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uth oxyiodides and their
composites: characterization, photocatalytic
activity, and degradation mechanisms†
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Bismuth oxyiodides have been prepared using controlled hydrothermal methods. The products are

characterized by SEM-EDS, XRD, XPS, FTIR, PL, EPR, and DRS. It is illustrated that BiOI, Bi4O5I2, Bi7O9I3,

Bi5O7I, and BiOxIy/BiOpIq composites can be selectively synthesized through a facile solution-based

hydrothermal method. UV-Vis spectra display the bismuth oxyiodide materials as indirect

semiconductors with an optical bandgap of 1.86–3.316 eV. The photocatalytic efficiency of the powder

suspension is evaluated by measuring the Crystal Violet (CV) concentration. This is the first study to

demonstrate the superior activities of BiOI, Bi4O5I2, Bi7O9I3, Bi5O7I, and BiOxIy/BiOpIq composites as

promising visible-light-responsive photocatalysts. The quenching effects of various scavengers and EPR

indicate that the reactive O2c
� plays a major role and cOH and h+ play a minor role. The Bi7O9I3/Bi5O7I

composite shows the highest photocatalytic activity reaching a maximum rate constant of 0.2225 h�1,

which is 6 times higher than that of BiOI and Bi7O9I3 and 4 times higher than that of Bi5O7I.
1. Introduction

As current energy and environmental problems are the two
most important topics in human life, a novel approach to
overcome these problems is an imperative affair. Heteroge-
neous photocatalysis for solar energy conversion and environ-
mental remediation has fomented extensive interests in the
past decade. For the practical applications of photo-catalysis, an
environmentally powerful and cheap photocatalyst is an
important constituent.1 Among various photocatalytic mate-
rials, TiO2 is researched the most; however, it can only be
activated by UV light irradiation, which contains less than 5% of
the solar spectrum.2 Accordingly, preparing novel visible-light-
responsive photocatalysts3,4 and searching their photocatalysis
activities are of great interest and potential rewards.5

Recently, the development of visible-light-sensitive photo-
catalysts has received considerable attention as an alternative of
wastewater treatment. An effective and simple strategy to
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improve the photocatalytic activity of a photocatalyst is the
incorporation of a heterostructure (or composite), because
heterojunctions (or composites) have great potential for tuning
the desired electronic properties of composite photocatalysts
and efficiently separating the photogenerated electron–hole
pairs.6–14

In recent years, as a new family of advantageous photo-
catalysts, bismuth oxyhalides (BiOX, X ¼ Cl, Br, and I)15,16 have
shown unusual photocatalytic activities because their uniquely
layered structure features an internal static electric eld vertical
to each layer that may cause more effective separation of pho-
togenerated charge carriers. It is found that the BiOI sample
shows higher photocatalytic activity than BiOBr and BiOCl
materials do for the photocatalytic degradation of methyl
orange organic pollutants. Among the bismuth oxyhalides,17

bismuth oxyiodides have obtained remarkable interest in recent
years because of their suitable band gaps, stability, and rela-
tively superior photocatalytic activites.18–20

The Xiao group synthesized BiOI by ethanol–water mixed
solvent methods, which demonstrated excellent photocatalytic
ability and good stability during phenol photodegradation
under visible-light irradiation.16 Lei et al. showed the synthesis
of ower-like BiOI structures by a solution route at room
temperature, and the BiOI construction showed higher photo-
catalytic efficiency toward methylene blue, methyl orange, and
rhodamine B under visible-light irradiation.21 BiOI had a small
band gap and a strong absorption in the visible light region, and
thus showed excellent photocatalytic activity under sun-light
irradiation.22 Aside from BiOI (Bi : I ¼ 1 : 1 or O : I ¼ 1 : 1),
This journal is © The Royal Society of Chemistry 2015
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Table 1 Codes of bismuth oxyiodide prepared under different
hydrothermal conditions. (Bi(NO3)3/KI ¼ 5 : 2, pH ¼ 1–14, temp ¼
130–280 �C, time ¼ 12 h)

pH value

Temperature (�C)

130 180 230 280

1 B5I2-1-130 B5I2-1-180 B5I2-1-230 B5I2-1-280
2 B5I2-2-130 B5I2-2-180 B5I2-2-230 B5I2-2-280
3 B5I2-3-130 B5I2-3-180 B5I2-3-230 B5I2-3-280
4 B5I2-4-130 B5I2-4-180 B5I2-4-230 B5I2-4-280
5 B5I2-5-130 B5I2-5-180 B5I2-5-230 B5I2-5-280
6 B5I2-6-130 B5I2-6-180 B5I2-6-230 B5I2-6-280
7 B5I2-7-130 B5I2-7-180 B5I2-7-230 B5I2-7-280
8 B5I2-8-130 B5I2-8-180 B5I2-8-230 B5I2-8-280
9 B5I2-9-130 B5I2-9-180 B5I2-9-230 B5I2-9-280
10 B5I2-10-130 B5I2-10-180 B5I2-10-230 B5I2-10-280
11 B5I2-11-130 B5I2-11-180 B5I2-11-230 B5I2-11-280
12 B5I2-12-130 B5I2-12-180 B5I2-12-230 B5I2-12-280
13 B5I2-13-130 B5I2-13-180 B5I2-13-230 B5I2-13-280
14 B5I2-14-130 B5I2-14-180 B5I2-14-230 B5I2-14-280
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other I-poor bismuth oxyiodides, including Bi4O5I2,23 Bi7O9I3,24

and Bi5O7I,25,26 have also been described. Since the valence band
for bismuth oxyiodides mostly contained I 5p and O 2p orbitals,
while the conduction band was based on the Bi 6p orbital,27 it
could be demonstrated that the I-poor bismuth oxyiodides had
a band-gap energy higher than BiOI but lower than Bi2O3;28,29

hence, these materials might be used as visible-light responsive
photocatalysts. More importantly, the structure and composi-
tion of the bismuth oxyiodides strongly inuenced their elec-
tronic, optical, and oxidizing abilities and other
physicochemical properties, proposing an opportunity to
acquire novel photocatalysts for effective degradation of envi-
ronmental and toxic pollutants. However, the synthesis
methods, characterization, and evaluated properties of a series
of bismuth oxyiodides remained rare until recently.

