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This is  the  first  report  that  PbBiO2Br/BiOBr  is  synthesized  by  a template-free  hydrothermal  method.  The
composition  and  morphologies  of  the samples  could  be controlled  by  adjusting  some  growth  param-
eters,  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  PbBiO2Br/BiOBr  photocatalysts  exhibit
enhanced  photocatalytic  activities  on the  degradation  of crystal  violet  (CV)  under  visible-light  irradiation.
In particular,  the  catalytic  performance  illustrates  the  best  reaction  rate  constant  1.257  ×  10−1 h−1 once
PbBiO2Br/BiOBr  is used  as  the  photocatalyst;  which  is 3  and  2 times  higher  than  the  reaction  rate  constant
of  PbBiO2Br  and BiOBr  being  the photocatalysts,  respectively.  This  study  reveals  that  PbBiO2Br/BiOBr
eterojunction
hotocatalytic
rystal violet

can  be  used  to suppress  the  recombination  of photoinduced  electron-hole  pairs  and  contribute  to  the
enhanced  photocatalytic  efficiency  of  semiconductors  in  the  visible-light-driven  catalysis.  The  possible
photodegradation  mechanism  is studied  by examining  different  active  species  through  EPR  and  adding
appropriate  scavengers.  The  results  demonstrate  that  the reactive  O2

− plays  the  major  and  OH the  minor
roles  in  the  CV  degradation.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

In face of an increasingly serious environmental pollutant and
nergy crunch, photocatalysis, as a suitable technology, plays an
mportant role in the degradation of pollutants and solar energy
onversion [1,2]. For the practical applications of photocatalysis, an
nvironmentally powerful and cheap photocatalyst is an important
omponent [3]. CV, a cationic triphenylmethane dye, was  found
he use as colorants in industry and as antimicrobial agents [4].
owever, great troubles were arisen about the thyroid peroxidase-

atalyzed oxidation of the triphenylmethane class of dyes because
he reactions might produce various N-de-alkylated primary and
econdary aromatic amines, with the structures similar to aromatic
mine carcinogens [5]. Photocatalytic degradation of CV was  stud-

ed using several systems that generated active species, including
eterojunctions SrFeO3-x/g-C3N4 [6], BiOX/BiOY(X, Y = Cl, Br, I) [7],
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ttp://dx.doi.org/10.1016/j.molcata.2016.03.021
381-1169/© 2016 Elsevier B.V. All rights reserved.
etc. and pure semiconductors BixAgyOz [8], Bi2WO6 [9], TiO2 [10],
ZnO [11], MTiO3 (M = Sr, Ba) [12,13], etc.

Over the past decades, a two-dimensional (2D) anisotropic
nanostructure of a semiconductor material, which is of a nanoscale
dimension in thickness only and infinite length in the plane, has
attracted great research interests [14]. In such a unique anisotropic
2D structure, photoinitiated charge carriers experienced two kinds
of limitation. The strong limitation (thickness) was necessary to
sufficiently increase the free energy of the conduction band elec-
trons for the photocatalytic degradation; meanwhile, the weak
limitation (length and width) was  needed to facilitate effective
delocalization of longer-living excitons and separated charges.
Thereby, the probability of photoinduced electron–hole recombi-
nation was  effectively minimized. Thus, the exploration of facile
and efficient methods for the synthesis of 2D nanomaterials might
greatly improve their current performance and open up new appli-
cations [15,16].

Recently, Bi-based layered structure compounds, within Auriv-

illius family, such as BiOX (X = Cl, Br, I) [17,18], Bi2WO6 [19], BiVO4
[20], Bi4Ti3O12 [21], etc., have been extensively searched as highly
efficient photocatalysts due to their unique layered structure and
high catalytic activities. It is thought that the Bi 6s and O 2p levels

dx.doi.org/10.1016/j.molcata.2016.03.021
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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an make a largely dispersed hybridized valence band, which favors
he mobility of photogenerated holes and the oxidation reaction,
nducing efficient separation of photogenerated electron-hole pairs
nd then improving the photocatalytic efficiency [22]. Many inor-
anic materials have modular structures, where individual units
re responsible for different functions. The [Bi2O2]2+ slabs with the
-PbO type structure as well as simple halide layers (Cl− or Br−) are
ffective spacers in some layered functional materials [23]. Previ-
us reports discussed mainly electronic reasons for the different
hotocatalytic activities of layered PbBiO2X-type materials (X = Cl,
r, I) [24–27]. However, crystal-chemical arguments should also
e taken into consideration to explain the photocatalytic proper-
ies of the compounds. A possible reason for the different catalytic
ctivities of the oxides may  be derived collectively from their crys-
al structures, their optic, and their redox properties. All the solid

aterials under discussion crystallize in a layered structure. They
xhibit covalent metal oxygen layers [PbBiO2] + separated by halide
ayers, which are stacked along [001]. One can assume that the crys-
al surface consists of metal oxygen layers, i.e., the metal atoms
re expected to form the (001) surfaces. In case of the bismuth
ompounds, the metal position was statistically occupied by lead
nd bismuth in the ratio 1:1 [28,29]. It was reported that the band
aps of PbBiO2Cl [25], PbBiO2Br [24], and PbBiO2I [26] were 2.53,
.47, and 2.39 eV, respectively. It seemed that the gaps of all these
emiconductors were in the visible-light range to catalyze the pho-
ocatalytic reaction.

