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The layered compound of lead bismuth oxybromide PbBiO,Br, prepared by conventional solid-state
reaction method, has an optical band gap of 2.3 eV, and possesses a good visible-light-response ability.
The references, PbBi;Nb,Og, TiO,_xN,, BiOBr and BiOly gClg », which are excellent visible-light-response
photocatalysts, were applied to comparatively understand the activity of PbBiO,Br. Degradation of
methyl orange and methylene blue was used to evaluate photocatalytic activity. The results show that
PbBiO,Br is more photocatalytically active than PbBi;Nb,Og, TiO,_,N, and BiOBr under visible light.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The success in the development of photocatalysts in the past
decades suggests their indispensable role in the range of solar
energy utilization for hydrogen production and environment-
organic-pollutant purification [1-7]. The initial step of the
photocatalytic process consists of the generation of electron-hole
pair upon irradiation of a photon whose energy is equal to or
higher than that of the band gap (Eg) of a photocatalyst. The
photoinduced electron-hole pairs can either recombine in the
bulk or travel up to the surface, and the separated electrons or
holes at surfaces can participate in chemical reactions with
species adsorbed on the semiconductors surface.

Recently, layered structure compounds were found to promote
the generation and the separation of the charge carriers and can
be used as efficient photocatalysts for water splitting and
degradation of pollutants under light irradiation because of their
possibility of modifying chemical composition as well as micro-
structure by means of ionexchange, intercalation, or pillaring,
which is useful for designing novel photocatalysts based on
semiconducting metal oxide sheets. The typical layered photo-
catalysts are AgInW,0s (E; = 3.12 eV), RbLnTa,0; (Ln = La, Pr, Nd,
and Sm) (Eg=3.5-3.9eV), Ln,Ti,O0; (Ln=1a, Pr, Nd) (Eg=
2.99-3.82 eV), AgA102 (Eg =2.8 eV), I(ZSr1_5Ta3010 (Eg =41 eV),
InTaO4 (Eg = 3.7 eV), etc. [8-13]. These semiconductors are good
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candidates for environmental remediation and water purifi-
cation owing to their photoactivities toward degrading organic
pollutants upon excitation with ultraviolet (UV) light. Some
of them are even better than anatase TiO, or P25. However,
most of the photocatalysts mentioned above [8-13] only respond
to the UV light. The remarkable progress of the past years
in photocatalysis has been limited to UV light instead of the
visible light region. The development of visible-light photocata-
lysts has become one of the most important topics in photo-
catalysis.

In our previous work, we for the first time found that the
layered nano-sized oxyhalide photocatalyst BiOCl [14] showed a
higher photocatalytic activity to degrade methyl orange (MO)
compared with P25 (TiO,). Whereas, due to its wide optical
bandgap (3.5eV), BiOCl can also only absorb UV light. Recent
efforts have been also carried out on the other layered nano-sized
oxyhalides, such as BiOBr, BiOI,Br_,, BiOI,Cl;_x [15,16], which
possess good visible-light-response abilities. The internal electric
fields in layered materials are considered to favor charge
separation, which can subsequently induce redox reactions on
the semiconductor surface and contribute to enhance the
photocatalytic activity [17,18]. For example, in the bismuth
oxyhalide semiconductor, the [Bi»O,] and [X>] slices (X = Cl, Br,
[) are one by one orderly stacked to form the unique layered
structure. The permanent static electric fields between [Bi,0;]
and [X>] layers can work as accelerators for the separations of
electron-hole pairs upon photoexcitation to favor a high photo-
catalytic efficiency of BiOX.

