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Abstract—The main environmental problems associated with water body pollution are typically those caused by the
discharge of untreated effluents released by various industries. Wastewater from the textile dye industry is itself a large
contributor and contains a huge number of complex components, a wide spectrum of organic pollutants with high
concentration of biochemical oxygen demand (BOD)/chemical oxygen demand (COD) and other toxic elements. One
of several potential techniques to degrade such reactive dyes before being discharged to water bodies is photocatalysis,
and bismuth-based photocatalysts are rapidly gaining popularity in this direction. Bismuth oxyhalides, BiOX (X=Cl, Br,
I, F), as a group of ternary compound semiconductors (V-VI-VII), have been explored extensively for their photocata-
lytic activity due to their unique crystal lattice with special layered structure in pure as well as modified form. With
suitable band gap and band edge positions, which are a required condition for efficient water breakup and high pho-
ton absorption, BiOCl scores over other oxyhalides. Photocatalytic activity depends on many factors such as synthesis
method, morphology, size, illumination type, dye choice among others. This paper gives a critical review on bismuth
oxyhalides as a family on various aspects of modifications such as doping (with unique and interesting metals as well),
morphology and synthesis parameters, polymer and carbon assisted composites in order to further enhance the photo-
catalytic efficiency in UV/visible region of solar spectrum.
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INTRODUCTION

Poor management of organic waste leading to water pollution
and associated environmental challenges are twin issues of utmost
importance that require our prime concern and attention. With 20
percent of all fresh water pollution being caused during textile
treatment and dyeing, the global textile and clothing industry still
remains the major contributor to water pollution in the 21% cen-
tury [1]. Various effluents from textile mills contain elevated levels
of biochemical oxygen demand (BOD)/chemical oxygen demand
(COD) [2] and solid suspensions, which leads to depletion of dis-
solved oxygen causing an adverse effect on the aquatic photosyn-
thesis process, resulting in imbalance of the ecological system [2,3].
The BOD and COD ratio between 1:2 and 1:3 is generally ac-
ceptable and implies easy degradability of the wastes [4]. With in-
creased pollutants and rising global consumption of fresh water dou-
bling every 20 years, the population that is allergic to chemicals will
reach 60% by the year 2020 [5]. More than 85% of unwanted mat-
ter can be removed by various effluent treatment methods [6]. Pho-
tocatalysis can cause fast and complete degradation of organic com-
pounds economically and efficiently by treating the effluents for
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reduction in COD, BOD and other dissolved salts levels in waste-
water. For this purpose, a large number of photocatalysts, such as
TiO,, ZnO, WO;, MgO, Fe,0s, BiVO,, Bi,O;, have already been ex-
plored so far to name a few [7-16].

Amongst these, bismuth, precisely bismuth oxyhalides, have caught
our attention to a great extent. It is versatile and is emerging as a
leading candidate in this direction. It is an environmentally benign
element and a large class of photocatalysts exists for bismuth-based
materials, which makes it unique with rest of the photocatalysts.
Its use is found in a growing number of applications, such as phar-
maceuticals, pigments in the cosmetic industry, phosphor, mag-
netic materials, gas sensors and catalysts [17-21]. Despite being a
post-transition metal, it acts as a semiconductor when deposited
as sufficiently thin layers [22]. Therefore, nanoscale bismuth is ap-
plied to catalysis and when modified suitably gives enhanced pho-
tocatalytic results and improves the efficiency of the system. Favor-
able characteristics of bismuth salts such as advantages of a unique
crystal structure, excellent optical and electronic properties, low
toxicity and ease of synthesis, associated with low cost, make them
attractive and practical catalysts [23,24]. Li et al. nicely explained
the role of layered structure of BiOX in meeting the demand of
photocatalysis [25]. Moreover, its loosely bound structure, indirect
band transitions and intrinsic internal electric field assist the pho-
togenerated electron-hole pairs separation and their charge trans-
fer, which makes them excellent photocatalyst [26]. Besides many
such advantages, BiOX tends to suffer from certain issues like unfa-
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vorable band edge positions and low photostability, which could
lead to the catalyst poisoning of the suspended phases [27,28]. Partic-
ularly;, BiOF is a wide and direct bandgap material, which makes it
active only in UV region, thus results in inefficient utilisation of solar
spectrum and reducing the lifetime of free charge carriers. BIOX
nanoparticles have a property to agglomerate; thus their dispersion
in aqueous solution during photocatalysis becomes difficult and
hampers its photocatalytic activity. In BIOX, shadowing effect exists
in which light is scattered by the photocatalyst before being absorbed
[28]. Overcoming these issues will lead BiOX towards a suitable
photocatalyst.
1. Fundamental Properties

Bismuth oxyhalides are inorganic compounds of Bi that belong
to the class of matlockite mineral group. As the atomic number of
X in BiOX increases, the band gap decreases, with a sequence of
BiOF>BiOCI>BiOBr>BiOl, which gives a reason for the increase
of photoactivity in the order BiOF<BiOCl<BiOBr<BiOI [29,30]
(Fig. 1). The BiOX series is reported to exhibit p-type conductivity,
but some also report n-type behavior [30,31]. BiOX, except BiOF,
exhibits indirect band gap nature. An indirect band gap is favor-
able for the separation of photo-generated electron-hole pairs, while
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Fig. 1. Schematic illustrating band gap energy and alignment of
BiOX series.

Table 1. Fundamental properties of BiOX series
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direct band gap is favorable for the absorption of photon energy
[32]. BiOF and BiOCl are wide band gap materials with E, greater
than 3 eV. Band gap of BiOCl lies in the range 3.2-3.5 €V, which is
almost similar to TiO, and thus provides a large scope of its im-
provement just like TiO,. BiOI and BiOBr have suitable narrow
band gaps of 1.8-1.9 and 2.6 eV, respectively, and thus have the
ability to efficiently utilize the solar spectrum in visible light. BiOE,
with widest band gap of 3.6 eV, does not show any visible light photo-
activity, and thus only a few studies have reported on its photocat-
alytic activity (Table S4). Refer to Fig. S1 for absorption spectra for
BiOX. However, in terms of UV-driven photocatalysis activity, it is
still competitive with P25 [27]. Table 1 tabulates the fundamental
properties of BIOX. Bi-X bonds are very long (>3 A) except in the
case of BiOE which is around 2.78 A. BiOCI and BiOBr have con-
siderably smaller hole effective masses, m;, than BiOF and BiOI as
calculated by Ganose and groups using DFT calculations [33]. The
values indicate an excellent mobility of electrons. The significant
value difference between electron effective mass, m,, and mj, indi-
cates low recombination rate of e-h pairs, which means long life-
time and high diffusion rate of the carriers that are distinctly vital
for augmenting photocatalytic activity [34].

