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ARTICLE INFO ABSTRACT

Available online 20 March 2018 Energy and environmental issues are the major concerns in our contemporary “risk society”. As a green
technique, photocatalysis has been identified as a promising solution for above-mentioned problems. In recent

Keywords: decade, BiOX (X = Cl, Br, I) photocatalytic nanomaterials have sparked numerous interest as economical and ef-

Bismuth oxyhalides ficient photocatalysts for energy conversion and environmental management. The distinctive physicochemical

\lj\},‘:tte":;’;?ilz’[ ?:g properties of BiOX nanomaterials, especially their energy band structures and levels as well as relaxed layered

nanostructures, should be responsible for the visible-light-driven photocatalytic performance improvement,
which could be utilized in dealing with the global energy and environmental challenges. In this review, recent
advances for the enhancement of BiOX photocatalytic activity are detailedly summarized. Furthermore, the ap-
plications of BiOX photocatalysts in water splitting and refractory organic pollutants removal are highlighted
to offer guidelines for better development in photocatalysis. Particularly, no relative reports in previous studies
were documented in CO, reduction as well as heavy metals and air pollutants removal, thus this review
presented as a considerable research value. Challenges in the construction of high-performance BiOX-based pho-
tocatalytic systems are also discussed. With the exponential growth of studies on BiOX photocatalytic
nanomaterials, this review provides unique and comprehensive perspectives to design BiOX-based photocata-
lytic systems with superior visible light photocatalytic activity. The knowledge of both the merits and demerits
of BiOX photocatalysts are updated and provided as a reference.
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1. Introduction

With the rapid industrialization and urbanization, energy shortages
and environmental pollutions have aroused considerable concerns from
the world [1-4]. Semiconductor photocatalysis, as one of the most
prospective ways to tackle these problems, including hydrogen (H,)
and oxygen (O;) production from water [5,6], carbon dioxide (CO;)
reduction to energy-bearing carbon fuels [7,8] and organic pollutants
decomposition [9,10], has become the focus of study because it is a
“green” technology in facing clean energy demand and tackling
environmental issues [11].

As far back as 1972, Fujishima and Honda first discovered that water
can be split into H, and O, by irradiating a TiO, anode connected with a
Pt black cathode via an external bias, indicating water can be directly
decomposed into H, and O, under visible light irradiation with the
assistance of catalysts [12]. From then on, great efforts have been
made in semiconductor photocatalysis [13-17]. Among the traditional
photocatalysts, TiO, has been extensively used as an effective
photocatalyst for water splitting and complete organic contaminants
degradation under ultraviolet (UV) light irradiation. However, it
can only induce photons in UV light region which approximately
accounts for ~4% of the solar light because of its high band gap energy
(3.0-3.2eV) [8,10,18].
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As for solar light, visible light is easily obtained across the earth,
which accounts for about 50%. Thus, considerable attention has been
drawn to the research of visible-light-active photocatalysts [19,20].
And it has been found that the orbitals of certain p-block metals can
hybridize O 2p orbitals to form a better hybridized valence band (VB),
such as Ag 4d orbitals in Ag(1I), Bi 6 s orbitals in Bi(IIl) and Sn 5 s orbitals
in Sn(II), enhancing the mobility of photo-generated charge carriers,
narrowing their band gaps and promoting the absorption of visible
light [6,21]. Considering of the advantages such as earth abundance,
stability, economic and toxicity, bismuth-based (Bi-based) materials
are more sustainable photocatalysts; besides, most Bi-based semicon-
ductors have shown efficient photocatalytic activities towards water
splitting, CO, reduction and harmful pollutants removal under visible
light irradiation [22,23]. On the basis of the above merits, our team
have successfully developed some excellent Bi-based visible-light-
active photocatalysts, such as Ag/g-C3N4/BiVO,4 [14], g-C3N4/Bi;WOg
[24], Bi/BiOCl/ZnSn(OH)g [25] and AgsP0O4/Ag/BiVO, [26]. As shown in
Fig. 1a, an exponential growth of relative publications was reported
on Bi-based photocatalysts for energy conversion and environmental
management (according to ISI Web of Science™ from 2006 to 2016).

Meanwhile, similar increasing trend in interest is also detected with
regards to bismuth oxyhalides (BiOX (X = Cl, Br, I)) photocatalysts
(Fig. 1b-d). BiOX (X = Cl, Br, I), as one kind of important Bi-based
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Fig. 1. Increasing interest in bismuth-based photocatalysts and bismuth oxyhalides. The charts display the total number of publications per year about (a) bismuth-based photocatalysis,

(b) BiOCI photocatalysis, (c) BiOBr photocatalysis and (d) BiOI photocatalysis.
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photocatalysts, should benefit from their complex band structures and
unique layered structures. The band structures of these BiOX are illus-
trated in Fig. 2 [27], the top of the VB and the bottom of the conduction
band (CB) are located in the R and Z point, respectively, suggesting they
are indirect band gap semiconductors. That is to say the photo-induced
electrons on BiOX should pass a certain k-space distance from the VB to
arrive in the CB, further to reduce the photo-induced electrons and
holes recombination rate [27-29]. All BiOX semiconductors possess a
tetragonal matlockite structure, as shown in Fig. 3, BiOX displayed re-
laxed layered structures with [Bi,0;] slabs inserting into double halogen
atom slabs [30]. The layered structure of BiOX can offer enough space to
polarize the related atoms and orbitals, which can excite the formation
of an internal electric field (IEF) between [Bi,O,] and halogen slabs. And
because the induced IEF can accelerate the separation and migration of
photo-excited electron-hole pairs, the photocatalytic activities of BiOX
are improved significantly [27-29,31]. Throughout the above analyses,
it is reasonable to carry out more investigations on BiOX photocatalysis.

Several reviews about BiOX photocatalytic nanomaterials have been
published, but most of them focus on BiOX nanostructures and organic
pollutants degradation [30,32,33]. Nevertheless, the applications of this
series of photocatalysts in the fields of fuel production and removal of
heavy metals and air pollutants have not been reviewed, which are
indispensable fields of the present study. In this review, we sum up
the recent strategies for the enhancement of BiOX photocatalytic
activity under visible light and their applications in water splitting and
degradation of organic pollutants, especially in the fields of CO,
reduction as well as removal of heavy metals and air contaminants.
This review is finished by the discussion on crucial challenges
that exist in the use of BiOX nanomaterials to resolve energy and
environmental issues, and giving suggestions and new directions in
constructing BiOX-based photocatalytic systems with high performance.

2. Properties of BiOX nanomaterials
Chlorine (Cl), bromine (Br), and iodine (I) elements are on the same
main group, therefore, BiOCl, BiOBr, and BiOI might possess the similar

properties. Zhang et al. [28] first revealed that the Cl 3p states and Bi
6p states respectively constitute the VB and the CB. Furthermore, Zhao

15

et al. [27] proved that both O 2p and X np (n = 3,4 and 5 for X = (I,
Br and I, respectively) states contribute most to the valence band
maximum (VBM) while the Bi 6p states dominate the conduction
band minimum (CBM). The band gaps of experimental determination
for BiOCl, BiOBr, and BiOI are 3.22, 2.64, and 1.77 eV, respectively [34].
Comparatively, their theoretically calculated indirect band gaps are
2.50, 2.10 and 1.59 eV, respectively [27]. The band gaps differences
between the experimental and calculated results due to the density-
functional theory limitation [35]. Nevertheless, the band gaps decrease
with the increase of atomic number of Cl, Br, and I elements, and their
response wavelengths gradually move towards the visible light region
from UV light region.

