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ABSTRACT: Flux growth is a promising method that allows one to
control over the crystalline phase, crystal shape, crystal size, and crystal
surface through the selection of a suitable flux. In this work, lanthanum
titanate (La,Ti,O,) crystals with different morphologies were grown
using the Na,MoO,, K,MoO,, NaCl, and mixed NaCl + K,MoO,
(molar ratio = 3:7) fluxes, and their nitridability to form LaTiO,N
crystals under a high-temperature NH; atmosphere was also
investigated. The effects of the solute concentration and cooling rate
on the growth of the La,Ti,O, crystals were also studied. The X-ray
diffraction results revealed that the {100} plane was dominant in the La,Ti,O; platelet crystals grown using the alkali-metal
molybdate fluxes. When the solute concentration was increased from 1 to 20 mol %, the average size of the crystals decreased
without considerable alteration of the overall crystal morphology. The La,Ti,O, crystals with the preferred (010) and (001)
growth directions along the b and ¢ axes were grown using the Na,MoO, and K,MoO, fluxes, respectively. Compared to the
Na,MoO, flux, the K,Mo0O, flux did not show a cooling-rate-dependent effect on the growth of the La,Ti,O, crystals. It was
found that conversion of the La,Ti,0- crystals to the LaTiO,N crystals was strongly dependent on the flux used to grow the
precursor La,Ti,O, crystals. That is, the La,Ti,O, crystals grown using the K;MoO, and NaCl fluxes were nearly completely
converted into the LaTiO,N crystals, while conversion of the La,Ti,0, crystals grown using the Na,MoO, and mixed NaCl +
K;MoO, fluxes to the LaTiO,N crystals seemed to be not completed yet even after nitridation at 950 °C for 15 h using NH,
because of the larger crystal size and the presence of unintentional impurities (sodium and molybdenum from the flux) in the
La,Ti,O, crystal lattice. Nevertheless, the LaTiO,N crystals fabricated by nitriding the La,Ti,O, crystals grown using the
K,Mo00, and NaCl fluxes should be suitable for direct solar water splitting,
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layered structure with the P2, space group. The lattice
constants of monoclinic La,Ti,O, are a = 7.812(2) A, b =
5.5440(7) A, ¢ = 13.010(2) A, and B = 98.66°>* La,Ti,0, is transducer, an electrooptic device, and a low-temperature
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Table 1. Experimental Conditions for the Flux Growth of La,Ti,0, Crystals

solute

run  solute conen (mol %) La,O; (g) TiO, (g) Na,MoO,2H,0 (g)
1 20 2.489 1.220 7.392
2 10 0.697 0.341 4.655
3 S 0.741 0.363 10.453
4 0.156 0.077 11.476
S S 0.741 0.363 10.453
6 0.741 0.363 10.453
7 20 2.266 1.111

8 10 1.239 0.608

9 S 0.650 0.319

10 1 0.135 0.066

11 S 0.650 0.319

12 S 0.650 0.319

13 S 2.041 1.001

14 S 0.817 0.401

flux

K,MoO, (g) NaCl (g) holding temperature (°C) cooling rate (°C h™")

1100 N

1100 50

1100 S0

1100 50

1100 N

1100 100

6.624 1100 N

8.153 1100 S50

9.031 1100 50

9.798 1100 S0

9.031 1100 S

9.031 1100 100

6.958 1000 S0

7.946 (70%) 0836 (30%) 1000 150

various lanthanide ions to produce phosphors emitting a wide
variety of colors for the development of photoluminescent
materials.'> La,Ti,0, with a highly donor-doped layered
perovskite structure has also demonstrated good photocatalytic
activity for water slplitting13 and the decomposition of toxic
organic substances. 4 According to Abe et al,"® an enhanced
photocatalytic activity for water splitting of La,Ti,0; is closely
related to the network of octahedral units of metal cations that
increases the mobility of electrons and holes.

