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This is the first report that a series of bismuth oxychloride/bismuth oxyiodide/graphene oxide
(BiOmCly/BiOxly/GO) nanocomposites with different GO contents are synthesized through a simple
hydrothermal method and characterized using X-ray diffraction, transmission electron microscopy,
scanning electron microscopy energy-dispersive spectroscopy, Fourier transform infrared, X-ray
photoelectron spectroscopy, and diffuse reflectance spectroscopy. The BiOn,Cl,/BiOxly/GO compos-
ites exhibit excellent photocatalytic activities in the degradation of crystal violet (CV) and phenol
under visible light irradiation. The order of rate constants appears BiOCl/Bi3O4Cl/BiOI/Bi;Oql3/GO >
BiOCl/Bi;,017Cl,/BiOI/GO > BiOCl/Bi;, 017 Cl,/BiOI/GO > BiOCl/Bi3 04 Cl/BiOl/Bi; Og13/GO >

Bi12017C12/Bi507l/G0 >Bi12017C12/Bi507]/G0>Bi40512 >Bi;Ogl3 > BiOI > Bis 071> BiOCl > GO for phOtOC&t—
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Photocatalytic alytic degradation of CV. The photocatalytic activity of BiOCl/Bi304Cl/BiOI/Bi; Ogl3/GO composites reaches
Crystal violet a maximum rate constant of 0.422 h~1, which is 2.3 times higher than that of BiOCl/Bi304Cl/BiOI/Bi; Ogls,

9 and 2 times higher than that of BiOI and Bi4Osl,, and 18 and 12 times higher than that of BiOCl and
Bi3O4Cl. When being irradiated, it can produce two major active species, superoxide radical (O,*~) and

hydroxyl radical (*OH), and a minor active species, singlet oxygen (10,), for the CV degradation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor photo-catalysis driven by visible light has
sparked great research interest because it provides a valuable
method for solving environmental pollution and energy supply
problems. An environmentally potent and cheap photo-catalyst
is an important component for practical applications of photo-
catalysis [1]. The study of visible-light-driven photo-catalysts has
attracted considerable attention as an alternative to the elimination
of toxic materials from wastewater. The photo-catalytic degrada-
tion of CV dyes was researched using several systems to produce
active species including TiO, [2], ZnO [3], BaTiO3 [4], BiOI [5],
Bi;WOg [6], BiOxCly/BiOml, [ 7], BiOBr/BiOI [8], PbBiO,Br/BiOBr [9],
SrFe03.x/g-C3Ny4 [10], BiySiOs5/g-C3N4 [11], and BiOI/GO [12].

A simple and effective strategy for improving the photo-
catalytic activity of a photo-catalyst is the incorporation of a
hetero-structure because hetero-composites (or heterojunction)
have great potential for tuning the desired electronic proper-
ties of photo-catalysts and efficiently separating photo-induced
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electron-hole pairs [13,14]. A new group of advantageous photo-
catalysts, BiOX (X=F, Cl, Br, I) [15,16], have demonstrated unusual
photo-catalytic efficiency because their unique layered structure
features an internal static electric field vertical in each layer that
may occasion more effective separation of photo-induced charge
carriers. BiOX has received increasing interests because of its suit-
able energy gaps, stability, and relatively superior photo-catalytic
activities [17,18]. It was reported that the band gaps of BiOI [19],
BiOBr [8], BiOCI [20], BiOxCly/BiOmlIn [7], and Bi O3 [21] were 1.75,
2.61, 3.37, 1.78-2.95, and 2.30eV, respectively. It seemed that the
gaps of all these semiconductors were in the visible-light range to
catalyze the photocatalytic reaction.

BiOCl, a novel layered ternary semiconductor, has been drawn
much attention for its remarkable photo-catalytic performance,
which is comparable to or even better than that of TiO, because
of its open crystalline structure. However, the activity of BiOCl
nanosheets is still far from satisfaction owing to the rapid recom-
bination of photogenerated excitons and the indigent harvest of
sunlight. However, because the valence band for bismuth oxyio-
dides (BiOmly) contains mostly Isp, and Oy, orbitals, whereas the
conduction band is based on the Bigp orbital [22], iodine-poor
BiOp I, could be demonstrated to have band-gap energy lower than
it of Bi;O3 but higher than it of BiOI [23]; hence, these materials
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might be used as visible-light responsive photocatalysts. In particu-
lar, the structure and composition of BiOn I, strongly influence their
optical, electronic, oxidizing abilities, and other physicochemical
properties, offering an opportunity to obtain novel photocatalysts
for effective degradation of environmental and toxic pollutants.
Following Keller and Kramer [24] who have first reported the prac-
tically unlimited solubility of the BiOX/BiOY (X, Y = Cl, Br, I) systems,
several articles were published disclosing the successful synthe-
sis and the unique photocatalytic properties of similar oxyhalide
materials. However, the synthesis methods, characterization, and
evaluated properties of a series of BiOX/BiOY have remained rare
until recently.

Graphene (GR) and its derivatives are excellent electron medi-
ators due to their unique two-dimensional structures and superior
conductivity, and have attracted numerous attentions recently [25].
Furthermore, it can be easily produced from graphite, which is
cheap and naturally sufficient. According to a report, the theoret-
ically specific surface area of GR reaches 2630 m?/g. Therefore, it
can be used as an ideal support material with improved interfa-
cial contact and enhanced adsorption activity. GR has a powerful
but flexible structure with high carrier mobility. Thus, a GR-based
hybrid photocatalyst will show excellent photocatalytic efficiency,
such as, BiOI/GR [26] and BiOBr/GR [27].

