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Preparation of Sodium Tantalate with Different Structures and
Its Photocatalytic Activity for H, Evolution from Water Splitting

HUANG Langhuan’, CHAN Qizhong, ZHANG Bin, WU Xiaojing, GAO Peng,
JIAO Zibin, LIU Yingliang
Department of Chemistry, Jinan University, Guangzhou 510632, Guangdong, China

Abstract: Sodium tantalate photocatalysts with a perovskite structure (NaTaOs), a pyrochlore structure (Na;Ta;Og), and a
nano-heterojunction (NaTaO3/Na,Ta,0g) structure were controllably synthesized using the hydrothermal method. Sodium carbonate, sodium
stearate, and sodium acetate were used as precursors, respectively. The physical properties of the as-prepared samples were characterized by
X-ray diffraction, scanning electron microscopy, high resolution transmission electron microscopy, ultraviolet visible diffuse reflectance
spectroscopy, X-ray photoelectron spectroscopy, and photoluminescence spectroscopy. The effects of the sodium precursor on the structure
of sodium tantalate are discussed. The photocatalytic results indicated that the activity for the H, evolution half-reaction from water splitting
was in the following order: NaTaOs/Na;Ta,0s > NaTaO3; > Na,Ta,Og. The highest photocatalytic activity of NaTaOs/Na;Ta,Os can be attrib-
uted to heterojunction formation within the nanoparticles, which significantly enhanced the separation of the electron-hole pairs.
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Fig. 1. XRD patterns of the sodium tantalate samples prepared using
sodium carbonate (1), sodium stearate (2), and sodium acetate (3) as a
precursor.
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Fig. 2. SEM images of NaTaO; (a), Na,Ta,Og (b), and NaTaOs/ Na,Ta,Og (C).
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Fig. 3. HRTEM image of NaTaOs/Na,Ta,Os.
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Fig. 4. UV-Vis DRS spectra of different sodium tantalate samples.
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Fig. 5. PL spectra of different sodium tantalate samples.
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Binding energy (eV)
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O1s Ta 4f
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Na,Ta,0s 529.6 24.8
NaTaO3/Na,Ta,0¢ 529.95 25.54
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Fig. 6. Photocatalytic activity of the sodium tantalate samples during

water splitting.
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®EX
English Text

Hydrogen is expected to be a new and clean energy source
that will solve the energy crisis. In 1972, Fujishima et al. [1]
found that a TiO,-Pt electrode could decompose water to H,
and O, at room temperature under near-UV irradiation. Since
then the photocatalytic decomposition of water has been
considered to be an ideal reaction to obtain hydrogen. Vari-
ous semiconductor oxides such as TiO, have been investi-
gated extensively as photocatalysts for water splitting. In
1998, Kudo et al. [2,3] reported that MTaO; exhibited fairly
high activity for the photocatalytic decomposition of water
under ultraviolet irradiation. In particular, the quantum effi-
ciency reached 28% after loading NiO. Since then, various
Ta-based oxides have attracted much attention such as
MTaO; (M = Li, Na, K), M3TaO; (M = Y, Yb, Gd, La),
Ca,Ta,0;, K3TasB,055, MTa,0s (M = Sr, Ba, Ni, Mn, Co),
Bi,MTaO; (M = La, Y), Ba,LnTi,TazOy5 (Ln =Y, La),
K,Sr15Taz019, MyLa,3Ta,0; (M = H, K), ABi,Ta,04 (A= Ca,
Sr, Ba), MsTa,O45 (M = Sr, Ba), H,SrTa,0;, etc.[4-15]. Ina
previous study, we prepared a new photocatalyst Na,Ta,O¢
with a special rod structure by a solid-state reaction com-
bined hydrothermal method [16]. We found that the
as-prepared Na,Ta,0g exhibited high activity.

Ishihara et al. [17] prepared K,Ta,O¢ with a pyrochlore
structure and KTaO; with a perovskite structure using dif-
ferent methods. Their results showed that the photocatalytic
activity of the obtained samples increased in the order:
KTaO; (solid state reaction) < KTaO; (alkoxide reaction) <<
K,Ta,0s (alkoxide reaction). Ishihara pointed out that a
different structure might be the main reason for the different
photocatalytic activities. Sodium tantalate has two different
crystal structures: NaTaO; with a perovskite structure and
Na,Ta,0¢ with a pyrochlore structure. However, differences
in the structure and performance between NaTaO; and
Na,Ta,0s have not been studied systematically. Although
they have the same chemical composition, their photocata-
Iytic activity is different because of their different crystal
structures.