Recently, BixOyBrz,30 BiOI/ZnO,31 BiOI/TiO2,32 BiOI/g-C3N4,33

BiOI/BiPO4,34 and BiOI/graphene35 composites have been
synthesized in order to improve the photocatalytic activity of the
materials. It is well-known that porous and hollow solids have
excellent adsorptive properties that possess numerous appli-
cations in catalysis. Regardless of these advances, the differ-
ences in desired geometry for bismuth oxyiodide porous and
hollow shape materials with high photocatalytic efficiency
remain to be searched to meet the ever-increasing demand.

Cationic triarylmethane dyes have found use as colorants in
industry and as antimicrobial agents.36 Recent reports showed
that they might also be used as targetable sensitizers in the
photo-destruction of specic cellular components (or cells).37

The binding of CV to DNA was probably ionic, as opposed to
intercalative, and it persisted to be so stably bound to double-
stranded DNA that, with its conversion to the colorless
carbinol form, it was used for assessing the binding of other
molecules to DNA.38 However, great troubles arose due to the
thyroid peroxidase-catalyzed oxidation of the triarylmethane
class of dyes because the reactions might produce various N-de-
alkylated primary and secondary aromatic amines, with struc-
tures similar to aromatic amine carcinogens.39

CV dye degradations were studied using several systems that
generated active species, including BixAgyOz,40 Bi2WO6,41 TiO2,42

ZnO,43 BiOCl/BiOBr,44 and BaTiO3.45 In most cases, the reaction
mechanisms, kinetics, and efficiency were well known.
However, the efficiencies and mechanisms of BiOxIy/BiOpIq-
assisted photocatalytic degradation of triarylmethane dye under
visible light irradiation have never been reported.

To the best of our knowledge, the photocatalytic degradation
of organic pollutants by BiOxIy/BiOpIq has not been published in
the literature. These studies synthesize BiOI, Bi4O5I2, Bi7O9I3,
Bi5O7I, and BiOxIy/BiOpIq composites and research their pho-
tocatalytic activity for degrading CV in aqueous solutions under
visible-light irradiation.

2. Experiment
2.1 Materials

CV dye (TCI), Bi(NO3)3$5H2O, p-benzoquinone (Alfa Assar),
sodium azide (Sigma), ammonium oxalate (Osaka), isopropanol
(Merck) and KI (Katayama) were obtained and used without any
This journal is © The Royal Society of Chemistry 2015
further purication. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO)
was purchased from Sigma-Aldrich. Reagent-grade NaOH,
HNO3, CH3COONH4, and HPLC-grade methanol were
purchased from Merck. The de-ionized water used in this
research was puried with a Milli-Q water ion-exchange system
using a resistivity of 1.80 � 107 U cm.
2.2 Synthesis of bismuth oxyiodide

5mmol Bi(NO3)3$5H2O and 5mL 4MHNO3 were added in a 100
mL ask. With continuous stirring, 2 M NaOH was added
dropwise to adjust the pH value to 1–14, and then, when a white
precipitate was formed, 2 mL 3 M KI was also added dropwise.
The solution was then stirred continuously for 30 min and
delivered into a 30 mL Teon-lined autoclave, which was heated
to 130–280 �C for 12 h and then naturally cooled to room
temperature. The resulting precipitate was collected by ltra-
tion, washed with deionized water and acetone to remove any
possible ionic-species in the precipitate, and then dried at 60 �C
overnight. Depending on the Bi(NO3)3$5H2O/KI molar ratio
(Bi : I ¼ 5 : 1, 5 : 2, 5 : 5, 5 : 10, 5 : 25), pH value, and reaction
temperature, the BiOxIy/BiOpIq composites were prepared and
marked as shown in Tables 1 and 2; the as-prepared samples
were named from B5I2-1-130 to B5I25-14-280.
2.3 Characterization

The products were further characterized. XRD was measured on
a MAC Science, MXP18 X-ray diffractometer with Cu Ka radia-
tion, and operated at 40 kV and 80 mA. EPR spectra were
detected using a Bruker EMX-10/12 electron paramagnetic
resonance spectrometer. FE-SEM-EDS measurements were
performed with a eld-emission microscope (JEOL JSM-7401F)
at an acceleration voltage of 15 kV. HRXPS measurement was
conducted with ULVAC-PHI XPS. Cryogenic cath-
odoluminescence (CL) measurements were obtained using a
JEOL JSM7001F microscope. DR UV-vis spectra measurements
RSC Adv., 2015, 5, 23450–23463 | 23451



Table 2 Codes of bismuth oxyiodide prepared under different hydrothermal conditions. (Bi(NO3)3/KI ¼ 5 : 25–5 : 1, pH ¼ 1–14, temp¼ 280 �C,
time ¼ 12 h)

Bi/I molar
ratio

pH

1 4 7 10 13 14

5 : 1 B5I1-1-280 B5I1-4-280 B5I1-7-280 B5I1-10-280 B5I1-13-280 B5I1-14-280
5 : 2 B5I2-1-280 B5I2-4-280 B5I2-7-280 B5I2-10-280 B5I2-13-280 B5I2-14-280
5 : 5 B5I5-1-280 B5I5-4-280 B5I5-7-280 B5I5-10-280 B5I5-13-280 B5I5-14-280
5 : 10 B5I10-1-280 B5I10-4-280 B5I10-7-280 B5I10-10-280 B5I10-13-280 B5I10-14-280
5 : 25 B5I25-1-280 B5I25-4-280 B5I25-7-280 B5I25-10-280 B5I25-13-280 B5I25-14-280
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were conducted using a Shimadzu UV-2100S spectrophotom-
eter. The HPLC-MS system consisted of a Waters 1525 binary
pump, a 717 plus autosampler, a 2998 photodiode array
detector, and a ZQ2000 micromass detector.
2.4 Photocatalytic reaction

Photocatalytic activities of bismuth oxyiodides were studied by
degrading CV under visible-light irradiation of a 150 W Xe arc.
The light intensity was xed on 32.1 W m�2 when the reactor
was placed 30 cm away from the light source. The aqueous
suspension of CV (100 mL, 10 ppm) and the given amount of
catalysts were placed in a Pyrex ask. The pH value of the
suspension was adjusted by adding either NaOH or HNO3

solution. Before the irradiation, the suspension was magneti-
cally stirred in the dark to approach an adsorption/desorption
equilibrium between the dye and the catalyst surface under
ambient air-equilibrated conditions. At the given irradiation
time intervals, a 5 mL aliquot was collected and centrifuged to
withdraw the catalyst. The supernatant was analyzed by HPLC-
MS aer re-adjusting the chromatographic conditions to make
the mobile phase congruous with the working conditions of the
mass spectrometer.
Fig. 1 XRD patterns of as-prepared bismuth oxyiodide samples under
different pH values, at reaction temperature 130 �C and reaction time
12 h. (Molar ratio Bi(NO3)3/KI ¼ 5 : 2).
3. Results and discussion
3.1 Characterization of as-prepared powders

3.1.1 XRD analysis. The X-ray diffraction data of the as-
prepared bismuth oxyiodide with different hydrothermal
parameters are displayed in Fig. 1 and 2 and Fig. S1–S3 (ESI†).
Tables 3 and 4 list the results of the XRD measurements. The
XRD patterns clearly demonstrate the existence of pure phase
and the coexistence of different phases. All the bismuth oxy-
iodide samples using the hydrothermal method described at
different molar ratio, reaction temperature, and pH present the
BiOI (JCPDS 73-2062), Bi4O5I2,19 Bi7O9I3,20 and Bi5O7I (JCPDS 40-
0548), a-Bi2O3 (JCPDS 41-1449), and BiOxIy/BiOpIq composite
phase.

