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Abstract
Effect of pH on crystalline structure, morphology and visible-light-driven photocatalysis of BiOBr samples hydrothermally 
synthesized in solutions with the pH of 2–10 was investigated. The as-synthesized BiOBr samples investigated by X-ray dif-
fraction, Raman spectroscopy, Fourier transform infrared spectroscopy, scanning electron microscopy, transmission electron 
microscopy and X-ray photoelectron spectroscopy. In this research, the as-synthesized samples are pure tetragonal BiOBr 
phase at the pH of 2–10, and were composed of microplates, nanoplates and hierarchical micro-flowers controlled by the 
solution pH. The as-synthesized sample at the pH 8 was revealed the presence of Bi 4f, O 1s and Br 3d. Visible-light-driven 
photocatalytic properties of the BiOBr photocatalyst with different morphologies were investigated through the photodeg-
radation of rhodamine B (RhB). The BiOBr hierarchical micro-flowers synthesized in the solution with the pH 8 show the 
best photocatalytic activity for wastewater treatment and the ·O2

− radicals were attributed to be the primary active species 
for photodegradation of RhB under visible light irradiation.

Keywords  BiOBr hierarchical micro-flowers · Photocatalysis · Spectroscopy

1  Introduction

The semiconductor photocatalysis as green technology is 
widely used for the degradation of harmful waste products 
such as dyes, insecticides, pesticides and toxic organic pol-
lutants in wastewater to CO2, H2O and other small molecules 
at room temperature, including for splitting of water and 
production of hydrogen under light irradiation [1–5]. The 
widely used TiO2 photocatalyst is active only under UV light 
irradiation (5% of solar radiation) because its band gap is 
3.20 eV [2, 3, 6, 7]. Thus a number of researchers have done 
the research on visible-light-driven semiconductor photo-
catalysts [2, 3, 8]. Visible-light-driven bismuth based semi-
conductors such as BiVO4 [1, 2], Bi2MoO6 [3, 9], Bi2WO6 
[10–12], BiOX (X = Br, Cl and I) [13–18] are attractively 
interesting for wastewater treatment. Among them, bismuth 
oxide bromide (BiOBr) as ternary semiconductor materi-
als with layered structure has an appropriate band gap of 
about 2.75 eV because it responds to visible-light and has 
outstanding chemical stability, leading it to be a promis-
ing visible-light-driven photocatalytic candidate [19–21]. 
BiOBr as layered structure is built up by strong electrova-
lent bond between [Bi2O2]2+ slab embedded in double slabs 
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of Br− along the [001] direction, while two closely adja-
cent slabs of Br− are connected by van der Waals force of 
attraction. These lead to the formation of induced dipole 
and effective separation of photon-induced electrons and 
holes, enhancing the photocatalytic activity for degrada-
tion of harmful waste products [13, 20–22]. There are many 
methods used to synthesize BiOBr nanostructure such as 
solvothermal method [13, 21], anodization [15], hydrother-
mal method [20], combustion method [23] and microwave-
assisted hydrothermal method [24] with different morpholo-
gies such as hierarchical microspheres [13, 25], nanosheets 
[15, 20, 22, 23] and hollow microspheres [21, 24]. Among 
them, hydrothermal method is more advantage than other 
methods because it requires low temperature synthesis and 
is one step synthesis with no sintering and calcination. It is 
low cost process and is able to control shape, size and phase, 
including the requirement of mild condition and less energy 
consumption [26–29]. Thus the hydrothermal method was 
used to synthesize porous hierarchical BiOBr micro-flow-
ers by controlling pH of the precursor solution because the 
flowers have higher surface area for absorbing visible light 
and dyes in aqueous solution, and enhancing photocatalytic 
activity for degradation of organic dye in wastewater [16, 
17].

In this work, the influence of pH (acidity/basicity scale) 
on crystalline structure, morphology and visible-light-driven 
photocatalytic properties of as-obtained BiOBr samples syn-
thesized by a simple hydrothermal method was studied. This 
method was used to synthesize BiOBr hierarchical micro-
flowers with high surface area without template adding. The 
visible-light-driven photocatalytic activities of as-prepared 
BiOBr samples in the solutions with different pH were 
evaluated through the decomposition of rhodamine B (RhB) 
solution. The BiOBr hierarchical micro-flowers showed very 
good visible-light-driven photocatalytic activity for degrada-
tion of RhB solution.

