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A B S T R A C T

The first synthetic study on PbBiO2I/PbO nanocomposite preparation using a controlled hydrothermal method is
reported. The morphologies and composition of the samples are controlled by adjusting some parameters, in-
cluding reaction pH, Pb/Bi molar ratio, and temperature. All the samples are characterized by XRD, TEM, XPS,
SEM-EDS, PL, BET, EPR, and UV–vis-DRS. The photodegradation activities are evaluated against the de-color-
ization of crystal violet (CV) and 2-hydroxybenzoic acid (2-HBA) in aqueous solution under visible light illu-
mination. In particular, the catalytic performance illustrates the best reaction rate constant 1.159× 10−1 h−1

once PbBiO2I/PbO is used as the photocatalyst for the degradation of CV; which is 3 and 20 times higher than the
reaction rate constants of PbBiO2I and PbO being the photocatalysts, respectively. This study reveals that
PbBiO2I/PbO 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. When being irradiated, two major active species, O2

− and 1O2, and a minor active species,
h+, can be produced for 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 en-
ergy conversion [1,2]. For the practical applications of photocatalysis,
an environmentally powerful and cheap photocatalyst is regarded as an
important component [3]. CV, a cationic triphenylmethane dye, is
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 is arisen because the reac-
tions might produce various N-de-alkylated primary and secondary
aromatic amines, with the structures similar to aromatic amine carci-
nogens [5]. Photocatalytic degradation of CV has been 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.

Recently, Bi-based oxyhalides have drawn people’s attention to their
potential application as novel photocatalysts owing to their unique
layered structures and high chemical stabilities [13,14,15]. Bi-based
layered structure compounds, within Aurivillius family such as BiOX
(X=Cl, Br, I) [9,16–18], Bi2WO6 [19], Bi4Ti3O12 [20], BiVO4 [21],
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 of inducing efficient separation of
photo-generated electron-hole pairs and then improving the photo-
catalytic efficiency [22].

Many inorganic materials have modular structures, where the in-
dividual units are responsible for different functions. Sillen's phases are
an adaptive structure series of oxyhalides originally investigated by
Sillen et al. 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 halogen layers. Two examples of these phases are
PbBiO2I which consist of [M2O2] with 2 halogens and [M2O2] with 1
halogen layer, respectively. The Aurivillius intergrowth phases consist
of perovskite blocks sandwiched between the [Bi2O2]2+ slabs and can
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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+ [23]. The
extended Bi-based oxychlorides are the Sillen–Aurivillius intergrowth
[Bi2O2][An-1BnO3n+1][Bi2O2][Clm] [13,15], where the Aurivillius fa-
mily [Bi2O2][An-1BnO3n+1] is inter-grown with the structure-similarity
of Sillen 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 selec-
tive oxidation catalysts [13], ferroelectric materials [15] and pigments
[25].

The [Bi2O2]2+ slabs with the α-PbO type structure as well as simple
halide layers are effective spacers in some layered functional materials
[23,26]. Previous reports mainly discussed the electronic reasons for
the different photocatalytic activity of layered PbBiO2X-type materials
(X=Cl, Br, I) [10,27–30]. However, crystal-chemical arguments
should also be taken into consideration to explain the photocatalytic
properties of the compounds. A possible reason for the different cata-
lytic 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 cova-
lent metal oxygen layers [PbBiO2] + separated by halide layers, which
are stacked along [001]. One can assume that the crystal surface con-
sists of metal oxygen layers, i.e., the metal atoms are expected to form
the (001) surfaces [26]. In the case of bismuth compounds, the metal
position was statistically occupied by lead and bismuth with the ratio
1:1 [31,32]. It was reported that the band gaps of PbBiO2I [27,33],
PbBiO2Br [10,28,34,35], and PbBiO2Cl [29,36,37] were 2.39, 2.47, and
2.53 eV, respectively. It seemed that the gaps of all these semi-
conductors were in the visible-light range to catalyze the photocatalytic
reaction.

So as to narrow the band gap (Eg) of BiOX and enhance the visible
light-driven activity of the catalyst, we incorporated Pb2+ into [Bi2O2]
layers based on the structure of BiOX to form the derived compound of
PbBiO2X [10,38]. PbBiO2X is supposed to show a narrower Eg than
BiOX. Because the contribution of Pb 6s2 orbitals occupy higher energy
states at the valence band maximum (VBM), and the contribution of Pb
6p orbitals occupy lower energy states at the conduction band
minimum (CBM). The hybridized states of VBM and CBM can decrease
the effective masses of holes and electrons, respectively, to favor a
longer traveling distance for excited carriers. Just as expected, the ex-
perimentally evaluated Eg of PbBiO2X (X=Cl, Br, I; Eg= 2.53, 2.40,
2.29 eV) is much narrower than that of nano-metered BiOX (Eg= 3.38,
2.80, 2.57 eV) [6,10,30,38]. Then, the visible-light-response photo-
catalytic activity of the material is also higher than that of BiOX. In our
judgment, the higher activity for photocatalytic degradation of dyes on
PbBiO2X is not only attributed to the layered structure but also the
hybridized band structure.

