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Controlling phase formation and stoichiometry in barium nickelate (BNO, BaNiOs_,) is critical for the
development of high-performance BNO-based catalysts, gas sensors, and piezoelectrics. The multiple
oxidation states of nickel (Ni?*, Ni**, and Ni**) are thought to enable the broad range of BNO phases:
however, the conditions that selectively access these phases and the stoichiometric ranges each phase
accommodates remain unclear. This study presents a systematic calcination approach to map the
relationship between calcination temperature, oxygen atmosphere, BNO phase, morphology, and
stoichiometry. BNO sol-gels calcined from 800 to 1000 °C under controlled oxygen flow (0-3 L min™?)
reveal a phase-selective synthesis window: oxygen-rich calcination at 800 °C produces the piezoelectric
P6smc phase, and higher temperatures promote formation of the metastable piezoelectric R32 phase
and drive the phase transition to a previously unassigned BNO. In contrast, under oxygen-free
conditions, calcination above 800 °C yields the centrosymmetric P6s/mmc phase. Increasing the
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temperature and oxygen flow also drives the transition from a porous to a dendritic morphology,
increases crystallite size, and tunes stoichiometry from BaNigg30576 to BaNig 910, 24. These findings
offer a framework for controlling BNO phase formation, morphology, and stoichiometry, providing a
broadly applicable strategy for synthesizing complex multivalent oxides and enabling the design of
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Introduction

Barium nickelate (BNO) holds significant potential for catalysis,
gas sensing, and lead-free piezoelectrics, but realizing the full
potential of this material requires a deeper understanding of
the relationship between stoichiometry and crystalline phases.
Due to the multiple accessible oxidation states of nickel
(Ni**, Ni**, and Ni*"), BNO can accommodate a broad range
of oxygen stoichiometries."™ Barium nickelate is reported to
have stoichiometries that span continuously from BaNiO,,
where nickel is in the Ni** state, to BaNiO;, where nickel is in
the rare Ni** state.’® The relationship between the ground state
crystal structures and stoichiometry has yet to be established
for many of these materials. For instance, BaNiO; adopts the
P6;/mmc space group, while the orthorhombic Cmcm phase has
been reported for BaNiO,.>'" For many of the compositions
that lie between these end member compounds, the stable
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BNO-based catalysts, gas sensors, and piezoelectrics.

phase is not yet determined. Notably, the rarely observed h-
BaNiO, ;s has yet to have its space group identified.'*"?
Furthermore, there are phases, such as the rare R32 phase or
the theoretically predicted Pm3m phase, where a broad range of
stoichiometries is expected but has not been experimentally
confirmed.>® The R32 and Pm3m phases are particularly
interesting for electrocatalysis, as both phases are predicted
to be conducive to enabling enhanced redox reactions at
the surface.”'* Many stoichiometric compositions, such as
BaNiO;, also exhibit multiple polymorphs (P6s;/mmc and
P6;mc)."* Breaking the center of symmetry when transitioning
from the centrosymmetric P6;/mmc phase into the non-
centrosymmetric P6;mc or R32 phases allows for the emergence
of properties absent in the ground state, such as piezoelec-
tricity, second harmonic generation, and ferroelectricity.'®
Understanding how to select between phases or polymorphs,
or how to control the oxygen stoichiometry within a single
phase is critical for increasing the catalytic activity of BNO, as
well as implementing BNO in piezoelectric applications. Estab-
lishing how variations in BNO stoichiometry correlate with the
phase will provide critical insights into the structure-property
relationships needed to control phase formation pathways,
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enabling the targeted selection of phases to reach the full
potential of BNO applications. For example, understanding
the structure-property-stoichiometry relationship will enable
the advancement of BNO as an oxygen evolution reaction (OER)
catalyst, as reduction in the Ni oxidation state (reduction in
oxygen stoichiometry) has been suggested to increase OER
catalytic activity.™

Accessing the broad range of stoichiometries in BNO
requires a processing method with oxygen atmosphere tunabil-
ity. BaNiO; has previously been synthesized via molten-salt
crystal growth, solid-state ceramic processing, and sol-gel
solution processing.”**'® The sol-gel synthesis of BNO was
first reported by Lee et al., who elucidated the impact of sol-gel
PH on BNO phase formation and BNO powder morphology at a
calcination temperature of 900 °C in air.'® Sol-gel solution
synthesis is a particularly promising route as it allows for
precursor optimization, which enables precise control over
the stoichiometry, homogeneity, and particle size of the result-
ing product.’®?° Furthermore, sol-gel solution synthesis also
enables the use of a range of oxidative atmospheres during the
calcination step. Varying the calcination environment offers
broad control over oxygen activity during crystallization, which,
as we will show, leads to a wide range of oxygen stoichiometries
in the final powder.>"*?

