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A series of NaNbO3/ZnO heteronanostructures were synthesized with the hydrothermal method. Various
characterization methods such as X-ray powder diffraction (XRD), scanning electronic microscope (SEM)
and energy dispersive X-ray spectrometer (EDS), transmission electron microscope (TEM), X-ray photo-
electron spectra (XPS) and diffuse reflectance spectra (DRS) were employed to investigate the structure,
morphology and photocatalytic properties. The photocatalytic activity of the catalysts was evaluated by
the degradation of methylene blue dye and the highest photocatalytic efficiency was observed when
the content of NaNbO3; was 10 wt.%. The photocatalytic mechanism of the heterojunction was also dis-
cussed. The effective transformation of the photoexcited electron and holes restricted the recombination
of charges, which was regarded as the main reason of the high photocatalytic activity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, many kinds of novel heterogeneous metal
oxide semiconductor materials, such as TiO, [1], ZnS [2,3], ZnO
and Fe, 03 nanocatalysts have been developed for environmental
remediation [4-8]. Among various semiconductor nanostructures,
ZnO, with a band gap of 3.37 eV, has attracted much attention in
such fields as gas sensors [9-11], electrical and optical devices
[12-14], field-emitters [15], electrostatic dissipative coating and
catalysts for liquid phase hydrogenation [16,17]. Besides, it is an
effective catalyst which can degrade various organic pollutants
under UV (ultraviolet) irradiation [18-22]. So far, a variety of
nanostructures of ZnO has been investigated: nanowires and
nanorods, nano-flowers, nanoribbons, nanonails, nanopencils and
nanoparticles [23-26]. Most of them can be prepared with various
methods such as thermal evaporation, cyclic feeding chemical
vapor deposition [27], chemical vapor deposition [28], wet chem-
ical reactions, electrochemical techniques, sol-gel technique,
hydrothermal method, etc. However, the photocatalytic ability of
the sample is not high enough.

Photocatalytic oxidation involves the adsorption of the pollu-
tant on the surface and the oxidation on the catalyst surface or in its
vicinity [29]. In the oxidation process, photocatalytic oxidation of
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organic pollutants is based on the electron-hole pair. However, the
high recombination rate of the photogenerated electron-hole pairs
hinders the practical application [30]. Therefore, it is essential to
prohibit the recombination of photogenerated electron-hole pairs
in the semiconductors to achieve the high photocatalytic activity
[31]. Alot of efforts have been made to improve the photocatalytic
activity of semiconductors, such as metals doping, semiconduc-
tor combination and co-doping techniques [32-34]. Among these
methods, semiconductor-based heterostructure has received much
attention recently because it can present excellent separation rate
when separating photo-induced electron and holes [35]. Therefore,
many heterostructured photocatalysts with high photocatalytic
activity have been investigated, such as ZnO/SnO[36], Bi;O3/BaTiO3
[37], BiOI/TiO [38], graphene oxide/TiO, [39].

It has been reported that sodium niobate can be used as an
effective photocatalyst [40-42]. From the above analysis, it can
be inferred that the NaNbO3/ZnO structure would increase the
photocatalytic activity. To the best of our knowledge, there is sel-
dom research on the synthesis and photocatalysis of NaNbO3/ZnO
heterojunction catalysts. In this present work, NaNbO3/ZnO het-
erostructured photocatalyst was successfully prepared with the
hydrothermal method. During the degradation process of methy-
lene blue (MB) under UV light irradiation, the NaNbOs3/ZnO
heterostructure showed much higher photocatalytic activity than
ZnO, while NaNbO3/ZnO (10wt.%) possessed the highest activ-
ity. The structure of the heterojunction was characterized by
X-ray diffraction (XRD), scanning electron microscopy combined
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with energy-dispersive X-ray spectroscopy (SEM-EDS), transmis-
sion electron microscope (TEM), X-ray photoelectron spectroscopy
(XPS) and diffuse reflectance spectroscopy (DRS). The possible
photocatalytic mechanism of the NaNbO3/ZnO catalysts was also
studied.

2. Experimental
2.1. Preparation of ZnO and NaNbO3/ZnO heterojunction nanocatalyst

ZnO was prepared by a simple hydrothermal reaction, with 3 mmol zinc acetate
and 3.6 mmol NaOH dissolving into 20 ml of distilled H,O. After being stirred for
20 min at room temperature, the reaction mixtures were transferred into a 25 ml
Teflon-lined stainless steel autoclave, which was then sealed and heated in an oven
up to 180 °C. Such temperature was maintained for 24 h. When the reaction finished,
the autoclave was cooled down to room temperature naturally. After being cooled
down, the resultant precipitate was centrifuged and washed with distilled water
and absolute ethanol. At last, the obtained product was dried at 60°C.

