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DOI: 20.1039/x0xx00000% A carbon modified NaTaO; mesocrystal nanoparticle (ca. 20 nm) was successfully

www.rsc.org] synthesized by a one-pot solvothermal method, employing TaCls and NaOH as the starting
materials and distilled water/EG mixed solution as a reaction solvent in the presence of
appropriate amounts of glucose. The mesocrystal sample presented such high specific
surface area as 90.8 m’g"' with large amounts of well-dispersed mesopores in the particle,
owing to the co-effect of EG and glucose during the reaction process. A non-classic
formation mechanism was proposed for the growth of NaTaO3; mesocrystal. Furthermore, the
NaTaO; mesocrystal exhibited much improved visible light absorption in addition to the
intrinsic UV light absorption as a result of carbon modification originated from glucose.
Based on the large specific surface area, high crystallinity and optical property, the carbon
modified NaTaO; mesocrystal demonstrated excellent efficiency for the continuous NO gas
destruction under the irradiation of UV, short wavelength visible lights (>400 m) and even
long wavelength visible light (>510 nm), much superior to those of unmodified NaTaO;
specimen and commercial titania, P25. The carbon modified NaTaO; mesocrystal
nanoparticles prepared in this work would probably have a potential utilization in the
environmental purification and energy conversion.

Introduction Zhou et al. successfully synthesized mesocrystal TiO, through
topotactically transformed NH,TiOF; crystals.” Nevertheless,
this process usually demands special precursors and high
temperature calcination. In addition, its products are limited in
the binary metal oxides and hard for ternary metal oxides. The
third and most commonly used one is oriented aggregation via
self-assembling.'"" '* Because the mesocrystals prepared by this
process dominantly presents uniform size, larger specific
surface area and well dispersed mesopores, which are of great
importance for many applications. Zhang et al. reported the
preparation of a uniform CuO nanoparticle with perfectly
dispersed mesopore in the crystal by a typical oriented-
aggregation process, which was needed to firstly prepare Cu
related complex via a complex way. '' Despite many virtues of
this process, special conditions, precursors or complex
procedure is extensively existed in the preparation routine.* '
Therefore, much more progress is still needed to synthesize the
mesocrystal with high efficiency.

Mesocrystal, that is defined as a colloidal crystal in which all
elemental units grow oriented in the same crystallographic
direction to form an ordered superstructure, has drawn
increasing attention from researchers and is warmly expected to
be used as catalysts, electrodes, optoelectronics, sensors,
biomedical materials, lightweight structural materials, etc. due
to its unique properties with nanoparticulate, mesoporous and
single crystal-like structure.'® In recent years, many methods
have been developed to synthesize fascinating mesocrystals,
which can be mainly divided into three types. The one is to use
a template to produce mesoporous in the target crystal. ”** For
instance, Kohiku et al. fabricated the BaTiO; and SrBi,Ta,0q
mesocrystals by utilizing the MCM-41 molecular sieve as a
mesoporous template.” However, due to the utilization of
template in the synthesis process, a high temperature
calcination or other special process is generally required to
remove the template f“?m the final mesocrystal. .The secon.d Perovskite structured NaTaO; has become one of the most
category Of the preparation Wa}f for mesocrystals.ls tOPOt?CtIC promising photocatalysts due to its peculiar electronic structure
transformation, where the special precursors or intermediates

are thermally transferred to expected mesocrystal oxides. > '° in_the application of water splitting and toxic pollutant
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decomposition. '*'® However, there are two main factors
limited the high efficiency of NaTaO; in photocatalysis. On one
hand, the wide intrinsic band gap of NaTaO; (ca. 3.8 eV)
restricts the widespread utilization in the visible light induced
photocatalytic performance.'”'? On the other hand, the particle
size of NaTaO; prepared by many reported works are still large,
indicating relatively small specific surface area and subsequent
confined photocatalytic activity.'> ' % In order to increase the
specific surface area of the samples, the mesoporous structure
should be a candidate strategy. However, the research about the
preparation of mesoporous NaTaO; is very few. Cui et al.
prepared the NaTaO; porous polycrystal microspheres with the

large specific surface area of 57.8 m’g™",?!

