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Introduction

Facile fabrication of heterostructured g-CsN4/
Bi,MoOg microspheres with highly efficient
activity under visible light irradiation ¥

Tao Yan,®® Qing Yan,? Xiaodong Wang, Hongye Liu,© Mengmeng Li,© Shixiang Lu,?
Wenguo Xu*® and Meng Sun*®

A facile and template-free solvothermal method was developed for the synthesis of microspheric
g-C3N4/BiMoOg photocatalysts. The obtained g-C3N4/Bi,MoOg composites were characterized using
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray photo-electron
spectroscopy (XPS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), and ultraviolet-visible diffuse reflection
spectroscopy (DRS). The XRD, FTIR, and HRTEM characterization results confirmed the formation of
heterojunction structures at the interfaces of g-CsN4 and BiMoOg. The DRS results showed that the
absorption edges of g-C3N4/Bi,MoOg composites were red shifted in the visible light region with the
increase of g-C3Ny4 content. The SEM and TEM images revealed that the composites exhibited a micro-
sphere-like morphology and were composed of smaller nanoplates. The elemental mapping images
revealed that g-C3N4 and Bi,MoOg nanoflakes uniformly assembled together to form hierarchical flowers.
Compared with pure g-C3N4 and Bi,MoQOg, the as-prepared samples exhibited superior photocatalytic
activity towards the degradation of dyes (Rhodamine B and Methyl blue) under visible light irradiation. The
enhanced photocatalytic activity of g-C3N4/BiMoOg composites could be attributed to their
strong visible light absorption, the high migration efficiency of photo-induced carriers, and the interfacial
electronic interaction. The electrochemical impedance spectroscopy (EIS) confirmed that the interface
charge separation efficiency was greatly improved by coupling g-CsN4 with Bi;MoOg. It was also
confirmed that the photo-degradation of dye molecules is mainly attributed to the oxidizing ability of the
generated holes (h*) and partly to the oxidizing ability of -O,~ and -OH radicals.

nique appears to be a very promising strategy for the remedia-
tion of global air and water pollution without any secondary

Since Fujishima and Honda reported the photo-electrochemi-
cal water splitting over TiO,, a lot of research has been devoted
to the development of photocatalysts. The photocatalysis tech-
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pollution, but using the clean solar energy.' TiO, has been
widely used and investigated for the photo-degradation of
organic pollutants in water owing to its low cost, strong oxidi-
zation power, and non-toxicity.> However, due to its large
band gap (3.2 eV for anatase TiO,), pure TiO, can absorb only
a small fraction of solar energy.® To fully utilize solar energy
and meet the requirements of environmental pollutant treat-
ment, a great deal of efforts has been made to develop other
heterogeneous visible light photocatalysts.

Ternary bismuth oxide compounds Bi-M-O (M = Mo, W, V,
Nb or Ta) with the Aurivillius structure possess unique
layered structures sandwiched between perovskite polyhedra
and (Bi,0,)*" layers.””® Recently, a number of ternary bismuth
oxide compounds have been used as visible light photocata-
lysts for environmental treatment and/or water splitting,
for example, BiVO,,'® BiTaO,,"" BiNbO,,"* Bi,WOs,">'* and
Bi,M00,.">"® As a novel photocatalyst, Bi,MoOg has attracted
considerable attention over the past few years. To improve the
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photocatalytic activity of Bi,MoOs for dye degradation, a
variety of Bi,Mo0Og-based composites such as Bi,M0Og/TiO,,
Bi,Mo00O/C, and Ag/Bi,MoOg has been prepared as visible light
photocatalysts.””*°

Recently, graphitic carbon nitride (g-C3N,) has drawn much
attention due to its remarkable properties. It is a metal-free
polymeric photocatalyst first reported by Wang et al.>® The
high thermal/chemical stability and desirable band gap (2.69 eV)
of g-C;N, make it a very promising organic semiconductor
photocatalyst for solar energy utilization.”® Moreover, the
preparation process was very simple and the precursor was not
expensive; thereby g-C;N, has attracted a great deal of scienti-
fic interest, especially for its applications in photo-splitting of
water*>™>* and degradation of organic pollutants.>*>® In the
past few years, g-C3;N, has also been used to couple with other
materials to prepare novel catalysts, such as g-C3;N,/ZnO,”
2-C5N,/BiOX (X = Br, 1),>°?' g-C3N,/Fe,03,** AgX/g-C5N, (X =
Br, 1), and g-C5N,/Bi,WOg.>*

Herein, we first report the facile preparation of micro-
spheric g-C3N,/Bi,M00Os composites, which exhibit excellent
photocatalytic activity towards the degradation of dyes (such as
Rhodamine B and Methyl blue) under visible light (1 >
420 nm) irradiation. It is postulated that the excellent photo-
catalytic activity of g-C3;N,/Bi;,MoOs should be ascribed to its
strong visible light absorption, the high migration efficiency
of photo-induced carriers, and the interfacial electronic
interaction between Bi,Mo0Os and g-C3;N,. These results also
provide insight into the synthesis of other composite
photocatalysts.

