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Visible-light-driven 3D hierarchical Bi,Ss/BiOBr hybrid structure for superior
photocatalytic Cr(VI) reduction
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ABSTRACT

The most important approach to eliminate poisonGu@/I) from water utilizing
visible-light photocatalytic activities is the redion of highly toxic Cr(VI) to less
harmful Cr(lll). In this study, a facile one-potrogenous precipitation method was
designed for the first time to fabricatee heterojunction of Bss/BiOBr. The hybrid
structure was characterized using XRD, FE-SEM, EDBY, UV-vis (DRS), XPS,
and PL. The synthesized heterostructure confirrhedsticcessful anchoring of B
nanoparticles onto BiIOBr nanosheets. The as-prd@iS;/BiOBr hybrid structure
exhibited significantly enhanced photocatalytic fpenance for the reduction of
Cr(VI) to Cr(lll) compared with pure BiOBr that ctmed by XPS analysis after 10
min. The hybrid structure of B%/BIOBr showed a superior rate constant 10 times
higher than that for pure BiOBr. Moreover, the retthin efficiency of Cr(VI) solution
containing 50 mg/L was improved up to 99.2% witldid min by the addition of
tartaric acid as a hole scavengEne reduction efficiency of different photocatabyst
towards Cr(VI) removal from the real sample wa® agamined. The Bss/BiOBr
hybrid structure can be reused after regeneratiooggs without a significant loss in

photoreaction behavior after four recycle runs.
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1. Introduction

Heavy metals such as chromium (Cr) mainly cofrmm waste-water of
electroplating, production of steel and alloys, Wqweservation, tannery, and paint
area [1,2], therefore industrial discharge of chrom contaminants into water
resources is becoming more serious that causedesemgironmental damage [3,4].
In this regard, the US Environmental Protection Age(EPA) listed Cr(VI) as one of
the priority pollutants and very poisonous to mogganisms [5], while Cr(lll) is
easily precipitated as Cr(Ofand less toxic [6]. Nowadays, many efforts utilize
simple and efficient techniques to remove Cr(VIZls@as ion exchange, membrane
separation, photoreduction to less harmful Cr(Bty [7,8]. Photocatalytic technology
plays a dominant role in solving the problems oérgy crises and environmental
pollution[9]. Owing to their efficiency, cost-effeee, and easily applicable,
photocatalysts such as Ti{10,11], BbWOg [12,13], BbMoOg [14,15], CdS[16,17],
a-Fe04[18], AgsVO,4[19], ZnO [20], g-GN4 [21,22], reduced graphene oxide [23],
and BIPQ [24,25] have been widely usedto assess the imfkie
of environmental stressors. Bismuth-based photlystsa are the most promising
photocatalysts that achieved a significant intedest to their potential applications in
semiconductors, decomposition of organic compouadd,biomedicine [26,27]. As
a common metal oxyhalide, and good chemical stgpilbismuth oxybromide
(BIOBr) is a layered structure that has a wide bagap €; = 2.90 eV) and weak
absorption ability of visible light as well as tiapid recombination of #" pairs
make its utilization inefficient [28]. Some straieg) have been employed to enhance
the photocatalytic activity of BiOBr including caotlable synthesis[29,30hxygen
vacancies [28], doping metals[31], and hybridizatath other semiconductors, such
as BpWOg[32,33], (BiORCO4[34], BiOI [35], B- Bi,O3[36] and Z-schemeTiQ-Au-
BiOBr [37]. On the other hand, surface morphologyd asurface area of the
photocatalyst are of great importance to improve pihotoreduction efficiency.
Bismuth sulfide (BiS;) hasa narrow band-gap semiconducterl(30 eV) which has
a promising candidate for pollutant removal, eledtemical energy conversion, and
storage because of its electrical and optical ptegse[38-40]. However, there is a
challenge to the use of £ as an individual photocatalyst because of its fast
recombination of photogenerateehé pairs and photo-induced corrosion [41]. One of

