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This is the first paper to report a series of bismuth oxyfluoride/bismuth oxyiodide (BiOFq/BiOly)
nanocomposites with different F/I molar ratios, pH values, and reaction temperatures that were synthe-
sized through a template-free and controlled hydrothermal method. These nanocomposites were charac-
terized through scanning electron microscope energy dispersive microscopy (SEM-EDS), transmission
electron microscopy (TEM), X-ray diffraction (XRD), Fourier-transform infrared (FT-IR), X-ray photoelec-
tron spectroscopy (XPS), Brunauer-Emmett-Teller (BET), and diffuse reflectance spectroscopy (DRS).
Under visible-light irradiation, the BiO,F,/BiOl, composites exhibited excellent photocatalytic activities
in the degradation of crystal violet (CV) and 2-hydroxybenzoic acid (HBA). The order of rate constants
was BiOF/BiOI > BiOI > BiOF. The photocatalytic activity of BiOF/BiOl composites reached a maximum
rate constant of 0.2305 h™!, 1.2 times higher than that of BiOI and 100 times higher than that of BiOF.
Thus, the derived BiOF/BiOl is crucial for photocatalytic activity enhancement. After the removal of CV
in the third cycle, no apparent deficits in photocatalytic activity were observed, and the observed deficit
was 8.2% during the fifth run. Overall, the catalytic activity and stability observed for the proposed com-
posites were determined to be adequate under visible-light irradiation. For various scavengers, the noted
quenching effects demonstrated that reactive O3 has a notable role in the degradation of the applied CV.
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1. Introduction

Scholars have devoted considerable attention to semiconductor
photocatalysis energized by visible light, because this is an effective
approach to overcome problems linked to environmental pollution
and energy production. A photocatalyst that is effective, low-cost,
and environmentally friendly is paramount for practical photocatal-
ysis applications [ 1]. Relevant research has focused primarily on the
elimination of toxic constituents from wastewater. Scholars have
used various systems to photodegrade crystal violet (CV) dyes and
thus to produce active species such as BiOxCly/BiOpl,, [ 2], BiOBr/BiOI
[3],BaTiOs [4], BiOI [5], Bi,WOg [6], PbBiO,Br/BiOBr [ 7], BiOI/GO [8],
Bi»Si0s/g-C3N,4 [9], and SrFeOs_,/g-C3N4 [10]. The incorporation of
heterostructures can effectively improve a photocatalyst’s photo-
catalytic activity in a facile manner; this strategy may enable tuning
photocatalyst electronic properties to particular desired levels and
efficient photoinduced electron-hole pair separation.

Bismuth oxyhalide compounds (BiOX, X = F, CI, Br, and I) offer
remarkable chemical stability, uniquely layered structures, and
highly favorable photocatalytic performance under UV-Vis illumi-
nation. Scholars have increasingly published studies of some note-
worthy characteristics of BiOX, namely favorable energy gaps, high
stability, and photocatalytic activity levels superior to those of
other compounds [11,12]. The bandgaps of BiOF [13], BisOF,
[14], BiOCI/BiOF [15], and BiOBr/BiOF [16] have been reported to
be 3.64, 3.35-3.44, 3.56 eV, and 3.85 eV, respectively. Among these
compounds, BiOF has a direct bandgap of nearly 3.5 eV; therefore
BiOF is a photocatalyst that is sensitive to UV radiation. The atomic
structure of BiOF has layers of [Bi»0F,] because [Bi»0,]** slabs are
positioned between pairs of fluorine atoms [F.]?>~ [13,14]. The
valence band of bismuth oxyiodides is mostly composed of Is
and O, orbitals, whereas the Bigp, orbital comprises the conduction
band [17]; thus, the bandgap energy of iodine-poor BiO,l, is lower
compared with Bi,O5; but higher compared with BiOI [18]. There-
fore, these materials may be effective as visible-light photocata-
lysts. Specifically, the structure and composition of BiOyl,
strongly affect its physicochemical characteristics such as oxidiz-
ing abilities, optical characteristics, and electronic characteristics;
thus, novel photocatalysts may be developed for the effective
degradation of environmental and toxic pollutants. Keller and
Kramer reported on BiOX/BiOY systems (X, Y = Cl, Br, and I) that
demonstrated nearly unlimited solubility [19]; since that report,
scholars have published papers regarding syntheses of similar
oxyhalide materials with special photocatalytic activities. Recently,
the literature has grown with numerous reports of BiOX/BiOY
synthesis approaches, characterizations, and assessed features.

Per the authors’ review of relevant literature, no study has
examined the use of visible-light irradiation for photocatalytic
degradation of CV dyes with the aid of BiO,F,/BiOyl,. This study
employed a template-free and controlled hydrothermal method
to synthesize a series of BiO,F,/BiOxl, nanocomposites with differ-
ent F/I molar ratios, pH values, and reaction temperatures; more-
over, this study compared the photocatalytic activities of these
compounds in terms of CV degradation in aqueous media under
visible-light irradiation. This paper puts forth and explains some
mechanisms that may trigger photodegradation. The present study
contributes methods for synthesizing BiO,Fy/BiOl, and degrading
organic compounds; in the future, these methods may be applied
for the mitigation of environmental pollution.