Lanthanum titanium oxynitride (LaTiO,N) is a derivative of
lanthanum(11I) titanium(IV) oxide, in which oxygen is partially
substituted by nitrogen under high-temperature nitridation
using NH;. Because oxygen is partially substituted by nitrogen,
the N 2p levels are located above the O 2p levels, causing the
reduction of a band gap.'®"” As illustrated in Figure 1b, the
LaTiO,N phase exhibits an orthorhombic structure with space
group Imma and lattice constants of a = 5.5731(2) A, b =
7.8708(3) A, ¢ = 5.6072(2) A, and a = # = y = 90°. The tilt
system of Imma LaTiO,N is a’"b~, and the antiphase tilt angle
estimated is 10.404(5)°.'® LaTiO,N is an n-type semiconductor
with a perovskite-type structure and a band gap of 2.1 eV that
shows good photocatalytic activity for H, and O, evolution
from water splitting in the presence of suitable sacrificial
reagents under irradiation of light with wavelengths up to ca.
600 nm due to its suitable band positions.'*° It has also been
reported that the rate of O, evolution from LaTiO,N can be
enhanced by loading with IrO,' Co00,* In,0;* and
Co030,™ as well as by a particle-transfer method,** the removal
of defective surface reconstructed layers,”® and TiCl, treat-
ment.*®

Furthermore, photocatalytic crystallites with clear crystal
habits and high crystallinity can support a discrete loading of
cocatalyst onto different surfaces. When electrons and holes are
selectively consumed on different surfaces, a charge separation
is therefore promoted by the formation of a concentration
gradient, and the recombination becomes less frequent.”” The
flux method is one of the crystal growth techniques that allows
one to grow crystals with high crystallinity and idiomorphic
shape from a supersaturated high-temperature melt with the
assistance of a flux (molten salts or metals). There are some
certain criteria for selecting a good flux, and the most critical
ones are high solubility of the reagents in the flux and a
significant change in the solubility with temperature.”® For
instance, the (110) layered perovskite La,Ti,O, crystals were

3238

grown with high purity and homogeneous microstructures
using the sulfate (Na,SO,/K,SO,)* and chloride (NaCl/
KCl1)*® fluxes. The alkali-metal molybdates are also attractive
for oxide crystal growth because of their ability to dissolve oxide
reagents and reduced volatility. In addition, the sodium and
potassium salts are water-soluble, which can easily be separated
later from the grown crystal product, and have low melting
points, low volatility, low viscosity, and exceptionally fast
dissolution kinetics.>’ Using the alkali-metal molybdate flux,
substitution in the grown crystals may also be negligible
because of the high oxidation state of molybdenum.” The
growth of La,Ti,0, crystals in the alkali-metal molybdate flux
and their conversion to LaTiO,N crystals have not been
reported yet. In this work, we therefore put emphasis on the
study of the effect of the alkali-metal molybdate flux on the
growth of La,Ti,O, crystals, the crystal growth manner, and
their nitridability to form LaTiO,N crystals under a high-
temperature NH; atmosphere.

2. EXPERIMENTAL SECTION

2.1. Flux Growth of La,Ti,O; Crystals. Reagent-grade La,0O;,
TiO,, Na,Mo0,-2H,0, K,Mo00,, and NaCl (Wako Pure Chemical
Industries, Ltd.) were used as received for alkali-metal molybdate flux
growth of the La,Ti,0, crystals. The detailed experimental conditions
for alkali-metal molybdate flux growth of the La,Ti,O, crystals are
given in Table 1. In this work, a stoichiometric mixture of La,O; and
TiO, (molar ratio = 1:2) was used as the solute, and Na,MoO,,
K,Mo00,, NaCl, and mixed NaCl + K,MoO, (3:7) were employed as
the flux. The solute concentration was varied from 1 to 20 mol %, and
the total mass of a solute-flux mixture was approximately 10 g for each
run. After being well homogenized for 30 min, each solute-flux mixture
was put into a platinum crucible with a capacity of 30 cm? and a
platinum lid was loosely closed. The mixture-containing platinum
crucible was then placed in an electric furnace, heated to 1100 °C at a
heating rate of 200 °C h™/, and held at that temperature for 10 h.
Subsequently, the platinum crucible was cooled to 500 °C at a cooling
rate of 50 °C h™" using a cooling control program and then allowed to
cool naturally to room temperature. The flux-grown La,Ti,0, crystals
were separated from the remaining flux by washing the grown crystal
products with hot water and dried at 100 °C for 12 h. To investigate
the effect of the alkali-metal chloride and alkali-metal chloride—
molybdate fluxes on the growth of La,Ti,O, crystals, additional
parallel experiments were performed using the NaCl and mixed NaCl
+ K,MoO, fluxes at 1000 °C for 10 h, at a heating rate of 100 °C h™!
and cooling rates of 50 and 150 °C h™" to 500 °C, respectively.
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2.2. Fabrication of LaTiO,N Crystals. To fabricate the LaTiO,N
crystals, 0.5 g of the flux-grown La,Ti,O, crystals was wrapped with
quartz wool, placed in a vertical tubular furnace with a quartz rod,
nitride at 950 °C for 15 h at a heating rate of 10 °C min™' under an
NH,; flow (200 mL min™"), and cooled naturally to room temperature.

