Eur/IC

European Journal of
Inorganic Chemistry

Accepted Article

Title: Synthesis of BiOF/TiO2 heterostructures and their enhanced
visible-light photocatalytic activity

Authors: Maryline NASR, Wenshi Huang, Carla Bittencourt, Dandan
Cui, Ying Sun, Lei Wang, Nathalie Gaillard Caperaa, Yuping
Ning, Ping Song, Pierre Bonnet, and Cong Wang

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Eur. J. Inorg. Chem. 10.1002/ejic.201900970

Link to VoR: http://dx.doi.org/10.1002/ejic.201900970




European Journal of Inorganic Chemistry

10.1002/ejic.201900970

WILEY-VCH

Synthesis of BIiOF/TiO, heterostructures and their enhanced

visible-light photocatalytic activity

Maryline Nasr,” Wenshi Huang,™ Carla Bittencourt,’ Dandan Cui,” Ying Sun,™ Lei Wang,"” Nathalie
Gaillard Caperaa,™ Yuping Ning,™ Ping Song,™ Pierre Bonnet,™ Cong Wang™

Abstract: Novel BiOF/TiO, heterostructures with controlled amounts
of BiOF and TiO, have been successfully synthesized via a simple
solid-state sintering method. The structural, morphological and
optical properties were analyzed using several characterization
techniques. A shift of the TiO, absorption edge toward the visible
region was observed. The optimal molar ratio of BiOF/TiO, was
found to be (1:3) with a photodegradation percentage of 91.2% and
it was 7 and 5 times more efficient than that of pure BIOF or TiO,
nanopowder, respectively. BIiOF/TiO, (1:3) heterojunction has
showed high photodegradation stability for the Rh B
photodegradation after three cycles. In the proposed photocatalytic
mechanism, TiO, absorbed the visible light and carried out the
photocatalytic reaction owing to the decrease of its band gap value
due to the formation of oxygen vacancies, while BIOF played an
important role in the charge separation process due to the intimate
contact of the BiOF/TiO, heterojunction.

Introduction

In recent years, the serious water pollution was being addressed
by the low cost and most efficient green technology,
“photocatalysis”, which play an important role in solar energy
conversion and degradation of organic pollutants.# Among the
numerous semiconductor photocatalysts, titanium dioxide (TiOy)
is the most used owing to its high chemical stability, low cost
and nontoxicity.® Nevertheless, TiO, has a wide band gap
energy (3.2eV), so it can only be excited by ultraviolet light with
a wavelength < 388 nm which is equivalent to less than 7% of
solar light.* However, the solar spectrum mostly consists of
visible light (44%). Thus, the use of solar light as irradiation
source for TiO, photocatalyst seems to be quite difficult. In
addition, the high rate of the charge recombination in TiO; limits
its photocatalytic activity efficiency.”> Therefore, several
strategies such as metal/non-metal doping,® ” coupling with
other semiconductor and heterostructure junctions have been
investigated to overcome these limitations and enhance the
photocatalytic activity of TiO, under visible light.® Among these
strategies, the heterostructure design is a promising method to
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enhance the TiO, photocatalytic properties. Several studies
have been devoted to design a heterojunction based on TiO,
material such as g-CsN4/TiO, Ag-AgBr/TiO,, BiOX (X=Cl, Br and
)/TiO,...* °*2 It was found that the close interfacial contact of the
heterojunction promotes the transfer of photoinduced carriers
from the TiO, surface to the other component which increase the
life time of the charge carriers and consequently enhance the
photocatalytic activity of TiO..*** In addition, it was reported that
the design of these heterostructures increase the active surface
area of TiO, and reduce its band gap energy which will improve
its photocatalytic activity under visible light.” Much attention has
been devoted recently to bismuth oxyhalides BiOX (X=ClI, Br, F
and 1). due to their high chemical stability and favorable
photocatalytic performance under UV irradiation.”® In particular,
bismuth oxyfluoride (BiOF) exhibits a wide direct band gap
estimated between 3.6 and 4.2 eV. The BiOF atomic structure is
formed by layers of (Bi,O,F,)."® Recently, some studies have
been reported on BiOF material ** *® but these studies remain
not sufficient and not developed as for other BiOX compounds.*®

