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A fine powder of sodium tantalum(V) trioxide as single-phase perovskite NaTaO3 has been successfully prepared
by hydrothermal synthesis through the reaction of a sodium hydroxide solution and ditantalum pentaoxide powder at low
temperature (373-473 K). The NaTaO; powder has high photocatalytic activity for both H, evolution (8.0mmolh~!)
and O, evolution (4.1 mmol h™!), which is attributed to the high surface area, small particle size and high crystallinity

423

of the powder catalyst.

Perovskite-type sodium tantalate (NaTaOs) has been re-
ported to be a highly efficient photocatalyst for overall water
splitting under ultraviolet (UV) irradiation.! The preparation
of NaTaO; has been successfully achieved through a variety
of methods, including sol-gel synthesis,2 alkalide reduction,’
plasma-electrochemical ~ synthesis,* hydrothermal—electro-
chemical synthesis,” and a conventional solid-state reaction.
Among these preparation methods, the solid-state reaction at
high temperature (1423 K) is generally employed when a crys-
talline form of the photocatalyst is required. However, sinter-
ing at high temperatures results in a powder with a large par-
ticle size and low surface area. Doping with lanthanum has
been investigated as a means of reducing the particle size
and improving photocatalytic activity.® Lowering the reaction
temperature in the preparation of the NaTaO; powder has also
been considered in an attempt to obtain small grain size and
high surface area.

Hydrothermal synthesis is an effective method for preparing
crystalline ceramic powders at moderate temperature.’ In addi-
tion to the moderate synthesis conditions, hydrothermal syn-
thesis provides easy control of geometric properties, such as
surface morphology, surface area, and particle size, through
the appropriate selection of starting materials and simple ad-
justment of synthesis conditions, i.e., temperature, time, and
mixing ratio. TiO,, a well-known photocatalyst, prepared by
hydrothermal synthesis® or the hydrothermal crystallization
in organic media (HyCOM) method,>! has high surface area
and high crystallinity. This catalyst exhibits high photocatalyt-
ic activity in various reactions, including the mineralization of
acetic acid, silver-metal deposition, and hydrogen evolution
from methanol solution. He et al. reported that nano-sized
NaTaO; powder, prepared by hydrothermal methods at low
temperature, exhibits high photocatalytic activity for the deg-

radation of gaseous formaldehyde and rhodamine B solution.!!

In this study, NaTaO3; powder is prepared by hydrothermal
synthesis through reaction between commercial Ta,Os powder
and NaOH solution under various synthesis conditions. The
prepared NaTaO3; powder samples have been fully character-
ized, and the photocatalytic activity for overall water splitting
has been investigated.

Experimental

Preparation. NaTaO; powder was prepared by hydrothermal
synthesis as follows. The starting material Ta;Os (>99.5%, Kanto
Chemical) was dissolved in 100 mL of NaOH (>97.0%, Kanto
Chemical) aqueous solution with concentrations in the range of
0.6-40M. A Teflon beaker containing the solution was placed
in an autoclave and then treated hydrothermally at temperatures
from room temperature to 473 K for periods of 3-90h. The syn-
thesized powder was taken from the autoclave after cooling to
room temperature, and all solid residues were separated by filtra-
tion. The desired products were washed with water and dried in air
prior to characterization and photocatalytic reaction. The samples
were calcined at the desired temperature for 3h and then cooled
down to the room temperature. For comparison, NaTaO; was
prepared by solid-state reaction by calcination of a mixture of
Na,CO3; (99.5%, Kanto Chemical) and Ta,05 (>99.5%, Kanto
Chemical) at 1423 K for 10h in the presence of excess (5%)
sodium to avoid volatilization.'?

