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MICROWAVE-ASSISTED SYNTHESIS OF Nd-DOPED BiOBr MICROFLOWERS
AND PHOTODEGRADATION OF RHODAMINE B MOLECULES

0-3% Nd-doped BiOBr microflowers were synthesized by a one-step microwave-assisted method. Phase, morphology and
optical property of Nd-doped BiOBr samples were characterized by XRD, SEM, TEM, XPS and photoluminescence (PL) spec-
troscopy. The samples were investigated for the degradation of rhodamine B (RhB) under UV-visible radiation of a 35 W xenon
lamp for 60 min. The results showed that the degradation efficiencies of Nd doped BiOBr samples were higher than that of the
un-doped BiOBr. The 2%Nd-doped BiOBr sample shows the highest photocatalytic activity of 98% and has a good reusability and
photostability within three cycles. During the photocatalysis of 2% Nd doped BiOBr, the main active species in degrading of RhB

were superoxide radical (#O,") and hole (h™).
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1. Introduction

Nowadays the increase of industries has been led to cause
environmental and human health problems which can lead
to increase organic pollutants in wastewater [1,2]. Organic
dyes from textile production such as rhodamine B, methylene
blue and methyl orange are hazardous contaminants which
can destroy ecological environment of water reservoirs [3-5].
Several methods have been used to remove organic dye con-
taminants containing in wastewater and photocatalysis as an
interesting method is used to remove the organic dyes because
the process is non-toxic, cost effective and very high effi-
ciency [6-8].

Among different photocatalysts, Bi-based oxide semicon-
ductor such as bismuthoxybromide (BiOBr) is very interesting
material because it has good photocatalytic property, non-toxic
property to the environment and high chemical stability [1,9,10].
BiOBr has suitable band gap energy of 2.6-2.8 eV, therefore,
it is able to be excited by UV-visible light [11,12]. Although
BiOBr has high advantage for photocatalysis, it is limited by the
recombination of photo-induced electron-hole pairs. To solve
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this problem, rare earth elements have optimistic electronic
property, improvement of spectrum absorption and enhance
quantum efficiency [5, 11-13]. Semiconductors doped with rare
earth elements can lead to reduce electron-hole pair recombina-
tion because the incompletely occupied 4f and empty 5d orbitals
play the role in trapping electrons and holes, and interacting of
f-orbitals of rare earth elements and semiconductors. In particu-
lar, Nd-doped semiconductor has been demonstrated as a good
photocatalyst because of its ability to harvest visible light and
the creation of oxygen vacancy [14-18]. BiOBr materials with
different shapes and sizes such as nanosheets [9,11], nanoplates
[13], nanoparticles [19], nanobelts [20], and 3D microflowers
[8,21,22] have been synthesized. Among them, the 3D micro-
structure has excellent photocatalytic performance due to its high
specific surface area, more pore volume and effective charge-
separation [8,21,22].

In this work, Nd-doped BiOBr microflowers were synthe-
sized by microwave-assisted method. The as-prepared products
were characterized by different methods. Photocatalytic activity
was investigated through the degradation of rhodamine B illu-
minated by UV-visible radiation.
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2. Experimental details

Typically, 0.006 mol Bi(NO;);-5H,0 and 0-5 mol%
NdA(NO3);-6H,0 were dissolved in 20 ml 3M HNO; labelled
as a solution A. In addition, 0.006 mol KBr was dissolved in
80 ml DI water which was dropped into the solution A under
continued stirring. The stirred solution was adjusted the pH to
8 by NH4OH and stirred for 30 min. The mixed solution was
irradiated by 2.45 GHz microwave at 300 W for 1h. In the end,
the as-prepared products were separated by filtering, washed
with DI water and absolute ethanol, and dried at 70°C for 24 h
for further characterization.

An X-ray diffractometer (XRD, Rigaku SmartLab) was
used to analyse crystallinity and purity of the as-prepared prod-
uct. Morphology and microstructure of the as-prepared product
were characterized by a Field Emission Scanning Electron
Microscope (FE-SEM, JEOL JSM-6335F) and a Transmission
Electron Microscope (TEM, JEOL JEM-2010). XPS analysis was
obtained by an X-ray photoelectron spectrometer (Kratos Axis
Ultra DLD). The PL spectra were analysed by a Jasco FP8500
spectrofluorometer at an excitation wavelength of 439 nm.

