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A B S T R A C T

The first synthetic study on PbBiO2Cl/BiOCl nanocomposite preparation using a controlled hydrothermal
method is reported. The composition and morphologies of the samples could be controlled by adjusting some
growth parameters, including reaction pH, Pb/Bi molar ratio, and temperature. All the samples are characterized
by XRD, TEM, XPS, SEM-EDS, FT-IR, BET, EPR, and UV–vis-DRS. The photodegradation activities are evaluated
against the de-colorization of crystal violet (CV) and 2-hydroxybenzoic acid (2-HBA) in aqueous solution under
visible light illumination. In particular, the catalytic performance illustrates the best reaction rate constant
2.763 × 10−1 h−1 once PbBiO2Cl/BiOCl is used as the photocatalyst for the degradation of CV; which is 3.01
and 2.12 times higher than the reaction rate constant of PbBiO2Cl and BiOCl being the photocatalysts,
respectively. This study reveals that PbBiO2Cl/BiOCl can be used for repressing the recombination of photo-
generated electron-hole pairs and contribute to the enhanced photocatalytic activity of semiconductors in the
visible-light-driven catalysis. The possible photocatalytic degradation mechanism is studied by using different
active species through EPR and adding suitable scavengers. The results reveal that the reactive O2

−, OH, h+, 1O2

play the major roles in the CV degradation.

1. Introduction

The elimination of toxic chemicals from wastewater has become one
of the most crucial aspects of contemporary pollution-control methods
because of the hazardous effects of these chemicals on living beings and
the environment. In face of an increasingly serious environmental
pollution and energy crunch, photocatalysis, as a suitable technology,
plays an important role in the degradation of pollutants and solar
energy conversion [1,2]. For the practical applications of photocata-
lysis, an environmentally powerful and cheap photocatalyst is an
important component [3]. CV, a cationic triphenylmethane dye, was
found the use as colorants in industry and as antimicrobial agents [4].
However, great trouble about the thyroid peroxidase-catalyzed oxida-
tion of the triphenylmethane class of dyes was arisen because the
reactions might produce various N-de-alkylated primary and secondary
aromatic amines, with the structures similar to aromatic amine
carcinogens [5]. Photocatalytic degradation of CV was studied using
several systems to generate active species, including heterojunctions
BiOI/g-C3N4 [6], BiOI/GO [7], SrFeO3-x/g-C3N4 [8], BiOCl/BiOBr [9],
BiOBr/PbBiO2Br [10], etc. and pure semiconductors BixAgyOz [11],

Bi2WO6 [12], TiO2 [13], etc. As shown in Table 1, mixed oxide based
photocatalysts have obtained remarkable interests in recent years
because of their suitable band gaps, stability, and relatively superior
photocatalytic activities. It is found that the mixed oxide based
photocatalysts shows higher photocatalytic activities than pure metal
oxide based photocatalysts for the photocatalytic degradation of
remediation [8–10,12–15].

During the last two decades, besides the focused work on TiO2

modifications, many efforts were made to develop other novel efficient
photocatalysts [16–19]. Recently, Bi-based oxychlorides have drawn
our attentions to their potential application as novel photocatalysts
owing to their unique layered structures and high chemical stabilities
[13,20,21]. The original Bi-based oxychlordie is the Sillén family
expressed by [M2O2][Clm] (m = 1–3) [22,23] where bismuth oxide-
based fluorite-like layers, [M2O2], are inter-grown with single, double,
or triple chlorine layers to construct such compositions as PbBiO2Cl,
BiOCl, et al. Sillen's phases are an adaptive structure series of
oxyhalides originally investigated by Sillen and co-workers in the
1940′s [24]. The structures of these compounds consist of [M2O2]
layers (M = Pb, Bi, Cd, Ba, Sr) intermixed with either halogen or metal
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halogen layers. Two examples of these phases are BiOCl and PbBiO2Cl
which consist of [M2O2] + 2 halogen and [M2O2] + 1 halogen layers
respectively. The Aurivillius intergrowth phases consist of perovskite
blocks sandwiched between the [Bi2O2]2+ slabs and can be described
with a general formula [Bi2O2]- An−1BnO3n+1, where A is a large alkali,
alkali-earth, rare-earth, or Pb2+ cation, and B is a d0 transition metal
cation, such as Nb5+, W6+, Ta5+, or Ti4+ [25]. The extended Bi-based
oxychlorides are the Sille’n–Aurivillius intergrowth [Bi2O2][An−1BnO3n

+1][Bi2O2][Clm] [13,21] where the Aurivillius family [Bi2O2]
[An−1BnO3n+1] is intergrown with the structure-similarity Sillén family
[Bi2O2][Clm], Xm], where n is the number of perovskite layers and m is
the number of halide layers, such as Bi4TaO8Cl, Bi4NbO8Cl, etc. These
oxychloride compounds are of interest as selective oxidation catalysts
[13], ferroelectric materials [21] and pigments [26].

Bi-based layered structure compounds, within Aurivillius family, such
as Bi2WO6 [27], Bi4Ti3O12 [28], BiVO4 [29], BiOX (X= Cl, Br, I)
[9,30–32], etc., have been extensively explored as highly efficient
photo-catalysts due to their unique layered structure and high catalytic
activity. It is thought that the Bi 6 s and O 2p levels can make a largely
dispersed hybridized valence band, which favors the mobility of photo-
generated holes and the oxidation reaction, inducing efficient separation
of photo-generated electron-hole pairs and then improving the photo-
catalytic efficiency [33]. Many inorganic materials have modular struc-
tures, where individual units are responsible for different functions. The
[Bi2O2]2+ slabs with the α-PbO type structure as well as simple halide
layers are effective spacers in some layered functional materials [25].
Previous reports discussed mainly electronic reasons for the different
photocatalytic activity of layered PbBiO2X-type materials (X = Cl, Br, I)
[10,14,34–36]. However, crystal-chemical arguments should also be
taken into consideration to explain the photocatalytic properties of the
compounds. A possible reason for the different catalytic activity of the
oxides may be derived collectively from their crystal structures, their
optic, and their redox properties. All the solid materials under discussion
crystallize in a layered structure. They exhibit covalent metal oxygen
layers [PbBiO2] + separated by halide layers, which are stacked along
[001]. One can assume that the crystal surface consists of metal oxygen
layers, i.e., the metal atoms are expected to form the (001) surfaces. In
the case of bismuth compounds, the metal position was statistically
occupied by lead and bismuth with the ratio 1:1 [37,38]. It was reported
that the band gaps of PbBiO2I [14], PbBiO2Br [10,34], and PbBiO2Cl [35]
were 2.39, 2.47, and 2.53 eV, respectively. It seemed that the gaps of all
these semiconductors were in the visible-light range to catalyze the
photocatalytic reaction.

