
R
a

F
a

U
b

c

a

A
R
R
A
A

K
B
V
P
N
T

1

n
a
n
e
t
p
y
t
p
r
t
t
[
a
e

0
d

Journal of Hazardous Materials 219– 220 (2012) 26– 34

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

j our na l ho me p age: www.elsev ier .com/ locate / jhazmat

oom  temperature  synthesis  and  highly  enhanced  visible  light  photocatalytic
ctivity  of  porous  BiOI/BiOCl  composites  nanoplates  microflowers

an  Donga,∗,  Yanjuan  Suna,  Min  Fua,  Zhongbiao  Wub, S.C.  Leec

College of Environmental and Biological Engineering, Key laboratory of Catalysis Science and Technology of Chongqing Education Commission, Chongqing Technology and Business
niversity, Chongqing 400067, China
Department of Environmental Engineering, Zhejiang University, Hangzhou 310027, China
Department of Civil and Structural Engineering, Research Center for Environmental Technology and Management, The Hong Kong Polytechnic University, Hong Kong, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 19 December 2011
eceived in revised form 5 March 2012
ccepted 6 March 2012
vailable online 14 March 2012

eywords:
iOI/BiOCl composites
isible light
hotocatalytic activity
itric oxide

a  b  s  t  r  a  c  t

This  research  represents  a highly  enhanced  visible  light  photocatalytic  removal  of  450  ppb  level  of  nitric
oxide  (NO)  in  air by utilizing  flower-like  hierarchical  porous  BiOI/BiOCl  composites  synthesized  by  a
room  temperature  template  free  method  for  the first  time.  The  facile  synthesis  method  avoids  high tem-
perature  treatment,  use  of  organic  precursors  and  production  of  undesirable  organic  byproducts  during
synthesis  process.  The  result  indicated  that the  as-prepared  BiOI/BiOCl  composites  samples  were  solid
solution  and  were  self-assembled  hierarchically  with  single-crystal  nanoplates.  The  aggregation  of  the
self-assembled  nanoplates  resulted  in  the  formation  of  3D  hierarchical  porous  architecture  containing  tri-
model mesopores.  The  coupling  to BiOI  with  BiOCl  led  to  down-lowered  valence  band  (VB)  and  up-lifted
conduction  band  (CB)  in  contrast  to  BiOI,  making  the  composites  suitable  for  visible  light  excitation.
The  BiOI/BiOCl  composites  samples  exhibited  highly  enhanced  visible  light  photocatalytic  activity  for
emplate free removal  of  NO  in  air due  to the  large  surface  areas  and  pore  volume,  hierarchical  structure  and  modi-
fied band  structure,  exceeding  that  of P25,  BiOI,  C-doped  TiO2 and  Bi2WO6.  This  research  results  could
provide  a cost-effective  approach  for  the  synthesis  of  porous  hierarchical  materials  and  enhancement  of
photocatalyst  performance  for environmental  and  energetic  applications  owing  to  its low  cost  and  easy
scaling  up.
. Introduction

The synthesis of hierarchical porous materials assembled from
anoscale building blocks, especially three-dimensional (3D) hier-
rchical architectures that are assembled by two-dimensional (2D)
anoplates or nanosheets, have received intensive research inter-
st [1–3]. Due to the well-defined hierarchical porous structure,
hey could offer opportunities to explore their novel or enhanced
roperties, such as adsorption, sensing, energy conversion, catal-
sis, pollution control [4–6]. Various routes have been employed
o synthesize 3D hierarchical porous architectures, including tem-
late and template free methods [7–9]. Template method usually
equires tedious preparation procedures of template modifica-
ion, precursor attachment and core removal, which would lead
o the cost increase and further limit the potential applications

7]. The capability of template method is also limited by the avail-
bility of types of templates. Therefore, it is highly desirable to
xplore of facile and cost-effective approach for the synthesis of 3D

∗ Corresponding author. Tel.: +86 23 62769785 605; fax: +86 23 62769785 605.
E-mail address: dfctbu@126.com (F. Dong).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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© 2012 Elsevier B.V. All rights reserved.

hierarchical porous materials. The template free method is one
of the most promising routes due to its advantages of low cost,
environmental friendly, mild synthesis condition, and potential
large-scale application [8,9]. It is especially ideal if the template
free method can be conducted at room temperature, which could
further reduce the production cost in the synthesis. A variety of
hierarchical or hollow materials with improved properties have
been successfully prepared using room temperature template free
synthesis method in the past few years, such as TiO2, MnO2, Cu2S,
CdMoO4, ZnSn(OH)6 and so on [10–14].