Herein, we report another novel layered photocatalyst
PbBiO,Br. The layered photocatalyst BiOBr has a band gap of
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2.9eV, and the abundant solar energy can be utilized little due to
its inherent limitation. It has been reported that many semi-
conductors containing a hybridized band structure often reveal
the suitable band structure responsive to visible-light irradiation.
For example, the high activity for photocatalytic H, and O,
evolution on AgNbOs is attributed to the hybridized valence band
of Ag 4d and O 2p [19], as well as O, evolution on PbBi,Nb,0g or
BiVO, to the hybridized valence band of Bi 6s and O 2p [20,21]. In
order to narrow the band gap of BiOBr and enhance the visible-
light-driven ability of the photocatalyst, we incorporated Pb?* into
[Bi»0-] layers based on the structure of BiOBr to form the derived
compound of PbBiO,Br. PbBiO,Br is expected to show a narrower
band gap than BiOBr. 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 experimentally estimated
band gap of micro-metered PbBiO,Br (2.3 eV) is much narrower
than that of nano-metered BiOBr (2.9eV). Furthermore, the
visible-light-response photocatalytic activity of the material is
also higher than that of BiOBr. In our opinion, the higher activity
for photocatalytic degradation of organic dyes on PbBiO,Br is not
only attributed to the layered structure but also the hybridized
band structure.

In this work, the references, PbBi;,Nb,Og [20], TiO2_,N, [22],
BiOBr and BiOlpgClp, [15,16], which possess an excellent
performance to photocatalytically decompose organic pollutants
or split water (PbBi,Nb,0Og) under visible light, were applied to
comparatively understand the activity of PbBiO,Br. Two repre-
sentative organic dyes in the textile effluents, methylene blue
(MB) and MO, were used as model contaminants for the purpose
of photocatalytic activity evaluation [14,23-25]. The photodegra-
dation of MO and MB over PbBiO,Br and the references
PbBi;Nb,0g, TiO,_4N,, BiOBr, and BiOlygCly,, were investigated
under both visible light and UV light irradiation.

2. Experiment

The crystalline PbBiO,Br powders were synthesized by a solid-
state reaction method. BiOBr and PbO (AR, 99.5%) were used as
raw materials. BiOBr was prepared by a soft chemical method
described elsewhere [15,16]. A total of 0.02 mol Bi(NOs)s-5H,0
(AR, 99.0%) powders were dissolved in 15 mL glacial acetic acid
(AR, 99.5%) in a water bath at 70 °C. Then the solution was added
rapidly to 240 mL aqueous solution containing 0.04 mol sodium
acetate (AR, 99.0%) and a stoichiometric amount of KBr (AR,
99.0%). The mixture was vigorously stirred for 20h. After the
reaction was completed, the resulting solid product was collected
by filtration, washed three times with deionized water and then
dried at 80 °C in a vacuum oven. During the synthesis of PbBiO,Br,
the well-mixed powders of BiOBr and PbO with the stoichiometric
proportion were calcined at 700 °C for 20 h in an alumina crucible
in air, with intermediate grindings.

The BiOlpgClg, compound was also prepared by a soft
chemical method [16]. The Bi(NOs)s-5H,0 (AR, 99.0%) powders
were added slowly into an aqueous solution containing stoichio-
metric amounts of KCI (AR, 99.5%) and KI (AR, 99.5%). The mixture
was adjusted to pH =3 by using diluted NH4,OH solution and
stirred vigorously for 24h before the collected powders were
collected, washed and dried.

The photocatalyst PbBi,Nb,Og was synthesized by the solid-
state reaction of PbO (AR, 99.5%), Bi,O3 (AR, 99.5%), and Nb,Os5
(AR, 99.5%) at 1100 °C for 10h [20].

TiO,_4N, powder samples were prepared by treating anatase
TiO, powder at the atmosphere of NHs:Ar (the flowing rate-
s = 1:3) at 600°C for 3h [22].

The pure PbBiO,Br, BiOBr, BiOlpgClp,, PbBi;Nb,Og, and
TiO,_4N, phases were all confirmed by X-ray diffraction analysis
(Bruker D8 Advance diffractometer using CuK, radiation
(4 = 0.15406 nm)). The optical band gap was estimated from the
UV-vis (HITACHI U-3010 spectrophotometer) diffuse reflectance
spectrum. The semiconductor absorption edge (1) was deter-
mined by the linear extrapolation of the steep part of UV-vis light
absorption toward the baseline [26,27]. While the band gap is
estimated by the formula 4, (nm) = 1240/E, (eV).