The development of visible-light-driven photocatalysts, as an al-
ternative in toxic wastewater treatment, has recently obtained con-
siderable attention. An effective and simple topic to improve the pho-
tocatalytic activity of a photocatalyst is the incorporation of a
composite, because a composite has great potential for tuning the
wished electronic properties of photocatalysts and efficiently separating
the photogenerated electron–hole pairs. So far, a composite concerned
PbBiO2Br, such as PbBiO2Br/NbSe2 [39], PbBiO2Cl/BiOCl [38], and
PbBiO2Br/BiOBr [10], has been reported and exhibited the enhanced
photocatalytic activity.

Herein, we report another novel layered photocatalyst PbBiO2I/
PbO. To the best of our knowledge, nanocomposite semiconductors
consisting of PbBiO2I and PbO have not yet been reported in the lit-
erature. This is the first report that PbBiO2I/PbO composites are syn-
thesized by a template-free hydrothermal method through degrading
CV and 2-HBA in aqueous solution under visible-light irradiation. The
photocatalytic efficiency of PbBiO2I/PbO composites are further dis-
cussed.

2. Experimental details

2.1. Materials

CV dye (TCI), 2-hydroxybenzoic acid (salicylic acid), Pb(NO3)2%
H2O, ammonium oxalate (Osaka), Bi(NO3)3·5H2O (Katayama), p-ben-
zoquinone (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 X-ray diffraction (XRD) patterns were recorded on a MAC
Science MXP18 equipped with Cu-Κα radiation, operating at 40 kV and
80mA. The field-emission transmission electron microscopy (FE-TEM)
images, selected area electron diffraction (SAED) patterns, high re-
solution transmission electron microscopy (HRTEM) images, and en-
ergy-dispersive X-ray spectra (EDS) were obtained using JEOL-2010
with an accelerating voltage of 200 kV. 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. 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 Ultra-violet photoelectron spectro-
scopy (UPS) measurements were performed using ULVAC-PHI XPS, PHI
Quantera SXM. UPS was used to measure the work function using He I
emission (21.2 eV, ∼50W) as the source of ultra-violet-light, and the
take-off angle was 90°. Specimens were biased at −7.5 V DC to give
low-energy secondary electrons extra energy to overcome the work
function of the detector (4.4 eV) for acquiring the onset of secondary
electrons. The work function of specimens was extracted from the UPS
data using the width of the spectra. High resolution X-ray photoelectron
spectroscopy (HRXPS) measurements were carried out using ULVAC-
PHI. Waters ZQ LC/MS system, equipped with a binary pump, a pho-
todiode 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 HPLC-PDA-
ESI–MS system was composed a Waters 1525 binary pump, a 2998
photodiode-array-detector, and a 717 plus auto-sampler. Besides, a ZQ-
2000 micro-mass detector and an Atlantis ™ dC18 column
(250mm×4.6mm i.d., dp= 5 μm) were used for separation and
identification. The column effluent was introduced into the ESI source
of the mass spectrometer.

The amount of residual dye at each reaction cycle was determined
by HPLC-PDA-ESI–MS. The analysis of organic intermediates was ac-
complished by HPLC-PDA-ESI–MS after the readjustment of chroma-
tographic conditions in order to make the mobile phase (Solvent A and
B) compatible with the working conditions of the mass spectrometer.
Solvent A was 25mM aqueous ammonium acetate buffer (pH 6.9), and
solvent B was methanol. LC was carried out on an Atlantis ™ dC18
column (250mm×4.6mm i.d., dp= 5 μm). The mobile phase flow
rate was 1.0mL/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. The quadruple mass spectrometer
equipped with an ESI interface with heated nebulizer probe at 350 °C
was used with an ion source temperature of 80 °C. ESI was carried out
with the vaporizer at 350 °C and nitrogen as sheath (80 psi) and aux-
iliary (20 psi) gas to assist with the preliminary nebulization and to
initiate the ionization process. A discharge current of 5 μA was applied.
Tube lens and capillary voltage were optimized for the maximum re-
sponse during the perfusion of the CV standard.

F.-Y. Liu et al. Catalysis Today 314 (2018) 28–41

29



2.3. Synthesis of PbBiO2I/PbO

1, 3mmol Pb(NO3)2%H2O and 3mmol Bi(NO3)3·5H2O were first
mixed in a 50mL flask and then added 30mL H2O. With continuous
stirring, 2M NaOH was added dropwise to adjust the pH=1–14. The
solution was then stirred vigorously for 30min and 10mL solution was
transferred into a 30mL Teflon-lined autoclave, which was heated up to
100–250 °C for 12 h and then naturally cooled down to room tem-
perature. 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, and reaction temperature, the samples were synthesized and
labeled as shown in Table 1; the as-prepared samples were labeled from
P1BI-150-1 to P3BI-250-13