which is much larger
than the common one about 10 m’g".'"* ' But two complex
steps and special device are needed for the preparation of
mesoporous NaTaO; in the related study. Meanwhile, the
prepared NaTaO; presented polycrystal instead of mesocrystal,
and only exhibited UV light induced photocatalytic property. In
addition, Sun et al. reported a simple approach to prepare
strontium sodium tantalite mesocrystals with the specific
surface area of ca. 40 m?g™.?* Nevertheless, the high calcination
temperature is indispensable. In addition, the prepared
mesocrystals still showed the relatively larger particles about
several hundreds of nanometers with serious agglomeration,
and the mosopore was not well dispersed. Moreover, the
photocatalytic activity was also limited in the UV light range.
Therefore, a more facile and efficiency approach to synthesize
small particle size of NaTaO; mesocrystal with superior visible
light responsive photocatalytic performance was still strongly
required.

Herein, a carbon modified NaTaO; mesocrystal nanoparticle
with high efficiency of visible light driven NO gas destruction
activity (deNO,) was prepared by a facile one-pot solvothermal
method using TaCls and NaOH as starting materials, ethylene
glycol (EG) and distilled water mixed solution as a solvent in
the presence of glucose. The glucose was not only employed as
the carbon-related matertials resource, but also plays an
essential role in the formation and dispersion of uniform sample
particles and mesopores in the monocrystal. The non-classic
oriented aggregation mechanism via a self-assembly was

proposed for the formation of mesocrystal in this work.

Experimental

Sample preparation

A series of carbon modified NaTaO; mesocrystals were
prepared by a simple solvothermal method. In a typical
procedure, 2 g glucose were ultrasonically dispersed in 60 mL
distilled water/EG (30:30) mixed solution for 15 min. After
that, 0.1 g TaCls; was added into the mixed solution with
magnetic stirring for 30 min, following by the addition of 2.4 g
NaOH. After another 60 min magnetic stirring, the mixed
solution was transferred into a 100 mL Teflon-lined stainless
steel autoclave and heat-treated at 180 °C for 20 h. Eventually,
the powders were centrifuged, washed and dried in a vacuum at
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60 °C overnight. The samples prepared by using different
amounts of glucose (0, 1, 2 and 2.5 g) were denoted as
NaTaO;-E-GO, NaTaO;-E-G1, NaTaO;-E-G2 and NaTaO;-E-
G2.5, respectively.

For comparison, the sample NaTaO3-W-G2 was synthesized by
using 60 mL pure distilled water as a reaction solvent instead of
distilled water/EG mixed solution, while other conditions were
the same as NaTaO;-E-G2. The sample NaTaO;-W-GO was
prepared by the same procedure as NaTaO3;-W-G2 solely
without the addition of glucose. The sample NaTaO;-E-G2-500
was also synthesized by calcining sample NaTaO;-E-G2 at 500
°C for 2 h. In addition, a controllable sample NaTaO;-PE-GO
was also fabricated by the same solvothermal method using
pure 60 mL EG as reaction solvent without the addition of
glucose.

Characterization

The crystalline phases of the samples were determined by X-
ray diffraction analysis (XRD, Bruker AXS D2 Phaser) with
graphite-monochromized CuKa radiation. The UV—vis diffuse
reflectance spectra (DRS) of products were checked by a UV—
vis spectrophotometer (Shimadazu, UV-2450). The specific
surface areas and pore distribution of powders were evaluated
the BET method
NOVA4200¢). The size and morphology of the specimens were

via (Quantachrome  Instruments,
examined by transmission electron microscopy (TEM,
JEOLJEM-2010). In addition, the porous structure and selected
area electron diffraction (SEAD) pattern of the mesocrystals
were observed by high resolution transmission electron
microscopy (HRTEM, FE-TEM, JEM-2100F). FT-IR
measurements were conducted to check the surface status of
samples by using the FTS7000 series (DIGILIB). The surface
composition and binding energy of the samples were
investigated by X-ray photoelectron spectroscopy (XPS, Perkin
Elmer PHI 5600). The shift of the binding energy owing to
relative surface charging was calibrated by the C 1s level at
284.6 eV and Ar' sputtering was also utilized to clean the
surface of samples. The Raman spectra of samples were carried
out on a NRS-3300FL series Raman spectrometers equipped
with visible (532 nm) laser excitation. Organic elementary
analysis was used to determine the amount of carbon in the
samples by a Micro Cordor JM10 device. The TG-DTA
(Rigaku, TG8101D) was performed on the samples with a
heating rate of 10 °C/min in air. The photoluminescence spectra
of samples were tested by a spectrofluorometer (Shimadzu RF-
5300P).

