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Bismuth oxyhalide and its composite belong to a new family of visible light driven photocatalysts and
attract more and more attention because of their interesting structures dependent on the photocatalytic
performance arisen from their layered structures interleaved with [Bi;O,] slabs and double halogen
atoms slabs. An effective and simple strategy to improve the photocatalytic activity of a photocatalyst is
the construction of a heterostructure, as the heterojunction has great potential in tuning the desired
electronic properties of the composite photocatalysts and efficiently separating the photogenerated
electron-hole pairs. This is the first report that a series of BiOxCl,/BiO;Br, heterojunctions are prepared
using controlled hydrothermal methods. The compositions and morphologies of BiOxCl,/BiO,,Br;, could
be controlled by adjusting some growth parameters, including reaction pH, time, and temperature. The
products are characterized by XRD, SEM-EDS, HR-TEM, DR-UV, BET, CL, and HR-XPS.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Around 106 tons and more than 10,000 different synthetic dyes
and pigments are produced annually worldwide, which are used
extensively in dye and printing industries. It is estimated that about
10% of those are lost in industrial effluents [1]. Triphenylmethane
(TPM) dyes are suitable for a large variety of technological appli-
cations. They are used extensively in textile industry for dyeing
nylon, wool, cotton, and silk, as well as for coloring oil, fat, wax,
varnish, and plastic. Paper, leather, cosmetic, and food industries
are other major consumers of various TPM dyes [2,3]. Cationic TPM
dyes are widely used as antimicrobial agents [3]. Recent reports
indicated that they might further serve as targetable sensitizers in
the photo-destruction of specific cellular components or cells [4,5].
Additionally, TPM dyes are used as staining agents in bacteriological
and histopathological applications. The photo-cytotoxicity of TPM
dyes based on reactive oxygen species production has been tested
intensively with a view to developing a photodynamic therapy
[6]. However, the thyroid peroxidase-catalyzed oxidation of TPM
class of dyes is of great concern because the reactions might form
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various N-de-alkylated primary and secondary aromatic amines,
with structures similar to aromatic amine carcinogens [5].

Many alternative processes aiming at removing TPM from
wastewater have been investigated, including chemical oxidation
and reduction, physical precipitation and flocculation, photoly-
sis, adsorption, electrochemical treatment, advanced oxidation,
reverse osmosis and biodegradation [7]. The photocatalysis pro-
cess has been successfully used for degrading TPM dye pollutants
inthe past few years [8,9]. Environmental pressure has impelled the
search for new technological developments. CV has been studied in
several hydroxyl radical (*OH) generating systems, including TiO,
[10], modified-TiO, [11,12], ZnO [13,14], BiWOg [15,16], BaTiO3
[17], Fe;03 [18], BixAgyO, [19], and Fe?* or Fe3*/H,0, [20,21]. In
most cases, the reaction mechanisms, kinetics, and/or efficiency
are well documented.

The photocatalytic activity of TiO, in visible light is very low due
to its wide band gap, preventing it from the efficient absorption of
sunlight. Recently, the development of visible light sensitive pho-
tocatalysts has received considerable attention as an alternative
treatment of wastewater. Bismuth oxyhalides, a group of V-VI-VII
semiconductors of great importance due to their superior optical
properties and promising industrial applications, have been used
as catalysts, ferroelectric materials, and pigments etc. [22]. Bis-
muth oxyhalides belong to a new family of visible light driven
photocatalysts and attract more and more attention because of
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their interesting structures dependent on the photocatalytic per-
formance arisen from their layered structures interleaved with
[Bi» 0, ] slabs and double halogen atoms slabs [23,24]. The formed
internal electric fields between the [Bi,0,]?* positive layer and the
negative halogen layer could induce an efficient separation of pho-
togenerated electron-hole pairs thus enhancing the photocatalytic
activities of the catalysts [25].

An effective and simple strategy to improve the photocatalytic
activity of a photocatalyst is the construction of a heterostructure,
as the heterojunction has great potential in tuning the desired elec-
tronic properties of the composite photocatalysts and efficiently
separating the photogenerated electron-hole pairs [26,27]. Follow-
ing Keller et al. [28] who first reported the practically unlimited
solubility of the BiOX/BiOY (X, Y=Cl, Br, I) systems, several arti-
cles were published to disclose the successful synthesis and the
unique photocatalytic properties of similar oxyhalide materials.
Wang et al. [29] reported the synthesis of BiOI/BiOCl and BiOBr/BiOI
phases exhibiting high photocatalytic activities under visible light
irradiation for the degradation of methyl orange. Shenawi-Khalil
etal.[30] prepared BiO(ClxBr;_,) photocatalysts by a hydrothermal
method and found that the new photoactive material with x=0.5
demonstrated 3 times higher rate than Degussa P25 did in remov-
ing aqueous RhB under visible light irradiation. Recently, Zhang
et al. [31] developed a facile reactable ionic-liquid synthesis of
BiOCI/BiOBr flower-like microspheres by an EG-assisted solvother-
mal process. The DRS analysis and high photocurrent suggested
that BiOCl/BiOBr possessed the absorption under visible light and
was a benefit for the efficient generation and separation of the
electron-hole pairs.

The present work reports the preparation and characteriza-
tion of a new family of BiOxCly, /BiOx;Br, photocatalysts. This is the
first report demonstrating the synthesis study of BiOxCly/BiOy;Bry
photocatalysts by controlled hydrothermal methods. The photocat-
alytic activities of the new materials being evaluated by measuring
the degradation rate of CV under visible light irradiation have an
excellent activity. In comparison to BiOCl and BiOBr, the new pho-
toactive material demonstrates higher rate in removing aqueous
CV under visible light irradiation.

2. Materials and methods
2.1. Material

The purchased KBr (Katayama), KCI (Shimakyu), Bi(NOs3)3-5H,0,
and CV dye (TCI) were obtained and used without any further purifi-
cation. Reagent-grade nitric acid, sodium hydroxide, ammonium
acetate, and HPLC-grade methanol were obtained from Merck. The
de-ionized water used in this study was purified with a Milli-
Q water ion-exchange system (Millipore Co.) for a resistivity of
1.8 x 107 Q-cm.

2.2. Instruments and analytical methods

XRD patterns were recorded on a MAC Sience, MXP18 X-ray
diffractometer with Cu Ka radiation, and operated at 40kV and
80 mA. The field-emission transmission electron microscopy (FE-
TEM) images, SAED pattern, high-resolution transmission electron
microscopy (HRTEM) images and an energy-dispersive X-ray spec-
trum (EDS) were taken on a JEOL-2010 transmission electron
microscope with an accelerating voltage of 200 kV. FE-SEM-EDS
measurements were carried out with a field-emission microscope
(JEOL JSM-7401F) at an acceleration voltage of 15 kV and an HRXPS
measurement was carried out with ULVAC-PHI XPS. The Al Ka radi-
ation was generated with a voltage of 15 kV. The BET specific surface
areas of the samples were measured with an automatic system

(Micromeritics Gemini 237 °C) using nitrogen gas as the adsorbate,
atliquid nitrogen temperature. Crygenic cathodoluminescence (CL)
measurements were carried out on JEOL JSM7001F.

