RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 18 RSC Advances

RSC Advances RSCPublishing

PAPER

Cite this: DOI: 10.1039/X0XxX00000X
Received ooth December 2015,
Accepted ooth February 2016

DOI: 10.1039/X0XX00000X
www.rsc.org/

Novel synthesis of bismuth oxyiodide/graphitic carbon nitride
nanocomposite with enhanced visible-light photocatalytic
activityJr

Shang-Yi Chou,” Chiing-Chang Chen,"* Yong-Ming Dai," Jia-Hao Lin® and Wenlian
William Lee™ °*

The first systematic synthetic study of bismuth oxyiodide/graphitic carbon nitride (BiO,I,/g-C5Ny)
nanocomposite preparation using controlled hydrothermal method is reported. The structure and
morphology of BiO,I,/g-C3N,4 photocatalysts are characterized by XRD, TEM, FT-IR, HR-XPS,
FE-SEM-EDS, UV-vis-DRS and BET. The photodragrdation activities are evaluated against the
decolorization of crystal violet (CV) in aqueous solution under visible light illumination. In
particular, the catalytic performance illustrates the best reaction rate constant being 0.170 h™'
once using Bi;0913/BisO;1/g-C3N,4 composite as the photocatalyst; which is 5, 4, and 1.5 times
higher than the reaction rate constant of BiOI, g-C3N,, and Bi;0I3/BisO5I, as photocatalysts,
respectively. From the quenching effects of different scavengers, the EPR results demonstrate
that the reactive O,” play the major roles and h" and "OH plays the minor role in the CV
degradation. The probable photodegradation mechanisms are proposed and discussed in this
research. This work is useful for the synthesis of BiO,I,/g-C3N4; and the photocatalytic
degradation of the CV at future applications to environmental pollution and control.

great troubles were arisen about 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 the structures
similar to aromatic amine carcinogens.”

1. Introduction

The elimination of toxic chemicals from wastewater has
become one of the most crucial aspects of contemporary
pollution-control methods because of the deteriorating effects
of such chemicals on living beings and the environment.
Cationic triarylmethane (TPM) dyes were found the use as
colorants in industry and as antimicrobial agents." Recent
reports showed that they might further supply as targetable
sensitizers in the photo-destruction of specific cellular
components (or cells).” The binding of CV to DNA was
probably ionic, as opposed to intercalative, and it persisted 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.? However,

Heterogeneous photocatalysis for solar energy conversion and
environmental remediationhas fomented extensive interests in
the past decade. For the practical applications of
photocatalysis, an environmentally powerful and cheap
photocatalyst is an important constituent.’ Recently, Kalantar-
zadeh et al. © demonstrated that the intriguing properties of
two-dimensional transition metal dichalcogenides have led to
a significant body of fundamental research and rapid uptake
of these materials in photocatalytic application. Zhang et al.
reported that Ga,O; nanoparticles are incorporated into liquid
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metal/metal oxide frameworks in order to form enhanced
photocatalytic systems using solvothermal method.”* CV dye
degradations were studied using several systems that
generated active species, including BiOL’ Bi,(AgyOZ,10
Bi,WOs," Ti0,,'? ZnO," and BaTiO;."

Recently, the development of visible-light-sensitive
photocatalysts has obtained considerable attention as an
alternative for wastewater treatment. An effective and simple
strategy to improve the photocatalytic activity of a
photocatalyst is the incorporation of a heterostructure,
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because heterojunctions have great potential for tuning the
desired electronic properties of photocatalysts and efficiently
separating the photogenerated electron—hole pairs.'>"”

In recent years, as a new family of advantageous
photocatalysts, the bismuth oxyhalides have showed unusual
photocatalytic activities because their unique layered structure
features an internal static electric field vertical to each layer
that may cause more effective separation of photogenerated
charge carriers."*® Among the bismuth oxyhalides,*"*
bismuth oxyiodides have obtained remarkable interests in
recent years because of their suitable band gaps, stability, and
relatively superior photocatalytic activities. It is found that
the BiOI composite (i.e. Bi;OsBr,/BiOI) shows higher
photocatalytic activities than BiOBr compositesand BiOCI
composites for the photocatalytic degradation of methyl
orange or crystal violet do.>**°

Since the valence band for bismuth oxyiodides mostly
contained O, and Is, orbitals, while the conduction band was
based on the Big, orbital,”’ it could be demonstrated that the I-
poor bismuth oxyiodides had the band-gap energy higher than
BiOI but lower than Bi,O5;”** hence, these materials might
be used as visible-light responsivephotocatalysts. More
importantly, the structure and composition of the bismuth
oxyiodides strongly influenced their electronic, optical, and
oxidizing abilities and other physicochemical properties,
proposing an opportunity to acquire novel photocatalysts for
effective degradation of environmental and toxic pollutants.
However, the synthesis methods, characterization, and
evaluated properties of a series bismuth oxyiodides remained
rare until recently.

In the search for robust and stable visible-light-driven
semiconductorphotocatalysts, a polymeric semiconductor,
graphitic carbon nitride (g-C;Ny4), has recently attracted
tremendous attention. The heptazine ring structure and high
condensation degree enable metal-free g-CsN4 to possess
many advantages such as good physicochemical stability, as
well as an appealing electronic structure combined with a
medium-band gap (2.7 V). These unique properties make
g-C;N, a promising candidate for visible light photocatalytic
applications utilizing solar energy.