This work advances the understanding of the phase-
stoichiometry relationship in sol-gel solution BNO powders
by investigating how calcination temperature and atmosphere
impact phase formation, stoichiometry and powder morphology.
We hypothesize that decreasing oxygen activity, via higher calci-
nation temperature or lower oxygen partial pressure, will drive a
phase transition from the P6;/mmc and P6;mc phases to the R32
and Cmcm BNO phases as longer Ni-O bonds and lower Ni
coordination favor lower Ni oxidation states. To test this hypoth-
esis, dried BNO gels were calcined at 800-1000 °C under oxygen
flow rates of 0-3 L min . X-ray diffraction (XRD), scanning
electron microscopy (SEM), and energy dispersive X-ray spectro-
scopy (EDS) reveal that calcining above 800 °C induces a transition
from P6;mc to h-BaNiO, 36, a shift from a porous sponge to a
dendritic morphology, and a reduction in oxygen content from
BaNiO, ;¢ to BaNiO, 5. These results highlight the critical role of
calcination temperature and atmosphere in tuning the struc-
ture and composition of BNO, offering insight into how these
processing parameters can be leveraged to tailor BNO for a range
of potential applications.

Experimental

Barium nickelate (BNO and BaNiO;_,) powders were synthe-
sized using a sol-gel method adapted from the work of Lee
et al. in ref. 18. A brief synopsis of the adapted methods is
provided here. Ba(NO3), (Thermo Scientific Chemicals, 99%
purity) and Ni(NOj3),-6H,0 (Thermo Scientific Chemicals, 98%
purity) precursors were added to 50 mL of deionized water.
Then, 3.0 mL of HNO; (Fisher Chemical, TraceMetal Grade)
was added to the solution, followed by heating to 70 °C and
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stirring for 30 min under ambient conditions. Citric acid
(Thermo Scientific Chemicals, 99+% purity) was added to the
solution, which was left to stir at 70 °C for 1 hour. The pH of the
sol-gel was raised to 11 by adding ethylenediamine (Thermo
Scientific Chemicals, 99%) to form a citrate gel. In addition to
raising the pH/promoting gelation, ethylenediamine reacts
with nitric acid to form ethylenediamine dinitrate and there-
fore prevents the reformation of Ba(NO;),. The sol-gels were
then dried at 250 °C for 6 hours in a box furnace (Thermo
Scientific, Lindberg Blue M) in high-alumina crucibles (Coors
Tech). The dried gels were then ground into a powder using a
mortar and pestle. The resulting powder was placed in a high-
alumina ceramic boat (Coors Tech) for calcination. A tube
furnace (SentroTech) with a 3 inch diameter high-alumina tube
was used for calcination. The temperature was ramped at
7 °C min~! to calcine at either 800, 900, and 1000 °C. The
dwell time for all calcinations was 3 hours. The calcination
atmosphere was held constant during each calcination.
Between runs the atmosphere was varied between static air
and an atmosphere of ultra-high purity oxygen (Airgas, OX
UHP300) by varying the oxygen flow rate from 0, 1, 2, or
3 L min"' using an oxygen flow meter (MasterFlex). The oxygen
flow rate is reported instead of oxygen partial pressure because
the calcination temperature range is higher than the maximum
operating temperature for zirconia oxygen partial pressure
sensors. Following calcination, the powders were then allowed
to cool to room temperature under the same oxygen flow rate
used during calcination.

The range of annealing conditions for the BNO powders was
determined from in situ XRD measurements. To determine the
processing window for the formation of BNO, in situ XRD
measurements were performed using a Rigaku Smartlab
XE system with a Cu source (1.5406 A) operated at 40 kv and
44 mA using a Rigaku Reactor X stage. The dried BNO sol-gels
were ramped up to 800 °C at 7 °C min ', with a dwell time of
3 hours, in flowing air (Airgas) at a flow rate of 80 mL min ™. 20
measurements were taken at 20 °C and between 250 and 800 °C
at 50° increments. The 20 measurements were conducted with a
step size of 0.01° with a scan rate of 4° min~".