the ways to improve the separation of charge aariie to combine BE; with a



semiconductor of appropriate band position sucdrg3 and BiOCI [38,42]. Sang et
al. constructed nanoflower-like gD3/Bi,S; heterojunctions via a one-step
hydrothermal method for Cr(VI) removal [43]. Theated report on anchoring £;
onto BiOBr to construct B&s/BiOBr heterostructure is still very limited. Ctieay of
effective, simple and template-free methods for riGating BbpSsy/BiOBr
heterostructurgemains a key research challenge for nanotechnoéqpyications.
The most common methods employed inS@BIOBr heterostructureyntheses are
the hydrothermal method that requires high tempegat an extended heating period,
and inert atmospheres. In this study, a facile potehomogenous precipitation
approach was developed to prepare a hierarchig&/BiOBr hybrid structure under
the ambient environment for the first time. Althbutpe previous studies reported the
hydrothermal and solvothermal methods for the pedma of BLS;/BiOBr [44—-46],
the present work shows a facile one-step homogempogesipitation approach of
Bi»Ss/BiOBr with nanosheets hierarchically structurékhis synthetic process is
simple and environmentally friendlyThe previous reports on £8/BiOBr
photocatalysts have been utilized primarily for dyegradation of Rhodamine B
(RhB), methyl orange (MO) and Cr(VI) reduction undesible-light irradiation but
the photocatalytic activity is still unsatisfyingSignificantly, the hierarchical
Bi»Ss/BiOBr heterojunction showed effective reduction@f{VI) under visible-light
illumination. Moreover, the influence of hole scager (e.g. tartaric acid) has a vital
role in enhancing the activity of reactions as destrated in this study. The kinetics
and mechanism of hierarchical ,B¥BiOBr for Cr(VI) removal were investigated.
Besides, the reduction efficiency of Cr(VI) remoWam aqueous solutions and real
samples were also examined using different phaabyss.

2. Experimental

All chemicals and the characterization instraoteewere listed in the electronic
supplementary information (ESI).

2.1. Synthesis of Bi,S/BiOBr composite

The B}Ss/BiOBr heterostructure has been constructed throwghsimple
homogenous precipitation route. Briefly, 2.4 gBafNO3)s-5H,0, 0.5 g CTAB, and



1.0 g thiourea was dissolved in 50 ml HN@.2 M) with vigorous stirring at 68C
for 3h. The precipitate was centrifuged, washed wiiethanol, and double-distilled
water several times, then dried at°@in an electrical oven for 6Additionally, pure
BiOBr was prepared with the same procedure aboveowti adding thiourea. Pure

Bi»S; was fabricated without adding CTAB at the samedd@mn mentioned above.
2.2. Measurement of photocatalytic activity

The photocatalytic properties of BiOBr,,8i, and BySs/BiOBr heterostructure
was investigated for the reduction of Cr(VI) to Ij( To probe the visible light
catalytic ability, 50 mL KCr,O; solutions at different concentrations (10, 30,
50mg/L) and 50 mg of photocatalyst material weréealdto each bottle and stirred in
dark condition for 30 min to achieve the sorptiguigbrium before light irradiation.
Afterward, the halogen lamp (500 W, > 400 nm) was used to irradiate the
suspension mixture for a certain time. A 2 mL migtwas pulled back and the
suspended solid was removed by centrifugation gcEhe concentration of Cr(VI)
has been detected using a spectrophotometerh at 540 nm using the
diphenylcarbazide (DPZ) method [47].

3. Results and discussion
3.1. Characterization

The crystal phases of BiOBr, 85, and BySy/BiOBr samples were investigated
by XRD data as presented in Fig. 1. The featureepet of B}S; were ascribed to
orthorhombic phase with JCPDS card no.17-0320. diffeaction peaks at 2-theta
angles 22.3 24.9, 28.6, 31.7, 35.5, and 39.8 which correspond to the crystal
orientations of (220), (130), (211), (221), (24apd (141), planes of pure £,
respectively [48]. For pure BiOBr, the diffractigeaks at 2-theta angles of 25.2
31.7, 32.2, 38.9, 46.2, and 57.3, can be indexed to the (101), (102), (110), (112),
(200), and (212)planes of tetragonal BIOBr (JCPDS card no. 09-03&3¥pectively
[33]. No other peaks or impurities were detecteudlidates the pure phases. The
intensity of the (102), (200) and (212) planes ®®Br decreased after heterojunction
with Bi,Ss. Further, the diffraction peaks at (130), and {2planes appeared in
Bi,Ss/BiOBr sample confirmed the formation of By orthorhombic phase.
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Consequently, the results confirm the presence ofS;Band BIiOBr in the
Bi,Ss/BiOBr hybrid structure.