2.4. Photocatalytic experiments

The CV (or 2-HBA) irradiation experiments were carried out on
stirred aqueous solution contained in a 100-mL flask; the aqueous

suspension of CV (or 2-HBA) (100mL, 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 experi-
ments were performed in order to examine the adsorption/desorption
equilibrium. Mixing 10mg of the photocatalyst with 100mL CV (or 2-
HBA) aqueous solution with a known initial concentration in a 100mL
flask, the mixture was shaken in an orbital shaker (100 rpm) at a con-
stant temperature. The mixture was centrifuged at 3000 rpm in a cen-
trifugation machine after batch sorption experiments so that the ab-
sorbance of CV (or 2-HBA) could be determined at 580 (or 300) nm by
means of HPLC–MS. The concentrations of the solutions were de-
termined using linear regression equation. Prior to the irradiation, the
suspension was magnetically stirred in dark for ca. 30min to establish
an adsorption/desorption equilibrium between the CV (or 2-HBA) and
the catalyst surface. The optical system for the catalytic reaction under
visible-light includes a 150W Xe arc lamp, a reaction container and a
cut-off filter (> 420 nm), with the light intensity fixed at 31.2W/m2

were used for irradiating the reaction vessel 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 benzoquinone (BQ, a quencher of O2%

−)
[38], 1.0mM sodium azide (SA, a quencher of 1O2 [40], 1.0 mM iso-
propanol (IPA, a quencher of %OH) [41], and 1.0mM ammonium ox-
alate (AO, a quencher of h+) [42], respectively. The method was si-
milar 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 of supplementary data show the XRD patterns of

the as-prepared samples; the patterns clearly show the existence of
the composites t-PbBiO2I/PbO, t-PbBiO2I/Bi2O3, t-PbBiO2I/PbO/

Table 1
Codes of as-prepared samples under different hydrothermal conditions. (Pb(NO3)2/Bi
(NO3)3= 1/3–3/3, KI= 1mmol, 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) P1BI-
150-1

P1BI-
150-4

P1BI-
150-7

P1BI-
150-10

P1BI-
150-13

150(3:3) P3BI-
150-1

P3BI-
150-4

P3BI-
150-7

P3BI-
150-10

P3BI-
150-13

200(1:3) P1BI-
200-1

P1BI-
200-4

P1BI-
200-7

P1BI-
200-10

P1BI-
200-13

200(3:3) P3BI-
200-1

P3BI-
200-4

P3BI-
200-7

P3BI-
200-10

P3BI-
200-13

250(1:3) P1BI-
250-1

P1BI-
250-4

P1BI-
250-7

P1BI-
250-10

P1BI-
250-13

250(3:3) P3BI-
250-1

P3BI-
250-1

P3BI-
250-7

P3BI-
250-10

P3BI-
250-13

Fig. 1. XRD patterns of as-prepared samples under different pH values, at reaction temperature 250 °C and reaction times 12 h. (Molar ratio Pb(NO3)2/Bi(NO3)3= 1/3).
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BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O, t-PbBiO2I/Bi5O7I, PbO/BiOCl/
Bi6O6(OH)3(NO3)3·1.5H2O/Bi5O7I, PbO/BiOCl/Bi6O6(OH)3(NO3)3·
1.5H2O, and Bi5O7I/Bi2O3. Table 2 summarizes the results of the
XRD measurements. All the as-prepared samples contain t-PbBiO2I
phase (JCPDS 078-0521), PbO phase (JCPDS 085-1287), Bi5O7I
phase (JCPDS 40-0548), Bi6O6(OH)3(NO3)3·1.5H2O phase (JCPDS
053-1038), and Bi2O3 (JCPDS 71-0465). In these experiments, pH
played a key role, and temperature and molar ratio played a minor
role in controlling the composition and anisotropic growth of crys-
tals. From the results of Table 2, the controlled morphology and
crystal phase of PbO/t-PbBiO2I could be completed by simply chan-
ging some reaction parameters, including temperature and pH value.
Bi5O7I/Bi6O6(OH)3(NO3)3·1.5H2O was obtained at pH= 1,
temp= 150–250 °C, Pb/Bi molar ratio = 3/3–1/3 and pH= 1–4,
temp= 150 °C, Pb/Bi molar ratio = 1/3; Bi5O7I/
Bi6O6(OH)3(NO3)3·1.5H2O/PbO was obtained at pH= 7,
temp= 150 °C and pH= 4, temp= 250 °C, Pb/Bi molar ratio = 1/3;
Bi6O6(OH)3(NO3)3·1.5H2O/PbO/t-PbBiO2I was obtained at pH= 4,
temp= 150–250 °C, Pb/Bi molar ratio = 3/3 and pH= 4–7,
temp= 200 °C, Pb/Bi molar ratio = 3/3; t-PbBiO2I/PbO was ob-
tained at pH= 7–13, temp= 100 °C, Pb/Bi molar ratio = 3/3 and
pH= 7–10, temp= 200 °C, Pb/Bi molar ratio = 3/3 and
pH= 10–13, temp= 200 °C, Pb/Bi molar ratio = 3/3 and pH= 10,
temp= 250 °C, Pb/Bi molar ratio = 1/3 and pH= 7-10,
temp= 250 °C, Pb/Bi molar ratio = 3/3; Bi6O6(OH)3(NO3)3·1.5H2O/
PbO was obtained at pH= 4, temp= 200 °C, Pb/Bi molar ratio = 1/
3; Bi5O7I/PbO was obtained at pH= 10, temp= 150 °C, Pb/Bi molar
ratio= 1/3 and pH= 7, temp= 250 °C, Pb/Bi molar ratio = 1/3; t-
PbBiO2I/Bi2O3 was obtained at pH= 13, temp= 150–250 °C, Pb/Bi
molar ratio = 1/3; Bi5O7I/Bi2O3 was obtained at pH= 13,
temp= 250 °C, Pb/Bi molar ratio = 3/3. Bi5O7I and
Bi6O6(OH)3(NO3)3·1.5H2O were obtained at higher acidic con-
centration (pH= 1–4) in the synthetic conditions. Bi2O3 micro-
structures were obtained at higher basic concentration (pH= 13) in
the synthetic conditions. t-PbBiO2I and PbO were obtained at middle
concentration (pH= 7–10) in the synthetic conditions.