2. Experiment
2.1. Materials

All chemicals utilized in this study were of analytic grade, with
no additional purification. The following additional materials were

purchased: HBA (2-hydroxybenzoic acid or salicylic acid), Bi
(NO3)3-5H,0, KI, KF (Katayama), KCl (Shimakyu), CV dye (TCI),
sodium azide (Sigma), p-benzoquinone (Alfa Aesar), isopropanol
(Merck), and ammonium oxalate (Osaka). Reagent-grade ammo-
nium acetate, sodium hydroxide, nitric acid, and HPLC-grade
methanol were obtained from Merck.

2.2. Instruments and analytical methods

A diffractometer system (MAC Science MXP18) applying Cu-Ko
radiation (40kV and 80 mA) recorded XRD patterns. XPS was
recorded with an ULVAC-PHI spectrometer. Al-Ko radiation was
realized at 15 kV; a Scinco SA-13.1 spectrophotometer recorded
UV-Vis-DRS data within the 300-800 nm wavelength range at
room temperature. SEM-EDS was performed using a JEOL JSM-
7401F microscope, with the acceleration voltage set to 15 kV.
Moreover, a JEOL-2010 microscope was utilized to obtain TEM
images, EDS spectra, high-resolution TEM images, and selected-
area electron diffraction patterns, with the acceleration voltage
being set at 200 kV. An automated system (Micromeritics Gemini)
recorded the samples’ BET specific surface areas (Sggr) at 237 °C; in
this process, nitrogen gas was utilized as the adsorbate at liquid-
nitrogen temperature. UV photoelectron spectroscopy data were
collected with an ULVAC-PHI XPS PHI Quantera SXM, and PL data
were obtained with a Hitachi F-7000. Finally, a Briiker ER200D
spectrometer, with an Agilent 5310A frequency counter operating
in the X band, recorded EPR spectra at 77 K.

2.3. Synthesis of BiOpFy/BiO,l,

A 50-mL flask was filled with 5 mmol Bi (NOs)3-5H,0, after
which 5 mL 4 M HNO; was added. The contents of the flask were
continuously stirred, with the addition of 2 M NaOH dropwise for
realizing pH value adjustment. After the observation of precipitate
formation, 3 M portions of KF and KI (with various KF:KI molar
ratios) were added dropwise. The solution underwent 30 min of
vigorous stirring, followed by transferring it to a 30 mL Teflon-
lined stainless-steel autoclave; next, the autoclave was exposed
to heating temperatures ranging from 100 to 250 °C for 12 h, and
it was subsequently allowed to cool to room temperature. After
these processes, the solid obtained was collected to filtration,
washing performed using deionized water and ethanol for ionic
species removal, and then overnight dried at 80 °C. A selection of
BiOpF,/BiOxly, composites were prepared with controlled values of
KF:KI molar ratio (1:2 or 2:1), temperature (100-250 °C), pH (1-
14), and reaction times (12 h), as indicated in Table 1. The as-
prepared samples were named with identifiers sequentially from
BF112-1-100 to BF211-14-250.

2.4. Photocatalytic and active species experiments

In the trials of this study, we chose either CV (or HBA) as our
target pollutant to evaluate photocatalytic activity. CV (or HBA)
irradiation products were immersed in stirred aqueous solutions
housed in flasks (100 mL); both an aqueous dispersion of 10 ppm
100 mL CV (or HBA) and 10 mg of the photocatalyst were then
placed in a Pyrex flask. The suspension’s pH was adjusted through
the addition of sodium hydroxide or nitric acid solution addition.
Following batch sorption experiments, the mixture was subjected
to a centrifugation procedure conducted at 3000 rpm to determine
the absorbance of CV (or HBA) at 585 (or 300) nm through HPLC-
PDA. The optical system for the catalytic reaction under visible-
light includes a 10 W Xe arc lamp, a reaction container and a cut-
off filter (A > 420 nm), with the light intensity fixed at 3.2 W/m? for
irradiating the reaction vessel 30 cm away from the light source.
At specified irradiation time intermissions, 5-mL aliquots were
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Table 1

Codes of as-prepared samples under different hydrothermal conditions. (Hydrothermal conditions: molar ratio KF/KI = 1/2-2/1, temp = 100-250 °C, pH = 1-14, time = 12 h).

Molar ratio Temperature (°C)
(F:I=1:2)
pH value 100 150 200 250
1 BF112-1-100 BF112-1-150 BF112-1-200 BF112-1-250
4 BF112-4-100 BF112-4-150 BF112-4-200 BF112-4-250
7 BF112-7-100 BF112-7-150 BF112-7-200 BF112-7-250
10 BF112-10-100 BF112-10-150 BF112-10-200 BF112-10-250
13 BF112-13-100 BF112-13-150 BF112-13-200 BF112-13-250
14 BF112-14-100 BF112-14-150 BF112-14-200 BF112-14-250
Molar ratio Temperature (°C)

(F:1=2:1)
pH value 100 150 200 250
1 BF211-1-100 BF211-1-150 BF211-1-200 BF211-1-250
4 BF211-4-100 BF211-4-150 BF211-4-200 BF211-4-250
7 BF211-7-100 BF2I1-7-150 BF211-7-200 BF211-7-250
10 BF211-10-100 BF211-10-150 BF211-10-200 BF211-10-250
13 BF211-13-100 BF211-13-150 BF211-13-200 BF211-13-250
14 BF211-14-100 BF211-14-150 BF211-14-200 BF211-14-250

collected and subjected to centrifugation for photocatalyst
removal, and each supernatant sample was subsequently analyzed
through HPLC-PDA.