2 � Experiment

Each 0.005 mmol Bi(NO3)3·5H2O was dissolved in each of 
75 ml reverse osmosis water under stirring. Subsequently, 
0.005 mmol NaBr was dissolved in each of these solutions 
with continued stirring for 30 min. The solution pH was 
adjusted to 2, 4, 6, 8, 10 and 12 by 1 M HCl and 3 M NaOH 
solutions. These solutions were transferred to 200 ml Teflon-
lined stainless steel autoclaves. The autoclaves were heated 
at 180 °C for 20 h in an electric oven. In the end, the as-
formed white precipitates were filtered, washed with de-
ionized water and ethanol to remove the residual ions such 
as Na+ and NO3

−, and dried for further characterization. The 
BiOBr photocatalysts were labeled as BiOBr-2, BiOBr-4, 

BiOBr-6, BiOBr-8, BiOBr-10 and BiOBr-12 for the pH of 
the synthetic solutions of 2, 4, 6, 8, 10 and 12, respectively.

Phase of products was investigated by an X-ray dif-
fractometer (XRD, Philips X’Pert MPD) with Cu Kα as an 
X-ray source operating at 20 kV and 15 mA in the 2θ range 
of 10°–60°, including the morphology by a field emission 
scanning electron microscope (FE-SEM, JEOL JSM-6335F) 
operating at 35 kV. Transmission electron microscopic 
images and selected area electron diffraction (SAED) pat-
tern were operated through a transmission electron micro-
scope (TEM, JEOL JEM-2010) operating at 200 kV. A 
Fourier transform infrared (FTIR) spectrometer was carried 
on a Bruker Tensor 27 spectrometer with KBr as a dilut-
ing reagent. A Raman spectrophotometer was recorded 
on a T64000 HORIBA Jobin-Yvon spectrometer using Ar 
green laser at 514.5 nm wavelength. An X-ray photoelectron 
spectrometer (XPS, Axis Ultra DLD, Kratos Analytical Ltd 
spectrometer) was carried out using Al Kα at 1486.6 eV as 
an excitation source and C 1s at 285.1 eV as a standard. 
Brunauer–Emmett–Teller (BET) surface area was studied 
for nitrogen adsorption by a Quantachrome Autosorb-1-C 
analyzer at 77 K.

Photocatalytic activity was evaluated through the deg-
radation of rhodamine B (RhB) as a model dye solution. 
The 0.2 g photocatalyst was added to 1 × 10−5 M of 200 ml 
RhB solution which was magnetically stirred in the dark 
for 30 min to form homogeneous solution and to achieve 
adsorption–desorption equilibrium. Photocatalysis was pro-
ceeding under a visible light radiation (λ ≥ 420 nm) of Xe 
lamp without a filter. During photocatalysis, 5 ml (approx.) 
RhB solution was withdrawn every 15  min and centri-
fuged. The content of RhB in the solution was measured 
by a UV–visible spectrophotometer at λmax of 554 nm. The 
residual content of RhB was calculated using the equation.

where Co is the initial concentration of RhB at adsorp-
tion–desorption equilibrium and Ct is the concentration of 
RhB after visible light irradiation within the elapsed time 
(t). In the end, the degraded RhB solution were studied by 
direct mass spectrometry (MS) using a positive electrospray 
ionization (ESI+) mode.