Two specific branches of GR research dealt with graphene oxide
(GO) and reduced graphene oxide (rGO). This could be considered
as a precursor of semiconductor/GO (or rGO) synthesis by either
chemical or thermal processes. A previous study showed that the
incorporation of GO with a metal oxide could enhance the pho-
tocatalytic activity [28]. Apparently, photocatalysis enhancement
through GO is because a conjugate structure provides a pathway
for the transport of charge carriers. Song et al. [29] synthesized an
Ag/Ag,CO3/rGO composite that exhibited enhanced photocatalytic
performance for the photocatalytic oxidation of organic pollu-
tants. Metal oxide semiconductors finds unparalleled opportunity
in wastewater purifi-cation under UV-vis light, largely encouraged
by their divergent admirable features like stability, non-toxicity,
ease of preparation, suitable band edge positions and facile gener-
ation of active oxygen species in the aqueous medium. Currently,
many studies reported that the integration of GO and semiconduc-
tor or metal oxide photocatalyst, such as BizOsl, [12], BiOI [26],
MoS; [30],Zn0 [31], Co,03/TiO; [32], TiO, [33], BiVO4 [34], StTiO3
[35], and BiFeOs3 [36], could form hybrid materials with superior
photocatalytic activity. It is found that the BiOxly/GO (or rGO, GR)
composite shows higher photocatalytic activities than BiOxly and
GO (or rGO, GR) do for the photocatalytic degradation of dyes
[37,38].

Previous studies showed that the incorporation of GO with
a metal oxide could enhance photocatalytic activity. According
to our literature search, a series of BiOmCl,/BiOxly/GO-assisted
photocatalytic degradation of CV dyes under visible light irradi-
ation has never been reported. This study synthesizes a series of
BiOmCln/BiOxly/GO nanocomposites with different GO contents,
synthesizes through a simple hydrothermal method, and compares
their photocatalytic activities in degrading CV in aqueous solutions
under visible light irradiation. Possible photo-degradation mech-
anisms are proposed and discussed in this research. The study is
useful in synthesizing BiOmCl,/BiOxly/GO and degrading dye for
the future applications of environmental pollution and control.

2. Experimental Details

2.1. Materials

Graphite (Showa), isopropanol, H,SO4 and HCI (Merck), KMnOg4
(Shimakyu), NaNOs3, Bi(NO3)3e5H,0, and KI (Katayama), CV dye

(TCI), p-benzoquinone (Alfa Aesar), sodium azide (Sigma), and
ammonium oxalate (Osaka) were purchased and used without
further purification. Reagent-grade sodium hydroxide, nitric acid,
ammonium acetate, and high pressure liquid chromatography
(HPLC)-grade methanol were obtained from Merck.

2.2. Instruments and analytical methods

Crystallinity and phase analysis was performed by powder X-
raydiffraction (XRD) using a MAC Science MXP18 equipped with
Cu-Ka radiation and operated at 40kV and 80 mA. Nanostruc-
tures were visualized by high-resolution transmis-sion electron
microscopopy (HR-TEM). Images, selected area electron diffrac-
tion patterns, high resolution transmission electron microscopic
(HRTEM) images, and energy-dispersive X-ray spectra (EDS) were
obtained using a JEOL-2010 with an accelerating voltage of 200 kV.
Al-Ka radiation was generated at 15 kV. Surface morphology and
composition were also visualized by a field emission scanning
electron microscope electron-dispersive X-ray spectroscopy (FE-
SEM-EDS). FE-SEM-EDS measurement was conducted using a JEOL
JSM-7401F at an acceleration voltage of 15kV. High resolution
X-ray photoelectron spectroscopic measurement was conducted
using an ULVAC-PHI. Binding energies were corrected to the C
1s peak at 284.6eV and surface atomic compositions calculated
via correction for the appropriate instrument response factors.
Photoluminescence (PL) measurement was conducted on Hitachi
F-7000. Ultraviolet photoelectron spectroscopic measurement was
performed using an ULVAC-PHI XPS, PHI Quantera SXM. Brunauer-
Emmett-Teller (BET) specific surface areas of samples (Sggr) were
measured with an automated system (Micrometrics Gemini) by
using nitrogen gas as the adsorbate at liquid nitrogen temperature.
Textural properties were characterized by nitrogen porosimetry
on a surface area analyzer, to calculate pore size distributions
and BET surface areas. The HPLC-PDAESI-MS system consisted
of a Waters 1525 binary pump, 2998 photodiode array detector,
and 717 plus autosampler, a ZQ2000 micromass detector. LC-MS
analysis was undertaken to identify products of CV photodegra-
dation. The amount of residual dye at each reaction cycle was
determined by HPLC-PDA. Transmission FT-IR and ATR/FT-IR spec-
tra were acquired with a Nicolet 5700 Fourier Transform Infrared
spectrometer (Thermo) equipped with a Greasby-Specac advanced
overhead (specaflow) ATR system P/N 1401 series.

2.3. Synthesis of BiOm Cly/BiOxl,/GO

GO was synthesized by stirring 1 g powdered flake graphite and
0.5g NaNOs into 23 mL H,SO4 at 0°C ice bath. While maintain-
ing vigorous agitation, 3g KMnO4 was added to the suspension.
The ice bath was then removed, and the temperature of the sus-
pension was brought to 35 °C and maintained at that temperature
overnight. Then, 3 g KMnO4 was added to the suspension, which
was allowed to stand for 3 h. After 3 h, 46 mL H,O was slowly stirred
into the paste, causing violent effervescence and the temperature
increasing to 95°C. The diluted suspension, now brown in color,
was maintained at this temperature for 15 min. The suspension was
then further diluted to approximately 140 mL with warm water and
treated with 30% (w) H, 0, to reduce the residual MnO4~ and MnO,
to bleach soluble Mn(SQ4),. Upon the treatment with peroxide, the
suspension turned bright yellow. The suspension was filtered, and
a yellow-brown filter cake was obtained. After washing the cake
three times with a total of 140 mL warm water, the GO residue
was dispersed in 100 mL of 10% HCI. Dry GO was obtained through
centrifugation followed by drying in the oven at 60°C overnight
[12,39].