A series of quenchers were introduced to scavenge the relevant
active species to evaluate the effect of the active species during the
photocatalytic reaction. Superoxide radicals (O3 ), hydroxyl radi-
cals (OH), holes (h*), and singlet oxygen ('0,) were studied by
adding 1.0 mM benzoquinone (BQ; a quencher of 03 ), 1.0 mM iso-
propanol (IPA; a quencher of ‘OH), 1.0 mM ammonium oxalate
(AO; a quencher of h*), and 1.0 mM sodium azide (SA, a quencher
of '0,). The method was similar to that of a previously reported
photocatalytic activity test [2,3].

3. Results and discussion

3.1. Characterization of BiOpF4/BiO,l, composites

3.1.1. Xrd

Fig. 1 and Fig. S1 of the supplementary data depict the as-
prepared samples’ XRD patterns, evidencing different BiO,Fq/BiO-
I, phase composites. These results indicated the BiOF phase in all
as-prepared samples (JCPDS 73-1595), BisgOsgF3> phase (JCPDS
24-0145), BiygO3gF, phase (JCPDS 41-0617), BiOI phase (JCPDS
10-0445), Bi;Ogl3 phase [20], and BisO;I phase (JCPDS 40-0548)
[21]. The XRD patterns were the same as those obtained for
BIOF/BIOI, Bi50059F32/Bi01, Bi26038F2/Bi507l, binary phases and
Bi25038F2/BiOI/B1507l, BloF/Blo]/Blzo3, as well as Bi2603gF2/Bi5071/
B-Bi,03 ternary phases. The XRD data derived at various F/I molar
ratios, pH values and reactions are listed in Table 2. The results
proved that a series of changes occurred in the products at specific
pH values. The changes, expressed as BiOF — Bi5qOsgF3; — BizgO3g-
Fy — Bi203 and as BiOI — Bi405]2 - Bi70913 - Bl304] - B1507l -
Bi,03, occurred under various hydrothermal conditions. By chang-
ing the pH of the hydrothermal reaction, various bismuth oxy-
halide compositions were synthesized. In these experiments, pH
played a key role, whereas molar ratio and temperature played a
minor role in controlling the composition and anisotropic growth
of crystals. Overall, the controllable morphologies and crystal
phases of bismuth oxyhalide could be completed by simply chang-
ing some growth parameters, for example, pH and molar ratio.
Chen et al. also demonstrated that the synthesis of a series bismuth
oxyhalides structures by using a hydrothermal autoclave at differ-
ent X/Y (X, Y = Cl, Br, I) molar ratio, pH values and reaction resulted
in higher photocatalytic efficiency toward CV, phenol, and HBA
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Fig. 1. XRD patterns of as-prepared BiO,Fq/BiOl, samples at different pH values
(hydrothermal conditions: molar ratio KF/KI = 1/2; Temp = 150 °C; Time = 12 h).

under visible-light irradiation [2,3,5,22-24]. Some reactions that
may have caused the formation of the BiOyFq/BiOxl, as-samples
are formalized as Egs. (1)-(14):

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcis.2018.07.130.

Bi** +3 OH~ — Bi(OH); (s) (1)
Bi(OH); (s) + 3F~ — BiF; (s) + 3 OH™ ()
BiF; (s) + 2 OH~ — BiOF (s) + 2F~ + H,0 3)
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Table 2

Crystalline phase changes of as-prepared samples under different hydrothermal conditions. (Hydrothermal

conditions: molar ratio KF/KI = 1/2-2/1, temp = 100-250 °C, pH = 1-14, time = 12 h).

Biso0soF32 A\ Bizs03sF> WBiz0; OB—Bi203.

BiOl ) Bis0-I *BiOF

Molar ratio

Temperature (°C)

F:1=1:2)
pH value 100 150 200 250
1 * * *
4 [ | * *
7 [ | [ | *
10 oA ®A oA
13 oA oA oA oA
14 *V ®AO ®AO ®AO
Molar ratio
Fil=2:1) Temperature (°C)
pH value 100 150 200 250
1 * * *
4 * * *
7 [ | [ | ok
10 oA 2 oA oA
13 A A oA A
14 ©®AO ©®AO ©®AO ©®AO
50BiOF (s) + 18 OH™ — Bisp0s0F3; (s) + 18F~ + 9H,0 (4) completely replaced the F~ (or I7) ions, and thus Bi,Os; formed

13Bi5005gF32 (S) +366 0H™ — 25Bi26038F2 (S) +366F~ + 183H20
(5)

BiyOssF, (s) + 2 OH™ — 13 Bi,05 (s) + 2F~ + H,0 (6)
2Bi(OH); (s) + I~ — BiOI (s) + H,0 + OH~ (7)
Bi3* + 31~ — Bils (s) (8)
Bil; (s) + 2 OH™ — BiOI (s) + 2 I~ + H,0 (9)
4 BiOI (s) + 2 OH™ — BiOsl, (s) + 2 I~ + H,0 (10)
7 BisOsl, (s) + 2 OH™ — 4 Bi;Oel; (s) + 2 1~ + H,0 (11)
3 Bi;Ogl5 (s) + 2 OH™ — 7 Bis041 (s) + 2 I~ + H,0 (12)
5 Bi;041 (s) + 2 OH~ — 3 Bis0;I (s) + 2 1~ + H,0 (13)
2 Bis051 (s) + 2 OH™ — 5 Bi;0; (s) + 2 1~ + H,0 (14)