Fig. 2 shows the surface morphologies of theSBiBiOBr, and B}S;/BiOBr
samples. The B%; sample displayed a microsphere shaped like urabishown in
Fig. 2A—B. The high magnification of SEM shows tkia¢ microsphere urchin shape
consists of well-arranged nanorods with a diamdtqum as shown in Fig. 2C.
Furthermore, the BiOBr sample appeared as threertiianal hierarchical micro-
spheres architectures composed of hundreds ofan@iiged nano-sheets as shown in
Fig. 2 D-F. CTAB serves not only as the templaté ddso as the Br source. As a
template, CTAB are able to self-aggregate into otegistructures, such as cubic,
hexagonal, and lamellar structure. CTAB offers sibaohemical and mechanical
stability that prevents the aggregation of BiOBnasheets. This could possibly assist
in the formation of 3D hierarchical structure [48iter the coupling of BiS; with
BiOBr, the hierarchical BSs/BiOBr hybrid structure was formed by releasing Br
from CTAB and $§ from thiourea to react with Bi through a homogenous
precipitation route. The SEM image of ,Bi/BiOBr sample revealed that the
formation of BIOBr sheets with a rough surface (RG-l). This heterojunction might
be conducive to the separation of photo-inducediezar at the interface between
Bi,S; and BiOBr

To further illustrate the heterojunction stiue between BE; and BiOBr, the
TEM image (Fig. 2J) indicates that BiOBr formed mdad and quadrate nanosheets
and BpS; nanoparticles are tightly attached on BiOBr naereshindicating that BSs
and BIOBr are successfully combined. The SAED pat(€ig. 2K) demonstrated to
be a single crystal with high crystallinity of thetragonal phase. Fig. 2 L shows X-
ray energy dispersive spectrometry (EDS) ofSBBiOBr sample and it can be seen
from the figure that the hybrid structure contaiBs O, Br, and S elements.
Furthermore, EDS analysis indicates that the méo of BiLSy/BiOBr is about
0.53:1.

The valence states of ,B4/BiOBr heterojunction were further investigated by
XPS analysis as presented in Fig. 3A-D. The disipeaks in the survey spectra (Fig.

3A) evidence the co-existence of Bi, Br, S and @rants. The two peaks located at



158.82 and 164.12 eV with a separation distande3€V are indexed to Bi 4§ and

Bi 4fs,, respectively (Fig. 3B), proving the existenceBat' in Bi,Sy/BiOBr hybrid
structure [50]A certain parts of bismuth exist in the Bi—Br bamgliappeared at two
weak peaks with the binding energy of 156.32-162V2hat attributed to Bi 4%
and Bi 4%, respectively [51]. The characteristic peak aB&#&V is correlated to Br
3d in BIiOBr (Fig. 3C) [52]. Meanwhile, the peak #&ted at 225 eV (S 2s) can be
ascribed to Bi-S species (Fig. 3D) [46]. As seerFig. 3E, the bands of O 1s
appeared at 529.85, 531.61, and 533.6 eV are asstgriattice oxygen O(in Bi—-O
bond), and adsorbed oxygen, respectively [53].

To illustrate the optical properties of the pureOBr, Bi,S;, and BpSz/BiOBr
heterostructure, UV-vis (DRS) analysis was condlei® shown in Fig. 4. Clearly,
the pure BIOBr displays a week absorption abilitithwan absorption edge that
appeared at 450 nm in the visible light region.t@mother hand, the absorption band
of pure BpS; starts from the whole range of the visible lighgion. However, the
Bi,Ss/BiOBr heterostructure exhibits an intense absorptiorvifsble light compared
with pure BiOBr. The absorption range to the visibght spectrum of the
Bi,Sy/BIOBr hybrid structure was improved which is abed to the optical properties
of Bi,Ss.

The bandgap energ¥y] of pure BpS;, Bi,Sg/BiOBr heterojunction, and pure
BiOBr can be estimated by the following equatiof]{5

(F(R) ho) *°= A(hw -Ey)

whereF(R) is diffuse reflection absorption coefficierty is the photon energg is a
constant , anég is bandgap energy. The bandgap energy for theeicidiransition of
Bi,S;, Bi,Ss/BIOBr heterostructure, and BiOBr were approximately 11.85, and
2.85 eV, respectively, that estimated from the m@bt((F(R)ho)°> versus ho by
extrapolating the straight line to the X- axis motpt as shown in Fig. S1. Therefore,
the bandgap energy of &,/BiOBr hybrid structure showed a greater enhancement

compared with pure BiOBr.

