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A B S T R A C T

Ternary bismuth oxybromides have been synthesized using autoclave hydrothermal methods. The

products are characterized by XRD, SEM–EDS, XPS, FTIR, and DRS. We demonstrate that Bi12O17Br2,

Bi5O7Br, Bi3O4Br, Bi24O31Br10, Bi4O5Br2, and BiOBr can be selectively prepared through a facile solution-

based hydrothermal method. UV–vis spectra show bismuth oxybromide materials to be indirect

semiconductors with an optical band gap of 2.22–2.76 eV. Photocatalytic efficiencies of powder

suspensions were evaluated by measuring the Crystal Violet (CV) concentration. This is the first study to

show the superior activities of Bi12O17Br2, Bi5O7Br, Bi3O4Br, and Bi4O5Br2 as a promising visible-light-

responsive photocatalyst.

� 2013 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis for environmental remediation
and solar energy conversion has aroused extensive interest in the
past decade. For the practical application of photocatalysis, an
environmentally sturdy and inexpensive photocatalyst is an
important component [1]. Among the various photocatalytic
materials, nano-scaled TiO2 is studied most, however, it can only
be activated by irradiation under UV, which contains less than 5%
of the solar spectrum [2]. To utilize visible light and harvest solar
energy efficiently, intensive efforts have attempted to develop
visible-light-responsive photocatalysts, such as metal/nonmetal
doped TiO2 [3], inorganic bismuth compounds (Bi2WO6 [4],
Bi2MoO6 [5] and BiVO4 [6]), and ferrites [7]. Although most
photocatalysts show markedly visible-light-responsive activity,
their stabilities, the relationship between structure and photo-
catalytic reactivity, and photocatalysis mechanisms remain
uncertain [8]. Therefore, synthesizing novel visible-light-respon-
sive photocatalysts [9–11] and exploring their photocatalysis
performance are of great interest and potential award [12].

Among the bismuth oxyhalides [13], bismuth oxybromides
have received remarkable attention in recent years because of their
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stability, suitable band gaps, and relatively superior photocatalytic
abilities [14–17]. BiOBr flakes showed superior photocatalytic
abilities than P25-TiO2 in degrading dyes under visible light
(>400 nm) illumination [18]. The Fang group synthesized BiOBr by
hydrothermal methods, which exhibited excellent photocatalytic
efficiency and good stability during microcystin-LR photodegrada-
tion under visible light irradiation [19]. Li et al. recently reported a
facile, hydrothermal synthetic pathway for preparing single-
crystalline nano-belts of bismuth oxyhalides [20].

Triphenylmethane dyes are used extensively in the textile
industry for dyeing nylon, wool, cotton, and silk, as well as for
coloring of oil, fats, waxes, varnish, and plastics. The paper, leather,
cosmetic, and food industries consume a high quantity of
triphenylmethane dyes of various kinds [21]. Cationic triphenyl-
methane dyes have found widespread use as colorants in industry
and as antimicrobial agents [22]. Recent reports indicate that they
may further serve as targetable sensitizers in the photo-destruc-
tion of specific cellular components or cells [23]. CV is a basic
triphenylmethane-type cationic dye, usually used for staining
solutions in medicine and biology [24] and as a photochromophore
to sensitize gelatinous films [25]. It has been used to differentiate
between deoxyribonucleic acid and ribonucleic acid [26]. The
binding of CV to DNA is probably ionic, as opposed to intercalative,
and it remains so stably bound to double-stranded DNA that, with
its conversion to the colorless carbinol from, it has been used to
assess the binding of other molecules to DNA [27]. However, great
concern has arisen about the thyroid peroxidase-catalyzed
hed by Elsevier B.V. All rights reserved.
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Fig. 1. XRD patterns of as-prepared powders under different pH value, at reaction temperature 110 8C and reaction times 12 h.
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oxidation of the triphenylmethane class of dyes because the
reactions might form various N-de-alkylated primary and second-
ary aromatic amines, with structures similar to aromatic amine
carcinogens [28].

In early reports [29–32], most studies focused on bismuth
oxyiodides, not on bismuth oxybromides under visible-light
Table 1
Bismuth oxybromides obtained under different reaction conditions.

pH T (8C)/t (h)

110 8C/12 h 160 8C/12 h 210 8C/12 h 260 8C/12 h

1 BB 1-110-12 BB 1-160-12 BB 1-210-12 BB 1-260-12

2 BB 2-110-12 BB 2-160-12 BB 2-210-12 BB 2-260-12

3 BB 3-110-12 BB 3-160-12 BB 3-210-12 BB 3-260-12

4 BB 4-110-12 BB 4-160-12 BB 4-210-12 BB 4-260-12

5 BB 5-110-12 BB 5-160-12 BB 5-210-12 BB 5-260-12

6 BB 6-110-12 BB 6-160-12 BB 6-210-12 BB 6-260-12

7 BB 7-110-12 BB 7-160-12 BB 7-210-12 BB 7-260-12

8 BB 8-110-12 BB 8-160-12 BB 8-210-12 BB 8-260-12

9 BB 9-110-12 BB 9-160-12 BB 9-210-12 BB 9-260-12

10 BB 10-110-12 BB 10-160-12 BB 10-210-12 BB 10-260-12

11 BB 11-110-12 BB 11-160-12 BB 11-210-12 BB 11-260-12

12 BB 12-110-12 BB 12-160-12 BB 12-210-12 BB 12-260-12

13 BB 13-110-12 BB 13-160-12 BB 13-210-12 BB 13-260-12

14 BB 14-110-12 BB 14-160-12 BB 14-210-12 BB 14-260-12
irradiation. Reports in the literature [33,34] on the photocatalytic
degradation of triphenylmethane dyes under visible light or
sunlight are few. They examined the effects of various parameters
like the initial concentration of substrates, amount of catalysts,
and pH values. However, the mechanisms of the bismuth
oxybromides-assisted photocatalytic degradation of triphenyl-
methane dye under visible light irradiation have never been
reported.