The HPLC-PDA-ESI-MS system consisted of a Waters 1525 binary
pump, a 2998 photodiode array detector, and a 717 plus autosam-
pler. Besides, aZQ2000 micromass detector and an Atlantis ™ dC18
column (250 mm x 4.6 mmi.d.,dp =5 pwm)were used for separation
and identification. The column effluent was introduced into the ESI
source of the mass spectrometer.

The amount of residual dye at each reaction cycle was deter-
mined by HPLC-PDA-ESI-MS. The analysis of organic intermediates
was accomplished by HPLC-PDA-ESI-MS after the readjustment of
chromatographic conditions in order to make the mobile phase
(Solvent A and B) compatible with the working conditions of the
mass spectrometer. Solvent A was 25mM aqueous ammonium
acetate buffer (pH 6.9), and solvent B was methanol. LC was car-
ried out on an Atlantis™ dC18 column (250 mm x 4.6 mm i.d.,
dp=5pum). The mobile phase flow rate was 1.0 mL/min. A linear
gradient was run as follows: t=0,A=95, B=5; t=20, A=50, B=50;
t=35-40, A=10, B=90; t=45, A=95, B=5. The column effluent
was introduced into the ESI source of the mass spectrometer. The
quadruple mass spectrometer equipped with an ESI interface with
heated nebulizer probe at 350 °C was used with an ion source tem-
perature of 80°C. ESI was carried out with the vaporizer at 350°C
and nitrogen as sheath (80 psi) and auxiliary (20 psi) gas to assist
with the preliminary nebulization and to initiate the ionization
process. A discharge current of 5 A was applied. Tube lens and
capillary voltage were optimized for the maximum response during
the perfusion of the CV standard.

2.3. Synthesis of BiOxCly/BiOmBry

5mmol Bi (NO3)3-5H,0 was first mixed in a 50 mL flask and
followed by adding 5 mL 4 M HNO3. With continuous stirring, 2 M
NaOH was added dropwised to adjust the pH value; and, when a
precipitate was formed, 2 mL KCl and KBr were also added drop-
wised. The solution was then stirred vigorously for 30 min and
transferred into a 30 mL Teflon-lined autoclave, which was heated
up to 110-260°C for 12, 24, and 36h and then naturally cooled
down to room temperature. The resulting solid product was col-
lected by filtration, washed with deionized water and methanol to
remove any possible ionic species in the product, and then dried
at 60°C overnight. A variety of reaction conditions in hydrother-
mal methods were employed (including Cl/Br mole ratio, pH value,
temperatures, and times) as shown the catalyst codes in Table 1,
namely BC1B2-1-110-12 (Cl:Br=1:2 molar ratio) to BC2B1-260-24
(Cl:Br=2: 1 molar ratio) for as-prepared samples, respectively.

2.4. Evaluation of photocatalytic activity

The aqueous suspension of CV (100 mL, 10 ppm) and the amount
of catalyst powder were placed in the Pyrex flask. The pH value of
the suspension was adjusted by adding either NaOH or HNO3 solu-
tion. Prior to irradiation, the suspension was magnetically stirred in
the dark for ca. 30 min to establish adsorption/desorption equilib-
rium between the dye and the surface of the catalyst under ambient
air-equilibrated conditions. The irradiation was carried out using
visible-light lamps (500 W Xe arc). The light intensity was fixed
on 132.1 W/m?2 when the reactor was placed 30 cm away from the
light source. The irradiation experiments of CV were carried out
on stirred aqueous solution contained in a 100 mL flask. At the
given irradiation time intervals, 5 mL aliquot was collected and
centrifuged to remove the catalyst. The supernatant was analyzed
by HPLC-ESI-MS after readjusting the chromatographic conditions
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Codes of BiOxCly/BiO;;Br, prepared under different KCl/KBr molar ratio, pH values, and reaction temperatures at 12 h. (BC1B2, Cl:Br=1:2; BC2B1, Cl:Br=2:1).

210

260

BC1B2-1-210-12
BC1B2-4-210-12
BC1B2-7-210-12
BC1B2-10-210-12
BC1B2-13-210-12

BC2B1-1-210-12
BC2B1-4-210-12
BC2B1-7-210-12
BC2B1-10-210-12
BC2B1-13-210-12

BC1B2-1-260-12
BC1B2-4-260-12
BC1B2-7-260-12
BC1B2-10-260-12
BC1B2-13-260-12

BC2B1-1-260-12
BC2B1-4-260-12
BC2B1-7-260-12
BC2B1-10-260-12
BC2B1-13-260-12

Table 1
pH Temp (°C)
110 160
BC1B2
1 BC1B2-1-110-12 BC1B2-1-160-12
4 BC1B2-4-110-12 BC1B2-4-160-12
7 BC1B2-7-110-12 BC1B2-7-160-12
10 BC1B2-10-110-12 BC1B2-10-160-12
13 BC1B2-13-110-12 BC1B2-13-160-12
BC2B1
1 BC2B1-1-110-12 BC2B1-1-160-12
4 BC2B1-4-110-12 BC2B1-4-160-12
7 BC2B1-7-110-12 BC2B1-7-160-12
10 BC2B1-10-110-12 BC2B1-10-160-12
13 BC2B1-13-110-12 BC2B1-13-160-12
| | | ——BiOC1-85-0861
L L 1 L.l |
I ——BCIB2-1-260-12
N
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Fig. 1. (a) XRD patterns of as-prepared BiOxCl,/BiOy,Br, samples under different
synthesis temperature and (b) enlarged view of the diffraction region between 10
and 14°. (Molar ratio KCI/KBr=1/2, hydrothermal conditions: temp=110-260°C,
pH=1, time=12h).

in order to make the mobile phase compatible with the working
conditions of the mass spectrometer.

3. 3 Results and discussion
3.1. Characterization of the BiOxCly/BiOnBry

3.1.1. XRD analysis

Figs. 1-4 and Figs. S1-S6 show the XRD patterns of the
as-prepared BiOxCly/BiOy;Br, samples. The XRD patters clearly
revealed the existence of the pure phase and the coexistence
of different phases. All the BiOxCly/BiOnBr, samples synthe-
sized using the hydrothermal method described at different

—— Biy05,Cly-70-4761

L |.|\|
e

— Bi;05C1,-41-0658

-hl

BiOCI-85-0861

—BCIB2-7-260-12
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. i T
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20(degree)

Intensity(cps)

——BCIB2-7-110-12

—— Biy03,Br;,-75-0888

— Bi,05Br,-37-0699

5 10 15 20 25 30
Fig. 2. XRD patterns of as-prepared BiOCly/BiO;;Br, samples under different

hydrothermal condition. (Molar ratio KCI/KBr=1/2, temp=110-260°C, pH=7,
time=12h).