Characterization. The structures were characterized by X-ray
diffractometry (XRD; RINT 2100, Rigaku) using Cu K« radiation
at 40kV and 40 mA. The XRD patterns were collected at 26 an-
gles of 10-80° at a scan rate of 4° min~'. The surface morpholo-
gies and average particle sizes of the products were observed
by field-emission scanning electron microscopy (SEM; S-4700,
Hitachi) and field-emission transmission electron microscopy
(TEM; JEM-2010F, JEOL). The surface areas were determined
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Fig. 1. XRD patterns of NaTaOs; powders prepared by

hydrothermal synthesis in 10 M NaOH solution for 24 h
at (a) room temperature, (b) 373K, (c) 423K, and d)
473 K. Squares denote Ta,Os and circles denote NaTaOs.

by Brunauer—-Emmett-Teller (BET) measurements (SA3100,
Coulter). The sodium and tantalum contents of the samples were
analyzed by energy-dispersive X-ray spectroscopy (EDX; EMAX
7000, Horiba). Thermogravimetric and differential thermal analy-
sis (TG-DTA; DTG-50H, Shimadzu) was performed to determine
the water content of the powders using ca. 20 mg of sample by
heating at 10 Kmin~! to 1373 K under air flow at 50 mL min~"'.
Photoluminescence measurements were conducted using a spec-
trofluorometer (FP-660, Jasco) with a 200 W Xe lamp at 77 K.

Photocatalytic Reaction. Photocatalytic reactions were car-
ried out in a closed gas circulation system. The NaTaOz powder
(0.3 g) was dispersed in distilled water in a reaction vessel using
a magnetic stirrer. Prior to reaction, the system was degassed and
then filled with a small amount of Ar gas (30 torr). A 450 W high-
pressure mercury lamp (UM-452, Ushio) was used as the light
source in an internal irradiation-type quartz jacket. The quantities
of evolved gases were determined by gas chromatography with
thermal conductivity detector (GC-8A, Shimadzu; Ar carrier gas).
The powder was also loaded with Ni(NO3),;:6H,0 (>98.0%,
Kanto Chemical) by impregnation, and the resultant mixture was
calcined in air at 543 K for 1 h prior to reaction and then oxidized
as a NiO cocatalyst.

Results and Discussion

Preparation of NaTaO3 Photocatalyst by Hydrothermal
Synthesis. Figure 1 shows the XRD patterns of the samples
prepared in 10 M NaOH solution at various temperatures with
a synthesis time of 24h. All peaks produced by the sample
synthesized at room temperature are assigned to the starting
material Ta,Os, indicating that the phase was unchanged
even after hydrothermal treatment for 24 h. A single phase of
NaTaO; was obtained at temperatures greater than 373K,
and no other by-products were detected under any of these
conditions. The half-width of the XRD peaks for each product
decreased as the synthesis temperature was increased from 373
to 473 K, indicating an increase in crystallinity. The TG-DTA
results show complete dehydration (broad endothermic peaks
at ca. 373 and 673 K), accompanied by slight weight losses
due to loss of crystal water and/or hydroxy groups in the syn-
thesized NaTaOs powder. The slight weight loss in the present
product indicates that the hydrothermally synthesized powder
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Fig. 2. TEM images and electron diffraction pattern (inset)
of NaTaO; powder prepared by hydrothermal synthesis in
10 M NaOH solution for 24 h at 423 K.

Table 1. BET Surface Areas and Photocatalytic Activities
of NaTaO3z Powders Prepared by Hydrothermal Synthesis
in 10M NaOH Solution for 24h at Various Synthesis
Temperatures

Synthesis ~ BET surface Photocatalytic activity®
temp/K  area/m’g”'  Hy/mmolh~!  O,/mmolh~!
373 4.6 0.1 n.d.
423 5.0 1.2 0.6
473 4.3 6.0 3.0

a) With NiO (0.2 wt %) loaded as a cocatalyst.