The composition, morphology, and crystal structure of the
resulting annealed powders were determined using energy
dispersive X-ray spectroscopy (EDS), field emission scanning
electron microscopy (FESEM), and X-ray diffraction (XRD),
respectively. The EDS measurements were performed on an
Axia ChemiSEM (ThermoFisher Scientific) by placing the BNO
powders on double sided carbon tape. Ten separate powder
samples were analyzed for each annealing condition using a
20.00 kV accelerating voltage and a spot size of 4.0 mm. The
resulting atomic percentages from the EDS measurements were
then averaged, and the stoichiometric ratios of the BNO pow-
ders were calculated with respect to the Ba atomic percentage.
The atomic percentages obtained from EDS measurements
have an associated uncertainty of +5%.>* The FESEM micro-
graphs were captured using a Hitachi SU8230 SEM with an
accelerating voltage of 5 kV and an emission current of 10 pA.
Ex situ XRD 20 measurements were taken on a Rigaku MiniFlex

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Powder XRD with a Cu source (1.5406 A) under a 30 kV voltage
at a current of 15 mA. The 20 XRD measurements were run at a
step size of 0.01° and a speed of 3° min~'. Thermogravimetric
analysis (TGA) was carried out on a Q600 SDT (TA Instruments)
to determine the sintering temperature. BNO powders were
ramped up to 1000 °C at 10 °C min~ ' in 100 mL of flowing N,
followed by a dwell time of 80 minutes.

Results and discussion
Effects of processing conditions on the phase composition

Calcination temperature is found to play a critical role in the
formation of BNO, impacting the phase, crystallinity, stoichio-
metry, and morphology. The first step to elucidate the impact of
temperature on the phase formation pathways in BNO was to
identify the temperature at which BNO begins to form.
Temperature-dependent in situ X-ray diffractograms (XRD)
obtained on dried BNO sol-gels are shown in Fig. S1. The
first phase to form upon heating in 80 mL min " of flowing air
is BaCO; (BCO, CIF # 00-045-1471).>* Below 800 °C, no diffrac-
tion peaks attributable to any crystalline phases of BNO
are observed. Above 800 °C, clear signatures of the centrosym-
metric P6s/mmc phase (CIF # 04-006-8338), the non-
centrosymmetric P6zmc phase (CIF # 04-007-8462), and the
h-BaNiO, 3¢ phase (space group unknown, CIF # 00-047-0089)
of BNO emerge.">"? The stabilization of BNO is accompanied
by a significant reduction in barium carbonate and nickel
oxide, leaving only trace amounts in samples calcined above
800 °C. While in situ XRD offers valuable real-time insights, its
resolution limits precise differentiation between closely related
BNO phases such as P6zmc and P6;/mmc. To overcome this,
higher-resolution ex situ XRD was employed to enable more
definitive phase identification. Accordingly, all subsequent
diffraction analyses were conducted ex situ, focusing on
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calcination temperatures between 800 and 1000 °C to capture
key phase transformations and the structural evolution in BNO.

The oxygen flow rate is also found to play a critical role in
the formation of BNO as it controls phase stability and powder
morphology. To assess the BNO phase formation, the oxygen
flow rate is increased from 0 to 3 L min~ " at temperatures ranging
from 800 °C to 1000 °C. The full set of X-ray diffraction patterns
for the powders calcined under oxygen flow rates of 0-3 L min ™"
at calcination temperatures of 800 °C, 900 °C, and 1000 °C can be
found in Fig. S2-54, respectively. Isolating the processing condi-
tions needed to access each phase allows for the determination of
the range of stoichiometries and morphologies that each phase
can adopt. Mapping the stoichiometry for each phase is a critical
step towards directing the phase formation pathway to select
between compositions and polymorphs of BNO.

Given that accessing fully oxidized BaNiO; requires stabiliz-
ing nickel in the rare, high Ni*" oxidation state, initial work
focuses on calcining using an oxygen flow rate of 3 L min~" to
provide the highest oxygen activity possible within the phase
formation region observed by in situ XRD. Fig. 1a highlights the
characteristic XRD results for a BNO powder calcined at 800 °C
in an oxygen flow rate of 3 L min~"'. The preponderance of the
diffraction peaks fit to the P6;mc phase of BaNiOj, even though
the most thermodynamically stable ground state of BNO is
reported to be the P6;/mmc phase.”® The P6;/mmc phase is
observed in the diffraction pattern but at a significantly smaller
phase fraction. Furthermore, smaller percentages of the sec-
ondary phases Pnma BaCO; and Fm3m NiO (CIF # 00-047-1049)
are also present.>” The competition between BNO and BaCO; +
NiO indicates that a calcination temperature of 800 °C is not
sufficiently high to overcome the thermodynamic stability of
these secondary phases, warranting exploration of higher cal-
cination temperatures.