—Bi0Cl-85-0861

——BC2B1-1-260-12

BC2B1-1-210-12

Intensity(cps)
Cﬁ

——BC2B1-1-160-12
5 10 15 20 25 30

35 40 45 50 55 60 65 70 75 80
20(degree)

—BC2B1-1-110-12

Fig. 3. XRD patterns of as-prepared BiOCly/BiO;;Br, samples under different
hydrothermal condition. (Molar ratio KCI/KBr=2, temp=110-260°C, pH=10,
time=12h).

temperature and pH were BiOCl (JCPDS 85-0861), BisOs5Cl,
(JCPDS 41-0658), Biy4031Clyp (JCPDS 70-4761), Bi304Cl (JCPDS
36-0760), Bi;2017Cl; (JCPDS 37-0702), BiOBr (JCPDS 09-0393),
BisO5Br; (JCPDS 37-0669), Biy4031Brig (JCPDS 75-0888), Bi304Br



108 S.-T. Huang et al. / Journal of Molecular Catalysis A: Chemical 391 (2014) 105-120

—— Biy,05,Cl,,-75-0887

| I Jl‘ I‘

| ‘ | | —BiOCI-73-2060
! P [ T

A M l —BC2B1-7-260-12

M ——BC2B1-7-210-12
’ J —BC2B1-7-160-12

—BC2B1-7-110-12

T b liwy

Intensity(cps)

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20(degree)

Fig. 4. XRD patterns of as-prepared BiO,Cl,/BiO;Br, samples under differ-
ent hydrothermal condition. (Molar ratio KCI/KBr=2, temp=110-260°C, pH=7,
time=12h).

(JCPDS 84-0793), BisO7Br (JCPDS 38-0493), Bij2017Bry (JCPDS
37-0701), and a-Bi; 03 (JCPDS 41-1449) phase. The XRD patterns
for pH=1, 4, 7, 10, and 13 were identical to those reported for
BiOCl and a-Bi; O3 single phase, BiO(ClxBr;_x) solid solution (Fig. 1)
[28], BIOCI/BIOBI', Bi24031C110/Bi24O31Br2, Bi304C1/Bi24031B1’10,
Bij2017Cl2/Biz4031Brio, Biz4031Cl1o/Bi2017Br3, Bi304Cl/
Bi1,017Br, binary phase, and BiOCl/Bi4O5Cl,/BizO5Brs,
BiOCl/Bi»4031Cl1o/BiOBr ternary phase. Table 2 summarizes
the results of the XRD measurements. In this experiment, pH
and temperature play key roles in controlling the composi-
tion and anisotropic growth of crystals. The results showed
that a series of changes in the compounds occurred at dif-
ferent pH values and hydrothermal reactions, described as
BiOCl — Bi4O5Cly — Bizg031Clyg — Bi304Cl — Bi2017Cly — a-
Bi203 and BiOBr — Bi405BF2 — Bi24031BI'10 — Bi304BI'—> Bi507Bl‘—>
Bi12017Br, — a-Biy 03. The possible processes for the formation of
BiO,Cly /BiO,Br, samples are described as follows (Egs. (1)-(18)).

Bi** +30H™ — Bi(OH)y (1)
Bi(OH)3(5) + 3Cl™ — BiClss) +30H™ 2)
BiCl3(s) +20H™ — BiOClis) +2Cl~ + H,0 (3)
4BiOCl(s) +20H™ — BigO05Cly(s)+2Cl~ +H,0 (4)
6BigO5Cly(s) + 20H™ — Bizs031Clyg(s) +2C1~ +H,0 (5)
Biz4031Clyg(s) + 20H™ — 8Bi304Cl(s)+2Cl~ + H,0 (6)
5Bi304Cl(s)+20H™ — 3Bi507Cls)+2Cl~ + Hy0 (7)
12Bi507Cl() +20H™ — 5Bi13017Cly(s) +2C1~ +H,0 (8)
Bi12017Cl(s) +20H™ — 6Biy03(5)+2Cl~ + H,0 9)
2Bi(OH)3(5) + Br~ — BiOBr(5)+H,0 + OH™ (10)
Bi** +3Br~ — BiBry, (11)
BiBr3(s) + 20H™ — BiOBr(5) +2Br~ +H,0 (12)
4BiOBr(5)+20H™ — BisO5Bry(s)+2Br~ + H,0 (13)
6BigO5Bry(s) + 20H™ — Bizs031Brig(s) +2Br~ +H,0 (14)
Biz4031Bryq(s)+ 20H™ — 8Bi304Br(5)+2Br~ + H,0 (15)
5Bi304Br(s) +20H™ — 3BisO7Br(s)+2Br~ +H,0 (16)

Table 2

Crystalline phase changes of binary bismuth oxyhalides nanosheets prepared
under different pH vale and reaction conditions. (@ BiOBr; M BisOsBry; A
Biz4031Brp; @ Bi;2017Bry; O BiOCI; [0 BisOsCly; A BizgO31Clyo; < Bi304Cl; O
Bi]20]7C12: * OL-BizO3).

BC1B2
oH Temp(°C)
110 160 210 260
1 @O @O @0 [ [0
4 @O @O
7 merl [ | | |
10 < < < o
13
* * * *
BC2B1
T °C
oH emp(°C)
110 160 210 260
1 o o o o
4 [ O] [ O] @O0 @0
7 [ O] [ O] 0] 0]
10 e e [ 1% [ 14
13
* * * *
]28i507Bl‘(S)+20H7—> 5Bi12017Bl’2(5)+ZBl‘7+H20 (17)
Bi120]7BF2(S)+2OH_ — 6Bi203(5)+2BI'_+H20 (18)

These equations showed that BiOCl (or BiOBr) was formed at
the beginning of the reaction and then OH~ gradually substituted
CI~ (or Br™) in the basic conditions, which resulted in the reduced
content of CI~ (or Br) in the products. Increasing the pH gradu-
ally to obtain Bi405C12 (OI' Bi405BI‘2 ), Bi24031C1]0 (OI' Bi24031 Brlo),
Bi304Cl (01' Bi304Bl‘), BisO7C1 (Bi507Bl‘), Bi12017C12 (Bi12017Bl'2),
and «a-Bi, 03, the higher the pH value, the lower the Cl~ (or Br™)
content was in the products, until the content of CI~ (or Br™) in
the products was fully replaced by OH™, finally resulting in the for-
mation of a-Bi; 03 under strong basic conditions. However, BiOCl
and a-Bi, O3 were the exclusive products at pH 1 and 13. A com-
petitive relationship typically existed between OH—, Cl-, and Br—
ions in aqueous solution. It demonstrated that BiOxCl,/BiOy;Bry
could be selectively prepared through adjusted pH values under
the hydrothermal method.

3.1.2. FE-SEM-EDS and FE-TEM-EDS analysis

BiOxCly /BiOmBr, was prepared with Bi (NO3);-5H,0 and the
mixture of KCl and KBr by the hydrothermal methods at 110°C
for pH 4, 7, 9, and 13. The surface morphology of the photocat-
alysts was examined by FE-SEM-EDS (Figs. 5 and 6). In Table 2,
it was found that with the increase of hydrothermal temperature
range from 110 to 260 °C, a gradual change in the crystal phase of
the reflection peaks took place, which indicated a formation in the
crystal phase from BiOCI/BiOBr (or BiOCl) to a-Bi; O3 at different
reaction temperature. The FE-SEM image showed that the mor-
phology of the bismuth oxybromochloride samples obtained with
KCI/KBr=1/2 molar ratio at different reaction temperature turned
from flower-like crystals to small plates, micro-cluster and irreg-
ular sheets and then became larger corner crystals (Fig. 5). Fig. 6
shows the morphology of the sample obtained with KCI/KBr=2
molar ratio at different pH values turning from irregular sheets to
thin plates and thin sheets and then becoming super thin sheets
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NCHU Sh80 SEM  LEI 30KV X5000 WD151mm  1pm MU RIRIACRN A
Fig. 5. SEM images of BiOxCl, /BiO;Br, prepared by the hydrothermal autoclave method at different pH values.
Table 3
Physical and chemical properties of BiOxCly/BiO,Bry.

