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1. Introduction

The need to remove toxins from wastewater has become
impossible to ignore over the past two decades. Toxic pollutants
pose grave dangers to the environment and living beings. The
ecological survival processes of numerous plants involve 2-
salicylic or 2-hydroxybenzoic acid (HBA), a plant hormone that
is used worldwide in aspirin and in various food, cosmetic,
pharmaceutical, and dermatological products and can harm
the environment. HBA has been detected in 50 ppm concentra-
tions in wurban wastewater, rivers, and wastewater [1,2].
Wastewater treatment does not usually eliminate HBA. Even
before aspirin was commoditized as an analgesic and anti-
inflammatory product, physicians used plants that were rich
in mono-HBAs and their metabolic precursors to prevent and
cure various chronic diseases. Pharmacologists have studied
HBA, recognizing that aspirin, in addition to other products
derived from HBA, can be administered to prevent and remedy
myriads of metabolic disorders [3]. HBA is a bioactive con-
stituent of several traditional medicines [4]. Numerous plants
that contain HBA are adaptogenic; in other words, these plants
seem to improve stress resistance [5]. Several studies have
addressed HBA decomposition using photocatalysts in active-
species-generating systems that include ZnO [6], Al/Fe O3 [7],
TiO,/MWCNT [8], and La,05/TiO, [9].

Around million tons and more than ten thousand different syn-
thetic dyes and pigments are generated annually worldwide, and
these are used extensively in the dye and printing industries. It is
evaluated that about ten percent are lost in industrial effluents.
Dyestuffs from the textile and photographic industries are becom-
ing a major source of environmental pollution. Triarylmethane
(TAM) dyes are suitable for a large variety of technological applica-
tions. The paper, leather, cosmetic, and food industries make use of
TAM dyes as agents for the coloring of fats, plastics, oils, varnishes,
and waxes and are major consumers for various types of TAM dyes.
TAM dyes are also used as staining agents in bacteriological and
histopathological applications as well. TAM dyes have potential
for application to photodynamic treatments, but intensive research
has proven that reactive oxygen species cause TAM to be photocy-
totoxic [10]. Thyroid peroxidase-catalyzed TAM dye oxidation in
living organisms is dangerous, in that the mentioned process yields
diverse N-de-alkylated aromatic amines exhibiting similar struc-
tures to carcinogenic aromatic amines [11]. Scholars have proven
the appropriateness of applying TAM dyes as targetable senitizers
in photodecomposing specific cells (or cellular components)
[10,11].

Researchers have applied photocatalysts to degrade TAM dye
pollutants in wastewater [12]. Several active-specifies generating
systems have been applied for studying crystal violet (CV) dye
decomposition, some of which include TiO, [13], Bi;WOg [14],
CuS/Bi,Ss [15], Ag/AgVOs [16], BixAg,O, [17], BiOl/g-C3N,4 [18],
Bi»SiOs/g-C3Ny4 [19], and SrFeOs_/g-C3N4 [20]; in the majority of
scenarios, scholars have adequately confirmed the correspoding
reaction kinetics, mechanics, and activities. Visible-light-driven
photocatalysts hold promise as pollution treatments. Bismuth oxy-
halides [15,21], which have been proven to possess remarkable
photocatalytic efficiency, are multicomponent metal oxyhalides
that belong to the V-VI-VII family. Their photocatalytic activity
arises from static electrical forces perpendicular to their layered
structures, which separate photoformed electron-hole pairs.

Researchers have theorized that a photocatalyst’s morphology,
size, and properties must be closely related; therefore, researchers
have expected photocatalysts with hierarchical architectures to
exhibit high efficiency. To improve a photocatalyst’s activity, one
can combine composites; it is highly probable that such combina-
tions may favorably modify electronic properties and efficiently

separate photoformed electron-hole pairs [12]. Keller et al. [22]
first researched the BiOX/BiOY (X, Y = Cl, Br, or I) system'’s solubil-
ity and found it to be nearly unlimited. Subsequent studies have
oxyhalide materials similar to the aforementioend ones have been
synthesized, with the materials exhibiting unique photocatalytic
properties. For example, by using series binary BiOX/BiOY
(X, Y=Cl, Br, or I), Chen et al. [20-24] have prepared a system for
CV removal that is galvanized by visible light and is highly effi-
cient, which is due to the BiOX/BiOY photoinduced charge carriers
being separated and transfered effectively, thus engendering a nar-
rower bandgap and a more negative position for the conduction
band and consequently favoring the photogenerated holes. To pro-
mote the degradation task of bisphenol-A, Zhang et al. [25] irradi-
ated BiOCI/BiOI phases with visible light and produced high
photocatalytic activities. Dong et al. [26] coprecipitated BiOCl/BiOI
and observed that under irradiation provided by visible light, the
speed of NO removal observed for their material was greater than
that observed for TiO, by four times. Furthermore, results derived
from diffuse reflectance spectroscopy (DRS) analysis and large
photocurrent observations demonstrated BiOI/BiOCl to absorb
visible light, thus conducing electron-hole pair development and
segregation [26].

In the current study, a series of ternary BiO,Cly/BiOy,Br,/BiOplg
photocatalysts were synthesized and characterized, thus constitut-
ing the first systematic synthetic study conducted on BiOxCly/
BiO,Br,/BiOplq based on controlled hydrothermal synthesis. The
efficiencies of BiOxCl,/BiOn,Br,/BiO,l, photocatalysts under irradia-
tion provided by visible light were evaluated; the evaluation
entailed the measurement of HBA and CV degradation rates. Under
irradiation provided by visible light, the aqueous HBA and CV
removal rates observed for these ternary composites were consid-
erably faster than those observed for unitary bismuth oxyhalides.
Both quenchers and electron paramagnetic resonance (EPR) spec-
troscopy were applied to elucidate the HBA and CV degradation
mechanism by measuring the photocatalysis of active species.

2. Experiment
2.1. Materials

The entirety of the applied chemicals in this study were of ana-
lytic grade, with no subjection to additional purification. The fol-
lowing, in addition, were purchased: HBA (2-hydroxybenzoic acid
or salicylic acid), Bi(NOs)s-5H,0, KI, KBr (Katayama), KCl (Shi-
makyu), CV dye (TCI), sodium azide (Sigma), p-benzoquinone (Alfa
Aesar), isopropanol (Merck), and ammonium oxalate (Osaka). Fur-
thermore, reagent-grade ammonium acetate, sodium hydroxide,
nitric acid, and HPLC-grade methanol were obtained from Merck.

2.2. Instruments and analytical methods

Scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDS) was measured using a JEOL JSM-7401F microscope, with
the acceleration voltage being set to 15 kV. Moreover, a JEOL-2010
microscope was applied for the measurement of transmission elec-
tron microscopy (TEM) images, EDS spectra, high-resolution TEM
images, and selected-area electron diffraction patterns, with the
acceleration voltage being set at 200 kV. High-resolution X-ray pho-
toelectron spectroscopy (XPS) was recorded with an ULVAC-PHI
spectrometer. Al-Ko radiation was also realized at 15 kV; a Scinco
SA-13.1 spectrophotometer recorded ultraviolet-visible (UV-Vis)
DRS data within the 300-800 nm wavelength range at room tem-
perature. A diffractometer system (MAC Science MXP18) applying
Cu-Ko radiation (40 kV and 80 mA) recorded X-ray diffraction
(XRD) patterns. UV photoelectron spectroscopy data were
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measured with an ULVAC-PHI XPS PHI Quantera SXM, and photolu-
minescence (PL) data were measured with a Hitachi F-7000. An
automated system (Micromeritics Gemini) recorded the samples’
Brunauer-Emmett-Teller (BET) specific surface areas (Sggr) at 237
°C; in this process, nitrogen gas was utilized as the adsorbate at
liquid-nitrogen temperature. Finally, a Britker ER200D spectrome-
ter, with an Agilent 5310A frequency counter operating in the X
band, recorded EPR spectra at 77 K.