Increasing the calcination temperature to 900 °C induces the
formation of the h-BaNiO, ;¢ phase of BNO, as shown in Fig. 1b.
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(a) XRD data of powders calcined at 800 °C at an oxygen flow rate of 3 L min

~! (b) XRD data of powders calcined at 900 °C at an oxygen flow rate

of 3L min~. (c) Rietveld refinement derived phase percentages of powders calcined at temperatures ranging from 800-1000 °C under an oxygen flow

rate of 3 L mint.
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The rare h-BaNiO, 3¢ phase has only been observed twice before
in the work of Buttrey et al. and Arjomand et al.'>"* Buttrey
et al. prepared the h-BaNiO, 3¢ phase by mixing BaCO; and NiO
powders and calcining at 1000 °C in air.’* Arjomand et al.
obtained the h-BaNiO, ;¢ phase through annealing BaNiO, s
at 900 °C in a muffle furnace.”” The space group of the
h-BaNiO, ;s phase has not been previously reported due to
persistent phase purity challenges (as such, we refer to the
composition of the phase rather than the space group). This
work presents the first reports of this phase using a sol-gel
solution synthesis route, reaching a phase purity of up to
80.53% for powders sintered at 900 °C. Based on the Miller
indices listed in CIF # 00-047-0089 and the systematic absences
associated with hexagonal symmetry,"® the most likely space
groups for this phase are either the P6smc, P62c, or P6s/mmic.
Further refinements on higher resolution data are required to
definitively determine the space group of this material.

In addition to the rare hexagonal phase, we also observe the
metastable R32 phase of BNO (CIF # 04-009-3992), at a phase
fraction of 11.58% for powders calcined at 1000 °C in 3 L min ™"
of flowing oxygen.’> Previously, the metastable R32 phase
of BNO had only been reported once as single crystals in the
work of Camp4 et al® Using the powders developed in this
work (calcined at 1000 °C in 3 L min~" of O,, to produce a
BaNig 930, 65 target), we successfully demonstrated the stabili-
zation of the R32 phase in thin films using substrate epitaxy
via pulsed laser deposition (PLD).>® Although the mechanism
underlying the stabilization of the R32 phase in the powder is
not yet fully understood, its structural similarity to the P6;mc
phase could act as a template to promote stability. Notably, the
R32 powders exhibit a preferred orientation along the (223)
reflection, suggesting either preferential templating effects or
morphological alignment during sample preparation for XRD.

The secondary phases BaCO; and NiO are present in sam-
ples calcined at 900 °C, though in notably lower concentrations
(5.43% as opposed to 19.63% when calcined at 800 °C). Sup-
pressing the formation of secondary phases with increasing
oxygen flow rate has previously been seen in the literature.>”>°
The destabilization of BaCO; with decreased CO, partial pres-
sure (increased oxygen flow) has been observed in the for-
mation of BaTiO; via aqueous chemical solution deposition.*”
Additionally, the reduction of the phase percentage of NiO
upon calcination with increased oxygen flow has been pre-
viously observed in similar transition metal oxides such as
LiNiO,.28°

The P6;/mmc and Cmcm (CIF # 04-009-9124) phases of BNO
are also present after calcination at 900 °C, while diffraction
peaks attributable to the P6;mc phase disappear.® Both the
P6;/mmc and P6zmc phase have previously been attributed to
BaNiO;. However, the full range of stoichiometries these
phases can adopt is not yet established. The Cmcm phase is
attributed to BaNiO,.” In the powders calcined at 900 °C, the
P6;/mmc phase persists with similar phase fractions to that in
the powders calcined at 800 °C. The temperature-dependent
polymorph differentiation suggests that there is a route to
selectively target specific polymorphs using solely temperature
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or subtle changes in oxygen partial pressure during critical
stages of formation. Interestingly, both the P6;/mmc and Cmcm
phases of BNO exhibit preferred orientations for the (201) and
the (021) planes, respectively. The presence of preferred orien-
tation within the R32, P6;/mmec, and Cmcm phases of BNO likely
reflects the structural relationship between these phases and
the low-temperature P6;mc phase. At 800 °C, the bounded slow
growth directions of the P6;mc phase are the [101], [110], and
[201] directions. The lattice mismatch between the (201) P6;mc
plane and the P6;/mmc (201) is only 0.65%, whereas the lattice
mismatch between the (201) P6;mc plane and the Cmcem (021) is
4.34%. The lattice mismatch between the P6;mc (110) and R32
(223) planes is 7.29%. The minimal lattice mismatch would
support the preferential orientation observed in diffraction
peaks attributable to the P6;/mmc and Cmcm phases, indicating
that the P6;mc phase is the likely starting point along the path
of phase formation.

Overall, the XRD results show that the phase transitions of
BNO from P6zmc to P6s/mmc, R32, Cmcm, and h-BaNiO, 3¢
correlate strongly with the reduction of oxygen activity with
increasing temperature. Reducing the oxygen activity leads to
the formation of oxygen vacancies, which is documented in
analogous complex oxides.*>*" Oxygen vacancies reduce the
oxidation state of Ni, which is better accommodated in phases
with longer Ni-O bond lengths — namely the R32 and Cmcm
phases (and potentially the h-BaNiO, 3) — as opposed to the
P63mc phase.”>* The BNO phase transitions observed with
increasing temperature suggest that once the calcination tem-
perature is raised above a critical point that favors the for-
mation of oxygen vacancies, the R32 and Cmcm phases can
nucleate off existing P6;mc crystallites, leading to a preferential
orientation.

