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ABSTRACT: A facile method was successfully developed to prepare strontium—tantalum perovskite oxynitride, SrTaO,N, and its solid
solutions. Urea was employed as a solid nitriding agent to eliminate the use of toxic NHs gas. In addition, utilization of sol-gel derived
Ta,0s gel as a Ta precursor allowed for completion of nitridation within a shorter period and at a lower calcination temperature
compared with the conventional ammonolysis process. Optimization of the reaction conditions, such as the urea content, allowed
for production of solid solutions of SrTaO,N and Sr;4Tags029. The products exhibited optical absorption and chromatic colors
because of the narrower band gaps of oxynitrides compared with those of oxides. The O/N ratios of the solid solutions were easily
adjusted by varying the amount of urea in the mixture of precursor. As a result, the colors of the products ranged from yellow to
brown. The nitridation process and products developed in this study are interesting environmentally-benign alternatives to

conventional inorganic pigments.

INTRODUCTION

Coloring of surfaces by colorants provides aesthetic appeal to
many products used in daily life.? One of the major concerns
in any industry that uses colorants is color stability against
thermal and chemical degradation. Inorganic pigments are
generally used in various products, such as paints, plastics,
ceramics, and glasses because they have excellent thermal and
chemical resistance compared with organic dyes and
pigments.3™ Several inorganic pigments, such as cadmium red
(CdS-CdSe), cadmium yellow (CdS-ZnS), cobalt blue (CoAl,0s),
mercuric sulfide red (HgS), and lead chromate (PbCrQ,), are
commonly used. However, these pigments contain toxic and
polluting elements, such as Cd, Co, Hg, Pb and Cr, which are
hazardous to the environment and human health.>¢™ Due to
the high toxicity, the use of such hazardous substances
becomes strictly restricted by legal regulations, e.g., the
Restriction of Hazardous Substances (RoHS) directive.®
Moreover, the Global Alliance to Eliminate Lead Paint, co-led
by the World Health Organization (WHO) and the United
Nations Environment Programme (UNEP), announced an
international goal of eliminating lead in paints by 2020.
Therefore, a great deal of effort has been put into eliminating
the use of toxic heavy metals and also to produce new types of
colorants, such as new inorganic pigments that are composed
entirely of harmless substances.311"1

Metal oxynitrides have attracted attention in various fields
for use in photocatalysts,?>?2 phosphors,2?* colossal
magnetoresistive materials,”® and high-x dielectrics.?®?” In
addition, they have recently been considered as promising
replacements for inorganic pigments containing toxic
elements.'?%73% The wide bandgap of most metal oxides does
not allow for visible light absorption. The band gap energy can
be reduced by substituting nitrogen as an anion with less
electronegativity, which pulls the upper end of valence band
of oxynitrides higher than that of oxides because the N 2p state
is involved in valence band formation. The resulting metal
oxynitrides can absorb visible light.3343> Furthermore, the
band gap energy can be controlled by varying the O/N molar
ratio in oxynitrides to generate various colors. Jansen et al.
reported that solid solutions of the perovskite oxynitrides
CaTaO;N and LaTaON, exhibited yellow to red colors and
showed potential as alternatives to pigments containing Cd.!
In addition, Kim et al. reported that perovskite-type
oxynitrides had various colours.?® For example, BaTaO,N was
red-brown, SrTaO,N was orange-red, BaNbO,N was black-
brown, and SrNbO,N was dull brown. However, when
considering practical application, critical obstacles still exist in
the synthesis of perovskite oxynitrides. Generally, perovskite
oxynitrides are synthesized with a stream of harmful NH; gas
for long periods at high temperatures.3*38 Usually, the heat-
treatment at relatively high temperature (e.g., 1000 °C) for



long duration (e.g., 24 h) are required to complete the
synthesis of oxynitrides via ammonolysis. The ammonolysis
reaction conditions are high risk and it is a difficult reaction to
conduct on an industrial scale. Therefore, development of a
novel strategy for ammonolysis-free synthesis of metal
oxynitrides is one of the most critical issues in this field.