The NaNbOs/ZnO heterojunction nanocatalyst was also synthesized using the
hydrothermal method. The procedures are as follows: a certain amount of Nb,Os,
zinc acetate and NaOH were dissolved into 20ml of deionized water at room
temperature with agitation for 30 min. The resultant sol was poured into a 25 ml
Teflon-lined stainless steel autoclave, which was then sealed and kept at 180°C for
24 h. The resultant precipitate was treated the same as the above.

2.2. Catalysts characterization

The crystal structures of the synthesized powders were determined by X-ray
powder diffraction (XRD) on a Bruker D8 diffractometer with Cu Ka radiation
(A=1.5418A) in the range of 20=10-80°. The nanoparticle morphology was
measured using a scanning electronic microscope (SEM, JEOL JSM-7001F) and a
transmission electron microscope (TEM, H-600-II, Hitachi). The chemical composi-
tions of the catalysts were determined using energy dispersive X-ray spectrometer
(EDS) attached to the SEM. The diffuse reflectance spectra (DRS) were collected
using UV-vis spectrometer (UV-2450, Shimadzu) in the range of 240-800 nm. BaSO4
was used as the reflectance standard material. X-ray photoelectron spectra (XPS)
measurements of synthesized NaNbO3/ZnO nanoparticles were carried out on an
ESCALab MKII X-ray photo-electron spectrometer using the Mg Ka radiation at room
temperature.

2.3. Evaluation of catalytic activity: degradation of MB

The catalytic activity of the catalysts was evaluated by degradation of MB dye.
0.1 g sample was put into 100 ml MB dye solution with a concentration of 10 mg1-.
The photocatalytic reactor consists of a quartz glass with a circulating water jack
and two mercury lamps (125 W x 2). The slurry was first magnetically stirred for
30 min to ensure the adsorption/desorption equilibrium. During the reaction, 5 ml
suspension was taken from the Pyrex reaction glass and separated through centrifu-
gation. The catalytic degradation efficiency (E) of MB was obtained by the following
formula:
_G-C

o,  Ao—A
E= G x 100% = A

x 100% (1)

where C is the concentration of the MB solution at the reaction time t, Cy is the
adsorption/desorption equilibrium concentration of MB (at reaction time 0); A and
Ap are the corresponding values which are determined by measuring the absorbance
at 664 nm with UV-vis spectrometry.

3. Results and discussion
3.1. XRD analysis

Fig. 1 shows the XRD patterns of NaNbO3/ZnO catalysts with
different NaNbO3 contents. In Fig. 1, the peaks at 26=31.8°,
34.4°, 36.3°, 47.5°, 56.6°, 62.9°, 66.4°, 68.0°, 69.1°, 72.6° and 77.0°
were assigned to the (100), (002),(101),(102), (110), (103),
(200),(112),(201), (004) and (202) planes of the ZnO phase
respectively (JCPDS no. 36-1451), which were marked with “*”. In
Fig. 1(a-g) it was found that with the increasing content of NaNbOs3,
the characteristic peaks at 22.9°, 32.5°, 46.3°, 52.6°, 57.9°, 68.2°
appeared, which was identical with the NaNbOs standard card
(JCPDS no. 33-1270). It could be seen that no extra peaks except
for NaNbO3 and ZnO were detected in XRD analysis, which sug-
gested that the compositions of the above sample were ZnO and
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Fig. 1. XRD patterns of NaNbO3/ZnO catalysts synthesized at 180 °C with different
NaNbO; contents: (a) 0, (b) 100 wt.%, (c) 2wt.%, (d) 5wt.%, (e) 10 wt.%, (f) 20 wt.%
and (g) 40 wt.%.

NaNbOs. With the increasing Nb content, the diffraction peaks of
NaNbO; were strengthened gradually, as seen in Fig. 1(a-g).

3.2. SEM-EDS analysis

Fig. 2 shows the SEM images of pure ZnO, pure NaNbO3 and
NaNbO3/ZnO composites. The images revealed that pure ZnO sam-
ple was composed of small nanorod in wild disorder, and the length
of the sample was in the range of 100 nm to 1 wm (Fig. 2(a)). How-
ever, the morphology of the pure NaNbO3 was quite different from
that of the pure ZnO sample. As shown in Fig. 2(b), the pure NaNbO3
was cube, and the width was 0.5-2 wm. Both the cube and nanorod
morphology could be seen in Fig. 2(c and d). The EDS spectral made
it clear that the sample was composed of Na, Nb, Zn and O (Fig. 2(e))
which was in accord with the XRD result.