In order to provide a direct comparison and quantification
of the change in the phase configuration with calcination
temperature, Rietveld refinements were carried out. The resulting
phase percentages and refinement quality metrics (profile factor
(Rwp) expected factor (Rey), and goodness-of-fit (x*)) of the
Rietveld refinements are reported in Table S1 in accordance with
reporting conventions in previous literature.** Fig. 1c provides a
comparison of the relative amounts of phases present in the sol-
gel powders calcined from 800 to 1000 °C at a constant oxygen
flow rate (3 L min~ ). The predominant BNO phase at 800 °C is
the P6;mc at 71.57%, followed by the P6s/mmc at 8.80% with an
additional 19.63% of secondary phases (BaCO; and NiO). Upon
increasing the temperature to 900 °C, the predominant phase of
BNO transitions to the h-BaNiO, 3¢ phase (80.53%). This transi-
tion is driven by an increase in the formation of oxygen vacancies.
The P6;/mmc and Cmcm phases of BNO were present at relative
phase percentages of 5.54% and 8.50%, respectively. Additionally,
there is a notable reduction in the concentration of secondary
phases, from 19.63% to 5.43%, in samples calcined at 900 °C
compared to 800 °C powders due to the reduced stability of BaCO;
at higher temperatures. Powders calcined at 1000 °C exhibit a
lower relative phase percentage of the rare h-BaNiO, 3¢ (60.26%),
a higher percentage of Cmcm (25.30%), and the formation of the
metastable R32 phase (11.58%), at the expense of disappearance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the P6;/mmc phase. This observation reinforces our hypothesis
that oxygen-deficient phases are preferentially stabilized at higher
temperatures. At 1000 °C, BaCO; diffraction peaks are absent.
In summary, increasing calcination temperature at an oxygen flow
rate of 3 L min~" favors the formation of the metastable and rare
h-BaNiO, 35 and R32 phases, while significantly suppressing
secondary phase formation.

Given the observed trend towards BNO phases with reduced
oxygen stoichiometry as calcination temperature increases, it is
worth investigating the direct influence of oxygen flow rate
on phase formation. Lowering oxygen flow in the calcination
atmosphere presents another effective strategy to promote the
formation of oxygen vacancies and control the nickel oxidation
state. The specific influence of oxygen flow rate on the concen-
tration of oxygen vacancies during BNO sol-gel synthesis has
yet to be determined. Furthermore, the subsequent impact of
oxygen vacancies on the crystal structure of BNO is also
unknown, underscoring an important gap in the current under-
standing of phase stability and material properties. A calcina-
tion temperature of 800 °C offers the highest oxygen activity of
the temperatures at which BNO crystallization occurs, making
800 °C an ideal starting point for varying the calcination
atmosphere as it would likely lead to the widest range of oxygen
vacancy concentrations. The analysis of the diffraction data of
the dried BNO sol-gels calcined at 800 °C at the various oxygen
flow rates is shown in Fig. S2. As discussed in connection to
Fig. 1c, Rietveld refinements were carried out to obtain relative
phase percentages. The resulting phase percentages of the BNO
powders calcined under different oxygen flow rates are shown
in Fig. 2a. In the absence of flowing oxygen, BaCOj;, BaAl,0O,
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(CIF # 01-084-4280),>* and NiO were found to be the sole
crystalline phases.

Increasing the oxygen flow rate to 1 L min~" leads to the
P6;mc phase becoming the predominant crystalline phase
(51.63%). The P6s/mmc phase was also present at 19.00%, while
the h-BaNiO, ;s phase accounted for 5.14%. Increasing the
oxygen flow rate to 2 L min~ ' results in the disappearance
of h-BaNiO, ;¢ diffraction peaks and stabilization of the hex-
agonal P6;mc and P6;/mmc phases. The destabilization of the
h-BaNiO, ;s phase with increasing oxygen flow rate is in accor-
dance with the results in Fig. 1b for decreasing calcination
temperature (i.e., higher oxygen activity). Furthermore, the
decrease in the P6;/mmc in favor of P6;mc with increasing
oxygen atmosphere indicates a route to select between these
polymorphs. Again, the relatively higher phase percentage of
the P6;mc phase with increasing oxygen flow suggests that
higher oxygen activity environments favor this BNO phase.
Raising the oxygen flow rate to 3 L min~" further increased
the relative phase percentage of the P6;mc phase of BNO,
accompanied by a decrease of the P6;/mmc phase and the
undesirable secondary phases. From the relative phase percen-
tage data presented in Fig. 2a, increasing oxygen activity in the
calcination atmosphere is essential for stabilizing BNO over the
secondary phases of BaCOj;, NiO, and BaAl,O,.

