GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/143511/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Chachvalvutikul, Auttaphon, Luangwanta, Tawanwit and Kaowphong, Sulawan 2021. Double Z-scheme
FeV04/Bi405Br2/BiOBr ternary heterojunction photocatalyst for simultaneous photocatalytic removal of
hexavalent chromium and rhodamine B. Journal of Colloid and Interface Science 603 , pp. 738-757.
10.1016/j.jcis.2021.06.124

Publishers page: http://dx.doi.org/10.1016/j.jcis.2021.06.124

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




10

11

12

13

14

15

16

17

Double Z-scheme FeVOQO4/BisOsBr2/BiOBr ternary heterojunction photocatalyst for
simultaneous photocatalytic removal of hexavalent chromium and rhodamine B

a,b,c,x

Auttaphon Chachvalvutikul®, Tawanwit Luangwanta®, Sulawan Kaowphong

# Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200,
Thailand

® Center of Excellence in Materials Science and Technology, Chiang Mai University, Chiang
Mai 50200, Thailand

¢ Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai

50200, Thailand

* Corresponding author
E-mail : sulawank@gmail.com; sulawan.k@cmu.ac.th

Tel: +66 (0)53 943341



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Abstract
Hypothesis

Fabrication of the heterojunction photocatalyst with appropriate band potentials as a
promising method of inhibiting electron-hole pair recombination leading to enhanced
photocatalytic properties.
Experiments

Herein, BiOBr, Bi4sOsBr2, and binary BiOBr/BisOsBr> composite were selectively
synthesized by employing a one-step microwave irradiation method. Then, double Z-scheme
FeV04/Bi140sBr,/BiOBr ternary composites with different weight percentages (%wt) of FeVO4
were fabricated and their photocatalytic applications were studied. The photodegradation of
organic compounds (thodamine B (RhB), methylene blue (MB) and salicylic acid (SA)), along
with the photoreduction of hexavalent chromium (Cr(VI)) were investigated.
Findings

Comparing with the single and binary photocatalysts, and a commercial TiO, the
1%wt-FeVO4/Bi4OsBr2/BiOBr  photocatalyst demonstrated superior visible-light-driven
photocatalytic performance. In a Cr(VI)/RhB combined system, Cr(VI) photoreduction was
further improved and coexisting RhB molecules were simultaneously degraded. Removal of
Cr(VI) and RhB were maximized by adjusting both pH values and catalyst dosages. Based on
UV-vis diffuse reflectance spectroscopy, photoluminescence spectroscopy, electrochemical
investigations, active-species trapping, nitrotetrazolium blue transformation, and silver photo-
deposition experiments, a double Z-scheme charge transfer mechanism with an RhB-sensitized
effect was proposed. This special mechanism has led to significant enhancement in charge
segregation and migration, along with higher redox properties of the ternary composite, which

were responsible for the excellent photocatalytic activity.
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1. Introduction

With massive increases in water pollution, the removal of pollutants from water bodies
has become a critical issue. This can be accomplished through various techniques such as
adsorption [1], photocatalysis [2,3], and electrocatalysis [3]. Semiconductor photocatalysis is
a promising technology that can be used to address the environmental pollution that is related
to organic and inorganic pollutants in industrial wastewater. In order to fully utilize renewable
and clean solar energy, which is mainly comprised of visible light, there have been significant
attempts to develop and synthesize visible-light active photocatalysts [4,5]. Bismuth
oxyhalides (BiOX, X = Cl, Br and I) have exhibited striking photocatalytic activities due to
their layered structures with [Bi2Oz] slabs interleaved by double slabs of halide atoms. Such
layered structure induces an internal static electric field, which then facilitates segregation of
electron-hole pairs and favors an enhanced photocatalytic activity [6—9]. Among them,
bismuth oxybromide (BiOBr) exhibited the highest photocatalytic activity due to its relatively
high photo-oxidation power of the photoactivated holes [10—13]. However, this photocatalyst
usually suffers from a low absorption efficiency in the visible light region, which can limit the
utilization of visible light to generate electron-hole pairs.

Density functional theory (DFT) calculations [14] indicated that the valence band of
BiOBr is mainly occupied by O 2p and Br 4p hybrid orbitals and its conduction band is
composed of Bi 6p orbital. This suggests that tuning bismuth and bromide contents in BiOBr
could modulate its band edge potentials, and consequently change its band gap energy. In
addition, bismuth-rich strategy strengthens the hybridization of the conduction band and

reinforces the internal static electric field, which in turn promotes electron migration and
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segregation of the photoactivated electron—hole pairs. Therefore, the bismuth-rich strategy has
received significant interest over its potential to improve the photocatalytic performance of
BiOBr. Bismuth-rich BiOBr photocatalysts have been previously reported with a narrow band
gap and for possessing higher visible light absorption properties than the ordinary BiOBr
material [15]. Bi4OsBr2, one of the known bismuth-rich BiOBr materials, exhibited higher
visible-light-driven photocatalytic activity than BiOBr in terms of the degradation of bisphenol
A [16,17], resorcinol [18], rhodamine b [19], and ciprofloxacin [20], as well as in the
photocatalytic reduction of CO2 [21]. Although BisOsBr, exhibited strong visible light
photocatalytic properties, its quantum efficiency is still rather poor due to undesirable electron-
hole recombination [22]. Therefore, there is need to improve the lifetime of the photoactivated
electron-hole pairs in an attempt to overcome the unsatisfied quantum efficiency of the
material.

Some previous publications [23,24] have reported that the BiOB1/Bi4OsBr2
heterojunction photocatalyst exhibited significant enhancement in photocatalytic activity due
to a suitable band alignment that ultimately led to an effective charge separation between the
two individual semiconductors. However, the synthesis of the BiOB1/Bi4OsBr: heterostructure
required harsh synthetic conditions [18,19,25-28]. For example, at high temperature, BisOsBr»
was produced from a gradual loss of bromide ion in the BiOBr crystal accompanied by phase
transformations [24]. Compared with the binary heterojunction system, a ternary
heterojunction system had greatly satisfied electron-hole pair separation efficiency and much
prolonged the charge carrier’s lifetime, both of which resulted from the multistep charge-
transfer processes and led to better photocatalytic activity [29,30]. In this research work, the
iron (III) vanadate, FeVOs, was chosen as a visible-light photosensitizer for the construction
of the ternary FeVO4/Bi4OsBr2/BiOBr heterostructures owing to its narrow energy band gap,

visible-light active properties, and high stability [31,32]. Moreover, according to the outcomes
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of our previous studies [33,34], we also found that by coupling the optimum content of FeVOg4
with bismuth-based compounds, compatible electronic band structure alignments can be
formed at the interface between the individual semiconductors to exhibit the enhancement of
photocatalytic activity. This likely would have resulted from the effective segregation of the
charge carriers and led to improved visible light responsibility.

Herein, we firstly synthesized the binary BiOBr/Bi4OsBr> composite using the facile
one-step microwave irradiation method. After that, the synthesized BiOBr/Bi4OsBr> composite
was hybridized with FeVO4 using the wet-impregnation method to fabricate the ternary
FeV04/B140sBr/BiOBr composites. The weight percentages (%wt) of FeVOys in the ternary
composites were varied in order to enhance their photocatalytic activities, which were then
investigated by the photocatalytic degradation of organic pollutants under visible light
irradiation. Using FeVO4/Bi4OsBr2/BiOBr composite with an optimum %wt of FeVOs4, we also
investigated its photocatalytic performance towards the photoreduction efficiency of Cr(VI).
Since the co-existence of organic and inorganic pollutants is commonly found in real industrial
wastewater, for example, the coexistence of Cr(VI) and dyes/non-dyes in the effluents from the
leather tanning process [35-37], we further investigated the photoreduction of Cr(VI) in the
Cr(VI)/RhB combined pollution system. A series of experiments under the combined pollution
system was carried out to optimize photocatalytic conditions. Possible charge transfer and
photocatalytic mechanisms for the removal of Cr(VI) and RhB in the combined pollutant

system were discussed in detail.

2. Experimental procedures
2.1. Synthesis of photocatalysts
FeVO4 was synthesized using a similar method to that which had been used in our

previous publications [33,34]. For the synthesis of bismuth oxybromide photocatalysts,
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Bi(NO3)3'5H20 (1 mmol; Sigma-Aldrich, Co., 95%) and KBr (1 mmol; RCI Labscan Limited,
99.9%) were separately dissolved in 20.0 mL of ethylene glycol (Carlo Erba Reagents, 99.5%)
and then mixed for 30 min. Next, the mixed solution was irradiated using 2.45 GHz microwave
radiation operated at 600 W for 8, 60, and 110 cycles in order to obtain BiOBr, BiOB1/Bi4OsBr»
binary heterostructure, and Bi4OsBr», respectively. Each cycle was performed at 30-s on at
every 90-s interval. The obtained powder was filtered, washed with deionized water, and dried
at 70 °C overnight.

For the preparation of ternary FeVO4/B140sBr2/BiOBr composites, a certain amount of
FeVO4 powder was dispersed in 40.0 mL of methanol (RCI Labscan Limited, 99.9%) and kept
under sonication for 30 min. Then, a certain amount of the BiOBr/Bi4OsBr; powder was added
into the suspension and was constantly stirred at room temperature for 24 h. Finally, the
obtained powder was dried at 70 °C and heated at 200 °C for 30 min. The
FeVO04/Bi40sBr2/BiOBr composites were then denoted as xFV/Br where x represents the
weight percentages of FeVO4 (0.5, 1, 3, 6.25 and 12.5%wt) and Br represents the
BiOB1/Bi4OsBr; host material. For the purposes of comparison, a physical mixing sample,
denoted as PM, was also prepared by grinding the FeVO4 powder with the BiOBr/Bi4OsBr2

powder.