3 � Results and Discussion

Phase of the samples synthesized at different pH was investi-
gated by XRD analysis. The XRD patterns of all the as-syn-
thesized BiOBr samples are shown in Fig. 1. The samples 
from BiOBr-2 to BiOBr-10 show the diffraction peaks at 2θ 
of 11.00°, 22.03°, 25.23°, 31.78°, 32.25°, 39.36°, 46.26°, 

(1)Decolorization efficiency(%) =
Co − C

t

Co

× 100
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50.75°, 53.38°, 56.26°, and 57.26° which can be indexed 
to the (001), (002), (101), (102), (110), (112), (200), (104), 
(211), (114) and (212) planes of pure tetragonal BiOBr, 
respectively, in agreement to the JCPDS no. 78-0348 [30]. 
The XRD patterns of all as-prepared samples show intense 
and sharp diffraction peaks, suggesting that all the samples 
were well crystallized in nature. They should be noted for 
the BiOBr sample synthesized in high acidic condition that 
the (001), (002) and (003) planes are higher than that of 
the (110) plane, implying that the (001) facet of the sample 
tended to be more exposed with the medium solution and 
eventually generated the sheet structure [23, 31, 32]. Moreo-
ver, the intensity of the (110) crystalline face of the BiOBr 
samples synthesized in acidic condition is weaker than that 
of the BiOBr samples synthesized in basic condition, sug-
gesting that the (110) facet of the as-synthesized BiOBr-8 
and BiOBr-10 samples are preferred growth orientation 
[20]. For the BiOBr-12 sample, mixed phases of bismuth 
oxide bromide as monoclinic Bi4O5Br2 (JCPDS no. 37-0699 
[30]), orthorhombic Bi3O4Br (JCPDS no. 37-0700 [30]) and 
tetragonal BiOBr (JCPDS no. 78-0348 [30]) were detected.

FTIR and Raman spectra of the as-synthesized samples 
from BiOBr-2 to BiOBr-10 are shown in Fig. 2. The FTIR 
spectra of these samples appear as the sharp and weak 
absorption bands at 512 cm−1 and 770 cm−1 which cor-
respond to the stretching vibration of Bi–O bond [19, 24, 
32, 33]. Raman spectra of the as-synthesized samples from 
BiOBr-2 to BiOBr-10 show strong peaks at 57.8 cm−1 and 
113.14 cm−1 which are assigned to external and internal 
A1g of Bi–Br stretching mode [19, 24, 32]. Raman peak at 
91.0 cm−1 is assumed to be the Bi–Br stretching mode [19, 
24, 32]. The Raman peak at 160.5 cm−1 is in accordance 

with the Eg internal Bi–Br stretching mode while the weak 
peak at 382.3 cm−1 is assigned to the Eg and B1g peaks gen-
erated by the motion of oxygen atoms, in accordance with 
the previous reports [19, 24, 32].

XPS analysis was conducted to investigate chemical state 
and elemental composition of BiOBr sample. The XPS sur-
vey (Fig. 3a) shows that BiOBr-8 contains major elements of 
Bi, O and Br. Figure 3b shows two peaks of Bi 4f at binding 
energies of 159.72 eV and 165.03 eV corresponding to the 
Bi 4f7/2 and Bi 4f5/2, respectively. The analysis suggested that 
Bi species containing in BiOBr is trivalent oxidation state 
[3, 9, 20, 31, 32]. Figure 3c resolved the XPS spectrum of O 
1s peak located at 530.54 eV which can be identified to the 

Fig. 1   XRD patterns of the samples synthesized in the solutions with 
different pH by hydrothermal method

Fig. 2   a FTIR and b Raman spectra of BiOBr samples synthesized in 
the solutions with different pH by hydrothermal method
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oxygen lattice in the (BiO)2
2+ slabs of the BiOBr sample. The 

three Gaussian peaks of O 1 s at 530.50 eV, 531.58 eV and 
533.27 eV are attributed to the Bi–O bond in BiOBr lattice 
and surface O–H and C–O groups adsorbed on the surface 
of BiOBr [3, 9, 13, 20, 32]. Those of Br 3d5/2 and Br 3d3/2 
core levels (Fig. 3d) were detected at the binding energies of 
68.78 eV and 69.80 eV, which are attributed to Br− in BiOBr 
lattice [20, 31, 32].

Figure 4 shows SEM images of the BiOBr samples syn-
thesized in the solutions with different pH, and revealed the 
evolution of product morphologies. Clearly, the morpholo-
gies of as-synthesized BiOBr samples were controlled by the 
pH of precursor solutions. The BiOBr-2 sample was com-
posed of microplates which were developed to mixed micro-
plates and nanoplates containing in BiOBr-4. Subsequently, 
the nanoplates were self-assemble by forming porous hier-
archical micro-flowers in BiOBr-8 sample. In the end, the 
petals of hierarchical micro-flowers grew and broke into thin 
nanosheets in BiOBr-10.