Many studies have been done to investigate the photocatalytic per-
formance of BiOCl nanomaterials under UV light irradiation [28,36].
Zhang et al. [28] first introduced the layered BiOCl nanoplates using a
hydrolysis approach. And the layered BiOCl nanoplates exhibited
much better stability and UV photocatalytic activity towards methyl or-
ange (MO) degradation than TiO,. Moreover, Jin and co-workers [36]
reported that ultrathin BiOCl nanosheets displayed high photocatalytic
activity for the photoreduction of CO, into CH,. Besides the surface-to-
volume ratio, single-crystalline characteristics and exposed {001} facets,
numerous oxygen vacancies of BiOCl nanosheets generated under UV
light also contribute to the excellent photocatalytic activity towards
CO,, reduction by promoting the adsorption of CO, and molecular O,.
However, unmodified BiOCl only express photocatalytic activity under
UV light as a result of its wide band gaps, blocking its more extensive
applications.

BiOBr photocatalyst was also widely employed in recent years owing
to its relatively narrow bandgap and preferable visible light photocata-
lytic activity [37,38]. For example, Zhang et al. [37] successfully
prepared 3D flower-like BiOBr microspheres by ethylene glycol (EG)
assisting solvothermal method. And high visible light photocatalytic ac-
tivity was observed towards MO degradation because of its intrinsic
properties such as narrow band gaps. In addition, Wu et al. [38] utilized
{001} facet dominated BiOBr nanosheets to reduce CO, under simulated
sunlight irradiation. The BiOBr nanosheets exhibited the highest CO
production rate of 4.45 umol h—! g¢~!, which was mainly ascribed to
the large active surface area, effective charge carrier separation and
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Fig. 2. Band structures of BiOX: (a) BiOCl crystals, (b) BiOBr crystals and (c) BiOI crystals.
(Reprinted with permission from ref. [27]. Copyright (2012) Elsevier.)
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enhanced reduction ability. These results imply that BiOBr has favorable
visible-light-driven (VLD) photocatalytic performance, especially after
some modification.

As for BiOI (the narrowest bandgap in three samples), pure BiOI ex-
hibits poor photocatalytic activity due to the inherent rapid electron-
hole recombination. An et al. [39] found that BiOI could only degrade
rhodamine B (RhB) to N-de-ethylated rhodamine under visible light.
In contrast, Long et al. [40] synthesized a novel porous hierarchical
BiOI nanostructures at room temperature. And the removal efficiency
of RhB was about 98.7% under visible light irradiation by using this
novel nanomaterial. This result shows that the morphology and
structure can significantly affect the photocatalytic performance of BiOl.

BiOX nanomaterials display excellent photocatalytic potential for
energy conversion and environmental management. But their relatively
positive CB position and weak reduction power can't meet the demand
of energy conversion and their photocatalytic efficiency is still
unsatisfied under solar light irradiation, which restrict their practical
applications (Fig. 4). In order to strengthen the photocatalytic
performance of BiOX nanomaterials under solar light irradiation, many
strategies have been used to tune the energy band position, boost the
sunlight harvesting and promote the separation and transportation of
photo-induced electron-hole pairs, which contains microstructure
modulation, facet and defect control, carbonaceous materials
compounding, heterojunction construction and so on.

3. Strategies for the enhancement of BiOX photocatalytic activity
3.1. Microstructure modulation

The physical and chemical properties of materials are extremely
related to their microstructure, such as size, shape, specific surface
area and dimensionality [41,42]. Among BiOX nanomaterials, there
are one dimensional (1D) nanofibers [43], two dimensional (2D)
nanosheets/nanoplates [44-47] and three dimensional (3D)
microspheres/hierarchical nanostructures [37,48-51]. The 3D
assemblies have sparked more interests owing to their distinctive
architecture and excellent photocatalytic activity. Zhang et al. [48]
successfully synthesized BiOI photocatalyst with flower-like hierarchi-
cal structure via direct hydrolysis method at room temperature
and first utilized it for photocatalytic reduction of CO, to CH4 under

5 um
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simulated sunlight irradiation. In detail, the total yield of CH4 over
BiOI with flower-like hierarchical structure was 0.198 umol h~! g™,
while the total yield of CH4 over bulk BiOI and TiO, only were
0.085 umol h™'g~! and 0.015umol h™—' g~!, respectively. This
work shows that 3D nanostructure can efficiently enhance the
photocatalytic ability of BiOI for CO, conversion.

Moreover, Zhao et al. [49] synthesized hierarchical BiOBr
microspheres which were almost composed of sphere-like hierarchical
structures with the diameter of 2-4 um through a solvothermal method
with the help of sodium dodecyl sulfate (SDS). Meanwhile, 3D flower-
like BiOBr photocatalysts which were nearly made up of flower-like
structures with the diameter from 3 um to 5 um was synthesized with-
out SDS. Fig. 5 shows the scanning electron microscope (SEM) images of
the flower-like BiOBr and sphere-like BiOBr, respectively. Although both
of the samples are 3D nanostructure, the photocatalytic degradation
efficiency of RhB on sphere-like BiOBr reached about 100% on 30 min
under visible light. It was only 85% for flower-like BiOBr under identical
conditions. This is mainly because the sphere-like BiOBr nanomaterials
possess thinner self-assembled nanosheets, smaller nanocrystals and
more oxygen vacancies than the flower-like BiOBr, which can provide
more active sites and promote the direct photoexcitation and indirect
dye photosensitization.

Hydro/solvothermal treatment is a primary method to construct
3D-structured BiOX because of its high reaction efficiency and simple
experimental process [37,49-51]. The formation mechanism of 3D
BiOX assemblies achieved by the hydro/solvothermal reactions usu-
ally includes the following three main steps: (i) the formation of
BiOX nuclei at the forepart (ii) the growth of 2D nanosheets through
a dissolution-renucleation process, and (iii) the figuration of 3D
BiOX structures from the oriented aggregation of 2D nanoplates
under the electrostatic multipole field [50,51]. Overall, the improved
photocatalytic activity of 3D nanostructure is attributable to their
enhanced light harvesting ability, curtate diffusion pathways, faster
separation of photo-excited electron-hole pairs and more reactive
spots.

3.2. Facet and defect control

As a basic feature of crystalline materials, the exposed crystal
facets play an important role in the photocatalytic efficiency since

det HV |Landing E
ETD| 10.0kV | 10.0 keV | £

Fig. 5. SEM images of (a) flower-like BiOBr and (b) sphere-like BiOBr.
(Reprinted with permission from ref. [49]. Copyright (2015) Elsevier.)
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photocatalysis occur on the surface of BiOX photocatalytic nanomaterials.
And different facets possess different photocatalytic performance because
of their different geometric and electronic structures [52,53]. Ye et al. [47]
first prepared BiOCl nanosheets with tunable {001} crystal facets through
hydrolyzing molecular precursor (Bin(Tu)xCls,, Tu = thiourea). And they
discovered that the main reactive facets of BiOCl crystals are the {001}
facets. The enhanced photocatalytic activity could be attributable to the
oxygen vacancies formed on the {001} facets. These oxygen vacancies
can generate a defect state lying close to the bottom of the CB over the
BiOCI photocatalyst, thus promoting the separation of photo-induced
electron-hole pairs and then improving the photocatalytic activity of the
BiOCL.

To further clarify facet-dependent photocatalytic properties,
their group synthesized BiOIl nanosheets with exposed active {001}
(BiOI-001) and {100} (BiOI-100) crystal facets for CO, photoreduction
by regulating the hydrothermal reaction time [54]. Under UV-vis
irradiation, the production rate of CO and CH4 over BiOI-001
were 5.18 umol h™' ¢! and 1.78 umol h—! ¢!, while they were only
1.52 umol h™' g7 and 1.50 umol h™! g~ could be generated by
BiOI-100. The differences of IEF and CB position might lead to the
photocatalytic activity difference between BiOI-001 and BiOI-100.
The self-induced IEF of BiOl is perpendicular to {001} facets but parallel
to {100} facets, thus the separation and migration of charge carriers are
more favorable for BiOI-001 due to the shorter diffusion distance.
Besides, because the CB level of BiOI-001 is higher than BiOI-100, the
BiOI-001 possesses the higher reduction activity [54]. Therefore, both
the IEF and CB position are in propitious to the photocatalysis of the
BiOI-001.