In this paper, NaTaO; with a perovskite structure,
Na,Ta,0Os with a pyrochlore structure, and a NaTaOj/
Na,Ta,0s composite photocatalyst were synthesized using
sodium carbonate, sodium stearate, and sodium acetate as
precursors, respectively. The effects of different precursors
on the structure of the obtained samples as well as the dif-
ferent structure on the photocatalytic activity for water split-
ting were studied systematically.
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1 Experimental
1.1 Preparation of sodium tantalate

The precursor (sodium carbonate, sodium stearate, and
sodium acetate) and Ta,Os in a Ta/Na molar ratio of 1:3 were
added to a mixture of ethylene glycol (5 ml, AR, Guangzhou
Chemical Reagent Factory, China) and deionized water (25
ml). The suspension was stirred in a water bath at 80 °C for 2
h and was transferred to a 50 ml Teflon-lined stainless steel
autoclave. Finally, the autoclave was maintained at 180 °C
for 24 h and was then allowed to cool to room temperature
naturally. After filtering, washing, and drying, sodium tan-
talate samples were obtained. The as-prepared samples were
immersed in an aqueous Ni(NO3), solution for 4 h and then
the samples were subjected to high temperature to give
NiO-loaded photocatalysts.

1.2 Characterization

X-ray diffraction (XRD) patterns were obtained using
MASL- XRD2 with Cu K, radiation (A = 0.154056 nm) in a
scan range 26 between 10° and 80° at a rate of 4°/min (40 kV,
20 mA). Transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) were carried out using
a JEOL-2100F and a PHILIPS XL-30 ESEM, respectively.
The UV-Vis diffuse reflectance spectra (DRS) were collected
on a Shimadzu UV-2501PC UV-Vis scanning spectropho-
tometer. Photoluminescence (PL) emission spectra were
recorded using a Hitachi F-4500. X-ray photoelectron spec-
troscopy (XPS) was carried out using a ESCALAB-250 with
Al K, radiation.

1.3 Photocatalytic reaction

The experiment was carried out in a photocatalytic reac-
tion system (CEL-HX300, Beijing Chinese Education Au-
Light Co., Ltd.). The samples (0.1 g) were dispersed in a 100
ml mixture of Na,S (0.1 mol/L) and Na,SO; (0.04 mol/L),
which were added as sacrificial agents because of their abil-
ity to eliminate holes [18]. After pumping nitrogen through
the system for 30 min, the suspension was stirred for 6 h
under continuous irradiation with a 500 W Xe lamp. A
quantitative analysis of H, was measured using a gas chro-
matograph (GC9800, Shanghai Kechuang Technology Co.,
Ltd.).

2 Results and discussion
2.1 XRD analysis

Figure 1 shows the XRD patterns of different samples.

NaTaO; with an ABO; perovskite structure was obtained
when using sodium carbonate as a precursor and the lattice
parameters were assigned to a monoclinic system (JCPDS
74-2477; a=0.3889 nm, b = 0.38885 nm, ¢ = 0.3899 nm, o =
y =90°, B =90.367°). When sodium stearate was used as a
precursor, the obtained samples were Na,Ta,0g with a py-
rochlore cubic crystal structure (JCPDS 70-1155;a=b=c=
1.044 nm, a = f = y = 90°). XRD patterns of the hydrother-
mal products that were derived from the sodium acetate
precursor were different from the first two samples. The
XRD peaks located at 20 = 22.85°, 32.55°, 40.23°, 46.67°,
52.58°, 73.06°, and 77.56° are attributed to NaTaO; while
those located at 20 = 14.68°, 28.32°, 29.61°, 34.32°,
37.514°, 45.08°, 49.33°, 51.75°, 61.47°, 63.58°, and 80.05°
are attributed to Na,Ta,Os. It is obvious that the crystal phase
is a mixed NaTaO; and Na,Ta,0g phase.