is not afforded in a hydrated state. TEM images of the NaTaO;
powder prepared at 423 K over 24h in 10M NaOH solution
are shown in Fig. 2. The powder consists of well-crystallized
primary particles with size of ca. 100nm (Fig. 2b). However,
the primary particles are aggregated (Fig. 2a), which appears
to occur during the hydrothermal process. The electron dif-
fraction pattern displays clear spots, indicative of the good
crystallinity of the prepared NaTaO3; powder. The synthesized
NaTaO; powder has a Na/Ta ratio of 1, as confirmed by ele-
mental analysis, suggesting that no sodium defects are present
in the bulk of the hydrothermally synthesized NaTaO3 powder.
Table 1 shows the photocatalytic activities of the samples pre-
pared at various synthesis temperatures and the respective BET
surface areas. The BET surface area of each sample is almost
the same (5.0m” g~!) regardless of the synthesis temperature.
However, the NaTaO; photocatalyst that was prepared at
473K displayed the highest photocatalytic activity, which is
4 times that of the powder synthesized at 423 K and 60 times
that of the powder prepared at 373 K. The NaTaOs photocata-
lyst prepared at 473 K decomposed water into H, and O, at a
stoichiometric ratio with activities of 6.0 mmol h~! for H, evo-
lution and 3.0 mmol h~! for O, evolution. The high photocata-
Iytic activity of this powder is probably due to its high crystal-
linity, as confirmed by XRD measurements.

Samples prepared by hydrothermal synthesis in 10 M NaOH
solution at 423K did not exhibit significant differences in
XRD measurements, regardless of synthesis time. All of the
detected peaks have been assigned to the perovskite NaTaO3
phase, even for the sample synthesized for only 3h. The BET
surface areas and photocatalytic activities of these samples are
listed in Table 2. The BET surface areas of all these NaTaO;
powders are close to 5.0m”g~!. However, the photocatalytic
activity for water splitting increased with synthesis time. The
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Table 2. BET Surface Areas and Photocatalytic Activities
of NaTaO; Powders Prepared by Hydrothermal Synthesis
at 423K in 10M NaOH Solution for Various Synthesis
Times

Synthesis BET surface Photocatalytic activity?
time/h area/m?* g~ H,/mmol h~! 0,/mmolh~!
3 4.7 0.3 n.d.
24 5.0 1.2 0.6
90 5.7 2.0 1.0
a) With NiO (0.2 wt %) loaded as a cocatalyst.
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Fig. 3. XRD patterns of NaTaO; powders prepared by hy-
drothermal synthesis at 423 K for 24 h in NaOH solution at
a concentration of (a) 0.6 M, (b) 2.5M, (c) 5M, and (d)
40 M. Squares denote Ta,Os and circles denote NaTaOs.

NaTaOs3 photocatalyst obtained by synthesis for 90 h exhibited
the highest photocatalytic activity, i.e., it was 1.5 times higher
than that for the product synthesized over 24h and 6 times
higher than that reacted for 3 h. Synthesis times of more than
24h did not have any effect on the photocatalytic activities
of the samples prepared at 473 K (50 K higher), indicating that
the increase in photocatalytic activity with synthesis time is
due to an increase in crystallinity for these samples.

Figure 3 shows the XRD patterns of samples prepared at
423K for 24h in various concentrations of NaOH. At lower
NaOH concentrations (0.6 and 2.5M), the Ta,Os phase was
not completely transformed to NaTaOs, even after treatment
for 24h. NaOH concentrations exceeding 2.5M are there-
fore necessary to convert Ta,Os quantitatively to perovskite
NaTaOs3 powder. Figure 4 shows the surface morphologies
of NaTaO; powder obtained by hydrothermal synthesis in
solutions of various NaOH concentration. While all particles
present a cubic shape, the average particle size decreases with
increasing NaOH concentration up to 10 M, above which the
particle size exhibits no further change. He et al. have reported
that the formation of NaTaO; by reaction of Ta;Os powder in
NaOH solution proceeds via a dissolution—precipitation mech-
anism,!! which also occurs in the hydrothermal formation of
perovskite materials, such as BaTi0;5.'31* In the dissolution—
precipitation mechanism, the concentration of the solvent
(NaOH solution in this case) plays an important role in con-
trolling the rate of nucleation and powder growth. As the
NaOH concentration increases, the dissolution of ditantalum
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Fig. 4. SEM images of NaTaO3; powders prepared by hy-
drothermal synthesis at 423 K for 24 h in NaOH solution
at a concentration of (a) 0.6 M, (b) 2.5M, (c¢) 5M, and
(d) 40M.