Catalyst code EDS of atomic ratio (%) XPS of atomic ratio (%) Eg (eV)

Bi (6] Cl Br Bi (0] Cl Br
BC1B2-1-110-12 33.29 40.91 19.03 6.77 40.6 315 15.4 124 2.76
BC1B2-4-110-12 34.82 47.52 12.22 5.44 48.2 34.7 9.0 8.1 273
BC1B2-7-110-12 30.90 57.63 6.10 5.37 55.5 33.8 5.7 5.0 2.15
BC1B2-10-110-12 29.12 64.13 4.71 2.04 47.0 45.4 39 3.6 2.18
BC1B2-13-110-12 30.8 66.47 217 0.56 62.8 35.7 0.9 0.6 2.54
BC2B1-1-110-12 28.96 45.68 20.67 4.70 41.7 30.1 20.6 7.7 2.82
BC2B1-4-110-12 33.48 46.64 16.12 3.76 44.8 31.2 183 5.7 2.87
BC2B1-7-110-12 33.73 51.42 14.52 232 459 38.7 13.0 23 2.76
BC2B1-10-110-12 44.00 47.34 7.66 1.00 447 451 8.7 1.5 2.15
BC2B1-13-110-12 29.93 66.26 3.74 0.06 40.5 55.1 3.7 0.7 2.52
BC3-1-110-12 30.67 41.80 27.53 - 383 323 29.5 - 3.10
BB3-1-110-12 28.54 45.45 - 26.00 59.5 22.0 - 18.5 2.61

between pH=1 and pH=14. These samples displayed irregular
nanoplates and nanosheet shapes with a lateral size of several
decade micrometers and a thickness between 5 and 50 nm. Sam-
ple BC1B2-13-110-12 exhibited a rod-like irregular shape with
a lateral size of several decade micrometers. From Table 3, the
EDS results showed that the main elements of these samples
were bismuth, chloride, bromine, and oxygen under different pH

values. The Cl (or Br) atomic ratios (%) of the samples were
within the range 20.67-2.17 (or 6.77-0.06), which corresponded
to BiOCl, Bi405C12, Bi24031C110, Bi3O4C1, Bi5O7C1, Bi12017C12 (01'
BiOBr, Bi405BI‘2, Bi24031 Bryo, Bi304Bl‘, Bi507BI‘, Bi12017Bl'2 ), Bi203
and their mixture phase, compared to the stoichiometric ratio (Bi:
Br (or Cl)=1, 2, 2.4, 3, 5, 6), and could be selectively prepared
through a facile solution-based hydrothermal method. The possible
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NCHU Sb:80 SEM LEI 3.0kV X10,000 WD 15.1mm

3.0kV X10,000

Fig. 6. SEM images of BiOxCl, /BiO,,Br, prepared by the hydrothermal autoclave method at different pH values. (Molar ratio KCI/KBr=2).

processes for the formation of bismuth oxychlorides and bismuth
oxybromides were described as Egs. (1)-(18). By controlling the pH
and temperature of the reaction, different compositions of bismuth
oxybromochloride were obtained.

Figs. 7-9 display that BC1B2-4-160-12, B1C2-7-160-12, and
BC1B2-10-160-12 are composed of sheets or plates with differ-
ent sizes, consistent with the TEM observation. In addition, the
EDS spectrum showed the sample including Bi, O, Cl and Br ele-
ments. The HRTEM image revealed that two sets of different lattice
images were found with the d spacing of 0.272 and 0.283 nm, cor-
responding to the (110) plane of BiOCl and the (012) plane of
BiOBr (Fig. 7), 0.208 and 0.289nm, corresponding to the (318)
plane of Biz4031Clyg and the (11 3) plane of Bi3O4Br (Fig. 8), 0.200
and 0.289nm, and corresponding to the (02 2) plane of Bi304Cl
and the (2 1 4) plane of Bi,4031Bryg (Fig. 9), respectively, which
was in good accordance with the results of the XRD patterns. The
results suggested that the BiOCl/BiOBr, Biy4031Cl;o/Bi3O4Br, and
Bi30,4Cl/Biz4031Br;g heterojunctions have been formed in the com-
posites, which would favor the separation of photoinduced carriers
and thus acquire high photocatalytic activities. The EDS results
showed that the main elements of these samples were bismuth,
chlorine, bromine, and oxygen. The Cl (or Br) atomic ratio (%)
of the samples was within the range 8.38-6.83 (or 18.52-6.53),

corresponding to different BiOCl/BiOBr, Biz4031Cl1o/Bi3O4Br, and
Bi304Cl/Biy4031Brg heterojunctions.

3.1.3. XPS analysis

XPS was employed to examine the purity of the prepared
BiO4Cly /BiOy, Bry products, and the spectra are shown in Fig. 10 and
Fig. S7. According to Fig. 10(a), the observation of transition peaks
involving the Bi 4f, Cl 2p, Br 3d, O 1s, and C 1s orbitals revealed
that the catalysts were constituted by the elements of Bi, O, Cl,
Br, and C. Fig. 10 shows the total survey spectra of the Bi 4f, Cl
2p, Br 3d, and O1s XPS of the five BiOxCly,/BiOyBr, samples. The
characteristic binding energy value of 158.4-160.1eV for Bi 4f;),
(Fig.10(b)) revealed a trivalent oxidation state for bismuth. An addi-
tional spin-orbit doublet with binding energy of 156.2-159.3 eV
for Bi 4f;, was also observed in all samples, suggesting that certain
parts of bismuth existed in the (+3 — x) valence state. This indicated
that the trivalent bismuth partially reduced to the lower valence
state by the hydrothermal autoclave method. A similar chemical
shift of approximately 2.2-2.6 eV for Bi 4f;, was also observed by
Jovalekic et al. [32] and Chen et al. [15,16]. They concluded that
Bi(*3-%) formal oxidation state could most probably attribute to the
substoichiometric forms of Bi within the Bi,0, layer, and the for-
mation of the low oxidation state resulted in oxygen vacancy in the
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Fig. 7. FE-TEM images and EDS of BC1B2-4-160-12 sample by the hydrothermal
autoclave method.