As illustrated in the PL spectra of pure BIOBnd BpSs/BiOBr heterostructure
(Fig. 5), the PL of photocatalysts were excite@2 nm and emitted around 469 nm.

Pure BiOBr sample showed a stronger emission pdaksity. In contrast, a weaker



emission was observed for JB¥/BiOBr sample, indicating the photogenerated
charges recombination rate in,84/BiOBr was much lower than that of pure BiOBr
due to the presence of ;Bs. Therefore, BiS;/BiOBr is expected to exhibit an
enhanced photoreduction efficiency for Cr(VI) rerabwvthrough the efficient

separation of charge carriers.
3.2. photocatalytic activity

The catalytic activity of BiOBr, B%;, and BpSs/BiOBr hybrid structure for
Cr(VI) photoreduction was carried out under visiliggt. As seen in Fig. 6A, BS;
and BpSy/BiOBr photocatalysts exhibited a good performartoeards Cr(VI)
reduction. Obviously, BE; and BpSs/BiOBr performed the highest photocatalytic
activities of 57.6% and 74.4% Cr(VI) removal witf60 min under visible irradiation
respectively, which is better than those of BiOB2 {6). This could be explained by
the synergistic effect between BiOBr nanosheetsBagth nanoparticles that promote

a good separation and transfer of photoinducedyehaarriers.

The photoreduction kinetiowas evaluated by Langmuir—Hinshelwood (L—H)
relationship for the first-order model is well ddtahed as follows [55,56]:

IN(C, /C,) = - kt

Co andC; represent the Cr(VI) concentrations at times Otanespectively, anllpp is
the apparent rate constant (finTo estimatekap, value, the slope between GUCo)
versus timet] was calculated (Fig. 6B). The rate constakig)(of the BiOBr, BpS;,
and BpSy/BiOBr hybrid structure are 0.002, 0.014, and 0@, respectively (Fig.
6C). Consequently, the FEs/BiOBr heterojunction performed the highest effitie
reduction rate constant for Cr(VI) among the agared photocatalyst&hich is
approximately 10 times in contrast with pure BiOBihe characteristic binding
energy peaks of Cr(lll) are observed at 577.2 #&l& eV (Fig. 6D) which related
to Cr 2pand Cr 2pj,, respectively, confirming the conversion of Cr(\a) Cr(lll).
The peak of Cr 2ppat 588 eV and another peak of Cg2pt 579 eV can be assigned
to Cr(VI) [45].

The quantum vyield of a photocatalytic reactionedirled as the number of Cr(VI)

molecules being removed per photon absorbed. Tigec@nstant of Cr(VI) under



visible light irradiation can also be calculatesl iéaction quantum yield according to
the following equation[57]:

B K
®= 2303 %106l
where¢ is the reaction quantum yield, is the light intensity of the event light range

at 200-800 nm (1.381 x 19, ¢ is the molar absorptive of Cr(VI) at 540 nm
(4.3x1d), and | is the path length (1 cm) of the reaction.

In addition, the photoreduction quantum yields BfOBr, Bi,S;, and ByS;/BiOBr
samples are 0.014, 0.102, and 0.146 respectivélysd results confirm the quantum
yield of Bi,Sy/BIOBr hybrid structure enhanced the photocatalpégcformance for
reduction of Cr(VI) to Cr(lll) compared with puraé@Br.

To probe the photoreduction performance o0(SBBIOBr hybrid structure,
different concentrations of Cr(VI) were used. Itisarly seen that the performance of
Bi,Ss/BiOBr tends to decrease with increasing Cr(VI) camtration as presented in
Fig.7. When BiSy/BiOBr was exposed to visible light for 10 min, antplete
reduction performance of 10 mg/L Cr(VI) was acheve 98.3% (Fig. 7A). In
contrast, 30 mg/L and 50 mg/L Cr(VI) solution contation, the reduction
performance reache to 74.3% and 57% within 60 mth200 min, respectively (Fig.
7 B and 7C).