It has been reported that metal nitrides and oxynitrides can
be synthesized from metal oxide precursors with molten
NaNH, salts.>*% Metal oxynitrides, such as BaTaO,N*' and
BaNbO;N,*? have been synthesized using NaNH, as a nitriding
agent. However, because NaNH; is extremely sensitive, these
syntheses are difficult to scale-up. Sun and co-workers
reported that the preparation method of SrTaO,N using SrCO;
and TasNs under N, atmosphere.*® Solid solutions of BaTaO,N
and SrTaO,N have also been synthesized using BaCN,.**%
However, the precursors that contain nitrogen, i.e., TasNs and
BaCN,, must be prepared beforehand by using NH; gas,
meaning that these methods cannot completely eliminate the
use of gaseous NHs. Sun et al. recently reported preparation
of SrTaO;N using TaN, instead of the TasNs.*® This procedure
can eliminate the use of NH3; because TaN is commercially
available and prepared by reaction of Ta metal and nitrogen,
in the absence of NH;. Preparation of metal oxynitrides
through nitridation of metal oxide precursor using solid
nitriding agents, such as C3N4 and urea, is reportedly a safe and
simple method that does not use gaseous NHs. Masubuchi et
al. reported on the preparation of perovskite oxynitrides using
C3N4.47“8 Giordano et al. reported on the synthesis of tantalum
oxynitrides and nitrides by a Ca-assisted urea method.*
Gomathi and Rao reported preparation of various metal
oxynitrides through urea-based route.*® Both groups insisted
that the thermal decomposition of urea generated NHs and it
reacted with precursors, i.e., carbonates and oxides. This
insistence is uncertain because it is unrealistic to expect that
NH; generated from urea decomposition remains in the
reaction furnace until it reaches high temperature under N,
flow. Recently, we achieved syntheses of metal oxynitrides,
such as LaTiO,N°! and GaN:ZnO solid solution®?, using urea as
a nitriding agent. We elucidated the nitriding mechanisms of
GaN:ZnO and LaTiO;N. In these systems, the nitridation does
not occur with NH; generated by the decomposition of urea,
metal (oxy)cyanamides, such as ZnCN, and La,0,CN,, generate
as intermediates by the reaction of urea-decomposed species
and metal precursors and plays important roles for nitridation.
Although it is evident that the precursors are key to production
of metal oxynitrides via the urea method, preparation of Ta-
containing perovskite-type oxynitrides with controlled O/N
contents via the urea method has not yet been reported.

The aim of the present study was to extend on the above
efforts to develop a facile approach to prepare strontium-—
tantalum perovskite oxynitride and tune the color of its solid
solution using urea as a nitriding agent. Tantalum oxide (Ta,Os)
gel, for use as the precursor, was prepared by the sol-gel
method via hydrolysis and polycondensation of tantalum
ethoxide (Ta(OC;Hs)s). Compared with crystalline Ta,0s, we
predicted that the amorphous gel state would favor the
nitriding  process using urea because it has a
thermodynamically metastable state.® We examined the
effects of the reaction conditions, such as the temperature of

heat-treatment and molar ratio of urea in the precursor
mixture. We also attempted to control the oxygen/nitrogen
(O/N) ratio in the oxynitride solid solutions by varying the
amount of urea. Adjusting of the O/N ratio would allow for
tuning of the colors of the solid solutions.

EXPERIMENTAL PROCEDURE

Materials. Strontium carbonate (SrCOs, purity 299.9 %) was
purchased from Kishida Chemical Co., Ltd. (Osaka, Japan).
Tantalum(V) ethoxide, Ta(OC;Hs)s, was obtained from Hokko
Chemical Industry Co., Ltd. (Tokyo, Japan). Urea (CO(NH,),,
purity 299 %), ethanol (EtOH; purity = 99.5%), and Ta,0s were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). All
chemicals were used without further purification. A water
purification system, Milli-Q (Merck Millipore, Billerica, MA,
USA), was employed to prepare deionized water used in all
experiments in this study.