Semiconductor photocatalysis driven by visible light has
become the world hot topic of intensive interest due to its
potential applications in environmental purification and solar
energy conversion by utilizing visible light in solar or indoor light
source [15–18].  Recently, hierarchical BOX (X = Cl, Br, I) nanoplates
architectures with photocatalytic activities have been synthe-
sized by sol–gel, hydrothermal/solvothermal, precipitation, reverse
microemulsions, and ionic-assisted methods [19–25].  The internal

structure of (BiO)2

2+ layers interleaved by double slabs of X− atoms
guided the growth of BiOX at certain axis to form 2D nanoplate
morphology. Some results proved that 2D nanostructures favored
the transfer of electrons and holes generated inside the crystal

dx.doi.org/10.1016/j.jhazmat.2012.03.015
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dfctbu@126.com
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urface and promoted the electrons/holes separation, which was
dvantageous to improve the photocatalytic activity [26–28].  In
rder to further improve the visible light activity of BOX based
hotocatalytic materials for application, composite semiconduc-
or systems have been developed by applying the principle of band
ap engineering, such as BiOCl/WO3, BiOCl/NaBiO3, BiOCl/BiOBr,
iOBr/BiOI, BiOI/AgI, BiOI/TiO2, BiOI/BiOCl [29–35].  These com-
osites materials exhibited enhanced visible light photocatalytic
ctivities in degradation of various pollutants.

In the present study, flower-like hierarchical porous BiOI/BiOCl
omposites self-assembled with nanoplates were synthesized from
norganic precursors by a room temperature template free method.
lthough hierarchical BiOI/BiOCl composites with enhanced pho-

ocatalytic performance have been synthesized by hydrothermal
ethod, the preparation conditions require relative high tem-

erature and use of organic solvent. Besides, undesirable organic
yproducts would be produced, which is not environmentally
riendly [35]. Our facile method here avoids high temperature treat-

ent, use of organic precursors and production of undesirable
rganic byproducts in the synthesis. As expected, the as-prepared
iOI/BiOCl composites exhibited highly enhanced visible light pho-
ocatalytic activity for the removal of 450 ppb level of nitric oxide
NO) in air, outstanding several good photocatalysts including P25,
iOI, C-doped TiO2 and Bi2WO6. The structural features of the
iOI/BiOCl composites were characterized in detail and a new
echanism for the activity enhancement was proposed.

. Experimental

.1. Chemicals and synthesis of BiOI/BiOCl composites

All chemicals used in this study were analytical grade
Sigma–Aldrich) and were used without further purification. Dis-
illed water was used in all experiments. BiOI/BiOCl composites
ere synthesized by a template free method at room temperature

25 ◦C). In a typical synthesis, stoichiometric amounts of KCl and KI
ere dissolved in 150 mL  of H2O. 0.02 mol  of Bi(NO3)3·5H2O was

dded into the above solution slowly. The mixtures were adjusted
o pH of 10 by using 1 M of NH3·H2O solution and stirred vig-
rously for 12 h. After the stirring was completed, the resulting
olid product was collected by filtration, washed several times with
eionized water and then dried at 60 ◦C to get the final sample.
epending on the molar ratio of KI to KCl (1:0, 0.75:0.25, 0.5:0.5,
.25:0.75 and 0:1), different BiOI/BiOCl composites can be synthe-
ized and labeled as BOI, BOI0.75Cl0.25, BOI0.5Cl0.5 BOI0.25Cl0.75, and
OCl, respectively. It was known that the hydrolysis of Bi(NO3)3

n water produced the BiONO3 [36]. The formation of BiOI/BiOCl
omposites from the starting compounds follows the Eqs. (1)–(4).

H3·H2O → NH4
+ + OH− (1)

i(NO3)3 + H2O → BiONO3 + 2H+ + 2NO3
− (2)

+ + OH− → H2O (3)

iONO3 + xI− + (1−x)Cl− → BiOIxCl1−x + NO3
− (4)

For reference, C-doped TiO2 and Bi2WO6 were also prepared
ccording to our previous methods [37,38].