2. Crystal Properties

The BiOX series are one of those few classes that exhibit layered
structure type of arrangement. It exhibits tetragonal matlockite struc-
ture similar to PbFCl-type, with symmetry of P4/nmm (space
group) and D 4h (local symmetry) [35,36]. It is this peculiar ar-
rangement of layered structure that helps them enormously to show
high photoactivity. On crystallizing, bismuth oxyhalides acquire
maklotite structure, which is one of the most simple forms of the
Sillén-type structure [37]. A single bismuth layer is characterized
by decahedral geometry where a Bi at center is surrounded by four
atoms of oxygen and four atoms of halogens [25] (Fig. 2(a)). Such
several single layers are stacked together by weak van der Waal
forces through the halogen atoms along the c-axis but are bonded
together by strong intralayer covalent bonding [38] as shown in
Fig. 2(b). This anisotropic layered structure of BiOX, with inter-
layer and strong intralayer interactions, gives them a unique fea-
ture. They crystallize to form [B,O,]** slabs interleaved by X ions
(X=E Cl, Br, I) with structure stacked together by interactions along
the [001] direction to form [X-Bi-O-Bi-X] sheets [33].

The layered structure of pure and compounded bismuth oxy-
halides has demonstrated outstanding photocatalytic activities.
[Bi,O,]*" and X layers form an internal electric field between the
layers which promotes and aids the separation of photoinduced
electrons and holes pairs efficiently by polarizing the related atoms
and orbitals between the layers, and therefore increasing their photo-

Bandgap CB(eV) VB (eV) Bandgap Bondlength (A) [26]

Electron effective mass [33]

Material Lattice parameters
(eV) [176] [176] type Bi-O Bi-X Z—>I Z—R P

BiOCl 35 0.15 3.65 Indirect 23111 3.0424 0.3 m, 2.4 m, a=b=3.8743 A, c=7.3997 A

BiOBr 2.6 0.41 3.01 Indirect 2318 3.1648 0.3 m, 0.6 m, a=b=3.8996 A, c=8.4570 A

BiOI 1.8 0.57 2.36 Indirect 2.3343 3.3515 -- -- a=b=3.9738 A, c=9.3722 A

BiOF 3.6 0.6 42 Direct 2.2769 2.7821 0.5 m, 1.0 m, a=b=3.7386 A, c=6.1714 A
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Fig. 2. (a) Unit cell, (b) supercell structure of BiOX (reproduced with
permission of Zhao et al., Copyright 2014, American Chem-
ical Society).

catalytic activity [27]. They not only demonstrate excellent photo-
activity for NO oxidation, organic pollutant degradation and ster-
ilization, but also show high adsorption ability for anionic organic
dye through exchange of ions leading to release of X- and cationic
dyes owing to the high density of terminated oxygen which are
often found with negative {001} facet [39]. Sato group stated that
the local internal fields due to the induced dipole moment help to
promote the separation of charges in the very beginning of photo-
excitation and are useful for improving photocatalytic activity [40].
3. Electronic Properties

Band dispersion diagram in Fig. 3(b), (c) and (d) for BiOC],
BiOBr and BiOl, respectively, shows that conduction band mini-
mum (CBM) at Z point, while the valence band maxima (VBM)
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are positioned between Z-R making them indirect band gap mate-
rials. For BiOEF, the both CBM and VBM are situated at Z, making
it a direct band gap material as shown in Fig. 3(a) [41]. Previous
theoretical literature studies of BiOX reveal that the VBM of BiOX
catalysts is mainly composed of O 2p orbitals and X np states (X=F
CL Br and I and n=2, 3, 4 and 5, respectively). The CBM is mainly
comprised of Bi 6p states. The contribution of X ns states increases
with the increase in the X atomic number, which results in the de-
crease or narrowing of the bandgap value [42,43].

FACTORS AFFECTING PHOTOCATALYTIC ACTIVITY

1. Light Wavelength and Intensity

Change in photocatalytic properties of a material is strictly asso-
ciated with the wavelength and intensity of light. Reports show that
changing the energy of the incident photons could tune the pho-
tocatalytic reactions. This was indicated by Natarajan et al. where
they demonstrated RhB dye degradation of BiOX samples using four
types of light-emitting diodes (LEDs) with different wavelengths
and exhibited different results [44]. It was observed that BiOCI and
BiOBr almost completely degraded the dye under UVLED in 240
min as shown in Fig. 4I(a) and (b). This was mainly because the
energy difference between VB and CB of synthesized samples
matches with the range of irradiated light wavelength. Whereas,
BiOlI responded better to RLED irradiation with over 83.4% deg-
radation of RhB dye and outperformed degradation under UVLED
due to the magnificent production of holes or hydroxyl radicals
under RLED (Fig. 4I(c)). Chang et al. used different wavelengths
of visible light, with 4>400 nm, to decompose three different dyes of
MO, MB, and RhB, which exhibited decomposition rates of 9.97%,
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Fig. 3. Electronic band dispersion of BiOX series (a) BiOF, (b) BiOCl, (c) BiOBr, (d) BiOI (reproduced with permission of Huang et al.,

Copyright 2008, Wiley).
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Fig. 4. (I) Effect of light wavelength on photodegradation of RhB under various LED irradiation (a) BiOCI, (b) BiOBr, (c) BiOI (reproduced
with permission of Natarajan et al., Copyright 2016, Elsevier) and (II) effect of light intensity on decolorisation efficiency of MO aque-
ous solutions by BiOI under (a) UV light, and (b) daylight (reproduced with permission of Ekthammathat et al., Copyright 2015,

Elsevier).

25.81% and 99.56%, respectively, in the presence of BiOBr. But when
the wavelength was changed to 1>420 nm, the degradation of MB
and MO with BiOBr was significantly reduced, but BiOBr still
showed apparent degradation efficiency of 99.95% for RhB. Simi-
larly, drastic results were found when BiOCl was studied under
variable visible light irradiation wavelength. RhB removal efficien-
cies were found to be 94.91%, 99.50%, 53.76% under stimulation
of A>400 nm, A>420 nm, and A=550+15 nm, respectively, which
clearly shows that amount of incident photons that contribute in
photoreaction directly changes with incident wavelength (LED) [45].