Five mmol Bi (NO3)3-5H,0 was first mixed in a 50-mL flask and
then added 5 mL 4 M ethylene glycerol and GO powder. With con-
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Fig. 1. XRD patterns of as-prepared BiO,Cly/BiOxly/GO samples under different conditions. (pH
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tinuous stir, 2 M NaOH was added dropwise to adjust the pH value;
when a precipitate was formed, 2 mL KI and KCI were also added
dropwise. The solution was then stirred vigorously for 30 min and
transferred into a 30 mL Teflon-lined autoclave, which was heated
to 100-250°C for 12 h and then naturally cooled to room temper-
ature. The resulting solid precipitate was collected by filtration,
washed with deionized water and methanol to remove any pos-
sible ionic species in the solid precipitate, and then dried at 60°C
overnight. Depending on the molar ratio of Bi(NO3)3e5H,0 to Kl or
KCI, pH value, temperature, and time, different BiOm, Cly/BiOxly /GO
samples could be synthesized.

2.4. Photocatalytic and active species experiments

CV irradiation experiments were conducted on a stirred aque-
ous solution contained in a 100-mL flask; the aqueous suspension of
CV (100 mL, 10 ppm) and a catalyst powder were placed in a Pyrex
flask. The pH of the suspension was adjusted by adding either NaOH
or HNOs solution. Dark experiments were performed to examine
the adsorption or desorption equilibrium. Ten mg photocatalyst
was mixed with 100 mL aqueous CV solution with a known initial
concentration in a 100-mL flask, and the mixture was shaken in
an orbital shaker (100 rpm) at a constant temperature. The mix-
ture was centrifuged at 3000 rpm in a centrifugation machine after
batch sorption experiments so that the absorbance of CV could
be determined at 580 nm through HPLC photo-diode array elec-
trospray ionization mass spectrometry (HPLC-PDA-ESI-MS). The
concentrations of the solutions were determined using a linear
regression equation. Prior to irradiation, the suspension was mag-
netically stirred in the dark for approximately 30 min to establish an
adsorption or desorption equilibrium between the CV and the cat-
alyst surface. Irradiation was conducted using 150 W Xe arc lamps
with the light intensity fixed at 31.1 W/m?2, and the reaction vessel
was placed 30 cm from the light source. At given irradiation time
intervals, a 5-mL aliquot was collected and centrifuged to remove
the catalyst. The supernatant was measured using HPLC-PDA-ESI-
MS.

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 radical, hydroxyl radical,

Table 1

hole, and singlet oxygen (10,) were studied by adding 1.0 mM
benzoquinone (BQ, a quencher of superoxide radical) [40], 1.0 mM
isopropanol (IPA, a quencher of hydroxyl radical) [41], 1.0 mM
ammonium oxalate (AO, a quencher of hole) [42], and 1.0 mM
sodium azide (SA, a quencher of singlet oxygen) [43]. The method
was similar to the previously reported photocatalytic activity test.

3. Results and Discussion
3.1. Characterization of BiOy, Cln/BiOxly/GO heterojunction

3.1.1. Phase structure

Fig. 1 shows the XRD patterns of the as-prepared samples; the
patterns clearly show the existence of different BiOmCl,/BiOxly
phase composites with GO. All the as-prepared samples contain
BiOCl phase (JCPDS 06-0249), Bi304Cl phase (JCPDS 36-0760),
Bi;;017Cl, phase (JCPDS 37-0702), BiOI phase (JCPDS 73-2062),
BizOgl3 phase [44], BisOI phase (JCPDS 40-0548), and GO [45]. At
pH=1, the XRD patterns (Fig. 1(a)) are identical to those reported
for BiOCl/BiOI/GO ternary phases; at pH=4, the XRD patterns
(Fig. 1(b)) are identical to those reported for BiOCl/BiOI/GO ternary
phases; at pH =7, the XRD patterns (Fig. 1(c)) are identical to those
reported for BiOCl/Bi304Cl/BiOI/Bi;Ogl3/GO pentabasic phases; at
pH =10, the XRD patterns (Fig. 1(d)) are identical to those reported
for BiOCl/Bi;3017Cl,/BiOI/Bi;Ogl3/GO pentabasic phases; and, at
pH =13, the XRD patterns (Fig. 1(d)) are identical to those reported
for Bi12017Cl,/Bi5071/GO ternary phases. Table 1 summarizes the
results of the XRD measurement.

In Fig. 2, the HRTEM image shows that four sets of differ-
ent lattice images are found with a d-spacing of 0.3440, 0.4004,
0.2692, and 0.3170 nm, corresponding to the (101) plane of BiOCl,
the (011) plane of Bi304Cl, the (111) plane of BiOI, and the (012)
plane of Bi;Ogl3, which is in satisfactory agreement with the XRD
results (Fig. 1(c)). The results suggest that the series of BiOxly/GO
phases are produced in the composites, which are favorable for the
separation of photoinduced carriers, yielding high photocatalytic
activities.

The results illustrate that, at different pH values, a series of
changes occur in the products. The proposed processes for the
formation of BiOmClh/BiOxly/GO composites are described in

Crystalline phase changes of BiO,Cl,/BiOxly /GO prepared under different reaction conditions. (@ BiOl, M Bi;Ol3, @ Bis0,1, < BiOCl, [] Bi30,4Cl, O Bi;2017Cly, ¥ GO).(For
interpretation of the references to colour in this table, the reader is referred to the web version of this article.)

BiO, Cly/BiOyly /GO (100°C)

Graphene oxide Weight (g) pH
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0 *O O oS I SOMO e
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Egs. (1)-(15). The results explain that a series of changes in the
compounds occur at different hydrothermal conditions, expressed
as  BiOCl— Bi405C12 — Bi2403] Cl]o — Bl304cl d Bi12017C]2 — o=
Bi203 and BiOl — Bi405[2 — Bi709]3 — Bl304[ — BI507I — OL—Bi203.
By controlling the pH of the hydrothermal reaction, different
compositions of bismuth oxyhalides are obtained.