Experimental section
Synthesis of g-C;N, powder

All the reagents are of analytical grade and were purchased
from Sino Pharm Chemical Reagent Co., Ltd. The g-C3N,
powder was synthesized by heating melamine in a muffle
furnace according to the literature but with small modifi-
cations.*>*® Briefly, 5 ¢ of melamine was put into a semi-
closed alumina crucible with a cover. The crucible was then
placed in a muffle furnace and heated to 500 °C at a heating
rate of 5 °C min~", and was held for 4 h at this temperature.
After the reaction, the alumina crucible was cooled to room
temperature, and the products were collected and ground into
powder.

Preparation of microspheric g-C;N,/Bi,M0oOs composites

The g-C3N,/Bi,M00O, samples were synthesized using a facile
solvothermal method. Typically, 2 mmol of Bi(NO;);-5H,0 was
added to 20 mL of an ethylene glycol solution containing dis-
solved (NH,4)sMo0,0,,4-4H,0 with the equivalent molar ratio.
Then, 50 mL ethanol was slowly added to the above solution,
followed by stirring for 10 min. Then, an appropriate amount
of g-C3N, was added and ultrasonicated for 30 min to be com-
pletely dispersed. The mixture was then stirred at room temp-
erature for 60 min to form a homogeneous phase. The
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resulting solution was transferred into a 100 mL Teflon-lined
stainless steel autoclave and kept at 160 °C for 12 h. Sub-
sequently, the autoclave was cooled to room temperature
gradually. Finally, the precipitate was centrifuged and washed
with ethanol and deionized water three times. The resulting
product was dried in a vacuum oven at 60 °C for 6 h. Pure
Bi,Mo0O¢ were fabricated through a similar procedure in the
absence of g-C;N,. According to this method, g-C;N,/Bi,M0Og¢
composites with different g-C;N, mass ratios from 10 to 60%
were synthesized and named as CNBM-10, CNBM-20,
CNBM-30, CNBM-40, CNBM-50, and CNBM-60, respectively.
Pure g-C3N, was named as CN while pure Bi,M0Os was named
as BM.

Characterization of photocatalysts

X-ray diffraction (XRD) patterns of the obtained products were
recorded on a Bruker D8 Advance X-ray diffractometer under
the following conditions: generator voltage = 40 kV; generator
current = 40 mA; divergence slit = 1.0 mm; Cu Ka (4 =
1.5406 A); and a polyethylene holder. X-ray photo-electron
spectroscopy (XPS) was used to identify the surface chemical
composition and chemical states of the catalysts on a PHI5000
Versa Probe electron spectrometer using Al Ka radiation
(ULVAC-PHI, Japan). The morphologies and microstructures of
the samples were examined with a Hitachi S-4800 scanning
electron microscope (SEM). The transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were recorded using a JEOL
model JEM 2010 EX instrument at an accelerating voltage of
200 kV. A carbon-coated copper grid was used as the sample
holder. Energy-dispersive X-ray (EDX) spectra were obtained
using a JEOL-2100 at an accelerating voltage of 200 kV. Ultra-
violet-visible diffuse reflectance spectroscopy (DRS) was per-
formed at room temperature in the range of 200-700 nm on a
UV-vis spectrophotometer (Cary 500 Scan Spectrophotometers,
Varian, U.S.A.) equipped with an integrating sphere attach-
ment. A NOVA 2000e (Quantachrome Instruments, USA) instru-
ment was used to measure the Brunauer-Emmett-Teller (BET)
surface areas of the samples at liquid nitrogen temperature
(77.3 K). Thermogravimetric (TG) analyses were carried out on
an SDT Q600 thermal analyzer (TA Instruments, U.S.A.) by
heating from 50 to 850 °C at a rate of 10 °C min™" in air. The
FT-IR spectra were recorded on a Nicolet 5700 spectro-
photometer using KBr pellets for samples. The photo-
electrochemical experiment was conducted on a CHI 760E
electrochemical workstation (CHI 760E Chenhua Instrument
Company, Shanghai, China) in a conventional three-electrode
configuration with a Pt wire as the counter electrode and a
saturated calomel electrode as the reference.

Photocatalytic activity tests

Photocatalytic reactions were conducted in a customized
reactor with a cooling-water-cycle system, and the reaction
temperature of the aqueous solution was maintained at 25 °C.
The visible light photocatalytic activity of g-C3N,/Bi,M0Og
composites was evaluated by photo-degradation of dyes in

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/C4DT02127D

Published on 12 November 2014. Downloaded by Gebze Institute of Technology on 23/12/2014 07:21:01.