crystal lattice. However, it was assumed that Bi(*3*) formal oxi-
dation state could most likely attribute to the substoichiometric
forms of Bi at the outer site of the particles, and the formation of
the low oxidation state resulted in oxygen vacancy in the crystal
surface. Fig. 10(c) shows the high-resolution XPS spectra for the O
1s region, which can be fitted into two peaks. The main peak at
529.8 eV was attributed to the Bi O bonds in (Biy0;)2* slabs of BiOX
layered structure, and the peak at 531.9eV was assigned to the
hydroxyl groups on the surface [27]. From Fig. 10(d), the binding
energy of 197.2-198.1 eV and 199.0-199.6 eV was referred to the
Cl 2psj; and 2py, respectively which could be assigned to Cl at the
monovalent oxidation state. The binding energy of 67.9-68.5eV
and 68.8-69.4eV was referred to Br 3ds;, and 3d3), respectively
which could be assigned to Br at the monovalent oxidation state
(Fig. 10(e)). In the BC1B2-13-110-12 and Bi; 03 samples, only two
strong peaks centered at 163.9 and 158.2 eV could attribute to Bi
4fs), and Bi 4f;),, demonstrating that the main chemical states of
the bismuth element in the samples were trivalent. The charac-
teristic binding energy of 158.2 eV for Bi 4f;, revealed a trivalent
oxidation state for Bi*>—0 bonding. Two additional spin-orbit dou-
blets with the binding energy of 158.8 and 159.2 eV for Bi 4f;, were
also observed in all samples, suggesting that certain parts of bis-
muth existed in the Bi—Br and Bi—Cl bonding [33]. The XPS result
revealed that the possible processes for the formation of bismuth
oxybromides were described as Eqgs. (1)-(18), which were consis-
tent with previous results by XRD and TEM analyses. From Table 3,
the results showed that the main elements of these samples were
bismuth, chlorine, bromine, and oxygen. The Cl (or Br) atomic ratio
(%) of the samples was within the range 24.6-0.9 (or 12.4-0.6),
corresponding to different BiOxCly/BiO;; Br, heterojunctions.

3.1.4. Optical absorption properties

UV-vis diffuse reflectance spectra of different catalysts are
shown in Fig. 11(a). It could be observed that BiOxCly, absorbed vis-
ible light slightly while the absorption edge of BiO;;Br, extended
nearly to the whole spectra of visible light. Moreover, the absorp-
tion edges of BiOxCly/BiOnBr, composites had a monotonic red
shift response of BiOp,Bry,. Based on their absorption spectra, Eg of

Table 4
Specific BET surface areas and pore parameters of the as-prepared BiOxCl, /BiO,Br,
samples.

Catalyst code BET (m?/g) Pore size (A) Pore volume
(cm?/g)

BC1B2-1-110-12 5.51 441.85 0.065
BC1B2-4-110-12 12.11 347.45 0.123
BC1B2-7-110-12 7.90 366.65 0.079
BC1B2-10-110-12 10.05 447.97 0.122
BC1B2-13-110-12 0.020 1061.75 0.009
BC2B1-1-110-12 7.69 - -
BC2B1-4-110-12 12.93 - -
BC2B1-7-110-12 5.63 - -
BC2B1-10-110-12 8.97 - -
BC2B1-13-110-12 6.39 - -
BC3-1-110-12 5.89 577.07 0.066
BB3-1-110-12 497 401.90 0.053

semiconductors could be calculated from ahv =A(hv — Eg)”/2 equa-
tion [34]. Among them, n was determined by the type of optical
transition of a semiconductor (n=4 for indirect transitionand n=1
for direct transition). The values of n for BiOCl and BiOBr were
4 and 4 respectively [35]. Eg of BiOxCly/BiOyBr, was determined
from a plot of (ahv)'/? vs energy (hv) in Fig. 11(b) and elicited
to be 2.15-2.87eV in Table 3. The difference of band gap energy
in the as-prepared BiOxCly /BiOpBr, could be ascribed to their indi-
vidual composition with various characteristics. Compared to BiOCl
and BiOBr, BiOxCly, /BiO; Br, exhibited pronounced light absorbance
abilities at A >400nm, suggesting their potential photocatalytic
activity under visible light. The steep shape and strong absorp-
tion in the visible region ascribed the visible light absorption to
the intrinsic band gap transition between the valence band and
the conduction band, rather than the transition from the impurity
levels [36].

3.1.5. Specific surface areas and pore structure

Fig. 12(a) shows the nitrogen adsorption-desorption
isotherm curves of BiOxCly/BiOy;Br, samples in different pH
values. The isotherm of all samples was close to Type IV
(Brunauer-Deming-Deming-Teller, BDDT, classification) with
a hysteresis loop at highly relative pressure between 0.6 and 1.0
[33]. From Fig. 12(b), the shape of the hysteresis loop was close
to Type H3, suggesting the existence of slit-like pores generally
formed by the aggregation of plate-like particles, which was
consistent with the self-assembled nanoplate-like morphology
of samples [33]. This result was consistent with FE-SEM that the
self-assembled nanosheets or nanoplates resulted in the formation
of 3D hierarchical architecture. Fig. S8 shows the corresponding
pore-size distribution (PSD) of BiOxCly/BiOy;Br, samples. As could
be seen that for the BiOxCly,/BiOmBr, samples, PSD curves were
tri-modal with small mesopore (2.1-2.2 nm), medium mesopore
(10-50 nm), and large macropore (50-290 nm). As the nanosheets
did not contain pores (Figs. 5 and 6), the smaller mesopores in the
range 2.1-2.2nm might reflect the porosity within nanosheets.
The larger mesopores in the range 10.0-50 nm might be ascribed
to the pores formed between stacked nanosheets. The macropores
in the range 50-290 nm might be ascribed to the pores formed
between flower-like nanosheets. Such self-organized porous archi-
tecture might be extremely useful in photocatalysis because they
provided efficient transport pathways for the reactant and prod-
uct molecules [27,37]. The pore parameters of BiOxCly/BiOmBrn
samples are summarized in Table 4.

In Table 4, BET of BiOxCl,/BiOmBr,; was about 0.02-12.93 m?/g,
which was lower than that of P25-TiO, with BET of 35.4 m2/g due to
the increased particle size. The pore volume and size of composite
sample distributed to 0.009-0.123 cm?3/g, compared to pure BiOCI
(0.066 cm?3/g) and BiOBr (0.053 cm3/g). A greater specific surface
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Fig. 8. FE-TEM images and EDS of BC1B2-7-160-12 sample by the hydrothermal autoclave method.

area and pore volume of photocatalyst could supply more sur-
face active sites and make reactants transport easier, leading to an
enhancement of the photocatalytic performance [38]. BC1B2-10-
110-12 and BC2B1-10-110-12 have larger BET and the pore volume.
Thus, the large BET and pore volume of BiOxCly/BiOy;Br, compos-
ites might play arole in enhancing the photocatalytic activity. These
nanosheet and nanoplate structures could provide efficient trans-
port paths for reactants and more active sites for the photocatalytic
reaction. The structures were also favorable to efficient photo-
energy harvesting and introducing the separation of electron-hole
pairs, thus promoting the photocatalytic activity.

