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a b s t r a c t

Novel nitrogen-doped Bi2WO6 (N-BWO) powders were synthesized by an ethylenediamine-assisted
hydrothermal method. The obtained results indicated that the N-BWO powders are composed of
microstructures self-assembled from single-crystalline nanosheets. The doped nitrogen was substituted
for oxygen in the crystal lattice of Bi2WO6, causing a red shift (from 2.82 to 2.63 eV) for N-BWO powders
compared to pure BWO. The as-synthesized N-BWO powders exhibited an efficient visible light-induced
photocatalytic activity toward the degradation of Rhodamine B (RhB) in aqueous solution due to their
enhanced visible light absorption and special layered microstructures.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Bi2WO6 (BWO), one of the simplest members of the Aurivillius
oxide family, has attracted significant attention due to its unique
physical and chemical properties [1]. Recent studies have demon-
strated that BWO also possesses a visible light-induced photo-
catalytic activity for degradation of organic contaminants [2].
However, the photocatalytic activity of BWO is low due to the fast
recombination of photogenerated electron–hole pairs [3]. There-
fore, it is necessary to suppress the recombination of electrons and
holes. In recent years, the modifications of BWO with semicon-
ductor [4] and doped with ions [3,5,6] have been demonstrated to
inhibit the recombination of electron–hole pairs successfully.

It is well-known that nano-sized photocatalysts usually have a
high photocatalytic activity because of their special morphologies,
large specific surface areas, and high efficiency of electron–hole
separation. Therefore, considerable efforts have been made to the
fabrication of nano-sized BWO to improve its photocatalytic
performance, and a wide variety of BWO nanostructures, such as
nanoparticles, nanoplates, hollow nanostructures and 3D hierarch-
ical nanostructures, have been fabricated by various methods in

recent years [7–10]. Nevertheless, the controlled self-assembly of
nanostructures into desired architectures via a facile and effective
approach still remains challenging.

In this work, the N-BWO powders, composed of single-crystalline
nanosheets, with high specific surface area were synthesized by an
ethylenediamine-assisted hydrothermal method, and their visible
light-induced photocatalytic activity was evaluated for the degradation
of RhB in aqueous solution in comparison to that of pure BWO.

2. Experimental

Synthesis: All chemical with analytical purity were obtained
from Shanghai Chemical Reagent Factory of China and were used
without further purification. In a typical synthesis procedure of
N-BWO, 2 mmol of Bi(NO3)3 �5 H2O was dissolved in 20 mL of 1 M
HNO3 to form a clear solution, and 1 mmol of Na2WO4 was
dissolved in 50 mL of deionized water. Afterward, both solutions
were mixed together under magnetic stirring, and a white pre-
cipitate was formed quickly. The pH of the suspension was
adjusted to 6 by adding ethylenediamine. After a constant stirring
for 20 min, the well-homogenized mixture was transferred into a
100 mL Teflon-lined stainless steel autoclave and filled with
deionized water up to 80% of the total volume. The autoclave
was sealed, maintained at 180 1C for 16 h, and cooled down to
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room temperature naturally. The resulting precipitate was then
collected, washed with deionized water and dried at 80 1C. The
pure BWO nanostructures were performed via the same hydro-
thermal synthesis process just using 0.1 mol/L NaOH aqueous
solution to adjust the pH to 6.

Characterization: The X-ray diffraction (XRD) patterns were
recorded on a D/Max2550 X-ray diffractometer with Cu Kα radia-
tion. The morphologies of the samples were examined using an
S-4800 scanning electron microscope. The transmission electron
microscopic (TEM) and high-resolution transmission electron
microscopic (HRTEM) images and selected area electron diffraction
(SAD) pattern of the samples were taken with a JEM-2100 electron
microscope (JEOL, Japan). The crystalline phases were also con-
firmed by a T64000 Raman spectrometer (Horiba Jobin Yvon S.A.S.,
France) with an Ar laser (514.5 nm). X-ray photoelectron spectro-
scopy (XPS) analysis was performed on an ESCALAB MKII X-ray
photoelectron spectrometer (VG Scientific, UK) using Mg Kα radia-
tion. The UV–vis absorbance spectra of the samples were obtained
using a Lambda 950 UV–vis–NIR spectrophotometer. The specific
surface area (SBET) and pore size distribution (PSD) were obtained
from N2 adsorption–desorption isotherms at 77 K (ASAP 2010,
Micromeritics, USA), on samples preheated at 120 1C for 12 h in
vacuum.

Photodegradation experiments: As a kind of poisonous synthetic
dyes, RhB is widely used in various industrial fields. The photo-
catalytic degradation of Rhodamine B (RhB) in aqueous solution
was performed under visible light using 300 W Xe lamps with a
420 nm cut-off filter. The initial concentration of RhB was 10 mg/L,
and the catalyst was 1.0 g/L. The suspensions were first sonicated
for 10 min and then stirred in the dark for 30 min to ensure
adsorption–desorption equilibrium prior to visible light irradia-
tion. During the photodegradation process, 2 mL of the suspension
was taken out at a given time interval for s subsequent analysis of

RhB concentration. The RhB concentration was analyzed by U-
3010 UV–vis spectrophotometer (Hitachi, Japan).

3. Results and discussion

Fig. 1a shows the XRD patterns of pure BWO and N-BWO
powders. All the XRD peaks can be indexed to the orthorhombic
BWO (JCPDS card no. 73-1126). According to the intensity of the
XRD peaks, it can be said that pure BWO and N-BWO powders are
well-crystallized. To confirm successful nitrogen doping in BWO,
the prepared samples were analyzed by Raman and X-ray photo-
electron spectroscopy.