Dalton Transactions

aqueous solution using a 300 W xenon lamp (PLS-SXE300C,
Beijing Perfect Light Co. Ltd, Beijing) with a cutoff filter
(4 > 420 nm) as the light source. In each experiment, 100 mg of
the photocatalyst was added to 100 mL dye aqueous solution
(10 mg L™"). Before irradiation, the suspensions were magneti-
cally stirred in the dark for 60 min to ensure the establishment
of an adsorption/desorption equilibrium between the photo-
catalyst and the dye. During the reaction process under visible
light illumination, 3 mL of suspension was sampled at given
time intervals and centrifuged to remove the photocatalyst
particles. The resulting clear liquid was analyzed on a Perkin-
Elmer UV-vis spectrophotometer (model: Lambda 35) to record
the concentration changes of dye solutions.

Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed in 2.5 mmol L™ KzFe-
(CN)e-K4Fe(CN)g (1:1) containing 0.1 mol L™' KCl with a
frequency range of 0.1-100 kHz at 0.24 V, and the amplitude of
the applied sine wave potential in each case was 5 mV. A modi-
fied glassy carbon electrode (GCE, 4 mm diameter) was used
as the working electrode, which has been prepared by a simple
method as follows: a g-C;N, homogeneous suspension was
prepared by dispersing 5 mg g-C;N, in 1 mL distilled water.
Then, 20 pL of the slurry was dripped on the GCE and dried at
60 °C for 120 min (denoted as CN/GCE). SS/GCE and
CNBM-40/GCE in the same quantity were prepared using the
same procedure.

Results and discussion

Structural characterization

Fig. 1 shows the XRD patterns of the g-C;N,, Bi,M0Og, and
2-C3N,/Bi,M0O, composites with different mass ratios. As we
can see, the pure g-C;N, had two distinct diffraction peaks: the
peak located at 27.40° represented the stacking of the conju-
gated double bonds, which was indexed to the (002)
plane corresponding to d-spacing (0.336 nm) of g-C3N, (JCPDS
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Fig. 1 XRD patterns of g-C3N4/Bi,MoOg composites with different
g-CsN4 contents: (a) BipMoOs, (b) CNBM-60, (c) CNBM-50, (d)
CNBM-40, (e) CNBM-30, (f) CNBM-20, (g) CNBM-10, and (h) g-C3N,4.
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87-1526), and the peak located at 13.04° was indexed to the
(100) plane. These two diffraction peaks fit well with the
g-C;N, reported in the literature.’” For Bi,MoQg, four peaks
located at 28.3, 32.6, 46.7, and 55.4° have been observed,
which matched well with the (1 3 1), (0 0 2), (0 6 0), and (3 3 1)
crystal planes of Bi;M0Og (JCPDS 84-0787). There is no trace of
any impurity phase under the present resolution, indicating
the high purity of the as-prepared samples. However, for the
2-C3N,/Bi,M00Og composites, only diffraction peaks of Bi,Mo0Og
have been observed. The main reason might be that the g-C;N,
entered the laminates of the Bi,MoOs microsphere and
became highly dispersed in the composites or the character-
istic peaks of Bi,MoOs (28.3°) and g-C3N, (27.4°) were too
close to distinguish.*® The existence of g-C;N, in the compo-
site has been further identified using FT-IR, EDX and XPS
characterization.

The morphology and nanostructures of g-C;N,, Bi,MoOs,
and g-C3N,/Bi,M00Os composites were investigated using SEM
and TEM. Fig. 2a shows the bulk structure of g-C;N, without
ultrasonic treatment, displaying an aggregated morphology
although it was a flexibly shaped polymer semiconductor
material. Fig. 2b shows the SEM image of Bi,M0Os. It can be
seen that the Bi,MoO, exhibited a microsphere morphology
with rough surfaces. Fig. 2c and d show the SEM images of
CNBM-40 microspheres. It shows that the microspheres were
composed of nanosheets several nanometers in thickness. The
cross-linking of the nanosheets resulted in the formation of
microspheres with rough surfaces. It could provide more active
points for the adsorption of organic pollutants and help
enhance the photocatalytic activity of the sample. The intimate
interaction between g-C;N, and Bi,MoOg enhances the elec-
tron transfer capacity during the photocatalysis process.

Fig. 2 SEM images of (a) g-C3N4, (b) BiMoOg, and (c and d) low and
high magnification of CNBM-40.
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Fig. 3 SEM image of (a) CNBM-40 and corresponding elemental
mapping images of the elements C, N, Bi, Mo, and O.

However, the SEM images have not enough distinguishability
for analysis of the heterojunction structure.