2.3. Characterization. The crystal phases formed were identified
by X-ray diffraction (XRD; MiniflexI], Rigaku) with Cu Ka radiation
(4 = 0.154 nm). The X-ray diffractometer was operated at 30 kV and
20 mA in the 26 range from 5° to 80°. The elemental compositions of
the crystal products were analyzed by inductively coupled plasma
optical emission spectrometry (ICP-OES; SPS5510, SII), energy-
dispersive X-ray spectroscopy (EDS; JSM-6710F, JEOL), and X-ray
photoelectron spectroscopy (XPS; JPS-9010MC, JEOL) using non-
monochromated Mg Ka radiation (1253.6 eV) with a 10 mA emission
current and a 10 kV acceleration voltage. The XPS profiles were fitted
using a Gaussian—Lorentzian function, and the peak positions were
normalized by positioning the C 1s peak at 284.5 eV. The
morphologies and sizes of the flux-grown crystals were examined by
scanning electron microscopy (SEM; JCM-5700, JEOL) at an
acceleration voltage of 15 kV. The average sizes of the crystals
grown were estimated by an intercept technique using SEM
micrographs on at least 200 selected crystals. The crystallinity and
developed facets of the flux-grown crystals were analyzed by high-
resolution transmission electron microscopy (TEM; JEM-2010, JEOL)
operating at 200 kV. The ultraviolet—visible (UV—vis) diffuse-
reflectance spectra of the crystal products were recorded on a
JASCO V-670 spectrophotometer.

3. RESULTS AND DISCUSSION

To study the effect of the solute concentration on the growth of
La,Ti,O, crystals using the alkali-metal molybdate fluxes, the
solute concentration was varied from 1 to 20 mol %. Parts a and
b of Figure 2 show the XRD patterns of the crystals grown
using the Na,MoO, and K,;MoO, fluxes and the International
Centre for Diffraction Data Powder Diffraction File (ICDD
PDF) data for La,Ti,0, (ICDD PDF 28-0517). All of the
diffraction lines can be indexed to the monoclinic phase of
La,Ti,O, (ICDD PDF 28-0517) with lattice parameters of a =
13.0150 A, b = 5.5456 A, and ¢ = 7.8170 A. No diffraction lines
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Figure 2. XRD patterns and SEM images of the La,Ti,O, crystals
grown using the (a) Na,MoO, and (b) K,Mo0O, fluxes with different
solute concentrations.
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belonging to the impurity phases were detected, implying that
the phase-pure La,Ti,0, crystals could be grown with different
solute concentrations using the Na,MoO, and K,MoO, fluxes.
Intense and sharp diffraction lines were observed in the XRD
patterns of the flux-grown crystals, indicating a high degree of
crystallinity. The diffraction lines resulting from the {100}
plane of the La,Ti,0, crystals are clearly stronger compared to
the corresponding lines of the ICDD PDF data, evidencing
dominance of the {100} plane in the La,Ti,O, crystals grown
using the alkali-metal molybdate fluxes. Upon an increase in the
solute concentration, the intensity of other diffraction lines of
the La,Ti,O, crystals slowly increased because of the
development of other crystal faces through the flux growth
process.

Parts a and b of Figure 2 show the SEM images of the
crystals grown using the Na,MoO,, and K,MoO, fluxes. It is
clear that the crystal shape and size were significantly affected
by the solute concentration. As shown in Figure 2a, the crystals
grown with a solute concentration of 1 mol % using the
Na,MoO, flux have an elongated platelet shape (ca. 29.3 ym in
length and ca. 18.6 ym in width) along with agglomerated small
particles, whereas using the solute concentration of 5 mol %
advanced the growth of uniform platelet microstructures (ca.
12.8 ym in length and ca. 6.2 ym in width) with well-developed
crystal faces. Further increases in the solute concentration to 10
and 20 mol % lead to the growth of irregular crystals with some
platelets (ca. 8.4 ym in length and ca. 3.7 ym in width) and
irregular crystals (ca. 2.6 ym in length and ca. 1.8 ym in width),
respectively. Using the K,MoO, flux, La,Ti,O, crystals in the
platelet shape were grown (Figure 2b). When the solute
concentration was increased from 1 to 20 mol %, the average
length and width of the crystals decreased without considerable
alteration of the overall crystal morphology, as follows: 1.23 and
0.76 um (1 mol %) < 1.21 and 0.68 um (S mol %) < 1.08 and
0.58 um (10 mol %) < 0.96 and 0.57 pm (20 mol %). Judging
from the SEM results, the solute concentration of S mol %
appears to be optimum for the growth of the La,Ti,0, crystals
with uniform shape and size using the Na,MoO,, and K,MoO,
fluxes. As shown in Figure 3a,b, the average size of the La,Ti,0,
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Figure 3. Average size of the La,Ti,O, crystals grown using the (a)