Preparation of Tantalum Oxide Gel. Amorphous gel of
Ta,0s was synthesized from tantalum alkoxide. First, a mixture
of 1 mmol of Ta(OC;Hs)s and 1 mL of EtOH was prepared. Then,
5 mL of deionized water was added to this mixture dropwise
under stirring at room temperature. The hydrolysis and
condensation of Ta(OC;Hs)s rapidly lead to precipitation of
Ta,0s gel after addition of water. The precipitate thus
generated was collected by centrifugation and dried in an oven
at 50 °C overnight.

Preparation of Strontium-Tantalum  Perovskite
Oxynitrides. Ta,0s gel prepared as above was used as a
precursor for preparation of strontium—tantalum perovskite
oxynitrides. SrCOs, Ta,0s gel, and urea, which was employed as
a solid-state nitriding agent, were mixed in an agate mortar
and pestle. The molar ratio of Sr/Ta/CO(NH,), in this mixture
(Sr:Ta:CO(NH3), = x:y:z) was 1:1:0, 1:1:1, 1:1:2, 1:1:3, 1:1:4,
1:1:5, or 1:1:6. The mixture was heated using an alumina
crucible in a horizontal tube furnace under a flow of N, gas
(purity 99.99 %, 300 mL min™). The heating rate of the furnace
was 15 °C min™. The final heat-treatment temperature was
varied from 100 °C to 900 °C. The heating period at the final
heat-treatment temperature was 2 h. For comparison,
commercial crystalline Ta,Os was used in the same reaction
instead of the alkoxide-derived Ta,0s gel.

Characterizations. Structural analysis of the obtained
samples has been performed using the X-Ray Diffraction (XRD;
D8 Advance, Bruker AXS, Karlsruhe, Germany) using Cu-Ka
radiation. Scanning electron microscopy (SEM; Hitachi, S-4800)
was employed to observe the morphologies of the obtained
samples. Sputter coatings of Pt were performed before SEM
observations. UV-Vis diffuse reflectance spectra were
measured using a V-670 spectrophotometer (JASCO, Tokyo,
Japan). The band gap energies (Eg) of the products were
determined by extrapolation of the absorption edge of the
absorption spectra processed using the Kubelka—Munk
function, f(R) = (1 - R)?*/2R, where R is the reflectance.®* A
chromometer (CR-300, Konica Minolta, Inc., Tokyo, Japan) was
employed to evaluate L*a*b* color parameters of the
products in accordance with the CIE [Commission International
del'Eclairage] colorimetric method. The parameter L* indicates
lightness (0 = black, 100 = white) and the a* and b* are the



chromaticity coordinates and indicate color directions: +a* is
the red direction, —-a* is the green direction, +b* is the yellow
direction, and -b* is the blue direction. The chroma parameter
(C) expresses the color saturation of the product and it can be
defined by the following equation: C = [(a*)? + (b*)?]/2. The hue
angle (h°) can be between 0° and 360°, and is within the
following ranges for different colors: red, 35°-350°; orange,
35°-70°; yellow, 70°-105°; green, 105°~195°; blue, 195°-285°;
and violet, 285°-350°.%° The value of h° can be calculated using
the equation h° = tan™}(b*/a*). The Sr and Ta contents were
measured by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using an ICAP 6500 (Thermo Fisher
Scientific, Waltham, MA USA). The O and N contents in the
samples were investigated by an oxygen/nitrogen combustion
analyzer (EMGA-620W, HORIBA Ltd., Kyoto, Japan).