2.3. Synthesis of a BiOxCl,/BiOmBr,,/BiO,l, series

A flask possessing 50-mL capacity was filled with 5 mmol Bi
(NOs3)3-5H,0, after which 4 M nitric acid (5 mL) was added. The
contents of the flask were continuously stirred, with the addition
of 2 M sodium hydroxide dropwise for achieving pH value adjust-
ment. After the observation of precipitate formation, 3 M portions
of KCI, KBr, and KI (with various KCl: KBr: KI molar ratios) were
added dropwise. The solution underwent 30 min of vigorous stir-
ring, followed by transferring it to a 30-mL Teflon-lined stainless
steel autoclave; next, the autoclave was exposed to heating tem-
peratures ranging from 100 to 250 °C for 12 h, and it was subse-
quently allowed to cool to room temperature. After these
processes, the solid obtained was subjected to filtration, washing
performed using deionized water and ethanol for ionic species
removal, and then overnight drying at 80 °C. A selection of BiOxCly/
BiOpln/BiOpl, composites were prepared with controlled values of
KCI:KBr:KI molar ratio (1:1:1; 3:1:1; 1:3:1; or 1:1:3), temperature,
pH, and reaction times, as indicated in Table 1. The as-synthesized
samples were labeled with identifiers that ranged from BC1B111-1-
100-12 to BC1B113-250-12.

2.4. Photocatalytic experiments

In the trials of this study, we chose either HBA (or CV) as our
target pollutant to evaluate photocatalytic activity. HBA (or CV)

irradiation products were immersed in stirred aqueous solutions
housed in flasks (100 mL); both an aqueous dispersion of 10
ppm 100 mL HBA (or CV) and 10 mg of the photocatalyst were
then placed in a Pyrex flask. The suspension’s pH was adjusted
through sodium hydroxide or nitric acid solution addition. After
batch sorption experiments had been conducted, the mixture
underwent a centrifugation procedure conducted at 3000 rpm to
determine the absorbance of HBA (or CV) at 298 (or 588) nm
through UV-PDA. Irradiation was supplied by 10-W Xe arc lamps
at a fixed light intensity of 3.2 W/m?, with a distance of 30 cm
separating the reaction vessel and the light source. At specified
irradiation time intermissions, 5-mL aliquots were collected and
then underwent a centrifugation procedure for photocatalyst
removal, and each supernatant sample was subsequently ana-
lyzed through UV-PDA.

3. Results and discussion
3.1. Characterization of BiOxCl,/BiOpBr,/BiOpl, composites

3.1.1. Phase structure

Figs. 1 and S1-S6 of Supplementary Materials illustrate the as-
synthesized samples’ XRD patterns, clearly indicating the coexis-
tence of various phases. These samples were noted to contain BiOCl
(JCPDS 85-0861), along with Bi304Cl (JCPDS 36-0760), Bi;20,7Cl,
(JCPDS 37-0702), BiOBr (JCPDS 09-0393), Bi4OsBr, (JCPDS 37-
0669), Bis04Br (JCPDS 84-0793), BisO,Br (JCPDS 38-0493), BiOI
(JCPDS 73-2062), BisOsl, [27], Bi;Ool3 [28], BisO;I (JCPDS 40-
0548), and o-Bi;Os; (JCPDS 41-1449). Notably, the XRD results
derived after setting pH to 1, 4, 7, 10, 13, and 14 were the same
as those obtained for the BiOCl and BiOBr primary phases, the
BiOCI/BiOBr, BiOCI/BiOl, and BiOBr/BiOI binary phases, as well as
the ternary phases including BiOCI/BiOBr/BiOI, BiOCl/Bi4OsBr,/
BiOl, B1304C1/B10BF/BIOI, and Bin]7C12/Bi3O4Br/Bi40512; the
quaternary phases including Bi;2017Cly/Bi304Br/BisOsl,/BisO-l,

Table 1
Codes of BiOxCly/BiO,,Br,/BiO,lq prepared under different KCI:KBr:KI molar ratio, pH values, and reaction temperatures at 12 h.
pH Temperature (°C)
100 150 200 250

Molar ratio =1:1:1

1 BC1B111-1-100-12 BC1B111-1-150-12
4 BC1B111-4-100-12 BC1B111-4-150-12
7 BC1B111-7-100-12 BC1B111-7-150-12
10 BC1B111-10-100-12 BC1B111-10-150-12
13 BC1B111-13-100-12 BC1B111-13-150-12
14 BC1B111-14-100-12 BC1B111-14-150-12
Molar ratio = 3:1:1
1 BC3B111-1-100-12 BC3B111-1-150-12
4 BC3B111-4-100-12 BC3B111-4-150-12
7 BC3B111-7-100-12 BC3B111-7-150-12
10 BC3B111-10-100-12 BC3B111-10-150-12
13 BC3B111-13-100-12 BC3B111-13-150-12
14 BC3B111-14-100-12 BC3B111-14-150-12
Molar ratio = 1:3:1
1 BC1B3I1-1-100-12 BC1B3I1-1-150-12
4 BC1B3I11-4-100-12 BC1B311-4-150-12
7 BC1B3I11-7-100-12 BC1B3I1-7-150-12
10 BC1B3I11-10-100-12 BC1B3I11-10-150-12
13 BC1B311-13-100-12 BC1B311-13-150-12
14 BC1B3I11-14-100-12 BC1B3I11-14-150-12
Molar ratio = 1:1:3
1 BC1B1I3-1-100-12 BC1B113-1-150-12
4 BC1B113-4-100-12 BC1B113-4-150-12
7 BC1B113-7-100-12 BC1B113-7-150-12
10 BC1B1I3-10-100-12 BC1B113-10-150-12
13 BC1B113-13-100-12 BC1B113-13-150-12

BC1B113-14-100-12

BC1B113-14-150-12

BC1B111-1-200-12
BC1B111-4-200-12
BC1B111-7-200-12
BC1B111-10-200-12
BC1B111-13-200-12
BC1B111-14-200-12

BC3B111-1-200-12
BC3B111-4-200-12
BC3B111-7-200-12
BC3B111-10-200-12
BC3B111-13-200-12
BC3B111-14-200-12

BC1B311-1-200-12
BC1B311-4-200-12
BC1B311-7-200-12
BC1B311-10-200-12
BC1B311-13-200-12
BC1B311-14-200-12

BC1B113-1-200-12
BC1B113-4-200-12
BC1B113-7-200-12
BC1B113-10-200-12
BC1B113-13-200-12
BC1B113-14-200-12

BC1B111-1-250-12
BC1B111-4-250-12
BC1B111-7-250-12
BC1B111-10-250-12
BC1B111-13-250-12
BC1B111-14-250-12

BC3B111-1-250-12
BC3B111-4-250-12
BC3B111-7-250-12
BC3B111-10-250-12
BC3B111-13-250-12
BC3B111-14-250-12

BC1B3I11-1-250-12
BC1B311-4-250-12
BC1B3I11-7-250-12
BC1B311-10-250-12
BC1B3I11-13-250-12
BC1B311-14-250-12

BC1B1I3-1-250-12
BC1B1I3-4-250-12
BC1B1I3-7-250-12
BC1B113-10-250-12
BC1B113-13-250-12
BC1B113-14-250-12
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Fig. 1. XRD patterns of as-prepared BiOxCly/BiO,Br,,/BiO,l, samples under different
temperatures. (Molar ratio KCl:KBr:KI = 1:1:1, hydrothermal conditions: temp =
150 °C, pH = 1-14, time = 12 h).

