen atoms in difference Fourier maps of the E6
PND data were unsuccessful.
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Figure 5. Rietveld refinements of the crystal structure of Ba2In1.8Cr0.2O5.26(7) at 873(2) K; the
excluded region due to contribution of the Nb-heating element of the furnace, is marked with
*, Rp = 2.56%; Rwp = 3.43%; E692936–E692937. The furnace was operated in dynamic vacuum
(pmin ≥ 1 × 10−3 mbar).

3.3.2. Nuclear Magnetic Resonance Spectroscopy

Based on the limitations seen so far by the diffraction techniques to distinguish
between potential -OH groups and crystal water, solid-state NMR was performed (Figure 6).
The recorded spectrum (Figure 6, top) shows two signals at 2.3 ppm and 7.8 ppm. The
signals have almost equal intensity taking into account spinning sidebands and signal
width. For further investigation, a double-quantum excitation experiment using the BABA
sequence [25] was conducted. Based on this, only the signal at about 2.3 ppm remains, thus
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indicating a direct proton–proton interaction. As the signal at 7.8 ppm vanished completely,
it indicates the absence of close proton–proton distances. These protons might be regarded
as isolated (Figure 6, bottom).
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Figure 6. 1H MAS NMR spectrum of Ba2In1.8Cr0.2O5.3(H2O)x at a spinning frequency of 10 kHz (top).
The bottom spectrum is the result of the double-quantum filter. Spinning sidebands are marked by
an asterisk in the top spectrum.

3.3.3. Low Temperature Powder Neutron Diffraction

The MAS-NMR experiments confirmed the presence of shorter and longer proton-
proton distances in Ba2In1.8Cr0.2O5.3(H2O)x and indicated a rapid exchange of protons
between the different chemical environments giving further explanation why the locali-
sation of protons failed in the data analysis of the neutron diffraction data above room
temperature using the E6 diffractometer (∆d/d ≈ 1 × 10−2, 2.44 Å). Powder neutron
diffraction data were also collected on the D2B diffractometer at ILL, providing a shorter
wavelength (1.59 Å) and much higher resolution (∆d/d ≈ 5 × 10−4). However, hydro-
gen atoms still could not be located in the structure at room temperature by difference
Fourier maps. Low-temperature neutron diffraction experiments down to 10 K were
performed at the D2B, ILL, using a Ba2In2O5(H2O)0.16 and a Ba2In1.8Cr0.2O5.3(H2O)x sam-
ple in order to reduce the mobility of the protons and enhance the chances for localisa-
tion. No significant changes in the crystal structure were seen between 10 K and 300 K
(Figures S6 and S7, Figure 7, and Tables S3 and S4). All effects can be described by the ther-
mal expansion and after heating back to room temperature the collected powder diffraction
patterns matched with that of the untreated samples. As before, the localisation of the
protons was not possible by the applied diffraction techniques, even at 10 K.

3.3.4. High-Temperature Powder Neutron Diffraction Experiments on D20

For Ba2In2O5, a phase transition to the cubic defect-perovskite-type structure could be
observed [10–14]. Still, such a phase transition is not yet known for chromium-substituted
samples. Therefore, a Ba2In1.8Cr0.2O5.3(H2O)x sample was heated in a dynamic vacuum
(pmin ≥ 1.2 × 10−5 mbar) to 1573 K on the D20 diffractometer, using a high-temperature
furnace to search for a potential phase transition.

As indium is a moderate neutron absorber [31], we focused on analysing the sum-
marised measurements at room temperature, 573 K, 1173 K, and 1573 K. A phase transition
could not be observed. The refined oxygen contents are presented in Table 3. Further, strong
contributions of the used sapphire single-crystal crucible, for example, at about 2θ = 45◦,
hamper the refinements. The two reflections at about 2θ = 135◦ have been excluded from
the data analysis, as they do not shift with temperature and no sample reflection is expected
in that region (Figure 8). Therefore, it is most probably a contribution from the sample
environment. The refined lattice parameters are summarised in Table S5.
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Figure 7. Comparison of the collected normalised high-resolution neutron diffraction data of
Ba2In2O5(H2O)0.16 and Ba2In1.8Cr0.2O5.3(H2O)x at room temperature, Numor 556649–556658 and
556720–556729, DOI: doi.org/10.5291/ILL-DATA.5-24-640.

