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ABSTRACT: The hexagonal perovskite BaNiO;, prepared via e T T €y
nonceramic approaches, is known to act as a good catalyst for the Ni NI N I X
oxygen evolution reaction (OER) in alkaline media. Here, we g
report our observation that BaNiO; synthesized via KOH flux
growth and high-pressure ceramic synthesis with high O, pressure
have different magnetic properties. We show that this is because
the KOH flux-grown crystals made in open air are actually a
hydroxide-containing form of BaNiOj; that can be “dried” upon
annealing in an O, flow. This work not only unveils a previously
unknown aspect of the BaNiO; OER catalyst and offers some
insights into the underlying mechanism, but also suggests that
hydroxide ions may be present in other hexagonal perovskite oxides
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prepared in wet conditions.

B INTRODUCTION

Complex metal oxides exhibit enriched structural chemistry
and sometimes unexpected magnetic and electronic properties,
ranging from magnetism, superconductivity, and magneto-
resistance to ionic conductivity and unusual catalytic
behavior.'™® The ABO; perovskites, as one of the largest
oxide structural families, serve an important role in this
context. In standard perovskites, which are based on corner-
shared BOg octahedra, the metal centers are relatively far from
each other. In contrast, ABO; materials based on face-shared
BOg octahedra, as are found in hexagonal oxide perovskites, are
more rare and display significantly smaller B—O—B bond
angles and shorter distances between adjacent metal centers.
Therefore, face-sharing octahedra can have a dramatic impact
on the magnetic properties, and thus materials such as
hexagonal perovskites have drawn enduring attention from
the science community.’

BaNiO; is an ideal 2H hexagonal perovskite where what are
formally Ni*"Og octahedra share faces and form infinite one-
dimensional (1D) chains along the hexagonal c-axis. This
material was initially reported as being prepared via high-O,-
pressure solid-state synthesis.'”'" Later, other synthetic
approaches such as molten salt flux,'”"* sol—gel,'"”'* and
thermal decomposition'® were also employed to make it.
BaNiO; prepared via high-O,-pressure solid-state synthesis was
reported to be diamagnetic and has been widely accepted as
such.'"'*!'” Researchers have been working on several oxygen-
deficient analogues of the BaNiO;_; type, and it is found that
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the structural and magnetic properties are highly dependent on
the concentration of oxygen vacancies in the lattice."*™>’

In recent years, BaNiO; prepared via nonceramic
approaches has been found to act as a highly functional
catalyst for the oxygen evolution reaction (OER) in alkaline
media, which is an indispensable process for diverse energy
storage devices.'”'* The discovery of BaNiO; as a cost-
effective and highly active catalyst toward the OER garners
renewed attention in the chemistry community. Similar
catalytic behavior has also been reported for ACoO; (A =
Ca, Sr).”* However, recent studies on BaNiOj prepared via
these nonceramic approaches have mainly focused on its
catalytic behavior, while its fundamental structural and physical
properties have generally been overlooked.

In the present work, we have grown “BaNiO;” crystals using
a molten KOH flux. However, the as-grown crystals show an
unexpected magnetic phase transition at low temperatures, in
contradiction to what is seen for BaNiO; prepared via
conventional high-O,-pressure solid-state synthesis."" Upon
further oxygen annealing, the magnetic transition vanishes and
the crystals are diamagnetic. Although the magnetic properties
are consistent with those reported for BaNiO;_; no oxygen
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Figure 1. Crystal structure and morphology. (a) SC-XRD reveals that the dark golden-green needle-shaped crystals grown from the KOH flux have
the same structure as BaNiO; with no oxygen vacancies detected; (b) observed (blue), calculated (green), and difference (cyan) plots from the
Rietveld refinement of crushed and ground as-grown crystals (space group P65/mmc) for the lab pXRD data collected at ambient temperature; (c)
SEM images showing the morphology of as-grown crystals: hexagonal cross-sectional area of typical size (top) and typical lengths (bottom).