The pH of a hydrothermal reaction is usually accepted to
have great inuence on determining the morphologies and
composition of the nal products.21 Controlled experiments
have been conducted to study the inuence of pH on the reac-
tion. In these experiments, pH played a key role, and tempera-
ture and molar ratio played a minor role in controlling the
composition and anisotropic growth of crystals. From the
23452 | RSC Adv., 2015, 5, 23450–23463
results summarized in Table 3, the controllable morphologies
and crystal phases of bismuth oxyiodides could be completed by
simply changing some growth parameters, including tempera-
ture and pH. BiOI was obtained at pH¼ 1–7 and temp¼ 130 �C,
pH¼ 1–6 and temp¼ 180 �C, pH¼ 1–5 and temp¼ 230 �C, and
pH¼ 1–2, temp¼ 280 �C; Bi4O5I2 was obtained at pH¼ 1–6 and
temp ¼ 130 �C, pH ¼ 1–5 and temp ¼ 180–230 �C, and pH ¼ 1–
2, temp ¼ 280 �C; Bi7O9I3 was obtained at pH ¼ 6–11 and
temp¼ 130–180 �C, pH¼ 4–11 and temp¼ 230 �C, and pH¼ 2–
11 and temp ¼ 280 �C; Bi5O7I was obtained at pH ¼ 9–13 and
temp¼ 130 �C, pH¼ 8–13 and temp¼ 180–230 �C, and pH¼ 7–
13 and temp ¼ 280 �C; and, Bi2O3 microstructures were
obtained at higher base concentration (pH ¼ 13) under
This journal is © The Royal Society of Chemistry 2015



Fig. 2 XRD patterns of as-prepared bismuth oxyiodide samples under
different pH values, at reaction temperature 280 �C and reaction time
12 h. (Molar ratio Bi(NO3)3/KI ¼ 5 : 2).

Table 3 Crystalline phase changes of bismuth oxyiodide nanosheets
prepared under different reaction conditions. ( BiOI; Bi4O5I2;
Bi7O9I3; Bi5O7I; a-Bi2O3)

Table 4 Crystalline phase changes of bismuth oxyiodide prepared
under different reaction conditions. ( BiOI; Bi4O5I2; Bi7O9I3;
Bi5O7I; a-Bi2O3)
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synthetic conditions. From the results summarized in Table 4,
the controllable morphologies and crystal phases of bismuth
oxyiodides could be completed by simply changing some
growth parameters, including pH and molar ratio. BiOI was
obtained at pH ¼ 1–7 and molar ratio ¼ 5 : 25, 5 : 10, pH ¼ 1–4
andmolar ratio¼ 5 : 5, and pH¼ 1 andmolar ratio¼ 5 : 1, 5 : 2,
and pure phase BiOI at pH ¼ 1 and molar ratio ¼ 5 : 10, 5 : 25;
Bi4O5I2 was obtained at pH ¼ 4–7 and molar ratio ¼ 5 : 25,
5 : 10, pH ¼ 1–7 and molar ratio ¼ 5 : 5, and pH ¼ 1 and molar
ratio¼ 5 : 1, 5 : 2; Bi7O9I3 was obtained at pH¼ 7–14 and molar
ratio ¼ 5 : 25, 5 : 10, pH ¼ 7–13 and molar ratio ¼ 5 : 5, and
pH ¼ 4–10 and molar ratio ¼ 5 : 2, 5 : 1; Bi5O7I was obtained at
pH ¼ 10–14 and molar ratio ¼ 5 : 25, 5 : 10, 5 : 5, pH ¼ 10–13
and molar ratio ¼ 5 : 2, and pH ¼ 4–13 and molar ratio ¼ 5 : 1;
and, Bi2O3 microstructures were obtained at higher base
concentration (pH ¼ 13–14 and molar ratio ¼ 5 : 1, 5 : 2, and
pH ¼ 14 and molar ratio ¼ 5 : 5) under synthetic conditions.

The production of bismuth oxyiodides included the hydro-
lysis of BiI3 to form basic Bi(OH)3 and subsequent substitution
of I� by OH�. For the substitution processes, although the
precipitates were washed thoroughly with deionized water, the
This journal is © The Royal Society of Chemistry 2015
initial pH values of the reaction systems were different and
increased with the increase of the precipitation pH values
(Table 3). As the OH� substitution process proceeded involving
the release of I�, which resulted in a rise of the pH value of the
reaction system, the substitution extent was induced with the
increase of the precipitation pH value. From the above consid-
erations, the iodine contents in the as-prepared bismuth oxy-
iodides decreased gradually and the compositions of bismuth
oxyiodides changed from tetragonal BiOI to monoclinic Bi5O7I,
then to a-Bi2O3. Besides, the initial molar ratio (Bi/I) of the
reaction systems was different and increased with the increase
of the precipitation pH values (in Table 4). As the OH� substi-
tution process proceeded involving the release of I�, which
resulted in an increase of the pH value of the hydrothermal
reaction system, the substitution extent was induced with the
increase of the precipitation pH value. At high molar ratio with
all the above considerations, the iodine contents in the as-
prepared bismuth oxyiodides decreased gradually and the
compositions of the bismuth oxyiodides changed from
RSC Adv., 2015, 5, 23450–23463 | 23453



Fig. 3 SEM images of bismuth oxyiodide prepared by the hydro-
thermal autoclavemethod at different pH values. (Molar ratio Bi(NO3)3/
KI¼ 5 : 2, hydrothermal conditions: pH¼ 1–14, temp¼ 280 �C, time¼
12 h).
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tetragonal BiOI to monoclinic Bi5O7I, then to a-Bi2O3. But, at
low molar ratio, the iodine contents in the as-prepared bismuth
oxyiodides decreased gradually and the compositions of the
bismuth oxyiodides changed from tetragonal BiOI to mono-
clinic Bi5O7I.

