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The development of heterostructured and metal decorated photocatalysts using a relatively simple,

efficient and economical one-step strategy is crucial for commercial applications. However, these

materials are usually synthesized through two- or multi-step approach. Herein, a facile one-step

hydrothermal method was used to fabricate a noble-metal-free heterostructural BiOCl/Bi2MoO6/Bi

ternary composite from BiOCl for the first time. First, BiOCl was dispersed in ethylene glycol (EG), H2O

and glycerol (GLY) and the BiOCl/Bi2MoO6/Bi ternary composite was formed after Na2MoO4 was

introduced into BiOCl in EG. However, only binary BiOCl/Bi2MoO6 and BiOCl/Bi photocatalysts were

obtained from BiOCl in H2O and GLY, respectively. Using the same synthetic route, BiOCl/Bi2WO6,

BiOCl/Bi2WO6/Bi and BiOCl/Bi were also synthesized in H2O, EG and GLY, respectively. The

photocatalytic activities of as-prepared three samples were investigated by applying them for the

photocatalytic disinfection of bacteria and organic pollutant degradation. Under visible-light irradiation,

the BiOCl/Bi2MoO6/Bi ternary composite presented the highest photocatalytic activity in comparison

with the other two binary samples; the water disinfection with 100% inactivation of bacteria was realized

within 4 h. The intermediates of RhB photodegradation were qualitatively identified by liquid

chromatography tandem mass spectrometry (LC-MS/MS) and a possible mechanism and detailed

degradation pathway were proposed.
1. Introduction

In recent years, heterostructured and metal decorated materials
have drawn considerable attention for applications in electro-
catalysis,1,2 sensors,3,4 solar cells,5,6 light emitting devices7,8 and
particularly photocatalysis.9–15 Bismuth oxyhalides have been
considered to be promising photocatalyst candidates because of
their excellent chemical inertness, outstanding photocatalytic
activities and low-cost.16,17 In particular, BiOCl, which has
a layered structure with [Bi2O2]

2+ layers sandwiched between
two sheets of Cl ions, has been proved to exhibit prominent
photocatalytic ability under ultraviolet light irradiation.18

However, the photocatalytic performance of BiOCl suffers from
limited visible-light absorption due to its wide band gap (Eg ¼
3.5 eV).18–20 Besides, the rapid recombination of electrons and
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holes can also suppress its catalytic activity during
photocatalysis.

In order to solve these problems, heterostructure construc-
tion and metal decoration could be effective strategies. Heter-
ojunctions not only can enhance the light-harvesting
performance but also signicantly inhibit the recombination of
photogenerated electron–hole pairs. To date, heterostructured
photocatalysts such as BiOCl/Bi2O2CO3,21 BiOCl/BiOBr,22 and
BiOCl/Bi2WO6 (ref. 23) have been developed by compositing
BiOCl with other semiconductors. Bismuth molybdate
(Bi2MoO6), belonging to the Aurivillius family of oxides, exhibits
outstanding photocatalytic activity in organic dye degradation
and hydrogen energy production owing to its suitable band gap
(2.5–2.8 eV).24–27 The band edge positions of the conduction
band (CB) and valence band (VB) of BiOCl are approximately
0.26 and 3.56 V (vs. NHE) and for Bi2MoO6 are �0.34 and 2.20 V
(vs. NHE), respectively.28,29 The overlapping band-structure of
BiOCl and Bi2MoO6 can match well, hence BiOCl/Bi2MoO6 was
considered to build heterostructures.