3.3. XPS analysis

The surface chemical states of the element were characterized
by XPS measurements. The overall XPS spectra of NaNbO3/ZnO
composite powders are shown in Fig. 3. All the binding energy (BE)
values were referred to the C 1s photoemission line at 284.5 eV. The
high-resolution spectra of NaNbO3/ZnO composites were shown in
Fig. 4. It could be seen the Nb 3d spectra consisted of two peaks at
210.0eV and 207.2 eV corresponding to their angular momentum
of electrons (Fig. 4(a)). The Na 1s orbital showed peaks at 1071.9 eV
(Fig. 4(b)). The peak centered at 1021.9 eV was in accord with that
of the Zn 2p3/2 (Fig. 4(c)), which was consistent with the literature
[43]. From these results, it could be confirmed that the NaNbO3/ZnO
catalysts consisted of ZnO and NaNbOs.

3.4. Diffuse reflection spectra analysis

Fig. 5(a) shows DRS of ZnO, NaNbO3 and NaNbO3/ZnO (10 wt.%)
samples. Compared with the pure ZnO, the NaNbO3/ZnO sample
showed a little stronger absorbance in the wavelength range of
200-400 nm. The curve shape of the DRS spectrum of NaNbO3/ZnO
sample hardly changed with NaNbO3 added. These demonstrated
that the modified NaNbO3 did not give rise to new spectrum
phenomena. It was also found that the absorption band of the
samples were all below 400 nm, which indicated the ZnO, NaNbO3
and NaNbOs3/ZnO samples could only be induced by UV light.
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Fig. 2. SEM images of: (a) pure ZnO, (b) pure NaNbOs, (c and d) NaNbOs3/ZnO (10 wt.%), (e) EDS spectrum of the cube structure in NaNbO3/ZnO (10 wt.%).

The estimated value of the band gap (Eg) of the samples could be
calculated using the following equation:

_ C(hv—Eg)"/?

A hv

(2)

where A, v, Eg, and C are the absorption coefficient, the light fre-
quency, the band gap, and a constant, respectively. The estimated
band gap energies for ZnO, NaNbO3/ZnO (10wt.%) and NaNbO3
samples were 3.37 eV, 3.33 eV and 3.30eV respectively (Fig. 5(b)).

3.5. Photocatalytic degradation of MB

To evaluate the photocatalytic activity of the prepared
NaNbO3/ZnO samples, experiments were carried out by decom-
posing MB solution. Fig. 6 showed the effect of different contents of
NaNbOs3 on the photocatalytic activity of NaNbO3/ZnO composites
under UV light irradiation. In Fig. 6, the photocatalytic activity
of NaNbO3/ZnO composites was higher than that of the pure
ZnO catalyst. It was observed that the photocatalytic efficiency
increased with NaNbO3 loading up to 10wt.%. Increasing the
NaNbO3 content continuously could decrease the photocatalytic
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Fig. 3. XPS spectra of NaNbO3/ZnO (10 wt.%) composite photocatalysts.

activity. The photocatalytic activity followed the increasing
order of Owt.%<40wt.%<20wt%<5wt.%<10wt.%. The 10wt.%
NaNbO3/ZnO nanocomposites showed the highest catalytic effi-
ciency: ca. 97% of the MB was degraded in 1h irradiation. By
considering that only 70% and 80% of the MB was degraded by
TiO, (Degussa P25) and the pure ZnO system respectively, the
decomposition efficiency achieved by NaNbO3/ZnO sample was
quite remarkable. It was found that other organic dyes such as
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methyl orange (MO) and Rhodamine B (RhB) were also degraded
by NaNbOs3/ZnO (10 wt.%) photocatalysts. However, the photocat-
alytic degradation efficiency of MO and RhB was 40% and 51% in
1 hirradiation respectively.

3.6. Kinetics

To investigate the kinetics of MB degradation over the
NaNbO3/ZnO catalysts, a pseudo first-order reaction model was
introduced to describe the experimental data as follows:

c
“In (CT) — kept

where kgp is the apparent rate constant, Cy is the initial concentra-
tion of MB, t is the reaction time and Cis the concentration of MB at
the reaction time of t. Fig. 7 shows the kinetic fit for the decompo-
sition of MB over NaNbO3/ZnO catalysts under UV irradiation. The
correlation coefficient values (R) listed in the inset table of Fig. 7
were all higher than 0.99. It appeared that all of them followed
the first-order reaction kinetics. The apparent rate constant (k) of
the pure ZnO was found to be 0.01513 min~!. After introduction of
NaNbOj3 (from 5 to 40 wt.%), the reaction rate constants (k) were
0.02191, 0.02888,0.0184 and 0.01578 min~! under UV light irradi-
ation. It was interesting to note that the maximum value was 1.9
times as large as that of the pure ZnO.