Table 3. Refined oxygen contents during the heating of Ba2In1.8Cr0.2O5.3(H2O)x in a dynamic vacuum
(pmin ≥ 1.2×10−5 mbar) from room temperature to 1573 K at D20, ILL, Grenoble.

Temperature/K Oxygen Content

293 5.32(4)
573 5.36(4)

1173 5.26(4)
1573 5.08(6)

3.3.5. Powder Neutron Diffraction and Raman Spectroscopic Measurements

The Raman spectra of Ba2In1.8Cr0.2O5.3(H2O)x (Figure 9) agree with the literature [3].
Further, only the measurement after the sample was heated up to 573 K showed a sig-
nificant difference from the other measurements. As no trend concerning the intensities
could be observed, the effect is most likely based on the changes on the surface by the
sample releasing water. As a consequence, the amount of sample being illuminated by the
excitation laser may differ. During the whole experiment, the powder kept its red colour.
A colour change to green, occurring during the X-ray measurements (Figure 2), was not
observed. Colour changes were only observed when performing the heating experiments
under vacuum or with an inert gas such as nitrogen or argon. If a colour change is thus
an indicator for a potential reduction in Cr6+ to Cr3+, it is understandable that the Raman
spectroscopy reveals the same signals since the experiment was carried out in air. As the
dehydration reaction is likely reversible in ambient air under the chosen conditions, an
identical Raman signal at room temperature is to be expected.
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Crystals 2021, 11, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 9. Raman spectra in between neutron measurements after cooling from the mentioned tem-
peratures to room temperature at E6; the black marker show the peak positions of 
Ba2In1.8Cr0.2O5.3(H2O)x according to Yoon et al. [3]. The heating and cooling were carried out in am-
bient air. 

4. Discussion 
4.1. X-ray Diffraction 

For the initial Rietveld refinements of the X-ray data, a model with the molecular 
formula of Ba2In1.8Cr0.2O5, according to the brownmillerite structure, was used [14]. The 
chromium was distributed statistically on both indium sites, as an ordering of the chro-
mium atoms was not found in the tetragonal phase (Tables S6–S8). The refined tempera-
ture-dependent unit cell parameters are visualised in Figure 10. Figure 11 shows the dif-
fraction data at low angles. The superstructure reflection, being clearly visible at room 
temperature, becomes broader with increased temperature and seems to disappear at 1123 
K. Further Rietveld refinements show a phase transition to a cubic defect-perovskite-type 
structure, as the misfits caused by the tetragonal model are well-explained with a phase 
transition (see Figure 12). Additionally, the Rwp and Rp values decrease significantly. Com-
bined with the better fit for the cubic phase, shown in Figure 12, a phase transition seems 
probable. Moreover, the chromium content in the cubic phase could be refined, leading to 
a formula of BaIn0.92(2)Cr0.08(2)O2.5, being in full accordance to the expected BaIn0.9Cr0.1O2.5, 
respecting standard deviations. Additionally, the c/a ratio of the last measurement using 
the tetragonal structure model gets significantly closer to the value of 2√2, making a struc-
ture change more probable (Table S1). The refinement results of the crystal structures of 
Ba2In1.8Cr0.2O5 (I4cm) at room temperature and BaIn0.9Cr0.1O2.5 (Pm3�m) at 1123 K are plotted 
in Figure 13. The refined structural data of BaIn0.9Cr0.1O2.5 are summarised in Table S9. 