Na,MoO, and (b) K,MoO, fluxes as a function of the solute
concentration.

crystals grown using the Na,MoO, flux is much larger than that
of the La,Ti,O; crystals grown using the K,MoO, flux probably
because of a high degree of supersaturation and high solubility
of the solute in the Na,MoO, flux compared to the K;MoO,
flux, allowing the growth of larger La,Ti,O, crystals with well-
developed crystal faces.*” In addition, monovalent cations (Na*
and K*) can additionally decrease the viscosity of the melt by
preventing network formation in melts.”® With an increase in
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the solute concentration from 1 to 20 mol %, the average size of
the La,Ti,O, crystals grown using the Na,MoO, and K,MoO,
fluxes decreased. This is because the solute with lower
concentration was easily soluble in the alkali-metal molybdate
fluxes, inducing the growth of larger crystals, whereas smaller
crystals were grown because of a large number of nuclei in the
supersaturated high-temperature melt, hindering the complete
growth of those small crystals.”?

The crystallographic characteristics of the La,Ti,0, crystals
grown with a solute concentration of 5 mol % using the
Na,MoO, and K,MoOQ, fluxes were examined by TEM, and the
results are shown in Figure 4. The magnified bright-field TEM

Figure 4. TEM images, SAED patterns, and high-resolution TEM
images of the La,Ti,0; crystals grown using the (a—c) Na,MoO, and
(d—f) K,Mo0, fluxes with a 5 mol % solute concentration.

images (Figure 4a,d) confirm that the La,Ti,O; crystals grown
using the Na,MoO, and K,MoO, fluxes are elongated and
rounded rectangular-shaped platelets, respectively, which is
consistent with the SEM observations. In Figure 4b,e, highly
ordered selected-area electron diffraction (SAED) spots of
individual La,Ti,0, platelets grown using the Na,MoO, and
K;MoO, fluxes reveal their single-crystalline nature. In the
SAED patterns, the dyg, and d,, spacings were determined to
be 0.387 and 0.278 nm, respectively, which are in good
agreement with the theoretical values of dyy, = 0.386 and dg,, =
0.277 nm. The corresponding diffraction spots indexed as 002
and 020 reflections corroborate the preferred (010) and (001)
growth directions of the La,Ti,O, platelets grown using the
Na,MoO, and K,MoO, fluxes along the b and ¢ axes,
respectively. After analysis of the surfaces and cross sections
of the (100) and (010) planes of the idealized crystal structure
of La,Ti,0,, shown in Figure S1 in the Supporting Information
(SI), no significant difference was found in the b and c axes.
Nevertheless, the Na,MoO, and K,MoO, fluxes promoted
growth of the La,Ti,0O; platelet crystals along the b and ¢ axes,
respectively. The lattice images of the La,Ti,0, crystals, shown
in Figure 4c,f, were taken with the incident beam along the
[100] direction. No obvious defects were observed in these
lattice images, confirming the high crystallinity of the La,Ti,0,
crystals grown using the Na,MoO, and K,MoO, fluxes.
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It is known that the morphology of crystals grown using the
flux strongly depends on a number of factors, including solute—
solvent interaction and the crystal—solution interface; however,
there is so far no generalized flux growth mechanism. For the
alkali-metal molybdate flux growth of two-dimensional
La,Ti,0, platelet crystals, here we briefly postulate the growth
manner based on the obtained but limited results. First, the
layered monoclinic crystal structure and the feeble bonding
between the layers play important roles in the growth of two-
dimensional La,Ti,0; crystals using the flux. In the monoclinic
crystal structure of La,Ti, O, the layers are built from the (110)
perovskite slabs composed of corner-sharing TiOg4 octahedra
and coordinated lanthanum cations.>* In addition to the degree
of supersaturation, another reason for growing two-dimensional
La,Ti,O, platelet crystals with an exposed {100} face appears
to be the difference in the growth rate of the planes. That is,
while crystal growth was preferred along the (010) and (001)
directions, crystal growth along the (100) direction was
relatively slow. Therefore, the {100} face became the most
prominent on the La,Ti,O, platelet crystals grown using the
Na,MoO, and K,MoO, fluxes. Moreover, the polar {010} and
{001} planes could also provide a smooth transition between
the crystal and the melt, thus decreasing the free surface
energy.”® Afanasiev®® also described that, if a crystalline
structure contains charged planes populated with alkali-metal
cations, such planes will be preferentially exposed in the crystal
product. Similarly, anionic charged planes can also be favored.””
We assume that the Burton—Cabrera—Frank (BCF)-type
screw-dislocation process was probably involved in the growth
of the La,Ti,O- platelet crystals. In the high-temperature melt,
the growth rate of crystals is believed to be governed by the rate
of ions diffusing to kinks in the steps of spirals. Although crystal
growth from the fluxes is generally considered to be a BCF-type
screw-dislocation 6[,)1'ocess,28’3’8 oriented attachment and a
Kirkendall effect®® and layer-by-layer growth® have also
recently been reported.