Furthermore, Pan et al. [55] prepared two types of BiOIl
photocatalysts with exposed active {110} (BiOI-110) and {001}
(BiOI-001) crystal facets by a facile hydrothermal method (Fig. 6).
During bisphenol A (BPA) degradation, the BiOI-110 displayed higher
photocatalytic activity because the adsorption energy of O, on the
{110} facets (0.209 eV) was smaller than that on the {001} facets
(0.656 eV). The results showed that BiOI-110 could generate more
*O3, thus leading to enhanced visible light photocatalytic activity.
Consequently, it can trap more electrons, which promotes the

X |

R |
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separation efficiency of photo-excited electron-hole pairs and results
in generating more reactive oxygen species (ROS) related to electrons
and holes [55]. In addition, between the two samples, only the
BiOI-110 is able to produce *OH because BiOI-110 has a stronger oxida-
tion potential than BiOI-001. Many other studies introduced the effect
of crystal facets on photocatalytic activity of BiOX nanomaterials
(Table 1), however, it is still difficult to develop the facets with high
reactivity and expound underlying reaction mechanisms of different
crystal facets [56].

The defects in the exposed facets of semiconductors can also enhance
their photocatalytic activity by changing their electronic structures,
recombination efficiency of charge carriers and surface properties
[64-67]. In previous study, it has been found that the high photocatalytic
activity of {001} facets of BiOCl originated from the oxygen vacancies
which could improve the separation efficiency of electro-hole pairs [47].
During the CO, photoreduction experiment, the oxygen vacancies on
BiOCI nanoplates not only improve their trapping capacity for CO,, but
also promote the separation of photo-induced electron-hole pairs,
resulting in the considerable CO yield (1.01 umolh™'g™") under
simulated solar light [68].

Recently, Wang et al. [69] successfully synthesized BiOBr nanosheets
with plenty of surface oxygen vacancies on exposed {001} facets by
using polybasic carboxylic acids as chelant. In comparison with the pris-
tine BiOBr nanosheets, the MO degradation rate over BiOBr nanosheets
with surface oxygen vacancies was 5.3 times higher than the pristine
BiOBr nanosheets. The enhancement came from the surface oxygen
vacancies which could trap electrons to form O~ radicals and leave a
large number of holes on the VB consequently. Except for oxygen
vacancy, Xie et al. [70] found the VgV Vg triple vacancy associates on
exposed active {001} facets of atomic scale BiOCI nanosheets. These
triple vacancy associates not only strengthen the adsorption ability for
cationic dye molecules through making the {001} facets negatively
charged, but also promote the generation of more reductive photo-
induced electrons by elevating the CBM position. Therefore, the
ultrathin BiOCI nanosheets with VgV Vy; vacancy associates exhibited
5 times higher solar-light-driven photocatalytic activity than ordinary
BiOCl nanoplates for RhB degradation due to the synergetic promotions

d=0.28nm
4 200

(b) 20.nm

20.nm

Fig. 6. (a) TEM, (b) HRTEM and (c) SAED images of BiOI-110. (d) TEM, (e) HRTEM and (f) SAED images of BiOI-001.
(Reprinted with permission from ref. [55]. Copyright (2015) American Chemical Society.)
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Table 1
Effects of exposed crystal facets on photocatalytic activity of BiOX nanomaterials.
Examples Exposed facets Synthetic methods Facets control Photocatalytic results Ref.
BiOCI SCNSs 80% {001} facets Hydrothermal pH Degradation efficiency of MO is 99% (UV, 45 min) and [44]
73% {010} facets 10% (Vis, 180 min)
Degradation efficiency of MO is 59% (UV, 45 min) and
33% (Vis, 180 min)
BiOCl NSs 0, 71%, 75% and Hydrothermal Feed ratios Degradation efficiency of RhB is 9.6%, 33.6%, 48.1% and [47]
87% {001} facets 81.1% (UV, 32 min)
Ag-BiOCl SCNSs 71% {001} facets Microwave-assisted - Removal efficiency of Cr(VI) and NaPCP are 65% and [57]
77% {010} facets solvothermal (EG) 63% (Vis, 180 min)
Removal efficiency of Cr(VI) and NaPCP are 86% and
80% (Vis, 180 min)
g-C3N4/BiOCl {001} facets Hydrothermal pH Degradation efficiency of MO and phenol are 65% and [58]
{010} facets 40% (Vis, 150 min)
Degradation efficiency of MO and phenol are 94% and
54% (Vis, 150 min)
C-doped BiOCI/NiOx {001} facets Hydrothermal and pH Photocatalytic H, evolution rate is 0.24 mmol h~' g~! [59]
{010} facets impregnation (Vis)
method Photocatalytic H, evolution rate is 0.42 mmol h—! g~!
(Vis)
Bi@BiOCl {001} facets Hydrothermal pH Removal efficiency of NO is 35% (Vis, 30 min) [60]
{010} facets Removal efficiency of NO is 50% (Vis, 30 min)
BiOBr NSs {001} facets Hydrothermal pH CO production rate is 4.45 umol h—' g=! (UV-Vis, 2 h) [38]
BiOBr NSs {001} facets Combustion Amount of NH4Br Highest degradation efficiency of RhB is 91.6% (Vis, [45]
120 min)
BiOBr NSs 94% {001} facets Hydrolysis Temperature and Degradation efficiency of RhB is 100% (Vis, 60 min) [46]
solvent
BiOBr NSs {102} facets Hydrothermal Temperature and Degradation efficiency of RhB is 100% (Vis, 16 min) [61]
{001} facets solvent Degradation efficiency of RhB is 80% (Vis, 16 min)
BiOBr {001} facets Hydrolysis - Removal efficiency of Cr(VI) is 40% (Vis, 50 min) [62]
{110} facets Hydrothermal Removal efficiency of Cr(VI) is 100% (Vis, 50 min)
BiOI NSs {001} facets Hydrothermal Time Production rate of CO and CH, are 5.18 pmolh~' g~ ! [54]
{100} facets and 1.78 pmol h~' g~ (UV-Vis)
Production rate of CO and CH, are 1.52 pmol h~' g~!
and 1.50 pmol h~! g~ (UV-Vis)
BiOI MCSs {001} facets Hydrothermal Time Degradation efficiency of BPA is 52%, TOC value [55]
{110} facets decreased by 44% (Vis, 5 h)
Degradation efficiency of BPA is 95%, TOC value
decreased by 95% (Vis, 5 h)
BiOI MCSs {001} facets Solvothermal - Removal efficiency of RhB and Cr(VI) are 99% and [63]
100% (Vis)
SCNSs: single-crystalline nanosheets; NSs: nanosheets; MCSs: microspheres.
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Fig. 7. Effect of BiOCl ViVsVg; formation on photocatalytic activity.
(Reprinted with permission from ref. [70]. Copyright (2013) American Chemical Society.)
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of improved adsorption ability, effective separation of photo-induced
electron-hole pairs and more reductive photo-generated electrons
(Fig. 7).

However, the oxygen vacancy doesn't always play a positive role in
photocatalytic reactions. Chen et al. [71] synthesized BiOCl nanoplates
with exposed active {001} crystal facets through a simple hydrothermal
method. Because oxygen vacancy can be easily formed under UV
light irradiation, they found that the as-prepared samples exhibited
about 3 times higher rate constant (k) for photocatalytic degradation
of RhB under visible light (0.034 min~!) than that under UV-vis light
irradiation (0.012 min~'). The photosensitization is the main way for
BiOCl nanosheets to degrade RhB under visible light irradiation. In con-
trast, oxygen vacancies are formed on {001} facets of BiOCl nanosheets
under UV-vis light irradiation and they can hinder the generation of
*03 radicals by trapping photo-induced electrons on the CB of
BiOCl. Hence, oxygen vacancies in BiOCl nanosheets here reduce the
photocatalytic degradation efficiency of RhB.