It has been reported that NaTaO; forms preferentially
under higher alkaline concentrations. In contrast, Na,Ta,Og is
more easily obtained under lower alkaline concentrations.
The former is a metastable phase while the latter is a ther-
modynamically stable phase [19]. In our work, NaTaO; and
Na, Ta,Og were obtained when sodium carbonate and sodium
stearate were used as precursors, respectively. The result
agrees well with that in the literature for the alkaline con-
centration of sodium carbonate solution was higher than that
of the sodium stearate solution. However, when sodium
acetate at the lowest alkaline concentration was used in this
study as a precursor, a mixed phase of NaTaO; and Na,Ta,04
was produced. The formation of sodium tantalate is con-
trollable by manipulating the pH and also by manipulating
acid radicals. During the hydrothermal process, Ta,O5 was
dissolved in an alkaline solution at high temperature and high
pressure, resulting in octahedral TaOs. The octahedral
TaOg'~ species connect to each other differently under dif-
ferent conditions to form a three-dimensional network. Na*
was positioned within the interstitial sites:

Ta,0s + OH™ — Tag0% + H,0 (1)
TagO1y® + OH™ — TaOg~ + H,0 (2)
TaOg~ + H,0 + Na" — NaTaO; (Na,Ta,0¢) (3)

Therefore, the type of synthesized phase under hydro-
thermal conditions was strongly dependent on the connection
of the octahedral TaOs~ and the migration of Na*. When
sodium stearate was used as a precursor, C;sH3sCOO™ with a
large radius likely formed an ionic atmosphere around Na".
The size of Na* was thus enlarged. As a result the volume of
the interstitial sites that were occupied by Na* increased too.
Furthermore, CygH3sCOO™ volatilized with difficulty and
consequently the transformation of metastable Na,Ta,Og to
stable NaTaO; was restrained. Finally, Na,Ta,0s with a
looser packing structure was preferentially obtained. When
sodium carbonate was used as a precursor, NaTaO; with a
compact packing of atoms was preferentially obtained. There
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are two possible reasons for this result: the small radius of
CO,* and the high alkaline concentration of the sodium
carbonate solution. When sodium acetate was used as a
precursor, CH;COO™ was found to be smaller than
C16H3sCOO™ but larger than CO,*". Therefore, the effect of
CH;COO™ on the migration of Na* was higher than that of
C1H3sCOO™ but lower than that of CO5*, resulting in a
mixed NaTaOzand Na,Ta,0¢ phase.

It has been reported that high alkaline concentration is
necessary to prepare the sodium tantalate by the hydrother-
mal method. However, in this paper sodium tantalate was
synthesized at fairly low alkaline concentration, which may
be attributed to the addition of ethylene glycol during the
hydrothermal process. It was considered that water mole-
cules showed strong solvent effects on OH™ due to the hy-
drogen bond. Therefore, in the water alone system, OH™ was
shield by water molecules. As a result the actual activity of
OH" decreased. In the water/glycol system, the solvent ef-
fect of ethylene glycol on OH™ was lower than that of water
on OH™ because of its large molecular volume. Therefore,
the OH™ activity in the water/glycol system was higher than
that in the water alone system at the same alkaline concen-
tration. In other words, the same effect was obtained by
adding ethylene glycol and increasing the alkaline concen-
tration.

2.2 SEM and HRTEM analysis

Figure 2 shows the SEM images of different sodium tan-
talate samples. The NaTaO; obtained from the sodium car-
bonate precursor appeared to be irregular nanocrystalline
with a particle size ranging from 500 to 600 nm. The
Na,Ta,0s obtained from sodium stearate was composed of
200 nm particles and nanorods with a length of up to several
micrometers. We previously reported the successful forma-
tion of Na,Ta,0s with similar nanorod morphology by
hydrothermal synthesis [16]. As for NaTaOs/Na,Ta,Os, its
morphology was found to be similar to that of NaTaOs except
for the slight decrease in size. The average particle size of
NaTaO4/Na,Ta,Os was estimated to be 300 nm. Our ex-
perimental results indicate that crystal growth is strongly
dependent on the type of precursor.