Photocatalytic activity tests

The photocatalytic performance of the NaTaO; based samples
was evaluated by investigating the destruction of continuous
NO, gas (DeNO,) in a flow type reactor with the irradiation of
a 300 W simulated solar light (ASAHI SPECTRA HAL-302) at
room temperature. The sample powder was spread in a hollow
(20 mm*16 mm*0.5 mm) of glass plate and then fixed at the

3

bottom center of the reactor (373 cm” of internal volume), in

which a 1:1 mixed gas of air and nitrogen based 1 ppm of NO
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was continuously flowed with the rate of 200 c¢cm3 min-1.
Before measurement, the sample was kept in the dark for 30
min to reach an adsorption and desorption equilibrium of NO
gas. Subsequently, the sample was irradiated by the simulated
solar light, where the light wavelengths of irradiation were
tuned by different filters: Pyrex glass for > 290 nm, Kenko L41
Super Pro (W) filter > 400 nm and Fuji triacetyl cellulose filter
>510 nm. The measuring time for each sample under each
wavelength was 10 min. ** Finally, the concentration of NO gas
at the outlet of reactor was checked by a NOx analyzer
(Yanaco, ECL-88A).

Results and discussion

Figure 1 shows the XRD patterns of the carbon modified
NaTaO; specimens prepared under different conditions. It is
clear that the sample NaTaO3-E-GO (Fig.1 (a)) synthesized by
distilled water/EG mixed solution in the absence of glucose
could be indexed well to the orthorhombic phase of NaTaOj;
(JCPDS file No. 25-0863) with high crystallinity. After the
addition of glucose, the sample NaTaO3-E-G2 (Fig.1 (b)) also
presented the pure NaTaO; phase but with decreased intensity
of diffraction peaks, suggesting the formation of smaller
particle size of products in the presence of glucose. In addition,
as the glucose was still employed but the mixed solution was
replaced by pure distilled water, some impurity peaks belonged
to Na,Ta,0Og, which is an intermediate phase in the formation of
NaTaO; phase, were appeared in the sample NaTaO;-W-G2
(Fig.1 (c)), indicating the existence of EG in the reaction
solution was favourable for the production of NaTaO; phase
with relatively small particle size. Additionally, the amplified
XRD patterns of these three samples in the range of 20-35°
were also illustrated in Fig. S1. It is apparent that in addition to
the difference between the relative intensity of peaks, there was
no obvious peak shift observed for these three samples,
indicating that the carbon was probably not doped into the
NaTaO; crystal lattice. On the other hand, the effect of glucose
content on the crystallinity of NaTaO; was also investigated in
the Fig. S2. With the increase of glucose addition up to 1 and 2
g, the samples NaTaO3-E-G1 and NaTaO;-E-G2 still presented
the pure NaTaOj; phase but the peak intensity was decreased,
while as the glucose content was enhanced up to 2.5 g, the
intermediate phase, Na,Ta,O¢ was induced, meaning that the
addition of glucose in the reaction solution was only in favor of
producing small size powder but detrimental for the formation
of NaTaOj; phase. Therefore, it can be deduced from the above
XRD results that the coexistence of EG and glucose in the
reaction solution was strongly desirable for the formation of
pure NaTaOj; phase with small particle size.

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry A

v:Na Ta, O,

.'"["s'.”'"}‘ .
?

#: NaTaO,

% *

*
* hog
___u A A A

il
10 20 30 40 50 60 70 80
2 Theta / Degree

Fig. 1 XRD patterns of samples NaTaO3-E-GO (a), NaTaO;-E-G2 (b) and
NaTaO3-W-G2 (c) prepared under various reaction conditions.