3.2. Photocatalytic activity

The photocatalytic performance of BiOCl,/BiOyBr;, catalysts
was evaluated by degrading CV under visible light irradiation with
0.5 g/L of catalyst added. The degradation efficiency as a function
of reaction time is illustrated in Fig. 13. The removal efficiency
was enhanced significantly in the presence of BiOxCly/BiOnBry
catalysts. After 48 irradiation, BiOxCly/BiO;;Br, showed supe-
rior photocatalytic performance, with CV removal efficiency up
to 99%. To further understand the reaction kinetics of CV degra-
dation, the apparent pseudo-first-order model [39] expressed by
In(Cp/C)=kappt equation was applied to the experiments, where
kapp Was the apparent pseudo-first-order rate constant (h~1), C the

CV concentration in aqueous solution at time t (mg/L), and C, the
initial CV concentration (mg/L). Via the first-order linear fit from
the data of Fig. 13 shown in Table 5, kapp of BC1B2-10-110-12
was obtained at the maximal degradation rate of 7.64 x 10~2h~1,
greatly higher than the other heterojunctions. The result showed
that the Bi304Cl/Biy4031Brq heterojunction composite was a much
more effective photocatalyst than the others. However, this result
displayed that BC2B1-4-110-12 with the highest BET did not repre-
sent the highest photocatalytic activity among the samples, which
suggested that the changes in the photocatalytic activity result
from the BiOxCly/BiO;;Br, heterojunction rather than BET. There-
fore, the Bi304Cl/Biy4031Brig heterostructure showed the best
photocatalytic activity. From Table 4, BC1B2-10-110-12 had larger
BET and the pore volume. Thus, large BET and pore volume of
BiOxCly/BiOmBr, composites might play the roles to enhance the
photocatalytic activity. In the absence of catalysts, CV could not
be degraded under visible light irradiation. The superior photocat-
alytic ability of BiOxCly/BiOpnBr, might be ascribed to its efficient
utilization of visible light and the high separation efficiency of the
electron-hole pairs with its heterojunctions.

3.3. Mechanism

Generally speaking, three possible reaction mechanisms
were suspected to be involved in dye photodegradation by a
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Fig. 9. FE-TEM images and EDS of BC1B2-10-160-12 sample by the hydrothermal autoclave method.
Table 5
The pseudo-first-order rate constants for the degradation of CV with BiOxCl, /BiO,,Br; photocatalysts under visible light irradiation.
pH Temp (°C)
110 160 210 260
k(h-1) R? k(h™1) R? k(h-1) R? k(h™1) R?
BC1B2
1 0.0555 0.9867 0.0385 0.9619 0.0384 0.9638 0.0605 0.9516
4 0.0509 0.9803 0.0489 0.9660 0.0377 0.9571 0.0587 0.9556
7 0.0578 0.9739 0.0511 0.9508 0.0423 0.9537 0.0723 0.9642
10 0.0764 0.9574 0.0691 0.9512 0.0575 0.9563 0.0554 0.9531
13 0.0319 0.9539 0.0191 0.9656 0.0140 0.9504 0.0247 0.9536
BC2B1
1 0.0364 0.9741 0.0375 0.9564 0.0337 0.9588 0.0174 0.9839
4 0.0548 0.9654 0.0536 0.9803 0.0499 0.9967 0.0490 0.9943
7 0.0392 0.9846 0.0287 0.9945 0.0631 0.9778 0.0585 0.9533
10 0.0678 0.9697 0.0536 0.9666 0.0369 0.9518 0.0391 0.9543
13 0.0123 0.9621 0.0615 0.9576 0.0128 0.9738 0.0304 0.9634
BiOCl BiOBr
k(h-1) R? k(h-1) R?
0.0229 0.9728 0.0375 0.9660
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Fig. 10. High resolution XPS spectra of as-prepared BiOxCl,/BiO,,Br, samples under different pH values. (a) Total survey; (b) Bi 4f; (c) O 1s; (d) Cl 2p; (e) Br 3d. (Molar ratio

KCI/KBr=1/2).

semiconductor, namely photolysis process, dye photosensitization
process, and photocatalytic process [40]. For the photolysis process,
a photoinduced electron on the induced dye directly reacted with
0, to produce a singlet oxygen atom that could work as an oxi-
dant for the pure dye’s photolysis [40,41]. In this experiment, CV
degradation by the photolysis process upon visible light in the blank
experiment was not observable. This meant that CV was a kind of
structure-stable dye, thus, the CV decomposition by the photolysis
mechanism was negligible.

For a dye photosensitization process, the energy of irradia-
tion light could stimulate the dye to form photoinduced electrons

which transferred to the conduction band of the catalyst absorb-
ing the dye and subsequently reacted with O, to generate O,°*~
oxidant [35,40,42]. As previous studies shown, the properties of
the dye, such as the structural stability of the dye, the adsorba-
bility of the dye on catalyst surface, and the absorbance of the
dye, were responsible for a dye photosensitization mechanism. In
this study, slight changes in the CV concentration over different
samples could be detected in 30 min of dark adsorption experi-
ment before the photocatalytic reactions. The slight CV adsorptions
on the catalyst benefited the transfer of charge carriers between
the dye and the catalyst surfaces in the dye photosensitization
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Fig. 11. UV-vis absorption spectra of as-prepared BiOxCl,/BiO;Br, samples under
different (a) pH values and (b) molar ratio.

process. Presumably the photosensitization processes taking place
over BiOxCly/BiO;; Bry, that is to say, the photosensitization mecha-
nism in the CV decomposition is also not neglectable as well as the
photolysis mechanism.

As is known, the photocatalysts were excited to generate
electron-hole pairs directly after the illumination in the photo-
catalytic process. Moreover, the photocatalytic efficiency mainly
depended on the recombination rate or lifetime of the photo-
generated electron-hole pairs. The faster recombination occurred,
the less time was for the chemical reactions. Therefore, cathodo-
luminescence (CL) spectrum was utilized for investigating the
recombination rate of the photogenerated electron-hole pairs [43].
To investigate the separation capacity of photogenerated carriers in
heterostructures, CL spectra of BiOCl, BiOBr, and BiOxCl,/BiOy;Bry
were measured and the results were given in Fig. 14. A strong
emission peak around 2.01eV appeared on BiOCl (BC3-1-110-
12) and BiOBr (BB3-1-110-12), which might be derived from the
direct electron-hole recombination of band transition. However,
the characteristic emission peak around 2.01 eV nearly disappeared
on the BiOxCl, /BiO,Br, heterostructure, indicating that the recom-
bination of photogenerated charge carriers was inhibited greatly.
The efficient charge separation could increase the lifetime of charge
carriers and enhance the efficiency of interfacial charge transfer to
adsorbed substrates and then improve the photocatalytic activity.

In Fig. 14, the lowest relative CL intensity of BC2B1-13-110-12
heterostructure suggested that it had the lowest recombination
rate of electron-hole pairs, which resulted in the highest photocat-
alytic activity of BC1B2-10-110-12, as shown in Fig. 13 and Table 5.
Therefore, it was believed that the CV degradation was initiated not
only by a photocatalytic process but also by a photosensitization
process.