The morphologies of the as-synthesized samples were 
characterized by TEM as the results shown in Fig.  5. 
Clearly, the BiOBr-2 sample was composed of smooth 
microplates with size of 2–4 µm. The size of microplates 
was decreased to 400–600 nm for BiOBr-4. Then, self-
assembling character of nanoplates to form micro-flow-
ers at the pH 6 was detected. At the pH 8, the BiOBr-8 

presented porous structure made up of uniform hierarchi-
cal micro-flowers of packing nanoplates. At high magnifi-
cation, these hierarchical micro-flowers were assembled by 
interweaving nanoplates with each other to produce a large 
amount of mesopores. According to the previous reports, 
the hierarchical micro-flowers are favorable for uniform 
adsorption of RhB on surface of BiOBr hierarchical micro-
flowers and enhanced photocatalytic degradation of RhB 
solution [1, 14, 21]. The selected area electron diffraction 
of BiOBr-8 shows spots of electron diffraction which were 
indexed to the (− 102), (004) and (102) planes with an 
angle of 45.9°, indicating the BiOBr-8 nanoplates with 
the (010) exposed facets on the top and bottom surfaces 
[32]. At the pH 10, the petals of BiOBr hierarchical micro-
flowers grew and broke to thin nanosheets.

Figure 6 shows the UV–visible spectra of BiOBr in 
wavelength range of 200–800 nm indicating that all sam-
ples have excellent absorption in UV–visible range due 
to the band-gap transition [34–36]. They should be noted 
that UV–visible of BiOBr shows a broad UV–visible band 
caused by the generation of defects and local bond distor-
tion such as surface oxygen vacancies, intrinsic surface 
states and confined electronic level within the forbidden 
band gap [37, 38]. Clearly, BiOBr is a promising photo-
catalyst under visible-light irradiation.

Fig. 3   XPS spectra of BiOBr 
sample synthesized in the solu-
tion with the pH 8: a survey, b 
Bi 4f, c O 1s and d Br 3d
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Figure 7a shows absorption spectra of the RhB solution 
photocatalyzed by BiOBr-8 at 554 nm as a function of visi-
ble-light irradiation. Upon increasing of irradiation time, the 
absorption peak of RhB decreased and showed blue-shift to 
lower wavelength due to de-ethylation of RhB during the pho-
todegradation process [3, 25, 39, 40]. At the end of 45 min 
irradiation, the pink color of RhB aqueous solution changed 

to colorless, suggesting that RhB molecules were completely 
decomposed. The photocatalytic degradation of RhB under 
visible light irradiation (λ ≥ 420 nm) by BiOBr samples syn-
thesized at different pH is shown in Fig. 7b. Among the as-
synthesized photocatalysts, the degradation rates decreased in 
sequence as follows: BiOBr-8 > BiOBr-6 > BiOBr-4 > BiOBr-
10 > BiOBr-2. The photodegradation efficiency of RhB 

Fig. 4   SEM images of BiOBr samples synthesized in the solutions with the pH: a 2, b 4, c 6, d, e 8 and f 10

Fig. 5   TEM images and SAED pattern of BiOBr samples synthesized in the solutions with the pH: a 2, b 4, c 6, d, e, g 8 and f, h 10
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by BiOBr-8 was the highest at 99%. Similarly, for the BET 
analysis, their surface areas were 12.9770 m2 g−1 (BiOBr-
8) > 8.8753  m2  g−1 (BiOBr-6) > 5.3584  m2  g−1 (BiOBr-
4) > 3.5681 m2 g−1 (BiOBr-10) > 3.0536 m2 g−1 (BiOBr-2). 
BiOBr-8 shows the highest photocatalytic activity because 
it has the largest surface area for the photocatalytic process. 
The photocatalytic reaction follows the apparent first-order 
kinetic model [11, 19, 33]. Figure 7c shows the plot of ln (Co/
Ct) versus irradiation time for photodegradation of RhB by 
BiOBr synthesized at different pH and the data were fitted 
to a linear line [11, 39, 40]. The pseudo first-order rates for 
photodegradation of RhB under visible light irradiation are 
0.0352, 0.0555, 0.0665, 0.0995 and 0.0502 min−1 for BiOBr-2, 
BiOBr-4, BiOBr-6, BiOBr-8 and BiOBr-10, respectively. The 
reaction rate constant significantly increased with the pH of 
solution increased from the pH 2 to 8 because of the increasing 
in surface area and active surface sites of BiOBr samples from 
BiOBr-2 to BiOBr-8. The reaction rate was reduced when the 
pH for the synthetic process was 10. The stability of BiOBr-8 
photocatalyst was investigated by monitoring the re-used 
photocatalyst for five cycles as the results shown in Fig. 7d. 
Clearly, photodegradation efficiency of BiOBr-8 decreased 