Bi** +3Cl~ — BiCly (1)
BiClz(s) +20H™ — BiOCli5)+2Cl~ +H,0 (2)
4BiOCl(5)+20H™ — BisO5Cly() +2C1~ +H>0 (3)
6Big05Clys) +20H™ — Bizg031Clyg(s) +2C1~ + Hp0 (4)
Biz4031Clyg(s) +20H™ — 8Bi304Cl(5)+2Cl~ +H,0 (5)
5Bi304Cl(s) +20H™ — 3Bi507Cl(5)+2Cl~ + H,0 (6)
12Bi507Cl() +20H™ — 5Bi12017Cly() +2C1~ + H,0 (7)
Bi12017Cly(s) + 20H™ — 6Biz035)+2Cl~ +H,0 (8)
Bi** + 31~ — Bils 9)
Bily(s)+20H™ — BiOI(s) + 21" + H,0 (10)
4BiOl(5)+ 20H™ — BisOsly() + 21~ +H,0 (11)
7BigOsly(s) +20H™ — 4BizOgl3(s) + 21~ + H,0 (12)
3Bi70gl3(5) +20H™ — 7Bi304l(s) + 21~ +H>0 (13)
5Bi304l(s) +20H™ — 3BisO7l(5)+ 21" +H,0 (14)
2Bi5071(s)+20H™ — 5Biy03(5) + 21~ + H,0 (15)

Fig. 3 shows the Fourier transform infrared (FT-IR) spectra of
the BiOCl/Bi304Cl/BiOI/Bi;Ogl3/GO composites produced at dif-
ferent weight percentages, where a strong absorption is located
mainly in the range of 400-750cm~!, as a result of the stretch-
ing vibrations of Bi—O—Cl, Bi—O—I, Bi—0, and Bi—0—Bi in bismuth
oxychlorides/bismuth oxyiodide composites [5]. The FT-IR spec-
tra of GO show a strong absorption band at 3429cm~! because
of the O—H stretching vibration. The spectra also exhibit bands at
approximately 1726 cm~! because of the C=0 stretching of COOH
groups situating at the edges of GO sheets, and the O—H bend-
ing vibration, epoxide groups, and skeletal ring vibrations were
observed at approximately 1630 cm~! [46]. The absorption at 1395
and 1001 cm~! may be attributed to tertiary C—OH and the stretch-
ing of C—0—C groups. After the composition process, the intensity
of the absorption bands because of the O—H stretching vibration
(3428 cm~!) and C=0 stretching vibration (1725cm~!) decreases
substantially, and the band at 1630cm™! is absent [47]. Instead, a
new absorption band appears at 1569 cm~!, which is attributed to
the skeletal vibration of graphene sheets [48]. This result agrees
with that of the XRD and TEM experiments.

3.1.2. X-ray photoelectron spectroscopic analysis

XPS is used for measuring the purity of the prepared samples.
The spectra presented in Fig. 4 are Bi 4f, O 1s, Cl 2p, and I 3d for
the BiOCl/Bi304Cl/BiOI/Bi;Ogl3/GO samples. The transition peaks
involving in these spectra orbitals demonstrate that the catalysts
are composed of Bi, O, Cl, I, and C (Fig. 4(a)). The characteristic bind-
ing energy value of 157.5-158.4 eV for Bi 4f;, (Fig. 4(b)) shows a
trivalent oxidation state for bismuth. An additional spin-orbit dou-
blet with binding the energy of 155.2-156.0eV for Bi 4f;, is also
revealed o all samples, suggesting that certain parts of bismuth exist
in the (+3—x) valence state. This shows that the trivalent bismuth is
partially reduced to the lower valence state through the hydrother-
mal method. A similar chemical shift of approximately 2.0 eV for Bi
4f;, was published by Liao et al. [5,49]. They found that the Bi (*3-X)

—

”~
BiOCl
(005)

e B30T

BiOl (012
(113)

1/nm

(P11
d=2.692A

Bi,0,Cl

Fig. 2. FE-TEM of as-prepared BiOCl/Bi304Cl/BiOI/Bi;Ogl3/GO (pH =7, 0.03 g GO).

formal oxidation state could most probably be ascribed to the sub-
stoichiometric forms of Bi within the Bi, O, layer, and the formation
of the low oxidation state results in oxygen vacancies in the crystal
lattice. However, this study assumes that the Bi (*3-%) formal oxida-
tion state could most likely be ascribed to the sub-stoichiometric
forms of Bi at the outer site of the particles, and the formation of
the low oxidation state results in oxygen vacancies in the crys-
tal surface, revealing that the main chemical states of the bismuth
element in the samples are not trivalent. Fig. 4(c) shows the high-
resolution XPS spectra for the O 1s region of BiOyCly/BiOxly/GO
composites, which could be resolved into two peaks; the main peak
at 528.7 eV is attributed to the Bi—O bonds in the (Bi,05) 2* slabs of
the BiOX layered structure, whereas the peak at 531.0 eVis assigned
to the hydroxyl groups on the surface [50]. From Fig. 4(d), the bind-
ing energy of 198.4eV and 196.7 eV is attributed to CI 2p3j, and
2p1 2, respectively, which could be pointed to Cl at the monova-
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Fig. 3. FT-IR of as-prepared BiOCl/Bi304Cl/Bi;O9l3/BiOI/GO samples under different
GO weight at pH=7.

lent oxidation state. From Fig. 4(e), the binding energy of 629.0 eV
and 617.5eV is attributed to I 3ds), and 3ds3), respectively, which
could be pointed to I at the monovalent oxidation state. Fig. 4(f) and
(g) shows the high-resolution C 1 s spectrum of BiO,Clq/BiOxly/GO
composites and pure GO. Three carbon species are displayed mainly
in the C 1s spectra of pure GO and BiO,Clq/BiOxly/GO compos-
ites including un-oxidized carbons (sp? carbon), C—0, and C=0. As
seen in Fig. 4(f) and (g), three different chemically shifted compo-
nents are consisted, which could be de-convoluted into sp? carbons
in aromatic rings (284.4eV) and C atoms bonded to oxygen (C—O
286.8 eV) and carbonyl (C=0, 288.7 eV) [51]. The asymmetric O 1s
peak shown in Fig. 4(c) can be split by using the XPS peak-fitting
program for pure GO. The peak at 530.0eV is assigned to the exter-
nal —OH group or the water molecule adsorbed on the surface, and
the other O 1s peak appearing at 528.7 eV corresponds to the C—O
bonds in the GO [49].