The EDX analysis was used to track compositional homo-
geneity changes in the range of a few hundred nanometers to
further characterize the composition and mixing quality in the
interior of the microspheres. Fig. 3 displays the elemental
mapping images of the sample. As can be seen, the elemental
mapping images of C-K, N-K, Bi-M, Mo-L and O-K were well-
defined with sharp contrast. Maps of Bi-M, Mo-L and O-K have
the same shape and location, demonstrating the definite exist-
ence of Bi;MoOg in the microspheres. The maps of C-K and
N-K showed C and N signals, respectively, indicating the
homogeneous distribution of g-C3;N, sheets on the Bi,MoOg
microsphere. The typical EDX line scanning results are shown
in Fig. S1.7 It can also be seen that the elements C, N, Bi, Mo,
and O across the scanned distance are uniformly distributed.
The intensity profile of various elements indicated the mixing
quality, and thus demonstrated the percentage content of
various elements on the surface of microspheres, which is in
keeping with the above SEM results.

Fig. 4 shows the TEM images of the prepared samples.
Fig. 4a shows the TEM image of g-C;N, nanosheets with soft
edges after exfoliating the bulk g-C;N, by ultrasonic treatment.
Fig. 4b shows the TEM image of the Bi,MoOs microsphere.
Fig. 4c and d shows the TEM and HRTEM images of the
2-C3N,/Bi,M0Og composite. It can be seen from Fig. 4d that
the lattice structure of g-C;N, was highly ordered, and the
uniform fringe, with an interval of 0.336 nm, is in good agree-
ment with the (002) lattice plane of g-C3;N,. Another set of
clear fringes with an interplanar spacing of 0.249 nm corres-
ponds to the (151) lattice plane of Bi,M0Og. These obser-
vations indicated that the g-C;N, nanosheets are embedded in
the Bi,MoOg matrix. Therefore, the as-prepared composite
microspheres are considered to be a strongly interacting
heterostructure between g-C;N, and Bi,M0O.

To investigate the chemical composition of the composites,
FT-IR was carried out and the corresponding spectra are
shown in Fig. 5. The peaks located at 842 and 796 cm™" can be
respectively attributed to the asymmetric and symmetric
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Fig. 4 TEM images of the prepared composites: (a) g-C3N4 nanosheets,
(b) Bi;MoOg microspheres, (c) CNBM-40 and (d) HRTEM image of
CNBM-40 showing the formation of heterojunctions.
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Fig. 5 FT-IR spectra of the as-synthesized samples of g-C3N4, Bi,MoOg¢
and g-C3N,4/Bi;MoOg composites.

vibration modes (Mo-O stretching) of the corner sharing
(MoOg)°~ octahedron.* While the peak located at 734 cm™*
was assigned as the asymmetric stretching mode of MoOg
involving vibrations of the equatorial oxygen atoms, the peak
at 567 cm™" corresponds to the bending vibration of the MoOg
octahedron. The peaks at 1640 cm™ were attributed to C=N
stretching vibration modes, while those located at 1243, 1325,
and 1408 cm™" can be ascribed to aromatic C-N stretching
vibration modes. The peak located at 808 cm™* was related to
the characteristic breathing mode of triazine units.*® It could
also be seen that the main characteristic peaks of g-C3N,
appeared in the g-C3N,/Bi,M00s composite which further
testified the XRD results.

XPS spectra of the g-C;N,/Bi,MoO, composites were pres-
ented to determine the oxidation state and elemental compo-
sition of the composites. Fig. 6a shows that the survey scan
XPS spectra provided C 1s and N 1s peaks for g-C3N, and

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 XPS spectra of the as-synthesized samples: (a) the survey scan of
g-C3Ny4, BiMoOg and CNBM-40; (b) Bi 4f, (c) Mo 3d and (d) O 1s of
Bi,MoOg and CNBM-40; (e) C 1s, (f) N 1s of g-CzN, and CNBM-40.

CNBM-40, as well as Bi 4f, Mo 3d and O 1s peaks for Bi,MoOg
and CNBM-40, which was consistent with the chemical compo-
sition of the photocatalysts. Fig. 6b-d depicts the high-resolu-
tion XPS spectra of Bi 4f, Mo 3d and O 1s. The characteristic
spin-orbital splitting photoelectrons for Bi 4f and Mo 3d of
Bi,MoOg indicate a six-valent oxidation state for Mo®" and Bi(m),
respectively. Decreased Bi 4f, Mo 3d and O 1s peak intensi-
ties are found in the CNBM-40 compared with the Bi,MoO,
deriving from the lower Bi,MoOs content in the composite.
The Bi 4f peaks of Bi,M0Og are located at Bi 4fy;, (156.67 eV)
and Bi 4f;/, (161.97 eV) (Fig. 6b). However, the binding ener-
gies of Bi 4fs), (156.41 eV) and Bi 4f;, (161.71 eV) of CNBM-40
were lower than those of pure Bi,Mo0Os. A similar appearance
was also found in the XPS spectra of Mo 3d (Fig. 6¢) and O 1s
(Fig. 6d). The binding energies of Mo 3ds, (229.73 eV), Mo
3ds/, (232.87 eV) and O 1s (527.48 eV) of CNBM-40 were lower
than those of Mo 3d;/, (229.93 eV), Mo 3ds/, (233.13 eV) and O
1s (529.1 eV) of Bi,M0O¢. Such results could be similarly
ascribed to the interaction between g-C3;N, and Bi,MoOg
resulting in an inner shift of Bi 4f, Mo 3d and O 1s orbits.
Fig. 6e shows high-resolution XPS spectra of g-C;N, and
CNBM-40 in the C 1s binding energy regions, and two carbon
peaks at 284.6 eV and 287.6 eV were found, respectively. The
first peak is attributed to the surface adventitious reference
carbon.”" As for the second peak for g-C;N, and CNBM-40
composite, it originates from carbon atoms bonded to three