Note that besides light wavelength, illumination intensity can
affect the number of photogenerated electron-hole pairs produced
and the efficiency of photo degradation of dye. As reported by
Ekthammathat et al., the decolorization efficiency of Ag doped
BiOI under sunlight was higher than that under UV lamp irradia-
tion because the photonic energy or illumination intensity per sec-
ond per surface area of the second light source is less than that of
the first (Fig. 41I(a) and (b)) [46]. Other groups also illustrated the
varying results in photocatalytic activity of BiOX (X=Cl, Br, I) on
changing the illumination intensity [44,47].
2. Surface Area

It is known that the specific surface area of a material together
with special porous structure is one factor that directly determines
its photocatalytic activity, which in turn undoubtedly depends on
the morphology of the material. These characteristics control the
rate of release and utilization efficiency of .OH radicals. BET is an
important technique used for the measurement and analysis of
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specific surface area. Many research groups have focussed on eval-
uating the influence on photocatalytic activity based on this aspect.
Liu et al. reported that on increasing the doping concentration of
Fe in BiOBr, the BET specific surface area was increased by for-
mation of mesopores confirmed by type IV hysteresis loop, which
enhances its photocatalytic activity [48] (Fig. S2). BiOCl/Carbon
nanofiber heterostructures reported by Zhang et al. exhibited much
higher removal efficiency for 4-nitrophenol than pure BiOCI [49].
Carbon nanofibers pose a large surface area, thus allowing the
growth of dense and uniform growth of BiOCI nanosheets on its
surface. Since BiOClI in this case is the active photocatalyst, so
using CNF overall density of BiOCl is increased and hence photo-
active surface area required for photoreactions is increased, thereby
increasing the photocatalytic activity. As the size of the material
shrinks, surface-to-volume ratio and number of surface dangling
bonds increase drastically and enhance the chemical activity. A series
of Ag-doped BiOI photocatalysts were developed by Ekthammathat
et al. with different contents of metal doping [46]. It was noticed that
with the increase of content of metal, morphology changed from
nanoplates to agglomerated clusters, which reduced the surface area
and thus had a negative effect on the photocatalytic activity of the
sample. Microflower structured samples exhibited the best activity
as they had the best exposure to aqueous solution owing to avail-
ability of large open surface area. Nanopores with bigger-pore-size
allow multiple reflections of visible light within the interior and
provide large photoactive surface area, thus enhancing the utiliza-
tion and harvesting efficiency of visible light [50].
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Table 2. Effect of BiOI/TiO, catalyst dosage on degradation rate of

BPA removal [51]

Bi/Ti (molar rate) Dose (g/L) Initial pH ky min~' R
25% 0.500 5.8 0.097 0.976
50% 0.500 5.8 0.150 0.987
75% 0.500 5.8 0.241 0.993

100% 0.500 5.8 0.039 0.971
75% 0.0 5.8 0.015 0.936
75% 0.33 5.8 0.122 0.998
75% 0.500 5.8 0.241 0.993
75% 0.667 5.8 0.234 0.987
75% 0.500 29 0.101 0.993
75% 0.500 5.0 0.146 0.985
75% 0.500 7.1 0.144 0.972
75% 0.500 9.0 0.222 0.997
75% 0.500 10.0 0.101 0.998

3. Catalyst Dosage

For effective degradation of any dye, the optimum amount of
catalysts is an important parameter. It is generally observed that the
degradation efficiency of a photocatalyst is increased with an in-
crease in catalyst dosage up to a certain limit, but this efficiency
starts decreasing after reaching a particular concentration. Liu and
Chen group tested the photodegradation activity of BiOI-TiO, by
varying the photo-catalyst dosage and keeping the dye concentra-
tion constant. For BiOI-TiO,, the efficiency significantly enhanced
for the range 0-0.500 g/L (Table 2) [51,52]. Similarly, Janani et al.
studied the effect of increasing material loading from 0.1 to 0.8 g
per 500 ml of MB dye solution with initial concentration of 50
mg/l and found a degradation percentage increase from 59.44 to
96.84%, respectively [53]. But further increase in catalyst dosage
after achieving the optimized result led to a decrease in the degra-
dation of the dye in all the cases. This may be explained on the
basis of increased surface area with increase in material concentra-
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tion, which in turn provides more adsorption and reaction sites as
photocatalytic activity occurs on materials surface. Light scatter-
ing effect inhibits the production of hydroxyl and superoxide radi-
cals and rejects the generation of electron and hole pair after in-
creasing dosage above limiting value. Further, suspension turbid-
ity and decreased light penetration may occur due to increased
light scattering, which is the reason for low photocatalytic activity
at higher concentration of catalyst.

4. Type of Dye and Dye Concentration

From the results of Liu and Chen group, it becomes very clear
that when a material is tested for its photodegradation efficiency for
different dyes but under similar conditions can lead to different
results. Both the reports mention the preparation of x% BiOI/TiO,
by same approach of microemulsion method for x% of 25, 50, 75
and 100. Samples presented almost similar morphology and tested
under same light source of 250 W Halogen lamp for bisphenol A
and methyl orange (Fig. 5(a) and (b)) [51,52]. Though both claimed
to achieve maximum efficiency for x=75% sample but with differ-
ent efficiency of 92 and 82.5%, respectively, which shows that dif-
ferent dyes may give different results. Values obtained for other x%
samples also varied.

Along with choice of dye, it is very essential to choose the opti-
mum concentration of dye. It was observed that the degradation
rate was reduced with increase in the concentration of dye [44].
Maximum absorption of photons is a very necessary criterion for
enhanced photocatalytic activity. But when the dye solution con-
centration increases, the photons get intercepted and consequently
only fewer photons reach the surface of catalyst, resulting in less
absorption, less .OH and O; radicals and reduction in degrada-
tion percentage [54,55].

5. pH Value

PH value is another parameter that influences the availability of
active sites on the surface of semiconductors, which affects the hy-
drogen ion or hydroxide ion concentration in aqueous solution
[56]. Many studies have investigated the effect of pH value and
concluded that generally reaction at neutral pH results in best deg-
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Fig. 5. Effect of different dye on BiOI/TiO, composite prepared under similar conditions on degradation of (a) BPA [51], (b) MO (reproduced

with permission of Liu et al., Copyright 2012, Elsevier).
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Fig. 6. Effect of pH on BPA removal rate of BiOI/TiO, catalysts dos-
age=0.5 g/L, BPA concentration=20 mg/L [51].

