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Transition-metal oxynitrides are promising for photocatalysis and dielectric applications owing to their
visible-light absorption and tunable band structures. Conventional ammonolysis, however, proceeds
under reducing conditions that cause electron doping and limited compositional control. Here, we
present a one-step, ammonia-free topochemical nitridation using CazN, as a solid nitrogen source.

BaTiOs reacts with CasN, at 550 °C via a stoichiometric 3027/2N*~ anion-exchange process to yield
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. . 34 .
Accepted 4th March 2026 orange BaTiOsz_z,/>N, with Ti""-related reductive defects suppressed below detectable levels. The

resultant oxynitrides exhibit tunable bandgaps, high crystallinity, and visible-light photoactivity, while the
DOI: 10.1039/d6sc00009f CaO byproduct can be readily removed by washing. This method establishes CasN, as a safe and

rsc.li/chemical-science effective reagent for controlled, ammonia-free oxynitride synthesis.
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Introduction

Mixed-anion oxides, which integrate distinct anions within
a single oxide framework, offer a powerful strategy for engi-
neering crystal and electronic structures beyond the limits of
conventional oxides." Among them, oxynitrides have attracted
particular attention because the lower electronegativity of
nitrogen raises the energy of the N 2p orbitals, thereby elevating
the valence band maximum (VBM)*> and enabling visible-light
absorption. For example, partial nitridation of wide-bandgap
oxides such as TiO, introduces N 2p states near the VBM,
enhancing photocatalytic activity.® Pigments such as
Ca;_,La,Ta0O, ,N;,, exhibit tunable bandgaps (E, = 2.0-2.4
eV),* whereas TaON and related compounds have been widely
studied for solar water splitting and CO, reduction.>® The high
polarizability of N> also contributes to enhanced dielectric
responses in ATaO,N (A = Ba, Sr),”® expanding the functional
scope of oxynitrides.

Despite these promising features, synthetic challenges
remain. The most common method, ammonolysis, requires
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high-temperature treatment under flowing ammonia gas,>*
raising safety concerns® and offering limited control over reac-
tion pathways®* due to its in situ generation of highly reactive
species (e.g., NH,, N, H). In transition-metal oxynitrides, the
reducing environment often induces undesirable changes in
oxidation state; for instance, partial reduction of Ti** to Ti*" in
LaTiO,N introduces mid-gap defect states that deteriorate
photocatalytic performance,” unlike redox-stable Ta-based
systems.” Topochemical nitridation using oxyhydride precur-
sors (e.g., BaTiO,,Hys — BaTiO,,N,,) provides a milder
alternative,'? but residual Ti** species are still observed and can
compromise optoelectronic properties.

Solid-state nitridation routes using nitrogen-containing
precursors such as urea or C;N, have been explored as safer,
ammonia-free alternatives,*® yielding oxynitrides including
ABO,N (A = Ba, Sr, Ca, B = Ta, Nb) and LaTiO,N at moderate
temperatures (~700-800 °C). However, these processes proceed
through complex, multi-step pathways involving intermediate
phases (e.g., La,0,CN, for LaTiO,N, SrCN, for SrTaO,N)**** and
often leave carbonaceous byproducts on particle surfaces,
which deteriorate surface quality and catalytic performance."”

In this study, we report a safe, one-step, ammonia-free
topochemical nitridation that uses Ca;N, as a solid nitrogen
source. Unlike most refractory nitrides, Ca;N, has a relatively
low melting point (1195 °C),*® providing sufficient reactivity at
moderate temperatures. Remarkably, reaction of BaTiO; with
Ca;N, at 550 °C yields BaTiO;_3,,Ny, with Ti**-related reductive
defects suppressed below detectable levels. After removal of the
CaO byproduct, the resulting powders exhibit a bright orange
color, in contrast to the bluish-green of Ti**-containing oxy-
nitrides obtained wvia ammonolysis."” Structural analysis
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supports homogeneous N’ incorporation consistent with
a stoichiometric 30>7/2N?" anion-exchange mechanism. The
resulting oxynitride exhibits a distinct visible-light absorption
edge originating from N 2p-derived states and enhanced pho-
tocatalytic activity as a photoanode. These findings demon-
strate that Caz;N, enables controlled, ammonia-free nitridation
and establish a general topochemical strategy for minimizing
reductive defect formation in oxynitrides, providing a practical
route to functional materials with improved stability and
optoelectronic properties.