Recently, the development of visible-light-driven photocatalysts has
obtained considerable attention as an alternative in wastewater treat-
ment. An effective and simple tactic to improve the photocatalytic

activity of a photocatalyst is the incorporation of a heterostructure,
because heterojunctions have great potential for tuning the wished
electronic properties of photocatalysts and efficiently separating the
photogenerated electron–hole pairs [39–41]. So far, a heterojunction
concerned PbBiO2Br, such as PbBiO2Br/BiOBr and PbBiO2Br/NbSe2,
has been reported and exhibited the enhanced photocatalytic efficiency
[10,42]. Therefore, it is feasible for PbBiO2Br being partly transformed
into NbSe2 via a thermodynamically favored direction through the ion
exchange reaction, which allows the exchange between the component
ions and the incoming species [43], to consequently obtain the
PbBiO2Br/NbSe2 heterojunction.

To the best of our knowledge, nanocomposite semiconductors
consisting of PbBiO2Cl and BiOCl have not yet been reported in the
literature. This is the first report that PbBiO2Cl/BiOCl composites are
prepared by a template-free hydrothermal method. Through degrading
CV and 2-HBA in aqueous solution under visible-light irradiation, the
photocatalytic activities of PbBiO2Cl/BiOCl composites are further
discussed.

2. Experimental details

2.1. Materials

Pb(NO3)2·H2O, ammonium oxalate (Osaka), 2-hydroxybenzoic acid
(salicylic acid), Bi(NO3)3·5H2O (Katayama), CV dye (TCI), p-benzoqui-
none (Alfa aesar), sodium azide (Sigma-Aldrich), and isopropanol
(Merck) were purchased and used without further purification.
Reagent-grade HNO3, NaOH, CH3COONH4, and HPLC-grade methanol
were obtained from Merck.

2.2. Instruments and analytical methods

The Brunauer-Emmett-Teller (BET) specific surface areas of the
samples (SBET) were measured with an automated system (Micrometrics
Gemini) using nitrogen gas as the adsorbate at liquid nitrogen
temperature. The field-emission transmission electron microscopy
(FE-TEM) images, selected area electron diffraction (SAED) patterns,
high resolution transmission electron microscopy (HRTEM) images, and
energy-dispersive X-ray spectra (EDS) were obtained using JEOL-2010
with an accelerating voltage of 200 kV. The X-ray diffraction (XRD)
patterns were recorded on a MAC Science MXP18 equipped with Cu-Κα
radiation, operating at 40 kV and 80 mA. Field emission scanning
electron microscopy-electron dispersive X-ray spectroscopy (FE-SEM-
EDS) measurements were carried out using a JEOL JSM-7401F at an
acceleration voltage of 15 kV. The Al-Kα radiation was generated at
15 kV. High resolution X-ray photoelectron spectroscopy (HRXPS)

Table 1
Photocatalytic properties of mixed oxide based photocatalysts for the degradation of remediation under visible light irradiation.

Mixed oxide based
photocatalyst

Mass fraction of
mixed oxide (%)

Parameters of photocatalytic
experiments

Photocatalytic
activity

Reference Photocatalyst/
photocatalytic activity

Enhancement factor Reference

SrFeO3-x/g-C3N4 4 Crystal violet
Chloramphenicol

95% decomposition in
24 h
97% decomposition in
24 h

g-C3N4: 21%
SrFeO3-x: 1%

–
4.77
4.8

[8]

Bi3O4Cl/Bi24O31Br10 – Crystal violet 99% in 48 h – – [9]
PbBiO2Br/BiOBr – Crystal violet 98% in 72 h. PbBiO2Br: 33%

BiOBr: 50%
3
2

[10]

SrBiO2Br 5% Rhodamine B 68% in 12 h. – –
7.3

[13]

F-Bi2MoO6 20%F Rhodamine B
Phenol
Bisphenol A
4-Chlorophenol

88.0% in 100 min.
45.3% in 100 min.
74.7% in 100 min.
33.6% in 100 min.

Bi2MoO6: 30%
Bi2MoO6: 11.2%
Bi2MoO6: 33%
Bi2MoO6: 53%

3.5
8.9
3.0
1.9

[15]

PbBiO2I – Nitrobenzene 4% – – [14]
Bi2WO6 – Crystal violet 92.1% in 24 h – – [12]
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measurements were carried out using ULVAC-PHI. The Ultra-violet
photoelectron spectroscopy (UPS) measurements were performed using
ULVAC-PHI XPS, PHI Quantera SXM. Waters ZQ LC/MS system,
equipped with a binary pump, a photodiode array detector, an
autosampler, and a micromass detector, was used for separation and
identification. The amount of residual dye at each reaction cycle was
determined by HPLC–MS. The analysis of organic intermediates was
accomplished by HPLC–MS after readjustment of chromatographic
conditions in order to make the mobile phase (Solvent A and B)
compatible with the working conditions of the mass spectrometer.
Solvent A was 25 mM aqueous ammonium acetate buffer (pH 6.9), and
solvent B was methanol. LC was carried out on an Atlantis ™ dC18
column (250mm × 4.6 mm i.d., dp = 5 μm). The mobile phase flow
rate was 1.0 mL/min. A linear gradient was run as follows: t = 0,
A = 95, B = 5; t = 20, A = 50, B = 50; t = 35–40, A = 10, B = 90;
t = 45, A = 95, B = 5. The column effluent was introduced into the
ESI source of the mass spectrometer.