Field-emission scanning electron microscopy (FE-SEM) images
of the samples were obtained on a JSM-6700F field-emission
scanning electron microscope.

The optical system for the catalytic reaction under visible light
includes a 300 W Xe arc lamp, a reaction container, and a cut-off
filter (4A>420nm). The Xe arc lamp is appended above the
container with a distance of about 15 cm. In all the experiments,
the reaction temperature was kept at room temperature to
prevent any thermal catalytic effect by using the circulating
water jack. The volume of initial MO or MB solution, with the
concentration of 10 mg/L, was 200 mL. The powder concentration
in the MO or MB aqueous solution was 0.20 g/100 mL. Visible light
illumination was conducted after the suspension was strongly
magnetically stirred in the dark for 60min to reach the
adsorption-desorption equilibrium of MO or MB on catalyst
surfaces. During irradiation, about 3 mL suspension was continu-
ally taken from the reaction cell at given time intervals for
subsequent MO or MB concentration analysis after centrifuging by
measuring its maximum absorption with a UV-vis spectro-
photometer (HITACHI U-3010 spectrophotometer). The dyes’
degradation was calculated by the following equation:

n=(Co—0)/Co = (Ao —A)/Ao (1)

where Cy and Ag are the initial concentration after equilibrium
adsorption and absorbance of MO/MB solution at 464/664 nm
corresponding to maximum absorption wavelength; C and A
are the concentration and absorbance of MO/MB solution at
464/664 nm during photocatalytic reaction.

Furthermore, we also tested the performance of the photo-
catalyst upon excitation with UV light by using another reactor
system. The photocatalytic reactor consists of two parts, a quartz
cell with a circulating water jack and a 500 W high-pressure
mercury lamp with a maximum emission at 365 nm placed inside
the quartz cell. The powders concentration in the MO or MB
aqueous solution was also 0.20g/100mL. And the volume of
initial MO or MB solution was 300 mL, with the concentration of
10 mg/L.

3. Results and discussion
3.1. Characterizations of the powders

The XRD patterns of the as-prepared samples are shown in Fig.
1. The samples of PbBiO,Br, BiOBr, BiOlgsCly,, PbBi,Nb,Og, and
TiO,_xN, all possess pure phases. And as shown in the figure, the
crystal structure of the as-prepared sample PbBiO,Br did not
change before and after the photocatalytic reaction. It indicates
that PbBiO,Br can be used as a stable photocatalyst, which is one
of the key factors for the practical use.

The UV-vis diffuse reflectance absorption spectra of the
PbBiO,Br, BiOBr, BiOlggClg,, PbBioNb,yOg, and TiO,_,N, samples
are shown in Fig. 2. The PbBiO,Br sample shows an absorption
band-edge of about 530 nm, and the red shift appears to be about
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Fig. 1. XRD spectra of PbBiO,Br before and after the photocatalytic reaction, BiOBr,
BiOly sClo.2, PbBi;Nb,0g, and TiO,_yNj.
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Fig. 2. UV-vis diffuse reflectance spectra of PbBiO,Br, BiOBr, BiOlpgCly,
PbBi;Nb,0g, and TiO,_,N,.

100 nm by the comparison with that of BiOBr. The bandgaps of
PbBiOZBr, BiOBr, Biolo_sclo_z, PbBiszzOg, and TiOz_xNx are 2.3,
2.9, 1.98, 2.6, and 2.88 eV, respectively. Except the red color of
BiOlysClp,, the others are yellow or yellowish, indicating that
these materials indeed absorb visible light.