radation rates, while low photo-activity is recorded in high alka-
line and acidic conditions. It is known that acidic condition inhibits
the generation of OH radical and decreases the photocatalytic activ-
ity [57,58]. The RhB degradation efficiency of BiOI at pH=7, 2 and
4 was found to be 83.4, 70 and 61%. With the decrease in pH to 2
and 4, the degradation of RhB dye is reduced slightly, which was
ascribed to the hydroxyl ions scavenging of by H" ions, which results
in the decrease of degradation rate of RhB for this case [52]. Chen
et al. also investigated the effect of pH on photocatalytic efficiency
of BiOI/TiO, composite as shown in Fig. 6 [51]. They reported
that in an acidic medium the photocatalytic dye degradation was
reduced due to the same reason as reported above. Best photocat-
alytic activity was achieved at pH 9, i.., alkaline medium. At pH
10, again the photocatalytic efficiency starts reducing. Point of zero
charge (pzc) of a semiconductor is a deciding factor for protona-
tion and deprotonation of photocatalyst surface at particular pH.

pH<pzc: NOH+H"=NOH;
pH>pzc: NOH+OH =NOH +H,0

pH<pzc results in positively charged surface, while pH>pzc results
in negatively charged surface of photocatalyst. Positively charged sur-
face reduces the rate of hydroxyl ion generation (OH") which are
responsible for dye degradation [59].
6. Natural Organic Matter and Carbonates

It has been previously reported that the presence of carbonate
like Na,Cos; is beneficial for the photocatalysis process [60-63]. Infra-
red studies have revealed that the presence of carbonate salt in a
solution results in absorption of carbonate species such as HCO;,
CO;, HCO; C,0; on the photocatalyst surface. These species
are formed by gaining photogenerated holes and act as a hole scaven-
ger. This scavenging of holes results in increased lifetime of free
photoexcited electrons, which aids in enhancing photocatalytic per-
formance. Although, this mechanism is still not well understood,
but the results of photocatalytic performance with carbonates are
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outstanding [61].

Water collected from natural sources for photocatalytic purifica-
tion always contains natural organic matter (NOM). NOM has an
inhibitory effect on photocatalytic performance [64]. NOM gets
adsorbed on the surface of photocatalyst and acts as a hydroxyl
radical scavenger, thus reducing the photocatalytic performance.
Reduction in photocatalytic performance depends on type of pho-
tocatalyst material; for example, TiO, has property to adsorb more
NOM so the inhibitory effect of NOM on photocatalytic perfor-
mance of TiO, is more pronounced. This could provide a great
scope of exploration for researchers in case of BiOX which is still
scant in this area.

7. Electronic and Structural Properties

As discussed in the introduction section, the electronic and struc-
tural properties of BiOX such as its unique layered crystal structure
and nature of charge transition, ie. direct or indirect, are import-
ant factors to decide their photoactivity. Indirect band gap offers an
advantage of increasing the life time of free charge carriers by increas-
ing their transition time. Thus more charge carriers are available
for photoreactions in an indirect band gap material than a direct
band gap material [14]. These factors have been well utilized as strat-
egies to improve their photocatalytic activity, which are well estab-
lished in many previous studies and are discussed in depth in next
sections.

STRATEGIES TO IMPROVE PHOTOCATALYTIC
EFFICIENCY IN BIOX

There exist several ways by which photoactivity of a material
can be augmented. Charge carrier separation, large surface-to-vol-
ume ratio and light utilization efficiency remain the basic necessity
for any enhanced performance. This can be achieved in numerous
ways which are analyzed below (Various photocatalytic studies
conducted on BiOX/modified BiOX are tabulated in supplemen-
tary information in Tables S1-S5.).

1. Doping
1-1. Metal Dopants

Various doping elements such as Ag, Fe, Ni, Ti, Al, Sn, In (Table
S1-S3) have been used to form systems like Ag doped BiOI, Ti/Fe
doped BiOBr;, Fe/Ag/Ni/V doped BiOCl [46,48,65-67] that play an
indispensable role in influencing the physical/chemical properties
of the catalyst material by introduction of a foreign element, resulting
in change of the lattice structure arrangement of the material. Metal
doping benefits the inhibition of the recombination of generated
electron and hole pair;, a major disadvantage in mechanism of photo-
catalysis which lowers the efficiency and leads to energy wasting.
Dopants cause trapping of electrons and help in encountering the
recombination problem [68] and thus increase charge separation
efficiency, which greatly enhances the generation of active oxygen
species and hydroxyl radicals in photocatalysis [59,69].

1-2. Non-metal Dopants

Ever since the initial literature on non-metal doped TiO, (Nitro-
gen-TiO,) was reported by Asahi et al. [70], a new set of possibili-
ties opened in this area by using large number of non-metals such
as N, G, S, E I to realize visible light BiOX responsive photocata-
lysts (Table S1-S4). Non-metal doping is of special interest as it
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succeeds in preserving the inherent surface properties of the pho-
tocatalyst when done at the atomic level. Dopants do not form clus-
ters within the surface, rather existing in the form of isolated atoms
[71]. Furthermore, dopant states are generally distributed and located
close to the VB maximum, making photo-generated holes oxida-
tive enough for subsequent photo-reactions. Non-metal dopants pas-
sivate the defect bands created by monodoping and help in reducing
the recombination rate [72,73]. Jiang et al. showed that doping of
BiOBr with N/S, N-, S-doped BiOBr displays the lowest VB posi-
tion with the maximum band edge energy at about 2.51 eV and
indirect band gap (IBG) transition [74]. IBG semiconductors assist
to obtain excellent photocatalytic activity; as it is known that excited
electrons reach the conduction band by traversing through cer-
tain k-spaces, thus reducing the recombination probability of the
photogenerated charge carriers [75,76].
1-3. Noble Metal Dopants

Modification using noble metals such as Ag, Au, Pt, Rh, Pd is

another good way to accelerate the photo-mechanism in BiOX, al-
though a substantial number of reports are still lacking in this
regard. It has been reported that the separation of photogenerated
electrons and holes can be greatly promoted in the presence of the
noble metal [77]. Silver doping has been the most intensively stud-
ied amongst all the noble-metal dopants [67]. Ekthammathat et al.
results indicated that different Ag doping rates in BiOI showed
different morphologies of nanoplates and microflowers. Varying
photocatalytic results were obtained owing to change in optical prop-
erties and open surface area [46]. Comparatively, a large number
of reports are available on noble-metal based-BiOX nanocompos-
ites than doping as mentioned in section 2.4.3.
1-4. Rare Earth Metal Dopants

Certain reports exist on successful fabrication of BiOX nano-
structures with rare earth metals dopants such as lanthanum (La)
and europium (Eu) [66,78] and prove that the rare earth metal-
doped BiOX semiconductors show improved photocatalytic effi-

Fig. 7. Bi-based photocatalysts with different morphologies. (a) Nanowires, (b) nanoplates, (c) microbelts, (d) hyperbranches, (e) flower-like,
(f) hollow microspheres, (g) eggshells, (h) hollowtubes (Reproduced with permission from He et al., Copyright 2014, Elsevier).
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ciency (Table S1). Owing to their unique optical properties, rare
earth elements with 4f electrons are broadly used as luminescent
materials. They show magnificent response towards light either by
direct utilization of excited electron in rare earth metal ion [79], or
by indirect utilization of the emitted short wavelength light which
are absorbed by semiconductors [80,81]. Dash et al. reported low
temperature synthesis of Eu’*-doped BiOX (X=Cl, Br, I) nano-
flakes through microwave assisted green route and studied their
optical, structural, and photocatalytic properties [82].