To further probe the impact of oxygen flow rate on BNO
phase formation, BNO sol-gels were calcined at 900 °C and
1000 °C in static air. The relative phase percentages of samples
extracted from Rietveld refinements (Table S1) of the powder
diffraction measurements (Fig. S3a and S4a) are summarized in
Fig. 2b. As the calcination temperature is raised to 900 °C, both
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(a) Rietveld refinement derived phase percentages in the diffraction patterns of BNO gels calcined at 800 °C under oxygen flow rates ranging

from 0-3 L min~%. (b) Rietveld refinement derived phase percentages in the diffraction patterns of BNO gels calcined at 900 and 1000 °C under an

oxygen flow rate of 0 L min™2.
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P6;/mmc and h-BaNiO, ;s phases are observed with relative
phase percentages of 39.58% and 47.58%, respectively. The
P6;mc phase is not observed at 900 °C in static air, again
supporting that lower oxygen activity environments favor
P6;/mmc over P6smec.

Raising the calcination temperature to 1000 °C decreases the
formation of the h-BaNiO, ;¢ phase, decreasing its relative
phase percentage to 37.00%, while increasing the relative phase
percentage of P6s/mmc to 44.90%. Additionally, increasing the
calcination temperature to 1000 °C again results in the formation
of the metastable R32 phase of BNO. The relative phase percen-
tages of BaCO; and NiO also decrease concurrently. The relative
phase percentage results in Fig. 1c and 2b underscore the critical
role of flowing oxygen in stabilizing BNO and suppressing the
formation of secondary phases. Increasing the oxygen flow rate in
the calcination atmosphere reduces the formation of carbonate
secondary phases by limiting the reactant, CO,.>” Furthermore,
increased oxygen flow rate during calcination reduces the for-
mation of Ni** and therefore reduces the formation of Ni0.***°
From the results in this work, it is evident that controlling the
oxygen activity during calcination is essential in the selection of
the BNO stoichiometry and phase.

The calcination of BNO sol-gels over a range of temperatures
and oxygen flow rates in this work provides critical insight into the
impact of processing conditions on the phase formation of BNO.

View Article Online
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By analyzing the diffraction results of the calcination experiments
at various temperatures and oxygen flow rates, we can begin to
map out the phase space of BNO. The relative phase percentages
of all BNO phases under all calcination conditions evaluated are
summarized in Fig. 3, while Fig. S5 shows the same analysis with
the addition of the percentages of all secondary phases. Fig. 3 is
overlayed with the stability line for BaNiO, (adapted from ref. 34);
regions below this line correspond to the stability of bulk BaNiO,,
while regions above the line represent the stability window for
BaNiO;_, (x < 1). Several important conclusions can be drawn
from these figures:

(1) At all calcination temperatures, increasing oxygen flow
increases the stability of BNO over secondary phases.

(2) Increasing the oxygen flow rate from 1 to 3 L min~
increases the relative phase percentage of the P6;mc polymorph
at the expense of the P6;/mmc phase.

(3) Increasing the oxygen flow rate at calcination tempera-
tures of 900 °C and 1000 °C stabilizes the rare h-BaNiO, s,
the metastable R32, and Cmcm phases of BNO over the
P6;/mmc phase.

1

Effects of processing conditions on the crystallite size and
morphology

In addition to crystal symmetry, XRD also provides insight into
the crystallite size of the BNO powders. Crystallite size impacts
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Fig. 3 Rietveld refinement derived phase percentages of BNO phases as a function of temperature and oxygen flow rate. Each pie chart is labeled with
the phase percentages of the BNO phases calculated from the diffraction data in Fig. 52—-54. Since calcination at 800 °C under 0 L min™* of flowing O, did
not result in BNO phase formation, the pie chart is labelled with the relative phase percentages of BaCOs, BaAl,O4, and NiO. The figure is overlayed with
the stability of NiO-BaO (BaNiO,, brown line) [adapted from ref. 33]. The area below the brown line represents the conditions in which BaNiO, is stable.
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oxygen sensitivity, relevant to catalysis and oxygen sensing
applications, so understanding how processing parameters
such as temperature and oxygen flow rate affect crystallite size
is critical.>®®’” The crystallite size of the predominant BNO
phase was determined using the Scherrer equation from the
(101) diffraction peak for the P6;/mmc (at 26.03°) and the P6smc
phases, and the (110) diffraction peak for the h-BaNiO, 3 phase
(at 31.30°). The average crystallite sizes for the BNO powders are
summarized in Table S2. Increasing the oxygen flow at 800 °C
(powders predominantly made of the P6;mc phase) results in an
increase in the crystallite size from 23 nm to 34 nm. Increasing
calcination temperature also impacts crystallite size, albeit to a
far lesser extent than oxygen flow, where raising the tempera-
ture from 900 °C to 1000 °C in static air only increased the
crystallite size from 26 nm to 27 nm (in the predominant phase
P63/mmc). At higher oxygen flow rates (3 L min~'), however,
increasing the calcination temperature from 900 °C to 1000 °C
increased the crystallite size from 35 nm to 39 nm (predomi-
nant phase h-BaNiO, 3¢). This increase in crystallite size is in
agreement with previous literature on similar ABO; materials,
such as BaTiO; and La;_,Sr,Mn0;.>**° The larger crystallites
are attributed to the promotion of diffusion with increasing
temperature. The reduction in crystallite size with decreasing
oxygen flow rate is likely caused by the formation of oxygen
vacancies as the oxygen stoichiometry decreases. For example,
it has previously been seen that the particle size of WO;
powders prepared by a plasma arc gas condensation technique
was observed to decrease with increasing Ar/O, ratio (decreasing
oxygen partial pressure) and decreasing oxygen stoichiometry.*’
Since both calcination temperature and oxygen partial pressure

