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Abstract A nanocasting method using SBA-15 as a hard
template was adopted to prepare nanocrystalline NaNbOj.
The templated NaNbOj; consists of single crystalline nano-
particles about 8 nm. The nanocrystalline NaNbO; sample
showed remarkably enhanced photocatalytic activity for
2-propanol photodegradation in comparison to the counter-
part prepared by the solid state reaction.

Keywords NaNbO; - Nanocrystalline - Alkalinity -
Nanocasting - Photocatalysis

1 Introduction

The preparation of size controlled nanocrystals is a hot
topic in the area of materials science. As many metal oxide
nanocrystals show distinct catalytic properties from the
bulk ones [1-4], the preparation of metal oxide catalysts
with nanocrystallinity by low-cost and innovative methods
is currently of great interest. Although a variety of metal
oxide nanocrystals have been successfully prepared [5-8],
the fabrication of low-dimensional nanocrystals for some
particular metal oxides, especially some complex metal
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oxides, is still a scientific challenge. One major difficulty is
that high temperature treatment is usually required for the
crystallization of metal oxides, which inevitably leads to
the sintering of the starting particles.

There are several liquid phase techniques such as sol—
gel synthesis [9], hydrothermal synthesis [10], and micro-
emulsion synthesis [11] have been developed to prepare
metal oxide nanocrystals with the particle size ranging
from 10 to 100 nm. However, the particles are usually
poorly crystallized. Nanocasting technique with mesopor-
ous materials as hard template provides an efficient method
to prepare isolated nanocrystalline particles [1, 6, 12-16].
The well-ordered mesopores of siliceous material (e.g.,
SBA-15, KIT-6) or carbon can serve as the nano-reactor to
accommodate the precursors of metal oxides. After the
calcination treatment and removal of the template, the
nanocrystals of metal oxide could be obtained. Because
the nanocrystals of metal oxides are confined within the
mesopores of the template, the uncontrolled growth of the
particles could be avoided. In some cases the closely
packed nanoparticles can also generate ordered interparti-
cle mesoporosity [1, 6, 13—-16]. Several transition-metal
containing nanocrystalline metal oxides (e.g., MnO, [1],
Co304 [13, 15], and LaFeO;5 [6]) have been successfully
prepared by the nanocasting technique with mesoporous
materials as the hard template. However, there has been no
similar report about the preparation of alkali-metal con-
taining metal oxides.

Perovskite structured NaNbOj has a variety of unique
ferroelectric [17], optical [18, 19], and photocatalytic prop-
erties [20-23]. Extensive work has been devoted to prepare
NaNbO; with various nanostructures [18, 19, 22-25].
However, most of the reported samples have particle size
ranging from several tens of nanometer to micrometer. In this
work, we purposely prepared nanocrystalline NaNbOj3 by the
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nanocasting technique with SBA-15 as a template. Special
attentions were paid to the alkalinity of the alkali metal on
sample synthesis. The samples were characterized by XRD,
N,-sorption measurement, HRTEM, UVDRS, and Raman
spectroscopy. The photocatalytic activities of the sample
were evaluated for 2-propanol (isopropanol, IPA) photo-
degradation in gas phase.

2 Experimental
2.1 Sample Preparation

The SBA-15 template was prepared according to the well
established liquid crystal template method according to the
procedure described previously [26]. The precursors of
NaNbO; were introduced to the mesopores of SBA-15 by
the incipient wetness impregnation method. Sodium nitrate
was used as Na source and niobium oxalate was used as Nb
source, respectively; water was used as a solvent. The mass
ratio of NaNbOj precursors to SBA-15 was 5:1. The
impregnated SBA-15 was dried at 80 °C overnight. The
sample was further calcined at 600 °C for 4 h for the
crystallization of NaNbOj;. The silica template was
removed by stirring the NaNbO3/SBA-15 sample in NaOH
solution (2 M) for 36 h. The NaOH solution was replaced
every 12 h. The obtained NaNbO; was washed thoroughly
with deionized water and then dried at 80 °C. The NaNbO;
sample prepared by such hard template nanocasting
method was designated as NaNbO3(HT). In the solid state
reaction synthesis, stoichiometric amounts of Nb,Os and
Na,CO5; were well milled, and then calcined at 900 °C for
24 h with interim grinding. The sample prepared by the
solid state reaction was designated as NaNbO5(SSR).

2.2 Sample Characterization

The phase compositions of samples were identified by
X-ray Powder Diffraction (Cu Ku radiation, Bruker AXS-
DS8) in the 26 range of 1-90°. The UV-Vis diffuse reflec-
tance spectra were recorded at room temperature on a
Shimadzu UV-2450 UV-Vis spectrometer with barium
sulfate as the reference sample. Specific surface areas of
samples were deduced by the BET method (N, adsorption)
with a NOVA-2000E instrument. Morphologies of samples
were characterized using a high resolution transmission
electron microscope (HR JEM-2100, JEOL). EDS analysis
was performed on a scanning electron microscope (JSM-
7001F, JEOL). The Raman spectra were collected using a
DXR Raman Spectrometer (Thermo Fisher) at room tem-
perature with excitation source of 513 nm and power of
1.0 mW.
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2.3 Activity Evaluation