1-5. Bi-rich BiOX

Bismuth-rich technique is another viable way to augment the
photocatalytic reduction activity for Bi,O,X, (X=Cl, Br, I). For in-
stance, by bismuth-rich technique, Bi,,O;,Br, exhibited high pho-
tocatalytic activity for reduction of Cr(VI) and H, generation from
water due to the upper shift in CBM position, leading to sufficient
energy of electrons in CB to reduce O, to superoxide (O;) [83]. In the
process more free radicals are generated in bismuth rich Bi,,O5 Br.
Also, in Bi,O,Br,, bismuth-rich strategies and thickness-ultrathin
result in remarkable photocatalytic reduction activity for CO, con-
version due to change in the internal electrical filed of BiOX layers
due to excess Bi [84]. Bai et al. for the first time displayed photo-
catalytic H, evolution for dominant {101} facets of bismuth-rich
Bi,05X, (X=Br, and I) nanosheets. Bi,O,Br, displayed efficient photo-
catalytic activity for H, production as compared to Bi,Osl, [85].
And more works like Bi;O,Br [86], Bi;O,Cl [87], BisO,I [88],
Bi;O;Br [89] and Bi,,05,Cl;, [90] have proved that the bismuth-
rich strategy can increase the photo response BiOX by displaying
high photocatalytic activity for Cr (VI), CO, reduction and molec-
ular oxygen.

2. Morphology and Facets

To date, a large number of Bi-based photocatalysts with well-
ordered atomic structure composition and controlled morphology
based arrangement of surface atoms have been explored to deter-
mine the photo-catalytic performance of nanocrystals (Fig. 7) [91].
Quantum size nanomaterials, with their length ranging from 1-
100 nm in at least one dimension or more, such as 1-D (nanow-
ires/belts/nanorods/fibers/tubes), 2-D (nanosheets/plates/films) or
3-D (flower-like, micro- and nanospheres, hour-glass like structure)
are endowed with high surface-to-volume ratio, and thus more active
sites with respect to their bulk counterparts, helps in better separa-
tion of photogenerated carriers produced during photocatalysis
[92]. Nanoparticles with different shapes possess different facets
and have different fraction of atoms located at different edges, cor-
ners and other defects resulting in difference of photocatalytic activity
[93]. Synthesis technique, use of surfactants, polymers and other
controlling agents widely impact the shape and morphology of the
sample.

Pt-BiOBr composite with different morphologies of nanosheets,
microflowers and microspheres exhibited different photocatalytic
activity with spheres being 100% efficient in one hour [47]. More-
over, a crystal with different shapes can have different facets, which
further decides the difference in photocatalytic activity of a material
[93]. For example, Zhang et al. demonstrated that BiOCl nanosheets
with {001} facets dominated the degradation of rhodamine B up
to 94% in just 30 minutes and methyl orange up to 79% in 2 hrs
under visible light [94]. After employing DFT calculations, Zhang
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Fig. 8. Schematic diagram of facet-dependent photo reactivity of
BiOCl single-crystalline nanosheets (Reproduced with per-
mission from Jiang et al., Copyright 2012, ACS).

and co-workers suggested that BiOBr with {102} exposed facet have
superior photocatalytic activity as compared to {001} facet and also
validated this experimentally. Due to surface states of {102} facets,
they have higher VBM level (which results in more efficient elec-
tron injection), higher redox potential of hole and reduced band
gap observed by red shift in the absorption [95]. Photocatalytic prop-
erty of the {010}, {110}, and {001} facets within BiOXs has been
compared by Zhang et al. [96] and found {001} facets to be more
thermodynamically stable with efficient charge carrier separation
due to fewer surface states and surface dangling bonds. However,
facets with higher surface energies are usually more reactive than
thermodynamically stable facets [97,98]. Further, the {001} facet-
dependent improved photoactivity of BiOX (X=Cl, By, I) single-
crystal nanosheets has also been investigated [99-102]. Fig. 8 shows
the schematic diagram of facet-dependent photo reactivity of BiOCl
single-crystalline nanosheets.

3. Synthesis Parameters

Engineering the morphology and its related characteristics like
shape, size and dimensionality of the product paves a new way to
enhance photocatalytic activity, which can be achieved by con-
trolling the synthesis techniques and its parameters. By far, hydro-
lysis is the simplest synthesis method available for BiOX. On
dispersing bismuth and halogen sources to the aqueous solution,
Bi’* cations tend to react with water to yield (Bi,0,)"" and H" cat-
ions initially; which slowly forms into innumerable tiny crystalline
nuclei of X-Bi-O-Bi-X through coulomb coupling interactions be-
tween negative X anions and positive (B1,0,)*" cations. 2D struc-
ture of [X-Bi-O-Bi-X] slices is favored by the aggregation of X-Bi-
O-Bi-X along the direction perpendicular to the c-axis. Freshly
formed slices stack together by weak van der Waal forces through
the halogen atoms, when left for prolonged ripening [25]. How-
ever, shortcomings like poor dispersion and uncontrollable mor-
phology are still associated with this method [27].