Photocatalytic activities of the samples were investigated
through the degradation of Rhodamine B (RhB) solution irradi-
ated with a 35 W xenon lamp. First, 200 mg of the as-prepared
sample as a photocatalyst was dispersed in 200 ml of 5x107> M
RhB solution and followed by stirring with a magnetic stirrer
for 30 min in the dark for an adsorption-desorption equilibrium
before irradiation. Second, the xenon lamp was turned on to
illuminate the solution system. In the end, 5 ml of the solution
was sampled every 10 min interval and followed by centrifuga-
tion to remove the solid residue. The RhB solution without the
solid residue was analysed at the peak absorption of 554 nm by
a Hitachi U-2900 U V-visible spectrophotometer. The degradation
efficiency (%) was calculated by the following.

CO B Ct

0

Degradation efficiency (%) = x100 (1)

C, is the initial concentration of RhB and C, is the concentration
of RhB after the elapsed time (¢).

3. Results and discussion

XRD patterns of 0-3%Nd-doped BiOBr are presented in
Fig. 1. For the product without being doped with Nd, all diffrac-
tion peaks correspond to tetragonal BiOBr with lattice parameter
ofa=h=3.9233 A, c=8.1050 A (JCPDS card No. 01-078-0348)
[23]. No impurities such as Nd,O5 and Bi,05 were detected and
the product was very pure. The peaks of 1, 2 and 3%Nd-doped
BiOBr products were slightly shifted to higher angles with re-
spect to those of the un-doped BiOBEr. It is ascribable to the ionic
size difference. The ionic radius of Nd** (0.098 nm) is shorter
than the ionic radius of Bi** (0.103 nm). Clearly, Nd** was suc-
cessfully substituted for Bi*" of the BiOBr lattice. Moreover,
the diffraction peaks of the as-prepared products were lowered

and broader with the increase of Nd>* content because atomic
arrangement of BiOBr crystal was de-organized [15,16, 24-26].
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Fig. 1. XRD patterns of 0-3% Nd-doped BiOBr products

The surface chemical composition and oxidation state of
2%Nd-doped BiOBr were characterized by an XPS analyser
(Fig. 2). The high-resolution Bi 4f shows two strong peaks at
159.1 eV and 164.4 eV corresponding to Bi 4f;, and Bi 4f;),
chemical states of Bi** containing in the product. The binding
energy of O 1s was de-convoluted into three peaks. Those at
530.5 eV and 531.7 eV are attributed to the Bi—O bond of the
BiOBr product. The peak at 533.0 eV is caused by oxygen of
hydroxyl group or H,O on the product surface. The Br 3d was
disintegrated into two peaks at 68.1 eV and 69.2 eV which
correspond to Br 3ds), and Br 3d;), binding energies of BiOBr.
Two peaks at 983.3 eV and 1006.1 eV are attributed to Nd 3ds,
and Nd 3d;/, orbitals, respectively. They should be noted that
Nd*" belongs to the product [27-31]. The XRD and XPS results
indicate that Nd element was successfully incorporated into the
BiOBEr lattice by the one step microwave-assisted method.
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Fig. 2. XPS spectra of (a) Bi 4f, (b) O 1s, (c) Br 3d and (d) Nd 3d of
2% Nd-doped BiOBr

Intensity (Arbitrary Unit)
Intensity (Arbitrary Unit)

I

6



The morphology of 0-3%Nd-doped BiOBr samples was
investigated by SEM and TEM. The SEM image of Fig. 3a
shows that the product appears as flowers constructed by thin
nanoplates with an average diameter of 4-5 nm. SEM images of
1-3% Nd-doped BiOBr samples (Fig. 3b-d) present microflowers
with no significant difference in morphology as compared with
the un-doped sample. They should be noted that Nd dopant has
only a slight influence on the morphology. These microflowers
were composed of porous structure of nanoplate petals that
can lead to enhance the harvest of solar energy and absorption
of photon by diffraction and reflection in the photocatalytic
interface and the photocatalytic activity of the material. The
surface of a photocatalytic semiconductor can play the role in the
photocatalytic activity. Rough surface has high specific surface
area and abundant transport paths for organic molecules which
can lead to enhance the photocatalytic activity [5,22,32-33]. In
addition, the TEM images of pure BiOBr and 2% Nd-doped
BiOBr samples (Fig. 4a and 4c) show that they were composed