Previous studies have conrmed that the incorporation of
noble metals with semiconductor oxides using surface modi-
cation is an effective way to enhance their photocatalytic
RSC Adv., 2017, 7, 50701–50712 | 50701
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View Article Online
activity.30,31 These particles act as electron acceptors and could
accelerate interfacial electron transfer because of the high
Schottky barrier at the metal–semiconductor interface.32

Considering the high cost of noble metals, semi-metal bismuth
(Bi), as an abundant earth element with high carrier mobility
and low effective electron mass, has attracted extensive atten-
tion in photocatalysis.33,34

In general, heterostructured and metal decorated materials
are synthesized through two- or multi-step process.35,36 It is
a challenge to prepare these materials using a one-step proce-
dure. In this paper, a noble-metal-free heterostructural BiOCl/
Bi2MoO6/Bi ternary composite was fabricated using a facile one-
step hydrothermal method for the rst time. In addition, the
same strategy was used to synthesize BiOCl/Bi2WO6/Bi ternary
photocatalysts. The as-prepared ternary materials present the
highest photocatalytic inactivation of bacteria and RhB degra-
dation under visible-light irradiation when compared with
other binary catalysts due to the synergistic effect of the heter-
ostructure and metal decoration. Simultaneously, the interme-
diates of RhB generated during photocatalysis were qualitatively
identied using LC-MS/MS and a detailed degradation pathway
was proposed.
2. Experimental section
2.1 Materials synthesis

The entire synthesis procedure is presented in Scheme 1. The
BiOCl precursor was obtained using a facile hydrothermal
method (see ESI†). Initially, 3 mol of BiOCl was dispersed in
60 mL of three different solvents: H2O, EG and GLY. Aer being
stirred for 20 min, Na2MoO4 was added into the above solutions
under vigorous stirring. Aer 30 min, the solutions were
transferred into Teon-lined stainless steel autoclaves and kept
at 180 �C for 12 h and then cooled to room temperature. The
Scheme 1 Controlled fabrication of three different composites in
different solutions.

50702 | RSC Adv., 2017, 7, 50701–50712
precipitates were collected by ltration and washed several
times with deionized water. Finally, the synthesized samples
were dried at 60 �C for 12 h. Similarly, the BiOCl/Bi2MoO6/Bi
series with different BiOCl/Na2MoO4 molar radios, BiOCl/
Bi2WO6, BiOCl/Bi2WO6/Bi and BiOCl/Bi were prepared using
the same route.
3. Results and discussion
3.1 Electronic structure

The electronic structure was rst analyzed by means of density
functional theory. Fig. S1† presents the band structures and
density of states of BiOCl and Bi2MoO6. As shown in Fig. S1a,†
the VB of BiOCl primarily comprises O 2p and Cl 3p states, while
the CB primarily comprises Bi 6p and O 2p orbitals. In case of
Bi2MoO6 (Fig. S1b†), the VB is dominantly composed of the O 2p
orbital, while the CB is composed of Mo 4d, Bi 6p and O 2p
states. These results suggest that the visible-light response of
Bi2MoO6 was due to transition from the hybridized Bi 6s and O
2p states in the VB to the Mo 4d state in the CB. The hybrid-
ization of the Bi 6s and O 2p states signicantly enlarges the VB,
which is benecial to the mobility of photogenerated charges
and thus enhances the photocatalytic efficiency.37
3.2 Crystal structure and XPS analysis

The phase structure of BiOCl was examined through XRD
patterns. As shown in Fig. 1a, all the diffraction peaks can be
well indexed to tetragonal BiOCl (JCPDS 82-0485). No traces of
other phases were discovered, indicating the high phase purity
of the sample. Fig. 1b–d exhibit the XRD patterns of the
different samples obtained from BiOCl in the three different
solvents. It can be clearly seen that the phase composition of the
as-synthesized photocatalysts was dependent on the solvent
used. In H2O and GLY, the BiOCl precursor converted to binary
BiOCl/Bi2MoO6 and BiOCl/Bi composites, respectively.
However, the BiOCl/Bi2MoO6/Bi ternary complex was generated
when EG was used as the solvent. The diffraction peaks of these
samples match well with tetragonal BiOCl (JCPDS 82-0485),
orthogonal Bi2MoO6 (JCPDS 72-1524) and rhombohedral Bi
(JCPDS 85-1329). In addition, XPS was applied to further
determine the surface chemical composition of the samples.
The full scan XPS spectra of BiOCl/Bi2MoO6 (H2O) and BiOCl/
Bi2MoO6/Bi (EG) (Fig. 2a and b) suggest that the main elements
detected in the samples are Bi, Mo, O and Cl. The signals for Mo
3p and 3d at about 416.4 and 398.2 eV (Fig. 2c) could not be
observed, suggesting the absence of Mo in the resultant
composite when GLY was used as the solvent. Fig. S2† shows the
high resolution Bi 4f XPS spectrum of the BiOCl/Bi2MoO6/Bi
composite. The peaks at 164.9 eV and 159.5 eV can be attributed
to Bi 4f5/2 and Bi 4f7/2, respectively. These two peaks could be
further deconvoluted into two sets of peaks: (i) 164.9 and
159.5 eV and (ii) 163.3 and 157.8 eV. Those at 164.9 and 159.5 eV
are attributed to the Bi3+ species, while those at 163.3 and
157.8 eV were ascribed to Bi 4f5/2 and Bi 4f7/2, respectively.38
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of (a) BiOCl, (b) BiOCl/Bi2MoO6 (H2O) (c) BiOCl/
Bi2MoO6/Bi (EG), and (d) BiOCl/Bi (GLY).