It is believed that there is a close relationship between
the size, morphology and the properties of photocatalysts.
Therefore, photocatalysts with hierarchical architectures are
expected to exhibit enhanced photocatalytic performance. It is
expected that functionalizing graphitic carbon nitride
nanosheets with bismuth oxyhalide can not only combine
both the advantages of bismuth oxyhalide and graphitic
carbon nitride nanosheets but may also result in new
properties. Recently, BiOCl/g-C;N,, 31 BiOB1/g-C3Ny, 32
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BiOI/g-C5N,, **** and BiOBry»lys *° composites have been
synthesized in order to improve the photocatalytic activity of
the materials. However, no work compared to g-C;N, based
on a series of bismuth oxyiodide photocatalysts has been
reported.

To the best of our knowledge, BiOl,/g-C;Ny,-assisted
photocatalytic degradation of TPM dye under visible light
irradiation has never been reported in the literature. This is
the first report thatfour BiOyl,/g-CsN4 composites namely,
BiOI/g-C3Ny, Bi;0415/g-C;3Ny, BisO;1/g-C;Ny, and
Bi;0413/BisO;1/g-C5N, have been isolated and characterized
by by FE-SEM-EDS, XRD, HR-XPS, and UV-vis-DRS.
Through degrading CV in aqueous solutions under visible-
light irradiation, the photocatalytic activities of these four
BiO,l,/g-C;N, composites are further compared and discussed.

2. Experiment
2.1 Materials

Bi(NO;);*5H,0, KI (Katayama), CV dye (TCI), p-
benzoquinone (Alfa aesar), sodium azide (Sigma), ammonium
oxalate (Osaka), and isopropanol (Merck) were purchased and
used without further purification. Reagent-grade sodium
hydroxide, nitric acid, ammonium acetate, and HPLC-grade
methanol were obtained from Merck.

2.2 Instruments and analytical methods

The field-emission transmission electron microscopy (FE-
TEM) images, selected area electron diffraction (SAED)
patterns, high resolution transmission electron microscopy
(HRTEM) images, and energy-dispersive X-ray spectra
(EDS) were obtained using a JEOL-2010 with an accelerating
voltage of 200 kV. The Al-Ka radiation was generated at 15
kV. The X-ray diffraction (XRD) patterns were recorded on a
MAC Science MXPI18 equipped with Cu-Ko radiation,
operating at 40 kV and 80 mA. Field emission scanning
electron microscopy-electron dispersive X-ray spectroscopy
(FE-SEM-EDS) measurements were carried out using a JEOL
JSM-7401F at an acceleration voltage of 15 kV. High
resolution X-ray photoelectron spectroscopy (HRXPS)
measurements were carried out using an ULVAC-PHIL
Photoluminescence (PL) measurements were carried out on
Hitachi F-7000. The Ultra-violet photoelectron spectroscopy
(UPS) measurements were performed using a ULVAC-PHI
XPS, PHI Quantera SXM. The Brunauer-Emmett-Teller
(BET) specific surface areas of the samples (Sggr) were
measured with an automated system (Micrometrics Gemini)
using nitrogen gas as the adsorbate at liquid nitrogen
temperature. The HPLC-PDA-ESI-MS system consisted of a
Waters 1525 binary pump, 2998 photodiode array detector,
and 717 plus autosampler, a ZQ2000 micromass detector.

This journal is © The Royal Society of Chemistry 2016
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2.3 Synthesis of different BiO,l,/g-C;N, composites
Under atmosphere conditions, the g-C;N, powder was
synthesized by directing calcining melamine in a muffle
furnace. In a typical synthesis run, 5 g melamine was placed
in a semi-closed alumina crucible with a cover. The crucible
was heated to 520 °C for 4 h with a heating rate 10 °C/min.
After cooling to room temperature, g-C;N, was produced in a
powder form. ** 5 mmol Bi (NOs);*5H,0 was first mixed in a
50 mL flask, and followed by adding 5 mL 4M ethylene
glycercol and g-C;N4 powder. With continuous stirring, 2 M
NaOH was added dropwiseto adjust the pH value; and, when
a precipitate was formed, 2 mL KI was also added dropwise.
The solution was then stirred vigorously for 30 min and
transferred into a 30 mL Teflon-lined autoclave, which was
heated up to 150 °C in 30 minute and maintained for 12h and
then naturally cooled down to room temperature.” The
resulting solid precipitate was collected by filtration, washed
with deionized water and methanol to remove any possible
ionic species in the solid precipitate, and then dried at 60°C
overnight. Depending on the pH value, different BiO,l,/g-
C3N, composites could be synthesized.