RESULTS AND DISCUSSION

First, Ta,Os gel, a precursor of strontium—tantalum perovskite
oxynitrides, was prepared by hydrolysis and condensation of
Ta(OC,Hs)s. Figure S1 shows the XRD patterns of Ta,0s gel and
commercial crystalline Ta;Os. In contrast to the XRD pattern of
crystalline Ta,0s, that of the Ta,0s gel displayed a broad halo
pattern without any sharp diffraction peaks, which was
indicative of formation of amorphous Ta,Os. Next, we
synthesized strontium—tantalum perovskite oxynitrides using
the obtained amorphous Ta,0s gel. SrCO5; and urea which were
chosen as a Sr source and the nitriding agent, respectively. For
comparison, synthesis of strontium—tantalum oxynitrides
using crystalline Ta,0s instead of the amorphous gel was also
performed. Optical photographs and XRD patterns of the
products obtained after calcination of SrCOs;, Ta,0s, and urea
are shown in Figure 1. The molar ratio of Sr/Ta/CO(NH,), was
1:1:5. The heat-treatment temperature and period were
900 °C and 2 h, respectively. As depicted in Figure 1a, the
product prepared using crystalline Ta,0s was pale yellow.
Although the XRD pattern of the sample exhibited broad peaks
that could be assigned to SrTaO,N (ICDD PDF #79-1311),
diffraction peaks for SrTa,0s (ICDD PDF #77-0943) were also
observed. By contrast, the product prepared using the Ta,0s
gel was red-brown, and was consistent with SrTaO;N prepared
by the typical ammonolysis method.?®3! The XRD pattern of
this product showed sharp peaks for SrTaO,N and no peaks for
by-products. These results show that the Ta,0Os gel obtained by
hydrolysis and condensation of Ta(OC;Hs)s is a much more
suitable precursor for SrTaO;N in the urea nitriding process
than crystalline Ta,0s. Therefore, Ta,Os gel was used for
subsequent experiments.

We optimized the reaction temperature for preparation of
SrTaO,N using urea. The XRD patterns of the products obtained
from mixtures of SrCOs;, Ta,0s gel, and urea after calcination
at 100 °C, 300 °C, 500 °C, 700 °C, 800 °C, and 900 °C are shown
in Figure 2. The calcination period was 2 h. The molar ratio of
Sr/Ta/CO(NH,), in the starting mixture was 1:1:5. When the
mixture was heat treated at 100 °C, the XRD pattern of the
product contained peaks for SrCOs; and urea and no other
peaks were observed. It is unlikely that the urea decomposed
at 100 °C because its decomposition temperature is about
140 °C.>®* When the mixture was heat-treated at 300 °C, only
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Figure 1. (a) Optical photographs and (b) XRD patterns of the
products obtained from a mixture of SrCOs, Ta,0s, and urea after
heat treatment at 900 °C for 2 h. The molar ratio of Sr/Ta/CO(NH3)
was 1:1:5. Both the Ta,0s gel and crystalline Ta,0s were examined.

diffraction peaks for SrCO; were observed and peaks for urea
were not present. Only negligible changes in the XRD patterns
were found for the mixture heat-treated at 500 °C compared
with that heat-treated at 300 °C. Previously, we have reported
on the preparation of LaTiO,N from a mixture of La,Ti»O7 and
La(OH)s via nitridation using urea.*® In this previous research,
the formation of La;,0,CN, was initiated during the reaction
between La(OH); and urea at temperatures between 100 °C
and 200 °C. In the current synthetic process for SrTaO;N,
formation of SrCN, was not observed at temperatures less
than 500 °C. For the sample heat-treated at 700 °C, diffraction
peaks attributed to SrCN, and SrTaON, were observed. This
suggests that C-N species similar to biuret, cyanuric acid,
melamine, and melamine condensation products (e.g., melam,
melem, and melon) exist in an amorphous state as the
thermolysis products of urea at moderate temperatures of less
than 500 °C.>” When the temperature was increased above
500 °C, SrCN, was generated by reaction of SrCO; with these
thermolysis of products of urea. Finally, formation of SrTaO,N
was initiated between 500 °C and 700 °C. New diffraction
peaks for TasNs were also found in addition to those of SrCN,
and SrTaO;N in the pattern of the sample heat-treated at
800 °C. When the mixtures were heated at 900 °C, diffraction
peaks for SrCN, and TasNs were not present and strong
diffraction peaks for SrTaO,N were observed. The intensities
of the diffraction peaks for SrTaO;N increased with increases
in the TaN were observed, they are negligible. The optimum