Also, hydrothermal and solvothermal are the most accepted and
commonly used methods because of their simplicity, cleanliness
and ease of convenience. But at the same time, they may prove dis-
advantageous due to the involvement of heat treatment, high pres-
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sures, use of surfactants or additives and the need to dispose of
residue solvents. Therefore, low temperature synthesis may be another
simple and essential route for synthesis as demonstrated by Xie et
al. for rapid and uniform production of BiOI's [103]. Microwave-
assisted synthesis is sometimes preferred over conventional heat-
ing methods since microwaves promote transformations by directly
transferring energy to the reactive species and completing the reac-
tion in minutes. The process results in localized instantaneous super-
heating of the material that reacts to either ionic conduction or
dipole rotation of energy transferring mechanism [104]. Simulta-
neously, it proves to be clean, simple, low energy consumption,
low cost and environment friendly [82,105]. Synthesis parameters-
-temperature, time, molar concentration or weight percent ratios
of materials in nanocomposites, use of controlling agents, solvent--
also play a major role in deciding the shape and structure of a
material (Table S1-S5). Liu et al. investigated the effects of hydro-
thermal reaction time and temperature on morphology, crystal
orientation and photo-catalytic efficiency of the BiOI samples and
obtained the best results at synthesis of 160 °C for 30 hours which
could degrade RhB up to 88% in just 50 minutes over other com-
binations of temperature and time [106]. BiOCI tested for differ-
ent concentrations of KBH, ranging from 0.01M to 0.05M in
Bi,0,/BiOCI [107] or x Wt% Bi,O5-BiOCI from 1 to 4 wt% [108]
yielded different results of photoactivity. Use of polymer assisted
synthesis has been demonstrated by use of polyethylene glycol 600
as solvent for BiOBr [109] and polyvinylpyrrolidone (PVP) for
BiOCl [110,111] as a surfactant, which influences the formation of
BiOCl into hierarchical nest-like and hollow structure. Concentra-
tion of PVP in the mixture can selectively attach and insulate the
growth of the plane. In addition, it is used to manipulate the band
gaps of material [112]. Guoet al. clearly showed that by adjusting
solvents, such as absolute ethanol, water, 2-methoxyethanol or PVP
and ethylene glycol, and Br sources during the synthesis, BiOBr crys-
tals with different morphologies were fabricated and that the pho-
tocatalytic properties of the catalysts depend highly on the type of
morphology [47].
4. Composite/Heterostructures
4-1. Composite with Carbon Material

Of late, many research groups have demonstrated the use of car-
bon materials to construct efficient photocatalytic composites/het-
erostructure to enhance the photocatalytic activity and electro-
chemical behavior of BiOX materials. Graphene (GR), already known
for its superior properties such as high electron mobility, conduc-
tivity and extremely high specific surface area, proves a potential
candidate in photocatalysis as evidenced from the reports. Tang et
al. obtained a series of GR/BiOCl prepared by solvothermal method
and found that BiOCl-30% GR showed the optimum activity
towards visible light due to more effective charge separations and
from the synergetic effect between GR and BiOCl [113].2D car-
bon material with single atomic layer, such as reduced graphene
oxide (RGO), has zero band gap and with its unique electronic
structure and is capable of absorbing light from UV and near-IR
region. 2D 7=conjugation structure of graphene makes it an excel-
lent electron acceptor. For example, Wang et al. showed RGO (5
wt%)-(U)BiOCl composite resulted in increased degradation of
rhodamine B under UV as well as visible light as compared to bare

BiOCl of similar sized particles. The fast degradation of 96% RhB
in 3.5 min was attributed to increased light absorption, which then
resulted in effective charge transportation and faster interfacial
charge-transfer process [114]. Kang et al. also demonstrated that
size-controlled BiOCI-RGO composites degraded RhB completely
in 310 min, which was due to high surface area of composite and
reduced recombination losses [115].

1D carbon materials, such as carbon nanotube (CNT) and car-
bon nanofiber (CNF) have also proved their potential in photoca-
talysis. Since CN'TS' were first used to improve the photon adsorption
of TiO, [116,117], plenty of literature exists to develop heterojunc-
tions using 1D material. They provide the advantage of (1) effi-
ciently capturing and transporting photogenerated electrons through
highly conductive long 1D nanostructures, (2) large surface areas
and open structures of fibers/tubes provide more active sites for
capturing BiOX nanostructures with both good dispersion and
high density;, and (3) The nanofibers possesses nanofibrous non-
woven structures which renders them with favorable recycling
characteristics, and thus can easily be separated from solution by
sedimentation without a reduction in photocatalytic activity [49,118].

0D nanocarbon quantum dots (CQDs) exhibit unique chemi-
cal, physical and photoelectrochemical properties such as high
aqueous solubility; low cytotoxicity, excellent photoluminescence
(PL), excellent biocompatibility and superior chemical stability. Use
of CQDs with usually wide band gap semiconductors, such as
BiOCl, makes them efficient photocatalyst due to their superior
properties, such as large absorption coefficients, broad absorption
spectrum, outstanding photo induced electron transfer and electron
reservoir [119]. Coupling of CQDs with BiOX has been reported
by many research groups [120-122].

Another important carbon material, C;N,, has also been com-
posited with BiOCl, BiOBr and BiOI due to its high nitrogen con-
tent, which can provide more active sites. Bai et al. showed an en-
hanced RhB degradation of BiOCl-gC;N, photocatalyst via direct
Z-scheme, enabling the photoinduced charge transfer between the
CB of BiOCI and the VB of gC;N, [123]. Even Ag-doped BiOF
exhibited improved photocatalytic performance when coupled with
GC;N, [124] (Table S$4).

4-2. Semiconductor/BiOX and BiOX/BiOY Heterostructures (X,
Y=Cl, By, I; X+Y)

When a heterojunction is formed between semiconductors of
matching band gap energies, photogenerated charge carriers can
be transported from one semiconductor to other through contact
potential, thus reducing the recombination rate of photogenerated
electron-hole pair. Mehraj et al. [125] studied the photocatalytic
activity of Ag,PO,/BiOBr heterojunction. Due to the band edge
position of two semiconductors, photoexcited electrons in CB of
Ag;PO, hop to CB of BiOBr and holes from VB of BiOBr hop to
VB of Ag;PO, thereby increasing the efficiency of charge separa-
tion and enhancing photocatalytic activity. BiOI/TiO,, BiPO,/BiO],
BiOBr/ZnFe,O,, WO,/BiOCl, Bi,MoO,/BiOCl [126-130] are few
examples of BiOX/semiconductor heterojunction.

Reports show that BiOX/BiOY show higher photocatalytic activ-
ity as compared to BiOX alone, as this structure leads to the gen-
eration of more photoexcited electron-hole pairs [131-133]. Liu et
al. prepared BiOI/BiOBr heterostructure films and found an in-
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Fig. 9. Schematic band structure of BiOI/BiOBr heterostructure film
(Reproduced with permission from Liu et al., Copyright 2014,
Elsevier).

creased dye degradation of methyl orange (MO) under visible light
compared to pure BiOBr film. It showed highest activity due to suit-
able band gap energies, high specific surface, and the low recombi-
nation rate of the photogenerated electron-hole pairs [134]. They
calculated the band edge potentials using Mulliken electronegativ-
ity theorem and showed the charge transfer through the hetero-
junction from BiOI CB to BiOBr CB. This charge transfer through
heterojunction results in reduction in the recombination of the
charge carriers and also low band gap of BiOI is acting as a light
sensitizer, thus improving the overall photocatalytic performance
of this heterojunction. Band diagram of the heterojunction is shown
in Fig. 9. Similar results were achieved by Jiang et al. for the series
of BiOI/BiOBr. The photocatalytic activity was found to be 10 times
higher than that of P25-TiO,, 6 times higher than BiOI and 14 times
higher than BiOBr [135]. Other heterojunction examples include
BiOCI/BiOBr, BiOI/BiOCl, BiOCI/BiVO,, BiOCI/C,N, [27,133,
136,137] (Table S5).
4-3. Noble Metal Composites