 
Figure 10. (a) Lattice parameters a,b, and c of Ba2In1.8Cr0.2O5.3(H2O)x (batch 1) while heating under 
nitrogen flow of 20 sccm (p = 0.15 MPa, p(O2) < 5 ppm, p(H2O) < 5 ppm) in an XRK reaction chamber 
mounted on a SmartLab X-ray diffractometer; (b) cell volume and lattice parameter c (batch 1) while 

Figure 9. Raman spectra in between neutron measurements after cooling from the men-
tioned temperatures to room temperature at E6; the black marker show the peak positions of
Ba2In1.8Cr0.2O5.3(H2O)x according to Yoon et al. [3]. The heating and cooling were carried out in
ambient air.
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4. Discussion
4.1. X-ray Diffraction

For the initial Rietveld refinements of the X-ray data, a model with the molecular
formula of Ba2In1.8Cr0.2O5, according to the brownmillerite structure, was used [14]. The
chromium was distributed statistically on both indium sites, as an ordering of the chromium
atoms was not found in the tetragonal phase (Tables S6–S8). The refined temperature-
dependent unit cell parameters are visualised in Figure 10. Figure 11 shows the diffraction
data at low angles. The superstructure reflection, being clearly visible at room temperature,
becomes broader with increased temperature and seems to disappear at 1123 K. Further
Rietveld refinements show a phase transition to a cubic defect-perovskite-type structure,
as the misfits caused by the tetragonal model are well-explained with a phase transition
(see Figure 12). Additionally, the Rwp and Rp values decrease significantly. Combined with
the better fit for the cubic phase, shown in Figure 12, a phase transition seems probable.
Moreover, the chromium content in the cubic phase could be refined, leading to a formula of
BaIn0.92(2)Cr0.08(2)O2.5, being in full accordance to the expected BaIn0.9Cr0.1O2.5, respecting
standard deviations. Additionally, the c/a ratio of the last measurement using the tetragonal
structure model gets significantly closer to the value of 2

√
2, making a structure change

more probable (Table S1). The refinement results of the crystal structures of Ba2In1.8Cr0.2O5
(I4cm) at room temperature and BaIn0.9Cr0.1O2.5 (Pm3m) at 1123 K are plotted in Figure 13.
The refined structural data of BaIn0.9Cr0.1O2.5 are summarised in Table S9.
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Figure 10. (a) Lattice parameters a, b, and c of Ba2In1.8Cr0.2O5.3(H2O)x (batch 1) while heating under
nitrogen flow of 20 sccm (p = 0.15 MPa, p(O2) < 5 ppm, p(H2O) < 5 ppm) in an XRK reaction chamber
mounted on a SmartLab X-ray diffractometer; (b) cell volume and lattice parameter c (batch 1) while
heating under nitrogen flow of 20 sccm (p = 0.15 MPa, p(O2) < 5 ppm, p(H2O) < 5 ppm) in an
XRK reaction chamber mounted on a SmartLab X-ray diffractometer; the lattice parameters and cell
volume determined by Rietveld refinements, ±σ within dot size.
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Figure 11. Comparison of the X-ray diffraction data of the first batch of Ba2In1.8Cr0.2O5.3(H2O)x at
low angles. Superstructure reflection at about 2θ = 10.5◦. The measurement was carried out in a flow
of 20 sccm N2 (p = 0.15 MPa, p(O2) < 5 ppm, p(H2O) < 5 ppm).
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Figure 13. Refinements of the crystal structure of Ba2In1.8Cr0.2O5 under 0.15 MPa nitrogen pressure
(first batch) with a flow rate of 20 sccm (p = 0.15 MPa, p(O2) < 5 ppm, p(H2O) < 5 ppm): (a) at 293 K,
I4cm, a = 5.9949(2) Å, c = 16.946(1) Å, Rp = 4.18%, Rwp = 5.18%; (b) at 1123 K, Pm3m, a = 4.25874(4) Å,
Rp = 4.15%, Rwp = 5.28%; excluded region due to Cu-Kβ contribution is marked with *.