Recently, the development of visible-light-driven photocatalyst
as obtained considerable attention as an alternative in wastew-
ter treatment. An effective and simple tactics to improve the
hotocatalytic activity of a photocatalyst is the incorporation
f a heterostructure, because heterojunctions have great poten-
ial for tuning the wished electronic properties of photocatalysts
nd efficiently separating the photogenerated electron–hole pairs
30–32]. So far, a heterojunction concerned PbBiO2Br, such as
bBiO2Br/NbSe2, has been reported and exhibited the enhanced
hotocatalytic efficiency [33]. Therefore, it is feasible for PbBiO2Br
eing partly transformed into NbSe2 via a thermodynamically
avored direction through the ion exchange reaction, which allows
he exchange between the component ions and the incoming
pecies [34], to consequently obtain the PbBiO2Br/NbSe2 hetero-
unction.

To the best of our knowledge, nanocomposite semiconductors
onsisting of PbBiO2Br and BiOBr have not yet been reported in the
iterature. This is the first report that PbBiO2Br/BiOBr composites
re prepared by a template-free hydrothermal method and char-
cterized by FE-SEM-EDS, XRD, HR-XPS, and UV-vis-DRS. Through
egrading CV in aqueous solution under visible-light irradiation,
he photocatalytic activities of PbBiO2Br/BiOBr composites are fur-
her discussed.

. Experimental Details

.1. Materials

Pb(NO)3
•H2O, ammonium oxalate (Osaka), CV dye (TCI), p-

enzoquinone (Alfa aesar), BiBr3, sodium azide (Sigma-Aldrich),
nd isopropanol (Merck) were purchased and used without fur-
her purification. Reagent-grade NaOH, HNO3, CH3COONH4, and
PLC-grade methanol were obtained from Merck.

.2. Instruments and analytical methods
The X-ray diffraction (XRD) patterns were recorded on a MAC
cience MXP18 equipped with Cu-K� radiation, operating at 40 kV
nd 80 mA.  Field emission scanning electron microscopy-electron
sis A: Chemical 417 (2016) 168–183 169

dispersive X-ray spectroscopy (FE-SEM-EDS) measurements were
carried out using a JEOL JSM-7401F at an acceleration voltage 15 kV.
The Al-K� radiation was  generated at 15 kV. The field-emission
transmission electron microscopy (FE-TEM) images, selected area
electron diffraction (SAED) patterns, high resolution transmis-
sion electron microscopy (HRTEM) images, and energy-dispersive
X-ray spectra (EDS) were obtained using JEOL-2010 with an
accelerating voltage of 200 kV. High resolution X-ray photoelec-
tron spectroscopy (HRXPS) measurements were carried out using
ULVAC-PHI. The Ultra-violet photoelectron spectroscopy (UPS)
measurements were performed using ULVAC-PHI XPS, PHI Quan-
tera SXM. The Brunauer-Emmett-Teller (BET) specific surface areas
of the samples (SBET) were measured with an automated sys-
tem (Micrometrics Gemini) using nitrogen gas as the adsorbate at
liquid nitrogen temperature. The mineralization of CV was mon-
itored by measuring the total organic carbon (TOC) content with
a Dohrmann Phoenix 8000Carbon Analyzer using a UV/persulfate
oxidation method by directly injecting the aqueous solution into
the instrument.

2.3. Synthesis of PbBiO2Br/BiOBr

1, 3, 5 mmol  Pb(NO3)2
•H2O and 3 mmol  BiBr3 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
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 fil-
tration, 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/BiBr3 molar ratio (1:3,
3:3, 5:3), pH value, temperature, and reaction times, the samples
were synthesized and labeled as shown in Table 1; the as-prepared
samples were labeled from P1B3-100-1-12 to P5B3-250-14-12

2.4. Photocatalytic experiments

The CV irradiation experiments were carried out on stirred
aqueous solution contained in a 100-mL flask; the aqueous sus-
pension 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 equi-
librium. 10 mg  of the photocatalyst 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-PDA-ESI-MS. The concentrations of the solutions were deter-
mined using linear regression equation. Prior to the irradiation,
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 from the light source. At given
irradiation time intervals, a 5-mL aliquot was collected and cen-
trifuged to remove the catalyst. The supernatant was measured by
HPLC-PDA-ESI-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. O2

•−, •OH, h+, and 1O2 were
studied by adding 1.0 mM benzoquinone (BQ, a quencher of O2

•−)
[35], 1.0 mM isopropanol (IPA, a quencher of •OH) [36], 1.0 mM
ammonium oxalate (AO, a quencher of h+) [37], and 1.0 mM sodium
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Table 1
Codes of as-prepared samples under different hydrothermal conditions. (Pb(NO3)2/BiBr3 = 1/3–5/3, pH = 1–14, temp = 100–250 ◦C, time = 12 h).