This journal is © The Royal Society of Chemistry 2014
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nitrogen atoms in the g-C;N, space lattice.*” The intensity of
the C 1s peak at 287.6 eV of CNBM-40 is weakened compared
with pure g-C;N,. This occurrence is also observed in the N 1s
peak of CNBM-40 at 396.2 eV. The N 1s peak of g-C;N, and
CNBM-40 was observed at 396.2 eV (Fig. 6f), which arose from
C=N-C coordination.”® In addition, the binding energy of the
N 1s peak of CNBM-40 was higher than that of g-C3;N,. It was
also due to the fact that Bi,MoO, hybridized with g-C;N,
resulted in an inner shift of the N 1s orbit. TG analysis was
performed to investigate the actual content of g-C;N, in the
composites. Fig. S27 shows the TG results of g-C3N,, Bi,M0O,
and g-C;N,/Bi,Mo0Og composites. The TG curve of pure g-C3N,
shows a sharp weight loss at about 700 °C, while Bi,Mo0Og
exhibits good thermal stability without any weight loss. As for
the g-C3N,/Bi,M00Os composites, they exhibit an obvious
weight loss at a lower temperature of 520 °C. That is to say, the
thermal stabilities of g-C3N,/Bi,M0O, composites are lower
than those that of pure g-C;N,. Fig. S2} also reveals the actual
contents of g-C3N, in the composites. It was obvious that the
actual g-C3;N, contents were nearly the same as those labeled
in the sample names.

Formation mechanism of the microspheric g-C;N,/Bi,M00O¢
composites

In order to understand the formation mechanism of the
hierarchical g-C;N,/Bi;M0Os microspheres, time-dependent
experiments were carried out while keeping the other reaction
conditions constant. The samples collected at different
reaction times were analyzed using SEM. As seen from Fig. 7,
the reaction time has a significant effect on the composite
morphology obviously. After a reaction time of 1-3 h
(Fig. 7a-c), the g-C3N, showed a mass of wrinkled sheets and
the as-prepared Bi,MoOs mainly presented as aggregated
nanosheets depositing on the surface of g-C3;N, sheets.
When the reaction time was increased to 4-7 h (Fig. 7d and e),
the g-C3N,/Bi,M00s microspheres began to form, and some
irregular microspheres were observed. With further prolonging
the time to 8-12 h, the g-C3N, sheets gradually disappeared,
and lots of g-C3N,/Bi,M0Os microspheres were obtained
(Fig. 71).

BET surface area analysis

Fig. 8 shows the nitrogen adsorption-desorption isotherms
for different samples, which exhibited a type IV with a
H3 hysteresis loop in the range of 0.6-1.0 P/P,."* The BET
surface areas of the samples were calculated and are listed in
Table 1. It can be seen that pure Bi,MoO4 showed a relatively
large specific surface area (35.68 m> ¢™'), and g-C;N, had the
lowest surface area of 8.51 m> g~'. The surface areas of the
2-C3N,/Bi,M0oO, composites slightly decreased as the mass ratio
of g-C3N, increased. The reaction rate constant k of the g-C3N,/
Bi,M0O¢ composites was also calculated. As shown in Table 1,
all the normalized rate constants of g-C3;N,/Bi,MoOg compo-
sites were higher than those of pure Bi,Mo0Os, indicating that
the formation of heterojunctions has an important effect on
improving the photocatalytic degradation activity. The specific

Dalton Trans.


http://dx.doi.org/10.1039/C4DT02127D

Published on 12 November 2014. Downloaded by Gebze Institute of Technology on 23/12/2014 07:21:01.

Paper

Fig. 7 SEM images of CNBM-40 obtained after different reaction times
at160°C.(a)1 h, (b) 3 h,(c)5h, (d) 7 h, (e) 9 hand (f) 12 h.
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Fig. 8 Nitrogen sorption isotherm and the corresponding pore size dis-
tribution plot (inset) of the as-prepared samples.

surface area, pore volume and pore size distribution of
different samples are summarized in Table 1.