2.2. Characterizations

X-ray diffraction spectroscopy (XRD, Rigaku Smartlab) was used to investigate the
purity, structure and crystallinity of the powders. Chemical compositions and oxidation states
of the constituent elements were determined by X-ray photoelectron spectroscopy (XPS, AXIS
Ultra DLD, Kratos Analytical Ltd.) using Al Ka X-ray source at 1.4 keV radiation. XPS spectra
were corrected by referencing the binding energy of an adventitious carbon (C Ls) peak at 284.6

eV. Morphology, microstructure and the elemental composition of the samples were
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investigated with the use of a field emission scanning electron microscope (FESEM, JEOL
JSM-6335F) and a transmission electron microscope (TEM, JEOL JEM-2010). These were
used in conjunction energy dispersive X-ray spectrometry (EDS). Optical properties were
examined by UV-vis diffuse reflectance spectroscopy (UV-vis DRS, UV-1800 Shimadzu) that
was equipped with a specular reflectance measurement attachment. The results were referenced
against BaSO4. Photoluminescence (PL) spectra were recorded using a photoluminescence
spectrometer (PL, Avantes Avaspec-2048TEC-USB2) with an excitation wavelength of 345
nm. Zeta potential of the ternary composite was measured on a Zetasizer (Malvern Nano ZS).
The Brunauer-Emmett-Teller N> gas adsorption (BET, Quantachrome, Quadrasorb-evo) and
the Barret-Joyner—Halenda (BJH) methods were used to determine the surface area, pore
radius, and total pore volume of the samples. Inductively coupled plasma-optical emission
spectroscopy (ICP-OES; Perkin Elmer 4300 DV) was used to determine Fe and V ions leaching

in the supernatant solution sample.

2.3. Photocatalytic experiments

To investigate the optimum content of FeV Oy in the ternary composite, the synthesized
xFV/Br sample (100 mg) was dispersed in aqueous solutions (200.0 mL) of organic dye
(methylene blue; MB and rhodamine B; RhB, 10 ppm) and a colorless organic compound
(salicylic acid; SA, 10 ppm). The MB, RhB and SA compounds with a purity of 99.0% were
purchased from Fluka, Riedel-de Haén and Sigma Aldrich, respectively. Prior to employing
light irradiation, the suspension was stirred in the dark for 30 min to reach an adsorption-
desorption equilibrium. The suspension was exposed to visible light generated from a 50 W
white light-emitting diode lamp (LED, YNL Model COB LED CHIP). At each given time
interval, the suspension was taken out and separated by centrifugation. The remaining

concentration of the organic compound was analyzed using a UV-vis spectrophotometer (UV-
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wavelength (Amax = 664, 554 and 294 nm for MB, RhB and SA, respectively). A control
experiment was also carried out without adding the photocatalyst. The photodegradation

efficiency (%DE) was calculated using the following equation;

CO_

%DE = x 100

0

where Cp and C represent the concentrations of the target pollutants when the adsorption-
desorption equilibrium was achieved, and after being exposed to the light irradiation,
respectively. The photocatalytic reaction kinetic was investigated using the pseudo-first order

kinetic model as follows;

Co
In ? = kappt

where kapp represents the apparent pseudo-first order rate constant (min™!).

The ternary FeV04/Bi40sBr2/BiOBr composite with an optimum content of FeVO4 was
applied for the determination of the photoreduction of Cr(VI) ion in the K,Cr,O7 solution
(200.0 mL, 20 and 30 ppm; Sigma-Aldrich, 99.0%). The suspension was stirred in the dark (30
min) to make sure that adsorption-desorption equilibrium was established. The remaining
concentration of the K>Cr,0O7 solution was monitored using the diphenylcarbazide (DPC)
method in which the absorption intensity of the Cr(VI)-DPC complex was measured at 540
nm. The photoreduction efficiency (%RE) and the kapp value were also calculated in the same
way by using the photodegradation efficiency calculation. All the photocatalytic data are based
on the average values of three parallel experiments.

In addition, this photocatalyst was also applied in a mixed solution of K2CrO7 (30 ppm)
and RhB (5, 10, or 20 ppm) to a total volume of 200.0 mL. Before treating the suspension with
the DPC method, an absorbance of 554 nm was measured to monitor the photodegradation of

RhB. For the accurate quantification of Cr(VI), the interference caused by the absorption of
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RhB was eliminated by subtracting the absorbance at 540 nm of the suspension containing
Cr(VI) and RhB (the suspension before DPC reagent was added (Sigma-Aldrich, >99.0%))
from the absorbance at 540 nm of the Cr(VI)-DPC complex. A series of experiments were also
conducted by varying photocatalyst dosages and adjusting pH values with 1 M HNO3 (Sigma-
Aldrich, 70.0%) or 1 M NH4OH (QREC™, 25%)), in order to optimize the operation parameters.

Trapping experiments were carried out using 1 mM of various scavengers including
ascorbic acid (ASC; Merck, 99.0%) [11], ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na; Sigma-Aldrich, 99.0%) [11], isopropanol (QREC™, 99.7%) [38] and potassium
dichromate (K2Cr207) [39]) to trap superoxide radicals (O2™), holes (h"), hydroxyl radicals
(HO") and photoexcited electrons (e), respectively. The nitrotetrazolium blue (NBT)
transformation method [40] and the terephthalic acid photoluminescence (TA-PL) probing
technique [41] were also used to further confirm the detection of O™ and HO® radicals
generated during the photocatalytic reaction.

The silver (Ag) photo-deposition experiment was carried out to further confirm the
charge transfer pathway in the ternary FeVO4/Bi4OsBr2/BiOBr heterojunction. The procedure
of this experiment is explained as follows. First, the photocatalyst (20 mg) was dispersed in
AgNO:s solution (1 mM, 100.0 mL; Loba Chemie, 99.9%) under visible light irradiation for
360 min. Then, the photocatalyst was collected after Ag was photo-deposited was collected. It
was then washed several times with deionized water, and dried. The depositing of Ag on the

surface of the ternary heterostructure was then investigated by TEM.

2.4. Electrochemical analyses
All electrochemical measurements were carried out in a standard three electrode system
on a Metrohm Autolab Potentiostat/galvanostat (PGSTAT128N, Metrohm Siam Ltd.). The

measurement process utilized a working electrode as a photocatalyst coated on a fluorine-
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doped tin oxide (FTO) coated sheet of glass, a counter electrode as a platinum (Pt) wire, a
reference electrode as Ag/AgCl (3.0 M KCl), and an electrolyte as 0.5 M Na;SO4 (pH ~ 6).
The electrochemical impedance spectra (EIS) were recorded under an alternating current (AC)
voltage at a bias potential of 1.5 V (vs. Ag/AgCl) with an amplitude of 0.05 V and a frequency
range of 0.01 to 10° Hz. Mott-Schottky measurements were performed at a fixed frequency of
10 Hz and an AC amplitude of 10 mV. The transient photocurrent responses were recorded at
a fixed applied potential of 1.0 V (vs. Ag/AgCl) under visible light irradiation generated from
two 50 W LED lamps. To convert the Ag/AgCl (3.0 M KCl) scale to a normal hydrogen
electrode (NHE) scale (pH = 0), the following equation was applied;

EntE = Eagiagal + E®agagct oM kel = Eagagar +0.210 V (25 °C).

3. Results and Discussion
3.1. Structural characterization

XRD patterns of the synthesized BiOBr, Bi4OsBr2, and BiOB1/Bi4OsBr, powders are
illustrated in Fig. 1(a). All detectable diffraction peaks of the BiOBr powder matched well with
the tetragonal phase of BiOBr (Joint Committee of Powder Diffraction Standards (JCPDS)
number 01-085-0862). The diffraction peaks of the BisOsBr, powder corresponded to the
monoclinic phase of Bi4OsBrz (JCPDS number 00-037-0699 and Inorganic Crystal Structure
Database (ICSD) number 94498). The XRD pattern of the binary BiOB1/Bi4OsBr> composite
was composed of the characteristic peaks of both tetragonal BiOBr and monoclinic Bi4OsBr2
phases. The formation of bismuth-rich Bi4OsBr> could be a consequence of the raised
temperature in the reaction system that occurred during the microwave heating process. At a
given microwave power, increasing microwave irradiation cycles to 60 and 110 cycles resulted
in an increase in the reaction temperature [42], which could then enable the loss of bromide ion

in the BiOBr crystal.

10
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XRD patterns of the ternary FeV04/Bi4OsBr2/BiOBr composites in comparison with
FeVOs and binary BiOBr/Bi4OsBr> composite are presented in Fig. 1(b). The diffraction
pattern of FeVOs is in good accordance with the triclinic FeVOs structure (JCPDS number 00-
038-1372). No impurity peaks were observed suggesting that BiOBr, BisOsBr,
BiOB1/Bi4OsBr; and FeVO4 were successfully synthesized through the cyclic microwave
heating route. In cases of the ternary FeVO4/B140sBr2/BiOBr composites with 0.5, 1 and 3%wt
of FeVOs, the XRD patterns exhibited only the characteristic peaks of BiOBr and Bi4OsBr
owing to much lower contents of FeVOy4 as well as a lower diffraction intensity when compared
with those of BiOBr and Bi4OsBr2. Upon adding more FeVO4 (6.25 and 12.5%wt), the major
diffraction peaks of FeVO4 at 27.1° and 27.7° indexing to (012) and (220) planes became

detectable.