Next, we investigated the effect of the cooling rate on the
morphology of the La,Ti,O, crystals grown using the
Na,MoO, and K,MoO, fluxes. The results are shown in
Figure S. Using the Na,MoO, flux, the La,Ti,O, crystals were
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Figure 5. XRD patterns and SEM images of the La,Ti,O, crystals
grown using the Na,MoO, and K,MoO, fluxes with a 5 mol % solute
concentration at cooling rates of § and 100 °C h™".

grown along with the NagsLay;TiO; (ICDD PDF 89-6954)
and NagLaMoO, (ICDD PDF 72-2158) phases at a cooling
rate of 5 °C h™% Interestingly, the formation of these two
impurity phases was suppressed by a cooling rate of 100 °C h™’,
as shown in the XRD patterns. In contrast to the Na,MoO,
flux, the K;MoO, flux did not show such a cooling-rate-
dependent effect on the growth of the La,Ti,O; crystals. That
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is, using the K,MoO, flux, single-phase La,Ti,0; crystals were
grown at a cooling rate of S °C h™" as well as 100 °C h™". The
formation of sodium- and molybdenum-containing impurity
phases in the crystal product grown using the Na,MoO, flux at
a cooling rate of 5 °C h™' was thought to be due to the high
reactivity of the Na,MoO, flux, compared to the K,MoO, flux,
in which Na* and Mo®/Mo®* could easily react with La** to
form the NasLaMoQ, phase. Because of a good six-coordinated
effective ionic radius matching between Mo®* (0.62 A) and Ti**
(0.605 A),* the Mo®* ions were prone to replace Ti*" in the
lattice, resulting in the Na;LaMoO, phase. The NayLa,TiO;
phase was formed because of partial substitution of La** by Na*
from the Na,MoO, flux in the lattice because the ionic radius of
La** (1.16 A) is very close to that of Na* (1.18 A).* The SEM
images in Figure S confirm that the La,Ti,O, crystals with
nearly identical platelet shape and size (ca. 17.3 um) were
grown using the K,MoO, flux regardless of the difference in the
cooling rates. Using the Na,MoO, flux, large pseudocubic
La,Ti,0; crystals (ca. 8.4 ym) were grown along with acicular
(ca. 7.1 ym) and irregular (ca. 10.2 ym) crystals of NagLaMoO,
and NaysLaysTiO; at a cooling rate of 5 °C h™', whereas large
La,Ti,0, platelet crystals were grown at a cooling rate of 100
°C h™% Tt can be concluded that the K,MoO, flux did not have
a cooling-rate-dependent effect on the growth of the La,Ti,O,
crystals compared to the Na,MoO, flux owing to the
evaporation of the flux rather than cooling.