Of late, noble metal-modified semiconductors nanostructures
have become the focus of study with Ag, Rh, Pd, Pt-Ag being the
most exploited noble metals [138-140]. The effects of noble metal
deposition (Rh, Pd, Pt) to prepare Noble metal/BiOX (Cl, Br, I)
composite photocatalysts on the photocatalytic performance and
optical properties of BiOX in degradation of the acid orange II dye
under both visible light and UV irradiation were systematically
investigated [141]. Concentration and species of noble metal con-
trols the overall enhanced performance of photocatalytic activity.
When tested for BiOC], the photoactivity under UV light and visi-
ble light irradiation was found in the order of Pt>Pd>Rh and
Rh>Pt>Pd, respectively. Over other BiOX, it followed the sequence
Pd(0.5%)/BiOBr>Pt(1%)/BiOCl>Pd(2%)/BiOCl under UV, while
it changed to Pd(4%)/BiOBr>Pd(0.5%)/BiOI>Rh(1%)/BiOCl under
visible light illumination. The enhanced performance was attributed
to increased charge separation and plasmonic effects caused by
noble metal nanoparticles.
4-3-1. Surface Plasmon Resonance (SPR) Effect

Much advancement has also been seen in photocatalytic prop-
erties of noble material-based composites involving the surface

October, 2018

plasmon resonance effect. Among the noble metals, Ag shows the
best SPR activity. A majority of publications discuss the coupling
of strong plasmonic nanoparticles to enhance the net activity of
the photocatalytic processes, such as Ag/AgX (X=Cl, Br, I), Ag-TiO,,
Ag/AgBr, Ag-ZnO, Ag/AgBr/TiO,, Ag/AgPO,, Ag/AgBr/Bi,WO,,
and Ag/AgBr/WO, [142-152], as these noble nanoparticles absorb
light in visible region via SPR. Similar attempt has been made in
designing Ag/BiOX or Ag/AgX/BiOX systems (Fig. 5) [153-159].
In surface plasmon resonance, whenever light stimulates the sur-
face of the conducting material, free charges produce oscillations
confined to the materials surface. When the value of dielectric func-
tion approaches to zero, the resonance in absorption can be seen
at this particular plasmon frequency. This frequency of resonance
can be controlled or changed by making some changes in size or
shape of the nanoparticles [159-163]. For example, by tuning the
size of nanoparticles, the plasmon resonance can be shifted from
UV to visible region, and from visible to infrared wavelength range
in case of Ag and Au, respectively. Photocatalytic activity of a mate-
rial can be increased by storage of electrons in co-catalyst metal
nanoparticles through SPR, and that leads to decrease in charge
recombination. Storage of electrons in metal nanoparticles is detected
by blue shift in SPR frequency, which leads to a shift in Fermi level
towards negative potential [164,165].
4-4. Polymer Composites

Some efforts have also been made to modify the materials with
polymer-assisted approach. Conjugated polymers with extended
7-conjugated electron systems show tremendous absorption region
in the visible light range, excellent stability and high mobility of
charge carriers [166]. Polymers like polypyrrole, polyaniline, poly-
thiophene and their derivatives are commonly used to assist the reac-
tion. Additionally, PANI as conducting polymer is relatively easy to
synthesize and cheap when compared with doped noble metals
[167]. Though much work has been demonstrated on photocata-
lytic activity by constructing heterogeneous conducting polymer
composite specially for TiO, [168-170] and other materials, it still
provides considerable scope for BiOX which is still quite naive
[110,112,171].
5. Synergistic Coupling Effect

Synergistic effects arise when something x is ‘united with' y. In
simple terms, it is an effect that arises between two or more entities,
agents, or substances that produces an effect greater than the sum
of their individual effects. It means to unite a material with another
sub material to accomplish desired results which could not be
achieved by either material alone. Such a heterogeneous synergis-
tic reaction has much significance in the degradation mechanism
of organic pollutants in conventional photocatalysis reaction.

Nussbaum et al. found that BiOCl, when co-doped with iron
and niobium, the dye was degraded by strong synergistic effect [66]
(Fig. 6). This synergistic effect was introduced by local interactions
between co-dopant (Fe and Nb) and dye molecules rather than high
crystallinity or change in optical properties of the BIOCL It is known
that Fe ions have tendency to form complexes with rhodamine
[172]. Dye molecules have specific interaction with metal atoms
existing on the surface of the BiOCI matrix. Although this did not
hold valid in the case of BiOCl when doped with Fe only, which
resulted in the formation of particular phase of Fe,O; on the sur-
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face, thus inactivating complex formation with the Rhodamine,
unlike Fe™* in BiOCI (Fe, Nb) and thus showed poor photocata-
lytic activity. Similarly, it was observed in PANI/BiOCl photocata-
lysts where BiOCl alone could not be excited under visible light
but coupling with PANI caused synergistic effect by inducing 7
7* transition. Under this condition, significantly enhanced photo-
catalytic activity was achieved by delivering the excited-state elec-
trons of HOMO orbital to LUMO orbital, which yields superoxide
and hydroxyl radicals on reacting with oxygen and water and thus
oxidises the dye [167].

6. Dye Sensitization

Another facile approach for the enhancement of photocatalysis
is by means of dye sensitization.

Under visible light irradiation, the excited dyes can initiate cata-
lytic reactions by injecting electrons to CB of semiconductors. It is
a very effective method to extend the spectrum to the visible range
as is reported in the literature. For instance, Yu et al. demonstrated
dye sensitized photocatalytic activity of Bi,0,CO,/BiOCl and found
that it is even more photoactive under visible light than P25 under
UV light for RhB degradation. The increase of H,O, was attributed
to the photosensitization of RhB, which makes the photocatalytic
degradation go smoothly [173]. Mao et al. also explained the role
of RhB as a photosensitizer that can remarkably improve utiliza-
tion of light and increase the photocatalytic activity of BiOCI for
degradation of bisphenol-A [174]. Li et al. developed an extremely
efficient BiOCI-RhB system with strong adsorption of RhB on
BiOCl spheres on the exposed {001} facets that acts as an electron
transfer channel from BiOCI to RhB and thus aids in the reduc-
tion of RhB more efficiently [175].