800 °C and 1 L/min

o
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influence crystallite size, it is essential to consider these
processing parameters when tailoring the BNO phase and
particle size.

Understanding the impact of oxygen flow rate and tempera-
ture on the morphology of the BNO powders is important as
morphology influences catalytic reactivity, stability, and selec-
tivity of the material.*"*> As shown in the FESEM micrographs
in Fig. 4, calcining the BNO powders at 800 °C results in a
porous powder morphology. Increasing the oxygen flow from
1 to 3 L min~', while maintaining the temperature at 800 °C,
increases the interconnectivity of the BNO powders. There is an
increase in particle agglomeration for those samples.

Upon increasing the calcination temperature from 800 to
1000 °C, the powder microstructure changes from a spongy to a
dendritic morphology. The morphology transition with increas-
ing temperature coincides with the change in phase from P6;mc
to h-BaNiO, ;s and the loss of secondary phases within the
powder. When comparing the crystallite size determined by the
Scherrer equation to the particle sizes observed in the FESEM
micrographs in Fig. 4, it is evident that the particle size is much
larger than the calculated crystallite size. Differences in the
crystallite size from XRD and particle size analysis observed via
SEM have previously been seen in La; _,Sr,MnO; nano-powders
where the difference was ascribed to agglomeration of multiple
crystallites during particle formation.*® Furthermore, the calci-
nation temperature used for the BNO powders here are similar
to the sintering temperatures used for BaTiO;.** Thermogravi-
metric analysis (TGA) measurements up to 1000 °C (Fig. S6)
were conducted on BNO powders which were calcined at 800 °C
in 3 L min~" of oxygen. The observed stabilization in mass

Fig. 4 SEM micrographs of BNO powders illustrating the change in morphology with increasing temperature and oxygen flow rate. (a) Powder calcined
at 800 °C under 1 L min~* of oxygen. (b) Powder calcined at 800 °C under 2 L min~* of oxygen. (c) Powder calcined at 800 °C under 3 L min~* of oxygen.
(d) Powder calcined at 900 °C under 3 L min~! of oxygen. (e) Powder calcined at 1000 °C under 3 L min~t of oxygen.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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change for BNO powders at 1000 °C suggests that the sintering
temperature occurs at or near 1000 °C. Therefore, the difference
in crystallite size and particle size observed in the BNO powders
is due to the onset of agglomeration and sintering. Funda-
mentally, the ability to control powder morphology through the
modulation of calcination temperature and atmosphere is
beneficial for catalytic and oxygen sensing applications.

Effects of processing conditions on stoichiometry

While the XRD results provide insight into the phase formation
in BNO, it is not yet determined what range of stoichiometries
accompany the transition between phases. Here, energy dis-
persive X-ray spectroscopy (EDS) is performed to elucidate the
impact of calcination temperature and oxygen flow rate on the
stoichiometry of the BNO powders. The average stoichiometry
of each of the BNO powders is shown in Table 1. Increasing
calcination temperature, at a constant flow rate of 3 L min™?,
decreases the oxygen stoichiometry of the powders from 2.76
to 2.25. Decreasing oxygen flow, with a constant calcination
temperature of 800 °C, does not significantly impact the oxygen
content of the powders. These results highlight the greater
impact of higher temperatures in promoting the formation of
oxygen vacancies over the range of conditions covered in this
study. Furthermore, decreasing the oxygen flow rate at 900 °C
and 1000 °C did not show a change in oxygen stoichiometry
(within the £5% error associated with EDS).