To the best of our knowledge no studies have been reported on
the bismuth oxyfluoride/titanium oxide (BiOF/TiO,) photocatalyst.
Therefore, in the present work we will report for the first time on
the synthesis of BiOF/TiO, heterostructure photocayalst with the
aim to enhance the photocatalytic performance of TiO, under
visible light. Herein, BIiOF/TiO, composites with different
amounts of BIOF and TiO, were successfully synthesized via
simple solid state sintering method. The structural,
morphological and optical properties of the as-synthesized
BiOF/TiO, heterostructures were analyzed using different
characterization techniques. The main objectives of this work
are to study the effect of BiOF on the photocatalytic properties of
TiOz, to report the optimum molar ratio BIOF/TiO, and to
understand the photocinduced mechanism. The performance of
the synthesized materials for the photodegradation of rhodamine
B (Rh B) and methylene blue (MB) have been evaluated under
visible light irradiation.

Results and Discussion

Figure 1-A shows XRD patterns of the different molar ratios of
BiOF/TiO,. The diffraction peaks were indexed with (*) for BIOF
crystalline phase and (O) for TiO, anatase phase. All the
identified peaks can be assigned to the tetragonal structure of
BiOF and anatase phase of TiO,. The sharp XRD diffraction
peaks can be assigned to the (001), (101), (002), (110), (102),
(003), (112), (200), (103), (211), (212) and (104) crystal planes
of BIOF which correspond to 26 = 14.28°, 27.90°, 28.85°,
33.87°, 37.68°, 43.76°, 45.10°, 48.68° 50.45°, 56.89°, 62.03°
and 64.95° respectively.” The XRD diffraction peaks for pure
anatase phase of TiO, were detected at 26 = 26.35°, 48.15°,
54.05° and 55.28° corresponding to the (101), (200), (105) and
(211) crystal planes, respectively.®® Furthermore, no peaks
related to metallic bismuth (Bi) or other crystalline phases and
impurities were detected, confirming the heterostructure’s
formation of the BiOF and TiO, pure phases.'” This result will
be confirmed later by Raman spectroscopy. In addition, it was
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noted that the peak intensity corresponding to the (101) plane of
TiO, anatase phase is increasing progressively with the
increasing of TiO, amounts in BIOF/TiO, samples, while the
peak intensity of BiOF is decreasing (Figure 1-A (d), (e) and (f)).
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Figure 1. (A) XRD patterns and (B) Raman spectra of BiOF/TiO, with different
molar ratios (a) 5:1 (black line), (b) 3:1 (red line), (c) 1:1 (blue line), (d) 1:3
(green line), (e) 1:5 (pink line) and (f)1:7 (brown line). (A) BiOF and TiO,
crystalline phase are indexed with (*) and (O), respectively. (B) For the sample
BiOF/TiO, with a molar ratio of (3:1) an increase of the TiO, peak intensity

(indexed with *) was noticed despite the small amount of TiO; in the composite,

this result can be explained by the fact that the laser beam has been focused
on an area rich in TiO, nanoparticles.

Furthermore, the average crystal size of the BIOF/TIO;
composites with different molar ratio of BIOF and TiO, was
calculated using Scherrer-Debye equation:™®
D = kNBcosb (Equation 2)

where D is the average crystal size (hm), k is the shape factor
constant (0.9), A is the X-ray wavelength (0.154 nm), B is the full
width at half maximum of the peak intensity (FWHM) and 6 is the
Bragg angle (degrees). The calculated results presented in

Table 1 show a high grain fineness number of BiOF for all the
samples as we can notice an increasing of TiO, average crystal

size with the decreasing of the molar ratio of BIOF/TiO (Table 1).
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This increasing could be attributed to the grains sintering during
the heat treatment under argon. In fact the dilution of TiO, by
BiOF causes a decreasing of TiO; crystallite size and vice
versa.?’ The successful formation of BIOF/TiO, composites was
further confirmed by Raman spectroscopy as shown in Figure 1-
B. For all the BIOF/TiO, prepared samples 2 peaks were
detected in Raman spectra, a first peak located at 147 cm™ and
corresponding to the Eg vibrational mode of TiO, anatase phase
and a second peak located at 168 cm™ and can be assigned to
the Ay, vibrational mode of BiOF.>*” As shown in Figure 1-B, the
main TiO, peak was shifted from the initial position with the
increasing of TiO, amount in the BIOF/TiO, composites. This
significant shift varied between 2 and 6 cm™ and could be
attributed to the defects and oxygen vacancies’ formation in the
TiO, lattice.* In addition, it could be observed that with the
increasing of TiO, amounts the intensity of TiO, Raman’s peaks
increased while the intensity of BIOF Raman’s peaks decreased
(Figure 1-B, (a) and (c) to (f)). Moreover, no peak related to
metallic bismuth (Bi) at ~ 96 cm™ was detected by Raman, which
confirmed that no or only few oxygen vacancies’ and defects
were formed in BiOF lattice.'” This result is in a good agreement
with the XRD analysis and confirming the heterostructure’s
formation of the two pure phases of BiOF and TiO..