These equations indicate that at or near the beginning of the
reaction, BiOF (or BiOI) manifested, and that OH™ ions gradually
were substituted for F~ (or I7) ions under the fundamental condi-
tions; thus, the products contained reduced amounts of F~ (or I7)
ions. The progress of the BiOyFq/BiOl, hydrothermal synthesis
can be tracked by monitoring the F~ and I~ ions formed in the solu-
tion by using a bi-halo-semiconductor. These results suggested
that OH™ ions displaced F~ and I~ ions slowly with increase in
the applied pH value, due to which the system produced BiOF, Bisqo-
OsgF3,, Bi25038F2 (Ol‘ BiOl, Bi40512, Bi709[3, Bi304], Bi507l), and
Bi,Os; that is, high pH values were correlated with products that
had low F~ (or I7) concentrations. In the final products, OH™ ions

under strong basic conditions. The relationships between OH™,
F~, and I~ existing in aqueous solutions are typically competitive.
In this study, a hydrothermal method was applied for the selective
preparation of BiOpF,/BiOyly through control of the pH value, the
molar ratio, and the reaction temperature.

3.1.2. SEM and TEM

In this study, the hydrothermal method was applied at various
pH values to yield a series of BiOyFq/BiOyl, composites, whose sur-
face morphologies were examined through the use of FE-SEM-EDS.
Fig. 2(a) and Fig. S2 present the derived TEM and FE-SEM images
for these samples, revealing small-thin nanosheet, nanosheet,
square-plate, flower-like, irregular small-thin nanosheet, and rods
morphologies. The derived samples primarily comprised bismuth,
oxygen, fluorine, and iodine, as demonstrated by SEM-EDS (Tables
S1 and S2). Thus, the controlled hydrothermal method could be
applied for synthesizing, through a selective process, a series of
BiO,F4/BiOxl, composites. As evidenced by high-resolution trans-
mission electron microscopy (Fig. 2(c) and (d)), two lattice image
sets were found, wherein the associated d-spacing was 0.2649
and 0.3011 nm, which corresponded to the (11 2) plane of BiOF
and the (1 1 0) plane of BiOIl, an adequately concordant outcome
with the XRD results (Fig. 1). Our group [2,3,5] revealed that the
controllable morphologies and crystal phases of bismuth oxy-
halides could be completed by simply changing some growth
parameters, including pH values, molar ratio, and hydrothermal
temperature. BiOF and BiOI were obtained at low pH values; Bisg-
Os9F3, and BizOgl; were obtained at mid-level pH values; BiygO3gF»
and BisO,I were obtained at high pH values. This reference demon-
strated that BiOF and BiOl were formed at the beginning of the
hydrothermal reaction, and then OH~ gradually substituted F~
and I~ in the basic conditions; this initially resulted in the reduced
content of F~ and I™ in the samples and eventually resulted in the
formation of Bi,Os; under strong basic conditions. The detailed
statements about the effect of reaction temperature and molar
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Spectrum 1

Weight% Atomic%
OK 5.51 39.19
FK 0.55 3.31
IL 17.96 16.11
BiL 75.98 41.39
Totals 100.00 (e)

Fig. 2. (a) TEM image, (b) SAD, (c) HR-TEM image, (d) EDS, and (e) atomic ratio of BiOF/BiOI (BF112-4-150) sample prepared using the hydrothermal autoclave method.

ratio are described in the Refs. [2,3,5]. A series of bismuth oxyflu-
oride/bismuth oxyiodide phases were synthesized in the compos-
ites, as suggested by the results, and the synthesized phases
facilitated separating the corresponding photoinduced carriers,
thereby engendering high photocatalytic activity levels.

3.1.3. Xps

The purity levels of the synthesized samples were characterized
through XPS. Fig. 3 depicts Bi 4f, O 1s, F 1s, and I 3d spectra from
the BiOF/BiOI sample. The transition peaks involved in the orbitals
of these spectra indicate that Bi, O, F, and I were catalysts. The dis-
tinctive binding energy values derived for Bi 4f;, were 155.6 and
158.0 eV for BiOI and BiOF (Fig. 3(a)), indicating a trivalent oxida-
tion state for bismuth. Liao et al. [2,5] have published a similar
binding energy for Bi 4f;,. Fig. 3(b) depicts high-resolution XPS
spectra that were recorded for the BiOF/BiOI composites’ O 1s
region; this spectra were resolved into a main peak and a sec-
ondary peak. The main peak (528.8 eV) can be attributed to the
Bi-O bonds in the (Bi,0,)?" slabs. The secondary peak (530.5 eV)
can be assigned to the hydroxyl groups on the surface [25]. The
binding energy for F 1s was 679.2 eV, as presented in Fig. 3(c); this
can be ascribed to F existing in a monovalent oxidation state.