Bl304cl/BI4O5BT2/BIOI/B14O512, and Bl3O4Cl/Bl3O4BF/Bl70913/Bl5O7],
and the quinary phases including Bi3;04Cl/BiOBr/Bi304Br/BiOl/
Bi405]2 and Bi12017C12/Bi304Br/Bi507Br/Bi70913/Bi507]. Table 2
summarizes the XRD measurements.

As Flg 2 reveals, the Bin]7C12/Bi304Br/Bi4O512 consisted of var-
ious sheets or plates of different sizes; this matched the observa-
tions obtained from the TEM process. The EDS spectrum revealed
that the sample included elemental Bi, O, Cl, Br, and L. The samples’
atomic ratios of Cl, Br, and I were within 0.63%, 4.40%, and 9.76%,
respectively; these ratios corresponded to the sample. Moreover,
as revealed by the HRTEM image, three lattice image sets were
obtained, and the corresponding d-spacing values were 0.275,
0.286, and 0.199 nm; these were consistent with the XRD results
and corresponded to the (119) plane of Bi;;0¢;Cl,, the (02 0)
plane of Bi304Br, and the (0 2 0) plane of BisOsl, (Fig. 1), respec-
tively. The results suggest that in the obtained composites, the
Bi201,Cl,/Biz04Br/BisOsl, ternary phases had been established,
which favored photoinduced carrier segregation, thus engndering
high photocatalytic activity levels.

Furthermore, the results suggested that for the various applied
pH values, the compounds manifested the following transforma-
tions: BiOCl —» Bi405C12 - Bi24031cl10 - BI304C1 - Bi12017C12 -
o-Bi,03, BiOBr — BizOsBry — BizO4Br — BisO;Br— o-Biy0s3, and
BiOI — Bi405]2 i Bi70913 e Bl304] d B1507l e O(—Bi203. Some reac-
tions that may have caused the formation of the BiOCl,/BiOpBry/
BiO,lq as-samples are formalized by Egs. (1)-(26):

Bi>*+3 OH~ —Bi(OH); (s) (1)
Bi(OH); (s)+3Cl~—BiCl; (s)+3 OH— 2)
BiCls (s)+2 OH~ —BiOCl (s)+2C1—+H,0 (3)
BiOCI (s)+2 OH~ —Bis05Cp, (s)+2C1~+H,0 (4)
6Bis05Cly (5)+2 OH™ —Biz05,Clyp (s)+2C1~+H,0 (5)
Biz4031Clyo (5)+2 OH™ —8 Biz0,4Cl (s)+2C1—+H,0 (6)

5Bi304Cl (s)+2 OH~—3 Bis0,Cl (5)+2Cl~+H,0 (7)
12Bis0,Cl (s)+2 OH™ —5 Bi;,047Cl, (s)+2C1~+H,0 (8)
Bi1;047Cl; (s)+2 OH™ —6 Bi, 05 (s)+2C1~+H,0 9)
2Bi(OH)s35+Br~ —BiOBr 5 +H,0+OH~ (10)
Bi**+3Br~ —BiBrss (11
BiBr3(s)+20H ™ —BiOBr s +2Br~+H,0 (12)
4BiOBr 5 +20H ~ —Bis0sBr,5+2Br~+H,0 (13)
6Bis05Bry(s)+20H ™ —Biz4031Brygs+2Br~+H,0 (14)
Biz4 031 Brigs +20H ™ —8Bi30,Br( +2Br~ +H,0 (15)
5Bi30,4Br(5)+20H ™ —3Bis0,Br s +2Br~+H,0 (16)
12Bi50Br s +20H ™ —5Bi;2047Brys +2Br~+H,0 (17)
Bi2047Brys)+20H ™ —6Bi, 03 +2Br~ +H,0 (18)
2Bi(OH); (s)+I~—BiOI (s)+H,0+OH~ (19)
Bi*++3 I~ —Bil; (s) (20)
Bil; (s)+2 OH~ —BiOI (s)+2 I~+H,0 (21)
4BiOl (s)+2 OH~ —Bi 05, (s)+2 I~ +H,0 (22)
7BisO0sl; (s)+2 OH™ —4 Bi;Ool5 (s)+2 I~ +H,0 (23)
3Bi;0sl5 (s)+2 OH™—7 Bis04l (s)+2 I~ +H,0 (24)
5Bi;04l (5)+2 OH™ —3 Bi50;1 (s)+2 I~+H,0 (25)
2Bis0;1 (s)+2 OH~—5 Bi, 03 (s)+2 I~ +H,0 (26)

These equations indicate that at or near the beginning of the
reaction, BiOCI (or BiOBr, BiOI) manifested, and that OH™ ions grad-
ually were substituted for Cl~ (or Br~, ") ions under the fundamen-
tal conditions; thus the products contained reduced amounts of Cl~
(or Br~, I7) ions. Ion chromatography (IC) was applied to confirm
the CI~ and I~ concentrations, according to their retention times
[12]. As revealed by the IC results, with the progression of the
hydrothermal procedure, the concentrations increased at the vari-
ous applied pH values. The progress of the BiOxCly/BiOyBr,/BiOplq
hydrothermal synthesis can be tracked by monitoring the Cl-, Br,
and [~ ions formed in the solution using a tri-halo-semiconductor.
These results suggested that OH™ ions displaced Cl-, Br~, and I~
ions slowly with the increase in the applied pH value, and thus
the system produced Bi405C12, Bi24031Cl10, Bi304Cl, Bi507Cl, Bi]z-
017C12 (or BiOBr, Bi405Br2, Bi304Bl', Bi507Br, and Bi40512, Bi70913,
Biz04l, BisOI), and a-Bi,03; in short, high pH values were corre-
lated with products that had low ClI~ (or Br—, I") concentrations.
In the final products, OH™ ions completely replaced the Cl~ (or
Br~, I7) ions, and thus o-Bi,03 formed under strong basic condi-
tions. The relationships between OH™, Cl-, Br, and ™ existing in
aqueous solutions are typically competitive. In this study, a
hydrothermal method was applied for selective preparation of
BiOxCly/BiO,Br,/BiOpl, by control of the pH value, the molar ratio,
and the reaction temperature.
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Table 2
Crystalline phase changes of BiOxCl,/BiOpBr,/BiO,l, nanosheets prepared under different reaction conditions.
Cl:Br:I=1:1:1
Temperature pH
(°0C) 1 4 7 10 13 14
100 000 000 000 AAA AAA HAA
150 00 +00 L 2 2 4 Aoo AAA HAA
200 000 +00 AGO AGOA AAA HAA
250 000 OX® 6406 ACGA AA HAA
Cl:Br:1=3:1:1
Temperature pH
(°C) 1 4 7 10 13 14
100 [ [ *k o L 28 4 AAA HaA
150 [ o0 *k o SAA AAA HaA
200 [ o0 06Xk e OGAA AAA HaA
250 o (1] €Xx0¢ AAGA AAA HAA
Cl:Br:1=13:1
Temperature pH
(°C) 1 4 7 10 13 14
100 ( 1 J [ 1 *x00 L 2% 4 AAA HAA
150 L L o0 Q0% ® OXkA AAA HAaA
200 o0 Q0 Q0400 ¢XkO0A AAA HAA
250 o e Ok® OGXx0A AXkAA HAA
Cl:Br:1=1:1:3
Temperature pH
(°C) 1 4 7 10 13 14
100 [ 1 J *x0 ke L 2 2¢ AAA HAaAa
150 Q00 ¢Xk0 ¢%x00¢ GO0 kA AAA HAA
200 Q00 40 G400 AGAKA AAA HAA
250 Q00 ¢4x0 ¢4x 00k AGAXA HAA HAA
@BiOCl €Bi0,Cl ABij;0;,Ch, @BiOBr %BisOsBr, @Bi;04Br
ABi;0,Br @BiOl @BisOsl; %BiyOs ABisO;1 MBLO;