.2. Characterization instruments

The crystal phases of the sample were analyzed by X-ray
iffraction with Cu K� radiation (XRD: model D/max RA, Rigaku

o., Japan). A scanning electron microscope (SEM, JEOL model

SM-6490, Japan) was used to characterize the morphology of
he obtained products. The morphology and structure of the
amples were examined by transmission electron microscopy
aterials 219– 220 (2012) 26– 34 27

(TEM: JEM-2010, Japan). Nitrogen adsorption–desorption
isotherms were obtained on a nitrogen adsorption apparatus
(ASAP 2020, USA). All the samples were degassed at 200 ◦C prior
to measurements. X-ray photoelectron spectroscopy with Al K�
X-rays (h� = 1486.6 eV) radiation operated at 150 W (XPS: Thermo
ESCALAB 250, USA) was used to investigate the surface properties
and to probe the total density of the state (DOS) distribution in the
valence band (VB). The shift of the binding energy due to relative
surface charging was corrected using the C1s level at 284.8 eV
as an internal standard. The UV–vis diffuse reflection spectra
were obtained for the dry-pressed disk samples using a Scan
UV–VIS spectrophotometer (UV–VIS DRS: UV-2450, Shimadzu,
Japan) equipped with an integrating sphere assembly, using
BaSO4 as reflectance sample. The spectra were recorded at room
temperature in air ranged from 250 to 800 nm.

2.3. Photocatalytic experiments

The photocatalytic activity was  investigated by removal of NO at
ppb levels in a continuous flow reactor at ambient temperature. The
volume of the rectangular reactor, made of stainless steel and cov-
ered with Saint-Glass, was 4.5 L (30 cm × 15 cm × 10 cm). A 300 W
commercial tungsten halogen lamp (General Electric) was verti-
cally placed outside the reactor. Four mini-fans were used to cool
the flow system. For the visible light photocatalytic activity test,
UV cutoff filter (400 nm)  was  adopted to remove UV  light in the
light beam. For photocatalytic activity test under simulated solar
light, the UV cutoff filter was  removed. Appropriate of photocat-
alyst (0.15 g) was dispersed in 30 mL  water and sonochemically
treated for 30 min. The resulted suspension was transferred to a
dish with a diameter of 12.0 cm.  The coated dish was then pre-
treated at 70 ◦C to remove water in the suspension and the solid
photocatalyst was finally coated on the dish uniformly. The NO gas
was  acquired from a compressed gas cylinder at a concentration
of 100 ppm of NO (N2 balance, BOC gas) with traceable National
Institute of Standards and Technology (NIST) standard. The initial
concentration of NO was diluted to about 450 ppb by the air stream
supplied by a zero air generator (Thermo Environmental Inc., model
111). The desired relative humidity (RH) level of the NO flow was
controlled at 70% by passing the zero air streams through a humid-
ification chamber. The gas streams were premixed completely by
a gas blender, and the flow rate was controlled at 3.3 L/min by a
mass flow controller. After the adsorption–desorption equilibrium
was  achieved, the lamp was turned on. The concentration of NO
was  continuously measured by a chemiluminescence NO analyzer
(Thermo Environmental Instruments Inc., model 42c), which mon-
itors NO, NO2, and NOx (NOx represents NO + NO2) with a sampling
rate of 0.7 L/min. The removal ratio (�) of NO was  calculated as �
(%) = (1 − C/C0) × 100%, where C and C0 are concentrations of NO in
the outlet stream and the feeding stream, respectively. The kinetics
of photocatalytic NO removal reaction is a pseudo first order reac-
tion at low NO concentration as ln(C0/C) = kt, where k is the initial
apparent rate constant.