Results and discussion

A mixture of cubic BaTiO; powder (~100 nm) and CazN, (1:3
molar ratio) was heated at 550 °C under vacuum for one week.
Powder X-ray diffraction (XRD) revealed a slightly expanded
cubic phase (@ = 4.01557(5) A) compared to pristine BaTiO; (a =
4.01433(6) A). Residual CazN,, CaO byproduct, and trace
impurities were completely removed by sequential washing with
NH,CI in methanol followed by water (Fig. S1). The purified
product exhibited an orange color, distinct from the white
precursor, indicating partial substitution of O*~ with N*~
without evidence of Ti** reduction (Fig. 1, inset).
Conventional ammonolysis® and two-step oxyhydride
routes™ typically yield bluish-green products originating from
Ti*" defects (Fig. 1, inset). In sharp contrast, the CazN,-treated
samples show no detectable Ti*" signatures. Photo-
luminescence (PL) measurements further confirm the negli-
gible defect density, showing strong band-edge emission
around 2.0 eV, whereas the ammonolysis-derived sample shows

weak and broadened emission (Fig. S2), indicative of
pronounced nonradiative recombination. Electron
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Fig. 1 Powder XRD patterns of BaTiOsz_z,/»2N, samples (~100 nm)
before and after reaction with CazN, at 550 °C for one week, followed
by washing to remove residual CazN, and the CaO byproduct (Fig. S1).
For comparison, BaTiO,53Ng31 synthesized via ammonolysis of
BaTiO, 53H0.47 is shown at the top.*2 The inset photographs highlight
the color change from white (pristine BaTiOz) to orange (no detectable
Ti**) and green (indicating the presence of Ti** defects), illustrating the
contrast between the two reaction routes.
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paramagnetic resonance (EPR) and Ti L-edge soft X-ray
absorption spectroscopy (XAS) measurements do not reveal
measurable Ti** signatures in the CazN,-treated samples within
their detection limits (Fig. $3).2° These findings are consistent
with a stoichiometric 3 : 2 anion-exchange mechanism:

BaTiO3 + 0.5x Ca3N2 - BaT103 3“‘(/2NX + 1.5x CaO (1)

To investigate the reaction kinetics, the heating duration for
the BaTiOz;-Ca;N, reaction was varied from 24 h to 2 weeks.
Powder XRD revealed a gradual shift of diffraction peaks toward
lower angles with increasing time, consistent with lattice
expansion accompanying progressive nitrogen incorporation
(Fig. 2a)."> The diffraction peaks remained sharp under all
conditions, indicating preservation of crystallinity (Fig. S4).
Correspondingly, the washed samples exhibited a gradual color
change from yellow to orange with prolonged heating (Fig. 2b),
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Fig. 2 (a) (top) Lattice constant a, (middle) nitrogen content, and
(bottom) bandgap of BaTiO=_3,,2N, as a function of reaction time with
CazN, at 550 °C (Table S1). The asterisk denotes a precursor
undergoes lattice shrinkage readily upon heat treatment, a behavior
typical of nanocrystalline BaTiOs (Table S2).22-2* In the bottom panel,
filled and open symbols represent the first (lower-energy) and second
(higher-energy) absorption steps derived from Tauc plots; both are
assigned as indirect transitions. Dashed lines are guides to the eye. (b)
Photographs of BaTiOs_3,,oN, samples reacted with CazN, for
different durations, after washing to remove residual CasN, and the
CaO byproduct, showing a gradual color change with increasing
reaction time.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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supporting progressive 30% /2N®~ substitution without detect-
able Ti** reduction. Combustion analysis gave a maximum
nitrogen content of x = 0.20 (BaTiO, ;1N »0), Which lies between
values typically obtained for ammonolysis-derived samples (x =
0.1)19 and oxyhydride routes (x = 0.4)."

To assess diffusion limitations, particle-size effects were
examined. Smaller particles (=100 nm) retained sharp diffrac-
tion peaks and higher nitrogen incorporation, whereas larger
particles (=300 nm) exhibited peak broadening and reduced
nitrogen content (Fig. S5), consistent with diffusion-limited
nitridation. Spatial homogeneity was further confirmed by X-
ray photoelectron spectroscopy (XPS) depth profiling of
a ~50 nm BaTiOj; thin film treated under identical conditions,
which shows a uniform nitrogen signal across the film thick-
ness (Fig. $6). In contrast, increasing the reaction temperature
to 650 °C led to over-reaction and TiN forming (Fig. S7), indi-
cating a narrow temperature window for controlled nitridation.

