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H I G H L I G H T S

• # BiOBrxI1−x/BiOBr heterostructure
was in-situ synthesized.

• # BiOBrxI1−x/BiOBr showed effective
activity for wastewater treatment.

• # Exciton and carrier photocatalytic
processes was found.

G R A P H I C A L A B S T R A C T

The both enhanced excition and carrier photocatalysis of BiOBr/BiOBrxI1−x resulted efficient molecular oxygen
activation for oilfield waste water treatment and organic pollutants (BPA, RhB and phenol) photodegradation.
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A B S T R A C T

The BiOBrxI1−x/BiOBr heterojunction structural photocatalyst was constructed successfully in this work and it
was formed by the BiOBrxI1−x solid solution coupling with the BiOBr monomer, which was determined by
efficient characterizations. For the photocatalytic property, The BiOBrxI1−x/BiOBr could degrade some organic
pollutants efficiently and the oilfield produced waste water treatment efficiency of it was ideal. The reason for its
enhanced photocatalytic property was also explored. Through ESR tests, trapping experiments and other effi-
cient methods, the enhanced molecular oxygen activation capacity of induced 1O2 and O2

%− photogeneration by
BiOBrxI1−x solid solution structure and heterostructure in one photocatalyst was confirmed, respectively. This
work provided a new thought for enhanced molecular oxygen activation capacity of bismuth oxyhalide pho-
tocatalysts.

1. Introduction

Photocatalysis has been recognized as an efficient technology for

environmental remediation [1-4]. The species to which oxygen trans-
formed with high reactivity are generally regarded as reactive oxygen
species (ROS), which can degrade the organic pollutants non-
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selectively. So, superior photocatalytic degradation performance of a
photocatalyst usually depends on the amount and type of the photo-
generated ROS, which is also called molecular oxygen activation ca-
pacity. In additional, the analysis of the ROS is also important for un-
derstanding the photocatalytic mechanism. While, the ROS
speciationability is usually determined by the molecular oxygen acti-
vation of the photocatalysts. Photocatalysts with high quality can pos-
sess excellent molecular oxygen activation capacity under light illu-
mination [5,6]. Therefore, improving the activation capacity of
molecular oxygen has become an important factor that should be con-
sidered when designing the photocatalytic materials [7,8].

As a kind of efficient strategies for enhanced molecular oxygen ac-
tivation capacity, forming modified structural photocatalysts have been
reported in many researches. Herein, we intend to take bismuth oxy-
halide (BiOX (X=Br and I)) as the basic material for further improving
the photocatalytic molecular oxygen activation under visible light [9].
In view of the BiOX, the enhanced molecular oxygen activation capacity
can be reached by forming solid solution structure and heterostructure
according to previous reports [10,11]. In general, through the efficient
measurement of the O2

%−, more generation of the O2
%− indicates the

enhanced molecular oxygen activation capacity by carrier photo-
catalysis. Besides the O2

%−, it has been verified that exciton photo-
catalytic process of BiOBr photocatalyst also occurred, which was
confirmed by the generation of the singlet oxygen (1O2) [12-14]. In our
previous work, we had demonstrated that the exciton and carrier
photocatalysis could be enhanced by forming BiOBr0.5I0.5 solid solution
and BiOBr/BiOI heterojunction, respectively. The enhanced molecular
oxygen activation capacity under visible light was approved by the
characterizations of the amount and type of the ROS. More 1O2

generated by BiOBr0.5I0.5 solid solution and more O2
%− generated by

BiOBr/BiOI heterojunction illustrated the enhanced molecular oxygen
activation capacity of these two photocatalysts, respectively [15].
Therefore, the molecular oxygen activation capacity can be improved
by the modified structures formation of the BiOX (X=Br and I). If the
solid solution and heterojunction structures are formed in one BiOX
photocatalytic material at the same time, the molecular oxygen acti-
vation capacity might be further enhanced. There are many reports for
the BiOBrxI1−x solid solution and BiOBr/BiOI heterostructure, respec-
tively [16,17]. However, a photocatalyst formed by BiOX monomer
coupled with the BiOBrxI1−x has been rarely researched.