The photocatalytic degradation of IPA was carried out in a
quartz tubular reactor (length = 28.0 cm, J = 3.0 cm;
volume = 159 ml) that was placed horizontally. A flat
quartz plate was used to hold the catalyst (typically
50 mg). The reactor was purged with dry synthetic air for
more than 10 min after the sample was loaded. The reactor
was sealed and then desired amount of IPA/air mixture was
introduced by syringe. Prior to light irradiation, the reactor
was left in the dark for at least 4 h until an adsorption—
desorption equilibrium was finally established. A 350 W
Xe-lamp (Nanshen Company, Shanghai) was used as light
source. A water filter was also used to remove the light in
the infrared region. The products in the gas phase were
analyzed with a gas chromatograph system (GC-9790A),
using a flame ionization detector for organic compounds
determination.

3 Results and Discussion

Figure 1 shows the XRD patterns of the NaNbO3 samples
prepared by the hard template nanocasting technique. The
sample prepared by the solid state reaction method was
also shown for reference. The sodium to niobium ratio is
crucial for the formation of pure phase NaNbOs. In case
stoichiometric amounts of Na and Nb precursors were used
in sample synthesis, an impurity phase in addition to
rhombohedral NaNbO; (JCPDS: 01-073-0803) was detec-
ted after the calcination treatment. Pure phase NaNbOj;
could be obtained by varying the Na/Nb molar ratio to 1.5.
The diffraction intensities of the NaNbO; samples syn-
thesized by the hard template method are much weaker
than those of the sample prepared by the solid state reaction
method, possibly because of the much smaller crystallite
size of the NaNbO5(HT) samples. It is likely that the alkali
metal Na can react readily with silica to form sodium sil-
icate species during the calcination treatment, thus at least
50 % excess of NaNOj should be added to compensate the
loss of Na. We got similarly results in the preparation of
LiNbOj3; and KNbOs. Pure phase LiNbO; could be prepared
when 50 % excess of LiNO; was used. However, as to the
preparation of KNbQOj, the impurity phases were presented
even when up to 100 % excess of KNO; or potassium
oxalate was used. It is envisioned that since K has stronger
alkalinity than Li and Na, the K ions can react more easily
with the siliceous template accordingly.

The N,-sorption isotherms of samples and their corre-
sponding pore size distributions are illustrated in Fig. 2, with
the related data given in Table 1. The NaNbO3(HT) sample
exhibited type IV isotherm with hysteresis loop (Fig. 2a),
signifying mesoporous structure. The sudden increase in the
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by the alkaline sodium precursor. The specific surface area
value of NaNbO5(HT) was 32.2 m* g~' (Table 1), the data
is much greater than that (1.3 m? gfl) of NaNbO3(SSR).
Transmission electron microscopy (TEM) was used to
investigate the microstructure of samples. From Fig. 3a
one can see that the NaNbO3(HT) sample consists of iso-
lated nanoparticles with diameter of about 8 nm. The value
is close to the pore diameter (ca. 8.3 nm) of SBA-15. Thus
it follows that NaNbOj; was replicated fidelity from the
mesopores of SBA-15 in the present work. The HRTEM
images and the SAED patterns show that each particle of
NaNbO3(HT) belongs to a single crystal with high crys-
tallinity. The lattice fringes could be indexed to the (100)
spacing of NaNbOs. It is likely that these closely packed
nanoparticles generate weak interparticle mesoporosity. As
such mesoporosity is interparticle porosity rather than
intraparticle porosity, the long-range ordered mesoporous
structure was not observed in the XRD measurement.
Figure 4 shows the UV-Vis absorption spectra of the
templated sample. The spectrum of the sample prepared by
the solid state reaction is also shown for comparison.
NaNbO; is a wide band gap semiconductor [27] and
absorbs light in the UV region of 4 < 380 nm. The sig-
nificant blue shift of the absorption edge was observed for
the templated sample, and this is probably because of the
quantum-size effect of the nanoparticles. The band gap

Pore size / A

Fig. 2 The adsorption—desorption isotherms (a) and the pore size
distributions (b) of NaNbO3(HT) before and after the removal of the
SBA-15 template. The data of the SBA-15 template was also shown
in the insets

values were estimated from the sharp absorption edges of
the spectra, and the data are given in Table 1. Compared
with that of the sample prepared by the solid state reaction,
the band gap value of NaNbO3(HT) increased 0.3 eV.

Figure 5 shows the Raman spectra of the samples. The
spectrum of NaNbO3(SSR) are in good agreement with
those reported in the literatures [28—32]. The peaks in the
100-300 cm ™" (v{) and 500-700 cm ™" (v,) regions could
be assigned to the internal vibrations of the NbOg octahe-
dra in the perovskite structure [29]. The weak bands
appeared at 375-430 cm ™! (v3) correspond to the associ-
ated bending modes of the Nb—-O-Nb linkage [30]. Much
weaker scattering peaks were recorded for the NaNbO;
sample prepared by the nanocasting technique. The split-
ting of peaks in the regions of v; and v, bands disappeared.
Such changes are attributed to the much smaller particle
size of the templated sample [29].