To the best of our knowledge, photocatalytic degradation of
organic pollutants by Bi12O17Br2, Bi5O7Br, Bi3O4Br, and Bi4O5Br2

have not been documented in the literature. This study synthesized
Bi12O17Br2, Bi5O7Br, Bi3O4Br, Bi24O31Br10, Bi4O5Br2, and BiOBr
studied their photocatalytic ability for removing CV in aqueous
solutions under visible-light irradiation.

2. Experimental

2.1. Materials

The purchased Bi(NO3)3�5H2O, CV dye (TCI), and KBr
(Katayama) were obtained and used without any further purifica-
tion. Reagent-grade HNO3, NaOH, CH3COONH4, and HPLC-grade
methanol were obtained from Merck. The de-ionized water used in
this study was purified with a Milli-Q water ion-exchange system
for a resistivity of 1.8 � 107 V cm.
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2.2. Synthesis of bismuth oxybromide

5 mmol of Bi(NO3)3�5H2O were first mixed in a 100 mL flask,
followed by adding 5 mL of 4 M HNO3. With continuous stirring,
2 M of NaOH were added dropwise to adjust the pH value to 1–14
and when a white precipitate was formed, then 2 mL of KBr were
also added dropwise. The solution was then stirred vigorously for
30 min and transferred into a 30 mL Teflon-lined autoclave, which
was heated to 60–280 8C for 12, 24, and 36 h and then naturally
cooled to room temperature. The resulting solid product was
collected by filtration, then washed with deionized water and
methanol to remove any possible ionic species in the product, and
then dried at 60 8C overnight. The samples are listed in Table 1.

2.3. Characterization

The precipitates were further characterized. XRD was per-
formed on a MAC Science, MXP18 X-ray diffractometer with Cu Ka
radiation, and operated at 40 kV and 80 mA. FE-SEM–EDS
measurements were carried out with a field-emission microscope
(JEOL JSM-7401F) at an acceleration voltage of 15 kV and an HRXPS
measurement was conducted with ULVAC-PHI XPS. The Al Ka
radiation was generated with a voltage of 15 kV. Absorption
Fig. 2. XRD patterns of as-prepared powders under different pH v
measurements were conducted using a Shimadzu UV-2100S
spectrophotometer. The HPLC–PDA–ESI-MS system consisted of
a Waters 1525 binary pump, a 2998 photodiode array detector, and
a 717 plus autosampler.

2.4. Photocatalytic reaction

Photocatalytic activities of bismuth oxybromides were studied
by degrading CV under visible light irradiation of a 20 W lamp. An
average irradiation intensity of 5.2 W/m2 was maintained
throughout the experiments and was measured by internal
radiometer. Aqueous dispensions of CV (100 mL, 10 ppm) and
the given amount of catalyst powder were placed in a Pyrex flask.
The pH value of the dispension was adjusted by adding either
NaOH or HNO3 solutions. Before irradiation, the dispensions were
magnetically stirred in the dark for 30 min to reach an adsorption/
desorption equilibrium between the dye and the catalyst surface
under ambient air-equilibrated conditions. At the given irradiation
time intervals, 5 mL of aliquot were collected and centrifuged to
remove the catalyst. The supernatant was analyzed by HPLC–ESI-
MS after readjusting the chromatographic conditions to make the
mobile phase compatible with the working conditions of the mass
spectrometer.
alue, at reaction temperature 160 8C and reaction times 12 h.
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3. Results and discussion

3.1. Characterizations of as-prepared powders

3.1.1. XRD analysis

The X-ray diffraction data of bismuth oxybromide samples
prepared with different hydrothermal parameters are shown in
Figs. 1–4. Figs. 1–4 show X-ray diffraction data for bismuth
oxybromide samples prepared at pH = 1–14, 12 h and for 110 8C,
160 8C, 210 8C, and 260 8C, respectively. Table 2 summarizes the
results of the XRD measurements. XRD patters clearly revealed the
existence pure phase and the coexistence of the different phases.
All the bismuth oxybromide samples synthesized using the
hydrothermal method described at different temperatures and
pH are the BiOBr (JCPDS 09-0393), Bi4O5Br2 (JCPDS 37-0669),
Bi24O31Br10 (JCPDS 75-0888), Bi3O4Br (JCPDS 84-0793), Bi5O7Br
(JCPDS 38-0493), Bi12O17Br2 (JCPDS 37-0701), and a-Bi2O3 (JCPDS
41-1449) phase.