Bearing this mind, we firstly in-situ synthesised the BiOBrxI1−x/
BiOBr photocatalyst. Through the efficient characterizations we de-
termined the photocatalyst was formed by BiOBrxI1−x and BiOBr.
Through the ESR tests we intuitively confirmed the enhanced molecular
oxygen activation ability for both O2

%− and 1O2. Due to the enhanced
molecular oxygen activation capacity of BiOBrxI1−x/BiOBr, the ideal
efficiency of organic pollutants degradation and oilfield waste water
treatment had been achieved. The photocatalytic mechanism of the
improved molecular oxygen activation capacity of BiOBrxI1−x/BiOBr
was also explored and explained. This work provided a new thought for
enhanced the molecular oxygen activation ability of bismuth oxyhalide
photocatalysts.

2. Experimental

2.1. Materials

Bi(NO3)3·5H2O, KBr, KI, ethylene glycol (EG) were of analytical

Fig. 1. . XRD patterns of BiOBr, BiOBrxI1−x/BiOBr and BiOI: (a) 5-70°, (b) 6-14°, and (c) 26-35°.
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reagent grade without further purification. The deionized water was
prepared by water purification system and used throughout the whole
experiments.

2.2. Synthesis

Different from the synthesis methods of the BiOBrxI1−x in previous
reports, we added the I and Br sources in separation. The amount of KBr
and KI were calculated firstly with different molar Br : I ratios of 2:0,
1.5:0.5 and 0:2 (the total amount of KBr and KI was 1mmol). 1 mmol of
Bi(NO3)3·5H2O and a certain amount of KBr were dissolved in 20mL of
deionized water and stirred for 30min firstly. After the suspension
formed, 20mL of an ethylene glycol (EG) solution containing a certain
amount of KI was added dropwise. The precipitates were collected after
continuous stirring for 2 h. The precipitates were washed repeatedly
with deionized water and dried at 80 °C for 10 h.

2.3. Characterization

The phase and crystal structures of as-prepared samples were
characterized by X-ray diffraction (XRD) on a Bruker D8 diffractometer
using Cu Ka (λ=1.5406) radiation in a 2 θ range from 5° to 70°. The
morphology and structure of the as-prepared samples were observed
using a Sigma Zeiss Field emission scanning electron microscopy
(FESEM). Transmission electron microscopy (TEM) images were mea-
sured by a FEI Tecnai G20 transmission electron microscopy with se-
lected area electron diffraction (SAED). UV–vis diffuse reflectance
spectroscopy (DRS) was obtained by a UV–vis spectrometer (Perkin
Elmer, Lambda 650 s, BaSO4 as a reference) and record on the within

the region of 200–800 nm. X-ray photoelectron spectroscopy (XPS) was
determined by a Thermo ESCALAB 250XI x-ray photoelectron spec-
troscopy. Time-resolved PL spectra recorded by a FLS920 Multifunction
Steady State and Transient State Fluorescence Spectrometer (Edinburgh
Instruments, room temperature).

2.4. Photocatalytic tests

Pollutants degradation: The target degradation compounds were
Rhodamine B(RhB), Phenol and Bisphenol A (BPA).The Photo-de-
gradation was under visible-light using a 300-W Xe lamp with a UV-
cutoff filter (λ>400 nm). 0.05 g of photocatalyst was suspended in a
100mL aqueous solution of 20mg L-1RhB, 10mg L-1 Phenol and 10mg
L-1 BPA, respectively. Before illumination, the suspensions were mag-
netically stirred in dark for 40min to ensure the establishment of an
adsorption-desorption equilibrium between the photocatalysts and
pollutants. Then, the UV–vis adsorption spectrum of the centrifuged
solution was recorded using a UV–vis spectrophotometer.