[ ] ®SrTaO;N [ SrCN,
¥Ta,N, A SrCO,
#CO(NH,), 4 TaN
Sle ° g
©
Y
NN
:'% . ". . . 900 OC
c Av “ v l\ e |y .,\
Ele i @ ° e 800°C
_'_,_______4'-...4’\._
? AL Aﬁ AAAAA 700°C
A anah aaaa 500 °C
[
Hj&“A!& oAt ¢ 00
100 °C
1 1 1 |

Figure 2. XRD patterns of the products obtained from a mixture of
SrCOs, Ta,0s gel, and urea after heat treatment at various
temperatures for 2 h. The molar ratio of Sr/Ta/CO(NH;), was 1:1:5.

calcination temperature was 900 °C, which is lower than the
temperature typically required for synthesis of SrTaO;N via
ammonolysis. More importantly, the calcination period, 2 h, is
also extremely shorter than that required for ammonolysis
(Table S1). It indicates that the energy consumption in our
system is lower than previous systems. Though another solid-
state nitriding agent, C3N4, achieves much lower heat-
treatment temperature,’’ it requires an additional energy
consumption for synthesis of CsNs. Therefore, the current
system is environmentally-benign not only in that it does not
requires toxic elements and gas, but also in that it reduces
energy consumption during synthesis. We used this
temperature, 900 °C, in subsequent experiments. SEM
observations given in Figure S2 revealed that the products
have indefinite shapes. The image for the sample heat-treated
at 100 °C shows the micrometer sized grains. On the other
hand, the primary particles with the diameter <100 nm are
found for the image of the sample heat-treated at 900 °C. It
suggests that the amorphous gels crystallized as nanosized
primary particles during the nitriding process.

The amount of urea should affect the degree of nitridation
of the resultant strontium-tantalum oxynitrides. We
investigated the effect of the molar ratios of urea to SrCO; and
Ta,0s gel. First, the molar ratio (x:y) of Sr and Ta in the starting
mixture was fixed at 1:1 and the urea molar ratio (z) was varied
from 0 to 6. The calcination period and temperature were fixed
at 2 h and 900 °C, respectively. Figure 3 shows the XRD
patterns of the products obtained after calcination of mixtures
of SrCOs3, Ta,0s, and urea with various molar ratios. When the
calcination was carried out without urea (i.e., z = 0), crystalline
phases of oxides, such as Ta,0s and SrTa;0;1, were observed

T T
@®S5rTaO,N 4 TaN
® ©S5r,,Ta;;0,,
@S5r, ,Ta, ;0,,—SrTaO,N

° ® ¢ o
s _1 J_A A b A
(U. ® L9 ® ® 1:1: 6
- L e %
2 o ® ® 1:1:5
® u ® ®
g 4 1:1: 4
c
-_— ® 1:1: 3
o o o © [ ]
[ ] °® ® =I'.ﬂ:!
° ° 1.:1:1

Sr: Ta: CO(NH,), =1:1: 0

| 1 1

20 30 40 50 60 70
20/ deg.

Figure 3. XRD patterns of products obtained from mixtures of
SrCOs, Ta,0s gel, and urea after heat treatment at 900 °C for 2 h.
The molar ratios of Sr/Ta/CO(NH,), were 1:1:0, 1:1:1, 1:1:2, 1:1:3,
1:1:4,1:1:5, and 1:1:6.