Binding energies of 618.0 and 629.7 eV were derived for I 3ds),
and 3ds), respectively, as depicted in Fig. 3(d) and can be ascribed
to I existing in a monovalent oxidation state.

3.14. Drs

Fig. 4 and Fig. S3 illustrate UV-Vis absorption spectra from var-
ious BiO,F4/BiOxl, composites. Eg of BiO,F4/BiOxl, was calculated to
be in the range of 1.78-2.99 eV with a plot of («hv)!/? against
energy (hv). Similar plots of (ohv)!/? against energy (hv) revealed
the Eg values of BiOF, BiOl, and BiOF/BiOI to be 3.47, 1.91, and
2.05 eV, respectively. The evidence indicates that the fabricated
BiO,F4/BiOxl, composites had considerably enhanced optical
absorption characteristics and solar light efficiency; therefore
these composites would be excellent photocatalysts.

3.1.5. Bet

Fig. 5 presents isotherm curves derived by plotting nitrogen
adsorption against nitrogen desorption for BiOF/BiOl. In the rela-
tively high pressure range of 0.8-1.0, a hysteresis loop similar to
H3 was evident, and BiOF,BiOI isotherms were found to approxi-
mate Type IV isotherms [2]. The fact that the hysteresis loop’s
shape resembled that of H3 suggests the presence of pores. These
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Fig. 3. High-resolution XPS spectra of as-prepared BiOF/BiOI (BF112-4-150) sample. (a) Bi 4f; (b) O 1s; (c) F 1s; (d) I 3d.

pores resembled slits; such slits are typically formed by aggregat-
ing sheets or plates. This finding is consistent with the FE-SEM data
as well as the nanosheet and nanoplate morphologies of the self-
assembled samples. Thus, these self-assembled nanosheets formed
hierarchical architectures. From Table 3, the BET surface area of the
sample was 11.33 m? g~ !. Pore volume and diameter values of
0.066 cm®/g and 3157 nm, respectively, were calculated for BiOF/
BiOl. Besides, the BET surface area of BiOF and BiOl were 6.4 and
2.1 m? g~ '. Pore volume and diameter values of 0.071 and 0.019
cm?/g and 5771 and 4237 nm, respectively.

Fig. 5 (inset) shows the corresponding pore-size dis-tribution
(PSD) of BiOF/BiOl. The PSD curves are di-modal for the samples,
indicating medium mesopores (10-30 nm) and large macropores
(100-2000 nm). Because the nanosheets do not contain pores
(Fig. 2(a) and Fig. S2 of supplementary data), the medium meso-
pores may reflect porosity within nanosheets. The large macrop-
ores may attribute to the pores formed between stacked
nanosheets, while the large macropores may be ascribed to the
pores formed between nanosheets. Such self-organized porous
architectures may be extremely useful in photocatalysis because

they provide efficient transport pathways for reactant and product
molecules.

3.2. Photocatalytic activity

3.2.1. UV-Vis spectra

Fig. 6 illustrates the changes of the UV-Vis spectra during CV
and HBA visible-light photodegradation in aqueous BiOF/BiOI dis-
persions. Fig. 6(a) presents that approximately 99% of the CV
degraded after 24 h of visible-light irradiation. The characteristic
CV dye absorption band is graphed at around 588.9 nm. When
the dye was irradiated with visible light, the band rapidly
decreased and small hypsochromic shifts (543.1 nm) were
observed; no additional absorption band was observed; no band
was observed in the UV range (/Z>200nm); therefore, the
visible-light irradiation of CV formed a sequence of N-de-
methylated intermediates. The entirety of the CV dye’s conjugated
chromophore structure might have undergone cleavage. When the
sample was irradiated with additional visible light, the absorption
band at 543.1 nm was diminished; however, no additional shift in
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Fig. 4. UV-vis absorption spectra of the (a) as-prepared photocatalysts under
different pH values (Molar ratio KF/KI =1/2; Temp = 150 °C; Time = 12 h), and (b)
BiOF, BiOF/BiOl, and BiOl.

wavelength was observed; therefore, this absorption band (i.e.,
543.1 nm) can be considered the band of the whole N-de-
methylated product of the CV dye [2,6]. After 144 h of irradiation,
the BiOF/BiOl composites demonstrated superior photocatalytic
performance, with the removal efficiency observed for HBA reach-
ing 85% (Fig. 6(b)). These values notably exceeded those of other
composites synthesized in this study, indicating that the BiOF/BiOI
for CV and HBA degradation were much more effective photocata-
lysts. It should be noticed that the degradation of CV only takes
about only 1/10 of the reaction time for the degradation of HBA.
The possible reason is the photosensitization degradation of CV
dye [16]. Jiang et al. [16] have published a similar result.

3.2.2. Degradation efficiency

Degradation efficiency is graphed against reaction time in Fig. 6
(c), (d) and Fig. S4; using 0.05 g of BiO,F,/BiO,l, enhanced removal
efficiency substantially. To elucidate the reaction kinetics control-
ling CV degradation, an apparent pseudo-first-order model [26],
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Fig. 5. N, adsorption-desorption isotherm distribution curves and (inset) the pore
distribution curves for BiOF/BiOI (hydrothermal conditions: molar ratio KF/KI = 1/2;
temp = 150 °C; time = 12 h).