Temperature (◦C)/ pH value

Molar ratio (Pb:Bi) 1 4 7 10 13 14

100(1:3) P1B3-100-1-12 P1B3-100-4-12 P1B3-100-7-12 P1B3-100-10-12 P1B3-100-13-12 P1B3-100-14-12
100(3:3) P3B3-100-1-12 P3B3-100-4-12 P3B3-100-7-12 P3B3-100-10-12 P3B3-100-13-12 P3B3-100-14-12
100(5:3) P5B3-100-1-12 P5B3-100-4-12 P5B3-100-7-12 P5B3-100-10-12 P5B3-100-13-12 P5B3-100-14-12

150(1:3) P1B3-150-1-12 P1B3-150-4-12 P1B3-150-7-12 P1B3-150-10-12 P1B3-150-13-12 P1B3-150-14-12
150(3:3) P3B3-150-1-12 P3B3-150-4-12 P3B3-150-7-12 P3B3-150-10-12 P3B3-150-13-12 P3B3-150-14-12
150(5:3) P5B3-150-1-12 P5B3-150-4-12 P5B3-150-7-12 P5B3-150-10-12 P5B3-150-13-12 P5B3-150-14-12

200(1:3) P1B3-200-1-12 P1B3-200-4-12 P1B3-200-7-12 P1B3-200-10-12 P1B3-200-13-12 P1B3-200-14-12
200(3:3) P3B3-200-1-12 P3B3-200-4-12 P3B3-200-7-12 P3B3-200-10-12 P3B3-200-13-12 P3B3-200-14-12
200(5:3) P5B3-200-1-12 P5B3-200-4-12 P5B3-200-7-12 P5B3-200-10-12 P5B3-200-13-12 P5B3-200-14-12

-250-7
-250-7
-250-7

a
s

3

3

3

s
p
P
P
r
c

F
t

250(1:3) P1B3-250-1-12 P1B3-250-4-12 P1B3
250(3:3) P3B3-250-1-12 P3B3-250-4-12 P3B3
250(5:3) P5B3-250-1-12 P5B3-250-4-12 P5B3

zide (SA, a quencher of 1O2 [38], respectively. The method was
imilar to the former photocatalytic activity test.

. Results and Discussion

.1. Characterization of as-prepared samples

.1.1. XRD
Fig. 1 and Figs. S1-S3 show the XRD patterns of the as-prepared

amples; the patterns clearly show the existence of the pure
hase, PbBiO2Br and BiOBr, and the composites, PbBiO2Br/BiOBr,
b(OH)Br/BiOBr, PbBiO2Br/Pb(OH)Br/BiOBr, PbBiO2Br/Pb(OH)Br,

bBiO2Br/Bi12O17Br2, and PbBiO2Br/Bi2O3. Table 2 summarizes the
esults of the XRD measurements. All the samples as-prepared
ontain BiOBr phase (JCPDS 78–0348), PbBiO2Br phase (JCPDS

ig. 1. XRD patterns of as-prepared samples under different pH values, at reaction
emperature 200 ◦C and reaction times 12 h. (Molar ratio Pb(NO3)2/BiBr3 = 5/3).
-12 P1B3-250-10-12 P1B3-250-13-12 P1B3-250-14-12
-12 P3B3-250-10-12 P3B3-250-13-12 P3B3-250-14-12
-12 P5B3-250-10-12 P5B3-250-13-12 P5B3-250-14-12

38–1008), Pb(OH)Br phase (JCPDS 89–0624), Bi12O17Br2 phase
(JCPDS 37–0701), and Bi2O3 (JCPDS 71–0466).

3.1.2. TEM
Fig. 2 displays that PbBiO2Br/BiOBr, Pb(OH)Br/BiOBr, and

PbBiO2Br/Pb(OH)Br/BiOBr are composed of different-size layers,
consistent with the TEM observations. In addition, the EDS spec-
trum shows that the sample contains the elements of Bi, Pb, Br,
and O. In Fig. 2(a), the HRTEM image demonstrates that two sets of
lattice images are obtained with d-spacings of 0.641 and 0.193 nm,
corresponding to the (002) plane of PbBiO2Br and the (113) plane of
BiOBr, the d-spacings of 0.226 and 0.353 nm corresponded to the
(302) plane of Pb(OH)Br and the (101) plane of BiOBr (Fig. 2(b)),
and the d-spacings of 0.291, 0.211, and 0.281 nm corresponded
to the (103) plane of PbBiO2Br, the (213) plane of Pb(OH)Br,
and the (102) plane of BiOBr (Fig. 2(c)), respectively, which is in
strong agreement with the XRD results. The results suggest that
the PbBiO2Br/BiOBr, PbBiO2Br/Pb(OH)Br/BiOBr, Pb(OH)Br/BiOBr
phases have been formed in the composites, which are favorable
for the separation of photoinduced carriers, yielding high photo-
catalytic activities.

3.1.3. XPS
Fig. 3 presents the Bi 4f, Br 3d, Pb 4f, and O 1s XPS spectra of the

PbBiO2Br/BiOBr composites. Observation of the transition peaks
involving the Bi 4f, Br 3d, Pb 4f, and O 1s orbitals identifies that
the catalysts are composed of Bi, Br, Pb, and O. The characteristic
binding energy value 158.1 eV for Bi 4f7/2 (Fig. 3(a)) shows a triva-
lent oxidation state for bismuth. An additional spin–orbit doublet
with the binding energy of 155.7 eV for Bi 4f7/2 also reveals in all
samples, suggesting that certain parts of bismuth exist in the (+3-
x) valence state. This shows that the trivalent bismuth partially
reduces to the lower valence state by the hydrothermal method. A
similar chemical shift of approximately 2.4 eV for Bi 4f7/2 was also
published by Liao et al. [39]. They summarized that the Bi (+3−x)

formal oxidation state could most probably be ascribed to the sub-
stoichiometric forms of Bi within the Bi2O2 layer, and the formation
of the low oxidation state resulted in oxygen vacancy in the crys-
tal lattice. However, it is supposed in this study that the Bi (+3−x)

formal oxidation state could most likely be ascribed to the sub-
stoichiometric forms of Bi at the outer site of the particles, and the
formation of the low oxidation state results in oxygen vacancy in
the crystal surface, revealing that the main chemical states of the

bismuth element in the samples are not trivalent.