vacancies were detected in the as-grown crystals. To shed light
on this issue, we have performed a series of analyses and found
that the KOH flux-grown crystals made in open air are indeed
a “wet” form of BaNiO;, unlike the material made in a
relatively “dry” synthetic condition under high O, pressure that
stabilizes the unusually high oxidation state of Ni*". We find
that a significant portion of the O*~ ions in the anion lattice are
actually in the form of OH, and hence necessarily reduce
some of the Ni** centers into Ni** or even Ni** in a disordered
manner. Although we do not rule out the possibility that the
OH™ content of crystals may vary upon different reaction
conditions or crystal growth media, the conditions adopted in
the present study yield an average composition of
BaNiO, 45(OH), s, which we detect by measuring the average
valence state of Ni (+3.45) in the KOH flux-grown crystals
determined by X-ray absorption spectroscopy. This informa-
tion not only unveils a previously unknown aspect of the OER
catalyst BaNiO; and offers some insights into the underlying
mechanism, filling electrons into the originally empty e, orbital
of Ni** is considered a descriptor for OER activity,” but also
suggests that hidden hydroxide ions may also be present in
other hexagonal perovskites prepared in wet conditions.

B EXPERIMENTAL SECTION

The as-grown dark golden-green needle-shaped crystals were
synthesized via a flux-mediated crystal growth method. (1) A
stoichiometric ratio (1:1) of starting reagents BaCO; (Alfa Aesar,
99.997%) and NiO (Alfa Aesar, 99%) was thoroughly ground
together using an agate mortar and pestle and then transferred into an
alumina crucible. The reaction mixture was first slowly (1 °C/min)
heated to 1000 °C in air and held overnight to decompose the

carbonate, and then annealed in air at 1100 °C (3 °C/min) for 24 h
with intermittent grindings. The reaction progress was monitored
using laboratory X-ray powder diffraction data collected at room
temperature on a Bruker D8 FOCUS diffractometer (Cu Ka) over
the 26 range between S and 70°. The main phase of the dark green
powder precursor was found to be Ba;Ni;Og. (2) 0.5 g of powder
precursor was then placed in an alumina crucible together with 0.5 g
of Ba(OH),-8H,0 (Alfa Aesar, 97%) and SO g of KOH (Alfa Aesar,
99.98%). The filled crucible was capped with a loosely fitting alumina
lid and then heated to 700 °C (3 °C/min) in air for 24 h, followed by
slow cooling down (18 °C/h) to room temperature. (3) The residue
KOH flux was then slowly dissolved by adding deionized (DI) water,
and the reaction mixture was vacuum-filtered a couple of times to
isolate the dark golden-green needle-shaped crystals. Ba(OH),-8H,0
was used to suppress the formation of NiO during crystal growth, as
suggested in previous studies.'”"> A portion of the as-grown crystals
was annealed in an O, flow for 24 h at 600 °C.

The powder precursor prepared in step (1) was also used for high-
pressure solid-state synthesis of BaNiO; powder. A 1:1 volume ratio
mixture of the precursor and KClO; powder was packed (separately)
into a sealed gold crucible. A gold spacer was used to separate the two
materials and facilitate the isolation of the target phase. The gold
crucible was then packed into a boron nitride crucible-and-lid set. The
set was pressed to 4 GPa in a cubic multianvil system (Rockland
Research Corporation) and heated at 800 °C for 200 min. The system
was quench-cooled before depressurizing. The resulting product was
black and polycrystalline. The X-ray pattern indicated the full
decomposition of the KCIO; and the formation of the target
hexagonal compound.

The crystal structure of an as-grown crystal was determined by
single-crystal X-ray diffraction. The as-grown crystal with dimensions
0.444 X 0.102 X 0.091 mm® was mounted on a nylon loop with
paratone oil, and characterized using a XtalLAB Synergy, Dualflex,
Hypix single-crystal X-ray diffractometer with Mo Ka radiation (4 =
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0.71073 A, microfocus sealed X-ray tube, 50 kV, 1 mA) equipped with
an Oxford Cryosystems low-temperature device, operating at T =
100.0(2) K. CRI Data were measured by using @ scans. The total
number of runs and images was based on the strategy calculation from
the program CrysAlisPro 1.171.42.79a (Rigaku OD, 2022). Data
reduction was performed with correction for Lorentz polarization.
The integration of the data using a hexagonal unit cell yielded a total
of 10,154 reflections to a maximum 6 angle of 48.16° (0.48 A
resolution), of which 274 were independent (average redundancy
37.058, completeness = 100.0%, R, = 6.71%). Empirical absorption
correction using spherical harmonics, implemented in the SCALE3
ABSPACK scaling algorithm, was employed. The structure was solved
and refined using the SHELXTL Software Package, in the
centrosymmetric space group P6;/mmc. The crystallographic data
are listed in the Supporting Information.