3. Results and discussion

3.1. Phase structure

Fig. 1 shows the XRD patterns of the as-prepared BiOI/BiOCl
samples. The XRD patterns for BiOI and BiOCl can be indexed to
tetragonal phase BiOI (JCPDS card no. 73-2062) and tetragonal

phase BiOCl (JCPDS card no. 06-0249), respectively. With the vari-
ation of Cl molar ratio from 0 to 1.0, all diffraction peaks gradually
shift to higher angles (i.e., a smaller spacing between the diffraction
planes), which can be ascribed to the fact that Cl− ion has a smaller
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Fig. 1. XRD patterns of the as-prepared BiOI/BiOCl samples (a)

onic radius than does I− ion (1.81 vs. 2.20). The enlarged image of
ig. 1 illustrates the change of some strongest peaks clearly. The
egular gradual shift of the XRD patterns as function of the Cl− ion
olar ratio reveals that the as-prepared BiOI/BiOCl composites are

 group of solid solutions [31,39].
Fig. 2 shows the Raman spectra of BiOCl, BiOCl0.75I0.25 and BiOI

amples. The BiOX with a space group of D4h
7, has two molecu-

ar formulas per unit cell with the Raman active modes of A1g, B1g,
nd Eg [40]. Pure BiOCl shows two distinctive bands and one weak
and. The strong band at 144 cm−1 (assigned to the A1g internal
i Cl stretching mode) and the band at 197 cm−1 (assigned to the
g internal B Cl stretching mode) can be observed. The Eg exter-
al Bi Cl stretching is probably overlapped by the strong band
t 144 cm−1. The week band at 396 cm−1 can be ascribed to Eg

nd B1g band, produced by motion of the oxygen atoms [40]. For
ure BiOI, the band at 148 cm−1 is assigned to the Eg internal B I
tretching mode. After coupling the two components, most of the
ands for BiOCl and BiOI vanished and only the band of BiOCl at
44 cm−1 with low intensity was preserved. A new broadened band
t 156 cm−1 appeared. The reduction of original bands of BiOCl

nd BiOI and the generation of new band further confirmed the
ormation of solid solution [31].

Fig. 2. Raman spectra of BiOCl, BiOCl0.75I0.25 and BiOI samples.
nlarged view of the diffraction region between 28 and 34 (b).

3.2. Morphological structure

The surface morphology of the as-prepared samples was  exam-
ined by SEM, as shown in Fig. 3a–f. It can be seen that all the
samples are in the form of microflowers, which are assembled
hierarchically by many nanoplates. The microflowers for different
samples have slightly different morphology. The formation of 2D
nanoplate structure can be ascribed to the internal structure of
BiOX, where (BiO)2

2+ layers sandwiched by two  slabs of X− atoms,
leading to the anisotropic growth of BiOX at certain axis to form 2D
nanoplates [20,31]. Driven by the minimization of the total energy
of the system, these primary nanoplates tend to form 3D hierar-
chical flower-like microspheres by self-assembly in the growth
process without the assistant of templates as sphericity has the
minimal surface energy. With the nanoplates self-assembled hier-
archical structure, light can be reflected within the interconnected
nanoplates multiplely, which could enhance light-harvesting abil-
ity of the materials [28,41,42].

The morphological structure of BiOI0.25Cl0.75 sample was fur-
ther examined by TEM and HRTEM, as shown in Fig. 4. The TEM
image in Fig. 4a further shows that BiOI0.25Cl0.75 sample is irregu-
lar flower-like architectures, consistent with the SEM observation.
TEM images taken from the edge of the individual microstructure
in Fig. 4b and c reveal that the as-prepared material is highly crys-
tallized and self-assembled with nanoplates. The nanoplates are
very thin (about 15 nm)  and transparent to the electron beam. An
HRTEM image of a single nanoplate in the architecture is shown in
Fig. 4d. The d values of lattice spacing are measured to be 0.338 and
0.301 nm,  matching with the spacing of the (1 0 1) crystal plane of
BiOCl and (0 1 2) crystal plane of BiOI in BiOI/BiOCl composites. This
result indicates the presence of the mixed phase of BiOI and BiOCl
in BiOI0.25Cl0.75 sample, consistent with XRD result. The inset of
SAED pattern in Fig. 4d shows an array of clear and regular diffrac-
tion spots of the single nanoplate, which implies that the nanoplate
is single-crystalline in nature. Thus, the formation of BiOI0.25Cl0.75
hierarchical composites originates from the self-assembly of these
single-crystalline nanoplates.