Conversion of the La,Ti,O; crystals to the LaTiO,N crystals
was also examined in this study by nitriding the four La,Ti,0,
samples, grown separately using the Na,MoO,, K;MoO,, NaCl,
and mixed NaCl + K,MoOQ, fluxes, at 950 °C for 15 h under an
NH; flow. The XRD patterns and SEM images of the samples
before and after nitridation are compiled in Figures 6 and 7.
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Figure 6. XRD patterns and SEM images of the La,Ti,O, crystals
grown using the Na,MoO, and K,MoO, fluxes with a 5 mol % solute
concentration before and after nitridation under an NH; flow (200 mL
min~') at 950 °C for 15 h.

The XRD patterns clearly indicate that the phase-pure
La,Ti,0, crystals could be grown using the Na,MoO,,
K,Mo00,, NaCl, and mixed NaCl + K,Mo0O, fluxes; however,
their crystal morphologies were strongly dependent on the flux
used. As shown in Figure 6, uniform platelets (ca. 12.8 ym in
length and ca. 6.2 um in width) with well-developed crystal
faces were grown using the Na,MoO, flux, whereas the
La,Ti,0, platelet crystals with ca. 1.21 ym in length and ca.
0.68 ym in width were grown using the K,MoO, flux. Acicular
and platelet La,Ti,O, crystals with average sizes of 2.8 and 3.7
pum were grown using the NaCl and mixed NaCl + K,MoO,
fluxes, respectively (Figure 7). Interestingly, high-temperature
transformation of the La,Ti,O; crystals into the LaTiO,N
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Figure 7. XRD patterns and SEM images of the La,Ti,O, crystals
grown using the NaCl and mixed NaCl + K,MoO, fluxes with a § mol
% solute concentration before and after nitridation under an NH; flow
(200 mL min™") at 950 °C for 15 h.

crystals under an NH; atmosphere proceeded without
considerable alteration of the overall crystal morphology,
including the length and width. In addition, the surface
morphology of the crystals grown using the Na,MoO, and
K,Mo00O, fluxes did not change significantly even after high-
temperature nitridation under an NH; atmosphere. On the
contrary, the surface morphology of the crystals grown using
the NaCl and NaCl + K,MoO, fluxes was, in fact, influenced by
the nitridation process, leading to the formation of porous
crystals and the segregation of small crystal structures. Namely,
the crystals grown using the NaCl flux became porous crystal
structures because of the larger lattice strain accumulation upon
structural transformation from La,Ti,O, to LaTiO,N, whereas
small crystals started to segregate on the surface of the platelet
crystals grown using the NaCl + K,MoO, flux, as shown in
Figures 6 and 7. Considering the XRD results, the formability
of the LaTiO,N crystals from the precursor La,Ti,O, crystals
was appreciably reliant on the flux used to grow the La,Ti,0,
crystals. That is, the La,Ti,0, crystals grown using the K;MoO,,
and NaCl fluxes were nearly completely converted into the
LaTiO,N crystals (with an unidentified XRD peak at 26 = 37°
in Figure 6), while conversion of the La,Ti,O; crystals grown
using the Na,MoO, and mixed NaCl + K,Mo0O, fluxes to the
LaTiO,N crystals seems to be not completed yet even after
nitridation at 950 °C for 15 h under an NH; atmosphere. It is
believed that incomplete conversion of the La,Ti,O, crystals to
the LaTiO,N crystals was somehow associated with the
simultaneous presence of Na* and Mo®"/Mo®" from the flux
in a high-temperature solution. For comparison reasons,
La,Ti,O, was also produced in sintered pellet form with
thicknesses of 1.2 and 3.6 mm by a flux-free solid-state process
at 1300 °C for 12 h and nitrided at 950 °C for 10 h under an
NH; atmosphere (200 mL min™'). The results shown in
Figures SS and S6 in the SI evidence that the La,Ti,0, pellet
with a thickness of 1.2 mm was partially converted to LaTiO,N,
whereas the La,Ti,O; pellet with a thickness of 3.6 mm was not
converted to LaTiO,N owing to the thickness of the pellet and
the larger size of the crystals.