Table 1. Grain size of BiOF and TiO, in BiOF/TiO, heterostructures.

Molar  (5:1) (3:1) (1:1) (1:3) (2:5) 2:7)
ratio

BiOF 45 45 45 52 48 48
TiO, 19 19 28 29 30 30

Figure 2: Scanning electron microscope images of (A) BiOF plates, (B) TiO,
nanopatrticles, (C) BiOF/TiO; (1:3) heterostructure and (D) EDX data showing
the composition BiOF/TiO, (1:3) heterostructure, the peak corresponding to Al
element in the EDX data is due to the sample holder which is composed from

aluminum material.

All the samples were analyzed by the different characterization
techniques; however the analyses of BIOF/TiO, (1:3) are given
as an example. The morphology of the samples was
investigated by scanning electron microscope and to confirm the
formation of BiOF/TiO, composites heterojunction. The average
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diameters and the thickness were measured using image
analysis software (Image J1.29X). Figure 2-(A) shows a single
phase of BIOF which is plate-like with a smooth surface, the
thickness and the average diameter of these plates are around
15 £+ 1 nm and 250 * 10, respectively. TiO, nanoparticles are
shown in Figure 2-(B), a highly interconnected network with
randomly oriented nanoparticles is clearly observed. The
average diameter of TiO, nanoparticles was measured from
Figure 2-(B) and it was found to be around 116 = 5 nm.
BiOF/TiO, sample with the molar ratio of 1:3 is shown in Figure
2-(C). The deposition of TiO, nanoparticles on the entire surface
of BIOF nanoplates revealed the intimate contact between the
two materials (BiOF and TiO;) as well the formation of BiOF/TiO,
heterojunction. The presence of different elements Bi, O, F and
Ti was detected from the energy dispersive X-ray spectrum
(EDX) for the BIOF/TiO; (1:3) as shown in Figure 2-(D), no other
elements were detected in the spectrum confirming that there is
no impurity or contamination in the prepared sample. It is worth
to note that the peak corresponding to Al element in the EDX
data is due to the sample holder which is composed from
aluminum material Elemental mapping images for BiOF/TiO;
(2:3) composite are shown in Figure S1 (supporting information).
We can clearly observe that Ti, Bi, O and F elements are
distributed homogeneously over the entire area of the BiOF/TiO;
sample. The XPS analysis confirms that the sample is mainly
composed of Bi, O, F, Ti (Figure 3-A). The presence of carbon in
the spectrum can be associated with adventitious carbon
contamination from ambient exposure. A close inspection of the
Ti 2p XPS and the Bi 4f core level spectra (Figure 3-B and C)
indicates that the Ti and Bi atoms have mainly the oxidation
state +4 and +3, respectively.”* #? The Ti 2p peak was
reproduced using a Shirley background and 2 doublets, a high
intensity one with the component 2ps, at 458.5eV and a low-
intensity doublet shifted to lower binding energy by 2.3 eV,
respectively. They can be associated to photoelectrons emitted
from Ti atoms with oxidation state +4 and +3 respectively
(Figure 3-B). As shown in Figure 3-C, two main peaks appeared
at 159.1 and 164.5 eV and correspond to Bi 4f7z and Bi 4fs,
respectively. These peaks are assigned to the characteristic
peaks of Bi** in BIOF. Moreover, two weak peaks at 157 and
162.2 eV assigned to Bi° were observed demonstrating that only
a small amount of Bi** was reduced to Bi® (metallic) in
BIiOF.?’The oxygen 1s XPS spectrum presented in Figure3-D
shows two components, the first one at 530.4 eV and the
second one at higher binding energy, they have been associated
to photoelectrons emitted from oxygen atoms in TiO,*® and in Bi-
O bonding,?® respectively. Due to the small amount of vacancies,
it is difficult to identify a single component that can be
associated to photoemission from oxygen atoms near vacancies.
It is reported that for TiO, this. component would be centered in
the range of 531.6-532.0 eV,?”" % thus being overlapped by the
component associated to Bi-O. At the same time, as presented
above, no peaks related to the metallic Bi were detected by XRD
and Raman analyses which confirm the small amount of
Bi’/oxygen vacancies in BiOF. Surface area of BiOF/TiO, (1:3)
nanocomposite was calculated using the Brunauer—-Emmet—
Teller method (BET)-and it was found to be 53.60 m?/g which is
a large surface area and could offer more active adsorption sites
and consequently could enhance the BiOF/TiO, photocatalytic
activity.