Oilfield produced wastewater treatment: oilfield produced waste
water was sampled from the production site of the PetroChina
Southwest Oil &Gasfield Company. 0.1 g of photocatalysts was sus-
pended in a 100mL oilfield produced wastewater. Before illumination,
the suspensions were magnetically stirred in dark for 1 h to ensure the
establishment of an adsorption-desorption equilibrium between the
photocatalysts and organics in the wastewater. The whole photo-
catalytic wastewater treatment was under a 300-W Xe lamp without a
UV-cutoff filter for 5 h, and the water was sampled and the
CODvaluewas measured per hour.

Fig. 2. XPS spectra of BiOI, BiOBr and BiOBrxI1−x/BiOr: (a) survey, (b) Bi 4f, (c) Br 3d, and (d) I 3d.
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2.5. COD measurements

1mL of waste water was diluted to 100 times in a volumetric flask
firstly. 2.5 mL diluent was measured by a burette and poured into a test
tube. Then 1.5mL solution Y (prepared by 90mL distilled
water+ 10mL concentrated sulfuric acid +2.5 g K2Cr2O7) was added
dropwise by another burette and shook the mixed liquor up. Measured
5mL of solution C (prepared by 100mL concentrated sulfuric acid +1 g
Ag2SO4), added into the above mixed liquor dropwise and shook for
about 10min. Put the test tube in a digester under 160 °C for 15min.
The solution was cooled to room temperature and the COD value was
measured by a water analyzer.

2.6. Reactive oxygen species (ROS) quantification experiments

Nitrotetrazolium blue chloride (NBT, 2.5× 10−5 mol L−1, ex-
hibiting an absorption maximum at 259 nm) and 3,3′,5,5′-tetra-
methylbenzidine (TMB, 0.1 g L−1, exhibiting an absorption maximum
at 380 nm) were used to determine the amount of photocatalytic O2

%−

and 1O2 generation. 10mg of photocatalysts were added into 50mL
NBT aqueous and sampling ever 10min; 1mg of photocatalysts was
added 16mL HAc/NaAc buffer solution (pH=3.6) and 4mL distilled
water, then 2mg TMB was added in and sampling every 3min. Both of
them were stirred under a xenon lamp. The production of O2

%− was
quantitatively analysed by detecting the concentration of NBT and 1O2

was analysed by the oxidation rate of TMB with a UV–vis spectro-
photometer [18,19].

2.7. ESR tests

50 μL of aqueous suspension of samples (2 mg L−1) was mixed with
500 μL of 2,2,6,6- four methylpiperidine nitrogen oxide solution
(TEMP, 50× 10−3mol L-1). After being illuminated for 5min, the
mixture was characterized using a Bruker EMX plus model spectrometer
operating at the X-band frequency (9.4 GHz) at room temperature for
1O2 test. The O2

%− trapping ESR tests were also performed as described
above, except the use of 5,5-Dimethyl-1-pyrroline N-oxide (DMPO,
50× 10−3 mol L−1) as the spin-trapping agent. A xenon lamp (50W)
was used as the light source [20].

2.8. Photoelectrochemical measurement

Electrochemical impedance spectra (EIS) and transient photocurrent
responses of the prepared samples were testedby a CHI660D electro-
chemical working station (CHI Instruments, Shanghai, China) in a
three-electrode quartz cell with Na2SO4 (0.1 mol L-1) electrolyte solu-
tion. Samples were deposited on a fluorinated-tin-oxide (FTO) con-
ducting glass as the working electrode, Ag/AgCl and Pt were used as the
reference and the counter electrodes, respectively.