In order to study the impact of the different addemount of thiourea on the
catalytic performance of the composite during sgaih process. Different amount of
thiourea (TU) with 0.5, 1.0, 2.0 g was added dunprgparation of BiS; /BiOBr
composite. As shown in (Fig. 7 D), the Cr(VI) retlan efficiencies are 67% at TU
0.5 g, 98% at TU 1.0 g, and 58% at TU 2.0 g, redpelg. The photocatalytic
reduction rate of Cr(VI) was improved with increagiamount of thiourea and then
decreased. Increasing amount of thiourea producge BLS; that covers surface of
BiOBr and decreases photocatalytic activity dueirtoreasing recombination of

photo-induced eand H pairs.

The pH effect has been studied as shown in#&g The reduction rate decreased
rapidly with increasing the pH (98.0%, 76.0%, an.0% at pH=2, 4 and 6,
respectively). Atow pH, the surface of photocatalysts becomes fighdtonated and
more positive for better accumulation of HCr@ns. At higher pH, the surface of



photocatalysts becomes more negative, which tendepel the GO;* ions and

hence decreases the Cr(VI) reduction [58].

Additionally, the photocatalytic reduction femance of our photocatalyst was
compared with the recently published articles agplwith reduction of Cr(VI)
[2,3,5,45,58-61]. The activity described by theuatn performance is strongly
influenced by factors, including the nanostructsrgface area, synthesis, light source
and properties of the substrate. The results atedliin Table 1 and showed that

Bi,Ss/BIOBr hybrid structure demonstrated superior phatalytic Cr(VI) reduction.

3.3. Effect of hole Scavenger concentration (e.g. tartaric acid)

The addition of tartaric acid (TA) in the pbogduction process a significant
parameter which is ascribed to capture hole cagrigmus further enhances the
photocatalytic performance by decreasing the recwmatibn between charges [62].
The effect of different concentrations of TA rargiinom 2 to 8 mM was investigated
using 50 mg BiSg/BiOBr hybrid structure in 50 mL of Cr(VI) solutiof®0 mg/L). As
shown in Fig. 8A, The percentage of Cr(VI) ion remloenhanced the photocatalytic
activity of BihS/BiOBr in the presence of TA. It was found that reesing
concentration of TA provided a more favorable reutuncefficiency of Cr(VI). The
presence of 2, 5, and 8 mM TA showed Cr(VI) reducpercentages of 72%, 86.4%
and 99.2% within 40 min, respectively. On the othand, the photocatalytic activity
was only 47.5% in the absence of TA. Consequetitgyaddition of TA in reduction
reactions of Cr(VI) plays an important role in imping photocatalytic performance.
Fig. 8B displays the kinetics of Cr(VIl) removal ithe presence of different
concentrations of TA which follows to the first-erdbehavior. The rate constdnt
(0.10 min') on 8 mM TA was about 7.14 times more than thaheuit TA (0.014
min™) (Fig. 8C).

3.3. Photocatalytic reduction mechanism

To clarify the mechanism of photocatalytic uetion reactions over Bss/BiOBr
photocatalyst, the band edge positions of photbdtevere estimated on the basis of

the following empirical formulas [44]:



Ew =X- E®+ 0559
Ecg =Ewe - By

whereX is the absolute electronegativity of the®iBiOBr photocatalyst interface
(5.27 eV for BjSz [63] and 6.18 eV BIiOBr [33] )Ey is the bandgap of the
photocatalysand E® is the energy of free electrons on the hydrogethes@bout 4.5
eV). As shown in Fig. 9, theyg value of BIiOBK3.10 eV) is more positive than that
of Bi»S; (1.36 eV). Therefore, the photogenerated holetheryB BiOBr surface will
transfer to that of BB; through the interface in the heterojunction system
Meanwhile, theEcg value of ByS; (0.17 eV) is above that of BiOBr (0.25 eV), the
photogenerated electrons on the CB ofSBwill easily migrate to that of BiOBr and
convert Cr(VI) to Cr(lll) as the reduction potemtod Cr(I\V)/Cr(lll) is 2.1 eV [64]. As
illustrated in Fig. 9the photoexcited electrons in the CB of BiGi#d BpS; cannot
reduce Qto 'O, , because the standard redox potentials®of@/*0,") (-0.33 eV) is
more negative than the CB potential of BiGBid BpS; (Ecg (BiOBr) = 0.25 eV Ecs
(Bi»Ss) = 0.17 eV) [64,65]. The position of the standeedox potential of (OHOH,
2.40 eV) is lower than VB of BS; (Evs, 1.36 eV), therefore, th®H radicals cannot
be formed by the reactions of photogenerated radléise VB of B}S; with OH/H,0
[65]. Whereas théOH radicals may be oxidized by Obr H,O due to the position of
Evs (3.10 eV) of BiOBr is lower than that of standaedox potential of (OfOH).