The corresponding TEM images of the carbon modified
NaTaO; samples fabricated under various conditions are
exhibited in Fig. 2, and the corresponding reaction conditions,
surface areas, pore sizes and volumes of samples were listed in
Table 1. In Fig. 2 (a), the NaTaO;-E-GO particles synthesized
by mixed solution in the absence of glucose presented
agglomeration, to some extent, with non-uniform
Meanwhile, some mesopores were also existed in the part of
particles with the pore size of 4.0 nm as well as pore volume of
0.180 cc-g' as shown in Table 1. When the glucose was
employed, it is apparent that the particles of sample NaTaO;-E-
G2 were well dispersed with relatively uniform size about 20
nm as shown in Fig. 2 (b). Moreover, the specific surface area
of the sample NaTaO;-E-G2 was significantly increased to 90.8
m’g”!, which is about four times higher than that of sample
NaTaO3-E-GO, and also much larger than the reported values
for most of NaTaO; particles.'>?* This might be owing to the
much decreased particle size with well distribution, resulting to
homogeneous pore structure with pore size of 7.8 nm and much
improved pore volumes (0.362 cc-g™). However, when the EG
was removed from the reaction solution for the sample
NaTaO3-W-G2 in Fig. 2 (c), the particle size greatly increased
to about 100 nm together with the decrement of surface area
(50.2 m’g™"), while some smaller pores (3.6 nm) were still
remained in the inner of particles.

sizes.

e 5 -
£ 9 20 nm

Fig. 2 TEM images of NaTaO3-E-GO (a), NaTaO;-E-G2 (b) and NaTaO;-W-G2
(©).
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Table 1. The reaction conditions and physical properties of NaTaOs-E-GO,
NaTa0;-E-G2, NaTaOs-W-G2.

Samples Reaction Glucose Surface Pore Pore
solution (2) area size volume
(m’g") (nm) (ccgh
NaTaOs- Water/EG 0 22.7 4.0 0.180
E-GO
NaTaOs- Water/EG 2 90.8 7.8 0.362
E-G2
NaTaOs- Water 2 50.2 3.6 0.152
W-G2

In order to investigate the effect of glucose and EG on the
formation of small particle size and mesoporous structure of the
samples, some TEM images of the carbon modified NaTaO;
with respect to different amounts of glucose and the sample
NaTaO;-W-GO prepared by pure distilled water without the
addition of glucose are also shown in the Fig. S3 and Fig. S4,
respectively. As shown in Fig. S3, with the increase of glucose
content in the reaction solution, the particle became smaller and
more uniform with large amounts of mesopores. Nevertheless,
as the glucose content was increased to 2.5 g, the morphology
of particle was broken and become more irregular. As for
NaTaO;-W-GO, it
agglomeration with the particle size of ca. 75 nm and no

sample presented relatively serious
obvious mesopores were observed in the particles. Moreover,
the XRD pattern and TEM image of the control sample
NaTaO;-PE-GO prepared by pure EG solution in the absence of
glucose were complemented in Fig. S5. NaTaO;-PE-GO still
presented pure orthorhombic NaTaO; phase but with very poor
crystallinity and irregular, agglomerated particles. Meanwhile,
the product yield of NaTaO3-PE-GO powders was such low that
it cannot make other characterizations. All of these should be
owing to the low solubility of NaOH and poor reaction rate
between NaOH and TaCls in the pure EG solution. Based on
above description, it could be learned that the coexistence of
glucose and EG in the reaction solution were greatly favourable
for the formation of small size of particles decorated with large
amounts of mesopores.

Figure 3 shows the particle size and morphology of the sample
NaTaO;-E-G2 with different magnifications. It is explicit that
the NaTaO;-E-G2 particles displayed uniform distribution with
soft agglomeration. More importantly, the mesopores could be
clearly confirmed in all of well-dispersed particles, indicating
the existence of perfect mesoporous nanostructure. Figure 4
shows corresponding nitrogen adsorption-desorption isotherms
and pore size distribution plots of the sample NaTaO;-E-G2.
The isotherm of the sample was a typical IV type with H3
hysteresis loops, implying the mesoporous structure.?*

4| J. Name., 2012, 00, 1-3
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Fig. 3 TEM images of sample NaTaO;-E-G2 with different magnifications.
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Fig. 4 Nitrogen adsorption-desorption isotherms and the corresponding pore size
distribution plots (inset) of NaTaO;-E-G2.