Table 3

Physical and chemical properties of as-prepared samples at different conditions
(Hydrothermal conditions: molar ratio KF/KI = 1/2, temp = 150 °C, pH = 1-14, time =
12 h).

Sample BET surface Pore diameter Pore volume
area (m*[g) (nm) (cm’/g)
BF112-1-150 0.4277 4623.50 0.306176
BF112-4-150 11.3252 3157.18 0.066026
BF112-7-150 3.3168 4657.88 0.034334
BF112-10-150 2.7179 4536.63 0.157513
BF112-13-150 1.3955 5705.56 0.009095
BF112-14-150 0.6667 5681.25 0.004460

namely In(C,/C) = kt, was employed in the experiments. The data
in Table 4 were fit to a first-order linear fit; consequently, the k
value of the BiOF/BiOI composite, BiOF, and BiOI was calculated
as 2.305 x 107! (the maximum degradation rate), 0.0023, and
0.1921 h™'; that value substantially surpassed the values of other
composites. The rate constants for the diverse photocatalysts
(Table 4) can be arranged as BiOF/BiOI > BiOI > BiOF. The photo-
catalytic activity of BiOF/BiOl composites reached a maximum rate
constant of 0.2305 h~!, which was 1.2 times higher than that of
BiOI and 100 times higher than that of BiOF. Thus, the derived
BiOF/BiOl is crucial for photocatalytic activity enhancement.

3.2.3. Durability

To investigate the durability of the BiOF/BiOl composite, this
study reused some previously used samples. After each cycle, the
catalyst materials were centrifuged for recovery. After the third
cycle, all CV had been removed, but no apparent deficit in photo-
catalytic activity was observed. The observed deficit was 8.2% in
the fifth run (Fig. 7(a)). XRD data revealed no differences between
the previously used sample and the as-prepared sample (Fig. 7(b)),
indicating the very high photostability of the BiOF/BiOl composite.

The superior photocatalytic activities of BIOF/BiOI may be attri-
butable to synergistic effects that may include a layered structure,
a low-energy band structure, a high BET surface area, and the for-
mation of composites (or heterojunctions). When no photocata-
lysts were used, and CV was irradiated with visible light, the CV
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did not degrade. The BiOF/BiOl composites’ photocatalytic superi-
ority relative to the other composites is ascribable to the efficient
utilization of visible light and efficient electron-hole separation.

3.3. Photocatalytic mechanisms

Typically, the photodegradation of organisms through a semi-
conductor involves photocatalysis, photolysis, and dye photosensi-
tization [27]. Photocatalytic decomposition events in UV-Vis and
semiconductor systems tend to produce various primary active
species, including hydroxyl, superoxide, and hydrogen radicals
(H), as well as singlet oxygen and holes. Water dissociates on
the surface of TiO, and in the molecular layers below the surface.
Thus, Dimitrijevic et al. [28] posited that water can serve as a
charge stabilizer, by preventing electron-hole recombination; that
water can form H atoms and function as an electron acceptor by
reacting photogenerated electrons with surface protons, —OH3;

and that water can function as an electron donor, reacting with
photogenerated holes to yield ‘OH radicals.

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. PL spectra were
thus employed in this study to explore the photogenerated elec-
tron-hole pairs’ recombination rate; they were also measured to
explore the photogenerated carriers’ separation capacity in the
BiOpF,/BiO,ly, BiOF, and BiOIl heterostructures (Fig. 8). The as-
prepared materials exhibited a weak emission peak of approxi-
mately 360-500 nm, possibly engendered by the direct electron-
hole recombination of band transitions. The characteristic emis-
sion peak at the lowest intensity range of 440-520 nm for the
BiO,F4/BiOl, evinces strikingly inhibited recombination of the
photogenerated charge carriers. Conversely, efficient segregation
might prolong the charge carrier lifespan and fortify the effective-
ness of interfacial charge transfers to the adsorbed substrates, to
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the great benefit of the photocatalytic activity [12]. The PL intensi-
ties observed for the BiO,F,/BiOxl, composites were relatively low,
as depicted in Fig. 8(a), suggesting that their electron-hole recom-
bination rate was meager, which also results in higher photocat-
alytic activity (see Fig. 6, Fig. S4, and Table 4). Moreover, the PL
of Fig. 8(b) results confirm that the composites are crucial to hin-
dering electron-hole recombination, explaining why the BiOF/BiOI
composites could offer increasing photocatalytic performance.
Therefore, BiOF/BiOI photocatalysts show great and slight increase,
compared with BiOF and BiOl in the separation extent and lifetime
of the photogenerated electrons, leading to the effective pho-
todegradation of CV under visible light irradiation.

Bai et al. [29] argued that the trapping of active species (includ-
ing superoxide (03) and hydroxyl (‘OH) radicals) must be mea-
sured for catalyzing methylene blue degradation with
ZnWOg4/graphene hybrids. Wang et al. [30] reported that O3 and
‘OH are the primary reactive species for degrading rhodamine B
with BiVO,4/rGO. HO" could only be formed through the e~ — 03"
— H,0, — "OH route. A study reported that "OH radicals formed
through the multistep O3z" reduction [22]. Another study [29]
claimed that, instead of ‘OH, e, or h*, O;* mainly regulated the
photocatalytic process. Lee et al. [5] claimed that oxidation domi-
nated the visible-light degradation of CV with BiOyXn/BiOpYq (X,
Y =Cl, Br, and I); they identified the major active species as 03"
and the minor active species as ‘OH and h*. The previously dis-
cussed studies [22,29,30] have reported that with the probability
of ‘OH formation is notably lower than that of O3* formation, but
‘OH is very robust and nonselective; "OH partially or completely
mineralizes numerous organic chemicals.