Fig. 3. SEM images of (a) pure BiOBr, (b) 1% Nd-doped BiOBr, (¢)
2% Nd-doped BiOBr, (d) 3% Nd-doped BiOBr samples prepared by
microwave-assisted method

Fig. 4. TEM and HRTEM images of (a, b) pure BiOBr and (c, d) 2%
Nd-doped BiOBr
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of microflowers constructed by nanoplates with a thickness of
15-30 nm. HRTEM images of un-doped BiOBr and 2%Nd-doped
BiOBr (Fig. 4b and 4d) show lattice fringes with inter-planar
spaces of 0.351 nm and 0.354 nm corresponding to the (101)
plane of tetragonal BiOBr. The lattice fringe was enlarged
by the introduction of Nd dopant into the BiOBr matrix. The
HRTEM and XRD analyses are in correspondence. The ionic
radius of Bi*" is larger than that of Nd** and the lattice of BiOBr
was reduced by the substitution of Nd** for Bi*" of BiOBr
lattice [19,34-35].

The photocatalytic performance of 0-3%Nd-doped BiOBr
(Fig. 5a) was evaluated through the degradation of rhodamine B
(RhB) irradiated by a xenon lamp. The un-doped BiOBr shows
45% degradation within 60 min. The photocatalytic performance
of BiOBr was increased to the highest of 98% when 2% Nd
was doped. This indicates that Nd dopant played the role in
the photocatalytic activity of BiOBr because its band gap was
narrowed. Thus, the separation efficiency of the photo-induced
electron-hole pairs and the photocatalytic efficiency for the
degradation of RhB were enhanced [15,17,29]. Upon further
increasing the amount of Nd to 3%, the degradation efficiency
was lessened to 80% because the extra Nd played the role in the
recombination center. The excessive Nd on the surface of the
BiOBr catalyst can lead to reduce the distance of the capture point
and the recombination rate of electron-hole pairs was increased
[5,8,14,25]. The kinetics of RhB degradation was investigated
by pseudo-first-order kinetic reaction. The first-order kinetics
constant (k) can be calculated by the Langmuir Hinshelwood
kinetic model through the equation In(C,/C,) = kt, where k is
the rate constant, and Cy and C, are the RhB concentration at
the time 0 and #[24, 36-38]. The linear fitted plot of all products
(Fig. 5b) shows that the 2%Nd-doped BiOBr has the highest rate
for the degradation of RhB of 0.0556 min'.
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Fig. 5. (a) Degradation efficiency and (b) pseudo-first-order plot for
photocatalysis of 0-3% Nd-doped BiOBr samples, (c) three cycled
tests of 2% Nd-doped BiOBr for RhB degradation, and (d) XRD pat-
terns of 2% Nd-doped BiOBr sample before and after three recycles
of photocatalysis
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Stability and reusability are the important factors of pho-
tocatalysts. To evaluate these factors, 2%Nd-doped BiOBr
photocatalyst was carried out for photocatalysis under the same
condition for three cycles as the results shown in Fig. 5c. At the
end of the 3" cycle, the photodegradation efficiency of 2%Nd-
doped BiOBr photocatalyst was 71%. According to Fig. 5d,
XRD pattern of the reused catalyst was very similar to that of
the as-prepared sample with no impurity detection. Thus, the
2%Nd-doped BiOBr photocatalyst has a good stability and is
a realistic use for wastewater treatment.