2.4 Photocatalytic experiments

The CV irradiation experiments were carried out on
stirred aqueous solution contained in a 100-mL flask; the
aqueous suspension of CV (100 mL, 10 ppm) and the amount
of catalyst powder were placed in a Pyrex flask. The pH of
the suspension was adjusted by adding either NaOH or HNO;
solution. Dark experiments were performed in order to
examine the adsorption/desorption equilibrium. 10 mg of the
photocatalyst was mixed with 100mL CV aqueous solution
with a known initial concentration, in a 100mL flask and the
mixture shaken in an orbital shaker (100 rpm) at a constant
temperature. The mixture was centrifuged at 3000 rpm in a
centrifugation machine after batch sorption experiments so
that the absorbance of CV could be determined at 580nm by
means of HPLC-PDA. The concentrations of the solutions
were determined using linear regression equation. Prior to
irradiation, the suspension was magnetically stirred in dark
for ca. 30 min to establish an adsorption/desorption
equilibrium between the CV and the catalyst surface.
Irradiation was carried out using 150 W Xe arc lamps; the
light intensity was fixed at 31.2 W/m?, and the reaction vessel
was placed 30 cm from the light source. At given irradiation
time intervals, a 5-mL aliquot was collected and centrifuged
to remove the catalyst. The supernatant was measured by
HPLC-PDA.

A series of quenchers were introduced to scavenge the
relevant active species in order to evaluate the effect of the
active species during the photocatalytic reaction. O, , ‘OH, h",
and 'O, were studied by adding 1.0 mM benzoquinone (BQ, a

This journal is © The Royal Society of Chemistry 2016
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quencher of 0,7), ¥’ 1.0 mM isopropanol (IPA, a quencher
of "OH), ** 1.0 mM ammonium oxalate (AO, a quencher of
h"), ** and 1.0 mM sodium azide (SA, a quencher of '0,,
respectively. The method was similar to the former
photocatalytic activity test.

3. Results and discussion
3.1 Characterization of BiO,l,/g-C;N4 Composites
3.1.1 Phase, morphology, and composition

Figure 1 shows the XRD patterns of the as-prepared
samples; the patterns clearly show the existence of different
BiO,l, phases composite with g-C;N4. All the samples as-
prepared contain the BiOI phase (JCPDS73-2062), Bi;Oql;
phase, *' BisO;I phase (JCPDS 40-0548), and g-C;N, (JCPDS
87-1526), in addition to the BisOs(OH)3(NOs);22H,0 (JCPDS
54-0624) phases. At pH = 1, the XRD patterns (Figure 1(a))
are identical to those reported for the BiOl/g-C;N, binary
phases; at pH = 4, the XRD patterns (Figure 1(b)) are
identical to those reported for the BiOl/g-C;N, binary phases
at 5-90wt% and BIOI/B1605(0H)3(NO3)3'2H20/g-C3N4
ternary phases at 95wt%; at pH= 7, the XRD patterns (Figure
1(c)) are identical to those reported for the Bi;Ool;/g-C3Ny
binary phases; at pH= 10, the XRD patterns (Figure 1(d)) are
identical to those reported for the Bi;Ogl3/BisO1/g-C;Ny
ternary phases; and at pH= 13, the XRD patterns (Figure 1(d))
are identical to those reported for the BisO;I/g-C;N, binary
phases. Table 1 summarizes the results of the XRD
measurements.
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Figure 1. XRD patterns of as-prepared BiOyl,/g-CsNy4

samples under different pH values
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the composites, which are favorable for the separation of
photo-induced carriers, yielding high photocatalytic activities.

This journal is © The Royal Society of Chemistry 2016
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Figure 2. FE-TEM and FE-SEM of as-prepared BiOl/g-C3N, Figure 4. FE-TEMand FE-SEM of as-prepared Bi;Ools/g-
(pH=1, 50wWt%). G3Ny (pH=7, 50wt%).
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Figure 3. FE-TEM and FE-SEM of as-prepared BiOI/g-C;N,

(pH=4, 50Wt%0). Figure 5. FE-TEM and FE-SEM of as-prepared BisO;l/g-
C3N, (pH=10, 50Wt%).
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Figure 6. FE-TEMand FE-SEM of as-prepared BisO;1/g-
C;Ny4 (pH=13, 50wt%).

Our group® revealed that the controllable morphologies and
crystal phases of bismuth oxyiodides could be completed by
simply changing some growth parameters, including pH
values, molar ratio, and hydrothermal temperature. BiOI was
obtained at low pH values; Bi;O9l; was obtained at middle pH
values; BisO;I was obtained at high pH values. This reference
demonstrated that BiOI was formed at the beginning of the
hydrothermal reaction, and then OH  gradually substituted I
in the basic conditions, which resulted in the reduced content
of I in the samples. Increasing the pH to gradually acquire
BiOl, Bi,0sl,, Bi;O09l3, BisO41, and a-Bi,03, 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 finally resulted in the formation of a-Bi,O; under strong
basic conditions. The detailed statements about the effect of
reaction temperature and molar ratio are described in the
reference.

The results illustrate that, a series of changes happen in the
product distribution at different pH value. The proposed
processes for the formation of BiOl,/g-C3;N, composites are
described in equations 1-7. The results demonstrate a series
of changes in the compounds prepared at different
hydrothermal conditions, expressed as BiOl — Bi,Osl, —
Bi;04l; — BisO;I — 0a-Bi,0;. By controlling the pH of the

6 | RSC Advances, 2016, 00, 1-17

hydrothermal reaction, different compositions of bismuth
oxyiodides are acquired as follows.