Laboratory powder X-ray diffraction (XRD) data with good
statistical significance, covering a 26 range between 5 and 110°,
were collected from crushed and ground as-grown crystals; the bulk
refinement of these data was carried out using the GSAS-II program.
Scanning electron microscopy (SEM) images of as-grown crystals
were collected using a Quanta 200 FEG Environmental-SEM.
Thermogravimetric analysis (TGA) was conducted using a TA
Instruments TGA 5500 under steady-flowing O, gas. Approximately 4
mg of as-grown crystals was loaded into a platinum pan and heated
from room temperature to 600 °C at a constant rate of 10 °C/min.
The system was kept under flowing O, at 600 °C for 2 h, and then fast
cooled to room temperature. The post-TGA sample was tested by
laboratory p-XRD and magnetic susceptibility measurements.

Diffuse reflectance (DR) experiments were performed at ambient
temperature on a Cary 5000i UV-—vis—near-IR spectrometer
equipped with an internal DRA-2500 integrating sphere. The
reflectance data were transferred to pseudo-absorbance using
Kubelka—Munk theory. Predried pure KBr was used for the baseline
correction. The Raman spectra were collected on a single-crystal
sample using the Raman Lab System of the GSECARS,*® Advanced
Photon Source, Argonne National Laboratory with 532 nm laser
excitation. A 4:1 methanol—ethanol mixture was used as the pressure-
transmitting medium (PTM) and the pressure in the diamond anvil
cell (DAC) was monitored by the R1 fluorescence line of ruby up to
324 GPa.”’

X-ray absorption spectroscopy (XAS) was performed at the TPS
45A1 beamline of the Taiwan Photon Source. The Ni L,; XAS
spectra were taken in total electron yield mode with a photon energy
resolution of 0.1 eV. A single-crystal NiO was measured
simultaneously for energy calibration. Three configurations: 3d°,
3d’LY, and 3d%L? for the ground state and 2p53d7, 2p53d8L1, and
2p*3d°L? for XAS excited state were employed in the calculations to
fit these data, where L" denotes the number of holes in the ligand
shells that hybridize with the Ni 3d orbital. pdo = 1.74 eV and pdrn =
0.74 eV were used to define the hopping strength between Ni 3d and
the ligand orbitals; 10Dq = 1.0 eV is used to define the octahedral
crystal field. The charge transfer energy A = —4.0 eV and Coulomb
repulsion Uygq = 6.0 eV and Uy, = 7.5 eV were used to define the
central energy between each configuration. The Slater Integral of F3g,
Fiy and Fﬁp, Gép, and G‘;’lp reduced to 65% from Hatree—Fock value
were also employed in the calculations to fully implement the atomic-
like multiplet effect that strongly shapes the XAS.

The magnetization data were collected by using the VSM option of
a Quantum Design Physical Property Measurement System (PPMS).
Temperature-dependent magnetization (M) data were collected
under an applied external field (H) of 1000 Oe. Magnetic
susceptibility is defined as M/H. Field-dependent isothermal magnet-
ization data between H = 90,000 Oe and —90,000 Oe were collected
at T = 300 and 1.8 K. Heat capacity was measured using a standard
relaxation method in the PPMS over the temperature range 0.5 to 20
K