3.1.2. Morphological structure and composition

BiOCly/BiOmBr,/BiOply was synthesized through the use of Bi
(NO3)3-5H,0 and a combination of KCl, KBr, and KI (1:1:1) by
applying hydrothermal methods at 100-250 °C and at pH =1, 4,
7, 9, and 13. FE-SEM/EDS was applied to investigate the as-
samples’ surface morphology. Fig. 3 depicts pH values ranging from
1 to 14; a delicate change could be observed in the reflection peaks
derived for the crystal phases, which generated various com-
pounds in the crystalline phase (see also Figs. S7-S9). These photo-
catalysts included BiOCIl/BiOBr/BiOI, Bi304Cl/BiOBr/BiOIl, Bis04Cl/
Bi304Br/Bi40512, Bi12017C12/Bi304Br/Bi40512, Bi12017C12/Bi5O7Br/
Bi507], and Ble3/B1507Bl‘/B1507] (BIOCI/BIOBF/BIOI, Bi12017C12/
Bl507Br/Blso7I, and Ble3/Bl507Bl‘/BlsO7I in Flg S7; BIOCI/BIOBI'/
Blol, B1304C1/B10Br/B101, Bi12017C12/Bi0Br/Bi40512, Bi]2017C12/
Bi304Br/Bi507I, Bi]2017Clz/BisO7Br/Bi507l, and Ble3/Bl507Br/B1507I
in Fig. S8; and BiOCl/BiOBr/BiOl, BiOCl/Bi4OsBr,/BiOIl, Biz04Cl/
Bi405Br2/Bi405[2, Bi507Br/Bi40512/Bi507[, Bi507Br/B1507[, and
Bi»03/Bis0,Br/Bis0-I in Fig. S9) composites.

The samples had irregular shapes resembling sheets but the
FE-SEM/EDS images in Fig. 3 reveal that for the samples obtained
at 150°C at various pH values, the corresponding morphology
changed to pillars and irregular corner crystals, before changing
to microirregular sheets and pillar crystals. Conversely, the FE-
SEM/EDS images in Fig. S7 indicate that for the samples obtained
at 100 °C at various pH values, the corresponding morphology
changed from flower-like crystals and irregular sheets to irregular
microsheets and irregular thin plates, to irregular pillar crystals,
and finally to microrectangular and pillar crystals. Furthermore,
the FE-SEM/EDS images in Fig. S8 reveal that for the samples
obtained at 200 °C at various pH values, the corresponding mor-
phology changed from macrothin sheet crystals and irregular
superthin sheets to irregular square plates and irregular thin plates
and microrectangular pillar crystals, to irregular pillar crystals, and
finally to microrectangular pillar and irregular corner crystals.
Finally, the FE-SEM/EDS images in Fig. SO illustrate that for the
samples obtained at a 250 °C at various pH values, the correspond-
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Fig. 2. FE-TEM images and EDS of BC1B111-10-150-12 (Bi;20;7Cl»/Bi304Br/Bi4Osl,) sample by the hydrothermal autoclave method.

ing morphology changed from irregular thin multisheet crystals to
irregular micromultisheets; to square multiplates, macro- and
micro-rectangular pillar crystals, and irregular pillar crystals; and
finally to macrorectangular multipillar and irregular corner
crystals.

In the layered structure of any BiOX (X=F, Cl, Br, or I)
substance, halogen atoms are positioned between layers of Bi,O,
[29]. Scholars believe that the internal electric fields that separate
Bi,03" positive layers and negative halogen layers can achieve
photogenerated electron-hole pair segregation effectively, conse-
quently enhancing BiOX photocatalytic activity [30]. In this study,
results derived from SEM-EDS and TEM-EDS demonstrated bis-
muth, chlorine, bromine, iodine, and oxygen to constitute the main
elements within these samples, as observed at the various applied
pH values (Table 3 and Fig. 2). For the samples, the calculated Cl (or
Br, I) atomic ratios (%) were within 12.94-0.02 (or 11.42-0.25,
11.30-0.11), values that were ascribed to BiOCl, Bi4Os5Cl,,
Bi24031C110, Bi304Cl, Bi507Cl, and Bi12017C12 (Ol‘ BlOBl‘, Bi405B1‘2,
Bi304Br, BisO7Bl‘, Bi]2017B1'2: BiO], Bi40512, Bi709]3, Bi3041, 815071)
and Bi;O3 and their mixture phases, in contrast to the stoichiomet-
ric ratios (Bi:Cl and Bi:Br=1, 2, 2.4, 3, 5, and 6, respectively;

Bi:l=1, 2, 2.3, and 5, respectively); the mentioned samples could
be realized selectively through a convenient solution-based
hydrothermal method.

3.1.3. XPS analysis

XPS was used to measure to execute purity measurement for
the prepared samples. Fig. 4 illustrates the spectra, which are Bi
4f, O 1s, Cl 2p, Br 3d, and I 3d for the five BiOxCl,/BiO,Br,/BiOplq
samples. Bi, O, Cl, Br, I, and C constituted the catalysts, as demon-
strated by the transition peaks involving the orbitals for these
spectra (Fig. 4a).