2.3. Synthesis of PbBiO2Cl/BiOCl

1, 3 mmol Pb(NO3)2·H2O and 3 mmol Bi(NO3)3·5H2O were first
mixed in a 50 mL flask, and followed by adding 30 mL H2O. With
continuous stirring, 2 M NaOH was added dropwise to adjust the
pH = 1–14. The solution was then stirred vigorously for 30 min and
10 mL solution was transferred into a 30 mL Teflon-lined autoclave,
which was heated up to 100–250 °C for 12 h and then naturally cooled
down to room temperature. These resulted solid precipitate was
collected by filtration, washed with deionized water and methanol to
remove any possible ionic species in the solid precipitate, and then
dried at 60 °C overnight. Depending on the Pb(NO3)2·H2O/Bi
(NO3)3·5H2O molar ratio (1:3, 3:3), pH value, temperature, and
reaction time, the samples were synthesized and labeled as shown in
Table 2; the as-prepared samples were labeled from P1BC1-150-1-12 to
P3BC1-250-13-12

2.4. Photocatalytic experiments

The CV irradiation experiments were carried out on stirred aqueous
solution contained in a 100-mL flask; the aqueous suspension of CV
(100 mL, 10 ppm) and the amount of catalyst powder were placed in a
Pyrex flask. The pH of the suspension was adjusted by adding either
NaOH or HNO3 solution. Dark experiments were performed in order to
examine the adsorption/desorption equilibrium. 10 mg of the photo-
catalyst was mixed with 100 mL CV aqueous solution with a known
initial concentration in a 100 mL flask and the mixture was shaken in an
orbital shaker (100 rpm) at a constant temperature. The mixture was
centrifuged at 3000 rpm in a centrifugation machine after batch
sorption experiments so that the absorbance of CV could be determined
at 580 nm by means of HPLC–MS. The concentrations of the solutions
were determined using linear regression equation. Prior to the irradia-
tion, the suspension was magnetically stirred in dark for ca. 30 min to
establish an adsorption/desorption equilibrium between the CV and the

catalyst surface. Irradiation was carried out using 150 W Xe arc lamps,
the light intensity was fixed at 31.2 W/m2, and the reaction vessel was
placed 30 cm away from the light source. At given irradiation time
intervals, a 5-mL aliquot was collected and centrifuged to remove the
catalyst. The supernatant was measured by HPLC–MS.

A different quencher was introduced to scavenge the relevant active
species in order to evaluate the effect of the active species during the
photocatalytic reaction. Active species, %OH, O2%

−, h+, and 1O2, were
studied by adding 1.0 mM isopropanol (IPA, a quencher of %OH) [44],
1.0 mM benzoquinone (BQ, a quencher of O2%

−) [45], 1.0 mM ammo-
nium oxalate (AO, a quencher of h+) [46], and 1.0 mM sodium azide
(SA, a quencher of 1O2 [47], respectively. The method was similar to
the former photocatalytic experiments [7,8].

3. Results and discussion

3.1. Characterization of as-prepared samples

3.1.1. XRD
Figs. 1 and S1–S5 show the XRD patterns of the as-prepared

samples; the patterns clearly show the existence of the composites, o-
PbBiO2Cl/BiOCl, t-PbBiO2Cl/Bi2O3, BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O,
o-PbBiO2Cl/PbO/BiOCl, PbO/BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O, and o-
PbBiO2Cl/PbO/BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O. Table 3 summarizes
the results of the XRD measurements. All the samples as-prepared
contain o-PbBiO2Cl phase (JCPDS 075-2095), t-PbBiO2Cl phase (JCPDS
039-0802), BiOCl phase (JCPDS 085-0861), PbO phase (JCPDS 085-
1287), Bi6O6(OH)3(NO3)3·1.5H2O phase (JCPDS 053-1038), and Bi2O3

(JCPDS 71-0465).

Table 2
Codes of as-prepared samples under different hydrothermal conditions. (Pb(NO3)2/Bi(NO3)3 = 1/3–3/3, KCl = 1 mmol, pH = 1–13, temp = 150–250 °C, time = 12 h).

Temperature (°C)/
Molar ratio (Pb:Bi)

pH value

1 4 7 10 13

150(1:3) P1BCl-150-1-12 P1BCl-150-4-12 P1BCl-150-7-12 P1BCl-150-10-12 P1BCl-150-13-12
150(3:3) P3BCl-150-1-12 P3BCl-150-4-12 P3BCl-150-7-12 P3BCl-150-10-12 P3BCl-150-13-12

200(1:3) P1BCl-200-1-12 P1BCl-200-4-12 P1BCl-200-7-12 P1BCl-200-10-12 P1BCl-200-13-12
200(3:3) P3BCl-200-1-12 P3BCl-200-4-12 P3BCl-200-7-12 P3BCl-200-10-12 P3BCl-200-13-12

250(1:3) P1BCl-250-1-12 P1BCl-250-4-12 P1BCl-250-7-12 P1BCl-250-10-12 P1BCl-250-13-12
250(3:3) P3BCl-250-1-12 P3BCl-250-4-12 P3BCl-250-7-12 P3BCl-250-10-12 P3BCl-250-13-12

Fig. 1. XRD patterns of as-prepared samples under different pH values, at reaction
temperature 200 °C and reaction time 12 h. (Molar ratio Pb(NO3)2/Bi(NO3)3 = 3/3,
KCl = 1mmol).
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Table 3
Crystalline phase changes of as-prepared samples under different hydrothermal conditions. (Pb(NO3)2/Bi(NO3)3 = 1/3–3/3, KCl = 1 mmol, pH = 1–14,
temp = 150–250 °C, time = 12 h).