Moreover, Fig. 8 showed the photocatalytic degradation of
MB over NaNbO3/ZnO (10wt.%) photocatalysts under UV light
irradiation with three-times cycle use. It was indicated that the
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Fig. 4. High-resolution XPS spectra of NaNbO3/ZnO: (a) Nb 3d, (b) Na 1s and (c) Zn 2p.
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Fig. 7. Influence of different NaNbO3 contents on the degradation kinetics of MB
under UV light irradiation.

NaNbO3/Zn0 composite was stable under repeated use, which sug-
gested its potential industrial application.

3.7. Absorption spectral changes during the photocatalytic
degradation of MB by photocatalysts

The temporal evolution of the absorption spectral changes
during the photocatalytic degradation of MB over ZnO and
NaNbO3/ZnO (10 wt.%) catalysts under UV light irradiation is shown
in Fig. 9. It could be seen that the MB was sharply degraded in
the case of NaNbO3/ZnO (10 wt.%) composites. The main absorp-
tion band at 664 nm almost completely disappeared after 1 h under
UV light irradiation in the presence of NaNbO3/ZnO composites
(Fig. 9(b)). Meanwhile, the color of the suspension changed grad-
ually, which indicated the chromophoric structure of the MB dye
was decomposed.

3.8. Photocatalytic mechanism
The role of NaNbO3 in NaNbO3/ZnO composites can be ana-

lyzed as follows. The band gap of NaNbO3 was estimated as 3.3 eV
according to the DRS analysis (Fig. 5(b)), and it was a p-type
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Fig. 8. Photocatalytic activity of the NaNbO3/ZnO (10 wt.%) photocatalysts for MB
degradation with three-times cycle uses.
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Fig. 9. Temporal UV-vis absorption spectral changes during the photocatalytic degradation of MB by (a) ZnO and (b) NaNbO3/ZnO (10 wt.%) under UV light irradiation.

semiconductor compared with n-type ZnO [44,45]. So at the
interface of NaNbO3/ZnO composite, a p—n heterojunction would
be formed. The NaNbO3 cube and ZnO nanorod were composited,
which could be seen by the SEM images (Fig. 2) and TEM images
(Fig. 10(a and b)). The band-edge potential position of ZnO and
NaNbO3 played an important role in studying the flowchart of
photo-excited charge carriers. To give a direct analysis, the con-
duction band-edge of ZnO and NaNbOs3 could be also estimated at
the point of zero charge by the following equation:

Ecg =X —Ec — 1E; (4)

where X is the absolute electronegativity of the atoms semiconduc-
tor, expressed as the geometric mean of the absolute electronega-
tivity of the constituent atoms, which is defined as the arithmetic
mean of the atomic electro affinity and the first ionizaion energy;
E. is the energy of free electrons of the hydrogen scale (4.5eV);
Eg is the band gap of the semiconductor. Therefore, E; of ZnO and
NaNbOj3 could be calculated as —0.69 eV and —0.80 eV. It indicated
that the conduction band bottom of NaNbO3 was more positive

VB=2.50 cV_"_ﬁ_

than that of ZnO. At the thermodynamic equilibrium of p-n hetero-
junction semiconductors, there was an internal field formed with
the direction from n-type semiconductor to p-type semiconductor
[46]. Fig. 10(c) shows the schematic diagram of the band gap struc-
ture for p-n heterojunction semiconductors formed by NaNbO3; and
ZnO. According to the position of band energy (Fig. 10(c)), under the
UV light irradiation, the electrons in the valence band (VB) of ZnO
were excited to their conduction band and left holes in VB. The
holes in the VB of ZnO could transfer to the VB of NaNbO3 through
the interface between ZnO crystallites and NaNbOs3 crystallites.
Besides, the electrons were injected into ZnO nanoparticles quickly
since the conduction band of NaNbO3 became more negative than
that of ZnO. Moreover, the formed nanostructure heterojunction
on NaNbOs3/ZnO composite also led to a more efficient interelec-
tron transfer between the two components. Therefore, the excited
electrons and holes on the semiconductors were separated and
the recombination of excited electrons-holes pairs was restrained,
which greatly promoted and enhanced the photocatalytic activity.
Therefore, this case was favorable for photocatalysis.
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Fig. 10. The TEM image, HRTEM image and the band structure diagram of NaNbO3/ZnO composite: (a) TEM image; (b) HRTEM image; (c) schematic diagram of structure of

band energy for p—n heterojunction semiconductors.
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4. Conclusions

In this work, the NaNbO3/ZnO composites were synthesized
through the hydrothermal process. The photocatalytic experiments
indicated that the NaNbO3/ZnO sample had much higher photo-
catalytic activity than ZnO because of degradation of MB under
UV light. The NaNbO3/ZnO (10wt.%) sample exhibited the best
photocatalytic degradation activity. The characterization results
demonstrated that formation of heterojunction could accelerate
the transfer of photoexcited electron and holes and thus their
recombination could be restricted, which accelerated the photo-
catalytic activity.
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