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A B S T R A C T

Bi superlattice structures at hierarchical BiOCl architectures were successfully synthesized via an in-situ re-
duction process. The nanosheet assembled BiOCl microflowers with exposed (001) facets acted as the precursor
and template of complex architectures. Bi nanopolygons or nanodots were selectively formed at the surface of
BiOCl nanosheets on controlling the reduction temperatures. Lamellar structure of BiOCl along [001] direction
facilitates the homogeneous distribution of the reduced Bi particles in Bi/BiOCl architectures and induces the
formation of superlattice structures. The Bi/BiOCl architectures with superlattice character as well as surface
plasmon resonance (SPR) effect of Bi nanoparticles expand superior visible-light photocatalytic activity on
colorless BPA degradation under guidance of RhB molecules.

1. Introduction

Semiconductor-based photocatalysts have received remarkable at-
tention for eliminating harmful organic pollutants in wastewater [1–5].
Layered bismuth oxyhalides (BiOX, X=Cl, Br, I) are appealing candi-
dates for the degradation of organic pollutants, because of their unique
optical, electrical and catalytic properties [6–10]. The intralayer
covalent bonding in [Bi2O2]2+ slabs and interlayer van der Waals in-
teraction of X− double slabs give BiOX unique anisotropic structural
feature [11–16]. Even though the internal electric field of BiOX along
[001] direction could favor the charge separation in photocatalytic
reactions, their fast recombination of photogenerated electron-hole
pairs and poor quantum yield limited the photocatalytic performances.

In recent years, Bi nanoparticles with promising surface plasmon
resonance (SPR) effect as noble metals are prevailing for the study of Bi
based photocatalysts [17–28]. Dong and coworkers reported that Bi
deposited (BiO)2CO3 microspheres showed drastically enhanced pho-
tocatalytic activity towards NO removal under visible-light irradiation
[24], which was attributed to the cooperative contribution of Bi na-
noparticles. Zhang group explained the efficient photocatalytic activity
of Bi/BiOBr heterojunctions as the reasons of not only the SPR effect
and efficient separation of electron-hole pairs by Bi nanoparticles, but
also the homogeneous structure of the complex sample [25]. Shi group
fabricated Bi/BiOCl heterostructure photocathodes for solar water
splitting study. They also ascribed the high photoelectrochemical (PEC)
activity of the system to the dual roles of Bi nanoparticles [26]. Song
group also reported that abundant oxygen vacancy in Bi/BiOCl

heterojunction photocatalyst further induced the enhancement of
photodegradation activity [22]. Compared to general noble metal
modifications, Bi nanoparticles generated from bismuth compounds
have high lattice matching with pristine crystals, and would have po-
tential to design Bi based complex photocatalysts with unique struc-
tures. Other group and our team found that bismuth oxyhalides with
superlattice structures demonstrated changeable electrical and photo-
catalytic properties [27,28]. The controllable integration of superlattice
structure to Bi/bismuth compound photocatalysts might offer intri-
guing possibility to develop novel photocatalytic systems.

In this work, flower-like Bi/BiOCl architectures with superlattice-
like structure were successfully synthesized via an aqueous in-situ re-
duction strategy. The initial formed BiOCl microflowers with exposed
(001) facets acted as the precursor and template of final complex
samples. Selective formation of Bi particles from [Bi2O2]2+ layers de-
termined the homogeneous structure of Bi/BiOCl complex samples. The
laminated BiOCl structures along [001] direction make the subsequent
formation of Bi layers just like a layer-by-layer formation process of a
film on the substrate, which would be the reason for superlattices in Bi
particles. Bi/BiOCl architectures with Bi superlattice polygons ex-
hibited superior photocatalytic performance to colorless BPA degrada-
tion under visible-light irradiation, 91% of BPA degraded in 20min
with help of minor amount of RhB (1 ppm). The degradation me-
chanism concerned the incident formation of holes formed at surface of
RhB sensitized BiOCl, the effect was similar to the oxygen vacancy. RhB
molecule acted as an electron transmitter to fast the separation of e−-
h+ pairs on Bi particles.
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2. Experimental section

2.1. Materials

All materials include bismuth nitrate (Bi(NO)3·5H2O), sodium hy-
pophosphite (NaH2PO2), sodium chloride (NaCl), polyethylene glycol
(PEG 6K), Rhodamine B (RhB), biphenol A (BPA) and ethanol were
purchased from Sinopharm Chemical Reagents Co., Ltd in analytical
grade, and used as received without further purification.

2.2. Synthesis

Hierarchical Bi/BiOCl architectures were prepared from Bi(NO3)3
by an aqueous reduction procedure using NaH2PO2 as reductant and
PEG 6K as morphology inducer. In a typical synthesis, 2.5 mL of Bi
(NO3)3 solution (1mol L–1) was first added into a three-neck flask at
room temperature (about 25 °C). Under continuous stirring, 10mL of
PEG 6K solution (0.18 gmL−1) and 40mL of NaCl solution
(0.3 mmol L−1) were successively added into the flask. After white
precipitates appeared in the solution for 5min, the flask was transferred
into a water bath, and 40mL of NaH2PO2 solution (5mol L–1) was
poured in to perform the reduction reaction. The temperature of the
water bath was manipulated in the range of 50−90 °C. The reduction
reaction accomplished 40min later. The precipitates were collected by
vacuum filtration, washed with deionized water and ethanol for three
times, and dried for 5 h at 60 °C in an air oven.