11
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Fig. 1. XRD patterns of (a) BiOBr, Bi4OsBr», and BiOB1/Bi4OsBr2 powders synthesized using
different microwave irradiation cycles, and (b) FeVOs, BiOB1/Bi4OsBr,, and

FeV04/B140sBr2/BiOBr nanocomposites with different loading amounts of FeVOas.

XPS spectra of FeVO4, BiOBr/Bi14OsBr2, and 1%wt-FeV04/Bi140sBr2/BiOBr are shown

in Fig. 2. The survey spectrum of FeVO4/Bi140sBr2/BiOBr (Fig. 2(a)) indicated that the peaks
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belonging to Bi, O, Br, Fe, and V elements were observed. Fig. 2(b) shows the high-resolution
spectrum of Bi 4f of the binary BiOB1/Bi4OsBr> composite. The binding energies of 159.2 and
164.5 eV were indexed to Bi 472 and Bi 4fs» peaks, respectively [20,23]. After being combined
with FeVOs, these doublet peaks shifted to the lower values of 158.7 and 164.0 eV,
respectively. These Bi 4f signals further confirm that the oxidation state of the Bi element was
+3 [20,23]. Fig. 2(c) shows Br 3d of BiOB1/Bi4OsBr> and FeVO4/Bi4OsBr2/BiOBr. For the
binary BiOBr/Bi4OsBr> composite, two peaks at 68.4 and 69.2 eV corresponded to Br 3ds» and
Br 3ds., respectively. For the ternary FeVO4/Bi4OsBr2/BiOBr composite, these Br 3d peaks
shifted to the lower binding energies of 67.9 and 68.9 eV. The presence of these Br 3d peaks
signify that the Br element adopted the —1 oxidation state [20,23]. The high-resolution
spectrum for Fe 2p in the ternary composite (Fig. 2(d)) revealed two main peaks of Fe 2p3.
and Fe 2p12 (711.1 and 724.60 eV, respectively) which were located at higher binding energies
than those of FeVO4 (710.8 and 724.4 eV, respectively) [43—45]. The doublet signals of Fe 2p
confirm the +3 oxidation state of Fe [43]. As is shown in Fig. 2(e), the splitting of V 2p peaks
in FeVO4 was observed at binding energies of 517.7 and 524.7 eV, which were then assigned
to the V 2p3» and V 2pip» states of the V' species [43,44]. However, two sub-peaks that
corresponded to the V 2p3» and V 2p1» states of V with +4 oxidation state were observed at
binding energies of 516.0 and 523.1 eV [46], wherein, the V** specie arose from certain oxygen
vacancies [45]. These V 2p peaks shifted to the lower binding energies after FeVO4 was
introduced into the binary BiOB1/Bi4OsBr> heterostructure. Fig. 2(f) reveals that there were
four O 1s peaks located at 529.6, 530.8, 532.1, and 533.2 eV implying four types of oxygen
species exist in the ternary composite. Furthermore, these peaks were attributed to the chemical
bonding of Bi—O [23], H-O in the adsorbed water on the material surface [45], V-0 [45], and
Fe—O [45], respectively. As can be seen from the high-resolution XPS spectrum of

FeV04/Bi4OsBr2/BiOBr in comparison to FeVO4 and BiOBr/BisOsBr, there are noticeable

13



shifts in the binding energies of the XPS peaks. Changes in the binding energy values resulted
from the formation of a ternary heterostructure system suggesting the presence of a strong
chemical interaction between these materials. This interaction could be beneficial for charge
transfer between these materials and reduce the recombination of the photoactivated charge

carriers [24,47,48].
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Fig. 2. XPS spectra of FeVO4, BiOB1/Bi4OsBr; and 1%wt-FeVO4/Bi4OsBr2/BiOBr: (a) survey
spectra and (b-f) high-resolution XPS spectra of Bi 4f, Br 2p, Fe 2p, V 2p and O l1s,

respectively.

3.2. Morphological investigation

FESEM images of the BiOBr, BisOsBr,, FeVOs, BiOB1/Bi4OsBr2, and 1%wt-
FeV04/Bi4OsBr2/BiOBr powders are shown in Fig. S1 and Fig. 3(a)-(c). FESEM (Fig. S1(a))
and TEM (Fig. S2(a)) images of BiOBr reveal a flower-like microsphere with an average
diameter of 3.9 pm that is built up of ellipsoid-like nanoparticles with an average vertical height
of 247 nm and an average width of 57 nm. EDS spectrum of BiOBr (Fig. S1(c)) presents the
existence of Bi, O and Br elements with an atomic ratio of 1.10:1.01:1.00, respectively, which
agrees with the stoichiometry of BiOBr. The FESEM (Fig. S1(b)) and TEM (Fig. S2(b))
images of Bi4OsBr, show a flower-like micro-spherical structure that is comprised of densely
packed thin nanosheets. EDS spectrum of Bi4OsBr> (Fig. S1(d)) reveals the spectra of Bi, O
and Br elements with a molar ratio of Bi:Br at 2.03 confirming the formation of a bismuth-rich
compound. HRTEM images of BiOBr (inset of Fig. S2(a)) and Bi4OsBr: (inset of Fig. S2(b))
reveal the crystal lattice fringes with d-spacings of 0.197 and 0.198 nm, which corresponded
to the (200) plane of tetragonal BiOBr and (422) plane of monoclinic BisOsBr, respectively.
These findings confirm the crystalline structure of both materials.

For the binary BiOBr/Bi4OsBr> composite, flower-like microspheres with an average
diameter of 3.8 pm were still observed (Fig. 3(a) and Fig. S2(c)). Morphologically, the flower-
like micro-spherical structure is likely to be in a transitional phase between BiOBr and
Bi4OsBr2 as has been suggested by its moderately packed nanosheets. The combination of
BiOBr and Bi4OsBr; in the binary composite was confirmed by HRTEM (Fig. S2(d)). The

HRTEM image shows a distribution of nanoparticles with an average diameter of 13 nm on the
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nanosheets. The nanoparticles revealed two lattice fringes of 0.279 and 0.359 nm that were
consistent with the (110) and (101) planes of BiOBr. The nanoplate showed lattice intervals
of 0.299 and 0.300 nm which corresponded to the (411) plane of BisOsBr2. For FeVOsa, a large
number of nanoparticles with an average diameter of about 100 nm were observed (Fig. 3(b)).
FESEM (Fig. 3(c)) and TEM (Fig. 4(a)) images of the ternary 1%wt-FeVO4/Bi4OsBr2/BiOBr
composite revealed that the FeVO4 nanoparticles were anchored on the surface of the flower-
like BiOB1/Bi4OsBr, microspheres. The corresponding EDS spectrum demonstrated the
compositions of Fe, V, O, Bi, and Br elements (Fig. 3(d)). The actual weight percentages of
FeVO4 and BiOBr/BisOsBr; in the composite were calculated to be 0.98 and 98.91,
respectively, which were close to those of the fabrication contents.

HRTEM image of the ternary 1%wt-FeVO4/Bi14OsBr2/BiOBr composite shown in Fig.
4(b) reveals lattice fringes with d-spacings of 0.356 and 0.170 nm which corresponded to the
(120) and (514) planes of FeVO4 and Bi4OsBr», respectively. HRTEM image presented in
Fig. 4(c) reveals two sets of lattice fringes, for which the d-spacings of 0.164 and 0.160 nm
could be assigned to the (114) and (212) planes of BiOBr, while the d-spacings of 0.365 and
0.366 nm belonged to the (112) plane of monoclinic Bi4OsBr,. Additionally, HRTEM image
presented in Fig. 4(d) reveals the lattice fringes of the FeVO4, Bi4OsBr, and BiOBr phases in
the ternary 1%wt-FeVO4/Bi4OsBr2/BiOBr composite indicating the formation of intimate
contacts between these materials. Moreover, scanning TEM-EDS mapping on the ternary
composite was recorded to obtain more information with regard to elemental distribution. As
is shown in Fig. 4(e), the ternary composite composed of Fe, V, Bi, Br, and O elements that
are homogeneously distributed in the ternary composite. These results clearly indicate the
coexistence of FeVOs4 and BiOBr/BisOsBr2, as well as an intimate contact between the
component materials, confirming the presence of a ternary FeV04/Bi4OsBr2/BiOBr

heterojunction.
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Fig. 4. (a) TEM image of the ternary 1%wt-FeVO4/Bi4OsBr2/BiOBr composite and (b-d)
HRTEM images of FeVO4 and BiOB1/Bi4OsBr; in the ternary composite. (¢) Scanning TEM-

EDS mapping of 1%wt-FeVO4/Bi4OsBr2/BiOBr.