Fig. 2 XPS spectra of photocatalysts synthesized in different solvents:
(a) BiOCl/Bi2MoO6 (H2O), (b) BiOCl/Bi2MoO6/Bi (EG), and (c) BiOCl/Bi
(GLY).

Fig. 3 SEM images of the samples formed in different solvents: H2O (a,
b), EG (c, d), and GLY (e, f).
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3.3 Morphology characteristics

The morphology of the samples is shown in Fig. 3. As observed
from the SEM images, the microstructures of the samples
synthesized in the different solvents are quite different. It can
be observed that the BiOCl/Bi2MoO6/Bi ternary composite (EG)
(Fig. 3c and d) comprises numerous hierarchical microspheres
as well as some irregular nanosheets distributed among them.
The size of the microspheres was relatively uniform and ranged
from 1 to 2 mm; the thickness of the nanosheets was about
30 nm. As shown in Fig. 3a, b, e and f, the morphologies of
BiOCl/Bi2MoO6 (H2O) and BiOCl/Bi (GLY) were similar, but very
different to BiOCl/Bi2MoO6/Bi (EG). Both of them possess
evident hierarchical structures; however, the microstructures of
the BiOCl/Bi2MoO6 and BiOCl/Bi hierarchical aggregations were
composed of smaller but thicker nanosheets as compared to
BiOCl/Bi2MoO6/Bi. Both of the aggregations possess a relatively
uniform size ranging from 1 to 2 mm and the thickness of
nanosheets was about 50 nm.

Energy disperse spectroscopy (EDS) mapping was applied to
further conrm the elemental distribution on the as-
synthesized samples. Fig. 4a presents the hierarchical micro-
spheres; the corresponding elemental mappings for the
elements Bi, Mo, O and Cl are shown in Fig. 4c–f. These images
show that the main elements, Bi, Mo, O and Cl, are almost
This journal is © The Royal Society of Chemistry 2017
uniformly distributed throughout the surface of the as-prepared
sample, which further conrmed that the BiOCl/Bi2MoO6/Bi
composite was prepared successfully. Besides, the signals for Bi,
Mo, O and Cl in the EDS pattern (Fig. 4b) also conrm the co-
existence of these elements in the composite.
RSC Adv., 2017, 7, 50701–50712 | 50703
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Fig. 4 SEM image (a) and EDX spectra (b) of BiOCl/Bi2MoO6/Bi;
elemental distribution mapping of (c) Bi, (d) Mo, (e) O and (f) Cl.
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3.4 Determination of the metallic Bi sites

In order to determine the sites of Bi generated in the ternary
composite, a veried experiment was carried out. First, the
BiOCl and Bi2MoO6 samples were prepared and dispersed in
EG, separately. Then, the suspension was subjected to the
hydrothermal method. As shown in Fig. S3a,† all the diffraction
peaks observed for the sample can be well indexed to tetragonal
BiOCl (JCPDS 82-0485) and no trace of Bi was observed.
However, the signals for Bi2MoO6 and metallic Bi were both
observed in Fig. S3b,† conrming only Bi2MoO6 could be
Fig. 5 UV-vis diffuse reflectance spectra (a) and determination of optica

50704 | RSC Adv., 2017, 7, 50701–50712
reduced by EG. Therefore, the Bi sites could be located on the
surface of Bi2MoO6.