B RESULTS AND DISCUSSION

The crystal structure of one of the needle-shaped crystals
grown from the KOH flux is shown in Figure la. The sample
crystallizes, in good agreement with previous reports of
BaNiO, '*~'**" in the hexagonal space group P6;/mmc (No.
194). The lattice parameters refined from room temperature
powder XRD data collected on all prepared materials in the
present work are nearly undistinguishable from those reported
in the literature (a = 5.64 A, ¢ = 4.81 A),"””"**® while our
single-crystal XRD data are collected at 100 K; hence, a slight
contraction of the unit cell (a = 5.62 A, c = 4.79 A) is expected
(Table S1). In the crystal structure, the face-sharing NiOg4
octahedra form parallel one-dimensional chains separated by
Ba atoms. The intrachain Ni—Ni distance is approximately
2.40 A. Between chains, the Ni—Ni distance is about 5.62 A.
The 6h oxygen site occupancy was carefully examined in the
refinement, but we did not observe any vacancies. The atomic
coordinates and equivalent isotropic atomic displacement
parameters determined are shown in Table S2.

To make sure that all of the properties measured in the
present work are reliable, the bulk material was examined by
powder X-ray diffraction. The needle-shaped crystals tend to
show a strong preferred orientation, which in principle would
cause intensity mismatch for peaks in the powder X-ray
diffraction pattern. Thus, the as-grown crystals were crushed
and ground thoroughly to minimize the effects of the preferred
orientation. The major peaks can all be indexed by the
hexagonal unit cell of BaNiO; (space group P6,/mmc),
consistent with the single-crystal XRD (SC-XRD) results,
while a few low-intensity peaks that are unaccounted for may
belong to the trace amount of residue flux left in the bulk
material (Figure 1b). The as-grown needle-shaped crystals
genuinely show a hexagonal cross section with a diameter of
around 10 um, while their lengths range from 0.1 to 1 mm
(Figure 1c).

The Raman spectra up to 32.4 GPa were collected to
examine the robustness of the lattice of the as-grown crystals
and provide data for others who may be interested in the
characterization of nanoparticles (Figure 2a,b). Three Raman
active modes, at about 415 (M1), 503 (M2) and 597 (M3)
cm™!, are observed at ambient pressure, consistent with the
Raman active modes of a hexagonal P6;/mmc structure
material with the 2a, 2d, and 6h sites occupied (Alg) E,g and
E,,). Within the frequency range studied in the Raman spectra,
no indication of structural anomalies was observed, with all
three modes moving smoothly to higher frequencies under
pressure. On pressure release back to about 3.5 GPa, the three
modes remain, showing that the crystallinity of the material has
remained intact. The evolution of the Raman active modes
under pressurization is summarized in Figure 2c. A slope
change in the fitted black lines occurs at ~12 GPa. This subtle
change may either be associated with an electronic transition in
BaNiO; or arise from a glass transition in the pressure-
transmitting medium, but further work would be needed to
clarify this issue.

The band gap for the as-grown crystals was determined from
the diffuse reflectance spectra. The pseudo-absorbance,
transferred from reflectance using the Kubelka—Munk
function, is plotted against wavelength (nm) in Figure SI.
The optical transition was then analyzed based on Tauc plots.
The extracted value for the band gap is approximately 1.5 eV if
the direct-transition equation is applied or 1.1 eV if the
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Figure 2. High-pressure Raman spectra of the as-grown crystals. (a, b)
Pressure dependence of Raman shifts up to 32.4 GPa (data marked r
taken after the pressure release); (c) evolution of Raman active modes
under pressure. A slope change is observed at around 12 GPa.

indirect-transition approach is adopted. The relatively small
magnitude of band gap observed is consistent with the
sample’s dark color, as well as the nonmetallic behavior of
KOH flux-grown crystals.