in the XRD pattern. In addition, broad diffraction peaks
resembling perovskite-like phases were also present in the
XRD pattern. Because there was no nitriding agent (i.e., urea),
these peaks were not for the perovskite-type oxynitride,
SrTaO;N. Deniard and co-workers reported a perovskite-like
strontium—tantalum oxide, Sr14Tap60,.9, Where a certain
amount of Sr substituted Ta in the B sites of the oxygen-
deficient perovskite structure.>® The lattice constant calculated
from the peaks of the perovskite-like phase in the pattern (a =
8.264(3) A, cubic approximation) corresponded to that of
Sr14Taos02 (a = 8.2768(1) A) reported in the literature.®® For
the products prepared using mixtures with high urea molar
ratios (i.e., z = 5), sharp diffraction peaks attributable to the
perovskite phase were observed in the XRD patterns. The
lattice constants calculated from these peaks almost
corresponded to that of SrTaO,N (Table S2). In addition, peaks
for TaN were confirmed in the sample synthesized with a urea
molar ratio of z = 6. This suggested that addition of excessive
urea caused contamination with metal nitride as a by-product.
The XRD patterns of samples obtained from mixtures with z =
1, 2, and 3 showed that the products contained a single
perovskite phase. The peak positions lay between those of
Sr1.4Tage02.9 and SrTaO;N. The lattice constants of these
products were also between those of Sry4Tap0,9 and SrTaO;N
(Tables S2 and S3). These results suggested that the obtained
products were the Sr-Ta perovskite oxynitrides as solid
solutions of Sr14Tage0,9 and SrTaO,;N. When the urea molar
ratio (z) increased, the diffraction peaks shifted in the wide-
angle direction, approaching the peak positions for SrTaO,N.
Accordingly, as the amount of urea increased, the ratio of Sr



Table 1. Oxygen and nitrogen contents of the products
prepared from mixtures of SrC0Os, Ta,0s, and urea with various
molar ratios after heat treatment at 900 °C for 2 h

Molarratioof o (wise) N (wi%) \?/{e'i\lght z/ol\llar
Sr:Ta:CO(NH,), ratio ratio
1:1:1 14.5(1) _ _ -
1:1:2 133(5)  0.799(1) 167 14.6
1:1:3 129(2)  1.64(1) 7.90 6.92
1:1:4 11.4(1)  2.46(8) 464 406
1:1:5 9.932) 3.53(2) 2.82 2.46

decreased and that of Ta increased and the ratio of Sr:Ta
approached 1:1. The elemental compositions of the products
were investigated using O/N combustion analysis and ICP-OES.
Table 1 summarizes the oxygen and nitrogen contents of the
products prepared from the mixtures of SrCOs, Ta,0s, and urea
with various molar ratios. The nitrogen concentration in the
products increased and the O/N molar ratio decreased with
increases in the amount of urea. When the molar ratio of
Sr:Ta:urea in the precursor mixture was 1:1:5, the O/N molar
ratio of the product was 2.46, which was relatively close to the
theoretical ratio of O/N in SrTaO,N. The deviation from the
ideal ratio (O/N = 2) is considered to be due to the reduction
of Ta** to Ta* (See the discussion later for details). For the
samples prepared from mixtures with Sr/Ta/CO(NH;), molar
ratios of 1:1:2, 1:1:3, and 1:1:4, there was an excess of oxygen
in the products compared with nitrogen. The ICP-OES
measurements revealed that the molar ratio of the cations (i.e.,
Sr and Ta) in the products was approximately 1:1 in all cases
(Table S4). This suggests that volatilization of the metals does
not occur and the metal composition of the products is
maintained at the original value of the precursors even after
the calcination process. Therefore, the obtained products
contain amorphous Ta oxides in addition to the perovskite
solid solution.