The photocatalytic properties of NaNbOs; samples
were evaluated for IPA photodegradation in gas phase.
IPA photodegradation usually proceeds via an acetone
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Table 1 The physical characteristics of samples

Sample BET surface Pore diameter Pore volume Particle size Bandgap
area (m? g™h (nm) (cm® gfl) (nm) V)
SBA-15 762.6 8.3 0.96 - -
NaNbO;(HT) 322 17.7 0.13 8 3.7
NaNbO5(SSR) 1.3 - - >1000° 3.4
% The data was estimated from the TEM image shown in Fig. 3
° The data was estimated from the SEM image
*{100)
Fig. 3 TEM and HRTEM images of NaNbO3(HT) that synthesized by the nanocasting technique
Vi
/_H V2
NaNbO, (SSR)

Absorbance / a.u.

L 1 L 1 L 1 L 1 L 1 L 1 L
200 250 300 350 400 450 500 550
Wavelength / nm

Fig. 4 The absorption spectra of (¢) NaNbO3(HT) and (b) NaNbO;-
(SSR)

route, that is, IPA is first photo-oxidatively dehydrogenated
to acetone and eventually photo-oxidized to CO,. Thus IPA
photodegradation to acetone was usually taken as a model
reaction to evaluate the photocatalytic activity of semiconductors
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Fig. 5 Raman spectra of NaNbOj; samples prepared by the solid state
reaction method and the hard template nanocasting technique

[33-36]. Figure 6 shows the concentration of evolved
acetone over the NaNbO; samples under UV light irradi-
ation. Acetone was detected over all the samples when the
light was turned on, while there was no acetone detected
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(c) NaNbO3(SSR). Reaction conditions: catalyst = 50 mg; irradiation
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Fig. 7 The photocatalytic mineralization of IPA to carbon dioxide
over NaNbOz(HT, Na/Nb = 1.5). Reaction conditions: cata-
lyst = 50 mg; irradiation intensity = 42.8 mW cm 2. The initial
concentration of IPA was about 8.0 x 10°> ppm

under the dark condition or when the sample was absent.
The samples prepared by the hard template method showed
notably enhanced activity compared with the sample pre-
pared by the solid state reaction. The rate of acetone evo-
lution increased 8 times for NaNbO;(HT, Na/Nb = 1.5).
The activity of NaNbO3(HT, Na/Nb = 1) is lower than that
of NaNbO3;(HT, Na/Nb = 1.5), and this is probably
because of the presence of the impurity phase in the former
sample. Figure 7 shows the rate of CO, evolution over the
NaNbO3z(HT, Na/Nb = 1.5) sample. One can see that CO,
concentration increased linearly with irradiation time.
Nearly 45 % of IPA was mineralized to CO, after 20 h of

irradiation. It is apparent that the hard template synthesized
NaNbOs has better photocatalytic performance. Since both
the NaNbO3;(HT) and NaNbO3(SSR) samples are crystal-
lized in the same perovskite structure, we deduce that the
higher surface area and the smaller particle size of NaN-
bO5;(HT) contribute to its higher catalytic activity. It was
generally recognized that the separation and transportation
of photogenerated carriers (i.e., electrons and holes) is
crucial for the photocatalytic activity. As the sample pre-
pared by the hard template method consists of nanoparti-
cles while the sample prepared by the solid state reaction
consists of micron-sized particles, the photogenerated
carriers in NaNbO3(HT) could migrate to the surface of the
sample more quickly than in the NaNbO3(SSR) case. The
larger surface area usually means more active sites per unit
mass of sample, which may also contribute to the higher
catalytic activity of the catalyst. Our experiments show that
the NaNbO3(HT) sample showed 10 % greater amount of
IPA adsorption than the NaNbO3(SSR) sample under the
dark condition. In view of the fact that the uptake of IPA
increased only 10 % while the photocatalytic activity
enhanced 8 times, we conclude that the efficiency of carries
transportation and separation determined mainly by the
particle size should be the primary factor that contribute to
the remarkably enhanced photocatalytic activity of
NaNbO3(HT).

4 Conclusion

Hard template nanocasting technique was adopted to pre-
pare nanocrystalline NaNbOs. The alkalinity of sodium has
profound impacts on sample synthesis. The alkali metal
ions can react easily with the siliceous template, and this
affects the formation of pure phase NaNbOj3. At least 50 %
excess of Na precursor should be used to prepare pure
phase NaNbO3. The TEM investigations revealed that the
NaNbO3(HT) sample consists of isolated particles with
particle size of ca. 8 nm. These closely packed nanoparti-
cles generate interparticle mesoporosity. The HRTEM
images and the SAED patterns show that each particle of
NaNbO3z(HT) belongs to a single crystal with high crys-
tallinity. Appreciable blue shift of the absorption edge was
observed for the templated NaNbOz(HT) sample. The
Raman response of the NaNbO; sample is sensitive to the
particle size. The NaNbO3(HT) sample showed notably
enhanced activity for IPA photodegradation in gas phase.
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