3.5 Optical properties

The UV-vis absorption characteristics of the three photo-
catalysts are displayed in Fig. 5. As shown in Fig. 5a, BiOCl/Bi
exhibits a signicantly enhanced visible-light response range
than that observed in the other two samples, which can be
attributed to the surface plasmon resonance (SPR) of metallic
Bi. This SPR phenomenon has been reported by other
groups.38,39 In case of BiOCl/Bi2MoO6/Bi composite, the
absorption from 450 to 800 nm was apparently stronger when
compared with that observed for BiOCl/Bi2MoO6. The
enhancement in the visible-light response can be attributed to
the introduction of metallic Bi.33,38 The optical band gap of
the three composites was calculated using the formula, ahn ¼
A(hn � Eg)

n/2, where Eg, h, A and a are the band gap, photonic
energy, proportionality constant and optical absorption coeffi-
cient, respectively.40 As shown in Fig. 5b, the band gaps for
BiOCl/Bi2MoO6, BiOCl/Bi2WO6/Bi and BiOCl/Bi were deter-
mined to be 1.98, 2.48 and 3.04 eV, respectively.

3.6 Photocatalytic disinfection and organic dye degradation

Photocatalytic inactivation of bacteria using the as-prepared
three samples was examined and the corresponding results
are shown in Fig. 6. In Fig. 6a, it could be observed that the three
catalysts show negligible disinfection efficiencies under dark
environment, suggesting that the materials themselves show
almost no disinfection ability toward Staphylococcus aureus. The
results obtained for the photocatalytic disinfection of Staphy-
lococcus aureus in the presence of the samples and visible-light
irradiation are presented Fig. 6b. A light control experiment
with only visible-light irradiation was also investigated and the
result demonstrated that almost no bacteria are disinfected,
while the photocatalytic inactivation efficiencies would largely
improve under visible-light irradiation in comparison with
those under dark conditions. As shown in Fig. 6b, the BiOCl/
Bi2MoO6/Bi ternary composite displays the highest
l band gap (b) of the as-prepared samples.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a), (b) Photocatalytic disinfection of different three samples under dark and visible-light irradiation; (c) photodegradation curves of RhB
and (d) corresponding apparent rate constants of five different samples under visible-light irradiation; (e) bacterial colonies of re-cultured
Staphylococcus aureus after in presence of BiOCl/Bi2MoO6/Bi ternary composite at different times.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 50701–50712 | 50705
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photocatalytic activity in comparison with the two binary
samples owing to the synergistic effect of the heterostructure
and metallic Bi decoration; the water disinfection with 100%
inactivation of bacteria was achieved under visible-light irradi-
ation within 4 h. The bacterial colonies of re-cultured Staphy-
lococcus aureus aer in presence of BiOCl/Bi2MoO6/Bi ternary
composite at different times are presented in Fig. 6e.

Similar to the photocatalytic disinfection of bacteria, the
ternary BiOCl/Bi2MoO6/Bi presents the highest RhB photo-
degradation efficiency when compared with the other two
samples and RhB can be degraded completely within 60 min.
However, only 80.7% and 72.8% of RhB could be eliminated by
BiOCl/Bi2MoO6 (H2O) and BiOCl/Bi (GLY), respectively. Fig. 6d
shows the corresponding kinetic curves for RhB photo-
degradation catalyzed by the three samples. Under visible-light
irradiation, the kinetic constant of RhB degradation was
0.0677 min�1 for BiOCl/Bi2MoO6/Bi, approximately 3 times
higher than those observed for BiOCl/Bi2MoO6 (0.0207 min�1)
and BiOCl/Bi (0.0236 min�1).