Fig. 2. FE-TEM images, SAD, mapping, and EDS of (a) BiOCl/o-PbBiO2Cl (P3BCl-200-13-12), and (b) BiOCl/PbO/o-PbBiO2Cl (P3BCl-250-10-12) samples by the hydrothermal autoclave
method.
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3.1.2. TEM
Fig. 2 displays that o-PbBiO2Cl/BiOCl and o-PbBiO2Cl/PbO/BiOCl

are composed of different-size layers, consistent with the TEM observa-
tions. In addition, the EDS spectrum shows that the sample contains the
elements of Bi, Pb, Cl, and O. In Fig. 2(a), the HRTEM image
demonstrates that two sets of lattice images are obtained with d-
spacings of 0.377 and 0.369 nm, corresponding to the (111) plane of o-
PbBiO2Cl and the (002) plane of BiOCl, and the d-spacings of 0.286,
0.279, and 0.344 nm corresponded to the (113) plane of o-PbBiO2Cl,
the (110) plane of PbO, and the (002) plane of BiOCl (Fig. 2(b)),
respectively, which is in strong agreement with the XRD results. The
results suggest that the o-PbBiO2Cl/BiOCl and o-PbBiO2Cl/PbO/BiOCl
phases have been formed in the composites, which are favorable for the
separation of photoinduced carriers, yielding high photocatalytic
activities.

3.1.3. XPS
Fig. 3 presents the Bi 4f, Pb 4f, O 1s, and Cl 2p XPS spectra of the o-

PbBiO2Cl/BiOCl composites. Observation of the transition peaks invol-
ving the Bi 4f, Pb 4f, O 1s, and Cl 2p orbitals identifies that the catalysts
are composed of Bi, Pb, O, and Cl. The characteristic binding energy
value 158.0 eV for Bi 4f7/2 (Fig. 3(a)) shows a trivalent oxidation state
for bismuth. A similar chemical binding for Bi 4f7/2 was also reported
by Liao et al. [48]. From Fig. 3(b), the binding energy 136.9-137.5 eV is
attributed to Pb 4f7/2 respectively, which could be pointed to Pb at the
divalent oxidation state [49]. Kovalev et al. demonstrated that the
particle size of PbS could be correlated with observable changes in the

binding energy of the Pb XPS peak. They reported that relative integral
intensity of the peak depended upon the fraction of particle in the
specific region [50,51], which indicated that higher successive ionic
layer adsorption and reaction cycle led to the formation of the fraction
of bigger and smaller particles on the surface of titania nanotube. The
4f5/2 peak observed at 137.8 and 138.9 eV is due to the presence of two
different particle sizes of PbS formed in TiO2 nanotube arrays. The
asymmetric O 1s peak shown in Fig. 3(c) can be split by using the XPS
peak-fitting program. The peak at 530.4 eV is assigned to the external
eOH group or the water molecule adsorbed on the surface, and the
other O 1s peak appearing at 528.8 eV corresponds to lattice oxygen
atoms in PbBiO2Br/BiOBr [32]. From Fig. 3(d), the binding energy of
196.8–197.0 eV and 198.3-198.6 eV is referred to Cl 2p3/2 and Cl 2p1/2
respectively which can be assigned to Cl at the monovalent oxidation
state. These results agree with those of XRD and TEM experiment.

According to earlier studies [48,52,53], a series of bismuth oxybro-
mides in the formation process were reported by Chen et al. The
proposed processes for the formation of o-PbBiO2Cl/BiOCl and o-
PbBiO2Cl/PbO/BiOCl composites are described in equations 1–10.
The results demonstrate a series of changes in the compounds prepared
at different hydrothermal conditions, described as BiOCl → Bi4O5Cl2 →
Bi24O31Cl10 → Bi3O4Cl → Bi5O7Cl → Bi12O17Cl2 → Bi2O3, PbCl2 → Pb
(OH)Cl → PbBiO2Cl, and PbCl2 → Pb(OH)2 → PbO. By controlling the
pH of the hydrothermal reaction, different compositions are obtained as
follows.

Bi3+ + 3OH− → Bi(OH)3(s) (1)

Fig. 3. XPS spectra of as-prepared samples under different pH values, at reaction temperature 200 °C and reaction time 12 h. (Molar ratio Pb(NO3)2/Bi(NO3)3 = 3/3, KCl = 1mmol). (a)
Bi 4f, (b) Pb 4f, (c) O 1s, (d) Cl 2p.
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12Bi(OH)3(s) + 6HNO3 → 2[Bi6O6(OH)3(NO3)3·1.5H2O]
2[Bi6O6(OH)3(NO2[Bi6O6(OH)3(NO3)3·1.5H2O]3)3·1·5H2O](s)
+ 15H2O (2)

2Bi(OH)3(s) + Cl− → BiOCl(s) + H2O + OH− (3)

Bi3+ + 3Cl− → BiCl3(s) (4)

BiCl3(s) + 2OH− → BiOCl(s) + 2Cl− + H2O (5)

Pb2+ + 2Cl− → PbCl2(s) (6)

PbCl2(s) + OH− → Pb(OH)Cl(s) (7)

Pb(OH)Cl(s) + 2OH− → Pb(OH)2 (8)

BiOCl(s) + Pb(OH)2 → PbBiO2Cl(s) + H2O (9)

Pb(OH)2 → PbO(s) + H2O (10)

3.1.4. Morphological structure and composition
Figs. 4 and S5–S9 show the FESEM images of the composites o-

PbBiO2Cl/BiOCl, t-PbBiO2Cl/Bi2O3, BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O,
o-PbBiO2Cl/PbO/BiOCl, PbO/BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O, and o-
PbBiO2Cl/PbO/BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O at high magnifica-
tion, respectively. From the observations, o-PbBiO2Cl, t-PbBiO2Cl,
PbO, BiOCl, Bi6O6(OH)3(NO3)3·1.5H2O samples show square-plate,
thin-square-plate, rod, nano-thin-sheet (or flower-like), and irregular-

Fig. 4. SEM images of as-prepared samples by the hydrothermal autoclave method at different pH values. (Molar ratio Pb(NO3)2/Bi(NO3)3 = 3/3, KCl = 1mmol, hydrothermal
conditions: pH = 1–13, temp = 200 °C, time = 12 h).
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nanosheet morphology, respectively. The SEM-EDS results demonstrate
that the main elements within these samples are lead, bismuth, oxygen,
and chlorine at Table 4 and Table S1. From above results, the
composites could be selectively synthesized through a controlled
hydrothermal method.