Transmission electron microscopy was furthermore performed
on the as-synthesized TiO, and BIiOF/TiO, photocatalysts to
confirm the formation of BIOF/TiO, heterojunction. The granular
aspect and the uniform particle size of BIOF/TIO, (1:3)
nanocomposite are clearly observed in Figure 4-(A). The
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nanoparticles have rather rounded and slightly elongated
shapes with sizes around 20 nm. The TEM image of BiOF/TiO,
(1:3) composite in Figure 4-(B) confirms the good crystalline
structure of BiOF and TiO, which is in a good agreement with
XRD results presented above. As shown in Figure 4-(C and D),
the d spaces of TiO, and BiOF were found to be 0.320 nm and
0.410 nm, corresponding to the (110) plane of anatase phase of
TiO, and the (111) plane of tetragonal phase of BIOF,
respectively.?® * In addition, from Figure 4-B we can clearly see
the intimate contact between the two crystalline structures of
BiOF and TiO, nanomaterials confirming the formation of
heterojunction between BiOF nanoplates and TiO, nanopatrticles.
As conclusion, this close interfacial contact of the heterojunction
will probably promote the transfer of the charge carriers from
TiO- to BiOF surface which will reduce the charge recombination
and therefore enhance the photocatalytic activity as it will be
confirmed later in the photocatalytic section.™
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Figure 3. XPS spectra of (A) BIOF/TiO; (1:3), (B) Ti 2p peaks of TiO,, (C) Bi
4f peaks of BIOF and (D) O 1s peaks of TiO, and BiOF.
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Figure 4. TEM images of (A-B) BIOF/TiO; (1:3), (C) partial enlarged image of
TiO; region in (B) and (D) partial enlarged image of BiOF region in (B).
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The successful formation of pure BIOF/TiO, composite
heterojunctions with appropriated interfaces was confirmed by
XRD, Raman, SEM, TEM, EDX and XPS analyzes. To study the
influence of BiOF on the optical properties of TiO, nanoparticles
the UV-Visible diffuse reflectance was recorded for TiO,, BiOF
and BiOF/TiO; (1:3) powders as shown in Figure 5-A. The Tauc
plot method was used to determine the semiconductor optical
band gap using the following formula:*?
(ahv)*2 ~ (hv-Eg) (Equation 3)

where a, hv and Eq4 represent the absorption coefficient, photon
energy and band gap, respectively. The band gap values (Eg)
correspond to the intersection of the linear part of the curve with
hv-axis as shown in Figure 5-B. The band gap and the
absorbance edge for the pure TiO, and pure BiOF powders were
found to be (3.18 eV; 390 nm) and (3.67 eV; 338 nm),
respectively, which are close to the values reported in the
literature.®® 3% As shown in Figure 5-A, BIiOF/TIO; (1:3)
heterostructure exhibits stronger absorption intensity in the
visible light range due to the creation of oxygen vacancies
during the heat treatment, therefore, a stronger photocatalytic
activity in the visible range, compared with TiO, and BiOF.
Moreover, a red-shift of the absorption edge (410 nm) was
observed compared with the pure BiOF and pure TiO,. This red-
shift resulted in a decrease of the band gap value from 3.18 eV
to 3.02 eV and this decrease can be attributed to the oxygen
vacancies and defects’ mainly formed in the TiO. lattice as
confirmed by the structural analyzes presented above:*®
According to the literature, the formation of oxygen vacancies
during the synthesis of materials can be explained by the heat
treatment under argon atmosphere at 350°C which introduces

surface defects in the form of oxygen vacancies in TiO; structure.