3.4. Real sample test

The effluent sample was collected from chrgrtading wastewater. This sample
was diluted and subjected to the removal procedekeloped in the photocatalytic
activity test using different photocatalysts. Th@erimental procedures were done as
discussed in section (2.3). The applicability oP8i/Bi,S; heterojunction in our
previous work [60], and BS:/BiOBr composite in the present study are alsofiegki
using chrome plating wastewater. The obtained walaee presented in Table 2.
Approximately, 95% and 98.3% of Cr(VI) removal frothe aqueous solution
containing Cr(VI) was found using BiRBi,S;, and BpSz/BIOBr photocatalysts,
respectively, whereas it was 52.9%, 90.3% usingrok plating wastewater sample,
respectively. The decrease in photocatalytic perémce may be due to the presence

of interfering ions and other impurities in the uistrial effluent, which may cover the
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active sites available for photocatalyst surfadeer&fore, the photocatalytic activity
of Bi,Ss/BIOBr heterojunction was performed a superior phatalytic Cr(VI)

reduction compared to our previous work of BiED,S; heterostructure [60].
3.5. Sability evaluation

After the reduction process of Cr(VI), the hgb structure BiSs/BiOBr
photocatalyst was recollected, washed with wated, dried in an electrical oven to
reuse again. The deposited Cr(lll) species careb®ved via simple washing of the
sample with distilled water [66]. The Cr(VI) soloti was added to collected
photocatalyst and evaluate the stability of phatalgat by catalytic activity. After 4
recycles, the reusability of the photocatalyst has significant decrease in
photocatalytic performance, indicating the stapibf the photocatalyst as shown in
Fig. 10 A. The XRD pattern of the used compositeerathe fourth recycle was
performed as shown Fig. 10 B. The similarity in XRiatterns implied that the
sample is successfully reused and stable undebleisiight. These results
demonstrated that the f8/BIOBr is a promising candidate for Cr(VI) remowaid

reveals its potential application for environmem&hediation and industries.

4. Conclusions

A facile one-step precipitation method has beereldped to prepare B$:/BiOBr
hybrid structure. The heterojunction of,84/BiOBr exhibited an excellent photocata-
lytic performance compared with pure BiOBr for tleduction of hazardous Cr(VI) to
Cr(ll) that could be confirmed by XPS analysis.eTheduction rate constant of
Bi,Ss/BiOBr hybrid structure was about 10 times highwarnt those of pure BiOBr.
The enhanced catalytic performance of3BiOBr is attributed to the microstructure
and the synergistic effect between BIOBr angBBithus improves separation rates of
the photogenerated electron-hole pairs. Furthernaoidition of tartaric acid as a hole
scavenger enhanced catalytic activity up to 99.2%imv40 min due to minimizing
the recombination between charges. TheS#BIOBr hybrid structure exhibited a
highly efficient value of Cr(VI) removal from theeal sample, with reduction
performance of 90.3%. The results included in wsk are promising and displayed
a visible-light responsive photocatalyst that cobkl applicable for environmental

remediation and industrial field.
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Table Caption