3.3. Specific surface areas and pore structure

The specific BET surface areas (SBET) and pore structure of the

prepared samples was investigated using adsorption–desorption
measurements. As shown in Table 1, the SBET of the BiOI/BiOCl
composites samples gradually increases from 13.67 to 17.40 m2/g,
compared to pure BiOI (5.71 m2/g) and BiOCl (9.02 m2/g). The
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Fig. 3. SEM images of BiOI (a), BiOCl (b), BiOI

ore volume of composites samples increases from 0.0754 to
.0880 cm3/g, compared to pure BiOI (0.0267 cm3/g) and BiOCl
0.0484 cm3/g). The BiOI0.25Cl0.75 samples have the maximum SBET
nd pore volume. A greater specific surface area and pore volume
f photocatalysts can supply more surface active sites and make
eactants transport easier, leading to an enhancement of the pho-
ocatalytic performance [43]. Thus, the large SBET and pore volume

f BiOI/BiOCl composites samples may  play a role in enhancing the
hotocatalytic activity.

Fig. 5a shows the nitrogen adsorption–desorption
sotherms of the porous samples. According to the Brunauer

able 1
pecific BET surface areas, pore parameters, removal ratio and initial reaction constants f

Samples SBET (m2/g) Total volume (cm3/g) 

BiOI 5.71 0.0267 

BiOI0.75Cl0.25 13.67 0.0754 

BiOI0.5Cl0.5 16.41 0.0871 

BiOI0.25Cl0.75 17.40 0.0880 

BiOCl 9.02 0.0484 

P25  51.2 0.090 

C-doped TiO2 122.5 0.248 

Bi2WO6 10 – 
.25 (c), BiOI0.5Cl0.5 (d), and BiOI0.25Cl0.75 (e, f).

–Deming–Deming–Teller (BDDT) classification, the majority of
physisorption isotherms can be grouped into six types [44]. The
isotherms of all the samples are types IV, indicating the pore-size
distributions in the mesoporous regions. The shapes of hysteresis
loops are of type H3, which is associated with mesopores formed
due to aggregation of plates-like particles [44]. This result is
consistent with SEM that the aggregation of the self-assembled

nanoplates resulted in the formation of 3D hierarchical flower-like
architecture.

Fig. 5b shows the corresponding pore-size distribution (PSD) of
the samples. As can be seen that for the BiOI sample, the PSD curve

or the as-prepared and reference samples.

Peak pore diameter (nm) � (%) k (min−1)

3.7/18.3 14.9 0.047
2.2/3.8/20.7 42.4 0.14
2.2/3.8/19.8 44.9 0.14
2.3/3.8/11.6 54.6 0.20
2.4/3.9/19.3 4.2 0.0091

22.0 10.3 0.034
3.5 21.8 0.069

20.0 7.9 0.033
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Fig. 4. TEM (a, b, c) and HETEM (d) images of BiOI0.25Cl0.75

s bimodal with smaller (∼3.7 nm)  and larger (∼18.3 nm)  meso-
ores. For other 4 samples, the PSD curve is tri-modal with smaller
∼2.2–2.4 nm), small (∼3.8–3.9 nm)  and large (∼11.6–20.7 nm)

esopores. As the nanoplates do not contain pores (Fig. 4c),
he smaller mesopores in the range of 2.0–4.0 nm may  reflect

orosity within nanoplates. The larger mesopores in the range of
1.0–21.0 nm may  be ascribed to the pores formed between stacked
anoplates (Fig. 3). Such self-organized porous architecture might
e extremely useful in photocatalysis because they provide efficient

Fig. 5. N2 adsorption–desorption isotherm (a) and pore-si
le. The inset in (d) shows the SAED of a single nanoplate.

transport pathways for reactant and product molecules [28,43].  The
SBET and pore parameters of reference samples are summarized in
Table 1.

3.4. XPS analysis
To further investigate the surface chemical compositions and
valence band states of the as-prepared samples, XPS studies were
conducted, and the spectra were illustrated in Fig. 6. It can be seen

ze distribution curves (b) of the BiOI/BiOCl samples.
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Fig. 6. XPS spectra of BiOI, BiOI0.25Cl0.75 and BiOCl sampl

rom the XPS survey spectra (Fig. 6a) that the as-prepared samples
ontain not only Bi, O, I and Cl elements but also some C. The XPS
eak for C 1s (284.8 eV) is ascribed to the adventitious carbon from
he XPS instrument.