The possible processes for the formation of bismuth oxy-
iodides are explained as follows [eqn (1)–(8)]:

Bi(OH)3(s) + I� / BiOI(s) + H2O + OH� (1)

Bi3+ + 3I� / BiI3(s) (2)

BiI3(s) + 2OH� / BiOI(s) + 2I� + H2O (3)

4BiOI(s) + 2OH� / Bi4O5I2(s) + 2I� + H2O (4)

7Bi4O5I2(s) + 2OH� / 4Bi7O9I3(s) + 2I� + H2O (5)

3Bi7O9I3(s) + 2OH� / 7Bi3O4I(s) + 2I� + H2O (6)

5Bi3O4I(s) + 2OH� / 3Bi5O7I(s) + 2I� + H2O (7)

2Bi5O7I(s) + 2OH� / 5Bi2O3(s) + 2I� + H2O (8)

These equations revealed that BiOI was formed at the
beginning of the hydrothermal reaction, and then OH� gradu-
ally substituted I� in the basic conditions, which resulted in the
reduced content of I� in the samples. Increasing the pH to
gradually acquire BiOI, Bi4O5I2, Bi7O9I3, Bi5O7I, and a-Bi2O3, the
higher the pH value appeared the lower the I� content in the
samples, until the content of I� in the products was fully
replaced by OH� and nally resulted in the formation of a-Bi2O3

under strong basic conditions. However, pure BiOI was the
exclusive phase at pH 1, molar ratio 5 : 10 and 5 : 25. A
competitive relationship typically existed between the hydroxide
and iodide ions in basic solution. By controlling the pH of the
hydrothermal reaction, different compositions of bismuth oxy-
iodides were acquired.

It was found that, with the increase of hydrothermal
temperature (or molar ratio (Bi/I)) ranging from 130 to 280 �C
(or 5 : 25 to 5 : 1), a gradual change in the crystal phase of the
reection peaks took place slightly, which showed a generation
in the crystal phase from BiOI to a-Bi2O3 at different reaction
temperature.

3.1.2 SEM-EDS analysis. Bismuth oxyiodides were synthe-
sized with Bi(NO3)3$5H2O and KI by the hydrothermal method
at 130–280 �C for pH ¼ 1–14. The surface compositions and
morphologies of the samples were observed by FE-SEM-EDS
(Fig. 3 and Table 5). The FE-SEM image displayed that the
morphologies of the samples acquired at different pH values
turned from irregular particles to irregular thin-sheets and thin-
plates and then became irregular rods (Fig. 3). These samples
showed irregular nanoplate and nanosheet shapes with a lateral
size of several micrometers and a thickness between 5 and 40
nm. Samples B5I2-10-280 and B5I2-11-280 exhibited a rod-like
irregular shape with a lateral size of several micrometers.

From Table 5, the EDS results demonstrated that the main
elements of these samples were iodine, bismuth, and oxygen
23454 | RSC Adv., 2015, 5, 23450–23463
under different pH values. The Bi/I atomic ratios of the bismuth
oxyiodide samples were within the range of 1.13–197.82, which
corresponded to BiOI/Bi4O5I2, BiOI/Bi4O5I2/Bi7O9I3, Bi7O9I3/
Bi5O7I, Bi5O7I/a-Bi2O3, and a-Bi2O3 phase, compared to the
stoichiometric ratio (Bi : I ¼ 1, 2, 2.3, 5, N), and could be
selectively synthesized through a hydrothermal method. The
This journal is © The Royal Society of Chemistry 2015



Table 5 Physical and chemical properties of bismuth oxyiodide

EDS element atomic ratio (%)
Energy gap
(eV)Bi O I

B5I2-1-280 28.60 71.10 0.28 3.136
B5I2-2-280 29.77 65.15 5.08 1.860
B5I2-3-280 26.22 69.96 3.82 2.112
B5I2-4-280 22.98 70.20 6.82 1.908
B5I2-5-280 25.46 73.81 0.74 2.589
B5I2-6-280 25.05 66.02 8.92 2.226
B5I2-7-280 31.34 59.07 9.59 2.064
B5I2-8-280 25.70 70.69 3.61 2.348
B5I2-9-280 32.03 58.19 9.78 2.441
B5I2-10-280 38.83 53.31 7.86 2.174
B5I2-11-280 27.64 70.70 1.66 2.904
B5I2-12-280 30.28 65.06 4.66 2.371
B5I2-13-280 29.79 66.42 3.80 2.526
B5I2-14-280 33.63 66.20 0.17 2.600
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possible processes for the synthesis of bismuth oxyiodides were
described as eqn (1)–(8). The EDS result demonstrated that the
possible processes for the synthesis of bismuth oxyiodides were
explained as eqn (1)–(8), which were consistent with the
previous result by XRD analyses.

3.1.3 XPS analysis. XPS was used for examining the purity
of the synthesized bismuth oxyiodides, and the spectra are
displayed in Fig. 4 and 5. Fig. 4 and 5 display the total survey
spectra of Bi 4f, I 3d, O 1s, and C 1s XPS of the four samples. The
characteristic binding energy value of �157.6 eV for Bi 4f7/2
(Fig. 4(b)) showed a trivalent oxidation state for bismuth. An
additional spin–orbit doublet with a binding energy of 155.7 eV
Fig. 4 High-resolution XPS spectra of bismuth oxybromide prepared by t
12. (a) Total survey; (b) Bi 4f; (c) O 1s; (d) I 3d.

This journal is © The Royal Society of Chemistry 2015
for Bi 4f7/2 was also revealed in all samples, suggesting that
certain parts of bismuth existed in the (+3 � x) valence state.
This showed that the trivalent bismuth partially reduced to the
lower valence state by the hydrothermal method. A similar
chemical shi of approximately 2.4–2.6 eV for Bi 4f7/2 was also
published by Liao et al.46 They summarized that Bi(+3�x) formal
oxidation state could most probably be ascribed to the sub-
stoichiometric forms of Bi within the Bi2O2 layer, and the
formation of the low oxidation state resulted in the oxygen
vacancy in the crystal lattice. However, it was supposed in this
study that the Bi(+3�x) formal oxidation 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
resulted in the oxygen vacancy in the crystal surface. The
binding energies of �629.4 eV and �617.9 eV were attributed to
I 3d5/2 and 3d3/2 respectively, which could be pointed to I at the
monovalent oxidation state. Fig. 5 shows the total survey spectra
of Bi 4f, I 3d, and O 1s XPS of the three pure bismuth oxyiodides
and one a-Bi2O3 sample. From Fig. 5, the observation of the
transition peaks involved in the Bi 4f, I 3d, O 1s, and C 1s
orbitals demonstrated that the catalysts were composed of the
elements of C, O, Bi, and I.