Next, we studied the effect of the amount of urea in the
precursor on the color properties of the prepared Sr-Ta
perovskite oxynitride solid solutions. Optical photographs and
UV-Vis diffuse reflectance spectra of the products are shown
in Figure 4. The product prepared from the mixture with a low
urea molar ratio (z = 1) was almost colorless (Figure 4a). This
product showed high reflectance in the visible region from 400
to 800 nm in the UV-Vis diffuse reflectance spectrum (Figure
4b). Because this product was a mixture of metal oxides and
did not contain nitrogen as anion, its band gap was wide
because the band gap width is directly related to the O 2p
levels and Ta 5d levels. By contrast, the products prepared
from mixtures with higher urea molar ratios (z > 2) exhibited
chromatic colors. These samples contained a certain amount
of nitrogen as an anion, so their band gaps were narrower than
those of the oxides because of the presence of N 2p states
above the O 2p state in their valence bands.3*** This enabled
absorption of visible light. The valence band edge is very
sensitive to changes in the O/N ratio.>® As shown in Figure S3,
if the products were mixtures of Sry4Tape02.9 and SrTaO;N, the
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Figure 4. (a) Optical photographs and (b) UV-Vis diffuse
reflectance spectra of the products obtained from mixtures of
SrCOs, Ta;,0s, and urea after heat treatment at 900 °C for 2 h. The
molar ratios of Sr/Ta/CO(NH,), were 1:1:1, 1:1:2, 1:1:3, 1:1:4, and
1:1:5.

UV-Vis diffuse reflectance spectrum shows the 2-step
adsorption edges based on the band gaps of each compound.
Therefore, these spectra also strongly support the formation
of solid solutions. A progressive decrease in the O/N ratio, that
is, an increase in the nitrogen content, in the oxynitride solid
solutions induced a continuous shift in the absorption edge
from 520 nm to 560 nm. The increase in the nitrogen content
of the oxynitride solid solutions resulted in a decrease in the
maximum intensity of reflectance as well as the red shifts of
the absorption edge. These results corresponded to the
change in the color of product from yellow to brown (Figure
4a). The CIE-L*a*b*Ch® color coordinates and bandgap energy
(Eg) values of the products are summarized in Table 2. The £,
values of the products were estimated using the following
conventional equation:®°

Eg (eV) = 1240/A (nm)

where A represents the absorption edge of the absorption
spectra processed using the Kubelka—Munk function (Figure
S4). The product prepared with z =1 had a wide band gap (£ =
3.65 eV). On the other hand, the band gap of the product
prepared with z = 5 is narrow (E; = 2.21 eV). This Eg value is
comparable to that of SrTaO;N prepared via ammonolysis (E;



Table 2. Color coordinates and band gap energies (Eg) of the products obtained from mixtures of SrCOs;, Ta,0s, and urea after heat

treatment at 900 °C for 2 h. The molar ratios of Sr/Ta/CO(NH,), were 1:1:1, 1:1:2, 1:1:3, 1:1:4, and 1:1:5

Molar ratio of

Color coordinates

Sr:Ta: CO(NH2), * a* b* c h Fo/ eV
L1l 87.8 ~0.80 +1.02 1.30 128.1 3.65
1:1:2 73.9 -5.78 +38.1 38.5 98.6 238
1:1:3 72.2 -4.76 +43.7 44.0 96.2 234
1:1:4 66.8 +9.19 +56.4 57.1 80.7 2.25
1:1:5 47.1 +5.92 +43.8 44.2 82.3 2.21

= 2.1 eV)3L. For the product prepared with z = 1, the values of
a* and b* were close to 0 and the L* value was relatively high.
Consequently, it appeared almost white, in good agreement
with the wide band gap. With increases in the amount of
nitrogen in the solid solutions, the a* and b* values increased
and the L* value decreased. The value of h® was between 70°
and 105°, indicating that the hue was yellow. Larger C values
indicated a more chromatic or saturated color. Chroma is also
related to the cleanliness of a color. The incorporation of
nitrogen as an anion improved the chroma, especially in the
case of z = 4, which had the highest C value (57.1). The a*, b*,
and C values for the product with z = 5 were lower than those
for the product with z = 4, though the E; value of the product
with z = 5 was smaller than that of the product z = 4. These
results could be attributed to lower reflectance of the z = 5
product compared with that of the z = 4 product over the
entire wavelength region (Figure 4b and Figure S3). Urea acts
both as a nitriding agent and a reducing agent.®! Therefore,
reduction of cations, for example, from Ta®* to Ta*. The lower
reflectance (Figure 4b), or background absorption (Figure S4),
observed in the longer wavelength region could be attributed
to these reduced cationic species. Therefore, the C value of the
product with z = 5 is lower than those of the product with z =
4.
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Figure 5. UV-Vis diffuse reflectance spectra of the products
obtained from a mixture of SrCOs, Ta,0s gel, and urea after heat
treatment at 900 °C for 2 h. The molar ratio of Sr/Ta/CO(NH,), was
1:1:3. The spectra were measured before and after heat, acid, and
base resistant examinations.