3.1.2. TEM
Fig. 2 displays that t-PbBiO2I/PbO is composed of different-size

layers, consistent with the TEM observations. In addition, the EDS
spectrum shows that the sample contains the elements of Bi, Pb, I, and
O. In Fig. 2(a), the HRTEM image demonstrates that two of lattice
images are obtained with d-spacing of 0.372 and 0.345 nm, corre-
sponding to the (103) plane of t-PbBiO2I and the (101) plane of PbO,
respectively; it is in strong agreement with the XRD results. The results
suggest that the t-PbBiO2I/PbO phase is formed in the composites,
which are favorable for the separation of photoinduced carriers,
yielding high photocatalytic efficiency.

3.1.3. Morphological structure and composition
Figs. 3 and S2 of supplementary data show the FE-SEM images of

the composites t-PbBiO2I/PbO, t-PbBiO2I/Bi2O3, t-PbBiO2I/PbO/
BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O,t-PbBiO2I/Bi5O7I, PbO/BiOCl/
Bi6O6(OH)3(NO3)3·1.5H2O/Bi5O7I, PbO/BiOCl/Bi6O6(OH)3(NO3)3·
1.5H2O, and Bi5O7I/Bi2O3 at high magnification, respectively. From
the observations, the samples show irregular-thick-plate, irregular-
nanosheet, and square-plate, thin-square-rod, morphology, respec-
tively. The SEM-EDS results demonstrate that the main elements
within such samples are lead, bismuth, oxygen, and iodine, Tables 3
and S1 of supplementary data. From above results, the composites
could be selectively synthesized through a controlled hydrothermal
method.

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

composites. Observation of the transition peaks involving the Pb 4f, Bi
4f, O 1s, and I 3d orbitals identifies that the catalysts are composed of
Bi, Pb, O, and I. From Fig. 4(a), the binding energy 137.0–137.6 and
141.6–142.4 eV is attributed to Pb 4f7/2 and Pb 4f5/2 respectively,
which could be pointed to Pb at the divalent oxidation state [43]. Lo-
gically, because Pb0 XPS 4f core-levels are occupying much higher
binding-energy (BE) region and exhibit another FWHM with a strong
asymmetry. Here one can see ∼ 0.7 eV shift of the Pb 4f7/2-5/2 spin-
orbital components towards higher binding energies but, simulta-
neously, only an essential intensity growth for the ∼137 eV and
∼141 eV sub-bands (Fig. 4(a)). The BE-shift of core-lines to the higher
energies region usually is an accepted signature of higher oxidation
states for the element in the oxygen-containing compound [44,45].
Kovalev et al. demonstrated that the particle size of PbS could be cor-
related with observable changes in the binding energy of the Pb XPS
peak. They reported that the relative integral intensity of peak de-
pended upon the fraction of particle in the specific region [46], 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 4f7/2 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 characteristic binding energy
value 158.0 eV for Bi 4f7/2 (Fig. 4(b)) shows a trivalent oxidation state
for bismuth. A similar chemical binding for Bi 4f7/2 was also reported
by Lee et al. [47]. The asymmetric O 1s peak shown in Fig. 4(c) can be
split by using the XPS peak-fitting program. The peak at 530.7 eV is
assigned to the external −OH group or the water molecule adsorbed on
the surface, and the other O 1s peak appearing at 528.7 eV corresponds
to lattice oxygen atoms in t-PbBiO2I/PbO [18,48]. From Fig. 4(d), the
binding energy of 618.1–618.8 eV and 629.3–630.2 eV is referred to I
3d5/2 and I 2p3/2, respectively, which can be assigned to I at the
monovalent oxidation state. These results agree with those of XRD and
TEM experiments.

According to earlier studies [47,49], a series of bismuth oxyiodides in
the formation process were reported by Chen et al. The proposed pro-
cesses for the formation of t-PbBiO2Cl/PbO composites are described in
Eqs. (1)–(10). The results demonstrate a series of changes in the com-
pounds prepared at different hydrothermal conditions, described as
PbI2→ Pb(OH)I→ Pb(OH)2→ PbO, BiOCl→ Bi4O5Cl2→ Bi24O31Cl10→
Bi3O4Cl→ Bi5O7Cl→ Bi12O17Cl2→ Bi2O3, and BiOI+Pb(OH)2→
PbBiO2I and/or BiOI+PbO→ PbBiO2I. By controlling the pH of the
hydrothermal reaction, different compositions are obtained as follows.