3.3. Carbonaceous materials compounding

Various carbonaceous materials, including graphene, carbon nano-
tubes (CNTs), carbon quantum dots (CQDs) and biochar, play important
roles in enhancing photocatalytic performance of BiOX nanomaterials.
Graphene (usually refers to reduced graphene oxide (RGO)) has
been considered as a good electron collector and transporter in
photocatalysis because of its high conductivity, excellent electron
mobility and large specific surface area [16,72-74]. Based on those
results, RGO/BiOX nanocomposites exhibit significantly enhanced
photocatalytic activity [75-77]. Recently, Dong et al. [75] synthesized
flower-like BiOCI/RGO nanocomposites to degrade sulfanilamide (SN)
under natural sunlight irradiation. And the samples contained 1 wt¥%
RGO showed excellent photocatalytic activity due to the improved
electron transfer ability and enhanced visible light absorption, rather
than the changes of surface area value and band gap.

CNTs are used for photocatalysis owing to their excellent ability to
conduct electrons [78]. Very recently, CNTs have been used in some

@ Bi*

@® Carbon Quantum Dots

’Q"“ﬂ'w Tonic liquid

C QDs/BlO( 1

CQDs/BiOBr

CNT/BiOX nanocomposites to increase the separation efficiency of
photo-excited electron-hole pairs, and thus enhancing the photocata-
lytic activity [79-81]. S. Vadivel et al. [79] synthesized multiwall carbon
nanotubes (MWCNT)/BiOCl nanocomposites via one step hydrothermal
approach. The as-obtained samples showed superior photocatalytic
activity in photodegradation of congo red, malachite green and
bromophenol blue dyes than pure BiOCl, and the improved photo-
generated electron-hole pairs separation efficiency was the predomi-
nant reason. As new carbonaceous nanomaterials, CQDs have been
also extensively applied in photocatalytic applications relied on their
superior electron transfer ability [82]. A series of CODs/BiOX
nanomaterials have been synthesized [83-86], for example, Xia et al.
[84] obtained a range of CQDs/BiOX (X = Cl, Br) nanosheets with
different CQDs contents by ionic liquid-assisted hydrothermal method
(Fig. 8). Due to their high visible light absorbance, enhanced separation
efficiency of photo-generated electron-hole pairs and lower resistance,
the 3 wt% CQDs/BiOBr nanosheets exhibited the optimal catalytic
efficiency for the degradation of RhB, ciprofloxacin (CIP) and BPA.
However, abovementioned carbonaceous nanomaterials suffer from
some deficiencies, such as complex synthesis method and high cost.
Therefore, biochar, an easily accessible and low cost carbonaceous
material, has entered people's field of vision [87,88]. Li et al. [89] first
utilized biochar to produce biochar/BiOX (X = Cl, Br) photocatalysts
through a facile in-situ precipitation method. And they found that bio-
char could act as a benign carrier of electrons to promote photocatalytic
reactions for BiOBr and photosensitization reactions for BiOCL

3.4. Heterojunction construction

Heterojunction construction is the most common strategy to en-
hance the photocatalytic performance of a single semiconductor,
which can accelerate the separation of photo-induced carriers and
broaden the wavelength of photo-response for the system [90]. Our
team fabricated a Bi/BiOCl/ZnSn(OH)s heterojunction and investigated
its photocatalytic activity by RhB degradation under visible light irradi-
ation [25]. The photo-degradation rate of RhB over Bi/BiOCl/ZnSn(OH)g
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Fig. 8. Diagram of the synthetic procedure for CQDs/BiOX hybrid nanosheets.
(Reprinted with permission from ref. [84]. Copyright (2015) Elsevier.)
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was about 81 times higher than that of pure ZnSn(OH)e, demonstrating
that the combination of ZnSn(OH )¢ with Bi and BiOCl was an advisable
method. The addition of Bi nanoparticles and BiOCl nanosheets not only
extend the range of absorption wavelength to visible light from light
region, but also promote the separation of charge carriers by the
formation of heterojunction among different components.

In recent work, Li et al. [58] constructed g-C3N4/BiOCl
heterostructures where nanosized g-C3N, (ng-CN) is loaded in different
exposed crystal facets ({001} and {010}) of BiOCI nanosheets (BOC-001
and BOC-010). Because of the existence of IEF, as shown in Fig. 9, photo-
generated electrons transferring from ng-CN to the reactive site of BiOCl
nanosheets had a longer migratory distance in BOC-001 than that in
BOC-010, leading to the loss of more electrons. These two samples
showed significantly improved MO and phenol photodegradation
ability under visible light, and the ng-CN/BOC-010 heterojunction ex-
hibited better photocatalytic performance than the ng-CN/BOC-001
heterojunction. This research suggests that the orientation of different
exposed facet in semiconductors is a new direction for constructing
high-performance heterojunction photocatalysts. Besides, other
heterojunction photocatalysts, such as Bi,0,CO3/BiOCI [91], BiOI/CdS
[92], BiOBr/MoS, [93], Bi;WOg/BiOl [94], BiOBr/ZnFe,0, [95], CoTiO3/
BiOBr [96], BiOCI/TiO, [97], Fe304/BiOl [98], WO4/BiOI [99] and
NaBiO5/BiOCl [100] have been developed and were confirmed to be ex-
cellent VLD photocatalysts.

3.5. Other strategies

Up to date, the limited visible light absorption and short photo-
induced electron-hole pair lifetimes are still two major factors
restricting the practical application of semiconductor photocatalysts.
To strengthen the VLD photocatalytic activity of BiOX photocatalysts,
solid solutions, doping and bismuth-rich strategy are also feasible
methods. The generation of solid solutions can narrow their energy
band gap through lifting the position of VB and/or lowering the position
of CB, which can improve their photocatalytic abilities [101]. Until now,
a lot of BiOX solid solution photocatalysts with enhanced VLD photocat-
alytic activities have been prepared, such as BiOCl;_,Bry [102], BiOBr_Ix
[103], BiOCly _4lx [104], (BiO),(CO3)x(I5);_x [105] etc. Different from
the formation of solid solutions, doping often introduce a foreign
element into the host materials, which leads to dispersed energy
levels above VB or below CB. This can efficient trap photo-generated
electrons and decrease band gap [106]. Therefore, a series of non-
metal (e.g., C, N, F) [107-109] and metal (e.g., Fe, Zn, Sn) [110-112]
elements have been doped into BiOX photocatalytic nanomaterials

recently and the doped nanomaterials exhibit superior VLD photocata-
lytic activity than the single sample. The bismuth-rich strategy can uplift
the CB potential through changing the bismuth content, because the CB
of BiOX photocatalysts is mainly consisted of Bi 6p state [113]. It has
been reported that Bi4031Brio [113], Bi4OsBry [114] and BisOsBrl
[115] all have increased CBM potential as well as photocatalytic
reduction enhancement.

Owing to those mentioned strategies, the form of BiOX photocata-
lytic nanomaterials are changed from single materials to modified
complex nanomaterials and the VLD photocatalytic capacities of BiOX
photocatalysts are greatly improved. These allow BiOX photocatalysts
to adapt to a wider range of applications, especially in the fuels prepara-
tion from H,0 and CO, (Table 2), removal of heavy metals and air
pollutants, as described in the following sections.

4. BiOX nanomaterials to make fuels from H,0 and CO,
4.1. Photocatalytic hydrogen generation

Photocatalytic water into H, and O, is perhaps the most urgent task
of present research for solving the energy and environmental problems.
Although the CB potential of BiOX can't satisfy the reduction potential of
H* to H,, recent researches clearly corroborated that H, production on
BiOX can be achieved by forming heterojunction [120,126], introducing
cocatalysts [117], coupling photosensitizers [116], doping foreign
elements [59], tailoring crystal facets [59,117,118], utilizing defects
[116,118,119,127,128], applying strains [129] and reducing thickness
[118,127,130]. For example, Ye et al. [118] prepared black ultrathin
BiOCl nanosheet (BU-BiOCl) which has expanded {001} facet spacing
and abundant oxygen vacancies (Fig. 10a and b). The expanded
facets spacing can strengthen the IEF intensity and finally promote
the separation of photo-induced carriers. Results in Fig. 10c show
that BU-BiOCl has more H, production (2.51 umol h™') than bulk
BiOCI (0.12 umol h™1!) under visible light irradiation. After loading Pt,
BU-BiOCl/Pt also displays superior photocatalytic activity for H, produc-
tion (3.96 umol h™") than bulk BiOCI/Pt (0.18 umol h™!). These results
indicate that oxygen vacancies and expanded {001} facets spacing
can improve the photocatalytic activity significantly, which can be
attributed to the enhanced photon absorption efficiency and separation
efficiency of photo-excited carriers.