From Fig. 3(c), the binding energy 136.4 and 137.2 eV is
attributed to Pb 4f7/2 respectively, which could be pointed to Pb
at the divalent oxidation state [40]. Kovalev et al. demonstrated
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Table  2
Crystalline phase changes of as-prepared samples under different hydrothermal conditions. (Pb(NO3)2/BiBr3 = 1/3–5/3, pH = 1–14, temp = 100–250 ◦C, time = 12 h). BiOBr;

Bi12O17Br2; Pb(OH)Br; PbBiO2Br; Bi2O3.
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hat the particle size of PbS could be correlated with observable
hanges in the binding energy of the Pb XPS peak. They reported
hat relative integral intensity of the peak depended upon the frac-
ion of particle in the specific region [41,42], which indicated that
igher successive ionic layer adsorption and reaction cycle led to
he formation of the fraction of bigger and smaller particles on the
urface of titania nanotube. The 4f5/2 peak observed at 137.8 and
38.9 eV is due to the presence of two different particle sizes of
bS formed in TiO2 nanotube arrays. The asymmetric O 1s peak
hown in Fig. 3(d) can be split by using the XPS peak-fitting pro-
ram. The peak at 530.4 eV is assigned to the external −OH group
r the water molecule adsorbed on the surface, and the other O
s peak appearing at 528.8 eV corresponds to lattice oxygen atoms

n PbBiO2Br/BiOBr [43]. These results agree with those of XRD and
EM experiment.

According to earlier studies [39,44,45], a series of bis-
uth oxybromides in the formation process were reported

y Chen et al. The proposed processes for the formation of
bBiO2Br/BiOBr, PbBiO2Br/Pb(OH)Br/BiOBr, Pb(OH)Br/BiOBr
omposites are described in equations 1–8. The results
emonstrate a series of changes in the compounds pre-
ared at different hydrothermal conditions, described as
iOBr → Bi4O5Br2 → Bi24O31Br10 → Bi3O4Br → Bi5O7Br → Bi12O17
r2 → Bi2O3 and PbBr2 → Pb(OH)Br → PbBiO2Br. By controlling
he pH of the hydrothermal reaction, different compositions are
btained as follows.
i3+ + 3OH− → Bi(OH)3(s) (1)

Bi(OH)3(s) + Br−→ BiOBr(s) + H2O + OH− (2)
Bi3+ + 3Br−→ BiBr3(s) (3)

BiBr3(s) + 2OH−→ BiOBr(s) + 2Br− + H2O (4)

Pb2+ + 3Br−→ PbBr2(s) (5)

PbBr2(s) + OH− → Pb(OH)Br(s) (6)

Pb(OH)Br(s) + 2OH− → Pb(OH)2 (7)

BiOBr(s) + Pb(OH)2 → PbBiO2Br(s) + H2O (8)

3.1.4. Morphological structure and composition
Fig. 4 and Figs. S4-S14 show the FESEM images of the

pure BiOBr, PbBiO2Br and the composites PbBiO2Br/BiOBr,
PbBiO2Br/Bi12O17Br2, Pb(OH)Br/BiOBr, PbBiO2Br/Pb(OH)Br/BiOBr,
PbBiO2Br/Pb(OH)Br, PbBiO2Br/Bi2O3 at high magnification, respec-
tively. From the observations, PbBiO2Br, Pb(OH)Br, Bi12O17Br2,
Bi12O17Br2 samples show square-plate, rod, nano-thin-sheet (or
flower-like), and irregular-nanosheet morphology, respectively.
The SEM-EDS results demonstrate that the main elements within
these samples are lead, bismuth, oxygen, and bromine at Table 3
and S1-S2. From above results, the pure phase PbBiO2Br, BiOBr and
the composites PbBiO2Br/BiOBr could be selectively synthesized
through a controlled hydrothermal method.

3.1.5. Optical absorption properties

As shown in Fig. 5 and Figs. S15-S16 for DR-UV of the as-

prepared samples, the absorption edge of the pure phase PbBiO2Br
(or BiOBr) is around 500.0–529.9 (or 435.1–442.9) nm,  which orig-
inates from its band gap of 2.34–2.48 (or 2.80–2.85) eV (Table 4
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nd S3-S4) and is consistent with the reported results [24,39]. Pure
bBiO2Br and BiOBr absorb only a small amount of visible light. The

Fig. 2. FE-TEM images, SAD, mapping, and EDS of (a) P5B3-200-10-12, (b) P5B3-150-
sis A: Chemical 417 (2016) 168–183
Eg value of PbBiO2Br/BiOBr is determined from a plot of (�h�)1/2 vs
energy (h�), which is calculated as 2.39–2.72 eV.