Photocatalytic activity of the as-prepared product is related
with the recombination rate of photo-induced electron-hole pairs
containing in the semiconductor. To investigate the recombina-
tion rate, the un-doped BiOBr and 2%Nd-doped BiOBr were
characterized by photoluminescence (PL) spectroscopy as the
results shown in Fig. 6a. Their emission peaks are at the same
wavelength of 439 nm. In this research, the PL intensity of
2%Nd-doped BiOBr is lower than that of the un-doped sample.
PL intensity is related with the charge separation of the semicon-
ductor. Low PL intensity denotes to high separation efficiency
and low recombination rate which lead to high photocatalytic
performance [4,22,36]. The 2% Nd-doped BiOBr sample has
photocatalytic performance better than the un-doped one. Thus,
Nd dopant played the role in reducing the recombination rate
and enhancing the photocatalytic performance of the sample
under visible radiation.
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Fig. 6. (a) Emission spectra of 0 and 2% Nd-doped BiOBr samples and
(b) effect of different scavengers on the degradation of RhB photocata-
lyzed by 2% Nd-doped BiOBr

AgNO3

To investigate the active species used for the photodeg-
radation process of 2% Nd-doped BiOBr, different scavengers
were also added to the photocatalytic solution system. Among
them, p-benzoquinone (BQ), ethylenediaminetetraacetic acid
disodium salts (EDTA-2Na), isopropanol (IPA) and silver nitrate
(AgNO;) were used to probe superoxide radical (¢O,"), active
hole (h"), hydroxyl radical (*OH) and photo-excited electron
(e"), respectively. According to the results shown in Fig. 6b, the
degradation rate of RhB solutions containing BQ, EDTA-2Na,
IPA and AgNOj; are 5%, 38%, 80% and 89%, respectively. Thus,
0, and h* were the important active species that played the role
in dramatic degradation of RhB. On the other hand, the removal
rate of RhB was slightly decreased when IPA and AgNO; were
added. These results imply that «OH and e~ were the auxiliary
active species in the photocatalytic process.

A, Nd-doped BiOBr - Nd*' 0,

1"": \
X’ Na* *0y + RhB
H,O Degraded product

+*OH + RhB — Degraded product

Fig. 7. A schematic diagram for photocatalysis of Nd-doped BiOBr in
degrading RhB

Based on the above, photocatalysis mechanism of Nd-doped
BiOBr (Fig. 7) is proposed according to the following.

BiOBr + hv — BiOBr (h" — e pairs) )
BiOBr(h") + H,O — BiOBr + *OH + H" 3)
BiOBr(h") + OH™ — BiOBr + *OH 4)
Nd*" - Nd* + e 5)

0,+¢ — +0y (6)

Nd** + BiOBr (e”) — BiOBr + Nd** (7)

RhB + *OH (or *O, ") — degraded products ®)

When the Nd-doped BiOBr photocatalyst was activated by
UV-visible light, electrons at the valence band (VB) were excited
to the conduction band (CB). Thus, e~ — h* pairs resided in the
CB and VB of BiOBr. Nd*" ions can play the role in trapping
the excited electrons and enhancing the separation of electrons
and holes. Upon releasing the electrons, the Nd** jons were
transformed into Nd** ions and the released electrons reacted
with adsorbed O, to produce *O, . Concurrently, the photo-
induced h™ reacted with water molecules and hydroxyl ions to
produce *OH. Further, these strong oxidizing agents reacted with
RhB molecules and changed the RhB into smaller molecules
[3,8,14,24,26,34,39]. The separation of charge carriers of BiOBr
was enhanced and its photocatalytic activity was improved. Thus,
the Nd-doped BiOBr product is a promising photocatalyst used
for wastewater treatment.

4. Conclusions

0-3% Nd-doped BiOBr products synthesized by micro-
wave-assisted method were investigated for photocatalysis
through the degradation of Rhodamine B under UV-visible radia-
tion within 60 min. According to XRD analysis, all the products
were tetragonal structure BiOBr. SEM and TEM analyses showed
that the products were microflowers constructed by nanoplates.
The photocatalytic efficiency of 2%Nd-doped BiOBr was the
highest at 98%. The Nd dopant can play the role in improving
the photocatalytic performance because of the enhancement of



electron-hole pairs separation and the reduction of electron-hole
recombination. In this research, Nd-doped BiOBr is a good pho-
tocatalytic material that can be used to degrade organic molecules
containing in wastewater.
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