In order to optimize the photocatalytic activity of BiOCl/
Bi2MoO6/Bi, different concentrations of Na2MoO4 were added to
BiOCl in EG during the fabrication process. From the XRD
patterns recorded for the samples (Fig. S4†), it can be observed
that only BiOCl and Bi phases were formed when molar ratio of
BiOCl/Na2MoO4 was 30 : 1 and 10 : 1 (Fig. S4a and b†); no trace
of Bi2MoO6 was observed. The intensity of the BiOCl diffraction
peaks gradually decreased with the decrease in the molar ratio
of BiOCl/Na2MoO4, while those of Bi and Bi2MoO6, marked with
the symbols (A) and (C), respectively, were strengthened
(Fig. S4c–e†). The photocatalytic disinfection of bacteria and
RhB photodegradation curves obtained for the BiOCl/Bi2MoO6/
Bi composites with different BiOCl/Na2MoO4 molar ratios are
shown in Fig. S5.† The photocatalytic activity of the BiOCl/
Bi2MoO6/Bi composites rst increases and then decreases with
the decrease in the initial molar ratio of BiOCl/Na2MoO4. When
the molar ratio of BiOCl/Na2MoO4 was 6 : 1, the as-synthesized
sample presented the highest photocatalytic activity.
Fig. 7 XRD patterns of (a) BiOCl/Bi2WO6 (H2O), (b) BiOCl/Bi2WO6/Bi
activity (d).

50706 | RSC Adv., 2017, 7, 50701–50712
It is important to investigate the stability and recyclability of
the photocatalysts. The recyclability of the BiOCl/Bi2MoO6/Bi
ternary composite (R ¼ 6 : 1) was examined over four cycles. As
shown in Fig. S6,† the degradation efficiencies for the 4 cycles
were 99.31%, 96.42%, 93.85% and 90.95% aer 60 min of
visible-light irradiation. This conrms that the BiOCl/Bi2MoO6/
Bi ternary composite has good stability during the
photocatalysis.

Furthermore, Na2WO4 was also introduced into the
precursor dispersion of BiOCl. Similar to the composites ob-
tained on addition of Na2MoO4, only binary BiOCl/Bi2WO6 and
BiOCl/Bi were generated in H2O and GLY, respectively. The
BiOCl/Bi2WO6/Bi ternary composite was obtained when EG was
used as the solvent (Fig. 7a–c). Besides, all the diffraction peaks
of these catalysts can be well indexed to tetragonal BiOCl
(JCPDS Card no. 82-0485), tetragonal Bi2WO6 (JCPDS Card no.
73-2020) and rhombic Bi (JCPDS Card no. 85-1329). The corre-
sponding photocatalytic activities of the samples are presented
in Fig. 7d. BiOCl/Bi2WO6/Bi formed in EG was noted to exhibit
a much higher photodegradation when compared with the
other two samples owing to the synergistic effect of the heter-
ostructure and metal decoration.
3.7 Photocatalytic mechanism

The nitrogen adsorption–desorption isotherms and Barrett–
Joyner–Halenda (BJH) pore-size distributions of the three
samples are shown in Fig. S7.† All the photocatalysts formed in
the three solvents possess type IV isotherms with a typical H3
hysteresis loop, implying the presence of mesopores according
to the Brunauer–Dening–Dening–Teller (BDDT) classication.41

This was further demonstrated by the pore-size distributions of
the samples, which was mainly distributed in the range of 3–
20 nm (inset of Fig. S7†). Themesoporous structure is benecial
for the adsorption and transition of RhB or its intermediates
during the degradation process. The Brunauer–Emmett–Teller
(BET) specic surface area is a potential factor that inuences
the photocatalytic activity. A large surface area not only
(EG), and (c) BiOCl/Bi (GLY) and their corresponding photocatalytic

This journal is © The Royal Society of Chemistry 2017
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enhances the contact area between the photocatalyst and dye
molecules but also provides more active sites during the reac-
tion process.42,43 As shown in Table S1,† the specic surface area
of BiOCl/Bi2MoO6/Bi formed in EG was 126.5 m2 g�1, which was
much higher than that of BiOCl/Bi2MoO6 (62.8 m2 g�1) and
BiOCl/Bi (77.0 m2 g�1). Based on these results, it can be
reasonably deduced that the specic surface area and porosity
are possible reasons for the enhanced photocatalytic activity of
the materials.

