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Lanthanum-doped sodium tantalate was synthesized by solid state method at low temperature and short calcination time.
Pure phase powders were obtained after calcination at 950°C and 1000°C for 1h with average crystal size below 150 nm.
The photocatalytic performance was increased with La concentration, reaching a maximum at 2 mol. % La. Good activity
was observed even without any loading cocatalyst. After further calcination, there was no evidence of improvement of the

photocatalytic performance.
INTRODUCTION

Sodium tantalate (NaTaO,, abbreviated NT) has
been extensively studied because is a material with
suitable band gap for water splitting under ultraviolet
radiation [1-2]. This material has been synthesized
using several chemical wet methods, including sol-gel
[3-6], conventional hydrothermal [7-8], solvothermal
[9] microwave hydrothermal route [10] and some others
[11-13]. The aim of using chemical wet methods is to
avoid high temperature and long thermal treatment for
crystallization. Also, to reduce the volatization of sodium
during processing, and thus, to minimize the amount of
vacancies (defects in general) which serve as electron-
hole recombination centers [1, 14].

Some of these methods require expensive reagents
and too much care is needed. For example, in the sol-gel
method the tantalum alkoxide needs to be handled into a
glovebox because its high reactivity. The hydrothermal
and microwave hydrothermal routes require long syn-
thesis time and expensive equipment, respectively. So,
the solid state method is the cheapest and easier way to
synthesize NT powders.

Themethodologyused for preparing sodiumtantalate
strongly influence defect concentration (crystallinity)
and crystal structure [1-2, 14]. As described above, it is
stated that crystallinity of NT powders is a crucial issue

to overcome the recombination of electron-hole pairs.
Sometimes, the term “crystallinity” is related with well-
defined edges. Most of the reports associate crystallinity
with crystal size, because they underline the intensity
and peak width in X-Ray analysis. Others, said that well-
defined edges are necessary for high photacalytic activity
[1, 3]. In addition, it can be related to the minimization of
defect concentration in materials [2]. But it is difficult to
control and quantify defect concentration on NT.

Then, in this work, La doped NaTaO powders were
synthesized by solid state method with reduced heat
treatment and their properties evaluated.

EXPERIMENTAL

Synthesis of powders

Synthesis of pure and La-doped NaTaO; powders
was performed using Na,CO; (99.9 % Fermont), Ta,O;
(99.99 % Sigma-Aldrich) and La,O; (99.9 % Sigma-
Aldrich). Before weighting, the reagents were dried for
2 h at 200°C in order to eliminate absorbed moisture.
They were mixed using an agate mortar and pestle with
acetone. Then, the mixture was calcined at 950°C for 1 h.
After that, the powders were ball milled for 12 h in
a plastic jar with zirconia grinding media using ethanol,
dried at 120°C for 3 h and calcined at 1000°C for 1 h.
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Half of each sample was further calcined at 950°C
for 4h without further milling step for evaluating the
influence of thermal treatment on crystal size and photo-
catalytic performance. Before this calcination, 2 mol. %
of sodium was added as Na,COj, to compensate its losses
at high temperature.

Structural and microstructural
characterization

The structural and microstructural characterization
of powders was done with X-Ray diffraction analysis
(Bruker D8 with Cu Ka radiation) and Scanning
Electron Microscopy (JEOL JSM IT300 with Oxford
EDS detector). Rietveld refinement was performed for
calculating the mean crystal size. The orthorhombic
space group Pcmn (No. 62) was used for fitting the
experimental results with the Topas academic software.
The thermal parameters and atomic positions were taken
from Ref. [15].

Optical absorption and band
gap calculation

The absorption spectra were obtained by using the
diffuse reflectance technique. The measurements were
performed in a Cary 5 spectrophotometer equipped with
a Praying Mantis (Harrick Scientific Products, Inc.)
accessory for diffuse reflection spectroscopy. The spectra
were recorded in the wavelength range between 250 and
700 nm. The band gaps were estimated from absorption
spectra following the procedure described in elsewhere
[16].

Measurements of specific surface area

In order to obtain the specific surface area, physical
nitrogen adsorption was carried out using a Quanta-
chrome 3B instrument. Prior to the analysis, the catalyst
was degassed at 200°C for 6 h to remove the adsorbed
impurities. BET equation was applied for obtaining the
specific surface area.

Photocatalytic performance

The photocatalysis performance was measured by
quantifying the evolution of H,. For a typical expe-
riment, 25 milligrams of powders were loaded in
a water-methanol solution (2:1 ratio). This solution was
maintained under magnetic stirring at room temperature.
The water splitting reaction was done in a quartz
closed reactor cell coupled with a gas chromatograph
(Shimadzu G-08) equipped with a thermal conducti-
vity detector (TCD) and a Shincarbon packed column
(2 m length, I mm ID and 25 mm OD), using N, as
carrier gas. The amount of evolved H, was measured
at intervals of 1 h. To assure the adsorption/desorption

equilibrium, the system was stirred in the dark for
30 min and degassed by bubbling nitrogen prior to the
photochemical reaction. The experiments were perfor-
med with UV radiation (254 nm) produced by a high
pressure mercury lamp (Pen-Ray Mercury Lamp with
I,= 2 mW-cm™) and without any cocatalyst loaded.