%.37 This is confirmed by electron spin resonance spectroscopy
analysis (ESR) as shown in Figure S2 (supporting information).
A small amount of oxygen vacancies can also be presented in
BiOF lattice as already shown by XPS. Therefore, the decrease
of the band gap value of BIOF/TiO, (1:3) heterojunction
compared with pure TiO will possibly lead to an increase of the
photocatalytic ~ efficiency under visible-light irradiation.*®
Photocurrent characterization was conducted on a CHI650D
electrochemical workstation with a standard three-electrode
system. A platinum wire acted as counter electrode, and a
standard saturated calomel electrode (SCE) in saturated KCI
acted as reference electrode, 0.1M Na;SO, was used as
electrolyte. The prepared sample was coated on the fluorine
doped tin oxide glass, which was used as the working electrode.
As shown in Figure 5-C, all the electrodes were prompt in
generating photocurrent with a reproducible response to on/off
cycles. As results, the BIiOF/TiO, (1:3) electrode exhibits a
higher photocurrent density (~1.10° pAlcm?) compared with the
pure BIOF (~1.107 pAlem™) or TiO, (~5.10" pA/cm™®) indicating
the efficient photoinduced charge separation in BIOF/TiO, (1:3)
heterojunction. Therefore, this heterojunction will probably
presents an enhanced photocatalytic activity compared with
pure TiO, or BiOF.*
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It is worth noting that our work is focused on the material
preparation and not on the investigation of the pollutant
degradation ‘mechanism. According to the literature, the
photodegradation pathway of pollutants is based on the
excitation of the semiconductor which will lead to the formation
of electron-hole pairs that participate in the redox reactions to
degrade or to reduce the adsorbed molecules such as organic
pollutants (Rh B, MB...).2 The photodegradation process could
be described by the following equations:*

Semiconductor + hv — h* + ¢’ (Equation 4)

HZO + h+ (valence band) —> HO™ + H+ (Equation 5)

h* (valence band) + pOllutant — pollutant”  (Equation 6)

HO’ + pollutant — H,O + CO, (Equation 7)

h*+e — heat (Equation 8)

The photocatalytic activity of the as-prepared samples has been
evaluated under visible light using Rh B as a model pollutant
(Figure 6-A). After 90 minutes of light irradiation, the
photodegradation percentage of Rh B was up to 73.9%, 84.9% ,
91.2% , 89.1% , 86.9% and 70.7% for BIOF/TiO, samples with a
molar ratio of (1:7), (1:5), (1:3), (1:1), (3:1) and (5:1),
respectively. As clearly seen, the BIOF/TiO, (1:3) exhibits the
highest photocatalytic activity among the other heterostructures.
As shown in Figure 6-B, the blank test (without adding a
photocatalyst) indicates that Rh B is stable and difficult to be
photodegraded under visible light during 90 min. For comparison
with the BIOF/TiO, (1:3) heterojunction, the photocatalytic
activity of pure TiO2, pure BiOF and a simple mixture of BiOF
and TiO; (1:3) has been evaluated under the same experimental
conditions. After illumination of 90 min, the percentage of Rh B
removal reaches 40.2%, 28.5%, 32.5% and 91.2% for TiO,,
BiOF, simple mixture of BiOF and TiO, (1:3) and BiOF/TiO; (1:3)
heterojunction, respectively (Figure 6-B). As results, the
BiOF/TiO; heterojunctions with different molar ratios presents a
greater photocatalytic activity compared with pure TiO, and pure
BiOF nanomaterials. The enhancement of the photocatalytic
efficiency under visible light is attributed to the following
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reasons: (l) the close interfacial contact of the heterojunction,
which promotes the transfer of charge between BiOF and TiO;
surface and reduce the charge recombination, thus more
electrons will be available to take part in the photodegradation
process,*"*? (1) the decrease of the BiOF/TiO; band gap due to
the defects and oxygen vacancies’ formation in TiO, and BiOF
lattices,™ ** and (lIl) a good matching of BiOF and TiO, energy
levels due to the oxygen vacancies’ states.** Moreover, the (1:3)
represents the optimal ratio for BIOF/TiO, with the highest
photocatalytic activity (91.2%). Therefore, the use of an
excessive amount of TiO, or BIiOF will cause particle’'s
aggregation which will reduce the light absorption on the surface
and promotes the charge’s recombination by increasing the
collision between the photogenerated electrons and holes.** *°
Thus, the use of an excessive amount of TiO, or BiOF will lead
to a decrease of the photocatalytic efficiency as it was confirmed
in the present work (Figure 6 A-B). Since TiO, nanoparticles are
on the surface of BIOF plates, the amount of TiO, should be
predominant, but not in excess, in order to absorb the maximum
of light and carried out the photocatalytic reaction. At the same
time the amount of BiOF should be sufficient in order to be in an
intimate contact with TiO, and to ensure the charges’ separation
and hence, increase the photocatalytic efficiency. Therefore, the
BiOF/TiO; (1:3) composition presents the optimal ratio of BiOF
and TiO, for the photocatalytic activity under visible light.