When using sodium carbonate as a precursor, the sodium
carbonate solution gave a fairly high alkaline concentration.
Ta,05 dissolved quickly and thus the system soon became
supersaturated. In addition, COs> was easily removed and
had almost no effect on the following crystal growth. As a
result the ripening process was sufficient and relatively large
NaTaO; particles were obtained.

When using sodium acetate whose solution gave a low
alkaline concentration as a precursor, the dissolution rate of
Ta,05 decreased and the system took longer to reach super-

saturation. Therefore, relatively small NaTaOs/Na,Ta,Os
particles were obtained. When using sodium stearate as a
precursor, long chain C;sH3sCOO™ volatilized with difficulty.
Because crystal growth must be accompanied by the removal
of solvent and the formation of a chemical bond between
various precursors, crystal transformation and crystal growth
were inhibited. As a result relatively small Na,Ta,Og parti-
cles were obtained. Furthermore, some of the growth units
grew along one dimension because of the template model
effects of C;gH3sCOQ™, resulting in a special rod structure.
The experimental results showed that the precursor can
strongly govern the crystal structure and the morphology.

To visualize the tight-contact heterojunction, NaTaOs/
Na,Ta,Og was investigated by HRTEM. As shown in Fig. 3,
two sets of different lattice images were observed with d
spaces of 0.39 and 0.30 nm, corresponding to the (100) plane
of perovskite NaTaO; and the (222) plane of pyrochlore
Na,Ta,0g, respectively. The lattice fringes of NaTaO; and
Na,Ta,0Og Were cut through the interface, indicating the for-
mation of chemical bonds and heterojunctions. HRTEM
analysis gave direct evidence for the interface junction be-
tween NaTaO; and Na,Ta,Og in the NaTaOs/Na,Ta,O mixed
phase, which might improve the separation of electron-holes
during the photocatalytic process.

2.3 UV-Vis DRS analysis

Figure 4 shows the UV-Vis diffuse reflection spectra of
different samples. The bandgap was determined using the
equation E4(eV) = 1240/A(nm), where 4 is the wavelength
that corresponds to the absorption band edge. The bandgaps
for NaTaOs;, Na,Ta,0g, and NaTaOs/Na,Ta,Og were found to
be 4.27, 4.42, and 4.13 eV, respectively. Because the valence
and conduction bands are O 2p and Ta 5d, respectively, for
both NaTaO; and Na,Ta,04[3,14,19] the differences in the
bandgap can be explained by the different types of overlap of
the atomic orbitals of tantalum and oxygen. The average
Ta—O distance is 197.8 pm in NaTaOs; while that in Na,Ta,Os
is 199.3 pm. Because Na,Ta,0Og has a longer Ta—O distance
than that in NaTaOs, the energy of the conduction band is
higher for Na,Ta,O¢. The bandgap of NaTaOs/Na,Ta,Og is
much smaller than those of NaTaO; and Na,Ta,Og. This is
possibly due to the distorted crystal structure. Although
NaTaO; and Na,Ta,Og had the same chemical composition,
the method of connection between the TaOg octahedra is
different. The crystal structure of NaTaO3; was found to be a
perovskite structure while that of Na, Ta,Og was found to be a
pyrochlore structure. The TaOg octahedral was greatly dis-
torted when an interface heterojunction formed between the
NaTaOs/Na,Ta,O¢ particles. DRS results suggest that the
crystal structure should influence their band structure al-
though specific details are not known at present.
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2.4 PL analysis

Figure 5 shows PL spectra of the different samples. PL is
an efficient way to study the migration and trapping of charge
carriers and the transfer efficiency and electron-hole recom-
bination in semiconductors. The PL signals are attributed to
the radiative recombination process of self-trapped excitons
[23-27]. Therefore, the decrease in PL intensity indicates an
enhancement in the separation efficiency of the electron-hole
pairs. From Fig. 5 we can see that the PL peaks of the dif-
ferent samples are all located at 550 nm. This indicates that
the change in crystal structure did not cause any new lumi-
nescence. The PL intensity increased as in the order
Na,Ta,Og > NaTaO; > NaTaO3/Na,Ta,0Os. The PL signals of
NaTaO4/Na,Ta,Og were far lower than those of NaTaO; and
Na,Ta,0s, indicating the lowest electron-hole recombination
rate and the highest quantum efficiency. Previous studies
[28,29] showed that the order of photocatalytic activity was
opposite to that of PL intensity. Our photocatalytic results
agree well with that in the literature.