In the pure BiOI, Bi7O9I3, and Bi5O7I samples, two sets of
peaks centered at 160.9 eV, 156.1 eV and 163.2 eV, 158.8 eV,
could be characteristic of the Bi(+3�x) and Bi3+ formal oxidation
state of Bi 4f5/2 and Bi 4f7/2, and pure a-Bi2O3, only two strong
peaks centered at 163.7 and 158.2 eV, could be characteristic of
the Bi 4f5/2 and Bi 4f7/2, revealing that the main chemical states
of the bismuth element in the samples were trivalent.
he hydrothermal autoclavemethod at 130, 180, 230, 280 �C, 12 h, pH¼

RSC Adv., 2015, 5, 23450–23463 | 23455



Fig. 5 High-resolution XPS spectra of bismuth oxyiodide prepared by the hydrothermal autoclavemethod. (a) Total survey; (b) Bi 4f; (c) O 1s; (d) I
3d.
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3.1.4 FT-IR analysis. To investigate the chemical composi-
tion and chemical bonding of composites, a FT-IR investigation
was carried out. Fig. 6 shows the FT-IR spectra produced under
different bismuth oxyiodides, where the strong absorption was
mainly located in the 400–700 cm�1, as a result of the stretching
vibrations of Bi–O, Bi–O–I, and Bi–O–Bi in bismuth oxy-
iodides.47 At the same time, the v(C–O) at 1386 cm�1 and v(C–O)
at 1462 cm�1 corresponded to the very weak characteristic peaks
of CO3

2�.
Therefore, it could be concluded that the samples were

composed of bismuth oxyiodides. Besides, no impurity or
Fig. 6 UV-vis absorption spectra of the different bismuth oxyiodide
catalysts.

23456 | RSC Adv., 2015, 5, 23450–23463
solvent residue absorption peak or absorption band was
detected.

3.1.5 UV-vis diffuse reectance spectroscopy. The UV-vis
adsorption spectra of the prepared samples are displayed in
Fig. 7 and Fig. S4, S5 (ESI†). Their corresponding band gap
energy was estimated, which was close to 1.860–3.136 eV (Table
5). Under visible light irradiation, compared to P25, bismuth
oxyiodides showed pronounced light absorbance abilities at l >
400 nm, suggesting their potential photocatalytic activity. The
steep shape and strong absorption in the visible-light region
attributed 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.48 The
difference of band gap energy in the synthesized bismuth oxy-
iodide could be attributed to their individual composition with
various characteristics. Based on Tables 5 and 6, the photo-
catalytic activities were not mainly attributed to the different
absorption abilities of visible light due to the different band gap
energy.

3.1.6 BET surface areas. The BET of the bismuth oxyiodides
was about 0.08–7.20 m2 g�1, respectively. This nanoplate and
nanosheet structure could provide efficient transport paths for
reactants and more active sites for the photocatalytic reaction.
The structure was also advantageous for efficient photo-energy
reaping and introducing the separation of electron–hole pairs,
thus encouraging the photocatalytic ability.

It is understood that the size of nanoparticles has a signi-
cant effect on the photo-catalytic properties because of the
variation of surface area, number of active sites and so forth.49

The smaller particle size of nanoparticles would cause a larger
This journal is © The Royal Society of Chemistry 2015



Fig. 7 UV-vis absorption spectra of the prepared bismuth oxyiodide catalysts under different pH values and reaction temperature. (Molar ratio
Bi(NO3)3/KI ¼ 5 : 2, reaction time 12 h).
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surface area (more active sites) to improve the photocatalytic
ability. Besides, the band-gap energy is also related to the
photocatalytic ability.50 A lower band-gap has a positive effect on
the photocatalytic ability because a lower source energy is
needed for stimulating a photocatalytic reaction. This means
that less energy is needed for activating the nanoparticles to
generate excited electron–hole pairs and then induce
Table 6 The pseudo-first-order rate constants for the degradation of C

pH value

Temperature (�C)

130 180

k
(h�1) R2 k (h�1) R2

1 0.0025 0.9719 0.0017 0.9
2 0.0033 0.9685 0.0037 0.9
3 0.0070 0.9715 0.0028 0.9
4 0.0014 0.9761 0.0021 0.9
5 0.0058 0.9565 0.0015 0.9
6 0.0594 0.9614 0.0593 0.9
7 0.0651 0.9552 0.0238 0.9
8 0.0243 0.9518 0.0205 0.9
9 0.0858 0.9640 0.0577 0.9
10 0.0377 0.9742 0.0220 0.9
11 0.0342 0.9768 0.0361 0.9
12 0.0166 0.9686 0.0174 0.9
13 0.0094 0.9788 0.0134 0.9
14 0.0012 0.9603 0.0035 0.9

This journal is © The Royal Society of Chemistry 2015
photocatalytic reactions. In this study, the particle sizes of
bismuth oxyiodides were a little higher than those of P25-TiO2;
however, the result of band-gap was the opposite. It suggested
that the higher photocatalytic ability of bismuth oxyiodides
than P25-TiO2 could be attributed to a lower band-gap, which
would promote the generation of more excited electron–hole
pairs to enhance the photocatalytic ability.
V with bismuth oxyiodide photocatalysts under visible light irradiation

230 280

k (h�1) R2 k (h�1) R2

508 0.0011 0.9513 0.0036 0.6597
758 0.0041 0.9884 0.0058 0.8928
533 0.0015 0.9564 0.0217 0.9615
542 0.0071 0.9735 0.0362 0.9775
679 0.0026 0.9601 0.0120 0.9131
663 0.0789 0.9790 0.1950 0.9769
775 0.0435 0.9511 0.2225 0.8881
707 0.0301 0.9520 0.0421 0.9512
640 0.0621 0.9690 0.1432 0.9660
742 0.0165 0.9748 0.1079 0.9765
768 0.0049 0.9620 0.0133 0.9064
686 0.0124 0.9604 0.0569 0.9327
788 0.0095 0.9671 0.0352 0.9423
603 0.0024 0.9578 0.0034 0.9177