The kinetics of the photodegradation’ curves were analyzed and
the obtained results were presented in Figure 6-C. The
photodegradation reactions followed a Langmuir— Hinshelwood
first order kinetics model, as described by equation (9):*¢
In (Co/C)=kKt =kat  (Equation 9)

where Co corresponds to the initial concentration of Rh B
solutions , C is the concentration of Rh B solution at time t, tis
the irradiation time, k is the reaction rate constant (mg (L min)™),
K is Rh B adsorption coefficient (mg L™) and ka corresponds to
the apparent first-order rate constant (min™). The obtained ki
values from the linear dependence between In(Co/C) and time
are reported in Figure 6-C. The apparent rate constant value of
all BIOF/TiO2 heterojunctions is higher than that of pure BIiOF
and TiO, powder. Moreover, compared with other
heterojunctions, BIOF/TiO, with the optimal ratio of (1:3) showed
the highest photocatalytic activity under visible light, which is
represented by the highest k, value. The rate constant exhibits a
maximum of 0.0273 min™ for BIOF/TiO; (1:3), which is around 7
and 5 times higher than that of BiOF and TiO,, respectively.
Therefore, the heterojunction design between BIiOF and TiO,
greatly improves the photocatalytic activity under visible light. To
investigate the potential reusability of these materials for the
photocatalytic decomposition of Rh B under visible light, the
photodegradation test has been repeated for three cycles under
the same conditions and using BiOF/TiO, with the optimal ratio
(1:3) as photocatalyst. After each cycle, the photcatalyst was
separated from the solution by centrifugation to be used in the
next cycle. It is worth noting that even after several
photocatalytic cycles, the characteristic diffractions peaks of
BiOF/TiO; (1:3) remains unchanged compared with the XRD
pattern of BIOF/TiO, (1:3) before photocatalysis (Figure S3,
supporting information). As shown in Figure 6-D, BIOF/TiO; (1:3)
heterostructure shows a high stability for the photodegradation
of Rh B with a percentage of 91.2%, 90.5% and 87.3% for the
first, second and third cycle, respectively. A slight decrease of
the photocatalytic efficiency was noted and could be due to the
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loss of photocatalyst during the centrifugation process.*’The
improvement of photocatalyst recovery at the end of degradation
process may be improved, in particular by adding a small
amount of magnetic material such as Fes04*® or by depositing it
on a support.*°

In order to examine the photocatalytic capacity of the
nanomaterial, the photodegradation activity was also analyzed
using another dye, methylene blue (MB), and under the same
experimental conditions used for Rh B. The BiOF/TiO, sample
with the optimal ratio (1:3) has been employed as photocatalyst.
The results in Figure 7 indicated that MB was stable and difficult
to be photodegraded under visible light in the absence of
photocatalyst. The BIOF/TiO, heterojunction was able to
photodegrade MB up to 60% after 90 minutes compare to 43.7%
and 27.1% for pure TiO. and BiOF, respectively. Therefore, the
BiOF/TiO, (1:3) heterojunction exhibits an enhanced
photocatalytic activity and stability compared with pure TiO,,
moreover this composite is able to photodegrade multiple dyes
under visible light.
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Figure 7: Photocatalytic degradation of methylene blue without photocatalyst
(black line) and in the presence of photocatalyst: BIOF (blue line), TiO, (green
line), BIOF/TIO; (1:3) (red line) under visible light irradiation.

In order to investigate the photo-induced carriers transfer route,
the relative conduction band (CB) and valence band (VB)
potentials of BiOF and TiO, were calculated using the following
formulas:*

Eve=x-E°+-E;  (Equation 10)

Ece=Evs - Eq (Equation 11)