4-12, and (c) P5B3-150-7-12 samples by the hydrothermal autoclave method.
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Fig. 2. (Continued).
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(Cont

3

a

Fig. 2. 
.1.6. BET and Adsorption-desorption isotherm
From Table 4 and S3-S4, the PbBiO2Br/BiOBr samples have SBET

round 6.60–15.85 m2/g. However, the results of Table 4 and S3-S4
inued).
show that the P5B3-200-10-12 (PbBiO2Br/BiOBr) sample—which
shows the middle SBET—does represent the highest photocat-
alytic activity (k = 6.01 × 10−2 h−1) among the samples, suggesting
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Fig. 3. High resolution XPS spectra of as-prepared P5B3-200-10

hat the changes in the photocatalytic activity are resulted from
bBiO2Br/BiOBr composites.

Fig. 6(a) shows the nitrogen adsorption-desorption isotherm
urves of PbBiO2Br/BiOBr, PbBiO2Br, and BiOBr. The isotherms of
bBiO2Br/BiOBr, PbBiO2Br, and BiOBr are close to Type VI with

 hysteresis loop at a highly relative pressure between 0.6 and
.0 [46]. The shape of the hysteresis loop is close to Type H3,
uggesting the existence of slit-like pores generally being formed
y the aggregation of plate-like particles, which is consistent
ith the self-assembled nanoplate-like or nanosheet-like morphol-

gy of samples. This result is consistent with the image results
f FE-SEM and TEM, showing that self-assembled nanosheets or
anoplates or nanosheets result in the formation of hierarchical
rchitectures. Fig. 6(b) shows the corresponding pore-size dis-
ribution (PSD) of PbBiO2Br/BiOBr and PbBiO2Br samples. The
SD curves are di-modal for the samples, indicating medium
esopores (10–30 nm)  and large macropores (100–2000 nm).

ecause the nanosheets do not contain pores (Figs. 2 and 4), the
edium mesopores may  reflect porosity within nanosheets. The

arge macropores may  attribute to the pores formed between

tacked nanosheets, while the large macropores may  be ascribed
o the pores formed between nanosheets. Such self-organized
orous architectures may  be extremely useful in photocatalysis
ecause they provide efficient transport pathways for reactant
bBiO2Br/BiOBr) samples. (a) Bi 4f; (b) Br 3d; (c) Pb 4f; (d) O 1s.

and product molecules [47]. The pore parameters of the as-
prepared samples are summarized in Table 4 and S3-S4. The
pore volume and size of the PbBiO2Br/BiOBr composite sam-
ple were determined as the pore volume 0.084–0.2284 cm3/g
and 45.84–69.47 nm,  respectively, compared to those of pure
PbBiO2Br (0.0346–0.1886 cm3/g and 46.34–64.30 nm)  and BiOBr
(0.0346–0.2218 cm3/g and 47.15–70.33 nm).

3.2. Photocatalytic Activity

The changes in the UV–vis spectra during the photodegrada-
tion of CV in aqueous dispersions of PbBiO2Br/BiOBr under visible
light irradiation are illustrated in Fig. 7(a). After visible light irra-
diation for 12 h, approximately 80.5% of CV is decomposed. During
visible light irradiation, the characteristic absorption band of the
CV dye at approximately 588.5 nm decreases rapidly with slightly
hypsochromic shifts (555.2 nm); however, no new absorption band
appears even in the ultraviolet range (� > 200 nm), indicating the
possible formation of a series of N-demethylated intermediates and
the possible cleavage of the whole conjugated chromophore struc-

ture of the CV dye. Further irradiation causes the absorption band
at 555.2 nm to decrease; however, no further wavelength shift is
observed, suggesting that the band at 555.2 nm is that of the full
N-demethylated product of the CV dye [6,7].
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ig. 4. SEM images of as-prepared samples by the hydrothermal autoclave meth
H  = 1–14, temp = 200 ◦C, time = 12 h).

The complete degradation of an organic molecule by photocatal-
sis normally leads to the conversion of all its carbon atoms to
aseous CO2 and of the heteroatoms into inorganic anions that
emain in solution. To study the total mineralization of CV, the
otal organic carbon (TOC) was determined as a function of irra-
iation time. Fig. 7(b) shows the decrease in the TOC percentage of
V during the photocatalytic degradation. The complete removal
f 10 mg/L of CV was achieved after 96 h of treatment, and the
orresponding carbon mineralization was 43%. The treatment was
rolonged to 144 h to test whether the mineralization could be
ompleted as well. Approximate 91% of CV was mineralized within
44 h of photocatalytic reaction time. Complete mineralization of
V was not achieved after 144 h of oxidation although CV disap-
eared after 96 h. This significant difference between degradation

fficiency and mineralization efficiency implies that the products
f CV oxidation mostly stayed at the intermediate product stage
nder the present experimental conditions.
different pH values. (Molar ratio Pb(NO3)2/BiBr3 = 5/3, hydrothermal conditions:

The degradation efficiency as a function of reaction time is
illustrated in Fig. 8 and Figs. S17-S19; the removal efficiency is sig-
nificantly enhanced in the presence of the as-prepared samples.
After the irradiation for 72 h, P5B3-200-10-12 (PbBiO2Br/BiOBr)
exhibits a superior photocatalytic performance, with the CV
removal efficiency up to 98%. To further understand the reaction
kinetics of CV degradation, the apparent pseudo-first-order model
[48] expressed by ln(Co/C) = kt equation is applied in the experi-
ments. Via the first-order linear fit of the data shown in Table 4
and Table S3-S4, the k value of P5B3-200-10-12 (PbBiO2Br/BiOBr)
is obtained as the maximum degradation rate of 1.257 × 10−1 h−1

using the first-order linear fit of the data, which is much higher
than that of the other composites; the PbBiO2Br/BiOBr (P5B3-200-
10-12) composite is a much more effective photocatalyst than

the others synthesized in this study. The photocatalytic activity
of the PbBiO2Br/BiOBr heterojunctons reaches the maximum rate
constant 1.257 × 10−1 h−1, 3 times higher than that of PbBiO2Br
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ig. 5. UV–vis absorption spectra of the as-prepared photocatalysts under differen
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P3B3-200-13-12) and 2 times higher than that of BiOBr (P1B3-
00-1-12). Thus, the PbBiO2Br/BiOBr heterojunctons may  also play

 role in enhancing the photocatalytic activity.
The durability of PbBiO2Br/BiOBr is evaluated by recycling the

sed catalyst. After each cycle, the catalyst is collected by centrifu-
ation. No apparent loss is observed in the photocatalytic activity
hen CV is removed in the 3rd cycle; even during the sixth run, the

ecline in the photocatalytic activity is 4.5% (Fig. 9(a)). The used
bBiO2Br/BiOBr is also examined by XRD, and no detectable differ-
nce is observed between the as-prepared and the used samples
Fig. 9(b)); hence, PbBiO2Br/BiOBr has good photostability.

.3. Photodegradation Mechanism of CV

In general, three possible reaction pathways are assumed to be

nvolved in the photodegradation of organic compounds by a pho-
ocatalyst, including (i) photocatalysis, (ii) photolysis, and (iii) dye
hotosensitization [49]. In the photolysis process, a photoinduced
lectron on the induced organism directly reacts with O2 to pro-
values and reaction temperature. (Molar ratio Pb(NO3)2/BiBr3 = 5/3, reaction time

duce a 1O2 that acts as an oxidant for the photolysis of organism
[50]. 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 photo-
catalytic degradation reaction in UV-vis/semiconductor systems
[50,51]. Dimitrijevic et al. [51] proposed that the water, both dis-
sociated 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 forma-
tion of H atoms in a reaction of photo-generated electrons with
protons on the surface, −OH2

+, and (iii) an electron donor, the reac-
tion of water with photo-generated holes to give OH radicals. Ma
et al. revealed that O −• was  the main active species for NO oxi-
2
dation to NO3

− with TO2/g-C3N4 under visible and UV light [52].
Zou’s group illustrated a typical Cu2O–reduced graphene oxide
photocatalyst being favorable for the production of O2

−• reactive
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Table 3
EDS of as-prepared samples prepared under different reaction conditions.
(Pb(NO3)2/BiBr3 = 5/3, pH = 1–14, temp = 100–250 ◦C, time = 12 h).

Sample code EDS of atomic ratio (%)

Pb Bi O Br

P5B3-100-1-12 – 30.40 42.35 27.24
P5B3-100-4-12 3.31 24.01 46.83 25.85
P5B3-100-7-12 2.81 24.71 49.28 23.20
P5B3-100-10-12 6.24 21.86 46.09 25.81
P5B3-100-13-12 13.08 23.82 58.97 14.53
P5B3-100-14-12 15.08 16.74 53.76 14.42

P5B3-150-1-12 – 30.22 44.01 25.77
P5B3-150-4-12 14.04 16.65 45.44 23.88
P5B3-150-7-12 14.78 16.45 52.75 16.01
P5B3-150-10-12 11.52 19.43 50.33 18.71
P5B3-150-13-12 12.09 19.41 55.57 12.93
P5B3-150-14-12 13.64 21.73 46.51 18.12

P5B3-200-1-12 – 30.77 44.09 25.14
P5B3-200-4-12 21.50 22.37 34.36 21.77
P5B3-200-7-12 15.30 17.28 50.85 16.57
P5B3-200-10-12 24.06 21.12 37.70 17.12
P5B3-200-13-12 24.06 21.12 37.70 17.12
P5B3-200-14-12 22.74 15.88 44.06 17.33

P5B3-250-1-12 – 30.39 41.63 27.97
P5B3-250-4-12 17.55 12.08 55.68 14.68
P5B3-250-7-12 11.11 20.22 50.71 17.96
P5B3-250-10-12 17.11 15.16 50.45 17.29
P5B3-250-13-12 21.13 22.18 37.45 19.24
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Fig. 6. (a) N2 adsorption–desorption isotherm distribution curves and (b) the pore

Actually, many researchers have noted the synergetic effect in het-
erojunction systems consisting of two semiconductors in contact
P5B3-250-14-12 4.75 29.25 60.28 5.71

pecies for methylene blue [53]. Jiang et al. revealed that the pho-
ogenerated h+ and O2

−• were the main oxidative species for the
egradation of methyl orange [54]. The generation of O2

−• could
ot only inhibit the recombination of photoinduced charge car-
iers but also benefit the de-chlorination of chlorinated phenol
erivative. The hydroxyl radical HO might only be formatted via
n e− → O2