Recently, Zhang and co-workers [59] developed BiOCl nanosheets
with carbon doped in {001} and {010} facet and applied it to H,
production with the help of NiOy co-catalyst and hole scavenger
triethanolamine (TEOA). Carbon-doped BiOCl nanosheets with 3 wt%

(2J) ng-CN
&9 Bioci

Fig. 9. Photocatalytic reaction mechanism of (a) ng-CN/BOC-001 and (b) ng-CN/BOC-010.
(Reprinted with permission from ref. [58]. Copyright (2015) The Royal Society of Chemistry.)



Y. Yang et al. / Advances in Colloid and Interface Science 254 (2018) 76-93 85

Table 2
Recent studies on BiOX (X = Cl, Br, I) photocatalytic nanomaterials used for fuels preparation from H,0 and CO,.
Photocatalytic Examples Synthetic methods Light Photocatalytic activity Ref.
applications
Water splitting to H, Carbon-doped BiOCI/NiOx Hydrothermal carbonization, 500 W Xe lamp 0.42 mmol h~' g~ H, [59]
thermal-induced doping and
impregnation
BiOCl/CuPc Solvothermal synthesis(EG) 500 W Xelamp  20umolh~'g~'H, [116]
BiOClI@Au/MnOx Hydrothermal synthesis and 500 W Xe lamp 66 umol h™' g~ ! H, [117]
photodeposition
BU-BiOCI/Pt Solvothermal synthesis (glycerol) ~ 300 W Xelamp ~ 79.2pumolh~'g=' H, [118]
N>420 nm
Bi;2047Cly/MoS, Chemical liquid exfoliation 300WXelamp  33mmolh~'g 'H, [119]
N>420 nm
BiOBr/c-Fe,05/Pt Hydrothermal synthesis 300W Xelamp  16.08 umolh~'g~'H, [120]
N>420 nm
Reduction of CO, to fuels ~ Oxygen-deficient BiOCl Solvothermal synthesis(EG) 500 W Xe lamp ~ 1.01pmolh~' g~ ' €O, 0.15 umol h~ ' g~ ! CH, [68]
nanoplates
BiOBr-001 nanosheets Hydrothermal synthesis 300 W Xe lamp 4.45umol h—'g~1 CO [38]
BiOBr Solvothermal synthesis (ethanol) 300W Xelamp  1.68 umolh~'g~'C0,0.17 umol h™' g~ ' CH,4 [114]
N\ >400 nm
Ultrathin BiOBr Solvothermal synthesis (ethanol) 300 W Xelamp  2.67 umolh™'g~'C0,0.16 umol h~' g~ ' CH,4 [114]
N >400 nm
Bi4OsBr, microspheres Solvothermal synthesis (glycerol) 300 W Xelamp  2.73 pmol h~' g~! €O, 2.04 pmol h—' g~' CH,4 [114]
and hydrolysis N\ >400 nm
Bi,04/BiOBr Hydrothermal synthesis 300 W Xelamp  2.60 umolh~'g~'CO, 1.85 umol h™' g~ ! CH,4 [121]
Oxygen-deficient BiOBr Solvothermal synthesis(EG) 500 W Xelamp ~ 0.96 umol h~'g~! CH, [122]
500 W Xelamp  0.49 pmolh~'g~' CH,
N >400 nm
BiOI-001 nanosheets Solvothermal synthesis (ethanol) 300W Xelamp  5.18pmolh~'g~' €O, 1.78 pmol h~' g~ CH, [54]
BiOI-100 nanosheets Solvothermal synthesis (ethanol) ~ 300 W Xelamp ~ 1.52 pumolh~'g~' €O, 1.50 pmol h=' g~' CH,4 [54]
Au/BiOl/MnOx Photodeposition 300 W Xelamp 429 umolh~'g~'C0,1.36 umolh~' g~ ! CH,4 [123]
300W Xelamp  9.76 umolh~'g~'C0,0.39 umolh~' g~ ' CH,4
\>420 nm
Few-layered BiOl Solvothermal synthesis(EG) 300 W Xelamp  4.10 umolh~'g~'CO,0.42 umolh~' g~ ! CH, [124]
N>420 nm 0.80 umol h='g~1 €0, 0.14 pmol h~' g~ ' CH,4
300 W Xe lamp
N >700 nm
BiOl/g-C3N,4 Deposition 300W Xelamp  3.45umolh™!'g~!C0,0.16 umol h~' g~ ! CH,, [125]
\>400 nm 037pumolh~'g~"H,

NiOy loading on {010} facet (BOC-010HC) exhibited the highest photo-
catalytic H, evolution rate (0.42 mmol h™' g~ ') due to the increased
optical absorption efficiency and enhanced IEF intensity [59,119]. How-
ever, in this experiment, as a result of the moderate IEF intensity and
random distribution of NiO,, H, production rate is still very low [59].
In order to overcome these shortcomings, their team gained oxygen
vacancy-rich Bi;;017Cl, monolayer nanosheets assembled with metallic
MoS, monolayers by chemical liquid exfoliation method [119,131].
Such a Janus bilayer construction endows atomic-level control over
carrier separation, transportation and consumption, thus achieving a
spectacular photocatalytic H, production rate (33 mmolh~'g™!)
under visible light irradiation.

These results definitely demonstrate the feasibility of the BiOX
photocatalysts for H, production under visible light with the help of
some strategies. Although their yield of hydrogen could not meet the
practical production needs now, the potential of BiOX nanomaterials
for producing H, is tremendous in view of following aspects. Firstly,
their CBM is close to the reduction potential of H/H,, and can be easily
lifted to beyond it. Secondly, the layered structures of BiOX can motivate
an IEF which is capable of efficient separation and migration of photo-
generated electron-hole pairs. Thirdly, their internal strain differences
and oxygen termination feature bring the easy generation of oxygen
vacancies [119,129].

4.2. Photocatalytic reduction of carbon dioxide

As a result of the increasing use of fossil fuels, CO, has caused much
attention as a greenhouse gas, and now has been deduced into a serious
environmental problem. Converting CO, into the energy-bearing
carbon fuel sources by photocatalytic reduction is undoubtedly one of

the most economical and sustainable methods to reduce levels of CO,
in the atmosphere and solve energy problems [132-134]. However,
the application of BiOX in the field of CO, conversion is very limited
due to their relatively positive CB position and weak reduction power.
The photocatalytic reduction abilities rely on the CBM position, there-
fore, some strategies adopted to tune the CBM position of BiOX for en-
hancing the efficiency of CO, conversion, such as morphology control
[48,114], defect effect [68,122], cocatalyst [121,123], crystal facet con-
trol [38,54,124], heterojunction [125,135] and bismuth-rich strategy
[114].

In 2016, Kong and co-workers [122] reported an oxygen-deficiency
method for BiOBr nanosheets for improved photocatalytic reduction
activity. In their study, oxygen-deficient BiOBr nanosheets with oxygen
vacancies were fabricated through an ethylene glycol-assisted
solvothermal process. The as-prepared BiOBr nanosheets exhibited a
huge improvement for CH4 production under visible light irradiation,
obtaining a total yield of 4.86 umol g~ !, while the pristine BiOBr only
achieved 1.58 pmol g~! of CH,. Especially, oxygen-deficient BiOBr
nanosheets showed a 9.58 umol g~ ! of CH, formation yield under
simulated solar light irradiation, which was 3.2 and 5.7 times higher
than that of pristine BiOBr and Degussa P25, respectively.