The KOH flux-grown crystals of BaNiOj; thus initially look
to consist solely of Ni** as expected; however, an intriguing

phenomenon was observed during our magnetic property
characterization. The crystals were found to show a magnetic
moment and a clear magnetic transition in the low-temperature
regime, i.e., at least a portion of the Ni cations in the lattice are
magnetic. This is unexpected since BaNiO; should be
diamagnetic because Ni** adopts a low-spin d® configuration
with no unpaired electrons. The first-instinct explanation for
this circumstance is that oxygen vacancies are present in the as-
grown crystals; however, that would contradict the SC-XRD
results in which no oxygen vacancies were detected. The TGA
results further confirm the SC-XRD results. The collected data
clearly demonstrate a decrease in the sample’s mass upon
heating in a steady stream of O,, instead of an increase in mass
which would be expected for filling the oxygen vacancies
present in the lattice, if any (Figure S2). We postulate that the
~0.25% mass loss (step heights corrected from the drift) in the
TGA under an oxidative condition is due to the “drying”
process, which may transform the OH™ ions in the lattice back
to O7, hence oxidize the Ni** and Ni** to Ni*, accompanied
by the formation of H,O which evaporates upon heating. The
amount of OH™ jons calculated from the TGA result matches
well with the average formula based on the XAS results.
Furthermore, the fraction of oxygen vacancies needed to cause
the onset of magnetic ordering between magnetic Ni centers in
this material should be nontrivial and thus easily detected, but
their presence is not alerted by any of the structural or
composition characterization techniques that we have
employed in the present work. Furthermore, after annealing
the KOH flux-grown crystals in the O, flow, the previously
observed magnetic transition vanishes, and the O,-annealed
crystals genuinely behave diamagnetically in the applied
external magnetic field, consistent with BaNiO; prepared via
high-O,-pressure ceramic synthesis.

In order to map out the actual valence state of Ni in our
KOH flux-grown crystals and O,-annealed crystals, we have
employed X-ray absorption spectroscopy (XAS), a powerful
tool for determining the valence state of 3d transition-metal
elements, since the energy position and multiplet spectral
features at the L, ;-edge are highly sensitive to the valence state
and local environment.””*’ We measured the Ni L, ;-edge XAS
(Figure 3), which shows a shift to higher energy with increase
in Ni valence state, from NiO (purple) to LaNiO; (red)®" and
further to our crystals (blue). The energy difference originates
from the different Coulomb interactions between the 2p core
hole and different numbers of valence electrons. To under-
stand the experimental Ni-L,; XAS spectrum and hence to
accurately determine the Ni valence state in both the as-grown
and O,-annealed crystals, we calculate the Ni-L,; XAS
spectrum of Ni*" using a configurational interaction cluster
calculation, considering that the theoretical XAS spectrum of
Ni** is rarely documented.”® The theoretical approach
employed considers full multiplet and local solid effects as
well as 3d-O2p covalence. The calculated Ni-L,; XAS
spectrum of Ni** is shown in the bottom (green) of each
panel in Figure 3. By manipulating the ratio between Ni with
different valences, it can be seen that for both as-grown and
O,-annealed crystals, the sum of the calculated XAS of Ni**
and the experimental XAS of LaNiO;/NiO can nicely
reproduce the experimental XAS collected from our crystals.
For as-grown crystals (Figure 3a), the spectral weight ratio
indicates Ni**/Ni**/Ni*" = 0.15:0.25:0.60, corresponding to an
average Ni**** valence state. In contrast, for the O,-annealed
crystals (Figure 3b), the spectral weight ratio indicates Ni**/
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Figure 3. XAS characterization. The experimental Ni-L,; XAS spectra of both as-grown and O,-annealed crystals (b). The simulated spectrum
(orange) that best matches the experimental one (blue) consists of (a) experimental NiO (purple), LaNiO, (red), and calculated Ni** (green) with
ratio 0.15:0.25:0.60 for as-grown crystals and (b) experimental LaNiO; (red) and calculated Ni** (green) with ratio 0.3:0.7 for O,-annealed crystals
(exposed to air for more than a month so the sample is degraded to a certain extent).

Ni* = 0.3:0.7, corresponding to an average Ni*”* valence state.
There is one thing to note for the O,-annealed crystals: all
synthetic-lab-based characterizations described in the present
work were performed on “freshly” annealed crystals; i.e,
sample degradation can be neglected. However, it is
impractical for us to protect the O,-annealed crystals from
sample degradation (Ni** tends to slowly reduce if the O,
partial pressure is not high enough, such as in air), for the
characterizations carried out in the XAS facility. Therefore, it is
not surprising that a small portion of Ni** is found in the O,-
annealed crystals since they have been exposed to air for more
than a month. The diagnostic feature here is that the O,-
annealed crystals, even after a period of degradation, still have a
much higher average Ni valence state (Ni*’*) than the as-
grown crystals (Ni>*").