The pH of a reaction is generally accepted to have great
influence on determining the composition and morphologies of the
final products [20]. Control experiments have been conducted to
investigate the influence of pH on the reaction. In our experiment,
pH plays a key role in controlling the composition and anisotropic
Fig. 3. XRD patterns of as-prepared powders under different pH v
growth of crystals. From the results listed in Table 2, the
controllable crystal phases and morphologies of bismuth oxybro-
mide could be achieved by simply changing some growth
parameters, including pH and temperature. Normally, BiOBr was
acquired at pH 2 8 and pure phase BiOBr at pH = 1, temp = 110–
160 8C; Bi4O5Br2 between pH 3 1, temp 3 210 8C and pH 2 12,
temp 2 160 8C; Bi24O31Br10 between pH 3 1, temp 3 210 8C and
pH 2 9, temp 3 210 8C; Bi3O4Br between pH 2 1, temp 3 210 8C
and pH 2 12, temp 2 110 8C and pure phase Bi3O4Br at pH = 13,
temp = 110 8C; Bi5O7Br between pH 3 10, temp 3 210 8C and
pH 2 12, temp 2 210 8C; Bi12O17Br2 at pH = 12 and
160 8C 2 temp 2 260 8C and pure phase Bi12O17Br2 at 260 8C;
and, Bi2O3 microstructures at higher base concentration (pH 3 13)
in the synthetic conditions. The possible processes for the
formation of bismuth oxybromides are described as follows
[Eqs. (1)–(10)]:

Bi3þ þ 3OH� ! BiðOHÞ3ðsÞ (1)

2BiðOHÞ3ðsÞ þ Br� ! BiOBrðsÞ þ H2O þ OH� (2)

Bi3þ þ 3Br� ! BiBr3ðsÞ (3)

BiBr3ðsÞ þ 2OH� ! BiOBrðsÞ þ 2Br� þ H2O (4)
alue, at reaction temperature 210 8C and reaction times 12 h.



Fig. 4. XRD patterns of as-prepared powders under different pH value, at reaction temperature 260 8C and reaction times 12 h.
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4BiOBrðsÞ þ 2OH� ! Bi4O5Br2ðsÞ þ 2Br� þ H2O (5)

6Bi4O5Br2ðsÞ þ 2OH� ! Bi24O31Br10ðsÞ þ 2Br� þ H2O (6)

Bi24O31Br10ðsÞ þ 2OH� ! 8Bi3O4BrðsÞ þ 2Br� þ H2O (7)

5Bi3O4BrðsÞ þ 2OH� ! 3Bi5O7BrðsÞ þ 2Br� þ H2O (8)

12Bi5O7BrðsÞ þ 2OH� ! 5Bi12O17Br2ðsÞ þ 2Br� þ H2O (9)

Bi12O17Br2ðsÞ þ 2OH� ! 6Bi2O3ðsÞ þ 2Br� þ H2O (10)

These equations show that BiOBr was formed at the beginning
of the reaction, then OH� gradually substituted Br� in the basic
conditions, which resulted in the reduced content of Br� in the
products. Increasing the pH gradually obtained Bi4O5Br2,
Bi24O31Br10, Bi3O4Br, Bi5O7Br, Bi12O17Br2, and a-Bi2O3. The higher
the pH value, the lower the Br� content in the products, until the
content of Br� in the products was fully replaced by OH�, finally
resulting in the formation of a-Bi2O3 under strong basic
conditions. However, BiOBr is the exclusive product at pH 1. A
competitive relationship typically exists between the OH� and Br�
ions in basic solution. By controlling the pH of the reaction,
different compositions of bismuth oxybromide were obtained.

It is found that with the increase of hydrothermal temperature
range from 110 to 260 8C a gradual change slightly in the crystal
phase of the reflection peaks takes place, which indicates a
formation in the crystal phase from BiOBr to a-Bi2O3 at different
reaction temperature.

3.1.2. SEM–EDS analysis

Bismuth oxybromides were prepared with Bi(NO3)3�5H2O and
KBr by the hydrothermal method at 110–260 8C for pH = 1–14. The
surface morphology of the photocatalysts was examined by FE-
SEM–EDS (Figs. 5–7 and Table 3). The FE-SEM image showed that
the morphology of the bismuth oxybromides sample obtained at
different reaction temperature turned from irregular particles to
irregular sheets and plates and then became irregular rods (Fig. 5).
Fig. 6 shows that the morphology of the sample obtained at
different pH values turned from flower-like crystals to thin sheets
and thin plates and then became irregular rods between pH = 1 and
pH = 14. Fig. 7 shows that the morphology of the sample obtained
at different reaction time turned from sheet-like crystals to thin
sheets between 12 h and 36 h. These samples displayed irregular



Fig. 5. SEM images of bismuth oxybromide prepared by the hydrothermal autoclave method at different reaction temperature.
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nanoplates and nanosheet shapes with a lateral size of several
micrometers and a thickness between 5 and 46 nm. Samples BB-
13-160-12 and BB-14-160-12 exhibit a rod-like irregular shape
with a lateral size of several micrometers. From Table 3, the EDS
results showed that the main elements of these samples were
bismuth, bromine, and oxygen under different pH values. The Bi/Br
atomic ratios of the samples were within the range of 1.07–1680,
which corresponded to BiOBr, Bi4O5Br2, Bi24O31Br10, Bi3O4Br,
Bi5O7Br, Bi12O17Br2, Bi2O3 and their mixture phase, compared to
the stoichiometric ratio (Bi: Br = 1, 2, 2.4, 3, 5, 6), and could be
selectively prepared through a facile solution-based hydrothermal
method. The possible processes for the formation of bismuth
oxybromides were described as Eqs. (1)–(10).
3.1.3. XPS analysis