2.5 XPS analysis

Table 1 summarizes the XPS data showing the binding
energy of O 1s and Ta 4f;, for different samples. The TaOg
in Na,Ta,O¢ was greatly distorted and oxygen atoms were
regularly missing from the ideal structure. Therefore,
quasi-free electrons might form and maintain the electrical
neutrality. Consequently, Ta>* accepted electrons resulting in
an increased electron density as well as increased shielding
effects. As a result the O 1s and Ta 4f,, binding energies for
Na,Ta,Os were lower than those of NaTaOs;. For Na-
TaO3/Na,Ta,0g, the heterojunction that formed at the inter-
face between NaTaO; and Na,Ta,0s might become an elec-
tron transfer channel (electrons transferred from Na,Ta,O¢ to
NaTaOs;). The electron density and the shielding effect de-
creased. Therefore, the O 1s and Ta 4f;,, binding energies for
NaTaOs/Na,Ta,0s lay between those of NaTaO,; and
Na,Ta,Og.

2.6 Photocatalytic activity analysis

Figure 6 shows the photocatalytic activity for H, evolution
from a water-Na,S-Na,SO; mixture. As shown, there was no
appreciable decrease in gas evolution during irradiation. The
activity of NaTaOs/Na,Ta,0s was much higher than those of
NaTaO; and Na,Ta,Oq. The rate of H, evolution for Na-
TaOs/Na,Ta,Og reached 49 umol/h, which was 1.5 times that
of NaTaO; and 3 times that of Na,Ta,0O¢. According to the PL
measurements and the photocatalysis results, it could be

concluded that the photocatalytic activity was mainly con-
trolled by the charge separation efficiency. This can be ex-
plained as follows: the heterojunction that exists at the in-
terface of the mixed phase promotes charge separation.

Scaife [30] used the equation of Vg (NHE) = 2.94 — E; to
calculate the flat potential, where Vy, was the flat potential.
Since the Fermi level was approximately equal to the flat
potential, the Fermi levels were —1.33 eV for NaTaOs, —1.48
eV for Na,Ta,0, and —1.18 eV for NaTaOs/Na,Ta,0¢. The
Fermi level of Na,Ta,0s was 0.22 eV higher than that of
NaTaO;. Therefore, the electrons would transfer from
Na,Ta,0g to NaTaO; through their interface when nanopar-
ticles with different phases connected to form heterojunc-
tions [31-33]. A built-in electric field forms with an orienta-
tion from Na,Ta,0¢ to NaTaO; in the mixed Na-
TaO3/Na,Ta,06 phase. Therefore, when NaTaOs/Na,Ta,Og is
illuminated by UV light a transfer of photogenerated elec-
trons from NaTaO; to Na,Ta,Og occurs, which is driven by
the electric field at the interface and the recombination of
photogenerated electron-hole pairs is significantly reduced,
which enhances the photocatalytic activity. Further experi-
mental results indicate that the H, evolution rate of Na-
TaOs/Na,Ta,0¢ after loading with 2.5% NiO increased by a
factor of 1.4. To obtain higher activity, a further investigation
into NiO loading is required.

It should be noted that the bandgap and the high potential
of the conduction band is advantageous for water splitting.
However, in this paper the photocatalytic activity for H,
evolution does not correlate with the bandgap results. This
indicates that the band structure is not an important factor for
sodium tantalate during H,O photocatalytic decomposition.

3 Conclusions

The structure and photocatalytic activity of different so-
dium tantalate compounds that were obtained from different
precursors were studied. The effects of the sodium precursor
on the crystalline structure and morphology are discussed.
The separation efficiency of the electron-hole pairs is an
important factor that affects the photocatalytic activity. The
heterojunction that formed within NaTaOs/Na,Ta,O¢ pro-
motes the separation of electron-hole pairs. The hydrogen
evolution rate of the NaTaOas/Na,Ta,0Os composite photo-
catalyst was 1.5 times that of NaTaO; and 3 times that of
Na,Ta,0s under the same conditions. In addition, loading
with NiO greatly improves the photocatalytic activity for H,
evolution from water.
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