Photoluminescence (PL) measurements are useful for
examining the migration and recombination of photogenerated
electron–hole pairs in semiconductors as PL emission primarily
originates from the recombination of photogenerated charge
carriers.44 Fig. 8a presents the PL spectra of the photocatalysts
in the range of 300–800 nm under excitation at 285 nm. It can be
clearly seen that the introduction of Bi2MoO6 and Bi signi-
cantly quenches the excitonic emission when compared to that
observed for the other samples. The weak PL peak intensity
indicates that the heterostructure and decorated metal particles
could effectively suppress the recombination of photogenerated
electron–hole pairs, leading to an evident separation of the
photogenerated charge carriers.

The interfacial charge transfer dynamics in the photo-
catalytic reaction can also be examined by photocurrent
Fig. 8 (a) PL spectra of the as-prepared samples under 285 excitations. (
samples under visible-light irradiation (l > 420 nm, [Na2SO4] ¼ 0.1 M). (c
irradiation with visible light (l > 420 nm, [Na2SO4]¼ 0.1 M) and the corresp
EIS results. (d) The PL decay curves of the materials excited at 228 nm a

This journal is © The Royal Society of Chemistry 2017
measurements. Typically, the higher photocurrent intensity
suggests the higher separation efficiency of photogenerated
charges.17,45 Fig. 8b shows the photocurrent–time curves ob-
tained for the three samples under several on/off visible-light
irradiation cycles. BiOCl/Bi2MoO6/Bi possesses a signicantly
enhanced photocurrent response, suggesting that the photo-
generated electron–hole pairs could be separated more effec-
tively than that in the other two samples. This factor could
contribute to strengthening the photocatalytic activity of BiOCl/
Bi2MoO6/Bi.

To further investigate the charge separation and migration
of the as-synthesized samples, electrochemical impedance
spectroscopy (EIS) was performed before and aer visible-light
irradiation. Fig. 8c provides the typical Nyquist plots of the
three photocatalysts formed in the different solvents. These
plots were best tted to the equivalent Randle circuit of Rs(Q1-
Rct) as shown in the inset of Fig. 8c; where, Rs, Q1 and Rct

represent the electrolyte resistance, constant phase element
and charge transfer resistance, respectively. The EIS results
reveal that the diameter of the arc in the Nyquist plot of BiOCl/
Bi2MoO6/Bi is signicantly smaller than that of the other two
samples. A lower Rct value indicates more effective separation of
photogenerated electron–hole pairs and faster interfacial
charge-transfer occurred in the case of BiOCl/Bi2MoO6/Bi.
b) Comparison of the transient photocurrent responses of the different
) EIS Nyquist plots of the photocatalysts with light on/off cycles under
onding schematic (inset) of the equivalent circuit obtained by fitting the
nd monitored at 395 nm.
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Therefore, BiOCl/Bi2MoO6/Bi presents the best photocatalytic
activity.

The PL decay curves obtained for the photocatalysts were
examined with a 228 nm and 395 nm laser as excitation and
monitored source, respectively. As shown in Fig. 8d, all the plots
can be well tted with a single exponential function, I(t) ¼ I0 +
A exp(�t/s), where I and I0 are the luminescence intensity at
time t and 0, A is a constant, s is the decay time for the expo-
nential component. The lifetime of BiOCl/Bi2MoO6/Bi (5.72 ns)
was the shortest when compared to those of BiOCl/Bi2MoO6

(8.97 ns) and BiOCl/Bi (5.85 ns). This was attributed to the
photogenerated electron transfer from Bi2MoO6 to BiOCl and
Bi. This result is consistent with the above discussions
Fig. 9 Photocatalytic disinfection of bacteria (a) and RhB photodegrad
presence of different scavengers.

Fig. 10 DMPO spin-trapping ESR spectra measured in three samples su
dispersion (a) and for DMPO-cO2

� in methanol dispersion (b).

50708 | RSC Adv., 2017, 7, 50701–50712
including PL measurement, photocurrent response and EIS
study.