−• → H2O2 → •OH route. Meanwhile, •OH radicals were
ormatted by multistep O2

−• reduction in the system [55]. Kon-
rakov et al. reported the study on the photocatalytic generation of

ree OH radicals (•OHfree) in aqueous TiO2 suspensions using an 18O
sotope labeling and a “remote” photocatalysis approach. A probe
ompound, 1,3,5-trichlorobenzene (TCB), was adsorbed in pores of
ilica gel (SG) microparticles to be shielded from the direct hole
xidation [56]. According to earlier studies [53], the photocatalytic
rocess was mainly governed by O2

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

−• oxidation being
he main active species and •OH and h+ being the minor active
pecies [55,57]. On the basis of the references presented above, it
s proposed that the probability of forming •OH should be much
ower than that for O2

−•; however, •OH is an extremely strong
nd nonselective oxidant, which leads to the partial or complete
ineralization of several organic chemicals.

In order to evaluate the effect of the active species during
he photocatalytic reaction, EPR measurement is used for scav-
nging the relevant active species. From Fig. 10, not only are the
our characteristic peaks of DMPO-•OH adducts (1:2:2:1 quartet
attern) observed, but the six characteristic peaks of the DMPO-
2

−• adducts are also observed under visible light irradiated
bBiO2Br/BiOBr suspension. Fig. 10(a)(b) shows that no EPR signal

s observed when the reaction is performed in the dark, while the
ignals with intensity corresponding to the characteristic peak of
MPO-•OH and DMPO-O −• adducts [58] are observed during the
2

eaction process under visible light irradiation, and the intensity
radually increases with the prolonged reaction time, suggesting
distribution curves for as-prepared samples under different pH values. (Molar
ratio Pb(NO3)2/BiBr3 = 5/3, hydrothermal conditions: pH = 1–14, temp = 200 ◦C,
time = 12 h).

that O2
− and •OH being active species are formed in the presence

of PbBiO2Br/BiOBr and oxygen under visible light irradiation.
In order to re-evaluate the effect of the active species dur-

ing the photocatalytic reaction, different quenchers are used for
scavenging the relevant active species. As shown in Fig. 11, the
photocatalytic degradation of CV is slightly affected by the addi-
tion of SA and AO, while the degradation efficiency of BQ and
IPA quenching decreases evidently compared with that of no-
quenching, indicating that 1O2 and h+ are the minor active species,
whereas O2

•− and •OH are the major active species in the mech-
anism of photocatalytic degradation of CV. Hence, the quenching
effects of scavengers and EPR illustrate that the reactive O2

− plays
the major and OH plays the minor role in the photocatalytic degra-
dation of CV. (Fig.12)

The structure characterizations have proven that
PbBiO2Br/BiOBr is a two-phase heterojunction. Considering
that the heterojunction presents much higher photocatalytic
activities than the component phase alone, it is reasonable that
there might be synergetic effect between PbBiO2Br and BiOBr.
[59,60] and attributed the effect to the efficient charge transfer
at the interface of two  semiconductors, which would result in
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Table  4
Physical and chemical properties of as-prepared samples at different conditions (Pb(NO3)2/BiBr3 = 5/3, pH = 1–14, temp = 100–250 ◦C, time = 12 h) and the pseudo-first-order
rate  constants for the degradation of CV with photocatalysts under visible light irradiation.

Photocatalysts SBET (m2/g) Pore volume (cm3/g) Pore diameter (nm) Band gap (eV) k(h−1) R2

P5B3-100-1-12 8.75 0.1683 70.33 2.81 0.0276 0.9505
P5B3-100-4-12 4.47 0.0558 51.99 2.60 0.0128 0.9512
P5B3-100-7-12 4.40 0.0552 46.75 2.67 0.0171 0.9584
P5B3-100-10-12 5.13 0.0652 54.38 2.74 0.0232 0.9567
P5B3-100-13-12 5.56 0.0827 66.92 2.53 0.0090 0.9502
P5B3-150-1-12 10.33 0.2052 67.24 2.83 0.0453 0.9744
P5B3-150-4-12 4.78 0.0948 73.51 2.48 0.0416 0.9961
P5B3-150-7-12 6.58 0.0950 49.59 2.44 0.0159 0.9534
P5B3-150-10-12 8.33 0.1245 53.99 2.64 0.0160 0.9518
P5B3-150-13-12 5.51 0.1099 71.07 2.37 0.0097 0.9655
P5B3-200-1-12 11.82 0.2218 63.13 2.80 0.0207 0.9560
P5B3-200-4-12 6.97 0.1205 64.19 2.42 0.0281 0.9505
P5B3-200-7-12 8.50 0.1254 51.00 2.39 0.0253 0.9566
P5B3-200-10-12 9.55 0.1505 55.89 2.42 0.1257 0.9781
P5B3-200-13-12 8.09 0.1332 63.01 2.40 0.0017 0.9667
P5B3-250-1-12 3.51 0.0346 47.15 2.83 0.0413 0.9632
P5B3-250-4-12 7.00 0.1252 62.43 2.41 0.0278 0.9593
P5B3-250-7-12 8.04 0.1027 46.34 2.45 0.0258 0.9824
P5B3-250-10-12 7.96 0.1583 67.9
P5B3-250-13-12 3.51 0.0346 47.1