3.1.5. Optical absorption properties
As shown in Figs. 5 and S10–S14 for DR-UV of the as-prepared

samples, the absorption edge of the samples are around
362.5–505.1 nm, which originates from its band gap of 2.50–3.42 eV
(Table 5) and is consistent with the reported results [34,48]. Pure

PbBiO2Cl and BiOCl absorb only a small amount of visible light. The Eg
value of o-PbBiO2Cl/BiOCl is determined from a plot of (αhν)1/2 vs
energy (hν), which is calculated as 2.57 eV.

3.1.6. BET and adsorption-desorption isotherm
From Table 5 and S3–S4, the samples have SBET around

2.67–12.41 m2/g. However, the results of Table 5 and S3–S4 show that
the P5BC1-200-13-12 (PbBiO2Cl/BiOCl) sample—which shows the
middle SBET—does represent the highest photocatalytic activity
(k = 2.763 × 10−1 h−1) among the samples, suggesting that the
changes in the photocatalytic activity are resulted from PbBiO2Cl/
BiOCl composites.

Fig. 6(a) shows the nitrogen adsorption-desorption isotherm curves
of PbBiO2Cl/BiOCl. The isotherm of PbBiO2Cl/BiOCl is close to Type III
without a hysteresis loop at a highly relative pressure between 0.6 and
1.0 [54]. Fig. 6(b) shows the corresponding pore-size distribution (PSD)
of PbBiO2Cl/BiOCl samples. The PSD curve is mono-modal for the
samples, indicating large macropores (100–2000 nm). Because the
nanoplates (or nanosheets) does not contain pores (Figs. 2(a), 4(e),
and S6(e)), the large macropores may reflect porosity within nanoplates
(or nanosheets). The large macropores may attribute to the pores
formed between stacked nanoplates (or nanosheet), while the large
macropores may be ascribed to the pores formed between nanoplates
(or nanosheets). Such self-organized porous architectures may be
extremely useful in photocatalysis because they provide efficient
transport pathways for reactant and product molecules [55]. The pore

Table 4
XPS and EDS of as-prepared samples prepared under different reaction conditions. (Pb
(NO3)2/Bi(NO3)3 = 1/3–3/3, KCl = 1 mmol, pH = 1–14, temp = 150–250 °C,
time = 12 h).

Sample code XPS of atomic ratio (%) EDS of atomic ratio (%)

Pb Bi O Cl Pb Bi O Cl

P3BCl-200-1-
12

0.5 36.6 42.7 20.2 0.15 33.21 37.08 29.56

P3BCl-200-4-
12

10.5 25.5 51.1 12.9 7.18 23.24 58.77 10.80

P3BCl-200-7-
12

16.2 21.9 56.8 5.1 8.49 20.60 65.01 5.89

P3BCl-200-10-
12

21.3 19.0 53.7 6.1 12.98 16.50 64.95 5.57

P3BCl-200-13-
12

22.9 17.9 52.8 6.5 15.33 13.63 58.46 12.58

Fig. 5. UV–vis absorption spectra of the as-prepared photocatalysts under different pH
values. (Molar ratio Pb(NO3)2/Bi(NO3)3 = 3/3, KCl = 1mmol, reaction temp = 200 °C,
reaction time 12 h).

Table 5
Physical and chemical properties of as-prepared samples at different pH value. (Pb
(NO3)2/BiBr3 = 3/3, pH = 1–14, temp = 200 °C, time = 12 h).

Samples SBET
(m2 g−1)

Pore volume
(cm3 g−1)

Pore diameter
(nm)

Band gap
(eV)

P3BCl-200-1-
12

2.67 0.03 52.96 3.42

P3BCl-200-4-
12

14.74 0.19 51.80 3.18

P3BCl-200-7-
12

9.80 0.12 84.79 2.50

P3BCl-200-10-
12

12.41 0.20 84.98 2.52

P3BCl-200-13-
12

3.04 0.06 144.35 2.57

Fig. 6. (a) Nitrogen adsorption-desorption isotherms (inset) and (b) the corresponding
pore size distribution curve for BiOCl/o-PbBiO2Cl (P3BCl-200-13-12).
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parameters of the as-prepared samples are summarized in Table 5. The
pore volume and size of the PbBiO2Cl/BiOCl composite sample were
determined as the pore volume 0.0597 cm3/g and pore diameter
144.35 nm, respectively.

3.2. Photocatalytic activity

The changes in the UV–vis spectra during the photodegradation of
CV and SA in aqueous dispersions of PbBiO2Cl/BiOCl under visible light
irradiation are illustrated in Fig. 7. After visible light irradiation for
72 h, approximately 99.5% of CV and approximately 80% of SA are
decomposed. In Fig. 7(a), the characteristic absorption band of the CV
dye at approximately 588.4 nm decreases rapidly with slightly hypso-
chromic shifts (555.0 nm); however, no new absorption band appears
even in the ultraviolet range (λ > 200 nm), indicating the possible
formation of a series of N-de-methylated intermediates and the possible
cleavage of the whole conjugated chromophore structure of the CV dye.
Further irradiation causes the absorption band at 555.0 nm to decrease;
however, no further wavelength shift is observed, suggesting that the
band at 555.0 nm is that of the full N-de-methylated product of the CV
dye [8,9].

The degradation efficiency as a function of reaction time is
illustrated in Figs. 8 and S15–S19; the removal efficiency is significantly
enhanced in the presence of the as-prepared samples. After the
irradiation for 12 h, PbBiO2Cl/BiOCl (P5BC1-200-13-12) exhibits a
superior photocatalytic performance, with the CV removal efficiency
up to 99%. To further understand the reaction kinetics of CV degrada-

tion, the apparent pseudo-first-order model [56] expressed by the
equation of ln(Co/C) = kt is applied in the experiments. Via the first-
order linear fit of the data shown in Table 6, the k value of PbBiO2Cl/
BiOCl (P5BC1-200-13-12) is obtained as the maximum degradation rate
of 2.763 × 10−1 h−1, which is much higher than that of the other
composites; the PbBiO2Cl/BiOCl composite is a much more effective
photocatalyst than the others synthesized in this study.