3. Results and discussion

Fig. 1 showed the XRD patterns of BiOBr, BiOBrxI1−x/BiOBr and
BiOI. BiOI and BiOBr displayed a series of diffraction peaks in agree-
ment with the standard XRD patterns, respectively (PDF: 01-073-2062
(BiOI) and 01-085-0862 (BiOBr)) [21,22]. Fig. 1(b) and (c) displayed
the enlarged XRD patterns for comparing and distinguishing the dif-
fraction peaks of BiOBrxI1−x/BiOBr. For (001) peaks, the peak at

Fig. 3. TEM and HRTEM images of BiOBr (a) and (b); BiOI (c) and (d); BiOBrxI1−x/BiOBr (e) and (f).
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Fig. 4. COD values of original oilfield produced wastewater and after treatment by BiOI, BiOBr, and BiOBrxI1−x/BiOBr (a); COD reduction rates of BiOI, BiOBr, and
BiOBrxI1−x/BiOBr treatments (b); .temporal absorption spectra of oilfield wastewater over the BiOBrxI1−x/BiOBr (c) BiOI(e) and BiOBr (g) under full wavelength
irradiation treatment; actual photos of oilfield wastewater after 0 h, 1 h, 2 h, 3 h, 4 h, 5 h treatment over BiOBrxI1−x/BiOBr (d), BiOI (f) and BiOBr (h).
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2θ=9.99° of the BiOBrxI1−x/BiOBr was new formed and its position
was between the (001) peaks of BiOI and BiOBr, which was in agree-
ment with that of BiOBrxI1−x. For the peak at 2θ=10.86° of
BiOBrxI1−x/BiOBr, it was at the same position as that of BiOBr. The two
(001) peaks of BiOBrxI1−x/BiOBr indicated BiOBrxI1−x was coupled
with BiOBr and BiOBrxI1−x/BiOBr was formed successfully. The same
phenomenon of (102) and (012) peaks were also observed in Fig. 1(c).
The peaks at 31.81° and 29.91°matched well with the (102) peaks of
BiOBrxI1−x and BiOBr, respectively. So it could be confirmed the for-
mation of the BiOBrxI1−x/BiOBr heterostructure by BiOBrxI1−x and
BiOBr from the XRD patterns intuitively.

XPS was used to analyse the element contents of BiOBrxI1−x/BiOBr.
The survey spectrum (Fig. 2(a)) showed BiOBrxI1−x/BiOBr was con-
sisted by the Bi, O, Br and I elements, and high purity of the prepared
samples was also indicated. Fig. 2(b) showed the Bi 4f 7/2 and Bi 4f 5/2
peaks of BiOBrxI1−x/BiOBr were at 159.27 eV and 164.57 eV, sug-
gesting that the existence of Bi3+. The banding energy of 68.52 eV was
corresponding to Br 3d (Fig. 2(c)), and the banding energies of
619.32 eV and 630.77 eV were corresponding to I 3d 5/2 and I 3d 3/2
(Fig. 2(d)), which was associated with Br- and I-, respectively. The
comparison of the UV–vis DRS spectra of BiOI, BiOBr and BiOBrxI1−x/
BiOBr were shown in Fig. S1. BiOI and BiOBr had fundamental ad-
sorption edges at 665.1 nm and 436.3 nm, respectively. After the BiOBr
coupling with BiOBrxI1−x/BiOBr, it showed adsorption edges at
614.9 nm. The experimental results indicated that all samples could be
excited by visible light.

The TEM and HRTEM patterns of BiOBr, BiOI and BiOBrxI1−x/BiOBr
were expounded in Fig. 3 and all the samples expressed the same ar-
chitecture and size. For pure BiOX (X=Br and I), the interplanar

spacing of {1 1 0} planes of BiOBr and BiOI were 0.276 nm and
0.284 nm, which was in accordance with standard values, respectively
[23]. As for BiOBrxI1−x/BiOBr, there was a boundary in Fig. 3(f)
(yellow line) implied the BiOBr coupled with BiOBrxI1−x clearly. In
addition, it could be found that two groups interplanar spacing data of
(110) planes were in the BiOBrxI1−x/BiOBr sample. The new formed
(110) planes (0.279 nm) was of the BiOBrxI1−x, while the standard
(110) planes 0.276 nm was of pure BiOBr respectively, which were in
agreement with previous reports, respectively [23]. So it could be
concluded from the Fig. 3 that the BiOBrxI1−x/BiOBr heterostructure
was formed visually and it was in accordance with above XRD and XPS
experimental results.