Fig. 7. (a) Temporal UV–vis adsorption spectral and (b) depletion of TOC change dur-
ing the photocatalytic degradation of CV over aqueous photocatalyst under visible
light irradiation. (10 mg/100 mL PbBiO2Br/BiOBr, 10 ppm CV).
8 2.41 0.0333 0.9570
5 2.48 0.0029 0.9534

an effective photoexcited electron–hole separation and, conse-
quently, 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, [61] 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. 11 shows the type-I
heterostructure band alignment [60] and the valence-band (VB)
XPS spectra of PbBiO2Br and BiOBr. In the type-I band alignment,
both VB and CB edges of PbBiO2Br are localized within the energy
gap of BiOBr, forming the straddling band alignment (Fig. 11). The
VB and CB potentials of two  different semiconductors play a crucial
role in the determination of the physical features of photogener-
ated charges and the photocatalytic performance. PbBiO2Br/BiOBr
heterostructured photocatalysts, the CB potential level of BiOBr, is
more negative than that of PbBiO2Br so that photogenerated elec-
trons could migrate from BiOBr to PbBiO2Br driven by the contact
electric field. As the CB potentials of BiOBr (0.25 eV) and PbBiO2Br
(0.48 eV) are a little different, the photoexcited electron is easy to
transfer from the CB of BiOBr to the CB of PbBiO2Br; and, the VB
potentials of BiOBr (3.05 eV) and PbBiO2Br (2.88 eV) are also a little
different that the photoexcited holes are easy to transfer from
the VB of BiOBr to the VB of PbBiO2Br. Therefore, PbBiO2Br/BiOBr
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 degrada-
tion of CV. The hydroxyl radical HO might be formatted by an
e− → O2

−• → H2O2 → •OH route and/or h+ with OH− and H2O
species [62]. On the basis of above reports, a proposed mecha-
nism of degradation is illustrated in Fig. 11. Once the electron
and the hole reach the CB and the VB of PbBiO2Br, it induces
the formation of active oxygen species, which cause the degra-
dation of CV. It is clear that, except for the photodegradation of
CV by the route of PbBiO2Br/BiOBr-mediated and photosensitized
processes, another type of photocatalytic route accounts for the

enhanced photocatalytic activity. In Fig. 11, both the photosen-
sitized and photocatalytic processes are preceded concurrently.
However, in photosensitized and photocatalytic processes, O2

−

radicals are generated by the reaction of photogenerated and pho-
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Fig. 8. Photocatalytic degradation of CV as a function of irradiation time over different photocatalysts. (Molar ratio Pb(NO3)2/BiBr3 = 5/3, pH = 1–13, reaction tempera-
ture  = 100–250 ◦C, reaction time 12 h).
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Fig. 9. (a) Cycling runs and (b) XRD patterns acquired before and after in the pho-
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Fig. 10. DMPO spin-trapping EPR spectra for (a) DMPO-OH and (b) DMPO-O2
− under

visible light irradiation with P5B3-200-10-12 (PbBiO2Br/BiOBr).
ocatalytic degradation of CV in the presence of P5B3-200-10-12 (PbBiO2Br/BiOBr).

osensitized electron with oxygen gas on the photocatalyst surface,
nd OH radicals are also generated by the reaction of O2

− radicals
ith H+ ion and hole h+ with OH− ion (or H2O). These cycles contin-

ously occur when the system is exposed to visible-light irradiation
55]; and, after several cycles of photo-oxidation, the degradation of
V by the produced oxidant species can be expressed by Eqs.9–10:

V + O2
−•/OH• → degradedcompounds (9)

V+• + O2
−•/OH• → degradedcompounds (10)

In a visible-light-induced semiconductor system, hydroxylated
ompounds were also identified for the photocatalytic degrada-
ion of CV [55,57]. In earlier reports [62,63], the N-dealkylation
rocesses were preceded by the generation of a nitrogen-centered
adical, and the destruction of the dye chromophore structure was
receded by the formation of a carbon-centered radical in the
hotocatalytic degradation of CV dye under UV or visible light
rradiation. The reaction mechanisms for Bi2SiO5/g-C3N4-mediated
hotocatalytic processes proposed in this research should offer
ome notion for the applications to the decoloration of dyes.
4. Conclusions

The PbBiO2Br/BiOBr heterojunctions have been synthesized
by using template-free hydrothermal methods for the first time.
The removal efficiency is significantly enhanced in the pres-
ence of PbBiO2Br/BiOBr. The increased photocatalytic activities
of PbBiO2Br/BiOBr could be attributed to the formation of the
heterojunction between PbBiO2Br and BiOBr, which effectively
suppresses the recombination of photo-generated electron–hole
pairs. It can be concluded that the enhanced photocatalytic activi-
ties of PbBiO2Br/BiOBr materials could be owe to the formation of
the heterojunction. The quenching effects and the EPR results illus-
trate that the reactive O2

− plays the major and OH plays the minor
role in the CV degradation. This work is useful for the synthesis of
PbBiO2Br/BiOBr and the photocatalytic degradation of CV at future
applications to environmental pollution and control.
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Fig. 11. The CV concentration during photodegradation as a function of irradiation
time observed in P5B3-200-10-12 (PbBiO2Br/BiOBr) under the addition of different
scavengers: SA, IPA, AQ, and BQ.

Fig. 12. (a) Valence band XPS of PbBiO2Br and BiOBr. (b) Schematic illustration of
t
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