Pb2++2I−→ PbI2 (s) (1)

PbI2(s)+OH−→ Pb(OH)I(s) (2)

Pb(OH)I(s)+ 2OH−→ Pb(OH)2 (3)

Pb(OH)2→ PbO(s)+H2O (4)

Bi3++3OH−→ Bi(OH)3(s) (5)

12Bi(OH)3(s)+ 6HNO3→ 2[Bi6O6(OH)3(NO3)3·1.5H2O](s)+ 15H2O (6)

Table 2
Crystalline phase changes of as-prepared samples under different hydrothermal condi-
tions. (Pb(NO3)2/Bi(NO3)3=1/3–3/3, KI= 1mmol, pH=1–13, temp=150–250 °C,
time=12 h). (: Bi5O7I : Bi6O6(OH)3(NO3)3·1.5H2O : PbO : t-PbBiO2I : Bi2O3).

Temperature (°C)/Molar ratio (Pb:Bi) pH value

1 4 7 10 13

150(1:3)
150(3:3)
200(1:3)
200(3:3)
250(1:3)
250(3:3)

F.-Y. Liu et al. Catalysis Today 314 (2018) 28–41

31



2Bi(OH)3(s)+ I−→ BiOI(s) + H2O+OH− (7)

Bi3++3I−→ BiI3(s) (8)

BiI3(s)+ 2OH−→ BiOI(s)+ 2I−+H2O (9)

BiOI(s)+ Pb(OH)2→ PbBiO2I(s)+H2O (10)

3.1.5. Optical absorption properties
As shown in Figs. 5 and S3 of supplementary data for DR-UV of the

as-prepared samples, the absorption edge of the samples is around
518–678 nm, which originates from its band gap of 2.50–3.42 eV and is
consistent with the reported results [28,47]. Pure PbBiO2I and PbO
absorb only a small amount of visible light. The Eg value of t-PbBiO2I/
PbO is determined from a plot of (αhν)1/2 vs energy (hν), which is
calculated as 2.35 eV.

3.1.6. BET and adsorption-desorption isotherm
From Fig. 6, the samples have SBET around 2.67–12.41m2/g.

However, the results of Fig. 6 show that the P1BI-250-10-12 (t-PbBiO2I/

Fig. 2. (a) FE-TEM images, (b) SAD, (c) HR-TEM, (d) mapping, and (e) EDS of t-PbBiO2I/PbO (P1BI-250-10-12) sample by the hydrothermal autoclave method.
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PbO) sample—which shows the middle SBET—does represent the
highest photocatalytic activity (k= 1.1159×10−1 h−1) among the
samples, suggesting that the changes in the photocatalytic activity are
resulted from t-PbBiO2I/PbO composites.

Fig. 6(a) shows the nitrogen adsorption-desorption isotherm curves
of t-PbBiO2I/PbO. The isotherm of t-PbBiO2I/PbO is close to Type III
without a hysteresis loop at a highly relative pressure between 0.9 and
1.0 [50]. Fig. 6(b) shows the corresponding pore-size distribution (PSD)
of t-PbBiO2I/PbO samples. The mono-modal PSD curve for the samples
indicates large macropores (100–2000 nm). Because the nanoplates (or
nanosheets) do not contain pores (Fig. 3), the large macropores may
reflect porosity within nanoplates (or nanosheets). The large macro-
pores 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
[51]. The pore volume and size of the t-PbBiO2I/PbO composite are
determined as the pore volume 0.497 cm3/g and the pore diameter
625.02 nm, respectively.

Fig. 3. SEM images of as-prepared samples by the hydrothermal autoclave method at different pH value. (Molar ratio Pb(NO3)2/Bi(NO3)3=1/3, temp=250 °C, time= 12 h).

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

Sample code EDS of atomic ratio (%)

Pb Bi O I

P1BI-150-1 3.60 77.15 19.10 0.16
P1BI-150-4 22.86 55.35 14.58 7.22
P1BI-150-7 18.45 64.39 9.83 7.33
P1BI-150-10 25.21 57.12 12.15 5.51
P1BI-150-13 21.90 49.96 12.30 15.84
P1BI-200-1 0.02 78.99 20.08 0.91
P1BI-200-4 0.84 55.05 8.78 25.33
P1BI-200-7 20.75 42.39 29.98 6.88
P1BI-200-10 23.72 52.20 11.42 8.66
P1BI-200-13 21.98 49.92 12.34 15.76
P1BI-250-1 0.24 82.31 17.45 –
P1BI-250-4 8.53 63.52 17.13 10.81
P1BI-250-7 16.75 56.87 18.40 7.98
P1BI-250-10 17.63 66.31 8.06 8.01
P1BI-250-13 25.88 44.05 13.31 16.75

F.-Y. Liu et al. Catalysis Today 314 (2018) 28–41

33



3.2. Photocatalytic activity

The changes in the UV–vis spectra during the photodegradation of
CV and 2-HBA in aqueous dispersions of t-PbBiO2I/PbO composite
under visible light irradiation are illustrated in Fig. 7. After visible light
irradiation for 72 h, approximately 99.5% of CV and approximately

95% of 2-HBA are decomposed. In Fig. 7(a), the characteristic ab-
sorption band of the CV dye at approximately 589.1 nm decreases ra-
pidly with slight hypsochromic shifts (554.7 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 inter-
mediates and the possible cleavage of the whole conjugated

Fig. 4. XPS spectra of as-prepared samples under different pH values, at reaction temperature 250 °C and reaction times 12 h. (Molar ratio Pb(NO3)2/Bi(NO3)3=1/3) (a) Pb 4f, (b) Bi 4f,
(c) O 1s, (d) I 3d.