We assume that there are mainly two factors, namely, the
crystal size and unintentional impurity in the La,Ti,O, crystal
lattice, negatively affecting complete conversion of the
La,Ti,O, crystals to the LaTiO,N crystals under high-
temperature nitridation using NH;. As the nitridation process
slowly advances from the surface to the bulk, the crystal size
becomes critical to the completion of the oxide-to-oxynitride
transformation. As shown in Figures 6 and 7, the La,Ti,0,
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crystals grown using the Na,MoO, and mixed NaCl + K,MoO,
fluxes are in the form of platelets with ca. 12.8 ym length and
ca. 62 pm width and with an average size of 3.7 um,
respectively. Compared to the La,Ti,O, crystals grown with
smaller sizes using the K,MoO,, and NaCl fluxes (Figures 6 and
7), these larger La,Ti,O; crystals are thought to be the reason
for incomplete conversion of the La,Ti,O, crystals to the
LaTiO,N crystals within 15 h of nitridation at 950 °C using
NH;. Ebbinghaus et al.** reported that the formation of a
perovskite LaTiO,N layer was basically restricted to the surface
(2—3 um) of the La,Ti,O; crystal slice after long nitridation,
and the thickness of the LaTiO,N layer depended strongly on
the nitridation time. Mo® easily undergoes reduction by
accepting electrons, especially under a high-temperature NH;
atmosphere. Therefore, a change in the valence state of Mo
from Mo®" to Mo®*, which can either substitutionally replace
Ti* or enter into the interstitial positions because of a small
difference in their ionic radii, was possible. Also, La*" was
unintentionally partially replaced by Na* from the flux because
of the similarity in their ionic radii. Because of the similarity in
their ionic radii, the diffraction peak positions of the La,Ti,0,
crystals remained unchanged even upon the unintentional
introduction of the molybdenum and sodium species in the
crystal lattice. In addition, the amount of Na* and Mo®/Mo®*
introduced into the La,Ti,O, crystal lattice was considerably
small. Unintentional doping of La,Ti,0, with molybdenum
because of the similarity in the ionic radii of Mo®" and Ti*" is
likely to lead to incomplete conversion of La,Ti,O; to
LaTiO,N. One may wonder why then conversion of the
La,Ti,0, crystals grown using the K,MoO, flux to the
LaTiO,N crystals was nearly completed. Compared to the
K,Mo00, and NaCl fluxes, the introduction of an excess amount
of molybdenum and sodium into the La,Ti,O; crystals using
the Na,MoO, and mixed NaCl + K,MoO, fluxes was
confirmed by elemental analysis. The ICP-OES and XPS
results are shown in Figures S2 and S3 in the SL The results of
elemental mapping of the La,Ti,O, crystals at the micro-
structural level by SEM with EDS are also shown in Figure S4
in the SI. As shown, the La,Ti,0, crystals grown using the
Na,MoO, and mixed NaCl + K,Mo00O, fluxes possess higher
amounts of sodium (22.5 and 2.0 atom %) and molybdenum
(11.5 and 2.5 atom %) in comparison to the La,Ti,O, crystals
grown using the K,MoO, and NaCl fluxes (sodium, 0.0 and 1.2
atom %; molybdenum, 0.7 and 0.0 atom %). Therefore, it is
believed that an excess amount of molybdenum with higher
valence could substitutionally replace titanium and also enter
into the interstitial positions. A substitutional form of doping of
titanium with molybdenum having a valence change under a
reductive NH; atmosphere may increase the oxygen vacancy
level, promoting phase transformation through lattice relaxa-
tion. In contrast, an interstitial form of doping of titanium with
molybdenum may enhance lattice constraint, delaying phase
transformation. As shown in Figures S2—S4 in the SI,
compared to the NaCl + K,MoO, flux, a higher amount of
molybdenum was introduced, using the Na,MoO, flux, into
La,Ti,O, in the form of an interstitial dopant, enhancing the
structural stability. Hence, further prolongation of the
nitridation time and/or an increase in the nitridation
temperature may possibly allow completion of the conversion
of larger La,Ti,0 crystals to the LaTiO,N crystals, but at the
same time, it may also evoke increased defect formation. In
addition, a decrease in the photocatalytic efficiency with an
excess amount of molybdenum in the La,Ti,O, because of the
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created mid band gaps, which act as recombination centers,
should also be taken into account.*’ A slight change in the
tolerance factor and octahedral tilting by the introduction of
unintentional dopants (sodium and molybdenum) in the
La,Ti,O, cannot be completely ignored to interpret the
contribution of unintentional impurities upon incompletion
of the La,Ti,O,-to-LaTiO,N transformation under nitridation
using NH; at 950 °C for 1S5 h. However, further studies need to
be performed to confirm this.