Typical high-resolution XPS spectra for Bi 4f are shown in Fig. 6b.
wo peaks at 159.4 and 164.7 eV for the three samples are assigned
o Bi 4f7/2 and Bi 4f5/2, respectively, which is characteristic of Bi3+
n BiOI, BiOCl0.75I0.25 and BiOCl [21]. Besides, two  other peaks
round 157.0 and 162.3 eV ascribed to Bi 4f7/2 and Bi 4f5/2 in Bi0

an be observed. Because the samples do not contain Bi0 as con-
rmed by XRD (Fig. 1), it must be generated in the process of XPS
survey (a), Bi 4f (b), O 1s (c), I 3d (d), Cl 2p (e) and VB (f).

measurement. Considering the band gap of the samples (Fig. 7b),
they can be excited by the Al K� X-rays (h� = 1486.6 eV) of XPS
instrument to produce electrons/hole pairs. The Bi3+ can in turn be
reduced to Bi0 by the photogenerated electrons. The content of Bi0

is highest in BiOI and lowest in BiOCl. This result implies that BiOX
is not very stable under strong irradiation.

Fig. 6c shows the high-resolution XPS spectra for the O 1s region,

which can be fitted into two  peaks. The main peak at 530.4 eV is
attributed to the Bi O bonds in (BiO)2

2+ slabs of BiOX layered struc-
ture, and the peak at 532.1 eV is assigned to the hydroxyl groups
on the surface [21]. As to the high-resolution spectra of the I 3d
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Fig. 7. UV–vis DRS of as-prepared BiOI/BiOCl samp

Fig. 6d), two peaks at 631.0 and 619.4 eV attributed to I 3d3/2 and
 3d5/2 respectively, can be ascribed to I− in BiOI and BiOI0.25Cl0.75
amples [34]. The high-resolution XPS spectra of Cl 2p in Fig. 6e
how two peaks at 199.8 and 198.2 eV, which can be ascribed to Cl
d1/2 and Cl 2p3/2, respectively [20].

To determine the relative positions of conduction band (CB) and
B edges, the total densities of states of VB were measured, as
hown in Fig. 6f. In contrast to BiOI, the BiOI0.25Cl0.75 demonstrates

 VB maximum down-lowered from 2.38 to 2.46 eV. Compared to
iOCl, the BiOCl0.75I0.25 exhibits a VB maximum up-shifted from
.42 to 2.46 eV. The shift of VB maximum position for BiOI0.25Cl0.75
an be attributable to the formation of solid solution, as confirmed
y XRD and Raman. Additional electronic states between 0 and
.0 eV of BiOI0.25Cl0.75 resulted from iodine orbital can also be
bserved in comparison with BiOCl.

.5. Optical properties

The band gap structure of a semiconductor photocatalyst is an
mportant factor in determining the photocatalytic performance.
ig. 7a shows the UV–vis DRS of as-prepared BiOI/BiOCl samples. It
an be seen that pure BiOCl absorbs only UV light with an absorp-
ion edge at 370 nm and pure BiOI shows a huge optical absorbance
n the visible light region with an absorption edge at 670 nm.  The
bsorption edge of the composites samples shifts monotonically
o longer wavelengths as the amount of BiOI increases. The band
ap energy can be estimated from the intercept of the tangents to
he plots of (˛h�)1/2 vs. photon energy, as shown in Fig. 7b [18,20].
he band gaps of BiOI and BiOCl are determined to be about 1.80
nd 3.20 eV, consistent with reported values [20,35].  The band gap
f BiOI0.25Cl0.75 is 1.93 eV, which is located between the band gap
alues of BiOI and BiOCl due to solid solution structure. The band
ap values of the samples are listed in Table 2.