Optical characterization

The optical absorption properties played a critical role in deter-
mining the photocatalytic performance of photocatalysts. The
DRS spectra of pure g-C;N,, Bi;MoOg, and g-C3;N,/Bi,M0Og
composites are shown in Fig. 9. As we can see, the light
absorption abilities of the samples were different. The absorp-
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Table 1 The Sger values, pore volume, average pore size, and calcu-
lated reaction rate constants of different photocatalysts

Kinetic rate

SBET Pore volume Average pore constant
Samples m?>¢g™  (em’g™) size (nm) (k) (min™)
Bi,M0Og 35.68 0.1589 17.81 0.00264
CNBM-20 34.58 0.1346 16.79 0.01219
CNBM-40 33.22 0.1177 14.17 0.06484
CNBM-60 30.17 0.0921 13.08 0.04905
2-C3Ny 8.51 0.0266 12.52 0.02562

Absorbance (a.u.)

T T T
300 400 500 600 700
Wavelength (nm)

Fig. 9 UV-vis diffuse reflectance spectra of the as-prepared samples:
(a) g-C3N4, (b) CNBM-60, (c) CNBM-50, (d) CNBM-40, (e) CNBM-30, (f)
CNBM-20, (g) CNBM-10 and (h) Bi,MoOs.

tion edge of pure g-C;N, was estimated to be 461 nm and
exhibited a strong absorption ability in the visible-light region,
while that for pure Bi,M0O, was located at 507 nm. It can also
be clearly seen that g-C3N,/Bi,M00O, composites with different
¢-C3N, contents showed different absorption abilities com-
pared with pure Bi,Mo0Os. The absorption edges of g-C3N,/
Bi,Mo0Og composites were gradually red shifted with increasing
the amount of g-C;N, added. However, all the samples exhibi-
ted a good visible light absorption ability.

Photocatalytic activity

The visible light activities of the g-C3;N,/Bi,M0Os composites
were mainly investigated for the degradation of RhB. As shown
in Fig. 10a, the concentration change was negligible when no
catalyst was added into the system. However, when g-C3N,/
Bi,MoO, composites were added, the photo-degradation rate
was significantly improved when compared with pure g-C3N,
and Bi,MoOg, and nearly 100% of RhB could be decomposed
within 90 min. It was interesting to note that the photo-
catalytic activities of the g-C3N,/Bi,M0Os composites were first
remarkably enhanced with increasing the g-C3;N, content.
However, when the g-C3;N, content was larger than 40%, the
photocatalytic activities would decrease gradually, suggesting
that the optimal g-C;N, mass ratio in the g-C3;N,/Bi,Mo0O¢
composites was 40%.
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Fig. 10 (a) The kinetics of photo-degradation of RhB (0.02 mM) over
different composites under visible-light (4 > 420 nm) irradiation. (b)
Time-dependent optical absorption spectra of RhB over CNBM-40.

To further study the photocatalytic degradation process of
RhB, the UV-vis spectra of the RhB aqueous solution at
different visible light irradiation times in the presence of
CNBM-40 are illustrated in Fig. 10b. It has been reported that
the photo-degradation of RhB took place by two competitive
processes: the destruction of the conjugated structure
and N-demethylation." In this degradation process, the
main absorption peak of RhB gradually shifted from 553 to
498 nm, corresponding to the stepwise formation of a series
of N-de-ethylated intermediates. With prolonging the reaction
time, the intensity of the peak located at 498 nm would
also decrease, indicating that the RhB molecules were
further decomposed into smaller molecular fragments.
Correspondingly, the color of the suspension changed gradu-
ally from the initial fuchsia via light green-yellow to colorless
(Fig. 10b inset).

To investigate the reaction kinetics of RhB degradation, the
degradation data were analyzed with the pseudo-first-order
model, —In(C/C,) = kt, where C is the concentration of RhB at
time ¢, C, is the original concentration of RhB, and k is the
reaction rate constant. It can be seen from Fig. 11 that the k of
CNBM-40 (0.06484 min~") is about 2.5 times that of g-C;N,
(0.02562 min™") and is about 25 times that of Bi,MoOs
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Fig. 11 The reaction rate constants of different composites for the
degradation of RhB under visible light.

(0.00264 min™"). From the above results, we conclude that all
the g-C3N,/Bi,M00Os composites exhibit much higher photo-
catalytic activities than those of single phase g-C3;N, or
Bi,Mo0Og. The enhancement of the photocatalytic activities of
the g-C3N,/Bi,M00Os composites in comparison to individual
components may be due to the formation of heterojunctions
between n-type Bi,MoO, and p-type g-C;N,, facilitating separ-
ation of electron-hole pairs at the interface. Such a synergistic
effect was also favorable for the photo-degradation of MB. As
can be seen from Fig. S3t and S4, nearly 100% of MB
had been decomposed within 120 min under visible light
(4 > 420 nm) illumination in the presence of CNBM-40.