As is known, various primary reactive species, such as hydroxyl
radical HO*, photogenerated hole h*, superoxide radical O,~* and
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Fig. 12. N, adsorption-desorption isotherm distribution curves for (a) as-prepared
BiO«Cly /BiO;, Br, samples under different pH values and (b) enlarged view of BC1B2-
4-110-12.

singlet oxygen 10,, could be formed during the photocatalytic
degradation process in the UV-vis/semiconductor system [44].
Cao et al. investigated that hydroxyl radicals and direct holes
were the primary reactive species in the methyl orange degra-
dation by BiOI/BiOBr spheres under visible light irradiation [35].
Shenawi-Khalil and his coworkers showed that Rhodamine-B pho-
todegradation by yBiO(ClyBri_x)— (1 —y) bismuth oxide hydrate
under visible light was dominated by O,~* and h* oxidation being
the main active species [45]. Xiao’s group revealed that high-
efficiency visible light driven bisphenol-A removal with BiOI/BiOCl
could attribute to effective separation and transfer of photoinduced
charge carriers in BiOI/BiOCl with narrower band gap and more
negative conduction band position, which favored the photogen-
erated holes [46]. Chen et al. proposed the pathway for generating
active oxygen radicals (*OH) on the surface of Bi, 0, CO3/BiOl for the
degradation of Rhodamine-B, Methylene Blue, and Crystal Violet
[47].Sanaa et al. reported *OH and h* being two main actives in the
whole degradation process [48]. Wang et al. reported that*OH radi-
cal was generated by multistep reduction O, ~* [33]. The generation
of O~ could not only inhibit the recombination of photoinduced
charge carriers, but also benefit the dechlorination of chlorinated
phenol derivative. The hydroxyl radical HO* might only be gen-
erated via an e~ — O,~*— H,0, — *OH route. Meanwhile, *OH
radical was generated by multistep reduction O,~* in the system.
In a valence band of Bi3*, holes formed by photoexcitation were
regarded as Bi®* [49]. The standard redox potential of BiV/Bi!ll was
more negative than it of OH*/OH~ [50]. Therefore, photogenerated
holes on the surface of Bismuth Oxyhalides were not expected to
react with OH~/H,0 to form *OH, suggesting that the decompo-
sition of bisphenol-A [46] and Rhodamine [45] could attribute to
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Fig. 13. Photodegradation of CV as a function of irradiation time over different
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a direct reaction with the photogenerated holes or with superox-
ide radical (generated by the excited electron) or both species. Zhu
et al. [51] reported that photocatalytic experiments in the pres-
ence of N, and the radical scavenger suggested *OH and O, ~* being
two main actives in the whole degradation process. According to
previous studies [19], the dominant active oxygen species gener-
ated in direct oxidation and photocatalytic reactions were 0, and
*OHradical, respectively. Besides, in this visible light-induced semi-
conductor system, hydroxylated compounds were also identified
for the photocatalytic degradation of CV and ethyl violet [52]. On
the basis of above results and discussion, it was proposed that the
probability for the formation of *OH should be much lower than it
for O, ~*. But, the *OH was an extremely strong, non-selective oxi-
dant, which led to the partial or complete mineralization of several
organic chemicals.

Chenetal.[12] reported that Pt-TiO, accumulated less negative
species on catalyst surfaces, which deteriorated reaction rates, than
pure TiO, did in an acidic environment.*OH radical was produced
subsequently, as shown in Egs. (19)-(24).

0,™* + H" +e~ — HOO* (19)
HOO* + H,0 — *OH + H,0, (20)
0,7* + 2H" — H,0, (21)
H,0, +e~ — *OH + OH- (22)
h*+OH- — *OH (23)

h* +H,0 — *OH + H* (24)
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Fig. 14. Cathodoluminescence spectra of TiO, BiOCl, BiOBr, and BiOxCl, /BiOy,Br;.
Molar ratio KCI/KBr (a) 1/2 and (b) 2/1.

These cycles continuously occurred when the system was
exposed to the visible light irradiation. Finally, after several cycles
of photo-oxidation, the degradation of CV by the formed oxidant
species could be expressed by Eqs. (25)-(27):

CV + h™— CV** — degradedcompounds (25)
CV + OH*/0O,~* — degradedcompounds (26)
CV** + OH*/0O,~* — degradedcompounds (27)

It has been reported that dye exhibits a mechanism of dye
sensitized degradation [51,53]. This photocatalytic degradation
also attributed to the photodegradation of CV through the pho-
tocatalytic pathway of CV photosensitized BiOxCly/BiOpmBr,. CV
absorbing a visible photon was promoted to an excited electronic
state CV*, from which an electron could be transferred into the
conduction band of BiOxCly /BiOmBry:

CV+hv— CVx (28)
CV x + BiOxCly /BiOpBr, — Cvte + BiOCly /BiOy,Bryp(e™) (29)
Oy +e”— 07° (30)

Once the electron reached the BiOxCly/BiOmBr, conduction
band, it subsequently induced the generation of active oxygen
species (Egs.(30)and (19)-(22)), resulting in the degradation of CV.
Clearly, apart from the photodegradation of CV through the path-
way of BiOxCly/BiO;;Br,-mediated and photosensitized processes,
there was another kind of photocatalytic pathway to account for
the enhanced photocatalytic activity. Both the photocatalytic pro-
cess and the photosensitized process would work concurrently, as
shown in Fig. 15. *OH and O, ~* were two main active species in the
whole process.
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Fig. 15. The band structure diagram of BiOxCl,/BiO;,Br, nanocomposites and the
possibile charge separation processes.

3.4. Photodegradation of CV

3.4.1. Separation and Identification of the intermediates

With visible irradiation, temporal variations occurring in the
solution of CV dye during the degradation process being exam-
ined by HPLC coupled with a photodiode array detector and ESI
mass spectrometry. Given the irradiation of CV up to 24 h at pH 4,
the chromatograms were illustrated in Fig. 16 and recorded at 580,
350, and 300 nm, and nineteen intermediates were identified, with
the retention time under 50 min. The CV dye and its related inter-
mediates were denoted as species A-J, a-f, and a—y. Except for the

00204

(a) Recorded at 580nm

{
2 00104
|
{

{
0.000+ S

initial CV dye (peak A), the peaks initially increased before subse-
quently decreasing, indicating the formation and transformation of
the intermediates.

In Fig. S9 of Appendix, the maximum absorption of the spectral
bands shifted from 588.1 nm (spectrum A) to 542.1 nm (spectrum
]), from 373.6 nm (spectrum a) to 339.3 nm (spectrum f), and from
292.5nm (spectrum «) to 278.2 nm (spectrum y). The maximum
adsorption in the visible and ultraviolet spectral region of each
intermediate is depicted in Table 6. They were identified as A-J
a-f, and a-v, respectively corresponding to the peaks A-], a-f, and
a—yinFig. 16. These shifts of the absorption band were presumed to
result from the formation of a series of N-de-methylated interme-
diates. From these results, several families of intermediates could
be distinguished.

The first family is marked in the chromatogram of Fig. 16(a)
and illustrated in Fig. S9(a) for UV-vis absorption spectroscopy.
The wavelength position of the major adsorption band of the
intermediates of N-de-methylated CV dye moved toward the
blue region, Amax, A (CV), 588.1 nm; B, 581.2nm; C, 574.2 nm; D,
578.8nm; E, 566.2nm; F, 571.4nm; G, 562.3nm; H, 566.5nm; I,
554.3 nm;J, 542.1 nm. The N-de-methylation of the CV dye caused
the wavelength shifts, depicted in Table 6, due to an attack by one of
the active oxygen species on the N,N-dimethyl or N-methyl group. It
was previously reported [ 12] that the CV dye was N-de-methylated
in a stepwise manner (i.e., methyl groups were removed one by one
as confirmed by the gradual peak wavelength shifts toward the blue
region) and this was confirmed as shown in Table 6.