Where Eyg is the valence band (VB), x is the absolute
electronegativity and corresponds to the geometric mean of the
absolute electronegativity of the constituents atoms; E® is the
energy of free electrons on the hydrogen scale ca. 4.5 eV and Eg
corresponds to the band gap energy of the semiconductor. The
band gap energies of BiOF and TiO, were calculated to be 3.66
and 3.18 eV, respectively. After calculation, the conduction band
bottom and valence band positions (Ecg/ Evs) of the BiOF and
TiO, were found to be 0.20/ 3.86 eV and -0.28/2.90 eV,
respectively. It is well known that the key factor of an efficient
photocatalytic activity is the charge separation at the interfaces
of photocatalysts.** Therefore a proposed mechanism for the
photogenerated charge separation and migration process in
BiOF/TiO, heterostructured under visible-light irradiation is
shown in Figure 8. The conduction band edge potential of TiO; (-
0.28 eV) is more negative than that of BiOF (0.20 eV) which
means that the photogenerated electrons on TiO, surface
migrate easily to BiOF due to the close interfacial contact of the
BiOF/TiO, heterojunction. Once transported to the surface of

BiOF, these electrons will react with O, to form O,  radicals.

Moreover, the photogenerated holes in TiO, will oxidize the
organic pollutant to H,O or other inorganic molecules. This
efficient migration process prevents the recombination of charge
and hence improves the photocatalytic activity.**** As results,
TiO, absorbed the visible light and carried out the photocatalytic
reaction owing to the decrease of its band gap value from 3.18
to 3.02 eV due to the oxygen vacancies’ formation, while BiOF
played an important role in the charge separation process due to
the intimate contact of the BIOF/TiO, heterojunction. Few
oxygen vacancies in BiOF could also participate to the optical
absorption.

%
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Figure 8: Proposed mechanism for the photogenerated charge separation and
migration process in BIOF/TiO, heterostructured under visible-light irradiation.
BiOF could be excited and participates to the photodegradation process

(indexed by dashed arrows) only under UV light irradiation.

Conclusions

In summary, the novel BiIOF/TiO, heterostructure with different
molar ratio of BIOF and TiO, were successfully elaborated via
simple solid state sintering method followed by a heat treatment
at 350°C under argon atmosphere. The good crystalline phase
of BIOF and TiO, and the formation of BIOF/TIO-
heterostructures were confirmed by Raman and XRD analyzes.
The chemical composition and the intimate contact between the
two phases of BIOF and TiO, were revealed by XPS, EDX, SEM
and TEM characterizations. The red shift of the absorbance
edge and the decrease of the TiO; band gap value from 3.18 to
3.02 eV for the BIiOF/TiO, (1:3) sample were confirmed by
diffuse reflectance analysis. All the synthesized BiOF/TiO,
heterostructures have presented an enhanced photocatalytic
activity for the photodegradation of Rh B under visible light
compared with pure TiO, or BIOF. The optimal molar ratio of
(BIOF/TiO,) was found to be (1:3) with a photodegradation
percentage of 91.2% and it was 7 and 5 times more efficient
than that of BIOF and TiO,, respectively. In addition, the
photocatalytic repeatability tests confirmed the long-term stability
of BIOF/TiO, (1:3) heterojunction for Rh B photodegradation
after three cycles. The optimal ratio (1:3) of BiOF and TiO,
results from a good matching between TiO, and BiOF amounts
where TiO; is predominant and absorbs the maximum of light
and at the same time the BIOF amount is sufficient to be in an
intimate contact with TiO, and to ensure the charges’ separation
and hence, increase the photocatalytic efficiency under visible
light. The enhanced visible-light photocatalytic activity of
BiOF/TiO, heterostructure was attributed to the following
reasons: (l) the red-shift of the absorption edge due to the
formation of oxygen vacancies mainly in TiO, lattice, (Il) the
good matching of BIOF and TiO, energy levels due to the
oxygen vacancies’ states and (Ill) the close interfacial contact
between BiOF and TiO, nanomaterials, which reduces the
charge’s recombination and hence, increase the photocatalytic
activity of BIOF/TiO, heterostructure under visible light. In
conclusion, the BiOF/TiO, heterostructure is able to enhance the
efficiency of the photocatalytic process in a simple manner and
could be used as photocatalyst in the photodegradation of
different molecules.

Experimental Section

Materials

Titanium (IV) oxide, anatase nanopowder (99.7%) with a particle size <
25 nm and Hydrofluoric acid solution (40%) were purchased from Sigma
Aldrich. Bismuth (lll) oxide (99.9%-Bi) was obtained from Strem
Chamicals. All chemicals were used without any further purification.