2.3. Characterization

The crystalline phase of samples was detected by a Shimadzu XRD-
6100 X-ray diffractometer at a scanning rate of 4° min–1 in the 2θ range
of 10°–80°. The morphology of samples was analyzed by a Hitachi S-
4800 field emission scanning electron microscope (FESEM).
Transmission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM) characterizations were accom-
plished in a Tecnai G2 F20 microscope. An energy dispersive X-ray
spectroscopy (EDS) analysis was made on a ∑IGMA microscope (Zeiss,
Germany). UV–vis diffuse reflectance spectrum (DRS) was recorded on
a UV–vis spectrometer (Shimadzu UV-2550) by using BaSO4 as re-
ference. The fluorescence spectrum was determined by a Hitachi 850-
luminescence spectrophotometer with a Xe lamp at room temperature.
The Raman spectrum was carried out on a Labram-010 laser confocal
Raman spectrometer. Thermo-gravimetric and differential thermal
analysis (TG-DTA) analysis was made on a BOIF WCT-1D differential
thermal analyzer in the temperature range of 50–600 °C. An electron
paramagnetic resonance spectrometer (JES-FA200, JEOL) was used at
room temperature for all the ESR measurements, and 500W Xenon
lamp filtered to generate visible-light (above 420 nm) was used as the
irradiation source.

2.4. Photocatalytic activity measurement

Photocatalytic activities of Bi/BiOCl samples were evaluated by
degrading model organic pollutant of colorless BPA under visible-light
irradiation. The photodegradation experiments underwent in a beaker
with Bi/BiOCl photocatalyst in 100mL of 20mg L–1 BPA solution. The
amount of photocatalysts in the degradation system was 100mg. The
simulated visible-light was irradiated by a 300W metal halogen lamp
with 420 nm filter. 2 mL of suspension was extracted from the beaker at
given time intervals and subsequently centrifuged (8500 rpm, 3min) to
remove sample powders. The concentration changes of organic pollu-
tants in solution were monitored by a UV–vis spectrophotometer (UV-
1800, Shimadzu).

3. Results and discussion

3.1. Structure and morphology

For the reason that the characters of BiOCl crystals would influence
the structure and property of final complex materials, BiOCl precursor
was kept to be prepared at 25 °C for 5min in all the experiments to
eliminate the influences. The reduction temperature was manipulated
in the range of 50–90 °C with reduction time of 40min to achieve the
in-situ synthesized Bi/BiOCl architectures. The obtained samples are
assigned as S1 (50 °C), S2 (60 °C), S3 (70 °C), S4 (80 °C) and S5 (90 °C)
for easy explanation. According to the experimental phenomena, the
Bi/BiOCl samples showed different color due to the variation of re-
duction temperature. The powder colors changed from white to light
gray, dark gray and finally to dark as the temperature enhanced, in-
dicating the increment of Bi content in the Bi/BiOCl samples.

XRD patterns of the five samples and BiOCl precursor are given in
Fig. 1. Peak intensities of BiOCl decreased with the increased tem-
peratures, while (012), (104) and (110) peaks of Bi crystals (JCPDS No.
85-1329) got strong. The results demonstrate that Bi content in the Bi/
BiOCl samples increases with the elevated reduction temperature. The
mass fractions (Wi) of Bi crystals in the five samples were estimated
through software Jade 5.0 according to the following equation [29]:
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Where Ii is the strongest integral intensity of phase i in XRD pattern,
RIRi value was obtained from software Jade 5.0. The Bi content of
samples S1–S5 was calculated to be 0%, 16.7%, 33.9%, 49.4% and
88.1%, respectively. No detectable Bi composition in sample S1 (50 °C)
might owe to its less amount of Bi crystals. To further precise the weight
fraction of Bi particles in Bi/BiOCl architectures, Energy Dispersive X-
ray spectroscopy (EDS) analysis was made on samples S1–S5. The EDS
results are given in Fig. S1 (Supporting information), and from which
the weight percent of the reduced Bi particles in Bi/BiOCl samples were
calculated to be 12.6%, 18.3%, 18.1%, 50.1% and 80.5%, as shown in
Table S1 (Supporting information). Because metallic Bi particles were
sensitive to oxygen in air to form bismuth oxide, the content of Bi
element was actually composed of metallic Bi, BiOCl and bismuth
oxide; and the content of O element came from surfactant PEG 6K,
bismuth oxide and BiOCl. Accordingly, it was difficult to estimate the
actual fraction of metallic Bi in Bi/BiOCl samples. The derived data in
Tab. S1 was calculated on the basis that samples were composed of Bi

Fig. 1. XRD patterns of BiOCl precursor (a) and Bi/BiOCl samples prepared under equal
reaction time of 40min and different reduction temperatures: (b) sample S1, 50 °C; (c)
sample S2, 60 °C; (d) sample S3, 70 °C; (e) sample S4, 80 °C; (f) sample S5, 90 °C.
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