Finally, the thermal and chemical stabilities of the products
were evaluated. The product with z=3 was used as an example.
To evaluate the thermal stability, i.e., heat examination, the
sample was heated in a crucible at 400 °C for 5 h in air and
cooled to room temperature. The chemical stabilities, i.e., acid
and base resistance examination, of the sample was evaluated
using aqueous solutions of 4 % acetic acid and 4 % ammonium
bicarbonate. The product was dispersed into the solutions and
incubated at room temperature for 24 h. Then, the samples
were rinsed with deionized water and EtOH, and dried at room
temperature. The color of the samples after the heat, acid, and
base resistant examinations evaluated by UV-Vis diffuse
reflectance spectra and color coordinate data. Figure 5 shows
UV-Vis diffuse reflectance spectra of the product measured
before and after the heat, acid, and base resistant
examinations. The changes in spectral shape after each
resistance test are negligible. The color coordinate data were
examined and the color difference (AE) was estimated from
the color coordinate data before and after the examinations
using the following equation?®:

AE= [(L*after - L*before)2+(a*after - a*before)z +(b*after - b*before)zll/2

The color coordinate data of the samples before and after the
heat, acid, and base resistant examinations are summarized in
Table S5. AE values for after heat, acid, and base resistant
examinations are 3.4, 4.1, and 4.3, respectively. These small AE
values are negligible and indicate that the color of the product
is stable and it is clear that the products possesses high
thermal and chemical stabilities. Therefore, it is evident that
strontium—tantalum perovskite oxynitrides solid solutions
prepared using urea have enough potentials for
environmentally-benign alternatives to conventional pigments
containing heavy metals .

CONCLUSIONS

We have successfully developed a facile synthetic procedure
to prepare strontium—tantalum perovskite oxynitrides. This
method uses urea as a solid-state nitriding agent instead of
gaseous NHs;. Ta,Os gel prepared by hydrolysis and
condensation of Ta(OC;Hs)s is suitable as a precursor for
strontium—tantalum perovskite oxynitrides for the urea
nitriding method. Strontium-tantalum oxynitride could be



prepared by heat-treatment of a mixture of SrCOs;, Ta,0s gel,
and urea under a flow of N, gas. This simple procedure is more
suitable for the production of oxynitrides on a large scale than
the conventional toxic ammonia nitriding method. The lower
heat-treatment temperature and the shorter reaction time,
i.e., the reduced energy consumption, compared with the
ammonolysis method are also important advantages from the
point of view of green chemistry. An oxynitride with an XRD
pattern corresponding to that of SrTaO,N was obtained with a
Sr:Ta:CO(NH;), precursor molar ratio of 1:1:5 after heat
treatment at 900 °C. When the amount of urea in the precursor
was reduced, the strontium—tantalum perovskite oxynitrides
solid solutions of Sr1.4Tag602¢ and SrTaO;N were obtained. The
products exhibited optical absorption and chromatic colors
because of the narrower band gaps of the oxynitrides
compared with those of oxides. The O/N ratio can be easily
adjusted by changing of the amount of urea in the precursor.
As a result, the color of the product can be turned from yellow
to brown. The synthetic strategy for preparation of strontium—
tantalum perovskite oxynitrides solid solutions developed in
this work could be used to synthesize potential candidate for
use as environmentally-benign pigment alternatives to
conventional inorganic pigments containing toxic elements.
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