RESULTS AND DISCUSSION

From the X-ray analysis shown in Figure 1, it is
clear that pure phase was obtained for undoped and
La-doped sodium tantalate powders. The common se-
condary phases that appear during synthesis depends
upon the method used. When the solid-state method
is used for the synthesis of NT, the unreacted phases
commonly found are Ta,Os or sodium related phases
[14]. For hydrothermal and microwave hydrothermal,
tantalum oxide is the most frequently secondary phase
encountered [7, 10, 17].
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Figure 1. XRD patterns of Ta,0;, NaTaO; and La-doped

NaTaO,, calcined at 950° C for 1 h plus 1 h at 1000° C.

When the solid state is used, high temperature
and time is required for producing crystalline sodium
tantalate, because the high melting point of tantalum
oxide. In our case, the heat treatment has been reduced
to 2 h, 1 h at 950°C and another at 1000°C. Then, it
is possible to synthesize La-doped NaTaO; powders
lowering calcination time, without secondary phases.
Comparing these crystallization conditions by solid state
method with previous reports [1, 3, 15], the conditions
used in this work are less stringent, which is beneficial
for energy saving as well as for reducing crystal size.

Chemical analysis was carried out on some samples
by EDS, and the results for the undoped and the 2 mol. %
La doped samples are shown on Table 1. The measured
atomic compositions are close to the theoretical values,
and considering the experimental error included due to
the technique, the results match pretty well.
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In the solid state method, two main issues need to
be overcome, crystal growth and sodium volatilization
at high temperature. Then, is common practice to
regrind and add near 5 mol. % sodium in excess [3, 15].
The powders obtained by this methodology have large
crystals, low surface area, and less reaction sites.

Table 1. Chemical analysis by EDS of undoped and 2 mol. %
La doped powders.

Composition NT NT:La2 %
Atomic % Atomic %  Atomic %  Atomic %
Element . .
(theoretical) (theoretical)
(0] 62.71 60 61.99 60
Na 18.22 20 17.47 19.6
Ta 19.06 20 20.18 20
La 0 0 0.36 0.4
Total: 100.00 100.00 100.00 100.00

Volatilization of sodium produce defects, so, it is
possible to diminish calcination time for reducing crys-
tal size and sodium volatilization. This would somehow
increase photocatalytic performance of pure and La-
doped sodium tantalate comparing with those powders
synthesized under more stringent conditions by the solid
state method.

For comparison, we performed calcination to half of
each sample at 950°C for 4 h, in order to identify if there
is considerably further crystal growth and its influence
on the photocatalytic properties. The X-Ray results after
the second calcination are shown in Figure 2. No evident
broadening is observed in the X-Ray analysis. The XRD
results are similar to those of samples calcined at 950°
and 1000°C for 1 h, which are pure perovskite phase.
The XRD are similar because there are no considerable
difference in crystal size between calcinations for 2 h
and 4 h. This will be evidenced below with SEM images.
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Figure 2. XRD of tantalate powders after second calcination
at 950° C for 4 h.

The mean crystal size and other crystallographic
data were obtained by Rietveld refinement technique.
The calculated crystal size diminish from ~127 nm for
undoped NT to ~82 nm for 2 mol. % of lanthanum con-
tent. After further calcination at 950°C for 4 h, the crystal
size increased slightly to ~143 nm for NT and ~87 nm
for 2 mol. % La. Data for the other compositions fall
between these values and have almost linear behavior
i.e. the crystal size decreases with lanthanum content.
As an example, the Rietveld refinement fitting for NT is
shown in Figure 3.
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Figure 3. Rietveld refinement for undoped NT calcined at
950°C for 1 h plus 1 h at 1000°C.

In Figure 4, the SEM images of sodium tantalate
powders are shown. It is worth to note the submicro-
metric crystal size for all compositions. This is hard to
achieve under conventional solid state synthesis con-
ditions [15]. So that, low surface area is obtained,
commonly below 0.44 - 5 m*g™' [1,14].

The high surface area means that more active sites
are available for the photocatalytic reactions. Then, it
would be plausible that the submicrometric powders
synthesized would have higher reactivity compared to
powders obtained by solid state method but under more
severe conditions.