XPS is employed to examine the purity of the prepared bismuth
oxybromide products, and the spectra are shown in Figs. 8 and 9.
The characteristic binding energy value of 157.9 eV for Bi 4f7/2

(Fig. 8b) revealed a trivalent oxidation state for bismuth. An
additional spin–orbit doublet with binding energy of 155.5 eV for
Bi 4f7/2 was also observed in all samples, suggesting that certain
parts of bismuth existed in the (+3 � x) valence state. This
indicated that the trivalent bismuth partially reduced to the lower
valence state by the hydrothermal autoclave method. A similar
chemical shift of approximately 2.4–2.6 eV for Bi 4f7/2 was also
observed by Jovalekic et al. [35]. They concluded that Bi(+3�x)

formal oxidation state could most probably be attributed to the



Table 2
Crystalline phase changes of bismuth oxybromide nanosheets prepared under different pH value and temperature ( BiOBr; Bi4O5Br2; Bi24O31Br10; Bi3O4Br;

Bi5O7Br; Bi12O17Br2; a-Bi2O3).
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substoichiometric forms of Bi within the Bi2O2 layer, and formation
of the low oxidation state resulted in oxygen vacancy in the crystal
lattice. However, we assumed that Bi(+3�x) formal oxidation state
could most likely be attributed to the substoichiometric forms of Bi
at the outer site of the particles, and formation of the low oxidation
state resulted in oxygen vacancy in the crystal surface. The binding
energy of 68.6 eV and 67.8 eV was referred to the Br 3d5/2 and 3d3/2

respectively which can be assigned to the Br at the monovalent
oxidation state. Fig. 9 shows the total survey spectra of the Bi 4f, Br
3d, and O 1s XPS of the four bismuth oxybromide samples.
According to Fig. 9a, observation of the transition peaks involving
the Bi 4f, Br 3d, O 1s, and C 1s orbitals reveals that the catalysts are
constituted by elements of C, O, Bi, and Br. In the BB-12-60-12 and
BB-9-110-12 samples, only two strong peaks centered at 163.4 and
158.1 eV can be attributed to the Bi 4f5/2 and Bi 4f7/2,
demonstrating that the main chemical states of the bismuth
element in the samples were trivalent. From Table 4, the Bi/Br
atomic ratios of the samples were within the range of 1.85–14.29.
The XPS result revealed that the possible processes for the
formation of bismuth oxybromides were described as Eqs. (1)–
(10), which was consistent with the previous result by XRD
analysis.
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3.1.4. UV–vis diffuse reflectance spectroscopy

The UV–vis adsorption spectra of synthesized catalysts are
shown in Fig. 10. Their corresponding band gap energies were
calculated, which are close to 2.12–2.76 eV (Tables 3 and 4).
Fig. 6. SEM images of bismuth oxybromide prepared by the
Compared to P25, bismuth oxybromides exhibit pronounced light
absorbance abilities at l > 400 nm, suggesting their potential
photocatalytic activity under visible light. The steep shape and
strong absorption in the visible region ascribe the visible light
 hydrothermal autoclave method at different pH value.



Fig. 6. (Continued ).

Table 3
Physical and chemical properties of bismuth oxybromides samples by prepared under different pH value.

Catalyst code pH value Temp (8C) Time (h) EDS atomic ratio (%) Bi/Br Eg (eV) BET (m2/g)

Bi O Br

BB 1-160-12 1 160 12 26.85 48.15 25.00 1.07 2.74 4.97

BB 2-160-12 2 160 12 32.88 43.98 23.14 1.42 2.69 4.94

BB 3-160-12 3 160 12 35.57 42.62 21.81 1.63 2.69 2.42

BB 4-160-12 4 160 12 36.99 43.54 19.47 1.90 2.69 3.24

BB 5-160-12 5 160 12 36.38 46.38 17.24 2.11 2.69 2.87

BB 6-160-12 6 160 12 38.58 46.05 15.37 2.51 2.67 4.45

BB 7-160-12 7 160 12 37.78 48.38 13.84 2.73 2.69 4.97

BB 8-160-12 8 160 12 38.44 49.12 12.44 3.09 2.68 9.78

BB 9-160-12 9 160 12 38.34 50.61 11.05 3.47 2.33 5.55

BB 10-160-12 10 160 12 37.99 51.88 10.13 3.75 2.26 5.97

BB 11-160-12 11 160 12 40.45 49.92 9.63 4.20 2.27 4.09

BB 12-160-12 12 160 12 39.22 52.47 8.31 4.72 2.12 4.00

BB 13-160-12 13 160 12 38.85 60.12 1.03 37.72 2.56 0.41

BB 14-160-12 14 160 12 38.64 61.13 0.23 1680 2.54 0.43
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Fig. 7. SEM images and EDS of bismuth oxybromide prepared by the hydrothermal autoclave method at different reaction time.
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absorption to the intrinsic band gap transition between the valence
band and the conduction band, rather than the transition from the
impurity levels [36]. The difference of band gap energy in the
prepared bismuth oxybromide can be ascribed to their individual
composition with various characteristics.