3.3. Optical properties

Optical properties of FeVO4, BiOBr, BisOsBr;, BiOBr/BisOsBr;, and 1%wt-
FeVO4/Bi14OsBr2/BiOBr  were investigated by UV-vis DRS analysis. The binary
BiOB1/Bi4OsBr; heterojunction exhibited an absorption edge at around 480 nm (Fig. 5(a)),
which was in between those of BiOBr (440 nm) and BisOsBr> (500 nm). The coupling of
FeVO4 with the binary BiOB1/Bi4OsBr2 heterostructure relatively enhanced the absorption

ability in the visible light region. In addition, an absorption edge of 1%wt-
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FeV04/Bi4OsBr2/BiOBr was extended to a higher wavelength when compared to those of
BiOBr, Bi4OsBr2, and BiOB1/Bi4OsBr>. The improved absorption capacity in the visible light
region, after compositing FeVOs with BiOB1/Bi4O5sBr», could improve the generation of charge
carriers and consequently enhance photocatalytic activity. Moreover, the absorption spectrum
of the ternary composite exhibited two absorption slopes at around 480 and 595 nm, which
corresponded well with the absorption edges of the BiOB1/BisOsBr. and FeVOs parent
materials. This indicated the coexistence of FeVO4 and BiOB1/Bi4OsBr». The band gap energy
(E;) was determined from the Tauc equation [49] as follows;
ahv = A(hv — Eg)™/?

where a, h, v, A, and E represent the absorption coefficient, Plank's constant, light frequency,
constant, and the band gap energy of the materials, respectively. The n values depend upon
characteristics of the optical transition of the semiconductor. For FeVO4, BiOBr and Bi4OsBr,
the n values were recorded at 4 for their indirect transition [20,50]. Thus, the corresponding E;

values of FeVO4, BiOBr, and Bi14OsBr; were calculated to be 2.08, 2.93, and 2.60 eV,

respectively.
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Fig. 5. (a) UV-vis DRS spectra of FeVO4, BiOBr, Bi4OsBr2, BiOBr/Bi4OsBr2, and 1%wt-

FeV04/Bi40sBr2/BiOBr. (b) Corresponding Tauc’ plots of the single materials.
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3.4. Photocatalytic degradation of organic pollutants

3.4.1. Effect of FeVOy content in ternary composites

Photocatalytic activities of the samples were evaluated by degrading RhB and MB dyes,
as well as colorless SA under visible light irradiation. For the photolysis tests (Fig. S3), the
self-photodegradation of these organic compounds was negligible. Fig. S3(a) shows that
BiOB1/Bi4OsBr> completely degraded RhB within 180 min, while BiOBr and BisOsBr:
degraded 63.5% and 90.3% of RhB, respectively. Similarly, BiOBr/Bi4OsBr; exhibited higher
%DE (66.9%) than did BiOBr (40.9%) and Bi4OsBr; (54.7%) towards MB within 360 min
(Fig. S3(b). The BiOBr and BisOsBr> photocatalysts exhibited lower degrees of SA
degradation with %DE of 22.7% and 30.5% relative to BiOBr/Bi4OsBr2 (45.6%). The kapp
values for the photodegradation of organic compounds by BiOB1/Bi14OsBr2 were about 2.2 and
1.5 times higher than those of BiOBr and Bi4OsBr, respectively (Fig. S3(d)-(f)). These results
imply the successfulness in the fabrication of binary BiOB1/Bi4OsBr2 heterostructure which
provided higher photocatalytic efficiencies than both BiOBr and Bi4OsBry.

Fig. S4(a)-(c) present the photocatalytic activities of FeVO4, BiOB1/Bi4OsBr2, and
FeV04/Bi40sBr,/BiOBr with different FeVO4 contents for the degradation of RhB, MB, and
SA. The corresponding kapp values are presented in Fig. S4(d)-(f) and Fig. S5. As is shown in
Fig. S4(a), there was almost no photodegradation of RhB in the presence of FeVO4. On the
other hand, the ternary FeVO4/Bi4sOsBr»/BiOBr heterojunctions exhibited %DE of 93.2, 99.3,
88.9, 80.8 and 65.3 within 120 min with the FeVOs contents of 0.5, 1, 3, 6.25 and 12.5%wt,
respectively. It was found that 1%wt-FeVO4/BisOsBr,/BiOBr exhibited the highest
photocatalytic activity with a kapp value of 3.44x107 min! (Fig. S4(d)). Additionally, this
ternary heterojunction exhibited the highest %DE (84.2% after 360 min) with a kapp value of
0.53x1072 min ™! for the MB photodegradation among the other photocatalysts (Figs. S4(b) and

(e)). Moreover, it exhibited improved photocatalytic efficiency and kinetic rate than those of
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FeVO4 and BiOB1/Bi4OsBr2, which was attributed to increases in visible-light response and
more efficient charge segregation and transportation at the heterostructure interfaces. In
comparisons with our previous results [33,34], the kapp value for the RhB degradation by the
ternary 1%wt-FeVO4/BisOsBr2/BiOBr photocatalyst (3.44x1072 min™') was around 2.6 and 1.6
times higher than for the binary 6.25%wt-FeVO4/Bi7Ool3 (1.30x1072 min!) and 6.25%wt-
FeVO4/BiOCl (2.15x1072 min!) photocatalysts, respectively. Moreover, in this research, the
photo-efficacy of FeV04/Bi4OsBr2/BiOBr was maximized after only small amounts of FeVO4
(1%wt) was introduced into the host materials. These findings suggest that the ternary
heterojunction could exhibit a significant performance by synergistic effect of the
multicomponent, which then gave rise to the extension of the light absorption range and the
efficient generation of the charge carriers.

We also tested the photocatalytic degradation of these dyes by using a commercial TiO:
P25 photocatalyst (Degussa P25) under visible light irradiation. It is well known that P25
cannot be activated by visible light; however, in this work, 22.4% of RhB and 31.0% of MB
were degraded in the presence of P25 within 120 min and 360 min of visible light irradiation,
respectively. The degradation of these dyes in the presence of P25 could be attributed to the
photosensitization effect of these dyes. For the photocatalytic degradation of dye, an indirect
dye-sensitization process usually takes place in which the extra excited electrons from the
lowest unoccupied molecular orbital (LUMO) of the dye molecules are injected into the
conduction band of the semiconductor [51-53], facilitating the visible light sensitivity of P25
in the degradation of RhB and MB. Notably, RhB was significantly degraded by the ternary
heterojunctions when compared to the degradation of MB. This could be attributed to more
negative LUMO of RhB over that of MB which favored the transfer of the excited electrons

from the LUMO of RhB molecules to the conduction band of the materials [54,55].
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To further clarify the contribution of the dye-sensitization process, the
photodegradation of colorless SA was also performed. Figs. S4(c) and (f) illustrate that P25
exhibited negligible photo-activity confirming that there was no occurrence of
photosensitization process in the photocatalysis of colorless SA [56]. Introducing 1%wt of
FeVO; into the binary BiOB1/BisOsBr> heterojunction could maximize the photocatalytic
activity of the ternary FeVO4/Bi14OsBr2/BiOBr heterojunction, where 12.5, 45.6 and 57.2% of
SA were degraded by FeVOs, BiOB1/BisOsBr. and 1%wt-FeVO4/Bi14OsBr,/BiOBr,
respectively.

It should be noted that the loading amount of FeVOy4 strongly affected the photocatalytic
activity. Further increases in FeVOjs content led to a decrease in both %DE and kapp. This could
be ascribed to an excess amount of FeVO4 nanoparticles, which may induce agglomeration and
cover the active surface of the flower-like BiOB1/Bi4OsBr2 microstructures. These phenomena
resulted in the poor utilization of light, and thus a reduction in a generation of electron-hole
pairs [47,57,58]. The photocatalytic activity of the physical mixture of 1%wt of FeVO4 and
BiOB1/Bi4OsBr; (denoted as PM) was also tested. The results indicate that it provided lower
%DE for RhB (91.9%,120 min), MB (52.3%, 360 min), and SA (26.3%, 360 min) than those
of BiOBr/Bi4OsBr2 and 1%wt-FeVO4/Bi4OsBr2/BiOBr. The results further indicate that the
formation of the ternary heterojunction by coupling FeVO4 with binary BiOBr/BisOsBr2
heterojunction could be responsible for the enhanced photocatalytic activity rather than the
physically mixing of these materials.

As reusability is an important factor for practical usages, RhB photodegradation by the
binary and ternary heterojunction photocatalysts were carried out in three-successive runs. As
is shown in Fig. S6, 1%wt-FeV04/Bi4OsBr,/BiOBr exhibited no significant changes in the
photodegradation of RhB after three recycle reactions. However, a loss in photocatalytic

efficiency of RhB was detected for the binary BiOBr/Bi4OsBr2 photocatalyst. This could have
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arisen from the unremovable adsorbed RhB molecules on the photocatalyst’s surface, lowering
the surface-active site of BiOBr/BisOsBr,. Furthermore, it could have occurred because of the
reduction of Bi*" by photoactivated electrons since the reduction potential of Bi(III)/Bi (0.308
V vs. NHE) is more positive than either CB of BiOBr (-0.032 V vs. NHE) or Bi4OsBr2 (-0.15

V vs. NHE) [59].

3.4.2. Effects of photocatalytic conditions on RhB degradation

A series of photocatalytic experiments were carried out to evaluate the effects of RhB
initial concentration and photocatalyst dosage on RhB degradation, the results of which are
shown in Figs. S7 and S8. At constant amounts of the photocatalyst (100 mg of 1%wt-
FeV04/Bi140sBr2/BiOBr), an increase in RhB concentration from 10 to 40 ppm led to a decrease
in the photocatalytic efficiency and degradation rate (Fig. S7(a) and (c)). These results may
have occurred because the reaction solution became more intensely colored as the initial dye
concentration was increased, shielding the light penetration to the photocatalyst’s surface
[33,57]. Consequently, the generation of electron-hole pairs was decreased, limiting the
production of the active species that are responsible for photodegradation.