Fig. 5. UV-vis absorption spectra of the as-prepared photocatalysts under different pH values. (Molar ratio Pb(NO3)2/Bi(NO3)3= 1/3, reaction temp=250 °C, reaction time 12 h).
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Fig. 6. (a) Nitrogen adsorption-desorption isotherms and (b) the corresponding pore size distribution curve (inset) for t-PbBiO2I/PbO.

Fig. 7. (a) The photocatalytic degradation of CV over aqueous photocatalyst under visiblelight irradiation l and (b) the photocatalytic degradation of 2-HBA over aqueous photocatalyst
under visiblelight irradiation. ((Molar ratio Pb(NO3)2/Bi(NO3)3= 1/3, pH=10, reaction temperature=250∘C, reaction time 12 h).
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chromophore structure of the CV dye. Further irradiation causes the
absorption band at 554.7 nm to decrease; however, no further wave-
length shift is observed, suggesting that the band at 554.7 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 illu-
strated in Figs. 8 and S4 of supplementary data; the removal efficiency
is significantly enhanced in the presence of the as-prepared samples.
After the irradiation for 24 h, t-PbBiO2I/PbO exhibits a superior pho-
tocatalytic performance, with the CV removal efficiency up to 99%. To
further understand the reaction kinetics of CV degradation, the ap-
parent pseudo-first-order model [52] 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 4, the k value of t-PbBiO2I/PbO is obtained as
the maximum degradation rate of 1.159× 10−1 h−1, which is much
higher than that of the other composites; the t-PbBiO2I/PbO 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 areas of t-
PbBiO2I/PbO samples are measured. The lower BET surface areas of
t-PbBiO2I/PbO composites suggest the lower photocatalytic ac-
tivity. As is known, the photocatalysts are excited to generate
electron–hole pairs directly after the illumination in the photo-
catalytic 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 [53]. To investigate the se-
paration capacity of the photogenerated carriers in the hetero-
structures, the PL spectra of t-PbBiO2I/PbO, t-PbBiO2I, and PbO

Fig. 8. Photocatalytic degradation of CV as a function of irradiation time over different photocatalysts. (Molar ratio Pb(NO3)2/Bi(NO3)3= 1/3, pH=1–13, reaction
temperature= 250∘C, reaction time 12 h).
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samples are measured; the results are shown in Fig. 9. A weak
emission peak around 440–540 nm appears for the as-prepared
samples, which could have been derived from the direct elec-
tron–hole recombination of band transitions. However, the char-
acteristic emission peak around the lowest intensity 470 nm for t-
PbBiO2I/PbO 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 sub-
strates, thus improving the photocatalytic activity. The comparison
of rate constant by different photocatalysts is shown in Table 4. The
order of rate constant presents t-PbBiO2I/PbO, k = 0.1159 >
Bi5O7I/PbO, k = 0.1082 > BiOCl/Bi6O6(OH)3(NO3)3·1.5H2O/
PbO, k = 0.1068 > t-PbBiO2I, k = 0.0358 > PbO, k = 0.010. The
photocatalytic activity of the t-PbBiO2I/PbO composite reaches the
maximum rate constant of 0.1159 h−1, 3 times higher than that of t-
PbBiO2I and 20 times higher than that of PbO. Thus, the t-PbBiO2I/
PbO composite may also play a role in the enhancement of photo-
catalytic activity.

The durability of t-PbBiO2I/PbO is evaluated by recycling the used
catalyst. After each cycle, the catalyst is collected by centrifugation. No
apparent loss is observed in the photocatalytic activity when CV is re-
moved in the 3rd cycle; even during the sixth run, the decline in the
photocatalytic activity is 9% (Fig. 10(a)). The used t-PbBiO2I/PbO is
also examined by XRD, and no detectable difference is observed be-
tween the as-prepared and the used samples (Fig. 10(b)); hence, t-
PbBiO2I/PbO has good photostability.

Photocatalytic activity of PbO was measured, which has a layered
structure similar to the polycationic sheets [PbBiO2

+] in the title
compound, did not demonstrate any catalytic activity at all, although
the absorption spectrum was quite similar. Hence, photocatalytic ac-
tivity due to Pb2+ can be ruled out. Earlier report [27] has discussed
mainly electronic reasons for the different photocatalytic activity of
layered ABO2X-type materials (A=Pb; B=Bi, Sb; X=Cl, Br, I)
[30,32,36,37,54,55]. Nevertheless, crystal-chemical arguments should
also be taken into consideration to explain the catalytic property of the
compound. A possible explanation for the different photocatalytic ac-
tivity of the bi-metal-oxides may be obtained collectively from their
crystal structures, optical and redox properties. All the solid materials
under discussion crystallize in a layered structure. They show co-valent
metal oxide layer [PbBiO2

+] separated by halide layer, which are
stacked along [001]. One can suppose that the crystal surface be
compose of metal oxide layers, i.e., the metal atoms are thought to form
the (001) surfaces [27]. It is likely that Bi3+ is responsible for the
catalytic properties by visible-light irradiation in this system.