3.1.5. BET surface areas

From Table 3, The BET of the bismuth oxybromides are about
0.43–9.78 m2/g, respectively, which is lower than that of P25-TiO2

with BET of 55.4 m2/g due to the increased particle size. This
nanosheet and nanoplate structure can provide efficient transport
paths for reactants and more active sites for the photocatalytic
reaction. The structure is also favorable to efficient photo-energy
Table 4
Physical and chemical properties of prepared bismuth oxybromides at different pH va

Catalyst code pH value Temp (8C) Time (h) 

BB 4-110-12 4 110 12 

BB 7-110-12 7 110 12 

BB 9-110-12 9 110 12 

BB 12-110-12 12 110 12 

BB 12-60-12 12 60 12 

BB 12-85-12 12 85 12 

BB 12-110-12 12 110 12 

BB 12-160-12 12 160 12 

BB 12-210-12 12 210 12 

BB 12-260-12 12 260 12 

BB 12-110-12 12 110 12 

BB 12-110-24 12 110 24 

BB 12-110-36 12 110 36 
harvesting and introducing the separation of electron–hole pairs,
thus promoting the photocatalytic activities.

It is known that the size of nanoparticles has significant effects
on the photocatalytic properties due to the variation of surface
area, number of active sites and so on [37]. The smaller particle size
of nanoparticles would induce to a larger surface area (more active
sites) to enhance the photocatalytic activity. Moreover, the band
gap energy is also correlated to the photocatalytic activity [38]. The
lower band gap has a positive effect on the photocatalytic activity
because the lower source energy is needed for arousing a
photocatalytic reaction. It means that less energy is needed for
activating the nanoparticles to generate excited electron/hole pairs
and then induce photocatalytic reactions. In this study, the particle
lue and temperature.

XPS atomic ratio (%) Bi/Br Eg (eV)

Bi O Br

50.30 36.90 12.80 3.93 2.71

46.40 41.80 11.80 3.93 2.76

47.00 42.90 10.20 4.61 2.30

52.20 40.10 7.80 6.69 2.54

34.30 63.20 2.40 14.29 2.57

42.10 48.10 9.70 4.34 2.28

52.20 40.10 7.80 6.69 2.54

37.10 54.60 8.20 4.52 2.23

38.40 53.30 8.30 4.63 2.26

50.80 41.70 7.50 6.77 2.74

52.20 40.10 7.80 6.69 2.54

48.10 43.00 8.90 5.40 2.22

45.70 45.30 9.00 5.08 2.24



Fig. 8. High-resolution XPS spectra of the bismuth oxybromide prepared by the hydrothermal autoclave method at 110 8C, 12 h, pH = 4, 7, 9, and 12. (a) Total survey; (b) Bi 4f;

(c) O 1s; (d) Br 3d.
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sizes of bismuth oxybromides were a little higher than those of
P25-TiO2; however, the result of band gap was on the contrary. It
suggested that the higher photocatalytic activity of bismuth
oxybromides than P25-TiO2 could be attributed to a lower band
gap, which would lead to generate more excited electron–hole
pairs to enhance the photocatalytic activity.

3.2. Photocatalytic activity evaluations

3.2.1. Photocatalytic activity

Photocatalytic performance of the bismuth oxybromide cata-
lysts was evaluated by degrading CV under visible light or UV
irradiation with 0.5 g/L of catalyst added. The degradation
efficiencies as a function of reaction time are illustrated in
Figs. 11 and 12. In the absence of catalysts, CV could not be
degraded under visible or UV light irradiation. The removal
efficiency was enhanced significantly in the presence of bismuth
oxybromide catalysts. After 48 h irradiation, bismuth oxybromide
showed superior photocatalytic performance, with CV removal
efficiency up to 99.9%. The activity of BB-13-110-12 was higher
than those of P25-TiO2, Bi2WO6, and ZnMoO4. The superior
photocatalytic ability of bismuth oxybromide may be ascribed
to its efficient utilization of visible light and the high separation
efficiency of the electron–hole pairs with its hieratical structure.

3.2.2. Photoluminescence spectra

To investigate the separation capacity of photogenerated
carriers in thin structures, photoluminescence spectra of bismuth
oxybromides and P25-TiO2 are measured and the results are given
in Fig. 13. A weak emission peak around 620 nm appears for
bismuth oxybromides, which may be derived from the direct
electron–hole recombination of band transition. However, the
characteristic emission peak around 620 nm nearly disappears for
the bismuth oxybromides thin structure, indicating that the
recombination of photogenerated charge carriers is inhibited
greatly. The efficient charge separation could increase the lifetime
of charge carriers and enhance the efficiency of interfacial charge
transfer to adsorbed substrates, and then improve the photo-
catalytic activity.