In the experiments, the photocatalyst dosage was varied from 50 to 250 mg and was
administered along with an RhB initial concentration of 10 ppm. RhB degradation increased
along with increases in the photocatalyst dosage at up to 200 mg (Figs. S7(b) and (d)). The
increase in RhB degradation could have been due to an increase in the available active sites on
the photocatalyst’s surface. However, RhB degradation declined when 250 mg of photocatalyst
was used. This occurred because excessive amounts of the photocatalyst suspended in the
solution scattered the incident light, while the light penetration through the solution was
diminished. Consequently, there was a reduction in the number of active species produced

during the photocatalytic reaction [33,57].
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3.5. Photocatalytic Cr(VI) reduction and optimization of photocatalytic conditions

To study the feasibility of utilizing the ternary 1%wt-FeVO4/Bi4OsBr,/BiOBr
heterojunction for photocatalytic reduction, 20 ppm of the Cr(VI) aqueous solution was used
as a studied target. As is shown in Fig. 6(a), both P25 and FeVOs exhibited almost no
photocatalytic Cr(VI) photoreduction, whereas BiOBr/Bi4OsBr; reduced approximately 90%
of Cr(VI). The 1%wt-FeVO4/B14OsBro/BiOBr photocatalyst exhibited the highest
photoreduction efficiency (%RE = 99.1) and the photoreduction rate was 2 times faster than
that of BiOBr/Bi4OsBr,. In addition, the kinetic rates (Fig. 6(b) and Fig. S9(a)) are in a good
agreement with the photoreduction efficiencies.

The photoreduction efficiency of the Cr(VI) solution with a higher initial concentration
(30 ppm) by 1%wt-FeVO4/Bi4OsBr2/BiOBr was further tested. As is shown in Fig. 6(a),
although 1%wt-FeVO4/B14OsBr2/BiOBr was capable of degrading only 33.9% of Cr(VI), it
still provided higher efficiency than those of FeVO4 (%RE = 2.5) and BiOB1/Bi4OsBr2 (%RE
= 25.2). The initial pH of the 30 ppm Cr(VI) solution was then adjusted from 6 (initial pH) to
3,5, 7 and 9 in attempts to improve photoreduction activity, the results for which are shown in
Fig. 6(c) and (d). Photoreduction was significantly improved with %RE of 72.3 and 47.1 at pH
values of 3 and 5, and kapp of 0.66x1072 and 0.43x10> min™!, respectively. On the basis of the
thermodynamic aspect, Cr(VI) ions exist in different ionic forms under different pH conditions.
Under acidic condition, Cr(VI) ions in the HCrO4~ and Cr,O7* forms are the dominant species,
while CrO4>” is a dominant species under neutral and basic conditions [60,61]. The reduction
potentials of the HCrO4/Cr** couple (1.35 V vs. NHE) and the Cr.07* /Cr** couple (1.33 V
vs. NHE) are more positive than that of the CrO4>/Cr(OH); couple (-0.13 V vs. NHE) [62]. As
a result, the reduction of Cr(VI) to Cr(IIl) ions in the acidic solution became easier than in the

neutral and basic solutions. Additionally, in the basic solution, the Cr(OH); produced from the
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reduction of Cr(VI) in the CrO4* form could adsorb and block the active sites of the
photocatalyst, decreasing the photocatalytic activity [63,64].

Additionally, we also studied the effect of photocatalyst dosage on the Cr(VI)
photoreduction. The reaction was carried out by fixing the Cr(VI) concentration at 30 ppm
along with the initial pH value. Fig. 6(e) and (f) clearly show that an increase in the
photocatalyst dosage from 50 to 200 mg significantly improved the Cr(VI) photoreduction
efficiency and rate; %RE and kapp were distinctly enhanced to 96.0 and 2.07x10> min~! when
using 200 mg of the photocatalyst. This outcome resulted by an increase in the active sites on
the photocatalyst’s surface, wherein the generation of the active species involved in the
photocatalytic reaction increased. Notably, the effects of the solution’s opacity and light
scattering occurred as a result of using large amounts of suspended photocatalyst powder on
the photocatalytic activity, which did not take place in the event of the Cr(VI) reduction. This
could have occurred because the color of the Cr(VI) solution was relatively transparent when
compared to that of the RhB solution.

Subsequently, we cross-studied the effects of the solution pH and photocatalyst dosage
in order to maximize the photocatalytic activity of the photocatalyst for a reduction of 30 ppm
Cr(VI). We investigated Cr(VI) reduction at the solution pH of 3 using different amounts of
the ternary 1%wt-FeVO4/Bi14OsBr2/BiOBr photocatalyst (50 to 200 mg). As is shown in Fig.
6(g), by using 200 mg of the photocatalyst, %RE was around 96.2 which was nearly identical
to what we recorded when similar amounts of the photocatalyst were used without adjusting
pH (Fig. 6(e)). However, by considering the kapp values for these two conditions, Cr(VI)
photoreduction in the acidic environment (kapp = 2.29x1072 min') (Fig. 6(h)) was higher than
when the solution pH was not adjusted (kapp = 2.07x1072 min ') (Fig. 6(f)). Therefore, under
the study conditions, it can be concluded that the photocatalytic Cr(VI) reduction activity could

be maximized by using 200 mg of the photocatalyst and decreasing the solution pH to 3.
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Fig. 6. (a-b) Effect of initial Cr(VI) concentration (20 ppm (signified with *) and 30 ppm) on
photoreduction activity of the selected photocatalysts. Photoreduction efficiency and the

corresponding kinetic rate of the ternary 1%wt-FeVO4/BisOsBr2/BiOBr photocatalyst were
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affected by (c-d) the solution pH and photocatalyst dosage at (e-f) both the initial pH and (g-h)

pH 3 when using 30 ppm of Cr(VI).

3.6. Simultaneous photocatalytic removal of Cr(VI) and RhB by FeVO4/BisOsBr2/BiOBr
in combined pollution system

Since dyes and heavy metal ions often co-exist in wastewater, the simultaneous removal
effect of the Cr(VI) and RhB co-exist system in visible light-irradiated 1%wt-
FeVO4/B14OsBr2/BiOBr photocatalyst was investigated. By fixing the initial Cr(VI)
concentration (30 ppm) and photocatalyst dosage (100 mg), the concentration of the co-existing
RhB was varied (5, 10 and 20 ppm) to investigate the photo-efficacy of this ternary
photocatalyst in the Cr(VI)/RhB combined pollution system. The results presented in Figs. 7
and S10. Fig. 7(a) clearly shows that, in the presence of RhB, the photoreduction efficiency of
Cr(VI) was significantly promoted. The %RE increased from 33.9 to 37.5, 54.8 and 61.9 after
adding 5, 10 and 20 ppm of RhB, respectively. Under these circumstances, 41.2, 39.6, and
14.3% of RhB were also simultaneously degraded (Fig. 7(b)). RhB degradation was
remarkably decreased by 25.3% after the RhB concentration was increased from 10 to 20 ppm.
On the contrary, the photoreduction efficiency of Cr(VI) increased only by 7.1%. Additionally,
the kapp values for Cr(VI) reduction (Fig. 7(c)) were 0.56x1072 and 0.65x102 min' for the
combined systems at 10 and 20 ppm RhB, respectively. In these systems, the kapp values (Fig.
7(d)) for RhB degradation were 0.20x1072 and 0.06x1072 min!. By considering the
photoreduction of Cr(VI) and the photodegradation of RhB along with the kap, values, we
decided that an introduction of 10 ppm of RhB into the combined system would be sufficient
to greatly improve the photoreduction efficiency of Cr(VI) with a moderate RhB degradation

efficiency.
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Fig. 7. (a) Photoreduction of Cr(VI) and (b) photodegradation of RhB in the Cr(VI) and RhB

co-exist system over the ternary 1%wt-FeVO4/Bi4OsBro/BiOBr photocatalyst; the

corresponding kapp values for (¢) Cr(VI) photoreduction and (d) RhB photodegradation.

As has been expressed in the previous section, the photoreduction Cr(VI) activity could
be maximized by adjusting the pH of the solution to 3 and/or by increasing the photocatalyst
dosage to 200 mg (Fig. 6). Thereby, we adjusted the pH value of the mixed Cr(VI) (30 ppm)
and RhB (10 ppm) solution to 3 and/or employed 200 mg of the ternary photocatalyst with the
aim of achieving the highest photoreduction Cr(VI) activity. The Cr(VI) photoreduction and
RhB photodegradation efficiencies, along with the corresponding kapp values are summarized
in Table S1. As can be seen in Fig. 8(a) and (c), at the initial pH of the mixed solution, the

Cr(VI) photoreduction efficiencies increased from 54.8 to 99.7% when using 100 and 200 mg
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of the photocatalyst, respectively, within 360 min. Similarly, at a pH value of 3 in the mixed
solution, with the use of 200 mg of the photocatalyst, the Cr(VI) reduction efficiency also
increased to 99.8%. Although, the Cr(VI) photoreduction efficiency for the latter condition was
comparable to that of the former condition, the kinetic rate was relatively faster (kapp =
4.53x1072 min! at pH of 3, and 2.73x1072 min ! at the initial pH) (Fig. 8(c)). These results
suggest that, under the latter condition, the photocatalyst was more effective in reducing Cr(VI)
in the combined pollutant system. Under this condition, Cr(VI) was completely reduced within
150 min of irradiation, while 98.2% of RhB was degraded within 360 min of irradiation (Fig.
8(b)). These results indicate that the presence of RhB in the combined pollutant system can
lead to an increment of photoreduction of Cr(VI) implying that RhB acts as an efficient
photosensitizer for the Cr(VI) reduction process. Fig. S11 presents the photocatalytic data with
error bars that are based on the standard deviations of three parallel experiments. The small
standard deviation for each irradiated time interval reflects the accuracy of the sample data.
As is understood, the adsorption of dye molecules on a photocatalyst’s surface is
required in a dye-sensitization process in order to inject electrons from LUMO of the excited
dye molecules to a conduction band of a semiconductor [35]. Typically, RhB exists in two
forms in an aqueous medium, the cationic (RhB") and zwitterion (RhB¥) forms, depending
upon the pH of the solution. The cationic form exists at pH values lower than the pKa of RhB
(3.7), while the zwitterion form exits at pH values higher than the pKa due to a deprotonation
of'its carboxyl group [65]. Therefore, to elucidate the adsorption ability toward RhB molecules,
zeta potentials of 1%wt-FeVO4/Bi4OsBr2/BiOBr were measured at different pH values of the
solution. Fig. S12 indicates that the zeta potentials varied from -12.8 to -22.4 mV. Thus, at a
pH value beyond 2, the photocatalyst’s surface charge is negatively charged. As a result, it
could well adsorb RhB molecules in both forms via an electrostatic interaction, and

consequently, fulfill the dye-sensitization requirement.