It can be assumed that the enhanced photocatalytic activities of
composites could be ascribed to a synergistic effect, including high BET
surface area, the formation of the heterojunction, layered structure, and
low energy band structure. To investigate the BET surface area in the
heterostructures, the BET surface area of P3BCl-200-(1-13)-12 samples
are measured; the results are shown in Table 5. The lower BET surface
areas of P3BCl-200-13-12 (o-PbBiO2Cl/BiOCl) composites suggest that
they possess the lower photocatalytic activity. As is known, the photo-
catalysts are excited to generate electron–hole pairs directly after the
illumination in the photocatalytic process. Moreover, the photocatalytic
efficiency mainly depends on the recombination rate or the lifetime of the
photo-generated electron–hole pairs. The faster recombination occurs, the
less time is required for the chemical reactions. Therefore, PL spectra are
utilized for investigating the recombination rate of the photogenerated
electron–hole pairs. To investigate the separation capacity of the photo-
generated carriers in the heterostructures, the PL spectra of P3BCl-200-(1-
13)-12 samples are measured; the results are shown in Fig. 10. A strong
emission peak around 405 nm appears for the as-prepared samples, which
could have been derived from the direct electron–hole recombination of
band transitions. However, the characteristic emission peak around the

Fig. 7. Photocatalytic activity of BiOCl/o-PbBiO2Cl (P3BCl-200-13-12) for salicylic acid photocatalytic degradation under visible irradiation.

Fig. 8. Photocatalytic activity of BiOCl/o-PbBiO2Cl (P3BCl-200-13-12) for CV photo-
catalytic degradation under visible irradiation.

Table 6
Pseudo-first-order rate constants for the degradation of CV with photocatalysts under
visible light irradiation.

Samples K (h−1) R2 Samples K (h−1) R2

P3BCl-150-1-12 0.005 0.91 P1BCl-150-1-12 0.074 0.98
P3BCl-150-4-12 0.013 0.92 P1BCl-150-4-12 0.0135 0.90
P3BCl-150-7-12 0.020 0.94 P1BCl-150-7-12 0.0559 0.97
P3BCl-150-10-12 0.1304 0.95 P1BCl-150-10-12 0.0588 0.97
P3BCl-150-13-12 0.0148 0.90 P1BCl-150-13-12 0.0744 0.97

P3BCl-200-1-12 0.0043 0.93 P1BCl-200-1-12 0.0093 0.92
P3BCl-200-4-12 0.0407 0.95 P1BCl-200-4-12 0.0254 0.90
P3BCl-200-7-12 0.0335 0.91 P1BCl-200-7-12 0.0691 0.97
P3BCl-200-10-12 0.0427 0.93 P1BCl-200-10-12 0.056 0.94
P3BCl-200-13-12 0.2763 0.98 P1BCl-200-13-12 0.0815 0.92

P3BCl-250-1-12 0.0510 0.91 P1BCl-250-1-12 0.006 0.94
P3BCl-250-4-12 0.0042 0.91 P1BCl-250-4-12 0.0081 0.93
P3BCl-250-7-12 0.0583 0.98 P1BCl-250-7-12 0.0547 0.97
P3BCl-250-10-12 0.0541 0.92 P1BCl-250-10-12 0.0549 0.98
P3BCl-250-13-12 0.0444 0.97 P1BCl-250-13-12 0.0389 0.95

F.-Y. Liu et al. Catalysis Today 300 (2018) 112–123

119



lowest intensity 405 nm for P3BCl-200-13-12 (o-PbBiO2Cl/BiOCl) indi-
cates that the recombination of photogenerated charge carriers is greatly
inhibited. The efficient separation of charge could increase the lifetime of
charge carriers and enhance the efficiency of interfacial charge transfer to
the adsorbed substrates, thus improving the photocatalytic activity.
Comparison of rate constant by different photocatalysts is shown in
Table 6. The order of rate constant is as P3BCl-200-13-12 (o-PbBiO2Cl/
BiOCl, k = 0.2763) > P3BCl-150-10-12 (o-PbBiO2Cl/BiOCl/PbO,
k = 0.1304) > P3BCl-250-13-12 (o-PbBiO2Cl/BiOCl, k = 0.0444) >
P3BCl-150-13-12 (o-PbBiO2Cl/BiOCl, k = 0.0148). The photocatalytic
activity of the P3BCl-200-13-12 (BiOCl/o-PbBiO2Cl, k = 0.2763) hetero-
junctons reaches the maximum rate constant of 0.2763 h−1, 6 times
higher than that of P3BCl-250-13-12 (o-PbBiO2Cl/BiOCl), 19 times higher
than that of P3BCl-150-13-12 (o-PbBiO2Cl/BiOCl), and 2 times higher
than that of P3BCl-150-10-12 (o-PbBiO2Cl/BiOCl/PbO). The photocata-
lytic activity of the o-PbBiO2Cl/BiOCl composites reaches the maximum
rate constant 2.763 × 10−1 h−1, 3 times higher than that of PbBiO2Br
and 2 times higher than that of BiOCl. Thus, the o-PbBiO2Cl/BiOCl
heterojunctons may also play a role in enhancing the photocatalytic
activity.

The durability of PbBiO2C l/BiOCl is evaluated by recycling the
used catalyst. After each cycle, the catalyst is collected by centrifuga-
tion. No apparent loss is observed in the photocatalytic activity when
CV is removed in the 3rd cycle; even during the fifth run, the decline in
the photocatalytic activity is 10.2% (Fig. 9(a)). On the other hand, no
apparent loss is observed in the photocatalytic activity when 2-
hydroxybenzoic acid (salicylic acid; SA) is removed in the 2nd cycle;
even during the fifth run, the decline in the photocatalytic activity is
16.3% (Fig. 9(b)). The used PbBiO2Cl/BiOCl is also examined by XRD,
and no detectable difference is observed between the as-prepared and
the used samples (Fig. 9(c)); hence, PbBiO2Cl/BiOCl has good photo-
stability.