In oxynitrides, the higher energy N 2p orbitals relative to O
2p results in an upward shift of the valence band maximum and
a reduced bandgap.” Consistent with this, the UV-vis diffuse
reflectance spectra of BaTiO;_3,,,N, display an additional long-
wavelength absorption compared with BaTiO; (Fig. S8a), in line
with the observed color change. Tauc analysis indicates indirect
bandgap transitions for all samples, with the bandgap nar-
rowing from 3.14 eV to 2.03 eV after one week of reaction
(Fig. 2a). Prolonged heating did not further reduce the bandgap,
suggesting that bandgap narrowing had reached saturation.
However, the absorption intensity in near-edge region gradually
increased, indicating subtle evolution of the electronic states
near the band edge (Fig. S8b).

These results demonstrate that Ca;N, serves as an effective
reagent for topochemical 30°7/2N*" anion exchange, enabling
nitrogen incorporation while suppressing reductive electron
doping. In conventional oxygen-nitrogen exchange reactions,
reductive conditions are unavoidable: ammonolysis generates
highly reactive species (e.g., NH,, NH, N, and H) that readily
reduce transition-metal cations,” while in the two-step oxy-
hydride route, electrons introduced into intermediate phases
(e.g., BaTiO3_,H,) cannot be completely removed during reox-
idation, leaving residual reduced species (e.g., Ti*", d*) in the
final product.” In contrast, the Ca;N,-mediated reaction
proceeds in the absence of a reducing atmosphere, allowing
precise nitrogen substitution while maintaining Ti in
a predominantly d° electronic configuration within the detec-
tion limits of our measurements.

This method offers four key advantages. (i) The formation of
the highly stable byproduct CaO (AG; = —602.5 kJ mol™)
thermodynamically drives the reaction (eqn (1)), analogous to
CaH,-mediated oxyhydride synthesis.>*2* (ii) CazN, possesses
an unusually low melting point (1195 °C), far below those of
typical nitrides such as ZrN (2952 °C) and VN (2050 °C) (Table
S2),'**” affording sufficient reactivity at moderate tempera-
tures.?®*® Notably, Li;N, despite its lower melting point (845 °C),
does not enable controlled nitridation under comparable
conditions (Fig. S9), highlighting that melting point alone is
insufficient and that the thermodynamic driving force for
oxygen removal is critical. (iii) The reaction proceeds in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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absence of hydrogen, avoiding the formation of reductive
hydrogen species (e.g., NH,, NH, H,) typical of ammonolysis
and thereby suppressing Ti*'-related defects. (iv) The CaO
byproduct can be readily removed by simple wet-chemical
treatment, yielding a clean oxynitride without residual surface
contaminants (Fig. S1), unlike carbon-based reagents such as
urea."’

The orange BaTiO, ;3N 13 sample, with a bandgap and band-
edge alignment consistent with visible-light-driven water split-
ting, was evaluated by photoelectrochemical (PEC) measure-
ments (Fig. $10). All PEC measurements were performed under
identical conditions to allow direct comparison of the photo-
response behavior among samples. Electrodes were prepared by
depositing BaTiOz (control) or BaTiO,;3Ny1g onto fluorine-
doped tin oxide (FTO) substrates, followed by irradiation with
visible light (1 > 400 nm). As expected, pristine BaTiO; showed
negligible photocurrent, whereas BaTiO, ;3Ny .5 generated
a stable anodic photocurrent of 1.63 uA cm™> at +1.0 V vs. RHE,
about five times higher than that of the control, indicating
improved visible-light photoresponse upon nitridation (Fig. 3a).
The photocurrent remained stable under chopped light illu-