Considering that the band gap energy of oxygen-deficient BiOBr
nanosheets (2.70 eV) is very close to the pristine BiOBr (2.85 eV), the
enhanced production of fuels could mainly be ascribed to several factors
as follows: Firstly, the oxygen-deficient surface highly improves the
optical properties of BiOBr and promotes electron-hole pair generation
by enhancing light absorption; secondly, oxygen vacancies can trap
photo-induced electrons, thus promoting the electron-hole pair separa-
tion and restraining the recombination of charge carriers; thirdly, the
adsorbed CO, molecules and oxygen vacancies probably generate
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(Reprinted with permission from ref. [118]. Copyright (2015) Elsevier.)

unexpected interactions, which can accelerate the interfacial charge
transfer [122].

The use of cocatalysts is another significant method to improve the
photocatalytic activity of BiOX for the reduction of CO, into solar fuels.
In 2016, Bai and co-workers [123] prepared a dual-cocatalyst-loaded
Au/BiOI/MnOx photocatalyst for CO, reduction (Fig. 11a-d). Under
UV-vis light irradiation, the CO production rate of Au/BiOl/MnOy
sample was 42.9 umol h™! g~!, which was about 7.0 times higher
than that of bare BiOl (6.12umolh™'g™'). Under visible light
irradiation, the CO production rate increased from 0.51 umol h=! g~!
for pure BiOl to 9.76 umol h™' g~! for the Au/BiOl/MnO, sample
(Fig. 11e). Finally, the total yields of CO reached 169 umol g~ ! in the
presence of Au/BiOI/MnOy after 5h of photocatalytic reaction
(Fig. 11f) [123]. This enhancement could be assigned to the cocatalysts
including Au and MnO, because they can't only act as redox-active
sites but also improve the separation efficiency of photo-induced charge
carriers. Firstly, Au nanoparticles and MnOy layers are loaded on BiOI
nanosheets with photo-excitation. Next, the photo-generated electrons
and holes can transfer to the Au and MnOjy respectively and this transfer
process can restrain the recombination of the photo-excited electron-
hole pairs. Lastly, the photo-excited electrons can be used for CO,
reduction.

Over past decades, some significant advances in CO, conversion by
using BiOX photocatalytic nanomaterials have been achieved. However,
the relatively low yields and selectivity of the desired products resulting

from the complex processes and kinetics of CO, photoreduction still
hinder the practical application. In view of practical utilization, all the
factors (e.g., excitation, separation and migration of charge carriers,
adsorption of CO, and CO-, reduction kinetics) should be considered
and optimized when designing and synthesizing BiOX photocatalytic
nanomaterials for CO, reduction.

5. BiOX nanomaterials for environmental managenemt
5.1. Photocatalytic degradation of organic pollutants

In recent years, a lot of effort has been devoted to treating the varied
organic pollutants which come from domestic, industrial and medical
effluents [136-141]. Various nanomaterials have been extensively
applied in the removal of organic pollutants [26,142-144]. Among
them, BiOX nanomaterials have many unusual properties which
endow them excellent photocatalytic activities, such as open layered
structures, indirect optical transition and high surface-to-volume ratio
[30,39]. Therefore, BiOX photocatalytic nanomaterials have been widely
used for refractory organic pollutants decomposition. For example, Hao
et al. [145] synthesized microsphere-like BiOI hierarchical nanomaterial
through a one-step solution process at room temperature and utilized it
to remove tetracycline hydrochloride (TC). After 2 h visible light
irradiation, the TC removal efficiency by BiOI microspheres reached
94%, while only 44% TC could be degraded over the BiOI nanoplatelets,
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(Reprinted with permission from ref. [123]. Copyright (2016) The Royal Society of Chemistry).

and by comparison, the removal of TC on BiOI microspheres was only
40% in the darkness. Several reasons could be concluded for the
excellent removal capability of BiOI microspheres, such as energy band
structure, large BET surface area and high surface-to-volume ratio [145].

The photocatalysis process is considered to be the main pathway for
the removal of organic pollutants by BiOX nanomaterials. In order to
further enhance their ability to photocatalytic degradation of organic
pollutants under visible light, several strategies have been developed

BiOCI
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h#

e e 1
VB 24eV

[146-149]. Recently, Di et al. [146] reported that graphene-like boron
nitride (BN) modified BiOBr flower-like nanomaterials showed
satisfying photocatalytic activity for the degradation of CIP, TC and
RhB. This enhancement is attributed to the decoration of BN, which
could improve the visible light harvesting ability and facilitate the
separation of photo-generated electron-hole pairs.

Especially, constructing efficient BiOX-based nanocomposites for or-
ganic pollutants removal often requires the synergetic effect of several

RhB

Fig. 12. Photocatalytic mechanism diagram of oxygen vacancies modified Bi/BiOCl heterojunction photocatalysts under visible light irradiation.
(Reprinted with permission from ref. [147]. Copyright (2014) The Royal Society of Chemistry.)
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systems [33]. Yu et al. [147] demonstrated that Bi/BiOCl heterojunction
with oxygen vacancies exhibited outstanding photodegradation activity
for dyes and persistent organic pollutants under visible light. This is
mainly due to the fact that the abundant oxygen vacancies on BiOCI
photocatalyst narrow its band gap to the visible light range and the
formed Bi nanoparticles on the BiOCl surface accelerate the transfer of
photo-induced electrons from BiOCl to Bi. *O3 and photo-induced
holes are proved to be the main active species in this photocatalytic deg-
radation process [147]. The reaction mechanism is shown in Fig. 12,
which reveals that organic pollutant molecules can react with active
holes on the VB of the BiOCl to form radical ions and then react with
03 to form the final inorganic products. Moreover, I-BiOCl/I-BiOBr
composite combined the merits of I~ ion doping and BiOCI/BiOCl
heterojunction, exhibiting largely enhanced photocatalytic activities
for the degradation of MO and phenol under visible light [148]. The re-
sult shows that the synergistic effect of doping and heterojunction is the
key for the excellent photocatalytic activity of the I-BiOCl/I-BiOBr
composite.

In most of reactions that utilize BiOX photocatalysts to degrade or-
ganic pollutants, photo-induced holes and +03 radicals are considered
to be the dominant reactive species [146,147,150]. Xiao et al. [151]
found that photo-induced holes and *O3 radicals played key roles in
the BPA degradation experiment by BiOl. The photo-induced holes of
BiOX photocatalysts cannot react with H,O/OH™~ to form *OH radicals
because the standard redox potential of Bi(V)/Bi(Ill) (+1.59V) is
lower than that of *OH/OH™ (4-1.99 V) [152]. Besides, some studies
demonstrate that *OH and photo-induced holes are the two primary re-
active species in photocatalysis [153]. Gao et al. [98] fabricated high-
performance 3D hollow magnetic Fe30,4/BiOI heterojunction for re-
moval of BPA under visible light. The radical trapping experiments
proved that photo-generated holes and *OH were the main active spe-
cies in the Fe304/BiOI system. The *OH originated from the reduction
of O,: the photo-generated electrons reacted with the adsorbed O, to
generate O3 and subsequently H,0,; H,0, reacted with an electron
and generated *OH. The detailed photocatalytic process of Fe30,4/BiOl
system was displayed as below [98].

Fe304/BiOl (hv) — Fe304/BiOl (h* +e™) (1)
e”+0; > 0" (2)
2'0,” +2H" - 0, + Hy0, 3)
H,0, + e~ — OH™ + 'OH (4)

BPA + (h*, "OH, '0,7) — degradation products — CO, + H,0 (5)

However, many studies have focused on the photocatalytic degrada-
tion ability of BiOX nanomaterials, the adsorption ability of BiOX
nanomaterials have been neglected to a great extent [146,148]. To clar-
ify the effect of adsorption in BiOBr photocatalysis, Li and co-workers
[154] prepared BiOBr microspheres for the ibuprofen (IBP) removal. In
the adsorption process, the IBP and total organic carbon (TOC) removal
rate were about 65% and 52%, respectively. While during the
photocatalysis process, the removal rate increased slightly, were 80%
and 63% accordingly. The small difference of removal percentage over
IBP between adsorption and photocatalysis reaction indicates that
most of the removal contribution is from adsorption of BiOBr micro-
spheres. This demonstrates that the photocatalytic removal efficiency
of IBP through BiOBr microspheres is highly adsorptivity dependent.
And the better adsorption ability of the prepared catalysts could also fa-
cilitate the higher photocatalytic performance. Besides, they found that
the ion exchange between bromide ion and dissociated IBP as well as
the formation of 0—Bi—O bond are the primary acting forces during
the IBP removal process [154]. Meanwhile, Xu et al. [155] reported
that the introduction of TiO, nanoparticles could tune the morphology,

surface charge property, BET surface area, and hydrophilic property of
layered BiOCl nanostructures and hence improve its adsorption ability
towards Congo red.