29



10

11

12

13

() (b)

@ 0 *— pH Initial-100 mg eatalyst @ 040 ~— % pH Initial-100 mg catalyst
< K —4— pH Initial-200 mg catalyst < '\;f " £--- pH Initial-200 mg catalyst
B 104 b pH 3-100 mg eatalyst z 104 S . P pH 3-100 mg catalyst
5 204 ‘|‘|‘ "‘Lt‘_* ®— pH 3-200 mg catalyst g 204 ‘L‘ e Ee O~ pH 3-200 mg catalyst
‘5 1> S B e
£ 30| W w E 30{ barEoa ey
g 40q ) . *, £ 40- - A S CRAN feses
E= I\ . e £~ R Py
g 01 =" e g 507 :
T 604 |\ £} g o >
& L\ N s ] g
= [EaY [ 15 P
s 704 1N, = 70 -
A, \ =] ) B
= | . P -
2 804 o a8 i, £ 804
=y ™ N S =% o
= 904 Te. b o 90 _
4 .""'-.7 4 , e = S -0
Q 100 Tt e—e——a—¢——e— 2 100 =
T T T v ¥ | O R T R | LA ) T | RS PRI LI WL S CRC S WRLE T AN LN NS S I S ¢
0 30 60 90 120 150 180 210 240 270 300 330 360 0 30 60 90 120 150 180 210 240 270 300 330 360
Irradiation time (min) Irradiation time (min)
© CIN
4 Cr(VI) photoreduction 453 " {RhB photodegradation 0.84
= 0.8 7
49 0.7
= ~ 064
E 37 £
E ] a7 g 054 0.46
E = 7
I = 04 / 0.37
—_— 2 — / /'
x% ] X& 034 4’1/
= ] =" 1 o2
1] 0.85 0.2
0.56 7
0.14 7,
0.0 // £
Initial/100 3/100 Initial/200 3/200 ’ Initial/100 3/100 Initial/’200 3/200
Photocatalytic conditions Photocatalytic conditions

Fig. 8. (a) Photoreduction of Cr(VI) and (b) photodegradation of RhB in the coexistence over
the 1%wt-FeV04/B140sBr2/BiOBr photocatalyst influenced by pH value and photocatalyst

dosage; corresponding kapp values for (c) Cr(VI) photoreduction and (d) RhB photodegradation.

To further clarify this point, an anionic dye (methyl orange, MO) was introduced into
the combined pollution system instead of RhB. Fig. S13(a) shows that, in the Cr(VI)/MO
combined system, Cr(VI) photoreduction was significantly suppressed. In terms of the
adsorption ability, 21% of the RhB molecules were adsorbed by the 1%wt-
FeV04/Bi40sBr2/BiOBr photocatalyst, whereas only 4% of MO were adsorbed. Therefore, the
requirements of the dye-sensitization mechanism could not be fulfilled by MO. It should be
noted that the adsorption percentages of Cr(VI) remain fairly constant by approximately 10%

in both systems. Moreover, the Cr(VI) photoreduction efficiency in the Cr(VI)/MO combined
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system was significantly lower than that of the Cr(VI) single pollutant system although the
levels of adsorption of Cr(VI) in these systems were similar. Remarkably, in the MO single
system, 60% and 32.7% of MO molecules were adsorbed and degraded by the ternary
photocatalyst, respectively, which were much higher than those of the Cr(VI)/MO combined
system (Fig. S13(b)). A lowering in the adsorption and degradation abilities towards MO and
the reduction ability of Cr(VI]) in the coexistence could be elucidated by considering the UV—
vis absorption spectra of the Cr(VI) solution, along with the mixed solution of Cr(VI) and MO
remained after the photocatalytic process. As is shown in Fig. S13(d), Amax of Cr(VI) in the
mixed Cr(VI) and MO solutions shifted from 352 nm to 374 nm. On the other hand, the shift
in Amax Was not observed in the case of RhB (Fig. S13(c)). This finding implies that the presence
of MO in the combined system could induce the formation of a Cr(VI)-MO complex,
consequently decreasing free Cr(VI) ions and MO molecules that are available for the
photocatalytic reaction.

In addition to the MO dye, SA was introduced to the combined pollution system instead
of RhB. Fig. S14(a) shows that 5 ppm of SA did not improve Cr(VI) photoreduction, which
could be ascribed to the competitive adsorption of SA (34.5%). However, a slight incremental
increase in the Cr(VI) photoreduction efficiency to 40% was observed by adding 10 ppm of
SA. Despite the lack of sensitization ability of SA, it could act as a hole scavenger which
consequently reduced electron-hole pair recombination, and thus, facilitated Cr(VI)
photoreduction efficiency. However, the incremental increase in the Cr(VI) photo-efficiency
by SA in the Cr(VI)/SA combined system was not as significant as it was for RhB, suggesting
the significance of the dye-sensitization mechanism that was induced by the RhB molecules.

The reusability of the ternary photocatalyst for the photoreduction of Cr(VI) (20 ppm)
over the binary and ternary heterojunction photocatalysts were evaluated. As is shown in Fig.

9(a), the ternary 1%wt-FeVO4/Bi4OsBr2/BiOBr photocatalyst maintained high photoreduction
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efficiency towards Cr(VI) without a significant decrease in photo-efficiency after three
successive runs, while the binary BiOBr/Bi4OsBr2 photocatalyst exhibited a significant loss in
photo-efficiency. The loss in recyclability of the binary photocatalyst could be arisen from
unremovable adsorbed Cr(VI) ions on its surface, and the reduction of Bi’" ions by
photoactivated electrons as has been discussed in the previous section. Similarly, the reusability
and stability of the ternary heterojunction photocatalyst for the photocatalytic removal of
Cr(VI) and RhB in the Cr(VI)/RhB combined pollutant system were also investigated under
conditions including 30 ppm Cr(VI)/10 ppm RhB, solution pH of 3, and 200 mg of the
photocatalyst. As is shown in Fig. 9(b), 1%wt-FeVO4/B14OsBr2/BiOBr exhibited no significant
changes in the removal of RhB and Cr(VI) after the three-recycling test. The XRD patterns
(Fig. 9(c)) and FESEM image (Fig. 9(d)) indicate that 1%wt-FeVO4/B14OsBr2/BiOBr
maintained its crystalline structure and three-dimensional flower-like structure. Moreover, as
was determined by ICP-OES analysis, Fe and V ions were not detected in the supernatant
solution. These results prove that the ternary heterojunction photocatalyst is reusable and stable
against photocorrosion and chemical corrosion. Its reusability and stability towards Cr(VI)
reduction and RhB degradation were probably due to the migration of photoactivated electrons
from the binary BiOB1/BisOsBr2 heterojunction to FeVO4 through the intimate interfacial
contact between BiOBr/Bi4OsBr. and FeVOs. This could be beneficial in preventing the
reduction of Bi*" ions in the ternary heterojunction. The photocatalytic removal of Cr(VI) and
RhB in the coexisting system by 1%wt-FeVO4/Bi4OsBr2/BiOBr, when compared with the
outcomes of previously published reports, are summarized and shown in Table S2. Differences
in the efficiency could have been caused by variations in the photocatalytic conditions such as
type and power of the light source, pH solution, catalyst dosage, and type of catalyst. However,
the ternary 1%wt-FeVO4/Bi4OsBr2/BiOBr photocatalyst exhibited better photo-activity under

the same photocatalytic conditions than that of the single and binary photocatalysts, P25, and
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Fig. 9. Cyclic runs of (a) photoreduction of 20 ppm Cr(VI) in a single pollutant system over
BiOBr/Bi4OsBr,  (Br) and 1%wt-FeVO4/Bi4OsBr2/BiOBr  (1FV/Br) samples, (b)
photodegradation of RhB and photoreduction of Cr(VI) in the Cr(VI)/RhB combined pollution
system under conditions including 30 ppm Cr(VI)/10 ppm RhB, solution pH of 3, and 200 mg
of photocatalyst over 1%wt-FeVO4/Bi4OsBr2/BiOBr. (c) XRD patterns before and after
recycling experiments towards Cr(VI) and (d) the corresponding FESEM image of 1%wt-

FeV04/Bi40sBr,/BiOBr after the three-recycling test.