mination (Fig. 3b), with reproducible on/off responses
synchronized with light irradiation, confirming the
photoelectrochemical origin of the signal.
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Fig. 3 (a) Current—voltage curves measured in 0.1 M Na,SO,4 aqueous
solution (pH 5.9) under intermittent visible-light irradiation for BaTiOs/
FTO and BaTiO,3Ng1s/FTO electrodes. Scan rate: 20 mV s~ % (b)
Transient (light on/off) photocurrent responses of the BaTiO573Ng 1g/
FTO electrode at +1.0 V vs. RHE in 0.1 M Na,SO,. Clear and repro-
ducible on/off responses are observed upon light modulation. The
absolute photocurrent density is smaller than that in (a), as this
potentiostatic measurement reflects the steady-state response after
transient capacitive components relax.*—3®
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For comparison, the sample prepared via the oxyhydride
route (BaTiO, 53N, 31) showed a higher initial photocurrent but
suffered rapid degradation under illumination (Fig. S11). This
decay is attributed to a higher defect density, which can facili-
tate nonradiative recombination and photocorrosion.** In
contrast, PL measurements of the CazN,-treated sample show
no detectable mid-gap emission, supporting a lower density of
recombination-active defects (Fig. S2). These results suggest
that the photocatalytic performance could be further improved
by enhancing charge extraction, for instance, through cocatalyst
loading or facet engineering.*"** Indeed, in Al-doped SrTiO;,
cocatalyst loading enables efficient utilization of photogene-
rated carriers in surface reactions, yielding a highly efficient
photocatalyst with a quantum efficiency approaching 100%.%

Conclusions

In summary, we have developed a one-step, ammonia-free
topochemical nitridation route for synthesizing the oxynitride
BaTiO;_3,,N, using CazN, as a solid nitrogen source. The
reaction proceeds at 550 °C via a stoichiometric 30% /2N~
anion-exchange process, with Ti*"-related reductive defects
suppressed below detectable levels, yielding phase-pure orange
powders with tunable bandgaps. The resulting oxynitride
exhibits stable visible-light photoactivity without photo-
degradation, consistent with its low defect density and well-
preserved crystallinity. This combination of controlled anion
exchange, defect suppression, and mild hydrogen-free pro-
cessing establishes CazN, as a practical and broadly applicable
nitrogen source for the synthesis of photoactive semi-
conductors and related optoelectronic materials.

Experimental

Polycrystalline BaTiO;_;,,N, samples were synthesized by
a topochemical reaction using BaTiO; powders with particle
sizes of 50, 100, 300, and 500 nm (KSZ-50, BT-01, BT-03, and BT-
05, Sakai Chemical Industry) and a 3 molar excess of CazN,
(Aldrich, 99%). The powders were ground and pelletized in an
N,-filled glovebox. The pellets were sealed in Pyrex tubes under
vacuum (<5 Pa) and heated at 550 °C and 650 °C for 6 hours to 2
weeks. After cooling, the pellets were crushed and washed with
0.1 M NH,Cl/MeOH and 0.1 M NH,CI/H,O to remove residual
Ca;N, and the by-product CaO. The samples were then dried
under vacuum. This procedure follows previous protocols for
BaTiO,_ H,.2+2¢

For comparison, alternative nitridation reagents, VN
(Kojundo Chemical Lab, 98%), ZrN (Kojundo Chemical Lab,
99%), and LizN (Aldrich, 99.5%), were also tested. Each reagent
was mixed with 100 nm BaTiO; powder (BT-01) in a 6 molar
excess and pelletized. The VN- and ZrN-containing pellets were
heated at 550 °C for 2 weeks, whereas the LizN-containing
pellets were treated at 350, 450, and 550 °C (2 weeks each).
The products were analyzed without washing. As a control,
pelletized BaTiO; (BT-01) was subjected to identical heat treat-
ment (550 °C for 2 weeks) without nitridation reagents.

10050 | Chem. Sci,, 2026, 17, 10047-10052
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Powder X-ray diffraction (XRD) measurements were carried
out at room temperature using a Rigaku SmartLab with Cu Ka
radiation. The XRD data were analyzed by Le Bail fitting using
Jana2006.*® Elemental analysis was conducted using a Micro
Corder JM11 (Elemental Analysis Section, Institute for Chemical
Research, Kyoto University). Approximately 1.5-2 mg of each
sample was combusted at 950 °C for 5 min in a helium stream
with auxiliary oxygen and a copper oxide oxidizer. Scanning
electron microscopy (SEM) images were acquired using a JEOL
JSM-IT500HR to examine particle morphology. Elemental
compositions were analyzed by energy-dispersive X-ray spec-
troscopy (EDX) using an Oxford X-act detector attached to
a Hitachi S-3400N SEM.