5.2. Photocatalytic reduction of heavy metals

Unlike organic pollutants, heavy metals reduction is a tricky process
and tend to accumulate in organisms and certain heavy metal ions are
proved to be toxic or carcinogenic [156,157]. Conventional technologies
for heavy metals removal mainly involve chemical precipitation, ion
exchange, biological treatment and physical adsorption [158-162]. Com-
pared with these methods, photocatalytic reduction has been regarded as
an economic procedure, where the energy consumption was lowest and
no secondary pollution could be brought out. The photocatalytic
reduction process includes adsorption and reduction of heavy metal
ions on the surface of the photocatalysts. Then the reduced metal can
be removed by physical and/or chemical methods. Although BiOX
nanomaterials as visible light photocatalysts have been mainly used for
photo-degradation of organic pollutants, recent studies indicate that
they have great potential for photoreduction of heavy metal ions.

M. Qamar and co-workers [163] first utilized BiOCl for the photocat-
alytic reduction of Cr(VI) and they found that BiOCl exhibited higher
photocatalytic activity than Degussa P25 for Cr(VI) reduction. 95% and
49% Cr(VI) are reduced within short time (30 min) under 355 nm
laser irradiation in presence of BiOCl and Degussa P25, respectively.
However, the excellent photocatalytic efficiency may be attributed to
the laser which is a strong, monochromatic and coherent source of
light [163]. Therefore, many methods have been applied so as to im-
prove the capacity of BiOX nanomaterials to handle the toxic heavy
metal under visible light.

Shang et al. [113] reported that BiOBr can be transformed into
Bi»4031Bro with enhanced photocatalytic reduction activity through a
bismuth-rich strategy. In the experiment of photocatalytic reduction
of Cr (VI) under visible light, Bi;4031Bry presents the highest ability
among Bi,O3, BiOBr and Biy4031Bryo, and Cr (VI) ions could be
completely reduced in 40 min irradiation. Compared with BiOBr,
Bi»4031Br( has uplifted CB level which attributed to the hybridization
of Bi 6p states and Br 4 s states. Recently, Bai et al. [115] prepared
solid solutions of bismuth-rich Bi4OsBr,l,_ by the molecular precursor
method and utilized it for photocatalytic Cr(VI) removal under visible
light irradiation. The Cr(VI) removal ratios of Bi4OsBr,, Bi4OsBrl and
Bi,Osl, are 47%, 88% and 53%, this means that Bi,OsBrl solid solutions
exhibit much better photocatalytic reduction ability for Cr(VI) removal
than BisOsBr;, and Bi4Osl,. This enhancement is ascribed to the higher
CB position and faster photo-induced carrier separation rates endowed
by solid solution strategy and bismuth-rich method [115]. This work in-
dicates that synergistic effect of solid solutions and bismuth-rich could
significantly enhance the efficiency of BiOX photocatalysts for Cr(VI)
removal.

The pH of the initial solution usually affects the photoreduction of
the heavy metals [142]. Very recently, Xu and co-workers [164] fabri-
cated BN-doped BiOCI nanocomposites with flower-like microsphere
structure through a facile microwave-assisted method for the removal
of Cr(VI) contaminants. The FESEM and HRTEM of 1% BN/BiOCl compos-
ite are displayed in Fig. 13a and b, respectively [164]. Under acidic con-
ditions, the surface of BN/BiOCI adsorbs a great deal of H*, which can
not only give access to protonation but also promote the accumulation
of negatively Cr(VI) species such as Cr,03~ and HCrO; . Under alkaline
conditions, the negative BN/BiOCl surface can only adsorb a little Cr
(VI) because Cr(VI) species are exist as Cr,0% . Moreover, the generated
Cr(OH); sediments restrain the photocatalytic activity of BN/BiOCl
composite by blocking its active sites.

For acidic Cr(VI) solutions:

Cr,0,%~ + 14H" + 6~ — 20" + 7H,0 (6)
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Fig. 13. (a) FESEM and (b) HRTEM of 1% BN/BiOCl composite. (b) Cr(VI) photocatalytic reduction over different photocatalysts under visible light irradiation. (c) The possible mechanism of

the Cr(VI) photoreduction over the 1% BN/BiOCI composite.
(Reprinted with permission from ref. [164]. Copyright (2016) Elsevier.)

For alkaline Cr(VI) solutions:
Cry07%~ + 7H,0 + 6e~ — 2Cr(OH); + 8OH™ (7)

Therefore, at pH 2, the as-prepared 1% BN/BiOCl nanomaterials show
the best ability to photocatalytic reduction of Cr(VI) under visible light
among all synthesized samples, which is about 2.39 times as high as
that of bare BiOCI microspheres (Fig. 13c). This could be attributed to
the doping of BN, which enhances the adsorption properties of BiOCl,
improves the visible light absorption, narrows the band gap and
represses the recombination of photo-generated electro-hole pairs.
The possible mechanism is depicted in Fig. 13d, under visible light
irradiation, the electrons of BiOCl excite from the VB to the CB leaving
holes in the VB, and then the photo-generated electrons in the VB
can be strapped and transferred by BN to convert adsorbed Cr(VI) to
Cr(III) [164].

The adsorption ability for heavy metal ions of BiOX nanomaterials in
photocatalytic reduction process cannot be ignored. Li's group [165] dis-
covered that flower-like BiOBr nanomaterials can serve as adsorbents
for removal of Cr(VI) ions in a wide pH range. Owing to their loosely
structure and big specific surface area, the flower-like BiOBr nanostruc-
tures obtained from microwave irradiation method show a satisfactory
removal ability for Cr(VI) ions. Based on this, their team has developed a
series of BiOX nanostructures synthesized by a microwave assisted
method in mannitol solution [166]. Among them, the flower-like
hierarchical BiOX nanostructures exhibited much stronger Cr(VI)
removal capacity than other BiOX nanostructures, which can be also as-
cribed to their highly specific surface areas and unique hierarchical
structures. Compared with flower-like BiOCl and BiOBr nanomaterials,
however, flower-like BiOl nanomaterials showed relatively weaker Cr
(VI) adsorption efficiency [166]. This could be closely related to their
inherent properties, such as BET surface area, distribution of surface
charge, isoelectric point (IEP) and so on. The IEP of flower-like BiOCl,
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BiOBr and BiOI nanomaterials was estimated about 1.9, 2.6 and 0.9,
respectively. Thus, the relatively negative IEP of flower-like BiOI
nanomaterials may leads to its weak removal ability for negatively Cr
(VI) species (HCrOz and Cr,03 ™) [166].

These results highlight the latent capacity of BiOX photocatalytic
nanomaterials in photocatalytic removal of heavy metal ions, which is
an efficient and energy efficient method for removal of hazardous
heavy metal ions. In particular, with the help of some strategies, such
as co-catalyst [164], crystal facet control [57,62,63], heterojunction
[167,168], bismuth-rich strategy [113,115] and solid solutions [115],
the removal efficiency of heavy metal ions by BiOX nanomaterials
under visible light irradiation is greatly enhanced. Progress achieved
in this field may push the BiOX-based photocatalytic systems for
heavy metal ions removal to a higher efficient direction.