A detailed magnetic study was performed on the as-grown
crystals and the O,-annealed crystals. BaNiO; powder prepared
via the high-pressure method was used as a reference. The
magnetic susceptibility  (defined as M/H) for each material is
plotted against temperature T (Figure 4a). For KOH flux-
grown crystals, a divergence between the zero-field-cooled
(ZFC, black) and field-cooled (FC, red) curves is clearly

observed at T = 15 K after going through a local maximum in
the magnetic susceptibility. The DC magnetic susceptibility
data, over the suitable temperature range (selected as the
straight-line part of the green 1/ y vs T curve, marked in
orange) were fitted to the Curie—Weiss law (y = C/(T — 0) +
Xo), to yield the Curie constant C = 0.0711(2) cm® K mol™},
and hence indicating an observed p ¢ value of 0.75 uy/fu. This
corresponds to ~54% of the spin-only value (1.39 ug/fu.)
deduced from a linear combination of 15% S = 1 Ni**, 25% of
S = 3/2 Ni**, and 60% of S = 0 Ni*" centers suggested by the
XAS data. The Weiss temperature 6 is +16.3(4) K which
indicates that the dominant magnetic coupling is ferromag-
netic. In contrast, the magnetic susceptibilities of the O,-
annealed crystals (Figure 4, blue) and the BaNiO; powder
prepared via high-pressure ceramic synthesis (Figure 4,
magenta) are genuinely temperature-independent and have
dramatically smaller magnitudes when compared to the as-
grown crystals, with a small tail at low temperature which is
common for diamagnetic materials, attributed to the presence
of a small % of spins that are not coupled to the main magnetic
system (less than 1% in our case).
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Figure 4. Magnetic characterization. The magnetic data collected from as-grown crystals, O,-annealed crystals (fresh and degraded), and BaNiO,
powder prepared via a high-pressure method.

The field-dependent magnetization data were collected from H (-9 < H/T £ 9) in Figure 4b. In general, the 300 K
each phase, at T = 300 and 1.8 K, and are plotted as M against isotherms collected as a function of applied field are linear in
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Figure S. Low-temperature heat capacity (C,) characterization. Heat capacity data collected from as-grown crystals. (a) Resulting C,/T plotted
against temperature (inset: total heat capacity C,, data plotted against temperature) external applied fields (uoH = 0, 3, 6, 9 T). (b) All relevant
C,/T plotted against temperature T to extract the magnetic contribution to heat capacity and entropy change in as-grown crystals.

the whole applied field range and pass through the origin, with
a positive slope for as-grown crystals and a negative slope for
the O,-annealed crystals and BaNiO; powder prepared via
high-pressure, respectively. The analogous data collected at 1.8
K show a significant enhancement in magnitude for the as-
grown crystals with a subtly opened hysteresis loop, all
consistent with the magnetic susceptibility data. In addition, to
explore the degradation of the O,-annealed crystals in air, a
batch of “freshly” O,-annealed material was deliberately left in
air for S days and hence more than a month (mimicking the
XAS sample), and magnetic data were recollected (Figure 4c).
It is found that the magnetic susceptibility sequentially grows
in magnitude with respect to the air-exposure span but not to
the scale observed for as-grown crystals, and the magnetic
transition is still absent, consistent with the XAS results and
with our proposal that Ni** tends to slowly reduce when the
O, partial pressure in the ambient is not high enough.
Specific heat capacity data were collected from as-grown
crystals over the temperature range 1.8 < T/K < 20 in various