3.1.3. Morphological structure and composition

A series of BiOpCly/BiOxly/GO composites are synthesized
through hydrothermal methods at different pH values. The surface
morphologies of the as-prepared samples are measured using FE-
SEM-EDS. The FE-SEM image (Fig. 5) displays that the morphologies
of the samples acquired at different pH values turn from flower-
like to nanosheets and small-thin nanosheets, and then become
irregular small-thin nanosheets. The SEM-EDS and TEM-EDS results
demonstrate that the main elements within these samples are bis-
muth, oxygen, chlorine, iodine, and carbon (Table 2). From the
aforementioned results, a series of BiOpClq/BiOxly/GO composites
could be selectively synthesized through the controlled hydrother-
mal method.

3.1.4. Optical absorption properties

As shown in Fig. 6 for the diffuse reflectance ultraviolet of
various BiOpClq/BiOxly/GO composites, the absorption edge of
BiO,Clg/BiOxly is about 566.2-733.8 nm, which is originated from
its band gap of 1.78-1080eV and is consistent with the reported
results [5]. The Eg value of BiOpClg/BiOxly/GO is determined
from a plot of («¢hv)!/2 vs. energy (hv), which is calculated as
1069-2.63 eV (Table 2). The results suggest that the fabrication of
the BiO,Clq/BiOxly/GO composites could greatly improve the opti-
cal absorption property and increase the utilized efficiency of solar
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total survey, (b) Bi-4f, (c) O-1s, (d) CI-2p, (e) I-3d, (f) C-1s, (g) 0.03g GO C-1s
(pH=7).

light, which is favorable for the enhancement of the photocatalytic
activity.

3.1.5. Adsorption-desorption isotherm
The BET surface area of GO is measured to be 12.98 m2g~!; far
below the theoretical value of fully exfoliated pristine graphene
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Table 2

Physical and chemical properties of BiO,Cl,/BiOxly /GO samples prepared under different reaction conditions.
Photocatalysts EDS of atomic ratio (%) BET Surface Area (m?g') Eg

Bi 0 cl I C

BC115-1-0.01-150 25.79 40.42 18.13 2.81 12.86 - 1.78
BC115-4-0.01-150 293 30.19 5.59 23.37 11.56 - 1.87
BC115-7-0.01-150 25.5 38.16 5.49 17.84 13.01 - 1.78
BC115-10-0.01-150 27.52 40.77 2.43 17.3 11.98 - 1.78
BC115-13-0.01-150 24.57 52.76 3.87 4.55 14.25 - 2.63
BC115-1-0.03-100 16.45 32.71 13.38 1.26 36.2 - 1.69
BC115-4-0.03-100 14.6 26.43 1.77 12.47 44.74 - 1.83
BC115-7-0.03-100 20.86 28.49 5.29 12.88 3247 36.62 1.79
BC115-10-0.03-100 17.28 30.34 3.01 10.07 39.30 - 1.79
BC115-13-0.03-100 18.06 42.25 0.45 3.54 35.71 - 2.44
BC115-1-0.05-100 13.64 19.01 2.42 11.82 53.12 - -
BC115-4-0.05-100 13.64 21.58 2.69 1053 51.56 - -
BC115-7-0.05-100 14.89 20.71 2.15 11.54 50.71 29.91 -
BC115-10-0.05-100 13.57 23.33 1.12 9.06 52.92 - -
BC115-13-0.05-100 13.96 32.36 0 3.94 49.79 - -
BC115-7-0.01-100 26.53 42.36 3.15 16.58 11.38 27.14 1.80
DRS 100°C
pH 1 4 7 10 13
0.03 1.69 1.83 1.79 1.79 2.44
0.01 1.62 1.84 1.80 1.82 2.33
0.005 1.69 1.89 1.86 1.90 2.36
0 1.78 1.90 1.92 1.94 2.02
DRS 150°C
pH 1 4 7 10 13
0.03 1.57 1.77 1.69 1.62 2.23
0.01 1.78 1.87 1.78 1.78 2.63
0.005 1.80 1.86 1.88 1.86 2.97
0 1.85 1.90 1.93 1.94 291

(~2620m2g~1). The pore volume and size of GO distribute to
0.016cm3g~! and 5.32 nm. The isotherms of GO are close to Type
[II without a hysteresis loop at a high relative pressure between
0.6 and 1.0 [7], suggesting the existence of nonporous GO. The
isotherms of BiOxly and BiOmCl, are close to Type IV with a hys-
teresis loop at a high relative pressure between 0.6 and 1.0 [7].
Fig. 7 shows the nitrogen adsorption-desorption isotherm curves of
BiOCl/Bi304Cl/Bi7Ogl3/BiOI/GO. The BET surface area of the samples
is measured to be 27.17-36.62m2g~!. The pore volume and size
of the BiOCl/Bi304Cl/Bi7Ogl3/BiOI/GO composite sample are deter-
mined as the pore volume 0.084-0.2284cm?/g and 10-100 nm,
respectively. The isotherms are close to Type IV with a hystere-
sis loop at a high relative pressure between 0.6 and 1.0. The shape
of the hysteresis loop is close to H3, suggesting the existence of
slit-like pores generally formed by the aggregation of plate-like par-
ticles, which is consistent with the self-assembled nanoplate-like
morphology of samples. This result is consistent with the FE-SEM
results, showing that self-assembled nanosheets result in the for-
mation of hierarchical architectures.