3.3. Separation and identification of the intermediates

With visible irradiation, temporal variations occurring in the
solution of CV dye during the degradation process being examined
by HPLC coupled with a photodiode array detector and ESI mass
spectrometry. Given the irradiation of CV up to 24 h at pH 4, the
chromatograms are illustrated in Fig. 14, and recorded at 580, 350,
and 300 nm, and nineteen intermediates were identified, with the
retention time under 50 min. The CV dye and its related
intermediates were denoted as species A–J, a–f, and a–g. Except
for the initial CV dye (peak A), the peaks initially increased before
subsequently decreasing, indicating the formation and transfor-
mation of the intermediates.

In Figures S1–S3 of appendix, the maximum absorption of the
spectral bands shifted from 585.5 nm (spectrum A) to 543.8 nm
(spectrum J), from 377.1 nm (spectrum a) to 342.6 nm (spectrum
f), and from 288.3 nm (spectrum a) to 274.8 nm (spectrum g). The
maximum adsorption in the visible and ultraviolet spectral region
of each intermediate is depicted in Table 5. They were identified
as A–J, a–f, and a–g, respectively corresponding to the peaks A–J,
a–f, and a–g in Fig. 14. These shifts of the absorption band
were presumed to result from the formation of a series of



Fig. 9. High-resolution XPS spectra of the bismuth oxybromide prepared by the hydrothermal autoclave method at pH 12, 12 h, temperature = 60, 85, 110, 160, 210, and

260 8C. (a) Bi 4f; (b) O 1s; (c) Br 3d.
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N-de-methylated intermediates. From these results, several
families of intermediates could be distinguished.

The first family is marked in the chromatogram of Fig. 14a and
illustrated in Figure S1(a) for UV–vis absorption spectroscopy. The
wavelength position of the major adsorption band of the
intermediates of N-de-methylated CV dye moved toward the blue
region, lmax, A (CV), 588.5 nm; B, 582.3 nm; C, 572.8 nm; D,
577.2 nm; E, 565.1 nm; F, 571.4 nm; G, 561.6 nm; H, 564.1 nm; I,
Table 5
Intermediates of the photocatalytic degradation of CV identified by HPLC–ESI-MS. Con

HPLC peaks Intermediates 

A N,N,N0 ,N0 ,N00 ,N00-Hexaethylpararosaniline 

B N,N-Dimethyl-N’,N’-dimethyl-N00-methyl pararosaniline 

C N,N-Dimethyl-N0-methyl-N00-methylpararosaniline 

D N,N-Dimethyl-N0 ,N0-dimethyl pararosaniline 

E N-Methyl-N0-methyl-N00-methyl pararosaniline 

F N,N-Dimethyl-N0-methylpararosaniline 

G N-Methyl-N0-methylpararosaniline 

H N,N-Dimethylpararosaniline 

I N-Methylpararosaniline 

J Pararosaniline 

a 4-(N,N-Dimethylamino)-40-(N0 ,N0-dimethylamino)benzopheno

b 4-(N,N-Dimethylamino)-40-(N0- methylamino)benzophenone 

c 4-(N-Methylamino)-40-(N0-methylamino)benzophenone 

d 4-(N,N-Dimethylamino)-40-aminobenzophenone 

e 4-(N-Methylamino)-40-aminobenzophenone 

f 4,40-Bis-aminobenzophenone 

a 4-(N,N-Dimethylamino)phenol 

b 4-(N-Methylamino)phenol 

g 4-Aminophenol 

N/A: Not available.
554.3 nm; J, 543.8 nm. The N-de-methylation of the CV dye caused
the wavelength shifts, depicted in Table 5, due to an attack by one
of the active oxygen species on the N,N-dimethyl or N-methyl
group. It was previously reported [4] that the CV dye was N-de-
methylated in a stepwise manner (i.e., methyl groups were
removed one by one as confirmed by the gradual peak wavelength
shifts toward the blue region) and this was confirmed as Table 5
shown.
ditions: bismuth oxybromides, 10 mg/L CV, irradiation 24-h.

ESI-MS spectrum ions (m/z) Absorption maximum (nm)

372.40 588.5

358.23 582.3

344.35 572.8

344.23 577.2

330.17 565.1

330.22 571.4

316.17 561.6

316.12 564.1

302.12 554.3

288.12 543.8

ne 269.28 377.1

255.23 365.7

241.05 362.9

241.27 362.3

227.37 358.9

213.30 342.6

138.08 288.3

N/A 285.7

N/A 274.8



Fig. 10. UV–vis absorption spectra of the prepared bismuth oxybromide catalysts. (a) pH = 1–14; (b) temp = 60–280 8C; (c) time = 12–36 h.
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The second family is marked in the chromatogram of Fig. 14b
and illustrated in Figure S1(b) for UV–vis absorption spectroscopy.
The destruction of CV yielded a, a, and their N-de-methylated
products N-hydroxymethylated intermediates. The wavelength
position of the major adsorption band of the N-de-methylation of
the a and the N-hydroxymethylated intermediates of the N-de-
methylated a species, produced by the cleavage of the CV
chromophore ring structure, moved toward the blue region, lmax,
a, 377.1 nm; b, 365.7 nm; c, 362.9 nm; d, 362.3 nm; e, 358.9 nm; f,
342.6 nm. The proposed intermediate (a) was compared with a
standard material of 4-(N,N-dimethylamino)-40-(N0,N0-dimethyla-
mino)benzophenone. The retention time and the absorption
spectra were identical.