The PXRD measurement after one year showed that for the decomposition of the
sample heated in flowing N2 (p = 0.15 MPa, p(O2) < 5 ppm, p(H2O) < 5 ppm) into BaCO3,
only about a 6% phase fraction was assigned to Ba2In1.8Cr0.2O5. An indium- or chromium-
containing phase could not be found using X-ray diffraction. Raman spectroscopic mea-
surements show at least the existence of another decomposition product (see Figure 14).
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Figure 14. Raman spectra of Ba2In1.8Cr0.2O5.3(H2O)x: Sample mounted at E6, HZB, Berlin (top); sam-
ple investigated in Figure 10 one year after heat treatment in flowing N2 (p = 0.15 MPa, p(O2) < 5 ppm,
p(H2O) < 5 ppm, bottom). Ba2In1.8Cr0.2O5.3(H2O)x reference data from [3], BaCO3 reference data
from [32], and unassigned peaks marked with “?”.
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4.2. Low-Temperature Neutron Diffraction

Rietveld refinements of the crystal structure of Ba2In2O5(H2O)0.16 confirmed the
brownmillerite structure type in orthorhombic space group Icmm at 10 K [14]. A decreased
symmetry towards space group Ibm2 showed no better results concerning Rwp, RBragg or
the difference plot. The system shows no structural change from 10 K to 300 K except for
thermal effects (see Figure S6). Neutron diffraction measurements show unidentified weak
reflections, identical in both samples (Figure 15).
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Figure 15. (a) Rietveld refinements of the crystal structure of Ba2In2O4.88(4) (Icmm, a = 6.0781(3) Å,
b = 16.7335(8) Å, c = 5.9493(3) Å) at 10 K, Rp = 3.31%, Rwp = 4.30%; summarised data of Numor
556399–556708. (b) Rietveld refinements of the crystal structure of Ba2In1.8Cr0.2O4.74(9) I4cm, a =
5.9823(2) Å, c = 16.946(1) Å, Rp = 2.18%, Rwp = 2.95%) at 10 K; excluded regions due to cryofurnace
contribution, unassigned reflections are marked with *. Summarised data of Numor 556770–556779,
DOI: doi.org/10.5291/ILL-DATA.5-24-640.

Ba2In1.8Cr0.2O5.3(H2O)x showed no structural change in the temperature range from
10 K to 300 K either (see Figure S7). The structure was refined in space group I4cm, in
accordance to Yoon et al. [3]. In both systems, Rietveld refinements were made without
hydrogen atoms in the structure model, as no 1H could be found in difference Fourier
maps, even at 10 K.

Comparing the normalised data from both systems (Figure 7), the chromium-containing
sample shows a higher background, being a clear hint for a higher water content causing
more incoherent scattering. The relatively low oxygen content during the low-temperature
measurements compared to other data are a concern, which is discussed in the Supplemen-
tary Materials.

4.3. High-Temperature Neutron Diffraction

The significantly decreased background, as displayed in Figure 3, clearly hints at
water release due to reduced incoherent neutron scattering by 1H, being in accordance
with all other studies (e.g., TGA-MS in Figure S5). Hydrogen atoms could not be located.
The refined oxygen content of 5.26(7) at 873 K (E6) and 5.36(4) at 573 K (D20) is unusual
for a brownmillerite-type structure. As indium, oxidation state +3, is substituted by
chromium, oxidation state +6 [15], the expected oxygen content needs to be higher (5.3)
assuming a charge neutral compound. This is in good agreement with the determined
oxygen contents. However, at higher temperatures, 1123 K and above, the oxygen content
seems to drop closer to 5. Most probably, the observed H2O release at high temperature
in the TGA-MS measurement (Figure S5) resulted from a condensation reaction of the
neighbouring hydroxy groups; while, simultaneously, the chemical potential gradient at
high temperatures between the sample and the surrounding gas atmosphere drives oxygen
to leave the crystal lattice. This needs to be balanced for charge neutrality, making a Cr
reduction to +3 plausible. The green colour of all the heat-treated powders under inert
conditions (nitrogen, argon, or vacuum) is a clear hint towards a chromium +3 species.
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However, the TGA measurements in inert gas and air (Section 3.1) revealed a smaller mass
change difference, as expected for a complete reduction of Cr6+ to Cr3+, indicating that
already a release of about 0.05 O per formula unit could be sufficient to induce the colour
change from red to green. The thermal reduction of Cr(VI) species at a temperatures above
673 K is well-known from thermal analysis [33,34] and X-ray photoelectron spectroscopic
investigations [35,36] of the Phillips catalysts CrOx (x ≤ 3) supported on SiO2, respectively.
Upon the thermal reduction of Cr(VI) oxo species, plentiful intermediate phases, such as
Cr3O8, Cr2O5, Cr2O7