The SEM images of samples further calcined at
950°C for 4 h are shown in Figure 5. The mean crystal
size has not increased considerably (as stated above);
then, the results of SEM corroborate those ones of the
XRD analysis for these samples, where no evidence of
severe crystal growth was observed. The reason why
there is not a noticeable crystal size increment could be
due to the relatively short (4 h) calcination time, and
to the relatively low calcination temperature (950°C).
In the synthesis of NT powders by the conventional
solid state method, usually, precalcination at 1170 K for
1 h (~900°C) and calcination at 1420 K (~1150°C) for
10 h is performed twice or three times for synthesis of
NT [1, 3, 15, 18]. These synthesis conditions promote
considerable crystal growth.
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Figure 4. SEM images of a) NT, b) 1 % La doped NT, ¢) 1.5 % La doped NT and d) 2 % La doped NT calcined at 950°C for 1 h,
ball milled for 12 h and calcined at 1000°C for 1 h.
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Figure 5. SEM images of a) NT, b) 1 % La doped NT, c¢) 1.5 % La doped NT and d) 2 % La doped NT, calcined as reported in
Figure 3 and additional treatment at 950°C for 4 h. (Continue on next page)
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d) 2 % La doped NT

Figure 5. SEM images of a) NT, b) 1 % La doped NT, ¢) 1.5 % La doped NT and d) 2 % La doped NT, calcined as reported in

Figure 3 and additional treatment at 950°C for 4 h.

The results of hydrogen production are shown in
Figure 6. As it can be seen, the amount of evolved H,
increases almost linearly with the amount of La content
as expected from previous results [1,3] for samples
calcined at 950°C for 1 h plus 1 h at 1000°C (Figure 6a).
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Figure 6. H, production with La-doped NT powders.

In Figure 6b, the results for hydrogen production on
samples further calcined are shown. As observed the
photocatalytic performance has dropped, two issues
are considered for explaining this behavior. First, the
lower surface area due to crystal growth, and to the
agglomeration promoted in the second calcination step,
both are evident in the SEM images (Figure 5).

The H, rate production are similar to those reported
for NaTaO; synthesized by microwave-hydrothermal
method [9], hydrothermal method [17], flux method
[19], and superior to other results for solid state method
[15,20], and confined space synthesis [12]. Our results
are promising considering that in most of the mentioned
studies, the NT powders have been coated with
cocatalyst (NiO, NiOx or Pt derived compounds) which
increase the performance.

The band gap of prepared powders are shown
in Table 2. Looking at the results, it seems that the
additional thermal treatment has not affected the
electronic structure, i.e., the La-doped did not transform
to other crystalline structure. Furthermore, the band gap
is similar for all compositions. So, the only difference
between the powders is the crystal size due to La-doping.
These results are similar to others studies that reports
band gap values in the order of 3.6 - 4.0 eV [3,14] for
undoped NT, depending upon synthesis method. While
for La-doped the range is spanned over 4.09 -4.17 eV [1,
19]. It is well-known that band gap and specific surface
are sensitive to the synthesis conditions i.e. the chemical
route and calcination temperature. When a soft chemical
method is used for preparing NT powders, nanometric
crystal size is obtained (high surface area) and there
is a phase transition due to size effect [3]. This phase
transition also affects the band gap, so the photocatalytic
properties are affected as well.

As seen from Table 2, in general the specific surface
area decreases comparing samples with additional ther-
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Table 2. Band gap and specific surface of synthesized powders.

Composition/Thermal treatment

Band gap (eV) Specific surface area (m*g™")

NT/950°C 1 h—1000°C 1 h

NT:La 1l % /950°C 1 h—1000°C 1 h

NT:La 1.5 % /950°C 1 h—1000°C 1 h

NT:La2 % /950°C 1 h—1000°C I h

NT /950°C 1 h—1000°C 1 h—950°C 4 h

NT:La 1l % /950°C 1 h—1000°C 1 h—950°C 4 h
NT:La 1.5 %/ 950°C 1 h—1000°C 1 h—950°C 4 h
NT:La2 % /950°C 1 h—1000°C 1 h—-950°C4h

4.16 4.9
4.17 6.4
4.18 6.8
4.16 7.6
4.16 4.0
4.16 5.5
4.17 5.7
4.18 7.2

mal treatment because the crystal growth and further
agglomeration is induced. That is why the photocatalytic
performance is deteriorated.

So, it is been demonstrated that high purity NT
and La-doped NT powders can be obtained by solid
state method. The produced powders having high
photocatalytic activity.

CONCLUSIONS

Pure and La-doped sodium tantalate powders were
synthesized using solid state method under moderated
synthesis conditions of time and temperature. Pure
perovskite crystalline phase was achieved for all
compositions. Submicrometric average crystal size was
obtained even after a second calcination stage at 950°C
for 4 h. This crystal size was possible because of the
low temperature and calcination time. This allowed
to increase photocatalytic performance of prepared
powders. The higher photocatalytic activity was
observed in the 2 mol. % doped NT powders.
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