3.2. Photocatalytic activity

Fig. 8 illustrates the changes in the ultraviolet visible (UV-vis)
spectra during the photodegradation process of CV and phe-
nol in aqueous BiOCl/Bi304Cl/Bi;Ogl3/BiOI/GO dispersions under
visible light irradiation. They are wholly degraded after visible
light irradiation for 72 h, approximately 99% of CV. During visi-
ble light irradiation, the characteristic absorption band of the CV
dye at approximately 590.0 nm decreases rapidly with slight hyp-
sochromic shifts (540.1 nm), but no new absorption band appears
even in the ultraviolet range (A >200 nm), indicating the probable
formation of a series of N-de-methylated intermediates and the

cleavage of the whole conjugated chromophore structure of the CV
dye. Further irradiation causes the decrease of absorption band at
540.2 nm, but no further wavelength shiftis observed, inferring that
the band at 540.2 nm is that of the full N-de-methylated product of
the CV dye [6,7]. In Fig. 8(b), the characteristic absorption band
of the phenol at approximately 250 nm decreases rapidly under
visible light irradiation. The adsorption resulted in a decrease of
about 1.3% in the phenol concentration after 0.5 h, and a decrease
in the photocatalytic efficiencies of 88.6% under visible light irra-
diation in the phenol concentration being decomposed after 72 h,
respectively.

Fig. 9 illustrates the degradation efficiency as a function of
reaction time; the removal efficiency is significantly enhanced
in the presence of 0.005-0.1g BiOpClg/BiOxly/GO composites.
To further understand the reaction kinetics of CV degradation,
the apparent pseudo-first-order model [52], In(Co/C)=kt, is
applied to the experiments. Through the first-order linear fit of
the data shown in Fig. 9 and Table 3, the k values of BC1I5-7-
0.03-100 (BiOCl/Bi304Cl/Bi;Ogl3/BiOI/GO) are obtained as the
maximum degradation rates of 4.22x10-'h~! by using the
first-order linear fit of the data, which are much higher than
those of the other composites. The BC115-7-0.03-100 compos-
ite has largest Sggr (Table 2). However, the result in Table 2
shows that the BC115-7-0.03-100 sample—which does show the
highest Sger—does represent the highest photocatalytic activity
(k=4.22x10"1h-1) among the samples, suggesting that the
changes in the photocatalytic activity are resulted from both Sggr
and BiO,Clg/BiOxly/GO composites. Table 3 shows a compari-
son among the rate constants of different photocatalysts. The
order of rate constants shows BiOCl/Bi304Cl/BiOI/Bi;Ogl3/GO >
BiOCl/Bi;,017Cl,/BiOI/GO > BiOCl/Bi;,017Cl,/BiOI/GO >
BiOCl/Bi304Cl/BiOI/Bi7Ogl3/GO > Bi;,017Cl, /Bi5O71/GO >
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Table 3

Pseudo-first-order rate constants for the degradation of CV with photocatalysts under visible light irradiation.
Sample Code Rate constant GO (g)

0 0.005 0.01 0.03 0.05 0.1

BC115-1-GO-100 k 0.026 0.026 0.017 0.044 0.078 0.066
(BiOCI/BiOI/GO) R? 0.99 0.97 0.99 0.98 0.99 0.79
BC115-4-GO-100 k 0.109 0.101 0.156 0.167 0.173 0.147
(BiOCl/BiOI/GO) R? 0.90 0.96 0.97 0.99 0.96 0.93
BC115-7-GO-100 k 0.182 0.188 0.294 0.422 0.329 -
(BiOCl/Bi304Cl/BiOI/Bi; O9l3/GO) R? 0.97 0.99 0.90 0.99 0.97 -
BC115-10-GO-100 k 0.268 0.334 0.200 0.278 - -
(BiOCl/Bi12017Cl/BiOI/GO) R? 0.99 0.99 0.99 0.97 - -
BC115-13-GO-100 k 0.096 0.088 0.944 0.002 - -
(Bi12047Cly/Bis071/GO) R? 0.96 0.98 0.96 0.38 - -
BC115-1-GO-150 k 0.040 0.062 0.084 0.068 - -
(BiOCI/BiOI/GO) R? 0.91 0.95 0.97 0.95 - -
BC115-4-GO-150 k 0.091 0.073 0.089 0.127 0.251 0.121
(BiOCI/BiOI/GO) R? 0.99 0.99 0.88 0.99 0.97 0.98
BC115-7-GO-150 k 0.178 0.151 0.212 0.281 0.239 -
(BiOCl/Bi304Cl/BiOl/Bi; O9l3/GO) R? 0.99 0.99 0.99 0.98 0.85 -
BC115-10-GO-150 k 0.234 0.277 0.325 0.306 - -
(BiOCl/Bi12017Cl,/BiOI/GO) R? 0.97 0.97 0.98 0.97 - -
BC115-13-GO-150 k 0.002 0.003 0.002 0.147 0.013 -
(Bi12017Cl,/Bis071/GO) R? 0.803 0.958 0.868 0.994 0.971 -
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of BiOCl/Bi304Cl/Bi;Ogl3/BiOI/GO with different GO weight (g) at pH 7.

Bi;2017Cl,/Bis071/GO > BigOsl; > BizOgl3 > BiOI > Bis 071 > BiOCl > GO.
The photocatalytic activity of BiOCl/Bi304Cl/BiOI/Bi;Ogl3/GO com-
posites reaches a maximum rate constant of 0.422h~1, which is
2.3 times higher than that of BiOCl/Bi30,4Cl/BiOI/Bi;Ogl3, 9 and 2
times higher than that of BiOI and Bi4Osl,, and 18 and 12 times
higher than that of BiOCI and Bi304Cl.

However, the photocatalytic activity over the BiOpCly/BiOxly /GO
nanocomposites decreases when the GO content exceeds approxi-
mately 0.03 g. This decrease may be attributed to the joint effect
between the excellent charge transfer capability of GO and its
detrimental effect on visible light absorption. The durability of
BC115-7-0.03-100 (BiOCl/Bi304Cl/Bi;Ogl3/BiOI/GO) composite is
evaluated by recycling the used catalyst. After each cycle, the cat-
alyst is collected by centrifugation. No apparent loss is observed in
the photocatalytic activity when CV is removed in the 3rd cycle;
even during the fifth run, the decline in photocatalytic activity
appears 5% (Fig. 10(a)). The used BC115-7-0.03-100 composite is
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Fig. 8. Temporal UV-vis adsorption spectral of (a) CV and (b) phenol changes during
the photocatalytic degradation of CV over aqueous BiOCl/Bi304Cl/Bi;Ogl3/BiOI/GO
under visible light irradiation.

also examined by XRD and no detectable difference is observed
between the as-prepared and the used samples (Fig. 10(b)); hence,
the BC115-7-0.03-100 (BiOCl/Bi304Cl/BizOgl3/BiOI/GO) composite
has excellent photostability.