.6. Enhanced visible light photocatalytic activity for removal of

O in air

The as-prepared hierarchical porous BiOI/BiOCl samples were
sed to photocatalytic removal of NO in air phase in order to

able 2
bsolute electronegativity, calculated CB edge, calculated VB position and band gap energ

Semiconductors Absolute electronegativity (X) (/eV) 

BiOI 5.99 

BOI0.25Cl0.75 6.25 

BiOCl  6.34 
 and the plotting of (˛h�)1/2 vs. photon energy (b).

demonstrate their potential ability for air purification. Fig. 8a shows
the variation of NO concentration (C/C0%) with irradiation time over
the samples under visible light irradiation (� > 420 nm). Here, C0 is
the initial concentration of NO, and C is the concentration of NO
after photocatalytic reaction for time t. As a comparison, photo-
catalytic oxidation of NO over P25, C-doped TiO2 and Bi2WO6 are
also performed under identical conditions. As previously proved,
NO could not be photolyzed under light irradiation [21]. In the
presence of photocatalytic materials, the NO reacted with the
photo-generated reactive radicals and produced HNO2 and HNO3,
which involved four reactions displayed in Eqs. (5)–(8) [21].

NO + 2•OH → NO2 + H2O (5)

NO2 + •OH → NO3
− + H+ (6)

NO + NO2 + H2O → 2HNO2 (7)

NO + •O2
− → NO3

− (8)

As shown in Fig. 8a and Table 1, after 30 min irradiation, BiOCl
shows negligible visible light activity due to the large band gap of
3.2 eV. P25 consists of 80% of anatase and 20% of rutile. The band gap
of rutile TiO2 is 3.0 eV and can be excited by visible light with wave-
length shorter than 413 nm.  P25 exhibits weak visible light activity
with a removal rate of 10.3% (k, 0.0091 min−1) due to the existence
of small amount of rutile phase in P25. BiOI with a band gap of
1.80 eV can be excited by visible light and exhibits decent removal
rate of 14.9% (k, 0.047 min−1). The NO removal rate reaches at 21.8%
(k, 0.069 min−1) over C-doped TiO2 as it is a well known good vis-
ible light driven photocatalyst. The widely investigated Bi2WO6
photocatalyst also show certain visible light activity of 7.9% (k,
0.034 min−1). Interestingly, by coupling BiOCl and BiOI, the visible
light activity over BiOI/BiOCl composites is dramatically enhanced
with removal rate over 40%, exceeding all of the reference samples.
When the molar ratio of iodine to chloride is 1:3, the activity of
BiOI/BiOCl composites (BiOI0.25Cl0.75) reaches maximum removal

rate of 54.6% (k, 0.20 min−1), 21 times higher than that of BiOCl and
4 times higher than that of BiOI, as shown in Fig. 8b. The optimal
BiOI0.25Cl0.75 composites were also more efficient than other types
of visible light photocatalytic materials for NO removal reported in

y for BiOI, BiOCl and BOI0.25Cl 0.75 at the point of zero charge.

Calculated CB
position (eV)

Calculated VB
position (eV)

Band gap
energy Eg (eV)

0.62 2.42 1.80
0.56 2.49 1.93
0.24 3.44 3.20
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ible light irradiation. P25, C-doped TiO2 and Bi2WO6 were used as reference samples.
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Fig. 8. Photocatalytic activities of the as-prepared BiOI/BiOCl samples under vis

iterature [17,21,38] including N-doped TiO2, Bi2WO6 and BiOBr,
hich indicated that the as-prepared BiOI/BiOCl composites were
ighly efficient visible light driven photocatalysts. Jasra and co-
orkers showed that the oxidizing radical species given by the Cl−

ons reduced the rate of degradation of Fe metal ion impregnated
iO2 [45]. The Cl− ions impregnated photocatalyst was different
rom BiOI/BiOCl composites intrinsically. For Cl− ions impregnated
hotocatalyst, these impregnated free Cl− ions were on the catalyst
urface. The Cl− ions could take part in the photocatalytic reac-
ion, resulting in reduction the degradation rate. However, there
s no free Cl− and I− ions on the BiOI/BiOCl composites because
he BiOI and BiOCl are well crystallized (Fig. 1). Therefore, Cl− and
− ions should have no negative effect on BiOI/BiOCl composites
hotocatalyst.

The BiOI/BiOCl composites photocatalyst shows little deactiva-
ion after 30 min  reaction, revealing the superior photocatalytic
erformance of the BiOI/BiOCl composites sample. The small
ecrease in activity for some other samples was due to the accumu-

ation of oxidation product (HNO3) on the catalyst surface [18,21].
or the optimal BiOI0.25Cl0.75 composites sample, the NO removal
ate can be well maintained after three recycles under visible light,
hich can be attributed to the hierarchical mesoporous structure

nd large surface areas. The open mesoporous architecture with
arge surface area facilitated the molecular transport of reactants
nd products [21].