CONCLUSION

Parameters like unique layered crystal structure and photo sta-
bility of bismuth oxyhalides based nanomaterials have gained con-
siderable popularity worldwide for their contribution in the field
of photocatalysis and water splitting applications. Emphasis has
been laid on adopting various ways of tailoring and altering their
optical properties that are responsible for making them highly photo
responsive by providing more surface area and more photoactive
sites for reactions to take place. Unlike BiOE which comparatively
suffers fast recombination rate of charge carriers and thus has poor
performance in this field of application, BiOCl, BiOBr and BiOI
exhibit improved charge separation performance due to appropri-
ate band gap energies and indirect band alignment. New plasmonic
materials with low cost and better performance will be needed in
the long run for industrial applications. However, the use of noble
metals as co-catalyst to modify BiOX may raise the cost of produc-
tion as they are rare and expensive. Other earth abundant metals that
are relatively affordable and economical such as Ni and Al, and
fascinating carbon-based materials such as GO, RGO, quantum
dot need to be explored at a large scale to be widely accepted in
this application. With TiO, and ZnO as commercially used photo-
catalysts, BiOX is still at a naive state, which opens a new set of
possibilities and offers much scope for further improvement. With
promising results so far, we hope our attempt to review the devel-
opment of visible light driven effectual BiOX photocatalyst will

have an impact on people working in this area of energy and envi-
ronment.
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Fig. S1. UV absorption spectra for BiOCl, BiOBr and BiOI [repro-
duced with permission of Shen et al., Copyright 2015, RSC]
[126].

MECHANISMS PROPOSED FOR
PHOTOCATALYTICALLY ACTIVE BIOX

A. Heterojunction System

Heterojunction semiconductors are an effectual strategy that can
be successfully applied to develop photocatalysts that responds to
visible light for splitting of water. Heterojunctions formed between
two/three solid state photocatalysts or p-n materials with match-
ing band potential, aids in enhancing the separation efficiency of
photo-produced electron-hole pairs [134]. The heterojunction for-
mation depends on the ultimate position of CBM and VBM of both
the materials in the composite. Based on the alignment of these
energy levels, the heterostructures could be described in three ways
(Fig. A). The high photocatalytic activity is a result of effective sep-
aration of electron and hole pairs and suppression of electron-hole
recombination. In type I heterojunction, CB level of semiconductor
B has higher energy than the CB level of semiconductor A while
VB level of semiconductor B has lower energy than of semicon-
ductor A. Under illumination, photoexcited electrons can transfer
from CB (B) to CB (A), while the holes can be transferred from VB
(B) to VB (A) when both materials are in sufficient contact. Thus,

&
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Fig. $2. N, adsorption-desorption isotherm and BJH pore size dis-
tribution (inset) of Fe doped BiOBr sample [reproduced with
permission of Liu et al., Copyright 2012, Springer] [80].

both electrons and holes get collected in semiconductor A result-
ing in their recombination which yields no improvement in pho-
tocatalytic activity. Type II structure with optimum band positions
and have photogenerated electrons and holes spatially separated
from each other leads to improved photocatalytic activity. Type III
works similar to type II except only that the band positions are even
further set off [135]. The increased photocatalytic activity of the p-
type BiOCl and n-type SrFe,O,y composite as compared to the
pure BiOCl was ascribed to the formation of the p-n type hetero-
junction between these two materials. Migration of photo-excited
carriers is promoted by inner filed formation which thus facilitates
the charge separation and enhances the overall performance [136].
B. Z-scheme

A Z-scheme junction is a special type of heterojunction (Fig. B).
Inspired by natural photosynthesis process, Z-scheme is a two-step
photoexcitation system wherein it involves two different semicon-
ductors, each having a potential for either oxidation or reduction of
water, together with shuttle redox mediator. Therefore, Z-scheme
provides an advantage of using photocatalysts that are active only
for half reactions of water splitting, in contrary to conventional one
step photoexcitation system where both oxidation and reduction
of water takes place at single-component photocatalyst which may

type I type i

Fig. A. Different types of semiconductor hetrojunction (Reproduced with permission from Marschall et al., Copyright 2013, John Wiley and

Sons).
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Fig. B. Schematic illustration of the energy band diagram showing
migration of charge carriers in (a) common p-n heterostruc-
ture and (b) z-scheme heterostructure (Reproduced with per-
mission from He et al., Copyright 2014, Elsevier).

not always be sufficient for high charge-separation efficiency [137].
Utilization efficiency of visible energy in Z-scheme is increased as
amount of energy required for photoexcitation of electron-hole pair
in each photocatalyst is reduced. Shuttle redox mediator is a revers-
ible donor/acceptor ion which transfers the electrons from con-
duction band (CB) of one photocatalyst to valence band (VB) of
other photocatalyst and similarly holes from VB of one to CB of
other photocatalyst. Concentration of redox mediator and pH value
are vital factors that decide photocatalytic activity [137]. Z-scheme
is used for oxygen generation by water splitting and hydrogen pro-
duction can also be achieved by use of suitable co-catalyst. Use of
metal oxide semiconductors like rutile TiO,, BiVO,, WO,, PtO,,
RuO,, BiOX etc in Z-scheme are well reported for oxygen, hydro-
gen evolution and heterogenous photocatalysis [138-142]. The Z-
scheme concept was nicely presented by Ohno et al., developed a
photo electrochemical cell with Pt-TiO, particles suspended in cath-
ode compartment using Bromide as electron donor and TiO, in
anode chamber with Fe™* ions as electron acceptors [143]. Hydro-
gen evolved from cathode and oxygen from anode compartment
respectively. Reaction on each photocatalyst is as follows:

On Pt-TiO,:
2H'+2¢ =H,
2Br +2h"=Br,

On TiO,:
Fe**+e =Fe**
2H,0+4h"=0,+4H"

Bai et al. synthesised direct Z scheme BiOCl/g-C;N, composite using
one step chemical bath method with enhanced photocatalytic
activity compared to pure counterparts [28]. Ye et al. developed
Ag/AgX/BiOX (X=Cl, Br) composite photocatalyst and observed
enhanced photocatalytic performance than Ag/AgX and BiOX alone
[127]. Their study also revealed an interesting finding about the
role of Ag in Ag/AgCl/BiOCl and Ag/AgBr/BiOBr which was dif-
ferent in both the cases. SPR effect was found dominant in case of
Ag/AgBr/BiOBr whereas, enhanced activity in Ag/AgCl/BiOCl was
possibly found due to Z-scheme bridge. Z-scheme provides huge
potential and flexibility for the development of high efficient visible
light driven photocatalysts with BiOX and other semiconductors.
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