The typical morphologies of the initial PbBiO,Br, BiOBr,
BiOly gClg 2, PbBi;Nb,0g, and TiO,_xNy powders are demonstrated
in Fig. 3. As displayed in the figure, BiOBr and BiOlygCly, are
nano-sized particles, while PbBiO,Br, TiO,_xN,, and PbBi;Nb,0g
are micron-sized powders. In Fig. 3 (a) [16] and (b), the images of
the BiOlggClg, and BiOBr samples are at magnification of
60,000 x and 50,000 x, respectively. The images show that the
products are composed of plates with a diameter of approximately
100 and 50 nm in thickness. In Fig. 3 (c), (d) and (e), the images of
PbBiO,Br, TiO,_.N,, and PbBi,Nb,Og powders are at the same
magnification of 5000 x. The morphology of PbBiO,Br is also
plates just like the other oxyhalides, and the particles sizes are

estimated to be about 1-3 um, much lager than those of BiOBr and
BiOl gClp». The morphology of TiO,_,N, and PbBi;Nb,Og are both
spheres, and the average particle sizes are about 1-2 and 2-4 um,
respectively.

3.2. Photodegradation of dyes

The visible-light-driven photocatalytic activities of PbBiO,Br,
BiOBr, BiOl 5Clg », PbBi;Nb,0g, and TiO,_,N, were observed under
8 h visible light irradiation (1>420nm), at ambient temperature
in air, as shown in Fig. 4. It is obvious that MO can be
photocatalyzed by about 18%, 23%, and 38% on TiO;_4N,,
PbBi,Nb,Og, and BiOBr, respectively. The values are much lower
than 95% on PbBiO,Br. It is worth mentioning that the higher
activity of PbBi;Nb,Og than TiO,_ N, for dye degradation
observed in this work is consistent with the conclusion in the
water-splitting study reported by Kim and his coworkers [20]. As
revealed in the figure, the activity for photocatalytic degradation
of MO on PbBiO,Br was lower than that on BiOly gClg >, where the
complete photodecomposition was achieved within 5h. The
visible-light-response activity order, BiOlggClg,>PbBiO,Br>
BiOBr > PbBi,Nb,09>TiO,_,N,, can be also found in the degrada-
tion of MB.

The UV-assisted photocatalytic activities for decolorizing MO
or MB are shown in Fig. 5. Dissimilar to the case of visible light
irradiation, PbBiO,Br is only more photocatalytically active than
PbBi,Nb,Og, and less active than the other references (BiOBr,
BiOly gClp», and TiO,_4N,) for MO and MB degradation under UV
light. Taking MO degradation as an example, the dye can be
completely degraded over PbBiO,Br during 60 min light irradia-
tion, and the completely discoloring time over BiOlggClgo,
TiO,_xN,, and BiOBr are shortened to 30, 40, and 50min,
respectively. The least active semiconductor, PbBi;Nb,0g, de-
grades only 25% MO within 60 min of photocatalytic reaction.

A larger band gap corresponds to a more powerful redox ability
[28]. Because the photocatalytic process system can be considered
to be similar to that of an electrochemical cell, a larger band gap
results in an enhanced oxidation-reduction potential [29], and the
effect is the same as the suppress reaction of the recombination of
electron and hole pairs. Besides that, the light source and light
absorption are very important for the performance of photo-
catalysts. For PbBiO,Br and TiO,_,N,, the band gaps are 2.3eV
(540nm) and 2.88 eV (430 nm), respectively. Under visible light
irradiation (1>420nm), PbBiO,Br, absorbing more visible light
than TiO,_,N,, leads to the superior photocatalytic activity to
TiO,_4N,. However, under UV light irradiation (4<420nm), both
PbBiO,Br and TiO,_,N, can absorb all light. Under such situation,
the intrinsic oxidation-reduction potential is the key factor for the
photocatalytic activity. The band gap of TiO,_,N, is larger than
that of PbBiO,Br. Naturally, its photocatalytic activity is higher
than that of PbBiO,Br. Furthermore, the inferior photocatalytic
activity of PbBiO,Br to BiOly gClg > under visible light irradiation is
mainly due to that PbBiO,Br possess much larger particle size
than nano-sized BiOlggClg 5.