Table 3. BET Surface Areas and Photocatalytic Activities
of NaTaO3; Powders Prepared by Hydrothermal Synthesis
at 423K for 24 h in NaOH of Various Concentrations

NaOH BET surface Photocatalytic activity?
concentration/M  area/m*g™'  H,/mmolh™'  O,/mmolh™"
0.6 1.5 0.1 n.d.
2.5 1.7 0.5 0.2
10 5.0 1.2 0.6
40 5.6 1.7 0.9

a) With NiO (0.2 wt %) loaded as a cocatalyst.

pentaoxide precursors becomes more aggressive, resulting in
more rapid nucleation and slow grain growth, and therefore,
the average particle size is smaller. Above 10 M NaOH, how-
ever, the dissolution of the tantalum species from Ta,Os be-
comes the rate-controlling process, preventing any further de-
crease in average particle size regardless of the NaOH concen-
tration. Table 3 shows the photocatalytic activities of samples
prepared in various concentrations of NaOH and the respective
BET surface areas. The BET surface area of the samples in-
crease with NaOH concentration from 0.6 to 40 M, and the
NaTaOs; powder prepared in 40 M NaOH has a surface area
5 times that of the powder synthesized in 0.6 M NaOH. The
photocatalytic activities of these samples (Table 3) also in-
crease with NaOH concentration, which is attributed to the
increase in surface area. However, further increase of NaOH
concentration than 40 M did not affect the photocatalytic activ-
ity of the product.

The physical properties of the photocatalyst, such as surface
area, particle size, and crystallinity, are closely related to pho-
tocatalytic activity.!? It is thought that the surface area affects
the number of sites, at which the photocatalytic reaction oc-
curs, while the particle size influences the distance that photo-
generated electrons and holes migrate from the bulk to reach
the active sites. The crystallinity of the photocatalyst is related
to the number of defects and vacancies, which act as recombi-
nation centers for the photogenerated electrons and holes.
Thus, high surface area, small particle size, and high crystallin-
ity are required to obtain high photocatalytic activity. In the
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Table 4. BET Surface Areas and Photocatalytic Activities
of Hydrothermally Synthesized NaTaO; Powders after
Calcination at Various Temperatures

.. Photocatalytic
Calcination BET surface ) -1
activity? /mmol h

temp/K area/m? g~!

H, 0,

As-synthesized® 5.7 2.0 1.0
573 6.3 1.6 0.8

973 32 1.5 0.7

1273 1.3 0.3 0.1

a) With NiO (0.2 wt %) loaded as a cocatalyst. b) Prepared in
10 M NaOH solution at 423 K for 90 h.

present hydrothermal synthesis, the physical properties of the
products have been successfully controlled by the synthesis
conditions. In other words, surface area and particle size are
controlled by the concentration of the NaOH solution, and
the crystallinity is controlled by the synthesis temperature
and duration. A drastic increase of photocatalytic activity with
increasing synthesis temperature, shown in Table 1, indicates
that the crystallinity of the product is the main factor to deter-
mine the photocatalytic activity.