The third family is marked in the chromatogram of Fig. 14c and
illustrated in Figure S1(c) for UV–vis absorption spectroscopy. The
wavelength position of the major adsorption band of the N-de-
methylation of the a, produced by the cleavage of the CV
chromophore ring structure, moved toward the blue region, lmax,
a, 288.3 nm; b, 285.7 nm; g, 274.8 nm. The proposed intermediate
(g) was compared with the standard material of 4-aminobenzo-
phenone. The retention time and the absorption spectra were
identical.

The intermediates were further identified using the HPLC–ESI
mass spectrometric method, and the relevant mass spectra are
illustrated in Figure S2 and Table 5. The molecular ion peaks
appeared in the acid forms of the intermediates. The results of
mass spectral analysis confirmed that the component A (CV), m/
z = 372.40, B, m/z = 358.23; C, m/z = 344.35; D, m/z = 344.23; E, m/
z = 330.17; F, m/z = 330.22; G, m/z = 316.17; H, m/z = 316.12; I, m/
z = 302.12; J, m/z = 288.12; a, m/z = 269.28; b, m/z = 255.23; c, m/
z = 241.05; d, m/z = 241.27; e, m/z = 227.37; f, m/z = 213.30; a, m/
z = 138.08, in liquid chromatogram.
3.4. Photodegradation mechanisms of CV

Various primary reactive species, such as hydroxyl radical HO�,
photogenerated hole h+, superoxide radical O2

�� and singlet
oxygen 1O2, can be formed during the photocatalytic degradation
process in the UV–vis/bismuth oxybromide system [16]. Xu et al.
investigated that the hydroxyl radicals and direct holes were the
primary reactive species in the benzotriazole degradation by BiOBr
spheres under simulated solar light irradiation [17]. Ye et al.
showed that rhodamine photodegradation by BiOI under visible
light was dominated by O2

�� and h+ oxidation being the main
active species [29]. Wang’s group revealed that high efficient
visible light driven sodium pentachlorophenate removal with
Bi3O4Br could be attributed to effective separation and transfer of
photoinduced charge carriers in Bi3O4Br with narrower band gap
and more negative conduction band position, which favored the
photogenerated electrons trapping with molecular oxygen to
produce O2

�� [39]. Ge and Zhang proposed the pathway for
generating active oxygen radicals (O2

�� and �OH) on the surface of
In(OH)xSy for the degradation of RhB [40]. Wang et al. reported that
the �OH radical was generated by multistep reduction O2

�� [15].
The generation of O2

�� could not only inhibit the recombination of
photoinduced charge carriers, but also benefit the dechlorination
of chlorinated phenol derivative. The hydroxyl radical HO� might
only be generated via an e� ! O2

�� ! H2O2! �OH route. Mean-
while, �OH radical was generated by multistep reduction O2

�� in
system. In a valence band of Bi3+, holes formed by photoexcitation
are regarded as Bi5+ [41]. The standard redox potential of BiV/BiIII is
more negative than it of OH�/OH� [42]. Therefore, photogenerated
holes on the surface of bismuth oxyhalides are not expected to
react with OH�/H2O to form �OH, suggesting that the decomposi-
tion of bisphenol-A [43] and rhodamine [33] could be attributed to



Fig. 11. Photocatalytic degradation of CV by the resulting bismuth oxybromide

catalysts and the control experiments under visible light irradiation.

Fig. 12. Photocatalytic degradation of CV by the resulting bismuth oxybromide cataly

temp = 60–280 8C; (c) time = 12–36 h.

Fig. 13. Photoluminescence spectra of TiO2 and bismuth oxybromides.
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a direct reaction with the photogenerated holes or with superoxide
radical (generated by the excited electron) or both species. Zhu
et al. reported that photocatalytic experiments in the presence of
N2 and the radical scavenger suggested �OH and O2

�� being two
main actives in the whole degradation process [44]. According to
previous studies [45,46], the dominant active oxygen species
generated in direct oxidation and photocatalytic reactions were
1O2 and �OH radical, respectively. Besides, in this visible light-
induced semiconductor system, hydroxylated compounds were
also identified for the photocatalytic degradation of CV and Ethyl
Violet [47,48]. On the basis of above results and analyses, it is
proposed that the probability for the formation of �OH should be
much lower than it for O2

��. But, the �OH is an extremely strong,
non-selective oxidant, which leads to the partial or complete
mineralization of several organic chemicals.

Chen et al. reported [49] that Pt–TiO2 accumulated less negative
species on catalyst surfaces, which deteriorated reaction rates,
sts and the control experiments under visible light irradiation. (a) pH = -–4; (b)



Fig. 14. HPLC chromatogram of the degraded intermediates at different irradiation intervals, recorded at (a) 580 nm, (b) 350 nm, and (c) 300 nm.

H.-L. Chen et al. / Journal of the Taiwan Institute of Chemical Engineers 45 (2014) 1892–19091906
than pure TiO2 did in an acidic environment. The �OH radical is
produced subsequently, as also shown in Eqs. (11)–(14).