By introducing several quenchers, this study reexamined the
action of active species in the photocatalytic reaction process; thus,
the relevant active species were scavenged. The introduction of AO,
IPA, and SA did not influence the photocatalytic degradation of CV
(Fig. 9(a)); however, the quenching of BQ, obviously diminished
the efficiency of the degradation. In CV photocatalytic degradation,
03 is a major active species. As indicated in Fig. 9(b) and (c), when

Table 4

Pseudo-first-order rate constants for the degradation of CV with photocatalysts under
visible light irradiation. (Hydrothermal conditions: molar ratio KF/KI = 1/2-2/1, temp
=100-250°C, pH = 1-14, time = 12 h).

Sample k(h ') R? Sample k(h™') R?
BF112-1-100 0.0561 0.9851 BF2I1-1-100 0.002 0.8524
BF112-4-100 0.1952 0.9871 BF211-4-100 0.2169 0.955
BF112-7-100 0.0563 0.9809 BF211-7-100 0.0955 0.9635
BF112-10-100 0.0696 0.9940 BF211-10-100 0.0622 0.9758
BF112-13-100 0.0339 0.9378 BF2I1-13-100 0.0037 0.809
BF112-14-100 0.0043 0.8343 BF211-14-100 0.0028 0.4748
BF112-1-150 0.0125 0.98189 BF211-1-150 0.0009 0.0326
BF112-4-150 0.2305 0.9758 BF211-4-150 0.1431 0.9833
BF112-7-150 0.0824 0.9523 BF211-7-150 0.0336 0.9598
BF112-10-150 0.1323 0.9549 BF211-10-150 0.0967 0.9917
BF112-13-150 0.0005 0.0091 BF211-13-150 0.0023 0.1389
BF112-14-150 0.0058 0.9245 BF211-14-150 0.0005 0.0162
BF112-1-200 0.017 0.9969 BF211-1-200 0.0013 0.0018
BF112-4-200 0.2206 0.9436 BF211-4-200 0.1012 0.9406
BF112-7-200 0.0898 0.9618 BF211-7-200 0.2298 0.9391
BF112-10-200 0.1754 0.9406 BF211-10-200 0.1199 0.9523
BF112-13-200 0.0045 0.5689 BF211-13-200 0.0014 0.5276
BF112-14-200 0.0043 0.8284 BF211-14-200 0.0174 09116
BF112-1-250 0.0572 0.9831 BF211-1-250 0.0065 0.9649
BF112-4-250 0.1765 0.9835 BF211-4-250 0.2104 0.9532
BF112-7-250 0.14 0.9721 BF211-7-250 0.053 0.9416
BF112-10-250 0.1252 0.9821 BF211-10-250 0.005 0.8324
BF112-13-250 0.003 0.5143 BF211-13-250 0.0401 0.8371
BF112-14-250 0.0085 0.9064 BF211-14-250 0.0065 0.9612
BiOF 0.0023 0.9125 BiOI 0.1921 0.9837

the reaction was executed in darkness, no and triplet ('0,) EPR sig-
nals were noted, respectively. However, when the reaction process
was conducted under irradiation provided by visible light, inten-
sity signals corresponding to the characteristic peak of
DMPO-'OH adducts (Fig. 9(b)) were not noted, and prolonging
the reaction time resulted in an unobviously increase in the inten-
sity; conversely, when the reaction process was conducted under
irradiation provided by visible light, DMPO-0O5" adducts (Fig. 9(c))
were noted, and prolonging the reaction time resulted in a gradual
increase in the intensity. This suggests that the O3 (main active
species) was formed in the presence of BiOF/BiOl and oxygen under
irradiation provided by visible light. Thus, the quenching effects
induced by scavengers and by EPR prove that O3 is crucial in this
degradation, whereas 0, species are involved, but not crucial.
The structure characterizations have proven that BiOF/BiOl is a
two-phase heterojunction. Considering that the heterojunction
presents much higher photocatalytic activities than the component
phase alone, it is reasonable that there might be synergetic effect
between BiOF and BiOIl. Actually, many researchers have noted
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Fig. 7. (a) Cycling runs and (b) XRD patterns acquired before and after in the
photocatalytic degradation of CV in the presence of BiOF/BiOIl.
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the synergetic effect in heterojunction systems consisting of two
semiconductors in contact [31,32] and attributed the effect to the
efficient charge transfer at the interface of two semiconductors,
which would result in an effective photoexcited electron-hole sep-
aration and, consequently, enhance the photocatalytic activity. The
driving force of charge transfer originates from the matching band
potentials. Therefore, the suitable band potential is the precondi-
tion for the synergetic effect of heterojunction photocatalysts. Typ-
ically for V,0s5/BiVO4 heterostructured photocatalysts [33], the
conduction-band (CB) potential level of BiVO, is more negative
than that of V,05 so that photogenerated electrons could migrate
from BiVO,4 to V,0s driven by the contact electric field. Fig. 10
shows the type-I heterostructure band alignment [32]. In the
type-I band alignment, both VB and CB edges of BiOI are localized
within the energy gap of BiOF, forming the straddling band align-
ment. The VB and CB potentials of two different semiconductors
play a crucial role in the determination of the physical features
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of photogenerated charges and the photocatalytic performance.
BiOF/BiOI heterostructured photocatalysts, the CB potential level
of BiOF, is more negative than that of BiOI so that photogenerated
electrons could migrate from BiOF to BiOI driven by the contact
electric field. As the CB potentials of BiOF (0.41eV) and BiOI
(0.47 eV) are a little different, the photoexcited electron is easy
to transfer from the CB of BiOF to the CB of BiOI; and, the VB poten-
tials of BiOF (3.95 eV) and BiOI (2.41 eV) are also a little different
that the photoexcited holes are easy to transfer from the VB of BiOF
to the VB of BiOl. Although both photogenerated charge carries
were transferred from BiOF to BiOI through the interface, the dif-
ference between the migration rates of electrons and holes leads
to efficient separation of the charge carriers at the interface. More-
over, the unique configuration of BiOF/BiOI allowed both charge
carriers to exposing to the liquid phase and effectively involving
in the photocatalytic reactions to resulting in the improvement
of photocatalytic activity. For the BiOI, photoexcited carriers very
easily transfer to the surface-trap states typically located within
the semiconductor bandgap, on which the electrons or the holes
with lower energy, and were unuseful for the redox reactions
[37,38]. Therefore, BiOF/BiOl photocatalysts show great increase
in the separation extent and lifetime of the photogenerated elec-
trons, leading to the effective photodegradation of CV under
visible-light irradiation.