Additionally, a focus technique in TEM measurement was
employed to further investigate the mesoporous structure in the
inner of sample particles. Figure 5 (a), (b) and (c) show the
TEM images of NaTaO;-E-G2 examined under various focus
circumstances. It is well acknowledged that under the overfocus
status, the black area in the inner of particles is attributed to the
fringe of substance and space. While under the underfocus
condition, it is contrary that the white area in the inner of
particles is assigned to the fringe of substance and space, and
the in-focus is the normal condition as we take a pictulre.25 So it
could be found that under overfocus and underfocus conditions,
a lot of discrete black-and-white areas existed in the interior of
the particles, respectively, confirming that huge number of
continuous mesopores truly existed in the particles.

This journal is © The Royal Society of Chemistry 2012
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20 nm

Fig. 5 TEM images of sample NaTaOs;-E-G2 evaluated by different focus
conditions: in-focus (a), overfocus (b) and underfocus (c).

Figure 6 presents the HRTEM images and SAED pattern of
sample NaTaO;-E-G2 in different areas. It was clear that the
single sample particle (ca.20 nm) exhibited well-defined
crystallinity and regular lattice fringe with lattice spacing of
0.378 nm corresponded to (101) plane of orthorhombic phase
NaTaO;, indicating the small nanounits oriented growth along
the same direction. Furthermore, the two red square areas,
covering nearly a single particle, have been analysed by the
SAED. The SAED results clearly confirmed that both of these
two areas exhibited the single crystal-like patterns as shown in
the yellow squares of Fig. 6. As we all known, mesocrystal
should have two features including mesoporous structure and
single crystal-like patterns. In this work, these two features
have been nicely confirmed by Figs. 3, 4, 5 and 6. Therefore, it
could be learned that a well-dispersed mesocrystal NaTaOs;
nanoparticle has been successfully prepared by the facile
solvothermal method using distilled water/EG as the solvent in
the presence of appropriate amounts of glucose.

—
5 nm

5nm

Fig. 6 HRTEM images and SAED patterns of sample NaTaO;-E-G2.
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amorphous materials. * '* 227 The motivation for this oriented
attachment process is induced by removing numerous high
energy surfaces and finally leading to the total reduction in the
surface free energy. In the oriented aggregation process, the
rate of particle growth via self-assembly is much higher than
that of the ion-by-ion attachment so that the self-assembly can
be predominance in the further growth of nanoparticles. ** In
this work, the non-classic oriented aggregation process was
employed. It is well known that the EG is commonly used as a
stabilizer to synthesize some special shape of nanoparticles.”’
There are also a lot of hydroxyl radicals in the glucose, which
should have the similar function as that of EG. Therefore, as the
nucleation clusters grew to the critical size, the primary
nanoparticles could be temporarily stabilized by the EG or
glucose in the reaction solution simultaneously. Finally, the
stabilized nanoparticles would be self-assembled by the surface
organic additives to form a mesocrystal. The formation of well-
dispersed mesocrystal with a large amount of mesopores should
be the co-effect of the EG and appropriate glucose content. The
glucose not only played the partial role of the stabilizer but also
was of great importance for small particle size and well-
dispersion of mesocrystals as shown in Fig. 2 and Fig. 3. It is
accepted that the mesocrystal is a metastable phase, which can
be further fused to form a single crystal along with the
disappearance of mesoporous in the drive of thermal energy. So
the sample NaTaO;-E-G2-500 was also treated by annealing the
mesocrystal NaTaO;-E-G2 at 500 °C, and the corresponding
TEM images was presented in Fig. S6. There was no apparent
mesopores observed for NaTaO;-E-G2-500 particles, further
indirectly confirming the formation of mesocrystal for the
sample NaTaO;-E-G2.

Meanwhile, the corresponding possible formation mechanism
of nanoscale mesocrystals for NaTaO3-E-G2 was proposed as
shown in Fig. 7. Firstly, the starting materials TaCls and NaOH
in distilled water/EG mixed solution started to form nucleation
clusters with the increment of temperature, then gradually grew
up until the critical size of crystal nucleus. In the next step,
generally speaking, the further growth of primary particles is
according to the role of large particles fused smaller particles
by ion-by-ion attachment and unit cell replication, so called
Ostwald ripening process driven by the surface energy
reduction.”® 2’ While another non-classic oriented aggregation
growth mechanism was also proposed by many researchers for
the formation of mesocrystals in the presence of an organic
stabilizer, where the larger particle is obtained by self-
assembling or self-aggregating of the adjacent small
nanparticles, which shared the same crystallographic
orientation and were connected by organic additives or

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 Formation mechanism of carbon modified NaTaO3 mesocrystal.