To investigate the influence of different initial dosages of
CNBM-40 on the degradation rates, a series of experiments has
been carried out to find the optimal value by varying the
dosage of CNBM-40, and the results are shown in Fig. 12. As
can be seen from Fig. 12 and Fig. S5, the effect of catalyst
dosage on the degradation rate was studied by varying the
amount of CNBM-40 from 5 to 15 mg L™'. As expected, the
degradation rate of RhB first gradually increased with increas-
ing the CNBM-40 amount, because more active sites would be

1.0
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0.6+

cre,

0.4 —=—0.0g
—o—0.05¢g
—A—(.08g
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—
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Time (min)

Fig. 12 Influence of the catalyst dosage on the photo-degradation rate
of RhB solutions.
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provided. However, when the amount was more than 12 mg
L', the degradation rate would inversely decrease because
greater photocatalyst aggregation occurred. What was worse is
that the scattering of light would severely reduce the light
intensity penetrated through the RhB solution. In order to
prove that dye sensitization was not the main reason for its
high activity, visible light with a wavelength of 550 + 15 nm
has been used as the light source to investigate the degra-
dation of RhB over CNBM-40. The degradation results are
shown in Fig. S6.7 It shows that the photoactivity of CNBM-40
severely decreased, and the degradation ratio was about 12%
after 60 min of reaction, while that observed under visible
light irradiation (4 > 420 nm) was nearly 100%. That is to say,
dye sensitization only played a minor role in the degradation
of RhB under visible light irradiation (4 > 420 nm).

Regeneration and reusability

From the viewpoint of practical application, it is important to
evaluate the stability of the g-C3;N,/Bi,MoO, catalyst. It has
been reported that Bi,MoOs might change into Bi,0,COj; after
visible light irradiation.”> So, XRD patterns of the g-C3N,/
Bi,M0Os composite before and after usage were acquired and
are shown in Fig. 13a. It was found that the XRD patterns of
these two samples were nearly the same, indicating that
the crystal structure had not changed after the photocatalytic
reaction. The activity stability was also checked by repeating
the photocatalytic degradation processes five times, as shown
in Fig. 13b. The results indicated that the g-C;N,/Bi,Mo0Oq
composites had high and stable activity for photocatalytic
decomposition of dye in water. After five run cycles, the photo-
catalyst did not show any loss of activity. In this work, the
2-C3N,/Bi,Mo0Og catalyst could be easily separated from RhB
aqueous solution by sedimentation, which was beneficial for
its reuse.

Possible photocatalytic mechanism

Electrochemical impedance spectroscopy (EIS). To investi-
gate the influence of g-C;N, hybridization on photoelectric
properties, the electrochemical impedance spectroscopy (EIS)
technique was used to study the solid-electrolyte interfaces of
Bi,M00Og, 2-C3N,;, and CNBM-40 samples. The results were
shown in Fig. 14. As we can see, the arc radius of the EIS
Nyquist plot for the CNBM-40 electrode was smaller than
that of Bi;Mo0Og and g-C;N, electrodes. A smaller arc radius
indicated a lower electric charge transfer resistance of
the sample. Thus, in the case of CNBM-40, the photo-induced
electron-hole pairs were more easily separated and transferred
to the sample surface, which was due to the hybridization and
interfacial interaction between g-C3N, and Bi,Mo0Qg.*°

Detection of active species

It is generally accepted that the photocatalytic process is
induced by photo-generated electron-hole pairs. It was mean-
ingful to identify the main active species generated in the
system for investigating the photocatalytic mechanism. To esti-
mate the influence of these reactive species on the photo-
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Fig. 13 (a) XRD patterns of CNBM-40 before and after photo-degra-
dation of RhB. (b) Cycling runs of the CNBM-40 under visible light
(4> 420 nm) irradiation.
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Fig. 14 EIS profiles of g-C3N4, Bi,MoOg, and CNBM-40 composite.

catalytic reactions, radical scavengers tert-butanol (TBA),
ammonium oxalate (AO), and p-benzoquinone (BQ) have
been, respectively, added to the degradation system. Fig. 15
shows that when 2 mL of TBA (-OH scavenger) was added, the
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Fig. 15 Trapping experiment of active species during the photocatalytic
degradation of RhB over CNBM-40 under visible light (1 > 420 nm)
irradiation.

degradation rate of RhB would be decreased apparently.
However, when 0.1 g of AO (h" scavenger) was added to the
reaction system, the degradation rate was severely decreased,
which meant the holes might play a more important role in
the degradation process. The BQ has the ability to trap -O,~ by
a simple electron-transfer mechanism.”” The addition of BQ
(1.0 mg) leads to partial inhibition of the RhB degradation,
and the degradation rate was largely suppressed.