Based on the above investigation, a possible mechanism for the
photocatalysis and photosensitized processes by the BiOF/BiOIl
composites can be illustrated in Fig. 10. On reaching the BiOX (X
=F, I) conduction band, an electron causes active oxygen species
formation, which causes CV dye decomposition. Photosensitized
and photocatalytic processes both operate at the same time
(Fig. 10). In photosensitized and photocatalytic reactions, photo-
generated and  photosensitized electrons react  with
photocatalyst-surface-dwelling oxygen to produce O3 radicals.
Also, Oy radicals react with H" ions and h* holes react with OH™
ions (or H,0) to generate hydroxyl radicals. These processes pro-
duce hydroxyl radicals [34]. Interestingly, the ongoing addition of
visible light sustains this cycle continuously [3]. To understand
this, consider the mechanism of '0, formation during the photoex-
citation of BiOF/BiOI photocatalyst. Given suitable oxidizing power,
10, can also be produced by transferring electrons between super-
oxide O3 and cation species [35]. Photogenerated h* can function

as a cation species that oxidizes O3 in semiconductor nanoparti-
cles. A published article [36] has reported this '0, production
mechanism during ZnO photoexcitation; Egs. (15) and (16) present
the CV decomposition caused by the derived oxidant species after
several photo-oxidation cycles.

CV + 0,7 — decomposed compounds (15)

CV + 10, — decomposed compounds (16)

This study specified hydroxylated compounds for visible-light
photocatalytic degradation of CV in semiconductor systems [5].
Under UV irradiation, nitrogen-centered radical production pre-
ceded N-dealkylation, and carbon-centered radical establishment
preceded dye chromophore structure demolition in the photocat-
alytic degradation of CV dye [2,3,34]. All the identified intermedi-
ates in these two topics were identical under UV light and visible
light. The photocatalytic and photosensitized processes operate
concurrently; nevertheless, O3 is produced from the reaction on
the photocatalyst surface, of O, with photogenerated and photo-
sensitized e, and "OH is produced from O3 -H* and h*-OH™ (or
H,0) reactions. Notably, the hydroxyl radical (HO") is probably gen-
erated only through the e — 03 — H,0, — "OH route, whereas
the "OH radical is produced through a multistep O3 reduction.
The major oxidants are "OH radicals rather than O3 radicals. Infor-
mation regarding the reaction pathways of the proposed BiOF/
BiOl-mediated photocatalytic processes can be used to optimize
dye decomposition operations.

4. Conclusions

This is the first study to apply a facile hydrothermal process for
BiO,F4/BiOl,-mediated CV dye photocatalytic degradation under
visible-light irradiation. Excellent photocatalytic activity was
observed for the synthesized BiOF/BiOl composite during degrada-
tion. In terms of rate constants, the composites were sorted in the
following order: BiOF/BiOl > BiOI > BiOF. The maximum rate con-
stant of the BiOF/BiOI photocatalytic activity was 0.2305h™!, 1.2
times higher than that of BiOF and 100 times higher than that of
BiOF. Thus, the derived BiOF/BiOl is paramount for improving the
photocatalytic activity. After the removal of CV in the third cycle,
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the study did not observe any apparent deficit in photocatalytic
activity, and the observed deficit was 8.2% during the fifth run.
Many scavengers caused quenching effects, proving the highly
influential role of the reactive O3 species in the degradation of
the CV used. In sum, adequate catalytic activity and stability were
observed for the proposed composites; the proposed composites
are highly effective heterogeneous photocatalysts energized by vis-
ible light for efficient organic pollutant degradation.
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