Furthermore, the typical binding energy was derived to be
158.2-159.0 eV for Bi 4fy), (Fig. 4b), indicating the oxidation state
observed for bismuth to be trivalent. Each of the samples exhibited
an extra spin-orbit doublet with a binding energy of 155.5-156.4
eV for Bi 4f;/,, which suggested some bismuth parts were in the
(+3 —x) valence state and were reduced partially by the
hydrothermal autoclave method to the lower valence state. Simi-
larly, Chen et al. [12,24] have reported a chemical shift for Bi
4f;), in the range 2.4-2.6 eV, with the authors concluding that
the formal oxidation state observed for Bi*** is attributable to
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Fig. 3. SEM images of BiOCl,/BiOy,Br,/BiOyl prepared by the hydrothermal autoclave method at different pH values. (Molar ratio KCI:KBr:KI =1:1:1, hydrothermal

conditions: temp = 150 °C, pH = 1-14, time = 12 h).

the substoichiometric forms of Bi existing inside the Bi,O, layer
and to the establishment of a low oxidation state engendering oxy-
gen vacancy in the crystal lattice. According to the characteristic
binding energy, the oxidation state for the bond Bi**-O (or
Bi*3-Cl, Bi*>*-Br, Bi*3>-I) was trivalent; the presence of two extra
spin-orbit doublets with the binding energy for Bi 4f;, suggested
that certain parts of bismuth exist in the bond Bi***-0 (or Bi**-Cl,
Bi*3~*-Br, Bi*>~*-I) [12,24]. Fig. 4c presents the spectra for the O 1s
region, as derived from high-resolution XPS; the presented data
can be resolved into two peaks: a main peak (528.8 eV) ascribed
to the bonds between Bi and O in the Bi»03* slabs of the BiOX
layered structure and a secondary peak (529.9 eV) ascribed to the
hydroxyl groups dwelling on the surface [12].

As shown in Fig. 4d, the binding energies that were observed for
Cl 2p3); and Cl 2py,were 197.3 and 199.2 eV, respectively, corre-
sponding to Cl existing in the monovalent oxidation state. Simi-
larly, the binding energies that were determined for Br 3ds;, and
Br 3ds;; were 67.9 and 68.9 eV, respectively (in Fig. 4e), corre-
sponding to Br existing in the monovalent oxidation state. Finally,
the binding energies that were noted for I 3ds;, and [ 3ds;; were
618.5 and 630.0 eV, respectively, corresponding I in the monova-
lent oxidation state (Fig. 4f). According to the XPS results, possible
bismuth oxychlorobromoiodide formation processes can be
expressed in Egs. (1)-(26); the presented findings are consistent
with the previous results that were derived from the XRD and
TEM analyses. Additionally, the results suggest chlorine, bromine,
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Table 3
Physical and chemical properties of BiOxCly/BiOyBr,/BiOplg.
Catalyst code EDS of atomic ratio(%) Eg (eV)
Bi 0o Cl Br I

BC1B111-1-100-12 34.13 37.05 12.94 4.64 11.24 2.00
BC1B111-4-100-12 30.24 48.41 11.34 2.76 7.25 2.26
BC1B111-7-100-12 29.18 52.25 10.57 2.85 5.15 2.21
BC1B111-10-100-12 31.61 55.62 1.47 - 11.30 2.89
BC1B111-13-100-12 29.96 64.29 0.08 - 5.67 2.90
BC1B111-14-100-12 37.40 55.91 0.92 - 6.07 3.02
BC1B111-1-150-12 28.37 46.66 11.27 10.52 3.18 1.92
BC1B111-4-150-12 28.56 50.28 5.42 7.63 8.11 221
BC1B111-7-150-12 33.64 49.31 6.49 5.80 4,76 2.26
BC1B111-10-150-12 24.66 63.66 2.04 339 6.26 243
BC1B111-13-150-12 36.19 57.82 - - 5.99 2.94
BC1B111-14-150-12 34.66 64.26 1.44 - 0.11 2.72
BC1B111-1-200-12 27.61 48.42 5.89 11.42 6.66 1.96
BC1B111-4-200-12 24.14 61.27 5.82 4.82 3.95 2.21
BC1B111-7-200-12 33.70 43.84 8.78 6.94 6.74 2.22
BC1B111-10-200-12 36.59 53.78 3.54 1.22 4.88 244
BC1B111-13-200-12 22.04 73.29 0.17 0.25 4.25 3.00
BC1B111-14-200-12 28.53 70.73 0.28 - 0.60 2.69
BC1B111-1-250-12 28.93 46.57 10.47 10.23 3.79 2.03
BC1B111-4-250-12 33.15 48.33 6.39 7.66 4.47 2.29
BC1B111-7-250-12 27.34 60.48 2.37 5.86 3.94 2.36
BC1B111-10-250-12 31.12 62.68 0.02 0.92 5.26 2.67
BC1B111-13-250-12 34.34 59.57 0.39 0.37 533 2.74
BC1B111-14-250-12 32.09 66.00 2.21 - - 2.67
Catalyst code XPS of atomic ratio(%)

Bi 0 Cl Br 1
BC1B111-1-100-12 31.62 31.28 6.35 8.82 1.16
BC1B111-4-100-12 57.91 20.86 2.41 3.37 1.71
BC1B111-7-100-12 56.01 22.78 2.05 3.61 1.82
BC1B1I11-10-100-12 56.63 22.04 0.22 1.15 2.28
BC1B111-13-100-12 32.58 38.08 0.42 0.26 3.01

iodine, bismuth, and oxygen to be the main elements constituting
the samples (Table 2). The Cl (or Br, I) atomic ratio (%) that was
calculated for the samples was within 0.42-6.35 (or 0.26-8.82,
1.16-3.01), corresponding to the five BiO4Cly/BiOnBr,/BiOplq
composites.

3.1.4. Optical absorption characteristics

The DR-UV data of multiple photocatalysts are given in Figs. 5
and S10-S12 of supplementary materials. BiOCl did not absorb
any visible light and BiOBr absorbed a minuscule quantity of visi-
ble light. The observed absorption edge of BiOI spanned the visible
light spectrum. In addition, the observed BiOlq absorption edges
exhibited the monotonic red-shift response of BiOCl,. Given semi-
conductor absorption spectra, the Eg values of those semiconduc-
tors are calculable from the expression «hv = A(hv — Eg)"/z, where
the values of n for BiOX (X = Cl, Br, or I) are 4 and 4, respectively
[24,31]. The Eg value of BiOCly/BiOy,Br,/BiOylq was discovered
from the relation of (ahv)'/? versus energy (hv), and was proven
to be in the range from 1.92 to 2.94 eV (Figs. 5 and S10-S12).
The intrinsic bandgap transition occurring between the valence
and conduction bands, not impurity-level-induced transitions,
can explain the steep shape and strong absorption that occurred
in the visible region [32].

3.1.5. Adsorption-desorption isotherm, pore structure, and specific
surface areas

Fig. 6 illustrates the nitrogen adsorption-desorption isotherms
that were determined for Bi;,0;7Cl,/Biz04Br/BisOsl,. All samples’
isotherms were determined to approximate Type IV isotherms
along with a hysteresis loop observed at a pressure between 0.9
and 1.0 [15]. The hysteresis loop has a shape that resembles Type
H3, which might indicate that particles resembling plates

agglomerated to construct slit-like pores. Such agglomeration
would be consistent with the samples’ manifestation of self-
assembled nanoplate-like morphology (Fig. 3) [15], and with the
FE-SEM evidence that 3D hierarchical structures had self-
assembled themselves from nanosheets or nanoplates. Addition-
ally, Fig. 6 inset displays the corresponding Bi;,0;7Cl,/Bi304Br/Biy-
Osl, pore-size distribution (PSD). The PSD curves are trimodal for
the Bi;»0,7Cl,/Bi304Br/BisOsl, samples, indicating the presence of
small (2-4 nm) and medium (10-50 nm) mesopores, as well as
large (50-1100 nm) macropores. Because the nanosheets in the
present research did not contain pores (Figs. 3 and S7-S9), the
smaller mesopores may indicate the porosity of the nanosheets.
The medium mesopores may be attributed to the pores that
evolved between stacked nanosheets, whereas the large macrop-
ores can be attributed to the pores formed between nanosheets.
These types of self-organized porous architectures have remark-
able utility in photocatalysis because they can offer transport
pathways for reactant and product molecules [33]. The pore vol-
ume and size of the composite sample were determined as
0.058491 cm?/g and 37.1 nm, respectively.