Table 4 lists the photocatalytic activity of the NaTaOz pow-
ders after calcination at various temperatures. There are sever-
al reports concerning the use of post-preparation calcination
to control the physical properties, e.g., crystallinity and sur-
face area, of nano-crystalline titanium dioxide synthesized
by HyCOM.!>!6 Ohtani et al. reported that post-calcination re-
sulted in a dramatic decrease in the second-order rate constants
of electron—hole recombination, giving rise to an increase in
photocatalytic activity.!” Such an increase in photocatalytic ac-
tivity is attributed to a decrease in the density of oxygen vacan-
cies, and the accompanying increase in crystallinity. However,
the photocatalytic activity of the present hydrothermally syn-
thesized NaTaO; powder for overall water splitting remained
unchanged upon calcination at temperatures lower than 1273
K, and calcination at higher temperature resulted in a dramatic
decrease in photocatalytic activity for this reaction. This de-
crease in activity is attributable to an increase in the density
of surface defects at grain boundaries as a result of high-tem-
perature calcination.'®!° The lack of any change in activity
upon calcination at lower temperature suggests that hydrother-
mal synthesis affords NaTaO3; powder with high crystallinity,
that is, the structure is relatively free of oxygen vacancies
without calcination. Tungsten trioxide and titanium dioxide
powders prepared by hydrothermal synthesis were also found
to exhibit high photocatalytic activity without post-calcination
due to the high crystallinity of the hydrothermal product.®!'?

Among the present samples, the NaTaO3; powder prepared
by hydrothermal synthesis at 473K in 10 M NaOH solution
for longer than 24 h, regardless of post-calcination, displayed
the highest photocatalytic activity for overall water splitting.
It is well known that photocatalytic activity is closely related
to the type, loading state, and loading amount of cocatalyst.
For NaTaOj3 photocatalysts prepared by a solid-state reaction,
it has been reported that nickel oxide is an effective cocatalyst
for overall water splitting reaction.’” The dependence of activ-
ity on the loading amount of NiO for the optimal hydrother-
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0 0.05 0.20.250.3 0.5
amount of loaded NiO / wt%

rate of evolved gases / mmol -h-1

Fig. 5. Optimum loading of NiO for NaTaO; powder
prepared in 10 M NaOH solution at 473 K for 24 h. Circles
denote hydrogen evolution and squares denote oxygen
production.

evac. evac.

amount of evolved gases / mmol

1.5 2 2.5 3 35 4
reaction time / h

Fig. 6. Time courses of gas evolution for NaTaO3; powder
prepared in 10 M NaOH solution at 473K for 24h and
loaded with 0.25 wt % NiO. Circles denote hydrogen evo-
lution and squares denote oxygen production.

mally synthesized NaTaOs powder is shown in Fig. 5. The
highest photocatalytic activity was obtained with 0.25 wt %
NiO. Figure 6 shows the time course of H, and O, evolution
over the NaTaO3; powder loaded with 0.25wt% NiO under
UV irradiation. Stable photocatalytic performance was ob-
tained using this catalyst system, and the H,/O, production
ratio was stoichiometric (ratio of 2) within experimental error.
Although the rate of H, and O, evolution in the second and
subsequent runs with intermittent evacuation was slightly
lower than in the first run, the reaction continued steadily
with activities of ca. 8.0mmolh~! for H, evolution and ca.
4.0mmolh~! for O, evolution. The change in color of the
NiO-loaded NaTaOs3 as a result of the reaction suggests that
the slight decrease in photocatalytic activity in subsequent
runs is due to a change in the state of the cocatalyst, from
nickel oxide to nickel metal.'' The total amount of H, and
O, evolved over 3 h under UV irradiation was 37 mmol, great-
er than the amount of catalyst employed (0.30g, 1.2 mmol
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Fig. 7. SEM images of NaTaOs; powders prepared by
a) hydrothermal synthesis prepared in 10M NaOH solu-
tion at 473 K for 24 h and b) solid-state reaction.