Photocatalysts are excited to generate electron–hole pairs directly
after the illumination in the photocatalytic process. Photocatalytic
efficiency depends mainly on the recombination rate or the lifetime
of the photogenerated electron–hole pairs. The faster the recombination
occurs, the shorter the chemical reaction time is. Therefore, PL spectra
are utilized for investigating the recombination rate of the photogen-
erated electron–hole pairs [57]. To investigate the separation capacity
of the photogenerated carriers in the heterostructures, the PL spectra of
P3BC1-200-1-12 to P3BC1-200-13-12 are measured; the results are
shown in Fig. 10. A strong emission peak at approximately 370 nm
appears on the as-prepared samples, which could have been derived
from the direct electron–hole recombination of band transitions.
However, the characteristic emission peak within the low intensity
370 nm for P3BC1-200-1-12 to P3BC1-200-13-12 indicates that the
recombination of photogenerated charge carriers is greatly inhibited.
The efficient separation of charge could increase the lifetime of charge
carriers and enhance the efficiency of interfacial charge transfer to the
adsorbed substrates, thus improving the photocatalytic activity [58].
The lowest relative PL intensities of PbBiO2Cl/BiOCl (P5BC1-200-13-
12) composites, as shown in Fig. 10, suggesting that they possess a
lower recombination rate of electron–hole pairs, resulting in their
higher photocatalytic activity, as shown in Fig. 8. The PL results
confirm the importance of the composites in hindering the recombina-
tion of electrons and holes and explain the reason for the increasing
photocatalytic performance of PbBiO2Cl/BiOCl composites.

3.3. Photodegradation mechanism of CV

In general, three possible reaction pathways are assumed to be
involved in the photodegradation of organic compounds by a photo-
catalyst, including (i) photocatalysis, (ii) photolysis, and (iii) dye
photosensitization [59]. In the photolysis process, a photoinduced
electron on the induced organism directly reacts with O2 to produce
an 1O2 that acts as an oxidant for the photolysis of organism [60]. In the

experiments, CV degradation induced by photolysis under visible light
in a blank experiment is not observable, CV is a structure-stable dye,
and the decomposition by the photolysis mechanism is negligible.

As people may know, various primary active species, such as HO%,
h+, O2

−%, H% and 1O2, could be generated during the photocatalytic
degradation reaction in UV–vis/semiconductor systems [60,61]. Dimi-
trijevic et al. [61] proposed that water, both dissociated on the surface
of TiO2 and in subsequent molecular layers, had a three-fold role of (i)
the stabilization of charges, preventing electron-hole recombination,
(ii) an electron acceptor, the formation of H atoms in a reaction of
photo-generated electrons with protons on the surface, −OH2

+, and
(iii) an electron donor, the reaction of water with photo-generated holes
to give %OH radicals. Ma et al. revealed that O2

−% was the main active

Fig. 9. (a) Cycling runs and (b) XRD patterns acquired before and after the photocatalytic
degradation of CV in the presence of P3BC1-200-13-12 (PbBiO2Cl/BiOCl).
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species for NO oxidation to NO3
− with TO2/g-C3N4 under visible and

UV light [62]. Zou’s group illustrated a typical Cu2O–reduced graphene
oxide photocatalyst being favorable for the production of O2

−% reactive
species for methylene blue [63]. Jiang et al. revealed that the
photogenerated h+ and O2

−% were the main oxidative species for the
degradation of methyl orange [64]. The generation of O2

−% could not
only inhibit the recombination of photoinduced charge carriers but also
benefit the de-chlorination of chlorinated phenol derivative. The
hydroxyl radical HO might only be formatted via an e− → O2

−%→
H2O2 → %OH route. Meanwhile, %OH radicals were formatted by
multistep O2

−% reduction in the system [65]. Kondrakov et al. reported
the study on the photocatalytic generation of free OH radicals (%OHfree)
in aqueous TiO2 suspensions using an 18O isotope labeling and a
“remote” photocatalysis approach. A probe compound, 1,3,5-trichlor-
obenzene (TCB), was adsorbed in pores of silica gel (SG) microparticles
to be shielded from the direct hole oxidation [66]. According to earlier
studies 63], the photocatalytic process was mainly governed by O2

−%,
rather than by %OH, e− or h+. In earlier study, CV photodegradation by
BiOmXn/BiOpXq (X, Y = Cl, Br, I) under visible light was dominated by
O2

−% oxidation being the main active species and %OH and h+ being
the minor active species [65,67]. On the basis of the references
presented above, it is proposed that the probability of forming %OH
should be much lower than that for O2

−%; however, %OH is an
extremely strong and nonselective oxidant, which leads to the partial
or complete mineralization of several organic chemicals.

In order to evaluate the effect of the active species during the
photocatalytic reaction, EPR measurement is used for scavenging the
relevant active species. From Fig. 11, not only are the characteristic
peaks of DMPO-%OH adducts observed, but the characteristic peaks of
the DMPO-O2

−% adducts are also observed under visible light irradiated
PbBiO2Cl/BiOCl suspension. Fig. 11(a), (b) shows that no EPR signal is
observed when the reaction is performed in the dark, while the signals
with the intensity corresponding to the characteristic peak of DMPO-%
OH and DMPO-O2

−% adducts [68] are observed during the reaction
process under visible light irradiation, and the intensity gradually
increases with the prolonged reaction time, suggesting that O2%

− and
OH being active species are formed in the presence of PbBiO2Cl/BiOCl
and oxygen under visible light irradiation.

In order to re-evaluate the effect of the active species during the
photocatalytic reaction, different quenchers are used for scavenging the
relevant active species. As shown in Fig. 11(c), the photocatalytic
degradation of CV is obviously affected by the addition of SA, AO, BQ,
and IPA quenching decreases evidently compared with that of no-

quenching, indicating that O2%
−, %OH, h+, and 1O2 are the major active

species in the mechanism of photocatalytic degradation of CV. Hence,
the quenching effects of scavengers and EPR illustrate that the reactive
O2%

−, %OH, h+, and 1O2 play the major role in the photocatalytic
degradation of CV.