.7. Mechanism of activity enhancement of BiOI/BiOCl composites

Photocatalytic activity of a semiconductor depends on vari-
us factors such as surface area, pore volume, morphology, light
bsorption, band structure and nature of dopant if any.

In order to further investigate the effect of band structure on the
ctivity of the as-prepared samples, the positions of CB edge and
B edge were calculated using a simple theoretical method. The
onduction band edge (ECB) of a semiconductor at the point of zero
harge (pHZPC) can be predicted by the equation ECB = X − EC − 1/2Eg

35], where X is the absolute electronegativity of the semicon-
uctor. EC is the energy of free electrons on the hydrogen scale
∼4.5 eV). Eg is the band gap energy of the semiconductor. The cal-
ulated CB and VB edge positions of BiOI, BiOI0.25Cl0.75 and BiOCl are
isted in the Table 2, which is consistent with experimental result
rom VB XPS. According to this result, a schematic illustration of
he band gap structures for the samples can be drawn and shown
n Fig. 9. Pure BiOCl with a large band gap can not be excited by visi-

le light. By coupling BiOCl with BiOI, the BiOI0.25Cl0.75 composites
ave a band gap of 1.93 eV with down-lowered VB and up-lifted
B in contrast to BiOI, which is suitable for visible light excitation.
he down-lowering of VB edge position makes the photogenerated
Fig. 9. Schematic illustration of the band gap structures of BiOCl, BiOCl0.75I0.25 and
BiOI.

holes of BiOI0.25Cl0.75 composites have more powerful oxidation
ability than that of BiOI [46], which also contributed to the corre-
sponding enhanced visible light photocatalytic activity (Fig. 8). As
the content of BiOI in the composites samples further increase from
0.25 to 0.75, the VB edge position would be lowered and the band
gap decreased (Fig. 7b), which makes visible light activity decrease.
The result also implies that band gap of BiOX can be rationally
engineered by coupling selective components.

Judging from Fig. 5 and Table 1, we  can find that the hierarchical
BiOI/BiOCl composites samples have larger SBET and pore volume
than that of pure BiOI and BiOCl. The highly enhanced visible light
photocatalytic activity of BiOI0.25Cl0.75 sample respect to BiOI, C-
doped TiO2 and Bi2WO6 can be ascribed to the synergetic effect
of large SBET and pore volume, hierarchical structure and modified
band structure with down-lowered VB edge position [28,41–43,46].
The as-prepared BiOI/BiOCl composites photocatalyst could offer
an effective material for environmental and energetic applications
owing to the low cost and easy scaling up of synthesis method. Our
result could also provide new insights into the design of high per-
formance visible light driven photocatalysts and room temperature
synthesis of other hierarchical porous materials.

4. Conclusion

Flower-like hierarchical porous BiOI/BiOCl composites were

synthesized by a template free method at room temperature. This
facile and mild synthesis method is free of using organic precursors
and production of undesirable byproducts during synthesis pro-
cess. A solid solution was  formed for the composites samples which
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ere self-assembled hierarchically by single-crystal nanoplates.
he formation of 3D hierarchical porous architecture containing
ri-model mesopores can be ascribed to the aggregation of the self-
ssembled nanoplates. The coupled BiOI/BiOCl samples suitable for
isible light excitation had a down-lowered VB and up-lifted CB in
ontrast to BiOI. The as-prepared BiOI/BiOCl composites samples
xhibited highly enhanced visible light photocatalytic activity in
emoval of NO in air, exceeding that of P25, BiOI, C-doped TiO2
nd Bi2WO6. The large surface areas and pore volume, hierarchi-
al structure and modified band structure in all contributed to the
ramatic activity enhancement. The research results could not only
rovide new insights into the room temperature synthesis of hier-
rchical porous nanomaterials with enhanced properties, but also
ould provide an effective approach for design of high performance
isible light driven photocatalysts for environmental and energetic
pplications owing to its low cost and easy scaling up.
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