Bi’'+ 30H —Bi(OH);( 1)
2Bi(OH)s+ 1 + g-C3;N,—BiOI/g-C;N, +H,0 + OH )
4BiOI +20H + g-C3N4—>Bi4OSIz/g-C3N4 +2I + Hzo (3)

7Bi40512 +20H + g-C3N4—>4Bi70913/g-C3N4+217+ HzO (4)
3Bi70913+ 20H + g-C3N4—>7Bi304I/g-C3N4 +21 + Hzo (5)
5Bi;O4l + 20H + g-C5N, — 3BisOsl/g-CiNyt 21 + H,O (6)

2B1507I +20H + g-C3N4—>5Bi203/g-C3N4+ 21 + HzO (7)

N=C N-Crjazine

Transmittance(%b)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumbers (cm™)

Figure 7. FT-IR of as-prepared Bi;O4l3/BisO;1/g-CsN,
samples under pH 10.

A series of BiOl,/g-C;N, compositesare synthesized by
hydrothermal methods at different pH values. The surface
morphologies of the as-prepared samples (Figures 2-6(f)) are
measured by FE-SEM-EDS. The FE-SEM image displays that
the morphologies of the samples acquired at different pH
values turn from irregular nano-thin-sheets to irregular
particles and square thin-plates then become irregular rods.
The SEM-EDS and TEM-EDS results demonstrate that the
main elements within these samples are carbon, nitrogen,
oxygen, iodine, and bismuth at Figure 2-6(e). The Bi/I atomic
ratios of the bismuth oxyiodide samples were within the range
of 1.08-165.43, which corresponded to BiOI, Bi4Osl,, Bi;Oql;,
BisO41, and a-Bi,O; phase, compared to the stoichiometric
ratio (Bi: I = 1, 2, 2.3, 5, ), and could be selectively

This journal is © The Royal Society of Chemistry 2016
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synthesized through a hydrothermal method. The possible
processes for the synthesis of bismuth oxyiodides were
described as eqs. 1-8. From above results, a series of
BiO,l,/g-C3N, composites could be selectively synthesized
through a controlled hydrothermal method.

Figure 7 shows the FT-IR spectra of the Bi;Oyl3/BisO,1/g-
C;Ny4 composite produced under different weight percentage,
where the strong absorption mainly locate in the 400-700
cmﬁl, as a result of the stretching vibrations of Bi—O, Bi—O—I,
and Bi—O-Bi in bismuth oxyiodides.* With therelation to
pure g-C3N,, the peaks at 1252, 1326, 1420, 1572, and 1640
em™ correspond to the typical stretching modes of the CN
heterocycles.” Additionally, the characteristic breathing
mode of the triazine units at 811 cm' is observed.* This
result agrees with that of the XRD and TEM experiment.

[5]
(a) b1
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Figure 8. XPS of Bi;0l5/BisO,1/g-C;N4( pH =10) (a) Total
survey, (b) Bi-4f, (c) I-3d, (d) O-1s, (e) C-1s, (f) N-1s.

3.1.2 X-ray photoelectron spectroscopy analysis

Figure 8 presents the Bi 4f, I 3d, O s, C Is, and N Is
XPS spectra of the Bi;O4l3/g-C3N4 composites. Observation
of the transition peaks involving the Bi 4f, I 3d, O 1s, C 1s,
and N 1s orbitals identifies that the catalysts are composed of
Bi, I, O, C, and N. The characteristic binding energy value of
159.1 eV for Bi 4f;,(Figure 8(b)) shows a trivalent oxidation

This journal is © The Royal Society of Chemistry 2016
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state for bismuth. An additional spin—orbit doublet with the
binding energy of 156.5 eV for Bi 4f;, is also revealed in all
samples, suggesting that certain parts of bismuth exist in the
(+3-x) valence state. This shows that the trivalent bismuth
partially reduces to the lower valence state by the
hydrothermal method. A similar chemical shift of
approximately 2.1 eV for Bi 4f;, was also published by Liao
et al.*** They summarized that Bi > formal oxidation state
could most probably be ascribed to the sub-stoichiometric
forms of Bi within the Bi,O, layer, and the formation of the
low oxidation state resulted in oxygen vacancy in the crystal
lattice. However, it is supposed in this study that Bi “*™
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 results in oxygen
vacancy in the crystal surface, revealing that the main
chemical states of the bismuth element in the samples are not
trivalent. A shift of the Bi * peak of 100% sample
compared to that of 90% sample, the shift in binding energy
of approximately 0.5 eV for Bi 4f;, photoelectrons does
exhibit minor change with adding 10wt% g-C;Ny, as a result
of Bi—N bond in Bi;Ol3/BisO41/g-C35Ny.

From Figure 8(c), the binding energy of 630.6 eV and 619.0
eV are attributed to I 3ds, and 3d;,, respectively, which could
be pointed to I at the monovalent oxidation state. The
asymmetric O 1s peak shown in Figure 8(d) can be split by
using the XPS peak-fitting program. The peak at 531.3 eV is
assigned to the external —OH group or the water molecule
adsorbed on the surface, and the other O 1s peak appearing at
529.9 eV corresponds to lattice oxygen atoms in the
BiOXCly/BiOmIn.16 Figure 8(e) shows the high resolution C s
spectrum of Bi;Ol3/g-C;N, composites. There are mainly two
carbon species displayed in the C 1s spectra.One (284.7 eV)
is sp> C—C bonds, and the other (287.9 eV) is sp*-hybridized
carbon in N-containing aromatic ring (N—C=N). The latter is
indicated as the major carbon species in polymeric g-C5Ny.*
In Figure 8(f), three peaks are deconvoluted for N1s spectra.
The highest peak centering at 398.5 eV is assigned as the sp’-
hybridized nitrogen involved in triazine rings (C—N = C),
whereas the peak at 401.1 eV corresponds to the tertiary
nitrogen N—(C); groups. Both of them, together with sp*-
hybridized carbon (N—C = N, 287.9 eV), compose the
heptazine heterocyclic ring units, constructing the basic
substructure units of g-C3;N, polymers. The weak peak at
404.3 eV is characterized to charging effects or positive
charge localization in heterocycles.**