The Sggr value determined from the BET isotherm of Bi;;017Cly/
Bi;04Br/Bi4Osl, was approximately 6.6072 m?/g. Because the parti-
cles were relatively large, this range was noted to be below that of
Bi4Osl, (8.08 m?/g). A large Sger and pore volume are associated
with a high number of surface active sites and facilitate reactant
transport, which tends to enhance the photocatalytic performance.
Accordingly, the high photocatalytic activity of the composite may
be explained by the large Sger and pore volume that were derived
for Bi;3017Cl;/Bi3z04Br/BisOsl,. The extant nanosheet structure
affords highly efficient paths for transporting reactants and a high
number of active sites for executing photocatalytic reactions, in
addition to enhancing the efficient harvest of photoenergy and
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Fig. 4. High resolution XPS spectra of as-prepared BiO,Cly/BiO,Br,/BiOpl, samples under different pH values. (a) total survey; (b) Bi 4f; (c) O 1s; (d) Cl 2p; (e) Br 3d; (f) I 3d.

(Molar ratio KCl:KBr:KI = 1:1:1).

segregation of electron-hole pairs, the ultimate outcome of which
is enhanced photocatalytic activity.

3.2. Photocatalytic activity

Fig. 7 depicts the variations of the UV-Vis spectra that were
observed during HBA and CV photodegradation executed in aque-
ous Bi;,017Cl,/Bi304Br/BisOsl, dispersions under irradiation pro-
vided by visible light. After 24 h of irradiation, approximately
98.3% of the HBA had decomposed and nearly 99.9% of the CV
had degraded. During irradiation, the characteristic CV dye absorp-
tion band at approximately 588 nm was noted to decline rapidly
with slight hypsochromic shifts (555 nm), but the results did not

reveal any additional absorption band nor did they signify a band
in the UV range (/> 200 nm); this thus suggests that a series of
N-demethylated intermediates may have formed, and the
entire conjugated chromophore structure of the CV dye may
have cleaved. Additional irradiation decreased the absorption band
at 555 nm; however, no additional wavelength shift was observed,
implying the band existing at 555 nm to be a fully N-demethylated
product of the CV dye [18,24].

In Fig. 8 and in Figs. S13-S21 of Supplementary Materials, the
efficiency of the degradation process is expressed as a function of
the reaction time. The use of BiOCly/BiO,Br,/BiO,l, resulted in a
significant enhancement of the removal efficiency. After 24 h of
irradiation, the BiO4Cl,/BiOyBr,/BiOylq composites demonstrated



C.-W. Siao et al./Journal of Colloid and Interface Science 526 (2018) 322-336 331

1.1
Sampte | BCIBIII- BCIBITI- [ BCIBIII- | BCIBIIL- | BCIBITI- | BCIBIII-
1 AMPIE | 1150-12 | 4-150-12 | 7-150-12 | 10-150-12 | 13-150-12 | 14-150-12
Nl Nr—
09 @)@
Eg(eV) 1.92 221 2.26 243 2.94 2.72
0.8 1
-~ —BCI1B111-1-150-12
= 07
S —BC1B111-4-150-12
@ 4
3 0.6
§ —BC1B111-7-150-12
£ 05
< —BCI1B111-10-150-12
2
< 0.4 —BC1B111-13-150-12
0.3 1 ~—BCI1B111-14-150-12
0.2
0.1
0 T T T
300 400 500 600 700
‘Wavelength (nm)

Fig. 5. UV-vis absorption spectra of as-prepared BiO,Cly/BiOy,Br,,/BiOplq samples

under different pH values.

450
012
400 1 "
2 0104 / .\
2 [\
= 350 1 5 o0s] ==
= 2 /
«n 3 /
,;n 300 - % 0.06 4 L
g ‘; 0044 “_
250 1 § /
E Ry "
= = -
3 = e
Z 200 A 000 M ng"aman
< : :
z 100 1000
£ 150 1 Pore Diameter (A)
8
100 1 —+—Adsorption
Surface Area: 6.6072 m%/g .
50 {  Porc Volume:0.05849 1 cmg “#-Desorption
Porediameter:37.10 nm
0 T = T T T
0.9 0.92 0.94 0.96 0.98 1

Relative Pressure (P/Po)

Fig. 6. N, adsorption-desorption isotherm distribution curves for enlarged view
and the pore distribution curves (inset) of as-prepared of Bij;0;7Cly/Bi3O4Br/
BiyOsl,.

superior photocatalytic performance, with the removal efficiency
observed for HBA reaching 99%. For further comprehending the
reaction kinetics underlying HBA degradation, this study applied
an apparent pseudo-first-order model [24] in the experiments: In
(Co/C) = kt. When a first-order linear fit was applied to the evidence
from Tables 4 and 5, the k value of Bi;,0,7Cl,/Bis04Br/BisOsl, for
HBA degradation and of the Bi304Cl/BiOBr/BiOI for CV degradation
were obtained at a maximum degradation rate of 1.78 x 10~! h™!
and 3.35 x 107" h™!, respectively. These values notably exceeded
those of other composites synthesized in this study, indicating that
the Bi;»047Cl,/Bi304Br/BisOsl, for HBA degradation and the Biz0y4-
Cl/BiOBr/BiOI for CV degradation were much more effective
photocatalysts.

Table 5 presents a list of the single, binary, and ternary bismuth
oxyhalides, demonstrating that among the samples in this study,
the ternary bismuth oxyhalide exhibited the highest photocatalytic
activity; moreover, the table reveals photocatalytic activity varia-
tions to be associated with the BiOxCly/BiOy,Br,/BiOpl, composites.
The photocatalytic activity enhancement observed for the BiOCl,/
BiOy,Bry/BiOply materials may be attributed to the synergistic
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Fig. 7. Temporal UV-vis adsorption spectral changes during the photocatalytic
degradation of (a) HBA and (b) CV over aqueous Bi;»0,7Cl,/Bi304Br/BisOsl, under
visible light irradiation.

effect of the formation of heterojunctions, the layered structure,
the high BET surface area, and a low-energy band structure. If no
photocatalysts were present under visible light irradiation, HBA
and CV could not be degraded; thus, the superior BiOxCl,/BiOp,Bry/
BiO,l, photocatalytic activity might be attributed to its efficient
visible light utilization and remarkably effective electron-hole pair
segregation within the composites.