Photocatalysts are excited to generate electron-hole pairs
directly after the illumination in the photocatalytic process.
Photocatalytic efficiency depends mainly on the recombination
rate or the lifetime of the photogenerated electron-hole pairs.
The faster the recombination occurs, the shorter the chemical
reaction time is. Therefore, PL spectra are utilized for investigat-
ing the recombination rate of the photogenerated electron-hole
pairs [53]. To investigate the separation capacity of the pho-
togenerated carriers in the heterostructures, the PL spectra of
BiOCl/Bi304Cl/Bi7Ogl3/BiOI/GO with 0-0.05 g GO weight are mea-
sured; the results are shown in Fig. 11. A weak emission peak at
approximately 550 nm appears on the as-prepared samples, which
could have been derived from the direct electron-hole recombina-
tion of band transitions. However, the characteristic emission peak
within the low intensity 550 nm for BiOCl/Bi3 04Cl/Bi;Ogl3/BiOI/GO
with 0-0.05g GO weight indicates that the recombination of
photogenerated charge carriers is greatly inhibited. The efficient
separation of charge could increase the lifetime of charge car-
riers and enhance the efficiency of interfacial charge transfer
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Fig. 9. Photodegradation of CV as a function of irradiation time over different
BiOCl/Bi3 04Cl/BiOI/Bi; O9l3/GO photocatalysts. (GO =0.005-0.05 g, Molar ratio KCI:
KI=1: 5, Bi(NO3)3-5H,0=2.42 g, KI=15mmol, KCl=3 mmol, hydrothermal condi-
tions: temp=100°C, pH=7, time=12h).

to the adsorbed substrates, thus improving the photocatalytic
activity [50]. The PL results confirm the importance of the com-
posites in hindering the recombination of electrons and holes and
explain the reason for the increasing photocatalytic performance
of BiOpCly/BiOxly /GO composites.

Presumably, the enhanced photocatalytic activities of
BiOpClg/BiOxly/GO composites could be ascribed to a syner-
gistic effect including a high BET surface area, the formation of
the composites (or heterojunction), a layered structure, and the
low energy band structure. In the absence of photocatalysts, CV
could not be degraded under visible light irradiation; the superior
photocatalytic ability of BiOpClq/BiOxly/GO may be ascribed to its
efficient utilization of visible light and high separation efficiency
of the electron-hole pairs within its composites.

3.3. Active Species

In general, three proposed possible reaction mechanisms are
involved in the photodegradation of organisms by a semiconductor,
including (i) photocatalysis, (ii) photolysis, and (iii) dye photosensi-
tization [54]. In the photolysis process, a photoinduced electron on
the induced organism directly reacts with O, to produce a single
oxygen atom that acts as an oxidant for the pure organism pho-
tolysis [55]. In the present experiments, CV degradation caused by
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photolysis under visible light in a blank experiment is not observ-
able; CV is a structure-stable dye, and the decomposition by the
photolysis mechanism is negligible.

Various primary active species, such as hydroxyl radical, hole,
superoxide radical, hydrogenradical (H*), and singlet oxygen, could
be generated during photo-catalytic decomposition processes in
UV-vis/semiconductor systems [21]. Dimitrijevic et al. [56] pro-
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Fig. 11. PL spectrum of BiOCl/Bi3 04Cl/Bi;O9l3/BiOI/GO with different GO weights at
pH7.

posed that water, which dissociated both on the surface of TiO, and
in subsequent molecular layers, had a three-fold role as (i) a stabi-
lizer of charges, preventing electron-hole recombination; (ii) as an
electron acceptor, forming H atoms in a reaction of photogenerated
electrons with protons on the surface, —OH,*; and (iii) an electron
donor, resulting in the reaction of water with photogenerated holes
to give *OH radicals.

When GO is combined with other materials, electrons would
flow from one material to another (from a higher to a lower
Fermi level) to align the Fermi energy levels at the interface of
two materials [57]. Bai et al. [58] reported that active species
trapping measurements, superoxide radicals (0, ~*) and hydroxy
radicals (*OH) played a crucial role during the catalytic process in
the methylene blue degradation process using ZnWO4/graphene
hybrids. Wang et al. [59] revealed that O,~* and *OH were the
main reactive species for the degradation of rhodamine B with
BiVO,4/rGO. Shenawi-Khalil et al. [60] reported that *OH radicals
were generated through the multistep reduction of O,~*. The
generation of O,~* could not only inhibit the recombination of
photoinduced charge carriers but also benefit the de-chlorination
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Fig. 12. (a), (b) DMPO spin trapping EPR spectra for DMPO-0,~ and DMPO-OH
under visible light irradiation with Bi304Cl/BiOCl/BiOI/Bi;O9l3/GO photocatalyst.
(c) The dye concentration during photodegradation as a function of irradiation time
observed in Bi304Cl/BiOCl/BiOI/Bi;Og9l3/GO photocatalyst under the addition of dif-
ferent scavengers of SA, IPA, AQ, and BQ.
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of chlorinated phenol derivative. The hydroxyl radical HO®* might
only be formatted through an e~ — O,~*— H;0, — *OH route.
However, *OH radical was formatted through the multistep reduc-
tion of O,~* in the system [61]. Jiang et al. [62] reported that
the g-C3N,4/BiOBr-mediated photodegradation of methylene blue
molecules was attributed mainly to the oxidation action of the gen-
erated O, ~* radicals and partly to the action of h* through the direct
hole oxidation process. According to a previous study [58], a pho-
tocatalytic process was governed mainly by O,~* rather than by
*OH, e—, or h*. In a previous study [5], the CV photodegradation by
BiOmXn/BiOpYq (X, Y =Cl, Br,I) under visible light was dominated by
oxidation with O, ~* being the main active species and *OH and h*
being the minor active species. On the basis of the aforementioned
references, the probability of forming *OH should be much lower
than that for O, ~*; however, *OH is an extremely strong and nonse-
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lective oxidant, which leads to a partial or complete mineralization
of several organic chemicals.