3.7. Discussion on enhanced photocatalytic activity
The charge carrier separation properties of the heterojunction photocatalysts in

comparison to the single photocatalysts were determined by PL. Generally, a PL emission
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signal arises from the recombination of charge carriers in a semiconductor. A lower PL
emission intensity indicates a lower electron-hole pair recombination which facilitates a
photocatalytic reaction [66]. The PL spectra of BiOBr, Bi4OsBr2, BiOBr/Bi4OsBr; and 1%wt-
FeVO04/B14OsBr2/BiOBr are presented in Fig. 10(a). It can be seen that 1%wt-
FeV04/Bi4OsBr2/BiOBr emitted the lowest PL emission intensity in comparison to the single
BiOBr and Bi4OsBr2, and binary BiOBr/BisOsBr> materials. This result suggests that the
fabrication of the ternary heterojunction can effectively reduce electron-hole recombination,
which is essential in the enhancement of photocatalytic activity.

EIS was used to determine the charge transfer resistance of the materials [66,67]. A
smaller arc radius in the EIS Nyquist plot indicated a lower charge transfer resistance at the
interface between the electrode and the electrolyte solution, implying a better migration of the
charge carrier. As is shown in Fig. 10(b), the arc radius of the ternary 1%wt-
FeVO4/B14OsBr2/BiOBr electrode exhibited the smallest among the single and binary
electrodes. This result implies the highest level of effective charge transfer efficiency, and
therefore, a large number of charge carriers took part in the photocatalytic reactions [67—69].
The arc radius of this electrode was also smaller than that of the physical mixture electrode,
implying that the ternary 1%wt-FeVO4/Bi4OsBr2/BiOBr heterostructure was formed by a
chemically interaction. Moreover, the arc radius of the physical mixture electrode was larger
than that of the binary BiOBr/Bi4OsBr; electrode, signifying the successfulness in the
formation of the ternary heterostructure. The 1%wt-FeVO4/Bi4OsBr2/BiOBr/RhB film on the
FTO glass was also fabricated and then analyzed to clarify the sensitization role of RhB in the
enhancement of the photocatalytic activity. The arc radius of the 1%wt-
FeVO4/Bi14OsBr2/BiOBr/RhB  film  was significantly smaller than that of 1%wt-

FeV04/Bi4OsBr2/BiOBr, confirming that RhB indeed promoted the transportation of charge
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carriers in the ternary 1%wt-FeVO4/Bi4OsBr2/BiOBr system [70], which resulted in
remarkably enhanced photocatalytic activity.

Fig. 10(c) shows the transient photocurrent responses of the FeVO4, BiOBr, Bi4OsBr»,
BiOB1/Bi4OsBr2, 1%wt-FeVO4/Bi4OsBr2/BiOBr and physical mixture electrodes. The
photocurrent responses of the BiOBr/Bi4OsBr; and 1%wt-FeVO4/Bi140sBr2/BiOBr electrodes
were enhanced by comparison with that of the other electrodes. The 1%wt-
FeV04/Bi4OsBr2/BiOBr electrode exhibited the largest photocurrent density, indicating that it
had a high ability to generate and transfer photoactivated charge carriers. In combining the PL,
EIS, and photocurrent responses results, the interfacial charge transfer efficiency in 1%wt-
FeV04/B14OsBr2/BiOBr was greatly enhanced when compared with BiOBr/Bi4OsBr2, which is
occurred as a result of the formation of multi-heterojunctions.

The N; adsorption-desorption isotherms and pore size distributions of the FeVOs,
BiOB1/Bi4OsBr2, and 1%wt-FeVO4/Bi4OsBr2/BiOBr samples are shown in Fig. S15. The
BiOB1/Bi4OsBr2 and 1%wt-FeVO4/Bi4OsBr2/BiOBr samples exhibited type-IV isotherms with
the hysteresis loops in the range of 0.45-1.0 P/Py, which is known to be a characteristic of slit-
like mesopores that are formed by plate-like particles [26]. In addition, the pore size
distribution curves reveal that the BiOBr/Bi4OsBr2 and 1%wt-FeVO4/Bi4OsBr2/BiOBr had
mesopores with pore diameters in the range of 18—22 nm and the pore volume of the
BiOB1/Bi4OsBr2 was the highest. The BET surface area of FeVO4, BiOBr/Bi4OsBr2 and 1%wt-
FeVO4/BisOsBr2/BiOBr were 19.8, 46.8, and 42.3 m?g™! with total pore volumes of 0.0415,
0.3340, and 0.2367 cm®g’!, respectively. The slightly decreases in the surface area and total
pore volume of 1%wt-FeVO4/Bi4OsBr2/BiOBr could be due to the deposition of FeVO4
nanoparticles on the BiOBr/Bi4OsBr» surface, decreasing the number of cavities on the surface
of BiOB1/Bi4OsBr> microspheres as observed in the FESEM image (Fig. 3). However, 1%wt-

FeVO4/Bi14OsBr2/BiOBr exhibited the highest photocatalytic activity, suggesting that the
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surface area and pore volume were not the main factor enhancing its photocatalytic
performance. Therefore, the enhanced photocatalytic activity of the ternary 1%wt-

FeVO04/Bi4OsBr2/BiOBr heterojunction could be ascribed to its improved optical and

electrochemical properties upon coupling Bi4OsBr2/BiOBr with FeVOas.
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Fig. 10. (a) PL emission spectra, (b) EIS Nyquist plots and (c) photocurrent responses of the

photocatalyst samples.

3.8. Charge transfer and photocatalytic mechanisms

Mott-Schottky measurements were performed to determine band potentials and the
electrically conductive nature of the single materials. As illustrated in Fig. 11, positive slopes
were observed for the BiOBr, Bi4OsBr2 and FeVOs electrodes indicating that these materials

are an n-type semiconductor [71,72]. The flat band potentials (Erg) were 0.068, -0.050, and -
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0.53 V (vs. NHE, pH = 0) for BiOBr, Bi4OsBr> and FeVOg, respectively. Generally, Erp of the
n-type semiconductor was approximately -0.1 below its conduction band potential (Ecg)
[71,73]. Thereby, Ecp of BiOBr, Bi4OsBr2 and FeVO4 could be determined as -0.032, -0.15,
and -0.63 V (vs. NHE, pH = 0), respectively. According to the Tauc’ plots shown in Fig. 5(b),
the valence band potentials (Evg) of BiOBr, Bi4OsBr», and FeVO4 were 2.898, 2.45, and 1.45

V (vs. NHE, pH = 0), respectively.
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Fig. 11. Mott-Schottky plots of (a) BiOBr, (b) Bi4OsBr2 and (¢) FeVOa.

In order to fully realize the photocatalytic mechanism, the active species generated
during the photocatalytic RhB degradation process were identified by trapping experiments.
Fig. 12(a) shows the effect of different scavengers on RhB photodegradation over the binary

BiOB1/Bi4OBr> heterojunction photocatalyst. The photodegradation efficiency of RhB
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significantly decreased with the addition of EDTA-2Na or K>Cr,0O7 demonstrating that h* and
e are mainly responsible for RhB degradation. The photodegradation efficiency moderately
decreased by 30% in the presence of ASC, implying that O,™ was also one of the active species
involved in the photocatalytic reaction; however, it was not determined to be a main active
specie. On the contrary, the degradation efficiency changed slightly after adding isopropanol,
implying that HO" was not involved in the photocatalytic reaction.

The main active species responsible for the photocatalytic degradation of RhB over the
ternary 1%wt-FeVO4/Bi14OsBr2/BiOBr heterojunction photocatalyst was also identified by a
series of trapping experiments that employed the same approach. As is presented in Fig. 12(b),
the photodegradation of RhB was completely inhibited in the presence of EDTA-2Na,
demonstrating that h”™ was the main active specie. Similarly, the photodegradation efficiencies
remarkably decreased after adding ASC and K>Cr207, suggesting the importance of both O™
and e~ for RhB degradation. In the presence of isopropanol, a negligible change in photo-
efficiency was observed. This would indicate that HO" was almost negligibly active specie in
the reaction. The generation of HO" radicals was verified using the TA-PL probing technique
by employing terephthalic acid (5.00x10~* mol L") as a molecular probe. Accordingly, the
terephthalic acid reacted with HO" and generated 2-hydroxyterephthalic acid (TAOH) which
emitted an intense flurescence at 425 nm with an excitation wavelength of 315 nm. The
intensity of TAOH was proportional to the amount of HO" produced. Fig. S16 reveals that the
emission intensities of TAOH were very low, and the peak intensities of TAOH at prolonged
reaction times were just a little bit higher. This supports the understanding that a small amount
of HO' radicals were produced during the photocatalytic process, which agrees well with the
trapping  experimental result. For the Cr(VI) photoreduction over 1%wt-

FeVO04/Bi4OsBr,/BiOBr (Fig. 12(c)), the introduction of K»S>Os resulted in a complete
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termination of the reaction indicating that photoactivated electrons were essential for Cr(VI)

photoreduction [74].
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Fig. 12. Effect of scavengers on the photodegradation of RhB by (a) BiOB1/Bi4OsBr> and (b)
1%wt-FeVO4/Bi14OsBr2/BiOBr, and (c) the photoreduction of Cr(VI) (20 ppm) by 1%wt-

FeVO04/B140sBr2/BiOBr under the solution pH of 3.