Surprisingly, Pfitzner et al. described that only PbBiO2X where
X=Cl and Br catalyzed the photo-reduction of nitrobenzene to aniline,
while no conversion happened for PbBiO2I when irradiated under
comparable conditions. Furthermore, the latter materials absorb a sig-
nificant part of the visible-light spectrum [22]. The experimentally
determined optical band gaps were 2.55 eV (PbBiO2Cl), 2.47 eV
(PbBiO2Br) and 2.39 eV (PbBiO2I) [54]. It seems that the band gaps of
all these semiconductors are in the right range to catalyze the observed
reaction. Hence, changes in the structural nature of the materials may
be determinative; increasing the iodine content in PbBiO2X leads to a
change of the preferred crystal growth directions. Thus, PbBiO2Cl and
PbBiO2Br form layered crystals along (001), whereas PbBiO2I crystal-

Table 4
Pseudo-first-order rate constant for CV photocatalytic oxidation under different photo-
catalysts.

Photocatalyst k (h−1) R2 Photocatalyst k (h−1) R2

P3BI-150-1 0.0037 0.9243 P1BI-150-1 0.0024 0.884
P3BI-150-4 0.0987 0.8644 P1BI-150-4 0.0076 0.9559
P3BI-150-7 0.0597 0.9972 P1BI-150-7 0.0538 0.9509
P3BI-150-10 0.0391 0.9131 P1BI-150-10 0.0534 0.943
P3BI-150-13 0.0221 0.8869 P1BI-150-13 0.0061 0.9472
P3BI-200-1 0.0036 0.9272 P1BI-200-1 0.0109 0.8313
P3BI-200-4 0.0575 0.9900 P1BI-200-4 0.1068 0.9588
P3BI-200-7 0.0649 0.9586 P1BI-200-7 0.0600 0.9615
P3BI-200-10 0.0038 0.9577 P1BI-200-10 0.0714 0.8799
P3BI-200-13 0.0306 0.8944 P1BI-200-13 0.0716 0.9299
P3BI-250-1 0.002 0.9318 P1BI-250-1 0.0051 0.9511
P3BI-250-4 0.0501 0.9444 P1BI-250-4 0.0407 0.9752
P3BI-250-7 0.0445 0.9615 P1BI-250-7 0.1082 0.9313
P3BI-250-10 0.0155 0.9598 P1BI-250-10 0.1159 0.8635
P3BI-250-13 0.0251 0.882 P1BI-250-13 0.0025 0.9677

Fig. 9. Photoluminescence (PL) spectra of the as-prepared photocatalysts.
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lizes as rods with [001] as the rod axis. Changes in the bonding inter-
actions between the halide and metal atoms indicate this clearly. In the
case of rod-like crystals, the surface of the material is significantly
different; the surfaces change from mainly (001) for chloride and bro-
mide to mainly (100) and (010) for iodide, which may alter the pho-
tocatalytic activities. The stronger bonds of iodine to Pb or Bi, well
known for the binary metal halides, change the crystal growth and may
de-activate the surfaces. Furthermore, redox quenching by iodine may
intercept the photocatalysis as well. Accordingly, the redox potentials
of the oxide halides were measured, showing multiple redox processes
that did not permit the derivation of exact values [56]. Although, iodide
in activation has been researched with the semiconductors PbBiO2BrnIm
and PbBiO2ClnIm with varying ratios of their halogen content and
analyses of their catalytic activities in nitrobenzene reduction. With an
increasing content of iodine in PbBiO2BrnIm and PbBiO2ClnIm, the
photocatalytic efficiencies decreased dramatically [27].

3.3. Photodegradation mechanism of CV

In general, three possible reaction pathways are assumed to be in-
volved in the photodegradation of organic compounds by a photo-
catalyst, includingphotocatalysis, photolysis, and dye photosensitiza-
tion [57]. In the photolysis process, a photoinduced electron on the
induced organism directly reacts with O2 to produce a 1O2 that acts as
an oxidant for the photolysis of organism [58]. In the experiments, CV
degradation induced by photolysis under visible light in a blank ex-
periment is not observable, CV is a structure-stable dye, and the de-
composition 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 [58,59]. Dimi-
trijevic et al. [59] proposed the three-fold role of water, both dis-
sociated on the surface of TiO2 and in subsequent molecular layers, as
(i) the stabilization of charges, preventing electron-hole recombination,

Fig. 10. (a) Cycling runs and (b) XRD patterns acquired before and after in the pho-tocatalytic degradation of CV in the presence of P1BI-250-10-12 (t-PbBiO2I/PbO).
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(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
species for NO oxidation to NO3

− with TO2/g-C3N4 under visible and
UV light [60]. Zou’s group illustrated a typical Cu2O–reduced graphene
oxide photocatalyst favorable for the production of O2

−% reactive
species for methylene blue [61]. Jiang et al. revealed that the photo-
generated h+ and O2

−% were the main oxidative species for the de-
gradation of methyl orange [62]. 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 hy-
droxyl radical HO% might only be formatted via an e−→O2

−%→
H2O2→ %OH route. Meanwhile, %OH radicals are formatted by multi-
step O2

−% reduction in the system [63]. 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-trichlorobenzene
(TCB), was adsorbed in pores of silica gel (SG) microparticles to be

Fig. 11. DMPO spin-trapping EPR spectra for (a) DMPO-OH and (b) DMPO-O2
− under visible light irradiation with P1BI-250-10 (t-PbBiO2I/PbO).