Furthermore, the used catalyst was recycled to discover that
Bi;20,7Cl,/Bi304Br/BisOsl, is a highly durable composite. After
each cycle, centrifugation was performed so that the catalyst could
be collected. Removing HBA (or CV) in the fifth cycle engendered
no evident photocatalytic activity decline; even in the 10th cycle,
the photocatalytic activity decline observed was only 1% (Fig. 9a).
The used Bi;»0:7Cly/Bi304Br/BisOsl, was also examined using
XRD; but no difference was detectable between the as-prepared
and the used samples (Fig. 9b); consequently, the photostability
of Bi;2017Cly/Bi304Br/BisOsl;, is remarkably high.
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3.3. Photodegradation mechanisms of HBA and CV

Scholars have proposed three reaction mechanisms for organic
or dye photodegradation using a semiconductor: (1) photolysis,
(2) photocatalysis, and (3) dye photosensitization [34]. Photolysis
entails the reaction of a photoinduced electron existing on the
induced dye directly with O, to yield a single oxygen atom; the
obtained oxygen atom can serve as an oxidant in pure dye photol-
ysis [34,35]. This study performed blank experiments, but the
study observed neither HBA nor CV degradation by photolysis
under visible light; because both materials had stable structures,
negligible decomposition occurred by photolysis.

The irradiating light applied in dye photosensitization causes
electron emission from the dye, and a catalyst absorbs that dye;
those electrons are transferred to the conduction band of the cata-
lyst. Those transferred electrons then react with O, to generate the

Table 4
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oxidant O3 [31,34]. In the experiments, minor changes in the HBA
or CV concentrations between various samples were detectable
before the photocatalytic reactions began; those minor changes
were evident within 30 min of the dark adsorption experiments.
In dye photosensitization, these types of minor HBA or CV adsorp-
tion on the catalyst benefit charge carrier transfer between the dye
and the catalyst surfaces. One might speculate that the presence of
BiO,Cly/BiO,Br,/BiOpl, composites does not obstruct photosensiti-
zation processes; thus, it might be possible that the photosensiti-
zation mechanism could be involved in CV decomposition.

Whereas photocatalysts produce electron-hole pairs directly
after illumination in the photocatalytic process, their photocat-
alytic efficiency mainly hinges on the recombination rate or the
lifetime of the photogenerated electron-hole pairs. The more
rapidly they recombine, the faster the chemical reactions are. Cl
spectra were thus employed in this study to explore the photogen-
erated electron-hole pairs’ recombination rate; they were also
measured to explore the photogenerated carriers’ separation
capacity in the BiOCly/BiOy,Br,/BiO,l, heterostructures (Fig. 10).
The as-prepared materials exhibited a weak emission peak of
approximately 396-467 nm, possibly engendered by the direct
electron-hole recombination of band transitions. The characteris-
tic emission peak at the lowest intensity range of 396-467 nm
for the BiOCly/BiOnyBr,/BiOpl, evinces strikingly inhibited recom-
bination of the photogenerated charge carriers. Conversely, effi-
cient segregation might prolong the charge carrier lifespan and
fortify the effectiveness of interfacial charge transfers to the
adsorbed substrates, to the great benefit of the photocatalytic
activity [12]. The PL intensities observed for the BiOCly/BiOp,Bry/
BiOpl, composites were relatively low, as depicted in Fig. 10, sug-
gesting that their electron-hole recombination rate was meager,
which also results in higher photocatalytic activity (Fig. 8, Tables
4 and 5). Moreover, the PL results confirm that the composites
are crucial to hindering electron-hole recombination, explaining
why the BiOCly/BiOy,Br,/BiOpl, composites could offer increasing
photocatalytic performance.

Some primary reactive species, notably HO-, h*, 05, H-, and '0,,
can develop in the photocatalytic degradation processes of UV-Vis/
semiconductor systems [23,25,36]. Yin et al. published a pathway
for the manifestation of active hydroxyl radicals (‘-OH) and 0, on
the surface of Au/ZnO to degrade methylene blue and salicylic acid

The pseudo-first-order rate constants for the degradation of HBA with BiO,Cly/BiO,Br,/BiOpl, photocatalysts under visible light irradiation.

Cl:Br:I=1:1:1

pH
Temperature
(OC ) 1 . 2 1 4 2 1 2 1 10 2 1 13 2 1 ]4 2
k(") R k) R* kh') R* k*') R k(') R k(') R
100 0.018 0.989 0.085 0981 0.122 0996 0.091 0952 0.008 0989 0.003 0.942
150 0.024 0946 0.073 0952 0.076 0952 0.178 0951 0.005 0982 0.002 0.938
200 0.031 0.998 0.061 0951 0.067 0958 0.175 0.950 0.005 00981 0.001 0.906
250 0.026 0.951 0.037 0961 0.034 0991 0.006 0971 0.018 0972 0.002 0912
Temperature (°C ) = 150
pH
Molar ratio 1 4 10 13 14
kb R* k®") R* kG R kh') R* k*h") R  kh") R
1:1:1 0024 0946 0073 0952 0.076 0952 0.178 0.951 0.005 0.982 0.002 0.938
3:1:1 0015 0964 0.055 0.816 0.143 0936 0.039 0950 0.004 0984 0.002 0.831
1:3:1 0.046  0.990 0.092 0954 0.016 0999 0.028 0974 0.001 0919 0.002 0.872
1:1:3 0013 0864 0065 0988 0.115 0968 0.093 0.924 0.005 0.981 0.004 0.983
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Ele)l;sseudo-ﬁrst-order rate constants for the degradation of HBA and CV with BiO,Cl,/BiOy,Br,/BiO,l, photocatalysts under visible light irradiation.
HBA CvV

Catalyst code 3 > 5 >

K (h) R K () R
Bi,,0,,Cl, 0.023 0.812 0.015 0.891
Bi;04Br 0.027 0.985 0.035 0.976
Bi40sl, 0.032 0.998 0.078 0.993
Bi;,0,7,Cly/Bi;04Br 0.028 0.947 0.046 0.990
Bi,,0,7,Cl,/Bi40sl, 0.166 0.937 0.186 0.993
Bi3;04B1r/Bi40sl, 0.156 0.970 0.097 0.995
BiOCI1/BiOBr/Bi0OI 0.024 0.946 0.088 0.906
Bi;0,4C1/BiOB1/BiO]l 0.073 0.952 0.335 0.963
Bi;04C1/Bi;0,B1/Bi40sl, 0.076 0.952 0.100 0.921
Bi,,0,7,Cl,/Bi;04Br/Bi40s], 0.178 0.951 0.102 0.997
Bi;,0,7Cl,/Bi507B1/Bis071 0.005 0.982 0.010 0.878
Bis0,B1/BisO41/Bi,04 0.002 0.938 0.006 0.890

[37]. Shenawi-Khalil et al. suggested that O3 and h* oxidation
played the dominant roles in rhodamine-B photodegradation by
yBiO(ClxBr;_x)-(1 — y) bismuth oxide hydrate under visible light
[38]. Notably, Cao et al. determined hydroxyl radicals and direct
holes to act as the primary reactive species in methyl orange
degradation by BiOI/BiOBr spheres under irradiation provided by
visible light [31], whereas He et al. reported ‘OH, '0,, and h* to
be the three main active species throughout the degradation pro-
cess by ZnS [39]. Wang et al. argued that the ‘OH radical was pro-
duced through a multistep reduction of O3 [15].