4−, Cr5O12, CrO2, or Cr(CrO4)3, have been observed [34,36–38]. The
occurrence of similar species, hence, is plausible for the high temperature exposure of
Ba2In1.8Cr0.2O5.3 under low oxygen partial pressure conditions. This could give a possible
explanation why a colour change was already obtained by a small change in the oxygen
content. Alternatively, the exposure time at a high temperature and low oxygen partial
pressure during the TGA experiments might not be sufficient to complete the reduction
from Cr6+ to Cr3+ compared to the PXRD and PND experiments. During heating in air, as
done while pairing neutron diffraction and Raman spectroscopic measurements, no colour
change was observed. This could be understood by the higher oxygen partial pressure
suppressing the reduction of chromium.

During the measurements at E6, the lattice parameters during both measurements at
the same temperature setpoint differ heavily below 600 K. Most probably, this is an effect of
the high temperature furnace, which does not offer a precise temperature regulation at these
lower temperatures. Further, the ‘cold’ sample, being inserted at room temperature, needs a
bit of time till the target temperature is reached accurately. Further, comparing the collected
E6 PND data to the TGA and PXRD measurements, a shift in the onset temperature by
about 100 K towards higher temperatures was observed at the beginning of the decrease of
the unit cell parameters. This can be understood by the fact of altered sample geometry
between the PXRD and PND experiment. In the conducted E6 measurements, the crucible
had to be filled 30 mm high with only a diameter of 4 mm. This, of course, hampers the
gas exchange with the atmosphere, resulting in higher onset temperatures for the second
water release. This effect might be even more drastic for the PND experiments on D20
as the additional niobium container further limits the gas exchange. This might be an
explanation why only at the highest temperature of 1573 K indications for a release of
oxygen were observed.

The phase transition observed with X-ray data cannot be addressed using the high-
temperature PND data collected at D20. The reflections used for crystal structure discrimi-
nation, as shown in Figures 11 and 12, cannot be observed during these measurements at
any temperature.

4.4. Nuclear Magnetic Resonance Spectroscopy

The recorded NMR spectrum of Ba2In1.8Cr0.2O5.3(H2O)x shows two signals, which is in
accordance to the study of Jayaraman et al. [16] and Dervisoglu et al. [18] on Ba2In2O5(H2O).
Therein, three signals are found but this would match our spectrum assuming an overlap
of signals in our case as the shape of the signal at 2.3 ppm is asymmetric. The intensi-
ties differ, which can be understood by the lower water content in the herein-presented
chromium-substituted sample. As we expect a highly dynamic system, it is plausible
to have several signals close to each other, representing locally differing structures and
causing the asymmetric profile of the signal at 2.3 ppm. NMR is sensitive to local structural
changes or more precise changes in the chemical environment, while the used diffraction
techniques represent a bulk technique, explaining why the hydrogen could not be localised
there. The double quantum filtered experiment vanishes the signal at 7.8 ppm, indicating
no direct proton–proton interaction, and thus isolated protons. This signal may be assigned
to OH groups rather than H2O.

The remaining signal at 2.3 ppm on the other hand indicated a close contact of protons,
which is more difficult to explain. Two OH groups closer to each other causing the
interaction may be plausible. However, we assume it is more likely that the signal was
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due to H2O. Our TGA-MS experiment shows, at least at the first step of dehydration, a
loss of water, being in accordance with [3]. At first glance the water release contradicts
the diffraction measurements, as the oxygen content of the sample seems to be stable at
about 5.3 for conditions of T < 1000 K. However, combining the stable oxygen content with
the results of the NMR measurements, the presence of water inside the sample remains
plausible. If a condensation reaction between two OH groups would form water that leaves
the sample, a decreasing oxygen content should be found, hence requiring additional
oxygen atoms, present in a highly disordered state and hardly detectable by PXRD or PND,
to match the initial composition at room temperature.