RSC Advances, 2016, 00, 1-17 | 7
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3.1.3 Optical absorption properties

As shown in Figures 9 and Figure S1-S4 of ESI' for
DR-UV of the various BiO,l,/g-CsNs composites, the
absorption edge of the pure g-C;N, is at about 482.5 nm,
which originates from its band gap of 2.57 eV and is
consistent with the reported results.”” Pure g-C3N, absorbs
only a small amount of visible light, whereas the absorption
edge of BiO4l, extends across the entire visible light
spectrum.The E, value of BiOl,/g-C5Ny4is determined from a
plot of (ahv)"* vs energy (hv), which is calculated as 1.32—
2.51 eV (Table Slof ESI'). The results suggest that the
fabrication of the heterostructured BiO,l,/g-CsNy4 can greatly
improve the optical absorption property and increase the
utilized efficiency of solar light, which are favorable for the
enhancement of the photocatalytic activity.

3.1.4 Adsorption-desorption isotherm

Figures 10 and Figure S5-S8 of ESI' show the nitrogen
adsorption-desorption isotherm curves of BiO4l,, g-C3N, and
BiO,l,/g-C;N,. The isotherms of all the samples are close to
Type IV with a hysteresis loop at a high relative pressure
between 0.6 and 1.0.**** The shape of the hysteresis loop is
close to Type H3, suggesting the existence of slit-like pores
generally formed by the aggregation of plate-like particles,
which is consistent with the self-assembled nanoplate-like
morphology of samples. This result is consistent with the FE-
SEM results, showing that self-assembled nanosheets or
nanoplates result in the formation of hierarchical architectures.

3.2 Photocatalytic Activity

The degradation efficiency as a function of reaction time
is illustrated in Figure 11; the removal efficiency is
significantly enhanced in the presence of 90-95wt% Bi;Ogl5/
BisO;1/g-C3N,.  After irradiation for 48 h, 95wt%
Bi;0413/BisO;1/g-C5N, exhibits a superior photocatalytic
performance, with the CV removal efficiency up to 99%. To
further understand the reaction kinetics of CV degradation,
the apparent pseudo-first-order modelexpressed by In(C,/C) =
kt equation is applied in the experiments.* Via the first-order
linear fit of the data shown in Figure 11(b) and Table 2, the k
value of 95wt% Bi;0l3/BisO;1/g-C;N, is obtained as the
maximum degradation rate of 1.70 x 10~ h™' using the first-
order linear fit of the data, which is much higher than that of
the other composites; the 95wt% Bi;Oql3/BisO;1/g-CsN,
composite is a much more effective photocatalyst than the
others synthesized in this study. The 95wt% Bi,;Oql5/BisO,1/g-
C;N,4 composite has larger Sger and pore volume (Table S2 of
ESI"). However, the result of Table S2 of ESI' shows that the
95wt% BisO;1/g-CsNy sample—which shows the highest
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Sger—does not represent the highest photocatalytic activity (k
= 1.17x 10" h™") among the samples, suggesting that the
changes in the photocatalytic activity is resulted from both
Sger and BiO,l,/g-C3N, composites. Comparison of rate
constant by different photocatalysts is shown in Table 3. The
order of rate constant is as Bi;Oyl3/BisO,1/g-C;N4 > BisO41/g-
C;N; > Bi;00l3/BisO;1 > Bi;00l3/g-C3Ny > BiOl/g-C3Ny >
Bi,;04I; > BisO;1 > g-C;N, > BiOI. The photocatalytic activity
of the Bi;Oyl3/BisO41/g-C;N, heterojunctons reaches the
maximum rate constant of 0.170 h™', 5 times higher than that
of BiOI, 4 times higher than that of g-C;N4, and 1.5 times
higher than that of Bi;0413/BisO;I. Thus, the BiOyl,/g-C5Ny4
and Bi;0¢l3/BisO;1 composites may also play a role in
enhancing the photocatalytic activity.

Absorbance(a.u.)

300 400 500 600 700

Wavelength(nm)

9

— 100%0
95%6
90%o
75%%
50%o
25°%%
10°%o
526

0°%o

(ahv)*

~> 2 X7

3.5 4 4.5
Photo energy(eV)

Figure 9. DRS patterns of as-prepared Bi;0413/BisO;1/g-C3N,
samples under pH 10.
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Table 2. The pseudo-first-order rate constants for thedegradation ofCV with BiO,l,/g-CsNyphotocatalysts.