O2
�� þ Hþ þ e� ! HOO� (11)

HOO� þ H2O ! �OH þ H2O2 (12)

O2
�� þ 2Hþ ! H2O2 (13)

H2O2þ e� ! �OH þ OH� (14)

These cycles continuously occur when the system is exposed to
the visible light irradiation. Finally, after several cycles of photo-
oxidation, the degradation of CV by the formed oxidant species can
be expressed by Eqs. (15) and (16):

CV þ OH� ! degradedcompounds (15)

CV�þ þ OH� ! degradedcompounds (16)

It has been reported that dye exhibits a mechanisms of dye
sensitized degradation [44,50,51]. This photocatalytic degradation
is also attributed to the photodegradation of CV through the
photocatalytic pathway of CV photosensitized bismuth oxybro-
mide. CV absorbing a visible photon is promoted to an excited
electronic state CV*, from which an electron can be transferred into
the conduction band of bismuth oxybromide:

CV þ hn ! CV� (17)

CV � þ bismuthoxybromide ! CVþ þ bismuthoxybromideðe�Þ
(18)

O2þ e� ! O2
�� (19)

Once the electron reaches the bismuth oxybromide conduction
band, it subsequently induces the generation of active oxygen
species (Eqs. (19) and (11)–(14)), which result in the degradation of
CV. Clearly, apart from the photodegradation of CV through the
photocatalytic pathway of CV-photosensitized bismuth oxybro-
mide, there is another kind of photocatalytic pathway to account
for the enhanced photocatalytic activity.

In earlier reports [49,52], the N-de-alkylation processes were
preceded by the formation of a nitrogen-centered radical while the
oxidative degradation (destruction of dye chromophore struc-
tures) was preceded by the generation of a carbon-centered radical
in the photocatalytic degradation of triphenylmethane dye. On the
basis of the above experimental results, the dye degradation
mechanism is tentatively proposed, depicted in Fig. 15. The excited
dye injects an electron into the conduction band of bismuth
oxybromide, where it is scavenged by O2 to form O2

��. De-
methylation of CV dye occurs mostly through attack by the active
species, which is a perfect nucleophilic reagent, on the N-methyl
portion of CV. Further, O2

�� subsequently reacts with H2O to
generate �OH radical and the other active radical. The probability
for the formation of �OH should be much lower than that for O2

��.
The �OH is an extremely strong, non-selective oxidant, which leads
to the partial or complete mineralization of several organic
chemicals. All the above active radicals drive the photodegradation
or mineralization of the dye molecule. Under visible light
irradiation, all the intermediates identified in these two studied
topics have the same result. There is no doubt that the major
oxidant is �OH radical, not O2

��.
During the initial period of CV dye photodegradation by

bismuth oxybromide, competitive reactions between N-de-meth-
ylation and oxidative degradation occurs based on the inter-
mediates identified. The detailed mechanisms are illustrated in
Figures S3 and S4. The first pathway involves a hydroxyl radical
attack on the N,N-methylamino group of CV, resulting in a reactive
cationic radical, the subsequent de-methylation and oxidation of
which eventually yield the first group intermediates. The results



Fig. 15. Proposed photodegradation mechanism of the CV dye.
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indicated that the N-de-methylation degradation of CV dye took
place in a stepwise manner to yield mono-, di-, tri-, tetra-, penta-,
hexa-N-de-methylated CV species during the process.

The second pathway involves a hydroxyl radical attack on the
central carbon atom of CV, yielding a reactive cationic radical, with
a bond between the central carbon atom and the N,N-dimethy-
lamino phenyl ring that is cleaved to give one set of intermediates a
and a. In addition, these intermediates can further be attacked by
hydroxyl radicals, giving a reactive cationic radical which is de-
methylated, resulting in f and g. The latter intermediates are
further oxidized to form mineralization products.

4. Conclusion

Bismuth oxybromides were synthesized by a facile hydrother-
mal method with Bi(NO3)3 and KBr as the Bi and Br source. In the
current process, the controllable crystal phases and morphologies
of bismuth oxybromide could be achieved by simply changing
some growth parameters, including pH and temperature. Normal-
ly, BiOBr was acquired at pH 2 8 and pure phase BiOBr at pH = 1,
temp = 110–160 8C; Bi4O5Br2 between pH 3 1, temp 3 210 8C and
pH 2 12, temp 2 160 8C; Bi24O31Br10 between pH 3 1,
temp 3 210 8C and pH 2 9, temp 3 210 8C; Bi3O4Br between
pH 2 1, temp 3 210 8C and pH 2 12, temp 2 110 8C and pure
phase Bi3O4Br at pH = 13, temp = 110 8C; Bi5O7Br between
pH 3 10, temp 3 210 8C and pH 2 12, temp 2 210 8C; Bi12O17Br2

at pH = 2 and 160 8C 2 temp 2 260 8C and pure phase Bi12O17Br2

at 260 8C; and, Bi2O3 microstructures at higher base concentration
(pH 3 13) in the synthetic conditions. The prepared bismuth
oxybromide catalysts were of different phases, which removed
nearly 100% of CV from the solution after 48 h under visible light
irradiation, and the high photoactivity can be attributed to their
relatively efficient utilization of visible light. Removal efficiencies
demonstrated the superior photocatalytic ability of bismuth
oxybromide. With the bismuth oxybromides as the catalyst, both
N-de-methylation and conjugated structure of CV dye took place
during the degradation process. The reaction mechanisms for vis/
bismuth oxybromides proposed in this study should offer some
insight for the future development of technology applications to
the decoloration of dyes.
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