RSC Adv., 2015, 5, 23450–23463 | 23457
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3.2 Evaluation of photocatalytic ability

3.2.1 Photocatalytic ability. The photocatalytic ability of
the samples was evaluated by degrading CV (or SA) under visible
light (or UV) irradiation with 0.5 g L�1 photocatalyst added. The
degradation ability as a function of reaction time is displayed in
Fig. 8 and Fig. S6, S7 (ESI†). In the absence of photocatalysts, CV
(or SA) could not be degraded under visible (or UV) light irra-
diation. The removal efficiency was improved signicantly in
the presence of bismuth oxyiodides. Aer 24 h irradiation,
bismuth oxyiodides revealed superior photocatalytic activities,
with a CV removal efficiency up to 99.9%. The UV-vis adsorption
spectra of the prepared samples (Fig. 7 and Fig. S4, S5 (ESI†))
corresponding band gap energy were estimated, which were
close to 1.860–3.136 eV (Table 5). Under visible light irradiation,
compared to P25, bismuth oxyiodides showed pronounced light
absorbance abilities at l > 400 nm, suggesting their potential
photocatalytic activities. The steep shape and strong absorption
in the visible-light region attributed the visible-light absorption
Fig. 8 Photocatalytic degradation of CV and SA by the resulting
bismuth oxyiodide catalysts and the control experiments under
simulated visible light irradiation. (a) CV; (b) SA; (c) pH ¼ 1–14. (Molar
ratio Bi(NO3)3/KI ¼ 5 : 2, temp ¼ 280 �C, time ¼ 12 h).
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to the intrinsic band gap transition between the valence band
and the conduction band, rather than the transition from the
impurity levels. Therefore, compared to UV irradiation, bismuth
oxyiodides showed superior photocatalytic performance under
visible light irradiation.

To further understand the reaction kinetics of CV photo-
catalytic degradation, the apparent pseudo-rst-order model41

described in the equation ln(Co/C) ¼ kt was used in the photo-
catalytic experiments. By using the rst-order linear t of the
data from Tables 6 and 7, the k value of B5I2-7-280 (Bi7O9I3) was
acquired as the maximum degradation rate of 2.225� 10�1 h�1,
and this value was considerably higher than that of the other
samples. The activity of Bi7O9I3/Bi5O7I was higher than those of
P25-TiO2, BiOI, Bi4O5I2, Bi7O9I3, Bi5O7I, and a-Bi2O3.

The superior photocatalytic activity of bismuth oxyiodide
composites might be attributed to its efficient use of visible
light and the high separation efficiency of the electron–hole
pairs with its hierarchical structure. The Bi7O9I3/Bi5O7I
composite with the largest SBET did exhibit the highest photo-
catalytic ability among all the samples, suggesting that changes
in the photocatalytic ability were associated with the BET
surface area.

In the absence of photocatalysts, CV could not be degraded
under visible light irradiation; the superior photocatalytic
ability of bismuth oxyiodides could be attributed to its efficient
use of visible-light and the highly effective separation of elec-
tron–hole pairs within its samples.

The evaluated durability of the Bi7O9I3/Bi5O7I composite was
measured by recycling the used catalyst. Aer each cycle, the
catalyst was collected by centrifugation. No apparent loss was
observed in the photocatalytic ability when CV was degraded in
the third cycle; even during the sixth run, the decrease in the
photocatalytic efficiency was 1.5% (Fig. 9(a)). The used Bi7O9I3/
Bi5O7I composite was also measured using XRD, and no
detectable difference was shown between the as-prepared and
the used samples (Fig. 9(b)); thus, the Bi7O9I3/Bi5O7I composite
had high photo-stability.

The degradation efficiency as a function of reaction time is
illustrated in Fig. S6 and S7 of the ESI.† The removal efficiency
was enhanced signicantly in the presence of BiOpBrq/BiOmIn
catalysts. Aer 48 h irradiation, BiOpBrq/BiOmIn showed supe-
rior photocatalytic performance, with CV removal efficiency up
to 99%. To further understand the reaction kinetics of CV
degradation, the apparent pseudo-rst-order model21,51

expressed by the ln(Co/C) ¼ kappt equation was applied in this
experiments. Via the rst-order linear t from the data of Fig. S6
and S7† shown in Table 3, kapp of BB1I2-4-110-12 was obtained
at the maximal degradation rate of 5.285 � 10�1 h�1, greatly
higher than the others composites. Therefore, the Bi4O5Br2/
BiOI composite showed the best photocatalytic activity. The
result showed that the Bi4O5Br2/BiOI composite was a much
more effective photocatalyst than the others. The superior
photocatalytic ability of BiOpBrq/BiOmIn might be ascribed to its
efficient utilization of visible light and the high separation
efficiency of the electron–hole pairs with its composites.

The durability of the Bi4O5Br2/BiOI (BB1I2-4-210-12)
composite was evaluated through recycling of the used
This journal is © The Royal Society of Chemistry 2015



Table 7 The pseudo-first-order rate constants for the degradation of CV with bismuth oxyiodide photocatalysts under visible light irradiation

Bi/I molar
ratio

pH

1 4 7 10 13 14

k (h�1) R2 k (h�1) R2 k (h�1) R2 k (h�1) R2 k (h�1) R2 k (h�1) R2

5 : 1 0.0070 0.7369 0.0029 0.9272 0.0074 0.8010 0.0399 0.9453 0.0224 0.9566 0.0118 0.9590
5 : 2 0.0056 0.3908 0.0380 0.9738 0.2052 0.8800 0.1041 0.9748 0.0323 0.9329 0.0033 0.9175
5 : 5 0.0521 0.9358 0.0620 0.9797 0.0553 0.8581 0.0740 0.9123 0.0281 0.9413 0.0095 0.9314
5 : 10 0.0462 0.9036 0.1295 0.9327 0.1170 0.9576 0.1063 0.9187 0.0318 0.9835 0.0205 0.8412
5 : 25 0.0411 0.9613 0.0861 0.9439 0.0738 0.9648 0.1162 0.9147 0.0320 0.9682 0.0150 0.8981

Fig. 9 (a) Cycling runs and (b) XRD patterns acquired before and after
the photocatalytic degradation of CV in the presence of B5I2-7-280.