Figure 8 shows the DRS, FTIR spectra and XPS of the samples
prepared under different conditions. It was found that the
sample NaTaO;-E-GO exhibited mainly UV light absorption
with a little bit visible light absorption induced by the
modification of EG on the optical property of NaTaOs,'* while
as the glucose was added for the synthesis of samples NaTaOs-
E-G2 and NaTaO;-W-G2, the visible absorption capability was
significantly improved (as shown in Figure 8 (a)), which might
be due to the carbon modification of the NaTaOj; surface. It
could be confirmed from FTIR spectra in Figure 8 (b) that there
were three new carbon-related peaks appeared on the surface of
samples with the addition of glucose. The peak located at 1593

! the

cm ascribed to
stretching.*® The peak situated at 1357 cm™' was assigned to the

was hydrogen-bonded carbonyl
angular deformation of C-H,*' while the peak formed at 1089

cm’! was attributed to the C-C stretching of carbohydrates. *? In

J. Name., 2012, 00, 1-3 | 5
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addition, the DRS and FTIR spectra of samples prepared by
various glucose contents were also presented in Fig. S6-(a) and
(b), respectively. With the increase of glucose concentration,
the visible light absorption increased and the corresponding
intensity of related peaks also enhanced, indicating the glucose
was truly helpful for the enhancement of visible light
absorption by changing the surface status. As shown in Fig. 8
(c), the XPS analysis revealed that both of samples NaTaO;-E-
GO and NaTaO;-E-G2 displayed three same peaks at 284.4,
285.8, 288.0 eV. The 284.4 eV peak was corresponded to the
adventitious carbon, and the peak located at 288.0 eV was
indicated to the C-O bond related species, which was probably
induced by the modification of EG on the samples.'* **-** While
the peak lied at 285.8 eV was as a result of carbon-related
materials, which presented the similar binding energy with that
of carbon in the graphite intercalation compounds, ** *’ and
could also get from the atmosphere or the
circumstance. Meanwhile, it can be seen that the relative area of
285.8 eV peak in the sample NaTaO3-E-G2 was much larger
than that of sample NaTaOs-E-GO, indicating that in addition to
partially from the atmosphere, the carbon-related material was
also originated from the addition of glucose or EG in the
reaction solution. Furthermore, according to Qian Li et al.’s
report,*® the C 1s related peak shift should be observed to some
extent when the C was doped into the sample lattice. However,
in this work, there was no obvious C 1s peak shift observed for
both samples and also no corresponding diffraction peak shift
happened in the XRD pattern of samples as displayed in Fig. S1,
indicating that the C probably covered on the surface of sample
particles with the form of carbonaceous species instead of
doping in the NaTaO; crystal lattice. In addition, the chemical
bonding between Ta and C around 22.5¢V could not be
observed, also indicating carbon was not doped into the lattice
of NaTaO;.The XPS survey spectra of these two samples are
also displayed in Fig. S7. The sample NaTaO;-E-G2 also
exhibited much higher C s peak intensity than that of sample
NaTaO;-E-G0, implying much more carbon-related substances
existed in the sample NaTaO;-E-G2. It is well known that the
glucose is commonly used to prepare spherical carbon particles
by the solvothermal or hydrothermal method. ** *° In our case,
there was no obvious carbon formation after the solvothermal
reaction with the addition of glucose. However, when the
solution was heat-treated in the same condition without the
addition of NaOH, a great deal of carbon was appeared in the
final solution, indicating that the transformation from glucose
to carbon could be significantly hindered in the basic
circumstance, and the detailed reasons for this phenomenon is
still unclear, which would be our next work. From this, it could
be induced that a trace of carbonaceous species has been
produced in the sample NaTaO;-E-G2 with the presence of
glucose, finally leading to the high visible light absorption
activity of the sample. The TG and organic elementary analysis
were conducted to check the content of C in the samples. Fig. 9
plots the TG curves of samples from the room temperature to
1000 °C. There were three steps of weight loss existed. The first
weight loss from room temperature to ca. 250 °C was ascribed

reaction

6 | J. Name., 2012, 00, 1-3

to the elimination of absorbed water. The second loss stage
from 250 to 450 °C should be attributed to the decomposition of
carbonaceous species on the surface of samples. For the sample
NaTaO3-E-GO, about 1.17% weight was lost, probably
originating from the residue EG or similar organic materials on
the surface of sample. Regarding sample NaTaO;-E-G2 in the
presence of glucose, appropriate 4.15% of sample was lost in
this process. The corresponding carbonaceous species should be
produced from EG and glucose
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Fig. 9 TG profiles of samples NaTaO3-E-GO0 and NaTaOs-E-G2.