external applied fields (4oH = 0, 3, 6, 9 T). Analogous data
were also collected for nonmagnetic O,-annealed crystals
(Figure S3). The total heat capacity of a magnetic material can
be interpreted as the sum of electronic, phonon, and magnetic
contributions (Cyorl = Cetectron + Cphonon + Cinag)- Thus, to
isolate the magnetic contribution C,,, to determine the
magnetic entropy change AS,,,, the heat capacity contribu-
tions due to electrons (Ceeceron) and phonons (Cphonon) should
be estimated and subtracted. To make this approximation, the
heat capacity data collected from nonmagnetic freshly annealed
O,-annealed crystals serves as an approximation for Cpjgnen Of
as-grown crystals. Ciecpon 1S effectively = 0 for nonmetallic
materials such as these (the resistivity of all of the materials
prepared in this study is too high to measure, meaning that
there are no conduction electrons present that would yield a
significant Cjecron)- The resulting C,/T is plotted against the
temperature in Figure Sa (the total heat capacity Cy, data are
plotted against the temperature in the inset). It is found that
under low fields (4oH = 0 and 3 T), there is a slight upturn at
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low temperatures, while higher fields (4,H = 6 and 9 T) tend
to suppress it. Heat capacity data measured from as-grown
crystals down to ~0.5 K under zero applied field, revealed no
signs of long-range magnetic transitions. After subtracting the
approximate phonon contributions, equivalent to the normal-
ized Cy/T of the O,-annealed crystals, an approximate
magnetic contribution C,,,/T for the as-grown crystals can be
extracted. Then, the magnetic entropy change AS,,,; can be
estimated to yield a small saturation value of ~0.13 J/mol/K
which may be attributed to the weak magnetic interactions
between dilute spins in the system (Figure Sb).

In general, we have performed extensive investigations in
this work to reveal the presence of hidden hydroxides in open-
air KOH flux-grown crystals of BaNiO; and how it introduces
an intrinsic magnetic transition to an otherwise diamagnetic
system if prepared ceramically under O, pressure. This
important finding not only enriches our understanding of the
Ba—Ni—O system, especially the air instability of highly
oxidized Ni*', but also offers some insights into the underlying
mechanism for the oxygen evolution reaction catalyzed by
BaNiO; in alkaline media. To the best of our knowledge, only
BaNiO; made in several wet-chemical routes has been reported
to host this unusual catalytic behavior so far,"”'* while the
analogous ACoO; (A = Ca, Sr) system made via the dry
ceramic synthesis under high O, pressure can do the same
trick.”* By introducing OH™ into BaNiO,, Ni** (low-spin d°)
cations in the lattice can be partially reduced to Ni** and Ni**;
hence, the originally empty e, orbitals in Ni* now have the
chance to be filled by electrons, which is considered a
descriptor for OER activity initially proposed by Suntivich et
al.”® They believe the intrinsic OER activity of transition-metal
oxides actually depends on the 3d electron occupancy of
orbitals with an e, symmetry.”” Thus, our experimental
observations of the hidden hydroxides in the Ba—Ni—O
system successfully put this newly found OER catalyst into this
category. The ceramically made ACoO; (A = Ca, Sr)
compounds obey this rule as well because Co*" (d*) would
have electrons in its e, orbitals unless it adopts a low-spin
configuration, which is highly energetically unfavorable in its
oxide-based materials. The more detailed catalytic mechanism
may be of future interest for experts in related fields.

B CONCLUSIONS

We have investigated open-air KOH flux-grown crystals of
BaNiO;, a material that in recent years has been recognized as
a potentially important catalyst for the oxygen evolution
reaction (OER), a vital process for diverse energy storage
devices.'"”'* We performed a series of analyses for these
crystals and found a hidden story in this system. Based on our
experimental observations, we conclude that the KOH flux-
grown crystals made in open air are a “wet” form of authentic
BaNiO; and are unlike the material made in relatively “dry”
synthetic conditions. Our work indicates that a significant
portion of the O® ions in the crystals grown by our method
are in the form of OH™ and hence necessarily reduce some of
the Ni** nominally present into Ni** or even Ni** in a
disordered manner. This conclusion unifies the SC-XRD
results, the XAS results, the optical characterization, and the
contrasting magnetism. This study serves as an excellent
indication that some subtle chemical features may only be
revealed by certain physical property characterization techni-
ques and further emphasizes the importance of bridging
materials chemistry and condensed matter physics to

comprehensively study solid-state materials, especially when
they have significant potential for applications.
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