Table 5. Band Gaps, BET Surface Areas, Cocatalyst Load-
ings, and Photocatalytic Activities of NaTaOs; Powders
Prepared by a) Hydrothermal Synthesis and b) Solid-State
Reaction

Band BET Cocatalyst, Photocatalytic
Sample gap surface area NiO activity/mmol h™!
/eV /m?g~! /wt % H, 0,
HT 4.1 5.0 0.25 8.8 44
SSR 4.0 0.3 0.05 1.1 0.4
(b)
5
8
2
e @)
=

I I I I I
350 400 450 500 550 600

wavelength / nm

Fig. 8. Photoluminescence spectra at 77 K of NaTaO3; pow-
ders prepared by a) hydrothermal synthesis and b) solid-
state reaction (excitation: 260 nm).

NaTaOs3). The XRD pattern of the catalyst did not change as a
result of the reaction.

Comparison with NaTaO3; Powder Prepared by Solid-
State Reaction. SEM images of NaTaO3; powder catalysts
prepared by hydrothermal synthesis (HT) and solid-state reac-
tion (SSR) are shown in Fig. 7. The HT sample consists of
aggregates of primary particle with average size of ca. 100—
200 nm. In contrast, the particles produced by the solid-state
reaction are 10-20 times larger (average particle size: 1-2
pm). This result is reflected in the BET surface areas: 5.0
m? g~! for the former and 0.3 m? g~! for the latter (Table 5).
The difference in average particle size and BET surface area
most likely corresponds to the difference in synthesis temper-
ature (473 K for HT vs 1423 K for SSR). Figure 8 shows the
photoluminescence spectra at 77 K of powders prepared by
both methods. The luminescence intensity of the HT powder
is lower than that of the SSR powder, indicating that the
former has a slightly higher density of sodium defects near
the surface, which act as non-radioactive transition centers.'2
Sodium defects in the HT powder might be formed to compen-
sate for proton defects due to the existence of OH™ ions in the
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lattice. A similar result was reported for the hydrothermally
prepared barium titanate by Hennings et al.?’ The HT powder
exhibits peak photocatalytic activity when loaded with 0.25
wt% NiO, whereas only 0.05wt% NiO?! is required to
achieve peak activity for the SSR powder. The difference in
the optimum loading amount of cocatalyst can be attributed
to the difference in surface area. As shown in the table, the
peak photocatalytic activity for water splitting over the HT cat-
alyst is 8 times higher than over the SSR catalyst. It is consid-
ered that the smaller particle size and higher surface area of the
present catalyst increases the probability of surface reaction
between electrons and holes rather than recombination in the
bulk, resulting in high photocatalytic activity for overall water
splitting despite the slightly elevated density of surficial so-
dium defects.

Conclusion

A fine powder of sodium tantalum(V) trioxide as single-
phase perovskite NaTaOs; was successfully synthesized by us-
ing a hydrothermal method at low temperature (373-473 K).
The powder was prepared by the reaction of commercially
available Ta;Os powder with NaOH solution, which occurs
via a dissolution—precipitation mechanism. Experimental re-
sults showed that the concentration of the NaOH solution is
the most important factor controlling the phase, particle size
and morphology of the synthesized products in the sodium tan-
talate system. It was also shown that the synthesis temperature,
which affects the crystallinity of the products, is the most sig-
nificant factor affecting the photocatalytic activity of the cata-
lyst. NaTaO3; powder obtained by hydrothermal synthesis was
shown to be a highly efficient photocatalyst achieving stoichio-
metric water decomposition into H, and O, under UV irradia-
tion. Photocatalytic activity as high as 8.0mmolh~' H, and
4.1 mmol h~! O, was obtained from photocatalytic water split-
ting over NaTaO3; powder synthesized at 473 K in 10 M NaOH
solution for longer than 24 h and loaded with 0.25 wt % NiO as
a cocatalyst. This NaTaO; powder exhibits photocatalytic ac-
tivity 8 times higher than that for the corresponding catalyst
prepared by solid-state reaction due to the higher surface area,
smaller particle size, and higher crystallinity.

This research was supported by the Solution-Oriented
Research for Science and Technology (SORST) program of
the Japan Science and Technology Corporation (JST).
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