In order to determine the major active species during the
photodegradation process, various scavengers including p-BQ,
EDTA-2Na and IPA were added. As shown in Fig. 9a, only
a weak inhibition was observed during the disinfection of
bacteria upon the addition of IPA. However, the photocatalytic
inactivation efficiency was largely inhibited when EDTA-2Na
and BQ were introduced, suggesting that cOH plays a minor
role in the degradation process, while h+ and cO2

� primarily
govern the photocatalytic system. The results of the species
trapping experiments for RhB degradation are similar to pho-
tocatalytic disinfection (Fig. 9b). In order to further conrm the
ation (b) over BiOCl/Bi2MoO6/Bi under visible-light irradiation in the

spensions under visible-light irradiation for DMPO-cOH in an aqueous

This journal is © The Royal Society of Chemistry 2017
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active species during photodegradation under visible-light
irradiation, electron spin resonance (ESR) spin-trap technique
using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was carried out.
In Fig. 10a, four characteristic peaks for DMPO-cOH can be
observed in an aqueous dispersion of BiOCl/Bi2MoO6/Bi,
whereas six peaks were observed with the BiOCl/Bi2MoO6 and
BiOCl/Bi composites. Furthermore, DMPO-cO2

� adducts are
also detected in methanol dispersions of the three samples,
where six characteristic peaks can be observed in BiOCl/
Bi2MoO6/Bi (Fig. 10b). However, only four signals were observed
in the other dispersions. No such signals for the two active
adducts were measured in the dark. This fact suggests that
visible-light irradiation is a vital factor to the formation of the
active species. Both the cOH and cO2

� adducts were generated in
the suspensions of the three samples, with cO2

� radicals as the
dominant species.

The high photocatalytic performance of BiOCl/Bi2MoO6/Bi
could be attributed to the synergistic effect of the hetero-
structure construction and Bi decoration. The possible
Fig. 11 Possible mechanism for the photocatalytic disinfection of bacteri
composite.

This journal is © The Royal Society of Chemistry 2017
photocatalytic disinfection mechanism is shown schematically
in Fig. 11a. Furthermore, the band edge potentials of the CB and
VB for Bi2MoO6 are�0.34 and 2.20 V (vs. NHE),46 while those for
BiOCl are 0.26 and 3.56 V (vs. NHE),47 respectively. Based on
these results, only Bi2MoO6, with a narrow band gap (2.54 eV),
was photoexcited under visible-light irradiation to generate
electron–hole pairs. Since the CB of Bi2MoO6 is more negative
than that of BiOCl, the photogenerated electrons in the CB of
Bi2MoO6 would easily inject into the CB edge of BiOCl. More-
over, the work function of Bi is �0.31 V (vs. NHE),48 which is
lower than that of Bi2MoO6 and higher than that of BiOCl.
Therefore, the photogenerated electrons could be transferred
from Bi2MoO6 to metallic Bi on its surface owing to the energy-
levels matching.39,49 Furthermore, due to their Schottky barriers
at the metal–semiconductor interface, few of the photoinduced
electrons generated on the CB of Bi2MoO6 can also be trans-
ferred to Bi.50 In this way, the photoinduced charge carriers
could be separated efficiently. The electrons reserved in the
metallic Bi are trapped by O2 on the surface of the photocatalyst
a (a) and RhB photodegradation (b) using the ternary BiOCl/Bi2MoO6/Bi

RSC Adv., 2017, 7, 50701–50712 | 50709
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Fig. 12 Plausible degradation pathway for RhB dye in the BiOCl/Bi2MoO6/Bi suspension irradiated with visible-light.
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to form reactive cO2
�, which was conrmed as one of the main

active species in the photocatalytic disinfection of bacteria since
the CB of BiOCl was 0.26 V (vs. NHE), while the EØ(O2/cO2

�) was
�0.046 V (vs. NHE).51 Therefore, no cO2

� could be generated in
BiOCl. Simultaneously, holes, as another main active adduct
le behind in the VB of Bi2MoO6, would also attack the bacteria
of Staphylococcus aureus. As for RhB photodegradation
(Fig. 11b), the dye-sensitized effect would be considered in this
system. The lowest unoccupied molecular orbital (LUMO) was
�1.42 eV,52,53 which was much more negative than the CB of
Bi2MoO6 and Bi. The adsorbed RhB can be excited by visible-
light irradiation and the photoinduced electrons could trans-
fer to the CB of Bi2MoO6 and Bi, accelerating the RhB
photodegradation.