Notably, the hydroxyl radical HO* might only be generated
through the e~ — 03" — H,0, — "OH route, whereas the ‘OH radical
is generated through a multistep 03" reduction. In a Bi** valence
band, holes generated through photoexcitation were considered
to be Bi®* [40]; however, the standard redox potential of Bi°* and
Bi>* was more negative than that of OH- and that of OH™ [41]. In
this context, one might not expect photogenerated holes on the
surface of bismuth oxyhalides to react with OH /H,O to form
"OH; thus, in both species, rhodamine decomposition [39] can be
ascribed to a direct reaction with the photogenerated holes or with
a superoxide radical (generated by an excited electron). Zhu et al.
argued that photocatalytic experiments in the presence of N, and
a radical scavenger indicate that ‘OH and O3z are the two main
active species in the degradation process [42]. Dimitrijevic et al.
[36] proposed that dissociated water on the surface of TiO, and
in subsequent molecular layers had three roles: (1) preventing
electron-hole recombination and thus acting as a stabilizing influ-
ence on charges, (2) giving electrons (reacting with photogener-
ated holes to produce "OH radicals), and (3) accepting electrons
(forming H atoms in reaction to photogenerated electrons with
protons on the surface of —OH3). According to previous studies
[17], the dominant active oxygen species created through direct
oxidation and photocatalytic reactions are '0, and ‘OH radicals,
respectively. In this type of visible-light-induced semiconductor
system, hydroxylated compounds were identified for the photocat-

alytic degradation of CV [12]. Thus, we proposed that the formation
of ‘OH is much less probable than the formation of 03"

To investigate the impact of the active species in the photocat-
alytic reaction, a series of quenchers were applied to scavenge the
relevant active species, in a method resembling the photocatalytic
activity test."OH, 03", 10,, and h* were examined by adding 1.0 mM
benzoquinone (BQ, a quencher of O3) [43], 1.0 mM isopropanol
(IPA, a quencher of ‘OH) [44], 1.0 mM ammonium oxalate (AO, a
quencher of h*) [45], and 1.0 mM sodium azide (SA, a quencher
of '0,) [46], respectively. As illustrated in Fig. 11a, the degradation
efficiency of BQ quenching declined more than those of IPA and AO,
but the photocatalytic degradation of HBA was not influenced by
the addition of SA. Thus, the quenching caused by various scav-
engers revealed that the reactive O3 was crucial, whereas the
‘OH and h* played minor roles in HBA degradation; furthermore,
the "OH radical was created through a multistep reduction of O3".

Asindicated in Fig. 11b and 11c, when the reaction was executed
in the dark, no EPR signals were noted. However, when the reaction
process was conducted under irradiation provided by visible light,
intensity signals corresponding to the characteristic peak of
DMPO-05" adducts (Fig. 11b) were noted, and prolonging the reac-
tion time resulted in a gradual increase in the intensity; conversely,
when the reaction process was conducted under irradiation pro-
vided by visible light, DMPO--OH adducts (Fig. 11c¢) were not noted,
and prolonging the reaction time resulted in a gradual reduction in
the intensity. This suggests that the O (main active species) and
"OH (minor active species) were formed in the presence of BiOxCly/
BiOnBr,/BiOply and oxygen under irradiation provided by visible
light. As shown in Fig. 11a, 102 can be negligible, but O3 is a main
active species and *OH and h* are minor active species in HBA degra-
dation. Moreover, dissolved oxygen can trap the photogenerated
electrons to and from O3, a phenomenon that promotes HBA
decomposition. This photocatalytic mechanism is consistent with
the preceding BiO4Cly/BiOn,Br,/BiOply band structure analysis and
may be further confirmed using the EPR technique [27].
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Fig. 9. (a) Cycling runs in the photocatalytic degradation of HBA in the presence of

Bi;2017Cl2/Bi304Br/BisOsly; (b) XRD of powder sample before and after the
degradation reaction.
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Fig. 11. (a) The dye concentration during photodegradation as a function of
irradiation time observed in Bi;,0;7Cl,/Bi304Br/BisOsl, under the addition of
different scavengers: SA, IPA, AQ, and BQ; (b) (c) DMPO spin-trapping EPR spectra
for DMPO-03* and DMPO-"OH under visible light irradiation with Bi;3017Cl2/Bi3O04-
Bl'/Bi40512.

The photocatalytic process proceeds concurrently to photosen-
sitization (Fig. 12a). Visible light irradiation produces these cycles
as long as the light is maintained [21]; when the photooxidation
process has been established by the passing of multiple cycles,
the degradation of HBA by the formed oxidant species can be for-

malized in terms of Eqs. (27)-(29):

HBA+h*—HBA"™—degraded compounds (27)
HBA+OH*/0, *—degraded compounds (28)
HBA**+OH*/0, *—degraded compounds (29)
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The dye resulting from the photosensitization process exhibits a 0,+e™ =0, (32)

dye-sensitized degradation mechanism [18,23,42]. The determined
photocatalytic degradation results from CV photodegradation
through the photocatalytic pathway of CV-photosensitized BiO,-
Cly/BiO,Br,/BiOply. CV enters an excited electronic state (cv)
when a visible photon is absorbed, from which an electron is trans-
ferred into the BiOxCly/BiOy,Br,/BiOply conduction band:

CV+hy —CV? (30)

CV*+Bi0Cly/BiOmIy /BiOplq—CV**+BiOyCly /BiOnmIy /BiO, Iy (€7)
(31)

The electron generates active oxygen species after reaching the
BiOCly/BiO,Br,/BiOpl, conduction band, engendering CV degrada-
tion. In addition to CV photodegradation through BiO4Cl,/BiOp,Bry/
BiO,l,-mediated and photosensitized processes, the enhanced pho-
tocatalytic activity can be clearly attributed to another photocat-
alytic pathway. Despite the concurrent execution of the
photocatalytic and photosensitized processes (Fig. 12b), O3 results
from the reaction of O, with photogenerated and photosensitized
e~ on the surface of the photocatalyst, whereas "OH results from
the O3 -H" and h*-OH™ (or H,0) reactions [18,24].
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4. Conclusions

A series of ternary BiOCl/BiOy,Br,/BiOplq photocatalysts were
synthesized and characterized, thus constituting the first system-
atic synthetic study conducted on BiOCl,/BiOy,Br,/BiOylq based
on controlled hydrothermal synthesis. Control experiments were
designed and executed to investigate the pH, temperature, and
KCl: KBr: KI molar ratio effects on the hydrothermal reactions
involved in composite synthesis. The synthesis methods demon-
strated herein can elucidate future technological applications
through a controlled hydrothermal condition. The augmented pho-
tocatalytic activities of BiOxCl,/BiO,Br,/BiOplq could be ascribed to
the heterojunction formation between BiOxCly, BiOnly, and BiOplg,
which could effectively suppress photoinduced electron-hole pair
recombination. Thus, photocatalytic activity enhancements
observed for BiOCly/BiOny,Bry/BiOplq could be ascribed to the syn-
ergistic effect of the high BET surface area, layered structure,
heterojunction formation, and low-energy band structure. Both
photocatalysis and photosensitization concurrently advanced CV
degradation, but photocatalysis was the sole process in HBA degra-
dation; Oz* was the main active species and "OH and h* were the
minor active species in the photocatalytic process. The reaction
mechanisms explained herein can elucidate future technological
applications of dye degradation through the use of visible light.
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