in the reaction. However, according to the organic elementary
analysis, only 0.52 and 2.15% of C were determined in the
samples NaTaO3-E-G0O and NaTaO;-E-G2, respectively. These
contents were much lower than the results from TG, indicating
the C were existed as the carbon related compounds rather than
C solely. These results can indirectly confirm that the carbon
was not doped into the NaTaO; crystal lattice. The last stage
from 450 to 1000 °C was probably assigned to the remove of

This journal is © The Royal Society of Chemistry 2012
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surface hydroxyl.*' Besides, the Raman spectra of samples
NaTaO;-E-G0, NaTa0O;-E-G2, NaTaO;-W-G2 and NaTaO;-W-
GO were also added in Fig. S8. It was worth noting that this
analysis was carried out after laser irradiation for long time to
eliminate some of substance on the surface of samples. Because
there was strong luminescence disturbance existed in the
Raman spectra for samples NaTaO;-E-GO, NaTaO;3-E-G2,
NaTaO;-W-G2 and no peaks were observed in the test range
under the condition of investigation without laser irradiation.
Even after the long irradiation, the peaks corresponding to
NaTaO; powder were still weak. Moreover, the sample
NaTaO;-E-G2 presented the weakest peaks whereas the sample
NaTaO;-W-GO exhibited the strongest peaks, which were
nicely indexed to the relative C related contents in samples. So
it can be deduced that the luminescence disturbance in the
Raman analysis probably be owing to the existence of
carbonaceous species on the surface of samples, further
determining that the C was existed as a form of absorbed C
related compound instead of dopant in the samples.

With the development of science and technology, the air
pollution has become a serious problem. In order to deal with
this issue especially for toxic NO, gas, many techniques have
been proposed such as selective catalytic reduction (SCR), filter,
non-thermal plasma and photocatalysis, etc.. The SCR has an
advantage of high efficiency for the destruction of NO, gas
over other methods. However, it usually needs relative high
reaction temperature, extra ammonia as a reductant, and
complex system. Filter is commonly utilized to physically deal
with the particulate matter for the exhaust gas released from
vehicle, which requires further technique to remove the
absorbed contaminant. As for non-thermal plasma, it also
presents high efficiency of deNO, ability. Nevertheless, it is
generally not alone used and needs to combine with catalyst.
Furthermore, it requires special high local electrical field and
finally leads to fuel penalty for the vehicle. In addition, the
above mentioned three strategies are commonly used in the
vehicle with limited application space. However, the NO, gas
poison is dispersed in the whole air and a large-scale and low-
cost technique is still strongly required. The photocatalysis as a
green chemical method has been of great concern due to its
high efficiency, low-cost, facile, environmental benign. It has
been widely used in the wall of building, road, tunnel, ete.. 4
In this work, the destruction of continuous NO, gas was
employed to investigate the photocatalytic activity of samples
under the irradiation of various wavelengths of lights. Figure 10
(a) and (b) show the deNO, ability for the samples prepared
under the different reaction conditions. The sample NaTaOj3-E-
GO presented the similar deNO, activity as commercial titania,
P25 under the irradiation of simulated solar light with different
filters. The visible light responsive activity of the sample
NaTaO;-E-G0 was induced by the EG modification, which has
been systematically researched in our previous work."* As for
the visible light driven photocatalytic

This journal is © The Royal Society of Chemistry 2012
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Fig. 10 DeNOy ability of NaTaO3-E-G0, NaTaO;-E-G2, NaTaO;-W-G2 (a) and
the time dependence of NOy destruction activity of relevant samples (b) as well as
those of P25 under the irradiation of different wavelengths of lights.