The structure characterizations have proven that PbBiO2Cl/BiOCl is
a two-phase heterojunction. Considering that the heterojunction pre-
sents much higher photocatalytic activities than the component phase
alone, it is reasonable that there might be synergetic effect between
PbBiO2Cl and BiOCl. Actually, many researchers have noted the
synergetic effect in heterojunction systems consisting of two semicon-
ductors in contact [69,70] and attributed the effect to the efficient

Fig. 10. Photoluminescence (PL) spectra of the as-prepared photocatalysts under
different pH values and reaction temperature. (Molar ratio Pb(NO3)2/Bi(NO3)3 = 3/3,
KCl = 1mmol, reaction time 12 h).

Fig. 11. DMPO spin-trapping EPR spectra for (a) DMPO-%O2
− and (b) DMPO-%OH under

visible light irradiation with P5B3-200-10-12 (BiOCl/o-PbBiO2Cl). (c) Photodegradation
of CV dye BiOCl/o-PbBiO2Cl (P3BCl-200-13-12) in the presence of different scavengers
under solar light irradiation.
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charge transfer at the interface of two semiconductors, which would
result in an effective photoexcited electron–hole separation and,
consequently, enhance the photocatalytic activity. The driving force
of charge transfer originates from the matching band potentials.
Therefore, the suitable band potential is the precondition for the
synergetic effect of heterojunction photocatalysts. Typically for V2O5/
BiVO4 heterostructured photocatalysts [71], the conduction-band (CB)
potential level of BiVO4 is more negative than that of V2O5 so that
photogenerated electrons could migrate from BiVO4 to V2O5 driven by
the contact electric field. Fig. 12 shows the type-I heterostructure band
alignment [70] and the valence-band (VB) XPS spectra of PbBiO2Cl and
BiOCl. In the type-I band alignment, both VB and CB edges of PbBiO2Cl
are localized within the energy gap of BiOCl, forming the straddling
band alignment (Fig. 12). The VB and CB potentials of two different
semiconductors play a crucial role in the determination of the physical
features of photogenerated charges and the photocatalytic perfor-
mance. PbBiO2Cl/BiOCl heterojunction photocatalysts, the CB potential
level of BiOCl, are more negative than that of PbBiO2Cl so that
photogenerated electrons could migrate from BiOCl to PbBiO2Cl driven
by the contact electric field. As the CB potentials of BiOCl (0.39 eV) and
PbBiO2Cl (0.93 eV) are a little different, the photoexcited electron is
easy to transfer from the CB of BiOCl to the CB of PbBiO2Cl; and, the VB
potentials of BiOCl (3.77 eV) and PbBiO2Cl (3.46 eV) are also a little
different that the photoexcited holes are easy to transfer from the VB of
BiOBr to the VB of PbBiO2Cl. Therefore, PbBiO2Cl/BiOCl photocatalysts
show great increase in the separation extent and lifetime of the
photogenerated electrons, leading to the effective photodegradation
of CV under visible light irradiation.

The generation of O2
−% could not only inhibit the recombination of

photoinduced charge carriers but also benefit the degradation of CV.
The hydroxyl radical HO might be formatted by an e− → O2

−%→
H2O2 → %OH route and/or h+ with OH− and H2O species [72]. On the
basis of above reports, a proposed mechanism of degradation is
illustrated in Fig. 12. Once the electron and the hole reach the CB
and the VB of PbBiO2Cl, it induces the formation of active oxygen
species, which cause the degradation of CV. It is clear that, except for
the photodegradation of CV by the route of PbBiO2Cl/BiOCl-mediated
and photosensitized processes, another type of photocatalytic route
accounts for the enhanced photocatalytic activity. In Fig. 12, both the
photosensitized and photocatalytic processes are preceded concur-
rently. However, in photosensitized and photocatalytic processes,
O2%

− radicals are generated by the reaction of photogenerated and
photosensitized electrons with oxygen gas on the photocatalyst surface,
and %OH radicals are also generated by the reaction of O2%

− radicals
with H+ ion, 1O2 with electron, and hole h+ with OH− ion (or H2O).
These cycles continuously occur when the system is exposed to visible-

light irradiation [65]; and, after several cycles of photo-oxidation, the
degradation of CV by the produced oxidant species can be expressed by
Eqs. (11)–(12).

CV + O2
−/OH/h+/1O2 → degraded compounds (11)

(12) CV+%+ O2
−/OH/h+/1O2 → degraded compounds

In a visible-light-induced semiconductor system, hydroxylated
compounds were also identified for the photocatalytic degradation of
CV [65,67]. In earlier reports [72,73], the N-de-alkylation processes
were preceded by the generation of a nitrogen-centered radical, and the
destruction of the dye chromophore structure was preceded by the
formation of a carbon-centered radical in the photocatalytic degrada-
tion of CV dye under UV or visible light irradiation. The reaction
mechanisms for PbBiO2Cl/BiOCl-mediated photocatalytic processes
proposed in this research should offer some notion for the applications
to the decoloration of dyes.

4. Conclusions

The PbBiO2Cl/BiOCl heterojunctions have been synthesized by
using template-free hydrothermal methods for the first time. The
PbBiO2Cl/BiOCl heterojunctions show the type-I heterostructure band
alignment. The removal efficiency is significantly enhanced in the
presence of PbBiO2Cl/BiOCl. The increased photocatalytic activities of
PbBiO2Cl/BiOCl could be attributed to the formation of the heterojunc-
tion between PbBiO2Cl and BiOCl, which effectively suppresses the
recombination of photo-generated electron–hole pairs. It can be con-
cluded that the enhanced photocatalytic activities of PbBiO2Cl/BiOCl
materials could be owe to the formation of the heterojunction. The
quenching effects of scavengers and EPR illustrate that the reactive
O2%

−, %OH, h+, and 1O2 play the major role in the photocatalytic
degradation of CV. This work is useful for the synthesis of PbBiO2Cl/
BiOCl and the photocatalytic degradation of CV in future applications
to environmental pollution and control.
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