Fig. 10 Photoluminescence spectra of bismuth oxyiodide under
hydrothermal conditions. (Hydrothermal conditions: molar ratio

�
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catalyst. There was no apparent loss of photocatalytic activity in
removing crystal violet in the h cycle, and even in the tenth
run, the declination in photocatalytic activity was less than 3%
(Fig. 8(a)). The used Bi4O5Br2/BiOI was also examined by XRD,
and there was no detectable difference between the as-prepared
and the used samples (Fig. 8(b)). Therefore, it could be deduced
that the Bi4O5Br2/BiOI composite had good photostability.

3.2.2 Photoluminescence spectra. PL spectra were used for
searching the recombination rate of the photogenerated elec-
tron–hole pairs.52 To research the separation capacity of the
photo-generated carriers in the heterostructures, the PL spectra
This journal is © The Royal Society of Chemistry 2015
of bismuth oxyiodides were detected; the results are displayed
in Fig. 10. A strong emission peak appeared at approximately
620 nm for bismuth oxyiodides, and it might have been
acquired from the direct electron–hole recombination of band
transitions. However, the characteristic emission peak at
approximately 620 nm nearly vanished for bismuth oxyiodides,
showing that the recombination of photogenerated charge
carriers was greatly inhibited. The efficient separation of charge
might increase the lifetime of charge carriers and enhance the
efficiency of interfacial charge transfer to the adsorbed photo-
catalysts, thus improving the photocatalytic ability.46 The low
relative PL intensity of band B5I2-7-280 photocatalysts, as
illustrated in Fig. 10, suggested the possession of the lowest
recombination rate of electron–hole pairs, resulting in the
higher photocatalytic ability, as illustrated in Fig. 8, Tables 6
and 7. Under visible light irradiation, the photocatalytic activi-
ties followed the order Bi7O9I3 > Bi7O9I3/Bi5O7I > BiOI/Bi4O5I2/
Bi7O9I3 > Bi7O9I3/Bi2O3 > BiOI/Bi4O5I2, which was mainly
attributed to the recombination rate of electron–hole pairs.
Therefore, it showed that the recombination rate of electron–
Bi(NO3)3/KI ¼ 5 : 2, pH ¼ 1–14, temp ¼ 280 C, time ¼ 12 h).

RSC Adv., 2015, 5, 23450–23463 | 23459
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hole pairs was the major factor in the photocatalytic degrada-
tion of CV dye.
Fig. 11 (a) The dye concentration during photo-degradation as a
function of irradiation time observed in bismuth oxyiodides under the
addition of different scavengers: SA, IPA, AQ, and BQ; (b) (c) DMPO
spin-trapping EPR spectra for DMPO-O2

� and DMPO-OH under
visible light irradiation with bismuth oxyiodides.
3.3 Photodegradation mechanisms of CV

Various primary active species, such as hydroxyl radicals (HOc),
photogenerated hole (h+), superoxide radicals (O2

�c) and singlet
oxygen (1O2), could be created during the photocatalytic
degradation processes in the UV-vis/bismuth oxyiodide
system.10 Ye and his co-workers revealed that the rhodamine
photodegradation by BiOI under visible-light was dominated by
O2

�c and h+ oxidation being the main active species.53 Xiao et al.
proposed that the hydroxyl radicals and direct holes were the
primary reactive species in the benzotriazole degradation by
BiOBr spheres under simulated solar light irradiation.20 Ge and
Zhang investigated the pathway for generating active oxygen
radicals (O2

�c and cOH) on the surface of In(OH)xSy for the
degradation of RhB.54 Wang’s group showed that highly effi-
cient visible-light-driven sodium pentachlorophenate removal
with Bi3O4Br could be attributed to the effective separation and
the transfer of photoinduced charge carriers in Bi3O4Br with
narrower band-gap and more negative conduction band posi-
tion, which favored the photogenerated electrons trapping with
molecular oxygen to produce O2

�c.55 Yu et al. proposed that the
cOH radical was generated by multistep reduction of O2

�c.56 The
generation of O2

�c radicals could not only inhibit the recom-
bination of photoinduced charge carriers, but also advantage
the dechlorination of the chlorinated phenol derivative. The
HOc radical might only be generated via an e� / O2

�c/ H2O2

/ cOH pathway. Meanwhile, cOH radicals were generated by
multistep reduction of O2

�c in the system. In a valence band of
Bi(III), holes formed by photoexcitation were regarded as Bi(V).57

The standard redox potential of Bi5+/Bi3+ was more negative
than that of OHc/OH�.58 Accordingly, photogenerated holes on
the surface of bismuth oxyhalides were not supposed to react
with OH�/H2O to form cOH, suggesting that the decomposition
of rhodamine59 and bisphenol-A60 could be attributed to a direct
reaction with the photogenerated holes or with superoxide
radicals (generated by the excited electron) or both species. Zhu
et al. revealed that photocatalytic reactions in the presence of
nitrogen gas and the radical scavenger suggested cOH and O2

�c
being two main actives in the whole degradation process.61

According to earlier studies,62 the dominant active oxygen
species generated in direct oxidation and photocatalytic reac-
tions were 1O2 and cOH radicals, respectively. Moreover, in this
visible-light-induced semiconductor system, hydroxylated
compounds were also separated and identied for the photo-
catalytic degradation of Ethyl Violet63 and CV. On the basis of
above mentions, it was proposed that the probability for the
formation of cOH radicals should be much lower than that for
O2

�c radicals. However, the cOH radical was an extremely
strong, non-selective oxidant, which led to the partial or
complete mineralization of several organic compounds.

To evaluate the effect of the active species during photo-
catalytic degradation, a series of quenchers were added to
scavenge the relevant active species. cOH, O2c

�, 1O2, and h+ were
examined by adding 1.0 mM isopropanol (a quencher of cOH),64
23460 | RSC Adv., 2015, 5, 23450–23463
1.0 mM benzoquinone (a quencher of O2c
�),65 1.0 mM sodium

azide (a quencher of 1O2),66 and 1.0 mM ammonium oxalate
(a quencher of h+),67 respectively.

As shown in Fig. 11(a), the degradation efficiency of iso-
propanol quenching decreased more than that of ammonium
oxalate, and the degradation efficiency of benzoquinone
quenching decreased more than that of isopropanol, but the
photocatalytic degradation of CV was not affected by the addi-
tion of sodium azide. In brief, the quenching effects of various
This journal is © The Royal Society of Chemistry 2015



Fig. 12 The band structure diagram of bismuth oxyiodide photo-
catalysts and the possible charge separation processes.
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scavengers revealed that the reactive O2c
� played a major role,

and cOH or h+ played a minor role in the CV degradation.
Fig. 11(b) and (c) show that no EPR signal was examined when
the reaction was accomplished in the dark, while the signals
with intensity corresponding to the characteristic peak of
DMPO-OH and DMPO-O2

� adducts23 were shown during the
reaction process under visible light irradiation. Besides, the
intensity gradually increased with the prolonged reaction time,
proposing that the O2c

� (major active species) and the cOH
(minor active species) were generated in the presence of
bismuth oxyiodides and oxygen under visible light irradiation.