Bismuth oxyiodide/g-C;N,4

Bismuth pH
oxyiodide 1 4 7 10 13
Weight(%) k(h™") R k(h™") R k(h'") R k(h'") R k(h™") R
0 0.042 0.971 0.036 0.997 0.033 0.999 0.033 0.999 0.035 0.998
5 0.024 0.906 0.025 0.912 0.039 0.992 0.036 0.903 0.018 0.907
10 0.022 0.952 0.028 0.921 0.041 0.983 0.042 0.902 0.042 0.918
25 0.039 0.971 0.023 0.908 0.042 0.987 0.054 0.903 0.057 0.913
50 0.012 0.948 0.036 0.949 0.071 0.987 0.112 0.910 0.021 0.901
75 0.018 0.947 0.021 0.901 0.047 0.992 0.118 0.979 0.099 0.979
90 0.035 0.977 0.032 0.947 0.103 0.975 0.169 0.989 0.110 0.992
95 0.019 0.943 0.028 0.939 0.102 0.981 0.170 0.988 0.117 0.994
100 0.033 0.931 0.043 0.906 0.053 0.986 0.123 0.983 0.044 0.969
R 0% ( )
As shown in Table 4, BiO,l,/g-C;N, has obtained remarkable B |— 95% a
. . . . 21— 100%
interests in recent years because of their suitable band gaps, 28
stability, and relatively superior photocatalytic activities. It is E
found that the BiOyl,/g-CsNs composite shows higher E
photocatalytic activities than BiO4l, and g-C;N, for the s
photocatalytic degradation of rthodamine B (or methyl blue, ?r
methyl organge, crystal violet, bisphenol A, 4-chlorophenol) £
do 5054 5
' <}
Table 3.Comparison of rate constant by different i i . .
photocatalyst. 0.1 0.3 0.5 0.7 0.9
- Relative Pressure (P/P
Photocatalyst Rate Constant, k (h™) lativeFrassuns fiika)
g-C3Ny 0.042 018
BiOl 0.033 2 0.16
=
Bi;00l5 0.053 = 0.14
~ 012
BisO71/ Bi;O9l; 0.123 o
. p°.4 0.1
BiOI / g-C5Ny 0.035 o0 0.06
Q
Bi;Ol;/ g-C3N, 0.103 = 0.04
2 0.02
B1507I/ Bi70913/g-C3N4 0.170 =
() ———rrrrm 7T

Pore Diameter(nm)

Figure 10. (a) N, adsorption-desorption isotherm and (b) pore
size distribution of Bi;09l3/ BisO;1/g-C;N4 at pH 10.

This journal is © The Royal Society of Chemistry 2016 RSC Advances, 2016, 00, 1-17 | 9



RSC Advances

The durability of the 95wt% Bi;Ol53/BisO1/g-C;N, composite
is evaluated by recycling the used catalyst. After each cycle,
the catalyst is collected by centrifugation. No apparent loss is
observed in the photocatalytic activity when CVis removed in
the 3rd cycle; even during the fifth run, the decline in the
photocatalytic activity is 6% (Figure 12(a)). The used 95wt%
Bi,0413/Bis0,1/g-C3N, composite is also examined by XRD
and no detectable difference is observed between the as-
prepared and the used samples (Figure 12(b)); hence, the
95wt%  Bi;04l3/BisO;1/g-CsNy  composite  has  good
photostability.

As is known, the photocatalysts are excited to generate
electron—hole pairs directly after the illumination in the
photocatalytic  process. Moreover, the photocatalytic
efficiency mainly depends on the recombination rate or the
lifetime of the photo-generated electron—hole pairs. The faster
recombination occurs, the less time is required for the
chemical reactions. Therefore, CL spectra are utilized for
investigating the recombination rate of the photogenerated
electron—hole pairs. To investigate the separation capacity of
the photogenerated carriers in the heterostructures, the CL
spectra of g-C;N,4, Bi;Ool3/BisO51, 50wt% Bi;O¢l3/BisO41/g-
CsNgand 90wt% Bi;Ol5/BisO,1/g-CsN, are measured; the
results are shown in Figure 13(a). A strong emission peak
around 475 nm appears for the as-prepared samples, which
could have been derived from the direct electron—hole
recombination of band transitions. However, the characteristic
emission peak around the lowest intensity 475 nm for the
90wt% Bi;0413/BisO;1/g-C;Ny indicates that  the
recombination of photogenerated charge carriers is greatly

inhibited. The efficient separation of charge could increase
the life time of charge carriers and enhance the efficiency of
interfacial charge transfer to the adsorbed substrates, thus
improving the photocatalytic activity.'®> The lowest relative
CL intensities of 90wt% Bi;09l5/BisO;1/g-C3N, composites,
as shown in Figures 13(a), suggest that they possess the
lowest recombination rate of electron—hole pairs, resulting in
their higher photocatalytic activity, as shown in Figure 11.
Figures 13(b) shows the PL spectra of 90wt%
Bi;0413/BisO;1/g-CsN, composites and mechanically mixed
Bi;0413/BisO-I with g-CsNsamples. The emission intensity of
Bi;0413/BisO;1/g-C5N,y  composites  significantly decreases
compared with that of the mechanically mixed sample (90%-
MM), which indicates that the recombination rate of
photogenerated charge carriers is lower in Bi;0413/BisO,1/g-
C3N, composites. The PL results confirm the importance of
the composites in hindering the recombination of electrons
and holesand explain the reason of increasing photocatalytic
performance of Bi,Ol53/Bis0,1/g-C3N, composites.