Herein, the BiOBrxI1−x/BiOBr photocatalyst was used for the actual
oilfield produced wastewater treatment, and BiOX (X=Br, I) were as
the contrast groups (Fig. 4). As was shown in Fig. 4(a) and (b),
BiOBrxI1−x/BiOBr expressed superior effect for oilfield produced was-
tewater treatment and it could reduce the COD value from
22900mg L−1 to 1800mg L-1 in 5 h, the COD reduction rate was almost
2 times than that of BiOX (X=Br, I). The temporal absorption spectra
(Fig. 4(d), (f) and (h)) showed the absorption curves of waste water in
5 h treatment. BiOBrxI1−x/BiOBr showed the obviously maximum de-
cline than that of BiOX (X=Br, I), which was in agreement with best
efficiency of oilfield produced wastewater treatment. From the
Fig. 4(c), (e) and (g) it could be observed from the photos that the
colour of the wastewater treated by BiOBrxI1−x/BiOBr after 5 h was
much clearer than that of the BiOX (X=Br, I), which was also in
agreement with the experimental results visually.

Besides the oilfield waste water treatment, we also found that the
BiOBrxI1−x/BiOBr heterostructure photocatalyst could also enhance the

Fig. 5. Photocatalytic activities of BiOBrxI1−x/BiOBr and BiOX (X=Br, I) for RhB degradation (a); Phenol degradation (b) and BPA degradation (c) under visible
light irradiation.
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photocatalytic properties for some organic pollutants degradation. In
this part, the target degradation compounds were Rhodamine B (RhB),
Phenol and Bisphenol A (BPA), respectively. The photocatalytic de-
gradation rates of BiOBrxI1−x/BiOBr were shown in Fig. 5 and were
compared with BiOBr and BiOI. As were shown in Fig. 5(a), (b) and (c),
BiOBrxI1−x/BiOBr expressed best photocatalytic degradability of all
these three organic pollutants than BiOI and BiOBr, it removed about
80% of RhB, 40% of Phenol and 60% BPA under 120min irradiation,
respectively, which were 2 times than that of BiOX (X=Br, I). From the
wastewater treatment and photocatalytic activities experimental re-
sults, we concluded that BiOBrxI1−x/BiOBr enhanced the photocatalytic
performance exactly, and we explored the enhanced photocatalytic
mechanisms of BiOBrxI1−x/BiOBr next step.

We explored the enhanced molecular oxygen activation ability for
both O2

%− and 1O2 of BiOBrxI1−x/BiOBr next step. As was mentioned

earlier, 1O2 and O2
%− were the typical ROS generated by exciton and

carrier photocatalysis, respectively. So, herein, we regarded 1O2 and
O2

%− as the target reactive oxygen species for both molecular oxygen
activation ability and the photocatalytic mechanisms exploration. And
ESR, which was confirmed as the most direct evidence for different
generated ROS, was used for the photocatalytic exploration [24–27]. In
Fig. 6(a) and (b), the both strongest 1O2 and O2

%− signals of
BiOBrxI1−x/BiOBr indicated the better ability of 1O2 and O2

%− gen-
eration than BiOX (X=Br, I). Control experiments by adding quenchers
(Fig. 6(c) and (d)) were also finished for verifying ESR results. Mean-
while, 3, 3′, 5, 5′-tetramethylbenzidine (TMB, adsorption peak at
380 nm) and Nitrotetrazolium blue chloride (NBT, adsorption peak at
259 nm) were used to evaluate the generation of 1O2 and O2