We have discussed dye degradation mechanisms in our
previous work Bi304Cl [30]. There are three possible reaction
mechanisms for the dye degradation in the previous experiments,
including (1) a photocatalytic process, (2) a dye photosensitization
process, and (3) a photolysis process. In our opinion, the
oxyhalides should have the similar dyes bleaching mechanisms.
Since MO and MB show high structural chemical stability, the
photolysis of MO and MB can be neglected. In other words, the MO
and MB degradation is resulted possibly from a photocatalytic
process and a photosensitization process. Similar to Bi;04Cl, the
concentration decrease of MO and MB in the PbBiO,Br suspension
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Fig. 4. MO and MB photodegradations under visible light irradiation.
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Fig. 5. MO and MB photodegradations under UV light irradiation.

should be ascribed to a photocatalytic process under irradiation of
UV light or visible light.

3.3. Structure- property relationship

The layered structure PbBiO,Br crystallizes in the I4/mmm
space group with a tetragonal lattice. Each oxygen atom is
coordinated by four metal (M) atoms of two Pb and two Bi. The
resulting edge-sharing OM, tetrahedra form the [PbBiO,] layers
perpendicular to [001], connected by the intermediate Br atoms.
Each metal atom is surrounded by four O and four Br atoms to
form a tetragonal antiprism. The Br atom is coordinated to the
tetragonal prism of eight metal atoms [31].

The photocatalytic oxidation of the organic contaminants is
closely correlative to two factors: efficient photoinduced elec-
tron-hole separation and transfer and the structure of the band
gap in the photocatalyst. In the process of photocatalytic
degradation, charge separation is important and necessary to
prevent recombination of the photoinduced electrons and holes.
The internal electric fields are one of the important parameters to
evaluate the ability of electron-hole separation and transport in
the crystal lattice. Generally, the presence of internal electric
fields between [PbBiO;] and [Br,] are favorable for the efficient
photoinduced electron-hole separation and transfer, which is also
propitious to a high-photocatalytic efficiency of PbBiO,Br.

Band structure of PbBiO,Cl was calculated by TB-LMTO
program [32]. From the calculated results of PbBiO,Cl, the density
of states of the analogue PbBiO,Br can be reasonably derived. The
conduction band minimum (CBM) of the oxybromide should be
mainly composed of Bi 6p, O 2p, Pb 6p, Br 4p states, and the
valence band maximum (VBM) primarily consists of Br 4p, O 2p,
and Pb 6s orbitals. The rather hybrid bonding and antibonding
states of Pb/Bi O/Br bonds are distributed around the top of
valance band and the bottom of conduction band. The DOS
distribution near CBM and VBM becomes broader than BiOBr,
BiOCl, and PbBiO,Cl due to the hybridization of the Pb and Br
valence orbitals, which increases the mobility of photo-generated
hole. Fig. 6 shows the schematic band gaps of BiOCl, BiOBr,
PbBiO,Cl, and PbBiO,Br.

The much dispersed states near the forbidden band in
PbBiO,Br are believed to enable the photo-induced electrons
and holes to travel a long distance and the internal electric fields

2.90 eV 245eV 2.30 eV

345eV

N AN PbBiO,Br

PbBiO,Cl

——
BiOCl

Fig. 6. Schematic band gaps of BiOCl, BiOBr, PbBiO,Cl, and PbBiO,Br.

between [PbBiO,] and [Br] slabs, assisting a high mobility for the
separation of electron-hole pairs and consequently improving the
photocatalytic activity.

4. Conclusions

In conclusion, the photocatalyst PbBiO,Br with a layered
structure synthesized by a solid-state reaction method has an
intrinsic optical band gap of 2.3 eV. The material possesses high
higher photocatalytic activities for degrading MO and MB both
under UV and visible light. The high activity is closely related with
the internal electric fields between [PbBiO,] and [Br;] slabs, as
well as the hybrid states at the conduction and valence bands.
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