5.3. Photocatalytic oxidation of air contaminants

With the deterioration of atmospheric quality, air pollution has
attracted more and more attention. A number of methods have been
established to purify polluted air, such as physical adsorption, catalysis
redox, biofiltration and so on [169,170]. Compared with these
techniques, photocatalytic oxidation is of the highest efficiency with re-
cyclable characteristics, and without secondary pollution. Therefore,

200
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hierarchical BiOX photocatalytic nanomaterials as a novel ternary
oxide semiconductor are widely used to remove air pollutants due to
their distinctive physical, chemical and optical properties, etc. Ai et al.
[171] fabricated BiOBr microspheres via a nonaqueous sol-gel method
for removal of NO under visible light irradiation. The as-synthesized
samples showed superior photocatalytic activity to the Degussa TiO,
P25 and C doped TiO, as well as BiOBr bulk powder. This is mainly
due to their suitable band gap and special hierarchical structure,
which could enhance their absorption efficiency of visible light and ac-
celerate the diffusion of intermediates, respectively. The major reaction
steps of this photocatalytic oxidation of NO are displayed by the follow-
ing equations (Eqs. (8)-(11)) [171].

NO + 2'0H — NO, + H,0 (8)

9)

(10)

NO, + ‘OH — NO3~ +H"
NO + NO, + H,0 — 2HNO,
NOx + 0, — NO3~ (11)

Apart from microstructure modulation, other strategies such as solid
solutions [105,172,173], photosensitization [174], surface metal ion
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Fig. 14. Concentration of gaseous acetaldehyde on (a) BiOCl and (b) Fe(IlI)-BiOCl under visible light irradiation. (c) Diagram of the photo-induced electrons separation and migration in the

Fe(IlI)-BiOCl under visible light irradiation.
(Reprinted with permission from ref. [175]. Copyright (2015) Elsevier).
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clusters modification [175,176], heterojunction [177-179], facets and
defects controlling [60,179] and surface plasmon resonance (SPR) [60]
have been verified as efficient avenues to improve the ability of BiOX
photocatalytic nanomaterials for removal of air pollutants under visible
light. For example, Huang and co-workers [175] investigated the visible
light photocatalytic activity of Fe(Ill)-BiOCI and bare BiOCI by the
decomposition of gaseous acetaldehyde, and their obtained results
demonstrated that the Fe(IIl)-BiOCl showed higher photocatalytic
performance, as displayed in Fig. 14a and b. This can be attributed to
the Fe(Ill) clusters fixed on the surfaces of BiOCl, they can promote
the separation of photo-induced charge carriers through interfacial
charge transfer (IFCT) under visible light illumination and serve as the
centers of redox for the multi-electron reduction reaction of O,
(Fig. 14c) [175]. The electrons in the VB of BiOCl microflowers are
induced and migrated to the Fe(IIl) clusters by the IFCT process under
visible light illumination. Subsequently the Fe(IIl) clusters are reduced
to the Fe(II) clusters, which can act as the multi-electron redox site for
the O, reduction and thus are oxidized to the Fe(IIl) clusters. Mean-
while, the generated holes in the VB of BiOCl can degrade the gaseous
acetaldehyde because of their great oxidation power. Moreover, their
team discovered that the Rh(III) clusters can also improve the ability
of BiOCl for photocatalytic decompose gaseous acetaldehyde [176].
Their work indicates that surface transition metal ion clusters modifica-
tion could greatly improve the visible light photocatalytic capacity of
BiOX photocatalysts.

Very recently, Dong et al. developed Bi@BiOCl plasmonic
photocatalysts with exposed facets, oxygen defects and plasmonic Bi
metal for removal of NO under visible light [60]. In contrast to pure
BiOCI and Ag@BiOCl, Bi@BiOCI exhibited enhanced visible light induced
photocatalytic oxidation ability for NO. And the Bi@BiOCI with suitable
Bi metal concentration and exposed {010} facets (BO10-Bi30) displayed
the highest photocatalytic activity. This distinct enhancement is due to
their improved separation ability of charge carriers and favorable
morphological structure [60]. This work provides a new strategy to
construct efficient BiOX photocatalysts for removal of NO using facets,
defects and SPR effects.

However, Dong et al. [180] utilized the BiOI hollow microspheres for
removing NO under visible light and they found out that the generated
NO3 could restrict *OH generation through occupying the surface active
sites of BiOl microspheres. OH™ can't be adsorbed again and *OH can't be
produced because like charges repel each other. Therefore, NO is
directly oxidized to NO, by photo-generated holes. Thus, this greatly
affects its ability for photocatalytic oxidation of NO.

To overcome this disadvantage, Xia et al. [181] designed a BiOl/
Al,0s-padded trickling scrubber used for simultaneous removal of SO,
and NO under visible light irradiation. The SO, and NO removal efficien-
cies in this photocatalytic trickling scrubber system can reach 100% and
it could be attributed to the fact that the improved gas absorption capac-
ity and massive reactive *OH production. The recycled activity tests indi-
cated that this system is stable for long-term continuous elimination of
SO, and NO [181]. This study demonstrates that the BiOI/Al,0s-padded
trickling scrubber possess an immense application potential for simulta-
neous removal of SO, and NO. In general, some researches have been
done on the treatment of air pollutants with BiOX photocatalytic
nanomaterials, and the results show that the modified BiOX
photocatalysts do have great potential for remove air pollutants.

6. Conclusion and perspectives

In the past few decades, many advances have been made to use BiOX
photocatalytic nanomaterials for addressing energy and environmental
challenges. The unique properties of BiOX have provided more possibil-
ities to improve their visible light photocatalytic activity. In this review,
we summarize the recent studies in the fields of water splitting,
reduction of CO,, removal of environmental pollutants based on BiOX
photocatalytic nanomaterials. Our purposes are to review the current

research on the strategies for the enhancement of BiOX-based photocat-
alytic activities in energy conversion and environmental management,
which will give guidelines for future research. Although progresses
have been made in the field of BiOX photocatalytic nanomaterials over
recent years, the BiOX photocatalysts which still in experimental stage
cannot satisfy the demand of practical production applications. Signifi-
cant challenges remain in the construction of BiOX-based photocatalytic
systems with high photocatalytic efficiency in energy conversion and
environmental management.

First, since BiOX have many different crystal facets, besides the com-
mon {001} and {010} facet-dominant BiOX, the facile synthesis of BiOX
photocatalysts exposed with other high-performance crystal facets are
also essential. In addition, as a result of the difference between crystal
facets, the free radicals produced by these crystal facets may be diverse,
this requires us to further explore the reaction mechanism between
different facets to find the optimal crystal facet.

Second, the IEF intensity originated from the unique layered struc-
ture is an interesting characteristic of BiOX photocatalysts, however,
the study of the effect of IEF on photocatalysis of BiOX is still lacking.
Further research should focus on the specific mechanism of
photocatalysis under the effect of IEF and the development of strategies
for enhancing photocatalytic activities of BiOX-based on the changes of
IEF.

Third, in future research on the hydrogen production by photocata-
lytic water splitting based on BiOX nanomaterials, in addition to the in-
depth investigation of the reaction mechanisms and development of
efficient hydrogen production system, a study of the stability and
sustainability of BiOX photocatalysts in practical application should be
performed. There are some other difficulties that must be overcome to
achieve high yield of hydrogen and meet practical applications, such
as the simultaneous generation of H, and O, the separation of H, and
0, and the design for large-scale reactors.

Fourth, the products are complex and diverse when use BiOX
photocatalysts to reduce CO-. In order to obtain single and stable fuel,
it will be necessary to clarify the reaction mechanism and find the
optimal reaction condition. Moreover, the effect of BiOX nanostructures
on CO, molecules capture should also be discussed.

Fifth, the contaminants management by BiOX nanomaterials now
mainly focus on dyes, Cr(VI) and NO. But for complex organic pollutants,
especially toxic and refractory pollutants, other hazardous heavy ions
and air contaminants, the relative reports are very deficient. Besides,
the abilities of BiOX nanomaterials to tackle co-contamination are still
unclear and they need further exploration.
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