Table 1 Comparison of the photocatalytic reduction of Cj(With various

photocatalysts
Catalyst Method (Morphology/ Loading Cr(VI) Time Light Reduction Ref.
Surface area) catalyst conc.1 (min)  source %
(mg) (mglL")
a-Fe0s/g—  Hydrothermal Nanopatrticles, 100 10 150 300w 98% [58]
CsN4 Nanosheets/ Xe lamp
77.58 nt g*
rGO/BiySz— Solvothermal Nanorods, 100 10 120 300W 95% [45]
BiOBr Nanosheets/ Xe lamp
31.68 nf g*
SPNH- Hydrothermal = Nanoplates, 50 50 90 300 W 99.5% [2]
MOSFa@SnS Corallite/ Xe lamp
103.85 M g*
10% co- Nanoparticles/ 50 50 25 250 W 100% [3]
Fe;0,@Fe0;  precipitation 86.2 nf g* HPS
/Al ;03 visible
lamp
TiO,- Hydrothermal — 104.7 nf g* 50 10 40 300 W 100% [59]
OP@Fg0, Xe lamp
BiPO4/Bi,S; Precipitation Cocoon, 50 10 20 500 W 95% [60]
Flower/- halogen
lamp
ZnO/BixS3 Solvothermal Nanopatrticles, 50 10 120 500 W 95% [61]
Nanoplates/- Xe lamp
g-CsN4 /ZnO  Precipitation-  Nanoparticles, 50 10 240 500 W 70% [5]
calcination Sheets/- Xe lamp
Bi,Sy/BiOBr  Homogenous Nanoparticles, 50 10 10 500 W 98% This
precipitation Nanosheets/- halogen work

lamp




Table 2 Removal percentage of Cr(VI) from aqueous sofutind chrome plating

wastewater sample.

photocatalyst Removal percentage Removal percentage Ref.
(%) from model (%) from real
agueous solution wastewater sample
BiPO4/BIi,S; 95% + 0.58 52.9% + 2.1 [60]

Bi»,S:/BiOBr 98.3% + 1.2 90.3% + 1.8 Present study




Figure Captions

Fig. 1 Powder XRD patterns of the pure.8y, Bi,Ss/BiIOBr heterostructure, and the
pure BiOBr.

Fig. 2 SEM images of the pure B (A-C), the pure BiOBr (D-F), B5s/BiOBr
heterostructure (G-l); TEM, SEAD pattern of,8y/BiOBr heterostructure (J, K,
respectively), and EDS of Bs/BiOBr hybrid structure (L).

Fig. 3 XPS spectra for the hybrid structured®iBiOBr: (A) full survey, (B) Bi 4f,
(C)Br3d, (D) S 2s, and (E) O 1s.

Fig. 4 (A) UV-Vis diffuse reflection spectrum of the pure,&, Bi,S/BiOBr

heterostructure, and the pure BiOBr.

Fig. 5 PL spectra of the pure BiOBr, and,8/BiOBr heterostructure with the
excitation wavelength of 310 nm.

Fig. 6 (A) photoreduction efficiency of Cr(VI) as a furmti of time using different
catalysts; (B) linear transform Ia( C,) = f(t) of Cr(VI) reduction kinetics curves; (C)
First-order rate constant over different catalyi3) Cr 2p high resolution XPS
spectra of BiS/BiOBr hybrid after photocatalytic reduction of QN), (The error
bars reflect the standard deviatians)

Fig.7 Time dependence of the UV-vis spectra in photbgataeduction of 50 mL
various concentration of Cr(VI) solution in presenof 50 mg BiS;/BiOBr
composite: 10 mg/L (A), 30 mg/L (B), 50 mg/L (Chaioreduction (%) of Cr(VI)
under different amount of thiourea (D), photoreadrc (%) of Cr(VI) at different pH
values over BiSg/BiOBr hybrid structure (E).

Fig. 8 (A) photoreduction efficiency of Cr(VI) as a furmti of time using different
concentrations of (TA); (B) linear transform GYC,) = f(t) of Cr(VI) reduction
kinetics curves; (D) First-order rate constantresgnce of different concentrations of
(TA).



Fig. 9 The photocatalytic reduction reaction and chargesfer mechanism of the

Bi,Ss/BiOBr photocatalyst under visible light irradiatio

Fig. 10 Cycling runs on the heterojunction ,8¢/BiOBr for the photocatalytic
reduction of Cr(VI) under visible light irradiatih), and the XRD patterns of
Bi»Ss/BiOBr hybrid structure before and after the fouhycle (B).
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Highlights

* A novel Bi,Sg/BiOBr hybrid structure was developed by simple precipitation
route.

» XPSanalysis confirmed the complete reduction of Cr(VI) to Cr(l11).
* Bi,Sy/BiOBr exhibited rate constant of 10 times higher than that of BiOBr.

» Effect of tartaric acid, rea sample test, and stability were studied.
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