Thus, we assume H2O molecules to be present in a disordered state because of the
high dynamism of the system. Still, the presence of H2O molecules in the sample gives
a plausible explanation to the herein-presented results and the much higher hydrogen
content of all chromium-substituted samples (see [2]). However, it has to be pointed
out that the so-far performed measurements do not allow to unambiguously distinguish
between OH groups and H2O in Ba2In1.8Cr0.2O5.3(H2O)x.

5. Conclusions

During this work, the water release from Ba2In1.8Cr0.2O5.3(H2O)x was investigated
using X-ray and neutron diffraction between 10 K and 1573 K. The hydrogen atoms in
the structure could not be localised using diffraction of X-ray and neutron radiation. In
addition, for the chromium-substituted sample, no indications for chromium ordering
were found either. Solid-state NMR analysis shows the co-existence of protons being
isolated as well as a direct proton–proton interaction. However, the clear difference in the
water (hydrogen) content between Ba2In2O5(H2O)0.16 and Ba2In1.8Cr0.2O5.3(H2O)x could
be easily tracked by the variation in the incoherent scattering contribution in the powder
neutron diffraction experiments, coinciding with observations previously reported based
on TGA and chemical analysis. Raman spectroscopic measurements paired with neutron
diffraction in air show no significant signal change after neutron measurements at elevated
temperatures up to 693 K. This is in accordance with a rapid uptake of large quantities of
H2O from the surrounding atmosphere if Ba2In1.8Cr0.2O5.3 is cooled in ambient air. For
Ba2In1.8Cr0.2O5.3(H2O)x, even at 10 K, already the tetragonal modification was found. In
contrast, for Ba2In2O5 the orthorhombic polymorph is stable up to 1183 K. For the Ba-In-O
brownmillerite system, a phase transition towards a cubic defect-perovskite-type phase
is well-known. For the Cr-doped counterpart, this study revealed clear indications by
in situ PXRD that a similar crystal structure change happened at 1123 K. Based on the
observed colour change and the refined oxygen contents from PND, it seems possible
that the tetragonal to cubic structure transition of Ba2In1.8Cr0.2O5.3(H2O)x is related to
a reduction of Cr6+ into Cr3+. In accordance, a strong dependence of the transition on
oxygen partial pressure and the exchange rate of the gas atmosphere was noticed during
the different in situ experiments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/cryst11121548/s1, Figure S1: ATR-FTIR spectra of Ba2In2O5(H2O)0.16 and Ba2In1.8Cr0.2O5.3(H2O)x,
Figure S2: In situ powder X-ray diffraction data of Ba2In1.8Cr0.2O5.3(H2O)x (second Batch), and lattice
parameters a, b and c and comparison of the unit cell volume of both powder batches, Figure S3: Top side
of the Ba2In1.8Cr0.2O5.3(H2O)x sample after being heated in nitrogen flow at 1123 K, Figure S4: Thermal
Analysis of Ba2In2O5(H2O)0.16 in argon, Figure S5: Thermal analysis of Ba2In1.8Cr0.2O5.3(H2O)x: TGA
measurements in different atmospheres and TGA-DTA-MS measurement, Figure S6: Powder neutron
diffraction data of Ba2In2O5(H2O)0.16 measured between 273 K and 10 K at D2B, Figure S7: Powder
neutron diffraction data of Ba2In1.8Cr0.2O5.3(H2O)x measured between 273 K and 10 K at D2B, Table S1:
Lattice parameters, cell volume, and c/a ratio comparison of Ba2In1.8Cr0.2O5 (I4cm) (first batch, XRD),
Table S2: Lattice parameters, cell volume, and c/a ratio comparison of Ba2In1.8Cr0.2O5.26(7) (I4cm, PND
E6), Table S3: Lattice parameters, cell volume, and c/a ratio comparison of Ba2In1.8Cr0.2O5 (I4cm, PND,
D2B) between 10 K and 273 K, Table S4: Lattice parameters, cell volume, and c/a ratio comparison of
Ba2In2O5 (Icmm, PND, D2B) between 10 K and 273 K, Table S5: Lattice parameters, cell volume, and c/a
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ratio comparison of Ba2In1.8Cr0.2O5.3 (I4cm, PND, D20) between 273 K and 1573 K, Table S6: Structural
data of Ba2In1.8Cr0.2O5.26(7) (I4cm, PND, E6) at 873 K, Table S7: Structural data of Ba2In1.8Cr0.2O4.90(7)
(I4cm, PND, D2B) at 293 K, Table S8: Structural data of Ba2In1.8Cr0.2O4.74(8) (I4cm, PND, D2B) at 10 K,
Table S9: Structural data of BaIn0.92(2)Cr0.08(2)O2.5 (first batch, PXRD) at 1123 K.
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34. Jóźwiak, W.K.; Ignaczak, W.; Dominiak, D.; Maniecki, T.P. Thermal stability of bulk and silica supported chromium trioxide. Appl.