The second family is marked in the chromatogram of Fig. 16(b)
and illustrated in Fig. S9(b) for UV-vis absorption spectroscopy.
The destruction of CV yielded a, «, and their N-de-methylated
products N-hydroxymethylated intermediates. The wavelength
position of the major adsorption band of the N-de-methylation
of the a and the N-hydroxymethylated intermediates of the N-
de-methylated a species, produced by the cleavage of the CV
chromophore ring structure, moved toward the blue region,
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Fig. 16. HPLC chromatogram of the degraded intermediates at different irradiation intervals, recorded at (a) 580 nm, (b)350 nm and (c)300 nm.
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Table 6

Summary of the CV photocatalytic degradation intermediates identified by the HPLC-PDA-ESI/MS.

HPLC peaks De-methylation intermediates ESI/MS molecular ions (m/z) Adsorption maximum (nm)
A N, N, N, N', N’, N’-hexamethyl-pararosaniline 372.40 588.1
B N, N-dimethyl-N’, N'-dimethyl-N"-methyl-pararosaniline 358.45 581.2
C N, N-dimethyl-N'-methyl-N"-methyl-pararosaniline 344.35 574.2
D N, N-dimethyl-N’, N'-dimethyl-pararosaniline 344.35 578.8
E N-methyl-N'-methyl-N"-methyl-pararosaniline 330.35 566.2
F N, N-dimethyl-N'-methyl-pararosaniline 330.22 571.4
G N-methyl-N'-methyl-pararosaniline 316.39 562.3
H N, N-dimethyl-pararosaniline 316.34 566.5
I N-methyl-pararosaniline 302.29 554.3
J pararosaniline 288.17 542.1
a 4-(N,N-dimethylamino)-4'-(N’,N'-dimethylamino)benzophenone 269.33 373.6
b 4-(N, N-dimethylamino)-4’-(N’-methylamino)benzophenone 255.28 366.0
[ 4-(N-methylamino)-4'-(N'-methylamino)benzophenone 241.03 362.6
d 4-(N, N-dimethylamino)-4’-aminobenzophenone 241.22 362.6
e 4-(N-methylamino)-4’-aminobenzophenone 227.11 357.0
f 4,4'-bis-aminobenzophenone 213.27 3393
o 4-(N, N-dimethylamino)phenol 138.20 292.5
B 4-(N-methylamino)phenol 121.05 288.9
LY 4-aminophenol 110.95 278.2

Amax, @, 373.6nm; b, 366.0nm; ¢, 362.6nm; d, 362.6nm;
e, 357.0nm; f, 339.3nm. The proposed intermediate (a) was
compared with a standard material of 4-(N,N-dimethylamino)-4'-
(N',N'-dimethylamino)benzophenone. The retention time and the
absorption spectra were identical.

The third family is marked in the chromatogram of Fig. 16(c)
and illustrated in Fig. S9(c) for UV-vis absorption spectroscopy.
The wavelength position of the major adsorption band of the
N-de-methylation of the @, produced by the cleavage of the
CV chromophore ring structure, moved toward the blue region,
Amax, @, 292.5nm; 3, 288.9nm; <y, 278.2nm. The proposed
intermediate (y) was compared with the standard material of

4-aminobenzophenone. The retention time and the absorption
spectra were identical.

The intermediates were further identified using the HPLC-ESI
mass spectrometric method, and the relevant mass spec-
tra were illustrated in Table 6. The molecular ion peaks
appeared in the acid forms of the intermediates. The results of
mass spectral analysis confirmed that the component A (CV),
m/z=372.40, B, m/z=358.23;C,m[z=344.35; D, m[/z=344.23; E,
m|z=330.17; F, m/z=330.22; G, m[z=316.17; H, m[z=316.12;
I, m/z=302.12;),m/z=288.12; a, m/z=269.28; b, m/z=255.23; c,
m(z=241.05; d, m[z=241.27; e, m|z=227.37; f, m/z=213.30; a,
m/z=138.08, in liquid chromatogram.
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Fig. 17. Proposed photodegradation mechanism of the CV dye,
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3.4.2. Photodegradation mechanisms of CV

In earlier reports [12], the N-de-alkylation processes were pre-
ceded by the formation of a nitrogen-centered radical while the
oxidative degradation (destruction of dye chromophore structures)
was preceded by the generation of a carbon-centered radical in
the photocatalytic degradation of Triphenylmethane dye. On the
basis of the above experimental results, the dye degradation mech-
anism was tentatively proposed, depicted in Fig. 17. The excited dye
injected an electron into the conduction band of BiOxCly/BiO;Bry,
where it was scavenged by O, to form O, *. De-methylation of CV
dye occurred mostly through attack by the active species, which
was a perfect nucleophilic reagent, on the N-methyl portion of CV.
Further, O, * subsequently reacted with H, O to generate *OH radi-
cal and the other active radical. The probability for the formation of
*OH should be much lower than that for O, ~*.*OH was an extremely
strong, non-selective oxidant, which led to the partial or complete
mineralization of several organic chemicals. All the above active
radicals drove the photodegradation or mineralization of the dye
molecule. Under visible light irradiation, all the intermediates iden-
tified in these two studied topics had the same result. There was no
doubt that the major oxidant was *OH radical, not O, ~*.

During the initial period of CV dye photodegradation
by BiOxCl,/BiOmBr,, competitive reactions between N-de-
methylation and oxidative degradation occurred based on the
intermediates identified. The detailed mechanisms are illustrated
in the Figs. S10-S11. The first pathway involved in a hydroxyl
radical attack on the N,N-methylamino group of CV, resulting in a
reactive cationic radical, the subsequent de-methylation and oxi-
dation of which eventually yielded the first group intermediates.
The results indicated that the N-de-methylation degradation of CV
dye took place in a stepwise manner to yield mono-, di-, tri-, tetra-,
penta-, hexa-N-de-methylated CV species during the process.

The second pathway involved in a hydroxyl radical attack on the
central carbon atom of CV, yielding areactive cationic radical, witha
bond between the central carbon atom and the N,N-dimethylamino
phenyl ring that was cleaved to give one set of intermediates a
and a. In addition, these intermediates could further be attacked
by hydroxyl radicals, giving a reactive cationic radical which was
de-methylated, resulting in f and <. The latter intermediates were
further oxidized to form mineralization products.

4. Conclusions

The pH of areaction is generally accepted to have great influence
on determining the compositions and morphologies of the final
products. Control experiments have been conducted to investigate
the influence of pH on the hydrothermal reaction. The increased
photocatalytic activities of BiOxCly/BiOy;Br, could be attributed to
the formation of the heterojunction between BiOxCly and BiOmBry,
which effectively suppresses the recombination of photoinduced
electron-hole pairs. Both the photocatalytic process and the pho-
tosensitized process would work concurrently. *OH and O,~* are
two main active species in the whole process. In the photocatalytic
process and the photosensitized process, both N-de-methylation
and conjugated structure of CV dye take place during the degrada-
tion process with BiOxCly /BiO;Br, being the catalyst. The reaction
mechanisms for Vis/BiOxCly /[BiOy,; Bry, proposed in this study should
offer some insight for the future development of technology appli-
cations to the degradation of dyes.
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