As shown in Fig. 12, the role of O>" was more predominant in the ternary
FeVO04/Bi4OsBr2/BiOBr heterojunction system relative to the binary BiOB1/BisOsBr
heterojunction system. This would suggest that a larger number of O," radicals were involved
in the RhB degradation process over the ternary heterojunction. The amount of O>" generated
from the photocatalyst during the photocatalytic reaction was thereby quantitatively

determined using the nitrotetrazolium blue (NBT) transformation method [40]. By employing
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nitrotetrazolium blue chloride (1.25 x 107> mol L") as a molecular probe, the generated Q2"
radicals reacted with NBT with a reaction molar ratio of 1:4 to form the formazan derivative
in the aqueous solution [29]. When the monitoring of this reaction was accomplished with the
use of the UV-vis spectrophotometer, the transformation percentage of NBT could be
calculated from a decrease in the absorption intensity of the NBT supernatant solutions at Amax
of 265 nm. This decrease in intensity would indicate the presence of a higher degree of NBT
transformation, which correlated to an increase in the generated O," radicals. Fig. 13(a) and
Fig. S17 clearly show that the single BiOBr photocatalyst exhibited lower NBT transformation
percentage (8.1%) than that of Bi4OsBr2 (13.4%). This would suggest that electrons in CB of
BiOBr have lower reduction potential to reduce dissolved O> to O>". For the binary
BiOBr1/Bi4OsBr> photocatalyst, the transformation percentage of NBT was higher (21.1%) than
in the single photocatalysts. This suggests a higher amount of O," was produced during the
photocatalysis. Among the other photocatalysts, 1%wt-FeVO4/Bi4OsBr2/BiOBr provided the
greatest NBT transformation percentage (30.4%). The amounts of generated O, radicals,
calculated from the NBT transformation experiments, were 2.1, 4.7, 7.8, 10.8, and 16.3 umol
L' for FeVOs, BiOBr, BisOsBr,, BiOBr/BisOsBr,, and 1%wt-FeVO4/BisOsBr,/BiOBr,
respectively (Fig. 13(b)). The higher O>" production efficiency of the binary and ternary
heterojunction photocatalysts indicated improved segregation and migration processes of the
charge carriers between the interface of the constituent semiconductors in the heterojunctions.
Interestingly, the addition of RhB in the reaction system greatly improved both the NBT
transformation percentage (30.4%) and the O>" yield (34.3 umolL™"). This result further
supports the essential role of RhB as a photosensitizer during the photocatalytic reaction. In
addition, RhB could capture photogenerated holes [75-77], decreasing the overall
recombination of electron-hole pair in the ternary heterostructure and improving the charge

transfer efficiency [78]. Consequently, a large number of electrons could be photogenerated
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and react to the dissolved O in the solution to yield O, during the photocatalysis. The
impressive increase in the production of reactive O resulted in an outperforming

photocatalytic process.
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Fig. 13. (a) NBT transformation percentage and (b) concentration of O™ radicals generated

after 360 min of visible light irradiation over the single, binary, and ternary photocatalysts.

According to the results from the Mott-Schottky plots, active species trapping
experiments, and the NBT transformation experiment, two possible charge transfer pathways
over the binary BiOBr/Bi4OsBr; heterojunction photocatalyst have been proposed in the first
step. As has been illustrated in Scheme S1, the band potentials of BiOBr and Bi4OsBr, were
aligned in a staggered manner, driving the migration of the charge carrier that was proceeded
via the conventional type-II (Scheme S1(a)) or direct Z-scheme (Scheme S1(b)) mechanisms.
Under visible light irradiation, both BiOBr and Bi4OsBr> were excited to yield electrons and
holes on their CB and VB. In the conventional type-Il mechanism, the excited electrons
transferred from CB of Bi4OsBr2 (-0.15 V vs. NHE) to CB of BiOBr (-0.032 V vs. NHE) while
holes transfer from VB of BiOBr (2.898 V vs. NHE) to VB of Bi4OsBr; (2.45 V vs. NHE). This
charge transfer pathway resulted in low reducibility and oxidizability of the binary

BiOB1/Bi14OsBr; heterojunction. Furthermore, the potential of the accumulated electrons on CB
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of BiOBr were at a lower band position than the reduction potential of O2/O2" (-0.046 V vs.
NHE). Hence, these electrons could not reduce O> to O™ radicals, which is contrary to the
results from the active species trapping and NBT transformation experiments. For the direct Z-
scheme mechanism, the photoactivated electrons at CB of BiOBr were transferred to combine
with holes in VB of Bi4OsBr», thus preserving a strong reducibility of electrons accumulated
in CB of Bi4OsBr», and thereby decreasing the probability of electron-hole pair recombination
within the constituent photocatalysts. As a result, the strong reducing electrons in CB of
Bi14OsBr2 could react with Oz to produce O2"". In the meantime, the strong oxidizing holes that
remained in VB of BiOBr could directly degrade RhB molecules [79,80].

After introducing FeVOy into the binary BiOBr/Bi4OsBr» heterostructure, the ternary
FeV04/B140sBr2/BiOBr heterostructure was constructed. The charge transfer pathway in the
ternary heterojunction system could then be proposed by the same approach as the binary
BiOB1/Bi4OsBr: heterostructure system. As is shown in Scheme S2, FeVO4 was also activated
by visible light, generating electrons and holes at its CB and VB, respectively. The electrons
accumulated at CB of Bi4OsBr; in the binary BiOBr/Bi4OsBr: heterostructure could migrate to
VB of FeVOj4 through the Z-scheme charge transfer process. With regard to this mechanism,
the photoactivated electrons in CB of FeVO4(-0.63 V vs. NHE) possessed the highest reduction
potential when compared with BiOBr (-0.032V vs. NHE) and Bi4OsBr2 (-0.15 V vs. NHE). As
a result, remarkably higher amounts of O™ were generated as was proven by the active species
trapping (Fig. 12) and NBT transformation (Fig. 13) experiments. Thus, the charge transfer in
the ternary FeVO4/BiOBr/Bi4OsBr> heterostructure was proposed to be a double Z-scheme
mechanism.

The silver (Ag) photo-deposition experiment was carried out to confirm the double Z-
scheme charge transfer pathway, where the photoactivated electrons were left in CB of FeVOa.

HRTEM image of the FeVOs nanoparticles in the ternary 1%wt-FeVO4/Bi4OsBr2/BiOBr
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heterostructure (Fig. S18) indicates that there were Ag nanoparticles with a lattice fringe of
0.231 nm, which corresponded to (111) plane of Ag that was deposited on the surface of
FeVOs. This result indicated that the reduction of Ag" under visible light irradiation occurred
on the surface of FeVOs4 rather than on the surface of BiOB1/BisOsBr. nanoparticles.
Furthermore, the sensitization mechanism trigged by RhB was found to be involved in the
charge transfer process. After irradiation by visible light, RhB molecules were also brought to
an excited states (RhB*). The excited electrons in the LUMO of RhB* (-1.42 V vs. NHE) could
be injected into CB of FeVO4 with a higher favorability than either BiOBr or Bi4OsBr2. This
was due to the more negative Ecp value of FeVO4[81]. The RhB photosensitization resulted in
an accumulation of electrons in CB of FeVO4 which favored O>™ generation (Scheme S2).
According to the above discussion, a photocatalytic mechanism for the simultaneous Cr(VI)
reduction and RhB degradation in the Cr(VI)/RhB combined pollutant system over the ternary
heterojunction photocatalyst is presented in Scheme 1. RhB molecules not only act as an
efficient photosensitizer to increase electron concentrations injected into the ternary
heterojunction during photocatalytic reaction but they also act as a hole capturing agent [75—
77] by consuming the photocatalytically generated holes in VB of BiOBr. As a result, the
production of photoactivated electrons, which are essential for Cr(VI) photoreduction, is

further improved to promote the photoreduction of Cr(VI).
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Scheme 1. Proposed charge transfer and photocatalytic mechanisms for simultaneous removal
of Cr(VI) and RhB in the Cr(VI) and RhB co-exist system over the ternary

FeV04/Bi40sBr»/BiOBr heterojunction photocatalyst.

4. Conclusion

Novel FeV0O4/Bi40sBr2/BiOBr ternary heterostructures with different FeVO4 contents
were successfully synthesized by the facial one-step microwave irradiation method, followed
by the wet-impregnation process. Among other synthesized photocatalysts, 1%wt-
FeVO04/Bi4OsBr2/BiOBr displayed the maximum photocatalytic activity toward degrading
rhodamine B (RhB), methylene blue (MB) and salicylic acid (SA), and reducing hexavalent
chromium (Cr(VI)) with the removal rates of approximately 20, 5, 8, and 89 times higher than
those of commercial TiOz P25, respectively. In the Cr(VI)/RhB combined pollutant system,
the presence of RhB molecules synergically increased the Cr(VI) photoreduction efficiency
through the RhB-sensitization and photogenerated hole consuming processes. This would in
turn increase electron concentrations in the ternary heterojunction system and O™ radicals, as

evidenced by the trapping experiments, electron-impedance spectroscopy and nitrotetrazolium
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blue transformation studies. The adsorption abilities of the dyes on the surface of the ternary
photocatalyst with negatively charged zeta potential was required to initiate dye-sensitization.
In comparison with the single and binary photocatalysts, the boosted photocatalytic activity
and long-term photostability in the acidic conditions of the ternary heterojunction photocatalyst
were attributed to the improved visible light absorption, and the highly efficient segregation
and migration of the charge carriers through the double Z-scheme mechanism. These outcomes
resulted from the intimate interfacial contact between the three different semiconductor phases.
Practical applications of the ternary heterojunction photocatalysts in real wastewater containing
both Cr(VI) and RhB, as well as common inorganic anions existing in polluted water, require
further studies. However, this research has produced the promising directions to remediate

organic substances and heavy metal-contaminated water.
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