Then, N, was bubbled through the catalytic system at the
rate of 40 mL min~" to ensure that the reaction was operated
without O, as an electron scavenger to produce a variety
of active oxygen species. The degradation efficiency of RhB
showed an obvious decrease in comparison with the case
of the air-equilibrated solution, and further indicated that -O,~
played a role in the degradation of RhB. Based on the inte-
grated analysis of the above results, we can conclude that the
degradation of RhB was driven mainly by the participation of
h', -0, radicals played a secondary role and -OH radicals to a
lesser extent partook in that process (Fig. S77).

The proposed photocatalytic mechanism

Based on the experimental results discussed above the mecha-
nism for photocatalytic degradation of dyes on g-C3N,/
Bi;M0Os microspheres was proposed and is presented in
Scheme 1. After contact, the p—n junction was formed between
2-C3N, and Bi,Mo0Og, both of them could be excited by
visible light (4 > 420 nm), and then electrons and holes
were generated (eqn (1)). Due to their matching energy
levels, photo-generated electrons would easily transfer from
the conduction band of g-C;N, to that of Bi,Mo0Oe.
Correspondingly, the holes could facilely transfer from the
valance band of Bi,MoOs to that of g-C;N,. As reported by Guo
et al,*® the interfacial charge transfer could effectively
enhance the separation efficiency of photo-generated electrons
and holes.

The enhancement mechanism of the photocatalytic activity
of the composite can be further revealed by the band edge
positions of the two semiconductors. The conduction and
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Scheme 1 Postulated mechanism of the photo-degradation of RhB
over the CNBM-40 photocatalyst under visible-light (1 > 420 nm)
irradiation.

valence band positions of the prepared samples were calcu-
lated through the equation:

Eyg =X —E° + 0.5E,

where X is Mulliken’s electronegativity, E€ is the energy of free
electrons on the hydrogen scale (4.50 eV), and E, is the band
gap.”® Accordingly, the top of the valance band (VB) and the
bottom of the conduction band (CB) of Bi,Mo0O, were calcu-
lated to be +2.33 and —0.12 eV (vs. NHE), respectively. The
VB and CB of g-C3N, were estimated to be +1.56 and —1.13 eV
(vs. NHE), respectively. The redox potential (®) values of the
photo-generated carriers were approximately equal to those of
the energy bands they stayed in.* Hence, when the photo-gen-
erated electrons (e7) and holes (h") were separated effectively
under visible light (4 > 420 nm) irradiation, the photo-induced
holes (h") could not directly oxidize the adsorbed H,O mole-
cules to -OH radicals because their potential @ (h*) was lower
than @ (-OH/H,0) (+2.68 V), which suggests that -OH are likely
to be formed by the reaction between the photo-induced
electrons and H,0,. However, the potential for @ (e”) was
more negative than @ (0,/-0,") (+0.13 V), which allowed the
yield of -0, radicals via the reduction of dissolved O, by CB
electrons (eqn (2)). After that, the yield of -OH from -O,~
with the assistance of photo-induced electrons (e”) has been
revealed (eqn (3)—(4)). Consequently, the photo-generated
holes (h') together with -0,~ radicals and -OH radicals partici-
pate in the degradation of dyes (eqn (5)).

g-C3N, + Bi;MoOg + hv — g-C3N, (h') + Bi;MoOg (e7) (1)
0, + Bi;M0O; (€7) — -0, + Bi;M0Og (2)

2:0,” + 2H,0 — Hy0, + O, + 20H™ (3)

H,0, + Bi,M00O (e”) — -OH + OH™ + Bi,M0Os  (4)

g-C3N, (h'),-OH, -0, + RhB
— COy + H,0 + by products (5)
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Conclusions

A novel visible light responsive g-C3;N,/Bi,M0Ogs composite has
been successfully synthesized via a facile and template-free sol-
vothermal method. The SEM and TEM analyses indicated that
2-C3N,/Bi,M0Os composites were 3D microspheres consisting
of numerous nanosheets. The EDX, HRTEM and FT-IR ana-
lyses indicated that g-C3N, combined and dispersed well on
the Bi,Mo0Os microspheres, which facilitated electron-hole
separation, and led to the increased photo-degradation
activity. Among these g-C3;N,/Bi,M0O, composites, the highest
degradation efficiency was achieved for the CNBM-40 sample.
The radical trap experiments showed that the degradation of
RhB was driven mainly by the participation of holes (h") via
the direct holes oxidation process, and partly by the action of
-0,” and -OH radicals. A photocatalytic mechanism has been
proposed based on energy band positions of g-C3N, and
Bi;,Mo0Og. This strategy is expected to be extended to other
2-C3N, loaded materials, which might have potential appli-
cations in removing pollutants.
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