It can be assumed that the enhanced photocatalytic activities
of BiOyl,/g-CsN4 composites could be ascribed to a
synergistic effect, including high BET surface area, the
formation of the heterojunction, layered structure, and low
energy band structure. In the absence of photocatalysts, CV
could not be degraded under visible-light irradiation; the
superior photocatalytic ability of BiOl,/g-C;N; may be
ascribed to its efficient utilization of visible light and high
separation efficiency of the electron—hole pairs within its
composites.

Table 4. Photocatalytic properties of bismuth oxyiodides/g-C;N4 nanocomposites photocatalysts under visible light irradiation.

Composite Mass Parameters of Photocatalytic Reference Enhancement Reference
photocatalyst fraction of  photocatalytic activity Photocatalyst/ factor
g-C3Ny experiments photocatalytic
activity
BiOlI/g-C;N, 77.5% Photodegrading  99% g-C3Ny: 64% 1.5 50
methyl blue decompositionin  BiOI: 51% 1.9
3h
BiOlI/g-C;N, 10% Degradation of 90.0% g-C3Ny: 34.0 % 34 51
bisphenol A decompositionin ~ BiOI: 78.7% 1.6
3h
BiOlI/g-C;Ny 15% rhodamine B, 90% BiOI: 26.3% for 3.8 52
methylene decomposition in  rhodamine B
blue, methyl 30min.
orange,
bisphenol A and
4-chlorophenol
Bis0,1/g-C;Ny 30% rhodamine B 90% g-C3Ny: 6.5% 15.3 53
decomposition in  BisO41: 34.5% 2.9
2h.
Bi;0915/BisO51/g- 5% crystal violet 99% g-C3Ny 1 25.0% 4
C;3Ny decompositionin  BiOI: 20.0% 5
24h. Bi70gI3/Bi507I . 1.5
66.7%
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Figure 11. Photodegradation of CV as a function

ofirradiation time use different Bi,O9l5/BisO0;1/g-C3N, (pH=
10).

3.3 Photodegradation Mechanisms of CV

In general, three possible reaction mechanisms are
proposed to be involved in the photodegradation of organics
by a semiconductor, including (i) photocatalysis, (ii)
photolysis, and (iii) dye photosensitization.”® In the photolysis
process, a photoinduced electron on the induced organics
directly reacts with O, to produce a singlet oxygen atom that
acts as an oxidant for the pure organic's photolysis.’’ In the
experiments, CV degradation caused by photolysis under
visible light in a blank experiment is not observable; CV is a
structure-stable dye and the decomposition by the photolysis
mechanism is negligible.

This journal is © The Royal Society of Chemistry 2016
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Figure 12. (a) Cycling runsin the photocatalytic degradation
of CV in the presence of Bi;O4l;/BisO,1/g-CsN, (pH=10, 95
wt%), (b) XRD of the sample powder before and after
degradation reaction.

As is known to all, various primary reactive species, such as
HO', h, O,", H and 'O, could be generated during
photocatalytic ~ degradation processes in the UV-
vis/semiconductor systems.””* Dimitrijevic et al. proposed
that the water,’ 8 both dissociated on the surface of Ti0, and in
subsequent molecular layers, had a three-fold role of (i)
stabilization = of  charges, preventing electron-hole
recombination, (ii) an electron acceptor, the formation of H
atoms in a reaction of photo-generated electrons with protons
on the surface, -OH,", and (iii) an electron donor, the reaction
of water with photo-generated holes to give ‘OH radicals. Di
et al. revealed that holes werethe main reactive species for the
degradation of RhB with g-C;N,/BiOBr.”* Chang’s group
reported by means of active species trapping measurements,
revealing that superoxide radicals (O, ") played a crucial role

RSC Advances, 2016, 00, 1-17 | 11
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during the catalytic process in the Rhodamine B of
degradation process using g-C3N; nanosheets—BiOCI
hybrids.”® Wang et al. reported that *OH radicals were
generated by multistep reduction O, ".*' The generation of
O, " could not only inhibit the recombination of photoinduced
charge carriers, but also benefit the de-chlorination of
chlorinated phenol derivative. The hydroxyl radical HO'
might only be formatted via an ¢ —0, —H,0,—'OH route.
Meanwhile, ‘OH radicalswere formatted by multistep
reduction O, " in the system.®> Zhu et al. reported that the g-
C;N4/BiOBr-mediated photodegradation of methylene blue
molecules was mainly attributed to the oxidation action of the
generated O, "radicals and partly to the action of h” via direct
hole oxidation process.” According to earlier studies, the
photocatalytic process was mainly governed by O, ', rather
than by ‘OH, ¢ or h".*’In earlier study, CV photodegradation
by BiO,X./BiO X, (X,Y=Cl, Br, 1) under visible light was
dominated by O, " oxidation being the main active species
and "OH and h" being the minor active species.””> On the
basis of the references presented above, it is proposed that the
probability of forming “OH should be much lower than that
for O,"; however, 'OH is an extremely strong and
nonselective oxidant, which leads to the partial or complete
mineralization of several organic chemicals.