Furthermore, the degradation intermediates of RhB were
examined by LC-MS/MS (Fig. S8†). According to the results and
previous studies,54–56 a plausible photodegradation pathway was
reasonably proposed as depicted in Fig. 12. Two competitive
processes appeared synchronously during the photocatalytic
activity: N-de-ethylation and destruction of the chromophore
structure. From the LC-MS/MS chromatogram, it can be
observed that the m/z value of 443 belongs to RhB and the mass
peaks at m/z 415, 387, 359 and 331 are ascribed to its interme-
diates, such as N,N-diethyl-N0-ethylrhodamine, N,N-dieth-
ylrhodamine, N-ethyl-N0-ethylrhodamine, N-ethylrhodamine,
50710 | RSC Adv., 2017, 7, 50701–50712
respectively, suggesting a series of N-de-ethylated intermediates
could be produced step by step. Furthermore, as shown in
Fig. 12, the facile chromophore cleavage of the N-de-ethylated
intermediates simultaneously occurred throughout the photo-
catalytic process, which can be oxidized into phthalic acid (m/z
¼ 166), terephthalic acid (m/z¼ 166), 3,4-dihydroxybenzoic acid
(m/z¼ 155), 4-hydroxybenzoic acid (m/z¼ 138), benzoic acid (m/
z ¼ 122), adipic acid (m/z ¼ 146), glutaric acid (m/z ¼ 132),
succinic acid (m/z¼ 118) and pentanoic acid (m/z¼ 102) by cO2

�

and h+ formed under visible-light irradiation. Finally, the
generated intermediates were mineralized into CO2 and H2O
when the duration of visible-light irradiation was prolonged.
4. Conclusions

In summary, a noble-metal-free heterostructural BiOCl/
Bi2MoO6/Bi ternary composite was fabricated using a facile one-
step hydrothermal method for the rst time. The BiOCl/
Bi2MoO6/Bi ternary composite was formed aer Na2MoO4 was
added to BiOCl in EG. Only binary BiOCl/Bi2MoO6 and BiOCl/Bi
photocatalysts were obtained in the other two solvents, H2O and
GLY, respectively. Furthermore, Na2WO4 was also introduced
into the precursor dispersion of BiOCl. Similarly, only binary
BiOCl/Bi2WO6 and BiOCl/Bi were generated in H2O and GLY,
respectively. The BiOCl/Bi2WO6/Bi ternary composite was
This journal is © The Royal Society of Chemistry 2017
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obtained when EG was used as the solvent. Under visible-light
irradiation, BiOCl/Bi2MoO6/Bi and BiOCl/Bi2WO6/Bi were
noted to exhibit the highest photocatalytic activity when
compared with the other two binary samples due to the syner-
gistic effect of the heterostructure and metal decoration, and
water disinfection with 100% inactivation of bacteria was real-
ized within 4 h. By varying the initial ratio of BiOCl and
Na2MoO4, the degradation performance of the BiOCl/Bi2MoO6/
Bi ternary sample could be gradually tuned. The photocatalytic
activity of BiOCl/Bi2MoO6/Bi rst increased and then decreased
with increase in the BiOCl/Na2MoO4 molar ratio. The effective
separation and migration of charge carriers are the main
reasons for the enhanced photocatalytic activity, which were
conrmed by PL measurements, photocurrent measurements,
EIS and PL decay measurements. The DMPO spin-trapping ESR
spectra and active species trapping experiments demonstrated
h+ and cO2

� primarily govern the photocatalytic system and
a possible mechanism was reasonably proposed. Finally, the
RhB degradation intermediates were qualitatively identied
using LC-MS/MS method and a detailed degradation pathway
including N-de-ethylation, chromophore cleavage, opening-ring
and mineralization has been proposed.
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