Fig. 12(a) and (b) shows not only the four characteristic peaks
(strong) of DMPO-*OH adducts (1:2:2:1 quartet pattern) but also
the six characteristic peaks of DMPO-0,~* adducts under visible
light irradiating BiOCl/Bi304Cl/Bi;Ogl3/BiOI/GO composite disper-
sion. Fig. 12(a) and (b) indicates that no electron paramagnetic
resonance (EPR) signal is observed when the reaction is performed
in the dark, whereas the signals with intensity corresponding to the
characteristic peak of DMPO-*OH and DMPO-0, ~* adducts [18] are
observed during the reaction process under visible light irradiation,
suggesting that 0,°~ and hydroxyl radical (*OH) as active species
are formed in the presence of BiOCl/Bi304Cl/Bi;Ogl3/BiOI/GO com-
posites and oxygen under visible light irradiation.

hv

Photosensitized process

Fig. 13. Schematic illustration of the band gap structures of Bi; 04Cl/BiOCl/BiOI/Bi;O9l3/GO and the possible charge separation processes. (a) CV (b) Phenol.
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To re-evaluate the effect of the active species during the photo-
catalytic reaction, a series of quenchers are introduced to scavenge
the relevant active species. As shown in Fig. 12(c), the photocat-
alytic degradation of CV is not affected by the addition of AO,
whereas the degradation efficiency of BQ, IPA, and SA quenching
evidently decrease when compared with that of no quenching.
0,°~ is a major active species and *OH and '0, are minor active
species in the process of photocatalytic degradation of CV. There-
fore, the quenching effects of different scavengers and EPR indicate
that reactive O,"~ plays a major role and *OH and 10, play a minor
role in CV photocatalytic degradation.

On the basis of the aforementioned experimental results,
a detailed pathway of decomposition is illustrated in Fig. 13.
Once the electron reaches the conduction band of BiOxXy
(X=Cl, I), it induces the formation of active oxygen species,
which causes the decomposition of CV dye and phenol. Both
photo-sensitized and photo-catalytic processes are proceeded con-
currently (Fig. 13(a)). The photo-catalytic processes are proceeded
concurrently (Fig. 13(b)). However, in photo-sensitized and photo-
catalytic reaction conditions, O,°~ radicals are formatted by the
reaction of photogenerated and photosensitized electron with oxy-
gen gas on the photocatalyst surface; hydroxyl radicals are also
produced by the reaction of O,*~ radicals with H* ion and hole h*
with OH~ ion (or H0). The hydroxyl radicals are produced sub-
sequently [63]. This cycle continuously occurs when the system is
exposed to visible light irradiation [8]; To understand this unex-
pected result, the mechanism of 10, formation is more closely
examined during photoexcitation of BiOpClq/BiOxly /GO photocata-
lyst. 10, also can be produced via the electron transfer between
superoxide O,°~ and cation species with appropriate oxidizing
power [64]. Photogenerated h* in semiconductor nanoparticles
could be such cation species to oxidize O,*~. This mechanism for
the production of 10, during photoexcitation of ZnO has been
reported [65]; after several cycles of photooxidation, the decom-
position of CV and phenol by the generated oxidant species can be
expressed by Eqs. (16)-(18).

CV(orphenol) + 0,7* — decomposedcompounds (16)
CV(orphenol) + OH* — decomposedcompounds 17)
CV(orphenol)+ 10, — decomposedcompounds (18)

Hydroxylated compounds are identified for the photocatalytic
degradation of CV under visible light-induced semiconductor sys-
tems [5]. Under UV light irradiation, N-dealkylation processes are
preceded by the formation of a nitrogen-centered radical, and the
destruction of the dye chromophore structure is preceded by the
generation of a carbon-centered radical in the photocatalytic degra-
dation of the CV dye [7,8,63]. All the intermediates identified in
these two researched topics have the same results under UV or
visible light irradiation. Undoubtedly, the major oxidant is *OH
radicals, not O,~* radicals. The reaction pathways of BiOxly/GO-
mediated photocatalytic processes proposed in this study should
offer some guidance for applications in the decomposition of dyes.

4. Conclusions

This is the first report where BiOpClq/BiOxly/GO-assisted pho-
tocatalytic degradation of the CV dye and phenol under visible
light irradiation is synthesized through a simple hydrother-
mal method. The assembled Bi304Cl/BiOCl/BiOI/Bi;Ogl3/GO
exhibits excellent photocatalytic activity in the degrada-
tion of CV under visible light irradiation. The order of
rate  constants presents  BiOCl/Bi304Cl/BiOI/Bi;Ogl3/GO >
BiOCl/Bi;;017Cl,/BiOI/GO > BiOCl/Bi;2017Cl,/BiOI/GO >
BiOCl/Bi304Cl/BiOI/Bi; Ogl3/GO > Bi;3017Cl,/Bi5 071/GO >

Bi12017C12/B1507]/GO >BigOsl; > Bi70913 >BiOI > Bi; 071> BiOCI > GO.
Thus, the Bi304Cl/BiOCI/BiOI/Bi;Ogl3/GO composites play a major
role in enhancing photocatalytic activity. The quenching effects of
different scavengers and EPR demonstrat that reactive O,*~ plays
a major role and 10, and *OH play a minor role in CV degradation.
Chiefly, composite systems exhibit adequate catalytic activity and
stability, acting as authentic heterogeneous visible-light-driven
photocatalysts in degrading organic pollutants efficiently.
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