These results agree with previous literature on calcination
of similar ABO; materials where increasing calcination tem-
perature was found to decrease oxygen stoichiometry (increase
formation of oxygen vacancies) due to a decrease in the oxygen
activity of the calcination atmosphere.** Ultimately, the EDS
results in Table 1 illustrate how BNO can be synthesized over a
range of stoichiometries and suggests that a range of Ni
oxidation states can be accessed just by changing calcination
temperature.

Taken collectively, our results demonstrate that temperature
plays a more significant role in directing the phase formation
pathways of BNO and the resulting stoichiometry. Based on
the comparison of the results in Table 1 and Fig. 1 and 2, the
predominant role that oxygen flow plays in the stabilization of
BNO is in reducing the stability of BaCO; and NiO. The reduction
in the relative phase percentage of BaCO; suggests that calcina-
tion in flowing oxygen will be critical for other ABO; type oxides
that originate from XCO; precursors such as BaTiO;.*

For selecting between BNO phases, oxygen flow has a more
nuanced role. Given that barium consistently forms in the Ba>*

Table 1 Stoichiometric ratios of powders as determined by EDS

Temperature (°C) Flow rate (L min ") Ba Ni (0)
800 1 1 0.86 2.72
800 2 1 0.93 2.68
800 3 1 0.93 2.76
900 0 1 0.92 2.44
900 3 1 0.86 2.44
1000 0 1 0.91 2.24
1000 3 1 0.96 2.25
Mater. Adv.
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oxidation state, any reduction in O®” necessitates a corres-
ponding decrease in the average Ni oxidation state to maintain
charge neutrality. Varying the Ni oxidation state, in turn, alters
the electronic structure. In addition, changes in Ni oxidation
state can also lead to phase transitions, as the R32, Cmcm, and
it is likely that the h-BaNiO, ;¢ phases have longer Ni-O bonds
to better accommodate lower Ni oxidation states. Changes in
the crystal structure and stoichiometry will also impact the
functional properties, from inducing piezoelectricity upon
transitioning into a non-centrosymmetric phase, such as the
R32 or P6;mc phases, or transition from insulating to metallic
with increased oxygen vacancies. For example, changes in
oxygen stoichiometry, due to introduction of oxygen vacancies,
were shown to modulate the piezoelectric and ferroelectric
response of Na,Ba,TiO;-BaTi, sNij 50;.*® Furthermore, chan-
ging the Ni oxidation state of octahedrally complexed Ni ions
will change the e, orbital filling, which has previously been
shown to impact the catalytic activity."**” Thus, the ability to
tune the range of Ni oxidation states over such a broad range
makes BNO particularly interesting for OER -catalysis and
oxygen sensors.’® As catalytic activity is also governed by the
surface area of active sites, changes in both crystallite size and
morphology can result in variations in catalytic activity, as seen
in LaFeO;.*’ Porous morphologies could also be beneficial, as
was demonstrated in LaFeO; enhanced gas detection of ethanol
while the formation of oxygen vacancies through Ca doping of
LaFeO; improved gas sensitivity and recyclability.”® Ultimately,
this work elucidates the impact of calcination temperature and
atmosphere on the phase, stoichiometry, crystallite size, and
morphology of BNO powders, illustrating the importance of
monitoring these processing parameters when tailoring BNO
for applications in catalysis, gas sensing, and piezoelectrics.

Conclusions

In conclusion, this work demonstrates that calcination tem-
perature and oxygen flow rate are powerful levers for tuning the
crystal structure, oxygen stoichiometry, crystallite size, and
morphology in BNO powders. The results from this study
highlight the importance of temperature and atmosphere dur-
ing the calcination of BNO powders synthesized through the
sol-gel solution processing method. Calcination at 800 °C in
flowing oxygen stabilized predominantly the P6;mc phase of
BNO, while higher temperatures in static air favored the
centrosymmetric P63/mmc BNO phase. Remarkably, introdu-
cing oxygen flow during calcination above 800 °C resulted in
powders that exhibited predominantly the rare h-BaNiO, ;¢
phase. Through elucidating the role of temperature and oxygen
flow rate in the phase formation of BNO, this work further
develops the processing-structure relationship of BNO enabling
access to a wide phase space, including oxygen deficient
compositions, for use in catalysis, gas sensing, and piezoelec-
trics. Furthermore, we show that varying the calcination tem-
perature and atmosphere dictates the powder morphology -
from porous sponge like and dendritic morphologies - offering

© 2026 The Author(s). Published by the Royal Society of Chemistry
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further control over surface area important for enhancing the
catalytic activity oxygen adsorption for sensing applications.
Ultimately, this study provides a framework for selectively
engineering BNO through the variation of calcination tempera-
ture and oxygen flow rate, to control the phase formation
pathway in order to tailor BNO for a wide application space.
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