Fig. 6   UV–visible spectra of BiOBr samples synthesized in the solu-
tions with different pH by hydrothermal method in the wavelength 
range of 200–800 nm

Fig. 7   a UV–visible spectra of RhB after being photodegraded by 
BiOBr-8 under visible light irradiation. b Decolorization efficiency 
and c pseudo first-order plot for photodegradation of RhB by BiOBr 

samples synthesized in the solutions with different pH under visible 
light irradiation. d Decolorization efficiency of the reused BiOBr-8 
photocatalyst for five cycles
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slightly within five cycles of photocatalytic test. Thus the 
BiOBr-8 is stable and can be reused for several cycles for deg-
radation of RhB under visible light irradiation.

The main active species for photocatalytic degradation 
of different dyes by the as-synthesized BiOBr sample under 
visible light irradiation were studied as the results shown in 
Fig. 8. Different agents as p-benzoquinone (BZQ, linear for-
mula C6H4(=O)2) for superoxide radical (·O2

−) scavenger, dis-
odium ethylenediaminetetraacetate (Na2EDTA) for hole (h+) 
scavenger and isopropyl alcohol (IPA) for hydroxyl radical 
(·OH) scavenger were also tested for photocatalysis [41–43]. 
In this research, the photodegradation efficiencies of BZQ, 
Na2EDTA and IPA by BiOBr-8 under visible light irradiation 
within 45 min were 90.21%, 17.38% and 5.38%, respectively. 
The ·O2

− radicals were attributed to be the primary active spe-
cies for photodegradation of RhB by BiOBr-8 under visible 
light irradiation.

Figure 9 shows the analytical results for the direct mass 
spectrometry that ionizes chemical species and identifies ions 
into spectra based on the mass to charge ratio. These results 
were the species at the adsorption–desorption equilibrium 
and the remaining species after photodegradation of RhB 
by BiOBr-8 within 45 min under visible light irradiation. 
The direct mass spectrum shows the m/z ratio of RhB at the 
adsorption–desorption equilibrium at 443 [44–46]. When the 
photocatalysis was proceeding for 45 min, the mass to charge 
ratio of RhB at 443 was not detected in the mass spectrum. The 
analytical spectrum certified that the RhB molecules were pho-
todegraded by super oxide anion radicals under visible light 
irradiation.

4 � Conclusions

The visible-light driven BiOBr photocatalysts were suc-
cessfully synthesized by hydrothermal method in the solu-
tions with the pH of 2–10. The BiOBr samples show pure 
tetragonal BiOBr phase with different morphologies con-
trolled by the solution pH. In this research, BiOBr-8 sam-
ple was composed of uniform hierarchical micro-flowers 
of assembling nanoplates which are favorable for uniform 
adsorption of RhB on the surface of BiOBr hierarchical 
micro-flowers for photodegradation of RhB molecules. 
The as-synthesized BiOBr-8 sample as the highest photo-
catalytic activity and the promising stability can be consid-
ered as a visible-light-driven photocatalyst for wastewater 
treatment.

Fig. 8   Bar chart of different dyes after being photodegraded by 
BiOBr sample synthesized in the solution with the pH 8

Fig. 9   Mass spectra of RhB: a at adsorption–desorption equilibrium 
and b after being photodegraded by BiOBr-8 under visible light 
within 45 min
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