Catal. A Gen. 2004, 258, 33–45. [CrossRef]
35. Liu, B.; Fang, Y.; Terano, M. High resolution X-ray photoelectron spectroscopic analysis of transformation of surface chromium

species on Phillips CrOx/SiO2 catalysts isothermally calcined at various temperatures. J. Mol. Catal. A Chem. 2004, 219, 165–173.
[CrossRef]

36. Holleman, A.F.; Wiberg, E. Lehrbuch der Anorganischen Chemie, 101st ed.; Walter de Gruyter: Berlin, Germany, 1995.
37. Hewston, T.A.; Chamberland, B.L. Magnetic and structural studies of Cr2O5 and Cr3O8. J. Magn. Magn. Mater. 1984, 43, 89–95.

[CrossRef]
38. Chamberland, B.L. The chemical and physical properties of CrO2 and tetravalent chromium oxide derivatives. Crit. Rev. Solid

State Mater. Sci. 1977, 7, 1–31. [CrossRef]

http://doi.org/10.1016/j.jssc.2007.09.034
http://doi.org/10.1021/acs.chemmater.5b00328
http://www.ncbi.nlm.nih.gov/pubmed/26321789
http://doi.org/10.1002/zaac.201300676
http://doi.org/10.1002/zaac.201700304
http://doi.org/10.1107/S0567739476001551
http://doi.org/10.1016/j.nima.2008.09.022
http://doi.org/10.1088/0957-0233/19/3/034001
http://doi.org/10.3390/qubs5030022
http://doi.org/10.1002/zaac.201200299
http://doi.org/10.1016/0022-2364(83)90211-1
http://doi.org/10.1006/jmra.1996.0197
http://doi.org/10.1016/0921-4526(93)90108-I
http://doi.org/10.1002/mrc.984
http://doi.org/10.1016/S0009-2541(96)00099-X
http://doi.org/10.1080/10448639208218770
http://doi.org/10.1016/S0022-2860(01)00703-7
http://doi.org/10.1007/BF01913553
http://doi.org/10.1016/j.apcata.2003.08.010
http://doi.org/10.1016/j.molcata.2004.05.001
http://doi.org/10.1016/0304-8853(84)90278-6
http://doi.org/10.1080/10408437708243431

	Introduction 
	Materials, Methods, and Equipment 
	Synthesis 
	Thermal Analysis 
	Powder X-ray Diffraction 
	Powder Neutron Diffraction 
	Optical Spectroscopy 
	Solid-State Nuclear Resonance Spectroscopy 
	Software 

	Results 
	Thermal Analysis 
	X-ray Diffraction 
	Neutron Diffraction Experiments and Nuclear Magnetic Resonance Spectroscopy 
	High-Temperature Neutron Diffraction Experiments at E6 
	Nuclear Magnetic Resonance Spectroscopy 
	Low Temperature Powder Neutron Diffraction 
	High-Temperature Powder Neutron Diffraction Experiments on D20 
	Powder Neutron Diffraction and Raman Spectroscopic Measurements 


	Discussion 
	X-ray Diffraction 
	Low-Temperature Neutron Diffraction 
	High-Temperature Neutron Diffraction 
	Nuclear Magnetic Resonance Spectroscopy 

	Conclusions 
	References