In the Raman spectrum of pure BWO in Fig. 1b, the bands at 793
and 850 cm�1 are attributed to the asymmetric and symmetric Ag
modes of terminal O–W–O, and the band at 723 cm�1 is associated
with the tungstate chain. The band at 306 cm�1 is related to the
translational mode involving simultaneous motions of Bi3þ and
WO6� [11]. When N atoms were doped into BWO, the intensity of
the bands changed. The intensity of the band at 850 cm�1 decreased,
whereas the bands at 850, 793, and 723 cm�1 shifted towards lower
frequencies. These changes might be related to nitrogen doping into
the O–W–O lattice, and the doped nitrogen atoms replaced some
oxygen atoms that were originally bonded with W. The results of
Raman spectroscopy analysis confirm that N atoms were inserted
into the crystal lattice of BWO. The wide XPS survey spectra of pure
BWO and N-BWO powders are shown in Fig. 1c, in which the N 2p
peak at 400 eV can be observed for the N-BWO powders compared
with pure BWO. The enlarged N 2p peak is comparatively shown in
Fig. 1d which proves N doping in the BWO powders.

The SEM micrographs of the samples are shown in Fig. 2.
As shown in Fig. 2a, pure BWO powders have flower-like struc-
tures assembled from lots of nanosheets with the thickness of

Fig. 1. XRD patterns (a), Raman spectra (b), and XPS spectra (c and d) of pure BWO and N-BWO powders.
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20 nm. Fig. 2b shows the SEM micrograph of pure BWO powders
synthesized with EDA. However, N-BWO powders prepared with
EDA have plate-like structures along with nanostructures. Fig. 2c
shows a magnified SEM micrograph of N-BWO powders, confirm-
ing the formation of microstructures from self-assembly of
nanosheets with the thickness of 20 nm. As can be seen in the
SEM micrographs shown in Fig. 2d–f, the N-BWO powders have
also some flower-like microstructures composed of nanosheets.
The above-demonstrated results indicate that the EDA greatly
affected the overall morphology of the final N-BWO products.
The formation mechanisms are currently being investigated and
will be presented in our forthcoming report.

Fig. 3a shows a typical TEM image of the N-doped Bi2WO6

nanostructures, which confirms that the N-BWO structures are
composed of nanosheets. The HRTEM image shown in Fig. 3b
indicates that the N-BWO nanosheets are single-crystal structures,
and the two lattice fringes of 0.27 nm in the observed crystallite
agree well with the (200) and (020) lattice planes of BWO. The
SAD pattern, shown as an inset in Fig. 3b, also confirms that the
N-BWO nanosheets were formed as single-crystal structures.

Fig. 4 shows the UV–vis absorbance spectra of pure BWO and
N-BWO powders. Comparing to pure BWO, a red-shift was observed
for the N-BWO powders. The optical data of pure BWO and N-BWO
powders were analyzed at near absorption edge using the equation:

αhν¼A(hν�Eg)n/2. On the basis of the results obtained from the
equation, a plot of (αhv)2 versus hv is shown as an inset in Fig. 4. The
calculated optical band gaps of pure BWO and N-BWO powders are
2.82 and 2.63 eV, respectively. The obtained results suggest that the
N-BWO powders are more effective in absorbing visible light, which
will enhance photocatalytic activity under visible light.

Fig. 4b shows the N2 adsorption–desorption isotherms of pure
BWO and N-BWO powders. As shown in Fig. 4b, these isotherms
can be categorized as type II, according to IUPAC classification,
with a significant hysteresis loop observed, which implies the
presence of mesopores (2–70 nm in size). These results are further
confirmed by the corresponding pore-size distribution curves
(inset in Fig. 4b), in which the peaks for both mesopores and
macropores can be found. The smaller pores might be generated
during the crystal growth process, whereas the larger pores can be
attributed to the voids between the intercrossed BWO nanosheets.
The SBET values of pure BWO and N-BWO powders calculated from
N2 adsorption isotherms are 23.1 and 28.6 m2/g, respectively.

Fig. 4c shows the variation of RhB concentration (C/C0) in
aqueous solution over pure BWO and N-BWO powders under
visible light irradiation. It is noted that the N-BWO powders
exhibited higher photocatalytic activity than pure BWO powders
for the photodegradation of RhB under visible light. The total
photodegradation of RhB with N-BWO powders was 99.3% within

Fig. 2. SEM micrographs of pure BWO (a and b) and N-BWO (c–f) powders.

Fig. 3. TEM (a) and HRTEM (b) images and SAD pattern (inset) of N-BWO powders.
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100 min of visible light irradiation while the total photodegradation
of RhB with pure BWO powders was 67.0%. It is clear that the
N-BWO powders showed an improved visible-light-induced photo-
catalytic activity for the degradation of RhB in aqueous solution due
to enhanced visible light absorption and special layered micro-
structures. Nitrogen doping has often been employed to increase
visible light absorption by elevating the valence band maximum to
narrow the band-gap with N 2p states or forming some localized
N 2p states in the band-gap [12].

4. Conclusions

In summary, an ethylenediamine-assisted hydrothermal
method was developed for the synthesis of novel N-BWO powders.
The N-BWO microstructures composed of nanosheets showed an
improved photocatalytic activity for the degradation of RhB under
visible light due to enhanced visible light absorption and special
layered microstructures. The N-BWO microstructures obtained
can be considered as a good candidate for visible-light-responsive
photocatalyst.
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