performance of P25, it should be owing to the impurity
contaminations in the P25 powders. **** While as the glucose
was introduced in the synthesis process of the sample NaTaO;-
E-G2, it revealed that not only nice UV and short wavelength
visible lights (>400 nm) induced photo-activity but also the
excellent deNO, efficiency under the irradiation of long
wavelength visible light above 510 nm, i.e., about 17.0% NO
destruction, which was much superior to sample NaTaO;-E-GO
and P25. The high activity of this sample should be due to the
outstanding visible light absorption as shown in Fig. 8 (a) and
extremely high specific surface area as listed in the table 1. The
sample NaTaO;-W-G2 fabricated by the pure distilled water in
the presence of glucose displayed higher performance than the
sample NaTaO;-E-GO and P25, especially under the irradiation
of visible light. However, it was much less effective in
comparison with that of NaTaO;-E-G2, mainly owing to the
much decreased specific surface area of sample NaTaO;-W-G2
(see Table 1). Additionally, the effect of glucose content on the
photocatalytic property of carbon modified NaTaO; samples
was also plotted in the Fig. S9, which well suggested the
positive influence of glucose on the total photocatalytic
performance of samples. It is well known that the high
efficiency of photocatalysis is generally determined by light
absorption capability, specific surface area and the separation
ability of charge carriers. In this work, the sample NaTaO;-E-
G2 presented the highest deNO, ability over other samples.
Compared with sample NaTaO;-W-G2, sample NaTaO3-E-G2
revealed the similar UV and visible light absorption ability but
with much higher specific surface area as shown in Fig. 8 (a)
and Table. 1. Meanwhile, the photoluminescence spectra of the
samples were also represented in Fig. S10 to investigate the
separation ability of charge carriers.***” It can be learned that
the sample NaTaO;-E-G2 also exhibited similar separation
ability with that of the sample NaTaO3-W-G2, but much poorer
than that of sample NaTaO;-E-GO which implied that the C
modification was not made a positive effect on the separation
ability of the samples. From above discussion, it might be
concluded that the high specific surface area finally led to the
outstanding deNO, ability of sample over the factors of light
absorption and separation performance. This phenomenon
could be further confirmed in Fig. S6 (a) and Fig. S9. The
sample NaTaO;-E-G2 displayed poorer visible light-harvesting
ability than that of sample NaTaO;-E-G2.5 but better visible
light induced photocatalytic activity. Therefore, it could be
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concluded that among above three factors, the peculiar specific
surface played the essential role for high performance of deNO,
ability of the samples. Even so, the much improved visible light
ability of samples by C modification was also of great
importance; otherwise, the visible light induced photocatalytic
performance was impossible due to the wide intrinsic band gap
of NaTaO;.

Based on above analysis and discussion, the possible
photocatalytic mechanism of C modified NaTaO;
illustrated in Fig. 11. Under visible light irradiation, the
carbonaceous species on the surface of NaTaO; could be
regarded as sensitizer to absorb visible light. In this case, the
photogenerated electron enabled to transfer from carbonaceous
species to the conduction band (CB) of NaTaOj;. Then, the
electron in CB would react with O, to produce ‘O, Besides,
under the excitation of UV light, in addition to the electron
transferred from carbonaceous species, the electron in the
valence band (VB) could also be excited to the CB. The
photogenerated hole in the VB was able to react with OH™ or
absorbed water to produce hydroxyl radicals (-OH). Finally, the
above as-produced active radicals ‘O, and -OH could be used
to reduce or oxidize NO gas to N, or NO; which could be easily
eliminated by water, respectively.*5°

was
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| -0y
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- | N: +0,
Carbonaceous

species |
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Fig. 11 Possible photocatalytic mechanism of C modified NaTaOs.

Conclusions

Carbon modified NaTaO; mesocrystal nanoparticles were
successfully prepared by a facile solvothermal method by using
distilled water/EG as reaction solvent and glucose additive. Due
to the co-effect of EG and glucose in the synthesis process of
NaTaO; nanoparticles, the sample presented the large specific
surface area and well dispersed mesopores in nanoparticles.
The glucose not only played a vital role for controlling the
particle size and mesopore volume, but also extremely
improved visible light absorption capability. The carbon
modified NaTaO; mesocrystal exhibited outstanding deNO,
performance under the irradiation of UV, short wavelength
visible light (>400 nm) and even long wavelength visible light
above 510 nm, which was much more effective than those of
the sample in the absence of glucose and P25. The prepared
NaTaO; mesocrystal in the present work would probably have a
promising application in the areas of environmental cleanup
and energy conversion.
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