From Figure 14(a)-(b), not only the six characteristic peaks
(strong) of the DMPO-0O, " adducts are observed, but also the
four characteristic peaks (weak) of DMPO-'OH adducts
(1:2:2:1 quartet pattern) are observed under visible light
irradiated  95wt%  Bi;O¢l3/BisO1/g-C;N,  composites
dispersion. Figure 14(a)(b) indicates that no EPR signal is
observed when the reaction is performed in the dark, while
the signals with intensity corresponding to the characteristic
peak of DMPO-"OH and DMPO-O, " adducts™ are observed
during the reaction process under visible light irradiation, and
the intensity gradually increases with the prolonged reaction
time, suggesting that O, as major and "OH as minor active
species are formed in the presence of 95wt%
Bi,0413/BisO;1/g-C5N, composites and oxygen under visible
light irradiation.

In order to re-evaluate the effect of the active species during
the photocatalytic reaction, a series of quenchers are
introduced to scavenge the relevant active species. As shown
in Figure 14(c), the photocatalytic degradation of CV is not
affected by the addition of IPA, while the degradation
efficiency of BQ and AO quenching decreases evidently
compared with that of no-quenching, whereas O,  are the
major and h" and "OH minor active species in the process of
photocatalytic degradation for CV. Therefore, the quenching
effects of different scavengers and EPR display that the

12 |RSC Advances, 2016, 00, 1-17

reactive O,  plays the major role and "OH plays the minor
role in the CV of the photocatalytic degradation.
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Figure 13. (a) PL spectrum of Bi;0413/Bi;0,1/g-C3N, samples
under pH 10, and (b) Mechanical Mixing and hydrothermal
method compare.

Fan et al. reported that Pt-TiO, gathered less negative species
on catalyst surfaces, which deteriorated reaction rates, than
pure TiO, did in an acidic environment.** The *OH radical is

subsequently produced. The °‘OH radical is produced
subsequently, as also shown in eqgs.8-13.

0, +H'+e — HOO' ®)
HOO™+ H,0 —'OH + H,0, O]
0, +2H—H,0, (10)
H,0,+ e —"OH + OH" (11)
h"+ OH —"OH (12)
h'+H,0—~"OH+H" (13)

On the basis of above experimental results, a detailed
mechanism of degradation is illustrated in Figure 15. Once
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the electron reaches the conduction band of BiOly, it induces
the formation of active oxygen species, which cause the
degradation of CV dye. It is clear that, except for the
photodegradation of CV by the route of BiOyl,/g-C3Ny-
mediated and photosensitized processes, another type of
photocatalytic route accounts for the enhanced photocatalytic
activity. Both the photosensitized and photocatalytic
processes are preceded concurrently (Figure 15). However, in
photosensitized and photocatalytic reaction conditions, O,
radicalsare generated by the reaction of photogenerated and
photosensitized electron with oxygen gas on the photocatalyst
surface, and "OH radicalsare also generated by the reaction of
0, radicals with H' ion and hole h" with OH  ion (or H,0).
The "OH radical is produced subsequently, as expressed in
Eqgs. (8) to (13). These cycles continuously happen when the
system is exposed to visible-light irradiation;”” and, after
several cycles of photo-oxidation, the degradation of CV by
the generated oxidant species can be expressed by Eqgs. 14-15:

CV +OH'/ O, "— degraded compounds (14)

CV"™+ OH'/ O, — degraded compounds (15)

In visible light-induced semiconductor system, hydroxylated
compounds were also identified for the photocatalytic
degradation of CV.*% 1In earlier reports,**® the N-
dealkylation processes were preceded by the formation of a
nitrogen-centered radical, and the oxidative degradation
(destruction of the dye chromophore structure) was preceded
by the generation of a carbon-centered radical in the
photocatalytic degradation of CV dye under UV light
irradiation. All the intermediates identified in these two
studied topics had the same results under visible or UV light
irradiation. It was doubtless that the major oxidant was ‘OH
radicals, not O, " radicals. The reaction mechanisms for
BiO,l,/g-C;N,-mediated photocatalytic processes proposed in
this research should offer some notion for the applications to
the decoloration of dyes.
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Figure 14. (a) (b) DMPO spin trapping EPR spectra for
DMPO-0," and DMPO-"OH under visible light irradiation
with Bi;0413/Bis0;1/g-CsN, (pH=10, 95wt%) photocatalyst.
(c) The dye concentration during photodegradation as a
function of irradiation time observed in Bi;Ogl3/BisO,1/g-
C;N, photocatalyst under the addition of different scavengers
of IPA, AQ, and BQ.
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Figure 15. The band structure diagram of BisO,1/g-C5N, and
the possible charge separation processes.
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4. Conclusions

The novel composites of BiO,I,/g-C3;N, are prepared by
hydrothermal method This is the first report to
demonstrate the controlled synthesis of a series of
BiO,I,/g-C3N composites. The removal efficiency is
significantly enhanced in the presence of 95wt%
Bi;0413/Bis041/g-C3N,4.The increased photocatalytic
activities of BiOxl,/g-CsNy4 could be attributed to the
formation of the heterojunction between BiOl, and g-
C;Ny, which effectively suppresses the recombination
of photo-induced electron—hole pairs.It can be assumed
that the enhanced photocatalytic activities of BiO,l,/g-
C;N, materials could be ascribed to the formation of
the heterojunction.O, ° is major andh'and’OH is minor
species in the photocatalytic process. In
particular, the heterojunction systems BiO,l,/g-C3;N,
exhibit high catalytic activity and stability, performing
as  authentic  heterogeneous  visible-light-driven

active

photocatalysts to degrade organic pollutants efficiently.
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