Table 2: BIOF/TiO, nanocomposites prepared with different molar ratios
of BiOF and TiO».
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Sample Name Molar Ratio of Bi:Ti
BiOF/TiO, (5:1) 51
BiOF/TiO (3:1) 31
BiOF/TiO, (1:1) 11
BiOF/TiO (1:3) 13
BiOF/TiO (1:5) 15
BiOF/TiO, (1:7) 1:7

Synthesis of BiIOF/TiO, nanocomposite heterostructure

BiF3 nanoparticles were synthesized in our laboratory by direct reaction
between BiO3 and HF (aqg) at 70°C in a Teflon beaker. The precipitate
obtained through HF was removed by evaporation under a hood and as a
final product we get BiFs powder. BiOF powder was obtained by a solid
state sintering method in air using the synthesized BiF; nanoparticles
and the commercial Bi,O3; powder with a molar ratio of BiF3/Bi,O3 = 1:1.
Then the mixture was heated at 425°C for 12 hours under argon
atmosphere in order to obtain BIOF nanoparticles. BIOF/TiO;
heterostructures with different molar ratios of BiOF and TiO, were also
elaborated via a solid state sintering method. Therefore, different
amounts of the synthesized BiOF and the commercial TiO, nanoparticles
were mixed and grinded for 30 minutes. Then, the different mixtures of
BiOF/TiO, were calcined at 350°C for 5 hours under argon atmosphere.
The as-synthesized samples were labeled according to their molar ratios
(BIOF/TiO,) and are listed in Table 2. Pure BiOF and TiO, nanomaterials
were calcined under the same conditions to serve as references in the
photocatalytic section.

Chemical and Physical Characterizations

The structure of the samples were characterized by X-ray diffraction
(XRD) using a PANAlytical Xpert-PRO diffractometer (Cu-radiation, A =
1.5406 A) and Raman spectroscopy using a Jobin Yvon T64000
spectrometer (A = 514.5 nm; 2.41 eV) in a confocal microscopy mode in
air at room temperature. Energy dispersive X-ray photoelectron
spectroscopy analysis (EDX) was taken with a Hitachi S3500. The
surface area was determined from nitrogen adsorption-desorption
isotherms at liquid nitrogen temperature using the Micromeritics ASAP
2010 system (outgassing conditions: 200°C-12 h). X-ray photoelectron
spectroscopy (XPS) was performed using a Versaprobe PHI 5000
spectrometer from Physical Electronics, equipped with a monochromatic
Al Ka X-ray source. The base pressure at the analysis chamber was 10°°
mbar. The sample was mounted on double-sided conductive tape
suitable for vacuum. The X-ray photoelectron spectra were collected at a
take-off angle of 45° with respect to the electron energy analyzer and the
spot size was 200 um. The overall energy resolution was 0.5 eV. The
analysis of the XPS spectra was implemented using the CASA XPS
software. The morphology and the size distribution of the prepared
nanomaterials were analyzed by scanning electron microscopy (SEM,
Hitachi S3500) and transmission electron microscopy (TEM, Hitachi H-
700). The UV-VIS absorbance spectra were recorded by a U-3010 UV-
VIS spectroscopic spectrophotometer. The photocurrent density was
measured using a CHI650D electrochemical workstation with a standard
three-electrode system.
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2.4. Photocatalytic activity

Rhodamine B (Rh B) and Methylene Blue (MB) were employed as
organic pollutants’ references to evaluate the photocatalytic activity of
BiOF/TiO, composites under a 500W Xe lamp with a 420 nm cut off filter.
The experiments were carried out in @ homemade reactor with a cooling
water system in order to keep the reaction’s temperature constant at 25 +
0.2°C. The photodegradation reactions were carried out in separates
beaker containing a suspension of 20 mg of photocatalysts and 40 mL of
MB or Rh B solution (10 mg/L). The suspensions were firstly stirred for 2
hours in dark to reach the adsorption/desorption equilibrium. The
distance between the lamp and the dye solution was maintained at 10 cm.
After light irradiation, every 10 minutes 2 mL of each solution was taken
out and centrifuged at 6000 rpm for 2 minutes in the darkness. The
centrifuged solutions were analyzed with a UV/VIS spectrometer to study
the decrease in dyes’ concentration over time during light irradiation. The
absorbance of the solution was measured at 664 and 554 nm for Rh B
and MB, respectively. The photocatalytic degradation efficiency has been
calculated using equation 1:%

Degradation efficiency (%) = (Co — C) /Co x 100 (Equation 1)

Where Cy and C are the initial and final dye’s concentration, respectively.
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