Fig. 12. Photodegradation of CV dye (t-PbBiO2I/PbO) in the presence of different sca-
vengers under solar light irradiation.
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shielded from the direct hole oxidation [64]. According to earlier stu-
dies [61], 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 [63,65]. Lin et al. reported that O2

−% and %OH
were the two main actives in the photocatalytic degradation process of
CV dye using PbBiO2Br/BiOBr [10]. Liu et al. reported that O2

−%, 1O2, %
OH, and h+ were the main actives in the photocatalytic degradation
process of CV dye using PbBiO2Cl/BiOCl [38]. On the basis of the re-
ferences 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, only are the characteristic peaks
of DMPOeO2

−% adducts observed under visible light irradiated t-
PbBiO2I/PbO suspension. Fig. 11(a) shows that no EPR signal is ob-
served and Fig. 11(b) shows that EPR signals (1O2) are observed when
the reaction is performed in the dark, while the signals with the in-
tensity corresponding to the characteristic peak of DMPOeO2

−% ad-
ducts [66] are observed during the reaction process under visible light
irradiation, and the intensity gradually increases with the prolonged
reaction time. It suggests that O2

− and 1O2 being active species are
formed in the presence of t-PbBiO2I/PbO 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. 12, the photocatalytic de-
gradation of CV is obviously affected by the addition of SA, AO, and BQ,
and IPA quenching decreases evidently compared with that of no-
quenching, indicating that O2%

−, 1O2, and h+ are the active species in
the mechanism of photocatalytic degradation of CV. Hence, the
quenching effects of scavengers and EPR illustrate that the reactives
O2%

− and 1O2 play the major role and h+ plays the minor role in the
photocatalytic degradation of CV. The generation of O2

−% could not
only inhibit the recombination of photoinduced charge carriers but also
benefit the degradation of CV. O2

−% might be formatted by an e− with
O2 and/or 1O2 with e− species. Fig. 13 shows the band alignment de-
rived for a type-II heterostructure [67] and VBM XPS spectra derived

for t-PbBiO2I and PbO. The CBM and VBM positions measured for the t-
PbBiO2I semiconductor were presened to be higher than those de-
termined for the PbO semiconductors. The VBM edge noted for t-
PbBiO2I was at approximately 1.83 eV, concordant with the position
noted by Fuldner et al. [27]. Regarding PbO, the derived VBM edges
were at 2.20 eV. For that reason, band potentials derived for t-PbBiO2I
and PbO are illustrated to be suitable. The photo-induced electrons
occurring on the surface of t-PbBiO2I could be delivered conveniently to
PbO, all occurring through the interfaces; similarly, the holes existing
on the surface of PbO could deliver to t-PbBiO2I. The observed charge
transfer was thus noted to be effective in hindering electron–hole re-
combination in the two semiconductors, consequently causing photo-
catalytic efficiency improvement. Once the electron and the hole reach
the CB and the VB of t-PbBiO2I/PbO, the formation of active oxygen
species, which cause the degradation of CV, would be induced. It is
clear that, except for the photodegradation of CV by the route of t-
PbBiO2I/PbO-mediated and photosensitized processes, another type of
photocatalytic route accounts for the enhanced photocatalytic activity.
In Fig. 13, both the photosensitized and photocatalytic processes are
preceded concurrently. However, in photosensitized and photocatalytic
processes, O2

− radicals are generated by the reaction of photo-
generated and photosensitized electrons with oxygen gas on the pho-
tocatalyst surface, and 1O2 is also generated by the reaction of O2 ra-
dicals with photocatalyst. These cycles continuously occur when the
system is exposed to visible-light irradiation [63]; and, after several
cycles of photo-oxidation, the degradation of CV by the produced oxi-
dant species can be expressed by Eqs. (11) and (12).

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

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

The reaction mechanisms for t-PbBiO2I/PbO-mediated photo-
catalytic processes proposed in this research should offer some notions
for the applications to the decoloration of dyes.

4. Conclusions

The t-PbBiO2I/PbO composites have been synthesized by using
template-free hydrothermal methods for the first time. The removal
efficiency is significantly enhanced in the presence of t-PbBiO2I/PbO
composites. The increased photocatalytic activities of t-PbBiO2I/PbO

Fig. 13. Schematic illustration of the band gap structures of t-PbBiO2I/PbO.
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composites could be attributed to the formation of the heterojunction
between PbBiO2I and PbO, which effectively suppresses the re-
combination of photo-generated electron–hole pairs. The quenching
effects of scavengers and EPR illustrate that the reactive O2%

− and 1O2

play the major role, and h+ plays the minor role in the photocatalytic
degradation of CV and 2-HBA. This work is useful for the synthesis of t-
PbBiO2I/PbO and the photocatalytic degradation of CV as well as 2-
BHA in future applications to environmental pollution and control.
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