Chen’s group proposed68 that Pt/TiO2 gathered less negative
species on catalyst surfaces, which declined reaction rates, than
pure TiO2 did in an acidic environment. The cOH radicals were
produced subsequently, as also expressed in eqn (9)–(14).

O2
�c + H+ + e� / HOOc (9)

HOOc + H2O / cOH + H2O2 (10)

O2
�c + 2H+ / H2O2 (11)

H2O2 + e� / cOH + OH� (12)

h+ + OH� / cOH (13)

h+ + H2O / cOH + H+ (14)

These cycle reactions continuously happened when the
system was exposed to visible-light irradiation. Finally, aer
several cycles of photo-oxidation, the photocatalytic degrada-
tion of CV by the generated oxidant species could be shown by
eqn (15) and (16):

CV + OHc / degraded compounds (15)

CV+c + OHc / degraded compounds (16)

It was reported that a mechanism of dye sensitized degra-
dation exhibited in the degradation of dye.61,68,69 This photo-
catalytic degradation was also ascribed to the photodegradation
of CV by the photocatalytic route of CV photosensitized bismuth
oxyiodides. 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 photocatalysts.

CV + hn / CV* (17)

CV* + BiOxIy / CV+ + BiOxIy(e
�) (18)

O2 + e� / O2
�c (19)

Once the electron reached the conduction band of bismuth
oxyiodides, it induced the formation of active oxygen species,
which caused the degradation of CV dye. It was clear that, except
for the photodegradation of CV by the route of bismuth
oxyiodide-mediated and photosensitized processes, another
type of photocatalytic route accounted for the enhanced
This journal is © The Royal Society of Chemistry 2015
photocatalytic activity. Both the photosensitized and photo-
catalytic processes proceeded concurrently (Fig. 12). However,
in photosensitized and photocatalytic reaction conditions, O2c

�

radicals were generated by the reaction of photogenerated and
photosensitized electron with oxygen gas on the photocatalyst
surface, and cOH radicals were also generated by the reaction of
O2c

� radicals with H+ ion and hole h+ with OH� ion (or H2O).
The cOH radical was produced subsequently, as expressed in
eqn (9) to (14).

Under visible irradiation, temporal variations occurring in
the solution of CV dye during the degradation process were
detected by the HPLC-PDA-MS. Given the CV irradiation up to
24 h at pH 4, the chromatograms were displayed in Fig. S8 of the
ESI† and recorded at 580, 350, and 300 nm, and nineteen
intermediates were separated and identied, with a retention
time under 50 min. The CV dye and its related intermediates
were marked as species A–J, a–f, and a–g. Except for the initial
CV dye (peak A), the peaks initially increased before the
subsequent decrease, indicating the generation and trans-
formation of the intermediates.

The maximum absorption of the spectral bands shied from
588.9 nm (spectrum A) to 542.0 nm (spectrum J), from 377.8 nm
(spectrum a) to 340.3 nm (spectrum f), and from 311.2 nm
(spectrum a) to 281.2 nm (spectrum g) in Fig. S9 of the ESI.† The
maximum adsorption in the UV-vis spectral region of each
intermediate is listed in Table S1 (ESI†). They were separated
and identied as A–J, a–f, and a–g, respectively corresponding
to the peaks A–J, a–f, and a–g in three chromatographs (Fig. S8
of ESI†). These shis of the absorption band were supposed to
result from the generation of a series of N-de-methylated
intermediates. From these results, several groups of interme-
diates could be differentiated. The intermediates were further
identied using the HPLC-ESI-MS, and the relevant mass
spectra are shown in Fig. S10 and Table S1 of the ESI.† The
molecular ion peak appeared in the acid form of the
RSC Adv., 2015, 5, 23450–23463 | 23461
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intermediates using HPLC-ESI-MS. The detailed data of inter-
mediates are described in the appendix A.

In previous reports,63,69,70 the N-de-alkylation processes were
preceded by the generation of a nitrogen-centered radical while
the oxidative degradation was preceded by the formation of a
carbon-centered radical in the photocatalytic degradation of
triarylmethane dye. In the experimental results, the dye degra-
dation mechanism was tentatively proposed, described in
Fig. S11–S13.† The excited dye injected an electron into the
conduction band of the photocatalysts, where it was scavenged
by O2 gas to form O2

�c radicals. De-methylation of CV occurred
mostly by attack by the active species, which was a perfect
nucleophilic reagent, on the N-methyl portion of CV. Further,
O2

�c radicals subsequently reacted with H2O to generate cOH
radicals and the other active species. The probability for the
generation of cOH radicals should be much lower than that for
O2

�c radicals. The cOH radical was an extremely strong, non-
selective oxidant, which led to the partial or complete miner-
alization of several organic compounds. All the above active
species drove the degradation or mineralization of the dye
molecule. All the intermediates identied in these two studied
topics had the same results under visible light irradiation. It
was doubtless that the major oxidant was cOH radicals, not O2

�c
radicals.
4. Conclusions

In the current process, the controllable crystal phases and
morphologies of bismuth oxyiodides could be accomplished by
simply changing some growth parameters, including molar
ratio (Bi/I), pH value, and reaction temperature. The results
demonstrate that a series of changes in the compounds happen
at different hydrothermal conditions, expressed as BiOI /

Bi4O5I2 / Bi7O9I3 / Bi5O7I/ a-Bi2O3. The bismuth oxyiodide
catalysts are of different phases, which degrade nearly 100% of
CV from the solution aer 24 h under visible light irradiation,
and the high activity can be attributed to their relatively efficient
utilization of visible light. Both the photosensitized process and
the photocatalytic process proceed concurrently for the CV
degradation, whereas the photocatalytic process is the only
process in the SA degradation. O2

�c radicals are the main active
species, and cOH radicals (or h+) are the minor active species in
the photocatalytic process. In the photocatalytic and photo-
sensitized processes, N-demethylation and the cleavage of the
conjugated CV dye structure occur during the degradation with
bismuth oxyiodides as the catalyst. The reaction mechanisms
for vis/bismuth oxyiodides proposed in this research should
offer some notion for the applications to the decoloration of
dyes.
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