Figure 8 shows the UV—vis diffuse-reflectance spectra of the
La,Ti,0, crystals grown using the K,MoO, flux and the

LaTiO,N
(K,M00,)
F/ LaTiO,N
(NaCl)
. -
La,Ti,0,

300 400 500 600 700 800
Wavelength / nm

Absorbance (arb. units)

Figure 8. UV—vis diffuse-reflectance spectra of the La,Ti,O, crystals
grown using the K;MoO, flux (blue) and the LaTiO,N crystals
fabricated by nitridation of the La,Ti,0; crystals grown using the NaCl
(green) and K,MoO, (red) fluxes under an NH; flow (200 mL min™")
at 950 °C for 15 h.

LaTiO,N crystals fabricated by nitridation of the La,Ti,O,
crystals grown using the NaCl and K,MoO, fluxes. The UV—vis
diffuse-reflectance spectra were measured and converted to
absorption spectra using the Kubelka—Munk function. As
shown in Figure 8, the La,Ti,O, crystals grown using the
K;MoO, flux show a strong absorption in the UV region, and
the absorption edge wavelength is estimated to be approx-
imately 320 nm. In the UV—vis diffuse-reflectance spectra of
the LaTiO,N crystals fabricated by nitridation of the La,Ti,0,
crystals grown using the NaCl and K,MoO, fluxes, an onset of
the light absorption characteristics of the band-gap excitation of
LiTaO,N with a distinctive reddish-brownish color is noticed at
around 600 nm. The absorption edge shift was caused by the
valence-band shift from O 2p for La,Ti,0, to N 2p for
LaTiO,N. The LaTiO,N crystals also exhibited a strong
background absorption beyond the absorption edge wave-
length, which is generally attributed to the presence of defects
associated with the reduced Ti** species.””** Compared to the
LaTiO,N crystals fabricated by nitridation of the La,Ti,O,
crystals grown using the NaCl flux, the LaTiO,N crystals
fabricated by nitridation of the La,Ti,0, crystals grown using
the K;MoO, flux showed higher background absorption
intensity in the longer wavelength because of the reduced
molybdenum species partially introduced unintentionally in the
LaTiO,N crystal lattice. The optical band-gap energy was
estimated from the UV—vis diffuse-reflectance spectra using the
Kubelka—Munk function. The La,Ti,O; and LaTiO,N crystals
have band gaps of approximately 3.8 and 2.1 eV, respectively.
Note that the LaTiO,N crystals fabricated by nitridation of the
La,T1,0, crystals grown using the K;MoO, and NaCl fluxes
have almost no significant difference in their band-gap energy.
The LaTiO,N crystals fabricated by nitridation of the La,Ti,0,
crystals grown using the K;MoO, and NaCl fluxes should be
suitable for the direct solar water splitting reaction with
photoelectochemical cells.
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4. CONCLUSIONS

Here we demonstrated the flux growth of the La,Ti,O; crystals
using the Na,MoO,, K,MoO,, NaCl, and mixed NaCl +
K,Mo00, fluxes and their nitridability to form the LaTiO,N
crystals under a high-temperature NH; atmosphere. An
increase in the solute concentration led to a decrease of the
average size of the La,Ti,O, crystals without considerable
alteration of the overall crystal morphology. The K,;MoO, flux
did not show a cooling-rate-dependent effect on the growth of
the La,Ti,0, crystals in comparison to the Na,MoQO, flux. The
La,Ti,O, crystals with the preferred (010) and (001) growth
directions along the b and ¢ axes were grown using the
Na,MoO, and K,MoO, fluxes, respectively. It was found that
conversion of the La,Ti,O, crystals to the LaTiO,N crystals
was strongly dependent on the flux used to grow the precursor
La,T1,0, crystals. Compared to the La,Ti,O, crystals grown
using the K,Mo00O, and NaCl fluxes, conversion of the La,Ti,0,
crystals grown using the Na,MoO, and NaCl + K,;MoO, fluxes
to the LaTiO,N crystals seemed to be not completed yet even
after nitridation at 950 °C for 15 h using NH; because of the
larger crystal size and the presence of unintentional impurities
(sodium and molybdenum from the flux) in the La,Ti,O,
crystal lattice. The obtained results suggested that the K,MoO,
and NaCl fluxes were favorable to grow the La,Ti,O, crystals
with acicular and platelet shapes and were nearly completely
converted to the LaTiO,N crystals. The LaTiO,N crystals
fabricated by nitridation of the La,Ti,0, crystals grown using
the K,Mo00, and NaCl fluxes should be suitable for direct solar
water splitting.
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