%− and the
experimental results (Fig. 6(e) and (f)) expressed the same phenomenon
as the ESR tests [28-31]. We measured molecular oxygen activation

Fig. 6. ESR tests of singlet oxygen (a) and superoxide radical (b); controlled experiments of ESR tests for singlet oxygen (c) and superoxide radical (d) without light
irradiation; total absorbance of TMB oxidation (e) and total reduction rates of NBT (f) after 15min visible light irradiation.
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properties of BiOI, BiOBr/BiOBrxI1−x and BiOBr by using NBT and TMB
as probe molecules, as shown in Fig. S2. Compared with BiOI and
BiOBr, BiOBr/BiOBrxI1−x revealed largest oxidation and reduction rate
of TMB and NBT, respectively, indicated that the both enhanced exciton

and carrier photocatalytic mechanisms clearly.
The carrier photocatalysis could be determined by electrochemical

experiments [21,32]. For verifying the same enhanced carrier photo-
catalytic mechanism as exciton photocatalysis of BiOBrxI1−x/BiOBr, the
electrochemical impendence and photocurrent response spectra of
BiOBrxI1−x/BiOBr and BiOX (X=Br, I) were compared and shown in
Fig. 7. BiOBrxI1−x/BiOBr expressed a semicircle arc with a smaller
diameter than BiOX (X=Br, I) (Fig. 7(a) and (b)) and showed that the
BiOBrxI1−x/BiOBr had lower resistance value for electron-transfer than
BiOX (X=Br, I). And also, as shown in Fig. 7(c), BiOBrxI1−x/BiOBr
revealed a much higher photocurrent than BiOX (X=Br, I). The ex-
perimental results in this part clarified the enhanced carrier photo-
catalysis of BiOBrxI1−x/BiOBr. So, it could be concluded that the in-
duced molecular oxygen activation capacity was supported by both
enhanced carrier and exciton photocatalytic mechanisms of
BiOBrxI1−x/BiOBr.

The enhanced exciton and carrier photoctalytic mechanisms scheme
of BiOBrxI1−x/BiOBr was shown as following. As shown in Scheme 1,
for the enhanced carrier photocatalysis, the electrons of BiOBrxI1−x

were activated up to its CB position and then transferred to the CB of
BiOBr due to the heterojunction. Accordingly, photo-induced electrons
on the surface of BiOBr could be trapped by O2 to form O2

%−, which
became a reactive species for organic pollutants degradation [33,34].
Meanwhile, the unique layered structure of BiOBrxI1−x solid solution
possessed intensive electron-hole interactions and promoted exciton
photocatalysis process due to the photo-generated holes of BiOBr
transferred to BiOBrxI1−x where singlet oxygen generation via energy
transfer during this process was confirmed, and a lot of singlet oxygen
generated during this process support its excellent photocatalytic
properties [35−37].

Fig. 7. EIS experimental results (a) and (b); Photocurrent (c) of BiOBrxI1−x/BiOBr and BiOX (X=Br, I).

Scheme 1. Enhanced exciton and carrier photocatalytic mechanisms of
BiOBrxI1−x/BiOBr.
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4. Conclusion

In this work, we successfully in-situ synthesized the BiOBr/
BiOBrxI1−x heterostructure photocatalysts and witnessed its excellent
molecular oxygen activation ability through efficient characterization
results. The improved photocatalytic efficiency for oilfield waste water
treatment and organic pollutants degradation also proved above result.
Besides, through the analysis of ROS, the both enhanced exciton and
carrier photocatalytic mechanisms were also verified. The induced
amount of the photogenerated 1O2 and O2

%− were due to the enhanced
excition and carrier photocatalysis, which were promoted by the solid
solution structure and heterostructure of BiOBr/BiOBrxI1−x, respec-
tively. The enhanced molecular activation of BiOBr/BiOBrxI1−x sup-
ported the excellent water treatment capacity and organic pollutants
degradability when it was inspired by light.
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