EPR measurements were performed using a JEOL JES-FA200
X-band spectrometer (9.413 GHz), with Mn/MgO as an internal
standard. A powder sample (2.8 mg) was loaded into a quartz
tube and placed in the microwave cavity. The microwave power
and magnetic-field modulation amplitude were set to 1 mW and
0.2 mT, respectively. Ti L-edge soft X-ray absorption spectros-
copy (XAS) was conducted in total electron yield (TEY) and
partial fluorescence yield (PFY) modes at BL-12 A of the Photon
Factory (KEK), Japan. Measurements were carried out under
high vacuum (~10"° Pa) at room temperature. The spectra were
normalized to the incident photon flux using the upstream
mirror current (I,). UV-visible diffuse reflectance spectra were
collected with a Jasco V-650 spectrophotometer, and bandgap
energies were estimated from Tauc plots.

Photoluminescence (PL) measurement was carried out in the
following way. The powder samples were fixed onto a quartz
plate with CYTOP polymer matrix (CTL-809M) and loaded in
a closed-cycle helium cryostat for variable temperature
measurement. The sample was photo-excited by a picosecond
diode laser (405 nm, LDB-160C-405, Tama-denshi). Due to its
faint photoluminescence, it was guided to a photon counter
(C16533, Hamamatsu Photonics) through a series of parabolic
mirrors and counted using a universal frequency counter
(532304, Keysight) in a reflective configuration. In order to
select monitor wavelength, 10 nm band-pass filters were used
(FBH-XXX-10, XXX = 450, 480, 500, 532, 600, and 650, Thorlabs).
The representative quantum yields of the photon counter were
used for sensitivity correction.

Ar" sputtering-assisted X-ray photoelectron spectroscopy
(XPS) depth profiling was performed to examine the nitrogen
depth distribution using an epitaxial BaTiO; thin film as
a model system. The film was grown on an MgO(100) substrate
(Shinkosha Corp.) by pulsed laser deposition using a Nd:Y;Als-
04, laser (266 nm, 2.5 ] cm ™2, 10 Hz) to ablate a polycrystalline
BaTiO; target (Sakai Chemical Industry). The substrate
temperature was 750 °C and the oxygen partial pressure was 1.0
Pa. A deposition time of 65 min yielded a film thickness of
~50 nm. Out-of-plane XRD and X-ray reflectivity (XRR)
measurements were performed using a Rigaku SmartLab with
monochromated Cu Ko, radiation to evaluate the crystal
structure and film thickness, respectively. Nitridation of the
BaTiO; film was conducted with 0.2 g of Ca;N, in a sealed,
evacuated Pyrex tube at 550 °C for 2 weeks. After cooling, the

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00009f

Open Access Article. Published on 07 April 2026. Downloaded on 6/14/2026 7:15:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

film was washed with 0.1 M NH,CI/MeOH to remove excess
Ca;N, powder and the CaO byproduct from the surface.

XPS depth profiling was conducted using a PHI Quantera II
(Al Ko, 1486.6 eV; analysis area 100 um diameter; take-off angle
45°) with Ar" sputtering at 2.0 kV. Spectra of Ba 3ds,, Ti 2p, O
1s, N 1s, and Mg 1s were recorded to quantify Ba, Ti, O, N, and
Mg as a function of sputter time. Possible sputter-induced
compositional changes were considered, and comparisons
were made assuming similar sputter damage among samples.

The electrode substrate was a fluorine-doped tin oxide (FTO)
cleaned with acetone. 5 mg of BaTiO; and BaTiOj;_s,,N, were
added to a mixture of 0.7 mL of EtOH and 0.3 mL of H,O, and the
catalyst ink was prepared by sonication. The FTO electrode was
heated to approximately 373 K on a hot plate while drops of
catalyst ink were applied to ensure uniformity. The apparent
catalyst coverage was 2.0 cm > The electrodes were dried over-
night at 343 K in air. Photoelectrochemical measurements were
carried out with a potentiostat (HZ-Pro, Hokuto Denko) and an
electrochemical cell at ~298 K. A three-electrode system was used
with a Pyrex glass cell, platinum wire and Ag/AgCl (—0.059 pH,
—0.198 V vs. RHE, 298 K) electrodes as counter and reference
electrodes, respectively (Fig. S10). An aqueous 0.1 M Na,SO,
(Wako, > 99.0%) solution of pH 5.9 was used as the electrolyte.
Before the electrochemical measurements, the electrolyte was
saturated with Ar gas. The light source was a 300 W Xe lamp
(PE300BF, Cermax) fitted with an L42 cut-off filter (HOYA). All LSV

measurements were conducted at a sweep rate of 20 mV s~ .
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